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Heat rectifiers are systems that conduct heat asymmetrically for forward and reversed temperature gradients.
We present an analytical study of heat rectification in linear quantum systems. We demonstrate that asymmetric
heat currents can be induced in a linear system only if it is dynamically driven. The rectification can be further
enhanced, even achieving maximal performance, by detuning the oscillators of the driven network. Finally,
we demonstrate the feasibility of such driven harmonic network to work as a thermal transistor, quantifying its
efficiency through the dynamical amplification factor.

Rectifiers are physical systems capable of conduct-
ing energy asymmetrically —whether electric, magnetic,
thermal...— and are an essential building block in many tech-
nological applications. Although thermal rectifiers are cru-
cial components to manipulate heat currents and construct
phononic devices, so far no efficient and feasible thermal
diodes have been found. Such device, when connected to two
thermal baths at different temperatures, conducts heat asym-
metrically if the temperatures of the baths are interchanged.
This effect allows for an effective heat dissipation with a sup-
pressed backflow reaction.

To date, most theoretical proposals on classical heat recti-
fiers (see [1] and references therein) have been based either on
the use of inohomogenous materials [2–7] exploiting nonlin-
ear interactions, or doping the systems with impurities while
remaining in the linear regime [8]. Also, the feasibility of mi-
croscopic systems acting as thermal devices has been recently
addressed in, for instance, phononic refrigerators in the classi-
cal [9] and quantum [10] regimes, or heat rectifiers in diferent
platforms: quantum dots [11], nonlinear solid-state quantum
circuits [12], few-level systems [13, 14], or hybrid configura-
tions [15].

Here, we address analytically and in full generality heat
rectification in quantum systems under generic linear inter-
actions. To this aim, we assume a network of harmonic oscil-
lators coupled to two thermal reservoirs and investigate how
asymmetric heat fluxes can be induced in such setup. First,
we revisit the static scenario showing that linearity forbids
heat rectification, regardless of any asymmetry in the har-
monic network or in its coupling with the baths. Second, we
demonstrate that heat rectification in a linear quantum sys-
tem is possible if the system is periodically driven. This is
our main result. Such feature is a consequence of two facts:
(i) injecting/extracting work into/from a system by an exter-
nal agent is a useful resource to redistribute energy and (ii)
by periodically driven a system, new asymmetric heat trans-
port processes –that have no analog in static scenarios– are in-
duced. By using the Floquet formalism we identify precisely
the quantum processes leading to heat rectification. Finally,
we also demonstrate the suitability of driven harmonic net-

works as heat transistors.
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FIG. 1. Sketch of a heat rectification setup where a system S with
linear interactions V (t) is connected to two reservoirs at fixed tem-
peratures T1 and T2. (Top) forward configuration, (bottom) reversed
configuration.

Consider a system S coupled to two reservoirs at fixed tem-
peratures T1 and T2. In any out-of-equilibrium scenario, the
energy of the reservoirs is redistributed through the system in
the form of heat currents. The system S works as a heat rec-
tifier if the magnitude of the heat current depends on the sign
of the temperature gradient [16]. Such asymmetric heat cur-
rent is conventionally quantified by the rectification coefficient
[12, 13]:

R(Q̇1, Q̇r
1) :=

|Q̇1 + Q̇r
1|

max(|Q̇1|, |Q̇r
1|)

, (1)

where Q̇1 (Q̇r
1) is the heat flowing into the system from the

first reservoir in the forward (reversed) configuration. For
T1 ≥ T2, forward and reversed configurations refer to, respec-
tively, negative and positive temperature gradients (see Fig. 1).
Notice that 0 ≤ R(Q̇1, Q̇r

1) ≤ 2. The lower bound is achieved
for a system that conducts symmetrically: Q̇r

1 = −Q̇1, while
the upper bound is saturated for heat fluxes that are indepen-
dent of the sign of the temperature gradient: Q̇1 = Q̇r

1. A
system that blocks the heat flux in either configuration fulfills
R(Q̇1,0) = R(0, Q̇r

1) = 1.
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To provide exact closed expressions for the rectification
coefficient we consider the system S to be a network of
N linearly-coupled harmonic oscillators with time-dependent
Hamiltonian:

HS(t) =
PT M−1P

2
+

XTV (t)X
2

. (2)

Here, X = (x1, · · · ,xN)
T and P = (p1, · · · , pN)

T are the vec-
tors of position and momentum operators of the network—
fulfilling the standard bosonic algebra [xi, p j] = ih̄δi j. The ma-
trix M = diag(m1, · · · ,mN) contains the masses of the oscilla-
tors of the network. The diagonal part of V (t) captures the os-
cillators self-energy, whereas its off-diagonal elements encode
the coupling between the positions of different oscillators. We
assume that the system S is coupled to a set of reservoirs, be-
ing HRα

the Hamiltonian of the reservoir α . Each reservoir is
described by a collection of non-interacting bosonic modes µ ,
with Hamiltonian

HRα
=

PT
α M−1

α Pα

2
+

XT
α Mα Ω2

α Xα

2
, (3)

where Xα = ({xα,µ})T and Pα = ({pα,µ})T are the reservoir
position and momentum vector operators respectively. The
masses and frequencies of the modes of the reservoir α are
given by Mα = diag({mα,µ}) and Ωα = diag({ωα,µ}) respec-
tively. The interaction Hamiltonian between the system S and
the reservoir α is

HSRα
=−XTCα Xα , (4)

where the rectangular matrix Cα encodes the coupling be-
tween the system and the reservoir α . Couplings of the form
H ′SRα

=−XTC̃α Pα , that appear frequently in quantum optics,
can be treated with the same techniques we display here. The
total Hamiltonian is given by H =HS(t)+∑α HSRα

+∑α HRα
.

Under the natural assumption that the system is initially un-
correlated from the reservoirs i.e., ρ(t0) = ρS(t0)

⊗
α ρRα

(t0),
the equations of motion for {Xα} and {Pα} can be solved
leading to the quantum Langeving equation that describes the
steady state of system [17, 18]:

MẌ +V (t)X−χ(t)?X = B(t), (5)

where ? denotes the convolution. More details of the deriva-
tion are given in the Supplemental Material. The susceptibility
matrix χ(t) acts as a damping source, whereas the noise vec-
tor B(t) as an external force. Their explicit expressions are

χ(t) = θ(t)∑
α

Cα(Mα Ωα)
−1 sin(Ωα t)CT

α , (6)

B(t) = lim
t0→−∞

∑
α

Cα [sin(Ωα(t− t0))Xα(t0)+

+ (Mα Ωα)
−1 cos(Ωα(t− t0))Pα(t0)

]
, (7)

with θ(t) being the Heaviside step function. The dissipation
kernel η(t), widely used in the literature, is related to the sus-
ceptibility: χ(t) = θ(t)η(t). We also introduce the spectral

density J(ω) = ∑α Jα(ω) = 1/2∑α Cα(Mα Ωα)
−1∆α(ω)CT

α ,
where ∆α,µν(ω) = δµν δ (ω −ωα,µ). We further assume that
all oscillators of the network are at most coupled to one reser-
voir. Therefore, the support of each Jα(ω) is in an orthogonal
subspace. One can think of Jα(ω) as a measure of the num-
ber of modes in reservoir α whose frequencies lie between ω

and ω + dω . With the help of the spectral density it is easy
to see χ(t) = θ(t)2

∫
∞

0 dωJ(ω)sin(ωt). By extending J(ω)
to negative frequencies, as J(−ω) := −J(ω), it follows that
Imχ(ω) = πJ(ω), which is a compact form of the fluctuation-
dissipation theorem [19]. In what follows, we further as-
sume that ρRα

(t0) = exp(−HRα
/kBTα)/tr[exp(−HRα

/kBTα)]
is a thermal state at temperature Tα .

Let us now review the thermodynamical quantitites of in-
terest. For a general open quantum system, a consistent defi-
nition for heat an work was presented in [20]. The work rate is
given by Ẇ = 〈∂tH〉 where 〈· · · 〉 denotes the average over the
total density matrix ρ . If we assume that only HS(t) varies
with time, Ẇ = 〈∂tHS(t)〉. The heat current from the reser-
voir α to the system S is given by Q̇′α =−d〈HRα

〉/dt. Notice
that these definitions of heat currents and work rate are com-
pletely general and not limited to any specific model. Alterna-
tively, one can define the heat rate as Q̇α = i/h̄〈[HSRα

,H]〉 :=
i/h̄〈[HSRα

,HS]〉. Although in general both definitions do not
coincide, for time-averaged linear systems at the steady-state
it is easy to show that ¯̇Qα = ¯̇Q′α (see [10]). The energy of the
system S changes at rate:

d
dt
〈HS〉= ∑

α

i
h̄
〈[HSRα

,HS]〉+
〈

∂

∂ t
HS

〉
= ∑

α

Q̇α +Ẇ , (8)

which has the form of the first law of thermodynamics.
We first revisit the static network, where V (t) = V0 en-

codes a completely general time-independent linear interac-
tion between the nodes of the network and, therefore, Ẇ = 0.
Since in steady state d〈HS〉/dt = 0, the first law reduces to
∑α Q̇α = 0. The steady-state solution for X can be found using
the Green’s function technique [21], leading to the following
expression for the heat currents

Q̇α = ∑
β 6=α

∫

R
dωT 0

αβ
(ω)

(
nα(ω)−nβ (ω)

)
, (9)

where nα(ω) = (exp(h̄ω/kBTα)− 1)−1 is the thermal occu-
pation number, T 0

αβ
(ω) = h̄ωπtr

[
Jα(ω)G0(ω)Jβ (ω)G†

0(ω)
]

is the static heat transfer matrix, and G0(ω) =(
−ω2M+V0 +χ(ω)

)−1 is the static Green’s function
in spectral domain. Notice that, for the static case,
T 0

αβ
(ω) = T 0

βα
(ω) is a temperature-independent symmetric

matrix. Particularly, in a scenario with two reservoirs, the
forward and reversed currents necessarily fulfill Q̇1 = −Q̇r

1,
hence R(Q̇1, Q̇r

1) = 0. This is true for any interaction V0
or any specific form of the spectral densities Jα(ω). This
seemingly surprising result can be explained by focusing
on the normal-mode picture: A network of N-interacting
oscillators can be mapped onto a system of N-independent
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oscillators—that is, the normal-mode representation. Each
independent oscillator transfers heat symmetrically due to its
invariance under reflection symmetry.

