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Abstract

Based on the recent work [1,2], we formulate the first law and the second law of stochastic
thermodynamics in the framework of general relativity. These laws are established for a charged
Brownian particle moving in a heat reservoir and subjecting to an external electromagnetic field
in generic stationary spacetime background, and in order to maintain general covariance, they
are presented respectively in terms of the divergences of the energy current and the entropy

density current. The stability of the equilibrium state is also analyzed.
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1 Introduction

Since the publication of Sekimoto’s article [3] in the 1990s, stochastic energetics has increasingly
emerged as a prominent field of interest. Especially when biological experiments served as evidence
to validate the rationality of stochastic energetics, this field has become one of the most active
research direction in non-equilibrium statistical physics. This theoretical framework is based on
the Langevin equation and the corresponding Fokker-Planck equation (FPE), and the elegance
of this theory lies in its seamless establishment of the relationship between these equations and
thermodynamics [4]. Although this field has been developing for nearly thirty years, there are still

many interesting issues which are worth of further exploration [5,6].

Apart from the current hot topics such as discussing specific bounds based on this theory [7,8], a
more fundamental question is whether we can discuss this theory within the framework of relativity.
It is well known that all physics laws should inherently abide by the principles of relativity. However,
the original Langevin equation was built on top of Newtonian mechanics. This situation calls for
a relativistic covariant treatment for the stochastic motion of the Brownian particle. Recently,
we established a reasonable framework for relativistic stochastic mechanics in [1,2], in which both

the Langevin and Fokker-Planck equations (FPEs) are fully general relativistic covariant and are

*email: taowang@mail.nankai.edu.cn
Temail: caiyifan@mail.nankai.edu.cn
femail: cuilong@mail.nankai.edu.cn

$Corresponding author, email: 1zhao@nankai.edu.cn


mailto:taowang@mail.nankai.edu.cn
mailto:caiyifan@mail.nankai.edu.cn
mailto:cuilong@mail.nankai.edu.cn
mailto:lzhao@nankai.edu.cn

independent on the concrete choice of spacetime background except for a requirement of stationarity.
As a natural continuation of these preceding works, it seems now the right time to revisit the existing

stochastic thermodynamics within the framework of general relativity.

The related problem in the context of special relativity has been discussed by Pal and Deffner [9],
our work extends the relevant discussions to curved spacetime. Some unnatural assumptions are
discarded in our analysis. The clarification for the connection and difference between the coordinate
system and the observer in [1] provides us a solid working ground to maintain covariance throughout
the formalism. Thanks to such generality, our discussion is irrelevant to any specific choice of

spacetime background.

This paper is organized as follows. We review the covariant formalism of relativistic stochastic
mechanics in Section 2, and the corresponding content has been extended to the case of charged
Brownian particle under the influence of external Maxwell field. In Section 3 and Section 4, we
discuss the first and second laws of stochastic thermodynamics. To maintain fully relativistic
covariance, these laws are presented in the form of divergences of the energy and entropy density
currents, and the powers of gravity and of the electromagnetic field as well as the heat transfer
rate play essential roles in the first law. Section 5 is devoted to the analysis on the stability of the
equilibrium state, which helps to elucidate the authentic underpinnings of the long time limitation.
In Section 6, we present a brief summary and outline some open questions that still need to be

answered along the line of the current research.

The convention of notations follows our previous work [1,2], and it is important to distinguish
random and deterministic variables, as well as objects in different spaces. The variables with tilde
are random variables, and the corresponding un-tilded symbols represent their concrete realizations.
The objects in different spaces (including the (d 4 1)-dimensional spacetime M, future mass shell
bundle T’} and the future mass shell (I')}), at the event x) are distinguished by the font of the

objects and their indices. We will provide the specific meaning of new symbols when they appear.

2 Elements of relativistic stochastic mechanics

Starting with the geodesic equation on the spacetime manifold M, we built the covariant Langevin
equation LE, with evolution parameter 7 (i.e. the proper time of the Brownian particle) [1] by
supplementing the former with contributions from the damping, the Gaussian stochastic and the
additional stochastic forces. The resulting system describes the motion of a Brownian particle in
the future mass shell bundle T';} |

(1)
1
dpt = [RFq og dwd + Fhy,dr] + K*U,dr — Efﬂagﬁgﬁde.

