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Why is YM(2+1) interesting?

s Interesting in its own right

YM(1+1) YM(2+1) YM(3+1)
No propagating Propagating degrees Highly
degrees of freedom of freedom, nontrivial,
Exactly solvable Nontrivial Difficult

Dimensional coupling

Super—reuannalizable

a A real physical context for YM(2+1)

Mass gap of YM(2+1) =~ Magnetic screening mass of
YM(3+1) at high temperatures
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Why is YM(2+1) interesting? (cont’d.)

= Magnetic screening 1s necessary to define perturbation
theory at finite temperatures due to magnetic-type infrared

divergences.
s Athigh I, YM(3+1) =~ YM(3) because only the lowest
Matsubara frequency contributes

= This can be Wick rotated to YM(2 + 1), so by analyzing

YM(2 + 1), we can get an estimate of magnetic mass

Work 1n collaboration with D. Karabali and Chanju Kim.
We will use a Hamaltonian approach, some exact results are

possible.
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Feynman’s last problem

= ¥, 1s real and positive @ —  W_,. has a node

ﬁ-ﬂ! R — #
e —— A
= e
A ~—— i
LB S & 58 K 5 5 2 8 L - -
...-F"
Fd A
, A
L
AT
\ o

(H) :% f [eﬁwwmﬁ 4 Bﬂquﬁ/ﬁ]

eradient energy ~ 1/L?

e ooft@rhaps L cannot be made arbitrarily large? Page 696




Hamiltonian Analysis

As 1 any theory, Hamiltonian analysis requires 3 basic
meredients
1. Inner product
= Matrx variables, calculation of gauge-mmvariant volume
= Identification of proper gauge-invariant variables (CFT
argument)
2. Hamiltonian H in the new variables
= Propagator mass, comparison with resummation
techmiques,...
3. Solve the Schrodinger equation HW = EW
= V. the vacuum wave function — string tension,

Pirsa; 06020036 comparison with lattice estimates R




Matrix variables, volume element

s Choose Ay = 0, this leaves A;. ¢ = 1. 2. Gauge

transformations act as

Al=gA,g" — Ogg’

Wave functions are cauge-invariant (This 1s equivalent to

imposing Gauss law)

s Choose complex coordinates, 2 = ry — ix3. Z = Iy + 23
A=A = %(*_11 i), A= %(:11 — &ﬁlg)
= Parametrize A as

A=—0M M A= M"V1oMT
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Matrix variables, volume element (cont’d.)

o« G =8SU(N) — M € SL(N,C) = SU(N)®
(More generally G — G<)
This parametrization 1s well-known i 2-dimensional YM
context, ganged WZW models, etc.

= There 1s an ambiguity, M and MV (Z) =— same A (We

will come back to this later)

= The basic advantage of this parametrization 1s the behaviour

under gauge transformation,
A—-Al=gAig —0igg ' =M —=MI=gM

s H = M'"M 1s gauge-invariant
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Matrix variables, volume element

Pirsa: 06020036

s Choose Ay = 0, this leaves A;. : = 1. 2. Gauge

transformations act as

:1? = g ;—1,; g_l — f’)ig gj_l

Wave functions are cauge-invariant (This 1s equivalent to

imposing Gauss law)

s Choose complex coordinates, 2z = ry — ixs. 2 = 27 + 125
A=A, = A +iAy), A=1(A —iA)
= Parametrize A as

A=—0M M A= M"7oMT
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Matrix variables, volume element (cont’d.)

« G =SU(N) — M € SL(N,C) = SU(N)®
(More generally G — G<)
This parametrization 1s well-known i 2-dimensional YM
context, gauged WZW models, etc.

= There 1s an ambiguity, M and MV (Z) =— same A (We

will come back to this later)

= The basic advantage of this parametrization is the behaviour

under gauge transformation,
A—-Al=gAig —0g9gg " = M— MI=gM

« H = MT™M is gauge-invariant
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Matrix variables, volume element

s Choose Ay = 0, this leaves A4;. i = 1. 2. Gauge

transformations act as

Al =gAig™ — digg™

Wave functions are cauge-invariant (This 1s equivalent to

imposing Gauss law)

s Choose complex coordinates, 2 = ry — ixs. 2 = 21 + 125
A= A; =3(A +iAy), A=3(A; —idy)

s Parametrize A as

A=—0M M A= M"1oMT
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Matrix variables, volume element (cont’d.)

