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[ ]
hydrodynamics
4 N
Assume we have a hard )
problem that is difficult » gravity dual to QCD
to solve in a given or standard model?
theory, » not known yet
for example QCD
\ ° y
model holography .
(gauge/ gravity
correspondence)

(Hard) problem in Simple problem in a
“similar” model theory ' ' partl.cul.a r
gravitational theory
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Methods: holography &

o
hYdI'OdYnamlcs Solve problems in
effective field theory
4z Y (EFT), e.g.:
Assume we have a hard )
problem that is difficult » gravity dual to QCD ¢ hydrodynamic
to solve in a given or standard model? approximation of
'151’1601’}7, e 0CD » not known yet original theory
or example
\ P y
model holography .
(9auge/ gravity ¢ hydrodynamic
correspondence)

approximation of

Simple problem in a model theory

(Hard) problem in H articular
“similar” model theory P e .
gravitational theory

Hydrodynamics
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Teaser: Good agreement of lattice QCD data with holography (N=4 SYM)
[Endrédi, Kaminski, Schdifer, Wu, Yaffe; work in progress]
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Hydrodynamic variables

Thermodynamics

T, p, u”

Hydrodynamics
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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,j" =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,j" =0

® constitutive equations (Landau frame)

Energy momentum T Uv
tensor

= eut'u” + P(g"" + ufu”) + 71

Conserved

current j'u — 'n/U/LL —+ V'u
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Hydrodynamics

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

o fields 1'(z), p(x), u”(x) @

® conservation equations

V,j" =0

® constitutive equations (Landau frame)

Energy momentum v 1% 1% 1 1
o T = eutu” + P(g"" + u"u”) + 7

Conserved

current j’u ’n,’u,'u —|— V'LL
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Constructing hydrodynamic constitutive equations
An old idea [Landau, Lifshitz]

Statistical Physics 4

Part 2
Landon vt UL
Cowrre of Theoretical Physics

Yehane ¢

M Lt and L B Mlaevshs

——

Femawmd fg 48 byt v 4 e S

1. Constitutive equations: all (pseudo)vectors and
(pseudo)tensors under Lorentz group

Old example: V., u"

1
New example:  w! = ie““puyv AU, (vorticity) =
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1. Constitutive equations: all (pseudo)vectors and
(pseudo)tensors under Lorentz group

Old example: V., u"

1
New example:  w! = §€“V>‘puyv AU, (vorticity)
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Constructing hydrodynamic constitutive equations
An old idea [Landau, Lifshitz]

Statistical Physics " 4
Part 2

1. Constitutive equations: all (pseudo)vectors and
(pseudo)tensors under Lorentz group

Old example: V., u"

1
New example:  w! = §€“V>‘puyv AU, (vorticity)

2. Restricted by conservation equations
Example:  Vujgy = Vu(nu#) =0

3. Further restricted by positivity of
local entropy production: V ,uJ 5 > ()

Alternatively, use field theory restrictions (Onsagetr,...)
—-] [Jensen, MK, Kovtun, Meyer, Ritz, Yarom; PRL (2012)]

Matthias Kaminski Lecture: Far-from-equilibrium dynamics in magnetic charged chiral plasma Page 8


http://arxiv.org/abs/arXiv:1203.3556

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.3 =0 classical
theory
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http://arxiv.org/abs/arXiv:1112.4498
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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)]

quantum
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)]

quantum

ooty Def.: Vi = B - TA™Y, (1)

T

Completed constitutive equation with external fields
p

g =nut £ oV 4wt + Eg B AL Agrees with gauge/gravity
vorticity magnetic field predlctlon:
1 1 [Erdmenger, Haack, Kaminski,
wH = §eﬂ”APuVV \u, BF= §€uwu” Fy, Yarom; JHEP (2009)]

—

chiral il chiral ‘118
vortical @ magnetic IW,|
effect effect SA41
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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)]

C GVPUAFVPFJ)\ quantum

ooty Def.: Vi = B - TA™Y, (1)

T

Completed constitutive equation with external fields
p

g =nut £ oV 4wt + Eg B AL Agrees with gauge/gravity
vorticity magnetic field predlctlon:
1 1 [Erdmenger, Haack, Kaminski,
wH = §eﬂ”APuVV \u, BF= §€MW“” Fy, Yarom; JHEP (2009)]

5 2 nu’ 1 np®
£ =(C < — — £n=(C —_——

anomaly-coefficient C

)

chiral 1! chiral '"TT1B
vortical @ magnetic IW,|
effect effect SA4%

o
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http://arxiv.org/abs/arXiv:1203.3556
http://xxx.lanl.gov/abs/0809.2488
http://arxiv.org/abs/1106.0277

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., " quantum . ) m
M theory Def.. V'UJ — E’UI - TAM vl/ (T)
Completed constitutive equation with external fields
( N ° °
g =nut + oVH + Ewt + EgBF . .. Agrees with gauge/gravity
vorticity magnetic field predlCtlon:
1 1 [Erdmenger, Haack, Kaminski,
wH = 5eM’W’u,,pr BH = ieuwuy Fy, Yarom; JHEP (2009)]

npu’

5 2 1 np?
£ = < — = £n = —_——

anomaly-coefficient C

Observable in:

heavy ion collisions?
— [Kharzeev, Son.; PRL (2011)]
chiral [ chiral 5 neutron stars?

vortical ' N [Kaminski, Uhlemann, Schaffner-
ef(?fetcf @ 1'1;? gr;etm [;}f’ | Bielich, Bleicher; PLB (2014)]
oo condensed matter?

