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What we will
discuss during
these two lectures
and exercises

Also, we will talk
about “how”,
not “why”
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What is holography* ?
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What is holography* ?

* Holography is also called “gauge/gravity correspondence”.

Matthias Kaminski Holographic models for QCD at high densities Page 4



Question
What is holography* ?

* Holography is also called “gauge/gravity correspondence”.

(A) A dual gravitational description of models of QCD

../ Matthias Kaminski Holographic models for QCD at high densities Page 4



Question
What is holography* ?

* Holography is also called “gauge/gravity correspondence”.

(A) A dual gravitational description of models of QCD

(B) A gravitational description of QCD

Matthias Kaminski Holographic models for QCD at high densities Page 4



Question
What is holography* ?

* Holography is also called “gauge/gravity correspondence”.

(A) A dual gravitational description of models of QCD
(B) A gravitational description of QCD

(C) The universal solution for all theories at strong coupling
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Question
What is holography* ?

* Holography is also called “gauge/gravity correspondence”.

(A) A dual gravitational description of models of QCD
(B) A gravitational description of QCD
(C) The universal solution for all theories at strong coupling

(D) A useless fashion that has nothing to do with QCD and
the real world
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Question
What is holography* ?

* Holography is also called “gauge/gravity correspondence”.

(A) A dual gravitational description of models of QCD
(B) A gravitational description of QCD
(C) The universal solution for all theories at strong coupling

(D) A useless fashion that has nothing to do with QCD and
the real world

My answer:
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Question
What is holography* ?

* Holography is also called “gauge/gravity correspondence”.

(A) A dual gravitational description of models of QCD
(B) A gravitational description of QCD
(C) The universal solution for all theories at strong coupling

(D) A useless fashion that has nothing to do with QCD and
the real world

My answer:
100% of (A), 50% of (B), 20% of (C), 0% of (D).
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Question
What is holography* ?

* Holography is also called “gauge/gravity correspondence”.

(A) A dual gravitational description of models of QCD
(B) A gravitational description of QCD
(C) The universal solution for all theories at strong coupling

(D) A useless fashion that has nothing to do with QCD and
the real world

My answer:
100% of (A), 50% of (B), 20% of (C), 0% of (D).
Tool with strengths and limitations (like e.g. hydrodynamics).
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Basic idea

 Assume we have a
hard problem that is
difficult to solve in a
given theory,

for example QCD

model

or effective holography
description (gauge/ gravity

- correspondence)
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Basic idea
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hard problem that is
difficult to solve in a
given theory,

for example QCD

model
or effective
description

e

(Hard) problem in
“similar” theory

holography
(gauge/ gravity
correspondence)

<+

o

» gravity dual to QCD?
» not known yet

g Simple problem in a
particular
gravitational theory

= | Holography is good at predictions that are
SR qualitative or universal.
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Topics: heav
see Lecture I by Ohnishi (dense pha

ion collisions & neutron stars

ses of QCD)

(i&

Thermalization of ,0grapny |
charged plasmas
near equilibrium

| Calculation of quasi-
| normal modes

» charged plasma
» magnetic field

Thermalization of
charged plasmas
far-from equilibrium

holography

Matthias Kaminski

7
> 4
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.....

» non-conformal
[Janiszewski, Kaminski; to appear (2015)]

Calculation of time-
dependent metrics /
black hole formation
» charged plasma
» magnetic field
» non-conformal
» isotropization

» off-center collision
[Chesler, Yaffe; PRL (2011]

[Chesler, Yaffe; arXiv (2015]
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Topics: heavX
see Lecture I by Ohni

ion collisions & neutron stars
(dense phases of QCD)

Thermalization of ,0grapny |
charged plasmas
near equilibrium

| Calculation of quasi-
_ | normal modes

» charged plasma
i | » magnetic field

Thermalization of
charged plasmas
far-from equilibrium

holography

.....

» non-conformal
[Janiszewski, Kaminski; to appear (2015)]

Calculation of time-
dependent metrics /
black hole formation

(Inspired by holography:

Anomalous

4 n«n‘n
tg“t

Bielich, Bleicher; (2014)]

Matthias Kaminski

hydrodynamics leads
to neutron star kicks

[Kaminski, Uhlemann, Schaffner-

Holographic models for QCD at high densities

» charged plasma
» magnetic field

» non-conformal
» isotropization

» off-center collision
[Chesler, Yaffe; PRL (2011]

[Chesler, Yaffe; arXiv (2015]

