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A hallmark of integrable systems is the purely elastic scattering of their excitations. Such systems pos-
sess an extensive number of locally conserved charges, leading to the conservation of the number of
scattered excitations, as well as their set of individual momenta. In this work, we show that inelastic decay
can nevertheless be observed in circuit-QED realizations of integrable boundary models. We consider the
scattering of microwave photons off impurities in superconducting circuits implementing the boundary
sine-Gordon and Kondo models, which are both integrable. We show that not only is inelastic decay pos-
sible for the microwave photons, in spite of integrability, and due to a nonlinear relation between them
and the elastically scattered excitations, but also that integrability in fact provides powerful analytical
tools allowing us to obtain exact expressions for response functions describing the inelastic decay. Using
the framework of form factors, we calculate the total inelastic decay rate and elastic phase shift of the
microwave photons, extracted from a two-point response function. We then go beyond linear response and
obtain the exact energy-resolved inelastic decay spectrum, using a novel method to evaluate form-factor
expansions of three-point response functions, which could prove useful in other applications of inte-
grable quantum field theories. Our results could be relevant to several recent photon-splitting experiments
and, in particular, to recent experimental works that provide evidence for the elusive Schmid-Bulgadaev

dissipative quantum phase transition.
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I. INTRODUCTION

Integrability entails exceptional consequences. An
extensive number of local conservation laws, the defin-
ing feature of an integrable system, are at the heart of
the celebrated Bethe ansatz [1], which allows for rare
exact solutions of one-dimensional interacting many-body
quantum systems. Its fundamental ingredient is a set of
elementary excitations the scattering of which is purely
elastic—in any scattering process, the number of excita-
tions is conserved, as well as the set of their individual
energies and momenta. This striking feature has drawn
large theoretical interest ever since Bethe’s seminal work,
promoting extensions of the method that apply to a large
variety of discrete and continuous one-dimensional models
[2—11].

Remarkably, integrability is no longer just a theoretical
curiosity. Recent advances in the fabrication techniques of
quantum simulators have enabled the experimental realiza-
tion of integrable systems, leading to an interplay between

*Corresponding author: burshtein2@mail.tau.ac.il

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license. Fur-
ther distribution of this work must maintain attribution to the
author(s) and the published article’s title, journal citation, and
DOL

2691-3399/24/5(2)/020323(42)

020323-1

experiment and theory. The past decade has seen several
theoretical breakthroughs concerning the equilibrium and
out-of-equilibrium dynamics of integrable systems [12—
15] that go hand in hand with surprising experimental
observations [16—19]. Essentially, integrability gives rise
to counterintuitive experimental measurements that push
the boundaries of well-established theoretical frameworks
and improve our understanding of the role of integrability
in an ever-growing list of mechanisms.

Experiments on the quantum simulation of many-body
quantum models, both integrable and nonintegrable, have
been mostly restricted to the realm of cold-atom sys-
tems. Another possible platform for quantum simulation
is that of superconducting circuits. The rapidly evolving
field of circuit quantum electrodynamics (cQED) deals
with the simulation of interacting models by means of
Josephson junctions or their flux-tunable counterparts, the
superconducting quantum interference devices (SQUIDs).
Yet experimental realizations have up to now been quite
limited and mostly dedicated the use of superconducting
circuits to the implementation of nonlinear bulk mod-
els exhibiting nonergodic behavior [20—27]. The field of
cQED reveals its true strength in the simulation of quantum
impurity models. The intrinsically large kinetic inductance
of Josephson junctions allows one to design transmis-
sion lines with impedances on the order of the resistance
quantum [28-30], providing an environment for photons
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with an effective fine-structure constant of order unity.
Furthermore, the nonlinearity of the junctions provides
the means to realize many types of quantum impurities
[31-34] that are strongly coupled to the photonic envi-
ronment. Single-photon spectroscopy then provides highly
sensitive tools to investigate the fine details of the bound-
ary models of interest, across a wide range of parameters,
and probe fundamental phenomena in those many-body
systems.

The starting point of this work is an experimentally
observed phenomenon that is seemingly at odds with
integrability. Recent experiments have demonstrated that
photons propagating in a high-impedance transmission
line, setting an environment with a large effective light-
matter coupling, scatter inelastically off a quantum impu-
rity with a very high probability [33,34]. These observa-
tions have been reproduced in Ref. [35]. It appears that
such photon splitting, depicted in Fig. 1, has nothing to
do with integrability; as stated above, scattering processes
in integrable systems are highly restricted by the exten-
sive number of local conservation laws, forbidding particle
production. The flexibility of the circuit elements pro-
vides us with tools to check this assumption, by tuning
the impurity parameters to those of integrable boundary
models. Strikingly, experiments show that inelastic decay
persists even when the impurity parameters are pushed
toward those of the boundary sine-Gordon (bsG) model
[36], which is known to be integrable [37]. This appears
to contradict the defining feature of integrability and
raises a fundamental question—how can inelastic decay
emerge in a system governed by purely elastic scattering
rules?

Previous theoretical treatments of such scattering exper-
iments have used different forms of weak- or strong-
coupling expansions [31,32,35,38-42] that, despite pro-
viding successful quantitative predictions, are intrinsically
limited in two ways. First and foremost, weak- or strong-
coupling expansions do not address the apparent discrep-
ancy between integrability and inelastic decay; in order to
settle it, we need to explicitly use the framework of inte-
grable systems and show how the purely elastic excitations
underlying the theory can give rise to the observed photon
splitting. We note that inelastic effects have also been con-
sidered both theoretically and experimentally in integrable
strongly correlated electronic quantum impurity systems
[43—45], yet a direct consideration of the elastically scat-
tered excitations from the integrability picture has been
lacking. Second, in the event that the impurity term in the
Hamiltonian is relevant, perturbation theory and strong-
coupling expansions are only applicable either above or
below a certain renormalization-group (RG) energy scale,
regardless of the strength of the impurity. Wilson’s numer-
ical RG (NRGQG) can, in principle, cover the entire frequency
range but is not easy to apply accurately for bosonic
baths [46]. This again calls for the use of the integrability

framework, as it provides powerful analytical tools allow-
ing for an exact solution at all frequencies, linking the
scaling laws above and below the RG scale. An exact low-
energy solution is especially desirable for the bsG model in
the context of the Schmid-Bulgadaev transition [47,48]—a
40-year-old predicted quantum phase transition, the lack
of clear experimental proof of which has sparked a recent
debate [49-56]. A low-energy theory of the scattering of
photons in the bsG model could supplement a recent exper-
imental study, which seeks signatures of the transition
in the inelastic and elastic scattering rates of microwave
photons [36].

In this work, we show how inelastic decay can be
described via the language of integrability. The principle
idea is summarized in Fig. 1(a), which depicts a generic
integrable quantum field theory realized in a cQED setup.
We rely on the nonlinear relation between the microwave
photons, which are observed to scatter inelastically, and
the elementary excitations of the integrable system, the
scattering of which is purely elastic. This nonlinear rela-
tion is encoded in the form factors of the models—the
matrix elements of the bosonic field operator in the basis of
the fundamental excitations of the integrable theory [57].
Building upon Refs. [58—60], we use the form factors to
obtain exact expressions for the reflection coefficient of
the microwave photons, which encodes the inelastic and
elastic decay rates. We then go beyond linear response
and calculate the exact energy-resolved inelastic decay
spectrum, by devising a method to evaluate a three-point
response function using form factors. This is a nonpertur-
bative and rapidly convergent diagrammatic approach with
clear physical intuition, analogous to Wick’s theorem in
free theories. Our technique yields more general results as
compared to existing methods for the calculation of form-
factor expansions of multipoint correlation functions [61—
63] and could prove useful in other contexts of integrable
quantum field theories.

We apply our methods for the bsG and Kondo models,
both of which qualify as special cases of Fig. 1(a), with
implementations depicted in Fig. 1(b). We illuminate the
fundamental physics governing each model through the
lens of the exact scattering rates and show how they act as
probes that discriminate between the two models, as well
as between the regimes of low and high energies. In par-
ticular, we analyze our nonperturbative results in light of
the Schmid-Bulgadaev transition and show how we may
observe signatures of the transition in the calculated rates,
which have been recently measured in an experiment [36].

The rest of the paper is organized as follows. We
begin by describing the bsG and Kondo models in Sec.
I, discussing their realizations in a cQED environment
and the observables commonly measured in experiments.
In Sec. III, we summarize the quintessential features
and tools used in the treatment of massless integrable
quantum field theories with a boundary and introduce
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FIG. 1. (a) An incoming photon with frequency w, injected from the antenna on the left and propagating through the transmission
line in the center, may decay inelastically as it scatters off the impurity on the right, in spite of the purely elastic reflection of the
fundamental excitations of the integrable models. Each photon may be represented as a combination_of eigenstates composed of
excitations |k) , with types €, and rapldltles A where the weights are determined by the form factors, f, (%), and the total energy of the
excitations in each eigenstate, v, ~ Y, €™, is equal to the photon frequency w (for notation and definitions, see Sec. III). The excitations

scatter elastically off the boundary (quantum impurity), picking up phases determined by the reflection matrix RZ (X), such that the
outgoing combination no longer represents a single-photon state but, rather, a multiphoton state. The measured observables—the total
inelastic decay rate y (w) and the energy-resolved inelastic decay spectrum y (a)’|a)), as well as the elastic phase shift § () (not
depicted here)—all shed light on the fundamental properties of the impurity models. (b) Implementation of Eq. (1) with the bsG and
Kondo impurities [Egs. (3) and (5), respectively] in a cQED setup. The array of Josephson junctions and capacitors implements a

high-impedance transmission line, due to the kinetic inductance of the Josephson junctions.

some notation that is utilized in this work. Armed with
this analytical power, we calculate the exact reflection
coefficient of the microwave photons in Sec. IV, from
which we extract the total inelastic decay rate and elas-
tic phase shift. We show how inelastic decay can emerge
from the purely elastic scattering rules of the fundamen-
tal excitations, discuss the key features and asymptotic
behavior of our results, and relate them to recent experi-
ments. The exact energy-resolved inelastic decay spectrum
is obtained in Sec. V, where we introduce a method to cal-
culate a three-point response function using form factors.
The technical details of our method are discussed in Sec.
V B and the appendixes, the physical intuition underlying
our diagrammatic approach is emphasized in Sec. V C and
the advantage of the decay spectrum over the total inelastic
decay rate as a diagnostic tool is explained in Sec. V D. We
conclude in Sec. VI.

II. MODELS AND OBSERVABLES IN A ¢cQED
SETUP

In this work, we consider two different yet related quan-
tum impurity models—the bsG and Kondo models. We
begin by showing how they can be derived from cQED
setups. The implementation of these models using super-
conducting circuits allows one to probe their fundamental
properties in experiments via spectroscopy, which mea-
sures the elastic and inelastic scattering rates of microwave
photons.

Consider a very long array of N + 1 > 1 superconduct-
ing grains with lattice spacing a (total length ¢ = Na),
linked to each other by Josephson junctions E%™ and
capacitors C'"® and to the ground by capacitors C,. The

circuit Hamiltonian reads (setting h = e = 1)

N N
7:[ = Z 2 [Cil]n,m Qan - ZE;ne Ccos <¢~7n — ¢~)n—1)
n,m=0 n=1
+Hi, ()

where ¢, and O, are the superconducting phases and
charges of the grains, respectively, H, is the Hamil-
tonian of the impurity at n =0, and C~! is the
inverse of the capacitance matrix C, which is given
by [Cl,m = (Cg +2C") 8, — C™ (8 i1 + Supm—1) in
the bulk. The generic circuit implementing Eq. (1) is
depicted in Fig. 1. Choosing the line parameters such
that EJ"/EZ™ > 1, where Eg™ = 1/ (2C'™°), both phase
slips and anharmonic effects are strongly suppressed in
the intergrain Josephson junctions, leading to an approx-
imately quadratic transmission line. In the thermodynamic
and continuum limits, ¢« — 0 and N — oo with £ = Na
fixed, the Hamiltonian reads

~ v 0 1 ~ 2 5 5 ~
H= /de[z (8 )" +22 (x5 () ] +Hi,
2
where p (x) = Qn:x/a /a is the charge-density field. The

array velocity is given by v = a/\/L"C, and L'"™ =
1/ (4E™) is the effective inductance of the array junc-
tions. The Luttinger parameter of the system is given
by the dimensionless line impedance, z = Z/Rp, where
Z = /L /C, and Ry = h/ (2e)* = m/2 is the resistance
quantum. The kinetic inductance of the Josephson arrays,
L'"eenables the implementation of large impedances, z ~
1, 2 orders of magnitude larger than typical impedances in
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classical LC resonator lines [28,64]. The impedance plays
the role of an effective fine-structure constant, determin-
ing the strength of light-matter interaction in such cQED
setups; thus, achieving z ~ 1 is the key to high-probability
inelastic decay on the single-photon level [33,34].

A. The boundary sine-Gordon Hamiltonian

The bsG model can be implemented by connecting the
transmission line to a Cooper-pair box,

Hy = 4B (= 0) — Eycos ($(x =0)), ()

where the charging energy Ec = 1/ (2Cy) is significantly
larger than the Josephson energy, E¢ > E;. The capaci-
tance C introduces a cutoff frequency, 'y = 1/ (ZCy) =
4E¢/ (z), which is the elastic line width of the impu-
rity, equal to one over the RC time defined by the line
impedance and impurity capacitance. Another high-energy
cutoff is imposed by the plasma frequency of the Joseph-
son array, w, = 1/+/Ll"Clire; the UV cutoff is then set by
the smaller of these two scales, A ~ min {Fo, a)p}, and is
assumed to be much larger than any other energy scale in
the problem. We consider the scaling limit, E;, A — o0,
such that the ratio £} = (£,/ A9 remains finite for
z < lyatz > 1, E} = 0. E is an emergent RG scale, mark-
ing the characteristic frequency below which the impurity
term cannot treated as a perturbation and the phase at the
boundary ¢ (x =0)is pinned to one of the minima of the
boundary cosine (note that this implies that perturbation
theory remains valid at all frequencies for z > 1). At zero
temperature, £ is the only remaining energy scale in the
problem. In this limit, the capacitive term is effectively
eliminated from the impurity Hamiltonian. Redefining the
fields as ¢ = q;/\/z, o = p~/2z, we find that

7—(bsG - _f

— Ejcos (\/qu (x = 0)) . “4)

[0 ())* + (o ())?]

Taking the limit £ — oo, we arrive at the Hamiltonian of
the bsG model.

B. The Kondo Hamiltonian

There are several ways to arrive at the Kondo model
from cQED Hamiltonians. One is to connect the transmis-
sion line to a fluxonium [65] at external half flux quantum,
with the impurity Hamiltonian

—@f _ ¢;0>2 + ¢—2 (5)

i 207 . s
I—C—+ JCOS<¢f>+ 8Lf 8L0

f

This Hamiltonian realizes a double-well potential for the
flux ¢r. In Appendix A, it is shown that the line and the

fluxonium give rise to the spin-boson Hamiltonian,

HSB—_/

—V22vp (x = 0,0 S, (6)

[B:¢ (0))* + (o (0))?] =

where S, is a pseudospin operator the two eigenvalues of
which, £1/2, correspond to the two potential wells. The
S, term describes the tunneling between the wells, where
J is the tunneling matrix element, equal to the splitting
between the two lowest energy levels of the fluxonium.
The S, term describes an effective capacitive coupling of
the fluxonium to the array. Note that the coupling coef-
ficient is written in terms of some parameter z’, which is
proportional but not identical to the normalized impedance
z (for details, see Appendix A); for brevity, from here on,
we revert to writing z instead of z’. The unitary trans-
formation H — U~"HU with U = =05z Jeads to the
Kondo Hamiltonian [66],

i

_Z (5+ei¢<x:0> + S_emi46=0)
2

[0 (0))* + (o (x))?]

_ (Jz_ — 1) vrrp (x = 0,0 .. (7)

A similar implementation, using a flux qubit instead of
a fluxonium, has been realized in Ref. [67]. The same
Hamiltonian can also be derived from the effective low-
energy description of two transmission lines coupled by
a Cooper-pair box, with Josephson junctions connecting
the capacitors to the lines [31], although this implemen-
tation could suffer from some drawbacks [68]. A slightly
different transformation, V = ev27¢¢=00S: eliminates the
capacitive coupling term:

i o

-3 ( S, eVFEbu=0) 4 Sfe—mup(x:m). (8)

[(0:¢ () + (0 (0))?]

This will be the form used in the following, again in the
limit of a semi-infinite lead, £ — oo. Introducing a cutoff
frequency A to our model, the scaling limit reads again
J, A — oo with finite E} = (J/A?)!/(172,

C. Definition of the scattering rates

Both Hamiltonians may be written in the form

0
H=%/ﬂﬂ@mmMWm@ﬂ+%-(”

The bulk Hamiltonian is quadratic and diagonalized by
plane waves, with the dispersion relation w, = vq and
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mode spacing A = v /¢, so that ¢ = nA where n > 0 is
an integer. The mode expansion of the fields reads

¢ (x) = iZ\/:;(bq - b;) cos (qx) ,
q
o x) = Z \/g (bq + b;) cos (gx) ,
q

where b};, b, are bosonic creation and annihilation opera-
tors.

