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High-temperature quantum oscillations of a nonequilibrium non-Fermi liquid
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A periodically driven Fermi gas coupled to a simple boson bath reaches a nonequilibrium steady-state occu-
pation with sharp nonanalyticities at certain momenta. Here, we demonstrate that these nonanalyticities behave
as emergent Fermi surfaces by showing that they give rise to quantum oscillations of observables with a period
controlled by the effective Fermi-surface area enclosed by these nonanalyticities. However, these oscillations
have several striking differences with standard equilibrium quantum oscillations. For example, they remain
nonanalytic at finite temperatures, their amplitude can survive up to extremely high temperatures comparable
to the frequency of the drive, and they can display nonmonotonic temperature dependence completely at odds
with standard Lifshitz-Kosevich behavior.
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I. INTRODUCTION

The Fermi surface is typically viewed as a characteristic
of equilibrium Fermi liquids which is sharp only at zero
temperature. However, recent studies have demonstrated that
the steady-state occupations of periodically driven Fermions
can display nonanalyticities that behave as emergent Fermi
surfaces [1–3]. In particular, fermions driven periodically with
a frequency � (e.g., by monochromatic light) and coupled
to a local bosonic ohmic bath, display a jump of the second
derivative at wave vector k2

F /2m = h̄� [3] (see Fig. 1), which
remains sharp even when the bath is at finite temperature and
gives rise to phenomena reminiscent of those of equilibrium
non-Fermi liquids [3].

In this study, we will demonstrate that these nonanalytici-
ties behave as emergent Fermi surfaces by showing that they
give rise to quantum oscillations in response to magnetic fields
with a period controlled by their enclosed area in momentum
space. However, we will show that many of their properties
differ sharply from those of equilibrium Fermi liquids, further
substantiating the idea that they behave as the Fermi surface
of a nonequilibrium non-Fermi-liquid state. For example, we
will demonstrate that, amazingly, the quantum oscillations
of these nonequilibrium states are nonanalytic as a function
of magnetic field even at finite temperature, and that their
amplitude is a nonmonotonic function of temperature that
can survive up to extremely high temperatures comparable
to the driving frequency, which is completely at odds with
equilibrium behavior [4].

II. PERIODICALLY DRIVEN FERMIONS COUPLED
TO A BOSON BATH

We consider a system of fermions driven by a time-periodic
Hamiltonian Ĥe(t ) = Ĥe(t + T ). This system is coupled via
Ĥe-b to a bosonic bath governed by Ĥb, yielding the total

Hamiltonian

Ĥ (t ) = Ĥe(t ) + Ĥb + Ĥe-b, (1)

where Ĥe(t ) = ∑
αβ 〈α|ĥt |β〉ĉ†

α ĉβ , Ĥb = ∑
q h̄ωqb̂†

qb̂q, and

Ĥe-b = ∑
q,νη 〈ν|χ̂q|η〉b̂qĉ†

ν ĉη + H.c. Here, ĥt is the single-
particle system Hamiltonian, and χ̂q describes the coupling
to bath mode q. The operators ĉ†

α , ĉα (b̂†
q, b̂q) create and anni-

hilate fermions (bosons) in state |α〉 (mode q). The bath is as-
sumed to be in thermal equilibrium, with Bose-Einstein occu-
pation Nq = 1/(eβT h̄ωq − 1) and temperature kBTbath = 1/βT .
The electron system, however, can be driven far from equi-
librium through the periodic drive in Ĥe(t ). Starting from
the full quantum kinetic equation discussed in Refs. [3,5],
for the system one-body density matrix, ρνη = 〈c†

ηcν〉, which
contains memory effects, one can prove that in the limit of
weak system-bath coupling (χq → 0), the steady state of this
matrix has a Periodic Gibbs ensemble form [6–9]

ρ̂t =
∑

α

fα
∣∣ψF

α (t )
〉〈
ψF

α (t )
∣∣, (2)

where |ψF
α (t )〉 = e−iεF

α t/h̄
∑∞

n=−∞ e−in�t |φn
α〉 are the solutions

of the time-dependent single-particle Schrödinger equation
for ht , εF

α are the Floquet energies, and � = 2π/T . Hereafter,
all summations over Floquet modes (for example, those la-
beled by n) are understood to run from −∞ to ∞, and we
suppress these limits for brevity. This solution reflects the
synchronization of the system with the external periodic drive.
The occupations of the Floquet states fα are time independent
and are obtained by solving the following Floquet-Boltzmann
equation (see Appendix A of the Supplemental Material [10]),

