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Two-dimensional terahertz spectroscopy (2DTS), a terahertz analogue of nuclear magnetic reso-
nance, is a new technique poised to address many open questions in complex condensed matter sys-
tems. The conventional theoretical framework used ubiquitously for interpreting multidimensional
spectra of discrete quantum level systems is, however, insufficient for the continua of collective ex-
citations in strongly correlated materials. Here, we develop a theory for 2DTS of a model collective
excitation, the Josephson plasma resonance in layered superconductors. Starting from a mean-field
approach at temperatures well below the superconducting phase transition, we obtain expressions
for the multidimensional nonlinear responses that are amenable to intuition derived from the con-
ventional single-mode scenario. We then consider temperatures near the superconducting critical
temperature 7., where dynamics beyond mean-field become important and conventional intuition
fails. As fluctuations proliferate near T., the dominant contribution to nonlinear response comes
from an optical parametric drive of counter-propagating Josephson plasmons, which gives rise to 2D
spectra that are qualitatively different from the mean-field predictions. As such, and in contrast to
one-dimensional spectroscopy techniques, such as third harmonic generation, 2DTS can be used to
directly probe thermally excited finite-momentum plasmons and their interactions. Our theory pro-
vides a clear interpretation of recent 2DTS measurements on cuprates, and we discuss implications
beyond the present context of Josephson plasmons.

I. INTRODUCTION

Since its inception over half a century ago, nuclear
magnetic resonance (NMR) [1, 2] has not only become
a standard tool in the fundamental sciences for resolv-
ing structure and interactions in both molecular [3] and
solid-state systems [4], but has also become indispensable
to modern technologies as diverse as magnetic resonance
imaging [5] and plant analysis [6]. In recent years, opti-
cal analogues of nuclear magnetic resonance that inter-
rogate the electronic constituents of matter, termed mul-
tidimensional coherent spectroscopies [7, 8], have come
to the fore. With unique capabilities to, for example,
identify coupling between different resonances, disentan-
gle homogeneous and inhomogeneous broadening mecha-
nisms, and resolve energy transfer pathways, these tech-
niques have revolutionized our understanding of complex
atomic [9], chemical [10], and biological [11] systems, with
growing applications for condensed matter systems [12].
However, the potential of these techniques extends far
beyond these cases for which they were originally envi-
sioned.

Indeed, the characteristics of systems in which these
multidimensional spectroscopies excel, disordered sys-
tems with numerous interacting degrees of freedom, are
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shared by strongly correlated ‘quantum materials’ [13].
Loosely defined, quantum materials comprise systems for
which even a qualitative understanding of their prop-
erties requires a quantum mechanical treatment. Dis-
cerning their complex nature and harvesting their unique
properties holds tremendous promise for future technolo-
gies [14]. Many open questions remain in regards to
these materials, both to the physical phenomena underly-
ing their properties and to practical applications, includ-
ing rational design and device implementation. Some of
these questions, while impervious to conventional probes,
could be addressed by multidimensional techniques. Yet
the typical low energy scales of collective excitations in
such systems have hampered previous efforts. These en-
ergy scales are often in the terahertz optical domain [15],
and the traditional challenge of generating strong, co-
herent radiation at these frequencies is well-known as
the ‘terahertz gap’ [16]. Fortunately, this terahertz gap
is now closing and recent developments in intense low-
frequency light sources [15, 17] have enabled so-called
two-dimensional terahertz spectroscopies (2DTS) [18, 19]
that probe quantum materials on their fundamental en-
ergy scales.

In recent years, an increasing number of groups have
applied 2DTS to a wide range of condensed matter sys-
tems, ranging from superconductors [20-22] to ferroics
[23-25], and even topological materials [26]. However,
the interpretation of their 2DTS spectra often relies on
intuition derived from localized, discrete, single-particle



excitations in atoms, molecules, and other quantum-
confined systems [27]. This is fundamentally different
from delocalized, collective excitations, characterized by
a continuous dispersion. Upon recognizing this point,
many questions arise concerning their optical nonlinear-
ities. How do we transition from the nonlinear optical
response of discrete quantum states to an energy band
continuum? What are the signatures of parametric cre-
ation and annihilation processes [28, 29|, and the corre-
lations that result? What is the effect of an interface
that spectrally shapes the optical response? These and
other salient questions have yet to be addressed in a uni-
fied manner, which calls for a reformulation of the ubig-
uitious theoretical framework used to interpret conven-
tional multidimensional spectra [7, 10, 30]. Here, we ad-
dress these questions theoretically using the well-known
Josephson plasma resonance in layered superconductors
[31] as a model collective excitation that exhibits strong
sine-Gordon nonlinearities. This choice is motivated by
recent experimental reports applying 2DTS to the lay-
ered cuprate superconductor Lag_,Sr,CuOy [22, 32], as
well as the fundamental and technological importance
of high-T, cuprates. While Josephson plasmons rep-
resent a specific system, their electrodynamics is quite
generic [33], allowing us to infer a broader insight into 2D
spectroscopy of collective excitations (expanded upon in
Appendix A).

This paper presents three main results. The first is a
derivation of the third order optical response of Joseph-
son plasmons within mean-field theory (see Sec. II and
Eq. (30)), applicable at low temperatures 7' < T, deep in
the superconducting phase. This response exhibits both
analogies and important differences to the optical proper-
ties of quantum level systems — one such difference is the
presence of air-superconductor interface which we care-
fully take into account via the Fresnel formalism. We find
that the Josephson plasmon optical nonlinearity Eq. (30)
descends from the linear optical response, a feature that
we argue is generic to mean-field approaches (see also
Appendix A).

Our second result is detailed in Sec. III, where we in-
troduce the technique of 2DTS and present expressions
for the measured multidimensional nonlinear responses
(Egs. (33) and (34)). We discuss additional important
considerations that, while not relevant for quantum level
systems, need to be taken into account when analysing
and designing 2DTS measurements of complex solids.
Simulations of 2D THz spectra are then presented and
resultant two-dimensional lineshapes are carefully ana-
lyzed. These lineshapes are found to remarkably preserve
information about line-broadening mechanisms naively
expected from a single-mode picture. We remark that
revealing these mechanisms is among the most useful and
unique capabilities of 2DTS.

Finally in Sec. IV, we go beyond mean-field theory
and consider the scenario of optical nonlinearities near
a phase transition T < T.. In this regime fluctuations
proliferate and therefore can no longer be neglected —

their correction within the Gaussian approximation to
the nonlinear susceptibility is encoded in Eq. (66). The
key nonlinear process that one needs to take into account
as T increases is an optical parametric drive of counter-
propagating Josephson plasmons [29, 34] — this process
results in characteristic 2D maps qualitatively different
from the mean-field ones, thereby allowing us to isolate
the non-mean-field nonlinearities. The resulting 2DTS
signatures, absent in the linear optical response, defy in-
tuition derived from conventional spectroscopy of disper-
sionless quantum level systems. We argue that 2DTS, in
contrast to one-dimensional nonlinear spectroscopy tech-
niques such as third harmonic generation, allows us to
probe finite-momentum thermal fluctuations and their
interactions. Our theory is validated by, and provides a
natural interpretation of recent 2DTS measurements re-
ported in Ref. [32]. Implications beyond the context of
Josephson plasmonics are then discussed.

II. NONLINEAR MEAN-FIELD RESPONSE OF
LAYERED SUPERCONDUCTORS

One of the key aspects of layered cuprate supercon-
ductors is the strong anisotropy which renders the c-axis
Josephson plasma modes to be primary low-energy col-
lective excitations in the system [35], with frequencies
typically in the terahertz range. Motivated by recent ex-
perimental developments in the field of 2DTS [22, 32],
which allows one to study nonlinearities of the Joseph-
son plasmons in cuprates, here we develop the theory
of nonlinear electrodynamics of layered superconductors,
which extends the framework of Ref. [36] to account for
the air-superconductor interface (see Fig. 1).

Specifically, analysis in this section is based on mean-
field theory, valid for T" <« T.. The central result here
is Eq. (30), which relates the third-order susceptibility
x®) (w1, ws,ws) to the linear optical response of the sys-
tem. While the relation (30) was derived for a specific
model, it is argued to be generic to nonlinear many-body
systems that can be describable via mean-field equations
of motion (see Appendix A).

In the following sections we will analyse 2DTS in de-
tail, as it directly probes x(3). We will also go beyond the
mean-field analysis and consider the plasma squeezing
mode, expected to play a prominent role near the transi-
tion temperature. Throughout the paper, we discuss the
additional information 2DTS measurements bring com-
pared to, for instance, linear optical spectroscopy and
nonlinear third harmonic generation.

