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Abstract We investigate some aspects of the Maxwell—
Chern—Simons electrodynamics focusing on physical effects
produced by the presence of stationary sources and a per-
fectly conducting plate (mirror). Specifically, in addition to
point charges, we propose two new types of point-like sources
called topological source and Dirac point, and we also con-
sider physical effects in various configurations that involve
them. We show that the Dirac point is the source of the vor-
tex field configurations. The propagator of the gauge field
due to the presence of a conducting plate and the interaction
forces between the plate and point-like sources are computed.
It is shown that the image method is valid for the point-like
charges as well as for Dirac points. For the topological source
we show that the image method is not valid and the symme-
try of spatial refection on the mirror is broken. In all setups
considered, it is shown that the topological source leads to
the emergence of torques.

1 Introduction

Planar models in Quantum Field Theory have several inter-
esting features, both theoretical and experimental. We can
mention, for instance, the change in the fermions behav-
ior in comparison with the standard classical and quan-
tum electrodynamics [1]. One of the most important class
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of models of this kind is the so called Maxwell-Chern—
Simons electrodynamics [2], or Abelian topological massive
gauge theory [3], which is relevant because it is simultane-
ously massive and gauge invariant. Theoretical aspects of
Maxwell-Chern—Simons electrodynamics have been inves-
tigated in Casimir effect [4-9], quantum dissipation of har-
monic systems [10], quantum electrodynamics (QED3) [11-
15], dynamical mass generation [16,17], condensed matter
physics (see, for instance, Ref. [18] and references therein),
description of graphene properties [ 19-24], noncommutativ-
ity [25-28], strings theory [29], dynamics of vortices [30,31],
and with a planar boundary [32-36], to mention just a few.
In fact, there is a vast literature concerning this model.

There is also a generalization of the Chern—Simos electro-
dynamics in 3 4+ 1 dimensions, the so called Carroll-Field—
Jackiw model [37], which exhibits Lorentz symmetry break-
ing and whose corresponding electrostatics and magnetostat-
ics has been studied thoroughly in reference [38], as well as
the Casimir Effect, in references [39,40]. Another coupling
involving the dual gauge field strength tensor in 3 4 1 dimen-
sions is the so called axion 6-electrodynamics, which can be
used to describe insulators with boundaries [41-44].

In the context of Casimir Effect, in 3 + 1 dimensions,
Chern—Simons surfaces can also be used to obtain Casimir
repulsion setups with planar symmetry [45]. In higher dimen-
sions, the Casimir force has been studied in Randall-
Sundrum models [46], which can be interpreted as a kind
of ground state for Chern—Simons gravity [47].

Regarding the Maxwell-Chern—Simons electrodynamics,
there are two interesting questions no yet explored in the lit-
erature, to the best of the authors knowledge. The first one
concerns the physical phenomena produced by the presence
of point-like field sources. The second one concerns the mod-
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ifications which the propagator undergoes due to the presence
of a single perfectly conducting plate (mirror), as well as the
interaction between mirrors and point-like sources.

In this paper we delve deeper in these topics by searching
for physical effects produced by the presence of stationary
point-like sources and a perfectly conducting plate. Specif-
ically, in Sect. 2 we study the interactions between pairs of
external sources mediated by the Maxwell-Chern—Simons
field. In addition to the point charges we analyze configu-
rations involving two kinds of sources not considered pre-
viously in the literature, as far as the authors know. We
call these sources Dirac points and topological sources. It
is shown that the topological source generalizes the Dirac
point. In all setups considered, we show that the topologi-
cal source leads to the emergence of torques. In Sect. 3 we
compute the field configurations generated by the point-like
sources and show that the Dirac source leads to vortex con-
figurations for the gauge field. In Sect. 4 we consider the
Maxwell-Chern—Simons field in the presence of a conduct-
ing plate and obtain the corresponding propagator to study
the interaction between the conductor and the sources. We
also compare the interaction forces with the ones obtained in
the free theory (theory without the plate) and we verify that
the image method is valid for the point-like charges as well
as for Dirac points. We show that the image method is not
valid for the interaction between the conducting plate and
the topological source. As consequence of this feature, we
have that the symmetry of spatial reflection on the mirror is
broken. We also show the emergence of a torque acting on a
setup where the distance between the topological source and
the plate is kept fixed. Finally, Sect. 5 is devoted to our final
comments.

In this paper we work in a 2 + 1-dimensional Minkowski
space-time with metric n** = (1, —1, —1). The Levi-Civita
tensor is denoted by €*"* with €012 = 1.

2 Point-like sources for the Maxwell-Chern—-Simons
field

The Maxwell-Chern—Simons Lagrangian, defined ina 2 + 1
spacetime, is given by

1 1 2
L= —ZFWF“” ~3 (9, A")

1
+3 me"t A8, A5 — JHA,, (1)

where A" is the gauge field, F*” = 9" AY — 9" A" is the field
strength, J# is the external source, y is a gauge parameter
and m is a mass parameter.

