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We study the thermalization of a scalar field ® coupled to two other scalar fields y, , that constitute a
bath in thermal equilibrium. For a range of masses the ® propagator features threshold and infrared
divergences, a vanishing residue at the (quasi)particle pole, and vanishing on-shell decay rates thereby
preventing the equilibration of @ with the bath via on-shell processes. Inspired by the theory of quantum
open systems we obtain a quantum master equation for the reduced density matrix of @ that includes the
time dependence of bath correlations, yielding time dependent rates in the dynamics of relaxation and
allowing virtual processes with an energy g, whose difference from the on-shell energy is of O(1/1) at long
time ¢. These off-shell processes lead to thermalization despite vanishing S-matrix rates. In the case of

threshold divergences we find that a thermal fixed point is approached as e=V'/" with the relaxation time ¢*
becoming shorter at high temperature as a consequence of stimulated emission and absorption. In the
infrared case, the thermal fixed point is approached as e~(*), where y(¢) features a crossover between In(z)
and ¢ behavior for 7 > 1/T. The vanishing of the residue and the crossover in relaxational dynamics in this
case is strikingly reminiscent of the orthogonality catastrophe in heavy impurity systems. The results yield

more general lessons on thermalization via virtual processes.

DOI: 10.1103/PhysRevD.106.045019

I. INTRODUCTION

The dynamics of relaxation, approach to equilibrium and
thermalization, is a subject of timely cross disciplinary
interest with implications in condensed matter physics [ 4],
cosmology [5-8], and high energy and nuclear physics
[9-11]. In quantum kinetic approaches to relaxation or
thermal equilibration in nonequilibrium situations, usually
the rate equations input collision kernels with transition
probabilities per unit time derived from the S-matrix
approach, or Fermi’s golden rule, which typically take the
infinite time limit. This limit entails strict energy conserva-
tion, and therefore the transition probabilities per unit time
are obtained from on-shell processes that conserve energy
(and momentum in translational invariant systems).

More recently, relaxational dynamics associated with off-
shell effects were studied within the context of quantum
field theories that feature infrared [12] and threshold
divergences [13] at zero temperature. Infrared divergences
typically originate in the emission and absorption of soft
quanta, are of particular importance in gauge theories
[14-25], and play a fundamental role in quantum aspects
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of gravity as a consequence of emission and absorption of
gravitons [26,27]. Motivated by Higgs physics, studies in
Refs. [28-31] recognized a singularity in the propagator of
a bosonic particle as its mass approaches the multiparticle
threshold from below. An important consequence and
common aspect of infrared and threshold divergences is
that the residue of the single particle pole vanishes as the
mass of the particle approaches the multiparticle threshold,
and as a consequence, the particle is not an asymptotic state
of the S-matrix [13]. Within the context of condensed
matter physics, this phenomenon signals the breakdown of
the quasiparticle picture [32-34]. In Ref. [12] a dynamical
resummation method that extends the dynamical renorm-
alization group [35,36] was implemented to study the time
evolution of an initial single particle state in the case of a
bosonic quantum field theory that features an infrared
divergence similar to that of the electron propagator in
quantum electrodynamics [14-22]. This study found that
the survival probability of the single particle state decays in
time as a consequence of off-shell, in other words virtual
processes not as an exponential but as a power law with
anomalous dimension, namely 2 A>0, despite the fact
that the S-matrix decay rate vanishes. Implications of this
off-shell process for the production of ultralight dark matter
or dark radiation in a radiation dominated cosmology were
studied in Ref. [37].

In Ref. [13] a similar study showed that in the case of
threshold divergences the survival probability of an initial
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single particle state decays as e_\/’/_’; when the mass of the
particle coincides with a two particle threshold for inter-
mediate states with two massive particles; however, the
decay rate obtained from the S-matrix approach vanishes in
this case also. The vanishing of the residue at the single
particle pole in the propagator in both the threshold and the
infrared divergent cases is merely a reflection of this decay
process when the mass of the “decaying” particle places the
pole at the tip of the multiparticle continuum (the beginning
of the branch cut) instead of being fully embedded in the
continuum as in the case of a resonance. This feature also
signals a breakdown of the Breit-Wigner approximation of
the propagator and spectral density of this particle [13].

Motivation and objectives.—The analysis in Refs. [12,13]
shows that the decay of the single particle survival
probability is a consequence of off-shell processes which
at long time ¢ feature “virtuality” o< 1/¢. While the S-matrix
decay rate vanishes by strict energy (and momentum)
conservation, a long but finite time interval introduces
an energy uncertainty that allows processes with small
virtuality that lead to the decay but with different decay law
as compared to the usual exponential e~'". These results
motivate us to address the following questions: (i) How can
one implement a quantum kinetic formulation that would
allow time dependent rates without implementing Fermi’s
golden rule or without the input of S-matrix transition
probabilities per unit time? (ii) Do these processes lead to
thermalization if the particle is coupled to a thermal bath of
particles with mass spectra that yield threshold and infrared
divergences?

Addressing these two questions defines our objectives in
this study, namely: (i) to derive and implement a quantum
kinetic formulation that naturally includes time dependent
rates and generalizes the dynamical resummation frame-
work of Refs. [12,13] to the realm of finite temperature;
such a formulation could prove very useful in cosmology;
(ii) to implement this formulation to study the approach to
equilibration and thermalization via oft-shell processes in
the cases in which the mass spectrum of particles in the
thermal bath to which the particle couples yield threshold
and infrared divergences.

Summary of results.—We study a model of a scalar field
@ described by an initial density matrix out of equilibrium,
coupled to two other scalar fields y, ,, taken to describe a
bath in thermal equilibrium. By adjusting the masses, we
investigate the cases corresponding to threshold and infra-
red divergences, thereby allowing us to draw more general
conclusions from this model.

Inspired by the theory of open quantum systems [38,39],
we derive a quantum master equation for the reduced
density matrix for the @ field which, however, does not take
the infinite time limit in the Hamiltonian nor in the
dissipation terms, thereby allowing time dependent rates
in the dynamics of relaxation and off-shell processes with
small virtuality 1/¢. We argue that this master equation is

the generalization of the dynamical resummation method of
Refs. [12,13] adapted to describe the coupling to a thermal
bath and provides a real time resummation of self-energy
contributions including off-shell processes at finite temper-
ature. In the case of threshold divergences, we find that at
long time the reduced density matrix for the @ field

approaches a thermal fixed point as e_\/y’: where the
relaxation time ¢* shortens at high temperature as a
consequence of stimulated absorption and emission. In
the case of infrared divergences we find that, again, the
reduced density matrix of the @ field approaches a thermal
fixed point as e () where y(t) features a crossover between
a In(r) and a « behavior at a timescale « 1/7. The
behavior « t is a subtle consequence of infrared enhance-
ment at finite temperature and small virtuality. The cross-
over timescale and the timescale toward thermalization
increase when the @ particle becomes relativistic.

Remarkably, the crossover between the In(z) and « ¢
behavior is strikingly similar to the orthogonality catastro-
phe in heavy impurity systems [32,33]. Off-shell effects
associated with infrared singularities have recently been
studied within the context of photoexcitation of soft
electron-hole pairs in graphene [34]; hence the results of
this study may prove useful to study thermalization in this
system.

Therefore, above and beyond the particular model
studied here, the results obtained in this study may prove
useful to study thermalization in a wide range of settings
where virtual processes may play a fundamental role in
relaxation and thermalization.

In Sec. [13] we introduce the model and briefly summarize
the emergence of threshold and infrared divergences at zero
temperature for consistency of presentation. In Sec. III we
derive the quantum master equation in Lindblad form
[38—42], discussing in detail the main assumptions but
without taking the infinite time limit in the bath correlation
functions. Keeping a finite time interval allows the rates in the
quantum master equation to depend explicitly on time,
thereby including off-shell processes of small virtuality at
long time. Furthermore, analyzing the bath correlations we
establish a correspondence with the dynamical resummation
framework of Refs. [12,13] and argue that the quantum
master equation provides a real time resummation of self-
energy corrections including bath correlations. In Sec. IV we
study in detail the cases of threshold and infrared divergences
and obtain the main results in this article. Section V discusses
potential implications of the results along with possible
caveats. Section VI summarizes our conclusions and sug-
gests further avenues of study. Various appendixes contain
technical details.

II. THRESHOLD AND INFRARED
SINGULARITIES AT ZERO TEMPERATURE

In this section we briefly summarize the main aspects of
threshold and infrared divergences at zero temperature
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discussed in Refs. [12,13] for consistency of presentation,
as well as to set the stage for the study of the quantum
master equation and the dynamics of thermalization. We
consider a model of bosonic fields ®@;y,, with a trilinear
coupling described by the Lagrangian density

L= %6’“1)0”61) - %quﬂ + %6“;(10,,;(1 _ %m%
—1—%(3”)(20”;(2—%”1%;(%_,1(1))(1%2, (2.1)
yielding the total Hamiltonian
H=H,+H,; (2.2)

with Hy = Hy[¢] + Hyly] the free field part and H; the
interaction. The interaction vertex and conventions for the
fields are depicted in Fig. 1, and in the following we will
refer collectively to y = yy, 1.

By adjusting the various masses, we can study the cases
that yield threshold and infrared divergences within the same
model allowing us to extract more general conclusions.

The spectral properties of the @ particle are summarized
in the Dyson-resummed propagator including self-energy
corrections, and the one loop self-energy is shown in Fig. 2.
A study of the Kallen-Lehmann representation of the ®
propagator has been presented in Ref. [13] revealing
threshold singularities when M coincides with the two
particle threshold M = m; + m, and infrared singularities
when m; = M, m, = 0. We summarize the main aspects of
these divergences in order to establish a clear relation to the
situation wherein the particles y, , are in a thermal bath and

X2

FIG. 1. The interaction vertex.

