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Preface

These notes are based on lectures delivered at the Universities of Bielefeld and
Helsinki, between 2004 and 2015, as well as at a number of summer and winter
schools, between 1996 and 2015. The early sections were strongly influenced
by lectures by Keijo Kajantie at the University of Helsinki, in the early 1990s.
Obviously, the lectures additionally owe an enormous gratitude to existing textbooks
and literature, particularly the classic monograph by Joseph Kapusta.

There are several good textbooks on finite-temperature field theory, and no
attempt is made here to join that group. Rather, the goal is to offer an elementary
exposition of the basics of perturbative thermal field theory, in an explicit “hands-
on” style which can hopefully more or less directly be transported to the classroom.
The presentation is meant to be self-contained and display also intermediate steps.
The idea is, roughly, that each numbered section could constitute a single lecture.
Referencing is sparse; on more advanced topics, as well as on historically accurate
references, the reader is advised to consult the textbooks and review articles in
Refs. [1-12].

These notes could not have been put together without the helpful influence
of many people, varying from students with persistent requests for clarification;
colleagues who have used parts of an early version of these notes in their own
lectures and shared their experiences with us; colleagues whose interest in specific
topics has inspired us to add corresponding material to these notes; alert readers
who have informed us about typographic errors and suggested improvements; and
collaborators from whom we have learned parts of the material presented here. Let
us gratefully acknowledge in particular Gert Aarts, Chris Korthals Altes, Dietrich
Bodeker, Yannis Burnier, Stefano Capitani, Simon Caron-Huot, Jacopo Ghiglieri,
Toan Ghisoiu, Keijo Kajantie, Aleksi Kurkela, Harvey Meyer, Guy Moore, Paul
Romatschke, Kari Rummukainen, York Schroder, Mikhail Shaposhnikov, Markus
Thoma, and Mikko Vepsildinen.

Bern, Switzerland Mikko Laine
Helsinki, Finland Aleksi Vuorinen
January 2016



Notation

In thermal field theory, both Euclidean and Minkowskian spacetimes play a role.
In the Euclidean case, we write

X=(r.x), x=]x|, SE=/LE, (1)
X

wherei =1,...,d,

fofol fefosey e
X_O x’ x_ ’ _T’

and d is the space dimensionality. Fourier analysis is carried out in the Matsubara
formalism via

K=(nk). k=K. $00)= g[ F(K) 3)
K

where

Y G e “

Here, k, stands for discrete Matsubara frequencies, which at times are also denoted
by w,. In the case of antiperiodic functions, the summation is written as T Z{k”}.
The squares of four-vectors read K> = k2 + k? and X*> = 72 + x, but the Euclidean
scalar product between K and X is defined as

d
K-X=kt+)y k=kt—k-x, 5)

i=1
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viii Notation

where the vector notation is reserved for contravariant Minkowskian vectors: X =
(x), k = (k%). If a chemical potential is also present, we denote k, = k, + ijt.
In the Minkowskian case, we have

X=(tx), x=]x|, SMz/EM, (6)
X

where [, = [dx° [.. Fourier analysis proceeds via
£=000. k=K. 9= [ G0, ™)
K

where f = f ‘gjf fk, and the metric is chosen to be of the “mostly minus” form,
K-xX=k"—k-x. (8)

No special notation is introduced for the case where a Minkowskian four-vector
is on-shell, i.e., when I = (E,Kk); this is to be understood from the context.
The argument of a field ¢ is taken to indicate whether the configuration space is
Euclidean or Minkowskian. If not specified otherwise, momentum integrations are
regulated by defining the spatial measure in d = 3 — 2¢ dimensions, whereas the
spacetime dimensionality is denoted by D = 4 — 2¢. A Greek index takes values in
the set {0,...,d} and a Latinone in {1, ..., d}.

Finally, we note that we work consistently in units where the speed of light ¢ and
the Boltzmann constant k; have been set to unity. The reduced Planck constant # also
equals unity in most places, excluding the first chapter (on quantum mechanics) as
well as some later discussions where we want to emphasize the distinction between
quantum and classical descriptions.



General Outline

Physics Context

From the physics point of view, there are two important contexts in which rela-
tivistic thermal field theory is being widely applied: cosmology and the theoretical
description of heavy ion collision experiments.

In cosmology, the temperatures considered vary hugely, ranging from 7 =~
10°GeV to T ~ 1073 eV. Contemporary challenges in the field include figuring
out explanations for the existence of dark matter, the observed antisymmetry in the
amounts of matter and antimatter, and the formation of large-scale structures from
small initial density perturbations. (The origin of initial density perturbations itself
is generally considered to be a nonthermal problem, associated with an early period
of inflation.) An important further issue is that of equilibration, i.e., details of the
processes through which the inflationary state turned into a thermal plasma and in
particular what the highest temperature reached during this epoch was. It is notable
that most of these topics are assumed to be associated with weak or even superweak
interactions, whereas strong interactions (QCD) only play a background role. A
notable exception to this is light element nucleosynthesis, but this well-studied topic
is not in the center of our current focus.

In heavy ion collisions, in contrast, strong interactions do play a major role.
The lifetime of the thermal fireball created in such a collision is ~ 10fm/c, and
the maximal temperature reached is in the range of a few hundred MeV. Weak
interactions are too slow to take place within the lifetime of the system. Prominent
observables are the yields of different particle species, the quenching of energetic
jets, and the hydrodynamic properties of the plasma that can be deduced from the
observed particle yields. An important issue is again how fast an initial quantum-
mechanical state turns into an essentially incoherent thermal plasma.

Despite many differences in the physics questions posed and in the microscopic
forces underlying cosmology and heavy ion collision phenomena, there are also
similarities. Most importantly, gauge interactions (whether weak or strong) are
essential in both contexts. Because of asymptotic freedom, the strong interactions

ix



X General Outline

of QCD also become “weak” at sufficiently high temperatures. It is for this reason
that many techniques, such as the resummations that are needed for developing a
formally consistent weak-coupling expansion, can be applied in both contexts. The
topics covered in the present notes have been chosen with both fields of application
in mind.

Organization of These Notes

The notes start with the definition and computation of basic “static” thermodynamic
quantities, such as the partition function and free energy density, in various settings.
Considered are in turn quantum mechanics (Sect. 1), free and interacting scalar field
theories (Sects. 2 and 3, respectively), fermionic systems (Sect. 4), and gauge fields
(Sect. 5). The main points of these sections include the introduction of the so-called
imaginary-time formalism, the functioning of renormalization at finite temperature,
and the issue of infrared problems that complicates almost every computation in
relativistic thermal field theory. The last of these issues leads us to introduce the
concept of effective field theories (Sect. 6), after which we consider the changes
caused by the introduction of a finite density or chemical potential (Sect. 7). After
these topics, we move on to a new set of observables, so-called real-time quantities,
which play an essential role in many modern phenomenological applications of
thermal field theory (Sect. 8). In the final chapter of the book, a number of concrete
applications of the techniques introduced are discussed in some detail (Sect. 9).

We note that Sects. 1-7 are presented on an elementary and self-contained
level and require no background knowledge beyond statistical physics, quantum
mechanics, and rudiments of quantum field theory. They could constitute the
contents of a one-semester basic introduction to perturbative thermal field theory.
In Sect. 8, the level increases gradually, and parts of the discussion in Sect.9
are already close to the research level, requiring more background knowledge.
Conceivably the topics of Sects. 8 and 9 could be covered in an advanced course
on perturbative thermal field theory or in a graduate student seminar. In addition the
whole book is suitable for self-study and is then advised to be read in the order in
which the material has been presented.

Recommended Literature

A pedagogical presentation of thermal field theory, concentrating mostly on
Euclidean observables and the imaginary-time formalism, can be found in Ref. [1].
The current notes borrow significantly from this classic treatise.

In thermal field theory, the community is somewhat divided between those who
find the imaginary-time formalism more practicable and those who prefer to use
the so-called real-time formalism from the beginning. Particularly for the latter
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community, the standard reference is Ref. [2], which also contains an introduction
to particle production rate computations.

A modern textbook, partly an update of Ref. [1] but including also a full account
of real-time observables, as well as reviews on many recent developments, is
provided by Ref. [3].

Lucid lecture notes on transport coefficients, infrared resummations, and
nonequilibrium phenomena such as thermalization can be found in Ref. [4]. Worthy
reviews with varying foci are offered by Refs. [5-11].

Finally, an extensive review of current efforts to approach a non-perturbative
understanding of real-time thermal field theory has been presented in Ref. [12].
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Chapter 1
Quantum Mechanics

Abstract After recalling some basic concepts of statistical physics and quantum
mechanics, the partition function of a harmonic oscillator is defined and evaluated
in the standard canonical formalism. An imaginary-time path integral representation
is subsequently developed for the partition function, the path integral is evaluated
in momentum space, and the earlier result is reproduced upon a careful treatment of
the zero-mode contribution. Finally, the concept of 2-point functions (propagators)
is introduced, and some of their key properties are derived in imaginary time.

Keywords Partition function ¢ Euclidean path integral ¢ Imaginary-time formal-
ism * Matsubara modes * 2-point function

1.1 Path Integral Representation of the Partition Function

Basic Structure

The properties of a quantum-mechanical system are defined by its Hamiltonian,
which for non-relativistic spin-0 particles in one dimension takes the form

A P2

H = ) + V(). (1.1)

m

where m is the particle mass. The dynamics of the states |y) is governed by the
Schrodinger equation,

R
ity V) = AlY) | (1.2)

which can formally be solved in terms of a time-evolution operator U(t; to). This
operator satisfies the relation

[y (1)) = Ut:10)|¥ (1)) , (1.3)

© Springer International Publishing Switzerland 2016 1
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2 1 Quantum Mechanics
and for a time-independent Hamiltonian takes the explicit form
Ut; tg) = e~ #H00) (1.4)

It is useful to note that in the classical limit, the system of Eq. (1.1) can be described
by the Lagrangian

L=L, = ;m)'cz - V), (1.5)

which is related to the classical version of the Hamiltonian via a simple Legendre
transform:

L, . B p2
% H—Xp—ﬁM—szrV(x). (1.6)

p

Returning to the quantum-mechanical setting, various bases can be chosen for
the state vectors. The so-called |x)-basis satisfies the relations

(x|x]x) = x{x|x) = x8(x =),  (x|p|x) = =i O (x|x) = —ih 0, S(x — X') ,
(1.7)

whereas in the energy basis we simply have
H|n) = E,|n) . (1.8)

An important concrete realization of a quantum-mechanical system is provided
by the harmonic oscillator, defined by the potential

V() = ;ma)zfcz . (1.9)

In this case the energy eigenstates |n) can be found explicitly, with the corresponding
eigenvalues equalling

Enzha)(n+;), n=012,... . (1.10)

All the states are non-degenerate.

It turns out to be useful to view (quantum) mechanics formally as (/+0)-
dimensional (quantum) field theory: the operator X can be viewed as a field operator
qAﬁ at a certain point, implying the correspondence

3o $(0). (1.11)



1.1 Path Integral Representation of the Partition Function 3

In quantum field theory operators are usually represented in the Heisenberg picture;
correspondingly, we then have

3, (1) < ¢y (1,0) . (1.12)

In the following we adopt an implicit notation whereby showing the time coordinate
t as an argument of a field automatically implies the use of the Heisenberg picture,
and the corresponding subscript is left out.

Canonical Partition Function

Taking our quantum-mechanical system to a finite temperature 7, the most funda-
mental quantity of interest is the partition function, Z. We employ the canonical
ensemble, whereby Z is a function of T’ introducing units in which k; = 1 (i.e.,
There = ks Tsrunits), the partition function is defined by

b (1.13)

Z(T) = Te[e 1], B = ,

where the trace is taken over the full Hilbert space. From this quantity, other
observables, such as the free energy F, entropy S, and average energy E can be
obtained via standard relations:

F=-ThZ, (1.14)
OF 1 N an F E

S=—_ =Ih2Z Tr[He PP = — , 1.15
g ~ME+ pgTrHe ==+ 0 (1.15)
1 R N

E= ZTr[He—ﬂH]. (1.16)

Let us now explicitly compute these quantities for the harmonic oscillator. This
becomes a trivial exercise in the energy basis, given that we can immediately write

" o —pho(len _ €M 1
Z=Y (nleMn) =Y e Prolatn = b = o ey - D)
=0 =0 2 sinh o
Consequently,
ho _ho ha) —Bhw
F= T1n<e21 —e zz) =" +T1n(1 . ) (1.18)
h
N . T <K ho
~Q 2 T , (1.19)
—Tln(hw) T ho



4 1 Quantum Mechanics

hw 1

_ _ —Pho
S = 1n(1 p )+ " e | (1.20)
ha) _ho
e 7T, TKhw
~1 T . , (1.21)
1+1In , T > ho
/10)
E=F+TS=h ! ! 1.22
=F+TS=ho|,+ 44, | (1.22)
how T < h
oo She (1.23)
T, T>ho

Note how in most cases one can separate the contribution of the ground state,
dominating at low temperatures 7 < #fw, from that of the thermally excited states,
characterized by the appearance of the Bose distribution n;(hw) = 1/[exp(Bhw) —
1]. Note also that E rises linearly with T at high temperatures; the coefficient is said
to count the number of degrees of freedom of the system.

Path Integral for the Partition Function

In the case of the harmonic oscillator, the energy eigenvalues are known in an
analytic form, and Z could be easily evaluated. In many other cases the E, are,
however, difficult to compute. A more useful representation of Z is obtained by
writing it as a path integral.

In order to get started, let us recall some basic relations. First of all, it follows
from the form of the momentum operator in the |x)-basis that

ipx

(xlplp) = p(xlp) = —ih 0.(xIp) = (xlp) = Aer | (1.24)

where A is some constant. Second, we need completeness relations in both |x) and
|p)-bases, which take the respective forms

A d A
Jasw =1, [Fiw=i. (1.25)

where B is another constant. The choices of A and B are not independent; indeed,

= foc [ [ o1 = [o [ [ are T o

_ [dp [dp ) , , _2nh|A|2/dp _ 2mwhlAPP 4
= [ [ 5 wiramnse —pw1 =0 [Tine =0 10 a2e)



1.1 Path Integral Representation of the Partition Function 5

implying that B = 27/|A|>. We choose A = 1 in the following, so that B = 2.
Next, we move on to evaluate the partition function, which we do in the x-basis,
so that our starting point becomes

Z = Tr[e ) :/dx(x|e_’m|x) :/dx(x|e—f.~e—f|x). (1.27)

Here we have split e=##
Bh/N.

A crucial trick at this point is to insert

into a product of N >> 1 different pieces, defining € =

2 dpi .
1= ) (pil =1,....N, 1.28
[0 . (1.28)

on the left side of each exponential, with i increasing from right to left; and
fl:/dxi|xi)(xi|, i=1,....N, (1.29)

on the right side of each exponential, with again i increasing from right to left.
Thereby we are left to consider matrix elements of the type

e fna Pixi4-1 _ e . 2
i1l (pile WP ) = e 3 (pyle” W HPITOE) )

2 . ¥
- exp{—6 [”i A O(e)}} . (1.30)
Al 2m €

Moreover, we note that at the very right, we have

(x1lx) =801 —x) , (1.31)
which allows us to carry out the integral over x. Similarly, at the very left, the role of
(xi+1| is played by the state (x| = (x;|. Finally, we remark that the O(¢) correction

in Eq. (1.30) can be eliminated by sending N — oo.
In total, we can thus write the partition function in the form

Y dxidp 1 5 X1 — X,
o idpi 3 i X T
2= Nli>moo |:1_[ 2h :| exp{—h , €|:2m G + V(xj)]}

i=1 j=1

Xy =x.€ =ph/N

(1.32)

which is often symbolically expressed as a “‘continuum” path integral

- DxDp N N 71C)
7= /x(ﬂh)=x(0) 2nh exp%—h/() dr[ m —ip(t)x(r) + V(x(t))i|}(1.33)
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The integration measure here is understood as the limit indicated in Eq. (1.32); the
discrete x;’s have been collected into a function x(7); and the maximal value of the
t-coordinate has been obtained from eN = fh.

Returning to the discrete form of the path integral, we note that the integral over
the momenta p; is Gaussian, and can thereby be carried out explicitly:

/OO dpi ox e[p? . xip1—x \/ m m(xiy1 — x;)?
— —_— l l = - .
oo 2Th P Al 2m P € 2mhe P 2he
(1.34)
Using this, Eq. (1.32) becomes
N

2= [ ]l S5 (777 ]

j=l

Xypq =x.€ =ph/N

(1.35)

which may also be written in a continuum form. Of course the measure then contains
a factor which appears quite divergent at large N,

e ™\ Cexp[Vinf ™ (136
N (ZJrhe) B exp[z n(Znhz,B)i| ' ~36)

This factor is, however, independent of the properties of the potential V(x;) and
thereby contains no dynamical information, so that we do not need to worry too
much about the apparent divergence. For the moment, then, we can simply write
down a continuum “functional integral”,

— 1 [P m [ dx(t) 2
Z=c /x(ﬁh)=x(0;Dxexp{_h/(; & [2( dr ) + V(x(f))}} - (1L37)

Let us end by giving an “interpretation” to the result in Eq. (1.37). We recall
that the usual quantum-mechanical path integral at zero temperature contains the

eXpOHential
eXp . /dt L;‘[ ﬁ — [’ (.x) (1 38)
h ’ M 2 dt ’ ’

We note that Eq. (1.37) can be obtained from its zero-temperature counterpart with
the following recipe [1]:

(i) Carry out a Wick rotation, denoting t = it.
(i1) Introduce

2
L, (c =i = ’;’(j’;) TV . (1.39)
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(iii) Restrict 7 to the interval (0, ).
(iv) Require periodicity of x(7), i.e. x(8A) = x(0).

With these steps (and noting that idt = dt), the exponential becomes

i ()—Giv) 1 _ Lo
expl dtL,, —  exp _hSE = exp| —, drLg |, (1.40)
0

where the subscript E stands for “Euclidean”. Because of step (i), the path integral
in Eq. (1.40) is also known as the imaginary-time formalism. It turns out that this
recipe works, with few modifications, also in quantum field theory, and even for
spin-1/2 and spin-1 particles, although the derivation of the path integral itself looks
quite different in those cases. We return to these issues in later chapters of the book.

1.2 Evaluation of the Path Integral for the Harmonic
Oscillator

As an independent crosscheck of the results of Sect. 1.1, we now explicitly evaluate
the path integral of Eq.(1.37) in the case of a harmonic oscillator, and compare
the result with Eq. (1.17). To make the exercise more interesting, we carry out the
evaluation in Fourier space with respect to the time coordinate . Moreover we
would like to deduce the information contained in the divergent constant C without
making use of its actual value, given in Eq. (1.36).

Let us start by representing an arbitrary function x(7), 0 < v < Bh, with the
property x((8#)™) = x(0T) (referred to as “periodicity”) as a Fourier sum

o0
x(t) =T Z X, €T (1.41)
n=—00

where the factor 7 is a convention. Imposing periodicity requires that
P =1 ie. w,Bh=2mn, nei, (1.42)

where the values w, = 2w Tn/h are called Matsubara frequencies. The correspond-
ing amplitudes x, are called Matsubara modes.
Apart from periodicity, we also impose reality on x(7):

(1) eR = x*(1) =x(xr) = x, =x_ (1.43)

n
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If we write x,, = a, + ib,, it then follows that

* g — by =x, =a_y+ib_, = ] T 1.44
X, = ap—1I X a—, +1i { by = —b_, ( )
and moreover that by = 0 and x_,x, = aﬁ + bﬁ. Thereby we now have the
representation
o0
x(t) = T{ao + Z[(an + ib,)e" + (a, — ibn)e—"w"f}} , (1.45)

n=1

where ay is called (the amplitude of) the Matsubara zero mode.
With the representation of Eq.(1.41), general quadratic structures can be
expressed as

1 [P 1 (B )
5 /0 drx(r)y(r) = T2 mXﬂ:xnymh /O dr el@ntonT
1
= T2 Z-xnym T Sn,—m - szny—n . (146)

In particular, the argument of the exponential in Eq. (1.37) becomes

ﬂh
h/ [dx(r) () 4+ w x(r)x(t)i|

dr
o0
1.46 mT .
e _ ) Z xn[za)n Iw—_y, +a)2]x_n
n=—00

vum—on MT 2,2 12
== > (@ + )a) + b))
n=—o00
(145) ml 5 5 = 2 22 112
= =, 04 —mT Y (o) + o*)(a; + b)) . (1.47)

n=1

Next, we need to consider the integration measure. To this end, let us make a
change of variables from x(t), t € (0, Bh), to the Fourier components a,, b,. As
we have seen, the independent variables are ay and {a,, b,}, n > 1, whereby the

measure becomes
8x(1)
det
e[ 8xy, :|

Dx(r) = dag []_[ da, db,,] . (1.48)

n>1
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The change of bases is purely kinematical and independent of the potential V(x),
implying that we can define

, (1.49)

c=cC ‘det[gx(r)}
8xy,

and regard now C’ as an unknown coefficient.
Making use of the Gaussian integral ffzo dxexp(—cx?) = \/ /e, c > 0,as well
as the above integration measure, the expression in Eq. (1.37) becomes

zZ=C / da()/ [l_[ day, db,,} exp[—;mTa)zag —mT Z(wﬁ + 0@ + bﬁ)} (1.50)

n=1 n>1

,\/ 2 b4 _ 2nTn. (1.51)

mTw? - mT(wp + w?) “r= g

The remaining task is to determine C’. This can be achieved via the following
observations:

 Since C’ is independent of @ [which only appears in V(x)], we can determine it
in the limit @ = 0, whereby the system simplifies.

* The integral over the zero mode a in Eq. (1.50) is, however, divergent for v — 0.
We may call such a divergence an infrared divergence: the zero mode is the
lowest-energy mode.

e We can still take the @ — 0 limit, if we momentarily regulate the integration
over the zero mode in some way. Noting from Eq. (1.45) that

T T Ta s .

we see that Tag represents the average value of x(7) over the t-interval. We may
thus regulate the system by “putting it in a periodic box”, i.e. by restricting the
(average) value of x(7) to some (large but finite) interval Ax.

With this setup, we can now proceed to find C’ via matching.

“Effective theory computation”: In the @ — 0 limit but in the presence of the
regulator, Eq. (1.50) becomes

o0
lim Zreguiaed = C’ / dag / [
w—=0 Ax/T —00

o]

Ax b4 2nTn
11 On= oy

l_[ da, dbn] exp |:—mT Z a)f (aﬁ + bi)i|

n>1 n>1

=C , 1.53
ol mTa)g ( )
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“Full theory computation”: In the presence of the regulator, and in the absence
of V(x) (implied by the @ — 0 limit), Eq.(1.27) can be computed in a very
simple way:

A2
lim Zreguiaed = dx(x|e_ 7 |x)

/AX [0 e ol

® dp _ 2
/ / e () (o)
Ax _—— =
1

=, AX JowmT | (1.54)

Matching the two sides: Equating Eqs. (1.53) and (1.54), we find the formal
expression

T = mTw?
= 2nemT " 1.55
Znh\/ T l_[ b4 ( )

Since the regulator Ax has dropped out, we may call C’" an “ultraviolet”” matching
coefficient.

With C’ determined, we can now continue with Eq.(1.51), obtaining the finite
expression

T &5 o

Z = " 1.56

ho ;!:[1 w? + w? (1-56)
T 1

= . (1.57)
ho 1, 1+ e

Making use of the identity

sinh rx x?
—]"[ 1+ (1.58)
X n

n=1

we directly reproduce our earlier result for the partition function, Eq. (1.17). Thus,
we have managed to correctly evaluate the path integral without ever making
recourse to Eq. (1.36) or, for that matter, to the discretization that was present in
Egs. (1.32) and (1.35).
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Let us end with a few remarks:

* In quantum mechanics, the partition function Z as well as all other observables
are finite functions of the parameters 7', m, and w, if computed properly. We saw
that with path integrals this is not obvious at every intermediate step, but at the
end it did work out. In quantum field theory, on the contrary, “ultraviolet” (UV)
divergences may remain in the results even if we compute everything correctly.
These are then taken care of by renormalization. However, as our quantum-
mechanical example demonstrated, the “ambiguity” of the functional integration
measure (through C’) is not in itself a source of UV divergences.

e It is appropriate to stress that in many physically relevant observables, the
coefficient C’' drops out completely, and the above procedure is thereby even
simpler. An example of such a quantity is given in Eq. (1.60) below.

* Finally, some of the concepts and techniques that were introduced with this
simple example—zero modes, infrared divergences, their regularization, match-
ing computations, etc.—also play a role in non-trivial quantum field theoretic
examples that we encounter later on.

Appendix: 2-Point Function

Defining a Heisenberg-like operator (with it — 7)

Ar . _
h

Rr) = ¥ e W, 0<t<ph, (1.59)

we define a “2-point Green’s function” or a “propagator” through
1 BRI \n
G = T [e x(t)x(O)] . (1.60)

The corresponding path integral can be shown to read

Jpty=x(oy Pxx(1)x(0) exp[—Sz /7]

G(r) =
fx(ﬁh)=x(0)Dx exp[—Sg/h]

, (1.61)

whereby the normalization of Dx plays no role. In the following, we compute G(7)
explicitly for the harmonic oscillator, by making use of

(a) the canonical formalism, i.e. expressing H and % in terms of the annihilation and
creation operators & and a',
(b) the path integral formalism, working in Fourier space.
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Starting with the canonical formalism, we write all quantities in terms of a and
At
a’:

~

1 h
H:hw(&*a+2), i= \/2ma)(&+2ﬁ)’ @41 =1. (1.62)
In order to construct X(7), we make use of the expansion
A 2 o PN 1 ~ o~ s 1 A & o~ &
Noting that
[H.4] = hold'a, 4] = —hoa
[H,[H,d)] = (—ho)?a,
[H,4'] = hola'a,a = hoa' |
[, [H.a']) = (hw)’d", (1.64)
and so forth, we can write

A'[ AT h 1
ehie h = \/ {Ez[l—a)r+ 2'(—wr)2+...:|

2mw

1
+&T|:1 + wt + 2'(601')2 +}}

:\/ " (aer v ater). (1.65)

2mw

Inserting now Z from Eq. (1.17), Eq. (1.60) becomes

h

Bhow\ — !
G(t) =2 sinh( 5 ) Z(n|e‘ﬂh‘”("+z) 5
maw

n=0

(aem +ate) (a+a)n) .
(1.66)

With the relations a'|n) = +/n+ 1|n + 1) and a|n) = /n|n — 1) we can identify
the non-zero matrix elements,

(njaa’|lny =n+1, (n|a’aln) =n. (1.67)
Thereby we obtain

G(r) = n:la) sinh(ﬁzw) exp(—ﬁzw) ge_ﬂh”” [e_"” + n(e_"’I + e"”)] ,
(1.68)
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where the sums are quickly evaluated as geometric sums,

00

Ze—ﬂhwn — 1
| — e pho’
n=0

o e—ﬁhw

1 d 1
E ne Phon — _ = .
o Bhdw 1 —ePho (1 — e Pho)?

(1.69)

In total, we then have

—wT

—ph
60 = i (1) S+ ()

-, Zw - el_ﬁhw [ ot 4 ew(r—ﬂh)]
;o]

2mw sinh [’3 2”]

As far as the path integral treatment goes, we employ the same representation as
in Eq. (1.50), noting that C’ drops out in the ratio of Eq. (1.61). Recalling the Fourier
representation of Eq. (1.45),

x(7) = T% ag + Z[(ak + iby)e™" + (a; — ibk)e_i“’k”}} ; (1.71)

k=1

x(0) = T{ao + ZZa;} , (1.72)
=1

the observable of our interest becomes

Jdao [T1,=, da, db, x(t) x(0) exp[—S,/h]

fdao fl_[nzl da, db, exp[—SE/h] (1.73)

G(r) = (x(t)x(O)) =

At this point, we employ the fact that the exponential is quadratic in ao, a,, b, €
R, which immediately implies

(aoak) = (aobk> = (akbl) =0 s (akal) = (bkbl) X Skl s (174)

with the expectation values defined in the sense of Eq. (1.73). Thereby we obtain

o0
G(r) = T{a} + Y 2aF (7 + 7)), (1.75)
k=1
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where

2 Jdao a} exp (—mTw’a})

ar) =
{ao) [dag exp (—ymTw?a})
2d1/d L 2d1\/27t
=— n | dap exp| — mTw a =— n
mw? dT 0P, 0 mw? dT mw?T
1
= , 1.76
mw?T (1.76)
oy _ Tt esplonT(? + o)
k [day exp [-mT (0} + w?)ai]
= ! (1.77)
N 2m(w} + 02)T '
Inserting these into Eq. (1.75) we get
T 1 S eiwkr + e—iwkr T 0 eiwkr
G(r) = + = , 1.78
() m(wz ; a)]§+(l)2 ) mk;oow13+w2 ( )

where we recall that w, = 27kT /h.

There are various ways to evaluate the sum in Eq. (1.78). We encounter a generic
method in Sect. 2.2, so let us present a different approach here. We start by noting
that

]

d2 2 r I T h
(_drz +o )G(f) = Z T = m8(rm0d,3h) . (1.79)

k=—o00

where we made use of the standard summation formula ) ;o __ e™* =
B §(t mod Bh).!
Next, we solve Eq. (1.79) for 0 < T < fBh, obtaining

d2
(—d , + aﬂ)G(r) =0 = G@)=Ae""+Be ", (1.80)
T

) . j2mr o .
! Proof”s Y72 g €7 = 1lime T2 (€7 ) (T T = limeo| Lo
1—e
1

l—eizﬂﬂt‘r *e
2nt

against each other. But if o 0, we can expand to leading order in a Taylor series, obtaining

. i i _ 21Ty —
timeol 5, = 2 | = 2780 = phce).

]. If T # Omod Bh, then the limit ¢ — 0 can be taken, and the two terms cancel
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where A, B are unknown constants. The solution can be further restricted by noting
that the definition of G(t), Eq. (1.78), indicates that G(8# — ) = G(t). Using this
condition to obtain B, we then get

G(r) = A [em + ew<ﬂh—f>] . (1.81)
The remaining unknown A can be obtained by integrating Eq. (1.79) over the source

at T = 0 and making use of the periodicity of G(t), G(t + /) = G(z). This finally
produces

G((Bh)") -G (0h) = Z = 20A (ewﬁ” — 1) = (1.82)

which together with Eq. (1.81) yields our earlier result, Eq. (1.70).

The agreement of the two different computations, Egs. (1.60) and (1.61), once
again demonstrates the equivalence of the canonical and path integral approaches to
solving thermodynamic quantities in a quantum-mechanical setting.

Reference

1. R.P. Feynman, A.R. Hibbs, Quantum Mechanics and Path Integrals (McGraw-Hill, New York,
1965)



Chapter 2
Free Scalar Fields

Abstract The concepts of Sect. 1 are generalized to the case of a free massive
scalar field living in a d + 1 dimensional spacetime. This can be viewed as a system
of infinitely many coupled harmonic oscillators. The resulting imaginary-time path
integral for the partition function is expressed in Fourier representation. Matsubara
sums are evaluated both in a low-temperature and a high-temperature expansion.
The numerical convergence of these expansions, as well as some of their general
properties, are discussed.

Keywords Dimensional regularization ¢ Euler gamma function ¢ Field theory e
Matsubara sum ¢ High-temperature expansion ¢ Low-temperature expansion
Riemann zeta function

2.1 Path Integral for the Partition Function

A path integral representation for the partition function of a scalar field theory can
be derived from the result obtained for the quantum-mechanical harmonic oscillator
(HO) in Sect. 1.2.

In quantum field theory, the form of the theory is most economically defined
in terms of the corresponding classical (Minkowskian) Lagrangian £,,, rather than
the Hamiltonian H; for instance, Lorentz symmetry is explicit only in £,,. Let us
therefore start from Eq. (1.5) for the quantum harmonic oscillator, and re-interpret
x as an “internal” degree of freedom ¢, situated at the origin 0 of d-dimensional
space, like in Eq. (1.11):

SHo = /dtL‘HO, Q2.1
3¢ (1,0) >
g ="("") _vigeop. (22)
2 ot
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We may compare this with the usual action of a scalar field theory (SFT) in
d-dimensional space,

Syt = /dt/ oy 2:3)
1 1 1
Ly =, 09 9.9 — V() = ,(0:¢)" = (0)@9) —V(e), 24

where we assume that repeated indices are summed over (irrespective of whether
they are up and down), and the metric is (4+———).

Comparing Eq. (2.2) with Eq. (2.4), we see that scalar field theory is formally
nothing but a collection of almost independent harmonic oscillators with m = 1,
one at every X. These oscillators interact via the derivative term (9;¢)(d;¢) which,
in the language of statistical physics, couples nearest neighbours through

Pt x+ee) —¢(1,x)
c )

di¢p (2.5)
where e; is a unit vector in the direction i.

Next, we note that a coupling of the above type does not change the derivation
of the path integral in Sect. 1.1 in any essential way: it was only important that
the Hamiltonian was quadratic in the canonical momenta, p = mx <> 9,¢. In other
words, the derivation of the path integral is only concerned with objects having to do
with time dependence, and these appear in Egs. (2.2) and (2.4) in identical manners.
Therefore, we can directly take over the result of Egs. (1.37)—(1.40):

Bh
Z5(T) = H[C’Dqﬁ(r,x)]exp[—; /0 dt / L;} (2.6)

/¢(ﬂh,x)=¢(0,x) x
wr_ e IR VLA VA
Ly = L3t — —it) = z(az) +;2(8xi) +V(). @7)

For brevity, we drop out the superscript SFT in the following, and write L, =

10,0 0,0 + V().

Fourier Representation

We now parallel the strategy of Sect. 1.2 and rewrite the path integral in a Fourier
representation. In order to simplify the notation, we measure time in units where
h = 1.05 x 1073*Js = 1. Then the dependence of the scalar field on t can be
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expressed as

¢(t,x) =T Z H (W, X)€", w,=21Tn, nel. (2.8)

n=—0o0

With the spatial coordinates, it is useful to make each direction finite for a
moment, denoting the corresponding extents by L;, and to impose periodic boundary
conditions in each direction. Then the dependence of the field ¢ on a given x' can
be represented in the form

: | - 2mn;
fey= 30 Fewe™ . k="". mel, 2.9)
Ln,-=—oo 1

where 1/L; plays the same role as T in the time direction. In the infinite volume
limit, the sum in Eq. (2.9) goes over to the usual Fourier integral,

1 1 Li—00 dk;
= Ak —> , 2.10
L; Zn: 2 ; 2 ( )

where Ak; = 27 /L; is the width of the unit shell. The entire function in Eq. (2.8)
then reads

1 ~ ) )
¢(Tv X) = TZ \% Z¢(wns k)etw,,r—lkx B V= L1L2 ce Ld B (211)
Wp k

where the sign conventions correspond to those in Eq. (5).
Like in Sect. 1.2, the reality of ¢ (z, x) implies that the Fourier modes satisfy

(@ K] = (-0, k) . (2.12)

Thereby only half of the Fourier modes are independent. We can choose, for
instance,

(Wi k). n>1;

$(0.k) . Kk >0;

$0,0,ks,...), k>0 ...;

and  ¢(0,0) (2.13)

as the integration variables. Note again the presence of a zero mode.
With the above conventions, quadratic forms can be written in the form

B . -
[ar[ o0 =1 Vo b, @
x k

Wp



20 2 Free Scalar Fields

implying that in the free case, i.e. for V(¢) = )m’¢?, the exponent in Eq.(2.6)
becomes

exp(—Sg) = exp(— /Oﬂdr/ LE)

1 1 >
= exp[—zTZ y Z(wf + K+ m?)|d(wn. k)|2i|
Wy k

- H{GXP[_;\;

k

8

(W} +K* + mz)lé(wn,k)lz}} . (215

The exponential here is precisely of the same form as in Eq.(1.50), with the
replacements

= @) > K +m?, [P = (k). (2.16)
Thus, we see that the result for the partition function factorizes into a product of
harmonic oscillator partition functions, for which we know the answer already.

In order to take advantage of the above observation, we rewrite Egs. (1.50), (1.56)
and (1.18) for the case # = 1. This allows us to represent the harmonic oscillator
partition function in the form

(o]
v mT 2 2 2
ZHo _ c/ de,, exp|:— 5 Z (@2 4 @?)|x,] } (2.17)
n>0 n=—0o
T & w?
= " 2.18
1) r!_[l »? + w? (2.19)
o0 o0
=T [] @+o)2 [] )> (2.19)
n=—00 n’=—o0
1w
= — — _ﬁw
exp{ T[Z +T1n(1 ¢ )}} , (2.20)

where n’ means that the zero mode n = 0 is omitted.
Combining now Eq. (2.15) with Egs. (2.17)—(2.20), we obtain two useful repre-
sentations for Z°7. First of all, denoting

E = VK +m?, 2.21)
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Equation (2.19) yields

25T = exp(—F T) = ]‘[{ T [ + E2) ]_[(a)g)%} (2.22)

k

- exp{ Z[lnT 0 ; > o} — ; > In(ew; + E,f)}} . (2.23)

K
Taking the infinite-volume limit, the free-energy density, F/V, can thus be written as

FSFT d?k
lim

1 1 T
Jim "= [ e [TZ 5 In(w? + E?) — TZ 5 In(w?) — 5 ln(Tz)} .

@n n

(2.24)

Second, making directly use of Eq. (2.20), we get the alternative representation

25 = exp(—F;FT) = l—[{exp[—;(ik +Tin(1 - e_ﬂE")):|} . (2.25)
k

o dk [E;
1 = — _ﬁEk
Jim T (Zﬂ)d[ 5 +T1n(1 e )} (2.26)

We return to the momentum integrations in Egs.(2.24) and (2.26) in Sects. 2.2
and 2.3.

2.2 Evaluation of Thermal Sums and Their
Low-Temperature Limit

Thanks to the previously established equality between Egs. (2.19) and (2.20), we
have arrived at two different representations for the free energy density of a free
scalar field theory, namely Eqgs. (2.24) and (2.26). The purpose of this section is to
take the step from Eqgs. (2.24) to (2.26) directly, and learn to carry out thermal sums
such as those in Eq. (2.24) also in more general cases.

As a first observation, we note that the sum in Eq. (2.24) contains two physically
very different structures. The first term depends on the energy (and thus on the mass
of the field), and can be classified as a “physical” contribution. At the same time, the
second and third terms represent “unphysical” subtractions, which are independent
of the energy, but are needed in order to make the entire sum convergent. It is evident
that only the contribution of the energy-dependent term survives in Eq. (2.26).
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In order not to lose the focus of our discussion on the subtraction terms, we
mostly concentrate on another, convergent sum in the following:

1 dj(E 1
i = LYE _ Ty . (2.27)
The first term appearing in Eq. (2.24),

1 1 T
J(E) = T; 5 In(w? + E?) — T%: 5 In(w?) — 5 (%, w,=2rTn,
(2.28)

can be obtained from i(E) through integration, apart from an E-independent
integration constant.

Let now f(p) be a generic function analytic in the complex plane (apart from
isolated singularities), and in particular regular on the real axis. We may then
consider the sum

o =T) f@), (2.29)

where the w, are the Matsubara frequencies defined above (e.g. in Eq. (2.28)). It
turns out to be useful to define the auxiliary function

ing(ip) = (2.30)

i

exp(ifp) — 1

where n; is the Bose distribution. Equation (2.30) can be seen to have poles exactly

at fp = 2mn, n € Z, i.e. at p = w,. Expanding this function in a Laurent series

around any of the poles, we get

i i T
ing(ilw, +z2]) = ) = ) & +0O(),
Ot D = i+ -1 T exptipy -1 2 O

(2.31)

which implies that the residue at each pole is 7. This means that we can replace the
sum in Eq. (2.29) by the complex integral

+oo—i0+ d
/ P () maip)
_ + 27

00—i0

d
o= 7 s inp)
Tl
—oo+i0t »
4 / FDmp) . (232
tootiot 2T

where the integration contour runs anti-clockwise around the real axis of the
complex p-plane.
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The above result can be further simplified by substituting p — —p in the latter
term of Eq. (2.32), and noting that

. e -1 _
M pipp -1 T 1—ewtpp TP 2

This leads to the formula

o=/ o {Fp) + U (p) + £ =P malip)|

co—iot 2T

+oo g +oo—i0t d
—[ o [ T epln . @39
- b4 - + 2w

00 00—i0

where we returned to the real axis in the first term, made possible by the lack of
singularities there. All in all, we have thus converted the sum of Eq.(2.29) into a
rather convenient complex integral.

Inspecting the integral in Eq. (2.34), we note that its first term is temperature-
independent: it gives the zero-temperature, or “vacuum”, contribution to o. The
latter term determines how thermal effects change the result. Let us note, further-
more, that in the lower half-plane we have

1

eiBxefy — 1

=x—i >T Y>>
Ing(ip)| =" eyl (2.35)

~

Therefore, it looks likely that if the function f(p) grows slower than e? Pl at large
|p| (in particular, polynomially), the integration contour for the finite-7 term of
Eq. (2.34) can be closed in the lower half-plane, whereby the result is determined
by the poles and residues of the function f(p) + f(—p). Physically, we say that the
thermal contribution to o is related to “on-shell” particles.

Let us now apply the general formula in Eq.(2.34) to the particular example
of Eq.(2.27). In fact, without any additional cost, we can consider a slight
generalization,

o 1
i(E;c) = Tz(wn+c)2+E2’ ceC, (2.36)

so that in the notation of Eq. (2.29) we have

1 i 1 1
_ _ _ , 237
) (p+c¢)?+E? 2E|:p+c+iE p+c—iE:| 2.37)

i 1 1 1 1
fp)+fp) = 2E|:p+c+iE+p—c+iE_p+c—iE_p—c—iE:|'

(2.38)
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For Eq. (2.34), we need the poles of these functions in the lower half-plane, which
for |Imc| < E are located at p = +c¢ —iE. According to Egs. (2.37) and (2.38), the
residue at each lower half-plane pole is i/2E. Thus the vacuum term in Eq. (2.34)
produces

1

1 i
—2mi = , 2.39
27 T2 = g (239
whereas the thermal part yields
! 2mi ! ! ! 2.40
20 T o | b _ 1 T pprio _q |- (240)
In total, we obtain
. 1 . .
i(E;c) = 2E[1 + ny(E —ic) 4+ ny(E + zc)] , (2.41)

which is clearly periodic in ¢ — ¢ + 2nTn, n € Z, as it must be according to
Eq.(2.36). We also note that the appearance of ic resembles that of a chemical
potential. Indeed, as shown around Egs.(2.45) and (2.46), setting ic — —u
corresponds to a situation where we have averaged over a particle (chemical
potential 1) and an antiparticle (chemical potential —u).!

To conclude the discussion, we integrate Eq. (2.41) with respect to E in order to
obtain the function in Eq. (2.28) (generalized to include c),

1
jE;c) =T Z 5 In[(w, + ¢)> + E?] — (E-independent terms) . (2.42)

Wp

Equation (2.27) clearly continues to hold in the presence of ¢, so noting that

1 et dln(l — e_x)
-1 l—e dx ’ (2.43)
Equation (2.41) immediately yields
. E T —B(E—ic) —B(E+ic)
J(E:©) = const. + ) + ln[l _e ]+ln[l " ] L (44

The constant term in this result can depend both on 7 and ¢, but not on E.

'Apart from a chemical potential, the parameter ¢ can also appear in a system with “shifted
boundary conditions” over a compact direction, cf. e.g. [1].
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For ¢ = 0, a comparison of Eq. (2.44) with Eq. (2.26) shows that the role of the
extra terms in Eq. (2.24) is to eliminate the integration constant in Eq. (2.44). This
implies that the full physical result for j(E; 0) can be deduced directly from i(E; 0).
The same is true even for u = —ic # 0, if we interpret j(E;c) as a free energy
density averaged over a particle and an antiparticle, as we next show.

Extension to a Chemical Potential

Considering a harmonic oscillator in the presence of a chemical potential, our task
becomes to compute the partition function

e PPN = Z(T, ) = Tr [e_ﬂ(i{_’m)] , (2.45)
where N = a'a. We show that the expression
1 . .
, [F(T, ic) + F(T, —lc)] (2.46)

agrees with the E-dependent part of Eq. (2.44).
To start with, we observe that

N N 1 hw
(n| (B — )| :hw(n+ 2)—,un = (ho—pin+ "7 (2.47)
so that evaluating the partition function in the energy basis yields
> ho  ho—p exp(— Z?)
A Zexp(— — n) = . (2.48)
—0 2T T 1— exp(— th_“)

Setting now # — 1, w — E, t — —ic, we can rewrite the result as

Zo — exp{—;l:g + Tln(l - e—E?“)}} . (2.49)

Reading from here F(T, u) according to Eq.(2.45), and computing é[F (T,ic) +
F(T, —ic)], clearly yields exactly the E-dependent part of Eq. (2.44).
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Low-Temperature Expansion

Our next goal is to carry out the momentum integration in Eqs. (2.24) and/or (2.26).
To this end, we denote

J(m,T) = / (;1;1; [b;k + Tln(l - e_ﬁE"):| (2.50)
—TZ/(Z )d[ In(w? +Ek)—c0nst:| (2.51)
I(m.T) = nl“im.l(m, T) (2.52)
- / (;j:; ) 22 [1 +2nB(Ek)] (2.53)
R

where d = 3 — 2¢ is the space dlmenswnahty, E; = vk? + m2, and we made use of
the fact that inside the integral m~'9,, = E; 10, £, In order to simplify the notation,
we further denote

?5 = TZ/(;;?;’ ny - TwZ/(jj,l;s = [
(2.55)

where K = (w,, k), and a prime denotes that the zero mode (w,, = 0) is omitted.
At low temperatures, 7 < m, we may expect the results to resemble those of the
zero-temperature theory. To this end, we write

Jm,T) = Jym) +Jy(m), Im,T) = I,(m)+ I;(m), (2.56)

where J|, is the temperature-independent vacuum energy density,

E
Jo(m) = / 2", (2.57)
k

and J the thermal part of the free energy density,

Tp(m) = / T1n(1—e—ﬁEk). (2.58)
k
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The sum-integral /(m, T) is divided in a similar way. It is clear that J, is ultraviolet
divergent, and can only be evaluated in the presence of a regulator; our choice
is typically dimensional regularization, as indicated in Eq.(2.55). In contrast, the
integrand in J; is exponentially small for k > T, and therefore the integral is
convergent.

Let us start from the evaluation of J(m). Writing out the mass dependence
explicitly, the task becomes to compute

Jo(m) = / L@+ md)h (2.59)
L 2

For generality and future reference, we first consider a somewhat more generic
integral,

d‘k 1

O0n-d-A) = | 2yt @ 4 meyt

(2.60)

and obtain then J, as J(m) = ) ®(m.d,—)).
Owing to the fact that our integrand only depends on k, all angular integrations
can be carried out at once, and the integration measure obtains the well-known form?

d
T

r()

dk = )2 d1?) , 2.61)

where I'(s) is the Euler gamma function, discussed in further detail in Sect.2.3.
Substituting now k?> — z — m?t in Eq. (2.60), we get

d

om.d.A)y= ", /ood e md)
m,a, = ZZ < m
r4) em)? Jo

md—ZA

= amire /Ooodttg_l(l—i—t)_*‘, (2.62)
7)2T(5

from which the further substitution t — 1/s — 1, dt — —ds/s” yields

md—ZA 1 J J
d(m,d,A) = . / dss" 271 —s)27". (2.63)
(m)2T (%) Jo

2A quick derivation: On one hand, [d’ke™* = [[°2_ dk ¢4 = (x/1)%. On the other hand,
Jdlke™ = e(d) [P dkk e = c(d) s fyS dexd e = (d)T(%)/215. Thereby
c(d) =27 /T(%).
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Here we recognize a standard integral that can be expressed in terms of the Euler
I"-function, producing finally

Omd A) — d’k 1 1 ra-9 1 5 64
A= oy g2 4 mp = @myt T@W gyt F

Let us now return to J,(m) in Eq.(2.59), setting A = —é andd = 3 —2¢in
Eq. (2.64) and multiplying the result by ; The basic property I'(s) = s 'T'(s + 1)
allows us to transport the arguments of the I'-functions to the vicinity of 1/2 or 1,
where Taylor expansions are readily carried out, yielding (some helpful formulae
are listed in Egs. (2.96)—(2.102)):

1

[(—2+¢) = (24 (el + O I'(l+e) (2.65)
1 €

=, (1 n 2)(1 + 6)(1 — ye€) + O(e) (2.66)

['(—)) =—2I'(})) = —2/7. (2.67)

The other parts of Eq. (2.64) can be written as

(4%)_%+€ = 2/

= oy [1 n 61n(471)] + O, (2.68)

]N2—e _ 4, —2e T ‘ 4 -2 T 2
m )y =m"u , | =mp l+eln’  J+0(@), (2.69)
m m

where p is an arbitrary (renormalization) scale parameter, introduced through 1 =

M—Ze MZe .3
Collecting everything together, we obtain from above
m4“—2€ 1 “2 3
Jo(m) = — 42 |:6 +1In 2 + In(47) — y: + ) + O(e)] , (2.70)

which can further be simplified by introducing the “MS scheme” scale parameter [t
through

Inji* = Inp® + In(4m) — ye . (2.71)

3When systems with a finite chemical potential are considered, cf. Eq. (2.45), one has to abandon
the standard convention of denoting the scale parameter by u; frequently the notation A is used
instead.
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This leads us to
m4M_2€ 1 /12 3
Jo(m) = — 6472 L + In 2 + 5 + 0(6)i| , (2.72)

from which a differentiation with respect to the mass parameter produces

1 d 1 m*u= 1 2
I,(m) = Jy(m) = = 1 1+0@6)]|. @73
00m) = g0 (™) /szk 1672 [e i (e)} (2.73)

Interestingly, we note that ffzo %’? k241— 2= zék, so that 1,(m) can also be written as
0 k

dd+1k 1

o) = | amyast o 4 -

(2.74)

This is a very natural result, considering that the quantity we are determining is the
T = 0 limit of the sum-integral

1
Im,T) = i amd’ (2.75)
K

withlimyo T Y, = [, cf. Eq.(2.10).

Next, we consider the finite-temperature integrals J,.(m) and I,(m) which, as
already mentioned, are both finite. Therefore we can normally set d = 3 within
them, even though it is good to recall that in multiloop computations these functions
sometimes get multiplied by a divergent term, in which case contributions of O(¢)
(or higher) are needed as well.* Neglecting this subtlety for now and substituting

k — Tx in Egs. (2.58) and (2.53), we find

T4 e’} e ‘

Jp(m) = S /0 dxx? ln(l eV 2+y2)y51; , (2.76)
) T2 [ dxx? 1 2.77)
m) = .

T 2772 o \/xz +y2 e\/xz_i_yz 1 ym

These integrals cannot be expressed in terms of elementary functions,” but their
numerical evaluation is rather straightforward.

4The O(e) terms could be obtained by noting from Eq. (2.61) that for d = 3—2¢, p**d’k/(2n)¢ =
&Bk/2r) {1 + €[In(i22/4k%) + 2] + O(€?)}.
SHowever the following convergent sum representations apply: J,(m) = —”;TT; >, nlz K (),

Ir(m) = 75 302 LK, (), with K, a modified Bessel function.



30 2 Free Scalar Fields

Even though Eq. (2.76) cannot be evaluated exactly, we can still find approximate
expressions valid in various limits. In this section we are interested in low
temperatures, i.e. y = m/T > 1. We thus evaluate the leading term of Eq. (2.76) in
an expansion in exp(—y) and 1/y, which produces

o0 o0
/ dxx? ln<1 — e_‘/xzﬂz) = —/ dxx e_\/)‘zﬂ2 +0™?)
0 0

w=/x2+y

5, OO
= —/ dwwy/w? —y2e™ + O(e%)
)

—_ o0
i Le_}’/ dv (v +y)v2vy + v2e™”
0
+0(e™®)

o0
= —«/2y%e_y/0 dv vé(l + z)(l + Zvy)ée_”

+0(e™)
= -2 F(g)y%e_y[l + (9(;) + O(e_y)] ,
(2.78)

where I‘(g) = /7 /2. It may be noted that the power-suppressed terms amount
to an asymptotic (non-convergent) series, but can be accounted for through the
leading term of a convergent expansion in terms of modified Bessel functions given
in footnote 5, —y*K>(y)[1 + O(e™)].

Inserting the above expression into Eq. (2.76), we have obtained

Jp(m) = —T4(2:T)%e_’; [1 n O(T) + O(e_’;):| , (2.79)

whereas the derivative in Eq. (2.52) yields

L(m) = 7’: (ZZ’T) o [1 + O(;) + O(e_’;)i| . (2.80)

Thereby we have arrived at the main conclusion of this section: at low temperatures,
T < m, finite-temperature effects in a free theory with a mass gap are exponentially
suppressed by the Boltzmann factor, exp(—m/T), like in non-relativistic statistical
mechanics. Consequently, the functions J(m, T) and /(m, T) can be well approxi-
mated by their respective zero-temperature limits J, (/) and /,(im), which are given
in Egs. (2.72) and (2.73).



2.3 High-Temperature Expansion 31
2.3 High-Temperature Expansion

Next, we move on to consider a limit opposite to that of the previous section, i.e.
T > mor, in terms of Eq. (2.76), y = m/T < 1. It may appear that the procedure
should then be a simple Taylor expansion of the integrand in Eq. (2.76) around y> =
0. The zeroth order term indeed yields

T4 [} 2T4
J7(0) = 27r2/0 dx 22 ln(l —e—W) - —”90 , (2.81)

which is nothing but the free-energy density (minus the pressure) of black-body
radiation with one massless degree of freedom. A correction term of order O(y?)
can also be worked out exactly.

However, O(y?) is as far as it goes: trying to proceed to the next order, O(y*), one
finds that the integral for the coefficient of y* is power-divergent at small x = k/T.
In other words, the function J,(m) is non-analytic in the variable m? around the
point m?> = 0. A generalized high-temperature expansion nevertheless exists, and
turns out to take the form

P m2T?  m’T m* me’E 3
Jp(m) = — + - In —

90 24 12r 204n)?| \4xT) 4
m®¢(3) m®
T3 4myT +(9(T4) + O(e) . (2.82)

where m = (m?)'/2. It is the cubic term in Eq. (2.82) that first indicates that Jr(m)
is non-analytic in m>—after all, the function z*/? contains a branch cut. This term
plays a very important role in certain physics contexts, as will be seen in Sect. 9.1.

Our goal in this section is to derive Eq.(2.82). A classic derivation, starting
directly from the definition in Eq.(2.76), was presented by Dolan and Jackiw [2].
It is, however, easier, and ultimately more useful, to tackle the task in a slightly
different way: we start from Eq. (2.51) rather than Eq. (2.50), and carry out first the
integration fk, and only then the sum an (cf. e.g. ref. [3]). A slight drawback in
this strategy is that Eq.(2.51) contains inconvenient constant terms. Fortunately,
we already know the mass-independent value J(0,7): it is given by Eq.(2.81).
Therefore it is enough to study /(m, T), in which case the starting point is Eq. (2.54),
which we may subsequently integrate as

J(m,T) = /mdm/ m' I(m',T) +J(0,T) . (2.83)
0

Proceeding now with /(m, T) from Eq. (2.54), the essential insight is to split the
Matsubara sum into the contribution of the zero mode, w, = 0, and that of the
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non-zero modes, w, # 0. Using the notation of Eq. (2.55), we thus write

gf=§f+T/, (2.84)
K K k

and first consider the contribution of the last term, which is denoted by 7"=%.
To start with, we return to the infrared divergences alluded to above. Trying
naively a simple Taylor expansion of the integrand of "= in powers of m?, we

would get

1 9 d?k 1 m?  mt
(n=0) _ - _
1 = T/kk2+m2_T (Zn)d[kz k4+k°+'”:|' (2.85)

For d = 3 —2e¢, the first term is “ultraviolet divergent”, i.e. grows at large k, whereas
the second and subsequent terms are “infrared divergent”, i.e. grow at small k too
fast to be integrable. Of course, in dimensional regularization, every expanded term
in Eq. (2.85) appears to be zero; the total result is, however, non-zero, cf. Eq. (2.86)
below. The bottom line is that the Taylor expansion in Eq. (2.85) is not justified.

Next, we compute the integral in Eq. (2.85) properly. The result can be directly
read from Eq. (2.64), by just settingd = 3 — 2¢, A = 1:

179 = Td(m,3 — 2¢, 1)

T F(—; + €) 1 r-h=-2yx Tm
- (4m)32—<  T(1) (m?)~1/2+e - T Ax +O(e) .

(2.86)

We thus see that a linearly divergent integral over a manifestly positive function
is finite and negative in dimensional regularization! According to Eq. (2.52), the
corresponding term in J"= reads
- Tm?
Jo=9 — _ + O(e) . (2.87)
12r
Given the importance of the result and its somewhat counter-intuitive appearance,
it is worthwhile to demonstrate that Eq.(2.86) is not an artifact of dimensional
regularization. Indeed, let us compute the integral with cutoff regularization, by
restricting k to be smaller than an explicit upper bound A:

Jo=0) _ g 47 /A dk k* N . /A dk
= = —m
@2n)3 Jo K +m?>  2x? o K+ m?

. T A m<A A m m?
=, [A—marctan(m):| = T[27r2 ~ Ay +(’)(A .

(2.88)



2.3 High-Temperature Expansion 33

We observe that, due to the first term, Eq. (2.88) is positive. This term is unphys-
ical, however: it must cancel against similar terms emerging from the non-zero
Matsubara modes, since the temperature-dependent part of Eq. (2.53) is manifestly
finite. Owing to the fact that it represents a power divergence, it does not appear in
dimensional regularization at all. The second term in Eq. (2.88) is the physical one,
and it agrees with Eq. (2.86). The remaining terms in Eq. (2.88) vanish when the
cutoff is taken to infinity, and are analogous to the O(¢)-terms of Eq. (2.86).

Next, we turn to the non-zero Matsubara modes, whose contribution to the
integral is denoted by I’(m, T) (the prime is not to be confused with a derivative).
It is important to realize that in this case, a Taylor expansion in m? can formally be
carried out (we do not worry about the radius of convergence here): the integrals are
of the type

(m?)"
/k(w,% e 0. (2.89)

and thus the integrand remains finite for small k, i.e., there are no infrared
divergences. For the small-n terms, ultraviolet divergences may on the other hand
remain, but these are taken care of by the regularization.

More explicitly, we obtain

I'm,T) = TZ/ dk
2n)d w? + k2 + m?
Taylor ddk oo mzz
= 2T Z/ d l)l 2 211+1
(27m) [((27nT)? + k?]

