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Exceptional point (EP) has been captivated as a concept of interpreting eigenvalue degeneracy and
eigenstate exchange in non-Hermitian physics. The chirality in the vicinity of EP is intrinsically preserved
and usually immune to external bias or perturbation, resulting in the robustness of asymmetric
backscattering and directional emission in classical wave fields. Despite recent progress in non-Hermitian
thermal diffusion, all state-of-the-art approaches fail to exhibit chiral states or directional robustness in heat
transport. Here we report the first discovery of chiral heat transport, which is manifested only in the vicinity
of EP but suppressed at the EP of a thermal system. The chiral heat transport demonstrates significant
robustness against drastically varying advections and thermal perturbations imposed. Our results reveal
the chirality in heat transport process and provide a novel strategy for manipulating mass, charge, and

diffusive light.
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The non-Hermitian Hamiltonian has been widely adopted
to study open systems in a plethora of domains ranging
from electronics [1], photonics [2], to mechanics [3],
featured by the coalescence of the eigenvalues and eigen-
states at non-Hermitian degeneracies known as exceptional
points (EPs). It has led to many exciting findings, including
parity-time symmetry [2,3], half-integer quantized invari-
ants [4], and non-Hermitian topological phases [5—7], chiral
dynamic encirclements [8—12], Weyl exceptional rings
[13—15], and exceptional nexus [16]. Those breakthroughs
further empower many technological innovations, such as
single mode lasers [17-19], light steering [20], unidirec-
tional invisibility [21], enhanced sensitivity [22,23], and
manipulating electromagnetically induced transparency
[24]. The underlying chirality observed at the EP holds
the key to achieving unidirectional modes and asymmetric
backscattering in judiciously engineered whispering-
gallery-mode (WGM) resonators [3,17,24-26].

Classical wave fields are conventionally governed by
real-eigenvalue Hamiltonians. In contrast, dissipative dif-
fusion has been found to be skew-Hermitian and its
Hamiltonian becomes imaginary [27-30]. To mimic a real
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space in diffusion, advection is introduced and tailored to
achieve the synthetic dimensions. Thus it becomes possible
to observe the long-ignored non-Hermiticity and the
existence of EP [27], dynamic encircling [28], topological
insulating phases [29], and Weyl exceptional ring [30]
in thermal diffusion. One might intuitively conclude that
the chiral behaviors in thermal diffusion under a pair of
inversed-advective configuration on two system boundaries
would, consequently, arise, which refers to the property of
the temperature field distributions at the systemic inter-
mediate layer that exhibits mirror symmetry and is not
superimposable on each other’s mirror image. However,
those state-of-the-art studies [27-30] only demonstrate that
moving temperature progression coincides with the direc-
tion of the most dominating advection externally intro-
duced into the thermal systems [Fig. 1(a)]. This has nothing
to do with chirality in heat transport, and chiral heat
transport is elusive at large.

We realize asymmetric thermal coupling with judiciously
imposed thermal perturbations and observe chiral heat
transport. Our system holds an EP through the thermal
coupling of unbalanced forward and backward advective
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FIG. 1. Schematic of non-Hermitian chiral heat transports.
(a) A conventional convective heat transport system without
constant thermal perturbations. Two wavelike advection are,
respectively, imposed to the upper and lower boundaries. The
gray wave packets denote the eigenstates of heat transport under
different configurations of the upper and lower advections, and
the orange one indicates the initial state without advections. The
green arrows indicate the corresponding propagation directions,
which are determined by the most dominating advection show-
casing different directional biases. (b) The chirality in heat
transport under constant thermal perturbations and advections.
The eigenstates exhibit robust and same directions. (c) and
(d) The real and imaginary eigenvalues of the heat transport in
regions A and B, while the thermal distributions (color map) of
the upper and lower subparts solely induced by corresponding
advection are presented in the inset of (d).

fields. When the thermal system is steered toward approach-
ing the vicinity of EP, we discover the thermal chirality
manifested as unidirectional thermal field motion. However,
the chiral behavior is found to be suppressed exactly at the
EP and far away from the EP, which drastically differs from
its photonic counterparts [22—-26,31,32]. These distinct chiral
and nonchiral heat transports open new paradigms toward
realizing handedness in heat and mass diffusion and arbitrary

asymmetric thermal manipulations [33-37].
The heat transfer of the proposed fluid system shown in
Figs. 2(a) and S1 of the Supplemental Material [38] is
|

