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Near equilibrium - weak B « 0(0)
Method

1. Construct hydrodynamic constitutive relations: e.g. (J¥) = nu* + o

o anyﬁ]
T

charge current

2

lw°0
2. Calculate poles of hydrodynamic correlation functions: e.g. (J'J*) = DI S
W + I
n
= charge diffusion
2
Nt
S
5 yields hydro dispersion relations, e.g. @ 4,,(k) = — iDk* + ...
>
= charge diffusion dispersion
3. Calculate same poles in holographic model:
D [Starinets; PRD (2002)]
E [Kovtun,Starinets; PRD (2005)]
§ those are quasinormal mode (QNM) frequencies w\y,(k)
©)
o
4. Check holo result against hydro prediction (small k):| wonw(k) & ®pygro(k)
=agreement
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Hydrodynamics - construct constitutive eq’s

see Xu-Guang Huang’s talk
1. Constitutive equations: all (pseudo)vectors and
(pseudo)tensors under Lorentz group

Examples: \/ "

vorticity 2

2. Restricted by conservation equations

Example: Vﬂj(%) =V, (nu") =0

3. Further restricted by positivity of local v'u Jéi 2 0

entropy production: [Landau, Lifshitz]

-
= hydrodynamic 2-point functions (+ their poles)
[Ammon, Kaminski et al.; JHEP (2017)]

Note: for generating functional approach equivalent to entropy restrictions see
[Jensen, Kaminski, Kovtun,Meyer, et al.; PRL (2012)]

[JHEP (2011)]
[Banerjee et al. JHEP (2012)]
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Hydrodynamics - construct constitutive eq’s

Side note

The big advantage of this systematic
construction is that it yields all possible terms
in the constitutive relations. For example:

Thermal vorticity
Adimensional 1n natural units

Thermal shear
Adimensional in natural units

taken from Francesco Becattini’s talk

See also the construction of hydrodynamics with spin as a
slow mode which contains both these contributions:
[Hongo,Huang, Kaminski,Stephanov, Yee; JHEP (2021)]

see Xu-Guang Huang’s talk
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Dispersion relations: weak B hydrodynamics

. . A , Kaminski et al.; JHEP (2017
Weak B hydrodynamics - poles of 2-point Ammon “’}XZZ;;Z? al.: PLB ((20 1 6))]]

functions (I'*¥ Taﬁ% (TH J%), (J* Taﬁ% (JHT*) [Kalaydzhyan, Murchikova; NPB (2016)]

spin 1 modes under SO(2) rotations around B

Bn0€3 i320'

Bn
w=F— — ik 4+
€0 + Fo co+FP (e +FPo)? e+ P So = So/mo
former momentum diffusion modes cp = To(0s/0T)p

spin O modes under SO(2) rotations around B

wo = Vg k — 1Dy k2 + 0(03) former charge ™ a chiral magnetic wave
diffusion mode [Kharzeev,Yee; PRD (2011)]
: 2 3 2BTy ¢ -, ,
Wy = V4 k' — ZP_|_ k -+ O(() ) Vo = cpILDO (C 3(,'58)
former W2 o
w_=v_k—il_k*+ O(8%) sound Do =—"
e — modes cpnglo

= 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 (2017)]
Fluctuations around charged magnetic black branes (QNMs)
® 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:

(i) at the speed of light and (ii) without attenuation

charge diffusion
sound

8

L B I Modes:

charge diffusion
sound
sound

F...'...—iq

S )

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

—_— e —
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Holographic result: hydrodynamic poles

[Ammon, Kaminski et al.; JHEP (2017)]
Fluctuations around charged magnetic black branes (QNMs)

® 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:

(i) at the speed of light and (ii) without attenuation
e RECALL: weak B hydrodynamic pole
10F L esssess
: Leert lhbdes
b .,-". sound . 9 A3 h
Osp Tt charge diffusion ~ Wo = Vo k — 1 Do k” + O(0°) g;;’;ls,ezzrcl mode
I sound
i Wy = vk — T K+ O(°) former
I sound
asf L w_ =v_k—il_ k2 + O(0%) modes
-1.0} ...°"°-Q-...;.; ......... .

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 (2017)]
Fluctuations around charged magnetic black branes (QNMs)
® 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:

(i) at the speed of light and (ii) without attenuation

@ rtaDO

RECALL: weak B hydrodynamic poles

wo = vo k —iDo k* + O(8°) Licir mosiessh
wy = vk — ik +O() former 0'2;_ Meharge diffusion
w_=v_k—iT_k*+O(®) modes of i, o

confirming conjectures and results in probe brane approach [Kharzeev,Yee; PRD (2011)]
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Details: weak B hydro/holo comparison

Spin-1 modes No knowledge of anisotropic (B-dependent)
transport coefficients except zero charge: [Finazzo, Critelli, Rougemont,
— take B=0 values of this model instead '°7°"'@ PRD (2016)]

3 Bnofg B ZBﬂ o
(60 . B P0)2 eo + Py

weak B hydro prediction:

calculate from holography

We find agreement between hydrodynamic prediction and holographic
model for small values of B, increasing deviations for larger B.