« G =SU(N) — M € SL(N,C) = SU(N)®
(More generally G — G<)
This parametrization 1s well-known m 2-dimensional YM
context, ganged WZW models, etc.

= There 1s an ambiguity, M and MV (Z) =— same A (We
will come back to this later)

= The basic advantage of this parametrization is the behaviour

under gauge transformation,
A—-Al=gAig —09gg " =M —-MI=gM

s H = M'"M 1s gauge-mnvariant
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Matrix variables, volume element (cont’d.)

= Calculation of volume element of the configuration space
§A = —(SMM ")+ [OMM . MM
= —D(6MM™)
8A = D(MTsMT)

ds’y — / d?zx Tr(6 A8 A)
— f Tr [(M™'6MY)(—DD)(6MM™1)] |

FY . f Te(MT16 M 6MM™)

dug = det(—DD) du(M, MT)
N——  — |
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Matrix variables, volume element

e« G =SU(N) — M € SL(N,C) = SU(N)®
(More generally G — G©)
This parametrization 1s well-known 1n 2-dimensional YM
context, gauged WZW models, etc.

= There 1s an ambiguity, M and MV (Z) =— same A (We

will come back to this later)

= The basic advantage of this parametrization 1s the behaviour

under gauge transformation,
A—-Al=gAig'  —0gg " =M — MI=gM

s H = M'"M 1s gauge-ivariant
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Matrix variables, volume element

s Choose Ay = 0, this leaves A;. i = 1. 2. Gauge

transformations act as

Al=qgA;g — gy

Wave functions are cauge-invariant (This 1s equivalent to

imposing Gauss law)

s Choose complex coordinates, 2 = ry — ixy. 2 = 11 + 125
A=A, =3(A +idy), A=1(A, —iAy)
= Parametrize A as

A=—0MM™ A= M1oMT
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Matrix variables, volume element (cont’d.)

= Calculation of volume element of the configuration space
0A = —(SMM ')+ [OMM ' MM
= —D(6MM™)
8A =DM ts M)

ds’y = / Pz Tr(5 A6 A)
— / Tr [(MT™'SM")(—DD)(6MM™1)]

dps = det(—DD) du(M, M)
N ——
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Matrix variables, volume element (cont’d.)

= We can split the SL(N, C) volume element as

du(M.M") = du(H) du(U)
w w
Haar for SL(N,C)/ SU(N) Haar for SU(N)

dp sy = det(—DD) du(H) dup(U)

= For the gauge-invariant configuration space
dp(C) = det(—DD) du(H)

o 1he computation of the determunant 1s as follows.
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Matrix variables, volume element (cont’d.)

= We can split the SL(N, C) volume element as

du(M.M") = du(H) du(U)
w w
Haar for SL(N,C)/ SU(N) Haar for SU(N)

dpy = det(—DD) du(H) dp(U)

= For the gauge-invariant configuration space
dp(C) = det(—=DD) du(H)

wo:® 1he computation of the determinant 1s as follows.
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Matrix variables, volume element (cont’d.)

s |'wo remarks
1. YM (2+1) has Gribov problem. But inner product

formula has no difficulty due to this, it 1s exact

2. It shows that matrix elements in YM(2+1) = correlators
of a hermutian WZW model

= The Wilson loop operator 1s given by |
T |

W(C)=TrPe ¥4 =Tr Pexp (—f.]) |

|

CA

J = (eyfn)y 6H H™

All gauge-mvanant quantities can be made from ./. |
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Matrix variables, volume element (cont’d.)

s | wo remarks
1. YM (2+1) has Gribov problem. But inner product

formula has no difficulty due to this, it 1s exact

2. It shows that matrix elements in YM(2+1) = correlators
of a hermutian WZW model

= The Wilson loop operator 1s given by
W(C)=TrPe ¥4 =TrPexp (lf J)
CA

J={ey/ny 0H H

All gauge-invariant quantities can be made from .J.
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Matrix variables, volume element (cont’d.)

= For the gauge-invariant configuration space
dp(C) = det(—DD) d,u(H)
—du(H) exp|2 ca Swzw(H))
= S, H) 1s the Wess-Zumino-Witten (WZW) action,

1 _ f
Swsuw(H) = 5= Tr(ri)Hf)H‘l)+ﬁ Tr(H1dH)?