The implementation of the Hamiltonians in Egs. (4) and
(8) in cQED setups provides direct access to their prop-
erties in a controlled environment. In this work, we focus
on scattering experiments at zero temperature, where a sin-
gle microwave photon at frequency w is injected from the
open end of the system (the antenna on the left in Fig. 1)
and propagates toward the impurity. We may then measure
response functions; the simplest one is the reflection coeffi-
cientr (x, x5 a)) of a photon with frequency w, injected at x’
and measured at x. The dependence on x, x’ should amount
to a trivial phase term, r (x,x’; ) = e oGV (), and
r(w) defines the inelastic decay rate y (w) and elastic
phase shift § (w):

(10)

r(w) = e 2@er@)/2, (11)

There are several ways to calculate the reflection coef-
ficient. One is to solve a scattering problem for the
microwave photons and read off r(w) from the scatter-
ing matrix of the theory [69]. Here, we adopt a different
approach and calculate r(w) from the conductance in
the half-infinite line, by means of a Landauer-Buttiker-
like formula. The ac conductance is given by the Kubo
formula:

o0

d ei(a)+ir1)t

. z
G (x,x;0) = lim —
n—0t mTw Jy

X ([at¢ (x> Z)aatd) (x/9 0)]) (12)
Introducing the right and left current operators,
R =0¢ —vogp, L =20¢+vdo, (13)

we find that

1
g(x,x’;a))zz Z Gap (x,x;0),
AB=R.L
T 14
gAB (x,x/;a)) = lim i dtel(erm)t ( )
n—0t mTw Jy

x ([Ax,0,B(x,0)]).

The terms Gr and G, do not involve the boundary and
are therefore determined by the perfect conductance in a

Luttinger liquid with coupling parameter z [70],

gR’R ()C,)C/; (,()) — goe—iw(x+x’)/v® ()C _ x/) ,

o 15)
gﬁﬁ (X,X/; a)) — goe—lw(x+x )/v® (x/ _ X) ,

where Gy =2z. The Heaviside step functions, @
(:t (x — x’)), ensure that the responses are causal and
Orr (x,x50) + Grr (v,00) = Goe @ +)/v The term
Grr corresponds to a noncausal response function, as it
measures a right-moving current that results from a given
left-moving current and therefore vanishes for all x, x’, as
we verify explicitly in Sec. IV. We thus have

1 » /
g (x,x’;a)) = i (goe_l“’(x+x )/v +Grr (x,x/; a))) . (16)

We can now define the reflection coefficient. The con-
ductance G should be equal to z in the absence of an
impurity (£7 — 0) and should vanish for an impenetra-
ble boundary (£} — o0), corresponding to» — 1 and r —
—1, respectively. We therefore write

Grr (x, X 0)
Go .

The Kubo formula relates the conductance, and hence the
elastic phase shift and inelastic decay rate, to a two-point
response function. Higher-order response functions yield
more refined rates; in this work, we focus on the energy-
resolved inelastic decay spectrum, y (w/ |a)), which is the
rate of the decay process w — '+ ) ; @/ for any choice
of @/ such that = o’ 4+ Y_,; /. The spectrum y (o'|w),
which may be evaluated in an experiment by injecting a
photon w and measuring the reflected power at frequency
' (see Fig. 1), corresponds to a three-point response
function, as shown in Ref. [31] and discussed in Sec. V.
Measurements of the total inelastic decay rate and spec-
trum shed light on the fundamental properties of the
models. At large enough frequencies, we expect to find
Luttinger-liquid scaling laws, such as y (w) ~ ©w?*~2%; the
exponents, which could be probed directly in such experi-
ments, indicate whether the boundary operators in Egs. (4)
and (8) are relevant (z < 1) or irrelevant (z > 1). In the
bsG model, this is of particular importance in the context
of the elusive Schmid-Bulgadaev quantum phase transition
[47,48], where the relevant and irrelevant cases corre-
spond, respectively, to the superconducting and insulating
phases of the boundary Josephson junction. Measuring
r (w) using single-photon spectroscopy thus offers a nonin-
vasive approach to probing the dynamics of the boundary
junction, avoiding the dc transport measurements that have
mostly been used in previous works [71-74], and poten-
tially settling a recent debate concerning the presence of
the transition [49—54]. The measurements must be supple-
mented by theory, notably in the low-energy sector, where

r(x,x/;a)) =

)
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a perturbative solution does not apply since the boundary
cosine in Eq. (4) is relevant for z < 1. Signatures of the
transition could also be found in the spectrum y (w’|a))
[39]. A nonperturbative calculation of the total inelastic
decay rate y (w), the elastic phase shift § (w), and the
inelastic decay spectrum y (a)’ |w), for both bsG and Kondo
models, is the objective of this work.

An exact solution for the above quantities is possible
due to the integrability of the models. As explained in
Sec. 111, the Hamiltonians in Eqgs. (4) and (8) are char-
acterized by underlying purely elastic dynamics and may
be solved using variations of the Bethe ansatz that apply
to field theories. As discussed above, this pure elasticity
seems to be at odds with the observed photon splitting.
To this end, it should be mentioned that realistic imple-
mentations of both models would inevitably suffer from
integrability-breaking perturbations. To name a few, stray
capacitances, array disorder, and finite lattice spacing, all
unavoidable in a cQED environment, would break the inte-
grability of the systems. In addition, the models in Egs. (4)
and (8) lack a cutoff frequency, which would be present in
any physical realization. Therefore, one may be tempted to
attribute the inelastic decay of photons observed in cQED
experiments to the presence of integrability-breaking terms
in the Hamiltonian. However, it is clear in these experi-
ments that inelastic decay persists even when the circuit
parameters are pushed toward those of the integrable sys-
tems. In particular, the inelastic decay rates observed for
a transmon impurity [33] are of the same order of magni-
tude as those measured for a Cooper-pair box [36], where
the charging energy of the impurity Josephson junction is
pushed to larger and larger values and the Hamiltonian of
the system approaches Eq. (4). Furthermore, we stress that
while experimental systems are not exactly integrable, the
use of the integrability formalism is still justified within
reasonable assumptions. This is discussed in Appendix B.

Finally, we note that the integrability formalism can only
be applied for z < 1 (see explanation below). Fortunately,
for z > 1, the RG scale vanishes and perturbation theory
holds forz > 1 at all frequencies (assuming that the bound-
ary Josephson energy is much smaller than the UV cutoff),
so that an exact solution is unnecessary. From here on, we
restrict ourselves to the regime z < 1.

II1. OVERVIEW OF MASSLESS INTEGRABLE
QUANTUM FIELD THEORIES WITH A
BOUNDARY

In this section, we briefly sketch the main ingredients
needed for the calculation of correlation functions in the
bsG and Kondo models. These ingredients are the S matri-
ces, reflection matrices, and form factors. Here, we only
outline the general structure of the calculation mechanism
and introduce some useful notation, relegating explicit

expressions to the appendixes. More details may be found
in several papers and reviews [37,57-59,75,76].

It is useful to think of the quadratic bulk Hamiltonian
of Egs. (4) and (8) as the limiting case of a more general
Hamiltonian,

1 0
HM = / dr [(Bx¢p (1)* + (p (1))
T J ¢

- EB“H‘ cos («/8_245 (x))] . (18)

For an infinite transmission line (as opposed to the half-
infinite line above), this would be the Hamiltonian of the
bulk sine-Gordon model, with a coupling parameter 8 =
~/ 8z, which can be implemented in a cQED environment
by connecting the superconducting grains to the ground via
Josephson junctions [26]. As mentioned above, we focus
ontheregimez < 1 (B < \/g).

The nonlinear equations of motion of the general-
ized bulk Hamiltonian are solved by solitons and anti-
solitons—wave packets that propagate in the nonlinear
medium without dispersion. In the attractive regime, z <
1/2 (B < +/4m), a pair of a soliton and an antisoliton may
form a bound state, called a breather, which also prop-
agates in the bulk without dispersion. The energy and
momentum of a soliton (¢ = +), an antisoliton (¢ = —),
or a breather (¢ = m, where m is an integer satisfying
1 <m <7J1/z] —2), can be parametrized by its rapid-
ity 6 as £ = M, cosh@ and P = M, sinhf, where from
here on we set the velocity to unity, v = 1. The exci-
tation mass, M., scales with the bulk Josephson energy,

M, ~ (E}}““‘)l/ @2 [77]. We therefore refer to Egs. (4)
and (8) as massless Hamiltonians; writing 0 = £ (4 + A)
with 4 — oo such that M,e?/2 — 1, the energy and
momentum become those of chiral wave packets, £ =
uee* and P = £pu.e, where a plus (minus) sign corre-
sponds to a right (left) mover and pu. = M. /M, (u+ =
1, wm = 2 sin (mé& /2)) is the bulk mass ratio.

The presence of an extensive (infinite) number of locally
conserved charges in the integrable field theories leads
to purely elastic scatterings. Any two solutions to the
equations of motion with energies £}, and momenta P,
will maintain their individual energies and momenta when
they scatter off one another. The same holds for reflec-
tions off the boundary—the momentum and energy of
any reflected solution are equal to the incoming ones.
This property makes the solitons and breathers a natural
basis to diagonalize the Hamiltonians in Egs. (4) and (8).
Quantizing these field theories, a classical field configu-
ration of type € and rapidity 6 is assigned a field excita-
tion, which can be added to a given state by a creation
operator z! (), or removed from a state by an annihila-
tion operator Z¢ (9). These elementary excitations are a
defining feature of integrable quantum field theories and
form eigenstates of the Hamiltonian, |6,,...,60;)

€n...€1
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ZIn 6,) .. .Zzl (601) 10), where |0) is the vacuum state,
Z. (0)10) = 0. The eigenstates are normalized such that
2 (62101),, = 27t6§f8 (61 — 6,). The dynamics of the exci-
tations are strongly constrained by the extensive number of
local conservation laws present in the system, as captured
by the Zamolodchikov-Faddeev algebra [9,10]:

ZL 00 2L, 02 = ) Sa3 60— 0 Z, 0 Z), 00).

€1.€)

€] € _ €1€2 €! €

Z (0 2% (0) = Y SIT (61 = 62) 2% (02) Z°1 (6,
€1,

Z90) ZL, 0 = Y 820 (02— 0) Z), (0 2 (61)

ei,eé
+ 27'[5:218 01 — 6y).
(19)

The S matrix, S;l:% (6; — 0,), satisfies the Yang-Baxter
equation and several additional symmetry relations, which
are summarized in Appendix C. The relations in Eq. (19)
are a manifestation of the factorization of n-body interac-
tions to a product of two-body interactions in the integrable
system.

The eigenstates [6,,...,01), ., form a complete set
of states. In the massless limit and in the presence of a
boundary, the complete set is [59]

1=10)¢0[+> >

n=1 €1...€x

° A‘l)én...él €len <)“19 .

* HIZ:I dig
oo 2m)"n!

X ||An, .. s Aall, (20)
where the states take into account both right and left

movers:

”)"n, EERE) A'l)e,,...el = p‘:n ceo )‘;)en...el
n / !/
~ELE €
+y ]_[se’];;Re} A1) Al A0 A3) e ey
k=2

’
€]

n—1 n , N ,

~eke]l—[ €

+o+ 2 T S TTRG 0w
5/1'"6'/1 =1 k=I+1 k=1

[ [

X Ay, A

n>si..‘6§, :

21)
The superscript a of a rapidity indicates the momentum
carried by the excitation—it is ¢, uce*, where ¢, = 1 and
¢ = —1. Here, Ri/ (}) is the boundary reflection matrix,
which is nonzero only if . = e ; therefore, a soliton can
become an antisoliton (or vice versa) upon reflection of the
boundary but a reflected breather m remains a breather of

the same type. As shown in Ref. [58], RZ, (1) depends on
the difference A — A, where A is the rapidity associated
with the energy scale of the boundary, Tz = €8, which is
proportional to the RG scale, T ~ Ej ~ EJI/ (-2 (or Tg ~
J1/0=9Y and is given explicitly by Ref. [78],

1/(1-z2)
) . @)

=)
y >(

- | T (2) A
ﬁr (2(1—2) (Z)

where I' (x) is the gamma function [79] and ¢ is either
E; or J for the bsG or Kondo Hamiltonians, respec-
tively (recall that A is the UV cutoff frequency). Note
that the reflection matrices are thus defined only forz < 1,
where T is finite; hence, this formalism cannot be used
to treat devices with z > 1. The reflection matrices for
the bsG and Kondo models are given in Appendix D. In

Eq. (21), 5812 = limg_ o0 St/ (6) denotes the S matrix for
the exchange of a right mover and a left mover; note that it
is diagonal.

The complete set of states can be inserted between
any two operators in a correlation function. For example,
consider a two-point correlator:

(O1 (x,0) 02(0,0)) = (O1) (O)
> [Tie; dix
+ 2-1:;; m (01 O1 (6, 0) 1y -+ s A1)y e,
X 00l O2(0,0) 10). (23)

In order to calculate (O (x,1) O, (0,0)), it is suffi-
cient to know the matrix elements of O, in the basis
of the excitations. These matrix elements are called
form factors and are denoted by £.© . (Af,...,A5) =
(01O (0,0) [AG, ..., k?)gnmel. The form factors satisfy a set
of axioms and symmetry properties [57], which are sum-
marized in Appendix E. In this work, we only consider
correlation functions of right and left current operators,
defined in Eq. (13). It is shown in Appendix E that the
form factors of R are nonzero only if all excitations are
right moving, i.e., the first term in Eq. (21), and similarly
for form factors of £, where only the last term in Eq. (21)
contributes; all other terms can be discarded. We therefore
denote |A,, ..., 1)¢, o =I5, ..., Af),, ., and omit the
superscripts a from the form factors, -

A G,

e (A, A8) (where a=t and A=R or a=I
and A = L), since these are understood to be the only
nonvanishing matrix elements. The crossing relations,
given in Appendix E, allow us to evaluate terms of
the form “'“1(Ay,...,2,].A(0,0)|0) and, more generally,
61"'?:()\’1, o, MJA0,0) [Ag, . . ’)‘1>:n.-»61’ which appear in

the calculation of multipoint correlation functions. Note
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that it is sufficient to know the matrix elements of the
operators at the origin, since, in the massless limit,

T MA@ D) [ -

a
© )‘1 >€n~~€1

= exp {i<ZMek Zugek) (gax—t)}
k=1

X T AA0,0) [ ADE L (24)

In the following, if the coordinates of the operator are
omitted, it should be understood that the matrix element
is evaluated at the origin.

Before we proceed, let us introduce a little addi-
tional notation that will simplify the equations to fol-
low. First, ket states formed by a set A of n, excitations

<« a
)‘nx>zl o and |A) =
with their dual bra states written corre-

are written as |5;)£1 = |Aq,...
|)“n)h’ oo 7)\'1)?)L
spondingly. We also introduce the charge-conjugate state,
|)\); =[A,. A2 where £ = 3 and m = m. The

ele’

€] b

complete set of states in Eqs. (20) and (21) is then com-
pactly written as

1= [ (i, +RE (7))
(s (R () 61). e

where

Q)

[= %

ny=1€]...€n;

and the product of reflection matrices is abbreviated as

RE (7)ol = Y (H 1 S) (an @k))

€lchy \I=1 k=l]

X Ay ey Ay )L

’ .
€] €

@7

The form factors are appropriately abbreviated as

LA (R) = Atk O k) = LA,

In many of the following calculations, the rapidities
will be shifted according to their bulk mass ratios, u. =
M /M : i — Ap — log 1e,. This will be denoted by a hat:

FA(TY = rA
f;l (A’) = E]...Ey,)L ()\'1

and similarly for scattering and reflection matrices. We
also deﬁne the total energy of the shifted set A, vy =

sz—l et

_logl’LEl"":)"n}L —logﬂgn)‘)’

Finally, it is customary to use a graphical representation

for the matrix elements 61“'?:()»’1, ces MIA G, )»1):"_._61 :
Af, €
RO VIS . [ S ¥t ‘ : 5
A/Cl /

(29)

and, using the abbreviated notation,

coa e o NN
wWMHWAm—‘I}_a‘Ij
€ ¢ (30)
The boundary is depicted by

)‘[17 € TL)\’ (31)

Note that the order of the excitations is reversed upon
reflection off the boundary. In the abbreviated notation,

(32)

The form factors in the massless sine-Gordon model are
given in Appendix E. The form factors, scattering matrices,
and reflection matrices are all of the ingredients we need to
calculate our desired response functions.

IV. THE TOTAL INELASTIC DECAY RATE AND
ELASTIC PHASE SHIFT

We are now equipped with all of the necessary tools
to calculate response functions. In this section, we calcu-
late the reflection coefficient » (w), which defines the total
inelastic decay rate y (w) and the elastic phase shift § (w)
[Eq. (11)], using Egs. (17) and (14).

