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Membrane Paradigm: Black Hole <=> Surface Fluid
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Successful Holographic Dualities: Geometry <=> Quantum Matters
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Beyond AdS/CFT: Holographic Screen at the Finite Cutoff
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Cutoff AdS Fluid: Universal Hydrodynamic Viscosities
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Application of Holographic Hydrodynamics
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The Electronic Currents in the Chiral Fluid

e For the fluid with conserved charges, one needs the constitutive
relations for the associated currents. One example is the Ohm'’s law

Jy = (70 = oF . (1)
e For a system with charged chiral fermions, chiral anomaly induces
anomalous transport phenomena. e.g. Chiral Magnetic Effect (CME)

J_\)/ - §B§7 c.f. D. Kharzeev, '04 (2)

e Via the chiral anomaly effect, an axial current is generated along an
external magnetic field, which is the Chiral Separation Effect (CSE)

J_:q = <77Z’_}751/)> = §5B§, cf. D. T. Son and A. R. Zhitnitsky, ‘04 (3)

e The separation of chiral charge could also be induced by an external
electric field, which is called Chiral Electric Separation Effect (CESE)

—

JA = O5pe E, c.f. X. G. Huang and J. F. Liao, '13 (4)
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Ohmic and CESE Conductivities

Table: Ohmic and CESE Conductivities in The High Temperature Regime

Pre-factors QED Plasma ['13] QGP (u, d) ['14] S-S Model ['14] U(1)y x U(1), ['18]
o7
= 15.7 TrrQeQy 8NCe M 2
Xy = oe/T S in(1/e) O na/ey | %% m ™/dy
- 20.5 TrfQeQp BNZEyy) 2
X4 = ose/(Thfis) Fn(i79) 14. 2 n(/ee) 0.002—5; —/q;

'13, Huang-Liao, Axial Current Generation from Electric Field: Chiral Electric Separation Effect
'14, Jiang-Huang-Liao, Chiral electric separation effect in the quark-gluon plasma

'14, Pu-Wu-Yang, Holographic Chiral Electric Separation Effect

'18, Bu-Cai-Yang-Zhang, Holographic Charged Fluid with Chiral Electric Separation Effect

o In this table, e, g., gym are the gauge couplings of QED, QCD, the
dual SU(N,) gauge theory, respectively. For the calculations in QGP
with two light quarks (u, d), Q. = Diag(2/3,—1/3), Qv and Qa4 are
the vector and axial charge matrices in flavor space.

e For the holographic U(1)y x U(1)a model, we have restored the bulk
gauge couplings qa and qi, which are related to parameters of
boundary theory by 1/g2 ~ 1/q2 o< NcN¢ /(472) .
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Relativistic currents in the chiral fluid

e In the Landau-Lifshitz frame where v, J}, = —p and u,J} = —ps,
K= put +o.[E" - TPW@U(%} — G5 TP 9, ( 2) + (6w +€8B"),
I8 = ps uP + o5 [E“—TP““ay(%)] 5. TP 0, ( )—|—(§5w + E8B"),

e p, ps are vector and axial charge densities. The external
electromagnetic fields E#, B* and the fluid’s vorticity w* are

1 1
Et = F*y,, BHF= Ee“mﬁu,,l-_aﬂ, wH = Ee“yaﬂuyaa%. (5)

e The &5.- and G.-terms are relevant to chiral charge diffusions, while
&s-term is an axial analogue of CVE. Dynamical equations

G = Ko Bty = 0 &l = Tl (6)

where the axial current is not conserved due to chiral anomaly effect
and C denotes the anomaly coefficient.
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The stress-energy tensor for relativistic fluid

e For relativistic fluid, the stress-energy tensor is parameterized as
W = ity A T2 A W, (7)

where v, &, P are the velocity, energy density and pressure of the
fluid, and P, = u,u, + 1, is the projection tensor.

e Up to the first order in the derivative expansion, the viscous
component 7, takes the form,