€4 §¢1b — fam-n fbmn =" | (Sab for S[’T(*\T)

= The mner product 1s now given as

(H2) = /d;z.(H') exp |2 ca Sww(H)] V] 5
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Matrix variables, volume element (cont’d.)

e | wo remarks
1. YM (2+1) has Gribov problem. But inner product
formula has no difficulty due to this, it 1s exact

2. It shows that matrix elements in YM(2+1) = correlators
of a hermutian WZW model

= The Wilson loop operator 1s given by
W(C) =Tr Pe ¥4 =Tr Pexp (lfJ) |

CA

J = (ey/n) 8H H |

All gauge-mvariant quantities can be made from ./. |
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An intuitive argument for mass gap

= The Hamiltonian has the form
H = / % e E* + B:Z;ffz]

[E., B] ~ p (in momentum space) — AE AB ~ p, or
AFE ~ p/AB

B 11, p* (ABY*
E=Hi~3 [t (ABE '~ &
Minimize with respect to AB = (AB)? ~p=—= &£ ~ p.

Thas 1s the photon.

s For us

Pirsa: 06020036 Page 25/96
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An intuitive argument for mass gap (cont’d.)

« Expanding the WZW action

(H) =~ /d,u[H)m;p [—:i BLB - :| /% [EEE"Z + %2-]

27 | p?

Gaussian —> (AB)? ~ wp?/c4 = mass gap ~ €%c4 /2.

= More detailed analysis —

e2c 4 g“Teca

m — =
T 2 2
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An intuitive argument for mass gap

= The Hamiltonian has the form
H = / L [2E? + B2/e?)

E. B| ~ p (1n momentum space) — AE AB ~ p, or
[E,B] ~p p p
AFE ~p/AB

- = 1 2 P2 (AB]E
£= 00~ |*amE e
Minimize with respect to AB — (AB)? ~p=— &€ ~ p.

Thas 1s the photon.

s For us
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An intuitive argument for mass gap (cont’d.)

« Expanding the WZW action

c B
(H) ﬁfd;z{ﬂ){xlj [—% B?BT..} /- [e E? 4+ B‘*]
4T P

Gaussian —> (AB)? ~ 7p?/cy — mass gap ~ e?c4 /27.

= More detailed analysis —

Mmag = TN =
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An intuitive argument for mass gap

= The Hamiltonian has the form
H = / % [E'2E2 + B"?ffffz]

[E. B] ~ p (in momentum space) — AFE AB ~ p, or
AFE ~p/AB

b | =

2 p° (AB)?
[t (ABE '~ & }

Minimize with respect to AB — (AB)* ~p=—= & ~p.
Thas 1s the photon.

s For us

(H) = fdn HY exp [2 cSumw(H)] /é[-’-EMBﬂ/
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An intuitive argument for mass gap (cont’d.)

« Expanding the WZW action

0 ~ [anmy o[- [p58+.] [1[er+ 8]
2T jis

Gaussian —> (AB)? ~ wp?/c4 = mass gap ~ €e%c4 /2.

= More detailed analysis —

e%ca g*Teca

m ==
s 27 27 ‘
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The Hermitian WZW model

» The hermitian model can be analyzed by comparison with

the unitary model

Unitary model Hermitian model
Level &k Level k +2 ¢4
explkSwzw(U)] exp[(k + 2 €4)Swzw(H)]
k=k+ca x=—{k+ca)

Compare using (kK — —k)
Integrable rep’s ~ spin < k
(Nonintegrable...) = 0 (Nonintegrable...) = oc

= “Fiite norm”™ — W’s made of integrable rep’s.

k = 0 for us, == W’s are functions of the current ./
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Construction of H

= The Hamiltonian 1s given by

= o [ pope L [ pope

-3 f S
\.—.V,._/

= T + v

= The potential energy 1s easy to sumplify

: 1 _. P e
V= — /B”‘B" = — / = 5 J* -
')f-*' J E2 -

—_— __1 -

: / - OJ O.J :
mcea .

(This is the basic mass scale)

|
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An intuitive argument for mass gap

= The Hamiltonian has the form

H = / > [€2E? + B?/e?

