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We study the effect of discrete symmetries on charge and heat pumping through non-interacting
Floquet systems when spatial symmetry (SS) is broken. Particle-hole symmetry (PHS) implies that
the pumping of charge (heat) is an odd (even) function of the chemical potential. If PHS is broken,
the product of PHS and SS produces even (odd) charge (heat) pumping. Simultaneous breaking of
PHS and SS can be due to the coupling to the leads, even if the latter is spatially symmetric. This
provides a very simple criterion for reversing (or maintaining) the direction of the flow. We illustrate
these results by considering two variants of the Su-Schrieffer-Heeger model under a time-periodic

perturbation.

I. INTRODUCTION

Quantum pumping consists of coherently transporting
heat or charge between macroscopic reservoirs using a
periodic drive - the pump. By exchanging energy with
the drive, carriers can be transported across reservoirs
even in the absence of any temperature or voltage bias.

The pumping of charge was first understood in the
so-called adiabatic limit"?, where the ratio between the
driving period, T = 27/, and the time taken by carriers
to traverse the sample, 7, is large, i.e. 2w/Q7 > 1. As 7
is proportional to the linear sample size, L, the adiabatic
approximation eventually breaks down and one has to re-
sort to a fully time dependent modeling using scattering
Floquet theory®# or a non-equilibrium Green’s functions
approach?® . Since then, quantum charge pumps have
found applications in quantum metrology'®!'!, single-
photon or electron emitters'>'® and quantum informa-
tion processing'?

It has long been noted that pumping is only allowed
when spatial symmetry is broken®'5. However, a system-
atic understanding of how symmetry affects the pumping
of heat and charge is still incomplete. In this article, we
take a step further in this direction by showing that some
symmetry properties leave a signature on the oven/odd
dependence of the charge and heat pumped, within a cy-
cle, on the reservoirs chemical potential. Specifically, we
show that if inversion symmetry along the direction of
the current is broken and particle-hole symmetry (PHS)
holds, or if only the product of the two holds, charge and
heat pumping then depend on the chemical potential in
qualitatively different ways: the pumped charge or heat
in one cycle can either be an even or odd function of the
chemical potential. We extend these findings to composi-
tions of the above symmetries with unitary symmetries.
This result provides a very simple criterion for reversing
(or maintaining) the direction of the flow.

We illustrate our findings in two variants of the period-
ically driven Su-Schrieffer-Heeger (SSH) chain'®'7 cou-
pled to two wide-band reservoirs'®. Symmetry break-

ing can either be induced by the coupling to the leads

or by explicitly breaking spatial symmetry, for instance,
through a spatially non-uniform drive of the 1D conduc-
tor. As an example of a composite symmetry, we intro-
duce a special form of PHS, acting in space-time domain,
which affects differently the two model variants.

The paper is organized as follows. We define the setup
in Section IT and recall the charge and energy currents
within the Floquet Green’s function formalism. In Sec-
tion IIT we discuss the relevant symmetries, how they
apply to the Floquet scattering matrix and Green’s func-
tion, and derive their implications for the transmission
probabilities. In Section IV we derive their implications
for the average pumped heat and charge per cycle. We
present examples in Section V. We summarize and dis-
cuss the implications of our findings in Section VI.

II. CHARGE AND ENERGY PUMPING

We consider a typical transport setup consisting of two
macroscopic metallic leads connected by a mesoscopic
system, S, to which the driving is applied. The total
Hamiltonian is given by

H(t)=Hs(t)+ Y (H+He_s), (1)

{=R,L

where the Hamiltonian of the system, Hg(t) =
Zaﬁ ¢l Hs.ap (t) és, is assumed to be quadratic, with ¢,
and ¢, the fermionic creation and annihilation operators,
with a periodic single-particle Hamiltonian, Hgs (¢) =
Hgs (t + 7). The Hamiltonians, H;, for the right and
left (I = R,L) leads are time independent and non-
interacting, and the same applies to the system-lead cou-
pling term, H;_g. Under these conditions, the retarded
Green’s function of the system verifies Dyson’s equa-
tion, [i0; — Hg (t)] G = >, SE.GE, where S (t,t) =
i g—“;e_iw@_t,)Eﬁ (w) is the time-translational invariant
retarded self-energy induced by lead I. Under periodic
driving, it is convenient to define the Floquet Green’s



function!®:

T —+00
Gimy (€) = % /0 dt /_ dre!mMMH= e GR (¢4 7).
(2)

Assuming there are no bound-states, at large times after
the periodic drive has been turned on, a recurrent state
is attained and observables become periodic with driving
period®. Here, we are concerned with the average charge
Jf, and energy, Jy, currents leaving lead [ over one driv-
ing cycle, defined as ch/e = lim, 0 f:+T %Jf/e (t). In
terms of the Floquet Green’s function, average currents
are given by®1°

s =S [ae{ni @ o -1 @ @},

meZ

(3)
Jf = % > / de {(th + T (€) f(e)

meZ
—eIy™ () fi () + mhQT™ () fi(e)} . (4)

where, T (¢) = tr [g(m) (Tw ()Gl () Ti (e + th)}
is the transmission probability for a fermion leaving
' with energy ¢ and arriving at [ after absorbing
m energy quanta (photons) from the driving field.
[y (e) = i [Sf (€) — 57 (¢)] is the hybridization matrix
of lead [, and we introduced the notation R =L and
L = R. fi(e) denotes the Fermi-Dirac distribution
function at lead ! at temperature 1/8. The first term
of Eq.(4) describes the energy absorbed by ! when an
electron leaves [ with energy e and absorbs m photons;
the second term is the energy lost by [ when a electron
with energy € is transmitted to [; and the last term is
the energy gained when an electron is reflected back to [
having absorbed m photons.

In the following, we set the reservoirs to the same
chemical potential, u; = u, and consider the total charge

transferred in one cycle between the leads, ) = %”JE.
Charge conservation ensures that Jf = —Jg. We also

consider the total energy generated in one cycle, & =
%’r (JE + Jg), and the energy pumped between leads,
En = 2 (Jg — Jg), as functions of the leads’ chemical
potential. For convenience, we study the derivatives of
these quantities with respect to p,

/ Bde
Q (N):/W

Bde (0)’
!/
W= [ —Tr—make@.  ©
e 4 cosh? |:,6(62—M)} Ve

QW (),  (5)

where the corresponding zero-temperature expressions

The heat current follows from (4) as the transport of
€ — p instead of e,

g =T = 5 Jp (9)
So, the heat transported per cycle is given by Q; = &
and Oa = EA — K‘?‘QQ.

Expressions (3) and (4) have also been derived using
the Floquet scattering matrix approach®. We shall next
study how the system’s symmetries affect the transmis-
sion probabilities: first, by considering the scattering ma-
trix; later on, within the Green’s function formalism. The
latter allows us to integrate out the leads and obtain a
non-hermitian Hamiltonian for the system, for which a
recently proposed set of symmetries'® applies.

III. SYMMETRIES

We employ the Altland-Zirnbauer (AZ) classification
of hermitian operators according to discrete symme-
tries’® 2! and consider the transformation, H(t) —
Hy (t), of the full Hamiltonian (of S and leads), under
the symmetry transformation, X. The equalitiy Hy = H
holds whenever the symmetry X is present.

Time-reversal and particle-hole transformations read
Hp (t) = ULH* (—t) Up and He (t) = —ULH* (t) U,
respectively, where Ux are suitable unitary matrices.
We also consider z-axis inversion, (x|Hp (¢)|2') =
U}D (—z|H (t) |-2") Up, where x is the coordinate along
the propagation direction of the current. As in one di-
mension x-axis inversion coincides with parity symmetry
(PS), we denote this transformation as P. However, the
arguments below are valid for any symmetry transforma-
tion that inverts the z-axis.