Is it possible to attain asymmetric heat fluxes within har-
monic systems? The answer is positive, but it requires ex-
ploring time-dependent systems. To this aim, we consider a
periodic driving potential; V (t + τ) = V (t) with τ being the
period. Then, for the periodically driven system, all the terms
in Eq. (8) are time-dependent. However, in the steady state the
averages over a period must remain constant and consequently
the first law reads 0=∑α

¯̇Qα +
¯̇W , where for any O(t), its time

average over a period is Ō := τ−1 ∫ t+τ

t dt ′O(t ′). The existence
of the steady state is not guaranteed in time-driven systems,
for certain range of parameters, instabilities appear even in the
case of a single oscillator. Assuming it exists and following
[10, 22, 23], we use the Floquet theory of periodic differential
equations to solve the dynamics of the system.

We denote by G(t, t ′) the Green’s function associated to
Eq. (5). Even though G(t, t ′) is not necessarily periodic,
one can define P(t,ω) =

∫
R dt ′G(t, t ′)eiω(t−t ′) which obeys

P(t + τ,ω) = P(t,ω). Thus, one can Fourier expand

V (t) = ∑
k

Vkeikωd t , (10)

P(t,ω) = ∑
k

Ak(ω)eikωd t , (11)

being ωd = 2π/τ . By substituting into Eq. (5), it follows that

G−1
0 (ω− kωd)Ak(ω)+ ∑

j 6=0
VjAk− j(ω) = δk,01. (12)

With this at hand, we proceed to find the steady state averaged
work rate and heat currents. They read as follows

¯̇W = ∑
α

∫

R
dω T̃α(ω)

(
nα(ω)+

1
2

)
, (13)

¯̇Qα =−
∫

R
dω T̃α(ω)

(
nα(ω)+

1
2

)
+ (14)

∑
β 6=α

∫

R
dω

[
Tβα(ω)

(
nα(ω)+

1
2

)
−Tαβ (ω)

(
nβ (ω)+

1
2

)]
,

where, Tαβ (ω) is now the dynamical heat-transfer matrix,
whose off-diagonal elements are given by

Tαβ (ω) = ∑
k

h̄(ω− kωd)rk
αβ

(ω), (15)

being rk
αβ

(ω) = πtr[Jα(ω−kωd)Ak(ω)Jβ (ω)A†
k(ω)] the pro-

cess rate, while T̃α(ω) = ∑β Tβα(ω) is

T̃α(ω) =−∑
k

h̄kωdπtr
[
J(ω− kωd)Ak(ω)Jα(ω)A†

k(ω)
]
.

(16)

Eq. (13) allows to define local work rates ¯̇Wα , in such a way
that ∑α

¯̇Wα = ¯̇W . We remark that for a periodically driven

!
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X

j 6=0

FIG. 2. Diagrams representing the lowest order processes of en-
ergy exchange between reservoirs α and β appearing in Eq. (18)
and Eq. (19). Notice that there is a correspondence between the sym-
metry of the diagrams and the symmetry property of the matrix they
represent.

network Tαβ (ω) 6= Tβα(ω), and therefore the system is no
longer a symmetric heat conductor. This is the key difference
between the static and driven scenarios and the cornerstone of
this work. Let us explore the fundamental processes leading to
such asymmetric heat exchange. For simplicity, let each reser-
voir be coupled to one and only one network node. Therefore,
the spectral densities Jα(ω) become rank-one matrices, and

rk
αβ

(ω) = π J̃α(ω− kωd)|Ak(ω)αβ |2J̃β (ω), (17)

where J̃α(ω), J̃β (ω) are scalar functions. The rate of a certain
process depends, not only on the starting and ending reservoir
modes, but also on the term |Ak(ω)αβ |2—which accounts for
the network conductivity for a process of exchanging k en-
ergy quanta with the driving source. Self-consistently solving
Eq. (12) yields

A0(ω) = G0(ω)+

+ ∑
j 6=0

G0(ω)VjG0(ω + jωd)V− jG0(ω)+O(V 4
j ), (18)

Ak(ω) =−G0(ω− kωd)VkG0(ω)+O(V 3
j ), k 6= 0 (19)

These are perturbative expansions in terms of the strength of
the driving potential. Therefore, Ak(ω) can be interpreted as
the fundamental processes responsible of the heat transport.
Such expansions can be seen as a combination of free evolu-
tion with interactions with the periodic driving, the later caus-
ing a sudden change of the propagation frequency. This idea
is depicted in the diagrams in Fig. 2. Since the fundamental
processes involved in the A0(ω) are symmetric, the rate ful-
fills r0

αβ
(ω) = r0

βα
(ω). However, Ak(ω) contains asymmetric

processes, and therefore, a priori rk
αβ

(ω) 6= rk
βα

(ω) for k 6= 0.

Notice that, particularizing this result to the case of two
reservoirs can lead to a non-zero rectification coefficient,
R( ¯̇Q1,

¯̇Qr
1). The numerator of Eq.(1), is given by the absolute
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value of

¯̇Q1 +
¯̇Qr

1 =− ¯̇W1− ¯̇W r
1+∫

R
dω [T21(ω)−T12(ω)] (n1(ω)+n2(ω)+1) . (20)

Heat rectification in periodically driven systems is based on
two facts: (i) the work injected into the system is a useful re-
source to redistribute energy and (ii) periodically driven sys-
tems exhibit new asymmetric energy exchange processes that
have no analog in static systems. To better illustrate the two
sources of asymmetry, we consider a network of 2 oscilla-
tors with frequencies ω1 and ω2 and equal masses (M = 1),
coupled to identical reservoirs (χ(ω) = χ̃(ω)1) and weakly
driven by V (t) = V0 + 2V1 cos(ωdt) at frequency ωd . Its ex-
pression in matrix form is

V (t) =
(

ω2
1 + c0 +2v1 cos(ωdt) −c0

−c0 ω2
2 + c0

)
, (21)

where c0 is the coupling constant between the oscillators, v1
is the strength of the driving acting on the first oscillator. The
normal mode frequencies of V0 are ν2

1,2 = ω2
1 + c0 +∆/2∓

(c2
0 +∆2/4)1/2 where ∆ = ω2

2 −ω2
1 is the detuning between

the oscillators. Under these conditions, the Green’s function
G0(ω) is given by

G0(ω) =

(
cos2 θ

L1(ω) +
sin2 θ

L2(ω)
sinθ cosθ

L1(ω) − sinθ cosθ

L2(ω)
sinθ cosθ

L1(ω) − sinθ cosθ

L2(ω)
sin2 θ

L1(ω) +
cos2 θ

L2(ω)

)
, (22)

where Li(ω) = ν2
i − ω2 − iπ J̃(ω) and tan(2θ) = −2c0/∆.

For Ohmic reservoirs, the spectral density is J̃(ω) =
π−12γωΛ2/(ω2 + Λ2) where γ is the dissipation strength,
and Λ a high-frequency cutoff. Accordingly, using
fluctuation-dissipation and Kramers-Kronig relations, one ob-
tains χ̃(ω) = 2γΛ2/(Λα − iω) [24].

In Fig. 3 (top) we show the rectification coefficient versus
the driving frequency ωd and the coupling constant c0. Notice
that the driven network reaches R( ¯̇Q1,

¯̇Qr
1) = 1 indicating that

the heat flux ¯̇Q1 is completely suppressed in one of the con-
figurations. In fact, such system even attains R( ¯̇Q1,

¯̇Qr
1)≥ 1, a

regime only possible when the network conducts heat against
thermal gradient in one of the configurations. The regions
with non-zero rectification correspond to driving frequencies
of ωd = νi±ν j for i, j = 1,2 such that ωd ≥ 0.

To study explicitly the asymmetry of the dynamical heat
transfer matrix, we define the static quasi-currents Q̇α =
¯̇Wα + ¯̇Qα where the contribution of the work has been explic-

itly singled out. Notice that they reduce to the static currents
in Eq. (9) as the driving is turned off. Moreover, they fulfill
the static first law Q̇1 + Q̇2 = 0. In this case, it is also possi-
ble to define the rectification coefficient R(Q̇1,Q̇r

1), which is
proportional to

|Q̇1 + Q̇r
1|=

∣∣∣∣
∫

R
dω [T21(ω)−T12(ω)] (n1(ω)+n2(ω)+1)

∣∣∣∣ .
(23)

c0

!2
0

!d/!0

c0

!2
0

R( ¯̇Q1,
¯̇Qr

1)
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R(Q̇1, Q̇r
1)

FIG. 3. (Color online) Rectification coefficient as a function of the
driving frequency and the coupling constant for: (top) using the full
current ¯̇Q1; (bottom) using the static quasi-current Q̇1. Black dashed
lines lie at frequencies ωd = νi±ν j for i, j = 1,2. The parameters are
set to: ω1 = 2ω0, ω2 = ω0, T1 = 1.2T2 = 1.2h̄ω0/kB, v1 = 0.1ω2

0 ,
γ = 0.01ω0, and Λ = 10ω0.

From Eq. (23), and the same scenario with N = 2, it fol-
lows that highly asymmetric heat transport requires that
|G0(ω− kωd)21G0(ω)11|2 and |G0(ω− kωd)11G0(ω)12|2 are
large compared to the static heat currents and different from
each other. Inspection of Eq. (22) indicates that only for
ωd = ν2 ± ν1 both conditions are simultaneously fulfilled.
Eq. (22) also suggests that asymmetric transport can be fur-
ther enhanced in detuned systems through the parameter θ .
More details are given in the Supplemental Material.

In Fig. 3 (bottom) we show the R(Q̇1,Q̇r
1) versus the driv-

ing frequency ωd and the coupling constant c0. In comparison
with Fig. 3 (top), we no longer observe the regions of high
rectification corresponding to ωd = 2ν1,2ν2. This implies
that, even though the energy of reservoir 1 is kept constant
and energy is being injected into the system, no asymmetry
of the dynamical heat transfer matrix is achieved. In accor-
dance with the previous discussion, highly asymmetric heat
transport occurs at the nearby of ωd = ν2±ν1 independently
of the driving strength v1.

