PHYSICAL REVIEW D 104, 044042 (2021)

Black hole black string phase transition in Einstein-Gauss-Bonnet gravity
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We investigate the presence of a black hole black string phase transition in Einstein-Gauss-Bonnet
(EGB) gravity in the large dimension limit. The merger point is the static spacetime connecting the black
string phase with the black hole phase. We consider several ranges of the Gauss-Bonnet parameter. We find
that there is a range when the Gauss-Bonnet corrections are subordinate to the Einstein gravity terms in the
large dimension limit, and yet the merger point geometry does not approach a black hole away from the
neck. We cannot rule out a topology changing phase transition as argued by Kol. However as the merger
point geometry does not approach the black hole geometry asymptotically it is not obvious that the
transition is directly to a black hole phase. We also demonstrate that for another range of the Gauss-Bonnet
parameter, the merger point geometry approaches the black hole geometry asymptotically when a certain
parameter depending on the Gauss-Bonnet parameter a and on the parameters in the Einstein-Gauss-

Bonnet black hole metric is small enough.
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I. INTRODUCTION

The discovery of a long-wavelength instability in uni-
form black strings and flat p-branes by Gregory and
Laflamme [1] has led to a huge body of work with the
aim of finding the endpoint of the instability. There is a
static nonuniform perturbation—a threshold mode such
that the string is unstable for wavelengths more than this
critical wavelength. This suggests that there could be a
static nonuniform black string, which has a horizon that is
nonuniform in the extra compact dimension along the
string. The expectation is that one could increase the
nonuniformity parameter to generate new nonuniform
black string solutions. These solutions emanate from the
branch of static uniform black strings solutions in Einstein
Gravity. It was proposed that as one increases the non-
uniformity, eventually the horizon pinches off, and the
black string transitions into a black hole. This is a phase
transition in the space of static solutions to Einstein gravity
on geometries with a horizon which also asymptote to
Minkowski spacetime times a circle at infinity. The
transition involves a topology change in the horizon of
the spacetime, and the intermediate spacetime between
these two phases is known as the merger point [2-5].
A review of these developments can be found in [3,6].
These arguments were backed up by several numerical
studies on the space of static solutions to Einstein Gravity
[7-9]. Kol [2,3] studied this horizon topology change in the
Euclidean version of the spacetime. He argued that the
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merger point in the near neck region is a conical geometry.
Emparan and Suzuki successfully demonstrated the exist-
ence of such a merger point in Einstein gravity, in the large
dimension limit [10]. The large dimension limit of Einstein
gravity was developed as an analytical tool by Emparan
et al. [11-13] to study various aspects of black holes. The
black hole-black string transition was shown to be mediated
through the Ricci flow equation [10] (studied in the
mathematics literature) in the large dimension limit; this
allowed for well-known solutions to Ricci flow in two
dimensions to be used in the study of the black hole-black
string phase transition.

Our paper deals with this phase space of static solutions.
We will not be addressing the issue of the dynamical
endpoint of the Gregory-Laflamme instability. However,
we summarize the interesting work in this direction in
Einstein gravity. An attempt was made to guess the
potential end state by using entropic arguments and study-
ing the space of all possible static solutions in Einstein
gravity [4—-6]. The dynamical evolution to the end state is
expected and seen numerically to happen through a
pinching off of the horizon [2,3]. Numerical studies have
demonstrated a fractal structure for the horizon with
curvature which blows up [14,15]. The above mentioned
behavior under dynamical evolution is very similar to the
Plateau—Rayleigh instability in fluid dynamics [15].
Emparan, Suzuki, and Tanabe have also analytically
demonstrated the expected behavior in their work using
the large dimension limit of general relativity [16].

We focus in this paper on the static merger point in
the phase space of solutions, not in Einstein gravity but
in Einstein-Gauss-Bonnet (EGB) gravity. EGB gravity
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appears naturally for example, in string theory as higher
curvature corrections to Einstein gravity [17,18]. Since the
merger point has a conical singularity, it iS important to
consider higher curvature corrections. Recall that in EGB
gravity the Lagrangian is

Lgcg = R + a(R* — 4R*R,, + R*°R (1.1)

;w/m)

where a is the EGB parameter.

Black strings and branes in EGB gravity were discussed
in [19]. Recently, the instability of uniform black strings
was also seen in EGB gravity [20-22]. The presence of a
phase of nonuniform black strings is also discussed in [20].
Upon increasing the nonuniformity in the nonuniform
black string emanating at the critical wavelength, will this
eventually lead to a topology changing phase transition to a
black hole? This is the question we address in this paper.
We would also like to add that generalized black string
solutions have been found in other theories of gravity like
scalar-tensor gravity, see for example [23-25].

