Quasiparticle energy relaxation in a gas of one-dimensional fermions with Coulomb interaction
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We consider a system of charged one-dimensional spin—% fermions at low temperature. We study how the
energy of a highly-excited quasiparticle (or hole) relaxes toward the chemical potential in the regime of weak
interactions. The dominant relaxation processes involve collisions with two other fermions. We find a dramatic
enhancement of the relaxation rate at low energies, with the rate scaling as the inverse sixth power of the
excitation energy. This behavior is caused by the long-range nature of the Coulomb interaction.

The Tomonaga-Luttinger liquid theory is widely used to de-
scribe low-energy properties of interacting fermions in one di-
mension [1]. It is based on the model of interacting fermions
with linear dispersion, which admits an exact solution. The
resulting excitation spectrum is that of a system of nonin-
teracting bosons [2]. This idealization is appropriate in the
low-energy limit. Importantly, this model is free of inelastic
scattering and thus it cannot describe relaxation of the system
towards equilibrium.

Recent theoretical progress has shown the importance of
the nonlinear corrections to the spectrum, as they affect re-
sponse functions and enable quasiparticle relaxation [3, 4].
Experiments with one-dimensional conductors support these
findings. In particular, the behavior of the response functions
was probed in Refs. [5, 6], equilibration rates for hot electrons
and holes were measured in Ref. [7], while peculiar features of
the relaxation of very hot electrons were observed in Ref. [8].
These experiments have demonstrated the crucial role of the
curvature of the spectrum of electrons.

Significant theoretical progress has been achieved in the
case of weakly interacting fermions with quadratic spectrum
[3, 9]. In one dimension, pair collisions result in identical
sets of momenta before and after scattering. As a result, the
decay of quasiparticles is controlled by three-particle scatter-
ing processes [10]. For quasiparticles with energies near the
Fermi level, the two types of processes shown in Fig. 1 should
be considered. In the initial state, the scattering processes of
type (a) have one particle with the opposite sign of momen-
tum than the other two, while all three particles are near the
same Fermi point for the processes of type (b). Due to the
conservation laws, the final states of the three particles are in
the same configuration as the initial ones. It is worth noting
that the processes of type (b) are allowed only at finite temper-
ature 7', whereas those of type (a) bring about the relaxation
of quasiparticles even at 7' = 0 [9].

Relaxation of quasiparticles in the system of spin—%
fermions with weak Coulomb repulsion was considered in
Ref. [11]. At zero temperature, a quasiparticle with the energy
€ above the Fermi level decays with the rate 71« € [12].
At finite temperatures this result applies as long as € > /T u,
where p is the chemical potential of the Fermi gas. At ener-
gies below /T the quasiparticle relaxation rate was found to
have only a weak dependence on energy, 7! oc In?(s1/€)T.
Both rates are due to the processes shown in Fig. 1(a) [13].

It is important to note that in Ref. [11] the Coulomb in-
teraction was assumed to be screened at small momentum
transfers by a nearby gate, which enabled the authors to ne-
glect the contribution of type (b) processes to the relaxation
rate. In this paper we show that type (b) processes lead to
a dramatically different behavior in the unscreened case. We
found that at quasiparticle energies below /T’ it gives the
dominant contribution to the relaxation rate, which behaves
as Tb_l o u3T* /€8, see Fig. 2 [12]. This implies a drastic
enhancement of the rate as the quasiparticle excitation energy
¢ drops below the characteristic energy /71y, in contrast to
weak energy dependence 7~ o< In?(j1/€)T for the screened
case [11]. This behavior is qualitatively different from that of
quasiparticles in most other systems of fermions, where the
relaxation rate decreases at lower energies. For example, in
three-dimensional Fermi liquids 71 €2 [19].

We study a one-dimensional system of fermions with
quadratic dispersion £, = p*/2m and weak two-body inter-
action. In second quantization, the latter is described by
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Here G and a' are the fermionic spin-% operators obeying
the standard anti-commutation relations, L is the system size,
while V' (g) is the Fourier transform of the two body inter-
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FIG. 1. Different scattering mechanisms that contribute to relaxation
of quasiparticles in a one-dimensional system of weakly-interacting
fermions. At 7" = 0, only the processes of type (a) are allowed. At
nonzero temperature, the processes of type (b) are responsible for the
dominant contribution to the relaxation rate at energies € < /1.
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FIG. 2. Sketch of the energy dependence of the quasiparticle re-
laxation rate for spin-% fermions with Coulomb (this work) and
screened Coulomb (Ref. [11]) interactions. In the former case there
is a rapid increase of the rate at energies below /T 1 as opposed to
a gradual logarithmic rise in the latter case. A similar sharp increase
of the relaxation rate at low energies also occurs for holes.

action potential. For electrons in a quantum wire the latter
has the Coulomb form U (z) = €2/|x| that should be cut off
at short distances by the width of the wire w. Here e de-
notes the electron charge. At small momenta |¢| < i/w,
the Fourier transform of the interaction potential is V' (q) =
2¢21n (h/|qw).

Let us consider a right-moving quasiparticle well above the
Fermi level, i.e., with energy € = ¢, — . > T, where p de-
notes the quasiparticle momentum. Such an energetic quasi-
particle on average loses its energy due to collisions with other
quasiparticles and thus drifts towards the Fermi level. The
relaxation proceeds predominantly via three-particle scatter-
ing processes where the other two quasiparticles are near the
Fermi level. In this case the rate of energy change of the initial
quasiparticle is given by
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Here W2172'%5 is the scattering rate of the three fermions with
momenta p1, P2, p3 into pi, ph, ps summed over all spin in-
dices, while n,, denotes the Fermi distribution function. The
prefactor 1/2 in Eq. (2) compensates for the summation over
the spin of the initial quasiparticle. The main focus of this pa-
per is the quasiparticle relaxation that arises due to processes
shown in Fig. 1(b). In this case all the momenta that partici-
pate in the sum of Eq. (2) are positive.

The conservation laws of momentum and energy enable us
to estimate the momentum change of the initial quasiparticle
in a three-particle collision. For quadratic dispersion we find
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For the typical processes shown in Fig. 1(b), the momenta p,
ps3, and p} are near the Fermi point, and |p5 — ps|, |p5 — pa| ~

T/vp, where vp is the Fermi velocity. In combination with
the momentum conservation law, this yields
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Thus, for type (b) processes, both the initial and final states
have one highly excited quasiparticle, while the other two are
always near the Fermi level. This enables us to identify the
fermion at p} as a new state of the initial quasiparticle after
the scattering event. Equation (2) shows how the energy of
this quasiparticle changes with time. We define
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as the energy relaxation rate. In this paper we distinguish it
from the quasiparticle decay rate, which is obtained by omit-
ting (¢,, — €p,) in Eq. (2).