Interestingly, R(Q̇1,Q̇r
1) 6= 0 is a necessary condition for

the suitability of a detuned driven network to exhibit negative
differential thermal resistance, a key property to build thermal
transistors [25]. Thermal transistors have the capacity to ma-
nipulate heat currents flowing through the system using a third
energy source that we denote by Ė. The dynamical amplifica-
tion factor A is defined as [13, 25]

Aα :=
dQ̇α

dĖ
, (24)
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T3
<latexit sha1_base64="fAA/6ZfzyWT9s1dcLKPtMeUq/R4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8eK/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzfz2EyrNY9kwkwT9iA4lDzmjxkqPjf5lv1xxq+4cZJV4OalAjnq//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMT3vgZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1XOr3sNVpXabx1GEEziFc/DgGmpwD3VoAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPH9fRjX4=</latexit><latexit sha1_base64="fAA/6ZfzyWT9s1dcLKPtMeUq/R4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8eK/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzfz2EyrNY9kwkwT9iA4lDzmjxkqPjf5lv1xxq+4cZJV4OalAjnq//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMT3vgZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1XOr3sNVpXabx1GEEziFc/DgGmpwD3VoAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPH9fRjX4=</latexit><latexit sha1_base64="fAA/6ZfzyWT9s1dcLKPtMeUq/R4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8eK/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzfz2EyrNY9kwkwT9iA4lDzmjxkqPjf5lv1xxq+4cZJV4OalAjnq//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMT3vgZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1XOr3sNVpXabx1GEEziFc/DgGmpwD3VoAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPH9fRjX4=</latexit><latexit sha1_base64="fAA/6ZfzyWT9s1dcLKPtMeUq/R4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8eK/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzfz2EyrNY9kwkwT9iA4lDzmjxkqPjf5lv1xxq+4cZJV4OalAjnq//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMT3vgZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1XOr3sNVpXabx1GEEziFc/DgGmpwD3VoAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPH9fRjX4=</latexit>

V0
<latexit sha1_base64="vQhGSy//NZ+g7Qqo9OeGNBsqM/w=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpodX3+m7Vq3lzkFXiF6QKBRp996s3SFgWc4VMUmO6vpdikFONgkk+rfQyw1PKxnTIu5YqGnMT5PNTp+TMKgMSJdqWQjJXf0/kNDZmEoe2M6Y4MsveTPzP62YYXQe5UGmGXLHFoiiTBBMy+5sMhOYM5cQSyrSwtxI2opoytOlUbAj+8surpHVR872af39Zrd8UcZThBE7hHHy4gjrcQQOawGAIz/AKb450Xpx352PRWnKKmWP4A+fzB9ZRjX0=</latexit><latexit sha1_base64="vQhGSy//NZ+g7Qqo9OeGNBsqM/w=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpodX3+m7Vq3lzkFXiF6QKBRp996s3SFgWc4VMUmO6vpdikFONgkk+rfQyw1PKxnTIu5YqGnMT5PNTp+TMKgMSJdqWQjJXf0/kNDZmEoe2M6Y4MsveTPzP62YYXQe5UGmGXLHFoiiTBBMy+5sMhOYM5cQSyrSwtxI2opoytOlUbAj+8surpHVR872af39Zrd8UcZThBE7hHHy4gjrcQQOawGAIz/AKb450Xpx352PRWnKKmWP4A+fzB9ZRjX0=</latexit><latexit sha1_base64="vQhGSy//NZ+g7Qqo9OeGNBsqM/w=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpodX3+m7Vq3lzkFXiF6QKBRp996s3SFgWc4VMUmO6vpdikFONgkk+rfQyw1PKxnTIu5YqGnMT5PNTp+TMKgMSJdqWQjJXf0/kNDZmEoe2M6Y4MsveTPzP62YYXQe5UGmGXLHFoiiTBBMy+5sMhOYM5cQSyrSwtxI2opoytOlUbAj+8surpHVR872af39Zrd8UcZThBE7hHHy4gjrcQQOawGAIz/AKb450Xpx352PRWnKKmWP4A+fzB9ZRjX0=</latexit><latexit sha1_base64="vQhGSy//NZ+g7Qqo9OeGNBsqM/w=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpodX3+m7Vq3lzkFXiF6QKBRp996s3SFgWc4VMUmO6vpdikFONgkk+rfQyw1PKxnTIu5YqGnMT5PNTp+TMKgMSJdqWQjJXf0/kNDZmEoe2M6Y4MsveTPzP62YYXQe5UGmGXLHFoiiTBBMy+5sMhOYM5cQSyrSwtxI2opoytOlUbAj+8surpHVR872af39Zrd8UcZThBE7hHHy4gjrcQQOawGAIz/AKb450Xpx352PRWnKKmWP4A+fzB9ZRjX0=</latexit>

V0
<latexit sha1_base64="vQhGSy//NZ+g7Qqo9OeGNBsqM/w=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpodX3+m7Vq3lzkFXiF6QKBRp996s3SFgWc4VMUmO6vpdikFONgkk+rfQyw1PKxnTIu5YqGnMT5PNTp+TMKgMSJdqWQjJXf0/kNDZmEoe2M6Y4MsveTPzP62YYXQe5UGmGXLHFoiiTBBMy+5sMhOYM5cQSyrSwtxI2opoytOlUbAj+8surpHVR872af39Zrd8UcZThBE7hHHy4gjrcQQOawGAIz/AKb450Xpx352PRWnKKmWP4A+fzB9ZRjX0=</latexit><latexit sha1_base64="vQhGSy//NZ+g7Qqo9OeGNBsqM/w=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpodX3+m7Vq3lzkFXiF6QKBRp996s3SFgWc4VMUmO6vpdikFONgkk+rfQyw1PKxnTIu5YqGnMT5PNTp+TMKgMSJdqWQjJXf0/kNDZmEoe2M6Y4MsveTPzP62YYXQe5UGmGXLHFoiiTBBMy+5sMhOYM5cQSyrSwtxI2opoytOlUbAj+8surpHVR872af39Zrd8UcZThBE7hHHy4gjrcQQOawGAIz/AKb450Xpx352PRWnKKmWP4A+fzB9ZRjX0=</latexit><latexit sha1_base64="vQhGSy//NZ+g7Qqo9OeGNBsqM/w=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpodX3+m7Vq3lzkFXiF6QKBRp996s3SFgWc4VMUmO6vpdikFONgkk+rfQyw1PKxnTIu5YqGnMT5PNTp+TMKgMSJdqWQjJXf0/kNDZmEoe2M6Y4MsveTPzP62YYXQe5UGmGXLHFoiiTBBMy+5sMhOYM5cQSyrSwtxI2opoytOlUbAj+8surpHVR872af39Zrd8UcZThBE7hHHy4gjrcQQOawGAIz/AKb450Xpx352PRWnKKmWP4A+fzB9ZRjX0=</latexit><latexit sha1_base64="vQhGSy//NZ+g7Qqo9OeGNBsqM/w=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpodX3+m7Vq3lzkFXiF6QKBRp996s3SFgWc4VMUmO6vpdikFONgkk+rfQyw1PKxnTIu5YqGnMT5PNTp+TMKgMSJdqWQjJXf0/kNDZmEoe2M6Y4MsveTPzP62YYXQe5UGmGXLHFoiiTBBMy+5sMhOYM5cQSyrSwtxI2opoytOlUbAj+8surpHVR872af39Zrd8UcZThBE7hHHy4gjrcQQOawGAIz/AKb450Xpx352PRWnKKmWP4A+fzB9ZRjX0=</latexit>

2V1 cos(!dt)
<latexit sha1_base64="GQYeGp007pClhQsGgUTkfp7p85I=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQZdFNy4r2Ac0IUwm03boPMLMRKih+CtuXCji1v9w5984bbPQ1gMXDufcy733xCmj2njet7Oyura+sVnaKm/v7O7tuweHbS0zhUkLSyZVN0aaMCpIy1DDSDdVBPGYkU48upn6nQeiNJXi3oxTEnI0ELRPMTJWitzjejvyAyx1NZCcDFCUQHMeuRWv5s0Al4lfkAoo0IzcryCROONEGMyQ1j3fS02YI2UoZmRSDjJNUoRHaEB6lgrEiQ7z2fUTeGaVBPalsiUMnKm/J3LEtR7z2HZyZIZ60ZuK/3m9zPSvwpyKNDNE4PmifsagkXAaBUyoItiwsSUIK2pvhXiIFMLGBla2IfiLLy+Tdr3mezX/7qLSuC7iKIETcAqqwAeXoAFuQRO0AAaP4Bm8gjfnyXlx3p2PeeuKU8wcgT9wPn8A68mUOQ==</latexit><latexit sha1_base64="GQYeGp007pClhQsGgUTkfp7p85I=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQZdFNy4r2Ac0IUwm03boPMLMRKih+CtuXCji1v9w5984bbPQ1gMXDufcy733xCmj2njet7Oyura+sVnaKm/v7O7tuweHbS0zhUkLSyZVN0aaMCpIy1DDSDdVBPGYkU48upn6nQeiNJXi3oxTEnI0ELRPMTJWitzjejvyAyx1NZCcDFCUQHMeuRWv5s0Al4lfkAoo0IzcryCROONEGMyQ1j3fS02YI2UoZmRSDjJNUoRHaEB6lgrEiQ7z2fUTeGaVBPalsiUMnKm/J3LEtR7z2HZyZIZ60ZuK/3m9zPSvwpyKNDNE4PmifsagkXAaBUyoItiwsSUIK2pvhXiIFMLGBla2IfiLLy+Tdr3mezX/7qLSuC7iKIETcAqqwAeXoAFuQRO0AAaP4Bm8gjfnyXlx3p2PeeuKU8wcgT9wPn8A68mUOQ==</latexit><latexit sha1_base64="GQYeGp007pClhQsGgUTkfp7p85I=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQZdFNy4r2Ac0IUwm03boPMLMRKih+CtuXCji1v9w5984bbPQ1gMXDufcy733xCmj2njet7Oyura+sVnaKm/v7O7tuweHbS0zhUkLSyZVN0aaMCpIy1DDSDdVBPGYkU48upn6nQeiNJXi3oxTEnI0ELRPMTJWitzjejvyAyx1NZCcDFCUQHMeuRWv5s0Al4lfkAoo0IzcryCROONEGMyQ1j3fS02YI2UoZmRSDjJNUoRHaEB6lgrEiQ7z2fUTeGaVBPalsiUMnKm/J3LEtR7z2HZyZIZ60ZuK/3m9zPSvwpyKNDNE4PmifsagkXAaBUyoItiwsSUIK2pvhXiIFMLGBla2IfiLLy+Tdr3mezX/7qLSuC7iKIETcAqqwAeXoAFuQRO0AAaP4Bm8gjfnyXlx3p2PeeuKU8wcgT9wPn8A68mUOQ==</latexit><latexit sha1_base64="GQYeGp007pClhQsGgUTkfp7p85I=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQZdFNy4r2Ac0IUwm03boPMLMRKih+CtuXCji1v9w5984bbPQ1gMXDufcy733xCmj2njet7Oyura+sVnaKm/v7O7tuweHbS0zhUkLSyZVN0aaMCpIy1DDSDdVBPGYkU48upn6nQeiNJXi3oxTEnI0ELRPMTJWitzjejvyAyx1NZCcDFCUQHMeuRWv5s0Al4lfkAoo0IzcryCROONEGMyQ1j3fS02YI2UoZmRSDjJNUoRHaEB6lgrEiQ7z2fUTeGaVBPalsiUMnKm/J3LEtR7z2HZyZIZ60ZuK/3m9zPSvwpyKNDNE4PmifsagkXAaBUyoItiwsSUIK2pvhXiIFMLGBla2IfiLLy+Tdr3mezX/7qLSuC7iKIETcAqqwAeXoAFuQRO0AAaP4Bm8gjfnyXlx3p2PeeuKU8wcgT9wPn8A68mUOQ==</latexit>