Qo [Li et al; (2014)]

ﬂ [Cortijo, Ferreiros, Landsteiner, Vozmediano; (2015)]
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http://xxx.lanl.gov/abs/0906.5044
http://arxiv.org/abs/arXiv:1010.0038
http://arxiv.org/abs/arXiv:1112.4498
http://arxiv.org/abs/arXiv:1203.3556
http://xxx.lanl.gov/abs/0809.2488
http://xxx.lanl.gov/abs/0809.2488
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http://arxiv.org/abs/arXiv:1506.05136
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Exercise 1l.a): hydrodynamic correlators

Sitmple (non-chiral) example in 2+1:
H=nut +o [E“ — T A*Y0, (%)] AP = g + utu”

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

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

H=nut +o [E“ — T A*Y0, (%)] APV = g™ + utu”
sources Ay, A, o e witike ut = (1,0,0)
fluctuations n=n(t,z,y) oc e T (fix Tand u)
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Exercise 1l.a): hydrodynamic correlators

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

H =nut +o [E“ — T A*Y0, (%)] APV = g™ + utu”
sources Ay, A, o e witike ut = (1,0,0)
+other sources
fluctuations n=n(t,r,y) x g iwttike (fix T and u)
+ fluctuations in T and u
' i V, " = . on
one point functlonslC wJ susceptibility: X = o
(1) = n(w, k) = ——— - (WA, +kA) | |
W+ k=3 Einstein relation:
Wo D= —
Y — A, +EkA
(J*) cML,L./,{Q%(CU + kAy) X
(J¥) =0 6(j°) iw?o

—> two point functions (j*j*) = SA. Wt iDk

—> hydrodynamic poles in spectral function
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Thermal Spectral Function

Thermal spectral function $R
| - contains all information about
e diffusion and quasiparticle
resonances in fluid/plasma.

R(w, q) = —2ImG™"(w, q)
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Thermal Spectral Function

Thermal spectral function ‘R
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diffusion and quasiparticle
resonances in fluid /plasma.

R(w, q) = —2ImG™"(w, q)
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Thermal Spectral Function

Thermal spectral function ‘R
contains all information about
diffusion and quasiparticle
resonances in fluid /plasma.

R(w, q) = —2ImG™"(w, q)
QGP

)
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Thermal Spectral Function

Thermal spectral function ‘R
contains all information about
diffusion and quasiparticle

resonances in fluid /plasma.

R(w, q) = —2ImG*e (w, q)

250

QGP

)

LA A
A YV
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Thermal Spectral Function

Thermal spectral function ‘R
contains all information about
diffusion and quasiparticle
resonances in fluid /plasma.

R(w, q) = —2ImG™"(w, q)

250

Transport coefficients using Kubo formulae, e.g.

electric conductivity g ~ lim — <[J t, J t]>
w—0 W

1
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Exercise 1.b): hydrodynamic correlators

Stmple (non-chiral) example in 2+1

0(j%)  iw’c
0A,  w+iDk?

two point function: (j#;*) =

2Dk*wr + wh + wy
w% + (wr + Dk?)?

spectral function: -ImG" = -Im (j,j.) = —cwr
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Exercise 1.b): hydrodynamic correlators

Stmple (non-chiral) example in 2+1

0(j%)  iw’c
0A,  w+iDk?

two point function: (j#;*) =

2Dk*wr + wh + w?
w% + (wr + Dk?)?

spectral function: -ImG" = -Im (j,j.) = —cwr

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

» pole goes to zero
» spectral function
vanishes with k

Page 12



Far beyond hydrodynamics
Example: 3+1-dimensional N=4 Super-Yang-Mills theory; poles of

(ToyTuy) (W, k) = Gy oy (w, k) = —i / d'z e T[Ty (2), Tuy (0)])

LY,TY

hydrodynamics valid

..........................

_30 _20 ~10 10 20 30

. -25| °

. -30t Im w .
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Far beyond hydrodynamics: holography
Example: 3+1-dimensional N=4 Super-Yang-Mills theory; poles of

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

hydrodynamics valid

‘ 'OQ‘

.

T S WA
® L L ]
Rew « sl

-10} holography:
poles correspond

¢ [ ¢ to quasi-normal
¢ -15¢ * mode (QNM)
. [ * frequencies
L ] L ®
. -20¢ .
. i .
. -25} .
. i .
. : .
. -30f Im w .

4 [Starinets; JHEP (2002)]
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http://arxiv.org/abs/hep-th/0207133

2. Holography
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Holography (gauge/gravity) concepts - I

-
Gauge/Gravity Correspondence based on
holographic principle [t Hooft (1993)]

Smaz (Volume) o surface area

String theory gives one example (AdS/CFT).

