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Are flux tubes strings?

In QCD quarks are confined in bound states called flux-tubes @ °
Long flux tubes behave pretty much like thin strings
* Energy increases with separation: V =~ or, /o ~ 440 MeV
e At some point the string breaks — String breaking —

* We need dynamical fermions to observe string breaking

* We work in pure gauge theory |
There are D -2 massless Goldstone modes from broken
translation invariance in the D-2 directions
There should be a Low Energy Effective String Theory model

describing the energy spectrum of the flux tube

Questions to be addressed
 What is this effective string theory?
* How good an approximation such an effective string theory is?
* Are there additional massive excitations along the flux-tube?
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How to investigate

* Strategy:
* Isthere a theoretical description in agreement with Lattice data for the flux-tube?
e |sthere a group of lattice data in striking disagreement with the theory?
 What does this disagreement teach about the theory? Can the theory be extended?

* Two flux-tube set ups:
Closed Flux-Tube (Torelon) Open Flux-Tube
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[Teper, Barak, AA] [Caselle, Bicudo, Brandt, Kuti, AA]
* No boundary terms * One needs to deal with the boundary terms
* Computationally expensive (length=lattice extent)  Computationally not so expensive
* Richer spectrum due to flux-compactification (N, — N = q)



Climbing the Large-N steep

Pure gauge SU(3) phenomena are also present on flux-tube
investigations

* Glueball — Flux-tube mixing

A low-energy effective string theoretical description:
e Cannot capture pure gauge phenomena...
 How about moving to the large—N limit?

Hence, we investigate the spectrum of closed flux-tubes in the
Large—N limit

What do we know so far:

Closed Flux-tube Gauge Group Open Flux-tube Gauge Group

arXiv:1007.4720 SU(3),SU(5) arXiv:hep-lat/9608019 SU(3)
arXiv:1702.03717 SU(2—-12) arXiv:2105.12159 SU(3)
arXiv:2112.1121 SU@3),SU(4),SU(6)  arXiv:2303.15152 SU(3)

arXiv:2205.03642 SU(3),5U(4),SU(6)  arXiv:iXxxX.XXXXx SU(N > 3)
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The effective string theory of long strings

* Universal properties of the QCD string studied extensively [Dubovsky, Gorbenko, Aharony]

* Re-parametrisation invariance and D-dimensional target space Poincaré symmetry

yl
_ 5 — _9 2 Boprof 2
S d O_\/m |:€S + R + a,QK + bgKﬂ{ﬁKﬁL + O(gs)] [ f;lzﬁ(stringtension) \A}

e First non-trivial subleading correction starts at £2 level

* Hence, the perturbative perspectives of the theory are universally determined by
Nambu-Goto action

Sna = —é";g f dga\/— det ho3 hop = 0, X"05X,,



The Goddard-Goldstone-Rebbi-Thorn spectrum for closed string

 We guantize the Closed bosonic string (Nambu-Goto)

Sna = —(;7? fdQ(T\/— det hop p

£51=\/a (string tension)

e The spectrum of a closed bosonic string compactified around a torus is
given by:

o Am2(Np, — Np)2  R?  Arx ‘
Eqarr(Ni, Ng) = \/ ( f;?z B, a e (NL +Np — —)

L]

e The spectrum is deseribed by

l. The winding momentum p)| = 27q/I? with ¢ = 0, £1, 42, ...
2. The total contribution of Ny, = 37, np(k)kand Ny EA_,_____,“ np(k"E

3. Level matching Constrain: Ny, — N — g



The closed string expansion in 1/R£; 1

* Topic received contributions since the early 80s

[M. Lischer ’81, J. Polchinski & A. Strominger ‘90, M. Lischer & P. Weisz ‘04, O. Aharony et al ‘07 — 11, S. Dubovsky et al 12 — 19]

B.lR) = YR Linear Confinement

4mi;t D -2 . . ,

T (RI;T) = 21 Lischer 1980, Polchinski&Strominger 1991
Q. 27—1 2

_ 8 o D-2 Lischer&Weisz 2004, Drummond 2004
(RI;1)3 24

" 32771 o D —2y? g 1 Aharony&Karzbrun 2009
(RI; 1) 24 (RIZH)T

* Relation to the GGRT spectrum:

E.(R) = I7YRIJY) +

S S

[Z1GGRT =1, GGRT 1 GGRT ( 1 )

+ S 4+ 3
(Rl (RI;1)3 (RI;H)® (RIZHT
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= FEggrr(Np =0,Ngp=0,R) +
carr (VL R ) ((Rlslﬁ)




The Nambu-Goto spectrum for open strings

* Quantize the Open bosonic string (Nambu-Goto)

yl

SNna = —55_2 f d2(7\/— det Ao

£51=\/a (string tension)

e The spectrum of an open bosonic string is given by:

R2 27

, , D—-2
Enc(N) = 7 (3 7 (A —

24

) [Arvis ‘83]

e The spectrum is described by

1. The total contribution of N =) _; m(ny,+ + Nyp-)



The open string expansion in 1/R£3 1

* Topic received contributions since the early 80s

[M. Lischer ’81, J. Polchinski & A. Strominger ‘90, M. Lischer & P. Weisz ‘04, O. Aharony et al ‘07 — 11, S. Dubovsky et al 12 — 19]

E.(R) = (;HR(7Y Linear Confinement
it D —2
+ (R_EKS—I) (” Y ) Lischer 1980, Polchinski&Strominger 1991
w2071 D —2\"
- o\ Lischer&Weisz 2004, Drummond 2004
2RI, )3( 24 ) /
bom3 01 D —2
+ 2 s (gt 2 Aharony et al 2010, 2012
(R(; 1) 60
3p—1 o 3 3p—1 o
P : (n D 2) mt (D i 20) ¢t ( ! . ) Aharony et al 2009, 2010
16(R(; )5 24 A8(R(TY)P (Re:1)S6

e Relation to the NG spectrum:

b3 0! ( D - 2) 0 (D —26) ( 1 )
En R = E T, R + e Bﬂ. e -+ 2 - Cﬂ. -+ —_—
(£) Na(n B) e 60 18(RE )5 (RE; 1)




The expansionin 1/R€;1 -the D = 2 + 1 closed flux tube case

NL,NR | q | P String State S. Dubovsky et al. N
1o L Phys. Rev. Lett., 111(6):062006, 2013.
NL=Np=0 o [ + | |0) <£— Expand W s
P pts s/
Ny =1,Np =0 I 1 | — I a1]0) .
Ny = Np =1 ” 0 | + || ata_1|0)
— _ r + ajal|0)
Ny, =2,Nrp =0 2 N as|0) Els 6 L
_ - _ + aga_1|0)
Np=2Np=1 ! - ataya_1|0) 1
+ agai|0)
N, =3,Np =0 3 - ag|0)
- ajajay|0) R
+ aga_o|0)
AL AL o =F ajaja_1a_1|0
N — V[T — 2 — agsa_q1a_1]|0)
- atala_o|0) 0 0
1 GGRT ;-1 1 2
i i - A e S A72(N, — Ng)2 R Arx [ D-2
Expansion valid for Rl " >> RZ7 87 n T Ec;c;HT(NL,NR)=\/ ( L r) +£—1+£—2(M+N.— - )

* InD = 2 + 1 only string like states have been observed so far
e D =3+ 1 caseis more complex and interesting to look for such states



Closed flux tube spectrum from world-sheet scattering

 Thermodynamic Bethe Ansatz (TBA)[Zamolodchikov, 1990]
— finite volume spectrum of a (1 + 1) — D integrable theory from 2 - 2 scattering

* Leading spectrum is given by integrable theory of D — 2 scalars with phase shift:

2id(s) isl? /4

e =e
* Using TBA leads to the GGRT spectrum

* Phonon scattering amplitudes can be calculated with perturbation theory

* Diagonalization of the § —matrix:

?s 11042 A—B . .
255"TH=L_ - + eb.cd‘|‘0c4 +
> 4 1927 25672 *° (5°) — 2
Ps  11/%s2 A+ B . .
26&-‘:’:,1' = = + = - ﬁﬁc 3 + O b 4 -
CT T T 1920 956m2 o0 (57) e—— 0
05 _ (%s N 11435 N 3A— B
| 1927 25672

Ps* +0(5") e 07




Closed flux tube spectrum from world-sheet scattering

* TBA formulates with the generalized quantization condition around the circle:
> @dQ(saib (ipui- q) _ _—Reb(q)\ _ o0-AT.
[) 5 » In (1 e ) = 2w N}; .

> @ dQ(S‘baz (_Zpu* Q)
0 2T dg

) =4

PR+ 20a,a; (Pris Drj

ABA In (1 _ e—Rf?@) = 27N,

prilR + Z 204,0; (Pri, P1j) + 1
J
* The pseudo-energies €, satisfy:
€(q) =q+ - Z%ab q, —ipr) + %RZ/ dq "d%“b q 7)1, (1 —e—Rf?(‘f’))
@ =q- % Z %8s (0. ipe) Z/ dzog,@ (q q), (1 B e—Re?(q’))

* The energy of a state is written as

> . 1 % i
AE = pri+z Drit Z]l; dq In (1 — G_Ret (Q))-l—% Z‘/Ov dq In (1 — e_Rfr(Q))

° + ApprOX|matlons




Closed flux tube spectrum from world-sheet scattering

TT simplifies TBA because the undressed theory is free in the leading order
2

B(R.) = o (R + S B(R.1))E (Ro.0) + 25;0 (R)P (Ry)

We neglect all the winding corrections in the undressed spectrum

Momentum Quantization Condition becomes the Asymptotic Bethe Ansatz (ABA)

We can investigate the spectrum of phonons — massive excitations using ABA + T'T
deformations. [Chen, Conkey, Dubovsky, Hernandez-Chifflet 2018]

Recipe
e Start with a world-sheet theory of free phonons (phonons can interact at subleading order in low
energy limit) and massive particles.
 Compute the finite volume spectrum of this theory using ABA.