We use the methodology developed by Emparan and
Suzuki in their work [10] and consider EGB corrections to
their results. They showed that in a neck of radial extent
ry/+/n and r,/n along the extra dimension, one can have a
local conical geometry [2,3], which can be correctly
extended to the geometry of a large black hole on a cylinder.
Here r), is the horizon radius of the black hole and 7 is the
(large) dimension. The problem of finding the merger point
geometry reduces to finding solutions to the well-known
logarithmic diffusion equation obtained from the Ricci flow.
Emparan and Suzuki demonstrated that the King-Rosenau
solution [26—28] to the logarithmic diffusion equation has the
desired behavior of a merger point. This solution produces
the near horizon limit of a black hole asymptotically, and a
local conical geometry at the neck. Thus it suggests a
topology changing phase transition, and further that the
transition is to a black hole. This shows the existence of a
merger point in the large dimension limit of Einstein gravity.

We extend the analysis in [10] to EGB gravity. We obtain
a modification to the flow equation [10] for various ranges
of a. We demonstrate that the merger point has the expected
behavior for @ = O(1/n) or smaller, where n is the
dimension and is taken to be large. More precisely, this
happens when a parameter constructed from a and ry,
namely e = an®/r?2 is small. At a > O(1/n*), we obtain a
“modified” logarithmic diffusion equation in the place of
logarithmic diffusion equation. This equation does not
seem to allow for an obvious phase transition to the black
hole phase. We cannot rule out a topology changing phase
transition, but it is not obvious that the transition is to a
black hole geometry. We demonstrate this by showing that

the near neck solutions’ asymptotic behavior will not match
the near horizon limit of a black hole when a is large
enough. The analysis proceeds in the following steps:

(i) First (Sec. II), we will study the near horizon
behavior of a black hole in EGB gravity at various
orders of a.

(ii) Second (Sec. III A and III B), we will work in an
N + 1 formulation of EGB gravity. We will derive
the evolution equation for extrinsic curvature in
EGB gravity for various orders of @ and show that
there is a modification to the flow equation obtained
in Einstein gravity (the Ricci flow) for the range
O(1/n) > a> O(1/n*), even when the correc-
tions from the Gauss-Bonnet terms are subordinate
to the Einstein term. This is a new range for which
we see modifications from the FEinstein gravity
calculation. For a = O(1/n?), there is no modifi-
cation to the Ricci flow at leading order in 1/n.
In previous work, especially on EGB black holes,

a= €;—%§ where € is small was required in order for
the EGB black hole to approach the Einstein gravity
result as a — 0.

(iii) Third (Secs. IIC and IVA), we will demonstrate
that a solution of the logarithmic diffusion equation
can be perturbed to obtain another solution, which,
for o in an appropriate range matches approximately
with the near-horizon limit of the EGB black hole
when ¢ is small enough.

(iv) Fourth (Sec. IV B), we will demonstrate for other
ranges of a that the solution to the modified flow
equation cannot match to the near horizon limit of
the EGB black hole. In these cases, one could still
have a topology changing phase transition, but it is
not obvious that the transition is from a black string
to the black hole.

(v) In Sec. V we discuss the near-neck geometry in EGB
gravity.

II. NEAR HORIZON LIMIT OF EGB
BLACK HOLE

In this section, we look at the near-horizon limit of the
black hole that was found in EGB gravity [18]. We focus on
the asymptotically flat solution with a > O (as this is the
one that arises in string theory) the “minus branch.” This is

dr?
ds®> = —f(l’)dl‘2 + m + I’2dQ§_2 (2.1)
with f(r) being of the following form [18,20];
|
(2.2)
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Let us attempt to find the near horizon limit of this metric
in the large n limit, where n = d —2 by going to the
coordinates where R = (i)", Now for different orders of a

we get different results in the large n limit, if « = O(1/n?)

we have;
(R-1) an®
R) = 1-—
FR) R 4r7R +

(2.3)

Here we performed a binomial expansion of the expression
inside the square root and that requires Z—:’Z small. Now the
h

metric will take the following form;

RREAR:
ds®> = —f(R)dt*> + = ———— 4+ rIRidQ2.
wf(R) "
Next, going to the near horizon limit [12,13] by setting
In(R) < n, followed by R = cosh®(x/2), 1 = |, we get the

following;

(2.4)

an2

2 — 12| —tanh? “ieon) T
ds —"h< tanh (x/2><1 4ricosh2(x/2>>di

d 2
+ dszg,_2> (2.5)

when ‘Z—;’f

h
and products with powers of 1/n are negligible. But, if
a> O(1/n%) we get

is small and we assume its higher powers

R/2 -1
f(R) = R (2.6)
The metric (2.5) reduces to the Einstein gravity
Schwarzschild-Tangherlini black hole in the limit of
a — 0 but (2.6) produces a metric that does not have the
Einstein gravity black hole result as a limiting case. This
means that the black hole with a > O(1/n?) has a near
horizon behavior which is very different from the near
horizon behavior in Einstein gravity. Note that the constant
a disappears from the leading near-horizon behavior in
(2.6). This observation will be significant later.

