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Introduction

Strongly coupled physics is notoriously difficult to
access.

We do not have small parameters in which to do a
perturbative expansion. Our most basic notions of field
theory are of a perturbative nature.

Make use of symmetries, look at special limits/
subsectors where things simplify.

Here: study theories with a global symmetry group.
Hilbert space of the theory can be decomposed into
sectors of fixed charge Q under the action of the global
symmetry group.

Study subsectors with large charge Q.

Large charge Q becomes controlling parameter in a
perturbative expansion!



Introduction

- fixed points in RG flows
- critical phenomena
+quantum gravity (via AdS/CFT)

- string theory (WS theory s

Conformal field theories (CFTs) do not have any
intrinsic scales, most have by naturalness couplings of
O(l).

Possibilities: analytic (2d), conformal bootstrap (d>2),
lattice calculations, non-perturbative methods...

Prime candidate for the large-charge approach.

(Also: they come with a lot of space-time symmetry
that will help us in practice to constrain the eff. action.)



Beyond O(2)

Where else can apply the large-charge expansion?
Try out other known CFTs/assume they exist.

Obvious generalization in 3d: O(2n) vector model
non-Abelian global symmetry group: new effects

SU(N) matrix model in 3d.

Not many examples of (non-susy, non-fermionic) CFTs
known in 4d.
Asymptotically safe CFT (UV fixed point)

Superconformal CFTs in 3d and 4d. Cases with moduli
space work differently!

Non-relativistic CFTs (Schrodinger symmetry) in 3d, 4d



Log(u/ o)

An asymptotically safe
CFT in 4d



An asymptotically safe CFT

Look for CFTs with bosons in 4D. Start with a QCD-

inspired theory with quarks, gluons and scalars:
N flavors of fermions

gauge group SY/(N¢) N X Ng matrix of cplx
/ scalars
1

L= —-—To(F*"F,)+T Tr(QLHQr + QrH'
5 r( u) r(QiDQ) +yTr(QLHQr + QrH'Q1L) Q= L1 £ 190

+Tr(9,H 0" H) —uTr(H'H)" — o(Tr H H)? — % Tr(HH)

Rescaled couplings

o :g2NC N :yQNC - uNp Y vINZ
Ny 11
Control parameter = Yo%

In the limit Nz — 0o, N¢ — oo With Nr/Ne fixed: asymptotically safe.

Litim, Sannino

Perturbatively controlled UV fixed point with
26 4 V23 -1

agzﬁe%—... O‘Z_E€+ ap = 19 €+ ... ay; = —0.1373e+ ...




An asymptotically safe CFT

Study this theory at large charge.

L= — % Te(F™ F,,) + Te(QildQ) + y Tr(QLHQR + QrH QL)

r(0,HI0"H) — uTr(H'H)” — o(Tr H'H)? — %Tr(HTH

Global symmetry: SU(Ng)p x SUNp)g x U(1)5

New elements compared to vector model:

* His a matrix field, large non-Abelian global symmetry
* fermions and gluons are present

* 4D, different scalings

* UV fixed point, perturbatively controlled, trustable LSM
Large-charge expansion: focus on scalar sector



An asymptotically safe CFT

Noether currents:

Ji =5 (AHH — HaH"), Jr=—5 (H'dH - dH' H)
Corresponding charges:
dr, I/d3a:J2, QR:/d?’a:J%

spec(Qr) = {Ji", Ja's-- -, N} spec(Qr) = {1, o', ... N, }

Ansatz for homogeneous ground state: cartan subalgebra

“/A self-adjoint

Ho(t) _ eiMLtBe—iMRt
Impose charge conservation:
Qr = —iVe™rt([M}, BB — 2[My, BMrB'])e Mt = 0,
Or = iVeMrt([M%, BfB] — 2[Mg, Bt M, B])e™Mrt =

