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Summary

D=3 ONLY!!

® EST predictions for generic interfaces 7 = « + iu, perturbative only
in the Wilson coefficients.

® Modified multicanonical algorithm for high-precision free energy
data;

® Preliminary value of vs;
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Flux tubes, confinement and string theory

At leading order flux tubes are
described by “string theory”

Swe—o / d26/3, X7 (€) 07X, (€)
(1)

More generally, symmetry allows
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5:/d2§\/—h[a 23— +...],
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Figure: Lattice QCD simulation of a
proton. Source:
physics.adelaide.edu.au/theory/staff/
leinweber/VisualQCD /Nobel /

1
i > —— . .
with 3 > 768 [1906.08098]
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Effective string theory in the static gauge:

S5 S S Snu
S= A+5freeboson+A+ﬁ+ﬁ+2 3A3

model-independent

+0(A™)  A=0RT,

(3)

S

%/d% (8,-7r8%)2

S, d*¢ (0md'n )

16

Sy = 27302 / d*¢ (0,00 ')’
Neatly packaged as

25 (s) = s/4 +735° + Y5> + - - - (4)

plus non-integrable corrections at s% in 2 — 2; lower orders in other
channels.
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Polyakov formalism

It is equivalent to the EST description [Billo, Caselle, Ferro '06]

d*r _ _ _ _ 1
Z:/;Zb(q,q)zgh(mq) Z°(q,q) =Tr [qL" 1/24gk 1/24}7
(5)

It is better to compute the universal partition function

12\ 1/2
Zy =V2r <U Z> \/ZZ CiCrr€p ket K1 (A, i) (6)

m2u
P

where ¢, are the partitions of k and

4ru 1 2mu 2
Ek,k' = 1+A(k+k/12>+(./4(kk/)) . (7)
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The free energy at any order is

—logZy=A-= Iog (—Lz) + 2log |n (iv)| + Z £n (Iu , (8)

Known results Wlth
o m2u? . \2  Tu 3
I‘RLA“::nyd partition 81 = 72 |E2 (IU)| - ﬁEZ + é
4,4
= 7;1;’4 (254 (iv) E» (iu)? — 2E, (iu)2)
e ,
+ E& (iu) Ex (iu)
2,2 3
— 7;7u6 (6E2 (iu)? + 2E, (iu)) E2 (iu) — —

g3 = ommited for space
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What is the validity of the

asymptotic expansion?

F = log (%)

—— 1st order
—— 2nd order

3rd order
—log(Zp)

F(") +log(Z) =1 +Z g"(’u) mn
n=1

_A<UL§>% 1
2ru ) n(r)f

with

2y

N
<
Il

U'L2 1/2
(%)

%

6 7 8 9 10
A

—log (Zy) + log (Z)  (9)

\/.ZZ CkCrrEp ke K1 (Ack i)
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The correction is

Requires regularizing series of the type [Dietz, Filk '83]

4

Non-universal n
Z m?2 + u2n? (11)
TBA and partition (m,n);é(0,0)

function

The non-universal correction for 7 = ju is

32’}/37'(6
22543

The ground state shift matches TBA [1906.08098]

AF ' 27®
AE(R) = tim Sfw(Ai) 32 */5737.
e L 225 (VoR)

Fnu (.A, iu) =

u*EZ (iv), (12)

(13)
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QM approach

Considering an object with internal quantum numbers / and momentum
p. in the transverse direction. The partition function is

Z=Tr[e ] =3 e Ao (14)
1,p;

where C; is their degeneracy and & its their energy density

5/7pz = 8,2—1— P . (15)

The integral over p, can be done explicitly (matches [Billo, Caselle, Ferro

'06])
zZ-= \/?(;w) = VTZ CET Ka 1 (AE). (16)

alP

Twist is added by inserting e into the trace.
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TBA

Using
20 (s) = s/4 + y135° (17)
TBA spits out
AN 3270 uty 240s + 1) (240s’ + 1
kik'ys,s" 43 ( )( ) . +0(’Y§)
R 2254 > R )
Ex.k ((51(,;(/ +1) — yE (k— k)
(18)

with k=3 n;, s=>".n? and

Ekkr = \/ 1+ (k+ K — 112> + (21“ (k — k’)) . (19)

Ground state shift

3275 1

225R7 T T
Vimse (Vi3 )

321%y3  64mTyz 27843 22793 1
- _ — - O(R)+0(43).
225R7  675R°  45RU  1215R13 T (R7) +0 ()

AG(R) = 5 +0 (%)




Effective String
Theory on the
Torus

José Matos

TBA and partition
function

The setup: 3d Ising

Non-universal partition function: TBA
Then

Z=2Zy+v2,+0(73) = F=—log(Zy) —v3Fy, + O (23) (20)
with
Y kkrss Pk, S)P(K' 8"V A k1 5,5 En i Ko (A i)

F,, = A ’ 21
" S POIP(K &k Ko (A& ey
whose large area expansion for square interfaces (7 = i) is
327° N2 13 14013 4 2807 E4(/)? ,2
Fis = 225 1 (1) (1 24" 4324 o)
—— Numeric evaluation of eq.(2.35)
21 === Oth-order
o, |2~ 1st-order
==
SR
: 10! 107
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The spectrum at first order in ~, is

(1+ &) (1 2%

AEiprss = —2°""172°¢ (—n)?

