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@ Deformations of AdSs-Schwarzschild black branes.

@ Response and transport coefficients of the dual hydrodynamics.

@ pn/sand(/s.

@ Deformations are consistent with 2-loop quantum corrections to dual gravity.

@ Constraints by QCD and QGP.
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AdSs—-Schwarzschild black brane

@ Einstein—Hilbert action in 5D:

S= /d5x\/?g (R — As).
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AdSs—-Schwarzschild black brane

@ Einstein—Hilbert action in 5D:
S= /dSX\/—g (R — As).

@ Einstein’s equations:
1
R, — EHg“" + Asguv = 0.

@ A solution: AdSs—Schwarzschild black brane

2 3 2
2 T 2 2 L 2
ds® = B (f(r)dt + E dx,—) + 1) dr=,

i=1

where

4
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AdSs—-Schwarzschild black brane

@ Einstein—Hilbert action in 5D:
S= /dSX\/—g (R — As).

@ Einstein’s equations:
1
R, — EHg“" + Asguv = 0.

@ A solution: AdSs—Schwarzschild black brane

2 3 2
2 T 2 2 L 2
ds® = B (f(r)dt + E dx,—) + 1) dr=,

i=1

where
%
f(ry=1- -

o Emparan, 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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AdS/CFT

@ Stack of N Ds-branes in AdS/CFT.

e Maldacena, Adv. Theor. Math. Phys. 2 (1998) 231.
e Witten, Adv. Theor. Math. Phys. 2 (1998) 253.
o Gubser, Klebanov, Polyakov, Phys. Lett. B 428 (1998) 105.
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AdS/CFT

@ Stack of N Ds-branes in AdS/CFT.

e Maldacena, Adv. Theor. Math. Phys. 2 (1998) 231.
e Witten, Adv. Theor. Math. Phys. 2 (1998) 253.
o Gubser, Klebanov, Polyakov, Phys. Lett. B 428 (1998) 105.

D
@ Open strings ending on N branes < SU(N) gauge fields, for N > 1.

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

S-matrix for string scatterings ~ S-matrix in SU(N) Yang-Mills theory, N > 1.
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Ds-branes

@ Stack of N Ds-branes metric:
e Horowitz, Strominger, Nucl. Phys. B 360 (1991) 197.

—1/2 1/2
ds? = (1 + ?:) (—df? + dx’dx;) + (1 + ?:) (dr? + r2dq2),

N

4 _
where R* = 227,

and T3 is the Ds-brane tension.
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Ds-branes

@ Stack of N Ds-branes metric:
e Horowitz, Strominger, Nucl. Phys. B 360 (1991) 197.

—1/2 1/2
ds? = (1 + ?:) (—df? + dx’dx;) + (1 + ?:) (dr? + r2dq2),

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

2r 2T ’
@ Near-horizon:
2

R
ds? = ;2( o + dxl o) + 5 +—;ﬂdQ2

AdSs x S°.
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Stack of N D3-branes: AdS/CFT

Effective geometry AdSs at low energies.

Son, Starinets, Ann. Rev. Nucl. Part. Sci. 57, 95 (2007).

Roldao da Rocha



Finite temperature: AdS/CFT

@ Finite temperature: effective geometry AdSs—Schwarzschild.

“..near-extremal D3-brane is dual to finite-temperature N' = 4 supersymmetric
SU(Nc) Yang—Mills theory, in the limit of large N¢ and large 't Hooft coupling...”

e Maldacena, Adv. Theor. Math. Phys. 2 (1998) 231.
e Witten, Adv. Theor. Math. Phys. 2 (1998) 253.
o Gubser, Klebanov, Polyakov, Phys. Lett. B 428 (1998) 105.
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AdSs—-Schwarzschild black brane

e Janik, Peschanski, Phys. Rev. D 73 (2006) 045013.
e Herzog, Karch, Kovtun, Kozcaz, Yaffe, JHEP 07 (2006) 013.

