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Electric-magnetic Duality Implies (Global) Conformal Invariance
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We have examined quantum theories of electric-magnetic duality-invariant vector fields enjoying
classical conformal invariance in 4-dimensional flat spacetime. We extend Dirac’s argument about
“the conditions for a quantum field theory to be relativistic” to “those for a quantum theory to
be conformal”. We realize that electric-magnetic duality-invariant vector theories, together with
classical conformal invariance defined in 4-d flat spacetime, are still conformally invariant theories
when they are quantized in a way that electric magnetic-duality is manifest.
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I. INTRODUCTION

Electric-magnetic duality is originally observed from
Maxwell equations, which describe one of the funda-
mental forces in nature. Under switching E — B and
B — —E, where E is the electric field and B is the mag-
netic field (without considering any electric and magnetic
sources), the Maxwell equations are invariant [1]. The
duality is extended to string theory, various kinds of field
theories of free massless fields with various spins, and
sometimes to those in curved spacetime, e.g., Maxwell
system in de Sitter spacetime [2-4]. It is also applied
to non-Abelian vector theories and it turns out that the
duality invariance comes into approximately exist upto
cubic order in the weak field expansion [5,6].

One of the interesting directions of developing electric-
magnetic duality is research on whether electric-
magnetic duality ensures that a certain classical stym-
metry of a system is retained when the system is quan-
tized (e.g., see [7]). In [7], the authors argue that a
classical vector field theory enjoying Lorentz symmetry
is still Lorentz invariant in its quantum theory under a
condition that electric-magnetic duality is retained when
it is quantized. The pioneering argument started from
a paper by Dirac [8] in 1962. In his paper, he discussed
this issue as follows. It is not manifest if a quantum
field theory keeps its classical symmetry (symmetry of
the classical Lagrangian and the equations of motion)
because of (e.g.) the ordering issue of the field variables
(due to the second quantization rule on them). Because a
state in quantum field theory can be changed to another
representation by a unitary transform and its dynam-
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ics can be described by a unitary time evolution, acting
symmetry generators (spatial translation, rotation and
boost, and temporal translation) on that state, then the
second quantization being consistent with the algebra of
the symmetry generators ensures that the symmetry is
retained in its quantum field theory.

More precisely, Dirac introduces a canonical pair of
quantum fields as £ and 7 satisfying

(€] =4, (1)

where the prime denotes that the field variable depends
on the prime coordinate; i.e., n’ = n(z’) and § = §%(x —
x'), being the d-dimensional §-function so it is an equal-
time commutator.! ¢ may become a field variable in the
theory, and 7 is its canonical conjugate. From them, he
constructs a momentum density K and introduces an
energy density U, which provide the representation of
the symmetry generators, where the index s is a spatial
index.? Such symmetry generators constructed from K,
and U turn out to satisfy Poincare algebra if the energy
density satisfies the following commutation relation:

(U, U] = K46 + 2K 4, (2)

where A ; = %.

By using this observation, the authors in [7] discov-
ered the following: Suppose a vector field theory in 4-d
flat spacetime which enjoys electric-magnetic duality and
Lorentz symmetry is quantized in a way that electric-

magnetic duality is manifest; more precisely, its second

I For further discussion, even if we develop every mathematical
equation in d-dimension(spatial), in fact we restrict ourselves to
the d = 3 case only.

2 We will use s,t,r, and u to be spatial indices running from 1 to
3.
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quantization rule must be
[Ba Bb] - 6 Estuéu ) (3)

where a,b = 1,2 are SO(2) indices related to electric-
magnetlc duahty rotation, € is a fully anti-symmetric
tensor, B! = E and B2 = B. Then one can define the
momentum density and the energy density from the fields
B¢ as

1
Kr = _§Ba86bt€ab€st7‘ and U = f(h,’U), (4)

where

1
SBUB "0, v = K, K" (5)

and f(h,v) satisfies the condition

(fr)? +4hfpfo+40(f,)* =k, (6)

for some constant k. The momentum density gener-
ates the Lie derivative along a spatial vector field wv;
as L,®(B) = [®, [ dlzv*K,] for some field ®. Such an
energy density satisfies the commutation relation that
Dirac suggested in his paper. Therefore, one finds that
the vector field theory is manifestly Lorentz invariant
when it is quantized.

