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1 Introduction

Quantum mechanical models with extended supersymmetry find useful applications in
the worldline description of relativistic field theories. Indeed fields with spin S can be
described in four dimensions by quantizing particle actions with N = 25 extended local
supersymmetry on the worldline [1-3]. While complete in four dimensions, these models
describe only conformal invariant fields in other dimensions [4, 5]. They can be consistenly
defined not only in Minkowski space, but also in maximally symmetric spacetimes [6] and,
more generally, in conformally flat spacetimes [7]. Upon gauge fixing, the worldline actions
of the spinning particles moving on such spaces give rise to an interesting class of one-
dimensional nonlinear sigma models possessing extended rigid supersymmetries. The goal
of this paper is to analyze the corresponding quantum mechanics.

In particular, we are interested in computing the transition amplitude for the O(N) ex-
tended supersymmetric nonlinear sigma models in a euclidean short time expansion since,
in applications to higher spin field theory, the transition amplitude can be used to study
ultraviolet properties of propagators and one-loop effective actions [8]. We will achieve this
result using two different methods. The first method employs canonical quantization, and
starting from the operatorial definition of the transition amplitude we compute it perturba-
tively in the euclidean time (§ by using the commutation properties of the various operators.
The final result yields a perturbative solution of the heat equation (the Schrédinger equa-
tion with imaginary time) and identifies a benchmark for equivalent calculations in terms of
path integrals. This canonical approach has been already employed in [9] for the N =0, 1,2



supersymmetric quantum mechanics, that can be defined on any curved manifold (see [10]
for a review of the method in the bosonic case). We extend that computation to arbi-
trary N for the O(N) extended supersymmetric nonlinear sigma models. For N > 2 the
extended supersymmetry may be broken by a generic curved target space, though it can
be maintained on locally symmetric spaces. Nevertheless, we use an arbitrary target space
geometry since for the present purposes we do not need to gauge supersymmetry, and can
view the latter just as an accidental symmetry emerging on particular backgrounds.

The second method we employ for computing the transition amplitude makes use of
path integrals. Our reason for considering this approach is that, in typical first-quantized
applications, canonical methods are used first to identify the precise operators of interest
and path integrals are used next to perform more extensive calculations and manipulations.
A classical example is the calculation of chiral anomalies and the proof of index theorems by
worldline methods [11-13]. It is therefore important to be able to reproduce the transition
amplitude with path integrals. Path integrals for particles moving on curved spaces can
be quite subtle, and their consistent definition needs the specification of a regularization
scheme which carry finite counterterms to guarantee scheme independence, see [10] for an
extensive treatment and [14] for a short discussion. We will use three different schemes,
for completeness and because each one carries its own advantages. The first scheme, time
slicing (TS), can be deduced directly by using operatorial methods [15, 16] and can be
related to the lattice approximation of the propagation time. A second scheme, mode reg-
ularization (MR), is related to a momentum cut-off (or, more properly, energy cut-off in
quantum mechanics) and allows the introduction of a regulated functional space to integrate
over [17-21]. Finally, dimensional regularization (DR) is defined as a purely perturbative
regularization but has the advantage of carrying only covariant counterterms [22-26]. For
each of the three regularization schemes we find the corresponding counterterms that en-
sure scheme independence, making them ready for extending to curved backgrounds the
worldline approach to higher spin fields initiated in [27].

Let us now describe the precise form of the (supersymmetric) quantum mechanics we
are interested in. We consider a particle moving in a curved space M of dimensions D and
metric g,,. It is described in phase space by bosonic coordinates and momenta (z*,p,),
where = 1,..., D is a curved spacetime index, and by Majorana worldline fermions (i.e.

real Grassmann variables) ¢¢, where i = 1,..., N is a flavour index and a =1,...,D is a

b

flat spacetime index related to curved indices by the vielbein e}, defined by g, = napeje,

with 7, the flat tangent space metric (which can be taken either minkowskian or euclidean,
according to the desired applications). Quantum mechanically the bosonic variables satisfy
the usual commutation relations [z#,p,] = id},, and the fermionic ones give rise to a
multi Clifford algebra {¢?a¢g} = 1%5;;. The general hamiltonian operator we wish to
consider involves a free covariant kinetic term Hp, a four-Fermi interaction depending
on the Riemann tensor and carrying a coupling constant «, and a contribution from an
arbitrary scalar potential V' which depends only on the spacetime coordinates x* (and
which in most applications is proportional to the curvature scalar R)

H = Hy + aRgpeqt{0?0Sd + V (1.1)



where

1
Hy = 3 (71'“ — iwbba>ﬂ'a
B i
To = €lmy,, =g pug/t - iwuabwwf (1.2)

with w,q, the spin connection and wgp. = egwubc. Note the appearance of the spin con-

nection, required by covariance, and the powers of g next to the momentum operator that

ensure hermiticity of the hamiltonian. This hamiltonian is general enough to allow future

applications to the first-quantized theory of higher spin fields on curved backgrounds.
The corresponding euclidean classical action in configuration space is given by

gl 1
5 / dr (503 + SuiD et + @ Rapeat 20508 + V] (1.3)
0

where D ¢ = 0-4¢ +a’:“wu“b¢f . It describes the particle propagation for a euclidean time
[ and will be used in the path integral quantization. For notational simplicity we do not
make explicit distinction between quantum operators and classical variables, as it will be
clear from the context which one is used.

Having defined the model, we proceed with the rest of the paper and start describing
the computation of the transition amplitude. In section 2 we use operatorial methods.
In section 3 we consider path integrals in various regularization schemes, namely TS, MR
and DR, calculating the corresponding counterterms and finding complete agreement with
the expression of the transition amplitude found in section 2. Finally, we present our
conclusions and perspectives in section 4.

2 Transition amplitude from operatorial methods

The aim of this section is the explicit computation of the transition amplitude for a eu-
clidean time [ determined by the quantum mechanical hamiltonian H given in (1.1). We
compute the matrix elements of the evolution operator e ?H between position eigenstates
for the bosonic variables and suitable coherent states for the fermionic ones. We consider
a short time expansion, and using systematically the fundamental (anti)-commutation re-
lations of the basic operators x,p and 1 we obtain the final perturbative answer. The
calculation is tailored after similar ones performed in [9] for the N = 0,1,2 supersym-
metric quantum mechanics, explained carefully in [10] for the bosonic case, and in [28] for
a class of supersymmetric sigma models on Kéhler spaces which arise from the study of
certain higher spin equations on complex manifolds [29]. As typical in semiclassical ap-
proximations, the result can be cast as the product of three terms: i) the exponential of
the classical action evaluated on the (perturbative) classical solution, ii) a standard leading
prefactor depending on the propagation time as ﬁ_%, usually arranged in the so-called Van
Vleck determinant, iii) a power series in positive powers of the propagation time, which
identify the heat-kernel coefficients [8]. In our calculation we keep the approximation up
to the first non trivial heat kernel coefficient, i.e. up to order § in the power series, keeping



in mind that the bosonic displacement z# = y* — x# can be considered of order /3, as
explained later on.

