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Holography

Boundary QFT
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- Temperature

- Charge

- Magnetic field
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A typical example
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What do we get on the other side?

A QFT with a conserved U(1) current in presence of an external gauge field

Hydrodynamics of
the gauge sector

0, TH

9,J" = 0.

- w=—iDk*

ForJ,

Diffusion of
conserved charge




s this everything we can do?

Unsatisfactory in
many physical -
situations

DYNAMICAL GAUGE FIELDS
COULOMB INTERACTIONS
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Fancy Maxwell’s equations

Generalized global symmetries and dissipative magnetohydrodynamics

Saso Grozdanov, Diego M. Hofman, Nabil Igbal

Electromagnetism without gauge symmetries

The true global symmetry of U(1) electrodynamics is Qv
actually something different. Consider the following an- v [ J — O ‘
tisymmetric tensor

1
JHY = —gt¥Po F . (1.2) 7 2 1% po
2 VT = H" J*,

It is immediately clear from the Bianchi identity (i.e. the

absence of magnetic monopoles) that V,J#*” = 0. This ,
is not related to the conservation of electric charge, but On/y glOba/ symmetries

rather states that magnetic field lines cannot end. Better for hydrodynamics, etc...



Magnetohydrodynamics from holography

Generalised global symmetries in holography: magnetohydrodynamic waves in a strongly
interacting plasma

Saso Grozdanov, Napat Poovuttikul
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H=dB, B — B+dA

Short summary:
the standard thing but with

; v a higher-form &




What do they get?

Relativistic magnetohydrodynamics

Juan Hernandez, Pavel Kovtun

A QFT with a dynamical gauge field (dynamical E, B)

Alfven waves Magnetosonic waves



Our questions/results

| | DEVIL ..,
1. Where is the trick ? THEDETAILS

2. Do we really need this fanciness ?

=

4. Magnetohydrodynamics from holography (no dress code)

3. Is there another solution ? Yes! (£

The story of today ...




Field theory break |

Let us start by considering the generating functional Z|g,,,. A,]:

.. 1
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Field theory break Il

1

St ot = S| Gy Ayl + /dgm\/—g —BFQ + A, JLs|

Maxwell kinetic term + Legendre transform (coupling to external current)

a =)

1
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MAXWELL EQUATIONS




Field theory break Il

Vo (T + TE) = F Jexan V. JE =0,
1
T = V" + Jh =0, ePVV o F5, = 0,
UV 1 Lo TV 1 2 v
Standard electromagnetism Tem=~F"F,—~<F"g

A

4\




[more details later] O I d b ut gO | d [Witten, Marolf-Ross, ...]

Boundary asymptotics : A, (r,t.7) ~ AP (t,7) + AP (¢,7) r' P,

r—00

4 N

Qv A/(lf)) (t, %) + B Al(}) (1.8) = hxed,

- J

MIXED BOUNDARY CONDITIONS

/B — O — LCFT -+ /ddaﬁAfLO)J'u
standard



Back to the higher-form trick

arXiv:2010.06594 [pdf, other] @B 10.1103/PhysRevD.103.026011
ﬁ . . . o . o
Generalized symmetries and 2-groups via electromagnetic duality in

AdS/CFT
Authors: Oliver DeWolfe, Kenneth Higginbotham

Gravity Field Theory

Electric Gauge Field Regular BCs

P — Global U(1) Symmetry

Alternate BCs
Electromagnetic :
duality l l Gauging

Magnetic Gauge field Dynamical U(1)

B E— gauge field

Regular BCs

Hodge dual in the bulk
does not preserve the
boundary conditions !!

It changes them from
Dirichlet to mixed

Higher-forms are just a
fancy way to implement
mixed boundary conditions



On the shoulders of giants

1 5Son—s e
[ — —9,F* +Jk =0, TI* = pell — /=g F™H
) JA,

Our mixed boundary conditions

57 (L) _ (L) n 7(5) * Lambda parametrizes
! the EM coupling

 Notice the factors of
L F S
SJL = Wr-K) 2 + A 2. (WA2-kA2)

/ [back to this later]




Re-discovering the known

2 2 2 2 2 2
EZQT,%J.MThJ.B.LB pzrikurh—BB—B
2 27“h 2\ 7 4 47“h 2
B? ) 1
Tyy = (P+— =~ F
am = |2t # P 17, =
< Hm H 4\
Thermodynamic and mechanical Maxwell theory in 2+1 is scale invariant
pressure are not equal but not conformal invariant !!