We also consider the half-period time translation trans-
formation, Hy (1) = U%H(t—i—T/Q) Up. Finally, for a
generic local unitary transformation, K, acting only on
the unit cell, Hg (t) = U}H (t) Ug. A particular case is
that of the local operator, U, which reads, in real space,
Ulx) = 03(—1)"|z), and will be used in Section V.

A. Symmetries of the Floquet scattering matrix

The implications of the above symmetries for the trans-
port properties can be obtained most simply within the
Floquet scattering matrix approach®22. We next discuss



the symmetry properties of the Floquet scattering ma-
trix in general terms, where the asymptoptic form of the
wave function far from a scatterer assumes a plane-wave
form.

We view the Floquet function

Z ¢7L —inQt , (10)

with quasi-energy E, as a superposition of states with
energies E+nh{). For a scattering state, the spatial part
of the Floquet functions, ¢, (x), takes the form of plane
waves far from the scatterer:

bn(x — —00) = A, e + C ek (11)
bn(z = +00) = D, etk 4+ B ek (12)
The Floquet scattering matrix, S(E + n'hQ, E 4+ nhQ),

relates the Fourier amplitudes of the incoming waves with
the outgoing ones:

Cn’ / An
{Dn/} — S(E + ', E + nhQ) {Bn] . (13)

We may think of the column vectors as having all entries
n € Z. Then, the S matrix has four blocks:

_ S (n',n) S (n',n)
-l St ]

and we rewrite (13) as

5l-s[5] e

Probability conservation implies SST = 1. The relation
between the S matrix and the above transmission prob-
abilities is

T (€) = S (e +mhs, )2 (16)

We present in Appendix A the derivation of the following
symmetry properties of the scattering matrix:

1. TRS implies that
ST =8. (17)
2. PHS implies that

S (E4+n'h,E)=S(-E—-n'hQ,—F).  (18)

3. Parity symmetry implies that

Srr(n',n), (19)
SRL(TLI,TL) . (20)

SLL (n’, n) =
SLR(TL/, n) =
4. Symmetry under UIIC operator, where Ulz) =
o3(—1)*|z), in real space, implies that
SW(E +n'hQ, E) =

, (21)
S (—E —n'hQ), —E)(—1)" .

From the above symmetry properties of the scatter-
ing matrix and Eq.(16), the symmetry properties of the
transmission probabilities can be obtained.

B. Green’s functions and their symmetries

We now analyse the symmetry properties of the
Green’s functions that follow from those of the Hamil-
tonian. Since the total system evolves unitarily, the
transformed Green’s function is given by G (¢,¢/) =

. t
—iO(t—1t) Teﬂft’ 4THx(") " Using the transformations
Hy, the transformed Green’s functions read (see Ap-
pendix B)

Ul [GR (—¢,—1)] ' Uy, (22)
~UL [GR(t,1)] UL, (23)
(—z|ULGE (t,t)Up |—2') . (24)

G1 (t,1)
GE(t)
t')[a")

The equalitiy G% (¢,t') =
symmetry X is present.

If the unitary matrices, Ux, do not mix degrees
of freedom of the system with those of the leads,
we may define Green’s functions restricted to the de-
grees of freedom solely within the system as Gé% =
> apes ) (e G®|B) (B]. Then, GE follows the same
transformation rules and obeys

(o GE (tt

G% (t,t') holds whenever the

[i0 — Hx s (1) G¥ g (£, 1) =
/dr SOSR (6,71 GR (n ), (25)

I=R,L

where Zf},l is the transformed self-energy of lead [ that

transforms as Gﬁ)s.
We note that when XF (t,#') = 46(t—t)SE(¢),
the Green’s function can be written as GE& (t,t') =

—iO(t—1t) Teﬂft' 427 where Z = Hyg t)+>, S8 (1)
can be identified with an effective non-hermitian Hamil-
tonian, which transforms as Zr (t) = [U;«Z—r (=t)Ur
and Zc (t) = —ULZ* (t)U%. The symmetries associ-
ated with these transformations also arise in Markovian
environments®, and were recently proposed under the
nomenclature TRST and PHST, respectively, in Ref.'®.

