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Abstract  Starting from the Schwinger-Dyson equation for the photon propagater in QED, we derive a useful relation between the De-

bye mass and the thermodynamic pressure. Using this relation, we calculate the two-loop Debye mass from relevant pressures at finite

temperature and chemical potential. The result indicates that the two-loop correction decreases the Debye screening mass. We also

discuss the magnetic mass in QED plasma.
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1 Introduction

The Debye mass is a very important physical parame-
ter which describes the collective motion of a hot and/or
dense plasma. Electrically charged particles in this plasma
react to electromagnetic fields and cause screening of static
electric fields at large distance. The inverse screening
length is called Debye mass. There have been many works

about it!' ™

"', But they all result from direct calculation of
the self-energy and the gauge fields. The approach could
be very complicated, especially when dealing with two or
higher loop self-energy diagrams. Here we adopt an alter-
native method. First we will derive a useful relation be-
tween the zero-zero component of the full photon self-ener-
gy and the thermodynamic pressure. Pressure is given by
vacuum diagrams, which are easier to be handled than the
corresponding self-energy diagrams. We calculate the
leading order contribution and its loop correction of the
Debye screening mass in QED from the leading order and
two-loop pressures at finite temperature and chemical po-
tential. Furthermore, we will also present the numerical

results and compare them with the analytic results.
2 Two-loop correction to the Debye mass

According to Schwinger-Dyson equation for the pho-
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ton propagator in QED, one can write the full photon self-
energy with full electron propagators and a full vertex (de-

picted in Fig.1) in imaginary time formalism as:
d'pP
m,(Q) = ezj ST 7, S(PITL(PLP +

Q)S(P+ Q)], (1)

P+Q

Fig.1.
Wavy line: photons. Solid lines: electron. Filled

The full photon propagator.

circle: all kinds of corrections.

where S is the full electron propagator and I', the full
electron-photon vertex. Using the general QED Ward
identity in the derivative form:

s~ (p)

P (2)

r(p,pr) =

we can simplify Eq. (1) as:

d'p aS(P)
———(ZK)ATT( ’y,u aP/,

0,(0,g—>0) = - ezj ).(3)

After analytical continuation to real time, S is a function

of Py — u, where p is the electron chemical potential,
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and one may replace the P, derivative with a x deriva-

tive. From this observation, we can get:

dp Tr( i aS(P, - ;z))'

Oy (0,9 —0) = - eZJ

(27{)4 an
(4)
Tabing Fourier transformation, one finds:
n
,(0,9g—>0) =- 2(——) , 5
00( q ) e alu r ( )

where n is the particle density defined by n = Tr( ¥'(0,
0) ¥ (0,0)). By employing thermodynamical formula-
tion, we can rewrite Eq. (5) as:

) 2

u
where P is the pressure, and m? is the Debye mass.

Iy (0,q—>0) =—e2( )E—mil,(6)

This is our main result.

Next we will use this relation to calculate the Debye
screening mass of QED. The two-loop pressure of QED
can be calculated from the two-loop vacuum diagram

(shown as following) ,

which is easier to be handled than the two-loop self-ener-
gy. The QED pressure in two-loop approximation can be

expressed as:
_ i 2 2 dap NF(P)
P_—6eTJ(2n)3 E _
1, dp [ dp 1
2 J (2@4 (2x)’ EE, *
{(1 + 2m’ X
(E, - E) - (p - @)
[N;(p)N;(q) + Ny (p)N;i(g)] +

(l + 2m’ )
(E,+E) - (p- 9"
[N: (PIN: (@) + Ni (DIN; (1}, (D)
where Ny = N; + Ny , the fermion occupation numbers
are:

N 1
Ni(p) = FE T

and E, = v p> + m*. Terms which are independent of
distribution in Eq. (7) represent the energy shift of the

vacuum and are not of interest to us. Inserting Eq. (7)

into Eq.(6), we obtain' the two-loop correction of Debye
screening mass.

For non-zero mass, it is diffcult to obtain an analyti-
cal expression of Debye mass m’, . Here we present some
numerical resulis in a group of curves. We make ¢ at
z-axis direction, and p have an angle 6 with respect to

the z-axis. Then we can perform the integrals in Eq. (7)
with following parameters: e = i%, m, = 0.511MeV.

