PHYSICAL REVIEW D 102, 106007 (2020)

Holographic mutual information and critical exponents
of the strongly coupled plasma

Hajar Ebrahim 2" and Gol-Mohammad Nafisi®""
1Department of Physics, University of Tehran, North Karegar Avenue, Tehran 14395-547, Iran
2School of Physics, Institute for Research in Fundamental Sciences (IPM),
P.O. Box 19395-5531, Tehran, Iran

® (Received 21 June 2020; accepted 19 October 2020; published 6 November 2020)

This paper contains discussions on the entanglement entropy and mutual information of a strongly
coupled field theory with a critical point which has a holographic dual. We investigate analytically, in the
specific regimes of parameters, how these nonlocal operators behave near the critical point. Interestingly,
we observe that although the mutual information is constant at the critical point, its slope shows a power-
law divergence in the vicinity of the critical point. We show that the leading behavior of mutual information
at and near the critical point could yield a set of critical exponents if we regard it as an order parameter. Our
result for this set of static critical exponents is (1/2, 1/2,1/2,2) which is identical to the one calculated via
the thermodynamic quantities. Hence it suggests that beside the numerous merits of mutual information,
this quantity also captures the critical behavior of the underlying field theory and it could be used as a
proper measure to probe the phase structure associated with the strongly coupled systems.
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I. INTRODUCTION AND RESULTS

Following the recent advances in theoretical physics, one
could observe that the quantum information theory and
quantum gravity have become the frontrunners of current
theoretical research programs. Due to the developments in
studying black hole physics via holography in recent years,
it has become evident that the concept of entanglement
plays a key role in connecting those two disciplines.
Furthermore, it also resulted in fruitful insights toward
understanding the important properties of the strongly
coupled systems, as well as shedding light on our current
view of quantum gravity [1]. For a given bipartitioned
system in general, entanglement entropy measures the
amount of quantum entanglement between its two sub-
systems. In the context of quantum field theory, one could
also calculate the entanglement entropy between two
spacetime regions using the replica trick method [2].
Following up the seminal work of Cardy and Calabrese
in which they obtained the entanglement entropy of a
two-dimensional conformal field theory, generalizations of
their results for the higher dimensional field theories have
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been an active line of research [3-5]. It was also shown that
the entanglement entropy in field theories suffers from
short-distance divergence obeying an area-law behavior
which makes it a scheme-dependent quantity in the UV
limit [6,7].

In the context of AdS/CFT correspondence [8-10],
quantum entanglement has become one of the main
research interests as well. Ryu and Takayanagi (and
later Hubeny, Rangamani, and Takayanagi) proposed a
general recipe for calculating the entanglement entropy of
d-dimensional large-N conformal field theories (CFTs)
which admit holographic dual [11,12]. Their proposal
has successfully satisfied the necessary conditions
required for the entanglement entropy of field theories
and matched with the prior known results obtained for the
two-dimensional CFT [13-15]. Later on, by studying
classical Euclidean gravity solutions with a boundary,
Lewkowycz and Maldacena showed that the entropy of
a well-defined density matrix is proportional to the area of a
minimal surface. This result provided an argument for the
correctness of Ryu-Takayanagi conjecture [16]. The
remarkable success of this proposal stimulated numerous
works which gave us more insights toward better under-
standing of this topic [17-27].

In order to overcome the scheme-dependent measure of
entanglement, one can use a specific linear combinations of
entanglement entropies called mutual information which is
defined by I(A:B) = S(A) + S(B) — S(A U B), where S
denotes the entanglement entropy of its associated space-
time region. Mutual information is a finite and positive

Published by the American Physical Society
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semidefinite quantity which measures the total correlations
between the two disjoint regions A and B [28-30]. We will
show that in our background the dominant term in mutual
information features an area-law behavior in high temper-
ature limit, in contrast to the entanglement entropy which
has a volume-law behavior within the same thermal limit.
Therefore mutual information would be a more reliable
quantity to be used in order to investigate the physical
properties of systems described by quantum field theo-
ries (QFTs).

In QFTs with interesting phase structures, in addition to
thermodynamic quantities, a nonlocal operator such as
entanglement entropy has been extensively used to char-
acterize phases or to be considered as an order parameter
for phase transitions (see [31-33] and references therein).
In holographic context it was argued that entanglement
entropy can be considered as a probe of confinement in
large-N gauge theories for the first time in [34]. Later on,
holographic entanglement entropy was used to study the
phase structure of theories in the presence of chemical
potential in holographic QCD models (see e.g., [35,36] and
references therein).

In this paper we consider AN =4 super Yang-Mills
theory at finite temperature, 7, charged under a U(1)
subgroup of its SU(4)r R-symmetry group which
includes one chemical potential, y, and it is dual to
the well-known 1-R charged black hole background [37-
42]. More detailed discussions regarding this background
can be found in Sec. II. Due to the fact that the
underlying theory is conformal, its phase diagram is
one dimensional and it is characterized by the ratio u/T.
This one-dimensional line ends in a critical point denoted

by u./T.=n/\/2 [43,44]. Since the phase structure of
this theory is simple, it provides us with an analytically
solvable model to study the behavior of different physical
quantities near the critical point. For example in time-
dependent setups, the behavior of conserved currents,
quasinormal modes, and other quantities such as com-
plexity has been studied numerically in this model. It has
been shown that the behavior of such quantities are the
same near the critical point and they result in the same
dynamic critical exponent [44—47].