A. Equations of motion

To describe the nonlinear electromagnetic response of
layered superconductors we employ the two-fluid model
developed in Ref. [36]. The layered superconductivity is
described using the Lawrence-Doniach model [37], which



neglects the dynamics of the order parameter amplitude
A because it assumes that w < A, where w is the typi-
cal probe frequency. In other words, the superconducting
response is fully encoded in the dynamics of the order pa-
rameter phase ¢, (r,t), where n is the layer index and r
is the in-plane coordinate. The normal fluid is described
via phenomenological Ohm’s law. As such, within this
two-fluid model, the z-axis current density between lay-
ers n and n + 1 is given by:

Jz;n,n-{-l = JO sin Pn,n+1 + UOEz;n,n+1a (1)

where Jy is the Josephson critical current and
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is the gauge-invariant phase difference between layers n
and n+1. Here s is the distance between adjacent layers,
oo is the z-axis normal conductivity (for an additional
discussion about g, see Ref. [36]), and &g = 27wc/(2e)
(throughout the paper, we set h = kg = 1). We also
defined:

(n+1)s
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etc. The two constituent fluids are coupled to each other
via Maxwell’s equations, which ensure that the Coulomb
screening effects are taken into account. When work-
ing with the electromagnetic field, we employ the gauge
for which the scalar potential is zero, i.e., E(r,z,t) =
—0tA(r,z,t)/c and B(r,z,t) = V x A(r,z,t), with ¢
being the speed of light and A being the vector poten-

tial. Inside the sample, we have:

oV - E(r, 2,t) = 4mp(r, 2, t), (4)

V x B(r, z,t) = %O&E(r,z,t) + %J(r,z,t), (5)
where p and J are the three-dimensional charge and cur-
rent densities, respectively, related to each other via the
continuity relation; €4 is the high-frequency c-axis di-
electric constant. For the in-plane current densities, we
write the London relation

Jn(r) = —Jox*s |V (r) + An(r)}, (6)

P
where s > 1 is the anisotropy parameter. We also write
the Josephson relation

at@n,n+1 = 263Ez;n,n+17 (7)

expected to hold at low temperatures when one can ne-
glect the presence of pancake vortices.

Combining all of the above equations and in the limit
(WAap/c)? < 1, where Ay is the London penetration
depth for the in-plane currents, one obtains [36, 38]

(wn = @n,n-i—l):
(0} +700) Y0 — V2 Lpmthm + Agsiney, =0, (8)

with v = 4700 /ec0, Ao = /A3, and
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Here N is the total number of layers (k = 2mn/N, with
n being integer), A; = s, and ¢g = ¢s/(Aaby/€xo) is the
Swihart velocity.

zk(n m)

2(1 —cosk) + s2 /N2,
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B. Boundary conditions

In optical experiments, both linear and nonlinear, one
sends light onto the superconducting sample and then
measures, for instance, the reflected light (see Fig. 1). In
practice, to evaluate the latter, one can separately solve
Maxwell’s equations in the air and the material, Eq. (8),
and then match the solutions using the Fresnel boundary
conditions. We assume i) normal incidence and ii) the
incident light is homogeneous along the yz-plane with
the electric field being parallel to the z-axis (see Fig. 1).
As such, the boundary conditions at = 0 are given by:

B (y,t) + E(y.t) = E(y. 1), (10)
By (y,t) + By(y,t) = By (y,1). (11)

Here, the superscripts r and t refer to the incoming, re-
flected, and transmitted light, respectively. For future
reference, we note that, due to the homogeneity of the in-
coming light pulses along the z-axis, the gauge-invariant
phase difference ¥,, = ¥ does not depend on the layer
index n.

Inside the sample, the Josephson relation (7) is under-
stood as E! = 0y1)/(2es). For the magnetic field, one
generically has [306]

4 \2 0}
P (Joer = Jn) = 5

However, the z-axis homogeneity of the incoming radia-
tion implies that J,4+1 = J, so that

B -2
2775

Z X B 1= v‘Pn n+1- (12)

Zx Vi (13)

For the normal incidence we consider here, the bound-
ary conditions (10) and (11) further simplify to:
150 — 0t = EX(z=0,t). (14)
This result follows from relations (7) and (13), and the
fact that in the air we have

By\(r.t) = —EX(r,t), By(r,t)=Ei(r,t). (15)

Equation (14) is particularly useful as it directly relates
the incoming light to how it affects the dynamics inside
the sample. The reflected light, which encodes the pri-
mary observable of interest below, is then given by:

1 d



C. Nonlinear third-order susceptibility

We now assume that the incident light is weak enough
so that we may carry out a perturbative analysis in E™,
but strong enough so that the resulting nonlinearities are
measurable. Hence, we write:

U(z,t) =W (@,t) + & (@, ) + ... (17)

We limit ourselves to the third-order response 1) (z,t),
as the second-order response is zero. From Eq. (8), we
obtain the following coupled set of equations:

L32 + Aoy =0, (18)
_ Aoy’
=2 (v"), a9

where L =" Ly = ¢?/e. As follows from Eq. (14),
the boundary conditions for /(") and ) now read

Aup (0, 1) — B ™M (0, 1) = 26™ (1), (20)
8 p®(0,t) — cd, v (0,t) = 0, (21)

where we have defined for notational convenience
En(t) = 2esE™(x = 0,t). The leading term ™) (z,t)
describes the linear response which then acts as a drive
for (3 (x,1).

Since 1) (z, t) satisfies the linear wave equation (18),
one can generically write:

(07 + 70 —
(0F + 70 — LO2 + Ag)p™®

where
Lk2(w) = w? + iyw — A. (23)

The root k,(w) in Eq. (23) is chosen such that it corre-
sponds to waves propagating away from the surface with
Im k,(w) > 0. The amplitudes ") (w) are found using
the boundary condition (20) at x = 0:

2iE(w) i .
mronie SHWEN @) (24)

() =
Here t(w) = 2/(1 + y/e(w)) is nothing but the trans-
mission coefficient with /e(w) = ck,(w)/w. Indeed, us-

ing the Josephson relation (7), one can recover the usual
Fresnel transmission relation given by:

E'(r =0,w) = E™(x =0,w). (25)

2
1+ /e(w)

Having determined the leading harmonic ¢ (x, 1), we
turn to compute ) (z,t). Since Eq. (19) is linear as
well, one can generically write 1) (z,t) as

dw = ] —iw r
V(a0 = [ BG0 @)ehe@riet ygat), (26)

where the first term encodes the generic solution of the
homogeneous part of Eq. (19) and w((ﬁ) (x,t) is given by:

WO 1) = [ LGm@hetrnion ()
27
(3) & diw 7]6 zk:z: iwt
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bt St Baced: 3, —w)2
5 9 O d(w1 + wo + wg — w)2m6 (ks

For ease of notations, we define @ = wy + ws + w3 and k, (w1, ws, w3) = k(w1

light at =z = 0, we then get:

o3 (0,t) + 0,3 (0, )
2

EP(t) =

Notably, we find that the third-order susceptibility

Aoeoo 1

12 cky(wr,wo,ws) /0 + 1/€(@)
" t(f}) t(wr) t(wa) t(ws) (30)
w w1 wWo w3

X(S) (wla wa, w3) =
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w1) + kg (w2) + kg (ws)

— — — 26 (w1 + wo + w3 —w)

/ dwl dUJQ dUJ3
27 2w 2w

ka(w2) + ko (w3) — k)M (w1) M (we) ™ (ws). (27)

)(w) are obtained from the boundary condition (21):

1 w+ ck
27r —w? —iyw + Lk? + Ao w + cky(w)

— k) (wi)p™ (w2)p ™ (ws).  (28)

) + kz(ws) + kz(ws). For the reflected

(

is expressed solely through the dielectric function e(w),
which is fully determined by the linear response func-
tion (24). Such factorization holds only within mean-
field approximation; nevertheless, the form in Eq. (30)



seems to be generic to any classical nonlinear reflectiv-
ity problem (see also Appendix A). We interpret various
terms entering in Eq. (30) as follows: i) the last three
factors of t(w;) take into account the three transmission
coefficients for the three incoming electric fields, ii) the
term in the first row of Eq. (30) encodes the dynamics
of the 3-wave-mixed phase, and iii) the factor of ¢()
accounts for the transmission of this 3-wave-mixed field
from the inside to the outside of the sample. Various fac-
tors of w come from the Josephson relations between the
phases and corresponding electric fields. Equipped with
Eq. (30), we move on to analyse 2D THz spectroscopy
experiments.

III. 2DTS OF COLLECTIVE MODES

This section is dedicated to developing an intuitive the-
oretical understanding of 2DTS in the context of col-
lective excitations, in particular Josephson plasmons in
layered superconductors. In Sec. IIT A, we describe the
typical 2DTS protocol, whereby a sequence of terahertz
pulses is sent onto the sample and a wave-mixing sig-
nal emitted either in the reflected or transmitted direc-
tions is measured (Figs. 1(a,b)). We discuss how such
a protocol enables one to probe salient features of the
third-order susceptibility. We also point out additional
2DTS considerations one must take into account when
studying many-body systems. Subsequently in Secs. IIT B
and III C, we clarify the applicability and shortcomings
of the mean-field description developed in the preceding
section when dealing with real condensed matter systems.
Comparisons to the single-mode theory are drawn, which
should guide the use of conventional intuition developed
from atomic and molecular systems to collective modes
in solids.

