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The Infrared Problem in QED: A Lesson
from a Model with Coulomb Interaction
and Realistic Photon Emission

Giovanni Morchio and Franco Strocchi

Abstract. The scattering of photons and heavy classical Coulomb interact-
ing particles, with realistic particle-photon interaction (without particle
recoil) is studied adopting the Koopman formulation for the particles. The
model is translation invariant and allows for a complete control of the Dol-
lard strategy devised by Kulish-Faddeev and Rohrlich (KFR) for QED:
in the adiabatic formulation, the Mgller operators exist as strong limits
and interpolate between the dynamics and a non-free asymptotic dynam-
ics, which is a unitary group; the S-matrix is non-trivial and exhibits the
factorization of all the infrared divergences. The implications of the KFR
strategy on the open questions of the LSZ asymptotic limits in QED are
derived in the field theory version of the model, with the charged particles
described by second quantized fields: i) asymptotic limits of the charged
fields, Wy, /in (), are obtained as strong limits of modified LSZ formulas,
with corrections given by a Coulomb phase operator and an exponential
of the photon field; ii) free asymptotic electromagnetic fields, Boyt/in (),
are given by the massless LSZ formula, as in Buchholz approach; iii)
the asymptotic field algebras are a semidirect product of the canonical
algebras generated by Boug/ins Yout/in; 1v) on the asymptotic spaces, the
Hamiltonian is the sum of the free (commuting) Hamiltonians of Bgys in,
Wout/in and the same holds for the generators of the space translations.

1. Introduction

For the solution of the infrared problem in quantum electrodynamics (QED)
two strategies have been adopted:

A) Exploit the fact that all experiments involve limitations on the detection
of soft photons.

In the perturbative approach, this has led to the introduction of an infrared
cutoff AF corresponding to the energy resolution of the photon detectors [26].
A Lorentz invariant formulation of such a program has been advocated by
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Buchholz [6] and further developed in [4,8]. A similar philosophy is at the
basis of Steinmann’s notion of particle detection [25].

B) Pursue the program of the construction of an S-matrix by quantum field
theory (QFT) methods.

A crucial difficulty in this direction is the infraparticle spectrum of the charged
particles, which seems to preclude the existence of asymptotic Lehmann—
Symanzik—Zimmermann (LSZ), or Haag—Ruelle limits of the charged fields.
In fact, as a consequence of Gauss law, the energy—-momentum spectrum of
the charged states cannot have a sharp mass [7], so that Dybalski’s extension
of the Haag—Ruelle theory [13] does not apply; it has been argued that such
a mass spectrum can be explained in terms of the infinite asymptotic photon
content of the charged states [14,15].

Chung has proposed [10] that the infrared divergencies disappear in per-
turbative QED if a proper description of the asymptotic states is adopted,
based on non-Fock coherent factors for the electromagnetic field, indexed by
the asymptotic momenta of the charged particles. The effectiveness of the
Chung ansatz for the cancelation of the infrared divergencies has been con-
trolled by Kibble [20]; however, Chung ansatz raises many problems in relation
with general structures in QFT:

i) the space—time translation covariance of Chung’s asymptotic charged states
(depending on non-translation invariant coherent factors)

ii) the possibility of obtaining the Chung charged states from appropriate
asymptotic charged fields

iii) the space—time covariance and canonical structure of such fields

iv) the existence of modified LSZ formulas for them.

A simple source of information has been provided by infrared models
in which a semi-classical treatment is made possible by the use of external
currents or of a dipole approximation [1,2,20]. Historically, such models have
played a crucial role for supporting the Chung picture; however, the absence of
a dynamical description of charged particles and the dipole approximation in
the photon interaction prevent space—time translation invariance and do not
allow for the discussion of i)-iv).

The action of the space-time translations on asymptotic states of Chung
type has been discussed in [14,15] in terms of a splitting of the total Hamilton-
ian H and momentum P as a sum, H = Hypn + Hcharge, Of & free photon term
and a “particle” contribution, with definite mass. In this picture, the infra-
particle spectrum is explained by the infinite photon content of the charged
states.

A non-perturbative control of the validity of Chung ansatz has been
obtained in non-relativistic QED [9]. The main difficulty in non-relativistic
models is given by the electromagnetic corrections to the energy—momentum
relation E(p) of the asymptotic charged particles, a problem which plays a
minor role in QED, where, by the Lorentz invariance of the energy—momentum
spectrum (which persists for charged states [3] in spite of the non imple-
mentability of the Lorentz symmetry), only a mass renormalization is admit-
ted. An LSZ modified formula for one charged particle state has been derived
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in [9]; the discussion of asymptotic particle observables has been restricted to
the velocity and Coulomb effects have not been discussed.

A concrete approach to the complete construction of an S-matrix in QED
in terms of Mgller operators has been discussed by Kulish and Faddeev [21]
and by Rohrlich [19], who realized the crucial role of Dollard strategy of using a
modified large time dynamics [11,12], rather than the standard free dynamics.

Dollard strategy has been exploited and rigorously controlled only for
non-relativistic Coulomb scattering and its extension to QED faces substan-
tial problems, due to the infinite photon emission, the related persistent effects
and the lack of covariance under space—time translations of the photon inter-
action in Dollard’s dynamics (beyond the choice of the initial time in Dollard
treatment of Coulomb interaction).

On the basis of the Kulish—Faddeev identification of a Dollard reference
dynamics in QED, Rohrlich has proposed [19] to use it with the same role as the
free dynamics in the standard interaction picture. In this way, he introduces
(non-free) fields and states associated with a “modified interaction picture”
and describes the scattering in terms of transitions between such states; he
also argues that, for large times, such fields coincide with the asymptotic fields
proposed by Zwanziger [27]. The time dependence of such asymptotic fields,
reflecting asymptotic effects of photon emission and Coulomb distorsions, does
not satisfy the group property and space—time covariance is problematic.

As before, soluble infrared models do not provide instructive information
on such issues: in particular, the Pauli-Fierz—Blanchard model [1] leads to a
Dollard dynamics which is a group and substantially includes the full photon
interaction.

The aim of this work is to shed light on the above problems by discussing
a model describing Coulomb scattering with photon emission by N heavy
charged particles, treated as classical particles, with no recoil induced by the
photon interaction. Even if the particle dynamics is not affected by the photon
interaction, the model is not explicitely solvable, the photon dynamics depends
on the non-trivial particle trajectories and detailed estimates are needed for
the control of infrared effects arising from Coulomb asymptotic distorsions.

Such distorsions are of the same form (~logt) as those induced by photon
recoil, which should not, therefore, lead to substantial changes for the control
of the asymptotic dynamics. Moreover, the results of [9] confirm that photon
recoil does not change the (coherent) characterization of asymptotic photons
in terms of the asymptotic charged particle velocity.

As a consequence of the no-recoil approximation, there is no scatter-
ing in the one charged particle sector; however, in the many particle sectors
the S-matrix is non-trivial and for its construction the Coulomb asymptotic
distortions play a substantial role. The overall picture qualifies as a realistic
description of scattering of heavy charged particles, with strong effects for
particles of high charge.

The fact that the interaction is translation invariant and the electromag-
netic current is not pre-assigned is a distinctive feature of the model with
respect to the external current and Pauli-Fierz—Blanchard models. In fact,
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the model allows for the discussion of the asymptotic limit of charged particle
variables and charged fields, with non-trivial electromagnetic effects even in
the one charged particle sector and a complete control of Coulomb effects. In
this way, asymptotic field algebras are constructed, with a full control of the
problems raised in i)-iv).

The model is defined by the Hamiltonian

H =ho+hr+Hy+ Hy

where hg is the (non-relativistic or relativistic) free Hamiltonian of N classical
particles in the Koopman formulation, h; the Coulomb interaction, Hy the free
photon Hamiltonian, Hy , the (renormalized) particle-photon interaction. H
is invariant under space translations, with generator denoted by P.

The first aim is to check the effectiveness of the Dollard—Kulish-Faddeev—
Rohrlich strategy for the mathematical control of the asymptotic limit. In
accord with the general approach and analysis of [22], we obtain, for the N
charged particle channel (see Theorem 5.4):

1) Ezistence of the Mpller operators. The Mgller operators 24 are obtained
by introducing an adiabatic switching, e ~¢I*l, of the electromagnetic coupling,
and a Dollard reference dynamics UF, (),

QL= lim U *(t) Up(t). (1.1)

e—0,t—*Fo00

2) The group of asymptotic space—time translations. There is a unique family
of unitary operators U,s(a,t), a € IR* t € IR, satisfying the interpolation
formulas, Eq. (5.20), and therefore the group property and strong continuity,
given by

Uss(a,s) =Uy(a,8) =U_(a,8) =  lim UL (t)Up(a,s)Up(t), (1.2)

e—0,t—+oc0
with Up(a,t) the free space-time translations. The corresponding generators
are

N
Has = ho + aas(Ho(a",a)) , Pas = —iz 0/0q; + aas(Pon(a™, a)),

7
with Ppp, the photon momentum and a,s the standard non-Fock coherent shift,
a* — a*+ Y, J(p;), associated to the momenta p; of the charged particles,
Eqgs. (4.17) and (5.18). U, is determined by Up, but the two notions are basi-
cally different, contrary to the discussion of the asymptotic fields adopted in
Refs. [19,27].
3) The S-matriz, S = 0} Q_ is invariant under the asymptotic space—time
translations U,s(a,t).
4) The infrared divergences due to the Coulomb interaction and to the soft
photon emission factorize, Eq. (5.27).

The second aim of this work is to shed light on the asymptotic limits of
the Heisenberg fields, especially on the still open problem of the existence of
LSZ limits of charged fields and of their space-time covariance properties.

This can be done in the (second quantized) field theory version of the
model, with the introduction of charged fields W*(f,t), f a test function of the
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Koopman variables. In spite of the no-recoil approximation, such charged fields
are space—time covariant, with non-trivial and not pre-assigned dynamics; their
asymptotic limit exists as a strong limit, providing information which is not
available in soluble infrared models [1,2,20] and is only partially given by the
analysis of the one charged particle sector in non-relativistic QED [9].

On one side, the Mgller operators automatically provide Heisenberg
asymptotic fields, defined on the scattering spaces H4, see Proposition 5.1,
by

Zut/in(f) = Qi \IJ*(f) ij aout/in(g) = Qj: a(g) Q*i (13)
The fields W7 . Jin and Ggyt/in Obey (equal times) canonical commutation rela-

tions, but their (Heisenberg) time evolution is not free, being explicitly given
by H = Has(Vout/ins Gout/in)- This shows the effectiveness of the Kulish-
Faddeev—Rohrlich-Zwanziger strategy also for the construction of asymptotic
fields; their dynamics is not free, but no Coulomb distortion appears (in con-
trast with the properties of the asymptotic fields proposed by Zwanziger and
Rohrlich).

For the existence of the asymptotic limit of charged fields, the Dollard
corrections are essential; they give rise to modified LSZ (Haag—Ruelle) formu-
las. For the charged Heisenberg fields in the variables P = —id/dq, p (see
Eq. (6.1)), one has

Ul m(f) = lim lim [ dPdp f_(P,p) U5 *(P,p) et xi(Fr)

e—0t—=Fo0
t >
X exp —i/ ds A5 (8¢ Di—s x 3°(v(p); 9)), (1.4)
0

where A is the electromagnetic potential, D;(z) the massless commutator func-
tion, * denotes the convolution in the space variable x, f; denotes the free time
evolution of f, U¢ pf AS the Heisenberg (adiabatically switched) time evolu-
tion of the corresponding variables, j;, (v(p); z, zo) = e v, (p)7i(z — vao) e<lwol
v, = (1,v), a function of p corresponding to the (free) asymptotic particle cur-
rent (with an ultraviolet cutoff n(k)), p is the charge density, x is a Coulomb
phase.

As derived in general by Buchholz [5] on the basis of locality and of the
Huyghens principle, LSZ (Haag—Ruelle) asymptotic limits of the electromag-
netic fields exist, without any Dollard correction, and define massless fields.
In our case, the ordinary LSZ procedure converges in all sectors and yields
massless asymptotic fields by in; they are related to aoue/in by

bout/in(g) = aout/in(g) + (pout/in(‘]))(g)7 (15)

for any g(k,\) € S(IR*). All the above asymptotic limits exist in the strong
operator sense on the scattering space (on an invariant dense domain, for e.m.
fields), yielding the usual Haag—Ruelle limits of products of operators.



2704 G. Morchio and F. Strocchi Ann. Henri Poincaré

The fields Wqu/in and by in define a semi-direct product of canonical
algebras, with the non-standard commutation relations (b# = b, b*)

[bﬁlt/in(kv)‘% zut/in(P>p)] = J(k‘,)\,p) :;ut/in(P’p) (1'6)

and H = ho(Yout/in) + Ho(bout/in) on the scattering space; while oy /in are
free fields, Wy i are not.