The external source must have null divergence in order
to assure gauge invariance of the last term in (1), namely,
9, J* =0.
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The model (1) is equivalent to
1 5 1 5
L— EA“ Nuvdrd” — | 1 — — ) 0,0, — meyn0
14
AV —JHFA, . 2)

Using the Feynman gauge, where y = 1, the corresponding
propagator reads [48]

3
Dy =— [ 4P L
@2n)? p* —m?
Wy m )
x <n/1,v _ m2 pp4p + iﬁelwkpk> efzp-(xfy)’ (3)

in the sense that
[109.9" — mewnd*] DY (x,y) =078 (x —y). (@)

As discussed in references [49-51], the contribution due
to the sources to the ground state energy of the system is
given by

1 3 3 v
E = ﬁ//d x d?yJ" () Dy (x, )TV (), %)

where T is the time variable.
In the first setup, we consider the field sources given by

JEC ) = o1n’,8% (x — ap) + 021, 8% (x — @), (6)

where we have two spatial Dirac delta functions, concen-
trated at the positions a; and ap. The parameters o and
o7 are the coupling constants among the field and the delta
functions and can be interpreted as electric charges. Hence-
forth the superscript CC means that we have the interaction
between two point charges.

Substituting (3) and (6) in (5), discarding the self-
interacting contributions (the interactions of a given point-
charge with itself), performing the integrals in the fol-
lowing order, d?x, dzy, dx0, dpo and dyo, using the
Fourier representation for the Dirac delta function, §( P =
f dx/Q2m) exp(—i px%), and identifying the time interval as
T = fdyo, we obtain

d’p exp(ip - a)

ECC ,
Qn)? p*+m?

=002 (7
where we defined a = a; —ap, which is the distance between
the two electric charges.

Using the fact that [50]

d’p exp(ip-a) 1
e A S , 8
on)? plimE ~m o(ma) ®)

where a =| a |, and K stands for the K-Bessel function [52],
we can write

01072
= —=Ko(ma). )
2

ECC



Eur. Phys. J. C (2020) 80:238

Page 3 of 13 238

Therefore, the interacting force between two charges is
given by
e JECC maoion

S = K 0. 1
o o 1(ma)a (10)

which is an usual result in theories of massive fields.

Let us see if we can find other kinds of interactions with
not so trivial sources. For this task we propose a second kind
of point-like external source to the Maxwell-Chern—Simons
field. We shall call it topological source and we start by con-
sidering a system compose by two topological sources placed
at the positions a; and ay, as follows

TIT (x) = €, Vodps® (x — a1) + €, P Uy 0p8” (x — ) ,
(11)

where the superscript 7T means that we have the interaction
between two topological sources.

In expression (11), V, = (V% Vyand U, = (U, U) are
two constant Minkowski 3-pseudo-vectors. Each term of Eq.
(11) can be obtained from the point-like source proposed in
reference [53] for the Kalb-Ramond field, by dimensional
reduction.

We do not need to impose, in an ad hoc way, that the
source (11) satisfies the continuity equation. From the anti-
symmetry of the differential operator € ,flﬂ dpg0H, we can
ensure that 9#J 17 (x) = 0. So the source (11) leads to an
intrinsic conserved quantity | derOTT. In addition, if we
write the action term which couples the source (11) to the
gauge field, J /{ T A", in a curved space-time, with the sub-
stitution n*¥ — g"¥, we can see that this term does not
couples to the gravitational field, similarly to what happens
to the Chern—Simons term [49]. This is why we named (11)
as topological source.

Here, some points are in order. A parity transformation
(for polar vectors) must have determinant equal do —1, inde-
pendent of the space dimensionality. So, in 3 dimensions, a
parity transformation can be a complete spatial inversion (the
most common definition) or even just the inversion of a single
cartesian variable. In 2 dimensions, a parity transformation
must be the inversion of just a single spatial cartesian variable.
The behavior of a pseudo-vector under a parity transforma-
tion is the contrary to the one exhibited by a true vector.

It is interesting to notice that for the very specific case
where Vg = 0 and Uy = 0, each term in the source (11)
corresponds to the charge distribution of an electric dipole
[51], the first one defined by dy = (V2, =V and the sec-
ond one, by dy = (U2, —-Uh. Taking into account that V
and U are axial vectors and their behavoiurs under a parity
transformation, one can show that dy and dy are polar vec-
tors. If we think on the proposed (2+1)-dimensional model
as embedded in a (3+1) dimensional space-time, we could
write, for instance,

dy = (V2, v, 0)=V x?
dy = (U*,-U"0)=Ux7?. (12)

what evinces that dy is a polar vector, once V is an axial
vector.

Substituting the source (11) in expression (5), discarding
the self-interacting contributions and proceeding as we have
done previously, we obtain

E™T = [V°U°v§ —[(V x2)- Val[(U x 2) - Va]
d*p exp(ip - )

Qn)? P +m?
(13)

+m[(U°V — VOU) x V,] z]

where i, j = 1,2 are spatial indexes, Vi = 3/da’ and we
defined the differential operator

0 d
Va=|—. 7). (14)
dal’ da?