« Deform the theory by TT operator to the string scale, which will automatically incorporate the
axion-interaction at leading order.

N
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The Axionic String Ansatz (ASA)

Lattice calculations demonstrate that there is one massive resonance

12

We add a massive resonance [Dubovsky et al 2013]

Sq = /dch\/—_h (—%(8(,@5)2 - %mzqﬁz - G

‘Bl |

10

¢ is a pseudoscalar — the world-sheet axion

From Monte-Carlo data of 4D SU(3) Yang-Mill

Integrable coupling: Qintegrable = \/7/(167r) ~ (0.373

Can we describe all states in D = 3 4+ 1 with the worldsheet fields only?

NL:NR:3

| NL:NR:2

NL=NR=1

g NL:NR:()



The Axionic String Ansatz (ASA)

Lattice calculations demonstrate that there is one massive resonance

We add a massive resonance [Dubovsky et al 2013]

5 — / Pov/—h (—%(8(,@3)2 _ %m%g + %haﬁemﬁatwaﬁt%)

B

Vh

¢ is a pseudoscalar — the world-sheet axion " =

00 X "5 X"

From Monte-Carlo data of 4D SU(3) Yang-Mills: Q4 ~ 0.38 £0.04, m ~ 1.85"

Integrable coupling: Qintegrable = \/7/(167r) ~ (0.373

Can we describe all states in D = 3 4+ 1 with the worldsheet fields only?
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Extracting the spectrum of close flux tubes

* The spectrum is extracted using torelon correlation functions

(9" (t = any)(0))

e Using the effective mass

C(t)

<¢T8—Hant qﬁ) _ Z |Ci|2e—aEint

t—LOO |CO|2€—CLE()TLt

Provides the ground state

s [_ln (O(t —a)

* For excitation spectrum we use the GEVP

[Presentation by Francesco Giacomo Knechtli]

) ] Example of effective masses
— >

| SU(6) at B = 25.55.
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https://indico.cern.ch/event/1293041/contributions/5955724/attachments/2912832/5111335/qchsc24_knechtli.pdf

Extracting the spectrum of open flux tubes

* The spectrum is extracted using Wilson loops W (7, t)

(W(r,t)) = ZAne_E”(T)t
i=0

W (r,t) g, 14+ Ajem(FrmBo)ty

W(rt+1) 1+ Aje-EBi-Eo)@+D) {

* We use the effective energy:

L W(r,t)
Eo(r,?) = Jim In W(r,t+1)

* For excitation spectrum we use once again the GEVP

Time
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The Quantum Numbers of closed flux tubes

Quantum numbers for the closed string

e SpinJ: &L( Z tng ¢ nz  Example ¢ (7 =1)= Tr{ﬂ_l—+@’ — 7 — IFL—-?J Jzﬁ}
P 4 P,

P
* Parity: ”

ﬂﬂ

We build operators described by the quantum numbers of /, PL,P”

 We use a large basis of operators with transverse deformations:

— LI T A T D A D D= D
e L - - = e I

A0 TN L D g




The Quantum Numbers of open flux tubes

Quantum numbers for the open flux tube

e Spin A: Projection of angular momentum J onto the charge axis | - R

* Parity and Charge Conjugation : CoP . with eigenvalues g(u) = 1(—1)
* For A = 0 we have one more quantum number P, = &+
We project onto the irreducible representations

* X7,Z5,2; and X, whereZ > A =0

* IlgandIl,, wherell - A =1

* AjandA,, whereA > A =2



Closed flux tube results: The absolute ground state N; = Np,

Ni. N J | PL| P String State
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Closed flux tube results: the GGRT state with N, = Np =1

Results for SU(3) and B = 6.0625

Ni,Ng | [J] ‘ P | P ‘ String State 12
N =Nrp=0 | 0 ‘ + | -+ } |0> I I I T I NL = NR = 3
0 [ |+ 5(1]"{1:1 + a3 (1'_"1% |0)
I +- -
Ny =Ng=1 0 apa_, —ayac, |0)

2 |+ | + (ul a’, + a3 (1_1) |0)
2 | — |+ (afal; —q (171) |0)
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Closed flux tube results: the GGRT state with N, = Np =1
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Closed flux tube results: the GGRT state with N, = Np =1
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2 | - |+ gaf'a}'afla Ly —arayaat)) + (afaja" a7 —a (L+(L+1(L+]g |0)

2 | — | = | [(afafatyaZ, — ayayaZ,at)) — (afayaZ,a, — ayafat aty)| |0)

3| |+ (afaTa’y + ajatat)) + (ajaya”, +a;a"a",)||0)

3]+ | — (afala®y, —afa’ia®)) + (ayaya”y, —aga”ja";)||0)

4 + | + 5(1]"(1}'!14'1{1_1 +aya;a 1(1_1% |0)

4 | — | + ayafatial, —ayaya”ja,) |0)

Ecgrr(Np, Ng) =

4?1-2(NL — NR)2

RZ

RQ

- +E(NL+N

D -2

12

4

)

