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1 Introduction, summary and conclusions

The open/closed string duality in the special case of N coincident D3-branes in a flat
embedding of ten-dimensional Minkowski space contains an enormous amount of interesting
physics. In the open string description the low energy excitations of the D3-brane is
described by N' = 4 Super-Yang-Mills (SYM) theory with gauge group U(N) while the
closed string description at low energies is provided by the supergravity solution for N
large and the coupling g;N large, gs being the string coupling. From this setting one
finds that the open/closed string duality essentially results in the celebrated AdS/CFT
correspondence [1-3] when taking a certain decoupling limit that decouples the low energy
excitations on the D3-branes.

One of the precursors of the AdS/CFT correspondence was the study of N coincident
D3-branes at low temperature [4]. At weak coupling gsN < 1 they are described to lead-
ing order by N' = 4 SYM theory with free energy F = —%W2N2V3T4. At strong coupling
gsIN > 1 and large IV one can instead describe them using a non-extremal supergravity so-
lution in a near-extremal limit giving the free energy F' = —%T(QN 2V3T* thus with the only
difference to the open string description being a factor of 3/4. The correct interpretation
of this is provided by the AdS/CFT correspondence [5]. Namely, the free energy of SU(N)
N = 4 SYM theory at large N takes the form F = —f()\)%ﬂ'2N2‘/3T4 at any 't Hooft
coupling \ = g%MN = 4mwgsN due to the conformality of AV =4 SYM theory. At strong
coupling A > 1 the dual description of N' = 4 SYM theory is a black hole in AdSs x S°



being the near-extremal limit of the non-extremal D3-brane supergravity solution. Hence
the 3/4 factor is the prediction of the free energy of N'= 4 SYM theory at strong coupling.

In this paper we are interested in studying a generalization of the above setting for the
open/closed string duality for N D3-branes with low temperature. Our object of study is
the effective action for the N D3-branes at finite temperature in a given thermal background
of type IIB supergravity. We call this action the thermal DBI action since it can be thought
of as a generalization of the DBI action to finite temperature. At weak coupling g;/N < 1
one computes the thermal DBI action as the effective thermal action for the DBI action.
At strong coupling g;N > 1 the open/closed string duality reveals that the thermal DBI
action can be computed from the black hole thermodynamics of N coincident D3-branes
probing the type IIB supergravity background in the sense of the blackfold approach (see
refs. [6, 7] for the blackfold approach and more specifically refs. [8, 9] for the application
to D-branes).

The main focus of this paper is the thermal DBI action for N coincident D3-branes
in a flat embedding in ten-dimensional Minkowski space with a Kalb-Ramond potential
turned on. This corresponds to turning on an electromagnetic field on the D3-brane. We
compute the thermal DBI action in this setting at low temperature both at weak coupling
gsN < 1 and at strong coupling gs/N > 1, finding

Ieﬁ[Ta Yab, Bab] = —NTp3 / d40\/_ det('Yab + Bab) X

. <1 /det(6F + 79°Bgy) T NT*

(00 + W’ijBOiBOjV fdmgsN) 6T s + O(T8)> (1.1)
where f(4mgsN) takes the value 1 for gsN < 1 and 3/4 for gsN > 1. We also argue
that the dependence on the coupling gs/N factorizes from the dependence on 7., and By,
at intermediate values of the coupling for the T term. Thus, the low energy fluctuations
captured by the 7% term has the same dependence on the electromagnetic field By, at
weak and strong coupling. This could seem highly surprising since the DBI theory is not a
conformal theory and hence there are no immediate reasons that the coupling dependence
should factorize.

We investigate the origin of the factorization of the 7% term in (1.1) as well. Consid-
ering the special case with v, = 145 and Bgp being constant we can write the free energy
at low temperature as

W1 —E*4+B2—(E-B)?
(1— E?)?

2
F(T,E,B) = —f(47rgsN)%V3N2T (1.2)

where we introduced the notation E = (Bo1, Boz2, Bos) and B= (Ba3, —Bi3, B12). We now
employ a decoupling limit I, — 0 with g, N, T, E and B fixed while the scalar fields on
the D3-branes should scale like [2. Then at weak coupling gsN < 1 we find a finite action
for the decoupled theory that corresponds to the free energy (1.2) with f(4mgsN) = 1.
While this can be computed using a one-loop correction we find that this decoupled action
actually is N' = 4 SYM theory on a background with metric Gy, = MachdnCd where



we defined My, = nap + Bap, With gauge coupling ¢y, = 4mgsv/—det M and 6-angle
0 = 27E - B/(gsv/— det M). Thus, the low energy fluctuations giving the 7% term in (1.1)
do come from a conformal theory.

At strong coupling the T term in (1.1) and (1.2) is found by considering two super-
gravity brane bound states, one with E I B and one with E L B. Then by rotational
invariance of the action and free energy one can infer (1.2) with f(4rgsN) = 3/4. Employ-
ing the same I, — 0 decoupling limit as at weak coupling on the two supergravity brane
bound state one sees that this corresponds to taking certain near-extremal limits of the two
supergravity solutions. In both cases this gives the type IIB background of the Poincaré
patch AdSs black hole times S® but in coordinates corresponding to having the boundary
metric Ggp = MachdnCd. Furthermore, from the dilaton one reads the gauge coupling
G2 = 4mgsv/—det M and from the axion field the f-angle § = onE - E/(gsm).
Thus, one finds again the AdS/CFT correspondence though in a different coordinate system
and with an axion/f-term turned on.

In conclusion, the reason for the factorization of the dependence on the coupling g;N in
the 7% term in (1.1) and (1.2) is that we can map the low energy fluctuations corresponding
to the the T* term with a general By, field to the low energy fluctuations for By, = 0.

Our results thus extend the manifestation of the AdS/CFT correspondence from the
open/closed string duality on D3-branes to the case where a constant electromagnetic field
is turned on on the brane. This opens up an interesting new avenue of research on the
open/closed string duality and its holographic manifestations, namely the question of what
happens when considering an electromagnetic field on the D3-branes that can vary along
the brane. Locally, when we are at distances that are small compared to the variation of
By, we show in this paper that it corresponds to the AdS/CFT correspondence. However,
when being at large distances, one finds a generalization of the AdS/CFT correspondence.
We investigate this in a forthcoming publication [10].

Looking at the free energy (1.2) it is interesting to note that if B = 0 or if E || B then
the free energy diverges like 1/(1 — E?) as E? — 1. Thus, we have a particular critical
behavior with a certain critical exponent corresponding to the fact that one obtains non-
commutative open string (NCOS) theory in this limit [11, 12]. Instead turning on E
and B but keeping them non-parallel, one finds that the free energy instead diverges as
1/(1 — E?)? as E2 — 1 thus the free energy diverges with a different critical exponent. It
could be interesting to explore further the physics behind this.

Beyond studying the physics of the open/closed string duality our computation of the
thermal DBI action (1.1) also finds applications in using branes to probe thermal back-
grounds of string theory. So far it has mostly been the DBI action that has been used to
probe string theory backgrounds. This has in particular led to important results in the
context of the AdS/CFT, AdS/QCD and more recently the AdS/CMT correspondences.
The success of using the DBI action to describe D-brane probes of zero-temperature String
Theory backgrounds have motivated the application of the DBI action as a probe of ther-
mal backgrounds, particularly in the thermal versions of the above-mentioned holographic
correspondences. However, as noted in [8], the DBI action does not accurately describe a
D-brane probing a thermal background. This is because the D-brane DOFs on the brane



will be heated up by the temperature of the background. Hence the effective action for
D-branes in thermal backgrounds is modified. To accurately probe a thermal background
with a D-brane one should therefore employ the thermal DBI action which we find in this
paper both at weak and strong coupling.’

This paper has the following content. Since the paper is based on studying the
open/closed string duality on D3-branes we give a precise description in section 2 of the
setup that can be used for our study of the thermal DBI action both from open string
and closed string point of views. In particular, we turn on an electromagnetic field on N
coincident D3-branes by introducing a background Kalb-Ramond field.

In section 3 we consider the open string point of view which is valid at weak cou-
pling gsN <« 1. This consists in analyzing the DBI action for a single D3-brane with an
electromagnetic field turned on. We study the action in the above-mentioned decoupling
limit Iy — 0 and compare this to the action for N'= 4 SYM theory on curved space, thus
identifying the action for the low energy fluctuations. We subsequently use this to compute
the free energy and the thermal DBI action. In appendix A we compute the same result
directly as a one-loop correction to the DBI action.