For the processes shown in Fig. 1(a), after the scattering
event the two right-moving quasiparticles have energies on
the order of e [11]. This is qualitatively different from the
case of type (b) processes, where only one quasiparticle in the
final state has energy well above T'. In Ref. [11] the defini-
tion of the energy relaxation rate equivalent to Eqgs. (2) and
(5) was applied to account for the effect of finite temperature
on the relaxation due to the processes of type (a). This means
that out of the two right-moving quasiparticles with energies
much greater than 7', the one with the higher momentum was
identified as a new state of the initial quasiparticle.

The scattering rate entering Eq. (2) can be found using
Fermi’s golden rule, where the matrix element is obtained in
the second-order perturbation theory in the interaction given
by Eq. (1) [10, 20]. In order to take advantage of the conser-
vation laws, we express the momenta p;, p2, and p3 in terms
of the new variables P, £, and « as
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Here P = p;1 + p2 + ps is the total momentum of three parti-
cles, while £ = ¢, +¢,, +&p, — P?/6m is their total energy
in the center-of-mass frame [21]. There are analogous formu-
las for the primed momenta. The conservation laws dictate
that collisions do not affect P and &, thus only changing the
angle variable, & — «’. This observation dictates the general
form of the three-particle scattering matrix element
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Starting with a general expression for W;’égfﬁé [10, 20], after
a somewhat tedious calculation we obtain Eq. (7) with
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This result applies to any three-particle scattering process,
provided that In(A%/mw?€) > 1. The latter condition takes
the forms ii/wpp > 1 and hvg /we > 1 for the processes of
types (a) and (b), respectively. Here pr = +/2mu is the Fermi
momentum.

We begin our evaluation of the relaxation rate of a quasi-
particle with the energy € = ¢, — u via type (b) processes by
analyzing Eq. (2). The distribution functions at low tempera-
ture severely constrain the configurations of momenta which
give significant contribution to é. In the zero temperature limit
we have py,p3 — pr corresponding to £* = ¢2/6u and
a* = 57/3, see Eq. (6). We account for the deviations of pa,
P3, Ph, and pf from pp and of p} from p; at finite temperature
in the leading order in small parameters o = (£ — £*)/E*,
oc = a—a* and ¢/ = o — a*. The function (8) is only
weakly dependent on p, which we can therefore neglect, lead-
ing to
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Equation (10) is singular at ¢ = +¢’, which corresponds to
the nullification of the energy denominators in the initial ex-
pression of the second-order perturbation theory for the scat-
tering rate (7). For type (b) processes, these singularities lead
to a divergent quasiparticle decay rate, defined by omitting the
energy difference (g,, — ;) in the right-hand side of Eq. (2).
However, the energy relaxation rate given by Eqgs. (5) and (2)
is well defined.

We are now in a position to evaluate the rate of quasiparticle
energy change ¢ using Eq. (2). Converting the sum into an in-
tegral over the variables P, p, o, and their primed versions, we
first perform the integrations that involve the §-functions and
then integrate over . The remaining integral over o and o’
is an antisymmetric function and thus nullifies the rate if one
approximates n,, by n,. Accounting for the leading-order
deviation in the distribution function of p} results in a term
proportional to 2 — ¢’ [22]. In combination with the energy
difference in Eq. (2), also proportional to o2 — ¢'2, it regular-
izes the singularities arising from Eq. (10). For the resulting
relaxation rate we eventually obtain [22]
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Equation (11) is our main result. We now compare it with the
energy relaxation rate due to the competing type (a) processes
[11].

Unlike the processes shown in Fig. 1(b), the ones of

Fig. 1(a) contribute to quasiparticle relaxation even at 7' = 0.

In this case the quasiparticle decay rate is well defined despite
the singularities in Eq. (10). It is given by [11]
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FIG. 3. The dominant scattering mechanism that contributes to the
relaxation of a deep hole, i.e., at €5, > /1.

The evaluation of the decay rate at finite temperatures is
plagued by the singularities of Eq. (10). Instead, the energy
relaxation rate (5) can be studied. At T >> ¢2 /v the result
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was found in Ref. [11]. It is worth mentioning that at 7" = 0
the energy relaxation rate has the same form as the quasiparti-
cle decay rate (12), albeit with a different numerical prefactor
[22, 23]. A comparison of Eqgs. (11)—(13) shows that the
quasiparticles with energies € > /T decay with the rate
(12), while at T' < € < /T our result (11) gives the dom-
inant contribution [12]. For unscreened Coulomb interaction
we conclude that the contribution (13) is always subdominant.

We now briefly discuss the relaxation of a hole, which rep-
resents the absence of a fermion in the Fermi sea. Because
they propagate at speeds below the Fermi velocity, holes are
stable excitations at zero temperature. At nonzero tempera-
tures they drift toward the Fermi level as a result of scattering
off other excitations. At e;, > T, where ¢;, = p — ¢, de-
notes the energy of the hole, the corresponding rate of energy
change and the relaxation rate can be obtained from the ex-
pressions analogous to Egs. (2) and (5). In Eq. (2) one should
properly order the summation indices and replace the quasi-
particle distribution function n,,, the dispersion ¢, and ¢, re-
spectively, by the corresponding quantities for holes, 1 — n,,
—é&p, and €. For type (b) processes, the evaluation parallels
the one for particles and results in the relaxation rate (11),
with e replaced by €p,.

Holes can also relax due to processes that involve quasipar-
ticles near both Fermi points, see Fig. 3. Since the left-moving
pair has a characteristic momentum |ps — p| S T'/vp, from
Eq. (3) we find the energy change of the hole
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At €, > +/Tu, we have A¢;, < €y, i.e., the hole loses a
small fraction of its energy in a three-particle collision. For

such deep holes we can define the rate of energy change €,
and the relaxation rate 7, ! using the approach analogous to



that of Eqgs. (2) and (5) for particle-like excitations. The rate
of energy change of a hole is given by [22]
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Equation (15) is valid for deep holes, i.e., for €, = 1 — &, >
VT In the special case /T < €5, < p corresponding
to deep holes near the Fermi level, from Eq. (15) we find
7, " oc uT? /€2 [12]. This result is consistent with the corre-
sponding expression given in Ref. [11]. We note that Eq. (15)
was obtained to leading order in low temperature, which lim-
its its applicability to p > v/mT. An accurate expression for
smaller p is obtained by multiplying Eq. (15) by 1 + mT'/p?
[22].

