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Abstract: Quantum electrodynamics in (2+1) dimensions (QED3) is an important nonperturbative
system. This seems relatively simple Abel system, there are several issues that need to be clarified:
whether or not the partition function of the system depends on chemical potential; whether or not there

exists dynamical chiral symmetric breaking; whether or not the boson can acquires nonzero mass. In

this paper, we give an in sight of the traits of QED3 from the dependence of density, temperature and

massive boson to discuss those problems.
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1 Introduction

QED3 has been widely studied for many years. It
has many features similar to quantum chromodynam-
ics (QCD), such as the dynamical chiral symmetry
breaking (DCSB) in the massless fermion limit and

1-5 .
[1=s], Moreover, QED3 is superrenormal-

confinement
izable, so it does not suffer from the ultraviolet diver-
gence which is present in QED4. Therefore it can serve
as a toy model of more realistic theories such as QCD.
Besides, QED3 has been applied to study some prob-
lems in condensed matter physics. Especially, QED3
can be regarded as a model for-high-T. superconduc-
tivity and fractional quantum Hall effect [6-10]

This Abelian system has many strange features,
but it only exists in 2-dimensional space which can
be treated as 3-dimension with the vanishing 3rd-
dimension. As a typical system of quantum field theory,
we need to talk about its basic properties. Whether
or not it still has the same properties as the three-
dimensional space system. These common issues in-
clude: the density effect of the system, the symmetry
breaking at finite temperature and boson mass at zero
temperature and zero density in this system. In order
to further understand the nature of the system, we will
proceed from these basic parameters, discuss the basic
properties of the anomalous field theory.

2 Whether or not QED3 depends on
u?
In Euclidean space, the Lagrangian of QED3 with
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finite chemical potential u reads

z:;z?(a+ieA—u73+m)w+iF3w (1)

where the four-component spinors are employed and
the term piby3e)(= utpT1p) gives the effect of chemical
potential. In the absence of the mass term mat, £
has chiral symmetry and the symmetry group is U(2).
The original U(2) symmetry reduces to U(1) x U(1)
when the massless fermion acquires a nonzero mass
due to nonperturbative effects. Here, we note that the
dependence of chemical potential on QED3 is different
from that in (341)-dimensional QED (QEDy4). In the
case of QEDy4, the partition function is independent
of chemical potential[ll’ 12, First, let us explain phys-
ically why the partition function does not depend on
. In QEDy4, the interaction potential between two
charges is the long-range Coulomb potential:

Va(r) = %Z eie;.

— T
%,J

where r = |z; — zj|. The free charge carriers inter-
act repulsively with the long-range Coulomb force, and
hence all the net charge resides on the surface. So the
partition function does not depend on p. Now, let us
see what happens in QED3. In QED3 the classical in-
teraction potential associated with the dressed photon

propagator can be written as:

Va(r) = 52] mlnﬂeiqr\)—l—h(ﬂ—}—conﬁ ,
(2)
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where II(0) is the nonnegative but finite infrared value
of boson polarization and h(r) falls off at least as fast
as 1/r (13,141 " From the potential of QED4, we see
that the interaction between electrons in QED4 reveals
screening behavior, while the potential of QED3 shows
that the interaction between two fermions reveals typ-
ical anti-screening features (similar to the color anti-
screening in QCD). Since the charge carriers interact
attractively with a long-rang force, the net charges can-
not reside on the surface, which is quite different from
the case of QED4. In other words, the homogeneous
“bulk” of the medium cannot be neutral. Because a
non-zero chemical potential corresponds to the system
which is charged, the partition function in QED3 de-
pends on p and hence the propagators, phase transi-
tion in QED3 are also affected by chemical potential.

3 Whether or not we can study chiral
phase transition in thermal QEDg3?

Here, one may accept the absence of true symme-
try breaking in 2-dimensional space system at T > 0
for a consequence of infrared divergent fluctuations,
mandated by the Coleman-Mermin-Wagenr theorem.
Of course, the theorem give us a forceful restriction,
i.e., nonexistent DCSB in 2-d space including (2+1)-
dimensional QCD, and thus there not exists rigorous
chiral phase transition which is well-defined in (3+1)-
dimensional system.