= z wall =

Gaussian —> (AB)? ~ 7p?/c4 = mass gap ~ e?c4 /2.

|
|
I
= More detailed analysis — ‘

9

e“ca g*Tea

m =m = - —_—
e 2 27
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Matrix variables, volume element (cont’d.)

s |'wo remarks
1. YM (2+1) has Gribov problem. But inner product

formula has no difficulty due to this, it 1s exact

2. It shows that matrix elements in YM(2+1) = correlators
of a hermutian WZW model

|
= The Wilson loop operator 1s given by i
- |

W(C) =TrPe ¥4 =Tr Pexp (f—irf J)

€A

J = {eqfny OH H

All gauge-invariant quantities can be made from .J.
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Construction of H

= The Hamiltonmian 1s given by

&2 1
He & e+ L [
2 2e*
\_v_/
v

N, e’
= /i + :

= The potential energy is easy to sumplify

3 1 | Int [ - ~
V= — B*B® — — - g g J= -
24 o
: A
I S

— / t‘)] f.z’i.f:
mcas .

(This is the basic mass scale)

o
:'t b T
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Construction of H

= The Hamiltonian 1s given by

- & [ poge L [ pape
- 5/ FF + 5
\_V—/
— T + v

= The potential energy 1s easy to sumplify

: 1 | Ine [ _
V= — BB = — « g PaJ® -
2e2 22

— __i =

— - / I_)] f-_)ﬂff
mcy .

(This is the basic mass scale)
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Construction of H (cont’d.)

: 06020036

»« The kinetic term 1s simplified via the chain rule

Tl

& oJ(u) o6.J(v) *\
_""EL/aA( ) 5A(z) 6J(u)dJ(v)
— t—

{2

—I-/ ﬁﬂ.f(u._) oW
SA(x)6A(x) 0.J(u)
N —  —

'...-L‘

52 5T
O ubiin o (u _
f““"’(“‘ ") Ta ) J5(0) +/ ) 5 Ta )

|
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Construction of H (cont’d.)

» w%(u) needs regularization

- /’ 62.J%(u)
- r)o -16( )
— ({ E‘A/QTF) A[!I.m(;r) Ir [I‘mD;;(y J:‘)] y—r
2
w* — o J*, m = —a

—

d

= The kinetic energy is thus given by

. ‘ i
T = JE— + Qap(u, v) ¥
J s T ) e S e aye (o)

('..'; adb L i.fﬂbﬂj (f‘) _I_ O(f)

2 (u—v)?2  u—wv

Can be rechecked. particularly the term [ J f? by self-adjointness of 1 .

Pirsa: 06020036 Page 38/96




Construction of H (cont’d.)

» Regularization

All results checked using regularization.

= /| can be written as

;.-2 - =
(117°]2) = ET / dp.(H)E'zc“b‘”“”{H} [(gp]ulu Hap (Gp)pta

+ (GP)atn Hba(glj)bf’;‘

[Pa(E), M(F)] = M(§)(—ita) 5(7 — )
[Bal(®). MY ()] = (—ita) M1 () 8(5 — 7)
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Construction of H (cont’d.)

= Regularization

— x 1 ) _(m—u)? i 2
GmalZ0) = = [dma —— = |Hiz, i1)H {1, y)]]

All results checked using regularization.

= / can be written as

{'2 ;
(1|T|2) = % / dp( H)e2eAaw=w(H) [(gp)avl Hap (Gp)pia

+ (GP)ath Hba(gﬁ)bﬁ'h]

Lpa ‘[f fﬂ] == (I_hita)ﬂjt(g) (5(57_ r)
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Construction of H (cont’d.)

= We use this form for calculations. Self-adjointness 1s
manifest, (1|7 2) = (1" 1|2).

= A particularly useful result 1s

TV =2mV
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Construction of H (cont’d.)

= We use this form for calculations. Self-adjointness 1s
manifest, (1|7 2) = (T 1|2).
= A particularly useful result 1s

TV =2mV
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Vacuum wave function

s Ienore V' for the moment. Then we can take W, = 1, this 1s

okay since I W, = (), and since 1t 1s normalizable.

/dy(H)czc‘*S“'“”{H} YW < oc

« Include V perturbatively, ¥y = e”
m2ca

i : 0JDO 0T 1 + 1 - @JJJ. 8] :
m2c 4 3

N—————— ——  — p—
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Vacuum wave function

s Ienore V' for the moment. Then we can take W, = 1, this 1s

okay since 1 Wy = 0, and since 1t 1s normalizable.