N=4 Super-Yang-Mills Typ II B Supergravity [ Susskind ( 199 5)]
in 3+1 dimensions @ in (4+1)-dimensional Maldacena (1997
(CFT) Anti de Sitter space (AdS) [ ( ) ]
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Holography (gauge/gravity) concepts - 11

. -
. * ‘e
- o L4
O *

correspondence *
» > | i weakly curved gravity
[Maldacena (1997)] * :

strongly coupled
. quantum field theory

radial AdS

coordinate Anti-de Sitter
space

boundary
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http://arxiv.org/abs/arXiv:0712.2451

Holography (gauge/gravity) concepts - 11

. -
. * ‘e
- o L4
O *

correspondence ",
> > | Weakly curved grav1ty
[Maldacena (1 997)]

; strongly coupled
quantum field theory

QFT temperature < » Hawking temperature

radial AdS
coordinate Anti-de Sitter

space
boundary
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Holography (gauge/gravity) concepts - 11

. -
. * ‘e
- o L4
O *

correspondence ",
> > | Weakly curved grav1ty
[Maldacena (1 997)]

; strongly coupled
quantum field theory

QFT temperature < » Hawking temperature

conserved charge < » charged black hole

radlal AdS

Anti-de Sitter
space
boundary
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How does this give us correlators/transport?
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Famous transport result:
low shear viscosity/entropy density

Theory/Model i, / S Reference

Lattice QCD 0.134(33)
Hydro (Glauber) 0.19

Hydro (CGC) 0.11
Viscous Hydro

(Glauber) 0.08,0.16, {0.03}
N/
Gauge/Gravity: — 4— ~ 0.08
S
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http://arxiv.org/abs/0704.1801
http://arxiv.org/abs/0704.3553
http://arxiv.org/abs/0704.3553
http://arxiv.org/abs/0706.1522
http://arxiv.org/abs/hep-th/0104066

Correspondence
by zooming in on
boundary

radial AdS
coordinate
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Correspondence
by zooming in on
boundary

Anti-de Sitter
space

gravity field

A (0

source operator vev

radial AdS
coordinate

QFT on boundary
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Correspondence
by zooming in on
boundary

Anti-de Sitter
space

gravity field

1 1
¢ = (o) —|-¢(1); +¢(2)T_2 + ...

A (0

source operator vev

radial AdS
coordinate

QFT on boundary
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Correspondence
by zooming in on
boundary

Anti-de Sitter
space

gravity field

1 1
¢ = (o) —|-¢(1); +¢(2)T_2 + ...

A :
mathematical map:

gauge/ gravity
correspondence

v

A (0

source operator vev

radial AdS
coordinate

QFT on boundary
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Anti-de Sitter
space

gravity field

1 1
¢ = () +¢(1); +¢(2)T—2 + ...

A :
mathematical map:

gauge/ gravity
correspondence

A (O

source operator vev

QFT on boundary

Correspondence
by zooming in on
boundary

Correlation function

)9,
O0) = —
(O0) 54|,

N 0P (1)

0 (0)

radial AdS
coordinate
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Holographic correlator calculation

e start with gravitational background (metric, matter content)

e choose one or more fields to fluctuate |
(obeying linearized Einstein equations; Fourier transformed ¢(t) < e "“’¢(w) )

e impose boundary conditions that are
in-falling at horizon:

(and for QNMs also vanishing at AdS-boundary: lim ¢(u)=0))

U—Ubdy
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Holographic correlator calculation

e start with gravitational background (metric, matter content)

Example: (charged) Reissner-Nordstrom black brane in 5-dim AdS

[Janiszewski, g T 9 1. L* . mL? @L?
Kaminski; PRD adb L2 (—Qfdt +di°) + r,zfdr fr)=1- o
(2015)] A=

.

e choose one or more fields to fluctuate |
(obeying linearized Einstein equations; Fourier transformed ¢(t) < e "“’¢(w) )

Example: metric tensor fluctuation

¢ = hxy 0= ¢ — fuw)—uf(u) , w?—fu)k®, . (TH)Q

wf@) ¢ arguf(w?®

e impose boundary conditions thatiarem
in-falling at horizon: ¢ = (1 —u) 22-4® [qblgo) + qbg)(l —u) + gbff)(l —u)? + .. }

(and for QNMs also vanishing at AdS-boundary: lim ¢(u)=0))

U—Ubdy
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Holographic correlator calculation

e start with gravitational background (metric, matter content)

Example: (charged) Reissner-Nordstrom black brane in 5-dim AdS

[Janiszewski, 2 re 2 0 L N mL? ¢*L?
Kaminski: PRD ds® = 2 (—fdt* + dz®) + r2fdr f(r)=1- s
(2015)] A= p— L

Lr? Exercise 2. cf. Casey

a.) transform metric to FG/EF Cartwright’s

e choose one or more fields to fluctuate \P:) show scale invariance Jtalk
(obeying linearized Einstein equations; Fourier transformed ¢(t) o« e™ " ¢(w) )

Example: metric tensor fluctuation
oy o f) —uf) | W fu)k? N
0= ey o N ey A

e impose boundary conditions thatiarem
in-falling at horizon: ¢ = (1 —u) 22-4® [qblgo) + qbg)(l —u) + gbl_f)(l —u)? + .. }

(and for QNMs also vanishing at AdS-boundary: lim ¢(u)=0))

U—Ubdy

holographic
correlator
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What are quasi-normal modes?