X2

FIG. 2. The one loop self-energy X(P?) of the ® field.

the relaxation of @ is studied via a quantum master
equation.

Threshold singularity—The case when M coincides
with the two particle threshold M = m; + m, has been
studied in Ref. [29], and more recently in Ref. [13], we
consider the case m; = m, = m, which provides simpler
expressions. The ultraviolet divergence of the self-energy is
absorbed into mass renormalization, and we redefine the
renormalized mass as M. For M < 2m the Dyson resummed
propagator (with the one loop self-energy) features an
isolated single particle pole below the two particle threshold,
with residue (wave function renormalization)

(2.3)

opP?

g {1 _ az(ﬂ)}—' ’

where X(P?) is the ® self-energy. As discussed previously in
Ref. [29] and more recently in Ref. [13] 0Z(P?)/0P?|p>_sp
features a singularity as M — 2m from below, and this is the
origin of the threshold singularity, with the consequence that
Z vanishes as M> — 4m? as

M2
ZM:)m ﬂ92 s (24)
where
A
=— 2.5
g dzM (2.5)

is the effective dimensionless coupling. As the mass shell
merges with the two particle threshold, the single particle
state is no longer an asymptotic state; however, the @ particle
does not decay as in the usual exponential decay case e’
because the S-matrix decay rate

M? 4m?

I, =rn¢—1\/1-—, 2.6
iy M (2.6)
vanishes at M?> = 4m?>. A dynamical resummation method in
real time implemented in Ref. [13] revealed that the survival
probability of an initial single particle state |1§> of momen-

tum g, and energy Q, = \/q*+ M? is asymptotically
given by

-\/1/1;. * Q,
(LU OIS = eV i =iz @7
where U(1,0) = efo’e=H s the unitary time evolution
operator in the interaction picture, with H, the free field and
H the full interacting Hamiltonians, respectively. The square
root behavior of the survival probability is a consequence of
the fact that the spectral density vanishes as a square root near
threshold [13], and this, in turn, is a consequence of the
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threshold singularity manifest in the vanishing of the single
particle residue as M approaches the threshold 2m, the ©
particle is no longer an asymptotic state. The vanishing of the
residue Z as M — 2m is, therefore, a harbinger of the
“decay” of the @ particle, even when the S-matrix decay
rate vanishes at M = 2m. As discussed in detail in Ref. [13]
the decay is a consequence of off-shell processes of small
virtuality o 1/ at long time.

Infrared  singularity—An infrared singularity in
0%(P?)/0P?|p>_,p arises when m; =M and m, = 0.
This situation corresponds to the emission and absorption
of massless quanta by a massive particle and is similar to
the infrared divergence in the electron propagator in
quantum electrodynamics [14-22]. In order to understand
the emergence of the infrared singularity more clearly, let
us consider that m; = m;m, =0 and explore the limit
M — m from below in which the infrared divergence
becomes manifest. For M < m the Dyson-resummed
propagator including the one loop selfenergy features a
single particle pole below the two particle continuum
beginning at P> = m?. However, as shown in Ref. [13]
as M — m from below 0Z(P?)/0P?|p_,p features an
infrared singularity and as a consequence of this infrared
divergence the residue at the single particle pole vanishes,
namely

(2.8)

T w7

M—-m g In [mr—nM]
The vanishing of the residue entails that the ® particle is not
an asymptotic state; however, it does not decay in the usual
exponential manner because the S-matrix decay rate

M? m?

— 72
I'=ng Q, {1 Mz} (2.9)
vanishes for M = m. The dynamical resummation method
introduced in Refs. [12,13] reveals that the survival
probability decays asymptotically as a power law with
anomalous dimension

(A2U(L O = (@72, (2.10)
again as a consequence of off-shell processes of small
virtuality o 1/¢ at long time.

Therefore, when 0X(P?)/0P?|p._,p features either a
threshold or infrared divergence, the amplitude of an initial
single particle state decays in time, not as an exponential
but with a decay law described above in each case, even
when the on-shell decay rates vanish. In both cases the
decay is not described by an on-shell process with energy
momentum conservation because the phase space for decay
calculated within the S-matrix framework vanishes in both
cases, but by off-shell processes of small virtuality o 1/ in
the long time limit.

The question that we now address is, if and how do @
particles thermalize when they couple to a heat bath of
particles y;, in thermal equilibrium, when the respective
masses yield threshold and infrared divergences?

III. THE QUANTUM MASTER EQUATION

In most approaches to quantum kinetics either collisional
kernels that input S-matrix, on-shell transition rates or
alternative formulations that input on-shell spectral densities
are invoked. Instead, we seek a formulation that just as the
dynamical resummation method of Refs. [12,13] describes
the time evolution and relaxation in terms of time dependent
rates, thereby allowing virtual processes when the field @ is
coupled to a thermal bath in equilibrium of the fields y1, y, in
the cases of threshold and infrared divergences.

Motivated by the theory of open quantum systems
ubiquitous in quantum optics and quantum information
[38,39], we adapt the Lindblad formulation of the quantum
master equation for the reduced density matrix of the field
@ to include off-shell processes.

The quantum master equation in a Lindblad form
[40—45] has recently received attention in applications to
high energy physics [46—52]. This formulation begins with
the time evolution of an initial density matrix that describes
the total system of fields ®, y; ,, which is given by

p(r) = e=Mp(0)e'™, (3.1)
with H the total Hamiltonian. In the master equation
approach [38,39] the time evolution of the density matrix
is considered in the interaction picture. With the full density
matrix p(¢) given by Eq. (3.1) the density matrix in the
interaction picture is given by

palt) = el p(r)emifo, (3.2)
whose time evolution obeys
pi(t) = —ilH; (1), py (1)), (3.3)

where H,;(t) is the interaction Hamiltonian in the inter-
action picture. The solution of Eq. (3.3) is given by

put) = p0) — i / WH ()P (34)

This solution is inserted back into (3.3) leading to the
iterative equation

pi(t) = —ilH,(1). p(0)] - /)l[Hz(t), [H (7)), py(7)])dr'.
(3.5)

The next steps rely on a series of assumptions [38]:
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(1) Factorization: The total density matrix factorizes
into a direct product of the density matrix for the @
field, pq (), and that of the bath of y fields, p,,
namely,

P1(t) = pro(t) ® p,(0), (3.6)

under the assumption that the bath degrees of
freedom remain in thermal equilibrium; hence the
density matrix of the bath does not depend on time.
The reduced density matrix for the field @ is
obtained by taking the trace of the full density
matrix over the bath degrees of freedom, which
by assumption remains in thermal equilibrium, and

X2 X2
X .Z'l
\ 4
~ ~ P 7’
X1 S m=- X1

FIG. 3. Correlation functions G”(x — x'), G=(x — x/).

Pro(t) = Tr,p(1). (3.7)

Upon taking the trace over the y;, degrees of
freedom the first term on the right-hand side of
Eq. (3.5) vanishes, and we find the evolution
equation for the reduced density matrix for @ in

therefore the interaction picture
|
ho) =2 [at [ @x [ 100000016 (x =) + pro(t) ) O)G(x - )
— @(x)p1o (1) P(x) G (x — x') = B(x)p1o ()P (x)G™ (x — X)}. (3.8)
where we use the shorthand convention x = (X, ¢); x' = (¥, '), and introduced the bath correlation functions
G”(x = x') = Tr,p, (0)x1 (x) 2 (X)x1 (x )2 ('), (3.9)
G=(x =) = Tr,p, (0)x1 (X )2 (x )1 (x)22 (). (3.10)

These correlation functions are displayed in Fig. 3 and are directly related to the self-energy of the @ field shown in
Fig. 2.
At this stage a second approximation is invoked.
(il) Markov approximation: This entails replacing p;¢ (1) = pje () in the time integral. This approximation is justified
in weak coupling, as can be seen by considering the first term in (3.8) as an example, and it can be written as

2h(3 fdj(t/),\ N 4l N — v s 2N (3 AP
—A*D(X, 1) | Tplq,(t)dt, J({) = ; OX,"G7 (X=X, t—1")dl", (3.11)

which upon integration by parts yields

“RO(F, )T ()prot) + 220, / 700y %) 4y (3.12)

dr’
in the second term dp;(')/df x > so this term yields a contribution that is formally of order 4* and can be
neglected to second order. The same analysis can be applied to all the other terms in (3.8) with the conclusion that in

weak coupling and to leading order (4?) the Markovian approximation p;q(f) — pso() is justified.
Therefore in the Markov approximation the quantum master equation becomes

o) = =2 ['at [ @x [ (@006 (=) + pro()0(x)@()G (= ¥)

— ©(x)p1o () P(x)G™ (x = x') = ()10 (1) P(x) G~ (x = ') }. (3.13)
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However, in contrast with the usual approach [38,39]
to the Lindblad form of the quantum master equa-
tion, we will not take the infinite time limit in the
upper limit of the integral in ¢ in Eq. (3.13), keeping
the upper limit ¢ finite. This is a noteworthy differ-
ence with most previous approaches to the quantum
master equation, which leads to time dependent rates
and ultimately to allowing the off-shell processes
with small virtuality to play a fundamental role in the
dynamics of relaxation in the cases with threshold
and infrared divergences.