Strongly-coupled 4D CFT on the AdS boundary dual to the
AdSs;—-Schwarzschild black brane, at finite temperature.

r2
ds® = 15 < f(r)dt + de) )dr2,

where
%
f(ry=1- -
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Viscosity and duality

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

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

:

Son, Starinets, Ann. Rev. Nucl. Part. Sci. 57, 95 (2007).
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f
-9 90
\

= e

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

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

Perturbations | gu. — guv + huv
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Viscosity and duality

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

@ Kovtun, Son, Starinets, JHEP 10 (2003) 064:

n= lim ow(w) = — lim - dtd)?e’“'<[TXy(t,)?),Txy(0,6)]>.
w—0

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

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

Shear viscosity 7 1 1 135¢(3)

Entropy density s 4~ 8(2g2Np)3/2 T

]
im 21— _ ~6.08x10 ¥ Ks| KSS limit.
@Ne>1S 4w
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Kovtun-Son-Starinets (KSS) result

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

Shear viscosity 7 1 1 135¢(3)

Entropy density s 4~ 8(2g2Np)3/2 T

]
im 21— _ ~6.08x10 ¥ Ks| KSS limit.
@Ne>1S 4w

@ 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 n/s 2 1/4x”.
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Fluid response + dissipation

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

e Son, Starinets, JHEP 0603 (2006) 052.
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Fluid response + dissipation

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

e Son, 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

Perturb the system by gravitational waves
(Natsuume, Lect. Notes Phys. 903 (2015))

—1 0 0 0
g = g h 1(0 hx);(t) 8 = perturbation on the boundary metric.
Xy
0 0 0 1
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Shear viscosity

@ Viscous fluids:
(o))

,—/— v
7y = o+ pg” +(T8).

2
<T(f;)”> = —propvh {n (VaU5 + Vala = 2 Gap vku*) +Cga5V,\u>‘] :
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Shear viscosity

@ Viscous fluids:

()

—_—
7y = o+ pg” +(T8).

2
<T(f;)”> = —propvh {n (VaU5 + Vala = 2 Gap vku*) +Cga5V,\u>‘] :
@ 1t orderin hy,:

5 (THY ) ~ =n(Vxty + Vyux) .
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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

dsZ:f —f(r)dtz+idx’dx’ + L* dr?
L2 p r2f(ry "’

where

4

r

_ 0
f(r)_1fr—4.
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@ Deforming the AdSs-Schwarzschild black brane by embedding.
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@ Deforming the AdSs-Schwarzschild black brane by embedding.
@ ~,.. = AdSg metric;
@ g, = AdSs metric induced by ~,,..:

uv = Yuv + NuNy.
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Embedding

@ Extrinsic curvature:

1
K,u,u = Eﬁng,ul/

=9,°9.°Vphs.

n% §paoc—Kab

i /a

b
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@ Weyl tensor:

1 1
C,uuo'p = Hy.uo‘p - Z(g[,ua"qu]p + g[l/pR/,L]d) + %Rg,u[o'gup]:
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@ Weyl tensor:

1 1
C,uuo'p = Hy.uo‘p - Z(g[,ua"qu]p + g[l/pR/,L]d) + %Rg,u[o'gup]:

@ Weyl tensor electric component (ADM):

A
7'7/41/ - 8ZKHy + KHprU'

E,.. =Cuuspn°n® = —
W pvop 30

Maeda, Sasaki, Shiromizu, Phys. Rev. D 62 (2000) 024012.




@ Weyl tensor:

1 1
C,uuo'p = Hy.uo‘p - Z(g[,uo"qu]p + g[l/pR/,L]d) + %Rg,u[o'gup]:

@ Weyl tensor electric component (ADM):

A
7'7/41/ - 8ZKHy + KHprU'

E,.. =Cuuspn°n® = —
W pvop 30

Maeda, Sasaki, Shiromizu, Phys. Rev. D 62 (2000) 024012.
@ Weyl tensor: part of the curvature that is not locally determined by matter:

Einstein’s equations:

1
R,u,l/ - ERQMV + ASQp,V = Tp,u
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@ 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

@ Coordinate change , AdSs—Schwarzschild black brane:

r2 r2 o
ds? = —9(1-u*)ar + du? + L spdxidx!.
U2 w!