∑
β

fβ f̄α
〈
W α→β

t

〉
T −

∑
β

f̄β fα
〈
W β→α

t

〉
T = 0, (3)
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FIG. 1. (a) Strongly driven electrons coupled to an ohmic
bosonic bath and irradiated by light of frequency �. (b) The result-
ing steady-state occupation develops a discontinuity in its second
derivative at momentum k2

F /(2m) = h̄�. Here, we choose n̄e =
neh/(m�) = 0.8 and κ2 = e2|E |2/(mh̄�3) = 0.04.

where 〈W α→β
t 〉 ≡ ∫ T

0 (W α→β
e,t + W α→β

a,t )dt/T is the time-
averaged transition rate from state α to β and f̄α = 1 − fα .
The emission rate is given by

〈
W α→β

e,t

〉 = 2π

h̄

∑
n,q

∣∣V n
α→β (q)

∣∣2
δ
(
εF
β − εF

α + h̄ωq + nh̄�
)
,

∣∣V n
α→β (q)

∣∣2 = (Nq + 1)

∣∣∣∣∣
∑

m

〈
φm

α

∣∣χ̂q

∣∣φm+n
β

〉∣∣∣∣∣
2

, (4)

while the absorption rate 〈W i→ f
a,t 〉T is obtained from Eq. (4)

by substitution Nq + 1 → Nq, ωq → −ωq, χ̂ → χ̂† [5]. The
above results generalize the results of Ref. [3] to arbitrary pe-
riodically driven free-fermion Hamiltonians with an arbitrary
vertex coupling to a boson bath. Similar Floquet Boltzmann
equations have also been derived in Refs. [11–14]. Notice that
the above scattering rates obey a generalized form of Fermi’s
Golden rule. This rule allows violations of Floquet energy
conservation modulo � (Floquet umklapp). Crucially, these
rates do not obey detailed balance. In the limit of vanishing
amplitude of the drive, the Floquet wave function becomes
static and |φα,n〉 → δn0|φα,0〉, the Floquet Fermi’s Golden Rule
reduces to the standard Fermi’s Golden Rule.

III. FLOQUET NON-FERMI LIQUID AT ZERO
MAGNETIC FIELD

As demonstrated in Ref. [3], the steady state of Fermions
driven by monochromatic light and coupled to boson baths
displays emergent nonanalyticities at certain momenta which
resemble the Fermi surfaces of a non-Fermi liquid. Let us
review the nature of these states before generalizing to finite
magnetic fields. We take a system of parabolic fermions sub-
jected to uniform monochromatic radiation,

ĥt =
[

p − e

h̄
A(t )

]2/
(2m), (5)

where A(t ) = −i�−1E+ exp(−i�t ) + c.c. with E− = (E+)∗.
The intensity of the light will be parametrized by the dimen-
sionless constant κ2 = e2|E |2/(mh̄�3). The bath is taken as
a collection of harmonic oscillators coupled to the on-site

electron density. Namely, the boson modes in Eq. (1) are
labeled as q = (R, λ), where λ counts the different oscillators
at site R. All modes are coupled with the same strength, χ0, to
the fermions, namely χ̂q = χ0|R〉〈R|. We take the oscillator
frequencies to approach a continuum density of states (DOS)
given by νB(ε) ∝ (ε + c2ε

2)�(ε), where c2 parametrizes the
deviation from ideal ohmic bath (realized when c2 = 0).

Because of translational invariance, the steady-state occu-
pation obtained by solving Eq. (3) is a function of momentum,
fα → f (k). As shown in Ref. [3], for an ohmic bath this
steady state displays discontinuities of the second derivative
of f (k) at k2

F /(2m) = nh̄� for integer n, which behave as the
Fermi surface of a non-Fermi-liquid state [15]. For concrete-
ness we will focus on the Fermi surface at n = 1 which is the
strongest at small driving amplitudes. Notice that the effective
Fermi energy is controlled by driving frequency �, unlike the
equilibrium Fermi energy which is determined by the fermion
density. Figures 2(a)–2(c) show the behavior of the second-
order discontinuity δ f (2) ≡ f ′′[ε = h̄� + 0] − f ′′[ε = h̄� −
0] for the n = 1 Fermi surface obtained directly from numer-
ical solutions of Eq. (3) [see also Fig. 1(b)], corroborating
the remarkable finding of Ref. [3] that these nonanalyticities
remain sharp at finite bath temperature (i.e., the “ultracritical”
behavior).