governed by three components, the two countermoving
advective fields in the upper and lower subparts (|v,,|
and |v,,| are the velocity magnitude, which are not
necessarily balanced), and a global perturbation (Qyp/10w)
introduced as a constant conductive heat flux (Supplemental
Material, Note 4 [38]). The entire system originates
from dissipative diffusion and can be described by the
effective Hamiltonian with a global multiplication of
“":H=i{(h/pocob)o, + i(k*ky/poco)oy, — i(k/2)(|vy| +
[v1ow| ), — [((K*k0/poco) + (h/pocob)) — i(k/2)(|vgp|—
|V1ow|)]I2x2}» Where o, and I,,, are Pauli matrices and
identity matrix, and k denotes the effective wave number for
the wavelike temperature. i and b are the convective heat
transfer coefficient and the thickness of the components
for imposing tailored advections. The imaginary term
li(k*ko/poco)]) along o, denotes the constant thermal
perturbation. Such a global Hamiltonian as well as the ones
in Egs. S3 and S4 [38] for locally subparts are observed by
solving the eigenvalue problems with a wavelike temper-
ature field propagations under the initial temperature
field caused by the constant thermal perturbation. They
represent the couplings of heat exchanges and the thermal
energy caused by the intrinsic conduction, advections, and
the input constant thermal perturbation (Supplemental
Material, Note 1 [38]). The system holds an EP located at
2[\/(h/pocob)* — (Kko/poco)?] = K| vup| + k|viow| = kvge,
and vgp denotes the critical value of the sum of velocity
amplitudes at the EP. The eigenvalues of the thermal system
are presented in Figs. 1(c) and 1(d), where regions A and B
are indicated based on wvgp at the EP (A for
|Uup| + |Ulow| > vgp, B for |Uup| + |Ulow| < vgp). Under
the constant thermal perturbation, only asymmetric and
imaginary heat couplings can be observed and further
indicates a dominant decay intensity in imaginary space.
To study the thermal coupling at the systemic intermediate
layer, we first consider the uncoupled limit where only one
of the two advective subparts is in contact with the interface
[the insets of Fig. 1(d) and Figs. S1 [38] ], which can be
described by Egs. (S1)—(S4). The eigenstates of each subpart
can be determined:

1
i 1 h Ko ,9\2 . 2 kvy,
W ) = _l<i§\/4(p0€0b+p0—60k )+ (ikvyp) ) - | = |:l//l ]’ (1)
- w0 Yup
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where y, and y,,, are the local eigenstates of the two
interfaces for the systemic intermediate layer [the
black dashed-lines of the insets of [Fig. 1(d)], and y
and w3 denote the eigenstates of the upper and lower
surfaces of the two subparts [the red and blue solid lines of
the insets of Fig. 1(d)]. These local eigenstates stand for the
wavelike temperature fields on corresponding surfaces.
The solution of the global system can be understood
because of further coupling between the two local
eigenstates through the systemic intermediate layer
[Eq. (S10)]. Then, the criterion for evaluating chirality in
the two-mode approximation [25,26] can be expressed by
a=1- min("/’up Wlow')/ max( Yup Wlow')' The chiral-
ity is suppressed (a = 0) if |y, | and [y, | are close, and
reaches maximum (@ — 1) when they differ significantly.
Noting that, the balanced advective fields and absence of
thermal perturbation in [27,28] ensure thaty,, = —y,, SO
chirality cannot be observed (|y,| = |yiow|)- Intuitively,
the moving direction [27] should follow one of the two
countermoving advective fields that has a larger velocity
[Fig. 1(a)]. We instead find that the thermal propagation
moves along the larger eigenvector and turns robust against
external influences [Fig. 1(b)].

We first consider two schemes in region A to demon-
strate the thermal chirality. The two schemes are selected
such that the advective magnitude (|y | + [Wiow|) is the
same, but the forward advection dominates ([yy,| > [Wiow|)
in scheme 1, while the backward advection dominates
(|wupl < [wiow|) in scheme 2 [Figs. S1(a) and S1(b) [38]].
For the scheme in region A with |y, | > |yi0w| [Fig. S1(a)],
the reduction and enhancement in the thermal
coupling with thermal perturbation respectively lead to
the increased |y,| and suppressed |y, |. For scheme 2
with [y | < [wiew|, the larger advection |y, | brings a
much stronger thermal process to counteract the thermal
perturbation from the opposite direction, thus leading
to more reduction in |y, compared with scheme 1
[Fig. S1(b)]. Therefore, the temperature field in the lower
subpart is more uniform than that in scheme 1, and the
different eigenvectors (|yoy| > [wyp|) as well as the same
biased direction can both be retained. In general, the
asymmetric heat transport observed in the two subparts
as unidirectional motions confirms the significant chirality
(¢ — 1) of the further coupled state at the intermediate
layer of the double-spinning fluid (interface) in region A.