A. Basic considerations of 2DTS in the many-body
context

1. 2DTS protocol

We first discuss the 2DT'S protocol applied to a layered
superconductor (Fig. 1(a)). We assume the incident field
E™ is polarized along the out-of-plane z-direction and
propagates along the in-plane z-direction. Resultant re-
flected and transmitted fields E* and E*' are likewise po-
larized along the z-axis. The incident field consists of
two identical excitation pulses, denoted F4 and Epg, sep-
arated by a time delay 7 as illustrated in Fig. 1(b). More
precisely, the total incident electric field at the sample
surface at the measurement time ¢ + 7 can be written as
(zero of time is set to be the arrival of the first A-pulse):

EMz=0,t+7;7) = Ex(t +7) 4+ Ep(t). (31)

After interaction with both excitation pulses, the sys-
tem is left to evolve unperturbed along time ¢, dur-
ing which a nonlinear electric field F,; (either reflected
or transmitted) is measured (Fig. 1(b)). This nonlin-
ear electric field emission is also measured as a func-
tion of the inter-pulse delay 7, with sampling density
and range parameters chosen according to the frequencies
and linewidths of interest, and a two-dimensional array
of measured values Ey(t + 7;7) is obtained. A Fourier
transform with respect to both 7 and ¢ defined as

(oo} [e'e) . 4
Enl(wty WT) = / dt/ dr Em(t—f—T; 7') elwtt-!,-lw,r-,- (32)
0 0

returns a two-dimensional spectrum Fy(w,,w;), some-
times referred to as a ‘2D map’. Note that the integra-
tion in Eq. (32) starts at ¢t = 7 = 0 — such definition
ensures the causal relation 7 > 0 so that the A-pulse
arrives first. A schematic (absolute-value) 2D map for a
third-order nonlinearity of the Josephson plasmon is plot-
ted in Fig. 1(c). As implied by the labels in Fig. 1(c),
linear signals proportional to E4 and Ep as well as self-
nonlinearities proportional to E% and E% are typically
filtered out in experiments, leaving behind the mixing
terms proportional to E3Ep and E4E%. These terms
are related to the third-order susceptibility as:

(3) w1 wy [ dws (3) Ep(w1)Ea(w2) Ep(ws)

E = l — | —

Aap (@ wr) =3 lin / 2m / 27 / 2m (wr, w2, w5) i(wr — w1 —wa) — 07 1wy — w1 —wa —ws) — 0 (33)
3) dwq wo [ dws NOY Ea(wy) Ep(ws)Ep(ws)

E =3 Jim [T [ T2 : 4
App (@i wr) =3 lim / 27 / 27 / 27 (Wi, w3, wa)7 i(wr —w1) — 07 t(we — w1 — wa —w3) — 0y (34)

The relations (33) and (34) are generic and represent
the starting point of our subsequent analyses. In the re-
mainder of this section we discuss additional considera-

(

tions that arise when transitioning from the conventional
single-mode picture to a many-body system. Here we pri-
marily focus on the mean-field nonlinearities encoded in
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FIG. 1. Schematic of the setup. (a) Terahertz light E™ is sent
onto the layered superconductor — in 2D spectroscopy exper-
iments specifically, one uses two pulses E4 and Ep separated
from each other by time 7 (b). The resulting reflected radi-
ation E" is then measured at time ¢ after the arrival of the
second pulse. (c) Typical 2D map. Up to third-order non-
linearities, it exhibits four distinctive peaks, each of which
contains important information about Josephson plasma in-
teractions.

Eq. (30) and consider fluctuation corrections to x(3) in
Sec. IV.

2. Pulse frequency filtering

As follows from Eqs. (33) and (34), the excitation spec-
tra F4(w) and Ep(w) act to filter out particular compo-
nents of the third-order susceptibility. For conventional
multidimensional spectroscopies of single-mode systems,
the excitation pulse spectrum is typically far broader
than any characteristic frequencies of the probed optical
response. This permits approximating each excitation
pulse as the idealized §(t)-function that directly samples
the full nonlinear optical response function. This condi-
tion is therefore referred to as the ‘impulsive limit’.

In 2DTS experiments this condition is less well-defined,
as for many-body systems one typically must take into ac-
count a continuum of collective excitations, each of which
can also have its own lifetime. For the mean-field case
considered in this section, finite pulse effects are of no
real utility. However, the filtering property of such finite
pulses may become useful when physics beyond mean-
field become prominent, which will be discussed in the
following section (see Fig. 6).

3. Effects due to the Boundary

Another crucial difference between single-mode and
many-body systems is the environment-sample interface.
An immediate consequence of this interface is that only
the magnitude and in-plane component (parallel to the

interface) of momentum are conserved in the nonlinear
wave-mixing processes. This consideration, due to sym-
metry breaking by the interface, is not important in the
co-linear geometry considered here, but is crucial to de-
termining emission wavevectors in a non-collinear excita-
tion geometry [22]. An additional consequence of the in-
terface follows from Eq. (30), with the incoming (and out-
going) electric fields being further weighted by a trans-
mission coefficient ¢(w). As such, t(w) acts as an addi-
tional ‘many-body filtering’ on top of the aforementioned
pulse frequency filtering. Let us illustrate this important
interplay between the pulse-excitation and optical prop-
erties of the sample using the mean-field description of
layered superconductivity developed above. For the one-
dimensional polaritonic mode encoded in Eq. (23), the
dielectric function is given by:

(wip(T))* ’Y(T)>
w(w +i0F) iw /)’

e(w;T) = €x (1 - (35)

where wyp(T) = \/Ao(T) is the Josephson plasmon reso-
nance frequency and «(T) is the intrinsic decay rate, and
both quantities generally depend on temperature 7. For
future reference, the reflection coefficient R(w) and loss
function £(w) are related to e(w) through:

1 @)
14+ y/e(w)

It is worth pointing out that Eq. (35) could be used for
fitting linear spectroscopy measurements to extract wjp
and . In fact, one of the appeals of the Bulayevskii
framework we use here is that the fitting form (35) accu-
rately captures actual experimental data [38—41]. When
determining the filtering properties of the mean-field
transmission coefficient ¢(w), two considerations are rele-
vant — the density of states and dispersion of the polari-
tonic mode (23) and its decay rate . At low tempera-
tures, where the latter can be disregarded v < wyp, t(w)
is sharply peaked at wjyp, which, in particular, implies
that i) the pulse frequency profile should be carefully
chosen to have an appreciable spectral overlap with ¢(w)
and ii) the relevant probed frequencies are centered at
wyp. At high temperatures, we instead expect v 2 wjp
and, as such, a featureless t(w) such that the many-body
filtering due to the interface is no longer that important.
We further discuss this picture in Sec. ITI C.

R(w) = , L(w) = —TIm{e ' (w)}. (36)

4. Typical 2D maps

We turn to briefly describe a typical 2D map of an an-
harmonic (classical or quantum) oscillator [2, 7, 10, 30],
which well captures the low-temperature behavior of
Josephson plasmon nonlinearities. Throughout the re-
mainder of the paper, we set wJp = wyp(T = 0) to be
the unit of energy. Since E(t) is a real variable, one
gets E(—w) = [F(w)]* — for this reason, we will discuss



positive frequencies only and use complex conjugates for
negative frequencies.

Equations (33) and (34) give rise to four nonlinearities
that radiate out at the fundamental Josephson plasma
frequency wip. Each of them corresponds to a unique
combination of electric field interactions and, as such,
appears as a distinct peak in the 2D map (see Fig. 1(c)).
Each peak in Fig. 1(c) is labeled by its corresponding
field interactions, which determine its position in the fre-
quency space by multiplying the on-resonance phase fac-
tors B4 o e~ wIe(t+7) and Ep x e~ iwipt

We first address the peaks labeled ‘2-quantum’ and
‘pump-probe’. One may intuitively understand the ori-
gin of each feature by first examining their interaction
with the first excitation pulse E 4, which determines their
position along the vertical frequency axis. From the per-
spective of the classical sine-Gordon nonlinearity, the 2-
quantum and pump-probe peaks arise from parametric
modulation (scaling with E4FE4) and rectification (scal-
ing with E4 E%) of the resonance frequency, respectively.
We point out that in the quantum oscillator picture (with
initial state being vacuum), the 2-quantum peak arises
from a coherence between the ground state and sec-
ond excited state generated by the two field interactions
E4FE 4, while the pump-probe peak arises from popula-
tions in either the ground or first excited state generated
by EAE%.

In contrast, the peaks labeled ‘non-rephasing’ and
‘rephasing’ involve only a single interaction with the first
excitation pulse — with E4 or E%, respectively. From
the classical perspective such interaction simply corre-
sponds to displacing the Josephson plasmon coordinate,
while from the quantum perspective it corresponds to
generating a coherence between the ground state and
first excited state. The difference between the two non-
linearities could be understood in terms of the relative
phase of oscillations induced by the A-pulse to those of
the subsequent emission induced by the B-pulse. In the
non-rephasing case, since the system oscillates with the
same frequency wjyp after interacting with both pulses,
this phase accumulates following each excitation.

For the rephasing nonlinearity, the interaction with the
first pulse gives rise to oscillations during time 7 at fwgp.
After two interactions with the second pulse, the state is
then brought into a time-reversed superposition, which
oscillates during time ¢ at wip, implying instead the can-
cellation of the relative phase. This change of the fre-
quency sign also implies that the initial state is restored
whenever 7 = ¢, known as the celebrated ‘echo’ phe-
nomenon, which we turn to discuss in the many-body
setting.

B. The rephasing nonlinearity

The utility of rephasing ‘echoes’ comes from the ability
to disentangle energy disorder, as commonly performed
with spin echoes in NMR and photon echoes in optical

four-wave mixing [42-44] of atomic and molecular sys-
tems. For a single-mode representation of the Josephson
plasma resonance, such static energy disorder may be
understood as wip is spanning a range of resonance fre-
quencies (see Fig. 2(a)), introducing an inhomogeneous
linewidth ojp in addition to the linewidth v from intrin-
sic level broadening.

For collective excitations, the duration of terahertz op-
tical pulses may become considerable with respect to the
timescale of dynamics involved. For concreteness, from
now on we model excitation pulses via:

EA7B(t) = @(t)EA7B€70t cos wqt, (37)

where wy is the pulse carrier frequency and o defines the
spectral bandwidth of the excitation pulses (Fig. 2(b)).
The choice of the form (37) is natural for two reasons:
i) in the frequency domain, these pulses become simple
Lorentzians, which facilitates analytical and numerical
analyses, and ii) essentially any realistic pulse shape can
be represented as a sum of Lorentzians.