E(- )

e RdR, Phys. Rev. D 105 (2022) 026014
e Martins, Meert, RdR, Nucl. Phys. B 957 (2020) 115087
e Casadio, Cavalcanti, RdR, Eur. Phys. J .C 76 (2016) 556

@ Deformed black branes:

I’2 r2 P
ds? = — L N(u)df? + du? + L 65dxTdxd,
w2 !

u2A(u)

AdS,

ot
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Deformed black branes

@ AdSs deformed black branes

2

I
2 _ 0 2
ds = — S N(u)d® +

r2 o
du? + L 5:dx'dxd,
P A(U) + Rl

= Hamiltonian constraint + momentum constraint:

A
—4— —K(r,rp,a) =0,

N’ N/2 A A/2 N' A 4 N’ A
re

7 o . _ 4 _
N N2+ A+A2 NA+r N A
for « € R.

e Martins, Meert, RdR, Nucl. Phys. B 957 (2020) 115087
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New black brane solutions in AdSs

Deformed black brane metric:

f2
2 _ 0 2
a8 = — SN(u)dr +

r2 o
du? + L 5:dxidxd,
w2A(U) + w!

for

N(u)
2 - 3uv*
Aly) = (1—u4) (2(4au1)u4>,

@ o — 1 limit: AdSs—Schwarzschild black brane:

1—u* 4 (a— 1) 8,

r2 r2 o
o? = -L (1-u*)ar+ AP + G ojax'ax.

E{ )
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New black brane solutions

@ Hawking temperature at the horizon:

/
T = L[ hm %)
47\l u—=1 gp(u)
- o a—2
T\ 8-4a’

Deformed black brane temperature x c.

’T>0:>a€(0.75,2)‘.
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New black brane solutions

@ Expand the action (near-horizon)

fouik ’Gibbons—Hawking

/d5x\/§(Fn’f ) lim /d“xﬁKJr/c_t,
871G u—0

1

S T

e Martins, Meert, RdR, Nucl. Phys. B 957 (2020) 115087
e Casadio, Cavalcanti, RdR, Eur. Phys. J .C 76 (2016) 556

Sk

_ Vbr? (11— 150 4 302
© 8nG 2

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

o Gubser, Klebanov, Polyakov, Phys. Lett. B 428 (1998) 105.
e Witten, Adv. Theor. Math. Phys. 2 (1998) 253.

@ Sg = bF, where F = free energy.
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New black brane solutions: thermodynamics

@ Free energy:

A w3V (11 =15 + 3a? (374a>27_4’
8G 2 o —2
@ Entropy density:
s - _1oF_ 7 (11-15a+8a®) (3 4a s
T vVaT 2G 2 a—2 T
@ Pressure:
p _ _OF_ 7 (11-15a+30 (3—4a>2T4
T 9V 8G 2 a-—2 '
@ Energy density:
F 573 (11—-15a+3a2\ (3 —4a\2_,
= —Ts=""_ T
¢ vo'® 86( 2 (a72)
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New black brane solutions

@ Shear viscosity-to-entropy density:

n
s

1 16 ) 5 1
" 47 \ 176 — 180 + 272 12(a—1) 4

< as a function of cx.
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New black brane solutions

@ Deformed black brane metric:

2
I
ds® = fu—ozN(u)dtz +

! d2+r§6d’d/
Ut 4 = 6;dx'dx!,
WRA(U) w!

for

N(u)
2 - 3u*
Au) = (1 — u4) (2_ (4o _u1)u4> s

@ KSS result is reobtained when o — 1:

1—ut+ (a—1)d8,

om 1
lim = = —
a—18 4

o Kuntz, RdR, Nucl. Phys. B 993 (2023) 116258
© RdR, Phys. Rev. D 105 (2022) 026014

e Martins, Meert, RdR, Nucl. Phys. B 957 (2020) 115087 .
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New black brane solutions

@ Shear viscosity-to-entropy density:

n
s

1 16 ) 5 1
" 47 \ 176 — 180 + 272 12(a—1) 4

< as a function of cx.
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QGP and 7/s: Duke group

0.3+
Calibrated to:
Pb-Pb 2.76 and 5.02 TeV
—— Posterior median
90% credible region
0.2 -
2
=
0.1+
0 T 1
150 200 250 300

Temperature (MeV)

Duke group (Bernhard, Moreland, Bass, Nature Phys. 15 (2019) 1113).

098
Qmin

Qmax

=T (MeV]

160 180 200 220 240 260 280 30

QGP: Duke group (RdR, Eur. Phys. J. Plus 139 (2024) 1006).
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QGP and 7/s: Jyvaskyla-Helsinki-Munich

0.30 0.06
90% credible region
0.25 f=——~Posterior median Calibrated to 0.05
17755.02 TeV only PbPb syy
020 1/am =2.76and5.02TeV —0.04

Lois 003 2
(ol L

R —— -
X 0.01

0.16 0.20 0.24 0.28 0.16 0.20 0.24 0.28
T(GeV)

QGP: Jyvaskyla-Helsinki-Munich group (Parkkila, Onnerstad, Taghavi, Mordasini, Bilandzic, Virta, Kim, Phys. Lett.
B 835 (2022) 137485) .