The correlation functions G~ (x — x), G=(x — x’)
are obtained in Appendix A in terms of spectral
representations. They are given by

1 . N e
6" (=) =33 [ daoe” (o e 16T,
q

(3.14)

1 ; AES-Y v~
G<(x—X’)=§Z / dqoe=(qo.g)e =" el 7=,
7
(3.15)

where the spectral densities obey the relation

0" (=40.9) = ¢~(q0- 9)- (3.16)

and fulfill the Kubo-Martin-Schwinger condition [53]

0~(q0.4) = e 707 (qy.q). (3.17)

which is a consequence of the fact that the fields y, y»
are in thermal equilibrium. Introducing the spectral
density

0(q0-9) = 07 (q0.4) — 0~ (q0. 4)- (3.18)

the Kubo-Martin-Schwinger condition (3.17) leads to
the following relations:

07 (q0-4) = [1 + n(qo)le(qo.G).  (3.19)

¢~(q0-q) = n(qo)e(q0.4).  (3.20)
where n(qy) = [e#? — 1]7! is the Bose-Einstein dis-
tribution function at temperature 7 = 1/f. The above
relations are proven in Appendix A.

The spectral density ¢(qg,q) is obtained in
Appendixes B and C for the cases of threshold and
infrared divergences, respectively.

In the interaction picture the fields feature the free
field time evolution. Therefore, upon quantization in a
finite volume V (eventually taken to infinity), we
expand the field in the interaction picture as

o 1 . . -
Of1) = 3o lage g,
q q

(3.21)

where the annihilation and creation operators a;; aT_q
do not depend on time. At this point we invoke yet
another approximation [38,39].

(ili) “Rotating wave approximation”: In writing the
products @ (X, 1)®(X', 1) of interaction picture field
operators (3.21) in (3.8) there are two types of terms
with very different time evolution. Terms of the form

aia~ei94(t_’,)
q 49

(3.22)
and its Hermitian conjugate are “slow,” and terms of
the form

Tal . e2iQt piy(t=1).

a-a e aza_gze

ral. : id_; —2quze—qu(z—z’)

l

(3.23)

are fast; the extra rapidly varying phases e2¥%’ lead
to rapid dephasing and do not yield resonant (nearly
energy conserving) contributions. These terms only
give perturbatively small transient contributions and
are discussed in Sec. V. Keeping only the slow terms
which dominate the long time dynamics for 7>
1/Q, and neglecting the fast oscillatory terms
defines the “rotating wave approximation” ubiqui-
tous in quantum optics [38,39].

We will adopt these approximations and comment in
Sec. V on the corrections associated with keeping the fast
terms as well as caveats in the factorization approximation.

It is worth emphasizing that our approach, while follow-
ing most of the same steps as those leading to the usual
Lindblad quantum master equation [38], implies one less
approximation: whereas in the usual approach the infinite
time limit is taken in the integrals defining the rates, we
keep the finite time limits. In this sense, the approach
advocated in this study adopts fewer approximations than
the usual one.

Implementing the Markov approximation p;qe(#') —
P (1), and the rotating wave approximation (keeping only
terms of the form a'a, aa®) using the spectral representation
of the correlators (3.14) and (3.15) with the property
p~(—=q0,q) = p”(q9,q) and carrying out the spatial and
temporal integrals we obtain the Lindblad form [38—45] of
the quantum master equation, but with time dependent rates,
namely
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pro(0) =3 { =i6u(0lafaz g

_FIZ([) [aj:al?[)h/)(t) +ﬁ,¢(t)a£alz_ Za;ﬁl,/,(t)aj:]
_$[05a2ﬁ1¢(1) +/A)1¢(l‘)a];a;£—2a£f)1¢(t)alg]}’
(3.24)
where
2 - —
N L L CED
’ sin —
I () = é_k/ dkoo(ko. k)[1 + n(kO)]W’
(3.26)

2

i) = o [ dktky btk L= o))

(Q—ko) (3.27)

and we introduce
2

Fy(t) = T3 (1) =I5 (1) = é— / dkoe(ko. k)

sin| (€2 — ko)1]
(i — ko)
(3.28)

The second and third lines in (3.24) are called the
dissipators, and these are non-Hamiltonian, purely dissi-
pative terms. In Refs. [40-42,44] it is argued that Eq. (3.24)
is the most general linear evolution equation that preserves
unit trace and Hermiticity of the density matrix.

If at this stage we take the formal long time limit and
replace sin[( — ko)1]/ (R — ko) = 76(Q — ko) as s
usual in the derivation of Fermi’s golden rule, we would
obtain

b3 2
I (1) = o1+ ()] =T = [1 (@I

(3.29)
< 7[12 — <
Iz () e Q—kQ(Qk’k)n(Qk) =I7 =n(Q)l;,  (3.30)
where
i’
() -Ti() — =Te=5-p@u ) (331)
— 0 k

is precisely the “on-shell” rate obtained from Fermi’s
golden rule. However, in the cases under consideration
describing threshold and infrared instabilities, the zero

temperature on-shell rate vanishes [see Egs. (4.6) and
(4.31) below].

As explicitly shown below, keeping the time finite allows
off-shell processes with small virtuality o 1/¢ at long but
finite time, which will be ultimately responsible for
thermalization in the cases of threshold and infrared
divergences in which the on-shell rates vanish.

For any interaction picture operator O associated with
the field ®

L10) = Tro{Oprol1) + Oproln)).

- (3.32)

where the average ((--)) = Tre(---)Pio(f). Because
ar, a;g are time independent in the interaction picture, the

expectation value of the number operator

Ny(t) = Tropro(t)atag (3.33)
obeys the quantum kinetic equation

dN (1)
dt

— Tro{alazhra(n)} = Ty (IN,(1) + T3 (0).

(3.34)

Similarly, we also find the evolution equation for the
averages

Stapo) = i) - apo

Gl = [ino -0 @, )
and for the off-diagonal coherences,
“ laga ) 1) = 200 = Ty aza ) ()
S lalal () = Rity() ~Ty(0llala’ J0). (3.36)

From the evolution equations (3.35) and (3.36) it is clear that
Ay (1) is a time dependent renormalization of the frequency
Q. Assuming that the initial averages (a;)(0) = 0;
(aza_z)(0) = 0 such values remain as fixed points of the
evolution equations.

If the rates I'>(¢) remain finite in the infinite time limit,
replacing them in (3.34) by the formal long time limits
(3.29)-(3.31) as in Fermi’s golden rule, the rate equa-

tion (3.34) would yield the solution

Ny (1) = n(Q,) + [N, (0) = n(Q,)]e 4
1

m, (337)

n(Q,) =
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which describes thermalization, and an exponential
approach to the thermal fixed point of the quantum kinetic
equation. However, as discussed in detail below for the
threshold and infrared singular cases under consideration,
the rate I, = 0, which would imply that the distribution
function does not evolve in time. However, as we show in
detail below, in these cases keeping the time dependence in
['=(#),T>(¢) the distribution function does evolve in time
and ultimately reaches thermal equilibrium with the
bath in a manner that cannot be described within
Fermi’s golden rule, or by extracting the rates from the
S-matrix theory. Taking the long time limit in the rates
prior to solving the full quantum kinetic equation imposes
strict energy conservation thereby neglecting off-shell
processes with small virtuality o< 1/¢ but with important
consequences.

The full solution of the rate equation (3.34) is given by

N,(t) = e {Nq(())+ A tr;(z’)eﬂf)df}, (3.38)

with
|

_sin[(€ — go)1]
(Q = qo)t

oot = g !

}dq%—; 58 (c0) = /

o [1 —cos[(Q, — qo)1]]
=2 [Tatan 9 g e (639)
050 =2 [ "atav mlan) g = dgy, (340
where we defined
- 2
0(q0.9) = EQ(%, q)- (3.41)

And the solutions of Egs. (3.35) and (3.36) are,
respectively,

(az) (1) = e 201" (a2 (0), (3.42)

<a,—(»a_;>(t) — e—2i5§2k(z‘)te—y([) <a

a_)(0),  (3.43)

and their Hermitian conjugates. In the long time limit

(Qk - (]0)} 4o

is a renormalization of the frequency €; and P stands for the principal part.

IV. THRESHOLD AND INFRARED SINGULAR CASES

Armed with the general results (3.38), (3.39), (3.42), and (3.43) we can now address the cases that feature threshold and
infrared divergences, for which we need the corresponding spectral densities.

Since the spectral density is an odd function of g, and in order to more clearly highlight the regions of support of the time
dependent functions, it is convenient to implement the results of Appendix A and write

A T, (¢)dr =2 / * @ (40.9) + 8" (d0- )][C_(g0. 1) ~ Cs (0. 1)l deo.

(S

(1) = 2/_00[61(610, q) + 6" (q0. 9)][S-(q0- t)n(q0) = S+-(q0- t)n(=q0)]dqo.

(o8]

where

[1 — cos[(Q, F g0)1]]
(Qq + q0)2

C:F(qo’ t) =

and 9’(qo, q) and 3" (g, q) are given by Egs. (A11) and
(A12) and are obtained for the cases of threshold
and infrared singularities in Appendixes B and C,
respectively.

(4.1)

(4.2)

sinf(Q, F qo)1]

©, 7 a0) (43)

S:F(qo’ t) =

At long time the functions C+ (g, ) and S+(go.?) are
strongly peaked at gy = +€,, within a region of width
~27x/t. Therefore, the long time behavior of the rates (4.1)
and (4.2) are determined by the regions of the spectral
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density with support near g, = +€Q,, and we refer to these
as the resonance regions.

