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FIOLOGRAFRIC SOLBS:
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use massive gravity to describe
strongly correlated materials with
momentum dissipation and
solid type properties
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G

Hartnoll (2009)

O linear response via retarded Green's function: 6 (O 4) = G§A 0,90B(0)

O typical example: electrical conductivity
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O linear response via retarded Green's function: ¢ (O 4) = G§A 0,90B(0)
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MOMENTUM DISSIPATION

Vegh (2012), Davison (2013), Blake, Tong (2013)

O need to incorporate effects of broken
translational invariance

O TRANSLATIONAL INVARIANCE on the
boundary follows from the
bulk

O break the diffeos — use massive gravity
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from massive gravity to elastic response
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GRAVEIGIN M ASS BERIMS

O a unique healthy Lorentz invariant mass term at quadratic level:

2
| e

5= - / d*z /=g ;,{ B+ (i M-“h.,,,,)]

-

Fierz-Pauli (1939)

O changes the gravitational potential / e
/ 4 GyMy &
QD = (

e r
[ fifth force }—

,— Mgt
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GRAVEIOIN MASS BERIMS

0]

O

o

0]

a unique healthy Lorentz invariant mass term at quadratic level:

2
| 0=

5= - / d*z/—g ;,{ R+

-~

(hz h’”’h.,,,_,)]

Fierz-Pauli (1939)

changes the gravitational potential / e
4 GyMy &
(

,—MgT
3 7

=
[ fifth force }——

dRGT theory is the non-linear completion of the Fierz-Pauli theory
de Rham, Gabadadze, Tolley (2010)

Lorentz violating mass term that preserves ((3) rotations:

S Bl SRl O o o T N i SR s
L|J\ : ,N[)h[)” + 21’“]!!{“ T ]“1_)‘/1‘,} + ”".'{/’"H T 3!”1 h-”(}/}-,_,_

Rubakov (2004); Dubovsky (2004)
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GRAVITON MASS TERMS

© a unique healthy Lorentz invariant mass term at quadratic levek:

1 i — o ‘
S=- /d'_r V=4 {AH J (A — K" hy ) |
2 | Pauli (1939)

& | Ferz-Paul

o h n 5 h 1 . ent (!
changes the gravitational potentia IR suppression
| G,\- .11[1 —= T3 r"L
— —_— g

Q===

o i v
fifth force %

o dRGT theory is the non-linear completion of the Fierz-Pauli theory
de Aham, Gabadadze. Tolley (2010)

O Lorentz violating mass term that preserves ((3) rotations:

2hia gty i o e e
Liv.azsnohge + 2myhg, — mshj; +m3hi; — 2mghooltis
4

Rubakov (2004); Dubovsky (2004)
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STUCKELBERG SCALARS

i 2 1 o8 7 p 23 /& i
Lu =1m /-’.-“I h“’h ('](“;,;Jl”._l‘f}] e _}l'u_(\j'](]/’“)

Qully auxiliary reference metric that encodes the symmetries of the
graviton mass term:

o a metric like f,, = diag(—a,b,b,b)gives an O(3) invariant mass term
O Parametrize the auxiliary metric with scalars: | f,,, = 0, 020,02 fap

LA e ' AT g [ ¥ v V]
r fields rou Drye= g recovers fap = fuy 04058
On the scalar fields background { ¢ s 5”‘ one recovers [ £ids0
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VigG A IREGRIES =

LA, Baggioli, Khmelnitsky, Pujolas (2015)

2 = dr? /’(r)er F dz? 4 (‘/.'uz)
st =L°¢ e :
s Fr)r2 13 )
t,x" — coordinates on the boundary
r — the holographic direction
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viosa) IREGRIES =

LA, Baggioli, Khmelnitsky, Pujolas (2015)

., . Ir? - f(r)dt? + dx? + dy?
152 = L2 | — L '
i (f(,),z 35 .1.2

t,©' — coordinates on the boundary

r — the holographic direction

O in order to only give mass in the transverse d|rect|ons z' and to preserve
the ¢, 7 diffeos use TWO SCALARS ¢’ with (¢ ) = & 2

