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ABSTRACT: We study holographic entanglement entropy in 5-dimensional charged black
brane geometry obtained from Einstein-SU(2)Yang-Mills theory defined in asymptotically
AdS space. This gravity system undergoes second order phase transition near its critical
point, where a spatial component of the Yang-Mills fields appears, which is normalizable
mode of the solution. This is known as phase transition between isotropic and anisotropic
phases, where in anisotropic phase, SO(3)-isometry(spatial rotation) in bulk geometry is
broken down to SO(2) by emergence of the spatial component of Yang-Mills fields, which
corresponds to a vector order in dual field theory. We get analytic solutions of holo-
graphic entanglement entropies by utilizing the solution of bulk spacetime geometry given
in arXiv:1109.4592, where we consider subsystems defined on AdS boundary of which
shapes are wide and thin slabs and a cylinder. It turns out that the entanglement en-
tropies near the critical point shows scaling behavior such that for both of the slabs and
cylinder, A.S ~ (1 — Tlc)ﬂ and the critical exponent 3 = 1, where A,S = §is0 — ganiso,
and S™° denotes the entanglement entropy in isotropic phase whereas S2%5° denotes that
in anisotropic phase. We suggest a quantity O = 57 — 52 as a new order parameter near
the critical point, where S; is entanglement entropy when the slab is perpendicular to the
direction of the vector order whereas Ss is that when the slab is parallel to the vector order.
012 = 0 in isotropic phase but in anisotropic phase, the order parameter becomes non-zero
showing the same scaling behavior. Finally, we show that even near the critical point,
the first law of entanglement entropy is held. Especially, we find that the entanglement
temperature for the cylinder is 7., = 2, where cepy = 0.163004 £ 0.000001 and a is the
radius of the cylinder.
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1 Introduction

AdS/CFT correspondence has shed light on strongly coupled field theories by employing
their holographic dual gravity theories [1-3]. Especially, fluid-gravity duality [4-6] and AdS-
condensed matter theory(AdS/CMT) [10-12, 14] are widely studied in many literatures
to explore low energy(long wavelength) limits of conformal field theories, which become
conformal fluids, condensed matter systems and so on. Especially, in fluid-gravity duality,
holographic computation of the ratio of shear viscosity, n to entropy density, S is the most
remarkable example and it is known to be universal, which is given by % = ﬁ [4, 6-9].
An interesting issue related to fluid-gravity duality and AdS/CMT is thermodynamic
phase transition where the system shows symmetry breaking because of emergence of an
order parameter, a condensation. In condensed matter theory, electron-electron bound



states, so called Cooper pairs, are present near its critical point which breaks U(1) gauge
symmetry of electrons.

A noticeable construction of gravity model for holographic condensed matter theory is
based on a theory with complex scalar field defined in the background of (asymptotically
AdS) charged black brane. [10, 12]. When the black brane temperature becomes below
a certain critical temperature, T' = T,, the complex scalar field becomes unstable and
condensed. The charged black brane geometry presents scalar hair due to this condensation.
The condensation corresponds to U(1)-symmetry breaking due to emergence of a scalar
order in the dual field theory system, and which implies super-conductor /normal-conductor
phase transition.

It is also interesting to consider the emergence of vector(p-wave) or tensor(d-wave)
order near the critical point. An interesting holographic model to explore p-wave super-
fluid/normal-fluid phase transition is Einstein-SU(2)Yang-Mills theory in asymptotically
AdSs spacetime [13, 18-20]. A precise solution in the theory is a 5-dimensional charged
black brane solution. In the solution, temporal direction of the Yang-Mills fields is turned
on, which is proportional to 73 = %}, where 73 is the third generator in SU(2) gauge group,
o; are the Pauli-matrices and ¢ =1, 2, 3.

In this dual gravity model, for a certain chemical potential u., an interesting mode
of solution appears. This mode is the spatial component of Yang-Mills fields being pro-
portional to 71 = % and it is a normalizable mode of the solution. In fact, the black
brane geometry enjoys SO(3)-global rotational symmetry mixing 3-dimensional spatial co-
ordinates, {x1,x2,23}. However, once the spatial mode of solution appears, the SO(3)
rotational symmetry is broken down to SO(2), where the direction of the spatial mode
is chosen to be in xj-axis. In holographic dictionary, normalizable mode of solution in
dual gravity corresponds to a state in the boundary field theory. Therefore, the symme-
try is broken due to a state in the dual field theory and so it is spontaneous symmetry

breaking(SSB).

One of the previous works to explore this SSB near the critical point is a study on the
ratio of shear viscosity to entropy density in fluid-gravity duality [17, 18]. The shear viscos-
ity defined in x9 —z3 plane, 123 retains its universal value of the ratio since SO(2)-rotational
symmetry still exists whereas that defined in the plane which contains z; coordinate(e.g.
n12) will give the deviation from the universal value.

To study this holographic fluid system, one can apply either numerical or analytic
methods. In [17], the authors consider numerical method and find out that when o = %>
is less than a certain critical value, oy, the boundary fluid system shows second order
phase transition whereas if « is greater than a..;, it presents first order phase transition,
where k5 is 5-dimensional gravity constant and ¢ is the gauge coupling of the Yang-Mills
fields. They also figure out that the deviation of the ratio from the universal value shows

scaling behaviors near the critical point, such as

8
1- 4#% ~ (1 - ;) (1.1)



and its critical exponent [ is
£ =1.00+0.03, (1.2)

where T is the charged black brane temperature, and 7, is critical temperature.
To determine the critical exponent more precisely, the authors in [18] employ analytic
approach in large gauge coupling limit, a < 1, together with the magnitude of spatial
component of Yang-Mills fields, ¢ < 1 is small. The deviation is given by
13057T, T\"
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(1.3)
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It turns out that the critical exponent is determined to be § = 1 in this analytic approach.

The analytic approach given in [18] to obtain such a deviation of the ratio of shear
viscosity to entropy density is crucially based on their methodology of double expansion
with parameters, a and ¢ in the bulk. The authors in [18] assume that the magnitude of
the vector order, € is small and so its subleading corrections are suppressed by €. To get
analytic form of the leading backreactions from the energy momentum tensor of the Yang-
Mills fields, they also assume that « is small otherwise it is very unlikely to get the analytic
solutions of the back reactions. This approach allows them to obtain the analytic form of
the backreactions perturbatively. The leading corrections to the background geometry is
O(£2a?) and the subleading corrections are O(e'*¢a?/), where i, j are positive integers and
1> 1or 7 > 1. We note that since this analytic approach is based on small a expansion,
it is manifest that the thermodynamic phase transition observed in that analytic approach
is second order one.

On the other hand, there is another interesting direction to explore the field theory sys-
tem, (holographic) entanglement entropy. Entanglement entropy, which describes quantum
correlation between a macroscopic subsystem and its complement, is one of the important
quantities specifying quantum nature of a system. Based on the AdS/CFT correspon-
dence, Ryu and Takayanagi propose that the entanglement of a quantum field theory can
be evaluated by calculating the area of a minimal surface extending to the dual geome-
try [15, 16] and it is further developed in [21, 22]. This provides more precise understanding
between gravity theory in asymptotically AdS space and the dual field theory defined on
its conformal boundary [23].