098 Qmax

Armin

0.92 T [MeV]
160 180 200 220 240 260 280 300

QGP at LHC: Jyvaskyla-Helsinki-Munich group (RdR, Eur. Phys. J. Plus 139 (2024) 1006).
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QGP and n/s: JETSCAPE Bayesian model

0.4 4 90% CI Prior
90% CI Posterior

o 14 Prior-Posterior
5‘ information gain

0.15 020 0.25 030 0.35
T [GeV]

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

Qmax

i
T [MeV]

150 200 250 300

RHIC + LHC; JETSCAPE Bayesian model (RdR, Eur. Phys. J. Plus 139 (2024) 1006).
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03
202
0.1

1/450
00
015 020 025 030 035

T [GeV]
MIT-Utrecht-Genéve (Nijs, van der Schee, Gursoy, Snellings, Phys. Rev. Lett. 126, 202301 (2021).

a
1.02
Amax
1.00
Qmin
098
0.96
T [MeV]
150 200 250 300 350

MIT-Utrecht-Genéve (RdR, Eur. Phys. J. Plus 139 (2024) 1006).
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New black brane solutions

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

2

r
2 _ 0 2

dsc = —EN(u)dl‘—i—

2
I . .

dv? + L 5:dx'dxd,

wRA(U) + el

for

N(u)
2 —3u*
A(U) - (1 — u4) (2 (4a u1)u4> 5

QGP and n/s = black brane deformation parameter: |1 < o < 1.05

1—u*+ (e —1) 08,
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New black brane solutions

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

2
2 _ "o 2
dsc = —EN(u)dl‘ +

2
r L

dv? + L 5:dx'dxd,

wRA(U) + el

for

N(u)
2 -3ut
Aw) = (1-u) (2(4au1)u4>

QGP and n/s = black brane deformation parameter: |1 < o < 1.05

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

1—u* 4 (a— 1) 8,

2 2

r r A
ds? = —O(1_*)ar + du? + 9 5ydx'dx’.

u? w

1
E )
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New black brane solutions

o
QGP experiments: 1<a<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<a<1.05

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

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

<

w3

1
47’
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New black brane solutions

o
QGP experiments: 1<a<1.05

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

@ Remember that for 1 < o < 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 n/s 2 1/4x”.
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New black brane solutions

QGP experiments: 1<a<1.05

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

Remember that for 1 < o < 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 n/s 2 1/4x”.

Without embeddings, we must consider actions beyond the Einstein—Hilbert
one:

S = /dsx\/jg[R— 2As].
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Consistency with 2-loop quantum corrections to gravity

@ 2" construction: General relativity + Lee-Wick + Ricci cubic gravity +
Einstein cubic gravity + Gibbons—Hawking (GB) + counterterm (c.t).

S = /dsx\/fg[RfZ/\s

+aq G ORMY

65 5 29 , 59 . . .
+ap (—32—45’ + ERRWR“ ~ & SRYRS +14RS7R.SPR I
_4Ry,upo'Ru;pRo-a _

108 R.vpo R*P° R+ 4R, o0 RHP R"")

tog (vu Rpo VI RP7 4+ Y, Rpe Vo R*? + YV, RVHR 4V, Ryyre VA RPTTE
7
—R*“OR,, + an’WV“V”R—&- ﬁHWV”HW)]

SgH
—_—~—

+ Iim0 /d“x\/@K + Scit, (RdR, Eur. Phys. J. Plus 139 (2024) 1006)
u—
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Exact solution:

G 2 > 1§ Al dx
ds _—FN(u)dt + u2A(u)du +?6,,dx dx’,
for
Nw) = 1-uv*+(a—1)db,
2-3u*
A(u = 17U4 - )
W = (- (=)

where « is some polynomial function of ay, ap, and as.
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Exact solution:

G 2 > 1§ Al dx
ds _—FN(u)dt + u2A(u)du +?6,,dx dx’,
for
Nw) = 1-uv*+(a—1)db,
2-3u*
A(u = 17U4 - )
W = (- (=)

where « is some polynomial function of ay, ap, and as.
@ Consistent with 2-loop quantum corrections to dual gravity:

e Goroff, Sagnotti, Nucl. Phys. B 266 (1986) 709.