O introduce an internal O(2) symmetry for isotropy

THE MASS | f\CI'{/\I\JGI/\N IS A FUNCTION OF POWERS OF THE MATRIX
' = g"9,¢' 0,4’ WITHALLTHE INDICES CONTRACTEDWITH d;;

: 1
a2 X 2 matrix —p | de ntractions: X = —tr Ths e 7 v et E 2

Final mass Lagrangian: md% =+ —dg V X Z
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ERTS FORSOLIDS AND ElL DS

Leutwyler (1993); Dubovsky et al. (2005, 2012), Nicolis et al. (2013)

O describe the low energy behavior of fluid and solid systems in d 4+ 1 dimensions
by d scalar fields ¢t (z*, 1)

O introduce internal symmetries to recover long scale homogeneity and isotropy

O spontaneously break these by the equilibrium configuration: <<,.u> > =0; T

(TH[ FIELD EXCITATIONS 7/ (/) = THE GOLDSTONE BOSONS )

\ ? : : ; ~1.J J ‘ L
O MASSIVI \VITIES written in terms of Z'7/ = gt (.),,_(;/_:-’ 0,0 give

Pirsa: 18060031 Page 15/49



ERTS FORSOILIDS AND El UIDS

Leutwyler (1993); Dubovsky et al. (2005, 2012), Nicolis et al. (2013)

O describe the low energy behavior of fluid and solid systems in d 4+ 1 dimensions
by d scalar fields ¢! (z°,1)

O introduce internal symmetries to recover long scale homogeneity and isotropy

O spontaneously break these by the equilibrium configuration: <(.:,> > =0; T

(THE FIELD EXCITATIONS 7/ (") = THE GOLDSTONE BOSONS )

o MASSIVI \VITIES written in terms of Z'7/ = .q’“’('.),,_(;/_;’('.),,.qf)" give
FLUIDS SOLIDS
volume preserving rotations and constant
diffeomorphisms shifts
[ 7 7 ) 4]] ; 3
(I;)’ o '{,-"’"'(q.:‘“)'j) : det L;(ﬁf,w — (;)I — '(,f.’Jr - ()!{, (/)J el
»(fuids r ~1J »(solids r A o
gl 1 (det 0 ) i (tr i e )
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MASSIVE!

Split the mass term as

» 2 - 2 r
L=t U2t V(X T

solids

and look at the homogeneous transverse traceless metric perturbation
h = {h4, hy} on the black brane. The EOM becomes:

: b . w2
[f'f)ff iz (f’ = zf) 0 (“j — 4m2 ., M2(r) ; )] h=0

where M?*(r) o« r” — a mass function, depending on the potential.
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MASSIVE!

Split the mass term as

Lonnss = mé .1 . U(Z) Hm? v X, Z)

s()llc]s

and look at the homogeneous transverse traceless metric perturbation
h = {h4, hy} on the black brane. The EOM becomes:

[-ff.)f = (f = 7}[) O, + (j - J:JHWIHIJ\[ (7 );j )] T

where M?*(r) o« r” — a mass function, depending on the potential.
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STANDARD ELASTIE T Y

O under applied stress material points move: u; = @} — x;
‘ e :
O the corresponding uij = 5 (Osu; dju;)
Y e T
related to the sti as: 0, = 2uu,,

elastic waves = propagation of the deformation u; inside the medium

[ . £
the non-relativistic sound speed | ("-.?fn ]
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STANDARD ELASTIE|TY

O under applied stress material points move: u; = @} — x;
‘ I ,
O the corresponding wij = 5 (Oiu; + Oju;)

(=L ’ ()
e i : S SR e
related to the S e, L.

elastic waves = propagation of the deformation u; inside the medium

the non-relativistic sound speed | ("-.rfn ]

O the analogue of mechanical deformations: 7' = ¢' — (¢')

O the analogue of deformation tensor: /7 = : (0'n” + 07 n')

O find elasticity as (S'T(’r]'f} = 2u "“-'(I"I{) and the transverse sound:
‘) 1.' - - .
cr = ir the relativistic sound speed J
E+D
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Wy AR T@) B REC R (I
BOUNDARY?

