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ABSTRACT: Dressed states were proposed to define the infrared (IR) finite S-matrix in
QED or gravity. We show that the original Kulish-Faddeev dressed states are not enough
to cure the IR divergences. To illustrate this problem, we consider QED with background
currents (Wilson lines). This theory is exactly solvable but shares the same IR problems
as the full QED. We show that naive asymptotic states lead to IR divergences in the
S-matrix and are also inconsistent with the asymptotic symmetry, even if we add the
original Kulish-Faddeev dressing operators. We then propose new dressed states which
are consistent with the asymptotic symmetry. We show that the S-matrix for the dressed
states is IR finite. We finally conclude that appropriate dressed asymptotic states define
the IR finite S-matrix in the full QED.
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1 Introduction

S-matrix is the central object for scattering physics in quantum field theories. However,
the conventional S-matrix is not well-defined for some theories involving massless particles
because of infrared (IR) divergences. A famous example of such theories is quantum electro-
dynamics (QED) in 4-dimensional Minkowski spacetime. When we compute the S-matrix
perturbatively, the contributions from low-energy virtual photons cause divergences of loop
diagrams. Because the infrared divergences cannot be eliminated by any renormalization
procedure, the S-matrix is not a well-defined object at any order of perturbation (except
for the tree level). The resummation of all orders of the IR divergent terms gives exponen-
tially suppressed factors to S-matrix elements for any nontrivial processes, and makes the
S-matrix trivial [1-4].

The traditional prescription for avoiding the infrared problem is to calculate the inclu-
sive cross-sections [5]. In this prescription, we compute the sum of the cross-sections for all



processes including possible emissions of real soft bosons (photons, gravitons) that are phys-
ically indistinguishable. As is well known, the inclusive cross-sections are IR finite. The IR
divergences caused by virtual soft bosons are canceled out by those arising from emissions
of real soft bosons. However, the S-matrix itself remains ill-defined in this prescription.

An alternative approach is to directly construct the well-defined S-matrix without IR
divergences by using more appropriate asymptotic states instead of Fock states [6-13]. In
conventional computations of S-matrix, it is usually assumed that the asymptotic states for
charged particles obey free dynamics although massless bosons mediate infinitely long-range
interactions. The key idea of the alternative approach is to use appropriate asymptotic
states incorporating the effect of long-range interactions to compute the S-matrix.

A candidate for such asymptotic states was first proposed in QED by Chung [6]. The
states are dressed by an infinite number of coherent soft photons, which are sometimes
referred to as dress or cloud of soft photons. It was shown that the naive S-matrix for the
dressed states is infrared finite to all orders perturbatively [6]. Kulish and Faddeev derived
other similar dressed states by solving the asymptotic dynamics of QED [12]. Analogous
dressed states for perturbative gravity were also obtained by [14]. It is also known that
the Kulish-Faddeev (KF) dressed states can be obtained by solving the gauge invariant
(BRST) condition in asymptotic regions [15].1

Although the dressed states were proposed many years ago, they have been recently
reinvestigated in the connection to the asymptotic symmetry (see, e.g., [15-26]). The
asymptotic symmetry in QED is a part of large U(1) gauge transformations. It is a physical
symmetry in the sense that the conservation law of the Noether charge associated with the
symmetry leads to a nontrivial constraint. It was pointed out in [18] that the vanishing
of S-matrix elements in the conventional computations is consistent with the asymptotic
symmetry of QED. Initial and final Fock states used in the conventional computations
generally belong to different sectors of the asymptotic symmetry. Therefore, the amplitude
between them should vanish since otherwise it breaks the conservation law. Thus it was
argued that dressed states are needed in order to obtain non-vanishing amplitudes [18].

Let us mention a slight but important difference between Chung’s dressed states that
are a candidate for the well-defined S-matrix and the KF dressed states that are naturally
appeared by solving the dynamics of QED. The difference is the existence of the oscillating
phase factors taking the form of exp (ii%t) in KF dresses (see (2.27), (2.28)). Here
p" = (Ep,p) is a four momentum of an (anti)electron, k# is that of a photon, and ¢ is the
time when the initial or final state of the scattering is defined. We will take the limit as
t — 400 at the end of the calculation. The phase factors naturally appear in the dress
by solving the asymptotic dynamics in QED [12] or by requiring the gauge invariance [15].
In [12] and the literature, the phase factors are set to one by adopting the approximation:

exp (:I:ipékt> ~1 (1.1)

P

n [12], the dressed states derived by solving the infrared dynamics are modified by introducing an
artificial null vector ¢, in order to resolve the problem that the dressed states do not satisfy the conventional
Gupta-Bleuler condition (k*a, (k) [) = 0). In [15], it is shown that the condition is not adequate for dressed
states and also shown that the unmodified KF dressed states are gauge invariant without introducing the
vector c,. In this paper, KF dressed states mean the unmodified states.



for“small” k. If we use this approximation, the KF dressed states become almost identical
to Chung’s ones. However, the approximation (1.1) is valid only for the parameter region

p-k

Ep

1
< M . (1.2)

When we take the limit ¢ — 400, this parameter region disappear. Therefore the approx-
imation (1.1) is not justified in this limit.

In this paper, we propose new gauge invariant dressed states which are consistent with
the asymptotic symmetry in QED, and show that the S-matrix for the dressed states is
IR finite. If we remember the derivation of the soft photon theorems [2] or evaluation of
IR divergences in the loop diagrams in QED, the leading divergences are caused by soft
photons interacting with on-shell charged particles. This fact suggests that we can replace
the charged current by a background current of point-particles if we focus just on the IR
problem. Thus we first consider QED with the background current. In other words, we
consider the Maxwell theory with background Wilson lines, which is exactly solvable but
shares the same IR problems as the full QED. The dynamics of this theory is actually
identical to the “asymptotic dynamics” considered by Kulish and Faddeev [12]. We see in
the model that usual Fock states lead to IR divergences in the S-matrix. In addition, the
original KF dressed states cannot remove the IR divergences, and are also inconsistent with
the asymptotic symmetry. The consistency with the asymptotic symmetry implies that we
should introduce an additional dressing factor. We confirm that we can use Chung’s dress-
ing factor as the additional one. After all, we have to use simultaneously both of Chung’s
dressing factor and KF’s one. We then show that the S-matrix for the new dressed states
is IR finite. We finally argue that we can apply the new dressed states to the full QED,
and conclude that appropriate dressed asymptotic states define the IR finite S-matrix.

The rest of this paper is structured as follows. In section 2, we resolve the IR problem in
QED with a fixed current of point-particles which we call the background current model.
We first explain the model in section 2.1 and construct the S-matrix in the model in
section 2.2. In section 2.3, we see that the same IR divergences as QED appear in the
model, and also that the IR divergences cannot be eliminated even if we add the KF
dressing operators to initial and finial states. In section 2.4, we obtain physically allowed
dressed states by solving the gauge invariant condition. In section 2.5, we express that
the asymptotic symmetry requires an additional dressing factor other than KF’s factor.
We find that the additional factor can be Chung’s one. In subsection 2.5.1, we present the
expressions of charges associated with asymptotic symmetry at asymptotic regions and also
comment on their conservation laws. Section 2.6 shows that the S-matrix for new dressed
states has no IR divergences. In section 3, the implications for the full QED are discussed.
Section 4 contains our conclusion and discussions about future directions. Appendix B
shows the basic results of BRST quantization of our model. Appendix C contains the
derivation of charges of asymptotic symmetry in our model. Appendix D shows that the
Liénard-Wiechert potential does not contribute to the charge of asymptotic symmetry in
the asymptotic limit. Appendix E shows that the current can be approximated by the
point-particles current at asymptotic region in QED.