The single-mode simulations presented in Figure 2(c)
reproduces the conventional wisdom: As inhomogenous
broadening ojp is tuned, the rephasing peak evolves from
having a symmetric ‘star’ shape when the intrinsic broad-
ening dominates v > ojp to being ‘almond’-shaped when
oyp becomes appreciable. The values of v and ojp can
then be directly obtained by simultaneously fitting the
linecuts along the ‘diagonal’ (w, = wy) and perpendicu-
lar ‘cross diagonal’ directions of the (1, —1)-peak, using
the fitting forms of Refs. [42, 44].

This unique capability of the rephasing nonlinearity
is clearly relevant to studying a wide range of quantum
materials for which disorder plays an overt role in their
properties. We remark that a reasonable starting point
to understand how disorder affects Josephson plasmons
is to consider static spatial inhomogeneities in the super-
fluid density — this picture provided a clear interpreta-
tion to recent measurements of the rephasing nonlinear-
ity in Lag_,Sr,CuO4 (LSCO) [22]. However, how such
disorder manifests in optical nonlinearities is a challeng-
ing many-body problem that might require developments
based on the Keldysh and disorder-averaging techniques
— a task left for future work. Here we instead consider
a static distribution of resonant frequencies wp in antic-
ipation that, as it is the case for atomic and molecular
systems, such modeling will prove useful to interpret fu-
ture 2DTS experiments. Nevertheless, we still get an
interesting nontrivial interplay between ojyp, v, and the
polariton dispersion (23), which makes our analysis of the
many-body problem fairly distinct from the single-mode
picture.

Quite strikingly, we find that, in the full contin-
uum simulations presented in Fig. 2(d), the many-body
rephasing peak essentially follows the single-mode phe-
nomenology in Fig. 2(c). To quantitatively examine the
agreement between these two scenarios, we use the single-
mode fitting forms [42, 44] to extract v and o;p from
the continuum 2D maps. Figure 2(e) shows the simu-
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FIG. 2. The rephasing nonlinearity. (a) Sketch of the homogeneous (intrinsic) v and inhomogeneous ojp broadenings. The

latter is modeled as a static Gaussian distribution of the JP resonance, while the plasmon lifetime is kept fixed v/wip = 0.05.
(b) Pulse in Eq. (37) is chosen to have wy/wip = 1 and o/wlp = 0.5. (c)-(d) Evolution of the rephasing peak with increasing
inhomogenous disorder ojp for (c) single mode and (d) continuum of collective modes. In both cases, we observe that the
star-shaped peaks turn into almond-shaped ones. (e) Slices across the diagonal (red) and cross-diagonal (green) lines of the
continuum rephasing nonlinearity for osp/wip = 0.1. Simultaneous fit of these two slices using single-mode functional forms
of Ref. [42] enables one to estimate homogeneous and inhomogeneous broadenings: v /wlp = 0.05, and off /wp = 0.098. (f)
Such fitting is found to be reliable so long as U(]p/w‘(])p < 0.1 (shaded area).

lated lineshapes (taken along the corresponding arrows
in Fig. 2(d)), and we find remarkable accuracy of such
fitting. This agreement of the fitted disorder linewidth
ofit is further examined quantitatively in Fig. 2(f), which
returns the true linewidth to great accuracy for values
of the disorder up to UJp/wgp ~ 0.1, above which the
disorder linewidth approaches the excitation bandwidth
and fitted values begin to underestimate the disorder
linewidth. In addition, we mention that our simplified
modeling here well-captures both quantitative and qual-
itative aspects, including the peak shape as well as the
extracted values of linewidths v and oyp, of the reported
rephasing nonlinearity of LSCO [22].

C. Approaching the phase transition

An interesting question we turn to address is the evolu-
tion of 2D maps with increasing temperature towards T.
We will argue that the many-body filtering mentioned in
Sec. IIT A will explicitly manifest, which is particularly
appealing for the experimental verification of our predic-
tions.

As T is increased from T = 0 up to 7., the ini-
tially sharp Josephson plasma resonance with v < wgp
not only softens but also significantly broadens so that
v 2 wyp for T =~ T. — this behavior is shown in
Fig. 3(a), where the zero-temperature reflectivity plasma
edge eventually becomes featureless, in qualitative agree-
ment with the reflectivity experiments in LSCO [40, 41].

The corresponding 2D maps, where the pulse spectra
are chosen such as to have a substantial spectral overlap
with the loss function [32], are shown in Fig. 3(b). Along
the vertical frequency axis w,, each peak is pinned by the
peak frequency of the excitation spectrum and remains
at the same position irregardless of temperature. Along
the horizontal emission frequency axis wy, however, the
spectral weight of the peaks directly follow the linear
response loss function due to the filtering property of the
environment-sample interface. Let us remark that in the
single-mode picture, where one is in the impulsive limit
and uses identical excitation pulse spectra, one gets peaks
arranged in the strict pattern shown in Fig. 1(c) so that
these peaks would soften towards the origin w, = w; =0
with decreasing plasma frequency.

We finally mention two recent 2DTS experiments on
NbN [45] and LSCO [32]. While NbN is not a layered su-
perconductor, its nonlinearities are reasonably captured
within mean-field theory, and, as such, the observations
reported in Ref. [45] are found to be consistent with
Fig. 3(b). Our theory also captures the low-temperature
2D maps of LSCO [32], but fails to explain the observa-
tions near T = T,. Close to T, however, superconducting
fluctuations become prominent, implying that the mean-
field description can break down — we consider the role
of plasma fluctuations in the following section and show
that their correction to the third-order susceptibility ex-
plains the data of Ref. [32] near T..
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FIG. 3. Evolution of 2D maps with temperature. (a) As
T increases, the JP resonance wjyp(7T) softens and the decay
~v(T) grows, as can be deciphered from the linear reflectiv-
ity R(w) and loss function £(w), Eq. (36). (b) This behav-
ior manifests in the mean-field 2D maps as horizontal slid-
ing of the four peaks as well as their broadening. Here we
fixed U/(ng = 0.15; the chosen temperatures correspond to
wyp/wip = {1,0.75,0.5} and v/wlp = {0.05,0.25,0.5}, re-
spectively.

IV. DYNAMICAL ELECTROMAGNETIC
BACKGROUND

The Josephson plasma resonance softening as T ap-
proaches T, is accompanied by proliferation of thermally
excited plasmons, indicating that the above simplified
modeling becomes insufficient. An intriguing possibility
to explain the observed 2D maps of LSCO near T, could
then be that the signal is dominated by the nonlinear
process where the optical pulses give rise to a parametric
drive of counter-propagating plasmon pairs of equal but
opposite momenta — a scenario we turn to investigate in
this section. We remark that this process is at the heart
of the plasmon squeezing proposal [29] for light-induced
superconductivity [46].

To account for the effects of dynamical electromagnetic
background, we consider the Johnson-Nyquist normal-
fluid noise [29], which modifies Eq. (1) to

Jz;n,n+1 = JO sin Pn,n+1 + UOEz;n,n+1 + fn (38)

The fluctuation-dissipation theorem further imposes [47]:

(En(r )em(@ ) = 22T 5 S —v)o(t—t). (39

Equation (8) then acquires the Langevin form:
(07 + 700 n = V2 Lmthm + Aosing, = €7, (40)
with
(En (e (7 1) = 29T0,md(r — 1')8(t = '), (41)

where T = 16me2sT/e0o. We note that Eq. (40) is de-
rived under the assumption that the order parameter dy-
namics follows Eq. (7), which might no longer hold near
T, due to, for instance, proliferation of pancake-like vor-
tices. However, even if one considers overdamped or-
der parameter dynamics (model-A in the classification of
Ref. [48]), the Josephson plasma modes can remain long-
lived excitations even above T, [29]. Additionally, the
experimental analysis of the rephasing peak in optimally-
doped LSCO [22] showed that the intrinsic broadening
dominates over disorder effects for T < T, (in Ref. [22],
T < 0.7T¢.). This suggests that pancake vortices are ei-
ther nonessential or their effects can be well captured via
a simple renormalization of the decay rate (T, at least
for temperatures not too close to 7T,. In the immediate
vicinity of T' =~ T, we expect that the Bulayevskii frame-
work in Sec. IT might become insufficient and should be
revisited (we comment on this below). We, thus, shall
proceed with analysing Eq. (40), as we expect that it
should adequately describe the correct physics as T ap-
proaches T..