Equation (13) for the energy relaxation rate due to the pro-
cesses shown in Fig. 1(a) [11] and our Eq. (11) for relaxation
due to the processes of Fig. 1(b) are applicable to both parti-
cles and holes. In particular, they apply to shallow holes with
energies in the range 7' < ¢, < /T [22]. Comparing the
obtained results, we find that the relaxation of deep holes oc-
curs primarily due to processes shown in Fig. 3. In this case
Eq. (15) gives the dominant contribution to their rate of en-
ergy change. In contrast, the relaxation of shallow holes with
energies in the range T < ¢, < /T is controlled by pro-
cesses shown in Fig. 1(b). Their relaxation rate is given by
Eq. (11) with € replaced by €, while the corresponding rate
of energy change follows from Eq. (5).

In this paper we studied quasiparticles with energies € > T
This condition was important for the applicability of the ap-
proach based on Eq. (2), which assumes that the initial state
of momentum p is not thermally populated. At e ~ T one
must account for the effect of thermal population of the state
p, which can be achieved in a Boltzmann equation descrip-
tion. An order of magnitude estimate of the typical relaxation
rate of the distribution function in the latter approach can be
obtained by extrapolating the rate (11) toe ~ T,
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Unlike most other systems of fermions, in our case the re-
laxation rate increases at lower temperatures. This can be
attributed to the long-range nature of Coulomb interaction,
which results in a singularity of the interaction potential at
zero momentum and thus enhances scattering at small mo-
mentum transfer [20].

The fact that the relaxation rate (17) increases at 7' — 0
raises an important question of the applicability of the picture
of fermionic quasiparticles and holes used in this paper. In-
deed, at sufficiently low temperature one may expect to reach
the regime where the standard assumption /7, < T is vio-
lated. In this case the uncertainty of the energy of a typical

4

quasiparticle de ~ h/7, is comparable to or larger than the
energy itself, ¢ ~ T', and the quasiparticles are no longer well
defined. In addition, in systems of weakly interacting spin-%
fermions the well-known phenomenon of spin-charge separa-
tion [1, 24] results in breakdown of the fermionic quasiparticle
description. As a result, only the excitations with sufficiently
high energies can be treated as quasiparticles [11]. For an ex-
citation with energy € ~ 7' in a system with long-range inter-
actions the condition of Ref. [11] can be presented in the form
T > ppV (T /vr)/h. For Coulomb interactions this yields
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Our results are obtained under the assumptions that the inter-

actions are weak, e2 /hvp < 1, and the width of the channel

is small, wppr /A < 1. In this case Eq. (18) ensures that the

condition /i/7, < T is also satisfied.

A promising experimental setup to test our results is that of
Ref. [7]. It consists of a grounded quantum wire connected to
two spatially separated electrodes. One electrode is used to in-
ject the current of particles within a band of momenta, while
the other collects the current in the same band. In the ex-
periment [7] the collected current of particle-like excitations
was greater than the injected one. This was interpreted to oc-
cur due to relatively fast relaxation of quasiparticles, creat-
ing more excitations in the energy window of the collected
current, which enabled one to estimate the quasiparticle re-
laxation rate [3, 11]. For a similar setup with unscreened
Coulomb interactions, we expect the experimentally observed
relaxation rate to be dramatically enhanced in the energy win-
dow between T  and /T 1.

The relaxation rate (11) was derived for pure Coulomb in-
teraction. The effect of screening of the interaction by a gate
will not modify Eq. (11) in the range of energies ¢; < € <
/T, where €, = hvp /d and d is the distance to the gate. At
€ < €q < /Ty, the relaxation rate still rises with decreasing
€ as [22]
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Up to the numerical coefficient and logarithmic factors,
Eq. (19) is consistent with the estimate of Ref. [11]. It is im-
portant to note that the rate (19) is much larger than the rate
controlled by the processes of Fig. 1(a). Therefore our con-
clusions do not change qualitatively in the case of interaction
screened by a gate.

In summary, we have studied the rate of energy relax-
ation for quasiparticles and holes in a weakly-interacting one-
dimensional system of fermions with Coulomb repulsion.
Compared to the case of screened interaction, we have found
that scattering processes shown in Fig. 1(b) lead to a dramatic
enhancement of the quasiparticle relaxation rate at low ener-
gies, 77! o« e % atT <« € < /Tp, see Fig. 2. A similar
enhancement also holds for shallow holes. For deep holes we

have obtained their energy relaxation at arbitrary momenta,
see Eq. (15).




Work at Argonne National Laboratory was supported by the
US Department of Energy, Office of Science, Basic Energy
Sciences, Materials Sciences and Engineering Division.

[1] T. Giamarchi, Quantum Physics in One Dimension (Clarendon
Press, Oxford, 2003).

[2] D. C. Mattis and E. H. Lieb, “Exact solution of a many-fermion
system and its associated boson field,” J. Math. Phys. 6, 304
(1965).

[3] A. Imambekov, T. L. Schmidt, and L. I. Glazman, “One-
dimensional quantum liquids: Beyond the Luttinger liquid
paradigm,” Rev. Mod. Phys. 84, 1253 (2012).

[4] A. Levchenko and T. Micklitz, “Kinetic processes in Fermi-
Luttinger liquids,” arXiv:2101.08737 (2021).

[5] Y. Jin, O. Tsyplyatyev, M. Moreno, A. Anthore, W. K. Tan, J. P.

Griffiths, I. Farrer, D. A. Ritchie, L. I. Glazman, A. J. Schofield,

and C. J. B. Ford, “Momentum-dependent power law measured

in an interacting quantum wire beyond the Luttinger limit,” Nat.

Commun. 10, 2821 (2019).

S. Wang, S. Zhao, Z. Shi, F. Wu, Z. Zhao, L. Jiang, K. Watan-

abe, T. Taniguchi, A. Zettl, C. Zhou, and F. Wang, “Nonlinear

Luttinger liquid plasmons in semiconducting single-walled car-

bon nanotubes,” Nat. Mater. 19, 986 (2020).

G. Barak, H. Steinberg, L. N. Pfeiffer, K. W. West, L. Glazman,

F. von Oppen, and A. Yacoby, “Interacting electrons in one

dimension beyond the Luttinger-liquid limit,” Nat. Phys. 6, 489

(2010).

J. Reiner, A. K. Nayak, N. Avraham, A. Norris, B. Yan, I. C.

Fulga, J.-H. Kang, T. Karzig, H. Shtrikman, and H. Bei-

denkopf, “Hot Electrons Regain Coherence in Semiconducting

Nanowires,” Phys. Rev. X 7, 021016 (2017).