The LSZ (Haag—Ruelle) formula for the charged fields can also be written
with the e.m. factor replaced by the exponential of a string-like integral of the
asymptotic photon field, Eq. (6.24).

Equation (1.4) corresponds to the following LSZ formula for QED, which
automatically arises from the Dollard dynamics of the charged fields introduced
by Kulish-Faddeev and Rohrlich (KFR), through the same steps as in Sects.
6.1, 6.2a:

p(a)

9 ce2 .
¢zut/in(f) = lim lim d*p f_¢(p) Vi *(p) €' signt In[t] [ d®q 325

e—0t—=to0
t and
X exp —i/ ds A7 (0¢ Di—s x 55 (v(p); 9)), (1.7)
0

with v(p, ¢) the Lorentz invariant relative velocity and j;,(v(p); s,x) = ev.(p)
d(x — vs), see Egs. (54-10,11) and (S4-21,22) in [19].

The effectiveness of the KFR strategy in QED has been controlled by
Zwanziger [28], with the cancelation of the infrared divergencies in the pertur-
bative expansion of the reduction formulas. Our model gives
non-perturbative support to that strategy; it also shows that the same strat-
egy leads to asymptotic fields as (modified) LSZ (HR) strong limits, with a
complete control of the ensuing structure and covariance properties of the
asymptotic field algebras. The commutation relations of the asymptotic fields,
Eq. (1.6), directly follow from the last (e.m. field) term in Egs. (1.4) and (1.7);
their space—time transformations are parametrized by the choice of the space—
time origin, implicit in such a term, giving rise to asymptotic charged fields
Yas(p, ), as in Egs. (6.20) and (6.21).

In both Egs. (1.4) and (1.7) the Dollard modifications are parametrized
by v(p), p the momentum variable of the interacting Heisenberg field, smeared
with f_;; convergence of the LSZ formula implies that v(p) can be identified
with the asymptotic “particle” velocity, independently of recoil assumptions.

The use of an adiabatic cutoff, while technically important, does not seem
to be essential for the results since, in the model, one may avoid it by adopting
a modified (Dollard) correction to the LSZ formula for the charged fields [23].

The lesson for the infrared problem in QED is manifold, briefly:

(i) the Kulish-Faddeev—Rohrlich approach to the infrared problem in QED
[19,21], based on Dollard’s strategy, allows for a systematic control of the
asymptotic limit;

(ii) in particular, it allows for the reexamination of the open problem of the
asymptotic condition for charged fields; modified LSZ (HR) formulas can be
written, yielding asymptotic limits of charged fields;
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(iii) the asymptotic field algebra, generated by a free photon field (given by
Buchholz asymptotic limit) and by the asymptotic charged fields, has the struc-
ture of a semidirect product, reproducing Chung’s ansatz;

(iv) the Hamiltonian is the sum of the free Hamiltonians of the asymptotic
fields, Eq. (6.17); the time evolution of the asymptotic charged fields is not
free only for the presence of infrared photons, with no residue of the Coulomb
interaction.

2. The Model

The model describes N classical charged particles of charge e; and mass m;, i =
1,..., N, with mutual interaction given by a Coulomb potential V', regularized
at the origin, and interacting with (transverse) photons.

The classical particles configurations are described by wave functions on
the phase space I', ¥(qu,...,qn;P1,...,pn) € L*(d*Nq,d*p), [¢|? repre-
senting the density in phase space governed by the Liouville time evolution;
the time evolution of v is given by the Koopman Hamiltonian

ay 0
=—1 — = ho+ hy, 2.1
Z ( a(h 3%‘ 3]%) ’ ! @1)
Vi)=Y (2.2)
2 Srlla g T
We consider both the non-relativistic and the relativistic case, given by

v;(p) = p;/m, respectively v;(p) = ( pi (2.3)

For simplicity, we have omitted the vector notation for the operators q;, p;,
0/0q;, 0/0p, and for their scalar products; this will also be done in the follow-
ing. ¢:(q,p), pe(g,p) will denote the solutions of the classical equations, with
initial data g, p; a is a fixed ultraviolet cutoff.

The Hilbert space H = L*(I') x Hp can be identified with the space of
L? functions % (q,p), ¢ = (q1,...,qx), P = (p1,...,pN), taking values in the
Fock Hilbert space Hp, where the transverse photons are described by the
standard canonical destruction and creation operators a(k, A), a*(k,\) (A =
+1 denoting the helicity), with commutation relations [a(k, ), a*(k’, \)] =
(5(k — k’/) dxn, ete.
The total Hamiltonian H is (always omitting the vector notation and denoting
by e(k, A) the polarization vectors)

H=h+Hy+H;,, H= Z/d?’kw “(k, N a(k,\), (2.4)
A==+1

HI,T =H; — AE(p), Hp= a(f(Qap)) + a(f(‘]ap))* = Hl(a‘v a*vq’p)r
(2.5)

e e(k, X) vi(p),

fk.X0.p) = 3 3/2 Z mem
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o(flap) = 3 [ dhalk NS0 X0, (2.6)

A==+1

where we have introduced a (real rotationally invariant) ultraviolet cutoff n(k),
7(0) = 1, with Fourier transform 7 € D(IR*); AE(p) is a C" function of the
particle momenta, to be determined below (see Sect.5), playing the role of a
mass counter-term, subtracting persistent effects of Hj.

The Hamiltonian H is invariant under space translations, T'(a), a € R3
and the corresponding generator

P = —iZa/aqi + Pony,  Pon = Z /d3kka*(k,>\) a(k,)), (2.7)

A=+£1
is conserved. P. = . p; is also conserved, but P, + Py, # P is not, corre-
sponding to the absence of particle recoil in the photon emission.

The particle total energy

E(q,p) = K(p) +V(q),

K(p) the kinetic energy, commutes with H, and is, therefore, a constant of
motion; however, & + Hy + Hy , is not.

For the treatment of photon emission, it is important to limit the particle
velocities to be smaller than the velocity of light (which is 1 in our units). To
this purpose, in the non-relativistic case, we shall restrict our discussion to a
suitable subspace H,, C H.

Assuming that
— N2 egnax

Ry =
47a Muyin

Nl

it is enough to take
Hyw = PiyH = L*(Tyy) X Hp, (2.8)

with P, the projector on K < Kpax = 1K Mmin, With £ < 1 — 2k9. In fact,
the conservation of ¥ implies

v, < (k+2m0) <1, W, Vi (2.9)

Independent of the infrared problem, the convergence of the Mgller opera-
tors requires some “time smearing” and for this purpose we adopt an adiabatic
regularization given by an adiabatic switching e ¢/*|. It can be combined with
the Dollard strategy, as discussed in [22]. Tt is enough to use it only for the
particle-photon interaction; its introduction also for the Coulomb interaction
will only be convenient for displaying a complete factorization of the infrared
divergences.

As needed in all QFT models with persistent effects, mass counter-terms
will be introduced, both in the Hamiltonian and in the Dollard correction to
the free dynamics.

In the N charged particle sector, we always consider the N particle chan-
nel, corresponding to asymptotic configurations excluding non-trivial charged
particle clusters. All the following results hold for all values of the charges and
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of the masses; for simplicity, in the following, we shall omit the particle indices
for charges and masses, putting e; = e, m; = m.

We start with the particle dynamics and scattering, providing the Mgller
operators in the Koopman formulation and the estimates on the particle tra-
jectories which are needed for the control of photon emission (Sect. 3); for both
purposes, the main point is the control of the Coulomb effects (the analysis
becoming much simpler, but still instructive, for short-range potentials).

Then we introduce the (renormalized) electromagnetic interaction and a
Dollard reference dynamics for the full time evolution, both with an adiabatic
regularization, and prove the existence of the corresponding Mgller operators
(Sect. 4, Proposition 4.1).

In Sect. 5 we discuss the removal of the adiabatic switching, after the spec-
ification of the mass counter-term, obtaining the existence of the Mgller opera-
tors (Sect. 5.1), the existence and characterization of the asymptotic dynamics
(Sect. 5.2), the interpolation formulas and the explicit factorization of the
infrared divergences in the S-matrix (Theorem 5.4).

In Sect. 6, we discuss the second quantized version of the model and prove
the existence of LSZ asymptotic limits of the Heisenberg fields (Sect. 6.2a,b);
the asymptotic algebra and its covariance under space-time translations are
analyzed in Sect. 6.2c. Finally, in Sect. 6.2d we derive an asymptotic form of
the corrections to the standard LSZ formulas for the charged fields.

3. Particle Dynamics and Scattering

For the definition of the Dollard reference dynamics for the particles, it is
convenient to introduce the following operators:

Q; =1i0/0p;, P, =—i0d/0q;, (3.1)
which satisfy
[, Pi] =idij,  [pi; Qi] = —idij. (32)
Then, in a notation covering both the non-relativistic and the relativistic case,
ho =Y viPi, hr= Y wi;(g;a)Q; =hi(q,Q;a),
i ij5gFi
—ei¢j (¢ — q5)

i(q;a) = . 3.3
'lUlj(q;a) 47_1_(|qZ —qj|2+a2)3/2 ( )
The free Heisenberg evolution is
ai(t) = q +vit, pi(t) =pi;, Qi(t) =Qi+Vit, PFi(t) =1,
with (a, 8 =1,2,3 the vector components)
3 IS
'

Vi=(Vp,P),a=1,23), V*(p,P)=> gp&p) P’ (3.4)

p=1 "7

reducing to V; = P;/m in the non-relativistic case.
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With the same motivations as in Dollard treatment of Coulomb scatter-
ing [11,12,22], a reference large time dynamics for particle scattering may be
identified by putting ¢ = vt, Q = V't in hy, where for simplicity we take a = 0:

hD(t) = ho + hI(vt,Vt;O). (35)
No adiabatic switching is necessary for the particle scattering and for simplicity

it will not be introduced until the end of Sect. 5, where it will be used to display
the explicit dependence on the “infrared cutoff” € in the S-matrix.

Proposition 3.1. 1) The Hamiltonian h is essentially self-adjoint on the domain
C}  L*(T) of differentiable functions 1(q,p) of compact support and its expo-
nential u(t) = e~ leaves C} invariant;

2) the equation

idup(t)/dt = hp(t)up(t), up(£l) = ug(£1), (3.6)

with ug(t) = et and hp(t) given by Eq. (5.5), has a unique solution for
[t| > 1 leaving C} invariant, given by

up(t) = up(t) exp i 51gnt In [¢| Z sVi=Vi) |, (3.7)
i =
satisfying
[uo(s), up(®)] =0, [p,up(®)] =0, [P up(t)]=0; (3-8)
3) the following strong limits exist
strong — lirin u(t) up(t) = wy; (3.9)

moreover,
strong — tlirinoo up(t)* up(t+ s) = wuo(s),
u(t) wy = wiup(t); (3.10)
4) let CL(6, K) denote the set of 1(q,p) with support in a compact set K and
such that 1(q,p) = 0 if |v; —vj| < 8, for some i # j, then, Vi) € Dy = w4y D},
D} = Us k C} (6, K) dense in L*(T),
(Pt — p2) ¥l = O(Jt| " In [¢]), (3.11)
where p+ is defined, on D4, by
Pt Wt =wyp; (3.12)
5) let Ty be the complements of the sets

{(a,p) : w(t)d(g,p) — 0, t — o0, V¢ € D}, w(t) = u*(H)up(t);

then, w  L*(T) = L*(I'y) and (wi¥)(q,p) = ¢(yx(a,p)), (¢.p) € Tx, with
v+ : Ty = T = L?(d*Nq,d*Np) measure preserving transformations. p+ are
multiplication operators p+(q,p) on L*(T'y), essentially self-adjoint on D4
and, almost everywhere in T (with vy = v(py ),

pi(q,p) =ps +0ps t ' + Ot 2 Int), Opri=—> wi(vs,0); (3.13)
j#i
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6) wi K = (K + V)w+ and, therefore, s = wiw_ commutes with the particle
kinetic energy K ; thus, in the non-relativistic case, it leaves Hy, invariant.

Proof. 1) The solutions of the classical equations ¢;(q,p), p:(g, p) are C* func-
tions of ¢, p and ¢, actually p; are uniformly bounded in ¢, as a consequence of
the energy conservation (E = K +V(q), V bounded below); hence, they define
a one-parameter unitary group

u(t)h(q, p) = V(q—e(q,p), p—(q: D)) » (3.14)

with locally finite propagation speed, leaving C} invariant. By Stone theorem,
its generator is e.s.a on an invariant domain.