Substituting the result (8) in the energy (13) and carrying
out the calculations, we find

2
K
ETT — ”L[VOUOKO(ma) +v.pKima)
27 ma
_(V xz)-a(UxZz)- aKz(ma)
a a
K
n [a « (UOV _ VOU)] 3 l(m“)} : (15)
a
where we used the fact that
K
Ko(ma) + 220D _ g ma) | (16)
a

The interaction force between two topological field
sources is then:

TT 2
FTT = —aE = m7|:V0U2mK1(m0) +V'UM
oa 2 a
(Vx2-aUx2)-a (mKl(ma) n 4K2(ma))
a a a
+<Vx2(UXZ).a+ (VXZ)'aUx2> e
a a a
+[ax (U°V - VOU)]-E%W
UV - V) xz@]. (17)

The force (17) exhibits a strong anisotropic behavior and
decreases with Bessel functions when a increases.

In the case where V0 = U0 = 0, we can use the expres-
sions (12) to show that the energy (15) becomes exactly the
same one found for the interaction between two typical elec-
tric dipoles in a 2 + 1 dimensional theory with a massive
vector field [51].

@ Springer
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Fig. 1 Plot for the force obtained from (18), with V = VX and U =
Uy y. Vertical axis is a, and horizontal axis is ay

It is important to mention that the topological source also
produces effects in the standard Maxwell electrodynamics
in 2+1 dimensions. In order to verify this fact we must take
the limit m — 0 in Eq. (15). In this case, all terms which
depend on V9 or UY vanishes, and we are taken to the same
interaction obtained for two electric dipoles (12), namely

1

2ma?
(Vx%)-a(Ux%)-a:|
p )

ETT(m=0)=EIT =

(18)

><|:(V-U)—2
a

The subscript M in (18) means that we have the quantities
calculated for the Maxwell theory in three dimensions.

Notice that just the spatial parts of U* and V** are relevant
for the energy (18), where we have the massless case. Using
definition (12) and the fact that V - U = dy - dy, it can
be shown that (18) has the same behavior as the one found
with two electric dipoles. The force is still anisotropic and
decreases with distance a.

It is interesting to analyze the force obtained from the
energy (18) in terms of U#* and V# (and not in terms of the
respective electric dipoles). For this task we take the specific
and simple case where V = V,x and U = U,y and plot
in Fig. 1 the force-lines obtained from (18) multiplied by
a’ /(VxUy). The vertical axis is the component a, and the
horizontal one, a,.

The asymmetry in the interaction (18) (and also in (15))
brings on torques on the topological sources. Taking the same
configuration considered previously, with V. = V,.x, U =
Uy)?, and for simplicity taking VO = y% = 0, and next

@ Springer
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6 1

Fig. 2 Plot for the torque in (20), IT / m2v, U )

writing a = a[cos(0)x + sin(0)y], with 0 standing for the
usual azimuthal angle in polar coordinates, the energy (15)
becomes

TT 1,0 0 m’ :
E'" (Vi =U"=0,0)= 2—Vny cos(0) sin(0) K> (ma),
b4
(19)
and we have a torque on the whole system
d
TT TT (v/0 0
=——E "(V'=U"=0,0
T 29 ( )
2
_m .2 2
= Z—Vny(Sln (0) — cos“(0))Kr(ma) . (20)
b4

which is plotted in Fig. 2.

Just for completeness, we point out that in the standard
Maxwell electrodynamics (in 2+1 dimensions), we also have
a torque on the corresponding system. This fact can be veri-
fied by taking the limit m — 0 in Eq. (20),

ol = 2 i 0) — cos’(0)) @1

Now we define another non-trivial external source, as fol-
lows

dp

@)’
x 8 <p0) eo’w‘pa eI eTipAL (22)

Jpy %) = —27i® /

where @ is a constant with dimension of magnetic flux, and
aj is a spatial-vector.
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Equation (22) is obtained by dimensional reduction of the
source which describes a Dirac string in 3 4+ 1 dimensions
[54-58] lying along the axis (xl, x2, x3) = (a, x3), parallel
to the 3-axis, with internal magnetic flux ®. So, from now
on, we shall call the source (22) as Dirac point.

It is possible to show that the topological source is the
generalization of the Dirac point. For this task we take the
first term on the right hand side of Eq. (11), for instance, in the
specific case where V0 = —® and V = 0 (V# = —dpH0).
In this situation, this term becomes exactly the right hand
side of Eq. (22).

In this way, taking U = V = 0 in Eq. (15), we obtain
the interaction energy between two Dirac-points, where the
first one is located at the position aj, with magnetic flux
V0 = —® and the second one placed at the position a; with
magnetic flux U? = —®;. So that, the energy (15) becomes

ETT (U —V=0V'= 0, 0" = _q>2) _ gPbD

2
_ P2 ), (23)
2
where the superscript D D means that we have a system com-
posed by two Dirac points.

The interaction energy in Eq. (23) is an effect due solely
to Maxwell-Chern—Simons electrodynamics, because if we
take the limit m — O there is no interaction energy. On
the contrary to the energy (15), which is non-vanishing for
m = 0, as we can see in (18).

From the Eq. (17), the interaction force between two Dirac
points is given by

FI7 (U:V:O, VO — —<I>1,U0=—CI>2) — FDD

m3® P, R
= —Ki(ma)a. (24)
2

It is quite interesting to notice the similarity between
expressions (23) and (9). Identifying oy = m®; and on =
m®, in (23), we are taken to Eq. (9) and the Dirac points
behave like two point-like charges. In the next section we
show that the Dirac point (22) is the field source for a vortex
solution for the gauge field.