[9] M. Khodas, M. Pustilnik, A. Kamenev, and L. I. Glazman,
“Fermi-Luttinger liquid: Spectral function of interacting one-
dimensional fermions,” Phys. Rev. B 76, 155402 (2007).

[10] A.M. Lunde, K. Flensberg, and L. I. Glazman, “Three-particle

[6

—_

[7

—

[8

—_—

collisions in quantum wires: Corrections to thermopower and
conductance,” Phys. Rev. B 75, 245418 (2007).

[11] T. Karzig, L. I. Glazman, and F. von Oppen, “Energy Relax-
ation and Thermalization of Hot Electrons in Quantum Wires,”
Phys. Rev. Lett. 105, 226407 (2010).

[12] Here we have neglected the factors that scale logarithmically
with energy.

[13] Note that the decay rates for spinless fermions are very differ-
ent, as they scale with higher powers of e or 7' [4, 9, 14-18].

[14] T. Micklitz and A. Levchenko, “Thermalization of Nonequi-
librium Electrons in Quantum Wires,” Phys. Rev. Lett. 106,
196402 (2011).

[15] Z. Ristivojevic and K. A. Matveev, “Relaxation of weakly in-
teracting electrons in one dimension,” Phys. Rev. B 87, 165108
(2013).

[16] K. A. Matveev and A. Furusaki, “Decay of Fermionic Quasipar-
ticles in One-Dimensional Quantum Liquids,” Phys. Rev. Lett.
111, 256401 (2013).

[17] 1. V. Protopopov, D. B. Gutman, and A. D. Mirlin, “Relax-
ation in Luttinger liquids: Bose-Fermi duality,” Phys. Rev. B
90, 125113 (2014).

[18] L. V. Protopopov, D. B. Gutman, and A. D. Mirlin, “Equili-
bration in a chiral Luttinger liquid,” Phys. Rev. B 91, 195110
(2015).

[19] D. Pines and P. Nozieres, The Theory of Quantum Liquids, Vol-
ume I: Normal Fermi Liquids (W. A. Benjamin, New York,
1966).

[20] K. A. Matveev and Z. Ristivojevic, “Relaxation of the degen-
erate one-dimensional Fermi gas,” Phys. Rev. B 102, 045401
(2020).

[21] Equivalently, € = [(p1 —p2)* + (p1 — p3)* + (p2 — p3)?] /6m.

[22] See Supplemental Material for the details.

[23] For this reason we use the same notation for both decay and
relaxation rates.

[24] 1. E. Dzyaloshinskii and A. I. Larkin, “Correlation functions
for a one-dimensional Fermi system with long-range interaction
(Tomonaga model),” Sov. Phys. JETP 38, 202 (1974).


http://dx.doi.org/10.1063/1.1704281
http://dx.doi.org/10.1063/1.1704281
http://dx.doi.org/10.1103/RevModPhys.84.1253
http://arxiv.org/abs/2101.08737
http://dx.doi.org/ 10.1038/s41467-019-10613-2
http://dx.doi.org/ 10.1038/s41467-019-10613-2
http://dx.doi.org/https://doi.org/10.1038/s41563-020-0652-5
http://dx.doi.org/10.1038/nphys1678
http://dx.doi.org/10.1038/nphys1678
http://dx.doi.org/ 10.1103/PhysRevX.7.021016
http://dx.doi.org/10.1103/PhysRevB.76.155402
http://dx.doi.org/10.1103/PhysRevB.75.245418
http://dx.doi.org/10.1103/PhysRevLett.105.226407
http://dx.doi.org/10.1103/PhysRevLett.106.196402
http://dx.doi.org/10.1103/PhysRevLett.106.196402
http://dx.doi.org/ 10.1103/PhysRevB.87.165108
http://dx.doi.org/ 10.1103/PhysRevB.87.165108
http://dx.doi.org/10.1103/PhysRevLett.111.256401
http://dx.doi.org/10.1103/PhysRevLett.111.256401
http://dx.doi.org/ 10.1103/PhysRevB.90.125113
http://dx.doi.org/ 10.1103/PhysRevB.90.125113
http://dx.doi.org/10.1103/PhysRevB.91.195110
http://dx.doi.org/10.1103/PhysRevB.91.195110
http://dx.doi.org/ 10.1103/PhysRevB.102.045401
http://dx.doi.org/ 10.1103/PhysRevB.102.045401
http://dx.doi.org/ 10.1142/9789814317344_0014

S1

Quasiparticle energy relaxation in a gas of one-dimensional fermions with Coulomb interaction
—Supplemental Material—

Zoran Ristivojevic! and K. A. Matveev?
L Laboratoire de Physique Théorique, Université de Toulouse, CNRS, UPS, 31062 Toulouse, France

2Materials Science Division, Argonne National Laboratory, Argonne, Illinois 60439, USA
I. EVALUATION OF THE RELAXATION RATE (11) CONTROLLED BY TYPE (B) PROCESSES

Here we provide the details of the evaluation of the relaxation rate (5) for the processes shown in Fig. 1(b). Substituting
Eq. (2) expressed in the symmetric form in the definition (5) yields

1 1 €p — MaAX(Epr, Epg s Ept) ot pt o
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We have transformed the restricted summation of Eq. (2) into the unrestricted one accounting for the combinatorial factor 1/12
to compensate the summation over nondistinct quantum states. We then transform the sum (S1) into an integral and convert to
the new variables introduced by Eq. (6) using

m

dpidpadps = 7 dPdEda. (S2)

After performing the trivial integrations over the d-functions, we find

1 L4m2 9p o) 2 2m , Ep— maX(Ep’lagp’Qagpf ) ,
- = 38471'47147117/0 dé'/o da/o do . 20O, a,a )gp2gp3gp/1gp/29pé. (S3)

Here g, = \/n,(1 — n,) = [2cosh ((e, — w)/2T)] ™!, while the momenta are
pj=p+2 %5 [cos(av — 27/3) — cos(aw — 275 /3)], (S4a)
P :p+2\/m?g[cos(a—27r/3)—cos(o/—27rj/3)], j=1,2,3. (S4b)

In the limit of small temperature, both |p; —pr| and |ps — pr| should be small due to g,,gp,. At T — 0 this occurs at o = 57/3,
corresponding to ps = p3 = pr. On the contrary, out of three terms | p} — pr|, only two can vanish simultaneously. This occurs
at three values o/ = 7/3,, 57 /3, corresponding to different exchanges of the primed momenta. For the purpose of further
evaluation of the rate we select one configuration, e.g., &’ = 57/3 and multiply the rate by 3. Accounting for small fluctuations
in the arguments of g-functions (controlled by the temperature), we use the expressions