Page 6


http://xxx.lanl.gov/abs/0809.2488
http://xxx.lanl.gov/abs/0809.2488
http://arxiv.org/find/grp_physics/1/AND+au:+janiszewski+au:+kaminski/0/1/0/all/0/1
http://arxiv.org/find/grp_physics/1/AND+au:+janiszewski+au:+kaminski/0/1/0/all/0/1
http://xxx.lanl.gov/abs/0809.2488
http://xxx.lanl.gov/abs/0809.2488
http://arxiv.org/abs/1501.04644
http://arxiv.org/abs/1501.04644

BN

Matthias Kaminski

Schedule

—""s,
b kY

Holographic models for QCD at high densities

Page 7



Schedule

Lecture I:
Holographic thermalization of charged plasmas near equilibrium

Exercises I:
Calculation of quasi-normal modes

Lecture II: 2\ 2%
A. Anomalous hydrodynamics kicks neutron stars
B. Holo thermalization of charged plasmas far-from equilibrium

Exercises II:
A. Details of neutron star kick calculation
B. Calculation of time-dependent metrics / black hole formation
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Contents: Lecture I

|. Hydrodynamics 2.0
2. Holography basics

3. Quasi-normal modes
(QNMs)

TN [Janiszewski, Kaminski; to appear (2015)]
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Contents: Lecture I

|. Hydrodynamics 2.0 Doy o

2. Holography basics

> Imw
3. Quasi-normal modes [Starinets; JHEP (2002)]
(QNMs) W
s
I ‘
g RN [Janiszewski, Kaminski; to appear (2015)]
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Hydrodynamic variables

Thermodynamics

T, p, u”

Hydrodynamics

v~  Matthias Kaminski
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Hydrodynamics

Universal effective field theory for microscopic QFTs, expansion
in gradients of temperature, chemical potential and velocity

o fields 1'(x), u(x), u’(x)

® conservation equations

® constitutive equations (Landau frame)
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Hydrodynamics

Universal effective field theory for microscopic QFTs, expansion
in gradients of temperature, chemical potential and velocity

o fields 1'(x), u(x), u’(x)

® conservation equations
V. TH = F"*jy
V.3 =0

® constitutive equations (Landau frame)
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Hydrodynamics

Universal effective field theory for microscopic QFTs, expansion
in gradients of temperature, chemical potential and velocity

o fields 1'(x), u(x), u’(x)

® conservation equations
V. TH = F"*jy
V.3 =0

® constitutive equations (Landau frame)

Energy momentum T’uy
tensor

= eut'u” + P(g"” + uHu”) + 17

Conserved

current j'u = n’U,'u —+ V'u
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Chiral hydrOdynamlcs/s(m, Surowka; PRL (2009)]

Derived for any QFT with a chiral anomaly [Loganayagam; arXiv (2011)]

[Jensen et al.; JHEP (2012)]
(e'g : QCD} [Jensen et al.; PRL (2012)]

Vyj’/ — () classical
theory
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Chll‘al hydro dynamlcs[Son, Surowka; PRL (2009)]

Derived for any QFT with a chiral anomaly [Loganayagam; arXiv (2011)]

[Jensen et al.; JHEP (2012)]
(e'g ) QCD} [Jensen et al.; PRL (2012)]

V'uj“ CEVPU)\FVPFJ)\ quantum
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Chiral hydrOdynamlcs[Son, Surowka; PRL (2009)]

Derived for any QFT with a chiral anomaly [Loganayagam; arXiv (2011)]

[Jensen et al.; JHEP (2012)]
(e'g : QCD} [Jensen et al.; PRL (2012)]

Ce

vpoA F, P F_ ) quantum

theory Def.: V# = E¥ — TAM'V, (ﬁ>

T

Generalized constitutive equation with external fields
-

J" = nut +oVH 4 LWt +EpBf AL Agrees with gauge/gravity
vorticity magnetic field prediction:
1 1 [Erdmenger, Haack, Kaminski,
W = 56““9%%% BF = 5e““f)uVFAp Yarom; JHEP (2009)]

chiral [ chiral ‘T1B
vortical |44 3¢ magnetic [bele)
effect H*MY  offect U‘*’”
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Chiral hydrOdynamlcs[Son, Surowka; PRL (2009)]

Derived for any QFT with a chiral anomaly [Loganayagam; arXiv (2011)]

[Jensen et al.; JHEP (2012)]
— (eg ) QCD} [Jensen et al.; PRL (2012)]
C GVPUAFVPF(,)\ quantum

. —_
theory Def.: v = B - TA™YV, (1)