In this section we restrict the calculation to even N = 2S5, with S an integer, which
allows us to introduce complex combinations of the fermionic operators and consider the
corresponding coherent states as a (over)-complete basis of the associated Hilbert space.
This is appropriate for applications to fields of integer spin. The method can be easily
extended to the case of odd NV, appropriate for applications to fields with half-integer spin:
one way is to introduce another set of auxiliary Majorana fermions (“doubling trick”)
to be able to consider complex (Dirac) fermions and their coherent states. However, we
refrain from doing that at this stage, as we employ it in the path integral approach of the
following section.

Thus we consider N = 25, and introduce S Dirac worldline fermions ¥¢ out of the 25
Majorana fermions 1

1 ) = 1 .
7 = 7 (Wf +ivfig), W= NG (Wf —ivies), I=1,...,8 (2.1)
so that the new variables display the usual creation-annihilation algebra
{\I]a7 \ijJ} — nabéj] .

With these complex fields at hand we can readily construct coherent states such that
Wain) = n¢|n) and (AU = (A|A%, with usual normalization (A|n) = e*" (other properties
of fermionic coherent states can be found in appendix A). Denoting by |yn) = |y) ® |n)
where |y) is the usual position eigenstate, the euclidean heat kernel we want to compute is

(@ Xe Py n) (2.2)

where the quantum hamiltonian (1.1) and the covariant momentum, written in terms of
the new complex variables, read

H = Hy + 4aRgpeq V% W0 0% 0 + v

e (2.3)
= ¢""(py — iwpap ¥ W*)g ™1

with W% Wb = ¥/ ¥l In close analogy with the procedure employed in [9] we first focus
on the mixed amplitude containing momentum eigenstates on the right hand side

@XM pny =3 CF g A o) (24)
k=0

From the above expansion in 3 one could naively think to retain only the linear term,
e P =1 - BH + O(3?), to get the answer up to the desired order. This is not the case
for nonlinear sigma models, as well-known (see [9]). In fact it is necessary to take into
account contributions for every order k, the only truncation being the number of (anti)-
commutators to keep track of. In order to evaluate (2.4), we push all p’s and ¥’s in each
factor H* to the right hand side and all 2’s and U’s to the left hand side, taking into



account all (anti)-commutators, and substitute with the corresponding eigenvalues. Since
the hamiltonian is quadratic in momenta, the matrix element of H* is a polynomial of
degree 2k in p, so that in general one finds structures of the form

(@ X H [pn) =Y By (a,n, Np'{z[p) (Aln) , (2.5)

where p!' stands for the part of such polynomial with precisely I-th powers of p eigenval-
ues, and the coeflicients Blk are computed in appendix B. For plane waves we use the
normalization

(alp) = (2m) PG~V () i

so, inserting in (2.2) a momentum completeness relation, 1 = [ dPp|p)(p|, and rescaling
momenta by p, = ﬁ qu, we obtain for the transition amplitude

(@Ae M lyn) = (4x*p) P/ [g(w)g(y)}_1/4/qu e VAT A
(—)F & B (2.6)

Let us look at this formula: it is well-known that the leading free particle contribution
to (2.2) contains the exponential exp{—
(x —y) ~ /B. Therefore, we see that ¢ ~ 8% and it is immediate to realize that, for all
k, only the terms ng, B’Q‘/’k.f1 and Blfkfz will contribute up to order (3. Taking for Blk’ the

expressions given in appendix B, it is immediate to sum the series in &
_ _Llouv Jig(m—y) X
(@ Al Hlyn) = (47T2ﬁ)‘D/2[g(ﬂf)g(y)]_1/4/que 2t e {14/

7 7 . 1 1
X bg"q# — Zg’“’)‘ a\qQu Qv + Zg‘wwuqy} + ﬁ[ — 338# Ingo*Ing — ga“aﬂ Ing

1 1 1, 1, 1 .
- 79“8 Ing — ( otg” + 89 g’ + 89 gy’ + 89“ ") Qu v + (Eg“ oA 4 gg"“‘g
+ 1 KO _ i LU _OpK

129 g,-g 9o 9\ du Qv 329 g a\qu 9v 9k 4o dp

1 1 . 1 .

- 59" (g* wk)‘]u 4o — ng You i — 59" 9" Qo + 19" W 9% 4,4590458

1
5 (guywﬂabwucd — 8 Rade) ()‘ ndnbc

1
— —g"w,0,Ing + —8 L [V99H wy) + 5

1 N
o 1 _
+ A% Ub)\c' 77d) - ig'uyw,uabg)\owkcd()‘ d bc + )‘a )‘C' nd)QVQG - V} } ) (27)

where we remind that all the geometric quantities are evaluated at the final point z, unless
otherwise specified, and we used the following compact notations

A A A A
gt =g"g7, g =9, g =g"0g, .

vo

Wy = wwbj\“- nb , g"f./\ =0u...0xg

Now we are ready to perform the g integration, that reduces to a bunch of gaussian integrals.
Defining the coordinate displacement as z# = y* —x*, one obtains the transition amplitude,



expanded up to order (3, in a form that hides manifest covariance
S _ 14 —Lgosiw X e _
(2 Me ™ yn) = (27 8) P12 [g(2) /g(y)] ! e 30 e {1 4 on g7 /A g g1

1 1 1
—— O\ P 3 iarid g*1/4 6M8Vgl/4 ~13 2“971/48“91/48)\909 22272

48
111 2 1 1
+ 3 [@ NG z”z”z)‘} ~ 125 [8>\(%gw ~ 59 I FZ{U} M2V 22
1 1 1
+ 3 R, 22" + 2w, + §z“z"8uwy + Zz“w# z”g)“’&,gm

1 - 1 1
+ 5z“z"wuabwybc}\“- n°+ §(z“wy)2 — 2lw, <@z”z’\z” l,gAJ)
_ _ - 1
+ 8] = 40 RupeaX* 1P X° 0 + da RapX* ] + =5 R — V} } . (2.8)

This form is quite explicit. However, it can be simplified and cast in alternative and more
suggestive forms. Keeping in mind that the exponent of the on-shell action should appear
in the final result, one can factorize (2.8) in the following way®