9’ s

1

|
The above processes can be also indicated in the eigen-
values [Eq. (S7)] and the eigenvectors [Eq. (S10)] of the
global system, whose coalesced imaginary part indicates
one decay intensity [Fig. 1(d)], while the split real part
provides the nonzero value for drifting the temperature
profile [Fig. 1(c)] and exhibiting the biased field distribu-
tions [Figs. S1(a) and S1(b) [38]]. The complex eigen-
vectors of the global system [Eq. (S10)] in region A further
reveal a nonzero phase deflection in the real space and
generate a bias in the temperature field distribution. That is,
the chiral heat transport in region A is induced by the
synergetic effects of the asymmetric heat couplings in
imaginary space and the non-zero phase deflection in the
real space. We then modify the advective velocities to
region B where |vy,| + |viow| < vgp [Figs. S1(c) and S1(d)].
Since the weak advection in this region has little influence on
the conductive processes, |y,| and [y, | are approximately
close ([yyp| ® |wiow|) and their phase differences are simul-
taneously offset, thus leading to negligible motion in the
thermal profiles [green lines in Figs. S1(c) and S1(d)] with
the nonchiral (¢ — 0) thermal behaviors in region B.
Figure 2(a) illustrates a model with a fluidic region to
demonstrate the chiral heat transport. We implement a
conformal mapping between the schematic model in
Cartesian coordinate and the experimental model in cylin-
drical coordinate (Supplemental Material, Note 14 [38]).
The thermal field propagation and the counteradvection
along the parallel direction transform to the azimuth
direction [Fig. 2(a)], where the forward and backward
motions correspond to the CW and CCW rotations. For
observing the chiral behaviors, a consistent heat flow along
the x-direction is imposed to act as the source for providing
the constant thermal perturbation and initial temperature
field, and passes through the entire double-spinning fluid
region (Fig. S1). Such a constant thermal perturbation
maintains constant both in time and space under one
heating and one cooling source with constant high and
low temperatures along the x direction (Fig. S1).
The characteristic temperature distributions on the mea-
sured lines for clear exhibitions (Supplemental Material,
Note 3 [38]) in region A are illustrated in [Figs. 2(b)-2(d)].
Here, |y,| driven by CW spinning would be always
stronger than |y,,| actuated by the CCW spinning as
predicted in Fig. S2 [38]. The chirality approaches 1, since
the thermal field at the fluid interface moves towards CW
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FIG. 2. Chiral heat transport in region A. (a) The transformation
between the schematic and experimental models via conformal
mapping. The corresponding boundaries between the two spaces
are marked by red and blue lines. The counteradvection along the
parallel direction in the Cartesian coordinate transform to a pair of
CW and CCW spinning on the upper and lower fluidic surfaces.
The meshes indicate the spatial distributions of the transforma-
tion. (b)—(d) The temperature distributions and thermal profiles of
three cases in region A on the measured lines (purple dashed
lines), respectively, with different advective configurations. The
insets present the calculated (left) and experimental (right)
thermal distributions. (e) presents the coupled phase transitions
of the final state. The green line is theoretically calculated by
Considering the additional phase transitions caused by the
velocity differences, and the dots refer to those selected cases.
The orientations of the coupled phase transitions are robustly
towards CW, even though the velocity of CW spinning is smaller.

all the time regardless of the advective magnitudes and
thermal perturbation. Some additional phase deflections
relative to the case under the same advective magnitudes
[(Fig. 2(c)] are also observed under different advective
magnitudes [Figs. 2(b) and 2(d)]. These deflections are
caused by the velocity difference of the imposed advection
as plotted in Fig. 2(e) (Supplemental Material, Note 4 [38]).
If the advective strategies of Fig. 2 are inversed as presented
in Fig. S1(b), the heat transport would exhibit motion
towards CCW direction, indicating the chirality of —1
(Fig. S3). Noted that, the chiral heat transports are sup-
pressed, when the advective velocities are extremely large,
i.e., far from the EP in region A [Fig. S1(d)]. In this case,
the strong advection enhances the thermal process
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FIG. 3. Nonchiral heat transports in region B. (a)—(c) The

temperature distributions in region B under varied advective
configurations. The upper and lower images are the simulated and
experimental temperatures of these cases. Nonchiral heat trans-
ports without biased direction are significant. The purple-dashed
lines denote the measured lines. Panels (d)—(f), respectively,
denote the characteristic temperature distributions of (a)—(c) on
the measured lines (purple dashed lines).

and results in nearly homogeneous temperature field
(Supplemental Material, Note 3 [38]).