Generalized constitutive equation with external fields
-

J" = nut +oVH 4 LWt +EpBf AL Agrees with gauge/gravity
vorticity magnetic field prediction:
1 1 [Erdmenger, Haack, Kaminski,
W = 56““9%%% BF = 5e““f)uVFAp Yarom; JHEP (2009)]

) JE.5 9 nps . 1 nu?
E=C\F —3e3p) B=C\F 35

anomaly-coefficient C

chiral [ chiral ‘T1B
vortical |44 3¢ magnetic [bele)
effect H*MY  offect U‘*’”
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Chiral hydrOdynamlcs[Son, Surowka; PRL (2009)]

Derived for any QFT with a chiral anomaly [Loganayagam; arXiv (2011)]

[Jensen et al.; JHEP (2012)]
(e'g ) QCD) [Jensen et al.; PRL (2012)]

Vpo A F,, Fyy ?l}llantum
eory

Ce . » [
Def.: v = B - TA™YV, (1)
Generalized constitutive equation with external fields

-

J' = nut 4 oVE 4 €Wt + EgBY L Agrees with gauge/gravity

vorticity magnetic field prediction:
1 1 [Erdmenger, Haack, Kaminski,

W = 56““%,,%% BV = 5e“”APuVFAp Yarom; JHEP (2009)]

ol .2 2 np’ T 1 nu?
IS TPt B2 \E T Deeep

anomaly-coefficient C

Observable in:
heavy ion collisions?

— [Kharzeev, Son.; PRL (2011)]
chiral 1! chiral ‘115 .
vortical [#4 4% magnetic [Faleil neu‘;ron stars:
%009 Y [Kaminski, Uhlemann, Schaffner-
~ effect effect e Bielich, Bleicher; (2014)]
£ 2 ~> see Lecture II
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Chiral effects in vector and axial currents

Vector current (e.g. QCD U(1))

J, =+ &w + &y B! + &yaBYy

chiral
magnetic
effect

Axial current (e.g. QCD axial U(1))

Jy =+ +EB +EanBYy

chiral chiral
vortical separation
effect effect
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Chiral effects in vector and axial currents
see e.q. [Jensen, Kovtun, Ritz; JHEP (2013)]

Vector current (e.g. QCD U(1))

J, =+ &w + &y B! + &yaBYy

chiral
magnetic
effect

Axial current (e.g. QCD axial U(1))

Jy =+ +EB +EanBYy

chiral chiral
vortical separation
effect effect

\\__ 1 o /' Matthias Kaminski Holographic models for QCD at high densities Page 13


http://arxiv.org/abs/arXiv:1307.3234
http://arxiv.org/abs/arXiv:1307.3234

Chiral effects in vector and axial currents
see e.q. [Jensen, Kovtun, Ritz; JHEP (2013)]

Vector current (e.g. QCD U(1I))

J, =+ &w + &y B! + &yaBYy

chiral
magnetic
effect

(Axial current (e.g. QCD axial U(1)) )

Jy =+ +EpBFHEanBYy

chiral chiral
vortical separation
L effect effect y
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Full chiral vortical effect & gravity

formal

£=C 2 2 ,ugn N approach
o 3¢t P guarantees
completeness
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Full chiral vortical effect & gravity

3 formal
§:C<,u2—2 pon >+ approach
3¢+ P guarantees
completeness
More than one anomalous current V,.J" = % VPO Ffp Fe,

L 2n 1 | :
= C-'abc/_tb/.tc +28,T% — a' (.—C'bcd/_l.b/f /.l.d + Qv;ﬁ_‘fb/.l,bT') - *)'TB)
e+p\3

[Neiman, Oz; JHEP (2010)]
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Full chiral vortical effect & gravity

3 formal
£=C 2 2 poT + approach
o = 3¢t P guarantees
completeness
More than one anomalous current y 1 vpoy b e
V,/Ja = é abc€ P ’YFI/pFU'y
2na 3
{Rcabcll pe+ Cbcdll ppt + 2Byu"T + T
various charges  previously [Neiman, Oz; JHEP (2010)]
(e.g. axial, vector) neglected
B = —4r?c,,

[Jensen, Loganayagam, Yarom; (2012)]
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Full chiral vortical effect & gravity

3 formal
£=C 2 2 poT + approach
o = 3¢t P guarantees
completeness
1
More than one anomalous current V,.J" = = Cate o€ PV FY FE.
2n 1
= C, 2 | =C 2Bpp*T? + 4T3
Lé\bc/t# + €+p(3 bedht 1t + 285" T + )
various charges  previously [Neiman, Oz; JHEP (2010)]
(e.g. axial, vector) neglected
B = —4r?c,,

/ [Jensen, Loganayagam Yarom; (2012)]

( o . .
Gravitational anomalies full transport coefficient

. P poaf - exactly known;
Vu Tcm, F v Jcm, 2 v [6 F paR af first measurement of
< gravitational anomaly?

