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Chiral symmetry

o Free Dirac Lagrangian
L = ithy, 0" — ma)

o Left and right fermions

Yr =504 vr= ("W b= vn+ oy

e e

Chirally symmetric and nonsymmetric bilinear forms

Yy = Yry* R + ULy VY = Ypibr + VLR

Strict chiral limit (m = 0)

e 1y, and YR are decoupled and transform independently
o Axial current j5 = ¢7°v,¢ is conserved = [QsH] =0

o (Naive) conclusion: Hadrons of opposite parity are degenerate
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Spontaneous breaking of symmetry

Symmetric vacuum is stable @ Symmetric vacuum is unstable

Massive excitations over vacuum @ Tachyon in the spectrum built over
symmetric vacuum: V" (0) = m? < 0
V(o)

1 " 2
V(o) +§ v (0),¢ T o True- vacuum is selected among many
Energy shift m2>0 possibilities => Symmetry is

. spontaneously broken
@ No tachyon in the spectrum

@ Physical vacuum and excitations over it
are not symmetric

Spectrum of excitations inherits

symmetry of the vacuum
@ Massless mode — Goldstone boson
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At temperatures above some critical temperature

e Sym
o Masd Zcn chiral symmetry is restored in the QCD vacuum: or
What happens to hadrons? <0
v
(qs N / A N / - rmuac vatuuariT To STTC U LTU aIIIUIIB many
Energy shift m2>0 possibilities = Symmetry is
. spontaneously broken
@ No tachyon in the spectrum ] o .
L . ) @ Physical vacuum and excitations over it
@ Spectrum of excitations inherits .
are not symmetric
symmetry of the vacuum
@ Massless mode — Goldstone boson
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Hadrons @ 7" > T, — hints from lattice
800
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Hadrons on “truncated” lattice configurations
_ ) o 2m
(Yy) = — lim | d)‘p()‘7m)m = —mp(0)

(Banks,Casher'1980)

k
= Z /\i L n‘ le)l/)n(QJ) = )\nd)n(l‘)

0 i . . . . .
08 40 65 93 125 180 O, Mev

(Denissenya,Glozman,Lang'2015)

6/38



Introduction & Motivation 't Hooft model GNJL@T =0 GNJL@T >0 Conclusions
o

0000080 0000000000 0000000000 000000000
Regimes of QCD at finite temperatures (?)
/T, T/MeV
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(Cohen & Glozman'2024 for large-N, picture)
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Regimes of QCD at finite temperatures (?)
T/Te , T/MeV

I 1200~I~

Question: Can we understand properties of quark—antiquark
mesons in the chirally symmetric but confined phase of QCD

at T' > T}, employing a solvable quark model?

~
©
600 S
. o
“Stringy fluid”
—— A M
, | 0o SUZes e NS
;1 200 +
Hadron gas ~ A
a0 9529
0 0 — (Rohrhofer et al'2019)

(Cohen & Glozman'2024 for large-N, picture)
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NJL model (Nambu & Jona-Lasinio’1961)

Lagrangian of the model (Ny = 1)
Lo =5 [ [(00)7 + @0r°0)"] = A [ @' (Brvn) (Brvm)
Gap (mass-gap equation):

. 4 3
m:E:2Q:Z>\/ dp4TrS(p):)\/ dp37/L
2 (271') (271') p2 —+ '”LQ

A3
1
mi{1l-— )\/ d p3 — | =0
(2m)3 \/p? + m2
@ Weak coupling regime \ < Acriy = (27”)2 — m=0
@ Strong coupling regime A > Acrit

m#0 = Gap in the spectrum of excitations

() #0 == Chiral symmetry is broken spontaneously

Conclusions
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NJL model (Nambu & Jona-Lasinio’1961)

Lagrangian of the model (N; = 1)

Lo =5 [ [(@0)7 + @0r°0)"] = A [ @' (Brvn) (Brom)
N

Gap (mass-{  NJL model:

+ Simple and physically transparent
Explains SBCS

The only mass scale comes from cut-off

+
wl|

— No confinement

\ J

@ Weak coupling regime A\ < Aeyiy = (27”)2 = m=0
@ Strong coupling regime A > Acrit

m#0 = Gap in the spectrum of excitations

() #0 == Chiral symmetry is broken spontaneously
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dimensions

9/38



Introduction & Motivation 't Hooft model GNJL@T =0 GNJL@ T > 0 Conclusions
0000000 O@00000000 0000000000 000000000 [e]

QCD: in axial gauge

('t Hooft'1974;Bars,Green’'1978,...)
e Lagrangian of QCD5 ('t Hooft model)

L) =~ Ff (@) Ffy (@) + () [0 — ig A3y — m](a)
Interaction Hamiltonian in axial (Coulomb) gauge
2 A® A¢
e L GLE o EE] ()

Large-N. limit

2N,
g ¥ — const
41 N.—oo

’y:

Dressed fermion field

ot z) / e bk, t)u(k) + d (—k, £)o(—k)]

i (1> T(k) (?) T(k) = e 30km

o
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Bogoliubov transformation:
From “bare” to “dressed” fermions

@ Hamiltonian in terms of “bare” particles (fermion+antifermion)
H = e(bjbo — dody) + A(bldl + dobo)  EQ) = o(0|H|0)o =
o “Dressed” particles (quasiparticles)
bo=ub—vd  dy=ud+vbl WP roP=1 = {bb'}={dd"} =1
with a convenient parametrisation: u = cos ¢ and v = sin(
@ Hamiltonian in terms of dressed operators (H = Hy+ : H :)
Hy = —(ecosf + Asin@)

: Hy := (ecosf + Asin@)(b'b + d'd) + (Acosf — esin ) (b'd" + db)
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e Ham

o “Dre
bo
with

e Ham

't Hooft model
00@0000000

@ Equation for 6
Acosf —esinf =0

ensures both E,,.=min and : H» : is diagonal

@ Diagonalised Hamiltonian in terms of dressed operators
=€z + A2(b'b — dd")
@ Physical versus trivial vacuum

o) = % (cos b + dibl sin 9) 0), b|0) =d|0) =0

@ Trivial vacuum is unstable

=1

. J
cHs = (ccosO T Asmo)(00 Fdd) T (Lcost —esmo)od + db)
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Hamiltonian approach to 't Hooft model
@ Normally ordered Hamiltonian () ~ b+ d')
H=Hy+:Hy:+:Hy:
@ The vacuum energy is a minimum
Eqvac = (0|H|0) = Ho = min
@ Quadratic part : H> : (describes dressing of quarks) is diagonal
@ Quartic part : Hy : (describes interaction of dressed quarks) is suppressed by N,

@ Mass-gap equation

— 1 F— 7]{: 1 —
p cos G(p) msm@(p) = 2 / ( k)2 5111[9(p) H(k)]
@ Dressed quark dispersion law

_ . vy dk
E, = mcosf(p) + psinf(p) + 5 / =R cos[0(p) — 0(k)]
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Solutions of mass-gap equation in 't Hooft model

@ Free solution

9 = arctan 2 E, = /p*+m?
m

@ Physical chirally nonsymmetric solution

0(p)
%; ............................. ) N .
(Py) = == dpcosf(p)# 0
™ Jo
- - 1
<ww>m:O = _%Ncﬁ
........................... '%%
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From quarks towards quark-antiquark mesons

Operators creating and annihilating quark-antiquark pairs
MY (p,p') oL@)dl(=p)  M(p,p) do(—p)ba (')
- e T o NAE

Hamiltonian (including : Hy : part) in terms of such compound operators
H ~ Hy+ MM+ 3 (MTMT+ MM)

(Kalashnikova,AN'2000)
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From quarks towards quark-antiquark mesons

Operators creating and annihilating quark-antiquark pairs
1
M(p,p) = —— Ao (—p)ba (P’
(p,p") WE (=p)ba (')

