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Abstract
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We continue investigating the effect of the back-reaction by non-supersymmetric probes in the
Kuperstein-Sonnenschein model. In the limit where the back-reaction is small, we discuss
physical properties of the back-reacted geometry. We further introduce additional probe
flavours in this back-reacted geometry and study in detail the phase structure of this sector
when a constant electromagnetic field or a chemical potential are present. We find that the
Landau pole, which serves as the UV cut-off of the background geometry, also serves as an
important scale in the corresponding thermodynamics of the additional flavour sector. We
note that since these additional probe flavours are indistinguishable from the back-reacting

flavours, the results we obtain point to a much richer phase structure of the system.
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1 Introduction

Use of the AdS/CFT correspondence[l], 2, 3] has provided us with a remarkably powerful set
of techniques to address strong coupling dynamics of certain gauge theories. Over the years it
has become possible to capture some qualitative but key features of Quantum Chromodynamics
(QCD), which so far has eluded the standard lore of conventional field theory methods.

In this article we will discuss one such aspect: the physics of the chiral symmetry break-
ing within the flavour sector of a large N. gauge theory, with the hope that we learn at least
qualitatively useful lessons about QCD and therefore the strongly coupled matter created at the
Relativistic Heavy Ion Collider (RHIC) and the Large Hadron Collider (LHC). We will rely on a
model proposed in [4]EI, which we will henceforth refer to as the Kuperstein-Sonnenschein model.

The standard way of discussing the flavour physics is to introduce a set of probe branes in a par-
ticular gravity background which is sourced by some stack of D-branes. This method was pioneered
in [6]. In the Kuperstein-Sonnenschein model, a pair of probe D7 and anti-D7 brane is placed
in the AdS; x T™! background which is popularly known as the Klebanov-Witten background|[7].
The probe branes wrap a three cycle inside the internal manifold 7% = §2? x S% and extend along
the rest of the conifold R* x S?. The zero temperature physics of the probes realizes a spontaneous
breaking of the chiral symmetry by having the branes join smoothly in the IR and thus leading
to: U(Ng)r X UNs)r — U(Nf)diag- In [8], we have explored the dynamics of the flavours in
this model in the presence of a temperature and an external electro-magnetic field and found an
interesting and rich phase structure.

The physics explored in the probe limit teaches us interesting lessons about the dynamics
of flavours in such models, however they are also limited by the probe approximation. It is an
interesting question in its own right to consider going beyond this approximation. Such an exercise
is also physically relevant for QCD, where the number of colours and the number of flavours are
of the same order. To consider back-reaction by the probes on the background geometry, one
has to solve for the equations of motion obtained from an action consisting of supergravity and
Dirac-Born-Infeld pieces. Typically, to facilitate the technical challenges, such an undertaking is
carried out within the so called “smearing” approximation, where the probes are smeared along
their transverse directions such that the full symmetry of the original background is recovered.

Work along this direction has been carried out in [9]-[I4] in related models and summarized
in the review [I5]. However, most of these efforts rely on supersymmetry and become techni-
cally simpler than solving the equations of motion. The Kuperstein-Sonnenschein model is non-
supersymmetric to begin with and thus one needs to consider a system of coupled second order

non-linear differential equations to make any progress. We explored this system of equations in

1See also [5].



[16] and found an analytic solution at the leading order in the back-reaction, measured in powers
of N¢/N..

When the flavour back-reaction is taken into account, the underlying conformal theory is de-
formed by higher dimensional irrelevant operators of dimension 6 and dimension 8 respectively.
Furthermore, the gauge coupling runs and the theory acquires a Landau pole in the UV: the re-
sulting theory is not UV-complete. Interestingly, these generic properties are very similar to the
back-reacted backgrounds which do preserve some supersymmetry. In [16] we have also demon-
strated that an additional probe sector in this back-reacted background now undergoes a chiral
phase transition, which is otherwise absent when the back-reaction vanishes. This is simply be-
cause the Landau pole now gives a scale and there is a clear notion of small and large temperature
regimes.

Let us offer a few more comments. It is not possible to observe a finite temperature phase
transition in a theory whose underlying description is conformal. However, if one introduces
another scale in the system (other than the temperature), as we have explored in [§], this possibility
opens up. Typically, any such scale is an “infrared property” of the system since we are probing
the system at low energies, e.¢g. at room temperatures. This is often summarized by saying that
thermodynamics is an infrared property of a system, which means it does not care about the
energy-scales that lie much higher than what is explored in an experimental set-up.

On the other hand, we have an example, demonstrated in [16], where such a phase transition
happens because the Landau pole provides a scale other than the temperature. The theory is valid
well below the Landau pole; and we have shown in [16] that within the regime of its validity there
is now a phase transition. Thus the thermodynamics of the system is not quite just an “infrared
property” of the system anymore. If we had an UV-complete description of the back-reacted
system, the Landau pole would disappear yielding a more fundamental microscopic description
which is not conformal. Thus it is not a surprising fact that a finite temperature phase transition
takes place in such a fundamentally non-conformal system.

Before proceeding further, let us remark on a possible limitationﬂ of our approach as far as ex-
ploring the physics in the flavour sector is concerned. We will introduce an additional probe sector
and discuss the phase structure of this additional probe sector in the back-reacted background.
Note, however, that our back-reacted background is obtained by considering back-reaction by the
parallel shaped embeddings only. Thus, if we observe a phase transition from the parallel-shaped
to the U-shaped embeddings in this additional probe sector, perhaps this is an indication that we
need to actually consider back-reaction by both parallel-shaped and the U-shaped profiles sepa-
rately and then compare the free energies of these two backgrounds. This is a very interesting

yet technically more involved problem subject to ongoing research. For present purposes, we will

2We thank Jacques Distler and Vadim Kaplunovsky for raising this point.



adhere to a simpler analysis and pretend that the additional probe sector and the back-reacting
probe sector are distinguishable, which should be viewed as a first attempt towards exploring the
actual issue.

In the present article we will explore more aspects of the flavour sector by introducing additional
probe branes in the back-reacted background and exciting a constant electro-magnetic field on
this additional probe system. Our focus is to study the flavour dependence on the phase structure
obtained in [8]. This effort, the reader should note, is merely a first attempt to understand how
the QCD phase diagram might depend on the number of flavour degrees of freedom. Using lattice
simulations, current understanding of flavour dependence of the QCD phase diagram at vanishing
chemical potential is usually summarized in the so called “Columbia plot” (see for example fig 1
in [17]) | However, there is no general understanding about the phase structure in the presence of
external fields such as the ones considered in this article. Thus our hope is to learn about robust
qualitative features which may be relevant to QCD; although we have to remember that since we
account for the back-reaction only up to the leading order in Ny/N,, the flavour dependence that
we will find within this framework is, by definition, weak. Nonetheless, the fact that this back-
reaction breaks the conformal invariance of the background will result in some drastic changes as
compared to the case when the back-reaction vanishes.