A. Threshold singularity

To exhibit the threshold singularity in its simplest mani-
festation, we consider that both y; and y, fields have the same
mass, namely m; = m, = m, and the two particle threshold
coincides with the “mass shell” of the @ particle, namely
M? = 4m?. From the expressions (4.1) and (4.2) the long
time dynamics is dominated by the regions of the spectral
density go ~ +Q,, in other words, for ¢§ ~ Q2 = ¢* + M?,
near the mass shell of the @ particle which in this case
coincides with the two particle cut at 4m> = M>.

rin= [Ty =2 [ " aa)

(e8]

rﬂn=2[“awm@

where [see Eq. (B8) with M? = 4m?]

~ A2 q2_QZ 1/2
2'(q0.9) = {[0 q} +

- 32229, | 3 -4

with

where we have separated the terms &* in the expressions
for E* since these terms vanish as g, — Q, which is the
dominant region of the spectral density in the long
time limit.

Notice that because ¢ vanish at threshold ¢, = Q,, it
follows that ¢'(€,. ¢) = 0; hence taking the infinite time
limit in the rates, leading to Fermi’s golden rule (3.31),
would result in I =I""=0 and no -equilibration.
However, this is a consequence of taking the infinite time
limit too soon, thereby neglecting processes with small
virtuality o 1/1, as the analysis below shows in detail.

Let us first focus on the integral defining y(¢) in
Eq. (4.4). Introduce the following dimensionless quantities

T=Qt, (4.8)

in terms of which

As found in Appendix B ¢'(gq, g) has support only in
the resonance region go =~ Q, for g, > 0, and 9" (g, q)
only features support below the light cone g3 < ¢ far
away from the resonance region [see Eqgs. (B8) and
(B10)]. The oscillatory contributions from the nonreso-
nant terms average out or yield a perturbatively small
constant in the long time limit which can safely be
neglected. Therefore in this case we can neglect in
(4.1) and (4.2) the contributions from @'/ because it
features support far away from ¢o~+Q,, and
C,(qo.1);S.(q,.t) because these are nonresonant in
the region of support of the spectral density. Hence, in
this case

[1 = cos|(€, — q0)1]

©, - o
sin[(Q, — qo)1]
T_%;n(%)d%» (4.5)
2T [l —ePE"
71ﬂ [W} }Q(Qo —-Q), (4.6)
9 =]
[%2) - qz} } (47)
|
_ [, 1 — cos(nz)
o) = [ el =
~ 20"(90,9)
otna) = Qq q0=2,(1+n) +9)

In the long time limit 7 — oo the function (1 — cos(y7))/n?
is strongly peaked at n=~0 with a height 7> and
very narrow width o 1/7. Therefore, it is the region
near threshold, namely g, =~ Q, or 5 ~0, that dominates
y(#) in the long time limit. We separate this region by
writing

r(7) = 1i(7) +r2(v), (4.10)

where
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1 — cos(nz)

(e = [ atn ) ="
ra(7) = [x) o(n, q)l_%;(mdn;

whereas in 7, (7) we must keep the 1/7? together with the
— cos(n7) /n? because of the singularity at 7 = 0, in y, there
is no such singularity in the domain of integration and we
can separate these terms. The — cos(57)/5* oscillates rap-
idly and averages out in the 7 — oo limit (Riemann-
Lebesgue lemma), and we conclude that

ra(7) = / " G(Z’ %) dn,

(4.11)

(4.12)

namely a time independent constant. In y; it is now
convenient to change variables to

(4.13)

yielding

r1(2) ZT[)TO'<§,CI) 1_i—(;s(x)dx.

This representation makes explicit that for 7 > 1 it is the
region x/7 < 1 that dominates, because the region x ~ 7
yields a contribution O(1/7) < 1 to y;. Therefore, re-
tracing the definition of variables, this analysis confirms
that the long time limit of y(¢) is dominated by the threshold
region in the g, integrals, namely g, — Q, o 1/1.

We note that ¢ in Eq. (4.7) vanish as gy — €.
Therefore, in the long time limit, we can expand the
exponentials e#2/2¢~P¢" in the logarithms in Eq. (4.6)
in powers of e* and keep the leading term, yielding

1 — e PE" Q qZ_QZ 1/2
In|———| =pgn( =2 ) |24 O((qo —Q,)?).
n[l—e"’E} /qn<2>[q%—q2} +Ola0=0,))

(4.14)

(4.15)

As shown below, in terms of the variable 7 (4.8) the
expansion in e* is valid for \/z > Q,. We confirm the
validity of this expansion by numerically studying the finite
temperature contribution to y,(z) given by Eq. (4.14) and
comparing it to the asymptotic form (4.15). To this end we
write the logarithm on the left-hand side of (4.15) in terms
of the variables x, 7 defined by Eqgs. (4.8) and (4.13), with

b
BE=(x/7) = /S; <1+ >i;A(x/r)

A(x/7) = ﬁqu\/f{(l_f)_;;f_ﬁ]%, (4.16)

where v = q/Q,,, obtaining

| — o~BE*(x/7) i o

(4.17)

Up to an overall factor 27/ g this is the finite temperature
contribution to o(x/7) that enters in the integral in
Eq. (4.14). As anticipated, the factor Q,/\/7 in A(x/7)
clearly shows that for \/z > fQ, and x < 1 it follows that
A(x/7) < 1 and the logarithm can be approximated as in
Eq. (4.15). In terms of the variables x and 7, the approxi-
mate asymptotic form on the right-hand side of (4.15)
becomes

2 _ 02712
cutete)=pan( ) B = () st

(4.18)

In order to assess the reliability of the approximation (4.15)
in the integral in (4.14) we introduce the ratio

 JSIEG) = Lo/ )] ()
JELos(x/T <l coslx >dx

. (4.19)

which is displayed in Fig. 4 for v = 0.5 and pQ, = 1, 5, 10,
respectively. Similar results are obtained for different
values of v.
Figure 4 confirms the analysis above and shows that the
approach to the asymptotic form is delayed for larger fCQ,,.
Returning to the original variables, and replacing the
finite temperature contribution by its asymptotic limit to the

leading order in g, — €, we find
0.0
0.1
L1
0.2 5
= ot
=z |
03
L 10
_0.4F
0sL . | . | .
0 50 100 150
T

FIG. 4. The ratio R[z] (4.19) for v = 0.5, and pQ, = 1, 5, 10,
respectively.
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1 12
0'(90-9) = 270, [

2 2
gt — Q21172

2 ;’] [1+2n(Q,/2)]. (4.20)
90— 4

and the term n(Q,/2) is a consequence of stimulated
emission and absorption. This result leads to

M n(1+3) 12
o) =Va g | g D] 12000, 2]
q q 12

(4.21)

where we introduced the dimensionless coupling

A

= 4.22
J 4zM ( )

Hence, from Eqgs. (4.10)—(4.14) we find' in the long time
limit > 1/T,1/Q,

y(1) = \/;i;(l +O(1/Q,t) +--), (4.23)

where we introduced the relaxation timescale

1 5Q
tq = Wﬁ%tanhz |:Tq:| .

This result reveals that at high temperature, fQ, < 1, the
relaxation time 7, is dramatically shortened as compared to
the zero temperature (€2, — oo) result as a consequence of
stimulated emission and absorption. At low temperature the
asymptotic form (4.15) for the finite temperature contri-
bution takes longer to emerge; however, its contribution to
the relaxation time is negligible, since it is mostly deter-
mined by the zero temperature contribution.

This analysis confirms that the long time dynamics is
determined by the threshold behavior of the spectral density
with virtuality gy — €, ~ 1/1. Therefore, in the expression
for '(¢), Eq. (4.5), we can expand the distribution function

(4.24)

n(go) = n(Q) + (g0 - 0,) |

4.25
qu q0=2, ( )

and the first term n(€,) yields the dominant contribution in
the long time limit, yielding in this limit

with

_ . 12 QZ_QZ T
2" (q0.q) H 0 q] 4+ =In

~ 3220, | [ - &

'We used the result [°(1 — cos(x))/x*/2dx = /2x.

50 = n(@,)2 [~ 2 a0 G g,
FOU/H 4= "(Qq)dZ—(tt)+O(1/;) b

(4.26)

This result has important consequences. Since y(t) o /7
the long time limit of the integral in the solution of the rate
equation (3.38) is dominated by the region of integration
near the upper limit, namely ¢ ~1, therefore we can
implement the expansion (4.26) for I';(#) inside the
integral in (3.38), yielding in this limit

N, () = n(Q,) + e V7iN,(0); (4.27)
namely the distribution function approaches the thermal
equilibrium form. Furthermore, the expectation values
(3.42) and (3.43) and their Hermitian conjugates vanish
asymptotically as

(ap) (1) = e ute™ VT (42)(0), (4.28)
(aza_;) (1) = e 20Nl e™ 11 (aza_3)(0). (4.29)

Hence, the reduced density matrix describes an equilibrium
state at temperature 1/f and is diagonal in the occupation
number and momentum basis. This thermal fixed point is

approached asymptotically exponentially as e‘m rather
than the usual e~'' as is typically the case in situations
when Fermi’s golden rule applies or the S-matrix rate on-
shell is nonvanishing. This is a distinct example of
thermalization via off-shell processes: a long but finite
time allows an energy uncertainty and off-shell processes
with “virtuality” g, — €, ~ 1/t which determine the relax-
ation toward equilibration.