Here, (Z%,pr) represents the path of the Brownian particle in the tangent bundle T M, or more

precisely in the future mass shell bundle T}, = J,c v (T;h)2, with (I')), denoting the momentum



space at the spacetime event x (i.e. the mass shell). Thanks to the mass shell condition, the
components of p4 are not all independent. RH,, ffdd, ICH are respectively the amplitudes of the
Gaussian stochastic force, the additional stochastic force and the friction tensor, and they are all
tensors on (T'}),. di, is the Gaussian increment taking the proper time of Brownian particle 7 as
the evolution parameter. The assumption that the stationary solution of the corresponding FPE
is identical to the one particle distribution function (1PDF) of the reservoir particles in the long

time limit helps in determining the form of the additional stochastic force [2]

5ab
Fh = ?R“avgh)RJh, (2)

a

where V;h) is the covariant derivative on (I'}}),. U, is the proper velocity of the heat reservoir

and also of the reservoir comoving observer Bob. I'*,3 appearing in the last term is the Christoffel

connection on M. Notice that, in eq.(2), R*, and R’, are the same thing but with different

coordinate bases {8} and { 8u = 84 — piﬁ}’ and all tensors on the mass shell (T'}}),
opt opt ~ Op'  pop°

have such different representations.

In general, the proper time 7 of the Brownian particle should become a random variable with
respect to an arbitrarily chosen, non-comoving observer Alice. Therefore, a better description for
the stochastic motion of the Brownian particle should be parametrized by the proper time ¢ of Alice,
rather than that of the Brownian particle. This is achieved in [1,10] through a reparametrization
scheme and the corresponding Langevin equation is denoted LE;. The concrete form of LE; will

not be used in this work, so we omit it.

In order to establish a statistical description for the Brownian particle, the first thing to be
clarified is the space of states. It is crucial to notice that the configuration space must be taken as
an “equal time slice” of the spacetime manifold, and as such it is inherently observer dependent. To
keep things as general as possible, we adopt Alice as the observer whose proper velocity is denoted

as Z*. The proper time t of Alice is made use of in making the time slicing,
St = {z € M|t(z) =t = const.}, (3)

where t(x) is an extension of the proper time ¢t over M as a scalar field. The space of states is a

hypersurface ¥; in the mass shell bundle [2],

See= | Th)e = {(z,p) €T |x € S}, (4)
€St

which is accompanied by the timelike hypersurface orthogonal vector field 2° = Z*¢,, where e, is a
part of the orthogonal basis of the mass shell bundle {e,,0/0p"}. As mentioned earlier, LE; is not
the proper version of the equation that describes the stochastic motion in ¥; and we should replace
it by LE;. From the point of view of stochastic thermodynamics, the more important object is the
corresponding FPE. After conducting both numerical and analytical validations [1,2], it has been
proved that the physical distribution ¢ of the Brownian particle as observed by Alice is encoded in
the solution of the reduced FPE,

~2(p) = VT, o)



where 5 5
Po=ph— — H P ——
P oxH 2 Opt
is the Liouville vector field which is also the Hamiltonian vector field associated with the Hamilto-

nian H = - gup!'p” of a free relativistic particle,
m

i L ij v
T'lel = 5DV — K Use, (6)

and DY = §*RIRJ} is the diffusion tensor in the momentum space. The vector field T[] is
tangent to the mass shell, thus it can carry either a Latin index or a Greek one [2], which correspond
to components under different bases. Moreover, this vector field is closely connected to the heat

transfer rate from the reservoir to the Brownian particle,
Qo= [ s, 2716 (7)
(Th)a

When T[] vanishes, the heat transfer rate also vanishes.