In the following, we drop the label S and refer to G7
as the Green’s function of the system.

Using Eq.(2) and the transformation rules (22-24) it is
straightforward to show that

Gty (€) = UL [G(my (e +mh)] " Up,  (26)
Goyim) (€) = —IUC [G(—m) (—€)] " UE, (27)
(2] Gpi(m) (€) |2') = Ub (—2| G(m) (€) |-2") Up.  (28)

In turn, Eqgs. (26-28) can be used to deduce the transfor-
mation properties of the transmission probabilities. The

details of the derivation are given in Appendices B and
C. They read

T (€) =Ty, ™ (e +mhQ)

T () =T ™ (—e),  Tph) (&) =Tu" () . (30)



Eq.(29) can be also obtained from Eqs(16) and (17). And
Eq.(30) can be obtained from Eqs(16), (18), (19)-(20).

IV. IMPLICATIONS FOR TRANSPORT
A. Parity and particle-hole symmetry

We now derive the implications of the above symme-
tries for transport. It has long been known that charge,
energy, or heat pumping requires inversion symmetry
breaking®'®. If the z-axis inversion leaves the full Hamil-
tonian, H, invariant, then the Green’s function remains
invariant, Gp(m) (€) = G(m) (¢), whereas the hybridiza-
tions are interchanged, I'p,; (¢) = I'j(e). In this case,
Tl(f,n) (e) = 1}%” ) (¢), which can also be derived from
Eqgs.(16), (19)-(20). This symmetry property implies that
Q' (1) = Q4 (1) = 0, so no transport of charge or heat
occurs.

However, if the system plus reservoirs are invariant un-
der PHS, then QC;(m) (6) = Q(m) (6) and FC;l (6) = Fl (6)
This implies (see Appendix C)

T (6) = TS (€) = T ™ (=) (31)

which also follows from Eqs.(16) and (18). From Egs.(5)-
(8), we now obtain

Q' (1) =Q (—p), Qa () =-Qa(-n), (32)

Then, @ (¢) is an odd function and Q;/a (1) are even.
This is because @'(y;) even implies Q(u;) odd plus a
constant. That this constant is zero can be seen by con-
sidering either the limit u; — —oo, where no available
particles exist, or the opposite limit u; — oo, where the
fermionic states are all occupied and, therefore, Pauli
blocked.

B. Composition of symmetries

It may happen that both x-axis inversion and PHS are
broken while their product, PC, still holds as a symmetry.
In that case, Tl(lfn) (e) = T,S“g);”, (e) = Tlf(l;m) (—e), and
from Eqgs.(5)-(8),

Q (1) =—-Q" (—p), (33)
Qi (1) =9, (1), Qa(p)=Qa(—p). (34)

In this case the pumped charge (heat) is an even (odd)
function of p and the total heat absorbed is even.
Composition with other unitary symmetry leads to the
same even/odd pumping relations versus p. Consider, for
instance, the half-period time translation, II, the generic
unitary symmetry implemented by an unitary operator,
U, that acts locally on the unit cells. Under the compo-
sition IIC, we have Grc,(m) (€) = (=1)™ UEQC;(m) (6) Un

and I'me(e) = UITTFC (¢) Up, implying Tl({g”, () =

ngl), (e). Therefore, for a system invariant under IIC,
both Q" (1) and Q}, 5 (1) have the same properties un-
der p — —p as a system invariant under C. In the same
way, one can show that invariance under the combination
IIPC, yields the same results as invariance under PC.
More generally, for X = U,II, UIl, invariance under
the combination X P, XC and X PC, yields the same
results as invariance under P, C' and PC, respectively.
An account of the symmetries and their effects of the
different pumping quantities is given in Table I.