This article is divided in the following sections: Section 2 reviews the most relevant results on
the back-reacted background obtained in [I6]. In section 3, we discuss some interesting physical
aspects of the perturbative back-reacted solution, while in section 4, electro-magnetic fields are
introduced in the probe sector and their effects are investigated thoroughly, including their impact
on holographic renormalization of UV divergences of the on-shell DBI action. Moreover, section 4
contains an exhibition of the most pertinent effects associated with the introduction of a chemical
potential, studied both in the grand-canonical and canonical ensembles. Finally, section 5 offers

concluding remarks and an outlook on future research.

2 Review of previous results

2.1 The back-reacted background

Let us begin with a brief review of the earlier results based on which we will continue to explore
similar physical effects in our current work. Before taking any back-reaction into account, the
model we consider is described in [4]. The authors introduced probe D7/anti-D7 branes in the
AdSs; x T'' background, which is obtained as the near-horizon limit of a stack of D3-branes

placed at the tip of the conifold. The D7/anti-D7 branes wrap a 3-cycle in the internal manifold

3We thank Massimo D’Elia for very useful correspondence and the reference.



TH =~ 6% x §3 and are extended along the rest of the conifold.

Before introducing the flavours, the dual field theory is given by an N = 1 superconfor-
mal quiver gauge theory in (3 + 1)-dimensions with a gauge group SU(N.) x SU(N,) and a
global SU(2) x SU(2) x U(1)g symmetry group. The degrees of freedom are contained in two
bi-fundamental chiral superfields which transform in the (Nc, ]\_fc) and (]\_fc7 Nc) representations of
the gauge group.

Introducing the probe branes corresponds, in the dual field theory, to introducing flavour
degrees of freedom in an analogue of the so called “quenched approximation”. This amounts to
introducing a global U(Ny), x U(Ny)g flavour symmetry group, where Ny denotes the number
of flavours. The zero temperature physics of this system captures a geometric realization of the
spontaneous breaking of chiral symmetry: the brane-anti-brane pair joins in the IR breaking the
aforementioned flavour symmetry group down to a diagonal U(Ny). On the other hand, the finite
temperature physics of this system is rather trivial: since the background is conformal, there is no
scale in the system and hence no phase transition can happen. Chiral symmetry is always restored
in this case [8]. Nonetheless, the system exhibits interesting phase structure and some interesting
phenomenon, such as the effect of magnetic catalysis in chiral symmetry breaking, when more
control parameters are introduced [8]. In this article we will analyze the effect of the back-reaction
by flavours on the physics observed and analyzed in [8].

Towards that end, we need to find the back-reacted background. Such a background can be
found by sourcing the supergravity equations of motion by the Dirac-Born-Infeld (DBI) contribu-
tion coming from the probe flavour degrees of freedom. It turns out that, employing the “smearing
technique”, we can find an analytical solution of these back-reacted equations of motion at the
leading order in the N;/N, correction [I6]. In Einstein frame, the most general form of the

back-reacted background is given by

dr?  e29()

b(r) 6

> (d6} + sin” 0:d¢7)

i=1,2

ds* = h(r)""* (=b(r)dt* + di®) + h(r)"/” [

2
+ 7 (d@[) + Z cos Qidgzﬁi) : (2.1)

J i=1,2
Fy = k(r)h(r)¥4 (et A Ne™ Ne™ Ae+e? Aeft Ae®t e A e¢2> : (2.2)
where the vielbeins are given by
el =V 2 e = VA e = VA 2y (2.3)
eV = %hl/‘lef (dip + cos 01dgy + cos O2dgs) (2.4)
ef12 = %hlﬂegdﬁlg , e = %hl/d‘eg sin 0y 2dey o (2.5)



Here k(r) is a function that we can determine from the relation
k(r)h(r)?e*9CH ) = 270g* NI = 4L* | (2.6)

where g7 is the string coupling defined at » = r,, which is a UV cut-off that we need to introduce
since we have a running dilaton; [, is the string length and L is the AdS-radius. The various

metric functions are given by

b(r) =1— 2 (2.7)

P(r) = ilog (TL) : (2.8)

with

T o2 \ N,

Here rp is the location of the event-horizon, o and m are two constants which correspond to — in

e (ANf) . (2.12)

the dual field theory — the couplings of a dimension 6 and a dimension 8 operator, respectivelyﬁ
The temperature of the background can be identified with the inverse period of the Euclidean
time direction. This yields [16],
TH €
T:m<1—ﬁ) . (2.13)
Before proceeding further, let us comment on the regime of validity of the solution given in
—. To avoid the Landau pole coming from the diverging dilaton field we need to impose
r, < oo, where r, is the UV cut-off. Now the perturbative solution for various other functions
will hold provided

4
and  2¢ \a (ﬁ) <0(1). (2.15)

In this article, we will often be interested in a simpler case where o = 0 and m~2 = 0, in which

case we only need to ensure that the first condition of the inequalities written above is satisfied.

4Note that the constant « is denoted by c3 in [16]. The general solution in [I6] contains another constant which
is denoted by c5; however, since the coupling corresponding to the dimension 8 operator is a linear combination of

these two constants, we have set ¢5 = 0 without the loss of any generality.



2.2 Introducing an additional probe sector

In [16], we have explored the phase diagram of an additional probe sector in the background given
in and — imposing a = 0, i.e. setting the source for the dimension 8 operator to
zero. The inclusion of the back-reaction breaks the conformal invariance of the background and
we found that the additional probe sector now undergoes a chiral phase transition. This phase
transition is, in a very precise sense, caused by the existence of the Landau pole: this pole is
located at r — oo at the leading order in e, which means we need to use a momentum UV cut-
off. In what follows, we will discuss the phase structure in the additional probe sector including
more control parameters such as a constant electro-magnetic field. For simplicity, we will mostly
consider the case with m™2 = 0 and a = 0.

Before going further, let us revisit the phase structure in more details. Following [16], we
introduce N} additional probe D7 and anti-D7 branes such that N} < Ny. These N} probes are
aligned in a way similar to the back-reacting flavour branes. The dynamics of the N} flavours are

given by

81

2.1
(210

1
SDBI N NT / dref(r)+2g(r)+q>(r) \/1 T éb(r’ﬁ)ng(T)QyQ ) NT = N]I‘T7V1R3

where 77 is the tension of the probe, Vs denotes the volume along the three spatial directions
and T is the background temperature. We have denoted ¢ = ¢; and also used the fact that it is
consistent to set ¢, = /2.

The equation of motion admits two classes of solutions: the parallel-shaped solutions denoted
by

¢(r) = const , (2.17)
and the U-shaped solutions given by
6c 1
gb'(?‘) _ 02 _ _b(T)GQf(r)+6g(r)+2<I>(r) (2.18)
/(1) 22T+ +280) — G2p(r) o) | 6 —ro

where rq is the point where the brane—anti-brane pair joins smoothly. The parallel-shaped solutions
correspond to the chiral symmetry restored phase and the U-shaped solutions correspond to the
chiral symmetry broken phase.