Some characteristic quantities of the system including particle number current and energy-

momentum-stress tensor can be constructed using this distribution,

Bl — PN N a1 p'p”
Nl = [ gy, ooV = Nofllgl, Tel = [ 0y, = =9, (8)

where N is a constant denoting the total number of the Brownian particle and n* is the one-particle
current. Here and below we use the notation Ny, 1O denote the invariant volume element on
(T;})z. Similar notations such as naq, 7s,, Ny, etc are all invariant volume elements on the relevant

manifolds given in the suffices. The divergences of the above tensors are given as follows [2],

VLN = NVl =0, Vel = - [ ey, Tl ©)

In the rest of this section, we will extend the basic equations of stochastic mechanics in curved
spacetime to the case of charged Brownian particle subjecting to external electromagnetic field A,,.
Let F},, = 0, A, — 0, A, be the corresponding field strength, then the extension of LE; should read

(10)
1

dpt = [R¥q o5 A + Flygdr] + KM U,dr — — " ospepldr + %F“Vﬁdr.
The modification to the reduced FPE is fully encoded in the modified Liouville vector field [11]

0 0
L = puw + (QF”VPV — Fuaﬁpapﬁ> W (11)

Apart from the different form of the Liouville vector field, the reduced FPE takes the same form
as eq.(5), which can be verified by use of the diffusion operator approach (see the appendix in [2]),

—Zp(p) = VIV T[g). (12)



In particular, the vector field Z/[] maintains its original form as given in eq.(6). Using the proba-

bility current of the Brownian particle defined as

¥
Sl = —Zr =Ty, (13)
the reduced FPE (12) can also be written as a current conservation equation
= (h
v s el =0, (14)

where V(%) is covariant derivative operator on the mass shell bundle.

We assume that the heat reservoir is in its intrinsic equilibrium state with the 1PDF [11-14]

_ m
pr = e ORTUP/ T

where T is the temperature as measured by the comoving observer Bob. In the long time limit,
the 1PDF for the Brownian particle should approach the same form as the equilibrium distribution

of the reservoir, i.e.
speq = e—a-l-ﬁup”’ BN = UN/TB’ (15)

and it should stop receiving heat from the reservoir, i.e. Z¢[¢] = 0. On such occasions, the reduced
FPE reduces into the Liouville equation Zr¢ = 0, which leads to the following constraints over o

and 3, (the equilibrium conditions)
Vo +qB"F,, =0, VB = 0. (16)

The condition over 3, remains the same as in the case of neutral Brownian particle, which implies
that 3, should be future directed and timelike Killing. The condition over « is dependent on the

electromagnetic field strength, thus making a difference from the neutral case.

It is easy to check that the condition Z¢[¢] = 0 calls for an un-altered Einstein relation as in the

case of neutral Brownian particle,
DY = 2TRKY, (17)

and the particle number current remains divergence-free. However, the divergence of the energy-
momentum tensor needs to be modified which reflects the consequence of the action of the electro-

magnetic field,

VT [g] = qF" n* (o] — / Nty 2V ) (18)

3 First law of relativistic stochastic thermodynamics

The first law of relativistic Brownian particle in the absence of an external field has been established
in our previous work [2], which is presented in the form of the divergence of the energy current

rather than in the change in the energy itself as in the ordinary thermodynamics,

VB ] = Paavlp] + Q[l; (19)



where Q[p] is the heat transfer rate as given in eq.(7), and

¥ v v
Pgrav[@] = - /n(rj;L)x Epup v,uZu =-TH [SD]V;LZV (20)

is the gravitational power as measured by Alice [15]. In this section, we will build the complete

first law of relativistic Brownian particle in the presence of electromagnetic field.

It should be mentioned that, in the presence of electromagnetic field, the definition of energy of
the charged Brownian particle is non-unique. Such non-uniqueness arises from different choices of
the proper momentum of the particle, i.e. the kinematic momentum p* (which is proportional to
the proper velocity of the particle) and the physical momentum P* = p# + gA*. Each choice gives

rise to a separate definition of the energy, i.e.

By = ~Zup (21)
and [16]

Ep = —Z,P". (22)

E, corresponds to the kinematic energy and Ep corresponds to the Hamiltonian. It will be clear
that the different choices of energy leads to different forms of the first law of relativistic stochastic

thermodynamics, both forms are physically correct.