Results for all the ensembles

=1
T

T T

T

R

[] SU(@3),p =6.0625
(O su),B =6.338

/\ SU(5),B =17.63
\/ Su(5),B = 18.375

<> su(e), B

= 25.55




Closed flux tube results: the GGRT state with N, = Np =1

Ni,Ng | [J] ‘ P | P ‘ String State

Nr=Nrp=0 | 0 } + | + } |0)
0 | + |+ (aya", +ara™,)|0)

N Nt 0= = a+a_, azat,)|0)
2 |+ |+ (ul e, +aja 1) |0)

2 | - |+ (afal, —aya 1) |0)

0|+ |+ aya_, +ayat,)|0)

0| —-1- 5(12 a”y —ay (1+3 |0)

0|+ |+ afata” 0", +ayayatat)) |0)

0 - | - Ea?’a&"a:lajl - al_a.l_afla-'fl |0)

0|+ |+ ajayatia”,]0)

1 | £ |+ (afaia, +azataty) £ (ayay (L_z + ayatiat)|]0)

1 | £ |- (afal (L_z —ayaa") £ (a 1_:11 aZ, —az;atiat))]|0)

1| £ |+ (afay (1_2 + az ya“,at)) £ (a7afaZ, +ayatiay)]|0)

Ne=2Np=2| 1| + | — (afara’y, —afa”ja®)) + (ayafa”y, —agatia”))]|0)
2 |+ |+ (uzn s t+aza” 2) |0)

2 | - |+ (agal 2—!12(1_3 |0)

2 + | + (afrz{rrfr]a 1 tajaa la+1) + (“1 aya_ja_y; +ay (J..l al el 1) |O)

2 |+ | - ajafat e, +ajara”at,) — ufal a”,a”, +ayayata)]|0)

2 | - |+ gaf'a}'afla Ly —arayaat)) + (afaja" a7 —a (L+(L+1(L+]g |0)

2 | — | = | [(afafatyaZ, — ayayaZ,at)) — (afayaZ,a, — ayafat aty)| |0)

3| |+ (afaTa’y + ajatat)) + (ajaya”, +a;a"a",)||0)

3]+ | — (afala®y, —afa’ia®)) + (ayaya”y, —aga”ja";)||0)

4 + | + a]"af'rl*'ln_l +ayaya”a”,) |0)

4 | — | + Ltfa;r(ﬁ](ﬁl Gy Q_y@_ 1% |0)

Ecgrr(Np, Ng) =

4?1-2(NL —

T2 RZ 4’T
Rr) +

RQ

p2

(NL + Ng

D=2
12

Results for SU(3) and 8 =

] T T

Re-!

NN

6.0625  /\ SU(5),p

V' Su(s),p

SU(3),B

SU(3),p = 6.338

17.63

<> sU(6),B = 25.55

18.375




Closed flux tube results: the GGRT state with N, = Np =1

Ni, Ng | [J] ‘ P | P ‘ String State
N, =Nrp=0 | 0 ‘ + |+} |0>
0 [ |+ aja”, +ayat,)|0)
Ny = Ng =1 0 (== aja_, —ajat,)|0)
' 2 |+ | + (u]"afl = a]_a.:l) |0)
2 | — |+ (afal, — afa.:l) |0)
0]+ |+ aza_y+aya,)|0)
0| —-1- aya”, —ayat,)|0)
0|+ |+ afata” 0", +ayayatat)) |0)
0] —-1-= afafa 0" —aya;atat))|0)
0|+ |+ ajayatia”,]0)
1 | £ |+ (afaia, +azat o) £ (a7ayat e + ayatiat)|]0)
1 | £ |- (afafa”, — rzz catat) £ (a 1_:11 aZ, —az;atiat))]|0)
1| £ |+ (afaya’y + aja”ja’y) £ (a7 afaZy + ayatia’;)|]0)
Ne=2Np=2| 1| + | — (ayayaty, —afa”;ay) + ((Ll_ﬂl a, — (L2 satiaZ))]|0)
2 |+ |+ (uz a’y + a;a.:.z) |0)
2 | - |+ (agaly, —aya_y)|0)
2 + + (a}LafaJ_r]a:l -+ afa.fa:lafl) -+ (ufa;a:la:] -+ rifrﬁatlatl) |O)
2 |+ | = gafa.i"af]a:l +aja;a_aty) — {uf’a;a:lajl + al_a]"aflaflg |0)

_ tatat a- — a—a—a—.a* tama- a-. — a-atat.at

2 + afayata” —ajaya”at) + (afaya”a”, —ayayatat))]]0)
2 - | - (a]"af'afla,_] —a;a; a 1a,"'l) — (a]"al a_ya_y — al_a]"afla'_"]) |0)
3| |+ (afaTa’y + ajatat)) + (ajaya”, +a;a"a",)||0)
3]+ | — (afala®y, —afa’ia®)) + (ayaya”y, —aga”ja";)||0)
4 + | + a]"af'rl*'ln L Farara”jay)|0)
4 | — | + ayafatial, —ayaya”ja,) |0)