Especially, an interesting property of (holographic) entanglement entropy is that there
is a concrete relation between the subsystem energy and its entanglement entropy in the
limit that the system size is very much small, which is called the first law of entanglement
entropy [24-33]. In small subsystem limit, there is a relation, AE = TAS, where AF is
energy difference of the subsystem when it is excited and AS is the corresponding change of
the entanglement entropy. 7T is called entanglement temperature. We note that it is widely
discussed that the entanglement temperature is universally proportional to the invese of
the subsystem size regardless of the shape and dimensionality of the entangling region.

In this paper, we study Einstein SU(2) Yang-Mills theory near critical point, by em-
ploying holographic entanglement entropy. In the dual field theory, a vector order appears
and it breaks SO(3) rotational symmetry. Especially, we concentrate on some features of
(holographic) entanglement entropy near critical point as follows. One may expect that



entanglement entropy will perceive some of thermodynamic properties of field theory sys-
tem near critical point. Since the gravity model undergoes second order phase transition
near critical point, one may wonder if (holographic) entanglement entropy may show a
scaling behavior like other quantities such as 712, the ratio of shear viscosity to entropy
density in anisotropic direction. Another question is if entanglement entropy can provide
a new order parameter like the vector order parameter that we discuss above. From this,
one can recognize that the SO(3) spatial rotational symmetry breaks down to SO(2). Fi-
nally, we want to check if the first law of entanglement entropy near the critical point is
still valid, keeping its universal properties of entanglement temperature, even though the
SO(3) symmetry is broken by the vector order.

In the following, we will answer the questions that we raised above in order. First of all,
we compute entanglement entropies of subsystems on the boundary spacetime with shapes
of “wide and thin slabs” and a “cylinder”. The slabs are computable examples by applying
analytic approaches! but for the cylinder case, we need numerics as well as analytic ones.?
We study two different slabs, which share the same shape but we put them in different
directions. More precisely, we consider a wide slab which is perpendicular to the vector
order(the vector order is along x1—direction) and another slab being parallel to the vector
order. We call each of the entanglement entropy Si, So respectively. We define quantities,
AS; = Sl — ganise (7 = 1 2), which shows how much the excess of entanglement entropy
is when the boundary field theory system shows phase transition to anisotropic phase from
isotropic phase. It turns out that A.S; presents a scaling behavior such that
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where the critical exponent S turns out to be one, i.e. 8 = 1. ¥; is the cross sectional area
of each slab, Age) are the factors, showing “d” dependence, where d is the thickness of the
slabs and T is the critical temperature. The leading behaviors of Ags) is given by

@5 _ 281 VN 4
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for both of AZ(-E) but the next sub-leading is different from each other. For the subsystem
with its shape of cylinder, we also compute the same quantity, A.S., = Sis

cyo — S?;is" as we
discussed above and find that

504072 L, T\"
A8, — 00T L g Tc(l—) 1.
‘SS Y 17/@% ,‘Y (a’) TC I ( 6)
where
7 (a) = 0.163313a® + O(a?), (1.7)

!We note that there are some of earlier numerical works [42, 43], in which they discuss entanglement
entropy of a slab in this background.

*We get analytic(algebraic) solutions of surface area for the cylinder on AdS boundary. To apply one of
the boundary conditions to the surface, we use numerics. For the details, see section 4.1.



where a and Lj is the radius and the length of the cylinder and 5 = 1. We note that to
get this results, we utilize analytic as well as numerical methods.

Second of all, once we set the cross-sectional area of the two slabs to be equal as
> = ¥ = Y9, we can define an interesting new order parameter Q1o = S7 — S9 which
vanishes in isotropic phase. However, once the dual field theory system gets into the
anisotropic phase, it becomes

B 252072
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which also shows the same critical exponent § = 1. The leading behavior of A®)(d) is
proportional to ~ d*. More precisely, the leading behavior of A®)(d) is given by

3 3
A (d) = 4:’8\5’/; (é) r (;) d* + O(db). (1.9)
Finally, we study the first law of entanglement entropy in this framework. We find
that even in the case that the vector order appears near critical point, the first law of
entanglement entropy is still valid for both of the subsystems of the slabs and the cylinder.
This means that subsystem energy and entanglement entropy are proportional to each
other and the ratio of one to another is the same 7T, which is the entanglement temperature
when the subsystem is out of the critical point. Especially, by employing analytic as well
as numerical methods, we determine entanglement temperature of the subsystem with the

shape of cylinder, which is given by
Tey = Cem, where cent = 0.163004 4 0.000001, (1.10)

a

where a is the radius of the cylinder.

We close this section with a remark. The critical behaviors and the fact that its critical
exponent § = 1 of the entanglement entropies are turned out to be universal features in our
analytic approach. However, anisotropic features also appear in the factors, for example,
Agg)(d) in thin and wide slab cases. In the small “d” region, we only see the leading
behavior of entanglement entropy which is proportional to d?. However, as d increases,
the subleading corrections become important and it shows spatial anisotropy and it may
depend on an angle between the direction of the vector order and the axis that the slab
is lying in. Our analysis manifestly shows that the leading behaviors of the anisotropy in
the entanglement entropy is contained the coefficient, AZ(-E) (d), which have information of
directional dependency of degrees of freedom when the vector order appears.

2 Holographic model

In this section, we will review the holographic model for anisotropic super fluids defined
on its conformal boundary. To illustrate the model, we mostly follow the papers [18, 19].
We begin with the holographic model given by
1 12 1
_ 5
S = /d Nae (/% <R+ L2>

- 492F]‘\‘4NF“MN> , (2.1)



where k5 is 5-dimensional gravity constant, g is the gauge coupling for SU(2) gauge field
B$,. L is the length scale for cosmological constant and we set L = 1 in the following
discussion. The field strength for the gauge fields is given by

F&n = 0y B% — Oy By — B4, B, (2.2)

where indices with upper case Latin letters as M, N...are spacetime indices and the indices
with the lower case Latin letters are gauge indices, and they run as a,b, ¢ = 1,2, 3. ¢™¢ is
fully anti-symmetric tensor.

By applying variational principle of the fields to the action, we get their equations of
motion. They are

1
Wyn = Run + 4G N — K2 (TMN - 3TJIDDGMN) =0, (2.3)
YN = v, paMN _ gabegb peMN _ (2.4)

where Wj,n is Einstein equation and Y}, is gauge field equation. Thsn is stress-energy
tensor being given by

1 1
Tun = — (F](\I/IPF]I\?(I - 4FPQaFPQ“GMN> : (2.5)
g
Now, we are going to get their solutions. The forms of the solutions that we try are

B = ¢(r)r3dt + w(r)rdey, (2.6)
dr?

ds* = —N(r)o?(r)dt* + NG

+ 2 f () da? + 2 f2(r) (da3 + dad), (2.7)

where x1,r9, and x3 are the boundary spatial coordinates. One of the solutions is 5-
dimensional charged black brane solution, which is given by

o) =1 = 5). wl) =0, (2.8)
m 2,,2
o(r) = f(r) =1 and N(r) = Ny(r) = 1% — i 2;;;4 |

2ula?

where 1 is chemical potential for the gauge field ¢, m = 1 + =557 is the mass of the black

brane and the constant o? = ;—5. We note that the horizon of the black brane is located at
r = 1 in this solution by employing an appropriate coordinate rescaling such that r — Ar
and {t, 1,79, 3} — A"1{t, 21,79, z3} with a real constant \. In this rescaled coordinate,
the chemical potential i is dimensionless and it turns out that at u = 4, the normalizable
mode of solution w(r) appears.