Following the discussions made in Appendix A, we now introduce the energy currents associated

with F, and Ep as follows,
! " pt
Eple] = /U(r;)stﬂEpv Eplg] = /U(rjn)Zm@EP' (23)
These currents are related to the energy-momentum tensor via the following equations,
Ejlel = =2,T"[¢],  Eplel = —Z,(T"[¢] + qA'n"[¢]), (24)

where TH [p] and n*[y] are given in eq.(8). Using the trick discussed in Appendix A, the divergences

of the above currents are calculated to be
VLBl e] = — LN 2y + L2 2t — 1) Z 25
ptip Pl = ). mpp wlv + m uvD [90] w) o ( )
and
VB[] = — Lo W Zy + L2 £ A, — T Z 2
wBplel == [ ), (PP VuZ + ot £z A, = THp1 2, ) (26)

in which £7A,, is the Lie derivative of A, along the direction of Z*. The first and the third terms
on the right hand side of egs.(25) and (26) can be easily recognized to be the gravitational power
and the heat transfer rate respectively as presented in eqgs.(20) and (6). The middle terms on the

right hand side of eqgs.(25) and (26) can be respectively denoted as
- qe vzp I v
Pem[%o] = — /n(Fﬁq)szN”p ZF = _QFW/TL [QO]Z 5
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Puclp] = — /77(1“; m%pufzzﬁlﬂ = —qnt'[p|£7A,. (27)

Pen[p] is obviously the power of the electromagnetic field, while P,c[p] should be understood as
the power of the non-conservative part of the electromagnetic field observed by Alice. It might be
helpful to point out that Py.[¢] # 0 only when £7A, # 0, i.e. when the proper velocity of Alice is
not a symmetry generator of the electromagnetic field. The difference between eq.(25) and eq.(26)
lies in the fact that Ep absorbs the potential energy of the particle into the total energy.

Finally, both versions of the first law can be expressed in a concise form,

qug = Pgrav[@] + Pem[sp] + Q[(P], (28)
ViuEp = Parav[¢] + Paclee] + Qle). (29)

4 Second law of relativistic stochastic thermodynamics

The research on macroscopic irreversibility has taken central stage in the history of thermodynamics
and statistical physics. After about 150 years of development, this field has grown considerably. For
example, it was found that the second law of thermodynamics can also be established in stochastic
thermodynamics [3], and we will give a relativistic version of the law in this section. It is worth
mentioning that the fluctuation theorem gives a fairly good explanation for the origin of macroscopic
irreversibility [17-22], but the relevant analysis is relatively complex, so we leave it to a separate

upcoming work.

Let us now precede by separating the probability current (13) of the Brownian particle into the

time-reversible and dissipative parts as did in [23-25],

Al =E2e,  galy) = ~Tle) (30)

The reversibility of #;[p] can be easily understood because .Zr is the Hamiltonian vector field
which is clearly time-reversible. The dissipative part is caused by the diffusion and friction forces
which breaks the time-reversal symmetry. It will be clear shortly that the entropy production is

closely related to the breaking of this symmetry.

The definition of entropy in non-equilibrium states is not as clear as the entropy in the equi-
librium [26], especially in the relativistic context. We could of course imitate the form of Gibbs
entropy but since we have at least three different FPEs for different distribution functions [2], and
each distributions have reasonable meanings in different spaces, it seems that the definition for
the entropy is not unique. Fortunately, to fulfill our aim to formulate the second law of relativistic
stochastic thermodynamics, it suffices to have one definition for the entropy which is non-decreasing
in the course of time. Following the discussions made in [2], it is reasonable to start with the 1IPDF
o which obeys the reduced FPE. This object is the physical distribution on the future mass shell
bundle. Therefore, we introduce the entropy density on the mass shell bundle of the Brownian

particle as

s(x,p) = —log ¢(x,p). (31)



This entropy density characterizes the properties of the micro states of the Brownian particle. In
stochastic thermodynamics, the entropy production comes not only from the Brownian particle
but also from the heat reservoir. Therefore, the relative entropy is more suitable to portray the

irreversibility of the whole system. The relative entropy density reads

o(x,p)

h —_1 — _logp — z 32
(x,p) og%q(x?p) ogy —a+ fupt, (32)

where @eq is the equilibrium distribution of the Brownian particle, hence o and [, satisfy the

equilibrium condition (16).

What we actually need to make use of while formulating the second law of relativistic stochastic
thermodynamics is not the the total entropy but rather the entropy density current on the space

time. The entropy density current of the Brownian particle on the spacetime is given as

$el = = [ g, Dovlogen (3)

and the relative entropy density current can be expressed as the linear combination of entropy

density current, the particle number current, and the energy-momentum tensor
H¥[p] = S"[p] — an®le] + B, T [g]. (34)

We will shortly prove that the relative entropy production rate V,H"[y] is the sum of the entropy

production rate of the Brownian particle and that of the heat reservoir.