€

€ € / € € / / 2 12
P23=PF— 50t —=—0, Pos=pr—5—0Ft—F—=—0, pp=p+ 57— (0" —07). (S5)
>3 2vp V3up %3 2vp V3up ! 3vp ( )

Here vp = pr/m is the Fermi velocity, and we introduced new variables o, ¢/, and o via
a=ao*+o0, o =a"+0, E=E(1+ ). (S6)

For the scattering processes of type (b), at T’ < ¢ and the above choice of o’ we should use ¢, — max(spl1 2 Epls 5pé) N Ep —Ept
Linearization of the.spectru.m Ep — Epj = UF (p— p’l) together wit.h the leading-order term g, , = g, substituted into Eq. ($3)
produces zero after integration, since the integrand is antisymmetric to the exchange of o and ¢’. We thus need the subleading
term, which is proportional to 02 — ¢/2. It can arise either from nonlinearity of the spectrum, leading to a multiplicative term on
the order of T /i€ or the Taylor expansion gy, = 9p + 9,(P1 — p) + ..., where the analogous term is on the order of 7'/¢. We
keep the latter contribution since it is parametrically larger. Using the matrix element given in Eq. (10) we find

1 8 2 \* u3 Gpdy . o [(hvp +oo In?|oc —o'|  In®|o+ 0|
—_— = — Z77P P dodod I 2 _12)\2 O
Th 373 (hvp) hwpe ny, B e ///_oo ododo’(o” = o7) (0+0')? * (0 —0')? Ip29ps I s>

(S7)




S2

where we should eventually substitute Eq. (S5). The integral in Eq. (S7) can be evaluated analytically with logarithmic accuracy,
resulting in (487*/5)(T/¢)® In®(¢/T). Using g9, /n, = —vr /2T at p — p} in the low-temperature regime T’ < &, — i, from
Eq. (S7) we then obtain Eq. (11).

It is worth mentioning that the scaling in Eq. (11) can be schematically understood from Eq. (S3) as

3 2 4
1 T 1 T T T
—x & = X X — X - o — . S8)
Tb ( T2€2 62 € 66 (
[ d€dada’ from®  =py—2pr  expansionof g,

€

We note that our evaluation of 7~ 1 also applies for the relaxation of holes due to type (b) processes after the transformation where
we replace in Eq. (S3) the quasiparticle distribution function 7, the dispersion ¢, and ¢, respectively, by the corresponding
quantities for holes, 1 — n,, —¢,, and €.

II. EVALUATION OF THE RELAXATION RATES (12) AND (13) CONTROLLED BY TYPE (A) PROCESSES

In this section we evaluate the relaxation rate as well as the decay rate of a quasiparticle with energy e due to the processes
shown in Fig. 1(a) at T = 0. We demonstrate that up to numerical coefficients both rates are given by Eq. (12). We also
reproduce the result for the relaxation rate at finite temperature (13), first obtained in Ref. [11].

We consider a three-particle process involving a quasiparticle with momentum p = p; near pr and two additional fermions
at po and p3 near pr and —pp, respectively, see Fig. 1(a). The deviations of ps and p3 from £pp are controlled by the small
parameter ¢/41 < 1. Here e = ¢, — p ~ vp(p — pr) > T. We begin with Eq. (S3) rewritten as

1 Lim?2 [T 2 2 —max(e, , e ,Ep
= i dzs/ doz/o da' = ( : ALY O(&, o, o' Ynpynip, (1 =y (L= ) (1 =y ), (S9)
where the momenta are given by Eqgs. (S4). Unlike the case of type (b) processes, where all three particles in the final state are
near the same Fermi point, this is not the case in Eq. (S9), leading to a minor ambiguity in the meaning of max({—:pr1 yEpl s spfs).
Normally one would require all the momenta in the arguments of max to be on the same branch as p. The error introduced here
is negligible as the Fermi sea prevents the left-moving particle from being more than 7" above the Fermi level, which is smaller
than the typical energies of the right-moving particles in the final state. Since ps and p3 are near £pr, we can consider the
configuration ps < 0 < po multiplying the rate (S9) by 2. The configuration ps = —ps = pp corresponds to

2 2
«_ P +3pp _ 8u « _ p+3pr ey PR P
Er=—""L~ " cos(a*) = —==, sin(a*)= . S10
3am 3 (%) 2v/3mE* (") 2vVmE* (510)

Each of the three primed momenta in the integrand of Eq. (S9) can be near —pp, but only one is allowed by the conservation
laws. We select p4 near —px and multiply the rate (S9) by 3. Accounting for the deviations around o* ~ —+/3¢/8 via Eq. (S6),
to leading order in small g, o, and ¢’, we find

2pF
=p, f=p+—F—(c—0')+..., Slla
pL=p P =p \/g( ) (S1la)
4F / 2pF /
i P =pp+——=(c+0)+..., S11b
P2 = pF 3 Dy = PF \/5( ) ( )
3pr —p 2 y PF—D N 20F, 2

= — — + o+ pro”+..., =p3 — c—0)——(00"=0")+.... Sllc
P3 PF — PFO 7 pF Py =ps = = ( ) 3( ) (S1lc)

We notice that unlike p3 and pf, to leading order in ¢/ < 1 the momenta p}, ps, and p/, do not depend on . This enables us
to rewrite Eq. (S9) as

1 LAm2E* +m/3 /5p—max(5p/,5p/,€p') % * ’ +OO
Taww//ﬂ/?, dodo el -0 a" +o,a +U)npz(1*npi)(1*npé)/71 donp, (1 = nyy).
(S12)

Notice that in the latter integral we can extend the integration over the whole real axis, resulting in

+oo 4 AG(A), T < A,
/ domnp, (1 —ny,) ~ o ¥ {T () A<T where A = vp(ps — pj). (S13)

— 00
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Since the characteristic energy change of the right-moving pairs is on the order of €, while it is parametrically smaller, A ~
€2 /11 < e, for the left-moving pair, we can neglect the temperature effects on the right movers as long as T < e. We thus use

Npy (1 =1y )(1 =y ) = 0(—0)0 (0 — 0’ —2a") B0 + 0'). (S14)

The Heaviside functions impose for the integration boundaries a* < ¢ < 0and —o < ¢’/ < —2a* + ¢ in Eq. (S12). Since
in the present case the deviations o and ¢’ can be on the order of o*, it is convenient to change variables and use « and o’ in
Eq. (S12). In this case the integration boundaries are

20" <a<a*, —(a—2a")<d <a-—2a" (S15)