Real part of spin-1 modes matches exactly even at large B!
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Near equilibrium - B x O(1)

r
Applicability range hydrodynamic limit, small gradients

W |k
<1, =1 example: RHIC
T T T =~ 300MeV

B ~ (140 MeV)?
temperature is largest scale

B~ O(1) B« T?

B~ 10*MeV? « T? ~ 10° MeV?

Method

-

Construct hydrodynamic constitutive relations

5

Calculate hydrodynamic correlation functions and derive Kubo formulae

"

. 0 . . ] Yie? (rrp oY Y1
Reminder: shear viscosity i) = lim _ /.:'r dae ™ ([T, (), T.,(0)])

€3,
w 2l

HYDRODYNAMICS

3. Calculate same correlation functions in holographic model

HOLO

4. Plug holo correlators into Kubo formulae to extract transport coefficients
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Hydrodynamics - novel transport effect

Shear-induced Hall conductivity ¢,

shear in fluid flow
(in yz-plane)

U= (1,0, 1,(2), uz(y)> B.

TT Yy  charge current ]x

Matthias Kaminski

Chiral Magnetic Effect in Holography

~

In constitutive relation:
JX d Clo(ayl/tz + azuy)
Kubo formula:

¢ ~ —IM Gpu gy

_ w Y

-

= novel Hall response

= non-dissipative

= interplay: shear-charge

Page 10



Holographic model - novel transport effect

Shear-induced Hall conductivity ¢,

e e

Matthias Kaminski

[Ammon, Grieninger, Hernandez, Kaminski,
Koirala, Leiber, Wu; JHEP (2021)]

0.005F
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g e .
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0.002F ...:
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st . H
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..o.
.’,. OITO‘..
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B

-

= not zero, finite
= Kubo formulae reasonable
= This is not the only coefficient ...

Chiral Magnetic Effect in Holography
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All coefficients in strong B hydrodynamics

[Ammon, Grieninger, Hernandez, Kaminski, dissipative, hydrodynamic (,lil!}. {ill'g)
. . \ o/ K=
Koirala, Leiber, Wu; JHEP (2021)] coefficient name Kubao formulae cC|\P T
helicity 2
n perp. shear viscosity Ty Ty (2.55) +1 4+ -
helicity 1
| parallel shear viscosity TETE= (2.500) I -
'.'}“ parallel Hall viscosity Ty 1. (2.50h) +| - | +
(s o s | shear-induced condnetivity Teols, o1y, (2.57) + |+ | =
coefficient naie Kubo formulae P oL perp. resistivity JUJT(2.51]) + |+ | -
e S 0L Hall resistivity JTIH(2.00e) + 14+ | -
Thermodvnamic | lim lm ), non-dissipative : — — :
\ k=300 7 7| long. conduenivity J7J7 (2.53a) I -
helicity 1 T porp. conduetiviry Py =@y = prbp + prcap | + |+ -
A, perp. magnetic vorticity susceptibility T#=Tv* (2.30) - helicity 0 '
Adf; magneto-vortieal susceptihility THETY® (2.30,2.31) - ' — - - PP T PR
' ?’. - ! - : ™ ( — U bnlk viscosity (M (2.55¢) + | +
£ chiral vortieal conduetivity JoTr (2.38,2 39 - - T
— , — : 1 bulk viscosily a0 (2.55d) + | +
chirn’ magnetic eonduetivity d - — —
{1 Lolk viscosity TrHTEE TR (2 85a) 4+ | 4+ | -
&r chizal vorieal heat conductivity . - : '
helicite U {» bulk viscosity 3l — 6, = 2y 4| 4+ -
An magneto-thermal susceptbility JUTE (2.32] + |“ expan.-induced long. cond. Sy T (2.57) T
ALy magneto-acceleration susceptibility JUT® (2.32) + [ expan.-induced long. cond. JL (2570 - | -
Al magnete-cleetrie snseept hil'ty JUIE(2.32) - 03 ¢s = =3(Cs + C4) d | - -

(-binteresting
= nightmare

= more

Non-dissipative Hydrodynamic

lim lim
w— k 30

coefficient

narmme

Kubo

formulae

helicity 2

g

transverse llall viscosily

Loy (L —

Ty, )(2.550)

helicity 1

background

c1n | x e17 | shear-induced Hall cond. | 7% 7% T™TU (2.60.2.62a,2.62b) | |

noise for CME? ol Hall conductivity

JEJE JETY (2.54,2.53b,2.53¢) | +

Matthias Kaminski Chiral Magnetic Effect in Holography
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Good news: CME prevails!

