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Coherent perfect absorption (CPA) is an interference process associated with the zeros of the scattering
matrix of interest for optical computing, data processing, and sensing. However, the noise properties of
CPA remain relatively unexplored. Here, we demonstrate that CPA thermal noise signals exhibit a unique
property: they are orthogonal to the signals transmitted through the network. In turn, such property enables
a variety of thermal noise management effects, such as the physical separability of thermal noise and
transmitted signals, and “externally lossless” networks that internally host radiative heat transfer processes.
We believe that our results provide a new perspective on the many CPA technologies currently under

development.
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Coherent perfect absorption (CPA) is an interference
process in which the coherent processes of one or more
signals cancels all output signals, resulting in complete
absorption [1-3]. CPA can also be interpreted as the time-
reversed process of lasing as threshold [1], where the
signals are outgoing rather than ingoing, and where
the poles of S are moved upward onto the real axis by
the addition of gain [4]. Importantly, CPA should not be
confused with the more general effect of reflectionless
scattering modes (RSMs) [5,6], as CPA explicitly requires
that all energy missing in the system is irreversibly lost to
heat, while RSMs do not. Despite this critical distinction,
we note the RSM experimental setups can be converted to
CPA if the additional electromagnetic outgoing modes are
terminated in a matched load or perfect absorber, bringing
at the same time a modification in the resulting configu-
ration. Both CPA and RSMs are very general phenomena
that apply to systems with strong mode overlap [7].

CPA and the more general RSMs have been experimen-
tally demonstrated in multiple configurations, including
planar slabs [8], metasurfaces [9], graphene layers [10],
integrated photonics [11-14], surface plasmon polariton
gratings [15], and epsilon-near-zero media [16]. CPA in the
single photon regime has been observed with plasmonic
metasurfaces [17-20]. Recently, CPA and RSMs have been
demonstrated in the context of disordered media [21],
resonators supporting exceptional points [22], chaotic
RSMs in resonators supporting thousands of resonances
[5,23-25], and optical cavities with massively degenerated
CPA modes [26]. On the other hand, precise control of CPA
modes has also been facilitated by the use of reconfigurable
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metasurfaces [27-30]. Beyond optical systems, CPA has
been demonstrated with matter [31] and sound [32] waves.

When CPA is based on more than one signal, it
effectively enables light-with-light interactions in a
linear system [2]. Thus, it finds natural applications in
interferometry [8], all-optical data processing [33,34],
sensing, as well as in photocurrent generation [35] and
photoluminescence [36].

Here, we theoretically demonstrate that CPA modes
enable orthogonal channels for thermal noise and trans-
mission signals. We find that because of the algebraic
properties of CPA modes, the heat radiated by an optical
network and the signals transmitted through it occupy
orthogonal vector spaces. The same property allows for the
internal exchange of heat within an optical network, while
simultaneously confining all thermal signals within the
network and remaining transparent to all their input optical
modes. We believe these results bring a fresh perspective to
the physics of CPA, and it could be applied to the many
CPA technologies that are currently under investigation
[1-4,8-23,26,31-38]. We note that previous works on the
quantum optical response of CPA devices include noise
operators [19,39,40], from which thermal emission could
be derived. However, such works focus on the photon
statistics of nonclassical light states, while the thermal
emission emanating from them has received less attention.
In addition, infrared thermal radiation is key for heat
and energy management applications [41], thermal
imaging [42,43], and camouflage [44,45], as well as gas
sensing [46,47].

To guide our thoughts, we consider an optical network
with M left and N right ports, with N > M [see Fig. 1(a)].
We assume that all ports are matched, so that there are no
back reflections. As we will show, our results actually apply
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FIG. 1. (a) Schematic of a network of M left ports and N right
ports. The glowing redlines are the thermal noise signals exiting
the network, while the blue lines represent the signals transmitted
through it. (b) Physical separation of the CPA thermal noise (red)
and the transmitted signals (blue) by means of a unitary network,
resulting in each algebraic output mode being assigned to a
physical port.

to arbitrary networks (see Supplemental Material [48]).
However, this configuration has two benefits: (a) outgoing
signals appear as signals transmitted through the network
from left to right, which are easier to visualize; and (b) input
and outgoing signals appear on physically different chan-
nels and can be processed without using a full duplex
detector. The vectors of input and output signals, a and b
respectively, are related through a S € C(M+N)x(M+N) gcat.
tering matrix b = Sa. We label the M + N ports such that
the first M ports correspond to the ports on the left side
of the network, while the subsequent N ports are the ports
on the right (see Supplemental Material). Then, if all input
ports are matched and the network is reciprocal, the
scattering matrix can be written as follows:

0, T7
S [ MxM ] (1)
T 0N><N

where T € CM*M is the transmission matrix characterizing
the left-to-right transmission of signals through the net-
work. It is important to note that, for realistic systems,
Eq. (1) can only be exactly satisfied at discrete frequencies,
although an approximately similar behavior can be
observed over a finite operational bandwidth (see
Supplemental Material). For any linear network, T admits
a singular value decomposition (SVD) [20,49] T = UDV",
where U € C¥*V is a unitary matrix UU' = Iy providing a
basis for the signals outgoing the N ports on the right,
and Ve CMM s a unitary matrix VV' = I, providing
a basis for the signals incoming through the M left ports.
DeR*M is a matrix of singular values with the
following structure:

Dr
: (2)

0(N—M)><M

with Dy = diag{d,,...,dy} and d,€R* Vn are the
singular values. It is also interesting to structure U as

U=[Ur U], (3)
highlighting that while the columns of U span the complete
vectorial space in the right output ports, with dimension N,
the transmission signals that can be excited from the left
are restricted to the spaced spanned by the columns of
U; € CM*M with dimension M. The space spanned by the
columns of UyeCY*N~M with dimension N —M are
inaccessible to the signals. Inspecting the SVD of S (see
Supplemental Material) shows that these inaccessible
N — M modes correspond to CPA modes when the system
is excited with an input vector of dimension (M + N) x 1,
with the first M inputs equal to zero. This would be
equivalent to exciting the N inputs of the system presented
in Fig. 1(a). In addition, if any of the remaining singular
values equal zero, d,, = 0, we would have additional CPA
modes. In general, any reflectionless network with an
asymmetric number of ports contains at least N — M
channels that are inaccessible to the transmitted signals
and the signal processing tasks performed by the network.

At the same time, any lossy network at temperature 7" emits
thermal radiation, which can be modeled through n,(w)
stochastic signals exiting each port, n=1,....,N + M.
Thermal noise signals are assumed to be random, with no
phase information and zero average (n,(w)) =0 V n, fre-
quency uncorrelated (n;,(w)n,,(@')) =A,,6(w—a')Y n,m,
and further characterized by the noise correlation
matrix [50-52]

(nn") = (I —SS")N, (4)

where Ny = (1/27)ho(e/%sT) —1)~! is the black-
body energy spectrum. Equation (4) implicitly assumes that
the network is in thermal equilibrium at temperature 7.
Considering a device with parts at different temperatures
would require local thermal equilibrium theories for thermal
emission [53]. The diagonal elements of Eq. (4) describe
the thermal noise power exiting each port, while
the nondiagonal elements represent nontrivial correlations
(spatial coherence) between the noise signals exiting
different ports.

After a number of algebraic manipulations (see
Supplemental Material), we find that the correlation matrix
admits the following eigendecomposition
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where PP" = Iy, ), is a unitary matrix, constructed from
the V and U matrices as

Ve Oy
P_[ MN:|

6
0N><M U ( )

and

DN:dlag{l —d%,,l—dﬂ, 1 _d%w"?l_d/ZWvllxN—M}'

(7)

The first 2M diagonal entries in (7) show the existence of
thermal signals for each nth channel for which d,, < 1. For
these channels, the transmitted power is reduced by a factor
d%, while a (1 —d2)N; noise power is added into the
channel. Thus, thermal noise and transmitted signals over-
lap in the same physical channel when d,, < 1, leading to
known reduction of the SNR by a lossy device. On the other
hand, the last N — M diagonal entries in (7) equal 1,
meaning that the N — M CPA modes inaccessible to the
transmitted signals also act as perfect blackbody thermal
emitters. However, the additional noise introduced by CPA
thermal signals occupies an orthogonal space to the space
of transmitted signals. For a system in which d, =0V n,
all the thermal emission from the device and the transmitted
signals would occupy orthogonal spaces. For channels in
which d,, > 0, thermal noise signals are progressively less
orthogonal to the transmitted signals, as the singular value
deviates from zero. Therefore, it is a unique feature of CPA
modes that thermal noise and transmitted signals are
orthogonal. We note that this conclusion does not require
any assumption on the network except from linearity, and
it can be applied to arbitrary devices (see Supplemental
Material). In fact, it can be applied to both reciprocal and
nonreciprocal devices (see Supplemental Material).

Physical separability—A direct consequence from the
fact that thermal CPA and transmitted signals occupy
orthogonal channels is that they can be physically separated.
Again, for a system with only either transparent or CPA
channels, i.e.,d,, = 1 V n, all thermal noise and transmitted
signals occupy orthogonal channels. Thus, if we change the
basis of the thermal noise signals to n, = P'n, the corre-
lation matrix is diagonalized as (n,n}) = diag{0;,oy.
1, n_m}Np. Therefore, using a detector that selectively
separates such vectorial spaces, it would be possible to
simultaneously transmit information signals and radiative
heat without a reduction of the SNR.