Now, we are interested in another kind of solutions, where w(r) does not vanish. The
way how to get a solution is to solve the gauge field equations (2.4) by assuming that the

w(r) is non-zero but still small. It turns out that the form of the solution w(r) is given by
2

L+ 0, (2.9)

w(r) = Em

where ¢ is a small parameter representing the magnitude of w(r).



The solution w(r) is x;—directional gauge field, which breaks SO(3) global rotation
symmetry of the spacetime into SO(2). This becomes more manifest when we compute
back reactions to the black brane background spacetime. To compute backreactions, we
assume the o? is also parametrically small and so stress-energy tensor of the gauge field
excitation, ¢(r) and w(r) does not significant change the background. We briefly list the
results below considering backreactions to the field ¢ upto leading order in €2 and the

background spacetime upto leading order in £2a?.

7“2

—e— 2 2.1
w(r) 6(7.2 P + O(e%), (2.10)
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2
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1 1-2r
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1 32 1 41 (2811  2+46r?+3r?
_ 2 _ 924 o222 2T O
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(2.14)

Sometimes, we employ the radial coordinate z, which is defined by z = % In such a case,

the metric is

2
i =L {—z2N(z)G2(Z)dt2 + gy R + P + d:v%)} @)
where,
f(z2) =1—-£&%2F(2), (2.16)
N(z) = Ny(2) (1 —a®N,(z) — 52042N€(z)) .
and
1 2%(22 - 2)
F&) =%t (217)
1, 32 2! 4, (281 22%+62% + 322
Nolz) = 25 = =% Nol2) = gy, and Nele) = g2 (560 BEEL
(2.18)



Finally, we discuss some of the black brane thermodynamics. The black brane tem-
perature is given by

1 16 17
T=-(1-=-a? 22) 2.1
7 ( 3% T 160" @ (2.19)
and the black brane entropy is
2
Sblackfbrane = 72‘/37 (220)
ks
where we take the horizon located at z = 1 and V3 is the spatial coordinate volume,

V3 = [d3%. We note that the critical temperature, T is given by

n_l(y—3&>. (2.21)

s

3 Holographic computations of entanglement entropy of wide and thin
slabs

In this section, we will discuss holographic entanglement entropy probes near critical point,
T = T. in the presence of the vector mode w(r) and considering its backreaction to the
background geometry. We consider a subsystem on AdS boundary with its shape of wide
slab. There are two different ways to put the slab, which are to put that on xo — x3 plane
and on x3 — x1 plane(remember that x1- direction is parallel to the vector order w(r)).

3.1 The slab on x2 — x3 plane

Think of a slab on AdS boundary where the slab is given by —% <9 < %, —% <zx3< %
and —g <z < g. We take Lo and L3 to be very large, which makes the subsystem have
translational symmetric directions along x9 and z3 axes(Lg, Ly — o0). Now we compute a

surface area in d + 1-dimensional bulk from the slab on AdS boundary, which is given by

1 2
o 5 3 | fHr) <d$1>
Al = (151_1}(1) 2153 /T* dr r 2N () + o ) (3.1)

where boundary of the surface, A;(located at r = 3 together with § — 0) matches with

the boundary of the slab on AdS boundary. A; is hanged down into the bulk and there is

a minimum value of the radial variable, r. We address that minimum value as r,.
Holographic entanglement entropy, S' is related to the area of surface in the bulk, A as

27
S = ?A’ (3.2)
where A needs to be minimized followed by Ryu-Takayanagi-prescription [15, 16]. To
extremize the surface, we apply variational principle to the area and we get the condition

of extremum being given as




where the prime denotes derivative with respect to r. Let us close look at the inside the
round bracket in (3.3). The A; is hanged down deep into the bulk spacetime and it becomes
deepest when ddTZ = 0 and it is given when 21 = 0. The solution of equation (3.3) is that the

quantity inside of round bracket is a constant and the above argument fixes the constant
x
’ , TG =
(1‘1) + 2N(’l‘)
With such an identification, the solution is able to be written as

as r

o) =+ S (3.4)

and we substitute the solution into the surface area A; to remove % in it. Then, A; is
given by

N

1 2 £2 6\
. 5 rf=(r) Ty
Ay =215051 1-—= . .

1= 2l 3513%[* "N ( r6> (3:5)

Moreover, between 7, and d(the thickness of the slab lying in the z1-direction), there
is the following relationship:

=2 hm/ , (3.6)
6—0 2N(r)
e (=)
which can be easily derived by using an identity, f " /2 dr1 = 2limg_g frg ir(m))’ where the

prime denotes that the derivative with respect to its argument.

To evaluate the integration for the surface area, A; given in (3.5), we need to look
at the metric factors, N(r) and f(r) in (2.12) carefully. The metric is obtained by taking
into account backreactions from the vector order w(r) upto its leading order corrections.
The leading correction is order of e2a2. We note again that o = ;—§ is regarded as small
parameter as well as €2 < 1 and we deal with those perturbatively. In sum, we expand

2a? and evaluate the integrations.

the surface area A; upto leading order correction in &
Then, we have a? and 2 corrections together with the zeroth order terms in « and ¢ in
A;. Each integration is not so easy to get an analytic and compact form, so we assume
that d is small as well as r, > 1 to get a series form of the integrands in small d. Firstly,
by applying all the arguments that we address above, we evaluate the relation (3.6), which

is given by

27T (2) 1 VAT (4) (1260 + 1344002 + 281a%2) ( 1 )5
NORE 7560 I (1)
VA T (3) (448002 + 187a%?) ( 1 )7
2520 T (12) LV




and its inverse relation is

r (%) T (%)6 I (4) (1260 + 13442&2 +281a%?)
re 2wl (3) 483840 75/ T (2) T (1)
r %)8 I (§) (448002 + 187a%?)

645120 77/2T (g)é‘ P (%)

(3.8)

d’. ..

Now, we evaluate the minimal surface area A; by replacing r, in it with d by using the
above relation together.

