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¥ 0OSolving twoldimensional large!N QCD with a nonzero density of baryons and arbitrary quark mass
BB, arXiv:0901.4035

¥ OWlume dependence of two!dimensional large!N QCD with a nonzero density of baryons.O
BB, arXiv:0811.4141

¥ OThe sign problem in two!dimensional large!N QCDO
BB, in progress....
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¥ Look for a gauge theory with

a sign problem at nonzero densi
¥ asignp But that can be solved exactly !

¥ a smooth large!N limit.
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Probably not, but how ? after a

guenchedQCD) N= QCD rel3ects a basic feature of large!N gauge theories

Given that it does not go away . can be made so

General arguments :

(phase (det@ + g+ m)) ) 1 ¢ #V conbned large!N gauge theories
are independent ofV

QCD Iin dimensions ! the 't Hooft model.

Surprisingly, not much work done neglect

certain

¥ Salcedo, Negele & Levit ' 92.B =1 type of qu_antum
Ructuations

¥ Schon & Thies 00. vicinity of m=0, assume 't Hooft model = sine!Gordo




Goal of study
Solve large!N 't Hooft model with arbitrary :

quark mass m, volume L, baryon number B, incorporating!@odes(

¥ Hope to understand general features of QCD at nonzero B :
¥ Characteristics of phase diagram ?
¥ Sign!problem ?

¥ Large!N OquenchedO confusions :
are sea quark suppressed or not ?
confusion resolved, but will not discuss it here :

-» While quarks do not backlreact on gauge belds, they are not quenchec
-»-Naive planar diagram analysis is miss!leading.




Outline

Formalism : Hamiltonian, gauge Pxing, Gauss law.

! BB
arXiv:0901.4035

arXiv:0811.4141

H classical

Large!N coherent state H quantum

Remarks on some features ¢ ¢jassical (L)

Results from min (H

Cla,ssical)

V. Numerical experiments with sign problem at large!l BB
INn progress

V. Conclusions + some ideas.




Hamiltonian QCD In 1+1

Ux — Ux+ L <

!x:!x+LS

Hamiltonian

L s
H=)Y [¢TrE;+ (Vi JU g1 +hoc)+m( 1)1 1]
=1

X

Commutations
ab cdl — ad bc bcy cd
E2° EJY = (EZNPC —EQIO) 1,

ab cd _— ad | bc
EZ°, U0 = uRdrren,,

Gauss Lav

DE = ' EabI:U E. .U ®
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OFixingO Axial gau

¥ Gauge away U, , but get left with a Eig

¥ Hamiltonian :

et 3OSt et e g +hc)+ m 27
z=1 «a

¥ Gauss law

: ab
ab ab ab 1 /L o pab il /L o
E®1 U 1Ex1U,_, =pP ==l EPI . B2 et

ab 1  &i(lal 'p)/Ls! ip __ yab
E,;” 1—e b b =17




Resolving Gauss la

ab 1  ~i('a! 'p)/Ls! ip __ yab
E)" 1—e b =1

generically a=Db,p=0

| ab
.p 11 . o .
11 @ ol L Sl ip . . pg‘;‘o =0
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Resolving Gauss la

ab 1 ~i(lal 'p)/Ls! ip __ | ab
E,;” 1—e =17

generically a=Db,p=0

| ab

p ] | |
a(la! )L 5l ip - - | fara —p
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S ab 4Siﬂ
Xyp




Axial gauge left us witl

operators Commutation relations

(ab | o bwa
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Axial gauge left us witl

operators Commutation relations

!ab! n P a [!ab!cd]N!ef

«— O0-modesO

i |0 log A%(p)
2

dQq

L Dy — ’\b
H sin? (LSYQ > L ) .

a<b




Hamiltonian .

Ho+ Hig + He,

gz ' Eaa 2

- . ’ I/Ya / L ;l’ , ’.. ' a ) "" (I.
2 § : l‘r € ‘x —|—1 + h.c. = m E , ( 1 ) Ve Vo

Xn*y # W|th | ab I " bn a

) L X X X
ab 43In2 (pa %2)/ s*P

HC:

g | ab | baelp(x y)
S

Xyp

Hilbert space.