The strength of this emergent Fermi surface (i.e., the size
of the discontinuity) is nonmonotonic as a function of the
bath temperature, as shown in Figs. 2(a)–2(c). At low tem-
peratures (kBTbath 
 h̄�), the strength of the emergent Fermi
surface first decreases rapidly with temperature and can be
fit as δ f (2)[τ → 0] = (a + bτ )e−τ/c, where τ = kBTbath/h̄�

is dimensionless temperature [see Fig. 2(c)] (for the fit pa-
rameters, see Appendix I of the Supplemental Material [10]).
The size of the discontinuity in this regime saturates at
large dimensionless light intensity, κ2, at values of order
δ f (2) ∼ (h̄�)−2.

Remarkably, at higher temperatures there is a revival of
the strength of the emergent Fermi surface that can peak
at a temperature comparable to frequency of the drive, i.e.,
kBTbath ∼ κ h̄� as seen in Figs. 2(b) and 2(f). Amazingly,
this implies that the Fermi surface remains sharp at high
temperatures comparable to the effective Fermi energy, and
its decay at high temperatures can be approximated as a
power law: δ f (2)[τ � τmax] = a′τ/(b′ + τ 2) [see Fig. 2(c)]
(for the fit parameters, see Appendix I of the Supplemen-
tal Material [10]). Strikingly, as we will show in the next
section, even such a seemingly weak nonanalyticity of the
occupation gives rise to quantum oscillations comparable in
magnitude to those in an ordinary Fermi liquid. The pres-
ence of this higher-temperature revival of the Fermi surface
is ultimately controlled by the deviation from the perfectly
ohmic bath, namely, for c2 → 0 the high-temperature re-
vival is absent (see Appendixes I and G of the Supplemental
Material [10]).

IV. KINETICS OF DRIVEN LANDAU LEVELS

We will now discuss the response of the Floquet non-Fermi
liquid to a magnetic field. The electron Hamiltonian from
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FIG. 2. Jump of the second derivative of the steady-state occupation and the resulting quantum-oscillation amplitude. Top row: temperature
dependence of the jump δ f (2) for n̄e = 0.8 and several driving amplitudes κ , shown in (a) the low-temperature regime, (b) the high-temperature
regime, and (c) on a log-log scale over the full temperature range together with the fits discussed in Sec. III. Bottom row: amplitude of the
resulting quantum oscillations in the interval �/ωc ∈ [40, 43] in (d) the low-temperature and (e) the high-temperature regimes. (f) Comparison
between the jump δ f (2) and the oscillation amplitude maxima as a function of driving amplitude in the high-temperature regimes. (g) Low-
temperature Floquet oscillations for different magnetic fields, showing that the full width at half maximum (FWHM) scales approximately
linearly with ωc.

Eq. (5) is therefore modified to be

ĥt =
[

p − e

h̄
A0(r) − e

h̄
A(t )

]2/
(2m), (6)

where ∇ × A0(r) = B0 accounts for the constant magnetic
field. Solutions to Schrödinger’s equation associated with
Eq. (6) have been discussed in quantum optics [19,20], and
can be obtained via the unitary transformation D[α(t )] =
exp[α(t )â† − α∗(t )â], where α(t ) = ∑

ξ=±1 zξ e−iξ�t/(h̄ωc −
ξ h̄�) with zξ = −iξ�−1√h̄ωc/(2m)(Ex

ξ − iEy
ξ ), as follows

(see Appendix B of the Supplemental Material [10] and Ref.
[21] for more details),

|N, r, t〉 = e−i�N (t )D[α(t )]|N〉 ⊗ |r〉,

= e−i�N (t )
∞∑

n=−∞
e−in�t

∣∣φn
N

〉 ⊗ |r〉, (7)

where �N (t ) = EN (t − t0)/h̄ + (1/h̄)
∫ t

t0
�(t ′) dt ′, EN =

h̄ωc(N + 1/2), N is the Landau-level index, r is the
intra-Landau-level guiding center index, ωc = e|B0|/m
is the cyclotron frequency, and �(t ) is a periodic,
Landau-level-index-independent scalar energy shift generated
by the displacement transformation; its explicit form
is given in Appendix B of the Supplemental Material
[10]. In the second line of Eq. (7) we used the Floquet
theorem to express the wave function as a sum of Floquet
harmonics.