2) Since the argument of the exponential in Eq. (3.7) has a dense invariant
domain of analytic vectors, given, e.g., by functions (g, p) analytic in ¢ and
of compact support in p, with |v; — v;| > 6, Vi # j, the right-hand side of
Eq. (3.7) is well defined and

up(t)(q, p) = (¢, p7,),

«a 2 _ ) 8’0
(a7%)i = g + v t4SIgntln|t|g—v|33 R )i = pi,
Jj#i

(3.15)

leaves C} invariant and satisfies Eq. (3.6).
By hermiticity of hp(t) on C}, for any two solutions ul,, u%, one has

(d/dt)(up (£, up (t)y) =0
and uniqueness follows.
3) For the existence of w, we note that Vi € C3(6, K), using

up(t)* Qup(t) =Q+Vt = Q7
and Eq. (3.8), one has
i(d/dt)(u* () up(t))h = —hr(q, Q) + hy(vt, V;0)Jup(t) ¢
p(t)[=h1(a’, Q) + hi(vt,Vt;0)] v
o [

t) wij(q7) Qi

s

+ (—wij (qt ) + w;; (Ut; 0) ) V,t]d)
Now, using [|0v? /op%|| < m™*,
|4 = ajal = 8lt] = 2(e* /4mm) (N = 1)67% Int] — supg; jla; — ¢;1,  (3.16)

so that the norm of first term is bounded by O(|¢|=2). The same holds for the

Sup norm, since u*(t) up(t) amounts to a change of variables.

The difference in round brackets consists of a term which can be estimated by

O([t|~2 In|t|) and a term of the form (v; —v;)t (a; ® — b; ®), with, for large |¢],
ar = O([t]),  be = O(|t]), |ar —be| = O(In [¢]).

Therefore, the term is bounded by O(|t|=21n |¢]).
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In conclusion, one has
[|(d/dtyu () up(£)y]] < O(|t]~2 In|t]). (3.17)

and the same holds for the Sup norm. The first of Eq. (3.10) follows immedi-
ately from the explicit form of up(t); then the second follows as in Propositions
2.1, 2.2 of [22].

4) The above estimates imply, Vi) € C3 (8, K), pointwise convergence of (w(t)1)
(¢,p), for |t| — oo, and

l(we —w(®) ¥l = Ot~ In]t]).

Therefore, on Cg(§, K), where the multiplication operators p; = p;(g,p) are
bounded uniformly in ¢, using p; = w(t) pw*(t), one has

prws = pe (w(t) + O(t] ™" Int])) = w(t)p + O(|t| " Inlt])
=wep+ O(t|™! W ft]) = prws + O(t]™" In]t)).

5) Lemma A.1l applies with w; — w(t) and D — U,C(1/n,K,), for any
sequence K,, covering I' and wy L*(T') = L?*(T'yx) follows. In the notation of

Lemma A.1, p;(¢,p) = p(v:(q, p)), which converges to p(v+ (g, p)) = p+(q,p)
for almost all (g,p) € I'+; then, by Eq. (3.11), V¢» € D},

(P+wd)(g:p) = Nim (w(t)py)(g,p) = Tim _p(ve(q:p))¥(7:(q;p))

= p+(q, p)(wx¥) (g, p)-

Therefore, py coincides with the multiplication operators p4(g,p) on Dy,
where py are e.s.a. by Eq. (3.12). Convergence of p:(q,p) to p1(¢g,p) on T'y
and

a(q,p) —q :/0 dsv(ps) (3.18)

imply, for (q,p) € 'y, Ve > 0, for large |s|,

|Gi,5(q: ) — ¢5,s(q; )| = (1 —&)|vi£(q,p) —vi£(q,p)||s], Vi#j

with v1 (g, p) = v(p+). By Eq. (3.12), |v;+ —vj 4| # 0 a.e. in T'y; hence, a.c. in
Fi7

12 dp;i/dt = —? Zwij(qt,a) = — Zwij(qt/t,a/t)

J#i J#i
— —Zwij(vi,O) = 5pi,:|:- (319)
J#i

This implies v(ps) = v+ + O(1/s) and, by Eq. (3.18),
qi/t —ve = O(Int/t),
which gives
> dpi¢/dt = —0p; +(q, p) + O(Int/t),
a.e. in I'y ; Eq. (3.13) then follows from

o0
Dit —Dit = / ds dp; s/ds.
¢
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6) uh(t)V(q)up(t) = V(¢P) is bounded uniformly in ¢ and converges
strongly to zero by Eq.(3.16). Therefore, since [K + V, u(t)*] = 0 and by
Eq. (3.8), [K, up(t)] =0,

wiK = (K +V)ws — im u(t) up(t)V(¢F) = (K + V)w..
U

In the case of repulsive Coulomb potential, the unitarity of w4 easily
follows for N = 2; a proof is given in Appendix B.

4. Dynamics and Scattering with an Adiabatic Regularization

We shall construct a regularized dynamics U¢(t) and a regularized Dollard
reference dynamics U, (t), corresponding to the substitution: ¢; — v;t, in Hy ,;
we choose an ¢ regularization corresponding to the replacement e — e~¢ltle:

Hy,— H (t)=e I H — e =MAE(p) (4.1)

Hsp(t) = e <" Hy(a,a*,vt, p) — e > IAER(p). (4.2)

The counter-term AFE(p) is needed for the convergence of the Mgller
operators for e — 0, which is obtained for AEp(p) = AE(p), Eq. (5.6); it has

to cancel the photon contribution to the particle energy, which is of the second
order in e (Sect. 5).

Proposition 4.1. 1) The Hamiltonian H, Eq.(2.4), is essentially self-adjoint
on the dense domain D of C} functions ¢ (q,p) with values in D(Hy);
2) its adiabatic version for € > 0

HE(t) = h + Ho + H;, . (t) (4.3)

defines a family U (t) = u(t) Uo(t) U (t), Uo(t) = e~ Hot | of unitary operators
as the unique solution, leaving D invariant, of

i(d/dt)Us(t)v = HS(t) U (t) ¢, Yo € D, (4.4)
gien by (with f(k;q,p) defined by Fq.(2.6))
U (t) = exp <z /t dse~cl®l HI(5)> et (4.5)
0

Hi(s) = a(fs) +a(fs)*, fo(ksa,p) = e ™ f(k;q5(q,p), ps(a,p)), (4.6)

t s
B = D5 (q.p) = /2 / dS/ ds’ 0Dy (s), Hy(s)],  (4.7)
0 0

ot = vilan) =~ [ s AR (18)
3) the operators
Hp(t) = hp(t) + Ho + Hip(t) (4.9)
are hermitean on D and the equation
i(d/anUp () = H(t) Up (1) (4.10)
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defines a family U5 () = up(t) Up (t) U5 (T), of unitary operators as its unique
solution leaving D invariant, with U5,(0) = 1, given by

U5 () = exp (—i/ot dse el HID(S)) B (4.11)
Hip(s) = a(fP) +a(fP), fP(kip) = e ™ f(k;vs,p) | (4.12)
P =07%(p) =i/2 /t ds /G ds'e =D Hyp(s), Hip(s')],
(4.13)
P = Pe(p) = —/ dse 215l AB(p); (4.14)
4) Ve > 0, the following strong limits exist:
im US(@)" up(t) Uo(t) = Woy we
Up(t)"up(t) Uo(t) = U™ () —1—2o00 (4.15)
— exp(ifa(FL(p ))+ a(FL°(p))*)]) exp(—i®L < (p) +ipL*(p) = Wp 1,

FPe(k, )\ p) —zZJi IIDWHR (4.16)
=1
e e(k, \)n(k)v(p)

(kA p) = 417
Fe M P) = e IR - o)k F 1) (.17)
im US(@)"Up(t) = Woy we Whi = Woy(a,0) Wpk (p+) wa = Q5

(4.18)

W5 (q,p), W5 (p) are “time ordered Weyl exponentials”, acting on Hp and
indexed by the particle variables q,p; they are given by Eqs. (4.5) and (4.11)
with t = +o0, and similarly for ®2¢, oP=.

Remark. Equations (4.5) and (4.11) provide the existence and the explicit
expression of the standard formula for /¢ (¢) and U5, (t) in terms of time-ordered
exponentials,

U () = T(e~ o ds Hinu(9)) |

where T denotes the chronological ordering, according to the free photon
dynamics and

Hi(s) = Uy (s)u™(s)Hr (s)u(s)Uo(s) ;
Up(t) =T et ds Hinep(s)) |
intp(8) =Ug(s)up(s)H ,.(s)up(s)Uo(s)-
Apart from the mass renormalization counter-term, U5 (t) is the same

operator used in [19,21] for the identification of the Dollard reference dynamics,
with their asymptotic current taken as a function of our classical variables p;.

For the proof of Proposition 4.1 we need the following Lemma, proved in
Appendix C.
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Lemma 4.2. Let fo(k), k|72 fo (k) € L2(dk), o € R; if they are differen-
tiable with respect to o in L?(d3k), then,

U(f.) = eilelo)+alfa)). (4.19)
is strongly differentiable on D(Hy) and
W) fiats2) + ar2)") + Cl U ) (4.20)

with !, = 0o fas Co = L [k (fafl, — fafl). Moreover, if |k|fo € L?(d®k),
then U(f) leaves D(Ho) invariant.

Proof (of Proposition 4.1)
1)-3). For fixed ¢, p, the argument of the exponential which defines U¢(t) is of
the form —i(a(F5 (¢, p)) + a(F (g, p))*), with

Fi(k;q, p) :/ dse=l®l f (ks q, p ZF k,qi,pi)- (4.21)

A similar form holds for U% (¢), with fs(k;q,p) replaced by fP(k;p). Both
Ff(k;q, p) and FP¢(k;p) satisfy the conditions of Lemma 4.2, with respect to
t, q, p. Therefore, Ve > 0 the right-hand sides of Egs. (4.5) and (4.11) define
unitary operators U¢(t), U5 (t) in the Fock space Hp, indexed by the particle
coordinates g, p.

Such unitary operators leave D(Hj) invariant and are strongly differentiable
with respect to ¢, g, p, on D(Hy). Hence, in ‘H the unitary operators U¢(t),
U5 (t) leave D invariant.

Again by Lemma 4.2, U¢(t), U5 (t) are strongly differentiable with respect
to t on D and satisfy Eqs. (4.4) and (4.10), respectively. Hermiticity of H¢(t)
implies d/dt V*(t) U¢(t) = 0 for any solution V' (¢) of Eq. (4.4) leaving D invari-
ant and, therefore, uniqueness; the same for H)(t).

For e > 0, this implies 2), 3). For ¢ = 0, the uniqueness of the solution of
Eq. (4.4) implies that U(t) is a one-parameter group; Eq. (4.4) and the invari-
ance of D imply the self-adjointness of H.

4). The left-hand side of Eq. (4.15) reads

U™ () Uo(B)" u(t) up (t) Up(t) = U™ (t) u(t) up(t).
Using Proposition 3.1 and Egs. (4.7), (4.8) and (4.21), it converges to
e JE=dse =l H  (s) e~ 1P Hivd o Wy

= i(a(FL(a:P)+a(FL(q:p))") o—i®itivk ) (4.22)

In fact,

i) for |[t| — oo, Ff(k;q,p) converges in L?(d®k) uniformly in q,p on com-
pact sets K, so that expi (a(Ff(q, p)) + a(Ff(q, p))*) converges strongly on
L*(K,dqdp) ® Dy;y, and, therefore, everywhere;

ii) by similar arguments, || fs(k;q,p)|[z2(ask) is uniformly bounded in s and in
q,p on compact sets, so that

<fs, fr>= /d?’k(fs = £ (4.23)
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is uniformly bounded in s, and in ¢, p on compact sets. Then

t s
D5 (q,p) =1i/2 / ds / dre==sHIrD < p 0 f >
0 0

converges for [t| — oo.

The left-hand side of Eq. (4.16) reads
¢
et (@EL () +a(E(p))7) o=i®) i) S FPe(k:p) E/ dseelsl £ (k; p)
0

(4.24)

and converges as |[t| — oo, by the above argument applied to fP(k;p). An
explicit calculation gives Eqs. (4.16) and (4.17) and the unitarity of W5, as
in Lemma 4.2.

The first equality in Eq. (4.18) follows from Egs. (4.15) and (4.16) and the
unitarity of W5, , which implies the convergence of the adjoint of Eq. (4.16).
The second equality follows from Eq. (3.12).

5. Removal of the Adiabatic Switching

In this Section, we perform the limit ¢ — 0; the crucial ingredient is the use
of the Dollard reference dynamics U (t), but, as anticipated in Sect. 2, the
introduction of suitable counter-terms will be required. We have to consider
the behavior of the operators Q5 , Eq. (4.18), as ¢ — 0. Using Eqs. (4.21), (4.22)
and (4.16), one has

Q3 = efeFilap)+a(File,p)") e~ (a(FL = (p2)+a(FL *(p£))")
x i (—PLHE (2)) ik 2 1))y, = V(AFE) e IAPEHIACL
(5.1)
where Q(AF5) denotes the product of the two Weyl exponentials in the L.h.s.
The convergence of the term Q(AFS) amounts to the cancelation of the
infrared divergences associated to infinite photon emission, thanks to the Dol-
lard subtraction given by the coherent factors, Eqs. (4.16) and (4.17).