III. THE EGB GRAVITY EQUATIONS

Before going ahead with the calculations, let us briefly
discuss the work that was done in Einstein Gravity by
Emparan and Suzuki [10]. They explored the geometry of
the merger point in the black hole black string phase
transition, which was conjectured by Kol to be locally a
double cone geometry near the neck [2,3]. They considered
a metric of the form';

"It should be noted that the 7 in this metric is different from
the n used in the large d limit of (2.1), but both converge in the
large d limit.

1
ds* = N*(p, y)dp* + ;gab(p,y)dy“dy”

+H(p, y)e*W)/"aQy; (3.1)
which is a generalization in the large dimension limit of the
double cone geometry proposed by Kol. Then they showed
that this form of the metric is valid locally in a small
neighborhood near the neck of the nonuniform string with
an extension of r;,/n along the string direction and r;,/\/n
in the radial direction. For a metric of the form (3.1), they
studied the Einstein equations in a Hamiltonian formu-
lation. At leading order in n in the large n limit, it was
shown that the solutions obey the Ricci flow equation,
which is well-studied by mathematicians. This equation
has as a solution, the King-Rosenau geometry [26-28].
Emparan and Suzuki showed that this geometry in a limit
reduces to a smoothed cone on either side of the merger
point. At the merger point, Emparan and Suzuki showed
that the double cone geometry conjectured by Kol is
recovered locally in the neighborhood of the neck.

The form of the metric (3.1) and the associated scaling of
metric coefficients with n in Einstein gravity was motivated
by the double cone geometry. It is reasonable to expect the
same behavior (with GB corrections) as long as the GB
terms are subordinate to the Einstein terms. This means that
the ansatz and associated methodology can be adapted to
EGB gravity as long as the GB corrections are subordinate
to the Einstein terms. However, for completeness, we will
be presenting the flow equations for all ranges of a.

A. N +1 formulation of EGB gravity

Let us begin by considering the ansatz of the form (3.1).
Now we use the N + 1 formulation of EGB gravity [29] for
the metric (3.1) and study its evolution with p according
to the EGB equations. Now if we foliate the spacetime
along the p direction, the hypersurface has the following
extrinsic curvatures and its tracez;

1
Kap = _WGOYAB; K =K*,. (3.2)

Here, A,B,C,... are coordinates that run over the
entire foliated hypersurface and y,5 are the components
of the metric restricted to the hypersurface. For this type
of a foliation we have, in the large n limit, K,, =
O(1/n)and K;; = O(1) which would make K = O(n).
Now upon making it satisfy the vacuum scalar and vector
constraints of EGB gravity [29];

M+a(M2 —4MABMAB +MABCDMABCD) = 0 (33)

“Please notice that the convention we are using is not the
same as [10], instead we have adopted the standard convention
from [29].

044042-3



SREEJITH NAIR and VARDARAJAN SUNEETA

PHYS. REV. D 104, 044042 (2021)

NA + 2(1(MNA — ZMABNB + 2MCDNACD

—~ M AP Npep) =0 (34)
such that;
Mspcp = Rapep — KacKpp + KapKpe (3.5)
Map =vPM = Rup— KKap + KscKS5  (3.6)
AB =Y ACBD AB AB AcK B
M =y°Mq-p=R—K?*+ K-pKP (3.7)
Nypc = DpKpe — DpKc (3.8)
NA :}/CDNCAD:DBKBA—DAK. (39)

Next, we shall attempt to gauge fix the metric (3.1), up to
leading order in n.

For the metric (3.1), M will contain an O(n?) term of the
form (V,H)?. It can be seen that for all orders of a, this
term will appear at the leading order in the scalar constraint.
Upon setting this term to zero, we have H to be independent
of y. The next term in M is of the form, H—f — 1 [this term is
at O(n?)]. For all « this will then be the leading order term
in the scalar constraint, therefore (3.3) will imply;

(3.10)

We note that we have introduced the subleading term N, as
it is required for consistency with the evolution equation for
K;;. The K;; flow equation will give a differential equation
for N; in terms of the g,, and its derivatives.