/dy(H)czc-"S“‘“’{H} WaWy < oc

= Include V perturbatively, ¥y = e”
— — j / - 8JaJ -
m2cy

r \° — = = = =
- - 0JDO 0T : + l - RNLa Jl:
m2e 4 3

S ———————. — ———
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Vacuum wave function

s Ienore V' for the moment. Then we can take W, = 1, this 1s

okay smce I Wy = 0, and since 1t 1s normalizable.

/d,u(H)cR-"‘S“‘“’{H} YWy < oc

« Include V perturbatively, ¥y = e”
T : f = JET
m2cu

r \° = = = - =
— :0JDO 0T 1 + l = O J]
m2c4 3

_i_ . o om +

N ————————————— —————————————— ————  ——
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Vacuum wave function (cont’d.)

s The summed-up result 1s

2 | x* [ - 1
P e — __)Jtl r C)}'ﬂ
2 |:c2__,1 /{ () |:m—|— vVim? — W] )

+ﬁzbc/ “(@) I (y) T (2) f (2.9, 2 +]

f(z,9,2) _/f'ikr+ipy+£q:{2?r)25(f\‘ +p+4q) f(k.p.q)

™ r' (Er —m)(Ep —m) k—
N 8 R kp

2(?‘14

flk,p.q) = [

where

E, = \/p? + m?
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Vacuum wave function (cont’d.)

» The summed-up result 1s

Pl E i e 1 . |
P = — | — FI%(x aJ*
e? [‘1%1 /“{r ) [m + vVm? — V?’]Ly )

+ fase / (@) J°(y) J(2) f (.. =) + ]

flz,y,2) =/ f‘*ik‘r""i'py'*‘iq:{2:';')2{5(& +p+4q) f(k.p.q)

2(."4

. ] (Ex —m)(Ep —m) k—p

k.p.qg) =
1%:p,9) [ Er+ B+ B, kp

where

E, = /p* + m?
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Vacuum wave function (cont’d.)

s The vacuum wave function 1s thus

1 1 k
Wy = ef ~~ exp -*)—F:.; B \/—7?28] *’; > 1
: 1 . k
2 ex B* — < 1
exp 4@*!?1/ ] m "

® |
O(J3, J*) terms are small at & > e and at k < € |

= The high & limit agrees with perturbation theory |
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Vacuum wave function (cont’d.)

s The summed-up result 1s

2 | ©2 . 1 _ |
P=——}— § 8= AT
et |:£2:1 V/{r () [3?1 4+ vVm?2 — Vg]r.y )

+ / (@) J(y) J(2) f (2, 9. =) + ]

flz. 9y, 2) =/ ff'ikr"'ipy*"';q:{ifr)zd'(k +p+4q) f(k.p.q)

2(?"4

- ]3 (B — m)(Ep — m) k — P

oo o) —
f(k,p,q) [ B+ P 0 kp

where

Ep, = /p? + m?
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Vacuum wave function (cont’d.)

s The vacuum wave function 1s thus

1 1 k
Uy = ef ~ exp e B = B] —_> 1
2e* —V? m
| 1 . k
~ exp |— B — < 1
o | 4(:‘2m/ ] m

|

|

|

O(J?, J*) terms are small at £ > e® and at k < € |
= The high & limit agrees with perturbation theory :
|
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String tension

= The expectation value of the Wilson loop can be calculated

(Wr(C)) = (Trp P e*a ¥ 7)

)

~ (constant) e~

where the string tension o 1s given as

—

— 9 _f CACR
Vo =& 4/
\/ 47

¢ = Casimir for representation R

¢ 4 = Casimir for the adjoint representation. equal to N for SU(N)

= Consistent with large [V expectations, even though we did
pirsa:os020036  110T 11S€ lal'ge ,.;\r aﬂalys:i,s Page 55/96




Vacuum wave function (cont’d.)

s The vacuum wave function 1s thus

k- 2 | k
— ef m~ exp | ——— S—
Wo =e" ~ exp | 2&° /B \/’TWB] m . i
T 1 . k |
% _.- o Bz — {:: 1 |
exp | 2e?m / ] - <

O(.J?, .J*) terms are small at & > e? and at k < ¢

= The high & limit agrees with perturbation theory
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String tension

= The expectation value of the Wilson loop can be calculated

Pirsa: 06020036

with W,

(Wr(C)) = (Trp P eza ¥ )

~ (constant) e~ 7A€

where the string tension o i1s given as

—_—
2 I.'I f'__l CR

\; = va —

' = Casimir for representation R

¢ 4 = Casimir for the adjoint representation. equal to NV for SU(N)

Consistent with large N expectations, even though we did
not use large N analysis page 7196




Comparison with lattice calculations

i : . :
“ AX7T1TIN NI TnNaTier:
¥ '.-.1; filiX 1

L

LES A

AT T3 ess o
1:.1!1'\-.._.'-\.., -

dictions are in black, lattice val

lues are

A | S

SEHIIEAICS D

In red.

