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(Fluid/ Gravity Correspondence

[Baier et al. 2007]
[Bhattacharyya et al. 0712.2456]

hydrodyn. dynamical
= conservation + EOMs for
equations gravity fields |

Einstein
equations
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Invitation

(Fluid/ Gravity Correspondence

[Baier et al. 2007]
[Bhattacharyya et al. 0712.2456]

hydrodyn. dynamical
= conservation + EOMs for
equations gravity fields |

Einstein
equations

-
Complete constitutive relation for EM-
) t

ensor, values for transport coefficients.
(completes Israel-Stewart)
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(Fluid/ Gravity Correspondence

[Baier et al. 2007]
[Bhattacharyya et al. 0712.2456]

hydrodyn. dynamical
= conservation + EOMs for
equations gravity fields |

Einstein
equations

-
Complete constitutive relation for EM-
) t

ensor, values for transport coefficients.

(completes Israel-Stewart)
[t gives you all there is!
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Invitation

(Fluid/ Gravity Correspondence

[Baier et al. 2007]
[Bhattacharyya et al. 0712.2456]

hydrodyn. dynamical
= conservation + EOMs for
equations gravity fields |

Einstein
equations

-
Complete constitutive relation for EM-
) t

ensor, values for transport coefficients.

(completes Israel-Stewart)
[t gives you all there is!

Example: Fluid/Gravity derivation of chiral vortex effect.

[Erdmenger, Haack, MK, Yarom 0809.2488]
[Banerjee et al. 0809.2596]

Computed all first/second order transport coefficients in a gravity dual without B.
Gravity model: R-charged black hole with Chern-Simons term (induces anomaly).
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Invitation

(Fluid/ Gravity Correspondence

[Baier et al. 2007]
[Bhattacharyya et al. 0712.2456]

hydrodyn. dynamical
= conservation + EOMs for
equations gravity fields |

Einstein
equations

-
Complete constitutive relation for EM-
) t

ensor, values for transport coefficients.

(completes Israel-Stewart)
[t gives you all there is!

Example: Fluid/Gravity derivation of chiral vortex effect.

[Erdmenger, Haack, MK, Yarom 0809.2488]
[Banerjee et al. 0809.2596]

Computed all first/second order transport coefficients in a gravity dual without B.
Gravity model: R-charged black hole with Chern-Simons term (induces anomaly).

Pure field theory derivation.
[Son,Surowka 0906.5044]
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Invitation (Relativistic fluids with one )

First order hydrodynamics conserved charge., with an
anomaly (chiral)

\-
VT = F"jy  V,j* = CE"B,

J

Conservation equations

Constitutive equations

TH = (4t g) 4 T

g =nut — oT(g"" + uMu")0 (%
1
wh = 56“”>‘puy(9>\up
[Erdmenger, Haack, M.K., Yarom 0809.2488]
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Invitation (Relativistic fluids with one )

First order hydrodynamics conserved charge., with an
anomaly (chiral)

\-
VT = F"jy  V,j* = CE"B,

J

Conservation equations

Constitutive equations

TH = (4t g) 4 T

g =nut — oT(g"" + utu”)0 (%) +Ewh
1
wh = ieumpuy(?)\up
[Erdmenger, Haack, M.K., Yarom 0809.2488]
[Banerjee et al. 0809.2596]
New vorticity term arises! _of .2
(related to triangle anomaly ) § = =g + P

[Son,Surowka 0906.5044]

See alsp chiral 3] [Kharzeev et al., 2007]
magnetic effect: gg‘ [Fukushima et al., 2008]
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¢ New coefficient at first order hydrodynamics (~viscosity)

e f completely determined by C and equation of state
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Invitation

¢ New coefficient at first order hydrodynamics (~viscosity)

e f completely determined by C and equation of state

1 + Relativistic hydrodynamics needs to be completed.
[Baier et al, Minwalla et al 2008]

+ Effects measured in heavy-ion-collisions?

