The Relevance of Irrelevant perturbations
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Effective string theory and the quark-antiquark potential

The present understanding of QCD is mainly based on the idea that the confining regime of Yang-Mills theories Is
described by some kind of effective string model.

In 4D we may nalively guess a hybrid UV/IR inter-quark potential of Cornell's form:

A The chromo-electric flux lines are confined in 2 B dte il
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e V(R)= 6R - kR
V(R)=-a/R (Cornell potential)
(Coulomb potential)

where o Is the string tension.
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Using lattice regularisation of pure gauge theories one can easily study non perturbative phenomena: the
inter-quark potential rises linearly, and the chromo-electric flux lines are indeed confined in a thin string.

Indeedq, the Cornell's potential fits very well the numerical results from pure Yang-Mills lattice simulations:

[G.S. Bali, “QCD forces and heavy quark bound states,” hep-ph/0001312]

[V(r)-V(rg)l ro

(The gauge group is SUQ3), f = 6/gyy,,and gy, is the Yang-Mills coupling constant.)



However, a similarly good numerical agreement is obtained in D=3 where the Coulomb potential Is
ogarrthmic. In addrtion, the coefficient K depends only on the dimensionality D of the space-time...

o (D —-2)r
V(R) = — lim —log W(R, L) = oR — + ... [Luscher et al]
L—oo L 24R

where
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. | , , o . Euclidean time t: = &
W Is the simplest gauge-invariant observable, the so-called = Wilson loop



W ~ partition function of D-2 massless boson fields in two dimensions.

The corresponding action is that of D-2 free massless boson fields qﬁi =1 =

i Q[Cl T Q[O ‘Q[O = Eszx (aa$° aag) @———_ /f’/ e

s

But there are observed deviations, and the first possible corrections are

o (;szx [cz(@ag- 0" D) + 50, - P P) (s - PRl it

A
/ (Boundary)

(For the Cornell potential)

where §, Is the boundary action characterising the open effective string.
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The full Lorentz invariance of the D-dimensional target space, should be still respected nonlinearly by the
expanded action. [ his gives

with this extra constraint we have

’Q[:‘QYCZ_I_Q[O_ szXTT+°g2[b+

2o

where
TT = — ndet[TW]

s the Zamolodchikov TT irrelevant composite field.
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g t) = det] 17 (1)],

TT Lagrangian and Hamiltonian flow equations:

—2 0Z(7)

VB o

1,(7) = 0. (t) = det|T"(7)]

(Euclidean space-time)

Massless boson field theories

LO0)=0¢ -0
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(In complex coordinates:0 = 0, , 0 =

0,
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The Nambu-Goto model

D
det ZdaX/"(xl,xz) dﬁX/"(xl,xz) dx
=1

1
o= JdA = [dzxszG s

T,

in the static gauge

; 1 :
B X X St c, (i=3,...D)
we have

static
2N = LNG



Boson field theories with generic potential

—

FY0) = L) -V LO0)=0¢ 00, V=V(o)

\H/ [ Conti-Negro-lannella-RT — Bonelli-Doroud-Zhu 201 8]

PV(r) = |
@) 1 7Y T

o (-1 +\/1 +4%§f(0)—4%295’)

with

(1 +7V)
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The sine-Gordon model

E 1S :
. S(@) =1/ 1+42(1 +1V) oo

gsG(¢9 T) =

with

2

m
¥ = ZF (1 — cos(ﬁqb))

and EoM

B (0 V[ S+l o
8(7)4_8(?) = 45(1 TV) V_27sm(ﬂgb)
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A local change of coordinates
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Owz OwZ - —T (%)2 14+7V

V. STy
45 \ 1+ 7V

(z=x'+ix%,z7=x"'—ix?)
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The d
eform
ed kink soluti
ion
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The deformed sine-Gordon breather
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Figure and caption from [2010.15733 [hep-th]] by J. Cardy and B. Doyon

o

Figure 2: The effect of the Ag-deformation on relativistic scattering processes. The parti-
cles gain a width in a consistent fashion in space-time, as if “grout” were added between
tiles.