C. The role of time reversal symmetry

For the transmission probability, time reversal sym-
metry (TRS) implies Tl(l?,n) (e) = Tl(,;M (e + mhQY) [see
Eqgs.(16), (17) and (29) ]. Although these probabilities
are the same, these two processes will happen at differ-
ent rates due to the different occupation numbers of ener-
gies € and € +mhAf2 in the equilibrium distribution of the
leads. Therefore, only for f (e + mhQ)) = f (¢), which re-
quires infinite temperature (f (¢) = 1), can TRS be used
to infer qualitative features of transport quantities. It is
then easy to show that breaking TRS allows for pumping
between infinite temperature leads whereas all currents

vanish in the time-symmetric case (see Appendix D).

Symmetry Pumping
PHS |PS| PC |Q(r)| Qase() |Model example
C |P| PC 0 0/even |Zg, (hom)
UIIC| P |PULIC| 0 O/even |[Z..],_, (hom)
c |- - odd |even/even|Z,, (inhom)
UIIC| - - odd |even/even|[Zzy],_, (inhom)
UIIC| - - odd |even/even|[Z..],_, (inhom)
- |- | PC |even|odd/even |[Z..], ,, (hom)

TABLE 1. Model symmetries and parity of charge and heat
pumping. PS denotes z-axis inversion, and PC the compo-
sition of PHS and PS. Examples are included where PHS is
implemented by a transformation XC with X = UII [See
Eqgs.(48)-(49)] .

V. EXAMPLES

To illustrate the results above, we consider two ver-
sions of the SSH model for spinless fermions, illuminated
by monochromatic radiation with angular frequency €.
We study a finite chain with N/2 two-atom lattice cells,
depicted in Fig.1-(upper panel), coupled to two infinite
wide-band leads.

In the wide-band approximation, the real part of the
self-energy vanishes and the imaginary part becomes
energy-independent!'®. This simplification allows to com-
pute the Green’s function in a rather explicit way. Re-



calling the definition of the effective Hamiltonian, we ob-
tain Z (t) = H (t) — 2 (L 4+ 'g), where H(t) is the time-
periodic single-particle Hamiltonian. The eigenstates of
this operator obey the Floquet equation,

ihd|¢e(t)) = [Z(t) — €l |e(t)) , (35)

with € the quasi-energy. The time Fourier series for the
Floquet state reads

[6e(t)) = e[y, (e (36)

nez

Expanding the effective Hamiltonian as Z(t) =
Yo Zne™ ", the Fourier components of the Floquet
state, |®,,(¢€)), satisfy the equation

Z [ Zn—m — Q0 m 1P (€)) = €|®p(€)). (37)

nez

Because Z(t) is not hermitian, the quasi-energies are, in
general, complex-valued. The Floquet states with € and
€ + hw are the physically the same, so it is assumed that
—hw/2 < R(e) < hw/2. One must also consider the left
eigenstates, ¢ (t), satisfying the Floquet equation

—ihd (o ()] = (o5 (W) [ Z(t) — €] , (38)
whose Fourier time components obey
D AT [ Zinn — M | =€(Dh(€)], (39)
neZ

and satisfy the normalization condition
> (@F(e)|®n(e)) = 1.  The orthonormality and
completeness of the right- and left- eigenvector basis
works out for the lattice sites |i) as

SN (@5 (0) (@ile

€ MmEZL

) = 1. (40)

Using this relations, we obtain the Green’s function for
Floquet systems as

ZZ@"’Z_MQ( I

The two versions of the SSH model we shall consider
read, in momentum space, as:

H,,(k,t) =
H..(k,t) =

Gm) (B

[cosk + v + Acos(Qt),sink, 0] -
[sink, 0, cosk + v + Acos(Qt)] -

» (42)
, (43)

a
a
where the three Pauli matrices & act on sublattice space
and k is the Bloch wave vector over lattice cells. Iy,
and H,, only differ through a rotation in ¢ space, there-
fore, they belong in the same symmetry class BDI. Note
that, for an infinite chain, both Hamiltonians obey PS
as UpH(—k, t)UY = H(k,t), with Up = oy for Hy,, and
Up = o3 for H,,.