[Kharzeev, Son/

+ Not in non-relativistic setups, so repeat for 2+1
dimensional QFT, with condensed matter applications in

mind (parity anomaly?) /Nicolis & Son,1103.2137]  [1112.4498] |
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s (~viscosity)

of state

> completed.
inwalla et al 2008]

S?
[Kharzeev, Son/

+ Not in non-relativistic setups, so repeat for 2+1
dimensional QFT, with condensed matter applications in
mind (parity anomaly?) /Nicolis & Son,1103.2137]  [1112.4498] |
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Invitation
Preview of 2+1 dimensional results

Conservation equations
V. TH = F"* ]y V,J* =0
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Invitation
Preview of 2+1 dimensional results

Conservation equations
V. TH = F"* ]y V,J* =0

Constitutive equations

4 )
T = equu” + (P — (Vau® — {p 3 — Xa) AM — ot — i

J’u:,OQ’LL’LL—I—O'V’H—F&V’M—F)ZEE'“—F)ZTEMVPU,/VPT
g

“New” transport terms
arise!
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Invitation
Preview of 2+1 dimensional results

Conservation equations
V. TH = F"* ]y V,J* =0

Constitutive equations

4 )
T = equu” + (P — (Vau® — {p 3 — Xa) AM — ot — i

J’u:,OQ’LL’LL—I—O'V’u—|—5"7’LL—|—)ZEE~W—|—)ZT€’MVPU,/VPT
g

“New” transport terms 5

arisel 77 Hall viscosity

Xr,0 off-diagonal conductivity

thermodynamic ,
(anomalous Hall conductivty)

interpretation of
XE, XQ, XB X7 “thermal Hall conductivity”

“New” method of restricting transport coefficients
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[nvitation
|. Review: Hydrodynamics & parity breaking

ll. Parity-violating hydro in 2+1 dimensions
 C(Classify transport coefficients

* Restrictions from entropy production

* Restrictions from two-point-functions

lll. One gravity dual

V. Conclusions
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I. Hydrodynamics & Parity-breaking
Basic idea

® Introduce hydrodynamics language
o Sketch standard methods
e Summarize results in 3+1 dimensions
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I. Hydrodynamics & Parity-breaking
First order conformal hydrodynamics in 3+1

Hydrodynamics is an expansion in gradients (equivalently:
low frequencies and large momenta).

Constitutive equations

THY = %(4u“u” + g"") + T

g* =nut — oT(g"" + utu”)0 (ﬁ> +EwH

T

1
@orticity wh = 56“”%,,8,\1@ =AMV
[Erdmenger, Haack, M.K., Yarom 0809.2488]
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I. Hydrodynamics & Parity-breaking
First order conformal hydrodynamics in 3+1

Hydrodynamics is an expansion in gradients (equivalently:
low frequencies and large momenta).

Constitutive equations

THY = %(4u“u” + g"") + T

g* =nut — oT(g"" + utu”)0 (ﬁ> +EwH

T

1
@Orticity wh = 56”’/)‘01@8)@3 —: ALV
[Erdmenger, Haack, M.K., Yarom 0809.2488]

from writing down all possible terms (respecting symmetries)
with one derivative, built from {u, €, T, n, u, €"*P} .

Examples {V"u, VYT, nu”, [Landau, Lifshitz]

uu"Ven, u'nViu®, ...}
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I. Hydrodynamics & Parity-breaking
First order traditional method

1.Write down all first order (pseudo)vectors and (pseudo)tensors

2. Restricted by conservation equations
Example: no external fields

vV, T =0 vV, JH =0

0=V, nu' =nV, u" +u"*V,n
Possibly restricted by conformal symmetry

T

Example Va4 ( H ) invariant under

Weyl rescaling

3. Further restricted by positivity of entropy production

V,J" >0
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I. Hydrodynamics & Parity-breaking
First order traditional method

1.Write down all first order (pseudo)vectors and (pseudo)tensors

2. Restricted by conservation equations
Example: no external fields

vV, T =0 vV, JH =0

— — 0=V, nu" =nV, u" +u"V,n
Possibly restricted by conformal symmetry

T

Example Va4 ( H ) invariant under

Weyl rescaling

3. Further restricted by positivity of entropy production

Entropy argument
V L J 5 Z O [Landau, Lifshitz]
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I. Hydrodynamics & Parity-breaking
First order hydrodynamics in 3+1

Restricted by entropy production argument [ V m J 5 2 0 J

Example: Ideal current JE = sut n Ay
= Uu A\

V- u:=Vyu
Ds
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I. Hydrodynamics & Parity-breaking
First order hydrodynamics in 3+1