0o 00 d
(2.64) Ly 1 TU+1=9) 1
='2T —1

T

- 204+2—d
(4n)?(2nT2—d,§[(2nT)2] Pt 1) Dearea-a),

(2.90)

where in the last step we interchanged the orders of the two summations, and
identified the sum over n as a Riemann zeta function, {(s) = Y .o, n"°. Some
properties of ¢ (s) are summarized in Appendix A below.

For the sake of illustration, let us work out the terms [ = 0, 1, 2 of the above
sum explicitly. For d = 3 — 2e, the order [ = 0 requires evaluating F(—é +€)
and ¢(—1 + 2¢€); [ = 1 requires evaluating F(; +e)and {(1 +2¢);and [ = 2
requires evaluating F(; + €) and {(3 + 2¢). Applying results listed in Appendix
A of this section, a straightforward computation (cf. Appendix B for intermediate
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steps) yields

, _ 7 2m*u=[ 1 Lere 2m*¢(3) m®
Dy =15 = 4y [2e +ln(47tT):| tampr T O(T4) +0().
2.91)

Adding to this the zero-mode contribution from Eq. (2.86), we get

. T2 mT 2m*u=>[ 1 et 2m*(3) m®
I D) = = 4n ™ (anp |:2€ +ln( )} * amyr +O(T4)+O(€) ‘
(2.92)

Subtracting Eq. (2.73) to isolate the T-dependent part finally yields

. > ml  2m? mev® 1 2m*¢(3) m®
Irm = = 4 ™ 4y [ln(4nT) - 2} t o T O(T4) +0().
(2.93)

Note how the divergences and [t have cancelled in our result for /;,(m), as must be
the case.

To transport the above results to various versions of the function J, we make use
of Egs. (2.81) and (2.83). From Eq. (2.91), we first get

) = _n2T4 ) M2 T2 m4u—2s[ 1 +1n(ﬂeVE)i|
’ 2¢

90 24 2(4n)? 4xT
mb¢(3) m®
+3(4ﬁ)4T2 + O(T4) + O(e) . (2.94)

Adding the zero-mode contribution from Eq. (2.87) then leads to

2T4 2T2 3T 4, —2¢ 1 77 oVE
Jm,T)y=—" " ;™o _ma_ MK [2 +1n(“e )}
€

90 24 127 2(4n)? AxT
m6§(3) m®
T3amyire T O(T4) + O(e) . (2.95)

Subtracting the zero-temperature part, J,(m), of Eq.(2.72) leads to the expansion
for J,.(m) that was given in Eq. (2.82). We may again note the cancellation of 1/¢
and jt in J;(m). The numerical convergence of the high-temperature expansion is
illustrated in Fig. 2.1 on p. 38.
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Appendix A: Properties of the Euler I' and Riemann
¢ functions

L'(s)

The function I'(s) is to be viewed as a complex-valued function of a complex
variable s. For Re(s) > 0, it can be defined as

I'(s) = / oodxxf—le—x , (2.96)
0

whereas for Re(s) < 0, the values can be obtained through the iterative use of the
relation

I'(s) = . (2.97)

On the real axis, I'(s) is regular at s = 1; as a consequence of Eq. (2.97), it then has
first-order poles at s = 0, —1,—-2,....

In practical applications, the argument s is typically close to an integer or a half-
integer. In the former case, we can use Eq.(2.97) to relate the desired value to the
behavior of I'(s) and its derivatives around s = 1, which can in turn be worked out
from the convergent integral representation in Eq. (2.96). In particular,

=1, I'd)=—yp, (2.98)

where y; is the Euler constant, y; = 0.577215664901 .. .. In the latter case, we can
similarly use Eq. (2.97) to relate the desired value to I'(s) and its derivatives around
s = é, which can again be worked out from the integral representation in Eq. (2.96),
producing

r(})=+r. TI'(})=J7(=y—2In2). (2.99)

The values required for Eq. (2.91) thus become

[(—) +€) =—-2Jn+0(), (2.100)
T(l+e) = Jﬂ[l — (¥ +21In2) +(9(62)], 2.101)
INEE ‘/2” + O . (2.102)

We have gone one order higher in the middle expansion, because this function is
multiplied by 1/¢ in the result (cf. Eq. (2.112)).
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¢(s)

The function £ () is also to be viewed as a complex-valued function of a complex
argument s. For Re(s) > 1, it can be defined as

— _, 1 [odex!
C(s)=n;n =t ) et (2.103)

where the equivalence of the two forms can be seen by writing 1/(e*—1) = ¢™*/(1—
e™) = Y >, e, and using the definition of the I'-function in Eq. (2.96). Some
remarkable properties of ¢ (s) follow from the fact that by writing

1 1 1 1 1
= = — , 2.104
e—1  (e/2—1)(e/2+1) 2|:ex/2—1 ex/2+1:| ( )

and then substituting integration variables through x — 2x, we can find an
alternative integral representation,

dxxs—l

1 o0
(1—21-5)I'(s) /0 el (2.105)

§(s) =

defined for Re(s) > 0, s # 1. Even though the integral here clearly diverges at
s — 0, the function I"(s) also diverges at the same point, making ¢ (s) regular around
origin:

£0)=—, . (2.106)
¢'(0) = =) In(27) . (2.107)

Finally, for Re(s) < 0, an analytic continuation is obtained through the relation
¢(s) = 25! sin(”;)r(l —9t(l—s) . (2.108)

On the real axis, {(s) has a pole only at s = 1. Its values at even arguments are
“easy”’; in fact, at even negative integers, Eq. (2.108) implies that

t(=2n)=0, n=1273,..., (2.109)

whereas at positive even integers the values can be related to the Bernoulli numbers,
n? w4
2) = , 4) = e 2.110
(@ =", =7 2.110)

Negative odd integers can be related to positive even ones through Eq. (2.108),
which also allows us to determine the behaviour of the function around the pole



Appendix B: Numerical Convergence 37

at s = 1. In contrast, odd positive integers larger than unity, i.e. s = 3,5, ..., yield
new transcendental numbers.
The values required in Eq. (2.91) become

12 + O(e) , (2.111)

¢(—1+2¢) = —Zizr(z)g(z) +0E =,

C(1 4 2¢) = 21 2% [sin(g) + me cos(]zr)] (— 216)1"(1 —2€)¢(—2¢)

=2(1 +2¢In2)(1 + 2¢In ) (—216)(1 + 2ey:)(—5)(1 — 2eIn27)

+0O(€)
= 00, 2.112)
2e
£B3 +2€) = £(3) + O(e) ~ 1.2020569031 ... + O(e) , (2.113)

where in the first two cases we made use of Eq.(2.108), and in the second also of
Egs. (2.106) and (2.107).

Appendix B: Numerical Convergence

We complete here the derivation of Eq.(2.91), and sketch the regimes where the
low and high-temperature expansions are numerically accurate by inspecting J;.(m)
from Eq. (2.82).

First of all, for the term [ = 0 in Eq.(2.90), we make use of the results of
Egs. (2.100) and (2.111):

2T -2/ 1 T?
’ _ _ _
I'(m.T)|,_, = (4]{)3/2(27{@ : ( 12) +0(e) = 1 +0(e). (2.114)
For the term [ = 1, we on the other hand insert the values of Egs.(2.101)
and (2.112):

/ (4m)° [
I'(m, T)i1=1 = 2T(47r)3/2 @n1)' |:(27TT)2:|

x\/n[l —e(ys + 21n2)] 216(1 + 2eye) + O(e)

2

2, —2€ 1 I
{ . +1In 2 + In(47) — ye + 2[ye — In(47)]

I=p2€p2 Mo
B (47)

+0O(e)
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72

2,,—2¢ YE
e mp it e
= e T +21n<47r)} +Oe) . 2.115)

Finally, for the term [ = 2, we make use of Eqs. (2.102) and (2.113), giving:

2T mt A 2m*¢(3)

I/(m, T)‘]:Z — (4n)3/2 (27[T) (27‘[T)4 ) C(S) + 0(6) = (47T)4T2

+ O(e) .
(2.116)

For the numerical evaluation of J, (i), we again denote y = m/T and inspect the
function

J(m) 1 o S x24y2
gm="" :2n2/0 dxx? ln(l—e v +y). (2.117)

We contrast this with the low-temperature result from Eq. (2.79),

VOKS —(Zyn)ze—y , (2.118)

as well as with the high-temperature expansion from Eq. (2.82),

vl 72y y* yevs 3 ¥°¢(3)
<=_ Y 1 - . 2119
2 00 V21 " 120 2042 | an ) T T 3y - G

The result of the comparison is shown in Fig.2.1. We observe that if we keep
terms up to y° in the high-temperature expansion, its numerical convergence is good

Fig. 2.1 The behavior of 0.00 | o
J (y) and its various \ O&Y/), -
numerical approximations. \ : 5
Shown are the exact 0.02+ : -

— exact result
- - low-T expansion

numerical result from
Eq. (2.117), the
low-temperature -0.04
approximation from

Eq. (2.118), as well as five J(y)
orders of the

-+ high-T expansion

-0.06

high-temperature expansion 1
from Eq. (2.119) 20.08 _
-0.10 -
0
A .................... O(y ) ................... N
012 s L \ \
0 2 4 6 8 10
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for y < 3. On the other hand, the low-temperature expansion converges reasonably
well as soon as y > 6. In between, a numerical evaluation of the integral is clearly
necessary. It should be stressed that these statements are to be understood in a
pragmatic sense, rather than as mathematically defined convergence radii.

References

1. L. Giusti, H.B. Meyer, Thermodynamic potentials from shifted boundary conditions: the scalar-
field theory case. J. High Energy Phys. 11, 087 (2011) [1110.3136]

2. L. Dolan, R. Jackiw, Symmetry behavior at finite temperature. Phys. Rev. D 9, 3320 (1974)

3. P. Arnold, C. Zhai, The three loop free energy for pure gauge QCD. Phys. Rev. D 50, 7603
(1994) [hep-ph/9408276]



Chapter 3
Interacting Scalar Fields

Abstract The key concepts of a perturbative or weak-coupling expansion are
introduced in the context of evaluating the imaginary-time path integral repre-
sentation for the partition function of an interacting scalar field. The issues of
ultraviolet and infrared divergences are brought up. These problems are cured
through renormalization and resummation, respectively.

Keywords Contraction ¢ Propagator ¢ Renormalization ¢ Resummation ¢ Ring

diagrams ¢ Ultraviolet and infrared divergences ¢ Weak-coupling expansion e
Wick’s theorem

3.1 Principles of the Weak-Coupling Expansion

In order to move from a free to an interacting theory, we now include a quartic term
in the potential in Eq. (2.4),

V(p) = ;m2¢>2+ i/\gb“, 3.1

where A > 0 is a dimensionless coupling constant. Thereby the Minkowskian and
Euclidean Lagrangians become

1 1

1

Ly = 2aﬂ¢ 0up — 2m2¢2 — 4A¢4 , (3.2)
1 LEEYCENR By

Ly = 2au¢> 3.9 + S+ 4)L¢> , (3.3)

where repeated indices are summed over, irrespective of whether they are up and
down or all down. The case with all indices down implies the use of Euclidean
metric like in Eq. (2.7).

In the presence of A > 0, it is no longer possible to determine the partition
function of the system exactly, neither in the canonical formalism nor through a
path integral approach. We therefore need to develop approximation schemes, which
could in principle be either analytic or numerical. In the following we restrict our

© Springer International Publishing Switzerland 2016 41
M. Laine, A. Vuorinen, Basics of Thermal Field Theory, Lecture Notes
in Physics 925, DOI 10.1007/978-3-319-31933-9_3



42 3 Interacting Scalar Fields

attention to the simplest analytic procedure which, as we will see, already teaches
us a lot about the nature of the system.

In a weak-coupling expansion, the theory is solved by formally assuming that
A < 1, and by expressing the result for the observable in question as a (generalized)
Taylor series in A. The physical observable that we are interested in is the partition
function defined according to Eq. (2.6). Denoting the free and interacting parts of
the Euclidean action by

B
S, = / dc/[;am 3,9 + ;mzqﬁz} , (3.4)
0 X

b 1
SIEA/ dr/|: ¢4] (3.5)
0 X 4

the partition function can be written in the form

Z5(T) = C / D¢ exp(—S, — 5))

—S, lo 1g
=C [Dpe o1 -8+ _S— S +...
2 6
SFT 1 2 1 3
:Z(O) 1_(SI>0+2<SI)0_6<SI)O+"' . (3.6)
Here,
o =C / Dg e~ 37

is the free partition function determined in Sect. 2, and the expectation value (: - - ),
is defined as

_ /DL lexp(=Sy)

() = fD¢ exp(—S,) (3.8)

With this result, the free energy density reads

F(T.V) T

— ln ZSFT
v v
Foy T 1 1
0)
= == (s + (P = (o +.) (39
FSFT T 1
(V) 2 2
= v vy {_(SI)O Ty [(SI b~ (SI>O:|

_é [(S13 ), = 3(S1,(82), + 2(51)3} . } : (3.10)
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where we have Taylor-expanded the logarithm, In(1 —x) = —x—x?/2—x%/3+. ...
The first term, F ff); /V, is given in Eq.(2.26), whereas the subsequent terms

correspond to corrections of orders O(1), O(A?), and O(A?), respectively. As we
will see, the combinations that appear within the square brackets in Eq. (3.10) have
a specific significance: Eq. (3.10) is simpler than Eq. (3.6)!

For future reference, let us denote

f(1) = Jim F(TV’V) , (3.11)

where we have dropped the superscript “SFT” for simplicity. With this definition
Eq. (3.10) can be compactly represented by the formula f = f(o) + f(>1)’ where

Jfen(T) = —‘T/ <exp(—Sl) - 1>

0,c

(Sl— ;Sf + > (3.12)

0.c. drop overall f,
where the subscript (. . .). refers to “connected” contractions, the precise meaning of
which is discussed momentarily, and an “overall fX” is dropped because it cancels
against the prefactor T/ V.

Inserting Eq. (3.5) into the various terms of Eq.(3.10), we are led to evaluate
expectation values of the type

(p(X1)P(X2) ... o (X))o - (3.13)

These can be reduced to products of free 2-point correlators, (¢ (X;)¢ (X)), through
the Wick’s theorem, as we now discuss.

Wick’s Theorem

Wick’s theorem states that free (Gaussian) expectation values of any number of
integration variables can be reduced to products of 2-point correlators, according to

(PXDP(X) . pXKmDPK))g = D (DKo (dKum1)D (X)) -
all combinations

(3.14)

Before applying this to the terms of Eq. (3.10), we briefly recall how the theorem
can be derived with (path) integration techniques.

Let us assume that we can discretise spacetime such that the coordinates X only

take a finite number of values, which in particular requires the volume to be finite.

Then we can collect the values ¢ (X), VX, into a single vector v, and subsequently
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write the free action in the form S, = ;UTA v, where A is a matrix. Here, we
assume that A~! exists and that A is symmetric, i.e. AT = A; then it also follows
that (A=")T = A7,

The trick allowing us to evaluate integrals weighted by exp(—S,) is to introduce a
source vector b, and to take derivatives with respect to its components. Specifically,
we define

1
exp[W(b)] /dv exp[—zviAijvj + bivi]

v,-—>v,-+Al-7»lbj

1 1
= exp[zbiAl;lbj] /dv exp[—zviAijvj] ., (3.15

where we made a substitution of integration variables at the second equality. We
then obtain

(0gvr. o) = Jdv (vev; ... vy) exp[—éviAijvj]
"o Jdv exp[—)vid;vi]

_ {dik d(ljal dgn exp[W(b)]}

b=0
exp[W(0)]

ydd T

= {dbk db, " db, eXp[zb‘A"f bj:l}b=0

_jad Sy s

= dbkdbz"'dbn[ + iy b

LIz, -1
+, () by b AL b+ "']};;o' (3.16)

Taking the derivatives in Eq. (3.16), we observe that:

* (I)y=1

 If there is an odd number of components of v in the expectation value, the result
is zero.

. (Ukvl>0 = A,;l.

o (uvumn)y = AR'ALL + ALIALY + AL A}

= (VkV1) o (UmVn) o + (VkUm) o (ViVn) g + (ViVn) o (VUM -

* At higher orders, we obtain a discretized version of Eq. (3.14).

» Since all the operations were purely combinatorial, removing the discretization
does not modify the result, so that Eq. (3.14) holds also in the infinite volume and
continuum limits.

Let us now use Eq. (3.14) in connection with Eq. (3.10). From Egs. (2.26), (2.50)
and (3.10), we read off the familiar leading-order result,

fo(T) =J(m,T) . (3.17)



3.1 Principles of the Weak-Coupling Expansion 45

At the first order, linear in A, we on the other hand get

V—o0

T T [P A
fo® = im0, = Jim | [Car [ w0seoeeopon,. G

where we can now use Wick’s theorem. Noting that due to translational invariance,
(¢ (X)¢(Y)), can only depend on X — Y, the spacetime integral becomes trivial, and
we obtain

3
Sy = 2(p(0)¢(0))o(d(0)$(0)), - (3.19)

Finally, at the second order, we get

im {5, (157~ (503]}

V—o00

Jo)(T)

A
— lim {— va [ / (5) 600800800600 $MPMBMB M),

V—o00 XY
A A
—/ 4 (¢(X)¢(X)¢(X)¢(X)>o/ 4 (¢(Y)¢(Y)¢(Y)¢(Y))o:|} . (3.20)
X Y

where we have again denoted (cf. Eq. (2))

B
/E/ dr/ddx. (3.21)
X 0 Vv

Upon carrying out the contractions in Eq. (3.20) according to Wick’s theorem,
the role of the “subtraction term”, i.e. the second one in Eq. (3.20), becomes clear:
it cancels all disconnected contractions where all fields at point X are contracted
with other fields at the same point. In other words, the combination in Eq. (3.20)
amounts to taking into account only the connected contractions; this is the meaning
of the subscript ¢ in Eq. (3.12). This combinatorial effect is caused by the logarithm
in Eq. (3.10), i.e., by going from the partition function to the free energy.

As far as the connected contractions go, we obtain through a (repeated) use of
Wick’s theorem:

(@ (X (X)p(X)P(X) (V)P (V) (V)P (Y))o,c
=4(p(X)p(Y)) (¢(X)p(X)p(X) ¢ (V) (V)P ()0,
+3 (X9 (X))o (9(X)P(X) ¢ (NP (V) (V)P (Y)) o,
=4x3(p(X)¢(Y)), (¢(X)P (V) (#(X)p(X) (¥)p(Y))o,.
+4x2(p(X)p (1)) (¢ (X)P (X))o (#(X) (V)P (V) (Y))
+3x4(p(X)p (X)) (¢(X)P(Y))o (#(X) (V)P (V)(Y))
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=4x3x2(p(X)p(Y))o (#(X)p(Y))o {#(X)P(Y)) (¢(X)P(V))o
+(@x3+4x2x3+3x4x3)(pX)p(X))o ()P (Y)),

x(@(X)p(Y))o (#(V)P(Y))g - (3.22)

Inspecting the 2-point correlators in this result, we note that they either depend on
X—Y, or on neither X nor Y, the latter case corresponding to the contraction of fields
at the same point. Thereby one of the spacetime integrals is trivial (just substitute
X — X + Y, and note that (¢ (X + V)¢ (Y)), = (¢(X)¢(0)),), and cancels against
the factor 7/V = 1/(BV) in Eq. (3.20). In total, we then have

A
o) = =(,) 12 [ 160000101 + 36 000011 [ Hp00ONR] .
* ¥ (3.33)

Graphically this can be represented as

SHeoQe
(3.24)

where solid lines denote propagators, and the vertices at which they cross denote
spacetime points, in this case X and 0.

We could in principle go on with the third-order terms in Eq. (3.10). Again, it
could be verified that the “subtraction terms” cancel all disconnected contractions,
so that only the connected ones contribute to f(7), and that one spacetime integral
cancels against the explicit factor T/V. These features are of general nature, and
hold at any order in the weak-coupling expansion.

In summary, Wick’s theorem has allowed us to convert the terms in Eq. (3.10) to
various structures made of the 2-point correlator (¢ (X)¢(0)),. We now turn to the
properties of this function.

Propagator

The 2-point correlator (¢ (X)¢(Y)), is usually called the free propagator. Denoting

3P+0Q) = f SPTOX = Bs, 00 2m) 8D (p+q) (3.25)
X
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where P = (p,,p) and p, are bosonic Matsubara frequencies, and employing the
representation

Pp(X) = ié(P)e"P'X, (3.26)
P

we recall from basic quantum field theory that the (Euclidean) propagator can be
written as

o 1
(¢ =8P +0) 1y 5 (3.27)
: 1
(pX)P(Y))y = ie‘”"‘y’ P (3.28)
P

Before inserting these expressions into Egs. (3.19) and (3.23), we briefly review
their derivation, working in a finite volume V and proceeding like in Sect. 2.1.
First, we insert Eq. (3.26) into the definition of the propagator,

(BXSD)), =;lf PO (G (PG (), - (3.29)
P.Q

as well as to the free action, Sy,
1 [ - - 1 -
so= foene cper = L@ rmieer. 0
P P

Here, we may further write ¢(P) = a(P) + ib(P), with a(—P) = a(P),
b(—P) = —b(P), and subsequently note that only half of the Fourier components
are independent. We may choose these according to Eq. (2.13).

Restricting the sum to the independent components, and making use of the
symmetry properties of a(P) and b(P), Eq. (3.30) becomes

T
So=1 > P+ m)d(P) + B(P)] . (3.31)
Pindep.
The Gaussian integral,

[dxx?exp(—cx?) 1

[dxexp(—cx?)  2c’ (3:32)
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and the symmetries of a(P) and b(P) then imply the results

(a(P)b(Q))y =0 (3.33)
1% 1

(a(P)a(Q))o = (8p.0 + Sp.—0) TP 4w (3.34)
1% 1

(b(P)b(Q))y = (Bp.o — Sp.—0) TP 2 (3.35)

where the §-functions are of the Kronecker-type. Using these, the momentum-space
propagator becomes

(B(P)P(Q)), = (a(P) a(Q) + ia(P) b(Q) + i b(P) a(Q) — b(P) b(Q)),

Vv 1 1
=8p_g T P2+ m2 = B8y, +4,.0V8p+q0 P (3.36)
which in the infinite-volume limit (cf. Eq. (2.10)), viz.
1 Cldl’ d o(d)
v > — @my Vo0 —> 21)89(p) , (3.37)
P

becomes exactly Eq. (3.27). Inserting this into Eq. (3.29) we also recover Eq. (3.28).

It is useful to study the behaviour of the propagator (¢ (X)¢(Y)), at small and
large separations X — Y. For this we may use the result of Eq. (1.70),

ei17n‘f 1 cosh I:(g — 1’) E] 1

= . B=_. 0=t=B. (339
I it B 2E gnp [ﬂZE] r
Even though this equation was derived for 0 < t < B, it is clear from the left-hand
side that we can extend its validity to —8 < t < f§ by replacing t by |t|. Thereby,
the propagator in Eq. (3.28) becomes

GyX—Y) = (¢(X)p (V)

B _ —
= / d'p S COSh[(Z o =y °|) E"] .
@m)d 2E, sinh[ﬂ f" ]
Ey=a/p>+m?
(3.39)

where we may set ¥ = 0 with no loss of generality.
Consider first short distances, |x|, |xo| < }, ;l . We may expect the dominant

contribution in the Fourier transform of Eq.(3.39) to come from the regime
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Ip||x| ~ 1, so we assume |p| > T,m. Then E, ~ p and BE, ~ p/T > 1,
and consequently,

cosh [(’g — |xo|) Ep] exp [(’g — |xo|) Ep]
. ~ . A e Pl (3.40)
sinh [ﬁz”] exp [521,]
Noting that
1 [ee} d ipoxo
eholp — / po e (3.41)
2p —o00 270 p§ + P?
this implies
d9TIp LiPX
Gy(X) %/(Zn)d“ P (3.42)
with P = (po,p). We recognize this as the coordinate space propagator of a

massless scalar field at zero temperature.

At this point we make use of the d + 1-dimensional rotational symmetry of
Euclidean spacetime, and choose X = (xo,x) to point in the direction of the
component pg. Then,

diH1p GiPX _ d’p /oo dpy el
(2m)d+1 p? (2m)d J_o 27 p} + p2
B d?p e Pl
S et

d
eeny 1 w2 [ L,
g L dp p*2e pIX|
(ZH) F(z) 0

rd-1)

= PR (3.43)
(4m)2 T ()IX]=
from which, inserting d = 3 and F(;) = /7 /2, we find
G,(X) ~ 1X] « bl (3.44)
O ag2ixp2 T m’ '

The result is independent of 7 and m, signifying that at short distances (in the
“ultraviolet” regime), temperature and masses do not play a role. We may further
note that the propagator rapidly diverges in this regime.
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Next, we consider the opposite limit of large distances, x = |x| > 1/T, noting
that the periodic temporal coordinate xy is always “small”, i.e. at most 1/7. We
expect that the Fourier transform of Eq. (3.39) is now dominated by small momenta,
p < T.1If we simplify the situation further by assuming that we are also at very high
temperatures, m < T, then BE, < 1, and we can expand the hyperbolic functions
in Taylor series, approximating cosh(e) & 1, sinh(¢) &~ €. We then obtain from
Eq.(3.39)

ddp e—ip~x

G\(X)~T .
0X) 2m)d p? + m?

(3.45)

Note that the integrand here is also the p, = 0 contribution from the left-hand side
of Eq. (3.38). Setting d = 3,' and denoting z = p - x/(px), the remaining integral
can be worked out as

T +1 oo e ipxz
Gy(X) ~ / dz / dpp?
0 (2m)? ) 0 p? +m?

T 00 dpp2 eipx _ e—ipx
© (2n)? /0 pr+m?  ipx

_ T /oo dppeipx
Cn)2ix J_oop? + m?
T 1

= , . 3.46
4x x> T ( )

In the last step the integration contour was closed in the upper half-plane (recalling
that x > 0).

We note from Eq. (3.46) that at large distances (in the “infrared” regime), thermal
effects modify the behaviour of the propagator in an essential way. In particular, if
we were to set the mass to zero, then Eq.(3.44) would be the exact behaviour at
zero temperature, both at small and at large distances, whereas Eq. (3.46) shows
that a finite temperature would “slow down” the long-distance decay to 7'/ (47 |x]).
In other words, we can say that at non-zero temperature the theory is more sensitive
to infrared physics than at zero temperature.

'For a general d, [ (S;ISJ p‘;_:;z = (271)*3[(';')12[*1K[21_1(mx), where K is a modified Bessel

function.
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3.2 Problems of the Naive Weak-Coupling Expansion

O(A): Ultraviolet Divergences

We now proceed with the evaluation of the weak-coupling expansion for the free
energy density in a scalar field theory, the first three orders of which are given
by Egs. (3.17), (3.19) and (3.23). Noting from Eqgs. (2.54) and (3.28) that G,(0) =
I(m, T), we obtain

f(T) =J(m.T) + ix [[(m, T)* + O(A?) . (3.47)

According to Egs. (2.72) and (2.73), we have

m4M_2€ 1 /12 3
Jm,T) = — 642 |:€ + In 2 + 5 + (’)(e)i| + Jp(m) , (3.48)
2,721 )
ImT)=-"" +mt 1100 |+ Lm) . (3.49)
1672 | ¢ m?

where the finite functions J;(m) and I(m) were evaluated in various limits in
Egs. (2.79), (2.80), (2.82) and (2.93).

Inserting Eqgs. (3.48) and (3.49) into Eq.(3.47), we note that the result is, in
general, ultraviolet divergent. For instance, restricting for simplicity to very high
temperatures, 7 > m, and making use of Eq. (2.93),

2

T mT
I(m) ~ 5 an + O@m?) , (3.50)

4

the dominant term at € — 0 reads

M—Zé 1 3

f(T) ~ — m* A _TPm?— " TmP4+0m*) |[+OAH)}+0(1) . (3.51)
6472 2 2

This result is clearly non-sensical; in particular the divergences depend on the

temperature, i.e. cannot be removed by subtracting a T-independent “vacuum”

contribution. To properly handle this issue requires renormalization, to which we

return in Sect. 3.3.
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O(A>): Infrared Divergences

Let us next consider the O(A?) correction to Eq. (3.47), given by Eq. (3.23). With
the notation of Eq. (3.39), it can be written as

D) == 332 [ G001 = | 2lon. P [ 16,07 (.52

It is particularly interesting to inspect what happens if we take the particle mass m
to be very small in units of the temperature, m < 7.

As Egs. (3.47), (2.82) and (3.50) show, at O(A) the small-mass limit is perfectly
well-defined. At the next order, we on the other hand must analyze the two terms of
Eq. (3.52). Starting with the first one, we know from Eq. (3.44) that the behaviour of
G, is independent of m at small x, and thus nothing particular happens for x < T
On the other hand, for large x, G, is given by Eq. (3.46), and we may thus estimate
the contribution of this region as

p Tem\4
/ [Gy(X)]* ~ / dr / d’x . (3.53)
xz B 0 xzB drx

This integral is convergent even for m — 0.
Consider then the second term of Eq. (3.52). Repeating the previous argument,
we see that the long-distance contribution to the free energy density is proportional

to the integral
B Te—mx\ 2
/ [Gy (X2 ~ / dr / d3x( ¢ ) . (3.54)
x2 B 0 xz B drx

If we now attempt to set m — 0, we run into a linearly divergent integral. Because
this problem emerges from large distances, we call this an infrared divergence.
In fact, it is easy to be more precise about the form of the divergence. We can

namely write
oiPX £I0X
G,(X))* =
/X[ 0] /X?SPW + mZ?SQQ2 + m2

—;lfﬁ(mg) !
T, (P2 + m?)(Q% + m?)

1
- i (P2 + m?]?
P
d

—dmzl(m, T). (3.55)
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Inserting Eq. (3.50), we get

,_ 1 d T
/X[GO(X)] = a0 =g O, (3.56)

so that for m < T, Eq. (3.52) evaluates to

4
9/\2T T +0@m°) . (3.57)

T) = —
fa (M == A 4 swm

This indeed diverges for m — 0.

It is clear that like the ultraviolet divergence in Eq. (3.51), the infrared divergence
in Eq. (3.57) must be an artifact of some sort: the pressure and other thermodynamic
properties of a plasma of weakly interacting massless scalar particles should be
finite, as we know to be the case for a plasma of massless photons. We return to the
resolution of this “paradox” in Sect. 3.4.

3.3 Proper Free Energy Density to O(4):
Ultraviolet Renormalization

In Sect.3.2 we attempted to compute the free energy density f(7) of a scalar
field theory up to O(A), but found a result which appeared to be ultraviolet (UV)
divergent. Let us now show that, as must be the case in a renormalizable theory, the
divergences disappear order-by-order in perturbation theory, if we re-express f(T)
in terms of renormalized parameters. Furthermore the renormalization procedure is
identical to that at zero temperature.

In order to proceed, we need to change the notation somewhat. The zero-
temperature parameters we employed before, i.e. m?, A, are now re-interpreted to
be bare parameters, m?, ).,.> The expansion in Eq. (3.47) can then be written in the
schematic form

f() = ¢ Om2, 1) + A, ¢V (2, T) + O3 . (3.58)

As a second step, we introduce the renormalized parameters mﬁ, A,. These could
either be directly physical quantities (say, the mass of the scalar particle, and the
scattering amplitude with particular kinematics), or quantities which are not directly
physical, but are related to physical quantities by finite equations (say, so-called MS
scheme parameters). In any case, it is natural to choose the renormalized parameters

such that in the limit of an extremely weak interaction, A, < 1, they formally agree

>The temperature, in contrast, is a physical property of the system, and is not subject to any
modification.
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with the bare parameters. In other words, we may write

my = m + A fV(md) + O(AY) . (3.59)
Ay =2+ A7gMmd) + O . (3.60)

where it is important to note that the renormalized parameters are defined at zero
temperature (no T appears in these relations). The functions ) and g are in
general divergent in the limit that the regularization is removed; for instance, in
dimensional regularization, they are expected to contain poles, such as 1 /¢ or higher.

The idea now is to convert the expansion in Eq. (3.58) into an expansion in A, by
inserting in it the expressions from Eqgs. (3.59) and (3.60) and Taylor-expanding the
result in A,. This produces

8¢© (2. T)

(1) = ¢ (m, T)+AR[¢“)(m§, T)+
om?2

f”m®}+oab, (3.61)

where we note that to O(A2) only the mass parameter needs to be renormalized.

To carry out renormalization in practice, we need to choose a scheme. We adopt
here the so-called pole mass scheme, where m? is taken to be the physical mass
squared of the ¢-particle, denoted by mghys. In Minkowskian spacetime, this quantity
appears as an exponential time evolution,

—iEot

e = ¢ Myt | (3.62)
in the propagator of a particle at rest, p = 0. In Euclidean spacetime, it on the other

hand corresponds to an exponential fall-off, exp(—mphysr), in the imaginary-time

propagator. Therefore, in order to determine mghys to O(4,), we need to compute

the full propagator, G(X), to O(A,) at zero temperature.
The full propagator can be defined as the generalization of Eq.(3.39) to the
interacting case:

(¢(X)(0) exp(—=S)))y
(exp(—SI))O

(@ (X)9(0)) — ((X)p(0) S;) + O(A2)
1—(8) + O(A2)

(BCODO)) — [(@CPO)5), — (BCODO)g(So| + O . (3.63)

GX) =

We note that just like the subtractions in Eq. (3.10), the second term inside the square
brackets serves to cancel disconnected contractions. Therefore, like in Eq. (3.12),
we can drop the second term, if we replace the expectation value in the first one by

(- Doe-
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Let us now inspect the leading (zeroth order) term in Eq. (3.63), in order to learn
how m,; - could most conveniently be extracted from the propagator. Introducing

the notation
de+ip
= limi = / , (3.64)
/P: T—0 B (27T)d+1

and working in the 7 = 0 limit for the time being, the free propagator reads (cf.
Eq.(3.28))

iP-X

Gy(X) = ($(X)$(0)), = /P (3.65)

P24+ m?’

For Eq. (3.62), we need to project to zero spatial momentum, p = 0; evidently this
can be achieved by taking a spatial average of G,(X) via

d ipoT
/ (¢ (z.%)p(0)), = / 21;0192: . (3.66)
X 0

We see that we get an integral which can be evaluated with the help of the Cauchy
theorem and, in particular, that the exponential fall-off of the correlation function is
determined by the pole position of the momentum-space propagator:

—mt

., 1=>0. (3.67)
2im

1
[exs), =, 2ni

Hence,
Mongs| = (3.68)

More generally, the physical mass can be extracted by determining the pole position
of the full propagator in momentum space, projected to p = 0.
We then proceed to the second term in Eq. (3.63), keeping still 7 = 0:

A
— (X0 Sp)oe =~/ /1/(¢(X)¢(O) P(N)P(N)P(N)p(Y))q,

A
== [[4x3600800, MO, GMIM),

= —32,G,(0) /Y Gy(NGy(X =)

= _3) / 1 // 6‘iQ~YeiR~(X—Y) 1 1
B PP2+m§ Yy JO.R Q2+m§R2+m§

eiR~X
= 31,1, . :
3A, 1o (my) /R (R + m2)? (3.69)
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Summing this expression together with Eq. (3.65), the full propagator reads

. 1 1
GX) = | &5 —31.1 O
( ) /Pe I:PZ + mg B O(mB) (PZ + m%)z + ( B)i|
e O 3.70
_/13P2+m§+3kB10(mB)+ (1) G170

where we have resummed a series of higher-order corrections in a way that is correct
to the indicated order of the weak-coupling expansion.
The same steps that led us from Eqgs. (3.66) to (3.68) now produce

Mgys = my 4 32,15(m,) + O(A7) . (3.71)

Recalling from Eq. (3.60) that m2 = m2 + O(X,), A, = A, + O(A2), this relation
can be inverted to give

m:=ml =3 (m, )+ ON), (3.72)

phys phys

which corresponds to Eq. (3.59). The function /,, given in Eq. (2.73), furthermore
diverges in the limit € — 0,

2

—2e =2
mi U 1
I == [6 +n "t +(9(e)i| , (3.73)

phys

and we may hope that this divergence cancels those we found in f (7).
Indeed, let us repeat the steps from Egs. (3.58) to (3.61) employing the explicit
expression for the free energy density from Eq. (3.47),

JT) = Jm ) + il TF +0G2) 674

Recalling from Eq. (2.52) that

1 d d
I(m,T) = " dmj(m, T) = 2dm2](m, T), (3.75)
we can expand the two terms in Eq. (3.74) as a Taylor series around mghys, obtaining
aJ(m, ,T)
J(my, T) = J(my . T) + (my —m?y ) a”*;“; + 003
phys
3
= J gy 1) = Ao (g N mpy . T) + O, (3.76)
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A (my, D) = A [I(m, T + OR2), (3.77)

phys’

where in Eq. (3.76) we inserted Eq. (3.72). With this input, Eq. (3.74) becomes
3
FT) = TGy T) + 4AR[12(mphys, T) = 20, () 1 T) | + OGR2)

3 3
= %‘,O(mphys) - 4ARI§(mphys)} + %‘IT(mphys) + 4AR172"(mphys)} +O(A§) s

- —_— = = —— -

T = 0 part T # 0 part
(3.78)

where we inserted the definitions J(m, T) = J,(m) + J(m) and I(m, T) = I,(m) +
I(m).

Recalling Eqgs. (2.72) and (2.73), we observe that the first term in Eq. (3.78),
the “T = 0 part”, is still divergent. However, this term is independent of the
temperature, and thus plays no role in thermodynamics. Rather, it corresponds to a
vacuum energy density that only plays a physical role in connection with gravity. If
we included gravity, however, we should also include a bare cosmological constant,
A, in the bare Lagrangian; this would contribute additively to Eq. (3.78), and we
could simply identify the physical cosmological constant as

3
Aptys = Ay +Jo0mgng) =, 2ulg () + OC) - (3.79)

phys
The divergences would now be cancelled by A, and A , - would be finite.

In contrast, the second term in Eq. (3.78), the “T # 0 part”, is finite: it contains
the functions J;, I, for which we have analytically determined various limiting
values in Egs. (2.79), (2.80), (2.82) and (2.93), as well as general integral represen-
tations in Eqgs. (2.76) and (2.77). Therefore all thermodynamic quantities obtained
from derivatives of f(7’), such as the entropy density or specific heat, are manifestly
finite. In other words, the temperature-dependent ultraviolet divergences that we
found in Sect. 3.2 have disappeared through zero-temperature renormalization.

3.4 Proper Free Energy Density to O(A 2):
Infrared Resummation

We now move on to a topic which is in a sense maximally different from the UV
issues discussed in the previous section, and consider the limit where the physical
mass of the scalar field, Mopos tends to zero. With a few technical modifications,
this would be the case (in perturbation theory) for, say, gluons in QCD. According
to Eq. (3.72), this limit corresponds to m, — 0, since /,(0) = 0; then we are faced
with the infrared problem discussed in Sect. 3.2.
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In the limit of a small mass, we can employ high-temperature expansions for
the functions J(m,T) and I(m,T), given in Eqs.(2.92) and (2.95). Employing
Eqs. (3.47) and (3.57), we write the leading terms in the small-m, expansion as

72Tt meT?  mlT
O : T) = J(m,,T) = — 4 1y
( B) f(O)( ) (mB ) 90 + 24 127

3
oMy fuy(T) = 4AB[I(mB, T)?

+O(m?) , (3.80)

3.[T* mT 2
= -8 O(m?
4 3[12 4w T (m‘*)}
3.r7t w71
=, 3[144— 2jm +(9(m§T2)}, (3.81)
9 T T
O fin(T) ==, §1448m +O0m) . (3.82)

Let us inspect, in particular, odd powers of m,, which according to Egs. (3.80)—
(3.82) are becoming increasingly important as we go further in the expansion. We
remember from Sect. 2.3 that odd powers of m, are necessarily associated with
contributions from the Matsubara zero mode. In fact, the odd power in Eq. (3.80)
is directly the zero-mode contribution to Eq. (2.87),

3
m; T

Soadfio) = JO=0 = _""B 0
aafo 127

(3.83)

The odd power in Eq. (3.81) on the other hand originates from a cross-term between
the zero-mode contribution and the leading non-zero mode contribution to 7(0, T):

Aym,T?

3.84
321 ( )

3 _
Soadf(1) = ZAB x I'(0,T) x ["=0 =

Finally, the small-m, divergence in Eq. (3.82) comes from a product of two non-zero
mode contributions and a particularly infrared sensitive zero-mode contribution:

ds=o AZTS

= - . 3.85
dm? 83m, (5-85)

9
Soddf2) = 4A§ x [I'(0, T)]* x

Comparing these structures, we see that the “expansion parameter” related to odd
powers is

Soddf(1) N 8oddf(2) N A,T?

. (3.86)
8oddf(0) Soddf(1) 8my
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Thus, if we try to set mﬁ — 0 (or even just mg < ABTZ /8), the loop expansion
shows no convergence.

In order to cure the problem with the infrared (IR) sensitivity of the loop
expansion, our goal now becomes to identify and sum the divergent terms to all
orders. We may then expect that the complete sum obtains a form where we can
set mﬁ — 0 without meeting divergences. This procedure is often referred to as
resummation.

Fortunately, it is indeed possible to identify the problematic terms. Equa-
tions (3.83)—(3.85) already suggest that at order N in A, they are associated
with terms containing N non-zero mode contributions I'(0, T), and one zero-mode
contribution. Graphically, this corresponds to a single loop formed by a zero-mode
propagator, dressed with N non-zero mode “bubbles”. Such graphs are usually
called “ring” or “daisy” diagrams, and can be illustrated as follows (the dashed
line is a zero-mode propagator, solid lines are non-zero mode propagators):

£
O@'Cj

To be more quantitative, we consider Eq. (3.12) at order AY. A straightforward
combinatorial analysis then gives

(3.87)

1 (_1)N+l
f(T) = (SI - ES% ot N! S§V>0,c‘ drop overall [y
(_1)N+1 A N nﬁ\ '£| 'E‘ 'ﬁ\
S (T) <¢¢¢¢ 6580 dbs ¢¢¢¢>
: N—1) 2(N-2) 0

_ DM Y [ dp RN
= i (T) 6 [2(N—1)][2(N—2)]...[2][ - } T W(m) .
~——
2LV — 1) 7'(0,7) zero-mode part
(3.88)

where we have indicated the contractions from which the various factors originate.
Let us compute the zero-mode part for the first few orders, omitting for simplicity
terms of O(e):

/ 1 m, d ( m;)
NZI: = — e —

2+ m? 4w dm?2\ 67 )’
pP B B
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_2‘/ 1 _ m, mg’
S L md)r dm2 C4x dn12dm2 6w )’

1 d
/p(pz—i-mg)N__ —ldml%/p( 2 4+ m2)N-1

—1 1 N1 1
:(N 1)( ) (1)(w#) Lp2+m§
_ e t(m 3.89
B (N—l)!(dmz) (671) (3.:89)

Combining Eqgs. (3.88) and (3.89), we get

B (_1)N+1 3AB N N1 ( 1)N N mg
boasfy =, (2 ) 2 (N - 1)'( ) (N_l)v(dmg) (67r)

T (A d Y (md 300
T 2N\ 4 dm2 ) \6n)" (3.50)

As a crosscheck, it can easily be verified that this expression reproduces Egs. (3.83)—
(3.85).

Now, owing to the fact that Eq.(3.90) has precisely the right structure to
correspond to a Taylor expansion, we can sum the contributions in Eq.(3.90) to
all orders, obtaining

i 1A\ d Y mT T, AT : G91)
— = — m . .
=N 4 dm? 127 127\ ° 4

We observe that a “miracle” has happened: in Eq. (3.91) the limit m2 — 0 can be
taken without divergences. But there is a surprise: setting the mass parameter to
zero, we arrive at a contribution of (’)(Ag/ 2), rather than O(A2) as naively expected
in Sect. 3.2. In other words, infrared divergences modify qualitatively the structure
of the weak-coupling expansion.

Setting finally m> — 0 everywhere, and collecting all finite terms from
Eqgs. (3.80), (3.81) and (3.91), we find the correct expansion of f(7’) in the massless
limit,

generally :

2T AT T (AT
D ==+ e = e

3/
) + OMA2TY (3.92)

90 | 4x48 127\ 4
I P %+(9(AZ) (3.93)
90 3272 16\ 2 | '

where at the last stage we inserted A, = A, + O(A2).
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Itis appropriate to add that despite the complications we have found, higher-order
corrections can be computed to Eq. (3.93). In fact, as of today, the coefficients of
the seven subsequent terms, of orders O(A2), (’)(Ag/z InA,), O(Ag/z), O3,
O, OMY?), and O(A81In L), are known [1, 2]. This progress is possible due
to the fact that the resummation of higher-order contributions that we carried out
explicitly in this section can be implemented more elegantly and systematically
with so-called effective field theory methods. We return to this general procedure
in Sect. 6, but some flavour can be obtained by organizing the above computation in
yet another way, outlined in the appendix below.

Appendix: An Alternative Method for Resummation

In this appendix we show that the previous resummation can also be implemented
through the following steps:

(i) Following the computation of mghys in Eq.(3.71) but working now at finite

temperature, we determine a specific 7-dependent pole mass in the my — 0
limit. The result can be called an effective thermal mass, m2.

(ii) We argue that in the weak-coupling limit (A, <« 1), the thermal mass is
important only for the Matsubara zero mode [3].

(iii) Writing the Lagrangian (for mg = 0) in the form

1 1 1 1
LE = EBM(P 3,“,25 + zmgff ’%:-(3 +iAB¢4 — 2mgff ,3:-(3 5 (394)
LO LI

we treat L, as the free theory and L; as an interaction of order A,. With this
reorganization of the theory, we write down the contributions f) and f(1) to
the free energy density, and check that we obtain a well-behaved perturbative
expansion that produces a result agreeing with what we got in Eq. (3.92).

Starting with the effective mass parameter, the computation proceeds precisely
like the one leading to Eq. (3.71), with just the replacement /, p— pr. Consequently,

A T?
my = lim [m2 + 34, 10m,, 7)) = 32,10.T) = LOHO0D . (395)
mg—>0
We note that for the non-zero Matsubara modes, with w, # 0, we have m2; < w? in
the weak-coupling limit A, < (47)?, so that the thermal mass plays a subdominant
role in the propagator. In contrast, for the Matsubara zero mode, m2; modifies the
propagator significantly for p?> <« m?, removing any infrared divergences. This
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observation justifies the fact that the thermal mass was only introduced for the n = 0
mode in Eq. (3.94).

With our new reorganization, the free propagators become different for the
Matsubara zero (¢,—o) and non-zero (¢’) modes:

@O =8P +0) -1|-p2 , (3.96)
reo(P)o(@)y =8P +0) :mgﬁ . (3.97)
Consequently, Eq. (3.17) gets replaced with
fio)(T) = ng ; In(P?) + T /p ; In(p” + mZ;) — const.
=J'(0.7) + J"= (meg, T)
__mT_myT (3.98)

90 127

In the massless first term, the omission of the zero mode made no difference.
Similarly, with f(l) now coming from L; in Eq. (3.94), Eq. (3.19) is modified into

3 1
Jo(T) = 413(¢(0)¢(0)>0(¢(0)¢(0))0 — ngff(¢"=0(0)¢n=0(0)>0
3 B . i
= 4A'B I:I/(O’ T) + I(”_O) (meffy T)] _ 2m§ff1(n—0) (meff, T)
_ 3 T megT?  m2,T? 1, meT
N 4AB|:144 - 241 1672 :| 2meff 4 (3.99)

Inserting Eq. (3.95) into the last term of Eq.(3.99), we see that this contribution
precisely cancels against the linear term within the square brackets. As we recall
from Eq. (3.84), the linear term was part of the problematic series that needed to be
resummed. Combining Egs. (3.98) and (3.99), we instead get

2T4 3 T4 3 T
FOy ==" A

— o), 3.100
00 TaMiaa 120 T () ( )

which agrees with Eq. (3.93).

The cancellation that took place in Eq. (3.99) can also be verified at higher orders.
In particular, proceeding to O(A2), it can be seen that the structure in Eq. (3.85) gets
cancelled as well. Indeed, the resummation of infrared divergences that we carried
out explicitly in Eq. (3.91) can be fully captured by the reorganization in Eq. (3.94).
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Chapter 4
Fermions

Abstract A fermionic (spin-1/2) field is considered at finite temperature. Starting
with a fermionic analogue of the harmonic oscillator and proceeding to the case of
a field satisfying a Dirac equation, an imaginary-time path integral representation
is derived for the partition function. This leads to the concept of Grassmann
variables satisfying antiperiodic boundary conditions. The corresponding Matsubara
frequencies are introduced, the partition function is evaluated in the low and high-
temperature expansions, and the structures of these expansions are compared with
those of a scalar field theory.

Keywords Fermionic oscillator * Grassmann variables ¢ Antiperiodic boundary
conditions ¢ Dirac field ¢ Dirac matrices * Low and high-temperature expansions
for fermions

4.1 Path Integral for the Partition Function of a Fermionic
Oscillator

Just like in the bosonic case, the structure of the path integral for the partition
function of a fermionic field [1] can be derived most easily by first considering a
non-interacting field living in a zero-dimensional space (d = 0). We refer to this
system as a fermionic oscillator.

In order to introduce the fermionic oscillator, let us start by recapitulating the
main formulae of the bosonic case. In the operator description, the commutation
relations, the Hamiltonian, the energy eigenstates, as well as the completeness
relations can be expressed as

[a,a] =0, [a".a]=0, [aa]l=1; 4.

N 1 h
i = ho (&T& n 2) = ;’ @'a +aaty ; 42)
a'lny =Vn+1n+1), an)=+nn—1), n=0,1,2,...; (43)

dp

1= = [ dx = , 4.4
Sl = [aw= [ ] pol @4
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where we have momentarily reinstated h. The observable we are interested in is
Z = Tr[exp(—BH)], and the various path integral representations we obtained for
it read [cf. Eqgs. (1.33), (1.37), (1.40)]

Bh
Z = / DxDp Xp%_l / dr [p2(r) —ip(v)i(v) + V(x(t)):|} (4.5)
¥ 0

e
(ﬁh)=x(0) 2]Th h 2m
1 [P dx(1)\?
=C / Dxexp% - / dr [m( (T)) + V(x(T))}} (4.6)
(Bh)=x(0) hJo 2\ dr
1 [P
=C / Dx exp(—h / erE) . Ly =-L,(t——it), 4.7)
x(Bh)=x(0) 0

where C is a constant, independent of the potential V(x) = ;ma)zxz.

In the fermionic case, we replace the algebra of Eq. (4.1) by
{a,ay =0, {a'.a'}=0, f{aa'}=1. (4.8)

Considering the Hilbert space, i.e. the analogue of Eq. (4.3), we define the vacuum
state |0) by

alo)y =0, (4.9)
and subsequently the one-particle state |1) by
I1) = a'|o) . (4.10)

It is easy to see that the Hilbert space contains no other states: operating on |1) with
aora’ gives either the already known state |0), or nothing:

a1y = aa'l0y = [1 —a'a)|o) = |0) . (4.11)

a'lly =a'a’oy=o0. (4.12)

Here 0 stands for a null vector; |0) is a non-trivial vector representing the vacuum
state.

The Hamiltonian, i.e. the analogue of Eq. (4.2), is an operator acting in this vector
space, and can be defined through

. hw 1
_ /\TA /\AT _ ATA
H= 5 (aa—aa)—ha)(aa—z). (4.13)

The observable of our interest is the partition function,

Z=Tr [e_ﬂﬁ:l = (0l PH)0) + (1]e~P|1) , (4.14)
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which this time can be evaluated almost trivially due to the simplicity of the Hilbert
space:

Z = [(0|o> +3 (_ﬂz“’)n g|(afa)"|1l}eﬁ3“

n=0
1
= [1 + e‘ﬂhw]eﬂfi“’ - ZCosh(hw) (4.15)
27 ) .
This can be compared with Eq. (1.17). The corresponding free energy reads
ha —ho he —pho
F=-ThmZ=-Tln|e ¢ 2 ==, —Tln(1+e , (4.16)

which can be compared with Eq.(1.18). However, like in the bosonic case, it
is ultimately more useful to write a path integral representation for the partition
function, and this is indeed our goal.

An essential ingredient in the derivation of the bosonic path integral was a
repeated use of the completeness relations of Eq. (4.4) (cf. Sect. 1.1). We now need
to find some analogues of these relations for the fermionic system. This can be
achieved with the help of Grassmann variables. In short, the answer is that whereas
in the bosonic case the system of Egs. (4.1) leads to commuting classical fields,
x(7), p(), in the fermionic case the system of Egs. (4.8) leads to anti-commuting
Grassmann fields, ¢(t), ¢*(t). Furthermore, whereas x(t) is periodic, and there is
no constraint on p(t), the fields ¢(t), ¢*(t) are both anti-periodic over the compact
T-interval.

We now define the Grassmann variables ¢, ¢* (more generally, the Grassmann
fields c¢(1), ¢*(t)) through the following axioms:

e ¢, c* are treated as independent variables, like x, p.

o 2 =(c*)? = 0,cc* = —c*c.

* Integration proceeds through [dc = [dc¢* =0, [dec = [de* ¢* = 1.

* The integration is also Grassmann-like, in the sense that {c,dc} = {c,dc*} =
{c*,dc} = {c*,dc*} = 0, and similarly {dc, dc} = {dc,dc*} = {dc*,dc*} = 0.

* By convention, we write the integration measure in the order [dc*dc.

* Afield ¢(7) is a collection of independent Grassmann variables, one at each point
7 € (0, Bh).

¢, c* are defined to anticommute with @, a' as well, so that products like ca' act
as regular bosonic operators, e.g. [ca’, ¢*] = 0.
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We now define a ket-state, |c), and a bra-state, {(c|, which are eigenstates of a
(“from the left”) and at (“from the right”), respectively,

o) = e |0) = (1 —cah)|0):  ale) = ¢|0) = c|c) 4.17)
(c| = (0]e™®" = (0|(1 —ac*) ; (cla" = (0|c* = (c|c* . (4.18)
where we used (0la’ = 0, corresponding to @|0) = 0. Such states possess the

transition amplitude

(c'|c) = (0](1 — ac™)(1 = ca™)|0) = 1 + (0]ac™*cal|0) = 1 + *c =& .
(4.19)

With these states, we can define the objects needed,
/dc*dce_"*"|c)(c| = /dc*dc(l —c*e)(1 —cah]0)(0](1 — ac*®)
= |0)(0| + /dc*dccanoxomc*
= [0)(0[ + [1)(1] =1, (4.20)
/dc*dc e (—clA|c) = /dc*dc (1= c*e)(0](1 4+ ac*)A(1 — cah)|o)

= (0]A|0) — /dc*dc (0lac*Acat|o)

= (0]A|0) — (1] /dc*dcc*cﬁm

= (0[A]0) + (1]A[1) = Tr[A], (4.21)
where we assumed A to be a “bosonic” operator, for instance the Hamiltonian. The
minus sign in the bra-state on the left-hand side of Eq. (4.21) originates essentially
from interchanging the order of the state vectors on the left-hand side of Eq. (4.20).

Representing now the trace in Eq.(4.14) as in Eq.(4.21), and splitting the
exponential into a product of N small terms like in Eq. (1.27), we can write

Bh
N

_ * _C*C _E[’:I _E[’:I
Z = [dc"dce ™ (—cle”# - h]c), € (4.22)
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Then we insert Eq. (4.20) in between the exponentials, as 1 = [dcdc; e¢iile) e,
whereby we are faced with objects like

o€ (C,- ;lltl(a-rﬁ”c[) (4.17)£(4.18) .

_ €
tile XP(_CT+1Ci+1) (cipile;) exp[—hH(c;:_l , Ci)]

(4.19) . " € .
= exp[_ci+lci+l +eipc— hH(Ci+l’ci):|

= exp{ _;z |:hc?<+1 Ci+l€_ Gy H(cly,, ci):|} . (4.23)

Finally, attention needs to be paid to the right-most and left-most exponentials
in Eq.(4.22). We may define c; = c¢, which clarifies the fate of the right-most
exponential, but the left-most one needs to be inspected in detail:

/dc’lkdc1 el (—cy e~ 4 @) /dc;\‘,ch|cN)
= /dc’fdc1 /dc}'{,ch exp[—c’l"c1 —cley — ;H(—c’f, CN)]
= /dc;‘dcl /dc;ch exp{ _:z [hc’f “ —: Ny H(—cj, CN)i|}
- / de*de, / dc;chexp{—;[—hcf _CIG_CN +H(—c;‘,cN)}} . (4.24)
Thereby, we obtain in total

1
Z = /dc;}ch.../dcfdcl exp(—hSE) , (4.25)

N
Sy =¢ Z[hc;';l C’“e it H(c;"+1,ci)i| (4.26)

i=1

j— * J— *
ENF1T N1 =€

Finally, taking the formal limit N — oo, € — 0, with f& = €N kept fixed, we
arrive at

- 1 [P «, de(r) .
Z = /C(ﬁh)=—c(0), Dc™ (v)De(r) exp{—h/(; dr |:hc () de —|—H(c (r),c(r)):H .

c*(Bh)=—c*(0)
4.27)

In other words, the fermionic path integral resembles the bosonic one in Eq. (4.5),
but the Grassmann fields obey antiperiodic boundary conditions over the Euclidean
time interval. In fact, the analogy between bosonic and fermionic path integrals can
be pushed even further, but for that we need to specify precisely the form of the
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fermionic Hamiltonian, rather than to use the ad hoc definition in Eq. (4.13). To do
this, we now turn to Dirac fields.

4.2 The Dirac Field at Finite Temperature

In order to make use of the results of the previous section, we need to construct
the Hamiltonian of the Dirac field and identify the objects that play the roles of the
operators @ and a'. Our starting point is the “classical” Minkowskian Lagrangian,

Ly =V (@iy"d, —my (4.28)
where ¢ = ¥y and m = m - 14x4. The Dirac y-matrices obey the relations
hyy=2, T =00 (4.29)

The conjugate momentum is defined by
— — vt = T
= =iy =iy’ (4.30)

and the Hamiltonian density subsequently becomes
H =y — Ly, = U[—iy* o + m]y . 4.31)

If we now switch to operator language and recall the canonical (anti)commutation
relations,

W), P56, y)} = (56, %), Y% )} = 0, (4.32)
Vo0, %), (% 1)} = (P (0, %), iP5 (0, )} = i8D (x = y)bops . (4.33)

where the subscripts refer to the Dirac indices, «, B € {1,...,4}, we note that

1}0‘, 1/A/g play precisely the same roles as @, a' in Eq. (4.8). Furthermore, from the
operator point of view, the Hamiltonian has indeed the structure of Eq. (4.13) (apart
from the constant term),

H= / UT a0, x) =iy y o + my° 1 (. x) . (4.34)

Rephrasing Eq. (4.27) by denoting ¢* — ¥, ¢ — v, and setting again # = 1, the
object within the square brackets, which we define to be the Euclidean Lagrangian,
then reads

Ly = v 0.y + ¢ =iy o + my°ly = ¥y —iy* o+ mly . (4.35)
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Most remarkably, a comparison of Egs. (4.28) and (4.35) shows that our recipe from
Eq.(1.39), L, = —L,,(t = it), apparently again works. (Note that id, = id, —
—0d;.)