¢ heuristically: the eigenmodes of black holes or black branes

¢ ¢
SE |

"t

.

H¢ =
- [

b

_67“2¢ _|_ VS¢ _ E¢ 0l 2 /r‘

AdS-boundary

¢ the “ringing” of black holes

¢ quasi-eigensolutions to the linearized Einstein equations
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What are quasi-normal modes?

¢ heuristically: the eigenmodes of black holes or black branes

Qb Vs

~0:"¢ + Vs¢ = E¢ K

AdS-boundary

¢ the “ringing” of black holes

¢ quasi-eigensolutions to the linearized Einstein equations

¢ quasinormal modes (gravity) holographically correspond to poles of correlators

ret

wonm = pole of Gopr
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correlation functions
‘/ HOlOgraphy > (transport coefficients)

“ 3. Results for charged chiral plasma

[Ammon, Kaminski, Koirala, Leiber, Wu; JHEP (2017)]

*& 4. Far-From Equilibrium

5. Conclusions
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Hydro result: hydrodynamic poles

[Ammon, Kaminski et al.; JHEP (2017)]
Weak B hydrodynamics - poles of 2-point functions [Abbasi et al.; PLB (2016)]

(THY TPy (THY JoY (JFTPY, (JH J*) [Kalaydzhyan, Murchikova; NPB (2016)]

vector modes under SO(2) rotations around B

.

&
|
|
~.
o
W)
+

eo + Py S0 = So/no

former momentum diffusion modes cp = Ty(0s/0T) p
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Hydro result: hydrodynamic poles

[Ammon, Kaminski et al.; JHEP (2017)]
Weak B hydrodynamics - poles of 2-point functions [Abbasi et al.; PLB (2016)]

(THY TPy (THY JoY (JFTPY, (JH J*) [Kalaydzhyan, Murchikova; NPB (2016)]

vector modes under SO(2) rotations around B

Bnofg iBQJ

eo + P e0o + B | (0 + Pp)? e+ DBy S0 = So/mo
ép = Ty (85 /0T) p

former momentum diffusion modes
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Hydro result: hydrodynamic poles

[Ammon, Kaminski et al.; JHEP (2017)]
Weak B hydrodynamics - poles of 2-point functions [Abbasi et al.; PLB (2016)]

(THY TP (THY JoY, (JH TPy, (JF J%) [Kalaydzhyan, Murchikova; NPB (2016)]

vector modes under SO(2) rotations around B

Bnofg iBQJ

€0 + p() €0 + P() | (60 + P0)2 - €0 + po S0 = So/Mo
Ip—— ép = Ty(9s/0T) p

former momentum diffusion modes

scalar modes under SO(2) rotations around B

Wo = Vg k — ZDO k2 + 0(83) former charge

diffusion mode

W4+ = V4 k — ZF_|_ k‘2 —+ 0(83)
former
v_k —il_k? + O(83) sound

modes

W_
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Hydro result: hydrodynamic poles

. _ [Ammon, Kaminski et al.; JHEP (2017)]
Weak B hydrodynamics - poles of 2-point functions [Abbasi et al.; PLB (2016)]

(THY TPy (THY JoY (JFTPY, (JH J*) [Kalaydzhyan, Murchikova; NPB (2016)]

vector modes under SO(2) rotations around B

BnO Bnofg iBQJ

€0 + FPo eot+P (0+P)? e+ P S0 = So/o
5,7 = TO(HS/aT)p

w=7TF

former momentum diffusion modes

scalar modes under SO(2) rotations around B

Wo = Vg k — 1 DO k2 + 0(63) former charge m 3 chiral magnetic wave)

diffusion mode [Kharzeev, Yee; PRD (2011
. 2BT, ¢ - ‘
wp =vi k—iTy kK + O(0°) = Fomy (€~ 30%)
. former w2 o
w_=v_k—il_k*+ O(8>) sound Do = =5
modes \ cprglo y

= dispersion relations of hydrodynamic modes are heavily
modified by anomaly and B
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Holographic result: hydrodynamic poles

[Ammon, Kaminski et al.; JHEP

Fluctuations around charged magnetic black branes (2017)]

® Weak B: holographic results are in “agreement” with hydrodynamics.

® Strong B: holographic result in agreement with thermodynamics, and numerical result
indicates that chiral waves propagate at ...

the speed of light and without attenuation
F:.0o
Ve Vo ]
wb e 04
[ I > &= Modes
Fa o sound o3k
o] charge diffusion “}
sound
1 : ) ) L . 5 R 1 5 R 2 ! 02+~ .
2 P - 3 B ! ) Modes: . .
- charge diffusion
L e ey . sound
05 01p ‘e sound

confirming conjectures and results in probe brane approach [Kharzeev, Yee; PRD (2011)]
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Holographic result: hydrodynamic poles

[Ammon, Kaminski et al.; JHEP

Fluctuations around charged magnetic black branes (2017)]

® Weak B: holographic results are in “agreement” with hydrodynamics.