[Ammon, Grieninger, Hernandez, Kaminski,
Koirala, Leiber, Wu; JHEP (2021)]

coefhicient nan.e Kubo formulae cC|P|T

. .

; . | . .
Thermodynamic | lim lim |, non-dissipative
‘ k== )
hehaty |
M, perp. magnetic vorticity susceptibility T*=Tv* (2.30] +| - | +
AL magneto-vortieal susceptihility TTW (2302310 | + | - |
chiral vortieal conduetivity

& chizal vorieal heat conductivity
helicity 0
AN magneto-thermal susceptibility JETE (2.32) + | +
AL, magneto-acceleration suscepribility JIT™ (2.32) + | +
ATy magneto-2leetrie snseeptihility JUJE(2.32) ] -1 -

/

= Kubo formula unchanged (covariant vs consistent)

£, = lim lim —(J*J7)

k—0 w—0

=Value unchanged (fixed by anomaly) &, = Cpu
V,J'=CE-B

= Frequency-dependence unchanged by B [Li,Yee; PRD (2018)]
[Koirala; PhD thesis (2020)]

[Amado,Landsteiner,Pena_Benitez; JHEP (2011)]

Matthias Kaminski
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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, =+ E&w' +&vB" +E&vaBl

chiral
magnetic
effect

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

JM:'”_'_gWM"I_gBBM"‘gAABZ

chiral chiral
vortical separation
effect effect

=phenomenology needs

both currents
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Holographic model with axial current only

= use as holographic dual to charged state in strong B

= values for transport coefficients in N=4 Super-Yang-Mills
[Ammon, Kaminski et al.; JHEP (2017)]

[Ammon, Grieninger, Hernandez, Kaminski,
Koirala, Leiber, Wu; arXiv:2012.09183]

Einstein-Maxwell-Chern-Simons action

1 12 1 ~ ]
Syraw = — / B3 (R e —anan> 2 / ANFAF
M L 6 Jm

2r2 | 4 |
5-dimensional Einstein-Maxwell action encodes N=4 5-dimensional Chern-
Super-Yang-Mills theory with axial U(1) gauge symmetry Simons term encodes

chiral anomaly

Charged magnetic black branes dual to charged thermal state with B
[D’Hoker, Kraus; JHEP (2010)]

* charged magnetic analog of Reissner-Nordstrom black brane
e asymptotically AdS;

‘ Matthias Kaminski Chiral Magnetic Effect in Holography Page 15
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Holographic model with two currents

Einstein-Maxwell-Chern-Simons action with two gauge fields A, and V,

1 L? 12 a
— 5 — _ = I » )} »/7 oT 5) = (5)
S = 5o [d X\/—8 <R 2A 1 F, F* Z FoEs + 3 eMPITA, <3prFm+ FF, ))

— Einstein- “~xci
gravlt.atlonal Hilbert Maxuwell Mao)tc)lc%ell” Chern-Simons Chern-Simons term
coupling k coupling a encoding chiral
anomaly

4D conserved vector current

5D vector

gauge field Aﬂ < > JH — 4 fvw'u s fVVBM 4 fVABfZi
5D axial 4D anomalous axial current
gauge field VM < > Z — ...+ fw’u + fBB'u € fAABfZi
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Thermalization
in field theory:

)

T=0 partcle “soup’

v
€9

nonzero T plasma

Matthias Kaminski

Far from equilibrium
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Far from equilibrium

Thermalization
in field theory:

T=0 particle “soup”
correspondence

' o

Anti-de Sitter
space
boundary

radial AdS
coordinate

nonzero T plasma

thermal
QFT

.,
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Far from equilibrium

Thermalization Horizon formation
in field theory: in gravity:

T=0 particle “soup” ' ’ =0
correspondence

' o

Anti-de Sitter
space
boundary

radial AdS
coordinate

nonzero T plasma

thermal
QFT

.,
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Far from equilibrium

Thermalization Horizon formation
in field theory: in gravity:

T=0 particle “soup” =0
correspondence

' o

Anti-de Sitter
space
boundary

radial AdS
coordinate

nonzero T plasma

thermal
QFT

.,
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Far from equilibrium

Thermalization Horizon formation
in field theory: in gravity:

black
hole

T=0 partcle “soup” T=0
correspondence QFT

* ) ] *
radial AdS
coordinate

Anti-de Sitter
space
boundary

nonzero T plasma

thermal
QFT

.,
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Thermalization
in field theory:

T=0 partcle “soup”

v

nonzero T plasma

—_— e —

Matthias Kaminski

Far from equilibrium

[Janik,Peschanskt; (2006)]
[Chesler, Yaffe; PRL (2009)]