Inaddition, sinced,, = 1 V nand N > M, all noise signals
exit through the right. In this case, the physical separation can
be implemented by adding a network implementing the
unitary transformation U' [see Fig. 1(b)]. Such transforma-
tion changes the transfer matrix to T,,, = IyDV', where the
basis for the output signals is given by the identity matrix, i.e.,
each output mode of the SVD decomposition is assigned to a
physical port. We note that there are known algorithms for the

(a) Time-reversal configuration
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FIG. 2. (a) Time-reversal and (b) adapted back-to-back con-
figurations.

design of optical networks implementing any arbitrary unitary
transformation [54-57].

Time-reversal processing—The algebraic properties of
CPA thermal noise signals also produce nontrivial heat
transfer phenomena within time-reversal processing [58].
Let us assume that the aforementioned network is con-
nected with a network characterized by transmission matrix
T' [see Fig. 2(a)], which effectively implements a time-
reversal operator [58]. If the transmission matrix is unitary,
T'T = 1,,, the network reproduces the input signals.
However, one cannot generally expect TT to be unitary
for lossy networks, which generally fail to produce time-
reversal operators.

However, for the time-reversal configuration (TR)
depicted in Fig. 2(a), the resulting network is an M x M
network, characterized by scattering matrix Stg =
[OMX wm The s Trr 0y M]. In this configuration, the transfer
matrix is given by Ttz = T'T = VD2V, which is now a
positive semidefinite Hermitian matrix. Only ifd,, =1 V n
we have that D3 = I, and the network recovers time-
reversal processing. Interestingly, we note that even if
d, =1V n the network is still lossy, since it has N — M
CPA channels, but it nevertheless performs time-reversal
processing.

Again, the thermal noise signals exiting the network
are characterized by the noise correlation matrix, which
is given by (see Supplemental Material) (nn') =

PrrDr Pl Ny with

Vo o Oy
Pr= | o] 8)
0M><M V
and
Dy = diag{1 — d?» | —dj{,,, 1 - d‘l‘, U dj‘w}. 9)

It is clear from (9) that the thermal signals of the N — M
CPA channels do not exit the network and are perfectly
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(a) Microstrip

B Metal
[ substrate

FIG. 3.
(b) free space and, (c) silicon-on-insulator technologies.

contained within the device. In fact, if the M modes are
fully transparent, i.e., d, = 1 V n, no thermal signal would
be observed outside the network. At the same time, there
are CPA thermal signals flowing in the network, which lead
to observable phenomena. If the two subnetworks are at
temperature 7; and T,, respectively, the net flux of
radiative thermal between the two subnetworks would be
Py = (N —=M)(Ny, — Nr,). Therefore, the properties of
CPA modes enable the thermal radiative transmission of
energy within a network, while it remains noiseless and
transparent from the outside.

Back-to-back configuration—It must be noted that time
reversal is not a simple back-to-back configuration, since
the latter is characterized by a transmission matrix T’
instead of TT. Therefore, unless all elements of T are real,
the back-to-back configuration presents a different res-
ponse from the time-reversal configuration. For example, a
back-to-back configuration does not trap all CPA thermal
noise signals within the network.

However, the trapping of CPA thermal noise signals can
be recovered by introducing a matching network that
performs the unitary transformation U, = U*U' [see
Fig. 2(b)]. Such network changes the basis of the output
and input channels of T and T7, respectively, so that they
match, in what can be called an “adapted back-to-back”
(aBB) configuration.

For such aBB configuration, the resulting network is an
M x M network characterized by the scattering matrix
Suss = [0srxm Tlgp 3 Tapp Oprxar | where the transfer matrix
is T,gg = TTU.T = V*D2V' (see Supplemental Material).
In this case, if d, =1 V n, we have that the transmission
matrix reduces to T,gg = V* V7, which is not necessarily the
identity matrix. Thus, we find that the property of heat
exchange mediated by CPA thermal channels, is not restricted
to time-reversal processing and it is compatible with more
arbitrary unitary transformations.

For the aBB configuration, the correlation matrix
is given by (see Supplemental Material) (nn') =

PaBB DaBB PZBBNT with

(10)

V5 0y
PaBB: |: MM:|

0MxM \A

and DaBB = DTR'

(b) Free space

(c) silicon-on-insulator

s [ silicon (Si)
[ silica (Si0)

Examples of time-reversal configurations based on two Wilkinson power dividers (WPDs) implemented in (a) microstrip,

These results confirm that this configuration also ensures
the full containment of CPA thermal noise signals within
the network.

