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FINITE CHARGE DENSITY

Interested in modelling charged phases of matter with 2 spatial
dimensions. A minimal set of holographic ingredients:

S = /d4x\ﬁg<R+6 - }F2>
Turn on chemical potential M 4

T-parameter tamily of AdS-RN black brane solutions

at T=0 these solutions interpolate between UV AdS4 and and IR!
AdS, X R’ solution.

Adding more ingredients (e.g. scalars) results in instabilities,
which can be diagnosed using the AdS» factor in the IR. e.g.
superfluids [Hartnoll et. al.] spatial modulation [Donos, Gauntlett]

Stabilise at finite T. Marks a new branch of solutions emerging
at that T, and a potential new contribution to the phase

diagram.



SPONTANEOUS VS EXPLICIT

Spatial modulation can be added manually using boundary
conditions. e.g. [Horowitz, Santos, Tong].

Can exploit design freedom to simplify/gain analytic control, e.qg.
— 5d helical [Donos, Hartnoll] !

— phase of a complex scalar / axions [Donos,Gauntlett][Andrade,BW]
see also talk by Gauntlett, [Gouteraux], [Taylor, Woodhead] and massive
gravity theories [Vegh][Davison][Blake, Tong]

This talk: spontaneous . !
The design freedom doesn't exist - have to solve PDEs. !
Here - want to break all continuous spatial symmetries.



MOTIVATIONS

Possible that such instabilities are generic in holography at
finite density at low enough temperatures. Can't (easily)

control the outcome. Natural to seek phases with no surviving
continuous spatial symmetries.

Modulation observed in condensed matter!

— what is possible holographically?!
— what is dominant?

A step towards determining the ground states



MODEL

4D Gravity + U(1) gauge field + pseudoscalar [Donos, Gauntlett]

_ Loz #0) - B(")
S= d'xv—¢ R_Q(!) 4 —V(") -— 2F/\F
take a 2-parameter model, 11, C;
_sechY™ v (")= _6cosho—  #(")= _°L
(") = sechz\/é V(") = 6cosh\/§, #(") = \/_tanh\/ﬁ
' has a mass m2 = 2

(z,x*") =1 Wz 412 (xM)z2 1 O(z)3

/ \ also deform with

foro =0 withp normal !

operator dualto !,
phase is simply RN

by turning on a
spatially constant | (1)



NORMAL PHASE

2 parameter family of normal phase BHs T/l

* oM fu=0"
corresponds to RN (IR AdS, factor at T=0) ¢(1) /1

R

solutions have IR HSV factor at T=0 in the cases studied

An example : n=0 model. Has HSV solutions:

11evs dz2 |
12442

ds? =
4 Z

5
o= +V3logz+o A=2 1—1z11/4dt log 5

expect e.g. entropy scaling

2/9
st T / 7 -6 -5 -4 -3 -2 -1 O
log T’




MARGINAL MODES

aboutRN( ! =0

0¢ = N(z) coskx 09y = hiy(2)sinkx 0A, = ay(z)sinkx

. . . . [Donos, Gauntlett]
with At modulated at higher orders in this expansion.

Current in translationally invariant direction.

about the numerical | ¥ 0 backgrounds a consistent set
ot fluctuations now include also:

008-

A +(Z,X) = a;(Z) cos kX
Igm (Z, X) — hm(Z) cos kX
19..(Z,X) = h,,(Z) cos kx.

counting indicates two parameter * |
families, e.g. K/ | u oo o5 1o s 20
k/
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002"




The marginal modes indicate branches of spatially modulated black branes.

STRIPES nonlinearly modulated black brane branch continuously

connecting to a single marginal mode, k, preserving
translations | K [Rozali et. al][Donos][B.W.]

CHECKERBOARDS branch connects to two marginal modes!
e.g. K1 L ky

stationary solutions of Einstein equations in a box:

UV Dirichlet
conditions:!

Regular!
horizon
normalisable +

constant sources!

(RSTY

Periodic boundary —

conditions in x,y Z



CHECKERBOARDS

Use the "Harmonic Einstein’ / DeTurck approach !
[Headrick, Kitchen, Wiseman]  Ra/n — R]\Hﬂ\f = Ry~ — Viu!w

§M — QNP(F%P — f%]ﬂ)

work with this (moditied)
system and checking that!'
vanish on any solution.

leads to: 15 fields, Fy, (all metric + gauge field components,
plus the scalar) and equations Ej (F3) =0

Discritise and iteratively solve using Newton-Raphson method.



CHECKERBOARDS

black brane branch which continuously connects to two
marginal modes with momentum ky K,

(Jt)
integral curves!
of (Ji)
k, = k* k, = 0.87 k, = 0.91 k, = 0.925
a large 20
space of '3
ky
. oY 10
solutions,
05
e.qg.
9 0'8.0 05 10 15 2000 05 10 15 20 00 OS5 10 15 2000 05 10 15 2.8'0

kyx /2!



FREE ENERGY

minimise free energy w.r.t. k;, = k, atfixed T
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SUMMARY

e Spontaneously modulated phases appear in holography, natural to
seek those which break all continuous spatial symmetries.

e Distinct physical (and technical) problem to explicit modulation

e Constructed stationary, conomogeneity-three black holes describing

checkerboard phases

T
e Stripe-to-checkerboard first order phase I Normal
transitions. Schematic phase diagram: \
Stripes \\
-~ Checker- '+,
. ~  boards .
* Questions: | o

Low temperatures?!
The larger space of solutions e.g. triangular (c.f. [Erdmenger et. al.])!

Lattice symmetry breaking
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