Horizon formation
in gravity:

correspondence
< >

Anti-de Sitter
space
boundary

radial AdS
coordinate

thermal
QFT

‘msolve time-dependent

Einstein equations

Chiral Magnetic Effect in Holography
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http://arxiv.org/abs/arXiv:0812.2053
https://arxiv.org/abs/hep-th/0512162

Far from equilibrium - non-expanding plasma

Initial state:  * Energy and axial charge corresponding to (T,us) in final state “RHIC™
* Magnetic field is uniform and constant in time
T 300MeV
* Dynamical pressure anisotropy vanishes
« CME current is absent s AL
3 1 (0.1) mg?
Matching couplings to QCD:
=»Gravitational coupling: match to entropy sx107™* |
—— RHIC B = mi 10
_l_.‘_;"‘rl 4 ‘i 3 71.."1‘-,‘. RHIC B - mi
" 2K ssp =1 (w' ’ 4’/".,) 00 ax107
S = —8S553 —— Hi ~ 12.5 —
C—l S 3x107
< Chermn Simons coupling: match to anomaly Q sceal
¢ 1
5.7 = Aqon = o > o & 0.316 110
[ 1
0 b A A A A
00 05 10 15

l'|fm' c|

= CME more likely to be seen at RHIC than at LHC

m]ifetime of B crucial
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Far from equilibrium - non-expanding plasma

[Gosh,Grieninger,Landsteiner,Morales-Tejera; PRD (2021)]
taken from Karl Landsteiner’s talk

Initial state:  * Energy and axial charge corresponding to (T,us) in final state “RHIC™

* Magnetic field is uniform and constant in time K SRR
e

Dynamical pressure anisotropy vanishes

CME current is absent Ms 10 (100) MeV

B 1 (0.1) mg?
Matching couplings to QCD:

=»Gravitational coupling: match to entropy sx10™ |
—— RHIC B = mi 10
_l._.c'"r'l 7 3 ...."J"-,‘. RHIC B — mi
St . sop =4 | v + -5 -
ke 242 o (\ ! 4 'l,) 00) 4x107? +
X,’-'I — i.’i-u':; —4 .‘\'2 ~ ].._)cr.! —
‘ R —— S 3107 F
g
= Chermn Simons coupling: match to anomaly & -
«10~ |
¢ A 1
92  TROD = 9o s o= (.316 1x107*
N | 1
N
0 o A s e s
00 05 10 15

l'|fm' c|

= CME more likely to be seen at RHIC than at LHC

m]ifetime of B crucial
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https://arxiv.org/abs/1203.3544
https://arxiv.org/abs/2105.05855

Far from equilibrium - expanding plasma

Initial state:
constant B,

pressure anisotropy

time-dependent ys,
plasma expanding
along beam line

Matching to QCD:
SUSY value for a

L=1fm fixes «

2
My

10
0.25

oy

CME signal is enhanced for
decreasing initial energy

e e

—

~—

Preliminary

q5(70) = 0.0014GeV*? Estimate fo; R'u+Ru/Z'r+_Zr at 200GeV

| — T(ry)=166.49
| — T(10)=199.297

T T(r)=225.598

| — T(r5)=280.715
] — T(19)=299.986
| — T(r¢)=333.762

| — T(19)=396.873

1.0 1.5

7 [fm]

2.0

T(1)=566.977

Matthias Kaminski
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Far from equilibrium - expanding plasma

[Cartwright, Kaminski,Schenke; to appear (2021)]

Initial state:
constant B,
pressure anisotropy

B~Tx q5(10) = 0.0014GeV? Estimate for Ru+Ruw/Zr+Zr at 200GeV
time-dependent s, 10 T T
plasma expanding _ 0.25 \‘\\
along beam line R, 0.20! v | — T(ro)=16649
8 | — T(10)=199.297
L 0' 15 * — T(19)=225.598
Matching to QCD: = 0.10 | — Troy=200715
SUSY value for a A | — T(10)=299.986
L=1fm fixes « v 0.05 { — T(r()=333.762
Prelimi | — T(r¢)=396.873
refiminar
0.00 ‘0‘5* : 110‘ — 1151y - ‘210 T(19)=566.977
CME signal is enhanced for 7 [fm]

decreasing initial energy

taken from Casey Cartwright’s talk:

coming up on Friday, 12:00 noon CDT

= CME more likely to be seen at low energies

e e

Matthias Kaminski
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https://arxiv.org/abs/1203.3544

Need to be careful with parameter choice

= this holographic model has a quantum critical point
[D’Hoker, Kraus; JHEP (2010)]

A

o™° T = o

= in addition: instability exists for range of Chern-Simons
coupling, leading to phase transition with helical magnetic
field configuration

Matthias Kaminski Chiral Magnetic Effect in Holography Page 20


https://arxiv.org/pdf/0911.4518.pdf

Matthias Kaminski

Need to be careful with parameter choice

= this holographic model has a quantum critical point

A

7

o™° T = o

§

[D’Hoker, Kraus; JHEP (2010)]

