Imprints of Asymptotic Freedom on Confining Strings
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I In pure Yang-Mills, when probe quarks are far separated, they source confining flux tubes.

At large N, it does not interact with the bulk degrees of freedom, and thus defines a decoupled 2D theory.
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® Challenge: relate the behavior of flux tubes to
that of almost-free gluons controlling short distance physics.

® Goal: make simple, sharp, quantitative statements about

high-energy dynamics of confining flux tubes in 3d and 4d large N Yang-Mills
that follow from weakly coupled short distance physics.




Outline:

Briefly review some of what we know about confining strings.
Introduce the Polyakov correlator as a bridge connecting short-distance physics to flux-tube data.

Constrain the spectral density of very massive closed flux tubes sourced by the Polyakov lines.

Develop a more microscopic understanding of these results by constructing a toy model
for the worldsheet realizing these densities.




Review: what do we know about the confining strings of pure Yang-Mills?

@® Useful to think of the worldsheet theory as an expansion around the long string background.

—— We consider Yang-Mills in RP~! x ST, Q

_—+ Source a winding flux tube and take R > /£, ~ AééD.

flux tube

® The low energy structure around this background is quite constrained: e A

— Long string breaks [1SO(D —1,1) — ISO(1,1) x SO(D — 2)

[Nambu, Liischer] w

—— Transverse modes form a set of D — 2 massless Goldstone modes on the flux tube.

—— In pure Yang-Mills, these are the only massless modes.




@® We can now organize interactions through an effective action,

expressed through curvature invariants thanks to Poincaré. [Polyakov, Kleinert|

eg.inD =3
S = / dtdo/det 0o X 10X, (057 + 3l K* +...)

@® 'The S-matrix of Goldstones are incredibly simple at low energies: — —
[Dubovsky, Flauger, Gorbenko] — ——  \a—
(S _
N

inelasticity and logs are suppressed
@ The coefficients 7,, and other low energy parameters can be bound by S-matrix bootstrap methods.

[Mir6, Guerrieri, Hebbar, Penedones, Vieira]
21 v5 bound
= SU(2)
g, g > — 40 _
—— e.g. 3 > —L/T68 1 L w
0- 4 - SU(6)
qogz —P—
. . C . . . S _
@ Due to kinematic triviality of massless particles in 2D . !
one can control enough analyticity and unitarity of n — m —21
to do non-perturbative multiparticle bootstrap. -3-
[Guerrieri AH. Vieir a] [Caselle, Magnoli, Nada, Panero, Panfalone, Verzichelli
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® DBoth the EFT analysis and the Bootstrap are agnostic to the UV completion of the worldsheet theory.

—— They apply to most theories with long, stable, string-like excitations.

— e.g. apply equally well to

- Domain walls in the ferromagnetic 3D Ising.

- Vortex strings in the Abelian Higgs model
- Yang-Mills flux tubes

@® This is quite unsatistactory if you want to learn about confining strings in gauge theory.

@ Challenge: find flux tube observables that are genuinely controlled by weakly coupled Yang-Mills physics.




® In this talk we examine the Polyakov loop correlator:

[ A

(W (1, 0)W5(0,0)) = = Z(7, R)
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® Refined Outline:
1— At small 7/¢, < 1, with R//, fixed, the correlator diverges.

2— At large N and R > Rp, the correlator only receives contributions from single string exchange.

> The leading asymptotics is completely perturbative and can be computed.

3— Cardy trick of sorts: reproducing the divergence from string-exchange allows us

to fix the high energy spectral density of the strings.
|

» Here, asymptotic freedom plays the role of the modular transtorm in CFT

4— Look at a toy model for the worldsheet and understand some dynamics that lead to these high energy densities.



@ lct us examine (W (7)W=(0)) as a function of 7 and R. Long string BT
: Z — 2
Open string ground state dominates /\ / Area law: log Z(7, R) — —R7 /L
log Z(7, R) = —RVq(7) R Oven string GS . |
> R, )
: -
|U e
o - losed string ground state dominates
/N = wonfined =, log Z(1, R) - —TEy(R)
Also dominated by V! é = ’
O
Small 7 asymptotics of » = 2
V,q 1s perturbative. 5 B
Coulomb-like. Deconfined
p=
e A =4.80;1 for SU(3). At large N, A = ¢g°N.
1 (7, ) (7) {4/) log(7) + O(7”) D =3,
— lOg / T, R ? qu T) = 3 1 log(log (7))
I 7/£s—0 11 7 log(T) -0 ( T log(1)? ) D=4

Completely parameter free prediction of asymptotic freedom.
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@® We are claiming two facts: 1) leading small 7 is perturbative 2) leading small 7 is independent of R.