In fact, Ay contains divergence which depends on the radial cut-off, % near AdS bound-

ary. This divergence already appears in entanglement entropy computation in pure AdS

background, and we call that S%Ads). Therefore, we need to define a renormalized entan-

glement entropy, where we define the renormalized version of entanglement entropy as
Siren) =S — S(AdS)‘ (39)
It turns out that the entanglement entropy in AdS background is given by

§(AdS) — 2—7;21A<Ad5), (3.10)
K5

where X1 is the coordinate volume of the slab,
1 = LoLs. (3.11)
The AA4S) ig given by

1 ) 9/2
AAIS) — iy — 527 a2, (3.12)

ORI

which contains the divergence appearing near AdS boundary and the finite term being pro-
portional to d~2. Now, we will subtract this quantity from S;, and we get the renormalized
entanglement entropy, which is given by

ren 2
st = 275 A, (3.13)
K5
where A; is
A= A 10249 1 24249 (3.14)

~10 -



and

A = 3207r7/2r(1>gr 1)3 ¢ (3.15)
16384vr9 @6 (é) ( 181030\7TC/2F ( ) F@s) 4+ 0(d"),
Al = 107r7/2 ( ) F((D 287r9/2F<1>3F<é)3 d* (3.16)
ot ()1 () (1 28 ()1 () 0
Age) 13442(?()17r7/2r(i1’)> F( > a 12216131(\)@/;(1)311( >3 a (3.17)

1
6
837 1 1\6 36533 1\3
S — r(= 1 r r(-= dS + Oo(d").
11468807 (3) (6) <+50220()7r5/2 (3) (6)) + Ol

3.2 The slab on 1 — x3 plane

To put the slab on the xy — x3 plane, we parametrize the slab as —%* < x3 < % L <
T < % and —% <9 < %. Again, we take L1 and L3 to be very large, meaning that we
take a parametric limit as L; and Ls — co. The formula for the surface area hanged down
in the bulk is given by

1/6 1 dZCQ 2
Ay = Ly Lg i dr 7y~ <> 3.18
S A \/r2f2(r)N(r) ) (3.18)

and its equation for extremum is

d 3 95,2
B — 0, (3.19)
ar ( \/ (2)? + r2f2<5>N(r>>

where again the boundary of the surface area, As is coincide with the boundary of the

slab at r = % where we take a limit of 6 — 0. We also define ry this time, which is the
minimum of the r-value. By applying the similar argument that we addressed in the case
with slab lying on 1 — z9 plane, we get

xh = T ) )
2 i7~4f(1~)\/ (1 - #) N .

Now, we plug the solution of the equation of extremum (3.20) into the expression of the

surface area As(3.18), we get

3 72 rs 2
Ay = 2L Ls lim/ I —— (3.21)
§—0 Jry, f(

- 11 -



We also get the relation between the minimum value of r, 74 and d in this case too.
The form of the expression is

3 dr
d = 2lim . (3.22)

B \/r2N< )20 (3 1)

and its final form after performing the integration in it is given by

27T (3) 1 VAT (4) (1260 + 1344002 + 281a%) ( 1 )5

d=——7™2 = ¢ —
r(y) r# 7560 T (1) r# )
VAT (3) (448002 + 467a%%) /1 \7
- 2520 T (1) (T#)
The inverse relation of this is
1 Ty T (%)6 I (4) (1260 + 1344002 + 2810%?)
WD e () 5o

r (%)8 I (§) (448002 4 467a%?)

645120 77/2T (%)8F (%)

+

Together with the relation (3.24) and the expression of Ay given in (3.21), the holo-
graphic entanglement entropy is given by

ren 2
sl — ;gEQA% (3.25)

where Séren) = Gy — §(AdS) and B, represents Y9 = L1 Ls. We note that again to evaluate
the integration in the expression, Ay, we expand that upto leading order in a? and £2a?
together with é expansion with an assumption that r4 > 1 and d < 1.

The A, is also defined as the similar fashion as we did in the previous computation,

being given by

Ay = A + 0240 4+ 20240, (3.26)
where
A = A® Al = gl (3.27)
and
e) 281 (1)3 (1)3 ,  1401V3 (1> 1)
=—— T(=) (=) &*-——T(=) T(= 3.28
A2 13440077/27 \ 3 6 125440792 \ 3 6 (3:28)

6723 1\6_ /1\¢ 3653v/3 1\3
2 () (2 1 db d’
11468807 (3) (6) ( " 10338000572 () () +0d)
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3.3 Properties of holographic entanglement entropy near critical point

Scaling behavior of entanglement entropy near critical point. As we discussed in
section 1, this Einstein-SU(2)Yang-Mills system undergoes second order phase transition
near the critical point, T" = T, which is the phase transition from “isotropic phase” to
“anisotropic phase” being affected by the appearance of vector order w(r). Again, the w(r)
is the spatial component, Bi of Yang-Mills fields, By.

Now, we define the “isotropic” and the “anisotropic” phases as follows. In isotropic
phase, w(r) = 0 and there is no backreaction to the background geometry from it. Since
there is no spatial component of Yang-Mills fields turned on, the SO(3) isometry(spatial
rotation symmetry) in the bulk spacetime is retained. However, once the field w(r) is
turned on, this spatial isometry is broken down to SO(2) and we call it anisotropic phase.
The field w(r) is normalizable mode in the bulk, which means that this mode corresponds
to a state in dual field theory. We note that SO(3) isometry is broken spontaneously.

In many literatures [18-20], it is widely discussed that once w(r) appears near critical
point, the anisotropic phase is thermodynamically favored than the isotropic phase, and so
there will be thermodynamic phase transition from isotropic phase to anisotropic phase,
near the critical point.

The leading order backreaction from the field solution, w(r) is order of £2a?(Remember
that w(r) ~ ¢). Therefore, if we compute a quantity where we turn off ¢ = 0, then it
corresponds to the quantity in isotropic phase whereas if we turn on € and keep the leading
order backreactions to the background geometry upto 2o, then that quantity will be that
in anisotropic phase. We call them Q™° and Q*"*° respectively for some quantity, Q.

Now, we want see how much entanglement entropy excess arises, when the system
undergoes phase transition. To see this, we define

Aasi — S,}SO . S?niso _ S(ren)iso . Si(ren)aniso7 (329)

1

where i = 1,2 to express, S; and So respectively. We note that A.S; is order of e2a? ~

1- TZC), which will show scaling behavior near the critical temperature T' = T,. In fact,

by using black brane (critical)temperature (2.19) and (2.21), we get

252072 (o) T\"
AS =" SATT (1- ) :
S 72 A; < ﬂ) (3.30)

where [ is the critical exponent of the entropy, and it turns out that
p=1, (3.31)
upto leading order corrections in « and € in our analytic calculation.

Order parameter measuring spatial anisotropy from entanglement entropy. In
fact, one can introduce a new order parameter near the critical point by employing (holo-
graphic) entanglement entropy. We define an order parameter of anisotropy near the critical
point, being given by

012 = Sl - SQ, (332)
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which denotes the difference of entanglement entropies between the slabs being perpendic-
ular to the vector order, xi-direction and lying along the vector order. Once we make the
cross section area of the slabs be the same, 31 = Y9 = ¥, then the quantity Q19 vanishes
in isotropic phase. However, near the critical point, this quantity shows non-zero value
such that

. . 252072 T\"
Opp = Simise — gagnise — T SAGT, (1 — T) , (3.33)
where
3 3 6 6
O 40 40 3V3 F(l) F(l) 1, 2043 F(l) F(l) 5 + Ol
A Ar = Ay 44879/27 \ 6 3 d * 5734209 \6 3 d”+0(d").

(3.34)

Again the critical exponent, § = 1 in our analytic analysis.

The leading dependence on the thickness of the slab, “d”in the order parameter, Q12 is
~ d*. The difference between S; and So near the critical point stems from the F(r) in the
metric factor f(r) which are given in (2.12) and (2.13). The reason why this happens is
that g11 # ge2 = ¢33, which are the spatial components of bulk spacetime metric factors(See
the metric (2.7). The leading backreaction to the metric from the vector order, appears
at N¢(r) in the metric factor N(r), but N.(r) does not give spatial anisotropy in the bulk
spacetime metric. In fact, N.(r) ~ O(r~*), whereas the metric factor F(r) ~ O(r~9).
Therefore, F(r) gives subleading correction as contrasted with N.(r) correction once we
consider near AdS boundary expansion order by order in small 1/r, or 1/ry. However,
Once we think of Q19 = S; — So, then contributions from F(r) becomes leading, it grows
as the subsystem becomes larger being proportional to d* and also shows scaling behavior
as we addressed in (3.34).