Hamiltonian (mcludmg H, : part) in terms of such compound operators

M (p,p

H ~ Hy+ MM + 3 (MTMT + MM)

(Kalashnikova,AN'2000)

r
Hamiltonian H is subject to a second (bosonic)

Bogoliubov transformation from compound ¢q
operators )M to mesonic operators m

m! = Mot + My~ m= Mt + Mo~

()2 — () =1
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Bound state equation in 't Hooft model

Meson creation/annihilation operators

(@ = [ 52 {M1 (- Qe (0.Q) + Maa - Qen (0.Q))

mn(Q) = / ;Li {M(q - Q,9¢5:(¢,Q) + M'(q,9 — Q)pr (q, Q)}

Orthogonality & completeness

/ ;Li (2 (0, Q)0 (0, Q)—pr (0, Q)prr (P, Q)) = S
> (n (0, Qe (k, Q)= (b, Q) pn (K, Q)) = 276 (p — k)

Bound state equation

[EP + EQ—p - QO]L)O+(p7 Q) = ’Y/ (piikk)Q [C(pv k7 Q)(,O+(k, Q) - S(p7 k: Q)(P_ (k, Q)}

dk

[Ep + Eq—p + Qole™ (0,Q) = ’Y/ m

2 [C(p, k: Q)¢_(k7 Q) - S(p7 k7 Q)Lp+(k7 Q)]
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The chiral pion

Solution of bound state equation for the chiral pion

or (p,Q) = % (COS w + sin W)

The pion decay constant f

e iR = N,
Sy

5 _ ¢
(@1 Ju@) [7(@) = frQu 55 .

Pion mass -
M? = 2m/ dp cos 0(p)
0

Gell-Mann-Oakes-Renner relation

FEM2 = —2m(yy)
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Diagrammatic approach to 't Hooft model

@ Dyson series (in rainbow approximation) for dressed quark propagator
S s sn:sn i sn:sncs0 T
__ &% e __ &%

__(:)_- o + + ..

S

F——

So So S

@ Bethe-Salpeter equation (in ladder approximation) for quark-antiquark meson

=..=c< _

@ Mass-gap equation and bound-state equation derived using diagrams and
Hamiltonian approach coincide

17/38



Introduction & Motivation 't Hooft model GNJL@T =0 GNJL @ T 0 Conclusions
0000000 000000000 e 0000000000 000000000 [e]

Infrared divergent and finite quantities:
An instructive lesson

@ Interquark potential in principal value prescription

+o0 d ipm +o0 d
pe dg cosf 1 1
V(z)=-P — =— ==
@=-p[ Pl 2 = 2l
@ Interquark potential with finite infrared regulator
teo g iz 1 1
p € _
Viz) = — ol - _ mrlzl el
(@) /;oo 21 p? + piy 2MIR€ nr—0  2UIR * 2 ]

o Infrared divergent piece appears in not observable quantities (potential, E,,
etc) but cancels in physical ones (chiral angle, bound state equation, etc)

o Infrared divergence shows up in not gauge invariant objects (e.g. single quark)
indicating that they are not observable

@ Only gauge invariant objects are Poincare invariant (Bars & Green'1978)
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Confining chiral quark model
for QCD in four dimensions
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Confining chiral quark model for QCD in 3+1

(Orsay group'1980s;Adler,Devis'1984;Bicudo, Ribeiro'1990s)
@ Interacting colour charge densities

a

Hu = [ oty (w1025 vie.2) ) Ve - o) (6109 w00 )

&dp
’(/J(t, w) = Z / (2,”]))5 eP® (bPSuPS [@p] + dipfsvfpfs[(iop])
s=1,1

@ Normally ordered Hamiltonian

H = Eyaclppl+: Ho: 4+ : Hy
@ The energy of the vacuum is a minimum == mass-gap equation for ¢,
@ Quadratic part : Hs : describes dressed quarks