Figure 1. The trajectories of charged particles corresponding to (2.2).

2 Resolution of IR problem in background current model of QED

In this section, we consider QED with a fixed current of point-particles. We call this theory
the background current model. This model shares the same IR problem as the full QED,
and we see how dressed states resolve it.

2.1 QED with a fixed current

The IR problem in QED is universal in the sense that the detailed information of scatterings
is not important. More concretely, the IR divergences of S-matrix elements depend only on
charges and momenta of the initial and the final states of charged particles. It is expected
that the detailed dynamics of charged particles are not so relevant to understand the IR
structure. It leads us to consider QED with a fixed current as

1 L
L= —ZFWF” + jgpA#, (2.1)
where
. enlh 3,5 o enlh 3,»
]pup(‘/n) = @(_t) Z Ei 63(1' - pnt/En) + @(t) Z Ei 53(1‘ - pnt/En)' (2'2)
nel n nekFr n

This current jf, corresponds to uniformly moving charged point-particles. Initially the
charged particles have momenta {p, },er, then scatter instantaneously at t = 0, and finally
have momenta {p, tner (see figure 1). Here, I and F denotes initial and final.

We represent the mass of each particle as m, where p? = —E2 +p2 = —m2. We
suppose that the total charge is conserved; ) c;e, = >, cpen. It ensures the current
conservation d,jf, = 0. The trajectories of charged particles in eq. (2.2) mean that we
have cusped Wilson lines with the cusp at the origin x = 0. It implies that this theory can
be a good approximation of the full QED when the charged particles are very massive, and
shares the same IR structures with the full QED. In fact, we will see that the naive S-

matrix in the theory (2.1) has the same IR divergences as in the full QED for the scatterings



of charged particles {p,, }ner — {Pn}ner and hard photons. Therefore, this theory is a good
toy model to understand the IR problems in QED. Note that the term j§ A, in eq. (2.1) is
actually nothing but the “asymptotic interaction” considered by Kulish and Faddeev in [12].

Before proceeding, we briefly comment on the classical counterpart of this theory. The
theory (2.1) is the free Maxwell theory with a fixed source. In the Lorenz gauge, the general
solutions of the classical equation of motion, A" = —j, are given by

AP(z) = AP (2) + / a2’ Gz, o)t ('), (2.3)

where Al is an initial configuration satisfying OAL = 0, and G(z,2') is the retarded
Green’s function. The second term does not depends on the initial field AL . In this sense,
the scattering of electromagnetic waves is trivial in this simplified situation. We will see the
same result in the quantum case. In the case, the effect of the second term is realized as a
dressing operator (which is a displacement operator creating a coherent state of photons).
Except for this dressing effect, the scattering of photons should be trivial. It means that
for appropriate dressed asymptotic states the S-matrix of the photon sector is trivial in
this simple toy model (2.1).

2.2 Dyson’s S-matrix

We consider the time-evolution for the theory (2.1). In the Feynman gauge, the Hamilto-
nian in the Schrédinger picture? is given by?

H(t) = Ho + V3(1) (2.4)
where

Hy — /d%; BHiH“S 1+ (BII) A™ 4+ (9,IT%) A% + iFij"jS , (2.5)

V() = — /d?’:cjgp(t, ) A%(), (2.6)

and II, are the conjugate momenta of A* satisfying the commutation relation
[A},(T), I5,(7)] = inwé‘g’(f - 7). (2.7)

Note that the Hamiltonian has an explicit time-dependence, even in the Schrodinger pic-
ture, through the classical background current.

Introducing the annihilation and creation operators of photons with the commutation
relation

— —

la,(E), af, (K] = (2w) i (2m)38% (k — k), (2.8)

2The superscript “s” denotes the Schrédinger picture. We also use the superscript “I” for the interaction
picture.
3See section 2 in [15] for more details.



we can write the fields A*, IT* as
A (®) = / a3k [au(/z)e*l’wts“’z'f + aL(E)eiwts*i’?f] : (2.9)
I5/(Z) = —i / @Bk [ ay (F)e™ i HRT — gl (F)eiets =] (2.10)
I (%) = —i / Bk | (kiao(F) +wai(E))6_i“ts+ik'f— (kiad (F) + wal (K))e ms—“?f], (2.11)
where

/d3k = /dgéw) (2.12)

is the Lorentz invariant measure and t; is an arbitrary time that defines operators in the
Schrodinger picture. The free Hamiltonian is given by (up to the zero point energy)

Hy = / Bl w al, (F)a" (¥), (2.13)
and the interaction is
/ &k [, (R)jtly (£, —F)e % + al (R)jts (8, et ] (2.14)
where
Gt ) = /d%;e*“?'fjgp(t,f). (2.15)

The time-evolution operator in the Schrédinger picture is given by

! dtHS(t)) , (2.16)

[2)

U(t1,t2) = Texp (—z

where T represents the time-ordering. What we want to compute is the amplitude de-
fined as

Sa,p = [faltp)| Uty t:) [B(t:))s (2.17)

for scattering states |a(ty)), and |B(t;)),.
We also introduce the free time-evolution operator as

Up(tr, to) = e~ Holti=ta), (2.18)

The time-evolution operator (2.16) is the same as that for the “asymptotic interaction”
in [12] and can be computed easily as follows (see also [15]). Using the Mgller operator
defined by

Qt) :==Ults, t)Up(t, ts), (2.19)
we can write the operator (2.16) as

Uty ti) = Uplts, ts)QN (¢ )t Uo(ts, ti) := Up(t s, ts)So(t s, t:)Uolts, ti), (2.20)



where So(ts,t;) := QT (¢£)2(t;) is the usual (finite time) S-matrix operator in the interaction
picture. It can be expressed by the Dyson series as

So(ts,ti) = Texp (—i/:f dt Vf(t)) , (2.21)

k3

where V7 is the interaction term in the interaction picture

V) = Up(t,ts) V() Uo(t, ts) = — / a3k [aM(E) G (8, —k)e™ !+ al (k)78 (¢, E)eiwt} .

(2.22)
Since V7 is linear in a* or a*f, the commutator [V (¢;), V! (t2)] is a c-number function as
VIt), V(L) = —2i / Bl gt (t, —K) G4 (b, k) sinfw(ty — b)) (2.23)

We can simplify the time-ordering in (2.21) as

. —i [ I
Solty, ) = et/ VIO, (2.24)
where
it h I 1

Bty ;) == 5/,: dtl/t dto [V (1), V! (£2)] (2.25)

which takes a real value because [V (t;), V! (t3)] is pure imaginary as (2.23). Thus, e!®(ts:t)
is just an oscillating factor with phase ®(t¢,t;). See (A.2) and (A.3) in appendix A for the
concrete expression of the phase ®(ty,t;). The expression (2.24) is a general formula which
holds for any background current. Using the explicit form of j£, in (2.2), we obtain*

ty
—i i dtVI(t) = Rout(tf) — Rout(0) + Rin(0) — Rin(t;) (2.26)
with
. o o pn- . pn-
Rouwt(t) == ) /dBk ;nzj [au(k)esz"kt - al(k)e_l%"kt} ; (2.27)
neF n
_ i o pn- o
Rin(t) = /d3k ;nrl; [au(k)elpb“nkt — aL(k)e_ZpEnkt] . (2.28)
nel n

Note that Rout and Rj, are anti-Hermitian operators, and thus effeut and effin are unitary
operators.
In short, the time-evolution operator (2.16) can be written as

Uty ti) = Up(ty, ts)e Ut eRounltr) +AR=Ru(t (¢t (2.29)
where
AR := Rin(0) — Rout(0). (2.30)
Using the expression (2.29), we can write the S-matrix in (2.17) as
Sap = ei®(tyiti) Halty)] Rout (tf)+AR—Rin(t:) 1B(t:); (2.31)

where we have written the states in the interaction picture by using |a(t)) ;:= Up(ts,t)|a(t)),.

