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Understanding mechanisms for rectifying stochastic fluctuations has been a long-standing problem in
nonequilibrium statistical mechanics. Here, we explore an opportunity provided by nonequilibrium parity-
violating metamaterials to uncover new mechanisms for rectification of energy and motion. Using a parity-
violating gyroscopic metamaterial that is allowed to interact with a bath of active particles as a model
system, we develop an analytic diagrammatic theory that compactly elucidates how the rectification results
from an interplay between gyroscopic forces, nonequilibrium activity, and network structure. Our active
metamaterial model can generate energy flows through an object in the absence of any temperature
gradient. The nonreciprocal microscopic fluctuations responsible for generating the energy flows can
further be used to power locomotion in, or exert forces on, a viscous fluid. Taken together, our analytical
and numerical results elucidate how the geometry and interparticle interactions of the parity-violating
material can couple with the nonequilibrium fluctuations of an active bath and enable rectification of energy

and motion.
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I. INTRODUCTION

Identifying mechanisms that rectify stochastic fluctua-
tions is a long-standing problem in nonequilibrium stat-
istical mechanics, with many biological, chemical, and
physical applications [1-5]. For instance, the Feynman’s
ratchet-and-pawl model [6] and its associated extensions
have provided a framework to explain how biological
molecular motors can convert the energy derived from
the hydrolysis of energy-rich molecules into mechanical
work [2-5,7-10]. Substantial advances have been made in
understanding the rectification of motion from unbiased
nonequilibrium fluctuations along with spatial or temporal
symmetry breaking [4,11,12]. In this article, we focus on
directed energy conduction in the absence of temperature
biases, which, despite pioneering works [13-25], remains
less well explored. Compared with directed motion whose
basic mechanism can be understood in the single-body
basis [4], conductive transport of energy is, by definition, a
many-body effect.
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We exploit an opportunity provided by the combination of
parity-violating metamaterials and nonequilibrium fluctua-
tions to uncover new many-body principles for energy
rectification. In particular, we consider a class of spring-
mass networks that are subject to Lorentz forces, immersed in
a bath of active particles [26-28]. Using numerical calcu-
lations and simulations, we reveal the presence of net energy
fluxes at the nonequilibrium steady state, whose origin we
study analytically. Our central analytical results, compactly
represented as a diagrammatic expansion for the energy
fluxes, show how nonequilibrium metamaterials with parity-
violating dynamics are able to rectify energy and motion
when allowed to interact with a bath of active particles.

The diagrammatic approach reveals a hierarchical pic-
ture of the energy transport, starting from lowest-order
diagrams that only depend on local structures of the
network to higher-order diagrams that involve more and
more nonlocal structures. Importantly, the leading-order
diagrams describe the many-body effect in a compact
analytic form, Eq. (12), that elucidates how a simple
interplay between the geometry, activity, and parity viola-
tion enable rectification. The diagrammatic expansion,
even at the lowest order, provides concrete design princi-
ples for controlling the rectification of energy by engineer-
ing the geometry of our metamaterials.

We note in passing that undamped variants of our active
parity-violating metamaterials were recently exploited to
generate chiral (topological) eigenmodes [29-32]. However,
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our energy flux is not related to the topological properties (if
any) of the undamped mechanical systems due to the strong
roles played by friction (damping) and broad excitation of the
modes by nonequilibrium fluctuations.

Unlike conventional energy flows, our energy flow does
not require a temperature gradient. This flux can be routed
through an otherwise isolated passive object, with the
active network acting as a current source. Finally, we show
that the microscopic mechanisms responsible for this
energy flow can, in principle, allow the passive object to
swim in or pump a viscous fluid. Taken together, our results
establish a new mechanism for rectification of energy and
motion in nonequilibrium parity-violating metamaterials.
Unlike existing prescriptions, our mechanism exploits
inherent asymmetries in the nonequilibrium fluctuations
of the active bath, parity-violating dynamics, and network
geometry to achieve rectification.

The remainder of this paper is organized as follows. In
Sec. II, we introduce our model parity-violating metama-
terial and provide a microscopic definition of the energy
flux. In Secs. III-V, we analytically identify the ingredients
for rectification of energy fluxes and construct a diagram-
matic approach that reveals a relationship between energy
flux and network geometries. Finally in Secs. VI and VII,
we show that when the particles transmitting the energy
flux are allowed to interact with a viscous low Reynolds
number fluid, the nonreciprocal motions responsible for the
energy flux can be utilized to pump the viscous fluid.

II. MODEL SYSTEMS AND ENERGY FLUX

Our model is a tethered spring-mass network in which
each particle is additionally subject to a Lorentz-like force
and stochastic forcing from an active bath [Fig. 1(a)]. The
linearized equation of motion is

mi)l- = —ngi + ZF/’ - BAIU,- —Y; + H;. (1)
J

Here, z; = (x;y;)7 is a column vector that denotes the
displacement of particle i from its mechanical equilibrium
position, and similarly, v; and #; describe the 2D velocity of
and noise on each particle. Note that —k,z; is the on-site
tethering force used to maintain the shape of the network,
and Fj; = k(e];z; + e};z;)(—e;;) is the linearized spring
force from j to i, where e;; is the unit vector that points
from the equilibrium position of i to that of j. In addition,
—~BAv; = —B(v;, —v;, )T is the Lorentz-like force,
where B = ¢B is the product of the electric charge e
and the magnetic field B, and the matrix

(5 o)
AIE .
-1 0

The last two terms describe the forcing from the active
bath, which consists of the friction —yv; and an Ornstein-

Uhlenbeck (OU) colored noise #; [33]. The colored noise
has finite correlation time 7, with statistics

Ta _(i—rie
<’1i(1)77JT(f/)> = 15;; . e(=rl/m), (2)

where, for fixed z, the parameter 7', controls the variance of
the colored noise, and / is the identity matrix with appropriate
dimensions. The time evolution of the OU noise can be
described according to the following equation [33],

Ti]i =N + V 2yTa i (3)

where ¢; is a delta-function-correlated white noise with unit
variance. The friction —yv»; and OU noise #; break the
fluctuation-dissipation relation, thus driving the system
out of equilibrium. The active bath reduces to a thermal
equilibrium bath in the r — 0 limit. The construction of our
model system is motivated by recently constructed topo-
logical gyroscopic metamaterials [29], although the presence
of friction and active noise make the dynamics of our system
significantly different from those of undamped gyroscopic
metamaterials. In the linearized regime, the dynamics of
gyroscopes is mathematically equivalent to that of particles
subject to a Lorentz force and an on-site potential [31].
Since the particles in our model are tethered by on-site
potentials, rectification of fluctuations, if any, does not
result in any particle flows. Rather, rectified fluctuations
can affect the transport of energy. To study such phenom-
ena, the observable we mainly focus on is the time-
averaged energy flux between particles at the steady state.
For a system with pairwise interactions and on-site poten-
tials, the energy flux (J;;) from particle i to j reads

() = <%(y;F,.j - viTFj,-)> —WIF). @)

To arrive at this formula, we first define the energy of a
particle as the sum of its kinetic energy, on-site potential
energy, and one-half of the bond energies [34]. Then, we
write down the energy balance relations using stochastic
energetics [35]. Finally, we identify the energy exchanged
due to particle-particle interactions as the energy flux (J;;)
(derived in detail in the Appendix A). We note that the
energy flux can simply be interpreted as the rate at which
work is done on particle j by particle i. Since this
microscopic work is due to particles’ stochastic motions,
rather than due to an external control, the energy flux can
also be interpreted as a heat flux [34,35]. The averaged
energy fluxes, Eq. (4), are identically equal to zero for a
system at equilibrium with Boltzmann distribution.
Starting from the linear equations (1) and (3), the energy
fluxes can be solved numerically using methods introduced
in Ref. [36,37] (Appendix A). A collection of numerical
results are shown in Figs. 1(b)-1(d). We see that nonzero
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FIG. 1. The model and the energy flux in example networks.

(a) Schematic of the model, a spring-mass network subject to a
Lorentz-like force and immersed in an active bath. (b)-(d)
Averaged energy flux from numerical calculations for example
networks. The flux direction and pattern can be controlled by the
network geometry. In these figures, gray lines and dots represent
the mechanical equilibrium structure of the network, and the
arrows represent the flux between particles, whose length is
proportional to the flux magnitude. An arrow is colored blue if it
is counterclockwise (CCW), red if clockwise (CW), and gray for
fluxes not on the boundary. The numerical calculations were
performed with all parameters set to 1.

energy rectification or energy fluxes can be generated in
our chiral active system, and the flux direction or pattern
changes with the network geometry. Using a linear
response theory, we now develop analytical expressions
for the energy flux that reveal how a combination of
chirality, nonequilibrium activity, and network geometry
is responsible for generating energy fluxes.

III. LINEAR RESPONSE THEORY
FOR ENERGY FLUX

We begin by writing the equations of motion, Eq. (1), in
frequency space,

Hw) = G (0)ij(w). (5)
G* (@) = [K + iow(yl + BA) — ma*1]~". (6)

Here, we have represented the displacement of all N
particles using a 2N-dimensional column vector z =
>.ili) ® z;, with |i) denoting the 2D subspace correspond-
ing to particle i. Note that Z(®) and 7j(@) denote the Fourier
transform of z and the OU noise 7, respectively; G is the
response matrix, in which matrix K encodes all on-site and
spring forces F according to FF=—-Kz; and A is an

antisymmetric matrix A =, |i)(i| ® A;. Equation (5)
describes how the displacement responds to the noise.

Following the procedure in Ref. [38], the flux defined in
Eq. (4) can be expressed using GT as a spectral integral
(Appendix B),

) = / * dooh(@)777 (@). 7)

[Se]

T,k
JM(w) = ——"Retr G"(w0)A®, (8)
2
o) =+ )
W) =——>,
1 + 0*c?
where A® is an antisymmetric matrix A* = —|i)(j| ®

ejjel; + )il ® ejiefl;. The response function G*(w) has
no pole in the lower-half of the complex plane, but the
colored noise introduces one pole at @ = —i/z. Using the
residue theorem, we get a compact expression for the
energy flux (Appendix B),

fefeo (e oo

Higher-order moments of the (integrated) energy flux can
also be calculated, which we present in Appendix B 3.

