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Accelerating plack holes In 3+1

® [0 accelerate a black hole, we need to be able to push or pull it.

x  Anything touching the event horizon must fall In unless traveling at the
speed of light.

® [his means that the physical object that touches the horizon must have
energy = tension (T(()) ~ ] 11)

» Fortunately, there is a candidate > Gosmic string!



Cosmic string

* \ery thin quasilinear object, which is fully
characterised by its mass per unit length

M.
T+ ~ 69(r)diag(u, 1,0.0)

* [he string produces a conical defect
o = 3rnGu
The conical defect Is what accelerates the black holel

* No long range spacetime curvature.



The C-metric

3
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Let’s consider the Plebanski-Demianski metric with non-zero cosmological constant A =

parametrised by two parameters

| |
ds? (—P(y)a’t2 | dy2 | dx’ + Q(x)d22>

Ply) O

Griffiths and Podolsky 2006’

BT y)?

1
P(y) = <A2f2 — 1) +y2 — ZWLAy3 ,

Q(x) it 1 v .X2 oz ZMAX3
® The (conformal) boundary x =y

® Useful form to see range of the variables that preserves Lorenzian signature

x Not so clear view of black hole structure



)
" Introduce radial and angular variables y = A_ X =cos0,z= % and rescaling the time
r

t = tA, we get

1 | do- dop*
ds* = — | S HplieE i + o(@)sin” O ?
€2 fr) 8(0) K-

I'm 2 Hong and Teo 2003’

)(I—Azrz) | ;2, g(@) =14+2mAcosf, Q(r,0)=1+Arcosb

ﬂm=o

r

=)

® [he conformal factor blows up at r =
Acosbt

* The horizon(s) structure is determined by an interplay between m, A and ¢
- If A is big enough, there is an accelerating horizon (+ the black hole horizon)
- IfA%£? < 1, we have a single black horizon (1, ~ 2m)

1 i ,
" K determines the conical singularity 6 =2z | 1 — — | = 87y Aryal, Ford, Vilenkin 1986
K Achucarro, Gregory, Kuijken 1995’



® More precisely, to produce the acceleration, we need an imbalance
between the north and south pole of the black hole

2(0) 1 £ 2mA
u, =2n1 1 — =21 — = 37,
+ % % +

* We can regularise one of the axis, viz.oy = 0 = K = 1 + 2mA

2rmA mA

= e
K -

o —

= How can we see the effect of the acceleration in the system?



2

®* \We can see the effect of A by consideringm = 0:  f(r) =1-A°r’ ;2 e > |

| 2 1 b2
ds? = — | =V | =A% i i dr=+ r2t do% + sin? 0 /
{2 £ (1 — A%r? 4 ,,z) K®

72

* In the slowly accelerating imit A%Z7 < 1 , We take Introduce the following coordinates

1”2
p2 141 —A%fz)Z | s
e . Rsin® =
L (1—A222) Q2 Q
We get
: 2 R 2 1 2 9 2 . 2 d¢2
ds =—\ 1 +— ) pdt- + dR*+ R | d®° + sin“ ®
72 (1 +R_2) K2
I/ﬂ2

B=11—= A%



A. Scoins, 2022

X=3711/5 A2 4
v F A r=0& R = :
1 — A2/?

At =0.3 At =0.9

* We have an off-centre global AdS perspective. As we increase A, the point mass
IS “pulled” closer to the AdS boundary.



The slowly accelerating black hole in AdS

'S displaced from centre. It has

a conical

deficit running from the horizon to the
boundary. The string tension provides the
force that hold the black hole off-centre.

® [he system Is "accelerating” ar

d yet,

remains static suspended due to the string

tension , = mAI/K (o F =

MA)




1 hermodynamics

® [he temperature can be obtained through the standard Euclidean method

r | o
I = A +) m(l—A2 2)+—+
dra  2mria fail Aere)
= Entropy . 7Z'I’_|2_
K(1l — Azr%)

®x \\Vnat about the mass?