For the chains in Fig.1, the total self-energy then reads

=D - SNV, ()

where |j) denotes the state at site j. We note that |1) is
the first site of the cell at = 1 and |N) is the second
site of the cell at = N/2. In the following we shall take
YL =R =7-

A finite chain described by Z,, = Hy,(t) + X still en-
joys PS. When applying the parity transformation, we
note that if the cell z = (|1), |2)) then the parity transfor-
mation means that we take the cell —z = ([N —1),|N)).
Using Up = o1 we get

UpX(

~)U = —2yo1 [ IN = I)(N — 1]+ 22| ] o

=~ (I + D) = =), (45)

Zyy also has PHS with Uc = o03. Therefore, charge
pumping does not occur in an homogeneous xy chain.

For the finite zx chain, described by Z,, = H,.(t)+ X,
3 breaks both PS and PHS. This is because, although
H,. admits Up = o3 and Ux = 01, we have

2)UL # B(w),
Nevertheless, the product of PS and PHS holds:

Upn(— UeS UL # —%.  (46)

UpUoS* (—2)ULUL = —%(x) . (47)

This PC symmetry then ensures that Egs. (33)-(34) hold.
So, Q(p) and Q; (p) are even, while Qa (1) is odd.

We now consider the inhomogeneous system where two
halves of the chain are illuminated with different ampli-
tudes, as depicted in Fig.1-(upper-right panel). Here,
both parity and the PC symmetry are explicitly broken
by the non-uniform illumination of the chain. In the case
of the zy chain, PHS still holds, and Q(u) is an odd
function while Q; /A (1) is even.

The inhomogeneous zz chain is invariant under a XC'
transformation when v = 0, with X = UII, where, in
real space, Ulz) = o3(—1)%|z). In momentum space,
U=03® (k— k+m). Setting Uc = 1, XC transforms
the Hamiltonian as

X [H (<K, 1), X' = = [Hea(k, )], ,  (48)
Xy Xl =-%. (49)

Therefore, PHS, implemented by XC, holds for v = 0
and renders Q(p) odd and Q;/a (1) even. Because the
homogeneous zz chain, for v = 0, enjoys both the above
PC symmetry and the PHS of Egs. (48) and (49), no
charge or heat pumping occurs. We note, for the sake of
completeness, that the inhomogeneous xy chain also en-
joys a similar PHS for v = 0, but with Ulz) = (—1)%|z).

Table I summarizes these results for the model systems
considered. Some representative cases of charge and heat
pumping are also illustrated in Figure 1, exhibiting the
even/odd parity identified above. Note that for the in-
homogeneous zx chain with v # 0, neither the charge
(black line in the second row right panel) or heat (bot-
tom panels red line) pumping are odd or even, as none
of the above discussed symmetries exist.
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FIG. 1.  Homogeneous (left upper panel) and inhomoge-

neous (right upper panel) setups, consisting of illuminated
SSH chains coupled to wide-band leads. Second row: charge
pumped in the homogeneous zz chain (left panel) and inho-
mogeneous (right panel) setups. Third row: heat pumping
in the homogeneous zz setup. Bottom row: heat pumping in
the inhomogeneous zz setup. A2 = 27/1.6, v = 0.5, N = 10.

VI. SUMMARY

In summary, we have discussed the role of discrete sym-
metries on the pumping of charge, energy or heat. PHS
causes the charge (heat) pumping to be an odd (even)
function of the chemical potential. On the other hand,
the composition of PS and PHS causes the charge (heat)
pumping to be an even (odd) function, and the total heat
absorbed to be even.

For the case where the exact symmetry is broken the

curves do not depart significantly from even/odd func-
tions, as shown in Fig 1 for the zx chain with v = 0.5. We
then expect that if the symmetries do not exactly hold
(because of interactions, for instance), the charge/heat
pumped currents would still resemble even or odd func-
tions, as we predict, as long as the system remains well
described by a low energy particle-hole symmetric Hamil-
tonian.