Owing to magnetic translational symmetry, the scattering
rates and occupations become independent of the guiding

center index r (see Appendix D of the Supplemental Material
[10]), allowing Eq. (4) to be recast as

〈
W N→N ′

e,t

〉
T = 2π

h̄

∑
n

∫ ∞

−∞
dενB(ε)

∣∣V n
NN ′ (ε)

∣∣2
δ
(
En

N ′N + ε
)
,

∣∣V n
NN ′ (ε)

∣∣2 = χ2
0

4π2l4
B

(Nb(ε) + 1)Qn
NN ′ ,

Qn
NN ′ = Tr

{[∑
m

∣∣φm
N

〉〈
φm−n

N ′
∣∣][ ∑

m′

∣∣φm′
N

〉〈
φm′−n

N ′
∣∣]†}

,

(8)

where En
NN ′ = EN − EN ′ + nh̄�, and lB is the magnetic

length. The trace can be evaluated with the following identity,

Qn
NN ′ =

∫ 1

0

∫ 1

0
dx dy ei2πn(x−y)e−|β(x,y)|2

× LN ′ (|β(x, y)|2)LN (|β(x, y)|2), (9)

where LN (x) is the Laguerre polynomial. For circularly polar-
ized light, |β(x, y)|2 = 2κ2(ωc/�){1 − cos[2π (x − y)]} (see
Appendix E of the Supplemental Material [10] for a more
general form). In the limit κ → 0, Eq. (9) vanishes for n �= 0,
and Eq. (3) reduces to the conventional Boltzmann equation.
However, the above equations are nonperturbative and valid
for any value of κ . Equipped with Eqs. (9) and (8), we
numerically solve the Floquet-Boltzmann Eq. (3).
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V. ULTRACRITICAL QUANTUM OSCILLATIONS

We now illustrate that the nonanalyticity of the occupa-
tion indeed behaves as the Fermi surface of a non-Fermi
liquid by showing that it gives rise to quantum oscillations
with markedly different behavior compared to an equilibrium
Fermi liquid. Quantum oscillations are expected to appear in
many observables, but for concreteness we will focus on a
nonequilibrium free energy defined as

F

nel2
B

≡ 1

nel2
B

∞∑
N=0

[ fN EN − TbathSN ], (10)

where SN = −kB( fN log fN + f̄N log f̄N ) is the entropy contri-
bution associated with the filling fN (see Appendix C of the
Supplemental Material [10]). This free energy can be obtained
from the physical energy of the system averaged over one
period (see Appendix C of the Supplemental Material [10]
for a detailed derivation) and subtracting the entropy multi-
plied by the bath temperature. Therefore, this free energy is
a linear combination of two physically meaningful quantities
(the average energy and the entropy) chosen such that in
the limit of weak driving (κ → 0) it approaches the stan-
dard equilibrium Helmholtz free energy, which is the natural
thermodynamic potential when a system is coupled to a bath
with which it only exchanges energy. However, some caution
should be exercised in interpreting this nonequilibrium free
energy, because equilibrium relations such as those allowing
to compute other physical quantities (such as heat capacity
or magnetization) from its derivatives do not necessarily hold
away from equilibrium.

We have evaluated Eq. (10) by numerically solving the
Boltzmann Eq. (3) using scattering rates that are perturbative
and nonperturbative in κ (see Appendix E of the Supplemental
Material [10]), and verified that both calculations give the
same behavior at small κ (see Appendix E of the Supplemen-
tal Material [10]). The perturbative rates are more efficient for
numerical simulations, and we used them to explore in more
detail the full temperature dependence.

Figure 3 shows that oscillations with a period associated
with an effective Fermi energy h̄� emerge as κ increases.
These oscillations can be easily distinguished from the stan-
dard equilibrium oscillations which have a different period
controlled by electron density, and which decrease as κ in-
creases as a result of electron heating. One of our most
remarkable findings, seen in Fig. 3(b), is that these new
oscillations of the emergent Floquet Fermi surface remain
nonanalytic as a function of magnetic field even when the
bath is at finite temperature. This is a manifestation of their
“ultracritical” nature, namely the fact that the emergent Flo-
quet Fermi surface remains sharp at finite temperature [3]. In
equilibrium quantum oscillations are nonanalytic as a func-
tion of field only at zero temperature, and happen when the
chemical potential jumps across the cyclotron gaps between
Landau levels, which manifests as cusplike features in the
energy versus filling factor plots (i.e., inverse magnetic field)
[4,22]. Therefore, what we see in Fig. 3(b) is a nonequilibrium
version of this behavior that amazingly remains sharp even at
finite temperatures.