—

i % |

1.‘:‘.' |."--i-.,lt: .

L | :-\_.-:. !;i.:.

k=1
Fund.

k=3

antisym

=2

| =%

sym

=3

mixed

0.345
0.335

SU(3)

0.564
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String tension

= The expectation value of the Wilson loop can be calculated
with W,

(W(C)) = (Tra P 5 )
~ (constant) e~ TAC

where the string tension o 1s given as

—_—

-2 b.'ll { J_.._l f'f_f

f

V A7

Vo =@

' = Casimir for representation R

¢ 4 = Casimir for the adjoint representation. equal to N for SU(N)

= Consistent with large [V expectations, even though we did
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Comparison with lattice calculations
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Comparison with lattice calculations (cont’d.)

Group | k=1 =, k=3 =2 k=3 k=3
Fund. | antisym | antisym | sym | sym | mixed

SU(D) | 0.977
0.966

SU(6) | 1.180 | 1.493 1.583 | 1.784 | 2.318 | 1.985
1.167 | 1484 1569 | L7ZIT ) 2251 | 1.92]

The difference between predictions and lattice values 1s < 3%.
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Comparison with lattice calculations
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Comment on higher corrections

= Are there corrections due to (O(.J?) and higher terms in V,?

= Two types of corrections possible

» Corrections to coupling, purely numerical. — ratios
or/or are unaffected

» Corrections via new diagrams to Wilson line expectation

value (under investigation)
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Looking ahead

s A prediction for magnetic screening mass,

g*Tca
27

e =

= A number of qualitative features of glueballs

» Predictions for glueball masses in recent work by
Leigh-Minic-Yelnikov

= Extension to Yang-Mills-Chern-Simons theory

= Progress on analysis on torus, adjoint string breaking, etc.
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Magnetic mass, resummed perturbation theory

Pirsa: 06020036

Since I = m [f J% + fﬂ%%],wc getd J*=m J*

Including the potential energy,

(T+V)J* = /P2 +mZ J* +--

J? 1s a “gauge-mvariant  definition of a gluon.

We can bring this out by

lp T Er_f'ASwzw':H}‘lI{ H — {;T_CASw:w(H} H {_—r_f.aStuzu'(H)

/1

Propagator mass for gauge particles (magnetic mass)

H =

nm =

1

i

—

2
f_.l

o

CA

e
i

(52
N2

~ 0.32 ¢

e+ S~V +mP)p+ -+ ]

for SU(2)
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Comparison with other methods

Pirsa: 06020036
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Comparison with other methods
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Comparison with other methods

m / et = 035 Common factor for glueball masses
(lattice, Philipsen)

051 Max. Abelian gauge (lattice, arsch =t a

(|
g’

052 Landau gauge ( ! )
044 A3 = 2 gauge ( r )
0.38 Resummation of PT. (\\lexanian & Nair)

0.28 Resummation of PT. (Buchmuller & Philipsen,

ACKIW & 3‘“'-)

0.37 Gauge-invariant lattice definition (Philipsen)
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Glueballs

= We showed [ .J* = m .J?%, but .J? is not a good state.
s« VM and MV (Z) give the same A via A = —9OM M~

= We need mnvanance (holomorphic mvariance) under

JVIVI_avV, a1 VaIv

= A 2.J- state with holomorphic invariance 1s given by

T, = / fa,y) : 3T x) [H(z. 5) H (3. )]as 0T(y)

(This can give 07 states.)

» Take the same z,y — f(z.y) = oz, y,€)
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Glueballs (cont’d.)

