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It was recently shown that odd-frequency superconducting pair amplitudes can be induced in
conventional superconductors subjected to a spatially-nonuniform time-dependent drive. It has also
been shown that, in the presence of interband scattering, multiband superconductors will possess
bulk odd-frequency superconducting pair amplitudes. In this work we build on these previous results
to demonstrate that by subjecting a multiband superconductor with interband scattering to a time-
dependent drive even-frequency pair amplitudes can be converted to odd-frequency pair amplitudes
and vice versa. We will discuss the physical conditions under which these pair symmetry conversions
can be achieved and possible experimental signatures of their presence.

I. INTRODUCTION

Due to the fermionic nature of electrons, the spatial
symmetry (s-wave, p-wave, d-wave, etc.) of a supercon-
ducting gap is intimately related to the spin state (singlet
or triplet) of the Cooper pairs making up the conden-
sate. In the limit of equal-time pairing this relationship
is quite simple, even-parity gaps (like s-wave, or d-wave)
correspond to spin singlet states while odd-parity gaps
(like p-wave or f -wave) correspond to spin triplet states.
However, if the electrons are paired at unequal times the
superconducting gap could be odd in time or, equiva-
lently, odd in frequency (odd-ω), in which case the con-
densate could be even in spatial parity and spin triplet
or odd in spatial parity and spin singlet. This possibility,
originally posited for 3He by Berezinskii1 and then later
for superconductivity2, is intriguing both because of the
unconventional symmetries which it permits and for the
fact that it represents a class of hidden order, due to the
vanishing of equal time correlations.

While some research has been dedicated to the ther-
modynamic stability of intrinsically odd-ω phases3–6, a
great deal of previous research has been devoted to the
identification of heterostructures in which odd-ω pairing
could be induced including: ferromagnetic - supercon-
ductor heterostructures7–13, topological insulator - su-
perconductor systems14–17, normal metal - superconduc-
tor junctions due to broken translation symmetry18–22,
two-dimensional bilayers coupled to conventional s-wave
superconductors23, and in generic two-dimensional elec-
tron gases coupled to superconductor thin films24. In
addition to theoretical studies, there are experimental
indications of the realization of odd-ω pairing at the in-
terface of Nb thin films and epitaxial Ho25. Furthermore,
the concept of odd-ω order parameters can be general-
ized to charge and spin density waves26,27 and Majorana
fermion pairs28, demonstrating the pervasiveness of the
odd-ω class of ordered states.

Additionally, it has been shown that superconduc-
tors with multiple bands close to the Fermi level, like
MgB2

29–33 and iron-based superconductors34–38, will

possess odd-ω pairing in the presence of interband
hybridization39–42. An advantage of studying odd-ω pair-
ing in multiband superconductors is that these systems
do not have to be engineered to generate odd-ω pair am-
plitudes since interband scattering can arise from disor-
der or it can be intrinsic to the system if the Cooper pairs
are composed of electrons corresponding to particular or-
bitals while the quasiparticles of the system emerge from
a linear combination of these orbitals40, as is the case in
Sr2RuO4

42. Thus, it is expected that bulk odd-ω pairing
should be ubiquitous in multiband superconductors.
Motivated by the intrinsically dynamical nature of

odd-ω condensates, we recently demonstrated the possi-
bility of inducing odd-ω superconducting pair amplitudes
in a conventional s-wave superconductor in the presence
of a spatially non-uniform and time-dependent external
electric field43. The purpose of our current work is both
to extend this result to the case of driven multiband su-
perconductors and to examine the nature of pair sym-
metry conversion in these systems, establishing a rela-
tionship between the symmetry of the dynamically gen-
erated pair amplitudes and the symmetry of the pair am-
plitudes in the absence of a drive. Specifically, we con-
sider a superconductor with two bands close to the Fermi
level, each possessing a conventional intraband s-wave
gap, with a finite interband hybridization so that both
even-ω and odd-ω pair amplitudes are present. Then, us-
ing perturbation theory, we show that, in the presence of
a time-dependent drive, novel odd-ω pair amplitudes are
generated from even-ω amplitudes and novel even-ω am-
plitudes are generated from odd-ω amplitudes. We also
demonstrate that the conditions for this dynamical pair
symmetry conversion coincide with the conditions for the
emergence of certain peak structures in the quasiparticle
density of states (DOS).
It should be noted that, while a great deal of work

has been dedicated to inducing odd-ω pairing in systems
with only even-ω pairing, this is the first study, to our
knowledge, examining the inverse effect: inducing even-
ω pairing from previously-existing odd-ω pairing. This
novel effect offers an additional means to modify the
pairing states of existing systems. Furthermore, given
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that even-ω states are typically associated with sharp
spectral features, this effect could point toward new di-
rections for measuring and quantifying odd-ω supercon-
ducting states.
The remainder of this paper is organized as follows.

In Section II, we establish the model we will use to de-
scribe a conventional s-wave singlet superconductor with
two bands close to the Fermi level, and review the condi-
tions under which interband scattering can lead to odd-ω
pairing. In Section III, we: derive the corrections to the
Green’s functions to leading order in the drive amplitude;
present the conditions for the conversion of even-ω pair
amplitudes to odd-ω pair amplitudes and vice versa; and
discuss possible signatures in the DOS. In Section IV, we
account for self-consistent corrections to the gap, demon-
strating the robustness of the effect. In Section V, we
offer concluding remarks.

II. MODEL

The physical system we wish to consider is a supercon-
ductor in which multiple quasiparticle bands are close to
the Fermi level, as is the case in MgB2

29–33 and iron-
based superconductors34–38. We assume that the super-
conductor has an s-wave spin singlet order parameter,
∆αβ , with band indices allowing for pairing in both the
interband and intraband channels. Additionally, as in
previous studies39–42, we account for a phenomenologi-
cal interband scattering which could be caused by dis-
order or by a mismatch between the orbital structure
of the quasiparticle bands and the superconducting or-
der parameter. In this work we will consider both the
case of a two-dimensional (2D) thin film superconductor
and a three-dimensional (3D) superconductor. For con-
creteness, unless otherwise specified, all numerical work
will be performed assuming two quasiparticle bands and
model parameters associated with the two-band super-
conductor MgB2. Starting from this system, we will
examine the affect of an applied time-dependent drive,
which, for concreteness, we assume to be an AC electric
field, which could be realized through gating (in the case
of a 2D superconductor) or using an RF source.
To describe this system we employ the model Hamil-

tonian:

H = Hsc +Ht +Hbath +Hmix (1)

where Hsc describes the undriven multiband supercon-
ductor, Ht is the time-dependent drive, Hbath describes
a Fermionic bath held at inverse temperature β which
allows for a phenomenological treatment of dissipation,
and Hmix describes the coupling between the supercon-
ductor and the bath.
We will proceed using a two-band superconductor al-

lowing for both interband and intraband pairing:

Hsc =
∑

k,σ

(

ξa,kψ
†
σ,a,kψσ,a,k + ξb,kψ

†
σ,b,kψσ,b,k

)

+
∑

α,β,k

∆αβψ
†
↑,α,−k

ψ†
↓,β,k + h.c.