4In this paper, we assume ty >0 and t; <O0.



2.3 Naive IR divergences

Here we see that IR divergences generally appear in the transition amplitude (2.31) unless
we prepare appropriate states |a) , |3).

First, the phase ® in (2.25) has terms which diverge in the limit ¢; - —oo,ty — 0o as
explained in appendix A. The divergent part is given by (A.4). The divergence does not
so matter because such a divergent phase can be eliminated by simultaneously redefining
the basis states. (See appendix A for more concrete discussion.)

Next, we consider the operator effout(tr)+AR=Fin(ti) in (2.31). This is a displacement
operator of photons because Royt and Rjy, are anti-Hermitian and linear in a,, or aL as (2.27)
and (2.28). In general a displacement operator

D = exp ( / P [0* (R)a,(F) - cu*(E)aL(E)D (2.32)
can be rewritten into the normal ordering as
D= eféfﬁcu( )Ci (F) ffd3kC“*(k fd%C’“( (k) (2.33)

The first factor may have IR divergences. These divergences are real numbers unlike the
divergence in the phase i®.
For example, the transition amplitude between the Fock vacuum for the operator e®

is given by

<0‘6AR’0> <O’ *Rout( +Rm ’0)

* P/
= exp (_ Z MnMn! €n €y’ /d3k W) s (234)

n,n’

where 7, = —1 for incoming particles (n € I) and 1, = 1 for outgoing particles (n € F).
This integral is IR divergent and in fact is the same as that appearing in the S-matrix
element for the process {pn}ner — {Pn}ner in the full QED (see, e.g., [3]). As explained
in [3], if we introduce the cutoff in the k-integral as A < |k| < A, (2.34) depends on the
cutoff as

exp (— > il enepr /d3k M) x (/i)A (2.35)

n,n’

where A is a positive constant for any nontrivial scattering process [3, 4]. The limit A — 0
makes the amplitude vanish.

Because the first factor in (2.33) is independent of photon states, we always have the

A
vanishing factor (%) in any transition amplitudes unless states have something cancelling

AR |~y) between arbitrary Fock states of hard photons

it. Thus, transition amplitudes (71| e
|71,2) vanish in the limit A — 0. This is not the case for dressed states including soft
photons as we will see in section 2.6.

The result that there is no transition between Fock states is actually the conservation

law of the asymptotic symmetry in QED as pointed out in [18]. In a scattering process,



the asymptotic symmetry requires that the initial and final states belong to different soft-
charge sectors.” Since the Fock states belong to the same sector, the transition between
them are not allowed. It means that we have to dress the initial or final states so that
it is consistent with the asymptotic symmetry. We will show this in section 2.5 for the
background current model (2.1).

Rout (tf)+AR—Rin(t:) for

In the above discussions, we have ignored Rou(t¢) and Rin(t;) in e
simplicity. One might think that these extra operators cancel the IR divergences in (2.34).

Such cancellation does not occur. In [12] and the literature, it is discussed that the os-

.pn-k
cillating factors Bt in (2.27) and (2.28) can be set to 1 because we consider the IR
region |E] < 1. If this is correct, we have Rou(tf) ~ Rout(0) and Rou(t;) ~ Rin(0), and

Rout (tf))-i-AR—R

there is no IR divergence in e in(t) hecause

eRout(tf)‘i‘AR*Rin(ti) — eRout(tf)fRout(0)+Rin(0)7Rin(ti) ~ 60 i (236)

However, we cannot use this approximation because it is only valid for the parameter
M‘ < |2
E, t

eral, effeut(tr)=Rin(ti) produces IR divergences oscillating with ¢ > t; which are not the same

region, , and this region vanishes when we take the limit ¢ — +o00. In gen-

as (2.34). Nevertheless, we do not need to worry much about these divergences from
Roui(ty) and Riy(t;). As we will see in next section, the gauge invariance requires the
asymptotic states have the dressing factors e Bout(ty) eFin(ti) which almost cancel Roys (ty)
and Ri,(t;) coming from the time-evolution operator (2.29). After this cancellation, we still
have the IR divergence given by (2.34).° This is the reason why we need other dressings

in addition to e Fout(ty)  Rin(ti),

2.4 (Gauge invariant states are dressed states

The initial and final states should be physical states. In the BRST formalism, the physical
state condition is given by the BRST closed condition [28],

@prsr [phys) = 0. (2.37)

It was shown in [15] that the physical states cannot be the Fock states if there are in-
teractions. This fact just represents that Coulomb-like fields must exist around charged
particles. This fact also holds in the background current model (2.1). The discussion is
slightly different from the full QED because of the explicit time-dependence of the back-
ground current. Thus, we briefly review the analysis of the physical state condition (2.37)
in [15] for the background current model (2.1).

The BRST charge in the Schrodinger picture is given by

Qbsr(t) = = [ ¥k [eR) R al () + =0 (1, ~B)} + f (B) k0, () + € 5, (1, F)}]
(2.38)

5More precisely, the initial and final states must have the same asymptotic charge Qus = Qsofs + Qhard-
The hard charge Qnara generally changes in the scattering, and thus the soft charge Qsost also has to change.

5Some problems on the Kulish-Faddeev dressed sates are also discussed for a massless Yukawa model
in [27].



where C(E), cT(E) are annihilation and creation operators of the ghost field. We summarize
the BRST formalism in appendix B.

The physical Hilbert space is given by the BRST cohomology of this BRST charge.
However, there is a tricky point because the BRST charge (2.38) does not commute with
the Hamiltonian unlike the full QED case (see appendix B). Thus, one might worry that
the BRST closed condition is not consistent with the time-evolution. This is not the case.
The BRST charge (2.38) has an explicit time-dependence through the background current
Jhps and it helps the consistency. One can show (see appendix B for the proof) that if a
state |(t)), is a BRST closed state at time t as Qjrgr(t) [¥(t)), = 0, the time-evolved
state U(t',t) [1(t)), is also a BRST closed state at time ¢’ as QErgr(t)U(H, 1) [(¢)), = 0.

We now solve the BRST closed condition Q%rer(t) [¢(t)), = 0. We restrict states to
the ghost vacuum as c(k) [¢(t)) s = 0 since the ghost is decoupled from the dynamics of
gauge fields. The condition Qjrgr(t) [¢(t)), = 0 then becomes

[ita, (k) + €S, (6, B)] (1)), = 0 (2:39)

for any k. The key point is that this condition is different from the conventional Gupta-
Bleuler condition k“aM(E) [(t))s = 0. The form of (2.39) means that physical states are
coherent states. Non-zero charges must be surrounded by an infinite number of (longitudi-
nal) photons, namely Liénard-Wiechert potential. In this sense, the states are not elements
of the Fock space where the number of photons is finite.