(@ Xe Py n) = (2nB) P/
X ex _l} v 18 KoV A iaa _l r? 17 w v A\ o
p ﬂ g/“/Z z20+ 4 NgVAZ 2720+ 12 122 v9ro ng uy - Ao ez oz

2 2
_ _ 1 _ _ _
X exp {Aa' Na + Z#wyab)‘a‘ ?7b + izﬂzV <a,u,w1/ab + wuacwucb) A% 77b - 4045 Rabcha' 77b)‘c' Ud}
1 - 1
x [1 + R + ﬂ(4aRab)\“- 0+ SR - V)} . (2.9)

The first exponential is the expansion up to order 3 of the on-shell bosonic action evaluated
with the boundary conditions z#(0) = y* and z*(3) = z#

<) 1 ,

Se= [ d [7 i ]
; /0 7 QQMV:U * on shell
[5 Juv 2" + 1 8u9u>\ P2+ 1 (aﬂaygka ~ 3 Gpr Fﬁl, Ff\d) Z#Zyz/\z”}

(2.10)

B
where all functions in the second line are evaluated at the point x. Similarly, one can see
that the second exponential in (2.9) is the expansion, up to order 3, of the fermionic action
evaluated on-shell, with boundary conditions ¥%(0) = n¢ and W% (3) = A%/, and with the
usual boundary term added

B
Sy = ( / dr [@éDT\IJ? + da Rapeg % UOT° qld} —T,(8) - \1!“(5)) (2.11)
0

on shell

_ _ 1 _ _ _
= = {)\a_ Na + Zuw,uab)\a' 77b + §ZHZV (8uwuab + W,u,acwucb> A% 77b - 40&,3 Rabcd)\a' 77b)‘c' 77d}

where the covariant time derivative reads D, V§ = \I/‘} + 2Hw, Y, \I/l}. Similar calculations
of on-shell actions can be found, for instance, in [9]. Once the expansions of the on-shell

'The factor [g(x)/g(y)]'/* cancel against its inverse, whose Taylor expansion around z can be factored
out from (2.8).



classical actions have been recognized, the transition amplitude can be cast in the following
covariant form

- _ 1
(@ Xe yn) = o 3\D/2 exp {— (S + Su)}

(273) (2.12)
1 - 1
x (L Rt + ﬁ(4aRab)\“- w4 R - V> v 0(52)}
with all functions evaluated at point . This is our final result for the transition amplitude.

For comparison purposes, it may be useful to present the result after tracing over the
fermionic Hilbert space

ND

272 N
—BH _ . Y v ab

<£E|TI‘\I,(6 )|y> = (ZWﬁ)D/2 exp{ Sx} [1 162 2 WyabWy ] (213)

1 L 1+6aN

X |:]. + ERMVZ'U'Z + ﬂ(TR — V) + O(ﬂ2)] .
Evaluated at coinciding points (z# = 0) it reads as

_ 272 1+ 6aN

T o) o] e

which shows the first heat kernel coefficient at coinciding points for our model. As we shall
see, the last two formulas remain valid also for odd N.

3 Transition amplitude from path integrals

In the present section we compute the transition amplitude by making use of path integral
methods. To define the path integrals we fix a suitable regularization scheme, and compute
the transition amplitude. Then, by comparing with the previous section or alternatively
by imposing the Schrodinger equation, we identify the corresponding counterterms that
ensure scheme independence.

Unlike the previous section here we treat together both the cases with even and odd
numbers of Majorana variables. In order to do so, we found it convenient to use the
so-called “doubling trick” that consists in doubling the number of fermionic variables by
adding “spectator” Majorana fermions ¢/® that satisfy free anticommutation relations.
These new fermions are spectators in that they do not enter the interactions. With the
help of these new variables one can consider Dirac fermions

ge b i), 0= (e - i) (31)

T = 7

5l
V2
that satisfy

{\I’?, \I/?} = n“béij (32)
giving rise to a set of fermionic harmonic oscillators, whose Hilbert space can be represented

in terms of bra and ket coherent states

ilm) = nfln),  (ANTF = (AN (3-3)



and whose properties are briefly recalled in appendix A. The wave function of the system
®(z,A\) = (z A\|®), with (z \] = (2| @ ()|, evolves in euclidean time as

(e, X f) = (x A |a)
- / Py /9) / dCdy €5 (x Ale=5H |y )y, G 0) (3.4)

where we have used the spectral decomposition of unity for the bosonic and fermionic
sectors

1= [y el 1= [ dCne ). (3.5)

The evolution is generated by the basic transition amplitude that can be written in terms
of a path integral as

(z Xe PHlyn) = (xX; Blyn; 0)

z(0)=x T(0)=vBr -
= / DxDaDbDe / DUDY ¢~ Smabe¥] (3 6)
z(—1)=y U(-1)=vPn

where
_ 1 /0
Slo,a,be, 0.0 = / A7 g (2(7)) (8" + aa” + )
—1

0 0
a5 [ dr it - S0 0) + 55 [ dritumatr)id

0 0
= / 0 Rapea () 00055 + / V(). (3.7)

Here, and in the following, we use a shifted and rescaled euclidean time 7 € [—1,0] to
make comparison with the literature easier. We use bosonic (a*) and fermionic (b*, ¢*)
ghosts to reproduce the reparametrization invariant measure Dz = [[/g(z(7))dPz (7).
We also rescaled fermionic “coordinates” and ghosts so that all propagators are of order
B, and added a fermionic boundary term to be able to set boundary conditions at initial
time for ¥ and at final time for W. Finally, let us note that the arbitrary potential V will
eventually be modified by the addition of a counterterm Vor related to the regularization
chosen. Apart form these modifications, and the inclusion of the spectator fermions, this
is the same action given in eq. (1.3).

We are interested in the short-time perturbative expansion of the transition amplitude.
Thus we expand all geometric expressions about the final point z*, and split the action
into a quadratic part plus interactions, S = Sy + Sing, with

0 1

1 0 . _
dT \I/m‘\I/? — B\PM(O)\II?(O) . (38)
1

So = — v
2 259# .