In this paper, we have extended such a discussion to
conformal symmetry. Our motivation is that U(1) vec-
tor field theory in 4 —d flat spacetime, whose Lagrangian
density is comprised of its kinetic term only, is confor-
mally invariant, because its stress energy tensor vanishes.

Thus, one may ask if a quantum version of such kind of
classical field theory is still conformally invariant when
its second quantization rule manifestly enjoys electric-
magnetic duality transform.

In fact, we have shown that the theory is still confor-
mal by examining conformal algebra in a manner simi-
lar to that ued by Dirac. In Section II, we develop the
conditions that the momentum and the energy densities
satisfy. The energy density still satisfies Eq. (2); there-
fore, the momentum density and the energy density that
Dirac suggested also satisfy conformal algebra under the
condition that the conformal dimension of the en-
ergy density be d + 1. The simplest example for such
a case is U = h.

In Section III, we conclude that because a specific class
of the energy density, Eq. (4), whose conformal dimen-
sion is d + 1 obtained in [7] satisfies the same commuta-
tion relation, Eq. (2), then the conformal symmetry is re-
tained in such a quantum theory of the U(1) vector field,
which is manifestly invariant under electric-magnetic du-
ality rotation.

II. CONDITIONS FOR A 4-D QUANTUM
FIELD THEORY TO BE CONFORMAL

In this section, we extend Dirac’s argument about condi-
tions for a quantum field theory to retain Poincare sym-
metry to conformal symmetry.

Conformal algebra Conformal algebra in (d 4 1)-
dimensional space time is given by

[D,P,] = —P,, [D,k,]=kpu, [HH Pl = 72(g“,,D +L,), (7)
[“paL;w} = (gpu’il/ _gpu’iu)v [ ] — 9pv Py
(Lyvs Lol = GvpLlyo + GuoLup — gW,LW — gVULM,, and the others vanish,

where D is the dilatation, , is the special confor-
mal, P, is the translation and L,, is the rotation and
the boost generator.®. g,, is (d + 1)-dimensional flat
spacetime metric, whose signature is chosen as g,, =
dlag(+a Ty Ty ey 7)

The symmetry generators are sorted into two different
classes. The first class is a set of the generators for which
the quantum fields transform in the spatial directions,
and the second class is a set of those forcing them to
transform in the temporal direction. The former provides

3 The generators are given by

D=2z"P,, Ly =z,P,—x,Py, Kk, =2x,2"P,—x"x, P, (8)

in terms of the translation generator, P,,.

(

a unitary transform of the fields on a given spacelike
hypersurface, and the latter provides the dynamics of
the fields.

Momentum density We first examine the genera-
tors having fields that transform in spatial directions.
For this, we decompose these generators into spatial and
temporal parts as

Pu - PS,P(), L;UJ _>Lst7L0ta (9)
Ky — K¢ ko and D—>D(“")—i—D(’5)7

where we have defined the spatial parts of the symmetry
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generators in terms of a momentum density K as

Pt = /thd.’lf,

L., = /(ers - xsKr)ddx,

f/xsstdx,

Ky = /(—thxTKr —|—;vTxTKt)ddx. (10)

To specify the field variables Vt and Vt( ) and the
momentum density in our vector theory, we introduce

J

the variables & and ns as

Vi) =, VP =&, and Ky = i — (0u) s (11)

where 7, and &, form a canonical pair as

(62, 76] = 0es0 (12)

with &;s being Kronecker’s delta and § being d-
dimensional delta function.

