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We develop theoretical and computational formalisms to describe thermal radiation from tempo-
rally modulated systems. We show that such a modulation results in a photon-based active cooling
mechanism. This mechanism has a high thermodynamic performance that can approach the Carnot
limit. Our work points to exciting new avenues in active, time-modulated control of thermal emission

for cooling and energy harvesting applications.

Thermal radiation is a fundamental aspect of nature
that is of central importance to energy technology.
Recent advances in sub-wavelength nanophotonic
structures have offered new possibilities for controlling
thermal radiation [1-8] and enabled new applications
such as passive radiative cooling [4]. However, almost
all existing works on thermal radiation control have
focused on passive systems, where heat can only flow
from a high-temperature to a low-temperature object,
in accordance with the second law of thermodynamics.
Recently, Latella et al. [9] considered radiative thermal
exchange between two bodies, where the temperature of
at least one body is oscillating in time. They observe a
radiative shuttling effect, where there can be a net heat
flow when the two bodies have the same time-averaged
temperature. However, in their system, the bodies
are in thermal equilibrium at any given time and the
instantaneous heat flow is always from the hotter to the
colder body.

In this Letter, we consider thermal emission from
systems whose refractive index undergoes temporal
modulation. In recent years, such index modulation has
offered exciting opportunities to manipulate photons,
such as optical isolation [10-12] and the breaking of
symmetry between emission and absorption [13]. While
time-modulated systems such as electro-optic modulators
have been widely used in optical information processing,
the thermodynamic implications of such modulation
have not been previously explored. In this work, we
develop a statistical-temporal coupled-mode theory to
show that temporal refractive-index modulation of a
thermal photonic system can be used to pump heat
from a low-temperature to a high-temperature reservoir,
realizing a purely photon-based refrigeration mechanism.
Further, by a rigorous fluctuational electrodynamics
approach, we verify the predictions of our theory and
numerically demonstrate photonic refrigeration by
computing the heat transfer from a time-modulated
structure at a certain temperature to a passive thermal
emitter at a higher temperature. Our work points to
exciting new avenues in active, time-modulated control
of thermal emission for cooling and energy conversion
applications.

Net cooling

Work input

Normalized COP
o
&

o
[R=)

0 11 12 13 14 15
w,/ W,

FIG. 1. (a) General setup of a thermal photonic refrigerator
operating between a cold side at T. and a hot side T} by
coupling two modes at frequencies w12 using time-modulation
(purple arrow). (b) Net cooling power (blue curve) and work
input (red curve) normalized to kgTcy, as a function of the
ratio of the frequencies of the two modes for T}, = 300 K and
T. =290 K at V = 2v. (c) Coefficient of performance (COP)
of the refrigerator normalized to the Carnot bound.

Consider a cavity with modes 1 and 2 at frequencies
w12, respectively, with w; < wa, as shown schematically
in Fig. 1(a). The amplitudes in the two modes a1 o are
normalized such that |a; 2|? represent the energy in the
modes. The modes have internal loss rates ~} , due to ab-
sorption and are in thermal equilibrium with a heat bath
at temperature T.. The modes also radiatively couple to
an external heat bath at temperature T} (> T.) via cou-
pling rates 7{ . By the fluctuation-dissipation theorem,
there are associated compensating noise sources [14, 15]
nf o for internal loss and n{ , for external radiative cou-
pling, respectively. The strength of these noise sources
are defined by (nf*(w)nj 5(w)) = 276(w — W)O(w, T¢)
and (nf(w)ng (W) = 2m(w — w)O(w,Tr), where
() denotes a thermal ensemble average and ©(w,T) =
hw/(exp(hw/kpT) — 1) is the Planck distribution at fre-
quency w and temperature 7. Defining a = (a1,a2)7,
n; = (n},n%)7T and n. = (n§,n$)7, the time evolution of
the two modes is described by

d
—iﬁa =(Hy—il'; —iT.+ M(t))a+ D;n; + D.n,.
(1)



Here, Hy = diag(w;,ws) is the Hamiltonian of the un-
modulated, closed system. D; = diag(\/ﬁ, \/ﬁ),
D. = diag(,/275,1/275), Iy = D;D}/2 and T. =
D.D} /2. The operator M(t) describes the modulation-
induced coupling between the modes. Here, we assume
that the cavity is modulated by an index modulation pro-
portional to cos(2t), where Q = wy —w;. We assume that
the reservoirs are sufficiently large such that their tem-
peratures are not affected by the modulation. In order
words, the modulation as well as the interaction between
the modes and the reservoirs are much faster than the in-
verse time constants of the reservoirs themselves. Under
the rotating-wave approximation, M (t) is given by (see
Supplementary Information (SI), Section I)
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where V is related to the strength of the index mod-
ulation. Note that M(¢) is not Hermitian since the
modal amplitudes a12(t) are normalized with re-
spect to energy, and such time-modulation preserves the
total number of photons [10, 11] but not the total energy.