= in addition: instability exists for range of Chern-Simons
coupling, leading to phase transition with helical magnetic

field configuration

»
[Ammon,Leiber,Macedo; JHEP (2016)] e
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https://arxiv.org/pdf/0911.4518.pdf
https://arxiv.org/abs/1601.02125

Summary

Hydrodynamics confirmed by holographic model

e constructed (3+1)D hydrodynamics: charged chiral fluids in strong
and weak B

e strong B:
4+ 5 novel hydro transport coefficients (+3 thermo) at leading and
sub-leading order in the hydrodynamic expansion
4+ Kubo formulae for 25 transport coefficients

e weak B: heavily modified dispersion relations

e CME survives unaltered by all this!

Far from equilibrium holography
e CME more likely to be seen at low energies

e lifetime and time-evolution of B crucial
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Outlook

e Please discuss with me!
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Collaborators on these projects

Perimeter,
Canada . .
/ Can i Thank you for listening!
Hernandez
"}

Dr.
Sebastian
Grieninge
(now IFT

Madrid)

Friedrich-Schiller
University of Jena,
Germany

Prof. Dr.
Martin
Ammon

' University of
Alabama,
Tuscaloosa, USA

P

BNL I ‘
Dr. Bjoern =
Schenke = = % 7

Dr.
Jackson

Jana
Ingram
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APPENDIX
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CPT symmetries

quantity c P | T

t + 141 -

xt + - |+

r + |+ |+

T, hy, T + |+ |+

pa, Ay, Jt + | - | +

v, Vi, J§ -+ |+

AT + |+ | -

Vi, Ji A A

A, + | - -

V. - |+ | -

u', hy, T + | - |-

hij, TV + [+ |+

B! + | -] -

Bj, -+ -

E + |+ [+

E}, I R

dxt N dx¥ Ndx? A dx® N dx”® + | - | -

fAAFAF + |+ | +
/

[V ANFy ANFy - -+

i
u' + |+ |+
generating functional W (axial U(1)4) | + | + | +

Matthias Kaminski
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EFT calculation: chiral hydrodynamics with magnetic field

For any theory with chiral anomaly [Son,Surowka; PRL (2009)]
_ Vpo [Erdmenger, Haack, Kaminski, Yarom; JHEP (2008)]

[Banerjee et al.; JHEP (2011)]

(Axial current with weak external B field: [B ~ O(0)

(Ja") =nut + o EF — o TAMV, (ﬁ) R AU oy
! ] Wk
~
Energy momentum tensor with weak external B tield: axial
current

(IT") = eut'u” + PA" +ufq” +u"q" + 7"

‘Definitions and properties:

BV = Py
/ ') 3 v
: / 3 < A ~ : A
THY = —7]AﬂQAV‘ (\VQ‘UIB + Vgua — EVXU gaﬁ‘) — QA#VV,\U BF — %Guup)“ll-pr)\
q" = & B* + &t AP = " 4+ ufu? wru, = -1  w,™ =0, u* =0, and u,g* =0

L
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EFT calculation: chiral hydrodynamics with magnetic field

For any theory with chiral anomaly [Son,Surowka; PRL (2009)]
_ Vpo [Erdmenger, Haack, Kaminski, Yarom; JHEP (2008)]

[Banerjee et al.; JHEP (2011)]

(Axial current with weak external B field: [B ~ O(0)

Hy\ v mo_ pv s H = = PO ——
<JA > — Nu —|—O'E O'TA VU (T) —|—€VQ —|—...[;“‘1 “?‘;‘]

: : - 44|
ideal) conduc-  charge diffusion chiral chiral 1re4) BT
charge tivity magnetic vortical —
flow term conductivity conductivity

term term
Energy momentum tensor with weak external B field: axial
current

(TH) = eutu” + PA" + u'q” + u"g¢" + T
R’_/ heat current

ideal
fluid

‘Definitions and properties:

, § , BV = PPy,

. 3 i A - )
THY — _77A“QAV' (\VQ‘L’.‘B 4 Vgua — 5V>\U ga-ﬁ‘) — SA“VV.\U'\ Bt = %e‘“’p’\uprA
q" = & B + &wH AP = " 4+ ufu? wru, = -1  w,™ =0, u* =0, and u,g* =0

L
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_ Vpo [Erdmenger, Haack, Kaminski, Yarom; JHEP (2008)]

[Banerjee et al.; JHEP (2011)]

(Axial current with weak external B field: [B ~ O(0)

Hy\ v mo_ pv s H = = PO ——
<JA > — Nu —|—O'E O'TA VU (T) —|—€VQ —|—...[;“‘1 “?‘;‘]