+
∑

k,σ

Γψ†
σ,a,kψσ,b,k + h.c.

(2)

where ξα,k = k2

2mα

− µα is the quasiparticle dispersion in
band α with effective mass mα measured from the chem-
ical potential µα, ψ

†
σ,α,k (ψσ,α,k) creates (annihilates) a

quasipartical with spin σ in band α with momentum k,

∆αβ ≡ λ
∫

ddk
(2π)d 〈ψ↑,α,−kψ↓,β,k〉 is the superconducting

gap, where d is the dimensionality of the system, and
we allow for the possibility of interband scattering with
amplitude Γ.
With these conventions we write the time-dependent

drive as:

Ht =
∑

k,σ,α,β

Uαβ(t)ψ
†
σ,α,kψσ,β,k. (3)

The bath and mixing terms take the form:

Hbath =
∑

n,σ,α,k

(ǫn − µbath) c
†
n;σαkcn;σαk

Hmix =
∑

k,n,σ,α

ηnc
†
n;σαkψσ,α,k + h.c.

(4)

where ǫn describes the energy levels of the Fermionic

bath, µbath is the chemical potential of the bath, c†n;σαk
(cn;σαk) creates (annihilates) a Fermionic mode with de-
grees of freedom indexed by n, σ, α, and k, and ηn speci-
fies the amplitude of the coupling between the supercon-
ductor and the bath.
From this Hamiltonian we can derive a Dyson equation

for the Keldysh Green’s functions describing this system
(see Appendix A for details):

Ĝ(k; t1, t2) = Ĝ0(k; t1 − t2) +

∫ ∞

−∞

dtĜ0(k; t1 − t)

(

Û(t) 0

0 −Û(t)∗
)

⊗ ρ̂0Ĝ(k; t, t2) (5)

where ρ̂0 is the 2×2 identity in Keldysh space, and
Ĝ0(k; t1 − t2) is the Green’s function describing the un-

driven system written in the Keldysh basis:

Ĝ0(k; t1 − t2) =

(

ĜR
0 (k; t1 − t2) ĜK

0 (k; t1 − t2)

0 ĜA
0 (k; t1 − t2)

)

(6)
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where ĜR
0 (k; t1−t2), ĜA

0 (k; t1−t2), and ĜK
0 (k; t1−t2) are

the retarded, advanced, and Keldysh Green’s functions,
respectively.

After integrating out the bath (see Appendix B), the

Fourier transform of ĜR
0 (k; t1 − t2) is given by:







ω + iη − ξa,k −Γ −∆aa −∆ab

−Γ ω + iη − ξb,k −∆ba −∆bb

−∆∗
aa −∆∗

ba ω + iη + ξa,k Γ
−∆∗

ab −∆∗
bb Γ ω + iη + ξb,k






ĜR
0 (k;ω) = 1 (7)

where η is a constant related to the DOS of the bath, but,
for our purposes, will be treated as a phenomenological
parameter describing quasiparticle dissipation.

In equilibrium, the advanced and Keldysh Green’s
functions may be obtained from ĜR

0 (k;ω) by:

ĜA
0 (k;ω) = ĜR

0 (k;ω)
†

ĜK
0 (k;ω) = tanh

(

βω

2

)

[

ĜR
0 (k;ω)− ĜA

0 (k;ω)
] (8)

where β is the inverse temperature of the bath.

A. Odd-Frequency Pairing From Interband

Scattering

The emergence of odd-ω pairing in multiband super-
conductors due to interband scattering has previously
been studied39,40. One way to see the emergence of
these odd-ω terms is to consider the simple case in which
∆ab = ∆ba = 0 and solve for ĜR

0 (k;ω) using Eq (7) which,
in the limit of η → 0, is given by:

ĜR
0 (k;ω) =

(

ĜR
0 (k;ω) F̂R

0 (k;ω)

F̂
R

0 (k;ω) Ĝ
R

0 (k;ω)

)

(9)

where

ĜR
0 (k;ω) = g(k, ω)





(ω + ξa,k)
(

ω2 − E2
b,k

)

− Γ2 (ω − ξb,k) Γ
[

(ω + ξa,k) (ω + ξb,k)− Γ2 −∆aa∆bb

]

Γ
[

(ω + ξa,k) (ω + ξb,k)− Γ2 −∆aa∆bb

]

(ω + ξb,k)
(

ω2 − E2
a,k

)

− Γ2 (ω − ξa,k)



 ,

F̂R
0 (k;ω) = g(k, ω)





∆aa

(

ω2 − E2
b,k

)

−∆bbΓ
2 Γ [−ω (∆aa −∆bb) + ξa,k∆bb + ξb,k∆aa]

Γ [ω (∆aa −∆bb) + ξa,k∆bb + ξb,k∆aa] ∆bb

(

ω2 − E2
a,k

)

−∆aaΓ
2





(10)

where we have defined

g(k, ω) =
1

[ω2 − ǫ+(k)2] [ω2 − ǫ−(k)2]
,

Eα,k =
√

ξ2α,k +∆2
αα,

ǫ±(k) =

√

√

√

√

√

E2
a,k + E2

b,k

2
+ Γ2 ±

√

√

√

√

(

E2
a,k − E2

b,k

2

)2

+ Γ2 (ξa,k + ξb,k)
2 + Γ2 (∆aa −∆bb)

2.

(11)

From these expressions one can find Ĝ
R

0 (k;ω) and

F̂
R

0 (k;ω) using the definitions:

GR
0 (1; 2) = −iθ(t1 − t2)〈{ψα1,r1(t1), ψ

†
α2,r2(t2)}〉

G
R

0 (1; 2) = −iθ(t1 − t2)〈{ψ†
α1,r1(t1), ψα2,r2(t2)}〉

FR
0 (1; 2) = −iθ(t1 − t2)〈{ψα1,r1(t1), ψα2,r2(t2)}〉
F

R

0 (1; 2) = −iθ(t1 − t2)〈{ψ†
α1,r1(t1), ψ

†
α2,r2(t2)}〉

(12)

with which one can show Ĝ
R

0 (k;ω) = −ĜR
0 (−k;−ω)∗

and F̂
R

0 (k;ω) = −F̂R
0 (−k;−ω)∗. Notice, that, because

g(k, ω) = g(k,−ω), in Eq (10) the interband scattering
(Γ 6= 0) has induced a finite odd-ω interband pairing in

F̂R
0 (k;ω), as shown previously39.

We will now use these expressions to demonstrate that
the presence of a time-dependent drive will not only in-
duce similar odd-ω terms but also generate additional
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even-ω terms as a direct consequence of the odd-ω terms
in Eq (10).