In this paper we use this model to discuss its critical
phenomena in terms of information-theoretic measures
such as entanglement entropy and mutual information.
We obtain these measures analytically, in the context
of gauge/gravity duality, within the various thermal limits.
We also use mutual information, which is a scheme-
independent quantity, as an order parameter and discuss
its behavior near the critical point.

Finally by using our results for the holographic mutual
information, we obtain the following values for the two
suitable independent static critical exponents:

1
6=2 and yzi, (1)

and by using the well-known scaling relations we deter-
mine the four static critical exponents to be

111
(a.p.7.6) = (55572) (2)

which are in full agreement with the ones obtained
previously in the literature using thermodynamic quantities
[41,42,44].

II. THE BACKGROUND GEOMETRY

As we mentioned in the Introduction, we are interested in
studying the critical phenomena of a strongly coupled
plasma using the framework of holography. Therefore we
start with a holographic geometry in five dimensions dual
to the aforementioned four-dimensional field theory with
critical point, which is known as the IRCBH background
[37-41].

A. Geometry

We consider a gravitational theory on a five-dimensional
manifold with metric g,,, consisting of a gauge field, A,
and a scalar field (dilaton), ¢, which is described by the
following Einstein-Maxwell-Dilaton (EMD) action:

o @)
Semp = m / dx\/=g [R - TFWF
-5 @9 - V). 3

where GS) is the five-dimensional Newton constant. The

coupling function between the gauge field and the dilaton,
f(@), and the dilaton potential, V(¢), are given by

F(g) = e V¥,

V(p) = —% (8¢¥% + deV3), 4)

where R is the asymptotic AdSs radius. The 1RCBH
background is the solution to the equations of motion of
the EMD action in Eq. (3) and it is described by

28() p4

2 _ A (_ 2 g2 ~
ds(s) = " (=h(z)dt* + dxy)) + ne) 2

( dz?, (5)

where
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Az) = 1n(’§)+61 ( Q;fz>,
B(z) = —ln<§) ~ 4 (1 +%),

M2Z4
h(z) = T e 0
@ RO(1+2%)
2 2.2
b2 = _\@m <1 +22 >
2 2
o(z) = MQz;, 3 MQz (6)

R4(1+%) R4(1+Q2 2)

in which @(z) is the electric potential given by the temporal
component of the gauge field and it is chosen such that it is
zero on the horizon and regular on the boundary [43,44].
Note that we are working in the Poincaré patch coordinates
by defining z = R?/r such that z is the radial bulk
coordinate and the boundary lies at z — 0. The black hole
mass is denoted by M while Q denotes its charge. By using
the fact that /(z;,) = 0, one can obtain a relation for the
mass which then gives us the following expression for the
blackening factor:

The location of the black brane horizon, z;, could be
expressed in terms of M and Q as

2
Zh:R\/Q +

B. Thermodynamics

NIN N

0* + 4AM’R?
2M? '

(8)

The field theory dual to the geometry background
discussed in the last subsection is characterized by the
temperature, 7, and the chemical potential, u. Following
the usual recipe for obtaining the temperature, i.e., Wick
rotating the temporal coordinate of the metric, performing a
Taylor expansion of the metric coefficients near the horizon
and imposing the periodicity condition, we obtain the
Hawking temperature as

= 4zR2 =B (7,) 27 )
hence
02,72
T 1 2+ (%2) (10)
271'Zh 1+ (%)2

where the prime symbol in Eq. (9) denotes the derivative
with respect to the z coordinate. The chemical potential is
given by

..
p = R limd(z); (11)
therefore
0
U=———— (12)
R\ /1+ (Q“)

By using Egs. (10) and (12) we obtain the following useful
non-negative dimensionless quantity:

0z, V2 u/T
=R EVI-R) s <ﬂ/ﬂ>' (13)

For our future use, we rewrite temperature in terms of the
dimensionless quantity Qz,/R? as

T = T(\/l;é) (14)

where we have defined 7 = 1/7z, and £ = Q%z;/R*. In
order to see which sign of Eq. (13) relates to a thermo-
dynamically stable phase, one needs to obtain the entropy
and charge density in terms of p/T first. One can show
that the entropy density, s, and U(1) charge density, p, are
given by

R? OR
_75\/14‘5, pzwvl—l-f (15)

462 827G\ 22

Now suppose that the thermodynamic potential of a system

is given by ®(xy, ..., x,) depending on some set of vari-
ables {xi,...,x,}. Then for a stable phase, the Hessian
matrix, H, of the associated potential defined by
O*P
H=|—-| 16
Y [axiaxj] ( )

should be positive-deﬁnite.1 Here we can choose the
free energy density f which satisfies —df = sdT + pdu
as our relevant thermodynamic potential. Hence by
evaluating its Hessian matrix which then reduces to
H = [0(s,p)/O(T, )], we find out that if we choose the
minus sign in Eq. (13), both principal minors of H become

u/T €[0,7/V/2] or 1e€][0,1].

strictly  positive  for

'Note that the converse does not necessarily imply the global
stability since the positive-definiteness of a Hessian matrix for a
convex function indicates a local minima; therefore, the stability
should be considered a local one instead.
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Therefore H is positive-definite and the local thermody-
namic stability of the field theory dual to 1RCBH back-
ground is guaranteed. Note that since 4 € [0, 1] then the
parameter Qz,/R? € [0, \@] therefore £, would be a
number of the one order of magnitude.