Itis known in the literature that the presence of a monopole
with an axion-like term in (3+1) dimensions can lead to
an effective electric charge seen by an observer far away
from the monopole [59]. In some sence, Eq. (24) resembles
this result in the (2+1)-dimensional model considered in this
paper. In addition, if we define the vector

3

d3p 0\ —ipx —ipa
= Va, |:2nd>/m8(p>e Pre ‘] (25)

K(®x) = —27n'<I>f

we canrewrite the source (22) in the compact form J(“ py (X) =
Z x K (x). Noticing that the vector (25) resembles the vortex
Hall current which produces magnetic monopole-type fields
in topological insulators, we could conjecture if the Dirac
source would not be related to the vortex Hall current. This
subject deserves more investigations and would render the
source (22) a candidate to study vortex Hall currents.

Just for completeness, we consider the interaction between
a topological source and a point-like charge, with the source

TET(x) = 01,87 (x — ap) + €, P Vo dp8” (x —a3) . (26)

where the point-like charge is placed at position a; and the
topological field source is placed at position a;. The super-
script CT means that we have the interaction between a point-
like charge and a topological source.

The interaction energy is then given by,

d’p exp(ip - a)

CT __ 0
E _—U<V><Va+mV) Gy pla

———(Vx3)-a+ VK (ma):| . 27

with the corresponding interaction force

FC T _ —V, EC T
2
K
=" ;K1 (ma)
2 ma
K
—[M(V x 5)-a+ VK, (ma)]&}. (28)
a
Notice that (27) is the interaction energy between a charge
o with an effective charge —mV? added by the interaction
energy between a charge o and an effective electric dipole
V xzZ.
For the Maxwell electrodynamics (limitm — 0) the inter-
action energy (27) reads

ECT(m=0)=Ef,IT=%al—2(Vx2)-a (29)

In order to see the anisotropic features of the force pro-
duced by the energy (29), with respecto to V, we restrict to
the specific case where V = V,.x and take a centered at the
origin to plot the normalized force lines corresponding to
(29) in Fig. 3.

By fixing the distance a between the point-like charge
and the topological source, we can show that the energy (27)
leads to a torque on the setup with respect to the vector a.
For simplicity, we take the specific situation where V" = 0,
V = V,x and a = a[cos(#)x + sin(#) 7], obtaining

EST(vO =0,6) = 22, sin(0)K, (ma) (30)
=Y, == P X 1 s
9
=BT (V0 =0,0)
mo
= — T Vi cos(0)K (ma). 31)

@ Springer
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Taking the limit m — 0 in the expression (31), we have,
once again, a torque in Maxwell electrodynamics due to the
presence of the topological source,

CcT

Ty = —

(32)

When V = 0, identifying the flux V? = —®, Eq. (27)
becomes the interaction energy between a point-like charge

@ Springer

placed at position a; and a Dirac point placed at position aj,
as follows

ECT (VO _ mo

0]
Ko (ma),
T

—QV:@:EWZ (33)
where the superscript C D means that we have the interaction
between a point-like charge and a Dirac point. This interac-
tion energy has no counterpart in Maxwell electrodynamics.

From Eq. (28), the interaction force between the charge
and the Dirac point reads

Ki(ma)a. (34)

F“(VW=AQV=0)=FUL=m%¢
27

Once again, it is remarkable the similarity between expres-
sion (33) and (9). If we identify o.rr = m® in Eq. (33), we
can see that the Dirac point behaves like a point-charge in
the interaction with another point-like charge (Figs. 4, 5).

3 Electromagnetic field

In this section we calculate the electromagnetic field config-
urations produced by all the point-like sources considered
in previous sections. For this task, we choose a coordinate
system where the corresponding external source is placed at
the origin and compute the electromagnetic field evaluated
at an arbitrary pointr = (r!, 72).

The field configuration can be calculated with the aid of
the propagator (3), as follows
AMA=/Q%Dmewmw, (35)
where A* = (AO, Al, Az).

Let us start by considering a topological source concen-

trated at origin,
I () = €, P Vo587 (y). (36)

Substituting (3) and (36) in expression (35), and then per-
forming some manipulations similar to the ones employed in
the previous section, we obtain

d*p exp(ip - r)

0 _ 5 0
A = [V v 2] [ S5 ETES
m 0 Ky (mr) .
=—— |V 'Ko(mr)y+ —=(Vx2)-r|. (37)
2 r

For the spatial components A (r) we have

d’p exp(ip - r)
") @n)? pr+m?

Ar)=V%xV

I R
+Z@xvme@-ﬂ

X‘/‘ d*p exp(ip - 1) 1 1
— X l . —_—— —_—_—_—_—_—
()2 SPUP P2 pPm?

).@&
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The first integral between brackets in the second line of
the above expression is divergent. In order to solve this prob-
lem we proceed as in references [50,54,57], introducing a
regulator parameter with dimension of mass, as follows

d’p exp(ip-r) d’p exp(ip - 1)

em)?r  pr 0] @m)? pE+p?
|
= AILHO[KO (n|rDl (39

—0
Now, we use the fact that [52] Ko(u | 1 |) =

—In(u | r | /2) —y, where y is the Euler constant, in order
do handle the expression (39), thus

d*p exp(ip -r)
@n)?  p?