By using the canonical commutation relation of £5 and
7)s, we obtain the transformation rules for the field vari-
ables as

v Rl = v, (13)
Vi, L) = 2,V =2V 4 (=6,VD + 5,V D),
Vi, W) = —2, v + (av),
[Vt(l), Ks] = f2zs:cht(;) + l’rl’r‘/t(;) + (25t5xTVT(1) — 21’th(1) + 2A1stt(1))
and
v?. B = v\, (14)
Vi® Ly = M?—m@ (=0, VD + 65V, D),
[Vt(2),D(s)] = —2, VY + (A, 1))
Vi® k) = —2msxrvtfr>+xrxrvt53+<26tsmrvr<2>—2th;<2>+2A2xSV;<2>>,

where A1 =d—1 and A = 1, which are conformal dimensions of the field variables Vt(l) and Vt(2), respectively. From

these, we can obtain the following relations:

[Ky, Py Ky,
(K, Lys]) = 2. Ko — 25Ky — 00 K + 05 Ko,
(K, D¥] = —2,K;, + (A1 + Ay + 1)K,
[Ktv"%]

which are the commutation relations of the conformal
algebra for the spacetime indices p and v to be restricted
to u,v=1,2....d.

Energy density To complete the conformal algebra,
Eq. (7), we need to examine the temporal parts of the
generators. To do this, we define a local quantity, the
“energy density” U, and use it to express these genera-
tors as

Py = / Udz, Ly = / 2 Ud, (16)
DY — 0, (t) /x zUd%.

This energy density is scalar under the spatial parts of
the symmetry transforms, and we suppose that it has a

(15)

= _stert,r + xrert,s + 25sterr + Q(Al + AQ + 1)1‘5[(,5 — 2.13th,

(

conformal dimension Ag, so it might transform as

[U,Pt] *Ut, [U Lst] :ISU7t*ItU757 (17)
[U, D] = —2,U +ARpU,
U, ks) = —2z52, U, + z,2,.U s+2A gz, U

Such energy density commutation relations lead to
[Po, Pt] =0, [Po,Lst] =0, [Ps, Ly] = —dstFo, (18)

[Lio, Lis) = 81sLyo = 8ir Lo, [D™), Po] = —Po,

[D®), Los) = 0, [k, Lot] = 6rer0, [0, Let] = 0,

D), ko) = 1§, [ko, P) = —2Lou,

[ = —2L4, [Ko,ks] =0,

under the condition that the conformal dimension of
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the energy density be given by
Ap=d+1. (19)

These are the commutation relations between the tem-
poral and the spatial parts of the generators.

Finally, we need the commutation relations between
the temporal parts of the generators to complete our
discussion. They are given by

[P07 PO] = 07 [LtO7LSO] = L8t7 [P07 LOt] = Pt7 (20)
[0, Lot) = ke, [ko, Po] = —=2D). ko, ko] =0,

These are translated to the following equations by using
Eq.(16):

//[U, U')d%zd?z’ =0, (21)
/ / zxl [U, U )d%zd% = / (2K — 2 K)dz, (22)

/ / x[U, U')d%d%" = / K;dz, (23)

/ /xsxsx;[U, U'\d%xd%s’

= /(2xtxsK5 — zox K, dd, (24)
//xsxs[U, U')ddzd?s’ = Q/xsstdx, (25)
//xuxux;a:’s[U, U')d%zd®x’ = 0. (26)

The remaining task is to find the commutation rela-
tion between the energy densities satisfying the above
relations. We start with the most general form of the
energy density commutation relation as Dirac suggested
[8]. It is

(U, U] = ad 4 b0 + ¢rs0 ps + drstO rsi + -y (27)

where the coefficients in front of the §-functions are func-
tions of x, only. If we switch U and U’, based on their
anti commuting natures, we have

U U] = a6 —b.6,4+¢ybrs —drgy6 st + ... (28)

rst
= ad — (bré),r + (Crsé),rs - (drsté),rst + ...

= 6(“ - br,r + Crs,rs — drst,rst + )
+ 677“(_177“ + QCru,u - 3drsu,su + )
+ 6,7‘S(crs - 3drsu,u + )

Because Eq. (27) and (28) add to zero, from that condi-
tion, we have

0 = 2a-— br,r + Crs,rs — drst,rst + o (29)
0 = 207’5,5 - 3drst,st + . (30)
0 = 25 — 3dysu + ... (31)

Eq. (29) gives a solution for a as
a= oy, where 2a, =b, —cps s+ drst st — oy (32)

and Eq.(30) implies that ¢, , is, indeed, a second deriva-
tive. Then,

/(2ar —b,)d% =0 and (33)

