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@ Warm up: general relativity and AdS/CFT.

@ Response and transport coefficients.

@ Deformed black branes.

@ Consistency with 2-loop corrections of quantum gravity.

@ Applications to QCD (QGP).
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Warm up: general relativity

@ Einstein—Hilbert action, general relativity in 4D, vacuum:

S= /d“xw/—g R,  where g =detg,.

1
@ S=0=> RHV_ERQI—W:O

(Einstein’s equations in the vacuum).
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Warm up: general relativity

@ Einstein—Hilbert action, general relativity in 4D, vacuum:

S= /d“xw/—g R,  where g =detg,.

1
@ S=0=|R. — ERg”V = 0 | (Einstein’s equations in the vacuum).

@ Schwarzschild:

2GM
02

ds® = — (1 ZGM) ar? + ¥dr + r2do?.
C r i—
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Warm up: general relativity

@ Schwarzschild in D dimensions:

(D) 2
ds? = — <1 - 2CGM> a2+ — I g2y r?do? _,,

rb—3 1 _ 2cGOM
D—3
where Do 1
C=2ar [ — ).
2
D ™ Inside the event horizon, space is being
pulled faster than the speed

of ight.

&= o
s —

Lehner, Pretorius 2016
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AdSs—-Schwarzschild black brane

D=5
@ Einstein’s equations:
1
Ruv — ERgW + Asguv = 0.

Curvature L, with [2 = —-&
5

@ A solution: AdSs—Schwarzschild black brane
f2

o5 = 5 (_f(r)dt2 + dx,?) +

ar?, i=1,2,3,
ra2f(r)

where

4
r

_ 0
f(r)_1fr—4.

@ R Emparan, H. S. Reall, Living Rev. Rel., 11 (2008) 6.

“The AdS—Schwarzschild black brane is the unique static, asymptotically AdS,
solution in the vacuum'.
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Embedding

@ ., =AdSy.1 metric;
@ 9., = My metric induced by v, :

Juv = Yuv + NNy .

(implements the projection onto My).
@ Extrinsic curvature:

1
K = 5 LnGuv

= _g/j’gy"vpng.
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@ Weyl tensor:

Rg,u[ogup]v

1 1
Cuvop = Ruvop — ﬁ(g[ua Rp + 9ppRus) + dd—1)
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@ Weyl tensor:

Rg,u[ogup]v

1 1
Cuvop = Ruvop — ﬁ(g[ua Rp + 9ppRus) + dd—1)

@ Weyl tensor electric component (ADM):
Euv = Cuvopn’n”.

@ T Maeda, K. Sasaki, M. Shiromizu, Phys. Rev. D 62 (2000) 024012.

Ad1
B == gig ey — Ok + KK
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@ Weyl tensor:

1
d(d — 1) Rg,u[ogup]v

1
Cuvop = Ruvop — ﬁ(g[uo’ RV]p + g[VPRu]U) +
@ Weyl tensor electric component (ADM):

Euv = Cuvopn’n”.

@ T Maeda, K. Sasaki, M. Shiromizu, Phys. Rev. D 62 (2000) 024012.

Ad1
B == gig ey — Ok + KK

@ Weyl tensor: part of the curvature that is not locally determined by matter:

Einstein’s equations:

1
Ruw — ERQMV + AaGuv = T +Epw




AdS/CFT

@ G.t Hooft, Nucl. Phys. B 72 (1974) 461:

S-matrix for string scatterings ~ S-matrix in SU(N) Yang-Mills theory, N — oo.
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AdS/CFT

@ G.t Hooft, Nucl. Phys. B 72 (1974) 461:

S-matrix for string scatterings ~ S-matrix in SU(N) Yang-Mills theory, N — oo.
@ o J. M. Maldacena, Adv. Theor. Math. Phys. 2 (1998) 231 [hep-th/9711200].

e E. Witten, Adv. Theor. Math. Phys. 2 (1998) 253 [hep-th/9802150].

e S. S. Gubser, . R. Klebanov, A. M. Polyakov, Phys. Lett. B 428 (1998) 105 [hep-th/9802109].
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AdS/CFT

G. t' Hooft, Nucl. Phys. B 72 (1974) 461.

S-matrix for string scatterings ~ S-matrix in SU(N) Yang-Mills theory, N — oo.

e J. M. Maldacena, Adv. Theor. Math. Phys. 2 (1998) 231 [hep-th/9711200].
e E. Witten, Adv. Theor. Math. Phys. 2 (1998) 253 [hep-th/9802150].
e S. S. Gubser, . R. Klebanov, A. M. Polyakov, Phys. Lett. B 428 (1998) 105 [hep-th/9802109].

Open strings ending on N branes < SU(N) gauge fields.

Conjecture: CFT 4D (strongly-coupled) is dual to gravity effectively in 5D
(weakly-coupled).
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Ds-branes

@ Stack of N Ds-branes metric:
—1/2 1/2
R* ; R*
ds? — (1 + ) (—di? + dx’dx;) + (1 + 5 (dr? + r2dQ2),

where R* = and T3 is the Ds-brane tension.

_N_
27127,
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Ds-branes

@ Stack of N Ds-branes metric:
—1/2 1/2
R* .
ds® = (1 + H) (—df? + dx'dx;) + (1 + ’j:) (dr? + r2dq2),

where R* = and T is the D3-brane tension.

22T’

o 1/2
0L|m|1r<<F1’:><1+ ) ~’?—22:

2

2
ds? = ;2( dt2+dxdx,)+—dr n Z/ngg.

AdSs x S°.
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@ Poincaré coordinates, z = R?/r.




@ Poincaré coordinates, z = R?/r.
@ AdSs x S® metric:

R2 .
ds? = — (—adf® + dx'dx; + dz®) + RPdQZ.
V4




@ Poincaré coordinates, z = R?/r.
@ AdSs x S® metric:

2 .
ds? = %(—dtz + dx’dx; + dz?) + R?dQ2.

@ Forz— 0,

R? > i
—5 (=dt* + dx'dx;)

ds® =
z

4D Minkowski = boundary of AdSs.
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Stack of N D3-branes: AdS/CFT

Effective geometry AdSs at low energies.

D. T. Son, AdS/CFT and Viscosity Bound, 2007; D. T. Son, A. O. Starinets, Ann. Rev. Nucl. Part. Sci. 57, 95 (2007).
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Should we worry about extra dimensions?

@ AdSs x S® metric:

r2

2 _
dsfﬁ

. R2
(—dt2 + dx'dx,-) + 5+ RO, )

@ i carries the factor £.
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Should we worry about extra dimensions?