R, ) . i
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Exercise 1.a): hydrodynamic correlators

Simple (non-chiral) example in 2+1:
G =nut +o [E’”L — TA*0, (%)] AP = g + utu”

ut = (1,0,0)
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Exercise 1.a): hydrodynamic correlators

Simple (non-chiral) example in 2+1:

HF=nut+o [E’”L — T'AFYO, (%)] AFY= g + utu”
sources Ay, A, o e witike ut = (1,0,0)
fluctuations n=n(t,z,y) oc e T (fix Tand w)
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Exercise 1.a): hydrodynamic correlators

Simple (non-chiral) example in 2+1:

HF=nut+o [E’”L — T'AFYO, (%)] AFY= g + utu”
sources Ay, A, o e witike ut = (1,0,0)
fluctuations n=n(t,x,y) x g T iwitikT (fix T and u)
oy e1s on
susceptibility: x = o
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Exercise 1.a): hydrodynamic correlators

Simple (non-chiral) example in 2+1:

g =nu"+o [E’”L — T AH*0, (%)] AHMY= g + utu”
sources Ay, A, o e witike ut = (1,0,0)
fluctuations n=n(t,z,y) oc e T (fix Tand w)
. 1 v M — O eq oqe an
one point functlons.k I, susceptibility:  y = o
N o RO
WO
) = A+ KA

() =0
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Exercise 1.a): hydrodynamic correlators

Simple (non-chiral) example in 2+1:

G =nut +o [E’”L — TA*0, (%)] AP = g + utu”
sources Ay, A, o e witike ut = (1,0,0)
fluctuations n=n(t,x,y) x g Ttttk (fix T and u)
. 1 v K — eq oqe an
one point functlons.k I, susceptibility:  y = o
(') = nw,k) = ——z @A +kA) | |
w+ k= Einstein relation:
WO D= —
Y = A, + kA
g%y =20 0(j") iw’o

—> two point functions ;%) = SA. WDk

—> hydrodynamic poles in spectral function
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Exercise 1.a): hydrodynamic correlators

Simple (non-chiral) example in 2+1:

HF=nut+o [E’”L — T'AFYO, (%)] AFY= g + utu”
sources Ay, A, o e witike ut = (1,0,0)
+other sources
fluctuations n=n(t,x,y) x g~ iwitike (fix T and u)
+ fluctuations in T and u
. 1 v K — eq oqe an
one point functlons.k I, susceptibility:  y = o
(1) = n(w k) = ——— (WA, +kA) [ .
w+ k= Einstein relation:
wo D= —
Ty = A, + kA
(79) =0 6(5%) iw?o

—> two point functions ;%) = SA. WDk

—> hydrodynamic poles in spectral function
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Exercise 1.b): hydrodynamic correlators

Stmple (non-chiral) example in 2+1

2Dk*wr + wf, + wy

—1 GR:_I .x.x - —
t m (Jr o) O WhR w% + (wr + Dk?)?

i“‘—r - ———— A ek
ANEEEE W Tr_ﬁ%
> 2\
AT
am SEeSEEEEacRsctl) » pole goes to zero
o OF —‘ ARE===il » spectral function
——1-# = | . .
Inmmsg EEEsEnnnEEsEnaus( vanishes with k
LT JFEHEEEH sasl
s | F o = ~-:j:j£'::::%ia |
AL Lﬂi— \_—\l_i—:‘;!iwl“wr’—:w J‘w A:‘-L#‘—‘ "—rL: E—
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Exercise 1.b): hydrodynamic correlators

Stmple (non-chiral) example in 2+1

two point function: (j=j=) = S iw?o

SA.  w+iDk?

2Dk*wr + wf, + wy

ral function: -ImG" =—-Im (jujo) = —
spectral functio m m (jzjz) = —0 WR 2 1 (wr + DR2)?

hydrodynamic pole (diffusion pole) in spectral function
at decreasing momentum k:

| =1 : k=1/2
T Zy ~inc” T T
2::1::::#::— | : ::*’:‘::%iiﬁr4 N
e | NennnaSRAxssaaas(l
m maaseaail SEEERas=a = » pole goes to ZEro
i O /R ERSHE N 3 HAE==nil » spectral function
- | -+ - . .
B E“‘Prr =1 EmmanEEmdEEEERaE vanishes with k
) g YR | Al e e
— b — ‘ pEEEEREEN NN |
] TLL__J_:.:L ‘1__;7 L1 ‘ A: TzLﬁﬂf%T Lj::laiu
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Far beyond hydrodynamics
Example: 3+1-dimensional N=4 Super-Yang-Mills theory; poles of