Since the heat reservoir is assumed to be in local thermodynamic equilibrium, its entropy current

can be expressed as [14,27]
St = (14 ag)NE— B,TH . (35)

This expression is not affected by the presence of the electromagnetic field, but the equilibrium

condition of the reservoir will take a form similar to that of the Brownian particle,
Vuar + QRBVF;W =0, V(M/BV) =0, (36)

where gr characterizes the charge of the reservoir particle which could either be vanishing or not.
We assume that the reservoir is consisted purely of classical particles with no chemical reactions, its
particle number current should be conserved, V, N ]’é = 0. However, since the reservoir exchanges
energy with the Brownian particle and also with the electromagnetic field, the divergence of the

total energy-momentum tensor needs to obey
VTR + VT [g] = F¥ u(qn*'[¢] + qrNg), (37)

which means that the non-conservation of the total energy-momentum tensor is originated solely
from the external field. With the help of eqs.(35-37) and eq.(18), we finally find the covariant

divergence of entropy density current of the reservoir,

V5% = NEV jap — B,V T



= —qrNRB"Fu — By [FY u(qn* + qrNliy) — V, T[]
= —nM[p]Vyua + B,V T[], (38)
where the equilibrium condition of reservoir particles (36) is used in the second line and the equi-
librium condition of Brownian particle (16) is used in the third line. The total entropy production
rate is then
VuStor = VuS*[g] + Vusﬁ
= VuSp] = [V e + BV, T[] = V, HY ], (39)

which is the desired result advocated earlier.

Using eq.(54) in Appendix A we can evaluate the total entropy production rate to be

VuStee = Vut"le) = [ ey, £ 1A

Dr (0 0
= /77(1“%)1290 <8p“<'0 - 5;#) <8pl’g0 - 5u<P> ’ (40)

where the Einstein relation and the vanishing boundary condition for ¢ at the infinity of the mass
shell have been used. Since the diffusion tensor D¥ = §**Ri;R7, must be a semi-positive definite
quadratic form, the total entropy production rate is always nonnegative. Therefore, we arrive at

the second law of relativistic stochastic thermodynamics

V Sk > 0. (41)

The entropy production is always closely related to the breaking of the time-reversal symmetry.
We can divide the total entropy production rate into that of the Brownian particles and of the heat

reservoir, both will be shown to be proportional to the dissipative part of the probability current.

The entropy production rate of the Brownian particle reads

VS le] = / iy, 2 [el(—1og )

—— [ a5 A4 (12)

where the trick mentioned in Appendix A is used again, and this derivation is similar to that leads
to eq.(40). Substituting eq.(18) into eq.(38), the entropy production rate of the reservoir caused

by the heat exchange can be expressed as

VSt =~ [nes), T = [ s 50 S8 (13)

Similar result was also mentioned in Pal and Deffner’s paper [9], but now it is made fully covariant.
It is obvious that the time-reversible part #/!‘[¢] of the probability current does not contribute to
the entropy production rate. All entropy productions arise as consequences of the dissipative part
Z4'lp], which is the same as in the non-relatrivistic case [9,25]. It is worth noticing that eq.(43) is
actually the relativistic version of Clausius’ identity for the heat reservoir,

Qelel _ Qr

lo— =
VuSp = Ty Ty’

(44)

9



where Qplp| is the heat transfer rate from the heat reservoir to the Brownian particle from the
perspective of Bob, and hence Qr = —Qp[¢] is the heat transfer rate from the Brownian particle

to the heat reservoir.

There are some interesting consequences from the equation of entropy production rate. As-
suming that the diffusion tensor D¥ is a full-rank matrix and hence strictly positive definite, the

condition for zero entropy production rate becomes

(aiu - ﬁu) o =0, (45)

This is equivalent to the thermal equilibrium condition Z[p] = 0, thanks to the covariant Einstein
relation (17). Therefore, the equilibrium state is the unique state which saturates the second law.
However, if the diffusion tensor is not full-rank, implying that there exists some nonzero vector field
Ci[¢] on the momentum space obeying D;;C'[p]C?[p] = 0, the condition for zero entropy production

rate will become

0

<0p” - BM> v = Culy]. (46)

This leads to the possibility for the existence of certain state which is different from the prescribed
equilibrium state but still with zero entropy production rate. This situation is not unexpected. The
presence of a degenerate diffusion tensor implies the existence of certain degrees of freedom that
are decoupled from the heat reservoir. The 1PDF of these states obeys the Liouville equation and
the entropy remains conserved. In the next section, we will discuss how the rank of the diffusion

tensor affects the ability of the Brownian particle to reach the equilibrium state.