Restricted by entropy production argument [ V m J 5 2 0 J

Example: Ideal current JE = sut n Ay
= Uu A\

V- u:=Vyu
Ds

T'Ds = De — uDn

O:VMJM:V-U—I—DTL/H:> — (STVU_I_DE—'_TLMV U)/T
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I. Hydrodynamics & Parity-breaking
First order hydrodynamics in 3+1

Restricted by entropy production argument [ V m J 5 2 0 J

Example: Ideal current JH = sut

D = uAVA
V- u:=Vyu

T'Ds = De — uDn
OZVMJ“:V-U—I—Dn/nI:> — (STV U+D€—|—TL/LV U)/T

O:UVVMT“”z—DE_(€+p)V'“|:> — [(ST —+ n,u)v U — (6 ‘|'p)v ) ’LL] /T
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I. Hydrodynamics & Parity-breaking
First order hydrodynamics in 3+1

Restricted by entropy production argument [ V m J 5 2 0 J

Example: Ideal current JH = sut

D :=u’V,
V- u:=Vyu

V,JI!' =8V -u+ Ds

T'Ds = De — uDn
O:VMJ“:V-U—I—Dn/nI:> — (STV U+D€—|—TL/LV U)/T

O:UVVMT“”z—DE_(€+p)V'“|:> — [(ST —+ n,u)v U — (6 ‘|_p)v ) ’LL] /T

— 0 no dissipation!
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I. Hydrodynamics & Parity-breaking
First order hydrodynamics in 3+1

Restricted by entropy production argument [ V m J 5 2 0 J

Example: Ideal current JH = sut

D = uAVA
V7-u:::Y7AuA

T'Ds = De — uDn
O:VMJ“:V-U—I—Dn/nI:> — (STV U+D€—|—TL/LV U)/T

O:UVVMT“”z—DE_(€+p)V'“|:> — [(ST —+ n,u)v U — (6 ‘|_p)v ) ’LL] /T

etp=sT+pun /s > = () no dissipation!

BUT: corrections generally carry entropy! THY _ T-ﬁy T
l1dea

JM:JM I—I_T'u

idea

Matthias Kaminski Parity-Violating Hydrodynamics & Replacing the Entropy Argument
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I. Hydrodynamics & Parity-breaking
First order non-conformal hydrodynamics in 3+1

Most general entropy current [ JA _ 3u>‘ _H T + SA J
S
T

i) Parity-even sector

1 |
Vy(sut — %T“) = _Tvuuﬂ'w —TH (vu(

TH — —gTAM, ( E) + oE¥

T
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I. Hydrodynamics & Parity-breaking
First order non-conformal hydrodynamics in 3+1

Most general entropy current [ JA _ 3u>‘ _H T + SA J
S
T

1) Parity-even sector |
Vy(sut — %T“) = — = Vuu, 7 =TH (vu(

TH = —oTAM 3, (

T

T) +oB"

i1) Parity-odd sector
V. (sut — —T“) = ——V p Uy, THY =TH (Vu,(

YH— _oTAM, ( ) 4 0B 4 €M + £ B

T

Most general additions: s* = aw” + agB*  [Son,Surowka 0906.5044]
(also gravity dual)

A 2n,u' A 1 ny
V J’u’>0 — [S—(— # B —|—P) SB_("(‘H_EF—FP))
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I. Hydrodynamics & Parity-breaking
SUMMARY': (non-conformal) hydrodynamics in 3+1

[Son,Surowka 0906.5044]

Complete constitutive equations in 3+1 (with external gauge field)

2
TH = (e + P)utu” + Pg"" — nA** AP (Ouug + Ogug) — (¢ — gn)AWV,yu'Y

YRV’ % % %

=nut + V" + " +EB
/ VI vie=pr-TAY, (£)
Bt = FFYqy,

1
Bt = EﬂyaﬁuVFag

2
1
2

wh = =P,V u,
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I. Hydrodynamics & Parity-breaking
SUMMARY': (non-conformal) hydrodynamics in 3+1

[Son,Surowka 0906.5044]

Complete constitutive equations in 3+1 (with external gauge field)

2

TH = (e + P)utu” + Pg"" — nA** AP (Ouug + Ogug) — (¢ — gn)AWV,yu'y

JH = nut 4+ oVH + EwH + € BH

New transport coefficients restricted

2 nu 1 np?
2 - — T
&= C('u BE—I—P) S8 (—(p: ZE—I—P)

