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Phonons as goldstone bosons

/ﬁm'\ lim E(k) = 0.
k—0

/ wp = crk, wp = cpk
Kl Shear sound "sound"

GOLDSTONE FOR

PHONON = TRANSLATIONAL SYMMETRY

Old school EFT

L= &b = 300,606 = 3+ 3K) 0660
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Elasticity

C'

ELASTIC | qer Stress

Bulk modulus Shear modulus
K H

Strain tensor — Stress tensor
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Gapped and Damped Goldstones

[GOLDSTONE THEOREM (G|p(r.1)[Q2) # 0.

GOLDSTONE BOSON  lim E(p) = 0.

Relativistic setups : | W = U P PSEUDO - PHONONS

Now add a small
Explicit breaking

H — H + 7‘[}33
Example: PIONS

See also Niko's and Daniele's talks

Mass gap ( pinning frequency ) Damping (relaxation rate )

Both have to be small compared to the typical energy scale !!



Implications on (electric) Transport

Purely spontaneous o(e)
[)2 Drude story
o = 0 A O(w)
Xpp -
Purely Explicit —
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"Solid"” Massive gravity EiaEERE
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S = /d4$1/—g 5 (R‘|‘ lg) —THQV(X)
X=oufV], 1VY=060 pl = ¢l
— itr[ ] ; — FL@ (b ; qb — 5%' T
LORENTZ VIOLATING VS fluid
HOLOGRAPHIC MASSIVE GRAVITY Massive gravity
Used a lot to implement momentum dissipation 7 = det {I”}

(explicit breaking of translations)
Is it just that??

Radially dependent graviton mass
(gauge inv. Order parameter)

arXiv:1510.09089




Explicit + Spontaneous (part |)

mg (u) We want to localize the graviton

Mass in the IR (close to the horizon)

Example : V(X} — X + .,BXE'
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Large "beta” Realizes that !!
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The Transverse (Pseudo)-Phonon EN &I
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A light and well separated mode
appears in the transverse excitations

TRANSVERSE (GAPPED AND DAMPED) PHONON




The Gapped and Damped Phonon

Re[w]/T
4

/ At small m/T we have
Gapped

* phonon (R.E[L{JDE =+ k™,

\ / (lg = 2 :I: 1{]_4

We can fit and get:

/ \ The mass gap W)
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The speed 9

Shear sound !!
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Shear Sound and Elastic modulus

Shear elastic R
modulus : (T;) = gl i Ti 71.: = RPGT T

SHEAR SOUND SPEED (2. — b arXiv:1601.03384

XPP
e Xpp = Ioo + 1,
Good agreement
' \ (but not perfect...)

See also :

\/_ arXiv:1708.09391

o1l We will improve it...
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Electric (transport)

arXiv:1411.1003

2.5}

2.0

1.5}

1.0

0.5

oDC
3.0

T,
> .

"Pinned"” response

Pseudo phonon !!
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Purely Spontaneous (part Il)

mg(u)

M?(z) = m*Vy
spontaneous
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THE TRANSVERSE PHONON
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THE TRANSVERSE PHONON
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SHEAR SOUND AND ELASTICITY
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(ELECTRIC) TRANSPORT |
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HOLOGRAPHIC SOLIDS !!!
(VISCO) ELASTIC HOLOGRAPHY
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We have an holographic model which implements :
1) Explicit breaking of translations (momentum relaxation)

2) Explicit + spontaneous breaking of translations (pseudophonons)

3) Spontaneous breaking of translations (phonons)

WVX)=X, 2VX)=X+X 3V
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Elastic Holography

I/ (X) — mz X*‘ﬁ"’r Massive gravity models with large N
p o
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Shear elastic modulus goes to zero increasing temperature

There is no first order phase transition!
It is not melting ! Glass transition ?? Viscoelasticity ??



Spontaneous breaking and EFT
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Separation of scales Gapped and damped
Breaking mostly “spontaneous” Transverse phonon
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Glassy transition ??

If it is not melting what is it ?7?

Glassy : Transition region Hubbery
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Also the speed of transverse phonons goes to zero with T ...

Please

[eave o

C onmrment

Is that a GLASS TRANSITION ?
Are these VISCOELASTIC "black holes " ?



Holographic viscoelasticity EhUBEEED QRN
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Elastic Holography : part li

I/ (X) — mz X*‘ﬁ"’r Massive gravity models with large N
p o
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It is not melting ! Glass transition ?? Viscoelasticity ??



Viscoelasticity

ELASTIC + VISCOUS

(T) \‘ (T) \ (T)
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Gapping and Damping the Phonon
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(Real World) Pinned Charge Density Wave

The dynamics of charge-density waves n,e?

. Griiner
Rev. Mod. Phys. 80, 1129 - Publis

ed 1 October 1988
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FI1G. 4. Temperature dependence of the electrical conductivity

in 0-TaS%;, in (TaSe, )., and in K, :MoO,.

The arrows represent

the Peierls transition temperatures; they are evident by examin-

ing the temperature derivatives dR /dT.
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FIG. 9. The frequency-dependent conductivity of NbSe,,

o-Ta%S, and (TaSe, )1, and K, ;Mo

The solid lines represent

the regions where the drop signals the single-particle gaps; the
strong peaks in the millimeter wawve spectral range are due to
the response of the pinned collective mode.



The Bad Metal Proposal gErialiriiss
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a(w) =0, +

hwpeak = a(T) kpT
hAw = B(T) kgT

Spontaneous + explicit
Could explain transport
In bad metals

The pinning frequency
Is controlled by the same
"universal” scale
Of the relaxation time



Solids VS FIuids

In fluids
o = 0= cp = 0.

NO SHEAR SOUND!
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