® Strong B: holographic result in agreement with thermodynamics, and numerical result
indicates that chiral waves propagate at ...

the speed of light and without attenuation
f = N
Yo RECALL: weak B hydrodynamic poles
y y
10F s eesssns
i ., T Modes
o o R sound _ A . 1,2 3\ former charge
ol S charge diffusion Wo = Vo k — ?’DO k* + 0(0 ) diffusion mode
- sound
1 M . " 1 N M M 1 M N N 1 —_— " /‘2 3
_ 2 4 6 s wr=vp k-l 5+ O(07) former
e sound
. , . 2 03\ modes
osf . w_=v_k—iI'_k*+0O(0°)
-1.0- ...'°“0;;;:;;3iidﬁau;aa“
confirming conjectures and results in probe brane approach [Kharzeev, Yee; PRD (2011)]
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Holographic result: hydrodynamic poles

[Ammon, Kaminski et al.; JHEP

Fluctuations around charged magnetic black branes (2017)]

® Weak B: holographic results are in “agreement” with hydrodynamics.

® Strong B: holographic result in agreement with thermodynamics, and numerical result
indicates that chiral waves propagate at ...

the speed of light and without attenuation

( ; r:-Do
RECALL: weak B hydrodynamic polcg,4 ,

former charge

L 1 .2 3
Wp = Uy Iu — ZDO lu + O(a ) diffusion mode °3

wy =vp k— il k* + O(0°) o2l Modes:
former ‘ cha.rge diffusion
. 9 A3 sound e sound
w_:U_k—ZF_k +O(d) modes 0-1'..':°"3;;’ sound

confirming conjectures and results in probe brane approach [Kharzeev, Yee; PRD (2011)]
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Contents

correlation functions

‘/ Hy drOdy namics 2 .0 > (transport coefficients)
(near equilibrium)
correlation functions
‘/ HOlOgraphy > (transport coefficients)

“ v  Results for Char%ed chiral plasma

[Ammon, Kaminski, Koirala, Leiber, Wu; JHEP {2017)]

*& 4. Far-From Equilibrium

5. Conclusions
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Holographic thermalizatior% .
cf. Casey

Cartwright’s talk
Thermalization:

T=0 particle “soup”

nonzero T plasma
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Holographic thermalizatior} .
cf. Casey

Cartwright’s talk
Thermalization:

T=0 particle “soup”

v

correspondence
< >

Anti-de Sitter
space
boundary

nonzero T plasma

thermal
_ QFT
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Thermalization: HOI‘IZOI}
formation:
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v

correspondence
< >

Anti-de Sitter
space
boundary

nonzero T plasma

thermal
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Holographic thermalizatior} .
cf. Casey

Cartwright’s talk

Thermalization: HOI‘IZOI}
formation:

T=0 particle “soup”

v

correspondence
< >

Anti-de Sitter
space
boundary

nonzero T plasma

thermal
_ QFT
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Holographic thermalizatior} .
cf. Casey

Cartwright’s talk

Thermalization: HOI‘IZOI}
formation:

cf. Duvier
Suarez
Fontanella’s
talk

T=0 particle “soup” T=0

. &

COI’I’GSpOl’ldCl’lCG

— *

Anti-de Sitter
space
boundary

nonzero T plasma

thermal
_ QFT
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Holographic thermalizatior} .
cf. Casey

Cartwright’s talk

Thermalization: HOI‘IZOI}
formation:

cf. Duvier
Suarez
Fontanella’s
talk

T=0 particle “soup” . =0

v

correspondence
< >

Anti-de Sitter
space
boundary

nonzero T plasma

thermal
_ QFT
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Colliding shock waves in AdS

'l'\"""
—— A

) = X2 [F" - 2(d3B)' — 3B'd3B] + 4%.'dsY.

Initial state Hydro expansion

CN[BYF 4 4(dsY) + 6B'dsY), @ of QGF or hadron gas
0 =N4[A" 4 3B'd, B+ 4] — 125257d, % gg
+e*B{¥? [3(F')*—%(ds B)*—2d3B] ‘ {j ;‘
+2(dsX)? — 4% [2(ds B)dsE + d3¥] }, ) s
i Preequilibrium hadronisation
0 = 6X3(d: X)) + 12823(X'd, ¥ - ¥?) — 2P {2(d3X)* >
# X2 [ (F)2+(dsF) +2F"d3 B~ §(ds B)? 243 B] holographic model cf. Burkhard

+ 3 [(F'-8dsB) daX. — 4d3X] } . (2
0 =6X4d,B) + 93(Nd, B+ B'd.Y)
+ e B{X?(F') +2(dsF)' +F'd3sB—(ds B)* —d3B)
+4(dsX)? — X [(4F'+d3B) d3¥ + 2d3%] }, (2
0 =6%%d3 Y — 3%°A'd, X + 353 (d, B)®
— &8 {(ds¥ + 2Yd3 B)(2d 4 F + d3A)
+ 3 [2ds(d4 F) + d3A] }, (2f
0 = X [2d4(dsX) + 2d3(d4+ X) + 3F'd, Y]
+ X2 [dy (F") 4 ds(A") + 4ds(dy B) - 2d,(dsB)]

b BV A ol BEE & T .‘r’"“\ ', n . ar -

-———

Kampfer’s talk

[Chesler, Yaffe; PRL (2011)]
[Janik; PRD (2006)]