In section 4 we consider the closed string point of view which is valid at strong coupling
gsN > 1. We explain in detail how to obtain the thermal DBI action in case of an electric
field E turned on. Then we turn to the two most general cases E | B and E L B. The
first one we obtain from a D3 || (F1 || D1) black brane bound state and the second from a
D3 || (F1 L D1) black brane bound state. The second bound state is a new supergravity
solution in the literature, even in the extremal limit. We point out that it is related
to previously known solutions including one which describes supertubes. We employ the
T-duality transformations listed in appendix B.

Finally, in section 5 we take the above-mentioned decoupling limit I — 0 on the
closed string side in the form of certain near-extremal limits of the D3 || (F1 || D1) and
D3 || (F1 L D1) black brane bound states. In this way we show that we obtain the Poincaré
patch black hole in AdSs times S° with the metric related by a change of coordinate to
the one obtained from the D3-brane solution.

2 Setup for computation of thermal DBI action

This paper is devoted to the study of the thermal DBI action at weak and strong coupling.
In this section we describe the precise setup for this study. We choose to focus on the D3-
brane since this is the most interesting case in view of the connection with the AdS/CFT
correspondence.? Our main interest in this paper is to study the interplay between turning

1For work on using thermal effective actions for branes to probe thermal backgrounds see [8, 13] for the
construction of a thermal Blon solution which can be found using the strongly coupled thermal DBI action
for the D3-brane, see [14, 15] for an M5-M2-brane generalization and see [16] for k£ fundamental strings
probing AdSs x S® with a black hole corresponding to a solution of what one can call a strongly coupled
thermal Nambu-Goto action. Finally, see [17, 18] for the construction of thermal Giant Gravitons probing
thermal AdSs x S°.

2Tt could be interesting to consider other Dp-branes as well in view of recent progress [19, 20].



on a background Kalb-Ramond field which can be seen as a electromagnetic field on the D3-
brane, turning on a temperature and going from weak to strong coupling. For this reason
we choose for simplicity for our computations a setup in which the D3-brane world-volume
has a flat embedding in the background of ten-dimensional Minkowski space. Our results
can be readily generalized to the case of general embeddings and we comment briefly in
sections 3 and 4 on how this generalization looks.

In our setup we consider N coinciding D3-branes in the background of ten-dimensional
Minkowski space with metric 71, dz"dz"”. The embedding of the D3-branes is described by
XH(o) where 0%, a = 0,1, 2,3, are the world-volume coordinates of the D3-branes. We put

5 — ..

the N coinciding D3-branes at the hyperplane z¢ = z - =29 = 0. Thus, we choose

the following flat embedding of the D3-branes
X%o)=0% a=0,1,2,3, X 3(0)=0, i=1,2,3,4,5,6 (2.1)

Our type IIB supergravity background furthermore has zero dilaton field ¢ = 0 and zero
Ramond-Ramond field strengths. We turn on a Kalb-Ramond field B, in the directions
parallel to the brane world-volume while being zero along the transverse directions. From
the type IIB supergravity EOM’s we get that the Kalb-Ramond field obeys dB) = 0 in
our setup. Note that for the Kalb-Ramond field B(y) this background is pure gauge (at
least if it is topologically trivial). However, when adding D3-branes it is not pure gauge
anymore, as the B(g) is tied to the world-volume gauge field on the D3-branes. Notice also
that for this background there are no forces on the D3-branes in the transverse directions
hence the above is a consistent choice of embedding.

5= ... = 29 = 0 we assume that the transverse

In putting the D3-branes at 2* = x
length scale of the D3-branes r, (i.e. the size in the 2?,... 2% directions) is always much
smaller than the length scale R over which the Kalb-Ramond field vary along the D3-
branes. This means that over distances rs < r < R we can treat the brane as an infinitely
thin stack of NV D3-branes in a space-time in which one can find world-volume coordinates
such that the world-volume metric as well as the pull-back of the Kalb-Ramond field are
constant.

For the open string description we have gs/N < 1 which means we are in the weak
coupling regime of the DBI action. In particular DBI describes N = 1 with g, < 1. In
this case the DBI action can be used to describe the brane over distances of order R since
we have assumed 7y < R. When considering distances along the world-volume of order
rs < r < R we are considering the DBI action with flat embedding in flat space with a
constant Kalb-Ramond field.

For the closed string description we have gs/N > 1 which means we are in the strong
coupling regime of the DBI action. In this case the stack of D3-branes backreact on the
supergravity background at distance scales r (since rg grows large when g N does). Thus,
we impose that the type IIB supergravity fields asymptote to the above chosen type I1B
background for \/(z%)2 + - - + (29)2 — oo, i.e. arbitrarily far away from the brane. When
considering distances along the world-volume of order r < R the closed string description

is that of the supergravity background of N D3-branes that asymptotically has a constant



Kalb-Ramond field. Since rs; < R we can use the blackfold approach to describe the brane
system over distances of order R [6, 7].

3 Thermal DBI action at weak coupling and low temperature

In this section we compute the leading temperature dependent term in the effective action
for D3-branes at low temperature in the case of arbitrary electric and magnetic fields on the
brane at weak coupling gs/N <« 1. This corresponds to computing the one-loop correction
to the DBI action for D3-branes at low temperature.

We consider here the DBI action for a single D3-brane with the setup given in section 2.
Note that a single D3-brane means that N = 1 in the notation of section 2. This means in
particular that the background Ramond-Ramond fields and dilaton field are zero. Thus,
for this setup the DBI action takes the form

o = ~Tog [ o/~ det(ya, + By + 273,y — 207 PL0Ta00)  (3.1)

Note in particular that the Wess-Zumino term is absent since the Ramond-Ramond fields
are set to zero. Here vy, is the induced metric

Yab = (%X“E)bX”nW (32)

and Fyp is the U(1) gauge field on the D3-brane Fp, = 0,4 — OpA,. Finally, for the
fermionic part of the action (3.1) % is a 10-dimensional Majorana-Weyl spinor and T’
are the 10-dimensional gamma matrices.® The field strength obeys dF = 0 on the world-
volume. The dual world-volume field strength H,, is the anti-symmetric world-volume
tensor defined here as

1 oL
— Hab - - )
VY Tpa2rl2 9Fy (3.3)
The EOMs for the U(1) gauge field on the D3-brane are
Oa(v/—YH®) =0, dF =0 (3.4)

where the first equation is obtained from the action by varying the gauge field A,.

Classical configuration. The classical configuration of the D3-brane is the one de-
scribed in the setup of section 2. Thus, we consider a flat embedding of the D3-brane

X%o)=0" a=0,1,2,3, X'(0)=0,i=4,5....,9 (3.5)

The induced metric is thus v, = 1. For the Kalb-Ramond field we have dB = 0.
Furthermore, for the pullback of the Kalb-Ramond field to the world-volume we have
dB = 0 here understood as an equation on the four-dimensional world-volume.

The goal in the following is to consider small open string fluctuations on the D3-
brane in the classical closed string background described above. Therefore, for the classical

3We rescaled the fermions with a 2712 factor for use below.



configuration we impose I’ = 0. Instead the Kalb-Ramond field B, of the ten-dimensional
background is turned on such that (dB),,, = 0 with B being constant in the AR AT
directions transverse to the brane. One easily sees that the pullback of the Kalb-Ramond

field By = 0,X*0, X" By, obeys (dB)qe = 0 as well. The dual field strength becomes

H® = %\/— det M (M~ 1)le?] (3.6)

with the definition
Mab = Nab + Bab (37)

and where [ab] means antisymmetrization (M 1)t = (M1 — (M~1)be). Thus, the
pullback of the Kalb-Ramond field By, is required to obey the following Born-Infeld non-
linear electromagnetic EOMs

OgH™ =0, 0By =0 (3.8)
where here H is given by eqs. (3.6)—(3.7).

Quantum fluctuations and decoupling limit. We now consider open string quantum
fluctuations on top of the chosen classical background. For the embedding this means we
consider a static gauge X%(0) = 0%, a =0, 1,2, 3, plus allowing for transverse fluctuations
of X(c),i=4,5,...,9. As is well-known from studying tree-level open string theory the
transverse fields of the D3-brane have fluctuations that scales like 2 where [, is the string
length. Thus, we can write X?(c) = 2n12®¥(c), i = 4,5,...,9. The induced metric then
gives
Yab = Nab + (277)2l§8a<1>i8b¢>i (3.9)

where a sum over ¢ = 4,5,...,9 is understood.