For the convergence of the phases, we shall use the fact that ®9 and ®7
involve the commutators

[Ai(z), Aj(y)] =iDij(z —y), zyeR', i,j=123.

The fields A;(x) are free because their time dependence is given by the inter-

action representation and one has (2% = 2% — x?)

Dij(w) = 6;;D(x) + 9;0;(sign(x0) 0(x*) + xo/|x| 0(—x)) /47, (5.2)

with D(x) the standard commutator function. D; ;(x) has spacelike support
and it is homogeneous of degree —2.
We denote by D};(z) the double convolution in the space variables

Dly(a) = [ @€dn Diylo— (€ - m)a(€) ).



Vol. 17 (2016) The Infrared Problem in QED 2715

Considering the case of ¢t > 0, we have to control the e — 0 limit of

N 00 N
m,n=1 0 m,n=1
where omitting as before the vector notation for ¢ and v,
Grn(r0,9,p) =€ / APz dty et v, (20) v (yo) D (2 — y)
0<yo<zo
X0(x = gm(20)) 0(y — qn(¥0)), (5.4)

with v, (20), gn (o) given by the solution at time z of the equations of motion

with initial data (¢, p) and vy, v, D7 = Z§j21 U i Un D?j.

®P<(p,) is given by Eq. (5.3) with G5, ,, replaced by G2 ¢

mn?

GDaenan) = [ dadiye o, Dy
0<yo<zo

X6(X = Um 1+20) 0(y — Un+90) = G* (20, Pm+:Pn+)  (5.5)

(reproducing Eq. (S4.21) in [19]).

The convergence of the off-diagonal terms in the phase difference ®5 —
®P<(p1), Eq. (5.7) below with n # m, amounts to the Dollard cancelation of
the Lienard—Wiechert corrections to the Coulomb phases arising from “photon
exchanges”. The corresponding diagonal terms, n = m, are logarithmically
divergent, Eq. (5.7) with n = m, even if their 1/e divergent terms are canceled
by Dollard’s subtraction; they correspond to a logarithmically divergent “mass
renormalization” effect produced by the Coulomb asymptotic distortion of the
trajectories (a point which is not discussed in [19]). The problem is solved by
the introduction of the same “mass renormalization” counter-term AE(p) in
H; and in Hp,

AE(p) = 0E(py) = %Zez/ _ 4D (=y)d(y —vuo)s - (5.6)

it corresponds to the linearization, with parameters p,, of the particle trajec-
tories in Eq. (5.4), ¢n(yo) = gn(z0) + (Yo — To)Vn, vn = v(pn). We denote by
(¢%)n the contribution of dE(p,) to ¢, see Eq. (4.8).

Actually, the introduction of the above counter-term in the Dollard
dynamics cancels the divergence of the Dollard phases (®2¢),,, and, there-
fore, the convergence of the diagonal terms reduces to the convergence of
(P%)nn — (9% )n, 1-€., to the effect of the renormalization counter-term.

In the following, for simplicity, in the non-relativistic case, we shall write
‘H for H,, and I'y. for V;I(Fm), I',, the set of non-relativistic particle config-
urations, Eq. (2.8). We also introduce

Hy = wiL2(F) X Hp = LQ(Fi) X Hp.
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5.1. The Mgller Operators
Proposition 5.1. Ase — 0,
1) Q(AF%), Eq. (5.1) converge strongly, to unitary operators, on Hy;
2) for almost all (q,p) in Ty,

(5 — ©2°(p+))mn = OmnR(ps,dps) Ine + O(1), (5.7)
with R(p+,dp+) defined below, see Eq.(5.11);
3) with the choice of the counter-term given by Eq. (5.6), we have

(@3 )nn — (932)n = O(1), ae.in Ty

and

(@2 (p+))nn — (P2°(p£))n = 602 (pnx) = O(1);
the phase 0@ ¢(pn +) vanishes after the redefinition

Uus, — Us, et i 002 (pi)

for £t > 0, which shall be understood in the following.
Therefore, with the above choice of the counter-terms, the following strong
limits exist:

lirr(l) QL =0 =Wiwy onH, Wi unitaryin Hy =w+H,
E—

Wa = lim Wy (¢,p) Wpk(p+) on Ha. (5.8)

Proof. 1) Omitting the dependence on polarization vectors, we put
AF§ (k) = Fi(kiq,p) — FP*(k; p£(q,p))
and we have (with the notation of Lemma 4.2 and of Eq. (4.23))
Q(AFS)) = U(AFS) e2<Fi FE™>

We shall prove convergence, in L?(d®k), almost everywhere in I'y, of both
i) AF5(k,q,p) and ii) |k|~'/2 AF%(k,q,p). i) Implies strong convergence of
U(AF%) in Fock space, for fixed ¢,p, and their strong convergence, as mul-
tiplication operators in ¢,p, on H., by a Lebesgue dominated convergence
argument, to unitary operators.

Moreover, by Eq.(4.17), for fixed p in Ty, |k|'/? FP=(k,\;p) converges in
L?(d3k) as € — 0. Then, since

<F£EE7FiDE> = <AFi7FiDE>’

ii) implies convergence of the phase factors, pointwise and, therefore, strongly
on Hy.

It is enough to prove ii), which implies i) thanks to the ultraviolet cutoff n(k).
To this purpose, we note that Egs. (3.13) and (3.18) imply that, for almost all
(¢,p) in Ty, for large |s],

|kls —kqis = (|k| — kvix)s'(s,k/|k]) = 0(k/|k]) |k| s

defines a function s'(s, k/|k|) = s — As, satisfying J(s) = 0As/0s = O(s™1)
and As = O(In |s|), uniformly in k/|k|; s(s") will denote the inverse function,
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for large s, at fixed k/|k|. Then, considering for simplicity positive times,
apart from an integral over a finite time interval, 0 < s < ¢, giving rise to a
convergent term, |k|~1/2 AF¢ may be written as n(k)/|k| times

oo
/ dse—cSe—tlkls (equs(q,p) vg — etkvr(a:p)s vy)
c
oo ) , )
— / dse=¢s (6720 |k|s" _ 6720 |k| s) vy
c

+ [ s e e ),

with g(s’, k/|k|) of order 1/s" and, therefore, in L?(ds’), with norm bounded
uniformly in k/|k|. Since, for bounded momenta, ¢ is bounded away from 0,
the last term converges in L?(d|k|), uniformly in k/|k|, as € — 0. Therefore, it
gives a contribution to |k|~1/2 AF§ which converges in L?(d%k). By an obvious
change of variables, and omitting as before the integration over a finite interval,
the first term can be written

/ ds e—i@lkl s e—es(e—sAs/(l + J) _ 1>p+.

c
Therefore, it is the Fourier transform of a function which converges, as ¢ — 0,
in L%(ds), since 1/(1+ J) =1+ O(s7!) and, for s > 1,

elns

e —1<elnses s,

Hence, its contribution to [k|~1/2 AF§ converges in L?(d®k), with convergence
rate O(e'/279), ¥6 > 0. Similarly for AF<.

2) First, we consider the terms corresponding to m # n, with non-collinear
Um +, Un+, a condition which holds almost everywhere in I'y, by Eq.(3.12).
For their contribution to A®S we exploit Lemma 5.2 below. In fact, as a con-
sequence of Egs. (3.13) and (3.18), the particle trajectories satisfy Eqgs. (5.12)—
(5.14), for any o < 1, a.e. in T'y.

Then, for m # n, uniformly in ¢,

Granls) = Gri(s) < O(s~ ()

and the corresponding contribution to A®S is convergent with rate O(?).
For n = m, we compute the logarithmic divergences, which arise from the
subleading terms in the asymptotic estimates of the trajectories.

In this case, for ¢,p in 'y, the velocities |v;| have a bound less than 1 and,
therefore, by the support properties of D and 1, zg — yo is bounded uni-
formly in xg, i.e., o — yo < T, in the integration in Eq. (5.4). The diagonal
term G¢,, is a functional G° of the nth particle trajectory, {¢,(7), pn(7)} =

nn

{(an+(a.p), pur(a,p)), T € R},
Gin(‘rm Q7p) = 95(330; {qn(7)7 pn(7->}’>, (59)

the expression for the corresponding Dollard term is given by the Dollard
trajectories, GP¢(zq,q,p) = G*(20; {vn + 7, Pn+}). We introduce

G, (20,4,p) = G5 (x0; {vn 47 + V' (Pr 1) OPn + InT, Py + 0pn 1 /T}),
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v'(p) = dv(p)/dp, which satisfies, a.e. in 'y,

|G (20, 4,9) = G5, (20,4, p)| < Cg, p) In|ao| /3, (5.10)
uniformly in €. In fact, by Eq. (3.13), omitting the index n,

q(z0) — q(yo) — v+ (zo — Yo) — U/(p+) dp+ In(z0/y0)

- /m ds (v(s) — vy — ' (p1)dpy/5)

= O(Inzg/x2)(x0 — yo) = O(Inzo/23)T

since D(x) is a C*° function of x and p,(t) satisfies the estimate (3.13),
Eq. (5.10) follows, uniformly in € since zg — yo < T. In conclusion, the contri-
bution to A®< is

(A(I)s /d.’EO nn(q"()’ q, p) ngs(x(h qap))

/ dzo (G54 (20,4,9) — G (w0, q,p)) + O).  (5.11)

Gy — GP¢ is a function of p, 1,6p,+ and xg; by a Taylor expansion in 7
around T = g, it is of the form ((R(py4,0pn+) + O(€)) zy e 2570 4+ O(zy?)
and 2) follows. Similarly for (A®< ),

3) (@2 °(p4))nn is given by Eq. (5.5) and (¢2¢(p)),, see Eqgs. (4.14) and (5.6),
is given by the same expression, without the factor e~ (*0+¥0) and the restric-
tion 0 < yo. Hence, they only depend on p, ; and their difference converges
ase — 0.

With a change of variables, X’ =x — ¢, (z0), Y =¥ — qn(z0), Y, = yo — %o in
Eq. (5.4), putting G5, = G¢,, e~ 2% one has, for (¢,p) in T'y,

1G5, (20,4,D) — SE(Pp o (4, D)) 2—%62/ < d*y’ D" (—y") vy (o)
Yo 0

X[vn (20 +6) 8(¥' = an(@o + 90) + dn(20)) €Y = v () 8(y" = va(x0) yp)]
As before, |yf| < T and, therefore, v, (2o + y4) = vn(w0) + O(x5?), gn(zo +

Yo) + an(wo) = va(0) yo/m + O(zy?). Hence, G5, (20,4, ) = SE(Pn o (4,P)) €
L'(dxzo) uniformly in & and (®%)n, — (¢%)n converge for e — 0, with rate
O(elne).

Convergence of the regularized Mgller operators follows, with rate of conver-
gence O(e'/279) V6 > 0, on Hy = L*(T';) x Hp; their limit, W, is a product
of phases and Weyl operators, acting as multiplication operators on L?(T'y),

and therefore unitary operators in H,. The same applies for t — —oo. O
Lemma 5.2. Let g, (o), vn(z0) € C*(IR) satisfy, for xo — oo,
|gn(z0)| <1-4, (5.12)
Gn(20)/T0 = vn+ + O(20 ), (5.13)

pn(®o) = pn+ +O(20 "), (5.14)
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with 0, > 0. Then, for vy, 4+,v,+ non-collinear, Ye > 0, denoting j,(x) =
U (20)0(X — G (20)), Jm+(T) = Vi +0(X — vy £ T0), omitting the vector nota-
tion as in Egs. (5.4) and (5.5),

/ B dlye = j, () D"(x - y) ju(y)
0<yo<zo

- / A dy e = j (@) D'z — ) jui(y) + Olzy "), (5.15)
0<yo<zxo

uniformly in €. By homogeneity of D; ;, for e =0, the first term in the r. h. s.
is of the form v, 4 v+ C(Vp 4, vn 1) g "

Proof. The Lh.s. of Eq. (5.15) is well defined, for all z, thanks to the regu-
larization given by 7 and, by a change of variables, T = yo/z¢, X' = x/x0,
y' =y/xo, it becomes

1
— dr d*z' &>y vy, (z0) va(T20) €
Lo Jo<r<1

Do (x' —y' 1 —7)6(x" — qm(x0)/20) (¥ — qn(T20)/20), (5.16)
where 7, (§) = 7(z0&)zy and the homogeneity of D;; has been used. For
large zo, the integrand of Eq. (5.16) vanishes for 7 < §/2. In fact, D=0 has

spacelike support, apart from a correction of order x L. moreover, 7 < & /2
and Eq. (5.12) imply

|4 (0) = an(T20)|/z0 < 25 (|4 (0)] + g (0)]) + (1 = 8) (1 +7) < 1 -7,
the last inequality following, for large x(, from
(1-7)/A+7)>1-7)*>1-04.