Chiral Chiral

vortex magnetic ﬁ;
' effect ‘404

o —

Vi =B - TA™Y, (1)

Bt = FFYqy,

1
Bt = EﬂyaﬁuVFa@

2

1
po_

v T3

—e"P%u,V yu,

Observable in
heavy-ion

collisions
Predicted values:
[Kharzeev, Son 1010.0038]
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Outline

[nvitation
Review: Hydrodynamics & parity breaking

ll. Parity-violating hydro in 2+1 dimensions
 C(Classify transport coefficients

* Restrictions from entropy production

* Restrictions from two-point-functions

lll. One gravity dual

V. Conclusions
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II. Parity-odd terms in 2+1 dimensions
Topological phases in condensed matter

Experiments Theoretical advances

& Berry phases need to be
lacs bttom included in Fermi liquid
! *_ theory if T or inversion broken

Band gap Surface state

pand (SSB) (e.g. anomalous Hall effect)
I nirac point [Haldane, PRL 2004]

Bulk valence l@ Hall ViSCOSity

band (BVB)
[Avron et al, PRL’94]
[Read, 0805.2507]
[Nicolis & Son,1103.2137]

[Saremi & Son,1103.4851]

e
8,
>
2
ik}
c
i)
=)
=
=
=
m

0.1 -0.05 0.05 0.1

#]
k (1/A)

Topological insulator Bi_2 Se_3
[Chen et al., Science, August 2010]
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II. Parity-odd terms in 2+1 dimensions
Basic idea

Classification: write down all possible terms to first
order in gradients

Restrict them by: e equations of motion (o= Yt = nV,ul 4wtV ,n )
* Onsager relations
* two alternatives:

@® positivity of entroy production (v,J* >0 )

or

@® properties of two-point-functions (analyticity,
equilibrium relations)
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II. Parity-odd terms in 2+1 dimensions
What’s new in 2+1°?

Conservation equations
1 V. TH = F"* ], V,J* =0

No chiral anomaly, but still a parity anomaly! J* = JL .+ ngdd

Vorticity & magnetic field are pseudoscalars

H _
W > 0= —"Pu,V,u,
1

B,LL > B — _§€Mypuqup
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II. Parity-odd terms in 2+1 dimensions
What’s new in 2+1°?

Conservation equations
1 V. TH = F"* ], V,J* =0

No chiral anomaly, but still a parity anomaly! J* = JL .+ ngdd

Vorticity & magnetic field are pseudoscalars

p _
W > 0= —"Pu,V,u,

1 14
B'u > B = —§€'u pUMFVp

Constitutive equations contain different terms

{’U/M 5 T, Iu ’F,L”/ ) vﬂ} scalars | pseudoscalars transverse vectors tensors

Vyut | Q= —et"Pu, Vou, | U ] : ok

;A 13 A
g’ = AFCAY (V@Hﬁ + Vg — gagVau ) B— _lawp, F
= —gF ”'u_ vp

UF = Py, U,

= (F“":"’” er.Sp” + ¥y, Sp”)
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II. Parity-odd terms in 2+1 dimensions

ClaSS I:ficatlan Listing all possible (pseudo)tensors, (pseudo)vectors, and (pseudo)scalars
Decompositions

Ty = Eupuy + PA L + (quuvtapuy) +
J,u — N'UJ'LL + j’u

po_ py JU.
u,qg” =0, wu,tt =0, wu,j" =

Field redefinition
ambiguity out-of-
equilibrium

Fix by choice of a
particular
hydrodynamic frame
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II. Parity-odd terms in 2+1 dimensions

Cla,SS I:fica,tlan Listing all possible (pseudo)tensors, (pseudo)vectors, and (pseudo)scalars

Decompositions Ty = Eupuy + PAL + (quuvtquuy) +

JH:NUH _|_]’u

po_ py JU.
u,qg” =0, wu,tt =0, wu,j" =

Field redefinition
ambiguity out-of-
equilibrium

Fix by choice of a
particular
hydrodynamic frame

Landau frame

5260 N:,Oo

4 )
T = equiu? + (Po — CVau™ — X B — Xo2) AP —nah” — 5"

\J’UJ = pou“ -+ O'V’u—i—XEEM -+ XTAMVVVT -+ 5‘~/’M -+ )ZEE'LL —+ )NCTE’LWPUVVPT

J
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II. Parity-odd terms in 2+1 dimensions
Entropy production