These results provide simple practical criteria to con-
trol the direction of the charge or heat flows, following
the symmetry properties of physical setups.
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Appendix A: Symmetry properties of Floquet
scattering matrix

We now prove the symmetry properties of the Floquet
scattering matrix presented in the main text.

1. TRS: There exists a unitary matrix, Ur, such that
Ury*(x,—t) has the same quasi-energy, E. Com-
plex conjugation with ¢ — —¢ does not change the
time-dependent exponentials, but the spatial part
is modified as

Ur¢y(z — —00) = AxUre™ % + CrUre™™  (Al)
Ure! (x — 400) = DiUre *e + BXUpe*® | (A2)
(here it is assumed that Ur acts on the spinor form

of the plane waves). This operation inverts the di-
rection of propagation of the plane waves. We then

write
Av | Z s+ an, E+nh) | 9 | (a3)
Then, from (A3) and (13) we see that
S I B PR I Y
B* Dr Dr D
(A4)
Thus, ST = S.

2. PHS: There exists a unitary matrix, Ug, such that
the state Uct*(x,t) has quasi-energy —FE. Note
that complex conjugation changes both the time
and spatial dependence of the exponentials, there-
fore, the direction of propagation of the waves is not



changed. The state Uc9*(x,t) has the asymptotic
behavior:

Z (A:LUCe—ikm + C:L]Uceikx) egEteith
n

as x — —o0,

i ; igt
E (D:LUCG ikx +B:U06'ka) ehEteant
n

as r — 00.
(A5)
The waves ‘n” have energy —F — nh{). Taking the
energy labels into account and the definition of the
S matrix, we write

Cur | 2 §(—E = whQ, —F — nkQ) [ A ] :
D, By,
(A6)
and comparing with Eq.(13) we get
S*(E 4+ n'hQ), E + nhQ) =
(E+n +nhQ) (A7)

S(—E —n'hQ, —E — nhQ).

In particular, for the case n = 0, we obtain Eq.(18).

3. Parity: There exists a unitary matrix, Up, such
that the function Pt (—z,t) has the same quasi-
energy, F. The function Piy(—z,t) then obeys

Upgn(z — —0) = D, Upe™™™ + B, Upe™* (A8)
Uppp(z — +00) = A,Upe*® + C,Upe~** | (A9)

so, we write

D
c

B
A

=9 <~ 0150125, (A].O)

where o7 acts on the (L, R) subspace. The blocks
of the S matrix in (14) then obey Eqs.(19)-(20).

Appendix B: Green’s function under symmetry
transformations

We first consider the total Hamiltonian, i.e. system
+ leads, H(t) = 1CTH(t)C, with Hf (t) = H(?),
and obtain the transformation properties of the total
Green’s function. In this case, the evolution of the op-
erator C' under the transformed Hamiltonian, Hx (t) =
%CTHX (t) CY7 is

8,Cx (1) =i[Hx (1),C ()] = —iHy () C (), (Bl)

and thus
Cx (t)=Ux (¢,0) C, (B2)
with
Ux (£,1) = {Teif:’ drHx () por ¢ > ¢ ’ (B3)
Ux (¢, 8)" for ¢ >t
yielding the retarded Green’s function
GR (t,t') = —i0 (t —t")Ux (t,1). (B4)
Under time reversal,
Hy (t) = ULH* (~t) Ur, (B5)

and therefore

G? (t,t)=—iO (t —t) Teiift’ dr Hy (1)
! T
:[U; —i® (t _ t') 7-6*2 fit dr H(T) Ur
! T
=U}. [GR (~t',-t)]  Ur, (B6)

where 7 and T are, respectively, the forward-time or-
dered and backward-time ordered operators.
Under charge conjugation,