Now we can further do the coordinate transformations;

p—>p(l+@>, y=y 8 p.y). (3.12)

to set C(p,y) =0. This coordinate transformation is
identical to the one used in Einstein gravity[10] and we
assume ¢“ has already been chosen appropriately to cancel
out potential g,, terms. Now the metric takes the form’

2N (p,y 1 B
ds* = <1 +¥> dp* + Gap(p.y)dy dy”

+ p2dQ2. (3.13)

Thus the above gauge fixed metric is identical to the one
obtained in Einstein gravity [10]. Next, we shall evaluate
the evolution equation for K,p of the gauge fixed metric
and see what we obtain. The evolution equation for K4z
reads [29];

1
Myp — EMVAB + KacK g — yapKcpKP

+ L,Kap —7aprPL,Kcp + 2a[H 15 + ML, K 4
—2M,“L,Kcp —2Mp L, Kcs — WapPL,Kcp) =0

HAB = MMAB - 2(]WACIMCB + MCDMACBD) + MACDEMBCDE

1
—2|=KcpKPM yp — EMKACKCB + KacKpMP g + Kpc K€ pMP 4 + KPCK EM yppr

1
+ NsNp —NS(Ncap + Nepa) — ENCDANCDB — NacpWgP

— 748[KcpKPM = 2M cp KEK ;P — 2N cN€ + NppNCPE]

WapP = Myapy“P — 2M sy P — 2y sgMP + 2M p gy =Cy™™P

(3.14)
where H 5 & W5 are defined as follows;
1
— 7B [M? — 4M cpMP + M cpppMPEF]
(3.15)
(3.16)

Now upon subtracting the trace of (3.14) from half of the scalar constraint (3.3) we get the following equation:

1 1
(d - 2) EM + KABKAB + YABLHKAB:| + 2(d - 4)a|:4 (1‘42 - 4MABMAB + MABCDMABCD) + MKABKAB

— 2K BKAMC g —2N4NA + Ny NABC + MyABL, K oy — 2MABL,K 5| = 0.

(3.17)

*It can also be checked that this form of the metric satisfies all the vector constraints up to leading order.
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Note that the above equation in the large d limit can be written in the following form:

KigKAB +yABL K 5 + 2a[MK ,g KB — 2M , KACK B — 2N 4,N* + N 45 NABC]
= 2a[(2M*PL,K 15 — My*PL, K 5p).

(3.18)

Using the above equation and the scalar constraint (3.3) on the evolution equation for the extrinsic curvature (3.14), we
can reduce the evolution equation to the following form:

MAB - (_KACKCB - LnKAB) "’ 2a[ HAB "‘ MLnKAB - 2MACLnKCB - 2MBCL”KCA — WABCDLnKCD] = 0

where,

Hyp = MM yp = 2(MscMCp + MPMycpp) + MacpeMpPE

1
—2[-KcpKPMp - EMKACKCB + KacK pMPp + KgcKEpMP 4 + KPCK EM yppe

1
+ NsNp —N(Ncag + Nepa) — ENCDANCDB — NacpNpP] = yapCMPL,Kcp — My“PL,Kcp)

Now, for the gauge fixed metric (3.13) we have the following (at leading order in n in the large n limit);

Kap = —%;
My, = Ryp _(9,)2_!;(117;
Nguij = P%gi,’; Nape =
M gpea = Ra;Cd§

Ny
Kij = —Pgij<1 —7>;

Mij == (2N1 -
1
_%(Daapgbc

M0 = (1= p*)(gigt — 9ugji)s

2

- Dbapgac);

Now the leading order analysis of the evolution equa-
tion (3.19) using the gauge fixed metric (3.13) will result in
the following for various orders of a (Table I), where we

Ml = gabRab -

: , 1 .
Rab = RacRcb + RLdRacbd - 7RacdeRdee

2

d, In(g)

have the following definitions (A = 0,A);

2N,

P

(3.21)

(3.22)

TABLE 1. Table of evolution equations.

Order of a Evolution of K,

a=0(1) 35 Gacdpad™ = Mi(Ry, =%2) = 2(Rap + Gap)

a=0(1/n) Ry =% +2na(M (R —42) = 2(Rap + Gav)
_z_ll,ZQuc.‘deng) =0

a=0(1/r?) Ryp— s — 0

2p

(3.19)
(3.20)
K = _ﬁ 1 — l N _M
P\ o\ 2
0,In d,Ing 2N
L% g)gij; M:n(g“hRab— . 9+_2|>
p P
ng aaIVl
Ny = =5 (DeBygaa = Dadyea) =
PO Yab
M ip; = = 2pn 9ij-
|
D,9° 1.
gah = /2p Racbd - Z (Racapgcb + Rhcaﬂgca> (3'23)

It should also be noted that at a>>O(1/n) &a=0O(1/n),
the Gauss-Bonnet terms either dominate the FEinstein
gravity terms or are comparable to them—this is not a
physically significant regime. Further, as discussed earlier
in this range of a, we do not know if the ansatz (3.1) is
valid. We want the Gauss-Bonnet terms to only provide
corrections to the Einstein gravity result. So the relevant
solutions are only at orders of a < O(1/n). In this regime,
for the range O(1/n) > a > O(1/n?) the Gauss-Bonnet
corrections are significant and change the flow equation
from Ricci flow to the more complicated evolution equation
listed in the table.”