III. PERTURBATIVE ANALYSIS

Iterating the Dyson equation in Keldysh space, Eq (5),
one can obtain the components of the Green’s function

to linear order in the drive:

Ĝ(k; t1, t2) = Ĝ0(k; t1 − t2) +

∫ ∞

−∞

dtĜ0(k; t1 − t)

(

Û(t) 0

0 −Û(t)∗
)

⊗ ρ̂0Ĝ0(k; t− t2). (13)

Fourier transforming with respect to the relative (t1 − t2) and average ((t1 + t2)/2) times we can obtain the linear
order corrections in frequency space:

Ĝ(k;ω,Ω) = 2πδ(Ω)Ĝ0(k;ω) + Ĝ0(k;ω + Ω
2 )

(

Û(Ω) 0

0 −Û(−Ω)∗

)

⊗ ρ̂0Ĝ0(k;ω − Ω
2 ). (14)

Focusing on the anomalous part of the Green’s functions, we find the terms to linear order in the drive are given by:

δF̂R(k;ω,Ω) = ĜR
0 (k;ω + Ω

2 )Û(Ω)F̂R
0 (k;ω − Ω

2 )− F̂R
0 (k;ω + Ω

2 )Û
∗(−Ω)Ĝ

R

0 (k;ω − Ω
2 )

δF̂A(k;ω,Ω) = ĜA
0 (k;ω + Ω

2 )Û(Ω)F̂A
0 (k;ω − Ω

2 )− F̂A
0 (k;ω + Ω

2 )Û
∗(−Ω)Ĝ

A

0 (k;ω − Ω
2 )

δF̂K(k;ω,Ω) = ĜR
0 (k;ω + Ω

2 )Û(Ω)F̂K
0 (k;ω − Ω

2 )− F̂R
0 (k;ω + Ω

2 )Û
∗(−Ω)Ĝ

K

0 (k;ω − Ω
2 )

+ ĜK
0 (k;ω + Ω

2 )Û(Ω)F̂A
0 (k;ω − Ω

2 )− F̂K
0 (k;ω + Ω

2 )Û
∗(−Ω)Ĝ

A

0 (k;ω − Ω
2 ).

(15)

To demonstrate the emergence of the even-ω and odd-
ω terms we will focus on the retarded components of
the anomalous Green’s functions in Eq (15). In general,

these corrections, δF̂R(k;ω,Ω), could possess terms that
are even in ω and terms that are odd in ω. To separate
these two possibilities we define:

δF̂ e/o(k;ω,Ω) =
δF̂R(k;ω,Ω)± δF̂R(k;−ω,Ω)

2
. (16)

By inserting the expressions for the undriven Green’s
functions into Eq (15) and evaluating Eq (16), one can
study the conditions under which new even-ω pair am-
plitudes, δF̂ e(k;ω,Ω), and new odd-ω pair amplitudes,

δF̂ o(k;ω,Ω), will be generated in the presence of the
drive. The general expressions are quite complicated,

therefore we will begin our analysis by studying the sim-
ple case in which no odd-ω amplitudes are present in the
undriven system.

A. Odd-Frequency in Driven Multiband

Superconductor for Γ = 0

In the absence of interband scattering, Γ = 0, the
anomalous Green’s function of the undriven supercon-
ductor, Eq (10), possesses only even-ω terms. To see
under what conditions the application of a drive will in-
duce odd-ω pairing we substitute Eq (10) into Eqs (15)
and (16) and we find that the odd-ω corrections to the
anomalous Green’s function are:

δF o
αβ(k;ω,Ω) = −ωUαβ(Ω)Aαβ(k, ω,Ω)

{

(∆α −∆β)
[(

ω2 + Ω2

4 − E2
α,k

)(

ω2 + Ω2

4 − E2
β,k

)

− ω2Ω2
]

+ Ω
(

E2
α,k − E2

β,k

)

(

Ω

2
(∆α +∆β) + ξα,k∆β + ξβ,k∆α

)} (17)

where

Aαβ(k, ω,Ω) =
1

[

(

ω + Ω
2

)2 − ξ2α,k −∆2
α

] [

(

ω − Ω
2

)2 − ξ2α,k −∆2
α

] [

(

ω + Ω
2

)2 − ξ2β,k −∆2
β

] [

(

ω − Ω
2

)2 − ξ2β,k −∆2
β

] .

(18)

From Eq (17) we can see that odd-ω pairing will emerge
in the limit of a static drive, Uαβ(Ω) = Uαβδ(Ω), only if

Û is off-diagonal in the band index, consistent with pre-
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vious results for multiband superconductors39–41. How-
ever, when Û is time-dependent an additional term in Eq
(17) emerges, proportional to Ω. As with the static case,

this term is only nonzero if Û(Ω) is off-diagonal in the
band index. However, unlike the static case, the dynam-
ical contribution can be nonzero even if the two gaps are
equal so long as the two bands have different dispersions.

This result is a simple example of the phenomenon
of dynamical pair symmetry conversion, whereby even-
ω pairing amplitudes are converted to odd-ω amplitudes
in the presence of a time-dependent drive. We will now
investigate the more general case, in which both even-ω
and odd-ω pairing amplitudes are already present before
the drive is turned on and the application of a time-
dependent drive converts the odd-ω amplitudes to even-ω
amplitudes and vice versa.

B. Symmetry Conversion in Driven Multiband

Superconductor for Γ 6= 0

When interband scattering is allowed, Γ 6= 0, the
anomalous Green’s function of the multiband supercon-
ductor will possess both odd-ω terms and even-ω terms,
even in the absence of a time-dependent drive. To dis-
tinguish between these ambient odd-ω and even-ω com-
ponents it is useful to define:

F̂ (e/o)(k;ω) =
F̂R
0 (k;ω)± F̂R

0 (k;−ω)
2

. (19)

By substituting Eq (19) into Eqs (15) and (16) we
can show that the even-ω corrections to the anomalous
Green’s function due to the time-dependent drive are
given by:

δF̂ e(k;ω,Ω) = δFe→e(k;ω,Ω) + δFo→e(k;ω,Ω) (20)

and the odd-ω corrections are given by:

δF̂ o(k;ω,Ω) = δFo→o(k;ω,Ω) + δFe→o(k;ω,Ω) (21)

where we have isolated the corrections which preserve
frequency parity:

δFe→e(k;ω,Ω) =
[

ĜR
0

(

k;ω + Ω
2

)

Û(Ω), F̂ (e)
(

k;ω − Ω
2

)

]

+

+
[

ĜR
0

(

k;−ω + Ω
2

)

Û(Ω), F̂ (e)
(

k;ω + Ω
2

)

]

+
,

δFo→o(k;ω,Ω) =
[

ĜR
0

(

k;ω + Ω
2

)

Û(Ω), F̂ (o)
(

k;ω − Ω
2

)

]

+

+
[

ĜR
0

(

k;−ω + Ω
2

)

Û(Ω), F̂ (o)
(

k;ω + Ω
2

)

]

+
,

(22)

and the corrections which reverse frequency parity:

δFe→o(k;ω,Ω) =
[

ĜR
0

(

k;ω + Ω
2

)

Û(Ω), F̂ (e)
(

k;ω − Ω
2

)

]

−

−
[

ĜR
0

(

k;−ω + Ω
2

)

Û(Ω), F̂ (e)
(

k;ω + Ω
2

)

]

−
,

δFo→e(k;ω,Ω) =
[

ĜR
0

(

k;ω + Ω
2

)

Û(Ω), F̂ (o)
(

k;ω − Ω
2

)

]

−

−
[

ĜR
0

(

k;−ω + Ω
2

)

Û(Ω), F̂ (o)
(

k;ω + Ω
2

)

]

−
,

(23)
where, for convenience, we have defined the bracket:

[

ĝ(ω1)û(ω2), f̂(ω3)
]

±
≡ 1

2

(

ĝ(ω1)û(ω2)f̂(ω3)

±f̂(ω3)û(−ω2)
∗ĝ(ω1)

∗
)

.