Before discussing the phase transition, let us comment on the dependence of the coupling Ag,
on the expansion parameter e¢. For simplicity we will discuss the case when m™ = 0 = . In this

case the asymptotic angular separation is given by

Ap.(€) = Ap.(0) + €Z(ro,ry) , where Z(rg,rg) <0 . (2.19)



Thus at the leading order in € the angular separation decreases linearly with e with a slope which
is determined by ry and rgy. The dependence of A¢, with € is schematically shown in fig. [1}
It is clear that, for the U-shaped profiles, increasing the effect of the back-reaction reduces the

maximum value attained by the angular separation, denoted by A¢l**. In fact there is more

Ad,
20
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Figure 1: The blue and the red dashed curves correspond to € = 0.01 and ¢ = 0.5 respectively
corresponding the U-shaped embeddings. We have set m™2 = 0 and 7y = 1 and r, = 10. The

solid vertical blue line correspond to the parallel embeddings.

physics in fig. [T} it displays the various available phases of the system for a given value of the
coupling Ag,. For any A¢p, > A¢P**, we only have the chiral symmetry restored phase available.
On the other hand, for any A¢, < A¢¥*, we have three available points in the phase space: one
on the vertical solid line and two on the dashed curves. Comparing this situation with the more
familiar { P — V }-diagram of the Van der Waals gas, we can conclude that there exists a first order
phase transition from a point on the solid vertical line (i.e. the chiral symmetry restored phase)
to a point on the dashed line (i.e. the chiral symmetry broken phase) for some critical value of
Agp,.

The energetics of the two classes of embeddings will now decide the phase of the system. One
has to look at the Euclidean on-shell action — which is identified with the thermodynamic free

energy of the system — for these two types of embeddings and compute their difference

AS =Sy -S| . (2.20)
I
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Now depending whether AS > 0 or AS < 0, we will get a chiral symmetry restored or a chiral
symmetry broken phase. This results in a non-trivial phase structure analyzed in [16], which we

have shown in fig. |2l The phase diagram is presented in the A¢, vs m? plane, where m? is defined

m? = rL* (§>2 (1 + g) . (2.21)

As can be observed from ([2.16)) this result is independent of ov. We want to emphasize two main

Ag,

as

1.930-

1.925-

_004 002

Figure 2: The phase diagram in the A¢, vs m? plane. The blue line separates the YSB = chiral
symmetry broken phase (below the line) from the SR = chiral symmetry restored phase (above
the line). Between the blue and the red line, we also have a metastable ySB phase. Above the
red line we have only the SR phase.

features here: First, in the absence of the back-reaction, no such phase structure exists at finite
temperature. The underlying theory is conformal and only the chiral symmetry restored phase
exists. Taking back-reaction into account breaks the conformal invariance by introducing a UV
Landau pole and also deforming the CFT by higher dimensional irrelevant operators. In the
leading order back-reacted solution described here, the UV Landau pole is located at r — oo
and the couplings corresponding to the irrelevant operators of dimension 6 and 8 respectively are
denoted by a and m.



From the phase diagram shown in fig. [2] it is clear that m? = 0 is not a special point as far
as the existence of the phase transition is considered. Thus we can conclude that the non-trivial
phase structure and the associated thermodynamics that we obtain in this back-reacted model is
caused by the existence of the Landau pole. We will now move on to discuss the effect of the
back-reaction on some bulk properties of the background as well as the phase structure of an

additional probe sector in the spirit of [§].

3 The back-reacted background: some physical aspects

Let us briefly comment on a few physical properties that we can extract from the solution in (2.7))-
. To begin with, let us focus on the physics of the energy loss of the plasma. In the presence
of the black hole, i.e., introducing a non-zero temperature in the dual field theory, dissipation will
occur due to the presence of the black hole in the bulk. We can now investigate how the back-
reaction of the flavours affect the physics of dissipation at least when the back-reaction is taken
into account perturbatively. Within such a “stringy” framework, there are twd’| canonical ways to
explore this: First, in a perturbative description, the mechanism of energy loss of a parton moving
in a plasma is usually characterized by the so called jet quenching parameter [20], usually denoted
by ¢. In [21], it was proposed that a non-perturbative description of the jet quenching parameter
is given by a light-like Wilson loop, which one can use to perform computations at strong coupling.
Second, within the “stringy” framework, the energy loss of a moving quark (parton) can be easily
modeled by considering a fundamental string moving with a constant velocity. The force required
to drag the string at a constant velocity is essentially the energy that is being lost in the plasma.

This was first proposed and explored in [22] 23]. Here we will explore both these cases.

3.1 Jet quenching parameter

Let us begin with the jet quenching parameter. Using the general formula in [24], the jet quenching

parameter is given by

Gt =mad /T* e~ /2 Grrdr , (3.22)
TH Gmx V G:L":B + Gtt

°See also [18, [19].



where G denotes the spacetime metric in the Einstein frame and the dilaton enters because of the

conversion factor between the string frame and the Einstein frame. This gives
' = Iy+el, +eal,, where

L4 T« /TH d
Iy = — P (3.23)

' \/p4—17

IA Te/TH dp

L, = — ———— |1 —log (rg/r.) — lo , 3.24
1 [/ g
L = — — P [2p" 1] . (3.25)

T J1 Vprt—1

Let us now offer a few comments: First, notice that although the integrals Iy, I > 0, I < 0. Thus
the parameter ¢ receives a correction of the form

Gg=1I,"— e% - ea% . (3.26)
The sign of the parameter «, which is hitherto unconstrained, determines whether the flavour con-
tribution to the jet quenching parameter is positive or negative. The a-independent contribution
is always positive. Note that, in [25] the parameter « is set to zero and thus the flavour contri-
bution turns out to be always positive. The inclusion of the back-reaction breaks the underlying
conformal symmetry by introducing a dimension 8 operator, which a priori can have both positive

or negative contribution. The dimension 6 operator, however, does not play any role here.

3.2 Drag force computation

We will keep our discussion brief and follow [26] closely as far as notations are concerned. To
discuss the drag force computation, we need to consider the following: let us start from the back-
reacted background and consider a string that is hanging from the boundary, which in this case
is located at r = r,. The end point of the string describes a quark moving in the plasma as the

string propagates in the bulk space-time. The ansatz for such a moving string takes the form
z(o,7)=71(0)+vT, (3.27)

where {7, 0} represents the string worldsheet and v denotes the velocity of the quark.
Due to the constant velocity, the string worldsheet develops a horizon that can be obtained

from the following formula:

Gy + va2|r=rc =0, = r.=rg (1 — 02)_1/4 , (3.28)

10



where r. denotes the location of the horizon and GG once again denotes the background spacetime.

The momentum transfer is given by [26]

V1—1v2 16

Once more we observe that for a < 0, the energy loss is enhanced by the presence of the back-

dp 1 . @ 2
% = —ﬁC s with e Gtthx + C |T‘:7‘c =0 y (329)
where the dilaton ® enters the above formula since GG is presented in the Einstein frame. Thus we
finally get
12272 L2nT 1+ v?
e e A (3.30)
8 re(l—v

reaction. This is consistent with what we obtained for the jet quenching parameter.

