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Island of Reissner-Nordstrom anti—de Sitter black holes in the large D limit
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We study the information paradox of Reissner-Nordstrom anti—de Sitter black holes in the large dimension
limit by using the island formula. The entanglement entropy of Hawking radiation is calculated both for the
nonextremal and the extremal cases, in which the boundary of the radiation region is close to the outer
horizon. For the nonextremal case, the entanglement entropy of Hawking radiation obeys the Page curve, i.e.,
the entanglement entropy of Hawking radiation increases with time and reaches saturation about twice
Bekenstein-Hawking entropy at the Page time. For the extremal case, the entanglement entropy of Hawking
radiation becomes ill defined in the absence of the island due to the appearance of the singularity at the origin
of the radial coordinate, while when the island exists, the entanglement entropy is found to be equal to the
Bekenstein-Hawking entropy. In addition, for the case where the boundary of the radiation region is close to
the horizon, there are some obvious constraints required by the existence of the island solution for both
nonextremal and extremal cases, which can be utilized to put constraints on the size of the black hole. These

results reveal new features of the semiclassical large D black holes from the island perspective.

DOI: 10.1103/PhysRevD.109.104053

I. INTRODUCTION

In 1974, Hawking discovered that the black hole can emit
thermal radiation, which is called Hawking radiation [I].
In this way, the black hole has a temperature and can
evaporate. However, a consequent problem called the black
hole information paradox [2] is noticed during the black
hole evaporation in the semiclassical gravity: essentially, a
black hole formed by the collapse of the pure state becomes
the mixed state after thermal Hawking radiation. Obviously,
this process is not unitary evolution, which is in conflict
with the standard rules of quantum mechanics. To avoid the
information loss problem in the semiclassical gravity, Page
proposed that the evolution of the entanglement entropy
produced in the radiation process of the black hole should
satisfy the Page curve [3,4]. Therefore, the key point to
solve the black hole information loss problem is to
reproduce the Page curve in the semiclassical description.

Recently, significant progress has been made in the
study of the black hole information paradox in the light of
the AdS/CFT correspondence [5]. In Refs. [6-9], the
island formula was proposed to calculate the entanglement
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entropy of Hawking radiation, which helped to reproduce
the Page curve in semiclassical gravity. This formula
comes from the holographic entanglement entropy (HEE)
formula [10,11] and its quantum version, i.e., the quantum
extremal surface [12,13]. It is worth noting that the island
formula can be derived through the gravitational path
integral formalism [14,15]. The island formula for the
entanglement entropy of Hawking radiation is given by

S(R) = min {ext{Sgey } }

Area(dl)
— min {ext{ A0 g oy p LU (1)
4Gy

where / is the island and R is the radiation region outside the
black hole. Note that due to the short distance cutoff [16,17],
the entanglement entropy of matter has UV divergence,
which can be absorbed by renormalizing the Newton
constant Gy [18]. Sy, is the generalized entropy composed
of two parts: the first area term is the contribution of
the island, and the second term is the finite part of the
entanglement entropy of the matter on the union of the
radiation region and the island. The entanglement island, or
simply called island, is a region in the black hole interior,
which is found to be a part of the entanglement wedge of the
Hawking radiation outside the black hole. The island
formula is expected to be applicable to different types of
black holes. So far, the island formula has been applied into
the (1 4 1)-dimensional gravitational models [19-34] and
also some higher-dimensional models [34-53]. In addition,
there were also studies on equivalent descriptions of the
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entanglement islands based on the anti—de Sitter/boundary
conformal field theory correspondence [54,55], see [56—65]
for examples.

In the present paper, we mainly consider the entanglement
island of D = (d + 1)-dimensional Reissner-Nordstrom
anti-de Sitter (RN-AdS,.;) black holes coupled to an
auxiliary thermal bath in the large D limit for both non-
extremal and extremal cases, in which the gravitational
theory shows interesting decoupling properties. For a large
D black hole, its near-horizon geometry will be driven into a
fixed point and its dynamics will decouple with that in the far
region, and the effective theory reduces to a two-dimensional
dilaton gravity. In addition, the gravitational perturbations
will go into the hydrodynamic limit, which makes analytical
calculations for the equations of motion of the gravitational
perturbations available [66—73]. Thus, large D black holes
provide a good platform for studying the entanglement
island analytically. On the other hand, the properties of the
entanglement island for extremal black holes have not been
completely understood yet. Previous works attempted to use
the island formula to analyze the extremal black hole, but
their calculations were mainly based on taking the extremal
limit from the nonextremal case [40,42]. Subsequent studies
suggested that the nonextremal and extremal cases should
be analyzed separately based on their different Penrose
diagrams [41,43,74]. Moreover, although the Hawking
temperature of a extremal black hole is zero, its
Bekenstein-Hawking area entropy is nonzero, which also
has been verified from counting microstates of solitons for
extremal black holes in string theory [75] and calculating
the microscopic entropy of the conformal field theory (CFT)
holographically dual to the extremal black hole [76]. Now,
for the large D RN-AdS,; black hole, it has been shown
that it contains new dual CFT description in the (near)
extremal limit. Therefore, it would be interesting to further
study the entanglement island of the large D RN-AdS,
black hole, which will give deeper understanding of the
microscopic entropy and entanglement property of the
extremal black holes.