We now consider the decoupling limit [, — 0 for a general B, field. We find the
following expansion of the action (3.1) in this limit

I:Io+I1+12—|—O(l§) (3.10)
where
In=—Tps / d*ov/—det M, I, = —Tps2nl? / d*cH®F,, (3.11)
and with

L=Lr+Ihe+1Iy (3.12)

Here we record

Iy p = —

5 /d40i\/m[(M_l)(ac)(M_l)(bd) - (M—l)[ac](M—l)[bd]
Tgs

+%(M_1)[“b] (M‘l)[c‘i]} FuFoq (3.13)

Lo = — / do =/~ det M(M~1)®)9,819,8' (3.14)

Ipy = L / d%—%\/— det M (M ~HPT 1) (3.15)

where (ab) means symmetrization (M 1)@ = L((M=1)eb 4 (M—1)ba),



We notice from (3.11) that I is a constant depending on the given background By, field.
This constant scales like I; 4. Instead I7 scales like I; 2 and depends on the fluctuations of the
U(1) gauge field Fy,. However, it follows from the Born-Infeld non-linear electromagnetic
EOM of (3.8) that I is a total derivative. Hence the open string dynamics of the D3-
brane in the decoupling limit /s — 0 is described by the action I5 of egs. (3.12)—(3.15). For
B,y = 0 it is well-known that this action is N/ = 4 super-Yang-Mills theory (SYM) with
gauge group U(1) and gauge coupling g%M = 4mg,. Below we find an interpretation for the
action also for B, # 0.

Interpretation of action for constant B,, field. We consider now the special case of
a constant By field. Using My, as defined in (3.7) we can define the two matrices

(G = (MY (B = nae(M1)P (3.16)

where (ab) means the symmetric part. These two matrices can be interpreted as an inverse
metric and inverse vierbein, respectively, since we have the identity

BB = (G (3.17)

This identity follows from (M~1)@) = g (MM~  or, equivalently,
Moo Myqg(M _1)(6‘1) = na- One can easily derive the latter by noticing that it is the sym-
metric part of the equation MyMpyg(M 1) = My;,. From the above we can furthermore
find expressions for the vierbein and metric

E." = Moen®, Gap = MacMyan™ (3.18)
where the metric is found from Ggp = 1.qE. Ey®. We also note that

V-G =+vV—-detG=det E = —det M (3.19)

Using the above we see immediately

1 1 ) )
Leg=—-———" [ d¢c=vV/-G(G)™9,8'0,d" 3.20
s Trvarrarl) K e R (3.20)

Iy = drov/—=G(E 1)y 3.21
2w = g | 4 )a YT Oy (3.21)

For the F? term we find

1 1 5 o
L e LG (G S B B e, F, }
27rgs\/—detM/ 0{4 ( J™( ) bred ‘ bred
(3.22)

where we introduced the notation F = (Bo1, Bo2, Bos) and B = (B2s, —Bi3, Bi12) so that

E-B = LeB,B..
Consider instead the action for U(1) /' =4 SYM with a f-angle term on curved space

Ir p

oo

with metric g, and vierbein e,

1 . o
In—y = —g— dioy/— { —ghPg” FWF,;,\ + ic;"”D#(I)ZDZ,(I)Z — @bI‘“ea“Duw}
YM
0
—W d4U GadeFachd (323)



where D,, is the four-dimensional covariant derivative (including spin connection for the
fermions). If we choose a background with a constant metric, i.e with d,,g,, = 0, then this
action reduces to

2 1 1 ) L
In=4 = — 5 d4UV ) {4gupgy)\Fuqu)\ + iglwauq)lau(pz - ¢Fa€a“3u”¢}
IyMm
0
5 / d*o €4 Foy (3.24)

Comparing now this action with the action Iy = Io p + oo + I2 given by (3.20)-(3.22)
we see that the action Iy is the action for N' =4 SYM on a background with metric g,
and vierbein e#b given by

Guv < Gap = MachdnCd with p <> a,v b
(3.25)
e“b — Eb = Macnd’ with w <> a,b< b

We should furthermore make the following identification for the gauge coupling and 6 angle
of N =4 SYM

— —

E-B
gsvV —det M
In conclusion, we have shown that for an arbitrary constant By, field the action (3.12)-
(3.15) is equivalent to the action of N/ = 4 SYM with a # angle on a background with
constant metric given in terms of By, by Gap = MaeMpgn® and the gauge coupling and 6
angle by (3.26).

We remark here that since By, is constant we are considering N' = 4 SYM on flat

G = 4mgsV/—det M, 0 =21 (3.26)

space. However, for a generic B, field the metric is not conformally equivalent to 74p.
Hence in this sense the physics is different than A" = 4 SYM on flat space with metric 74p.
However, note that A/ = 4 SYM on any background with a constant metric has PSU(2, 2|4)
symmetry.

Free energy at finite temperature for a constant B, field. We would like to find
the one-loop correction to the thermal DBI action at weak coupling for a constant By
field. This can be found explicitly by computing the free energy of the decoupled theory
with action (3.12)—(3.15). However, one can also employ the equivalence of this action to
U(1) N =4 SYM on flat space with vierbein (3.25). The free energy of U(1) N =4 SYM
on flat space with metric 7, is given by

7T2 4
F(T) =~ VaT (3.27)

at weak coupling g%M < 1. Consider a constant metric g,, as given by the map de-
fined in (3.25). Since the metric is constant we are still in flat space and we can view
the vierbein defined in (3.25) as the linear map between Minkowski space in coordinates
with metric 1, and coordinates with metric g,,,. Transforming from 7, to g, the tem-
perature 7" transforms to T'/v/—goo where \/—goo is the norm of the vector 9/0t (with
t being the time coordinate of the g, system). This corresponds to the norm of e%; as



measured in the coordinates for 74, which in general includes both a rescaling and a boost
factor. The transformation of the free energy F(T") can be read off from knowing that
F(T)/T is equal to the Euclidean action and is thus proportional to v/det gg where gg is
the Euclidean metric. Since det g = — det g where g is the Lorentzian signature metric

we see that F/(T')/T transforms to \/—gF(\/%)ivsz) and therefore F(T') transforms to

\/—gF(\/%). Hence (3.27) transforms to

T ()
F(T)=——+\/—gV3 3.28
where T' is the temperature measured with respect to the time ¢ for g,, and V3 is the
volume measured with respect to the spatial coordinates of g,,. To find the free energy
for the decoupled theory (3.12)-(3.15) one should now use the map (3.25) and insert the
metric as function of the Kalb-Ramond field By, in the expression (3.28). We find

F(T,E,B) = ——VsT* (3.29)

where we again used the notation E = (Bo1, Bo2, Bos) and B = (Ba3, —Bi3, B12) thus
viewing By, as consisting of an electric part E and a magnetic part B. Note that E; = By;
and B; = 1€V* By, with 4,7,k = 1,2,3 and €' = 1.

The free energy (3.29) is the free energy in the ensemble with constant By, field, i.e.
with constant electric E and magnetic B fields. In section 4 we shall consider the T* term
for low temperature and strong coupling g;/N > 1. For this purpose it will prove useful to
express the result (3.29) in an ensemble independent fashion. This is done by computing
the corresponding entropy

F
S=-— or (3.30)
oT ol
thus giving ) I Lo
2 1-FE-+B“—(E-B
S = y13 + 5 —(£-B) (3.31)
3 (1— E?)2

As stated above, one can alternatively compute the free energy (3.29) by performing a
one-loop computation for the DBI action. This means one should expand the DBI action
around the classical configuration (3.5)—(3.8) to quadratic order. From the above one sees
easily that the quadratic action corresponds to the action of the decoupled theory (3.12)—
(3.15). In appendix A we perform this one-loop calculation in the special case of only
having an electric field, so with E = (E,0,0) and B = 0. The result is (A.11) which we
see is in perfect correspondence with the general formula (3.29).

