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The massless pion propagates in hot medium with an exponentially damped halo. 

1. Introduction 

It has been 34 years since Sudarshan and Marshak 
first derived the V - A theory [1] based on the invari-
ance of the weak interaction Lagrangian under the 
chiral t ransformat ion 

ljf(x)-*ei (1) 

The pioneering work has laid the foundat ion for weak 
interaction physics and led to the development of uni-
fied theories of later years. Chiral invariance protects 
the fermions form acquiring mass. Observed fermion 
masses thus must be at t r ibuted to spontaneous break-
ing of chiral symmetry [2]. 

In this talk, I report on the state of chiral symmetry 
in Q C D . At T = 0, the Q C D vacuum is known to be 
a chiral broken ground state. This is seen in the non-
vanishing of the characteristic signature < i f t F i e l d 
theory calculation shows the result [3] 

<iÄ^> = - 0 . 0 3 9 8 NCA*. (2) 

For nonzero temperatures, lattice as well as analytic 
calculations show that < t f i i f / ) vanishes for T > Tc. It 
is tempting to conclude f rom this that chiral symmetry 
is restored above Tc. 

O u r calculations show, however, that chiral sym-
metry remains broken at all temperatures [4]. In par-
ticular, the n in pure Q C D remains massless at all 
temperatures [5]. And yet lattice calculations show 
that the n has a non-vanishing screening mass. Is there 
a conflict between the two results? 

The answer is no. In a thermal environ, the pion 
signal travels along the light cone, with however an 
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exponential ly damped halo along the light cone [see 
(21) below]. The skin depth associated with the halo is 
control led by the screening mass. 

The controversy rather is in the conclusions d rawn 
f rom the results. 

2. N J L 

Why is it so 'counter-intuit ive ' to argue that chiral 
symmetry is not restored at high temperatures? 

Deeply ingrained in our intuition is the analogy 
with ferromagnet ism. At zero temperature, the spins 
are all maximally lined up. As the material is heated 
up, these spins are randomized by thermal fluctua-
tions, and the spontaneous magnetizat ion will vanish 
at some Tc. 

The unders tand better the space-time picture of chi-
rality, we re turn to the broken ground state that was 
made manifest by the 1961 work of N a m b u and Jona-
Lasinio [2]. Their ground state may be interpreted as 
the chiral-2 ro ta t ion of the usual (chiral invariant) 
Fock space vacuum [4] 

I v a c } = F I 1 0 ) , (3) 
p. s 

where X2 is one of the generators of the chiral spin 
algebra. F o r one flavor, the generators form the sim-
ple SU (2) algebra. 

Unlike the ferromagnet ic case, the T = 0 chirality 
g round state is not given by the spatial ordering of 
spins, but instead is a distr ibution of quark-an t iquark 
pairs arising f rom the chiral-2 rotat ion. At T = 0, the 
angle of the chiral-2 ro ta t ion is neither minimal 
(dp = 0) nor maximal (6p = n/4), it being related to the 
mass gap by the relation 

tan 26p— — . (4) 
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As temperature increases, it is up to the dynamics to 
tell us whether 6p increases or decreases. 

For the NJL model (and its progenitor the BCS 
model), 6p indeed decreases with T, so that 6p vanishes 
at Tc. In Q C D , our calculations show that the corre-
sponding 9p takes the opposite tack and approaches 
the maximal n/4. 

3. Dirac Equation at High T 

Real time temperature field theory calculations in 
Q C D have shown that the Dirac equation for the 
fermion propagating in a thermal environ has the 
generic form 

r\A(V,T)-y0 — B(V,T))«A(x) = 0 , (5) 

so that the Dirac equation is a spatially non-local one. 
There is an obvious chiral invariance of this Dirac 
equation under the global transformation (1). For the 
ordinary Dirac equation at T = 0, such a chiral in-
variance immediately suggests a massless fermion so-
lution. The solution of our Dirac equation, however, 
shows a particle propagating through the thermal en-
viron with a Lorentz-invariant mass: 

2n2 

j2 
In — T 

Al 

1 + 0 1 In ~ (6) 

In spite of its mass, the solution at the same time also 
satisfies the property <i/71p} = 0. 