B. Infrared singularity

In this case m; = M;m, =0, and the results of
Appendix C show that the contributions to the spectral
density that feature support near the resonance regions can
be summarized as

2(q0.9) = 0'(q0- q) + 24 (q0. q). (4.30)

(4.31)
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ol Sy N R B e PP o) 432
25 (90-9) = 327%Q,q n 1 —oe |~ M e (R, = 90)0(90 — 9). (4.32)
where

2 _ 2 202
Ef—gp--0 0, gr N0T24 (4.33)

2(gq0 £ q) 2(q0 £ q)

Because the relevant part of the spectral density features support for g, > 0, it follows that
' © _ [1 — cos[(2, — go)1]]
= [Tyt =2 [T a0 ) + @0 )l g S gy = ) 410, (434)
—0 11_ 0

where we have separated the respective contributions from g’, 3'/. We study each in turn by separating the zero and finite
temperature contributions to y! (). First, for ¢, > €, we introduce the dimensionless variables (4.8) in terms of which Y1)
features the same form as in Egs. (4.9), and the same arguments lead to a similar separation of the integral in the variable 7
[see Eq. (4.8)], namely y/(z) = y!(z) + y4(z) as in Egs. (4.10) and (4.11) where y4(7) yields a perturbatively small constant
contribution in the long time limit 7 — oo which can be neglected.

Let us first consider the zero temperature contribution to y4(z), denoted by y} (7). Writing in terms of the dimensionless

coupling ¢ introduced in Eq. (4.22),

M2
y n(2 + 1) } 4=
I 2 2.2 q
oo(n.q) = [ ; =20n+ g’ |-+——|. (4.35)
162°Q |4 + 2 + o+t
we find
! 2 ; 2 [! lg_z —A-
710(7) = 2¢°[In(ze’) — Ci[z]] + g A qu+ Eo (1= cos(nz))dn, (4.36)
o

where y is Euler’s constant and Ci|z] is the cosine integral
function which vanishes as 7 — oo. In this limit the cos(#7)
in the second term in (4.36) averages out, and this
contribution approaches a perturbatively small constant.
Hence, we conclude that in the long time limit, the zero
temperature contribution from ¢’ yields

7io(1) o 2¢*(In[Q, 1] + const], (4.37)
qt—>oo

which is the result obtained in Refs. [12,13] and given
above by Eq. (2.10).

Let us now consider the finite temperature contribution,
beginning with §’. Although a detailed understanding of
the time evolution would require a numerical integration in
a large range of parameters, as argued above, and shown
below explicitly, the long time limit is captured by the
behavior of the spectral density near the resonance gy ~ Q,.
We observe that with E* given by Eq. (4.33) it follows that
E* = E~ for q) = Q,; therefore, the ratio of logarithms

featuring 1 — e”E" in the finite temperature contribution
in ¢’ (4.31) vanishes in the Fermi’s golden rule limit

(3.29)-(3.31). However, as we show below, by considering
the time evolution of the rates we find that these do indeed
contribute in the long-time limit.

As discussed above, the long time limit is determined by
the region gy — €, ~1/t, so let us consider first the
logarithmic contribution featuring E* in (4.31). For
qo = Q,, it follows from (4.33) that E* ~ E~. Therefore,
writing

q°

e_/3E+ _ e—/}E*e—/}(EJF—E*) ~ e—ﬁE’(l —ﬂ(E+ _ E—) + .. )
(4.38)

to leading order in g, — Q,, we find

T. [1—¢ePE g — Q2
Eln<1 — e_ﬂE) = |:§2OLZI — qg:| I’l(Qq) + O((q() — Qq)z).

(4.39)

The first term on the right-hand side combines with the zero
temperature contribution and is interpreted as stimulated
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emission and absorption, yielding a contribution « (1 +
n(Q,)) In(Q,1) to y' () in the long time limit similar to the
zero temperature one (4.37), whereas the second term
[O((go — ©,)*)] yields a contribution that falls off as 1/¢
in the long time limit.

The term with the logarithms involving £ in (4.31)
originate in the distribution function of the massless y,
particles in the bath and yield an unexpected result because
EF =0 as gy — Q,. Therefore, expanding ¢ ~ 1 —
BE* +1B*(E¥)* + - we find that this term yields

T (1—e—/’5‘) T, <1+U> 2T Q;F (qo—gq>
—n|{ ——— = —1In _——
g \1-e#) q \1-v) QM \ Q

: ["3 — 9 (4.40)

q
Q?]_qz] +O(<‘]0_Qq)2); v :Q_'

2 q

Combining this result with (4.39), we find that near the resonance region the finite temperature contribution to g’ (4.31)is to

leading order

Tln 1—ePEN [1—ePE _Tln 1+
q l—eE J\1-e?" )] g \1-v

2

2T Q2 (qy—Q 1[q3-Q3
”( o ") [Qoz_qZ(l—Zn(Qq)). (4.41)
q

2
Q‘IM q

This expansion is valid for g, ~ Q,; therefore, since the resonance region dominates at long time when gy — Q, ~ 1/ and
because of the f in the exponentials, the expansion becomes valid for > 1/T.

We confirm this analysis numerically as follows: we write the right-hand side of (4.41) in terms of x/7 = (¢qo — Q,)/Q

q°

yielding
Q. x(1 45
PEE(x/7) = &u; PE=(x/7) = pQ,( 1+ a - BEX(x/7), (4.42)
T -2+ T
we define
1 —_ e_ﬁg_<x/7) 1 —_ e_ﬁE+(x/T>
1+ 2v x x[1+5
1lx/7] = ln<1 — U) -T2 - hQ L - 022] (1-2n(Q,)), (4.44)
where 1,,[x/z] follows from the expansion (4.41), and we numerically evaluate the integrals
T 1-— T 1-—
JI = / 1/ =8 g ppg = / (U] = L) =S8 g (4.45)
0 X 0 X

Up to an overall constant and a factor 7, the integral J|z]
corresponds to the finite temperature contribution to ¢/ and to
Eq. (4.34) after the change of variables gy = Q,(1 + x/7),
whereas D[z] quantifies the difference with the asymptotic
form (4.41).

Figure 5 shows these functions for » = 0.5 highlighting
the dependence of the timescales on f€,, with similar
results for different values of v.

In particular, the function D[], namely the difference
between the exact and asymptotic forms given by Eq. (4.40),
shows the approach to the asymptotic behavior confirming
the analysis above: the timescale of the approach to the
asymptotic limit increases with $Q_; however, at long time
7 >> f}Q, the approximation near threshold (4.40) reliably
describes the long time asymptotics.

Having confirmed quantitatively the validity of the
analysis for the long time limit, we now combine the
results (4.39) and (4.40) with the zero temperature con-
tribution to ¢’ and summarize its approximate form that
describes the asymptotic long time limit, namely

éfzs(%v é))
__# {1 [Q% -
3220, 2|92 - ¢

: }(1 +2n(Q,))

2T Q2 (90— Q, T 1+o
i ] O(g0 — Q).
qu( Q, )+Qvn(1—v (90 =)
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2.0

50 100 150 200 250 300

50 100 150 200 250 300

FIG. 5. The integrals J[z] and D[z], Eq. (4.45) for v = 0.5, and
ﬁQq =1, 10, 20, respectively.

With this result we now provide an analytic expression that
describes the asymptotic long time dynamics from g’
implementing the following steps: (i) we pass to the
variables #, 7 defined in Eq. (4.8) and introduce (1, q)

T/ 1— Pt mll=e
g U= T = T T2

Qé — 45

Qé — q2
ZTQq

+ e

as per the definition in Eq. (4.9); (ii) we split the integral in
the » variable as in Egs. (4.10) and (4.11), and we neglect
the contribution from y,(z) which yields a perturbatively
small constant in the long time limit; and (iii) we split the
contribution of the first term in (4.46) as in Egs. (4.35) and
(4.36), and we find in the long time limit # > 1/Q,,1/T

2
Iy _ 2 T l—vl 14+
7@ g{T2ﬁQq v n(l—v

+1In(7) {1 +2n(Q,) —Q—} }

(4.47)

In the heavy ® particle limit with » < 1 this expression
clearly shows a crossover from a In(z) behavior at low
temperature and 7 < fQ,In(z) to linear in time for
7> fQ,In(z), a stage that emerges at very long time at
low temperature €2, > 1, or early on at very high temper-
ature ﬂQq < 1. However, as the ® particle becomes
ultrarelativistic v ~ 1, this crossover occurs at a much later
time even at large temperature, and the logarithmic growth
in time dominates for a much longer period.

The contribution from y!/(¢) must in principle be studied
numerically; however, the lessons from the analysis carried
out for y/(¢) can now be implemented to obtain the
asymptotic long time limit of y'/(z).

The spectral density g4 (4.32) is similar to the finite
temperature contribution to ¢’ (4.31) but with a different
domain, g < gy < Q,. The analysis above shows that the
asymptotic long time limit is obtained by expanding g%
near the resonance region g, =~ Q,, which in the case of o
coincides with the upper threshold. Performing the same
approximations leading to the asymptotic form for g/, we
find

2

} (1+2n(Q,)) + gln[l i ”]

1—-w

(B5%) + 0@, - a0, (4.48)

q

where this expansion is valid near the upper threshold at g, ~ Q,, corresponding to the resonance region which dominates
the long time dynamics. Because of the different domain, we now introduce the dimensionless variable y as

g0 = Q,(1 —y/7), in terms of which

_ﬂgq y(l _2_‘;) A

+ — "4
/ﬁg (y/T)_ T 1+¥j:1),

and define

pE=(o/0) = p, (1-2) = pe=0/2),

(4.49)
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1 = PE0G/7)
K[y/7] =1In L - eﬁf*(y/r)} - ln[

1-y/2¢
Kas[y/ﬂ = _/}qugli

we confirm the validity of the expansion (4.48) in the long
time limit by studying numerically the integral

HIe) = / Ky - Km[y/ﬂ)l‘;;’s(y)dy, (4.51)

where the upper limit reflects the lower threshold at ¢y = ¢
after the change of variables.

