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Geometrical methods are extensively applied to thermodynamics, including stochastic thermodynamics. In the
case of a slow-driving linear response regime, a geometrical framework, known as thermodynamic geometry, is
established. The key to this framework is the thermodynamic length characterized by a metric tensor defined
in the space of controlling variables. As the metric tensor is given in terms of the equilibrium time-correlation
functions of the thermodynamic forces, it contains the information on timescales, which may be useful for
analyzing the performance of heat engines. In this paper, we show that the metric tensor for underdamped
Langevin dynamics can be decomposed in terms of the relaxation times of a system itself, which govern the
timescales of the equilibrium time-correlation functions of the thermodynamic forces. As an application of the
decomposition of the metric tensor, we demonstrate that it is possible to achieve Carnot efficiency at finite power
by taking the vanishing limit of relaxation times without breaking trade-off relations between efficiency and
power of heat engines in terms of thermodynamic geometry.
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I. INTRODUCTION

Geometrical methods have been widely introduced into
thermodynamics [1-8]. They include stochastic thermo-
dynamics, which has developed as thermodynamics for
fluctuating systems [9-12]. As one of the most important
findings, entropy production, or dissipation availability as the
irreversible energy loss for finite-time thermodynamic pro-
cesses, is known to be bounded by geometric quantities [7,8].
Among others, for the slow-driving linear response regime in
which the system’s relaxation time is much shorter than the
duration of the driving process, the thermodynamic length in
thermodynamic geometry serves as such a geometrical quan-
tity, and describes the distance between points in the space
of control parameters [5-8,11,13]. Thermodynamic length is
characterized by a metric tensor defined by the equilibrium
time-correlation functions of the thermodynamic forces [13]
and also works as the coefficients of the linear response
relations between the control variables and their conjugate
thermodynamic forces [14,15]. Thermodynamic geometry has
been successfully applied to the optimization of various ther-
modynamic processes [14-25].

Another closely related geometric approach is based on
optimal transport theory [26]. In this approach, entropy pro-
duction is bounded by Wasserstein distance defined in terms
of the optimal cost for transporting a probability distribution
from an initial distribution to a final one [27-32]. See, for
example, Refs. [33-37] for other interesting applications. Re-
markably, for overdamped Langevin dynamics, it is shown
that optimal transport geometry has a close relationship with
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thermodynamic geometry even beyond the linear response
regime [38,39], sharing identical geodesics and distances [39].

Though some theories connected to optimal transport are
applied in optimizations [33,34,40], such theories in under-
damped dynamics may not be as simple as in overdamped
cases [41,42]. Thus, the thermodynamic length in thermo-
dynamic geometry serves as an efficient tool in optimizing
thermodynamic systems, including heat engines as an impor-
tant example [14,15,21-24].

The achievement of Carnot efficiency is usually unrealistic
due to the infinitely long operation time to make all the pro-
cesses quasistatic [43—45], and the infinitely long operation
time obviously leads to vanishing power, making the heat
engine impractical. The amount of performance decrease we
should tolerate was a key question in finite-time thermody-
namics [45], and was recently quantified as trade-off relations
between efficiency and power of heat engines [14,35,46—49].
In particular, in the slow-driving linear response regime, the
thermodynamic length, with the metric tensor, plays an im-
portant role in the trade-off relation [14].

Meanwhile, it was pointed out recently that the vanish-
ing limit of relaxation times of a system could lead to the
compatibility of Carnot efficiency and finite power without
breaking the trade-off relation [50-52]. Because the metric
tensor includes the relaxation timescales of the equilibrium
time-correlation functions [13,24,53], it may be useful for the
analysis of the performance of heat engines as the relaxation
times significantly affect their efficiency and power. Further-
more, it is expected that the compatibility of Carnot efficiency
and finite power may be explained in terms of the property of
the metric tensor in the slow-driving linear response regime.

In this paper, we explore the detailed structure of the metric
tensor in the framework of stochastic thermodynamics and
apply it to the problem of compatibility of Carnot efficiency

©2025 American Physical Society
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and finite power in stochastic heat engines. As the relax-
ation dynamics of the correlation between thermodynamic
forces fundamentally reflect the dynamics of a system obeying
Langevin equations, it is natural that the metric tensor is
decomposed in terms of the relaxation times of the system,
such as those of position and momentum. We demonstrate
this decomposition analytically for a harmonic potential and
numerically for scale-invariant potentials using Langevin dy-
namics. As an application of the decomposition of the metric
tensor, we show that the compatibility of Carnot efficiency and
finite power is achieved in the vanishing limit of relaxation
times, by analyzing the dissipated availability with the aid of
the decomposition of the metric tensor. Furthermore, it will be
shown that the compatibility is consistent with the trade-off
relations between efficiency and power.

The organization of the paper is as follows. We first give an
introduction to the metric tensor in thermodynamic geometry
in Sec. II. Then, we demonstrate the decomposition of the
metric tensor according to different relaxation timescales in
Sec. III. As an application of the decomposition of the metric
tensor, we show the compatibility of Carnot efficiency and
finite power and its consistency with the trade-off relation
between efficiency and power in Sec. IV. Finally, we give
concluding remarks in Sec. V.