: : - 44|
ideal) conduc-  charge diffusion chiral chiral 1re4) BT
charge tivity magnetic vortical —
flow term conductivity conductivity

term term
Energy momentum tensor with weak external B field: axial
current

(TH) = eutu” + PA" + u'q” + u"g¢" + T
R’_/ heat current

ideal
fluid

‘Definitions and properties:

, § , BV = PPy,

. 3 i A - )
THY — _77A“QAV' (\VQ‘L’.‘B 4 Vgua — 5V>\U ga-ﬁ‘) — SA“VV.\U'\ Bt = %e‘“’p’\uprA
q" = & B + &wH AP = " 4+ ufu? wru, = -1  w,™ =0, u* =0, and u,g* =0

L
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EFT calculation: chiral hydrodynamics with magnetic field

For any theory with chiral anomaly [Son,Surowka; PRL (2009)]
_ Vpo [Erdmenger, Haack, Kaminski, Yarom; JHEP (2008)]

[Banerjee et al.; JHEP (2011)]

(Axial current with weak external B field: [B ~ O(0)

Hy\ v mo_ pv s H = = PO ——

<JA > — Nu —|—O'E O'TA VU (T) —|—€VQ —|—...[-,“‘1 ,;‘,‘;‘]

, : . 44 |

ideal) conduc-  charge diffusion chiral chiral iadx S AL 2

charge tivity magnetic vortical —

flow term conductivity conductivity
term term

Energy momentum tensor with weak external B field: axial
current

(TH) = eutu” + PA" + v*q¢" + u"q" + 7
R’_/ heat current

ideal
fluid

chiral effects

measured in neutron Now calculate hydrodynamic

Weyl semi metals stars? 1- and 2-point functions and
e.g. [Huang et al; PRX (2015)] [Kaminski et al.; PLB (2014)]  determine their poles!

[Landau, Lifshitz]
[Kadanoff; Martin/
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Currents in equilibrium

B

(T°%) = &) B (J%) = ¢¥B

axial
current

heat
current

Matthias Kaminski Chiral Magnetic Effect in Holography
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EFT result IIl: weak B details

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

[Abbast et al.; PLB (2016)]
spin O modes under SO(2) rotations around B [Kalaydzhyan, Murchikova; NPB (2016)]

4 wo = vok —iDyk* + O(8°) former charge diffusion mode

wo = €0+ Fo

wy = vk — il k* + O(8°) former

o T K21 O sound
w-=v_k—il_k"+0(9°) modes

S0 = So/no
cp = To(0s/0T ) p

damping coefficients: c2 = (OP/0¢),
2 2
r, — 3C+47] 2w00 1 Q. pWo D o wOU
+ — 6 + CS 2 2 T~ 0 — = 3T
Wo ng cpnyo cpnglo
velocities: P 12 ] OB T
vy =Fc,— B=1-— (_}Tpmo) [3C'T050 + 2200 (¢ — 3052) + =&y — 0 6{9}} v = —— (C’ — 3(,753.)
o CpNy Ccp 2 Wy CPIly
2
B GO
’LU[)
chiral conductivities: known from entropy

9 Frd 9 ~ o Current argument
v = —3Cp”+CT*, &p=—6Cu, & =—-20p"+20CuT [Son, Surowka; PRL (2009)]
[Netman,Oz; JHEP (2010)]

Matthias Kaminski Chiral Magnetic Effect in Holography Page 28
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https://arxiv.org/abs/1509.08878
https://arxiv.org/abs/1609.00024
http://xxx.lanl.gov/abs/0906.5044
https://arxiv.org/abs/1011.5107

Hydrodynamics - Kubo formulae
Two types :

1.) Thermodynamic transport coefficients

p
1 . 2
k_zlm Grezpuz (W = 0, k.2) = —2 BO

novel: perpendicular magnetic
vorticity susceptibility

+3 novel thermodynamic
transport coefficients M, M;,M,

43 chiral conductivities (CME / CVE / CTE) in equilibrium,

x chiral anomaly,
measured negative magnetoresistance in 3D Weyl semimetals

4 L. e.g. [Huang et al; PRX (2015)]

2.) Hydrodynamic transport coefficients
— boring example : |
§ examp %Im(}

7772 (W, k=0) = Of + -
+3 novel hydrodynamic transport coefficients parallel charge conductivity
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http://journals.aps.org/prx/abstract/10.1103/PhysRevX.5.031023

Hydrodynamics - M, interpretation

Perpendicular magnetic vorticity susceptibility M,

Z

Matthias Kaminski Chiral Magnetic Effect in Holography Page 30

magnetic
vorticity

b ~ —
: Q" ~ (0,B, - 0,B,)

4 | )
geq e eq NS l?\’[‘ZB'QB

. .

magnetic vorticity :

'LI; — (_.;.wpcr.lj/vvao

Recall tensor structure in W, :

u’ = (1,0,0,0) + 6(9) s, = "y BV B

u=v ¥ p=o



Hydrodynamics - 3 more novel coefficients

Shear-induced conductivity cq

jx ~ CS(axuz T azux)

Expansion-induced conductivities ¢, and c;

gt ~ IA9/"(C4V - U+ c5l;“l;ﬁ6auﬂ)

-
= Fluid flow gradients

create charge currents
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More thermodynamic transport coefficients

Magneto-thermal susceptibility //, :
B...