A. Gaussian fluctuations and equations of motion

In the remainder of the paper, we treat the fluctuations
within the Gaussian approximation and our derivations
closely follow Refs. [29, 49]. In this section, we will also
assume that external perturbations are homogeneous in
space — this will dramatically simplify our analysis, fa-
cilitating the understanding of the nonlinear physics due
to the fluctuating electromagnetic background [50]. As a
first step, we reduce the second-order differential equa-
tion (40) to coupled first-order ones by introducing the
real-field ., (r,t) = Oy (7, t):

at'(/}n = Tp, (42)
Oy + Y7 — V2 Lpmthm + Agsin, = 2. (43)

The advantage of this simple reduction is that it allows
us to promote the stochastic Langevin-like equations to
the Fokker-Planck equation on the cumulative distribu-
tion function Py, (1), m, (); t]. Within the Gaussian ap-
proximation, this time-dependent distribution function
Plpn(r), mp(r); t] remains Gaussian even after photoex-
citation. This, in particular, implies that the system’s



dynamics is fully characterized by the one- and two-point
instantaneous correlation functions.
The two one-point correlators, which are position inde-

pendent due to translational invariance ¥(t) = (1, (7, t))
and m(t) = (m,(r,t)), satisfy:
oy =7, O +ym+ A(t)siney = j,(t), (44)

where j,(t) encodes an external driving term assumed to
be in the form of a charge current. The time-dependent
coupling A(t) is given by:

A(t) = Ao(t)(cos ¢, (7, 1))
= Ao(t) exp [ - m% Y Dy (t)} . (45)

q,9=

The bare coupling Ag(t) might be directly affected by the
laser pulses, as we elaborate upon below. Here we have
introduced the fluctuating field dv¢,(r,t) = ¥, (r,t) —
() and its instantancous two-point correlator D4

DYV (t) = (0v(—q, —q:; 1) 0% (q, q=5t)).  (46)

Interestingly, the time-dependent fluctuating background
dynamically renormalizes the interaction strength Ay —
A(t) so that the effective model reminds the parametri-
cally driven sine-Gordon.

Equations of motion for the two-point correlation func-
tions, introduced as in Eq. (46), read:

0Dy, = 2Dy, (47)
at,DZJpZZ = Dgl - 7Dq,qz

— (2 +¢2)L(q:) + Acosy|DL% . (48)
0Dl = T — 27D’

—2[(¢2 + qy)L(qz) + A cos ¢]DZ%Z- (49)

Here we have utilized the fact that all these correlation

TP [k
functions are real and Dgt,. =Dg%.

B. The plasmon squeezing mode and response
functions

We begin our analysis of the derived equations of mo-
tion (44), (47)-(49) by examining the equilibrium correla-
tion functions. In the absence of external time-dependent
perturbations, we get ¥ =7 = Dfmz =0 and

T

i =T, DY = ,
(@2 +q2)L(gz) + Aeq

9.4~ ’ q,9z

(50)

where the equilibrium coupling A¢q is to be determined
self-consistently:

1 _
Aea = Roexp [ = 5o >0 |, (51)

q.9=
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We find that the Josephson plasma resonance w?p(T) =
Aeq(T) softens with increasing T', even if we assume that
the bare model parameters are temperature independent.
In fact, within the Gaussian approximation we employ
here, the transition temperature at which the Josephson
coupling is fully suppressed by fluctuations is found to
be — see Appendix B:
2732
7 = 8mc?s? /A2, ' (52)
€0 (2 + 82/)‘1117)

We remark, however, that this result does not take into
account the fact that the Bulayevskii framework in Sec. IT
can become insufficient near the phase transition. In
what follows, T, is used as the reference temperature.
As follows from Eq. (50), which reflects the equipartition
theorem, the softening can also be understood as prolifer-
ation of plasma fluctuations. For low temperatures, these
plasma modes are barely populated and, thus, cannot
manifest in response functions; as T increases towards
T, their role can no longer be ignored.

We now turn to analyse collective excitations on top of
the equilibrium state. Explicit linearization of the equa-
tions of motion (44), (47)-(49) shows that the dynamics
of one-point correlators ¥ and 7 is decoupled from that of
the D-correlators. This can be understood as the fields
and 7 are IR-active since they directly couple to the ex-
ternal electric field drive and change sign under inversion;
in contrast, the D-correlators are Raman-active, remain
intact under inversion, and, thus, cannot be excited via
a single photon.

Not surprisingly, the linearized dynamics of ¢ and
encodes nothing but the Josephson plasmons. To see this
explicitly, one can compute the leading order response
P (w) = xy(w)j.(w) to the j,(t)-drive, cf. Eq. (44):

1
o) = (53)

As in the preceding sections, this response function is
sharply peaked in frequency at the Josepshon plasma res-
onance wyp(T') — see also Fig. 4.

We turn to discuss the linearized dynamics of the two-
point correlation functions. For reasons that will become
more clear below and keeping in mind that an intense
laser pulse might partially evaporate the superconduct-
ing condensate, we consider the following type of pertur-
bations:

While such a perturbation of the bare coupling constant
leaves the one-point correlators intact ¥ = 7= = 0, it
can result in a nontrivial dynamics of the two-point cor-
relators DA (t) = D*# 4+ §D*A(t) and, as such, of the
renormalized coupling A(t) = Aeq + 0A(t). To the lead-
ing order in dAy(t), we get

500
SA(E) = Aoy | 20l 2ANZ§ v ] (55)

0
q,q-
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FIG. 4. Cartoon of the relevant (a) IR- (one-photon) and

(b) Raman-like (two-photon) processes that determine opti-
cal properties of the sample. The Raman drive at 4 ex-
cites a pair of counter-propagating plasmons, each of which
has frequency 24/2. (c) One-photon x(w) and two-photon
xa(w) response functions. Most notably, we find that xa (w),
Eq. (60), is peaked in frequency at twice the Josephson plasma
resonance 2w;yp. This is because the Raman process in (b) is
amplified for Q4 = 2wsp, i.e., near the bottom of the plasmon
band. Additionally, Im[xa(w)] is larger than Im[x{ (w)] for
w S 2wyp — an effect attributed to plasmon-plasmon interac-
tions. All the responses are normalized by the maximum of

Im[xy (w)].
This expression written in the frequency domain

A (w) = [1 4+ xa(w)]0Ao(w)Aeq/Ao (56)
allows us to introduce the response function x(w), the

central object of the upcoming discussion. Linearization
of Egs. (47)-(49) gives:

—iwdDYY = 26DYT (57)
—i(w + 2i7)0D5T = —2[qL(q.) + Aeg)6DLT | (58)

and
—i(w+1i7)0Dg7, = 0Dg7. — [a°L(g=) + Aeal0Dyy.
— §A(w)DYY . (59)

Solving these coupled equations (55)-(59), we obtain (see
Appendix C for details):

0 w
o) = A (60)
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where

2T A ~yw w? )
0 eq .
W)= ——=—"-—7""" 10 1—1 — . 61
XA( ) TCW(LL) + Z’Y) & ( 2Aeq 4Aeq ( )

While during Raman perturbations, such as in Eq. (54),
the average electromagnetic field remains zero (¢ = 7 =
0), the dynamics of the average electromagnetic energy
density, encoded in the D-correlators, can be nontriv-
ial. This is the reason the response functions x4 (w) and
XA (w) are associated with the Josephson plasmon squeez-
ing (for additional discussion, see Ref. [29)]).

The response function x4 (w) has a rather involved and
interesting structure shown in Fig. 4(a). Most remark-
ably, we find that Im[x{ (w)] is peaked in frequency at
around 2wjyp. To understand this feature, we note that
a Raman drive at frequency €4, as in Eq. (54), neces-
sarily excites a pair of counter-propagating Josephson
plasmons, each with a frequency of Q4/2 (see Fig. 4(b)).
Such a Raman process is enhanced when ;/2 matches
the bottom of the plasmon band €, = 2wjp, i.e., where
the density of states exhibits a van Hove singularity (see
Fig. 4).

Other interesting features of Im[x{ (w)] include a hump
at small frequencies w < wyp and a slow ~ 1/ w? decay at
large frequencies w 2 2wjp. Both these effects originate
from the interplay between the plasmon density of states,
which grows with w for w > wjyp, and w-dependent ma-
trix elements, associated with the plasmon propagation
(see also Eq. (7)), that decrease with w, as can be in-
ferred from the prefactor of Eq. (61). Indeed, for small
frequencies, while the plasmon pair generation appears
highly off-resonant, the mentioned matrix elements di-
verge for w — 0 so that the net effect manifests as the
non-monotonic hump seen for w < wjyp. Similarly, for
large frequencies, these matrix elements decay faster than
the growth of the density of states so that Im[x? (w)] de-
creases with w for w 2 2w;p.

One can intuitively think of x{(w) as the response
function when the plasmon-plasmon interactions are ne-
glected and of xa(w) as it takes into account these inter-
actions within the RPA (see also Appendix C). We find
that the overall behavior of ya (w) is similar to x{ (w), ex-
cept Im[x 4 (w)] is a bit enhanced compared to Im[x{ (w)]
for w < 2wsp (see Fig. 4(c)). This effect originates from
the fact that the attractive plasmon-plasmon interactions
can give rise to a bi-plasmon binding. However, for pa-
rameters relevant for cuprate superconductors, the bind-
ing energy is found to be negligibly small, manifesting
only as the mentioned enhancement of Im[ya(w)]. For
this reason, we will further discuss 2DTS signatures of the
bi-plasmon binding elsewhere. Most of our conclusions
can be intuitively understood by neglecting the plasmon
interactions.
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FIG. 5. Josephson plasmon squeezing and 2D spectroscopy. (a) 2D maps of the single mode, Eq. (65), and squeezing channel,
Eq. (66). The single mode 2D map (left) is in agreement with Fig. (3), as it reveals an elongated shape along the w,-axis. The
squeezing 2D map (right) exhibits a resonance centered at w; =~ w, ~ wlp (the (1,1)-peak), even when the plasma frequency
wyp has appreciably softened, as evidenced by the featureless plasma edge in the linear reflectivity (b). (c¢) Cartoon explaining
the origin of this peaked behavior. We note that the Raman driving (see text and Fig. 4) occurs at Q4 = 2wg, where wg =~ wip
is the pulse frequency (b). While the plasmons soften as T' approaches T, their dispersion is barely affected near wIp, in turn

explaining why the squeezing peak position is not sensitive to 7T'.