It is conventional and convenient to simplify the appearance of Eq.(4.35) by
introducing so-called Euclidean Dirac matrices through

Fo=7". Ti=-iy*. k=1.....d,. (4.36)
which according to Eq. (4.29) satisfy the algebra
T} =28, 75 =7u- (4.37)
We also denote
9y = 0, (4.38)
from now on, understanding that repeated lower indices imply the use of the

Euclidean metric, and furthermore drop tildes from y,’s. Thereby Eq. (4.35) can
be written in the simple form

Ly = Y[yudu +mly (4.39)

and the partition function becomes (in continuum)

Y(BX)=—v(0x),
Y (Bx)=—v(0x)

- B
Z =/ Dy (r,x)Dy (7, x) exp{—/o dr/X LE} , (4.40)

where we substituted the integration variables from ¥ to 1. Note that in the
path integral formulation, ¥ and ¥ are to be regarded as independent integration
variables.

In order to evaluate Z, it is useful to go to Fourier space; to this end, we write

wmzifﬁW@y wmzie”“%m, 4.41)
{r} {r}

where the curly brackets remind us of the fermionic nature of thermal sums. The
anti-periodicity in Eq. (4.40) requires that P be of the form

P=(ol.p). & =1, (4.42)

whereby the fermionic Matsubara frequencies become

ol = 27rT(n n ;) . nez, (4.43)
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ie. a)£ = +nT,£3xT,... . Note in particular that anti-periodicity removes the
Matsubara zero mode from the spectrum, implying (recalling the discussion of
Sect. 3.4) that there are no infrared problems associated with fermions, at least when
it comes to ‘“static” observables like the partition function. In the following, we
drop the superscript from wi and indicate the fermionic nature of the Matsubara
frequency with curly brackets like in Eq. (4.41).

In the Fourier representation, the exponent in Eq. (4.40) becomes

B -
Sg E/o dr/ Y (X [y, + mly(X)

= ¢ P=OX 3 (O)[iy, Py + mlv (P)
I$ ¥,

= ;lf U (P)iP + mly (P) | (4.44)
{P}

where we made use of Eq. (3.25), and defined P = y,P,. In contrast to real scalar
fields, all Fourier modes are independent in the fermionic case. Up to an overall
constant, we can then change the integration variables in Eq. (4.40) to be the Fourier
modes. Another useful result is the generalization of the simple identities

/dc*dc e = /dc*dc [~c*ac] = a, (4.45)

dc*dccc* e e dc*dccc* 1
/ -/ = (4.46)

Jde*dee—ctae N Jde*de [—c*ac] T a’ '
to a multicomponent case:

/ {]_[ dc}"dci} exp(—chijcj) = det(M) (4.47)

f{]_[l dc;"dc,-} cer exp(—c}"Mijcj> B
=MY,. (4.48)

f{nt dc;"dci} eXp(—CfMijcj)

Armoured with this knowledge, we can derive explicit results for the partition
function Z as well as for the fermion propagator, needed for computing perturbative
corrections to the partition function. From Egs. (4.40), (4.44) and (4.47), we first
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obtain

Z = C[[detlip + m]

7}
= é(]‘[ det[ip + m] [ [ det[-ip + m])é , (4.49)
) )

where C is some constant, and have we “replicated” the determinant and compen-
sated for that by taking the square root of the result. The reason for the replication
is that we may now write

[iP +m—iP +ml=PP +m>=(P*+m*)lsa, (4.50)

where we applied Eq. (4.37). Thereby we get

z= 6(]‘[ det[(P* + m2)14x4]) F= O[]+ 4.51)
{r} {r}

and the free energy density f(7') becomes

. F . T
= i = tim (- m2)
— oy T 2 2
= — Vli)ngo v x 2 {EP} In(P~ 4+ m”) + const.

1
=4 i 5 In(P> + m?) + const. , (4.52)
{P}

where we identified the sum-integration measure from Eq. (2.11).
The following remarks are in order:

e The sum-integral appearing in Eq.(4.52) is similar to the bosonic one in
Eq.(2.51), but is preceded by a minus sign, and contains fermionic Matsubara
frequencies. These are the characteristic properties of fermions.

e The factor 4 in Eq. (4.52) corresponds to the four spin degrees of freedom of a
Dirac spinor.

* Like for scalar field theory in Eq. (2.51) or (2.24), there is a constant part in f(T),
independent of the particle mass. We do not specify this term explicitly here;
rather, there will be an implicit specification below [cf. Eq. (4.55)], where we
relate generic fermionic thermal sums to the known bosonic ones. Alternatively,
the result can be extracted from Eq. (4.16).
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Finally, from Egs. (4.44) and (4.48), we find the propagator

[—iP + ml],,

(Va(P) Vp(Q@)y =8P~ QP +mllf =8P —0) ™. @53

where the argument of the §-function is P — Q (instead of P 4 Q) due to the form of
Eq. (4.44). Once interactions are added, their effects can again be reduced to sum-
integrals over products of propagators through the application of Wick’s theorem,
cf. Sect. 3.1. However, the Grassmann nature of the Dirac fields produces a minus
sign in every commutation.

Fermionic Thermal Sums

Let us now consider the same problem as in Sect. 2.2, but with fermionic Matsubara
frequencies. That is, we need to perform sums of the type

o =T flw)- (4.54)
{on}
Denoting for clarity the corresponding sum in Eq. (2.29) by o1, we can clearly write:
or(T) =T[... + f(=3xaT) + f(—=T) + f(xT) + .. ]
=T[..+f(=37T) + f(—2xT) + f(==T) + f(0) + f(xT) + f2nT) + .. ]
—T[... +f(=2xnT) + f(0) + fQ2rT) + .. ]

=2x g[ A f(=67)) + f(—4n ) + f(=27T)

+(0) +f (27 %) +f(4n ) + .. |
—T[... +f(=2xT) +f(0) +f2rT) + .. ]
= Zdb(g) — Ob(T) . (4.55)
Thereby all fermionic sums follow from the known bosonic ones, while the converse

is not true.
To give a concrete example, consider Eq. (2.34),

+oo 4 +oo—iot 4
o= [ Lo+ [ T re . @56

00 —00—i0
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Equation (4.55) implies

+oo g +oo—i0t d T
o = [ s [ ) e[ i) - )]

00 —00—i0

(4.57)
so that the finite-temperature part has the new weight
D ; 2 1
N2 _ (D — —
YT pipf) — 1 explip) 1
= o 1 s +1 7
exp(ipf) — 1 [ exp(ipB) + 1
_ 1 —exp(ipP)
[exp(ipB) — 1][exp(ipB) + 1]
= —n(ip) , (4.58)

where n:(p) = 1/[exp(Bp) + 1] is the Fermi distribution. In total, then, fermionic
sums can be converted to integrals according to

+oo 4 +oo—i0t 4
o= [ o= [T Ee e @

00 00—i0

Appendix: Low and High-Temperature Expansions
for Fermions

Defining the fermionic sum-integrals

J(m,T) = ; i [ln(P2 +m?) — const.] , (4.60)
{r}

; 1
Im,T) = yf Py .61)
)

we first divide them into zero and finite-temperature parts via
Tm.T) = Jo(m) + Tp(m) . 1(m,T) = I(m) + I(m) . (4.62)

where we have used the fact that at T = 0, the integrals reduce to their bosonic
counterparts, i.e. J,(m) and I,(m) from Eqgs. (2.70) and (2.73), respectively. In the
following, our goal is to find general expressions for the functions J. r(m) and I 7(m).
In addition we work out their low and high-temperature expansions, noting in
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particular the absence of odd powers of m in the high-temperature limits. Finally,
we also determine the fermionic version of Eq. (1.78),

» eia),,t
G(f)ET{X;wngwz, 0<t<p. (4.63)

Let us proceed according to Eq. (4.55). From Eq. (2.50), i.e.

Jp(m) = / Tln(l—e—ﬂEk), (4.64)
k

we immediately obtain

Tp(m) = /kT[ln(l - e_zﬂE“) — ln<1 — e—ﬁEk)]
B /k Tin(14e77%), (4.65)

whereas from Eq. (2.53), i.e.

1
Ir(m) = / E ny(Ex) (4.66)
k Lk

the same steps as in Eq. (4.58) lead us to

1
I(m) = —/ E ne(Ey) . (4.67)
k Lk

Unfortunately these integrals cannot be expressed in terms of known elementary
functions.'

Concerning the expansions, we know from Eq. (2.79) that the low-temperature
limit of J;, reads

) %—T“( " Ve (4.68)

2nT

In Eq. (4.55), the first term is exponentially suppressed, and thus we obtain in the
fermionic case

3

- m _
Tp(m) ~ T4(2ﬂ) 2gbm (4.69)

Rapidly convergent sum representations in terms of the modified Bessel function can, however,

. 7 2712 —1)? ~ —1)"
be obtained: J(m) = —”éﬂrz 1 (,,2) K,("7), Ip(m) = Z’TTz 1 ( ,,) K, (7).
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From Eq. (2.80), the low-temperature expansion for /. reads

3

T
I;(m) ~ .

(;;T) . (4.70)

Again, the first term in Eq. (4.55) is exponentially suppressed, so that we get

~ >/ m %_m
Irm ~ (2nT) P “.71)

Moving on to the high-T limit, the high-temperature expansion of J; reads from
Eq.(2.82)

Tt w*T>  w’T m* |:n(meVE) 3i| mot(3)
4

Jo(m) = — _mh .
r(m) o0 T 24 T2 20m2| "\t T 3umer
4.72)

According to Eq. (4.55), we then get

1 7274 L m?*T?>  m’T

T8 90 T2 024 1m0

m* me’E 3 8mb¢(3)
) 1 —” 42
2(47)? [ n(47tT) gt } * 3@y

Tt mPT? n m3T n m* me’E 3 mot(3)
n - |- —...
90 24 127 2(4m)? 4nT 4 3(4m)*T?

_ 77T m*T? m* In me’E 3 n Tm¢ (3)
8 90 48  2(4m)? T 417 3(4m)tr1?

jT(m) =

+...,(4.73)

where we note in particular the disappearance of the term cubic in m. Finally, from
Eq. (2.93), we may read off the high-temperature expansion of /..,

2 mT  2m? |:ln(me7’5)_ 1} N 2m*¢(3)

Lmy=_ —-"" _ 474
= = ur " @™ anr ) T2 T e T (4.74)

which together with Eq. (4.55) yields

iT(m) =

_m — 42
212 an (np|™\dnr) T2 (47)*T?

T>  mT 2m? me’E 1 2m*¢(3)
- .+ + In — —
12 4m  (4m)? 4nT 2 (4m)4T?

_ T? 2m? me’E 1 14m*¢ (3)
=" (4r)? |:ln( T ) — 2i| + (47)iT2 4. (4.75)

17> mI  4m? [ (me”E) 1 :| 16m*t (3)
In +
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Again, the term odd in m has disappeared. Note also that the term —2m? In(m) / (477)?
is T-independent and cancels against a corresponding logarithm in ,(m) if we
consider I(m, T), cf. Eq.(2.73), so that I(m, T) is formally a genuine power series
in m?.

Finally, we know from Eq.(1.70) that the bosonic imaginary-time propagator
reads

. B
elont 1 cosh [(2 — ‘L') CL):I
G = T =
) %: w2+ 2w sinh [ﬂzw]
1 #7990 f e p(w)
= = (f—o)o “"] 0<t<B. (476
20 ebo —1 2w [e et 0sT=p. (479

Employing Eq. (4.55), we obtain from here

~ 1 2 1
_ 2—1)w | _ B—1)w 1 20)
G(T)_2a){e2ﬁ‘“—1[e te ] eﬁw—l[e te ]}
1 1

= 202B—00 | 10 _ (o 4 | [ (B—)w ra):l}
Za)(eﬂw—l)(eﬂ‘”—i-l){e + 2e ™ +1)|e +e

~ —_— -

(eﬂa) _ l)l:e(ﬂ—r)w _ etw]

_ nF(a)) I:e(ﬂ—r)a) _ erw] , 0 <t< ﬁ . (477)
2w

For good measure, we end the section by rederiving Eq. (4.77) more directly,
similarly to the procedure applied around Eq. (2.30). Consider the auxiliary function

1
p) = . , 4.78
nF(lp) elﬂP + 1 ( )
which has poles at exp(ifp) = —1, i.e. p = o.. The residue around each of these
poles is
ne(ilw) + z]) = ~ Ty o) (4.79)
F n Z —_ _eiﬂz + 1 ~ z . .

Therefore, letting f(p) be a generic function regular along the real axis, we can write

TS @) =, sy (4.80)

i
{an} i
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where the integration contour runs anti-clockwise around the real axis of the
complex p-plane. Choosing then

eirt

flp) = EYrS (4.81)

we note that for 0 < t < B both half-planes are “safe”, i.e. e?*n.(ip) vanishes
fast for p — +ioco. (The values for t = 0 and t = B can be obtained in the end
from continuity.) Therefore we can close the two parts of the integration contour in
a clockwise manner in the upper and lower half-planes, respectively. Picking up the
poles of f(p) from +iw, this yields

eiw,,t —i et vt
T = —27i — , 4.82
{; 02w i m)[ 2ie0 T —2ia)nF(w):| (559
and noting that
1 pe
ne(—w) = C — on(w), (4.83)

eho 1 ebo 41

we directly obtain Eq. (4.77).

Reference

1. EA. Berezin, The Method of Second Quantization (Academic, New York, 1966)



Chapter 5
Gauge Fields

Abstract After introducing the concept of non-Abelian gauge invariance, associ-
ated with the existence of spin-1 gauge fields, the main elements of the canonical
quantization of gauge fields are recalled. Consequently, an imaginary-time path
integral expression is motivated for the partition function of such fields. The rules
for carrying out a weak-coupling expansion of this quantity are formulated, and the
corresponding Feynman rules are derived. This machinery is employed for defining
and computing a thermal gluon mass, also known as a Debye mass. Finally, the free
energy density of non-Abelian black-body radiation is determined up to third order
in the coupling constant, revealing a highly non-trivial structure in this asymptotic
series.

Keywords Black-body radiation ¢ Covariant derivative * Debye mass ¢ Gauge
fixing * Gauge invariance * Gauss law ¢ Ghosts ¢ Screening ¢ Stefan-Boltzmann
law * QCD « QED ¢ Yang-Mills theory

5.1 Path Integral for the Partition Function

Like with fermions in Sect. 4.2, our starting point with new fields is their classical
Lagrangian in Minkowskian spacetime. For non-Abelian gauge fields, this has the
familiar Yang-Mills form

1 - .
EM = —4F¢1MUFZ'U F“V = aﬂAﬁ _ aUAZL 4 gf“l”AZA]‘) 7 (5.1)

where g is the (bare) gauge coupling and £ are the structure constants of the
gauge group, typically taken to be SU(N,.) with some N,. Introducing a covariant
derivative in the adjoint representation,

ac ac abc A b
D, = 3u8 + 8/ A, 5.2)
we note for later reference that £, can be expressed in the equivalent forms

F', = 0,A% — DA, = DAS — ,A°, . (5.3)

© Springer International Publishing Switzerland 2016 81
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We can also supplement Eq.(5.1) with matter fields: for instance, letting v
be a fermion in the fundamental representation, ¢ a scalar in the fundamental
representation, and ® a scalar in the adjoint representation, we could add the terms

8Ly = Y (iy*D, —m)y + (D*¢)'D, ¢ + D*F & DI ! — V(g9 d*®) .
(5.4)

where D, = 3M — igA}T" is a covariant derivative in the fundamental repre-
sentation. The N, x N, matrices T¢ are the Hermitean generators of SU(N;) in
this representation, satisfying the algebra [T%, T”] = if***T¢, and conventionally
normalized as Tr [T¢T?] = §% /2.

The construction principle behind Egs. (5.1) and (5.4) is that of local gauge
invariance. With U = exp[igf“(x)T"], the Lagrangian is invariant in the transfor-
mations A, — A}, ¥ — ¥', ¢ — ¢', & — @', with

Al = AST* = UA, U™ + ;UE)MU_I — Ay +ig0°[T% A] + T°0"6° + O(6?)

(5.5)
& Al =AY+ DO+ 00, (5.6)

Vv = Uy = (1 +igh'T)y + O(6?) , (5.7

¢ = U¢p = (1 + igh'T")¢ + O(6?) , (5.8)

P = PT = UDU ™! = & + igh*[T*, ®] + O(6?) (5.9)
& O = O 4 gf"DO° + O(F?) . (5.10)

We would now like to quantize the theory of Egs. (5.1) and (5.4), and in particular
derive a path integral representation for its partition function. At this point, the role
of gauge invariance becomes conceptually slightly convoluted. It will namely turn
out that:

* The classical theory is constructed by insisting on gauge invariance.

* Canonical quantization and the derivation of the Euclidean path integral necessi-
tate an explicit breaking of gauge invariance.

* The final Euclidean path integral again displays gauge invariance.

* Formulating perturbation theory within the Euclidean path integral necessitates
yet again an explicit breaking of gauge invariance.

* Nevertheless, only gauge invariant observables are considered physical.

A proper discussion of these issues goes beyond the scope of this book but we
note in passing that a deeper reason for why the breaking of gauge invariance by
gauge fixing is not considered to be a serious issue is that the theory nevertheless
maintains a certain global symmetry, called the BRST symmetry, which is sufficient
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for guaranteeing many basic properties of the theory, such as the existence of
Slavnov-Taylor identities or physical (“gauge-invariant”) states in its Hilbert space.

As far as canonical quantization and the derivation of the Euclidean path integral
are concerned, there are (at least) two procedures followed in the literature. The
idea of the perhaps most common one is to carry out a complete gauge fixing (going
to the axial gauge A = 0), identifying physical degrees of freedom,' and then
following the quantization procedure of scalar field theory.

We take here a different approach, where the idea is to do as little gauge fixing
as possible; the price to pay is that one then has to be careful about the states over
which the physical Hilbert space is constructed.” The advantage of this approach
is that the role of gauge invariance remains less compromised during quantization.
If the evaluation of the resulting Euclidean path integral were also to be carried out
non-perturbatively (within lattice regularization, for instance), then it would become
rather transparent why only gauge invariant observables are physical.

Canonical Quantization

For simplicity, let us restrict to Eq. (5.1) in the following, omitting the matter fields
for the time being. For canonical quantization, the first step is to construct the
Hamiltonian. We do this after setting

A=0, (5.11)

which, however, fixes the gauge only partially; according to Eq.(5.6), time-
independent gauge transformations are still allowed, given that Aj remains zero
in them. In some sense, our philosophy is to break gauge invariance only to the
same “soft” degree that Lorentz invariance is necessarily broken in the canonical
formulation through the special role that is given to the time coordinate.

The spatial components A¢ are now treated as the canonical fields (coordinates).
According to Eq. (5.3), Fj; = 9,A¢, and Eq. (5.1) thus becomes

1

1 a a
Ly = 230Ai BOAL’ - 4

FAF . (5.12)

!These are A¢, A and the corresponding canonical momenta; A% is expressed in terms of these
by imposing a further constraint, the Gauss law, which reads Df}’ ng = 0 if no matter fields are
present.

2This approach dates back to [1], and can be given a precise meaning within lattice gauge theory [2,
3].
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The canonical momenta corresponding to A{, denoted by EY, take the form

0L,
E! = = 0,A7 5.13
B TC N . o1

and the Hamiltonian density subsequently reads

1 1
H = EDAL — Ly = E[E{ +  FiFy. (5.14)

We also note that the “multiplier” of Af in the action (before gauge fixing) reads,
according to Eq. (5.3),

58, 6

1 .
SAY = SAY //_; [2 (aOALb - leCAB)FgL:| = ’Dlangl s (515)
0 0

where we made use of the identity

a ab b _ a ab b
/X FAX)D () = /X FX)DD () (5.16)

The object in Eq. (5.15) is identified as the left-hand side of the non-Abelian Gauss
law.

The theory can now be canonically quantized by promoting A{ and Ef into
operators, and by imposing standard bosonic equal-time commutation relations
between them,

[A¢(1.%), EV(1.y)] = i88;8(x —y) . (5.17)

According to Eq. (5.14), the Hamiltonian then becomes

A= / ( B + Ff;Ff;). (5.18)

A very important role in the quantization is played by the so-called Gauss law
operators, cf. Eq.(5.15). Combining this expression with F};, = 9,47 = E?, we
write them in the form

G'=DPEr, a=1,....N* -1, (5.19)

and furthermore define an operator parametrized by time-independent gauge trans-
formations,

A

0= exp{—i / 9“(x)é“(x)}. (5.20)
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We now claim that U generates time-independent gauge transformations. Let us
prove this to the leading non-trivial order in 6¢. First of all,

Ok ()0~ = & (y) —i / 6®[G* (x), A (y)] + O©?)
= Al(y) —i / 9“(x){ai‘ [£4(x). AL ()] + gf AL ()[4 (x), Aj?(y)]}
+0(6%)
= Aj(y) - / 0°(x) {35 858(x - y) + g [ UAL (x)8” 86 (x — )

+0(6?)
= A(y) + 0;6"(y) + gf" A (y)6“(y) + O(6%)

=AY (y) + D6°(y) + O(6%)
= AP(y) + 0(6?) . (5.21)

where we used the antisymmetry of the structure constants as well as Eq. (5.6).
Similarly,

UE[()U™" = E](y) =i / 6°(x)[G(x). X (y)] + O(6%)
= El(y)—i / 0°(0) {+¢ /A ). ELWIE! 0} + 0(6%)

= E}(y) + / 0°(x)g fI68;6(x — y)E4(x) + O(6?)
= ENy) + gf"E(y)0°(y) + O(67)
= EP(y) + 0(6?) . (5.22)

where the result corresponds to the transformation law of an adjoint scalar,
cf. Eq. (5.10).

One important consequence of Eqs. (5.21) and (5.22) is that the operators G
commute with the Hamiltonian H. This follows from the fact that the Hamiltonian
of Eq. (5.18) is gauge-invariant in time-independent gauge transformations, as long
as E;‘ transforms as an adjoint scalar. This leads to

A A A

VAU'=H = [G“x).H =0 Vx. (5.23)
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Another implication of these results is that U transforms eigenstates as well: if
AglAg) = A?1A7), then

ALUT'1AY) = OT'ARIAY) = UT'[Af + DP0" + 0(67)]145)
= U7'[A} + D0" + O(07)]|A¢) = U A |A?)
= APUTAY) (5.24)
where we made use of Eq. (5.21). Consequently, we can identify
U'AY) = |Af) . (5.25)

_ Let us now define a physical state, “|phys)”, to be one which is gauge-invariant:
U~ '|phys) = |phys). Expanding to first order in 6%, we see that these states must
satisfy

G(x)|phys) =0, Vx (5.26)

which is an operator manifestation of the statement that physical states must obey the
Gauss law. Moreover, given that the Hamiltonian commutes with é“, we can choose
the basis vectors of the Hilbert space to be simultaneous eigenstates of H and G“.
Among all of these states, only the ones with zero eigenvalue of G are physical; it is
then only these states which are to be used in the evaluation of Z = Tr [exp(—BH)].

After these preparations, we are finally in a position to derive a path integral
expression for Z. In terms of quantum mechanics, we have a system with a
Hamiltonian H and a commuting operator, Q, whose role is played by G“. One
could in principle consider the grand canonical partition function, Z(7T,u) =
Tr {exp[—B(H — nQ)]}, but according to the discussion above we are only interested
in the contribution to Z from the states with zero “charge”, Q|phys) = 0. To this
end, it is more natural to remain in the canonical picture, and we thus label the
states with the eigenvalues E,, ¢, so that H|E,, q) = E,|E, q), O|E,.q) = q|E,. q).
Assuming for concreteness that the eigenvalues g of Q0 are integers, we can write
the relevant partition function by taking a trace over all states, but inserting a
Kronecker-4§ inside the trace,

Zpnys = D (Eg, 0le PE0[Ey, 0) = D (Eq. ql8p0e P4 Ey, q) = Tr [ 85567

Ey E4q

(5.27)

where 8 5|Eq, g) = 840|Eq. q)-
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Given that 8@,6 = (SQ’@SQ@ and [I:I , Q] = 0, we can write
Zpnys = Tr[ 856 P855e ™ 85567, (5.28)

N parts

where € = /N and N — oo as before. Here, we may further represent

" dO; 4 Ty
8 0= / elOiQ = / Y e’@’Q s (529)
2 _x 2w —nje2me™!

and insert unit operators as in Eq.(1.30), but placing now the momentum state
representation between SQ() and exp(—eH). The typical building block of the
discretised path integral then reads

(x| P i) il D)

p-2 Xi+1 — Xi
= exp{ —€ |:—iyiQ(xi+1,pi) + ' —ip;i + V(x) + O(e)i|} .
2m €
(5.30)

It remains to take the limit ¢ — 0, whereby x;,p;,y; be~come functions,
x(7), p(z), y(t), and to replace x(t) — A%, p(r) — E¢, y(r) — A%, Q — D?E?,
m — 1. Then the integral over the square brackets in Eq. (5.30) becomes

/ ASDPE 4 1E“E“ EY9_AY + 1F“F“
—1 ; . ChT — b " Py i
" 0~ =i g i [ ol 4 U

1 arpa -7a a ab A b 1 aa
= | | ,EE iE; (.47 - D"4L) + | (5.31)
X

where we made use of Eq. (5.16).

At this point, we make a curious observation: inside the round brackets in
Eq. (5.31) there is an expression of the form we encountered in Eq. (5.3). Of course,
the field ;\6‘ is not the original Ag-field, which was set to zero, but rather a new field,
which we are however free to rename as Ajj. Indeed, in the following we leave out
the tilde from ;\6‘, and redefine a Euclidean field strength tensor according to

F§, = 0,AY — DPAb (5.32)

Noting furthermore that

1
F&FS. (5.33)

1 , 1 -y
E{E] —iE{Fg; = (Ef —iFg)" +

2 L



88 5 Gauge Fields

we can carry out the Gaussian integral over Ef, and end up with the desired path
integral expression for the partition function of the theory:

P 1
Zonys = C/D g/ DA exp%—/ dr/ LE} L Lp=  FiFh,
AL (B.x)=A{(0.x) 0 X
(5.34)

In the next section, we address the evaluation of this quantity using a weak-coupling
expansion, which requires us to return to the question of gauge fixing.
Two final remarks are in order:

» The field Af was introduced in order to impose the Gauss law at every 7, and
therefore the integrations at each t are independent of each other. In other words,
it is not obvious from the derivation of the path integral whether the field Ag
should satisfy periodic boundary conditions like the spatial components A¢ do.

It may be noted, however, that the fields to which the Af couple in Eq. (5.34)
do obey periodic boundary conditions. This suggests that we can consider them
to live on a circle, and therefore make the same choice for Af itself. Further
evidence comes from a perturbative computation around Eq. (5.61), showing that
only a periodic Aj(z) leads to physical results in a simple way. We make this
choice in the following. It is perhaps also appropriate to remark that in lattice
gauge theory, the fields Af live on timelike “links”, rather than “sites”, and the
question of periodicity does not directly concern them.

* For scalar field theory and fermions, Egs.(2.7) and (4.35), we found after
a careful derivation of the Euclidean path integral that the result could be
interpreted in terms of a simple recipe: L, = —£L,,(t — —it). We may now
ask whether the same is true for gauge fields.

A comparison of Egs. (5.1) and (5.34) shows that, indeed, the recipe again
works. The only complication is that the Minkowskian Ag needs to be replaced
with iAg (of which we have normally left out the tilde), just like d, gets replaced
with id,. This reflects the structure of gauge invariance, implying that covariant
derivatives change as D; — iD..

5.2 Weak-Coupling Expansion

Gauge Fixing and Ghosts

The path integral representation in Eq.(5.34) is manifestly gauge invariant and
could in principle (after a suitable regularization) be evaluated as such. As before
we restrict our treatment here to perturbation theory; in this case, it turns out that
gauge invariance needs to be broken once again, because the quadratic part of L,
otherwise contains a non-invertible matrix, so that no propagators can be defined.
For completeness, let us recall the main steps of this procedure.
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Let G* now be some function of the path integration variables in Eq. (5.34), for
instance G*(X) = A5(X) or G*(X) = —0d,,Af, (X) (note that our notation has changed
here, and this function has no relation to the Gauss law). Ideally the function should
be so chosen that the equation G = 0 has a unique solution for A ; otherwise we

are faced with the so-called Gribov ambiguity. The idea is then to insert the object

[5(;“()()}

[] 8(GY det 560(7)

X.Y.ab

(5.35)

as a multiplier in front of the exponential in Eq.(5.34), in order to remove
the (infinite) redundancy related to integrating over physically equivalent gauge
configurations, the “gauge orbits”. Indeed, it appears that this insertion does not
change the value of gauge invariant expectation values, but merely induces an
overall constant in Z, analogous to C. First of all, since L, is gauge invariant,
its value within each gauge orbit does not depend on the particular form of the
constraint G = 0. Second, inspecting the integration measure, we can imagine
dividing the integration into one over gauge non-equivalent fields, A > and another
over gauge transformations thereof, parametrized by 6. Then

/’DAM 8(G%) det[?;g:]exp{—/XLE(AM)}
= /DAM /DQ” 8(G%) det[(;Z:]exp{—/XLE(Au)}
= / DA, / DG* §(G*) exp - /X Ly(A)

- / DA, exp|~ /X Ly . (5.36)

In other words, the result seems to exhibit no dependence on the particular choice
of G¢3

Given that the outcome is independent of G“, it is conventional and convenient
to replace §(G”) by 6(G* —f“), where f* is some Aj,-independent function, and then
to average over the f*’s with a Gaussian weight. This implies writing

56— [orese -re(-,, [rr)

= exp(—zlé /XG”G”) , (5.37)

3The arguments presented are heuristic in nature. In principle the manipulations in Eq. (5.36) can
be given a precise meaning in lattice regularization, where the integration measure is well defined
as the gauge invariant Haar measure on SU(N,).
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where an arbitrary parameter, £, has been introduced. Its presence at intermediate
stages of a perturbative calculation permits for a very efficient and non-trivial
crosscheck, since all dependence on it must vanish in the final results for physical
(gauge invariant) quantities.

Finally, the other structure in Eq. (5.35), namely the determinant, can be written
in terms of Faddeev-Popov ghosts [4], making use of Eq. (4.47),

det(M) = / Dé De exp(—EMc) . (5.38)

Given that the “matrix” §G*/80” is purely bosonic, ghost fields should obey
the same boundary conditions as gauge fields, i.e. be periodic in spite of their
Grassmann nature.

In total, then, we can write the gauge-fixed version of Eq. (5.34), adding now also
Dirac fermions to complete the theory into QCD. The result reads

Zonys = C / DAS DA / D Dt / Dy Dy x
p p al

eriodic eriodic nti-periodic
P 1 a ra 1 a~a —~a 8G* b
xexp{—/o dt/xl:"’Flelw + 2§G G'+c (80b)c
+ (yuDy + m)w}} : (5.39)

where we have on purpose simplified the quark mass term by assuming the existence
of one flavour-degenerate mass m.* We remark again, although do not prove here,
that the argument of the exponent in Eq. (5.39) is invariant under BRST symmetry.
It will turn out to be convenient to make a particular choice for the functions G* by
selecting covariant gauges, defined by

G* = —,A" (5.40)
1 1
G'G" = _ 0d,A% 9 A%, 5.41
28 28 H oYY ( )
§G* S SAZL S [ cab ach 4 ¢
sop =+ g, = 0] 967 + greas] (5.42)
—a 8Ga —a a aoc —a C
c (89h)cb = 0,c"9,c" + gf™0,¢c AZ_C . (5.43)

Here we made use of Egs. (5.2) and (5.6).

4A more general Euclidean Lagrangian, incorporating all fields of the Standard Model, is given on
p. 276.
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Feynman Rules for Euclidean Continuum QCD

For completeness, we now collect together the Feynman rules that apply to
computations within the theory defined by Eq.(5.39), when the gauge is fixed
according to Eq. (5.40).

Consider first the free (quadratic) part of the Euclidean action. Expressing
everything in the Fourier representation, this becomes

1 ~ ~ -
500 = L a0+ 0 r it [i0,20) - 0,50
PQ
1 ~ -
+ e PR (P) iU (Q)}

+§f 8(—P + Q) [—z’P,Lé“(P) iQ,LZ*“(Q)]

PQ
+gf 8P+ Q) ¥y (PivaQy + mi, ()

{PO}

_ ;f 8(P + Q){ ;A;(P)A‘;(Q) [st,w - (1 - ;)P,LPV]}
PO
+yf 8(—P + Q) [é“(P)a“(Q)PZ]
PO

+gf 8P+ Q) J,(P)iP +ml,(0) . (5.44)
{PQ}

where the index A for the quarks is assumed to comprise both colour and flavour
indices, whereas in the Dirac space ¥ and v are treated as vectors. The propagators
are obtained by inverting the matrices in this expression:

PP, EP,P,

~ ~ 8 v 2 2
(AZ(P)A’;(Q)>O = 5§ 8(P + Q)[ T } . (5.45)
(E“(P)Eb(Q)>0 =5 8(P— Q) Plz , (5.46)
(3 7)), = s -0 1 (5.47)

Finally, we list the interactions, which are most conveniently written in a
maximally symmetric form, obtained through changes of integration and summation
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variables. Thereby the three-gluon vertex becomes
1
(AAA) a a abc c
S _ /X S (B — DAL AL

14 A ~
N i 3! A:l‘(P)Ai(Q)A;(R)S(P +0+R)

POR

X g | 8up(Py = Ru) + 850 (R = Q) + 8,0(Qp = P)| . (5:48)

the four-gluon vertex

1
AAAA abc rade c e
S; ) — /}; 4g2f be pad AZAVA;ZLAV

= ?5 i, A4 (PYAL(Q)AS(R)AL(S)B(P + Q + R+ S)
PORS

X8 [F 1B upbio — BuoSu) + LS B0 — BuoSup)
+feczdfeb"(5Mv5pG — 8#{’8‘1‘7)] s (5.49)

the ghost interaction
(cAc) - be A b
579 = /XB,Lc“gf“ A

- yf E(PYAL (Q)F (R)B(—P + Q + R)(—ig f“b"P,L) . (5.50)

POR

and finally the fermion interaction
A T . a a
SF// V) _ / YaVu (—lgTAB)AMgﬁB
X

= gf Vs (PYRALQ(R)B(—P + 0 + R)(~igTs,) - (5.51)
O{PR}

Appendix A: Non-Abelian Black-Body Radiation in the Free
Limit

In this appendix, we compute the free energy density f(T') for N, colours of free
gluons and Ny flavours of massless quarks, starting from Eq. (5.44), and use the
outcome to deduce a result for the usual electromagnetic blackbody radiation. This
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is an interesting exercise because, inspite of us being in the free limit, ghosts turn
out to play a role at finite temperature.
To start with, we recall from Eqs. (2.51), (2.81), (4.60) and (4.73) that

_ 1 5 _ 7274
J0.1) = ;SP [In(P?) — const.] = — 00 (5.52)
~ _ 1 5 _ 7 72T
J(0,T) = ) i[ln(P ) —const.] =2 9 (5.53)

{P}

Our task is to figure out the prefactors of these terms, corresponding to the
contributions of gluons, ghosts and quarks.
In the gluonic case, we are faced with the matrix

My, = P25, — (1 - ;)P,LPU , (5.54)

which is conveniently handled by introducing two further matrices,

PP,
IP/Tw = (SMV - ’ Pl/:w =

PP,
P? '

L (5.55)

As matrices, these satisfy P"IP" = P*, P'P* = P, P"P" = 0, P" + P* = 1,
making them projection operators and implying that their eigenvalues are either zero
or unity. The numbers of the unit eigenvalues can furthermore be found by taking
the appropriate traces: Tr [P"] = §,, — 1 =d, Tr[P*] = 1.

We can clearly write

1

My, = PPl + %_Pz P, (5.56)
from which we see that M has d eigenvalues of P?> and one P?/£. Also, there are
a=1,... ,NCZ — 1 copies of this structure, so that in total

2 1 2 1 1y
F(D)|gryons = Ng — 1)7d x 5 [ln(P ) — const.] + ) [ln P - const.]
P P §
1
= (N? - 1){—2?5 In(§) + (d + 1)J(0, T)}. (5.57)
P

The first term vanishes in dimensional regularization, because it contains no scales.
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For the ghosts, the Gaussian integral yields (cf. Eq. (4.47))

/ [ dé“de exp(~e“Pe) = [ P* = exp{—[—z(N§ - 1); ln(Pz)]} :
“ ‘ (5.58)

Recalling that ghosts obey periodic boundary conditions, we obtain from here
FD)lgpons = =20N7 = DJO.T) . (5.59)

Finally, quarks function as in Eq. (4.52), except that they now come in N, colours
and N flavours, giving

S| quarks = —4NeN: J(0.T) (5.60)

Summing together Egs. (5.57), (5.59) and (5.60), inserting the values of J and J
from Eqs. (5.52) and (5.53), and setting d = 3, we get

274

r [2(1\/3 1)+ ZNfNC] . (5.61)

F(Dlgep = — 90

This result is often referred to as (the QCD-version of) the Stefan-Boltzmann law.

Itis important to realize that the contribution from the ghosts was essential above:
according to Eq. (5.59), it cancels half of the result in Eq. (5.57), thereby yielding
the correct number of physical degrees of freedom in a massless gauge field as the
multiplier in Eq. (5.61). In addition, the assumption that Ag is periodic has played a
role: had it also had an antiperiodic part, Eq. (5.61) would have received a further
unphysical term.

To finish the section, we finally note that the case of QED can be obtained by
setting No — 1 and N> — 1 — 1, recalling that the gauge group of QED is U(1).
This produces

274

7
2+ Nf] , (5.62)

f(T)|QED = 90 [ 2

where the factor 2 inside the square brackets corresponds to the two photon
polarizations, and the factor 4 multiplying ;Nf to the degrees of freedom of a spin—;
particle and a spin-; antiparticle. If left-handed neutrinos were to be included here,
they would contribute an additional term of 2 x ;Nf = ZNf. Eq. (5.62) together
with the contribution of the neutrinos gives the free energy density determining the
expansion rate of the universe for temperatures in the MeV range.
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5.3 Thermal Gluon Mass

We consider next the gauge field propagator, in particular the Matsubara zero-mode
sector thereof. We wish to see whether an effective thermal mass megr is generated
for this field mode, as was the case for a scalar field (cf. Eq. (3.95)). The observable
to consider is the full propagator, i.e. the analogue of Eq.(3.63). Note that we do
not consider non-zero Matsubara modes since, like in Eq. (3.94), the thermal mass
corrections are parametrically subdominant if we assume the coupling to be weak,
g*T? « (2nT)?. For the same reason, we do not need to consider thermal mass
corrections for fermions at the present order.

In order to simplify the task somewhat, we choose to carry out the computation
in the so-called Feynman gauge, £ = 1, whereby the free propagator of Eq. (5.45)
becomes

5. _ Kk, EK.K,
~a ~ a v 2 2
(A 00A) = 678K + Q) [ a5 }
=1 sk + ) 5.63
= §"8K+0) ) (5.63)
Specifically, our goal is to compute the 1-loop gluon self-energy IT ,, defined via
(Aa(K)AL(Q)e™) 5., I,.(K)

Iz v 0 ab v v 4
= §"3(K — @) , 5.64
5 K+0) [ = 0 )] (5.64)

where the role of the denominator of the left-hand side is to cancel the disconnected
contributions.

At 1-loop level, there are several distinct contributions to II vt WO of these
involve gauge loops (via a quartic vertex from —S; and two cubic vertices from
+57/2, respectively), one involves a ghost loop (via two cubic vertices from
+SIZ/ 2), and one a fermion loop (via two cubic vertices from +SIZ/ 2). If the
theory were to contain additional scalar fields, then two additional graphs similar
to the gauge loops would be generated. For future purposes we treat the external
momentum K of the graphs as a general Euclidean four-momentum, even though
for the Matsubara zero modes (that we are ultimately interested in) only the spatial
part is non-zero.

Let us begin by considering the gauge loop originating from a quartic vertex.
Denoting the structure in Eq. (5.49) by

Cot = P (Suppo — SaoSpp) +FL*Y (upSpo — Suopp)
12T 39 (8088 ps — SarpSpo) (5.65)
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(0]

- WMW@¢N®A®NmN@

RPTU

x8(R+ P+ T+ U) C‘def>

we get

@mm@mﬁh

afpo

= gf 8(R+ P+ T + U)(A%(K)AS(R)),
RPTU

*(AL(Q)AL(P))y (A(T)AL (1)), C47

afpo ?

(5.66)

where we made use of the complete symmetry of C‘def Inserting here Eq. (5.63),
this becomes

<A51(K);"3(Q)(—SI)> = ?SS(R +P+T+ U)K +R)S(Q+ P)S(T+U)x
o RPTU
ac ebd ¢e cdef
X K2Q2T28 1) 5f5ua5vﬂ5poca,spg- (5.67)

The sum-integrals over R, P, U in the above expression are trivially carried out.
Moreover, we note that

888 8,880 Coty = 87850 [ S (8081 = B1bs)

aBpo
+fg‘4ffgbe(8“u8po - 8#08‘“’)]

= 2d 5, (5.68)

where we made use of the antisymmetry of the structure constants, as well as of the
fact that §,, = d + 1 = 4 — 2¢. Noting that the structure constants furthermore
satisfy fesefbse = N, §, we get in total

<ij;(1r<)2x’;(Q)(—sI)>0c = —¢*N. d1,(0) 6 8(K + Q) (5.69)

(K2)2 ’

where I,,(0) = yﬁU Ulz, cf. Egs. (2.54) and (2.56). Note that the §-functions as well as
the colour and spacetime indices appear here just like in Eq. (5.64), allowing us to
straightforwardly read off the contribution of this graph to IT ,, (K).
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Next, we move on to the gluon loop originating from two cubic interaction
vertices. Denoting the combination of §-functions and momenta in Eq. (5.48) by

Docﬁy(Rs P, T) = (Socy(Rﬂ - Tﬁ) + (Syﬁ(Ta —Py) + Sﬁa(Py _Ry) , (5.70)

we get for this contribution

(i (,5)) = {:}

2 ~ ~ ~ ~ ~
- -8 [wito f &wigesm
RPT

x yf i (U)A’}I(V)A;(X)>

Uvx

0,c

x fUFME(R + P+ T)8(U + V + X)
XDaﬂ)/(R’P’ T) Dan(Ua V. X)

2 ~ ~ ~ ~
- -§ Yl wi ), @oiw),

RPTUVX
X (AG(PYAL (V) (AS (DAL (X)),

x fUfshig(R + P+ T)8(U + V + X)
xDypy (R, P, T) Deyp(U, V,X) , (5.71)

where we made use of the complete symmetry of f“’eDaﬂy (R, P, T) in simultaneous
interchanges of all indices labelling a particular gauge field (for instance ¢, o, R <>
d,B,P).

Inserting Eq. (5.63) into the above expression, let us inspect in turn the colour
indices, spacetime indices, and momenta. The colour contractions are easily carried
out, and result in the overall factor

Sacabgadh(geifcdefghi :fadefbde — Nc 8417 ) (572)

The spacetime contractions can all be transported to the D-functions, noting that
the effect can be summarized with the substitution rules « — u, { — v, n — B,
p — y. Taking advantage of this, the momentum dependence of the result can be
deduced from

3(K + R)S(Q + U)S(P + V)8(T + X)
K2Q2P2T2
X8(R+ P+ T)8(U + V + X) Dyp, (R, P, T) Dy, (U, V., X)
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B(K + R)S(Q + U)S(P + V)B(T + X)
- K2Q2P2T2
x3(—K+P+T)3(—Q—P—-T) DMﬂV (—K,P,T) Duﬂy (—Q,—P,-T)

_B(K + R)S(Q + U)3(P + V)B(T + X)
- K2Q2P2T2
x3(—K +P+T)3(K + Q) DMﬂV (—K,P,T) Duﬂy (K,—P,-T) . (5.73)

We can now easily integrate over R, U, V, X and T, which gives us

<A7L(K)A3(Q)<;SIZ)>(()I,(): - _gZZNC 54173((KK2)"2‘ v Pp2(K1— P)?
xD,py (=K, P,K —P) D\g,(K,—P,—K + P) .
(5.74)
Finally, we are faced with the tedious task of inserting Eq. (5.70) into the above
expression and carrying out all contractions—a task most conveniently handled
using programming languages intended for carrying out symbolic manipulations,
such as FORM [5]. Here we perform the contractions by hand, obtaining first
D,.gy(=K,P,K —P) Dy, (K,—P,—K + P)
= —[8uy (—2Kp + Pp) + 8,p(Ky — 2P,) + 8pu (K, + Py)]
X [8u) (=2Kp + Pp) + 8,p(Ky — 2Py) + 80 (K, + Py)]
= —8,,(4K* —4K-P+ P> + K> + 2K -P + P?)
—(d+ 1)(K.K, —2K,P, —2K,P, + 4P,P,)
—[(—2K, + P,)(K, —2P,) + (=2K,, + P,)(K, + P,)
+(K = 2P)(Ky + Py) + (1 < v)]
= —8,,[4K* + (K — P)* + P’] — (d — 5K,K, + (2d — 1)(K,.P, + K,P,,)
—(4d - 2)P,P, . (5.75)
Because the propagators in Eq. (5.74) are identical, we can furthermore simplify the

structure K, P, + K, P, by renaming one of the integration variables as P — K — P
in “one half of this term”, i.e. by writing

1
KuPy + K.Py = [K,LP\, +K,Py + KoKy — Py) + Ky (K, — P,L)]

= K,K, . (5.76)
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Therefore a representation equivalent to Eq. (5.75) is

Dﬂﬂ}/(_Kvva_P) Dvﬁy(Kv_P7_K+P)
— —8,[4K> + (K — P)? + P’ + (d + 4K, K, — (4d — 2)P,P, . (5.77)

Inserting now Eq. (5.77) into Eq. (5.74), we observe that the result depends in a
non-trivial way on the “external” momentum K. This is an important fact that plays
a role later on. For the moment, we however note that since the tree-level gluon
propagator of Eq. (5.63) is massless, the leading order pole position lies at K> = 0.
This may get shifted by the loop corrections that we are currently investigating,
like in the case of a scalar field theory (cf. Eq.(3.95)). Since this correction is
suppressed by a factor of O(g?), in our perturbative calculation we may insert K = 0
in Eq. (5.77), making only an error of O(g*). Proceeding this way, we get

e A |

(5.78)

Now, symmetries tell us that the integral in Eq. (5.78) can only depend on two
second rank tensors, §,,, and §,,08,0, of which the latter originates from the breaking
of Lorentz symmetry by the rest frame of the heat bath. Denoting P = (p,, p),
this allows us to split the latter term into two parts according to (note that §,,;8,; =

Suv - 8#05\10)

P/LPU P2 P?
=4 oguoi O 48 ié’wi !

2)2 H 2)2 H 2)2

- (P2) * (P?) * (P2)

2 2

p 1 p
= S;LO(SvOi znz + 8ui8vi i N2
P) a ¥ )

Y
M05v0i (P2)2 . (P22 (5.79)
At this point, let us inspect the familiar sum-integral (cf. Eq. (2.92))

1 > 1 T?
I O = = T - O . 5.80
(0 ?SPZ _Z /P(szT)Z T TOO (5.80)

P n=—oo
Taking the derivative T2 dgz = g ddT on both sides, we find

- (27nT)? T2
- Z / [(27nT)? + p*]? = 12"‘0(6), (5.81)

o0
T Z / 1
2 = Jp 27anT)? + p?

n=—0o0
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which can be used in order to solve for the only unknown sum-integral in Eq. (5.79),

2
gf = —ITEO) +0(e) . (5.82)
- (P)

Inserting this result into Eq. (5.79), we thereby obtain in d = 3 — 2¢ dimensions

2

PP, 1 T
N = 2(_8;L08v0 + 6,i6v:) 1 + O(e) , (5.83)

22
“ (P?)
which turns Eq. (5.78) finally into

- ~ 2 A 8“b3
i@ (ys) = s O (a2 ua-2)]

+ (SM,-SV,-[Z + ;(4d — 2)} } 1:(0) + O(e)

2

2N, §*8(K T
= 8 (K+0) {—3 (SMO(SUO + 75;,1&;,’} 2 + O(e) .

2 (KZ)Z
(5.84)

Moving on to the ghost loop, we apply the vertex of Eq.(5.50) but otherwise
proceed as in Eq. (5.71). This produces

i (), = <~
- -8 (wio) fewiimem

RPT
x gf WALV X))

Uvx
x cdefghig(_R + P+ T)g(_U + V+X) RaUﬁ

0,c

=&Y (ALKALP)), (AL(QAL(V)),
RPTUVX

x(E()ef(U))y (X (R)),
x fLfhig(—R + P+ T)8(~U + V + X) Ry Us,
(5.85)

where the Grassmann nature of the ghosts induced a minus sign at the second
equality sign.
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Inserting now the gluon propagator from Eq. (5.63) and the ghost propagator
from Eq.(5.46), we inspect in turn the colour indices, spacetime indices, and
momenta. The colour contractions result in the familiar factor

8ad8bh86g8i0fcdefghi :fcaefebc — _Nc Sah , (586)

whereas the spacetime indices can be directly transported to the momenta:
SWS\,ﬂRa U g = R, U,. The momentum dependence of the full expression can
then be written as

8(K + P)8(Q + V)8(T — U)8(X —R)
K2Q2T2X2
8(K + P)8(Q + V)8(T — U)8(X — R)
= K2Q2T2X2
_8(K + P)8(Q + V)8(T — U)8(X — R)
- K2Q°T*(T — K)?

8(—R+P+T)8(~U+V +X) R, U,
8(—X —K +T) 8(—T — Q + X) X, T,

8(-X—K+T)8K+ Q) (T, —K,)T,,

(5.87)
where we can this time integrate over P, V, U, R and X. Thereby, we obtain
- - 1 \\@ 8P8(K + Q) 1
a b 2 _ 2 _
AR (,30)), = =N g L pagg p P KiOPe
(5.88)

where we renamed 7 — P. Repeating the trick of Eq. (5.76), this can be turned into

B g*N. 88(K + Q) 1

~4 ~ 1 2
<A#(K)A3(Q)<2S ‘2)>o,c T2 (K2)2 PX(K — P)? @PuPy = KykKo).
P

(5.89)

which in the K — 0 limit produces, upon setting d — 3 and using Eq. (5.83),

S L o\\@  gNe §8(K + Q) T2
RO (5], ~ =5 y CBabo+8u8) ) + O
(5.90)

Finally, we consider the fermion loop, originating from the vertex of Eq. (5.51).
Proceeding as above, we obtain

fror@( ), = O
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2, B = 5 7
SR ALEE) AT ATy

P{RT}

S RRGYRTIUGTACS)

0,c
V{Ux}

x8(—R + P + T)8(—U + V + X)TS,; TS,

- gzyf (A% (K)AS(P))y (AL(Q)AY(V)),

PV{RTUX}
XTr [ (T (V4 (R o (Fa(TIe(U))g1]
x 8(—R+ P+ T)8(—=U + V + X)T$, T,
(5.91)

where the Grassmann nature of the fermions induced a minus sign. As noted earlier,
the capital indices originating from the quark spinors stand both for colour and
flavour quantum numbers.

Inserting next the gluon propagator from Eq. (5.63) and the fermion propagator
from Eq.(5.47), let us once more inspect in turn the colour and flavour indices,
Lorentz indices, and momenta. The colour and flavour contractions result this time
in the factor

N
88" 848y TipTep = Tr[T°T"] = 2f , (5.92)

where we assumed the flavours to be degenerate in mass and in addition took advan-
tage of the assumed normalization of the fundamental representation generators 7.
The spacetime indices yield on the other hand

8uaBupTr [(—iR + m)y, (=il + m)yg] = 4[—Ro Up(8ou8py — 8opSpus + 8508p)
+m28w]
= 4[8,,(R- U +m?) — R, U, —R,U,],
(5.93)

where we used standard results for the traces of Euclidean y-matrices. The
momentum dependence of the full expression can finally be written in the form

8(K + P)8(Q + V)8(X — R)8(T — U)
K2Q2(x2 + mZ)(TZ + m2)
_B8(K + P)8(Q + V)3(X — R)S(T — U)
B K2Q*(X? + m?)(T? + m?)

8(-R+P+T)8(-=U +V +X) f(R,U)

8(—X—K +T)8(=T — Q + X) f(X.T)
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3K+ PBSQ+ VX -RIT-U), -
= RO + mR)(T - K 4 ] 8(—X—K+T)8K+Q)f(T—K.T),

(5.94)

where integrations can now be performed over P, V, R, U and X.
Assembling everything, we obtain as the contribution of the quark loop diagram
to the self-energy

§8(K + Q)
(K>)?
8,(P* —K-P+m*) —2P,P, + K,P, + K, P,
[P? + m?][(K — P)? + m?]

(i@ (1)) = 22N

¥

{P}

’

(5.95)

where we again renamed T — P. For vanishing chemical potential, a shift like in
Eq. (5.76) works also with fermionic four-momenta, so that this expression further
simplifies to

§P8(K + Q)
(K?)?
8, (2P* — K? + 2m*) — 4P,P, + 2K, K,
[P2 + m2][(K — P)? + m?]

(i (ys)) = en

<t
)
(5.96)

The structure in the numerator of Eq. (5.96) is similar to that in Eq. (5.77), except

that the Matsubara frequencies are fermionic. In particular, if we again set the
external momentum to zero, and for simplicity also consider the limit 7 > m,
so that quark masses can be ignored, the entire term becomes proportional to

8uwP? —2P,P, P2 —2p2 P2 _2p?
i 8 (P2)2 m = 808v0 (P2)2 O+ Spibui (P2)2 l
{P} {P} {P}
= 8,000 P2_2p5+5.5. PZ_(fl)pZ
= u00 22 piOvi 232
P P
) (P?) ) (P?)
_sos o PP o o U= DP
— Ou00v0 P2)2 + niOvi P2)2
(P?) (P?)
{P} {P}

(5.97)
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The relation in Eq. (5.82) continues to hold in the fermionic case, so setting d — 3,
we get
8., P> —2P,P, - 1 1y-
i " e Y = 800800 X 201 (0) 48,416, x (3 - B)IT(O)—FO(G) . (5.98)
{r}
Inserting here finally iT(O) = —T?/24 from Eq. (4.75), we arrive at the final result
for the fermionic contribution,

5U(K + Q) 2

Ky +0(e) .

<A;(K)Aﬁ(Q)(;Sf)>SZ ~ —g*Ng {5#0&0 +0x 8,”8”} r

6
(5.99)

Summing together Eqs. (5.69), (5.84), (5.90) and (5.99) and omitting the terms of
O(e), we find the surprisingly compact expression

(@A) (-5, + ;S%)%C

88 301
~ —gz ((KKZ)_'Z_ ) { |:(3 + - )NC + 2N{|8M08V0

7 1 T2
- Nc iOvi
+[(3 2+2) }3’#5 }12

ab

_ 8 SMO‘i;Zf)(ZKJF 9 g2T2(N° Nf) . (5.100)
It is important to note that all corrections have cancelled from the spatial part.> Due
to Ward-Takahashi identities (or more properly their non-Abelian generalizations,
Slavnov-Taylor identities), the gauge field self-energy must be transverse with
respect to the external four-momentum, which in the case of the Matsubara zero
mode takes the form K = (0, k). Since we computed the self-energy with k = 0,
the transverse structure 51’;"‘2 — kik; cannot appear, and the spatial part must vanish
altogether.

The result obtained above has a direct physical meaning. Indeed, we recall from
the discussion of scalar field theory, Eq. (3.70), that Egs. (5.64) and (5.100) can be

SWe checked this for d = 3 but with some more effort it is possible to verify that the same is true
for general d. The generalization of the non-zero u = v = 0 coefficient to general d is given in
Eq. (8.147).
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interpreted as a (resummed) full propagator of the form

k=0 65,,8(K + Q)

A% (K)Ab ~ , 5.101
(A1) K2 5onfm? (5.101)
where
N. N
m: = g2T2( 3° + 6f) (5.102)

is called the Debye mass parameter. Its existence corresponds to the fact the colour-
electric field A, gets exponentially screened in a thermal plasma like the scalar
field propagator in Eq. (3.46). In contrast, the colour-magnetic field A; does not get
screened, at least at this order.

We conclude with two remarks:

* If we consider the full Standard Model rather than QCD (the corresponding
Euclidean Lagrangian is given on p. 276), then there is a separate thermal mass
for the zero components of all three gauge fields, and for the Matsubara zero
mode of the Higgs field. These can be found in [6].

e The definition of a Debye mass becomes ambiguous at higher orders. One
possibility is to define it as a “matching coefficient” in a certain “effective
theory”; this is discussed in more detail in Sect. 6.2, cf. Eq.(6.37). In that case
higher-order corrections to the expression in Eq.(5.102) can be computed [7].
On the other hand, if we want to define the Debye mass as a physical quantity,
the result becomes non-perturbative already at the next-to-leading order [8], and
a proper definition and extraction requires a lattice approach [9].

5.4 Free Energy Density to O(g%)

As an application of the results of the previous section, we now compute the free
energy density of QCD up to O(g*), parallelling the method introduced for scalar
field theory around Eq. (3.94). We recall that the essential insight in this treatment
was to supplement the quadratic part of the Lagrangian for the Matsubara zero
modes by an effective thermal mass computed from the full propagator, and to treat
minus the same term as part of the interaction Lagrangian. The “non-interacting”
free energy density computed with the corrected propagator then yields the result
for the ring sum, whereas the bilinear interaction term cancels the corresponding,
infrared (IR) divergent contributions order by order in a loop expansion.’ In

This cancellation is the only role that the subtraction plays at the order that we are considering,
cf. the discussion below Eq. (3.99). In the following we simplify the procedure by computing the
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the present case, given the result of Eq.(5.101), we see that only the temporal
components of the gauge fields need to be corrected with a mass term. This is in
accordance with the gauge transformation properties of static colour-electric and
colour-magnetic fields, which forbid the spatial components from having a mass;
we return to this in Sect. 6.2.

