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» Confinement of Yang-Mills theory in Anti de Sitter

» Conformal Bootstrap on boundary correlators

» Non-perturbative constraints on mechanisms for confinement
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1 QFT in AdS

QFT in flat space can be very hard when IR is strongly coupled

Rigid AdS4.1 space is a nice regulator
[Callan and Wilczek, 1990] X- X+

» The radius L is a natural IR cutoff

> Isometries SO(d + 1,1)
= boundary correlators are

conformally invariant

» Infinite volume at finite L

— XX 46X X0 = L2
12 L
ds? = = (dz2 + 6ijda:ldx7)

» Running of couplings g(uL)

> [ — 400 we expect to recover flat
space
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1 QFT in AdS: Yang-Mills
Yang-Mills in R*
> gauge theory Gy, asymptotic freedom, dynamically generated scale Ay

» confinement: mass gap + colorless asymptotic states

Yang-Mills in AdS, [Aharony et al., 2013]

» LAyym < 1: small coupling and AdS physics
Two boundary conditions for the G'yn gauge connection Aj(z, )
> Dirichlet: A§(z,x) =20 zJ{(z) = Gyw is global symmetry on the boundary

z—0 4

» Neumann: Af(z,z) "~ ai(z) = Gywm is gauged on the boundary

» LAyn > 1: strong coupling and flat space physics

Spectrum of asymptotic states should have a mass gap and no Gy global

symmetry
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1 QFT in AdS: confinement scenarios

Nuemann interpolates to flat space, Dirichlet must disappear
[Aharony et al., 2013] [Copetti et al., 2024]

» Decoupling

The boundary current J¢ decouples from the spectrum

Iij(z1 — x2)

(J{(21)J} (22)) = Clgvm) (01 — 22

L—L,

Ci(gym) = Cy(LAyn) — 0

This implies (J*O; ---O,) = 0 in unitary CFTs
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1 QFT in AdS: confinement scenarios

Nuemann interpolates to flat space, Dirichlet must disappear
[Aharony et al., 2013] [Copetti et al., 2024]

> Merging: a scalar, singlet under Gy, becomes marginal

[Kaplan et al., 2009] [Gorbenko, Rychkov, and Zan, 2018]
[Hogervorst et al., 2021] [Lauria, Milam, and Rees, 2024]

N :

(LA)m LA
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1 QFT in AdS: confinement scenarios

Nuemann interpolates to flat space, Dirichlet must disappear
[Aharony et al., 2013] [Copetti et al., 2024]

» Higgsing: a scalar, charged under Gy, becomes marginal

We can define a new boundary condition that breaks Gy

Gym—G’ H
__t ..... >
D
i G'— o

D* | I

(ERREE |

N ! :

(LA (LA LA
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1 QFT in AdS: confinement scenarios

Merging seems is the most “economic”

Perturbation theory is compatible with all these scenarios but favors Merging
[Ciccone et al., 2024]

What do we learn from the bootstrap?

X Decoupling C;—0
@ Merging Aginglet — 3
@ HiggSing Acharged —3
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2 Bootstrapping non-abelian currents

> At gyn = 0, boundary CFT3 of Yang-Mills in AdS, is a
Generalized Free Vector theory (GFV): (JJ) + Wick contractions

> As gym 7 0 we have a continuous deformation of GFV spectrum
= 1 parameter family of CFT data

> For concreteness we take Gyy = SU(N), N =2,3

» CFT data involved in the scenarios is accessible in the OPE

SU(N) 4\ .
JEX T2~ L ——= T+ a6 JET) 4 a0 TS 4
/C L) t=d
S0(3) < J
Decoupling Higgsing

Merging

Lightest Charged in GFV
Lightest Singlet in GFV
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2 Bootstrapping non-abelian currents

Abelian [Dymarsky et al., 2019], Non Abelian [He et al., 2024]
> SO(4,1), parity, SU(N) and charge conjugation
» Multiple conformal tensor structures

> OPE

Je(x) x J20) ~ DS A0 CE (2,0)04,5.x(0)  r € adj ® adj
o I

» Conformal block decomposition
a c abe I J) (K,I1,J _
(i J;Jk']l Zkal Z T ’ dZAS}OA(JJO IA e )(z,z)
On,e,pr

» Crossing equation

Z Moo Vaupr-Ajjo=0 V vectors of matrices

Ontpr
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3 Results: bound on C

S 1 - > 3 —ba
V1+C—J€'VJ~9+Z)\}JO-V0-)\]JO20 6=< _anjJ>

(@]

p = maxa (Vi)
a(f-V;-0)=1
04(\_}(9) =0

1
= C;>—-—
p

(' is strictly positive

. 0.0 ; ; ; g
Decoupling X 0.0 0.5 1.0 1.5

[SU(2), A = 23]
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3 Results: bound on dimensions
Without assumptions we can only put upper bounds
Ay