C. Plasma fluctuations in 2DTS

In this subsection, we argue that the fluctuating elec-
tromagnetic background, while negligible at low temper-
atures, dramatically affects the 2DTS signal as T ap-
proaches T,.. In particular, such measurements give ac-
cess to the squeezing response function xa(w), which is
then shown to provide a natural interpretation of ex-
perimental 2D maps. Even more strikingly, the pulse
filtering properties discussed in Sec. III enable us to un-
ambiguously distinguish the non-mean-field squeezing re-
sponse from the mean-field nonlinearities — this, in turn,
is argued to enable us to probe thermally excited finite-
momentum plasmons.

To mimic 2DTS experiments, we evaluate the third-
order response to current perturbations as in Eq. (44).
Specifically, a train of light pulses, Eq. (31), is now mod-
eled via

Jt+77) =jalt + 1)+ jB(t), (62)

with
Jjas(t) = JoO(t)e " cos (wqt). (63)

The third-order response can be split into two contri-

butions:

PO = vy (1) + Q). (64)
The first mean-field term wl(jf) is fully analogous to that
discussed in Sections IT and III. Furthermore, the corre-
sponding nonlinear response function (see Appendix D)

A
X,([sf)(whwz,w?,) = %qu(wl + wa + ws)

X (w1) X (w2)xy(ws) — (65)
can be written solely in terms of the linear response func-
tion x4 (w), cf. Eq. (30). Since here we consider homo-

geneous perturbations, wr(r?f) encodes only a single mode
with no momenta mixing, naturally present in the pre-
ceding analysis due to the environment-superconductor
interface. Nevertheless, we find that the resulting mean-
field 2D map near T, qualitatively follows the discussion
in Sec. IIT C because we use pulse spectra that are nar-
rower than the intrinsic broadening (see Fig. 3(b)) — as

3)

such, the term wfnf cannot explain the observed 2DTS

measurements for T < 7T.. The second term 1/15? in
Eq. (64) is new and encodes the dynamics of a fluctuating
electromagnetic background. The corresponding third-
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Disentangling the mean-field and non-mean-field nonlinearities. (a) Sketch of a carrier frequency wq sweep for fixed

pulse width o/wlp = 0.15. (b) As wq is tuned, the mean-field nonlinearity drifts vertically following w, = wq and w; = wyp. In
contrast, the squeezing nonlinearity drifts diagonally and is centered at w, = wy = wq.

order response function is given by (see Appendix D):

Aeq

( )(wlaw27w3) =

ng Z X (w1 + wo + w;;) (66)

i=1,2,3

X XA (W1 4 w2 4 w3 — wi) Xy (Wi) Xy (W2) Xy (W3).

Most notably, XS;) gives access to the squeezing response
function ya(w), which is beyond both the linear opti-
cal response and preceding mean-field modeling. The
squeezing channel in Eq. (66) becomes relevant for 2DTS
only near T,, where the thermal population of the plasma
modes is appreciable, cf. Eq. (50).

1. 2D maps as T approaches T,

We now turn to discuss the unique signatures of the

non-mean-field nonlinearity ng) in 2DTS. In contrast to

the mean-field 2D maps that feature a peak that softens
following the linear loss function, the squeezing channel
manifests as a peak centered at w; ~ w, =~ wy regard-
less of T' (Fig. 5(a)). The squeezing 2D maps exhibit i)
a dominant non-rephasing nonlinearity and ii) the corre-
sponding peak positions set by the carrier frequency wy
are independent of temperature — these two features both
agree with and explain recent 2DTS measurements near
T = T, on optimally-doped LSCO [32].

This peaked behavior can be physically understood
as follows. We first note that close to T, the soften-
ing of the plasmon resonance wjyp is accompanied by a
dramatic increase in its intrinsic decay rate. As such,
for v > wyp, reflectivity appears featureless (Fig. 5(b)).
Therefore, even off-resonant excitation at wg > wjyp can
launch a plasmon with the same frequency (more generi-
cally, this could be a virtual process) which, as we further
elaborate upon in Appendix D, can act as a Raman-like
driving ~ 92(t) at frequency Q4 = 2wy. From the per-
spective of the downconversion illustrated in Fig. 4, this
Raman drive parametrically excites counter-propagating

Josephson plasmons with frequency Q4/2 = wy (this pro-
cess can also be understood within Eq. (44), where A(t)
oscillates at €24). The squeezing nonlinearity therefore
leads to generating a continuum of plasmon pairs with
the frequency distribution set by the excitation spectrum,
which determines the peak position along the vertical
axis wr & wg. The featureless reflectivity spectrum then
leads to an emission spectrum that likewise follows the
excitation spectrum, centered at w; =~ wy. We finally
note that for wy > wjp, the plasmon dispersion near wy
is barely affected by T (see Fig. 5(c)), further supporting
the robustness of the peak position to temperature.

2. Phenomenological model above T,

Extending our approach to temperatures above T, re-
quires additional considerations. There is strong experi-
mental evidence that in high-T, cuprates local supercon-
ducting correlations remain finite even when long-range
order disappears [51-56]. Following Refs. [38, 57] we ex-
pect that in this case one can separate slow statistical
fluctuations 5%t of the phase of the order parameter and
fast fluctuations 1/~)n describing collective modes and re-
sponse to electromagentic probes. Starting from Eq. (8)

(atQ + 'Yat)(wfztat + 1Zn) - ngnm(wim + &m)'i'

Aosin (452 + ) =0, (67)
one is required to average over the statistical phase fluc-
tuations 1% to obtain an effective model for 1,,, which
describes collective modes and terahertz electromagnetic
response. Plasmon type collective excitations are ex-
pected to persist above T, but they should become gap-
less and have stronger damping. We expect that effective
theory of such plasmons can be captured by a model of
the type:
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represented by a single Lorentzian (dashed-dotted) that carries information about NV(wq) X n,,. Parameters used: v/wJp = 0.5,

wd/wgp =1, and (A)JP/W?P =0.1.

Linearized form of Eq. (68) gives a linearly dispersing
mode at small momenta, and the last term describes non-
linear interaction between plasmons.

It is useful to note that Eq. (68) can not be obtained
by simply setting Ag to zero in Eq. (8). While the lat-
ter naive approach gives a gapless plasmon spectrum, it
results in vanishing nonlinear interaction between plas-
mons, Eqs. (65) and (66). We postpone detailed discus-
sion of plasmons in the pseudogap regime until future
publication.

3. Disentangling the non-mean-field nonlinearity

We note that for a wide variety of parameters
the mean-field rephasing nonlinearity may obscure the
squeezing contribution, as can be seen in Fig. 5 and fur-
ther expanded upon below in the context of third har-
monic generation. An exciting possibility, rather unique
to 2DTS, is to exploit the filtering effect of the excita-
tion pulse spectrum discussed in Sec. IIT A in order to
unambiguously disentangle the non-mean-field response

Xég) from the mean-field one XSE (see Fig. 6). Indeed,
following our discussion in Sec. ITI C, we expect that tun-
ing the carrier frequency wy (Fig. 6(a)) will result in a
vertical shift of the non-rephasing mean-field nonlinear-
ity according to w, &~ wy (Fig. 6(b)), provided the pulse
frequency profile has appreciable spectral overlap with
the loss function. At the same time, as follows from
the preceding discussion, the squeezing peak is locked to
wt & w; & wy and, thus, upon tuning wy, will shift diag-
onally (Fig. 6(b)), thereby separating the two responses
from each other.

4. Probing finite-momentum thermal fluctuations

This capability of 2DTS to disentangle the squeezing
nonlinearity can then be used to extract useful infor-
mation about thermally-excited plasmons at finite mo-
mentum. Intuitively one expects, and we demonstrate
this below, that a careful analysis of the non-rephasing
nonlinearity (see Fig. 6) gives access to N(wq) X ng,,
where N(wg) is the plasmon density of states at wy and
Ny, = T/wg is the thermal occupation number of the
plasmons with energy wy.

To this end, we rewrite X (w) as (cf. Eq. (C12)):

0 \_ wt2iy /OO Aeq N(e) DYV
Xa(w) = w+iy o de w(w + 2iy) — (2€)2’ (69)
where D¥Y = T/e2, cf. Eq. (50), and
232 Aab€o
N(e) =O(e —wyp) (2+5°/\5p) (70)

2mc2s2

=v

Following the preceding discussion (see also Eq. (66) and
Figs. 5 and 6), we are interested in evaluating x (w) at
around w = 2wy for wy > wyp. We note that the denom-
inator of the integrand in Eq. (69) suggests that we get a
Lorentzian peaked at € = wy; however, the 1/€e2-behavior
of D¥¥ gives rise to a more complicated shape of this
integrand shown in Fig. 7(a) — in fact, the contribution
at small € =~ wyp can obscure the peaked behavior near
€ = wy that we are interested in. The latter can be iso-
lated via introducing the ‘background’ function (y < wy)

anh? (f) (71)

that well captures the asymptotic behavior (both € — 0
and € — o0) of the integrand of Eq. (69), as shown in

fea(e,w) = AequT -



Fig. 7(a). Assuming that both A/ (¢) and D¥¥ vary slowly
near € = wy (see Fig. 7(b)), we thus arrive at:

XA (2w4) 2/ fea(€,2wq) de (72)

de
2wq +127) — (2€)2°

+ Ae N Wd T)gw/

q ( ) d o de(
Performing the integral over the Lorentzian, we get:
> i AeqN (wa)DLY

Ia(€,2wy) de— 2N (wa)Da

WP 8

. (73)

Q (2wq) ~
Xa (2wa) wa(wq + 1)
We have thus shown that the response function Y%
can be decomposed into a well-defined background term
fjjp fBade, that only weakly depends on wy, and a term
that scales with A(wg) X ny,. A simple background
subtraction should therefore isolate the finite momentum
thermal fluctuations.