This paper is organized as follows. In Sec. II, we will
briefly review RN-AdS,, | black holes in the large D limit,
both for the nonextremal and extremal cases. In Sec. III,
we review the formulas to calculate the entanglement
entropy of matter. In Secs. IV and V, we mainly study the
entanglement entropy of Hawking radiation for the non-
extremal and extremal cases by using the island formula. In
Sec. VI, we discuss the constraints in the presence of the
island in more detail. In Sec. VII, the Page curve and Page
time are discussed. Finally, conclusions and discussion are
given in Sec. VIII.

II. REVIEW OF THE RN-AdS,;,; BLACK HOLE

In this section, we review the RN-AdS,, | black hole and
its metric in the large D limit [68]. Based on the previous

results, we rewrite the metric for the nonextremal and
extremal cases in the Kruskal coordinates.

The action of (d + 1)-dimensional Einstein-Maxwell
theory has the form

1 dd—1) L2
I= d™x\/=g( R+ ——5———F,F" |,
167Gy, / o g< o g )

(2.1)

where G, is the Newton constant, R is the Ricci scalar, L is
the curvature radius of the asymptotically AdS,,, space-
time, and g, is the dimensionless coupling constant of the
U(1) gauge field. The equations of motion can be found as

1 dld-1) L2
R,—=9,R————g :—(4F,1F’1—g F F“ﬁ)
w5 Juv 207 T o ity ! ap

du(v/=gF") = 0,

which admits the following RN-AdS,,; black hole
solution:

(2.2)

ds* = —f(r)dt* + ar + r2dQ?
£(r) o
)
A= /1(1 - ﬁ) dt, (2.3)
with
M Q2 r2
f(r)=1 _ﬁerjLF’
d—1 ng
p= (2.4)

2(d -2) Lri*

where r, is the radius of the outer horizon, u is the
chemical potential, and M and Q are the mass and charge
of the RN-AdS,; black hole.

A. The nonextremal large D RN-AdS,, ; black hole

The dual CFT description of the large D RN-AdS,.
black hole has been studied in [68]. To analyze the large D
RN-AdS,,, black hole, defining p =% and M = r?2,
and taking the large dimension limit d — oo together with
the near-horizon limit r —r, < r,, the metric (2.3)
becomes

2

(d—=2)*p*f(p)

Azu(l—%)dt,

where

ds® = —f(p)d® + dp® + rpdQy,

(2.5)
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1 Q1 nph
=]l =4
f(p) ,0+M2p2 12
1 0*1
zl—;—FW;-FE. (26)

Note that in order to obtain Eq. (2.5) we have used prr e~ 1
(for finite p) once for d — oo, but we still keep the exact
form of pﬁ that appears in the spherical term of the metric.'
The inner and outer horizon radius of large D RN-AdS,,
black holes are

14 4/1 %2 2
M s
= —— k = 1 5 . 2.7
P+ %k > + 12 ( )
Thus, the metric (2.5) can be rewritten as
dsz — _k(p _p+)2<p _p—) dt2
P
d—2\2\"!
+ (k(ﬂ—ﬂ+)(ﬂ—ﬂ—>< . ) ) dp*
+ r2piadQ . (2.8)

The temperature and entropy associated with the outer
horizon are, respectively,

I (d—2> k(m—/}_)’

Ty 4”p+

Q757"
4Gy

SBH - 5 (29)

where Q,_, = 22%?/T'(d/2) is the volume of the unit
sphere S4-1_n addition, the tortoise coordinate is

7 ropdp
P / (d=2)k(p—p)(p—p-)

1 1
-1 - 1 _
o, og(p = p+) +5 —loglp = p-).

(2.10)

k(pi—p-)

o7 ) are the surface gravity on the

where k. = (£2)(
inner and outer horizons, respectively. Then the Kruskal
coordinates are

U — _e_KJr(t_p*)’ V = eK+(t+p*). (211)
Finally, we can rewrite the metric (2.8) in terms of the
Kruskal coordinates as

'Note that in the sphere radius r,p7 we are retaining an
apparent term pﬁ since it provides a contribution whenever the
area element r?-! pfﬁ ~ rd~1p is involved [71]. Essentially, this
detail is crucial when we use Eq. (3.5) to calculate the entangle-
ment entropy. As you can see from Eq. (4.8), if we omit this term

pd'TZ, the location of the island cannot be determined.

ds* = =P (p)dUdV + ripmdQ:_ |, (2.12)
where
kp=p)lp=p) 1 o,
Plp) =PI ZP) L s (213)
P K

B. The extremal large D RN-AdS,,; black hole

The extremal condition is M? = 4kQ? = r2?=*, in which
the outer horizon coincides with the inner horizon
(i.e., py = p— = 3¢ = py). Then the metric (2.8) reduces to

k(p — pi)? d—2\2\-!
dszz—(ppzph) dr* + <k(p—ph)2( . ) ) dp?