M commutes or anti-
comm with B diagonal

:>HO:eZMtB/



An asymptotically safe CFT

We find: 9r = —-2VMB?, Qr =2VB’M = -Q;,
Simple choice for charges:
N),
EEIICA Vet N A [ (1] 0)
\O‘— / traceless B=D NE L—I\O‘_]l/
) 2
EOM on ansatz #, = ¢*MtB: J =2V

R
21° = (u+ vNp)b* + 5

Assume ] large, expand in series:

27_[2 1/3 ) R V 1/3
e /3 —1/3 —5/3
H (v) 9 72<2n2> 3 +o(a)

Natural expansion parameter:
ap + Oy Qp + Oy

N
(utoNF) _,, — 9,0 > 1

872 Np N2
N2 e— huge \ |

Consistent for  Juw > — Jiot = JNF
© T—tiny

J=J




An asymptotically safe CFT

Ground-state energy: not universal

/

1/3 2/3 2 4/3
f_3 N jam\V g RV / s _ 1 (RN (V. / 40 1 @(5—2/3>
20n + 0y \ V 36 \ 272 144\ 6 2712

T .. 3 N; a3 Lo 1 —2/3
Specialize to 3-sphere: t= [3 s PP -+ 0(d )]

210 X + Xy

Classical result. What about Goldstone contributions,
what about fermions, gluons!?

At large charge, the fermions receive large masses and
decouple: kinetic term

//Yu kawa term
1 /3 %,

1/2 1/2
mll)— n _I_yZbZ ) 31/3+O<3—1/3>

Below the fermion mass scale, also gluons decouple.
Gap:

N Xh + &y

3
AymM = My, exp —22“9 y)

~ O(e)
Low-energy physics described by Goldstones only!



An asymptotically safe CFT

Symmetry-breaking pattjA}/&MtB

exp

SU(Nr) x SU(Np) x U(1) = SU 2) x SU(Np/2) x U(1 )QXSU(NF)

spont

Expect dim(SU(Nr)) = Nz —1 Goldstone DoF

Do quadratic expansion of the Lagrangian around the
ground state, find dispersion relations.

W= %‘F (Nr/2)* type Il Goldstone modes
W= \/% +. conformal Goldstone (type )

* 4. NE/2-2 type | Goldstones
3o, + 2,

W =

—

\causality constraint: 0 < ap/(3ap + 2a,) < 1
Constraint satisfied at fixed point.



An asymptotically safe CFT

Goldstones are organized in reps of ghe unbroken
adjoint

Symmetry group: / N\ //bifundamental
SU(NE/2) x SU(Ng/2)
representation L1 (= 1) (=) )
type I I I II
DOF 1 N2/4—1 N?/4—1 2xN?/4
V€10C1ty 1/\/§ \/306]1“#]1206\, \/306}106#% n/a
Vacuum energy of the type | Goldstones:  ¢(_1/g53) = - 2414
o

o 1 N2 Ap, 1
Eo = (2 X (TF — 1) \/Bah ey + ﬁ>§(—1/2]M3).

Conformal dimension (via state-operator corr.):

3 N? 1 1 -
AM) =roB(SY) =5 =70 [‘74/3+6j2/3—mj0+0(j 2/3)]

N2 1
(£ _ o Y =) w0212, ..
2 3an + 20, /3

D.Orlando, S.R., F. Sannino, arXiv:1905.00026




UV fixed point

Confinement

IR fixed point

Leaving the conformal
point



Leaving the conformal point

There is no reason why the large-charge approach
should not work for general QFTs.

Of course, there are many practical advantages in
working at conformality (restricting the form of terms
appearing in the eff. action, state/op. correspondence...)

First step: work near enough a conformal point that it
still dominates the dynamics.

Possible scenario: walking dynamics
UV fixed point g(p)

A

quasi-conformal




Leaving the conformal point

Consider simple case with a global U(l) at large charge
in 4D.

The leading term in the effective action (on torus) is
given in terms of the Goldstone,

Lnrsmlx]) = ka(0ux 0ux)°

Class. ground state: x=ut  p=(4kQ)"?/L

Start differently: two-derivative EFT for Goldstone:

2 dim[ 1] constants
La|x] = ‘% 0uX OuX — Che”

Introduce new field 0 to non-linearly realize conformal

invariance. O acts as the massive Goldstone of broken
conformal symmetry.