Since @ ~ o < 1, we should consider Eq. (8) in this regime. It is given by

251 €8 h? In? o —ao/|  In?la+d| 8u
O a,af) = — ? & =—=. S16
E o) = rEye <mw25*> { (@tra)? " (a—a)? |’ 3 (10
The remaining terms in Eq. (S12) are
4

A~ ?“(o/ —a)(~a' —a) >0, (S17)

€, —Max(e, , &y, €y — "t 4
P ( P17 =Py ps) ~ b max(pl p2) ~ 1% [O/ —a— 2a’9(a’)] . (SIS)

€ p—pr V3e

In the latter expression we have used 0(p} — py) = 6(—a’). Using

In?(o/ — )  In?(—co/ _a)} 53— 121r12§1 2 (u)

a” a—2a*
ol — o — 20’00/ (o — P H
fo 0 [yl == 200N =) [T D 4 BT = B

€

(S19)

at T < €?/u we find the relaxation rate
1 53-12n2/ e \* .,/ h 5 /1 €2
LR R (R I Y R B (f)f, $20
Ta 9673k (hvp) . (wpp) e /L (520)

corresponding to Eq. (12). As mentioned in the main text, at 7' = 0 the quasiparticle decay rate is well defined. Omitting the
factor [g, — max(e,;, €y, €p)]/€ in Eq. (S9) and using

a* a—2a* 2/ 2 / 2
In“(¢/ —a) In“(—a —a) 9 € . L/p
d do/(o/ — a)(—a — o ~ ——In" (= S21
/2a* “ /(a2a*) ale —a)l-a-d) [ (a+a)? " (o —)? 64 12 ! ( 6) ’ 52D

we obtain the quasiparticle decay rate in the form of Eq. (S20) with the numerical prefactor 9/3273. This is in agreement with
Eq. (1) of Ref. [11].

Ate?/p < T < e, one can still take the zero-temperature limit in the distribution functions of the right movers in the initial
expression (S12). Using

o a=2a” In*(a’ —a)  In*(—a’ —a) V3(4In2 —1) e W
APV / / ~ R A
/206* da/_(a_m*) do'[of — a—2a'0(a)] { (@t )2 + (@ —a)? } = 3 p In (6) ) (522)

we find the relaxation rate

1 3(@m2-1)1/ e\ o h \,o/n
s ) e G ) () 52
in agreement with Eq. (2) of Ref. [11]. Omitting the numerical coefficient, we obtain Eq. (13).

The results (S20) and (S23) can be interpreted as follows. The three-body scattering matrix element is obtained from the
two-particle interaction in second-order perturbation theory. For spin-% fermions, the result contains an energy denominator
proportional to e. In the decay rate, the corresponding scattering probability, which is proportional to 1/¢2, enters multiplied by
the available phase space volume for the three-particle scattering, . For type (a) processes, the typical energy of the counter-
propagating particle-hole pair is € /1, while it is ¢ for the other two pairs. This yields v oc €* /i and the decay rate 771 o< €2/p.
For temperatures in the range €2/ < T < e the phase space contribution of the counter-propagating particle-hole pair is
replaced by T', leading to v o< €27 and 7! o T. To obtain the logarithmic energy dependence in the latter result, a careful
calculation is required.
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III. PHASE-SPACE EXPECTATION VALUES

In this section we study the phase space expectation values of various quantities that describe the three particle scattering of
hole excitations. We find two characteristic regimes that represent shallow and deep holes. In the former case the scattering
matrix element is the same as for the particles, see Eq. (S16); for deep holes it is evaluated below, see Eq. (S46).

We begin by considering the expectation value defined by

> Oppi0(E = E)opp M(.. ) (1 = np, ) (1 = npy ) iy
> 0ppy0(E = Eop pr(1 —myp,)(1 — nps)np Tpy, Meply
where the summation is over p1, pa, ps, D}, P5, and p4, while M(...) is an arbitrary function of the summation indices.

Converting the sum into an integral and expressing the Fermi distribution functions in terms of g, = 1/n,(1 —n,) (which
requires 7' > 0), we obtain

(M(...)) =

(S24)

Jo¥ d€ [T dada’ M(. )gmgpagplgngpg
f de ffo dado! gp, 9ps 9y, Ipt, Ip,

where the momenta are given by Eq. (S4). We now concentrate on the configuration of momenta describing the processes shown
in Fig. 3 with a hole of momentum p in the initial state and the two holes on the opposite sides that are in the vicinity of £pp.
Out of two configurations that at 7' = 0 are po» = +pp and p3 = Fpp, we select, e.g., the case p3 < 0 < po multiplying
the integrands in the numerator and the denominator of Eq. (S25) by 2. While the latter multiplicative factor is irrelevant for
Eq. (S25), it will become important for Eq. (S48). For ps = —pp and p2 = pp we have

(M(...)) =

(S25)

2 2
. PP+ 3pk . p+3pr . \V3(pr—p)
Er=—, cos(a)= ———, sin(a’) = ———=. (S26)
3m (a") 2/p? + 3p% (") 2/p? + 3p%

Equation (S26) is very similar to Eq. (S10), but in the present case p covers a wider range —pr < p < pr. AtT > 0 we should
account for small deviations of o, o', and £ from their values (S26) via Eq. (S6). Due to the specific choice of ¢’ out of three
equivalent ones, we multiply the integrands in the numerator and the denominator of Eq. (S25) by 3. Again, this is irrelevant
here, but needed for the evaluation of Eq. (S48). We then have

2
P1 =D, ph=p+ ﬁpp(a - '), (S27a)
- 3pp + +
pe=pr+ P Lo+ T te th=p = H (0 =), (527b)
+ 3pp — -
pngprpF2 Lot pf/gpcr, pg:pgpr\/gp(UfU/). (S27¢)

We now simplify g-functions by linearizing the spectrum around the Fermi points in Eq. (S25). We note that for p near £pr we
can use

1 vr(p F pr)
9 >3 sech ( 5T . (S28)

The approximation done in Eq. (S28) is justified provided vg|p+pr| < /T, since in that case the subleading terms are small.
We use the expression (S28) for all g-functions except g, . This yields

fffj;o dadydzM(. ..) sech(x) sech (x — (1 + p/pr) ) sech(y) sech (y — (1 — p/pr) 2)Gpt+aT= /v

(M(...)) = oo ,  (S29)
JJJ < dedydzsech(z) sech (z — (1 + p/pr) 2) sech(y) sech (y — (1 — p/Pr) 2)gpiar2/0r
where instead of the original variables g, o, o’ we have introduced
VF VFp VF ,
_ = = = —(p) —p). S30
z=5n —(p2—pr), Y 57 P3 T PF), 2= 5 —p) (S30)