_ L [ (M |t |> ]
=——1Iim |In| —— ) + ¥ + In(nap) — In(nao)
—In2+ lim ln(,uao)i|
u—0
(40)

Here, in the second line, we added and subtracted the quantity
In (pag), where ag is an arbitrary constant with dimension
of length. In the last line we neglected the terms that do not
depend on the distance | r |, since they do not contribute to
the calculation of the electromagnetic field.

Substituting the result (40) into the Eq. (38) and carrying
out some manipulations, we arrive at
m_2 |:VO M (r x %)

g mr

)(Vxﬁ)'r

A(r) =

n <K2 (mr) B 2

mr (mr)3 rx2
1 (K> (mr) 1
+E ( e (mr)2> V:|. 41

It is well known that the field strength F*” in Maxwell—
Chern—Simons electrodynamics is given by

0 —E' —E2
Fvv = [ E! 0 -B |, (42)
E? B 0

where the electric field E = (E L E 2) has two components
and the magnetic field B has just one component.

Using the fact that F*¥ = 9" AV — 9V A*, from the Eq’s
(42) and (37), we obtain

E = _FOI)e_FOZ)A]
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Fig. 5 Plot for the normalized electric field lines given by (43)

2n[<Kb(mr)( xﬁ)-f——VOKlonm)f

mr

_Kl(mr) (V>(2)i|7 (43)

mr

where 7 is an unit vector pointing in the direction of the vector
r.

In the same way, from the Eq. (41), the magnetic field
produced by the topological source reads

B — _fF2
m? RN 0
o [K] (mr) (V X z) -r+ V'Ky (mr)] .

The electric field (43) exhibits a strong asymmetry. In can
be seen in the graphic (5), where we restrict to the specific
case V# = Vo(l, 1, 0) and make a vector plot for the nor-
malized electric field lines of (43).

In the Fig. 6 we also take the same specific case where
v# = vO1,1,0) and plot a graphic of the difference
between the modulus of the electric field (43) and the mod-
ulus of the magnetic one (44). We can see that the graphic is
always positive, what means that the electric field dominates
over the magnetic one.

By taking V# = (—®, 0) in the expressions (41), (37),
(43) and (44), we obtain the electromagnetic field produced
by the Dirac point placed at origin as follows

(44)

0 m® m® o
A'(r)=—Ko(m|r|), A(r)=—K (m|r|)¢
2 2
md R m2d
E=—K (m|r|)r, B=———Ko(m|r]).
2 2

(45)
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Fig. 6 Difference between the modulus of the electric field (43) and
the modulus of the magnetic field (44) multiplied by 27 /m?

Notice that the second Eq. (45) is a vortex solution for the
spatial part of the gauge field.

For completeness, let us consider a point-like charge con-
centrated at origin,

JE (9) = omu08® (¥). (46)

Following the same steps previously employed, it can be
shown that

o o} ~
A'(r)=—Ko(m|r|), A(r)=—K(m|r|)¢, (47)
27 27
What leads to
mo R mo
E=_—K;(m|r|)f, B=——Ko(m|r]). (48)
27 27

We highlight the similarity between the Egs. (45), (47)
and (48). If we identify 0.7y = m® in Eq. (45), we can see
that the Dirac point behaves like a point-charge.

In the electromagnetic field configurations for the point-
like particle (48) and for the Dirac point (45), we have
a stronger contribution from the electric field in compari-
son with the magnetic one. The analysis for the topological
source, with the fields (44) and (43), is more difficult, but
for the specific case V* = vO(1, 1, 0) the electric field also
dominates in comparison with the magnetic one. This fact
is expected for the case where we have two electric charges,
but it is not expected for a setup with two Dirac points. In
a magnetoelectric model, as the one given by (1), a charge
density might induce field configurations where the electric
field dominates over the magnetic ones. But for a current-

@ Springer

0.1 0.2 0.3 0.4 0.5
mr

Fig. 7 Plot for the difference between the modulus of the electric and
the magnetic fields divided by mo, for the point-like charge, and m>®,
for the Dirac point, of Eq’s. (48) and (45), respectively

type densities, like (36), it would be natural to expect that the
magnetic field would dominate in comparison with the elec-
tric field, as occurs in topological insulators [60,61] and in
some magnetoelectric (3+1)-dimensional media [62], but not
in the model (1). In our opinion, this is a rather remarkable
result.

In Fig. 7 we have a plot for the difference between the
modulus of the electric and the magnetic fields divided by
mo, for the point-like charge, and m2®, for the Dirac point.