@ Quartic part : Hy : describes mesons

@ Employ large-N. logic = nonplanar diagrams neglected & only
leading-order contributions in N, retained
20/38
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Mass-gap equation

@ Define auxiliary functions

1 d3k .
Ay =m+ 5/ (27T)3V(p — k) sin ¢,

R N AL Lz
By, =p+ B WV(P — k)(pk) cos oy,
@ Vacuum energy
d’p .
Evaclpp] = =NV 2n) Ay sin g, + B, cos ¢,
@ Dressed quark dispersion law
E, = A,sin g, + By, cos ¢,
@ Mass-gap equation for the chiral angle

Apcosp, — Bpsing, =0
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Power-like confining potential

(Orsay group'1980s,Bicudo,AN'2003)

16 - @,

1.4

1.2 v%T):?K%+aTQ
1.0
0<a<?2
0.8

o 1 2

P
(2m)*Kod® (p) < V(p) < (2m)2K3A5C) (p)
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Properties of the chiral angle
(Glozman,AN,Ribeiro'2005)

Mass-gap as “loop” equation (V(r) = or)

h d3k .
pesin g, — mc? cos ¢, = 5 / WV(p — k) [cos @y, sin g, — (Pk) sin @y, cos <pp]
T

“Perturbative” regime (heavy quarks with m > /o)
_f: _ohe \" ¢ (ﬁ)_amn@+f: AN ()
op _n:0 (mc?)? "\me/ p \S " \me

“Nonperturbative” regime (light quarks with m < /o)

o0 2 n
me pc T pc
= ~ — — const +...
#p 7;0 (\/ Jhc) In (\/ Jhc) p—0 2 ohe
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Chirally broken vacuum

(Bicudo,Ribeiro’1990s)

"S—e—
I
i M2

\_\/_/

3 Py operator

Z ) [(op)ioslss dl,..(p)

1
D) Z%Cg
P

Broken vacuum

1
10) = eQ—QT|0>O = 1;[ [0052 802;7 + sin %0217 0s %C’; + 3 sin® ngf} 10)o

Chiral condensate
(YY) = —— / dp p*sin g,
0
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Chirally broken vacuum

(Bicudo,Ribeiro’1990s)

—_——

3 Py operator

Nc
ci=>" 3" bl.p) [(ep)ioa]ss i, (p)
a=ls,s'=1,]

1
Q' = 5 Z%CI)
P

Broken vacuum

|0( Conclusion: small momenta are most crucial for SBCS )>0
= = Jd

P

Chiral condensate

W) =55 [ dortsing,
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Bound state equation
-—{ -

(M) =i / (%wp — @708 (g0 + M2, @)x(a: M)S (a0 — M/2, q)0

2E, — M]¢™ (p; M)

Vip— Q)[P++@ (q¢; M)P—— 4+P1-¢ (q; M)Py ]

2E, + M]¢p~ (p; M)

V(p—q) [7’ +0" (g; M)P— +7’~¢*(q;1\1)7’++}

(g; M)

X
¢* (P M) = Py szE :FMT Py
1, /7 1
Tp = exp [5(‘71)) (5 - gop)] Pr=5(1£%) P = PuT TPy, Az =+
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The chiral pion

Matrix wave functions for the pion
i .
O (i M) = —=02Yoo (B)ix (7)

Bound state equation for the pion in centre-of-mass frame

2, — Moot () = [ (qzd)q [T+ (.0)0% (0) + T (0, ) (a)]

[2Ep + Mz]ex (p) —/éj)q[ (0. 9)e; (Q)+T;_(p7Q)<P;(Q)]

possesses solution (near the chiral limit M, — 0)

ox(p) =N (Sin ¢p £ 0 (Mw))

Conclusions

With this w.f., the pion bound-state equation is equivalent to the mass-gap equation for

the chiral angle ¢,
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Chiral symmetry in heavy-light mesons