*For a <« O(1/n) (the physically significant regime), the
subleading corrections to the flow equation come at O(1/n).
Similar corrections are present at all the orders of « in the table.
These are not considered in the large n limit.
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We have not explicitly written down the evolution
equation for K;;; this is because it just determines N,
(which is a subleading correction) in terms of g,, and its
derivatives. Actually, the K ,;, evolution equation is coupled
with the K;; evolution equation through the N in M 1. But
luckily this will not be of concern to the analysis we are
performing, as M, multiplies (R, —%b). This particular
form of the coupling makes the system manageable; else,
we would have had two very complicated coupled partial
differential equations. The coupling of evolution equations
is distinct from Einstein gravity and is a feature of EGB
gravity [29].

B. The black hole-black string transition

If we study the black hole-black string transition,
we have the {a, b, c...} subspace to be two- dimensional.
|

9,V = 0*(In(V)) + 2na|— M,(9,V — 8*(In(V))) +

2
where, 1 = Ay — 4.

Now letus conszider asolution to the logarithmic diffusion
equation, which is also a solution to the “modified”
logarithmic diffusion equation. Let us call this solution
V’. Now using the (3.25) we can reduce (3.26) to imply the
following equation:

9,V = 9*(In(V")) = 0. (3.27)

Observe that the above equation implies that V' is not
dependent on p. But as we increase p, we expect to move
away from the local geometry near the neck and transition
to the black hole geometry.

If V is a solution to (3.26), then it cannot independently
solve the logarithmic diffusion part and the modification
(part of (3.26) inside the square brackets), unless it is
independent of p and a. This observation will come in
handy later. The other solutions which have V solving the
modified log diffusion equation (3.26) but not the loga-
rithmic diffusion equation have to be of the form
V(p, z,a)—i.e., the solutions must depend on a.

C. Perturbed solutions of the logarithmic
diffusion equation

The relevant flow equation in Einstein gravity is the
logarithmic diffusion equation, and we regain the same
flow equation in EGB gravity for a sufficiently small GB

>Please note that we might have to rescale these coordinates
appropriately to match with the rest of the geometry away from
the region where (3.1) is valid.

This means that we can work in coordinates where the
metric is conformal to the flat metric;

1

1
- Japdx?dx® = - V(p,z)(—di* +dz*). (3.24)

Above, V is independent of ¢ as we are working with a
static spacetime.” Now if & = O(1/n2), we get the Einstein
gravity result [10];

9,V = 9(In(V)) (3.25)

while for O(1/n) > a > O(1/n?) from table I we get a
‘modified” logarithmic diffusion equation;

[(9;V)* =30,VO2(In(V)) + (92(In(V)))*]
v

(3.26)

|
parameter. It is of interest to study the perturbative
corrections to the solutions in Einstein gravity as we expect
corrections from GB terms. Now let us study the solution
with some small correction, V = Vy(p,z) —eF(p,z).
Let us treat ¢ to be some small parameter, and we
work in linearized perturbation theory with perturbation
parameter e.

By demanding that the Einstein gravity flow equation be
satisfied by V, and V, at linear order in ¢, we get an
equation, which reads;

3,1F - V2 <£> .
Vo

Now for the near horizon single black hole solution in
Einstein gravity [10];

(3.28)

1

m. (3.29)

VEii(p.z) =

It can be checked that this gives a corresponding solution,
Fb as:

1

bh —
F (,O,Z) - (1 +e_2(p2+z>)(1 —‘,—62(/)2+Z>).

(3.30)

This means that we have (for a small parameter €) a
solution of the form;
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VPhi(p.z) =

). (3.31)

1 €
2 1- B
1+ e~2(?+2) 1+ 20*+32)

In Sec. V we consider perturbative corrections to the
veone — (p2 — ) /cosh?(z), which is the near neck geom-
etry in Einstein gravity [10].