Further modulating the advective velocities in region B,
nonchiral heat transports under varied advective configu-
rations [Figs. 3(a)-3(c)] emerge with unbiased moving
directions, which meets well with the theoretical results
[Figs. S2(c) and S2(d)]. Conventionally, the intrinsic
chirality of EP ensured by symmetric Hamiltonians could
enhance the behavior of the chiral state in a photonic
system [31]. Nevertheless, the observed state at the EP
breaks the expectation in heat transport. When the advec-
tive velocities reach the EP, stationary thermal profiles with
unbiased moving directions are still significant (Fig. S5),
which further suppresses the exhibition of the chirality at
the EP (Supplemental Material, Note 5 [38]). Such a
vanishing chirality at the EP can be indicated in the global
eigenvalues [Figs. 1(c) and 1(d)] and the eigenvector
[Eq. (S10)]. When the system reaches the EP, the real part
of eigenvalue becomes zero and the imaginary part is
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nonzero [Figs. 1(c) and 1(d)]. Besides, the corresponding
eigenvectors only possess purely imaginary values without
any phase deflections in the real space (Supplemental
Material, Note 4 [38]). Both the aspects lead to a non-
propagating and purely dissipative decay mode at the EP in
the heat transport and result in the absent chirality at the EP
in thermal system.

The chiral heat transport provides a distinct mechanism to
switch the thermal performance within one fluid. More
specifically, the nonchiral or chiral heat transports could act
as the control units to be implemented in different areas of a
system. Here, we show such a paradigm by integrating the
nonchiral and chiral heat transports in one fluid as illustrated
in Figs. S6 and S11. The fluid can be divided into three
dynamic areas II-IV with separate advective strategies.
Thereby, multiple local non-Hermitian systems within the
fluid can be created to satisfy the conditions of nonchiral and
chiral heat transports. The thermal profiles in different
regions give rise to two types of effective conductivities,
i.e., the effectively anisotropic conductivities of region A;
and the effectively isotropic conductivity of region B
(Supplemental Material, Notes 5-9 [38]). These properties
pave the way of innovating the thermal metamaterials
without any spatial transformations and tailored medium
configurations [33]. Here, we adopt three typical thermal
functionalities, i.e., cloaking (case 1), transparency (case 2),
and twist (case 3), to verify the manipulations induced by
nonchiral or chiral heat transport within only one fluid
(Supplemental Material, Note 15 [38]). For simplicity, the
advective velocities in area III are set to zero. Besides, the
advection in area I'V is made large in phase A for case 1, and
small in phase B for case 2, both away from the EP. For case
3, the advection in region IV is near the EP in phase A.

The nonchiral heat transports in areas IV and unper-
turbed ambient field distributions are both observed in
cases 1 and 2 [Figs. 4(a) and 4(b)]. Because of the selected
advection in different areas, a near-zero temperature gra-
dient (cloaking) and a temperature gradient same as the
background (transparency) are, respectively, observed in
Cases 1 and 2. The different behaviors are governed by the
advective strengths of area IV. Besides, both the weak and
extreme advection suppress the exhibition of biased direc-
tions of thermal field motions. On the contrary, case 3
presents a twisted thermal profile in area IV near the EP in
region A. Such a deflected field distribution with biased
orientation [Fig. 4(c)] is caused by the effectively aniso-
tropic conductivities. If the spinning directions of the upper
and lower fluid fields are reversed, a mirror-symmetric
thermal profile can be observed [Fig. 4(d)]. These distri-
butions directly reveal the chiral heat transport in region IV
within phase A.

We demonstrate chiral heat transport in a conductive-
advective system. Because of the balanced convective effect

Case 2
(Reglme B away from EP)

Case 1
(@) (Regime A away from EP)

1 | ; 373 |
Non-chiral state
293 K

| Case 3 (Regime A near EP) |
Chiral state

FIG. 4. Thermal manipulations induced by the chiral and
nonchiral heat transports. (a)-(d) The captured temperature
profiles of cases 1-3, the black-dashed borders indicate the
fluidic area. Among them, (a) and (b) present the profiles of cases
1 and 2 induced by the nonchiral heat transports. (c) and
(d) illustrate the unidirectional twist profiles of case 3 induced
by the chiral states of area IV.

and heat exchange, the chirality at EP is suppressed to render
a stationary temperature distribution without directional
bias. In parallel, nonchiral temperature distributions are
also observed if the advective velocities are far from EP.
Only when the advection is off EP and beyond the critical
velocity, chiral heat transport emerges, which is robust
against the advection and thermal perturbation. Our findings
not only reveal the unexpected chiral heat transport, but also
present a paradigm of exploring non-Hermitian and unidi-
rectional transport phenomena of heat [33-37], mass [39],
fluid flow [40], and charge diffusion [41].
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