Alternative frame choice
TH = egutu” + PypAFY + 77

JH = pgut +TH, :
(ideal + corrections)
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II. Parity-odd terms in 2+1 dimensions
Entropy production

Alternative frame choice
TH = egutu” + PypAFY + 77

JH = pgut +TH, :
(ideal + corrections)

Alternative pseudovector Most general entropy current
basis

_ . § M E YA
transverse pseudovectors }'u }fimnon + 0 (V ) uf + L '{1 + Vi Vi

= Py, NV, T = =TUY — RyT2UY

!
i o Hap -
}'- canon — 20U TT T !

ol
= eHVPy, Vpéﬁ — [ ’u' 1,?

o F,, = U +utB

TH
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II. Parity-odd terms in 2+1 dimensions
Entropy production

Structure of divergence

products of
—I_ (ﬁrst order dat.a) y

—> 1 =1p=1 =19 =13 =1
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II. Parity-odd terms in 2+1 dimensions
Entropy production

Structure of divergence

Valg =+ (L’Q — %1) Vu.E" + ugﬁﬂ”v#ﬁp%

+ (vp 4+ v1) VoVt —vpu®u” Ry,
- iy products of
— au VL'EB + {ﬁrst order da,ta} :

—> === =rv3=10
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II. Parity-odd terms in 2+1 dimensions
Entropy production

Structure of divergence

Valg =+ (yg — ?) V.E" + yg&”vvﬂ@u%

+ (1“'[] + 1-*'"1) u“?ﬂf‘ﬂu“ — Uluﬂupﬁﬂm
— ﬁguﬂ?&B + (ﬁrgzniléiiséjjta) ?
Products of first
order data
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II. Parity-odd terms in 2+1 dimensions
Entropy production

Structure of divergence

[
T

+ (vp 4+ v1) VoVt —vpu®u” Ry,
~ Y products of
— U VQB + (ﬁrst order data} 3

—> 1 =1p=1 =19 =13 =

Valg =+ (ug — —) VuE" +1v3APY 0,

Products of first  , jo_, 4 o

S canon

order data -. -.
— Qdu) |T (ﬁ) (Orvs + 1) + % (ﬁ) (Javs + 13)
20 0

dpo
/0P, _ 1 /0P .
— B(d-u it U B I el T
B(0-u) |T (E)Eg )m Orrg + T (Gﬂﬂ )ED Oy

+ Uy - Us [RoT(9ris — dpin) — Oping + RoT?Orig)
+ Uy - U3 [=RoT*(Orirs + 1) + (Ouis + 03) + T(9ain — Oria)]

d#r/n;, + 179
T

deg

+ Uy - {r;g + 0 #L’l Oy — TUTIli] .
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II. Parity-odd terms in 2+1 dimensions
Entropy production

. ) oy Ay d-u
Canonical part 40 __(L1r w_ (GFJ it (ﬂ) ”#T#) o

— (Rou, 7" + TY) AL US

T

2T
Transform back to Landau frame

Thermodynamic response parameters

- E)Pﬂ. (T L}MB f_J'MB {)Pg. dMB

B = deg oT T i dpg O

)P oM oM

el T'— i + 1 L + fo(T) —2Mq | +
JT O

_ MB)

XQ =

)Py { OM
. (=2 Mg,
deg Jpp i

- IOMp
T o _Rﬂ( o _MB)

- d ) ) )
Tir — (T Mp _I_HLMB —MB> R (TcMn Ly Mg (T — ‘}Mg) |

oT o oT i

: : : : oP
Matching to two-point functions later gives: Mp = —.

(or assumption of “magnetovortical” equilibrium) 0B
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II. Parity-odd terms in 2+1 dimensions

Hydrodynamic two-point-functions

Simplified example in 2+1 dim:
JH = pou“ + o B

External sources A;, A, x o witikz

ut = (1,0,0)

Allow response po =0p (fix T and u)
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II. Parity-odd terms in 2+1 dimensions

Hydrodynamic two-point-functions
Simplified example in 2+1 dim:
JH = pou“ + o E"

External sources A;, A, x o witikz

Allow response po =0p (fix T and u)

One-point-functions from solving V MJ“ — 0

10k

Tty = 6p = —
W =0 = ke

(WA, + EA;) Einstein
relation for
10W

TN S diffusion: = —
) w+ k22 WAz +kAy) X
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II. Parity-odd terms in 2+1 dimensions

