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@ Floquet AdS/CFT. Periodically driven quantum system
@ Important in condensed matter: Controlled manipulation of systems

» Light-induced superconductivity [Fausti et al 2011, Mitrano et al 2016]

» Floquet topological insulators [oka, Acki 2009, Kitagawa et al 2011, Cayssol et al 2013,
Lindner et al 2011, Recthsman et al 2013, Jotzu et al 2014, Wang et al 2013]

> Artificial Weyl semimetals [zhang et al 2016, Hiibener et al 2017, Bucciantini et al 2017]

Marti Berenguer Mimé (IGFAE) Holographic Floquet states in low dimensions January 2023 2/28



Motivation

@ Floquet AdS/CFT. Periodically driven quantum system
@ Important in condensed matter: Controlled manipulation of systems

» Light-induced superconductivity [Fausti et al 2011, Mitrano et al 2016]

» Floquet topological insulators [oka, Acki 2009, Kitagawa et al 2011, Cayssol et al 2013,
Lindner et al 2011, Recthsman et al 2013, Jotzu et al 2014, Wang et al 2013]

> Artificial Weyl semimetals [zhang et al 2016, Hiibener et al 2017, Bucciantini et al 2017]

e We study: Strongly-coupled (2+1)-dimensional gauge theory +
external rotating electric field:

E=E +i&y = B

o FOI’ the 3+]. CaSe, S€e€. [Hashimoto et al 2017, Kinoshita et al 2017]

Marti Berenguer Mimé (IGFAE) Holographic Floquet states in low dimensions January 2023 2/28



Holographic setup
Strongly-coupled (2+41)-dimensional gauge theory + external rotating electric field:

E =& +iEy = Be™™

I
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Holographic setup

Strongly-coupled (2+41)-dimensional gauge theory + external rotating electric field:
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Intersection of N. D3 branes and N; D5 branes along (2+1) dimensions:
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D5: x x - x x x - - -
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Holographic setup

Strongly-coupled (2+41)-dimensional gauge theory + external rotating electric field:
E =& +iEy = Be™™

U
Intersection of N. D3 branes and N; D5 branes along (2+1) dimensions:

1 2 3 4 5 6 7 8 9
D3: x x x - - - - - -
D5: x x - x x x - - -

We choose Ny < N. = No backreaction. The D5-brane is treated as a probe in the
AdSs x S® geometry
DBI action:

S = —NfTsfdﬁf\/— det (g6 + 2w’ F) F=dA
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Holographic setup

@ Worldvolume gauge field with one-form potential

271—&/"4 = Qg (t7 p) + iay (t7 p)
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Holographic setup

@ Worldvolume gauge field with one-form potential

271—&/"4 = Qg (t7 p) + iay (t7 p)

@ Complexify the gauge field in the rotating frame
a(t, p) = az + iay = b(t, p)e’ X

Marti Berenguer Mimé (IGFAE) Holographic Floquet states in low dimensions January 2023 4/28



Holographic setup

@ Worldvolume gauge field with one-form potential

21a’ A = ay(t, p) + iay(t, p)

@ Complexify the gauge field in the rotating frame
a(t, p) = az + iay = b(t, p)e’ X

@ Important — The equations can be solved by

b =1(p), b=b(p), x = x(p) = No PDE's!

Marti Berenguer Mimé (IGFAE) Holographic Floquet states in low dimensions January 2023 4/28



Holographic setup
@ Worldvolume gauge field with one-form potential

21a’ A = ay(t, p) + iay(t, p)

@ Complexify the gauge field in the rotating frame

a(t, p) = ax + iay = b(t, p)e P X))

@ Important — The equations can be solved by

b =1(p), b=b(p), x = x(p) = No PDE's!

@ Lagrangian density:

£ = A=F) (" = PP (L= P25 + W= 07 + 207)) + (1= P2) g
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Holographic setup

@ Worldvolume gauge field with one-form potential

21a’ A = ay(t, p) + iay(t, p)

Complexify the gauge field in the rotating frame

a(t, p) = ax + iay = b(t, p)e P X))

@ Important — The equations can be solved by

Y =19(p), b=1b(p), x = x(p) = No PDE’s!
@ Lagrangian density:
L=/ =9?)[(p7g% — 2262) (1 = )02 + h(L — 2 + p*9'2)) + (1 — ¢2)pig2bx?]
@ UV boundary behavior
c(p) = b(p)e™X?) = %er%Jr..., P(p) = %Jr%Jr...
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Holographic setup

@ x is a cyclic variable: conserved quantity ¢

oL

— 0=
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@ x is a cyclic variable: conserved quantity ¢
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o Evaluating ¢ at the boundary:

q = Re(Ej*) = jz E; + jyE, = Joule heating
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Holographic setup

@ x is a cyclic variable: conserved quantity ¢

oL

— 0=

o Evaluating ¢ at the boundary:

q = Re(Ej*) = jz E; + jyE, = Joule heating

@ The equations are singular when

4 4
Pec — Pp,
by = e Fh bo = b(p =
0 ng 0 (p pC)
@ p = p. — pseudohorizon (of the effective metric). Boundary
conditions for the integration imposed here [a. Karch, A. 0'Bannon 2007]
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Types of embeddings

Three possibilities:

2.0
151
w(r) 4o

0.51

W),

r=pcost(p) = py/1—9?

w = psinf(p) = pyp
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Types of embeddings

Three possibilities:

2.0

@ The brane does not cross the
pseudohorizon — Minkowski
embeddings

1.5F
w(r) 4o

@ The brane crosses the pseudohorizon —
Black hole embeddings

0.51
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Types of embeddings
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Types of embeddings

Three possibilities:

2.0

@ The brane does not cross the

15} pseudohorizon — Minkowski

W) 1ol embeddings

@ The brane crosses the pseudohorizon —
Black hole embeddings
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Types of embeddings

Three possibilities:

2.0

@ The brane does not cross the
pseudohorizon — Minkowski
embeddings

1.5F

w(r) 10;
@ The brane crosses the pseudohorizon —
Black hole embeddings

» Thermal black hole embeddings
» Conical black hole embeddings

0.51

@ Critical embeddings
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Types of embeddings

@ Two phases:
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Types of embeddings

@ Two phases:

» Minkowski phase: gapped insulating phase. Stable mesons can exist
and there is a polarization current, but it is not dissipative:

q=0

Marti Berenguer Mimé (IGFAE) Holographic Floquet states in low dimensions January 2023 12/28



Types of embeddings

@ Two phases:

» Minkowski phase: gapped insulating phase. Stable mesons can exist
and there is a polarization current, but it is not dissipative:

g=20

» BH phase: metallic conductive phase. The mesons have been
dissociated and a dissipative current emerges:

4 42
q#0, qZW(l—wg)
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Types of embeddings

@ Two phases:

» Minkowski phase: gapped insulating phase. Stable mesons can exist
and there is a polarization current, but it is not dissipative:

g=20

» BH phase: metallic conductive phase. The mesons have been
dissociated and a dissipative current emerges:

4 42
q#0, q=(pcp4ph)(1—¢§)

@ The Joule heating plays the role of an order parameter for the
transition.
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Phase diagram (critical embeddings)
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0.4F

03f
— The critical field E. depends on the
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El/m” oo frequency: E. = E.(Q)
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Phase diagram (critical embeddings)

0.4F

0.3

El/m?
|El/m” L
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0.0
0
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Q/m

— The critical field E. depends on the
frequency: E. = E.(Q)

o Critical frequencies: Q./m = 1.4965, 3.5308, 5.5676, 7.5851, ...
— Vector meson Floquet condensates
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Phase diagram (critical embeddings)

0.4F

0.3

B — The critical field E. depends on the
m-
0.2

frequency: E. = E.(Q)

0.1

0.0
0

Q/m

o Critical frequencies: Q./m = 1.4965, 3.5308, 5.5676, 7.5851, ...
— Vector meson Floquet condensates

® Qeson/m = 2\/(n +3) (n+2) =1.7320, 3.8730, 5.9161, 7.9372

[D. Arean, A. V. Ramallo 2006] For the 3+1 case see [Mateos et al 2003]
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Holographic Floquet states

o Critical frequencies: Q./m = 1.4965, 3.5308, 5.5676, 7.5851, ...
® Qeson/m = 2\/(n +3) (n+3) =1.7320, 3.8730, 5.9161, 7.9372

11 13 15 i 9

 |El/m
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Holographic Floquet states

o Critical frequencies: Q./m = 1.4965, 3.5308, 5.5676, 7.5851, ...
® Qeson/m = 2\/(n +3) (n+3) =1.7320, 3.8730, 5.9161, 7.9372

03l __‘____—-——:-Zn‘-—:’:':':_:‘:— 03} _____.——“':’
N 02 o 02 B T
= = T Q/m
= Q/m = — 151
01} — 12 0.1 — 1.65
— 13 — 1.7
— 1.49653 — 1.8
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Floquet supression points
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Floquet supression points
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~ Dynamical localization in driven lattices
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Other results

@ Analytic solutions: “ ,
» Massless case (T'= 0 and ) lﬂ/i o2
T # O) - 0.08
» Small mass solutions (T'=0
and T # 0)
» Large frequency (7' = 0)

@ Angle between j and E
(non-linear conductivity)

@ Photovoltaic optical
conductivity

Re(04)
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Effect of the temperature
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Effect of the temperature

T #0
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Effect of the temperature

T #0

0.4

0.3}

E|/m?
|E|/m 02

0.1}

0.0L

Marti Berenguer Mimé (IGFAE) Holographic Floquet states in low dimensions

— Smaller lobes as

we increase T

January 2023

20/28



Effective temperature

_ 2pch(pe) — QW' (pe)

T =
eff /
2mb(pe) X’ (pe)
201 |E|/m? 20l ]
— 015 ) |E|
15p —0.12
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- — o1 - — 05 — 001
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Future directions
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Future directions
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@ Include backreaction
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Future directions

@ Add chemical potential and magnetic field
@ Include backreaction

o Clarify the nature of the phase transition (Schwinger-Keldysh
approach for open systems?)
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Thank you for your attention!
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Holographic setup

@ Background 10d metric. AdSs x S°

ds = gz (= (r) dt* + d78) + 55 425 + B2 (d6* + cos® 0dO + sin® 0d03)

with
f(r)=1- ("7”)4, T = 5, T :Hawking temperature

@ With the change of coordinates
4
=z (1 +4/1- —f;)
the induced metric on the D5-brane is

ds? = gudt® + gii(da® + dy®) + gppdp® + goad3

where

2 2 2 2
git = _%gh((pﬂ)) , Gii = %h(p) y Gpp = 2 <p% + 11f¢2> )

4 4
gae = R*(1-4%), g(p)=1-"2% h(p)=1+"%

Y(p) = sinf(p): embedding function
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Holographic setup

@ The induced metric on the D5-brane is

ds? = gudt® + gis(da® + dy®) + g,pdp® + goad3

where

2 2 2 2
git = _%gh((pﬂ)) , Gii = %h(p) y Gpp = 2 <p% + 11f¢2> ’

4 4
gae = R*(1-4%), g(p)=1-"2% h(p)=1+"2

Y(p) = sinf(p): embedding function
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