Results for SU(3) and f = 6.338

2++

Using TT deformation and ABA

2.0

25

| SU(3) | SU(5)

| SU(6)

ﬂ-2 (NL — FH)Z
RQ

Ecerr(NL, Ng) =

\/4

R? Am [ i D -2
+E+E(AL+AH—T)

2++
ml, | 1.812(16) | 1.647(23) | 1.653(17)
Qs | 0.377(7) | 0.387(10) | 0.385(10)
2t
ml, | 1.811(16) | 1.648(23) | 1.656(17)

Qo

0.354(6)

0.346(7)

0.337(10)

3.0 45 5.0

8Q2€4p6
2(5res(P) = 209 tan_l (fnzé—fw + o1

8Q2rp®

m? + 4p?



The Axionic States

NV [P 1P Siring State Operator that creates a massive excitation with momentum 27k
1\& = J\"’R =0 | 0 } + | + } |0) —_— _|._ R
0+ |+ (afa", + aga®,) |0) —> AL ﬂL+1f1 1 Qpqd_y for k > 0.
; N I 0 — — {(11&1_‘31 t]ﬂ)'r—
Ne=Ng=1 2 | + |+ (u a’y +ay 7)|0)
2 - | + (al a’ 1 — ul B ) |0) Ni, Ng | |’7| | Py PI | String State
M No=Ng=1 0]~ ]—] Ao[0)
0|+ |+ faz a 2+aza+2 IO) 0 o)
0ol - = aya”, —ayat,)|0) Ny, =2 Np=1 R ity
0]+ |+ ?1?—&;—“ 10_ + ajay (L+IH+1% |0) ¢ o - Ay (a-f— + al) |0)
0 - | - afafa o —a; al atat))|0) 0 + | + AgAg|0)
0|+ |+ . L. ) r:1a1+a 12-,]0) 0| -1 - Ay (ajaZ, 4+ aja’)) |0)
1 | £ |+ (afaia”y, +azatat)) £ (a ayaya 2-1—(1.2 atya®))]|0) N 1|+ |+ A, (at, 43(1:1) — A, (af Fa7)] 0)
1 | £ |- (afala” - rzz atiat)) + (ayaya’y, —ayatat))]]0) Np=2,Np=2 + - + o =
1 |+ |+ (afayat, + afajat)) = (r_a a”, +ayatia’,)]|0) e Ai(ady Faz) + 1:1_71 (o :F_al_) 10)
Ny =92 Np=21| 1 | + | — LY 1+li l— e + | — Ag (afat, —aTa”,)|0)
Np =2 Ng= (ayayaty, —aga”ja’y) + (ac (L2 rL_](L_l} |0) 2 | — | = Ao (ata®, +aga=,) |0)
2+ |+ (“z aZy+aza,)[0) — S L
2| -]+ (asal, —aza_,)|0) 0| - Ay |0)
2 |+ | + (afa{raf]rzjl + afa.fa:lafl) + (ufa*a]rf] +a;a;at la 1) |0) 0 - Agai a7 |0)
2 |+ | = ajaiata” +aja;aat)) — (afaya” 0", + ayajat la U110 N, — 3 Np—1 1 + Ay (af Fa7)0)
2 | - | + afayata” —ajaya”at) + (afaya”a”, —ayayatat))]]0) L= % SR = 1 + Ay (af T a; |0)
2| - | = (a]"af'afla,_] —a; “1 a 1(1,_1) - (a]"al a_,a_; — a; a]"a_la,_l) |0) + Ag a.'l"a'l" —ayay)|0)
3| £ |+ (ayajal, + ayalyaly) & (ayayaZ, +ayaZ,a,)|[0) 2 — Ap (aTaf +a7a7)|0)
31+ | - (afafa®y, —afa’ia®)) + ((Ll_ﬂl_ﬂ —aya_ya”y)||0) 1A
4| + |+ afafala’, +aTaraZaz,) |0) 01 + ! E|U>
4| - |+ ajafatat, —ayaya”a”,) |0) 0] - . A—lal_'_al |0)
Ny =3 Ngp=2 0 - A a!ra'zl + a.l,ail |0>
0 _ jln gy 0_y + g a_y |U>
N, Ng | |J] [ P ] P | String State 0 + | + A1 A_4|0)
Ne=LNg=0] L] ] | (af £4a;)]0) 0] — |- L A9:13A0|0>
. - 0 0|+ |+ Ay (afa”y —aja’,) |0)
X + (aguzl + I‘IQ_!IZI) |ﬂ§: N 3 N . 0 - | = Ag (afa”, +aza’,) |0)
N e —aasy | M= 3R =3 0 | | | A (afan, +agaty) — A (atyer +amef )| [0)
1+ toa— 4 a0 20_) T ya_y 201 201
(afafa”, £ araral)|0) ol - _11a g = A -, Tty
Ny =9 Ne=1] 1 | + tora-. +a-atat ) 0 ) _1(afaZ, +azat)) + Ay (aF,a7 +a",af)]|0)
Ny =2 Ng= (tIlrxltI_l rIlultI_l)| ) _ o= i
2| + (ﬂ;rf_'l - u;ﬂ:]) |0} 0 + AQG;IGZJ ’1—2'1'_1*_'1'1_ |0)
9 _ (ﬂ;”tl _ u;u:,) |n:' 0 - - 1'12{1_]_{1_]_ + 11._2!1-1 iy |0>
3 + (ﬂfﬂfﬂil ES rIl_ul_tlzl) |0}