The first law of entanglement entropy. It is widely discussed that in small “d”
region, there is an interesting relation between the energy and its entanglement entropy
of the subsystem [24, 33]. The relation is called the first law of entanglement entropy,
which can be understood as an analogy of thermodynamic first law. In short, the relation
is given by

AE =TAS, (3.35)

where T is called entanglement temperature, which is inversely proportional to the sub-
system size. AS means entanglement entropy changes from its background to a new
state, where the background is pure AdS space, which corresponds to vacuum defined
in (AdS)boundary field theory in holographic dictionary. An interesting property of the
entanglement temperature is that it is universal in a sense that it only depends on the
shape of the subsystem and the dimensionality of (AdS) boundary spacetime, not any
other details of the subsystem.

We find that even in the case that the vector order appears, the universality does not
be broken. To discuss this, let us see the energy of the subsystem when we consider wide
and thin slabs defined in AdS boundary. In the following discussion, we restrict ourselves
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in the case of the subsystem in 4—dimensional spacetime. According to the prescription
suggested in [24, 35, 37-41],

AE=E-E,= / B (Ty), (3.36)

subsystem

where (T};) is temporal component of boundary stress-energy tensor, the energy density of
d3z is the
spatial volume integration of the subsystem. When, the energy density (7) is a constant

the subsystem when the subsystem is excited from its ground state. fsubsystem

in the subsystem,
AE; = ¥;d(Ty), (3.37)

for each slab, where AF; is the energy for the slab lying on x9 — x3 plane whereas AFEs
is the energy for the slab lying on w1 — x3 plane. E is the subsystem energy, and E, is
its ground state energy, which corresponds to pure AdS space in its gravity dual. (T}) is
related to black brane mass and the relation is

3M

Ty) =
< tt> 2/‘4}%’

(3.38)

where M is mass of the 5-dimensional charged black brane near critical point. We read off
M from the coefficient of 1/r* term in the metric factor, N(r)/r? in its large r(small 1/7)
expansion.

In isotropic phase, the mass of the charged black brane, M is given by

MBS° =1+ %oﬂ. (3.39)
We note that we rescale the coordinate variables, r, t and z* in the metric to fix the charged
black brane horizon rp = 1.

The first term in (3.39) is related to the energy difference between black brane and
pure AdS space. Once we turn on the temporal component of Yang-Mills fields, B§ = ¢(r),
the black brane becomes charged and so (electric) chemical potential comes in. This effect
comes with a? corrections in the spacetime metric, and so in M. In summary, we have

AE; = AoE; + Ay E;, (340)
where
3 16
AQEZ' = —222d and AaEi = 70& Zld (341)
2K5 KE

We note that Ag(Q) represents the difference between the quantity, () computed in black
brane background and in pure AdS background. A,Q is the o correction to the quantity,
@ when the chemical potential is turned on. The entanglement entropy change is given by

AS; = AgS + ALS;, (3.42)
where

2 2 a
AoSi = S5AY and A,S = a5 A, (3.43)
Ky Ky

_ (d=D)M
- 2

3In general, (Ti;) , where d is the dimensionality of AdS boundary spacetime [24].
+1
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and the surface area AEO) and Aga) are given in (3.15), (3.16), and (3.27). By considering
all the details in the above discussion, we get

AoE; i AnE;

li U | - - 44
TmAs MRS TimA s T (3.44)
where 5/2
80 0.422059
T=— — i (3.45)
r(3)r(s)d

In anisotropic phase, €2a? correction comes into the black brane mass, M by con-

sidering backreactions from the vector order, w(r). The black brane mass in anisotropic

phase is

281 o 5
st 4
1260° (346)

which can be read off from the metric factor N(r) as we discussed above. By using black

Maniso — Miso +

brane temperature (2.19) and (2.21), we obtain

: o 8437 T\"?

AEEZ' = E;SO . Eial'llso — mZZch <1 — z_’c> 5 (347)
with § = 1. How much entanglement entropy changes when the vector order, w(r) is
turned on is given in (3.30). Therefore, the ratio of A.F; to A.S; can be computed, which

is given by
. A.E; 807>/
(%I—IE(IJA Si (1 (1) =T (3.48)
() ()

where we understand that the entanglement temperature is still universal even in anisotropic
phase.

4 Holographic computation of entanglement entropy of a long cylinder
with its radius, a and its length, L, along x,-direction

4.1 Holographic entanglement calculation of cylinder

In this section, we consider a subsystem, of which shape is a cylinder lying along the
direction of the vector order, w(r) on AdS boundary spacetime (zj—direction).® This
cylinder is given as, 0 < p < a, 0 < ¢ < 27 and —% <x < % The variables, p and ¢ are
p=+/23+ 23 and ¢ = cot™! (%) By using these new coordinate variables, we introduce

x
plane polar coordinate on the xo — x3 plane as

dz?
22N (z)

1

ds* = = {—22N(z)02(2)dt2 +

22

+ [T (z)dat + f2(2)(dp* + p2d¢2)} ;o (4

“We note that there are some of entanglement entropy computations on cylinder. Field theory com-
putations of entanglement entropy by employing numerics are in [35, 36]. For holographic computations,
hyperbolic cylinder R x H%~! is considered [34] and cylinder in the pure AdS background is also considered
in [21].
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where z = r=!, f(z) and N(z) are given in (2.16), (2.17) and (2.18). Now, we consider
surface area from the cylinder on AdS boundary, where ¢ and x; are to be symmetric
directions and we take L; is to be very large. The surface area is given by

2 ] e
AV =2r Ly li dz 273 ——— () 4.2
TN s 7 p(z)\/ZQfQ(Z)N(z) T\az) (42)

where 2¢ is the maximum value of the coordinate z. To minimize the surface, we apply

variation principle to the surface. The condition for the extremization is given by

1 9 p(2)0:p
s+ (0.p)% = 2° - ( . (4.3)
2 £2 1
\/z f2(2)N(z) 0z ZS\/W—F(&ZP)Q
Divergent pieces in the solution, p(z). To solve the equation (4.3), we use a fact

that the functions f(z) and N(z) have the form of (2.16) together with an expansion with
small € and o such that

p(r) = po(2) + &’ pa(z) + %’ pe(2),
up to leading order in e2a?. The solution can be obtained with a form of series solution in

small z, meaning that an expansion near boundary, z = 0. The solutions are given by
2

poza—%+0(z4),pa:O<z4),andp€:O(z4>. (4.4)

This solution specifies the divergent pieces of the minimized surface area, which is
given by A}Y ~ 2m L lims_y (# + g log 5) +finite, where the ¢ is again the radial cutoff
near AdS boundary [21].

In our computation, our purpose is to obtain finite pieces of the entanglement entropy of
the cylinder (its minimal area). To do this, we need to impose correct boundary conditions

Y

at z = 2¥ as well as z = ¢ (on the AdS boundary). However, the solution, (4.4) will require

Y

o . C
a boundary condition at z = z;” as

ap z=2zY
0z

since the variable z has a maximum at z = z”. This boundary condition is impossible to

:OO’

impose.