(24)

From Eqs (20)-(23) we can see that the presence of
a time-dependent drive will, in general, generate addi-
tional even-ω and odd-ω terms in the anomalous Green’s
function of a multiband superconductor. However, these
additional terms could have their origin either from mod-
ifying existing correlations with the same symmetry or
from symmetry conversion of terms with the opposite fre-
quency parity, i.e. even-ω terms generating odd-ω terms
or vice versa. To demonstrate that, in general, both
symmetry-preserving and symmetry-reversing terms will
be nonzero we will now evaluate Eqs (22) and (23), ex-
plicitly, using Eqs (10).
Assume, for simplicity, that the time-dependent drive

takes the form:

Û(ω) =

(

U0(ω) 0
0 U0(ω)

)

(25)

where U0(ω) is given by:

U0(ω) = 2πU0 [δ(ω − Ω0) + δ(ω +Ω0)] (26)

which corresponds to a drive proportional to cos(Ω0t)
in the time domain. To capture the average time-
dependence and relative frequency-dependence we will
work with the Wigner transform of the Green’s functions,
defined as:

Ĝ(k;ω, T ) =
∫

dΩ

2π
e−iΩT Ĝ(k;ω,Ω) (27)

and plot these expressions.
In Fig 1, we plot the Wigner transform, at T = 0,

of both the even-ω and odd-ω terms of the anoma-
lous Green’s function, F̂R(k;ω, T ), for a driven multi-
band superconductor described by Eqs (10) and (14)
where we have chosen ∆aa = 2meV, ∆bb = 7meV and
Γ = 10meV. We have used an external drive given by
Eq (26) with U0 = 10meV, and Ω0 = 1meV. In Fig 1
we have also included plots of the Wigner transforms
of both the symmetry-preserving corrections, Eq (22),
(green/dashed) and the symmetry-reversing corrections,
Eq (23), (red/dash-dotted) to examine the origin of the
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new contributions. In each plot, in order to show the fre-
quency dependence at the Fermi surface, we have taken
the average value of each function evaluated at the two

momenta, |k| = k
(a)
F =

√
2maµ and |k| = k

(b)
F =

√
2mbµ.

We first turn our attention to the intraband compo-
nents of the anomalous Green’s function, Fig 1 (a) and
(b). Notice that while no new odd-ω intraband terms are
present there are two new contributions to the even-ω in-
traband terms, one contribution coming from the ambi-
ent even-ω pairs, and another contribution coming from
the ambient odd-ω pairs. These two contributions are
most pronounced in the Faa channel in which they yield
a net suppression at ω = 0 and a net enhancement at
ω ≈ ±∆aa.

Next we consider the interband components of the
anomalous Green’s function, Fig 1 (c). Notice a clear
enhancement of the odd-ω terms coming from both the
ambient even-ω and odd-ω pairs. Additionally, we find
an enhancement of the even-ω interband amplitudes at
ω ≈ ±∆aa and ω ≈ ±∆bb coming from the odd-ω pairs,
along with a notable suppression at ω = 0 coming from
the even-ω pairs, similar to the case for the even-ω intra-
band channels.

In Fig 2, we plot the Wigner transform, at T = π/2Ω0,
of both the even-ω and odd-ω terms of the anomalous
Green’s function, F̂R(k;ω, T ), for a driven multiband su-
perconductor using the same parameters as those appear-
ing in Fig 1. In contrast to the results at T = 0, Fig 1, we
see that at T = π/2Ω0 the drive has very little affect on
the even-ω terms, but a rather strong affect on the odd-ω
terms. In Fig 2 (a) and (b), we see that relatively large
intraband odd-ω amplitudes have emerged at ω ≈ ±∆aa

and ω ≈ ±∆bb for the Faa and Fbb channels, respectively.
By examining the red (dash-dotted) and green (dashed)
curves we determine that these novel odd-ω terms have
contributions from both the symmetry-preserving terms
and symmetry-reversing terms. However, each contribu-
tion can be seen to give rise to distinct peak structures
in these channels. Turning our attention to Fig 2 (c), the
interband anomalous Green’s function, we can see simi-
lar enhancements of the odd-ω amplitude at ω ≈ ±∆aa

and ω ≈ ±∆bb. Just as with the intraband channels, the
novel interband terms possess both symmetry-preserving
and symmetry-reversing contributions.

To better understand the time-dependence of the pair-
ing amplitudes we have compiled a movie showing the
same plots as in Figs 1 and 2 over a full period of the
drive45. From this movie we observe that, at generic
times during the period, contributions to the odd-ω and
even-ω pair amplitudes are non-zero. Furthermore, we
can see that the corrections to the odd-ω amplitudes are
largest exactly when the drive vanishes and smallest ex-
actly when the drive reaches its maximum amplitude. On
the other hand the corrections to the even-ω amplitudes
behave in the opposite manner, obtaining their largest
contribution exactly when the drive is at its maximum
amplitude and smallest contribution when the drive van-
ishes.

a

b

c

d
U0(T)

T=0

Even-� Odd-�

Odd-�

Odd-�

Even-�

Even-�

FIG. 1. In the left (right) column we plot the even-ω
(odd-ω) terms of the Wigner transform (defined in Eq (27))
of the anomalous part of the Green’s function in Eq (14),

〈F̂R(ω, T = 0)〉, in black (solid), where we have taken the

average value of F̂R(k;ω, T = 0) at |k| = k
(a)
F and |k| = k

(b)
F .

In each case we have also plotted the parity-preserving terms,
Eqs (22), in green (dashed) and the parity-reversing terms,
Eqs (23), in red (dash-dotted). (a) the diagonal component
for band-a, (b) the diagonal component for band-b, (c) the
interband component. (d) The components of the drive from
Eq (26) plotted in the time domain over a full period, the
green vertical line denotes the time, T = 0, at which all plots
in this figure are evaluated. The parameters used to describe
the driven multiband superconductor in this case are: effec-
tive masses, ma = 0.5 Å−2/eV and mb = 1 Å−2/eV; chem-
ical potentials, µa = µb = 2eV; s-wave gaps, ∆aa = 2meV,
∆bb = 7meV, ∆ab = ∆ba = 0, consistent with MgB2

44; in-
terband scattering, Γ = 10 meV; dissipation described by
η = 1meV; and a drive given by Eq (26) with U0 = 10meV,
and Ω0 = 1meV (242 GHz).
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a

b

c

d
U0(T)

T=π Ω0

Even-ω

Even-ω

Even-ω Odd-ω

Odd-ω

Odd-ω

FIG. 2. In the left (right) column we plot the even-ω
(odd-ω) terms of the Wigner transform (defined in Eq (27))
of the anomalous part of the Green’s function in Eq (14),