Therefore, by Eq. (5.13), g, (T20)/z0 = Tvn ++O0(x5*) in Eq. (5.15). Moreover,
for non-collinear asymptotic velocities and xg large, the support of integrand
in Eq. (5.16) excludes a neighborhood of z’ — 3’ = 0.

Outside a neighborhood of x = 0, the second term in the representation of
D; j(x), Eq. (5.2), is a bounded function with spacelike support and bounded
derivatives inside the spacelike region, and the same applies to its convolution
with 7z,, with bounds uniform in xg, apart from the addition of a uniformly
bounded function with support within a distance of order x, ! from the light
cone; therefore, one may replace g, (xo)/xo — TUm + and ¢, (Tx0)/To — TV, +
in Eq. (5.15), with an error of order x;“.

The first term, §; ;D(x), only involves § functions and may therefore be treated
explicitly; the result follows, for w, 4+, v,4+ non-collinear, from
Egs. (5.13) and (5.14), the convolution with 7,, giving rise to corrections of
order z; 2, O

—ETQT

5.2. The Asymptotic Dynamics

As shown in [22], any Dollard reference dynamics allowing for the existence of
Mgller operators defines asymptotic dynamics, for ¢ — 400, UL (¢), which need
not coincide with the free dynamics, but are always one-parameter groups, sat-
isfying the Mgller intertwining relations. In presence of an adiabatic procedure,
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the latter property involves the recovery of the dynamics from its adiabatic
regularization [22].
Therefore, the next step in the analysis of the model is the determination
of the asymptotic dynamics, and the verification of the intertwining relations.
The resulting asymptotic dynamics, U4 (t) = U_(t) = U,s(t) is uniquely
determined by the Dollard dynamics Up(t) but cannot be identified with it, as
implicit in Rohrlich and Zwanziger notions of asymptotic fields and dynamics.

Proposition 5.3. With the counter-term given by Eq. (5.6), one has
1) the existence of the following strong limits

Us(s) = lir% lim Up*()UL(t+ s), (5.17)

e—0t—+toco

which define the asymptotic dynamics
Uy (s) = U-(s) = uo(s) aasUo(s)) = Uas(s)
with s the coherent automorphism of the photon algebra
aus(a(k,N) = a*(k,A) + J(k, A\ p) (5.18)

J(k,X;p) = >, J(k, A\, pi), J = JT°, see Eq.(4.17); in the non-relativistic
case, Uys(s) leaves Hyy invariant;
2) the recovering of U(t) from the regularized dynamics U®(t):

lim lim U®*(t)U(t + 5) = lim Us(s) =U(s), (5.19)

e—0t—to0

all the limits being strong;
3) the interpolation formula

U(t) Q:|: = Q:I: Uas(t) ; (520)
4) covariance under space translations,

PQr =04 Pas Pas =i 0/0q + tas(Pon)- (5.21)

Proof. 1) By definition,
U (Ut + s) =UR () US () uh (8) up (t + s) Up(t + s) UL (E + 5) ;

by Eq.(4.16), [up, Us] = 0 and Eq.(3.10), the above expression converges
strongly, for ¢ — +o0, to

W5 & uo(s) Uo(8) Wiy —e—o uo(s) e o) = Uy(s),
Hol)= Y [ dk ki@ (6, 2) + Tk Xip) (k) + T (B Aip)i - (5:22)
A

Uas(s) leaves H,,, invariant since so does ug and Hy(J) acts as a multiplication
operator on the particle space.
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2) From Eq. (4.5) one has (for large positive t)

t
I z/ ds' e = Hy(s)

US*()U(t + 5) = e tivie Jo

X U(S) uo(s)efi 5+3 ds’ e—=%' HI(S')eiCI>§+Sfi<pf+s

t+s , t+s ,
z/ ds' e Hy(s') e ﬂ'/ ds’e™** H;(s")
=u(s)Up(s)e Js e Jo

. . e« . .
X e(*l‘bz,t+s+1§9§,t+s)e Eselq>§+s*l¢f+s.

Now, by Proposition 5.1, both the phase factors on the r.h.s. converge as t — oo
and € — 0, as multiplication operators on Q4 (H), which coincides with H
since Qy = Wiwy, (Eq. (5.8)), with W, unitary operators in Hp, indexed by
g, p- Therefore, the factor e?** can be substituted by 1 and

£ £
Ps,t+s — Pt+s — —Ps

SOV TR S / dry / dry [Hy(r), Hi(r2)]  (5.23)
s 0

(with a compact integration range, by locality). The product of the exponen-

tials involving H; can be written as the exponential of

s t+s
—z'/ ds’e™* Hy(s") —z'/ ds’ e Hy(s")(1 —e®*)
0 s
t+s t+s
+% / d’l“l / d?‘g [H[(’I“l), H[(?“Q)] 6_5(r1+r2)€es.
s 0

In the limit ¢ — oo, ¢ — 0, as a consequence of the antisymmetry of the
integrand, the last term exactly cancels the last term on the r.h.s. of Eq. (5.23).
With the notation of Eq. (4.19), the exponential of the first two terms is of the
form U(G*(s,t)), with

G=(s,t) = FF + (FF,, — Fo)(1 — ).

For t — oo, with the notation of Egs. (4.17), (4.22) and (5.1), one has that
Ff ,— F. =FPc+ AF{ ,ae. inI'y; for e — 0, AFS converges in L?(dk)
and HF-ESHLZ(d?’k) is bounded by O(ln¢), uniformly in ¢,p € T'y, apart from
sets of arbitrarily small measure. Therefore, for ¢ — oo and then ¢ — 0,
G*(s,t)(k, q, p) converges to F? in L?(dk), uniformly in ¢, p € I'y, apart from
sets of arbitrarily small measure. Then, strongly on Q4 Hyy,

U(GE(5,1)) — U(F®) = exp (—Z/O ds H,(s')>;

(the phases and the operator W act as multiplication operators in the vari-
ables ¢,p € I'y and, therefore, leave the support of ¥(q,p) € Hr, (¢,p) € T'y,
invariant). The same applies for t — —oo and Eq. (5.19) follows.
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3) Using Egs. (5.19) and (5.17), one has
U(s)Qg = liH(l)t liin U ) Ut +s) U (t+s) UL (t+ s)
= hr% hm Us*()Up(t) U () Up (t+ s) = Qi Uas(t).

4) By Egs. (5.8) and (3.12),
Qs = lim W5, (¢, p) wx Wi (p)

and, since the space translations T'(a) commute with wy and W§(p),
T(a) 0 = i T(a) Wisa,p) s W5 ()
= Qu lim Wh (¢,p) T(a) WhHi(p) = Qi aas(T(a)) = Qs (Tas(a))-

O

Summarizing, for the above model, describing classical particles with
Coulomb interaction and with realistic, translation invariant, coupling to the
quantized electromagnetic field, the introduction of an asymptotic reference
dynamics Up(t) a la Dollard, an adiabatic switching and a particle energy
renormalization term, we obtain the existence of the Mgller operators and of
the scattering matrix, describing infinite photon emission.

The Mpgller operators interpolate between the dynamics, U(t), and the
asymptotic dynamics, U,s = U, (t) = U_(t), uniquely associated to Up(t) by
Eq. (5.17); the S-matrix is invariant under Uys(t) and Tys(a).

The Mgller operators and the S-matrix exhibit a factorization of the
infrared divergences which may also be displayed for the particle scattering.
In fact, the same Mgller operators are obtained if an adiabatic switching is
adopted also for the particle Coulomb interaction, as discussed in Appendix D.

We have, therefore,

Theorem 5.4. For the model defined by Fgs.(2.1)~(2.6) and (5.6), with the
adiabatic regqularization given by Egs.(4.1) and (4.2) and (Dollard) reference
dynamics U5 (t) given by Eqs. (3.5),(3.7), (4.9) and (4.10), or with hp replaced
by h5,, Eq. (D.1), one has:
i) the Mpller operators exist as strong limits

Qi =1lim lim Qf, QF=U"(t)UL(¢), (5.24)

e—0t—=Fo0

on the whole Hilbert space (with L2(]R6N) replaced by L?(T'y,), Eq.(2.8), in
the n.r. case);
ii) the asymptotic dynamics Uas(t) associated to the Dollard reference dynam-
ics, Eq.(5.17), is a one-parameter continuous group; it is the product of the
free particle dynamics and a non-Fock coherent transformation of the free pho-
ton dynamics, Eq.(5.22), indexed by the moments of the particles; the Mpller

operators interpolate between the dynamics U(t) and the asymptotic dynamics
Uss(t)

HQy =Qu Hay, Has = ho + 0as(Hp) ; (5.25)
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iii) the scattering matriz, S = Q% Q_, commutes with the asymptotic dynamics
U.s and with the asymptotic space translations Tys.

For two particles with repulsive Coulomb interaction, Q4 and S are unitary
operators;

iv) the Mpller operators explicitly display the photon infrared divergences,

o = lim Woi (g, p) Wpi (p2) we = lim Wey (. p) we Whi(p);  (5.26)

in fact, W5, (q,p) ws are the Mpller operators relative to the free photon dynam-
ics, Eq.(4.15), and their infrared divergences are canceled by the (time-ordered)
non-Fock coherent factors W5 (p);

v) the explicit factorization of all the infrared divergences is displayed in the
following form of the S-matrix:

S = lim W, (p) e VD GE VD e () (5.27)
£—
with S§ the standard adiabatic S-matrix, corresponding to the Hamiltonian

He(t) = ho + e I""h; + Ho + Hj . (¢),

15:/wdse*“/s % :ﬁZM(V—V) (5.28)
- . ) D—4ﬂ_i<j| i J)- .

vi — v

6. LSZ Asymptotic Limits

The model sheds light also on LSZ asymptotic limits in the presence of Coulomb
interactions and infinite photon emission. For definiteness, we consider a sys-
tem of identical charged (fermionic) particles, so that the Hilbert space is of
the form H = > H", H" = L2 (R*")@H, L2, the space of L? functions of
n positions and momenta, antisymmetric under odd permutations. The Hamil-
tonian is given on H" by Egs. (2.4)—(2.6) (the dynamics leaving invariant the
antisymmetric wave functions).

In the following, we adopt the relativistic form of the velocity, the second
of Eq.(2.3); the same results hold in the non-relativistic case with suitable
domain and momentum space restrictions on the charged fields.

6.1. Charged Fields and their Dollard Dynamics
The charged fields ®(g,p) are defined, on all ¢y € H", f € S(IR®), by
(@) Y"Ngq1---p---pn) =V (n+ 1) (f(g, )" (q1 - - - Pn))ants

the index ant denoting the projection on the antisymmetric subspace, and
satisfy the anti-commutation relations

{®(q,p), ®* (¢, 0}y =d(g—d)dlp—p), {®(g,p), ®(d,p)} = 0.

In the following, it will be convenient to work with the partial Fourier transform
(P, p) of ©*(q,p),

T (P,p) = (2m) /> / dq 1P " (g, p)
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and, correspondingly, use states defined by antisymmetric L? functions
Y(Py,p1... Py, pn). As usual,

T (f) = / APdp U (Pp)f(P.p). fe€SRY),

p(P.p) = U (P.p)U(P.p),  p(p) = / aP p(P.p).

Then,

E/depp(P,p)g(Rp),
and
po(F) = [ drar sl F (), v = (P
are (unbounded) multiplication operators in Fock space, for all measurable
g, F', with F(r,r) measurable, and satisfy, for F'(r,r") = F(r',r),
eip(f)\I/*(P7 p)e—ip(f) — i f(P ;D)qj*(p7 p) ,
cs pp(F)q;*(Rp)e—%ﬂp(F)
— WH(P,p) et AP W p(P PV E(Pp g )5 F(Pop, Pop)
The use of the chk-ordered product : pp : leads to the same equation

with the omission of ez F(F>p: F,p)
The free particle Hamiltonian takes the form

ho = / dP dp W™ (P, p) Po(p) (P, p)
and

uo () (flug(t) = W (f-e),  f-e(Pp) = T f(Pp); (6.1)
clearly, p(P,p) is invariant under the free evolution.
The Dollard evolution operator U5, (t) = up(t) U (t) U5 (t), with Uy the
free electromagnetic evolution, is given by (see Egs. (3.4), (4.11)—(4.14) and
the redefinition in Proposition 5.1),

up (t) = uo(t)es # (), (6.2)
e2 v , ) o
Cy = o &gntln\ﬂW(VfV)ESlgntln|t|C’(P, p, P',p'),
US (1) = e~ P la(F () +hclov) o3 [ dpdp' Li (02 )p(p)p(r')

el 4 p(p) (BE(p) [g dse™* 11602 (p))
EPe(p) = EPe(k, \,p) = FP2(k, \,p)(1 — e~sltleilkl=vR)ty (6.3)

with FP¢(k,\,p) (£ = signt) the one-particle coherent factor given by
Eq. (4.17),

t
Li(p,p’)zé/ds [GE(s,p, ") + G°(s,9', p)], (6.4)
0



Vol. 17 (2016) The Infrared Problem in QED 2725

G(s,p,p’) given by Eq. (5.5), dE(p) by Eq. (5.6).
Since up and Uf are multiplication operators in the P, p representation,
they commute with p(P, p) and, therefore,

[Ub(t), p(P,p)] = 0.
The Dollard dynamics of the field U(f) is, therefore, given by

Vo (f, 1) =Up(t) ¥ (f) Up*(t)
- /depfft(P,p) U*(P,p) e~ lalF @) +hel gio (G (PP)) | (6.5)
where

a(FP(p Z/dka (k, \VEP(k, X, p) e'*t

(X (P.p)) = / 4P’ dp' p(P' )L (pd) + Cu(P.p, Pyt + (o))
(6.6)

¢ (p,p') = Im(FP(p), FP%(p')), having a finite limit for ¢ — co and then for
€ — 0; a “diagonal phase” has been omitted since it vanishes for ¢ — +o00, see
Proposition (5.1).