(ToyToy) (W, k) = Gy 2y (w, k) = —1 / d'z e T[Ty (2), Tuy (0)])

hydrodynamics valid

s~

-30 -20 ~10 10 20 30
® L &
Rew wonsl
- [ ®
L : L
B =107 @
- [ »
° -15 | ©
[ s
L : L
, =20} .
. : "
@ -25| e
B [ .
. : ]

. -30f Im w .
N &B)
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Far beyond hydrodynamics: QNMs
Example: 3+1-dimensional N=4 Super-Yang-Mills theory; poles of

(ToyToy) (W, k) = Gy 2y (w, k) = —1 / d'z e ([T (2), Tay (0)])

hydrodynamics valid

. 'OQ‘

s |7

T S WSS
L J L L J
Rew arnt 5

1B holography:
poles correspond

® I & to quasi-normal
¥ =157 o mode (QNM)
* ” * frequencies
L J L a
» =20 I .
L : L
. ~25} .
B [ ®
. : .
_ g =0 ; Im (.U ®
A e R 2\
8 5 [Starinets; JHEP (2002)]
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(Bles, ™
l,\:‘%"

A
\,‘:{:‘. |

4
3

2. Holography basics

)

y
>/
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Gauge/Gravity concepts

-
The Gauge/Gravity correspondence is based
on the holographic principle. [t Hooft (1993)]

Smaz (volume) o< surface area

String theory gives one example (AdS/CFT).
[Susskind (1995)]

N=4 Super-Yang-Mills Typ II B Supergravity
in 3+1 dimensions @} in (4+1)-dimensional [Maldacena (1 99 7)]
(CFT) Anti de Sitter space (AdS)

T
2
4
a
»
;é
F
k|
8
E
2
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Equilibrium states

strongly coupled

«
~

.
‘e

‘e
3
‘e
*

.. correspondence weakly curved

quantum field theory € > gravitational theory

(QFT)

renormalization scale » radial AdS coordinate

%)
\g‘,,_ .~ Matthias Kaminski

radial AdS

oordinate boundary of
Anti de Sitter

space

5
£
£
Q
R
:
§
r
=
E
-
3
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Equilibrium states

.. correspondence

strongly coupled weakly curved

quantum field theory € > gravitational theory
(QFT)
renormalization scale< » radial AdS coordinate
QFT temperature < » Hawking temperature
conserved charge < » charged black hole/brane

boundary of
Anti de Sitter
space

T
£
g
a
»
g
F
)
=
§
E
2
-
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Example: Reissner-Nordstrom black brane

----------------------------
.........
""""
.
. .
* ‘e
* ~

.

defining a RN black *
: brane (solve Einstein- /
~.. Maxwell eq’s) .

-------------
"""""""""""""
»® a
----
»* ay
.* .,
» «
S 3
o* ~,
» -
*°* ‘e

* .

*
*
*

=4 Super-Yang-Mills*. correspondence
. theory at nonzero ; € i
“temperature & charge.”

. 2 . . / S
metric: ds* = r_ (—fdtz + dfz) + Wdrz

, Ie
o f ) o
H  pr mL +qL

gauge field:

Q radial AdS
A = pu— —— oordinate
L2
e V/3g
2,
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Example: Reissner-Nordstrom black brane

--------
------------------
- ]
[ 34 ay
. *a
‘‘‘‘
. ]
* ‘e
* ~

--------
-------------------
- L]
------
““““
. .
» .
» .
* Ve
* - *
o ‘e
-
*e

*
*
*

=4 Super-Yang-Mills>. correspondence;" ; ..

p S P ¢/ defining a RN black
. theory at nonzero | €
“temperature & charge.”

: brane (solve Einstein- /
~.. Maxwell eq’s) .