II. METRIC TENSOR IN THERMODYNAMIC GEOMETRY

Let us consider the dynamics of a Brownian particle de-
scribed by the following underdamped Langevin equations for
position x and momentum p:

i=2 (1)
m
vk
pz—a———p+§(t)- (2)
X m

Here, the dot denotes the time derivative. m, &, and V =
V(x, A?) denote the mass of the particle, friction coefficient,
and a potential function with A’ (i=1,2,---, M) being M
time-dependent parameters as “mechanical” control variables,
respectively. ¢(¢) is the Gaussian white noise satisfying the
fluctuation-dissipation relation [54-56]:

(€®) =0, (¢®))) =28ksT ()5t —1"), ()

where the bracket (---) denotes the ensemble average, T (t)
is the time-dependent temperature of the heat reservoir as a
“thermal” control variable, and kg is the Boltzmann constant.
We collectively write all control variables as A* = (T, A').
The Brownian particle may be regarded as the working sub-
stance of a heat engine if temperature T and parameters A’ in
the potential V' are changed periodically.

Following the framework in Refs. [13,14,24], we can de-
rive the linear response relations between the conjugated
thermodynamic forces X,, and the changing rates of control
variables A%:

<5X//.>E(Xy.> - XV. = _g;wAv, 4)

where X, = (X,)¢q 1S the quasistatic value of X, with (- - - )¢q
denoting the ensemble average at equilibrium, and 86X, =
X, — X, is the fluctuation of X,,. The thermodynamic force

X; conjugated to A’ is given by

oH
A
as a generalized force, where H = p>/(2m)+V is the

system’s Hamiltonian. Meanwhile, X7 conjugated to T is
given by

X = - 5)

Xr = —kglnp (©6)

as a stochastic entropy, where p = p(x, p) is the distribution
of the system. The linear response coefficients g,,, are given
by the equilibrium time-correlation functions of the thermo-
dynamic forces [13]:

1 +00
g = kB_T/(; ds(SXu(s)(SXV(O))eq. @)

An operator solution for the time evolution of a function
¢(s) can be given as [24]:

B (s) = "7 p(0), ®)
where
P _pd Vo & b 2
L T 9
= axap mpap kg Py ©

is the adjoint Fokker-Planck operator corresponding to the
Langevin equations (1) and (2) [54,55]. With this operator
solution, we can find another expression for §Xr (s):

8Xr(s) = 58X (0)

eﬁ;ps( —kgln peq + kB(ln peq>eq)
_ gﬂéps<_H ©_F_ 5>

T T
— £;95 iO) _ Zi
= ¢ T T
_ H() U
= — ?, (10)

if the system is initialized with the equilibrium distribution:

1
Peq zexp{—kB—T(H—f)}, (11)

where F =U — TS is the Helmholtz free energy with U =
(H)eq and S = —kg(In peq)eq being the equilibrium internal
energy and the equilibrium entropy, respectively.

It is also worth noting that the fluctuations of thermody-
namic forces are given by

0 1n peq
dAH
if we initialize the system as the equilibrium state [24].
In the slow-driving linear response regime, the dissipated

availability A4 for a process starting at time ¢ = #; and ending
at time t = #; is given in a geometrical way in terms of g,

8X,(0) = kgT . (12)

I .o
.AEf guAFAdr. (13)
ti

As a result of the second law of thermodynamics, we have
A > 0, requiring the positive semidefiniteness of g,,,.
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There is a relation between dissipated availability A and
entropy production rate ¢

t
A= // Tédt, (14)
t;

where 6 = § — J/T with § = (X7) and J being the entropy
and the heat flux, respectively. To derive Eq. (14), we start
from the first law of thermodynamics:

EU_D =J — (Xi)A', 15)

where the changing rate of internal energy d (H)/dt is equated
with the heat flux J minus the instantaneous power (X;)A'.
Based on Eq. (15), we have [14]

. d
—(X)A"=To + E((lﬂ —T58). (16)
Combined with Eq. (10), Eq. (16) becomes
. L Cd
X, A"+ g APAY =To + E(U =T8), a7

by applying the linear response relation [Eq. (4)]. Due to the
factthat dF =d(U — TS) = —X,d A", we finally have

T6 = guA"A”, (18)

and Eq. (14) combined with the definition of dissipated avail-
ability in Eq. (13).

By applying the Cauchy-Schwarz inequality to Eq. (13),
we can find the lower bound of A for a given process as

LZ
= ’
tp— 1y

19)

where

I A—
ﬁz/ v g AR AVdL (20)
t; .

is the thermodynamic length of the trajectory corresponding
to the process in A* space with g,,, serving as a metric tensor.