The boundary conditions for the inverse solution, z(p). Therefore, we may try
an inverse solution, z(p). To get the solution, we define z(p) as a series expansion in p,

2p) =20+ 3 bup” (4.5)

n=1

together with boundary conditions

1. z(p=10) = 2 (automatically satisfied) (4.6)
[e.e]

2.z(p=a)=2zY + Z bpa" =0, (4.7)
n=1

where b,, are coefficients of the expansion and z5” is the maximum value of the coordinate z.
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To find 2:¥, we need to solve a large degree polynomial equation (4.7) (practically
n-degree by truncation), which is given by

zy = — Z a"by,. (4.8)
n=1

=0
The final boundary condition at the turning point(z = 2) is dil—(pp) ’p = 0 being given by

d p=0 [o%e) p=0
3. 2(0) = Z nbyp" ! =0, (4.9)
dp n=1

and that requires by = 0. Therefore, the form of the solution is

2(p) =2+ bup™. (4.10)

n=2

The solution, z(p) will have the following terms in it:

2(p) = 20(p) + a2V (p) + %021 (p), (4.11)

2

where zg is the solution in the background of black brane, and z(® is a? correction and

2 correction near the critical point, T' = T.. Each z(p), 2(*)(p), and

finally 2(®) is the £2a
2(9)(p) is a series solution in p and so satisfies the same boundary conditions (4.6), (4.7)
and (4.9) as we have discussed above. We note that we define the maximum value of each

solution as z9(0) = 2, 2(*(0) = z& and 2(5)(0) = 2¢ and so
2 = 2 + 0222 + e2a%2C. (4.12)
Getting solutions. Now, we illustrate the procedure how to get the solutions.

o We substitute the trial solution (4.11) into equation (4.3) and get series solutions
for zo, 2, and 2(®), which are given in appendix B.1 in detail. We obtain each
series solution upto O(p3?). First, by applying the boundary condition (4.7) to zo(p)
solution, we get the ratio of a to z,, i.e. i, with a given z,. By using this information,
we can get the value of a with the given z,. We summarize some of the results in
table 1.

« We also solve equations for z(®)(p) and 2(5)(p). The equations and the solutions
are given in appendix B.1. With the given values of a that we obtained from zy(p)
solution, we compute how much the turning point, z¥(maximum value of z) changes
by a? and €202 corrections by employing the solutions of z(®)(p) and 2(8)(p). These
values are also given in table 1.
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Zy 0 0.05 0.10 0.15 0.20 0.25
a 0 0.0398102 0.0796221 0.119444 0.159297 0.199223
a/z. 0.796204 0.796205 0.796221 0.796293 0.796485 0.796891
deg:38
d z*30 0|—7.34078 x 107 | —2.33482 % 107° | —1.75502 % 10~ | —7.28959 * 10~* | —2.18304 % 103
eg:
>
P 0| —1.52560 x 1078 | —4.76626 * 107 | —3.47876 % 1076 | —1.38778 % 1075 | —3.95175 % 10~
deg:30
2 0.30 0.35 0.40 0.45 0.50
a 0.239290 0.279601 0.320305 0.361608 0.403790
/% 0.797632 0.798860 0.800763 0.803573 0.807580
deg:38
(a3
o —5.30576 % 1073 | —1.11452 %+ 1072 | —=2.10030 * 102 | —3.63615 * 1072 | —5.87538 % 102
deg:30
€
de;TSO —9.05120 % 107 | —1.77833 % 10™* | —3.11644 % 10™* | —4.99873 % 10~ | —7.47390 + 10~*

Table 1. In this table, we list the values of a(the radius of the cylinder), z%(the a? correction
to the maximum value of z,), and 2¢(the 2a? correction to the maximum value of z,) with given
values of z,. These values are obtained by solving boundary condition (4.7). Solutions are obtained
upto O(a®®) for zg solution and upto O(a?) for 2(*) and 2(*) solutions.

4.2 Evaluation of surface area and subtraction of UV-divergence

In this subsection, we plug the solutions (4.11) into the surface area (4.2) to evaluate it(The
detailed forms of the solutions are given in (B.3), (B.6) and (B.10)). We notice that once
one expands the minimal area by plugging the solution (4.11), the divergent pieces of the
area will appear. These need to be subtracted. As we did for the case of slabs, we subtract
the pure AdS parts from the surface area as follows.

Once we evaluate the surface area by employing small o and € expansion upto leading
order a? and £2a?, then we have

Al =2rl, (’Y(O) + o2y 4 520427(5)) :

where the divergence pieces are given in v(?) only. When a@ = 0 and ¢ = 0, A7 becomes
2mL1~v(©. 49 is the surface area in the background of black brane geometry, when f (2) =
o(z) = 1 and 2°2N(z) = 1 — 2% In the factor of 22N(z) = 1 — 2%, the second terms in

22N (z) is the effect of black brane mass. Therefore once we consider a new factor,
2 — 4
2°N(z,8) =1—-¢&2". (4.13)

We consider such a new metric factor 22N (z,€) and get 7(*) again. Then if ¢ = 0, the
solution is in the background of pure AdS, and if £ = 1 it becomes in the background of
black brane.

To regularize the surface area 7(0), we get solutions of zy again by employing power
expansion order by order in £. This means that we try the following form of the solutions,

20 =20 + €28+ 0(6?), (4.14)
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together with the new metric factor, N(z,&). The analytic forms of the solutions for 264

and 269 are given in appendix B.2. Then, we get the surface area ’y(o) in power expansion
in &, as a form of
~O) = A(AdS) 4 e~ (©) 4 O(£2), (4.15)

AdS)

where ~( contains the divergence pieces, which needs to be subtracted. We take the

first order in £ only to estimate the regularized part, and this becomes more accurate near

boundary calculation since z < 1 there. Finally we take £ = 1. Then, we define Aiy(ren) as

Aiy(ren) =AY — A‘lzy(AdS), (4.16)
where Aiy(AdS) = 27 L1749, Therefore,
Atlzy(ren) =2rl, (,Y(E) + a2,y(a) + 82012’}/(6)> ’

(ren)

and our renormalized entanglement entropy S for the cylinder is given by

ren 2T cy(ren
S ):?%Aly( ), (4.17)

Entanglement entropy of Cylinder. ~©), ~(® and ~(¢) are graphically obtained in
figure. 1, 2 and 3 in order. The analytic forms of these are given in appendix B.3. Their
leading behaviors when a is small are given by

78 (a) = 0.73228506a° 4+ O(a?), (4.18)
7 (a) = 7.8111218a% + O(a?), (4.19)
7 (a) = 0.1633128¢% + O(a?). (4.20)
Once we define A, S, = Si,zo - Sg;iso as we discussed in the slab case, we find that
504072 Ly T\"
A.S,, = ————~) Tc(l—) 4.21
55’ Y 17’{% ’Y (a) TC b ( )

where a and L; is the radius and the length of the cylinder. Our analytic computation
shows that holographic entanglement entropy excess A, S, for cylinder also presents scaling

B
behavior ~ (1 — Tlc) and its critical exponent 8 = 1.