+ r2piadQ2 |, (2.14)
the tortoise coordinate now is
’ ropdp
o / (d=2)k(p = p1)?
= i"z)k [—p fhph +log(p—pu)|.  (2.15)
and the corresponding Kruskal coordinates are
U= —e*=r.), V = exlitp.) (2.16)

where we have still adopted the form of the Kruskal
coordinates defined in Eq. (2.11). Note that, in the extremal
case, the surface gravity k, = k_ = k becomes zero, so we
assume that the limit k — O to approach the final result of
the extremal case. Now, the metric (2.14) in terms of the
Kruskal coordinates becomes

ds> = —w2(p)dUdV + r2dQ3_,, (2.17)
where
kip—pp)? 1
w?(p) = th)_ze—m’ (2.18)
p K

and the area entropy of the large D extremal RN-AdS,;
black hole is

d—1
o Q175" Py

S = 2.19
= (219)

III. FORMULAS OF THE ENTANGLEMENT
ENTROPY OF MATTER FIELDS

In this section, in order to calculate the entanglement
entropy of the radiation in any (d + 1) > 4-dimensional
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curved spacetime through the island formula (1.1), we will
take some assumptions and adopt some limits to calculate
the entanglement entropy of free massless matter fields in
higher-dimensional spacetime [34,51]:

(1) If the distance between region A and region B is
larger than the correlation length of the massive
modes in the Kaluza-Klein tower of the spherical
part, the Hawking radiation is assumed to be de-
scribed by the two-dimensional s-wave modes (with
the zero angular momentum) and influence from the
higher angular momentum modes can be ignored.
Then the finite part of the entanglement entropy of
massless matter fields is approximated by the mutual
information of the two-dimensional massless fields
as [34]

Sfinite
matter

= —I(A:B) =Slogd(4.B). (3.1)

where ¢ is the central charge, and d(A, B) is the
distance between the boundaries of region A and
region B in flat spacetime. More specifically, in two-
dimensional conformally flat spacetime, the metric
can be written in terms of the Kruskal coordinates as

ds* = —-Q*dUdV, (3.2)
where Q is the conformal factor. Under a Weyl
transformation, the distance d(A, B) between two

points in conformally flat spacetime can be written as
[25,34,47]

d(A.B)=/Q(A)Q(B)[U(B)-U(A)][V(A)-V(B)].

(3.3)

Therefore, the finite part of the entanglement entropy
of matter fields is given by

Shies = g log Q(A)2(B)[U(8)

—U@)Iv(A) -Vv(B).  (34)

As the U, V parts of metrics (2.12) and (2.17) are
conformally flat, so the entropy formula in Eq. (3.4)
is applicable.

(ii) If the distance L between region A and region B is
sufficiently small, then the finite part of the entan-
glement entropy of massless matter fields can be
evaluated by [34,77,78]

Area
= —I(AB) = —Kd+1CL—

finite
S d-1’

matter

(3.5)

where c is the central charge and k,, is a dimen-
sionally dependent constant. Note that this formula
is only valid for the flat spacetime. We expect the
above formula can also be applied in curved space-
time as long as we require that the length scale of the
curvature is much larger than the distance L.

IV. THE ENTANGLEMENT ENTROPY
IN NONEXTREMAL LARGE D RN-AdS,,
BLACK HOLE

In this section, we will calculate the entanglement entropy
of radiation in the nonextremal large D RN-AdS,,; black
hole. Before discussing the island rule, we first give a
specific description to the model we studied. In order to
investigate the evaporation process of black holes in AdS
spacetime, we expect to couple a bath at the asymptotically
AdS boundary of the black hole. Here, we couple two flat
thermal bath systems that have no gravitational effect at the
boundary of the RN-AdS,,; black hole and make it trans-
parent [46,79]. For the thermal bath, suppose that the bath is
in thermal equilibrium with the black hole. The Penrose
diagram of whole spacetime (RN-AdS,, | + bath) is shown
in Fig. 1.

Furthermore, it is worth noting that we choose the
boundary of radiation region b, near horizon, which is
crucial in our later calculation of the entanglement entropy
of Hawking radiation. As we can see, due to the special
features of large D geometry near the horizon, the metric of
the large D RN — AdS,,, black hole behaves like in
asymptotically flat spacetime [66,71]. Then a natural setup
is to choose the boundary of the radiation region b that is
to be near the horizon, which is similar to the previous
models [34,51]. To explain this, we can focus on the black
hole solution f(r); the horizon radius r, is satisfied with
f(ry)=0and r, <r,. Atlarge D,

L
-2

M2
2k

14 /1 -3

ry=r,

zr0<1 —$In<1 +£—32> - O(d‘2)>, (4.1)

when taking d - oo, r, — r,. It implies that the gravi-
tational effect of the black hole quickly disappears outside
horizon r > r, in the large D limit. In fact, there is a small
region around the horizon on the r/d scale where the
gravitational effect of the black hole is still appreciable,
more precisely, within the region

r—r, 5%+ 0(d?), (4.2)
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(a) Without island

FIG. 1.

(b) With island

The Penrose diagram of the nonextremal RN-AdS,, | black hole coupled to two auxiliary thermal baths. The black part and red

triangle represent the black hole and the auxiliary at spacetime, respectively. (a) R.. are the radiation regions on the right and left wedges,
and b, are the boundaries of the radiation region R ... (b) The boundaries of the island are supposed at a ., and the inner boundaries of the

radiation regions correspond to b.

ie., p= (%)% = O(d"). Thus, the gravitational influence
of the black hole is mainly concentrated in the near horizon
and vanishes in the far zone’ in the large D limit.
Therefore, it allows us to choose the boundary of the
radiation region b, to be near the horizon as in asymp-
totically flat spacetime. So, we are able to calculate the
entanglement entropy in large D RN — AdS,, | black hole
spacetime by using the formulas (3.4) and (3.5) as in the
following sections.

