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QCD at Finite Temperature
Under \normal" 
onditions we never observefree quarks: 
on�nement.
Does this persist under high temperature/density
onditions?
Or is there a phase transition at some �nitetemperature/
hemi
al potential?
Sin
e the 70's there have been spe
ulations(Polyakov, Susskind) of a phase transition:

Low T High THadroni
 matter Quark-gluon plasmaCon�ned quarks and gluons Debye s
reening of 
olorBroken 
hiral symmetry Restored 
hiral symmetry
RG arguments suggest that the QCD 
ouplingde
reases at high densities and temperatures(asymptoti
 freedom).
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A naive thermodynami
 analysis treating thequarks and gluons as free ultra-relativisti
Fermi and Bose gases with a va
uum pressureB (MIT Bag model) gives the phase boundary(Nf = 2)
B = T4


"37�290 + ��
T

�2+ 12�2

��
T

�4#
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Finite Temp. Field Theory
For a 4-dimensional QFT by analyti
al
ontinuation we get

t! �i� ) e�iHt ! e�H�
so interpreting the Eu
lidean time as

� = � = 1Tallows us to 
onne
t the 4-d QFT to a3-d statisti
al equilibrium system at �nitetemperature T .
On the latti
e, the �nite temperature 
onditionis thus a
hieved by 
hoosing a �nite periodi
time dire
tion.
The partition fun
tion is

Z = Tr e�H=T = Z D� h�je�H=T j�i
and expe
tation values are given by

hOi = 1ZTr (Oe�H=T )
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The matrix element in Z 
an be expressed as apath integral with periodi
 b.
's in time. Thisgives us, in
luding both gauge and fermion�elds
Z = Z

perDA� ZaperD D � e� R �0 d� R d3xL

The periodi
 b.
's for bosons give thedis
rete set of energy eigenvalues (Matsubarafrequen
ies):
!n = 2�nT ; n = 0;1;2; : : :

while for fermions we have the anti-periodi

ase with energies
!n = (2n+1)�T ; n = 0;1;2; : : :
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Propagators at Finite T
At �nite T the free massless fermion propaga-tor in the spatial dire
tion is given by
ST (r;0) = i�!
 � �!r2�2r4 ze�z

2
64(z+1)+ (z � 1)e�2z�1+ e�2z�2

3
75

where z = �rT , and in the � dire
tion by
ST (0; �) = i
42�2�3y

3
2 1+ 
os2(y)sin3(y)where y = ��T .
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Instantons at T = 0
In QCD, 
hiral symmetry is broken even atmq = 0. The dynami
al quark topologi
alsus
eptibility is

�top = D�  E mqN2f +O(m4�)
and (Casher-Banks formula)

D�  E = ��(0); �(� � 0) �
snI + nAV :

where �(�) is the eigenmode density.
Thus,

mq ! 0 )
( Q = nI � nA ! 0nI + nA ! �nite

and the topologi
al 
harge has to be s
reened.
S
reening is due to the attra
tive intera
tionbetween I and A indu
ed by the fermions.
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S
reening is possible by
1. tight mole
ule formation (
ould restore
hiral symmetry but likely at �nite T)
2. 
loud of oppositely 
harged obje
ts
3. the 
ombination of mole
ules and 
louds

T=0

ScreeningMolecules
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Instantons at Finite T
We've seen the fermion propagators to behighly anisotropi
, so we expe
t anisotropye�e
ts in dynami
al simulations.
But what about the instantons themselves?
The fermion determinant is 
al
ulated fromthe overlap matrix elements TIA with the �nitetemperature zero modes (instanton related).We have

TIA = u4f1+ (�!u � r̂)f2
with the asymptoti
 forms for fi being

fas1 = i�2� sin
 ���

!
exp

 
��r�

!

fas2 = i�2� 
os
 ���

!
exp

 
��r�

!

These forms strengthen the expe
tation thatthere should be strong 
orrelations in the timedire
tion and weak in the spatial dire
tions.
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At T � T
 
hiral symmetry is restored:D�  E = 0 ) �(� � 0) = 0
This 
an be explained in two ways:
� All instantons disappear
� The instantons form tight mole
ules,whi
h indu
es large splittings in the zeromode spe
trum.