The first law of entanglement entropy and entanglement temperature. In fig-
ure. 4, we plot the following quantities in order:

1AgSey 87y (a)

a A()E o 3a3 (‘f - graph)v (422)
1A,S. 7'(7(04) (a>

G ALE = ag (@ —eh) (4.23)
1AS.,  3360my)(a

D AE 283@3( ) (0 — graph), (4.24)
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Figure 1. v(¥)(a) = 0.73228506a> + . . ., Figure 2. 7(®)(a) = 7.81112184% + . . .,
from a = 7.87386 x 1075 to a = 0.393693, from a = 7.96204 x 10~° to a = 0.403790,
5000 data points. 5000 data points.

and it turns out that as a approach zero, they meet at one point. We again note that AyQ
represents the difference between the quantity, () computed in black brane background and
in pure AdS background. A,Q is the a? correction to the quantity, Q when the chemical
potential is turned on. Finally, A, is €2a? correction to the quantity, Q when the vector
order appears near the critical point. Therefore, we conclude that when a — 0,
ISy . 180Sy _ 18uSy . 1AS,

im — = lim = lim = lim =c
a—0a AE a—0a AgE a—0a ALE a=0a AFE ent?

(4.25)

where

Cent = 0.163004 = 0.000001. (4.26)

This value is obtained by computing the average and standard deviation of the values of
the functions (4.22), (4.23), and (4.24) at a = 0. By using the definition of entanglement
temperature (3.44), we understand that even in the case that the vector order appears
in anisotropic phase, the first law of entanglement entropy is retained. The entanglement
temperature is given by

Toy = C";“. (4.27)

5 Discussion

In this paper, we explore 4-dimensional holographic anisotropic super fluids defined on
the boundary of 5-dimensional asymptotically AdS spacetime near its critical point T =
T., where a vector order parameter appears, and it breaks SO(3)-rotational symmetry
of spacetime down to SO(2). The gravity dual of such a system is Einstein-SU(2)Yang-
Mills theory, defined in asymptotically AdS spacetime. To understand properties of this
system, we compute holographic entanglement entropy in the background of the charged
black brane solution of this gravity system. We apply an analytic method and obtain
holographic entanglement entropies of subsystems with shapes of wide and thin slabs and
a long cylinder.

For the wide and thin slabs, we consider two different spatial directions: one is lying
along a direction which is parallel to the vector order whereas another is perpendicular to

- 21 —



6.5

0.007
55 @
0.006

0.005 — 5.0
Cent
0.004
Area y® 45
0.003 20

4.0
0.002

0.001 35
0.0 05 1.0 15 2.0 2.5 3.0

0.000 Radius of the Cylinder, a
0.0 0.1 0.2 0.3 0.4
Radius of the Cylinder, a s (5)( )
Figure 4. £ = limg TSz =
Figure 3. v(*)(a) = 0.1633128a° + .. ., 6.13477704907792)5,
from a = 7.96204 x 1075 to a = 0.403790, a2 — lim, o T % = 6.134840767351422,
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100 data points each

the vector order. For the cylinder case, we consider the cylinder lying along the vector
order only. The entanglement entropies that we obtained for the slab and cylinder cases
share universal properties: these show a scaling behavior near critical point, which has a

T\ 8
ALS ~ (1 - T) , (5.1)

form of

where A, S = §° — §21is0 and §° is the entanglement entropy in isotropic phase whereas
Saniso jg that in anisotropic phase. The critical exponent, 5 = 1 for all of the cases that
we examine. Therefore, we understand that the critical exponent 5 = 1 is probably the
common feature of the entanglement entropy near the critical point of the system. We
note that the analytic approach is valid when a = % is small, and in this case, the system
undergoes second order phase transition near the critical point. We restrict our analysis in
this case only.

However, an interesting feature occurs when we consider anisotropy. The entanglement
entropy of slabs has the following expansion near the critical point

A.S; = Ci(d) (1 - g)ﬁ (5.2)

where ¢ = 1,2 and ¢ = 1 is for the slab being parallel to the vector order whereas ¢ = 2 is for
the slab being perpendicular to the vector order. We assume that the shapes of those two
slabs are the same but their directions are different. We determine the coefficient, C;(d),
by employing small “d” expansion such as

Ci(d) = CPd? + cWat + ... (5.3)

where the d is the thickness of the slabs. In the small d region, we probe ultraviolet degrees
of freedom and it corresponds to that the extended minimal surface to the bulk from the
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slab is still probing the bulk region near the AdS boundary. However, condensation is an
infrared effect. This means that we need to probe deeper in the infrared region to see the
effects of condensation. In its holographic dual, as d grows, the extended minimal surface
to the bulk from the slab probes deeper in the bulk.

In the small d region, the term being proportional to C'?) is the most dominant and
it turns out that C’P) = 52). This implies that the ultraviolet degrees of freedom is still
universal in a sense that they are independent of the directions of the vector order param-
eter. An interesting anisotropy appears in CZ»(4) such that C£4) #* C§4). This observation
leads us to define a new order parameter from entanglement entropy, which is defined as

012 = Sl — SQ. (54)

We understand that O12 = 0 above the critical temperature since SO(3)-rotational symme-
try is retained. However, O15 shows critical behavior together with its non-zero coefficient
near the critical point and it can be an indication of phase transition.

With the same reason, the condensation does not spoil the first law of entanglement
entropy, since the law holds in the d — 0 limit, which implies that it is ultraviolet physics.
In the small size limit of the subsystem(d — 0 limit), it turns out that the ratio of entropy
change to total energy change of the subsystem is universal. The term being proportional
to C'¥ is relatively infrared effect and it is subleading in small d expansion.

In conclusion, in anisotropic holographic superfluid system, we find that the system
presents universal properties and anisotropy at the same time. The universal properties
are scaling behaviors of the entanglement entropies and all of the subsystems that we study
share their critical exponent 8 = 1. When one looks at ultraviolet degrees of freedom, the
first law of entanglement entropy is held for all the subsystems that we look at. This is
also a universal feature in a sense that it does not depend on the direction of the vector
order parameter. However, if one averts one’s eyes to the infrared region, one can see a
fact that entanglement entropy depends on the direction of the order parameter. By using
this fact, one can define an interesting order parameter near the critical point.
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A Slabs on the xy-x3 and x3-x; planes

For the computations of the slabs, we need to evaluate the following form of the integration:

o0 un
Inz/ B Al
1 Vub—1 " (A1)
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where n is an integer. For some specific n, there are some results:
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We define variables s = 1/r, and u = rs. In fact, to get the area of the slabs analyt-
ically, we expand the metric factors appearing in the calculation in terms of s, where we
expand f(r) and N(r) in terms of s. They are given by
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A.1 Slab on AdS boundary and divergence subtraction

For surface area computation in AdS space, we use metric (2.7) but the metric factors of
f, 0, and N are replaced by

o=1, f=1, N(r)=r2
)

Then, the relations between d, s, and the surface area AgAdS are given by

o0 dr
R A

namely,



(AdS)

The surface area A; is given by

o 2 £2
AgAdS) :2L2L3/ dr r f *

N(r) <1 1"6> 221/ dr\/i

1 \/?F(g)l
= lm s - p(é; 52
1 1
:hrr(l)ﬁ—i—C%ﬁ.