In the interaction picture, the condition (2.39) is written as

[Eap (k) + 50, (£ F)] [(®); = 0. (2.40)
The explicit form of the background current (2.2) means
. ok Gk
It F) =O(=) Y ene B+ O(1) Y ene B (241)
nel neF

Using this, we can solve (2.40) as’

R ) (¢ < 0)
() = {eRout(t) W(;o (t>0)"’

where |1)), are arbitrary states satisfying the conventional Gupta-Bleuler condition
k:“au(lg) [Y), = 0, and Roy and Rj, are given in (2.27), (2.28). These Rou and Riy
are nothing but the Kulish-Faddeev dressing operators [12]. As mentioned above, the

(2.42)

condition (2.39) is Gauss’s law. The dressing factors in (2.42) actually correspond to the
Liénard-Wiechert potential [15, 29].

An important remark is that the states [1)) in (2.42) are not necessarily the Fock states.
), also can be dressed states if they satisfy the condition k“a“(E) |¥)y = 0. In this sense,
the dressing factors are not uniquely fixed by Gauss’s law condition (2.40). It was argued
in [15] that this freedom of the dressing factors is important in the conservation law of
asymptotic symmetry. We will see that we need dressing factors other than Roy(t), Rin(t)
to have IR finite S-matrix elements.

"We suppose ©(0) = 1/2. It implies that [1(t = 0)), = e2 (Rin (0)+Rout (0)) [4) -
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2.5 Asymptotic symmetry requires a new dress

Gauge theories on manifolds with asymptotic boundaries generally have asymptotic sym-
metries. For QED on 4d Minkowski space, the asymptotic symmetry consists of large U(1)
gauge transformations [30-32]. Although the asymptotic symmetry is a part of local U(1)
symmetry, it is not a gauge redundancy.® In general, a physical symmetry leads to a con-
servation law. For example, total electric charges must conserve in any scattering process.
This is the global U(1) charge conservation. Similarly, we have an infinite number of con-
servation laws associated with a part of large U(1) gauge transformations. The relation
between the asymptotic symmetry and dressed states was discussed, e.g., in [15-18, 21].
In [15], it was argued that the Kulish-Faddeev dressing operator is not enough to realize
the conservation laws of the asymptotic symmetry. In this section we will see that the
asymptotic symmetry requires additional dressing factors in order to have non-vanishing
S-matrix elements.

The background current model (2.1) with the Feynman gauge is invariant under the
residual gauge symmetry A,, — A, +0,€ where the gauge parameter € satisfies e = 0. The
asymptotic symmetry is then given by these transformations such that the parameters €(x)
are O(1) at the asymptotic boundary. We can reach the future null infinity .#* by taking
t,r — +oo with the retarded time v =t — r fixed. .# T is parameterized by u and angular
coordinates Q4 (A = 1,2). By solving (e = 0 near the future null infinity .#*, we can find
that the asymptotic behavior of €(z) at .# 7 is given by an arbitrary function of the angular
coordinates €(9)(Q). If we specify this boundary behavior €(?) (), the bulk parameter €(x)
is fixed up to an addition of “small” gauge parameter which is a gauge redundancy. Thus,
the asymptotic symmetry is an infinite dimensional symmetry parameterized by functions
€ () on the unit two-sphere. The expression of €(x) as a functional of €(9)(Q) is given
by (C.1) in appendix C.

In the Schrédinger picture, the Noether charge for the gauge transformation is given by
°.lel = /dSSU {—Hosﬁoe — 1T ;e +jgpe} . (2.43)

Note that, in order to match the convention with that in the full QED, we have added the
last term jgpe, which is a trivial operator (c-number) because j£, is a classical background
current. If ¢ vanishes at the asymptotic boundary, the charge (2.43) is BRST exact? and
does not play any role on the physical Hilbert space. It just means that Q% [e] for a “small”
gauge parameter € generates a gauge redundancy which is not physical symmetry. If € is
a “large” gauge parameter as discussed above, @ ,[e] is a charge for the asymptotic sym-
metry, which we call the asymptotic charge. It can act nontrivially on the physical Hilbert

space unlike small gauge charges. We can classify physical states by the values of the

S

asymptotic charges because Q)5 [e] are commutative [QS[e], Q%

with the BRST charge [Q%[€], Qirgr(t)] = 0.

[€']] = 0 and also commute

8See [33] for an explanation in the BRST formalism.
This charge can be written as Q5[e] = — [d*z 9 (II"°¢) + {Q%Rsp JdPx(—&Boe + iﬂ?c)e)} where ¢*, 7,
are ghost operators (see appendix B).
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We now consider a time-evolution of an initial state |5(¢;)),, which is converted to
the interaction picture as |3(t;)), = Uo(ti,ts) |B(ti)); where |5(t;)); should be dressed

as eftn(t) |3), (see (2.42)). For simplicity, we assume that |3(t;)); is an eigenstate of

I
as

of QL [e(t;)] and the dressing factor Ri,(t;) is a c-number. Supposing that the eigenvalue
for |3), is Qgle(ti)], we have

LI 18(1)); = (1QLlet)]. Rin(t:)] + Qale()]) [8(t2)); (2.44)

We can also find that a time-evolved state |3(tf)); is an eigenstate of QZ,[e(t;)] (not
I [e(ty)]) as follows. From (2.29), |B(ts)); can be written as

B(t1)); = U Lty to)U (g, 1) |B(ta)), = eCreR [5(1)) (2.45)

[e(;)].1° It means that |3), is also an eigenstate of QZ,[e(t;)] because the commutator

where
R = Rou(ts) + AR — Rin(t;). (2.46)
Using the expression, we obtain
ulet] 1B(t5))y = P DQLLteR 1k},
= e/®ltrt) ([ : [e(t-)LeR] + QL Le(t:)]) 18(8),
([@s + [QL[e(t)], Rin(t)] + Qale(t)]) 18(tp)),»  (247)

where we have used the fact that [QL [e(t;)], R] is a c-number and eq. (2.44) in the third
equality. Putting (2.46) into (2.47), we obtain

QLI 18(t1); = ([QL[e(t)], Rous(ty)] + AQ + Qale(ti)] ) 1B(t)),,  (2.48)

where
AQ = [ és[e(ti)]’AR]' (249)

Therefore, |3(ty)), is the eigenstate of QZ,[e(t;)] with the eigenvalue [QZ [€(t;)], Rout (tf)] +
AQ + Qple(t;)]. This is an important result for finding the appropriate asymptotic state
for the following reason.

The amplitude in (2.17)

Sap = altp)| Uty i) [B(t:), = [(altp)B(tr)), (2.50)

vanishes unless |a(ty)), has the same eigenvalue [QL [€(t;)], Rout(t)] + AQ + Qple(t;)] of

as

I,[e(t;)] as |B(ts));- On the other hand, the gauge invariance requires that |a(tf)); be

as
dressed as |a(ty)), = eftoutlts) |a) . It means that, in order to have a non-zero amplitude

Sa,8, the state |a), must satisfy the following eigenstate equation:

Qusle(t)] [a)y = (AQ + Qple(t:)]) |a) - (2.51)

10General states can be obtained by the superposition of the eigenstates.
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Here let us represent the Hilbert space satisfying the conventional Gupta-Bleuler condition
by HY,

) € H® < k'a,(k)|¢) =0 for any k*, (2.52)

and the subspace by HOQ where the eigenvalue of QI [e(t;)] is Q[e(t;)]. Then the above
says that |a), and |3), need to belong to different sectors with respect to the asymptotic

charges QI [e(t;)] as
18)o € ng = la)g € HOQ+AQv (2.53)

in order to have the non-zero matrix element S, 3. We need a dressing factor associated
to the shift AQ in |«),. This transition can be realized by adding the transverse part of
the dressing operator AR as follows.