A. Without island

There are two points b corresponding to the bounda-
ries of radiation regions on left wedge R_ and right
wedge R [see Fig. 1(a)]. Here b = (t,,p;,) and b_ =
(=t, +ip/2,py), respectively. Note that, for the case
without island, it can be inferred from the island formula
that the entanglement entropy of Hawking radiation only
receives the contribution from the matter fields. If the
distance between the boundaries of R_ and R, is large, the
entanglement entropy of Hawking radiation can be
approximated by formula (3.4)

. c
S = ST (R) = ~I(R.: R-) = Flogd(b..d). (43

then calculating in the Kruskal coordinates (2.12),
we have

*The definition of two distinct regions in the geometry: near-
horizon region: r—r, < r,, ie., Inp <d, and far region:
r—r,> % ie, Inp> 1.

Sk = =log[(B) (U(b_) = U(b,))(V(b,) = V(b_)))]

6
k(p— - 1
=log|4 o /)+)2(p p_)—26‘4K+/’*(”)cosh2(lc+tb) :
6 K5
(4.4)
At late time, we assume that 1, > p, > p,, thus
c d=2k(p, —p-)
SRk ity =———""—"t,. 4.5
R 3K+ b r 6+ b (4.5)

We can see that the entanglement entropy of the radiation
increases linearly with time at late time and becomes
larger than the Bekenstein-Hawking entropy. This clearly
does not satisfy the unitary, which requires the entangle-
ment entropy to follow the Page curve. However, this
problem will be solved once we introduce the contribution
of the island after the Page time.

B. With island

Now we consider the contribution of the island to the
entanglement entropy of Hawking radiation. We will focus
on the situation where the inner boundary of the radiation
region is near the outer horizon, characterized by
Py — P4 K py. We set the boundaries of the island as
a, = (ty,p,)and a_ = (—t, +if/2,p,), respectively [see
Fig. 1(b)]. Here we will apply the formula (3.5) to
calculate the entanglement entropy of matter fields, as
we have set the boundary of the island to be outside and
near the outer horizon, namely, p, —p, < p, —p, K p,.
By formula (3.5), we have

104053-5
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Area

St (R U 1) = 2I(R, TET

I) = —2Kd+lc (46)

and the geodesic distance between the boundary of region
I and that of region R is [34]

L_/Ph r, dp
v d=2\/klp—p)(p—p-)

T 1
22— (Voo =P =\Pa—p5). (4.7
d=2\/k(py —p-)
Thus, the generalized entropy is
Area(ol) Area(oR)
Sgen = ZW_ Ken €T
Qe (Mﬂa)z%l T, T Qi (Mﬂb)%
- 2G d+1 ( _ — )d_l
N VPs VP =P+
(k(py —p_))% (d=2\+!
X ST - (4.8)

The factor 2 is due to the double contributions from the
left and right wedges. For convenience, we define new

variables x = /;% and y =, /”"p;”*, thus x <y <1
+ +

because of p, —p. <p,—p, <p.. Then Eq. (4.8)
becomes

Qi (Mﬂb)%

-1
(1-3)
o (ks = —p))7 [d=2)\!

Pl yd lyd-1 r,

According to the island formula, the entanglement entropy
is given by the minimal value among all extremal solutions
of the generalized entropy. Note that the expression of the
generalized entropy by using formula (3.5) does not
explicitly include time. We just take the derivative with
respect to position p, and solve the following equation:

Qg (Mﬂa )%

S =
gen 2Gy

— 2K4+1€

(4.9)

d-1

0Sgen _ d = 1QuM=p = (d=1 Q1 (Mpy)=
e d=2 26y @7 Drancr TN
Pa N (1 —;> Xyp4
sl — 9\ d-1
X (k(p+ p-)) (d 2) =0, (4.10)
p yd 19d-1 r,
which gives
d k d-2
f(l—f) — Gurcgc (ptl PITA=2 )
y y ydH+12d=2,d-1

Pl

1. The existence of general island solution

Now let us study the general island solution of Eq. (4.11);
we will show that the existence of the island solution
requires some constraints on the large D RN-AdS,, | black
hole. Similar observations in Schwarzschild black hole
spacetime have been noticed in Refs. [38,44,45,51]. By
defining new variables as

-€(0,1)
d+12d—2 d 1
and 1= pEy - . (4.12)
cxa41G(k(p, —p_))T(d=2)(d+1)
where x < y < 1, Eq. (4.11) becomes
(1=t = — (4.13)
u —Uu .
(d+ )i

Note there exists a local maximum value of function F(u),
that is,

dd

m (4.14)

1
F = .
(1) s

at u,, =

Function F(u) = u(1 — u)? monotonically increases with u
in the interval (0, u,,) and monotonically decreases in the
interval [u,,, 1) (see Fig. 2). ObViously, there exists an island

solution to Eq (4.13) only if 77557 +1) < F(u,,). Therefore, in

the large D limit, we obtain

1\ 4
/1><1+6—1> — e.

As shown in Fig. 3, if the constraint 4 > e is satisfied, there
would exist two solutions u; and u, (0 <u; <u, <
u, < 1). The local minimum and maximum values of the
generalized entropy are located at u = u; and u = u,,

(4.15)

Flu.)