1
dr (zHi" 4+ a*a” + W) + ﬂ/

Here and in the following, geometric quantities with no explicit functional dependence are
meant to be evaluated at the final point 2(0) = =, such as g,, = gu(x). We can thus



split the fields into backgrounds, satisfying the free equations of motion with corresponding
boundary conditions, and quantum fluctuations; namely

at(1) = y0"(7) ¢*(7), () =t =27, ¢"(0)=¢"(=1) =0 (3.9)
Wi (r) = Ui(r) + Qi (1), ‘%’?(7) = /nf Qi(-1)=0  (3.10)
W) = W)+ Qi(r),  Wi(r) = /BAY, Qi(0)=0 (311

where z# = y# — z¥. The free on-shell classical action reads (henceforth we use a dot to
indicate the contraction of whatever type of free flat indices)

Sy = Qﬂng 2’ =X (3.12)
and the free propagators for the quantum fields, together with their Feynman diagrams,
are

(¢"(1)q" (o)) = —=Bg A(T,0) = 3.13

(1)g" (7))
(a*(T)a"(0)) = Bg" Agn(T,0) = —=====
V(1) (o)) = —2Bg" Agp(T,0) = =—=====
(QHT)Q%0)) = Bn™s;;G (T, 0)
where the right-hand sides are given, at the unregulated level, by the following distributions
A(r,o)=1(c+1)0(T —0)+o(r+1)0(c — 1)
Agn(T,0) = 8(7 = o) (3.17)
G(r,0) = —0(c — 1)

which obey the Green equations **A(7,0) = Ayp(7,0) = §(1 — o) and *G(7,0) = §(17 —0),
with boundary conditions A(0,0) = A(7,0) = A(—1,0) = A(7,—1) = 0 and G(0,0) =
G(7,—1) = 0. Dots to the left (right) indicate derivatives with respect to the first (second)
variable. These propagators have to be regulated in order to deal with divergences and
ambiguities present in some diagrams. However, for each regularization scheme, one is able
to cast all expressions in a way that can be unambiguously computed by using directly the
expressions (3.17).

Since fermions enter the interactions only through the combination 1§ = %(\IJ? +U9)
it is convenient to write backgrounds and propagators for these fields as well. We split
them as 9%(7) = % + x&(7) with

3 =\ 50 (3.15)

and
<X?(T)x?(0)> L TN G EE R —— (3.19)
satisfying *Ap(1,0) = —A%(7,0) = §(7 — o) and given at the unregulated level by
Ar(r,0) = 3 (07 — ) 0o — 7)) = 5e(r —0) (3.20)



We only wrote propagators for unprimed fermionic fields since only they enter the interac-
tions. The primed fields instead only contribute to the one-loop semiclassical factor that
normalizes the path integral and drop immediately out of the computation.

The interaction vertices that enter the perturbative expansion can be obtained by
Taylor expanding the action (3.7) about the final point 2(0) =  and read Sing = >, 5 Sn,
with

S _ 1 /Od Y (% 4 ) - (P 4 P 3.21
3= 5uab T(¢" — M) (" + x) - (7 + ) (3.21)

0
A A . v v
ﬁﬁ,\gw// dr(q" — z T)((q“ —2M)(¢" = 2¥) + a*a” + be )

0 . -
= BV gOhin [ dr( = AT = )X  (@Bx) (3.22)
«Q 0 Ta a 7b by/.7.c c 7d d
+ﬁRabcd/_ld7_(¢ +X7) - (" + X7 (@ +x°) - (T + xT)
+41ﬂaAagg,w /_01 dr(¢* — 2*1)(¢° — 2°7) <((j“ —2M)(¢" = 2¥) + ata” + b“c”) .

Higher order terms are not reported because we compute the transition amplitude to order
(B, for which only the previous two terms are needed; all fields, classical and quantum,
count as (/2.

The transition amplitude can now be computed perturbatively using Wick-contractions
of the quantum fields

(2 X; Blym;0) = A e (e
U 1
= A ¢TI AR [— (S5) — (S4) + 5(53)4 (3.23)

with the suffix ¢ indicating connected diagrams only and with the prefactor A soon to be
commented upon. The various Wick-contractions produce

1 L
—wrap? P - P

20
5329 I3 — gaAaang I

8>\gm,z P2V +

exp [— (S5) — (S4) + %<S§>C} - eXp[ 40

8)\8(,9”,,2)‘2”,2“2” —

1
— A J— [ —
z <2<9,\gl1 +g,\12> 125

1 1
+ 18,\6092)‘2" I + 182g>\gz 27 I + Orgoz 27 17 + 13

1 S -
+ 30wl 9Ty = SRl 90— BV
- é(aAg,Lw)Q Iy — ga)\guuaug/\u Lo — §(8A9)2111 - gg)\a)\g Lo —

a)\waab&a ' dbz)\zo-

B o
—g5 1
29)\ 13

—

1 /
*8)\9;11/8/\’9;”/2)\2)\ Iis

/ 1 /
+ 78}\57#1/8)\9;1’1/2#2'“ Iy + §8>\gm/augp’/\zuz'u Iis + 4

\]

, 1 1
+ OGO g2 2" Thg + Za,\gwawzuzy 118 + *3A9W9AZ”ZV Iy

1
+ —aAguuaﬂgz)‘z” Iy + BAgMVgMzAz” Is — 8>\gW8,\g“ 1zt 2Y 2 2 1o
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~10 -



a)xg,uua)\/g/\u Flarid Z Z 123 - 8)\guua/\’guu’2)\z z ZV Iy

28 20
N N 1 ~ ~
+ %wiab Is — 4 Wab we 2?27 Tog + 5%ac wap Y - PP o7
1 o
2ﬂw)\ac Wop 2 2P - )0 Tog — Sﬁwkab W™ - PP - h? g
1 - 1 - 1 o
+ 3t U T + gt - U0 Tt = rwaaagu 2 0" - 90 T
260‘),uab8)\guuz Zuwa 1/1b I33 (324)

where we made use of several shortcut notations, including g,, = JTado s Org = g" O\,
02059 = g"" 02059, and 0% = ¢*?0,0,. The integrals I, are reported in appendix C along
with the pictorial representation of the diagrams they belong to (an integral named Iy is
absent, but we kept the same notation as in [10], where such an integral arose from the cou-
pling to external gauge fields, to allow easy comparison). We compute them in the following
subsections, using the different regularization schemes discussed in the introduction. The
purely bosonic contributions (k < 24) are well-known from many previous computations,
see [10] for example; the remaining ones have been computed, though only for N < 2, in
the time slicing regularization technique [16], in dimensional regularization [25, 26], and
in mode regularization [21]. However, in the last two schemes fermions were traced out
to obtain directly heat kernel coefficients and trace anomalies. In the present case we
are interested in the full transition amplitude and wish to keep IN generic, so that we
need to reconsider all such integrals with fermionic contributions. Finally, the prefactor
A can be fixed by requiring that, in the limit § — 0, the transition amplitude reduces to
(xX; Blyn; 0) — 6(z —y) e M, which in MR and DR gives

1
=——. 3.25
GOk (3:29)
In TS such prefactor can be deduced directly starting from operatorial methods, and reads
1/4
g(I)] 1
A= . 3.26
[g(y) (2m3)P/2 (326)

We are now ready to consider the various regularization schemes.