The corresponding transformation is

= )]s o= o= g (3 ) e (3 )]
=——[(1+ & o+ (1- = , —0—~——2 o= 3— = )z—(3+ = , S31
7 V3E* [( pF>Jj < PF Y 7= % T PF v PF Y (531a)

213
dododo’ = dxdydz. (S31b)
M2£*
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In order to find average values (ps), ..., (p4) it is thus sufficient to evaluate (x), (y), and (z). We use Eq. (S29) and
+oo 2 +oo 2,2
/_Oo dx sech(z) sech(xz — az) = %, /_OO dzx sech(x) sech(z — az) = %, (S32)
to find
1 P ) L3 1 ( P ) L3 L3
wy == (1+2) =2, = (1-2) = ==, (S33)
@ 2( )z VT2 L
T p2) Ls ) T < P2 35*) Ls AT p Ls
o) = 1+ 2.) 2 (o) = 1+2 - = =—L2 (S34)
(o) V3E* ( p%) Lo (@) V3E PE p ) Lo (o) 3E* pr Lo
Here we have introduced
1 Heo ng +4Tz /v
Li(p :7/ dz— PTo 208 , (S35a)
1= | S /o)) sih (0~ p/pe)?)
where
z/v 1
9p+4Tz/vp _ . (S35b)
9p cosh (j—sz + %22) — tanh (£ ) sinh (i—gz + %22)

The integral (S35a) is non-singular because for the holes the momentum is assumed to be in the range —pr < p < pp. We can
evaluate analytically L;(p) in two regimes of interest, (i) shallow hole, T < €, < /T, and (ii) deep hole, /T < €, < p.

In the regime (i), the linearization sinh ((1 — p/pr)z) =~ epz/2u is justified since the integrand is appreciable only at
|z| S e,/ T; otherwise it decays very rapidly. The same condition enabled us to neglect the terms proportional to 22 in Eq. (S35b).
We then find

+o0 L1 1
L;(p) ~ £ / d (S36)

T Zsinh(Qz) cosh(2z) — tanh (£ ) sinh(2z)

The latter integral can be evaluated exactly. In the cases of interest we obtain

Jlp o, €h\?
La(p) ~ P {W + (?> } : (S37)
La(p) = La(p) -, (S38)

6T

which will be useful for our study of the hole near the Fermi points.
In the regime (ii) /T < €, < p we can approximate tanh(e, /1) ~ 1, leading to

IptaTz/vr  2p2/pr 272" /1, (S39)
9p

It is useful to introduce

N 27 sinh(2a2) GG+ 1 1
£yla) = 2/0 b (T F a)2)sinh (0 —a)z) ~ 21 [(1 “aytl T A ta)itt (5402)
= B Feo 27 cosh(2az) B i 2J
£ila) = 2/0 dzsinh ((1+a)z)sinh ((1 —a)z) £qla)+ 8/0 dz [e2(+a)z — 1] [1 — e—2(1-0)z]" (540b)

The former integral is evaluated using sinh(2az) = sinh ((1 + a)z — (1 — a)z), which enabled us to simplify the integrand
and then perform the integration. We note that the integrand in Eq. (S40) is considerable at z S 1/(1 F a) < w/€n. Even
at such large z the exponent of the second exponential function in Eq. (S39) is at most on the order of T'u/e2 < 1. It can
be therefore neglected in the leading order result. In the regime (ii) we have thus obtained L,(p) ~ L£;(p/pr) for odd j and
L;(p) ~ L;(p/pr) for even j. For €;, < p we have £;(a) ~ L;(a). A comparison of the expressions for L;(p) in the regime
(i) given by Eq. (S36) and for the regime (ii) given by Eq. (S40) enables us to find that at €;, ~ /T u they are of the same order,
as expected.
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For p — pp and €, > /T, we have £ = 81/3 and L3(p)/La(p) ~ p/€n. This leads to (x) >~ (z) ~ p/en, (y) ~ 1, and
therefore

T —pl T — T
Wh—p) e (g = 2B Ty e T (S41)
VFEp 2 VFE€Ep 2 U
T
(o) ~ (o) ~ (o) ~ —. (S42)

€h

In the case of p — pr and €, < /T, we have obtained Ls(p)/L2(p) = €,/6T. This leads to (x) ~ (z) ~ €,/T,
{y) ~ €2 /Ty, and therefore

P e o p2—ph)  en _(ps—ph) &
(ry —p) o (p2 —pr) = —5— o <pF+ps>—72 —” (843)

(o) ~ (o) ~ (o) ~ ; (S44)

We can now see that the linearization of the g-functions [cf. Eq. (S28)] for the momenta pa, ph, p3, and p} was indeed justified.
The average energy change of the hole in a single scattering event is

2 2
%ﬁTFT7 p L prF,
27

p p Ls(p) P
Aep = {ep; —&p) ~ E@/l —-p) = 4Tﬁ Lo(p) | 5@ LT, Tp<en <, (S45)
2 T < ep < VTh
30 .

The latter expression is consistent with the estimate made in Eq. (14). Equation (S45) shows that Aej, increases as its momentum
p increases from small values toward pr. It also justifies the definition introduced after Eq. (S35) of a shallow hole, with
T < €, < /Ty, and a deep hole, for which €;, > /T 1. For shallow holes A¢j, ~ ¢}, whereas for deep ones A¢j, < €p,.

For p — pp, from Eq. (S26) we obtain o* = /3¢, /8. Since (o) ~ (o) ~ €5,/ 1, the deviations of o and o’ from o* are on
the same order as o* for shallow holes, €, < /T'p. This has an important consequence for the evaluation of ©(E*, o, ) [see
Eq. (8)] that controls the relaxation rate. In the case a shallow hole one should use the expression given by Eq. (S16). However,
in the case of a deep hole, €;, > /T, one should expand Eq. (8) in the small deviations o ~ ¢’ < «a*. This yields

pi=* | p oy petp)’
1871 h2 (ln 12 —l——ln—i) 2+3 2
* . * I % AN 81,2 Pr Pr pPr—p * p Pr
0", a=a"+0,0 =« +U)——hL4e In (mw%'*) -0 =o' , & 3 (S46)

The result (S46) applies at arbitrary p such that €5, > /1. It is obtained from Eq. (8) using

_3pr(0F —p?)

cos(3a* 4 30) — cos(3a* + 30”) = (&)
m

(0 —0') +0(c? — '), (S47a)

2

2 2 +p 2
a+ad)+ fla—d) = f(20%) + O(c + o), 2a*) = LE (lon P +plon> ) S47b
flata)+ fla=a') = [(a") + 0o +), f2a%) = L (Pl 2y L2t (547b)

The neglected terms in Eqs. (S47) are subleading at €5, > /T'js.