We now show that the system shown in Fig. 1(a),
which is described by Egs. (1)-(2), can achieve photonic
refrigeration. For illustration, we first consider the sim-
plest case: in the setup of Fig. 1(a), we assume that mode
1 has no radiative coupling to the high-temperature heat
bath, ie., 7§ = 0 (dotted arrow). Mode 2 is assumed
to have a nonzero external radiative coupling rate, but
no internal loss, i.e., 74 = 0 (dotted arrow). Therefore,
the thermal emission and absorption of the unmodulated
system in this ideal limit is zero. For simplicity, we take
the remaining rates to be i = 7§ = v (solid arrows). For
this ideal system, the flux of the thermal emission from
the cold side in the presence of modulation is (see SI Sec.
IV, based on Secs. II-IIT)

P = 492V |? Q/dw Ow-0T), (3

1
| Za(w)[?

while the flux received from the hot side at T3, is

P, =4y |V|2/dw SOw+0,Ty),  (4)
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where Z1 5(w) = (w—w1 2—iv)?—|V|%. As seen from Eqgs.
(3)-(5), when the modulation is turned on, i.e., V # 0, a
fraction of the thermally generated photons from mode
1 are up-converted to mode 2 and emitted. These pho-
tons carry power P,,; away from the low-temperature

, (5)

reservoir and constitute a cooling mechanism. Similarly,
a fraction of the photons received by mode 2 are down-
converted to mode 1 and absorbed. These photons carry
power P;, into the low-temperature heat bath and con-
stitute a heating mechanism. In Fig. 1(b), we plot the
net cooling given by P, — Py, — W (blue curve) and
the work input W (red curve) as a function of the ratio
wa /wy for V' = 2v. Net cooling starts to occur when

wy Ty

w1 Z TC (6)
As wy /w1 increases beyond the threshold value of T}, /T,
the cooling power also increases. In Fig. 1(c), we plot
the coefficient of performance (COP), defined as the
ratio between the cooling power and the work input, as a
function of wy/wy. We observe that the COP reaches the
Carnot bound of T../(T}, — 1) at the threshold condition
of Eq. (6), and decreases as ws/w; increases beyond the
threshold.

The threshold condition for wy/w; in Eq. (6) can be de-
rived analytically from Eqgs.(3)-(5) (SI Section IV). Here,
we provide an intuitive argument. For simplicity, we
assume the classical limit of kT, > hwio. In the
unmodulated cavity, the number of thermal photons in
mode 1 is kpT,/hwy, while that in mode 2 is kgT}, /fuvs
due to its radiative coupling to the high-temperature
heat bath and lack of internal loss. When modulation
is turned on, since the rate of up- and down-conversion
for an individual photon is equal [10, 11], net cooling will
be observed when kgT./hwi > kpTy /hws, leading to the
threshold condition of Eq. (6). When the condition of
Eq. (6) is met, for each photon emitted by the mod-
ulated system, the system at T, experiences cooling by
hwi. The work input per emitted photon is the energy
difference of the two modes, Aws — Awy. Therefore, the
COP is given by

w1 < TC

COP =
= Th*TC’

P (7)
where the inequality follows from Eq. (6). This upper
bound indicates that modulation-induced refrigeration
obeys the Carnot limit on performance. Interestingly,
the value of COP for this ideal refrigerator is inde-
pendent of the modulation strength V. A rigorous
derivation of the Carnot bound on the COP is included
in the ST (Section V).

Motivated by the theoretical results above, we consider
a physical structure shown in Fig. 2(a). The structure
consists of a one-dimensional photonic crystal compris-
ing two materials with dielectric constants €; = 14 (blue
layers) and e; = 4 (yellow layers) each 1 pm thick,
resulting in a band gap. We introduce two modes in the
band gap using two defect layers with thicknesses 2.1
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FIG. 2. (a) Physical structure to demonstrate cooling induced by modulation. All parameters in the main text. Calculated
emission spectrum of the two modes in the structure (solid blue lines) superimposed by a coupled mode theory fit (red dotted
lines) for (b)-(c) the unmodulated structure, (d)-(e) for § = 0.1 and (f)-(g) for § = 0.5. Modulation frequency 2 = 27 - 1.64
THz. (h) Net cooling of the cold side (blue) and work input (red) to the modulated layers for the single channel, as a function
of the modulation strength 4. (i) The corresponding COP. The COP approaches a value of 5.18 for large 4.