= For higher number of ./’s, form the state
¥, ~ 0J%"9J%2...8]% IS
w
invariant tensor of SU(N)

1T 9%, = mn¥,

= Can include center-of-mass motion from [ B?/2¢*. Relative

motion — higher “radial” excitations — Regge trajectory

= Going back to W5,

= Y, .
{2;”— [V_+_] ‘I‘Hllnﬂ‘lrg y| ‘|‘}f=Ef

2m 2m e

Consistency of approximations is not clear for this equation.
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Glueballs

s We showed 1" .J* = m .J%, but .J* is not a good state.
« M and MV (Z) give the same A via A = —9dM M1

= We need invaniance (holomorphic mvariance) under

J—= VIVt —ovVv oJ — VoIV

= A 2.J- state with holomorphic invariance 1s given by

T, = f f(x,y) : 9J@) [H(z, §) H @ 9] 07 (»)

(This can give 07 states.)

s Take the same z,y — f(x.y) = oz, y,€)
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Glueballs (cont’d.)

= For higher number of ./’s, form the state
¥, ~ 8™ oJ2...8)%: e,
w‘

mmvariant tensor of SU(N)

T 9. —=mn¥,

= Can include center-of-mass motion from [ B?/2¢*. Relative

motion — higher “radial” excitations — Regge trajectory

= Going back to V5,

2 V‘? -
{:Zm — [\7—+—] + m log l'r‘) y s } f=EFf

2m 21m Qe

Consistency of approximations is not clear for this equation.
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Glueballs

s We showed 1 .J* = m .J%, but .J? 1s not a good state.
¥, ~ :0JaJ%2...9J]%; ) PR
__‘

invariant tensor of SU(N)

T 9. =mnW¥,

= Can include center-of-mass motion from [ B?/2¢*. Relative

motion — higher “radial” excitations — Regge trajectory

= Going back to WV,

o S
{2;;3— [V_+_] +”"l””|19 y| ‘|‘}f=Ef

2m 2m e

Consistency of approximations is not clear for this equation.
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Glueballs

s We showed 1" .J* = m .J?, but .J? is not a good state.
« M and MV (Z) give the same A via A = —9OM M1

= We need mnvariance (holomorphic invariance) under
VIV —aVV 0J —VaJv

= A 2.J- state with holomorphic invariance 1s given by

W, = ff(ry) : 0J%z) [H(z, ) H " (y.9)]ap 07°(y)

(This can give 07 states.)

= Take the same z,y — f(z.y) = o(x,y,€)
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Glueballs (cont’d.)

s« For higher number of ./’s, form the state
B, ~ OGN @™ e a
__‘
invariant tensor of SU(N)

T 9. = mn¥,

s Can include center-of-mass motion from f B2 / 2¢2. Relative

motion — higher “radial” excitations — Regge trajectory

= Going back to V-,

2 T’- S
{Qm—[v ]-I—rnlnﬂllo yl-l-"'}szf

2m 2m e

Consistency of approximations is not clear for this equation.
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Glueballs: The Leigh-Minic-Yelnikov approach

= Recent paper by LMY extending our work to glueballs via

analysis of correlators.

= The vacuum wave function is written as

\IJO = exp [— s f(jJ f\’[L] JJ:| i

2m2cy

L = Do/m?2.
= The kernel A is given by

 L(AVI)
VL /(4L

J,, .J, are Bessel functions of orders 1 and 2 respectively.

KI[L]
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Glueballs: The Leigh-Minic-Yelnikov approach (cont’d.)

= The two-point function, ignoring a class of mteraction terms,

1s then

{00 o DI y )~ [K7 |z — y])]?

N | : | Z(ﬂlnﬂlm)% e~ (Mn+Mm)lz—y|
r—uy

n,m

;\[n —_ %f” j2.-n;
kzeros of the Bessel function ./,

= A number of glueball masses obtained i this way
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Glueballs: The Leigh-Minic-Yelnikov approach

= Recent paper by LMY extending our work to glueballs via

analysis of correlators.

= The vacuum wave function is written as

% —exm [_ x / 5.J K[L] aj] '

2m?cy
L = Do/m?2.
« The kernel K is given by
K[I] = Jo(4V/'L)
VL J,(4V/L)

Jy, .J, are Bessel functions of orders 1 and 2 respectively.
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Glueballs: The Leigh-Minic-Yelnikov approach (cont’d.)

= The two-pomnt function, 1ignoring a class of mteraction terms,

1s then

(:8J%00% 52 DI%DI% ) ~ [K~(|z — )]

1 3 T =
- |I‘ —1 | Z:(J‘Ini‘[m)ﬁ f"'*{ﬂfn ot dpee)
: Y 1L, 1T
M, = zm jan

— =
kzeros of the Bessel function ./,

= A number of glueball masses obtained i this way
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Glueballs: The Leigh-Minic-Yelnikov approach (cont’d.)

irsa: 06020036

State Prediction Lattice
O++  4.098 4.065 £+ 0.055
g+ 5407 6.18 £0.13
g Y | 7.99 + 0.22
O+  7.994 9.44 + 0.38
0~~ 6.15 5.91 4+ 0.25
0~ 7.46 7.634-0.37
0—* 8.77 3.96 + 0.65
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Glueballs: The Leigh-Minic-Yelnikov approach (cont’d.)