Finally, we get

ren AdS
AP A - AP
¥ >

= O%3d? + Cy3d* + CS3d® + O(d"). (A.4)

A.2 Slab on the x2-x3 plane

The relation between the thickness of the slab “d” and r,, maximal depth of the stretched
surface (or, turning point) for the slab on the xs-x3 plane is given by

2 f(u/s)
= 2/ TQN(T)‘( / ux/u6—1 VN (u/s) (4.5)
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where we expand the integration in terms of s upto its 7th order.
From this form of the expansion, the expression for s can be given in series of small d.
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Aj in terms of s, upto 6th order is given by.
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Finally, by using the relations (A.6) and (A.7), we get
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A.3 Slab on the x3-x; plane

In this subsection we find the expression of As in terms of d, following the same steps as
we did in A.1. First, d is expanded in terms of s upto its 7th order.
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The expression for s is given in series of small d.
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Ay in terms of s upto 6th order is given by
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Finally, we get As(d) by using the relations (A.10) and (A.11), which is
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B Equations and solutions for the long cylinder

-
e (L))

B.1 Solutions for zo(p), z(*)(p) and 2()(p)

As we discussed in section 4, we solve equation (4.3) by employing small « and € expansion
upto leading order in o and e2a?. The form of the solution is given by

2(p) = 20(p) + 022 () + 2022 ), (B.1)

and each zp,z(® 2(¢) can be solved in the form of series solution in p. With such a form
of the solution (B.1), we consider small a? and &2 expansion of equation (4.3) and solve
equations of zeroth order in « and ¢, of leading order in o, and £2a?.

First, let us examine the equation for zp, which is Zeroth order in « and &, being

given by
EAN: p

- | ——
l—z " Op L4 &

120

1+

=0, (B.2)

where prime denotes derivative with respect to p. The solution for zj is given by

3(z4—1) 2+9(7z§—2zf—5) 4+3(10212 1328 + 162 — 13) K

e 12823 " 12825 (B-3)
N 9 (1275216 — 2456212 — 135428 + 72162F — 4681)
13107227 P
27 (23275220 — 49367216 + 36878212 — 1849102% + 3564072F — 182283) 4,
1310720029 P

+upto O(p™),
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where we get the series solution upto order of p*® but we just write the solution upto
O(p'Y). To get the relation between a and z,, we apply the boundary condition (4.7).
The relation is obtained numerically. Some results are given in table 1. In fact, to draw
the graphs, we obtain more data points.

The equation of z(%(p) is given by

(a)l 42 >z020
12 2oNa + 2204 T [T GR 2@ [ G)P .
223 1— 25+ (2h)2 L 24 i (B-4)
0 0 0 0 0 0
4x(a) 53
_ 2 _lp iZON +2Z(a)/ zl Z(O)ZO 1 3p &¥
8/) 2 8 1- ZO + (ZO) 14+ Ezo) Zé 14+ (Z(l))z ’
—z 1—=z
where
32 24
Ny==>-"2_, B.5
31+ 22 (B5)

We note that the equation is that of leading order in o?. We put the zeroth order solution,
2o that we obtained previously into the equation (B.4) and get the solution of z(®)(p) which
is also a series solution in small p. The solution, z(®(p) is given by

92428 + 32 — 3227 + 3220

2 =0 4 122 p (B.6)
31528280 — 18242 + 13528 — 1920211 + 134429 4 76827 — 19225
+ 1 p
12822
1

+ T35 (210z12 O 1172822 — 482222 + 19522
Z

—2000z1° 4 96021 4 2272211 — 83222 — 91227 + 512z;’:) P8 ...+ upto O(p*")

We also get the equation and the solution for z(¥), being given by

(5), 42( )zOzO
12 20(Ne + 2F) + 22 + L (=)? Sz(a) L (2)2 B.7)
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The solution of z(®) is given by

26 =254 378021925 + 113402825 4+1260028 22 + 756022 2 + 378022 2°

1 (

+126025 — 281215 — 2832134418211 114220 — 27727 +281z,§) 0>

1
+ 396021 (2 1) (22050z,14zi +661502,% 25 +6489021025 +1827025 25 + 567020 25
ol O

+2709022 25 4283502225 4945025 — 3653219 — 5359217 + 4875 21° + 8009213 — 3179211
— 404929+ 363727 —281,2;’:) ot
1
+ ,
5376025 (22+1)3
—10962028 2 +2142025 25 422554022 25 424570022 2 +8190025 — 31191223 — 58573221
+4044521° +12110321 743111215 — 89251213 — 33693211 + 6198522 — 1843227 +4496z,§) o8

(88200zi8zi+264600zi6zi+215460zi4z§—59220zi22§—167580zi0zi

+ upto O(p*°)

B.2 Black brane solution and entanglement temperature

In this subsection, we find the solutions of z5' and 2£. In this case, f(r) and N(r) are
given by
§

f:17 N(T,g):?"Q—ﬁ,

and zg will have a form of
20 =7 +E&25 +O(€),

where £ is a bookkeeping parameter and later we take £ = 1. The equation of zj is given by

1\2 8
- zZ,
0 281 / 1 + 1705261

The solutions for z64 and z{’ are obtained by employing power expansion order by order in
& upto its first order. We get series solutions for 264 and zég in p upto O(p™), which are

given by
3 45 39
A A 2 4 6
— A _ — — e B.12
0= A T UGA” T 128GARY T 1esGAp” T (B.12)
B _ LB 3(22)5 + 328 g —18(2{")® + 13525 , 48(2)5 419528
0 = 4(zA)2 128(zA)4 128(z4)6
The boundary condition z§'(a) = 0 gives a constant ratio of a to 2 as
a
A= 0.789541. (B.13)

*

— 30 —



With the given values of a from the previous computation, the boundary condition 269 (a) =
0 gives the value of zZ. With these values we obtain

L = 0.73228506. (B.14)

The solution of ~(©) (a) is given explicitly in the next subsection, upto 6th order.

B.3 Computation of the surface area for cylinder

Defining r = 27 !(p), the integral for the surface area of the cylinder becomes

0

4 =nt [ =00 () dpJ (01)2 e e L
dp

p

We expand the integrand upto leading order of &, a?, and £2a?,

z(p):

as we similarly did for

AV =27l (V(Ads) + 67O + oy 4 620427(5)) :

The solutions of 2(*)(p), 2()(p), z5'(p) and 2 (p) are given in appendix B.1 and B.2. With
these solutions we may expand the integrands in terms of p and integrate them to get A&,
~@) and ~():
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~15(9627 — 8027 — 6429 + zis;zéil ; 4220 — 97,4, _ 3,8,(2)y & + upto O(a™)
(e)
e 32* 2
NONINS s (B.18)
3

+ {28120 + 27727 — 14252 — 418211 4 283215 + 281217

448025(22 1 1)3
+ 247 (6300 — 1890022 — 176402 — 252020 + 37802 + 126021°)} o

—84322 + 27127 + 11152 — 16712 + 11212 4 1401215 — 3217

T 1792:8(1 ¢ 273 {
— 281219 4 2 (217640 + 5292022 — 4158024 + 1638028 + 3528025 + 15120210
+3780212 + 126021) } a® + upto O(a™).
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