We first introduce our notation of the polarization vectors. We represent two transverse
polarization vectors by effl(l%) = (0,&4(k)) (A = 1,2) where &4 depends only on the direction
of photon momentum k and satisfies k - € A(/Ac) = 0. Here, we take a real basis such that
ey = ej*. We also represent the inner product of two polarization vectors by 77£B as
UZ;B(/%) = nﬂyei(l%)e%(l%). This matrix 7} 5 must be invertible so that the two polarization
vectors are independent. We have the completeness relation

KPR + kREY

MV_ABM]% ]%_
7 nr” €y (k)ep(k) 5

(2.54)
where 748 is the inverse matrix of 05 as 74PnL, = 64, and k* is the spatially reflected
vector of k* as kH = (w, —k) for k* = (w, k). Then, we can decompose the dressing operator
AR into the transverse and longitudinal parts as

AR = —Rou(0) + Rin(0) = ARy + ARy, (2.55)
with
ARy = — / B A8 (k) ”e"ﬁ” ZA(]“) [en(k) - a(k) — en(k) - ol (B)] (2.56)

AR, :Z/ﬁnnen {;;.a(;g)_;;.at(g)} +Z/d3kW [k.a(E)—k-aT(E)]

2w?

—Z/d knne”pn' k- a(k) — k- al (F)] (2.57)

where we have used the total electric charge conservation ), nne, = 0. One can easily
show that the longitudinal part ARy commutes with Hlﬂ. It means that AR, commutes

with the asymptotic charges Q! [¢] = [d3x (—HOI doe — T e + jgpe). Thus, the shift of
the asymptotic charges AQ = [Q [e(t;)], AR], which appeared in (2.51), can be written as

AQ = [Qqs[e(t:)), ARx). (2.58)
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It shows that the dressing factor e2F7 shifts the asymptotic charges by AQ. If a state 1)
satisfies the conventional Gupta-Bleuler condition, the dressed state e2Fr 1), also does,
because ARp consists only of transverse components. Therefore, the transition from ’HOQ

to ’HOQ +AQ can be implemented by the dressing factor e as

%OQJFAQ = eARTH%. (259)

Note that each term in the sum in ARy is the same as Chung’s dressing operator which
is acted on each charged particle to cancel IR divergences in [6]. We will see in section 2.6
that this additional factor e2f7 makes the S-matrix IR finite.

2.5.1 Asymptotic charge conservation

In this subsection, we comment on the conservation law of the asymptotic symmetry.!!

We have shown that |a), and |3), belong to different sectors with respect to the
asymptotic charges QX [e(t;)] as (2.53). The point is that we considered QI [e(t;)], not
QL [e(ts)], even for the final state |a),. It is difficult to find the relation between Q2 [e(t;)]
and QZ,[e(ty)] for finite ¢; and ¢;. However, a simplification occurs in the asymptotic limit
ty — 00,t; = —oo. We will show that, if the initial state |3), is an eigenstate of the past
charge lim¢, ,— o QI [€(t;)] with the eigenvalue Q[¢(?)], the final state |a), is an eigenstate
of the future charge limy, o QL le(t)] with the same eigenvalue Q[¢(”)] in order to have
the nonzero amplitude (a(ty)| U(ty,t;)|B(t:)),.

We first consider the asymptotic limits of the asymptotic charge, lim;_,+. QZL,[€(?)].
The gauge parameter e(x) approaches a function on the celestial sphere, e(o)(Q), near the
future null infinity .#*. As will be shown in appendix C, the limits of the asymptotic
charge can be computed as

Qud 1] =, lim _ Q7 [e(t)] = Qifarale®] + Quore[e”)],

t;——o0
Qi) = lim  Qhle(ts)] = QRtale®) + Quorele ), (2.60)

f oo

where
. 2.0)(Q
out /iny_(0) — / QQ EnMmy€ ( ) 261
hard €] neFZ/I TN Bt 2@ 200
Quon 0] = 8i lim o / PP 0,306 [as(w) + a ()] (2.62)
T w

The hard charges Qﬁgém are c-numbers which agree with those computed in the classical
case in [33]. Qsoft is an operator acting on the soft photon sector.
In the asymptotic limit, AQ appeared in (2.51) is also simplified as
lim AQ = [Qsof, AR] = —Qfita + Qllura- (2.63)

ti——o00

We suppose that the initial state |3), is an eigenstate of Q;/[e”)] with the eigen-
value Q[e(?)]. Then, as shown by eq. (2.51), in order to have the nonzero amplitude

"1You may skip this part if you would like to see soon the IR finiteness of the S-matrix.
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s{a(oo )‘ U (00, —00) | f(—00)),, the final state |a), must be the eigenstate of the past charge
Q1 [€9] with the eigenvalue

QU+, lim AQ = Q"] - QR + Qe (2.64)

Combining this equation and eq. (2.60), we find that |«), is the eigenstate of the future
charge QH/[¢9] with the eigenvalue Q[e()].

The above properties of the eigenvalues of the asymptotic charges mean the asymptotic
charge conservation, that is, the equation

1{@(00)] Q11150 (00, —00) |B(—00)) ; = 1{a(00)| So(00, —00) Ry [¢)] |B(—00))
(2.65)

holds if the amplitude ;(c(00)| Sp(00,—00)|B3(—00)); is nonzero. Since |B(t;)); = efnt)|B) .
the initial state |3(t;)); is the eigenstate of QZ,[e(¢;)] with the eigenvalue

Qle(t)] + [Qasle(ti)], Rin(t:)] (2.66)

if |3), has the eigenvalue Q[e(t;)]. The commutator [QL,[e(t;)], Rin(t:)] is computed as

as

(QAulelto)) inlt)] = X [0 (10,7 pn) (1, D), (2.6
nel

where F&W(x; pr) represents the classical Coulomb field for the Liénard-Wiechert potential
of a uniformly moving charged particle with momentum p;,,

FEW (2:p,) = Zen/d3k Enki = ppiw (elk (H - ) - elg(f%J) . (2.68)

pn'kj

The charge (2.67) represent the contribution of the Coulomb field to the asymptotic charge.
It vanishes at asymptotic infinities because the Coulomb field falls off at asymptotic infinity
(see appendix D for more detailed analysis.). Thus, |#(—00)); has the same eigenvalue of
Q:11e®] as |B),. Similarly, |a(c0)); has the same eigenvalue of Q#I[e®)] as |a),. Since the
eigenvalue of QF/[e)] for |a), agrees with that of Q] [¢(?)] for |3), as shown above, we
obtain the asymptotic conservation law (2.65). This conservation law can be symbolically
written as

Qsoft + Qhard - Qsoft + Qi}f;rd‘ (269)

This is the quantum analog of the electromagnetic memory effect [33-35] (see also section 4
n [15]).
2.6 IR finiteness of dressed S-matrix

We now reconsider the transition amplitude S, 5 in (2.17) and see that there is no IR
divergences for appropriate dressed states. As shown in section 2.4, the gauge invariance
requires that the initial and final states be dressed states. In the interaction picture, the
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initial states |3(t;)); are dressed as |B(t;)); = efin() |3) . The state |3), is an element of
H° subject to the conventional Gupta-Bleuler condition k”au(g) |8)o = 0. The space H°
can be classified by the eigenvalues of the asymptotic charges QI [e(t;)] as HO = EBQHO
We focus on the case where the state |3), has a definite eigenvalue @, i.e. |8), € HQ, since
arbitrary states in H° can be written as superposition of eigenstates of QL [e(t;)]. As we
showed in section 2.5, the final state has to have an additional dressing factor to realize
the shift of the asymptotic charges. We dress the final state as

a(ty); ARr), efout(ty) ART ) with  |a), € HY, 2.70
) 0 Q

where we write ARy in the ket to stress that the dressing is different from [3(¢;)); by the
additional dressing factor e2%7 12 Then, the amplitude Sa,p turns out to be diagonal as