Ė(⇠)
<latexit sha1_base64="zSkpJLw5iZHYo3H0MYqm26zQahw=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBHqpsyIoMuiCC4r2Ad0hpJJ0zY0kxmSO2IZ+htuXCji1p9x59+YtrPQ1gOBwzn3cG9OmEhh0HW/nZXVtfWNzcJWcXtnd2+/dHDYNHGqGW+wWMa6HVLDpVC8gQIlbyea0yiUvBWObqZ+65FrI2L1gOOEBxEdKNEXjKKVfL8XY3Y7qfhP4qxbKrtVdwayTLyclCFHvVv6snGWRlwhk9SYjucmGGRUo2CST4p+anhC2YgOeMdSRSNugmx284ScWqVH+rG2TyGZqb8TGY2MGUehnYwoDs2iNxX/8zop9q+CTKgkRa7YfFE/lQRjMi2A9ITmDOXYEsq0sLcSNqSaMrQ1FW0J3uKXl0nzvOq5Ve/+oly7zusowDGcQAU8uIQa3EEdGsAggWd4hTcndV6cd+djPrri5Jkj+APn8weXn5Fg</latexit><latexit sha1_base64="zSkpJLw5iZHYo3H0MYqm26zQahw=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBHqpsyIoMuiCC4r2Ad0hpJJ0zY0kxmSO2IZ+htuXCji1p9x59+YtrPQ1gOBwzn3cG9OmEhh0HW/nZXVtfWNzcJWcXtnd2+/dHDYNHGqGW+wWMa6HVLDpVC8gQIlbyea0yiUvBWObqZ+65FrI2L1gOOEBxEdKNEXjKKVfL8XY3Y7qfhP4qxbKrtVdwayTLyclCFHvVv6snGWRlwhk9SYjucmGGRUo2CST4p+anhC2YgOeMdSRSNugmx284ScWqVH+rG2TyGZqb8TGY2MGUehnYwoDs2iNxX/8zop9q+CTKgkRa7YfFE/lQRjMi2A9ITmDOXYEsq0sLcSNqSaMrQ1FW0J3uKXl0nzvOq5Ve/+oly7zusowDGcQAU8uIQa3EEdGsAggWd4hTcndV6cd+djPrri5Jkj+APn8weXn5Fg</latexit><latexit sha1_base64="zSkpJLw5iZHYo3H0MYqm26zQahw=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBHqpsyIoMuiCC4r2Ad0hpJJ0zY0kxmSO2IZ+htuXCji1p9x59+YtrPQ1gOBwzn3cG9OmEhh0HW/nZXVtfWNzcJWcXtnd2+/dHDYNHGqGW+wWMa6HVLDpVC8gQIlbyea0yiUvBWObqZ+65FrI2L1gOOEBxEdKNEXjKKVfL8XY3Y7qfhP4qxbKrtVdwayTLyclCFHvVv6snGWRlwhk9SYjucmGGRUo2CST4p+anhC2YgOeMdSRSNugmx284ScWqVH+rG2TyGZqb8TGY2MGUehnYwoDs2iNxX/8zop9q+CTKgkRa7YfFE/lQRjMi2A9ITmDOXYEsq0sLcSNqSaMrQ1FW0J3uKXl0nzvOq5Ve/+oly7zusowDGcQAU8uIQa3EEdGsAggWd4hTcndV6cd+djPrri5Jkj+APn8weXn5Fg</latexit><latexit sha1_base64="zSkpJLw5iZHYo3H0MYqm26zQahw=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBHqpsyIoMuiCC4r2Ad0hpJJ0zY0kxmSO2IZ+htuXCji1p9x59+YtrPQ1gOBwzn3cG9OmEhh0HW/nZXVtfWNzcJWcXtnd2+/dHDYNHGqGW+wWMa6HVLDpVC8gQIlbyea0yiUvBWObqZ+65FrI2L1gOOEBxEdKNEXjKKVfL8XY3Y7qfhP4qxbKrtVdwayTLyclCFHvVv6snGWRlwhk9SYjucmGGRUo2CST4p+anhC2YgOeMdSRSNugmx284ScWqVH+rG2TyGZqb8TGY2MGUehnYwoDs2iNxX/8zop9q+CTKgkRa7YfFE/lQRjMi2A9ITmDOXYEsq0sLcSNqSaMrQ1FW0J3uKXl0nzvOq5Ve/+oly7zusowDGcQAU8uIQa3EEdGsAggWd4hTcndV6cd+djPrri5Jkj+APn8weXn5Fg</latexit>

¯̇Q1 + ¯̇Q2 + ¯̇W (!d) = 0
<latexit sha1_base64="0q587Hmg/QSqJziC1CLGoqUM+DM=">AAACInicbVDLSgMxFM3UV62vUZdugkWoCGWmCOpCKLpx2YJ9QGcYMpm0Dc1MhiQjlGG+xY2/4saFoq4EP8a0nUUfHgice869Se7xY0alsqwfo7C2vrG5Vdwu7ezu7R+Yh0dtyROBSQtzxkXXR5IwGpGWooqRbiwICn1GOv7ofuJ3noiQlEePahwTN0SDiPYpRkpLnnnj+EikTsBV2swyz75YrGtzdSfLKg4PyQB5wfmt5Zllq2pNAVeJnZMyyNHwzC99DU5CEinMkJQ924qVmyKhKGYkKzmJJDHCIzQgPU0jFBLpptMVM3imlQD2udAnUnCqzk+kKJRyHPq6M0RqKJe9ifif10tU/9pNaRQnikR49lA/YVBxOMkLBlQQrNhYE4QF1X+FeIgEwkqnWtIh2Msrr5J2rWpbVbt5Wa7f5XEUwQk4BRVggytQBw+gAVoAg2fwCt7Bh/FivBmfxvestWDkM8dgAcbvHzoppKc=</latexit><latexit sha1_base64="0q587Hmg/QSqJziC1CLGoqUM+DM=">AAACInicbVDLSgMxFM3UV62vUZdugkWoCGWmCOpCKLpx2YJ9QGcYMpm0Dc1MhiQjlGG+xY2/4saFoq4EP8a0nUUfHgice869Se7xY0alsqwfo7C2vrG5Vdwu7ezu7R+Yh0dtyROBSQtzxkXXR5IwGpGWooqRbiwICn1GOv7ofuJ3noiQlEePahwTN0SDiPYpRkpLnnnj+EikTsBV2swyz75YrGtzdSfLKg4PyQB5wfmt5Zllq2pNAVeJnZMyyNHwzC99DU5CEinMkJQ924qVmyKhKGYkKzmJJDHCIzQgPU0jFBLpptMVM3imlQD2udAnUnCqzk+kKJRyHPq6M0RqKJe9ifif10tU/9pNaRQnikR49lA/YVBxOMkLBlQQrNhYE4QF1X+FeIgEwkqnWtIh2Msrr5J2rWpbVbt5Wa7f5XEUwQk4BRVggytQBw+gAVoAg2fwCt7Bh/FivBmfxvestWDkM8dgAcbvHzoppKc=</latexit><latexit sha1_base64="0q587Hmg/QSqJziC1CLGoqUM+DM=">AAACInicbVDLSgMxFM3UV62vUZdugkWoCGWmCOpCKLpx2YJ9QGcYMpm0Dc1MhiQjlGG+xY2/4saFoq4EP8a0nUUfHgice869Se7xY0alsqwfo7C2vrG5Vdwu7ezu7R+Yh0dtyROBSQtzxkXXR5IwGpGWooqRbiwICn1GOv7ofuJ3noiQlEePahwTN0SDiPYpRkpLnnnj+EikTsBV2swyz75YrGtzdSfLKg4PyQB5wfmt5Zllq2pNAVeJnZMyyNHwzC99DU5CEinMkJQ924qVmyKhKGYkKzmJJDHCIzQgPU0jFBLpptMVM3imlQD2udAnUnCqzk+kKJRyHPq6M0RqKJe9ifif10tU/9pNaRQnikR49lA/YVBxOMkLBlQQrNhYE4QF1X+FeIgEwkqnWtIh2Msrr5J2rWpbVbt5Wa7f5XEUwQk4BRVggytQBw+gAVoAg2fwCt7Bh/FivBmfxvestWDkM8dgAcbvHzoppKc=</latexit><latexit sha1_base64="0q587Hmg/QSqJziC1CLGoqUM+DM=">AAACInicbVDLSgMxFM3UV62vUZdugkWoCGWmCOpCKLpx2YJ9QGcYMpm0Dc1MhiQjlGG+xY2/4saFoq4EP8a0nUUfHgice869Se7xY0alsqwfo7C2vrG5Vdwu7ezu7R+Yh0dtyROBSQtzxkXXR5IwGpGWooqRbiwICn1GOv7ofuJ3noiQlEePahwTN0SDiPYpRkpLnnnj+EikTsBV2swyz75YrGtzdSfLKg4PyQB5wfmt5Zllq2pNAVeJnZMyyNHwzC99DU5CEinMkJQ924qVmyKhKGYkKzmJJDHCIzQgPU0jFBLpptMVM3imlQD2udAnUnCqzk+kKJRyHPq6M0RqKJe9ifif10tU/9pNaRQnikR49lA/YVBxOMkLBlQQrNhYE4QF1X+FeIgEwkqnWtIh2Msrr5J2rWpbVbt5Wa7f5XEUwQk4BRVggytQBw+gAVoAg2fwCt7Bh/FivBmfxvestWDkM8dgAcbvHzoppKc=</latexit>