A. The ac conductance

The conductance G,r (x,x’; a)) has been calculated in
Ref. [59] for the boundary sinh-Gordon and bsG models.
The conductance of the bsG model with z = 1/3 is of par-
ticular interest, as it describes the tunneling of fractionally
charged excitations in a fractional quantum Hall sample
at filling v = 1/3. Closely related expressions have also
been obtained for the Kondo model. Here, we retrace the
steps of Ref. [59] and calculate G, (x,x'; w) for the bsG
and Kondo models with general coupling parameters. We
emphasize the key steps in the calculation of the two-point
response function, laying the groundwork for the deriva-
tion of the three-point response function in Sec. V. We also
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show that the noncausal response function Gr (x,x’; w),
measuring the response of a right-moving current to a
left-moving current perturbation, is manifestly zero in all
models, for any coupling parameter and impurity strength,
as it should be.

The Kubo formula relates the conductance G, (x, x'; a))
to a two-point response function of the current operators.
Each of the two correlators in Eq. (14) can be evaluated
via a form-factor expansion, by inserting the complete
set of states in Eq. (25). As we will now show, it is
necessary to combine the two correlators to obtain a sin-
gle unified expansion for G, (x,x’; a)) Let us start with
(L (x,n) R (x',0)); using Egs. (25), (24), (E16), and (E19),
we find that

(L (z,t) R (2',0))

:/Rj; (X) (0L (x,t) \A “(N[R (2',0) |0)

A
[ (s )eﬂZ"* o) (Y2
/ 2 (X) o | Hey ek (erac +f)f7§ (X) (fZi (X))*

Shifting the rapidities according to the bulk mass ratios of
their corresponding excitations, Ay — Ax — log ¢, , leads
to

(L0 R (¥.0)) = / Y (7) s iR ()
A A
< (iE ()

We now introduce an auxiliary rapidity, «

(34)

LwoR @)= [~ dces - [RE(R)
oo A

o (x+x’+t)fgzz (X) (A@Z2 <X>>* '

(35)

Shifting the rapidities by «, Ay — A; + k, we obtain

o
(Lo RE.0) = [ dee (e
—00
s (2 _ AR (= A= (=\\*
x /X RG (+x)o =R (3) (AR (7))
(36)
where we have used Lorentz invariance [Eq. (E3)] and the

notation A + k = {*@1+x,..., Ay, +«}. For the second
correlator of the commutator, (7?, (x’, O) L (x, t)), following

the same steps, we find that
(R (+,0) £ (v,)) = / : Qe (w40 e

« / (RE (F4x)) 0 —1)

<A (%) (7 (7))

Now, we shift « — « — im in Eq. (37). Using Ifizi (5\ + in)

(37

= (Iﬁg (X)>* (see Appendix D), we find that

oo+im ,
ek
dice—i¢ (x+x"+1) el

(R (x,0) L (x,0)) = /

—00+im

« [RE (R e) s =077 (7)
<0 ()

Next, we plug Egs. (36) and (38) into Eq. (14). Integrating
over time yields

—oo+im
Grr (x,x’;a)) = lim — </ de —i—/ d/c>
i’]—)O+ 87-[6() oo+
) ie (x+x) ¢ /-
X eK—/Rei ()»—}—/c)
w— e +1n

x50, = DR (R) (R (7)) 69

The integration contour of k¥ can be closed by adding
the edges at k = o + i), witho — +ooand 0 < x < m,
where the integrand decays rapidly (recall that x,x’ < 0).
In the presence of bound states, z < 1/2, there could
be poles of the reflection matrices enclosed by the con-
tour; however, the residue of the integrand at « = kg
eRe{KO} sin(Im{ko}) (x+x’

(38)

gives rise to the exponential e ), where
sin (Im {kp}) > 0; hence this term vanishes in the limit of
a half-infinite line for large enough \x +x’ | Therefore, the
only pole contributing to the integral is at k = log w + in:

1w(x+x)/
x5 — DIF (A) (fZ2 (K)) (40)

Before we proceed to the calculation of the reflection coef-
ficient, it is instructive to consider the noncausal conduc-
tance Gr (x, x'; a)) and show that it vanishes. An identical

Grr (x,x/;a)) A + log co)
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treatment would lead to
1 o0 —Oo0—I1TT
Ore (x,x;0) = lim — (/ dk +/ dK)
n—0t+ 8w —00 oo—in
i ie* (x+x") AR %
erK%/(Ra ()L+K>>
w—e“+1n J,

x5 (v — DfE (X) <fef (X)) (41)

Note the three crucial differences compared to Eq. (39):
the complex conjugation of the reflection matrices, the
sign in the space-dependent exponential, and the integral

o;ii;m dk, which runs along the line Imx = —iz. This
time, the pole at k = w + in is not enclosed by the contour,

leading to G- (x,x/; w) = 0.

B. The reflection coefficient and the origin of inelastic
decay

We now return to Eq. (40) and extract the reflection
coefficient using Eq. (17). Reshifting the rapidities as
M — A — log w yields

BB () (2 6))

(42)

r(w) =

Recall that vy = > ;% e is the sum of energies of the
excitations in the set A. The physical interpretation of
the above expression is clear—the reflection coefficient
of a photon with frequency w is given by the sum over
all excitations with energies summing up to . Note
that this result is general and applies to any integrable
boundary model—the choice of model specifies the reflec-
tion matrices and form factors. The only energy scale,
Ty, is encoded within the reflection matrices. While the
sum in Eq. (42) runs over all possible number of exci-
tations n,, the terms decay very rapidly with n,, and
in practice it is enough to calculate only a few terms
to obtain 7 (w) with excellent accuracy. The accuracy of
the expansion can be evaluated using the hlgh frequency

behavior of 7 (w); using Rq (A — oo) — 8 + [Eq. (D8)],

we find that r(w > Tp) —> Y. 7
where

0 _ Oo nZle)‘k(S(

r
EA —00 (27'[)")‘ nk'

=1 in all models,

(X) )2 @)

Then, calculating the truncated sum Zq Sl provides

an estimation for the accuracy of the result and sets
an upper bound on the contribution of the remaining
terms (since r > 0 for all ¢,). At low frequencies, we

have rg (a) < TB) — Zq ’”q =1 and ryg (0 K Tp) —
— Zq ¢, = —1 [using Eq. (D9)]. It is shown in Fig. 4

€1 el

;R
v — 1) €

in Appendix E that, indeed, only a few terms are
needed to obtain 1—) . 70 < 1072 for most values
A €A
of z.
The leading terms for the bsG and Kondo models are as
follows. First, a soliton-antisoliton pair contributes

/ dkldk28 (e’x1 + 2 — a))
s (2m)
X [6751347r A1) RT (hy) — Q%Ri ()‘l)Ri (}‘2)]

ri_(w) =

x R 1) (44)

This is the leading term for z > 1/2. In the attractive
regime, z < 1/2, the dominant contribution comes from a

single breather:
R 0 2
’"—()|R% log i , (45)
27 2, om

where 1 <m < [1/z] — 2 is odd; the largest contribution
is of m = 1. Two other non-negligible contributions are

Im (@) =

dA;da,dA
ri—1(w) = / %8 (e)‘1 + e 42— a))
oo T
x [ B R, () RE ) +eERE G RE (1)
x Ry (A3 —log 1) |[f,%) (i, Ao, As—
(46)
and
di;da
re () = / 1 28(6’\‘ + €2 — )
0 J-0o (2”)
x R} (A —log u1) R5 (A — log 1)
2
x [ (O —log i, ho —loguo)|". (47)

In the following, we evaluate the reflection coefficient at
integer p = 1/z as

p—2
r(w) ~ Zrm () +7ri— () +rp () + 714 (@)

m=1

(43)

The evaluation of ;. _; is significantly more complicated
for noninteger 1/z. However, Fig. 4 shows that r (w) &~
Do tm (@) + r+_ (w) + r12 (w) is still a very good approx-
1rnat10n(1 -9 Zm 1 — 1, < 1) forz < 1/4 (where
the contribution of {5 becomes larger than that of rf_l)
and also for z > 1/2, as long as z is not too large (where
r+—+— is non-negligible). The inelastic decay rate and
elastic phase shift are then readily extracted following

Eq. (11).
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Equation (42) reveals the origin of the inelastic scatter-
ing. The inelastic decay rate of a photon w is

Y (@) = —loglr (@’ ~ 1 —|r(@), (49)

assuming 1 — |r (w)]* < 1. We thus identify the coherent
sum in Eq. (42) as the source of the photon decay. A plane-
wave mode at frequency w impinging on the boundary can

be formally written as a sum of eigenstates, | )»)q, with
appropriate weights and phases. Note that this is a nonlin-
ear relation—plane waves cannot be expressed as a sum
of individual solitons and breathers and must be spanned
using all eigenstates with any number of excitations. While
each excitation in each of the eigenstates is reflected elas-
tically off the boundary, it picks up a phase, determined by
the reflection matrix, that depends on its type and energy.
These relative phases between the eigenstates alter the spe-
cific weights of the decomposition of the incoming photon.
Therefore, the reflected excitations no longer form a single
photon at frequency w but, rather, a set of photons with
frequencies w;, such that ) . w; = w.

The nonlinear relation between the photons and elemen-
tary excitations is generally implicit and is hidden within
the form factors of the theory, which are the matrix ele-
ments of the derivatives of the bosonic field ¢ in the basis
of solitons and breathers. An explicit relation can be found
at the free-fermion point, z = 1/2, using refermionization
[80], as discussed in Appendix G. Introducing a fermionic
field ¥ (x) ~ €™, we find a one-to-one correspondence
between v/, ¥, and solitons and antisolitons by expanding
the fermionic field as

. _L ike
wx,r)—ﬁijm(r)e =

1 .
Z wkelk(x—t)’
N,

(50)

where k = nA with n € Z. The commutation relations of
Yy and w; satisfy the Zamolodchikov-Faddeev algebra
[Eq. (19)] at z = 1/2, where the S matrix becomes triv-
ial, ST~ = STT = —1. We therefore identify ¥y~ with
a soliton with energy & and wik<0 with an antisoliton
with energy k, establishing an explicit nonlinear rela-
tion between the solitons and the bosonic field ¢. The
calculation of »(w) simplifies considerably at the free-
fermion point, as the sole contribution to the reflec-
tion coefficient is Eq. (44) and the particularly compact
expressions for the reflection matrices [Egs. (D3)~(D6)]
and form factors [Eq. (E32)] allow for closed analytical
expressions:

1 21T iw
Tosg (@32 =2 —1—7155 —7 )
B
1 4iTy iw
K w;z:z =1- g I—T— .
B

— o
w + 21Tg

The same expressions are derived in Appendix G using

refermionization.

C2))

C. Results

The rates y (w) and § (w) in both models, for sev-
eral values of z, are displayed in Fig. 2. The inelastic
rate in both models follows a Luttinger-liquid power law
at high frequencies, y (0 > T3) ~ 0?2, which may be
obtained from the Hamiltonians in Egs. (3) and (5) by
means of perturbation theory [31,35,36]. Note that Eq. (22)
restores the dependence of the rates on the UV cutoff
A (as long as w <« A), which is present in a perturba-
tive treatment and should be considered for quantitative
comparisons with experimental measurements, not only in
the high-frequency regime but also in the low-frequency
regime, w < Ej. Indeed, perturbation theory is invalid
for the Hamiltonians in Egs. (3) and (5) for z < 1 and
o < Ej. The low-frequency power laws for the rates
are model dependent and could be predicted from the
expansions near the strong-coupling fixed points. In the
Kondo model, the dominant contribution stems from a
quartic density term, p*, leading to yx (v < Tg) ~ °
for all z < 1 [31]. In bsG, the leading expansion terms
are the quartic phase term ¢*, giving rise to the same
® power law as the quartic density term, and the dual
cosine cos (), which generates instantons between the
minima of the cosine potential and leads to a w?/*~2
behavior [40]; hence, g (@ < Tp;z > 1/4) ~ w?/*72
and Y (0 K Tz < 1/4) ~ .

The asymptotic behavior of the phase shift § (w) may be
obtained from Eq. (42), rewritten here as

r(w) = /)\ Ifi/i (X +10ga)>5 (v, — 1)]%7a (X)

A - *

< (7)) -
As discussed in Ref. [59], we may expand the reflection
matrices as a power series in /T or Tg/w, for low or
high frequencies, respectively. In the bsG model, the soli-
ton matrices Ri/ T (L) expand as double power series in
¢* and e!!/7=D* and the soliton matrices R™ (1) expand as
power series in e*. We find that Spsg (0 > TB,z >1/2) ~
0”2 and Spsg (0 > Tz < 1/2) ~ ™! at high fre-
quencies (in agreement with perturbation theory) and
/2 — Sps (0 K T3z > 2/3) ~ 0?72 and 7/2 — Sps
(w L Tp;z <2/3) ~w at low frequencies, which are
again anticipated by the expansion near the strong-
coupling fixed point. The reflection matrices of the Kondo

(52)
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Boundary sine-Gordon Kondo

T T T
10“ i w2/272 w22—27

. 1072L

106

e — O(w)

100 102 10° 102 10
w/TB

100 102
w/TB

FIG. 2. The total inelastic rate y (@) and phase shift § (w) for
the bsG and Kondo models and several values of z. The power
laws at low and high frequencies are denoted on the plots. In
the phase-shift panels, we plot both § (w) and 7 /2 — § (w) or
7 — § (w) (for the bsG and Kondo models, respectively). We use
Eq. (48) to evaluate  (w) at integer p = 1/z and r (w) = r4_ ()
at noninteger z > 1/2.

model are considerably simpler and all expand as power
series in ¢*, leading to &k (w > Tz > 1/2) ~ w72,
Sk (> Tz < 1/2) ~ow ' and 1 — 6k (0 K Tp) ~ w.
We note that all of the scaling laws of the scattering rates
YbsG (@) and dpsg (w) in the bsG model, at frequencies both
above and below the RG scale, are in agreement with a
recent theoretical study combining perturbation theory at
w > Ty and strong-coupling expansions at w < Tg [42];
our exact calculation provides the full crossover between
the two regimes.

To conclude this section, we relate the limiting cases
of the inelastic and elastic rates to the Schmid-Bulgadaev
transition. Approaching the transition, z — 1, we find that
both the low- and high-frequency power laws, 2/z — 2 and
2z — 2, respectively, tend toward 0. In other words, the
rate s (@) and the phase shift 8y (w) become frequency
independent at the transition point, z = 1. Perturbation the-
ory at z > 1 shows that yps (@) ~ w?**72 for both low and
high frequencies (since the boundary cosine term of Eq. (3)
becomes irrelevant at z > 1) and Spsg (w; 1 <z < 3/2) ~
®¥7? and 8y (w;z > 3/2) ~ w, also for all frequen-
cies [36]. Crucially, the phase shift at w =0 jumps
from 7 /2 to zero across the transition and changes sign
at finite frequencies. The sign change of dpsg (w) and
the different trends of yug (w) on the two sides of
the transition, both at finite frequencies, have recently
been observed using single-photon spectroscopy, provid-
ing evidence for the long-sought-after quantum phase
transition [36].

V. THE ENERGY-RESOLVED INELASTIC DECAY
SPECTRUM

A. The spectrum as a three-point response function

The inelastic decay spectrum, y («'|w), measures the
production rate of photons at frequency «’ due to a
splitting of a photon with frequency w > «'. It is related
to the total inelastic decay rate, y (w), by means of an
energy-conservation sum rule:

/w o'y (o|w) do’ = 0y (v). (53)
0

It has been shown in Ref. [31] that, for the generic impurity
setup in Eq. (9), y (a)’|a)) can be found by calculating a
three-point response function:

¥ (¢/|lw) = lim Znt

n—0t

Gl (w+in,—w+in), (54)

which is defined in the time domain as

GHlt—tt—t)=-0(-1)o (/-1

(1)/

x[lng @ p (s 1)) p (s )]+ {1 11}, (55)

where xi, < 0 is an arbitrary point in the half-infinite lead
and ny = bz,bq/ is the occupation number of the mode ¢/,
with frequency o’ = vq’ = ¢'. The Fourier transform is

o0 oo
G (w1, 07) = / dr e (=) / dr" 2 (=7)
—00 —00
x Gt (t—1,1=1). (56)

Let us sketch the main steps leading to this expression.
The goal is to calculate the time-averaged rate of change
of ny in response to an incoming photon with frequency
w, injected at xj, < 0, impinging on the boundary. Note
that we are looking for a second-order response, since the
change in the photonic number n, is proportional to the
flux of the incoming energy. The photon at w is injected
by applying an ac voltage, Ha. = V (£) €"p (xin), where
V (f) = 2V, cos (wf) and n — 0. The time dependence of
‘H.. makes the Keldysh formalism natural for our purpose
[81,82]; the second-order Kubo formula for n, reads

ny 0) = 5 / TGS (= L~ ) V() V(7).
- (57)

The notation “c” and “q” corresponds to the “classical” and
“quantum” fields in the Keldysh formalism, i.e., the sum
and difference, respectively, of the fields on the forward
and backward time contours. We are concerned with the
so-called “fully retarded” multipoint correlator ngq [83],
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which measures the causal response of n, to the perturb-
ing density p. To find the time-averaged photon production
rate, we take the derivative of Eq. (57) and discard the
oscillating exponentials:

d—— .
d—t<m/(t))=2nIVo|2 Gl (w+in,—o+in).  (58)

Then, in order to obtain y (a)’lw), we multiply the above
by the density of modes, 1/A = £/m, and divide by the
average power of the source that propagates toward the
impurity, a)|V3| /m. We thus arrive at Eq. (54). Using
time-translation invariance and applying simple algebraic
manipulations, we may write the three-point response
function as

oo
G (@ +in, —w +in) = —2/ drde’e " e
0

=1)]. p (xin, =1 = 1')]).

