Hadronic Spectral Functions at Zero and Nonzero Temperature in Lattice QCD
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1. Hadronic spectral functions

* Matsubara correlation * Retarded correlation
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Hadronic Spectral Functions at Zero and Nonzero Temperature in Lattice QCD

V A textbook example .
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Resonances (low s) q-q continuum (high s)

]

]
3
R = o(hadrons)/o(utp™)
o«

—4;_t ,4:: (5 =0*—4%) 1F

T#0 : hot plasma — e*e +X . ‘

2 “g « CERES/NA45 S-Au 200 GeV/u
T 2" E p, >200 MeV/c 3
2 ©,,>35mrad 7

aV(m, k) Z e./_-‘,/r 8 . s
axdk =10 21<n<265 —
" d § (dN, /dn) = 125 3
5 E
F40 ,
e Im <T _/u _/u >1/7(,’//7m/ E 3 :
3
2 A" ((0 k) 3 3
i [ %‘oi -

n2k® e°'T— 2

A

0 02 04 06 08 1 12 14
m,, (GeV/c?)

Dr. Tetsuo Hatsuda, University Tokyo (ITP QCD-RHIC Program 5/30/02)



Hadronic Spectral Functions at Zero and Nonzero Temperature in Lattice QCD

V How to calculate A(w) in QCD ?

4 -0t =0T, p+O(T—1/T)
D(1>0 ={ e—A(wabJ={ € — +& A(®) do
(v>0) j_w 1- o~ OT ) jo 1— - OT

A(T,m)

O(1000) output
(10 MeV x 1000 = 10 GeV/')
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’ ' X 2—~fitting
¢ ) + pole-ansatz
In D(t ) »:

Maximum Entropy Method (MEM) 7

Nakahara, Asakawa and T.H., Ph

MEM Image Reconstruction

The qirl’s portrait The Image of Saturr:

From N. Wu, "The Maximum Entropy Method" (1997)
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2. Principles of MEM

D(t )— A(w) : not unigue !

What is the most probable A(w) for given D(T ) ?

Statistical Inference
Posterior prob. likelihood func. Prior prob.
4 ! 4
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7. Bayes 1702-17617

Bayes Theorem
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» Explicit form of the posterior prob.
AAD) = ADA ALA < eXAPA

e Central limiting theorem

e Information entropy (Shanon-Jaynes)
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® o :a fictitious temperature”

& /(W) : prior estimate of A(w) <3 to be updated

® QMA)= aS-L." free energy” <~ tobe maximized with respect to A(w)
< tobeintegrated with a weight P[a /D]

by error analysis
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Aavantages of MEM

(1) Mo a priori parametrizations of spectral functions
() Unigue solution is obtained

(i) Statistical significance of the solution can be studied

Shornon-Jaynes Entropy |

e Combinatorial construction (Monkey argument) gl b,

Product of Poisson distribution — SJ entropy

A, e™
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T
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12345 seoeeeeee N Ai,ng /=1

n!~exp[nlog n—n
e Axiomatic construction
Axom/: Locality

Axiom /I : Coordinate invariance
Axiom lll : System independence

Axiom IV : Scaling Asakaws. TH. & Nakshara: 01)
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» Procedure of modern MEM

Step 1) Maximizing Q
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® Rapid cc
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Step 2) averaging over &
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Step 3) error analysis

02=— & :
e SA(®) SAW) ) , _,
= 4af |

Aout(w)

| Properties of hypersurface Q(A))

0A;) - 001000) -dim. surface

Inigque maximum

oo 820

8ApA S50

L
8@

=0
SA,

Ngata = 0(10)-din. space

Brvan, 1990

Dr. Tetsuo Hatsuda, University Tokyo (ITP QCD-RHIC Program 5/30/02)
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> Ke rnel K ( T,W ) Free propagator with mass w

/
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3. Test with mock data
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How to choose m ?
03 03
02 0.5my 02 4my
0.1 03 0.1
—— Pout (@)
2 ~ Default model J
9% 2 3 s 02 ———— Pin(®) 0,
3
1S ) mg = 0.0257
03 0.1 & 03
02 0.25 ol 02 2
my 0 2 (Gev) 4 6 Mo
0.1 0.1
ﬁ ] s
\
9% 2 4 6 05— 2 4