Quantum corrections to /s

@ Shear viscosity:

n=— lim SCF (. 9)

w—0 w
q—0
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Quantum corrections to /s

@ Shear viscosity:

SGYY(w,d)
n=-—lim ———=

w—0 w

q—0

@ Entropy density:
7 (11-15a+3a2 \ /3 —4a ¥ _,
s = —— T".

2G 2 a—2
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QGP and 7/s: Duke group

0.3+
Calibrated to:
Pb-Pb 2.76 and 5.02 TeV
—— Posterior median
90% credible region
0.2 -
2
=
0.1+
0 T 1
150 200 250 300

Temperature (MeV)

Duke group (Bernhard, Moreland, Bass, Nature Phys. 15 (2019) 1113).

098
Qmin

Qmax

=T (MeV]

160 180 200 220 240 260 280 30

QGP: Duke group (RdR, Eur. Phys. J. Plus 139 (2024) 1006).
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QGP and 7/s: Jyvaskyla-Helsinki-Munich

0.30 0.06
90% credible region
0.25 f=——~Posterior median Calibrated to 0.05
17755.02 TeV only PbPb syy
020 1/am =2.76and5.02TeV —0.04

Lois 003 2
(ol L

R —— -
X 0.01

0.16 0.20 0.24 0.28 0.16 0.20 0.24 0.28
T(GeV)

QGP: Jyvaskyla-Helsinki-Munich group (Parkkila, Onnerstad, Taghavi, Mordasini, Bilandzic, Virta, Kim, Phys. Lett.
B 835 (2022) 137485) .

098 Qmax

Armin

0.92 T [MeV]
160 180 200 220 240 260 280 300

QGP at LHC: Jyvaskyla-Helsinki-Munich group (RdR, Eur. Phys. J. Plus 139 (2024) 1006).
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QGP and n/s: JETSCAPE Bayesian model

0.4 4 90% CI Prior
90% CI Posterior

o 14 Prior-Posterior
5‘ information gain

0.15 020 0.25 030 0.35
T [GeV]

JETSCAPE Bayesian model (Everett et al. [JETSCAPE], Phys. Rev. Lett. 126 (2021) 242301).
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i
T [MeV]
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RHIC + LHC; JETSCAPE Bayesian model (RdR, Eur. Phys. J. Plus 139 (2024) 1006).
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MIT-Utrecht-Genéve (RdR, Eur. Phys. J. Plus 139 (2024) 1006).
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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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Deformed black branes

@ Bulk viscosity-to-entropy density ratio:

(1202 —a®+9)

6 _5a) ;tanh™'(a? — 3)

% = a*(120® - 2 +7)n<

a21>

142 6a+9>

+(12a2 — 2a + 7)F (tanh—1 (e-9)), (a+1)2

where TT and F are incomplete elliptic integrals.

e Kuntz, RdR, Nucl. Phys. B 993 (2023) 116258
e RdR, Phys. Rev. D 105 (2022) 026014

e Martins, Meert, RdR, Nucl. Phys. B 957 (2020) 115087.
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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 (Bernhard, Moreland, Bass, Nature Phys. 15 (2019) 1113).

a

1.06

1.05 Amax
1.04

1.03

1.02

1.01 Qpin
1.00

099 150 200 250 300 350 T [MeV]

QGP: Duke group (RdR, Eur. Phys. J. Plus 139 (2024) 1006).
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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
17755.02 TeV only PbPb syy
020 1/am =2.76and5.02TeV —0.04

0
= 0.15

R —— -
oosf T NN 0.01

0.16 0.20 0.24 0.28 0.16 0.20 0.24 0.28
T(GeV)

QGP: Jyvaskyla-Helsinki-Munich group (Parkkila, Onnerstad, Taghavi, Mordasini, Bilandzic, Virta, Kim, Phys. Lett.
B 835 (2022) 137485 .

Qm,
104 /\_————/ ax
103

Qmin

op

0.99 T [MeV]
150 200 250 300 350

QGP at LHC: Jyvaskyla-Helsinki-Munich group (RdR, Eur. Phys. J. Plus 139 (2024) 1006).
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QGP and experiments: JETSCAPE Bayesian model

0.4 90% Cl Prior
0.15 90% Cl Posterior
0.3
« 0.10 w
> =024
0.05 A 0.1
0.00 1 001

Di.