He (1) =~ UZHT (1) Ug, (B7)

we get

GE(1,1) = —i0 (t — ') Te " Ju o7 Fe®

¢ *
=-U |—i0t—t)T [ e ™04 1y
T=t'
=-UL[GR(t, )] UL . (BS8)
Under time translation by half a period we have,
+ T
Hp (t) =U H ( t + £} Uq, (B9)
which yields
GE (t,1') = —i0 (t — t') Te " Ju 4 ()
t
=l [—io (¢t — ) T [ ¢™(+5)2| vy
T=t'
T T
—Uf, {GR (t + ot + 2)} Un. (B10)
Finally, under z-coordinate inversion,
(| G (1,1 [¢') = (—2| URGR (t,¢) Ur|-a') . (B11)

If the unitary matrices, Ux, do not mix degrees
of freedom of the system with those of the leads, we



may consider Green’s functions restricted to degrees of
freedom solely within the system by defining G§ =
> apes o) (o G |B) (B|. However, rather than respect-

ing Eq.(B4), the Green’s function obeys

[i0, — Hxs (1) G¥ s (8,1) =
/dT Z EX[ (t,7) GXS(Tt) (B12)

I=R,L

where E%l is the transformed self-energy obeying the
same G%S. In the following, as in the main text, we drop
the the label S and refer to G as the Green’s function
of the system.

For periodically driven systems, the Floquet retarded
Green’s function is defined as

T/ dtei(Qm_Qm/)t/dTGR (t,t+7) e~ et )T
0

where Q,, = mf), m € Z. There is some re-
dundancy in the definition of this quantity, since
Gl o pmrn (€= Q) = G (e), which is lifted by
defining the Floquet Green’s function given in the main
text by

Gimy (€) =Grig (€) - (B14)

Nevertheless, it is useful to consider G, (¢) for deriving
intermediate expressions.

Under the time reversal transformation we have

GT mm/ ) -
—/ dte?tm=n ”/chG% (t,t + 1) e Ut ST

= UT [Gﬁ m( )] UT? (B15)

using t — 7 = t' + nT, n € Z. Similarly, for charge
conjugation

Gg,mm’ (6) = _Ug [Gljm—7rn/ (_6)}* U*Ca (Blﬁ)
and for the time translation by half a period,
GH ,mm/’ ( ) = ( )m+m UT Gmm’ ( )UH (B17)

Using the definition of the Floquet Green’s function, we
obtain the transformations given in the main text.

Appendix C: Transmission Probabilities under
symmetry transformations

1. T7,C and P

Using the transformation properties of G, (¢) and
T (¢), the transmission probabilities under T' transform
as

Tm () =
:Tﬁ;"” (e+ Q)"
and, similarly, under C,

TS () =

I (G, (e + Q) G e+ Q)]

(C1)

=tr |Ge (—m)y (—€ )Te (—e—Qm)
=T'7™ (—e). (C2)

Invariance under z-axis inversion implies that the
Green’s function is invariant but the hybridization ma-
trices are mapped onto each other, i.e.,

gP;(m) (6) :g(m) (6),
Ipy(e) =Ty (e).

VT (~€) Gl (-

In this case,
T (€) =t Gy ()T (€) Gy (T (e + th)]

= 73" (e). (Cs5)

Appendix D: The Role of Time Reversal

We here consider the role of time reversal symmetry on
the charge and energy currents. Introducing the trans-
formation of the transmission probability, given in the
main text, into the expression for the particle current,
we obtain

1 de=
h MEZL 2

=T (e mh) fi ()|

- _% 2 /d% {Tl(l-m) (e) [fr(e) = fi (e+th)]}

meZ

" (€) fi (e)

(D1)
Similarly, for the energy current,

Jf = 7 Z /de (mhQ +¢€) Tl(l_m) (e) [f7(€) — fi (MhQ + €))]

meZ

#3mheT” @1 () - filer ma)]{. (D2
Therefore, for the pumping setup f; (¢) = f (e), we find
that only in the infinite temperature case can the time-
reversed processes happen with the same probability. In
that case f; () = 1 and Jf = Jf = 0.
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