(39)

x cos (wf") ([[ng (0), p (xin,

Note the n — 07 prefactor in Eq. (54), which implies that
we need to look for contributions to GZ)C}q that are singular
in 7.

In order to calculate Gz)?q using form factors, we need to
express ny, p in terms of the current operators R, £. From
Egs. (10) and (13) and the quantization ¢ = nA, we may
write b, = be + btf, with

0
b () = / dxe AT A (x,1),  (60)
—¢

1
2/mql

where w = vqg = ¢q, ¢gr = 1, and ¢, = —1. The operators
b;z and bé: annihilate right- and left-moving photons with
frequency ¢, respectively. The density p and occupation
number n,, may then be decomposed into their chiral parts.
The density can be written as p = p* + p*, where

P G ) = —— A (5 ) 61)
2

whereas the occupation number may be expressed as n, =

Y aser.c 78, with niB = 577BE:
AB _ o' (¢ AX1+5BX2)
n () = 7 SAX1+5BX2
X A(X],Z)B(Xz,t) . (62)

cqq

The decomposition of G_;" into its chiral parts is then

Gz)c}q (w+1in,—w +1n) = Z
AB,C,D=R,L

GZ]/?ABCD (w+1in, —w +1n), (63)

with

cqq
Ga/;ABCD (’ -

X <[[ 5wy, p (xm, )] ,p? (xin, t”)]) + {t’ < t”} .

(64)
Fortunately, there is no need to calculate all 16 terms
GZ?? Lusep- First, in an experimental setup, the photon at
w 1is injected such that it propagates toward the boundary;
we should therefore only consider terms with p¢, p? =
p. This leaves us with the calculation of four terms,
GZ?? AsrR- Furthermore, since th'e prodpced photon prop-
agates to the left, away from the impurity, we expect only
Gf:}?@ rrR O coqtribute, measuring t.he response of'the left-
moving occupation number to the right-moving source. In
the following, we calculate G- and show that the

W LLRR
other three terms indeed vamsh

i—1")=-0(-1)0(/ -1

B. Calculating the three-point response function using
form factors

The calculation of a three-point response function using
form factors is considerably more involved than that of
a two-point function. The three-point response function
GZ}C}?L - comprises four correlators, each involving four
current operators. We therefore must insert three complete
sets of states in each correlator, giving rise to mixed matrix

€ a
elements of the form i(1§ | Al 5) 0 These mixed elements,
evaluated using the crossing relations in Eq. (E11), lead to
a series of terms with a different structure in each of the
four correlators.

In order to make sense of these complicated expres-
sions, let us recall the key step in the derivation of the
two-point function G, (f). It comprises only two correla-
tors, (L () R (0)) and (R (0) L (1)), which have both been
evaluated by inserting a single complete set of states. The
result, however, has not been obtained by considering each
correlator on its own but, rather, by combining the two
form-factor expansions; we have had to take the difference
of these two correlators, allowing us to close the integra-
tion contour in Eq. (39), in order to arrive at the anticipated
delta function in the result, given in Eq. (40). Similarly,
it has been necessary to combine the two correlators of
Grr to show that the noncasual conductance vanishes. It
is therefore crucial to find some convenient way to com-
bine and unify the four correlators of G,}%. .- given a
term in the form-factor expansion of one of the correla-
tors, we must find a way to identify its three counterparts
in the other correlators. In the following, we accomplish
this and show how to identify a quartet of terms from the
expansions of the four correlators that need to be summed
up together, by labeling the excitations according to their

“origins” and “destinations” in each correlator, leading to

a unified general expression for G- . o LLRR
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We begin by denoting the four terms of the double commutator as

o0 0
1= / d¢de’ e 2" e cos (a)t”) / dx; doxye @ G1732) (E x1,0) L (x2,00 R (xin, —t’) R (xin, —f — t”)),
0 —¢

() 0
1= / drde’e " e cos (wt”) / dxydpe N R (xin, — — ) R (xin, —) £ (x1,0) £ (x2,0)),
0 —L

00 0
I = / dfdt’e 2" e cos (wt”) / dxidioe @ TR (xin, =) £ (x1,0) £ (x2,0) R (xin, = — 7)),
0 —L

o0 0
IV = / d¢de’ e 2" e cos (wt") / dxdxye @@= (R (xin, =1 — ") L (x1,0) £ (x2,0) R (xin, —1)), (65)
0 )

so that

83wt

G e (@ + i, —w +in) = I+ —I—1V). (66)

Consider III above and insert complete sets of states between its operators:

00 0
111 :/ dfde’ e 2" e cos (wt”)/ dx;dxpe @ G1722)
0 —¢

9=\ ) > N7 AT > > 0
x /A | (Rei; (M)) RE (F3) (OIR (win, ) )y, 10IL 1,0) o),

612
i

“« « | €. <«
X (02lL (2, 0) [23),, WASIR (vimy =1 = 17)10) (67)

Using Eq. (24), we obtain complex exponentials from the coordinates of the current operators. We assume a half-infinite
line and extend the lower integration limits of x;, to —¢ — —o0, introducing an infinitesimal parameter n to ensure
convergence:

/0 dxle—i<w’+vkz—vkl+in)x1 /O dX2€i<w/+VA2_UA3_in)x2 _ 1 1 ) (68)

@ vy, = Fin@ + vy, — vy, —in

Integrating over x;, and # and shifting the rapidities according to the bulk mass ratios of their excitations, as has been
done in the calculation of the reflection coefficient, then yields

00 . i(v;hl—v;%)xin —i(vh—in)f/
1
III = / d?’ cos (a)t” ) / ¢ ¢ -
0 Ai U)\.] - ‘))\.3 + 21”
, *
ﬁzl (L) R <X3) )
1 ORI, Pl P Onb BOLRI0), (69)
X ) ,
(w’—l—vkz—v,\l—i—in) (a)/—l—vh—v;g—in) Ve, O/ 2 aA2 } A

[
EAZ 5)»3

where a hat over the operators R and L indicates that the rapidities in the matrix elements are A — log u.. Now, consider
the mixed matrix elements, which need to be evaluated using the crossing relations in Eq. (E11). The idea is to partition
the sets A 5 3 into smaller subsets, o (i,j = 1,2), B, and y, that label the excitations according to the operators to which

they are connected: the excitations in the set a;; connect p* (ot = p® (xin, —7), pI* = p™ (xin, =1 — ') to bﬁ G =1
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or bj/ (j = 2), the set 8 connects the b[f/, b;,T operators to each other, and the set y connects the p”* operators. We find

00 iei(V11+V12—v21—sz)Xine—i(Vzl+v22+vy—in)z” <R€}1 @11) qu (a12)> 621 (0521) R €22 (a22)
I = / dt” cos (ot") / , - ,
0 wj py (V114 V12 — Va1 — vy + 2in) (@ + va1 — vip +vg +in) (@ +vi2 — v + Vﬂ —in)

€1 [ €12€p oA !
x (0IRI7, 0l12,0l11)€ e, e+ 15|£|“215ﬂ)6216ﬂ (a2 + 18, ,3 18|L]an),,,
10y « <«
X y(azl, o,V |R|0> (70)

The derivation of Eq. (70) using the crossing relations is detailed in Appendix F. Here, we shorten the notation, €, — €;
and Vo, = Vij- Counting the number of possibilities to partition the sets A; to «;;, 8, y, we see that the integration measure
becomes

/ > [T d (i
Mo =123 myen; Y T (2m)™ n)»i!
- (71)
N _ 1—[ Z Hk 1 (Olu) Z /°° 1—[2/3:1 dBx Z /OO 1.2, dv
@by =10 | ey Y (7)™ ny;! ngep LI~ (27)"# ng! bl A Qm)" n,! |’

i.e., the factorials and 27 factors in the denominators translate naturally from the X sets to the smaller subsets. The other
correlators, I, II, and IV, may be treated similarly, with appropriate labeling of the excitations. The four correlators, written
explicitly in Egs. (F4)~(F5), are conveniently represented by the graphical notation:

i1, €11

= /
22, €99

AN Y € pu
11, €11 ) 7,67 (72)
a11, €11
11
’_y’ €~ 11, €711
(73)
- !/
11, €
111 - m 7 a2, 61\
pR 12 bCT B,ep Q22 22 pR
1 / ~ ; 4 / 2
€12 (Hl-,(—uw U €22 €ho
9, €y 7, €y
(74)

02, €1
v . / ’ b\
R 222 29 bu 3

P2 = z ! =
€ho €22\y,3,53 UTH €11
=

(75)

Labeling the excitations offers a natural way to sum up the correlators, following a procedure similar to that of the
two-point function. Consider I and III; we introduce two auxiliary rapidities, k2, such that e = v;; 4 v;, and shift
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a; — o + k;, leading to

[ = / dt” cos (wt") / CsC, 1_[ S(iy+vo—1 / 1_[ d;
0 aj By i=1 =0 =1

ie*i(e'(l+€"2)xine*i(€”2+‘)y*in)// 611 (Ol]l + K1) Rflz (0512 + K1) Rzzi (5{21 + 1) Rzzz ((_)222 + k7)
X : 3 .
—ekl — ek2 + 2in (a)’ + e2vy + elvy +vg + 177) (a)’ — ey — e2vy) +vg — 1n)
R <~ . <~ . NS . R <~ > S
X e ey ((111 +k1+18, o + k1 16,V +17T)f6216ﬁg11 <a21 + 12, B,an1 +K1>
R 2
X Jegenrer </3 — i, ooy + Ky — 18,012 + k1 +18 feyeé g, (¥V,an + k2,001 +K2), (76)

00 2 0 2
I = —/ d?’ cos (a)t/’)/ CsC, 1_[5 (vir + v — 1)/ l_[dKi
0 ajj B,y i=1 %0 =1

jei (€1=¢2)xin p—i(e24vy —in)!" ( et (@11 + 1) qu (an + K1)> R?! (0621 + k2) R o (0122 + k2)
X - :
ekt — ef2 4 2in (a)’ + €2V — elvy +vg + 117) (a) —|— elyy — ef2vy; + Vg — 177)

<«

R <« <« R <« - . .
X e (@1 H KL @KLY ) fo e, <a21 + 102, B a1 + K +im — 15)

X fipenérs </3 i 18, @ + K2, Gy + Ky i — I‘S)feye’ g, (V, 02 + k2,001 + K2) (77)

where C;, is a sign factor stemming from charge conjugation, defined in Eq. (E9). Shifting x; — «; + i — 3i6 in I yields

2 S —co—im+3i8 0
I = / dt” cos (wt )/ CsC, 1_[8 wp+vo—1) (/ di; +/ d/c1> / diy
0 o .By =1 —o0 co—in +3i8 —c0

iei(e"l —eKZ)xine_i(e"2+vV—in)t" ( 1 (0611 + k1) Reu (0612 + K1)> 621 (0521 + x2) R 22 ((2!22 + k)

X - - :
ekl — ef2 4 21p (a)/ + €2y — elvy +vg + 177) (a)/ + e"2v21 — ey + e"l —e2+vg — 17])

. - - “\ R « PN . .
X fer ey (0511 + K1, Qi V)femﬂg“ (0121 + 12, B 11 + 1) i — 13)

X 4;22512 (,B i 418, g + ko, G1p + Ky + i — 18)f_ 08, (¥, @2 + k2,021 + K2) . (78)

EVG E
Note that we have also rewritten the ' denominators using the delta functions. In order to close the «; contour, we add
the edges at k; = o + iy with 0 — *o00 and —7 < x < 0—this is allowed, since the exponential & (€1=¢2)xin ensures

that the integrand decays fast enough at 0 — oo, whereas the form factors vanish exponentially fast as 0 — —oo. Now,
the pole at k; = k, — 2in is enclosed by the contour; setting x; = «,, the @’ denominators become

1 1
@ +e2 (v — i) +vg+in e +e2 (v —vyp) +vg —in

g
— 55 (& + €2 (va1 — v11) + vp) 5 (79)

i.e., the contribution of this pole is singular in 7. In fact, the pole at k; = k, — 2in is the sole singular contribution to
the contour integral. The annihilation poles of the form factors, occurring at 6; — 6; = i for some i > j [when the same
excitation appears on both bra and ket of a matrix element; see Eq. (E4)], are just above or below the upper and lower
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boundaries of the contour and while in the attractive regime (z < 1/2) the form factors and reflection matrices have bound
state poles that are enclosed by the contour, their residues are not singular in 7.

We are now in a position to show why G“}qﬁ r=r 18 the only nonvanishing contribution to the spectrum. First,
G4

o-rrRR 15 @ background term that does not involve the boundary and thus cannot account for inelastic scattering.

. Cqq
Next, consider G » o>

qlr(;q IR (x1,0) I;»z);2 in Eq. (67), the sign in the x; exponential in Eq. (68) is flipped:

/0 dxlei(w/“‘”/\z_”’\l_in)xl fo dxzei(w’+VA2—VA3 —i’l)XZ - _ 1 1 A (80)

/ 1 / 1
S @& F Vv, =V — IO F vy, —V — 17

i.e., the response of n /ﬁ to a right-moving photon. Replacing (Xl |L (x1,0) |X2>;2 with

o0

The key difference with respect to Eq. (67) is the same relative sign of the in terms in the denominators. There-
fore, Go)% ;r (and, similarly, G77% ) is nonsingular in 1 and its contribution vanishes in the limit n — 0. It is

@ ;LRRR
also rea§sur1ng to verify that GZ??RR - r» the noncausal counterpart to G cad vanishes identically; this is shown in
Appendix F.

o, LLRR?
The treatment of 11, IV is identical to the above. Plugging everything into Eq. (66) and back into Eq. (54), we find that

2 o0 /

/ ’ 1 —nt” 7

y (@w) = —— CC/ dQ 81),1+v12+v — Q)8 (o +voy —vi +v / dt’e™" cos (ot

@) = |, 040 H ,— )5 o (o)
X Re {e‘iQ’” | | Fl | R} , (81)

where the products of the form factors and reflection matrices are (denoting 7~ = 7w — §)

R <~ < =\ R <« = .
HF:fgiﬁizfy 11 @12, Y ) foyrepey, (@21, B0 +i

X g‘ﬁzzglz (/3 —irT, @, + in‘)fe;iézeél (¥, 02, 0a21) , (82)
[[R= (Reii @) B2 @1, )) R @) AP (@) — sCiigcizgs. (83)

Note that we subtract the product of Kronecker deltas in [[ R. This corresponds to subtracting the background term
Gfuq,(_lﬁ o> Which does not involve the boundary and therefore does not contribute to inelastic scattering and ensures that
y (a)’|a)) vanishes as w/Tp — oo [following Eq. (D8)] or w/Tz — 0 (following Rg <X — —oo) — 82 in the Kondo

model, or Egs. (D9) and (E19) in the bsG model). The integral over ¢’ yields
[e¢] , i ,
/ di"e™" cos (") Re {e*IQ’/ 1_[ F 1_[ R}
0
b4 1 1 1
—To-re([TFITR} -5 [Po g - Pog |m [TTFITR). (34)

where P denotes the principal value. To get rid of the awkward principal-value terms, consider another equivalent way to
expand the correlators I, ..., IV:

(l]},a]
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- /
11, €11

m7 &12761\
R \X12 Lt B,¢es bE [8P) Q22 R
P2 / = bq’ /

Y, €5 s €y

D!
.
sy
G
-
¥
I\
™
¥
¥
)
S

(88)

Note that the diagrams III and IV above are the mirror images of the ones in Egs. (74) and (75), where bra states become
ket states and vice versa—this corresponds to complex conjugation of both form factors [see Eq. (E14)] and reflection
matrices. This time, we pair [ with IV and II with III. The same steps lead to

2 o 2
y(a)lla))z—% , Clgoyﬁ; dQl_[(S(Vi1+Vi2+Vy—Q)
Aij P>y i=1
o0
X 8 (a/ + vy -+ vﬂ)/ dt’e™" cos (a)l/’) Re {em’” HFHR} . (89)
0

The expressions in Egs. (81) and (89) are equal; taking their average eliminates the term proportional to Im { [TFI] R},
leaving us with the simple delta function § (w — 2). Finally, we arrive at

/ 1 2
y (a) Ia)) = e CsC, ES (Vil +vp+v, — a))
X(S(a)/—}—Vﬂ—V11+Uﬂ)Re{HFHR}. (90)

This is a general form-factor expansion for the inelastic spectrum. Similarly to Eq. (42), it involves some intuitive delta
functions: the two functions 8 (vi1 + vi2 + v, — ) imply that the energies of the excitations connected to p;* must sum

up to the photon energy w and § (a)’ + vy — v + v,g) ensures that the total energies connected to b;T and bj are both
equal to ' (note that v;; — vi; = vy — V).
Before we proceed, let us consider the disconnected case, €2 = €31 = €g = €, = {}, for which we find

Vaise (@'l@) = 8 (0 — @) (Ir(@))* = 1) = =y () § (' — ). (91)

That is, the disconnected terms do not contribute to the spectrum at o’ < w and reproduce the total inelastic decay rate.
This is similar to the calculation in the Keldysh formalism, where the total rate is also obtained from the disconnected
diagrams (see Appendix G and Ref. [31]).