4. Our lattice QCD simulation (T=0, T#0)
{» -
MELQCD Collaboration - Lattice parameters -- r
Lattice action plaguette gluon action, Wilsor quenched app
Source and Sink point-point
Machine SR2207 (JAER)| SRE000 (KEK) CP-PACS (RCCP@Tsukuba)
32 x 32 40, 72, 96
20% x 24 76% x 32 10% x 30 i )
anisotropic /lattice 7:4
with B = 6.0 with B = 6.0 with B =647 " =
Lattice size TP 2-0.09 fm 2-0.06 fm o o
et Ze o a,=001/m a,=004Im
1.7 fm)° x 2.0 fm| (1.5m)° x 3.0 fm | (2.5m)° x 1.9 fm
i’ i’ /3 ‘ /7.25//”/‘71 upto2.57,)
i Periodic and  merioni 5 S
Dirichlet Anti.peviodic Anti-periodic Anti-periodic
Light mesons Light baryons Light mesons Heavy mesons at T#0
at 7=0 at 7=0 at 7=0 Transport coefficients

Experience tells: N_> 20 (Dirichlet), > 30 (periodic) required
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Spectral functions =
/in & p channels at T =0
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Sp ectral functions MELQCD Collaboration (02) ,
n the nucleon channel at T = 0 K. Sasaki and S. Sasaki, (preliminary)
4-
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0._ : i -
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[ Spectral functions of /Y at T#0 ] MELQCD Collaboration (02)
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space /:> = /‘>
o F.
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0 T
Euclidian time (T ) o (T—1/T
—T +O(T — )
e +e .
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. 1-e

Lattice QCD + MEM provides a clue h
to study in-medium hadrons (o, J/ V¥, *+)

Alw;T)
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® Qur previous data suggest

m The highest T : setto ~ 2.57]

* In order to have large enough L_,
anisotropic lattice has been employed

1. Lattice size

3 32°x32 (T ~25T)
with ¢ =a,/a =4 10 (T ~2T)

72 (T ~1.1T)
96 (T <T)

2. B=T0 §=35

3. t=al/a =4
4, ¢ a —9.75x10" fm
I =125

o
a.=0.0l fu

323 40 (1=[14-36 used[]

Jwchannel at T = 2T,

imiinary
" Some structure ?? Very pre| i

/AN

0 5 1‘0 1.5 2‘0 2I5 30
/ \ ® [GeV]
h 2 (mg+plasmino)
;ngra:lng 2 masg? MELQCD Call. (*02)
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5. Summary and future

» What we have learned from the ill-posed problem, D(t )— A(w) 7

* MEM works pretty well in lattice QCD
1. O(70) data points — most probable and unique solution A(w)
2. error analysis = ‘plausibility” of A(w)
3. better data (smaller a, better statistics, larger L) — better results

4. O(a) error can be studied by using K, T ,w)

* Advantages over standard pole-fit

] MEM pole-fit
ground states good good
excited states reasonable unstable
correct height
; no way
detection of T /a
finite T straightforward no way

P Spectral Functions on the Lattice in the Future

* T =0system
under way 1. rucleon resonances , glueballs etc
2. hadron mixings (0 -w, N -X9 etc)
3. full QCD and hadronic widths (0 — 27, 0 — 27 etc)

4. parton distribution functions

* T #0 system

underway 4 pw @ @ chiral restoration
under way 2. /Y, ¥’ deconfinement

3. collective modes at T~T., T >T.
- 4. transport coefficients of hot plasma

5. collective modes in N =2 color superconauctor
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Transport coefficient on the lattice:

G(r) = [dwK (1,6) p(@), s(f—wp(w)‘ i
0 w=

-- Hard to extract n in the “standard” MEM --

1(B-1)6(r) =0 + [dw R (1,0) ()

T-indep.

Karsch, Aarts, ....

m) “Subtraced” spedra rep. + MEM for p/n distribution: T.H.(02)

p(w)
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