Strategy for diagonalization : use large!

Large!N QCD is simpler than 3lcolor QCD

mesons and glueballs do not interact, baryons are classical, no decays, no 3uctuatic
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Strategy for diagonalization : use large!

The large!N limit of QCD Is a classical limi"

dlag (H quantum) P mcl:n [H (C)]

¥ General paradigm realized in the coherent state approach for QC Ya'e
unitary

color!singlet l
operater |C l — U (C) | OI arbitrary
t

color!singlet
OreferenceO
State

H(C) — !C‘Hquantum|cn

U(Q=exp Co! 9,U, oy ! exp CD 1 Ntr (W) + €21 Ntr (B X' W)
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¥ Dominance of glue over fermions

H(C) = Hgue (&) + HE (G, G)

ON?)  O(N)




Coherent states, cont(

¥ Dominance of glue over fermions

H(C) = Hgue (&) + HE (G, G)

ON?)  O(N)

¥ Step A: Minimize leading

Hglue(Cg) — !Cnggluelcg" —




Coherent states, cont(

¥ Dominance of glue over fermions
H(C) = Hgie (&) + HE (G, G)
O(N*9) O(N)

¥ Step A: Minimize leading
Hglue(Cg) — !Cnggluelcg" —

¥ Step B: Minimize sublleadin

He (Cg = Cg,min G ) = !Cg,min o= |HF|CF"|Cg,min "

| | ayj aw | ant! o(y! x)/Lsy an
) Y ey 1 e o



OK, so roll up your sleeves and start working

Ho+ Hg + He,

gz ' Eaa T2

aL . ;T.:"'..."
—— E Wi ei¥al Vyyiq +hoe.+m g (—1)" %2,

I

# W|th | ab I " bll a

o Asip (ga" @)L s+p X X X
2

g ! ab | ga alp (x" y)
S

Xyp




OK, so roll up your sleeves and start working

H = Hg+ Hgi + He,

2 T2
g Eaa> Hglue
a

E : |a 190a/Ls 1\Z ,.TQ,/.a
_5 Uy € / l—I—l + h.c.+m E ( 1) Ve Ve

I I

# W|th | ab I " bll a

o Asip (ga" @)L s+p X X X
2

g ! ab | ga alp (x" y)
S

Xyp

¥ Glue : can actually solve exactly "for Pnite!N# Zracuum of

gd! *) =Nlgo




OK, so roll up your sleeves and start working

Hoa+ Hig + He,

g2 ' Eaa T2

a

i ' . '
v 2T 1P /Ls a - _1\T . Ta,a
5 E e Vyyiq +hoe.+m E (—1)" l%)7,
T
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Xyp

|ab | ba gip (X" y)
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S

¥ Coherent state

IG! =U(G)|0lg =exp "I o, et b ol
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OK, so roll up your sleeves and start working

Hoa+ Hig + He,

g2 ' Eaa T2

a

. ' 1) Izk'/a / L - T ) ". ' a ) "" a
2 Z L € r +1 + h.c. =m E : ( 1 ) Ve Ve

I I

# W|th l ab I " bll a

o Asip (ga" @)L s+p X X X
2

0 |ab ga alp (x" y)
S

Xyp

N <ll ;Ea ei! a(y! x+ QL g)/L ¢ Il3>

Vo, b g




A Peek a Hg

¥ More convenient !y (p) = Z
Q="




APeek a He (13

¥ More convenient !y (p) = Z
Q="

a i
/2‘:_ > {(—§/JI,I+1(1))+C.C.> +-m(—1)‘TPm(P)}

IeZLg

227rl(.1 y)/Ls

dp dp’ 1 3 > /)ly (P) py= (') €
21 27 L - —lblll (p p /L + 2Tl/L /2

l'yEZLs =1




A Peek a H

¥ More convenient !y (p) = Z
Q="

dp 1 T
/2—; Z {(—5/31,”1(1)) + C-C-) + m(—-1) pm(p)}

rEZL,

a

12*1'1(1 y)/Lg

~ /).ly(])) Pyax (p )
< Tsin? ((p — p/)/ L + 271/ L) /2

dp dp’ - ;
2w 27 L -

zyeldr, l=

¥ If assume ansatz !¢ = f(x! y+ QL)