IV. EVALUATION OF THE ENERGY RELAXATION OF HOLES

In this section we study the energy relaxation of holes. For deep holes we obtain the rate of energy change (15) at arbitrary
momenta. For shallow holes we show that the rate corresponding to the process shown in Fig. 1(a) is given by Eq. (S23) for
quasiparticle relaxation, with e replaced with €.

The relaxation rate of a hole of momentum p in the one-dimensional Fermi gas can be obtained from an expression similar
to Eq. (2) where one should replace n,, €, and ¢, respectively, by the corresponding quantities for holes, 1 — n,, —¢, and ¢y,
Analogously to Eq. (S3) we then find

_ ﬂ 9p
TR —

“+o00 2 27
ép = /0 dE/O da/o do/ [min(ep, e, 1) — €] O(E, @, &) g, Gps I, Ity I, » (548)
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where the momenta are given by Eqs. (S4). As usual, we assume that ¢, = 1 — e, > T.

The evaluation of Eq. (S48) for scattering processes with quasiparticles near both Fermi points closely follows the one of
Eq. (525). For the states near the Fermi points, we linearize the dispersion that enters into the occupation numbers, which enter
through g, = \/n,(1 — n,), see Eq. (S28). We must keep the full form of g,r in the case of a deep hole. This leads to

400 +7/3
€p = — 10247r4h41—np5*/ dg//ﬂ/3 dodo’ [min(e,; ey, 6p,) — 5] O(E*(1+ 0), 0" +0,a* +0”)
— . /
« sech (UF(p;TPW) soch (F(p;TpF)) soch (W} soch (fw@;;pﬂ) 997 (549)

We notice that g, 2/(1 —np) =n, ~ 1atT < €. In the following we evaluate Eq. (S49) for the cases of deep and shallow
holes.

In the case of a deep hole, €, > /T, we use min(e,y, €y, 6p,) — €p = €y — €p since | — e |, [ — gy | S T, while
| — Ept | ~ € > T. We then substitute Eq. (S46) in the expression (S49) and use the variables (S30), with the corresponding
transformatlon (S31). It leads to

31N\ o ph—p* . pr+p\ T p T
= —— [ — ) 1 In-£ —Ih——=) — |—L =L S50
- M3h<mm> ! <mw%w)<n a2, +pF“pF_p) 6h[m71@)+u 2(p)| » (S50)
where L;(p) is defined by Eq. (S35). The second term in the expression in brackets of Eq. (S50) is smaller by a factor T'/¢j, for p
near pr, as follows from Eq. (S40). However, for small p the bracket becomes 7r2(25p +T)/3u. Atp > vmT, Eq. (S50) leads

to Eq. (15), where we use lng(hz/mw%’*) o~ 4ln2(h/wpp). At p — pp, the expression in parentheses in Eq. (S50) becomes
asymptotically equal (1 — p/pr)In(1 — p/pr), while L1 (p) ~ 72 /6(1 — p/pr)?. The corresponding relaxation rate (5) of the

deep hole then becomes
1 1 2 \* 9 h o 1\ T?u
—=——) 1 — 1 — ) ——- S51
Th 27h (h’l]p) . (wpp> . <€h> 6% ( )

We now consider the energy relaxation of a shallow hole, T' < ¢, < /1", with the momentum p near pr. In the variables
introduced by Eq. (S30) we obtain

min(ey; , €py 5 €py ) — €p = 47 min ( AT + 5 — z) (S52)

Substituting Eq. (S16) in the expression (S49) we then obtain within the logarithmic accuracy

3] e\ ./ h [
= ———— [ — ] 1 — 1 — | T S53
ch 1673h <FwF> . <pr> " (eh) Chs (553a)
where we have introduced

T oo ) € T
——’1///7OO da:dydzm1n(z,ﬁ+§—z)

The integration over y is straightforward. In the remaining integral we linearize the argument in g-functions, which is allowed
for shallow holes, as discussed near Eq. (S28). After introducing the new variables u = 4Tz /¢, and w = 4Tz /¢y, we find

gp+4Tz/vF
9p

1
-+ M] sech(z) sech(z — 22) sech®(y)
Zo(F+i-2)

(S53b)

1 . u 1 1 cosh(zT)
=5 /dudwmln (w, 1+ 5~ w) le + (1—&—;—111)2] sech (4T )bech <4T(u - 2w)) cosh( 1 )) (S54)

In the regime T" < ¢y, the product of the hyperbolic functions simplifies into 4 at 0 < v < 2w, 0 < w < 1, and 0 otherwise.
The integral then becomes elementary with the result J = 4(41n2 — 1). The relaxation rate 7, L' — —¢,, /e, for shallow holes
due to type (a) processes that follows from Eq. (S53a) then becomes identical to our previous expression (S23) (as well as the
corresponding one of Ref. [11]) that was derived for particles, provided one replaces € by e;,. However, it is a subdominant
contribution since type (b) processes lead to a larger rate that is given by Eq. (11), with € replaced by €.
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V. RELAXATION RATE FOR THE SCREENED COULOMB INTERACTION

In the cases when the quantum wire is surrounded by the gates, the Coulomb interaction becomes screened. We model it
via the pairwise potential U(x) = e?/|z| — €?/v/22 + 4d?, where d is the distance between the wire and the conducting plane
representing the gates. At |p| < fi/d < hi/w, its Fourier transform is [15]

d ¢ d? h
V(g) =2e*In | — | — 2¢? In(—]|. S55
The corresponding three-particle scattering matrix element for the processes shown in Fig. 1(b) has the form (7), where
14587m? 2 1 — cos(3a) cos(3a’)
@5,,’:7[1/01/“(« 5)} . S56
(€, ,d) RLA () " [cos(3a) — cos(3a)]? (556)

The latter expression has a form very similar to the general expression given by Eq. (12) of Ref. [20], which applies for the
interaction potentials decaying at large distances as 1/|x|” with v > 3. Instead of V”(0) in Eq. (12) that is finite, Eq. (S56)

contains V" (\/ mé') , where the small momentum m& cuts off the singularity. Following the procedure leading to Eq. (10)
we find

41472 5 (d\ . 5[ €a 1 1 €2
= —1 — )1 =
O Thrig " () (Vi) o o) & =6 (857

Here ¢4 = hivg/d. Equation (S57) applies for the screened interaction and parallels the expression (10) in the unscreened case.
The evaluation of the relaxation rate in the former case closely follows the one of Eq. (11), leading to Eq. (19).
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