Leaving the conformal point

[f]= -1
Under dilatations: z — ez c—o—alf —

To non-linearly realize conformal symmetry, dress all

operators: /[Ok] =k conf.
O, — eF=Dfo 0, kin.tern:/ coupling
1 v 2 —20f 4 —4of 1 —20f v / ‘SR 2
Lerr|x, o] = 59“ “e 0,x0v,x —C"e + 5¢ g’ 0,0 0,0 — 7z + O(R?)

Introduce complex field: = =0 +if.x

Recast action as B S ol =
v
V2f

Lip] = dup” 5‘”90’{ §Re™p — u‘@2 + O(R?)
LSM model action, O appears as radial mode!

prr = a e’



Leaving the conformal point

Fixed-charge ground state:

1
X = ut, o= 7 log(v),
M:4C4/3AQ/37 U:2f7r’\/c4/3/3/AQ7
cass = 3(C/ @), Ao = QYL

Expanding the fields around this vacuum, we find (as
expected) a massless and a massive mode (which
decouples in the EFT) = go back to NLSM

Can use it to explicitly break conformal invariance: add a

(small!) mass for O.

Lm[x,a] — LCFT[X,U] — Um(g)

m2

Un(o) = 16f02 (e749f +40f —1)

Energy-momentum tensor no longer traceless:




Leaving the conformal point

What is the signature of this mass term at large charge?

Action admits same type of fixed-charge ground state
solution.

. QY mlL?
Energy: B = i3~ — o7 log(Q) + co

Dispersion relations of the two modes:
Y L
W= —= :
V3 9cay3f2AG P

; 32A N 5 | m2 5
w = beg/s) = — .
/3 3 @ 8\/6[)64/3./\@ 2064/3]02*/\%2 P

Near the conformal point, physics is still governed by
fixed point. Makes sense to study conformal dimension.




Leaving the conformal point

Calculate 2-point fn on the cylinder and map it to flat
space via Weyl-rescaling:

<(9Q(t0,no)(’)_Q(t1,n1)>cy1 = /DxDJeXp[Qlog(gp(to,no)@(tl,nl)) —/dtdQLm[X,O'H

Large Q:integral is dominated by saddle point,

X = 1ut, o = const.

O t(), Ilp O_ tl) Nni))cv] = e_ECylltl_tO|
Q Q y

2,..2..4
64/3 mTmg,r

\02/3 = (m/(f=A*))*7/(2f?)

Map to flat space:

€Q €Q
<OQ<tO,nO)O—Q(t17n1)>ﬂaf, — ‘x‘A*+’r‘0ECy1 — ‘$’2A

A=A Ur
—A 1= o]
2cy 5 700 BT

D.Orlando, S.R., F. Sannino, arXiv:1909.08642






Summary

We studied various CFTs in sectors of large global charge

Concrete examples where a (strongly-coupled) CFT
simplifies in a special sector.

O(2N) model in 3d:in the limit of large U(Il) charge Q,

we computed the conformal dimensions in a
controlled perturbative expansion:

D(Q) = ;32%@3/2 + 2ﬁ01/2Q1/2 —0.094 + O(Q™"/?)

Excellent agreement with lattice results for O(2),
O(4)

Can be applied beyond vector model: SU(N) matrix
models, SCFT




Summary

Asymptotically safe CFT in 4d (scalars, fermions and
gauge fields). Controllable UV fixed point.

fermions and gluons decouple

large-charge expansion for scalar sector

interesting Goldstone spectrum
near-conformal/walking dynamics:

radial mode can be reinterpreted as dilaton of
spontaneously broken conformal symmetry.

Explicitly break conformality by adding mass term
for dilaton.

log(Q)-term appears in ground state energy:
signature of massive dilaton



Thank you for your
attention!



