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'Relativistic Hydrodynamics |

* along-wavelength effective theory for scales >> £, with

the hydrodynamic variables: u#, T, u.

* local equilibrium is assumed at the scale ~ £,

 Governed by the conservation laws

vV, TH = F'NJy, YV, JE=0.

ext

with the following constitutive equations....



'Relativistic Hydrodynamics |

* The constitutive equations: (Poincare symm., parity-even)

™ = putu” + PAM A = g +utu”
APy, =0
utut = —1

JH = ngut

Where we will be in the Landau frame



'Relativistic Hydrodynamics |

* The constitutive equations: (Poincare symm., parity-even)

T = putu” + PA" =2 n ot — AP C O+ ...

Shear bulk
Viscosity Viscosity

JH =ngut+o E" — K,A"“/V,,% + ..

electric thermal
conductivity  Viscosity

uv
d—1
0 =AMV u, (Expansion)

Where o = AM*AYPV L ug) —

0 (Shear)



'Relativistic Hydrodynamics |

* The constitutive equations: (Poincare symm., parity-odd)

TH = pulu” + PARY 2 1 ot — A ¢ 0—(CaQ + (g B)ARY — 51

JH = ngut+o E* — /iA’““’V,,E

Where

Q

G

B

T
+oePu, I, + EEW’OuUVp% -+ Ee”“Pu,,va
—ePu, Viyu,, (vorticity)
1
§(e“apua0py + €"Pugo,M), (parity odd shear)
1
—56‘“’” uuFf;ft, (external magnetic field) .
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* The constitutive equations: (Poincare symm., parity-odd)

TH = putu” + PAP =21 0" — AP ¢ §—(Ca + CpB) AR — fjac™”

Curl Magnetic Hall
Viscosity  Viscosity  Viscosity

T = nguf4o B* — k APy, E

Where

Q

G

B

T
+oetPu, B, + Ee””pu,,vp% + Ee”“f’u,,va
Hall thermal Hall heat Hall
Conductivity Conductivity Conductivity
—ePu, Viyu,, (vorticity)
1
§(e“apua0p” + €"Pugo,M), (parity odd shear)
1
—56”'/” uuFf;ft, (external magnetic field)
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In (2+1)-dimensions: —(C4Q + (g B)AMY — a5k,

Curl Magnetic Hall
Viscosity Viscosity Viscosity

3
o~

/
o

5’ The parity violating parts
> are dissipativeless

[

e
L

L

Shear, Hall, and Curl Bulk and Hall
Chen, Lee, Maity, Wen (1110.0793)
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The constitute equations are written down according to the
underlying symmetry (Poincare, parity), and are subject to the
condition of non-negative entropy production v,7s" > 0.

Thermodynamic parameters ¢, p, T, u satisfy the thermodynamic
relation: OP opr
dP = sdIl'+ pdp + E{fB + m(ﬁﬂ.
e+ P =sT4 pp.

For weak interacting system, the transport coefficients can be
calculated from microscopic theory.

For strong interacting system: AdS/CFT, or Gravity/Hydrodynamics



[FIuid/Gravity Correspondence]

* Along-wavelength application of AdS/CFT.

* An AdS bulk solution is dual to a strongly-coupled boundary fluid
(i.e. energy-momentum conservation + constitutive eqgn. of T#)

Bhattacharrya, Hubeny, Minwalla, Rangamani (0712.2456)



[FIuid/Gravity Correspondence]

e Qur bulk gravity in (3+1)-dimensions

1 6 1 1 1 1 A~ A~
_ )22 (00 — (2P O L O FF -0 RR
L= TonG (R+L2> . (80)% — (2m26% + = c6*) + :

2 2 4 4 4
RR = RMNPORY ypq, RM PO = %EPQRSRMNR&
FF = IMV¥pyy, MY = %EMNPQFPQ.
(Set c=0.5)

* For calculability, we take the probe limit for the pseudo scalar &:
60— N\, V() — AV (0), A—0,
such that € dynamics is of order O(4!) and decouples from O(4Y).
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[FIuid/Gravity Correspondence}

[ d-dim AdS Boundary ] [ (d+1)-dim AdS Bulk ]

By — ¥ Hy
T = pu"u” + PA Charged boosted black brane

JH =nout —— with uniform M, Q, U4, A4,
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[FIuid/Gravity Correspondence}

[ d-dim AdS Boundary} [ (d+1)-dim AdS Bulk ]

prv KoV HY
T = pu"u” + PA Charged boosted black brane

JH =nout —— with uniform M, Q, U4, A4,

At O(41), the bulk pseudo scalar behaves asymptotically as

0  (O) 3 /9
_ Ay = =44/ 2,
é ro- + ri+ T 79 4+m

AdS/CFT dictionary: 6, is identify as the source for the dual boundary operator
()" is the v.e.v. of the dual operator .