Equations (7) and (10) will serve as our starting point to
understand the energy flux. While they contain all the
information required to compute energy fluxes, they have
limited utility as design principles. Indeed, as written down,
they require that the flux be recomputed de novo for each
new network geometry and nonequilibrium bath activity. In
the next two sections, we show that it is possible to expand
Eqgs. (7) and (10) in forms that reveal design principles for
controlling energy fluxes.

Interestingly, one important property that can be directly
obtained from a similar linear response analysis is that
the energy fluxes satisfy Kirchoff’s law, » ;(J;;) = 0.
Kirchoff’s law shows that, on average, there is no net energy
exchange between particles and the active bath. To derive
Kirchoff’s law, we calculate the average heat exchange
between particle i and the active bath (v7n; — yoTv;), and
following the procedures in Ref. [38], this heat exchange can
be shown to be zero (Appendix C). Kirchoff’s law places a
strong constraint on possible energy flux patterns between
particles, and some corollaries immediately follow—such as
networks with no cycles cannot have nonzero flux, and fluxes
of all bonds in a polygon network [as in Fig. 1(b)] are equal.

Finally, we note that Eq. (7) is distinct from a Harada-Sasa-
like relation [39] that connects the entropy production rate to
the extent of violation of the fluctuation dissipation theorem.
Indeed, when the B field is turned off, the energy flux
vanishes while the entropy production rate does not, on
account of the nonequilibrium active bath. For completeness,
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in Appendix D, we present a Harada-Sasa relation for
our system.

IV. INGREDIENTS FOR ENERGY
RECTIFICATION AND THEIR ROLES

Compared with an ordinary thermal spring-mass net-
work, which supports no energy fluxes in its equilibrium
state, our active gyroscopic network contains two extra
components—the Lorentz force and the correlation in the
noise. We now show that these two components provide
two necessary ingredients required to ensure energy rec-
tification in our model.

A. Lorentz force and nonequilibrium activity are
necessary for the generation of an energy flux

We begin with Eq. (7), which represents the averaged
flux in terms of functions J*7 (@), h(w). In particular, we
note that the function J*7(w) is proportional to the energy
flux at Fourier frequency w in an isolated damped variant of
our network, while the function /() is proportional to the
noise spectrum, (7j(w)ij(w)*!) = 2yT Ih(w)/t.

To generate a nonzero flux, or equivalently make the
integral nonzero in Eq. (7), we have two requirements
(Fig. 2). First, J/T(w) should not be zero everywhere. In
the absence of a magnetic field, B = 0, it can be easily
shown that J*7(w) = 0. Indeed, the response function G*
is symmetric or reciprocal when B is absent, and since

() = [ duh@) 777 ()

B=0 B#0
JFT (W) = 0 JFT (W) # 0
White
noise
h(w) = const.
PP
Colored PN V. a7
noise r 7 7 0
h(w) #const. ... \/\\*
t

FIG. 2. Necessary ingredients for generating nonzero energy
fluxes. Both the Lorentz-like force and colored noise are needed
to generate nonzero fluxes. The role of the Lorentz-like force is to
provide chiral Fourier modes (J*7(w) # 0). If B = 0, J™T(w) is
zero everywhere. The role of colored noise is to provide weighted
excitation i1(w) # const, which makes a nonvanishing averaged
flux (J) possible. The numerical calculations were performed
with m, kg, k, v, T, = 1.

A® is antisymmetric, the trace tr G (w)A* = 0 at all values
of w. We note that the chirality of network geometry does
not affect the reciprocity of the response matrix; i.e., chiral
networks without a B field also lead to JT(w) = 0.
Nonzero B breaks the reciprocity of Gt and can thus
generate a nonzero J/ (w).

Nonzero J/T(w) alone does not, however, ensure a
nonzero averaged energy flux; in fact, we must further
require that i(w) is not constant. Indeed, noise charac-
terized by a constant (@) function corresponds to fluc-
tuation dissipation preserving white noise. In such cases,
our model system would be in equilibrium even in the
presence of a magnetic field, according to the Bohr-van
Leeuwen theorem [40]. Mathematically, if (®) is constant,
the integrand in Eq. (7) has no poles in the lower-half w-
plane because G*(w) is a linear response function, which
satisfies causality. The absence of poles ensures that the
flux integral vanishes. A nonconstant 4(w) function cor-
responding to a colored noise source can support a nonzero
average energy flux through its introduction of poles. In
this paper, we focus on a specific choice of the colored
noise, namely, the OU colored noise. The spectrum of OU
noise is a Lorentzian, h(w) = 1/(1 + w?z%), which excites
lower frequency modes with larger weights.

In summary, we see that a B field and colored noise are
two necessary ingredients to generate energy fluxes in our
model chiral system. The role of the B field is to break the
reciprocity of response and generate Fourier modes such
that J¥7(w) # 0. The role of the colored noise is to excite
these modes in a weighted manner.

B. Comments on the relation to undamped
isolated gyroscopic metamaterials

The energy flux in our damped metamaterials driven by
nonequilibrium fluctuations cannot simply be related to the
eigenmodes of the isolated undamped variant [29,32]. This
idea is manifest when comparing energy transport in a
honeycomb lattice with that in a triangular lattice. The
undamped, topologically nontrivial, honeycomb lattice of
gyroscopes supports chiral edge transport, whereas the
topologically trivial triangular lattice of gyroscopes does
not [29]. By contrast, in the presence of damping and
nonequilibrium forcing, both honeycomb [Fig. 1(c)] and
triangular lattices generate chiral energy fluxes localized on
the boundary. This difference demonstrates that the exist-
ence of topology in the band structure of the isolated
undamped variant of the network is not a controlling factor
in establishing our energy fluxes.

The chiral eigenmodes in the undamped gyroscopic
metamaterials, however, can provide an intuition for how
JT(w) can be chiral in the small damping regime.
Specifically, the weakly damped dynamics resonate near
the eigenfrequencies of the undamped metamaterials and
hence exhibit Fourier modes that resemble the eigenmodes
of the undamped system. In the regime of strong damping
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or generic damping, an emergent connection can be built
between energy fluxes in the active system and all the
eigenmodes of a reference isolated system where the on-
site harmonic potential is modified (Appendix E). While
this emergent connection reveals contributions from each
modified eigenmode, it does not result in an intuitive
framework that reveals how the interplay between geom-
etry, Lorentz forces, and nonequilibrium activity controls
energy rectification. In the next section, we develop a
diagrammatic technique that achieves this result.

V. A DIAGRAMMATIC APPROACH
TO COMPUTE THE ENERGY FLUX

In this section, we develop a diagrammatic technique that
provides a simple intuitive method to compute energy fluxes
and elucidates the relationship between flux and network
geometry. The diagrammatic technique is constructed by
expanding the expressions for the energy flux, Eq. (10), in
the small-k regime, and it shows how the energy flux across
a bond can be expressed as a sum over paths traversed along
the network [Eq. (11)]. Our perturbation theory assigns a
geometry-dependent prefactor for each path, thus elucidating
the role played by network geometry in ensuring rectified
energy fluxes [Eq. (12)]. Together, the central results of this
section, summarized in Egs. (11) and (12), provide compact
expressions that elucidate how geometry, the B field, and
correlation time 7 of the colored noise can combine to
generate energy flows in networks with arbitrarily complex
geometry and topology. The lowest-order expansion in
Eq. (12) demonstrates, for instance, how the parameter «
that compactly captures the combined effect of activity, the B
field, couples with the geometry of the network to power
the flow of energy. The diagrammatic expansion, even at
the lowest order, hence results in a concrete design principle
for controlling the rectification of the energy by our
metamaterial.

A. Diagrammatic expansion, diagram rules,
and properties

The starting point of the diagrammatic approach is the
flux formula, Eq. (10). First, we expand matrix G*(—i/7)
to different orders in the spring constant k; then, the block-
matrix structure in each term enables further decomposition
into paths, and the structure of matrix A* closes these paths
into cycles (Appendix F1). As a result, the flux is
decomposed into a series of terms,

<J> _ ath
TQ/T_EI:A’ , (11)

where each term can be pictorially represented as a
closed path or a diagram as described in Fig. 3(a). The
full expression for J?*" is lengthy and is detailed in
Appendix F 1. However, when restricted to leading order

FIG. 3. Illustrations of our diagrammatic technique. (a) Flux
from site 1 to site 2 can be calculated by summing over diagrams.
Each diagram is a closed path, which pictorially represents one
term in the small-k expansion. Paths are depicted using green
arrows. The magnitude of the path of length n is on the order of
k™. (b) A useful property of the diagram is that if there is no loop
on a node, then the diagram can be simplified by removing all
other branches on the node. (c) Schematic of a polygon path and
its outer angles 61, 0,, ..., 0,. The value of this diagram is written
in Eq. (12). (d) The lowest-order flux from 1 to 2 in complex
networks is the sum over the shortest cycles that contain 1 — 2,
which in this schematic are two pentagon diagrams (k°). If, for
instance, one of the pentagons is replaced by a triangle, then the
triangle diagram (k*) dominates the flux from 1 to 2.

polygon diagrams, its form simplifies significantly as
detailed in the next subsection.

The rule for constructing diagrams is as follows. For the
flux from site i to j, the valid paths are [:i —» j —
I3 > 1y — ... > 1, — i, where the consecutive sites have
to be either bonded or identical. The latter case is depicted
as a loop in the diagram. Paths that contain equal numbers
of i —» jand j — i do not contribute (e.g., path i — j — i)
because either the path itself vanishes or it cancels with
another valid path. As a consequence, paths have to at least
traverse a polygon in the network.