4 The Maxwell-Chern—Simons field in the presence of a
conducting plate

In this section we consider the Maxwell-Chern—Simons elec-
trodynamics with the presence of a perfectly conducting
plate. First of all, we must first establish what would be a
perfectly conducting plate in this theory. In Maxwell elec-
trodynamics (in 3 4+ 1 dimensions) the components of the
Lorentz Force parallel to a conducting surface must vanish
on this surface. In Maxwell-Chern—Simons electrodynamics
(2+ 1 dimensions) the coupling between the electromagnetic
field and the charged particles exhibits the same structure
as the corresponding one in Maxwell theory (up to some
peculiarities due to the dimensional reduction). So that in
Maxwell-Chern—Simons electrodynamics we can describe
the presence of a conducting surface by taking the compo-
nents of the Lorentz force parallel to the surface as being
equal to zero. For a perfectly conducting plate lying on the
plane x2 = d, it is attained with the condition

n" *Fylosg = 0= nte,*0,Ax] 0y =0, (49)
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where n* = (0,0, 1) is the Minkowski vector normal to
the plate and *F* = (1/2)e""* F,; is the dual to the field
strength tensor. The condition (49) asserts that the normal
component of the dual field strength to the plate vanishes on
the plane x* = d.

Following a path integral approach, similar to what was
done in references [63—06], we write the functional generator
as follows

Ze )] = / DA e €5 L, (50)

where the subscript C indicates that we are integrating in all
the field configurations which satisfy the conditions (49). In
an equivalent way, we can integrate out in all field configura-
tions and introduce a delta functional, which is non-vanishing
only for field configurations that satisfy the condition (49),
as follows

ZelJ] = /DA § [ * Fliay] /9L, (51)
Now we use the functional Fourier representation
8 [n" *Fulo—y] = /DB exp
x |:i / Bx s (x2 - d) B (x))*F (x)i| , (52)

where we defined the parallel coordinates to the plate xf =

(x%,x',0) and B (x) is an auxiliary scalar field which
depends only on the parallel coordinates.

Therefore, substituting (52) in (51) and then using (49),
the functional generator reads

ZclJ]= /DADB ol [ 5 Logyp

x |:—i / d*x (x2 - d) Ap ()P0, B (x”)] (53)

It can noticed that the first exponential in (53) depends only
on the gauge field A*, but the second one contains a coupling
among A" and B. In order to decouple A* and B, we perform
the following translation

AP (x) — AP (x)

+/d3y D (x,y)s <y2 - d) &“0,B(y), (54

which has unitary jacobian and enables us to write (53) as
follows

ZclJ1=ZJ1ZJ], (55)

where Z [J] is the usual functional generator for the gauge
field

Z[J]=/DAeifd3X£=Z

i

[O]exp [—§/d3x dy J* (x) Dy (x, ) J" (y)},
(56)

and Z [J] is a contribution due to the scalar field B
Z[J] = /DBexp |:i/d3x ) (x2 - d) I (x)B (x|)]
_i 3 3 2
xexp[ 2/dxdyé(x d)

X8 <y2 — d) B (x)) W (x,y) B (y”)] .67

where we defined

of O
I(x)= —/d3y Ezy (M_),Dom (x, )’)) JH (),

ya B azD)»oz (x,y)

Wix,y)=¢€ € oxPoyY (58)

Substituting (58) and (3) into (57), defining the momentum
parallel to the plate p|° = (p°, p',0), the quantity I' =

/ pﬁ — m?2, and the parallel metric

nﬂw — nuv _ 77”277‘)21 (59)
and using the fact that [64]

2 ip2(x2—y2 .
dp? &7 e 60
_—2 =—z=¢€ ’ ( )
2w ptp, —m 2r

where the integral above was computed in dp?, with p? stand-

ing for the momentum component perpendicular to the plate,

after an extensive calculation, we find
i

Z[J]= Z[0]exp |:—§/d3x >y J* (x)

Dyy (x, ) J" (y)}, (61)
where we defined the function

B ey i/d2p|| e~ ipI- (=)
po X Y) =73 2 p)
2J) @2n) P

X <ezyﬂp|}( - imnzu) (Qﬁvpf + im772v>
o T (1¥2=d|+1y?—d)
Xf. (62)

Substituting (61) and (56) in (55), the functional generator
of the Maxwell-Chern—Simons theory in the presence of a
conducting plate reads
i

Zc[J] = Zc [0]exp [—5 / d*x d’y J" (x) (Dpy (x, y)

— 1
+Dpy (6, 1)) I () 5] . (63)
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From the Eq. (63), we can identify the gauge field propa-
gator of the theory due to the presence of a conducting plate
as follows

D{" = D" (x,y) + D" (x, y). (64)

The propagator (64) is composed by the sum of the free
propagator (3) with the correction (62) which accounts for
the presence of the conducting plate. In the limit m — O the
propagator (62) reduces to the same one as that found with
the Maxwell electrodynamics in the presence of a conducting
plate.

To check the validity of the results, we point out that the
propagator (64) under the boundary conditions is really a
Green function for the problem, in the sense that it satisfies
the differential operator in Eq. (4), as follows

[10020" — mend* | D (x,y) =178 (x —y).  (65)

We can also consider the classical solutions for the gauge
field obtained from (64)

AP(x) = / &>y DE (x, )7, (). (66)

Substituting (66) in Eq. (49), the conducting plate condition
reads

Bp
aD (x,y)
/d3y |:€2aﬁc—:| JoWy2=q =0

00Xy
aDP (x, y)
0xy

where the validity of the last line can be shown with the aid
of (3), (60), (62) and (64).