O the standard CM phonons

O two types of sound waves: the longitudinal and the transverse

4
K+ 3 o)
= - ; (6

B ol _g+p

~ o

~ho

¢

K — the bulk modulus describing the change in volume
[t — the shear modulus describing the change in shape

O holographic fluids are well-studied; holographic solids are new
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Wy AR T@) B REC R (I
BOUNDARY?

O the standard CM phonons

O two types of sound waves: the longitudinal and the transverse
K 1 i

—_ Cr — /L (

B ol _g+-p

~ o

~ho

¢

K — the bulk modulus describing the change in volume
[t — the shear modulus describing the change in shape

O holographic fluids are well-studied; holographic solids are new

GOAL: transverse phonons; shear sound; elasticity
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Vv AR @) B REC IE CIIN
BOUNDARY?

O the standard CM phonons

O two types of sound waves: the longitudinal and the transverse

4
K+ 3

—_ - — /L (

S _g+p

~ b2

~h

¢

K — the bulk modulus describing the change in volume
[t — the shear modulus describing the change in shape

O holographic fluids are well-studied; holographic solids are new

GOAL: transverse phonons; shear sound; elasticity

See also: Esposito, Garcia-Saenz, Nicolis, Penco (2017)
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ELASTIC Y nADSICIHMT

LA, Baggioli, Khmelnitsky, Pujolas (2015)
LA, Baggioli, Pujolas (2016)

MAKE THE IDENTIFICATION

1
Uij €D 7hij |

P}

o, &> (1)

ADS/CMT PRESCRIPTION:

O gives boundary stress-tensor in terms of

retarded Green’s function
m - R 4 - -~ R
R TR SR Y — S S

O analytic expression for m /T < 1:

Page 24/49
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ELASTIC Y nADSICIMT

LA, Baggioli, Khmelnitsky, Pujolas (2015)

MAKE THE IDENTIFICATION

|
Uij €= 7hij

oij &> (1ij)

ADS/CMT PRESCRIPTION:

O gives boundary stress-tensor in terms of
retarded Green'’s function

T..) = GR % o L OR
(l"-.'l> — ‘ffl"j T:; h"?_'} — G = —Re 97‘,‘_,— T

O analytic expression for m /T < 1:
1’(43() S )(-n.

08
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LA, Baggioli, Pujolas (2016)
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transverse phonons
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GOLDSTONEBOSEONS

O SPONTANEOUS SYMMETRY BREAKING: a massless Goldstone boson
O add explicit breaking: mass gap R

O add dissipation: non-zero decay rate | w® + il'w = wy + 7 k° |

O dueto T # 0 there is also a tower of thermal excitations in the spectrum

O if A isthe typical scale of the system then we need

W 11
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EXPLICIT vs. SBONTANEOUS

HOW TO DISTINGUISH, GIVENA TV (X) = X"
O NAIVELY: graviton mass Iis the ‘order parameter’

O QUANTITATIVELY: source vs. expectation value in the
boundary expansion

¢! (z#) = (b'{n)(t, z*) + (Z)E-rl)('t, e S

By setting ¢/ = 2/, we are ‘turning on’ ¢/, ;
i/ =

. . J
the interpretation, however, changes at ;, — > !

mq(u'

spontaneous

explicit
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EXPLICIT vs. SPONTANEOUS

HOW TO DISTINGUISH, GIVENA V(X)) = X"

mq(u'

O NAIVELY: graviton mass Iis the ‘order parameter’

spontaneous

O QUANTITATIVELY: source vs. expectation value in the
boundary expansion

¢! (z#) = (b'{n)(t, z*) + (Z)E-rl)(t, A S

explicit

\\ uv

1

By setting ¢! = 1!, we are ‘turning on’ ¢

Lo
(0) .
the interpretation, however, changes at ;, — - !