For later use, we also introduce the overdamped Langevin
equation as

. 1oV 1 . 21

X = €3x+$§()’ 21
which can be derived from the underdamped Langevin equa-
tions (1) and (2) by assuming timescale separation 7,/7, < 1
with 7, and 7, being the relaxation times of momentum and
position of the particle, respectively. While the definition of
g 1n this overdamped description is essentially the same as
the underdamped one in Eq. (7), the Hamiltonian is replaced
by H =V and the equilibrium distribution p.q in Eq. (11)
accordingly. Moreover, the adjoint Fokker-Planck operator in
Eq. (9) should also be replaced as

10V 0o
T
b= G =g

kT 32

o (22)

III. DECOMPOSITION OF METRIC TENSOR

The metric tensor [Eq. (7)] can be decomposed into the
Hadamard product of the relaxation time matrix t,, and the
Fisher information matrix /,,, [13,24]:

8y = kBTT;/,v © Ip,v, (23)

9 1n o, d1n pe
Ly = Pea Pea)) . (24)
IAK on ),

The Hadamard product results in a matrix where each element
is the product of the corresponding element in the original
matrices, and there is no dependence on timescales for /.
Here, each element of 7, gives the correlation time between
thermodynamic forces §X,, and §X, [13]. This decomposition
naturally comes from the definition [Eq. (7)] with 6X,(s) =

e‘C;PS(SXH (0), where the relaxation time of the correlation ap-
pears from the integration of the time-correlation function,
and the time-correlation functions at s = O take the form of
the Fisher information when considering Eq. (12). As mul-
tiple timescales, the relaxation times of momentum t, and
position t,, appear in the Langevin system [Eqs. (1) and (2)],
it is natural to consider that each component of 7,, may be
decomposed in terms of 7, and t,, which is demonstrated in
the following subsections.

A. Case of harmonic potential

Due to the linearity of Langevin equations (1) and (2)
[16,21], and as the distribution remains Gaussian when
initialized as the equilibrium one [21], it is relatively
easy to calculate the metric tensor g,, for a harmonic
potential V (x, k) = kx?/2. The position and momentum re-
laxation times 7, and 7, in this case read

§

ra (25)
mn
3

T, =

T,=—. (26)

For the control variables A" = (T, k), g,, is given by
[15,16,21]

mky kg _mkp __ kg
81T 8Tk ET axT 2tk 4>
8uv = =
_ mkp & mkgT EkgT
Sk 8kk /), BT A Toas ),
(27)

Because the Fisher information in Eq. (24) is given by

1 S
T? 2Tk
Ly = , (28)
_ 1 1
2Tk 22

the relaxation time matrix t,,, is written as

o3

& &
+ i %-ﬁ-ﬂ
fur = ¢ e |
+ 57 %—Fﬁ

T+ zlttx Tt %Tx

i, + 1t

2t T ol
(29)

in terms of the linear combination of 7, and z,,. The metric ten-

sor g, in Eq. (27) is positive definite, which can be checked

1
Tp + ETX

o3
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from the positivity of its principal submatrices (gr7 > 0 and
det(g,,) = mkg /(16k>) > 0). It is easy to find that the posi-
tive definite g,,, is decomposed into two positive semidefinite
parts:

gllV = gfw + g);(w’ (30)
where
ke _ks
T 2k
g, =1 (31)
ks keT

2% 4Kz v

is proportional to the momentum relaxation time 7, and

ke _ks
ar 4k

&0 =T (32)
kg kgT

4k 4Kz Hv

is proportional to the position relaxation time t,.

Here, we find that g/, and 8.y respectively, are degenerate
and have zero-eigenvalue. The eigenvector (7', 2k) subject to
the zero-eigenvalue of gﬁ,, defines the direction of the under-
damped adiabatic process of the Langevin system [Egs. (1)
and (2)] [15]; we obtain the adiabatic curve T? /k = const. by
solving T' /k = dT /dk = T /(2k). Meanwhile, the eigenvector
(T, k) for g),,, defines the direction of the adiabatic process of
the overdamped Langevin system [Eq. (21)] [24]; we obtain
the adiabatic curve T /k = const. by solving T /k = dT /dk =
T /k. Here, the term “adiabatic” means dS = 0 for the qua-
sistatic entropy S.

Furthermore, g}, in Eq. (32) is equal to the metric tensor
gj’fv for the overdamped dynamics [Eq. (21)] for the harmonic
potential [24]. This is consistent with the fact that Eq. (21)
is obtained in the overdamped limit 7,/7, <« 1 and from the
explicit form of Eqs. (30)—(32). In fact, two properties, g, —
gj’fv in the sufficiently large £ limit and gzdv X Ty, can be shown
apart from the harmonic potential case (see Appendixes A and
B, respectively).

B. Case of scale-invariant potentials

Inspired by the case of the harmonic potential, we conjec-
ture that the metric tensor for other potential functions is also
decomposed in the same form in terms of the relaxation times
7, and T, as

uv = gfw + gfw, (33)

where
gy X Tp, (34)
gfw X Ty (35)

However, due to the nonlinear term dV/dx in Eq. (2), it is hard
to directly calculate the metric tensor and decompose it. Here,
we provide simulation results to show numerical evidence to
support our conjecture.