3.1 Time slicing regularization

Time sliced path integrals in curved space were extensively discussed in [15, 16]. In essence
time slicing regularization consists in studying the discretized version of the path integral,
as derived form the operatorial picture by using Weyl ordering and midpoint rule, and
recognizing the action with the correct counterterms together with the rules how to compute
Feynman graphs that must be used in the continuum limit. These rules state that the Dirac
delta functions should always be implemented as if they were Kronecker delta’s, using the
value 6(0) = % for the discontinuous step function. We do not need to repeat here many
computations, namely the bosonic ones, though one can easily compute them using the
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explicit expressions collected in appendix C, or extract them directly from [10]. It is
enough to focus on the graphs containing fermionic lines, i.e. I with k& > 25.

Thus, let us start with Is5, that is the only diagram that depends heavily on the
regularization chosen. Following the TS prescriptions, we have

125:/0 /0 drdo *A® A2 :/0 /0 drdo 1—5(7—0))(36(7—0))2
- / / drdo (1 — o) / / deo—_— (3.27)

since ®A* = 1 — (7 — o) and €(0) = 0, as follows form 6(0) = 1 and eq. (3.20). The regular
I56 does not need any prescription and corresponds to the last line above, giving Is = %.
Similarly, one finds that the integrals Iy with & > 27 yield a vanishing result (those with
k > 28 actually contain only bosonic propagators, but depend on the external fermionic
backgrounds).

The transition amplitude then reads

— 1 7 7,
(xX; Blyn; 0) = exp [(bosonic)TS + —wrapz P PP

(2 B)P/2 203
N
+4ﬂa>\waabz 2T b — g Rapeath® - PPp° - 4 — Ewmbwaabz’\z
BN ,
+T6w>\ab} (328)

where (bosonic) ., contains the purely bosonic contributions of (3.24), including the metric
factors appearing in (3.26). It can be extracted from the literature, or easily recomputed
with the set-up described above, and reads

1 1
(bosonic) 4 = — @ gy 22" 2 — 128 (8 Ovre — 2 9pr e Ff\(I) P A
1
+ R,“,z“z + 5( TSy — 5 R v) . (3.29)

This transition amplitude is the one computed with a TS regularization of the Feynman
diagrams, and in general differs form those computed with other regularizations if no
counterterms are introduced. In particular, eq. (3.28) satisfies a Schrodinger equation with
a non-covariant hamiltonian that differs from the one given in eq. (1.1). One expects
different regularizations to be related by finite local counterterms, so we need to identify
the correct counterterm that make sure that we are discussing the same quantum theory as
the one associated to the hamiltonian H of eq. (1.1). To achieve this we can either compare
with the transition amplitude obtained by operatorial methods, or compute directly the
hamiltonian associated with the transition amplitude above. We shall follow both methods
as a check of our calculations.

As it stands the transition amplitude calculated above cannot be compared directly
with the result from canonical methods in eq. (2.12): the latter is valid for even N and
is written in terms of fermionic coherent states that correspond to the physical fermions

- 12 —



only, while the present result, valid for any integer IV, contains also the Majorana spectator
fields introduced in the fermion doubling trick. To overcome these differences, we can take
a trace over the fermionic Hilbert space and eliminate the contribution of the decoupled
spectator variables by subtracting their degrees of freedom. Thus, let us compute the
trace in the fermionic sector of eq. (3.28) by integrating over the Grassmann variables with
measure [ dnd\ 65"’7, see appendix A. The final result can be obtained, for instance, using
the standard Wick-contractions associated to the gaussian integral f dnd\ e (note the
factor 2 in the exponent arising form the trace measure and the leading part of (3.28)),
which gives the following propagators

_ 1 -
(Mmby = =n™6y;  — () =0 (3.30)

2
where we used the definition in (3 18) Note that the normalization factor [ dnd\ e =
9ND has to be renormalized to 273~ to undo the fermion doubling. Taking all this into

account, and setting z = y — x = 0 for simplicity, we obtain

ND
2

2
(2mB)P/2

BN ,
To At

(3.31)
where the first term in round brackets is due to the purely bosonic contributions. Com-

2—1?/dndxem<ﬂ;ﬁ|xn;o>: [1+ﬁ( " To,T R v)+

paring with (2.14) one recognizes the counterterm that needs to be added to the potential
V in the path integral action to achieve equality
1 N
iy = —(5+ 55 )R+ Lgmre o2 4 N et (3.32)

8 2 8 16

Power counting shows that no higher order corrections to the counterterm are to be ex-
pected.

Alternatively, one may compute the hamiltonian appearing in the Schrodinger equa-
tion satisfied by the amplitude (3.28). To do this we insert the latter into (3.4), Taylor-
expand to order 3 all terms in the right hand side about the final point, and identify the
Schrodinger equation associated to it. Comparing with the Schrédinger equation due to the
hamiltonian (1.1) one deduces eventual counterterms. Let us describe this computation.
We perform the Gaussian integrals over dPy = d”z and the integrals over the fermionic
coherent states using the properties summarized in appendix A. The purely bosonic con-
tributions of the diagrammatic expansion yield the standard TS result

0(z,%8) = (1- 80, — BHp + O(8%) ) (. X; 9) (3.33)
with

Hp = ———8,g" /g0, + V + = <R 9T, ) (3.34)

1
Q\f
that by itself requires the addition of the familiar counterterm Vr}? = —% (R - gWFZ AF{L)
into the path integral, in order to get the covariant H = —2—\1/55)“9“”@8,, + V. We need
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to dress this result with the fermionic contributions. One way to perform the integrals
over the fermionic coherent states is to use the formulas involving fermionic delta functions
derived at the end of section A. By defining the full hamiltonian Hp as

Hp = Hp+ A (3.35)

and using (3.33), we obtain

1 1 1 1
A — _ZaAW)\abMab + ZgAUFu wuabMab _ §WuabMabau _ éw/\abw/\chabMCd

N N
R g MP M 4 %R ~ 5 @)’ (3.36)
. b _ 1 b \b
with M? @ \b 4. 8—)\1) —\°. 8>\a + W W) being Lorentz generators. We observe

that the noncovarlant terms in the line above are those necessary to render the bosonic
hamiltonian Hp local-Lorentz covariant, namely

1
Hp = Hp + A= _ig#l/D D, + aRabchabMCd +V

+<1 - —)R — —gMT3 I (w,\ab)2 (3.37)

8" 2 gJ T 16
where D), is the fully covariant derivative (with both Lorentz and Christoffel connections),
so that in order to have?