D. Third Harmonic Generation

One may also draw a comparison between 2DTS and
third harmonic generation (THG), which probes a sub-
set of the full nonlinearity accessible with 2DTS. THG is
a powerful one-dimensional spectroscopic technique that
has been extensively applied to study nonlinear optical
properties of cuprates. Examples include investigation
of striped superconductors with intertwined orders [58],
origins of light-induced superconductivity [59], out-of-
plane Josephson plasmons [60, 61], and Higgs mode sig-
natures [62, 63]. In such experiments, photoexcitation
consists of a narrowband pulse centered at the carrier
frequency wq, while the experimental observable is light
emission at 3wg:

Egignal(t) o 3 (Wa, wa, wq)e” 3@t 4 c.c. (74)

While THG gives partial access to x(3), we find that the
contribution of squeezing nonlinearities to THG is diffi-
cult to separate from the mean-field one (see Fig. 8). In-
deed, both nonlinearities have similar THG spectral pro-
files, while the sensitivity to thermally excited plasmons,
as measured by the third harmonic spectral weight rel-
ative to the fundamental harmonic, decreases with tem-
perature. This result is in full agreement with Ref. [34]
and clearly illustrates the advantage of 2DTS in studying
dynamical effects beyond mean-field both in the context
of Josephson plasmonics and beyond.

V. CONCLUSION AND OUTLOOK

In this paper we developed a theory for 2DTS of the
Josephson plasma resonance in layered superconductors.
The nonlinear electrodynamics were cast in the form of
optical susceptibility, from which explicit expressions for
the 2D-spectra were obtained.
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FIG. 8. Third harmonic generation (THG). (a) Typical wave-
mixing signals (here T'/T. = 0.5) due to the mean-field and
squeezing nonlinearities appear to have a substantial spec-
tral overlap, which makes it difficult to isolate the squeezing
channel. (b) Temperature evolution of the ratio of the third
harmonic spectral intensity (integral under the shaded area
IT) to that of the fundamental one (integral under the shaded
area I) shows that THG becomes less sensitive to thermally
excited plasmons as T approaches T.. The driving frequency
is fixed to wq/wip = 1 for all temperatures.

For low temperatures, at which mean-field approxima-
tions hold, the spectra obtained remarkably follow intu-
ition derived from the conventional scenario of quantum
level systems [42]. We demonstrated that the rephasing
nonlinearity unambiguously separates homogeneous and
inhomogeneous broadening in the impulsive limit, and
that increasing temperature results in spectral peaks that
directly follow the softening of the loss function.

Near the phase transition however, the breakdown of
the mean-field picture results in qualitative changes to
the 2D-spectra that are both absent in the linear optical
response and unique to collective excitations and their
interactions. We found that non-mean-field corrections
to the nonlinear susceptibility, such as the ones due to
the parametric generation of squeezed plasmon pairs at
finite momenta, manifest as distinct signatures in 2D-
spectra and can be unambiguously isolated by proper
choice of excitation pulse spectra. Our theory provides
a natural interpretation to recent experimental observa-
tions [32], and paves the way for 2DTS to be an exper-
imental probe of finite-momentum thermal fluctuations.
By comparison, we found that third-harmonic generation
[59, 61], a one-dimensional nonlinear spectroscopy tech-
nique, is both ambiguous to the origin of the probed opti-
cal nonlinearity and also exhibits a decreasing sensitivity
to plasma fluctuations.

This comprehensive development of a theoretical
framework for 2DTS of a collective excitation immedi-
ately motivates a new range of directions for both the-



oretical and experimental investigations. For example,
many of the most enigmatic quantum materials feature
coupling between several degrees of freedom [64, 65], and
theoretical exploration of how these couplings between
various collective excitations manifest in 2DTS remains
relatively unexplored. In this context, we are particu-
larly interested in striped superconducting phases due
to intertwined superconducting and charge (and possibly
other) orders, which exhibit frustrated linear optical re-
sponses but have previously been shown to retain optical
nonlinearities [58].

Such theoretical development could be particularly
important in the context of understanding the phe-
nomenon of light-induced superconductivity, interesting
both fundamentally and technologically. In cuprates,
coupling between Josephson plasmons and particular
phonon modes [28, 46, 66] has proven crucial to pu-
tative non-equilibrium superconductivity, but is often
poorly understood. In other instances, metastable photo-
induced superconductivity could originate from an inter-
play between competing orders such as superconductivity
and charge order [67, 68]. Understanding how various or-
der parameters and their associated collective modes cou-
ple will shed light on these intriguing phenomena, which
calls for a 2DTS probe to disentangle the complex un-
derlying physics.

Another important direction could be towards extend-
ing the presented model to incorporate optical cavities.
Resonant cavities have been proposed to strongly modify
the coupling of Josephson plasmons with light [31, 69] in
both interesting and functional ways, and these changes
should manifest in 2D-spectra as well [70, 71]. Beyond
the Josephson plasma resonance, this is also motivated
by recent experiments demonstrating spectacular control
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of a phase transition using a terahertz cavity [72]. The
specific mechanisms leading to these effects remain un-
certain however, which also calls for a 2DTS probe to
clarify the underlying physics.

More broadly, we believe this work to be a valuable first
step towards a general theoretical description for 2DTS
of complex solids, and expect many of the results derived
here for the Josephson plasma resonance to apply gener-
ically for 2DTS of collective excitations. Phonons [73],
magnons [74], and charge density waves [75] are but a few
examples of such collective excitations for which nonlin-
earities play an essential role, and 2DTS should provide
invaluable insight into these important systems that were
previously accessible only via high-energy probes. The
general principles we demonstrate here for a model col-
lective excitation will further guide the design of future
2DTS experiments in targeting the most striking effects
of quantum materials.
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Appendix A: Generalized reflectivity protocol

This Appendix discusses that our derivations of Josephson plasmon nonlinearities in Sec. IT can be straightforwardly
extended to other types of collective modes. We begin by writing down Maxwell’s equations in the sample [76]

10B 10D

D = B = E=— H=-— Al
Vv 0, A\ 0, V x T V x T (A1)
alongside with the constitutive relations
oP
D =FE+4nP, H=B-—47M, J:E—FCVXM. (A2)
Taking the curl of Faraday’s law, we arrive at
1 8°E dr 0J

If we are interested only in the polarization response of the system (M = 0), for the transverse component of the
electric field we then get

1 9°E+ A o*pt
2 oz 2 o

V2E*+ — (A4)
Here, the polarization vector acts as a source for the electric field. We now split the polarization vector into its
linear part, proportional to the electric field, and non-linear part, containing higher orders of the electric field:
P = P 4 Pyp. The linear relation between P and E(r/, ') can be expressed via the response function x (r—r', t—t')
as

t
M (r,t) = / ddr’ / dt'x(r —', t =tV E(r',t). (A5)
0

Plugging into (A3) and defining the dielectric function as e(r — v/, t — ') = §(t — t')6(r — ') + dax(t — ¢/, r — '), we
arrive at

1 2 d t 47T32PNL
VxVxE+ 28t2/d r’/o dt'a(rfr’,tft')E(r’,t'):—c—2 o) (A6)
and
1 Am 9?Pi
VzEL——Z@/dd’/ dt' [e(r — ' t —t)E(r',t')] == 8t2NL' (AT)

The nonlinear polarization Py, carries the complete microscopic information describing any nonlinear optical pro-
cess of interest; Pyy, is to be obtained from the microscopic dynamics of the system. Restricting ourselves to the
transverse sector and henceforth dropping L, we can rewrite the previous equation in terms of the vector potential as

V24 d,/ o N 4mOPyy
28t2/d /dtsr rt—t)AM ) = T (A8)

Assuming normal incidence, the Fresnel boundary conditions are written as:

. 1 .
E;:n(ya t) + E;(yat) = Ei(y7t> = _EatA(lr.at)‘z:(y B;n(yat) + Bé(y7t> = B;(y?t) = —8114(']”,75)‘1:0. (Ag)

Equation (15) further yields:

2B(y,1) = (A1) — ~0A(D) | and B (y,0) = 3 (9.A(r,1) + ~0.A(r,1)) (A10)

x=0 =0

The presented equations are generic and represent the starting point for analysing nonlinearities of many-body systems.
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Following the derivation steps in Sec. II, we now illustrate how such nonlinearities could be evaluated in practice
using as an example the nonlinear Lorentz oscillator model:

(0} + 10, — v*0% + m?) P(x,t) + gP*(x,t) = E(z,t). (A11)

(Note that here, in order for P and F to have the same unit, frequencies have been rescaled to be dimensionless.) We
now expand the polarization vector in powers of the electric field P(x,t) = PW (z,t) + PO (z,t) +...:

(07 + T, — v20% + m?) PY (z,t) = E(a,t), (A12)
3
(02 + T, — v20% + m?) P®) (x, 1) = —g(P(l)(x, t)) . (A13)

Eq. (A12) yields the response function and dielectric function to be given by:

-1 4dm
k = k =1— Al4
x(k,w) w(w + i) — v2k2 — m2’ (k) w(w + ) — v2k2 — (AL4)
The Fresnel boundary conditions for the vector potential then result in:
(1) Lo 40 _opin ®) Lo A® _
(azA (z,t) — ~9,A (a:,t)) = 2E1(0, 1), (amA (z,t) — —9,A (x,t)) —0. (A15)
¢ =0 ¢ =0
The linear response can be related to the dielectric function as:
A (@, = [ B4, (w)ethaivt (A16)
2
where k,(w) is defined through
2 2 2
93 W w w
ki = =z e(ky,w) ~ c—ze(k: 0,w) = c—Qe(w). (A17)

This approximation is justified whenever v < ¢, which is expected to hold for a typical solid-state system. The
amplitudes A (w) are determined from the boundary conditions (A15):

. . 2
AW () = ,it w)E"™(w), where t(w) = ————. A18
(@) = B (), where 1) = = (A13)
The linear polarization is then given by:
d . . ,
POt = [ (W)t B @) i, (A19)
T
where again we have assumed v < ¢ and defined x(w) = x(k = 0, w).