O EXPLICIT: V(X)=X
O EXPLICIT + SPONTANEOUS: V(X) = X + 8X°
O SPONTANEOUS: V(X) = X°
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QUASI-NORMAL MODES
IN HOLOGRAPRHY' o sames e

O GR: QNMs = solutions to eom’s for metric fluctuations around BHs +
ingoing wave bdy conditions =g complex eigenfrequencies

O IN DUAL THEORY: complex frequencies = dissipation = poles in the
retarded Green's function

Onearthe AdSbdy z=— —0:  (2) = A(w, k)25~ + Blw, k)25

|

Th | (leading) (sub-leading)
. ' ‘avV B
O prescription for correlators:  (OQO) 5 ~ 7
'Dirichlet bdy conditions ¢ 3 QNMs correspond to the
A=0 poles in the Green'’s function
in the bulk _f in the dual QFT
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(STANDARD) MASSLESS CASE

Kovtun, Starinets (2005)

o

<&k

/‘n
/\“
A
—
F-9
[ ]
L%
-

e | £
M| >

O in hydrodynamic limit:
O scalar channel (tensor): no poles e

O shear channel (vector): diffusion of
transverse momentum

‘Sé Im
w = —ilk? |
O sound channel (scalar, longitudinal): e '_1 S o
oscillatory momentum relaxation
w(k) = ek — il k2
O the higher QNMs at k = 0: : 5| Imw

Wy ~ 2mnT
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MASSIEESS PEICINGINS

LA, Ammon, Baggioli, Jimenez, Pujolas (PRL 2018)
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MASSLESS PHONONS

Im[ew]/T Re[w)/T
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SQUND SPEED

LA, Ammon, Baggioli, Jimenez, Pujolas (PRL 2018)
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MASSIEESS REICINGINS

LA, Ammon, Baggioli, Jimenez, Pujolas (PRL 2018)

Im[w)/T Re[w)/T
: . X Re[w]/T e
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Massless, well-separated mode with linear dispersion relation—
transverse phonon!
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SQUND SPEED

LA, Ammon, Baggioli, Jimenez, Pujolas (PRL 2018)
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non-linear elastic response
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FINITE DEFORMATIOINS

LA, Baggioli, Cancer Castillo, Pujolas (to appear)

O Pick a background configuration AWAY FROM EQUILIBRIUM:
¢’ = 0Lt | Of £ 8%
O WHEN is this perturbatively stable?

o =t Ll Lt e gy T gl el G o g

(longitudinal) (transverse)

O check at the level of quadratic action...

Pirsa: 18060031 Page 38/49



FINITE DEFORMATIOINS

LA, Baggioli, Cancer Castillo, Pujolas (to appear)

O Pick a background configuration AWAY FROM EQUILIBRIUM:
¢’ = 0Lt | Of £ 8%
O WHEN is this perturbatively stable?

o =t Ll Lt e gy T gl el G o g

(longitudinal) (transverse)

O check at the level of quadratic action...

\ G ‘ N/ 3 ! . 2 O NT . . 2 7 2
‘552 = / d°z {\’Jﬂff* =+ :‘\'/WL + 2N 7L — r‘.:r(();ffﬁfl‘)

o0, S DR Ry (Y :
5 fl?,(():rfﬂ.f‘)ﬂ e 2("[‘]__():JTWVT):J'WL:I
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FINFTE DEFORMATIOINS

LA, Baggioli, Cancer Castillo, Pujolas (to appear)

O Pick a background configuration AWAY FROM EQUILIBRIUM:
¢’ = 0ia? | Of £ 8%
O WHEN is this perturbatively stable?

ot =t Ll v m e G R gy ek =l G o n

(longitudinal) (transverse)

O check at the level of quadratic action...

e . Afp et FE ) S N o, 5
053 = / d’z [-\"Iﬂfiw + Np77 + 2Ny 7r7p — ¢ (0p7r)
2 (; IEB GO ‘
B (‘It(();]:‘ﬂ’f‘) e 2("’["__();]:.Wr[-'()‘-!-rﬁlj

o)  ghosts: positive kinetic eigenvalues

O No gradient instability: after Fourier transform, demand the positivity of

[is—elike gl o= )
O No superluminal propagation: *"’i <
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EIE POVVER OF CONSIERAINTS