C. Leading diagrams

Equation (90) offers a nonperturbative and rapidly convergent diagrammatic approach for calculating the spectrum.
Each term in Eq. (90) may be represented by a diagram, from which one may read off the corresponding form factors and
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reflection matrices, as illustrated below. The physical intuition behind this approach is clear; one needs to sum over all
processes with excitations of the integrable theory connecting the bosonic operators, with energy conservation imposed
by the delta functions. Comparing to refermionization at the free fermion point z = 1/2, discussed in Appendix G, we
draw an analogy between our approach and Wick’s theorem, as explained below.

All that is left to be done is to draw the leading diagrams and evaluate their contributions. As in any form-factor
expansion, such as that of the reflection coefficient in Eq. (42), we expect the contributions to decay rapidly with the
number of excitations involved, allowing us to obtain the spectrum with good accuracy using only a few terms. Our figure
of merit is the sum rule in Eq. (53), which should hold for all w; hence, it is essential that the asymptotic power laws of
¥ (w) at low and high frequencies will be recovered by the sum [’ (o' /@)y (o'|w) do'.

In the following, we focus on z = 1/3 and z = 1/2, list the leading terms in Eq. (90), and draw their corresponding
diagrams. The details behind the evaluation of these terms, as well as additional subleading terms, are given in Appendix F.
In particular, one must be careful to take into account all terms with comparable contributions, which could be misleading

€ o <«
in the presence of mixed matrix elements, (J|.A|0 )¢,» due to the annihilation poles of the form factors [Eq. (E4)].
Appendix F presents a consistent method to identify and evaluate all such terms.
First, consider the diagram €, = {£}, €12 = {F}, €21 = {£}, €0 = {F}, g = €, = {}, depicted by

553 o)
Its contribution to the spectrum reads
M (o o= ds2 i _ o N *
v (') = ww/O WKe{(e ER; (M) RT () — eERT ) RT (,\2))
x (¢ ERT () Ry Gue) — e ERE ) RZ Gh)) — 1]
x Re{f% (A, h1 +in7) £, (s ha +in7) £, O, 2 17 (i h3) ) (93)

with et =0 — Q,e"2 = Q.M =w — o — Q,e™ = ' + Q, as specified on the diagram lines. Note that we take the
real parts of [[F and [] R separately; this follows from Eq. (F16) (for details, see Appendix F). At the free-fermion
point, z = 1/2, all form factors other than /* vanish (see Appendix E) and we find that this is the only contribution

to the spectrum, y (o'|w) = yD («/|w). As shown in Fig. 3, the sum rule is indeed perfectly obeyed in that case,
for both bsG and Kondo models. Furthermore, we show in Appendix G that the same results for either model can be
obtained by means of refermionization. There is a clear connection between Eq. (92), where each p™ leg is connected
to both b? and bﬁ, and the contractions in Eq. (G16) that lead to Eq. (G22). This agreement not only highlights the
one-to-one correspondence between the solitons and fermions at z = 1/2 but also draws an analogy between our dia-
grammatic approach and Wick’s theorem in free theories and serves as an essential sanity check for the general expression
in Eq. (90).

Varying z in the vicinity of z = 1/2, we expect y](l) (a)’la)) to dominate; indeed, for z ~ 1/2, the sum rule is obeyed
with good precision. The precision deteriorates as we drift away from the free-fermion point, where the contributions
of multisoliton (z > 1/2) or breather (z < 1/2) form factors become important and considerably expand the available
phase space beyond the diagram in Eq. (92). However, Fig. 3(b) shows that the z-dependent power laws of the sums
fow(a)/ Jw)y (a/ |w) dw’ are equal to those of y (w); a power-law mismatch would be reflected by a sharp increase or
decrease of the ratio at low or high frequencies.

Moving on, we concentrate on z = 1/3, where form factors involving the m = 1 breather should play a major role. We
find the leading term to be

w w—w —Q
L (e s £\
S,S/Z::t & @ bq, 5/,

w—Q (94)
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corresponding to o] = {1}, a0 = {}, 01 = {£}, 220 = {F}, 8 = {F},y = {}. Its contribution to the spectrum is

y(l) (a)/lw) _ 4 /‘ww dQ
2 o'w Jy Q) ]_[?:1 e

Re | (R} G — log 1))’

x (¢"ERZ () RY () — e ERE () RY Gu0)) — 1]

x Re {flR (A — log,ul)fJEI ()\.3,)\.2,)\.1 +ir” — log ,u,l)f_z ()\.4,)»2 + iﬂi)f_:i ()\.4,)\.3)} s (95)

where el =w, 2 =w —w — Q,e"3 = Q, M =w — Q.
Again, we take the real parts of both [[F and []R,
as detailed in Eq. (F12). In " (o/|w), we take into
account all of the necessary combinatorial factors, as
well as the equal contribution of the mirror diagram

C— ‘ |
..... w/TB_Ol w/Tle

3102 LWt

F»/ —bsG .

% 10t —Kondo ”*\ 1

3

=

(b) Boundary sine-Gordon Kondo
2| LS 10 ;
\i /3\ { —1/3
3|2 —_
=|505 0.5 o7 [T
Sk /
e —53/100
0.0 : 0.0 :
1072 10° 102 1072 100 102
w/TB w/TB
FIG. 3. (a) The energy-resolved inelastic decay spectrum as a

function of «’, at several fixed values of w/Tp, for the bsG and
Kondo models and z = 1/3, 1/2. The diagrams used to evaluate
the spectrum are listed in Appendix F. (b) The ratio between the
left-hand side and right-hand side of Eq. (53) for both models
and several values of z. Note that the power laws of y (w) are
recovered by the sum rule for all z.

(

of Eq. (94), which corresponds to o) = {F},apn =
{£}, a1 ={},an ={1},8=1{F},y ={}.

In addition to the above two diagrams, we consider three
additional diagrams in the evaluation of the z = 1/3 spec-
trum, listed in Appendix F. We find that, for z = 1/3, the
resulting spectrum obeys the sum rule with good accuracy
for a wide range of frequencies w, as shown in Fig. 3.
Furthermore, the contributions decay rapidly, as demon-
strated in Fig. 5 in Appendix F. It is important to note
that plugging each of the terms y; (a)’|a)) into the sum rule
recovers the correct power laws of y (w), for both w K T
and w > Tp.

D. Results

The spectra for both models at z = 1/3,1/2, as well
as the validation of Eq. (53) for several values of z, are
displayed in Fig. 3. We have seen in Sec. IV that the
bsG and Kondo models exhibit the same Luttinger-liquid
power laws at high frequencies, w >> T, but differ below
the RG scale, w <« Tg. The spectrum, determined from
a higher-order response function, gives us more refined
information. Indeed, the difference between the models
is emphasized by the spectrum; while the Kondo spec-
trum is suppressed at low produced frequencies o' <
T, the bsG spectrum diverges, Y56 (0’ < Tglw) ~ o',
regardless of the incoming frequency w [note that the
total rate, given by the sum rule in Eq. (53), is still
finite]. This asymptotic behavior results from the term
yl(l) (a)’lw) in Eq. (93)—one may show that the prod-
uct of reflection matrices is different than 1 upon setting
o =0, and the o'~ behavior results from the prefac-
tor of the integral. In other words, the production of
low-frequency photons is favored in a splitting process
in the bsG model. The proliferation of low-frequency-
produced photons results from the inductive coupling of
the half-infinite line to the impurity Josephson junction
in Eq. (1), with 7:11 = —Ejcos ((130). The sole source of
photon splitting is the boundary cosine term; fluctuations
of the flux ¢, in this nonlinear potential give rise to the
inelastic decay. The inductive coupling to the line trans-
lates fluctuations of ¢y into approximately uniform shifts
of ¢,-0, which correspond to low-frequency modes. This

020323-20



INELASTIC DECAY FROM INTEGRABILITY

PRX QUANTUM 5, 020323 (2024)

behavior is opposed to the Kondo spectrum, which van-
ishes at " = 0; expanding the product of reflection matri-
ces in Eq. (93) at ' <« T3, we find yx (a)’ < TB|a)) ~w.
This asymptotic behavior turns out to hold for all contribu-
tions to the spectrum and hence to all z, in agreement with
Ref. [31].

It is also interesting to consider decay processes with
@' < w, where the total energy of the remaining photons is
small, w — @’ < Tp. One may then apply strong-coupling
fixed-point expansions to extract the power-law depen-
dence of the spectrum as a function of w — «’. Analytical
expressions for the spectrum, and therefore for the w — o’
dependence, may be calculated at the free-fermion point,
z =1/2 [see Eq. (G25), which has been obtained using
refermionization and is identical to the form-factor result].
For the Kondo spectrum, we find that yk (o' S w|w) ~

(a) — a)’)3, in agreement with the contribution of the
strong-coupling fixed-point expansion of Ref. [31]. In the
bsG model, we find that ype (a)/ < wlw) ~w—o atz=
1/2; interestingly, this power-law dependence does not
stem from either the quartic term of the boundary cosine
operator or from the dual cosine term, which both induce a

(a) — a)’)3 power law [40]. For z < 1/2, it appears difficult
to numerically evaluate the involved integral to sufficient
accuracy to determine the behavior with enough certainty,
since strong cancellation occurs between different dia-
grams. We stress that the spectrum at z = 1/2 has been
obtained, for both models, in two independent methods
(form factors and refermionization), which yield identi-
cal results. Furthermore, as is evident from Fig. 3, the
asymptotic power laws of the total decay rate are recov-
ered by the sum rule in Eq. (53) for all values of z. It could
be interesting to look further into this issue in a future
work.

VI. CONCLUSIONS

In this work, we have shown how inelastic decay
of microwave photons, measured in cQED experiments
implementing integrable systems, can emerge from the
purely elastic scattering of the excitations from the inte-
grability picture. Using the framework of form factors,
we have identified the origin of the photon splitting as
the nonlinear relation between the microwave photons and
the elementary excitations of the bsG and Kondo mod-
els. The form factors, encoding this nonlinear relation,
have allowed us to obtain exact results, going beyond pre-
vious perturbative calculations [35,36,39—42]. Crucially,
our results hold at low energies, even if the boundary
impurity terms of the Hamiltonians are relevant, render-
ing perturbation theory invalid, as well as when strong-
coupling expansion fails. The low-energy results for the
total inelastic decay rate and the elastic phase shift dis-
tinguish between the bsG and Kondo models, which both

exhibit Luttinger-liquid power laws above the RG scale.
This distinction is emphasized by the energy-resolved
inelastic decay spectrum, where yps6 (0 < Tplw) ~ '™
and yi (a)’ < T Bla)) ~ o' for all z; note that this result
could not be obtained using perturbation theory, even
for w > Tp. As discussed in Sec. IV, such exact low-
energy expressions are particularly useful in the con-
text of the Schmid-Bulgadaev quantum phase transition
and shed single-photon light on this intriguing phe-
nomenon.

In the calculation of the energy-resolved inelastic decay
spectrum, we have devised a general method to calculate
a three-point response function using form factors. While
previous works have dealt with the calculation of mul-
tipoint correlation functions in integrable quantum field
theories using form factors [61-63], they have focused on
theories with a single excitation type and only considered
specific contributions. Our method, in contrast, provides
a general expression for all orders and for any excitation
content of the theory. The physical intuition behind this
diagrammatic approach is clear—we have to sum over all
combinations of excitations connecting the bosonic opera-
tors, imposing appropriate energy conservation. As in any
form-factor expansion, it is sufficient to consider a few
terms to obtain a result with good precision, numerically
evaluating only single or double integrals. The general-
ization of our method to four-point response functions or
higher is straightforward.

Looking ahead, there are several possible extensions
to this work that could improve quantitative comparisons
with experimental measurements. The most pressing issue
is the incorporation of finite temperatures into our frame-
work; indeed, realistic temperatures in cQED experiments,
T~ 50 mK~ 1 GHz, are usually larger than the RG
scale defined by the impurity. In those cases, a perturba-
tive approach is valid at any frequency and diagrammatic
techniques have been shown to provide results that quan-
titatively agree with experiments [35,36]. Yet, the rapid
rate of technological advancements in the field of cQED
indicates that 7 < E7 could soon become possible, thus
raising interest in exact finite-temperature results at all fre-
quencies. We derive such exact results for z = 1/2 using
refermionization in Appendix G (see also Ref. [36] for
explicit expressions); other values of z have to be treated
within the framework of form factors. In fact, the cal-
culation of finite-temperature correlators using form fac-
tors [84-90] involves mixed matrix elements of the form

€ « a
i(5|A| 0)eys much like those appearing in the three-
point response function considered in this work; hence, the
methods applied here could also be useful for evaluating
finite-temperature response functions. Two other aspects
that should be addressed are the finite volume of the system
[91,92] and the presence of integrability-breaking terms
[93], both of which are inevitable in experimental setups.
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Furthermore, inelastic decay in cQED setups should
not necessarily emerge from reflection off impurities and
can also occur in nonlinear bulk models. Our framework
could then be extended to the massive bulk sine-Gordon
model, amenable to realization in superconducting circuits
[26], and applied to investigate bulk effects, such as the
superconductor to insulator phase transition in an array of
Josephson junctions [28,94-96], through the lens of elastic
and inelastic scattering.

Finally, our results should pave a path for tackling
other systems, beyond the scope of cQED experiments.
Our framework for calculating form-factor expansions of
multipoint response functions could be used in other con-
texts of integrable field theories; a particular example is
the calculation of four-point functions in tunneling exper-
iments between fractional quantum Hall leads at filling
v = 1/3, the low-energy behavior of which is captured by
the bsG model with z = 1/3. Another likely application
is in the context of one-dimensional cold-atom systems
[97], which are often integrable. In particular, we could use
our developed formalism to evaluate multipoint response
functions that are measured in postquench evolutions and
indicate non-Gaussian correlations that are ubiquitous in
integrable systems [18,98,99]. Multipoint functions could
also be used to investigate the onset of chaos due to weak
integrability-breaking terms, which, when treated pertur-
batively within the form-factor formalism, necessitate the
use of higher-order correlation functions of the order of the
desired correlation functions [100—102]. Our method could
also be applied for the calculation of multipoint correlators
in high-energy contexts, such as the N/ = 4 supersymmet-
ric Yang-Mills theory in 3 + 1 dimensions [103], which is
suspected to be integrable.
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APPENDIX A: DERIVATION OF THE EFFECTIVE
KONDO HAMILTONIAN

For completeness, we derive the Hamiltonian of the
spin-boson model in Eq. (6), which is equivalent to the

Kondo model via a unitary transformation and bosoniza-

tion [66], starting from the microscopic Hamiltonian of the

discrete transmission line terminated by a fluxonium qubit.
Consider the discrete version of Eq. (2):

- - 2
~ N <¢n - ¢n—1> N 2@2 ~
H:Z 8 line +Z_+H1’
with the impurity Hamiltonian

77, = 20; + <¢f _¢0> +¢’_§
C 8L, 8Lo

— Ej cos <¢~>f — 2<I>ext>,
(A2)

where @y is an external magnetic flux, which we take
from here on as half flux quantum, ®. = 7h/ (2e) =
7 /2. It is useful to rewrite H; as

20 G
H[—?"‘EJCOS(Qbf) m
- -~ \2
(B —ad)
+ — (A3)

SLH ’

where o = Lo/ (Lo + L) and Ly = LoLs / (Lo + Ly ). This
form allows us to decouple the inductive coupling between
the array and the fluxonium by applylng a umtary trans-

formation, Uy = o9 Q“’f with th = Zn an, which
shifts the array phases, ¢, — ¢, —I—a(pf for all 0 <
n <N, as well as the fluxonium charge, Qf — Qf —
aQir. The array-fluxonium coupling becomes capaci-

tive and the Hamiltonian reads H =H, + H, + H.,
with

.20 5
Hr = —+E cos _
T T (@) + 8 (L + Lo)
~ 2 . _ .
T ) O T 3
L g e —c, s G
- 40.0r O
Hc == _—an Qt t.
%
(A4)

We proceed by diagonalizing the array Hamiltonian H,.
Hamilton’s equations read

(En+1 +¢;n—1 _Z(Z’Bn 27

atzq;" = C., [ line B w||¢0’ n >0,
L (A3)
rd ¢1 - ¢0 1 2\ 7
32dy = — ,
t o Cngme (Cng + @ bo
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where w) = o/,/Cr L. We look for an oscillatory solution,
~ 3", re” ¥ In order to decouple the ¢, term from

the~n > ( equations, we define new variables, ¢, = b —
wﬁ¢0 / a),%, leading to

2~ 200 — Quyt — P 0
WxPn = CyLine » =0,
Wi @o o — @1 1 2\ %o (A6)
> = e T + o] 7
_a Gl CeLy 1—“
o} o

In the following, we set the array spacing to unity,
a = 1. The equations are solved by ¢, ~ sin (kn — §;).
The bulk equations, n > 0, yield the dispersion rela-
tion, w; = 2vsin(k/2) ~ vk, where the velocity v =
1//CoL™e is assumed to be much larger than any
other energy scale. The n = 0 equation yields the phase
shift,

tan §; =

v(wﬁ—wi) *F—f|:1—<ﬂ>2j|

(AT)

where I'y = o/ (Cy Z) with Z = /L /C, is the inverse
RC time of the fluxonium and the transmission line. The
above approximation holds provided that «*C,/Cr <
1 and Lj>» L™, so that 1/,/L;C,; is significantly
larger than all energy scales other than v. We impose
open boundary conditions at » = N, leading through
the Hamilton equation for n =N to sin(kN — &) =
sin (k (N + 1) — &), which yields a quantization condition
kN — 6y =mm+ /2 withm = 0,1,...,N and therefore
amode spacing A &~ v /N. In the following, we also need
the capacitance matrix [C],,,, obtained by inverting the

n,m»

capacitance energy matrix of Ha:

1 1
————c|. (A8
N g

Miate

[Clum = Cebum +

Neglecting 1/N corrections, we find that the mode capac-
itances (i.e., the eigenmode expectation values of the
capacitance matrix) are given by Cy &~ NC, /2.