F(u)

1/[(d+1)A]

> U

0l u Un U 1

FIG.2. The schematic diagram of function F(u«) in the interval
ue (0,1). A local maximum value of function F(u) is located at
u,,. There are two solutions u; and u, when F(u,) >
1/[(d + 1)4]. The island solution is just u;.
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Sgen(u )

Sgen(u)

(@)

FIG. 3.

The entropy curve of Sy, with u. (a) When 4 > e, the generalized entropy S, reaches its local minimum and local maximum

at u; and u,, respectively. (b) If 1 < e, there would be no solutions.

respectively. Thus, the island solution is exactly given by
u = u;. When 1 = e, points u; coincide with u, at u,,, the
generalized entropy S, will monotonically decrease with u
in the interval (0, 1). Thus, there would be no local
minimum value of S,., and no nontrivial island solution
can be found, similar to the case 4 < e. Physically speaking,
the existence of the island puts a constraint on the large
dimensional RN-AdS,;,; black hole. As according to the
island formula, we need to make sure of the existence of
the island in order to save the unitarity in our case, and this
makes the constraint (4.15) meaningful.

2. Two specific analytical island solutions

Note that we cannot give an analytical expression of
the island solution for the general case x < y < 1. In this
section, we will give two analytical island solutions for the
special cases x < y/d and x ~ y/d in the large D limit.

First, we consider a more special case satisfying x <
y/d with d — co. Starting with Eq. (4.10), (1 — %)~ can be

expanded as

(1 —§>_d2 I +d§+0<<d§>2>. (4.16)

This allows us to ignore the higher-order terms of Eq. (4.16)
in the large D limit for the special case x < y/d. Note that,
in the finite dimension case, the condition x < y would be
enough to drop the higher-order terms of Eq. (4.16).
However, in the large dimension case, the condition x <«
y is not enough and we need to further assume x < y/d.
Substituting Eq. (4.16) into Eq. (4.10) and omitting the
higher-order terms, we find an island solution as

y y
= = 4.17
* ylpd-igd-2 ( P )% —d (d + 1)/1 -d’ ( )
(d=-2)k411¢Gy \k(p1—p-)

which is a special island solution that is valid for x < y/d
with d — 0.

Now we try to give another special analytical solution in
the large D limit. We assume d3=n~ O(1), so that
limy_ (1 —%)¢ = ™. Then from Eq. (4.13), we get

—ne = —— (4.18)

T

The solution of the above equation can be expressed as the
Lambert W function (or the product logarithmic function). It
can be seen in Fig. 4 that there are two real number solutions
n =—-W(—=1) and 7, = =W_;(—1), where —1 € (-1,0).
The island solution is just given by 17, = —W(—1), that is,

(4.19)

which is a special island solution that is valid for x ~ y/d
with d — 0.

J)

FIG. 4. The schematic diagram of the function f(5) = —ne™".
There are two solutions #; and 75, of Eq. (4.18). The island
solution is just 7;.
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3. The entanglement entropy with island

In previous sections, we have confirmed the existence of
the island solution for the general case x < y < 1. Now let
us evaluate the entanglement entropy of Hawking radiation
when the island exists. For the special case with x < y/d
and d — oo, we note that the solution (4.17) should satisfy
the constraint 4 > 1. Thus,

y LY
(d+1)i—d (d+ 1)

(4.20)

X =

Then by plugging the solution (4.20) back into the
formula (4.9), the entanglement entropy in this special
case is given by

Q1 (Mp, )= Qi (Mp, )
Sg = 2Gy —Kqr1€ yi-1
(K =p )7 (d - 2) 4t (1 d- 1)x)
d—1
/)_ﬁ 2[1—2 r, y
2y?
~28 l———~F——— ) 228y, 4.21
BH( (d+1)(d—2)/1> BH (4.21)

where we used 4 > 1 and y/d < y < 1. Therefore, for this
special case, the entanglement entropy of Hawking radi-
ation Sp is approximately equal to 2Sgy.

For another special case with d§ =75~ O(1), from
Egs. (4.18) and (4.19) we have the following expression:

d-1 1
(1 _ x) ~eh = (4.22)
y e
Substituting Eq. (4.9) into Eq. (4.22), we obtain
2y? 1
SR >~ 2SBH (1 - @7<1 _ 1)d—1>
y
2y?
~ ZSBH (1 — ?7’]1> ~ 2SBH’ (423)

where we have used the solution 7, ~O(1) and
y/d <y < 1, Therefore, we obtained the entanglement
entropy of Hawking radiation which is approximately equal
to 2Sgy for two special cases.

Moreover, it can be shown that, for the general case
x <y <1, one still has Sz ~ 2Spy, since from Eq. (4.9),
we have

2y2 xl—d
Sp~28 1l (1 —— 28ky.
s ( <d+1><d—2>z( y> )< bt

(4.24)

For the general case x < y < 1, the island solution satisfies
x/y=u; <u, =1/(d+ 1) under the constraint 1 > e.
Then we have

2y2 1 1-d
Se > 28u( 1 -
R > BH( (d+1)(d—2)/1< d+1> )

2y’e
=28pu(1-— 2" ) 2284
BH< (d+1)(d—2)/1> BH

(4.25)

Thus, we obtain Sp ~2Sgy for the general case
x <y<1. The leading term 1is given by double
Bekenstein-Hawking entropy, which comes from the boun-
dary area term of the island. The subleading term has been
ignored, which reflects the contribution from the quantum
effects of matter fields.