Thermal DBI action at finite coupling. We note that one can argue for a general-
ization of the above argument for (3.28) to include higher order terms in the coupling gs N
and possibly even to finite coupling. Indeed, the generalization of (3.27) is [5]

F(T) = —f(4mg N) = T (3:32)
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where f(4mgsN) is a function only of the coupling gsN. That it has this form follows
simply from the fact that N’ = 4 SYM is conformal. It is known from computations in
thermal ' = 4 SYM as well as using the holographically dual black hole in AdS5 x S° that
this function takes values [5, 21]

1— 3259+ for g< 1
272
9) = (3.33)

_3

%_1_% (3)(29) 2+ for g>1

Above we argued that computing the one-loop correction to the thermal DBI action for
a constant By, field is equivalent to computing the free energy of N' = 4 SYM at finite
temperature with the background metric and vierbein given by (3.25). When raising the
coupling g;N in the decoupling limit [; — 0 of the DBI action this is still valid since the
background given by B, remains the same. Thus, this implies that we can use N = 4
SYM to compute the T% correction to any order in the coupling gsN (with the Yang-Mills
coupling given by (3.26)). Therefore, we argue that the one-loop correction to the thermal
DBI action is factorized as F(T, E, B) = f(4wgsN)F(T, E, B)|,.n=0 and hence we have

L > PR (B B
F(T, B, B) = — f(4mg.N) = vyt L =2+ B~ (B B)

; T (3.34)

This implies in particular that we have a prediction for the strong coupling limit gs/V > 1
namely that we have a factor 3/4 in comparison to the weak coupling result (3.34). We
shall see below that this indeed is confirmed by explicit computation at strong coupling.

Thermal DBI action including one-loop contribution. We find the following ef-
fective action for a single D3-brane with a general embedding X*(¢) in a static thermal
background with local temperature 7', world-volume metric v, = 0, X" 9 X"g,, and pull-
back of the Kalb-Ramond field By, = 0, X*0, X" B,,,,

| \/AeH(EF +77By) T
(700 + ¥ Boi Bo;)? 6Tp3

Ig = —Tps / d*o/— det(vap + Bap) ( + O(T8)> (3.35)

This effective action - the thermal DBI action for a D3-brane - is valid for a general type
IIB supergravity background with static metric g, and Kalb-Ramond field B,,,, but with
constant dilaton field and zero Ramond-Ramond fields. Note also that it requires working
in a static gauge such that vp; = 0.

Note that we have not included a world-volume gauge field since this is an effective
action for the D3-brane for a given thermal type IIB supergravity background and hence
we have integrated out the degrees of freedom living on the brane such as the world-
volume gauge field, as well as the scalars and the fermions corresponding to other modes
of fluctuations of the D3-brane. Presumably one can trivially generalize this action to
a varying dilaton background by making the substitution Tp3 — Tpse ?. Including the
coupling to Ramond-Ramond fields would consist in adding the standard topological Wess-
Zumino term to the action.

- 11 -



In appendix A we argue that the generalization of the above effective action to the
effective action of a single Dp-brane in a static thermal background — the thermal DBI
action — is

Lg = —Tpp / d" o/~ det(vap + Bap) X

(1 3 ( \/det(5g + ’Yachb) (p - 1)! CH (p +1, %) et + (’)(T2p+2)> ,

—700 — ’YijB()iBoj)inl 4p—27p/2T] (g) TDp

(3.36)

where (g is the Hurwitz zeta function defined as (g (s,a) = Z(n +a)” "

n=0
4 Thermal DBI action at strong coupling

In this section we compute the thermal DBI action for D3-branes at strong coupling gs N >
1. This is done for finite values of the temperature 7" in the cases of parallel and orthogonal
electric and magnetic fields, i.e. E I B and E L B, respectively. The framework for
computing the thermal DBI action, which is the effective action for N coincident D3-
branes in a thermal background of type IIB supergravity, is the blackfold approach [6, 7].
Using the blackfold approach to infer the effective D-brane action was first suggested in [8].

We begin in section 4.1 with finding the relevant solutions of type IIB supergravity
that can be used as input in finding the strong coupling thermal DBI action. This involves
two brane bound states, a D3 || (F1 || D1) and a D3 || (F1 L D1) black brane bound state.
The latter solution is new. It is similar in nature to the black supertube solutions [22-25].

In section 4.2 we consider how to find the thermal DBI action with an electric field at
strong coupling. We go through this case first since it is simpler and hence can be used to
illustrate various important points in the procedure for the two general cases. In particular
we compare to the corresponding thermal DBI action with electric field at weak coupling
and we also make some general considerations on how to find the free energy corresponding
to the thermal DBI action in the correct thermodynamical ensemble.

Finally in section 4.3 we employ the black brane bound states found in section 4.1
to get the thermal DBI action for D3-branes with two general configurations of constant
electric and magnetic fields, namely the electric and magnetic fields being either parallel
or orthogonal. We use this to compare to the weak coupling result for the thermal DBI
action.

4.1 Supergravity solutions for black D3-branes with E I Band E L B

In this section we find the solutions of type IIB supergravity describing black D3 || (F1 |
D1) and D3 || (F1 L D1) brane bound states. We use the following bosonic action for type
IIB supergravity in the string frame

_ 1 10 —2¢ 2 1 2 1 2 1 2 1 2
IHB - @ dx vV —g |:€ (R + 4(V¢) - EH(3)> - §F(1) — ﬁF(s) — 475'F(5)
1
+@ A(4) A H(g) A\ dA(Q) (4.1)
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where 2x% = (27)"g2I8, g, is the ten-dimensional string frame metric, ¢ is the dilaton,
B, the Kalb-Ramond field, x, A;) and Ay are the Ramond-Ramond 0-form, 2-form
and 4-form potentials, respectively, and we have the Kalb-Ramond and Ramond-Ramond

field-strengths
Hs) = dB), Fuy=dx, Fg=dAg —xHg), Fy=ddg—AgrHg  (42)

In addition to the EOMs derived from this action one should impose self-duality of the
Ramond-Ramond five-form field strength F(*5) = F5).

Black F1-D3 and D1-D3 brane bound states. We begin with reviewing the black
F1-D3 and D1-D3 brane bound states. Consider first the black F1-D3 brane bound state
with string frame metric [26]

ds? = \/é? [—fdt2 + dz? + D(dz3 + dx?;)] + \/\/g [f_ldr2 + r2dQ§] (4.3)
with dilaton, Kalb-Ramond field and Ramond-Ramond fields given by
¢ = D', B® =sinf(H™' — 1) cothadt A da; (4.4)
AP = tanO(H'D — 1)daa A dxs = sin@ cos 0D(H ™' — 1)dzs A das (4.5)
AW = cosO(H™ — 1) cothadt A dzy A dxg A das (4.6)
where we defined
H:1+@, f= —é, D71 =cos?0 +sin29H ! (4.7)
r r
Turning now to the black D1-D3 brane bound state we have the string frame metric
ds* = \/lﬁ [—fdt* + dz} + D(da3 + da3)] + VH [f~tdr? + r?dQZ] (4.8)
with dilaton, Kalb-Ramond field and Ramond-Ramond fields given by
e’ =D, B® =tan0(H'D — 1)dxy A das (4.9)
AP = —sing(H™ — 1) cothavdt A dy (4.10)
AW = cosOD(H ' — 1) cothavdt A day A dza A ds (4.11)

along with identical definitions (4.7).