@ AdSs x S® metric:

2 I? 2 i R 2 12
o5 = o (_dt + dx'dx,-) + 5o+ RPdOZ. )
@ i carries the factor £.
@ Since 8
E=inZ,
ot
then (1) implies
1o} RO r
— = ——=|E— -E
ot r ot R

(Page 325, H. Nastase, String Theory Methods for Condensed Matter Physics, Cambridge, 2017).

@ Additional dimension in AdSs = 4D energy scale. (AdS/QCD)
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Finite temperature: AdS/CFT

@ Finite temperature: effective geometry AdSs—Schwarzschild.

“..near-extremal Dz-brane is dual to finite-temperature N' = 4 supersymmetric
SU(N;) Yang-Mills theory, in the limit of large N and large 't Hooft coupling...”

e J. M. Maldacena, Adv. Theor. Math. Phys. 2 (1998) 231 [hep-th/9711200].
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Fluid/gravity duality

@ Black branes and hydrodynamical properties: viscosity, diffusion, and other
response and transport coefficients.

@ Dynamics in AdSs: Einstein’s equations

1
Run — ERQMN + Asgun = 0.

@ Dynamics on the AdSs boundary (low energies)
Navier-Stokes < V,, T#” = 0.

e S. Bhattacharyya, V. E. Hubeny, S. Minwalla, M. Rangamani, JHEP 0802 (2008) 045.
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Viscosity and duality

@ Interaction between the graviton and the stack of N D3-branes:

e P. Romatschke, D. T. Son, Phys. Rev. D 80 (2009) 065021.

:

D. T. Son, AdS/CFT and Viscosity Bound, 2007; D. T. Son, A. O. Starinets, Ann. Rev. Nucl. Part. Sci. 57, 95 (2007).
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Viscosity and duality

@ Viscosity: absorption cross-section for gravitons at low energy
o< black brane horizon area.

@ r Kovtun, D. M. Son, A. O. Starinets, JHEP 10 (2003) 064:

n= lim ow(w) = — lim - ot dxe! ([T (1, %), Ty (0,0)] ) -
w—0

w—0 w
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Kovtun-Son-Starinets (KSS) result

e Kovtun, Son, Starinets, Phys. Rev. Lett. 94 (2005) 111601.

Shear viscosity 7 1 135¢(3)
Entropy density ~ 4 kg 8(2g2N;)3/2

where ¢(3) ~ 1.202056 . . . is the Apéry constant.

- - N
im Shearviscosity _ | n ~6.08 x 10~ Ks
Ne>1 Entropy density  Ne>1s ™ 47 kg

@ Natural units: KSS limit

w3

L
~ 4r
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The KSS limit is universal

e C. Shen, U. Heinz, The road to precision: Extraction of the specific shear viscosity of the quark-gluon plasma,
Nucl. Phys. News 25 (2015) 6.

= + Kinetic theory " ¢ o
. = lattice QCD £ (T‘)7 (T)

3 -~ AdS/CFT limit s s |
c = viscous hydro

® Recnvio +flow data Tns TCy - -+ | w
{2 s
=

2000
2002
2004
2006
2008
2010
2012
2014

n/s for the QGP is smaller than that of any known substance.
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Kubo formula
;
- Q-9+ @
\«

=7 4

H Bulk H Boundary H
+ Response properties at the horizon * transport coefficients [Kovtun, Son, Starinets (KSS)]
Einstein’s equations Navier-Stokes equations

M. Natsuume, Lect. Notes Phys. 903 (2015).

Perturbations | g.. — guv + huv
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Fluid response + dissipation

@ Energy-momentum tensor: 0™-order = perfect fluid:
(Tl ) = (c+ Pyur u” + pg.

e D. T. Son, A. O. Starinets, JHEP 0603 (2006) 052.
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Fluid response + dissipation

@ Energy-momentum tensor: 0™-order = perfect fluid:
(Tl ) = (c+ Pyur u” + pg.

o D. T. Son, A. O. Starinets, JHEP 0603 (2006) 052.
@ = 15t-order (dissipation):

2

pv\ _ _ ppo prf
(Thy) = —Prep [n(vauﬁ+vﬁua 3

9as VAU’\) + CQaﬂVAUA] ,

n: Shear viscosity,
¢: Bulk viscosity,

PHY = gt 4 yty¥: projection.
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Measuring the viscosity
;
-@: B+ @
N

—~

= 4

Theoretical physicist: perturb the system by gravitational waves
(M. Natsuume, Lect. Notes Phys. 903 (2015))

—1 0 0 0
g = 8 h 1(0 hx’;(t) 8 = perturbation on the boundary metric.
Xy
0 0 0 1
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Shear viscosity

@ Remember that for viscous fluids:
()

e e
(T) = (e + p)uu” + pg” +(T4Y ).

v v 2
<7-(;1L)> — _prapvB {77 (VaU5 + Vgla — §gag VAU)‘) +Cga5quA] ,
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Shear viscosity

@ Remember that for viscous fluids:
(T6))
— |
pry o v pv Hv
(THY) = (e + p)uru” + pg +<T(1)>~
LV o v 2
<7-(;1)> — _purapvp {77 (vauB + Vgl — §gag VAU)‘) Jnga/BV)\UA] ,

@ Non-vanishing contribution in the covariant derivative: Christoffel symbol:

0 0
Vxly = Oxty — Tgua = —Ty,up =Ty = Vyux .
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Shear viscosity

@ Remember that for viscous fluids:
()

—
(T) = (e + p)uu” + pg” +(T4Y ).

. 2
(Ty) = —Prep? [n (vauﬁ + Vlla — 2 Gas VAU)‘) + c.qawxuﬂ :
@ Non-vanishing contribution in the covariant derivative: Christoffel symbol:
Vixly = Oxlly — Tgla = =TS Uy =T, = Vyuy .
@ 1%t orderin hyy:
5 <T(‘:;’> ~ —n(Vxuy + Vyux) .

@ Christoffel symbol:

1 1
Yy = 5900(8}/90)( + OxGoy — OoGxy) = anhxy .
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Shear viscosity

@ Therefore
5 <T(*;')’> = 29T, = —ndohxy .

@ Fourier transform

s <T(q‘)”(w, g= 0)> = iwnhyy.
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Shear viscosity

@ Therefore
5 <T(*;')’> = 29T, = —ndohxy .

@ Fourier transform

5 <T(q‘)”(w, G= 0)> = iwnhyy.