V. THE ENTANGLEMENT ENTROPY IN
EXTREMAL LARGE D RN-AdS,,; BLACK HOLE

In this section, we consider the extremal large D
RN-AdS,,; black hole. In the same way, we attach an
auxiliary bath to the AdS boundary of the extremal large D
RN-AdS,, | black hole. In Refs. [41,43], the authors argued
that one cannot calculate the entanglement entropy of the
extremal black hole by taking the extremal limit from the
entanglement entropy of the nonextremal black hole,
because the Penrose diagram of the extremal black hole
1s not a continuous limit of the nonextremal case, one
should start from the extremal setup. We will start from the
Penrose diagram of the extremal black hole to calculate the
entanglement entropy in the extremal large D RN-AdS,;
black hole.

A. Without island

As showed in Fig. 5(a), the Cauchy surface including
b, = (t,,p,) touches the singularity at by = (1,,0). By
using Eq. (3.4), the entanglement entropy of Hawking
radiation is given by

Sp = lirrolglog d(b,. by)

= lim S logw(p, w(0) (U(by)
—U(b+))(V(by) = V(by)))]
= 10g [£(0)£ () (0. (ps) = P (O], (5.1)

where p, is defined in Sec. II B, and f(p) = k(p — p;)*/p>.
We can find that f(0) is singular for the extremal large
dimensional RN-AdS,.,; black hole and the entanglement
entropy is divergent at p = 0. This means that we cannot
give a well-behaved entanglement entropy of Hawking
radiation for the extremal case. This problem also was
noticed in Refs. [41,43,52]. However, we can still give the
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(a) Without island

FIG. 5.

(b) With island

The Penrose diagram of the extremal RN-AdS,, | black hole coupled to an auxiliary thermal bath. The black part and red

triangle represent the black hole and the auxiliary at spacetime, respectively. (a) b, is the boundary surface of the radiation region R
and by is the singularity with p = 0. (b) The island region extends from p =0 to p = p,.

entanglement entropy of Hawking radiation when the
island exists in the extremal case.

B. With island

In the presence of the island, we set the boundary of the
island as @, = (7,, p,). Similarly, we consider the situation
where p, — p;, < p;,. We assume that the boundary of the
island is outside and near the horizon, thus p, —p, <
Py — pn < py, [see Fig. 5(b)]; we still use the formula (3.5)
for analysis. Before calculating the entanglement entropy,
let us first give the geodesic distance between a, and b,

por, dp r, pb—ph>
L:/ = logQ . (5.2
pe d=2k(p—p;) Ki(d-2) a=Pn 52

By using Eq. (3.5), the generalized entropy is

N Qg (Mﬂa)% Qi (Mﬂb)%

Sgen 4GN — Kg+1€ 11
_Qy (Mp,)= Qu1 (Mpy)=
4Gy

—Kqr1€ d—1
<10 g (/’b _Ph> >
Pa=Ph

Sl g hyd-1
k-2

rg_ 1

We still adopt the definitions x = /p“p_% and y =,/ ’%,

thus x < y < 1. The generalized entropy becomes

(5.3)

Q. (Mp,)# Q1 (Mp,)F2 kT (d —2)d!
— 221\ Pa)™" d

gen 4GN - Rd+1 (log %>d—1 rg'_l
(5.4)
Then from the equation % = (0, we obtain
X2 Y\ (d-2)%k%
Z(loe) =4 Gy———F—5— 5.5
yz (ng2> Ka+1€Un rg_lyz ( )

Defining z = x?/y? € (0, 1), the above equation becomes

1\¢ (d—2)k5
Z<10gg) :4Kd+ICGNWEFO' (56)
The function F(z) = z(logz~')? monotonically increases

with z in the interval (0, z,,) and monotonically decreases
with z in the interval (z,,, 1); the local maximum value of
function F(z) is located at z,, (see Fig. 6), that is,

dd

F(z,) = i Atin= e, (5.7)

Therefore, the existence of the island solution of Eq. (5.6)
requires the constraint

dd

— > Fy. (5.8)
e
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F(z) F(z,)

01z Zn Z2 ], z
FIG. 6. The schematic diagram of function F(z) in the interval
z€(0,1). The maximal value F(z,,) is located at z,,. There are
two solutions z; and z, when F(z,,) > F, and the island solution
is given by z;.

If the constraint is satisfied, there exist two solutions z; and
2 (21 < 2y < 22). The generalized entropy S, reaches its
local minimum and local maximum at z; and z,, respec-
tively, thus the island solution is given by z;. If the
constraint (5.8) is violated, there would be no nontrivial
island solution in this case. This constraint obtained in the
extremal case is different from the constraint (4.15) in the
nonextremal case.