The integration in Eq.(6.5) is well defined since the exponential is
strongly continuous in P, p by Lemma 4.2 and Egs. (6.2) and (5.5) (on a dense
domain and, therefore, everywhere). p (x§) describes the (logarithmically diver-
gent) Coulomb phases, with C; arising from the (classical) Coulomb interac-
tions of the particles and L7 representing the Lienard-Wiechert corrections
produced by the interaction with the photons.

For the electromagnetic field we have

asy (kN t) = UPE(t) a* (k, \) UP*(t)
= il (s, ) — i / A FP (kA p) pp),  (6.7)

on the sum of the N particle domains D introduced before (C! wave functions
of compact support with values in D(Hj), see Prop. 4.1), still denoted by D
D is also stable under U,s(t), as a consequence of Lemma 4.2.

6.2. LSZ Asymptotic Limits of Heisenberg Fields

a. Charged fields

The Heisenberg asymptotic charged fields W, /in (P, p) are defined by
ain(F) = 0 U7() 0L = lim 05, U° (/) 05

on Hy = Q1 H, see Eq. (5.8). By Eq.(6.5),

out/in(f) = lim Tim U=*(0) W5"(f,) US(1). (6.8)

Thus, for the construction of the Heisenberg asymptotic field, the role of the
Dollard dynamics is to provide explicit corrections to the free evolution, which
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allow for the existence of the asymptotic limits; the main virtue of the Dol-
lard correction is to subtract the infrared divergent terms which arise in the
standard formulation.

It should be stressed that, while in the standard case the interaction pic-
ture free fields are isomorphic to the asymptotic Heisenberg fields, the “inter-
action picture” Dollard fields %, (f,t), a5, (k, A, t), which strictly correspond
to the fields introduced by Rohrlich for QED [19], have little to do with the
asymptotic fields; in particular, their time evolution is substantially different,
see below.

Equation (6.8) can be written in an (“adiabatic”) LSZ form. To this
purpose, we note that a(FP#(p),t) + h.c. can be written in terms of the usual
invariant smearing (in the space variables) of the electromagnetic potential A
with the Green function D(z)6(x¢) of the wave equation,

t Rand

a(FPe(p),t) + h.c. = ev(p)/ dsec1*l A(8, D;_, * Tho(p)s) » (6.9)
0

where A(9; D) = —A(D) + A(D) and To(p)s(®) = (2 — v(p)s).

The r.h.s. of Eq.(6.9) has a simple physical interpretation since
Yi(z,tv) = fot dsewv, e 15l (D,_g * ij,s)(x) is the Lienard-Wiechert poten-
tial generated at time ¢, with vanishing Cauchy data at ¢ = 0, by the current
Jn(viz,s) = evyij(x — vs) e~elsl v, = (1,v).

Then, denoting by V§, A7, p; the Heisenberg time evolution of ¥, A and
p, under U¢(t), we have, on H,

* (f) = lim lim dP dp fft(P, p) \I,i *(P7 p) eipf (x5 (Pyp))

out/in 0 t oo

t Aand
X exp —i/ ds A7 (0¢ Di—s % 5 (v(p); 9)). (6.10)
0

Equation (6.10) provides an explicit modification of the standard LSZ
prescription for the asymptotic limit of the charged fields. It amounts to the
insertion of Coulomb phases and of the exponential of an electromagnetic
operator, both given by fields at time ¢, smeared with explicitly given test
functions.

The effect of the electromagnetic factor is to provide a shift of the elec-
tromagnetic potential at time ¢ by the Lienard—Wiechert potential Y (z, t; v)
produced in a Huyghens cone by the above current jj. The Coulomb phases
and the exponential of A commute, since so do the corresponding terms in
Eq. (6.5).

We stress that the main achievement of the LSZ asymptotic limit, with
respect to the interaction picture approach, is fully reproduced in Eq. (6.10),
which has a well-defined meaning (within the adiabatic approach) independent
of the existence of the Mgller operators.

The strong convergence of the density operators on Q1 H", Vn, for t — oo
and then ¢ — 0,

pi(F) = U () p(F) U (t) — Q1 p(F) Q4 = pousyin(F) ,
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F(P,p) bounded, follows from the invariance of p(P,p) under the Dollard
evolution and the norm boundedness of p(F) on H". Clearly, pout/in(P,p) =
Ut in (P P) Yout in (P, p); both pout(F) and pin (F) define commutative alge-
bras.

Furthermore, by the same argument, if Fy converges uniformly to Fi,

then
0 (Ff) = poutjin(Fac),  €Pi0) — eipout/in(Foc) (6.11)

strongly on Q3 H"™, Vn; by a density argument, the second of Egs. (6.11) only
requires the uniform convergence of Fy on compact sets.

b. Electromagnetic fields

For the asymptotic limit of the electromagnetic field, it is convenient to work
with their Weyl exponentials,

W(f,\) = e i@l Fhc)
Then, for (complex) f and |k|_1/2f in 12, on M.

Woutjin(F,3) = Qi W(F,0) Q= e tonsm(f e
=lim lim U*() UR () W(f, ) Up* () U(t) = lim Wi (£, 1), (6.12)

-0
By Eq. (6.7),
WE(FN) = U () W (fp, N) e L Atk dEP2 R Am) oo SR he )

with f;(k) = f(k)e **I*. As in Eq.(6.11), the second factor converges for
t — +oo and € — 0, to

exp(ipout/in(J)((fa )‘) + hC)) ’

where J(k, A, p), given by Eq. (4.17) with ¢ = 0, is integrated with poyu¢/in(p)
and f(k). In fact, k'/2J € L?(d®k), with norm bounded uniformly in p, so
that, after integration in k, F:?#(p) converges uniformly for bounded p.

Hence, also the first factor converges. Its limit is a unitary operator which is
strongly continuous in a for f — af, since so are Woy /in (o f, A) (by definition)

and the limit of the second factor, by the above estimate. Therefore,
U () W (f_s, \) US(t) — e~ Cout/im(fs N Fhec) (6.13)

Since oyt /in, azut/in, briefly ait/in and pout/in(J)(f; A) are well defined on
Q4 D, on such a domain one has

afut/in(f7 >\) - bfut/in(f’ )‘) - pout/in(J)(f7 )\) (614)
Equation (6.14) states that bﬁlt Jin AT€ related to aﬁlt Jin by the second quantized

version of the transformation of Eq. (5.18).
bfut/in(ﬁ A) define free massless fields; in fact, by Eq. (5.19), for t — oo and
then ¢ — 0,

Uur(nyus ) Us(t+n) =Tt +7,7) — 1
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strongly and the same holds for its adjoint; therefore,

U* () b*

out/in

= T (s, YU *(5) a* (fr—s, ) US ()T (5,7) = bl 5 (fr, A).

(f,NU(r) =Um U™ (r) U"(¢) a* (f-e, U () U(7)

We shall denote by Byt in(z,t) the corresponding fields in Minkowski space.
They are the result of LSZ formulas for massless asymptotic fields, on the
whole scattering spaces, with no need of Dollard corrections, in agreement
with the general analysis by [5] on the asymptotic limit in the massless case.
c. Asymptotic algebras and space—time translations

In the following, when no confusion arises, the indexes out/in shall be replaced
by the single index as; we only recall that J and H,s are independent of the
two alternatives. Since

[Pas(F); pas(G)] = [pas(F), afs(fv Nl =0,

both By, and By, satisfy the CCR and commute with poy in(F'), respectively.
As asymptotic field algebras we take the polynomial algebra F,s generated by
the free photon fields Bas(z,0), their time derivative and by the asymptotic
charged fields W#, smeared, e.g., with test functions in S(IR®) and S(IR®),
respectively.

By construction, Egs. (6.8) and (6.12), a7 and W7 are canonical inde-
pendent fields (at equal times); aZ, is well defined on Q. D, which is stable
under U7 (f), for

fla.p) = (2m)2 / dP et f(P,p)

of compact support. Equation (6.14) implies, therefore, the following commu-
tation relations between B,s and W,q:

[b2s (K, A), Wi (P p)] = J (K, A, p) W (P p), (6.15)
[bas (K, A), Wi (P, p)] = J (K, A, p) WL (P, p). (6.16)

They hold, together with the equations for their h.c., on Q4 D, for the operators
obtained by smearing b# with f, k=12 f(k),k'/2f(k) € L?, and ¥¥, with g, §
of compact support.

They extend, by closure of the corresponding operators, to g € S (lRﬁ),
since [|kY/2J(k, A, p)||r2(ask), is of order |p|. In particular, the commutation
relations, Egs. (6.15) and (6.16), hold for the fields which generate Fgg, all
smeared with test functions in S, on D,s = Fastg, o the vacuum vector;
Doyt /in are dense in Hy by Eq.(6.14) and cyclicity of the vacuum for the
fields at t = 0.

With respect to the standard case, the above non-standard commutation
relations are the only modification, produced in the asymptotic algebras by
the LSZ asymptotic formula for the charged fields, Eq. (6.10).
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By Proposition 5.3, the Hamiltonian is given, on Q4 D(hg + Hy), by
H = QiHasQ*i = as(\I’asa aas) = hO(\Ijas) + HO(bas)

/depv ) PU* (P, p)Uae(P.p) +Z/d3k|k\b;(k,)\) bas(k, ).
A

(6.17)

Similarly, from Eq. (5.21) one has, for the generator of space translations,
Eq. (2.7),

P:/depP\Il (P, p)U(P,p) +Z/d3kkb* A) bas (K, X)

= Po(Was) + Pop(bas) (6.18)

In the above decompositions, Egs. (6.17) and (6.18), the two terms commute,
due to Egs. (6.15) and (6.16). The commutativity of the two terms is also
implied by the fact that Ho(bas) and Ppy, (bas) implement the space—time trans-
lations of the free massless field b,g; this reproduces the structure advocated
in [15] in terms of explicit functions of the asymptotic fields, with Heparge =
hO(\IjaS)v Pcharge = Pc(\I’as)-

The space-time evolution of ¥ (P, p) follows from Egs. (6.15)—(6.18):

Ula,t)” W3 (P,p) Ulast)
= e ba (T D) =T (1) (iPo)t o=iPa g (P p) bas (T @)=T0)) - (6.19)

with J%!(k,\, p) = e**=ka) J(k X p). Hence, even if the Hamiltonian is the
sum of two free Hamiltonians, the time evolution of Vi, is not free as a con-
sequence of the commutation relations, Eqs.(6.15) and (6.16). Thus, on the N
charged particle states ¥ obtained by applying ¥, to the vacuum,

HUN # ho(Vas) Uy

Given Egs. (6.17) and (6.18), the non-commutativity of U,s and bas,
Egs. (6.15) and (6.16), is crucial for the absence of an eigenvalue at the bot-
tom of the spectrum of the Hamiltonian in the one-particle sector, at given
P = Peharge + Pon(bas) and given particle momentum p. In fact, in general P
and ), p; commute with H; by Eqgs. (6.17) and (6.18), on one-particle states
v,

Hp = (ho($as) + Ho(bas)) = (P v(p) + [Ho(bas) — Pon(bas) v(p)])¢-

The operator in square brackets is positive since |v(p)| < 1 and the bottom of
the spectrum of H is an eigenvalue iff 1 is the vacuum vector for b,s, which is
admitted iff J(k, \,p) € L?(d3k), for a set of p of positive measure.

It is also important to stress that neither the commutation relations nor
the time evolution of the asymptotic fields are affected by the Coulomb and
Lienard—Wiechert corrections in the LSZ procedure.