With the above considerations in mind, the correction of O(g?) [10] to the tree-
level result in Eq. (5.61) can immediately be written down, if we employ Eq. (2.87)
and take into account that there are N> — 1 copies of the gauge field. This produces

T 3
fp D= o2 1)(—1’2";)

3
1 N.  Np\2
= (N’ - DT*g( - ¢
(N )g(IZn)(3+6

Tt @ \2(Ne  Np\?
="z -1 . (5103
P L) (5 1) e

where the effective mass m;; was taken from Eq. (5.102).

Next, we consider the contributions of O(g?). In analogy with Eq. (3.99), these
terms [11, 12] come from the non-zero mode contributions to the 2-loop “vacuum”-
type graphs in [cf. Eq. (3.12)]

1
Sf+...>

) (5.104)

f(l)(T)’QCD = <SI -

0,c, drop overall fx ’

It is useful to compare this expression with the computation of the full propagator
in the previous section, Eq. (5.100). We note that, apart from an overall minus sign,
the two computations are quite similar at the present order. In fact, we claim that
we only need to “close” the gluon line in the results of the previous section and
simultaneously divide the graphs by —1/2n, where n is the number of gluon lines in
the vacuum graph in question. Let us prove this by direct inspection.

Consider first the O(g?) contribution from the 4-gluon vertex. In vacuum graphs,
this leads to the combinatorial factor

(AAAA),, =3(AA), (AA),, (5.105)
whereas in the propagator calculation we arrived at

—(AA AAAA), = —4 x3(AA), (AA), (AA), . (5.106)

contribution of O(g?) with massless propagators, whereby no odd powers of thermal masses are
generated and the subtraction can be omitted as well.
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The difference is —4 = —2 x n, with n = 2 being the number of contractions in
Eq. (5.105). Similarly, with the contribution from two 3-gluon vertices, the vacuum
graphs lead to the combinatorial factor

—(AAA AAA) = -3 x2(AA), (AA), (AA),, (5.107)
whereas when considering the propagator we got

(AA AAA AAA), = 6x3x2(AA), (AA), (AA), (AA), . (5.108)
There is evidently a difference of —6 = —2 x n, with n = 3 the number of
contractions in Eq.(5.107). Finally, the ghost and fermion contributions to the

vacuum graphs lead to the combinatorial factor

Al)ye = (AA), (€c)g (€C)q (5.109)

SNl

AC

an

—

whereas in the propagator computation we obtained

(AA

Ag)y. = —2(AA), (AA), (C), (€C), - (5.110)

SN

Al

i

So once more a difference of —2 x n, with n = 1 the number of gluon contractions
in Eq. (5.109).

With the insights gained, the contribution of the 4-gluon vertex to the free energy
density of QCD can be extracted directly from Eq. (5.69):

1, 58,

é:NC(NCZ — Dd(d + D[I(0)]*. (5.111)

The contribution of the 3-gluon vertices is similarly obtained from Eq. (5.74): noting
from Eq. (5.75) that
8uv Dyupy(—K,P,K — P) Dyg,, (K, —P,—K + P)
= —(d+ D[4K> + (K —P)*> + P’ — (d — 5)K* + 2(2d — 1)K - P — (4d — 2)P*
= {K’[5d+5+d—51+K-P[-2d—2—4d + 2] + P*[2d + 2 + 4d — 2]}
= —3d{K> + (K — P)> + P*} , (5.112)
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we get from Eq. (5.74)
@ _ % 3¢°Ne i ng K?+ (K —P)*+ P?
N P2(K — P)?
—g4 Ne(N? = 1) d x 3 [I(O)]* . (5.113)

Note that unlike in Eq.(5.78), for the present calculation it was crucial to keep
the full K-dependence in the two-point function, because all values of K are now
integrated over.

Similarly, the contribution of the ghost loop can be extracted from Eq. (5.88),

producing
-< i 8aa i
gt PX(K — P)2

P2+ (K—-P)—
iNc(Nf—l)gf e
KP

K2PX(K — P)?
_ &y (N? = D)[1.(0)]2 5.114
- 4 c c T s ( )

whereas the contribution of the fermion loop is obtained from Eq. (5.95):

1 §aa d+ D)(P*—K-P 2y —2P24+2K-P
O - A f R

2 2 2 _ 2 2
2 KT [P + m2][(K — P)? + m?]

(5.115)

Simplifying the last expression by setting m/T — 0, we get

5 , (d—1)(P>—K-P)
() =~ - 1)§SK{P} P

P2+ (K—P)>—

d—1
2 2
= —g"N¢(N; — 1
8 f( c ) 2 i KZPZ(K_P)Z
K{P}

2 ~ ~
= —gz N¢(NZ = 1)(d — D{21;(0)I(0) — [I;(0)]*} . (5.116)

Here careful attention needed to be paid to the nature of the Matsubara frequencies
appearing in the propagators.

Adding together the terms from Eqs. (5.111), (5.113),(5.114) and (5.116), setting
d = 3 (note the absence of divergences), and using 7,(0) = T2/12, I 7(0) =
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—T? /24, we get as the full O(g?) contribution to the free energy density

T4 9 1 1 1
T = g2 Nz— 1 3— Ne—| -2 - N
Jay( )|QCD 8" (N; )144|:( 4 + 4) ( x 2 4) f:|

T4 5
— V- 1) (Nc+ Nf)

144 4
a2 T 5 g2 5
=_ N2— 1) - N, Ne ) . 5.117
o OV )( 24n2)(c+4f) (5.117)

Adding to this the effects of Eqgs. (5.61) and (5.103), the final result reads

72T* 7 N(N, 5 5\
T = N2 -1 - N, Ne|
f(Mlocep 45 (Ng ){ +4N02—1 4(c+4 f)ﬂ

3 3
N.  Ne\2 /a2
+30( + f) (“) +(’)(af)}, (5.118)
3 6 T

were we have denoted o, = g%/4.
A few remarks are in order:

* The result in Eq. (5.118) can be compared with that for a scalar field theory in
Eq.(3.93). The general structure is identical, and in particular the first relative
correction is negative in both cases. This means that the interactions between the
particles in a plasma tend to decrease the pressure that the plasma exerts.

» The second correction to the pressure turns out to be positive. Such an alternating
structure indicates that it may be difficult to quantitatively estimate the magnitude
of radiative corrections to the non-interacting result. We may recall, however, that
1-— ; + é — i =1In2 = 0.693..., whereas 1 — ; — é — i = —o0; in
principle an alternating structure is beneficial as far as (asymptotic) convergence
goes.

e The coefficients of the four subsequent terms, of orders (’)(af In o), (’)(af),
(’)(af/ 2), and (’)(oz‘;3 In ), are also known [13-17]. Like for scalar field theory,
this progress is possible thanks to the use of effective field theory methods that
we discuss in the next chapter.

Appendix A: Do Ghosts Develop a Thermal Mass?

In the computation of the present section, we have assumed that only the Matsubara
zero modes of the fields Aj need to be resummed, i.e. get an effective thermal mass.
The fact that fermions do not need to be resummed is clear, but the case of ghosts
is less obvious. To this end, let us finish the section by demonstrating that ghosts do
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not get any thermal mass, and thus behave like the spatial components of the gauge
fields.

The tree-level ghost propagator is given in Eq.(5.46), and we now consider
corrections to this expression. The relevant vertex is the one in Eq. (5.50), yielding
for the only correction of O(g?)

<5”(K)5”(Q)(;SIZ)>O’C - ’wa“

2 ~ ~ ~ ~ ~ .
-5 frw o femiies o feoimio)
RPT Uvx

X fCfME(—R + P+ T)8(=U + V + X) RaUg

- —gzgf (@ (K) E(R)) ((T) 24 (U)o (€ (%) E2(Q))y

RPTUVX
x(Ag(PYAL (V)

XdeefghiS(—R + P+ T)8(—U + V+X) RaUﬂs (5119)

where an even number of minus signs originated from the commutations of
Grassmann fields. Inserting here the gluon propagator from Eq. (5.63) as well as the
free ghost propagator from Eq. (5.46), we again end up inspecting colour indices,
Lorentz indices, and momenta in the resulting expression. The colour contractions
are seen to result in the factor

8a086g8ih8dhfcdefghi — fadefedb — _Nc 8ab ; (5 120)

whereas the spacetime indices yield simply §4p. Finally, the momentum dependence
can be written in the form

8(K — R)8(T — U)8(X — Q)8(P + V)
K2T2Q2P2
8(K —R)8(T — U)8(X — Q)8(P + V)
- K2T202P?
_8(K—R)(T — U)8(X — Q)8(P+ V)
- KZQZTZ(K_ T)z

8(-R+P+T)8(-U+V+X)R-U

8(—K+P+T)8(-T—P+Q)K-T

8(-K+P+T)8(-K+0Q)K-T,

(5.121)
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where we can integrate over R, U, X, V and P. Thereby we obtain as the final result

8U8(K — Q) K-P

, (5.122)
(K>? - P>(K — Py

[wi@()s)), =N

where we again renamed 7 — P.

The expression in Eq.(5.122) is proportional to the external momentum K.
Therefore, it does not represent an effective mass correction, but is rather a “wave
function (re)normalization” contribution, as can be made explicit through a shift like
in Eq. (5.76).
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Chapter 6
Low-Energy Effective Field Theories

Abstract The existence of a so-called infrared (IR) problem in relativistic thermal
field theory is pointed out, both from a physical and a formal (imaginary-time)
point of view. The notion of effective field theories is introduced, and the main
issues related to their construction and use are illustrated with the help of a simple
example. Subsequently this methodology is applied to the imaginary-time path
integral representation for the partition function of non-Abelian gauge field theory.
This leads to the construction of a dimensionally reduced effective field theory for
capturing certain (so-called “static”, i.e. time-independent) properties of QCD (or
more generally Standard Model) thermodynamics in the high-temperature limit.

Keywords Bose enhancement ¢ Effective theories ¢ Electrostatic QCD ¢ Hard
and soft modes ¢ Infrared divergences ¢ Linde problem ¢ Magnetostatic QCD e
Matching * Matsubara zero mode ¢ Power counting * Symmetries * Truncation

6.1 The Infrared Problem of Thermal Field Theory

Let us start by considering the types of integrals that appear in thermal perturbation
theory. According to Egs. (2.34) and (4.59), each new loop order (corresponding to
an additional loop momentum) produces one of

00—i0

1 +o00—i0T dw .
fronn=| L[ e + ol + 2wl . 61

+oo—i0T
Lo =1 [ e + ol -2 . 62

) p co—i0t 2

depending on whether the new line is bosonic or fermionic. The functions f
here contain propagators and additional structures emerging from vertices; in the
simplest case, f(, p) ~ 1/(w” + E,), where we denote £, = V2 +m2.

Now, the structures which are the most important, or yield the largest contribu-
tions, are those where the functions f are largest. Let us inspect this question in
terms of the left and right-hand sides of Eqgs. (6.1) and (6.2).
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For bosons, the largest contribution on the left-hand side of Eq. (6.1) is clearly
associated with the Matsubara zero mode, w, = 0; in the case f(w,p) ~ 1/(w?* +
E}), this gives simply

{T ;f} . ~ ET[% . (6.3)

On the right-hand side, we on the other hand close the contour in the lower half-
plane, whereby the largest contribution is associated with Bose enhancement around
the pole w = —iE),:

(4 Lo 2 142 (E)]_l b,
0 om —2iE, E T 2T emir
1 /1 1 T 1
A )= O . 6.4
EP(2+EP/T+E§/2T2+ ) B’ (T) e

On the second row, we performed an expansion in powers of E, /T, which is valid
in the limit of high temperatures.

For fermions, there is no Matsubara zero mode on the left-hand side of Eq. (6.2),
so that the largest terms have at most (i.e. for £, < 7 T) the magnitude

i3] - (nj;)z - JriT ' ©>

{on} wp==xnT

Similarly, in terms of the right-hand side of Eq. (6.2), we can estimate

1 —27i 2 1 /1 1
L~ 1—2n,(E,)| = -
bed ™y oy —ZiE,,[ el ")] E,,(z eEp/T+1)
1 /1 1 1
~ — ...]=0 . 6.6
E,,(z 24 E)T T ) (T) (6.6)

Given the estimates above, let us construct a dimensionless expansion parameter
associated with the loop expansion. Apart from an additional propagator, each loop
order also brings in an additional vertex or vertices; we denote the corresponding
coupling by g2, as would be the case in gauge theory. Moreover, the Matsubara
summation involves a factor 7, so we can assume that the expansion parameter
contains the combination g27. We now have to use the other scales in the problem to
transform this into a dimensionless number. For the Matsubara zero modes, Eq. (6.3)
tells us that we are allowed to use inverse powers of E, or, after integration over
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the spatial momenta, inverse powers of m. Therefore, we can assume that for large
temperatures, 77 > m, the largest possible expansion parameter is

T
o~ 6.7)
Tm
For fermions, in contrast, Eq.(6.5) suggests that inverse powers of E, or, after
integration over spatial momenta, m, cannot appear in the denominator, even if
m < nT; we are thus led to the estimate

o

ap ™ o 6.8)

€f ~
In these estimates most numerical factors have been omitted for simplicity.
Assuming that we work in the weak-coupling limit, g2 <« 72, we can thus
conclude the following:

» Fermions appear to be purely perturbative in these computations concerning
“static” observables, with the corresponding weak-coupling expansion proceed-
ing in powers of g2 /.

* Bosonic Matsubara zero modes appear to suffer from bad convergence in the
limit m — 0.

e The resummations that we saw around Eq. (3.94) for scalar field theory and in
Sect. 5.3 for QCD produce an effective thermal mass, m2; ~ g>T*. Thus, we may
expect the expansion parameter in Eq. (6.7) to become ~ g?T/(ngT) = g/x. In
other words, a small expansion parameter exists in principle if g < 7, but the
structure of the weak-coupling series is peculiar, with odd powers of g appearing.

* As we found in Eq.(5.101), colour-magnetic fields do not develop a thermal
mass squared at O(g>7T?). This might still happen at higher orders, so we can
state that meg < g>T/m for these modes. Thereby the expansion parameter in
Eq.(6.7) reads e, > g*>T/g*T = 1. In other words, colour-magnetic fields cannot
be treated perturbatively; this is known as the infrared problem (or “Linde
problem”) of thermal gauge theory [1].

The situation that we have encountered, namely that infrared problems exist but
that they are related to particular degrees of freedom, is common in (quantum) field
theory. Correspondingly, there is also a generic tool, called the effective field theory
approach, which allows us to isolate the infrared problems into a simple Lagrangian,
and treat them in this setting. The concept of effective field theories is not restricted
to finite-temperature physics, but applies also at zero temperature, if the system
possesses a scale hierarchy. In fact, the high-temperature case can be considered a
special case of this, with the corresponding hierarchy often expressed as g°T/m <
gT <« nT, where the first scale refers to the non-perturbative one associated with
colour-magnetic fields. Given the generic nature of effective field theories, we first
discuss the basic idea in a zero-temperature setting, before moving on to finite-
temperature physics.
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A Simple Example of an Effective Field Theory

Let us consider a Lagrangian containing two different scalar fields, ¢ and H, with
masses m and M, respectively':

1 1 1 1 1 1
L = 0,090+ 2m2¢2 + , 0uHO.H + 2M2H2 +SP¢°H* + 4A¢4 + 4/<H4 .
(6.9)

We assume that there exists a hierarchy m <« M or, to be more precise, m, < M,,
though we leave out the subscripts in the following. Our goal is to study to what
extent the physics described by this theory can be captured by a simpler effective
theory of the form

1. -, - 1_,- 1--
Lew = ,0updup + ¢+ Ap'+... (6.10)

where infinitely many higher-dimensional operators have been dropped.?

The main statement concerning the effective description goes as follows. Let us
assume that m < gM and that all couplings are parametrically of similar magnitude,
A ~ Kk ~ g2, and proceed to consider external momenta P < gM. Then the one-
particle-irreducible Green’s functions I',, computed within the effective theory,
reproduce those of the full theory, I',, with a relative error

8 n |fn_Fn| k
. = - <0 , k>0, 6.11
F o (&) (6.11)

=

if the parameters m* and A of Eq. (6.10) are tuned suitably. The number k£ may
depend on the dimensionality of spacetime as well as on n, although a universal
lower bound should exist. This lower bound can furthermore be increased by adding
suitable higher-dimensional operators to Leg; in the limit of infinitely many such
operators the effective description should become exact.

A weaker form of the effective theory statement, although already sufficiently
strong for practical purposes, is that Green’s functions are matched only “on-
shell”, rather than for arbitrary external momenta. This form of the statement is
implemented, for instance, in the so-called non-perturbative Symanzik improvement
program of lattice QCD [3] (for a nice review, see [4]).

It has been fittingly said that the effective theory assertion is almost trivial yet
very difficult to prove. We will not attempt a formal proof here, but rather try to get
an impression on how it arises, by inspecting with some care the 2-point Green’s
function of the light field ¢. In the full theory, at 1-loop level, the inverse of this

The discussion follows closely that in [2].

2If we also wanted to describe gravity with these theories, we could add a “fundamental”
cosmological constant A in Ly, and an “effective” cosmological constant A in Legf.
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(“amputated”) quantity reads

Gl= e + 0+ Q

=P +m*+ 0V 0:m*) + V0 M), (6.12)

where the dashed line represents the light field and the solid one the heavy field,
while the subscripts /, i stand for light and heavy, respectively. The first argument
of the functions H;l), Hzl) is the external momentum; as the notation indicates,
closed bubbles contain no dependence on it.

Within the effective theory, the same computation yields

=P+’ + 00 . (6.13)

The equivalence of all Green’s functions at the on-shell point should imply the
equivalence of pole masses, i.e. the locations of the on-shell points. By matching
Egs. (6.12) and (6.13), we see that this can indeed be achieved provided that

= m? + 1 (0: M?) + O(g*) . (6.14)

Note that within perturbation theory the matching is carried out “order-by-order’:
1:151)(0; m?) is already of 1-loop order, so inside it X and m? can be replaced by A
and m?, respectively, given that the difference between A and A as well as m? and
m? is itself of 1-loop order.

The situation becomes considerably more complicated once we go to the 2-loop
level. To this end, let us analyze various types of graphs that exist in the full theory,
and try to understand how they could be matched onto the simpler contributions
within the effective theory.

First of all, there are graphs involving only light fields,

T o _ (6.15)

These can directly be matched with the corresponding graphs within the effective
theory; as above, the fact that different parameters appear in the propagators (and
vertices) is a higher-order effect.

Second, there are graphs which account for the “insignificant higher-order
effects” that we omitted in the 1-loop matching, but that would play a role once

3
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we go to the 2-loop level:

ot (0; m?)

e mr—m?) a2 (6.16)
i n(”(o m?)
_Q s A=2) ) (6.17)

As indicated here, these two combine to reproduce (a part of) the 1-loop effective
theory expression 1:151) (0; m?) with 2-loop full theory accuracy.
Third, there are graphs only involving heavy fields in the loops:

8 : (6.18)

Obviously we can account for their effects by a 2-loop correction to 7>

Finally, there remain the most complicated graphs: structures involving both
heavy and light fields, in a way that the momenta flowing through the two sets of
lines do not get factorized:

@ - o (6.19)

Naively, the representation on the right-hand side might suggest that this graph
is simply part of the correction (A — A)BH;” (0;m?)/0A, just like the graph in
Eq. (6.17). This, however, is not the case, because the substructure appearing,

j@: , (6.20)
is momentum-dependent, unlike the effective vertex A

Nevertheless, it should be possible to split Eq. (6.19) into two parts, pictorially
represented by

SO = 0T+ e (6.21)
- _‘_‘:’_'— - H
I
s 02 (Phmd M) =102 (Pm? M) + 02 (Phm? M?) . (6.22)
~(
The first part 1'[( ) is, by definition, characterized by the fact that it depends non-
analytically on the mass parameter m? of the light field; therefore the internal ¢ field
is soft in this part, i.e. gets a contribution from momenta Q ~ m. In this situation, the
momentum dependence of Eq. (6.20) is of subleading importance. In other words,
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this part of the graph does contribute simply to (A — A)E)H;l)(O; m?)/dA, as we
naively expected.

The second part I1? is, by definition, analytic in the mass parameter m?. We
associate this with a situation where the internal ¢ is hard: even though its mass
is small, it can have a large internal momentum Q ~ M, transmitted to it through
interactions with the heavy modes. In this situation, the momentum dependence of
Eq. (6.20) plays an essential role. At the same time, the fact that all internal momenta
are hard, permits for a Taylor expansion in the small external momentum:

~ ~ 0 -~
Mg (P2’ M%) = L0 0o M)+ P T, (00 M)
N 9 7? c2 2
)P oy Mo G M) 4 (623)

The first term here represents a 2-loop correction to 2, just like the graph in
Eq. (6.18), whereas the second term can be compensated for by a change of the
normalization of the field ¢. Finally, the further terms have the appearance of
higher-order (derivative) operators, truncated from the structure shown explicitly
in Eq. (6.10). Comparing with the leading kinetic term, the magnitude of the third
term is very small,

¢ (9%

o g (6.24)
for P < gM, justifying the truncation of the effective action up to a certain relative
accuracy. The structures in Eq. (6.23) are collectively denoted by the 2-point “blob”
in Eq. (6.21).

To summarize, we see that the explicit construction of an effective field theory
becomes subtle at higher loop orders. Another illuminating example of the diffi-
culties met with “mixed graphs” is given around Eq. (6.45) below. Nevertheless, we
may formulate the following practical recipe for the effective field theory description
of a Euclidean theory with a scale hierarchy:

(1) Identify the “light” or “soft” degrees of freedom, i.e. the ones that are IR-
sensitive.

(2) Write down the most general Lagrangian for them, respecting all the symmetries
of the system, and including local operators of arbitrary order.

(3) The parameters of this Lagrangian can be determined by matching:

* Compute the same observable in the full and effective theories, applying the
same UV-regularization and IR-cutoff.

* Subtract the results.

e The IR-cutoff should now disappear, and the result of the subtraction be
analytic in P?. This allows for a matching of the parameters and field
normalizations of the effective theory.
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 If the IR-cutoff does not disappear, the degrees of freedom, or the form of
the effective theory, have not been correctly identified.

(4) Truncate the effective theory by dropping higher-dimensional operators sup-
pressed by 1/M*, which can only give a relative contribution of order

N (A”;)k ~ gt (6.25)

where the dimensionless coefficient g parametrizes the scale hierarchy.

6.2 Dimensionally Reduced Effective Field Theory
for Hot QCD

We now apply the effective theory recipe to the problem outlined at the beginning
of Sect. 6.1, i.e. accounting for the soft contributions to the free energy density of
thermal QCD. In this process, we follow the numbering introduced at the end of
Sect. 6.1.

(1) Identification of the soft degrees of freedom. As discussed earlier, the soft
degrees of freedom in perturbative Euclidean thermal field theory are the
bosonic Matsubara zero modes. Since they do not depend on the coordinate
7, they live in d = 3 — 2¢ spatial dimensions; for this reason, the construction
of the effective theory is in this context called high-temperature dimensional
reduction [5, 6]. For simplicity, we concentrate on the dimensional reduction of
QCD in the present section, but within perturbation theory the same procedure
can also be (and indeed has been) applied to the full Standard Model [7], as well
as many extensions thereof.

(2) Symmetries. Since the heat bath breaks Lorentz invariance, the time direction
and the space directions are not interchangeable. Therefore, the spacetime
symmetries of the effective theory are merely invariances in spatial rotations
and translations.

In addition, the full theory possesses a number of discrete symmetries:
QCD is invariant in C, P and T separately. The effective theory inherits these
symmetries, and it turns out that Legr is symmetric in Ay — —Ao, where the
low-energy fields are denoted by A (the symmetry Ay — —A, is absent if the
C symmetry of QCD is broken by couphng the quarks to a chemical potential).

Finally, consider the gauge symmetry from Eq. (5.5):

A =UA, U + an U! (6.26)
nw = " g 1z : :
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Since we now restrict to static (i.e. T-independent) fields, U should not depend
on 7, either, and the effective theory should be invariant under

A =UAU™ + 'vaU, 6.27)
g
Ay = UA U . (6.28)

In other words, the spatial components A; remain gauge fields, whereas the tem-
poral component Ay has turned into a scalar field in the adjoint representation
(cf. Eq.(5.9)).

With these ingredients, we can postulate the general form of the effective
Lagrangian. It is illuminating to start by simply writing down the contribution
of the soft degrees of freedom to the full Yang-Mills Lagrangian, Eq. (5.34).
Noting from Eq. (5.32), viz.

F& =0 A — DAL (6.29)

that in the static case F§, = DA}, we end up with

1 1
Ly = FiFj+ 2(thAg)(D;'ng) ) (6.30)

4

At this point, it is convenient to note that
T*DPA) = 0A, + gf*“"TASAL = 0:A, — iglAi, Ag] = [Di,Ay),  (6.31)

where D; = 0; — igA, is the covariant derivative in the fundamental represen-
tation. Thereby we obtain as the “tree-level” terms of our effective theory the
structure

0 1 rara N A N, A
LYy = 4F,-,-F,;,~ + Tr{[Di, Ayl[Di, Ayl} » (6.32)
where we have now replaced A;, — A "

Next, we complete the tree-level structure by adding all mass and interaction
terms allowed by symmetries. In this process, it is useful to proceed in order of
increasing dimensionality, whereby we obtain in the three lowest orders:

dim=2: Tr[A}]; (6.33)
dim=4: Tr[A]], (Tr[A])*; (6.34)
dim=6: Tr{[D;, Fj][Di, Fyl} »- .. - (6.35)

In the last case, we have only shown one example operator, while many others
are listed in [8]. Note also that for N. = 2 and 3, there exists a linear relation
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between the two operators of dimensionality 4, but from N, = 4 onwards they
are fully independent.
Combining Egs. (6.32)—(6.34), we can write the effective action in the form

11 - o
Sa = 1 [ 4 FOFE+ T Dn AL A + T R
X

FAD(Te[A2])? + AOTe[Ag] + .5 (6.36)

The prefactor 1/T, appearing like in classical statistical physics, comes from
the integration foﬂ drz, since none of the soft fields depend on t. This theory
is referred to as EQCD, for “Electrostatic QCD”. Note that in the presence of
a finite chemical potential, cf. Sect. 7, charge conjugation symmetry is broken
and the additional operator iy Tr [Ag] appears in the effective action [9].

Matching. If we restrict to 1-loop order, then the matching of the parameters
in Eq. (6.36) is rather simple, as explained around Eq. (6.14): we just need to
compute Green’s functions for the soft fields with vanishing external momenta,
with the heavy modes appearing in the internal propagators. For the parameter
im?, this is furthermore precisely the computation that we carried out in Sect. 5.3,
so the result can be directly read off from Eq. (5.102):

N. N
m’ = g2T2( ; T 6f) + O(g*1?) . (6.37)

The parameters AW, 1@ can, in turn, be obtained by considering 4-point
functions with soft modes of A, on the external legs, and non-zero Matsubara

modes in the loop:

\ ’ \ e .~ e \.,»""‘"n._/ .~ e
{:::}+{:::}+{::}+ j+©. (6.38)
’ v ’ A e A e "'~.>.v"~\ . A

These graphs are clearly of O(g*) and, using the same notation as in Eq. (5.102),
the actual values of the two parameters read [10, 11]

_ 4 _ 4
= 43;2 +0% . A9= 5 (No-Np+O0@. (6.39)

T 12x2

The gauge coupling g appearing in D; and F i 1s of the form g’ = g*+0(g* and
needs to be matched as well [12, 13]. If there are non-zero chemical potentials
Wi in the problem, the same is true for y = vazfl wig®/(3n?) + O(g>) [9].

Truncation of higher-dimensional operators. The most non-trivial part of
any effective theory construction is the quantitative analysis of the error made,
when operators beyond a given dimensionality are dropped. In other words,
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the challenge is to determine the constant k in Eq. (6.11). We illustrate this by
considering the error made when dropping the operator in Eq. (6.35).

First of all, we need to know the parametric magnitude of the coefficient
with which the neglected operator would enter L, if it were kept. The operator
of Eq. (6.35) could be generated through the momentum dependence of graphs
like

n#0

\\ /I g2 _
{:} ~ L OF (6.40)

where the dashed lines now stand for the spatial components of the gauge
field, A;. If we drop this term, the corresponding Green’s function will not be
computed correctly; however, it still has some value, namely that which would
be obtained within the effective theory via the graph

A()
. 2 2 1 T . -
2 )2 ay2
{:} ~ g (0FyT /p iy " (9:F5)* . (6.41)

Here, we have noted that to account for the momentum dependence of the graph,
represented by the derivative 9; in front of F ;j» one needs to Taylor-expand the
integral to the first non-trivial order in external momentum, explaining why
the propagator is raised to power three in Eq. (6.41). An explicit computation
further shows that the coefficient in Eq. (6.41) comes with a negative sign, but
this has no significance for our general discussion.

Next, we note that the value of the Green’s function within the (truncated)
effective theory, Eq. (6.41), is in fact larger than what the contribution of the
omitted operator would have been, cf. Eq. (6.40)! Therefore, the error made
through the omission of Eq. (6.40) is small:

st g’ m\d 4
P NngzTN(T) ~E (6.42)

In other words, for the Green’s function considered and the dimensionally
reduced effective theory of hot QCD truncated beyond dimension 4, we can
expect that the relative accuracy exponent of Eq. (6.11) takes the value k = 3
[14].

Having now completed the construction of the effective theory of Eq. (6.36), we
can take a further step: the field Ao is massive, and can thus be integrated out, should
we wish to study distance scales longer than 1/m. Thereby we arrive at an even
simpler effective theory,

1 1 :Cl :Cl
Sl = T/X{4FiiFii+...} , (6.43)

referred to as MQCD, for “Magnetostatic QCD”. It is important to realize that this
theory, i.e. three-dimensional Yang-Mills theory (up to higher-order operators such
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as the one in Eq. (6.35)), only has one parameter, the gauge coupling. Furthermore,
if the fields A;‘ are rescaled by an appropriate power of 7'/2, A_j‘ — A;‘Tl/ 2, then the
coefficient 1/7 in Eq. (6.43) disappears. The coupling constant squared that appears
afterwards is g7, and this is the only scale in the system. Therefore all dimensionful
quantities (correlation lengths, string tension, free energy density, ...) must be
proportional to an appropriate power of g>T, with a non-perturbative coefficient.
This is the essence of the non-perturbative physics pointed out by Linde [1].3

The implication of the above setup for the properties of the weak-coupling
expansion is the following. Consider a generic observable O, with an expectation
value of the form

(O) ~g"T"[I +ag +..]. (6.44)

There are now four distinct possibilities:

(i) r is even, and « is determined by the heavy scale ~ =T and is purely
perturbative. This is the case for instance for the leading correction to the free
energy density f(T), cf. Eq.(5.118).

(i1) ris odd, and « is determined by the intermediate scale ~ g7, being still purely
perturbative. This is the case for the next-to-leading order corrections to many
real-time quantities in thermal QCD, for instance to the heavy quark diffusion
coefficient [17].

(iii) m 4+ r is even, and « is non-perturbatively determined by the soft scale
~ g’T/m. This is the case e.g. for the next-to-leading order correction to
the physical Debye screening length [8, 9] and for one of the subleading
corrections to f(7) in a non-Abelian plasma [1, 18].

(iv) r > k, and « can only be determined correctly by adding higher-dimensional
operators to the effective theory.

A few final remarks are in order:

* We have seen that the omission of higher-order operators in the construction of an
effective theory usually leads to a small error, since the same Green’s function is
produced with a larger coefficient within it. It could happen, however, that there
is some approximate symmetry in the full theory, which becomes exact within the
effective theory, if we truncate its derivation to a given order. For instance, many
Grand Unified Theories violate baryon minus lepton number (B — L), whereas in
the classic Standard Model this is an exact symmetry, to be broken only by some
higher-dimensional operator [19, 20]. Therefore, if such a Grand Unified Theory

3In contrast, topological configurations such as instantons, which play an important role for
certain non-perturbative phenomena in vacuum, only play a minor role at finite temperatures [15],
save for special observables where the anomalous U, (1) breaking dominates the signal (cf. [16]
and references therein). The reason is that the Euclidean topological susceptibility (measuring
topological “activity”) vanishes to all orders in perturbation theory, and is numerically small.
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represented a true description of Nature and we considered B — L violation within
the classic Standard Model, we would make an infinitely large relative error.
There are several reasons why effective theories constitute a useful framework.
First of all, they allow us to justify and extend resummations such as those
discussed in Sect.3.4 systematically to higher orders in the weak-coupling
expansion. As mentioned below Egs.(3.93) and (5.118), this has led to the
determination of many subsequent terms in the weak-coupling series. Second,
effective theories permit for a simple non-perturbative study of the infrared sector
affected by the Linde problem; examples are provided by [9, 18, 21, 22], and
further ones will be encountered below.

When proceeding to higher orders in the matching computations, they are often
most conveniently formulated in the so-called background field gauge [23], rather
than in the covariant gauge of Eq. (5.40), cf. e.g. [24].

Appendix: Subtleties Related to the Low-Energy Expansion

Let us consider the full theory
1 I 5, 1 | P | 3
Ly = 28,L¢ 8,L¢ + 2m ¢+ 28MH3MH+ 2M H” + 6)/H¢ . (6.45)

For simplicity (more precisely, in order to avoid ultraviolet divergences), we assume
that the dimensionality of spacetime is 3, i.e. d = 2 — 2¢ in our standard notation,
and moreover work at zero temperature, like in Sect. 6.1. We then take the following
steps:

(i) Integrating out H in order to construct an effective theory, we compute the

graph
S e ST (6.46)

After Taylor-expanding the result in external momenta, we write down all the
corresponding operators. B

(i) We focus on the 4-point function of the ¢ field at vanishing external momenta,
and determine the contributions of the operators computed in step (i) to this
Green’s function.

(iii) Finally we consider directly the full theory graph

U (6.47)
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at vanishing external momenta. Comparing with the Taylor-expanded result
obtained from step (ii), we demonstrate how a “careless” Taylor expansion can
lead to wrong results.

The construction of the effective theory proceeds essentially as in Eq.(3.12),
except that only the H-field is now integrated out. We get from here

1 2
Seff ~ (_ZSI >H,c

_ v :
=1, | peosmuenm,

B y2 s S PP (X=Y)
=0, | s [

o

y’ v [on (D'
:_72£y¢%m¢00AeP“Y{§: M2y }

n=0
R PO L Ul S
—nLymm%;WMJMIQ

_ Y[y vy
T2 /)(;¢3(X) (M2))(n+l ¢*(X) . (6.48)

where an expansion was carried out assuming P> < M?, and partial integrations
were performed at the last step.

Using Eq. (6.48), we can extract the corresponding contribution to the 4-point
function at vanishing momenta:

(#0403 OO )
2 ~ ~ ~ ~ ~ ~
=1 (#033030) | 5EPIGP)... (P
P] ..... P6
N [~ (P4 + Ps + Pg)?]"
XZ 4(M2)5n+1 ‘
n=0
]/2
:72x6x(2x3x2+3x4x2) 3(X:P))

» i [—(Ps + Ps + Pg)?]"

2\n+1
n=0 (M )”
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x(0)P(P1))o ((0)B(P2)) ((0)P(P5))g ($(0)p(Ps))o (P(P3)b(Pa)),

3(0) 1 X (=P
= 3y? S 6.49
4 (%2)4 Py P% + ﬁ,lZ ;) (MZ)n-H ( )

where we denoted by /7 the mass of the effective-theory field ¢ and by qg its Fourier
representation. Furthermore we noted that the result vanishes unless the fields <;~S(Pi)
are contracted so that one of the momenta P4, P5; and Ps remains an integration
variable. The integrals appearing in the result can be carried out in dimensional
regularization; for instance, the two leading terms read

1 1 1 (
n=0: / = (=", (6.50)
M? Jp, P34+ m2 M2\ 4n

X 1 / p? ﬁ12/ 1 1w 651)
n = . - - = = — s .
M* Jp, P3+m2  M* Jp, P3+m? M* 4

where we made use of Eq.(2.86) and of the vanishing of scale-free integrals in
dimensional regularization. We note that the terms get smaller with increasing n,
apparently justifying a posteriori the Taylor expansion we carried out above.

Let us finally carry out the integral corresponding to Eq.(6.47) exactly. The
contractions remain as above, and we simply need to replace the integral in
Eq. (6.49) by

1 1 1 1 1
L%+W%+W_IMFJA%+W_%+W}

1 (=1 _
- Mz—ﬁ12(47r)(m_M)
1
4 (M + i)
-3

_ L (omy e om (6.52)
T AxM M M2 M) ‘

Comparing Egs. (6.50) and (6.51) with Eq. (6.52), we note that by carrying out the
Taylor expansion, i.e. the naive matching of the effective theory parameters, we
missed the leading contribution in Eq. (6.52). The largest term we found, Eq. (6.50),
is only next-to-leading in Eq. (6.52). It furthermore appears that we missed all even
powers of m in the sum of Eq. (6.52).

The reason for the problem encountered is the same as in Eq. (6.21): it again has
to be taken into account that the light fields ¢ can also carry large momenta P3 ~ M,
in which case a Taylor expansion of 1/(P3 + M?) is not justified. Rather, we have
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to view Eq. (6.47) in analogy with Eq. (6.21),

U = 0 + el (6.53)

where the first term corresponds to a naive replacement of Eq.(6.46) by a
momentum-independent 6-point vertex, and the second term to a contribution
from hard ¢-modes to an effective 4-point vertex. In accordance with our discussion
around Eq. (6.21), we see that the result of Eq. (6.50) (and more generally Eq. (6.49))
is indeed non-analytic in the parameter /n?, whereas the supplementary terms in
Eq. (6.52) that the naive Taylor expansion missed are analytic in it.
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Chapter 7
Finite Density

Abstract The concept of a system at a finite density or, equivalently, at a finite
chemical potential, is introduced. Considering first a complex scalar field, an
imaginary-time path integral representation is derived for the partition function.
The evaluation of the partition function reveals infrared problems, which are this
time related to the phenomenon of Bose-Einstein condensation. A generic tool
applicable to any scalar field theory, called the effective potential, is introduced in
order to handle this situation. Subsequently the case of a Dirac fermion at a finite
chemical potential is discussed. The concept of a susceptibility is introduced. The
quark number susceptibility in QCD is evaluated up to second order in the gauge
coupling.

Keywords Noether’s theorem ¢ Global symmetry ¢ Bose-Einstein condensa-
tion ¢ Condensate ¢ Constrained effective potential  Susceptibility

7.1 Complex Scalar Field and Effective Potential

Let us consider a system which possesses some conserved global charge, 0. We
assume the conserved charge to be additive, i.e. the charge can in principle have any
(integer) value. Physical examples of possible Q’s include:

e The baryon number B and the lepton number L. (In fact, within the classic Stan-
dard Model, the combination B + L is not conserved because of an anomaly [1],
so that strictly speaking only the linear combination B— L is conserved; however,
the rate of B 4 L violation is exponentially small at 7 < 160 GeV [2], so in this
regime we can treat both B and L as separate conserved quantities.)

» If weak interactions are switched off (i.e., if we inspect phenomena at tempera-
tures well below 50 GeV, time scales well shorter than 1071 s, or distances well
below 1cm within the collision region of a particle experiment), then flavour
quantum numbers such as the strangeness S are conserved. One prominent
example of this is QCD thermodynamics, where one typically considers the
chemical potentials of all quark flavors to be independent parameters.

* In non-relativistic field theories, the particle number N is conserved.
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132 7 Finite Density

* In some supersymmetric theories, there is a quantity called the R-charge which
is conserved. (However this is normally a multiplicative rather than an additive
charge. As discussed below, this leads to a qualitatively different behaviour.)

The case of a conserved Q turns out to be analogous to the case of gauge fields,
treated in Sect. 5; indeed the introduction of a chemical potential, , as a conjugate
variable to Q, is closely related to the introduction of the gauge field A, that was
needed for imposing the Gauss law, “Q = 0”. However, in contrast to that situation,
we work in a grand canonical ensemble in the following, so that the quantum
mechanical partition function is of the type

Z(T,u) = Tr [e_ﬂ(ﬁ_"@] . (7.1)

In Sect. 5 the projection operator § .0 Was effectively imposed as

T dO s
855 = /ﬂzne"Q, (7.2)

where 6 o« A, and we assumed the eigenvalues of 0 to be integers. Comparing
Egs. (7.1) and (7.2), a chemical potential is seen to correspond, roughly speaking, to
a constant purely imaginary Euclidean gauge field A,,.

Now, let us go back to classical field theory for a moment, and recall that if the
system possesses a global U(1) symmetry, then there exists, according to Noether’s
theorem, a conserved current, 7. The integral of the zero component of the current,
i.e. the charge density, over the spatial volume, defines the conserved charge,

0 = /Jo(t,x). (7.3)

Conversely, one can expect that a system which does have a conserved global charge
should also display a global U(1) symmetry in its field-theoretic description. Usually
this is indeed the case, and we restrict to these situations in the following. (One
notable exception is free field theory where, due to a lack of interactions, particle
number is conserved even without a global symmetry. Another is that a discrete
symmetry, ¢ — —¢, may also lead to the concept of a generalized “parity”, which
acts as a multiplicative quantum number, with possible values £1; however, in this
case no non-trivial charge density p = (Q) /V can be defined in the thermodynamic
limit.)

As the simplest example of a system with an additive conserved charge and a
global U(1) symmetry, consider a complex scalar field. The classical Lagrangian of
a complex scalar field reads

Ly =0"9"0,0—V(9). (7.4)
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where the potential has the form

V(g) = m’p"¢ + A(¢"9)" . (7.5)
The system is invariant in the (position-independent) phase transformation

b= ey Pt ep* (7.6)
where o € R. The corresponding Noether current can be defined as

L, 8¢ 9L, S

T = gme) sa T d@me™) Sa
=—0,0" ip + 3P ip*
= —i[(0,9")p — $*0,¢] = —2Im[p" 0, 4] . (7.7)

The overall sign (i.e., what we call particles and antiparticles) is a matter of
convention; we could equally well have defined the global symmetry through
¢ — P, ¢* — e “¢*, and then 7, would have the opposite sign.

The first task, as always, is to write down a path integral expression for the
partition function, Eq.(7.1). Subsequently, we may try to evaluate the partition
function, in order to see what kind of phenomena take place in this system.

In order to write down the path integral, we start from the known expression of Z
of a real scalar field ¢; without a chemical potential, i.e. the generalization to field
theory of Eq. (1.33):

B
Zoc/ D¢1/Dm eXP{—/ d7/|:17712—iﬁ13r¢1+ 1(3i¢1)2+V(¢1)}} .
periodic 0 xL2 2 (7.8)

where 7y = 0¢; /0t (cf. the discussion in Sect.2.1). Here the combination énlz +
;(a,-¢>1)2 + V(¢,) is nothing but the classical Hamiltonian density, H (7, ¢).
In order to make use of Eq.(7.8), let us rewrite the complex scalar field ¢ as

¢ = ($1 + i2)/~/2, ¢ € R. Then

o 1 m 1 m * 1 2 2

9 0. = 23 $10,p1 + 23 20,2, TP = 2(¢1 +93) (7.9)
and the classical Hamiltonian density reads

H = ;[JT12+7T22+(81'¢1)2+(ai¢2)2+m2¢12+m2¢22]+ ik(¢12+¢22)2 ' (7.10)
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For the grand canonicaAl ensemble, we need to add from Egs. (7.3) and (7.7) the
classical version of —uQ to the Hamiltonian, cf. Eq. (7.1):

—po = M/xlm[(fﬁl — i) (0,1 + i8t¢2)]

= /M(ﬂ2¢1 —m@2) . (7.11)

Since the charge can be expressed in terms of the canonical variables, nothing
changes in the derivation of the path integral, and we can simply replace the
Hamiltonian of Eq. (7.8) by the sum of Egs. (7.10) and (7.11).

Finally, we carry out the Gaussian integrals over iy, m5:

9 3 ?
/dm exp{—dDX [;7‘[12 + m (—i 3¢rl — ;upz):“ =C exp{—;an( qul — ipL¢2) } s

(7.12)
2
/dnz exp{—dDX[lnz2 + nz(—ia¢z + Wpl)“ =C exp{—ldp}((aqs2 + ipL¢1) } .
2 at 2 at
(7.13)
Afterwards we go back to the complex notation, writing
1 8¢1 . 2 1 a¢2 . ?
2( 9t —m¢z) + 2( 9t +m¢1)
e 2 ¢, : [, 9¢ 09, I 5 » 2
= 2[( 97 ) + ( 97 ) ]—MX1[¢2 a7 — 1 . }—zu (@7 +¢7)
¢3r¢;t;>*3r¢
= [0 + w110 — gl . (7.14)

In total, then, the path integral representation for the grand canonical partition
function of a complex scalar field reads

p
Z(T.p) =C | D¢ eXP{—/O df/ [(Eh + me*(0: — g

periodic
+0ip™0ip + m’p*p + A(¢*¢)2}} : (7.15)

As anticipated, p appears in a way reminiscent of an imaginary gauge field A,,.
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Let us work out the properties of the free theory in the presence of p. Going
to momentum space with P = (w,, p), the quadratic part of the Euclidean action
becomes

50 = L8 ) (o + i, — 10+ 92 + 025 (P)
P
= i@*(P)cﬁ(P)[(wn +iw)? +p? + mz] . (7.16)
B

We observe that the chemical potential induces a shift of the Matsubara frequencies
by a constant imaginary term [this was the reason for considering the corresponding
sum in Eq. (2.36)]. In particular, the propagator reads

1

(7.17)

whereas the grand canonical free energy density (sometimes referred to as the grand
potential in the literature) is obtained from Egs. (2.44) and (2.49). We just need
to replace ¢ — iu and note that for a complex scalar field, all Fourier modes are
independent, whereby the structures in Egs. (2.44) and (2.49) are to be multiplied
by a factor 2:

f(Tv H) = / %Ep + T[ln(l — e_ﬂ(Ep_M)) + 11’1(1 _ e_ﬁ(E1’+M))]}
p

We may wonder how the existence of u # 0 affects the infrared problem of
finite-temperature field theory, discussed in Sect. 6.1. In Sect. 2.3 we found that the
high-temperature expansion (7' >> m) of Eq. (7.18) at & = 0 has a peculiar structure,
because of a branch cut starting at m*> = 0. From the second term in Eq. (7.18), we
note that this problem has become worse in the presence of 1 > 0: the integrand
is complex-valued if i > m, because then exp(—B(E, — n)) > 1 at small p. In
an interacting theory, thermal corrections generate an effective mass m?2; ~ AT>
[cf. Eq. (3.95)], which postpones the problem to a larger n. Nevertheless, for large
enough p it still exists.

It turns out that there is a physics consequence from this infrared problem: the
existence of Bose-Einstein condensation, to which we now turn.

Ep=o/p2+m? '
(7.18)

Bose-Einstein Condensation

In order to properly treat complex scalar field theory with a chemical potential, two
things need to be realized:
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(1) In contrast to gauge field theory, the infrared problem exists even in the
non-interacting limit. Therefore it cannot be cured by a perturbatively or non-
perturbatively generated effective mass. Rather, it corresponds to a strong
dependence of the properties of the system on the volume, so we should keep
the volume finite to start with.

(i) The chemical potential p is a most useful quantity in theoretical computations,
but it is somewhat “abstract” from a practical point of view; the physical
properties of the system are typically best characterized not by w but by the
intensive variable conjugate to u, i.e. the number density of the conserved
charge. Therefore, rather than trying to give i some specific value, we should
fix the number density.

Motivated by point (i), let us put the system in a periodic box, V = L;L,Ls. The
spatial momenta get discretized like in Eq. (2.9),

=2;r("1 = "3) (7.19)
P L L L) '

with n; € Z. The mode with w, = 0,p = 0 will be called the condensate, and
denoted by ¢. Note that the condensate is a Matsubara zero mode but in addition a
spatial zero mode.

We now rewrite the partition function of Eq. (7.15) as

Z(T, 1) = / oodq'a% D¢’ e—SE[¢=q3+¢’]}

—00 periodic, P#0
o0 _ V -
= / d¢ eXP[—TVeff(¢ ¢)} . (7.20)

Here ¢’ contains all modes with P # 0, and Ve is called the (constrained) effective

potential. The factor V/T is the trivial spacetime integral, foﬁdr fvddx.

Let us write down the effective potential explicitly for very weak interactions,
A & 0. It turns out that the limit A — 0 is subtle, so for the moment we keep A
non-zero in the zero-mode part. From Egs. (7.15) and (7.16) we get

_ 1% o -
Selp =+ 91 = [0 1§76 +2@")]

+§f {%’*(P)%’(P)[(wn +ip)’ +p* + mz] + ou)} . (72D
PF£0

where we made use of the fact that the crossterm between ¢ and ¢’ vanishes, given
that by definition ¢’ has no zero-momentum mode:

B
/ dr/ddxqs’ =0. (7.22)
0 \%4
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The path integral over the latter term in Eq.(7.21) yields then Eq.(7.18); in the
limit of a large volume, the omission of a single mode does not matter (its effect is
o (T/V)In(m?* — u?)). Thereby the effective potential reads

— T — T o 1
V@' @) = (0" = i) "6 + A @) +(Tw +0( . 2) . (1.23)

Physically, the first two terms correspond to the contribution of the particles that
have formed a condensate, whereas the third term represents propagating particle
modes in the plasma.

Now, if we go to the limit of very small temperatures, 7 < m, and assume
furthermore that || < m, which is required in order for Eq. (7.18) to be defined,
then the thermal part of Eq. (7.18) vanishes. (It has a “non-relativistic” limiting value

3
for 4 — m~, which scales as —T4(2?T)2 .) The vacuum contribution to Eq. (7.18)
is on the other hand independent of 7" and p, and can be omitted. Therefore,

Verr(@*) = (m* — n>) ¢*¢ + A (6™ 9)* . (7.24)

The remaining task is to carry out the integral over ¢ in Eq.(7.20). At this
point we need to make contact with the particle number density. From Z =
Tr [exp(—BH + BrQ)] and the definition of Ve in Eq. (7.20), we obtain

(7.25)

() Tomz
P=y

TV o

R zué*éexp[—;veff<qs*q‘>>}

1
N
=
s
*
<

), (7.26)
/4 exp[—;veff@*@}

where (¢*¢) is the expectation value of ¢*¢.

Let us consider a situation where we decrease the temperature, 7 < m, and
attempt simultaneously to keep the particle number density, the left-hand side
of Eq.(7.26), fixed. How should we choose p in this situation? There are three
possibilities:

(i) If || < m, the integrals in Eq. (7.26) can be carried out even for A — 0T. In
fact the result corresponds to the “propagator” of ¢:

li 2ut (7.27)
im p= . .
A—>07F P V(m? — u?)
We note that if 7 — 0, then p — 0. This conflicts with our assumption that
the number density stays constant; therefore this range of p is not physically
relevant for our situation.
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(ii) If || > m, the integrals in Eq. (7.26) are defined only for A > 0. For V — oo
they can be determined by the saddle point approximation:
2 2 2 2
T cxr  MS—m p(p” —m)
Va@d=0 = ¢¢="_"" 5 o= .
(7.28)

We see that for A — 071, we need to send w— m™, in order to keep p finite.

(iii) According to the preceding points, the only possible choice at A = 0% is
|| = m. For p > 0 we need to choose ;& = m. In this limit Eq. (7.26) can be
expressed as

p=2m(¢p*P) (7.29)

which should be thought of as a condition for the field ¢.

Equation (7.29) manifests the phenomenon of Bose-Einstein condensation (at zero
temperature in the free limit): the conserved particle number is converted into a
non-zero scalar condensate.

It is straightforward to include the effects of a finite temperature in these consid-
erations, by starting from Eq. (7.23) so that —d,f (T, ) gives another contribution
to the charge density, and the effects of interactions, by keeping A > 0. These very
interesting developments go beyond the scope of the present lectures (cf. e.g. [3-5]).
On the other hand, the concepts of a condensate and an effective potential will be
met again in later chapters.

7.2 Dirac Fermion with a Finite Chemical Potential

The Lagrangian of a Dirac fermion,

Ly = Vp(iPyp—m8up) . Pup = v" (8450, — igALTip) | (7.30)

possesses a global symmetry,
Yy = e Yy, Y, — Y, (7.31)

in addition to the usual non-Abelian (local) gauge symmetry. Therefore there is a
conserved quantity, and we can consider the behaviour of the system in the presence
of a chemical potential.

The conserved Noether current reads

AL, Sy
= 301y, Sa

= —Yaiyuiva = Vavu¥a . (7.32)

T
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The corresponding charge is Q = fx Jy» and as an operator it commutes with the
Hamiltonian, [I:I , Q] = 0. Therefore, like with scalar field theory, we can treat the
combination H — ,u@ as an “effective” Hamiltonian, and directly write down the
corresponding path integral, by adding

—pnQ=-nu / VaYoWa (7.33)

to the Euclidean action. The path integral thereby reads

_ B _
Z(T.p) = | DYy Dy exp{— /0 dr / VD =y +myl . (134)

antiperiodic

For perturbation theory, let us consider the quadratic part of the Euclidean action.
Going to momentum space with P = (w,, p), we get

SO — i V(P)ivy @n + ivipi — Yot + ml (P) . (7.35)
)

Therefore, just like in Sect. 7.1, the existence of a chemical potential corresponds to
a shift w, — w, + ip of the Matsubara frequencies.

Let us write down the free energy density of a single free Dirac fermion.
Compared with a complex scalar field, there is an overall factor —2 (rather than
—4 like in Eq. (4.52), where we compared with a real scalar field). Otherwise, the
chemical potential appears in identical ways in Eqgs. (7.16) and (7.35), so Eq. (4.55),
o¢(T) = ZGb(g) — o (T), continues to apply. Employing it with Eq. (7.18) we get

-2 / %Ep + T[ln(l — e‘zﬂ(Eﬂ—“’) + ln(l — e‘zﬂ(Epﬂ‘))
P

— ln(l — e—ﬂ(Ep—M)) — ln(l — e—ﬂ(EpﬂA))]}

-2 / %Ep + T[ln(l + e_ﬂ(E”_“)) + ln(l + e—ﬁwﬁw)}} . (7.36)
P

The thermal part of this integral is well-defined for any u; thus fermions do not
suffer from infrared problems with @ # 0, and do not undergo condensation (in the
absence of interactions).

f(T, )
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How About Chemical Potentials for Gauge Symmetries?

It was mentioned after Eq.(7.2) that a chemical potential has some relation to a
gauge field A,. However, in cases like QCD, a chemical potential has no colour
structure (i.e. it is an identity matrix in colour space), whereas A is a traceless
matrix in colour space [cf. Eq.(7.30)]. On the other hand, in QED, A, is not
traceless. In fact, in QED, the gauge symmetry is nothing but a local version of that
in Eq. (7.31). We may therefore ask whether we can associate a chemical potential
to the electric charge of QED, and what is the precise relation of A, and p in this
case.

Let us first recall what happens in such a situation physically. A non-zero
chemical potential in QED corresponds to a system which is charged. Moreover,
if we want to describe it perturbatively with the QED Lagrangian, we had better
choose a system where the charge carriers (particles) are essentially free; such a
system could be a metal or a plasma. In this situation, the free charge carriers
interact repulsively with a long-range force, and hence all the net charge resides on
the surface. In other words, the homogeneous “bulk” of the medium is neutral (i.e.
has no free charge). The charged body as a whole has a non-zero electric potential,
V,)» with respect to the ground.

Let us try to understand how to reproduce this behaviour directly from the
partition function, Eq. (7.34), adapted to QED:

- k 1 - .
Z(T,p) = /b,c_ DA, DYDY exp{ —/0 dr /x |:4F/2w + W()’o(af —ieAy— ) +yiD; +m)(1§;L§75

The usual boundary conditions (“b.c.”) over the time direction are assumed. The
basic claim is that, according to the physical picture above, if we assume the system
to be homogeneous, i.e. consider the “bulk” situation, then the partition function
should not depend on . Indeed this would ensure the neutrality that we expect:

=0. (7.38)

How does this arise?

The key observation is that we should again think of the system in terms of an
effective potential, like in Eq. (7.20). The role of the condensate is now given to the
field A; let us denote it by ;\0. The last integral to be carried out is

[e.]

2= [

—00

_ \% _
dA, exp{ — TVeff(AO)} . (7.39)

Now, we can deduce from Eq. (7.37) that u can only appear in the combination
—ieA, — [, so that Ve(A)) = f(A, — in/e). Moreover, we know from Eq. (6.36)
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that in a large volume and high temperature,
1, _
Verr(Ag) & jmg (Ag = ip/e)’ + O(Ag —in/fe)* , (7.40)

where m2 ~ *T?. (The complete 1-loop Vg could be deduced from Eq.(7.42)
below, simply by substituting u — u© + ieA0 there.) In the infinite-volume limit,
the integral in Eq.(7.39) can be carried out by making use of the saddle point
approximation, like with Bose-Einstein condensation in Eq.(7.28). The saddle
point is located in the complex plane at the position where V/(A,) = 0, i.e. at
Ao = ip/e. The value of the potential at the saddle point, as well as the second
derivative and so also the Gaussian integral around it, are clearly independent of .
This leads to Eq. (7.38).

It is interesting to note that the saddle point lies at a purely imaginary AO.
Recalling the relation of Minkowskian and Euclidean A, from page 88, this
corresponds to a real Minkowskian A. Thus there indeed is a real electric potential
V,, & 4, just as we anticipated on physical grounds.