In order to classify the phase transitions in this model, we
observe that for the second derivatives of the free energy
density with respect to 7" and y we have

0*f _(0s\ _C,
‘(W),, = (ﬁ)f? and

where C, is the specific heat at constant chemical potential
and y, is the second-order R-charge susceptibility. One
could see that both diverge at u/T = z/+/2 and thermo-
dynamic quantities of the IRCBH background will end at
the point u. /T, = m/+/2 or equivalently at Qz;,/R> = /2.
In other words, the phase structure of the field theory dual
to this background will exhibit a second-order phase
transition and the critical point is characterized by the
ratio u/T as expected, since the underlying theory is
conformal.

III. HOLOGRAPHIC ENTANGLEMENT ENTROPY

Suppose that a CFT exists on a Cauchy surface C of a
d-dimensional Lorentzian manifold B,;. We define region A
to be a subset of C such that A U A° = C where A€ is its
complement. This region has a boundary 0A (the entan-
¢gling surface) which is a codimension 2 hypersurface in 3.
We then assume that the Hilbert space H of the CFT can be
factorized into H, ® H,e and we let p be a density
operator (matrix) associated to a state ) € H. Now by
defining the reduced density operator for region A to be
pa = tryc(p) where trye denotes the partial trace over A€,
one can measure the entanglement between regions A and
A€ using the von Neumann entropy2 which is a nonlocal
quantity defined by

S(A) = —tr(palogpa). (18)

In the framework of the AdS/CFT correspondence where
we have a d-dimensional CFT dual to a (d + 1)-dimen-
sional asymptotically AdS spacetime M, ;, one can use
the holographic entanglement entropy (Ryu-Takayanagi
and Hubeny-Rangamani-Takayanagi prescriptions) which
is given by [11,12]

2By assuming that this measure is mathematically well defined
in QFT.

A(}’A)

S(A) = —7,
4G\

(19)

where y, is a codimension 2 extremal surface in M, ; with

the area A(y,) such that dy, = 0A and G,(GHU is the
(d + 1)-dimensional Newton constant. This recipe has
already passed the tests one expects for the entanglement
entropy. Also the quantities derived from this relation such
as holographic mutual information satisfy all the necessary
conditions—as well as an extra feature called monogamy—
required for any entanglement measure in the context of
quantum information theory [13,14,30,48].

A. Setup

In the holographic set up, we choose our boundary
system to be an infinite rectangular strip of characteristic
length / (Fig. 1) and we parametrize the boundary coor-
dinate x in terms of the bulk coordinate z. We specity this
strip by

such that L — oo.

B. Area and characteristic length

For a general bulk manifold M, with the metric g,
the extremal surface y, is a codimension 2 hypersurface in
M1 whose area functional is given by

Alya) = [ d*'xy/det(gyy). (21)

where g,y is the induced metric on y,. For the geometric
background of Eq. (6) on the constant time slice, we
parametrize x = x(z) and obtain the area as

4
A=21? / gz 0 [ (0 4 2B0-A),
0 2*h(z)

(22)

YA

FIG. 1. A simplified sketch of a strip A on the Cauchy surface C
with characteristic length / which has a unique minimal surface
74 in the bulk anchored on its boundary.
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Since the integrand of Eq. (22) does not have an explicit dependence on x, if we construct its Hamiltonian we get the

following differential equation:
d R2 3A(z() B(z)—-A(z)
b e (23)

)= = e =

where z = z,. is the extrema of the minimal surface where z'(x) = 0. By substituting Eq. (23) in Eq. (22) we obtain

acew [ -G G (G ) e

(Qz;,/R?)* which we introduced previously in Sec. Il B. By integrating the
= £1/2, we obtain the

where we have used the definition & =
differential equation of Eq. (23) and imposing the boundary conditions x(z.) = 0 and x(0)
following expression for the characteristic length:
l e 271 4 1 _1 61—|—§i2 -4
s T IO G [0 G| e
2 Jo Zn Zh 1+&(5) z 1+ &()
Since it is not easy to calculate this integral analytically, by the help of the generalized multinomial expansions given in the

Appendix A we show that Eq. (25) can be represented by the following series

k oo o 2(k+n+m)
A ZCZZZZGknmJFanJ< ;) o ’ (26)

©
k=0 n=0 0 j=0

where
'k + )F( +m+ )F(2+3j+k+n)

Gimi = ,
ki =2 (n+ DW0(k—n+ O)I(j + DEB +3j + k+n+m)

Fiumj = (=1)ktngkntm(] 4 g)n {1 + zg(i—h) 2] )

Note that in order to make use of the binomial expansions for negative powers, we made sure that the following relations are
satisfied for the whole range of & € [0,2] and for z,. between the boundary and the horizon:

e (175) <t () oall) <

1+ &(2)° Ze

(27)

(28)

These expansions can also be used to represent the area in Eq. (24) by

PRSI E S L D(k+HT(j +m+3)
ZZZF 1)L (k —n+1)F(j+12)F(m+1)

k=0 n=0 m=0 j=0

[T

As one would expect in general, the area enclosed by the extremal surface is divergent due to its near boundary behavior.
Here one could show that the last integral (hence the area) remains finite if the condition k 4+ n + 3j > 1 is satisfied. Hence

This method of calculating the entanglement entropy and mutual information was initially used in [49-51]
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we need to isolate (k =n = j =0) and (k = 1,n = j = 0) terms together and perform their sum over m to get the part of
the area in which the divergent term is contained. By doing so, we obtain