We have shown the existence of the island solution for
x <y <1 in the extremal case, which requires the con-
straint (5.8), though we do not give the exact expression of
the island solution in this case. Now we consider the
corresponding entanglement entropy of the Hawking radi-
ation. Note that the island solution satisfies x?/y*> = z; <
Z, = e~ ; by plugging the solution back to Eq. (5.4), we can
get the entanglement entropy

d=1 5 d-1

S, — Qu1(Mp,)© x CQ'd—l (Mpy)= k= (d = 2)"!
R 4GN d+1 (log %)d—l rg_]
- Qu1(Mp.)=: _K ch—l (Mpy)= K5 (d —2)!
4Gy T rd-!
KT (d —2)4!
> SBH (1 - 4Kd+ICGN #)

y2
> SBH (1 - ;) [ SBH’ (59)

where y << 1. We have utilized the following relation from
the constraint (5.8), i.e.,

KT (d —2)%!
dd—l rg—l

2
< dd Y
el(d-2)

y2
4Kd+ICGN < ? (510)

At the same time, we have S, < Spy, so the value of Sy is
approximately equal to Sgy.

In summary, we find that the entanglement entropy is
equal to Bekenstein-Hawking entropy for the extremal

case. This result is the same as in Refs. [41,43], in which
the authors consider the situation where the boundary of
the radiation region is far from the horizon. While we focus
on the situation where the boundary of the radiation region
is taken to be near the horizon in large dimensional
RN-AdS,,; black holes, we mainly calculate the entan-
glement entropy with the island by using the formula (3.5).

VI. THE CONSTRAINTS IN THE PRESENCE
OF ISLAND

In Secs. IV and V, we have studied the island in
nonextremal and extremal large D RN-AdS, | black holes.
In order to ensure the existence of the island to save the
unitarity in our cases, the constraints (4.15) and (5.8)
should be satisfied. In this section, we would like to analyze
these constraints on the large D RN-AdS, | black hole in
more detail.

In the nonextremal case, the constraint (4.15) should be
satisfied, i.e.,

d—1
2 d+12d—2 d—1
A= Pt Y i >e, (6.1)

kg (k(py = p2))T(d=2)(d+1)

where Gy = ¢4, Taking the large D limit and utilizing
the approximation k., = I'[$51]/(2437(¢=1/2) [77] in
large dimensions, we have

Yo & > @
3T 8y 87

(6.2)

where 7 is the Hawking temperature. Equation (6.2) is a
more general constraint that provides the limitation on the
black hole size r, and temperature 7', but note that the
constraint (6.2) holds when y <« 1. Moreover, if one sets
charge O =0 and k = 1, the temperature changes to

d-2
T = .
4zr,

(6.3)

We can find that the constraint (6.2) can be written
as r,/t,> d**/\/32me, which is the constraint of
Schwarzschild black hole in large D limit [51].

In the extremal case, the constraint (5.8) should be
satisfied, equivalently,

a4 (d—2)k5

(d—2)k5
? > 4K‘d+1CGN—rg_1y2 —_—

}"d_l ’

U (6.4)

— d—1
=)(Kd+ll’ﬂp

where y = 4c/y?. In the large D limit, we have
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3d

(d-2)%5  d&iedke

d—1 ~
)(Kd+1'/ﬂp rgv_l —)(Sgﬂ%ie%/rg (65)
Then by reorganizing Eq. (6.4), we obtain
r2 ek e r2
2> —yide—(14+-2%)d 6.6
5 827"~ 8 < + L2> ’ (66)

where we have used ;{5 — 1 when d — oo (as we take a
finite y even it is small). To find a constraint on r,,, we write
the above inequality as

8 1) )
—_\)r-1>0
<eff,d L?

which reproduces a quadratic inequality of variable r,.
Note that this inequality further requires

(6.7)

8 1

R 6.8
e2d” 12 (68)

which puts a constraint on the value of the AdS radius L,
and r, should satisfy the following relation:

r 1 e
—0>72>1/—d§.
fp 8_77_& 87

ed L2

(6.9)

This indicates that there is a universal lower bound on the
radius of the large D extremal RN-AdS,,; black hole.
In short, we find new constraints on the large D
RN-AdS,,; black hole in the presence of the island.
Similar results have been found in Schwarzschild black
holes in Refs. [51,80]. In Ref. [80], the authors provided a
constraint, i.e., ,/¢, 2 d*/?, on the size of Schwarzschild
black holes through the large D analysis. Instead, in
Ref. [51] the authors also provided a constraint by the
existence of the island, i.e., r,/¢, > d*?//32xe for the
large dimensional Schwarzschild black hole. In the present
paper, we focused on finding new constraints in the large D
limit RN-AdS,,; black hole. Indeed, we find constraints
(4.15) for the nonextremal case and constraint (5.8) for the
extremal case, which leads to the constraints on the size of
the large D RN-AdS,, | black hole, i.e., Egs. (6.2) and (6.9),
respectively. It is interesting to note that the constraint on r,
for the extremal case is scaling as d'/?, which is very
different from that in Schwarzschild black holes [51,80].

VII. PAGE CURVE AND PAGE TIME

In this section, we would like to estimate the Page
time. For the nonextremal case with x <y <1, the
entanglement entropy Sz without island is given by
Eq. (4.5), which grows linearly with # at late time; whereas
the entanglement entropy Sy with island is given by

S(R) without island
’
’
’
4
’
’
, ’
288y f=====mmmmmmmm -
: with island
1
1
1
1
1
1
1
I
1 ~ t
tPage -
FIG. 7. The Page curve for the nonextremal large dimensional

eternal RN-AdS,.; black hole. For the eternal black hole, the
entanglement entropy of Hawking radiation remains unchanged
and constrained by twice Bekenstein-Hawking entropy after the
Page time.