We consider the metric tensor for the following scale-
invariant potentials:

k x2n

V =
2n (n

2 1), (36)

and control variables A* = (T, k) as examples. By di-
mensional analysis, we can identify the position relaxation
timescale 7, as

n—1

7, = £k r (kgT) ™", 37)

while 7, is the same as the case of the harmonic potential
in Eq. (26). It should be noted that the mass m should not
appear in the position relaxation timescale, which is related
to the mass-independent overdamped Langevin dynamics
[Eq. 2D)].

We nondimensionalize the equations for the numerical
simulations. 7 and k can be nondimensionalized by setting
aunit 7 as 7, and a unit k as k,:

T=1"T, (38)

k=k k. (39)

Then, we nondimensionalize other quantities as

%= (keT,) ¥ kP x, (40)
= (mkpT,)"*p, 41)

F=m kP (keT,) 5 1, 42)
E=m ik " (keT,) 5 €, 43)
V = (kgT,)"'V, (44)

D) = ke ¥ (ks T)~ 5 £ (1), (45)

where (Z(t)) = 0 and (£ ()¢ (f')) = 2ET8(7 — 1'). The dimen-
sionless underdamped Langevin equations read

dx =
dp WV o
TS T ar hti), (47)

Also, the dimensionless overdamped Langevin equation reads

X 1V L (48)
i~ Eax E 7
The dimensionless metric tensor is also given by

ntl 3n—1

_1 Lo
grr =m 2kl kg > T, ™ grr, (49)
_ T RS R
gri=m ik, kg " T.” gy, (50
~ T RS R
Gir =mTrik” kg T girs (51
. g dmdl el _nl
S =m 2k, kg 7 T, ™ gk (52)

With this, the expected form of the metric tensor is

A,y -
gp,v = gfw + gfw = % + b;wgv (53)

if the decomposition in Egs. (33)—(35) is feasible. Meanwhile,
for the metric tensor g‘/’f‘v in the overdamped dynamics, the
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FIG. 1. £ dependence of the dimensionless metric tensor Buv at (T, k) = (1, 1) for the scale-invariant potential V = kx*/4. Simulation
results (dots) were fitted by the functions ¢,,, = a,,/& + b,,,& (solid curves) by using the least square method.

expected form should be

~od z

g”,v = Cp.vé (54)

in the dimensionless version.

We performed the numerical simulation in the following
way. For a given set of (T, k), we first prepared a large
number of samples (%, p) from the equilibrium distribu-
tion by using the accept-reject sampling method [57]. Then,
we simulated each (%, p) according to the Langevin equa-
tions (46) and (47) or Eq. (48) with a long enough simulation
time 7, and small enough time step df. With these (%, p),
we calculated the fluctuations of thermodynamic forces and
the time-correlation functions at each time by taking ensemble
averages. Finally, we obtained g,, by numerical integration
of the time-correlation functions. We used 4 x 10° samples
for the initial equilibrium distribution, and performed the nu-
merical simulations using the Euler-Maruyama method with
f; = 100 and d7 = 0.01. Figure 1 shows the simulation results
of g,, as a function of & for the scale-invariant potential
V =kx*/4 (n = 2) with (T, k) = (1, 1). We find that g, is
well fitted by ¢, = a,w/é + b/wg‘ with a,, and b,, being
the coefficients, where a,, ~ a,, and b, >~ b,, [58]. Thus,
we have confirmed Eq. (53). We also find the degenerating
behavior of a,,, which suggests the degeneracy of g/, as
similar to the case of the harmonic potential.

Meanwhile, Fig. 2 shows g‘;f‘v calculated using the over-
damped Langevin dynamics in Eq. (48), which is well fitted
by %% = ¢, with ¢, being the coefficients with ¢, ~ ¢y
We also find the degenerating behavior of c,,, which was

shown in Ref. [24] for the scale-invariant potentials. In the
sufficiently large £ regime, we can also find by > cyy, imply-
ing g, ~g,, =~ g‘;{iv in the overdamped limit as expected (see
also Appendix A). We also checked that the same behaviors
appear for the case of V = kx°/6 (n = 3) (data not shown).

Together with the timescales identified in Eqgs. (26) and
(37), these findings give numerical evidence that the decom-
position in Egs. (33)-(35) is feasible for the scale-invariant
potentials.

IV. COMPATIBILITY OF CARNOT EFFICIENCY
AND FINITE POWER

As an application of the decomposition of the metric tensor
in Sec. III, we consider the compatibility between Carnot
efficiency and finite power [50-52], where the efficiency n of
a heat engine is defined by

w
n=_—— (55)
Qin
with Q;, and W being heat intake and work output, respec-

tively.

Such compatibility may usually be forbidden by the trade-
off relations between efficiency and power [14,35,46—49].
However, it is pointed out that compatibility can be achieved
under the vanishing limit of relaxation timescales [50-52].
The decomposition of the metric tensor in Sec. III implies that
the thermodynamic length, as well as the dissipated availabil-
ity, may be vanishing under such limit, leading to zero energy
loss with finite power.