5 The stability of equilibrium state

In Ref. [2], we assumed that the Brownian particle can always reach thermal equilibrium with the
heat reservoir in the long time limit, without delving into the dynamical process for the Brownian
particle to evolve from a non-equilibrium state to the equilibrium. To tackle this problem, the

Lyapunov theorem offers a powerful tool.

For the sake of convenience, we make an equivalent statement of the Lyapunov theorem: if
there exists a functional for a given system that satisfies the condition of possessing at least one
maximum point, with its time derivative strictly positive except at these maximum points, then
the system is deemed asymptotically stable [28]. This functional is commonly referred to as the
Lyapunov functional. The maximum points of the Lyapunov functional represent the stable states
of the system. In the event that a system in a stable state experiences minor disturbances, as long
as these disturbances do not surpass the local minimum of the Lyapunov functional, the system
will return to its original stable state. Notably, if the maximum point of the Lyapunov functional
is unique, no matter which initial state the system starts from, it will always reach the stable state.

Such a property is called global asymptotically stable.

10



In our case, the expectation value of the relative entropy

_ 7 M
Hylg] ::/z ng, 22 o log £ (47)
t

m Peq

plays the role of Lyapunov functional of the Brownian particle. We now try to impose a small
perturbation to the distribution function and calculate the variation of the above functional. The
effect of the perturbation is to drive the system from one distribution to another, so the variation

only acts on the distribution function. The result of the variation reads

_ 7, pt
SHife] = [ 15, 5[ (log o+ o — ")

= /nzt Z;fu [(1+1logp +a— Bup”) s+ o' (50)* + O((59)?)]

— [ 2 og i+ a = 50") 8 + (60 + O((G0)P)] (15)

where, in the third line, the particle conservation has been used. It is obvious that the first
order variation is zero and the second order variation is negative at the equilibrium state, so the
equilibrium state is a maximum point of Hy[p]. Furthermore, the second order variation is not only
negative at the equilibrium state but also at any states. This implies that no critical points like
the one illustrated in Fig.1 could appear in such systems, and hence the relative entropy of the

Brownian particle is globally convex with only one maximum.

Using eq.(56) and the second law, the time derivative of H;[p] can be confirmed to be non-

negative

d -

Gl = [ ns VA 20, (49)
St

However, the Lyapunov theorem requires it to be strictly positive except at the equilibrium state.
According to the discussion made in the end of the last section, if the diffusion tensor is full-rank,
the above inequality can only be saturated in the equilibrium state. Therefore, H;[p] is a Lyapunov
functional of the Brownian particle. Fig.1 illustrates the general behavior of a Lyapunov functional
with the inclusion of an equilibrium state and an artificial metastable state. In such cases, it is
possible to drive the system away from the equilibrium state into the metastable state or vice versa
by appropriate perturbations. Now, assuming a full-rank diffusion tensor, the above possibility is
excluded because of the global asymptotic stability. Therefore, we can draw the conclusion that
the relativistic charged Brownian particle system exhibits a tendency to evolve towards an increase
in relative entropy, and the eventual state of evolution is characterized by the unique equilibrium

distribution.

However, if the diffusion tensor is not full-rank, there will be some states other than the equi-
librium state with zero entropy production rate. The Lyapunov functional may stop growing when
the Brownian particle enters such states, and the distribution function no longer evolves toward the
equilibrium one. Therefore, in the situation that the diffusion tensor is not full-rank, the Brownian

particle may not be able to reach the equilibrium state.

11



maximum

Hi[y]

metastable

local minimum

Peq — 580 Peq

Figure 1: The curve for an artificial Lyapunov functional. In the case with a full-rank diffusion
tensor, our discussion rules out the possibility for the Lyapunov functional of the charged relativistic

Brownian particle to exhibit metastable and critical (i.e. inflection) points.
6 Concluding remarks

With the aid of covariant formalism of relativistic stochastic mechanics, the first law and the second
law of general relativistic stochastic thermodynamics have been established for a system of charged
Brownian particle subjecting to an external electromagnetic field. The fully covariant formulation
has assisted in elucidating numerous conceptual issues. The final discussion about the stability of
the equilibrium distribution helps us to clarify that the equilibrium state of Brownian particle is

the state with maximum entropy.

