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Motivations

Holography in time dependent systems 

Nonequilibrium phenomena, nonlinear dynamics


e.g.) QGP, quench, thermalization

Condensed matter in real world 

Driving, laser-pulse, nonequilibrium states


e.g.) ARPES, superconductivity enhancement



Rotating electric field
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c.f.) Linear polarization:
<latexit sha1_base64="OecXV5iO/9LT1wBah2YimInuW0E="></latexit>

We apply a circularly polarized electric field

Amplitude is fixed, only direction changes:
<latexit sha1_base64="zZnMVcWBiL5OtaTQ2s3iyRapB24="></latexit>



Rotating holography

D3/D7+rotating cpx scalar for CME

[Hoyos-O'Bannon-Nishioka]

D3/D7+rotating electric field

[Hashimoto-Kinoshita-Murata-Oka]

c.f.) Spontaneous rotation: Boson star

[Astefanesei-Radu, Buchel-Liebling-Lehner]

Complex scalar with phase rotation

[Biasi-Carrecedi-Mas-Musso-Serantes]
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↑Murata's talk
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Review: holographic superconductor

The simplest probe model in Sch-AdS4 BH:
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U(1) charge (we use μ=1 today)

<latexit sha1_base64="eI+PjUqm47+e/9z0KAM4+Pjsl9I="></latexit>

[Hartnoll-Herzog-Horowits]

Spontaneous condensation
<latexit sha1_base64="4D2nWdyvPdL7yob95W4RvUyM1Zs="></latexit>
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We add the rotating gauge field
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Ansatz:
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Then time dependence disappears: we get ODEs.
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Source and current in Ax,y:



Holographic steady state

BH is like heat bath in probe models

Conserved flux (in the holographic direction)
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This gives Joule heating for normal conductor

<latexit sha1_base64="EXCKSd7kOiPAR0r/ehn9npQ4qp8="></latexit>



Review: Ω=0

Phase transition changes from 2nd to 1st order.

This is constant gauge potential for superfluid velocity.

[Basu-Mukherjee-Shieh, Herzog-Kovtun-Son]

A increased

A=0

In our setup: (E,Ω)→0 with A=E/Ω fixed

 T T
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Free energy for Ω=0

"Free energy is the minus of on-shell action."
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A (=E/Ω)   

 Tc

 T

ΔF 

"Swallow tail" for 1st order PT Tc always decreases



When Ω≠0

There appears spinodal structure inside the SC phase.
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Phase diagram

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 0.05 0.1 0.15 0.2 0.25

B

A

AC

0

0.1

0.2

0.3

0.01 0.03 0.05
0

0.1

0.2

0.01 0.02 0.03 0.04
0

0.1

0.2

0.01 0.02 0.03

Quantum
phase 
transition

  Ω   

A 



Evaluate phase transition when Ω≠0?
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Order parameters will "jump" in the spinodal region.

Where do they actually jump?

Can I use Maxwell construction (aka "equal area law")?



Free energy can be given in the variational form

Ω=0 revisited
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Integrability is satisfied:
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⇒

Maxwell construction:
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Free energy for Ω≠0?

Integrability is violated:

The violation is small when the Joule heating q is small.

Do we have nonequilibrium thermodynamics in which 
there is dF satisfying                                           ?
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A: No

Is anything wrong with our sources/vevs?

   T



AdS/CFT dictionary revisited

Then δsb is not an integrable dF because of δsh.

Real-time AdS/CFT dictionary

Field theory quantities are derived from δsb.
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We have



So there is difficulty

Then we do not have integrable dF for 
nonequilibrium steady solutions.

AdS/CFT dictionary gives how to calculate VEVs 
(ρ,J,...) in nonequilibrium ...from δsb. We believe it.

Should we have defined (ρ,J,...) such that we 
had                                           ? Probably No.
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But anyway we can estimate T1st order
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We employ a reasonable choice realizing the 
"swallow tail" for 1st order phase transition

(2nd order Tc in region A is not shown)

T1st order 
 A  

  Ω   



Current: E and J get out of phase

Joule heating is suppressed: no Ohm's law


Instead we have E⊥J: London equation
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A/μ=0.53

   T    

q 
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Discussion

But in our results Tc for superconducting phase 
transition is always lowered by the electric field.

This might be due to our model being too simple.

Superconductivity enhancement is one of our 
motivations.

What will/can/need to be done?





Re σ Im σ





Summary

Many things to do before HoloQuark2020 
backreaction, photon stars; vortex formation, 
turbulence; SC enhancement, lattices, ...

We applied a rotating electric field to holographic 
superconductors.

We obtained steady state solutions.

We discussed nonequilibrium "thermodynamics."