1 - 0 0 1 .
699-(€) = 0.053333¢ 62(€) = 0.053333¢
« Numerical simulations « Numerical simulations
=&~ o =153 =1
& & Sy ISy
694(€) = —0.053333¢ o9(€) = —0.053333¢€
« Numerical simulations « Numerical simulations
0 -1 -1 0
0 5. 10 0 5 10 0 5 10 0 5 10
£ ¢ § £

FIG. 2. £ dependence of the dimensionless overdamped g;dv at (T', k) = (1, 1) for the scale-invariant potential V = kx*/4. Simulation
results (dots) were fitted by the functions ¢Z‘\l) = ¢,,€ (solid curves) by using the least square method.
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In particular, in the slow-driving linear response regime
[Eq. (4)], the trade-off relation between effective efficiency ¢
and power W/t.y for a heat engine operating with cycle time
feye holds [14,49]. Here, the effective efficiency

w
T (56)

&

characterizes the ratio between the work output of the heat
engine

leye .
w E/ (X;)A'dt &)
0
and the net heat intake [14,15,21,49]
tcyc .
U= —f (X7)Tdt. (58)
0

By defining the quasistatic work

W= f XdA', (59)
and noting
A
~1—-— 60
¢ W (60)

in the slow-driving linear response regime, we obtain the
following trade-off relation between effective efficiency ¢ and
power W /tey. [14,49]:

w wW\?

Because of n/nc < €, Eq. (61) can also be considered the
trade-off relation between efficiency n and power W /t.y. [14].

The trade-off relation [Eq. (61)] forbids the compatibility
of Carnot efficiency and finite power in usual cases. However,
cases with £ — 0 are exceptions. This is easy to under-
stand, as the vanishment of the thermodynamic length implies
the vanishment of dissipated availability from Eq. (13).
By considering the decomposition of the metric tensor in
Egs. (33)—(35), it is expected that the vanishing limit of re-
laxation times realizes such cases.

We demonstrate this consideration by constructing a
Carnot cycle of a Brownian particle in a harmonic potential
V = kx?/2, of which the metric tensor is given by Eq. (27)
[15,16,21]. We construct the Carnot cycle as follows (Fig. 3):

(1) Isothermal process from A(Ty, ko) to B(Tp, c1ko):

T(t) =T,
k() = (¢ — Dkot /t; + ko. (62)

FIG. 3. The Carnot cycle with (1) isothermal process; (2) adia-
batic process; (3) isothermal process; and (4) adiabatic process in T -k

space, where a Brownian particle in a controllable harmonic potential
V = kx?/2 is used as a working substance.

(2) Adiabatic expansion process from B(Ty, ciky) to
C(cy 1o, clcgko):

T(t) = (c; — DTot/ts + Ty,

k(t) = crkolT 1)/ To ). (63)
(3) Isothermal process from C(c,Tp, clcgko) to
D(c2 Ty, c3ko):
T(t) = 7o,
k(t) = c3(1 — ¢1)kot /t; + c1c3ko. (64)

(4) Adiabatic compression process from D(c,7p, c%ko) to
A(To, ko):

T@t)= (1 —c2)Tot/t4 + c2To,
k(t) = kolT (t)/To]*. (65)

Here, ¢y > 1 and ¢, > 1 are two constants and #; (i =
1,2,3,4) is the duration of each process. It is obvious
that toye =t + 1t + 13 + 14, T, = To, T, = T, and the cor-
responding Carnot efficiency is given by

¢ — 1
ne = ——. (66)
[

It should be noted that the aforementioned conditions ¢; > 1
and ¢, > 1 imply that the points A, B, C, and D in the T-k
space in Fig. 3 are distinguishable.

Now, we turn to the dissipated availability. Due to
Eq. (13) and the proposed decomposition of the metric tensor
[Egs. (33)—(35)], it is possible to achieve the vanishment of
the dissipated availability with finite operation time by taking
the vanishing limit of relaxation times. In fact, the dissipated
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availability A for the cycle in Egs. (62)—(65) is given by

4 t‘ . .
A= Z/ guA" A dt = A, + A, (67)
i=1 70
ksTo(ci — 1) kpToler — 1)%ca
= , 68
Ap Tpl: 4t1€1 41‘36‘1 ( )
|:kBTO(Cl — DX+ 1) kgTo(ca — D2+ 1)
A, =1, + 5
4t1cq 81‘26‘16‘2
ksTo(cr — D*(cr + Dea  kgTo(cr — 1)*(c2 + 1)
+ 5 + 3 ,
4t3C1 8l4C2

(69)

which is decomposed according to the momentum relaxation
time 7, and position relaxation time ,:

r,,:?, = (70)

The decomposition of the dissipated availability according to
the relaxation times in Eq. (67) results from the decomposition
in Eqgs. (33)—(35) for the metric tensor. If we take an appropri-
ate vanishing limit r, — 0 and 7, — 0, we have 4 — 0, thus
achieving n — nc with finite operation time #.y..