A Peek a H

¥ More convenient !y (p) = Z
Q="

()

—§IJI,I+1(1)) + C-C-) + ‘772-(—1)$Prar(1))}

zerl(.r y)/Ls

dp dp, 1 > > /)ly p py.r(p)
2w 2w L, ez, 1;4b111 (p—p')/Ls+27ml/Ly) /2

¥ If assume ansatz !¢ = f(x! y+ QL)

g°N [ [dp dg tr (p(p) p(q))
4 27 27 4sin® ((p — q)/2)

Lt [p(p) (s sin(p)

Large!N volume independence !!!
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Remarks "I:

¥ Meaning 3 ~ (", 2elalyixr Qe may — f (x —y+ QL)

As If L IS InPnite

¥ Papers Oighoring@®modes : have OsetQ ! C & brea

! q | eiq! a#: N » p)((?y I pxy

a

No L independence : wrong




Minimizing He (13

¥ To minimize

. oH .
¥ solve, numerically, ——— =0 . becomes a constraint Hartree!F

5Py | T
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Minimizing He (13

¥ To minimize

. oH .
¥ solve, numerically, —— = (Q : becomes a constraint Hartree!F

5Py T
Q L
¥ regularize : = Blao |
Incorporate
M =1 0-modes
Q=0,+1,+2,+3, 444+ Q=0,+1,+2,+3,+M
M =1 neglect

0-modes
¥ In practice

M = 1.5 15, 2 m/ A" 0.020.2,04,12,2.4

< = 130 — 500 B=0,12...,3C

a ! " 0.620.31,0.15 0.07 O! ng/ ' 215

25 L A§ 80 o1 "B < qc
mB/N!




Results : volume independent

M=25 (with zero modes)
|

M=1 (no zero modes)
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Results :B=1

Baryon density of a single baryon

C mMNA=TNE)
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a \" 0.1F Results :B>1

Quark condensate, mq/-\"k ~02 Number density, m/\A~ 0.2
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Results :B>1

Helical structure of the B=4 ground state, mq/\fk ~0.02
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Results :B>]

Volume averaged Quark condensate, mq/v'k ~0.2
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Results :B>1

Volume-average quark condensate vs chemical potential

e [Ty IS N — o o i e e e i -
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|L." ()3] ......... 1

Condensate
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Results :B>1

Volume-average quark condensate vs chemical potential

translation symmetry tr anslatio/n/symmetry

Condensate

- L independence n ind};:{endence

"regularized, -
normalized to
value at B=0#z




Go back to L independence
¥ We saw that Hamiltonian Is volume independence so long
py = f(z! y+ QLs)

ZN symmetry intact guaranteed by gluons

»

Translation symmetry intact Only for p<mg/N

¥ Can be useful ?

Study sign problem ini+1, large!N QCD, at V~0, anc < m g/N

ldet(D + pyo + m)"# e #V if v~ 0, a OsoftO sign problem




Use volume independence, cont

¥ 't Hooft model on a single sit

t D t P

| 1
Z = DUeSRET [Vl Uy [N gy m+-lo Uoe +Uge™ 411 Up+U,

¥ Naive "fourlfold doubling, not an issue#.
6 X Intel(R)Core(TM) 2.66GHz

a couple of months
N =10,20,40
1 /2N %= 0.6,6,10

1. Generate conbgs with heat!bath "Fabricius!Haa

2. Calculate explicitly determinant.

m/ 1"

(2 A" 0.6# 0.65

N " 0.75¢

3. Relweight.




Use volume independence, cont

¥ 't Hooft model on a single sit

t D t P

| 1
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U(N) : ! independence

SU(N) : p! dependence through uUN




Use volume independence, cont

¥ 't Hooft model on a single sit

t D t P

| 1
Z = DUeSRET [Vl Uy [N gy m+-lo Uoe +Uge™ 411 Up+U,
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Invariant to center

U(N) : ! independence

SU(N) : p! dependence through uUN




Use volume independence, cont

¥ 't Hooft model on a single sit

t D t P

| 1
Z = DUeSRET [Vl Uy [N gy m+-lo Uoe +Uge™ 411 Up+U,

I

Invariant to center

U(N) : ! independence

SU(N) : p! dependence through uUN

Try to OrelsumO path integral over alkZacua ...




