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Outline & Motivation

1. QCD — epsilon regime chiral Perturbation theory:

box V = L4

Agcp > p~1/L > mﬁwl/L2

LEC

source term

F' Pion decay constant
1t chemical potential

Y2 chiral condensate
m quark mass

2. Equivalent Matrix Models: easier

3. Lattice Data: fitting plots

e Results for:

spectral density & individual D-eigenvalues

currents (S(x)S(0))




QCD and Banks-Casher Relation

Zaon = / (DA exp| — / T(DIA+ M) — Syas[A] + 60 / P

N .
Zqcp = Zuztopof[DA]nyf det[D[A] + my] o—Synr[Al+iOv
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QCD and Banks-Casher Relation

Zaon = / (DA exp| — / T(DIA, f+M)T — Syl A] +i6 / i

ZQCD - ZVZtO]?O f[DA] HNf det UD [A7 ,u] + mf] e_SYM[A]+i®V

in box V' : Z/Hd)\A,u H@”H

spectral density p d()\)

Banks-Casher

[)\2+m2] o Ovm{A}]

= (22i0(A=X) )qep € C

p A

Y
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Cartoon of QCD Phasediagram




Cartoon of QCI Phasediagram

It was a dark and
stormy night.

f | S




Cartoon of QCD Phasediagram

temp. _

1t chem. potential

schematic phase diagram for QCD with 2 light flavors [Halasz ct al. 98]



Matrix Models

N mf iW
Zyy = deH T det e—NJQTr wwt

A/ T
[Shuryak, Verbaarschot 93] W my

fixed topology: W = N x (N 4+ v) random matrix

Zain = /Hd)\ NI 2 +m?) e NN ) T2 - )
k>1
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Matrix Models

mf W |
Zyy = [dW HNf dot o—NTr v

A/ T
[Shuryak, Verbaarschot 93] W my

fixed topology: W = N x (N 4+ v) random matrix

ZMM:/HCZ)\Z' )\Z”H Zm3] e T[22

1 k>l

¢ pun(A=0) = tNo| XSB!

— MM parameters: p(0) ~ >, N~V
e solvable for all pp(A1, ..., A\;) and Pi(\)

o [imit NV — oo universal & equivalent to LO ey PT




Matrix Models

N my W+ v
Zyy = [dWITL det

ANl
[Stephanov 96] W+ v ng

e—NUQTr wwt

fixed topology: W = N x (N 4+ v) random matrix

N
Zyy = / [T 20 2 I N2 o YO [T (2232
i k>1

o pum(A=0) = LNo| XSBI

— MM parameters: 0 =Y, N~V 3, ~ pF?
e solvable for all pi(A, ..., A\x) and Py(\)

e limit N — oo universal & equivalent to LO ey PT




Spectral Density and Individual Eigenvalues
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Spectral Density and Individual Eigenvalues
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Spectral Density and Individual Eigenvalues
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[G.A., Wettig 03]

: complex A



Chiral Perturbation Theory and epsilon-Regime

spontaneous xSB: SU(Ny) x SU(Ny) — SU(Ny)

©)

i i
L=1FV,U()V,U'(z)+iZM (e YU (x)+e N UT(x))

-V,=0,+1i|B, -] for vector current, e.g. B ~ uos
- fix topology: SU(Ny) — U(Ny)



Chiral Perturbation Theory and epsilon-Regime

spontaneous xSB: SU(Ny) x SU(Ny) — SU(Ny)

©)

i i
L=1FV,U()V,U'(z)+iZM (e YU (x)+e N UT(x))

-V,=0,+1i|B, -] for vector current, e.g. B ~ uos
- fix topology: SU(Ny) — U(Ny)

R 1 1 << 1 y

- zero-momentum modes non-perturbativ:

U(I) = U() ez’f(m)

1 I
LO: ZEXPT — deO det[Uo]”e 2ZVTr(M(UO+U())> X f[df(x)]e_f%aaﬁﬁag




Chiral Perturbation Theory and epsilon-Regime

spontaneous xSB: SU(Ny) x SU(Ny) — SU(Ny)

©)

i i
L=1FV,U()V,U'(z)+iZM (e YU (x)+e N UT(x)>

-V,=0,+1i|B, -] for vector current, e.g. B ~ oy
- fix topology: SU(Ny) — U(Ny)

1 1
8-Regime: My ~~ ﬁ < Z [Gasser, Leutwyler 87]

- zero-momentum modes non-perturbativ:

U([E) = U() ez’f(m)

' T
LO: Zopr= [dUsdet[Uyre =Y (@t iy FETRB LB




Objects of study: Currents & Densities

e currents: scalar source S(x) = \Ti(m)le\IJ(@ > Mass
[Hansen 90]

1

2o\ PT

(S(2)S(0))orpr ~ (‘93125XPT — <(TY[U0—|—U(;[])2>

exPT

- O(e? ~ 1/L?) known, beyond MM !
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e currents: scalar source S(x) = \Ti(m)le\IJ(@ > Mass
[Hansen 90]

1

2o\ PT

(S(2)S(0))orpr ~ c‘ﬁlzgxpT — <(T1"[UO‘|‘U(;[])2>

exPT

- O(e? ~ 1/L?) known, beyond MM !

e densities: SUSY—€XPT [Damgaard et al 98, Basile, G.A. 07]

5, (m) = 6,m<det[lD+m] >mm <Tr 1 >€XPT B /CM pN)2m

det[D +m]/ .. pr D+m A2+ m?

pyim) = Jm[X,(m)] (or 9,5, (m) when pu 7 0)

Nk A
1st eigenvalue : Pi(\) = 0, Z %/ AN\ ... dXg pr( A1, ... M)
k ©J0

(G.A., Damgaard 04]



Results: Some Examples

AN

scaling | A = VXA

o density: p(\) = [ dtJ,(tN)J,(t))
o k-point: pp({\}) = det;;[ A A; ]/Vandermonde

= PN =0, [ o = X exp[iN]



Results: Some Examples

AN

scaling| A = VIN, 42 = VF?i?

o density: p(\) = [ dtJ,(tN)J,(tA) /"
o k-point: pp({\}) = det;;[ A A; ]/Vandermonde

:>P1(5\):6§Z,€fpk = ...



scaling

e density: p()\)

Results: Some Examples

AN

A = VIA, i

_ VFQ/LQ

— [N At (EA) [t e

e k-point: ,0;{({5\}) = det; ;| A 5\7’

= P1<

e current:

<S($)S(O)>8XPT

=K o =

| /Vandermonde

Yieff

Y1+

%

Feff:F<1—|—

€2

*

)

NEW Z. pr =

dU() det U()

(9 log| eff] + A( )(A‘I‘,LARB + ,&40)

1
andANTV

e_Tr<%EVM(Uo+U§) + Y ak ([B’U“”B’Ug]y()



Real Spectra vs. Lattice

[R.G. Edwards et al 99|
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Complex Spectra vs. Lattice

p(o,y)
0.4 |

03|
0.2

0.1}

density p (left) [Bloch, Wettig 06], Py (right) [+ G.A., Shifrin 07]



Cpl(t)

Currents

vs. Lattice
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[JLQCD 07]



Some Open Problems

o complete all xySB classes with p # 0:

real and complex spectrum of adjoint QCD
o simple form for P;(\) on C 7
o Polyakov loop «+— D eigenvalues

o other applications of new group integral 7



