Crete Center for Theoretical Physics, Apritt12013

New transport properties of holographic superfluid

Daniel Fernandez

Universityof Barcelona

work in collaboration with Johanna Erdmenger and Hansjorg Zeller



s-wave and p-wave superfluids

Superfluid:
A State of matter with zero viscosity at very low temperatures.
A Gauge theory with spontaneous breaking of global symmetry.

Conventional superfluids:
A Helium4: BoseEinstein condensation of atoms.
A New hydrodynamic mode: Superfluiglocity

ol 0S¢ {Ca=3:ftA1S | St Adzy
A Cooper pairs of ions form bosonic states (like in BCS) e 1/2
A Rotationalsymmetry isoroken:more modes. /

A Superconductivity with new pairing states. 15 =0
A Much lower temperature than conventional. L =0
A Several different phases. ﬁ G 1

9 ‘3 4 @ =12 1L=1

o o
Liquid crystals:
A Flow like liquids, but molecules are oriented.
A Related to high temperature SG@kwave).
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Gondensedmatter analog of the Higgphenomena

& Spontaneous Symmetry Breaking of continuous symmetry
| - : | A NambuGoldstone boson in the spectrum

A New hydrodynamic mode

‘\\‘-_ __ .U J
et (0 T, wb v, = O
U = |U|e'? (superfluid velocity)

A Bosons form a highly collective state.
A WavefunctionY is expectation value. Phagecoherent superposition in condensate.

A In our case:
SU2) —— U(1)3 — Zs

Expl.B SSB

SO(3) — SO(2)

SSB

A 3 Goldstone modes! We can expect different hydrodynamics.
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Outlining the duality

Conformal Field Theory

on AdS at largeN. and strong coupling
I Energy Scale Radial Coordinate
~ Temperature Black Hole
Global currents, Gauge Fieldg,,
In particular,
. . . ﬁJBH . 0 2 ].
M—rliﬂoloAt, T = 5 andif A“(.CL‘,T)—>AL)(CC)+AL)(ZC)T—2—|—...,

Expected Value A,(f)(w) = (Ju(z))
0
Source AEL)(QZ)
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lIB Supergravity : : Conformal Field Theory

on AdS at largeN, and strong coupling
I Energy Scale Radial Coordinate
- Temperature Black Hole
Global currents, Gauge Fieldg,,
In particular, :
. . . HBH . 0 2
”_TILIEOA“ T = 5. andif Au(x,fr)—>A£L)(x)—|—AL)(x)T—2—|—...,

Expected value Aff)(x) = (Ju(z))
0
Source AEL)(CC)

And to be precise, l
4
ZSUGRA[¢(x7T)|T’_>dey — ¢O($)] — <efd $¢0($)O($)>
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The Field/Operator Correspondence
FieldOperator dictionary: ®(x, ) <+ O(x)
If the action for bulk field is

S o /dr d*z /=g (0 POM ® + m*®?) + ..., the asymptotic solution is

O(x, 1) — ¢o(x) g ¢2(x) pA

where

Stability requires redD, otherwise exponential growth. A=2++/m2L2+4
AM-&aa GSNY y20 622 yS3alIirdSEé o6. C 0:
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Stability requires redD, otherwise exponential growth. A=2++/m2L2+4
AM-&aa GSNY y20 622 yS3alIirdSEé o6. C 0:

If m2L? > -3, A ¢o(x)is nonnormalizable, enters boundary theory.

dery — dery + /d4$ gbO(x)O(aj)

A ¢2(x)is normalizable, belongs to bulk Hilbert space.

Hilbert spaces of dual theories identified p2(x) x (O()) g
Normalizable modes> states of bdry thepry
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~

wSGilF NRSR DNBSyQa FdzyOQuaAazy I [ 2NNBf I {2

2 o = i / 441 dt < (1) (O (£, 2), O (0, 0)])
Timedependent perturbation in the action includes a source for B:
S(t)=...+ /dd_la: ds(0)(t, 7) Op(2)
Expectation value for observable A in its presence is

(Oa)(t,x) =Trp(t) Os(x) where i0:;p = [Hg+ 0H, p].