〈F̂R(ω,T = π/2Ω0)〉, in black (solid), where we have taken

the average value of F̂R(k;ω, T = π/2Ω0) at |k| = k
(a)
F and

|k| = k
(b)
F . In each case we have also plotted the parity-

preserving terms, Eqs (22), in green (dashed) and the parity-
reversing terms, Eqs (23), in red (dash-dotted). (a) the diag-
onal component for band-a, (b) the diagonal component for
band-b, (c) the interband component. (d) The components of
the drive from Eq (26) plotted in the time domain over a full
period, the green vertical line denotes the time, T = π/2Ω0,
at which all plots in this figure are evaluated. The parame-
ters used to describe the driven multiband superconductor in
this case are: effective masses, ma = 0.5 Å−2/eV and mb = 1
Å−2/eV; chemical potentials, µa = µb = 2eV; s-wave gaps,
∆aa = 2meV, ∆bb = 7meV, ∆ab = ∆ba = 0, consistent with
MgB2

44; interband scattering, Γ = 10 meV; dissipation de-
scribed by η = 1meV; and a drive given by Eq (26) with
U0 = 10meV, and Ω0 = 1meV (242 GHz).

C. Density of States

Now that we have established the possibility of pair
symmetry conversion in driven multiband superconduc-
tors, we would like to discuss an experimental observable
that might indicate that such a conversion has occurred.
The time-dependent DOS is one such observable which
can be measured using scanning tunneling microscopy
(STM)46,47. This quantity can be obtained from the re-
tarded Green’s function by:

Nd(ω, T ) = − 1

π

∫

ddk

(2π)d
dΩ

2π
Im
{

e−iΩTTrĜR(k;ω,Ω)
}

(28)
where d is the dimensionality of the system, and
ĜR(k;ω,Ω) can be obtained from Eq (14).
In Fig 3, we plot Nd(ω, T ) as a function of frequency,

ω, for d = 2, (a) and (b), and d = 3, (c) and (d), using
the same parameters as in Section III B: effective masses,
ma = 0.5eV−1·Å−2 and mb = 1eV−1·Å−2; chemical po-
tentials, µa = µb = 2eV; s-wave gaps, ∆aa = 2meV,
∆bb = 7meV, ∆ab = ∆ba = 0; and interband scattering,
Γ = 10 meV. However, unlike in Section III B we use
a dissipation parameter of η = 0.1meV to better high-
light the sharp features in the DOS. The black (solid)

curves in Figs 3(a)-(d) show Nd(ω, T ) = N (0)
d (ω) with-

out a time-dependent drive, while the green (dashed) and
red (dash-dotted) curves show Nd(ω, T ) in the presence
of a drive described by Eq (26) with U0 = 10meV, and
Ω0 = 1meV (242 GHz) for times T = 0 (green/dashed)
and T = π/2Ω0 (red/dash-dotted).
Notice that, for the range of frequencies considered in

Fig 3(a) and (c), we see very little difference between the
undriven and driven DOS. In each case the dominant fea-
tures are the coherence peaks associated with the gaps at
ω ≈ |∆aa| and |∆bb| shifted slightly due to the interband
scattering, Γ. In fact, in Fig 3(a) (2D DOS) all curves
lie directly on top of each other. However, in Fig 3(c)
(3D DOS) the main difference is that for the driven case
at T = 0 there is a slight suppression of the DOS which
disappears at T = π/2Ω0 consistent with the fact that
the drive in Eq (26) vanishes at T = π/2Ω0. This sup-
pression is a direct consequence of the

√
ω-dependence of

the DOS in 3D (see Appendix C).
In Fig 3(b) and (d), we show the same three DOS

curves as in Fig 3(a) and (c) except plotted over a narrow
range of frequencies around the avoided crossing in the
quasiparticle spectrum of the superconductor (see inset
in Fig 3(e)) located at:

E0 ≈
√

Γ2 + µ2

(

ma −mb

ma +mb

)2

+
ma∆2

aa +mb∆2
bb

ma +mb
.

(29)
Notice that for both 2D and 3D the undriven DOS (black
curve) exhibits a slight suppression around E0 associated
with the depletion of states at the avoided crossing and
that the same behavior is exhibited by the driven DOS
at T = π/2Ω0. This feature has been noted before in
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multiband superconductors and shares the same origin as
the previously discussed odd-ω pair amplitudes in multi-
band superconductors40, i.e. the interband hybridiza-
tion. However, at T = 0 the driven DOS is changed sig-
nificantly at E0 with two extrema appearing at E0±Ω0/2,
similar to the case in superconductors driven by a spa-
tially nonuniform electric field43. The energies associ-
ated with these features indicate that their origin can
be traced back to the Floquet bands generated by the
periodic drive. However, we note that their appearance
requires both the presence of a drive and finite inter-
band scattering, necessary and sufficient conditions for
the symmetry conversion discussed in Section III B. Fur-
thermore, these features can be noticeably enhanced rel-
ative to the undriven spectral features at E0, as can be
seen from Figs 3(b) and (d). Therefore, we conclude that
these peaks offer a potential diagnostic tool for studying
pair symmetry conversion in driven multiband supercon-
ductors.

IV. SELF-CONSISTENT GAP CALCULATION

In the previous sections we have demonstrated the pos-
sibility of generating both odd- and even-frequency terms
in the anomalous Green’s function of a multiband super-
conductor using a time-dependent drive to linear order
in the driving amplitude. However, in the above analysis
we neglected corrections to the gap function, ∆̂, due to
the drive. We will now use the expressions derived in Sec-
tion III to analyze these additional terms self-consistently
and demonstrate the robustness of the effect. For conve-
nience, in this section we will focus on the 3D case.
Assuming the interaction responsible for the supercon-

ducting gap is local in relative time and real space, the
time-dependent gap is given by:

∆αβ(T ) = iλ

∫

ddk

(2π)d
dω

2π
F̂>(k;ω, T ) (30)

where F̂>(k;ω, T ) is the Wigner representation of the >
anomalous Green’s function which can be expressed in
terms of the retarded, advanced, and Keldysh Green’s
functions:

F̂>(k;ω, T ) =
1

2

[

F̂R(k;ω, T )− F̂A(k;ω, T ) + F̂K(k;ω, T )
]

.