Paths with length n are on the order of £". In the small-k
regime, major contributions to fluxes come from shorter
paths. A useful property of the diagrams is that if there is no
loop on a node, then the diagram can be simplified by
removing all other branches on the node [Fig. 3(b),
Appendix F 2]. The diagrammatic expansion hence reveals
a hierarchical picture of the energy transport, starting from
lowest-order diagrams that only depend on local structures
of the network (nonlocal nodes are removed in simplified
diagrams), to higher-order diagrams that involve more and
more nonlocal structures.
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B. Diagrammatic approach reveals connections
between rectification and geometry, activity,
parity breaking

To illustrate how the diagrammatic approach clarifies the
connection between geometry, activity, parity breaking, and
rectification, we consider the generic, dominant, lowest-
order diagrams, which are polygonal cycles with no loops.
The expression for the flux of these polygon paths reduces
to a compact form (Appendix F 3)

) o)
l | (12)

where 7 is the number of nodes and 6,’s are outer angles of
the polygon [Fig. 3(c)]. Here, a is defined as
B
azarcsinl, (13)
0

where ko = \/(kg +y/7+m/7*)? + (B/7)? sets a charac-

teristic scale for the interaction k. This single auxiliary
angle a encodes information from all the parameters, m, k,

k, B, y, © (except for T,, which simply sets the energy
scale), in a condensed manner.

The expression (12) illustrates how the flux results from
a combination of the geometry of the network, as charac-
terized by angles 6;, together with the condensed parameter
a that encodes the nonreciprocity due to the B field and the
violation of fluctuation dissipation due to the colored noise.
It is surprising to see that the many-body effect can be
expressed in such a compact manner. As an example,
applying Eq. (12) to an arbitrary triangle results in
Jg?)tl};/gon o k* sina sin6; sin@, sinf;, which is always
positive or CCW if a > 0. As a consistency check, the
flux from Eq. (12) should vanish in the limit of zero 7, to be
consistent with the expected equilibrium behavior. If m is
finite, as ¢ tends to zero, the parameter a — 0, and
consequently, (J) — 0. If we take m — O first, as 7 reduces
to zero, @ remains finite. However, we still get (/) — 0 due
to its vanishing prefactor, (J) o< 1/7kf ~ 771,

For complex networks, lowest-order fluxes can be
viewed as a result of combining the flux of their constituent
polygons, as illustrated in Fig. 3(d). From the property
demonstrated in Fig. 3(b) or from Eq. (12), polygon
diagrams are not affected by any side chains on its nodes;
thus, Jgiﬁl;gon for a polygon in a complex network is equal to
Jg?)tl};/gon for the polygon by itself.

The diagrammatic approach, when applied to complex
networks, can explain the various emergent flux patterns
seen in numerical calculations. In the example of ordered
honeycomb networks [Fig. 1(c)], fluxes are localized at the
boundary of the network, which can be explained as
follows. The lowest-order diagram for a bond at the

boundary is one hexagon path, which contributes a flux
on the order of k°. In contrast, the lowest-order diagrams
for a bond in the bulk are two paths, each traversing the
hexagon on one side of the bond. The contributions from
these two diagrams cancel each other; thus, the flux on the
order of k° is zero. However, contributions from higher-
order diagrams persist, and they show that the flux exhibits
an exponential decay into the bulk. The decay length can be
expressed analytically in the small-k limit using the
diagrammatic approach (Appendix F4). We clarify that
such localization is not a general feature for all crystalline
networks. As a counterexample, the kagome lattice also
supports fluxes in its bulk in triangle units.

In the example of disordered networks [Fig. 1(d)], fluxes
are generated throughout the network because each unit
polygon is different; hence, there is no cancellation of
diagrams. The noncancellation effect is stronger when
neighboring polygon units have a different number of sides,
which would contribute to diagrams on different orders in k.

If one is able to sum over all the diagrams to all orders,
the exact result can be obtained. Such a result holds beyond
the small-k regime due to analytic continuation. One
example is the 1D network, where we can show that all
diagrams vanish in Appendix F5. Another example is
shown in Sec. VII A.

C. Generalization of the diagrammatic approach to
higher-dimensional networks, generic noise spectrum,
and heterogeneous parameters

We have seen how the diagrammatic approach reveals a
hierarchical picture of the energy transport [Eq. (11)] and
elucidates how the Lorentz force and activity, operating
through the condensed parameter «, interact with the
geometry to enable rectification [Eq. (12)]. Together, these
results make it possible to control energy fluxes in arbitrarily
complex networks.

We now show that the diagrammatic approach can enable
control in a wider variety of systems. Our results can
immediately be generalized to networks on 2D curved
surfaces or to 3D networks. For 2D curved surfaces, the
same diagrammatic expressions, Eqs. (11) and (12), can be
readily applied. Curvature simply modifies the allowed
geometry as characterized by the outer angles {0;} and
the number of sides n. For 3D networks, the same dia-
grammatic approach applies, but the expression would be
modified due to the additional spatial dimension. Examples
of networks on 2D curved surface orin 3D space are shown in
Appendix G 1.

The OU noise spectrum can be generalized to
(ii(@)ii(w)*T) = 2yT Jh(w)/t with a generic h(w). The
diagrammatic approach still applies, except now the
real matrix G™(w = —i/7) is replaced by the complex
matrix G (w). As a result, the path rules remain
unchanged, but the mathematical expression corresponding
to each diagram is modified. In Appendix G 2, we show a
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diagrammatic expansion of J/7(w). Consequently, the flux
can be expressed as a weighted integral of J/7 (w) over w or
JIT(w) evaluated at the poles.

The diagrammatic approach can be extended to calculate
energy fluxes in heterogeneous networks where all param-
eters except for those related to the colored noise, i.e., T,
and 7, can be modulated as a function of the position of
nodes. In this case, the only modifications to the polygon
diagram, Eq. (12), are replacing k" with | [; k; and replacing
[]; cos(8; — @) with []; cos(6; — ;). Similar replacements
can be performed for generic diagrams.

VI. ENERGY FLUX IN A PASSIVE SEGMENT
COUPLED TO AN ACTIVE NETWORK

A canonical setup for the study of energy transport is a
passive material bar placed between the heat reservoirs held
at constant temperature [Fig. 4(a)]. The generic result is that
energy flows from the “hot” reservoir to the “cold”
reservoir, and in the absence of a temperature difference,
there can be no net energy flux through the bar.

Placing a passive material bar—in this case, three masses
not influenced by any magnetic fields or active baths and
connected by springs in a linear geometry—across a gap in
our activated metamaterial, as illustrated in Fig. 4(a),
reveals a very different behavior: Despite the absence of
temperature gradients, a persistent energy flux is measured
through the passive material bar. From numerical calcu-
lations, the magnitude of the energy flux decays exponen-
tially with the bar length. In the small-k limit, the flux in a

(a) (b) >

=

HE==30]

Cold i Hot
Passive
segrpent

INTAD)
o w N

JITI7)

Active gyroscopic
Time/t

FIG. 4. Driving energy through a passive chain. (a) Conventional
energy transport in a passive material (boxed in gray) with
temperature differences at two ends. Similarly, the active gyro-
scopic network can also drive energy flows through a passive
segment. (b) Instantaneous energy flux J through bonds in the
passive segment from a simulation. Fluxes through different bonds
are colored differently. In general, J is stochastic; however, during
the period when J is large, J exhibits successive peaks in
accordance with the direction of the flux. In the simulation setup,
parameters for the active particles are as follows: m, kg, y =0.1,

k =10, B, T,, = = 1. Passive particles are constrained to 1D, and

their y, T, k, are set to 0.

bar with n sites reads (J), = (J),(k/(k, +m/7?))""1)
which is obtained using the diagrammatic techniques
developed in Sec. V. Using numerical simulations (the
method is described in Appendix H), we plot the instanta-
neous flux transmitted across the bonds on the passive
segment in Fig. 4(b). The instantaneous flux exhibits
stochastic fluctuations. Fluxes with large magnitudes are
transmitted across bonds sequentially in a wavelike man-
ner, which is reflected in the successive peaks in the
instantaneous flux profile across the bonds of the passive
segment [Fig. 4(b)]. The spacing between the peaks
matches the sound speed in the passive chain.

This result, in combination with the results of the
previous sections, shows how one can design active
gyroscopic metamaterials that can act as energy pumps
and support energy transport in passive materials even in
the absence of any temperature gradients. Crucially, these
results demonstrate how gyroscopic metamaterials can
rectify nonequilibrium fluctuations. In the following sec-
tion, we consider whether these rectified fluctuations, when
placed in contact with a viscous fluid, can act as low
Reynolds number (Re) swimmers or fluid pumps [41-43].

VII. NONRECIPROCAL MOTIONS RESPONSIBLE
FOR ENERGY FLUXES CAN BE USED TO
GENERATE FORCES

In this section, we show that it is possible to exploit the
energy flux to rectify motions when our model systems are
allowed to interact with a viscous fluid [Fig. 5(a)]. We begin
by considering the motion of the three masses in the passive
material bar discussed in Sec. VI and, in particular, consider
the effect that their motion would have on a viscous fluid. We
first do so by taking their recorded trajectories and asking
whether three particles following these trajectories would
“swim” in an external fluid. This calculation ignores any
backaction from the fluid on the dynamics of the segment.
We consider the effect of these forces in Sec. VIIB and
identify regimes in which this approximation is valid.

A. Nonreciprocal motion as a swimming protocol

A system of three spheres arranged in a linear configu-
ration [Fig. 5(a)iii] provides a minimal model for low Re
swimming or pumping action [43]. If the lengths of the two
linkages connecting the spheres, L(t) =L + AL,(t),
L,(t) = L+ ALy(t), are varied according to some pre-
scribed protocol, the time-averaged swim speed is
[Eq. (12) in Ref. [43]]

AL AL
VS Ta <AL1d 2_d 1

- AL 14
24L2 dr dt 2>’ (14)

where a is the radius of the bead. Assumptions for this
equation are a/L <« 1, AL;/L < 1, and the total external
force on the swimmer is zero.
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FIG. 5. Utilization of nonequilibrium gyroscopic dynamics to
power swimming and pumping in low Re media. (a) The energy
flux in the active gyroscopic network is accompanied by
nonreciprocal motions of the particles (i,ii). The nonreciprocal
motion is a schematic for illustration purposes, and the real data
are much noisier. Using these nonreciprocal motions as input, a
three-bead linear object can be made to swim through a low Re
medium (iii). Finally, by immersing the passive segment into a
low Re fluid, the nonreciprocal motions can be used to pump the
fluid. In this manner, the energy fluxes can be rectified for
locomotion and force generation (iv). (b) Swim speed V| is
proportional to the energy flux (J) in the active network. The
proportionality constant is —kg/k, which is independent of the
network geometry. The series of dots for each —k/k are obtained
by varying the angles labeled by red disk sectors in pentagon
networks or “square + tail” networks. The parameters chosen for
the numerical calculations are m, k, =0.1, z =1, k=35 for
ko/k =0.04 and k = 10 for ky/k = 0.02. For the active part,
y =0.1, B, T, = 1. For the passive segment, 7, B, T,=0.