Appendix 1: Exact Results in the Free Massless Limit

The free energy density of a single Dirac fermion,
F(T, 1) = _2?5 {ln[(wn +ip)? + E2 - const.} , (7.41)
P}
can be computed explicitly for the case m = 0 (i.e. E, = p). We show that,

subtracting the vacuum part, the result is

7 2 T4 2 T2 4
i H H ) (7.42)

Top) = —
ST (180 6 T 12m

We start from Eq. (7.36), subtracting the vacuum term and setting m = 0,d = 3:

A O ) R

rt /0 oodxxz{ln(l + e_“'y) + ln<1 + e—x—}‘)} , (7.43)
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where we set x = p/T and y = /T, and carried out the angular integration.
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A possible trick now is to expand the logarithms in Taylor series,

o

ln(1+z):Z(—l)”+lzn, Il <1. (7.44)

n=1

Assuming y > 0, this is indeed possible with the second term of Eq. (7.43), whereas
in the first term a direct application is not possible, because the series does not
converge for all x. However, if e 17 > 1, we can write 1 41 = ¢ (14-¢"7),
where ¢ < 1. Thereby the Taylor expansion can be written as
el n+1 e n+1
ln(l + ef"ﬂ’) =0(x—y) ,; (_lr)z i e e 4+ 0(y —x)[y —x+ ,; (_lr)z * e’"’efy"i| .
(7.45)

Inserting this into Eq. (7.43), we get

n

T4 y 0 —1)rt! .
f(T, M) — _]Tz {/ dx|:yx2 -3 + Z ( ) x2(exne—yn + e—xne—yn):|
0 n=1

o0

+ /yoodx[r; (—lrzn+1x2(e_meyn + e—xne—yn)i|}

T4 ? 2 3 E (_1)n+l 2( xn_—yn —xn yn
:-nz%/odx[yx —X +nE:l " x(e e M _e ey):|
oo e n+1
G Ry —n — }}
+/ dx|: x (e 4 e e . (7.46)
a0 )

All the x-integrals can be carried out:

y 1 1 1
/ dx (* —x%) = (3 - 4)y4 = 0" (7.47)
0
y 2 2 2 2
/ dee = = +e“y( -4 ) , (7.48)
0 o o o o
o 2 —xn 2
dexe™ = " (7.49)
0

Inserting these into Eq. (7.46) we get

Ty e (=D 2 2 2y ¢
T 1) = — - _ yn _
AT nz% 12 + ; n |:e ( n3 te (n3 n? + n ))
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2 a2 2y Y )
_e}(n3+e}(_n3_n2_n +e}n3+e}n3

Ty e (D)4 22
— , 7.50
n2%12+; |:n3+ n:|} (7.50)
where a remarkable cancellation took place. The sums can be carried out:
o0
(=1t 1 1 1 1 2
2 = = — — R 2 _ 2
12) ; 2 T pptp Tt =@ 0
1 72
= 2) = , 7.51
RIOES @51)
o0
_ (=1t 1 1 1 1 2
n(4) =; T T il L RO
7 7t
= 4) = ) 7.52
RIOESO (7.52)
Inserting into Eq. (7.50), we end up with
T (v 22?2 Trt
faw=-17 704 (7.53)

72|12 6 180 °

which after the substitution y = /T reproduces Eq. (7.42).

Appendix 2: Free Susceptibilities

Important characteristics of dense systems are offered by susceptibilities, which
define fluctuations of the particle number in a grand canonical ensemble. For a Dirac
fermion,

_ o (M= (M\_ . Tz )
X = lim v = VlgréoTBM( v )— lim v =—T&f(T,pn) (7.54)

V—o00 V—o0

(2957 /p 2B, + T[in(1 4+ e#E=0) 4 in(1 4 e FE+0) ]}

1 1
= 2T/paﬂ% BE—) 41 BEAD 4 1}
) PE—) PE+1)
- o L [PE—0 4 1]2 T [eBE+1) 4 1]2
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1 o0
= | et = 0l = ey = 0] + ey + 0l =B+ ]} (755)

In the massless limit, Eq. (7.42) directly gives y; = T; + ’;2 T On the other hand, for

m # 0, u = 0, one gets y, = 2’;? ;'lil(—l)”“Kz(";”), where K is a modified
Bessel function. In the bosonic case of a complex scalar field, Eq. (7.18) similarly

leads to

1 o0
0= | dppz{nB(Ep—u)[l+nB(Ep—m]+nB(Ep+m[1+nB(Ep+u)]5}6.
(7.56)

In this case the massless limit is only relevant at £ = 0 (otherwise the integrand is
singular at p = |pu]), where we obtain x, = T°/3. For m # 0, the susceptibility
at £ = 0 can again be expressed in terms of modified Bessel functions, y, =

LS Ky ().

Appendix 3: Finite Density QCD at Next-to-Leading Order

Extending the description of finite density systems to higher perturbative orders
has become an actively studied topic particularly within QCD. An example is the
susceptibility defined in Eq.(7.54), evaluated at © = 0, and the generalization
thereof to the case of several quark flavours. These quantities probe finite density,
but can nevertheless be compared with lattice QCD simulations that are well under
control only at vanishing chemical potentials. The basic strategy in their evaluation
follows the above leading-order computation in the sense that it is technically easier
to first compute the entire free energy density at finite i, and only afterwards to
take derivatives with respect to w [6]. As a by-product of evaluating susceptibilities
at u = 0, we therefore obtain the behaviour of the pressure at finite density.

At 2-loop order, the pu-dependent part of the QCD free energy density gets
contributions from one single diagram, namely the same as in Eq. (5.116). Like in
Eq.(5.116) it is easy to see that in the limit of massless quarks (an approximation
that significantly simplifies higher-order computations) this diagram can be written

in the form
d—1 1 2
@ =4 ?5 [iﬂ(ﬁ— 02 132Q2} ’ 7
{P}Q

where d, = NC2 — 1, we set Ny = 1 and, in accordance with Eq. (7.35), the fermionic
Matsubara frequencies have been shifted by w, — w, + i = p,. Both terms in this
result clearly factorize into products of 1-loop sum-integrals that (up to the shift of
the fermionic Matsubara frequencies) can be identified as the functions 7(0,7) =
I(0) and 100,T) = iT(O) studied in Sects. 2.3 and 4.2, respectively.
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For completeness, let us next inspect the fermionic sum-integral

1

7(m =0,T,u,a) = (i)Z)a’

(7.58)
()

following a strategy similar to that in Eq. (2.90). In other words we first perform the
3 —2¢ -dimensional integral over the spatial momentum p, and afterwards take care
of the Matsubara sum. Applying the familiar result of Eq. (2.64), we obtain

I T@=-32+e, i 1

Im = 0, T,u, =
( B o) (471_)3/2—5 I'() Pt [((2k+ )T + iM)Z]a—3/2+s

_ y20 —2a+3/2—ep—2atd2e L (@—3/2+¢)
[(w)

x[;(za — 3+ 2, ; - iﬁ) + c(za — 3+ 2, ; + iﬂ)] . (1.59)

where it = p/(2nT) and we have expressed the infinite sums in terms of the
generalized (Hurwitz) zeta-function

=1
l(z,q) = . (7.60)
,; (g+n)

Specializing now to « = 1 and dropping terms of O(¢), we easily get
2 2

] T
m=0T, 1) = — -

0y " gg2 TO©- (7.61)

Plugging this and 7,,(0) = 72 /12 into Eq. (7.57) produces
dg*T* 18u? ot
= 5 O(e) . 7.62
@ 576 |° T ere T erys | TOO (7.62)

From here the next-to-leading order contribution to the quark number susceptibility
can be extracted according to Eq. (7.54),

N. dg
L ) (7.63)

_ 73
Tilp=o =T ( 3 1672

where we have added the appropriate colour factor to the leading-order term.



146 7 Finite Density

References

1. G. 't Hooft, Symmetry breaking through Bell-Jackiw anomalies. Phys. Rev. Lett. 37, 8 (1976)

2. M. D’Onofrio, K. Rummukainen, A. Tranberg, Sphaleron rate in the Minimal Standard Model.
Phys. Rev. Lett. 113, 141602 (2014) [1404.3565]

3. J.I. Kapusta, Bose-Einstein condensation, spontaneous symmetry breaking, and gauge theories.
Phys. Rev. D 24, 426 (1981)

4. H.E. Haber, H.A. Weldon, Finite temperature symmetry breaking as Bose-Einstein condensa-
tion. Phys. Rev. D 25, 502 (1982)

5. K.M. Benson, J. Bernstein, S. Dodelson, Phase structure and the effective potential at fixed
charge. Phys. Rev. D 44, 2480 (1991)

6. A. Vuorinen, The Pressure of QCD at finite temperatures and chemical potentials. Phys. Rev. D
68, 054017 (2003) [hep-ph/0305183]



Chapter 8
Real-Time Observables

Abstract Various real-time correlation functions are defined (Wightman, retarded,
advanced, time-ordered, spectral). Their analytic properties are discussed, and
general relations between them are worked out for the case of a system in thermal
equilibrium. Examples are given for free scalar and fermion fields. A physically
relevant spectral function related to a composite operator is analyzed in detail. The
so-called real-time formalism is introduced, and it is shown how it can be used
to compute the same spectral function that was previously determined with the
imaginary-time formalism. The need for resummations in order to systematically
determine spectral functions in weakly coupled systems is stated. The concept
of Hard Thermal Loops (HTLs), which implement a particular resummation, is
introduced. HTL-resummed gauge field and fermion propagators are derived. The
main plasma physics phenomena that the HTL resummation captures are pointed
out. A warning is issued that although necessary HTL resummation is in general not
sufficient for obtaining a systematic weak-coupling expansion.

Keywords Wick rotation ¢ Time ordering ¢ Heisenberg operator ¢ Wightman
function ¢ Retarded and advanced correlators * Kubo-Martin-Schwinger relation e
Spectral representation * Sum rule ¢ Analytic continuation * Density matrix e
Schwinger-Keldysh formalism ¢ Hard Thermal Loops ¢ Landau damping ¢ Plas-
mon ¢ Plasmino ¢ Dispersion relation

8.1 Different Green’s Functions

We now move to a new class of observables including both a Minkowskian time ¢
and a temperature 7. Examples are production rates of weakly interacting particles
from a thermal plasma; oscillation and damping rates of long-wavelength fields in a
plasma; as well as transport coefficients of a plasma such as its electric and thermal
conductivities and bulk and shear viscosities. We start by developing some aspects
of the general formalism, and return to specific applications later on. Let us stress
that we do remain in thermal equilibrium in the following, even though some of the
results also apply to an off-equilibrium ensemble.

© Springer International Publishing Switzerland 2016 147
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Many observables of interest can be reduced to 2-point correlation functions of
elementary or composite operators. Let us therefore list some common definitions
and relations that apply to such correlation functions [1-4].

We denote Minkowskian spacetime coordinates by X = (t,x') and momenta
by K = (k°, k'), whereas their Euclidean counterparts are denoted by X = (z, x'),

= (ky. k;). Wick rotation is carried out by © <> it, k, <> —ik". Scalar products are
defined as K-X = kot+kx' = k°t—k-x, K-X = k,t+kix' = k,7—k-x. Arguments of
operators denote implicitly whether we are in Minkowskian or Euclidean spacetime.
In particular, Heisenberg-operators are defined as

O@t,x) = ¢ 00,x) e, O(r,x) = " 0(0,x) e " . (8.1)

The thermal ensemble is normally defined by the density matrix p =
z-! exp(—,Bﬁ), even though it is also possible to include a chemical potential,
as will be done in Eq.(8.37). Expectation values of (products of) operators are
defined through (---) = Tr [ (---)].

Bosonic Case

We start by considering operators that are bosonic in nature, i.e. commuting (modulo
possible contact terms). We denote the operators by ¢A>a, ¢A>; These may be either
elementary fields or composite operators built from them. In order to simplify the
notation, functions and their Fourier transforms are to be recognized through the
argument, X vs. K.

We can define various classes of correlation functions. The “physical” (the origin
of this terminology should become clear later on) correlators are defined as

3500 = [ (g d0). 52
300 = [ (G0 dw). 8.3
o) = [ [3.20.30)]). (8.4
21 = [ =X {0, g0} 85)

where 1~ and IT< are called Wightman functions and p the spectral function,
whereas A is sometimes referred to as the statistical correlator. We are implicitly
assuming the presence of an UV regulator so that there are no short-distance
singularities in the Fourier transforms.
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The “retarded”/“advanced” correlators can be defined as

T35 (K)

i e {[a.dio]e). 5.6

00 =i [ ([0, 850 o). 87)

. . .. . .0 P 04 ; 0
Note that since TI¥ involves positive times only, ¢! = g/Rel+ilmk

Rkt o=Imk ¢ exhonentially suppressed for Imk? > 0. Therefore TTR can be
considered an analytic function of k° in the upper half of the complex k’-plane (it
can develop distribution-like singularities at the physical boundary Imk° — 07T).
Similarly, IT4 is an analytic function in the lower half of the complex k°-plane.
These turn out to be strong and useful properties, and do not apply to general
correlation functions.

On the other hand, from the computational point of view one is often faced with
“time-ordered” correlators,

00 = [ 000 +F0d@o0). 68)

which appear in time-dependent perturbation theory at zero temperature, or with the
“Euclidean” correlator

5w = [ (.00 j0). 39

which appears in non-perturbative formulations. Restricting to 0 < t < f, the
Euclidean correlator is also time-ordered, and can be computed with standard
imaginary-time functional integrals. If the correlator is periodic [cf. text below
Eq. (8.10)], then k, is a bosonic Matsubara frequency.

It follows from Eq. (8.1), by using the cyclicity of the trace, that

~ ~ 1 Aaf A A ~ ~
(6o (1=i8.) §}(0.0)) = _Tr [ P13, (1.x)e 71§} (0.0) | = 9} 0. 0) du (2. ).
(8.10)

This is a configuration-space version of the so-called Kubo-Martin-Schwinger
(KMS) relation, which relates H;ﬂ and H;ﬂ to each other, provided that we are

in thermal equilibrium. If we set r — 0 and keep x # 0, then ¢A>a (0,x) and qgg (0,0)
commute with each other. In this case, the KMS relation implies that the integrand
in Eq. (8.9) is a periodic function of r, with periodicity defined in the same sense as
around Eq. (1.41).

It turns out that all of the correlation functions defined can be related to each other
in thermal equilibrium. In particular, all correlators can be expressed in terms of the
spectral function, which in turn can be determined as a certain analytic continuation
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of the Euclidean correlator. In order to show this, we may first insert sets of energy
eigenstates into the definitions of H;ﬂ and H;ﬂ:

1

> _ KX —BH+iA! 2 —iAt oF
M2, (K) = Z/X e Tr[e 1 u(0,x)e 1 ¢ﬁ(o,0)]
S m) (] 5, In) fnl
= L2 [ XA ] 0.301n) (11 0.0
Z m.n X ﬁ
_ bk —BEp 0 - o
= 5 [T 2 = B 001 010,00
8.11)

M5, (K) = ; /X KXy [e—ﬂﬁ 1_$}0.0) 1 y(0,%) e—“‘?f]

22 In) (nl 2 lm) Gl

= 213 Z /X ei/C'Xe(_ﬂ_it)En eitEm (n|q§g (0’ 0) |m> (m|$a (0, X) |I’l)

1 . ~ ~
= L [T 2 50 + By — Bk 0,01} (416 0.0)m)
' " E, =;,:+k"

= Pz (K) (8.12)
This is a Fourier-space version of the KMS relation. Consequently
1 1 0
Pap(K) = (Mg (K) = Mg (K)] = Z(eﬂk — DI g(K) (8.13)

and, conversely,

M55 (K) = 2n,(k°) pop () (8.14)
ﬁko

M0 =2 00 pap(K) = 20+ m (] pep(K) . (815
e — 1

where 1, (k°) = 1/[exp(Bk®) — 1] is the Bose distribution. Moreover,
1
Ay (K) = 2[1'[0},(/@ + H;ﬂ(IC)] = [1+ ZnB(kO)] Pap(K) . (8.16)

Note that 1 + 2n5(—k") = —[1 + 2n,(k°)], so that if p is odd in K — —KC, then A
is even.
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Inserting the representation

°°da) e—ia)t
(1) = i 8.17
@ l/_oo27ta)+i0+ @17

into the definitions of TTX, TT4, in which the commutator is represented as an inverse
transformation of Eq. (8.4), we obtain

M5, (K) =i /X e 20(r) / e pos (P)

0 z(ko—p —w)t
=-2{dt 0k
uf & [

dp® 278(k° — p° — w) 0
-2 o Kk
/ / w +i0t Pap (P K)

ood o O,k
:/ p Opﬂ((l)7 .)+ ’ (8.18)
oo T PV —KkY—1i0
and similarly
*dp®  pup(p". k)
A _ o\ D"
s (K) = /_oo T p0— k04 0+ (8.19)

Note that these can be considered to be limiting values from the upper half-plane

for TR (since it is the combination k° + 0 that appears in the kernel) and from the

lower half-plane for IT* (since it is the combination k” — i0T that appears).
Making use of

1

1
P ]P(A) T ind(A) (8.20)

and assuming that p,g is real, we find
Im 155 (K) = pop(K) . ImTI5(K) = —pap(K) (8.21)
Furthermore, the real parts of ITX and I1* agree, so that —i[Hsﬂ - Héﬂ] = 2p0u8.

Moving on to Hgﬂ and making use of Eqgs.(8.14) and (8.15) as well as of
Eq. (8.17), we find

00 = [ @ [ ™ 60267 n(p) + 06200 i (P)

I(ko—[) —w P ei(ko—po—‘rw)t 0 0
=2 [dt P Jk
z/ / f [w+lo+e t ot iot ]na(p)paﬁ(p )
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_ 2i/ /dp [2718(k0—p —w) A 4 278(k° — p° + w)

0 0
wp (P, K
o + i+ o + i+ ]ns(p 1048 )

Cfdp° e 1 0 0
_’/ ™ [ko—p0+i0+ T 0= po—jot [P IPas (PR

_ / © dp®  ipup(p’.K)
—oo T KO—pO+i0t

=i, (K) + T3 (K) . (8.22)

+ 20 (K K (K°)

where in the penultimate step we inserted the identity n,(p°)ef?" = 1 + ny(p?)
as well as Eq.(8.20). Note that Eq. (8.22) can be obtained also directly from the
definitions in Egs. (8.3), (8.6) and (8.8), by inserting 1 = 6(¢) + 6(—1) into Eq. (8.3).
It can similarly be seen that Hgﬂ = —il'[;‘ﬁ + H;ﬂ.

We note that both sums on the second row of Eq.(8.11) are exponentially
convergent for 0 < it < fB. Therefore we can formally relate the two functions

(6(0) 9} () and (B.() $}(0)) (8.23)

by a direct analytic continuation t — —it, or it — 7, with 0 < t < . Thereby

i = [ [ errmge)|

B ) ® 4 0
[aees [~ crmino
T

—00

B 0 2687’
_ ikt p ' e 0
- /odte / 27 ey PPN

/oo dpo Pa ﬂ([?o k) I:e(iku—Po)fi|/3

7 1 —e B | ik, —p°
» ;k" / dk° Pap (ko,k)
oo T KO —ik,

0

8 8

dp° pup (p°. k) P’ — 1
o T 1 —e B ik, — p°

, (8.24)

where we inserted Eq.(8.15) for T17(K), and changed orders of integration. This
relation is called the spectral representation of the Euclidean correlator.
It is useful to note that Eq. (8.24) implies the existence of a simple “sum rule”:

/OO dko paﬂ(koa k)

0
o0 T Kk

= / de Ey(z.K) . (8.25)
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Here we set k, = 0 and used the definition in Eq.(8.9) on the left-hand side
of Eq.(8.24). The usefulness of the sum rule is that it relates integrals over
Minkowskian and Euclidean correlators to each other. (Of course, we have implic-
itly assumed that both sides are integrable which, as already alluded to, necessitates
a suitable ultraviolet regularization in the spatial directions.)

Finally, the spectral representation in Eq. (8.24) can be inverted by making use
of Eq. (8.20),

1
Pup () = 5 Disc [T} (k, — —ik". k) (8.26)
1
e 0 ot E (110 _ ot
= zi[naﬂ( i[K° + 07, K) — 15, (—ilk° — i0 ],k)]. (8.27)
Furthermore, a comparison of Egs. (8.18) and (8.24) shows that
N5, () = NZ, (ke — —ilk® + 0], k) . (8.28)

This last relation, which can be justified also through a more rigorous mathematical
analysis [5], captures the essence of the analytic continuation from the imaginary-
time (Matsubara) formalism to physical Minkowskian spacetime.

In the context of the spectral representation, Eq. (8.24), it will often be useful to
note from Eq. (1.70), viz.

eiw,,t nB(w) B—1)w 110}
Tzw3+w2 =" [e te ] (8.29)

Wy

that, for 0 < 7 < f,

1 iw, T iw”+k0 i, T
Tzko_iwne ZTZw2+(k0)2e

Wp Wp
eiwn T

w2 + (k0)?

@ +KTY

kO
_ nBz(ko) [(_ko + ko)e(ﬂ—t)ko + (ko + kO)etkO:I

= ny(K)e™" . (8.30)

This relation turns out to be valid both for k° < 0 and k° > 0 [to show this, substitute
w, — —w, and use Eq. (8.31)]. We also note that, again for 0 < 7 < 3,

1 —iw, T 1 iw,,(ﬂ—r) 0 (ﬂ—r)ko
TZ K i, = T;ko_iwne = ny(k%)e . (831

Wp
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In particular, taking the inverse Fourier transform (T an e~*7) from the left-hand
side of Eq. (8.24), and employing Eq. (8.31), we get the relation

| i)

oodkO
_ / P (1) 1 (KO) e B
oo T
. B
[ [0+ sinh[ (3 )]
0o 2 sinh(gko)

B 0

ko,k _ —ko,k COSl’lI:(2 — ‘L')k :I

+ paﬁ( ) paﬁ( ) ’ (8.32)
2 sinh( 4 40)

where we symmetrized and anti-symmetrized the “kernel” nB(kO)e(ﬂ_T)k0 with
respect to k°. Normally (when ¢, and qb; are identical) the spectral function

is antisymmetric in X — —k°, and only the second term on the last line of
Eq. (8.32) contributes. Thereby we obtain a useful identity: if the left-hand side of
Eq. (8.32) can be measured non-perturbatively on a Euclidean lattice with Monte
Carlo simulations as a function of t, then an “inversion” of Eq. (8.32) could lead to
a non-perturbative estimate of the Minkowskian spectral function. Issues related to
this inversion are discussed in [6].

Example: Free Boson

Let us illustrate the relations obtained with the example of a free propagator in scalar
field theory:

1 1 1 1
Mne(K) = = , 8.33
& k2 + E} ZEk(ikn—l-Ek * —ikn+Ek) (839

where E; = /k* + m2. According to Eq. (8.28),

1
—(kO 4+ i0%)? + E}
1
K? —m? + isign(k9)0+

A (K) =

_ 1 i 0o 0
- ((ko)2 —E,%) * o, 660 —E0 -6+ E0 ], 8.34)
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and according to Eq. (8.21),
b4
K) = Sk —E) —8(° + Ep) | . 8.35
P = [84° — B0 — 5 + o) (8.35)

Finally, according to Egs. (8.14) and (8.22),

+ 78 — EQ[1 +20,(6)]

T _ i
k) =F ((kO)Z—E,%) 26,

8K + E)[1 + 2n,(6")]}

-F ((kO)zi— E2) + g[S = B + 8 + B0 |[1 4 2ma(K7D)]
k

P ((ko)zi_ E2) + 7r8<(k0)2 — E,f)[l + 2, (K]
k

i
S A (o
k
i
= 22 4 0+ T 2TOE =) (K7D (8.36)

where in the second step we made use of the identity 14+2n,(—Ey) = —[142n;(Ey)].

It is useful to note that Eq.(8.36) is closely related to Eq.(2.34). However,
Eq. (2.34) is true in general, whereas Eq. (8.36) was derived for the special case of
a free propagator; thus it is not always true that thermal effects can be obtained by
simply replacing the zero-temperature time-ordered propagator by Eq. (8.36), even
if surprisingly often such a simple recipe does function. We return to a discussion
of this point in Sect. 8.3.

Fermionic Case

Let us next consider 2-point correlation functions built out of fermionic opera-
tors [1-4]. In contrast to the bosonic case, we take for generality the density matrix
to be of the form

.1 A A
p= 5 exp[—B(H — Q)] . (8.37)

where O is an operator commuting with H and W is the associated chemical
potential.

We denote the operators appearing in the 2-point functions by }a, ]_'5. They could
be elementary field operators, in which case the indices «, 8 label Dirac and/or
flavour components, but they could also be composite operators consisting of a
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product of elementary field operators. Nevertheless, we assume the validity of the
relation

o (1.%). O] = Ju 1. %) . (8.38)

To motivate this, note that for }a = 1%, ]:',3 = 1;5, the canonical commutation
relation of Eq. (4.33),

Vo0, ), P56, y)} = 6 (x = y)5up . (8.39)

and the expression for the conserved charge in Eq. (7.33),
0= [ dwi = [ . (5.40
X X
as well as the identity [A, BC] = ABC — BCA = ABC + BAC — BAC — BCA =

{A, é}é—é{AA, C}, indicate that Eq. (8.38) is indeed satisfied for 1%. Equation (8.38)
implies that

o0 o

" 1 . 1 .
MOa(tx) =Y (B (Qutx) = 3 (B a(x)(Q ~ 1)
n=0"" n=0
= Ju(t, x)eP1Ce P (8.41)

and consequently that

(ot = iB.%) j5(0.0)) = _Tr[ePA10e (1, x)e= 4 (0,0)

1
Z
;Tr [t 0P P =10 0, 0)]

= 21,7 e~ "B Ty [}a (t, X)e—ﬁ(ﬁ—ué) ;ﬁ (o, 0)]

- e—“ﬂ(fﬂ(o, 0).(1, x)> . (8.42)
This is a fermionic version of the KMS relation.

With this setting, we can again define various classes of correlation functions.
The “physical” correlators are now set up as

A

w00 = [ {0 o). (843

500 = [ =5 0w). (8.4
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o) = [ {10, 50)). (8.45)
Agp(K) = /X eiK'X<;[}a(X),;ﬂ(0):|>, (8.46)

where pyg is the spectral function. The retarded and advanced correlators can be
defined as

X, (K) = i /X e“C'X({}a(X),;ﬂ(O)}O(t)>, (8.47)
M4, (K) = i /X eiK'X(—{}a(X),;ﬁ(O)}9(—t)>. (8.48)

On the other hand, the time-ordered correlation function reads

00 = [ {0 55060 - O L@ 0-0) . 49
X

whereas the Euclidean correlator is

p .
MLy (K) = /0 dr / e“"nﬂ)f—ik"‘(ja(X)jﬂ(0)>. (8.50)

Note that the Euclidean correlator is time-ordered by definition (0 < t < f§), and
can be computed with standard imaginary-time functional integrals.

If the two operators in the integrand of Eq. (8.50) anticommute with each other
att = 0, then the KMS relation in Eq. (8.42) asserts that (j,(—iB,x) js(0,0)) =
e(j5(0,0)j2(0,x)) = —e#{j,(0,x) js(0,0)). The additional term in the
Fourier transform with respect to 7 in Eq. (8.50) cancels the multiplicative factor
e "P at t = B, so that the r-integrand is antiperiodic. Therefore the Matsubara
frequencies k,, are fermionic.

We can establish relations between the different Green’s functions just like in the
bosonic case:

1 . A0 An JpN 2
Mo (K) = = / X Ty [e_ﬂH""H’ 1 Pl 0,x)e7 M 1 jg(0, 0)]
X v v
o Im) {ml > In) (nl

1 . . . ~ N 2~
= Z/X X I En =i =P (1|, (0, )€} () j (0, 0)m)
m,n

1 ; A 5 2
= / e MNY P 2 540 + E,y — E,) (m] (0. x)e7C ) {nl 5 (0. 0)|m)

mn

(8.51)
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54 (K)

1 . - A IS A a A
2 /X X Ty [e_ﬂHeﬁ”Q 1 jp(0,0) M1 7,00,x) e_‘H’}
o0 In) {nl o lm) {m|

1 _ o ) A
i Z /X X BI0E GitEn (1) 5 (0, 0)|m) (m] j, (0, x)ePH2|n)

mn

1 . ~ ~ 2
= 2 /ef’k"‘ ZeiﬁE" 27 §(k° + E,, — E,){m| ], (0, x)e®C|n) (n],jg(0, 0)|m)

E,=E;+k°

— _e B M7,(K) . (8.52)

Using the fact that peg(K) = [H;ﬂ (K) — T, (K)]/2, we subsequently obtain

M5 () = 2[1-n (K~ )]pap (K) . T35(K) = —2m(K'—)pop (K) . (8.53)

where 7.(k°) = 1/[exp(Bk°) + 1] is the Fermi distribution. Moreover, the statistical
correlator can be expressed as Ay (K) = [1 — 21 (k" — )] pap (K).

The relation of TIR, T4 and I17 to the spectral function can be derived in
complete analogy with Egs. (8.17)—(8.22). For brevity we only cite the final results:

]

do  pup(w,k) ®do  pup(w.k)
R (1y— A _
H“ﬂ(lc)_/_oo T w—k —i0t’ Hap () = /_oo T ow—k +i0t’ (8.54)

I}, (K) — 2 (k° — 1) pug (K°, k)

/°° o ipus(@.K)

oo T KO —w +i0F

= —i TS, (K) + H5(K) . (8.55)

Note that when written in a “generic form”, where no distribution functions are
visible, the end results are identical to the bosonic ones. In addition, Eq. (8.55) can
again be crosschecked using the right-hand sides of Egs. (8.44), (8.47) and (8.49),
and the alternative representation Hgﬁ = —ngﬂ + H;ﬁ also applies. The latter
derivation implies that these “operator relations” apply even in a non-thermal
situation, described by a generic density matrix (cf. Sect. 8.3).

Finally, writing the argument inside the r-integration in Eq.(8.50) as a Wick
rotation of the inverse Fourier transform of Eq.(8.43), inserting Eq.(8.53), and
changing orders of integration, we get a spectral representation analogous to
Eq.(8.24),

E P (ikp+p)T dPO %t > (.0
[MT,(K) = dre'™ e P TII (p”". k)
aff 0 2 aff

B 0 30 B(p°—n)
= dr elkntie dp e 20 0 pap(p°. k)
0 oo 2T ePP'—w) 1 ’

/00 dp? P

B
0 (ikn =)
.k d
oo T B 4] Pap (P )/0 Te
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/00 dp® PP

elikitu—p*)e 7P
oo T B 4] i|

0
.k
Pap (P )[ikn+u—p° .

B /oo dp® P’ 10 —e B = _q
I A eﬁ(p"—u)+1p“ﬂ P iky + o — p°

0.0 [ dk° k9. k
P;’k/ Paﬂ( ) (8.56)

oo T KO —i[k, —ip]
Like in the bosonic case, this relation can be inverted by making use of Eq. (8.20),
1
Pop () = 5 Disc [} (k, — ipn — —ik”. k) (8.57)
1
where the discontinuity is defined like in Eq. (8.27).
The fermionic Matsubara sum over the structure in Eq. (8.56) can be carried out
explicitly. This could be verified by making use of Eq.(4.77), in analogy with the

bosonic analysis in Egs. (8.30) and (8.31), but let us proceed in another way for a
change. We may recall (cf. footnote on p. 14) that

T e =8(r mod B) . (8.58)

According to Eq. (4.55), viz. o¢(T) = ZGb(g) — op(T), we can thus write

T " =25(r mod 28) — §(r mod B) . (8.59)
{wn}

Let us assume for a moment that X° — 1 > 0. Employing the representation
1 o .
g / dse”@ths o >0, (8.60)
o 1 0

and inserting subsequently Eq. (8.59), we get

1 iwpT * i, T—k s+ jus+iw,s
et = dsTEe” R

TR IO 0 fon}

= / ds e_(ko_“)s[%(r + s mod 2) — 6(t + s mod ,8)]
0

o0 o0
=2 W _ 7 ket

n=1 n=1
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o o

— e(ko—u)r [2 E : e—2ﬂ(k°—u)n _ E : e—ﬂ(ko—u)n:|
n=1 n=1
— —_ - — —_ -
—2B(0—p) —BHO—p)
—e—2B(0—p) 1—e—BEO—p)
~ —_ -

2 _ 1
(BEO—1) _ 1y BEO—p) 1) BUO—p)

— _e(k"—u)rnp(ko -1, (8.61)

where we assumed 0 < t < . As an immediate consequence,

1 . 1 : 0
—iopT ion(B—1) _ L(B—T)(K"—p) 0_
Tzko —ia)ne = T{Z:}ko—,u—iwne =e e (k" —p).
(<
(8.62)

Furthermore, it is not difficult to show (by substituting w, — —w,) that these
relations continue to hold also for k* — ;1 < 0.
As a consequence of Eq. (8.61), we note that

ei(a),,-l-i;L)‘L' 1

T = e MT Y e
{%:} (w, + ip)? + w2 % (0 —iw, + ) (@ + iw, — 1)

= nr Y et | ooy !
2w|lw—p+iv, o4+ p—iw,

{wn}
e T
= [ (=0 + 1) — ey + )
w
e Mt
— 5 I:e(ﬁ—t)(w—ﬂ)nF(w — ) — et(w+M)nF(w + M):I
w

1
= [np(a) — eI _ (w0 + ,u)e“"] . (8.63)
This constitutes a generalization of Eq.(4.77) to the case of a finite chemical
potential.

Example: Free Fermion

We illustrate the relations obtained by considering the structure of the free fermion
propagator in the presence of a chemical potential. With fermions, one has to
be quite careful with definitions. Suppressing spatial coordinates and indices,
Eq. (5.47) and the presence of a chemical potential a la Eq. (7.35) imply that the free
propagator can be written in the schematic form (here A and B carry dependence on
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the spatial momentum and the Dirac matrices)

—IiA(p, +ipn) + B

2 7 _ i(pntin)T
WEOUO)=T) e

{pll}

, (8.64)

where an additional exponential has been inserted into the Fourier transform, in
order to respect the KMS property in Eq. (8.42). The correlator in Eq. (8.50) then
becomes

HE(kn) = / dr e(lkzz+M)TTZ el(P”'HP‘)T 2 (pn —|— lzu) +2
’ {n} (pn+ipn)> +E
' (8.65)

_ iA(ky—ip) + B
(ky —ip)? +E2

The analytic continuation in Eq. (8.57) yields the retarded correlator

TR 0) = AR +i0Y)+B Ak’ + B (8.66)
—(k0 4 i0%)2 + E2 (k%)2 — E? + isign(k%)0t '

and its discontinuity gives

p(k°) = (AR + B) sign(k®) 8 (K — E)(K* + E))

. 0 sign(ko) 0 0
= 7K +B) [5(k —E) + 8K + E)]
T
= A+ B) [5(k° “E) -8k + E)] . (8.67)

Any dependence on temperature and chemical potential has disappeared here. Note
that (if B is odd in k) p is even in £ — —K. From Egs. (8.53) and (8.55), the
time-ordered propagator can be determined after a few steps:

—i 1 1
n7 ) = AL + B)] "
(k) = (k" + ){215 E—10—iot T E+ 1040+

2
- 22nF(k0 - u)[é’(ko —E) =84 + E)]}

A+ B( . 1 ) 1
= —ilP — P
2F E—kO E+ kO

+ 80 — E)[l — (K0 — u)] — w8k + E)[l — 2 (K — u)]}
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A+ B( . 2F
= —ilP
2E E?2 — (k0)2

Sk — E)[l — 2 (K — u)] + 280 + E)[l — (=K + u)]}

AL’ + B 2E
_ 2; {—i]P (Ez B (ko)z) +2E78((K)° - E?)

— Zn[S(kO — E)ng(k° — 1) + 8(,k° + E) no(—k° + u)]}

= (AK° + B){ o — 27 8(K2 — m?) nF(|k0| - sign(ko),u)} .

(8.68)

i
—m? 4+ 0t

Medium effects are seen to reside in the on-shell part and, to some extent, one
could hope to account for them simply by replacing free zero-temperature Feynman
propagators by Eq.(8.68). The proper procedure, however, is to carry out the
analytic continuation for the complete observable considered, and this may not
always amount to the simple replacement of vacuum time-ordered propagators
through Eq. (8.68), cf. Sect. 8.3.

8.2 From a Euclidean Correlator to a Spectral Function

As an application of the relations derived in Sect. 8.1, let us carry out an explicit 1-
loop computation illustrating the steps.! The computation performed here will turn
out to be directly relevant in the context of particle production, discussed in more
detail in Sect. 9.3.

Our goal is to work out the leading non-trivial contribution to the spectral
function of a right-handed lepton (N) that originates from its Yukawa interaction
with Standard Model particles,

8L, = —hLaN—h*N'a L. (8.69)
Here qg = iny¢* is a conjugated Higgs doublet, L is a lepton doublet, ¢, = (1—ys)/2

and a, = (14 ys)/2 are chiral projectors, and / is a Yukawa coupling constant. The
Higgs and lepton doublets have the forms

;1 ¢o+i¢3) =(U)=(£l)
i ~/2(—¢2+i¢1 L= ) =) (8.70)

A classic example of this kind of a computation can be found in [7]. It is straightforward to
generalize the techniques to the 2-loop level, cf. e.g. [8]; at that order the novelty arises that there
are infrared divergences in “real” and “virtual” parts of the result which only cancel in the sum.
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where ¢, u € {0, 1,2, 3}, are real scalar fields. The neutral component ¢y is the
physical Higgs field, whereas the ¢; represent Goldstone modes after electroweak
symmetry breaking.

Anticipating the results of Sect. 9.3, we consider the Euclidean correlator of the
operators coupling to the right-handed lepton through the interaction in Eq. (8.69),

ek = /X e*¥a ((¢'L)(X) (L$)(0))a, . (8.71)

This has the form of Eq.(8.50); the coupling constant |4|?> has been omitted for
simplicity. The four-momentum K is fermionic. The operators in Eq. (8.71) are of a
mixed “boson-fermion” type; similar computations will be carried out for “fermion-
fermion” and “boson-boson” cases below, cf. Egs. (8.134) and (8.178), respectively.
The “boson-fermion” analysis is furthermore generalized to include a chemical
potential around Eq. (8.180).

Inserting Eq. (8.70) and carrying out the contractions, we can rewrite Eq. (8.71)
in the form

MEK) = | / KX 4 (L)) ( (X)DO)ya,

2 Jx
1 ; x  —iPA+m 1
- 2/?5 T, P amd R24m ™
XS pr ¢ ¢

1 —iP a 1
= T 5 , 8.72
2/,, %p,%+E%<pn+kn)2+E% "7

where we inserted the free scalar and fermion propagators, and denoted

E = \/p2+m%, E, = \/(p+k)2+m§, : (8.73)

Moreover the left and right projectors removed the mass term from the numerator.
We have been implicit about the assignment of the masses m,, mg to the correspond-
ing fields, as well as about the summation over the different field components, but
for now no details of this kind are needed.

The essential issue in handling Eq. (8.72) is the treatment of the Matsubara sum.
More generally, let us inspect the structure

JGpn. ik, V)
F=T , 8.74
2 i+ Bl + h? + B G

where we assume that the book-keeping function f depends linearly on its arguments
(this assumption will become crucial below), and v is a dummy variable representing
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spatial momenta. We can write

S ipn, ikn, V)

F = TZTZIBS(W_pn_kn)[p%_,r_E%][r% —}-E%]

{Pn} n
eir,,t

oo o S (P, ik, V)
_ d —iknT T —PnT o T T s 8.75
o) 2 i Zr,%w%} o

In

where we have used the relation

B
B8(rn —pn—ki) = / dr e/npn—hn)T (8.76)
0

This way of handling the Matsubara sums is sometimes called the “Saclay method”,
cf. e.g. [9, 10]. Now we can make use of Egs. (8.29) and (8.63) and time derivatives
thereof:

eir,,t nB(EZ) B
T — [ F=0E | sz] , 8.77
Z 2B 25 L ¢ ®.77)
+ip,t
TZ e P, _ nF(El) I:e(ﬂ—f)El _ etE1:| ; (878)
p:+ E? 2FE,
(ba}
ipne_ip'“r n:(Ep) —1)E E
T - [E F=0E 4 | fl]. 8.79
{127:} Py +E; g, L7 e (8.79)

Accounting for the minus sign in Eq.(8.78) within the arguments of the linear
function, we then get

F= /ﬂdt e_ik”t nF(El)nB(EZ)
0 4E\E>

x % eB—DO(E +E2)f(Els iky, V)
+ePIRFTE (B —ik,, —V)
e POET (B ik, V)

+e" BAEIF(E) —ik,, —V) . (8.80)
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As an example, let us focus on the third structure in Eq. (8.80); the other three
follow in an analogous way. The t-integral can be carried out, noting that k, is
fermionic:

B ) ePEI
/ dr ePE1 ot Cikn—E1+E2) ‘ [_eﬁ(Ez—El)_l]
0 —ik, — E1 + E;
ePEr 4 oPEN
 iky+E| —E>
1 -1 —1
= E E ] 8.81
g g, B ED] @D
Thus
1 f(El,ikn,V)
Flyg = [ E E ] . 8.82
|3rd AE\E, nF( l)+nB( 2) ik, + E — E, ( )

Finally we set k, — —i(k® + i0™) and take the imaginary part according to
Eq. (8.57). Making use of Eq. (8.20), we note that

1 1 1 .
Zi[ko LA KL A— ,-0+] =-—7nd(k" +4). (8.83)

Thereby 1/(ik, + E; — E;) in Eq. (8.82) gets replaced with — §(k° + E; — E,).
Special attention needs to be paid to the possibility that &, could also appear in the
numerator in Eq. (8.82); however, we can then write

ik, = ik, + Ey — E>» +E, — E; (8.84)

no discontinuity

so that in total

Im{}'(ik,, S0+ i0+)}‘
3rd

ne(Er) + s (E2) | 86° + Ey = E2)f(Er, E2 = E1.v)
o
) eﬁEl + eﬂEZ
[eBE2—ED) 4 1](ePE1 4 1)(ePE2 — 1)
ePEI[1 4 oPE2—ED)
[eBE2—ED) 4 1](ePE1 4 1)(ePE2 — 1)

B |
4E\Ey

B _2n5(k° +E| — E»)

E 7k0’ -1 kO
smm  TER

2w8(k0 + E1 — En) 0 oy —1 40
=— Ei, K, K
SE\E FELE V) n (k)
278K + E — Ey)
8EE»

FELK V) n (K0) g (E)[1 — ne(E)] - (8.85)
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We have chosen to factor out n '(k%) because in typical applications it gets
cancelled against n:(k°), cf. Eq.(9.137). Moreover, we remember that E; =

\/ mé + (p + k)2, and can therefore use the trivial identity

gm+m=/@mWth—mm@) (8.86)
P2

to write the result in a somewhat more symmetric form (see below).
Let us now return to Eq. (8.72). We had there the object i/, which plays the role
of the function f, and according to Eq. (8.85) becomes

iP = ipuyo +ipy; — E0y* +ipi(—iy)) = P, (8.87)

where we made use of the definition of the Euclidean Dirac-matrices in Eq. (4.36)
(Eq. (8.85) shows that any possible il can also be replaced by & ). Furthermore, two
factors of —1/2 in Eq. (8.72) and (8.85) combine into 1/4. Renaming also P — P,
and inserting Eq. (8.86), the spectral function finally becomes

n, 1(ko) P a,
p(K) = / !
4 PLp2 4E\E,

1
x{ @r)P8P(Py + Py — K) ngyngs . W

.2

+@2m)P8P (P — Py — K) npy (1 + ngs) 1 e

1
+(2N)D8(D)(P2 —P1=K)npo(1 —ngy) 2 ---/ﬁ K

1
+@PEO P+ P+ K) (1 —ne)(1 4+ o) L & &
o (8.88)

where the results of the other channels were added; D = d + 1; and we denoted
ny = ny(E;), ny; = ny(E;). The graphs in Eq. (8.88) illustrate the various processes
that the energy-momentum constraints correspond to, with a dashed line for ¢, a
solid for L, and a dotted for N. One immediate implication of these constraints is
that for a positive k°, the last of the four structures in Eq. (8.88) does not contribute
at all. In general, depending on the particle masses, some of the other channels are
also kinematically forbidden.

The physics lesson to draw from Eq.(8.88) is that the spectral function, as
extracted here from an analytic continuation and cut of a Euclidean correlator,
represents real scatterings of on-shell particles, whose distribution functions are
given by the Bose and Fermi distributions. The Bose and Fermi distributions appear
in a form reminiscent of a Boltzmann equation, save for the “external” line carrying
the momentum K which appears differently (this is discussed in more detail in
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Sect. 9.3). If we went to the 2-loop level, then there would also be virtual corrections,
with the closed loops experiencing thermal modifications weighted by n; or —n;.

As a final remark we note that the spectral function p has the important property
that, in a CP-symmetric situation, it is even in K:

p(=K) = p(K) . (8.89)

(In contrast, bosonic spectral functions are odd in K.) Let us demonstrate this
explicitly with the 2nd channel in Eq. (8.88). Its energy-dependent part satisfies

_ K—>—K _
n  (KO)S(Er — Er — KOs (14 1) —> 1 (—KO)S(Ey — Ea + KO)ni (1 + 1)

(e_ﬂko + 1)efP

_ _ 0
=0(E,—E,+k )(eﬂEl + 1) (ePE — 1)

) BEK)
=8E B AR D e
ePE
=8E =B+ K )
= np_l(ko) 8(Er — Ey — K nyp(1 = ni) (890

which is exactly the structure of the 3rd channel. The spatial change k — —k only
has an effect on the three-dimensional §-function, turning it into that on the 3rd row
of Eq. (8.88). Similarly, it can be checked that the 4th term goes over into the 1st
term, and vice versa.

There are a number of general remarks to make about the determination of
spectral functions of the type that we have considered here; these have been deferred
to the end of Appendix A.

Appendix A: What If the Internal Lines Are Treated
Non-Perturbatively?

Above we made use of tree-level propagators, but in general the propagators need
to be resummed (cf. Sect. 8.4), and have a more complicated appearance. It is then
useful to express them as in the spectral representation of Eq. (8.24). In particular,
the scalar propagator can be written as

~ - b} o0
BOFON =, o 0=k [

dko pS (kos k)

, 8.91
T kO —ik, ( )
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whereas the fermion propagator contains two possible structures in the chirally
symmetric case of a vanishing mass (more general cases have been considered
in [11]):

—iknyg —ik;y; }

WK (@) =3(K - Q)[k,% SR A4 Ty k) TR 4 K2 + Tk, K)

%0 dk0 p. (K9, k) % 4k0 p, (K, k)
=8(K — k W k.y: P . (8.92
( Q)[' ”VO/OO 7 KO ik, +’IV//_OO . kO—ikn] (8.92)

Here minus signs have been incorporated into the definitions of the spectral
functions p,, and p, for later convenience. Let us carry out the steps from Eq. (8.72)
to (8.88) in this situation.

The structure in Eq. (8.74) now has the form

F— TZ Z / dow, / da)zf (lpn, ik, V) pF(a)l’ p) ps(wz’ p+ k)
{pu} P (01 —ip]lwr —i(pn + k)]

(8.93)
where the book-keeping function f, is again assumed to depend linearly on its
arguments. We can write

dw; dw
F = Z/ 12 2 po(@1.D)py(@2.p + K)

F=W,p

xTZTZ,BS(r,, p,,—k)[wf(lp"’lk"’v) . (8.94)

o 1 — ipa][ws — iry]

Employing Eqgs. (8.76), (8.30) and (8.62), as well as the time derivative of the last
2
one,

TZ w1 — lp

d
Pt — ~d [np(wl)e(ﬁ_r)‘“‘] =n(w)w P 0<t<B,
T

n

(8.95)
we get

dw; dw
F= Z/ 12 ? p(@1,p)py(@2,p + K)

F=W,p

B )
x / dr e (1) ng(w2) fo(wr, ik, v) eP70@1FT02 0 (8.96)
0

2 We are somewhat sloppy here: a part of the sums leads to Dirac-8’s [cf. Eq. (8.59)], which can
give a contribution to F. That term is, however, independent of k,, and thus drops out when taking
the discontinuity.
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The t-integral can now be carried out, noting that k,, is fermionic:

g p
/ dr ”lp(a)l)na((l)z) eﬂwler(—ik,,—w1+wz) _ np(wl)na(a)z)e ) [_eﬁ(wz—wl) B 1]
0 —ik, — w1 + wy

f’lp(a)l) 1y (@2) [eﬁwz + eﬂ’”‘]
iky + 01 — @2

ne(wy) ng(w2) [ _ _
- ik, + w; — wy [nF e + " l(wZ)]
1
= i+ o — o [nF(wl) + nB(wz)] .

(8.97)

Finally we set k, — —i(k’+i0™) and take the discontinuity. The appearance of k,
inside f;, can be handled like in Eq. (8.84). Making use of Eq. (8.83), the denominator
in Eq. (8.97) simply gets replaced with (—) times a Dirac §-function, so that in total

) ) * dw do
Im{ F(iky — K+ i07)} = = Z/ L @ pp @D+ k)
—00

F=W,p

x [1e@1) + no(@2) [5G + 01 = w2 @1,02 = w1,v)

1 © da)1 da)z
=, Z/w o P@np)p (@ +K)

F=wp ¥

x 27 8(K® + w1 — w2) fuw1. K, v) (k) ny(@2)[1 — ne(w1)] . (8.98)

where we parallelled the steps in Eq.(8.85). Finally, making use of Eq.(8.86)
and defining P, = (w1,p) = (01,p1), P» = (w2,p2), the spectral function
corresponding to Eq. (8.88) becomes

o) = =) [ [ oy pu P+ 14 2, (P) | pP)

2m)P8 PN (Py — Py = K) o (1 — iy “‘/}
x{( 7280 (Py — Py — K) a1 — 1) ©99)

where gy =p ljyj , Ny = np(w;) and ng; = ng(w;). If we insert here the free spectral
shape from Eq. (8.35), recalling the extra minus sign that was incorporated into p,,
and p, in Eq. (8.92), then it can be shown that this result goes over into Eq. (8.88),
with the four channels originating from the on-shell points w; = +E;,i = 1, 2.

A few concluding remarks are in order:

» Expressions such as Eq.(8.99) are useful particularly if the scalar and fermion
propagators are Hard Thermal Loop (HTL) resummed, cf. Sect. 8.4. In that case
p,, and p, are given by Eqgs. (8.201) and (8.202), respectively.
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e HTL resummed spectral functions contain in general two types of contributions.
First of all, there are “pole contributions”, represented by Dirac §-functions. In
these contributions the pole locations are shifted from the free vacuum spectral
functions by thermal mass corrections. Consequently, kinematic channels which
would be forbidden in vacuum (such as a 1 — 2 decay between three massless
particles) may open up.

* The second type of HTL corrections originates from a “cut contribution”. An
HTL resummed fermion or gauge field spectral function p(w, k) has a non-zero
continuous part in the spacelike domain k > |w|. Physically, this originates
from real 2 < 1 scatterings experienced by such off-shell fields. Inserted into
Eq. (8.99) this turns the full process into a real 2 — 2 scattering, which tends
to play an important role for the physics of nearly massless particles, because
2 — 2 processes are not kinematically suppressed even in the massless limit.

A classic example of an HTL computation in which both “pole” and “cut”
contributions play a role can be found in [12]. Further processes, contributing at the
same order even though not accounted for just by using HTL spectral functions, have
been discussed in [13]. A complete leading-order computation of the observable
considered in the present section, related to right-handed fermions interacting with
the Standard Model particles through Yukawa interactions, is presented in [14, 15],
and a similar analysis for the production rate of photons from a QCD plasma can be
found in [16, 17]. We return to some of these issues in Sect. 9.3.

8.3 Real-Time Formalism

In the previous section, we considered a particular spectral function, obtained from
the Euclidean correlator in Eq. (8.71) through the basic relation in Eq. (8.57). The
question may be posed, however, whether it really is necessary to go through
Euclidean considerations at all. It turns out that, within perturbation theory, the
answer is negative: in the so-called real-time formalism, real-time observables
can be directly expressed as Feynman diagrams containing real-time propagators.
The price to pay for this simplification is that the field content of the theory gets
effectively “doubled” and, in a general situation, every propagator turns into a 2 x 2
matrix, and every vertex splits into multiple vertices.

A full-fledged formulation of the real-time formalism proceeds through the
Schwinger-Keldysh or closed time-path framework; reviews can be found in [18,
19]. A frequently appearing concept is that of Kadanoff-Baym equations, which are
analogues of Schwinger-Dyson equations within this formalism. In the following,
we only provide a short motivation for the field doubling, and then demonstrate how
the result of Eq. (8.88) can be obtained directly within the real-time formalism.
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Basic Definitions

One advantage of the real-time formalism is that it also applies to systems out of
equilibrium. In quantum statistical mechanics a general out-of-equilibrium situation
is described by a density matrix, denoted by p(f). The density matrix is assumed
normalized such that Tr () = 1, and statistical expectation values are defined as

(O(t1,x1) O(12, %) ...} = Tr [,6(1‘) O(t1,x1) O(1, X2) ] , (8.100)

where O is a Heisenberg operator defined like in Eq.(8.1). The same 2-point
functions as in Sect. 8.1 can be considered in this general ensemble, and some of the
operator relations also continue to hold, such as 17 = —TI¥ + 1< = —i[14 4+ 11>

An important difference between the out-of-equilibrium and equilibrium cases
is that in the former situation the considerations leading to the KMS relation, cf.
Egs. (8.11) and (8.12) for the bosonic case, no longer go through. However, we can
still work out the trace in Eq. (8.100) in a given basis and learn something from the
outcome.

Consider the same Wightman function IT~ as in Eq.(8.11). With a view
of obtaining a perturbative expansion, we now choose as the basis not energy
eigenstates, but rather eigenstates of elementary field operators; for the moment we
denote these by |o;). Simplifying also the operator notation somewhat from that in
Sect. 8.1, we can write

M) =Tr [ﬁ(t) ¢t O (0) =1 6(0)]

= / TS, dey (o [ (1) ta) {orale™ ats) (o3| O(0) eva) {ale™ ™ ats) (5| O(0) ety ) -

(8.101)

If the operators O contain only the field operators & and no conjugate momenta, then
we can directly write (o;|O0[&]|o;j) = O[aj](Sai’aj. For the time evolution, we insert
the usual Feynman path integral,

~ a(n=ay )
(ag)e™ ™M |aus) :/ Da M (8.102)

a(0)=as

while the “backward” time evolution {a;|e'|a3) is obtained from the Hermitian
(complex) conjugate of this relation. Denoting the “forward-propagating” field
interpolating between o5 and o4 now by ¢, and that interpolating between o3 and
ay by ¢, we thereby get

(1) = / D1 D Ol (1)] Olgp (0)]e SMPI= 5wl (5, (0)| 5(1)[$2(0)) -
(8.103)
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Note that ¢;(f) = ¢2(f) = a3 = oy in this example because ¢ is the largest time
value appearing; however ¢,(0) # ¢;(0) and both are integrated over. It is helpful
to use ¢, () rather than ¢, (¢) inside O[¢,(7)] in Eq. (8.103), because this makes it
explicit that O[¢, ()] stands to the left of the operator O[¢,(0)], as is indeed implied
by the definition of the Wightman function IT~ (¢). One should think of the field ¢,
as corresponding to the operators positioned on the right and with time arguments
increasing to the left, followed by ¢, for the operators positioned on the left.
A similar computation for the other Wightman function yields

=() = / D1 D> O[h2(0)] Olgpy ()] e SMIP1=iSmI02] (45, (0)] (8)|2(0))
(8.104)

This time we have indicated the field with the largest time argument by ¢ () rather
than ¢, (¢), because the corresponding operator stands to the utmost right, i.e. closest
to the origin of time flow. Note that within Eq. (8.104), O[¢,(0)] and O[¢, ()] are
just complex numbers and ordering plays no role (in the bosonic case), so we could
also write T1=(¢r) = (O[¢p1(2)] O[$2(0)]). Here . ..) refers to an expectation value in
the sense of the Schwinger-Keldysh functional integral,

() = / DD (...) & SHBI=SHE] (4, (0)]5(1) 2(0)) - (8.105)

If p happens to be a time-independent thermal density matrix, p = e P/ Z,
then the remaining expectation value (¢1(0)|5(7)|¢2(0)) can be represented as an
imaginary-time path integral as was discussed for a scalar field in Sect.2.1. For
many formal considerations it is however not necessary to write down this part
explicitly.

The lesson to be drawn from Egs. (8.103) and (8.104) is that the two Wightman
functions TT~ and TI< are independent objects if 5 is non-thermal, and that
representing them as path integrals necessitates a doubling of the field content of
the theory (¢ — {¢p1, P2}).

If we specialize to the case in which the operators in Egs. (8.103) and (8.104) are
directly elementary fields, rather than composite operators, then it is conventional to
assemble these propagators into a 2 x 2 matrix. If we add a time-ordered structure,

0(tr — 1) (1) d(11) + 011 — 1) $(11) h(12)
=0(t, — tl)eiﬁtz (2)(0) e—iﬁ!(tz—tl) (Z’(O) e—iﬁ!zl

(11 — 1) &7 $(0) e (0) 72 (8.106)

then we need to represent the time evolution along the forward-propagating branch,
denoted above by the field ¢,. Similarly, an anti-time-ordered propagator can be
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represented in terms of the ¢,-field. The general propagator is then

(<¢1<r>¢1(0)> <¢1<r>¢z<0)>) _ <H£<f> n; (f)) | (8.107)

($2()¢1(0)) ($2(1)$2(0)) IT; (1) TI5(7)

where T denotes anti-time-ordering. The action Sy[¢1] — Su[¢2] contains vertices
for both types of fields, and the non-diagonal matrix structure of Eq. (8.107) implies
that when interactions are included, both types of vertices indeed contribute to a
given observable.

In the literature, the field basis introduced above is referred to as the 1/2-basis.
There is another possible choice, referred to as the r/a-basis, which is beneficial for
some practical computations. It is obtained by the linear transformation

¢ = ;(451 +¢2). da=¢1—¢2. (8.108)
Consequently, inserting the 1/2 propagators from Eq. (8.107), we get
1 7 1
@:0:) =, (ME+ T+ 115 + 1) = (15 +T15) = 4,00, (8.109)
{br(¢a(0)) = ;(Hg -k + 13 - H;) = 0(n)(M; —Tg5) = —ilf@), (8.110)

and similarly ($,(1)¢,(0)) = —iIT}(7) and (¢u(1)¢a(0)) = 0.

Among the advantages of the r/a-basis are that the aa propagator element
vanishes, and that closed loops containing only the advanced (¢,(f)¢,(0)) or the
retarded (¢, (f)¢,(0)) also vanish. In addition, the statistical function A, containing
the Bose distribution in the bosonic case [cf. Eq.(8.16)], is the only element
surviving in the classical limit (because it is not proportional to a commutator),
and may thus dominate the dynamics if we consider a soft regime £ < T such as in
the situation described in Sect. 6.1 (cf. [20] for a detailed discussion).

Let us conclude by remarking that at higher orders of perturbation theory, the
real-time formalism quickly becomes technically rather complicated, and for a long
time only leading-order results existed. The past few years have, however, witnessed
significant progress in the field, which is related in particular to the handling of soft
contributions in the computations, as alluded to above. Examples of next-to-leading
order computations can be found in [21, 22].