Closed flux tube results: the 0~ " state and the axion

Results for SU(3) and f = 6.338

T ; ABA+TT

------
- -

N.. Ng | | ‘ P, | P | String State

Ne=Ng=0 [0 [+ [+] 0)
0| + [+ (afa”, +ara”,)|0)

AN N ] 0 B (GTGL — ﬂ51_‘5"'_—'—1) 0) | AEE

= o 2 [+ | + (a7al, +aya’y)|0) S
2| — |+ (ﬂ-rﬂtl - flfa'il) 0)
0| + | + (ata—, +asa™,) |0
o[- - afaz, — azaty) [0)
0| + |+ ajata a0, +aa;aaty)|0)
0| -1 - ajaja” 0=, —ajara T a”,)|0)
0| + |+ atara® a”,|0)
1
1 N, Ng [P P | String State
1 Ne=Ng=1]0]-1]-] Agl0)
Ny =2 Np=2|1
2 N.=2,Np=1 O - N 4il0)
: 1|+ Ao (af Fa7) |0)
2 0|+ |+ ApAg|0)
| 2 0| — [ — A (afa”, +aza™,)]0)
2 1| £ |+ Ay (a¥y FaZ,) — Ay (af Fay)]]0)
Ny =2 Np=2 -1 -1 11t 1

2 L R 1 + — L"i]_ afl F (1:1) + 11._1 (a;— F {1]__) |0>
3 2 0+ | - Ay (afaly —ayaZ,)|0)
3 2| - | = Ag (afa®, +ara”y)|0)
. |

Ecerr(NL, Ngr) = \/ 72

472(Np, — Np)2 R?2 4 D -2
TN — Naf® | B ”(NL+NH——>

TBA with higher orders s1_8  204n4i(s) =

TBA with no high orders in s

s 11s2 3 A
1 + 1997+ + azs” + ass +



Closed flux tube results: the

N, Ng J | PP String State
) I g
Np=Nrp=0 0 aF || =rF 0)
| 0|+ |+ (a,]"a_l +a a_l) 0) |
. 0| -1~ (a7aZ, —ajaZ,)[0)
Np=Np=1 ! -t
L ’ 2 | + | + ((L}L +1 + aj a-_l) |0)
2 | -+ (a;r( - a_l) 0)
0 (afa”y + aza’s) 0)'
0| —1]— (a}'(z_z as a_Q) 0)
0|+ |+ (ai"ufuzlazl + ‘11_31_(1_:1“'_:1) 0) |
O] = [ = lavara o —a a aa ) [0)
0| + | + alaja’ a”, 0)'
1| £ |+ (afafaZ, +azat o)) £ (a7ayat > +ayatia;)|0)
1 | £ |- (a}'a?’a_z - az atiat)) £ (ay 0.1 t,—ayalat)]|0)
1| £ |+ (afayat, + a2 a”yat) £ (a7 al azytay atia”,)]|0)
Np=2Np=2| 1| + | — (afara”y —afa”jat)) + (ayafa”y, — aza”,a=,)]|0)
2 |+ |+ ((L}"a*’z +aga 2) 0)
2 | -+ (ajatz —aya_,) |0)
2 + -+ (afrzfafle’[] + U.Ia.fa,:la.fl) -+ (a{ra*a]a*l + a’rﬁu*la 1) \O)
2 | + | - ayaiaa”, +ayara’al,) — afal a”ya”, +ayala’ la 110
2 | - |+ afaja™a”  —ajara”a")) + (afaya”a” —ajajata’))||0)
2 | — | = | [(afafayaZ, —ayaraZ,a’;) — a?’al a”,a”, —ayaiatia’)] |0)
3| £ |+ (afafa’, +ayatia®y) £ (a7aTa’, +a5a”,a7,)][0)
3| + | — (afala®, —afa ,a’,) + (a7aia”, —a;a”;a-,)0)
4 | + | + (ai"af'a"_'la_l +aya;a”a”;) |0)]
4 | — | + (aya)a’ 0’y —aya;a_ja_,)[0)

Eccrr(NL, Ng) =

RQ

4?T2(NL — NR)Q R_2 4?T (

n e

10

EY

0

0" *states and the axion

Results for all the ensembles

[1 su@),p=6.0625 /\ suU®),p=1763 <> SU(6),B = 25.55
O su(3),B =6.338 Y SuU(5),B = 18.375




Closed flux tube results: the

Nz Nn 7]