If the protocol is set to coincide with the motion of the
three masses in the passive material bar that is coupled to
the chiral active network discussed in Sec. VI, we find a net
swim speed according to Eq. (14), proportional to the

energy flux. The proportionality constant between the swim
speed V and the energy flux (J) can be calculated using a
modified diagrammatic technique (Appendix I),

s ) (15)
Ta/24L k k/2
where kg = k, +m/ 72 (B, y = 0 for the passive segment).
This result holds beyond the small-k regime because all
orders of diagrams are considered. Figure 5(b) and Eq. (15)
together establish that one can relate the swim speed to the
flux of energy in the active gyroscopic metamaterial.
Similar proportionality between V and (J) can be expected
for other types of three-sphere swimmers, such as one
where one sphere is much larger than the other two [44].
This is because the swim speed is generically proportional
to the area enclosed in the {AL;,AL,} space [45].
This area is also proportional to the energy flux (J)
(Appendix I).

Thus, the nonreciprocal motion that is responsible for
energy fluxes can also be used as a protocol to generate
motion in a low Re fluid.

B. Force generation in a viscous medium using the
rectified energy fluxes

We now consider a scenario in which the passive
segment connected to the active network is immersed in
a fluid [Fig. 5(a)iv] and estimate the effect of the viscous
backaction. Since the passive segment is tethered in place
owing to the on-site potential, we focus on pumping as
opposed to swimming [46] and analyze the regime for
parameters where this pumping is possible. For Eq. (15) to
approximately represent the pump speed as a function of
the energy flux, we require that the fluid minimally perturbs
the dynamics of the passive segment. Such a regime
requires the dissipation rate due to the viscous fluid to
be much smaller than the energy flux through the segment.
This condition can be expressed as nfcwz < J, where v is
the characteristic velocity of a bead in the passive segment,
115 is the dynamic viscosity of the fluid, and J is the energy
flux in the absence of the fluid. In addition, the constraint of
low Reynolds number requires that Re = prav/n; <1,
where p is the fluid’s density. Writing these two conditions
together, the requirement reads J > nyav? > p,a*v’. We
note that throughout this treatment, we have ignored the
effect of hydrodynamic interactions between the beads on
their dynamics generated from springs because it is a
perturbation on the order of a/L.

We estimate the feasibility of our protocol using param-
eters at the colloidal scale, which is the scale usually
considered for low Re swimming. However, the magnitude
of the B field required to realize the above-described regime
using the current setup is impractically large. Thus, it is
unlikely that our metamaterials will find straightforward
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application as colloidal engines. Nonetheless, we establish
that the concept of using rectification of energy to exert
mechanical work is not physically impossible, motivating
the search for settings in which metamaterials might find
applications.

VIII. CONCLUSION

In conclusion, we have established a general set of
design principles for rectifying energy and motion in
nonequilibrium parity-violating metamaterials. In particu-
lar, our central results show how a combination of time-
reversal symmetry violation due to the geometry, inter-
actions, and Lorentz forces in the metamaterial, and due to
the nonequilibrium fluctuations of the active bath, can
result in a general strategy for rectification of energy and
motion. The class of tethered spring-mass network we have
considered can be generalized to untethered overcoordi-
nated elastic materials with generic interactions, which can
fluctuate around its potential minimum while maintaining
its shape. We note that for nonlinear models, which we do
not consider in this work, it might be possible to achieve
rectification without the requirement of Lorentz forces.
Such extensions will be considered in future work.
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APPENDIX A: DERIVATION OF ENERGY
FLUX FORMULA

In this section, we derive the formula for energy flux,
Eq. (4) in the main text. The force F' in this section is a
generic conservative force, which does not need to be
linear. We use the following strategy to determine the
energy flux. First, we define the energy E; of particle i.
Then, we write down an energy balance relation that
expresses the infinitesimal energy change dE; using sto-
chastic calculus. Finally, we collect terms in dE; that couple
neighboring particles together and identify them as the
energy transfer between particles.

The energy of particle i is defined as

1 1
Ei :—m[U;rUi + U,’,’ +§ZUU’

Al

2 — (A1)
J#i

where the first term is the kinetic energy, the second term

denotes the on-site potential, and the last term is the shared

spring energy between the particle and its neighbors.

We use Ito’s formula to calculate dE;. Ito’s calculus
provides the advantage that the stochastic terms in dE;
vanish under time averaging. For a stochastic differential
equation (SDE) of variable X (vector) with drift x4 (vector)
and diffusion ¢ (matrix),

dX = pdt + cdW, (A2)
where dW is a vector consisting of standard Wiener
processes, Ito’s formula gives the SDE of function f(X),

a1 () = ((Vk + 5 oloa V51 ) di + (VE pyoaw.
(A3)

where Vy denotes the gradient with respect to X, the
superscript 7 denotes the transpose, and tr denotes the trace.

We begin by writing the equation of motion of our
system, Eq. (1), in the form of a stochastic differential
equation, Eq. (A2). We represent N particles’ positions by a
column vector z = Y ¥, i) ® z;, where |i) denotes the 2D
subspace of particle i. Similar representations are also
applied to v and #. Then, we get

X=(z v n), (Ad)
v
p=|L(-V.U-BAv—yv+n) |,  (A5)
_%;7
g:diag(o 0 @1) (A6)

where U is the total energy of the system, A is an
antisymmetric matrix A =) _.[i){(i| ® A;, and diag(-)
means a block-diagonal matrix.

Now, we apply Ito’s formula, Eq. (A3), to our system by
associating with the function f(X) the energy of particle i,
E;(X). The nonzero terms in the gradient of E; are

V.E = - <F,~,~ + % Z:Fj,) : (A7)
V. E = %FU, (A8)
V,.E; = muv,. (A9)
The term (VLE;)u reads
(VXE)u = _Z%(Ui +v,) Fi; —yvlv;+vln;.  (A10)
J
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where we used Fj; = —F,; and v! Av; = 0 in its derivation.
The terms ltr[aaTVXV f] and V)T( f are zero.
Finally, the energy change can be written as

== Jydt + hydt, (A11)
J
1 T
Jij =5 i+ )" Fy, (A12)
hi = =yl v +v]n;. (A13)

Here, J;; is identified as the energy transferred per unit time
from particle i to j, and h; is identified as the energy
transferred from the bath to particle i.

As for the steady-state average of J,

ij» Wwe use
(dU;;/dt =

0) and the chain rule to simplify Eq. (A12),

OZUITFN—FU;FU /U F +7J Flj’ <A14)
and arrive at the expression

One straightforward numerical method to compute the
flux J is as follows. Our system is determined by the
network geometry and parameters m, kg, k, B, v, 7, T,.
Given the equations of motion, Eqs. (A2) and (A4)-(A6),
one can numerically solve for the covariance C = (XX7)
from the matrix equation (—u)C + C(—u") = oo [36,37].
Finally, the flux equation (A12), which is bilinear in x and
v, can be extracted from the covariance C. Numerical
calculations of (J) are performed using Mathematica with a
custom code [47].

APPENDIX B: LINEAR RESPONSE
THEORY FOR ENERGY FLUX

Following Ref. [38], we derive the expression of the
energy flux [Egs. (7) and (10) in the main text] using a
spectral linear response theory.

1. Fourier modes for energy flux
We define the Fourier transform (FT) of a function f(¢)

as
(o) = 1/dtf()"“’” w:?, (B1)
)= Y e, (82
where n = —o0,...,—1,0,1,2, ..., 00

The FT of the equations of motion, Eqs. (A2) and (A4)—
(A6), reads

7(w) = iwZ(w), (B3)
H(w) = GT(0)i(w), (B4)
o) = L E o), (B5)
where G is the response function,
G*(w) = [K £ iw(yl + BA) —ma?I]™'.  (B6)

To make our results more general, we consider a generic
noise when possible and describe it by the noise spectrum

uT,
t

(#(@)i(a)") = (@)15,1.47 0. (B7)
where h(w) is a function that describes the shape of the
spectrum. For white noise, h(w) = 1. For OU colored
noise, h(w) = 1/(1 + ?7?).

The energy flux J;; from Eq. (A12) can be expressed as a
bilinear function in z and v, by writing the linearized force
F in terms of z,

Jij = kvTAlz, (B8)
:_(|><|®el] ij |><]|®eu Ji
+ 1) @ (=ejiel;) + ) (] ® (=ejie];)).  (BY)

This bilinear form enables us to write the time integral of
the energy flux Q = [{ dr'J(7') as a sum of Fourier modes
g, using Parseval’s theorem,

Q=1 G (B10)
4o = k0TA'Z" = iokii" G*TA'GTii*,  (BI1)

where the superscript * denotes the complex conjugate.
Pairing g, and its conjugate §_, gives a real function,
which would be beneficial for subsequent derivations:

0=1> (G +i). (B12)
w=27/t
o+ -0 = ii(0)" Adii(@)" (B13)
AL = —iwokG* (0)TASG (), (B14)
A = —(A) = AT (B15)
—[i)(jl ® eijel; + 17)(i] ® ejiel;.  (B16)
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Averaging g, + g_,, over the noise 7j(w), we get

2yT
(G0 +3-0) = @Al (BI7)

2. Integrating over the Fourier modes

In a long time limit, the sum can be approximated by an
integral

1 & ] &K Ao 1 [
- — — dw. B18
> 2 x Vg ) e (BIS)

w=2r/t ®=—00 i

Equations (B12) and (B17) can then be turned to an integral
expression of the flux,

Q) 1T,

i ® q
(J) = tlir?o ; o /_oo doh(w)tr Ad,. (B19)

In the next steps, we simplify this integral with the help
of the property from Ref. [38],

G (w) — G (0)" = 2iwyG~(w)G* (w)". (B20)
Using this property, the trace of A7, becomes
trAd, = —iwktr GtTASG~
= —iwk —1tr (G~ = GTT)A®
iy
k
= ——Retr GTA®. (B21)
Y

Plugging this trace into Eq. (B19), we get the integral
form for the flux equation (7),

) = (B22)

T,k [
-4 / doh(w)Retr GTA™.
2 )
Since InG*(—w) = - ImG™ (w), h(w)Imtr GTA* is an
odd function of w, and its line integral vanishes,

T oo
Uy = - erk /_ dwh(w)tr G+ A,

(e8]

(B23)

The difference between this expression and Eq. (B22) is
that the integrand of Eq. (B22) is real at all @’s, whereas the
integrand of Eq. (B22) is complex. We adopt Eq. (B22) in
the main text, so its integrand can be interpreted as the flux
of Fourier modes.