IV. NEAR HORIZON SINGLE BLACK HOLE
SOLUTION IN EGB GRAVITY

We can now attempt to study the conformal factor V"
derived in the previous section. It was demonstrated in [10]
that the metric with conformal factor (3.29) V, reduces to
the near-horizon black hole metric in Einstein gravity after
suitable coordinate transformations.

s> :g [(— tanh*(x/2) (1 _m

+ (1 +0(1/n) + O(e/n))dQ3_, + (O(1/n*%) + O(e/nl's))dxdg}

Now the above form of the metric is the near horizon
limit of the EGB black hole (2.5) with additional defor-

mations® when we identify € = %. Just as in the case of
Einstein gravity [10], the deformations can be attributed to
the relevant geometry being that of a caged black hole
instead of a black hole that asymptotically approaches
Minkowski spacetime. As ¢ — 0 the deformations reduce
to the Einstein gravity deformed black hole metric.

As the flow equation in EGB gravity is the same as in
Einstein gravity up to @ = O(1/n?), the EGB black hole

metric matches the near neck region asymptotically to leading
2
‘Z’T’i.
[10], the phase transition from the black hole to the black
string and vice versa is allowed. But there is a caveat here,
which is that e should be sufficiently small for the linearized
approximation in the previous section to be valid.

order with e = This suggests that, like in Einstein gravity

B. Asymptotic behavior at O(1/n) > a > O(1/n?)

We had demonstrated earlier in Sec. III B that if V were a
solution to the modified logarithmic diffusion equation, it
should either be of the form V(p,z;a) or it should be
independent of p and a. Also, from the form of the metric in
the conformal gauge (3.24), it can be seen that V is the term
multiplying df*> under the coordinate transformation (4.1)—
(4.3). But the term multiplying d#” in the near horizon limit

®This is up to overall scaling factors that can be absorbed in
rescaling of coordinates.

A. Asymptotic behavior at a=O(1/n?)

Let us attempt a coordinate transformation of the form
used in Einstein gravity [10] on the conformal metric (3.24)
in (3.13), obtained from (3.31) and see what happens;

t= %; (4.1)
z = In(sinh(x/2)) — %sinza (4.2)

p= gsin9<l +%1n(cosh(x/2))>. (4.3)

Now, after these coordinate transformations, for a V of
the form (3.31) we will get a metric of the form

(at 0 = O(1/+/n)):

) +0O(1/n) + O(e/n)> dr + <% + O(e/n?) + O(l/n2'5)> dx?

(4.4)

of the EGB black hole is (2.6), which is not of the form
V(p, z;a). It does not depend on « but depends on p. This
means that a V matching the EGB black hole metric
asymptotically away from the near-neck region is not
possible with a GB parameter O(1/n) > a > O(1/n?).
This would imply that the asymptotic geometry does not
approach the geometry relevant for a black string-black
hole phase transition. So there is a range of  in which the
corrections are subordinate to the Einstein part, but a
merger point like the one present in Einstein gravity where
the geometry approaches a black hole away from the cone
does not seem possible. We cannot rule out a topology
changing phase transition, but we observe that the geom-
etry does not approach that of the black hole. In the large
dimension limit this occurs for O(1/n) > a > O(1/n?).

C. Some speculations on copying of solutions

Notice that based on the observations made in Secs. IVA
and IV B we can see a range of a, O(1/n) > a> O(1/n?),
for which while we may have a topology changing
transition, however, the metric does not approach the black
hole metric asymptotically. But for a = O(1/n?), we can
have a phase transition to the black hole but as demon-
strated in Sec. IVA, the derivation of the asymptotic
geometry requires the parameter € to be small. The
asymptotic geometry then approaches that of a black hole.

An important property related to black holes on cylinders
in Einstein gravity is the copying of spherically symmetric
static solutions to create new static solutions [4,30,31].
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This implies that one can copy the Einstein gravity merger
point to create new merger points indexed by a natural
number k. Copying is defined as following process of
generating new solutions from known solutions

L? A
ds> = —fdr* + yp fAdR? + a3 dv® + KR*dQ?_,|,
R4
f=1- ﬁ (4.5)
which gets mapped to a new solution by
A(R,v) = A(kR, kv), K(R,v) = K(kR, kv),
- Ry
Ry =—, 4.6
=" (46)

for every natural number k,(the corresponding metric is
obtained by substituting A, K & R into (4.5) for A, K & R
respectively) under which the mass and tension scales as;

- M

=
Il
S

The k copied merger-point connects a k black hole phase
with a phase of nonuniform black strings through topology
changing phase transitions where the horizon topology of a
nonuniform black string (S' x $S9-3) changes to that of k
black holes each with a horizon topology of S“=2) [31].

In Einstein gravity, the existence of a single black hole
merger point implies the existence of a k black hole merger
point through the copying of solutions. But is the same true
if Gauss-Bonnet corrections are considered?

