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Overview

1. Large charge operators in CFT

2. Intermezzo: general properties of superfluids

3. Application: the superfluid phase of 3d CFTs
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Conformal field theories (CFTs) and their study

Why? QFTs ~ conformal between very separated energy scales
Ay € E < Ag; also AdS/CFT, RG, critical points...
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Conformal field theories (CFTs) and their study

Why? QFTs ~ conformal between very separated energy scales
Ay € E < Ag; also AdS/CFT, RG, critical points...

What? Observables in conformal field theories (CFTs):

04
(0i(2)0;(0)) ~ xTiiv (0;0;0k) ~ Aijk -
How?
Very few perturbative CFTs: Non-perturbative methods:
e c-expansion e lattice simulations
o large N e conformal bootstrap

In d > 2 most useful only for low twist operators: A — J ~ O(1).
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Large charge expansion in CFT

e d-dimensional CFT invariant under internal G.
e Lowest dimension operator at given charge Q : Oq (x} ().
e For ) > 1 compute semiclassically:

(O (x @out) O1(21)Oa(2) ... On () O 1x3 (win)-

light operators

S. Hellerman, D. Orlando, S. Reffert, M. Watanabe 1505.01537
A. Monin, D. Pirtskhalava, R. Rattazzi, F. Seibold 1611.02912
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State-operator correspondence

(Q.{X}

O _q.1x) (Tout)
——

@ =N = - /"’“-_ A
F = ARe ™R/ LN

Q.{X))

HIQ{X}) = Eql@,{X}),  Eq=AQ)/R.
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Large charge state

State-operator correspondence:

(O, (xn @out)O1(21) - .. On(0) O x} (in)
1
(@101(z1) .. On(20)|@Q)

Properties of |Q):

1

o charge density: jo ~ Q/R*! oc p™1 > i

e condensed matter phase on the cylinder:
— effectively nonlinearly realizes SO(d + 1,1) x G.

e Simplest option: |Q) =“conformal superfluid”.
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Intermezzo: general properties of superfluids
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Finite density states

Finite density states nonlinearly realize spacetime symmetries:

e hydrodynamic modes are given by Goldstone Bosons.

A. Nicolis, R. Penco, F. Piazza, R. Rattazzi 1501.03845

Ex. U(1) superfluid: 1SO(d —1,1) x U(1)qg — ISO(d—1) x H'
=H-pQ

e L=POx),  (0x)=+/Oux0"x,
¢ Q:x(x) = x(@)+c
o x(z) = put 4+ m(x) + hydrodynamic mode.

D. Son 0204199
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Superfluids and Goldstone bosons (GBs)

Relativistic system at finite density for a given charge @:

Hlp) = (H + pQ)|p) = 0.
e H, (J but H unbroken (nonrelativistic Hamiltonian).
¢ (J, commuting with @ = gapless GBs.
e (J, non commuting with = gapped GBs:
[Q,Q7]=+0.Q = w(0)=qup
e “Radial” modes generically gapped at least at u.

R. Lange 1965; A. Nicolis, F. Piazza 1204.1570

Which EFT when p and the strong coupling scale coincide?
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The nonrelativistic EFT of gapped Goldstones

e All (gapless and gapped) GBs are free when at rest:

lim M (o — g+ n(p)) =0
p—0
T. Brauner, M. F. Jakobsen 1709.01251
EFT describes soft gapless GBs and slow gapped GBs in an
expansion in p/pu.
e Gapped GBs decay/annihilation into hard gapless modes:
described inclusively via absorbitive (imaginary) terms.
e Construction is made systematic via a rearrangement of the
CCWZ construction.

Callan, Coleman, Wess, Zumino 1969
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Example: SU(2) — ) at finite Q3 density

e SU(2) parametrized with a real and a complex non-relativistic field:
ixXQ iaQi+c c —ipt
Q =eX*8e" 2 TES X=pt+ms, a=me " Ons, On <K p.

e SU(2) invariants:

-0, = D, xQ3 + DyaQ /2 + c.c.

Higher derivatives built with the non-relativistic derivative:

Oy — 0y =0, +iDux[Q3,:] =  HoDuo~ (8o +ip)duo = DOy .

The action (n, = D,x/Dx ~ 63):
Lo = Py (0" Dyx — p) + 82 4® (0 Dyux — p)* + &7 | Dy

+ 4c(1)cmD,ﬂT* " —n*n"] Dym+ O (53/u3>
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Example: SU(2) — ) at finite Q3 density

e Gapped GB dispersion relation:

p’ p’
E = " — — I, =-2I E)=-1 m|
p=HtcC 2% p m [E)p] m [y, 1
o Gapped GB scattering
™ s
AN Pa Dc 7
. A __ i Jpi-pd)? |, (pa—pi)’
% 4(:(1)p,4 (pa - Pc)2 (pa - pd)2
. N + (26m = 3) (Pa + o) +2(1 — ¢) (P2 + P}
p A ( ) ( b) ( ) ( 5)
// Db Pd N
™ s

e Results can be consistently matched to UV complete models.

ations
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Application: the superfluid phase of 3d CFTs

10 /13
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The 3d O(2) model

e Single Goldstone field x = ut + 7(x):

=c(9x)?, = 3ep’.