T4
Magneto-acceleration susceptibility M, :

geq g eq ~ ]\/JB:BQ B'a

Magneto-electric susceptibility ), :

Eey~ MyrB-E,  Pog~ M, g2 B-E

Magneto-vortical susceptibility /A : £

eq eq

~ 1‘[539
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Strong B thermodynamics

B ~ O(1)

Strong B thermodynamics with anomaly :

[Ammon, Kaminski et al.; JHEP (2017)]
[Ammon, Leiber, Macedo;, JHEP (2016)]

9

v/3 v, [ A 03 oI
(T(.L ) — € '!.[“'ll,')’ + Pﬂu,. L T(l_;

Energy momentum tensor: equilibrium heat current

[ e 0 0 VB
P 2
<T#U ) _ 0 p() - XBBB 0 0 n (’)(8)
0 0 p() - X3332 0
\ VB 0

0 \PO/

Axial current: “magnetic pressure shift”

(J* ) = (no, 0. 0. gg”B) + O(9)
N

equilibrium charge current

previous work:
[Kovtun; JHEP (2016)]

[Jensen, Loganayagam, Yarom;
JHEP (2014)]

[Israel; Gen.Rel.Grav. (1978)]

-

= new contributions to thermodynamic
equilibrium observables

Matthias Kaminski
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http://arxiv.org/abs/arXiv:1701.05565
http://link.springer.com/article/10.1007%2FBF00759845
https://arxiv.org/abs/1606.01226
http://arxiv.org/abs/arXiv:1310.7024
https://arxiv.org/abs/1601.02125

Update: strong B hydrodynamics

[Hernandez, Kovtun; JHEP (2017)]

Spin-1 modes Anisotropic transport coefficients
Bong iB? -
strong B: w = + 12 o _ w_o (0, +i5)|— i@kﬁ
Wo Wo .
fnty'Odd Agreement
B in form
weak B: w=TF Brno i 12 Brg€s 1B4o f

k
€0 + P €0+p0+ /Fpo €0 + Py

Exact agreement in real part!

Spin-0 modes

t B. . __k . FS“ k? o o
Strong b. W = TRV, — 1 5 , Anisotropic transport
, coefficients
w = —iDyk?, Dy = ——— i ———
ng11| + wikag — 2nowdx1s
parity-odd wi o 2 BT ~
| ST 0= o (€~ 305)
weak B: wy=vydk —iDyk* + O(0°) cpnplo Cpitp
wy =vy k—ily k2 4+ O(6%) Agreement in form  ép = Ty(0s5/0T)p

w_ =v_k—il_k*+ O(8°)
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Universal effective

field theory (EFT)

[Baier, Romatschke, Romatschke, Son,

Starinets, Stephan; JHEP (2008)]

e expansion in
gradients of fields

e systematic
construction

e generating functional

[Jensen, Kaminski, Kovtun,
Meyer, et al.; PRL (2012)]

[JHEP (2011)]
[Banerjee et al. JHEP (2012)]

phenomenological

[Previously . [Landau, Lifshitz]]

I Matthias Kaminski

1. Hydrodynamics - Formalism

Hydrodynamic limit i <1

E<<1’ LI
T T

e fields

e constitutive equations

¢ conservation equations

® SOUrces
[Luttinger]
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1. Hydrodynamics - Formalism

e

e W k
Hydrodynamic limit — « 1. u <1
T | T
Universal effective . v
field theory (EFT) e fields T(x), 72,(123), u (:1:)
[Baier, Romatschke, Romatschke, Son, temperature charge Jluid
Starinets, Stephan; JHEP (2008)] density velocity
e expansion in ¢ constitutive equations
gradients of fields <7a> — nu¥ 4 O
. ideal derivative
¢ Systematlc hydro corrections

construction

. , e conservation equations
e generating functional

[Jensen, Kaminski, Kovtun, v(k’ <JQ> = () e.g. continuity: &gn + V- ] =0
Meyer, et al.; PRL (2012)] ’
[JHEP (2011)]
[Banerjee et al. JHEP (2012)]
o SOUrces . ,
Previously: [Landau, Lifshitz] [Luttinger] g v /.; ( T ) . 14 o ( T )
phenomenological o einlé‘ I gauge field

—
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Hydrodynamics - Correlators

Variation of the ...