What Maxwell Theory in D<>4 teaches us about scale and conformal invariance

Sheer EI-Showk, Yu Nakayama, Slava Rychkov




Magnetohydrodynamics

Step 1: EOMs

Step 2: constitutive
relations

Step 3: dynamical
matrix and QNMs

Vo (TE + TE) = FY Jexin V. JE =0,
1
h= V" + JE. =0, 1V Fs, = 0,
THY = euMu” + p A" + iJ-CWF’/7 + II* .
g = pu“—V,ﬂ{W == I/’u7 %“”::lF“’/—Mr/ﬁ/,

A

M(w, k) -s4 =0, det M(w,k)=0.

sa = {0T,6u="Y SE=%Y §B}




Zero density and zero B

( ,0) k2
wlw+1— | =
€e €e Um

O #]

: 2
. Op/op "

W= —1

“EM waves”

We see the effects of
polarization and screening
(dynamical EM in matter)

Damped charge diffusion




Screened EM waves

k/T k/T

The photon is screened (skin effect). @ Numerical data (QNMs)
Just solve it for real w and complex k

and back to standard textbooks results — 1% order hydro



Zero density and finite B

All dispersion relations remain of the same type
but the coefficients are strongly modified by BA2

W =— ITUms k / kQ

Magnetosonic waves

[sound mode carries magnetic flux now]



Zero density and finite B
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Figure 2. Dispersion relations of the lowest QNMs at zero density (u/7 = 0) and B/T? # 0. Top
and bottom panels are respectively for B/T? = 0.5, 1.



Finite density and finite B

; N
(8) e 49 0
e dp De op 9 9 Hm P
g !(('()_T)/‘*B(")_/‘)T.B ; <f()_f‘>T.B<W),1.B] e )
- Longitudinal diffusive mode

- Shear diffusion becomes sub-diffusive
- EM waves and sound modes couple together (4 non-hydro modes)

2 2
d 2 ' 3 S B 2 2 .
wlw+i—)—-08 = — ; ‘)2_1/_10 2 — B2) 4+ w2 (2(e + D)o — icaN] .
[ ( €e> p] €2 Ui (€ + p)? 7~ e ) (2(e+p)( w))]
0.25¢
where €1, is the plasma frequency Zj:
0,2 0.
™ 010
2
QQ — P 0.05-

P €e<€ —|—p) . 0.00:




Finite density and zero B

. O €
(0'2/6 > 492 - small density) . = —Z—Q2 w = —3— + z—eﬂg,
€Ee o
g
(0'2/62 < 4912, ; large density) : w = £ Q, — i 50
€e
Small density : overdamped modes
Large density : underdamped modes
Finally, setting all the dissipative coefficients (e.g., o = 0) to zero, one finds
k2
sound waves — » w? = QZ% + 02 k?, W2 = Qg + . <— EM waves

€e Um
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Figure 3. Dispersion relations of the lowest QNMs at finite density (u/7 = 0.5). Top and bottom
panels refer respectively to B/T? = 0, 0.5.
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Unscreened photon
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Figure 15. The emergent propagating photon at zero density, zero magnetic field and zero EM
coupling \/T = 0.

In this limit we are decoupling the photon from matter
[no screening, no polarization]: emergent photon

This can be derived analytically [see paper]




Summary of part |

Maxwell + mixed b.c.s. magnetohydrodynamics

[no need of fancy higher forms, sorry]
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Building a Holographic Superconductor

Sean A. Hartnoll, Christopher P. Herzog, and Gary T. Horowitz
Phys. Rev. Lett. 101, 031601 — Published 14 July 2008

Close enough but not!

That and 99% of holographic
superconductor papers do not
describe a superconductor !!