®x Holographic mass: Fefferman-Graham expansion in a bit ‘unusual’ way

I

1 0
—=—AE- ) F ()"
m=1

cosl = & + Z G, (&)z7"
m=1

* Where I, and G,, are determined by requiring
i i
2 2 2 1
dS — ZQ« dZ -+ Zz (g(())l] e g(z) —+ ) dxldX]



(1 i AZX)3/2

" We choose F; = — with X = (1 — x2)(1 + 2mAx), then

Aw(x)a
: s W’ dx” Xw’a*t dp?
ds(o) ——wdr"r+—mMmM83MmMm + ————
X(1 —A%22X)2 K21 — A%272X)
® [he Balasubramanian-Kraus stress tensor (le[g(o)]) = lim Dl : 11| h],
e 30 e
(MH=pe=— (1 AWX)V20 _3A2°X)

Sl 20w’

x 50, the mass is M = J'dxd¢ —20)PE = % e \/1 iAdpl



® Fuclidean action

i . r
/ 2mMA-t i S
ET o £2(1 — A%r2)? .

x NO Hawking-Page phase transition.

® Extended thermodynamics



C-metric In 2+1 dimensions

®x \Ne start with an ansatz similar to Plebanski-Demianski metric.

1 1 1
ds? = - (—P(y)dtz F—dy? 2)

* \We eliminate all the gauge freedom of the metric functions getting quadratic egs for P(y) and O(x).

® \\e restrict the coordinates for ranges where Lorenzian signature holds.

® \\Ne get 3 classes of solutions depending on the range of X

(G| G6) [ _P0) ]l g of -

|

r>1lorx < —1




®x Finally, we insert a (single) domain wall by cutting and gluing the spacetime

A
at x = const. Israel’s condition give the tension of the wall u = + 4—\/ O(x).
U

®x [his yields to . -
B o Accelerating particles: pulled by a wall or pushed by a strut

Class | = Type [~ An accelerating black hole pushed by a strut

Class Il —— Accelerating BTZ: pulled by a wall or pushed by a strut

No single wall solutions.

—_—
Class Il Braneworld-type of geometries allowed.



Class |: Accelerating particles

. =1 T @
*Usingr=—,t=a— x=coslt—
Ay A K

. 1 L A A
[l % Arcos (pIK) 2 a2  fir) K2

22’”2
fin=1+(1-A%)—

Tension o = £ —sIn
K

Slow acceleration AZ < 1 No Horizon! A (n>
4r

Rapid acceleration AZ < 1 Acc. Horizon



® Particle mass? \We follow the same FG prescription as for 3+1d.

i b cot (%)
M= - —| — — arctan

St | 2 \/1 e

x \VA2£2 — 1

For rapid acc. phase, there is temperature associated to the Rindler horizon 1" = 7
o

JAN
S = i 4¢ arctanh (—Af + \/Azf2 — 1) tan i
4G 2K



Slowly accelerating conical defect Slowly accelerating conical defect
Pulled by awall A = 0.9¢ pushed by a strut A = 0.97




Embedding within global AdS;: The particle worldline is shown in solid black. Several surfaces of constant t are plotted. The

event horizons are demonstrated by the surfaces at early and late t. The bifurcation surface is shown as a green line. The
boundary of the classically accessible subset of the global boundary is shown in red. Lines of constant x are shown in blue,
with lines of constant y in dashed orange.