Hydrodynamic two-point-functions
Simplified example in 2+1 dim:
JH = pou“ + o E"

Ext 1 A, A —wt+ikx
xXternal sources ty g X € u” = (1,0,0)

Allow response po =0p (fix T and u)

One-point-functions from solving V MJ“ — 0

10k
JN = 6p = —
) P w+z’k2%

(WAL + kA;) Einstein

relation for
10W

_ _ A + kA diffusion: = —
w+ k22 (e + kA X

P
Two-point-functions (J*J*) =

T w4+ iDk?2

:E{ubo formulae for transport coefficients )
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II. Parity-odd terms in 2+1 dimensions
Hydrodynamic two-point-functions
Simplified example in 2+1 dim:
JH = pou“ —|—O'E’u
External sources A;, A, x e witike

possible: more sources u' = (1,0,0)

Allow response po =0p (fix T and u)
generally: T and u respond as well

One-point-functions from solving V MJ“ — 0

1ok
J =6p=—
W) =0 w+ k22

(WA, + EA;) Einstein
relation for
10W

TN S diffusion: = —

P
(/) =0  —=|Two-point-functions (J'J*) =

T w4+ iDk?2

:E{ubo formulae for transport coefficients )
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II. Parity-odd terms in 2+1 dimensions
Hydrodynamic two-point-functions

Most general parity-violating case is more complicated

dp 2(p s Op
Lo _J2 (fo 4 ) — i 51

—-!wg—é}l ik(eo+Fo) 0 T

;1.'20'_ - fllr.‘.‘

ikpo 0

ikso 2(010) — iw(eot Bo) k2 (o) suc | = vVector containing
0 —Frgf} Fx:gr;—-s'o,'({fg—i—j_’gj ouY CXtCI'l’lal SOuUrces

hyw, Ay

For example, we get a Kubo formula for

1
lim —(C"T ") (0. k
fim, (T R(0,0)
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II. Parity-odd terms in 2+1 dimensions
Hydrodynamic two-point-functions

Most general parity-violating case is more complicated

[ & J \
o — wfu.-‘% — k2 (%(Y + \{T) — 1w i’)ﬁ'}? ikpo 0 5:“
—'J'o,‘g—ér(l ik(eo+Fo) 0 T _ t t .«

ikso P2 (n4+C) — iw(eo+FPo) K (Xa+7) Su® = VECLOr containing

0 —Frgf} ;1.'2” — iw(eg+Fo) ouY CXtCI'l’lal SOuUurces
hyw, Ay

For example, we get a Kubo formula for

1
lim —(C"T ") (0. k
fim, (T R(0,0)
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II. Parity-odd terms in 2+1 dimensions
Onsager restrictions

Restrictions from Onsager relations

Matthias Kaminski

-

\_

G‘E{w. k:bg) = nyn; G;{u. —k; —ba)

where under time-reversal 00,0~ = 1,0;
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II. Parity-odd terms in 2+1 dimensions
Onsager restrictions

Restrictions from Onsager relations

-
G‘E{w. k:bg) = nyn; G;{u. —k; —ba)

. where under time-reversal 00,0~ = 1,0;

From time-reversal covariance plus translation invariance

G () = i0(t) Tr (o[Oi(t.x), O; (0)]) = i0(t) nin; Tr (J'[O;(t, —x). ©:(0)])

Parameters ba break time-reversal invariance,
i.e. time-reversal and b, — —b,
together are a symmetry
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II. Parity-odd terms in 2+1 dimensions
Equilibrium restrictions

Restrictions from equilibrium constraints (“susceptibilities”)

Examples  lim(J°J%)(w=0k) = (%—f)

Partition function in grand canonical ensemble

ZIT, ] = Tr [exp (—‘T; + ‘f;?)]