Py

P,

String State

=1

| NL=Ng=0 + [+ 0) | 3
| 0|+ |+ E(Lia_l + aj a_lg 0) |
. 0| -1~ aya aya’y) |0) A
N=Np=1 1 : El. -
L R 2 |+ |+ ((L}" T —I—rxla._l) 0) S i
2 | -+ (a;r( - a_l) 0)
0| + |+ (afa”, + aya’,) 0)' [§
0| —1]— (a}'(z_z as a_Q) 0)
0|+ |+ (ai"ufuzlazl + ‘11_31_(1_:1“'_:1) 0) |
O] = [ = laya a o —aaa a ] U} | 2
0| + | + alaya’ a”,|0)
1| £ |+ (afafaZ, +azat o)) £ (a7ayat > +ay !.1+1(J. U110) 4
1 + | = atata , —a;a,a,)) £ (a7a;at, —asa a” 0
10102 = 3010 1 1 Ty —azalial,
1| £ |+ (afayat, + a2 a”yat) £ (a7 al azytay atia”,)]|0)
Np=2Np=2| 1| + | — (afara”y —afa”jat)) + (ayafa”y, — aza”,a=,)]|0) 3
2 |+ |+ E(Lzaiz +aga 2) }0)
2 | -+ yaly — aga_s) |0)
2 + -+ (afrzfafle’[] + U.Ia.fa,:la.fl) -+ (a{ra*a]a*l + a’rﬁu*la 1) \O) 2
2 | + | - ayaiaa”, +ayara’al,) — afal a”ya”, +ayala’ la 110
2 | - |+ afaja™a”  —ajara”a")) + (afaya”a” —ajajata’))||0) 1
2 | — | = | [(afafayaZ, —ayaraZ,a’;) — a;Lal a”,a”, —ayaiatia’)] |0)
3| £ |+ (afafa’, +ayatia®y) £ (a7aTa’, +a5a”,a7,)][0)
3| + | — (afala®, —afa ,a’,) + (a7aia”, —a;a”;a-,)0)
4 | + | + (ai"af'a"_'la_l +aya;a”a”;) |0)]
4 | — | + (aya)a’ 0’y —aya;a_ja_,)[0)

Ecerr(NL, Ng) =

O++

states and the axion

Results for all the ensembles

4 5}
R

?T2(NL — NR)Q

RQ

gd

47r

P‘

D—2

(VL+N S

12

NN

SU(3),B = 6.0625
SU(3),B = 6.338

/\ SU(5),B = 17.63
\/ Su(5),B = 18.375

<> sU(6),B = 25.55

)




O++

Closed flux tube results: the states and the axion

Results for SU(3) and B = 6.338

N, Ng [J| | PL| Py String State
| Ne=Ng=0 [0 ]+ [+ 0) | !
0 + |+ (afaZ; +a a_l) 0) i
- 0 — | — [a+(: —aya’ ) 0) g i
N =Np=1 1 -1 :!
L R 2 |+ |+ (afaty +a7aZ,) |0) E S Sf
2 | — |+ (aT( i —aa 1) |0) I
0|+ |+ (afaz, + aya’,) |0)] [
0| -1 - (a3a”, — aza,) |0) |
0| + | + (a’fufuzlazl -+ ‘11_31_(1_:1“'_:1) 0) | al
0 = la,ava 0, —a,a,a a ) 10)
ol +1+ ataratia,0)]
1 = =
1 NoNe PR String State : Ny = Np =2
1 ~Ny=Ng=1]0][-]-] Ag|0) af
Np=2Np=2|1
' o 2 _'\'YL =2 j\'v_g =1 0 - 4 141|0> I
3 R 1|+ Ao (af Fa7) 0) _
| 2 0 + | + AgAg|0) I !
2 0| - |- Ao (ajaZ, +aya’,)|0) ol
2 Ny =2 Ny —2 1|+ |+ Ay (a¥y FaZ,) — Ay (af Fay)]]0) N, =Nz =1
2 R 1| £ |- Ay (o, Faly) + Ay (af Fa7)]|0)
3 20+ |- Ay (afaTy —ayaZ,)0)
3 2| - | = Ag (afa®, +ara”y)|0)
reE

472(Np — Ng)2  R? 4x D —2
EGGRT(NL,NR): \/ RQ +E+@ i?\rL"f_NH_T I[
1



Closed flux tube results: ] = 1,q = 1 ground, 15¢ and 2™¢

Ni, Ng |J[ | P | A String State
N —LNg=0] 1 [+ (af £a)[0) |
0] + (afa”y +aza’y) |0)
1] — (a3a=, —aza™, ) |0)
1 == (afata”, + ayaya’,)|0)
Ne=2Ng=1| 1 + [::Il_ul_u:] + :IL_uI':I:]} |0)
2 - (azal, +aza_,)|0)
2 — (afa®, —aza”,)|0)
3 | + (efafat, +a7a7aZ,) |0) |

Ny, Ng [ | PP

String State

Ne=Ng=1 [0 -]-] Ao|0)
AL 92 N 1 0 - Aq|0)
- Ayt 1 + Ay (a'L" q:a.l_] |0) |
0 + + /1.n!1(]|0>
0| - |- /)ln (afaZ, +a7a®,)|0)
o oA 1| £ |+ Ai (afy FaZ,) — Ay (af Fay)]]0)
Ne=2Ne=2| | | L |_ A Eaflq:ajl) + A (af Fay)]]0)
2 |+ | - Ag (afat, —aja”,) |0)
2 — | = Ay (afat, +aya”))|0)

AEY,

Results for SU(3) and § = 6.338

Ngr)?