@® Both beautifully observed in the lattice:

Perturbation vs Potential: Lack of temperature dependence at small 7:
< | | | | | I ] I I ! I I I ] | I_m"" 5 I I T T -
i [Necco, Sommer] ".B""- i 095TC —8— £
N =3 0 - 0.76T. — =
- : 45 0.63T, — =
i o _ 0.54T; <
L ‘3 N 4 048TC - -
o | A ‘ 0.42T, i
~ i ",.-'p i T=0 ¥ S T T il R
— i ,-"‘3 i —~ - il 7]
. - | | l_“ 3.5 o
= o 4 =
T I g :
) : ]
> i . .
— I .continuum limait i 25 | o |
1 A6:692 _ ﬁ |
- £=6.4 ] - l
- . | 2 N =2
i | % |Bazavov, Petreczky, Velytsky]
u | l | | 1 .5 ] | ] ]
2, oA | A 0 0.5 1 1.5 2

T /7o T/70




@® Let us briefly review how the perturbative computation works.

— Start with the R = oo computation.

— Basic idea is to note that the diagrams reexponentiate into so called ‘webs’
|Gatheral 83][Frenkel and Taylor 84]

Z(R,7) = e BV (1) = ¢~ BEw COMKW) (R/€s — o)

@ Sum over webs allow us to compute an RG equation for the potential:

eg. D=4 Susskind 76, Fischler 77]

qu(T)—M, 3m 1 O(log(log(¢))> '

ST = V= T rog(m) 7 log()?

2472

7O A(T) = M7)* + O(A(T)7),

S~ Higher diagrams are log
suppressed at small 7.

t At finite R//,, the leading small 7 singularity is unchanged.

R-dependent corrections are power-suppressed as 7/R — 0.

@® Lcading singularity of the free energy is sourced by
gluons with momenta |k| ~ £ which are agnostic about the scale R.




@® At large N, glueballs decouple from the winding flux tube.

— As a single trace, the Polyakov loop only sources single string states (of winding one).

—— From the worldsheet, we are computing a cylinder partition function.

® Insert a complete basis of single string states |n,p’| ) with energies E,(p) = \/m?2 + p2

. dD 2—* _ e .
Z(r, R) = (Wa(r,0)W5(0, Z / T ;) (Win, 71)(n, oL [W)e 5P

D —3

_Z—\ Win)? (=) * Kos(mar)

D—3

_ / dmpp(m) (=) 7 K s (mr)

We expect this representation to converge for any 7 > 0 in the confining phase R > Rp.

W is just a probe which we are free to move around.




@® Summarizing, we have argued:

D3 A Jog(7) 4+ C + O(71) D=3
1 2 47
Z(T, R) — /dmpB(m) (—) Kp_3 (mT) = exXp (R X {377 1 O (log(log(T))) D=4

27T 11 7 log(r) | T log(r)?

® We can invert:

1 To-+1200
mim) =5 [ e [aa,z (e atR)

0—100

N, — g

K’ Zero transverse momentum

@® At large m the integral is dominated by small 7, ¥ and evaluated by saddle point.

C’(R)m i (1+0O(1/m))

D
( vVmR log(loég m) ) ) D
(logm)2

@® This is a prediction from asymptotic freedom on the high-energy dynamics on the flux tube worldsheet.
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C(R)mi=—2(1+ O(1/m)) D=3

pB(m7R): 24T Rm mR log(log m
T e (VAR o (Vg )) D
\

‘ 2

pe(m) = p(m) x [cew (m)
density of states  coupling
@® This suggests a big cancelation between the density of states p(m) and the couplings cyy!

@® We expect Hagedorn growth of the density of states: p(m) ~ e™TH — ¢y (m) ~ e ™/ 21

— They cancel down to a power law in D = 3.

— They cancel down to a CFT like eVm/logm i — 4

@® Would be great to understand it microscopically from the worldsheet.

@® In contrast to the exponential decay cyy ~ e T , the coupling of winding critical string
to D-brane is independent of the mass level, ceritical = O(m°)

» Hagedorn growth is not damped, and there is a critical finite 7 associated to open string tachyon.
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® C(Can we understand the worldsheet interactions that lead to these results?

—— (Goal: let us search for a toy model for the confining string! (D = 3)

L» Look for integrable worldsheet interactions so that Vopen-string(7) = % log(7) + O(7Y)

I Strategy: take R — oo so that we have very long strings in the closed channel.