Q̇1 + Q̇2 + Q̇3(T3) = 0
<latexit sha1_base64="vZ1pBjRtddaPw2S8OQXyS+7KaEQ=">AAACDXicbZDLSsNAFIZP6q3WW9Slm2AVKkJJWkE3QtGNyxZ6gzaEyXTaDp1MwsxEKKEv4MZXceNCEbfu3fk2TtsoWv1h4OM/58zM+f2IUals+8PILC2vrK5l13Mbm1vbO+buXlOGscCkgUMWiraPJGGUk4aiipF2JAgKfEZa/uh6Wm/dEiFpyOtqHBE3QANO+xQjpS3PPOr2QpXUJp5z+kWlbyoX6l755NL2zLxdtGey/oKTQh5SVT3zXV+B44BwhRmSsuPYkXITJBTFjExy3ViSCOERGpCORo4CIt1kts3EOtZOz+qHQh+urJn7cyJBgZTjwNedAVJDuVibmv/VOrHqX7gJ5VGsCMfzh/oxs1RoTaOxelQQrNhYA8KC6r9aeIgEwkoHmNMhOIsr/4VmqejYRad2lq9cpXFk4QAOoQAOnEMFbqAKDcBwBw/wBM/GvfFovBiv89aMkc7swy8Zb5+BVZqE</latexit><latexit sha1_base64="vZ1pBjRtddaPw2S8OQXyS+7KaEQ=">AAACDXicbZDLSsNAFIZP6q3WW9Slm2AVKkJJWkE3QtGNyxZ6gzaEyXTaDp1MwsxEKKEv4MZXceNCEbfu3fk2TtsoWv1h4OM/58zM+f2IUals+8PILC2vrK5l13Mbm1vbO+buXlOGscCkgUMWiraPJGGUk4aiipF2JAgKfEZa/uh6Wm/dEiFpyOtqHBE3QANO+xQjpS3PPOr2QpXUJp5z+kWlbyoX6l755NL2zLxdtGey/oKTQh5SVT3zXV+B44BwhRmSsuPYkXITJBTFjExy3ViSCOERGpCORo4CIt1kts3EOtZOz+qHQh+urJn7cyJBgZTjwNedAVJDuVibmv/VOrHqX7gJ5VGsCMfzh/oxs1RoTaOxelQQrNhYA8KC6r9aeIgEwkoHmNMhOIsr/4VmqejYRad2lq9cpXFk4QAOoQAOnEMFbqAKDcBwBw/wBM/GvfFovBiv89aMkc7swy8Zb5+BVZqE</latexit><latexit sha1_base64="vZ1pBjRtddaPw2S8OQXyS+7KaEQ=">AAACDXicbZDLSsNAFIZP6q3WW9Slm2AVKkJJWkE3QtGNyxZ6gzaEyXTaDp1MwsxEKKEv4MZXceNCEbfu3fk2TtsoWv1h4OM/58zM+f2IUals+8PILC2vrK5l13Mbm1vbO+buXlOGscCkgUMWiraPJGGUk4aiipF2JAgKfEZa/uh6Wm/dEiFpyOtqHBE3QANO+xQjpS3PPOr2QpXUJp5z+kWlbyoX6l755NL2zLxdtGey/oKTQh5SVT3zXV+B44BwhRmSsuPYkXITJBTFjExy3ViSCOERGpCORo4CIt1kts3EOtZOz+qHQh+urJn7cyJBgZTjwNedAVJDuVibmv/VOrHqX7gJ5VGsCMfzh/oxs1RoTaOxelQQrNhYA8KC6r9aeIgEwkoHmNMhOIsr/4VmqejYRad2lq9cpXFk4QAOoQAOnEMFbqAKDcBwBw/wBM/GvfFovBiv89aMkc7swy8Zb5+BVZqE</latexit><latexit sha1_base64="vZ1pBjRtddaPw2S8OQXyS+7KaEQ=">AAACDXicbZDLSsNAFIZP6q3WW9Slm2AVKkJJWkE3QtGNyxZ6gzaEyXTaDp1MwsxEKKEv4MZXceNCEbfu3fk2TtsoWv1h4OM/58zM+f2IUals+8PILC2vrK5l13Mbm1vbO+buXlOGscCkgUMWiraPJGGUk4aiipF2JAgKfEZa/uh6Wm/dEiFpyOtqHBE3QANO+xQjpS3PPOr2QpXUJp5z+kWlbyoX6l755NL2zLxdtGey/oKTQh5SVT3zXV+B44BwhRmSsuPYkXITJBTFjExy3ViSCOERGpCORo4CIt1kts3EOtZOz+qHQh+urJn7cyJBgZTjwNedAVJDuVibmv/VOrHqX7gJ5VGsCMfzh/oxs1RoTaOxelQQrNhYA8KC6r9aeIgEwkoHmNMhOIsr/4VmqejYRad2lq9cpXFk4QAOoQAOnEMFbqAKDcBwBw/wBM/GvfFovBiv89aMkc7swy8Zb5+BVZqE</latexit>

!d/!0
<latexit sha1_base64="vvblxqoT64AF91lvBWX1z8PSxCM=">AAAB+nicbZDLSgMxFIYzXmu9TXXpJlgEV3VGBF0WdOGygr1AOwyZzJk2NMkMSUYptY/ixoUibn0Sd76NaTsLbf0h8PGfczgnf5Rxpo3nfTsrq2vrG5ulrfL2zu7evls5aOk0VxSaNOWp6kREA2cSmoYZDp1MARERh3Y0vJ7W2w+gNEvlvRllEAjSlyxhlBhrhW6llwrokzA+K8AL3apX82bCy+AXUEWFGqH71YtTmguQhnKiddf3MhOMiTKMcpiUe7mGjNAh6UPXoiQCdDCenT7BJ9aJcZIq+6TBM/f3xJgIrUcisp2CmIFerE3N/2rd3CRXwZjJLDcg6XxRknNsUjzNAcdMATV8ZIFQxeytmA6IItTYtMo2BH/xy8vQOq/5Xs2/u6jWb4o4SugIHaNT5KNLVEe3qIGaiKJH9Ixe0Zvz5Lw4787HvHXFKWYO0R85nz+2qJOi</latexit><latexit sha1_base64="vvblxqoT64AF91lvBWX1z8PSxCM=">AAAB+nicbZDLSgMxFIYzXmu9TXXpJlgEV3VGBF0WdOGygr1AOwyZzJk2NMkMSUYptY/ixoUibn0Sd76NaTsLbf0h8PGfczgnf5Rxpo3nfTsrq2vrG5ulrfL2zu7evls5aOk0VxSaNOWp6kREA2cSmoYZDp1MARERh3Y0vJ7W2w+gNEvlvRllEAjSlyxhlBhrhW6llwrokzA+K8AL3apX82bCy+AXUEWFGqH71YtTmguQhnKiddf3MhOMiTKMcpiUe7mGjNAh6UPXoiQCdDCenT7BJ9aJcZIq+6TBM/f3xJgIrUcisp2CmIFerE3N/2rd3CRXwZjJLDcg6XxRknNsUjzNAcdMATV8ZIFQxeytmA6IItTYtMo2BH/xy8vQOq/5Xs2/u6jWb4o4SugIHaNT5KNLVEe3qIGaiKJH9Ixe0Zvz5Lw4787HvHXFKWYO0R85nz+2qJOi</latexit><latexit sha1_base64="vvblxqoT64AF91lvBWX1z8PSxCM=">AAAB+nicbZDLSgMxFIYzXmu9TXXpJlgEV3VGBF0WdOGygr1AOwyZzJk2NMkMSUYptY/ixoUibn0Sd76NaTsLbf0h8PGfczgnf5Rxpo3nfTsrq2vrG5ulrfL2zu7evls5aOk0VxSaNOWp6kREA2cSmoYZDp1MARERh3Y0vJ7W2w+gNEvlvRllEAjSlyxhlBhrhW6llwrokzA+K8AL3apX82bCy+AXUEWFGqH71YtTmguQhnKiddf3MhOMiTKMcpiUe7mGjNAh6UPXoiQCdDCenT7BJ9aJcZIq+6TBM/f3xJgIrUcisp2CmIFerE3N/2rd3CRXwZjJLDcg6XxRknNsUjzNAcdMATV8ZIFQxeytmA6IItTYtMo2BH/xy8vQOq/5Xs2/u6jWb4o4SugIHaNT5KNLVEe3qIGaiKJH9Ixe0Zvz5Lw4787HvHXFKWYO0R85nz+2qJOi</latexit><latexit sha1_base64="vvblxqoT64AF91lvBWX1z8PSxCM=">AAAB+nicbZDLSgMxFIYzXmu9TXXpJlgEV3VGBF0WdOGygr1AOwyZzJk2NMkMSUYptY/ixoUibn0Sd76NaTsLbf0h8PGfczgnf5Rxpo3nfTsrq2vrG5ulrfL2zu7evls5aOk0VxSaNOWp6kREA2cSmoYZDp1MARERh3Y0vJ7W2w+gNEvlvRllEAjSlyxhlBhrhW6llwrokzA+K8AL3apX82bCy+AXUEWFGqH71YtTmguQhnKiddf3MhOMiTKMcpiUe7mGjNAh6UPXoiQCdDCenT7BJ9aJcZIq+6TBM/f3xJgIrUcisp2CmIFerE3N/2rd3CRXwZjJLDcg6XxRknNsUjzNAcdMATV8ZIFQxeytmA6IItTYtMo2BH/xy8vQOq/5Xs2/u6jWb4o4SugIHaNT5KNLVEe3qIGaiKJH9Ixe0Zvz5Lw4787HvHXFKWYO0R85nz+2qJOi</latexit>