Use volume Iindependence, cont

¥ 't Hooft model on a single sit

7 —  DUePReT [Uo U1 Uy Uy [N det m+%!o

I —

Invariant to center

UN) : u! independenee‘

SU(N) : pl dependenc% Ut u" & i/N gMi/N

ath integral over alh4&acua ...




Results : average sit
~ det (D + ! 0)
det (D + p! o)

equivalent to large!N QCD:o Model for sign problem
<

N=20, b;6.00, no ZN avefraging F—’—H

<det/Idetl>

-
-
-
-
-
- -_— -_—
-

L}
-

mu/sqrt(lambda)




Results : average sit

det (D + ! 0)
[det (D + plo)]

Model for sign problem

equivalent to large!N QCD:o
<

|
N:ZOI, b=6.00, ZN avelraging ~—
N=20, b;6.00, no ZN aver ging - %4

<det/|det|>

mu/sqgrt(lambda)




Results : average sign nAaveraging
~ det (D + ! o)
det(D + plo)|

b =0.6, N =10(Blue), 20(Red), 40(Black)

0
N t : : : :
=T s s s s
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Average sign
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15
Mg/ A
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Results : unquenched free energ

Free energies, Fgf=1 N = 10(Blue), 20(Red), 40(Black)

equivalent to large!N QCD:o
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S|gn problem

u;/f? A

equivalent to large!N QCD:o Model for sign problem




Results : unquenched free energ

Free energies, Fgf=1

1.5 =2
s~ A

Model for sign problem

4 LIRS R U U U B U L L R R R Ul R B RN RN R SRR U R U R R |

1
OS5

equivalent to large!N QCD:o
<




Conclusions

¥ Solved twoldimensional QCD with

¥ Arbitrary mass, B, and L.
¥ No ansatz.

nonzero density

¥ Treat O!modes correctly "crucial at large densitie

¥ Large!N 't Hooft model contains a

translation symmetry

helical crystal at nonzero |

translatio/n/symmetry

\/, W independence

f

V,u indgp/endence

M=p=M; /N

. 1 .
¥ Can study sign problem here withivery#modest resource
"orthogonal approach#
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Conclusions

¥ Numerical results inOEguchilKawaiO model = QGbfor p<m g/N

¥ Sign problem solved fork <m /N by using Averaging

¥ Seems that t Hooft model has a moderate sign problenr

¥ Perhaps not outrageous to simulate & re!'weight=3 on large volumes

¥ Can show "numerically and analyticallya, large!N
"as long as conbned#




Zero modes

: : : : I : :
Di$erential realization of Ep:o . with some work can realize

\I]new(cp)
[[,<p sin (LS—"Q“';’Q") .




Coherent states, cont(

¥ Fermionic sector : choose reference stati®) = |B static baryons)

|9 = [/{(9)|O = exp (—1 yj Sj H;I*y 'I.J'T-‘I“ C_'z'.k;)a,(y—x)",r'L3 L‘;) |O

r€EZL, YL




Coherent states, cont(

¥ Fermionic sector : choose reference stati®) = |B static baryons)

8) =U(H)|0) = exp (—i yj ;: 0, i@ eiealy==)/Ls L;) 0),

r€EZL, YL




Coherent states, cont(

¥ Fermionic sector : choose reference stati®) = |B static baryons)

|9‘) — [,{(9)|O> = exp (—j S: Sj 9;ry yia ¢*¥Paly—z)/Ls U;) |0»>

;TEZLS yEZ

¥ Next, calculate Hg (6) = 6|HE |0"

with

ab

: E } : 7 < PE PE
— ! 'l A ?’ ~ ,". a l' A . < ) I' A I| A ! ;;T ‘, y
H F— —5 1;,!1" givall "#-"?+1 + h.c. +m (—1)* I.i-"ia e -+ T E
I

s oo 4 sin2 ((ya wfz), :*‘P)

'Py—z)

£

takes some time, only show whaf#{r  depends on ...