2
T = —0P P (Datis + Oa = 5Papdstl”) = CPudau® (8

where 1, ¢ are the shear viscosity and bulk viscosity, respectively. We
will take the Landau-Lifshitz frame so that u#m,, = 0.
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Holographic U(1)y x U(1)a model

e We consider (4 + 1)-dimensional AdS bulk

1
Sm = / d°x/=g (R —2N) + SF + St + Sk, (9)
167TG5 M

with the U(1)y x U(1)a gauge fields

SF=-— / d°xv/—g < Faun FMN 4

Il o =
Frn FYN 10
4q§ MN )a ( )
V\N/here FMN = OMAN — ONAM and ,:_MN = 8/\/]A~N — 8,\,,5,\,,. AM and
Ap denote the vector and axial bulk gauge fields, which are dual to
vector and axial currents J};, Ji of the boundary theory, respectively.
e According to AdS/CFT correspondence, the holographic stress-energy
tensor and currents on the boundary theory are
—2r2 68 oS oS
)= lim LOOM - = jim 22M 0 o= i 22M (1)
=00 /= Gy r—oo 0A, r=~oo g A,
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AdSs black brane with two charges

e The homogeneous solution of the bulk theory is,

dsy = gimdxMdx" = 2dtdr — rP£(r)de® + r’é;dx'dx,

_ M Q%+ G2 (,Z,rﬁ) (rzfri) (r2+rﬁ+r3)
f(r) =1- F + I‘6 = r6 ) (12)
V3Q 5 V3Q
A =——5dt, A =——7dt,

where M, @, Q are constant parameters of the bulk theory, ry is the
largest root for f(r) = 0, defining the location of event horizon.

e The Hawking temperature, identified as the temperature of dual

boundary field theory, is
2 2
r=rp - ;’j<1 - Q 2—;?0 >, (13)

8, (r*f(r
A (PH)

4t



The holographic hydrodynamics of chiral fluid

e The dual stress-energy tensor and currents of the boundary theory are
Tloy =3Mosy + Moy, Jih =2V3Q6Y, Ui, =2v3Qs,  (14)

we can read out the energy density, pressure and charge densities,

£=3M, P=M, p=2/3Q,  ps=2V30, (15)
e c.f. the holographic stress energy density and currents
, 1 F
Tuy = _871'G5 rI~I>no]o r2 [(IC/JJ/ - ’C’Yp,u T 3’Y;/,U - Eguu) + 7;1/]7 (16)
M= _qiz lim r*(nyF"" + D, F** logr), (17)
r—oo
v
wo_ 1 . 2 EMu VL
JB = 5 lim r (nMF + D, F"" log r), (18)
A r—oo

Y. -L. Zhang Holographic CESE 15 / 22



Transports from Fluid/Gravity Correspondences

e The shear and bulk viscosities take universal values of holographic
conformal fluids with entropy density s,
1
w5 ¢ =0, (19)
(cf. Tuy = Eupuy + PPuy — 200 — COPLL)
e The dissipative transport coefficients in the currents

’]7:

2 2 2 2
aQH” + dofis . aQ — 00 . _ OQM5 + 0o
— 2 = =] _— O = —— 20
T a0 T T e T M ==z
where g and op are given by
Ts)? Ts)? T 2 2 + iz
o0 = o0 (Ts) 2200( 5)2, oo=2L (14 1—&—7#:_;;5 .
(Ts+pp+psps)”  (E+P) 2 3 =T

c.f.
i o s - T ()] - 5T (12) ¢ e 08,

I = ps u 4 oo [EH TPV D, (2)] 5o TPH¥ 0, (2) + (6s* +€5aB¥)
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CESE conductivities from fluid /gravity duality

e From the dual fluid’s point of view, it is more natural to re-express
the conductivities in terms of chemical potentials and temperature.