4r2 (k= k")\"
R1+2ngk,k’ ((Sk,k’ + 1)2 _ (R4 ))

(22)

TBA and partition

functen with k =)".n; and s = >".n?. The free energy correction is

it Fo— 4 > kkrss Pk, S)P(K' SV A k5,5 Ekkr Ko (A k)
” > s POP(K)Eise Ko (Ali i)

u 1
:f%(fl"w"@“(fn)f I (|En+1 (T)|2+O(A*"*1))




How can we realize an interface? Ising... It is always the Ising.

«Or «Fr o«

DA
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Lon ey Z[, )= [ dle D e F) = Z T (24
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o The interface free energy is
M Approach

LTZZT e Flnterface - _ |Og 4 [57 ]
Monte Carlo Z[ﬁ,].]

The setup: 3d Ising

(25)
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Z[Jw] = / dJe=F)+e) (26)

Flux tubes,
confinement and

P such that
e FU+wld) — constant. (27)

Low energy

universality and Moreo\/er' we Spllt W as

non-universal terms

Known results

w(J) = b+ cl+Dw(J). (28)

TBA and partiton The EST free energy becomes

Flnterface =2b+ Aw (]_) — Aw (—1) . (29)

The setup: 3d Ising

Multicanonical

method
Free energy for 5 H H L.=4
different system sizes ] 1 .
atu=1 | 1 L.=8
| 1 400 -
{Frcc energy a5 a | H e ? _ i:
unction of the area — ~
=S 0 3 L.=20
Area-independent - % Lo—2
contribution 3 ) Va0 o
. < 1 R =
H S L.=32
Extrapolation to the 1 1 L.=36
critical point e H L.=40
Finite transverse o1 ! 0
I I
volume corrections 1 1

Lo
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R ) Mininum L.
Motivation 0.060  Finite L. | 93 measurements (L L) = (5.5)
Flux tubes, S N (L1, La) = (9,9)
(L1 L) = (10,10)

confinement and \

string theory

(L. L) = (11,11)

0.055 (L. L) = (12,12)

EST (L, L) = (13,13)
(L. L) = (14,14)

Low energy (L. L) = (15.15)

5

universality and 0.050 (Ex, L) = (16.16)
non-universal terms (Lo, L) = (17.17)
Known results (£, La) = (18,18)
0.045 (L1, La) = (19,19)

Non-universal

QM Approach

»
K= (L La) = (24,24)

TBA and partition 0.040 (Lo L) = (26,26)
function )= (25.25)
(L. L) = (30,30)

Monte Carlo 0.035 (Ly L) = (32.32)

(L1, L) = (36,36)
(L1, L) = (40, 40)
Ly) = (44, 44)
(Lu, L) = (45,48)
(L, L) = (52,52)

The setup: 3d Ising

Multicanonical

method 0.030
Free energy for

different system sizes

atu=1 0.025
Free energy as a

function of the area

Area-independent 0.020
contribution

T3

bobotododefododebebobobodododfofepobobododododoobetofolodofog

(. L) = (236,250)

o I z = T 9ac

Extrapolation to the
critical point
Finite transverse
volume corrections.
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Free energy as a function of the area

102.

s 101_

100.

;=
i -—— Ao

Fy(o)

Fy(0) (extrapolated)
——— Hagedorn phase transition

Monte Carlo

Fy = —log(Zy) = —log

102

1/2

z \/ZZ Ck Ck/ Ek k! K1 (Aé‘k,k’)

ol?

m2u
Ko k!

(30)
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The setup: 3d Ising 1073 1072 107! 100
Multi ]

m:thlzznomca l/A
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u

CAor::iiS:;z:ndent Co = _5 lOg (?) +2 IOg |77 (IU)| (31)
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73

For 7 = i the EST predicts

F — F min 1
Y= T 100 BN = (32)
3

0.07=—
—0.2 e . I =i [ L 2 o
&z 04 L ’I I
BES m S N\ L-d-4F--ft--H--1-15F--
&
O <= —0.61 — Bootstrap lower bound \/\‘
l'f N i B=0223102 ?,
08 1 p=o02u4 QQ\
. I p=o021
—1.01 %
1.0 1.5 2.0 25 3.0 3.5 4.0 4.5 5.0 5.5
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Finite transverse volume corrections: to appear
25 1x.XxxXx

We define an effective string tension as

oe(Lz) = lim FAu L;io)

—00 A (33)

The EST prediction is

UefF(I—z) = Ueff(oo) =00 (34)

- ‘4 =023

e 0.19 T

& 34— p=0227

< 0.0 A= 0.223102 e

| I\ o> oo

©=_0.14 \§ ad € oo R

) [y E oo |V

= 0.2 e "// e S S S
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