!d/!0
<latexit sha1_base64="vvblxqoT64AF91lvBWX1z8PSxCM=">AAAB+nicbZDLSgMxFIYzXmu9TXXpJlgEV3VGBF0WdOGygr1AOwyZzJk2NMkMSUYptY/ixoUibn0Sd76NaTsLbf0h8PGfczgnf5Rxpo3nfTsrq2vrG5ulrfL2zu7evls5aOk0VxSaNOWp6kREA2cSmoYZDp1MARERh3Y0vJ7W2w+gNEvlvRllEAjSlyxhlBhrhW6llwrokzA+K8AL3apX82bCy+AXUEWFGqH71YtTmguQhnKiddf3MhOMiTKMcpiUe7mGjNAh6UPXoiQCdDCenT7BJ9aJcZIq+6TBM/f3xJgIrUcisp2CmIFerE3N/2rd3CRXwZjJLDcg6XxRknNsUjzNAcdMATV8ZIFQxeytmA6IItTYtMo2BH/xy8vQOq/5Xs2/u6jWb4o4SugIHaNT5KNLVEe3qIGaiKJH9Ixe0Zvz5Lw4787HvHXFKWYO0R85nz+2qJOi</latexit><latexit sha1_base64="vvblxqoT64AF91lvBWX1z8PSxCM=">AAAB+nicbZDLSgMxFIYzXmu9TXXpJlgEV3VGBF0WdOGygr1AOwyZzJk2NMkMSUYptY/ixoUibn0Sd76NaTsLbf0h8PGfczgnf5Rxpo3nfTsrq2vrG5ulrfL2zu7evls5aOk0VxSaNOWp6kREA2cSmoYZDp1MARERh3Y0vJ7W2w+gNEvlvRllEAjSlyxhlBhrhW6llwrokzA+K8AL3apX82bCy+AXUEWFGqH71YtTmguQhnKiddf3MhOMiTKMcpiUe7mGjNAh6UPXoiQCdDCenT7BJ9aJcZIq+6TBM/f3xJgIrUcisp2CmIFerE3N/2rd3CRXwZjJLDcg6XxRknNsUjzNAcdMATV8ZIFQxeytmA6IItTYtMo2BH/xy8vQOq/5Xs2/u6jWb4o4SugIHaNT5KNLVEe3qIGaiKJH9Ixe0Zvz5Lw4787HvHXFKWYO0R85nz+2qJOi</latexit><latexit sha1_base64="vvblxqoT64AF91lvBWX1z8PSxCM=">AAAB+nicbZDLSgMxFIYzXmu9TXXpJlgEV3VGBF0WdOGygr1AOwyZzJk2NMkMSUYptY/ixoUibn0Sd76NaTsLbf0h8PGfczgnf5Rxpo3nfTsrq2vrG5ulrfL2zu7evls5aOk0VxSaNOWp6kREA2cSmoYZDp1MARERh3Y0vJ7W2w+gNEvlvRllEAjSlyxhlBhrhW6llwrokzA+K8AL3apX82bCy+AXUEWFGqH71YtTmguQhnKiddf3MhOMiTKMcpiUe7mGjNAh6UPXoiQCdDCenT7BJ9aJcZIq+6TBM/f3xJgIrUcisp2CmIFerE3N/2rd3CRXwZjJLDcg6XxRknNsUjzNAcdMATV8ZIFQxeytmA6IItTYtMo2BH/xy8vQOq/5Xs2/u6jWb4o4SugIHaNT5KNLVEe3qIGaiKJH9Ixe0Zvz5Lw4787HvHXFKWYO0R85nz+2qJOi</latexit><latexit sha1_base64="vvblxqoT64AF91lvBWX1z8PSxCM=">AAAB+nicbZDLSgMxFIYzXmu9TXXpJlgEV3VGBF0WdOGygr1AOwyZzJk2NMkMSUYptY/ixoUibn0Sd76NaTsLbf0h8PGfczgnf5Rxpo3nfTsrq2vrG5ulrfL2zu7evls5aOk0VxSaNOWp6kREA2cSmoYZDp1MARERh3Y0vJ7W2w+gNEvlvRllEAjSlyxhlBhrhW6llwrokzA+K8AL3apX82bCy+AXUEWFGqH71YtTmguQhnKiddf3MhOMiTKMcpiUe7mGjNAh6UPXoiQCdDCenT7BJ9aJcZIq+6TBM/f3xJgIrUcisp2CmIFerE3N/2rd3CRXwZjJLDcg6XxRknNsUjzNAcdMATV8ZIFQxeytmA6IItTYtMo2BH/xy8vQOq/5Xs2/u6jWb4o4SugIHaNT5KNLVEe3qIGaiKJH9Ixe0Zvz5Lw4787HvHXFKWYO0R85nz+2qJOi</latexit>

[a.u.]
<latexit sha1_base64="u1ez0/iqogKqmOSAN9drAVyxMu4=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69BIvgKSQi6LGgB48V7AekoWy2m3bpZhN3J8US+ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8MBVco+t+W6W19Y3NrfJ2ZWd3b/+genjU0kmmKGvSRCSqExLNBJesiRwF66SKkTgUrB2ObmZ+e8yU5ol8wEnKgpgMJI84JWikoIvsCXOfOJkTTHvVmuu4c9irxCtIDQo0etWvbj+hWcwkUkG09j03xSAnCjkVbFrpZpqlhI7IgPmGShIzHeTzo6f2mVH6dpQoUxLtufp7Iiex1pM4NJ0xwaFe9mbif56fYXQd5FymGTJJF4uiTNiY2LME7D5XjKKYGEKo4uZWmw6JIhRNThUTgrf88ippXTie63j3l7X6bRFHGU7gFM7Bgyuowx00oAkUHuEZXuHNGlsv1rv1sWgtWcXMMfyB9fkDpISSAQ==</latexit><latexit sha1_base64="u1ez0/iqogKqmOSAN9drAVyxMu4=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69BIvgKSQi6LGgB48V7AekoWy2m3bpZhN3J8US+ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8MBVco+t+W6W19Y3NrfJ2ZWd3b/+genjU0kmmKGvSRCSqExLNBJesiRwF66SKkTgUrB2ObmZ+e8yU5ol8wEnKgpgMJI84JWikoIvsCXOfOJkTTHvVmuu4c9irxCtIDQo0etWvbj+hWcwkUkG09j03xSAnCjkVbFrpZpqlhI7IgPmGShIzHeTzo6f2mVH6dpQoUxLtufp7Iiex1pM4NJ0xwaFe9mbif56fYXQd5FymGTJJF4uiTNiY2LME7D5XjKKYGEKo4uZWmw6JIhRNThUTgrf88ippXTie63j3l7X6bRFHGU7gFM7Bgyuowx00oAkUHuEZXuHNGlsv1rv1sWgtWcXMMfyB9fkDpISSAQ==</latexit><latexit sha1_base64="u1ez0/iqogKqmOSAN9drAVyxMu4=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69BIvgKSQi6LGgB48V7AekoWy2m3bpZhN3J8US+ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8MBVco+t+W6W19Y3NrfJ2ZWd3b/+genjU0kmmKGvSRCSqExLNBJesiRwF66SKkTgUrB2ObmZ+e8yU5ol8wEnKgpgMJI84JWikoIvsCXOfOJkTTHvVmuu4c9irxCtIDQo0etWvbj+hWcwkUkG09j03xSAnCjkVbFrpZpqlhI7IgPmGShIzHeTzo6f2mVH6dpQoUxLtufp7Iiex1pM4NJ0xwaFe9mbif56fYXQd5FymGTJJF4uiTNiY2LME7D5XjKKYGEKo4uZWmw6JIhRNThUTgrf88ippXTie63j3l7X6bRFHGU7gFM7Bgyuowx00oAkUHuEZXuHNGlsv1rv1sWgtWcXMMfyB9fkDpISSAQ==</latexit>

FIG. 4. (Top) Scheme of a thermal bipolar transistor: (left) static
with ξ = T3; (right) dynamic with ξ = ωd . (Bottom) |Aα | versus
ωd for c0 = 0.2ω2

0 and same parameters as Fig. 3. The shadowed
area represents the region without transistor effect; (inset) ∂

¯̇Qα/∂ωd
versus ωd .

and measures the ability of the system to amplify a change
in the third energy source. To implement this change we
use a control parameter ξ , while keeping everything else
constant. Again we compare the performance of static and
driven harmonic networks. For the static case, we consider
Ė(ξ ) = Q̇3(T3), the heat current coming from a third reservoir
at temperature T3, while for the driven one Ė(ξ ) = ¯̇W (ωd), the
average input work of a periodic driving of frequency ωd (see
Fig. 4). Notice that the first law constraints the values of the
dynamical amplification factors toA1+A2+1= 0. A system
is a good thermal transistor if |Aα | ≥ 1 . From Eq. (9) follows
that for the static harmonic network, |Aα | ≤ 1 is always ful-
filled. However, as shown in the bottom panel of Fig. 4, this
is no longer true for the driven network.

In summary, using the fact that open-system dynamics
can be profoundly modified by a time-periodic perturbation,
we have demonstrated heat rectification in quantum linear
systems; an effect strictly forbidden in the static case. We
have derived analytical expressions for the steady-state heat
currents and identified the fundamental processes leading to
the asymmetry of the dynamical heat transfer matrix. Such
asymmetry has a key role in the feasibility of periodically
driven harmonic networks as, for instance, heat transistors.
The formalism used here may find applications in other prob-
lems involving spatial symmetry breaking in open systems by
a time-periodic perturbation.

