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I Introduction

aim at analyzing existence and properties of hadronic excitations at 7" > 0

~» Correlator in momentum space defined at Matsubara frequencies w,, = 27Tn

. de A(poaﬁ)
M) = f om0 5,

- A ' — A(pg — @ Subtr.
Sr— z'[| (po + i€, p) — Alpo ze,@}T ubtr

spectral density o (po, p)

= temporal correlator cosh [po(T — 1/2T)]

G'(r) = T%: e T A(iw,,, 0) = /OOO dpo o(po, 0)

sinh(po/27T)
| |
kernel K (1, po;T)
= spatial correlator S, roodp oo dp . oo . 0(Po,D)
G(z2)= | | gep A0, p)= [, gep |- dpo o,

as true for all lattice analyses: control systematic UV and IR effects



INTRODUCTION

at T' = 0 obtain masses and amplitudes, e.g. m, fr from o(py) ~ f28(p2 —m

Gr(T) =2 [z mx exp(—mgT)

T — OO

Obstacles at 7" # 0:

e existence of bound states, resonances etc. usually unknown
~> try to establish spectral density

e limited physical extension 1/7" in temporal direction
~» spatial correlations

e limited number of data points IV, in temporal direction
~> anisotropic lattices

e finite size LT = N,/N;

e finite lattice spacing a7 = 1/N.

)



INTRODUCTION

Numerical parameters

all results based on
e quenched approximation
standard plaquette gauge action + non-perturbatively improved Wilson fermion action
= discretization errors at O(a?)
e isotropic lattices of various sizes N2 x N, to study finite volume and finite a effects
e 3 temperatures each below and above T,.: 0.4,0.6,0.97. and 1.25, 1.5, 3.07T,
e quark masses: up to five at T' < T,., ~ chiral limit above T,
e renormalization/improvement constants: non-perturbative if available
tadpole improved perturbative otherwise
e absolute scale by 7., relative scales by interpolation of string tension
e statistics between 60 and 120 configurations

e channels analyzed: PS,S,Vy, Vy, Ar, A, flavor non-singlets



INTRODUCTION

T/T.| B N3 x N, a [fm] Neons K Ke
0.44 | 6.000 243 % 16 0.104 60 0.13240 0.13320 0.13420 0.13480 0.13520
0.55 | 6.136 243 % 16 0.083 60 0.13300 0.13400 0.13460 0.13540 0.13571
323 x 16 120 0.13300 0.13400 0.13460 0.13495 0.13540 | 0.13571
48% x 16 60 0.13300 0.13400 0.13460 0.13495 0.13571
0.93 | 6.499 243 % 16 0.049 120 0.13300 0.13400 0.13460 0.13540 0.13558
323 x 16 120 0.13300 0.13400 0.13460 0.13531 0.13540 | 0.13558
48% x 16 60 0.13300 0.13400 0.13460 0.13531 0.13558
124 [6.205 | (64]32124]16)° x 8 | 0.075 | (46]6135]89) | 0.13599 0.13530
124 | 6.499 | (483624)% x 12 | 0.049 |  (S1|81[78) | 0.13558 0.13558
124 | 6.721 | (6448]32)* x 16 | 0.038 |  (46]96/81) | 0.13507 0.13522
110 | 6.335 | (64]32]24]16)° x 8| 0.062 | (46]62[59[60) | 0.13581 0.13578
149 | 6.640 | (48]36]24)* x 12 | 0.041 |  (61]5968) | 0.13536 0.13535
149 | 6.872 | (64]48]32)° x 16 | 0.031 |  (66]62/60) | 0.13495 0.13499
2.08 | 6.872 | (96]64[32]24[16)° x 8 | 0.031 | (37|43(65/80[30) | 0.13494 0.13499
291 |7.192 |  (48)36]24)* x 12 | 0.021 |  (85[80[80) | 0.13440 0.13450
298 |7.457 |  (64]48]32)* x 16 | 0.015 |  (80[80[60) | 0.13390 0.13394

in red: runs with the hypercube truncated fixed point action




II Quark masses

e for Wilson-type fermions chiral limit, k., usually defined by vanishing Goldstone boson mass m,

e this definition does not work anymore at 7" > T,

e use current quark mass defined through axial vector Ward identity: 2m w1 P(z) = 0,A4,(z)

e on the lattice

2 Mt = Za (AuA,(x)P(0))
(P(x)P(0))
e comparison temporal - spatial correlators:
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QUARK MASSES

e below T,: kW1

— T ~v
=K XK
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e above T,: simulation at (interpolated) s (T