@ Comparing to
v\ _ Y,
5(Tt) = ~GR b
one obtains the Kubo formula for the shear viscosity:

1 =
n=—lim —SG"(w,§=0).
w—0 w
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@ Shear viscosity: Kubo formula

= — lim
n w—0
q—0

3Gy (w,4)

w




@ Shear viscosity: Kubo formula

n=— lim SCA_(*9) Cr ™ (.d)

w—0 w
g—0

@ Bulk viscosity: Kubo formula

¢ = lim 1sGEP(w,q)

w—0 w
q—0
where
KKKk N . o o i
GEP(w7 g) i jkin n Gf,/:‘,’mn(OJ, g) + %‘iabTab (5"”5/" + §ingim _ 5”(5’"")]

1. . 4
VXY (8
+§5,-,-T’/—§GXH (w, ).
is the response to longitudinal fluctuations.

(M. Natsuume, Lect. Notes Phys. 903 (2015)).
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AdSs—-Schwarzschild black brane

@ AdSs-Schwarzschild black brane

r2
o = I (—f(r)dt2 + dx,?) +

L
ar? i=1,2,3
rzf(r) r? ’ b bl b

where
G
f(ry=1- EE
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AdSs—-Schwarzschild black brane

@ AdSs-Schwarzschild black brane

2

ds? = % <—f(r)dt2 T dx,?) + a?,  i=1,2,3,

L
r2f(r)
where

G
f(ry=1- EE

@ Strongly-coupled CFT dual to the AdSs—Schwarzschild black brane, at finite
temperature.

e R. A. Janik, R. B. Peschanski, Phys. Rev. D 73 (2006) 045013.
e C. P. Herzog, A. Karch, P. Kovtun, C. Kozcaz, L. G. Yaffe, JHEP 07 (2006) 013.

Roldao da Rocha



@ Gauss equation:

©®pe, , =®R:,  — KK+ KKy,

vpo

@ Contracting with the induced metric g, of AdSs and using Einstein’s equations:
Hamiltonian constraint.

‘H = ®)R+ K2 — Ky K* — 1670 0" Ty = 0 \
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@ Codazzi equations:
®R,pon” = DyKyup — DKo

@ Contracting with the induced metric g, of AdSs: momentum constraint.

MF = D, K" — DMK — 8rgh*n° Ty =




Deformed black branes

e RdR, Phys. Rev. D 105 (2022) 026014 [arXiv:2111.01244 [hep-th]];
e A. Martins, P. Meert, RdR, Nucl. Phys. B 957 (2020) 115087 [1912.04837 [hep-th]];
e R. Casadio, R. Cavalcanti, RdR, Eur. Phys. J .C 76 (2016) 556 [1601.03222 [hep-th]].

@ Deformed black branes (coordinate change u = ry/r):

u2
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Deformed black branes

@ AdSs deformed black branes

2

r;
ds? = fu—OZN(u)dtz +

! d2+rgéd’d1
us 4 == 6;dx'dx!,
RPA(U) w!

= Hamiltonian constraint + momentum constraint:

2

N’ N/2 2A// A/2 N A 4 (N/ A/) A
N2 N A

N7 A 4B i ) =o,
N N TS AT 2T Na T z 1 n.f)

where 8 € R and...

Roldao da Rocha



ard (=28 + 1% 4 121 + 2)2

(B+r5 — 2 — 1)2

= 7;7{ — (10(,871)+r673r2rg) (B+r6—r2r371)+

2
4r® (4r'21-8(2—30)r g + (208 — 28)r* 1§ +3(45 — 1)rf? )

(28 —5r4rg + 3r§)2 (2t + 01— 45)r3)2

2r8 (sr‘6 — 60r'218 4 6(408(28 — 3) + 67)rB18 + (48 — 1)(208 + 43)r*r}% — 9(1 — 4ﬁ)2r36)

(2r8 —5rtrd 4 3rg) (2r4 +(1— 4ﬁ)rg)2

]
1P (28420 =5+ (1= 48) P +38) (B0 —r =i 1))

R S
2rt+(1-4p)rg
a8 (P23 +2-25) (4r'2+8(2—38)r°rg +3(45— 1)rf?)

(2r4—3rg) (r4—rg) (2r4+(1—4[3)r6‘) (/3+r6—r2rg—1)

8 4.4 8 4 2 (g4 _ f4
or® <2r + 5418 — orf 4r r (3’ ’0) ) }

- +
2r8 —5r4rd + 38 2rt + (1 —4B)d B8 —r2rd —1




New black brane solutions in AdSs

Deformed black brane metric:

ds?
N(u)

A(u)

s 2
= ——EN(u)dt + du? +—6,,dx "dx/,

u?A(u)
—1) b,

2—3u*
24 -1)ut)’

= 1-u+ B

(1-v*) <

@ Limit 3 — 1: AdS5—Schwarzschild black brane:

ds? =

r2 r2 o
— 9 (1 —u*)dP + du? + L spdxidx!.
U2 w2

1
w1 —ut)
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New black brane solutions

@ Hawking temperature at the horizon:

/
T = 1 lim Ln(u)
47\l u—1 gl (u)

_ f [B-2
T or\3-48"

Deformed black brane temperature x g.

= B €(0.75,2) |



New black brane solutions

@ Expand the action (near-horizon)

Foutk ’Gibbons—Hawking

/dsx\/g(R— ) lim /d4X\/EK+IC_t,
87 G u—0

1

Sp=———
E 167G

e A. Martins, P. Meert, RdR, Nucl. Phys. B 957 (2020) 115087 [1912.04837 [hep-th]];
e R. Casadio, R. Cavalcanti, RdR, Eur. Phys. J .C 76 (2016) 556 [1601.03222 [hep-th]],

s — Vbrg (11— 153 + 32
£ 8rG 2

is the partition function in the dual field theory on the AdSs boundary (GKPW)

e S. S. Gubser, . R. Klebanov, A. M. Polyakov, Phys. Lett. B 428 (1998) 105.
e E. Witten, Adv. Theor. Math. Phys. 2 (1998) 253.