Coherent states, CONtC we = s o + £ 200
x T S “abp { sin? %ﬁp

6) = U(6)[0) = exp (—z‘ DD bay gl eivalval/Le ) 0),

r€ZL, yeZ




2 / ab _ba _ip(y—=z)
g PPz PF,y €

. 9 (0a—©y )/ L+
L, oon 4 sin’ ((va wfz)g -+P)

Coherent states, cont( w = {soreiw,cneens e +
6) = U(6)|0) = exp (—i Y by uj“eimyl"'lﬂv;) 0),

r€EZL, yeZ

¥ Calculate

He=11H(" )M = 10[HF(U " 2 U, )|0"




Coherent states, CoOnt( He = [z, mg e +

|95 = (,{(9)'0: = exp (—1 Z Z O;Ty L'Ia e‘i»ﬁ’a,(y—lf),r‘"Ls L';

;TEZL3 yGZ

¥ Calculate

Hep=1"Hg(" )" = 10HF(U ", U, )[0"

U g5 U = [AO)]y € 2V = g
ye’Z




Coherent states, CONt( e = s, ns e +

T

16) = U(0)]0) = exp (_i Z Z Opy b1 iPey=2)/La

;TEZLS yezZ

¥ Calculate

He=11H(" )M = 10[HF(U " 2 U, )|0"

U Y2l = [A@O)],, e 2079 sy
yeZ

R N R T Vi [AO)],, [A*(0)], o€ 2V gl

wv &7 a




Coherent states, cont( we = ixureviw, vneeny e + £y BT

. s ‘op 4 sin’ ((*f)

6) = U(6)]0) = exp (—z‘ > > e, ylaeimy—r)/sz;) 0),

;TEZLS yezZ

¥ Calculate

He = THE( )M = T0[HF(U, " . U, )|0"

U Y2l = [A@O)],, e 2079 sy

R N R T Vi [AO)],, [A*(0)], o€ 2V gl

wv &2




Coherent states, cont( we = ixureviw, vneeny e + £y BT

- s
Ry (e ey

6) = U(6)|0) = exp (—i Y by Lgae%w—rb’bsy;) 10),

;TEZLS yezZ

¥ Calculate

He=1H(" )M = 10[HF(U " . U, )|0"

R N R T VR [AO)],, [A*(O)],, o€ 2V 8

a wv €7




Coherent states, cont( we = s, e oS o
8) =U(H)|0) = exp (_1‘ Z Z 0.y ‘I‘ae ealy—x)/La y,

x€ZL, yeZ

¥ Calculate

He = HH R I = 10H (U ", U))[0

0], (Z! ek ) U 10 = ) [AC),y [A"(DLg 1O Dt e = o]

a WVII Z




Coherent states, CONt( v = ;5o s i
8) =U(H)|0) = exp <_i Z Z 0y i@ eiPaly=2)/Ls g

reZL, yeZ

¥ Calculate

Hep="H" )" = 10HF(U " . U, )[0"

0], (Z! ek ) U [0"= ) [AC)]yy IA*()]gy 101 D1t = W>’Ls!3> o

a wv" Z

(0]U, i, € 2 D Es Y, |0) = LA, s gre [AT(O)],,, x P

qll Z wll Z




Coherent states, cont( e = ixuwem, vneeny oo
6) = U(6)|0) = exp (—z’ Y Y by pleeteelve LSL'Z) 10),

;TEZL yezZ

¥ Calculate

He=1Hg(" )" = 10HF(U ", U, )[0"

0], (Z! ek ) U 10 = ) [AC),y [A"(DLg 1O Dt e = o]

a wv" Z

(0]U, i, € 2 D Es Y, |0) = LA, s gre [AT(O)],,, x P

qll Z wll Z

0]V, | Jagltet ®)/Lsp o ylorg "2 $ P,




Coherent states, CONt( we = ;s ime s

T

|0> = [,{(9)|O> = exp (_1 Z Z o;ry L.Ia e'i‘r"‘av(y—l‘v);"f[zs l“;

;TEZLS yezZ

¥ Calculate

Hep="H" )" = 10HF(U " . U, )[0"

0]U (Z!xae‘" ! X”“!?) U0 = 37 IAC), IA*()], 10 (Z!Wae‘"a(“ Iy

a wv" Z a

(O|Uy e 2wt D/ Le iy, |0) = LA, s gz, [AT (D], X Pq
a " Zw" Z

10]Ug (Z! Leipalt ot QLs)/Ls | g) Upl0"# > "9, % Py ¢

a q" Z




Coherent states, cont(

¥ Sobnd Hg depends

! ! - odk i
oy ! Perg= S €7, (k) L Py g

“y 2
q! Z q! Z '

¥ Glue dynamics : &4 vacuum 0!