Black D3 || (F1 || D1) brane bound state. The black D3 | (F1 || D1) solution can
be found by T-dualizing the F1-D3 brane bound state solution (4.3)—(4.7). The general
T-duality map used for this is recorded in appendix B. We first perform a T-duality along
x2. Then we rotate the (z!,2?) plane with angle ». And then we T-dualize again along
the rotated z2 coordinate. This gives the black D3 || (F1 || D1) brane bound state solution

1 H
ds® = oY [—fdt* + da} + DE(dz3 + dz3)] + \/\/; [ftdr? + r?dQZ] (4.12)
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with dilaton, Kalb-Ramond field and Ramond-Ramond fields given by
e** = D7'E (4.13)

B® = sinf(H™' — 1) cotha dt A dx; + cos psin pE(DH ™' — 1)dzy Adxs  (4.14)

X = —tanfsinp(DH " —1) (4.15)
A = —cos(H™' —1) [sin pcothadt Adxy +sinfcospDE dxa Ndzs|  (4.16)
AW = cosOcos pE(H™" — 1) cothadt A dzy A dzg A das (4.17)
where f, H and D are defined in (4.7) and E is defined as
E~! =cos® o +sin® pDH . (4.18)

Black D3 || (F1 L D1) brane bound state. To find the black D3 || (F1 L D1) brane
bound state we begin with a black D3-brane solution
1

ds* = Wi [—fdt* + dai + dx3 + da3] + VH [fdr® + r?dQ3] (4.19)
with dilaton ¢ = 0 and with Ramond-Ramond 4-form potential given by
AW = (H™' = 1) cothadt A dwy A dzy A das (4.20)
where we defined . ) .
ro sinh” « T
H=1+"%2"—— f=1-2 4.21
e " (4.21)

In the following we again use the T-duality map of appendix B. We begin by T-dualizing
the above black D3-brane along 23 to reveal a smeared black D2-brane solution. We now
rotate along the (22, 23) plane with angle (. Following this we boost along the rotated a3
direction with rapidity n. Finally, we T-dualize along the rotated and boosted z2 direction.
This gives the black D3 || (F1 L D1) brane bound state solution

D ~
ds? = \/71?1 [—f (cos® p + sin? pH Y dt? — 2f (H™ — 1) sinhnsin ¢ cos p dt dzy + D~ da?
+ (cosh?n — sinh? 5(sin? ¢ + cos? pH 1) f) dod + da3] + VH [f~dr® + r2dQZ]
(4.22)
with dilaton, Kalb-Ramond field and Ramond-Ramond fields given by
e** =D (4.23)
B® = f)(H_1 -1) coshn[sinhn (cos2 © 4 sinh 2 a) dt A dxs + cos psin g dra A dxs
(4.24)
A® = (H7t —1) cotha[ —sinp dt A dzq + cos psinhndxy A d:vg] (4.25)
A® = D(H™' — 1) coth acos p coshn dt A dzy A dao A das (4.26)
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where H, f and D are defined as

H
cosh? nsin® ¢ 4+ H cosh? ncos? p — fsinh?p

ré sinh? o

H=1+ (4.27)

fo1-10
A ’ A
The above solution is new also in the extremal limit. However, it is connected to the
type of brane bound states used for supertubes. Indeed, if we T-dualize along the direction
of the electric field we get a (smeared) F1-D0-D2 brane bound state which is related to
the original supertube construction of Townsend and Mateos [22]. One can infer from this
that it is a 1/4 BPS state at zero temperature. Indeed, if one starts with an extremal
D3 || (F1 L D1) brane bound state smeared on a fourth direction z* and one T-dualizes
along z* and uplifts to M-theory one gets a M5 || (M2 L M2) brane bound state which is
a special case of the configurations considered in [27].

4.2 Thermal DBI action with electric field at strong coupling

As a warm-up to the two most general cases we consider first how to find the thermal DBI
for an electric field on the D3-brane. This parallels the methods of [8] although the thermal
DBI action was not written down in that paper. To do this we consider the black F1-D3
brane bound state solution (4.3)—(4.7). This solution has charge quantization condition

N = 27%Tp3 cos Orj cosh asinh o (4.28)

where IV is the number of coincident D3-branes in the bound state. The expectation value
of the electric field - i.e. the electric part of the Kalb-Ramond field - is read off from (4.4)
to bet

E = By =sinftanh« (4.29)

The F-string charge gr1 and the corresponding number of F-strings & in the bound state are

k
F1 =5 5 = NTp3Vossin 07“8‘ cosh asinh « (4.30)
™ S

where Va3 is the area along the 22 and 3 directions. The conjugate chemical potential to
qr1 18

where V; is the length in the z! direction. The temperature 7 and entropy S are

— 1 — 9. 31,72 .5
T = rrocosha’ S = 2m°V31TH3rg cosh o (4.32)

where V3 = V1 V4 is the volume along the z1, x2 and x3 directions. One finds the Helmholtz
free energy F = M — TS

2
F= %ngvgré(l + 4sinh? @) (4.33)

4Strictly speaking this is the value of the Kalb-Ramond field at asymptotic infinity since one should
impose that it is zero on the horizon. However, in the solution (4.4) we use a gauge where B, is zero at
infinity and hence the expectation value should be read off as minus the value of By, at the horizon.
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with variation dF = —SdT + wdN + up1dqgr;. However, this is not the correct free energy
for the strongly coupled thermal DBI action corresponding to the one we found at weak
coupling in section 3. The thermal DBI action is in an ensemble of fixed temperature
T and fixed Kalb-Ramond field By, (pulled back to the world-volume), i.e. fixed electric
and magnetic fields on the world-volume E and B. In the present case of consideration
it means we should work in an ensemble of fixed temperature 7" and fixed electric field F
(as well as fixed D3-brane charge). Since the chemical potential up; is proportional to the
electric field we can switch to the proper ensemble by considering the Gibbs free energy
Gg=F —prigr1 = M =TS — pup1qr1

2
G = %T]%:ng?"g(l + 4 cos® § sinh? a) (4.34)

with variation dG = —SdT + wdN — gp1dur;. Using (4.28) and (4.29) we can write this as

3

G = NTpsVs/1 - B2 ——

i z=(1-E?%cosh’a (4.35)
x?—x

Combining (4.28) with the temperature (4.32) we find

= cos GT (4.36)

This gives the third order equation

4 cos? §
27

B —r+1=0 (4.37)

where we defined

2 4
coss = _SVITNT (4.38)
ATps(1 — E2)3/2

Note that (4.37) only has solutions with z real and non-negative if cosd < 1. This gives

an upper bound on the temperature

T4 - 4/3
Tps — 92N

(1 — E?)3/2 (4.39)

Or, alternatively, an upper bound on the electric field

2NT4 2
E<|1- (L) ; (4.40)
44/3Tp3

The third order equation (4.37) gives in general two different physical branches, one con-

nected to the extremal F1-D3 brane bound state (reached for § = 7/2), corresponding to

- 3C08%+\/§Sing

4.41
2 cos o ( )

x

and another branch connected to a 3-brane made of smeared extremal F-strings (reached
for 0 = m/2),

3 cos g — \/3 sin g
T2 cos §

T (4.42)
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Both are valid branches for the thermal DBI action. However, since we would like to
compare to the thermal DBI action at weak coupling and low temperature as found in
section 3 the relevant branch to consider is (4.41) since this is connected to the extremal
F1-D3 brane bound state which gives the strong coupling analogue of the zero temperature
DBI action. Inserting (4.41) into the Gibbs free energy (4.35) now gives the thermal
DBI action for a given temperature T, electric field £ and number of D3-branes N. For
T* < Tps(1 — E?)3/2 we see that one has an expansion of G as

> T4n
G = NTp3V3V1— E? (1 — Za”Tn > (4.43)
n=1 D3

(1 — E2)3n/2

One can easily compute the first couple of coefficients to find

m2NT? i N2T8
= NTpsVavV/1—E2(1— — O(T*? 4.44
g p3vs < 8Tps(1 — E2)3/2  32T2,(1 — E?)3 +0l )) (4.44)

This is the thermal DBI action at strong coupling for the D3-brane with an electric field
at low temperature.

Comparison to weakly coupled thermal DBI action. If we consider the leading
term in (4.44) this corresponds to Iy in (3.11) for an electric field. This matches perfectly,
as a consequence of the F1-D3 brane bound state being 1/2 BPS at zero temperature.’
Looking instead at the first correction at low temperature we see that the 7% term in (4.44)
precisely is 3/4 times the result (3.29) for E = (E,0,0) and B = 0 at weak coupling. Note
that the N? factor seen at strong coupling in (4.44) trivially occurs also at weak coupling
when going to N D3-branes since the weak coupling result is computed for the free theory
and hence N? just counts the dimension of the adjoint representation of SU(N).® Thus, we
can conclude that the 3/4 factor found without electric field turned on generalizes to the
case with electric field.

At first this could seem highly surprising since the 3/4 factor is due to the conformality
of the theory on the D3-brane for small excitations since they are governed by the N' =4
SYM theory and also since it is a consequence of the AdS/CFT correspondence. However,
we have already shown in section 3 that we can map small fluctuations of the F1-D3
brane at weak coupling to A/ = 4 SYM in a different coordinate system and we shall see
in section 5 that at strong coupling we can analogously get a map to the black hole in
AdSs x S® from the decoupling limit of the F1-D3 brane bound state. Thus, in this sense
the 3/4 factor for a general electric field is not surprising but a consequence of the fact that
the behavior of small excitations of D3-branes with constant electric and magnetic fields
can be mapped to the behavior of small fluctuations of the D3-brane without electric and
magnetic fields. Indeed, we shall see in section 4.3 that the 3/4 factor persists for more

SThere is a factor of N in the strong coupling result not present in (3.11) at weak coupling. However,
this factor of IV is trivially found by combining N times the result at weak coupling since two extremal
F1-D3 bound states do not have any force between them.