(31)
This can be expressed in terms of the equilibrium Green’s
functions, given by Eq (10), and the corrections due to
the drive:

F̂>(k;ω, T ) =
1

2

{

F̂R
0 (k;ω)− F̂A

0 (k;ω) + F̂K
0 (k;ω)

+ δF̂R(k;ω, T )− δF̂A(k;ω, T ) + δF̂K(k;ω, T )
}

(32)
where these corrections are given by the Wigner trans-
forms of the expressions in Eq (15).

a b

c

U0(T)T=0

T=π/2Ω0

d

E0

E0

Ω0

e f

2D 2D

3D3D

Ω0

FIG. 3. In (a) and (b), the 2D DOS computed using: effective
masses, ma = 0.5 Å−2/eV and mb = 1 Å−2/eV; chemical
potentials, µa = µb = 2eV; s-wave gaps, ∆aa = 2meV, ∆bb =
7meV, ∆ab = ∆ba = 0, consistent with MgB2

44; interband
scattering, Γ = 10 meV; dissipation described by η = 0.1meV;
and a drive given by Eq (26) with U0 = 10meV, and Ω0 =
1meV (242 GHz). In both panels we show the case for no
drive in black (solid), and the cases with the drive at times
T = 0 and T = π/2Ω0 in green (dashed) and red (dash-
dotted), respectively. In (a) we focus on the states near the
Fermi surface, in (b) we focus on the range of energies near the
crossing of the two bands at which we find the driven DOS at
T = 0 possesses two peaks shifted from the avoided crossing
at E0 by, ±Ω0/2. In (c) and (d), the 3D DOS plotted for
the same parameters as in (a) and (b). Notice that the main
difference is that in 3D the driven DOS at T = 0 is slightly
suppressed relative to the undriven DOS (see inset). In (e)
we plot the spectrum of the two band superconductor given
by ǫ±(k) in Eq (11). The horizontal grey line denotes the
avoided crossing (see inset) at E0, Eq (29), due to the finite
interband scattering, Γ. In (f) we show the drive from Eq
(26) plotted in the time domain over a full period, the green
vertical line denotes the beginning of the period at T = 0
where the drive has maximum amplitude, while the red line
denotes T = π/2Ω0 where the drive amplitude is zero.
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a

b

c

d
U0(T)

T=0

T=π/2Ω0

E����ω

E����ω

E����ω O���ω

O���ω

O���ω

FIG. 4. In the left (right) column we plot the even-
ω (odd-ω) terms of the Wigner transform (defined in Eq
(27)) of the anomalous part of the Green’s function in Eq

(14), 〈F̂R(ω, T )〉, where we have taken the average value of

F̂R(k;ω,T ) at |k| = k
(a)
F and |k| = k

(b)
F . In each panel,

〈F̂R(ω,T )〉 is calculated self-consistently using Eq (30) for
the parameters discussed in the text at times T = 0, green
(dashed), and T = π/2Ω0, red (dash-dotted). Additionally,
we note that the self-consistent results for these same param-
eters but with U0 = 0 appears as a black curve which overlaps
almost exactly with the T = 0 results. (a) the diagonal com-
ponent for band-a, (b) the diagonal component for band-b, (c)
the interband component. (d) The drive from Eq (26) plotted
in the time domain over a full period, the green vertical line
denotes the time T = 0 while the red line denotes T = π/2Ω0.

Using Eqs (30) and (32) it is straightforward to com-
pute the components of the gap ∆αβ(T ) at any aver-
age time, T , numerically. By inserting these results
back into the expressions for F̂>(k;ω, T ), recomputing

∆αβ(T ) and iterating this procedure until the values of
∆αβ(T ) calculated using Eq (30) match the input values
to a precision of our choice we can find self-consistent
solutions for the gap in the presence of a drive.

To illustrate that the effect we have discussed in this
paper holds even when the gap is allowed to adjust
to the applied time-dependent drive, we have followed
the above self-consistent procedure using a precision
of δ = 10−5 for: effective masses ma = 1eV−1·Å−2,
mb = 1.5eV−1·Å−2; chemical potentials µa = µb = 10eV;
dissipation parameter η = 50meV; interband scattering
Γ = 10meV; intraband drive amplitude U0 = 10meV;
drive frequency Ω0 = 10meV (2.4 THz); electron-electron
interaction strength λ = 1; and approximately zero tem-
perature. For these parameters the self-consistent gap
magnitudes were found at time T = 0: |∆aa| ≈ 197.6
meV, |∆ab| = |∆ba| ≈ 1.495 meV,|∆bb| ≈ 1.101 eV and
at time T = π/2Ω0: |∆aa| ≈ 197.7 meV, |∆ab| = |∆ba| ≈
1.493 meV, |∆bb| ≈ 1.102 eV. Additionally, we computed
the gaps in the absence of the drive and found precise
agreement with the magnitudes at time T = π/2Ω0. No-
tice that the self-consistent magnitudes do not change
appreciably as a function of time T ; however, there is a
slight suppression of the intraband gaps when the drive
is at its maximum and a slight enhancement of the inter-
band gaps at this same point. Using these self-consistent
values for the gaps, we can now examine the frequency-
dependent anomalous Greens functions, and determine
whether or not the pair symmetry conversion holds in
these cases.

In Fig 4(a)-(c) we show the even-ω and odd-ω pair
amplitudes computed self-consistently for the above pa-
rameters plotted as a function of relative frequency, ω, for
two different values of the average time, T : T = 0 and
T = π/2Ω0. As in Figs 1 and 2 we have taken the average

of F̂R(k;ω, T ) at |k| = k
(a)
F and |k| = k

(b)
F . First, notice

that the intraband odd-ω terms are only non-negligible
at T = π/2Ω0 where they become larger than either of
the interband pairing amplitudes. This confirms that the
pair symmetry conversion of even-ω to odd-ω amplitudes
holds even when we account for the corrections to the
gap. However, notice that we do not see as dramatic a
conversion of odd-ω to even-ω amplitudes as we did for
the previous cases considered. This is likely because we
have restricted ourselves to fairly large equal-time gaps
in order to ensure self-consistency in the presence of both
interband scattering and a time-dependent drive.

In Fig 5(c)-(f) we show the even-ω intraband pair am-
plitudes appearing in Fig 4 except we have zoomed in on
the frequency ranges where we expect the largest effect
from symmetry conversion. As we expect from the re-
sults in Section III B, near ω = 0, Fig 5(c) and (e), we
find a suppression of both even-ω intraband pair ampli-
tudes at time T = 0 which disappears at T = π/2Ω0.
Concordantly, near ω = |∆aa| and ω = |∆bb| at time
T = 0 we find enhancements of the even-ω aa and bb
components, respectively, which also disappear at time
T = π/2Ω0. This confirms that the pair symmetry con-



10

version of odd-ω to even-ω amplitudes also holds when
the self-consistent corrections to the gap are accounted
for.

c

e

U0(T)

T=0

T=π/2Ω0

d

f

c
d

e

f

FIG. 5. In panels (a) and (b) we repeat the plots of the even-
ω intraband pair amplitudes appearing in panels (a) and (b)
of Fig 4, which were calculated self-consistently using Eq (30)
for the parameters discussed in the text at times T = 0, green
(dashed), T = π/2Ω0, red (dash-dotted), and without a drive
black (solid). Note that the solid black curves lie directly
under the red dash-dotted curves. In panels (c) and (d) we
show plots of the even-ω intraband pairing in band-a zoomed
in on the features denoted by the blue arrows in panel (a).
In panels (e) and (f) we show plots of the even-ω intraband
pairing in band-b zoomed in on the features denoted by the
blue arrows in panel (b). In panel (g) we plot the drive from
Eq (26) in the time domain over a full period, the green ver-
tical line denotes the time T = 0 while the red line denotes
T = π/2Ω0.