(Pq @) =N!q g

Ls pi2ml(z—y)/Ls

QQ*N' // d]) d])’ 1 Z Z /).l‘.y (p) /3yx (])’)
4 2w 27 Ly 4sin® ((p — p')/L¢ + 2ml/Ly) /2

zyeZr, I=1




Remarks "I:

¥ If assume translation invariance

{

— 3P =+1(p) + c.c.) + ‘771(—1)$PN(P)}

ei2ml(z— y)/Ls

L
@dp L Z /)ry(p) Py-r(]))
27 27 Ly s, 4sin® ((p — p')/Le + 27l /L) /2

N

2w
d 2N [ fdp dg t
’HF/(*N'L'S) = / ltl [p(p —09 sin p +m 0-1 g ff(p q I /) /) (I))
0

2m 21 4sin® ((p — q)/2)

L independence !




Remarks "

¥ If assume translation invariance

d i
’HF(/))/.A'T = /2_1’1')7 zz: {<—%/)l?,l?+1(])) +C-C-> +7n( 1) P: (p)}
TELL,

InT Lg -
L N dpdp’ 1 D3 Pay(P) Pyz (p') €= V) L
4 2w 27 L 4sin® ((p — p')/L¢ + 27l/Ly) /2

N

2
I Ip dg t
Hp/(NL:) = _)tl [p(p) (—ogsin(p) + moy)] ][][(p Tty

S zyeZp, =1 "~

o 2m 27 27 4sin” ((p—q)/2)

L independence !

¥ Papers Oignoring@modes : have OsetQ ! C & brea
N

1q:Pq=N zpzy#%—

ql Z




Remarks "

¥ If assume translation invariance

d, Z i
TELL,

g°’N dp dp’ 1 Z i vy (P) Py (p') €27 V) L
4 2w 2w L = 1—1\111 ((p—p')/Le+2wl/Ly) /2

S J:yEZLs 3
2’1" d)

2N
Hp/(NL,) = —t1 [p(p) (—o3sin(p) + moy)] g ][][

0

dp dq tr (p(p)plq))
27 27 4sin® ((p — q) /2)

L independence !

¥ Papers Oignoring@modes : have OsetQ ! C & brea

N N

lq:Pg=N ! Zpﬁy#P/l—Z ,,!_S:‘qkpxy<k>}#?/q—pxy<k—o>

ql Z ql Z

pey — Pxy  No L independence !




Remarks "l

dp )
= /H{‘ Z {( )/)1 a+1(p) + c. c)+'Ill(—1)‘1/)r_r(]))}

ll— 'L g

| Al / dp dp” 1 Z i Py (D) pyz (p) 27 (E—w)/ L
= 4 2w 2w L, - dsin® ((p— p')/ L. + 27/ L) /2

xyelL, l=

¥ B enters through :
¥ extra B!dependent, yet constants, terms.

¥ constraints on ! xy (P) obeys: p«x(p)= B

X

¥ To minimize Hx(!)

' H
¥ solve, numerically, i =0
" 2y (P)

¥ descretize !'xw(p! (0,2"])#




Remarks "l

— /illf Z {( —prat1(p) + c.c. ) +m(—1)‘rp.r.r(1))}

JF[_,

L 12*1'1(.1 —y)/Lg

| g°N / @di 1 D zy (D) py=(p') €
" 4 2w 2w L B -1\111 ((p—p')/Le+2ml/Lg) /2

¥ B enters through :
¥ extra B!dependent, yet constants, terms.

¥ constraints on ! xy (P) obeys: p«x(p)= B

X

¥ To minimize Hx(!)