While the copying property has to be rigorously inves-
tigated in EGB gravity, let us assume such copying is
possible. Then we shall attempt to express the condition
that e should be sufficiently small by trying to express it in
terms of the three parameters then associated with the
merger point and EGB gravity, which are the size of ' — L,
the copy number of the merger point k£ and a. We can do
this by considering the k copied nonuniform black string
which we expect is connected through the merger point to a
k black holes solution. Since the neck of the merger point is
in a region of extent O(1/n) [10], we have approximately:

ool

where r;, is the radius of one of the (identical) black holes
formed just after the merger point. This condition implies

that € can be expressed as kZL“{‘Z in the large n limit. Further,
if we define @ = Cn™2, then if "Z—zc is small, the geometry
approaches the black hole geometry and we have a phase
transition to a black hole. Then if copying of solutions is

true in EGB gravity, we should also expect a merger

(4.8)

geometry mediating a k copied black string to a k black
hole phase transition.

It would be interesting to rigorously see if there is
copying of solutions in EGB gravity and, if so, what would
be the kth copy of such a topology changing transition
where the metric does not approach a black hole metric
asymptotically. Further, how does the size L of the S' affect
the transition? Our perturbation parameter depending on
k & L may indicate that we can expect novel features in the
phase diagram for EGB gravity, but this must be inves-
tigated not just as a perturbation to the Einstein gravity
solution, but nonperturbatively.

V. LEADING ORDER MODIFICATIONS TO THE
SMOOTH CONE FROM EGB GRAVITY

A. When a=0O(1/n?)

Let us attempt to find the leading order perturbative
corrections in €™ to the large n smooth cone by using the
corresponding V™ = (p* — u)/cosh? z, [10]. If we insist
on spherical symmetry, this would require us to use an F°"®
of the form;

_9p) (5.1)

Fe(p.2) = cosh? 7’

The above form of correction will ensure that the
modifications will not have any angular dependence. We
do not want angular dependence because in the Euclidean
version, we need a double cone over S? [2,3]. This can be
seen by doing the transformation tan(y) = sinh(z), leading
the 2-dimensional subspace to reduce to the corresponding
sphere in the Euclideanized version maintaining the spheri-
cal symmetry.’

Now substituting this form of F°"¢ into (3.28) with the
corresponding V™" will result in F°°"® being zero, this
means that the perturbation linear in € is such that it is zero
near the neck. This means that the Gauss-Bonnet correction
to the smooth cone is not present at linear order in €
for a = O(1/n?).

B. When O(1/n) > a > O(1/n?)

As we expect the Wick-rotated geometry of the two
dimensional spacetime to be a sphere [2,3], let us start with
a metric of the form

(So +2naG(p))

V =
cosh?(z)

(5.2)

where S, = p? — u [10]. Now the evolution equation (3.26)
up to leading order becomes

"The 2D subspace with conformally flat metric has been
argued to have the topology of a sphere in the Euclidean version
of the metric [2,3].
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2na
cone
Vo

0;V = 2(In(V)) + =55 [(0,V5™)

=30, Vim0 (In(VE™)) + (92 (In(VE™)))?]. (5.3)

where V¢ = S0 [10], Now the above equation reduces to

cosh?z
4
ek

Now upon plugging in V, (up to leading order)we get an
equation of the form:

9,V = 3(In(V)) — 2na x (5.4)

4p
0,G = =) (5.5)
This gives V as
4naln(p? —

cosh?(z)

dInN S S
Rop = n—" = Ry = (1 - >sin2(9); Ry =1--°5:
p

2pN?

So, in this range of O(1/n) > a > O(1/n?), we have
the leading order corrections to the cone to be of the above
form. For p close to u, the cone geometry receives large
corrections due to the logarithmic factor and perturbation
theory is no longer valid.

C. Conifold geometry in EGB gravity

We will now consider solutions in EGB gravity of the
form (5.7) and study the constraints imposed by EGB field
equations on them. This is a cross-check on the compu-
tations in the previous section done with perturbation
parameter e.

(p)

S
ds* = N*(p)dp* + %dgg +p2dQ2 (5.7

For the above form of the metric, we can compute
the following quantities up to leading order® in a 1 /n

expansion:
1
vzt R =i\ TRe )9

2 1 .
R:_z<1 >; R'o10 = O(1); R*p = O(1); R* 5 = sin*(0)

~N?
R/ = O(1/n);

p
R’ = O(1);

The EGB field equations are

G,+aQ, =0 (5.8)
where
Gy, =R, - %g,wR (5.9)
O, =2[RR,, — 2R, ,R,* = 2R*R 5 + R,"P'R 5]
- %g/wLEGB (5.10)

() a=0(1/n?)