4T R?

e Ground state energy:
Ao(Q) = REg = aQ? + fQ* —0.0937 + ... .

Result verified by Monte-Carlo.
D. Banerjee, S. Chandrasekharan, D. Orlando 1707.00711
e CFT spectrum described by phonon Fock space:
o 1 L+1)
— X _—
2 Rz

A(Q, {ne}) = )+ anng
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The 3d O(4) model

e c-expansions suggests O(4) — O(2) superfluid phase.
e Spectrum consists of 1 gapless and 2 gap-p GBs.

e The unbroken O(2) forbids the mixing between gapped GBs and
radial modes.

e Operators with lowest dimension in generic irrep.s correspond to

n-gapped Goldstone states:

@uaw=(3-ng). o<we<t,
A:AO(Q)Jrv%, (c1el..o1.

n—times

Results potentially testable by Monte-Carlo simulations.
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Summary and outlook

Summary:

e The state-operator correspondence and the superfluid EFT allow
to study correlators of Og(z) for @ > 1.

e The EFT for non-Abelian superfluids describes slow gapped GBs

and soft gapless ones.

e Spectrum of the critical O(N) model at large Q.
Outlook:
e other phases: Fermi liquids? Reissner-Nordstréom BH in AdS?

e other large quantum numbers: J, A.

e relation to the bootstrap.



s €
OOOOO

Thank you for the attention
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SU (2)-invariant 3d CFT

e SU(2) fully broken by the Q3 density.
e Spectrum includes 1 gapless and 1 gap w(0) = u Goldstones.

e Properties of lowest energy states determined by the gapless GB
only as if SU(2) — U(1). E.g. ground state energy:

Ao(Q) = a1QF + Q2 —0.0937+..., G2 =Qs(Qs+1).

e At finite volume decay/annihilation of gapped GBs translate into

mixing with a discrete number of states outside the EFT.



Backup slides

SU (2)-invariant 3d CFT

e SU(2) fully broken by the Q3 density.

e Spectrum includes 1 gapless and 1 gap w(0) = u Goldstones.

e Properties of lowest energy states determined by the gapless GB
only as if SU(2) — U(1). E.g. ground state energy:

Ao(Q) = a1QF + Q2 —0.0937+..., G2 =Qs(Qs+1).

e At finite volume decay/annihilation of gapped GBs translate into
mixing with a discrete number of states outside the EFT.

e We can describe only inclusive observables, aka insensitive to the
discreteness of the spectrum. (~ Higgs decay in KK theories).

G. F. Giudice, R. Rattazzi, J. D. Wells 0002178
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Invitation: Higgs-graviscalar mixing in KK theories

e Higgs graviscalar mixing in d + §-dimensional KK theories:

E(pQ):————.:======.———— — m;‘n:i Z -1
h H @) h (27 R)® = P2 — 2R +ic

?
W —mp + 5N (w?) + ie

2mp

Aw) = /dt et (h,t|h,0) =~
e Model detector spread via Lorentzian

A\mes(wo) = /dw(w_(fo%A(W) = A(w + ZL)

e When the resolution is much larger than the level separation,

L> n;ﬁl X R“S, we can use a continuous approximation.
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Invitation: Higgs-graviscalar mixing in KK theories

¢ Continuous approximation:
4-5
m, . -1
S(p® +il) ~ 2 [ dPq —————
" +il) = G / T i
e If resolution L is much smaller than any lab scale:

1 . T Qs_1 mi=0
Iy, = —Im[S(mj, +iL)] ~ - b
h mn m| (mh +iL)] 2 (271’)6 mi,(s

e Detector effectively measures a resonance

Appes(w) = I

w—mh—i%
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SU(2)-invariant 3d CFT: gapped Goldstone resonance

o Non-Abelian current correlator:

<Q\T{J3(t»ﬁz)J9(07ﬁ1)}|Q>=/dAZp“) )90t B - 7).

pOA) =" alfs(a - a4,
A
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SU(2)-invariant 3d CFT: gapped Goldstone resonance

o Non-Abelian current correlator:

<Q\T{J3(t»ﬁz)J9(07ﬁ1)}|Q>=/dAZp“) Jaa ot - ).

pO(8) = 3 MalPS(A — Aa).
A
e Smeared spectral function is regular:

30y = [dA——BT oA L>1/n0
PO = [ab g B), Ll

IS n(AZ)Q < exp [le/?’] .
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SU(2)-invariant 3d CFT: gapped Goldstone resonance

o Non-Abelian current correlator:

<Q\T{J3(t»ﬁz)J9(07ﬁ1)}|Q>=/dAZp“) Jaa ot - ).

pO(8) = 3 MalPS(A — Aa).
A
e Smeared spectral function is regular:

30y = [dA——BT oA L>1/n0
PO = [ab g B), Ll

IS n(AZ)Q < exp [le/?’] .

e EFT predicts

(O QR0+ e/ (2m)
) = T BByt T
e = Relen] (€+1), Pe:—lm[cm}a(—’—l)'

Ry
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