Again, up to an overall constant and a factor z, the integral
of K[y/z] corresponds to the contribution from g’/ to
Eq. (4.34) after the change of variables gy = Q,(1 — y/7),
in terms of which the upper threshold at g, = €2, isaty =0
and the lower threshold at ¢y =g corresponds to

-2, | 2|9 -4

Changing variables to gy = Q,(1 —y/7) we find

y(z) = gz{ [Ci[(1 = v)7] — yg — In[(1 — )7]] (1 +2n(Q,) — _>

LT “‘[11 + v] [Si[“ gy - meosl(1 - U)T])} }

Qq v -0

2 {_1 [Q%’ — qé} (1+2n(2,)) +iln[1 - U]

1 — e PE(¥/7)
1 —_ e_ﬂE+()’/f):| ’
1+ 2v y
5 (142n(Q,)) +1n - +1_02;; (4.50)

y = (1 — v)z. Note that in the ultrarelativistic limit v — 1
the phase space for the contribution @/ vanishes.

The function H(z) describes the difference between the
contribution with the full spectral density o ¢’/ and the
asymptotic form (4.48). It is displayed in Fig. 6, showing
the delayed approach to asymptotics: for large p<, the
asymptotic form is approached for (1 —v)z > pQ,. For
values of v ~ 1 the approach to the asymptotic behavior
takes a much longer time, as a consequence of the closing
off of the phase space for §'’.

Therefore, the long time limit emerging for > T is
described by

Combining this result with y/(z), Eq. (4.47), we finally find

y(7) = gz{[Ci[(l — )t —ye — In[(1 = v)7] + In(7)] <1 +2n(Q,) —ﬁ%)

1-2> 1
—I—L “In Rkl
pQ, v 1—-v]|2

This result exhibits several important features: (i) In the
ultrarelativistic limit v ~ 1, for 7 < 1/(1 — v*) the contri-
bution y/(z) given by Eq. (4.53) is negligibly small, and
y(7) is determined by y’(z) which features a crossover from
In(7) to linear in 7 for 7 > pQ, In(BQ,). (ii) For v < 1 and
> 1, Ci[(1 —v)7] = 0; Si[(1 — v)z] - #/2 and the log-
arithmic terms cancel each other, yielding a linear growth in
time y(t) ~ 27g*tT. This behavior can be summarized as

2T Q2 (Q, —q,
a0 T +£2_,,V3< "Qq )} (4.52)
2T
Q,
- (4.53)
. (1 —cos[(1 —wv)7])
+Si[(1 —v)7] — -0y ] } (4.54)
|
Casel: v~1 and Q< 1/(1-1?),
= gz{ In(Q,#) for t < fIn(pQ,)  @ss)
Q,t for £ > fIn(pQ,)
Case2: v<1 and Q> 1,
y(t) =~ 27g°Tt. (4.56)
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FIG. 6. The integral H[z], Eq. (4.51) for v = 0.5, and fQ, = 1,
10, 20, respectively. The asymptotic behavior emerges at a much
later time for v ~ 1.

We now invoke the same argument as in the threshold
case to show the emergence of thermalization. The integral
in Eq. (3.38) is dominated by the long time limit of y(¢')
which grows with time; with I'; () given by Eq. (4.2) only
the term with S_ (g, t) is resonant since the spectral density
features support near the resonances only for g, > 0; and,
as shown above, the long time limit is dominated by the
region near the resonance, g, = €2,. Therefore, in the long
time limit we can expand n(gy) = n(Q,) + O(qo — ;)
where the last term yields a contribution suppressed by 1/¢
in the long time limit. Therefore, just as in the threshold
case, but now with the contribution from ¢'/, we find

Fﬂ0=n®0{[35wwm+d%%ﬂﬂ

_sinl(@, — )1
(Qq - QO)

= n(@) 0 oy 4

dgo+O(1/1) + -
(4.57)

Therefore, from Eq. (3.38) we find that the asymptotic long
time evolution of the occupation number is given by

N, (1) = n(Q,) + e "IN, (0); (4.58)
namely the distribution function approaches the thermal
equilibrium fixed point. Furthermore, just as in the thresh-
old case the expectation values (3.42), (3.43) and their
Hermitian conjugates vanish asymptotically as

(a)(1) = €810 0),

: (4.59)

(aza_p)(t) = e e~ (aza_£)(0).  (4.60)

Hence, the reduced density matrix in this case also
describes an equilibrium state at temperature 1/ diagonal

in the occupation number and momentum basis. This
thermal fixed point is approached with the function y(r)
which now features various regimes with crossover
between a logarithmic and a linear time dependence.
Having understood the long time limit, and the crossover
between logarithmic and linear time dependence in both the
nonrelativistic and the ultrarelativistic limits, we now focus
on the following puzzling aspects of §’, '/, and the final
results for y/(z) and y!!(z):
(a) What is the origin of the terms that survive in the zero
temperature limit in Eqgs. (4.40) and (4.48)?
(b) What is the origin of the terms that do not vanish as
qo = €, in Egs. (4.40) and (4.48)?
(c) What s the origin of the cancellation of the logarithms
between ¢’ and g/, in particular for v < 1?
The infrared at T # 0: The answers to (a) and (b) origi-
nate in the integrals

/E+ n(qo — E)dE = /‘S n(€)dE,

(4.61)

in Egs. (C7) and (C12), with £* given by Eq. (4.33), and
n(qy — E) corresponds to the distribution function of y,. As
discussed above, in the long time limit it is the region
qo — Q, o 1/t that dominates the ¢, integrals in the rates,
and for g, ~Q, it follows from the expressions for &
(4.33) that £* — 0 as gy — Q,. Hence, the available phase
space vanishes as the virtuality g, — Q, o 1/1. The vanish-
ing of £ as gy — €, is a consequence of the masslessness
of the y, particle, and as shown in Appendix C, & is
the momentum transferred to y,, the massless field.
Therefore, for £/T < 1, or alternatively for small virtuality
qo—82,cx1/t, for Tt>1 we can expand

T 1
n€) ==-—--+0(&/T), (4.62)
E 2
which upon integration in (4.61) yields
ol 2 — QZ
/ n(€)dé =Tln {w] _4 [%] +
£* 90-49] 2lq-4q
(4.63)

Writing g = Q, + (go — €,) and expanding the logarithm
in gy — Q, yields the terms In[(1 4 v)/(1 — v)] in (4.46)
and (4.52), and the second term in (4.63) yields the
temperature independent term which subtracts from the
zero temperature contribution, thus clarifying its origin in
the limit 77 > 1. Because the virtuality g, — Q, o 1/, this
limit corresponds to 7 > virtuality. Therefore, although
the phase space closes as ££ — 0, the singular behavior of
the distribution function for the massless y, for small
virtuality yields the finite temperature logarithmic correc-
tion and the temperature independent result. In turn, the
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finite temperature term T1In[(1 + v)/(1 — v)] yields the
term that grows linearly with time in y(¢). Hence, this linear
time dependence is not a direct result of Fermi’s golden
rule, but a more subtle finite temperature infrared effect
associated with the masslessness of y, in the limit of small
virtuality.

Quantum kinetic interpretation of ¢', 3'": The answer to
(c) is found in a simple, yet illuminating interpretation of
the processes that yield the spectral densities ¢’ and ¢/,
Egs. (Al1) and (A12), in terms of a linearized gain-loss
master equation.

|

dN,(qo. 1) i &p
— 0 — (14N, (g0 1) =— | ——t—
e IR / G
At 7 Q, ) (2)R2EREY
P'=4-p

It is straightforward to confirm that the equilibrium
distribution N,(qy) = n(qo) is a fixed point of the gain-
loss equation as a consequence of the energy delta
functions and momentum conservation. Therefore, writing
N(qo,t) = n(qo) + 6N(qo,t), we find for the gain-loss
equation

(1+n(Ep) (1 + n(E}))8(q0

Let us consider that the @ particle features off-shell
energy g, and momentum ¢, as well as an occupation
N (g t). The usual quantum kinetic equation that imple-
ments Fermi’s golden rule in the transition probabilities is
of the generic form gain-loss. Consider the loss term from
the “decay” ® — y;y, and the inverse, gain term, from
recombination y,y, — ® where y;, are in the bath in
equilibrium; these processes are shown in Fig. 7. With the
transition probabilities per unit time obtained as usual from
S-matrix theory but considering the energy of the @ particle
as ¢, (allowing off-shellness), we find for these processes

n(Ep)n(Ey)8(q0 — Ep — E3),

1 2
- EP - Ep/),

(4.64)

|

where ¢’ is given by Eq. (A11). This analysis clarifies that
the origin of the ¢’ contribution are the gain and loss
processes @ <> yy-, shown in Fig. 7.

However, there are other gain and loss processes that also
contribute: consider the gain process y; — @y, and the
inverse loss process ®y, — y;, with y, , being particles in
the bath. These processes are shown in Fig. 8 and
contribute to the gain and loss terms as

d(sN (q09t) ~
qd—t = —6N(q9.1)270" (90.9).  (4.65)
J
dN,(qo.1) A &p
— = 1+ N,(qo, /— EL)(1 E2)S(E}, — g0 — E%)),
dt gain ( + (6]0 )) Q (2”) 2E12E2 ( P)( —|—I’l( p)) ( P 90 p)
dN ,(qo. 1) ni? d*p
— =0 =N ——————— (L +n(EY))n(E%)5(E}, — g9 — E%).
i =000 G [ g O MEDREE, ~ a0 )
i’" =q-p (4.66)
El,p E}%aﬁ QO7J QO7
— Pad ,/ \l\ ~ q0, 9 /
q0, 9 .7 Ve - - — = -
> \/\4 ~_ A .
By B B2 Eg,, 7
(Loss) (Gain) Gain Loss
FIG.7. The loss process ® — y,y, and the inverse gain process FIG. 8. The gain process y; — ®y, and the inverse loss process

X2 = @.

x>® — xi, where y,, are in the thermal bath.
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Again, writing N,(qo.t) = n(qy) + 6N ,(qo.1), the
equilibrium term vanishes, and we find for the gain-loss
linearized equation

déNq(qO, t)

o (4.67)

= —6N(qo. 1)270" (90. ).

where ¢/ is given by Eq. (A12). Exchanging y; — y, is
tantamount to replacing ¢'/(go, q) = 8" (=¢qq. q)-

This analysis clarifies that the origins of the ¢’ con-
tributions are the gain and loss processes ® <> y1y, shown
in Fig. 7 and those for ¢!/ are the gain and loss processes
x1 < @y, displayed in Fig. 8.