Integrability machinery allows us to describe the open string ground state in terms of the scattering data.

/NP A W A

S-matrix: R-matrix:

The game is then to find a pair of S— and R-matrices so that Thermodynamic Bethe Ansatz predicts

V(r) =~ log(r) + O("




@® The main hint comes from causality! We set units £, = 1.

:\R p,«: t
time
dp' O log S (pp/) \% chemical potential

' 2 _—e(p’
e(p) = 2p7 + / o o log (1 — |R(ip")|?eclP ))

/ Scattering time delay!

@® The time delay %819 log S is positive.

1 O
Via(r) = 7+ 5= [ dplog (1= [RGp)Pe®)  RGp) = (Blo—r) -

® For massless 2D scattering, it follows from:

—— Elastic unitarity: |S(s)| =1 for s > 0

— Crossing Symmetry: S(s) = S(—s)* for s € R
— Analyticity: S(s) analytic for s € UHP

—— Polynomial Boundedness of S(s) at large |s|.




@® The main hint comes from causality!

1 @)
Vg (1) =74 : / dp log (1 — \R(ip)\Qe_e(p))
T Jo

dp’ 0log S (pp’ /
e(p) = 2pt +/ £ 085 (pp) log (1 — |R(ip")|[Pe P )) < 2pT1
271 Op’

positive negative

@ 'This gives a bound on R-matrix in terms of the potential Vi,en(7):

~d
Vaa(T) 2 7+ / S| R(ip)?e >
0 708

@® Viewing V as a free energy, this is a causality bound on thermodynamic observables.

It would be fantastic if similar bounds could be sharply established beyond integrability.




> d
® We have —7 + Vopen(T) Z/ —p\R(iP)F@_Qm
0

27T

® At small 7, Vi en(7) = ﬁ log(7) + O(1)

» This constrains the large p behaviour of |R(ip)|.

. If |R(ip)| decays too slowly, the RHS will generate divergences which dominate the log in the LHS.

® We find

A

[R(ip)| must decay as y/3- on average.

, Main hint!
|

More sharply: A > wli_{I;O@ fox dp|R(ip)

@® Asymptotic freedom forces vanishing amplitude for the WL to emit a pair of high energy Goldstones.

® Compare this with the critical bosonic string ending on D-brane:

» There, R(ip) = exp (—z’p2/2) — R(ip)| = 1 at large p.




@ Recall we search for a pair of R/S-matrices. They must satisfy:

»  Elastic unitarity: |R(p)| = |S(s = 4p*)| = 1 for p > 0.

+  Analyticity: S(s), R(p) holomorphic in the upper-half p* plane.
» Crossing: S(s) = S(—s)* for s > 0.

——  R-matrix “t-channel unitarity”: S(s) = R(p)R(pe'™)

—  Main hint: A > lim ooz Jo AIR(ip)]*
[ (ip)

\J
‘

0.010F \ " An ansatz satisfying all properties is:
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® We now take |

............................... Voo(T) =7 - / dplo (1—}'{@' 26—€<p>)
5 : Plug in TBA qq() 2T Jo PROS [R(ip)|

. R - Dem IBA
5 R dp’ Olog S (pp’ , R
 S(s) = R(p)R(pe'™) e(p) = 2p’r+/2m- ap'( ) 1og (1 — |R(ip") e “”)
Solve numerically as a tunction of 7.
3V (7)
| Vov(T) = ﬁ log(T) + b
V[R(T) — ///

I e TBA

’l T oo o010 0100 .~ 1T

_1:.

Similar strategy works in D = 4.
_92|




Summary

® Reviewed that short distance asymptotics 7 — 0 of (W (7)W (0)) is perturbatively controlled.

@® l'ixed the large mass spectral density of closed flux tubes sourced by Polyakov lines at large V.

D=3 po(m, R) = ei(j)Q my 14+0(1/m)) .
D(35) 2

2T Rm 0 (ﬂlog(log m) >
log \/ﬁ (log m) 5 ’

t Both results are quite different to other stringy/brane setups.
Highly excited flux tubes must couple very weakly to the Wilson lines.

D=4 pu(m, R) = exp 2\/

@ These spectral densities must be realized by any putative worldsheet completion of the long string EFT.

1 Constructed an exact toy model interpolating between Viy (7) ~ ﬁ log7 and Vig(7) ~7in D =3

— Interesting structure, co-many boundary resonances (similar in D = 4).

—— enhanced high-energy time delay relative to e.g. BCFT RG flows.