The data seems to support the se
ond option:
T=0

T~Tc

T

space
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Data Setup
We measure the 
orrelator


(r; t) = 1V
Z d4x0 q(r0; t0)q(r0+ r; t0+ t)

on MILC Kogut-Susskind dynami
al latti
es.
Latti
es: 243 � 12, � 150 per � value.

m � a (fm) T
0:008 5:65 0:112 5:65� 5:705:725 0:0995:85 0:0930:016 5:70 0:1185:75 0:116 5:75� 5:805:85 0:111
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T = 0 data
C(r)r3, pure gauge 
on�gurations

C(r)r3, dynami
al 
on�gurations
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Time-separated data at
�nite T
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With a � 0:1 fm, we expe
t maximum pairingat
x � 0:6a = �2��a

� � 6;

onsistent with plot.
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T = 0 and T = 6 (with errors)
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T = 0 and T = 6 (with errors)
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T = 0 and T = 6 (with errors)
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Fitting
We �rst try to �t this 
orrelation data to thesimple model of N0 instantons on the latti
ewith np of them paired:


(r; t; �; d) = N0
0(r; t; �)� np
p0(r; t; �; d)
where [(�; d) implied℄

(p)0 (r; t) = 1V

Z d4x0 q(p)0 (r0; t0)q(p)0 (r0+ r; t0+ t)
qp0(r; t; �; d) = hq0(r; t; �) + q0(r+ d; t+ d; �)iangles
and q0(r; t; �) is the single-instanton 
hargedensity

q0 = (F a��)2 = 192�4(x2+ �2)4whi
h 
orresponds to the BPST instantonsolution
Aa�(x) = 2�a��x�x2+ �2
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Fitting results
We �t the data with the parameters N0; np; d; ��with N0 and �� 
ommon for all time-sli
es, butd and �� time-sli
e dependent.

2np=N0 as a fun
tion of t

The horizontal line shows the T = 0 result.
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The �ts have small �2 yet something strangehappens to the separation of the pairs:
d=�� as a fun
tion of t

The mole
ules pull together as T % T
. At � =5:85 they form very 
lose pairs, \dumbbells".
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2np=N0 as a fun
tion of t

No signal for polarization - too heavy quarkmass or � = 5:85 is too small?
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Streamlines
In order to improve or model, we are lookingfor a more realisti
 I-A ansatz. The Yang-Millsa
tion

S = 14
Z d4xF a��(x)F a��(x)

with
F a�� = ��Aa� � ��Aa�+ fab
Ab�A
�

is invariant under the 
onformal transformation
Aa� ! 1x2

�Æ�� � 2x�x�x2
�Aa� �x�x2

�
and the s
ale transformation

Aa� ! �Aa�(�x) :
Furthermore, a single-instanton solution 
anbe transformed into an anti-instanton via a
ombined 
onformal-s
ale transformation.
We 
an then start with the naive form
Aa�(x; �) = 2�a��x�

" 1x2+ �2=� � 1x2+ �2�
#
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and obtain a reasonable ansatz for a separatedIA pair, whi
h will then be used for �tting.
At in�nite separation this 
on�guration is thestarting point for the so 
alled streamlinesolution.
Sin
e the net topologi
al 
harge is Q = 0, this
on�guration 
an be smoothly deformed to thetrivial zero a
tion va
uum.
The evolution of the in�nitely separated pair isfollowed along lines perpendi
ular to the planesof 
onstant a
tion. This method provides a\best" ansatz for IA pairs at �nite separation,but requires numeri
al solutions.
However, the form resulting after transforma-tions from the above ansatz,
Aa�2 = �a��(x� � x1�)(x� x1)2+ �21 + �a��

"x�x2 � x� � x2�(x� x2)2
#

+ �a��(x� � x2�)�22(x� x2)2 h(x� x2)2+ �22iis very 
lose to the numeri
al solution, and wewill use this for �tting the 
orrelation data.
This is still being worked on.



\Con
lusions", what next?
� We seem to see instanton mole
ules withan anisotropi
 distribution (polarization inthe T dire
tion).
� We need a
tual numbers to support theplot observations quantitatively.
� Complete analysis of full data set (binningneeded to take 
are of 
orrelations).
� Complete �tting work with the streamlineform.
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Questions - Anna:
- periodi
/anti-periodi
 b
's?
- why Q = 0 if 
hiral symm is broken?
- why do we say that 
h.symm is broken atmq = 0 if

�top ! 0 as mq ! 0?
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