27+ 3y — 1) . 3y-—1
ST A7 2P — = —7T
3Gy —2)° Xys 05 7T fifis

1 2, , _ _
v(u,us)zz<1+\/1+3(u2+u§)>7 u=%, usz:%- (21)

e In the high temperature (small chemical potential) limit or low
temperature (large chemical potential) limit, the conductivities

e=mT ————— = ThlisX,,
g ™ 2(37 _ 2)2 iLL/u‘5XA

where

Oe = TI'T, O5e = —WT’[LFL5, ,L_Lv )L_L5 < 17
T 2 T 22
mT i3 oo TTEBs oo (22)

Oe = T 5 O5e =~ = = )
V(72 + [i3) V(72 + [i3)



Temperature Dependence of the conductivities

Figure: The conductivities o./(7T) and —os./(7 T) as functions of i and [is.
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Figure: Density plots for x, and x, as functions of i and fis.
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Currents in the linear response form

e Below we would like to rewrite the currents in a linear response form,
in which the electric field E; and thermal gradient V; T are taken as

external sources.
J =put +o. [E” — TPW&,(%)} — G5 TP*70, ( ) + (" +€8B"),

wo_ w b TpHy 1 - pv w
W= psu +059[E TP ay(T)] TP, ( )—i—(&,w + €s5BM),
e In other words, the fluid velocity u; will be eliminated using the

current conservation law. Here, the chemical potentials u, us will be
taken as constant. Consequently,

i = .
o == (sv,T — PE) (23)
where 9 — —iw is used. Then, the currents turn into
J\t/ = P, J(/ = O'(w)E,' - a(w)V;T, (24)
J/z = pPs5, J/I4 = 05(0.;) E,' — a5(w)V,-T, (25)
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Kubo formulas and hydrodynamic constitutive relations

® o) is the low-frequency limit of the Ohmic electrical conductivity, and o5,
measures the CESE. ay,) and as(,,) are the thermoelectric conductivities for vector
and axial currents.

2

i p i pps
w) = e w) = e 28
W=gerp te %) =Pt )

i I -
o) T = ;P - (M O(w) T U5 US(w)) , Qs T = 505 - (MS Ow) T :U’US(w)) - (29)
® The heat current is
Q' =T"—pt — ps ks = auy TE — Ry Vi T, (30)
where the transport coefficients are
_ _ i o
Q) = Qu)y  Rw) T = " (E+P —2pu —2psps) + (M2 O(w) + M2 F(w) + zﬂﬂsas(w))

and F(.) is the low-frequency limit of thermal conductivity.
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Constraint from the second law of thermodynamics

e The second law of thermodynamics (non-negativeness of divergence
for the entropy current), could not fix the values of dissipative
transport coefficients, it does set constraints for them,

0e >0, e > 0, UeﬁeZUge,

(31)

e Ohmic and CESE Conductivities in The High Temperature Regime

Pre-factors QED Plasma ['13] QGP (u, d) ['14] S-S Model ['14] U(1)y x U(1)a ['18]
7.7
_ 15.7 Trf Qe Qy BNc&ym %
Xy =oe/T Fin(1/9) B30 /e | 20 m m/ay
- 20.5 TrfQeQa BNCEyy 2
X4 = ose/(Thfis) Fin(179) 14.5m 0.002 —7 —7r/qA

® We found the negative CESE coefficient in the Holographic U(1)v x U(1)a model.
_ oo’ +ooui

e

2 2
= gQ — 00 . OQM5 + Oop
. Obe = Ose = s,  Fe= —22 T E (32)
1 + e 12 + p ¢ H? +
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Summary and Outlook

In this work, we explored transport properties of the holographic
U(1)v x U(1)a models in the asymptotic AdSs black brane.

Our main finding is the nonzero CESE conductivity when the
gravitational back-reaction effect is taken into account.

= put + o [E* = TP, (£)] = 0. TP 0, (22) + (6" + €aB"),
I = ps ut + o, [E“—TP“”ay(%)] 5. P9, (2 ) + (s + &58BY),

We confirmed our results with two complementary methods —
Fluid/Gravity Duality v.s. Linear Response Analysis.

Applications of CESE in Semi-Metals & Experimental Test.

Thanks for all your attention!
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