273

)]
<h

where z = €, such that € — 0, is the cutoff surface in the bulk geometry related to the UV regulator of the field theory. We

see that the divergent term in Eq. (30) has an area-law behavior which appears in the corresponding holographic

entanglement entropy as well. This result is indeed expected in a d-dimensional field theory side where the leading
divergence in the UV limit ¢ — 0 obeys an area law. For convenience, we will work with the finite part of the area

Lt
62

1
222 22

Ay = L2R3{ 3 (30)

henceforth by subtracting the 1/¢? term.” It is given by

3
2

) LG T

C(m+HC(k+n—1)

1+
3¢

1)) -1)

Z Aknm

I'k+n+m+1)

IGHED])

L(m+j+3)0k+n+3j-1)

2, 2(k+n+m)
(&)

k=0 n=0 m=0 j=1

x {(m+1)+(k+n+3j—1)<l

where

(=D*"T(k + )
al(n+ DC(k—n+1)

knm =

We should point out that although this result for the area
is lengthy and hard to work with, it gives us the vantage
point of investigating the behaviors of entanglement
entropy and mutual information near the critical point
analytically, which we will discuss in the forthcoming
sections.

IV. ENTANGLEMENT ENTROPY
AND THERMAL LIMITS

As one could observe in Eq. (31), the area of the
minimal surface would be characterized by its two
dimensionless parameters ¢ and z./zj,. In this section
we investigate the holographic entanglement entropy with
respect to z./z, which introduces two thermal limits,
while we leave its analysis with regard to the parameter &
which controls the critical behavior in Sec. VI. Now
given the ratio of the extremal surface location to the
horizon location, i.e., z./z;, one could expect to see two

“Note that our preferred cutoff independent measure of
entanglement would be the mutual information instead, as we
will discuss in Sec. V.

v

Ze 2(k+n+m)
%)

SOkt n+tm+3j+1)
)
ghontm (] 4 &) {1 +§(§—;ﬂ o (32)

|
different cases for the area obtained in the previous
section (hence for the entanglement entropy) namely
when z./z, < 1 and when we have z./z;, ~ 1. Note that
the former implies that the minimal surface is near the
AdS boundary while the latter indicates the case where a
minimal surface approaches the horizon while never
penetrating it. This is due to the fact that in a static
asymptotically AdS spacetime, the minimal surface does
not pass beyond the horizon of an existing black
hole [52].5 For the field theory side with the introduced
scale [, we can immediately translate the aforementioned
cases into the two inequivalent thermal limits; 77 < 1
and 71> 1, respectively, where 7" is defined in Eq. (14).
Hence one could identify the z./z, < 1 case with the
low temperature limit associated with the ground state
fluctuations of CFT while the z./z, ~1 case could be
identified with the high temperature limit in which the
entanglement of the thermal excitations is considered.

We will comment on this point in Appendix D where we show
how close a minimal surface could get to the horizon in the high
temperature limit.
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A. Low temperature case

One of the main concerns while dealing with the infinite
series representation of functions is the issue of their
convergence, since depending on their growth, they might
simply diverge as well. In the low temperature limit where
z./zn < 1, we observe that both infinite series in Eqs. (26)
and (31) converge. Therefore we can expand Eq. (26) at
fourth order in (z./z,) obtaining

lzz{a —a—lé(ﬁ>2
c 1 6 Z

955 ol
+[ T | G +0Zh . (33)

where we performed the sum over j and the numerical
constants a;, a,, and a; are given in Appendix B. By
solving Eq. (33) perturbatively for z. at fourth order in

(1/24) we get
o E /1N 1 [& a
=l () s (o)
—“2(1+§)} <l>4+0<l>6}. (34)
a, Zn p

Now if we expand the finite part of the area in Eq. (31) to
the lowest orders, we obtain

e LPRP[1+E (z.\*

A= R (E) ]
L2R3 & r(G+3) |:1+§<Z_c>2

Z% j=1 \/EF(.] + 1)(3] - 1) 3 Zn

N ((—452 +9E4+9)j—-3(E+ 1)) <z_c>4]

18+ 6 Zn

(35)

Finally, by performing the sum and substituting for z,. from
Eq. (34) in the last expression and then using Eq. (19), we
obtain the entanglement entropy in the low temperature
limit as

. R [L\? E(1\?2
Sﬁmte _ - 2 -1 2
o 4GY <l> {al(wl )3 (Zh>

2(w1a—1 1)a2)

1
+—2|:(1+§)<1—W3 + 3w, +
2ay

& (eofa) )2}

where the numerical constants w;, w,, and w5 are given in
Appendix B. We note that in the limit where Q — 0, we get
7, = 1/2T and the subleading terms become second and

(36)

fourth order in 7' as expected from the AdS-RN results. To
make this relation more transparent we define

c=at(w; —1)~—0.32,
1—ws+ 3w, +2(w; — 1) (2
PN Gl ks a+2 i = DE)
1
g(wi =G -1 —8w)
at
z1.13(1+§)—1.43<§). (37)

The first term in Eq. (36) which we denoted by c in the
last expression, does not depend on temperature and it is the
contribution of the AdS boundary. Another consistency
check for our result would be the case in which we set the
chemical potential to zero. The metric of the IRCBH
background then reduces to the AdS-Schwarzschild metric
and it is easy to see that we recover the result which was
obtained previously in the literature for this particular
background [49].