(Kalashnikova,AN,Ribeiro’2005)
@ Bound state equation for opposite-parity heavy-light mesons (¢ =1, = = 0)

Y'(p) = (op)(p)

Egt) + [ 50— 1) [0+ (08) oh)S,5] vi0) = Evio)

Bt/ (0)+ [ V(= ) [5,50 + (om)oRIC,0] ') = B0/ )

/1 + si /1 —si
C’p _ + b21n Pp Sp _ 52111 Pp

o If ¢, — 0 mesons with opposite parity become degenerate
2 2
C, — 5, =sinyp,
@ GNJL provides a microscopic picture for phenomena related to chiral symmetry
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Chiral symmetry in heavy-light mesons

Conclusions

(Kalashnikova,AN,Ribeiro’2005)
@ Bound state equation for opposite-parity heavy-light mesons (¢ =1, = = 0)

L/ A~

\
@ Chiral quark model:
AMy < AM,, AM_ (P)
e Naive approach (no chiral symmetry, Salpeter equation): '(p)
AMyL ~ AM ,AM_
\. J

~p V 9 ~Mp V 92
o If ¢, — 0 mesons with opposite parity become degenerate
CZ — 512) = sin ¢y,

@ GNJL provides a microscopic picture for phenomena related to chiral symmetry
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Infrared-finite quark energy

@ Linear confining potential
3
Vi(r)= _/ o ST __gior = T i — %y
(2m)3 (p? + pig)? JIR mr—0 LR
@ Auxiliary functions A, and B,
o o
A, = —sing, + A B, = — cos @, + BI"
P g T P g P TR

Mass-gap equation
Ag“ COS ), — Bg“ sinp, =0

@ Dispersion law
g

 2ur
o Infrared-finite dynamical quark mass

P

1/2
wp = (p2 + (ptan gop)2) /
——

M,
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Mass-gap equation at finite temperatures

@ Fermion propagator at 7' > 0

Conclusions
[e]

AS(po, pi T) = 2i [, A4 (P)o(p0 — Ep) = 1A= (P)3(po + By) |10

1 . .
As(p) = 3 [1 &£ o sin ¢, + (ap) cos @y
@ Fermi-Dirac distributions at 7" # 0

-1
<bI)5bps> =n, = (1 + e(\/p2+Mg—u)/T> N
T—o0

N = N =

-1
<d;r,sdps> =, = (1 +e(\/p2+]VIg+H)/T) =
—00

@ Modified auxiliary functions at finite T°

i— 1 [ &k _ 4
p—m—i—g W(l—nk—nk)V(p—k)smka

- 1 >k - .
B,=p+ 3 / 2n)? (1 —nk —ng)V(p — k)(pk) cos i,
(for derivation in imaginary time formalism: Kocic'1986)
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Critical temperature and chiral restoration
(Glozman,AN,Wagenbrunn'2024)

1.0 1.0
0.8 08
\é“ /\5
| 06 < 06
- =
I~ ~
I 0.4 =04
0.2 02
0.0
0.0 01 0.2 03 0.4 05 %3 02 0.4 0.6 0.8 10
p/Vo T/Tw

Prediction of the model with linear confinement

| () |V/° 2 2.75 Ty
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Critical temperature and chiral restoration
(Glozman,AN,Wagenbrunn'2024)

1.0 14
038 08
\5‘ =<
| 06 S 06
N =
: ~
I 0.4 =04
02 02
0.0
0.0 01 0.2 03 0.4 05 %03 T o5 o8 o
p/ Vo T/Tw

Prediction of the model with linear confinement

| () |V/° 2 2.75 Ty

Numerical estimate for (¢9), = —(250 MeV)?
Ten = 90 MeV
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Critical temperature and chiral restoration
(Glozman,AN,Wagenbrunn'2024)

1.0 14
038 08
< =<
| 06 S 06
N =
: ~
I 04 T o4
02 02
0.0
0.0 01 0.2 03 0.4 05 %03 T o5 o8 o
P/\/; T/Tw