Class Il: Accelerating B1Z

+  We need to identify x = * cosh(w/K) wherew € (—=m,n), r = — (Ay) L t=aA" 7

|
ds” = — | —F(r)dit> + dr” + redy”
Q F(r)
- Pulled by a wall
B O(r.w) = 1 T Arcoshy y
Fij e —mil g ) FLi o Pushed by a strut

Where we also introduced the parameter m = 1/K, and A — mA



Standard B1Z BT1Z pulled by a wall BTZ pushed by a strut




Class I A black hole pulled by a wall

|
A2f2
-or the acc. Particle, we usually take y < — y;, but we can also have y € (y;,, x), x € (x,,1)

When AZ > 1, there is a horizon y}% =1 -

We identify x = % cos(@/K), p = (Ay)_l, S

ds? —i — F(p)dt”
= p)dt- +
€2 F(p)

2 | |
Flp) = —m?*(A%p* = 1) 4 £ Qp,d)=Arcosmp—1, — <AL<

£? m m sin (mm)

dr> + pdo*




INn global coordinates shows a
clear parallel with B1Z. However,
there Is no continuous link to the
B1Z metric.




Holographic interpretation’?

®x |n 3+1 dimensions, the holographic stress tensor

. 3mA*X
®  \Aith Prp = £ (1 —A2K2X)3/2(2 e 3A2f2X), I = 4 (1 _A2f2x)3/2

Snl2a’w> 16’ w?

®x Can be written in the fluid/gravity correspondence language



3 ]
" The fluid/gravity stress tensor (T ;) = A(x) (Euaub + Eg(o)ab> e

» WithY , = €0, = &C, ul + C, u?)

'

Cotton tensor Cp. = V(- Rpy, — Zga[b VR

: m\/ (1 — A222X) 7 =
Here A(x) = ‘non-hydrodynamic correction’ and & =

o2t k1/2N3/2
dnt?wa’ 8m\/3 227

* The quantities depends on the conformal representative w(x)!



In 2+1, we can play the same game but with a subtle difference

VVe Introduce Z = X-=—=y

| 1
ds? (—P(y)alt2 + dy” 2)

- ax
P(y) O(x)
'

1 di L d’ - ddbd)  dd
ds? = (—Pdt2+(x . x)

T A - y)?

- A22 P 9,

Now the conf. boundary is located at z = ()

We can cast the metric into the ADM form where the spacetime coordinates are x* = (z, 7, x)
and induced coordinates on the hypersurfaces are x' = (z, x)

ds* = N*dz* + h;(dx' + N'dz)(dx’ + Ndz)



. - 0 o P Q+P
Y Toria <O’ P+Q) | hl'f_dlag< Qz’QZPQ)

| |
The holographic stress tensor (1..) = llm—— | K.. — Kh.. — —h..
o < lJ) =0 87l ( l] s l])

£A” A
(l1ediie 0 Y
167G 167G

(L — (1 — eAzfzxz)

Matches with GAH, Gregory, Scoins 22’ for a particular choice of w(x)

Full boundary metric and stress tensor.

Trace anomaly (Til.) = iR[g(O)], with ¢ = 32/2G
T



® [uid/gravity interpretation”? Yes, of course.

: A*C(e + A7C7(3x” — 2)) A A (50— 2)

With p = i
167G 327G

" We can again use the same trick as in 3+1, (1};) = A(f)(zuiuj T g(O)lj) + 2

. Azl e Aoy L A2 = 1)
Here A = e
167G J 167GA4Y

R[g 10,0/

®x  Same type of behaviour. ‘Non-hydrodynamic’ corrections due to acceleration.

® \Vhat does it mean from a real hydrodynamic perspective?



| 1 1
| nn? I = d>x. /=0 (R — 2A) A d*x\/—hK J d*x\/—h
® Fuclidean action’: J Xy/—8 ( ) G J X 2 x\/

162G
M 07/A /A
x On-shell
1 - 2Ar/ e(x> — 1)
=M+ naarpiaphl s i n e
8nGL2z2/ € e 5

— TS New divergent contribution due to the wall



Concluding remarks

®x \\e have constructed a broad family of solutions in 2+1 dimensions resembling
the four-dimensional C-metric, showing that the set of possible geometries Is
much richer than previously acknowledged In the literature.

* Class I~ has no analogous object in higher-dimensions. Deeper understanding is
needed.

® Holographic implications still unclear.
® Hydrodynamic expansion
® Proper renormalisation?

xSUGRA construction
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