The vanishing of (ij/ij/} at high temperature sug-
gests a new chiral invariance associated with (5). The 
Noether current of the new chiral symmetry, however, 
is not the usual zero temperature Noether current 

ß 5 = i j d3x^y5xiP 

but 

05 \\d3xij/fy5xB(V, T)\p + h.c. 

(7) 

(8) 

For this purpose, we let the external sources j and 
j couple to the fermion bilinears. The Yukawa cou-
pling of these sources to the fermions induce new in-
finities that are not removed by the counterterms of 
i f Q C D . To remove them in a way that respects renor-
malization group we have to introduce ab initio addi-
tional tree-level terms in so that to each order in 
the gluon coupling constant (counter) cancel the 
new infinities. These terms turn the into a full-
blown ex-model tree Lagrangian, after a trivial rescal-
ing of the j and j5 sources: 

[(Syu o)2 + 0/1 n)2] - hr (v0 + a n f ) $ # 

- 2 i h r p t p n - f T y r f - ^ t f , [(a + £/2 v0)2 + (n)2]2 

v2 

+ ^ [(a + / v £ / 2 v0)2 + (n)2] + (counter). (9) 

A renormalization group invariant effective potential 
in a and n may now be defined [7]: 

J^iA ®\li 2 ^'K^QCD + ^J = e ' r . (10) 

Above Tc it is the new Q5T that is conserved. 

Not that the a and n fields are not integrated over on 
the left hand side. Nevertheless, F has all the proper-
ties of an effective potential in a and n. In the calcula-
tion of F it is only the quarks and gluons that propa-
gate in the internal loops. In this picture, then, the o 
and n are not fundamental fields but are genuine 
bound states of the quark-antiquark system. 

Because the (counter) is determined by the 
renormalizability requirement, the coupling constants 
in are not free but are determined in terms of gr, 
the gluon coupling constant. This leads to an impor-
tant difference from the usual linear a-model. In our 
dynamically induced a model (DSM), the coupling 
constants hr, Kr are calculable, being proportional to 
gr and g], respectively, by eigenvalue conditions [8]. 

At T = 0, then, our results is that the effective po-
tential is the dynamically induced a model, and the 
pion is easily seen to be massless. This comes about as 
a result of the cancellation to all orders between the 
tadpole contribution and the pion self-energy graphs. 

4. Pion Mass 

As a follow-up to our earlier work, we have further 
calculated the pion mass in Q C D at high temperature 
[5]. 

5. Restoration at TC1 

At nonzero T, this cancellation continues to occur 
so long as v, the vacuum shift of the a field, is not zero. 
In a perturbative calculation, v to one loop appears to 
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acquire a temperature dependence with the generic 
form 

where v0 is the tree level shift as given in 
It is tempting to conclude from this that at Tc, the 

vacuum shift v vanished. As a result, the delicate can-
cellation between the tadpole contribution and the 
pion self-energy graph would be destroyed, and the 
pion would end up being massive, with mass propor-
tional to T. Generically, that is the origin of the usual 
conclusion about symmetry restoration at high tem-
peratures. 

For our DSM, we can actually perform the higher 
order calculations using the renormalization group. 
The higher order graphs involve the so-called daisy 
and super-daisy graphs [9]. They result her in an alter-
nating series 

f T2 T4 "I 
hrv = hrvAl - a — + b — - (12) 

( mr m ) 

which destabilizes the one loop perturbative root. In-
deed, renormalization group summation gives a result 
that in the end is independent of T, with the high 
temperature mass of the quark as given by (6). 

Dolan-Jackiw [9] already noted the need to look at 
daisy and super daisy graphs at high temperatures. In 
their case of a scalar field the daisy graphs to towards 
stabilizing the one-loop contribution. 