To realize this scenario, we need to specify the way of
taking the simultaneous vanishing relaxation times 7, — 0
and t, — 0, as it may significantly affect the underlying dy-
namics. Here, we adopt the following vanishing limit of the
relaxation times:

m 0,
rngz?—>0(e—>+oo), (71)
0,
=2 =% 0o o0, (72)
ko €

respectively, where 6, and 6, are two positive finite constants
and € is a dimensionless parameter. This vanishing limit im-
plies m ~ ¢~ and ko ~ € with the ratio being kept finite as
T,/T, = 6,/6,.

The efficiency n and power W /1., for the cycle [Egs. (62)—
(65)] under the vanishing limit [Eqgs. (71) and (72)] are given
by (see Appendix C for the derivation)

n=nc-— Z, (73)
€
w w
=22 (74)
tcyc tcyc €

where the quasistatic work W in Eq. (59) is given by [15,21]

kBT kBTO(C2 — 1)111 C1
=—p 2 gk=202 T 75
W f 2k 2 (75)

and « and y are positive finite constants as
kB T()6‘2 In C1
2teye

_ 6 1y,
V= 2crIncy C% (515 171
S Tk b o AP
C Cl—
42‘16‘211’16‘1 Cq ! 19x

Oy e — 1Y 20y
1+2 — ). (77
+ 42‘30% In ¢y ( C1 ) (CI titia 0, 7

In the vanishing limit of the relaxation times 7, and 7,
(e — 00), we find that the efficiency approaches the Carnot
efficiency nc [Eq. (73)], while the power remains the finite
value W/tye [Eq. (74)]. Thus, the compatibility of Carnot
efficiency and finite power under the vanishing limit of the
relaxation times [Eqs. (71) and (72)] has been achieved.

We show that this compatibility is consistent with the trade-
off relation [Eq. (61)] by estimating the ratio between the left-
and right-hand sides of Eq. (61) in the vanishing limit of the
relaxation times. Combined with the definition of effective
efficiency [Eq. (60)], the trade-off relation [Eq. (61)] becomes

ﬂ g AW?
feye L?

o , (76)

(78)

of which both the left- and right-hand sides are constants.
For the protocol we adopted in Egs. (62)-(65), we choose
ci=c;=10and t; =t, =t3 =14, and 91, =6, = 6. Then,
we can numerically evaluate the thermodynamic length £ in
Eq. (20) as

4 L
i . 0
L= Z/O JeuwArAdr ~ 5.900\//«3%\/; (79)
i=1

The numerical result of the dissipated availability [Eq. (13)]
in this protocol is also estimated as

272.201 0

Ax ko (80)

leye

Thus, the ratio between the left- and right-hand sides of
Eq. (78) is given by

Atcyc
L2

using Egs. (79) and (80). Note that this is not such a tight
bound, as the protocol we chose for the Carnot cycle is not the
geodesic in T — k space.

Finally, we support the compatibility of Carnot efficiency
and finite power by showing its consistency with the trade-off
relation between efficiency and power that applies to gen-
eral Markov heat engines beyond the linear response regime
[12,46]:

~ 7.820, 8D

w
— < xTen(ne — ). (82)

cyc
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Here, x is a positive factor depending on the system. Again,
it may still be possible for the power to remain finite even
n — nc, if x diverges with a proper rate at the same time. In
fact, it was pointed out that the vanishing limit of relaxation
times of a system can lead to the divergence of yx, realizing the
compatibility of Carnot efficiency and finite power [50-52].

The x factor in the present case is given by (see
Appendix C for the derivation)

X = we — U, (83)
where w and ¥ are positive finite constants:
c3kp(ta + 313 + 14)

w= , (34)
3teyelp
kg Inc
p=2"" (85)
2leye

It is obvious that x diverges in the limit of ¢ — oo [Egs. (71)
and (72)]. Due to this divergence, even when n approaches
ne, xTon(nc — n), which corresponds to the right-hand side
of the trade-off relation [Eq. (82)], remains finite as

yTo 19)/
xTon(nc —n) = wyncly — (wy + ﬁnc)— + —

— wyncT, (86)

showing that the compatibility of Carnot efficiency and finite
power is possible without breaking the trade-off relation. It
is also worth noting that the right-hand side x Ton(nc — 1) in
Eq. (82) may give a loose bound for the power. In fact, we
find that Eq. (86) is about 30 times larger than W/f.,. for the
same parameters we chose to estimate the ratio between the
left- and right-hand sides of the trade-off relation [Eq. (78)].

V. CONCLUDING REMARKS

In this work, we showed the decomposition of the met-
ric tensor, which is a key element to quantify the dissipated
availability in the geometrical framework of thermodynamics
[13,14,24,49], in terms of the relaxation times characterizing
underdamped Langevin dynamics. This decomposition was
demonstrated by the analytically tractable harmonic potential
and the scale-invariant potentials by numerical simulations.
Moreover, we applied the decomposition of the metric tensor
to show the compatibility of Carnot efficiency and finite power
[50-52]. We took the Carnot cycle using the Brownian parti-
cle in the harmonic potential as an example. We found that
the dissipated availability in one cycle can be decomposed

J

+00
grr = T Jo ds(6Xr(5)8X7(0))eq
L [T [P (PP)eq
= kB_T A ﬁ<|: om + V(x(s)) — m

according to the relaxation times due to the decomposition
of the metric tensor. The vanishing limit of the relaxation
times resulted in the vanishment of the dissipated availability
with finite cycle time and thus the compatibility of Carnot
efficiency and finite power. We also showed that this com-
patibility is consistent with the trade-off relations between
efficiency and power.