We show temperature dependence of the leading order

. . 2(0 - . 2(2
contribution mel( ) and its two-loop correction m> )

with
different chemical potentials in Fig.2 (a) and (b), re-
spectively. We also present our numerical results about
the chemical potential dependence of the leading order

. . 2(0 . . 2(2
contribution m’” and its two-loop correction mi?

with
different temperatures in Fig.3 (a) and (b), respective-
ly. We see that the two-loop correction gives small nega-
tive contribution to the Debye screening mass. To this
end, we take the approximation m, = 0 in the state of
QED plasma. We can obtain the analytical expressions,

which can be compared with the numerical results.
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Fig.2. The temperature dependence of the Debye mass at dif-

ferent chemical potential. (a) The leading-order contribution;
(b) The two-loop correction; (Triangles and stars denote data

points.. )

Now, we calculate the leading contribution of Debye

mass and compare it with its two-loops correction . Insert-



%o FES HRE QED P EFETE 619
From top to bottom T
08 L T=280, 250, 220, 190, 160, 130, 100, 70;,40,10 50 100 150 200 250
i _ I a
06 / _-os @
s T -10 |
&% =
E ) ;__/// X -15 }
= 20} m= =
| o m=0, u=200
=TI E 25}
] Triangles note analytical resuits
4 3.0 | Starts note value results
I
u -08 4
SO 100 150 200 250 300 b\—‘\‘\ P A A
) 1 1 I o~
1 & 50 100 250 300
] ® S 12 f
] X
&~ ) a "4 I m=0,T=15
D S’E-c
; -2 d_ —16 Triangles note analytical results
g 4 Starts note value results
%E - =18 |}
_3 1_
From top to bottom Fig.4. The comparison between analytical and numerical

—4 |} T=10, 40, 70, 100, 130, 160, 190, 220, 250, 280
Fig.3. The chemical potential dependence of the Debye mass
at different temperature. (a) the leading contribution and (b)

the two-loop (Triangles and stars denote data points. ) .

ing the leading-order contribution of QED pressure[l’6'7] :
PO _ _1_(77{‘7"‘ . p’r T g_j)
T 6\ 60 2 4/’
into Eg. (6), one easily obtains
2(0) ST ey
m2® = I1,(0,q = 0) = ( —+ 4 ).(s)

In the approximation m, =0, we can obtain the ana-

Iytic expression of the two-loop pressure of QED plasma
from Eq. (7):

2
po _ _ ;R(ST“ + _gﬂz i %#4) ’
and hence the two-loop correction of the Debye screening
mass:
4 T2 3 4 2
my? = - M0, = 0) = - S5 - =4 (9)
8n 8

We present the comparison between the numerical
and analytical results in Fig.4. We can see that their dif-
ference is very small, this is because the electron mass is
very small with respect to the realistic temperature and
chemical potential scales in QED plasma.

Now, let’s look at the special diagonal components
of the photon self-energy which are relevant to magnetic
screening. Starting with Eq.(4), we write

results at (a) z =200MeV and (b) T =150MeV.

000 <= Sl 50
-é TZJ%Tr(Y . VS(P)) _

. ezT(z—:tFZTr(ﬂgda L ¥S(P)) = 0. (10)

Here we use Gauss theorem and the fact that S(p) van-
ishes at infinity. This proves that II,; (0, g—>0) vanishes
to all orders in perturbation theory: the magnetic mass is
necessarily zero for the QED plasma, which is in contrast
to that in the QCD plasma case. There is a magnetic glu-
on screening mass for hot QCD. The calculation for such
mass in hot QCD is highly nontrivial, where the non-per-

. . . . [4,8,9
turbative resummation is required I

3 Conclusion

In summary, starting from the Schwinger-Dyson
equation for the photon propagator in QED, we derive a
useful relation between full Debye mass and the full ther-
modynamic pressure. Therefore one can calculate the De-
bye mass by only evaluating vacuum diagrams, which give
the pressure, instead of calculating more complicated self-
energy diagrams at finite temperature and chemical poten-
tial. As examples, we calculate the leading order contri-

bution and the two-loop correction of the Debye mass from
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the corresponding pressures at finite temperature and
chemical potential. We present the numerical results and
compare them with the analytic ones at m, = 0 limit. We
show that the two-loop correction decreases the Debye
screening mass. We also prove that, in contrast to the hot
QCD case, the magnetic mass in QED plasma is zero. We
note that the relations between Eq. (4) and Eq. (10) is

general valid for all orders. Therefore, one can obtain
higher order Debye screening mass from higher order vac-

uum diagrams.

The authors are grateful to Prof. Li Jia-Rong for

valuable discussion .
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