) Ar2(N, —
Ecarr(NL,Ng) = \/ ( L

RJ

R? An D —2
‘f‘—‘f‘—‘(NL‘f‘A'T,_ )+(

g2 12

8 ]

2mq

2
7)

NL=21NR=1

NL=1,NR=O



Closed flux tube results: 07, g = 1 ground and first excitations

Ni, Np | || [ P ] P, | String State
Ne—LNg=O] L[ E] | (@ £a,)]0)
0|+ (ata”, +asat,)|0)
0| — (afa”, — aza®,) 0) |
1|+ (afafa”, +a; ”1 at,)|0)
Npe=2Ng=1| 1 4 (tIl aya_y tayaal,)|0)
2 + (ﬂg i T +aza”,)|0)
2 - (tl at, —aza_,)|0)
3 + (tIlrxltI +ayara”,)|0)
Np,Ng | |J| | P | P | String State
Ne=Ne=110]-]-] Ao/0)
N2 N} 0 — Ay |0> |
T 1|+ Ao (af Fay)|0)
0|+ |+ ApAp|0)
01 —-1- /)10 (afa:l +aya’,) |0)
- 1 + + Al !’It Ta_,)-— z1._1 (a"' F ﬁ_) |U>
N =2 Np=2 1 1 1 1
L TR 1 + | - /11531:!:(11)""11(&1:!:&1) |0}
2|+ | - Ay (afa 1_'11 '1—1 |0}
2 | -] - Ay (afa®y +apa”,) |0)

Results for SU(3) and f = 6.338

NL=2!NR=1

A10)

Ecarr(NL, Ng) = \/

47?2(A'TL - _E\TR)‘Z

R2

R? Axw D -2
(N, + Np—- ==
i ( D

From 0™
Qaanti(ﬁ) —

—first excited state a3 and a,

s 4

1152
1qzn+“*" +a45 + -




Open flux tube results: Z';; representation in SU(6)

S5, Act =0, B =24.00, & = 4.00, #config = 1000

Excitation | Symni(}trﬂ State lat = 243 x 96, SU(G), gR — 41274(2)
R GT'”?{”  Mhit!%0 APE20, O(1,0)[0 < I < 12
- L 1
I B, 7 o — = 5] ma
Hg a’zll,ﬂ} Ay |ﬂ) ---------------- .-.--“-m O, i
Ay (a},)?I0) (@ )20y | seesdageessammenepEs @& 'm"-é 9--‘ %2 2
N=3 E;Z’ (all(l% -l-a.i a,;})m) o ———— -.5___@_ @.--@- _Q.--‘Q'-- .--o ‘-? @4; 5
3 (a'll('r'? —a a’zl)ln) @ . __,e--lei"a-- Q ‘-¢--l"‘ @ f
I, al, 10) al_10) ettt ol B2l @ o | 6, 4
1 (aIl)zaI [0) ai‘(at )%10) v o b @"'¢"'°'"0‘- 5 ® ‘-O;'__é--‘c |-§-|8’ 5
Au “I;“';H“) “I#“;;'”} . 0T 0. .2 e © Ce | W10, 6
Oy (a;,)700) (a; )70} = NN T FERIAL . ® g
T Al 1 = o...9 ° ... é 112, 7
5 (@ )’(a)70) S 4190 el ® ...
2™ lahal +at ooy | 7 T | Laaadegqesrttt
EE,: [af | ai +_ ai ai} )|0) + @ ®
HE a,, [0) a, 0)
I, (a},)?a} 10) (] )%al,[0) 27
i, a0y l0) el a) ol [0) __asy/o =0.4113(2)
Ag @ tra':a.zl |0) @ Jfa:ag |0) v at\/E = 00996(0)
A (ay,)710) (ay )710) | I — 0.4591
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Open flux tube results: ' representation in SU(6)
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Open flux tube results: ' representation in SU(6)
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Open flux tube results: 23 representation in SU(6)
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Open flux tube results: X7, representation in SU(6)
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Open flux tube results: X7, representation in SU(6)
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Outlook

 We have obtained the spectrum of closed flux-tubes in 4D SU(N) Gauge Theories

 The interaction involving axions can be approximated by TT deformation
 We observe two towers of states — (phonon) + (axions + phonon) states

* We have obtained the spectrum of open flux-tubes in 4D SU(N) Gauge Theories
 The spectrum involves an axion with the same mass as that for the closed flux-tube
* There is need for an Effective String Theory for Open Flux Tubes
 TBA analysis for the Open Flux tube is needed

* Spectrum of closed flux tube supports that it can be described by worldsheet fields only
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