pm and 1.6 pm, respectively, indicated by ‘Defect 1’ and
‘Defect 2’ in Fig. 2(a). The material constituting the
Defect 1 (orange layer) is assumed to be a narrowband
absorber. Such narrowband absorbers help suppress
parasitic heating arising from frequencies away from
the modes under consideration. We assume Defect 1
comprises a medium that is a random mixing of silicon
carbide and a lossless high-index medium of ¢; = 14 in
a 1:9 ratio. Using the Maxwell-Garnett approximation,
the dielectric constant of such a medium is then e(w) =
0.1X €0 (W? o —w? —iwy) / (who—w? —iwy)+0.9x 14, where
€00 = 6.7, wro = 1.83 x 10'* rad/s, wro = 1.49 x 1014
rad/s and v = 8.97 x 10! rad/s [16]. The layers in
between the defects, marked in green, experience a
temporal modulation given by e(t) €2 + 0 cos(§2t)
while Defect 2 undergoes a similar modulation of
e(t) = €1 + d cos(Qt), where § is the modulation strength
and € is the modulation frequency. The structure
here involves modulation over alternating layers since
it was observed that such modulation produces the
highest performance; however, modulating all or a
subset of layers between the two defects also produces a
comparable cooling power. This structure is maintained
at T, = 290 K and faces a narrowband emitter in the
far-field, composed of the same material as Defect 1 and
at a temperature of T, = 300 K.

To perform calculations of thermal emission and ab-
sorption, we extend the formalism of radiative heat trans-
fer [17, 18] to include time-varying dielectric functions.
This formalism combines rigorous coupled wave anal-
ysis [19, 20] with the fluctuation-dissipation theorem
[18, 21] to compute thermal emission from spatiotempo-
rally modulated layered structures. Within this formal-
ism, the net heat transfer between two bodies at tem-
peratures T and T, separated by a vacuum gap is given

by
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where (kg, ky) are the wavevector components parallel to
the layers and @, (w, kg, ky) are the Poynting flux spec-
tra in the vacuum gap generated by sources in the cold
and hot sides, respectively. For passive reciprocal struc-
tures, ®f(w, ke, ky) = Pp(w, —kz, —ky). In this system,
D (w, kg, ky) # Pp(w, —kg, —ky) due to the presence of
an actively modulated region. In addition to the flux
of thermally generated photons, we compute the work
done by the modulation directly from Maxwell’s equa-
tions, given by (see SI, Section VI)

W :/ dwzw@(w,T)/dr/dr' I Tr [We(r) x
0 s

G(r,r")d, . Im [e(r')] Gi(r, r’)] , (9)

where W, d,. and € are matrices defined by
Wim = (w + mQ)anmu 5w,w’ = 6n:0,m:0 and
bam(t) = 2L [70c(r p)emin-mgy with et = e

in the modulation layer. G(r,r’) is the Green’s function
for the electric field at r in the modulated layer originat-
ing from a source at r’ in the lossy layers. The operator
0w ensures that thermal photons are generated only
at w but not at the sideband frequencies, since the
lossy layer at r’ is unmodulated. We also note that the
expression for work in Eq. (5) is a coupled-mode theory
version of the general formula given by Eq. (9).

As a first numerical demonstration, we fit our coupled-
mode theory to direct numerical calculations of thermal
emission into vacuum, for the structure shown in Fig.
2(a) without the hot side. In Fig. 2(b)-(c), we plot in



blue the emissivity of the two modes in the unmodulated
structure in the (k;, k) = (0,0) channel. We extract the
parameters wy2, 7}, and 7§, by fitting the emissivity
profiles, shown in red dotted lines (parameter values in
SI, Section VII). In this structure, the lossy Defect 1
layer is further away from the top surface as compared
to the lossless Defect 2 layer. Thus, 7¢ and +4 are
much smaller than the other two rates and the thermal
emission of the unmodulated system is very low. We
introduce a modulation of § cos(2t) in the green layers
in Fig. 2(a), where 6 = 0.1 and = wy —w; =27 - 1.64
THz. Modulation at such a frequency can be achieved
using a x(® nonlinear process with a pump wave at
the terahertz frequency. Such a modulation does not
in principle generate loss or heat in the material being
modulated. See also Ref. [22] for a recent work on
four-wave mixing for near-field refrigeration. In Fig.
2(d)-(e), we plot the emissivities of the two modes from
the numerical calculation in blue lines and fit them using
our coupled-mode theory in red dotted lines, exhibiting
a very good agreement. With modulation, the emissivity
near wy is dramatically enhanced compared to the
unmodulated system. In fact, for a larger modulation
of § = 0.5, shown in Fig. 2(f)-(g), the emission near
wo becomes super-Planckian: the emissivity, which
is defined as the emitted power density normalized
against a blackbody at the same temperature, begins to
exceed unity. The results here demonstrate that there
is significant up-conversion induced by the temporal
modulation. In addition, we observe modulation-induced
Rabi splitting [23] of the modes for § = 0.5, resulting
in dips in thermal emission near the frequencies where
emission was maximum in the unmodulated system.