We now consider the specific OU colored noise,
h(w) = 1/(1 + @?7?). In this case, the integral in
Eq. (B23) can be calculated using the residue theorem.
The integrand vanishes at @ — oo, so the line integral can
be converted to a contour integral along the counterclock-
wise semicircle R in the lower half-plane,

T,k tr GTA®
J) === do————.
) 2w f;g wl + w?7?

The tr Gt A® part in the integrand has no pole in the lower
half-plane because G™ is a linear response function, and it
satisfies causality. However, the noise correlation 7 intro-
duces one pole at w = —i/7; thus, the contour integral can
be evaluated as

(B24)

T,k i
J)y=——"—uG" | —- A%, B25
0 == (1) (B23)
and the response function at @ = —i/r reads
. B -1
G+ <—1> - [K+ (Z+T2>I+—A} . (B26)
T T T T

In theory, Eq. (B25) provides the analytical solution of
the flux because the inverse matrix, Eq. (B26), can be
expressed analytically. In practice, analytical solutions can
be easily calculated for small networks but are impractical
for large networks.

Nevertheless, some general properties of the flux can be
obtained from Eq. (B25) after some algebra. For a network
with only horizontal and vertical bonds [Fig. 1(b)], all fluxes
are zero. For two networks whose slanted bonds have
opposite angles [top and bottom hexagons in Fig. 1(b)],
their fluxes are opposite. Changing B to —B would change
the flux J to —J.

3. Moments of the energy transport

Higher-order moments of the integrated energy flux Q =
J&df'J(1') can also be calculated following methods in
Ref. [38]. We define the moment-generating function of Q
as Z(4) = (¢*¢). In the long time limit, Z(4) can be
expressed in the large-deviation form [38], Z(1) = end)
where p(4) is called the rate function. For our system, Z(4)
can be calculated through Gaussian integrals. The resulting
u(4) reads

u(d) = —%/_w dotr In[I + 22yT h(w)A?(w)], (B27)

where A?(w) is defined in Eq. (B14).
The first moment (Q) reads

(= g(Z——(g 10 = ~Ould) (528
— UZ;“ /_: do h(w)tr Al(w), (B29)

which is consistent with the expression in the main
text, Eq. (7).
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The fluctuation {(§Q)%) = (Q?) — (Q)? reads
((60)) = g(i)i T (0)? = t32u(2) (B30)
- @ /_ " dw h(w)?r (A%(0)?).  (B31)

Plugging in the expression for A%(w), Eq. (B14), and
using the property in Eq. (B20), ((6Q)?) simplifies to

(50y?) =Lk

(G~ = GTT)A™(G~

| don(@yu

—~GtT)A®}.  (B32)

In the noninteracting (k — 0) limit, the following quan-
tity tends to a nonvanishing constant,

2 o0
k—>0<(6/g) - tzTn oo do h(w)*(9() = g(-w))?.

(B33)

kg + iwy — maw?

(k, + iwy — ma?)? — (wB)?

g(w) = (B34)

This limiting value is independent of the network geometry
and thus reflects inherent fluctuations for energy fluxes
between two bonded sites regardless of the rest of the
network.

APPENDIX C: DERIVATION
OF KIRCHOFF’S LAW

The derivation of Kirchoff’s law is similar to the
derivation of the energy flux, except that we use the energy
from the bath to the particle 4; in Eq. (A13) instead of J;;
in Eq. (A12).

Following the procedure in Appendix B from
Egs. (B12)-(B19), we arrive at an integral expression for
(h;) with a different A,

yT

(hy = La / * dooh(w)tr AS, (1)
27 -
Al = io(Gp; = piG™) = 270G p,G=,  (C2)
pi = i) (il (C3)
Here, the noise is kept generic.
Using the property of G* in Eq. (B20), we get
tr(GTp; — p,G™) = =2iwytr GtTp,G=.  (C4)

The trace of AZ then vanishes,

trAd, = iotr(G* T p; —tr2y0*G*Tp,G~ = 0.

(C5)

-piG7)

From Eq. (C1), (h;) is also zero, so on average there is no
net energy exchange between the particle and the bath.
Because the average change of E; is zero, and (E;) =
=>;(Jij) + (h;), we obtain Kirchoff’s law,

—ZUU) = Z<in> =0.

(Co)

APPENDIX D: A HARADA-SASA RELATION

We present a Harada-Sasa relation [39] for our active
gyroscopic networks, which shows a connection between
the fluctuation-response breaking and an entropy produc-
tion rate. For the calculation of the entropy production rate,
there have been debates in the literature on what the reverse
process should be, especially for systems in the presence
of Lorentz-like forces and systems with active particles
[48-51]. Here, we simply choose some prescriptions for the
reverse process and show that such a choice is consistent
with the Harada-Sasa relation.

In this section, our system is slightly modified by adding
additional white noise &,, with correlation (&,,(¢)&,,(¢)T) =
2yT,15(t — '), and the white noise is uncorrelated with the
color noise 7. The additional white noise simplifies the
discussion of the entropy production rate; at the same time, it
does not affect the energy flux. In order to directly compare
our result with the Harada Sasa relation, we define the
Fourier transform as f(w) = [ dtf(t)e~™". This defini-
tion is slightly different from the rest of the paper, and it is
restricted to this section. We also keep the colored noise
generic, (fj(®)ij(0')*T) = dnyT h(w)6(w + o).

The resulting Harada-Sasa relation reads

:_/—tr (w) — 2T ,Re R(w)], (DI1)

where § is the entropy production rate, C(w) is the velocity
correlation, and R(w) is the velocity response.

1. Fluctuation-response breaking

The equation of motion with additional white noise reads

mi = —Kz—BAv—yv+n+E&,. (D2)
The FT of the equation of motion leads to
= iwG" (0)(7 + &), (D3)

where G (w) is the same as in Eq. (6).
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The response matrix for the velocity reads

R(w) = ioG" (o). (D4)
The velocity correlation in the time domain is defined as
C(t) = (v(t)v(0)T). To extract a simplified C, we use the
Fourier transform # [Eq. (D3)], plug in the noise correla-
tion, and utilize the property of G* [Eq. (B20)]; then, we
get
C(w) = 20T, (1 + h(w))ImG*. (D5)
Combining Egs. (D4) and (DS5), the breaking of the
fluctuation response reads
trf[C — 2T ,Re R] = 2iwT h(w)trilm G*.  (D6)
To simplify its integral, we use the property that
ReG"(w) = Re G (—w), and wh(w)Re G*(w) is an odd
function in . So [dwwh(w)ilmG" = [dwwh(w)G*,
and the result reads

do - - dw
- — — 3 +
/ " u[C - 2T, Re R / 2ol h(w)x G, (D7)

2. Entropy production rate

Following the framework of stochastic thermodynamics
[1], the entropy production rate is given by

1
§ = lim —log

t—oo [ a ’ (D8)

where P and P’ are the probabilities of the forward
trajectory and the reverse trajectory.

The probability of the trajectory is given by the Onsager-
Machlup path integral [52],

P e‘AH5(8,/z - ), (D9)
t’
t m? Y 1|2
= dr ) —v——F D10
A A at, | T | (P10
F,=-Kz-BAv+n. (D11)

For the conjugation trajectory, we choose the prescription
that the B field flips sign, B = —B [49], and " = 7 for the
colored noise. With these prescriptions, P, and conse-
quently § from Eq. (D8), can be calculated,

§= = (7 (mi— F,)).

a

(D12)

We plug in the expression for F,, find that many terms
vanish, and get

() = -t (D13)

a

. 1
§=—
Ta

Expressing v in terms of the response function,

1 [dw
1 fdo
§= T / o trionG" (0)2yT h(w). (D14)

Compare the entropy production rate, Eq. (D14), and the
fluctuation-response breaking, Eq. (D7). We arrive at a
Harada-Sasa relation, Eq. (D1).

Note that if we choose the prescription Bf = B, the
calculated § would be different; consequently, there would
be no Harada-Sasa-like relation. The discrepancy between
prescriptions B' = —B and B" = B seems to suggest that
flipping the B field should give the appropriate prescription
from the perspective of relating the fluctuation-response
breaking to an entropy production rate.

APPENDIX E: CONNECTION OF ENERGY FLUX
IN ACTIVE NETWORKS TO EIGENMODES IN
ISOLATED GYROSCOPIC NETWORKS

1. The connection and its application
to honeycomb lattices

If excluding the active bath, our model is identical to the
isolated systems studied in Refs. [29-32]. We would like to
build a connection between our energy flux in the active
system and eigenmodes in those studies. In this subsection,
we show that the energy flux in active gyroscopic networks
can be expanded as a weighted sum over eigenmodes of a
reference isolated system, Eq. (E2). Then, we apply this
result to the honeycomb lattice as an example.

The Fourier analysis from Sec. IV in the main text is not
suitable for this connection because Fourier modes and
eigenmodes are related only at small y’s [Figs. 6(a)
and 6(b)], but they become dissimilar at larger y’s
[Figs. 6(a) and 6(c)]. The underlying discrepancy between
Fourier modes and eigenmodes comes from the fact that
eigenmodes are a natural basis for the isolated network,
whereas Fourier modes contain an extra factor of friction or
damping. In addition to this extra factor y, the active system
also has extra factors of m and 7. The factor m comes from
the order of dynamics: The active system is second order in
time, while the gyroscopic dynamics in Ref. [29] is first
order, which corresponds to the m — 0 limit.