2 . ‘ £ .5
QFT temperature: < » metric:ds® = % (— fdt* + di:’z) -+ derz
o2 [f(rw) s '
=ThH
4 m q
o f(’l") =1.— rd 2 r6
conserved charge Q, «— gauge field: |
thermodynamically A — 4 — @ riiﬁiﬁ;ﬁ
dual to chemical b L2 £+
potential: _ V3q
2%
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Far-from equilibrium states:
holographic thermalization

Thermalization:

T=0 partcle “soup”

time l

nonzero T plasma

Matthias Kaminski

Holographic models for QCD at high densities
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Far-from equilibrium states:
holographic thermalization

Thermalization:

T=0 partcle “soup”

time l

correspondence
< >

Anti-de Sitter
space
boundary

radial AdS
coordinate

nonzero T plasma

thermal
QFT
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Far-from equilibrium states:
holographic thermalization

Thermalization: HOl”IZOI.I
formation:

T=0 partcle “soup” =0

time l

correspondence
< >

Anti-de Sitter
space
boundary

radial AdS
coordinate

nonzero T plasma

thermal
QFT

Matthias Kaminski Holographic models for QCD at high densities Page 22



Far-from equilibrium states:
holographic thermalization

Thermalization: HOl”IZOI.I
formation:

T=0 partcle “soup” =0

time l

correspondence
< >

Anti-de Sitter
space
boundary

radial AdS
coordinate

nonzero T plasma

thermal
QFT
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Far-from equilibrium states:
holographic thermalization

Thermalization: HOl”IZOI.I
formation:

black
hole

T=0 particle “soup” T=0

time l

COI’I’CSpOl’ldCI’lCC

< > + time

radial AdS
coordinate

Anti-de Sitter
space
boundary

nonzero T plasma

thermal
QFT
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Far-from equilibrium states:
holographic thermalization

Thermalization: HOl”IZOI.I
formation:

T=0 particle “soup” B =0

time l

correspondence
< >

Anti-de Sitter
space
boundary

radial AdS
coordinate

nonzero T plasma

thermal
QFT
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Retarded Green’s function from holography

52
56(0) 50

G (w,q) = —i / dz €2 9(20) ([J(T), T (0)]) «—> Sgravity|?]

correlations between fluctuations around a state

Spectral function (imaginary part of retarded G):

10

to i mo ¥ quasi-normal

o Pl mode frequencies
LI -
- e
oS ,} . "= _/
i > ‘/> /.
- . y
\ y \' //'

TR -

A
5 ) . /
! \\/ : L N \‘./
)

v n
Mo w ) Koo

low temperature

more stable quasiparticles
(resonances)

high temperature
no quasiparticles
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Example: N=2 SYM current correlators
[Erdmenger, Kaminski., Rust 0710.0334]
Nonzero baryon density

4; d=0.25 . . ]
o : - Xo = VU. // AN :
& L —- x0=05 K
| 2F —— x0=0.7 / N 7
= F T xo = 0.8 ;- ~ N\
> S —_
\% 0 ™ / ‘\ \\
BN / N
g \\ //I/I \\\ |
2 N S~ _— / y R
i N \\ e / i
L S~ — 2
—4 i /// b
_6—“““‘ T S SR R
0.0 0.5 1.0 1.5 20 25
o
Phase diagram
1 d=4 .~
0.8
0.6 ¢
E
S
304 ¢
0.2
0.2 04 06 08 1
P iy N T/M
& & O
(2§ "B
T
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Example: N=2 SYM current correlators
[Erdmenger, Kaminski., Rust 0710.0334]
Nonzero baryon density

140000 |-

\ il T
L g ] \ \ \ 1
4l 1=025 i - d=0.25 | | ‘
s | — xo=01 AN ; 120000 | | | .
g:( T T X0:0.5 J \\\ ] — T X0 = 0.999 | \ \
| 2F —— x0=07 SN - 100000 | | | :
S xo = 0.8 e ~ N\ ] e i | | |
2 0= / \*i‘ 2 80000 - | | |
N =7/ N 60000 -
_2 - \\\\ \__/ / // \\: [
, NN . : 40000 -
= \\\ S~ — // | :
—4r ) 20000
0.0 0.5 1.0 1.5 2.0 2.5 0 S 0o 15 20 25 30 35
o o
Phase diagram
1 d=4 -~
~
\//
0.8 | Meson melting transition |
06 | (furiigmental matter deconf trqns)
s
304 |
0.2 d=0
0.2 04 06 0.8 1
GRTVER T/M

AN Matthias Kaminski Holographic models for QCD at high densities Page 24


http://arxiv.org/abs/0710.0334
http://arxiv.org/abs/0710.0334

Example: N=2 SYM current correlators
[Erdmenger, Kaminski., Rust 0710.0334]