3.3 Quark—anti-quark potential

We can use the background found in — to explore some of the non-perturbative aspects
of the dual theory. The dual theory in this case is a non-supersymmetric theory which consists
of the Klebanov-Witten theory coupled with a chiral flavour sector. We can investigate how the
interaction between the flavours is affected by the presence of the adjoint as well as the fundamental
degrees of freedom in this non-supersymmetric theory. To explore this, we can consider a massive
quark anti-quark pair such that the mass of the pair is very small compared to the Landau pole.
The corresponding bound state is given by a string worldsheet ending on a probe flavour brane
that extends from rq to r,, where ry is some infrared scale satisfying rq > rg.

To parametrize the worldsheet of the string we can choose: 7 = t,0 = 2! and r = r(al),
where z! is one of the spatial directions ranging from —¢/2 to +¢/2; and {7,0} represents the
string worldsheet parameters. The quark—anti-quark distance, denoted by ¢, and the renormalized
potential, denoted by V', are then given by[27, 28]

l(rg) = 2/ &dr : (3.31)
w P/P2— PP
1 " p "
Virg) = — G—dr — Gdr| (3.32)
T/ 0 P2 — P()2 TH

with P =e??\/GuGre, G =e®*/GuG,, . (3.33)

Once again, GG above represents the background metric and the dilaton enters the above formulae
since we are working in the Einstein frame. Our task here is to study the potential V' as a function
of the quark—anti-quark separation £.

11



Recall that at zero temperature, in the absence of any back-reaction, the quark—anti-quark
potential is Coulombic [29]; at finite temperature it undergoes a phase transition depending on
the value of T/, as observed in [30}, BT]. In the presence of the back-reaction, this phase transition
will continue to exist and will receive € order corrections. Thus we do not expect any qualitative
change in the thermal physics of the system. Therefore we will consider the case when TV < 1
and explore how the Coulomb potential is affected by the back—reactionﬁ A representative plot is
shown in fig. B It is evident that the Coulomb behaviour of the potential does not change in the

V (/)

01 02 03 04 05 _06
. 1 ,—— :__ —:— —:::—————-___
— 2 ,,:,::’,a
l’/’
R4
74
-4 I;I,

Figure 3: The quark—anti-quark potential obtained from 1) and li The black dashed
line corresponds to € = 0 and the red dashed line correspond to € = 0.5. We have further set

L=1rg<1l,a=0.

presence of the back-reaction. Although we have not explicitly presented it, this behaviour does

not change when « # 0. This is in accord with what has been observed in e.g. [32].

3.4 Entanglement entropy

Entanglement entropy is a measure of quantum entanglement of a given system. It is defined as
the von Neumann entropy of a reduced density matrix. For a given system, let us imagine dividing
it into two parts denoted by A and B. For an observer who is restricted to access the information

of the subsystem A only, the system will be described by the reduced density matrix py = trgpior,

6For some related studies in similar models, see e.g. [32].
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where p; denotes the total density matrix of the full system. Now, the entanglement entropy of

the subsystem A is defined as

Sy = —trapalogpa . (3.34)

In the context of AdS/CFT correspondence, a proposal to compute the entanglement entropy was
suggested in [33], [34]. Suppose we divide the system into two regions: one “rectangular” strip of
length ¢ along z'-direction (denoted by A) and its complement. The “rectangular” strip obviously
has an infinite dimension along the 22 and the 23-directions. In such a scenario, the entanglement
entropy is obtained by computing the minimal area surface whose boundary coincides with the
boundary of the region A.

In the 10-dimensional Einstein frame metric, the Ryu-Takayanagi proposal yields

1/2
Sy = 4é10 /dgfvdet = 27210VR2/\/Eef+49 <x'2—|—%) / , (3.35)
where Vg2 denotes the area of the “rectangular” strip along the {z?, x3}-direction. The minimal
area surface is parametrized by z'(r) = z(r) with the boundary conditions z(r,) = +£/2. Before
going further, let us note that for the perturbative solution presented in — the quantity
(f + 4g) is independent of the coupling m. Hence the dimension 6 operator will have vanishing
contribution to the entanglement entropy at least at the leading order in e. This is not true for
the dimension 8 operator, whose coupling is denoted by .

The equation of motion resulting from minimizing the volume functional is given by

/
\/Eef+4g$— = const = / hoef0+490 , (336)
a2+

>

where we have imposed the condition that at r = ry the minimal area surface turns over and have
defined: hy = h(ro), fo = f(r0) and go = g(ro). Substituting back the profile of the minimal area

surface in (3.35)), we get
Sy=80 45V (3.37)

at the leading order in e.

One crucial property of the entanglement entropy is the so called “area law”, i.e. S4 scales
as the area of the sub-region A: Sa ~ (9A)/a®, where a is an infrared cut-off in the dual field
theory. It is easy to check that Sgo) ~ (0A)/a* and there are no sub-leading divergent pieces, as

was previously alluded to in [34] ; the new term here is SS). Using the explicit functions for the

"For the finite part of the entanglement entropy and physics related to it see [35} [36].
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background in ([2.7))-(2.11)), it is straightforward to check that

2

SU ~ (94) ;_Z (8r*a — L*) + finite , (3.38)

where r, is the UV cut-off and we can identify a~! = r,. Note that the term eow“f has to be small
because of the condition in (2.15)). Hence, the divergence structure is the same as in the case
where the back-reaction vanishes. It is nonetheless an interesting question whether going beyond
a leading order perturbative solution in e changes the divergence structure of the entanglement

entropy.

4 Physics on the probe brane

We will investigate the effects of introducing a constant electromagnetic field on the additional

probe sector in this model. Let us begin by discussing the case of a purely electric field.

4.1 Purely electric field

Let us introduce a gauge field in the additional probe sector of the form
Ap = —Et + Ay(r) , (4.39)

where F is the electric field along the x!-direction. The function A;(r) encodes the possibility of
a non-zero current which results from applying the electric field. The Euclideanized DBI action is

given by

e2h b 1/
SDBI == NT / dref+2g+¢ |:(1 - T) (1 + 662g¢,2) + ba’f} s (440)
e = 2md)E, a3 =(27a)A, . (4.41)

As discussed in [§], for a non-trivial ¢(r), the action is minimized for a} = 0. To have a non-trivial
a’, we focus on the parallel-shaped profiles which are given by ¢ = const. For the parallel-shaped

profiles the equation of motion for the gauge field is given by

eft29+2 ba,l =
(1 _h ba’2)1/2 ’
o 1
. 1/2
, b—e’h
= al_g (be2f+49+2‘1>—j2> : (4.42)

Asymptotically, the solution for the gauge field takes the following form

' 1 — 32ae?
ay(r) = J (1—1—&—06e

- m—2) 1 4.4
52 D )—1—6(3]111 )logr + , (4.43)
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The condition that the solution for the gauge field given in equation (4.42) remain real ultimately
determines the constant j in terms of the electric field and other parameters of the theory.