Practical Illustration

In order to illustrate how the real-time formalism works in practice, let us return
to the 1-loop spectral function of the operator coupling to a right-handed fermion
in the Standard Model, discussed in Sect. 8.2. According to Eq. (8.13), it suffices to
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consider the two Wightman functions, which by Eqgs. (8.103) and (8.104) are related
to 21 and 12-type Green’s functions in the 1/2-basis. Starting with the latter, we are
led to inspect the 1-loop graph

PR

n=(K) = >U> : 8.111)

where the notation for the propagators follows Sect.8.2. The numbers 1 and 2
indicate that the two vertices are of the 1 and 2-type, respectively—implying most
importantly that both of the internal propagators in the graph must have the same
ordering. In momentum space, we can then immediately write down a result for the
graph,

n=(K) = ;/PHZ(P)H;(IC—P), (8.112)

where, in analogy with Eq.(8.72), we have inserted an overall factor from the
normalization of the fields and suppressed any coupling constants and sums over
field indices. Similarly, for [T~ we obtain

™ (K) = {9 (8.113)
- ;/HZ(P)H;(IC—P). (8.114)
P

The Wightman functions appearing here can be related to the corresponding
spectral functions via [cf. Egs. (8.14), (8.15) and (8.53)]

07 = 2np,, N7 =2(1=ne)p,, Mgy =2nsp,, Ty =2(1+ns)p, .
(8.115)
Thereby the full spectral function under consideration obtains the form

p() = [ 060) - =00

/7» 2m)8 O Py + Py = RO[1 = (1) + na(@2) | py(@1.p1) py(@2.92)

(8.116)

where we have introduced a second momentum integration variable by inserting the
relation

1= | 2n)?8P(P + P, — K) (8.117)
P2

into the integral. We also denoted P; = (w;, p;) here.
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In order to make Eq. (8.116) more explicit, we insert the free spectral functions
[cf. Egs. (8.35) and (8.67)],

Py(@2,p2) = 27;2 [3(602 —Ey) —8(0x + Ez)] , (8.118)
pe(w1,p1) = 27;1 a, P a, [5(601 —E) — (w1 + El)] , (8.119)

where E and E, are defined in accordance with Eq. (8.73) (but with spatial momenta
adjusted as appropriate). Further re-organizing the phase space distributions in
analogy with Eq. (8.85),

$(w1 + w2 — KO)[1 = np(@1) + ny(@2)] = 8(w1 + w2 — k%) n ' (k%) ne(w1) ny(ws) |
(8.120)
we arrive at the result

*d *°d
o) =) [ 57 [0 [ @54 Py () ()
00 27 J 00 27T Jpips

]T2

X4E1E2 Al aR[S(wl —E)) — (w1 + El)] [8(0)2 — Ey)) — 8(wa + E2)] ,

(8.121)

If we now integrate over w; and w,, re-adjust the notation so that P; = (E;, p;), and
in addition make the substitution p; — —p; where necessary, we obtain

n (k%) Pia,

IC =
P 4 AE\E,

P1.p2
x { @15 (P, + Py — K) ne(Eymy(Es)
—2r)PsPY(Py — Py — K) ne(Ey)ng(—E»)
+@2m)P8P (P — Ps + K) np(—E) )ng(E»)

—2m)P8P/(Py 4+ P 4+ K) np(—E))ng (—E») b . (8.122)

This becomes identical with Eq. (8.88) upon using the relations
n(—E1) = 1= ny(Er) ,  ny(—Es) = =1 — ny(Es) . (8.123)

The above example confirms our expectation that with sufficient care
Minkowskian (real-time) quantities may indeed be determined through the real-
time formalism. The imaginary-time formalism is, however, equally valid for
problems in thermal equilibrium, and applicable on the non-perturbative level as
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well. Within perturbation theory, the main difference between the two formalisms is
that in the imaginary-time case Matsubara sums need to be carried out before taking
the discontinuity, but there is only one expression under evaluation, whereas in the
real-time case only integrations appear like in vacuum computations, with the price
that there are more diagrams.

8.4 Hard Thermal Loops

For “static” observables, we realized in Sect. 3.2 that the perturbative series suffers
from infrared divergences. However, as discussed in Sect. 6.1, in weakly-coupled
theories these divergences can only be associated with bosonic Matsubara zero
modes. They can therefore be isolated by constructing an effective field theory for
the bosonic Matsubara zero modes, as we did in Sect. 6.2.

The situation is more complicated in the case of real-time observables discussed
in the present chapter. Indeed, as Eq. (8.26) shows, the dependence on all Matsubara
modes is needed in order to carry out the analytic continuation leading to the spectral
function, even if we were only interested in its behaviour at small frequencies
|k°] <« mT. (The same holds also in the opposite direction: as the sum rule in
Eq. (8.25) shows, the information contained in the Matsubara zero mode is spread
out to all k’s in the Minkowskian formulation.) Therefore, it is non-trivial to isolate
the soft/light degrees of freedom for which to write down the most general effective
Lagrangian.?

Nevertheless, it turns out that the dimensionally reduced effective field theory
of Sect. 6.2 can to some extent be generalized to real-time observables as well. In
the case of QCD, the generalization is known as the Hard Thermal Loop effective
theory. The effective theory dictates what kind of resummed propagators should
be used for instance in the computation of Sect. 8.2 in order to alleviate infrared
problems appearing in perturbative computations. An example of a computation
showing that (logarithmic) infrared divergences get cancelled this way can be found
in [23].

More precisely, Hard Thermal Loops (HTL) can operationally be defined via the
following steps that refer to the computation of 2 or higher-point functions [24—
27]:

* Consider “soft” external frequencies and momenta: |[K°|, [k| ~ gT.

* Inside the loops, sum over all Matsubara frequencies p,,.

* Subsequently, integrate over “hard” spatial loop momenta, |p| > =7, Taylor-
expanding the result to leading non-trivial order in |°|/|p|, |k|/|p|.

3This continues to be so in the real-time formalism, introduced in Sect.8.3; for a discussion
see [20].
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The soft momenta |k°|, |k| are the analogues of the small mass m considered in
Sect. 6.1, and the scale ~ nT plays the role of the heavy mass M. According to
Eq. (6.25), the parametric error made through a given truncation might be expected
to be ~ (g/m)* with some k > 0, however as will be discussed below this is
unfortunately not guaranteed to be the case in general.

In order to illustrate the procedure, let us compute the gluon self-energy in this
situation. The computation is much like that in Sect. 5.3, except that now we keep the
external momentum (K) non-zero while carrying out the Matsubara sum, because
the full dependence on &, is needed for the analytic continuation. It is crucial to take
kO, k soft only after the analytic continuation.

As a starting point, we take the gluon self-energy in Feynman gauge, I1,,,(K), as
defined in Eq. (5.64). This will be interpreted as being a part of an “effective action”,

1K,LKV+HW(K)] AY=K)+... . (8.124)

1
Soff = ?f JA5(K) K26, ~KKo+ :
K

Summing together results from Eqs. (5.69), (5.74), (5.77), (5.89) and (5.96), setting
the fermion mass to zero for simplicity, and expressing the spacetime dimensionality
as D = d + 1, the 1-loop self-energy reads

M,,(K) = ENe £, 8,0 [—4K? +2(D —2)P?] + (D + 2K, K, — 4(D — 2)P, P,
v 2 PZ(K—P)Z
P
8[| —K* + 2P%] + 2K, K, — 4P,P
2 v Ky WPy
e : 8.125
8 fi P2(K — P)? ( )

P}

The bosonic part is discussed in Appendix A; here we focus on the fermionic part.
Consider first the spatial components, IT;. Shifting P — K — P in one term, we
can write

28;  —K*8; + 2kik; — 4pip;
n? (k) = —¢’N, /T ¢ g RN TR (8.126
7 ) =—¢Ne | {,Z; 2t Pk py (8.126)

For generality we assume that, like in Eq. (8.64), the Matsubara frequency is of the
form

1
Pn—=Pn=ontin, w,= znT(n + 2) . (8.127)

The Matsubara sum can now be carried out, in analogy with the procedure
described in Sect. 8.2. Denoting

Ei=|p|, Ex2=|p—-k|, (8.128)
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we can read from Eq. (8.63) that

1 1
T = [n E; — w)eP = _p(E, + ]
; (On + i) + B2 2E, W(Ey — 1) f(Er + 1)

o, [1 =1 =) =B+ )] (8129)

It is somewhat more tedious to carry out the other sum. Proceeding in analogy with
the analysis following Eq. (8.74) and denoting the result by G, we get

1
G=T . - (8.130)
2 52+ Bl — 5 + 2
1
=T T 8(Fy + ky — Dn) -
N N
{Pn {Vn} n n
i e PnT eﬁ,,r
/Odre”{Tg;~2+E}{T{Z;~£+E2}, (8.131)

where we used the trick in Eq. (8.76). The sums can be carried out by making use
of Eq. (8.63),

el’;”t 1 3 _ .
Ty LB 2E [nF(Ez — w)e P IETP — p(EBy + e EZ] . (8.132)
2
tray
e_i[;n'f lp,,(ﬂ
T = _eMPT
2 b+ Ef T P2+ E2

{pn} {pn}

1
= B+ )P B () — e ] (8.133)
1

where in the latter equation attention needed to be paid to the fact that Eq. (8.63)
only applies for 0 < v < f and that there is a shift due to the chemical potential
in p,.

Inserting these expressions into Eq. (8.131) and carrying out the integral over t,
we get

B 1
— dr et E E, — (B—1)(E1+E2)
g /0 T EE, {np( 1+ wng(Ey — pe

By + (B + ju)er BE A )
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—ne(Ey — p)ne(Ey — p)er ErEDHPE=

+np(Ey — png(Ey + H)ef(El+E2)}

1 1
= E E, — [1_ /3(51+E2)]
4E,E, ny(Ey + pne(Ez — ) ik, — E, — Ey e
— E [5<E2+m_ ﬁ(E1+M)]
ne(Ey + pne( 2+H)ikn+E2—E1 e e
1
CnlEy — E, — I:ﬂ(El—Il) _ ﬂ(Ez—m]
ne(Ey — png(E> 'u)ikn—i-El—Ez e e

1
E — E [ BEV+E) _ 1]
+np(Ey — pne( 2+H)ikn+E1 VB¢

n:(Ey + M + ng(Ey — M
4E1E2 ikn — E1 — Ez P R

1
i By g, (B0 =By )]
1
+ikn+E1 )
1
+ikn+E1 + E;

[1e(Er = ) = (B2 = o) |
[1 — (B — 1) — ny(Es + u)]} . (8.134)

At this point we could carry out the analytic continuation ik, — k° 40T, but it will
be convenient to postpone it for a moment; we just need to keep in mind that after
the analytic continuation, ik, becomes a soft quantity.

The next step is to Taylor-expand to leading order in k°, k. To this end we can
write

0
Ey=p=|p|, E>=|p-K| %p_kif)plpl =p-—kv;, (8.135)

where

=P ieq1,2,3), (8.136)
p

are referred to as the velocities of the hard particles.

It has to be realized that a Taylor expansion is sensible only in terms in
which there is a thermal distribution function providing an external scale T and
thereby guaranteeing that the integral obtains its dominant contributions from hard
momenta, p ~ 7. We cannot Taylor-expand in the vacuum part, which has no
scale with respect to which to expand. It can, however, be separately verified that
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the vacuum part vanishes as a power of k°, k, which is consistent with the fact that
there is no gluon mass in vacuum. Here we simply omit the temperature-independent

part.
With these approximations, the function G reads

G~ b [omp 4w —mip—p)]

~ 4p2{2p
1

—Kk-v)a
LT o S A

K-V (p—
i k. y TRV )

) o= —np + u)]} LOWK). (8137
P

Now we insert Eqgs. (8.129) and (8.137) into Eq. (8.126). Through the substitution
p — —p (whereby v — —v), the 3rd row in Eq.(8.137) can be put in the same
form as the 2nd row. Furthermore, terms containing k, or Kk in the numerator in
Eq. (8.126) are seen to be of higher order. Thereby
® 2 8ij
@) =~ [ 1 [-n(p -+ 10 - m(p - 0]
P

pipj 1
ot —ntp =]

PiPj lkn—kV—lkn
p? ik, —Kk-v

[ip + )+ ni(p M)]}
=~ [ o+ + o= )]
+ " [p + 1) + = ]
p

—v;v; [né(p + ) +n(p— u)]

v;v; lkn

ik _k.v[né(p+u)+né(p—u)]} . (8.138)

The remaining integration can be factorized into a radial and an angular part,

/://dﬂv, (8.139)
P p
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where the angular integration goes over the directions of v = p/p, and is
normalized to unity:

/dQv =1. (8.140)

Then, the following identities can be verified (for Eqs. (8.141) and (8.143) details
are given in Appendix C; Eq. (8.142) is a trivial consequence of rotational symmetry
and v? = 1):

[+ m e m@=m] === [ [[nt+m+nip-w].

(8.141)
3ij
dQvU,'Uj = d s (8142)
and, for d = 3,
1 1 TZ 2
/ [nF(P + 1)+ ne(p — u)] = ( + “2) . (8.143)
pP 4\ 3 g
The integration
V;V;
e, '’ 8.144
/ ik, — k- v ( )

can also be carried out (cf. Appendix C) but we do not need its value for the moment.
With these ingredients, Eq. (8.138) becomes

Y (K) = —gsz/;[nF(p + 1)+ ne(p — u)]

P

1 d-—1 v;v; ik,
x{&j(—1+d+ i )—(d—l)/dQvik :k_v}

1 v;v; ik,
—nd=1) [ o+ +mp -] fam,
b D ik, —k-v
(8.145)
Including also gluons and ghosts, the complete result reads
) v;v; ik, )
I1,(K) = my dQUik ;k-v + O(ik,, k) , (8.146)
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where m; is the generalization of the Debye mass in Eq.(5.102) to the case of a
fermionic chemical potential,

1
mt = @@= [ fNm(p+ w0+ - )] + @~ DN
p P
(8.147)
d:3 2 TZ :uz NCT2
=, [Nf(6 n 2n2)+ ; } (8.148)

Equation (8.146), known for QED since a long time [28-30], is a remarkable
expression. Even though it is of O(1) is we count ik, and k as quantities of the same
order, it depends non-trivially on the ratio ik, /|k|. In particular, for k° = ik, — 0,
i.e. in the static limit, IT;; vanishes. This corresponds to the result in Eq. (5.100), i.e.
that spatial gauge field components do not develop a thermal mass at 1-loop order.
On the other hand, for 0 < |k°| < |K|, it contains both a real and an imaginary part,
cf. Eqs. (8.221) and (8.225). The imaginary part is related to the physics of Landau
damping: it means that spacelike gauge fields can lose energy to hard particles in
the plasma through real 2 <> 1 scatterings.

So far, we were only concerned with the spatial part IT;;. An interesting question
is to generalize the computation to the full self-energy I1,,, . Fortunately, it turns out
that all the information needed can be extracted from Eq. (8.146), as we now show.

Indeed, the self-energy IT,,,, obtained by integrating out the hard modes, must
produce a structure which is gauge-invariant in “soft” gauge transformations, and
therefore it must obey a Slavnov-Taylor identity and be transverse with respect to
the external four-momentum. However, the meaning of transversality changes from
the case of zero temperature, because the heat bath introduces a preferred frame, and
thus breaks Lorentz invariance. More precisely, we can now introduce two different
projection operators,

kik;
P, (K) = S,LiSVj(S,, — kil) , (8.149)
K,.K
P}, (K) = 8 — I"{z” -P,,(K), (8.150)
which both are four-dimensionally transverse,
IPLV(K) K, = Piv(K) K, =0, (8.151)

and of which I, (K) is in addition three-dimensionally transverse,
P(K) ki =0. (8.152)

The two projectors are also orthogonal to each other, P}, IP;,, = 0.
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With the above projectors, we can write

RO ikn

by = PL(K) TT,(K) + PE(K) TT,(K) . (8.153)

I;(K) = mgfdszv

Note that this decomposition applies for (...); — (...),, as well. Contracting
Eq. (8.153) with §;; and with k;k; leads to the equations

k2
2 . _
m?ik,L = (d — 1)1, + (1 e kz)nﬁ , (8.154)
2 (k- )ik, (k*)?
mE/dQUikn_k'v—OHT+ k2—k2+k2 I, (8.155)
where
1
L= [de, . (8.156)

The integral on the left-hand side of Eq. (8.155) can furthermore be written as

/dQU Fk.v)zikn _ /dQv (—k-v+z:kn—ikn)(—k.v)ikn
ik, —k-v ik, —k-v
k-v

= (ik,)* | d$2,
(@ )/ ik —K-v

= (ikn)z[—l + iknL] : (8.157)

where we have in the second step dropped a term that vanishes upon angular
integration. Solving for IT,, IT, and subsequently inserting the expression for L from
Eq. (8.213), we thus get

(2K
I,(K) = d—El{_kz + o zknL} (8.158)
_a 2 ( (ikn)? ik k)21 ik 4+ k
azs g (k)™ ke[ (k)T kK] (8.159)
2l T % o ik, — k
2K2
M,(K) = mzz (1 — ik,L) (8.160)
d=3 5 (l'kn)2 ik, ik, +k
= 21— 1= . 161
m[ K2 2% ik, —k (8.161)

Equations (8.159) and (8.161) have a number of interesting limiting values. For
ik, — 0 but with k # 0, [T, — 0, [T, — m2. This corresponds to the physics of
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Debye screening, familiar to us from Eq. (5.101). On the contrary, if we consider
homogeneous but time-dependent waves, i.e. take k — 0 with ik, # 0, it can be
seen that IT,, [T, — m?2/3. This genuinely Minkowskian structure in the resummed
self-energy corresponds to plasma oscillations, or plasmons.

We can also write down a resummed gluon propagator: in a general covariant
gauge, where the tree-level propagator has the form in Eq.(5.45) and the static
Feynman gauge propagator the form in Eq. (5.101), we get

xx—n| P& P, (K) £ KK,
a b __ gab iK-(X=Y) ® 2 12
(AL XA (X)) =6 ny e [K2 i T Reinm) T ) } ,
(8.162)

where £ is the gauge parameter.

If the propagator of Eq. (8.162) is used in practical applications, it is often useful
to express it in terms of the spectral representation, cf. Eq.(8.24). The spectral
function appearing in the spectral representation can be obtained from Eq. (8.27),
where now 1/[K? + TI__(K)] plays the role of Hgﬂ. After analytic continuation,

ik, — kY +i0t,

T(E)

1 1
. (8163
K2+ T, (ke k) —(KO +i0+)2 + K2 + TT, (—i(K + i0+), k) (8.163)

where

m2% k2 & [1 B (k0)2} K+ k + i0+}

I (—i(k° +i07), k) =
(SREH0T). R =0y o 2 |0 — kot
(8.164)
02 0 0 -+
I, (—i(k” +i0 ),k)—mE[l— 2 i||:1—2k nk°—k+i0+ . (8.165)

For |k > &, I1,, I, are real, whereas for K| < k, they have an imaginary

. 0 . . ege e
part. Denoting n = ’2, a straightforward computation (utilizing the fact that

Inz has a branch cut on the negative real axis) leads to the spectral functions

pT(E) = Im(K2+lHT<E))ikn—>k°+i0+’ Where
L.(m)
, <1,
o) = 1 2200 + 12 M (8.166)
7 sign(n) 8(Z.(K)) , In| > 1,
r.(n)
2 2 2 ? |7']| < 1 ’
(" = Dp(K) = § ZHK) +TZ(n) (8.167)

7 sign(n) §(Z,(K)) , [n| > 1.



8.4 Hard Thermal Loops 185

Here we have introduced the well-known functions [28-30]

2 11— |1
£ = K24 [nz 4 =m ln' * "H , (8.168)
2 2 -1
2 1— 2
(= i n(4 ) . (8.169)
1
£.(K) = & + m§|:1 M H : (8.170)
2 1—n
() = ) (8.171)

The essential structure is that in each case there is a “plasmon” pole, i.e. a §-function
analogous to the §-functions in the free propagator of Eq. (8.35) but displaced by an
amount o« m?2, as well as a cut at [k°| < k, representing Landau damping.

So far, we have only computed the resummed gluon propagator. A very interest-
ing question is whether also an effective action can be written down, which would
then not only contain the inverse propagator like Eq. (8.124), but also new vertices,
in analogy with the dimensionally reduced effective theory of Eq.(6.36). Such
effective vertices are needed for properly describing how the soft modes interact
with each other. Note that since our observables are now non-static, the effective
action should be gauge-invariant also in time-dependent gauge transformations.

Most remarkably, such an effective action can indeed be found [31, 32]. We sim-
ply cite here the result for the gluonic case. Expressing everything in Minkowskian
notation (i.e. after setting ik, — k° and using the Minkowskian Ap), the effective
Lagrangian reads

1 m2 1 1
= — _Tr[F,, F" ©[dQ, T Fy PEgH )| .
Ly = TPy [ r[(vvv “)(V'DV ’ )}
(8.172)

Here V = (1,v) is a light-like four-velocity, and D represents the covariant
derivative in the adjoint representation.
Several remarks on Eq. (8.172) are in order:

* A somewhat tedious analysis, making use of the velocity integrals listed in
Eqgs. (8.216)—(8.224) below, shows that in the static limit the second term in
Eq. (8.172) reduces to the mass term in Eq.(6.36) (modulo Wick rotation and
the Minkowskian vs. Euclidean convention for Ag).

* In the static limit, we found quarks to always be infrared-safe, but this situation
changes after the analytic continuation. Therefore a “dynamical” quark part
should be added to Eq. (8.172) [31, 32]; some details are given in Appendix B.

* Equation (8.172) has the unpleasant feature that it is non-local: derivatives appear
in the denominator. This we do not usually expect from effective theories. Indeed,
if non-local structures appear, it is difficult to analyze what kind of higher-
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order operators have been omitted and, hence, what the relative accuracy of the
effective description is.

In some sense, the appearance of non-local terms is a manifestation of the
fact that the proper infrared degrees of freedom have not been identified. It
turns out that the HTL theory can be reformulated by introducing additional
degrees of freedom, which gives the theory a local appearance [20, 33-35] (for
a pedagogic introduction see [36]). However the reformulation contains classical
on-shell particles rather than quantum fields, whereby it continues to be difficult
to analyze the accuracy of the effective description.

e We arrived at Eq.(8.172) by integrating out the hard modes, with momenta
p ~ n'T. However, like in the static limit, the theory still has multiple dynamical
momentum scales, k ~ gT and k ~ g>T /. It can be asked what happens if the
momenta k ~ gT are also integrated out. This question has been analyzed in the
literature, and leads indeed to a simplified (local) effective description [37—41],
which can be used for non-perturbatively studying observables only sensitive to
“ultrasoft” momenta, k ~ g>T/ 7.

* Remarkably, for certain light-cone observables, “sum rules” can be established
which allow to reduce gluonic HTL structures to the dimensionally reduced
theory [15,42,43].% This is an important development, because the dimensionally
reduced theory can be studied with standard non-perturbative techniques [44].

Appendix A: Hard Gluon Loop

Here a few details are given concerning the handling of the gluonic part of
Eq. (8.125). We follow the steps from Eq. (8.126) onwards. The spatial part of the
self-energy can be written as

2, 28, kiki — 4pip; K28, — kik;
H(.b)K:g Ci D—2 ij iKj P _ g Ko TR
g K=", - P=2| g Tk —pp | " prx - py

(8.175)

“Picking out one spatial component and denoting it by k|, so that k = (k;, k_ ), the sum rules can
be expressed as [15, 42, 43]

/°° dkj { pr(ky. k) pa(kn,k)} Ky 1 om (8.173)
oo 2T ky Ky oAk 2K A mp

1 m%
413 +mp

/_OO (;I;” Ky {Pp(kllvk) - pw(kn,k)} (8.174)

where pr, pg, py, and p, are the spectral functions from Egs. (8.166), (8.167), (8.201) and (8.202),
respectively.
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where all terms containing k; in the numerator are subleading. The bosonic
counterpart of Eq. (8.129) [cf. Eq. (8.29)] reads

1 1
T - [1+2n E ] 8.176
;pﬁ—i—Ef o, »(E1) (8.176)

whereas Eqgs. (8.130)—(8.134) get replaced with

1

7= T; 02 + E|[(ky — pa)* + E3] (8.177)
- 4E1152% ik _; ~E [~ED) = m(E2) 1]
+ ity 4 By — iy B0 o)
Ty + E1— B [(E2) = mE0)]
T+ Ell B [1 +ny(Er) + nB(Ez)]} . (8.178)

We observe that the bosonic results can be obtained from the fermionic ones simply
by setting n, — —n;. The expansions of Eqgs. (8.135)—(8.137) proceed as before,
although one must be careful in making sure that the IR behaviour of the Bose
distribution still permits a Taylor expansion in powers of the external momentum.
The partial integration identity in Eq.(8.141) can in addition be seen to retain its
form, so that, effectively,

,_, 1s(p) kev 1m0 ik
9= o [1_(D_Z)ikn—k'v:|_ 23 [D -0 z)ikn—k-v:|‘

(8.179)

The final steps are like in Eq. (8.145) and lead to Eq.(8.146), with m2 as given in
Eq. (8.147).

Appendix B: Fermion Self-Energy

Next, we consider a Dirac fermion at a finite temperature 7 and a finite chemical
potential p, interacting with an Abelian gauge field (this is no restriction at the
current order: for a non-Abelian case simply replace e — g>C,, where C, = (N2 —
1)/(2N.)). The action is of the form in Eq. (7.34) with D,, = 9, — ieA,,. To second
order in e, the “effective action”, or generating functional, takes the form Ser =
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Sy + (S, — ;SIZ + (9(63))11:1, where S, is the quadratic part of the Euclidean action
and §; contains the interactions. Carrying out the Wick contractions, this yields

Yu (_ii/’ + m)V;L

— Tk iR 2
Seff—i W(K)[zl)( +m+te {P}(i’2+m2)(i’—f()z

+ O(eAy) }ﬁ(ff) :
)

(8.180)
where we have for simplicity employed the Feynman gauge, and P, K are fermionic
Matsubara momenta where the zero component contains the chemical potential as
indicated in Eq. (8.127): k, = k, + iu. In the momentum P — K, carried by the
gluon, the chemical potential drops out.

The Dirac structures appearing in Eq. (8.180) can be simplified: y, .y, = D Lyxa,

yué’ Y= 02— D)P. Denoting
f@pu.v) = i(D=2)F + DmLaxy (8.181)
where v is a dummy variable for both p and m; as well as
Erv=Vp+m . Ex=y(p-k?, (8.182)
we are led to consider the sum [a generalization of Eq. (8.74)]

J(@pn, V)

’= T% 2 + EQ(Bn — kn)? + E3]

(8.183)

We can now write

_ o Sy
f_T%T;Mp" “ 5 B+ )

P i ae P V) e
= [ dee ™ IT )y O T AT . (8184
[ oee { %e 13,%+E%}{ Zr&+E§} G5

In

where we used a similar representation as before,

- B
BDn—kn— 1) = / dr e/ PnhnmrT (8.185)
0
Subsequently Egs. (8.29) and (8.63) and their time derivatives can be inserted:

et ny(Ey) _
T [ (B—1)E» ‘L'Ez] ’ 8.186
Z }’% + E% - 2E2 e + e ( )

I'n
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ent 1
— _ (B—0)E1—Bp __ tE
T;ﬁ% e o (e = P =By + e ] (8.187)

i~neiﬁnf 1 3 _
T D = (B — e IE T (B 4 e (8.188)
o P + Ej 2

Thereby we obtain

4E E>
iy (Ey — )PP )

B n(E
F— / dp o~ ny(E2) {”lp(El — ) B EFE B
0

+ne(Ey + p)eP Bt (—Ey | —y)
By + e B (—E, —v) (8.189)

As an example, let us focus on the second structure in Eq. (8.189). The t-integral
can be carried out, noting that k,, is fermionic:

ePEI—1)
—ik, — E1 + E»
ePEr 1 PEI—)
iky + E; — E>
B 1
kg +E —E, [

§ )
/ Az P E—) g (—Fa—Er+ED) _ [_eﬂ<Ez—E1+u> _ 1]

0

- (Ey) + n N (E) — u)] . (8.190)

The inverse distribution functions nicely combine with those appearing explicitly in
Eq. (8.189):

1 f(_El,V)
F = ~ 14+ BE _ FE .
4E1E2%ikn+E1+E2[ na(Ep) — ne(E, M)]

fELY) [np(El — W)+ nB(Ez)]

ik, + E; — E»
f(ElsV)
iky — E\ + E» [_nF(El - nB(EZ)]
f(El,V)
i _E_E [—1 — ny(E») + ne(E, +M)]} . (8.191)

We now make the assumption, akin to that leading to Eq. (8.137), that all four
components of the (Minkowskian) external momentum /C are small compared with
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the loop three-momentum p = |p|, whose scale is fixed by the temperature and
the chemical potential (this argument does not apply to the vacuum terms which
are omitted; they amount e.g. to a radiative correction to the mass parameter ).
Furthermore, in order to simplify the discussion, we assume that the (renormalized)
mass parameter is small compared with 7 and w. Thereby the “energies” of
Eq. (8.182) become

m2 m4 k2
E1~p+2p+0(p3), Ez~p—k-v+(’)(p) (8.192)
where again
v=P (8.193)
p

Combining Eqgs. (8.181) and (8.191) with Eq. (8.192), and noting that (for m <
p)

F(£E;, V) ~ (D =2)(£y° + viy)p . (8.194)

where we returned to Minkowskian conventions for the Dirac matrices [cf.
Eq.(4.36)], it is easy to see that the dominant contribution, of order 1/K, arises
from the 2nd and 3rd terms in Eq. (8.191) which contain the difference E; — E; in
the denominator. Writing —v - y = v;y' and substituting v — —v in the 3rd term,
Eq. (8.180) becomes ng)f) = Zf{k}gﬁ(i() [iK +m+ X (K)]¥ (K), where the superscript
indicates that terms of O(eA,,) have been omitted, and

S(K) ~ —mE/dQv Yot vy (8.195)
ik, +k-v

Here we have defined

2
o _ (D=2e /1[2nB(p)+nF(p+u)+nF(p_,L)] (8.196)
pP

P 4
_ T2 2
D=4 62( Q + 8’22) , (8.197)

and carried out the integrals for D = 4 (the bosonic part gives 2 [ » ny(p)/p = T?/6;
the fermionic part is worked out in Appendix C). The angular integrations can also
be carried out, cf. Egs. (8.219) and (8.220) below.

Next, we want to determine the corresponding spectral representation. As
discussed in connection with the example following Eq. (8.64), sign conventions are
tricky with fermions. Our Si(f)f) defines the inverse propagator, representing therefore
a generalization of the object in Eq. (8.64), with the frequency variable appearing as
k, = k, + ijt. Aiming for a spectral representation directly in terms of this variable,
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needed in Eq. (8.92), we define the analytic continuation as ik, — ® where  has
a small positive imaginary part. Carrying out the angular integrals in Eq. (8.195)
as explained in Appendix C, the analytically continued inverse propagator becomes
(we setm — 0)

m? w+k m? o ow+k
S(—iw. k) = wy|1— " 1 —keplt+ " (1= 20 .
K+ Eio.k) wy‘)[ 2kwnw—k] "[ +k2( 2knw—k>]
(8.198)

Introducing the concept of an “asymptotic mass” m[ 2m? and denoting L =
1 . 1n “’+k , the corresponding spectral function reads

Im{[lﬂ + 2(—iw,k)]_l} = #(w.k) . (8.199)
p = (wp,. kp,) , (8.200)
1— m%L
Py :Im§ o, rii=on 2} . (8.201)
o =T =+ "]
1+ mé(l a)L)
pp = Im . (8.202)
§ [a) . mé ] [k+ ml(l a)L)] }

These are well-known results [11, 29], generalized to the presence of a finite
chemical potential [45]; note that the chemical potential only appears “trivially”,
inside my, without affecting the functional form of the momentum dependence.
The corresponding “dispersion relations”, relevant for computing the “pole con-
tributions” mentioned below Eq. (8.99), have been discussed in the literature [46]
and can be shown to comprise two branches. There is a novel branch, dubbed a
“plasmino” branch, with the peculiar property that

k
wsz—3+3m <m., k<Km,. (8.203)

If the zero-temperature mass m is larger than m,, the plasmino branch decou-
ples [47]. For large momenta, the dispersion relation of the normal branch is of
the form

2

m
o~ k+

.k , 8.204
ok > my ( )

which explains why my is called an asymptotic mass. A comprehensive discussion
of the dispersion relation in various limits can be found in [48].
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Appendix C: Radial and Angular Momentum Integrals

We compute here the radial and angular integrals defined in Eqs. (8.141)—(8.144).

For generality, and because this is necessary in loop computations, it is useful
to keep the space dimensionality open for as long as possible. Let us recall that the
dimensionally regularized integration measure can be written as

44 4 00 3 +1 s
/(27:;‘1 " @ )d+lr(d_1)/0 dpp* 1/1 dz(1-2)7" (8.205)
T) 2 _
2

where d = D — 1 and z = k- p/(kp) parametrizes an angle with respect to some
external vector. An important use of Eq.(8.205) is that it allows us to carry out
partial integrations with respect to both p and z. If the integrand is independent of z,
the z-integral yields

+1 i3 F(I)F(d—l)
dz(1-z9)"> = 227, (8.206)
/—1 r'(4)
and we then denote (cf. Eq. (2.61), now divided by (27)¢)
2
cd) = dge (8.207)
(4m)21'(5)

so that fp = fp = c(d) [y dppt.
Now, Eq. (8.141) can be verified through partial integration as follows:

[ et =] = c@ [ g 12 o+ 0+ mip -]
- —-2c@ [ apr 2 o+ )+ mlp - )]

—c(d) /Oooolpp"_1 [né(p + 1) +n(p - u)] :

(8.208)

Moving the first term to the left-hand side leads directly to Eq. (8.141).
In order to derive the explicit expression in Eq.(8.143), we set d = 3; then a
possible starting point is a combination of Egs. (7.36) and (7.42):

—fT ) = 2/{1) + T[ln(l +e ) (14 e—”?‘)}}

p

=3 77T2T4 ,LL2T2 M4
= 180 T 6 T (8209
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Taking the second partial derivative with respect to u, we get

2 2 _ )
— afa(T;“) = ZT/ 88 5 [ln(l +e ’I‘M) +ln(l + e_ltﬂ):|
n m
ZT/ [m(l +e—”r”) + ln(l + e—"?‘)}

d2
» dp?
3 —4T/1 d [m(l +e—”r”) +ln(1 +e—”T”)} (8.210)
ppdp
TZ MZ

=Lt (8.211)

d=

where in the penultimate step we carried out one partial integration. On the other
hand, the integral in Eq. (8.210) can be rewritten as

1d — p+
—4T/ . [ln(l + e—”r”) + ln(l +e r“)}
p PAap
4T/ 1[ e_p;u e_pJ;;L :|( 1)
_ o+ _
p P 1+ E_pTH 1+ e_ﬁl_'“ T

4/117[np(p+u) —i—np(p—,u)] . (8.212)

P

Equations (8.211) and (8.212) combine into Eq. (8.143).
As far as angular integrals go [such as the one in Eq. (8.144)], we start with the
simplest structure, defined in Eq. (8.156):

1 -3 1 +1 1
LK) = / aQ, . =7 g / dz .
ik,—k-v 47 1 ik, — kz

1 ' d

— dz © In(ik, — k

2k/_1 ZdZ n(l Z)
1 ik, +k

. 8.213

2% ik, — k (8.213)

Further integrals can then be obtained by making use of rotational symmetry. For
instance,

Ui .
de2 = k; f(ik,, k) , 8.214
[eau, " = ks (8:214)
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where, contracting both sides with k,

1 kv 1 1
k) = [ d2 = |-1+i, a2, . (8215
f kB k2/ Viky — K-V k2[ J”/ vzkn—k-v:| (8:215)

Another trick, needed for having higher powers in the denominator, is to take
derivatives of Eq. (8.213) with respect to ik,,.

Without detailing further steps, we list the results for a number of velocity
integrals that can be obtained this way. Let us change the notation at this point:
we replace ik, by k® + i0T, as is relevant for retarded Green’s functions ({0 is not
shown explicitly), and introduce the light-like four-velocity V = (1,v). Then the
integrals read (d = 3;i,j = 1,2,3)

/dQv —1, (8.216)

/dQv v =0, (8.217)
/dQ” v = ;‘Sii’ (8.218)
/dQ“ V-IIC = LK. (8.219)
/ ds vlfi/c = /fz |1+ L] (8.220)
/ a2 ;)i~v/; - L(;C : (Sij - kk]zd) + 2kkoz [1-K200)] (8'31' - 3’};’") . (8.221)
/ oy -1/02 - ;;2 ’ (8.222)
/ Wy T);C)Z = 1152 [;]éoz LK) (8.223)

viv/ 1 (.. KK 1 (kN2 (.. 3Kk
dQ = s — - 1= 200K s — ,
Jaou o) e 2/62( ) 2k2[ O+ 2 ]( kz)

(8.224)
where V- K = k° — v -k, and

1 KO+ k+i0T o<k ir k0 (k)3
LK) = 1 fo (8225
K= Mo gy o+ w T o T (8.225)
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Chapter 9
Applications

Abstract A number of physical applications of relativistic thermal field theory are
considered. First the basic formalism for addressing the existence of a scalar field
driven phase transition is developed (Sect.9.1). Then the concept of instantons is
introduced with the example of a bubble nucleation rate related to a first order
phase transition (Sect.9.2). This is followed by a general discussion concerning
the formalism for particle production rate computations, relevant both for heavy
ion collision experiments and cosmology (Sect.9.3). How a particle production
rate can be embedded in an expanding cosmological background is explained
in detail (Sect.9.4). Turning to so-called transport coefficients, we first consider
the effective mass and friction coefficient that a scalar field evolving within a
thermal environment feels (Sect. 9.5). Then transport coefficients are discussed more
generally, culminating in the definition of shear and bulk viscosities, diffusion
coefficients, and the electric conductivity of QCD matter (Sect.9.6). Transport
coefficients are closely related to the rate at which a slightly disturbed system
equilibrates, and the corresponding formalism is introduced, stressing the idea of
employing operator equations of motion in order to simplify the correlation function
to be computed (Sect. 9.7). Finally a somewhat different but physically important
topic, that of the behaviour of resonances made of a heavy quark and an antiquark
within a hot QCD medium, is outlined, with emphasis on the roles that “virtual” and
“real” corrections play at finite temperature (Sect. 9.8).

Keywords Effective potential « Condensate ¢ First order phase transition ¢ Semi-
classical approximation ¢ Saddle point ¢ Instanton e Fluctuation determinant e
Tunnelling  Sphaleron ¢ Classical limit ¢ Critical bubble ¢ Latent heat ¢ Surface
tension ¢ Particle production ¢ On-shell field operator ¢ Landau-Pomeranchuk-
Migdal effect » Decay rate * Einstein equations ¢ Yield parameter * Boltz-
mann equation * Friction coefficient * Damping rate * Thermal mass ¢ Dila-
ton ¢ Axion ¢ Chern-Simons diffusion ¢ Equilibration ¢ Kubo formula ¢ Trans-
port peak ¢ Flavour diffusion ¢ Conductivity * Viscosity ¢ Brownian motion *
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width * Real and virtual processes at finite temperature
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198 9 Applications
9.1 Thermal Phase Transitions

As a first application of the general formalism developed, we consider the existence
of thermal phase transitions in models of particle physics. Prime examples are
the “deconfinement” transition in QCD, and the “electroweak symmetry restoring”
transition in the electroweak theory,! both of which took place in the early universe.
For simplicity, though, the practical analysis will be carried out within the scalar
field theory discussed in Sect. 3.

In general, a phase transition can be defined as a line in the (7, )-plane across
which the grand canonical free energy density f(7', ) is non-analytic. In particular,
if f /0T or df /dp is discontinuous, we speak of a first order transition. The energy
density

1 PSS T2 9 of
= Tr |He PH—1O | = mnz) =f-1| 1
‘Tyz v e ] vaT(n );e f (aT)¢ 0

is then discontinuous as well, with the discontinuity known as the latent heat. This
means that a closed system can proceed through the transition only if there is some
mechanism for energy transfer and dissipation; thus, first order transitions possess
non-trivial dynamics.

It is often possible to associate an order parameter with a phase transition. In
a strict sense, the order parameter should be an elementary or composite field, the
expectation value of which vanishes in one phase and is non-zero in another. In a
generalized sense, we may refer to an order parameter even if it does not vanish
in either phase, provided that (in a first order transition) it jumps across the phase
boundary. In a particularly simple situation this role is taken by some elementary
field; in the following, we consider the case where a real scalar field, ¢, plays the
role of an order parameter. More realistically, ¢ could for instance be a neutral
component of the Higgs doublet (after gauge fixing).

Suppose now that the Euclidean Lagrangian of the ¢-field reads

Ly = ;(M)z + ;(ch)z + V(@) 92)

We take the potential to be of the form V(¢) = —Im?¢> + }A¢$*, with positive
real parameters m and A and a discrete Z(2) symmetry. Then ¢ has a non-zero
expectation value at zero temperature, as is obvious from a graphical illustration
of the potential in Fig.9.1.

Let us now evaluate the partition function of the above system with the method
of the effective potential, Ve (), introduced in Sect. 7.1. In other words, we put the
system in a finite volume V, and denote by ¢_> the condensate, i.e. the mode with p,, =

Here the standard terminology is used, even though it is inappropriate in a strict sense, given that
both transitions are known to be of a crossover type, i.e. not genuine phase transitions.
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Fig. 9.1 The potential from
Eq. (9.2) at zero temperature
for¢p > 0

0,p = 0. As our system possesses no continuous symmetry, there are furthermore
no conserved charges and thus we cannot introduce a chemical potential; only T
appears in the result after taking the V — oo limit. We then write

2.1 = o[- /0] = [ 4 [ 04 ew(-ss =3 +41) O3

_ /_ 44 exp [_iveff(q‘s)} | ©.4)

We note that the thermodynamic limit V. — oo is to be taken only after the
evaluation of V.g(¢), and that foﬂ dr [ ¢’ = 0, given that ¢’ by definition only
has modes with P # 0.

In order to carry out the integral in Eq.(9.4), we expand V.i(¢) around its
absolute minimum ¢y;,, and perform the corresponding Gaussian integral:>

1

Vett(@) = Ver(dmin) + 2V:ff(<l_5min)(¢_> — Gmin)’ + ... . (9.5)

/_ :dq_ﬁ eXpI:_‘]/,Veff(d_)):I A eXpI:_‘]/,Veff(d_)min):I \/ Vé/fjg,;)v : (9.6)
Thereby the free energy density reads

F(T) = Veir(Pumin) + O (h;/v) . 9.7)

In other words, in the thermodynamic limit V' — oo, the problem of computing f(7)
reduces to determining Ve and finding its minima. Note that ¢, depends on the
parameters of the problem, particularly on 7.

2To be precise an infinitesimal “source” should be added in order to pick a unique minimum.
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Fig. 9.2 A thermal effective vV
potential displaying a first eff
order phase transition

E= -
Gin(Te ) (T.) —
min* " ¢ (I)mm( c) ¢

Let us now ask under which conditions a first order transition could emerge. We
can write

df(T) _ aveff(q;; T) d(l_smin aveff(q;; T)
dr _[ 9 AT T T } . ©8)
_ OVer(¢:T)
= 9T ) 9.9

17_5 =‘7_5min

where we have written out the explicit temperature dependence of the effective
potential and made use of the fact that qum minimizes Veg. Equation (9.9) makes
it clear (if Vi is an analytic function of its arguments) that limT_>TC+ gf; #*
limy_ 7~ gf; only if hmT—>TC+ q_ﬁmin #* limy_, 7~ q_ﬁmin. In other words, a first order
transition necessitates a discontinuity in ¢_>m,-,,, such as is the case in the potential
illustrated in Fig.9.2.

Given the above considerations, our task becomes to evaluate V.g. Before
proceeding with the computation, let us formulate the generic rules that follow from
the analogy between the definition of the quantity,

V n —_
exp I:_TVeff(¢):| = /Pfgy eXp(_SE[¢ - & +¢/]) , ©.10)

and that of the free energy density, f(7'), discussed in Sect. 3.1:

(i) Writt¢p = +¢'inL,.
(i) The part only depending on ¢ is the zeroth order, or tree-level, contribution to
Ves.
(iii) Any terms linear in ¢’ should be omitted, because foﬁdr o9 =0.
(iv) The remaining contributions to Vs are obtained like /(7)) before, cf. Eq. (3.12),
except that the masses and couplings of ¢’ now depend on the “shift” ¢.
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(v) However, among all possible connected diagrams, one-particle-reducible
graphs (i.e. graphs where the cutting of a single ¢’-propagator would split the
graph into two disjoint parts) should be omitted, since such a ¢’-propagator
would necessarily carry zero momentum, which is excluded by the above
definition.

Remarkably, as noted in [1], these rules are identical to the rules that follow [2]
from a totally different (but “standard”) definition of the effective potential, based
on a Legendre transform of the generating functional:

WU — / Dp =Sk 47 | 9.11)
- - - SWIJ
Llp] = W[J] —/](}5 , ¢ = 8.][ ] , 9.12)
X
Veii () = ‘Y;F[q_ﬁ] for ¢ = constant . (9.13)

However, our procedure is actually better than the standard one, because it is
defined for any value of ¢, whereas the existence of a Legendre transform requires
certain (invertibility) properties from the functions concerned, which contributors to
discussions about whether the effective potential necessarily needs to be a convex
function.

Let us now proceed to the practical computation. Implementing steps (i) and (ii),
and indicating terms dropped in step (iii) by square brackets, we get

SO = @) ©.14)
—;mzasz - —;mzq? ~ [m*é¢'] - ;mch’z : (9.15)
ixgs‘* — iAqS“ + [A*d] + ;M_ﬁzqﬁ/z + Apo” + i)up"‘ . (9.16)
/Oﬂdr/x = ¥ , 9.17)
Vit (@) = —;mzcﬁz + ikq—ﬁ“, 9.18)

where one should in particular note that Vé?f) (¢) is independent of the temperature 7.
The dominant “thermal fluctuations” or “radiative corrections” arise at the 1-loop
order, and follow from the part quadratic in ¢’ as linear terms are dropped.
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Combining Egs. (9.15) and (9.16), the “effective” mass of ¢ reads meff = —m? +
3A¢?2, and the corresponding contribution to the effective potential becomes

exp TVe(flf) /Dq& exp / d‘l,'/ 82 + m? ]d)) (9.19)
= /,Dqg/ exp( Z ¢ Pn + P + meff]q;) (9.20)

1

2
= C[]_[(pi +p + miff)} : ©.21)
P#0

. T 1
Vi () = Jm Z[z In(p2 + p? + my) — Const.:| . (9.22)
P#0

In the infinite-volume limit this goes over to the function J(mes, T) defined in
Egs. (2.50) and (2.51). We return to the properties of this function presently, but
let us first specify how higher-order corrections to this result can be obtained.

Higher-order corrections come from the remaining terms in Eq. (9.16), paying
attention to rules (iv) and (v):

(=2) _ _ v AN
exp 1 Ve )] = (exp(~$el3.41) 1) 9.23)

_ B _ 1
Seilg. ¢’ = / dr / [x¢¢>’3+ W ¢>’4} : (9.24)

0 X
Here the propagator to be used reads
W eF Q)= : 925)
Tl e p ey '

The V — oo limit leads to a scalar propagator, Eq. (3.27), with the mass m.
We now return to the evaluation of the 1-loop effective potential after taking
V — oo. From Eq. (2.50) we have

V(@) = / [ip +Th(l —e‘ﬂE")} : (9.26)
P

— 2
E,= \/pz+meff
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tree-level result 1-loop correction

(0)
Veff JT

— =2 2.1/2
¢/ T y=(c, tc, ¢ /T)

Fig. 9.3 A comparison of the shapes of the tree-level zero-temperature potential and the 1-loop
thermal correction. The function J; is given in Eq. (9.27)

the temperature-dependent part of which is given by Eq. (2.58)*:

_ a=3 T* & 2ty
JT(Wleff)Z/ Tin (1 — e~Pir) ‘= 2]{2/ dxlen[l—e Wﬂz] gt -
P 0 =

(9.27)

This function was evaluated in Fig.2.1 on p. 38; its shape in comparison with the
zero-temperature potential is illustrated in Fig. 9.3. Clearly, the symmetric minimum
becomes more favourable (has a smaller free energy density) at higher temperatures.

In order to be more quantitative, let us study what happens at w7 >> m.g where,
from Eq. (2.82),

Jr(megr) = T + g _ el e [ln(meffen:) - 3:| + (9( & ) .

90 24 127 2(4m)? AnT 4 T4T?
(9.28)
Keeping just the leading mass-dependent term leads to
: . 1 AT?\ —, 1 -
Vii + V& = [¢-indep] + 5 (—m2 +, )¢>2 + 4/\¢>4 . (9.29)

We already knew that for T = 0 the symmetry is broken; from here we observe
that for T > 2m/ VA it is restored. For the Standard Model Higgs field, this was

3Note that even though ¢-dependent, the T = 0 part of this integral “only” renormalizes the

parameters m> and A that appear in Vé(f)%. These are important effects in any quantitative study but
can be omitted for a first qualitative understanding.
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Fig. 9.4 An illustrgtiqn of vV high T
the effective potential in eff
Eq. (9.29), possessing a phase

transition

low T

Fig. 9.5 A sketch of the
structure described by
Eq.(9.30)

o/T

realized in [3—6]. Hence, somewhere in between these limits there must be a phase
transition of some kind; this is sketched in Fig. 9.4.

We may subsequently ask a refined question, namely, what is the order of the
transition? In order to get a first impression, let us include the next term from
Eq. (9.28) in the effective potential. Proceeding for easier illustration to the m> — 0
limit, we thereby obtain

T Ao T - 1, -
Val + Val = [@indep] + T — | GOVP+ A6 0.30)

This could describe a “fluctuation induced” first order transition, as is illustrated in
Fig.9.5.

We should not rush to conclusions, however. Indeed, it can be seen from
Eq. (9.30) that the broken minimum appears where the cubic and quartic terms are
of similar magnitudes, i.e.,

)T

- - A
~Alt = 1l ~ . (9.31)

TA2|p
T T
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However, the expansion parameter related to higher-order corrections, discussed
schematically in Sect. 6.1, then becomes

AT AT AT
- M Loay. 9.32)
Tmer  y/3A¢2 7|9l

In other words, the perturbative prediction is not reliable for the order of the
transition.

On the other hand, a reliable analysis can again be carried out with effective field
theory techniques, as discussed in Sect. 6.2. In the case of a scalar field theory, the
dimensionally reduced action takes the form

1

1 1 1
SszLL«wf+2%ﬁ+4hﬁ+u}, (9.33)

with the effective couplings reading

ma = —ml (14 OO + AT+ OG,)], 9.34)

A=A [1+0R)] . (9.35)

This system can be studied non-perturbatively (e.g. with lattice simulations) to show
that there is a second order transition at m% ~ 0. The transition belongs to the 3d
Ising universality class.*

Finally, we note that if the original theory is more complicated (containing more
fields and coupling constants), it is often possible to arrange the couplings so that
the first order signature seen in perturbation theory is physical. Examples of systems
where this happens include:

e A theory with two real scalar fields can have a first order transition, if the
couplings between the two fields are tuned appropriately [9].

* A theory with a complex scalar field and U(1) gauge symmetry, which happens
to form the Ginzburg-Landau theory of superconductivity, does have a first order
transition, if the quartic coupling A, is small enough compared with the electric
coupling squared, e2 [10].

e The standard electroweak theory, with a Higgs doublet and SU(2)xU(1) gauge
symmetry, can also have a first order transition if the scalar self-coupling A, is
small enough [11, 12]. However, this possibility is not realized for the physical
value of the Higgs mass m, ~ 125GeV (for a review, see [13]). On the
other hand, in many extensions of the Standard Model, for instance in theories

“4To be precise we should note that scalar field theories suffer from the so-called “triviality” problem
(cf. e.g. [7, 8]): the only 4-dimensional continuum theory which is defined on a non-perturbative
level is the one with A, = 0. Therefore, our discussion implicitly concerns a scalar field theory
which has a finite ultraviolet cutoff.
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containing more than one scalar field, first order phase transitions have been
found (for a review see, e.g., [14]).

If the transition is of first order, its real-time dynamics is nontrivial. Upon
lowering the temperature, such a transition normally proceeds through supercooling
and a subsequent nucleation of bubbles of the low-temperature phase, which then
expand rapidly and fill the volume. (If bubble nucleation does not have time to
take place due to very fast cooling, it is also possible in principle to enter a
regime of “spinodal decomposition” in which any “barrier” between the two phases
disappears.) The way to compute the nucleation probability is among the classic
tasks of semiclassical field theory: like with instantons and sphalerons, one looks
for a saddle point by solving the equations of motion in Euclidean signature, and
quantum corrections arise from fluctuations around the saddle point. In the next
section, we turn to this problem.

9.2 Bubble Nucleation Rate

As was mentioned in the previous section, if a first order transition takes place its
dynamics is non-trivial because the discontinuity in energy density (“latent heat™)
released needs to be transported or dissipated away. The basic mechanism for
this is bubble nucleation and growth: the transition does not take place exactly
at the critical temperature, 7., but upon lowering the temperature the system first
supercools to some nucleation temperature, 7,,. Around this point bubbles of the
stable phase form, and start to grow; the latent heat is transported away in a
hydrodynamic shock wave which precedes the expanding bubble.

The purpose of this section is to determine the probability of bubble nucleation,
per unit time and volume, at a given temperature 7 < T, having in mind the
phase transitions taking place in the early universe. Combined with the cosmological
evolution equation for the temperature T, which determines the rate 7’(r) with which
the system passes through the transition point (cf. Sect. 9.4), this would in principle
allow us to estimate 7,,. We will, however, not get into explicit estimates here, but
rather try to illustrate aspects of the general formalism, given that it is analogous to
several other “rate” computations in quantum field theory, such as the determination
of the rate of baryon plus lepton number violation in the Standard Model.

In terms of the effective potential, the general setting can be illustrated as shown
in Fig.9.6. For simplicity, we consider a situation in which a barrier between the
minima already exists in the tree-level potential V(¢). For radiatively generated
transitions, in which a barrier only appears in Ve(¢), some degrees of freedom
need to be integrated out for the discussion to apply.

Our starting point now is an attempt at a definition of what is meant with the
nucleation rate. It turns out that this task is rather non-trivial; in fact, it is not clear
whether a completely general definition can be given at all. Nevertheless, for many
practical purposes, the so-called Langer formalism [15, 16] appears sufficient.
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Fig. 9.6 An illustration of
the tunnelling process which
a metastable
high-temperature state needs
to undergo in a first order
phase transition

The general idea is the following. Consider first a system at zero temperature.
Suppose we use boundary conditions at spatial infinity, limy| o ¢ (x) = 0, in order
to define metastable energy eigenstates. We could imagine that, as a result of the
vacuum fluctuations taking place, the time evolution of these would-be states looks
like

lp(1)) = e E|p(0)) = e ReEFIMEN4 () (9.36)
= (p(D|p (1) = ™B ($(0)[$(0)) . (9.37)

Thereby we could say that such a metastable state possesses a decay rate, I'(E),
given by

I'(E) ~ —2Im(E) . (9.38)

Moving to a thermal ensemble, we could analogously expect that

T(T) & —2Im(F), (9.39)

where F' is the free energy of the system, defined in the usual way. It should
be stressed, though, that this generalization is just a guess: it would be next to
miraculous if a real-time observable, the nucleation rate, could be determined
exactly from a Euclidean observable, the free energy.

To inspect the nature of our intuitive guess, we first pose the question whether
F could indeed develop an imaginary part. It turns out that the answer to this is
positive, as can be seen via the following argument [17]. Consider the path integral
expression for the partition function,

F= —Tln{ /b Do exp(—SE[qb])} , (9.40)
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where “b.c.” refers to the usual periodic boundary conditions. Let us assume that we
can find (at least) rwo different saddle points ¢, each satisfying

55,

=0, ¢0,x)=¢(B.x), lim ¢(r.x)=0. (9.41)
8(}5 -4 |x| =00
p=¢

We assume that one of the solutions is the trivial one, qg = (, whereas the otheris a
non-trivial (i.e. x-dependent) solution, which we henceforth denote by ¢ (7, x).

Let us now consider fluctuations around the non-trivial saddle point, which we
assume to have an unstable direction. Suppose for simplicity that the fluctuation
operator around ¢ has exactly one negative eigenmode

525,
52

whereas for the non-negative modes we define the eigenvalues through

fo(r.x) = =22 f_(r.x), (9.42)
=9

525,
52

Writing now a generic deviation of the field ¢ from the saddle point solution in the
form

@) =2 f(@x), n=0. (9.43)
p=¢

Sp=dp—p=D 8= cufu (9.44)

n

where ¢, are coefficients (which we assume, for simplicity, to be real), and taking
the eigenfunctions to be orthonormal ( f Jmfn = 8,,,), we can define the integration
measure over the fluctuations as

/ D = ]_[ / j;t . (9.45)

In the vicinity of the saddle point, the action can be written in terms of the
eigenvalues and coefficients as

-
86061 5, SE[qgl_;Az_czjzéxgcﬁ. (9.46)

A 1
Seld] ~ sl [ o0 (5
n>0

Then, denoting Z, = Z [q3 = 0], we can use the semiclassical approximation to
write the free energy in a form where the contributions of both saddle points are
separated,

2 de— 15,2 2 dc, 172 2
F««—Tln{Z0 +e_SE[¢]/ e2t== /l_[ e_ZA"C"} . 947
V2 >0 V2r
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Dealing with the negative eigenmode properly would require a careful analysis, but
in the end this leads (up to a factor 1/2) to the intuitive result

de— 1522 1 2 1
et == ~ ~ 1 , (9.48)
V27 V2 \/—12_ \/)\2_

indicating that the partition function indeed obtains an imaginary part. Assuming
furthermore that the contribution from the trivial saddle point is much larger in
absolute magnitude than that originating from the non-trivial one, the evaluation
of Eq. (9.39) leads to

_1
2
)

r~ ;0 exp {—SE[¢3]} )det (823E[¢3]/5¢>2) (9.49)
where the determinant is simply the product of all eigenvalues. Somewhat more
precise versions of this formula will be given in Egs. (9.60) and (9.63) below.

The non-trivial saddle point contributing to the partition function is generally
referred to as an instanton. By definition, an instanton is a solution of the imaginary-
time classical equations of motion, but it describes the exponential factor in the rate
of a real-time transition, as suggested by the intuitive considerations above.