Examples of applicability—The theoretical effects descri-
bed above apply to general CPA networks, and itis expected that
they canbe observed inmany of the CPA technologies currently
under investigation [1-4,8-23,26,31-34,37,38]. Next, we
present a few examples on how these effects emerge on some
popular CPA devices. First, we consider a Wilkinson power
divider (WPD) [59],1.e.,a 1 x 2 device featuring a single CPA
channel that has been studied within the context of quantum
state transformations [14]. The scattering matrix of a WPD is
given exactly by Eq. (1), with transfer matrix Typp =
1/4/21,,,.Inaddition, all elements of the transmission matrix
are all real, so that TZ = TT = 1, and the time-reversal and
back-to-back configurations are identical. Therefore, in both
time-reversal and back-to-back configurations the total net-
work matrix (S7) can be expressed as Sy = [O 1;1 O] .

It is clear from Sy that the combined system is perfectly
transparent and lossless, as it could be expected from a
time-reversal processing configuration. Therefore, WPDs
provide an example of lossy CPA networks that remain
perfectly transparent to electromagnetic waves via time-
reversal processing, while allowing for the simultaneous
transfer of heat between two subnetworks.

This effect could be observed in a variety of techno-
logical platforms as illustrated in Fig. 3. First, WPDs have
been traditionally implemented at microwave frequencies
by using microstrip lines and resistors [see Fig. 3(a)]. They
are routinely used in microwave networks, being a common
component of beam-forming networks [60-62] and ampli-
fication stages [63,64]. In addition, generalizations to
WPDs with arbitrary number of output ports and splitting
ratios have been demonstrated [65]. In addition, Fig. 3(b)
depicts an free-space optical setup where the WPDs are
implemented with a combination of beam splitters, lossy
beam splitters, and mirrors (see Supplemental Material for
a theoretical description of the network). On the other hand,
Fig. 3(c) shows a system implemented in integrated optics
through silicon-on-insulator technology. In this case, modi-
fied Y branches can be used as WPDs [14].
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(a) Example of an aBB configuration based on the system presented in [22]. (b) Transmitted signal and (c) internal heat transfer

spectra. These results were obtained for the following parameters: y; = 64.782 MHz, y, = 242.93 MHz, y.; = 184.63 MHz, and

Yeo = 123.09 MHz, enforcing a generic CPA EP.

Finally, we present a example that does not operate in a
TR configuration and presents filtering effects with a
nontrivial dispersion profile, based on the recently studied
CPA at an exceptional point (EP) [22]. The system [see
Fig. 4(a)], consists of two silica microtoroidal resonators,
coupled to two single-mode fiber conical waveguides. It is
a very general platform that leads to different classes of EPs
in function of the system parameters. We focus on the
“Generic CPA EP,” for which two zeros converge on the
real axis, forming an EP with CPA properties. That is to say,
two eigenvalues of the system are simultaneously zero and
two eigenvectors coalesce to 1/ V2 1, 1].

As detailed in the Supplemental Material, an aBB can be
constructed by using a unitary matrix U, = U*(‘;UTG =
diag{1,—1}, which can be easily implemented with a
delay line [shown as a z block in Fig. 4(a)]. Figure 4(b)
shows the transmission through the system when internal

phase shifters are tuned to excite 1/v/2[1,—i] signals
orthogonal to the EP eigenvalue. The transmission is
characterized by an absorbing doublet. At the same time,
the internal emissivity associated with the EP eigenvector
1/+/2][1, i] presents a single peak at the EP frequency [see
Fig. 4(c)]. At this point, CPA signals are transferred
between both resonator networks, with unit efficiency,
without disturbing the transmitted signals. If the resonator
loss were dissipative, this mechanism would allow for heat
transfer between both resonator systems. If the losses were
predominantly radiative, such channel would allow the
coupling of external signals through the resonators. This
example shows that it is possible to implement filtering
with a nontrivial dispersion profile, while simultaneously
enabling heat transfer between two subnetworks that does
not increase the externally observable noise.
Conclusions—Our results demonstrate that CPA thermal
noise signals have a singular property: they are orthogonal
to the signals transmitted through the network. This
property can be understood as a form of spatial coherence,
which enables the physical separability of CPA thermal

noise signals via networks implementing unitary trans-
formations. In addition, such property can be harnessed in
time-reversal and adapted back-to-back configurations,
enabling heat transfer channels that remain confined within
the network, and thus do not increase the externally
observable noise. In general, we believe that our results
highlight the nontrivial thermal noise properties of CPA,
which remain relatively unexplored. CPA wave phenomena
are being currently investigated in a large number of
technological platforms [1-4,8-23,26,31-38], and we
believe that our results present a new perspective in which
to look and reexamine CPA systems.
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