@ S = bF, where F = free energy.
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Consistent with 2-loop quantum corrections to gravity

@ Deformed black branes:

2

r L
duv? + L 5dxidxd

WRA(U) t el

Nu) = 1—u*+(B-1)b,

2 - 3u*
(1-) <2(451)u4>’

ds® = fﬁN(u)dter
u2

A(u)

@ Gibbons-Hawking term:

- 4 \/_(3u8—5u4+2)((,6’—1)u5—u4+1)
ut (1 —4p)ut +2)° (48 —1u* -2

xu’ [—32ﬁ e (—45 oy (56B 19(8 — 1)(48 — 1)U + (6 — 248)uB

5 (482 + B —5) u° + 24u* —8(8 — 4)(8 — 1)u? —46) +4) + 8] .
@ Counterterm: ~ u=*/N(u)A(u).
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New black brane solutions: thermodynamics

@ Free energy:

7V (111584382 /3-4B8\2 ,
ko= 8G< 2 >(52) [

@ Entropy density:

¢ _ _10F_ x®(11-155+3p7 (3*45)2#3
- VaT 26 2 g—2)

@ Pressure:

p _ _OF_ 7 (11-153+357 (3_46)27“
T8V 8G 2 B—2 ’

@ Energy density:

F 57° (11-158+3p2\ (3 —48\?
= _Ts="_ T
c v se< 2 (/372)
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New black brane solutions: thermodynamics

@ Specific heat:

38 (111584332 )\ /3 -48V¥ 4
Cv = ZG< 2 >(,B—2)T'
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New black brane solutions

@ Shear viscosity-to-entropy density:

n

s_

s (rmrree) (52)
47 \11 —158+382 ) \3—43

< as a function of 3.
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New black brane solutions

@ Deformed black brane metric:

r2 ré o
ds? = —U%N(u)dtz + du? + u—ozd,-/-dx’dxf ,

w2A(U)
Nw) = 1—u*+(B-1)db

2 - 3u*
(1 —u4) <2—M6—1)u4> )

@ For B — 1, the KSS result for the AdSs—Schwarzschild black brane is obtained:

A(u)

4z

n 1
S
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Deformed black branes

@ Bulk viscosity-to-entropy density ratio:

2 _ 33

(6 —5p)2 tanh (5 - 9)

,321>

1442 6/3+9>

+(128% =28+ 7)F (tanh_1 (*-9). (B+1)?

where TT and F are incomplete elliptic integrals.

e |. Kuntz, RdR, Nucl. Phys. B 993 (2023) 116258 [arXiv:2211.11913 [hep-th]].
e RdR, Phys. Rev. D 105 (2022) 026014 [arXiv:2111.01244 [hep-th]].

e A. Martins, P. Meert, RdR, Nucl. Phys. B 957 (2020) 115087 [1912.04837 [hep-th]].
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QGP and experiments: Duke group

0.08

0.06 -

0.02 1

T T
150 200 250 300
Temperature (MeV)

Duke group (J. E. Bernhard, J. S. Moreland, S. A. Bass, Nature Phys. 15 (2019) 1113).

B

1.06

1.05 Brnax
1.04

1.03

1.02

1.01 Brin
1.00

T 200 250 300 350 T [Mev]

QGP: Duke group (RdR, 2409.17325 [hep-th]).
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QGP and experiments: Jyvaskyla-Helsinki-Munich

0.30 0.06
90% credible region
0.25 f-——Posterior median Calibrated to 0.05
175502 TeV only PbPD Sy
0.20 1/(4m) =276and5.02TeV —0.04

2 0.15

R = — 5.5
0.05

016 020 024 028 016 020 024 028
T(GeV)

QGP: Jyvaskyla-Helsinki-Munich group (J. E. Parkkila, A. Onnerstad, S. F. Taghavi, C. Mordasini, A. Bilandzic,
M. Virta, D. J. Kim, Phys. Lett. B 835 (2022) 137485 .

1.04 /\_/—v/ Brnax

Brin
R

0.99—~ - - - — T [MeV]
150 200 250 300 350

QGP at LHC: Jyvaskyla-Helsinki-Munich group (RdR, 2409.17325 [hep-th]).
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QGP and experiments: JETSCAPE Bayesian model

0.4 90% CI Prior
015 90% CI Posterior
0.3
» 0.10 w
& =02
0.05 01
0.00 0.0
] ] Prior—Posterior
g ! \ Jﬁ!‘};ﬁ\}[ gt Nrmatmn gain
0 [
015 020 025 030 035 015 020 025 030 035
T[GeV] T [GeV]

JETSCAPE Bayesian model (D. Everett et al. [JETSCAPE], Phys. Rev. Lett. 126 (2021) 242301).

1.06
/\/_‘ Brnax
1.04
1.02
1.00 Brin
T [Me
150 200 250 300 w0 | (MeV]

RHIC + LHC; JETSCAPE Bayesian model (RdR, 2409.17325 [hep-th]).
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New black brane solutions

@ Deformed black brane metric in AdSs, from embedding protocol:

r2 r2 o
ds®> = —LN(u)d + du? + L 5;dx'dx!,
u2 w !

w2A(U)
Nw) = 1—u*+(B-1)d5

2 —
(1 - u4> _ 2ot ,
2— (4 -1)ut
QGP experiments = black brane deformation parameter: |1 < 3 < 1.05

A(u)
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New black brane solutions

@ Deformed black brane metric in AdSs, from embedding protocol:

r2 r2 o
ds®> = —LN(u)d + du? + L 5;dx'dx!,
u2 w !

w2A(U)
Nw) = 1—u*+(B-1)d5

2 —
(1 - u4> _ 2ot ,
2— (4 -1)ut
QGP experiments = black brane deformation parameter: |1 < 3 < 1.05

@ Remember that the limit 3 — 1 implies the AdSs—Schwarzschild black brane:

A(u)

ds? = —r—°2(1—u4)dt2+ 5

2

I . .
— _diP + Lspdxidxd.
u? u (1 — u4) w!
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New black brane solutions

o
QGP experiments: 1<8<1.05

Deformed black branes in AdSs: (mild) deformations of the
AdSs-Schwarzschild black brane.
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New black brane solutions

o
QGP experiments: 1<8<1.05

Deformed black branes in AdSs: (mild) deformations of the
AdSs-Schwarzschild black brane.

@ Remember that for 1 < 8 < 1.5, the KSS limit is violated!!:

<

w3

1
47’
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New black brane solutions

o
QGP experiments: 1<8<1.05

Deformed black branes in AdSs: (mild) deformations of the
AdSs-Schwarzschild black brane.

@ Remember that for 1 < 8 < 1.5, the KSS limit is violated!!:

<

w3

1
47’
@ Consistent with Kovtun, Son, Starinets, Phys. Rev. Lett. 94 (2005) 111601:

“For any isotropic holographic model with an effective gravitational action with at
most two derivatives, the shear viscosity satisfies the ration/s > 1/4x”.
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New black brane solutions

o
QGP experiments: 1<8<1.05

Deformed black branes in AdSs: (mild) deformations of the
AdSs-Schwarzschild black brane.