State Prediction Lattice
o+t 4.098 4.065 + 0.055
0t 5.407 6.183 +0.13
or+** 6.716 7.99 4+ 0.22
Qtr+==* 7.994 944 + (.38
O 6.15 591 +-0.25
0—* 7.46 7.63 4+0.37
06— K77 R QR + N RS

= New integrable operators from CFT — screening of Wp

= Large & — standard perturbation theory

P cs2ig - A number of eigenstates of / can be constructed

(C)
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Glueballs: The Leigh-Minic-Yelnikov approach (cont’d.)

irsa: 06020036

State Prediction Lattice
O+  4.098 4.065 £+ 0.055
""" 5407 6.18 £ 0.13
) a0 | 7.99 4+ 0.22
Q=+ 7994 9.44 4 0.38
0~ 6.15 5.91 +£0.25
0~ 7.46 .63 1037
0—™ 8.77 3.96 £ 0.65
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Yang-Mills-Chern-Simons Theory

| k _
B [ksu.m.(ﬂﬁ} .8 A“A“] O(H)

dar

(112) = [ du(H)ebrensenD 31a,

- 5 2 )
s (L+?(A)ff— + (_CA/Q.—_—

A7 0 ] 27 OJ()]
T 1 =
Dy ~ exp | — 0.J a.J
! - [ mMc 4 / m + vm?2 — V2 ]
=
ey = E(k + 2¢4)

= New integrable operators from CFT — screening of W (')
= Large & — standard perturbation theory

P g - A number of eigenstates of / can be constiucted Page 84198




Comment on Gribov problem

= The space of gauge potentials has the bundle structure
G.— A
l
A/G.

= This bundle is nontrivial. In particular, IT,(.4/G,) = Z and
[1,,(A) = 0. There are noncontractible 2-spheres in A /G,

= An example of such a configuration is

H = cosh2f + T sinh 2f

f= %l:}g (:E +ww + }12)

2 4+ ww

020 qp, w0 are coordinates of the 2-sphere in 4 /G, . Page£508




Yang-Mills-Chern-Simons Theory

. k e |
111 s f_‘l};p [L.Sutzu-(J...‘.[TJ = / 4_1..:1.4_1.“] (I)(H)
47
<1\‘2> — /{iﬁ{(H‘)tfk-}'E{Z‘A}szm{H) (I)I(I)z

e2 5 2 5 6
T (A+>fﬁnff—+‘°“]ﬂ__—

47 0 ] 27 (5 ] ) f
g - 1 _
b, =~ exp [——- /r’)] C .]]
mec 4 m 4+ vm?2—V?
2
- _ L9
m = —(k +2¢c4)

= New integrable operators from CFT — screening of W (')
= Large & — standard perturbation theory

P csnoing - A number of eigenstates of / can be constiucted Page 86198




Comment on Gribov problem

= The space of gauge potentials has the bundle structure
g* — A

l
A/G.

= This bundle i1s nontrivial. In particular, I1,(.4/0,) = Z and
I1,,(.A) = 0. There are noncontractible 2-spheres in .4 /G,

= An example of such a configuration i1s

H =cosh2f + Jsinh2f

g =t 1
2 o

27 + ww
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More questions

= Is a proof of mass gap possible? (YMCS theory with & — 0
might be a good starting pomnt?)

= Better handle on glueballs

= Higher order corrections (*)

= Screening of adjoint and string breaking (*)

s Calculations on the torus can help understand the theory at

finite temperature (*)
= Connections with the duality-matrix model approach

= Better understanding of the geometrical properties of the
configuration space
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More questions

= Is a proof of mass gap possible? (YMCS theory with &£ — 0
might be a good starting point?)

= Better handle on glueballs

= Higher order corrections (*)

= Screening of adjoint and string breaking (*)

» Calculations on the torus can help understand the theory at

finite temperature (*)
= Connections with the duality-matrix model approach

= Better understanding of the geometrical properties of the

configuration space
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