The line Hamiltonian may now be quantized by intro-
ducing creation and annihilation operators. The diagonal-
ized phase and charge operators read

+

Z —i <ak — ak)
G~ ) —F———"|sin(kn— )+
k 1/NCga)k

On =Y _[Cl,,, i

k

sin 8k

- (2)

>

gDk sin (kn — &8;) (ak + aZ) ,
(A9)

and the diagonalized array Hamiltonian is given by H, =
>k a)ka,tak. Using the quantization condition, we find that

cos (5 + &)

N
> sin (kn — &) = 25 (D)

n=0

~ L coss,  (A10)
Wi

allowing us to express the coupling term H,. in terms of the
eigenmodes:

2rvwy

N_?.ZQf Nz
Hem —==23 7

el

The square root in the above denominator imposes a high-
frequency cutoff. To make contact with standard bosoniza-
tion expressions, we replace it by an exponential cutoff,
e~ /A where A ~ min {w), T/ }.

Finally, we are in a position to derive the spin-boson
Hamiltonian. The fluxonium may be approximated as a
symmetric double-well potential for the flux ¢, (achieved
by tuning the external magnetic flux to half flux quantum
[65]). We label the two lowest eigenstates of the fluxo-
nium Hamiltonian as the eigenstates of the S, operator,
so that S, eigenstates correspond to wave functions with
a well-defined phase, localized near either of the minima
of the double well. The fluxonium Hamiltonian then reads
Hy = —JS,, where J is the tunneling matrix element
between the two wells, which can be calculated by the
WKB or instanton methods [104]. The fluxonium charge
Qf couples the two-level system to the array via a S, term

[66],
2z v fZ,/ w"/A ak+ak)

(A12)

(ak + a,t) .

(All)

He=—
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where gr = )(¢f|Qf |¢fi)‘ is the expectation value of the

fluxonium charge operator in the eigenfunctions of either
of the symmetric wells. The full Hamiltonian reads

2 .
H= Zwka,tak -JS, - S, 227'[1)i
o

k
X zk:,/ %eﬂ”"/[‘ (ak + a_,t) . (A13)

This k-space version of the spin-boson Hamiltonian can
now easily be mapped to the continuum real-space ver-
sion of Eq. (6). Note that the coupling coefficient is given
by +2z'7v, with z/ =z x (2qf /a)z; i.e., the Luttinger
parameter of the Kondo model is proportional, but not
equivalent, to the normalized impedance z.

APPENDIX B: CUTOFF SCALES AND
DEVIATIONS FROM INTEGRABILITY IN
REALISTIC SETUPS

In an experimental environment, IR and UV cutoff
scales are both present. The IR cutoff scale is determined
by the finite length of the array, A = wv/{, and corre-
sponds to a finite mode spacing that is manifested by
well-resolved modes at frequencies w,, = A (m — 8y/7),
where m = 0,1,2,... and §y is a phase shift set by the
boundary conditions at the far end of the line, away from
the impurity. Our analysis should hold as long as we are
concerned with modes at frequencies w 3> A; note that in
realistic setups [33—36], the mode spacing is usually the
smallest energy scale, well below the relevant RG scale.
The system remains integrable for a finite-length £ and one
could use finite-length form-factor techniques [91,92] to
investigate the effect of the finite £ on modes at w = A.

As mentioned in Sec. II, the UV cutoff A is set by
the smaller of the inverse RC time of the impurity and
the transmission line, and the plasma frequency of the
line. A finite A does break integrability; however, usually,
A > Tp, such that many modes, both below and above the
RG scale, lie well below A; hence our analysis remains
valid. The effect of a finite A could be explored by treating
the cutoff terms in the Hamiltonian perturbatively, within
the form-factor formalism. This would require the calcu-
lation of higher-order response functions—e.g., the total
inelastic decay rate y (w) and the phase shift § (w) would
be given by a three- or four-point response function (as
opposed to the two-point function considered in Sec. V),
which could be calculated using the formalism developed
in this work.

Finally, note that while the discrete system introduced
in Eq. (1) is not integrable due to the finite lattice spacing
a, the associated scale v/a is much larger than any other
scale (including A) and its effect on the results should be
negligible.

APPENDIX C: § MATRIX OF THE BULK
SINE-GORDON MODEL

The S matrix in an integrable quantum field theory is
the key ingredient in the Zamolodchikov-Faddeev algebra
and reflects the purely elastic nature of the scattering in the
theory. It satisfies several properties; the first is the Yang-
Baxter equation,

Y sl e 4e)
Selez (91 - 62) Séi/€3 (91 - 93) Seé’eé/ (92 - 93)
GH GH GH
1°52°%3
6//5// 6//6/ 6/ 6,
_ 273 1°3 172
= § S€2€3 (02 - 93) Sqeé/ (91 - 93) SE;/GQ/ (91 - 92) P
6// 6” 6”
172073

(CD)

which ensures the equivalence of the factorization of
n-body scattering to a product of two-body scatterings.
Unitarity and crossing symmetry imply

> Seies (0S5 (=6) = 8ej8a. (C2)
ei’,eé’
Si2(r —0) =577 0).  (C3)

Eésl

Recall that a bar denotes charge conjugation, £ = F and
m = m. The S matrix of the bulk sine-Gordon model is
well known. First, for the exchange of two (anti)solitons,

STH©) =822 () =S (0), (C4)
S (6) sin (-gi@)
ST (0) =St (0) = . (©)
sin (g o + i9)>
S (6) sin (”{)
SO =S O) =—— L (C6)

sin (g (o + ie))

where £ = 7/(1/z — 1) and

So (0) = —exp {—i/ d_xsm(x9) sinh ( 2 ) }
0

X sinh (%") cosh (%)

(C7)

For integer p = 1/z, this sector of the S matrix
becomes diagonal, since Sfrf @) = Sf; (0) = 0, and also
STT (@) =SZf () = (—1)” Sy (#). Note that Sy () =
—1 for the free-fermionic case z = 1/2. Next,the
exchange
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matrix for a breather and a soliton or an antisoliton is

m icos(

)+sinh( —%(m+l—2j))

Sin @ =830 =-]]
j=1icos (

Finally, the S matrix for two breathers is

Smlmz (9) —

o | o

)—sinh(e—ig(mﬂ—zj))'

min(my,ma)—=1 coth (% - % (|my — my| + 2j)> coth( — % |my — mzl) coth( — % (my 4+ my)

(C8)

mimy
j=1

All other terms of the S matrix are zero.
It is also useful to obtain expressions for the exchange
of a right mover with a left mover in the massless limit,

cle

SE2 = limg_ o0 SE1E2 (0), as such limits of the S matrix

appear in the complete set of states in Eq. (21). The S
€& .

X 8¢ 85, With

N . C e . =€1E
matrix is diagonal in this limit, Se|e;

WIS

St =5-=(52) = (5%) =

SE™ () = S (9) = S™™2 (9) = 1.

m mymy

(C10)

Also note that, in the massless limit, the S matrix of two
left movers is the complex conjugate of the S matrix of
two right movers,

S —2y) =8 (A —13). (C11)
APPENDIX D: BOUNDARY REFLECTION

MATRICES IN THE KONDO AND BOUNDARY
SINE-GORDON MODELS

The presence of the boundary introduces another com-
ponent to an integrable field theory—the boundary reflec-
tion matrix, RE/ (), which relates an incoming state |6), to
an outgoing state |—6).: |6), = RE’ (0) |—0),. First stud-
ied for solitons in Ref. [37] and later for bound states in
Ref. [105], the reflection matrix can be derived from a set
of axioms and properties, similar to those of the S matrix,
such as boundary unitarity:

Y REO)RE (—0) =5F . (D1)

G/

The massless limit of the reflection matrices of the bsG
model has later been derived in Ref. [58], where it has
been shown that RE/ (1) depends only on the difference
A — Ap, where Ty = e’ is the energy scale associated with

the boundary, proportional to the RG scale £} ~ E}/ (=2,

4 (2
2 2
tanh (¢ + i : 9 | i 0 | it
anh (5 + 7 (Imy —my| +2j) ) tanh (5 + 7 |[m —my| ) tanh ( 5 + 3 (m) + my)

; ()

[
The soliton reflection matrices in the bsG model are
1_No—
RE G = iels )00 R gy

1_ _
REGy = 00020 6 g,

_im

e 4
2cosh ((1 —1)5 - %)
{, /°° dx sin (2Ax) sinh ((r — &) x) }
X exp {1 — .
o Xx sinh(2&x) cosh (x)

Ry (W) =

(D2)

These matrices simplify considerably at z = 1/2; since
Ry (1) = €*/?/ (¢* + 1), we find that

1 )\.7A.B

R () = ele

e (D3)

+ —
REG) = S5

For breathers (z < 1/2), we have

A—A i
2m—1 B
R2m—l ()\) = tanh( ) — T)
'"1—[_1 anh (452 — 5 — %) (D4)
“ 1 tanh (—*‘AB —Zy ‘5—’>
Jj=1 2 4 2

R (3 = (D5)

m

j=1 tanh <—x_zkg -E+50 - %))
The reflection matrices of the Kondo model are simpler:

A—AB __ 3

in € +
RI (1) = e PR Ry (2) =0, (D6)
and
A=A iEm
R Gy tanh( 52— T) o7
" tanh ('\72’\3 + 1‘%)
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It is important to note that, in the limit A >> Xp, the reflec-
tion matrices become trivial in both models: for a set of
excitations A,

/ ! n)\' I
RGA (A — oo) — 82 = H(Sg;
k=1

(D8)

Recall that RZQ, defined in Eq. (27), involves the product
of scattering matrices of right and left movers given in
Eq. (C10), which ensures that the phase of the product of
reflection matrices in that limit is zero. In the low-energy
limit, A < Ag, Eq. (D8) still holds for the Kondo model,
while in the bsG model, we have

I - 6/ n)\' /
RS (1> —o0) > 65 =63 [] D%,
k=1 {kleg=m)
(D9)

where the sign factor C, is defined in Eq. (E9). Also note
that, in both models,
RY (1 +im) = (F%A (x)) . (D10)

APPENDIX E: FORM FACTORS IN THE
MASSLESS SINE-GORDON MODEL

1. General properties

The form factors in an integrable quantum field theory
can be derived from a set of axioms and conditions deter-
mined by the local conservation laws of the model, as well
as the additional symmetries of the specific model. First,
two excitations can be exchanged via the S matrix:

Z Sa€,+l (9 _01+1)f P ,9,',9;‘4—1,..-)

€i€it1

:f(:e);+le; (591+1591’) (El)

We also have the following periodicity property:

(9717019 A 7971—1) .

(E2)

£C o 01, 0+ 2m) = £

n€l.--€p—1

Lorentz invariance implies that
0 Ot Ot @) = OO (Br,....0,),
(E3)

where s is the spin of the operator O. Specifically, the
spin of the current operators is sg = s, = 1.

The form factors are analytical functions of the rapidi-
ties in the strip 0 < Im@ < &, where the only singularities
are two kinds of simple poles. The first are the annihilation

poles, at 6; = 6; +im. The residue of the pole at 6, =
0,—1 + i is given by

Res 79 (6,....0
9,,:0,[,1—}47[];1'“6"( 1, b n)

o
Z f;i"'e;,_z (9],. ey

{<}tn)

n—1
€
x Hagk — 855587
k=1

0n-2) C€y[€;l_1

n—2
]‘[S?,;E,f’f (hn— l—m}
(E4)

Here, C¢,«, is the charge-conjugation matrix:

¢zl @) ¢ =71 (0) Cee, (ES)
where € is the charge-conjugation operator. In the sine-
Gordon model, C, . =C_, =1, Cp, = (—1)™, and zero
otherwise. The other residues at 9 = 6; + i can be found
using Eq. (E1). Poles of the second kmd indicate the bound
states in the theory. For example, consider a form fac-
tor fg1 e 1én 01,...,0,_1,6,) in the sine-Gordon model,
with €,_; = 4+ and ¢, = —; this form factor has a pole
at 0, = 6,_, +i0™, with 8 = 7 — £m, corresponding
to a breather of type m. Its residue is proportional to the
form factorf61 eyom Ols oo 0n1,6,); this is known as the
bootstrap axiom, which allows us to obtain form factors of
breathers from those of solitons or higher-order breathers
from lower-order ones.

The crossing relations are needed to evaluate matrix ele-
ments of the form 11 (%,...,9O|6,,... s01)eq, .o
which appear in the calculation of multipoint correlation
functions. Following the notation of Ref. [57], we write

|§)€9 = |§a, gb)eé S (5a| 5) 9, where 6,, are disjoint sets
€9

such that 6, U6, =6, and S <5a| (9_) ’ is the product of S

€
matrices needed to reorder 6 as 6 ,, ; namely,

S

a(ea)l’(eb)nb""a(eb)l>€é el

-€g

|9n> R 301>69”...€91 =

|Gy » - - (E6)

-

AN - - - €
Similarly, (3] = (B, 3| S (815, ) | . We also define
€9

(19I0I9

= ¥ s(),

50 (é |5) — 61 [Tj_, 278 (6 — ) 8¢," . The crossing rela-
tions read
«— <« 59
s (69)
0,00, =0 0
FaUdp=0

s (Bol6n) x 02 (3, +161010a),.  (ET)
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The rapidities in the bra state of (5‘3 + 18|00 5a>69a are
analytically continued, so there is no overlap between the
bra and the ket rapidities and

Do (B, +18]016 )., = (0101T, + i + 16, 64)z, ¢, Cey,
= (010164, U — i +18), z, Cey,»
(E8)

where C, denotes the product of the elements of the
charge-conjugation matrix for the excitations in the set 6:

(E9)

[T oo

n
Co = 1_[ Cef’kg@k -
k=1 [ k|69k=rn}

J

“(H1019),, =

02U U =60 VAU Ap=0A
UBaUdBp =B

x 8500 (Tl 62) 35 (ol ) “PaaPms (Bxy +i8, Ty — 18101 6)

with the graphical representation

’l9A i .
193@9
/T\
R
_ a i -
DR == C) =i
UBb ~—N—~_— 0,
i

N (E12)

where the sum runs over all partitions and permutations of
ﬂA,B . 6.

The crossing relations are particularly simple for matrix
elements of the form < (9|O|0):

“(G1010) = (0]01F + i)z, Cy = €™OLC (5) C.
(E13)

If O is Hermitian, then
(22 (9)) = “@0"10) = o2 (8) Co. (E14)

Specifying to the Hermitian current operators, A =R, L
(where s4 = 1), and inserting the identity operator 1 =

Z Z S <5|5Ab, O Aa> OBas 51313)

The infinitesimal imaginary part § — 0% removes the
singularities from eI’a(z?}a—|—i8|(’)|9a)69a. An equivalent

expression for 50(5|(’)|§)69 is

- <~ - - \ & — <« €, €
“@31016), = Y. S(B1By) ) s(a0l6) 50
€ €9

0aU6, =0 v

y (5b|5b> X 0(, —i8]010.4)e,, -
(E10)

The equivalence of Eqgs. (E7) and (E10) is guaranteed by
the axioms in Egs. (E1) and (E4). It is also possible to use a
mixed version of the two forms, where some rapidities are
analytically continued with 41§ and the others with —id.
Choosing a specific partition = ¥4 U 95, we may write

€9
/

€9

(E11)

€0,

(

¢~ !¢ between each pair of creation operators, we find

(5 (7)) =~ (5) e

= —Cyl0le e Ae ezl @pe! ...
x €Z] (6,) €' ¢)0)

= C201AZ], @) ... 2}, 6 10) =1 (8),
(E15)

where we have used Egs. (ES) and (E9), C2 =1, and
CAC~! = —A. We thus have

“ (61.A410) = (1.7 (5)) (E16)

2. Form factors of the current operators in the
massless sine-Gordon model

The above properties hold for any integrable quantum
field theory. We now focus on form factors of the cur-
rent operators in the massless sine-Gordon model. These
are defined by R = Jo + J1, L = —=To + J1, with J,, =
—€,,0"¢. The form factors of 7, have been derived by
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0 0 0
—7"37 r% —7’62 wl — ZQ o
=Ty =T5 *Ti

100
1072 .
(=}
~
10741
1

1/z

FIG. 4. The contributions of £, fR f[% f R, (the latter
evaluated only for 1nteger p = 1/z) to the reflection coefficient
of the free theory, =1, glven in Egs. (44)(47) with v —

oo. Here, Zq o ZWZ] o+ + ), +r_; the dips of
1= rl areatinteger p = 1/z, where 7 _, is evaluated.