{1+

ZmZP
Q. MMAWI =

Z A

[bm + (bP - bA)] ambare} AMpare

= no temperature effects on k. visible
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IIT Symmetry restorations

e at T # 0, for spatial correlations: rotational SO(3) — SO(2) x Z(2)
= Vr#£V,, Ap# A; possible
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e at T' > T, chiral symmetry restoration SUy(Ng) — SUL(Np) X SUR(Np)



SYMMETRY RESTORATIONS

Pseudoscalar - Scalar sector

e below T,

100 T T T T T
10 09T, ]
l %-v» +A
01} *. R
001 |  Tre. L
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1e-05 f .
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- pseudoscalar m much lighter than scalar ag/d

- 7 couples to axialvector O-component Ay with relative strength 1/12
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SYMMETRY RESTORATIONS

- pseudo/scalar correlations at small quark mass are plagued by socalled exceptional configurations

10

S0.13460
1p 09T /5013531 —+— '
01} - T
0.01 | .
0.001 | T mﬁm ﬁ ,
0.0001 | }

i

=P

le-06 - 48°x 16 T

le-07
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- related to zero modes

- zero mode contribution to the (integrated) correlation function is

Q)
m2V

/d4£€ GPS’S(ZU) = 4+



SYMMETRY RESTORATIONS

e at/above T,
- effective Uy(1) restoration would predict m — ag/d degeneracy
- not observed at 1" = 1.257:

100

10F 12T,

0.1 =,
0.01 p = e
i Al

0.001 f i :

0.0001 | é ﬁ%ﬁ% it

1le-05 + f
64° x 16 J{H

0 05 1 15 2 25 3 35 4

1e-06 +

1le-07

- equivalent to saying that topologically non-trivial configurations survive up to (at least) 1.257



SYMMETRY RESTORATIONS

e study of zero modes with GW Dirac operator:

- there is an exact index theorem relating topological charges () with zero modes

where n+ is the number of zero modes with chirality vy51y = £

- at 1.25T, we found plenty of zero modes with () =1

- they are localized, measured by inverse participation ratio p

inverse participation ratio

60 r
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p=VE¥i(z)y(x)

10 |

Ng=16 N,=8 B=6.205

+

0.25

| V localized on a single site
| 1 completely delocalized

Q=n,—n_



SYMMETRY RESTORATIONS

e at 1.57,: mpg = mg
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e aside: Ay couples to PS
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with much less strength ~ 1/500
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IV Spatial correlations

e (°(2) depends on the same spectral density, but relation more involved

® cxpect
GS(Z) 2 Ampl X exp(— TMgcreen Z)

z— 0

e however, Mgereen(1) # m(T') in general :

look for zeros of G~!(p) = p§ + p* + m§ + (po, p, T
p=0: —p5 = mi + I(py,0,T) = m

pozo _ﬁQ - m% + H(O7ﬁ7T) — mscreen

e still, contains physical information



screening masses below T,

0.8 w x

o at 0.47.:

0.7 ¢
06t ¢
05 ¢
04 r
03¢t
0.2 ¢
01+

1/K

0.0 *
730 735 7.0

e at 0.557:

7.45 7.50 7.55 7.60

e at 0.937,:

e —

YT |

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

comparison with T'=0:  [Gockeler ot al|
- no difference

- masses from MEM : likewise

L=251fm

between L = 2.7 fm and L = 4.0 fm: no finite size effect seen

in the accessible volumes

finite volume effects well described by

1 :
m(L) = m(oco) + T3 [Fukugita et al.]