First, the location of the pseudo-horizon — which is where the numerator of the right hand

side of (4.42)) vanishes — is given by
rﬁh = (L' +ry) + gez [8ryo+ LY (1+16€*a)] + O(€?) . (4.44)

Note that in the above formula the coupling m does not enter. In general, depending on the
sign of the constant «, the location of the pseudo-horizon can increase or decrease compared to
the location in the case of vanishing back-reaction. If we set o = 0, then the pseudo-horizon
receives a positive contribution coming from the back-reaction. Now the constant j can be fixed

by demanding

jlo,m, e, ry) = b(r)/2ef (D20 +20) (4.45)

T=Tph

In general the correction to the constant j at the leading order in € has a complicated algebraic
form. For illustrative purposes, we can present one simplifying case in the limit 7% /(eL?) < 1.
We get

§? = (eLQ)3 1+ 4—68 — 8¢ (eL*) m™? + 3ec’a + g log <Tih>} +0 <%) , (4.46)

where we have used equation (4.44]) above.
To recast the above formula in terms of the quantities defined on the boundary field theory,
let us recall a few basic definitions: First, the overall constant N that appears in front of the DBI

action leaving out the integral over the time direction

1

N = N;; (87%) , and 77 = 7

2m) "t (4.47)

where we have set the volume of the three Minkowski spatial directions, Vgs = 1. If we also set
the radius of the deformed AdS-space, L = 1 then using equation (2.6) and the above definitions

we get

_ o 34 34
N =AN;N,, where )= %A =% (AwgiN.) . (4.48)

where A\ denotes the 't Hooft coupling. The current density in the boundary gauge theory, denoted
by (J.), can be obtained as (see equation (4.69)))

(J.) =N (27d) ] . (4.49)
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For simplicity, setting m™ =0 = o we get

(Js) = AN}/ N,EV2ra/E (1 + % + % log (T:h» . (4.50)

Here we can define an effective 't Hooft coupling absorbing all e dependences in it, which will leave

us with a simple formula for the conductivity much like for the case of vanishing back-reaction.
Notice that now, even for the purely electric field case, we will have a non-trivial phase struc-

ture. To demonstrate the existence of this phase transition, in fig. [l we have shown the behaviour

of A¢, as a function of ry, the radial position where the brane—anti-brane pair joins, for different

values of e/r?%. On the other hand our expectation is that increasing the electric field will favour a

A, [rol
15F
10f

05r-

Figure 4: Ag.(ro) for rg = 1,e = 0.01,m? = 0.05, « = 0 and e = 1 (red), e = 5 (green), e = 10
(purple), e = 15 (black) and e = 20 (blue). Clearly e is measured in units of r%.

restoration of the chiral symmetry. Thus we should observe a monotonically decreasing behaviour
of the phase boundary curve in the Ag¢, vs e/r? plane. This is demonstrated in fig. . We should
note that only for € # 0 there is a non-trivial phase structure and the qualitative features are

similar for various values of e.

4.2 Purely magnetic field

Now we will introduce a constant magnetic field on the worldvolume of the additional probe D7

and anti-D7 branes. The ansatz for the gauge field is
As = Ha? | (4.51)

which represents a constant magnetic field Fos = H along the z'-direction. With this gauge field
the DBI action is given by:

1
ot = N [ dre D010 (1 g ) V L4 b)emOg (2. (452)
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Figure 5: The critical A¢, ( ) for m? = 0.001 and € = 0.01 (blue) or ¢ = 0.1 (green). The
shaded region below the dashed line corresponds to the xYSB or metastable xSR phase and the
region between the dashed and dotted lines represents the SR or metastable xSB phase. Above
the dotted line, xSR is the only possible configuration.

Defining B := 27w’ H, we obtain

el tig+® /1+BQh(7")%gb’

W1+ ébngqb’?
Equivalently,
J(r) = e (454)

\/b( )2 (1 4 B2h(r)) e2/ (r)+8g(r)+22(r) — 62 2.b(r )€2g(r
where we have defined

) 2/ (r0)+69(ro)+2®(ro) )
cy = G b(ro) (1 + B?h(ro)) . (4.55)

To demonstrate how this constant magnetic field affects the coupling A¢., we can make a plot
in the A¢, vs rq plane for different values of B. This is shown in fig. [f] The existence of a phase
transition is self-evident from this diagram and the corresponding phase structure is shown in

fig. [7] which is consistent with the phenomenon of magnetic catalysis.

4.3 Holographic renormalization

In the context of the AdS/CFT correspondence, the on-shell action Spg; of the additional probe
sector corresponds to the generating functional of the additional flavour sector that has been
introduced in the dual field theory. This on-shell action contains UV divergences. Holographic
renormalization is the rigorous procedure to regulate such divergences by adding covariant counter-

terms on a cut-off surface and then taking the cut-off to infinity. In our current scenario, we have
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Figure 6: A¢y(rg) for rg = 1,e = 0.01,m? = 0.05, a = 0 and B = 0 (black), B = 5 (green),
B =10 (blue), B = 20 (red) and B = 30 (purple).
Ad,
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Figure 7: The critical (blue and green, dashed) and maximal (red, dotted) A¢.(h/r%;) for m? =
0.001 and € = 0.01 (blue, red) or € = 0.05 (green). The shaded region below the dashed line
corresponds to the xSB or metastable xSR phase and the region between the dashed and dotted
lines represents the ySR or metastable xSB phase. Above the dotted line, xSR is the only

possible configuration.

a cut-off surface r, already in the problem and we need to restrict this cut-off surface to a position
much below the Landau pole, which in our case is located at infinity. For a review on the procedure
of holographic renormalization, see e.g. [37].

Let us apply the procedure of holographic renormalization to our current case. Here we will
work with Euclidean signature. To procede, we need the following data: A = cut-off; ~;; is the
induced metric on the r = A slice and v := dety;;. After the counter-terms are introduced, we

need to take A — r,, which is the actual cut-off surface.
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Firstly, we shall discuss the case of the parallel embeddings. We will review and elaborate
on the discussion presented in [I6]. In the absence of any external fields, the on-shell Euclidean

action for the parallel embeddings is given by

S| :NT/ dref () +29+2() (4.56)

TH

The divergent pieces in S} can be arranged as follows:

976 (2 1 1 1
M (m~) + ——ry (—Te+ 48) + Em_QTzGTj'l{ - Eﬂﬂl{ log (T_H)} + finite . (4.57)
T

div __ .
S =Nr 3 192 .

Of course, the € dependent terms are parametrically much smaller compared to order one numbers
and thus the leading order divergent behaviour is identical to the pure AdS-case, which contains
only a quartic term. In addition to that there is another divergent piece proportional to (erf). The
remaining terms in the above expression are actually not divergent under the conditions written in
equations and and will eventually be absorbed in an effective 't Hooft coupling which
receives correction due to the presence of the back-reaction and the temperature. It is worthwhile
to remark that the “potentially divergent” term proportional to log(rg /7.) stems from the infrared
part of the geometry. This can be understood by noticing that this term will not arise if one first
expands the integrand in in inverse powers of r, and then integrates; instead one needs to
first integrate (4.56) and then expand the result in inverse powers of r,. Note that the on-shell
action does not depend on the warp factor h(r) and hence the divergences are also insensitive to
the constant a.