Smirnov [57] and have the general structure

- M, &
H0)=F L

(—1)y e %) g, (5) . (E17)

where g, (5) is a function which depends only on the

differences 6; — 6. The form factors of R, £ are then

(i) = v Y g, (3).
k=1

(E18)

J

£R 0, h0) =

-

with ¢gr = —¢, =1. The function g (9) vanishes

when one of the rapidity differences approaches infinity,
1My, g, | o0 Zes (5) = 0. Thus, setting 6 = = (4 + Ay)
with 4 — oo and M,e?/2 — 1 in the massless limit, we
see that f,* <§> and f.* (5) are nonzero only if all exci-
tations are right or left movers, respectively. This justifies
keeping only the first and last rows of Eq. (21), which cor-
respond to £, * (X) (O|RIX). andf‘ (A) = <O|R|X)ii
The form factors of R and £ are related by complex
conjugation and charge conjugation:

H0)= (2 0)) =4 () = 4 (7).

(E19)
If the imaginary part of a rapidity is not zero, then we have
to take the complex conjugate of the rapidity as well:
LECatim, ) > R A =i, (E20)
A complete list of the form factors in the massive sine-
Gordon model may be found in Ref. [57]. Here, we sum-
marize the form factors of the right current operator R
that are used in this work, taking the massless limit of the
sine-Gordon model. First, the form factor of two solitons
is given by

47Td§€)”1/2€)“2/2§ ()\1 — )Lz)

where d = 1/ (2¢€), ¢ (A) = csinh (1/2) /™, and

V2zcosh (52 (0 — 1o + iyr))’

(E21)

() % dx —2Nmx —21x
/™ =exp —e (1+N — Ne ™)
0 X

N F(1+

§(2k+1—%)) (§(2k+1— ))r(g(zk—u%))r(w

sin’ ((A + i) 5) sinh ((71 —£) ’—‘)
sinh ( *) sinh (77x) cosh (%)

T (2k—1+12))

,E P(1+2k—2))r (2 @k+2-

r(g (2k+1))r(1+1(2k— 1))

)

2))r (2 @k+2)r(1+

z(2k-2+12))

(E22)

c= (4 - §>1/4 exp {Z/o ixsmh () sinh (: —2) ) } . (E23)

sinh ( =) cosh? (%)
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Note that the expression for ¢/, which is independent of the parameter N, is valid as long as the integral converges,
which depends on the imaginary part of A (the integral expression for ¢/ is derived from an infinite product of Gamma
functions [106]). The rate of convergence may be improved by increasing N. We also have /% (A1, 42) = —£,% (A1, A2).
Ifz < 1/2, /% (A1, 12) has poles in the regime 0 < Im {A, — A;} < 7, corresponding to the breathers in the theory; using
the bootstrap principle, we obtain the form factors for single breathers,

48 (=)= D2 5in (9('")) el(_i(’("’))ex

\/22— sin ( )Sg ( 0(’”))

where m is odd (f,* = 0 for even m) and "™ = 7 — Em. If p = 1/z is an integer, Sy has a pole at & = i9™ and then the
argument of the square root has to be evaluated in the limit§ — 7/ (p — 1),

2 m—1 .
% sin (%) So (i0"™) — Res Sy (0) = 2cot (%m) [ ] cot® (%) : (E25)

9=ig(m) !
Jj=1

LEM =

, (E24)

In fact, one may obtain f1R and also flﬁ, flﬁ 11> - - - from the correspondence between the sole excitation of the sinh-Gordon
model and the m = 1 breather of the sine-Gordon model. Here, we only need £, %,

3
8¢ £ (& £ xdx — %)
R _ > 2 (5> > _ T Al Ao A3 Al A A3 N\t T
Sl (1, Az, h3) = @cos <2)|: 2s1n<2>exp{ /0 2 s () (e +e? +e )e e*’e [[ e*z+e*f s
(E26)

where

POy = ex {4 foo dx sinh () sinth (ix) sinh (77 + &) x) } ﬁ |
0o X sinh” (27 x) ey VN (
k+1)

dx sinh (7rx) sinh (£x) sinh ((r + &) x) CANwx omx
o {./0 x sinh? (27 x) sin (OL +im) 7)} : (E27)

D=
+
S

N\—/N
v
RS

Pk
+
—
= L~~~
I o=
B>
Kl i‘/ B
~—

)
v
-

p—
+
—~
b [T
T
Sl |y

Nv.\_,

S———

Again, F (1) does not depend on N, which is a useful parameter to increase the rate of convergence. The pole of flﬁ at
A3 — A, = i§ yields the form factor £, 7%,

s 3
ﬁf(Mz):ZlgCOS(Z) tan@)[ 2Sm<§)exp{_f &”
0

Nz 27 sin (x)

(¢ + 2005 (5) @) ez F (b=t 4 §)F (12— - )
€1 + %2 +2 005 (5) e e Fi(r+8)

(E28)

The above form factors hold for any value of the coupling constant z. We also need £, _, /%, . which are significantly
more complicated for numerical evaluation. Luckily, their expressions simplify for integer p = 1/z,

® C8E 1 Gttt [Tiey ¢ (M = 2) X H (h1, 22,23, 14)
fimam Ot o) = = GO Gk (@ = 1) (ha — 20y sinh (= D) Gz — 70)
1 1
X + )
cosh ( (Ay — A1)> sinh ( (Ag — A3)> sinh < (Ay — Al)) cosh ( (Ag — A3))

(E29)
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8m2d’E (—1)P et1+22)/2623
2z Re(s)So ©) sinh (p — 1) (A2 — A1)
vV o=igm
io(m) (m)
§(X1—)~2)]_[;=1§<)»j—)»3—97>§()» — A+ = )
sinh ((p -1 ()»3 A+ 19(m)>>
C(_ie(m))H<)»1,)»2J»3 ,9(m> A3+ 1(9('"))

X sinh ((p -1 ()»z A5+ le(m)) ’ (E30)

ffim (A, A2,A3) =

X

where

1 4 p—2 . .
H (1, hay gy ) = / ]‘[]‘[[mm( <a—xk—pm]1 +%)>] (E31)
2 -

k=1j=1
The form factors become particularly simple at the free-fermion point z = 1/2,
SR O, hg) = 2mieh 2602, (E32)

and all other form factors are zero.

The contributions of the form factors decay rapidly with the number of excitations. This is demonstrated in Fig. 4, which
shows the contributions of /,%, 1,7, i, and f +R1 to the reflection coefficient in the free theory, 70 , defined in Eq. (43), as
a function of 1/z. Figure 4 shows that the full sum, Zq rq = 1, is well approximated by the above terms, particularly in
the attractive regime, z < 1/2, where the dominant contributions are those of the breathers. Also note the singularities of
rﬂf atz=1/3,1/5,..., where additional poles offff (A1, X2) enter the “physical strip” 0 < Im {}, — A} < 7 and odd
breathers join the spectrum (/% (A1, A,) does not have a pole at A, — A; = i0®™, s0 f,% = 0).

APPENDIX F: DETAILS OF THE CALCULATION OF THE INELASTIC SPECTRUM
1. DERIVATION OF EQ. (70)

Consider Eq. (69). Our goal is to write the product of matrix elements, using the crossing relations in Eq. (E11), in a
way that will mark the excitations according to the operators they are connected to. First, we have

A - T €, - Ao - -
ORI, LR, = Y S ()% ORI )
: a1 Urp=A1 <2
A2aUrgp =22
€11 , > . P nd [ €) - -
x @ +i01L1ha) ., Sey (Mbl)»zb)- (FI)

Here, oy is the group of rapidities that is not passed on to the other operators and that connects the first operator (p[* =

- €
p™ (xin, —¢') in 11I) to the second operator (bf). Note that S ()\. 1o 11) "1 does not appear in the above expression, since
6)‘1

- > ¢ . € <~ A |
we simultaneously order (A1l and [A1), ! [recall Eq. (C11)]. We now multiply the above by Az[()tzlﬁl )\3)6)\3 , and use
A

S (Xéaﬁt[) (which is the scattering matrix for left movers) and 8q ()\.1]3|)\.2b> to write
€2

[

U e)‘l )tz <~ A
(OIRIM)EQ (MI/JIM) ((MI/JIM)EA3
S5 - T €11, oA ! €y «— <« U
= D OREwany o @+, (R AnlLIAs), - (F2)
a1 Urip=21
A2aUA1p=A2
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<« <« A |
A2a> A1l LI A3) . using Eq. (E11) and the partition 95 = Aza, U = Aqp:

G)Q
[( €

Finally, we evaluate

’
Gy « o« e | <l ol I\ Gy <ot <l - €22 Mb
[()LZas)nlb|£|)u3>q3: E S A3a7a22>k3b|)»3 S )uzas)»lbh/salzaﬂ;am
’ /
@i By €13 2021
€12€8 [

x 821 (@arlhn) 0, (F1am)  @n +i8, p — sl Lla) (F3)

€2 °

Plugging everything back into Eq. (69) and using the delta functions and scattering matrices to reorder the other matrix
elements, we arrive at Eq. (70).

2. Explicit expressions for the diagrams in Eqs. (72)~(75)
The diagrams in Egs. (72)+75) correspond to the following terms:

!
00 iefi(vl1+U12+V21+V22)xine—i(l)21+I)22+UV —ir])t” cos ((,()l//) l‘[ij_l ﬁ:l] (&U) CﬁCy
I= f dr’ / : — :
0 wy py (=11 — Viz = va1 — vop + 2in) (@ + va1 + Vi1 + vp + i) (@ — viz — vay + vg — in)

st’e/e <a11+18,a12+18,)/+171>
1151257

R <« - R < . <« . - . R - - -
X feprepens <a21:ﬂ:all)f;‘ﬂezzglz (ﬂ — i, — 18,012 + 15)f€ (V,00,0021) , (F4)

=/ =
Y€22621

, *
iei(vn+v12+v21+V22)xinei(v21+v22+vy+ir1)t” cos (a)tjl) <1—[2 REij (&l])> CﬁCy

ij=1 "

oo
II = / dt”/ y y -
0 agpy (V11 V12 + V21 + 122+ 2in) (@ — vi2 — Vo2 + vg 4 in) (@ + Va1 + Vi1 + v — in)

7

R - . . - -
Xfweizeil (y —im + 18,12, a11)

R <~ < . R > . <~ PR . R <~ <~ NG
XfE116ﬂ621 @i, B, o féﬁglzezz </3 —im, ey 8 e la)fgélgﬁzgy <a21, %22 )/) ’ )

/ * /
Lo _ _ . s s 7 2 /\61- - 2 A€2» N
1l V11V 12 =021 =V22)in o =i(v21 +v2atvy —in) " o g (a)t”) <Hj_1 Relj. (051_1‘)> Hj:1 REZ;' ((xzj) CsC,

o0
I = —f dt”/ - - .
0 wj by (V114 Vi — vap — v 4 2in) (@ + v21 — vip + g+ in) (@ + vi2 — v + v — i)
R <~ <« N
xff/neizéy <0l11, %12, y)

= (521,35&11 +ir — i5) s (,3 — i 418, @, @1y + i — i5>f€R (V> 02,01), (F6)

. _ — =/ =/
€1€g€11 €B€2E12 Y €22€21

’ ’ *
iy 1 — o v tin) , 2 B /- 2 B (-
(el (21422 = V11 =V12)%in i (Va1 Fvaa vy +in) (o (a)t’)]_[j:l R, (@1) (Hj:l Re; (az) | C4C,

o0
IV = —/ dt”/ , . .
0 wi by (V214 V22 — Vi — V12 4 2in) (@ + via — vaa + Vg +1in) (@ + v — w1+ v — in)

R o> o -
X a1, o
ffvfizéil (y,an,a11)
€l11€g€21 €p€12€n 21€22€y

R <<0711 +18, B + im, ay; +i7T> J <,§—i5,312+i5,&22+i77)fg7z—/ z (321,(&22,3/)- (F7)

These terms follow from the crossing relations, as shown explicitly for III in Sec. F 1. It is crucial to keep track of the
infinitesimals 1§, which determine the position of the annihilation poles of the form factors with respect to the integration
contour.
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3. The noncausal response function G' . W RRLL

The noncausal response function Gw RRLL gives the response of a right-mode occupation ny RR to an injected photon
moving away from the boundary. It is a crucial sanity check to verify that it vanishes. The analogues of Egs. (76) and (77)
are, in this case,

I= / d#’ cos (a)t”)/ CsC, HS i1 +vp — 1)/ nd/c,-
0 aij By i=1 0 =1

el ~eh N o A > *
101 (14652 )xin p—i(e¥2 -+, —in) ' (RG}} (o1 + k1) Rej; (@12 + &1) RZ (21 + K2) RZ; (0tr + K2)>
X

—ekl — e¥2 + 2in (a)’ + €2V + ey +vg — 17]) (a)’ — el — e2vp +vg + 177)

R . > U . R <« DN
ffyelzfn —im, oy + ke — 08, a0 K1 —18) f e, (a“ + k1, B,z —|—/c2)
R -~ R <« <« <
><f€125226}8 (alz + Ky — 18,00 + Ky +168, B —i—ur)fE ey (azl + K2, 02p + K2, )/) , (F8)

o 2 o 2
Il =— / dr” cos (wt") / CsCy [[6 v +va—1D / [Tde
0 ajj By i=1 T =1

it (€1 =62 )xin p—=i(&2+vy —in)/’ e” (0611 + K1) Reu (o2 + K1) ( R (a1 + k2) R 2 (0622 + Kz))
x

el — 2 4 2ip (a)/ + €2V — ey +vg — in) (a) + ey — e"2vz2 +vg + 117)
ngr_i o (V,a1 + k1,00 -|-K1)f611€,3621 (0111 + k1 — i +18, B, a2 +K2)
Xfesgzzfﬁ (alz + Ky — i +18, a2 + Kz,ﬁ +im — 16)f6 ey <oc21 + Ko, Ao + K2, y) . (F9)

Shifting k| — x; — i + 31§ in I allows us to close the contour. However, now the pole at k; = k, — 2in is not enclosed
by the contour; hence, there are no singular contributions to the integral. This holds for I, IV as well, which means that
GZ??RR - does not contribute to the spectrum, as expected. Note that the correlators comprising the response function
do not necessarily vanish on their own and we must consider their combined contribution to show that the response is

Z€10.

4. Identifying and evaluating the leading contributions

Equation (90) provides a general expression for the inelastic spectrum by means of a form-factor expansion. The pres-
ence of breathers in the attractive regime, z < 1/2, leads to many possible terms, the contributions of which are expected
to decay rapidly with the number of excitations. The diagrammatic representation serves as a convenient tool to identify
the leading terms. It is important to recognize that many of the form factors vanish due to the U (1) symmetry of the

[N a
bulk sine-Gordon model; namely, for a mixed matrix element of the form ’ AU1A 5)6 , the total topological charge must
vanish, 36 -1y €6, — 2 uyo,—t) €94 = O- Furthermore, £,/ =0 for all m > 1, and £,%, = 0 for even m; + m, allow-
ing us to exclude many of the terms in the expansion. The delta functions in Eq. (90) are also useful in the exclusion of
several terms—e.g., a term with €;; = €, = {} and €;, = {m} is forbidden, since the delta function 6 (a) — V] — Vg — vy)
implies v;; = w; hence the argument of the delta function & (a)’ + v — vy + v,g) =34 (a)/ +w— vy + vﬂ) can never be
equal to 0.

While one looks for terms with as few excitations as possible, one must be careful when mixed matrix elements of

€9
the form (19 + i8] Al 0) are involved, due to the presence of the annihilation poles; if 9%; gets close to 8; for some 7,7,
the effectlve order of the form factor is reduced by 2 [see Eq. (E4)]. This means that, in the evaluation of mixed matrix
elements using Eq. (E11), it is not sufficient to consider only the terms that eliminate the maximal number of excitations
on both sides of the matrix element [i.e., terms in Eq. (E11) with the largest number of delta functions], since the other
terms in the sum are just as important. To be concrete, consider the following example:
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T1IRIO, 01)], =278 (1 — O ;7

=278 (O — 01 S{T (6,

) +1%,
- f*

(291 +i7l'_,91,92)

) + 5 (h +int,601,6,), (F10)

where 7¥ =7 +6,and S }i is the S matrix for a breather and a soliton, given in Eq. (C8). The contribution of both terms
in each of the rows to some correlation function is of the same order, since

Resf
1=71

fR (0 +in™,01,6,) =

11 (01 +im, 01, 02)

91—191:Fi8
1
P
X< 01—t

and the residue of f * 1 1s proportional to /T [see Eq. (E4)].
The delta function 8 (6; — 1) in Eq. (F9) can be elimi-
nated by taking the average of the two equivalent forms in
Eq. (F8):

T(011R162,01)] 4
=78 (h —6) (1
Resf

+ 8170 —0)) ;% (60)

Y1 (D1 +1im,01,60,)
+ P2

+ subleading term.
(F12)

01 — th

Now we can expect the principal-value term to be sublead-
ing with respect to the first term.