[Fuini, Yaffe; (JHEP) 2015)]
[Cartwright, Kaminski; work in progress]
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Colliding shock waves in AdS

Hydro expansion
r Al mhu of QGP or hadron gas

Method: .
numerical computation |

Freeze.out

Preequilibrium hadronisation

in gravity < : >
holographic model cf. Burkhard

Kampfer’s talk

[Chesler, Yaffe; PRL (2011)]
[Janik; PRD (2006)]
[Fuini, Yaffe; (JHEP) 2015)]

4 [Cartwright, Kaminski; work in progress]
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Colliding shock waves in AdS

Initial state Hydro expansion

e of QGFP or hadron gas l:’rga:ze-out
Method. . .
numerical computation
. . Preequillbnum hadronisation
in gravity >
holographlc model cf. Burkhard

Kampfer’s talk

0.2

_P-L/'l“ : : ;
Y : : :
0.15H==Pi/ 1" [ i fr i NG

==<hydro

0
0o 1 2 3 4 5 6
time

[Chesler, Yaffe; PRL (2011)]
[Janik; PRD (2006)]
[Fuini, Yaffe; (JHEP) 2015)]

4 [Cartwright, Kaminski; work in progress]
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Colliding shock waves in AdS

Initial state Hydro expansion

' of QGFP or hadron gas l:’re'e.ze-out
Method.: .
numerical computation | %
R . Preequilibrium hadronisation
in gravity < . >
holographic model cf. Burkhard

Kampfer’s talk

02—
—Ps/u A : :
0.15H=Pu/p* | i N
===hvdro ; 5
0 1 2 3 4 5 6

time

hydro works too well too early! [Chesler, Yajj e; PRL (2011)]
[Janik; PRD (2006)]

2-pt functions? cf. Casey [Fuini, Yaffe; (JHEP) 2015)]

ﬂ Cartwright’s talk [Cartwright, Kaminski; work in progress]
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Far-from equilibrium in hydrodynamics?

Hydro expansion

Initial state of QGF or hadron gas

Preequilibrium hadronisation

Freeze.out

+® 7 gBass

<« >
effective field theory model?

® hydrodynamics describes pressures much earlier than expected
(lesson from holographic thermalization)

e similar effects in Bjorken flow numerical hydro calculations

® hydrodynamic expansion in gradients is asymptotic —
resummation reveals analogies to QFT expansion in Planck’s
constant, addressed by resurgence

® hydrodynamics may be rewritten with different fields, in order to
describe far from equilibrium dynamics

[Romatschke; (2017)]
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5. Conclusions
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Things for which there was no time ...

= transport coefficients and correlators
[Ammon, Grieninger, Kaminski, Koirala, Leiber, Wu; work in progress]/

= magnetohydrodynamics (dynamic B) . .o 0 JHEP 2017)

[Grozdanov, Hofman, Igbal; PRD (2017)]
[Hattort, Hirono, Yee, Yin; (2017)]
= axial and vector current

[Landsteiner, Megias, Pena Benitez; PRD (2014)]
[Ammon, Grieninger, Jimenez-Alba, Macedo, Melgar; JHEP (2016)]
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Holography: Fluid/gravity correspondence

see appendix

Perturbing the surface of
a black hole.
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Methods: holography &

o
hYdI'OdYnamlcs Solve problems in
effective field theory
4z Y (EFT), e.g.:
Assume we have a hard )
problem that is difficult » gravity dual to QCD ¢ hydrodynamic
to solve in a given or standard model? approximation of
'151’1601’}7, e 0CD » not known yet original theory
or example
\ P y
model holography .
(9auge/ gravity ¢ hydrodynamic
correspondence)

approximation of

Simple problem in a model theory

(Hard) problem in H articular
“similar” model theory P e .
gravitational theory

Hydrodynamics
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Methods: holography &
hydrodynamics

Solve problems in
effective field theory
4 ) (EFT), e.g.:

Assume we have a hard )

problem that is difficult » gravity dual to QCD
to solve in a given or standard model?
theory, » not known yet

for example QCD
\ ° y

¢ hydrodynamic
approximation of
original theory

model holography
(gauge/ gravity ¢ hydrodynamic
correspondence) : . approximation of
(Hard) problem in ‘ ’ Slar:cl;ifﬂl; II:Oblem na model theory
“similar” model theory P N

gravitational theory
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Methods: holography &

o
hydrOdynamlcs Solve problems in
effective field theory

4 B (EFT), e.g.:

Assume we have a hard .

problem that is difficult g grfwltgf dlllal t(él ?SD ¢ hydrodynamic

to solve in a given or stahdard modet: approximation of

';hCOI'y, le OCD » not known yet original theory

or example
N p

W,

model holography

(gauge/ gravity ¢ hydrodynamic
approximation of
model theory

correspondence) : .
(Hard) problem in Slmple problem in a
“similar” model theory ' . partl.cul.a ’
gravitational theory

= Holography is good at predictions that are qualitative or universal.
= Compare holographic result to hydrodynamics of model theory.
= Compare hydrodynamics of original theory to hydrodynamics of model.
= Understand holography as an effective description.
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Methods: holography &

[ ]
hydIOdynamlcs Solve problems in
effective field theory

4 ) (EFT), e.g.:

Assume we have a hard )

problem that is difficult > grﬁwg’ dgal t(()i ?SD @ hydrodynamic

’;heory, le OCD » not known yet original theory

or example
N p

W,

REALITY CHECK:
MODEL
APPROPRIATE?

model holography
(gaugedgravity

¢ hydrodynamic
approximation of
model theory

(Hard) problem in

“similar” model theory gravitational thec

= Holography is good at predictions that are qualitative or universal.
= Compare holographic result to hydrodynamics of model theory.