It was shown in [16] that we need only one counter-term to regulate the divergences of this
on-shell action; however, the a-dependent contribution (which will be present in the counter-term)

was not included there. In the most general case, we need the following counter-term

1

L 4 Q
Set ./\/'T4 < €35 + Z€rem + —2L4er*> \/dety

= A(em ™2 ear!) \/dety . (4.58)

The constant A receives finite correction coming from the presence of the back-reaction and the
irrelevant operators in the theory. This leaves us with the two “potentially divergent” pieces which
can be absorbed in the definition of an effective 't Hooft coupling:
Aett(T) = A |1+ Zelog — | + FemTT, + O(e”) (4.59)
T

where A = 4mgiN, is the 't Hooft coupling. Note that the effective 't Hooft coupling also re-

ceives finite corrections due to the presence of the back-reaction, the deformations of the original
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CFT and the background temperature. This exercise demonstrates that the presence of the back-
reaction does not call for a new counter-term, at least at the leading order in €. Let us now discuss
the case when there is a constant electro-magnetic field on the worldvolume of the probe sector.

We will discuss the electric and the magnetic cases separately.
Case I: electric field

We will first discuss some subtleties that occur in the presence of an electric field as elaborated
in [§]. First, the on-shell action in this case for the parallel embeddings should be supplemented
by a boundary term due to the variation of the gauge field itself. Second, the lower limit of the
integration is where the pseudo-horizon is located rather than the actual event-horizon of the
background. The latter is motivated by a couple of facts, most prominently the fact that the open
string metric, which is the metric the open string degrees of freedom should sense, possesses an
event-horizon which is the pseudo-horizon; and hence it is natural to cut-off the integral at this
location. This prescription also has the technical advantage of avoiding an IR singularity coming
from the location of the event-horizon [§]. Altogether, we arrive at the following form for the

on-shell action,

re b B 2h, 1/2
S|| _ NT/ dr 62]‘(7’)—5—49(7“)—|—2<I>(7‘) ( (7') (& (T)) 7 _]all ’ (460)
(b(r)€2f(r)+4g(r)+2<1>(r) _ ]2)

Tph

where r,, was determined in equation . Subsequently the constant j is determined from
equation and the gauge field can be obtained from equation (4.42]).

It is straightforward to see that the boundary term due to the gauge field contributes a finite
quantity and there will be no divergences associated with it. All divergences will come from
the DBI-piece. Let us comment on the case of vanishing back-reaction. The presence of the
background gauge field introduces a new logarithmic divergence,

; rd o1
Sﬁ” =—Nr <Z* — §e2L4 log r*) + finite , (4.61)

where r, is the cut-off surface. The above divergences can be regulated by adding a counter-term

on the r = const. slice

L ,
St = NTZ (\/ dety — (2ma/)” \/dety vy Fiy Fy log m)
= Ay/dety + By/dety 94" Fy Fj logr, | (4.62)

where A and B are the coefficients of the counter-terms.
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Now — including the effect of the back-reaction — the divergences take the following form:

4 7 1
dw//\fT = (1 — —6) — —e*L'logr, (1 + 24)

4 48 2
2 1 1 1 Ty
+ € [—gmzrf + ém’Qrf (rf,h + 62L4) — Zezarf + (2j2m2 — iae%ﬁh) log (%h)}
+ %62L4 (log(r/ron)) + T (ron, €, 1) + finite (4.63)

which is true at the leading order in €. The term 7 is a “potentially divergent” term coming from
the IR of the geometry, which in this case is located at r = rp,. This term gives

T (Tph, €,74) = (4.64)

/ ( ) dz |
ron V 4:64 + 2€2L4
which can be integrated analytically; however, we refrain from doing so since the result is alge-

braically complicated and not particularly illuminating. Note that, when e — 0, we get

J(rpn, 0,7.) = T (ru,0,7,) = _16 r; log (TH) , (4.65)

*

which is exactly what we had in [16]. Ultimately, the term J contributes to an effective 't Hooft
coupling as explicitly demonstrated in [16].

We will now introduce appropriate counter-terms to take care of the divergences. Note that
the leading order divergences in are again a quartic one and a logarithmic one. There is an
r® divergence supported purely by the back-reaction. The rest of the terms — which depend on
r, — are nonetheless parametrically finite within the regime of validity of our solution. Since the
physics should not depend on the cut-off surface r,, we will define an effective coupling which will
receive corrections due to the presence of the horizon, the electric field and the cut-off surface.

The counter-term turns out to be:

L 4e
Sy = _NTZ {(1 — 3% + 2—24047" + zm 22 4 3ae2elog(r*/rph)\/det7)
— (1 + 4em™ 27“2 — glog(r*/rph ) (2ma) \/det 7”7 sz log(r*/rph)]
= Ay/dety + By/detyy 4" Fy Fj logr, . (4.66)

which again implies that there is no need for any additional counter-term as compared to the case
of vanishing back-reaction. The presence of the back-reaction and other relevant parameters in the
theory, such as the temperature or the electric field, yields a finite contribution to the coefficients
of the counter-terms.

21



To obtain the boundary current, one can follow the procedure outlined in [38]. We will briefly
review this process and argue that the presence of the back-reaction does not change the identi-
fication of the boundary current. To this end, we go back to Minkowski signature and write the

on-shell action for the probes as
Spr = —N/dtdrﬁon—sheu +N/dt£ct ; (4.67)

where L, _shen denotes the on-shell Lagrangian (presented in equation (4.60])) and L., denotes the
counter-terms given in equation (4.66) and N' = TNy, where T is the background temperature.
The variation of the on-shell regularized action is

5£0n—shell 5£0n—shell 5£0t
= — —0,0A —0,0A, | — Al . 4.

There will be no contribution coming from the counter-term since we impose [ dtd;0A, = 0. The

only contribution will come from the first variation of the on-shell Lagrangian and thus we get

. 0Spr " -
(J.) = A =N (2ra') 7, (4.69)

where we have used the definition of j from equation (4.75]).
Case II: magnetic field

Since the divergence structure is identical for the parallel and the U-shaped embeddings, we

will discuss the parallel case in detail. The on-shell action with a purely magnetic field is given by
S| = Nr / dref 2900 (14 B2 ()2 (4.70)

The divergences of the on-shell action takes the following form

e 7 1
S||/NT = Z* (1 — 4—;) + EBQL4 log . (1 + i)

2 1 1 1 .
+ € [—gm_%f + ZBQOéTff + §m_27"f (ryy —2B°L*) — éar}l{BQ log (:—H>
1

— EBQL4 (log(r*/rH))ﬂ +J (re, B,rg) + finite | (4.71)

where J is the “potentially divergent” term that arises from the IR of the background, which is
explicitly given by
J = i / drav/z* + B*LA log (3) . (4.72)
TH T
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Note that the divergences in equation are very similar to the ones encountered for purely
electric case in equation (4.63)); in fact, equation can be obtained from equation by
j — 0 and e? — —B?, which of course makes sense since in the absence of a finite temperature
Lorentz symmetry allows one to the identify the physics by sending e? — —B2. This means that
the divergence structure does not depend on the finite temperature. However, the presence of the
finite temperature affects the effective 't Hooft coupling in inequivalent ways for the electric and

the magnetic cases.