The same averaging should be applied for the diagrams
drawn in Sec. V D. To illustrate this, consider the leading
contribution to the z = 1/3 spectrum, depicted in Eq. (94).
From the above, we understand that we need to consider
its “prior” diagram, from which it originates,

51782752 IE IE IE l

+Z

51,582,585

5
R OROBOS0
8,8’ s, +i0 S
2@

51,582,589

+i7é (6, — 191)) + subleading term,

+ subleading term = Res FR 0 +im,01,6,)
1=V1

(F11)

(

The equivalence of the two forms is again a result of
the consistency of Eq. (E11) for any choice of ¥4, U5.
Now, there is a delta-function term in the second dia-
gram of each of the two forms, “hidden” within the
form factor associated with bj, the contribution of which
cannot be neglected. The solution is the same as in
Eq. (F10)—average the two forms to get rid of the delta-
function terms. The two forms are related by flipping the
order of excitations in each bra and ket states, which corre-
sponds to taking the complex conjugate of the form factors
(but not of the reflection matrices). Hence, we may get
rid of the delta function by taking the real part of [ [F in
Eq. (82):

s, —1id
@ —( )L s
5/

M| =

= _Re{fl all) fssl (a217ﬂ7a11 + 1’/T)

,022) [l (022, 001) },

x fR (B —in~
(F14)
leading to Eq. (95), and

/
$1, +id 52 So

:Re{fln 0411) 51511 (51752»0411 + im )
X fsl 515989 (BQ ) (0422)2 ) (a22)1)
X fare ((@22)1, (@22),) },

—in ™, By —im

(F15)
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the contribution of which to the spectrum is

1
o 2y @n) I, e
x (e—‘z%R; () R; (3) — 2 RT O) RY @3)) - 1}

(2)

v (0|w) = dQ

- [(®Ga —10g )’

o'w

x Re {/i% (1 —log 1) £y (has A, by + i~ —log 1) .5 (As,ha, Ay + i 7, A3 +im ) /5 (03, 42) ),
(F16)

withe*!l = w, e = Q, e =w — Q, ™ = Q), "5 = v — o — Q. While the integration contour passes close to (but
not through) the poles of /%, _, taking the real part of the product of form factors means that this term may be evaluated
numerically as a principal-value integral. Numerical inspection shows that this term is negligible compared to yz(l) in
Eq. (95).

It is not always possible to get rid of all of the hidden delta-function terms. For example, consider the “prior” diagrams
of Eq. (92):

(

leading to Eq. (93). The second and third diagrams in
Eq. (F17) are mirror images of each other and their com-

sh o s1 82 53 53 . o

bined contribution is
> (o > (6 ><
{s}{s'} §l1 S1 So S3 5%

4 w—ao' ) 1
2) /
Y (0w) = ——— dQl/ d2)————
1 ( ) ww' 0 0 (2]7',)5 l_[i521 ehi

x Re {(e—%R; (A1) Ry (M)

— eERT (\)RT (12))

x (e ER; () RS Gue)

— eERE (9 RY () — 1]

x Re {f.% O, A [ (A5, Ao + i)

x [ (ads, M +in T s+ in ™)
’ x X (A3, 09)}, (F19)

{s}{s"}

(F17)  where e* = Q, e =w — Q, "3 = Qy, M = w — s,
and €*5 = w — ' — Q. Again, taking the real part elimi-

the equivalent forms of which can be drawn as before. We | - the delta-function terms from £, and the integral

then find that
Boundary sine-Gordon Kondo
—/-\

W'y(w |w)dw'
wy(w)

1 3 . 5 =(50.5) 1051 ]
+— I~ 3 x
2 s/ s =
S O s (N ——— é

00l 01 1 10 100 00l 01 1 10 100
R -
= —Re{fs s (11, 012) fog (a21, 011 +im7) w/Tx w/Ts

x fs§ (al2 —im 0422) sts (22, 1) }

FIG. 5. The weight of the contributions to the z = 1/3 spec-
(F18) trum, evaluated using the sum rule.
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can be evaluated as a principal-value integral; this term
turns out to be negligible compared to yl(l) in Eq. (93).
However, the delta-function terms cannot be eliminated
from the fourth term in Eq. (F17) by taking its real part,
since there are annihilation poles in both form factors

G) [ N 1 W= dQ
yl ((,() |(,l)) ~ 2 / 4 4 A
w'w Jo Qm)* [, et

related to bﬁ and by;. While this term involves six exci-
tations and thus requires the calculation of a triple integral,
it can be well approximated by considering only the delta
functions, which reduce the number of excitations by two
and therefore reduce the triple integral to a single integral:

Re (e ERT (1) Ry () — e ERE (1) RE (1))

% (e ERT Ga) Ry () = e ERY ) R (1) — 1]

x Re {f+7i ()»1,)»3 + iﬂ_)f:i ()»4,)»2 + in_)

X [ A, D) R (3, 04) (So (g — A1) — So (A2 — A1) (So (A1 — Ag) — So (A3 — Aa))},

withe'l =Q, 2 =w—-Q, M =0/ +Q, and M =w
— ' — . The above expression for y,”’ («'|w) holds only
for integer p = 1/z.

5. Terms used to evaluate the spectrum

We list here all of the diagrams used in Eq. (90) to eval-
uate the spectrum. As detailed above, we take the real
part of each of the diagrams and discard all diagrams
that correspond to principal-value integrals, since those
are subleading. The contributions indeed decay rapidly, as
illustrated in Fig. 5 for the z = 1/3 spectrum.

an

{sh{s'}==%

{sh{s/}==
(F22)

The two diagrams correspond to Egs. (93) and (F20),
respectively. The first diagram is the only nonvanishing
term for z = 1/2 and is the only diagram used to evaluate
the spectrum for z > 1/2 and z = 0.47 in Fig. 3.

(F20)
b. y2
1 2 5
> @<
s,8' ==+ g
(F23)

This diagram corresponds to Eq. (95).

C. Vs

1 51
- 1

= @OHE ()

51,57,52==% ”‘ So

(F25)
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1,1,1
R G=QO0)

€. Vs

{s}{s'}==%

(F29)

APPENDIX G: REFERMIONIZATION AT z = %

The bosonic Hamiltonians in Egs. (4) and (8) may be
mapped into Hamiltonians of free fermions at the special
point z = 1/2 (known as the Toulouse point in the con-
text of the Kondo model [107]). Solving both by means of
refermionization is an important consistency check for the
results of Secs. IV and V. We introduce a fermionic field

/B

& it
2may

v x) = (GD)

where ay is a short-distance cutoff scale and £ is a
fermionic creation operator that anticommutes with ,
necessary to ensure proper anticommutation relations of 1.
It is convenient to unfold the lead of length £ to a lead of
length 2¢, with the impurity placed at x = 0. This allows us
to expand ¥ to its eigenmodes, ¥ (x) = 1/4/2¢ 3", e,
as written in Eq. (50).

The Hamiltonians in Eqgs. (4) and (8) become quadratic
under this mapping. The Kondo Hamiltonian is simpler;
identifying the pseudospin operator in Eq. (8) with f,
S_ =/, we find that

Hi=Y kpfyu—a ) (Fo+vif), (@
k k

where o = J/2+/map /L. The bsG Hamiltonian is slightly
more complicated, as straightforward refermionization of
the cosine term in Eq. (4) would lead to terms that are
linearin ¢ (x = 0) and /' (x = 0). To overcome this prob-
lem, one may introduce a spin operator in front of the
cosine term, Ej cos (¢ (x = 0)) — SiE; cos (¢ (x = 0)),

with S, = f T 4+ f, so that the new Hamiltonian commutes
with S, and is therefore equivalent to the original Hamil-
tonian for either S; = 1 or Sy = —1 (in the latter case, up
to a shift of ¢») [80]. We then find that

His = Y kv —a (1T =) Y (v +v), (G3)
k

k

where now o = E;/2./may/C (we relate to the prefactors
in both models as « for brevity). The mapping in Eq. (G1)
allows us to calculate exact bosonic correlation functions
using the fermionic propagators. Working in the Keldysh
formalism, we define the matrices D? (k, k; a)), which are
the temporal Fourier transform of

a by a b
Dab k, k/; = —i(7Tx I/Ik O] wk’ (O) wk (®) 1/fk/ 0) ’
(k4 1< : (W O ¥o ) v @) b (0)
(G4)

where a,b=c,q denote the classical and quantum compo-
nents of the fields and 7 stands for time ordering along
the Keldysh contour. The retarded, advanced, and Keldysh
propagators correspond to ab=cq,qc,cc, respectively, and
D% = 0. The quadratic fermionic Hamiltonians admit the
following exact propagators:

1
Py 0
D (k Hi) = bur ( )

1
0 w+k=+in
T (@) T (@)
(w—k=+in) (w—k/j:in) (w—k=+in) (w+k’j:ir7) (GS)
T @) T @)
(w+k=xin) (wfk’:l:ir]) (w+k=+in) (w+k’:|:in)
and
1 0
cq/qe . o w—k=xin
DK (k, K 5 a)) = (Skk’ ( 0 1 )
w+k=xin
% .
(0—kxin) (oK =i
4| @ (e 1) ch/qc(w) , (G6)
0 K

(w+k=xin) (erk’iin)

where Tﬁggc (w) = 20% /w £ 2iA and TIC(q/qC (w) =a?/w+
iA /2, the plus (minus) signs correspond to cq (qc), and
A = 2ma?/A. The fluctuation-dissipation theorem states
that

D¢ (k, K; a)) = tanh <%> (ch (k, K; a)) — D% (k, K; a))),
(G7)

where T is the temperature.
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1. The total inelastic decay rate

As before, we extract the reflection coefficient from the conductance. Working in the chiral version, there is only a
right-moving current and the conductance has to be calculated between x' < 0 and x > 0. In the Keldysh formalism, the
retarded correlator is given by

g (x > 0,x < O;I) = —ﬁ(’]}{]@c (x,H) RA (x/,0)>. (G8)

Note the difference of a minus sign compared to Eq. (14), due to the unfolding of the half-infinite line. The current
operator may be written in terms of the fermionic modes ;. by inverting Eq. (60) and using the refermionization relation

by = VTG X4 W Virg’

T oo —k1 )
R@) =7y &%yl (G9)

ky.ky

Using Wick’s theorem, we find

G (x>0, <0;0) Z elka—kx gitka—ks)! Z/ —— [DS3 (k1 ka; ) DS (ko b33 0 — 2)

a=c,q

16w£2

.....

—D5 (klak3; Q) DS (ky, ka0 — Q)] (G10)

where ¢ = q and vice versa. The sums over k£ may be replaced by integrals, ), — ¢/7 f dk, and evaluated by closing
the contours in the lower (ki, k4) or upper (k», k3) half planes, according to the signs of the corresponding exponentials.
Using Egs. (G5)HG7), we readily find that

G (5 > 04" < 0,0) lw(xx) 2\ e (2=2\1(1 2iA 2iA
> < U, = — an — —
bsG (X = B E =@ 8w 2T T Q+2A w—Q+2iA)’
1w('c x) w—Q
0,x <0;w) = tanh
Ok (x> 0,x" < 0; ) ” [ < >+ an ( 37 >i|

|- 1A
X( Q+1A/2)< a)—Q+1A/2>

This result generalizes the conductance (and hence the inelastic and elastic scattering rates) at z = 1/2 for finite
temperature. At 7 = 0, the tanh factors become step functions, leading to

1 4iA iw
TosG | @52 = 3 =1——w log 1—ﬂ ,
1 2iA iw
klwz==)1=1-— —log|1——=).
2 o+ 1A A/J2

This result recovers Eq. (51), as we identify A = T/2 and A = 2T for the bsG and Kondo models, respectively. The
inelastic rate is again given by y (w) =1 — ¥ (w)|?, and its origin can be understood as before, this time using the
language of bosonization: at z = 1/2, a photon is comprised of a fermionic particle-hole pair, both members of which
scatter elastically off the boundary, but pick up different phases while doing so, leading to the splitting of the incoming
photon.

(G11)

(G12)
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2. The energy-resolved inelastic decay spectrum

Consider the three-point fully retarded correlator,

GU(t—t,t—1') = (TKn,(r)p (Xin: ) (xin,t”)>, (G13)

where xj;, < 0. Note that in the chiral representation of the fermionic field, the density is defined to be right-moving:
1 A _
ky—k1 )xin
Pl i) = D Y ety ly (G14)
a=c,q ky,kp
The bosonic occupation number 7,/ is written in terms of the fermionic operators as
c _ pafza cfre _ pdfza arf af
ne, = bIbY + b b, = bIbL, + Z D v e, (G15)
k1 Ky ap,ap=c,q

Note that, plugging the above into Eq. (G13), the bgib:} term leads to an all-quantum Keldysh correlator, which vanishes
identically. We thus have

G (1 =1t - YooY dhthrhTkm (Tm/f;jlq, O v OV OvE, O

k1,....kg 31,22,a3,a4=C,q
< (v (v () vk (). (G16)

Again, we use Wick’s theorem to calculate the correlator. The sums over the k; values belonging to the p legs are easy to
compute, since they appear once in the correlator. We define the matrices

—1k Xin
Dab (k, Cl)) Z Dab k k/ < eil?xm) S (G17)

%3

which evaluate as
TE?G (@) T;SG (w)

k:w) = DS (k: ) — e | @2 k+1in w—k+1in ’ G138
bSG( ) 0 ( ) TESG (C()) IgSG (C()) ( )

w+k+in w+k+in

T () 0
DCKq (k, w) — ng (k, (1)) _ e—i(uxin w—k+ 177 7")‘1( ) , (G]Q)
0 k@)
w+k+in
e_ikxin
A 0
DGR A (G20)
0 -
w+k+1in

where 7% (w) = (271/A)T* (w), and D (k; w) = DY (k;w) = 0. The contractions in Eq. (G16) can be expressed in
terms of D? (k; w). Introducing the definitions
(r1,72,73,74) = (a3, a3, 84,84) ,
(t1, b2, 13,14) = (£,0,1",1"),
(dv,dr,d5,dy) = (1,2,1,2),
(i, v2,v3,04) = (R, 0 — Q1,Q22, —0 — ),

(G21)
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we find that

4

NI N B |

ki,kp a3,a4=c,q P i=1

t oh (VPZ)](S"PiC
2T

(ki +¢'5vp1) DT?JPZ (k1; vp2) DSZB (ka; vp3) Diqdm (k2 + ¢'5 vpa)

Gl (@ +in,—w+in) =

q
[D2dP1
- ‘SdP128d9218d9325dp41D(c)?22 (kl +4 VP‘)

X D(C)?“ (k15 vp2) Df,?zz (k25 vp3) DS?“ (k2 + 4’5 vea) ], (G22)
where we sum over all permutations P of {1,2, 3,4} (Pi denotes the permutation value for the index i) and ¢p = 1 (—1)
for an even (odd) permutation. Here, we only consider connected terms, where each p leg is connected to both b:;/ and by
legs—namely, [P1 — P2| > 1 or |P3 — P4| > 1 [one may show that the disconnected terms are proportional to § (w — &)
and therefore correspond to elastic scattering, similarly to Eq. (91)]. Note the subtraction of the background term in
Eq. (G22), similarly to the subtraction of the Kronecker deltas in Eq. (83). Evaluating the sums over £, taking care to
close the integration contours in the half planes allowed by the x;, exponentials, and keeping only contributions that are
singular in 1, we find that

G (w+in, —o+in) =

Z Z{P/ dQl/ d$2,8 Ql+§22+w)1_[[tanh(;];>]6"”'c

a3a4 cq P

X [Ecq (vp1, Vp2; dpi, dp2) E°Y (vp3, vpas dp3, dpa) — Sap,28apy 1 8dps28apy1 | » (G23)
where
Epeg 01, v23d1,da) = (842 — Togs 1)) (81 — T (02)) G2
Ed (vi,v23dy1,dy) = 842841 (1 — Td () (1 — T (1) .

We can now plug chq into Eq. (54), thus obtaining the spectrum at z = 1/2 at finite temperatures. At 7 = 0, the tanh

functions become step functions; direct inspection of the sums over the permutations shows that

-2

Yos (@|0) = — dQ[(1 = Ty () = Tiig (@ — )
ww Jo
X (1 _igge/ (Q"“‘)/_“’)_iggG (_Q_w/))_ 1]> (G25)
-2 —w 5 5
w@lo) = — [ ae(1 -7 @) (1 - 7 - 9)
ww 0

x(1-T(Q+0 —0) (1 - (-2-)) - 1],
which are both identical to the form-factor results and are simple enough to lead to closed analytical expressions. Indeed,
one may consider Eq. (93) and use the form factor in Eq. (E32) and the reflection matrices in Egs. (D3) or (D6) to recover

the above expressions.
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