By using the reparametrization of Eq. (14) we can
rewrite the low temperature limit of entanglement
entropy as

inite __ R L\? é 7 1 7
St 4Gy (7> {C+§( Tl)2+§f(&f)(ﬂTl)4},

(38)

where 7" would be equal to 7 in the limit Q — 0. The
dependence on &, which would appear in the mutual
information as well, will be utilized later in order to
investigate its behavior near the critical point.

B. High temperature case

As we mentioned in the previous section, infinite series
do not always converge. Fortunately, for a given divergent
series some methods of summability or regularization are
available to apply in order to overcome the issue of
divergence. We observe that in the high temperature limit
where z.~ z;,, the infinite sum of Eq. (31) does not
converge.. By making use of the mentioned methods,
however, we can regularize this series and make it con-
vergent by rearranging it in such a way that we could
recover a term proportional to / .7 We have included the full
expression of the resulted regularized series in Appendix C.
Therefore we can take the limit z. — z,, of Eq. (C1) and by
using Eq. (19), we obtain the entanglement entropy in the
high temperature regime as

®This divergence is due to the growth of series for z. = z;, and
it is not related to UV divergence.

"We will show in Appendix D that the sum for / in Eq. (26)
converges for z. ~ z;, after regularization.
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iy R} [L\2 l
Sf:?g‘ﬁe=—5<—> {v1+§(—)+(81+82+83)}, (39)
4G \z Z
where we defined
g L3 1 11 2 3 16+ T _64E 124 26 214+24+ 16
"7 3 58 10582 358 356 105 105 ' 21 ' 10522 ' 355 ' 35¢4
s =§°°: k 3 (k +D0(m + YT (k + n + 2)(=1)kngknim(] 4 gyrm=
S P al(n+ )I(k—n+ DC(k+n+m+3)
m+ 1 m+1 m (I4+&)(m+1) m
1 2 2
X{k—i—n—l{ +k—i—n( +k+n+1>}+ k+n +k+n—|—1 ’
=§22k3f22 F(k+ D+ m+H)k+n+3j+2)
_kzzn: gat sl (n+ G+ Dk —n+ DE(k+n+m+3j+3)
X( 1)k+n§k n+m( +é:)n—m—§
m—+1 m—+1 m
1 2
X{k+n+3j—1[ +k+n+3j< +k+n+3j—|—l>}
(L+&(m+1) m
= 24— b 4
+ k+n+3j +k+n+3j+1 (40)
By using Eq. (14) we obtain I(A:B) = S(A) + S(B) - S(AU B), (42)

finite

- R3 [L\2 . .
st =5 () (VITETIP 4 Sulaltp), )
N

where we defined Sy, =S, + S, + &3, for convenience.
We note that the finite leading temperature dependent term
[first term in Eq. (41)] scales with the volume of the
rectangular strip, LI, while the subleading term is area
dependent. Hence the first term describes the thermal
entropy while the second term corresponds to the entan-
glement entropy between the strip region and its comple-
ment, and within this thermal limit the largest contribution
comes from the near horizon part of the minimal surface.

V. HOLOGRAPHIC MUTUAL INFORMATION

We mentioned in Sec. III B that the area of an extremal
surface has a divergent nature in general and it needs to be
regulated. This fact immediately implies the dependency of
the holographic entanglement entropy to the choice of a
cutoff hypersurface near the boundary. To avoid a regula-
tor-dependent measure of entanglement, one could borrow
another quantity from quantum information theory called
the mutual information which is a well-defined entangle-
ment measure in the context of QFT [28]. For given disjoint
regions A, B C C, the mutual information is defined by8

8Simply, I(A:B) quantifies the amount of common informa-
tion between A and B.

where S(A U B) denotes the entanglement entropy of the
composite region p,p. First we note that this measure is
positive-semidefinite, since by using the subadditivity
inequality of the von Neumann entropy which states
that S(A) + S(B) > S(A U B), one can easily show that
I(A:B) > 0 where the equality is satisfied if the density
matrix of the composite region factorizes as pyp =
pa ® pp. It was also shown that mutual information
incorporates the total amount of correlations between
two subsystems or equivalently two separate spacetime
regions A and B [29]. More importantly, mutual informa-
tion is regulator independent since the UV divergences of
S(A) and S(B) are canceled by those in S(A U B).

In our setup, we let the two disjoint systems both be
infinite rectangular strips of size / which are separated by
the distance x on the boundary (Fig. 2). For the minimal
surface y,.p, satisfying the condition 9y, 5 = 9(A U B),
we have two choices: when the separation distance is
large enough, one can deduce that the A(y,u5) > A(ys U
ys) hence it follows that one would have S(A U B) =
S(A) + S(B) which then results in the vanishing mutual
information [30]. On the other hand when x is small
enough, A(y,up) would be equal to A(y,) plus the area
of the minimal surface corresponding to the entire union
of the regions A, B, and x. Therefore one can assume that
there would be a critical separation distance larger than
which the mutual information vanishes and the two
regions A and B become disentangled. This has been
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FIG. 2. A naive sketch of the case where two disjoint strips A
and B are separated by the distance x with the choices for minimal
surfaces. The union of brown curves represents the choice of
minimal surface for A U B when the separation distance is small
enough.

shown in [30]. For the nonvanishing mutual information
we have

[(A:B) = 28(I) = S(x) - SQI +x).  (43)

I R ) L\? L
= — C — —_
fow 4G](3> l 20+ x

By Eq. (14) we obtain

We will use this relation to discuss the behavior of
mutual information in different thermal limits.