5The dimension of the adjoint representation of SU(N) is N? — 1 but since we assume that N is large
the leading order answer is N2.
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general electric and magnetic field configurations as well. Note that it is important in this
that the map from excitations of a D3-brane with electric and magnetic field to the ones
without electric and magnetic fields is independent of the coupling gs/N. This is indeed
what we argued in section 3 where it is seen that the dependence of the coupling and the
dependence of the electric and magnetic fields factorize in (3.34). In support of this we
find that the same coordinate transformation defined by (3.25) is found for gsN > 1 in
terms of the black hole in AdSs x S° in section 5.

Comparison to weakly coupled thermal DBI action without choosing ensemble.
In the above we succesfully found the thermal DBI action with electric field at strong
coupling gsN > 1. In doing this, it seemed important to find the free energy in the right
ensemble, namely the one with fixed electric field. This is possible since the electric field is
proportional to the chemical potential conjugate to the F-string charge in the F1-D3 brane
bound state. However, this poses a problem for more general configuration of electric and
magnetic field. If we consider the case of a D3-brane with a magnetic field it is described at
strong coupling as the D1-D3 brane bound state (4.8), (4.9) and (4.7). Here the Helmholtz
free energy F = M — TS is in the ensemble of fixed T, N and D1-brane charge ¢p;.
Alternatively the Gibbs free energy G = M — T'S — up1gp1 is in the ensemble of fixed T,
N and D1-brane chemical potential up;. However, none of these ensembles correspond to
the ensemble of fixed magnetic field. This can be seen by comparing the magnetic field B
to up1 and ¢p1,
tan @ sinh? o

= 5 , up1 = Visinftanha, gpy = NTp3lhssin 97‘3 cosh asinha (4.45)
cosh® o + tan? 6

Hence, rather than struggling to find the appropriate ensemble it would be better to avoid
having to use a particular ensemble to find the thermal DBI action. This is possible by
employing the entropy instead of the free energy. The entropy is the same regardless
of ensembles, the choice of ensembles only comes in as a change of variables. Hence the
strategy below in the cases with more complicated electric and magnetic field configurations
will be to find the entropy S and expressing it as a function of T', N, E and B. With this
in hand, one can integrate to find the free energy in the ensemble of fixed T', N, E and
B as

T
F(T,N,E,B) = NTD3V3\/1 —~E24+B2— (E-B)? - / dT'S(T',N,E,B)  (4.46)
0
where we assumed we are in the branch connected to the extremal bound state of the D3-
brane with electric and magnetic fields, and we infered the leading term of the free energy
from the mass of the extremal bound state.

Employing the entropy instead of the free energy to compute the thermal DBI action
at strong coupling and low temperature has the additional advantage that the leading order
term in the entropy corresponds to the first order term in the free energy, and the 1st order
term in the entropy to the 2nd order term in the free energy, and so on. Hence to find
the analogue of the T* term in (4.44) for the case of the electric field we only need the
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leading order term of the entropy. Solving (4.37) to leading order simply means ignoring
the constant term and hence
_3V3 | 2Tp(1— E?)3/2
YT 9coss T2NT*
to leading order (for the branch connected to the extremal F1-D3 bound state). This
should be inserted in the general expression of the entropy (4.32) in terms of 7', F and x

213, Va(1 — E?)?

(4.47)

S R (4.48)
thus giving the leading order entropy
S = 7T721\72v3:r3 +O(T") (4.49)
2 1— E?

which we see is 3/4 times the weak coupling result (3.31) (in addition to the N? factor).
Inserting this in the general formula (4.46) then reveals the leading and first order terms
of (4.44).

4.3 Thermal DBI at strong coupling for E I B and for E 1L B

We consider here the thermal DBI action at strong coupling for the two most general
configurations of electric and magnetic fields for which we have available supergravity
solutions, namely for E || B and for E 1 B.

Thermal DBI for E I B. For E I B we use the type IIB supergravity solution given
by eqgs. (4.12)—(4.18) and eq. (4.7). We have the charge quantization of the number N of
D3-branes

N = 27*Tp3rg cos ¢ cos A cosh asinh a (4.50)
We find the following temperature and entropy
1 2T2. V3
T=————, S=2mV3T3;r) cosha = —— D3 = 4.51
mrocosha’ T V3ipsTocosha 7275 cosh? (4:51)

Moreover, we can read off the parallel electric and magnetic fields from the By, and Bog
components of the Kalb-Ramond fields (4.13) as

tan ¢ cos? # sinh? a

E =sinftanha, B= 5 —5 (4.52)
cos? f cosh” o + sin? § + tan? ¢
Combining (4.50) with the temperature 7" in (4.51) we find
4cos?d 3V3m2NT?
hfa —cosh’a+1=0 5= 4.53
57— cosh’ o — cosh® e + , COS F—" (4.53)

Solving this as a third order equation for cosh? a we find the two possible physical branches
3cos 2 +v/3sin 2
3 3 \g 3 (Connected to extremal bound state)
cosh? a = €08 (4.54)
3 cos g — \/g sin g
2 cosé

(Connected to neutral 3-brane)
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The first branch is connected to the extremal D3 || (F1 || D1) brane bound state and the
second to the neutral 3-brane. Combining this solution for cosh? o with (4.52) one can find
the entropy S as a function of T, N, E' and B for the two branches. Using then (4.46) one
finds the thermal DBI action at strong coupling. We are particularly interested in the first
branch since we would like to compare to the thermal DBI at weak coupling (3.29). We
can solve this explicitly for small T" giving

21+ B2 <1+772N\/1+B2(1+2B2)

2
S = %VgNQT

4 11
o ey ) + oM (4.55)

Here we only listed the two first contributions at low temperature but one can find any

number of higher order terms in powers of the temperature from the implicit solution

above. We can compare the first term to the entropy (3.31) at weak coupling for E I B
_ 272

1+ B2
= W1
S=3 Wl m

(4.56)

As expected from the discussion in section 4.2 the strongly coupled thermal DBI action
has the same dependence on the electric and magnetic fields and the only difference is a
factor of 3/4 as well as the N2 factor from having multiple D3-branes.

Thermal DBI for E | B. For E L B we use the type IIB supergravity solution given
by eqgs. (4.22)—(4.27). We have the charge quantization of the number N of D3-branes

N = 2x%Tp3rg cos ¢ cosh 1) cosh asinh o (4.57)

We find the following temperature and entropy

1
T = . S = 2m3VaT3,r5 cosh o coshn =
mrg cosh v cosh T ¥3iDsTo “ g

213, V3
72T cosh* o cosh?

(4.58)

We can read off the orthogonal electric and magnetic fields from the Bz and Bsg compo-
nents of the Kalb-Ramond fields (4.23) as

cos psin psinh? a

E =tanhn, B= 4.59
K coshn(sin? ¢ + cos? ¢ cosh? @) (4.59)
Combining (4.57) with the temperature 7" in (4.58) we find
4cos?® § 3v3r2NT* cosh®
C;; cosh®a — cosh?a +1=0, cosé = \[ZTDS CO:;S i (4.60)

Solving this as a third order equation for cosh? a we find the two possible physical branches
3 cos % + v/3sin %
2 cos§

3005% —\/gsin%
2 cos

(Connected to extremal bound state)

cosh? a = (4.61)

(Connected to neutral 3-brane)
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The first branch is connected to the extremal D3 || (F1 L D1) brane bound state and the
second to the neutral 3-brane. Combining this solution for cosh? o with (4.59) one can find
the entropy S as a function of T, N, E' and B for the two branches. Using then (4.46) one
finds the thermal DBI action at strong coupling. We are particularly interested in the first
branch since we would like to compare to the thermal DBI at weak coupling (3.29). We
can solve this explicitly for small T" giving

2
1
§ = SVNT?

— E?+ B? 2NV1—E?+ B2(1 — E?2+2B2
- <1 u B E 28 ) o)

2Tps(1 — E2)3
(4.62)
Here we only listed the two first contributions at low temperature but one can find any
number of higher order terms in powers of the temperature from the implicit solution
above. We can compare the first term to the entropy (3.31) at weak coupling for E | B

B 272

31— E? + B2
3

S (1— E2)?