Our starting point is Eq. (10). The key observation is
that, in the function G (—i/7) from the equation, y, m,  are
not independent factors. Rather, they act collectively
through

_ 4
kyo =y 7+

Nl 2

(E1)

In effect, the extra factors m, y, r only add a modification to
k,. Following these ideas, we imagine a reference isolated
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FIG. 6. Comparison between a boundary-localized eigenmode
of the undamped isolated network and the Fourier modes of the
damped network at the same frequency. First-order dynamics (by
setting m = 0) are used. Numerical calculations are performed
with all other parameters set to 1. (a) Eigenmode of undamped
gyroscopic system. For the frequency chosen, the eigenmode is
localized on the boundary. Blue disks represent the orbit of
particles. (b) The Fourier mode of the damped variant of our
model at small y (y = 0.001) resembles the eigenmode. (c) The
Fourier mode at larger y (y = 1) is no longer close to the
eigenmode.

system with modified on-site spring constant k.. The flux
(J) in the active system can be written as a weighted sum of

the flux of each eigenmode Jﬁff in the reference system (see
Appendix E 2 for the derivation),

1 .
(J)y= Z—l g Jof.
e

w,

(E2)

Here, w, is the discrete eigenfrequency of the reference
system, not to be confused with the continuous Fourier
frequency w. The amplitude of the eigenmode is set such

that its energy is T,, and Jz° is the time-averaged
energy flux.

A related result is a “sum rule”; namely, the unweighted
sum of all modes is zero,

> TE=o.

This sum rule can be derived from direct calculations (see
Appendix E2).

From this eigenmode decomposition, the discussion of
time-reversal symmetry in the isolated system [29] immedi-
ately carries over to the active system. For network
geometries that satisfy time-reversal symmetries, the
energy flux of eigenmodes is zero. Thus, through
Eq. (E2), the flux in an active system is also zero. This
result can alternatively be obtained from Eq. (10) through
some linear algebra.

As an application, we analyze the flux in the honeycomb
network using the eigenmode decomposition, Eq. (E2), and
the sum rule, Eq. (E3). The flux pattern in the active
honeycomb network displays CCW flux localized on the
boundary [Fig. 1(b)]. This localization is reminiscent of the
edge mode in Ref. [29] [Fig. 6(b)]; however, their directions
are opposite. From the decomposition, Eq. (E2), the edge

(E3)

(a) (0) e
9]
1 — > 15
J=00218 g
= 10
(@) I
| b Se——
4 4 + 0 L
it S r o & & o«
S 40807 Wave number, k,
(e) (c)
ATy a0 4"
» X 0.002
A 5
— o 0.000f
I oo 3
=
.50 —0.002
2
-0.004

5 10 15 20 25
Eigen—frequency, we

FIG. 7. Using the eigenmode decomposition, we explain how
the flux in the honeycomb network is CCW, even though its edge
modes contribute to CW fluxes. (a) Network used for calculation,
which consists of one row of hexagons (51 unit cells) and has a
periodic boundary in the x direction. The parameters are k, . = 1,
k = 10, with others being 1. (b) Band structure of the network
(marked with different colors). The yellow or green band contains
CW flux localized on the top or bottom edge [an example mode is
shown in panel (d) or (e)]. The blue band contains bulk modes
with CCW flux [also see panel ()]. (c) Weighted flux J5,# from 1
to 2 [marked in panel (a)] of the four bands. The total flux in the
green band with CW edge modes and that in the blue band with
CCW bulk modes are —0.106 and 0.115, respectively. As a result,
the net flux is CCW.

modes should contribute a large CW flux in the active
system, but somewhat surprisingly, the net flux is CCW. To
better analyze the contribution from each eigenmode,
we look at a simple honeycomb lattice with only one layer
[Fig. 7(a)]. This lattice has four bands [Fig. 7(b)], two bulk
bands (blue, red) and two edge bands (green, yellow). The
weighted flux of each band is plotted in Fig. 7(c). We see that
the CW edge band contributes a large CW flux [green curve
in Fig. 7(c)]; however, due to the sum rule, the unweighted
sum of other bands has to be CCW. In the honeycomb lattice,
many of the CCW fluxes are contained in the lower bulk band
[blue curve in Fig. 7(c) and example mode in Fig. 7(f)]. When
the flux gets weighted, the CCW flux from the lower bulk
band outweighs the CW flux from the edge modes; the other
two bands [yellow and red curves in Fig. 7(c)] also contribute
to the CCW flux, although the contribution is relatively
small. As a result, the net flux is CCW, which is opposite to
the flux of the edge mode.

2. Derivation of the connection

To derive the eigenmode decomposition, Eq. (E2), we
first look at the reference isolated system and write down its
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eigenmodes and time-averaged energy flux, Eq. (E10).
Then, we turn to the active system and decompose the flux
using the eigenmodes to get Eq. (E13). Finally, we show
that the fluxes from these two sides are actually related in
Eq. (E17). Lastly, we also derive the sum rule, Eq. (E19).

a. Energy flux in the reference isolated system

The reference isolated system has first-order gyroscopic
dynamics as in Ref. [29]. In the setup with Lorentz force, the
dynamical equation can be obtained by setting the mass to
zero and replacing the force matrix K by K'=K +

[(r/7) + (m/ 7)1,

1
7==AK"z. (E4)

B
Following Ref. [29], we convert to a complex representation
with z¢ = (x + iyx — iy )7,

i7¢ = Qz°, K* = iBAO™'QO, (ES)
where O, O~! are the transformations between z and
£z°=0z,z=07"z
Writing the eigenvalue problem as

Quwe = WUy, (E6)
the eigenmode with eigenfrequency w, reads
2o, (1) = (U, €™ + u_, ")z, (E7)

where z;, is the amplitude, which will be specified shortly.
The eigenmode needs a combination of w, and —w, to
ensure that the motion of x and y is real-valued.
Mathematically, this combination is possible because of
a symmetry in this eigenvalue problem; when there is w,,
there is also a solution —@, with

<O I) .
U_gp, = Ug,-
e I 0 e

A related property we will need later is that the left
eigenvector v, can be expressed as

Vo, = Co Uy,
e e 0 I e

where ¢, is a real prefactor, to ensure normalization

UZ,F u,, = 1. If there are degenerate eigenvectors (like

v,{,g,v%,e,...), we choose an orthonormal basis set, i.e.,

vi}fTu;’,)f = 0 for i # j. With the introduction of ¢, , we now
set the amplitude to z3 = —2cw€Ta/a)eB, such that the

energy of the eigenmode is 7',.

The instantaneous energy flux J,, of mode z;, reads

Ju, = (0705, )TAT 0725,

=t 07" TA/ 0725, veT, (E8)

e

where A’ has been defined in Eq. (B9). The factor z, v’
can be computed using Eq. (E7). When averaging over

periods of oscillation, terms containing e’ vanish, and
we get
c T — 5 T T \,2
2, Ve, = 10, (e ULy, — U_q, Uy )25 (E9)

Plugging in z% ==2¢, T,/ w, B, the time-averaged flux of
the eigenmode J3? reads

; 2T k
ot =— B" ic,, tr OYTAY O~ (u,, ul, —u_, ul,).

(E10)

b. Energy flux of the active system

Now, we turn to the active system, and the starting point
is Eq. (10). We need to decompose G* = G*(—i/7) into
modes as below. We use u,, and v,,, to denote the right and

left eigenvectors for matrix € at eigenfrequency w,,
respectively:

. . 1
G =0 <Q—51) OA, (E11)
B T
i \7! iT
<Q _TI> = Z m (ua)g 7)(7;)8 + U_g, vzwe)
@,>0 €
2
w,T T T
+ ﬁ(”a)a ’Ua)e - u—me U—ml,)' (ElZ)
a;)l +wit

When plugging G* into Eq. (10), the contribution from the
second term in [Q — (i/7)I]~" vanishes, trOAA®O~'x
(Ug, Ve, — U_gy v, ) = 0. We arrive at a decomposition
of the flux in active system into eigenmodes in a reference
isolated system,

(E13)

_ T.k/2B

< >(Ue = mtr OAAaSO_l (uwe ’Ug;e + l/t_mg ’UZ“,E ) . (E14)
e

c. Connection between isolated system
and active system

Now, we need to find the connection between these two
fluxes, (J),, in Eq. (E14) and J5? in Eq. (E10). We write
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J32 in a form that looks similar to (J)
A® using A® = —(A’

»,- Converting A’ to
— A’T) [Eq. BI5)], and u,, (0 v,,

using
-1 0
Vg, = Co, 0 I Uy, s
we get
lT k
el a —1,T pas n)—1 T T
Jweg A r TA®O (uw(, Ua)e + u—we U—a})'

(E15)

= (i/2)0A, and J52
apart from a factor

From direct calculation, AO~!T

becomes the same as (J),,

o Tuk

Jof = LBtr OAA® O (u, vl +u_, v7,). (E16)
Comparing Eq. (E16) with Eq. (E14), we arrive at the

connection between the flux from the active system and that

from the reference isolated system,

1 ei
SIOE. (E17)

D, =
< >“’f 14+ w2t

Additionally, the unweighted sum reads

Zjelg

where U is the collection of all right eigenvectors
U = (ttg, 1 Uy o), and likewise for V. Since UVT =
I from orthonormality, the unweighted sum vanishes,

Zjelg

ASO-TUVT, (E18)

t AA® = 0. (E19)

APPENDIX F: FORMULATION OF THE
DIAGRAMMATIC APPROACH TO
CALCULATING THE ENERGY FLUX

We provide the mathematical formulation of the dia-
grammatic approach in Appendixes F1 and F2 and its
application to typical networks in Appendixes F3 and F 5.