A. Mutual information and thermal limits

Since the mutual information is a linear combination of
entanglement entropies, one could similarly investigate its
behavior with respect to the thermal limits which we
discussed in Sec. IV. In addition to those cases, we are
able to compare the location of the horizon to the newly
introduced separation distance as well, which would be
specified by the dimensionless ratio x/z;,. In the field
theory, it would mean that the parameter 7x introduces an
extra temperature limit. Therefore we identify (I/z, <
1) A (x/z, < 1) or (TI<1) A (Tx < 1) with the low
temperature case, whereas (x/z, < 1) A (I/z;>1) or
(Tx < 1) A (T1> 1) identifies the additional intermedi-
ate temperature limit and finally (x/z, > 1) A (I/z, > 1)
or (Tx> 1) A (TI> 1) characterizes the high temper-
ature regime where 7" is defined in Eq. (14).

1. Low temperature case

By using Eqgs. (38) and (43), the mutual information in
the low temperature limit where z;, > [, x is given by

) - ) e @

) ) O] () o), s

where the first terms in brackets match the result we expect for the 7 = 0 case [50] and the finite temperature-dependent
term obeys the area-law behavior which has been proved to be true generally in [29].

2. Intermediate temperature case

In the intermediate temperature limit where x < z;, < [, the mutual information is obtained by using Egs. (39), (38), and

(43), and it is given by

B R3 L 2 L 2 é:
i —4G<;J{‘C(x> * <zh> (54‘3) - (

DE V() G ey e

where Sy, = S; + S, + Ss3. As one can see, the mutual information in this limit does not depend on the characteristic length

of the system. By using Eq. (14) we obtain

R3L?
lin = (”T)z{— c +<S4—

4Gy (2T x)?

) - (rVTTE- Stz (47)

One could also go further and investigate the case where two strips touch each other, i.e., when x ~ 0. Hence if we take the

x — 0 limit of Eq. (47) we obtain
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, R3 L\? E\, Ay
)lcl_r)%lint —ES){—C <;> + (84 —5) (JTTL) }, (48)

by keeping in mind that in all of the above expressions, c is
a numerical coefficient and f(&) depends only on & where
both are defined in Eq. (37). We note that the leading
term in the last expression obeys an area-law divergence
with respect to the separation distance x, and the finite
subleading term scales with the area of strip, L2, times
temperature squared. This area law behavior corresponds to
the case where the volume-law thermodynamic entropy
contribution to the entanglement is absent and Eq. (48) is a
measure of pure quantum entanglement. This unique
behavior has been also observed for the different back-
grounds in [50,51].

3. High temperature case

As we discussed earlier in this section, for x/z;, > 1 or
Tx > 1 we have a vanishing mutual information. It is due
to the fact that the minimal surface corresponding to the
region A U B for large separation distances becomes the
disjoint union of the two strips minimal surfaces, hence
the mutual information identically vanishes.

VI. MUTUAL INFORMATION NEAR THE
CRITICAL POINT

In this section we study the critical phenomena of the
underlying field theory using the information-theoretic
measure we introduced in the previous section. Mutual
information, a scheme-independent quantity, is considered
to serve as an order parameter in the strongly coupled
plasma in our setup and we investigate whether the static
critical exponents of the theory could be read off from its
behavior near or at the critical point.9 We first begin by
recalling the notation we introduced in Sec. IIB for the
critical point which was characterized by the dimensionless
quantity £=2(1—v1-22)%/42 where A= (u/T)/(z/V/2).
In the critical limit where £ — 2 or A — 1, we observe that
the mutual information, which depends on the parameters
of the theory, remains finite and its leading behavior at the
critical point, omitting the first constant term in brackets, is

proportional to V'1 — A% as

R} [1+x\2/L\2?, . 2
Low~———=(—=) (=Z) =T0*( (36, +Zb
o 4G§3>< l ) <l> (= )<< 13 2)
2
- 4(191 +§b2) Vi —/12), (49)

where we have defined

The role of entanglement entropy as a probe of phase
transitions in field theories with holographic dual was pointed
out previously in [34,53,54].

_ (1= w3+ 3w, +2(w; — 1)(3—?))

3
aj

(9 = 1)(& = 1) - 8w)

2 b
aj

b, and

b, (50)

such that f(&) = b (1 + &) + by(£2/6). It is easy to see

that this result, i.e., being proportional to V1 — A%, also
features in the intermediate regime. Therefore such behav-
ior is independent of the thermal limits and regardless of
whether we take the limit where the separation distance x
goes to zero or not, it is true for all the results we have
obtained so far for the mutual information in Sec. VA. So
we can conclude

B ope\?
IlowNIint°<<?_T_z> - (51)

By comparing Eq. (51) to the expected power-law behavior

at the critical point
woope\Ve
== 52
(%) -

analogous to the power-law behavior of the critical iso-
therm evaluated at the critical temperature, one may
conclude that § = 2."° Hence by considering the mutual
information as an order parameter, we were able to obtain
one of the independent critical exponents of the underlying
theory.