We thank N. Freitas and G. Muga for useful discus-
sions. We acknowledge financial support from the Span-
ish MINECO (AEI/FEDER EU): FIS2016-80681-P, FIS2016-
80773-P, FIS2015-67161-P; Severo Ochoa SEV-2015-0522.
Generalitat de Catalunya: CIRIT (2017-SGR-966, 2017-
SGR-1381), CERCA Program and FI-2018-B01134, Fun-
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Quantum Langevin Equation

The Heisenberg equation of motion for any observable O reads as

Ȯ = i/h̄[H,O]+∂tO, (25)

with H = HS +∑α HSRα
+∑α HRα

being the total Hamiltonian. By means of the bosonic algebra, and by using Eqs. (2-4) of the
main text, one finds the equations of motion for the system and reservoir degrees of freedom:

Ẋα = M−1
α Pα , (26)

Ṗα =−Mα Ω
2
α Xα +CT

α X , (27)

Ẋ = M−1P, (28)

Ṗ =−V (t)X +∑
α

Cα Xα . (29)

By taking the time derivative of Eq. (26), and combining with Eq. (27), we end up with a second order differential equation
for the position quadrature operator of the bath α . Under the initial condition ρ(t0) = ρS(t0)

⊗
α ρRα

(t0), the solution of this
equation yields:

Xα(t) = cos(Ωα(t− t0))Xα(t0)+(Mα Ωα)
−1 sin(Ωα(t− t0))Pα(t0)+

∫ t

t0
dt ′(Mα Ωα)

−1 sin
(
Ωα(t− t ′)

)
CT

α X(t ′), (30)

where Xα(t0) and Pα(t0) are the initial conditions. In the same manner, by taking the time derivative of Eq. (28), and by
substituting Eqs. (29) and (30) into it we arrive at:

MẌ +V (t)X−∑
α

∫ t

t0
dt ′Cα(Mα Ωα)

−1 sin(Ωα(t− t ′)CT
α X(t ′)) = ∑

α

Cα

(
cos(Ωα(t− t0))Xα(t0)+(Mα Ωα)

−1 sin(Ωα(t− t0))Pα(t0)
)

(31)

Since we are only interested in the steady-state behavior, we take the limit t0 → −∞. Thus, we find the quantum Langevin
equation:

MẌ +V (t)X−χ(t)?X = B(t), (32)

with the susceptibility matrix χ(t) and the noise vector B(t) given by Eq. (6) and Eq. (7) of the main text, respectively.

Fluctuation-Dissipation Relation

In the main text we proved a version of the fluctuation-dissipation theorem, namely Imχ(ω) = πJ(ω), that is state indepen-
dent. In our analysis, however, we are dealing with thermal reservoirs. In particular, in many of our calculations, we need to
find the bath correlation functions at thermal equilibrium. Thus, here, we present a proof of the thermal version of fluctuation-
dissipation theorem, that enables us to calculate the bath correlation functions. To this aim, let the thermal equilibrium density
matrix of the reservoirs be ρRα

(t0) = exp(−HRα
/kBTα)/tr[exp(−HRα

/kBTα)]. For such thermal state, all first order moments
vanish. Moreover, the second order quadrature moments read as:

〈
Xα(t0)XT

α (t0)
〉
= (Mα Ωα)

−1 〈Pα(t0)PT
α (t0)

〉
(Mα Ωα)

−1 =
h̄
2
(Mα Ωα)

−1 coth
(

h̄Ωα

2kBTα

)
(33)

〈
Xα(t0)PT

α (t0)
〉
=
〈
Pα(t0)XT

α (t0)
〉∗

=
ih̄
2
. (34)

Looking back to the definition of the noise vector Eq. (7) of the main text, it follows that

〈
B(t)BT (t ′)

〉
=

h̄
2 ∑

α

Cα(Mα Ωα)
−1
(

cos(Ωα(t− t ′))coth
(

h̄Ωα

2kBTα

)
+ i sin(Ωα(t− t ′)

)
CT

α . (35)

By introducing the spectral density to the last expression, it can be written as
〈
B(t)BT (t ′)

〉
= h̄∑

α

∫
∞

0
dωJα(ω)cos(ω(t− t ′))(2nα(ω)+1)+ ih̄∑

α

∫
∞

0
dωJα(ω)sin(ω(t− t ′))

=
h̄
2
[
ν(t− t ′)+ iη(t− t ′)

]
, (36)
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where ν(t − t ′) and η(t − t ′) are, respectively, the noise and damping kernels. In the spectral domain—that is, by taking the
Fourier transform f (t) 7→ f (ω) =

∫
∞

−∞
dt f (t) eiωt of both sides—the above equation reads

〈
B(ω)BT (ω ′)

〉
= h̄πδ (ω +ω

′) [ν(ω)+ iη(ω)] , (37)

with ν(ω) = 2π ∑α Jα(ω)(2nα(ω)+1) and η(ω) = 2π ∑α Jα(ω). By substituting in Eq. (37), we obtain the desired fluctuation-
dissipation relation

〈
B(ω)BT (ω ′)

〉
= δ (ω +ω

′)(2π)2h̄∑
α

Jα(ω)(nα(ω)+1). (38)

Thermodynamic Quantities and the Covariance Matrix

Suppose that the steady state covariance matrix is given, the question is, how Ẇ and Q̇α can be calculated. Let us represent
the covariance matrix in four blocks

Σ =

(
σXX σXP
σPX σPP

)
, (39)

with, σXX = 〈XXT 〉, σXP = 〈XPT +(PXT )T 〉/2 and σPP = 〈PPT 〉. Furthermore, by using the definition of local heat currents
that we introduced in the main text—i.e., Q̇α := i/h̄〈[HSRα

,HS]〉, one can verify that

Q̇α =
1
2
(
〈PT M−1Cα Xα〉+ 〈XT

α CT
α M−1P〉

)
. (40)

Recall our assumption that each oscillator is at most coupled to one reservoir. We denote by Πα the projector onto the space of
the oscillator that is coupled to the bath α . Thus, from Eq. (40) and using Eq. (29) it follows that

Q̇α =
1
2

tr
[

Πα

d
dt

σPPM−1
]
+ tr

[
ΠαV (t)σXPM−1] , (41)

where we have used the property of the bilinear product
〈
ΨT

1 M̃Ψ2
〉
= tr

[
M̃T
〈
Ψ1ΨT

2
〉]

where Ψ1 and Ψ1 are vector operators

and M̃ a scalar matrix. The work rate is easily calculated through Ẇ = tr
[

∂

∂ t V (t)σXX

]
.

Static Heat Currents

For a static network V (t) = V0, and therefore Ẇ = 0. Moreover, in the steady state the covariance matrix must be constant,
and in particular dσPP/dt = 0. On this account, the first term of (41) vanishes, hence the static local heat currents read as

Q̇α = tr
[
ΠαV0σXPM−1] . (42)

It remains to substitute for σXP. To this aim, we note that in the spectral domain, the steady state solution is given by X(ω) =
G0(ω)B(ω). We also benefit from the fluctuation-dissipation relation, to arrive at

Q̇α =−
∫

R

dω

(2π)2 h̄ωπIm
{

tr
[
ΠαV0G0(ω)ν(ω)G†

0(ω)
]}

,

=−∑
β

∫

R
dω h̄ωIm

{
tr
[
ΠαV0G0(ω)Jβ (ω)G†

0(ω)
]}(

nβ (ω)+
1
2

)
,

=−∑
β

∫

R
dωT 0

αβ
(ω)

(
nβ (ω)+

1
2

)
, (43)

The equation of motion for G0(ω) can be rearranged as V0G0(ω) = 1+ω2MG0(ω)+ χ(ω)G0(ω). For β 6= α , the only non-
zero contribution to the currents is given by the term proportional to the susceptibility. Using Imχ(ω) = πJ(ω) we obtain
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T 0
αβ

(ω) = h̄ωπtr[Jα(ω)G0(ω)Jβ (ω)G†
0(ω)] for β 6= α . The conservation equation ∑α Q̇α = 0 translates into ∑β T 0

αβ
(ω) = 0

and therefore we can compute T 0
αα(ω) =−∑β 6=α T 0

αβ
(ω). Using this result into Eq. (43), one gets

Q̇α =−
∫

R
dωT 0

αα(ω)

(
nα(ω)+

1
2

)
− ∑

β 6=α

∫

R
dωT 0

αβ
(ω)

(
nβ (ω)+

1
2

)
,

= ∑
β 6=α

∫

R
dωT 0

αβ
(ω)(nα(ω)−nβ (ω)). (44)

which is the expression shown in the main text.

Periodically Driven Heat Currents and Work Rate

Let us consider the integrodifferential super-operator Lt [�] = M(d/dt)2�+V (t)�− χ(t) ?� associated to the homoge-
neous quantum Langevin equation. The equation of motion of the Green’s function is given by Lt [G(t, t ′)] = 1δ (t − t ′). If
the potential is τ−periodic, that is V (t + τ) = V (t), and Lt [G(t, t ′)] = 1δ (t − t ′) then Lt [G(t ′ + τ, t + τ)] = 1δ (t − t ′) and
therefore G(t, t ′) = G(t + τ, t ′ + τ) in the steady state by uniqueness of the solution. Now, we define the periodic func-
tion P(t,ω) = eiωt ∫

R dt ′e−iωt ′G(t, t ′). It is easy to see that P(t + τ,ω) = P(t,ω). Since Lt is a linear superoperator, we
have

∫
R dt ′ exp(−iωt ′)Lt [G(t, t ′)] = Lt [exp(−iωt)P(t,ω)] and using Eq. (11) of the main text, we have ∑kLt [exp(−i(ω −

kωd)t)]Ak(ω) = 1exp(−iωt). It follows

∑
k

[
−M(ω− kωd)

2eikωd t +∑
j

Vjei( j+k)ωd t +χ(ω− kωd)eikωd t

]
Ak(ω) = 1, (45)

and projecting on kth element of the Fourier expansion, one arrives at

G−1
0 (ω− kωd)Ak(ω)+ ∑

j 6=0
VjAk− j(ω) = δk,01. (46)

We can use now the amplitudes {Ak(ω)} to compute the steady state solution for

X(t) =
∫

R
dt ′G(t, t ′)B(t ′) = ∑

k

∫

R

dω

2π
e−i(ω−kωd)tAk(ω)B(ω), (47)

Ẋ(t) =
d
dt

∫

R
G(t, t ′)B(t ′) =−i∑

k

∫

R

dω

2π
(ω− kωd)e−i(ω−kωd)tAk(ω)B(ω). (48)

The covariance matrix Σ can be computed also using Ak(ω) and it turns out to be τ−periodic. Let us take for instance

σXPM−1 = ∑
jk

[
i∑

α

∫

R
dω h̄(ω− kωd)A j(ω)Jα(ω)A†

k(ω)

(
nα(ω)+

1
2

)]
ei( j−k)ωd t . (49)

We now take the average over a period of the heat currents in Eq. (41). Notice that since σPP is τ−periodic, the average of its
derivative over a period vanishes. Then, ¯̇Qα = tr

[
ΠαV (t)σXPM−1

]
and using Eq. (13) of the main text and Eq. (49) leads to

¯̇Qα =−∑
β

∫

R
dωTαβ (ω)

(
nβ (ω)+

1
2

)
=−∑

β

∫

R
dω ∑

k
h̄(ω− kωd)Im

{
tr

[
Πα ∑

j
VjAk− j(ω)Jβ (ω)A†

k(ω)

]}(
nβ (ω)+

1
2

)
.