@ Remember that for 1 < 8 < 1.5, the KSS limit is violated!!:

<

w3

1
47’
@ Consistent with Kovtun, Son, Starinets, Phys. Rev. Lett. 94 (2005) 111601:

“For any isotropic holographic model with an effective gravitational action with at
most two derivatives, the shear viscosity satisfies the ration/s > 1/4x”.

@ It implies that considering

S = /d5x\/?g[R_2A5]

is not enough! However, Kovtun, Son, Starinets, Phys. Rev. Lett. 94 (2005) 111601 does not
consider embeddings.
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Deformed black branes

15t construction: deformed black branes by embedding.

2

2Ny 2
ds? = — S N(u)ar® +

2
I . .

dv? + L spdxidxd,

PA(U) t 2%

Ads,
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Deformed black branes

15t construction: deformed black branes by embedding.

2

2Ny 2
ds? = — S N(u)ar® +

2
r L

dv? + L spdxidxd,

PA(U) t Rl

Ads,

(Assuming AdSg might be somehow artificial, from the top-down point of view).
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Consistent with 2-loop quantum corrections to gravity

@ 2" construction: exact solution of the action General relativity + Lee-Wick +

Ricci cubic gravity + Einstein cubic gravity + Gibbons—Hawking (GB) +
counterterm (c.t).

s = /dsxw/—g[R—2A5

+B1 G ORM
65 29 59
———R*+ _RRLR" — —RI'RYRF +14R°R.SPR LY
+’82< 324 7w g1 v e M 14 o Pag
—4BRpo RHYPRIY

7

—— Ryuvpo R*P7 R + 4R, po R RV®

108

+Bs (v,, Rpo VHRP? 4V, Rpo VT RM 4+ YV, RVF R + VR VHRPOTE

7
—RMOR,, + gﬂwwvm+ ﬁﬁwv”ﬂw)}

SaH
—N—

+ Iim0 / d4x\/§K + Sct,  (RdR, 2409.17325 [hep-th])
u—
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Consistent with 2-loop quantum corrections to gravity

@ 2" construction: exact solution of the action General relativity + Lee-Wick +

Ricci cubic gravity + Einstein cubic gravity + Gibbons—Hawking (GB) +
counterterm (c.t).

s = /dsxw/—g[R—2A5

+61 Gy DR
65 29 59 p
——R*+ —_RR.R" — —RIRYRP +14R7R,SPR 17
+52< 324 + 27 2 g1 v'ieln + pr oo af
—4Ry po RMYP R —

7

—— Ryuvpo R*P7 R + 4R, po R RV®

108

+83 (v,, Rpo VHRP? 4V, Rpo VT RM 4+ YV, RVF R + VR VHRPOTE

7
—RMOR,, + gﬂwwvm+ ﬁﬁwv”ﬂw)}

SaH
—N—

+ Iim0 / d4x\/§K + Sct,  (RdR, 2409.17325 [hep-th])
u—
@ Consistent with 2-loop quantum corrections to 5D gravity:

e M. H. Goroff and A. Sagnotti, Nucl. Phys. B 266 (1986) 709.
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Applications to QCD

@ Literature: QGP ~ QFT dual to the AdSs—Schwarzschild black brane.

R. Baier, P. Romatschke, D. T. Son, A. O. Starinets, M. A. Stephanov, JHEP 0804 (2008) 100.
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Applications to QCD

@ Literature: QGP ~ QFT dual to the AdSs—Schwarzschild black brane.

R. Baier, P. Romatschke, D. T. Son, A. O. Starinets, M. A. Stephanov, JHEP 0804 (2008) 100.
@ RdR, Phys. Rev. D 105 (2022) 026014 [arXiv:2111.01244 [hep-th]].

Deformed black branes in Poincaré-like coordinates:

R26022/2 o 1
2 2 i 2
= ——— | =N(2)dt* + s;dx'dx) + ——dz= |,
of = o (Mt 4 e )
where
z4 z8
Nz) = 1-— —1) =,
(2) = +(8 )zg

_ 3z*
4

73
A = 1—- = (R E—
@ < %) 2*M57U§

with event horizon z.
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Applications to QCD

o RdR, Phys. Rev. D 105 (2022) 026014 [arXiv:2111.01244 [hep-th]]:

Hagedorn temperature, QGP:

1 [c(3-2)
To=—] ————2.
7\ 2(3 —43)
Data from HotQCD Collaboration:

Te = 156.5 4 1.5 MeV [A. Bazavov et al., Phys. Lett. B 795 (2019) 15 [HotQCD]=- 3 = 1.025
T, = 158.0 & 0.6 MeV [S. Borsanyi et al., Phys. Rev. Lett. 125 (2020) 052001] = 3 = 1.021.
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Conclusions

@ AdS-Schwarzschild black branes are robust, but it is allowed to (slightly) deform
them, up to ~ 2.5%.
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Conclusions

@ AdS-Schwarzschild black branes are robust, but it is allowed to (slightly) deform
them, up to ~ 2.5%.

@ Deformed black branes in AdSs are obtained by embedding or considering
higher-order curvature terms.
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Conclusions

@ AdS-Schwarzschild black branes are robust, but it is allowed to (slightly) deform
them, up to ~ 2.5%.

@ Deformed black branes in AdSs are obtained by embedding or considering
higher-order curvature terms.

@ We used experimental data from the QGP to bound deformations of the
AdS-Schwarzschild black brane.
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AdS,/CFT; Condensed Matter Theory

@ Bulk: AdS,; < dual field theory = condensed matter

2
S= /d“x\/—g <R — 274 — L4F,WF*“’> :

@ Only regular solution, with electric flux on the AdS, boundary and Poincaré
symmetry:
Extreme AdS,—Reissner—-Nordstrém black brane, with planar horizon:

PO e

2 rzf()dr + dx +—dy,

ds? = —
with blackening factor:

() = 1-(1+? (’70)3 +@? (’7‘))4
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AdS,/Condensed Matter Theory

e A. J. Ferreira-Martins, P. Meert, RdR, Eur. Phys. J. C 79 (2019) 646 [arXiv:1904.01093 [hep-th]]
e RdR, Annals Phys. 465 (2024) 169663, 2310.07860 [hep-th]

Deformed black branes:

o f(r)

ds? = ar? + n(r) dr + —dx + —dy
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New black brane solutions em AdS,

e A. J. Ferreira-Martins, P. Meert, RdR, Eur. Phys. J. C 79 (2019) 646 [arXiv:1904.01093 [hep-th]]
e RdR, Annals Phys. 465 (2024) 169663, arXiv:2310.07860 [hep-th]