In order to obtain the other remaining independent
exponent—by following the thermodynamic analogy and
the same discussions in the beginning of this section—we
can use the slope of mutual information near the critical
point for this purpose. We note that although the mutual
information is finite there, we see that its derivative with
respect to 4 will tend to infinity as we approach the critical
point. For the slope of mutual information in any thermal
limit one could write dI/dA = (dI/d&)(dé/dA) where

dé  4(1-v1-2)
NV

Therefore at the critical point, one could easily see that
dé/d) behaves as (1 — 2%)~'/2 hence it diverges. The only
remaining fact that needs to be checked is whether dI/d¢ is
finite or it tends to zero at the critical point. By using
Egs. (44) and (46) we obtain

(53)

dloy, R3L? (I +x)? < £ )
= - by +2b, |, (54)
dé 4G\ 7, Py

""This result is similar to the critical exponent calculated for
this theory using the thermodynamic quantity, charge density.
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and
dly,  RL? [ (dS4 1) x
dé 4G( dé 3 222\/1 + &
x2 &
b b 55
)]
as well as
dI, R3L2 d 1
nt |: ( 84 _>:| , (56)
¢ |y 4G ¢ 3

where b, and b, are defined in Eq. (50). We can see that in
all cases, dI/d¢ remains finite at the critical point £ = 2.
Therefore we reach the conclusion that the mutual infor-
mation diverges near the critical point with the power-law
behavior given by

-1/2 -y
K _He = (K_He) " (57)
T T, T T,

where y = 1/2 is the critical exponent of this theory
identical to the one obtained from the divergence of the
R-charge susceptibility defined in Eq. (17) near the critical
point.11 Finally, by using the following known scaling
relations for the static critical exponents

a+p(l1+6) =2, a+2f+y=2, (58)
we obtain = 1/2 and a = 1/2."

Remarkably, these exponents are identical to those
calculated previously for this model within the thermody-
namic framework [41,42]. The dynamic critical exponent
of this model has been also obtained via different quantities
in [45-47]. It is interesting to note that the same identical
values for these four static critical exponents have been also
obtained for completely different gravitational back-
grounds such as Born-Infeld AdS black holes and topo-
logical charged black holes in Horava-Lifshitz gravity
[55-57].

llBy assuming the correspondence between entanglement
entropy and its thermodynamic counterpart and using the same
arguments we made in the beginning of this section, we could
calculate the slope of entanglement entropy in Eqgs. (38) and (41)
in order to obtain the exponent « instead. This is analogous to the
exponent of specific heat capacity at constant chemical potential,
C,, evaluated near the critical point. In doing so, we obtain a =
1 / 2 which is in full agreement with our results.

"“We could use different names and notations for these critical
exponents as these labels are associated with the behavior of
quantities in the vicinity of the critical point, approached along
the first-order line except for the critical isotherm, while there is
no such first-order transition in this model and the phase diagram
is one dimensional. However, to avoid any confusion we would
rather use these notations instead.

VII. SUMMARY

In this work we have argued that information-theoretic
measures like mutual information could also be used in
order to study the critical phenomena of the strongly
coupled field theories in the large-N limit. We based
our claim on the result of our analytic calculations for
the entanglement entropy and mutual information for the
strongly coupled plasma at finite temperature and chemical
potential with a critical point using the holographic
methods. It is known, as we have also observed here, that
despite the volume-law behavior of entanglement entropy
in the high temperature limit, mutual information scales
with the area of the system; therefore, it has the upper hand
in capturing the full quantum entanglement structure of the
field theories. Based on this observation, we analyzed the
critical behavior of the underlying plasma using our
analytical results for the mutual information in various
thermal limits and we found out that although it was
constant at the critical point with the exponent §~! = 1/2, it
had a power-law divergent slope with the exponenty = 1/2
and therefore we obtained

111
((Z,ﬂ,}/,é): (5’57572>, (59)

which is in exact agreement with the prior thermodynamics
results in the literature. Since entanglement entropy (hence
mutual 1nformat10n) has more advantages than the thermo-
dynamic entropy 3 and it captures the critical phenomena as
well, our result suggests that it would be a proper candidate
for further investigations regarding the various physical
properties of the strongly coupled systems, specially in the
ongoing research program of understanding the rich phase
structure of hot QCD at finite density.
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APPENDIX A: MATHEMATICAL RELATIONS

In this Appendix we present some useful relations which
we used in our work.

1. Newton’s binomial and trinomial expansion

Newton’s generalized binomial expansion when |y| <
|x| is given by

13Although we should point out that the exact equivalence of
entanglement entropy with Bekenstein-Hawking entropy is not
clear enough as discussed in [58].
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(x+y) = g <]:> xRk,
ST e @

Similarly the generalized trinomial expansion for |y + z| <
|x| is given by

(x+y+z) = i z; (Z) (I;) xrkykeizi

k=0 j

(x+y)7" =

(x+y+2)7" = izk:(—l)" (r+i— 1) (6))6"‘@""2’,

=0 =0 J

(A2)

where x, y, r € R and r > 0. Note that for any real numbers
p and g we have

<p> _ C(p+1)
q) T(@+Dl(p—g+1)

2. Asymptote of polylogarithm

(A3)

By analytic continuation, the polylogarithm function,
Li,(z), can be extended to |z| > 1. For Re(s) > O and |z| >
1 its leading term is given by [59]

[In(z)]*
C(s+1)

Lis(z) ~ = (A4)

APPENDIX B: NUMERICAL CONSTANTS

Following is the list of all numerical constants defined
throughout the paper:

. L2R3l
-2

1+§< {
3564

N

>

B 1]

() [ TEE) + [T -]
el T o)