SPATIAL CORRELATORS

fermion Matsubara

4(wn, P) = 7T (20 + 1)
At T large: expect free quarks -
e Continuum: q(—wn, —p)
N.T
Go(z) = . 1 4 27Tz coth(27T
=(2) 2722 sinh (27T 2) 1+ 2n Tz coth(2nT2)]
define effective (z-dependent) screening mass meT (2) = — 1 0G(z) ~ 0T {1 i 1 4 }
G(z) 0z 2Tz
e Lattice (Wilson fermions)
1 1 1 N,
GS — {b h 2E (—U— ) —|‘d}
e TP Dy vt o m Aoy Kl Rt W s | R
where M = %1 94(1 — cos(k;)) by d g
2 2 T 1 0
22124 SIN (kz) + M
h(Fp) =1 — sin?(kq)+sin?(k sin? (k) +sin?(k
cosh() + 21+ M) %(m + o) 1_% éiril)l;(El)( 2) _% éirh)l;_(El)( 2)
3 0 1
1 sin?(ky) 1 sin®(kyq)
P4 B §sinh2(E41) _§smh2(E41)




SPATIAL CORRELATORS

screening masses above 7.

e comparison continuum free with interacting lattice

20 . .
free, cont. ———
3T, —— e
15T, o /
15 | 1.3T,
:

Mpg(2)/T
=
o

a1
T \
%—%&—-ﬁ@gﬂgi\

1/x

O Il Il Il Il
0 0.2 0.4 0.6 0.8 1 x =211z

- in the continuum: 277" reached only at 2 — oo

- similarly, lattice data has no clear plateau

- for definiteness, quote Mgeeen = ML, (2 = N, /4) (indicated by vertical line)



= motivates analysis of lattice artefacts in the free lattice case

9 T T T T T
Nt=4 X .
=8 finite volume effect
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e interactive lattice data: finite volume effects: L — oo

8.5

NA\?
. T < TC : mscreen(L7 CL) — mscreen(a) 1+ W (ﬁ)
7.5 - :
7 [ | NT )
i T > Tc . screen L ; — Tllgcreen 1 NG
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55 ¢ ] T =00 : mMgcreen(L; @) = Mgcreen(@) |1+ v (FT) }
5 _ o
4.5 - I s | . ! . | (NU/N ) :
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fit results :
0 | PV

aspect ratios N, /N, = 8,12 necessary to disentangle

I (N, /N.)M linear from power p # 1
4'5 1 | 1 | 1 | 1 | |o- ir
0 01 02 03 04 05




free ©

oo
I

1.57.

21

6 F = 6 F =
(No/NP)!

5.5 | | | |
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 04 0.5

- at any fixed volume: data below free case
- finite volume effects smaller than in free case



SPATIAL CORRELATORS

e finally: finite lattice spacing effects: a — 0

6.8 - free —o— [ 6.6 free —o— ||
6.6 - 3T ——i 3T, ——
) mPS(NT)/T 1.5T, —a— mVT(NT)/T 1.5T, —a—
6.4 - - 6.4 |
21 2T
6.2 ]
6.2 _
6 - _
5.8 —\M\E 6 | + = \T\_
|
5.6 - L ]
54 L ] 58 —
b2T (/N2 7 561 (1/N:)? -
5 l l l | l l l l
0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02

- non-perturbatively O(a) improved action = discretization errors at O(a?) also in interacting case

- considerably smaller discretization effects than in free case



SPATIAL CORRELATORS

summary:

- L — o0 extrapolated

-a — 0 extrapolated at T > T,

80 | | I
70k m/T. m/T ) _
T

6.0 |- L N —% -
5.0 _
4.0 - -
3.0 £ A p extrap. —A— .
50 L K T 7 extrap. —@— 1
‘ P —A—

1.0 T —— _
0.0 S e | | | /T

0.0 0.5 1.0 1.5 2.0 2.9 3.0 3.9
T < T, T >T.. e datasome % below 27T

e weak 1" dependence e at variance with [Laine, Vepsaldinen



V Temporal correlations

e at T' = 0: hampered by the limited extent 1/T of the system
e fits require ansatze, i.e. knowledge about existence of hadronic excitations
e information about existence of excitations, masses and widths of bound states/resonances

encoded in spectral density o(w)