1
H = —2¢"" DDy + aRapeat® - "¢ -7 +V (3.38)

one needs to add to the path integral the same counterterm found before in eq. (3.32).
Thus we found complete agreement.

The above expression for the counterterm VT(JSY) matches all the previously known
cases [15, 16]: the purely bosonic case (N = 0) is obviously reproduced For N =

supersymmetry fixes « = —1/4 and V = 0 so that VT(S) =19 ‘“T"/\F + - (wyap)? comes
out correctly. Note that in this case the relation Rabcdw“wbwcwd = 1R allows to use

a=0and V = %R as well to identify the same supersymmetric hamitonian. For N = 2,
supersymmetry requires a = —% and V = 0, so that again Vj(ﬂs) = g/“’ re /\F +1 (wuab)
is correctly reproduced.

3.2 Mode regularization

In this section we approach the previous computation using mode regularization (MR),
that can be considered as the worldline equivalent of a cut-off regularization in momentum
space of standard quantum field theories. Mode regularization starts by expanding all fields
in Fourier sums, thus identifying a suitable functional space to integrate over in the path
integral. The regularization is achieved by truncating the Fourier sums at a fixed mode
M, so that all distributions appearing in Feynman graphs become well-behaved functions.

2Here we use (\|[¢*|®) = f (am + )\‘”) ®()), so that the Lorentz generators can be written as M =
3 (- —” ).
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Eventually one takes the limit M — oo to obtain a unique (finite) result. Often one can
proceed faster: performing manipulations that are guaranteed to be valid at the regulated
level one may cast the integrands in alternative forms that can be computed directly in
the continuum limit, without encountering any ambiguity.

The boundary conditions for the bosonic variables are as in (3.9), so that the bosonic
quantum fluctuations, as well as the ghosts, are naturally expanded in a Fourier sine series

M
(1) = Z qh, sin(mmr) (3.39)
m=1

where the mode M is the regulating cut-off that is eventually sent to infinity, as in [17].
This choice preserves the boundary conditions imposed at initial and final times. On the
other hand, fermionic fields satisfy first order differential equation and carry boundary
conditions only at initial or final times, but not at both, see egs. (3.10) and (3.11). Thus
we find it useful to expand the fermionic quantum fields in half integers modes as follows

M-1 M-1
QU(r)= Y Q¥sin(mrr),  Q(r)= Y Q% cos(mrr). (3.40)

This choice preserves the boundary conditions and provides us with a regulated functional
space to integrate over also for the fermions. In addition, it produces a simple regulated
kinetic term that is easily inverted to obtain the propagators. Finally, the path integral is
defined as a regulated integration over the Fourier coefficients of the various fields.
Perturbatively, the propagators are as in eqs. (3.13)—(3.16) and are regulated as follows

M
2
A(r,0) = — ; 2,3 sin (mm7) sin (mmo) (3.41)
M
Agp(T,0) = Z 2sin (mrmT) sin (7mo) (3.42)
m=1
M—-1 5
G(r,0) = Z — sin (7r7) cos (mro) . (3.43)
o
=
As a consequence
M-3 )
A = — si — 3.44
p(ro) =)  —sin(mr(r o)) (3.44)

_1
r=3

for (3.19) that turns out to be translational invariant. Note that in the limit M — oo the
previous formulas reproduce egs. (3.17) and (3.20).

We are now ready to compute the Feynman integrals with fermionic contributions in
MR (the purely bosonic ones are standard and can be extracted from [10]). Using the
regularized expressions one obtains Iy = Isg = ... = Is3 = 0. Also, one finds Iy = %,
as it is unambiguous and gives the same result in all regularization schemes. The only
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tricky integral is Is5. Using the mode regulated propagators we can manipulate it using
an integration by parts as follows

Iys = / / drdo °A® A% = / dT[A‘A2 X / / drdo A*® A% =
:(/d{NAQ /1/(hwtx A*) A2,
2 -1 07—1

The first term is unambiguous and can be computed directly upon removing the cut-off to

(3.45)

ive 1. In the second term one can use the following identity valid at the regulated level
g g g y g
(with z =7 — 0)

*A*(1,0) — A**(7,0) = —2cos ( 5 ) *Ap(x)+1—cos(mMx) . (3.46)

The integral involving the last term (cos(mMz)) produces a vanishing result in the limit
M — o0, thanks to the Riemann-Lebesgue lemma, while the rest can be computed using
an integration by parts and removing the regularization to yield the final result

125_+/ / deo f—cos( )’AF( )}A%(x):é. (3.47)

The transition amplitude computed in mode regularization hence reads

TR

(xX; Blyn; 0) = exp [(bosonic> 53Wuab 2 U

(2mB)P/2 . Qﬂ
1 o gb_ %R N
+@ Opwyab 22 W’ ,3 Rapea T/Ja 1/) wc wd W,uab Wyab 22
N
AR (3.48)

where (bosonic),, . is the purely bosonic contribution that can be found in [10]. Comparing
the above result with the T'S one given in eq. (3.28), we notice that the only difference
coming from the fermionic sector sits in the coefficients of the last w? term, which is due
to Is5. As the bosonic part of the MR calculation requires the counterterm

1 1
Viik = 35 (r)’

to reproduce the heat kernel for H =— f 09" \/90,, where (I‘“ ) =g gV gW/F’; ,\Fl;'/ A
we see that, in order to obtain the correct amplitude for (1.1), we need the counterterm

1 N 1 N
i == (5 55 ) B gq () + g (3.49)

8 24 24

that again matches the results known for N = 0,1,2 [19, 21].
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3.3 Dimensional regularization

Finally, we reconsider the previous calculations using dimensional regularization. This is a
perturbative regularization that uses an adaptation of standard dimensional regularization
to regulate the distributions defined on the one dimensional compact space I = [0, 3].
One adds d extra non-compact dimensions and perform all computations of ambiguous
Feynman graphs in d + 1 dimensions. Extra dimensions act as a regulator when d is
extended analytically to the complex plane, as in the usual QFT case. After evaluation
of the various integrals one should take the d — 0 limit [24]. This is quite difficult in
general, since the compact space I produces sums over discrete momenta, and standard
formulas of dimensional regularization do not include that situation. However one may
use manipulations valid at the regulated level, like differential equations satisfied by the
Green functions and partial integration, to cast the integrands in equivalent forms that can
be unambiguously computed in the d — 0 limit. While purely perturbative, this method
carries a covariant counterterm that simplify extensive calculations, as the one performed
in [30] to obtain trace anomalies for a scalar field in six dimensions using worldline methods.