There remain some future tasks. A fully theoretical anal-
ysis of the dependence of the metric tensor on relaxation
times is necessary to support the decomposition for general
potentials. As the different relaxation timescales are shown
to be proportional to different orders of friction coefficient
by dimensional analysis, the decomposition is expected to be
confirmed if the dependence on friction coefficient is theoret-
ically obtained for the metric tensor.

As we noted in Sec. 1, a close relationship between ther-
modynamic geometry and optimal transport geometry exists
for overdamped dynamics [38,39]. A relationship between
the two geometries for underdamped dynamics needs further
research. Related to this, it is noteworthy that a trade-off rela-
tion between efficiency and power using Wasserstein distance
and dynamical activity has recently been formulated [35],
where the reciprocal of the dynamical activity gives the typical
timescale of a system.

Last, though we have theoretically shown that the vanish-
ing limit of the relaxation times leads to the compatibility of
Carnot efficiency and finite power, we expect that actual ex-
periments such as in Refs. [59,60] to verify the compatibility,
in which the relaxation times of a system are systematically
controlled, will be conducted in the near future.
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APPENDIX A: METRIC TENSOR IN OVERDAMPED LIMIT

Here, we formally show g,, — g‘l’LdU in the overdamped
limit from the definition in Eq. (7) of the metric tensor using
the equilibrium time-correlation function. For the sufficiently
large & limit assuring 7,/7, < 1, the Langevin system [Eqs.
(1) and (2)] naturally becomes the overdamped one [Eq. (21)]
as the inertia p is negligible [54,55,61]. Meanwhile, the metric
tensor will approach the overdamped one. For example, for
u =v =T, we have

2m

P*(0) (P)eq
- <V>eq][ + V( (O)) W - <V>eqj|>equ

1 +00 1 2 2 .
1 <[ () (PPleg Mp( ) V0 — <2’Lq B <V)eq}> s
eq

“ kT ), T2
1 +00

ks T

2m 2m 2

ﬁ<[V(X(S)) - <V>eq]|: o

P 0)

(P*)eq

)

034113-8



DECOMPOSITION OF METRIC TENSORIN ...

PHYSICAL REVIEW E 111, 034113 (2025)

o b oo i<[p2(0) _ <p2>eq][p2(0)
"~ kgT Jo T?

2
+V(x(0)) — Plea _ (v>eq]> exp (—2—§s>ds
eq

2m 2m 2m m o
1 +00
+kB—T ; ﬁ([V(x(s))—(V)eq][V(x(O))—(V)eq])equ
_m LITPO _ (Pea][ PO (P)eq
_ET_<[ 2m " 2m M 2m ”(’C(‘)”‘W‘W*‘*Deq
L[l 4 Vegl[V (x(0 1% d
Tt ) 72V EE) = (VllV @0 = {V)egleqds
1 400
:kB_T 0 ﬁ([v(-x(s))_<V>eq][V(X(0))—(V)eq]>equ=g(7)~dT, (Al)

where we used Eq. (10) in the second line. In this approxima-
tion, rapid damping of p*(s) in the overdamped dynamics is
the key [54,55,61]. This damping can be characterized by
2 2 2 0 2 2
p(s) _ (P )eq ~ <P ( )_ (p )eq)exp<__éfs>’ (A2)
m

2m 2m 2m 2m

which is applied in the fifth line of Eq. (Al). To derive
Eq. (A2), we start from Eq. (8). By substituting ¢(s) as
(p*(s) — p*(0))/(2m) and taking the partial derivative of s in
both sides, we have

3 [@ B <p2>eq} _ [pz(w B <p2>eq} A3

as| 2m 2m Pl om 2m

We can decompose L]

Ll =Ll + L1, (A4)
in terms of a reversible part £,
= Bi — B_Vi (A5)
® " mox dxap’
and an irreversible part
& 0 02
=—="p— kgT — A6
. p op +&kp T (A6)
In the sufficiently large & regime, we have
Ll ~ L] (A7)
Combined with
) Pe) P _%[P6) P A8)
2m 2m m| 2m 2m
where ( pz)eq = mkgT, Eq. (A3) becomes
i pZ(s) _ (pz)eq ~ _§ PZ(S) _ <p2>eq . (A9)
as| 2m 2m m| 2m 2m
Equation (A2) can be obtained by solving Eq. (A9).
Moreover, we also apply
2 2
p~0)  (p7)
[V(x(s) = (V)eg]| =— — =—2|) =0, (Al0)
2m 2m [

in the sixth line of Eq. (A1), as V(x(s)) does not depend on
p(0) in overdamped dynamics.

(

Such analysis can also be applied for other components,
which shows that the metric tensor approaches the over-
damped one in the sufficiently large & limit.