Eq. (4.25), approximatively as Sp ~2Sgy. This helps us
reproduce the Page curve of the nonextremal large dimen-
sional eternal RN-AdS,. | black hole (see Fig. 7). So the
Page time in this case is given by

6Spu _ 3Spu
ek,  mcT’

tPage = (7. 1)

where T is the Hawking temperature of the nonextremal
large D RN-AdS,; black hole.

For the extremal case with x < y < 1, although we have
analyzed the Penrose diagram with island and give its
entanglement entropy as Sp ~ Spy, the entanglement
entropy Sr without island is ill defined. This is mainly
because f(p) is ill defined at the singularity by = (z,,0).
Therefore, we cannot provide the Page time for the
extremal black hole.

In summary, for the nonextremal large D RN-AdS,,
black hole, by combining Egs. (4.5) and (4.21), we get the
Page curve of the entanglement entropy of Hawking
radiation. Before the Page time, the entanglement entropy
increases approximately linearly with time, and there is no
island. After the Page time, the island appears and its
boundary is near the horizon, thus the entanglement entropy
becomes approximately twice the Bekenstein-Hawking
entropy. The Page time is obtained in nonextremal case,
which is the same as the result in the Reissner-Nordstrom
black hole in four dimensions [39]. Whereas, for the

TABLE 1. The summary of results for large dimensional
RN-AdS,, | black hole.

Black holes Without island ~ With island  Page time

Nonextremal case Sg 5§kt Sg ~2Ssn Tpage = 3ﬂiBTH
Extremal case 111 defined Sk~ Sgu 111 defined
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extremal case, we cannot give a well-defined Page time
(see Table I).

VIII. CONCLUSION AND DISCUSSION

In this paper, we investigated the entanglement entropy
of the Hawking radiation in the nonextremal and extremal
cases of large D RN-AdS, | black holes coupled to an
auxiliary bath at the boundary of the black hole via the
island formula. We mainly considered the situation in
which the boundary of the radiation region is close to
the outer horizon of the black hole.

For the nonextremal case, we showed the existence of the
general island solution, and we obtained two analytical
island solutions in special cases x < y/d and x ~ y/d with
d — o0, i.e., Egs. (4.17) and (4.19). Although we did not
give the analytical expression of the island solution for
general x <y < 1, we found a constraint (4.15) that is
required by the existence of the island in this case. The
entanglement entropy of Hawking radiation has been
obtained for both cases with and without the island.
Meanwhile, the Page curve and Page time are also obtained
(see Fig. 7).

For the extremal case, we showed that the entanglement
entropy without island is ill defined. As shown in the
Penrose diagram [i.e., Fig. 5(a)], the region extends from the
boundary of the radiation region to the singularity p = 0,
while the conformal factor [see Eq. (5.1)] is divergent at
p = 0. It has been pointed out in Ref. [74] that, when taking
the extremal limit for nonextremal RN black holes, the black
hole geometry will divide into an extremal black hole and a
disconnected AdS, part. While the microscopic entropy of
the extremal RN black hole as shown can be calculated from
its near-horizon geometry either from the RN/CFT corre-
spondence [81] or from the HEE perspective [82]. However,
the island formula will involve the black hole singularity
in the absence of island for the extremal case, which will
cause the semiclassical calculation to be invalid when the
left boundary reaches the singularity b, [see Fig. 5(a)]. In
previous works, such as [41,43,52], the authors mainly
studied the case where the boundary radiation region is far
from the outer horizon and utilized the formula (3.4) for the
island phase. This differs from our analysis, as we mainly
used the formula (3.5) to calculate the entanglement entropy

with the island phase. We showed that the entanglement
entropy of Hawking radiation in the extremal case is
approximately equal to the Bekenstein-Hawking entropy
(Sg =~ Sgp), which is consistent with the results in previous
studies [41,43,52]. However, since the entanglement
entropy without island is not yet clear in the extremal case,
therefore, the Page curve and Page time are also not well
defined in this case.

Moreover, we showed that the existence of the island will
put some constraints on the black holes (also see related
papers [38,44,45,51]). For large D RN-AdS,; | black holes,
we found the constraints both for the nonextremal and
extremal cases, which are

d2
f; oT > 8 >g (for nonextremal case), (8.1)
r 1 [e 4
[ — &
fp - 8 1,’%, ~ 8 ’
ed 17

L
and — > ,/id% (for extremal case), (8.2)
Zp 8

as required by the existence of island in the case y < 1.

Now let us discuss some issues needed to be solved in
the future. First, we focused on studying the case of one
island in our paper. In general, the configuration of multiple
islands is allowed, and it can soften the turning point of the
Page curve at the Page time. Second, our calculation was
mainly based on the two-dimensional approximation for-
mula in Sec. III; a more general formula is needed to
calculate the entanglement entropy of matter in the high-
dimensional curved spacetime. Finally, the constraints we
obtained are only valid in the case of x < y < 1. For more
general case y > (0, we do not yet know whether there is a
similar constraint, and it deserves to generalize the calcu-
lation of the entanglement entropy in high-dimensional
black holes for general case y > 0.
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