This interpretation also clarifies the major difference
between the threshold and infrared cases for g'/. For the
threshold case, with equal masses m; = m, = m and M =
2m the kinematics for the processes ® < yy, is very
different from that of the processes y; <> @y, because for
M = 2m the former occurs very near the resonance at
qo ~ €2, whereas the latter is very far from it. Whereas in
the infrared case with m; = M, m, = 0 the process y; <
@y, features the same kinematics as the processes ® —
x1x2 since the mass of @ coincides with that of y,. This
explains the similarity in the finite temperature contribu-
tions from ¢/ and ¢’ in the infrared case, as well as the
cancellation of terms with In(z) which arise from contri-
butions of opposite signs between ¢’ and .

It is important to highlight that we have considered an
off-shell energy q, in this analysis, and setting g, = €,
leads to vanishing contributions for ¢’ and ¢’ because of
the kinematics of energy momentum conservation in both
cases, threshold and infrared. Allowing the time evolution
of the “rates” as in Eqgs. (3.39) and (3.40) allows the
uncertainty associated with a finite time interval to yield a
nonvanishing time dependent rate which describes off-shell
processes of small virtuality o« 1/¢. Taking the infinite time
limit from the outset as in the usual quantum Kkinetic
approach implementing Fermi’s golden rule with S-matrix
transition rates imposes strict energy conservation thereby
leading to the vanishing of the spectral functions on-shell.

V. DISCUSSION AND CAVEATS

Counterrotating terms: In the derivation of the quantum
master equation (3.24) we neglected terms of the form
=201 iy (1) T

" . . ,
a-a -e : a_)a{_)e2tth€—IQk(r—t)'
k™ =k k -k

(5.1)
The time integral over ¢’ can be carried out following the
steps leading to Eq. (3.24) yielding contributions of the
form aza_;e %! p% (ko, k)p;e(1), etc. The contributions of
these terms to the equations of motion for linear or bilinear
forms of a,a’ are straightforward to obtain; they do not
yield terms that grow secularly in time because the rapid

dephasing of the oscillatory terms average out in the time

integrals. These are nonresonant terms and yield perturba-
tively small subleading contributions of the form 6€;/
Q, <« ;T /9 < 1 in weak coupling, as compared to
those obtained from Eq. (3.24) which captures the secular
growth in time because of the resonances and describes the
leading behavior in the long time dynamics.

Quantum master equation and dynamical resummation:
The quantum master equation in Lindblad form obtained in
this study, with time dependent rates, provides a resum-
mation of second order processes. The bath correlation
functions (3.9) and (3.10) displayed in Fig. 3 are related to
the self-energy of the @ field in the thermal bath shown in
Fig. 2. Therefore, we conclude that the quantum master
equation provides a resummation of one-particle irreduc-
ible diagrams in the bath and in real time, akin to the
resummation in real time provided by the method intro-
duced in Refs. [12,13]. Just as the latter framework yields a
decaying survival probability as a consequence of proc-
esses with small virtuality in the long time limit, the master
equation provides a similar time evolution but includes
medium effects that yield unexpected time dependence in
the case of infrared singularity as a consequence of the
infrared enhancement of the Bose Einstein distribution
function of massless particles.

Factorization vs entanglement: An important result of
the study in Refs. [12,13] is that the asymptotic state is a
kinematically entangled state of the “daughter” particles
produced by the decay of the @ field. This aspect is not
shared by the master equation because of the assumption on
factorization. This, one of the main assumptions, prevents
the emergence of correlations between the y, y, density
matrices, which is assumed to remain factorized and to
describe thermal equilibrium for each species. This is an
important caveat and major difference with the dynamical
resummation method which clearly shows entanglement in
the final state. At this stage it is not clear how to
systematically include the correlations between the different
components of the bath leading to entanglement and whether
such a correlation will influence the time evolution toward
equilibration or possible new observable consequences. It is
not a matter of keeping the higher orders in the coupling
because the dynamical resummation method in Refs. [12,13]
was implemented also up to second order in the coupling.
This aspect merits to be studied thoroughly in future work.

Radiative corrections: Radiative corrections may change
the masses of the various fields. In the case of threshold
divergences, these may move the mass of the ® field away
from threshold; however, if the corrections are perturba-
tively small (after renormalization), the results may apply
nevertheless. If the corrections lead to a smaller @ mass, but
are still perturbatively close to threshold, small virtuality
may still yield a relaxation toward equilibration, which is
the case at zero temperature as discussed in Ref. [13]. If, on
the other hand, finite temperature effects dramatically
change the ® mass, then a new study with particular focus

045019-18



THERMALIZATION BY OFF-SHELL PROCESSES: THE ...

PHYS. REV. D 106, 045019 (2022)

on the interplay between virtuality and distance to threshold
will be required to assess whether virtual processes lead to
equilibration. In the case of infrared divergences, unless the
massless field is protected by a symmetry, such as a
Goldstone field, radiative corrections will very likely
induce a mass. If the mass term is perturbatively small,
infrared enhancements will survive. If, on the other hand,
finite temperature effects yield a large radiatively induced
mass, infrared effects may still arise for temperatures much
larger than the mass. However, off-shell processes with
small virtuality may be important. All these possibilities
would require a reassessment and merit deeper under-
standing. Such a program is clearly beyond the scope of this
initial study.

Higher order on-shell vs off-shell small virtuality proc-
esses: A competition between higher order on-shell proc-
esses and the lower order off-shell processes with small
virtuality may emerge. As an example, consider the case of
threshold divergences, which at lowest order yield expo-
nential relaxation with exponent « g>+/7, and for example a
scattering processes with on-shell in and out states yielding
a time dependence « g*z. In the theory defined by the
Lagrangian density (2.1), for example the process ®® —
x1x1 with an intermediate y, propagator, which at tree level
yields a probability per unit time « g*, hence contributes to
the exponential in the survival probability with a term
 g*t. Such a contribution becomes of the same order as the
leading term « g*>+/7 at a timescale 7 « 1/g*, namely ¢ ~ ¢,
at which time the population and the expectation values
have nearly reached their asymptotic values. Therefore, for
weak coupling the leading order result captures the early,
intermediate, and long time asymptotics, and higher order
corrections will quantitatively affect the very long time
asymptotics. Obviously, these arguments will require a
firmer quantitative assessment for particular theories with
various different mass scales. In turn this entails obtaining a
generalization of the Lindblad quantum master equation up
to fourth order in the interaction Hamiltonian, involving
fourth order nested commutators with the density matrix.
This generalization has not yet been explored in the
literature and is obviously well beyond the scope of this
article.

More general lessons: Although this study has focused
on the particular bosonic model described by the
Lagrangian density (2.1), the results allow one to extract
more general lessons. Above and beyond the particular
model, the main inputs in the Lindblad quantum master
equation are the bath correlations in terms of the spectral
densities of the bath degrees of freedom. As discussed
previously the major difference in our study is that we do
not take the infinite time limit in the time integrals of the
bath correlations, even when the Markov approximation
remains one of the main assumptions. This feature is
important because it allows the rates to depend explicitly
on time, thereby allowing virtual processes associated with

the energy uncertainty in a finite time interval to play a
fundamental role in the dynamics of relaxation. This is one
of the main results of this study. These aspects transcend a
particular model and suggest a more general range of
applicability of the methods and results. For example, in the
case of a @ particle coupled to a bath with massless
(gapless) degrees of freedom leading to infrared divergen-
ces, the vanishing residue of the quasiparticle and the
crossover between In(z) and « ¢ behavior in the thermal-
ization dynamics for # > 1/T is reminiscent of the dynam-
ics of heavy impurities in a Fermi sea and the orthogonality
catastrophe [32,33]. Furthermore, recently [34] it has been
recognized that photoexcitations of soft off-shell electron-
hole pairs in graphene yield Sudakov (double logarithms)
type of spectral densities with strong infrared behavior;
therefore, the results obtained in this study may prove
relevant to study the possible thermalization of these
excitations. We also expect that these methods may prove
useful in cosmology, where the time dependence of the
cosmological expansion may provide yet another route to
virtual processes hitherto unexplored.

VI. CONCLUSION AND FURTHER QUESTIONS

Motivated by ubiquitous cross disciplinary interest, in
this article we have studied the approach to thermalization
via processes that cannot be described with the usual
quantum Kkinetic equations that input S-matrix, on-shell
transition probabilities. These entail taking the infinite time
limit, thereby enforcing strict energy conservation and on-
shell processes. Recent work [12,13] which focused on the
relaxation of single particle states in the case of threshold
and infrared divergences at zero temperature highlighted
the role of processes with small virtuality, which nonethe-
less lead to the “decay” of single particle states with
unusual decay laws despite the vanishing of on-shell decay
rates.