Constant external sources Ag, hog, ho;
can be eliminated by shifting thermodynamic variables

Z[T fi] ;’-AL[.._ h-DD-. h-ﬂ-i] =/ [T (1 + #) s M (]— + h%) + &4{!; 0, Dr U]

Thus we get relations for zero-momentum limits of
zero-frequency correlators.
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II. Parity-odd terms in 2+1 dimensions
Magnetovortical frame

Thermodynamics depending on vorticity and magnetic field
P JdP
P=P(T, n B.) IP = sdT I+ —B Q.
(T, it ) ( ( —|—;H;I—|—UB —I_Uﬂ
e+ P =5sT+4 up.
Constitutive relations

TH = (e — M+ fofd) utu”

+ (P = (Vaut —apB —aq Q) A" —pot™ — et ,
JH = (p—MpQ)ut +oVH 4 FVHE 4+ v pEF 4 e Pu, VT

where Mp = J'_B Mqaq = -
(

Matching
op

~ OB’

. e JdFP  Oe J
Ixr =3p + Ho (UQ o0 f“) '
.

i
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II. Parity-odd terms in 2+1 dimensions
Hydro without entropy current

Two-point functions together with “equilibrium
correlators® replace the entropy argument.

Proven for 2+1 dimensions:
[Jensen, MK, Kovtun, Meyer, Ritz, Yarom 1112.4498]

Proven for “equality type” conditions in d dimensions:
[Jensen, MK, Kovtun, Meyer, Ritz, Yarom 1203.3556]
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II. Parity-odd terms in 2+1 dimensions
Hydro without entropy current

Two-point functions together with “equilibrium
correlators® replace the entropy argument.

Proven for 2+1 dimensions:
[Jensen, MK, Kovtun, Meyer, Ritz, Yarom 1112.4498]

Proven for “equality type” conditions in d dimensions:
[Jensen, MK, Kovtun, Meyer, Ritz, Yarom 1203.3556]

Inequality type: o > 0 n >0 (from two-point functions)

Generating functional —>Example: Equality type X7 = 0
Wm = f A Llsources(x)]

—>Generally: m-point functions,
simplifies higher order hydro
(zero frequency)

Example 1: Ideal superfluid
= Wp = f A%/ GP(T, 1, %)
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II. Parity-odd terms in 2+1 dimensions

Hydro without entropy current
[Jensen, MK, Kovtun, Meyer, Ritz, Yarom 1203.3556]

Example 1: Ideal superfluid

-Hh :fddIﬁf—gP(T.#,EE] : {_Tp.y} — eufu” 4+ PARY 4+ f‘EH-{:—“,
p=— ;.-!.'f" + AH- {JH:’ = put — f&¥, u“&p — H.

=

Matthias Kaminski Parity-Violating Hydrodynamics & Replacing the Entropy Argument


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

II. Parity-odd terms in 2+1 dimensions

Hydro without entropy current
[Jensen, MK, Kovtun, Meyer, Ritz, Yarom 1203.3556]

Example 1: Ideal superfluid

H':EI :ftfdlvl'TQP(T#iEEj — ITI—“*’} — eulu¥ + PAMY 4 ff“'{'“.

Ep = —Ou0+ Ay
Example 2: Parity-violating, 2+1 dimensions

1 1
e""Pu, F,, — Qo
2\/=g S V=9

—> xg=xr=0,..

pvp
e""Pu,0,u,

W, = /d%\/?g [P(M,T) — &y
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II. Parity-odd terms in 2+1 dimensions

Hydro without entropy current
[Jensen, MK, Kovtun, Meyer, Ritz, Yarom 1203.3556]

Example 1: Ideal superfluid

oo d_ 57— 2
.H-[:I —ftf JV_QP(.THE ]I : '{THH} — E'-!-!HE.!H +P.-"'_""|.HH n f{-“f“r

Ep = —Ou0+ Ay
Example 2: Parity-violating, 2+1 dimensions

1 1
e""Pu, F,, — Qo
2\/=g S V=9

—> xg=xr=0,..

pvp
e""Pu,0,u,

W, = /d%\/?g [P(M,T) — &y

Example 3: Parity-preserving, d+1, second order

new relations in d+1,
—

reproduces S conditions in 3+1
[Bhattacharyya 1201.4654]
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II. Parity-odd terms in 2+1 dimensions
Summary of part 11

-

+ Relativistic hydrodynamics was completed at first and

second order (Careful with “Causal Viscous Hydro”).

[Baier et al, Minwalla et al 2007]
[Erdmenger, Haack, MK, Yarom 0809.2488]

[Banerjee et al. 0809.2596]

*Chiral transport effects measured in heavy-ion-collisions?
[Kharzeev, Son/

New methods for hydrodynamic correlation functions
New method restricting transport coefficients

Note also: Relation of chiral vortex & magnetic coefficients with
anomalies can also be derived from such an equilibrium functional
Ward identities using zero-frequency two- and three-point-functions!