V5T (4.63)

As expected from the discussion in section 4.2 the strongly coupled thermal DBI action
has the same dependence on the electric and magnetic fields and the only difference is a
factor of 3/4 as well as the N2 factor from having multiple D3-branes.

4.4 Thermal DBI at strong coupling and low temperature

In section 4.3 we found explicit expressions for the thermal DBI action at low temperature
and strong coupling gsN > 1 in the cases E | B and E L B. These are given by (4.55)
and (4.62) from which one easily finds the thermal DBI action from (4.46). While no
supergravity solution is known for general configurations of constant E and B fields one
can use the two cases to infer the general thermal DBI action. This relies on the fact that
the thermal DBI action transforms as a scalar under rotation of the three spatial directions.
Hence it can only be formulated in terms of rotational invariants. Thus, in addition to the
parameters V3, N and T the only other rotational invariants in our setup are EQ, B2 and
E - B (note that (E x B)? is not an independent invariant). Hence we can see directly
from the expressions for the entropy (4.55) and (4.62) that the unique generalization to
arbitrary constant E and B is

2 72 2 D2
5 TN 51 E+BA(E B)
2 (1 _E2)2
m Q-E2+ B> (BE-B)®)2 = = .= =
+ VaN3T7 _ 1—E*>4+2B*>—2(FE-B)?
4Tps K (1 — E?%)5 ( ( J)
+O(T") (4.64)
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Inserting this into (4.46) we get the thermal DBI action

(1-E*+B?—(E-B)?)
(1— E2)5 3272,

in our setup of section 2. We see that this correctly reduces to the free energy (4.44) for
zero magnetic field B=0.

One can easily generalize the thermal DBI action corresponding to the free energy (4.65)
to work for a general embedding X*#(o) in a static thermal background with local temper-
ature T', world-volume metric vy, = 0, X*0,X"g,, and pullback of the Kalb-Ramond field
Bay = 0, X" 0, X" B,

\/det(8 +~2°Bgy) w2 NT*
(700 + 79 By Bo;)? 8Tps

Lg = —NTps / d*o+/— det(yqp + Bap) (1 — +O(T")

(4.66)
This effective action - the thermal DBI action for N coincident D3-branes at low tempera-
tures and strong coupling gs N > 1 - is valid for a general type IIB supergravity background
with static metric g,,, and Kalb-Ramond field B,,,, but with constant dilaton field and zero
Ramond-Ramond fields. We observe again the 3/4 factor in comparing it to its weak cou-
pling gs N < 1 counterpart (3.35) (for N = 1). Note that the above action requires working
in a static gauge such that v9; = 0. Presumably one can trivially generalize this action
to a varying dilaton background by making the substitution Ths — Tpze~?. Including
the coupling to Ramond-Ramond fields would consist in adding the standard topological
Wess-Zumino term to the action. Note finally that one can readily generate any number
of higher order corrections in powers of the temperature from the above, starting with the
T8 term already computed in (4.64).

The interpretation of the action (4.66) as the action of N coincident black D3-branes
in a background Kalb-Ramond field at strong coupling gsN > 1 (and with N > 1) is due
to the blackfold approach (see refs. [6, 7] for the blackfold approach and more specifically
refs. [8, 9] for the application to D-branes). This is valid as long as the length scales of the
variations of the embedding, the metric and the Kalb-Ramond field are large compared to
the charge radius of the brane (N/Tps)/*.

5 Decoupling limit and the AdS/CFT correspondence

In this section we complete the description of our understanding of the small excitations of
the DBI action at weak and strong coupling in the form of the T* term at low temperature
in the thermal DBI action. We do this by taking the same decoupling limit at strong
coupling g; N > 1 that we already performed on the DBI action at weak coupling g; N < 1
in section 3.
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Decoupling limit of D3 || (F1 || D1) brane bound state. Consider the black D3 ||
(F1 || D1) brane bound state solution of type IIB supergravity given by egs. (4.12)—(4.18)
and eq. (4.7) with properties (4.50)—(4.52). The decoupling limit of the DBI action at weak
coupling in section 3 translates for this supergravity solution to the limit

ls =0, g,N,T,E,B fixed, uzl% fixed , UOE% fixed (5.1)
S S

Note that demanding r and ry to be of order I2 is analogous to the statement at weak
coupling that transverse fluctuations of X (o) are of order [2. We consider here the case of
constant £ and B fields. Taking now the decoupling limit (5.1) we get the supergravity
solution with metric

2 d 2
172ds* = \% (1 — E?)(—fdt® + da?) + (1 + B?)(dz3 + dazg)] +VA {“2 + dﬂg} (5.2)
n
with
ug

f=1- o (5.3)

and with constant dilaton and axion fields

EB

e =(1-E)(1+B%, x= (5.4)

V(1= E2)(1+ B?)

where we defined

A = 4drg,e® N = 4rg,N+/(1 — E2)(1 + B?) (5.5)

and with the Ramond-Ramond five-form field strength having N units of flux on the
(t, 1,20, 3, u) part as well as on the S° part. In addition, one gets constant values for the
Kalb-Ramond field B,y and the Ramond-Ramond 2-form potential A(y). However, these
can trivially be gauged away.

We recognize the solution (5.2)—(5.5) as the black hole in AdS5 x S° in the Poincaré
patch, just in slightly different coordinates. Indeed, if we make the coordinate rescaling

t=V1—-FE%, &1 =+1—FE2?x;, y=+/1+B2xy, I3=1/1+ B2x3 (5.6)

we see that we transform to the metric

2 2
172ds* = % [ — fdt* + dx? + dis + dfc?,)} +VA [‘Z; + dfzg] (5.7)
This also gives an alternative derivation of the leading term in the entropy (4.55) as this
can be obtained from the entropy in the (Z, Z1, @2, #3) coordinates being S = (72 /2)N2V5T?
and then one can find (4.55) by applying the transformation (5.6).

Finally, if we take the zero-temperature limit of the solution (5.2)—(5.5) (corresponding
to ug = 0) we can compare the metric on the world-volume coordinates (t,z1,x2,x3) to
the metric Ggp at weak coupling as given by the map (3.25). For Byy = E and Bsg = B
the map (3.25) gives

—Go():Gll:l—Ez, G22:G33:1+B2 (5.8)
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which we indeed recognize as the metric on the world-volume coordinates (¢, 1, z2,x3).
Thus, the constant background metric for N' = 4 SYM theory that we found at weak
coupling gs N < 1 also appears at strong coupling g;/N > 1. Furthermore, we see that the
identification of the N’ = 4 SYM gauge coupling in (3.26) is in perfect correspondence with
the identification of A in (5.5) as the 't Hooft coupling A = g2,;N while the 6 angle in (3.26)
is in correspondence to the axion field x in (5.4) via the holographic dictionary [28]

0
X =9s5_ (5.9)

27

We can therefore conclude that starting with a D3-brane with constant and parallel
electric and magnetic components of the Kalb-Ramond field turned on we get the AdS/CFT
correspondence between N' = 4 SYM theory and AdSs x S° in the Poincaré patch with
different coordinates along the world-volume directions corresponding to having the world-
volume metric (5.8) as well as a rescaled 't Hooft coupling (5.5). A similar conclusion was
reached in [29]. This is evidence that the dependence of the coupling constant and the
electromagnetic fields in the 7% term in the free energy F(T, E, E) indeed factorizes at all
values of the coupling as we speculated in section 3.