In this article we considered a model of scalar fields ®—
the system—coupled to a bath of scalar particles y;, in
thermal equilibrium, which allows one to study the cases of
threshold and infrared divergences by tuning the mass
spectra. Inspired by the theory of quantum open systems,
we adapted a method to study the relaxation of fields
coupled to a thermal bath in equilibrium in the cases when
the S-matrix transition rates vanish. We obtained a
Lindblad type quantum master equation for the reduced
density matrix of the @ (system) field which departs from
the usual form [38,39] by not taking an infinite time limit,
thereby allowing time dependent rates and processes with
small virtuality. The resulting quantum master equation
provides a real time resummation of self-energy corrections
determined by bath correlations at finite temperature. We
find that in the case of threshold singularities, the reduced
density matrix for @ approaches a thermal fixed point as

e"V!/" with the relaxation time ¢* shortening at high
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temperatures because of stimulated emission and absorp-
tion. In the case of infrared singularities, we find that a
thermal fixed point is approached as e (") with y(t)
featuring a crossover from a o« In(#) to a ot behavior
for > 1/T. This latter behavior is a result of a subtle
interplay between infrared enhancement at finite temper-
ature and small virtuality. In both cases the dynamics of
relaxation and thermalization is dominated by off-shell
processes with small virtuality e 1/¢ in the long time limit.

Although our study has focused on a particular model,
the results are more overarching. The derivation of the
quantum master equation maintaining finite time bath
correlations input the spectral density of the bath correla-
tions, and therefore the modified Lindblad form can be
adapted to other systems. Furthermore, the analysis high-
lights the virtues of small virtuality: processes that are
forbidden by strict energy conservation, i.e., off-shell, can
nevertheless lead to thermalization with unusual dynamics
of relaxation and a wealth of timescales toward equilibra-
tion that simply cannot be reliably captured with on-shell
S-matrix transition probabilities. Furthermore, by allowing
the rates in the quantum master equation to depend on time,
it is possible that in some cases transient phenomena
associated with small virtuality may actually compete with
on-shell processes and contribute substantially to the

dynamics of relaxation, and this possibility merits further
study.

We also find noteworthy that a crossover from In(¢) to a
linear ¢ behavior in the approach to thermalization in the
case of infrared singularity has also been found in the case
of a heavy impurity in Fermi systems that feature an
orthogonality catastrophe [32,33]. Furthermore, off-shell
infrared phenomena from photoexcitation of soft electron-
hole pairs in graphene have been studied in Ref. [34] and
might possibly be yet another arena wherein the methods
implemented here may prove useful. An important area
where we envisage possible applications is in cosmology
where the universal expansion offers yet another route to
hitherto unexplored virtual processes.

ACKNOWLEDGMENTS

The author gratefully acknowledges support from the
U.S. National Science Foundation through Grant No. NSF
2111743.

APPENDIX A: CORRELATION FUNCTIONS

The main ingredients to obtain the correlation functions
(3.9) and (3.10) are

1 B4 (1—1 a\ piES(1=1')] i (F—F
Trp,, (00 (02a(¥) = 5o (1 n(Ef))e 500 4 n(Eg)el#30-] P 5-5)
P p

1 [ i (F—F) —i i
= Z2VE“ / (1+n(po))[6(po — ES) — 8(po + ES)]e'PFF)e=roli=ldp, (A1)
P p s
for a = 1, 2, and where
1
n(po) = T 1’ n(=po) = —(1 +n(po)). (A2)
From these expressions we obtain the dispersive representations (3.14) and (3.15) with the spectral densities
- 1 05515
¢ (a0:) = S5t [ dpodpalan = po = p)(1+ n(po)(1-+ ()
Vv 5 2E,2E,
x [8(po — E},) — 8(po + Ep)]8(py — Eyy) = 8(py + Ep)]. (A3)
< >\ l 5‘7-[’"*‘?’" dpadn's _ - /
0*(90:9) =) _5piapr | @Podrid(ao— po— ph)n(po)n(py)
[ A
x [6(po = E}) = 8(po + E)][6(po = Ey) = 8(phy + E3). (A4)
Using the identity
n(po) = e (1 +n(py)) (AS)

and the 6(gy — po — p;), we find the Kubo-Martin-Schwinger [53] relation
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0~(q0.9) = €107 (qo. ). (A6)

which is a direct consequence of the bath degrees of freedom being in thermal equilibrium.
Defining

(40, 4) =07 (90, 9) = 0~(490,9)> (A7)
it follows from the relation (A6) that

07 (q0-4) = (1 +n(q0))e(q0-3):  ¢~(q0.4) = n(qo)e(qo-4)- (A8)

Combining the results (A3) and (A4) and taking the infinite volume limit, we find

3
clavd) = [ G Kz [ dvodrlitao= o= p)(1-+ )+ ()
< [6(po — Ep) = 8(po + Epl6(po — E;) = 6(py + E3)l: ' =4 P. (A9)

Using the delta functions and with the definition (3.41) we obtain the final form of the spectral density

0(q0.9) = [0"(q0.9) — 0" (—q0.9)] + [0" (90. G) — 0" (—40. G)]. (A10)
where
200D = 5qy [ 15 Tsgage 1+ n(ED) + (B oy~ By = B == (AL1)
0 20,/ (27)’2E}2E, r v P ’

N 2 &*p 1

0"(490:9) = 55 | 5350 MES) —n(EVIS(E, —q0—Ey);  P'=q—p. Al2
2" (q0. G) 2, (2”)32E}72E§[n( 2)—n(EQB(E, —qo—E);  BP'=q¢—p (A12)

APPENDIX B: SPECTRAL DENSITY FOR THE THRESHOLD CASE

For this case we consider equal masses m; = my = m, namely E}, = E2 = /p* 4+ m?, and the threshold singularity
corresponds to M? = 4m?. Writing

d
E,= \/q2 + p? —2gpcos(0) + m* = z = d(cos(0)) = —% (B1)

and recognizing that the delta function in (A11) receives support only from the region ¢, > 0, we find
/12

0'(90.4) = 327240,

/ (1 +n(E,)+n(q)—E,)] /Z+ 6(qy — E, — z)dzdE,, (B2)

where

&= \/q2+E§,izq,/E§,—m2, (B3)

the region of support is in the domain

where
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1 g3 — q* — 4m*]1/2
Ei:i{qoiq{oqz—cf - ()
0

and therefore

/12 Et
0'(q0,q) = —=—>— 1 E — E)|dE.
003 =gy [ 11+ () +nlay =)
(B6)
Using the identity
1d
n(E) = ﬁﬁln[l — e7PE], (B7)
we find the result
a0 d) = — { {qg i 4m2] 12
32m°Q, 9% — ¢*
2 [1—ePE [
(B8)

This contribution to the spectral density arises from the two
particle branch cut.
Similarly

}“2

¢ (00.1) = G5e[| IEn = a0) = n(E)

z+
x/ 8(E, = qo — 2)dzdE,, (B9)
-
for which we find
/12 1= e—ﬂwJr
o' (gy,q) = 1 —|1®(q* — ¢?), (B10
" 00.1) = e | [ O = ). (B10)

with

1| [¢*—qf+4m*]'/?
Wizz{q|:q20_q2 iqo . (Bl])
0

This contribution to the spectral density only has support
below the light cone and vanishes at zero temperature; it
does not contribute to the resonance region of the functions

C: (90-1)s S:F(%v 1).

APPENDIX C: SPECTRAL DENSITY FOR THE
INFRARED CASE

For this case we consider Q,=+/¢*+ M,
m; = M,m, =0, for which ¢/(qq,q); 0" (qo,q) feature
the same form as Egs. (B2) and (B9) but now

(E, =+/p*+ M?) and

d=p+tqg T =|p-ql (C1)
For ¢(qy, q) the domain of support of the delta function
in (B2)is z~ < g9 — E, < z" which is fulfilled for ¢, > Q,

and E-<E, < E+ with

a5 —

Er—gy--20""%
* 2(qo*q)

(€2)

and therefore

~ - 12 ET
¢'(q0.4) = W/- [1+n(E) +n(qo — E)]dE,
q
(C3)
yielding
12 q2 _ QZ
~I =\ 0 q
2'(90.9) = 32770, { {qg . qz}
1 1 1 — e_ﬁE+ 1 —_ e_ﬁ(qO_E_)
T AN AN
X O(qy — ). (C4)

For ¢! (q,, q) the domain of support of the delta function in
(B9), namely z~ < E, —qo <z with E, = /p* + M?,
features two different cases:

Case A: E, — q, intersects p+k or g—p;0<p <gq
but not p — q; p > g corresponding to the domain

E <E,<c0 (C5)
and

-4 <40 < q; (Co)
therefore

1 2 ®
0 ) = —7— E - —n(E)|dE, Cc7
" 0-9) = s [, I"E=a0) ~n(ENE. (€T
yielding
A2 1 — e PE-

=11 _ 2_ 2
(909 = 3300 5™ L - e—ﬁ<E+—qo>} O(a” — 9o).

(C8)

This contribution is far off the resonance regions g =~ +€2,,.
Case B: E, — q, intersects p+k or g—p;0<p <gq
and p — q; p > q corresponding to the domain

E.<E,<E_ (C9)
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and

q < g0 <Q,, (C10)
leading to

-4 <q0< ¢ (C11)
therefore
- - /12 Et
o a0-9) = g5y [, (E— ) —n(ENE. (€12

yielding

2 1 — ¢ PE-—q0)
11 s = 1[1
43 (qO q) 327[29qﬂq { [1 _ e—/}(E+_‘10):|

—In [:::%_ZZ] }®(Qq —q0)®(q0 — 9)-
(C13)

This contribution features support near the resonance
region g, ~€2,, and therefore it contributes to the long
time dynamics.
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