The increase due to@&/is§(0,) . The perturbation comes from the source:

QbB(’I") N ¢B(T)+(5¢B(T)€_iwt+ikx
Linear response around equilibrium:

5<0A>(w7 k) — %AOB (wv k) 5¢B(0) (wa k)

The correspondence allovisr a simple calculation!
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The gravity model

SU(2) EinstelYangMills theory

! — @ pa pa
S:ﬁ diz —4g [R_A_7FMNF MN] _I_dey
. K5 12
Ansatz for gauge field: (a = A= —ﬁ)

A=¢(r)r?dt +w(r)r! de




The gravity model

SU(2) Einste'rNangMiIIs theory

2
Q
S = d5ZU\/ — A — —F](\ZNFCLMN +dey
2/«:5 2
w _hs o, 12
Ansatz for gauge field: (Oz == A= LZ)
A 73 dt @Tl da
Chemical potential Spontaneous value)(r) — wlf/ir“2
A explicit breaking acquired in broken phase:
b
x (J7) # 0 [Ammon, Erdmenger,
DN} 84X YSNYE
7 3

SU@) —— U(1)s —> Zs

Expl.B

SO(3) — SO(2) y 2
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Ansatz for the metric:

1
ds? = —N(r)o(r)?dt® + N )der +r2f(r)"*da® + 2 f(r)? (dy® + dz2?)
r
Solution 1 Solution2
A ReissnetNordstrom BH A Charged BH with vector hair
(asymptotically AdS) (asymptotically AdS)
A w(r)=0 A w(r)#0
r_(F ro(H
A Ground State forr, < (T)c A Ground State fors > (T)c

0.4

R-N BH, stable

Phase o
diagram: o

0.1

R-N BH, not stable
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= oo

In solution 2,
a condensate layer floats above the horizon. . AdS

A In asymptflat spacetime,
Electrostatic repulsion sends it to infty.

A In asymptAdSspacetime,

Massive particles do not reach bdry. Y, | T I I

Action forAl:

Say ~ O ALOM AL + 2¢" g™ (A7) (AL)°

|

2
meff

A{A)ﬁtQ@t):OAi 2

A It condenses in a normalizable profite & 0 at bdry.)

A This translates int¢J¥) # 0in the dual field theory.

A The action can be embedded into-iieory:.
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Thermodynamics

Solution to the EOM », Thermal equilibrium state
in gravity theory . . in field theory

[Central quantity:

Q = Ion-s e /TJ
HIE S - Besides thermodynamic calculations,
a1l AT aztdziazy adal

a < Q.

| :0 04+ |
0sl oz ~ 0.365
. : etastable phase €
0.6 0.8 17(1/7( 1:2 1.4 QQ 0.2 ; X -
1storder . _
i 5o - A 013 phase trans. 2nd order phase transition
\)?4 —440 0.0 ;\ I \ 0 i ; i i ; 0
0.00 0.02 OT 4 0.06 0.08
-460 E
_488.8() 0.85 0.90 0.95 1.00 1.05 1.10 1.15 1.20 2
. o2 55 # charged d.o.f.

QQ Total # dOf 9/23



Perturbations

=

dw d3k

hasn (w, E’ " e—iwt+i1‘é-5f
(27r)4 ( )

gun(t,Z,r) = gun(r) +




Perturbations

harn (W, E, T)e—iwt+iE-5:'

Q%J (w’ E, T,)e—iwt—I—iE-f
A Gauge fixing: A Longitudinal momentum:
th,«:O,CL?:O k“:(wakhkbo)

so that perturbations preserv80O(2)
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The classification of perturbation fields

Helicity 2 helicity 1,

A

a’?\/_f = (]Jz ] hMN = 0
as, 0
0/ \ > 0)

hyy = %( "‘hyy—hzz)

fy — gyyhyya gac == gmmhwwa ft — gtthtta ftm — gxxht:c

Parity:

If k=0, also classifiable by change unger ev;en (1)dd2
A UQ1); - Zyu flip sign index 2 1‘%&2 ay 73%

A A=) dt +w(r)rtdzp flipindices 1,x . © ¢ G

‘Et) ‘E:Ea gy gtx
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Helicity zero, k=0:

A There are 10 perturbation modes.

AIAYyaluSAyRatEgdgRa, S{fAd IAODSA ibdoba&@Bdryl YR
A Ingoing condition (for retarded GF) at the horizon takes away 10 d.o.f.

A Remaining: 4 physical fields, invariant under residual gauge freedom.

b
Oy (w,r) — ( 31:)
b It is convenient to change into:
Oy (w,r) — (a?),
Dy (w,7) ((5 >)0 ). =
w,r) — T ]
’ b 770 gp,m — éx + gy
Oy(w,r) — ( ) :

The action cannot be written in terms of physical fields only.

So.s.(I) — /ddﬂf :aIJ (‘1’1)8 (‘PJ)E + B ((1)1)8 (‘PJ);; + Cu (‘PI)E (@J)z} 3

[ b b
Sosian = [ @ [ (B0 (o)h + Xis (00 (01)h]

Replace those perturbations by physical fields, so that

So.s.l = /ddk [(I)I(—k, T)A(k: T)IJaT(I)J(kv T) + (I)I(_ka T)B(kv T)IJ(I)J(k’ T)]T:T'b 12/23



Simultaneous transport of electric charge and heat:

A Generation of electric current due to thermal gradient.
A Generation of thermal transport due to an external electric field.

Heat flux Thermal gradient
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