What does condensed matter tell
us about general relativity?

Nori lizuka

¢

KRS

OSAKA UNIVERSITY

Based on works done by NI with A. Ishibashi (Kinki U.) and K. Maeda (Shibaura U.)

arXiv: 1312.6124, 1403.0752
Phys. Rev. Lett. 113 (2014) 011601
JHEP 1406 (2014) 064



Organization of the talk

 What does CM (condensed matter) tells about
gravity through holography?

e Paradox !?



Organization of the talk

What does CM (condensed matter) tells about
gravity through holography?

Paradox !?
Solution

Conclusion ’f



Main topic



Condensed matter
physics

holography

General relativity




Condensed matter

physics




Superconductor/superfluid




Superconductor/superfluid




Superconductor/superfluid

e Existence of persistent current along the
direction of no translational symmetry




Superconductor/superfluid

* Existence of persistent current along the
direction of no translational symmetry

* No resistivity even at nonzero temperature



Superconductor/superfluid

* Existence of persistent current along the
direction of no translational symmetry

* No resistivity even at nonzero temperature
* What s its bulk dual ?
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Holographic super-conductor/fluid

Superconducting phase;

Spontaneous sym. breaking  |nfinite conductivity; no
Electric field but nonzero J,

Charged scalar
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mepp(r) =m* +e*g" (r)(Ae(r))”
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Holographic view of this

* Holographic dual of persistent superconductor
current predict the existence of stationary
rotating hairy black hole along the direction of
no translational symmetry; without source
field in bulk, i.e., no outer energy input and

with no dissipation

e However no such solution is known so far ...
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Actually there must be no such solution!

* There is a mathematical proof that no such
solution is allowed in GR;

this is called black hole rigidity theorem

* More rigorously, one can show that such a
solution violates Raychaudhuri eq. of GR



Given such theorem;

 We have seen that holography

(and string theory) is wrong!?
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Given such statement;

e \We-have-seenthat-holography
E . | ), .




Given such statement;

* Wehaveseenthat-holography
E sl ), .

* General relativity theorem is classical physics,
so in quantum gravity, it doesn’t hold. And

one can do holography without large N, where
we don’t care GR theorem? :
Unlikely




Given such statement;

e Persistent superconductor does not exist in
the large N limit? Unllkely

* Something is wrong with our understanding?

Possible | (s}

Z



So what is my mistake?

e So let’s go back to the rigidity theorem...
- Black hole rigidity theorem —

“If black hole is rotating along the direction of
no symmetry, then it loses its angular
momentum by the emission of gravitational
waves”’
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We propose that

The dual of persistent superconductor is not
rotating black hole. But rather it is a stationary
non-rotating but not static black hole.

In other words, g,, = 0 at the horizon but
nonzero outside

Total momentum is only carried by the matter
field outside

This teaches which dof can carry supercurrent



We construct such novel solutions!

Our solution has no dissipation and no source
(no energy input, so horizon size doesn’t
change).

This corresponds to persistent current without
electric field!

This is (as far as we know) the first solution of
such example
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Our set-up: a holographic model

12 1 1
L =R- “F? — ZW? — |D®|? — m?|®|?

* 5dim Einstein-Maxwell-charged scalar model

 Two gauge bosons: U(1) x U(1) sym.
F=dA, W =dB

* But charged scalar @ is charged
under only one U(1)

D, =V, —iqA,



Our set-up: a holographic model

* We solve the system with the metric ansatz

2 ) dr’ 203 (1) (, .3 2
ds* = —f(r)dt” ) F e\ (w? — Q(r)dt)

_|_€2v1(7°) (wl)Q 4 621)2(7“) (w2)2 .

w' = cos(z')dz® + sin(x')dz?,

w? = —sin(z)dz? + cos(zt)dz® ,w? = dx’






Our set-up: a holographic model

* We solve the system with the metric ansatz

A dat = Ag(r) w® + Ag(r)dt,
B, dx" = b(r) wt, O = o(r)

w' = cos(z')dz® + sin(x')dz?,

w? = —sin(z)dz? + cos(zt)dz® ,w? = dx’



Our set-up: a holographic model

A, is to introduce a chemical potential

We take an ansatz for the other one form B,
to be proportional to type VI, Bianchi form

This induces holographic helical lattice”
effects

If we set Bu — (), then this reduces to the
normal holographic superconductor model



Our Solutions




< Ttajl >
742

Gtp1 ™ ‘r—>oo

Our Solutions |
Axl ~ ,LLC,= + = ]:21 ~ ‘r—)oo

T o) b(OO) —( <UTp1 > < Jp1 >

0.08138 | 4.325 | 5.927 | 0.5489 | —43.954 | 10.07

0.1450 | 4.295 | 8.012 | 0.2491 | —25.225 | 5.873

0.03570 | 4.071 | 4.955 | 0.7103 | —16.993 | 4.174

0.1059 | 3.919 | 7.057 | 0.5018 | —16.308 | 4.161

0.1513 | 4.003 | 7.048 | 0.2524 | —14.474 | 3.616




Hydrodynamics by Landau & Tisza

e Stress tensor and current including normal
and superfluid component (set normal = zero)

T = (e + Pluyuy, + Py + ppsv, vy,

j,u = PnUy T PsUy : vuu“ = —1




General Relativity Knows
Superfluidity



3D plot of dimensionless parameters

(T/p,b(c0)/ 1, <(= Axl(m)) )

At (00)

* As weincrease T'/u,b(o0)/u,|¢|, condensate
VEV ¢(r}) decreases (s-conductor breaking)



Summary

Our solutions has no non-normalizable mode
except for constant term for gauge boson

No source corresponding to electric field
Stationary, no time-dependence

Black hole is non-rotating but geometry
outside horizon is rotating along the direction

of no symmetry

Our solution shows no dissipation



Summary

* Charged scalar condensate is crucial

 Without that, one can show that there is no-
go theorem which shows that such solutions
do not exist seeour paper : arXiv: 1403.0752

 Symmetry breaking is crucial



Summary

* Black hole
= non-fermi liquids dof
= fractionalized’ dof
which violates Luttinger theorem
e Graviton = normal dof
satisfying Luttinger theorem



Luttinger theorem

arge of fermion

Charge density\
Q — qvfermz'

For free fermions (electrons), this is trivial



Luttinger theorem

 Normal materials (Landau Fermi liquids)
(Luttinger, Ward ’60)

Q — qvfermi

* This relation holds beyond the perturbation!!
e Luttinger’s theorem: V. __.is not renormalized

ermi

by the interaction (Oshikawa ’00)

54



Luttinger theorem

 Normal materials (Landau Fermi liquids)
(Luttinger ’60, Ward ’60, Oshikawa ‘00, ...)

Q — qvfermi

 Exotic materials (fractionalized Fermi liquids)
(Senthil, Sachdev, Vojta ‘03)

Q # qvfermz’
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Holographic Luttinger theorem

(Sachdev 11, Hartnoll "11, Igbal-Liu’,11 Hashimoto, N.1."12)

Q # qvfermi

W: charged fermion

Reissner Nordstrom Black holes

56



Conclusion

Black hole 1s responsible
for the " exotic phase’ of the
condensed matter physics

“Holographic” construction 1s
one peculiar way of
strongly coupled system