LA, Baggioli, Cancer Castillo, Pujolas (to appear)

TAKE A BENCHMARK MODEL:  V (X, Z) = peq X4 Z(B-A)/2

2.2

2.0

1.8¢

1.6}

1.4

1.2

1.0}

0.8 ' ; . ' :
=02 00 02 04 06 08 1.0 1.2
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LEIE POVVER OF CONSIERAINTS

LA, Baggioli, Cancer Castillo, Pujolas (to appear)

TAKE A BENCHMARK MODEL:  V (X, Z) = peq X4 Z(B-A)/2

2.2

R 2.0t
" gradient
. . 1.8¢
| instability ™~
L w . Y
. e |_—"superluminality |
1.4} E S R
f .
] grad|ent)
1.2} | instability
1.0 "~
r——— e
| no-ghost IAJ 00 02 04 06 08 10 1.2
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BULKAND SHEAR STRESS

O FOR SMALL DEFORMATIONS
Thn — (!J+®ETA;A:)f’55_; )@< a;uki.)

LY
(bulk modulus) (shear modulus)

O consider a configuration
i ((-/,y> Qo e 4

Page 43/49
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BULK AND SHEAR STRESS

LA, Baggioli, Cancer Castillo, Pujolas (to appear)

O FOR SMALL DEFORMATIONS:
.r,rL kk )

Th“ = p+@ M)(’),}JrZ@(

¥
(bulk modulus) (shear modulus)

O consider a configuration

dr = (W”) = _ - (;{/)

(@)
O NON-LINEAR shear stress:

O ACOUSTOELASTIC effects:

Page 44/49
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STRESS-STRAIN CURVES

g
Polymer single-crystal fibre
3
P
2
i
E
“
Glassy polymer 2
Semi-crystalline polymer
‘/77*-\.\\ -
—— 1
e Elastomer
Strain
Schematic stress-strain curves of different types of polviners, drawn approximately
to scale. o) * €
0.5 1.0 15 2.0
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BULK AND SHEAR STRESS

LA, Baggioli, Cancer Castillo, Pujolas (to appear)

O FOR SMALL DEFORMATIONS:
.r,rL kk )

Th“ = p+@ M)(’),}JrZ@(

¥
(bulk modulus) (shear modulus)

O consider a configuration

dr = (W”) = _ - (;{/)

(@)
O NON-LINEAR shear stress:

O ACOUSTOELASTIC effects:
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UNIVERSALITY?

P T ————

Maximum strain in the Scaling of the non-linear stress in
> s

small A limit | the large strain limit
‘ (B — 1) / | a(e) ~ & 0T () ~ o?B
Emax = \/2 T TR ‘
A |
E‘max
5
4

w

L]
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FINALLY

O Massive gravity on AdS black branes describe solids and fluids

O Solid-type theories are viscoelastic — both, viscosity and elasticity are
non-zero

O There are dynamical transverse modes in the boundary theories dual to
the solid type bulk theories

O The transverse sound speed is related to elasticity as expected from
standard elasticity theory—these lowest energy modes are thus the
Goldstones of the spontaneously broken translational invariance.

O EFT methods useful for non-linear elastic response: acoustoelastic effects,
maximal strain etc.
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ELASTIC Y nADSICIMT

LA, Baggioli, Khmelnitsky, Pujolas (2015)

MAKE THE IDENTIFICATION

|
Uij €= 7hij

oij &> (1ij)

ADS/CMT PRESCRIPTION:

O gives boundary stress-tensor in terms of
retarded Green'’s function

T..) = GR % o L OR
(l"-.'l> — ‘ffl"j T:; h"?_'} — G = —Re 97‘,‘_,— T

O analytic expression for m /T < 1:
1’(43() S )(-n.

08
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LA, Baggioli, Pujolas (2016)
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