Prediction of the model with linear confinement
| (), |V =~ 2.75 Tu

Numerical estimate for (¢9), = —(250 MeV)?
Ten = 90 MeV

To confront with
@ T, = 100 MeV (Quandt et al.’2018)
o T ~ 130 MeV (HotQcD'2019)

C.
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Bound state equation at finite temperature

(s M) = i / (g%vm 4 )05 (a0 + M2, q: T)x(a: M)S(go — M/2, q: T)o

Vip—q) = Vp,q¢T)=01-n,—1,)V(p—q)
————

T=0 T>0
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Bound state equation at finite temperature
d4
M) =i [ 5V (b TS0+ M/2 @i Dx{as M)S(an ~ M /2. T

Vip—q) = V(p,¢T)=(1-n,—ny)V(p—q)
——— ————
T=0 T>0

@ Temperature dumps chiral angle and dynamical quark mass

0.15
g 010
- 0.05
0.0 0-2 0.4 0.6 0.8 1.0 nng,O 05“” ¥l; — 15 20
PN e
@ Temperature dumps interaction potential
1 ——
_og|
\:_ 0.6 /,/
1 04 /
02t /
o 0 0.1 0.2 0.3 04 0.5
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Chiral symmetry in spectrum of mesons

(Glozman,AN,Wagenbrunn'2024)
"“
Lt
g H
Z H
= :
0.5¢ :
Ot . . . .
0 0.5 1 1.5 2.
T/T'('h

o 18P (0"

e 115, meson (chiral pion) mass (green solid line)
g

) meson mass (red dotted line)
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Chiral symmetry in spectrum of mesons

(Glozman,AN,Wagenbrunn'2024)

LLLRELLLLLLELLEETTTTPTous
"y,
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T/ Tch

e 315, meson mass (green solid line)

@ 3P, meson mass (red dotted line)
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Symmetries of spectrum of light-light mesons
(Glozman,AN,Wagenbrunn'2024)
T =0 (blue dots) and T'= 1.1Tcy

6
s 4 T
3 o
= ® e
: )
Y °
OF %+ 14 17— 17 1++ 9 9+ g+ 9mm g9 3= §m— 35+ 4+ 44+ 4 4= 5 5 5 5 6t 6 67 6o

JPC
Above T,:

@ Confinement persists = hadrons survive as bound states of quarks
o Chiral symmetry is restored = opposite-parity states become degenerate

@ Spectrum of gg mesons demonstrates higher emergent symmetry
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Symmetries of spectrum of light-light mesons
(Glozman,AN,Wagenbrunn'2024)
T =0 (blue dots) and T'= 1.1Tcy

6
g 4 * 4 9.
= .0 ( R
2 s ForT=0& J ~1
° °
0 AMy ~ AMecs ~ AMmulsiplets
O 0% g+ 1+ 17= 1= 1++ 9+ ot g4 o For T > T.,
"] AMi =0
Above Tgy:
ch @ AMes < AMmultiplets
@ Confinement persists = haa

@ Chiral symmetry is restored = opposite-parity states become degenerate

@ Spectrum of Gg mesons demonstrates higher emergent symmetry

34/38



Introduction & Motivation 't Hooft model GNJL@T =0 GNJL@ T > 0 Conclusions
0000000 0000000000 0000000000 0O00000e00 [e]

Symmetries of spectrum of light-light mesons

T=11Ty n=20
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o
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o
N
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N
w
SN
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[e)]

J J
oen=20 (red Iine) o T =0 (red line)
e n =1 (blue line) o T = 1.5T,, (blue line)

e n =2 (green line)
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Conclusions

Wave functions of low-lying mesons @ 7" > T,

JPC =0=F (n=0)

140

120

L L S S R A

T=0
— — T=05T,
S— - T=09T,
- T=11T,
. T=1sT,

S

@ Above Ty, radial wave functions of low-lying mesons grow at p — 0
@ No problem with w.f. normalisation due to cancellations in gai — @

@ Expect consequences for observables!
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Size of light hadrons above T,

Conclusions
[e]

my/v/o =10""

......