1 A,
or

[SU(3), A = 19]

Bootstrap YM AdS



3 Results: hunting the RG flow in AdS

» One parameter (gyn) family of CFT data where gyy = 0 is GFV
> Assume a spectrum which is a parametric deformation of GFV
Appr € [Acry — 6/0, Agry + /€] U [AGpy — 6, +00)
(first operator is [J, J]p.¢)

» Explore the allowed region of lowest lying scalars O as a function of §
Aot r € {A0} U [AGpy — 6, +00)

» Compute the spectrum of primaries in GFV (characters)

» Search in (A4, Ay, Ass, a5 55) with Navigator [Reehorst et al., 2021]

» For which §: min A, < 3? minA, < 3?7 min Ay < 37
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3 Results: hunting the RG flow in AdS

Parametric gaps: A € [Agry — 6/¢, Agry + 6/€) U [Agpy — 0, +00)
A, [SUB), A =19, 6 =0,0.1,0.2,..., 1]
5.0F

45F

4.0F

3.5 :

3.0 [ e -~~~ -

2.5F

© Merging () Higgsing
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3 Results: hunting the RG flow in AdS
Parametric gaps: A € [Agry — 6/¢, Agry + 6/€) U [Agpy — 0, +00)

min Ao [SU®3), A =19]

. I . . . I . . . I . . . I . . . 6
0.2 0.4 0.6 0.8 1.0
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4 Conclusion

» We considered the problem of confinement of pure Yang-Mills from the
point of view of QFT in AdS

» Compatibility with flat space implies that Dirichlet must disappear

» The non-abelian currents bootstrap can place bounds on scenarios
» Rule out Decoupling

» Evidence for Merging vs Higgsing

» Open questions and future
» What is Dirichlet*?

» Is the flow saturating min A4?

» Bootstrapping the RG flow?
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4 Conclusion

» We considered the problem of confinement of pure Yang-Mills from the
point of view of QFT in AdS

» Compatibility with flat space implies that Dirichlet must disappear

» The non-abelian currents bootstrap can place bounds on scenarios
» Rule out Decoupling

» Evidence for Merging vs Higgsing

» Open questions and future
» What is Dirichlet*?

» s the flow saturating min A7

» Bootstrapping the RG flow?

Thank youl!
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Supplemental material
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5 Symmetries of YM in AdS
G = Gupace X Giglobal = (50(4, 1)o % z;’) x (PSU(N) X Zg)

» conformal: boundary correlators of QFT in AdS

Representations: (A, /)

> parity: Af(z,2) 2, Py AL (2, —x), P, =diag(l,-1,-1,-1)
Commutes with with D, L;, anti-commutes with P;, K;
Representations: (A, 4, p = %), p “intrinsic” parity
> SU(N): global version of Gy
Local operators are blind to the center == PSU(N) = SU(N)/Zn
Representations: A = (A1,...,Anx_1) Dynkin labels (++ Young diagrams)
> charge conjugation: A, (z, 1) - A,(z,2)" = (Cb AL (z,2))T"
Representations: A\ = A @ A* or Ay
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6 Characters and GFV spectrum
Representations: R = (A,4,p = £, A\(¢,4))

Characters: q,x, 7 fugacities, gp € {1, P}, gc € {1,C}

D_.L_H;

XR(qaxagvg'PagC):trR[q Tz

Hpy_—
e ZN]LIQPQC}

=1tr(aLp) {qDﬁLgP} trx(c,i)[Zch}

Twining characters from [Fuchs, Schellekens, and Schweigert, 1996]

Generating function of symmetric products of J =

too
Z(n,9) = exp (Z ZXJ(9”>>

n=0

(2,1,+,(1,1)-) (N =3)

g=q"z"2"gpgc

Expand and read off the spectrum (with degeneracies)

deﬂ? Xe(9) =1+ 1X7 + 1% X(4,0,4,00,0)4) +
SR
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7 Hunting the RG flow in AdS
Parametric gaps: A € [Agry — 6/¢, Agry + 6/€) U [Agpy — 0, +00)
A [SUB), A =19, 6 =0,0.1,0.2,..., 1]

5.0F

45F

4.0¢

350

B

2.5F

1 2 3 4 5
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7 Hunting the RG flow in AdS
Parametric gaps: A € [Agry — 6/¢, Agry + 6/€) U [Agpy — 0, +00)
A [SU2), A =19, § = 0,0.3,0.5,0.7, 1]

5.0F

45F

4.0

350

B
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7 Hunting the RG flow in AdS
Parametric gaps: A € [Agry — 6/¢, Agry + 6/€) U [Agpy — 0, +00)

min Ao [SU(2), A = 19]

. I . . . I . . . I . . . I . . . I 6
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