To demonstrate cooling for this single channel, in the
presence of the narrowband emitter on the hot side, in
Fig. 2(h), we plot the net cooling of the cold side (blue
curve) and the work input to the modulated region (red
curve) as a function of the modulation strength 6. In
Fig. 2(g), we plot the corresponding COP. It is seen
that the system of Fig. 2(a) does achieve cooling for the
single channel with a large COP, reaching a maximum
value of about 11. For reference, the Carnot limit on
performance for the temperatures used in our setup is
T./(Th — T.) = 29, although this limit is attained only
at net zero cooling power.

Now, we show that the system of Fig. 2(a) exhibits
refrigeration even after integration over all propagating
channels (kz, ky) in Eq. (8) and all frequencies. Defining
Prp(w) = [ [ dkodky®gy(w, ko, ky) /472, in Fig.
3(a), we plot the spectral heat flux ®;(w)O(w,T) (blue
curve) and @p(w)O(w,T) (red curve) for the passive, un-
modulated structure when the two sides are at the same
temperature of 300 K. It is seen that ®;(w) = ®p(w), as
dictated by electromagnetic reciprocity. On the other
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FIG. 3. Spectral heat flux in both forward (blue) and reverse
(red) directions in for the structure of Fig. 2 for (a) the un-
modulated structure at Ty, = T. = 300K and (b) for § = 0.5,
T. = 290 K and T, = 300 K. In (a), the two curves overlay
perfectly over each other due to the absence of modulation.
(c) COP of the modulated structure as a function of modu-
lation strength §. (d) Variation in the resonant frequencies
of the two resonant modes in the structure of Fig. 2(a) as a
function of the emission direction.

hand, in the presence of modulation, ®¢(w) # ®p(w)
due to the active region on the cold side, where power
is either consumed or generated. This is seen in Fig.
3(b) for a modulation of 6 = 0.5 and Q = 27 - 1.64
THz, where ®;(w)O(w,T.) and ®,(w)O(w,T}) differ
significantly in their spectral shape. Strikingly different
from passive structures, ®,(w) can be negative at
some frequencies in such modulated structures. This is
because a current source in the hot emitter at frequency
w generates photons that cross the vacuum gap and
generate sideband photons at w + nf), which in turn
experience partial reflection back into the vacuum gap,
resulting in negative Poynting flux at the sideband
frequencies.

By integrating the spectral heat flux in Fig. 3(b), we
obtain AP = 4282.2 mW/m?, indicating that heat flows
against the temperature gradient. Further, we obtain
a total work input of W = 129 mW/m?, resulting in a
COP of (AP/W) — 1 = 1.188. Therefore, the structure
shown in Fig. 2(a) indeed achieves photonic refrigeration
after integration over all frequencies and wavevectors.
In Fig. 3(c), we plot the COP obtained from this system
as a function of the modulation strength §. The system
begins to exhibit cooling for § > 0.3, reaching a COP
of around 1.4 for large modulation strengths. The per-
formance of the full system is below the single-channel
case of Fig. 2 because the modes in the photonic crystal
have varying frequency separations and linewidths as



the wavevectors (channels) are varied, as shown in Fig.
3(d). Due to this mismatch between the modulation
frequency and the modal frequency separation, not all
channels contribute equally to the cooling. Further
improvements to the performance are possible, for
example, by engineering the modal frequency separation
to be constant over a larger angular range or reducing
the gap distance between the hot and cold sides to the
near field regime.

We end the paper by briefly discussing our work
in the context of existing photon-based active cooling
approaches, i.e., laser cooling and electroluminescent
cooling. The mechanism of laser cooling [24-26] is
based on an anti-Stokes luminescence up-conversion
process [27]. However, the COP of laser cooling is
inherently limited to be several orders of magnitude
below the Carnot bound due to the small energy
difference between the luminescence photon and the
pump photon [28].  Alternatively, electroluminescent
cooling has been suggested to realize photonic cooling
[29-34]. However, positive electroluminescent cooling
has not been demonstrated to date due to the stringent
requirements on the luminescence efficiency, while
negative electroluminescent cooling [34] suffers from
low power density. In comparison, the mechanism of
modulation-induced cooling discussed here can exhibit
a much larger COP than laser cooling, and being based
on thermal radiation, can potentially overcome the
stringent luminescence efficiency requirements in laser-
and electroluminescent-cooling.
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