V. CONCLUSIONS

In this work we considered a model for a two-band
superconductor with interband scattering subjected to
a time-dependent drive. Working perturbatively, we
demonstrated that, not only can the presence of a time-
dependent drive be used to generate odd-frequency su-
perconducting pair amplitudes, but that odd-frequency
amplitudes generated from the interband scattering can
influence the appearance of the even-frequency ampli-
tudes in the presence of a drive. To our knowledge,
this has been the first systematic study of the conversion
of odd-frequency pair amplitudes to even-frequency pair
amplitudes. We also showed that the appearance of the
dynamically-induced odd-frequency and even-frequency
amplitudes holds even when the gaps are computed self-
consistently. Furthermore, by examining the DOS, we
found that the conditions for this dynamical pair sym-
metry conversion also gave rise to novel peak structures,
offering a potential signature of the phenomenon.

Since the derivation of the parity-reversing terms, Eq
(23), did not rely on a specific Hamiltonian or gap-
symmetry we conclude that these relations should hold in
general. These general relations represent a novel means
to control the symmetry of Cooper pairs, which could
allow for the realization of exotic new superconducting
states. Additionally, in light of these results, it would be
interesting to study whether or not a time-dependent ex-
ternal field can be used to generate an equal-time gap in
an intrinsically odd-frequency superconductor. Since a
key feature of odd-frequency superconductors is the van-
ishing of an equal-time gap, it is conceivable that one
could use the kind of pair symmetry conversion proposed
in this work to generate sharp spectral features which
could expose an otherwise hidden order.
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Appendix A: Derivation of Equations of Motion

In this appendix, we outline the derivation of the equa-
tions of motion describing the Green’s functions in Eq
(5).

By commuting the quasiparticle annihilation and cre-

ation operators, ψσ,α,k and ψ†
σ,α,k, with the total Hamil-

tonian in Eq (1) it is straightforward to derive the Heisen-
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berg equations of motion for these operators:

i
d

dt
ψσ,α,k(t) = ξα,kψσ,α,k(t)

+
∑

α′

[Γ (τ̂1)αα′ + Uαα′(t)]ψσ,α′,k(t)

+ δσ↑
∑

α′

∆αα′ψ†
↓,α′,−k

(t)

− δσ↓
∑

α′

∆α′αψ
†
↑,α′,−k

(t)

+

∫

C

dt′ΣC(t− t′)ψσ,α,k(t
′)

(A1)

and

i
d

dt
ψ†
σ,α,−k

(t) = −ξα,−kψ
†
σ,α,−k

(t)

−
∑

α′

[Γ (τ̂1)α′α + U∗
αα′(t)]ψ

†
σ,α′,−k

(t)

+ δσ↓
∑

α′

∆†
αα′ψ↑,α′,k(t)

− δσ↑
∑

α′

∆†
α′αψ↓,α′,k(t)

+

∫

C

dt′ΣC(t− t′)ψ†
σ,α,k(t

′)

(A2)
where τ̂i are the Pauli matrices in band space, the contour
C is the standard time contour from the Kadanoff-Baym
formalism48–51 and we have defined the self-energies as-

sociated with the presence of the fermionic bath:

ΣC(t− t′) =
∑

n

η2nG
C
bath(n; t− t′)

ΣC(t− t′) =
∑

n

η2nG
C

bath(n; t− t′)
(A3)

where GC
bath(n; t − t′) = −i〈TCcn;σ,α,k(t)c†n;σ,α,k(t′)〉 and

G
C

bath(n; t − t′) = −i〈TCc†n;σ,α,−k
(t)cn;σ,α,−k(t

′)〉 are
contour-ordered Green’s functions for the free-fermion
bath.
We then define the following contour-ordered Green’s

functions:

GC
σ1α1;σ2α2

(k; t1, t2) = −i〈TCψσ1,α1,k(t1)ψ
†
σ2,α2,k

(t2)〉

G
C

σ1α1;σ2α2
(k; t1, t2) = −i〈TCψ†

σ1,α1,−k
(t1)ψσ2,α2,−k(t2)〉

F C
σ1α1;σ2α2

(k; t1, t2) = −i〈TCψσ1,α1,k(t1)ψσ2,α2,−k(t2)〉
F

C

σ1α1;σ2α2
(k; t1, t2) = −i〈TCψ†

σ1,α1,−k
(t1)ψ

†
σ2,α2,k

(t2)〉.
(A4)

Since the Hamiltonian possesses only trivial spin-
dependence we may restrict our attention to the com-
ponents:

GC
α1α2

(k; t1, t2) ≡ GC
↑α1;↑α2

(k; t1, t2)

G
C

α1α2
(k; t1, t2) ≡ G

C

↓α1;↓α2
(k; t1, t2)

F C
α1α2

(k; t1, t2) ≡ F C
↑α1;↓α2

(k; t1, t2)

F
C

α1α2
(k; t1, t2) ≡ F

C

↓α1;↑α2
(k; t1, t2).

(A5)

Then, using Eqs (A1) and (A2), one can show that these
components satisfy the following equations of motion:

(

iτ̂0
d
dt1

− ĥk − Û(t1) −∆̂

−∆̂† iτ̂0
d
dt1

+ ĥ∗−k
+ Û∗(t1)

)

ĜC(k; t1, t2)−
∫

C

dt

(

τ̂0ΣC(t1 − t) 0
0 τ̂0ΣC(t1 − t)

)

ĜC(k; t, t2) = δC(t1, t2)

(A6)

where τ̂0 is the identity matrix in band space, ĥk, ∆̂, and
Û(t) are matrices in band-space given by:

ĥk =

(

ξa,k Γ
Γ ξb,k

)

∆̂ =

(

∆aa ∆ab

∆ba ∆bb

)

Û(t) =

(

Uaa(t) Uab(t)
Uba(t) Ubb(t)

)

(A7)

and where we define ĜC(k; t1, t2) as:

ĜC(k; t1, t2) =

(

ĜC(k; t1, t2) F̂ C(k; t1, t2)

F̂
C

(k; t1, t2) Ĝ
C

(k; t1, t2)

)

(A8)

where each component is a 2×2 matrix in band space.

Using Eq (A6) it is straightforward to write the Dyson

equation for ĜC(k; t1, t2):

ĜC(k; t1, t2) = ĜC
0 (k; t1, t2)

+

∫

C

dtĜC
0 (k; t1, t)

(

Û(t) 0

0 −Û(t)∗

)

ĜC(k; t, t2)

(A9)

where ĜC
0 (k; t1, t2) is the solution to Eq (A6) in the ab-

sence of a drive.

Assuming that coupling to the bath washes out the
correlations between the real and imaginary time con-
tours we may work only with the retarded, advanced, and
Keldysh components. Under this assumption we trans-
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form Eq (A9) to Keldysh space:

Ĝ(k; t1, t2) = Ĝ0(k; t1, t2)

+

∫ ∞

−∞

dtĜ0(k; t1, t)

(

Û(t) 0

0 −Û(t)∗
)

⊗ ρ̂0Ĝ(k; t, t2)
(A10)

where ρ̂0 is the identity in Keldysh space and

Ĝ(k; t1, t2) =
(

ĜR(k; t1, t2) ĜK(k; t1, t2)

0 ĜA(k; t1, t2)

)

(A11)

where each component may be written as linear combi-
nations of the contour-ordered Green’s functions:

ĜR(k; t1, t2) =
1

2

[

ĜC
11(k; t1, t2)− ĜC

12(k; t1, t2) + ĜC
21(k; t1, t2)− ĜC

22(k; t1, t2)
]

ĜA(k; t1, t2) =
1

2

[

ĜC
11(k; t1, t2) + ĜC

12(k; t1, t2)− ĜC
21(k; t1, t2)− ĜC

22(k; t1, t2)
]

ĜK(k; t1, t2) =
1

2

[

ĜC
11(k; t1, t2) + ĜC

12(k; t1, t2) + ĜC
21(k; t1, t2) + ĜC

22(k; t1, t2)
]

(A12)

where ĜC
ij(k; t1, t2) is given by the definition in Eq (A8)

with the index i (j) determining on which path of the
contour the time argument t1 (t2) lies, forward = 1 and
backward = 2 respectively.