Nonzero baryon density
4l d=0.25 o . 1
=) I —— xo0=0. y N
£ [ — xo=05 /
| 2F —— Xo=07 SN ]
8 F—777° X0 = 0.8 /// N \\ R
S F ,V/ \{g i
\% 0 N 2 B ]
TR A
L \\\ //, N
-2k \\\ S~ __— Y N
i \\\ _ . |
" 7 |
-6 L P [ P R NN
0.0 05 10 15 20 25
o
Phase diagram
1 d=4 .~
~
—_ / . . .
0.8 Meson melting transition |
- 0.6 (fundgmental matter deconf trans)
% N
04|
=0
0.2 . d=0.00315
02 04 06 08 1
RV T/M

Matthias Kaminski

140000
120000
100000
80000
60 000
40000
20000

)
£
S

O’HH
0 5

" Yo = 0.999

7““““U‘“‘\“\“\““\\‘.“‘.\‘\“‘
- Rho meson excitations

rd=0.25 \ \ \

)

N |

10 15

Nonzero isospin density

4000 ,
XY E3Ej3 v X
n =0 n=0 n=0
3000 [ L
'“: XY E3E3 YX
2000 SU(Q) triplet ,:I: n=1 ”"= 1 n=1
R —Ro splitting i
1000 | Ei / X
|| SN S e L VLY
P e T T

Analyticanily: [PhD thesis "08]
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Retarded Green’s function from holography

52
56(0) 50

G (w,q) = —i / dz €2 9(20) ([J(T), T (0)]) «—> Sgravity|?]

correlations between fluctuations around a state

Spectral function (imaginary part of retarded G):

10

to i mo ¥ quasi-normal

o Pl mode frequencies
LI -
- e
oS ,} . "= _/
i > ‘/> /.
- . y
\ y \' //'

TR -

A
5 ) . /
! \\/ : L N \‘./
)

v n
Mo w ) Koo

low temperature

more stable quasiparticles
(resonances)

high temperature
no quasiparticles
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Retarded Green’s function from holography

62
56(0) 50

GE(w,q) = —i / Atz e () ([J(7), T (0)]) <—> Sgravity|9]

correlations between fluctuations around a state

gravitational

Spectral function (imaginary part of retarded G): BUT" which one 2
to o mo ¥ quasi-normal
el mode frequencies

/

TR -

| ¥ - e '
L L -
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/‘—- _‘——y - ‘ p— . "~
0S| o = e -l\', -7‘-_-"'7__
R > " /
ZV : | ...\ //
=LA . / a0 S— /
—— - \ / 0 > /
4 \ /:‘/ ) ) - !

\

\
¢ L \ 4
S

'\‘t/ ' ‘ LAY
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Mo w ) no o

low temperature

more stable quasiparticles
(resonances)

high temperature
no quasiparticles
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by zooming in on
boundary
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» Correspondence

» by zooming in on
1

Anti-de Sitter " boundary

space

gravity field

A {0

source operator vev

QFT on boundary
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» Correspondence

» by zooming in on
1

Anti-de Sitter " boundary

space

gravity field

1 1
¢ = (0 +¢(1); +¢(2)T—2 + ...

A {0

source operator vev

QFT on boundary
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» Correspondence

» by zooming in on
1

Anti-de Sitter " boundary

space

gravity field

1 1
¢ = (0 +¢(1); +¢(2)T—2 + ...

mathematical map:
gauge/ gravity
correspondence

A {0

source operator vev

QFT on boundary

o e
N/ Matthias Kamins Holographic models for QCD at high densities Page 26



Example:
metric
Anti-de Sitter fluctuations

space

metric fluctuation
hyw =B 0+ +
mathematical map:

gauge/ gravity
correspondence

(0) TH
My (")
boundary energy momentum

metric (source) tensor (vev)

QFT on boundary

- % Ty
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The importance of quasinormal modes

e describing thermalizing system at
late times

e invaluable consistency check for
holographic thermalization codes

~" e.g. anisotropic .,

: collapsing . )
- matter :

time
initial time: final time:
deformed space-time equilibrated space-time
e.g.: sheared between x- e.g.: AdSS Schwarzschild
and z-direction black brane
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3. Quasi-normal modes (QNMs)

Matthias Kaminski

k=0
T

i

[Janiszewski, Kaminski; to appear (2015)]

Holographic models for QCD at high densities
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What are quasi-normal modes?

e heuristically: the eigenmodes of black holes or black branes
|

¢ -‘;\ 1
W 0.0+ Veo-Ep | |

hole

(!