OFn(q?)

(h(P)| T (0)|h(p)) = i(p + 1) Fiul(e®) (i) =6 32

q?=0

@ Low-lying mesons made of light quarks “swell” above Tg, (7rms ~ 1/./q)

@ Size of pion and “o-meson” at T' = 1.5T, is 5 times their size at T' < Ty,

u}
o)
I
i
ht
n
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Conclusions

@ Many phenomena inherent in QCD can be studied and understood with the help
of quark models

@ The employed chiral confining quark model predicts that
o Chiral symmetry is restored at Ten ~ 100 MeV
e Quark-antiquark mesons survive as confined states above Tcy
e Spectrum of mesons above T, demonstrates higher degeneracy
e Mesons with light quarks increase their size above Tgy,

The underlying mechanism is Pauli blocking of low-lying quark levels with T'

@ Hadron gas at T' < Ty, turns to dense system of overlapping “strings” at T > T¢y
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Conclusions

@ Many phenomena inherent in QCD can be studied and understood with the help
of quark models

@ The employed chiral confining quark model predicts that
o Chiral symmetry is restored at Ten ~ 100 MeV
e Quark-antiquark mesons survive as confined states above Tcy
e Spectrum of mesons above T, demonstrates higher degeneracy
e Mesons with light quarks increase their size above Tgy,

e The underlying mechanism is Pauli blocking of low-lying quark levels with T’

@ Hadron gas at T' < Ty, turns to dense system of overlapping “strings” at T > T¢y

Work in progress...
Stay tuned!
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Bogoliubov transformation:
From “bare” to “dressed” bosons

@ Hamiltonian in terms of “bare” particles (bosons)
H=h MM+ %hQ(MTMT + MM)
o “Dressed” particles (quasiparticles)
M =um+ovm' M"=um' +vm [mmf] = MM =1 = u*> —v* =1
with a convenient parametrisation: © = cosh 6 and v = sinh 6

@ Hamiltonian in terms of dressed operators (H = Hy+ : H; :)

1 1
Hy = —§h1 + 3 (hy cosh 20 + hg sinh 26)

1
: Hy := (hy cosh 20 + hy sinh 20)mm + §(h1 sinh 20 + hy cosh 20) (mfm! 4+ mm)
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Bogoliubov transformation:

e Hamil{ @ Condition (equation for )
h1 sinh 260 4 ho cosh 20 = 0

ensures both Ey,.=min and : H» : is diagonal

@ “Dresq @ Physical versus trivial vacuum
M= MIO)=0 ml2)=0 Q) #[0) S
with a @ Diagonalised Hamiltonian in terms of dressed operators
. 1
o Hamill H=—3 <h1—\/h§—h§> +\/h2 — g mim

@ Vacuum with £%) = 0 is unstable

Evac = (QHIQ) <0
s Ho 1AL . Jm' +mm)

1/4



Planar and non-planar diagrams
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Planar and non-planar diagrams
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SU(2)cs and chiral multiplets

[e]e] o]

J (0,0) (1/2,1/2), (1/2,1/2)p (0,1)&(1,0)
0 — 1,0-F «<— 0,0t | 1,0*F <—0,0=F —
2k 0,J——;0,Jt | 1,J T¢«—0,Jt | 1,JTT¢—0,J T | 1,JtT =17~
2k—110,J 0, J | 1,Jt-¢«—0,J | 1,J - «—=0,J | 1,J ~ ¢—=1,JtF
U(x) — ¥ (x)=U¥(x), UU'=UU=1
. €l ieD) e
U=e €X/2) = cos — + sin —
xp(ieX/2) 5 B in 2

2 = (70, %75%0, —5)

[(3%:/2), (%5/2)] = igijn(3n/2)
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Spectrum of mesons with J =1

©0,0) (34, (G:3), 0.1)6(1,0)
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