As a potential application scenario of the generic construction, we expect that a charged Brow-
nian particle moving in Reissner-Nordstrom spacetime may be an excellent example for which the
theory is applicable. In doing so, the relationship between non-equilibrium statistical physics in
curved spacetime and black hole thermodynamics might become an interesting subject of future

study.

On the other hand, we have discussed only the first and second laws in this work, but a deeper
understanding about the origin of the irreversibility in curved spacetime still calls for further inves-
tigation. At present, the best approach for the origin of irreversibility is based on various fluctuation
theorems [17-22]. However, fluctuation theorems have not yet been realized in the framework of

general relativity. We hope to come back to this subject in some upcoming works.

12



A Currents on spacetime and their divergences

Let O(x,p) be a scalar field on the mass shell bundle, then the expectation value of & observed by

Alice reads

n
Gilel =~ [, Za s M100 == [n52, [0y Bvo (50)

Since & = Zte, is the unit normal vector of ¥; and _#[¢] is the probability current, —Z4 ¢ Ais
clearly the probability density on ;. The momentum space integral in eq.(50) is simply a current

on spacetime manifold,

p#
0"l = [ ney), 20 (51)

Therefore, the expectation value can also be written as a surface integral of &*[p] on the configu-

ration space,

6ilo) = — /3 N5 Zu0" (), (52)

which implies that &*[g] is the density current of &.

Let V be an arbitrary region in the spacetime manifold M, and I = {(z,p) € [} |x € V'} is the
corresponding region in the mass shell bundle. Let y* be the unit normal vector of the boundary

AV, the corresponding unit normal vector of O is then % = y”eu. By the Gauss theorem, we have

/VnMVm’“[sO]z/a novyuO* (¢l = / nar%f 4

:/rnrf"/ vio = /W/(+ (). F 121(0). (53)

Since the region V is arbitrary, the integrand on the right hand side and the left hand side should

be equal to each other. Hence, the divergence of 0*"[y] is

Vo= | g, SR (54)

In relativistic thermodynamic relation, the time derivative of a physical quantity is usually
replaced by the divergence of the associated current. This can be achieved as follows. Let Sy, and
S, be two Cauchy surfaces and V' be the region enclosed by a cylindrical surface with &;, and S,
playing as the upper and bottom. Then, integrating eq.(54) over V', we get, by Gauss theorem and

co-area formula [29,30], the following equation,

_ _ to
Gunlgl — Gulg) = / MV, / at / 08V, O[] VH| . (55)
t1

Therefore, the time derivative of the expectation value is the integral of the divergence of the

current times |V¢|~! on the configuration space,

d

§00A = [ s oo (56)

13



Acknowledgement

This work is supported by the National Natural Science Foundation of China under the grant No.
12275138.

Data Availability Statement

This research has no associated data.

Declaration of competing interest

The authors declare no competing interest.