However, the DCSB in QED3 at finite tempera-
ture is studied by a self-consistent calculation of DSE
in rainbow approximation in QED3, which likes the
mean field theory in condensed matter. In such a
theory, the correlation between fluctuations of the or-
der parameter is ignored. This is known to be un-
reliable for continuous symmetry breaking, since the
Coleman-Mermin-Wagner theorem states that there is
no continuous symmetry breaking in two-dimensional
space. Nevertheless, the mean field transition temper-
ature provides a correct energy scale below which the
amplitude of the order parameter becomes finite and
its spatial correlation becomes strong and rather long-
ranged. In this sense, the mean field transition marks
a crossover in the thermodynamic properties. In par-
ticular, for a U(1) or O(2) symmetry to be broken,
there is in fact an algebraic order below the so-called
Kosterlitz-Thouless (KT) transition temperature (the
transition can be found in several 2-D systems in con-
densed matter physics that are approximated by the
XY model, including Josephson junction arrays and
thin disordered superconducting granular films. More
recently, the term has been applied by the 2-D super-
conductor insulator transition community to the pin-

ning of Cooper pairs in the insulating regime, due to
similarities with the original vortex KT transition), a
temperature not far from the mean field one. More-
over, in a realistic layered system, the inter-layer cou-
pling can easily drive the system into a true ordered
state once the in-plane correlations are already strong,
e.g., below the mean field transition temperature.

4 Whether or not the boson has
nonzero mass in QEDg3?

(3+1)-dimensional QED, the massless boson (or
the photon) gives the lone-range interaction, but re-
duce a short one at finite temperature and density
where photon acquires a nonzero mass. At zero tem-
perature and density, the mass of boson in QEDs3 will
be different from that in QED4. Because of the nonper-
turbative features of QED3, the gauge boson will ac-
quire a mass through Andson-Higgs mechanism which
happens when the gauge field interacts with some
scalar filed in the phase with spontaneous gauge sym-
metry breaking. In physics, this phenomenon occurs
in the state of plane superconductivity where sponta-
neous gauge symmetry breaking appears. In princi-
ple, to make sure the gauge field obtaining a mass, we
can introduce the additional interaction term between
gauge field A, and complex scalar boson field ¢:

L =L+LE (3)
with Lp =[|(0u +ieAu)o|> — o> = Ag|"] . (4)

Lp is so-called Abelian Higgs model or relative
Ginzburg-Landau model™® . The scalar field ¢ rep-
resents the bosonic holons based on the spin-charge
separation picture. When p? > 0, the system stays in
the normal state and the vacuum expectation value of
boson field (¢) =0, so the Lagrangian respects the lo-
cal gauge symmetry. When p? < 0, the system enters
the superconducting state and the boson field devel-
ops a finite expectation value (¢) # 0, then the lo-
cal gauge symmetry is spontaneously broken and the
gauge field acquires a finite mass after absorbing the
massless Goldstone boson. The finite gauge field mass
is able to characterize the achievement of superconduc-
tivity. On the other hand, the gauge field obtains a
mass via Anderson-Higgs mechanism implies that the
gauge field is in confinement phase, which deduce that
the spions and holons are confined in superconduct-
ing phase[16]. It is well known that neither spinon nor
holon can be observed in high-T; superconducting ex-
periments, however, a well defined quasi-particle can
be observed due to the spin-charge recombination in
superconducting phase.
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5 Conclusions

The phase transition of QEDs has been studied
more than 30 years. As a relatively “simple” system,
there are three fundamental issues that need to be fur-
ther studied. Firstly, we analyze its interaction po-
tential of gauge boson and show that the partition
function of QEDs3 should depend on density. Because
DCSB occurs in low energy region, we then illustrated
that the system can exist DCSB at not high tempera-
ture without violating the basic thermodynamic laws.
In the last section, we show that the boson may ac-
quire a nonzero mass via Higgs mechanism. Of course,
in order to further confirm those observations, we need
to study those issues in future.
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