1. Derivation of diagrammatic expansion
The central object in the diagrammatic approach is
G* = G"(-i/7). In the noninteracting case (k =0), G*
is analytically solvable. We denote G|,_, = Gj,. The
inverse (G;)~! has a block-diagonal form,

N

B
(G5! = kel + 24 (F1)

= Zli><l ® (kg,,1+§Al>, (F2)

where k,, = k, + (y/7) + (m/7*). Then, G§ is also block
diagonal, with each block the inverse of the blocks above,

= SI00 @ g g (el 24 ) ()
= S0 @R (F4)

(ky2)? + (B/7)%, and R, is the rotation

matrix with angle a = arcsin[(B/7)/ k),
cosa —sina
R,=1{ . .
sina  cosa
We now turn on k. We denote the interparticle part of the
force matrix K as kK, where the factor k is extracted so

that the matrix K is dimensionless. The 2 x 2 blocks of K
read

where kj =

|K | Zen’e”/’

i'#i

(i|Klj) = eijejri- (FS)

Then, G* reads

1

1
G = = {(koGg)
0

k -1
-1y K. . F6
G T AR, * } (F6)

ko

In the small-k/k, regime, this matrix inversion can be
expanded as

1
G == {(kocé)
0

k

+ o~ (koGp)(=

s K,) (koY)

= klo(koca) f; [k% (—KS)(kOGg))} " (F7)

To find the convergence radius, we can write the eigende-
composition of the matrix (—K)(koGj) as (—K;)(koGj) =
WAW-!, where A is the diagonal matrix that contains all
eigenvalues 4;’s; then, the flux becomes
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(6] k n
(J) < tr G"A®™ o< )~ tr(koGp) [k— WAW‘I] A
n=0 0

— Z WL A% (koG5 W), Z(k—ko/t)

(F8)

For terms in the series to be convergent, k/k, should satisfy

k 1
ko - max;|4;| (F9)
The interval of convergence depends on the geometry of the
whole network, as well as the condensed parameter a. The
values of the upper bound of k/k for many networks range
between 0.3 and 0.6.

We note that the matrix A* and K, have common blocks,

A% = i) (j| ® eyjely + /)il ® ejel; and  (i[K,]j) =

k
— 1t
ko r{il(

0069 [ (K koGp)| ™ 1)1 -

“&) 2

( > 11 lzz: 2trR

kOGO |ln l><ln—l |(_

where (=Kj),, = (I}|

lii>j—ol -1 — ...

— K,|l,). We denote the path
— 1, » — 1, and its correspond-
ing term in the above summation as S,

k n
S[:<ko> tI'Ra(—KS)l'ln_zRa"'(_Ks)lljRa(_Ks)ji' (FIZ)

The second term of the flux in Eq. (F10) can be treated
similarly, and it results in S_;, where —/ means path / in
reverse order. Combining Eqs. (F12) and (F10), we get the
diagrammatic expansion of the flux,

UM ST

1 1

(F13)

2. Path rules and properties

The path rules can be extracted from the expression of S,
and JP*. From the element (—K),, in §;, we see that
either /,, [, are bonded or [, = I,;; otherwise (=K); , = 0.
So the path has to be a closed walk along the edges of the
network. From J?® for the flux from i to j, we see that if
the path contains equal numbers of i — jand j — i, the net

K)(koGp) - -

e; JeJT,, so A®™ can merge with terms in the expansion

of G":

v
T,/t

—'5‘ (tr GTA®)

k
= =5 (w(ilG"lj)ejief; — u(j|G7li)eijej;)

l\)lk‘

(tr(i|G*L) Ul = Kli) = we(jlGT[i) (il = K )))-

(F10)

Now, we use the expansion in Eq. (F7) and insert
its (n — D)th-order term into the first component in
Eq. (F10), which gives ktr(i|(1/ko)(koG§)[(k/ko)(—K)x
(koG3)" 1) (j| = K|i). If n—1 = 0, this term vanishes,
so we only need to consider the n — 1 > 1 case. Insert the
n — 1 resolution of the identity I = Z;V _1124)(l,], and plug
in kyGj) [Eq. (F3)]; we get

[ {0 (=K ) (koG 1) (il = Kli)

(F11)

contribution is zero. Either — = [ (so J*" « §; = S_, = 0)

or —l =1 is another path in the summation, and
Jpath + Jpath —0.

To calculate S_;, there is a convenient way, given that S;
is known. Based on the transformation below, S_; can
be obtained by taking the result of S; and then replacing a
by —a:

S
()"

= tr(Ra(—KS)i ~Ra(—KS)

J Jjh "'Ra(_Ks)ln_zi)T

- trR—a(_Ks)il,l,zR—a o <_Ks)lljR—a(_Ks)ji' (F14)

To interpret S, in a more heuristic way, we insert [ =
e,]eu + e, le 1 into the trace in Eq. (F12), where e;; |
denotes the un1t direction perpendicular to e;;. Because

(=Ky)jieijL = 0, the trace reduces to a matrix product

L= eZ}Ra(_Ks>'

’ln—Z

Ry (=K,)

s lljRa(_Ks) ji€

Ji%ij

(F15)

This expression can be interpreted as the following
sequence of operations: Starting from a unit displacement
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of i along e;;, j would be displaced according to the force
(=Kj);:eij» after which j is rotated by angle a; then, we
start from j and perform similar operations for (~K ), ; and
R,; finally, the transmission goes back to i. We project the
displacement onto e;;, and this value is S; [apart from the
prefactor (k/kg)"].

The paths can be pictorially represented by diagrams, from
which the flux J E’ath can be calculated easily. For instance, the
firstdiagram in Fig. 3(a) represents the path1 — 2 — 3 — 1.
To calculate S;, we write down (—Kj), , for each arrow
l, — 1y, R, foreach node /,; we then multiply these matrices
in the reverse order and calculate the trace, e.g.,
Sioz3e1 = (k/ko) R (=K) ;3Ra(—K ) 3pRa(=K )21
To get S_;, we take the result of S; and replace a by —a.

Jo

Finally, J 5’ “M can be calculated from the difference between S ]
and S_;.

A useful property of the diagrams can be seen from
Eq. (F12) and the form of (=Kj); in Eq. (F5). If a diagram
contains no loops (e.g., [, = [,) on a node, then the
diagram is equal to a simplified one where we remove
the node’s other neighbors that do not form arrows with
the node.

3. Flux of polygon diagrams

Here, we write down the flux formula for a polygon path
without loops. It is easier to work in local coordinates,
where each node has its own coordinate system. Note that
now the force F;; in the flux definition, Eq. (4), does not
necessarily equal —Fj; because these two vectors are
expressed under different coordinates or bases. However,
it can be proven that the expression for energy flux is still
given by Eq. (10), and diagrammatic techniques yield the
same result, Eq. (11).

For each node i in the path, we establish a local
coordinate such that the angle from i to i — 1 is z, and
the angle from i to i + 1 is ;. Then, the matrix (=K);,,;
reads

1
(=K,)ir1i=—¢€ir1i€l i = (O) (cosO; sind;).  (F16)

The trace in S; becomes

(F17)

1
= H(cos@i sinQi)Ra(()).

So the flux for this path without loops can be written

1 [ k\"
Jggtltylgon =5 <k_0> <H cos(0; —a) — H cos(6; + a)),

(F18)

4. Contribution from higher-order diagrams

In some situations, the contribution of polygon diagrams
vanishes, and higher-order paths involving loops become
dominant. Unlike the polygon paths, paths with loops are
affected by side chains.

One situation is when the polygon path itself vanishes.
In Fig. 8(a), the flux of the lowest-order path, square
[Fig. 8(b)], is zero, so the main contribution comes from the
path with length 5 [Fig. 8(b)]. Through the loop in this path,
the orientation of the side chain controls the flux direction
in the main square, without changing the geometry of the
main cycle [as seen in Fig. 1(b)].

Another situation is where two polygon diagrams cancel
each other, which happens in honeycomblike networks
away from the boundary [Fig. 9(a)]. With careful calcu-
lations, the fluxes for n; > 1 are not exactly zero; rather,
they appear as an exponential decay [Fig. 9(b)]. By
changing the geometric angle 6, the decay length varies
nonmonotonically and has a cusp at @ = « [Fig. 9(c)]. This
decay and its relationship with € can be explained by
considering the diagrams. While the hexagon path con-
stitutes the lowest-order diagram at the boundary, it
vanishes for n; > 1 due to cancellations. The first non-
vanishing pair of diagrams for n; = 1 is shown in Fig. 9(d),
in which the loop exploits the asymmetry between the bulk
side (with a vertical bond at the blue loop) and the boundary
side (with no vertical bonds at the red loop). For every
increment of one layer, the length of the paths increases by 4.
So, the flux at layer n; is on the order of k*“*3, which
exhibits an exponential decay e~(~1)/4  Through the
calculation of these paths, we get the decay length
d; = —1/log[4(k/ky)*(sin(0 + @) sin(@ — a))?]. From this

(a)

(o]
- T 0 -0-0 T —
| (o]
b= o0 4
(b) fo) Fo)
Jpath =0 Jpath 7& 0

FIG. 8. Higher-order diagrams in a tailed-square network.
(a) Direction of the flux can be controlled by the orientation
of the side chain. (b) From the diagrammatic approach, the flux of
the lowest-order diagram (square) vanishes, and the first non-
vanishing diagram is affected by the side chain.
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FIG.9. Decay of fluxes away from the boundary of honeycomb
networks, and explanation using the diagrammatic technique.
(a) Schematic of a honeycomb network that is periodic in the
x direction. Layers from the boundary are indexed as n;.
(b) Semilog plot of flux (J) at layer n;,. The flux starting from
layer n, = 1 shows exponential decay, with decay length d,.
Parameters used for numerical calculations are 6 = z/6,
k/ky = 0.01, a = n/4. (c) Decay length d;, which changes with
the network angle # nonmonotonically, and the curve, which has
acusp at @ = a = z/4. At small k/ kg, perturbation theory results
agree with numerical calculations. (d) The first nonvanishing
diagram pair for n; = 1 with length 7. The two diagrams do not
cancel because the loop in the bulk and that at the boundary have
different values.

result, we see that the cusp at @ = a in Fig. 9(c) is due to the
term sin(6 — «). In fact, at the special point @ = a, paths like
Fig. 9(d) vanish, and we need to consider even higher-
order paths.