For (5.7) the leading order term in 7 in the large n
limit for & = O(1/n?), is always of the form RR,,,
and at leading order, the leading term for the Ricci
scalar R is zero when N =1+ .... where the
ellipses refer to possible corrections at higher powers

$We have only mentioned the explicit form of the leading order
terms for quantities that are relevant to our analysis, for other
quantities, we have only mentioned their order.

Ry = O(1/n);

Rijkl - O(l)

of 1/n. Simply taking N = 1 satisfies the leading
order EGB field equations. The leading term in Sgp
in the large n limit is not fixed at this order. For
a = 0O(1/n?), we expect Sgz = Sy + O(1/n) and
S, gets fixed by the next to linear order terms in the
EGB field equations.

In this range of a, we get at subleading order
R = 0, Ry, = 0, which will fix the leading part of
Sgg as Sy = p* —u. There are many nontrivial
contributions at next-to next-to leading order in
1/n, so it is not feasible to obtain the corrections
to N and S5 beyond leading order. We thus see that
in this range of a we get the fused, critical and split
cone geometry (for y > 0, u = 0 and u < O respec-
tively) obtained by Emparan and Suzuki [10] for
Einstein gravity.

(i) O(1/n) > a> O(1/n?)

In this range, we will have the following equation

in the large n limit upon setting N = 1%

Here the GB corrections are strictly speaking at order na
which is not O(1), but since na > 1/n, this is the next to leading
order term and since this term is present because of the GB
correction, we have written them together.
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Riy —4a(R\ Ry + R¥Rypp5 — R*PRypp5) = 0
Ry — 4a(RpR*, + RV Ryjpy — Ry Ryppy) = 0

(5.11)
which can be written in terms of Sgp as:
S 4na ((Sgs)? 3S
|26 e (GBz) —ZZGB1)=0 (5.12)
2p Sea \ 4p 2p

Unlike the previous range of «, in this range, we
have as a consequence of studying the order of
various terms in the field equation,

Sgs = So + nasS; + O(1/n) (5.13)
where the order of na in the range of a given by
O(1/n) > a> O(1/n?) is greater than O(1/n).

Now this equation will set S, =p>—u and S, =
41In(p? — ). But the perturbation expansion in 7 is not
valid when p? ~ u. Thus this metric is not valid in the neck
region. This divergence for p*> ~ y is similar to the O(1/n)
corrections in Einstein gravity [10] where it is argued that a
finer neck region solution is the relevant geometry suffi-
ciently close to the neck, by doing the large n limit in a
slightly different way. In our case as well, that may be
possible. However even if a topology changing transition
does occur for this range of a, the metric does not approach
the EGB black hole metric asymptotically.

VI. CONCLUSION

In this paper, we have investigated the presence of a
black hole black string phase transition via a merger point
geometry in EGB gravity in the large dimension # limit. We
have performed an analysis of the near-neck geometry. It is
conelike for @ = O(1/n?) with the cone geometry being

fused, critical or split cones derived in the context of
Einstein gravity by Emparan and Suzuki [10]. Thus we
certainly expect a topology changing phase transition in
this case consistent with the arguments of Kol [2-4]. For
O(1/n) > a > O(1/n?), our near-neck conical geometry
receives a correction which become divergent closer to the
neck. It is possible that this could be solved by going to a
finer neck geometry as in [10] for Einstein gravity and a
slightly different large » limit. In the large dimension limit,
we cannot match the asymptotic form of the near neck
geometry to the EGB black hole metric when the Gauss-
Bonnet parameter, O(1/n) > a> O(1/n?) while it is
possible to do so when @ = O(1/n?). This suggests that
for O(1/n) > a> O(1/n?), while we cannot rule out
a topology changing phase transition as predicted by
Kol [2-4], a transition between the nonuniform black
string geometry and the black hole geometry in EGB
gravity does not seem to occur directly as the geometry
away from the neck does not go over to the black hole
metric. Thus it is an interesting question as to whether we
can have a topology changing transition when the geometry
does not approach the black hole metric and what would be
the significance of such a solution. Is there an intermediate
geometry after the merger point through which the tran-
sition to a black hole happens?

There are several extensions of this work that are
possible. The rich phase space in the black hole black
string phase transition remains to be explored analytically
and numerically to understand the various branches of
solutions in EGB gravity, as has been done in Einstein
gravity. In particular, it would be interesting to see if there is
the copying of solutions as in FEinstein gravity. The
dynamical evolution away from the Gregory-Laflamme
instability in EGB gravity also needs to be investigated in
the same manner as it was investigated in Einstein gravity
in [15].
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