AdS, deformed black brane:

of = - {17(1+q)( )3+q2(r7°)4]dt2

+

‘O
v
+
a
™
/~
S
~—
~
N————
S
N
|
—
— —
+ ]
S
—~
|
—
=
—,
SN————
o

(—(1+q2)(,

+ dx +pdy
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New black brane solutions em AdS,

e A. J. Ferreira-Martins, P. Meert, RdR, Eur. Phys. J. C 79 (2019) 646 [arXiv:1904.01093 [hep-th]]
e RdR, Annals Phys. 465 (2024) 169663, arXiv:2310.07860 [hep-th]

AdS, deformed black brane:

of = - {17(1+q)( )3+q2(r7°)4]dt2

+ ! ( -3 ) L—zdrz
(1—(1+q2)(’7°)3+q2(’7°)4) -l fe-n])[ 7
+ dx +—dy

@ Limit 3 — 1: AdS;—Reissner—Nordstrom black brane.
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New black brane solutions in AdS,

@ Solution: Deformed black brane metric in AdS,:

o = - {17(1+q)( )3+q2(r7°)4]dt2

+ ! ( Lk ) L—zdrz
(1—(1+q2)('7°)3+q2('7°)4) -2+ fe-n]) 7

+L2dx +pdy

@ Limit rILn; 1/n(r) = 0 implies an additional coordinate singularity:
B

-
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@ For rg to be an event horizon = Killing horizon, either

=1,
(corresponding to AdS;—RN), or
22 1
B = +3 :\3/7+27q2—3\/§ 34 14q2 +27q* — 3.
Y7272 +3v3Va1 142 1 27gt V2
B(@)
10
8
6
4
2
2 4 6 8 10 q
-2




Holographic supercondutors

@ Holographic supercondutors:
Seuik = / \/7Q(R — 2/\4) d4X + Sks

1 1
S = [ V7O (GFeFm + D 000" 4 m[0l2) ax,
YM

Roldao da Rocha



Holographic supercondutors

@ Holographic supercondutors:
S = [ V7G(R—2A0) d'x + Sus
She = _g% [ V=8 (G DhoDugr + Pl ) dx,
YM
@ Near-boundary limit, v — 0, Higgs field in Ginzburg—Landau theory,

O(u) = dru+ pat?.
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Holographic supercondutors

@ Result for the AdS,—Reissner-Nordstrom black brane:

o =~ [1- 0@ (2) + ()] e+ e (;)Sﬂz (ro)“idrz
r r

2o, 2,
+de +Edy.

Im o(w)
4( )

@ @
00 0.5 1.0 1.5 " -1 0.5 1.0 1.5 H

@IS Real and imaginary parts of the conductivity o () at vanishing temp T = 0for the holographic superfluid

with condensate (©,). The real part of the conductivity displays a superconducting gap at low frequendies.

(M. Ammon and J. Erdmenger, Gauge/gravity duality: Foundations and applications, Cambridge University Press,
2015).
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Holographic supercondutors

(] ’ ~ 2000 types of doped cuprates ‘

(Chin. Phys. Lett. 39 (2022) 077403; Physica C 514 (2015) 290).
e N. Barisic, M. Chan, Yuan Li, G. Yu, X. Zhao, M. Dressel, A. Smontara, M. Greven, Proc. Nat. Acad. Sci. 110 (30)

12235
HgBa,CuO,,; YBa,CuyOg.s La,,Sr,Cu0,
(Hg1201) (YBCO) (LSCO)
Cu Cu Cu

o

o o
Y La,Sr

Ba

Ba
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Holographic supercondutors

Deformed black branes in AdS,
© RdR, Annals Phys. 465 (2024) 169663, 2310.07860 [hep-th]

o = -5 {17(1+q)( )3+q2(r7°)4]dt2
1

(ot
(—(1+q2)(7°) +q2(’7°)4) 1-2[1+5e-n]) [

+ dx + pdyz.

+
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Holographic supercondutors

@ Maxwell equations:

452 . 3 (Fu)n(u) + n'(u)f(v)) _ w? meP(u) \ , _
ot (2” T ) >8“A’ * (f2(u) - f(u)n(u)> =
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Holographic supercondutors

@ Maxwell equations:

452 . 3 (Fu)n(u) + n'(u)f(v)) R L S C) _
ot (2” T ) >8“A’ * <f2(u) " f(u)n(u)> =

@ Solution: asymptotic behavior, for u — 0:

5A; = AP + Allu + O(u?),

for SAY ~ A;, AN ~ (J¥), whereas E; = limy_, 8¢ (3A;) = iws AP
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Holographic supercondutors

@ Maxwell equations:

452 . 3 (Fu)n(u) + n'(u)f(v)) R L S C) _
ot (2” T ) >8“A’ * <f2(u) " f(u)n(u)> =

@ Solution: asymptotic behavior, for u — 0:

5A; = AP + Allu + O(u?),

for SAY ~ A;, AN ~ (J¥), whereas E; = limy_, 8¢ (3A;) = iws AP
@ The term —A” can be interpreted as the superfluid velocity whereas Al is the
supercurrent.
@ Conductivity: Ohm’s law:
(Jfy . oAD

o(w) = =i flm.
1
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Holographic supercondutors

@ Deformed black branes in AdS,
© RdR, Annals Phys. 465 (2024) 169663 (2310.07860 [hep-th])

Re o(w)
12 Im o(w)
4
1.0
— B=0.95
08 3
— =09
06 2
B=0.85
04
1
0.2
0 - = why
0.0 wi| N——
0.0 05 1.0 15 " t 05 5

DC conductivity for holographic supercondutors x w /p for T = 0.
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Holographic supercondutors

(] ’ ~ 2000 types of doped cuprates ‘

(Chin. Phys. Lett. 39 (2022) 077403; Physica C 514 (2015) 290).
e N. Barisic, M. Chan, Yuan Li, G. Yu, X. Zhao, M. Dressel, A. Smontara, M. Greven, Proc. Nat. Acad. Sci. 110 (30)

12235
HgBa,CuO,,; YBa,CuyOg.s La,,Sr,Cu0,
(Hg1201) (YBCO) (LSCO)
Cu Cu Cu

o

o o
Y La,Sr

Ba

Ba
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AdS, Deformed black branes