1 ) ¢ 14 Prior—Posterior
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0

- - " " 04— - ; "
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JETSCAPE Bayesian model (Everett et al. [JETSCAPE], Phys. Rev. Lett. 126 (2021) 242301).

a

1.06

Qmax
1.04
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Qmin
1.00

T [MeV]
150 200 250 300 350

RHIC + LHC; JETSCAPE Bayesian model (RdR, Eur. Phys. J. Plus 139 (2024) 1006).
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Applications from QCD

@ AdS/QCD

Baier, Romatschke, Son, Starinets, Stephanov, JHEP 0804 (2008) 100.
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Applications from QCD

@ AdS/QCD

Baier, Romatschke, Son, Starinets, Stephanov, JHEP 0804 (2008) 100.
@ RdR, Phys. Rev. D 105 (2022) 026014.

Deformed black branes in Poincaré-like coordinates:

R2 e /2 o 1
2 2 i 2
= ——— [ =N(2)dt* + §;dx'dx! + ——dz° ),
ds 7 ( (2)dt + 5; + A )
where
z* z8
Nz) = 1-— —1) =,
(2) ERCRE
324

4 - 4
Az) = (1= )| —2—
%) \2-ta-0%

with event horizon z.
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Applications to QCD

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

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

Hagedorn temperature = cross-over temperature from the hadronic to the
deconfined QGP phase:

1 [ cla—2)

Thac = — 4 =p———.
Hhe = o 2(3—-4a)

Data from HotQCD Collaboration:

Thag = 156.5 & 1.5 MeV [Bazavov et al., Phys. Lett. B 795 (2019) 15] = o = 1.025
THac = 158.0 = 0.6 MeV [Borsanyi et al., Phys. Rev. Lett. 125 (2020) 052001] = o = 1.021.
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Applications to QCD

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

Hagedorn temperature = cross-over temperature from the hadronic to the
deconfined QGP phase:

1 [ cla—2)

Thac = — 4 =p———.
Hhe = o 2(3—-4a)

Data from HotQCD Collaboration:

Thag = 156.5 & 1.5 MeV [Bazavov et al., Phys. Lett. B 795 (2019) 15] = o = 1.025
THae = 158.0 = 0.6 MeV [Borsanyi et al.,, Phys. Rev. Lett. 125 (2020) 052001] = o« = 1.021.

@ Conclusion 1: the usual AdSs-Schwarzschild black brane (a« — 1) may not be
the most suitable one for describing Ty,g of the QGP.
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Applications to QCD

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

Hagedorn temperature = cross-over temperature from the hadronic to the
deconfined QGP phase:

1 [ cla—2)

Thac = — 4 =p———.
Hhe = o 2(3—-4a)

Data from HotQCD Collaboration:

Thag = 156.5 & 1.5 MeV [Bazavov et al., Phys. Lett. B 795 (2019) 15] = o = 1.025
THae = 158.0 = 0.6 MeV [Borsanyi et al.,, Phys. Rev. Lett. 125 (2020) 052001] = o« = 1.021.

Conclusion 1: the usual AdSs-Schwarzschild black brane (a« — 1) may not be
the most suitable one for describing Ty,g of the QGP.

Conclusion 2: quantum corrections to dual gravity may set in.
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Conclusions

@ Conclusion 3:

Experimental data (r/s and ¢/s) from the QGP constrain
quantum corrections to the AdSs-Schwarzschild black brane.
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Conclusions

@ Conclusion 3:

Experimental data (r/s and ¢/s) from the QGP constrain
quantum corrections to the AdSs-Schwarzschild black brane.

@ Conclusion 4:

The AdSs-Schwarzschild black brane is robust in AdAS/CFT and AdS/QCD,
but mild quantum corrections deform them, up to ~ 2.5%, to match results
from QCD and QGP.
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The end

Thanks!

@)
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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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4r8 (—2& +r% 4 rzrg + 2)2

at s b _1)?
0

= 7;7{ — (10(a71)+r6—3r2r3) (a+r67r2réf1)+

2
4r® (4r'124:8(2—-30)r%r§ + (200 —23)r* 8 +3(4a — 1)rf?)