Sap = Slalty); ARp| Ulty, t:) |B(t:)),
:eiq)(tf,ti) 0<Oé‘ ART@ Rout(tf) Rout(tf)-i-AR Rm Rm ’/8>

— e@(tf,ti)e—%[Rout(tf)—Rin(ti),AR]+§[Rout(tf),Rin(ti 0<O" eARL |5>0

a8 (2.71)

where the phase ® is a c-number defined by

_ ei&)(tf,ti)(s

1
5l
which is independent of states a, . Note that ARy, given by (2.57) contains only longitu-
dinal photons, and thus we have (a|e2Fz |B)) = (a|B)y = dup-

Combining the expression of ® given by (A.2) with (A.3), we can find that the total
phase @ is given by

iB(ty, 1) = iD(ty, t;) — %[Rout(tf) — Rin(ti), AR + = [Rout (), Rin(t:)], (2.72)

(i)(tﬁ ti) = _Hout(tf) + Hin(ti) (2.73)
where

enem Un-* Um)

Oout (L) : /d3l<: et Z /d3k sin (k- (v —vm)ts),
nel k- pn n k- Um ('Un_vm)]
n;ém
(2.74)

Z/dgk k- pn ntl+ Z /dsk enem - vm) Sin(k.(vn_vm)ti)'
n;ém

nel k- Um (Un_vm)]

(2.75)

The first terms in Oou(tr), Oin(t;) are linear of tf,t; respectively, and diverge in the
limit t; — 00,t; — —o00. Because the phases are independent of photon states, we may
also absorb the phases into the dressing factor as

|a(t); ARr), i= effontt)ARreiboults) ) (2.76)
B(t:)) = eRm( e inlts) 1) (2.77)

*Note that |a), is different from that in section 2.5 where |a); € H ag-
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Using these redefined dressed states, the S-matrix is trivial in the sense as

Sap = s(alty); AR| Uty ti) |B(t)s = olalB)g = das- (2.78)

Thus we have confirmed that the S-matrix for the dressed states is IR finite. This re-
sult shows that the S-matrix in this model is trivial except for the dressing operators
Roui(ty), Rin(ti), AR and e~ Wour(ty) ¢=0in(ti)  The first two operators Rout(ty), Rin(ts)
are necessary for Gauss’s law constraint. ARy is an operator realising the shift of the
asymptotic charges, and e~"eut(ty) ¢=in(ti) are state-independent overall phases. This is
consistent with the classical situation where the scattering of electromagnetic waves is

trivial as discussed around eq. (2.3).

3 Discussion on full QED

We have seen that there are no IR divergences in the S-matrix elements in the background
current model if we use the appropriate dressed states. We will discuss that this is true
even for the full QED.

As we saw, the naive IR divergences take the same expressions (2.34) in the background
current model and the full QED. In fact, this result is roughly the soft photon theorem as
follows. We define the classical current operator jk, as

3
ot D) = en [ty O~ P Bl (3.1
pu(5) = B, P)0n ) — (7)), (32

where b}, (and d) are creation operators of the charged particles with charge e, (and anti-
particles).!® The operator Jhp acts on the charged particle sectors as the classical current
of point particles like (2.2). In the Feynman diagrams for the full QED, the IR divergences
arise when virtual soft photons interact with the external lines. This interaction among
soft photons and the on-shell charged particles is classical in the sense that we can replace
the current operator j#* with the above classical current operator jf, as shown in the
appendix E. The proof is almost the same as that of soft photon theorem [2]. Thus, when
we evaluate IR divergences in the full QED, we can approximate the interaction A,j* by
Apjh,- This is the reason why we have the same IR divergences in the background current
model and the full QED.

Since the structure of IR divergences are the same in the both model, the divergences
in the full QED are canceled if we can use the same dressed states used in section 2.6. We
need a clarification of the usage of these dressed states because the physical state condition
is now given by

[ay (k) + €450 (¢, F)] (1)), = 0, (3.3)

13Here we omit labels for spins to simplify the expression. The normalization of the ladder operators is
the same as [15, 33]. pn represents the number density of charge e.

17 -



which is different from (2.39) in the current term. Nevertheless, we can replace jO(t, k)
by the classical current operator jgp(t, E) in the asymptotic regions ¢ ~ 4oco using the
saddle point approximation which becomes exact at t = £oo [15]. Thus, we can use as the
asymptotic states in the full QED the same dressed states used in the background current
model. Then, there are no IR divergences in the S-matrix elements for these dressed states
as we saw in the last section. Of course, the S-matrix in the full QED is non-trivial unlike
the background current model because the interaction involving hard photons is not the
same. It would be an interesting future work to compute S-matrix elements for the full
QED in our dressed state formalism.

4 Conclusion and outlook

We have shown that the Kulish-Faddeev dressed states are not enough to remove IR diver-
gences in the S-matrix of QED. Although the Kulish-Faddeev dressed states, which were
derived by solving the asymptotic dynamics in [12], are a solution of the physical state
condition (2.40) as eq. (2.42), it is able to add another dressing operator. The asymp-
totic symmetry actually requires us to add such another dressing operator at least to the
initial or final state as we saw in section 2.5. Reflecting this fact, if we use the original
Kulish-Faddeev dressed states in both of the initial and final states, we encounter the IR
divergences. In this paper, we suggest putting the additional dressing operator e*£7 in
addition to the original Kulish-Faddeev dressing operator effout(tf) to the final state.!* For
the new dressed states, IR divergences completely disappear, and the S-matrix is IR finite.

The dressing operator e*f7 is almost the same as that in Chung’s paper [6]. Chung’s
dressing is necessary to cancel IR divergences, but it is not compatible with the gauge
invariance unless we add another dressing involving longitudinal photons. Kulish and
Faddeev argued that their dressing is the same as Chung’s dressing because the difference
is just a factor like %t which becomes 1 for soft momenta k ~ 0 if ¢ is finite. However,
we cannot use this approximation because we take the limit || — oco. Therefore, Kulish-
Faddeev dressing is different from Chung’s one. After all, we need both of them to cure IR
divergences in a gauge invariant way, that is, our new dressed states are a mixture of the
Chung and Kulish-Faddeev dressed states.

Here we would like to stress that the conservation law of the asymptotic symmetry
is a necessary condition to obtain the non-vanishing S-matrix elements, but it is not the
sufficient condition. We introduced ARy to realize the shift of the soft charges like (2.51).
Just to realize this shift, we have many other possibilities. However, such dressings might
not cancel the IR divergences.

We also have a comment on the movability of the photon clouds discussed in [18, 20].
The dressing factor e2f7 which we put to the final state in this paper can be moved to the
initial state. Furthermore, we can decompose ARy into two parts, and put a part of ARy
to the final states and the rest to the initial state. Any decomposition is compatible with

1YWe also need to put some time-dependent but photon-state-independent phase factors to the initial
and final states if we want to avoid an overall phase factor which infinitely oscillates in the asymptotic limit
t; = —o0, tf — OQ.
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the gauge invariance and the asymptotic symmetry. The IR finiteness still holds, since
the decomposition changes only an overall finite phase factor of the S-matrix element.
However, we cannot move the Kulish-Faddeev dressing operators because of the gauge
invariance. The KF dressing is a realization of Gauss’s law, and we always need a cloud
of photons associated with a charged particle. Thus, a charged particle without a photon
cloud is not allowed.