Of course, the instanton needs to respect the boundary conditions of Eq. (9.41).
Depending on the geometric shape of the instanton solution within these constraints,
we can give different physical interpretations to the kind of “tunnelling” that the
instanton describes. In the simplest case, when the temperature is very low (8 =
1/T is very large), the Euclidean time direction is identical to the space directions,
and we can expect that the solution has 4d rotational symmetry, as illustrated in
Fig.9.7(left). Such a solution is said to describe “quantum tunnelling”. Indeed, had
we kept 72 # 1, Eq. (9.49) would have had the exponential exp(—S, [9]/%).

On the other hand, if the temperature increases and 8 decreases, the four-volume
becomes “squeezed”, and this affects the form of the solution [18]. The solution

<>

p
I
0

X X X

Fig. 9.7 The form of the instanton solution in various regimes: at zero temperature (left); at an
intermediate temperature (middle); and at a high temperature (right)
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is depicted in Fig.9.7(middle). Then we can say that “quantum tunnelling” and
“thermal tunnelling” both play a role.

For very large T, the box becomes very squeezed, and we expect that the solution
only respects 3d rotational symmetry, as shown in Fig. 9.7(right). In this situation,
like in dimensional reduction, we can factorize and perform the integration over the
t-coordinate, and the instanton action becomes

| RN 1 A
ySeld = B0 [ L= p $uld]. 9.50)

We say that the transition takes place through “classical thermal tunnelling”.

In typical cases, the action appearing in the exponent is large, and thereby the
exponential is very small. Just how small it is, is determined predominantly by
the instanton action, rather than the fluctuation determinant which does not have
any exponential factors, and is therefore “of order unity”. Hence we can say that
the instanton solution and its Euclidean action SE[¢3] play the dominant role in
determining the nucleation rate.

At the same time, from a theoretical point of view, it can be said that the real “art”
in solving the problem is the computation of the fluctuation determinant around the
saddle point solution [19]. In fact, the eigenmodes of the fluctuation operator can be
classified into:

(1) one negative mode;
(2) a number of zero modes;
(3) infinitely many positive modes.

We have already addressed the negative mode (except for showing that there is only
one), which is responsible for the imaginary part, so let us now look at the zero
modes, whose normalization turns out to be somewhat non-trivial.

The existence and multiplicity of the zero modes can be deduced from the
classical equations of motion and from the expression of the fluctuation operator.
Indeed, assuming the action to be of the form

P 1
S, = / dt/ [Z(am)2 + V(q&)} , (9.51)
0 X
the classical equations of motion read
8 :16] 25 v
= — =0. .52
56 0 —d,0+Vi(p)=0 (9.52)

The fluctuation operator is thus given by

528, (9] i
5;2 = =0, + V(). (9.53)
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Differentiating Eq. (9.52) by d,, on the other hand yields the equation
(-2 + V'] o =0. (9.54)

implying that 3\,43 can be identified as one of the zero modes. Note that a zero mode
exists (i.e. is non-trivial) only if the solution q3 depends on the coordinate x”; the
trivial saddle point q3 = 0 does not lead to zero modes.

Let us now turn to the normalization of the zero modes. It turns out that integrals
over the zero modes are only defined in a finite volume, and are proportional to
the volume, V = L, corresponding to translational freedom in where we place the
instanton. A proper normalization amounts to

deo _ (SAE)%L (9.55)
\/27-[ o 2 '

for 3143, 32(]3, 33(]3, and L — f for Boqg. This can be shown by considering (for
simplicity) a one-dimensional case (of extent L), where the orthonormality condition
of the eigenmodes takes the form

L
/ dxfinfu = Smn - (9.56)
0

We note that the classical equation of motion, Eq. (9.52), implies (upon multiply-
ing with 0, and fixing the integration constant at infinity) a “virial theorem”,
;(ax¢)2 = V(¢), where we assume V(0) = 0. We then see that

L L
N 1 N A N ~
[ @iy = [w[ odr+vd]=sé = 5. o0
or in other words, that the properly normalized zero mode reads
— 1 n
Jo= N I . (9.58)
As the last step, we note that
Y " ~ &b o\ _ 4
wfd = % 9@ ~ dlxt+ ) -4 (9.59)

This shows that the zero mode corresponds to translations of the saddle-point
solution. Since the box is of size L and assumed periodic, we should restrict the
translations into the range co/+/S, € (0,L), i.e. co € (0,L4/5,). This directly leads
to Eq. (9.55).

We are now ready to put everything together. A more careful analysis [19] shows
that the factor 2 in Eq.(9.38) cancels against a factor 1/2 which we missed in
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Eq. (9.48). Thereby Eq.(9.49) can be seen to be accurate at low T except for the
treatment of the zero modes. Rectifying this point according to Eq. (9.55), assuming
that the number of zero modes is 4 (according to the spacetime dimensionality), and
expressing also Z, in the Gaussian approximation, we arrive at

R 4
EAY
low T - 2r

where det’ means that zero modes have been omitted (but the negative mode is kept).
On the other hand, in the classical high-temperature limit, we can approximate
d:¢ = 0, cf. Eq. (9.50). Thereby there are only three zero modes, and

N
S
—2ImF ~ TV( 3")

1
2

r -5
e (9.60)

Vv

det'[-9% + V()]
det[—0% + V"(0)]

9.61)

2nT

1
/ 2 e |2 R
del [V V@I 7 g5,
det[-V2 + V"(0)]

Furthermore, it turns out that the guess I' >~ —2Im F of Eq. (9.39) should in this
case be corrected into [20]

ImF . (9.62)

A conjectured result for the nucleation rate is thus

n 3
= (5) (o)
highT_ 2 27T

Comparing Eqgs. (9.39) and (9.62), we may expect the high-temperature result of
Eq. (9.63) to be more accurate than the low-temperature result of Eq. (9.60) above
the regime in which the prefactors cross each other, i.e. for

_1
2

e )] | S,

det[-V2 + V" (0)]

r
Vv

T> A . (9.64)
2
It should be stressed, however, that the simplistic approach based on the negative
eigenmode A_ does not really give a theoretically consistent answer [21, 22]; rather,
we should understand the above analysis in the sense that a rate exists, and the
formulae as giving its order of magnitude.

Let us end by commenting on the analogous case of the baryon plus lepton
number (B + L) violation rate [23]. In that case, the vacua (there are infinitely many
of them) are actually degenerate, and the role of the field ¢ is played by the Chern-
Simons number, which is a suitable coordinate for classifying topologically distinct
vacua. However, the formalism itself is identical: in particular, at low temperatures
it may be assumed that there is a saddle point solution with 4d symmetry, which is a
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usual instanton [24], whereas at high temperatures (but still in the symmetry broken
phase) the saddle point solution has 3d symmetry, i.e. is time-independent, and is
referred to as a sphaleron [25]. Again there are also zero modes, which have to be
treated carefully [26]. At high temperatures a complete analysis, even at leading
order in couplings, requires non-perturbative methods [21, 27, 28].

Appendix A: Nucleation Action in the Classical Limit

In scalar field theory, the instanton solution (also known as the “critical bubble”) and
its Euclidean action can be determined in a simple form if we assume the classical
limit of high temperatures and that the minima are almost degenerate. It can be
shown (cf. e.g. [29, 30]) that then

. 167 o°
S3a = , 9.65
T3y ©.69)
where
(ibroken _ _
o= / doy/2V(p) (9.66)
0
is the surface tension, and
Ap = V(0) = V(Poroken) (9.67)

is the pressure difference in favour of the broken phase. In this limit the configuration
q3 is called a thin-wall bubble. It is important to note that Eq. (9.65) implies that
S3q¢ — oo for Ap — 0; this is the reason why nucleation can take place only after
some supercooling, when Ap > 0 and S34 becomes finite.

The limit of almost degenerate minima is illustrated in Fig.9.8(left). In the
classical limit, there is no dependence on 7, and the equation of motion reads

~V%+Vi($) =0, (9.68)

Fig. 9.8 Left: The effective
potential describing a first
order phase transition at the
critical temperature. Right:
The profile of the critical
bubble solution as a function
of the radial coordinate

<>
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which, assuming spherical symmetry, can be written as

dz(fﬁ 2d¢; (A
i g =V@. (9.69)

The boundary conditions in Eq. (9.41) can furthermore be rephrased as

| . (9.70)
r=0 =

{é»(oo) =0

dé(r) ’
dr

whereas the action reads

(o) N 2
Szq = 4:r/0 drrz{;(id:) +V(q3)} . 9.71)

Before proceeding, it is useful to note that Egs.(9.69) and (9.70) have a
mechanical analogue. Indeed, rewriting r — ¢, V. — —U, qg — x, they correspond
to a classical “particle in a valley” problem with friction. The particle starts atz = 0
from x > 0, near the top of the hill in the potential U, and rolls then towards the
other top of the hill at the origin. The starting point has to be slightly higher than
the end point, because the second term in Eq. (9.69) acts as friction. Therefore the
broken minimum has to be lower than the symmetric one in order for a non-trivial
solution to exist.

Proceeding now with the solution, we introduce the following ansatz. Suppose
that at » < R, the field is constant and has a value close to that in the broken
minimum:

do

4 =0 V() = V(Qoroken) - (9.72)
i

This is illustrated in Fig. 9.8(right). The contribution to the action from this region is
R 4 L
853d = 3 TR V(¢broken) . (973)

For » > R, we assume a similar situation, but now the field is close to the origin

dg

~0, V(p)~V(©0)=0, (9.74)
dr

so that this region does not contribute to the action.
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Finally, let us inspect the region at r >~ R. If R is very large, the term 243/ /R in
Eq. (9.69) is very small, and can be neglected. Thereby

~

d2¢ T
o =V @ (9.75)

which through multiplication with <;§’ (r) can be integrated into

L(dp\> -
2( dr) ~V(p) . (9.76)

The contribution to the action thus becomes

R R+6 dA 2
8S3q >~ 4JTR2/ dr( ¢)

R—§ dr
ngroken N d "
~ 47 R? / d¢ ¢
0 dr
(ibmkcn ~ ~
~ 47 R? / d¢ \/ZV(qb) ) (9.77)
0
The quantity
R+6 " 2 (ibroken
1/d A A N
o = / dr ¢ +V(p); =~ / do \/2V(¢) (9.78)
R—§ 2 dr 0

represents the energy density of a planar surface, i.e. a surface tension.
Summing up the contributions, we get

5 4
S34(R) ~ 4nR*0 — 37tR3 Ap, 9.79)

where Ap > 0 was defined according to Eq.(9.67). The so far undetermined
parameter R can be solved by extremizing the action,

kS50 =0, (9.80)
leading to the radius R = 20/ Ap. Substituting this back to Eq. (9.79) we get

402 4 85 16w o
“ oo_r o 9.81)

Sy =4 -
WO Ay T3 T ap2 T 3 (apy
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Finally, if we are very close to 7., Ap can be related to basic characteristics of
the first order transition. Indeed, the energy density is

e=Ts—p, (9.82)

where the entropy density reads s = dp/dT. Across the transition, the pressure is
continuous but the energy density has a discontinuity called the latent heat (here

again Ax = Xbroken — xsymmetric):

dA
L = -Ae=—T.As= T, dTp . (9.83)

Therefore

N dAp B . B T
Ap(T) ~ Ap(T.) + JT (T-T,) =L (1 - ) . (9.84)

C

At the same time, the surface tension remains finite at the transition point. Thereby
the nucleation action in Eq. (9.81) diverges quadratically as T — T .

9.3 Particle Production Rate

Consider a system where some particles interact strongly enough to be in thermal
equilibrium, while others interact so weakly that they are out of equilibrium. We
can imagine that particles of the latter type “escape” from the thermal system,
either concretely (if the system is of finite size) or in an abstract sense (being still
within the same volume but not interacting with the thermal particles). Familiar
physical examples of such settings are the “decoupling” of weakly interacting dark
matter particles in cosmology; the production of electromagnetic “hard probes”,
such as photons and lepton-antilepton pairs, in the QCD plasma generated in heavy
ion collision experiments; as well as the neutrino “emissivity” of neutron stars,
constituting the most important process by which neutron stars cool down.

The purpose of this section is to develop a general formalism for addressing this
phenomenon.’ To keep the discussion concrete, we focus on a simple model: the

3Classic discussions of thermal particle production include [31, 32], which establish the dilepton
and photon production rates from a QCD plasma as

4 , 2402 2 2N 5
e = o BT (170 ) (1= ) w0 089

dxdic " 3Q2m)5 K2 K2 K2
dN. —20; 0
dxdk = 2 (2n)f3kf 1 8) ey () oy ©.86)

£’
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production rate of hypothetical scalar particles coupled to a gauge-invariant operator
J composed of Standard Model degrees of freedom. The classical Lagrangian is
assumed to take the form

Ly =0,0""¢p —m¢p*p —h¢*T —h*T*¢ + Loan . (9.87)

where Lp,n describes the thermalized degrees of freedom. The first step is to derive
a master equation relating the production rate of ¢’s to a certain Green’s function
of J’s.

Let p be the density matrix of the full theory, incorporating all degrees of
freedom, and H the corresponding full Hamiltonian operator. Then the equation

of motion for the density matrix is®
dp(r Ao
P~ 185w 9.39
dr
We now split H up as
H = Hyun + Hy + Hine (9.89)

where I-}bath is the Hamiltonian of the heat bath, ﬁ¢ is the free Hamiltonian of the

scalar fields, and Hiy,, which is proportional to the coupling constant /, contains the
interactions between the two sets:

Hin = / (hd'T +h*T7P) . (9.90)
To find the density of the scalar particles, one has to solve Eq. (9.88) with some
initial conditions. We assume that initially there were no ¢-particles, that is

£(0) = pran ® |0)(0], (9.91)

where Ppan = Zl;nlh exp(—,BI:Ibath), B = 1/T, is the equilibrium density matrix of

the heat bath at temperature 7'; and |0) is the vacuum state for the scalar particles.

where Oy is the quark electric charge in units of e, and pg (K) = [ ek x (é 7 R, J ¢ M(O)])
is a spectral function related to flavours f and f’. In the present section we follow the alternative
formalism of [33].

SThis is the Liouville—von Neumann equation; its derivation proceeds roughly as

iSlyy =Hly). —ilwl=WA = illv)wl=HHIv)Y] = S0 =I[H/p0].
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Denoting by H 0 = ﬁbath + ﬁd, a “free” Hamiltonian and by H int @n interaction
term, an equation of motion can be obtained for the density matrix in the interaction
picture, p; = exp(iH,t)p exp(—iH,t), in the standard way:

d g oA iHyt 7 A —ifl A7
ldtpl(t) =—H,p; + ¢"™'[H, p(r)]e " + piH,

= —Hopy + ™' [Hy+Him., p0O)e ™" + pH,
= & (A, p(0)]e ot

— ezHOtHime—LHOtezHOtpA(t)e—zHOt _ ezHOtIa(t)e—LHOteLHOtHime—LHOt

[H,(1). p1(1)] - 9.92)

Here, as usual, A = exp(iI-AIOt)I-AIim exp(—iﬁot) is the interaction Hamiltonian in the
interaction picture.

Now, perturbation theory with respect to ﬁl can be used to compute the time
evolution of py; the first two terms read

b= =i [ &l i)+ 0 [ o [ a1 1. A+
(9.93)

where p, = p(0) = p;(0). We note that perturbation theory as an expansion
in I-AII may break down at a certain time ¢ =~ f,q due to so-called secular terms.
Physically, the reason is that for ¢ > fq scalar particles enter thermal equilibrium
and their concentration needs to be computed by other means (cf. below). Here
we assumed that t+ < 74 and thus perturbation theory should work. At the
same time, ¢ is also assumed to be much /arger than the microscopic time scales
characterizing the dynamics of the heat bath, say # > 1/(a>T), where « is a generic
fine structure constant. This guarantees that quantum-mechanical oscillations get
damped out, and the produced particles can be considered to constitute a “classical”
phase space distribution function. The situation is illustrated in Fig. 9.9, with the
slope y denoting the rate that we want to compute and initial quantum-mechanical
oscillations illustrated with small wiggles in the full solution.

More specifically, let us consider the distribution of scalar particles “of type a”,
generated by the creation operator &£.7 It is associated with the operator

dN, 1 4.
Pxdk = Vakak, (9.94)

7 As our field ¢ is assumed to be complex-valued, the expansion of the corresponding field operator,
cf. Eq. (9.99), contains two independent sets of creation and annihilation operators, denoted here
by a', & and bt b.
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Fig. 9.9 A sketch of how the ]
phase space density of a f, aF I
weakly interacting particle P

species evolves from zero -
towards its equilibrium form. R
In many interesting cases, the G
equilibrium value is not R
reached within the lifetime of S
the system (denoted here by s
“age of universe”). Then it is %
important to know the rate y, 7
characterizing the linear slope 7

at intermediate times L . . J
1 .. Y * time * f
f eq

{.1 .
W - - full solution

h

Y

W |
age of universe teg time

where V is the volume of the system, and the normalization corresponds to

[ay.ay] = [by. by ] = 5% (p—K) . (9.95)

or in configuration space to
[(X). 80T = 16D (x—y) for x*=)". (9.96)

Then the distribution function (in a translationally invariant system) is given by
dn.
(k) = (2n)’T Ch ] - 9.97
few = eorref (o] ©.97)

Inserting Eq. (9.93), the first term vanishes because (Olél&kw) = 0, and the second

term does not contribute since ﬁl is linear in &l and a, [cf. Egs. (9.90) and (9.99)],
so that the corresponding trace vanishes. Thus, we get that the rate of particle
production reads

@)

Ffa(t.K) = R (T.kK) = Tr{altak /0 dr [H,(), [ﬁl(/),ﬁo]]} +O(h*) .

(9.98)

The interaction Hamiltonian ﬁl appearing in Eq.(9.98) has the form in
Eq. (9.90), except that we now interpret the field operators as being in the interaction
picture. Since ¢ evolves with the free Hamiltonian Hy in the interaction picture, it
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has the form of a free on-shell field operator, and can hence be written as

$(X) = PN B (9.99)

d*p
/ J(2n)22E, (4

where we assumed the normalization in Eq.(9.95), and po =E, = \/pz + M2,
P = (p°, p). Inserting QAS(X ) into (the interaction picture version of) Eq. (9.90), we
can rewrite H; as

~ d3 . L ' |
Hy = /f P {I:h&l; j+/’l*ij;§](X) PX [h*jTap-i-hbp ](X) e—vaY} .
J@ny2E

(9.100)
It remains to take the following steps:
(i) We insert Eq. (9.100) into Eq. (9.98). Denoting
A=adla, (9.101)

B(r) = / / \/( ’p p{[ha;jm*jfég]m oPX +H.c.} ,

27)32E
(9.102)
~ d3r ~
C(7) = hal J +h*JTh! "y 4 H. }
(") /y J(zmm%[ e c
(9.103)

with X = (¢,x) and ) = (¢, y), the trace can be re-organized as

Tr {A B.[C, |0) <0|]]} - Tr{ (éé|o><0| — BJ0)(0]C — CJ0)(0|B + |o>(0|éé)}

- (0|{Aéé CAB — BAC + CBA}|0)

= (0[[[A. B]. C]l0) . (9.104)

(i) Since A commutes with IBIT, in é, the part of B with IBIT, gives no contribution;
this is also true for BI in C since an odd number of creation or annihilation
operators yields nothing. A non-zero trace only arises from structures of

the type (0]aa’aa'|0), i.e. the second and third terms in the second line of
Eq. (9.104), in which A is “shielded” from the vacuum state. Thus, Eq. (9.98)
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(iii)

(iv)

becomes

R,(T,K) = |h|2(‘§n)3 /Ord’//x/y/\/(zi)l:zEp/\/(;:;ZE’

XTr {poan| T DT (X)X (01,4} 30)
+ TN T () PAHRY (0|apa§aka1|0)]} . (9.105)

where puam has appeared from Eq. (9.91). Given Eq.(9.95), both expectation
values evaluate to

(0la,ayanal |0y = (0la,ataat|o) = 6% —k) 8 (p k) . (9.106)

Thereby

R.(T,k) = a1 /sz//
vV 2E Jo xy

AT OT @) 4+ F10)F D)),
9.107)

where from now on the expectation value refers to that with respect to Ppan-
Recalling the notation in Eq. (8.3),

n~(K) = /X e"’c'(x—y’<ﬁ(y)j(2()>, (9.108)
where we made use of translational invariance, we can represent

(ﬁ*(y)j(X)>= /P e PE=IIE(P) (9.109)

<j*(x)j(y)>= /P TP Y= (py (9.110)

It remains to carry out the integrals over the space and time coordinates. At this
point the result can be simplified by taking the limit + — oo, which physically
means that we consider time scales large compared with the interaction rate
characterizing how fast oscillations get damped in the heat bath (cf. the
figure on p. 219). Summing both terms in Eq. (9.107) together and inserting
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Egs. (9.109) and (9.110) yields

t
lim | &#3x /d3y/dt’ [ei(K—P)-(X—y)+ei(P—/C)-(X—y)]
0

t—>00
t
— V(27T)38(3) (p _ k) lim / dt/ I:ei(kO_pO)(t—/) + ei(po—ko)(t—t/):l
—>00 0

T — 0 : 4 : 4
oy iy [ [ o)

—t

1= 0 t
4 =:—t/ V(2n)35(3)(p —K) lim % / 4t ei(po—ko)t” i / ar” ei(po—ko)r’”}
t—oo| J_, 0

OO ~
=v(©2r)’8%(p —k) / di P = )PP —K) . (9.111)

This allows us to cancel 1/V in Eq. (9.107) and remove fp from Egs. (9.109)
and (9.110).

As a result of these steps we obtain (denoting k° = Ej)

2
R.(T,k) = lzigk =(K) + O(|h|*) . 9.112)

Using Eq. (8.14), viz. TT<(K) = 2n,(k%)p(K), we finally arrive at the master relation

&mm=“§%%mm+0mm. 0.113)

We stress again that this relation is valid only provided that the number density of
the particles created is much smaller than their equilibrium concentration, and that
p is computed for the operator 7.

For the production rate of b-particles, similar steps lead to

2
Ry(T, k) = lzigk 17 (—K) + O(|n|*) . 9.114)

From Eq. (8.15) and the identity n;(—k°) = —1 — n, (k°), we get I1> (—K) = 2[1 +
1n5(—k°)]p(—=K) = —2n,(k°)p(—K), and subsequently

&wmz“gmwkw%ﬂ+mwﬁ 0.115)

In a CP-symmetric plasma (without chemical potentials), it can be shown that
p(=K) = —p(K) in the bosonic case, so that in fact the two production rates
coincide.
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In summary, we have obtained a relation connecting the particle production
rate, Eq. (9.98), to a finite-temperature spectral function, concerning the operator
to which the produced particle couples. We return to a specific example in Sect. 9.4.

Three concluding remarks are in order:

* In terms of the figure on p. 219, the rate y equals y = \thk(IC) + O(|h|*) and
feq = ny(Ex).

* Once sufficiently many particles have been produced, they tend to equilibrate,
and the results above are no longer valid. We can expect that in this situation
Eq. (9.113) is modified into

|hI*p(K) [
Ej

Falt. K) = na(EQ) —fu(t, 1) | + O(AI*) 9.116)

This equation is valid both for large and small deviations from equilibrium.® It is
seen how the production stops when f, — n;, as must be the case. However, the
dynamical information concerning the rate at which equilibrium is approached is
contained in the same rate y = |h|?>p(K)/Ex as before.

* In this section we have related a particle production rate to a general spectral
function, p(K). The computation of this spectral function represents a challenge
of its own. In Sects. 8.2 and 8.3 simple examples of such computations were
given; however as alluded to below Eq.(8.99), a proper computation normally
requires HTL resummation, the inclusion of 2 < 2 scatterings, as well as
a so-called Landau-Pomeranchuk-Migdal (LPM) resummation of many almost
coherent 2 <« 1 scatterings. Computations including these processes for the
example of Sects. 8.2 and 8.3 have been presented in [36, 37], and a similar
analysis for the production rate of photons from a QCD plasma can be found
in [38, 39].

Appendix A: Streamlined Derivation of the Particle
Production Rate

We outline here another derivation of the particle production rate, similar to the one
employed in [31, 32], which is technically simpler than the one presented above but
comes with the price of being somewhat heuristic and consequently implicit about
some of the assumptions made.

8 A way to show this from the above formalism has been presented in [34], and a general analysis
can be found in [35].
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Let k) = &l|0) be a state with one “a-particle” of momentum k. Consider an
initial state |/} and a final state |F), with

I =li)®|0), [F)=If)® k), 9.117)

where |i) and |f) are the initial and final states, respectively, in the Hilbert space
of the degrees of freedom constituting the heat bath. The transition matrix element
reads

Tp; = (F] / d’ H, (/) |I) (9.118)
0

where I-AII is the interaction Hamiltonian in the interaction picture. The particle
production rate can now be defined as

falt. k) . e PE | Tp |
Qr) =i Z Zy 1V ©.119)
where a thermal average is taken over all initial states, whereas for final states
no constraint other than that built into the transition matrix elements is imposed.
Furthermore, Zp, = Zi e PEi s the partition function of the heat bath.
By making use of (k|H, [0) = (0| & H, |0) = (0| [ax. H,]|0) and Eq. (9.100), we
immediately obtain

t R peE 4 R
F| | ddH(()|)=h f XN i), 9.120
A facmaom=nf 0 T@ 9.120)

and subsequently

h 2 . 7 / A A~
ol = g, [, S U@ T O . o2

This can be inserted into Eq. (9.119). Taking the thermodynamic limit; making use

of translational invariance in order to cancel the time and volume factors from

the denominator; and paying attention to the ordering of the operators (e and
therefore the states |i) should appear at the “outer edge”), we arrive at
: P [ scx] 54 5
falt k) = (T T (). 9.122)
2By Jx

If we now compare the result with Egs. (8.3) and (8.14), we can write the final
expression as

I 1<y — ™)

K> p(K) , 9.123
2E, E, |7]* p(KC) ( )

fa(tv k) =
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where k° = E; and it is understood that the spectral function corresponds to the
operator j .

A similar computation, making use of translational invariance and Eqgs. (8.2)
and (8.15), yields the production rate of the “b-particles’:

frltk) = '2};'1 [ Hlgo i)
=D [ ereenlg i)
- [elimao)
- '2’2[2 " (-K) = —”Bgzo) I p(—K) | 9.124)

like in Eq. (9.115). Finally we note that the total number density increases as

d(Na + Nb) nB(Ek)
o ) |h|z/k p [p(/c)_p(_ic)], (9.125)

Appendix B: Particle Decay Rate

The discussion above concerned the production rate of particles whose total density
remains below the equilibrium value. As we now outline, one can similarly consider
an “opposite” limit, in which in the initial state the Hilbert space corresponding to
weakly interacting particles is “full”, and the particles are forced to decay.

Using the same notation as in Appendix A, we consider an initial state |/) and a
final state |F), with

I =1i)®[k). [F)=I[f)®]0), (9-126)

where |i) and |f) are the initial and final states, respectively, in the Hilbert space of
the degrees of freedom constituting the heat bath. The transition matrix element can
be defined and computed as before, and in the end Eq. (9.121) gets replaced with

2 _ |h|2 / iKY —x7) FEOVIN 1N 3 TN
P L (L TT@) VTN . 9127
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It follows that

|n?

[1 4+ ny (k)] p(KC) . (9.128)
E;

. h|?
fa(tsk) = _|2|

PR

If we take the zero-temperature limit by setting (k") — 0 the result remains non-
zero and equals the text-book decay rate in vacuum (which was denoted by y in the
figure on p. 219).

Appendix C: Scattering on Dense Media

We have shown that if there is an interaction of the form Hiy ~ fx(h qSTj + H.c.),
then an initial density matrix,

£(0) = pran ® |0)(0], (9-129)

evolves into a form whereby the number density operator of the ¢-particles takes
a non-zero expectation value. The formal reason for this is that the amplitude
(k| I:Iim |0) is non-zero because of¢3 in I:Iim, cf. Eq. (9.120).

Now, a variant of this situation can be envisaged, namely that of scattering of a
weakly interacting particle on a thermal medium. In this case, the initial state would
be something like

p(0) = Poan ® [ki) (ki (9.130)
and the question is how fast the system evolves to a state
p(t) = Pran ® [Kr) (ke , (9.131)

with k; # k¢. This is an interesting problem because the weakly interacting probe
could effectively scatter from a collective excitation, and the relation between k; and
k¢ could be used to determine the dispersion relation of the collective excitation.
Cohen and Feynman originally proposed this method in order to determine the
dispersion relation of collective excitations in liquid helium through inelastic
neutron scattering [40], and the proposal has been successfully realized [41].

In the context of QCD, it is difficult to envisage how a corresponding experiment
could be realized, because QCD matter cannot be confined to a container on which
a scattering experiment could be carried out. Nevertheless, on an adventurous note,
we might speculate that a monochromatic X-ray beam from a quasar scattering on
a very compact neutron star could experience similar phenomenology.

In any case, the basic idea is the following. Suppose that the temperature is so
low that the medium is in its ground state, without any kind of motion taking place
(T « m, ), and suppose that the ¢-particles are massless (e.g. photons). In an



9.4 Embedding Rates in Cosmology 227

inelastic scattering, the momentum Ap and the energy AFE are transferred to the
medium, with

Ap = |k —k¢| = \/k12 + k% — 2kikgcos 6, (9.132)
AE = ki —k . (9.133)

The scattering is most efficient, i.e. resonant, if the given Ap and AE kick an on-
shell collective excitation into motion. If the latter has the dispersion relation w(k),
resonant scattering takes place for

AE = o(Ap) . (9.134)

For a given k; and 6, this can be viewed as an equation for k¢. Consequently, if the
peak wave number k¢ is measured as a function of the scattering angle 6, one can
experimentally determine the function w(k). If (k) contains a scale, such as m, [cf.
Eq. (8.203)], then non-trivial solutions are to be expected in the range k;, ky ~ m,.

The phenomenon just discussed might be particularly remarkable if AE < 0, i.e.
more energy comes out than goes in. This can happen with the dispersion relation
of Eq. (8.203), and could be referred to as “Compton scattering on a plasmino”. Of
course, in any realistic situation, there is a background to this process from thermal
free electrons with a non-trivial velocity distribution.

Formally, the amplitude for the scattering contains two appearances of Hin, one
for absorption and the other for emission. The rate will therefore be proportional to
a certain 4-point function of the currents, yielding a theoretical description of scat-
tering more complicated than for particle production, where we only encountered
2-point functions.

9.4 Embedding Rates in Cosmology

In Sect.9.3 we considered the production rate of weakly interacting particles at a
fixed temperature, 7. In a cosmological setting, however, account needs to be taken
for the expansion of the universe, which leads to an evolving temperature as well as
red-shifting particle momenta. This has implications for practical computations of
e.g. dark matter spectra, as will be illustrated in the current section.

Let f(¢,k) denote the phase space density of a species of particles being
produced, so that their number density reads

N &Pk
= / ) f(t.K) (9.135)
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and the corresponding production rate [cf. Eq. (9.98)] equals

£(1.K) = R(T.K) . (9.136)

For the particular model considered in Sect.9.3 and particles of “type a”, the
production rate R, is given by Eq. (9.113); in the following we use a slightly more
realistic example, where f counts right-handed neutrinos in either polarization state.
Then a computation similar to that in Sect. 9.3 leads to

2 0
RTK) = 3tk = "0 1P T lga [0 + 900 o,

a=1

3

KO=vk2+M?
(9.137)

where the notation and the spectral function are as discussed in Sect. 8.2, and the
sum goes over the two polarization states of a chiral fermion.

Basic Cosmology

Let us begin by recalling cosmological relations between the time ¢ and the
temperature 7 and by setting up our notation. As usual, we assume that even if
there were net number densities present, they are very small compared with the
temperature, 4 << 77T, so that thermodynamic quantities are determined by the
temperature alone (this assumption will be relaxed in Appendix B). Assuming
furthermore a homogeneous and isotropic metric,

ds® = d* — d*(H dx?, (9.138)

where k =0,+£1 characterizes the spatial geometry, as well as the energy-
momentum tensor of an ideal fluid,

T," = diag(e,—p,—p.—p) . (9.139)

where e denotes the energy density and p the pressure, the Einstein equations,
G, =8nGT,", reduce to

a\> K 8nGe
( ) Lz , (9.140)
a

d(ea®) = —pd(@®) . 9.141)
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We assume a flat universe, x = 0, and denote

1

2
Mp)

=G, (9.142)

where mp &~ 1.2x10' GeV is the Planck mass. We may then introduce the “Hubble
parameter” H via

H=

at) _ \/ S Ve (9.143)

aty V3 mp

We now combine the Einstein equations with basic thermodynamic relations.
In a system with small chemical potentials, the energy and entropy densities are
related by

e=Ts—p, (9.144)

where s = dp/dT is the entropy density. From here, it follows that de = Tds, which
together with Eq. (9.141) leads to the relation

0 = d(ea®) + pd(a®)
= a’de + (p + ) d(d®)
= a’Tds + Tsd(a®)
= Td(sa®) . (9.145)

This relation is known as the entropy conservation law, and can be re-expressed as

o) _ [S(TO)T . (9.146)

a(to) L s(T)

We can also derive an evolution equation for the temperature. The entropy
conservation law implies that

=-3 (9.147)

whereas defining the “heat capacity” ¢ through

de _ pds _ g (9.148)
ar ~ tar T ' '
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we get ds = ¢dT. Inserting this into Eq. (9.147) and dividing by df leads to

cdT _ 3a 9.149)
sdr a ’
9.143) dT 24 T T
14 =_«/ m s(T)/e(T) (9.150)
dr mpj c(T)

In cosmological literature, it is conventional to introduce two different ways to
count the effective numbers of massless bosonic degrees of freedom, ges(7) and
hegt(T), defined via the relations

7T 2773
T) = eit(T) , T) = heit(T) 9.151
e(T) 30 gett(T) . s(T) 15 iw(7) ( )
where the prefactors follow by applying Eq. (9.144) and the line below it to the free
result p(T) = 7>T*/90 from Eq. (2.81). Furthermore, for later reference, we note
that the sound speed squared can be written in the forms

ap _p(1) _ p(T) _ s(T)

de e (T) Ts'(T) Te(T)’ ©.152)

(T =

Production Equation and Its Solution

In order to generalize Eq. (9.136) to an expanding background, we have to properly
define our variables, the time 7 and the momentum k. In the following we mean
by these the physical time and momentum, i.e. quantities defined in a local
Minkowskian frame. However, as is well known, local Minkowskian frames at
different times are inequivalent in an expanding background; in particular, the
physical momenta redshift. Carrying out the derivation of the rate equation in
this situation is a topic of general relativity, and we only quote the result here:
the main effect of expansion is that the time derivative gets replaced as d/dr —
9/0t — Hk'd/0k' [42, 43], and Eq. (9.136) becomes

0 ;0
(8t Hk aki)f(t’ k) = R(T.k) , (9.153)
where H is the Hubble parameter from Eq. (9.143) and k' are the components of k.
It is important to stress that the production rate R(7,K) in Eq.(9.153) can be
directly taken over from the flat spacetime result in Eq.(9.137). The reason is that
the time scale of the equilibration of the plasma and of the scattering reactions taking
place within the plasmais t < 1/(a?T), where « is a generic fine-structure constant.
Unless T is exceedingly high, this is much smaller than the time scale associated
with the expansion of the universe, H~' ~ my,/T?. Therefore for the duration of
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the plasma scatterings local Minkowskian coordinates can be used. Note however
that the rate R itself can be small; as has been discussed in Sect. 9.3, the coupling
||, connecting the non-equilibrium degrees of freedom to the plasma particles, is
by assumption small, |2|?> < «. In other words, the rate R is determined by the
physics of almost instantaneous scatterings taking place with a rate 1/t > H, but
its numerical value could nevertheless be tiny, R < H.

Now, because of rotational symmetry, R(T, k) and consequently also f(z, k) are
typically only functions of k = |k|. Changing the notation correspondingly, and
noting that 0k/0k’ = ki/k, Eq.(9.153) becomes

9 9
( o~ HE 8k) f(t.k) = R(T. k) . (9.154)

Furthermore, if we are only interested in the total number density, fk f(t, k), rather
than the shape of the spectrum, we can integrate Eq. (9.154) on both sides. Partially
integrating [d*kkdy f(1,k) = —3 [d’kf(t,k) then leads to an equation for the
number density,

(3, + 3H) /k ft.k) = /k R(T, k) . (9.155)

Equations (9.154) and (9.155) can be integrated through a suitable change of

variables. Introducing an ansatz f (¢, k) = f(z, k(to) ’L((tf)) ), and noting that

d a(to) | _ L al)at)
dt [k(to) a(t) :| = —k(t) 20 Hk , (9.156)
Eq. (9.154) can be re-expressed as
df a(to) | _ a(to)
dt (t, k(o) a(t) ) = R(T, k(o) a(t) ) . (9.157)
This can immediately be solved as
f(to, k(t0)) = /rodtR(T(t),k(to)a(tO)) , (9.158)
0 a(r)

where we assumed the initial condition f(0, k) = 0, i.e. that there were no particles
att = 0. Let us also note that the entropy conservation law of Eq. (9.145) implies
that (0, + 3H)s = 0, permitting us to re-express Eq. (9.155) as

d |:fkf(t,k):| _ S R(T. k) .

dr| () s(9) ©.159)
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In cosmology, it is convenient to measure time directly in terms of the temper-
ature. The corresponding change of variables, Eq. (9.150), is often implemented
in some approximate form; in its exact form, we need information concerning
the pressure p(T) (appearing in e(T) = Tp'(T) — p(T)), its first derivative p'(T)
(appearing in e(T) as well as in s(T) = p'(T)), and its second derivative p”(T)
(appearing in ¢(T) = s'(T)). The particular combination defining the sound speed
squared, Eq.(9.152), is close to _l), so it is useful to factor it out. Inserting also
Eq.(9.143), Eq. (9.150) then becomes

dar 8w T
e~ _\/ 3ﬁ e, Ve(D) [3¢3(1)] = ~TH(D)[3¢3(D)] . (9.160)

Further defining the so-called yield parameter,

Y(t) = hf o, K) , 9.161)
s(t0)
Eq. (9.159) becomes
dy —1
T _— 362(T)s(TYH(T) /kR(T, k) . (9.162)

This equation implies, amongst other things, that close to a first order phase
transition, where ¢? typically has a dip, the yield of produced particles is enhanced.
The reason is that the system spends a long time at these temperatures, diluting the
specific heat being released into the expansion of the universe, and that therefore
there is a long period available for particle production.

Example

Let us write the main results derived above in an explicit form, by inserting into
them the parametrizations of Eq. (9.151). Denoting k = k(f), inserting the red-shift
factor from Eq. (9.146), and changing the integration variable from ¢ to T according
to Eq. (9.160), the result of Eq. (9.158) can be expressed as [44]

5 Tinax dT mp; T heff(T) } é )
o R(T.x . (9.163
f(to ) \/4713 /;'() T3 C%(T) \/geff(T) ( Ty [heff(TO) ( )

where T« corresponds to the highest temperature of the universe. This gives the
spectrum of particles produced as an integral over the history of their production.
The integral over Eq. (9.163), after the substitution k = z70[he(To) /hesr(T)]"/? and
followed by a division by s(#), or a direct integration of Eq. (9.162), gives their total
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yield:

454/5  fTmdT
Y(to) = v / mpy

Ood 2 i .
@nyasl2 J 1 c§<T>heff(T)¢geff(T)/o e RILTD

(9.164)

We note that if fooodzzzR (T, Tz) vanishes sufficiently fast at low temperatures
(typically it contains a Boltzmann factor and becomes exponentially suppressed
when T falls below some mass scale), then the result is independent of 7.

To be more explicit, we need to specify the function R(T, k), which for our
example can be obtained from Egs. (8.88), (8.89) and (9.137). The Dirac algebra
in Eq. (9.137) can be trivially carried out, resulting in

Tr{l;CaL[Zpl]aR} —2K-P, . (9.165)

Furthermore, the §-functions appearing in Eq. (8.88) can be written in various ways
depending on the channel (setting D — 4),

SOPI+P,—K)2K-Py = 9P+ P — K)[P] + K> — (K- P1)’]
=8WP + P, - K[P} + K> —P7],

8D (P =Py = K) 2K - Py = 8Py =P, — K)[P} + K7 — (K = P1)’]
= 89(P1 =P~ K)[P} + K> = P3].

Py =P —K) 2K -Py = 8D(P, — P = K)[(K + P1)? — P} — K7
=89(P, — P - K)[P; —PF — K7,

VP + P+ K)2K-P1 =89 (P + P+ KUK + P1)* — P; — K7
= 8YPL+ P+ OIP; = PP =K%, (9.166)

P2
P2

where the factors are all constants, independent of p;, p,. Thereby we arrive at

|A*

_ dgpl d3p2
RIB = 5 ar ™~ - [ @n)2E, | @ryaE, <

_(ZF)48(4)(P1 + P — K) nping, 2 \< K
2
_(27[)48(4) (P1 = P2 = K)np (1 + npy) 1 —
1
FQ)SOPy = Py — K) non(l — ngs) 2~

1
+@TSIPy+ Pa+ ) (1= me) (1 + ) & x
v 2

9.167)
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where E; = \/p% +m?and E, = \/p§ + m3. In passing, we note that Eq. (9.167)
is equivalent to a collision term of a Boltzmann equation; the structure of the latter
is recalled in Appendix A.

Let us analyze Eq.(9.167) in more detail, recalling that k* = k> + M2 > 0,
with M the mass of the produced particle. The first question is, when do the different
channels get realized. Since all the particles are massive, we can go to the rest frame
of the decaying one; it is then clear that the first channel gets realized for M >
my + my; the second for my > M + my; the third for my > M + my; and the last one
never. As an example, assuming that the scalar mass (the Higgs mass) is larger than
those of the produced particles, mg > M, m,, we can focus on the third channel,
where the integral to be considered reads

&’p; d°p,

@28, | Quyag, @8 Pr=PL =K mEl —m(ED].

(9.168)

I(k) =

The integral in Eq. (9.168) can be simplified, if we go to the high-temperature
limit where the masses M?> = K? and m% = 7312 of the produced particles can be
neglected.” Denoting

p=lpil. k=Ik[, (9.169)
we get

d*p, d*py

a2 | @ry2E, @)’ (p1 + k= p2) 20)8(p + k — Ex)ny (E2)[1 — ne(p)]

I(k) =

3
- (471r)2 /p(iilk)g (” k= \/’””i T+ k)z)"s(l’ + B[ = ne(p)]

1 [ dpp [T o
- snfo p+k/_1 ded(p+ k= + p2 + K2 + 2phke)ny(p + W[ = ne(p)]

(9.170)

where spherical coordinates were introduced in the last step. The Dirac-§ gets
realized when

P’ + I+ 2pk = m + p* + I + 2pkz 9.171)

°It must be noted that, as discussed in Sects.8.2 and 9.3, unresummed computations typically
lose their validity in the ultra-relativistic limit when the temperature is much higher than particle
masses, cf. e.g. [36, 38]. We assume here that M, my K nT <K my.
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ie.z=1-— mé/(Zpk). This belongs to the interval (—1, 1) if p > mé/4k, so that

1 [ dpp|d N ) ) -
W= /2 ‘dz\/m¢+p + K2 + 2pke

ng(p+k)[1—ng(p)] .

L Ptk AR 2pke=p-tk
(9.172)
The derivative appearing in the above expression is taken trivially,
d k
oo o= P 9.173)
dz . ptk
whereby we arrive at
1 o0
I(k) = ﬁz dpng(p + k)1 —ne(p)] . (9.174)
8k J"¢

This describes how a fermion of momentum £ is produced from a decay of a Higgs
particle of energy p + k, with the part p of the energy being carried away by the
other fermionic decay product, which experiences Pauli blocking in the final state.

The integration in Eq. (9.174) can be performed by decoupling the p-dependence
via the identity

ny(p + k)[l - nF(P)] = [HB(P + k) + nF(p)]nF(k) > (9.175)

leading to

1(k) = Tg;(llj) [1n<1 - e—ﬁ(p+k)> B ln<1 n e‘ﬁp)]i’%
4k

2

Tne(k 1+ exp[—B("¢
= ;’F(k) In XA )2] (9.176)

T m,
1 —exp[—B(k+ )]
Inserting Eq. (9.176) into Eq. (9.167) (with M = m; = 0) then yields
|7 >m3,

R(T, k) = ok 1(k) , 9.177)

which in combination with Eq. (9.164) produces

45./5 |h|Pm3 [ Tow dT m o0
Y(t) = 52 3¢ / i s ol / dzzI(Tz) .
w32 16 Jr, o T* cX(T)hett(T) v/ gerr(T) Jo

9.178)
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The remaining integrals can be carried out numerically. They display the variables
on which the “dark matter” abundance depends on in this model: the coupling
constant (|/2]?), the mass of the decaying particle (img ), as well as the thermal history
of the universe (through the functions c2, heg and gegr). '

Appendix A: Relativistic Boltzmann Equation

We recall here the structure of the collision term in the relativistic Boltzmann
equation, and compare the result with the quantum field theoretic formula in
Eq.(9.167)."

To understand the logic of the Boltzmann equation, a possible starting point is
Fermi’s Golden Rule for a decay rate,

C
Tioa(K) = 25, / d® L, IMiSnl* (9.179)

where the phase space integration measure is defined as

m

B d’k,
dq>l+m—>n = ul:[l (27T)32Eka

n

1—[ d’p;
i @n)P2E,

(27)*§@ (IC + i K, — iP,-) .
i=1

a=1

(9.180)

Moreover, c is a statistical factor (, , g where m;, n; are the numbers of identical
particles in the initial and final states) and M is the corresponding scattering
amplitude.

Let now f (X, k) be a particle distribution function; we assume its normalization
to be so chosen that the total number density of particles at X’ is given by [cf.
Eq.(9.135)]

&’k
n(X) = /(27{)3f()(, K) . (9.181)

In thermal equilibrium, (X, k) is uniquely determined by the temperature and by
possible chemical potentials, f (X', k) = n:(Ex £ u) (or ny(Eyx = 1) for bosons). At
the same time, for a single plane wave in vacuum, regularized by a finite volume V,

10A phenomenologically viable dark matter scenario analogous to the one discussed here, albeit
with a scalar field decaying into two right-handed neutrinos, has been suggested in [45, 46].

1A concise discussion of the Boltzmann equation can be found in the appendix of [47].
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we would have

3
F(X k) = (2’; ) 500k — ko) . (9.182)

which would lead to n(X) in Eq. (9.181) evaluating to 1/V.
To convert Eq. (9.179) into a Boltzmann equation, we identify the decay rate I"
by —d,f/f, and multiply that by E} in order to identify a Lorentz-covariant structure:

afi 1 afi 1
- = —-K* . 9.183
“or fi X fi ©-1839
We also modify the right-hand side of Eq. (9.179) by allowing for 1 + m particles
in the initial state, and by adding Bose enhancement and Pauli blocking factors.
Thereby we obtain

i c
K a.X}a 2—2;/dq)l+m—>n
} M s fifas - fu(LEf) - (L £ £)

Ml infi A EAHA L) (A EL)) . (9.184)

where + applies to bosons and — to fermions. On the last row of Eq. (9.184), inverse
reactions (“gain terms’’) have been introduced, in order to guarantee detailed balance
in the case that all distribution functions have their equilibrium forms.

Let us finally compare Eq. (9.184) with Eq. (9.167). We observe that Eq. (9.167)
corresponds to the gain terms of Eq. (9.184); the reason is that in the quantum field
theoretic formula the produced particles were (by assumption) non-thermal, f; = 0.
[This can be corrected for as discussed around Eq.(9.116).] At the same time,
to obtain a complete match, we should work out the scattering matrix elements,
|M|2, and the statistical factors, c. One “strength” of the quantum field theoretic
computation leading to Eq.(9.167) is that these automatically come with their
correct values. Another strength is that at higher orders there are also virtual effects
in the quantum field theoretic computation which lead to thermal masses, modified
dispersion relations, and additional quasiparticle states (cf. e.g. the discussion
concerning the plasmino branch in Sect. 8.4). It is a non-trivial question whether
these can be systematically accounted for by some simple modification of the
Boltzmann equation.
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Appendix B: Evolution Equations in the Presence
of a Conserved Charge

Above we assumed that there were no chemical potentials affecting thermody-
namic functions determining the evolution of the system; this is most likely a
good assumption in cosmology, as shown e.g. by the great success of the Big
Bang Nucleosynthesis computation based on this ansatz. The assumption is often
quantified by the statement that the observed baryon asymmetry of the universe
corresponds to a chemical potential .+ ~ 107'°T. On the other hand, in heavy ion
collision experiments and particularly in astrophysics, conserved charges and the
associated chemical potentials do play an important role. Even in cosmology lepton
asymmetries could in principle be much larger than the baryon asymmetry, since
they cannot be directly observed, hidden as they are in a neutrino background. Let
us see how the presence of a chemical potential would change the cosmological
considerations presented above.

We consider a system with one chemical potential, i, and the corresponding total
particle number, N. The energy, entropy, and number densities are defined through
e=E/V,s=5/V,n= N/V,respectively, where V is the volume. The total energy
of the system is then

E=TS—pV+ uN, (9.185)
while the corresponding differential reads
dE=TdS—pdV+ pudN. (9.186)

Dividing both equations by the volume, we get

e+p=Ts+ un, (9.187)
as well as
E dE d
de:d( ): g
% v v
_ S v AN AV dv v
“lhy TPy TRy v2 TPy THEY
s N
= Td(v) + ud(v) — Tds + pdn. (9.188)

Taking a differential from Eq. (9.187) and subtracting the result of Eq. (9.188) yields
the Gibbs-Duhem equation,

dp = sdT + ndu . (9.189)

As indicated by this equation, the natural variables of p are T and .
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The system of equations we now consider is composed of (9.140) and (9.141),
complemented by the comoving conservation law for the number density,

d(na®) =0, (9.190)

as well as the thermodynamic relations just derived.

As a first step let us show that the entropy conservation law, Eq.(9.145),
continues to hold in the presence of the new terms. Repeating the argument leading
to it with the new thermodynamic relations of Egs. (9.187) and (9.188), we obtain

0 = d(ea®) + pd(a®)
=d’de + (p + ) d(@®)
=da [Tds + ,udn] + [Ts + p,n] d(a’)
= Td(sa®) + nd(na®) . (9.191)
The relation in Eq. (9.190) then directly leads to Eq. (9.145).
It is considerably more difficult to find a generalization of Eq. (9.150). In fact,
we must simultaneously follow the time evolution of 7" and w, solving a coupled set

of non-linear differential equations. Equations (9.145) and (9.190) can be written as
ds/s = —3da/a and dn/n = —3da/a, i.e.

ds. 0,8 34

Py = 7Y (9.192)

S S a

on. O0,n 3¢

Mgy e = 04 (9.193)
n a

Denoting [from Gibbs-Duhem, Eq. (9.189)]

s=0,p=p,, n=d,p=p,, 0s=p,, On=0,s=p, ., n=p,, .

(9.194)
and inserting the right-hand side from Eq. (9.143), we obtain
ar _ PPy —PTPWZ V24me(T, 1) ’ (9.195)
dt pTTpMM - (prﬂ) 7p)
djt — PiPry = PuPrr /24me(T, 1) , (9.196)

dr B pTpr,p, - (pT;L)z mpy

where, according to Eq. (9.187),

e(T,p)=—p+Tp,+pp,. (9.197)
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Therefore, in a general case, the pressure and all its first and second derivatives are
needed for determining the cosmological evolution.

Finally we remark that in typical relativistic systems mixed derivatives are small,
Pry ~ MT L p,pp,, ~ T*. Setting p,, — 0, Eq.(9.195) reduces to

dT  p, 24me(T, 1)

(9.198)
dr Dy mp|

which agrees with Eq. (9.150).

9.5 Evolution of a Long-Wavelength Field in a Thermal
Environment

We now move to a different class of observables: from single particles to collective
“fields” that evolve within a thermal environment. In the present section we consider
a field ¢ that is out of equilibrium; the entire field has a non-zero expectation value,
or “condensate”, consisting roughly speaking of very many almost zero-momentum
quanta (k < gT rather than k ~ n'T as is the case for typical particle states).
In Sect.9.6, we then move on to cases where there is no separate field forming
a condensate, but rather the degrees of freedom of a strongly interacting system
contain almost conserved quantities which evolve analogously to separate weakly
coupled fields.

Consider a system containing two sets of elementary fields: a scalar field ¢ as
well as other fields which we do not need to specify but which are contained in Jin
and Lpm. The setup is essentially the same as in Eq. (9.87) but for simplicity now
with a real scalar field, being described by the Lagrangian density

1
Ly = o(-0- M) — 0 Tt + Lbath - (9.199)

We assume that the scalar field is initially displaced from its equilibrium value ¢eq =
0, and then evolves towards it. We also assume that this evolution is a “slow” and
essentially “classical” process: the coupling between ¢ and the heat bath, described
by Jint, 1s assumed to be weak, implying that ¢ evolves on time scales A much
longer than those associated with the plasma interactions (A >> 1/(a*T), where a
is a generic fine-structure constant associated with the plasma processes). Therefore
multiple plasma collisions take place during the time interval in which ¢ changes
only a little, implying a smooth and decoherent classical evolution. Then, we may
postulate a classical equation of motion for how ¢ evolves towards equilibrium,
which can be expanded in gradients (since the field consists of small-k quanta and
evolves slowly) and powers of ¢ (since we assume that the initial state is already
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close to equilibrium):
O¢ + V(@) = —Té + O(¢. V24,6, (Vo)?) . (9.200)

The coefficients appearing in this equation, such as I', are functions of the properties
of the heat bath, such as its temperature T and the couplings «.'?

There are two separate effects that the interactions of the ¢-field with the heat
bath lead to. The first one is that ¢ obtains an “effective mass”, appearing as a
part of the effective potential V. The second is that the interactions generate a
friction coefficient I' as defined by Eq. (9.200). The role of friction is to transmit
energy from the classical field to the heat bath or, equivalently, to increase the
entropy of the system. Despite different physical manifestations, the effective mass
and the friction turn out to be intricately related to each other; as we will see, they
are on the formal level related to the real and imaginary parts of a single analytic
function (the retarded correlator of Jin¢), and as such have a principal relation to each
other, analogous to Kramers-Kronig relations. In practice, there are circumstances
in which the effective mass plays a more substantial role, leading to so-called
underdamped oscillations, as well as ones where the friction coefficient dominates
the dynamics, referred to as overdamped oscillations. Technically, the effective mass
turns out to be related to a “Euclidean susceptibility” of the operator Jiy:, whereas I'
is related to a “Minkowskian susceptibility”, which is a genuine real-time quantity.

Effective Mass

In general, an effective potential can be defined and computed as discussed around
Eq. (7.20). Note that for this computation ¢ is treated as constant both in temporal
and spatial coordinates. We integrate over all fields appearing in Jiy and Lpa-
Denoting these by y, we obtain

exp(—¥Veff) = exp(—¥Vo) /D){ exp(—/);meh —(p/inm) , (9.201)

where Vy = ;mzqoz is the tree-level potential appearing in £,,, we have gone over
to Euclidean spacetime as usual for static observables, and Ly, is the Euclidean
Lagrangian of the y-fields. Assuming that (J) = 0; focussing on the term

12For simplicity we consider a system in flat spacetime. In cosmology, the expansion of the universe
causes another type of “dissipation”, with the Hubble rate H playing a role similar to I' [more
precisely the Hubble friction amounts to —3H¢ in analogy with Eq. (9.155)]. The total friction is
the sum of these two contributions.



242 9 Applications

quadratic in ¢; and defining the effective mass as

1
Veir(¢) = Verr(0) + ngff 0>+ 0(¢?) (9:202)

the matching of the left and right sides of Eq. (9.201) leads to

T
n = ity = = [ (00 T0)) = = [ () T(O))
XY ¢ X ¢
(9.203)

Here we made use of translational invariance, and (...), indicates that only
the connected contraction contributes as long as (J) = 0. The correlator in
Eq.(9.203) has the form of a susceptibility, cf. Eq.(7.54), but with an additional
integral over T which gives it the dimension of GeV?.

In general, the 2-point correlator in Eq. (9.203) has a temperature-independent
divergent part, because the correlator (Jim (X) Jint (O))C diverges at short distances.
This amounts to a renormalization of the (bare) mass parameter m?2. In addition
to this, there can be a finite 7-dependent correction, which can be interpreted as
a thermal mass. A simple example was previously seen around Eq. (3.95), and we
return to a couple of further examples below.

Before proceeding let us recall that, in terms of Minkowskian quantities, the
Euclidean susceptibility corresponds to a particular integral over the corresponding
spectral function, cf. Eq. (8.25):

~bnr? = /X<Jim(X) Tn®) = /Oﬂdt My(zk = 0) = /Oo do p@.0)

0 T W
(9.204)

For simplicity we put E in a subscript from now on (rather than in a superscript like
in Sect. 8.1).

Friction Coefficient

Turning next to the friction coefficient, let us transform Eq. (9.200) to Fourier space,

writing ¢ oc e 7@ TkX G-

[~0? + kK + my — iol + O(0*, 0k?)]| § = O($?) . (9.205)
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We compare this with the position of the “pole” appearing in the (retarded)
propagator obtained after setting @, — —i(w + i0") in the Euclidean propagator,
cf. Eq. (8.28):

1 1
W AR +m Ty —w?—iw0t + k2 +m? —Rellz —ilm Mg
(9.206)

The minus sign in front of I1g can be associated with that in Eq.(9.203), so
that —Re I1z corresponds to 8m? [this is an alternative interpretation for the
susceptibility discussed in Eq.(9.204); the general Kramers-Kronig relation of
Re Mz (—i[w + i07], k) and the spectral function can be deduced from Eq. (8.18)].
Setting k — 0 we obtain

Im Mz (—i[w + i01], 0)

I'= lim (9.207)
WO—> Meff w
where
He(wn, k) = / glont=kx (7 (1.X) Tini(0,0)) (9.208)
X
whose imaginary part is given by [cf. Eq. (8.27)]
Im I z(—i[w + i07],0) = p(w,0) . (9.209)
To summarize, we have obtained
,0
r— p(megr, 0) ’ (9.210)
Met

where mgff is the mass parameter appearing in Veg(¢).'* The expectation value in
Eq.(9.208) is taken with respect to the density matrix of the heat bath degrees of
freedom. Equation (9.210) should be contrasted with Eq. (9.204): the information
concerning both the mass and the friction coefficient is encoded in the same spectral
function, however in different ways.

Now, if meg is much smaller than the thermal scales characterizing the structure
of p(w, 0), in particular the width of its transport peak [this concept will be defined
around Eq. (9.248)], which is normally ~ &>T (cf. Sect. 9.6), then we can to a good
accuracy set mer — O in the evaluation of I'. Then I' amounts to a “transport
coefficient”, cf. Sect. 9.6.