=0, (67)

x2=d

= €20

4.1 Point-like charge and plate

In this subsection we consider the interaction between a
point-like charge and a conducting plate. It can be shown
that the interaction energy between a conducting surface and
an external source J" (x) is given by [64,65,67]

1
E—=_—

=37 d*x d>y J* (x) Dy (x,y) IV (9). (68)

With no loss of generality and for simplicity, we choose
a point-like charge placed at the position b = (0, b). The
external source is given by

J0C @) = qn,8% (x = D). (69)

Substituting (69) and (62) in (68) and carrying out the
integrals in d?x, dzy, dxO, dpo, dyo and then performing
some manipulations, we obtain

2 —2[b—d|/pj+m?
b4 pﬁ—irmz

@ Springer

(70)

where the superscript P C means that we have the interaction
energy between the conducting plate and the charge.

In order to solve the integral (70) we use the fact that the
integrand is an even function, we carry out the change in the

2
integration variable u = 4/ % + 1 and use the fact that [68]

o] ef2m\b7d\u
/ du——— = KoQ2m | b—d |), (71)
1 u? —1
what leads to
q2
EPC =L Ko@m|b—d)). (72)
4

Now we fix the plate, use the fact thatb = by and compute
the force exerted on the point-like charge from expression
(72), as follows

pre _ _OETC _ 9ETC,
D
2
m A~
— _%sgn(b — DK Cm |b—d)])3, (73)

with sgn standing for the sign function, defined by sgn(x) =
1(x > 0), sgn(x) = —1(x < 0), sgn(0) = 0, and where
we used the fact that b # d, what means that the charge is not
overlapped with the plate. The minus sign in (73) means that
we have an attractive force. When the charge is on the right
of the plate, b > d and the force points in the —y direction.
When the charge is on the left of the plate, b < d and the
force points in the ¥ direction.

The interaction force (10) for the case where o1 = ¢,
0p» = —q and a = 2(b — d)y becomes equivalent to the one
obtained in (73). Therefore, for this case the image method
is valid for Maxwell-Chern—Simons electrodynamics for the
conducting plate condition (49). A similar situation occurs
in a Lorentz violation theory considered in [65] where the
image method is valid.

4.2 Topological source and plate

Now we study the interaction energy between a topological
field source and a conducting plate.

We consider the topological source placed at position b =
(0, b), as follows

JIP (x) = € Vydp8” (x — b). (74)

Substituting (74) and (62) in (68), following the same
steps employed in the previous sections, performing the same
changes in the integration variable employed in Sect. 4.1 and
using (71) and the fact that [68]

foodwuz "1 emb-aw _ K1G@mb=dD
1

2m | b —d |
o0 e—2m\h—d|u
duu ———— =K1 2m | b—-d), (75)
/1 Jur —1 !
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we arrive at
2 2
\'% b—d
ETPZ—m— — ZVOVI—
4n[(2m|b—d|+ | b—d |
KiQCm|b—d])

+ ((v0)2 + (v‘)z) Ko@m |b—d |)]. (76)

where the superscript T P means that we have the interaction
between the topological source and the plate.

By fixing the plate (fixing the variable d), taking into
account that b = by, and using the fact that

Ko(2x) n Ki(2x)  K»(2x)
X x2  x

(77)

we have the force acting on the topological source, as follows

FTP_ aETP_ aETPA
=" "ab b O
m? KoQm|b—d))
=_—— b—dyv:—=—— — "
4n[sg"( ) b—d |

—2VOVim(Ko@m |b—d )+ K, 2m | b—d )]
2 2
tsgn (b —d) ((vo) + (vl) )

x2mKy(2m | b—d |)]§z (78)
which is always perpendicular to the plate.

Expression (78) exhibits some interesting features. The
first one is the fact that force (78) does not satisfy the image
method. This point must be analysed carefully.

In a mirror reflection, the normal component (with respect
to the mirror) of a polar vector inverts its sign, while its paral-
lel components to the mirror remain unchanged. For an axial
vector, we have the opposite situation; in a mirror reflection,
the normal component to the mirror remain unchanged and
their parallel components are inverted. In our case, V is a
2-dimensional pseudo-vector (axial vector) and we have a
mirror on the plane x> = d. So that, the normal compo-
nent to the mirror of V is V2 and we have just one parallel
component to the mirror, Vi

In what concerns the temporal component of the axial
vector; for a boost with speed v, which is a polar vector,
the product v - V exhibits an overall sign inversion under a
reflection on a mirror, because V is a pseudo-vector. Taking
into account that a boost for the 0 component of V# is given
by (V? — v - V), we conclude that V° must have its sign
inverted on a reflection, in order to assure a consistent boosts
for the pseudo Minkowski vector.

To evaluate Eq. (17) for a = 2(b — d)y with a sup-
posed image of the topological source described by U* =
% 0 U), we must consider the image condition for a pseudo
Minkowski vector U! = V!, U? = —v2, U° = —V°. So

that, one can show that expression (17), with the image topo-
logical source, is not equal to the force (78). We could also
consider a Minkowski vector, by taking U I — —Vl, U? =
V2, U° = V9, the conclusion would be the same.