Having determined the leading harmonic P (z,t), we turn to compute P®)(x,t). Since Eq. (A13) is a linear
differential equation, we easily obtain:

PO (z,1) 79/ / pikr—iwt / %%%2 0wy + we + w3 — w)2w (kg (wr) + kz(ws) + ko (ws) — k)
X [x(wi)t(wr) E™ (wl)] [X (w2)t(w2) E™ (w2)] [x(ws)t(ws) E™(ws)] . (A20)

The equation on A(3)(x,t) is also a linear differential equation, and therefore we can write the generic solution as:
A®) (z,1) = / LA etk it 4 A0 ) (A21)
™

where

3 - (’UP(S) k CU) —i(wt—kx
Aér)(x,t) :47720/ /27r o2 b o) — k22 (wt=ka) (A22)
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The coefficients A®)(w) are determined from the boundary condition (A15):

/dk w+ck

AV (w) = 27 w + cky(w)

AP (k, w). (A23)

For the ease of notations, we define @ = w; + ws + w3 and k, (w1, w2, w3) = kz(w1) + kz(w2) + kz(w3). For the reflected
light at z = 0, we finally obtain:

By(1) = 3 (20.A9(0,1) + 0, 4° / = e k’“ ))]Ag?;)(k,w)eiwt
/ dur / dws / dws et () (w1, w2, w3) E™(w1) E™ (wo) E™ (w3). (A24)
so that the third-order susceptibility is then given by:
X® (wr, wa, ws) = o X(@)H(@)] [x(w)t(wn)] [x(wa)t(ws)] [x(ws)t(ws)] - (A25)
ko (w1, wa,ws) /@ + \/7112

Appendix B: Equilibrium fluctuations within the Gaussian approximation

In this Appendix, we discuss the equilibrium correlation functions obtained by self-consistently solving Eqgs. (50)
and (51). To this end, it is natural to consider the following quantity:

~ 1 dq. qT
AT.C) = AN ’qz / 0 27T G*L(qz) + Aeq’ .

q.9=

where C is the UV momentum cutoff. The in-plane integration results in

O(T;C) = T /7; dq. log (1 n Cgf(‘h)) T /: dqu(;) log (sz(%)), (B2)

872 eq 82 eq

1
L(q-)

where we have assumed that C > /Aeq/ ming, (L(g,)). The integral over ¢, can also be evaluated explicitly:

OT;C) = qu%{b[l (bzi‘)f/b/;\i) - 1] Y/ 4}, (B3)

where we have defined b = 2 + s/\2,. Substituting Aeq = Ag exp(—/2), we arrive at:

OT,C) = M{b[log (M) - 1} /. 4}. (B4)

1—Tb/8nc} b+ Vb2 —4
From this result, we obtain the critical temperature, i.e., where the Josephson plasmon resonance softens to zero:
- 8mck 8mc?s? /A2,
T. = 9 = / : (B5)

S T e BTN

The central result of this Appendix is Eq. (B4), which can be used to obtain any other equilibrium observable of
interest.

Appendix C: Dynamics of two-point correlators

Considering the perturbation given in Eq. (54), the linearized equations of motion for the two-point correlators
around the equilibrium state are given by:

—iwéDYY = 20DYT (C1)

q,q9z’
q,9z q,9z

—i(w+i7)DYT = 6DIT — [q*L(qs) + AegSDLY. — Aeq[ AOO 2AN Z 5Dy }D;‘”é’z (C2)

—i(w + 2i7)0DT = —2[q*L(gq:) + Aeq)0DY T (C3)

q,9z"
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We observe that the last term in Eq. (C2) mixes different momenta modes, suggesting to split the propagator of

fluctuations into the diagonal part

—w -2 0
Gyl(wia,q) = [ @®L(g:) + Neq  —ilw +i) -1 Soa
0 2(q2 L) + Aeq) —i(w + 2i7)

and the off-diagonal part

A pre (000
Vigd)=——2 [100],
2AN \y 0 0o
where
8D, = 6DV, 6DV, D), g = (q,4:) .

We also define a driving vector f as:

5A0 (w)
Ag

fq(w) = _@;WAeq

~
o= o
~___—

One can formally write the solution of Egs. (C1)-(C3) as follows:

Gol+vy

—ZGokk .fk’ ZGOkp Zva ZGO kl/ fk/

k!

0Dy, = Z (1) fir = (Gof )k = (GoVGof)y, + (GoVGoVGof)y, —
k,k’

Since V(k, ¢) depends only on k and Go(k, k') x 0k, we further have:

6Dy = Go(k) fr — Go(k ZGO ) fir + Go(k)V(k) > Go(K")V(K") ZGO ) — ..

k!

Summing both sides with respect to k, we get:

ALN ,;; 0Dy, = (1 - zp:Go(p)V(p) + (;Go(p)l/(p)) ) AN Z Go(K') fir

1 1
- (3 >, Go(p)V(p))«‘TN z,; Colb)fi

In particular, for the ¥1-component, Eq. (C10) yields:

0
Xa(w)  0Ao(w) 6Ao(w)
0D =— = —xa(w ,
2.AN %:z e qz 1—xQw) Ao Xaw) Ao
where
w2y 1 DYv Ae
W) = - §j T

w+ iy AN &~ w(w + 2iv) — 4[g2L(g:) + Aeq]

2T Aeq o (1 o w? )
= - — Z _— .
Tl +17) e e,

This completes our derivation of Egs. (60) and (61) of the main text.

(C4)

(C5)

(C10)

(C11)

(C12)

(C13)
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Appendix D: The third order response function and plasma squeezing

Following Sec. II, here we evaluate the third order response function but now take into account the dynamics
of the electromagnetic background. To mimic an incoming train of light pulses, we consider current perturbations
j=(t) ~ En(t), Eq. (44), as well as perturabtions of the bare coupling constant §Aq(t) ~ [E™(¢)]2, Eq. (54). Explicit
expansion to the third order in the incoming electric field acquires the form:

() =D )+ () + -, (D1)
m(t) =70 ) + 7 ) + -, (D2)
D28 (1) =DB (t) + DI () + - . (D3)

Direct insertion of this expansion into Eqgs. (44)-(49) gives:

ﬁiﬁ?::ﬁ?fTﬁwm“D%Y‘fTKAw&Xf) S S Dy (1)) w0 (1) (D4)

q,9=

where (M) (w) = yy(w)j.(w) and FT stands for the Fourier transform. The dynamics of Dfﬁ;z@) follows from linearizing
Egs. (47)-(49) on top of the equilibrium state:

zwDM’(Q) = 2D$Z£2), (D5)
—i@z+¢v>9$29>::Dzzf>—»q2L0k>+-Aaﬁong>—«Aal%%f——é;%v— DY — L0« g 0)(w)| Dy

k.k. (06)

—i(w+2i7) DG = —2[¢° L(g.) + Ao DY, (D7)

where * denotes convolution. The only difference between Egs. (D5)-(D7) and Egs. (C1)-(C3) is that the left hand
side of Eq. (D6) contains an additional driving term oc (¢! (¢))2. Employing Eq. (C11), we, thus, readily obtain:

Ao SAo(w) (YW x M) (w)
DY) () = w 0 - .
2A;1V :111;522 ( ) XA( )Aeq |: AO 2 :| (DS)

q,9=

Equation (D4) then yields:

li(j(guw)) s (CRONRaataal (B XA(“DAW%EM) - XA(w)AquW”(t)}. (DY)

The third order dynamics of 1) can be written as:

d d d
w00 = [ G2 [ [ Gersorrentonty® y o wa)i. o) (w2 o)

/M/m”wwmwwwmmmmm, (D10)

where x®) (w1, wa, w3) = Xf{fz (w1, w2, ws3) + ng) (w1, ws,ws3) with:

Ae
X (w1, wa, w3) = wa(wl + w2 + w3 )Xy (W1) Xy (W2) Xy (Ws),

Aeq

X&) (wi, wa, wa) = e D Xw(wr 4w +ws)xa(wr +ws + ws — wi) Xy (wi)xw(wa) Xy (ws), (D11)
i=1,2,3
and
~(3) Aeq
X (W, we) = —[Toxw(wl + w2) [1+ xa(w1)] Xy (w2). (D12)

This completes our derivations of Egs. (65) and (66) of the main text.
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