[Jensen 1203.3599]
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Outline

Invitation

Review: Hydrodynamics & parity breaking

Parity-violating hydro in 2+1 dimensions
 C(Classify transport coefficients
* Restrictions from entropy production

* Restrictions from two-point-functions

lll. One gravity dual

V. Conclusions
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III. Gravity dual

-Basic idea

Equilibrium solution confirms thermodynamics
with vorticity and magnetic field.

Fluid /gravity approach confirms our constitutive
relations.

Matthias Kaminski Parity-Violating Hydrodynamics & Replacing the Entropy Argument



III. Gravity dual
Gauge/ Gravity Dictionary

fFluid/ Gravity Correspondence (on boundary)\ DORNIT

[Baier et al. 2007] [cf. talk by Keeler] PANIGC
[Bhattacharyya et al. 0712.2456] %mmv\%degw

hydrodyn. dynamical
= conservation + EOMs for _
equations gravity fields

Einstein
equations

\_

Gauge Theory Gravity Theory

Temperature < » Hawking G (73 THorizon )
T ~ horizon radius

Thermal QFT Charged B

with charge black hole Guv (1, 6, %5 T, i, )
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III. Gravity dual
Gauge/ Gravity Dictionary

(Fluid/ Gravity Correspondence (on boundary)\

[Baier et al. 2007] [cf. talk by Keeler]
[Bhattacharyya et al. 0712.2456]

hydrodyn. dynamical
= conservation + EOMs for
equations gravity fields

Einstein
equations

\_

Gauge Theory Gravity Theory

Temperature < » Hawking

T ~ horizon radius

Thermal QFT Charged

<

DORNTT
PANIIC

“Qilehhiikers Guide ouGalagy

D

9uv (T§ T"Horizon )

with charge black hole G (1,6, T T, p, u)

a2 : , : ’
ds* = —r* f(r)u,u, dz"dx” + r* P, dz"dz" — 2u,dz"dr

\_

Promote parameters and expand
in gradients: T'(¢t,%), wu(t,Z), u"(t,Z)

~

J
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III. Gravity dual

Gravity action

1 6 1 1

) L, . bed .
S = ‘Zh—g (ﬁ4;'3.?\/_ [R —I— ? — EFE — 5({)\;))2 — Iv [TA]] — m /(fi;'I_?g[:r’?]EadeFabFCd —I— L‘_.)-l:.d_}.'

Equations of motion

R 3
Rap — F.@ab Lg

o2

Gab + Tab

0, ( /=g yF“’b) == ebedey o

!
']

( ;—dn ) / G‘L [;] 4+ —En.br:dFﬂbFEd

3272

3
| rH
8 gapda®da® = ZQ?'Qf r)atdt dz? — Qaldrda? + O(Jg), flr)=1- 3 + O(.IHE? Ig}

() .
0 Agda® = (B + e ) atda? + O(L?;) .
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III. Gravity dual

Equilibrium solutions confirm our magnetovortical

thermodynamics De OMp  OMgpg

— =T —_ )
0B or TH O Mz,
e Mo dMao

g _pdMe @ _ _ (T,
90 or TH N Ma — fa(T).
e . e

: 2 3 72 _ ‘ 2 72
70 = (A =2)p"rg®3 — fo(T) + O(p”, J, 55 = (A —3)udy + O(p”, J[F}

E)p 116 dp B0

(I} O - — 2 . 2
o = AHrH®s + g2 T O ) op ~ Pt g oW
oP 11260 oP

2 3 72 i)
— = = “rgd: o1 O(p”. J2), —— = = 2
50 Ma = p rg®s + 162 +co(T) +O(p”, J3) 55 Mp = ;L‘I‘Q—F 50 +rB(T)+O ffp)

Fluid /gravity result confirms form of constitutive relations with

3 1 3 dp
n=20 ﬂ‘f*'@( J:;:}r B-FO(!L )
- dj’}' 2 9 r

Matthias Kaminski
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IV. Conclusions

completed first order hydro in 2+1
new methods for restricting transport coefficients

“new” transport effects

= application to surface states in topological
insulators, or to graphene, or ...?

= bound currents, non-relativistic?

= cquilibrium with vorticity, “ferrovorticism”
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