Generic 77T-deformed models

N (802 L 0y —7‘(3—3)2 l—T@(W) —TT(W)
5 = (&wz (?wz)_ (T(ﬁqb)z 1L ) - ( —7T (W) l—T@(w))

02 82t

Notice that .
JyPOy®  Oy°Oyr

Alp] = / dzdz £\7)(z) = / dw dw |det (71| £ (z(w))

- /dw dw <£(0) (W) + 7T (W))

e A
g/,t[/ e (J J)/,”/
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Quantum 77-deformations on infinite cylinder of circumference R

0.7 (1) = det[T,, ()] = 0.(n| F(2)|n) = (n| det[T,, ()] | n) (ot

(n|det[T, ()] |n) = (n| T\ | n){n|Ty|n) — (n| Ty |n)n| T, |n) "Zamolodchikov 2004]

En(R,T) = —R (nl T22 ‘?’L> ) BREn(R,T) — (n| T11 |’I’L> , Pn(R) = —1R (n| T12 In)



The inviscid Burgers equation for the quantum spectrum

P (R)
R

0.E (R,7) = E,(R, 1)04E, (R, T) +
:

| U
0.5

source term

¥ =0 - F(R7)=E(R+7E (R 1)0)



E(R)
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(Ipical T = U iinite-volumme speclitn)

Ceff
E(R,0) ~ . Bl

where, ¢ = ¢ — 24A s the "effective central charge” of the UV CFT state.
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For ¢, > 0 (i.e. the ground-state energy) we have a “wave-breaking” phenomena

Re(E)
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For ¢ < O (i.e. generic excited state) the branch points move off, along the imaginary axis
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The CFT case

i — Cor/ 24 : ng — Ceﬂ‘/24
E®(R, 1) =2 0 — Ceft/ - EO)NR,7) =2 )
=t (R+2TE(—)(R,T) | HoT) =27 \ Rt 20 B (R, 7)

Copr = € — 25A(primary), obtained by an energy-dependent shift:

Dubovsky-Flauger-Gorbenko 2012

(%)
R— R+21E7(R,7) Caselle-Gliozzi-Fioravanti- lateo 201 3

The total energy:
E(R,7) = EM(R,7) + EV)(R, 1)

R [ Re On g 2m(ng — np) \°
= \/472' T (”O+”O 12)+< R

which matches the form of the (D=26, ¢4 = 24) Nambu-Goto spectrum, for a generic CF1.
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D=4: Born-Infeld nonlinear electrodynamics

JTo circumvent the problem of divergent fields in classical electrodynamics, Born and Infeld followed a non-
relativistic/relativistic analogy:

non—rel —

O o2
A —m- = 2= e fagf] o

and proposed

1 s e 1 = —3 1 — —>2
3M=—(E2—B2> SR 1—\/1—E<E2—B2>——<E-B)




iy \/ det(g,, +1/27F,,)

2T

LBI

The Bl Lagrangian fulfils the flow equation

Ve
OTL = A (Eg/wgpa W gﬂpgl/0> e b | Conti-Jannella-Negro-Romano-RT |
where we can set
1
TIOG = ﬂpyaTﬂy ﬁwpg — Eglupglja o gluggyp

and write
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he Infinitesimally deformed actions

/8ot -
e [d4x L(g,,,x, T+ 01) = Jd4x (L(gﬂy, X, T)+ 5TdTL) = Jd4x Lig,- %7} - e 2y

and

o = |d*x|Lix,g. 1)+ 61 - fHUPoh Ly e
= 98/41/’ \/§ 4 up' ‘vo 9 Uv

Lead to the same (infinitesimally-deformed) equations of motion for the fields. For h, the EoM are

i 1
s m e P ke W Eg//ng :
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Qi=[d4x IL(x,g,+oth T)+57\/§(—lf””p"h h )
> Suv UL? 4 up' ‘vo

and the perturbation has been moved from the parameter to the metric!

fic flow equation for the metric [s:

0 = — h//w — T//w(ga X, Tl)

Tlgﬂy

The infinitesimal change In the Ricci tensor Is:

1
5le/ — ED T//w

Fheteiore, the melric deformation does not comie from a chdnge of cooldindies.

Jo solve the flow equation for @ we can use a perturbative method: In general there is no truncation!
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However, for BI: 8 = 5//”/ it TO)TW(& To, X)
as a consequence to the degeneracy (in pairs) of the eigenvalues of 1, .

In conclusion, if we set 75 = 0 and 7; = 7 we have:
/ e — —
g,uy - 5/w T(TM)MU

and the Bl theory with this metric has the same equations of motion of Maxwell theory In flat space.

i e canset gy =tand 7y = 0 and find. Suy = 5/4,/ = T(TB])W

[l s case we have that the EoMs of the Bl In flat space are eqgual to the Maxwell ones In thls MmctEe
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Thank you for your attention!