We have considered uniformly moving charges as (2.2) in the classical background
model in this paper. Although this is enough to look at the leading IR behaviors of QED,
the true trajectories of particles deviate because of the interaction of them. The deviation
is proportional to log |¢| in the asymptotic region [36-38]. It is discussed in [37] that this log
behavior is related to the subleading soft factor proportional to logw where w is the energy
of a soft photon. It would be interesting to incorporate the log deviation into the classical
current (2.2), and see how the obtained dressed states are related to the subleading soft
factor and also sub-subleading factor [39].

In addition, we have assumed that the linear trajectory go through & = 0 at ¢t = 0.
We can change it so that & # 0 at ¢ = 0. In [40], it is shown for the classical case that
such a change affects the subleading behavior of the Liénard-Wiechert potential and the
subleading soft factor in Low’s subleading soft theorem [41-44] is obtained.!® Thus, if we
consider the point-particle current of the shifted trajectories, the dressed states probably
include the subleading soft factor. Low’s subleading soft factor contains the total angular
momentum of the charged particles. On the other hand, the analysis in [40] is classical,
and reproduces only the orbital angular momentum. It is unclear whether we can obtain
the spin angular momentum in our background current model. Dressed states containing
the information of this subleading factor is considered in [24].16 It is worth investigating
the dressed states from the shifted trajectories mentioned above.

It is also important to extend our dressed state formalism to non-abelian gauge theories
and gravity.
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A Concrete expression of the phase factor (2.25)
The phase given in (2.25) can be written as

; tf t1 . .
(D(tfati) = % Zenem(vn'vm) /t dtq /t dt2/d3k @(nntl)@(nmt2) (ezk-(vntl—vmtz) —(c.c)) >

(A1)

15Tow’s subleading soft factor is O(w®) and different from the subleading logw term discussed above.
Dressed states containing the subleading information are also investigated recently for general Non-
abelian gauge theories by using the worldline formalism [45].
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where vl = g—i is the relativistic velocity for the n-th particle, and 7, takes —1 for

m € I and +1 for m € F. After some straightforward calculations, we obtain the concrete
expression of the phase as

D(ty,t;) = /cﬁﬁ@(k;tf,ti), (A.2)
where
O(k;ty,t;)

= Z [ €nm(Un * Um) sin (k- (v, — vm) i) — Enem(Vn - Vm) sin (k - vmti)]

el k-vm k- (vn — ) k-vm k-v,

€n€m(vn : Um) . . .
+neFZ7:nEI kv k- v, [sm( (Untf — Umti)) —sin (k- vpty) +sin (k- v )]

enem (Un + Um) . €nem(Vn - Um) .
E — k- (v, —vm)t _ k-vmtr)|.
+nmeF[ k-’l)mk'<’l)n—’l)m)81n( v ! )f)+ k- vm k- vy sin (kv f)]

(A.3)
Part of the phase ® diverges in the limit #; — —o00,t; — oo. More concretely, the first

and fifth terms in (A.3) with n = m diverge. The divergent part can be evaluated by
decomposing ®(k) in (A.3) as (k) = CIJdiV(k) + i‘other(k) where

(I)div(k;tfati) = _Z E T b Z

(A.4)
nel (k p”) " neF k ) E

and
q’other(k‘; tf? ti)
_ Z enem (U - V) sin (k - (0n — vm) ;) — Z €nem (Un - Um) sin (k - vmt;)

mmelkmmk-(vn—vm) el k-vm kv,

n#m

+ Z W [sin (k- (vnty — vmti)) — sin (k- vpty) +sin (k- vmt;) |

neF,mel
B Z enem Up Um) Sin(k ( — U tf + Z Msm(kvmtf)
n,meF k- (Un - Um) n,meF k Um k Un
n;ém
(A.5)
Then, the integral
/Eﬁ:@div(k;tf, t;) (A.6)

is IR finite for finite t;, tf,” but it diverges in the limit ¢; — —oo,t; — oco. Thus, the phase
is an IR divergent quantity. The other part [ d3k ®otner(k;ts,t;) is finite and independent

7This phase is UV divergent, and we need a UV regularization. We do not care about UV divergences
in this paper.
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of t;,ty because the integral with respect to w is given by the following finite integral

* dw . T
/0 o sin(wa) = 5 (A.7)

which is independent of a constant a appeared in the integrand.

The divergence does not so matter because e'® is a phase factor. The divergent phase
takes the form e*9(ts—t) where ¢ is a constant independent of photon states. We may absorb
the phase by simultaneously redefining final and initial states as |a(ty)), — €9 |a(ts)),
and |B(t;)), — €% |B(t;)),. Even for the full QED case, the divergent phase would not be

important for the following reason. First the divergent phase can be decomposed as

Z‘I)dlv tyiti) — H ezcbn ty) H e —i®n(t;) (AS)
neF nel
where @, (t) = [ a3k kep:;” t. Because the phase is diagonal in the momentum space

of charged partlcles we can absorb the phase by simultaneously redefining the basis for
charged sector as e~ ®n() |p, (£.)), — |pu(ty)),, e Ents) lpn(ty)), — |pn(ty)),. Thus this
phase is not relevant for quantum interference.

B BRST formalism in the background current model

We consider the BRST formalism in the background current model where the Lagrangian
is given by

L= —ZFWF“ + A, (aﬂAﬂ)2 +i0"E,c, (B.1)

where the Nakanishi-Lautrup B field is already integrated out. The model has the following
BRST symmetry:

0A, =0,c, 6c=0, dc=1i0,A". (B.2)
We represent the conjugate momentum fields of A*, ¢, ¢ by I, 7(c), 7(c) which are defined as
Uy = =0, A", 1II; = Fo;, 7() = —i0oC, () = i0pc. (B.3)
If we quantize them, the canonical commutation relations are
(45, (@), 5] = inwd® (@ = 7). {S(@), 70y ()} = {S(@), 70y (D)} = i8> (@~ 7). (B4)
The Noether charge generating the BRST transformation (B.2) is given by
Qinsr(t) = — /d3:z: (i, TI% — 0,10 4 50, (1, 7)) (B.5)

Note that this BRST charge has an explicit time-dependence through the classical back-
ground current even in the Schrodinger picture. This BRST charge acts on the fields as

[(@BrsT: 4] = _ﬁ?c)a [@BrsT, 47 (7)) = —10;”, [Q]S_%RST?HS] =0, (B.6)
{Qbgrsr. &} =11%, {@BRrsT: ()} = —i(0i1"+j5), {Qhrsr.¢’} = {@BRrsT, ()} =0.
(B.7)
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We introduce the annihilation and creation operators as (2.9), (2.10), (2.11), and

A7) = /crli;’?c [C(E)e*iw“”%‘f—i—cT(l_c’)ei“’tS*iE'ﬂ , (B.8)
/d3]€ —zwt5+zkx ET(z)eiwts—iEf} 7 (B.g)
s (= Bk 1o i biRE ot T ite—iReE
78(E) = - /(27T)32 [a(FyeiettiFE g (fyeiets R (B.10)
3k 1 o o oo o
-S (=) __ - —iwts+ik-T T iwts—1ik-T
Tl (@) = /(27r)3 5 {c(k:)e c'(k)e ] , (B.11)

where the anti-commutation relations are

{e(k), & (K1)} = i(2w)(2m)*6% (k — ), {e(k), ¢! ()} = —i(2w)(2m)* 6% (K — ). (B.12)