13To be precise, we have here included also purely w-dependent terms such as > from Eq. (9.205)
into T'; the remaining corrections are of O(wk?).
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Examples

As a first example, we let Jiy be a scalar operator [48, 49], in which case ¢ could
be called a “dilaton” field. For instance, if the medium is composed of non-Abelian
gauge fields, we could have

JO = U pawpa 9.211)
int M v

As a second example, we consider a pseudoscalar operator [50], whereby ¢ could
be an “axion” field. Then the operator appearing in the interaction term reads

dy gZFap.v Faro

() —
L7inpl) = M ’ du = ep.vpo 64]T2 s (9212)

where g,, is a (Minkowskian) “topological charge density”.!

Now, in the case of JH(IS[) , the effective mass originating from Eq.(9.203) is
ultraviolet divergent. Therefore a bare mass parameter needs to exist, and the
susceptibility simply corrects this. There is also a finite thermal mass correction
which, on dimensional grounds, is of the form §m?(T) ~ T*/M?. If M is large, this
thermal correction is small.
In the case of Jir(fl’) , in contrast, the Euclidean susceptibility is finite [51]. Once we
go to Euclidean spacetime, the “Wick rotation” D, — iD, (cf. Sect. 5.1) implies that
qum becomes purely imaginary and thus the susceptibility in Eq. (9.203) is positive.
Therefore we can consider mgff to be generated purely from the interaction. This
is the usual scenario for axion mass generation, and corresponding measurements
of the Euclidean topological susceptibility as a function of the temperature have
been carried out on the lattice (cf. [52] for a review). Consistent with the fact
that the Euclidean topological susceptibility vanishes to all orders in perturbation
theory and that perturbation theory works at least qualitatively at high temperatures,
the measurements show a rapid decrease as the temperature increases above the
confinement scale.

As far as the friction coefficients go, the operator Jlfls[) is known to be related to

the “trace anomaly” of pure Yang-Mills theory,

b
T, ~ — 20 FOFe 9.213)
where by defines the 1-loop B-function related to the running coupling, by =
11N, /[3(47)?]. The trace anomaly determines a particular transport coefficient,
namely the bulk viscosity ¢, cf. Eq.(9.265) below. This parameter has been

14In the axion literature M is often denoted by f,.
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determined in perturbation theory, with the result [53]

bZ 4T3 2
L (9.214)
41n(1/a) 47

¢
For mey < &>T, Egs. (9.210) and (9.211) now imply T' ~ 4¢/(b3M?), which after
the insertion of Eq. (9.214) shows that I" ~ g*T3/M? in the weak-coupling limit, up
to logarithms.

Finally, for j“(f; ) , we need the transport coefficient associated with ¢g,,. This quan-
tity has been studied in great detail, given its important relation to fermion number
non-conservation through the axial anomaly. The quantity normally considered is
the so-called “Chern-Simons diffusion rate”, or (twice) the “sphaleron rate”. This
can be defined from the time and volume average of the operator g,, as [54]

i Ua € (0 [0V 3,0) _

1. .
Fag = Jim o /d4X<2{CIM(X)vCIM(O)}>
(9.215)
) lim A(w, 0)
w—>0
2T
@16 o 2TP@,0) (9.216)

w—>0 w

where 2 = V1 is the spacetime volume and we made use of translational invariance.
In the last step, we furthermore exploited the fact that for |w| <K T, ny(w) =
T/w. The first equality in Eq.(9.215) suggests that we call Ty a “Minkowskian
topological susceptibility”.

In order to estimate Iy, it has been argued that at high temperatures the
dominant contribution comes from the dynamics of “soft modes”, which are Bose
enhanced and can thus be described by classical field theory [27, 55, 56]. In the
classical limit we can write

() = /O a /V X gy (X) = Ny (t) — N (0) (9.217)

where N (7) is the Chern-Simons number. Therefore Eq. (9.215) becomes

2
LCaier = V}gnoo «Qv(tt)» , (9.218)

where the expectation value refers to a classical thermal average. It is the resem-
blance of Egs.(9.217) and (9.218) to the usual process of particle diffusion in
non-relativistic statistical mechanics (with N((f) — x(#)) that gives rise to the
above-mentioned concept of “Chern-Simons diffusion”.
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Practical measurements of I'gisr within classical lattice gauge theory have been
carried out for pure SU(2) [57] and SU(3) gauge theory [58], and indicate that
Caisg ~ o°T* in these cases, up to logarithms. Therefore, the axion friction
coefficient scales as I' ~ o> T3 /M?. Even though smaller than the friction coefficient
for JH(IS[) by O(a?), this is still parametrically larger than mZ; which vanishes to
all orders in perturbation theory in the pseudoscalar case (these arguments are
relevant if T > A, where A is the confinement scale). On the non-perturbative
level we may write m%; ~ (A*/M*)(A/T)", n > 0, for T > A, leading
to I'/mez ~ o (T/M)(T/A)>T"/2. Thus axion oscillations remain underdamped
unless T > (MA*/2 /o) /2

To conclude this section, let us stress again that “Hubble friction” H ~ T2 /mp|
has been omitted from the above estimates. Roughly speaking, if M and mp are
similarly large scales, then Hubble damping dominates over I below a certain
temperature, because it decreases less rapidly with 7. In particular, H is generally
assumed to dominate at 7 < A, in which regime mgff also becomes “large”, mgff ~
A* /M2

9.6 Linear Response Theory and Transport Coefficients

Transport coefficients parametrize the small-frequency behaviour of long-
wavelength excitations of a multiparticle system, in close analogy to the friction
coefficient I' of the field ¢ in Sect.9.5. If there is no separate field to consider,
it is meaningful to speak of long-wavelength excitations only for quantities for
which long-distance correlations exist. This prompts us to consider conserved
(or almost conserved) currents, such as the energy-momentum tensor and various
particle number currents. When the amplitude of a perturbation is so large that
it requires many scatterings to change it, the dynamics of the system should be
classical in nature, governed for instance by the known differential equations of
hydrodynamics. The transport coefficients are then the “low-energy constants” of
this infrared theory, and encode the effects of the short-wavelength modes that have
been “integrated out” in order to arrive at the effective description (cf. e.g. [59, 60]).

Apart from a similar physical origin, transport coefficients also possess the
formal property that they are extracted from the small-frequency limit of a spectral
function [cf. Eq. (8.4)] as

i plw,0)
1m .

9.219
w—01 [0) ( )

Note that the spatial momentum has been set to zero before the frequency here.
Even though partly just a convention, this may be thought of as guaranteeing that
the system considered is “large” and consists of very many small-k quanta.
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One example of a transport coefficient has already been discussed around
Eq.(9.210). That case was particularly simple because there were explicitly two
sets of fields, one exhibiting “slow” or “soft” dynamics and another corresponding
to “fast” or “hard” thermal modes. In most cases, we have just one set of fields and
the task is to consistently split that set into two parts, with the transport coefficients
characterizing the dynamics of the soft modes.

Generic Case

We wish to illustrate generic aspects of the formalism related to transport coeffi-
cients with the example of an equilibration rate. To this end, let us assume that some
external perturbation has displaced the system from equilibrium by giving it a net
“charge” of some type. We assume, however, that the charge under consideration
is not conserved (in the case of QCD, this is the case for instance for the spatial
components of the baryon number or energy current). In this case, the system will
relax back to equilibrium, i.e. the net charge will disappear, and the equilibration
rate describes how fast this process takes place.

Let N (r) now be the Heisenberg operator of some almost, but not exactly
conserved physical quantity. Any possible dependence on spatial coordinates has
been suppressed for simplicity. According to the discussion above, we assume its
equilibrium expectation value to be zero,

(N(#))eg =0 (9.220)

The non-vanishing non-equilibrium expectation value, (1\7 (#))non-cq» is assumed to
evolve so slowly that all other quantities are in equilibrium. If (1\7 (#))non-eq 1 small
in some sense (even though it should still be larger than typical equilibrium thermal
fluctuations), we can expect the evolution to be described by an equation linear in
(1\7 (#)) non-eq» and can therefore write

d

oy W noneg = =T (V@) aoneq + O((N0) ey - 9.221)

where dr > 0 is also implicitly assumed. The coefficient I' introduced here may be
called the equilibration rate. Our goal is to obtain an expression for I', describing
“dissipation”, in terms of various equilibrium expectation values, of the type (. . .)eq,
describing “fluctuations”.

In what follows, we derive an expression for I' in two different ways. The first
one is called matching: we consider a Green’s function which is well-defined both in
the classical limit as well as in the full quantum theory, compute it on both sides, and
equate the results. The second method is on the other hand called linear response
theory: we stay in the quantum theory all the time and try to obtain an equation of
the form of Eq. (9.221), from which I" can be identified.
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As far as the matching method goes, an appropriate Green’s function is a
symmetric 2-point function, since it has a classical limit. Let us thus define

1~ N
Al) = (2 {N(r),N(O)})eq , (9.222)
as well as the corresponding Fourier transform,
~ R .
A(w) E/ dre A1) . (9.223)
—00

The value A(0) amounts to a “susceptibility”, as defined in Eq.(7.54) or in
Eq.(9.204),

~

A0) = (N?)eq = T, (N)eqg = ;auTr {N[e_ﬂ(ﬁ_"ﬁ)]}ﬂ (9.224)

72 o
= T e [empion]
zH n=0

=17 9 In Z(T, “)‘Fo , (9.225)

where in the last stage we used the fact that (1\7 Jeq = 0. Furthermore, by time-
translational invariance it is clear that A(—t) = A(?).

Now, on the classical side, we replace (1\7 (!))non-eq by N(#), and instead of
Eq.(9.221) have

N(t) ~ =TN(1) , (9.226)

with the trivial solution N(¢#) = N(0) exp(—I't). Enforcing the correct symmetry by
replacing t — |¢| and taking a thermal average with respect to initial conditions,
denoted by ((. . .)), leads straightforwardly to

Aa(t) = (NON©O)) = (INO) ) e ", (9.227)

the time integral of which yields

+o00
Au(0) = / drAg(r) = M;‘(O) . (9.228)

Thus, the ratio of the susceptibility A (0) and the equilibration rate I' can be
determined from the zero-frequency limit of the Fourier transform of the symmetric
correlator,

Acl(O) — 1

~ 1 o0 .
. o Ba©) = lim / dr e Ag(t) . (9.229)
—0o0
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Let us match this equation to the quantum side. Identifying A (0) < A(0),
which makes sense if the susceptibility is ultraviolet finite; inserting Eq. (9.224) for
the latter; and rewriting the result as in Eq. (9.216), we obtain

ullNlea _ pipy PL@) (9.230)
wo—>0 W
where p(w) is the spectral function corresponding to N. This is an example of a Kubo
formula. However, the right-hand side does not directly give the rate of interest [as
was the case in Eq.(9.216)], but a susceptibility needs to be known before I' can
be extracted. There is also the peculiar fact that I appears in the denominator in
Eq. (9.230), to which we return in Sect.9.7.

Let us now rederive Eq. (9.230) in another way, namely through a linear response
analysis of (1\7 (#)) non-cq- We can assume that at time ¢ = —oo the system was in full
equilibrium, but then a source term was added to the Hamiltonian,

H— H@) =H—u@®N@) , (9.231)

which slowly displaced (N (#)) non-eq from zero. Solving the equation of motion for
the density matrix p(¢) [cf. Eq. (9.88)],

id’C’l (tt) = [Aw. 0] . (9.232)

to first order in the perturbation yields

t
B(1) ~ p(—o00) —i / dr [H(/), ﬁ(—oo)] o (9.233)
—00
where we can furthermore replace H(7') by —u (7 )N(f'), as H and p(—o0) = ée‘ﬂﬁ
commute. Using this result in the definition of (1\7 (%)) non-cq gives
(N(O)noneq = Tr[BON ()]
4 A A
~i / df w()Tr {[N(/), ,6(—00)] N(t)}
—00
o0 A A
oy / dr <[N(t), N(t’)]> 0t —1) (), (9.234)
—00 eq

where we have denoted

(o dnoneg = TEAOC. D], (o2 Yeq = Tr[p(—00)(..)] - (9.235)
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The leading term from Eq.(9.233) disappeared because of the assumption in
Eq.(9.220)." In addition, we have inserted (¢ — ¢) and extended the upper end
of the integration to infinity to stress the retarded nature of the correlator. The
equilibrium expectation value appearing in Eq. (9.234) is called a linear response
function.

We define next the retarded correlator (cf. Sect. 8.1),

Crlt) = (i[N(t),N(O)] 9(t)>eq : (9.236)
and its Fourier transform,
Cr(w) = / - dr e Cr(t) . (9.237)

We recall that the imaginary part of Cr yields the spectral function [cf.
Eqgs. (8.27), (8.28)]:

p(®) = Im Cr(w + i07) . (9.238)

Equation (9.234) can thus be written as

o

@ Ohoonea = [ 87 Cult =) (0 (9.239)

To proceed from here, we assume that wu varies slowly around ¢ =~ t and
subsequently expand it in a Taylor series around this point:

u(@) ~ p() + (@ =0+ 0@ —1?*. (9.240)

Plugging this into Eq. (9.239), the first term yields

o0
/ & Cr(r—1) "Z7 Cr0) 2" C400)

(o]

(9.224) 5

ﬁ R N ~
€9 /0 de(N(N(©0)) ~ B(N?) 0 (N)eq -

(9.241)

I5Note that the time dependence of N (1) = et N 0) e~ commutes with ée‘ﬁﬁ , SO (]C’ (D)eq =
(N(0))eg-
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whereas the second term produces the integral

/ & (' —Crt—1) “Z” i9,Cr0) “ZY —,p(0) . (9.242)

—0o0

In Eq. (9.241) we assumed that the equilibration rate is small (slow) compared with
the temperature, ' < 1, so that the correlator can be assumed constant on the
Euclidean time interval; in Eq.(9.242) we on the other hand used the fact that
the real part of Cy is even in w (cf. Eq.(8.18) together with Eq.(8.20) and the
antisymmetry of p(w)), such that its derivative vanishes at @ = 0, whereas its
imaginary part gives the spectral function.

Assembling everything together, we obtain up to first order in gradients,

(N@)noneq ~ 3u(NYeq 1(2) — 30 p(0) dya(t) + O ) . (9.243)

The first term amounts to an equilibrium fluctuation and exists even in the absence
of any time dependence, if a non-zero p is inserted in order to displace (1\7 ) from
zero. Moreover, it implies that 8r(1\7 (1)) non-eq ~ 0y (N)eq (1) + O(9*w). If this
information is inserted into the second term, we obtain

~ ~ 3wP(0) S S
(N(t))non—eq ~ au (N)eq /’L(t) - ~ 0 (N(t))non—eq + O(atz (N(t))non—eq) .
9 (N)eq
(9.244)
Setting u(f) — 0, so that the first term on the right-hand side can be omitted;
omitting higher derivatives; and comparing with Eq. (9.221), we finally identify

I 09,p(0)
= 7 (9.245)
L' 9,(N)eq

which is indeed in agreement with Eq. (9.230).

Transport peak

Returning to the first method, i.e. matching with the classical limit, we note that one
can extract more than just I from the calculation. Indeed, the Fourier transform of
Eq. (9.227) implies that, for small frequencies,

—0o0

0 o0
Acl(w) = Acl(o) |:/ dr e(ia)+l")t —+ / dr e(ia)—l")t:|
0

2r

2y (9.246)

= Acl (O) ®
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According to Eq. (8.16), the corresponding spectral function reads (for < T)

BT
p@) =Aa0) > (9.247)
o TP@ _ajom ' (9.248)
w w—il’

This “Lorentzian” structure is referred to as a transport peak.'®

These equations contain kind of a “paradox”, which becomes manifest in the
free limit. In the free limit, the equilibration rate I" should vanish and therefore,
according to Eq.(9.245), the first derivative of the spectral function at zero
frequency appears to diverge. In contrast, according to what we saw for the free
spectral functions of single particle states [cf. Egs. (8.35) and (8.67)], we would
normally expect the spectral function to be zero at small frequencies (|o| < m).

The resolution to the paradox is to consider the free case as a limit, ' — ot,
whereby

Tpa()“’) = Aa(0) 7 8(w) . (9.249)

= Ag(0) Im
This indeed vanishes at @ > 0 but nevertheless possesses a certain structure. The
distribution encountered is typical of a spectral function related to a conserved
charge. Namely, plugging this into Eq. (8.32), we get

(1\7@)1\7(0)) - /

—00

o0

O p@m (@ = 240, 9.250)

where we made use of ny(w) ~ T/w for |w| <« T. This shows that Eq. (9.249)
corresponds to a Euclidean correlator which is independent of t. If the quantity
is not conserved in the presence of interactions, then the transport peak gets a
finite width. If, however, the quantity is exactly conserved even in the presence of
interactions, the spectral function retains an infinitely narrow transport peak like in
Eq. (9.249), and no transport coefficient can be defined.

Let us conclude the discussion concerning the transport peak with two observa-
tions:

* As shown by Eq. (9.247), the height (A.(0)/ ") and width (I") of the transport
peak in Tp(w)/w are two independent quantities: I' can be extracted from the
height only if A (0) is known from other considerations. This, of course, was
also the content of Eq. (9.230).

* In order to identify I" from the transport peak, we need to compute the spectral
function in the regime o <T'. This is in general challenging because I" is
generated by interactions, and is therefore of the type I' ~ «>T, where « is a

16Classical physics can also yield corrections to the Lorentzian shape, cf. e.g. [61].
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fine-structure constant, typically assumed small in perturbative calculations. To
compute p(w) correctly for soft energies w < a?T requires in general extensive
resummations [62] [cf. Sect. 8.4 or the paragraph below Eq. (9.116)].

Appendix A: Transport Coefficients in QCD

Here we briefly discuss the transport coefficients most often encountered in QCD,
namely flavour diffusion coefficients, the electric conductivity, as well as the shear
and bulk viscosities.

The transport coefficients of QCD are all related to conserved currents. In
the absence of weak interactions and non-diagonal entries in the quark mass
matrix, there is a separate conserved current related to each flavour: aﬂjf“ =0,
f = 1,...,N;. The sum of all flavour currents (divided by N.) defines the
baryon current, whereas a particular linear combination, weighted by the electric
charges of each flavour, defines the electromagnetic current (denoted by Jin).
In addition, an energy-momentum tensor can be defined that is also conserved:
9, T"" = 0. Physically, diffusion coefficients describe how inhomogeneities in
flavour distributions flatten out, and shear and bulk viscosities how excesses in
energy or momentum flow disappear.

Now, to define the transport coefficients requires a specification of the classical
description onto which to match. Let us first consider the case of a diffusion
coefficient, denoted by D¢.'7 The way it is defined is that, akin to the discussion
following Eq. (9.220), we assume that the system is slightly perturbed around the
equilibrium state, and express J}' = (J " )non-eq i terms of a gradient expansion.
The equilibrium state itself is characterized by the temperature (7') and chemical
potentials of the conserved charges (ur), as well as a four-velocity defining the
fluid rest frame (u*; u*u, = 1). Given T and py, variables such as pressure
(p), energy density (e), and average particle number densities (n¢) can be defined
via standard relations. The gradient expansion acts on these variables, whereas
the free coefficients allowed by Lorentz symmetry are the transport coefficients
(their definitions through subsequent orders of the gradient expansion are sometimes
called “constitutive relations”). For instance, we can expand

Tl =nat" + D'\ ng + O@%)  (f fixed) (9.251)

"To be precise, in the case of several conserved charges the diffusion coefficients constitute a
matrix, cf. e.g. [62]. For simplicity we consider a case here where the fluctuations of the different
flavours are decoupled from each other. Physically this amounts to the omission of electromagnetic
effects and so-called disconnected quark contractions. In the deconfined phase of QCD both are
assumed to be small effects.
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where the transverse derivative has been defined as
8’1 = " —utu’)d,, " =diag(+——-). (9.252)

A particular convention (called the Landau-Lifshitz convention) has been chosen
whereby in the rest frame of the fluid the zero component of Jf“ is the number
density, uﬂjf’* = n,, to all orders in the gradient expansion. The coefficient Dy is
called the flavour diffusion coefficient.

Now, in analogy with the procedure leading to Eq. (9.230), one way to determine
Dr is via matching: we need to find suitable 2-point functions on the classical side
that we equate with the corresponding quantum objects. To achieve this, we may go
to the fluid rest frame and impose current conservation on Eq. (9.251), producing

d,np = DeVing + O(V?) . (9.253)

It is important to stress that even though Eq. (9.253) evidently takes a non-relativistic
form, the “low-energy constant” Dy itself is defined also for relativistic flow; the
corresponding covariant form of the diffusion equation follows from Eq.(9.251)
together with 9, 7/ = 0.

In order to solve Eq.(9.253) on the classical side, we Fourier transform in
space coordinates, 7.(t,k) = [ e ®%n.(1,X), to trivially obtain 7i.(t,k) =
i1:(0, k) exp(—D¢k??). If we then define a 2-point function (replacing t — |f|),
average over the initial conditions, and integrate over time like in Eq. (9.246), we
obtain

de e ((iie(t, K)iie (0, —K))) =

e 2Dfk* 3
/ 2o pe (@O 07,0.K)) . (9254
o f

Let us now choose k along one of the coordinate axes, k = (0, 0, k); then current
conservation, 3,“710“ = 0, allows us to re-express Eq. (9.254) as

dre (T2 (1, K) T30, —k)) =

o0 0 + DK (72,:(0. k)i, (0, —K))) -

(9.255)

/+OO Zwa2

Taking subsequently k — 0 and @ — 0, and making use of translational invariance,
we obtain from here

2 [ W0 70.0) =201 [(0xm00).  ©250)

The left-hand side of this expression can be matched onto the zero-frequency limit
of a spectral function like in Eq. (9.216), whereas on the right-hand side we identify
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the classical limit of a Euclidean susceptibility, to be denoted by )(f,w

Xr _/ d‘l,'/ Jf(t X)J 0,0)) ,3/ J (0, X)jf(O 0)) , (9.257)

where we again made use of current conservation. Factors of 2 as well as of T
nicely cancel out at this point, and we finally obtain a Kubo relation for the flavour
diffusion constant:

1 0
Dy = lim pr(“’ ) (9.258)
3Xf w—0t i=1 w

We note that, in analogy with Eq. (9.230), two independent pieces of information
are needed for determining D¢: the Minkowskian spectral function of the spatial
components of the current, and the Euclidean susceptibility related to the temporal
component.

Let us briefly elaborate on how the structure of Eq.(9.258) relates to the
considerations following Eq. (9.249). If we were to compute the spectral function
related to the zero component of the current for k — 0, then we would get precisely
the behaviour in Eq. (9.249), because the charge fx J0is exactly conserved even in

an interacting theory. In contrast, there is no conservation law related to fx Ji,anda
non-trivial transport peak exists once interactions are present. Its width, let us call it
Np,» scales like I' before, i.e. 1y, ~ T, in the massless and weakly coupled limit;
at the same time Dy, which plays a role similar to 1/I" in Eq. (9.230), diverges like
1/(®T)." Physically, this is because inhomogeneities even out extremely fast in a
free theory, given that there are no collisions to stop the process.

We end by summarizing the Kubo formulae for some other physically relevant
transport coefficients. Let us first discuss the electric conductivity, o, which is
closely related to the flavour diffusion coefficients. It can be defined through

(Jom) = oE (9.259)

where E is an external electric field. Recalling the (classical) Maxwell equation
V x B —0E/dt = (J.n), and assuming that the external B has been set to zero, we

8Different conventions are frequently used with regard to the trivial factor B appearing in the
second equality in Eq.(9.257). If it is included in the definition of x, like here [this is natural
within the imaginary-time formalism; cf. also Eq. (9.203)], then y, has the dimensionality 72. If
rather the conventions of standard “canonical” statistical physics are followed, like in Eq. (7.54)
or (7.63), then y, has the dimensionality 7°.

9For a concise review, see [63]. Actual expressions for Dy in the massless limit are given in [62,
64], whereas the case of a heavy flavour (with a mass M >> T) has been discussed in [65].
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obtain in analogy with Eq. (9.226)

oE

5 = OB (9.260)

Now, a Kubo formula for o can be derived almost trivially if we choose
a convenient gauge (note that o as defined by Eq.(9.260) is manifestly gauge
independent). In particular, let us choose a gauge in which 9,A° = 0; then
Eq. (9.260) takes the form

PA'= —00,A", (9.261)

reproducing the form of Eq.(9.200) in the homogeneous and massless limit.
Recalling also that A’ couples to vector currents like ¢ to Ji in Eq. (9.199), we
can immediately write down an expression for o from Egs. (9.210) and (9.258),

Ny

o=o0,+¢ Z O} xDy . (9.262)
=1

where O, denotes the electric charge of flavour f in units of the elementary charge e,
and the subscript (. . .). refers to “connected” (or “non-singlet”) quark contractions.
The term o, corresponds to a “disconnected” or “singlet” contraction, in which
quark lines are contracted back to the same position X from which the propagation
started.

It is worth noting that, compared with Eq. (9.258), no susceptibility is needed for
determining 0. The formal reason for this difference is that, like with the example
of Sect. 9.5, there are really two sets of fields, and the electric conductivity encodes
the influence of the “hard modes” (charged particles) on the dynamics of the “soft
ones” (gauge fields). With the diffusion coefficient, in contrast, there is only one set
of degrees of freedom, but “soft modes” can be generated through fluctuations as
described by the susceptibility.

The last quantities to be considered are the shear and bulk viscosities. They are
defined through constitutive relations concerning the leading gradient corrections
to the energy-momentum tensor: the shear viscosity coefficient 1 is defined to be
a function that multiplies its traceless part, while the bulk viscosity coefficient ¢
multiplies the trace part. The explicit forms of the corresponding structures are most
simply displayed in a non-relativistic frame, where |u’| < 1; then

Ty~ (p = £V -v)85 = (00 + 0" - isi,-v V) HOMALVY (9263

where V - v = 9;v" and §;; is the usual Kronecker symbol.

Once again, Kubo relations for the transport coefficients can be derived in
(at least) two different ways: through a matching between quantum and classical
2-point functions, and through a linear response type computation. The former
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approach amounts to solving (linearized) Navier-Stokes equations for various
independent hydrodynamic modes.?’ The latter approach on the other hand proceeds
by coupling the energy-momentum tensor to a source field which in this case is taken
to be a metric perturbation, i.e. the latter part of g*” = n*¥ + h*".?! In the following
we leave out all details and simply state final expressions for the two viscosities:

_ : 1 iwt 1 ~12 512
n_wli%l+{w/2(e <2 [T X), T (0)]>} , (9.264)
p= ! i lim { ! / eiwf<1 [ffi()c) f/‘f'(O)]>} (9.265)
9 omotlo S \2 ’ ' '

Note that in the case of ¢, the operator could also be replaced by the full trace
T —T%, given that the 7% -part does not contribute because of energy conservation
[it leads to an infinitely narrow transport peak like in Eq. (9.249)].

9.7 Equilibration Rates/Damping Coefficients

In the previous section, we already discussed an equilibration rate which we denoted
by I', cf. Eq.(9.221). However, it appears that the formalism for its determination
merits further development, and this is the purpose of the present section. In short,
we show that the use of operator equations of motion may simplify the structure
of the 2-point correlator from which I' is to be extracted, thus streamlining its
determination.??

General Analysis

Like in the previous section, the idea is to start with an “effective” classical picture,
whose free parameters are subsequently matched to reproduce quantum-mechanical
correlators. Large deviations of physical quantities from their respective equilibrium
values tend to decrease with time, with rates that we want to determine; however,
small deviations can also be generated by the occasional inverse reactions. This is
formally the same physics as that of Brownian motion, just with the momentum of
the test particle replaced with the deviation of our generic “charge density” from its

20A review can be found in Appendix C of [66].
21 A concise discussion can be found in [67], while the general approach dates back to [68].

22A classic example of the use of this logic comes from cosmology where, through the anomaly
equation, the rate of baryon number violation can be related to the rate of Chern-Simons number
diffusion [69] [the latter is defined around Eq. (9.215)].
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equilibrium value.?* In this context, it is good to note that a density, averaged over
a large volume, is a continuous observable whose changes may be given a classical
interpretation.

Mathematically, Brownian motion can be described via a Langevin equation,

SN(1) = —T'8N(t) + £(r) | (9.266)
(EmE@)) =Qb—1), (@) =0, (9.267)

where SN is the non-equilibrium excess in our “density” observable; £ is a Gaussian
stochastic noise, whose autocorrelation function is parametrized by the coefficient
Q; and ((...)) denotes an average over the noise. This description can only be valid
if the rate I" is much slower than that of typical reactions in the plasma, implying
I' < «?T. Then I originates as a sum of very many incoherent plasma scatterings,
guaranteeing the classical nature of the evolution.

Given an initial value 8N(%), Eq.(9.266) admits a straightforward explicit
solution,

t
SN(f) = 8N(t) e =10 4 / dr " CEW) (9.268)
fo

Making use of this expression and taking an average over the noise, we can
determine the 2-point unequal time correlation function of the §N fluctuations:

Aa(t.f) = Tim_(SN@©SN())

4]

/

t t
— tim [ dr e / dry " (£ (1) E(12) )
o )

1p—>—00

t /4
=Q lim [ dye' / dtr "8t — 1)
fo 4]

fp—>—00

t
=Q lim [ dn =01 — 1)

1p—>—00 1

= . lim [9(/ - t)(el"(f—f’) _ eF(Zt()—r—t/))
2" tp—>—o0

+O(t—1) (eW—r) _ eF(Zfo—t—r’))]
= & e Tl=1 0.269)
or

2The discussion here follows the description of heavy quark kinetic [70, 71] or chemical [72]
equilibration, and more generally the theory of statistical fluctuations [73].
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The limit 1, — —oo guarantees that any initial transients have died out, making
Aq an equilibrium correlation function. Subsequently, making use of d;|t — 7| =
O@t—1)—0({ —1),0|t—1| =0 —1)—0(@—1),and 3,0y |t — 1| = =28(t— 1),
we easily obtain

Qr
3,07 Aa(t, ) = — ) Tl Qs —7) . (9.270)

Fourier transforming Egs. (9.269) and (9.270) leads to**

- o© Q 0 ) 0 )
Ad(w) = / dt e Ay (1, 1) = [ / dr et 4 / dte(""+r)’i|
—o0 2L Jo —00
Q
= i (9.271)
~ OO .
0’ Ay(w) = / dr 8,0, Aa(1, 1)
—00
Q w?
= i (9.272)

It is also useful to note that, setting the time arguments equal, we can define a
susceptibility as

(NP = tim_(SNGYENG) ) = (9.273)

2r°’
where we made use of Eq. (9.269).

Combining Eqgs. (9.271)—(9.273), various strategies can be envisaged for deter-
mining the quantity that we are interested in, namely the equilibration rate I". One
formally correct track would be to note from Eq. (9.271) that A (0) = Q/T'%, and
to combine this with Eq. (9.273), in order to obtain

2

_ 26N a (9.274)
Acl (0)

This is equivalent to our previous approach, Eq. (9.228). However, as discussed in

connection with the transport peak [cf. paragraphs around Eq. (9.250)], in practice

it is difficult to determine I" from this relation, because the relevant information

resides in the denominator of Acl (w) and we would need to evaluate this function at

extremely “soft” values of w.

2*In the latter case one can literally Fourier-transform Eq. (9.270), or carry out partial integrations,
whereby the result can be extracted from Eq. (9.271).
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Taking, in contrast, Eqs.(9.272) and (9.273) as starting points, we obtain the
alternative expressions

Q= lim o’Ayw), (9.275)
F<<a)<<(4)U\/
Q
= . 9.276
2((N))a ©:270)

Here w,y is a frequency scale around which physics beyond the classical picture
behind our argument sets in, wyy ZaZT. At the same time, it has been tacitly
assumed that I' is parametrically small compared with w,,. This is the case if, for
instance, I" is inversely proportional to a heavy mass scale M > T or proportional to
a very weak coupling constant which plays no role in the dynamics of the heat bath.
With these reservations, the information needed is now in the numerator of Acl (w).
Thus, if a hierarchy between I' and wy,, can be identified and an error suppressed by
I'/wyy is tolerable, transport coefficients are most easily determined from “force—
force” correlation functions [i.e. those of SN, cf. Eqgs. (9.270) and (9.272)], rather
than from “momentum-momentum” correlation functions [i.e. those of SN, cf.
Egs. (9.269) and (9.271)].

After these preparatory steps, we can promote the determination of I' to
the quantum level. It just remains to note that since observables commute in
the classical limit, a suitable quantum version of the “momentum—-momentum”
correlator considered is

Agn(t.1) = (; (8N (1), 510(/)}} . 9.277)

With this convention, Egs. (9.275) and (9.276) can be rephrased as

o 11 (dN() dN(
a—  tim / aren (! @ ()} . (9278)
r<o<ow J_oo 20 dr ) [im
Q
_ ¢ ’ (9.279)
2((6N)*)gm

where the susceptibility in the denominator of the latter equation is nothing but the
variance of the number density operator, ((81\7 )?) = (1\72) — (1\7 )2,

The formulae introduced above can be applied on a non-perturbative level as
well, if we re-express them in the imaginary-time formalism. This means that
we first define a Euclidean correlator, 2(7), like in Eq. (8.9); Fourier-transform
it, Q(w,) = foﬂdr e Q(t), where w, = 2nnT, n € 7Z; and obtain the
spectral function from its imaginary part, p(w) = Im Q(w, — —i[w + i01]), cf.
Eq. (8.27). The symmetric combination needed in Eq. (9.278) is subsequently given
by 2Tp(w)/w, where we assumed w < T, cf. Eq. (8.16).
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Example

As an example of the use of Egs. (9.278) and (9.279), let us consider the Lagrangian
of Eq. (9.87),

Ly = 0,9* "¢ —m*¢*¢ —h¢*T —h*T*¢ + Loun - (9.280)
For h = 0, the system has a conserved current [cf. Eq. (7.7)],
T = —i(8M¢>* ¢ —¢* 8M¢>) . (9.281)

If the composite object J of Eq.(9.280) does not transform under the associated
symmetry, Eq. (7.6), then the coupling # mediates transitions through which current
conservation is violated.

In Eq.(9.125) of Sect.9.3, the rate at which particles and antiparticles are
produced from a plasma was obtained for this model; both rates are furthermore
equal if the plasma is CP-symmetric. In the present section, an initial state is
considered in which the number densities of particles and antiparticles are almost in
thermal equilibrium but not quite, being slightly different. Given that the reactions
mediated by % violate the conservation of the net particle minus antiparticle density,
there is a rate by which the difference of the two number densities evens out,
returning the system to full thermal equilibrium. This can be called a chemical
equilibration rate.

Before proceeding with the calculation of the chemical equilibration rate, let
us write down the canonically quantized number density operator. At this point
operator ordering plays a role: if we choose the explicitly Hermitean ordering,

Ns—ﬂﬂ%&é—&%@, (9.282)
and represent the fields in terms of the canonically normalized creation and
annihilation operators like in Eq. (9.99), then

N:/&M@%—%@y (9.283)

We note that this expression is not automatically “normal-ordered”; rather, it
contains an infinite constant from the latter term, amounting to [ d*p §(0) = [[V,
where the Dirac-§ at vanishing momentum was regulated through finite volume,
(2n)*$P((p = 0) = [,d’x = V. This infinity could be hidden by tuning
the orderings in Eq.(9.282). However, the infinite constant drops out in the time
derivative of N, so we stick to Eq. (9.282) in the following.
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Making next use of the operator equations of motion corresponding to
Eq. (9.280),

Rhp=Vp—mbp—nJT . (9.284)
Rpt = V2T —m2pt —n* gt (9.285)
and omitting boundary terms, the time derivative of Eq. (9.282) yields

A

I N = —i / (hd™T —h*T'9) . (9.286)

Then, according to the discussion above, we obtain to first order in |h|2

2T
Q= fim ZTP@ (9.287)
I'<o<Kwyy w

where p is the spectral function corresponding to the operator 80]\7 .
Let us now define the Euclidean correlator corresponding to d,N:

Qe(0) = [ ([h6"7 ~ 17" 8]w.x (19T ~ 1°T*4]0.))
Xy

Ihf? / [(6* 00 (1) (TOT* 1) + (X8 (N) (T* 0T (V)] .
Xy
(9.288)

where we defined X = (r,x), Y = (0,y) and only considered contractions allowed
by the U(1) invariance of free ¢-particles. Hats have been left out from these
expressions because Euclidean correlators can be evaluated with path integral
techniques.

We wish to make as few assumptions about the operator [J as possible, and
simply express its 2-point correlation function in a general spectral representation.
Inverting Eq. (8.9) we can write

(7x) T* (1)) = ;lf eI Mg(K) . (9.289)

K

Inserting here Eq. (8.24), i.e.

g .k
[g(K) =/ @ ple . ) . (9.290)
oo T @ — ik,
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as well as the sum in Eq. (8.31), i.e.

—ik,T
T ¢ =m0, for0<t<p, (9.291)
— ©— ik,

and substituting @ — k°, we obtain
(TX) T (7)) = 2/ P(C) g (k) PR F k) (9.292)
K

The other case is handled similarly: making use of Eq.(8.30) and renaming
subsequently @ — —k° and k — —k, we obtain

(T() T*(X)) = /k / d;o (0. K) ()" O

) / p(—K) 1y (K0) P+ =) (9.293)
K

where we also made use of n,(—k") = —eﬂkOnB(kO).

As far as the scalar propagators are concerned, they can be replaced with their
tree-level forms, given that the fields have been assumed to be weakly interacting
and we work to leading order in |h|?. If we furthermore assume that the scalar
particles are close to equilibrium, which is consistent with the linear response nature
of our computation, then

iP-(X—Y)

W0p M) = b =L, L,
P r

_ / ny(Ep) I:e(ﬂ—r)Ep i erEp] oY)
p 2E,

(9.294)

where we made use of Eq. (8.29).
Inserting Egs. (9.292)-(9.294) into Eq.(9.288), and carrying out the integrals
over X, y, and p, yields

na(Er)ng (k)
E;

Qu(r) = |h*V /K [e<ﬁ—f>Ek + efEk]e<ﬁ—f>k" [p(IC) . p(—IC)] .

(9.295)
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The Euclidean Fourier transform [cf. Eq. (8.9)] turns this into
B
Qe(n) = [ drer Qo)
0

E (kO 1 — eBEAL) BE: _ oBK
= v [ O 00— e e
K E;, iw, —Ey —k°  iw, + Ep — kY

(9.296)
and the corresponding spectral function reads [cf. Eq. (8.27)]
p(w) = Im Qp(w, — —ilw + i0T])

- 7r|h|2V/K ) _Ekp(_’c) %S(w B — ko)[l + my(Ep) + nB(kO)]

4 8w+ Ep — ko)[nB(Ek) - nB(kO)]} : (9.297)

where we applied Eq. (8.20) as well as relations satisfied by the Bose distribution.
To extract the limit needed in Eq. (9.287), we note that

8 — Ec— K[ 1+ no(EQ) + na(K)| = 8@ — B = k0 [y (B) = no (B — )
= §(w—E — ko)[w W, (Ey) + (’)(a)z)]
= —8(Ex + k%) Bong(EQ[1 + ny(E)] + O(?) .
(9.298)
8 + B — k) ma(Ew) = m(K) | = 80 + Ex =) [y (EQ) — ny (B + ) |
= 8(w + B — ko)[—w W (Eo) + O(wz)]
= 8(Ex — k) Bo ny(E)[1 + ny(E0] + O(0?)

(9.299)

where we made use of ny(—E) = —1 — ny(E) as well as n,(E) = —fngz(E)[1l +
ng(E)]. Therefore, for small w,

OO gy [ PO PO s 1) s+ 10 B0l + (B
w K Ey

_ 2|h|2vfk pIK) ;:’(_’C) ns(ED[1 + ns(Ex)] (9.300)
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where in the second step we substituted k — —k in some of the terms, and also
implicitly changed the notation: from now on K denotes an on-shell four-vector,
IC = (Ek, k)

In order to apply Eq. (9.279), we also need the susceptibility. This can most easily
be extracted from Eq. (7.18), which gives the grand canonical free energy density
for a complex scalar field. In the thermodynamic limit, the susceptibility is obtained
from the second partial derivative of this quantity with respect to u, evaluated at
n =0 [cf. Eq.(7.56)]:

(6N)?) = T2, In 2|, = —VT, f(T. )] 1=

_VTai /p{Ep + T[ln(l _ e—ﬂ(Ep+u>> + ln(l _ e—ﬂ(Ep—;L>>]}

VT / ! !
w p eﬁ(E1)+H) —1 eﬁ(Ep_M) —1 =0

2V / ny(Ep)[1 + ny(Ep)] . (9.301)
P

n=0

Putting everything together, and making use of the relation p(—K) = —p(K), valid
for a CP-symmetric plasma, we get

E;
S s (ED[1 + na(Ey)]

2 PN D+ )

r (9.302)

We conclude with a discussion concerning the physical interpretation of
Eq.(9.302). According to Eqgs.(9.113) and (9.115), |h|ngkC) ng(Ey) gives the
production rate of particles or antiparticles of momentum Kk; the appearance of
n(Ey) indicates that the production necessitates the presence of a plasma in which
collisions take place, because the energy E; needs to be extracted from thermal
fluctuations. In the chemical equilibration rate, in contrast, we could think of
|n|?? ‘(E’f) [1 + n5(Ex)] as the rate at which particles or antiparticles decay if they were
initially in excess [cf. Eq. (9.128)]; only one of these processes needs to take place
if there is an imbalance. Because we posed a question about the “chemical” rather
than the “kinetic” equilibration of the system, Eq.(9.302) necessarily contains an
average over k of the decay rate, weighted by the kinetically equilibrated momentum
distribution given by ng(Ey).
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9.8 Resonances in Medium

As a final observable, we consider the behaviour of heavy quarkonia in a thermal
QCD medium [74]. Physically, heavy quarkonium refers to a bound state of a
charm and anti-charm quark (c¢) or a bottom and anti-bottom quark (bb). Formally,
quarkonium physics refers to observables that can be extracted from 2-point

correlation functions of the conserved vector current, J* = &y“lﬂ, around the 2-
particle thresfold, i.e. for energies E ~ 2M (more precisely, E—2M < M), where M
denotes a heavy quark “pole mass”.? In the following, we are interested in the limit
M > 1GeV, so that the situation should be at least partly perturbative. The goal is
to illustrate with yet another example (cf. Sect.9.5) how in a thermal medium two
types of effects operate in parallel: “virtual corrections” which modify masses or
effective parameters (in the present case, a potential); and “real corrections” which
represent real scatterings not taking place in vacuum.

A useful starting point for our analysis is the observation that in the heavy-mass
limit, the QCD Lagrangian can be simplified. Considering the extreme case in which
the quarks do not move in the spatial directions at all, because the kicks they receive
from medium or vacuum fluctuations are insufficient to excite them, we may keep
only the temporal part of the theory, resulting in the Lagrangian

Ly = ¥(iy’Dy— M)y . (9.303)

This expression can be further split up into a form that contains explicitly a “quark”
and an “antiquark”, e.g. by adopting a representation for the Dirac matrices with
y? = diag(1,,,, —1,.,) and by writing

Y = (i) oY= 07, =), (9.304)

or more abstractly by defining 6 = é(ll + YO, x = é(ll — ¥%)¥. Since fermions
are Grassmann fields, we must recall a minus sign when fields are commuted; in
the following this concerns in particular the ordering of xJ, x B Noting furthermore
that (the Minkowskian four-vector X here is not to be confused with the Grassmann
field y)

/ () D] g(X) = / FOBg(X) . (9.305)
X X

25These considerations are relevant for the production rate of e"et or u~ut pairs with a total
energy close to the mass of a quarkonium resonance, cf. Eq. (9.85).
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where the arrow indicates the side on which the derivative operates, we obtain

— <~ —
0 Blsx =—[ 26Dl x:=[ B2 1. (9.306)
/X wapAp Xﬂ Hlap Xﬂ nga

Therefore the action corresponding to Eq. (9.303) can be written as
Sy = / {QT(iDO —M)8 + 5" (iDo + M))(}
X
_ / 107Dy — M) + 17 (D — M) 1} (9.307)
x

This shows that the (charge-conjugated) field y* represents an antiparticle to 6,
having the same mass but an opposite gauge charge.

Next, we need a representation for the current J# in terms of the spinors 6, y.
If we consider the “zero-momentum” projection fx J", then current conservation
implies that the component & = 0 must be constant in time, and hence that all
interesting dynamics resides in the spatial components. It follows directly from
the field redefinition in Eq.(9.304) that in the standard representation®® the spatial
components can be expressed as

T =00+ 100 = Thoe - (9.308)

Let us note in passing that this relation does experience corrections of O(M°)
through loop effects; in fact at the next-to-leading order the relation reads [75, 76]

2
gC
\7QkCD = ‘7NkRQCD (1 - 271,; + .. ) . (9309)

In the following, we omit the spin structure from Eq. (9.308), but simultaneously
also separate the quark and antiquark from each other, connecting them with a
Wilson line defined at the timeslice ¢ and denoted by W,, which is needed to keep
the quantity gauge invariant. This produces the structure

ijRQCD - J,(t,x) = GT(I,X—{— ;) W,)((t,x— ;) +XT(I,X— ;) Wj&(t,x+ ;) .

(9.310)

A typical Green’s function could be of the form fx(j Lt x)j ~(0,0)). Given that
we have assumed the heavy quarks not to move, we can however even set x = 0 and

0 o

26 This refers to the choice y" = (
—0o;, 0

) , k €{1,2,3}, where 0, are the Pauli matrices.
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r’ = r, leaving us with
C(1) = (J.(.0)7,.0.0), r=]r|, 9.311)

where we have used the notation of Sect. 8.1 for the particular time-ordering chosen.

Now, time-translation invariance guarantees that C; (f) = C;(—t) and p,(t) =
é[Cf(t) — C:(1)] = —p,(—1), which in frequency-space imply that C. (w) =
C:(—w) and p,(w) = —p,(—w). All of these functions contain the same infor-
mation but, as indicated by Eqs.(8.14) and (8.15), for @ > T it is C;(w)
that approximates p,(w) well, whereas for ® <« —T the spectral information is
dominantly contained in C;(w). We also note that for |w| <« 7, corresponding to
the classical limit, the two orderings agree.

If we allow the Wilson lines W, to have an arbitrary shape, the operators J R
constitute a whole set of possible choices. Upon operating on the vacuum state, they
generate a basis of gauge-invariant states in the sense of [77-79]. These basis states
are in general not eigenstates of the Hamiltonian, but the latter can be expressed as
linear combinations of the basis states.

Let now |n) denote the gauge-invariant eigenstates of the QCD Hamiltonian in
the sector of the Fock space that contains no heavy quarks or antiquarks (but does
contain glueballs and their scattering states, as well as light hadrons), and |n’; r)
those in the sector with one heavy quark and one antiquark, separated by a distance
rIfJ . operates on a state of the type |n), the result should have a non-zero overlap
with some of the |n’; r). If on the other hand the Hamiltonian operates on the states
|n), the state does not change but gets multiplied by an r-independent eigenvalue E,,.
And finally, if the Hamiltonian operates on the |n/; r), the result is a multiplication
of the state by an r-dependent eigenvalue E,/(r), conventionally referred to as the
(singlet) static potential. Numerical results for several of the lowest-lying values
of E,(r) in pure SU(3) gauge theory can be found in [80] (to be precise, these
measurements concern E, (r) — E,, cf. below).

We now expand the equilibrium correlator of Eq. (9.311) in the energy eigenba-
sis. A key observation [81] is that in the limit 7 < 2M, no states of the type |n’; r)
need to be put next to the density matrix Z~! exp(— ,3[-} ), because such contributions
are suppressed by ~ e 2M/T Thus, we obtain

1

GO~

Z(n|e_ﬂf{e’ih jr e_‘ﬁl|n’; ry{n'; r|jr|n)

nn’

%

1 i 5
. Ze—ﬁEnez[En—En/(r)]t | (n| ' 7) |2 _ (9.312)
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This function contains all relevant information about the dynamics of gauge-
invariant quark-antiquark states as long as 7 < 2M. Next, we discuss its basic
physical features.

To start with, let us consider the case of zero temperature (§ — oo0) and
furthermore carry out a Wick rotation to Euclidean spacetime like in Eq. (8.1), i.e.
it = 7,0 < T < B. Then the sum over n, with the weight e*=#£_is dominated
by the ground state n = 0, whereas the sum over n’, with the weight e~ &),
is dominated by n’ = 0'. Noting that Z ~ ¢ A% in this limit, we observe that
E,, (r) — E, can be extracted from the asymptotic -dependence of C; in the range
0 < © <K B/2, independent of the details of the operator jr considered. This is
how the results of [80] for E,/(r) — E, have been obtained.

Suppose then that we modify the setup by returning to Minkowskian signature
but keeping still 7 = 0. The sum over n is clearly still saturated by the ground
state, but in the sum over n’ we now get a contribution from several states. The
excited n’ # 0 states, however, lead to more rapid oscillations than the ground
state, so that the ground state energy could be identified as the smallest oscillation
frequency of the correlator. In pure SU(N. ) gauge theory E,, (r) is believed to display
a “string spectrum”, representing vibrations of a colour “flux tube” between the
quark and antiquark. The string spectrum is expected to be discrete, with level
spacings AE,, ~ m/r at large r. Therefore C; remains periodic, or “coherent”;
this means that no information gets lost but after a certain period the time evolution
of C; repeats itself.?’

Next, we switch on a finite temperature, which implies that the sum over n
becomes non-trivial as well. An immediate consequence of this is that, for any
given 1/, there are contributions to Eq. (9.312) which make the oscillations slower,
decreasing E,/(r) to E,y(r) — E,, n > 1. Of course, the overlaps |(n|jr|n’, r)|? also
depend on n, so that the correlator may now be dominated by another value of 7/,
and the “effective” magnitude of E,/ (r) — E, is not easily deduced. Nevertheless we
could refer to this phenomenon as Debye screening: in the presence of a medium
the energy associated with a quark-antiquark pair separated by a distance r changes
from that in vacuum, because of the presence of states other than the vacuum one
in the thermal average. In the language introduced at the beginning of this section
such a change in the energetics could be considered a “virtual correction”.

The temperature may also lead to a more dramatic effect. Indeed, in an infinite
volume the spectrum E, contains a continuous part, consisting e.g. of pionic states,
with the pions moving with respect to the rest frame that we have chosen to represent
the heat bath. If the temperature is high enough to excite this part, we may expect to
find a “resonance”-type feature: the density of states grows with E,, whereas e A%
decreases with E,. To be explicit, let us model the resulting energy dependence by

?TStrictly speaking this is true only if the Hilbert space is finite-dimensional.
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a Breit-Wigner shape, which implies writing

Z o~ BEntiEnt

n

(n|Jlns n) [

(n|i|n/;r>i2 N /dEn p(En)e—ﬂEn-HEnt

) Fn';r)
~ [ dE, !
/ B = E@ P + 2005 )
aF(n';r) s, )
T r) exp{lf(n int—T';r) t} .

(9.313)

We observe that, apart from the energy shift that was referred to as Debye screening
above and is now represented by £(n’; r), the absolute value of the correlator also
decreases with time. This phenomenon may be referred to as decoherence: the
coherent quantum-mechanical state |n’; r) loses “information” through a continuum
of random scattering processes with the heat bath. According to Eq. (9.313), we can
also talk about a “thermal width” affecting the time evolution, or of an “imaginary
part” in the effective energy shift.

Physically, imaginary parts or widths correspond to “real scatterings”.?® We
expect that the farther apart the quark and the antiquark are from each other, the
larger should the width T'(n’; r) be. In the partonic language of quarks and gluons,
this is because at a large separation the quark-antiquark pair carries a large “colour
dipole” which scatters efficiently on the medium gluons. These frequent scatterings
lead to a loss of coherence of the initially quantum-mechanical quark-antiquark
state. (Computations of these reactions have been reviewed, e.g., in [82].)

We can also illustrate the physical meaning of the thermal width in a gauge-
invariant hadronic language. In this picture real scatterings are possible because
thermal fluctuations can excite colour-neutral states, like pions, from the medium,
with which the heavy quarks can interact. This mechanism can for instance disso-
ciate the quarkonium bound state into so-called “open charm” or “open bottom”
hadrons, i.e. ones in which the heavy quarks form mesons with light antiquarks, or
vice versa (cf. e.g. [83]):

______
.....

_____
s
ws®

-----

LT .
.....

o—Fx/T (9.314)

This is a purely thermal effect which would not be kinematically allowed in vacuum,
because the energy of the two open states is higher than that of the single bound

28 A classic example of this is the optical theorem of scattering theory.
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state. In full equilibrium, i.e. at time scales much larger than how often the process

sh

own occurs, the opposite reaction would also take place at an equivalent rate, and

the equilibrium ensemble would contain both open and bound states. The entropy
of this state is maximal, i.e. all information about the coherent quantum-mechanical
initial state in which the quark-antiquark pair was generated, has been lost.
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Appendix A
Extended Standard Model in Euclidean
Spacetime

In Eq. (5.39), the gauge-fixed imaginary-time Lagrangian of QCD was given. Here
we display the corresponding structure for the Standard Model. For simplicity, terms
related to gauge fixing are omitted. On the other hand, we include right-handed
neutrinos as degrees of freedom, even though they are not considered to be part
of the “classic” Standard Model, in which neutrinos are postulated to be massless.
We include them because this does not change any of the construction principles
and yet offers for a simple way to solve a number of short-comings of the classic
Standard Model (for a review, see [1]). A reader preferring not to include right-
handed neutrinos may decouple them by setting the corresponding Yukawa coupling
matrix &, to zero.

In QCD literature, it is common to keep the number of colours, N, as a free
parameter. When considering the Standard Model, however, its proper inclusion
requires care [2, 3]. For simplicity we restrict to N. = 3 in the following. The gauge
group is then U, (1)xSU, (2)xSU.(3), where Y refers to the hypercharge degree of
freedom and L to left-handed fermions.

The fermionic matter fields of the Standard Model carry a specific chirality.
Denoting chiral projectors by ¢, = (1 — ys)/2 and a, = (1 + y5)/2, left-handed
doublets are defined as

0.=a0, = (“L”“) . Ly=al,= (“L”“) , (A1)

a,d, a,e,

where @ € {1,2,3} is a “family” or “generation” index. Here the fermion
fields are 4-component Dirac spinors. The quark fields carry an additional colour
index that has been suppressed in the notation, i.e. they are really 12-component
spinors. Subsequently we redefine the notation in order to denote the right-handed
components by

Ug = Aty , dg=ady, Ve=av,, e;=ae,. (A.2)
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The scalar (Higgs) doublet is denoted by ¢, and <;~5 = io,¢*, where o, is a
Pauli matrix, is a conjugated version thereof, which transforms in the same way
under SU, (2) but has an opposite “charge” under U, (1). Note that the right-handed
neutrino field v, was denoted by N in Eq. (8.69).

With this field content, the Euclidean Lagrangian can be written as (Q =

(01 02 03)7, etc.)

1
Ly = Fi by + (Du9)'Dup — m'¢’o + A(97¢)’

+0DQ + ulu + dpd + LIPL + vpv + ePe + 2(v‘Mv + UMTVC)
+Qh,u¢p+Qhydp+Lhve+Lh,ed
+¢'anlo + ptd 0 + T WL + ¢ hiL . (A.3)

A number of undefined symbols will be explained below. Starting from the end of
the second row, v¢ = Cv” denotes a charge-conjugated spinor, with the charge
conjugation matrix defined for instance as C = iy?y°, where y# are Dirac matrices.
It is possible to verify that the “Majorana” mass matrix M is symmetric, M7 = M;
as a symmetric matrix it could also be diagonalized.

The theory defined by Eq. (A.3) contains a number of parameters: the real gauge
couplings g,, &,. &;; the Higgs mass parameter m” and self-coupling A; the complex
33 Yukawa matrices &, h;, h, and h,; and the complex 3 x 3 Majorana mass matrix
M. In the quantized theory, all of these are to be understood as bare parameters. Note
that there is a fairly large redundancy in this parameter set, which could be reduced
by various field redefinitions, but for simplicity we display the general expression.

Let us now define the gauge interactions. In the fermionic case, gauge interac-
tions reside in [p = ¥,D,., where D, is a covariant derivative. When acting on the
Higgs doublet the covariant derivative takes the form

Dugp = (du+ 54, —ie,TB2) . (A4)
where g, and g, are gauge couplings related to the Uy(1) and SU, (2) gauge fields
A, and B;‘}, respectively, and 7% are Hermitean generators of SU, (2), normalized
as Tr [T2T?] = ;8“2”2. We employ a notation whereby the index a; € {1,...,d» =
3} implies the use of SU(2) generators, and repeated indices are summed over (in
addition, d; = 1, and sums over a; are omitted whenever possible). When acting on
leptons, the covariant derivative reads

DL, = (aﬂ _ ’i ‘A, - ing“ZB;‘f) L, . (A.5)

Dy, = (aﬂ) Vo . (A.6)
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Duea= (0, —igiA, ) ea (A7)

In the case of quarks, the SU.(3) gauge coupling g, and the generators 7> and the
gauge fields Cj? appear as well:

ig  arpar . may a
D,Q, = (aﬂ + A, — g, T B — igsT 3C;f) 0. (A.8)
2ig . ae
Dy, = (0, + y A igsT ), (A.9)
D,d =(a _ 8y T“3C“3)d (A.10)
nla = I 3 % 83 m a - .
The colour index a3 is summed over the set a3 € {1,...,ds = 8}. Finally, field

strength tensors are defined in accordance with Eq. (5.1),

Fihy =9,A4,-0,4,, (A.11)
F% =0,B? —0,B? + g, ?B2B? (A.12)
F =0,C0 —0,C00 + g,/ ClRCy (A.13)

where €©%2¢2 is the Levi-Civita symbol and f%/3¢ are the structure constants of
SU@3).
We remark that we have not included so-called 6-terms in Eq. (A.3), which would

have the form §Lg = i Zf;l 0, 6""””55:5”‘) ” . This is because our Yukawa couplings
are complex. The complex Yukawa couplings corresponding to quark masses can be
tuned to be real by a chiral rotation, but this induces a QCD 6-term, leading to the so-
called strong CP problem, i.e. the unnatural-looking fact that phenomenologically
03 =~ 0. (It is an interesting exercise to contemplate why the U, (1) and the SU, (2)
f-angles, 0; and 6,, do not pose similar problems.)

Finally we recall that the quantization of chiral gauge theories is highly non-
trivial. Even staying within perturbation theory, ys has to be carefully defined in the
context of dimensional regularization [4, 5], but this tends to break spacetime and/or
gauge symmetries, leading e.g. to a complicated pattern of operator mixings [6, 7].
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