Bulk: AdSy; < dual field theory = condensed matter

L2
S= /d4x\/fg <f3 (R, Ruv, Ruvpo) — 4FWFW) ,

where

fz, = (R—2A4)+ B1GuOR"Y

7 3 7 v 7 v op a o
+6o (—%R + SRR A — SRYRIRL +14R,L7R,SPR

7
4Ry 0 RSP R — 2 R BP9 R4 4B RWR”")
+8s (V1uRpe VR + Y ,uRpg VR 4 VAV R + Yy Roore VHRP7TE )

1 3
~RMY DR + R VI VY R+ 5va“v"nw)}
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Lee-Wick + cubic gravity: renormalizability

@ Lee—Wick: renormalizability and finite in D =5
e L. Modesto, Nuc. Phys. B 909 (2016) 584.
o | L. Shapiro, Phys. Lett. B 744 (2015) 67 [arXiv:1502.00106 [hep-th]].
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Lee-Wick + cubic gravity: renormalizability

@ Lee—Wick: renormalizability and finite in D =5
e L. Modesto, Nuc. Phys. B 909 (2016) 584.
o I. L. Shapiro, Phys. Lett. B 744 (2015) 67 [arXiv:1502.00106 [hep-th]].

@ A QFT is considered to be finite if the corresponding renormalization constants
evaluated in the dimensional regularization scheme are free from divergences in
all orders of perturbation theory.
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Lee-Wick + cubic gravity: renormalizability

@ Lee—Wick: renormalizability and finite in D =5
e L. Modesto, Nuc. Phys. B 909 (2016) 584.
o | L. Shapiro, Phys. Lett. B 744 (2015) 67 [arXiv:1502.00106 [hep-th]].

@ A QFT is considered to be finite if the corresponding renormalization constants
evaluated in the dimensional regularization scheme are free from divergences in
all orders of perturbation theory.

@ Einsteinian cubic gravity:
A. De Felice, S. Tsujikawa, Phys. Lett. B 843 (2023) 138047 [arXiv:2305.07217 [gr-qc]]:

for D = 4 and gy = —gr, there is a ghost propagation mode.
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Lee-Wick + cubic gravity: renormalizability

@ Lee—Wick: renormalizability and finite in D =5
e L. Modesto, Nuc. Phys. B 909 (2016) 584.
o | L. Shapiro, Phys. Lett. B 744 (2015) 67 [arXiv:1502.00106 [hep-th]].

@ A QFT is considered to be finite if the corresponding renormalization constants
evaluated in the dimensional regularization scheme are free from divergences in
all orders of perturbation theory.

@ Einsteinian cubic gravity:
A. De Felice, S. Tsujikawa, Phys. Lett. B 843 (2023) 138047 [arXiv:2305.07217 [gr-qc]]:

for D = 4 and gy = —gr, there is a ghost propagation mode.
@ Here gy = —grr and itis (seems to be) ghost-free em 5D:

e Y. Z. Li,H. Lu and J. B. Wu, Causality and a-theorem Constraints on Ricci Polynomial and Riemann Cubic
Gravities, Phys. Rev. D 97 (2018) 024023 [arXiv:1711.03650 [hep-th]].
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@ Wiedemann-Franz law (1853): for metals (= Fermi liquid),

thermal conductivity K
- — = — = LT (temperature),
electrical conductivity o

where
2
L= —

2
(@) =244 x1078WQ/K?
3 \e

is the Lorenz number.
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@ Wiedemann-Franz law (1853): for metals (= Fermi liquid),

thermal conductivity K
- — = — = LT (temperature),
electrical conductivity o

where

7 (kp 2 -8 2
L=— =244 x 1078 WQ/K
3 e
is the Lorenz number.

@ Graphene is not a Fermi liquid [J. Crossno et al., Science 351 (2016) 1058]:
Wiedemann—Franz law violation: graphene (T ~ 10 — 100 K):

5~ 20%LT,
o

@ Thermal conductivity:

K@) = (et p-2up) +2o(w)
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@ o A Lucas, J. Crossno, K. Fong, P. Kim, S. Sachdev. Phys. Rev. B 93 (2016) 075426.

Dirac fluids: electron-hole relativistic plasma in graphene = strongly-coupled
quantum critical system (strange metal).
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@ Graphene and Dirac fluids.
@ Dilaton (¢) + gauge fields (A, B.), with F = dA and G = dB; dissipation fields
(X1, x2)-
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@ Graphene and Dirac fluids.

@ Dilaton (¢) + gauge fields (A, B.), with F = dA and G = dB; dissipation fields
(X1, x2)-

@ Action: (Y. Seo, G. Song, P. Kim, S. Sachdev, PRL 118 (2017) 036601)

L= R J[VubV 6+ (0) (Vaxi Vi + Vixa¥ha2)] - V(9)
4 4 ’

(S)THEORY ~ 09 x (:

) EXPERIMENTAL
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@ AdS, Deformed black branes: graphene.
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@ AdS, Deformed black branes: graphene.
@ Action:

L = (R-2A4)+ B1GuORY

+62 (f%ﬂ3 + ;RRWHW - %R“R RS +14RL7RSPR 1Y

20
+Bs (VMRPUV“ RP 4+ Y ,,Rpo VO RHP + VRV R + YV, Rpyre VH RP”ﬁ)

7
~4Ryupo R™PR7® — = Ry pe R*P7 R+ 4Ry p0 R Fi”")

1
3 [VudVH e+ 0(¢) (Vux1 VX1 + Vuxa V¥ x2)]

2(¢) 2 W(9) .
4

—V(9) - 5
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@ AdS, Deformed black branes: graphene.
@ Action:

L = (R—2A4)+B1GMVDR”V

7 3 7 v 7 v o e v
+82 (*%H + gRRMVR‘L - 5 uHRp Rup + 14H;f; RpaﬁRa‘g

7
—4RHVPO.RH07PRUQ —_ ?ORMUPURHUpOR + 4R,,,ypgRHpFiWU)
+Bs (VMRPUV“ RP 4+ Y ,,Rpo VO RHP + VRV R + YV, Rpyre VH RP”ﬁ)

1
_E [Vu¢vu¢ + CD(¢) (V,uX1 v‘uX1 + V;LXZVHXZ)]
_ 2@ 2 W(9) .