= Compare hydrodynamics of original theory to hydrodynamics of model.
= Understand holography as an effective description.
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Fluid/gravity correspondence

[Bhattacharyya et al.; JHEP (2008)]

p
Finstein hydrodyngmm dynarplcal
. = conservation + equations of
equations . .
equations motion
Constitutive equations from geometry near boundary.
.

radial AdS
coordinate

Anti-de Sitter
space boundary
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Fluid/gravity correspondence

Conservation equations from gravity

5-dimensional Einstein-Maxwell-Chern-Simons equations of motion :

1 K 1 2
RM N + 493-1 N - ;F\I K EN' b EQM NF
p- N AT ]. AT AT 9)
On (v/—=gF M)y = B MNOPE FnoFpg Env =dr
43 dual to anomaly
Constraint equations arise from contraction with one-form dr (normal to boundary) :
(contraints) s = £ (Einstein equations) y/ n * VMT'“V — Fw‘])\

(contraint) = ¢ (Maxwell — Chern — Simons equations) * V,.j* =CE"B,

Constitutive equations from gravity

Example: no matter content, vanishing gauge fields :

(D-3)
[ <Y;4u> — _linl_ |:, (2 (1\';11/ - I\’A.';w - (D o 2)1‘;11/)]]
r—oc D

: . . 1.
with extrinsic curvature K, = —9—(0,:.,,,, -V.n, = V,n,)
Zn

n) a) .) 3\ ’ 7
pr— ds® = n“dr® + v (dz* 4+ nfdr)(da” + n"dr)
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Example: N=4 Super-Yang-Mills with anomaly

[Erdmenger, Haack, Kaminski, Yarom; JHEP (2009)]

Gravity dual: 5-dimensional Einstein-Maxwell-Chern-Simons action

| 1 - 1 OPQ A T 1
S =  9k2 / [\/70 (R 12 - Tf-> : 1"—\/§(”.\w(‘)"1.\1#\'()}1"(\) d*z dr
K5< . | =V
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Example: N=4 Super-Yang-Mills with anomaly

[Erdmenger, Haack, Kaminski, Yarom; JHEP (2009)]

Gravity dual: 5-dimensional Einstein-Maxwell-Chern-Simons action

: 1 | R I ‘OP{ k !
S = 5 5 / |:\/__(/ (R 12 — —l}‘ '>[ 1')_\/§( MNOE (")“1,\[[".\’()i'1’9] d4.fC dr
l{,5 . ‘ PAVE

CS-term dual to chiral anomaly
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Example: N=4 Super-Yang-Mills with anomaly

[Erdmenger, Haack, Kaminski, Yarom; JHEP (2009)]

Gravity dual: 5-dimensional Einstein-Maxwell-Chern-Simons action

i 1 | R 1 'OP( » )
S = 2 5 / |:\/ -4 (R 12 — —l}‘ ->[ r)—\/g‘ MNOE (‘)“1,\[[".\'()1'1’9] d4.fC d’r
K< ‘ =V

CS-term dual to chiral anomaly

Black hole with R-charge (in Eddington-Finkelstein coordinates):

solution with constant parameters Q, b, u
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Example: N=4 Super-Yang-Mills with anomaly

[Erdmenger, Haack, Kaminski, Yarom; JHEP (2009)]

Gravity dual: 5-dimensional Einstein-Maxwell-Chern-Simons action

1 1. 1 D .
- 2/{/ 2 / |:V -4 (R 12 — —l[‘ ->[ 1.)—\/?‘ MNOI (‘).‘1,\[}.\'()}'1’(9] d4$ d?“
5% - | 2V

CS-term dual to chiral anomaly

S =

Black hole with R-charge (in Eddington-Finkelstein coordinates):

..........................................................................................................................................................................

Make parameters boundary-coordinate-dependent: dual to hydrodynamic fields

b—b(r), Q—Q(x), v —u(z)
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Example: N=4 Super-Yang-Mills with anomaly

[Erdmenger, Haack, Kaminski, Yarom; JHEP (2009)]

Gravity dual: 5-dimensional Einstein-Maxwell-Chern-Simons action

1 | - 1 O PO . .
- 2/{/ 2 / |:V -y (R + 12 — —l}‘ '>[— m("\['\(” (").‘1,\[[".\’()f'1’9] d4$ d?“
5% - | 2V

CS-term dual to chiral anomaly

S =

Black hole with R-charge (in Eddington-Finkelstein coordinates):

..........................................................................................................................................................................