4.4 Electromagnetic fields

At zero temperature, in the presence of an electric and magnetic field, denoted by E and H
respectively, there are two Lorentz invariants: E?2—H?and E-H. Therefore, when the temperature
vanishes, it is sufficient to analyze the cases when the electric and the magnetic fields are parallel
or perpendicular. However, it was demonstrated in [8] that these two situations yield qualitatively
similar results; hence in order to keep our discussions simple, we will consider the perpendicular
case only.

Let us introduce

Ap = —FEt+ A(r), Ap=Hz', (4.73)
which yields

SpBI :NT/dTef(T)JrQQ(TH‘I’(T) 1+ B2h(r) — e2h r)
b(r)

1/2
1 0 ?
(1 + gb(r)e%’(’")(b’(rf) +b(r) (aal_ir)) ]
For convenience, we have again introduced the following:
e:=2rd’E, B:=2rd'H, a:=21d'A; . (4.74)

Of course, the action should be supplemented by the boundary term discussed in [8], but we have
not written it explicitly since it does not affect the equations of motion. The boundary term
becomes relevant only for the computation of the free energy and the discussion of the phase
diagrams. The basic structure of the probe profile functions remain qualitatively the same as
discussed in [§]. In the case of a non-trivial profile ¢(r), the action is clearly minimized when
ai(r)=0.
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For the parallel embeddings we find,

. 2 2h(7”
o =+—7 \/1 O (4.75)
V() A/b(r) e+ ig) 280 ) — 52
. 47 )
=+ L‘?—g +O(r ") +e ( ‘7‘: + O(T‘?’))] +.... (4.76)

The second line above is valid as r — r,, the UV cut-off. As it was pointed out in []], imposing
the ingoing boundary condition singles out the solution in (4.75)) with positive sign.
The location of the the pseudo-horizon, denoted by 7, is now obtained by solving the following

algebraic equation

h(r)
1+ B?h(r) — e*—= =0, (4.77)
b,
which then fixes the response-current
j — b(T)BQf(T)+4g(T)+2q)(T) ‘ (478)

T=Tph

The current in the dual field theory is proportional to this constant j, with the proportionality
constant determined in . It is not particularly illuminating to present the formulae explicitly
in terms of all the variables of the system; therefore we refrain from doing so. The formula above
gives an Ny/N, correction of the conductivity formula discussed in [38, [39]. Note that in [40] an
analogous Ny /N, correction to the conductivity formula has been obtained for a probe sector which
is different from what we are discussing here. So, although in the limit of vanishing back-reaction,
both our result and the result of [40] coincide with [38], the N;/N. correction is different.

As far as the possibility of a phase transition is considered, let us investigate (along the lines

of [§]) the angular separation for the U-shaped embeddings. The angular separation in this case

is given by
" dr 1
A¢p, = 120/ , 4.79
¢ ro €9V \/62”69*2‘1’ [b+ h(B?b — €?)] — 6¢2 ( )
where
1 1/2
= —e/ TP [b+ h (B% — €?)] (4.80)
c e e
V6 r—ro

It can be checked from the above expression that the large ry limit corresponds to large ¢ limit.
Our task is to investigate what happens to this angular separation as ¢ — co. Using the solutions
in (2.7)-(2.11)), it can be shown that in the limit ¢ — oo we get

T+ /T0 1 T+ /T0
A¢* = / dy:Zl(yv 6) - F (62 - BQ) / dyz?(ya 6) + ... ) (481)
1 0 1
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where we have defined y = r/ry. Here we will not present the functional forms of Z; or Z, since they
are not particularly illuminating; however, we will remark that the resulting integrals, performed
over the variable y, are positive numbers. For large values of rg, we can have two physically
different regimes to consider: one where r, > rg and one where rq ~ r,. In the former regime, the
angular separation tends to asymptote to a constant value and the behaviour is similar to what
is discussed in [§]; however as ry increases, we enter the second regime and A¢, — 0 eventually.
Thus, in this case, irrespective of the relative magnitudes of the electric and the magnetic fields,
there will always be a corresponding phase transition.

To make connection with our earlier work in [§] with a vanishing back-reaction, let us recall
that there we found an upper limit on the electric field e < B, beyond which no phase transitions
happen. We can recover this result from the above expression. To do so, let us set € = 0, which
restores the conformal symmetry and we will have 7, /ro — oo now. In that case, A¢, < 67/4

for e > B and therefore no phase transition takes place.

4.5 Including a chemical potential

There are two types of chemical potential we can introduce: U(1) (baryonic) and isospinﬁ. We can
explore their effect in both the back-reacted and non-back-reacted backgrounds. We find that the
effects are very nearly the same in any of these cases, i.e. back-reaction does not significantly alter
the results. Also an isospin chemical potential yields results that are qualitatively similar to the
ones obtained in the U(1) case. Thus for simplicity, we will discuss the U(1) chemical potential
case in the absence of back-reaction.

The canonical way to realize a chemical potential is to excite the time-component of the gauge
field A;(r), which will give rise to a bulk field strength Fj,.. The corresponding DBI action takes

the form

2 1/2
S = NT/dTT3 <1 + %b(r)gzﬁ'2 - af) = ./\/T/drﬁ ) (4.82)
br) = 1— (%)4 4= (2mal) A, (4.83)

Once again we remind the reader that we are considering the case when the back-reaction vanishes,
i.e. € = 0 limit of the background in (£2.7))-(2.11)).

8In this case, one will require two flavour branes. See e.g. [41] introducing an isospin chemical potential in the

Sakai-Sugimoto model.
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The equations of motion that result from the above action are given by

r? r3b(r)¢’ B
(E) (1+ %b(rﬁba B a?)l/Q =cC, (4.84)
ria,

(1 + %b(r)qb/2 — af)l/2

where we have seen the constant ¢ appear before and d denotes a new constant of motion. Before

=d, (4.85)

going further, let us discuss these equations in more details. Note that, in order for the U-shaped
profiles to join smoothly at some r = ry, we need to impose ¢'(rg) — ooﬂ From the above
equations of motion we can conclude that this condition leads to set d = 0 identically, or demand
that a}(rg) — oo as well. In order to keep the norm of the bulk vector field F}, finite, we conclude
that for the U-shaped profiles we have d = 0 and they will not be affected by the inclusion of the
chemical potential. This is expected on physical grounds since the bulk radial field has nowhere
to go for the U-shaped profiles. On the other hand, for the parallel embeddings there will be a
non-trivial gauge field.