The moral here is that symmetry restoration based 
on one loop arguments need to be checked to higher 
orders. 

6. Lattice Calculations 

Our results appear at first sight to be at odds with 
the lattice calculations. This is decidedly not so. There 
is no conflict between the analytic field theory calcula-
tions and the calculations on the lattice. What is at 
odds is the conclusion about symmetry restoration 
that many lattice people draw from their results. 

For a major feature of the lattice calculation is the 
vanishing of for T above Tc. Our calculations 
show the same feature, with the analytic result that 
Tc = Ac e2,3, where Ac is the MS invariant cut-off. 

Lattice calculations have also looked for the so-
called screening mass of the quarks. This is generically 

obtained by studying the large z limit of the vacuum 
expectation value 

j dx dy dt <iÄ(0) y3 6Z i\> (x, y, z, t)> . (13) 

Their result shows a screening mass of the quark that 
is proportional to T. 

In the language of the propagator , the screening 
mass is obtained from the position of the pole when 
px,py, p0 have been set equal to zero. At high temper-
atures, the position of the pole is determined by the 
equation of the generic form 

p2 (1 + A)2 — p2 (1 + B)2 = 0 , (14) 

where A, B are functions of p2, p 2 , T2. 
The physical mass is obtained by setting p0 on the 

mass shell. In general, for a thermal environ, J t is 
expected to be a function of p2. For Q C D (as well as 
QED), it turn out that M is Lorentz-invariant [6]. 
Therefore, the physical mass may be obtained from 
the root of the equation 

M2(\ + B{0,Jt2, T2))2 = 0 (15) 

versus the screening mass that is obtained from the 
root of the equation, where p, = — im sc , 

p2 (1 + A (p2 , 0, T2))2 = 0 . (16) 

For the case of the Q C D fermion, the two masses turn 
out to be identical. 

7. Pion Halo 

For the pion, the corresponding equation reads 

p2(l+An)2-p2(\+Bn)2 = 0, (17) 

and the masslessness follows from the relation 

An(p2,p2,T2) = Bn(p2,p2,T2). (18) 

On the other hand, the screening mass that has been 
found by the lattice calculation derives from the con-
dition 

P: (1 + An (p2 , 0, T2))2 = 0 , (19) 

and there is no conflict between the two conclusions. 
In order to better understand how a particle can be 

massless and still have a non-vanishing screening 
mass, we will do a sample evaluation of the retarded 
Lienard-Wichert potential for the pion, with 

/ T2\l,2 
An = Bn = (1 + ^ r ) - 1 - (20) 
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The retarded Green funct ion for such a pion may be 
integrated to give (s = t2 — r2) 

A R ( r , f ) = ^ W ) - f (21) 
2n I 4r j 

which is to be compared with the retarded funct ion for 
a physically massive pion 

A r = y ^ j<5 (s) - -9 (s) J , (m V s ) | . (22) 

In the usual Lienard-Wiechert potential , the light sig-
nal as seen by the observer at point r came f rom the 
single retarded position of the charged particle at ear-
lier time t = — r. In contrast , the signal of a truly 
massive carrier is smeared over all the earlier times 
t < — r of the charged particle. 

Fo r the pion in the hot Q C D medium, however, the 
signal propagates along the light cone, with an expo-

nential halo within a skin depth of the light cone. An 
observer looking at the 'charged' particle th rough the 
pion signal would 'see' the charged particle at the 
retarded position t = — r, with an exponential ly 
damped fuzziness associated with signals that come 
within a skin depth of the earlier position of the 
charged particle t = —r±l/T. 

8. Conclusion 

A massless pion is the best signal that chiral symme-
try remains broken above Tc. And yet there is afterall 
a phase transition at Tc where (ij/ij/} vanishes. F o r 
some speculations, see [10]. 

It is a pleasure to dedicate this talk to George on his 
happy 60th. 
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