�

�

�

�

�

�

�

�

FIG. 3. (a) Quantum oscillations at small driving amplitudes κ

and low bath temperature. In the limit κ → 0, only equilibrium
oscillations, controlled by the particle density, are visible; these are
rapidly suppressed as κ increases, giving way to emergent Floquet
oscillations with a period dictated by �. (b) At higher bath temper-
atures, equilibrium oscillations are exponentially suppressed, while
Floquet oscillations remain distinct and nonanalytic as a function of
magnetic field. (c), (d) At larger driving amplitudes, only Floquet
quantum oscillations persist in both the low- and high-temperature
regimes. (e), (f) Corresponding low- and high-temperature quantum
oscillations of the von Neumann entropy.

We have also found that the amplitude is nonmonotonic
as a function of temperature, as shown in Fig. 2, going first
through a regime of rapid decrease with bath temperature, fol-
lowed by a high-temperature revival that eventually peaks at a
temperature comparable with the driving frequency h̄� (i.e.,
the effective Floquet Fermi energy), and subsequently decay-
ing as ∼1/Tbath at higher temperatures. Therefore, the ampli-
tude of oscillations is well correlated with the strength of the
emergent Fermi surface, measured from the size of the jump
of the second derivative at zero field, δ f (2), as shown in Fig. 2.

The amplitude of the Floquet quantum oscillations at low
temperatures can be comparable (see Appendix B of the
Supplemental Material [10]) to the amplitude of the usual
equilibrium quantum oscillations for strong light intensities
κ2 ∼ 1, but it remains up to about 10% of it even down
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weaker intensities κ2 ∼ 0.01. On the other hand, the high-
temperature oscillations tend to remain relatively weaker in
amplitude than the equilibrium oscillations, i.e., for κ2 = 1
they are about a few percent at their highest. The temperature
width of the region of high-temperature oscillations is weakly
dependent on magnetic field, but the temperature width of the
low-temperature oscillations increases linearly with magnetic
field, i.e., the latter is more similar to usual quantum oscilla-
tions [4,22]. All of the above substantiates the idea that the
nonanalyticity behaves as an emergent Fermi surface, which
governs the observed oscillatory behavior at small magnetic
fields, and that can retain quantum features even up to remark-
ably elevated temperatures.

The basic mechanism underlying magnetic oscillations is
that, as the magnetic field is varied, Landau levels cross the
effective Floquet Fermi surfaces of the Floquet non-Fermi-
liquid state, which are set by the driving frequency. Therefore,
one expects oscillations not only in this free energy but also in
a variety of other observables, in analogy to the equilibrium
case. To illustrate this explicitly, we have also computed the
von Neumann entropy of the state (see Appendix C of the
Supplemental Material [10] for details) whose oscillations are
shown in Figs. 3(e) and 3(f).

We caution readers that while our current calculations are
very valuable as proofs of principle, there are many realistic
ingredients that are crucial in order to understand the visibility
in experiments of these nonequilibrium quantum oscillations
that we have so far neglected, and which we hope to incor-
porate in future studies. One of the crucial ingredients we
have neglected is the effect of Landau-level broadening. The
reason we have neglected this is that our work focuses on
understanding systematically the nonequilibrium steady state
in the limit of weak coupling to the bath, i.e., χ̂q → 0 in
Eq. (1). Notice that the nonequilibrium occupations that solve
the Boltzmann Eq. (3) are of order zero in the system bath
coupling. Thus the leading effect in the limit χ̂q → 0 is to
reshuffle the occupation of states by a large amount ultimately
controlled by the amplitude of the drive (but approximately
independent of the strength of the coupling to the bath). At
higher orders in perturbation theory, a finite coupling to the
bath gives rise also self-consistently to the finite broadening
� of the Landau levels.