Decoupling limit of D3 || (F1 L D1) brane bound state. We now turn to the
black D3 || (F1 L D1) brane bound state solution of type IIB supergravity given by
eqs. (4.22)—(4.27) with properties (4.57)—(4.59). The decoupling limit of the DBI action
at weak coupling in section 3 again corresponds to the limit (5.1). Taking the decoupling
limit we find

2 2 2 2
9,9 U 9 EB 9 1—-E“+ B 9
2 2\ 7.2 du? 2
Y (1-E+B )dmg} VA | 4+ d2 (5.10)
with
ug
and with constant dilaton and axion fields
e**=1-FE>+B* x=0 (5.12)
where we defined
A\ = 4ngse®N = drg,N\/1 — E2? 4 B2 (5.13)

and with the Ramond-Ramond five-form field strength having N units of flux on the
(t,z1, 79,73, u) part as well as on the S° part. In addition, one gets constant values for the
Kalb-Ramond field B,y and the Ramond-Ramond 2-form potential A(y). However, these
can trivially be gauged away.
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We recognize the solution (5.10)-(5.13) as the black hole in AdSs x S° in the Poincaré
patch, just in slightly different coordinates. Indeed, if we make the coordinate transforma-
tion

~ EB V1—E? 4+ B?
t:\/l—E2<t—x2) flle fQZ—xQ fgz\/l—EQ-f-BQ:L’g
(5.14)

we see that we transform to the metric (5.7). This gives an alternative derivation of the lead-
ing term in the entropy (4.62) as this can be obtained from the entropy in the (£, &1, &2, Z3)
coordinates and then one can find (4.62) by applying the transformation (5.14).
Finally, we take the zero-temperature limit of the solution (5.10)—(5.13) (corresponding
to ugp = 0) giving the metric
2

172ds? = \% [ — (1 — E?)dt* + 2EB dt dzy + da? + (14 B?)dx3 + (1 — E? + BQ)dq;?,,]

du? 9
+VA o +d (5.15)
We now compare the metric on the world-volume coordinates (¢, z1, z2,z3) to the metric
Gap at weak coupling as given by the map (3.25). For Bys = E and Bys = B the map (3.25)
gives

G00:—1+E2, Gy =EB, Gi1=1, G22:1+BQ, G33:1—E2+B2 (516)

which we indeed recognize as the metric on the world-volume coordinates (t,z1,x2,x3)
of (5.15). Thus, the constant background metric for N’ =4 SYM theory that we found at
weak coupling gsN < 1 also appears at strong coupling g;N > 1. Furthermore, we see
that the identification of the N’ =4 SYM coupling in (3.26) is in perfect correspondence
with the identification of A in (5.13) as the 't Hooft coupling A = g%,;N. Note also that
x =0 in (5.12) is in correspondence with having § = 0 in /' =4 SYM theory from (3.26).

We conclude therefore that starting with a D3-brane with constant and orthogonal
electric and magnetic components of the Kalb-Ramond field turned on we get the AdS/CFT
correspondence between N' = 4 SYM theory and AdSs x S° in the Poincaré patch with
different coordinates along the world-volume directions corresponding to having the world-
volume metric (5.16) as well as a rescaled 't Hooft coupling (5.13). This gives further
evidence that the dependence on the coupling constant and the electromagnetic fields in
the T* term in the free energy F(T, E, B) indeed factorizes at all values of the coupling as
we speculated in section 3.
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A Explicit one-loop computation of free energy in electric case

The one-loop correction to the thermal DBI action at weak coupling for a constant B,
field can be derived explicitly by computing the free energy of the decoupled theory with
action (3.12)—(3.15). To do this, we first have to compute the partition function Z which
is defined as

Z = / DA, DO DDy 5(h) det <§h> S L T (A1)
X

where we Wick rotated to Euclidean time. The time direction is periodic with period equal
to the inverse temperature 5 = 1/T and we impose periodic boundary condition for the
scalars and the gauge field and anti-periodic boundary conditions for the fermions. A is a
functional of the gauge field and its derivatives and it is taken to be zero, h [A,0A] = 0, in
order to fix the gauge. x is the gauge transformation parameter. We choose h = A3 =0
so that in the following we have % = 0s.

From above we see that the partition function factorizes in the product of the three
contributions

Z = [/ DAL I(h)det <§)}Z> eIg,F} [/ DY’ elg,‘i’} [/ DD eIQE»w] = ZpZ@Zzi. |
A2

For the sake of simplicity, we show explicitly the computation of the partition function
when only the Bp; component of the Kalb-Ramond field is turned on. This corresponds
the pure electric case, E= (E,0,0), with E = Bp;.

Let us start with the contribution coming from the gauge field. We can write

Ths /5 / 3 AT
=08 [ [ BrATMA A3
a0 - B2 o (49)

where d®r = dridrodrs, A = (Ao, A1, Ag)T and the matrix M is

1
R
—6% — (822 + 8%) (1 — Ez) 0901 0902 (]. — E2)
9001 —0¢ — (03 +93) (1— E?) 00, (1 — E?)
9002 (1 — E?) 00y (1 — E?) —(1-FE?) (0§ + 0%+ 03 (1 - E?))
(A.4)
The partition function is then given by
Zp = (det 05) (det M)~ Y2 . (A.5)

The determinant of M can be computed by substituting each entry in the matrix by
the corresponding eigenvalue and then by taking the infinite product over all the possible

eigenvalues, namely
2

(A.6)

k n=—oo

det M = ﬁ k§[(2§1>2+f(15)
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where
F(R) =k + (1= E%) (k5 + k3) . (A.T)
Using this in (A.5) we find

-1
2mn -
z-11 11 [( ) f(k)] . (A8)
" n=-—oo
Now we take into account the contribution coming from the scalars and the fermions.
The scalar partition function is
2\ 2 B
™ -
111 [() NG (A9)

” n=-—00

and the fermionic one is
4

oo
m(2n + 1 -
H H < )> + f(k) (A.10)
Putting together the above results (A.8), (A.9), (A.10), we can compute the total free
energy F'= —+ logZ and we obtain

F(T,E) = 8/6‘)/3 (dS];' [log (1—e—ﬁr> 1og<1+e 5F)] —m,
(A11)

where we made use of the (-function regularization prescription to compute the infinite

product over n appearing in the partition function. One can easily generalize the above
computation to a general By, field. This gives indeed the general result (3.29) as we
computed in an alternative fashion in section 3.

It is also interesting to further generalize this result for a Dp-brane. Sticking again
to the pure electric case, in which the only non-vanishing component of B, is Bgy = E,

we get
F,(T,FE) = 8/‘8/ (dpl; [log (1 — e PV Inlk ) — log (1 +e PV fﬂl?))} , (A.12)

where
folk) =k + (1 - E%) (k3 +-- +k2) . (A.13)

In order to compute the integral (A.12) it is convenient to perform the following rescaling,
ki — (1 — E*)~Y2k; for i = 2,...,p, in such a way to recover the integral for the free
energy with zero By, field. This yields

F)(T,E) = E2 - / 'k log e*ﬁk) ~log (1 +e*5’f)]

_ < —1>!<H (p+ L%)Tp“ _ F(1,0)
— p—1 p—1
4r=27p/20 () (1 - E?)" 2 (1-E?)"2

(A.14)

in which k = /k? + -+ + kf) and (g is the Hurwitz zeta function. One can easily generalize

the above to an arbitrary constant By, field giving the same result as in (3.36).
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B T-duality map

The ten-dimensional T-duality map between the type ITA and the type IIB supergravity
fields was given in [30] (see page 30-31). Using our notation and conventions the map from
the type IIB to the type IIA supergravity for a T-duality along a direction = reads

5 1
e = —
xrx
1

gwf = v (gxugxu - Bquaw>

Tx

1
B,u,y = B,u,y + — <Bzug:vu - Bacl/Qa:u)
9zz

ALY = AR) — XBuy,

1
AB) =A@ 4 0 (Aﬁ?gw - Ag}gm#)

TuY uv

ABG) — 4@

s 20
20— €
Gzx
~ Bxu
Gzp = —
i Yoz
» gmu
B, = —==
T e
A =x

2) 2)
BauA 90z = Ay Blalv e

+3(A%.B

(2)
a[pvel T BI[MA

uvp TUVp vpl

Gz

)

(B.1a)
(B.1b)

(B.1c)
(B.1d)
(B.1e)

(B.1f)

The map from the type ITA to the type IIB supergravity for a T-duality along a direction

x reads

N 1
Gex = —
X

- 1
Guv = Guv — —— <gzugzu - B:c,uBzy>
Yz

~ 1
B,ul/ = B,uz/ - ; (Bw,ugzu - B:vl/Q:E,u)
(1) AN
A/(EV) = Ag(i),, + A:(El)B,w + 2A[# By}x — 2;933[#31/}1
(1) A(3)
o 4B (1) 9oluBup Az Iy plz
A, = AG), +3(Al)B,,) - -

gIQ? g$l‘

Open Access.

e2® = Z% (B.2a)
o = — 2 (B.2b)
By = —% (B.2c)
AZ) = AD Ai 9 (1 50)
) X = Ag(ﬁl) (B.2¢e)
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Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
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