Appendix B: Integrating-Out the Bath

In this appendix we outline the procedure for
integrating-out the bath and obtaining an expression for
the Green’s functions in Eq (7).
In the absence of the drive (Uαβ(t) = 0) we can Fourier

transform Eq (A6) to frequency space to find:

Ĝ0(k;ω) =













τ̂0
(

ω − ΣR(ω)
)

− ĥk −∆̂ −τ̂0ΣK(ω) 0

−∆̂† τ̂0

(

ω − Σ
R
(ω)
)

+ ĥ−k 0 −τ̂0Σ
K
(ω)

0 0 τ̂0
(

ω − ΣA(ω)
)

− ĥk −∆̂

0 0 −∆̂† τ̂0

(

ω − Σ
A
(ω)
)

+ ĥ−k













−1

(B1)

where

ΣR(ω) =
∑

n

η2nP
(

1

ω − (ǫn − µbath)

)

− iπ
∑

n

η2nδ (ω − (ǫn − µbath))

Σ
R
(ω) =

∑

n

η2nP
(

1

ω + (ǫn − µbath)

)

− iπ
∑

n

η2nδ (ω + (ǫn − µbath))

(B2)

ΣA(ω) =
∑

n

η2nP
(

1

ω − (ǫn − µbath)

)

+ iπ
∑

n

η2nδ (ω − (ǫn − µbath))

Σ
A
(ω) =

∑

n

η2nP
(

1

ω + (ǫn − µbath)

)

+ iπ
∑

n

η2nδ (ω + (ǫn − µbath))

(B3)

and

ΣK(ω) = −i2π tanh
(

βω

2

)

∑

n

η2nδ (ω − (ǫn − µbath))

Σ
K
(ω) = −i2π tanh

(

βω

2

)

∑

n

η2nδ (ω + (ǫn − µbath)) .

(B4)
Assuming a featureless bath we approximate
η ≈ π

∑

n η
2
nδ (ω − (ǫn − µbath)) and m ≈

∑

n η
2
nP
(

1
ω−(ǫn−µbath)

)

in which case Eq (B1) sim-

plifies to:
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Ĝ0(k;ω) =













τ̂0 (ω + iη −m)− ĥk −∆̂ τ̂0i2 tanh
(

βω
2

)

η 0

−∆̂† τ̂0 (ω + iη +m) + ĥ−k 0 τ̂0i2 tanh
(

βω
2

)

η

0 0 τ̂0 (ω − iη −m)− ĥk −∆̂

0 0 −∆̂† τ̂0 (ω − iη +m) + ĥ−k













−1

(B5)

and, without loss of generality, we account form by shift-

ing the overall chemical potential appearing in ĥk.

Appendix C: Driven Density of States in

d-dimensions

In order to illustrate the dependence of the driven DOS
on dimension, d, we consider a simple model Hamiltonian
describing quasiparticles in one-band driven by a time-
dependent electric field:

H =
∑

k

[Ek + U(t)]ψ†
k
ψk (C1)

where Ek describes the dispersion of the quasiparticles,
U(t) is a time-dependent external field, and the momen-
tum is summed over a d-dimensional reciprocal space.
Following the exact same reasoning leading to Eq (14)

one can verify that, to linear order in the drive, the re-
tarded Green’s function describing this system is given
by:

GR(k;ω,Ω) = 2πδ(Ω)GR
0 (k;ω)

+GR
0 (k;ω + Ω

2 )U(Ω)GR
0 (k;ω − Ω

2 )
(C2)

where

GR
0 (k;ω) = lim

η→0

1

ω − Ek + iη
. (C3)

Assuming a drive of the form:

U(Ω) = 2πU0 [δ(Ω− Ω0) + δ(Ω + Ω0)] (C4)

we may write the Wigner representation of GR(k;ω,Ω),
which we defined in Eq (27), as:

GR(k;ω, T ) = GR
0 (k;ω)

+ 2U0 cos (Ω0T )G
R
0 (k;ω + Ω0

2 )GR
0 (k;ω − Ω0

2 ).
(C5)

The time-dependent DOS for this system is given by:

Nd(ω, T ) = − 1

π

∫

ddk

(2π)d
ImGR(k;ω, T ). (C6)

Using, the Lorentzian representation of the delta function
we may write this as:

Nd(ω, T ) =

∫

ddk

(2π)d
δ(ω − Ek)

+
2U0

Ω0
cos(Ω0T )

∫

ddk

(2π)d
δ(ω − Ω0

2 − Ek)

− 2U0

Ω0
cos(Ω0T )

∫

ddk

(2π)d
δ(ω + Ω0

2 − Ek).

(C7)
Noting that each of these integrals has the same form as
the undriven DOS, we can rewrite Eq (C7) as:

Nd(ω, T ) = N (0)
d (ω) +

2U0

Ω0
cos(Ω0T )

[

N (0)
d (ω − Ω0

2 )−N (0)
d (ω + Ω0

2 )
]

(C8)

where N (0)
d (ω) is the DOS in d-dimensions associated

with the dispersion Ek.

Consider the special case of d = 2 and Ek = ~
2k2

2m − µ.

In this case,N (0)
2 (ω) is a constant function of ω, therefore

Eq (C8) is constant in T and unchanged to linear order
in U0. This provides insight into why we observe little
change in the magnitude of the 2D DOS shown in Fig 3(a)
and (b), the contributions from the Floquet copies cancel
at linear order.

Now, consider the case of d = 3 and Ek = ~
2k2

2m −µ. In
this case N (0)

3 (ω) ∝ √
ω, therefore, unlike the 2D case,

the corrections do not cancel. Instead the linear-order
corrections provide a net suppression at T = 0 since, for
Ω0

2 < ω, N (0)
3 (ω + Ω0

2 ) > N (0)
3 (ω − Ω0

2 ). However, this
suppression will disappear at T = π/2Ω0 due to the van-
ishing of cosine at this point in the period. Furthermore,
this suppression will turn into an enhancement when the
cosine is negative. This explains why the 3D DOS in
Figs 3(c) and (d) is slightly suppressed at T = 0 but
unchanged at T = π/2Ω0.
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11 M. Eschrig and T. Löfwander, Nature Physics 4, 138 (2008).
12 J. Linder, T. Yokoyama, and A. Sudbø, Phys. Rev. B 77, 174514 (2008).
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