One may introduce the fields

U* (P,p,x) = e VeI 0)=T0) g* (P, p) ebes (T (0)=T (1)) (6.20)
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which transform covariantly under space-time translations U(a), a = (a;, ap):
Ula)* U (P, p,x)Ula) = P?Pa0 o =iPag* (P p 2+ a). (6.21)

Their commutation relations with b7, are
b (), Wou(P,p,2)] = €550 (kA p) Uo(Popa). (6.22)

The field algebra F, identifies a unique C* algebra A,s, generated by ¥,s and
the Weyl exponentials of b,g,

Wias (f) = e~ (bas(DFhe)

with f = f(k, \) a C*° complex function of fast decrease. Egs. (6.15) and (6.16)
become

Wout/in(f) \I]:ut/in(Pvp) Vvout/in(fV< = \Ij;ut/in(Pa p)62i ReJ(f.P) )

J(f,p) = Z/d% J(k, A\ p) fk, N). (6.23)
A

The algebras Ag,/in have the structure of a semidirect product of fermion
and Weyl algebras, of the same form as that discussed by Herdegen [17,18].
However, the time evolution is very different, since, in Herdegen algebra, W,
is a free field (of definite mass). In fact, the time evolution of the Herde-
gen variables is given by the sum of the free Hamiltonian for V.5 and a free
(e.m.) Hamiltonian commuting with W,g; in our algebra, this would amount
to replace, in Eq. (6.17), Ho(bas) with Ho(aas). Moreover, the representation
of the semidirect product algebra adopted by Herdegen differs from ours by
the absence of the vacuum state, which would give rise, in his case, to charged
states of definite mass.
d. Asymptotic form of the corrections to the LSZ formula

The modification of the standard LSZ formulas for the charged fields aris-
ing from the electromagnetic interaction can be written in terms of asymptotic
e.m. fields and asymptotic currents.

Proposition 6.1. The asymptotic charged fields, Eq. (6.10), are also given by
the following LSZ formula

AP dp f—y(P,p) V5 *(P,p) e'rt (G (Pr))

out/in(f) = Eh_{% t—lgtnoo
gPout/in (L2 (P) () oxpy —iBous/in (73 (v(p))) (6.24)

on Hy, with the notation of Eq. (6.6), Cy and L5 given by Egs. (6.3) and (6.4),
i3 j(vix) = j5 (v ) 0(£2°), so that

+oo
Boui/in (11 (v)) = e/ dse—cl®l /d3x Boutjin (7 +vs, s) vij(x) ;
0
C(p,p/) = gi_{%/délx d4y Dij(x - y)(_jii(vl7x) + 1/2j:6ti(vlvx))j:€tj(vay) ’

with j+; = j550, v = v(@).
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Proof. The basic content of Eq. (6.24) is that, in Eq. (6.10) one may take first
the asymptotic limits of the fields pi and A7, keeping ¢ and ¢ fixed in the
test functions. The resulting procedure for the limits will be shown to give the
same result as the diagonal procedure, Eq. (6.10), apart from the correction
given by ¢(p).

1. We first control the £,¢ limits of the fields in the phase and in the electro-
magnetic factor, keeping ¢, ¢ fixed in the smearing functions.

Egs. (6.13) and (6.14) imply that

.t 5 -
Va(p, €', 7,e,t) = e~ Jy dwo AZ (8- Dr g *5Z (v(p),0))

converges strongly to
e*ifot dzo Bout /in (3% (v(p),20))

— e_i(aout/in(FtD E(p))+h-c~)€_(pout/in(i J)(Ff,D E(p))—h.c.) (625)
as T — Foo and then &’ — 0, since fg dse~clsl D« Mys 18 a regular solution
of the wave equation, corresponding to f_, in Eq. (6.13).

Similarly, V,(p,e’,7,e,t) = exp ipS (L:(p)) converges strongly, as 7 — 400
and then &/ — 0, ¢, ¢ fixed, to
V,(p, 0, £00,€,t) = expipout/in (Li (p))-

2. We must prove that, in Eq. (6.10), the phase and electromagnetic factor
can be replaced by their asymptotic version, apart from a phase, i.e., on H,
omitting the p dependence and using [pout/in, bout/in] = 0,

VP(E’ t,e, t)VA (6, t,e, t) — ¢lPout/in (Lf)VA (0, +o00, ¢, t) etipout/in(c—ci) _

(6.26)
strongly as ¢ — 400 and then ¢ — 0.
Using [U5(7), p(p)] = 0 and (see Eq. (6.7))
U™ (1) alk, N Up (1) = e (a(k, \) = p(iFPZ)) (k, N)),
the first term in Eq. (6.26) can be written as
QF eiP(Li (1) gmila(F7 % () +hec) e = o~ P (FPE)(FP “(p)) = hec] (6.27)

2a. The last factor in Eq. (6.27) involves the smearing of p(p’) with —2i times
the imaginary part of the scalar product (FP(p'), FP¢(p)) as functions of
k and A. Similarly for the last factor in Eq.(6.25). By an explicit control,
Im (EP=(p"), FP#(p)) converges, for t — 400 and then ¢ — 0, to

lim h:tm Im (_Z‘](pl)v FtDE(p)) - %Ci(pap/) + %C(pap/)a

e—0t—

uniformly for p, p’ bounded. Both terms are non-vanishing due to the presence
of € singularities in the corresponding integrals.

Then, by the second of Egs. (6.11), the last factor in Eqs. (6.27) and (6.25)
converge, for t — +o0o and then € — 0, and their limits differ by the factor
etPout/in (¢'(p)) , ¢ =c—lim. ;5. Both limits leave H4 invariant.
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2b. We have to discuss the convergence of the remaining factors in Eq. (6.27),
on Hy. Since Q5 * converges on H, its limit inverts Q4 ; Eq. (6.26) reduces,
therefore, to

(QF — Q) etrlL) e H@FP ) +he) 0 strongly onM. (6.28)

Since, for ¢t — +oo, Li(p’) converges to L5 (p’) uniformly for bounded p’,
FPe(k,\,p) — FPe(k,\,p) in L?(d®k) and Qf — QF, we are left with the
limit in e. Since Q. = Wiwy, W5, p(@)] = 0 = [Wy, p(0')], wep =
Pout/in W+, the exponential of p can be moved to the left, becoming
elPout/in (LL) .

Since wt a(FP(p)) = a(FP4(p+))ws and wiL?(T) x Hp = Hx, we are
reduced to

(W5 — W) e (@FE e the) g (6.29)

strongly on H4. Using Eq. (5.1) and the fact that, for any n-particle subspace
L? (I‘(i")), W5 are multiplication operators W5 (¢, p’), one has

W e~ Ha(FL % (px))+hoc) _ ,~<AFL(d.p"), FL (p+)> ,—i(a(FL°(p+))+h.c.) W5,

By the proof of Proposition 5.1, |k|*/2FP¢(py) and |k|~Y/2AF5(¢,p') con-
verge in L%(d3k), for almost all (¢/,p’) in I'y; therefore, the above phases
converge to

lim lim (AFS (¢, p), FP(ps)),

e—=0e’'—0

a.e. in I'y. Eq. (6.27) then follows from
(Wi —=Wi)—0 onHy, WiHy=Hs.

O

In Eq. (6.24), the electromagnetic correction required for the LSZ asymp-
totic limit of the charged field is replaced by a string-like factor involving the
massless asymptotic photon field B, in; the string is a straight line, with
direction given by the momentum variable p of the test function f.

From this point of view, a convenient strategy for the asymptotic limit of
the charged fields is to first obtain the massless asymptotic photon field and
then use the corresponding string as the e.m. correction in the LSZ formula
for the charged field.

In Eq. (6.24), also the Lienard—Wiechert modification involves the asymp-
totic density poyut/in of the particle momentum p, whose construction does not
require the LSZ limit of the charged field (see Eq. (6.11)). Since LS (p,p’) =
L5 (p', p), the Lienard—Wiechert factor has no effect on the canonical structure
of the asymptotic charged fields.

On the contrary, the finite phase factor involving pout/in(c¢(p)) (not nec-
essary for the existence of the LSZ limit) has an antisymmetric part, which
cancels the changes induced by the exponential of the asymptotic e.m. field on
the charged field anti-commutation relations.

To write the Coulomb correction poyt/in(Ct(P,p)) in terms of asymptotic
variables, one should adiabatically switch also the Coulomb potential, since
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expipas(Ct) — expipi(Cy) does not converge for ¢t — +oo. The asymptotic
form of the Coulomb correction will be more conveniently discussed in a further
work, within a framework which does not use at all the adiabatic switching,
on the basis of an improved Dollard subtraction.

7. Conclusions

The strategy advocated by Kulish-Faddeev [21] and Rohrlich [19] for QED,
supported by the cancelation of the infrared divergences in the perturbation
expansion, has been rigorously controlled in a translationally invariant model
reproducing basic infrared problems of QED.

Technically, this has been obtained by introducing an adiabatic procedure
and mass renormalization counter-terms; both ingredients are characteristic of
the Feynman—-Dyson approach, in its non-perturbative version discussed by
Hepp [16].

The field theory version of the model provides a strategy for the control of
the asymptotic limit of the Heisenberg charged fields, through an explicit mod-
ification of the LSZ (HR) formulas. The resulting asymptotic fields are very
different from those advocated by Zwanziger [27], Schweber [24] and Rohrlich
[19].

The modifications of the LSZ formula may be written in two alternative
forms: one is given in terms of the photon field at the same time ¢ of the charged
field, the other by a string-like factor involving the massless asymptotic photon
field. The formulas only involve Heisenberg fields and geometrical factors; they
represent the transcription of the KFR strategy into the LSZ (Haag—Ruelle)
approach and are, therefore, good candidates for asymptotic formulas in QED
(see Eq. (1.7)). Making explicit their dependence on the origin « of the string
required for the LSZ limit, they produce asymptotic charged fields 1oyt /in (P, 7),
space—time covariant in the momentum variable p lying on the mass shell and
in the space-time point x.

For the one-particle sector, our first LSZ formula is close to that proved
by Chen et al. [9], Egs. (II1.29) and (II1.30), for one-particle states in non-
relativistic QED. In fact, their LSZ modification factor Wy 5, (v,t) acts on a
(previously constructed) one-electron state which requires an infrared dressing
by a Weyl operator W of the same form, at ¢t = 0, to mimic the action of an
interpolating field. Then, modulo different infrared regularizations and other
technical points, their correction factor Wy ., (v,t) W~ corresponds to our
e.m. correction for the one-particle case.

For the asymptotic limit of the electromagnetic field, the ordinary LSZ
(HR) limit (with no Dollard correction) applies, in accord with Buchholz result
[5], and defines massless fields Boy¢/in- The canonical fields oy /in and Boyg in
generate asymptotic algebras with a semidirect product structure, their com-
mutation relations, Egs. (6.15) and (6.16), being determined by the electro-
magnetic field corrections to the LSZ formula for the charged fields. Their
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time evolution is generated by the sum of the free Hamiltonians of W /3, and
Bout/in Eq. (6.17).

Such a decomposition, which also holds for the momentum, reproduces
the splitting P** = Pf_ + P, advocated in [15]. The resulting structure
is substantially different from the Herdegen proposal of a semidirect product
of asymptotic algebras [17,18], which involves a different Hamiltonian, giving
rise to free charged asymptotic fields.

The absence of charged states of definite mass, which in Herdegen analysis
requires the absence of the vacuum, follows here from the above decomposition
of the Hamiltonian and the non-trivial commutation relations between W4
and B,s. On the other hand, the mass shell appears in the spectrum of Pc‘flarge,
which acts on 1,5(p, z) leaving x fixed.

The space—time transformations of ¥,s, Ba.s are also different from those
of the asymptotic fields proposed by Zwanziger [27], mainly because his char-
ged fields include (Coulomb-Lienard—Wiechert) phase operators which spoil
the group property of their time dependence.