Thereby, the topological source does not satisfy the image
method. As far as the authors know, the image method for
stationary sources was thought to be invalid only in quadratic
theories with higher order derivatives [64].

Taking V# = —®n*0 in the expression (78), we obtain
the interaction force that the conducting plate exerts on the
Dirac point, as follows

FrP (V —0,V0 = —q>) — FPP

m3 2

=- Ki@2m |b—d|)sgnb—a)y,
2

(79)

where the superscript D P means the interaction between a
Dirac point and the plate. In the limit m — 0, this force
vanishes. If we identify g.;y = m® in Eq. (79), from the
Eq. (73) we can see that the Dirac point behaves like a point-
charge when it interacts with the conducting plate.

For the case where a = 2(b — d)y, &) = —Py = @
(since UY = —V9), the Eq. (24) turns out to be equivalent
to the Eq. (79). So, it is interesting to notice that the image
method is valid for the Dirac-point for the conducting plate
condition (49). This result was already expected, since the
Dirac-point behaves as point-like charges as discussed in the
Sect. 2.

For the standard Maxwell electrodynamics the interaction
force that the plate exerts on the topological source can be
obtained by taking the limit m — 0 in Eq. (78). The result
reads

2

87 |b—d |3

Proceeding in the same way as in the previous cases, it is
simple to verify from Eq. (18) that the image method is valid
in Maxwell electrodynamics for the topological field source.
This result was expected because, as discussed before, in the
massless case just the spatial components V are relevant, and
it corresponds to a typical electric dipole in 2+ 1 dimensions.

Other interesting feature of the force (78) is the fact that
it does not exhibit symmetry under spatial reflection on the
mirror. Let us consider two setups composed by the plate and
a topological source. In the first setup, a source 1, given by
V is placed at position by = d + 5 (s > 0). In the second
setup, we take a source 2, with the same (pseudo) vector V#
placed just at the reflected position b = d — s. For each
case, the corresponding force (78) is, respectively.

F'Pm=0)=F/ =— sgn(b —d)y . (80)

B m_2 V2 K> 2ms)
4 s

+ ((V0)2 + (Vl)z) 2mK; (2ms)

TP _
Fl -_
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—2VOvim (Ko 2ms) + K, (2ms)]i|)7, (81)
2
S JRVLLC
2 2
— ((VO) + (V1> )2mK1 2ms)
—2vVOvim Ky 2ms) + K (2ms)]j|)7 ) (82)

Notice that the first terms on the right hand sides of Eq’s.
(81) and (82) exhibit spatial reflection symmetry on the mir-
ror, but the third terms on these equations does not exhibit
it. It is a feature of the topological source due to the break of
spatial reflection on the mirror. This effect has no counterpart
in the usual Maxwell electrodynamics, what can be directly
verified by taking the limit m — 0 in Eq. (78) or, alterna-
tively, in Eq’s. (81) and (82), where we recover expressions
with spacial reflection symmetry on the mirror. This effect is
also absent when we consider a Dirac point, where V = 0.
Therefore, this asymmetry brings out only if V? # 0 and
V #£0.

When we fix the distance between the topological source
and the plate, from Eq. (76), we see that the whole system
undergoes a torque given by its orientation with respect to
the vector V. In order to calculate this torque, we define as
0 < o < 7 the angle between the normal to the plate and the
vector V, in such a way that

()

and we can rewrite Eq. (76) as function of the angle «, as
follows

ETP(a)__m_z V—2
4 2m|b—d|

= V2 cos? (a) , (V1>2 = V2sin? (@), (83)

—|—2V0«/_ s1n(a)

)K1(2mlb dl)

—d
((VO)2 + V2sin (a)) 0Qm | b—d |)]

(84)

Just for simplicity, taking V0 =
torque reads

0, from the Eq. (84) the

B] 2y?
TP — _ % pTP (VO _ 0705) _m
o 4

x sin 2a) Ko 2m | b —d |). (85)

If « = 0,7/2, w the torque vanishes, when o« = 7 /4, it
exhibits a maximum value. In the limit m — 0, the torque is
equal to zero.

@ Springer

5 Conclusions

In this paper some new aspects of the so called Maxwell—
Chern—Simons electrodynamics due to the interactions
between stationary point-like sources as well as the pres-
ence of a perfectly conducting plate have been investigated.
Specifically, in addition to the point-like charges, we pro-
posed two new kinds of point-like sources, which we called
topological source and Dirac point, and we considered effects
which emerged of interactions between these sources. We
showed that the Dirac point behaves similarly to point-like
charges and the topological source induces the presence of
torques in all the setups considered.

We studied the field configurations produced by the point-
like charge, the Dirac point and the topological source, and
showed that the Dirac point leads to vortex configurations for
the gauge field.

The propagator for the gauge field due to the presence of a
conducting plate and the interaction forces between the plate
and the point-like sources were computed. The conclusion is
that the image method is valid for the point-like charges as
well as for Dirac points. On the other hand, for topological
sources we showed that the image method is not valid.

We also have shown that the interaction force between
the plate and the topological source does not exhibit spatial
reflection symmetry on the mirror. This feature is due to the
spatial asymmetry imposed by the presence of the topological
source. Another interesting fact is the emergence of a torque
acting on the plate when it interacts with a topological source.
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