. constitutive relations (1-point functions)

R 0
TTuv Jo —] -shell 44, q
54 ' Oon-sne

[Ammon, Grieninger, Hernandez, Kaminski,
] Koirala, Leiber, Wu; JHEP (2021)]

Recall Onsager

2 (5 ) _ relations
~I
(JJp,Tu;E' \//_—g 59@3 ( / _g Jon shell . 4 g-) G]Igj — ”T;/]JG}QT

. equilibrium generating functional

ST, [A, g] — /d"*wF (37869, + JE 5A,)

sources

Cl
Wens = W, + /41 1v—(/(f11 VA + el (B-A+ pfl-A) + )/1(15 ~1+),u*l A)

Chtral magnetic & chiral

vortical effect in equilibrium
We = /dﬁ,/ (p T, B“ ) + ZA[“ (7. p, B? )9,, +O(() )q)

=1

5 thermodynamic L JUpC
transport coefficients §) =€ u,bB,V B

Matthias Kaminski Chiral Magnetic Effect in Holography Page 36



https://arxiv.org/abs/2012.09183

Hydrodynamics - Correlators

4 . N
Variation of the ... - Hydrodyna.mm
2-point functions

. constitutive relations (l—point functions) IAmmon, Kaminski et ol JHEP (2017

[Ammon, Grieninger, Hernandez, Kaminski,

R i ralos, Loiber. Wi
[GTHVJG] — T bhel][‘47 g] Koirala, Leiber, Wu; JHEP (2021)]

5 A On-3S
& ) Recall Onsager
) 0 ) relations

11 /
[ GJ“T“IE] \/— 5'903 (\/ g JOil-Shell -‘4: gJ) G]Rij — nT”JGfT

. equilibrium generating functional

oWl A, 9] = j d'ay/=g (3Tl Pgu + L]0 A,)

sources

/ '
Weons = Ws + / l\/—(](flf “V-A+ ] (B-A+ pf)-A) + T/ (B-4+1/1Q-4))

Chtral magnetic & chira

vortical effect in equilibrium
We = /d“‘) vV — (p T, 11, B‘z )+ Z*U” (7. p, B? ]9,? + O(()z)q)

5 thermodynamic — LD
transport coefficients §) = € u,B,V Ba

— e
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Hydrodynamics - Constitutive relations

[Ammon, Grieninger, Hernandez, Kaminski, Koirala, Leiber, Wu; JHEP (2021)] [Ammon, Kaminski et al.; JHEP (2017)]
[Hernandez, Kovtun; JHEP (2017)]

THY — Eakq + pr;w + Qp,_uu + Quuy, + T;zu

' Ee = —p+Tpr —1ip, + (TMsp + pMs , —2M5) B-O
Jrom generating o t pr = ipa Tt ( T T PSS, ) B

Sfunctional —~ (TMy g + p My, 4+ 4B2M) g2 + TIM po = My) s

= (T'Myp + plMy,

4B’ .
- ,l,.) (‘\Il — ‘I'.”‘ A'l - ’l.‘\ll'” - 4’1’- ." ;1 B? = I' .'"i ,3.‘[)'_1 )I S
/ 4B? N ,
= (TMar + pMagu+ S Mg+ Ma JEs (2.10a)
Pog. =p— %[.'J;QB“) — _.l_;(:‘t!r, + 4;‘!{,13282)1;-9 - ‘—‘: (;\lg ~ 282:‘!2.32) $9
~':U2 TN 2ar 74 2 \
- ‘,1,.‘ (:\Il — I :\11.;' - /l:\l]_'r, - 4” “‘l.lfz — I ‘"’3-32) 53
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+ 374 (-”l.,': — Tlf»[],}{‘l,l 54 (2.10D)
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20 p ‘) ¢ \ a0 - F :
21!,’).[}2(’” IA(‘.YI,; B“()‘TB- | (.‘.[', ~l’ 2])."}2 AG—'” f ”hpbuB(’ [2.10\')

T = 2p g2 (B*BY — 18" B2) + BB (M 12 B-Q + My gzsg + (My 2 — 7eMyu)s1)

eq.

| =

3 R(n R i

(M5 + My, + 4B*M, g — My + T My ) s3 + Mz B0}

~

— QMo By 0, B, + (T Mg + plMsy ,, — M) B2y B,6,T|T
— M, pa B 1Py, B3, B* — M, ,B\* &7y ,E, B, . (2.10d)
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THY — CaHq + PAMH + Qp,uu + Quup + T;w

oo = —p+Tpr —pipa+ (TMsp + pMs , — 2M) B-O
from generating v =0+ Tpr —pipu+ (TMsp + pMs, 5) B

Junctional — (TMy g + p My, 4+ 4B2M) g2 + TIMy po = My) s
Tyt 0,
(

= Complicated because of broken symmetries:

{} Chiral symmetry — microscopic chiral anomaly
{} Parity — axial chemical potential

{} Time reversal — strong magnetic field
+ B~ O(1)

= Many novel transport effects
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