A systematic account of such broadening requires a
self-consistent nonequilibrium Green’s function calculation,
which is beyond the scope of our work. Nevertheless, we
would like to comment on the broad expectations arising from
accounting for this broadening (which for real experiments
would also need to account not only for the coupling to
the bath, but also for the effects of disorder and electron-
electron interactions). In equilibrium quantum-oscillation
problems, finite level broadening � suppresses the oscilla-
tion amplitude through the usual Dingle damping factor, e.g.,
RD = exp[−π�/ωc] (see, e.g., Ref. [23]). Thus we expect that
also in the present driven problem additional broadening and
finite lifetime effects would reduce the oscillation amplitude
and eventually wash it out once the broadening becomes com-
parable to the Landau-level spacing. Characterizing the im-
pact of this broadening in a systematic fashion in the nonequi-
librium setting remains an important direction for future
work.

VI. GUIDING EXPERIMENTS TOWARDS TRUE
FLOQUET STEADY STATES

One major open experimental challenge is to realize true
steady-state occupations of Floquet bands and not simply
short-lived transients. Currently, a large portion of Floquet
experiments is performed with ultrafast optical techniques.
While they have produced many beautiful results, such as
the realization of Floquet states in topological insulator sur-
faces [24] and the light-induced Hall effect in graphene [25],
these approaches only realize Floquet states for short dura-
tions (typically picoseconds), and are far from reaching true
steady states, making it difficult to probe and model their
behavior. Reaching such steady states would highly facilitate
the observation of our nonequilibrium states with emergent
Fermi surfaces, because it would allow to perform similar
experiments to those employed to detect Fermi surfaces in
equilibrium (e.g., quantum oscillations under magnetic fields).
How can experiments reach such states? the, strength of Flo-
quet effects is typically controlled by the work performed
by the electric field during one cycle divided by the photon
energy, namely by the dimensionless parameter

βF = v e|E |
h̄ �2

, (11)

where v is the typical electron velocity.
Floquet effects start to become visible when the dimen-

sionless light intensity, β2
F , is not too small. For example,

for ultrafast optical approaches typically performed using
midinfrared light with h̄� ∼ 120 meV, Floquet effects can
be visible when β2

F ∼ 0.1, but this requires extremely high
intensities typically of the order 1012 W/m2. Such high inten-
sities can lead to extreme heating of the samples, and thus
are typically applied only on very short picosecond pulses
(see, however, Refs. [24,26]). But notice that β2

F not only
increases with light intensity, but also very fast as �−4 as
frequency is lowered. Therefore, we believe this to be a highly
promising avenue to reach Floquet states under continuous
illumination because it permits to reach large values of β2

F
at low intensities, leading to less heating and allowing the
system to settle into truly quantum nonequilibrium steady
states. Ultimately, Floquet effects can be washed out once
the frequency becomes comparable to quasiparticle lifetime
scales, and thus it is desirable to have ultraclean materials
and push the frequency to be as low as possible. Are there
precedents for reaching this regime? Yes, to some extent. A
variety of beautiful steady-state effects have been observed
in two-dimensional electron gases (2DEGs) such as GaAs
heterostructures, known as microwave-induced resistance os-
cillation (MIRO) phenomena [23,27]. For example, in GaAs
with 10 GHz only an intensity of 0.2 W/m2 is needed to reach
β2

F ∼ 0.1. But these investigations have largely not yet ex-
panded to other quantum materials (e.g., only one experiment
has reported related phenomena in graphene [28]).

We anticipate that interactions, by enhancing scattering
processes, will lead to hotter steady states compared to the
noninteracting case. Since the nonanalytic features survive
at finite temperature and decay only as a power law, this
additional heating should not eliminate them, although their
magnitude will be reduced. More importantly, interactions
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generate a finite quasiparticle lifetime, an effect that lies be-
yond the Floquet-Boltzmann description. We expect that as
long as this lifetime exceeds the Floquet period, the non-Fermi
surfaces should remain observable. Clarifying this criterion,
as well as the role of disorder and the minimal frequency
required for their stability as true steady states, are very im-
portant questions that we hope to systematically address in
future investigations.

VII. SUMMARY

We derived a Floquet-Boltzmann kinetic equation for the
occupation of states in a periodically driven fermionic system
coupled to an ohmic bosonic bath. We demonstrated that its
solutions display nonanalyticities at certain momenta which
behave as emergent Fermi surfaces, by showing that they give
rise to quantum oscillations of observables in the presence
of magnetic fields. These oscillations have many remarkable
differences with respect to equilibrium quantum oscillations,

e.g., their period is controlled by the driving frequency (not
the electron density), they are nonanalytic as a function of
magnetic field, nonmonotonic as a function of temperature,
can survive up to extremely high temperatures comparable to
the driving frequency, and their amplitude can be comparable
to those in equilibrium.
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