/xS(QO‘T - br)ddx =0,
because 2q, — by = —Cpss + dpstst — -

— (second derivative and higher)

By using these, we derive more useful relations as

/ U, Ud% = a,.,, (34)

/ LU, Ud% = g0, — by (35)

After all, we plug Eq. (27) into Eq. (22)-Eq. (24) to
fix the coefficients of the d-functions(and their deriva-
tives) on the right-hand side of Eq. (27). The relation
on Eq. (34) directly solves Eq. (21). Eq. (23) gives

1
/thda: = /xta,.,rdda: = /atddx = i/btdda:, (36)

where we have used Eq. (34). From this, we get the most
general form of the solutions «,. and [, as

ap = Ky + Birp +(¢ and by = 2K, +Btr,r +C_,ta (37)

where f;, B, ¢ and ¢ are arbitrary functions of .
Eq. (22) provides

1
/(a:sKt — a?th)ddx = /xt(:ﬁsau,u —bs) = Q/ddm(scsbt — 24by) (38)

1 _ _ _ _
= i/ddx(stKt - 2.’1)th + xsﬁtnr - xtﬁsr,r + msC,t - xtgs)-
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This relation restricts Gg to be
[~ By =0, (39)
and similarly

/(ﬁts - ﬂst)ddz = 0 (40)

Moreover, Eq. (24) becomes

/(thacsKs — zy0,K,)d = /xsxs(xtoz,,,. —by)

Next, we consider Eq. (24), which is given by

Q/wsstdx = /msmsatﬁtddx (41)

= /2$t(Kt + Beryr +Ct),
which provides the following:
[+ oyt —o. (42)
(43)

== /(2xtxsKs - msxsKt>ddx + /{xt(Qﬂrr + 2(d + 2)§ - 25) + 21:3(5:% + /Bts - Bts)}ddl‘-

Then, from this, we get

/{It(Qﬂrr +2(d 4+ 2)¢ — 20) + 2245(Bst + Brs — Brs) yda = 0. (44)

Finally we examine Eq. (26). Eq. (37) satisfies Eq. (26) under the condition that

/{thxu(Qﬂut — But) + 225(281 — Bt + 22+ d)¢ — (24 d)¢ + cuu)} = 0. (45)

Minimal solutions for the coefficients in front of the
d-functions on the right-hand side of Eq. (27) are given
by

20{,5 = bt = 2Kt and ﬁst = Bst = C = Ci: Crg... = 0. (46)

Therefore, the minimal solution of the commutation re-
lation between the energy densities that satisfies the con-
formal algebra becomes

[U, U] = Kp.46 + 2K,6 ;. (47)

III. CONFORMAL INVARIANCE AND 4-D
VECTOR THEORIES

The main result of the last section is Eq. (47).
Once we quantize our vector field theory as in Eq. (3)
and define the momentum and the energy densities as in
Eq. (4), then

U, U] = -6 (K, + K.)6 4 (48)

is satisfied where e = 0 or — 1 [7]. The conformal alge-
bra is consistently constructed from the energy density
only when the conformal dimension of the energy den-
sity is Ag = 4 in 4-dimensional spacetime. The simplest

(

candidate for this is U = h, because B¢ has conformal
dimension 2.

The way of choosing the energy density is to find U =
f(h,v) as a solution to Eq.(6) under a constraint that
its conformal dimension be 4. The field strength B¢ has
conformal dimension 2, then, h has conformal dimension
4, and v has conformal dimension 8.

The simplest solutionis Uy = h = %(§2+E'2), which is
nothing but free Maxwell theory. Another thoery satisfy-

ing Eq. (6) is Uy = /v = \/(E x E)- (B x E). The two
different theories can be interpreted as certain limits of
Born-Infeld electromagnetic theory (BI-theory). In [7],
the author obtained Bl-theory as U3 = /1 + 2h +v — 1.
This theory is not conformal at all, but its strong/weak
field limits are conformal. A well-known fact is that free
Maxwell theory is the weak field limit of Bl-theory. The
opposite limit, the large amplitude limit of the BI-theory
leads to Us. These theories correspond to certain IR and
UV fixed points of the Bl-thoery, respectively.
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