(50)

From Eq. (46) follows ∑ j VjAk− j = δk,01+(ω− kωd)
2MAk(ω)+ χ(ω− kωd)Ak(ω) which can be used to compute Tαβ (ω) =

∑k h̄(ω−kωd)πtr
[
Jα(ω− kωd)Ak(ω)Jβ (ω)A†

k(ω)
]

for β 6= α . The diagonal terms can be computed using T̃α(ω) = Tαα(ω)+

∑β Tβα(ω) where T̃α is given by Eq. (16) of the main text, since ∑β ∑ jk h̄ωIm{tr[ΠβVk− jA j(ω)Jα(ω)A†
k(ω)]}= 0. Finally,

¯̇Qα =−
∫

R
dω T̃α(ω)

(
nα(ω)+

1
2

)
+ ∑

β 6=α

∫

R
dω

[
Tβα(ω)

(
nα(ω)+

1
2

)
−Tαβ (ω)

(
nβ (ω)+

1
2

)]
, (51)



9

and using the first law

¯̇W =−∑
α

¯̇Qα = ∑
β

∫

R
dω ∑

α

Tαβ (ω)

(
nβ (ω)+

1
2

)
= ∑

β

∫

R
dω T̃β (ω)

(
nβ (ω)+

1
2

)
, (52)

which are the expressions given in the main text.

Equivalence of the Heat Currents

The amount of heat from the bath α to the system S is equal to the energy lost by that reservoir, i.e. ∆Q′α = −(〈HRα
〉t −

〈HRα
〉t0). Then, the heat current can be cast as

Q̇′α =−tr
[
ḢRα

ρ(t)
]
− tr [HRα

ρ̇(t)] = tr [(HS +HSRα
)ρ̇(t)] = Q̇α −δ Q̇α , (53)

where, tr [H(t)ρ̇(t)] = 0 has been used, and δ Q̇α is the difference between the two definitions of the heat currents mentioned in
the main text. Equivalently, Q̇′α =−i/h̄〈[HSRα

,HRα
]〉 and Q̇α = i/h̄〈[HSRα

,HS]〉. Then,

δ Q̇α = Q̇α − Q̇′α =
i
h̄
〈[HSRα

,HS +HRα
]〉=− i

h̄
〈[H,HSRα

]〉 . (54)

Using the Heisenberg equation of motion for HRSα
on the RHS of Eq.(4), it follows

δ Q̇α =
d
dt

〈
XTCα Xα

〉
=

d
dt

〈
XT

Πα(Ṗ+V (t)X)
〉
. (55)

We are interested in τ-periodic time-dependent couplings. Using Eq. (47) and Eq. (48) we see that, at the steady state

〈
XT

Πα Ṗ
〉
= ∑

k,k′

{
−∑

β

∫

R
dω h̄(ω− kωd)

2tr
[
Πα MA′k(ω)Jβ (ω)A†

k′(ω)
]
(nβ (ω)+1/2)

}
ei(k−k′)ωd t , (56)

〈
XT

ΠαV (t)X
〉
= ∑

j,k,k′

{
∑
β

∫

R
dω h̄ tr

[
ΠαVjAk(ω)Jβ (ω)A†

k′(ω)
]
(nβ (ω)+1/2)

}
ei( j+k−k′)ωd t . (57)

and, therefore, the right-hand-side of Eq. (55) is the time-derivative of a τ-periodic function, whose contribution over a period
averages to zero.

A Static Work Reservoir

Heat rectification in dynamical systems its a consequence of two facts: (i) the work injected/extracted into/from the system is
a useful resource to redistribute energy and (ii) periodically driven systems exhibit new energy exchange processes that have no
analog in static systems. Notice, that (i) can be also achieved by introducing a third work-reservoir that provides the energy while
keeping the set up static. Let us denote T3 and n3(ω) the temperature and thermal occupation number of such work reservoir.
The static currents (Eq. (9) of the manuscript) in direct and reversed configuration read

Q̇1 =
∫

R
dωT 0

12(ω)(n1(ω)−n2(ω))+
∫

R
dωT 0

13(ω)(n1(ω)−n3(ω)), (58)

Q̇r
1 =

∫

R
dωT 0

12(ω)(n2(ω)−n1(ω))+
∫

R
dωT 0

13(ω)(n2(ω)−n3(ω)). (59)

We now single out the current of the third reservoir and denote it by

Ẇ := Q̇3 =
∫

R
dωT 0

31(ω)(n3(ω)−n1(ω))+
∫

R
dωT 0

32(ω)(n3(ω)−n2(ω)). (60)

The first law can be now written as Q̇1 + Q̇2 +Ẇ = 0. Again, we can think about the local contributions to reservoir α = 1,2
as Ẇα =

∫
R dωT 0

3α
(ω)(n3(ω)− nα(ω)). It is clear, that R(Q̇1, Q̇r

1) ∝ |Ẇ1 +Ẇ r
1 | 6= 0 under the interchange T1↔ T2. However,

there is no genuine asymmetric transport happening in the sense that T 0
12(ω) = T 0

21(ω) for a static system (as explained in the
manuscript). By defining Q̇α := Q̇α +Ẇα , we only take into account the genuine contributions to the rectification, such that, in
the static case R(Q̇α ,Q̇r

α) = 0. With this intuition, we use R(Q̇α ,Q̇r
α) as a measure of the asymmetric transport in the driven

network that is present exclusively due to periodic forcing.
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Static Green’s Function for N = 2

We now give a method to obtain an analytic expression for the static Green’s function G0(ω) for the scenario of N = 2.
Namely, we assume a homogeneous network of two oscillators with m1 = m2 = 1 and coupled to identical reservoirs, in such a
way that χ(ω) = χ̃(ω)1 where χ̃(ω) is a scalar function. Then, the Green’s function can be written as

G0(ω) = (−ω
21+V0− χ̃(ω)1)−1. (61)

Since V0 is a symmetric real matrix, there exists a set {ui}N
i=1 of eigenmodes such that V0ui = ν2

i ui, where νi are the normal mode
frequencies and therefore, V0 = ∑i ν2

i uiuT
i . Moreover, 1 can be also resolved in any basis, in particular 1= ∑i uiuT

i . Hence

G0(ω) = ∑
i

uiuT
i

ν2
i −ω2−Re{χ̃(ω)}− iπ J̃(ω)

. (62)

We further assume that for large enough cutoff Λ0, Re{χ̃(ω)} is only shifting the position of the normal modes by a constant
amount, which can be compensated by renormalizing the Hamiltonian with the counterterm [18]. Hence, from now on, we
disregard Re{χ̃(ω)}. The normal mode vectors ui are real, orthogonal and normalized to one, and therefore can be parametrized
with an angle θ such that u1 = (sin(θ),cos(θ)) and u2 = (cos(θ),−sin(θ)). The angle θ is determined as a function of the
system parameters as tan(2θ) =−2c0/(ω

2
2 −ω2

1 ). Then, for arbitrary normal modes

G0(ω) =




cos2(θ)

ν2
1−ω2−iπ J̃(ω)

+ sin2(θ)

ν2
2−ω2−iπ J̃(ω)

sin(θ)cos(θ)
(

1
ν2

1−ω2−iπ J̃(ω)
− 1

ν2
1−ω2−iπ J̃(ω)

)

sin(θ)cos(θ)
(

1
ν2

1−ω2−iπ J̃(ω)
− 1

ν2
1−ω2−iπ J̃(ω)

)
sin2(θ)

ν2
1−ω2−iπ J̃(ω)

+ cos2(θ)

ν2
2−ω2−iπ J̃(ω)


 . (63)

Main Contributions to Rectification

The driven harmonic network under consideration is very general and, therefore, it is rather complicated to picture the rectifi-
cation coefficient as a function of the network parameters. Here, we propose to take advantage of the peaked structure of G0(ω)
obtained above, and consider only the the principal contributions to the asymmetric transport in frequency domain. We start
using Eq. (19) of the main text to write

T21(ω)−T12(ω) = ∑
k

h̄(ω− kωd)J(ω− kωd)J(ω)πv2
1
(
|G0(ω− kωd)21G0(ω)11|2−|G0(ω− kωd)11G0(ω)12|2

)
. (64)

Therefore, highly asymmetric heat transport can only occur when |G0(ω− kωd)21G0(ω)11|2 and |G0(ω− kωd)11G0(ω)12|2 are
large compared with the static transport. We have seen that the Green’s function G0(ω) is peaked at ω = ±νi. Hence, the
principal contributions to the asymmetric transport will occur when we hit the resonances of both Green’s functions at once, that
is, when kωd =±νi±ν j. However, notice that when i = j we are evaluating |G0(νi)21G0(νi)11|2−|G0(νi)11G0(νi)12|2 = 0 and
consequently rectification will be small. Therefore, only at kωd =±νi±ν j with i 6= j the asymmetric heat transport is expected
to be large. In the particular, if we go back to the case of N = 2, the positive driving frequencies at which one expects large
rectification are ωd = ν2±ν1.

Harmonic Bipolar Transistors

Let us consider a static bipolar thermal transistor where the third energy source is provided by a third reservoir, that is Ė = Q̇3.
The control parameter is chosen to be T3, the temperature of the third bath. If we keep the rest of the variables constant, we have

dQ̇1

dQ̇3
=

∂ Q̇1/∂T3

∂ Q̇3/∂T3
. (65)

We already know the dependence of such currents in T3, given in Eq. (9) of the main text. Then, we can easily compute

∂ Q̇α

∂T3
=−

∫

R
dωT (0)

α3
∂n3(ω)

∂T3
=−Iα3, (66)

∂ Q̇3

∂T3
=
∫

R
dω

(
T (0)

13 (ω)+T (0)
23 (ω)

)
∂n3(ω)

∂T3
= I13 + I23. (67)

Since n3(ω) increases monotonically with T3, we have I12, I23 ≥ 0. Therefore, for α = 1,2 we have |Aα | ≤ 1 regardless of any
other system parameter.
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