Appendix A. Asymptotic Limits of Classical Configurations

Lemma A.1. Let v, t € IR, be invertible measure preserving transformations of
I' = RN, with the Lebesgue measure dx, defining, therefore, unitary operators
wi, wip(x) = (), in L2(T, dz). If wy converge strongly, fort — 400, to w+,
and () converge pointwise, ¥ip € D, D = U,C'(A,), A, open bounded
sets covering I apart from a set of zero measure, then there exist measurable
subsets I'+ and measure preserving transformations v+ : '+ — I' such that:

V& —t—too V2T VI € L'y, (A1)
(wi))(x) vanishes (a.e.) in the complement of Ty and

(we)(x) = P(yzx), Vb € L*(T,dx), =Ty, (A.2)
weL*(T,dx) = L*(Ty, dx). (A.3)

Proof. Let ' be the complements of the sets

{z () =100 0, Yo € D}

I'y are measurable since D is separable in the Sup norm. Let z € I'; then
there exists ¥, € D such that v, x € supp(,.), Vt > t,. Ve > 0, the (compact)
support of ¢, can be covered by a finite number of balls Bf, of radius €, and
a partition of unity argument shows that for some index i, v 2 € B§ for all
large t, so that ~; « has the Cauchy property; we denote by (v4 ) its limit.
For ¢ € D, Eq. (A.2) follows by the identification of L? limits with pointwise
limits. Since D is dense in L? and w, is an isometry, «, preserves the measure,
so that Eq. (A.2) extends to L? and the image of w, can be identified with
L?(Ty,dx). O
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Appendix B. Completeness of the Mgller Operators
in the Repulsive Two-Particle Case

We consider the non-relativistic case, the relativistic case being very similar.
For N = 2, in the reference frame where p;y = —py = p, all trajectories have
non-zero relative asymptotic velocity vy and, therefore,

|xt| = g1t — q2¢] = (1 —€) Jug]| |t] for || large. (B.1)

This allows for the existence of the limit of u},(¢) u(t)y as t — oo, which
implies the unitarity of w4. In fact,

(d/dt) (up () u(t)) v = up (t) u(t) (w(ze) X (t) — w(vt;0)V(¢) ) ¥, (B.2)
where
VEqQ—G, V=EVi-V, X=(Qi—-Q2),
X(t)=u ") Xu(t), V() =u"({t)Vu(?t). (B.3)

Now, by Eq. (3.14), u(t) induces a linear transformation on X,V with coeffi-
cients given by matrices A(t) = Aq5(q,p, 1), ete., a, 5 =1,2,3,
Xt)y=AW)X+B@@)V, V{)=CHt)X + D)V, (B.4)
which (in the non-relativistic case, with reduced mass = 1) satisfy
A =C, B=D,
Cap(t) = —Vor () Ays(t) . Dap(t) = = = Voo () Bys(t)
with V;/A/ = 0°V/0x,0z.. Then,
C(t) = Clt) — t V' (s) dsA(to) — tv”(s) as [ C(s')ds'.
to to to
By Eq. (B.1), V' (t) = O(t3), so that
sup IC@OII < [IC(t0)]] + [|A(to)l| Ot ) + sup lc®llot )

and, therefore,
sup @I < IO )l (1 + Ot ). (B.5)
Zto

This implies ||A(t)|| = O(t) and ||C(t)|| = O(t~2).
Then, ||A(t) — C(t)t|] = O(Int). The same conclusion holds for B(t) and for
D(t). This yields the estimate, Vi) € D} (see Proposition 3.1)

(w(ee) (X(2) — V(£)8) 91| = Ot Int). (B.6)
On the other hand,
[l(w(ze) — w(vet; 0)) V() ) ]| = Ot~ Int) (B.7)
since ||V (¢)1|| is bounded by Eq. (B.5) for C(t) and D and Eq. (B.1) implies
|1’t - Utt| = O(lnt)

on the support of ¢, which is left invariant by V(¢). Then, the argument
following Eq. (3.17) applies.
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Appendix C. Proof of Lemma 4.2

Existence and unitarity of U(f), Vf € L?(d®k), follows from the essential self-
adjointness of a(f) + a(f)* on the domain Dy;, of vectors describing finite
numbers of particles. If f,|k|~'/2f € L?(d*k), then a(f)+a(f)* is well defined
on D(Hy) as a consequence of the following estimates for a*, a* = a,a*, on
Dy, and, therefore, on D(Hy):

lla® (/)| < (k=2 122, Ho W) + || £17 |12
< (K72 1@ | HoWI[ + (1/4a) [ ¥12) + IfIP19, o> 0.
(C.1)
Furthermore, under the above assumptions of differentiability, one has
Ulfa+e) = Ulfa) = U(fa + €fe + €ga(€)) = U(fa),
with g(e), |k|7'/? g(€) — 0 in L?(d®k) as € — 0, which can also be written as
U(fa) [U(efa)U(egale)) el oot —a].
Now, by Eq. (C.1), V4b € D(Hy), h, |k|~*/?h € L?(dk)
1(d/dN) U)W [> < 2[Rl 2|2 ([ How | + [1#11%) + 4111 1],
which implies
(U (R) = 1) 9| < [|BIkI 2| ey + [|h]] dy. (C.2)
Then, for h = €gq(€), Vi € D(H,),
e 1 (Ulega(e)) —1)p — 0, as e — 0.
On the other hand, by Stone theorem, on D(Hj)
e (Ulefa) = 1) = ilal(fa) +alfa)")
so that, on D(Hy),
dU(fa)/da = U(fa) li(a(fs) + a(fa)") + Cal
and Eq. (4.20) follows.

Finally, f,(k) = f(k)e ¥ satisfies the above conditions for f,(k), if f(k),
|k|=Y2f(k),|k|f(k) € L?(d®k) and, therefore, Vo) € D(Hy)

MU (f) g =U(f-r) ety (C.3)
is differentiable in L? with respect to ¢, and this implies that U(f) € D(H).

Appendix D. Adiabatic Switching of the Coulomb Interaction

To display the complete factorization of the infrared divergences, we introduce
the Hamiltonian

H®' = ho+ Ho+e < 1hy + HE (1), (D.1)
We proceed as in Sect. (3.4), with Hf, (t) replaced by
HBEI (t) = hO + H(] + e_EI‘tlhI(fvtu Vt7 0) + Hi D(t) )
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with Hj p(t) still given by Eq. (4.2). For ¢t — o0, the result are the Mgller
operators

Q5 = Wi Wi WhL = W5t (4,9) WHL(03) wi
with p‘i wi = wft p, as in Eq. (3.12).
In fact, the estimate Eq. (3.16) holds uniformly in &’ and, therefore, the limits
in Eqs. (3.9)-(3.11) are uniform in €. This also implies that w§ converges to w.
as &’ — 0. Moreover, with an obvious extension of the notation of Appendix A,
as a consequence of the adiabatic cutoff, both fyfl (¢,p) and its inverse converge
pointwise a.e. in I' as t — oo. The limit of the first, ’yi (¢,p), satisfies

(Wi ) (q.p) = Y(73 (4, p))-

Convergence of vfl (g,p)~* a.e.in " implies I's’ = I and then Eq. (A.3), applied
to wi, implies that wi are unitary operators. By the above uniformity argu-
ment, Eq. (A.1) applies to 7%, i.e., for &/ — 0,

7% (g, p) — v+(q,p)

a.e. in I'y. In particular,

P (q,p) — p(a,p), Y(g,p) € T+

and Eq. (3.19) holds uniformly in ¢’. This allows for the control of the conver-
gence of the W operators as in Sect.(5.1), see Proposition (5.1):

lim W5t (q,p) WpL(p%) = lim lim W5 (q,p) WpL(p%) = We.
In fact, the estimates for the convergence of AFiEI in the proof of Proposition
5.1 only rely on the limit in Eq. (3.19), which is uniform in &’.

Such uniformity also implies that the estimates of Egs. (5.13) and (5.14), and
therefore the convergence of the phases, are uniform in ¢’. In conclusion,

lim Q3° = lim Q% = Q4.
e—0 e—0

By an explicit calculation, the Mgller operators w3 are related to the standard
adiabatic Mgller operators wyg . , defined solely by an adiabatic switching of the
Coulomb interaction with no Dollard correction, by

Hil*Vp e

= lim [

wy = lim wjye
e—0 t—o00

t
lgz/ e 1/sds, Vp= Z - (V= V). (D.2)
1 ‘”z*Uﬂ

References

[1] Blanchard, P.: Discussion mathématique du modele de Pauli et Fierz relatif a la
catastrophe infrarouge. Commun. Math. Phys 15, 156-172 (1969)

[2] Bloch, F., Nordsieck, A.: Note on the radiation field of the electron. Phys.
Rev. 52, 54-59 (1937)



2738 G. Morchio and F. Strocchi Ann. Henri Poincaré

[3] Borchers, H.-J., Buchholz, D.: The energy—momentum spectrum in local field
theories with broken Lorentz-symmetry. Commun. Math. Phys. 97, 169—
185 (1985)

[4] Buchholz, D., Porrman, M., Stein, U.: Dirac versus Wigner: towards a universal
particle concept in local quantum field theory. Phys. Lett. B 267, 377-381 (1991)

[5] Buchholz, D.: Collision theory for massless bosons. Commun. Math.
Phys. 52, 147-173 (1977)

[6] Buchholz, D.: The state space of quantum electrodynamics. Commun. Math.
Phys. 85, 49-71 (1982)

[7] Buchholz, D.: Gauss’ law and the infraparticle problem. Phys. Lett. B 17, 331—
334 (1986)

[8] Buchholz, D., Roberts, J.E.: New light on infrared problems: sectors, statistics,
symmetries and spectrum. Commun. Math. Phys. 330, 935-972 (2013)

[9] Chen, T., Frohlich, J., Pizzo, A.: Infraparticle scattering states in non-relativistic
QED: I. The Bloch—Nordsieck paradigm. Commun. Math. Phys. 294, 761-
825 (2010)

[10] Chung, V.: Infrared divergences in quantum electrodynamics. Phys. Rev.
B 140, 1110-1122 (1965)

[11] Dollard, J.: Asymptotic convergence and the Coulomb interaction. J. Math.
Phys. 5, 729-738 (1964)

[12] Dollard, J.: Quantum-mechanical scattering theory for short-range and Coulomb
interactions. Rocky Mount. J. Math. 1, 5-88 (1971)

[13] Dybalski, W.: Haag—Ruelle scattering theory in presence of massless particles,
Lett. Math. Phys. 72, 27-38 (2005)

[14] Frohlich, J.: On the infrared problem in a model of scalar electrons and massless,
scalar bosons, Ann. Inst. H. Poincaré 19, 1-103 (1973)

[15] Frohlich, J., Morchio, G., Strocchi, F.: Charge sectors and scattering states in
quantum electrodynamics. Ann. Phys. 119, 241-284 (1979)

[16] Hepp, K.: Théorie de la Renormalization. Springer, Berlin (1969)

[17] Herdegen, A.: Semidirect product of CCR and CAR algebras of asymptotic
states in quantum electrodynamics. J. Math. Phys. 39, 1788-1817 (1998)

[18] Herdegen, A.: Infraparticle problem, asymptotic fields and Haag—Ruelle the-
ory. Ann. H. Poincaré 15, 345-367 (2014)

[19] Jauch, J.M., Rohrlich, F.: The Theory of Photons and Electrons. pp. 513-
529. Springer, Berlin (1980) Supplement S4

[20] Kibble, T.W.B.: Coherent states and infrared divergences. Lectures in theoretical
physics. In: Mahanthappa, K.T., Brittin, W.E. (eds.) Mathematical Methods in
Theoretical Physics XI D. Gordon and Breach, USA (1969)

[21] Kulish, P.P., Faddeev, L.D.: Asymptotic conditions and infrared divergences in
quantum electrodynamics. Theor. Math. Phys. 4, 745-757 (1970)

[22] Morchio, G., Strocchi, F.: Dynamics of Dollard asymptotic variables. Asymptotic
fields in Coulomb scattering. Rev. Math. Phys. 28, 1-26 (2016). arXiv:1410.5612
[math-ph]

[23] Morchio, G., Strocchi, F. (In preparation)

[24] Schweber, S.S.: Asymptotic operators for Coulomb scattering. Phys. Rev.
D 7, 3114-3115 (1973)


http://arxiv.org/abs/1410.5612

Vol. 17 (2016) The Infrared Problem in QED 2739

[25] Steinmann, O.: Perturbative Quantum Electrodynamics and Axiomatic Field
Theory. Springer, Berlin (2000)

[26] Yennie, D.R., Frautschi, S.C., Suura, H.: The infrared divergence phenomena
and high energy processes. Ann. Phys. 13, 379-452 (1961)

[27] Zwanziger, D.: Field renormalization and reduction formula in quantum electro-
dynamics. Phys. Rev. Lett. 30, 934-937 (1973)

[28] Zwanziger, D.: Reduction Formulas for Charged Particles and Coherent States
in Quantum Electrodynamics. Phys. Rev. D 7, 1082-1099 (1973)

Giovanni Morchio and Franco Strocchi
INFN

Sezione di Pisa

Italy

e-mail: morchio@df .unipi.it

Franco Strocchi
e-mail: franco.strocchi@pi.infn.it

Communicated by Jan Derezinski.
Received: June 14, 2015.
Accepted: March 15, 2016.



	The Infrared Problem in QED: A Lesson from a Model with Coulomb Interaction and Realistic Photon Emission
	Abstract
	1. Introduction
	2. The Model
	3. Particle Dynamics and Scattering
	4. Dynamics and Scattering with an Adiabatic Regularization
	5. Removal of the Adiabatic Switching
	5.1. The Møller Operators
	5.2. The Asymptotic Dynamics

	6. LSZ Asymptotic Limits
	6.1. Charged Fields and their Dollard Dynamics
	6.2. LSZ Asymptotic Limits of Heisenberg Fields

	7. Conclusions
	Appendix A. Asymptotic Limits of Classical Configurations
	Appendix B. Completeness of the Møller Operators in the Repulsive Two-Particle Case
	Appendix C. Proof of Lemma 4.2
	Appendix D. Adiabatic Switching of the Coulomb Interaction
	References