5. Exact flux for 1D networks

We show below that the flux of the 1D network is exactly
zero. For simplicity, we align all sites on the x axis.

We first consider cases where only nearest-neighbor
connections are allowed. The 1D chain effectively has C2
symmetry (bond lengths are irrelevant for the dynamics), so
the flux should also obey C2 symmetry, which means that
the flux can only be zero.

Now, we consider more general cases, where bondings
between non-neighboring sites are allowed. In such cases,
the 1D system does not necessarily obey C2 symmetry, and
the symmetry argument above cannot be applied. However,
we can use the diagrammatic approach formulated in
Egs. (11) and (F12).

For an arbitrary diagram, we look at terms in the
expression S,

(=K, ==Y (%”) (m o), (F19)

Ly#lq

(F20)

A1
(=K )10, 1,21,) = —< 0b> </11h1a 0>,

where 4, ; = cos0, _,; equals I if the bond from /, to [,
lies in the +x direction, and it equals —1 if the bond lies in
the —x direction.

We plug (—Kj), ;, into the expression for S; and get

@ o) 1)
) o)

Terms from (—Kj), , can be similarly considered.
We see that S, is a product of terms like

(F22)

(A, O)Ra(ﬂléld) = A,1,41,1, €08 @, which is an even
function of a; thus, S_; = §;(—a) = S;(a). The flux for
path  vanishes, /%" o 37,(S, = S_;) = 0.

This equality holds for any diagram /, so the exact flux as
a sum over all the diagrams vanishes. The result is exact
beyond the small-k regime due to analytic continuation.
The brief message extracted from the derivation is that,
although the particles are allowed to move in 2D, the
“statistical” effect of the B field has to be projected onto
and transmitted through the bonds, but if all bonds are 1D
collinear, the projection does not distinguish B from —B;
thus, the effect of the B field is nullified.

APPENDIX G: GENERALIZATION
OF THE DIAGRAMMATIC APPROACH
TO A BROADER RANGE OF SYSTEMS

The system we started with is a class of 2D linearized
spring-mass networks, where each particle also experiences
a Lorentz force, a friction, and an OU colored noise. Here,
we show that the diagrammatic approach originally devel-
oped for this class of systems, can be generalized in its
embedding space and in the spectrum of its noise.

1. Generalization of 2D planar space

The 2D space can be generalized to a 2D curved surface
or 3D space.

For a 2D curved surface, we assume linearized dynam-
ics, where each site moves on its local tangent plane, and
the B field aligns with the normal at each site. The same
diagrammatic expansion as formulated in Eqgs. (11) and
(12) can be readily applied. The reason is that we adopted a
local coordinate system (Appendix F 3), which holds both
for the planar surface and for the curved surface. Curvature
can affect the relation between outer angles 6; and the
number of sides # in a polygon path. For instance, consider
a polygon with all 6; = z/2; then, Eq. (12) dictates
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path
Jpolygon

polygon is a rectangle (n = 4), J

x sin” @ — sin”(—a). On a planar surface, such a

ath
pa = 0, whereas for a

polygon
curved surface, such a polygon can be a spherical triangle
h .
(n = 3), Jooyeon & SIN° @ # 0.

For 3D space, we assume that the B field remains the
same as in the 2D planar case. The same diagrammatic
approach applies, but the expressions get modified by the
additional spatial dimension. We use local spherical coor-
dinates and denote the angle with the z axis as ¢. The
noninteracting part of the response matrix, Eq. (4), is
modified to

cosa —sina 0
3D—Z| il ®— sina cosa 0 (G1)
0 0 L
For a polygon path, the bond vectors read
(eir1i)ap = (=1 0 0)7, (G2)
(€iis1)3p = (singh;cosO; sing;sin@; cosg; ). (G3)

Plugging these modified expressions into S;, Eq. (F12),
we get the flux for 3D,

( path

J
[’(;,%7;_)3— < ) {Hcos ; — a)sin g;

— H COS<9,' + a) sin ¢l:| , (G4)

which effectively calculates a projection onto the xy plane.

2. Generalization of OU color noise

The OU colored noise can be generalize to any noise
with a spectrum (fj(w)ij(«')T) = 2yT ,h(@)15,, 4 o/t. The
procedure in deriving the diagrammatic expansion in
Appendix F 1 still applies, except now the noninteracting
part of G (w = —i/7) is replaced by G*(w) at the general
. As a result, the path rules remain unchanged, but the
mathematical expressions for the diagrams are modified.

We first define an auxiliary function J**(w),

J" (@) = —ktr GT (w)A™. (GS)

Following Appendix F 1,
expansion to J**(w) and get

we apply a diagrammatic

Jaux Zjdux pdth = Z(Sw*l — Sa},—l)v (G6)
1
k
Sw,l = kow {trRaw( -K )il,,,zRam
o (_I(v)leRar,,,(_Ks)ji}7 (G7)

where the symbols are defined as

koo = \/(kg + iwy — mw?)? — (wB)?, (G8)
cosa, —sina,
R = ( )@
sinq,  cosa,
cosa, = — (ky + iwy — mw?), (G10)
0.0
: |
sina,, = — iwB. (G11)
0.0

Note that the condensed parameters kg ,, a,, are complex, as
opposed to the real ky,a for the case with OU noise
[Eq. (13)].

For pOlngl’l paths with outer angles Gi’s, Sw,ﬂ:l
Si]llpliﬁCS to
cos(t;, + o, ),
w, £l ‘O,w i i w

which is formally similar to §; for the OU noise case
(Eq. (12)].

Based on the spectral expression, Eq. (7), the flux (J)
can be calculated in two ways. One way is to write J*7 (w)
in terms of J**(w),

= L (@) + (o))

JFT(a)) 1
T

(G13)
and then express (J) as an (J) =
[ doh(w)J*" (w).

Another way is to first integrate Eq. (7) using the residue
theorem and then express (J) in terms of J***(w) evaluated
at the poles,

integral,

h(w)J™ (w)].  (Gl4)

=-T zZResw o

APPENDIX H: SIMULATION PROTOCOL FOR
ACTIVE GYROSCOPIC SYSTEMS

The simulation is performed using LAMMPS [53] with the
MOLTEMPLATE toolkit [54] and custom code. We use a
Trotter splitting method [55,56] to simulate the under-
damped Langevin dynamics. The integrator combines the
integrator for colored noise [37] and that for Lorentz force
[57]. We did not simulate the commonly used overdamped
Langevin dynamics because some intricacy arises when the
system also experiences a Lorentz force [58]. Below, we
first define each step in the integrator and then present the
combined result.

The velocity-Verlet step U, is the integrator when both
the Lorentz force and the colored noise are absent. It is
defined as
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U,,(A1):v < v+ F(x)At/(2m) (H1)
X < x + vAt (H2)
v« v+ F(x)At/(2m), (H3)

where F(x) is the conservative force, including on-site and
interparticle potentials.
Writing the Lorentz force part as

0 B v,
i}:-( R /m)( )E—apv, (H4)
-B/m 0 vy
its integrator U, is a rotation of the velocity
Up(At):v « eAlyp, (HS)
Writing the colored noise part as
d (v v W
— =-A, + B, ¢ , (H6)
dt \n n €a
ro_1 0 0
Ny S S
its integrator Ugyp reads
v v 0
UOUP(At):< > « T(At)< > +S(At)< > (HB)
n n Ng

where N, is the standard Gaussian random variable, and

T(Af) = e24s, (H9)

S(ADS(AN)T = C, = T(ANC,T(ANT.  (H10)

Here, C,, is the solution of A,C, + CpAIT, = BPBIT,, and
S(At) can be solved as an upper-triangle matrix.
Combining these steps together, the integrator for one

time step At reads

At At

U(At) = Ugup (7> U, (7> U,, (AU,

At At
X X Uoup 5 )

where the order of operations is from right to left.

(H11)

APPENDIX I: RELATIONSHIP BETWEEN
SWIMMER'’S SPEED AND ENERGY FLUX

To understand the proportionality between V and (J),
we turn to the diagrammatic technique. Different from

previous cases, this path sum can be computed exactly, so
the result holds beyond the small-k regime.
First, we rewrite V as follows:

Vv
WS“LZ:<J§2>+<J§3>+<J§1>’ (I1)
where we have defined (J3;) = ((x; — x;)(v; + v;)). Note
that (J3;) is proportional to the energy flux via (J;;) =
kl]<‘llyj>/2’ where k]2 = k23 =k and k3] =0 (because
(J31) = 0, there is no energy flux from 3 to 1). We see
that both (J§,) and (J5;) are proportional to the flux (J)
apart from a factor k, so the remaining task is to find the
relationship between (J§,) and (J) or (J3,).

We use a diagrammatic technique with the modification
that the paths should contain only one 3 — 1 segment. This
modification is a consequence of the fact that particles 3
and 1 are not bonded. We now illustrate the correspondence
between the diagrams for (J4,) and for (J},). For each path
[ for (J%,), we can construct n paths for (J{,) by reversing /
and then replacing 1 — 3 by 1 - 2(— 2)" - 3, where
n=0,1,.... An example construction of paths is shown in
Fig. 10. For (J},), all of its paths can be constructed in this
way. As a result, there is a 1-to-n correspondence between
the paths for (J%,) and for (J{,), which leads to the
relationship

) =3 (2) ) (1)

ko n=0

k/ ko

::Tj;z:§%7%gj(—<1§0), (I3)

where kg =k, +m/ 72 (B, y = 0 for the passive part), and
the factor —2(k/k,) comes from the loop 2 — 2. Plugging
Eq. (I3) into the expression of V in Eq. (I1), we obtain the
proportionality

FIG. 10. An example of the (J§,) diagram (red) and the (J3,)
diagram (blue). Passive particles are boxed in gray, and the active
ones are boxed in red.
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VS _ kO <J>
Ta/24L>  k k/2° )

which is Eq. (15) in the main text. Since we have
considered all of the diagrams, this result can be analyti-
cally continued to arbitrarily large k.

From this diagrammatic technique, we also see that the
proportionality constant is independent of the geometry of
the active part of the network because the paths through the
active part for (J§,) and for (J{,) are identical.
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