Making a real holographic superconductor

[Many authors ...] e
O.6§-
0.5
Holographic Superconductor Vortices 04

0.3
0.2
0.1,

Marc Montull, Alex Pomarol, and Pedro J. Silva
Phys. Rev. Lett. 103, 091601 — Published 26 August 2009

Holographic Meissner Effect

Makoto Natsuume, Takashi Okamura




SUPERFLUID

1938 Kapitza

Neutral particles

Frictionless flow

Goldstone mode
(second sound)

SUPERCONDUCTOR

1911 Onnes

Charged particles (electrons)

Flow of current without resistance

Massive gauge field — Meissner effect
(Higgs mechanism)



Superfluid Ginzburg-Landau effective theory

Complex scalar order parameter

¥ = |¥(r)e 0

Phenomenological: b = (1T —T,)

Higgs mode BSOS

FIU] = Fa(0)+ [ & [alVOP+ouf+ S o)

2|b|v?
Higgs mode: w? = bl - 02k? Goldstone mode: w? = v?k?

a



Superfluid Hydrodynamics
Conservation law: au J'u = () Superfluid velocity: Ugp = —V¢

Constitutive relation:  JV¥ = p uf + p, ug — o, T A" 0, (u/T) + ...

Josephson relation: % Oy Up — — Vi+EpsVV- Up T+ ...
* Sound mode U2 = Ps
H Xpp
* Infinite conductivity .
1 Ps
) ) 0O = Oyg + — —
* Extended with momentum-energy conservation w WY

* Matching exactly the holographic superfluid model arXiv:2107.08802



Superconductor Ginzburg-Landau effective theory

1
L=a(d,+iGA,) T (9" — iGA") T* — b| T2 — g ol - S

b? i} 1
U =Ty +0¢, (¢<¥y) LZaﬁm3“¢—2\b!¢2+2—c+[aq2\11(2)14u14ﬂ—EFQ

E

\ W (1) No Goldstone !
| . A .
Higgs (amplitude) (2) Massive photon:
mode
\\\\\ / ,/’,, 1 2 U2
S i pv . -
\\ Andersqgn-Higgs ,/' 8,UF + )\2 A" = O’ )\GL T 2a Z\PZ \
\\ mechanism // GL q 0
\‘\ /’/NG mode
Vol K Anderson-Higgs mechanism




Holographic superconductor For Rea‘

Same bulk action as for the holographic superfluid model

1
Shulk = /d4x\/—g [R +6 — ZF2 — |DU|* — MQI\IJP]

but different boundary conditions !!

2 )
z(L)  w_ ) 1 w () y(L) _ Wk w1 (s
Odexi = _XZA:E 622 — kzz 0Jext Y Zy, — —52a,

Already considered in several papers (seminal works: 0906.2396, 1005.1776)

Our focus: collective excitations!




Transverse collective modes
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Figure 4. The dispersion relation of the lowest collective modes in the transverse sector for different
values of the reduced temperature 7'/T,. = (1,0.999,0.998) (red, green, blue). Symbols represent
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Perturbative analytical results

1 S —
Holographic Meissner Effect s %

Makoto Natsuume, Takashi Okamura 1-5:‘ % LY
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Longitudinal collective modes

For small wave-vector (very phenomenological)

w(w+ic+iTk®) =V k> +m®, w+4+iQ+iDgk”=0
Superfluid sound mode Superfluid amplitude mode

03f " o ] 0.3} S ] 0.3}

02 /W(R) ! o2t 02

0.1 senssessses | 0.1 0.1 O.)(R)
Re[w] [ 1 Rel[w] [ Re[w] [ ]
T 0.0t = T 0.0le-0-0-0-0-0-0-0--0--0-0-0-0-0-0-0—— T 0.0/0-0-0-0-0-0-0--0--0--0-06-0-06-0-0-0——

0.1 =y et -0.1f , =01 /W(R)
-0.2} W(R) -0.2| \w ] -02 % . PO
-03] ? 03} (R) ‘ ] 0.3 ‘ ]
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8

k/T k/T k/T

0.00f

—0.05“{*"‘-‘—**‘*\

~0.10 W)




The fate of the superfluid sound mode
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Figure 13. Coefficients appearing in the dispersion relation (6.2) as a function of the reduce Sound mode (09032209)

temperature for A = 0.1,0.2,0.3 (red, orange, yellow). Solid lines represent Eq.(5.11) for & and
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Figure 15. The dynamics of the Higgs imode as a function of the reduce temperature. The black
dots encode the fluctuations of the amplitude of the order parameter close to the critical point.

Amplitude mode



VS holographic superfluids

Results from
1207.4194

Overdamped to underdamped crossover
but totally different dynamics !

(1) The massive mode at low Tis a
non-hydro pole which becomes soft: O

(2) Always a hydro mode: O




Higgs mode at low temperature
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Figure 18. The dispersion relation of the Higgs mode at low temperature: T'/T,. = (0.15,0.21, 0.25)
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GL theory, Eq.(6.9).