APPENDIX B: PROPORTIONALITY OF RELAXATION
TIME IN METRIC TENSOR FOR OVERDAMPED
DYNAMICS

We show gj’f'u « 1, for general potentials. To this end, we
consider its dependence on § as
agn, 1
0t kgT
1
"~ ksT J,
1

+00 . .
= — kBTé /0 ds<[SgI;PegFP58XM (0)]8Xv (0))eq

+00 a
/O ds g XX, 0

+ood<[a ies 5X o]ax 0>
s %e M( ) v( )

€q

1 T d
= _kBTE /0 sa(cSX,L(sﬁXU(O))equ
1
ksT&
£
where we applied Eq. (8) and the adjoint Fokker-Planck op-

erator g;p for the overdamped dynamics in Eq. (22) to obtain
8X,,(s). Following derivatives,

+00
f ds(6X, ()X, (0)),,
0

(BI)

a0 1 +

_35 eg;,,s = —gsggpegppsv (B2)
d Gl T Gips
ae FP? — QFPe FP~ (B3)

are also applied in the third and fourth lines, respectively.
Integration by parts and the following relation

sETwS<5Xu(S)3Xv(O))eq =0, (B4)
which ensures the convergence of the integration in Eq. (7),

are used in the fifth line. By solving Eq. (B1), we obtain g‘l’fv =
K,.,& with K,,, being a matrix independent of &.
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If the potential V can be described in a series form,

V=)

n=1

(BS)

:|§

we can obtain a set of timescales 7, without mass m for all
k, # 0 by dimensional analysis:

2 _n=2
Ty ~ Eky " (kgT)™ . (B6)
All these timescales and their combinations r“rl ¢ are pro-
portional to &, which implies that the p0s1t10n relaxation
timescale is proportional to &:

T, X . (B7)

Thus, the metric tensor for overdamped dynamics should be
proportional to 7, as gzdv is proportional to £.

APPENDIX C: DERIVATION OF EQS. (73), (74), AND (83)

We show the derivation of the efficiency 1 in Eq. (73),
power W/t in Eq. (74), and x factor in Eq. (83) for the
Carnot cycle [Egs. (62)—(65)].

The linear response relation [Eq. (4)] is applicable when
the driving speed is much slower than the system’s relaxation
speed, which can be applied to the vanishing limit of relax-
ation times. The linear response coefficient, which also serves
as the metric tensor, is given by Eq. (27) if we choose the
control variables as A* = (T, k). Thus, for (X;), we have

(Xp) = X — g A"

(2 4 2mk)kg .
2k 4Ek2

(&2 + mk)ksT
4E13

k, (C1)

and the work of the Carnot cycle [Egs. (62)—(65)] reads
4 .
W=>Y" f (X kdt
i=1 Y0
_ keTo(co — DIney  kgToé ) 1 1 + 1
o 2 4k C% [315) Iy
kBT()%' Cc1 — 1 2 2k0mc1
— 1
8kot c avit g2
ksTof (c1 —1\° 2kome; c2
- — 1+ ——=). C2
8kocots (] atl+ 52 €2

The heat intake Qj, of the Carnot cycle [Eqgs. (62)—(65)] is
given by [52]

On=)_ 0, (C3)
0:>0
1 2
o= i(kBT_ﬂ)dt (=1,23,4), (4
o m m

where O, and Q4 during the adiabatic processes should van-
ish. With the definition of X; in Eq. (5) and the replacement

of §Xr in Eq. (10), we have
(P*) — (PP)eq = 2m(T (8Xr) + k(8Xy)). (C5)

Combined with the linear response relations [Eq. (4)], (p?)
can be expressed as

msz T i m2kBT
§ 28k

(p*) = mkgT — k, (C6)

where (p?)eq = mkgT . Finally, the heat intake is given by

kgTocr Inc
O =0; = % (C7)

With the work W in Eq. (C2) and the heat intake Qj, in
Eq. (C7), it is easy to obtain the efficiency 7:

w
Qin

i)
2kocy In ¢y C% cih 71
£ a1 —1\? 2kome,
B 4koticr In ¢y ( cl ) (Cl Tl &2 )

& o —1)\* 2kome;c3
— 1+ ——=).
dkotzcsIncy ¢ et i+ £2

(C8)

]7:

We can express the efficiency n in Eq. (C8) and the power
W/teye with W given in Eq. (C2) in terms of € as

y
n=1nc— Zs (C9)

woW

-2 (C10)

Teye Teye €

where « and y are given in Eqgs. (76) and (77), respectively.
The x factor in Eq. (82) for the case of harmonic potential
is given as [48,52]

4 . 2
ET? /,, 1 (T-T.\* ,
=—"— — dt
* rcychng o T\7G—1,)

1
1 2
- &2 2/ ()
tcycm 2To — To '

where the temperatures of heat reservoirs 7, = Ty and T, =
Ty are set according to the Carnot cycle [Egs. (62)—
(65)]. By applying Eq. (C6), we can further calculate yx in
Eq. (C11) as

(C11)

X = we — 1, (C12)

where w and ¥ are given in Eqs. (84) and (85), respectively.
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