The parity of the boundary fluid can be broken by pseudo scalar order (6, = 0),
or pseudo scalar source (0, # 0).
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[FIuid/Gravity Correspondence]

[ (2+1)-dim AdS Boundary ] [ (3+1)-dim AdS Bulk ]

T = pu* u” + PA*Y
—2nat" — AP (0

(CaQ+ CaB)AM — A5 Charged boosted black
_ . _
: brane with slow varying
J* = ngut M, Q, u* and AY i
Lo EH ,{vay% (Schematically)

~ ~ M
+oe'Pu, E, + /ﬁ:e“ypu,,vpf

LEe iy, T
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[FIuid/Gravity Correspondence]

* The slow varying black brane parameters M, Q, u# and A4
allow derivative expansions, e.g. M(z") = My + 29, M, and
subsequently gives rise to derivative expansioning,,, A, and 6.

ds® = ds* (9 + ¢ (der. exp.’s in zH),
A=A 4 ¢(der. exp.’s in zH),
0 =0 + ¢ (der. exp.’s in z).
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[FIuid/Gravity Correspondence]

* The slow varying black brane parameters M, Q, u# and A4
allow derivative expansions, e.g. M(z") = My + 29, M, and
subsequently gives rise to derivative expansioning,,, A, and 6.

* However, in order to solve the e.0.m.s at O(e), we need to
introduce perturbation (or, correction) anzatz g, ®(r), A“o(r),
and 6(r) at O(e), which are to be solved.

ds® = ds®> ) 4 € (der. exp.’s in z*) + € ds®> W (r),
A=A 4 ¢(der. exp.’s in z*) + e AD (1),
0 =0 + e(der. exp.’s in ") + €0 (r).



[FIuid/Gravity Correspondence]

* Perturbations are solved asymptotically by assuming
renormalizable b.c. on the boundary and regularity on the

horizon.

 The boundary fluid constitutive equations are reproduced via
the standard AdS/CFT:

1 3 I T
<T,uv> — rllg)lo(r Juv (J,u> — rli{go —_gF [
T = equiu’ + (Py— (Vaud — CaQ — (pB) AR — ot — 45,

Jr = put +oFE" — K,A””VU% +oe"Pu, B, + ’/%:’e“”pu,,vp% + ge””puprT.
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[ Parity Violating Hydrodynamics]

* Analytic results:

ety n_ 1
Shear viscosity: Pl
Hall viscosity: na _ iy f(r)0' (r)
S 8t H(rpy)?
. - B 4Q2 1\?  [(4nr3 T\’
electric conductivity o = (1 — WG) = ( Wi )
2 2 2
Thermal conductivity . — o7 — = (1 2@- 1\ (3M _4¢
Y rm=ol A7 (1 3M rg re, r

e Other transport coefficients are computed numerically.

NB: in the comiving frame «* = (1,0,0), —r*f =gy, 2H =g,
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[ Parity Violating Hydrodynamics}

e |If the boundary parity is broken by the pseudo scalar order (SSB):

Hall viscosity
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[ Parity Violating Hydrodynamics}

e |If the boundary parity is broken by the pseudo scalar order (SSB):

Thermal Hall conductivity
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[ Parity Violating Hydrodynamics}

e If the boundary parity is broken by the pseudo scalar source:
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[ Parity Violating Hydrodynamics}

e If the boundary parity is broken by the pseudo scalar source:

Hall viscosity

3
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[ Parity Violating Hydrodynamics}

e If the boundary parity is broken by the pseudo scalar source:

Thermal Hall viscosity Heat Hall conductivity
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[Discussion]

In our model, all kinds of “Hall” transport coefficients are
present without the background magnetic fields. This is
because the parity is broken by the pseudo scalar &, rather
than by the external B fields. This is reflected in that such
transport coefficients are given in terms of 6.

Gravity knows about the entropy constraint and the
thermodynamic relations! Jensen et al.(1112.4498)



Thank Youw



[ Backup SIides]

 Boosted black brane

ds* = —2H(r,M,Q)u,dz"dr —r*f(r, M,Q)u,u,dx*dz” + r*A,,, dz"dz"
A = ACMQu AT 0 = 05 M)

 The background at the probe limit

2
HMQ) = 1 A MQ) = 22,
r
M Q2 ext ext ext ext
frM.Q) = 1-"g+ 5, AT = (A7 A AT = constant,
* Perturbation ansatz at O(e)
ds® V= r2k(r) dv® + 2Hh(r) dvodr + 2r%5;(r) dvda’ — r?h(r) dz'dz’ + roq;(r) da'dz?

AV = a,(r)dv + a;(r) dat, o) = o(r).
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[ Backup SIides]

* All together:

ds? = ds?©
+e[=r?0f dv® +26H dvdr — 27*(1 — f(r)) 03" dvdz* — 2 H(r) 63" drdz*
+eds* W,
A = A9 4 e(—0Adv+ A(r) o5t dat + AW),
0 = 09 4e00+0W).

26



[ AdS/CFT

<ef ddw¢o(w“>o<m~>>
CFT

— Zg?“avity [qb(.r“, T)‘

r=0o0

[ d-dim AdS Boundary ] [ (d+1)-dim AdS Bulk ]

Gauge Field Theory

Strong coupling
Field theory T <:>
Conformal Symmetry SO(2, d-1)

O

Gravity
Weak Coupling

Black Hole T
Isometry SO(2, d-1)

¢

do(xH)]
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