= try to extract spectral density from correlation functions

e important guidance comes from free case relevant at large T and large w:

1 1 1 N.
V() = B T Mo (BrN, ) | O 2B (5~ 7]+
M = 5;(1 — cos(k;)) bu dn
= sin2(ks) + M? T !
i S111 1 =2 2
— ! ! _ oy, sin(ky) o sin(ky)
cosh(Ey) = 1+ 21+ M) pl3—=13; h?(E)) i I 1




MEM in a nutshell for details see M. Asakawa at al., Prog.Part.Nucl.Phys. 46 (2001) 459

D(r,p) = /dw?(w,ﬁ)xK(w,T)

data at discrete 7 continuous fct. of w = ill-posed problem

— Maximum Entropy Method:  look for most probable ¢ given

- data D

- prior knowledge H: o(w) > 0, o(w — o0) = pert. th.

e Plog|DH| ~ P|D|cH|P|6|H]  Bayes

covariance matrix

e PD|gH] ~ e * with L= ;zj (D—Ds)(7;) Cij (D—Ds)(7))
default model 5 (w)
e P[5|H| — P[6|Ha] ~ e with S = /dw [0(w)—m(w)—a(w)log m(w)]

e look for maximum of exp{aS — L} — d,(w)

o o,u(w) /doz Go(w) Pla|DH]



... MEM errors

0.30

0.25 1

0.20

0.15 |

0.10 ¢

0.05 1

0.00 =

av(w,T)/w2
3.0T,
N3YN —643
oxN._=64"x16
. . . . . w/T
0 10 20 30 40 50 60 70

fluctuation of mean o by jackknife

systematic uncertainty via averaging over w interval I:

(o) ~ /Idwa(w)/ /]dw
((60)*)r ~ [, dwdw b0 (w)do(W)/ [, dwds



TEMPORAL CORRELATORS

cosh [po(T — 1/2T)]

recall T, \ [
@) = /0 dpo (o, 0) sinh(pg/2T)

e control lattice UV cut-off effects (a # 0)
e at T'=0 and T" < T,: poles or resonances = much less severe an issue

e at T' > T, expect dominant contribution from two-quark cut
from which any non-perturbative contribution has to be disentangled

~> study lattice artefacts from free lattice spectral density

free,LL 3 3 "
N, d’k 1 by (k - (N;
GM—?)(T) — (_) / 5 - 5 M<_,> cosh [2E(k) (— — 7') + const
T Ny (2m)% (1 + M(k))? cosh*(E(k)N./2) 2
_ S dw ot (wa) K(w/T,T)
/ cut-off effects in o continuum kernel
cither by variable transformation 2E(k) — w high frequency part of o

or by binning into w intervals used as default model m



MEM results: overview all T

0.5

0.3
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gross features:
e quark masses shown: at 7" < T : roughly the same in physical units
at T' > T,.: about chiral limit

e below 1.: peaks become broader and heights decrease with T’

caveat:
widths and heights
subject to statistics

e slight move of p peak below T

e above T,.: considerable broadening and movement with 7'



MEM results below T.: compare with screening masses
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T = 0.61.:

no significant differences

T =091

p enhanced
over screening mass



TEMPORAL CORRELATORS

above T, : exploring the hypercube truncated fixed point action

e motivation
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- arising from free quark lattice study

cut-oft effects
shifted much deeper into the UV
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better chiral properties
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TEMPORAL CORRELATORS

MEM results so far
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IV Outlook

in order to fully control

e spatial correlations
- T < T.: a— 0 limit missing, although no big effects are expected anymore

- T' ~ T.: chiral limit needs to be improved
- T > T.: aspect ratios N, /N, = 8,12 helpful for the V' — oo limit
e temporal correlations
- T > T.: further studies of the systematic effects due to the lattice cut-oft

- T' > T: increase sensitivity for the very infrared w — 0