For the parallel shaped case, the asymptotic behaviour of the gauge field takes the form
, 2d
ay(r) ~ (27r04),u—r—2+... ) (4.86)

where the constant p is related to the chemical potential and the constant d is related to the
charge density of the system. Let us denote the charge density in the probe sector by
08
0F
where we have used the asymptotic expansion in and the definition of S from . On
the other hand, the chemical potential of the system can be obtained by
1 ! /OO ay(r)dr = ( d 211 (%’ %; %; _(dQ/T%)) (4.88)
TH

- / 1\ g2 ’
21 2l )rs;

p p = (4N7) 2na’)d , (4.87)

where we have utilized the solution of a}(r) in terms of d from equation and oF; is a
hypergeometric function. Our task henceforth will be to determine the favoured phase among
the U-shaped and the parallel profiles. To determine this, we need to evaluate and compare
the corresponding thermodynamic free energies of the individual phases. In this context, we can

address this in two inequivalent ways, 7.e. in grand canonical and canonical ensembles respectively.

9Note that, if we relax the condition ¢’(rg) — oo, then the physics is richer. One will have to consider
including explicit sources which can support the radial field strength on the U-shaped profiles. Usually there are
two candidates for such sources: a baryon vertex and a bunch of fundamental string attached to the probe brane
at ro. The qualitative picture is similar to [42], which analyzes baryons in the Klebanov-Strassler set-up[5]. In the
Klebanov-Witten case, we have one candidate for explicit source: a bunch of fundamental strings that stretch from

r =1y to r = ry. However, we will not discuss the physics when such explicit sources are included.
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4.5.1 Grand Canonical Ensemble

Let us first work in the grand canonical ensemble. If we take the action in (4.82)) in its full
generality and evaluate the corresponding variation on-shell, then we are left with the following
boundary term

, (4.89)

6S = Nr [85 oL 6at}

hdady S hdad
55°° " Bl
where r,;, denotes the lowest point in the infrared, r,,.. denotes the UV-cutoff and £ denotes the
Lagrangian density in (4.82)). Using the equations of motion in (4.84]) and (4.85)), we get
08 = 00 (Aps) + 01, (4.90)
O¢ :NTC s OM :NT (27T0/)d s (491)

Tmin

which implies that the natural thermodynamic variables in the corresponding ensemble are A¢,,
and p. This means that the on-shell action defines the corresponding Gibbs free energy in the
grand canonical ensemble. The corresponding canonically conjugate variables are ¢, which is a
condensate-like object, and d, which is related to the charge density via .

In the grand canonical ensemble it is straightforward to check that at finite temperature, the
chiral symmetry restored phase is always favoured for any value of the chemical potential, which
qualitatively is the same physics we observe at vanishing chemical potential as well [§]. In the
absence of any back-reaction, we can only obtain a non-trivial phase structure after the inclusion
of a magnetic field. This can be easily achieved as before, see e.g. equation . Introducing
this field will deform the DBI Lagrangian and we will get

1/2
L=r (1 + %Zb(r)gb'Q - a:f) : (1+ B*L*)rY)'? (4.92)
The analysis of the solutions proceeds as before and one can conclude that a non-trivial chemical
potential will exist only for the parallel shaped case. For a fixed value of the chemical potential
one can now explore the phase diagram, which is shown in fig. [, From the phase diagram it is
clear that the effect of magnetic catalysis observed in [§] for vanishing chemical potential survives
here. Here we have presented only a representative diagram, but have checked explicitly that
the qualitative behaviour remains similar for a wide range of values for the chemical potential.
Evidently, one can also explore the phase diagram (even without any magnetic field) resulting
from the non-trivial dynamics once back-reaction is included. However we will not attempt this
here, because, as should be noted, once the back-reaction is taken into account, the qualitative
nature of fig. [§ will not change since we treat the back-reaction perturbatively. Thus, the physics

will remain unchanged at the leading order.
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Figure 8: The phase diagram in the non-backreacted background with a U(1) chemical potential

for (2ra/)p = 1.0 in the grand canonical ensemble.

4.5.2 Canonical Ensemble

Let us now switch gear and discuss the physics in the canonical ensemble, which is characterized
by the charge density rather than the chemical potential. The corresponding free energy is the
so called Helmholtz free energy that can be obtained by a Legendre transformation of the Gibbs
free energy. In terms of the on-shell action of the probe, we now need to consider the following
quantity (see e.g. [43])

. oL
E_E_a_aéat.

(4.93)
Clearly, since the U-shaped profiles do not support a non-trivial a;, the Legendre transformation
will change the corresponding free energy for the parallel shaped profiles only. It can be checked
that in the canonical ensemble we have a non-trivial phase diagram when a non-zero charge density
is introduced. We obtain a phase transition both at vanishing and at non-zero magnetic field. The
corresponding diagram is shown in fig. [9) Moreover, we can also explore the physics in the presence
of a magnetic field. A representative phase diagram in shown in fig. 5, which again demonstrates
the effect of magnetic catalysis that we have observed and commented on several times by now.
Before concluding this section let us remark that the inclusion of the back-reaction again does not

have a significant effect on the qualitative physics, as expected.

28



Ade, Ay

14
1.5/ YSR
. 13 VSR
! SB
* 1.2
0.5 B
11 Y
| | | d 2
0.5 1.0 15 rys 0.2 0.4 0.6 0.8 T/H

(a) (b)

Figure 9: Panel (a): Phase diagram at vanishing magnetic field, in the canonical ensemble. Note
that there is no corresponding phase transition in the grand canonical ensemble. Panel (b): A

representative phase diagram in the presence of a magnetic field. Here we have fixed d = 2.

5 Discussion of results

In this article, we investigated various aspects of the back-reacted solution that we obtained in
[T6]. In keeping with our perturbative approach, we find that the physics is qualitatively similar to
the original background both w.r.t. the back-reacted background and the additional probe sector.
We observe the familiar magnetic catalysis effectFE], and the emergence of a pseudo-horizon in
the probe sector. We also initiated a study of the corresponding phase structure introducing a
chemical potential in this model.

There are various directions for future work. When the back-reaction is included, the presence
of the phase transition in the additional probe sector demands a more thorough study of the model.
This phase transition is perhaps signaling that we need to obtain backgrounds back-reacted by
both the parallel and the U-shaped profiles and compare their energetics to decide whether the
true picture is richer in physics. This is a rather intriguing possibility that we hope to address in
the future.

For our current work, it was convenient to consider the additional probe sector and exciting
various fields restricted to this sector. In principle, it should not be possible to distinguish between
the additional probe sector and the back-reacting probe sector and thus what we have analyzed
here is at best an approximate situation, however, it would be very instructive to consider the
back-reaction including such worldvolume gauge fields: The back-reaction by a probe magnetic

field will induce anisotropy in the system, a chemical potential will induce a charged black hole

10See e.g. [44, 45, [46], [47] for similar effects in other models in the probe limit and in [48] beyond the probe limit.
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background, an electric field will induce a time-dependent background where the actual bulk
event-horizon will be increasing with time. Such results would be exciting to further analyze and
understand.

Note that our analysis of the model with the chemical potential is rather rudimentary in the
sense that we did not include any source terms. We observed that the phenomenon of magnetic
catalysis persists and is independent of the chemical potential. On the other hand, it has been
observed in e.g. [49] that an inverse magnetic catalysis effect exists for the Sakai-Sugimoto model.
It will be very interesting to see whether it is possible to find a similar physical effect in this model

once sources are included. We leave such interesting research opportunities for future work.
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