Then, the BRST charge can be written as
Qbsr(t) = = [ ¥ [clR)Ral () + =% 3, (1, =)} + (B au () + 1% (8. )}
(B.13)

Unlike the full QED, this BRST charge does not commute with the Hamiltonian which
is given by

Htsot(t) = HO + Vs(t) + thost (B.14)

where Hy, V3(t) are given in (2.6), and the ghost Hamiltonian is

Han = 5 [555 [ ety — Ry (B.15)

We actually have
Qs () i (0] = i [ @k [c(R)0n (8, ~F)e™" + ()| = ~i0h Qs (D). (B16)
where we have used the current conservation 9,j4 (r) = 0 which means kijép(t,ﬁ) =

10y jgp(t, k). This non-commutativity (B.16) is due to the time-dependence of the back-
ground current jh . Nevertheless, the physical state condition Qjrgr(t)[¥(t)), = 0 is
preserved under the time-evolution. Indeed, if we have Q%rerp(t) [¢(t)), = 0, the infinites-
imally time-evolved state at ¢t + 0t satisfies the physical state condition at that time as

Qb (t + SOU (4 58, 1) [b(1)),, = 5t (BQnsr(t) — iQinsr () Havy (1)) [0(1)),
— —iStH () Qinsr (1) (1)), = 0. (B.17)

C Large gauge parameters and the asymptotic charges

We use arbitrary coordinates QA(A = 1,2) to parameterize the celestial two-sphere where
the metric components are represented by v45. The Minkowski metric is then given by
ds? = —dt? + dr? + r’y pdQdQ5.
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Using the coordinates, the large gauge parameter in the Lorenz gauge is given by
(see [31, 33])

= /d2Q’ A () G(a; e (Q), (C.1)

“w
1 zhw,

Glas &) = - (—t+ 2() - 7)2’

(C.2)

where () is a three-dimensional unit vector representing a point of the celestial sphere.
This e(t,r, Q) becomes € (Q) in the limit ¢ — 400 with w = ¢ — r fixed and similarly
6(0)(0) in the limit ¢ — —oco with v = t + r fixed, where Q represents the antipodal point
of Q on the two-sphere, i.e., (Q) = —2(1Q).

The asymptotic charge in the interaction picture is given by

= /d?’x [—HOIBOE — U9, + jgpe (C.3)

in the background current model. We now consider the asymptotic limits of this charge.
Using the above expression of ¢, we can easily find that

2 2
3x ;0 €= 2 6(0) — Enllly, EnTh
Jitee= [ i@ [@( L B @p O S B @)

(C4)
for the classical current (2.2). We define past and future “hard charges” as
2
b = &0 /7e o C.5
e ZI/ O B @) (©9)
2
enm
Qhara = /dm e ., C.6
hard - = \/> ) (_En + Py - CL‘(Q))Q ( )
and then obtain
[ 2%e = ©(-0)Qlea + O(OQ: (1)

In the asymptotic future region .#, we have (see, e.g., [46])
lim AlL(tr=1—u,Q)=—— / " do [au(wd(@)e — af (i) . (C8)
oo ) ) Sn2t 0 o n . .

From this, we can obtain (see, e.g., [33])

tlgglo /d?’asﬂil(t,f)aie(t,f) = —gi%w/dzﬁf’yABanzage( ) { (W) + a;-r(wi")}
= —Qsoft- (Cg)

Similarly, in the past limit, we have

lim /d%n“(t, 2)0se(t, 7) = —Quopr. (C.10)

t——o0
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Since TI° is the BRST exact, we can ignore the first term in (C.3) on the physical Hilbert
space. Therefore, we have

Q"] = lim Q.[d = Qsort + QRika; (C.11)
and
Qud [V := lim_Qp.[d = Quoft + Qhava- (C.12)

Note that the asymptotic charge becomes the same operator Qg in the asymptotic future
and past except for the classical hard charge parts.

D Fall-off of the Coulomb fields

In this appendix, we show that the integral (2.67),
(QUulet)], Runlti)] = X, [0 R (1 5p0) e, ) (D.1)
nel

vanishes in the limit t; — —oo. Because the asymptotic region at t; — —oo consists of the
past timelike infinity ¢~ and the past null infinity .#~, (D.1) can be decomposed as

lim QL[] Fu(t)] = QXY + QY 2)
where
QMY = /dE“,ijW e, (D.3)
nel
: Z/ Al Fl e (D.4)

nel

Above, dZ“ _ and de}, denote the directed surface elements on ¢~ and . ~, respectively.
QLW and Q % represent the contributions from the Liénard-Wiechert potential to the
hard charge and the soft charge, respectively. First, we can easily show that Q vanishes
since Coulomb fields do not reach the null infinities.'® Next, we evaluate QiL_W. To focus on
the physics at timelike infinity i+, we introduce the coordinates (7, p, QA) on 4d Minkowski
spacetime as

dp2

1,2 + p?yapdQAdOP | | (D.5)

ds® = —dr* + 7°

where 45 is a metric on S2. These coordinates can be obtained by the following coordinate
transformation from the Minkowski coordinates,

2_ 42 .2 _ r
TE=t"—1r", p= ek (D.6)

¥More concretely, Fy0ye = (9(7“3) as t — —oo with v = ¢ + r fixed.
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These coordinates are useful to study the asymptotic behaviors of fields at timelike infinity
* because T = 400 surface spanned by (p, 24) corresponds to it (e.g., see [31, 46]). The

3,2
surface element on a 7= constant hypersurface is given by dZéﬂ = o dpd%)%. In
P

these coordinates, the integral (2.67) can be expressed as

QLW_ lim Z/dpd?(z\f\ﬂ 21+ p2 FLVVa,)e+i FiVoge| . (D.7)
nEI Vv 1+ ?

We can also show that the classical Coulomb field falls off around the timelike infinity as
FEV(r,p,Qipn) = O(772), FEY (7,0, Q;p0) = O(772).. (D.8)

Therefore, (D.7) vanishes.

E Soft theorem for charged states

We will show that the current operator j*(t, E) can be approximated by the classical current
operator jb (t, E) in the soft limit k¥ — 0 when it acts on on-shell charged states.

For example, for a 1-particle fermion state |p, s) = bl () |0) with charge e, the current
operator j, acts on this state as

. =, e (B —
Ju(t, k) |p, s) =28, Zu P )t (p)e e —ED | 5" (E.1)

where p7 =p— k. In the soft limit, we have limg a* (P )yuu®(p) = —2ipudy s. We thus
obtain the approximation

. 7 Pu —i%’;t -
Ju(t k) |p,s) ~ epe Ip, s) for k~0, (E.2)
P
;5 E
where we have kept the phase factor e " because we cannot suppose that p t is small for

large ¢t. The right-hand side of (E.2) is exactly the same as the action of (the momentum
representation of) the classical current operator defined in (3.1) as

p/’L P k . -
e e B p,s) = Gl (6 F) Ip.s) (E.3)
P
Thus, the approximation
J(t E) |p, s) ~ by (£, k) p, 5) (E.4)

holds for the soft momentum & ~ 0. The extension to multi-particle states is trivial. Hence,
for any free multi-particle states [1), we obtain

R R) [) ~ G (8 K) ) (E.5)

This is the soft theorem at the state level. The conventional soft photon theorem is easily
derived from eq. (E.5).
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