\

3
1+
.

re— i——— — - PO—
3 4

¢ formal definition: (metric) fluctuations 39 j
that are in-falling at horizon and AdS-boundary T horizon

vanishing at AdS-boundary

e correspond to poles of correlators in dual field theory _
[Kovtun, Starinets; 2005]
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What are quasi-normal modes?

e heuristically: the eigenmodes of black holes or black branes

¢ ‘l 1
black :

8 —0.%0+1vso-EFo | |

\

e formal definition: (metric) fluctuations K N .. O 5 -

. . . 0 l 2 3 4
that are in-falling at horizon and AdS-boundary r horizon
vanishing at AdS-boundary

e correspond to poles of correlators in dual field theory .
[Kovtun, Starinets; 2005]

e example: tensor fluctuations (known from KSS bound)[Starmets JHEP (2002 )]

¢ —_— h y -30 -20 -10 9 10

Rew EEC Y
e.o.m. from linearized Einstein equations: S
1+ u? w? — k% f
/! /

¢" — ¢ + s—¢ =20

SR Y O uf uf 2
& % ‘ f=1—u

]'I:-:§‘ ;_'.~':‘
| C - Y
S_ss. Matthias Kaminski Holographic models for QCD at high densities Page 30
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Contrast: Normal modes

normal Simple example:
frequencies Eigenfrequencies / normal
N frequencies
of the quantum mechanical
harmonic oscillator
(no damping)
-
wrrL — n
2
_‘4 _‘2 0 2 4
Re

Matthias Kaminski
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How to compute QNMs

e start with any gravitational background (metric, matter content)
Example: (charged) Reissner-Nordstrom black brane in 5-dim AdS

2

, , : L2 2 252
ds® = o (—fdt* + d7?) + —fdr oy ";{; " qrf_
A=y 2
Lr?
e choose one or more fields to fluctuate
(consistent with the linearized Einstein equations)
Example: metric tensor fluctuation : :
o 0= g @ -uf@), - fWk
¢ = hy u f(u) dréu f(u)?
- ()
e impose boundary conditions that are r

in-falling at horizon:
b= (1—uFme> [gb(O) oM —w) 4¢P —u)? + .. }
and

vanishing at AdS-boundary:  ]im ¢(7~) — 0
T—Tbdy

:\ e n"‘ v r‘.,‘\‘;_\.l
2% /'( 05
AN 1 .~/ Matthias Kaminski Holographic models for QCD at high densities Page 32



QNMs of tensor fluctuation in RN black brane

[Janiszewski, Kaminski; to appear (2015)]
Equilibrium solution

Reissner-Nordstrom (charged) black branes in 5-dim AdS

k=0
T [ I I I I I I I I [ I I I I I I I I | I
= b= hy'
4+ i
| ( i
s I ]
é L i
-6 -
T o~
-8 | ! ! ! ! | ! ! ! ! | ! ! ! ! | ! ! ! } | L
3 4 5 6 7
GERTVEN Rew
£ e N
R %) Less stable resonances at larger charges.

N_w.” Matthias Kaminski Holographic models for QCD at high densities Page 33


http://arxiv.org/find/grp_physics/1/AND+au:+janiszewski+au:+kaminski/0/1/0/all/0/1
http://arxiv.org/find/grp_physics/1/AND+au:+janiszewski+au:+kaminski/0/1/0/all/0/1

Compare to far-from equilibrium results

Equilibrium solution Quasinormal modes
[JaniszewskL, Kaminski; ...]

i

[Reissner—Nordstrom black branes

w

e charged
e inner/outer horizon
e extremal case: maximum charge

Final state for charged fluids.

-
Magnetic black branes

[D’Hoker, Kraus; JHEP (2009)]
e magnetic analog of RN black brane

e Asymptotically AdS5
e AdS5 near horizon

Final state for fluids in
magnetic field.

A Requ1re agreement with far from equilibrium setup at late times.
"t‘q
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Summary

|. Hydrodynamics 2.0

» chiral hydro
» chiral transport coefficient known exactly
» measure gravitational anomalies

2. Holography basics

» charged equilibrium states =
charged black branes/holes
» ONMs =
correlator poles
» thermalization =
black brane/hole formation i

radial AdS
U

rdinate

3. Quasi-normal modes P

» black hole/brane “ringing” |
) thermalization code benchmarks | | | e

‘,/,'.‘ N\

S e\
& P
b ; S
Ry " :
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Summary

|. Hydrodynamics 2.0

» chiral hydro
» chiral transport coefficient known exactly
» measure gravitational anomalies S

‘ é ﬁ;‘ [-‘» é4®
totee |  [9%4¢

2

2. Holography basics

» charged equilibrium states =
charged black branes/holes
» ONMs =
correlator poles
» thermalization =
black brane/hole formation i

3. Quasi-normal modes Imw e

» black hole/brane “ringing”

» thermalization code benchmarks -

5%, (see Lecture II) " Rew
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