(- g)zﬁf()“ﬂ}
2

k+)(

) i r(j+14) 3val(3)
VA D2 +) T
R r(j+1) ~ar(3)
P A+ (4 +3) A
. fi I(+3)-J)
3 S Val(j+1)(2+3/)(4 +3))
3 5 5 3_ (7 7
-7 HE)F(?) ‘§F<6>F<§)]
1 357810
‘%f4a????”> (B1)
and

TU+y) 1 (125
22/32 1 393937 3

PTVEST(+ )G - DG+ )
3 24357 1 457
F _a_a_’_7_91 - = F _’_,_’_l
1632<33233> 3221(333 )

APPENDIX C: MINIMAL SURFACE AREA IN
THE HIGH TEMPERATURE LIMIT

The regularized area of Eq. (31) in the high temperature
limit is given by

g (02 ]

Nl!\l
> |a

+ Dk +n+2)

L2R3 {
C k=2 n=0 0

3
I

al(n+ 1)I'(k—n+ DI'(k+n+m+3)
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X (_1)k+n§k—ﬂ+m(1 + f)" [1 " f(i—c> 2:| —m—3 (Z_(,) 2(k+n+m)
h

m—+ 1 m+ 1 m
X 1+
k+n-—1 k+n

+k+n+1

e ><m+1><2+ m

Zh

)
)}

(k+Dr(j+m+)T(k+n+3j+2)

LR[S ot
G AP RRRI

D(n+ 1)(k—n+ DI(k+n+m+3j+3)

h

m+1
X{——|1
{k+n+3j—1[

_|_m7+1 2_|_
k+n+3j

Zh

om
k+n+3j+1

1+ EE)2) (m+1
LR Y o
k+n+3j k+n+3j+1
|
APPENDIX D: SUBLEADING CORRECTIONS IN . © K
THE NEAR HORIZON LIMIT Lif2) = > 5
=1

In this Appendix we will investigate the convergence of © 1
characteristic length and behavior of area for z, — z;,. We ¢(p) = Z'_p’ (D3)

J

note that the large terms of the series in Eq. (26) for the
characteristic length scale / grow as'

3TmEm2(1 4 g)k 32 {1 + 5(?;) } - (E_L) 2(2k+m>’
h h
(D1)

which diverges for z, = z;,. We can overcome this situation
by isolating the divergent term of Eq. (D1) from Eq. (26) so
that [ converges. Hence the regularized / becomes

i ® © © k . 2(k+m+n)
E = Zc ZZZ{Z{GknmJFknm/ <§h> }
3—m§m(1+§)k Ze 27 -m Ze 2(2k+m)
e ) TG
Cé 27-1 Ze 2 3
S b Q0
z. 4
xLil<(1+§)<—‘) )
2 Zn

where we made use of the following relations for Eq. (D1)
in the process of regularization

(D2)

14By approximating the series in the limit where all the free
indices are set to infinity.

and the fact that the remaining summation over m in
Eq. (D1) can be performed. Note that in Eq. (D3), {(p) is
the Riemann zeta function and Li,(z) is the polylogarithm
function of order s. As a mathematical curiosity, one might
consider the appearance of the Riemann zeta function
and polylogarithm with rational order (or even with the
integer order)"” an interesting phenomena due to their direct
link to number theory.

Now since the minimal surface remains at a finite
distance from the horizon [52], we could safely assume
7. = z;(1 — €), where € < 1. Then by the help of Eq. (A4),
i.e., expanding the polylogarithm in Eq. (D2) and then
solving the result for ¢ at leading order, we obtain

373/2(3 4 2¢)
4(3)¢

In(1+¢)

gzéln(l—l-f)—
1 [
<Jn3-(3)]

where we defined

"The case for s € N in both £(s) and Li(z) is the subject
of wide interest in the number theory literature. See for
example [60].

106007-13



HAJAR EBRAHIM and GOL-MOHAMMAD NAFISI

PHYS. REV. D 102, 106007 (2020)

& & ()T (kA DU(j + m 4 (1 + E)"T(3j + k + n + 2)&+m=n
GIEZZZ( ) ( 2) (J m 2)( +5> (J n+ )é

k=1 n=1 :j;::]l
1/2 3/2 :
k=1 m=1 j=1 k2

aAl(j+1)(n+1)k—n+1DIQ@j+k+m+n+3)

(D5)

Finally, we are ready to calculate the subleading corrections to the minimal surface area in the near horizon limit. Similarly,
we observe that the large terms of the series in Eq. (C1) for the area behave as

37EM(1 4 m) (1 + &)kk=1/2j=5/2 {1 n §<Z_c> 2] —m (ZC>2(2’(+’”).

— D6
Zhn <hn ( )

Hence by following the same regularization procedure as we did for / by isolating this piece from Eq. (C1) and performing
its sum, together with the assumption z. = z,,(1 — ¢), we expand the resulted expression at the first order in ¢ and by the

help of Eq. (D4) we obtain

. LN\?(1 L\?
Af;pgllge:m(—) <5>M+R3<Z> (Si+S8,+83)

Zh
AT L ETINE10) 1 (1] (1+9Y¢06)
R3<zh>{ E (zh>}+ 73 +28) “2}’ ®7
where
O 0 O A—m m m k—m
0252223 (14+m)(3+25)&m(1+¢) ' (D8)

Omy/T+ Ek'/2 /2

Note that the expression in the second line of Eq. (D7) is the desired subleading contribution to the area of the minimal

surface in the high temperature limit.
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