In DR the computation turns out to be quite simple for most diagrams: Iy = Isg =0

because the integrand is odd, whereas Iog = - - - = I33 = 0 as can be shown by integrating by
i
expression for the propagator. As usual, more care is needed to compute Is5 since the

parts. Also Ing = 7, as it is regular and can be safely evaluated by using the unregulated

integral is ambiguous (products of distributions). By dimensionally extending the cubic
vertex

itpdap?  —  daxtiytyl, A=1,...,d+1 (3.50)

the above integral becomes
0 0
Is = / / drdo °A® A% — //dtdt/ AAB tr[YAA Ry P AR (3.51)
—1J-1

where A(t,t') = =3 Hq(t)q(t')) and Ap(t,t') = B~ {x(t)x(¥')) (the bar indicates Ma-
jorana conjugation, see [24]) are the dimensionally regulated propagators where JAp =
—Apd'= 5@ (t, 1), and 4Ap(t,t') = 0403 A(t,t'). One can partially integrate the above
integral without picking boundary terms since in the compact direction bosonic fields van-
ish at the boundary, and in the extended directions Poincaré invariance allows partial
integration as usual. Hence the above expression becomes

—//dtdt’ Ap oatr[y A ApyBAE]

— —//dtdt’ Ap tr [(@AF)VBAF - AF’YB(AF‘?/)}
0

= —Z/dt Ap tr[yPAp(tt)] — To5 = 2/ dr *A Ap|, =0 (3.52)
1

where we have used the regulated Green equation, integrated the delta function, and used
that Ap vanishes for coinciding points.
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The transition amplitude in DR thus reads

e—ﬁglwz“z”—&-jvn

Y. . _ : i Ajga  7b
(@ X3 Bly1:0) = o5 s exp [(bosonic) oy, + 5 ez -4 (3.53)
+4388)\w0ab2)\201[]a A — %Rabcd’&a Pt — %UJAabwoabzAzg} .

where the bosonic contribution (bosonic),, can be extracted from [10]. Comparing this

DR
result with the ones obtained before in other regularizations we note that, thanks to the
vanishing of Is5, the diagrammatic expansion does not produce the term proportional to
w? which previously had to be canceled by the counterterms. Thus, the standard bosonic

(0)

counterterm VD0 = —%R is dressed up to

N 1 aN
V) = —(g + 7)R . (3.54)

This matches known results for N = 0, 1,2 [24-26].

4 Conclusions

In this paper we have studied the quantum mechanics of one dimensional nonlinear sigma
models possessing a O(NV) extended supersymmetry on suitable target space backgrounds.
Considering an arbitrary background geometry, we have computed the transition amplitude
for short propagation times using both canonical and path integrals methods, obtaining in
the latter case the correct counterterms associated to various regularization schemes which
are needed to define unambiguously the path integrals.

A possible use of our results is in the discussion of higher spin fields in a first quantized
picture. Worldline approaches are useful in finding efficient ways of computing amplitudes
for relativistic processes both in flat space [31] and curved spaces [32]. The quantum
mechanical nonlinear sigma models discussed here arose precisely in an attempt to use
worldlines methods to describe one-loop effective action due to higher spin fields in a curved
background [7, 27, 33]. In future works we plan indeed to use the path integrals constructed
here to study effective actions induced by higher spin fields and compute corresponding
heat kernel coefficients. For that purpose one must consider a gauged version of the sigma
models considered here, and then take into account the gauge fixing of the extended local
supersymmetry. The latter is not related to a standard Lie superalgebra when the target
spaces is curved, but contains structure functions, so that enough care must be used to
identify the corresponding ghost system and related integration over modular parameters.
Finally, one might wish to extend our results to the OSp(N,2M) quantum mechanics of
ref. [34], which have also found applications to higher spin theories [35-37].

A Fermionic coherent states

The even-dimensional Clifford algebra

{¢M7¢N}:5MN7 M7N:]-772l (Al)
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can be written as a set of [ fermionic harmonic oscillators (the index M may collectively
denote a set of indices that may involve internal indices as well as a space-time index), by
simply taking complex combinations of the previous operators

m o 1 m - m-l

a _ﬁ(w + it +) (A.2)

T _i m o m+l _

am—\/i(w X +), m=1,...,1 (A.3)
{a™,a}} = o7 (A4)

and it can be thus represented in the vector space spanned by the 2! orthonormal states
k) = Hm(ajn)km |0) with a,,|0) = 0 and the vector k has elements taking only two possible
values, ky,, = 0,1. This basis (often called spin-basis) yields a standard representation of
the Clifford algebra, i.e. of the Dirac gamma matrices.

An alternative overcomplete basis is given by the coherent states that are eigenstates
of creation or annihilation operators

€) = €70y = a™|e) = €M[E) = |)em (A.5)
@ = 0™ —  (qlal, = @7 = A (@] - (A.6)

Below we list some of the useful properties satisfied by these states. Using the Baker-
Campbell-Hausdorff formula eXe¥ = e¥eXelXY] valid if [X, Y] = c-number, one finds

(7€) = e (A7)
that in turn implies
(nla™l€) = €™ 7€) = 5o (ale) (A8)
(a,€) = (7€) (A.9)
so that {52-,7,} = 6;". Defining
dij = dij; - - - dij1 | d¢ = dgt .- dé! (A.10)

so that didé = did€ dijad€? - - - dijyd€', one finds the following relations
/ dijdé e7T¢ =1 (A.11)
[ dnas 7€ 6yl =2 (A12)

where 1 is the identity in the Fock space. One can also define a fermionic delta function
with respect to the measure (A.10) by

s—=N =@ =A@ =) = /d§ A=t (A.13)
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Finally, the trace of an arbitrary operator can be written as

TrA = / dijde e TE(— | Al) = / dedn (| AlE) . (A.14)
As a check one may compute the trace of the identity
Tri = / dedn e (7€) = / dedn €16 =28 (A.15)

Let us end this section by deriving a few expressions involving fermionic delta functions

that are helpful in the computation of section 3.1. Using ¢¢ = \/g (n% + A¢), as defined
in (3.18) (here fermions are labelled by two indices, a tangent space index a and an SO(N)
R-symmetry index ¢), we may compute

/ dGdn XM = \/f ( 3(; + ) / dCdn P51
= \@(3?2 +X¢) /dC f5(§—ﬁ)‘p:A (A.16)

where the above apparently baroque notation is used because the fermionic derivatives only

act upon the delta-function and not on eventual A-dependent expression that may appear
next to it. We thus have

[ dan 3-mge g — i [agsc-p)| (A.17)
p:
with
. /<, ~p <4 O - O 0 0
M® = (XN e — -2\ . Al
(NN X o) (A15)
One can then switch to the Lorentz generators
/<, < = 0 < 0 0 0
M@ — Z(Ne.Np e, — )b, _Z - A.19
5 (AN D O Ong 8)\b) (A.19)

by suitably subtracting those terms that appear when derivatives on A\ act on eventual
functions of A that may show up before the wave function, such as M°? in (3.36).