I'H
¥ solve, numerically, 1= =0
" 2y(P)

Incorporate
0- modes

o | .y
¥ descretize !'x(p! (0,2"])# neglect

0-modes




Results : continuum extrapolatiot

M = 1, but a relatively large volume of L\/\/(27) = 32

|
o
)
S

|
o
(@)
@

I
o
o
N

o aVM(2n)=0.123

o aVA/(2r)=0.0615

< avM(2r)=0.03075
—&— Prediction by Burkardt
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Results : continuum extrapolatiot

Continuum extrapolation of condensate

[ [ I I
| M=1 | E'm/-\/x = 0.05/+/2m
M=15 Ly/A/(27) = 32
Analytic prediction | 5 5

(Renormalized condensate)/(NV A
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Results :B=1

Baryon density of a single baryon

—e—aM/(2n)=0.246
a\/(2m)=0.133
< aVM/(2m)=0.067

—— sine-Gordon soliton




L\/)\/(27) = 16, 24, 48 Results :B=1

m/vVA = (0.5,0.25,0.05)//27

| | | |

o
o
NO

o
o
A
n

[ Peak of baryon density ]°

| © Extrapolation of data to continuum  f------- E o Extrapolation of data to continuum
| ——prediction of sine-Gordon soliton § —— prediction of sine-Gordon soliton

0.05 0.1 0.15 0.2 0.05 0.1 - 015
mAA mAA




Results :B=1

m q/\"x ~0.02

| |

0.4 0.6 . 1 0 : 0.4 0.6
™ LY

Baryon mass at ay/A\/(27) = 0.123 and L\/\/(27) = 16 as a function of 1/M




Results :B>1

Energy difference A E(B) = E(B)-E(0)




Results :B=1

. i N~
Quark condensate, m qNA ~02 Number density, mq/\ h~0.2
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Here a\/A\/(2m) = 0.123, m/vA = 0.5/2r, L\/\/(27) =




Results :B>]

Quark condensate, mq/\"k ~02 Number density, mq/'\"k ~0.2

. ; ._One bargyon in : Onebaryonm
-~-uFlvenbarﬁonsulnnéHV61umé~L/5~u-n~~~-T~~~~-~~~u~~- : Five baryons in') voluhe L/5 -

a volume L " a volume L o
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(Number density) / VA
o o
ro =

(Quark condensate) / VA, free theory subtracted
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Results :B>]

Quark condensate, mq/\"k ~0.2 Number density, mq/\"k ~0.2

T : | T
’ : Five baryons in |
: one.ba o : a volume L one.b L :
Flvae vlz)alruylzt(l)ensL 1y vqlurpe L/5 .' a vqlulile L/5 :
(in lz)que) (in fed) 5 (in |1E:ed)
.............’..?.........................'.........................-....................... Cemaleh e e e e e e e e

o
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D

(Number density) / VA
) )
ro =

(Quark condensate) / VA, free theory subtracted
=




Coherent state:
¥ QCD admits an overcomplete Ocoherent stateO b |C! = U(C)|O!

|O| —  Some state In
] Hilbert space

U(Q=exp Co! 9,U, iy ! exp D 1 Ntr (W) + C? 1 Ntr (B' X' W)

which becomes classical at large!N

P a(C) = 1C| &

=iRH] ¥ P8 s ta0. Ol with

Y
1t

H(C) = IC

¥ E%ectively makes whole dynamics classical ar

diag (H quantum) mén [H(O] and




Coherent states, cont(

¥ Dominance of glue over fermions
H(C) = Hgue (&) + HE (G, G)
O(I-\IZ) O(-N)
¥ Step A: Minimize leading

Hglue(cg) - !(-zlegluelc-?gI'% DXCg — Cg,min

|

Pent @ = £ (Gymin)

a a

¥ Step B: Minimize sublleadin

HF(Cg - Cg,min,Q:): !C—‘g,min“CFlHFlanlgj,min "# PxG = G min

!

W " = f (Cg.min » CF, min )




Results : guenched condensa
N=10,20,40 and b=0.6,6.0,10.0
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Results : try 2n averag

Re!sum path integral