Overdamped to underdamped crossover
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Higgs mass
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Summary of part Il

Hol. superfluid + mixed b.c.s. Hol. superconductor




Gauge symmetries in the boundary field theory
Dynamical gauge fields at the boundary

Many applications (cond-mat, plasma physics,
QCD, MHD, cosmology)

Relation with bulk higher-form symmetries






R First application

Building a Holographic Wr

Sean A. Hartnoll, Christopher P. Herzog, and Gary T. Horowitz
Phys. Rev. Lett. 101, 031601 — Published 14 July 2008

Making a real holographic superconductor (2009)

[Many authors ...]

Example.

Holographic Superconductor Vortices

Marc Montull, Alex Pomarol, and Pedro J. Silva
Phys. Rev. Lett. 103, 091601 — Published 26 August 2009




Recent application

High Energy Physics - Theory

[Submitted on 15 Dec 2017 (v1), last revised 26 Nov 2018 (this version, v4)]

Holographic Plasmons

UIf Gran, Marcus Tornsd, Tobias Zingg

Maxwell equation

Continuity equation e(w) =1+ Sarderi) _
(Drude model) &
plasmon
w? = wy + ¢tk ‘* -
. 2 k c/wp




See also

Holographic Meissner Effect

Makoto Natsuume, Takashi Okamura

The holographic superconductor is the holographic dual of superconductivity, but there is no Meissner effect in the standard holographic superconductor. This
is because the boundary Maxwell field is added as an external source and is not dynamical. We show the Meissner effect analytically by imposing the
semiclassical Maxwell equation on the AdS boundary. Unlike in the Ginzburg-Landau (GL) theory, the extreme Type | limit cannot be reached even in the

e — oo limit where e is the U(l) coupling of the boundary Maxwell field. This is due to the bound current which is present even in the pure bulk Maxwell
theory. In the bulk 5-dimensional case, the GL parameter and the dual GL theory are obtained analytically for the order parameter of scaling dimension 2.
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Zero density and zero B

l .
= +u, k ® k2 = k2
‘))) W v ik, W Ze—l—p

where v2 = Op/0e and 'y = n/(e + p).

The stress tensor Nothing
sector is “trivial” 4 new here '
since decouples ‘ Sorry &



Zero density and zero
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Hydrodynamics breakdown
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Figure 16. Top: Speed and attenuation constant of magnetosonic waves. Bottom: The diffusion
constants of shear and magnetic diffusion. The colors correspond to A\/T" = (0.1, 1, 10, 1000) (red,
green, blue, purple). The insets are a zoom in the low magnetic field regime.

We see a failure of the hydro
description only at large
magnetic field together
with large EM coupling.

We suspect the problem is
the EM coupling
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in which JE = pput+v* and JL =V, M. JE_ refers to the current of free charges

while J{)‘Olm 4 incorporates the polarization effects. We can decompose the polarization
tensor M"™ and H"” with respect to fluid velocity as

M! = Phu’ — PYul — P u,M

v v Vi v (2'19)
HY = o DY =’ DV — Py, H

and can also be identified with M{" = 20pm/0F,,, H" = 20p/0F,,. In (3+1) dimen-
sions [50], the magnetization M in Eq.(2.19) becomes the magnetic polarization vector
M*#. The electric polarization vector P* and the magnetization M are associated with the
electric field E* and magnetic field B via the susceptibilities (xgg , xBB). 1-€.,

P! = ygprE", M = xpBB, (2.20)
with 9 9
pm pm
0B = 2—— = B . 2.21
XEE DE2 " XBB B2 ( )

The physical meaning of D" and H are the electric displacement vector and
the magnetic H-field. This can be seen by re-writing Eq. (2.18) in terms of H"”

VI = JE

free

+ JE

ext °

(2.22)

Eq.(2.20) implies that D* and H are also proportional to the electric and magnetic field
E" and B via the following relations

1

1
Dt=IEF+P'=cB*, H=

1
—-B—-M=—B, 2:23
A Hm ( )

in which we have defined the electric permittivity ¢, and the magnetic permeability jiy,.

Using all the previous identities and definitions, we finally arrive at the following identities
1 1 1

XEE = €~ 7, XBB= 7~ 7, (2.24)

Hm
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the superconducting energy gap A via

oo ~ e AT A=1/(09)/2,