B By coefficients

The coefficients Blk (z,1,€), defined in (2.5), can be computed following the strategy de-
scribed in detail in [9] for N = 0, 1,2, and in [28] for the complex U(N|M) sigma model.
First of all we divide the hamiltonian (2.3) into three pieces contributing at most two, one
or no p eigenvalues

H=Hg+ H{+ Hy, where

Hp = %g_l/ 4pug" 2" pg =1/
Hi = —i g" w0 ¥° (9" *p, g~ /")
Hy = —% g ?0,(9" 9" wyay) - P
- % <9Ww/mbwucd —8a Rabcd> VAR LA AT (B.1)
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First of all, notice that Hp is precisely the usual bosonic quantum hamiltonian, carefully
studied in the literature [9, 10]. Let us start with ng: the only way to have 2k p eigenvalues
is from k factors of Hp and no commutators taken into account, giving simply

k
ko, 2k _ p2
Ba p™ = <2> . (B.2)

For B§k71 we can have two kinds of terms. The first comes from & factors of Hg with
one p acting as a derivative; this gives the corresponding ng_l of the purely bosonic
model, whose computation is explained in detail in [9, 10]. The other term comes from
k — 1 factors of Hp and one Hj, by substituting all operators with the corresponding
eigenvalues. Putting things together we obtain

. o\ k—1 o k—2 o\ k—1
By p* = —% <p2> g’ py—1i <§> <p2> %g””pu PuDr— ik <pQ> g wupy .
(B.3)
For B§k72 four types of term contribute: i) k factors of Hp, giving the coefficient of the
corresponding bosonic model, ) k — 1 factors of Hp and one Hp, with one p acting as
a derivative. This contribution gives four terms: the derivative acting from one Hp to
Hy, from H; to one Hp, within H; or within the £ — 1 Hp’s. i) k — 1 factors of Hp
and one Hj, substituting all operators with their eigenvalues, and i) k — 2 factors of
Hp and two Hj, substituting all with eigenvalues. Remember that in iii) and iv) {¥, ¥}
anticommutators have to be taken into account in order to obtain eigenvalues on the
coherent states. Altogether it results in

k 2%—2 2\ " Lo o L,
B3, _op =k = [ﬁaulnga 1ng+§aua lng—i—gg aulng}

- 1 1 1 s
50" + 19" + ZgAgﬁ“’ + 598 ] DDy

‘1 3 1 1
( ) _59”’“” + 19“”9" + 59”‘”92" + Zgﬁ”g”’”} Dy Dy DA Do
k—4
(p2> _§ VAW pTO
)(
k

49 g ]pupl/pApappp'r

2

k—2
r 1 1
_8“ (g”AwA) - 59}“/)\@))\}17# bv — k[§ (k —1) <p2) gupu

2

2 k—31 1 » k—1
> 59’”“ pupypx}g"pwa pp+ Zk <2> 9" w,0,Ing

2
p2 _ i 12 d, b
k < ) {g_ / a,u (g / g#”wy) + (g”’l’wuabwycd —_ 8@ Rabcd) |:ﬁa£ ,',] C

k p2 k—2 . B ) B
- < ) (> 9" 0 ab ™ Wed [77“- ginbe + i gbige. éd]pupa (B.4)

where again we use the compact notations for tensors introduced below eq. (2.7).

~ 91 —



C Feynman diagrams

We list the set of Feynman diagrams and the associated worldline integrals that enter the
computation of the transition amplitude to order  in section 3. We are not reporting here
those diagrams that involve fermionic self-contractions as with the rules of section 3 such
self-contrations are trivially vanishing. Hence, the a priori non-trivial diagrams entering
the contribution (S3) are

- 0

0
= = dT.AT C2
—O- [ e

Those contributing to (Sy) are

n=-( X3+ () - dTA| ONFEUNTE (©3)
O [ s
I >O + >: [ ar ricae o, ©5)
I >Q: [ ar s, )
I >Q: [ arensl,. )

The remaining ones contributing to (Sg )e can be devided into purely bosonic contributions

—(\* //deUA’A‘2 **A?) (C.8)

110_@_ / / drdo *A°A°A° (C.9)
-1J-1

r > s
we | O O D

X

0 0

_ / / drdo ("A° +**A)|, A ("A° 4+ **A)|, (C.10)
—-1J-1

O O

0 0

:/ / drdo *Al, *A (*A° 1 **A), (C.11)
—1Ja
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0 [0
Iis = O_._._O: / / drdo *Al, *A* A°, (C.12)
—1J-1
0 [0
114 = O:/ / drdo .A. A (C13)
—1J-1
0 0
I5= -OOO—: / / drdo °A A° (C.14)
—1J-1
;77N 0 0
I = 407-1-—( :— = / / drdo To(®A%% — *°A?) (C.15)
AN —-1J-1
0 0
Ii; = O: / / drdo °A* °A (C.16)
—1J-1
-~ 0 0
b= 3 [—{D s —| = [ [t cx it e
~- 1/

0 0
Tig — >_.-Q:/ / drdo A* A, (C.18)
—1J-1
-~ 0 [0
Ty = _D +— ) :/ / drdo 7 °A (°A* +*°A)|,  (C.19)
> ~- —1J-1
0 [0
I = >—o—o—D:/ / drdo T °A* A®|, (C.20)
—1J-1
0 0
Iy = >_< :/ / drdo A (C.21)
—1J-1
0 0
Iz = >_.< Z/ / drdo o A* (C.22)
—1J-1
0 0
Iy = >‘——< Z/ / drdo To *A° (C.23)
—1J-1

and those with mixed bosonic-fermionic contributions

0 0
Is = foeiz / / drdo *A® A2 (C.24)
RO - -1 -1
S . 0 0
Ig=— === drdo A% (C.25)
- - -1J-1

0 0
Iy; = - P/\Q ...... :/ / drdo *A* Ap (C.26)
—-1J-1
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L = e = / drdo A C.27

R G Y (©27)
0 [0

Ipg= e = / drdo *A* (C.28)
-~ 0 0

o= o [—) +——_ | = / / drdo *A (A +*A)|,  (C.20)
~- —1J-1
0 [0

I3 = .:j:—o—o—O: / / drdo °A* A°|, (C.30)
—1J-1
0 [0

Ip = = / / drdo °A (C.31)
< —1J-1
0 [0

I3z = ~—~< = / / drdo o °A* (C.32)
-1/
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