Make parameters boundary-coordinate-dependent: dual to hydrodynamic fields

b—b(r), Q—Q(x), v —u(z)

(e expand in gradients of b, Q and u

dual to hydrodynamic expansion in the field theory

e new analytical solutions to Einstein equations
give values of transport coefficients in field theory
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Proofs of Gauge/Gravity Correspondences
-Some examples

< Three-point functions of N=4 Super-Yang-Mills theory
< Conformal anomaly of the same theory
< RG flows away from most symmetric case

¢ ... many other symmetric instances of the correspondence

] Matthias Kaminski Lecture: Far-from-equilibrium dynamics in magnetic charged chiral plasma Page 39




Evidence for Gauge/Gravity
-Reasonable example results from Gauge/ Gravity!
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Evidence for Gauge/Gravity
-Reasonable example results from Gauge/ Gravity!

< Compute observables in strongly coupled QFTs

< Meson spectra/melting, glueball spectra

¢ Quark energy loss, Jets

¢ Thermodynamics/Phase diagrams

¢ Hydrodynamics (beyond Muller-Israel-Stewart), chiral effects
< Transport coefficients (e.g. ‘universal’ viscosity bound)

¢ Deconfinement & Break: Chiral, Conformal, SUSY

< Superconductivity /Superfluidity

< Models of quantum Hall states

¢ [AAS/QCD (bottom-up approach) distinct from string constr.|
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Gauge/Gravity is a Powerful Tool

g results, strong coupling

< ftreat systems

< direct computations in (transport)
g at finite charge densities

< methods often just require

g numerical computations (~few seconds on a laptop)

¢ (turn around: study strongly curved gravity)
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Outline: Gauge/gravity correspondence

-Why does it work?

Two distinct ways to

describe this stack:

4-dimensional worldvolume
theory on the D3-branes
(e.g. N = 4 Super-Yang-Mills)

gauge side

7

1

duality

Stack of Nc D3-branes (coincident)

VAR

7

\—

e

in 10 dimensions

AdSsx §°
near-horizon geometry

(e.g. Supergravity)

gravity side
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Outline: Gauge/gravity correspondence
-Why does it work?

Stack of Nc D3-branes (coincident)

in 10 dimensions
Two distinct ways to / \\
describe this stack:

7 7

4-dimensional worldvolume < duality ~—
theory on the D3-branes
(e.g. N = 4 Super-Yang-Mills) AdSsx S0
/ / near-horizon geometry
gauge side ) Ll (e.g. Supergravity)

gravity side

-How does it work?
Add/change geometric objects on ‘gravity side’:

Geometric setup: Find solution ) Field Theory
Strings/Branes ) configuration result

(Example: Schwarzschild radius corresponds to temperature )
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Quasi Normal Modes (QNMs)

quasinormal
frequencies

Simple example:
Eigenfrequencies / normal
modes
of the quantum mechanical
harmonic oscillator
(no damping)

1—I—
W, = —+n
2
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Quasi Normal Modes (QNMs)

Gret X

1

iw — Dq?

Example: Poles of charge
current correlator

¢ (QNMs are the quasi-
eigenmodes of gauge field

e Dual QFT: lowest QNM
identified with
hydrodynamic diffusion
pole (not propagating)

e Higher QN modes: gravity
field waves propagate
through curved b.h.
background while
decaying (dual gauge
currents analogously)
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Quasi Normal Modes (QNMs)

Trajectories (dial k)

Complex frequency plane

Page 45

Lecture: Far-from-equilibrium dynamics in magnetic charged chiral plasma

gv
%)
£
g
T
N
%)
3
g
]
T
=




Chiral effects in vector and axial currents

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

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.g. [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 =+ +EB +EanBYy

chiral chiral
vortical separation
effect effect
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http://arxiv.org/abs/arXiv:1307.3234

Chiral effects in vector and axial currents
see e.g. [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

3 formal
£=C 2 2 poT N approach
3e+ P guarantees
completeness

ﬂ. Matthias Kaminski Lecture: Far-from-equilibrium dynamics in magnetic charged chiral plasma Page 47




Full chiral vortical effect & gravity

3 formal
£=C 2 2 o N approach
o p 3¢t P guarantees
completeness
1
More than one anomalous current v, JY — = Cate , VP szp Fe,

g 2n, (1 _ .
a0 = Capett’ i + 23,T% — e (§C'bcd/1.b/_lc u® + 28,1 T? + ‘;"T3>

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

formal
¢ =C 2 un approach
o 3 el P t.. guarantees
completeness
1
More than one anomalous current v, JY — = Cate , VP szp Fe,
2na 9
%\CGW po+ Cbcd.“ pept + 28" T + AT
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

5 3 formal
_ 2 poT approach
5_0<'u o §€_|_p>+°“ guarantees
completeness
1
More than one anomalous current v, JY — = Cate , VP Ffp Fe,
2n, (1 3
N C 2Bpu’T? + AT
K&## + €+p<3 bedfl BB+ 28" T + )
various charges ~ previously [Neiman, Oz; JHEP (2010)]
(e.g. axial, vector) neglected
B = —Ar?c,,

/ [Jensen, Loganayagam, Yarom; (2012)]

/7 . N .
Gravitational anomalies full transport coefficient

exactly known;

V, T = F*

poaf3 pv .
cov v cov 5 vV [6 Foo R af first measurement of
gravitational anomaly?
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