—V(9) - 5 y

= <§)THEORY = 0.986 % (g)EXPERIMENTAL
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New black brane solutions in AdS,

@ Electromagnetic potential: solution to Maxwell equations 9, (/—gF**) = 0:

A(r)=a(B, r)q <2\/r—rom\/3r—ro (6+2) + r(6—1)|:7r—2tan_1 <rr0(5+2)>

3r—ry (B+2)

where

1

BN = S AnvErer
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New black brane solutions in AdS,

@ Electromagnetic potential: solution to Maxwell equations 9, (/—gF**) = 0:

A(r)=a(B,r)q <2\/r—r0\/6+2\/3r—r0 (B+2) + r(f3—1)[7r—2tan_1 <rr0(5+2)>

3r—ry (B+2)

where

1

BN = S AnvErer

@ AdS,;-RN setup when g — 1:

1 1
lim A()=q(-——).
R (=a (r ro)
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New black brane solutions in AdS,

@ Electromagnetic potential: solution to Maxwell equations 9, (/—gF**) = 0:

A(r)=a(B, r)q <2\/r—rom\/3r—ro (6+2) + r(5—1)[7r—2tan—1 <rr°(5+2)>

3r—ry (B+2)

where

1

BN = S AnvErer

@ AdS,;-RN setup when g — 1:
1 1
lim A(r) = - ——.
/3'311 () =a (r ro)
@ Chemical potential of the CFT3 boundary:

q{s V3(8-1) < B+2>

——— arctan
6(0

V245

H=— 3
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Violation of the KSS limit

@ R. Cai, Z. Nie, N. Ohta, Y. W. Sun, Phys. Rev. D 79 (2009) 066004.
M. Brigante, H. Liu, R. Myers, S. Shenker, Phys. Rev. D 77 (2008) 126006.

@ Gauss—Bonnet + dilaton

s

@ Violation:
n_ 16 1 1

=—— < —.
s 254nm  4n
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g(tt) and g(rr)

@ T. Jacobson, When is g(tt) g(rr) = -1,” Class. Quant. Grav. 24 (2007) 5717
[arXiv:0707.3222 [gr-qc]].
M. Salgado, A Simple theorem to generate exact black hole solutions, Class.
Quant. Grav. 20 (2003) 4551 [arXiv:gr-qc/0304010 [gr-qc]]-

@ Metrics with g#gr = —1 have Ricci tensors (and stress-energy tensor) with
vanishing radial null-null components (or, equivalently, if the restriction of
Ruvlt — r subspace o< guv (Which implies that the radial pressure is equal to minus
the energy density).

@ gitgr # —1 the Morris—Thorne traversable wormhole, the Damour—Solodukhin
wormhole, the Joshi-Malafarina-Narayan singularity, the naked singularity
surrounded by a thin shell of matter, the BH in Clifton-Barrow f(R) gravity, the
Sen BH, the Einstein-Maxwell—dilaton-1 BH, the BH in Loop Quantum Gravity,
the DST BH, the BH in bumblebee gravity, and the Casimir wormhole (footnote 8,
S. Vagnozzi, R. Roy, Y. D. Tsai, L. Visinelli, M. Afrin, A. Allahyari, P. Bambhaniya, D. Dey, S. G. Ghosh and

P. S. Joshi, et al. Class. Quant. Grav. 40 (2023) 165007 [arXiv:2205.07787 [gr-qc]].)
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@ Only Ft #0:
1 1 1
Tu= FFrt — thtFZ, Tre=F/Fyr — Zg”FZ’ Tox= _ZQXXFZ =Ty
@ Equivalently, A= A(r) dt, and

Q
=, @)

A(r) = i -

with limit lim,—.r, A(r) = 0 and px = %.
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Transporte termoelétrico

@ Q = heat current; « = thermoelectric conductivity:

= oE- aVT,
= aTE-kVT.

QL

@ Thermal conductivity:

iw 36
P _76/?

= £(6 +p = 2up) + pPo(w), (4)

where p = Too, p = T11, and p = chemical potential (Erdmenger, Eq. (15.47), p.
470.)
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AdS,/Condensed Matter Theory

AdS,

r2f(r)
-5

dt2+n(r)—dr +de +Edy,

f(r) fixed (AdS4-RN).
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AdS,/Condensed Matter Theory

AdS,

7r2f(r)

E dy?,

2 L2, rr o,
dt +n(r)r—2dr +Fdx +F
f(r) fixed (AdS4-RN).
@ Hamiltonian + momentum constraints:

r—r)n'(r
n(r) [7( (L)Z ") (—qzrg+r3+r2r0+rr§) ((q2+1) rrg—2q2rg+2r4) (r—(25+7)r0)3+4r3:|
artn’(r) r 244

T [( e 4]2 [4q“r3724 (q2+1)r5rg+32q A [6,6’+(4,8+59)q2+21]
q<+ "fofq 07"

+3 (q2 + 1)2 g+ (2;3 —27q% — 29) 22 — 8q? (q2 + 1) m+ 12r8] =0,

for 8 € R.
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New black brane solutions em AdS,

(*]
2 3+8\°
wy 2 2 2 _ a3\
i) = [(a =3 (1)) (2 -3) @292 (1) - @
It indicates a conformal anomaly owing to quantum corrections induced by 8 # 1.
]
™ = ¢ R RHVPT — 2R, R*Y ! R?
< H>CFT - @ uvpo - nv + 5
a vpo v
o (RW,,UF.’“ °7 _4R,, R +H2>, ®)

where the terms in parentheses are, respectively, the Euler density and the
square of the Weyl curvature. On u — 0, the Weyl curvature be expanded as

2 [40 64 2 ) , 8 4 0

N [€+§(3ﬁ—1)u+5(3156 +66 — 37) u +opY (278(8(78 + 4) — 1) + 1894° + 179)
1 4 2 5

+oagY ((3,3 — 1)(36B(3B(58 + 9) + 16) + 1219) + 27(1238 — 137)q )] +0 (u ) @
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New black brane solutions em AdS,

@ and the Euler density as
1448
N2 [120+ 64(38 — 1)u + 24 (952 - 1) T (323 (662 +38 — 1) + 16842 + T)
4 (2 2 5
+u (5(35 — 1)(368(3B(58 + 7) + 8) + 858) + 2(938 — 79)q )] +0 (u ) ,®
where N? = 713 /2G,. Therefore the CFT boundary u — 0 limit implies that

400N?
3 2

©)

(TH.)crr =
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Black brane

@ N. Bilic, J. Fabris, JHEP 11 (2022) 013.
Sec. 2.1, AdS Planar black hole:

As pointed by Witten (Adv. Theor. Math. Phys. 2, 505 (1998) [hep-th/9803131],
in the limit of large AdS Schwarzschild BH the topology goes from S x 891 to
S' x R9~1, where a Schwarzschild BH is approximated by a planar BH with a
translationally invariant horizon. To see this, ...
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