(28 — 5r4rd + 3rg)2 (2r+ 01 - 4a)rg)2

2r8 (sr“5 — 60r'2r3 + 6(40cv(2a — 3) + 67)r8r8 + (4o — 1)(20ax + 43)r*rl? — 9(1 — 4)2r{®

(28 — 5t +3i8) (2r* + (1 — 4a)rf)?

1 2(,8,06 44 24,8 6 4 24
+————r" (2r'4+2r° =5r'ry+(1—4a)rcry +3r a+r’—r—rory —1
2r4+(1—4a)rg[ ( Chal 5 +3) ( )

ar® (P2 +2-2a) (4r'2+8(2—30)f +3(4a —1)rf?)

} (2r4—3r6‘) (r“—rg) (2r4+(1 —4a)r6‘) (oz+r5—r2rg—1)

8 4.4 8 4 2 4 _ 4
o <2r 45048 — o ar 2 (3 - 1) ) }

n
2r8 —5r4rd +3r8 2+ (1 —4a)d a0 — 2 -1




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]].

Roldao da Rocha



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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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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Consistent with 2-loop quantum corrections to gravity

@ Deformed black branes:

2 2

I Ir . :
ds®> = —ON(u)d + du? + L §;dx dxd

02 R

u2A(u)
Nu) = 1—u*+(a—1)db,

_ 4
() (52250 )

A(u)

@ Gibbons-Hawking term:

- 4 \/_(3u8—5u4+2) (= 1)ub — u* +1)
vt (1 — da)ut +2)° (4o —Nut -2
xu’ [—32a e (—4a Y (56a +9(a — 1)(da — 1)u'® + (6 — 24a) L8

-5 <4o¢2+a75> U8 + 24u* — 8(or — 4) (o — 1) U2 746) +4) +8] .
@ Counterterm: ~ u=*/N(u)A(u).
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Consider a bulk perturbation %,y such that:

ds® =dskss,_sp + 2hrydxdy (438)

where dsidss_ sp denotes the AdSs—Schwarzschild deformed black brane metric, Eq. (23). In




10 A.J. Ferreira-Martins et al. / Nuclear Physics B 957 (2020) 115087

Recall Eq. (5), for h)((oy) being the perturbation added to the boundary theory, which is asymp-
totically related to /.y, the bulk perturbation, by’

gy ~hQ (1 + hyy’u") , 49)

according to Eq. (12). Notice that one can directly use the results for a massless scalar
field, as g**hy, obeys the EOM for a massless scalar field [26,33]. Besides, the deformed
AdSs—Schwarzschild black brane has the same asymptotic behavior of the AdSs—Schwarzschild
black brane (namely, Eq. (10)). One can identify g**h,y as the bulk field, @, which plays the
role of an external source of a boundary operator, in this case t*”. Therefore, one can directly
obtain the response b (z*”), from Eq. (13),

4
o 17,0

5(r)= RM;;h;; , (50)

where it is now convenient to reintroduce the 1/16w G factor. Comparing Egs. (5) and (50) yields
4

ion = —0_pM®

‘“)”*thy' 51
Taking the ratio between Eq. (51) and the entropy (47) we find

n__rn 1 p—2\"]hy (52)

s k4 11-158+382)\3-48 io’
where hg,) is the solution of the EOM for the perturbation g**h,y = ¢, which is that of a mass-
less scalar field [26,33]

Vi (V=88"" Vo) =0. 3)
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Considering a stationary perturbation, given by the form @ (u, t) = ¢ (u)e ™", the perturbation
equation reduces to a second-order ODE for ¢(u),
. 1(NA NA 3\, 1 o
N+t~ ——¢=0.
dH_2<2N+ A u>¢+NAr§¢
To derive the solution of Eq. (54), two boundary conditions are imposed: the incoming wave
boundary condition in the near-horizon region, corresponding to # — 1, and a Dirichlet boundary
condition at the AdS boundary, (u — 0) = ¢©, where hi(;) = ¢(°)e_i“” .
The incoming wave boundary condition near the horizon is obtained by solving Eq. (54) in
the limit # — 1. After a straightforward computation one finds the following

(54

& o exp (ﬂ:i2 ﬁ\/l—u). (55)
ro ﬂ -1

This solution has a natural interpretation using tortoise coordinates, allowing one to identify it

as a plane wave [27]. The positive exponent represents an outgoing wave, whereas the negative

one describes the wave incoming to the horizon, which, according to the near-horizon boundary

condition, allows us to fix

2 We are now using the u coordinate, instead of r.