References
[1] Y. Cai, T. Wang, and L. Zhao. “Relativistic stochastic mechanics I: Langevin equation from observer’s perspec-
tive,” J. Stat. Phys. (to appear), arXiv preprint, 2023, [arXiv:2306.01982].
[2] Y. Cai, T. Wang, and L. Zhao. “Relativistic stochastic mechanics II: Reduced Fokker-Planck equation in curved
spacetime,” J. Stat. Phys. (2023) 190: 181, [arXiv:2307.07805].
[3] K. Sekimoto. “Langevin equation and thermodynamics,” Prog. Theor. Phys. Supp., 130:17-27, 1998.
[4] K. Sekimoto. Stochastic energetics, volume 799. Springer, 2010. ISBN: 9783642054112.
[5] L. Peliti and S. Pigolotti. Stochastic Thermodynamics: An Introduction. Princeton University Press, 2021. ISBN:
9780691201771.
[6] N. Shiraishi. An Introduction to Stochastic Thermodynamics: From Basic to Advanced, volume 212. Springer
Nature, 2023. ISBN: 9789811981869.
[7] A. Dechant and S. Sasa. “Improving thermodynamic bounds using correlations,” Phys. Rev. X, 11(4):041061,
2021, [arXiv:2104.04169).
[8] T. Koyuk and U. Seifert. “Quality of the thermodynamic uncertainty relation for fast and slow driving,” J. Phys.
A: Math. Theor., 54(41): 414005, 2021, [arXiv:2106.08273].
[9] P. S. Pal and S. Deffner. “Stochastic thermodynamics of relativistic Brownian motion,” New J. Phys.,
22(7):073054, 2020, [arXiv:2003.02136].
[10] J. Dunkel, P. Hanggi, and S. Weber. “Time parameters and Lorentz transformations of relativistic stochastic
processes,” Phys. Rev. E, 79(1): 010101, 2009, [arXiv:0812.0466].
[11] O. Sarbach and T. Zannias. “Tangent bundle formulation of a charged gas,” In AIP Conference Proceedings,
volume 1577, pages 192-207. American Institute of Physics, 2014, [arXiv:1311.3532].
[12] S. R. de Groot, W. A. van Leeuwen, and Ch. G. van Weert. Relativistic Kinetic Theory: Principles and Appli-
cations. North-Holland, 1980, ISBN: 9780444854537.
[13] R. O. Acuna-Cérdenas, C. Gabarrete, and O. Sarbach. “An introduction to the relativistic kinetic theory on
curved spacetimes,” General Relativity and Gravitation, 54(3):1-120, 2022, [arXiv:2106.09235].
[14] C. Cercignani and G. M. Kremer. The Relativistic Boltzmann Equation: Theory and Applications, volume 22.

Springer Science & Business Media, 2002, ISBN:9783034881654.

14


http://arxiv.org/abs/2306.01982
https://doi.org/10.1007/s10955-023-03205-4
http://arxiv.org/abs/2307.07805
https://doi.org/10.1143/PTPS.130.17
https://link.springer.com/book/10.1007/978-3-642-05411-2
https://press.princeton.edu/books/hardcover/9780691201771/stochastic-thermodynamics
https://press.princeton.edu/books/hardcover/9780691201771/stochastic-thermodynamics
https://link.springer.com/book/10.1007/978-981-19-8186-9
https://link.springer.com/book/10.1007/978-981-19-8186-9
https://doi.org/10.1103/PhysRevX.11.041061
https://doi.org/10.1103/PhysRevX.11.041061
http://arxiv.org/abs/2104.04169
https://doi.org/10.1088/1751-8121/ac231f
https://doi.org/10.1088/1751-8121/ac231f
http://arxiv.org/abs/2106.08273
https://doi.org/10.1088/1367-2630/ab9ce6
https://doi.org/10.1088/1367-2630/ab9ce6
http://arxiv.org/abs/2003.02136
https://doi.org/10.1103/PhysRevE.79.010101
http://arxiv.org/abs/0812.0466
https://doi.org/10.1063/1.4861955
https://doi.org/10.1063/1.4861955
http://arxiv.org/abs/1311.3532
https://doi.org/10.1007/s10714-022-02908-5
http://arxiv.org/abs/2106.09235
https://link.springer.com/book/10.1007/978-3-0348-8165-4

(15]

[16]
(17]

18]

(19]

20]

21]

(22]

23]
24]

(25]

[26]

27]

(28]

29]
(30]

S. F. Liu and L. Zhao. “Work and work-energy theorem in curved spacetime,” arXiv preprint (2020) .
[arXiv:2010.13071].

L. D. Landau. The classical theory of fields, volume 2. Elsevier, 1975, ISBN:9780080250724.

J. Kurchan. “Fluctuation theorem for stochastic dynamics,” J. Phys. A: Math. Gen., 31(16): 3719, 1998,
[arXiv:cond-mat/9709304].

D. J. Searles and D. J. Evans. “Fluctuation theorem for stochastic systems,” Phys. Rev. E, 60(1): 159, 1999,
[arXiv:cond-mat/9901258].

G. E. Crooks. “Entropy production fluctuation theorem and the nonequilibrium work relation for free energy
differences,” Phys. Rev. E, 60(3): 2721, 1999, [arXiv:cond-mat/9901352].

T. Hatano and S. Sasa. “Steady-state thermodynamics of Langevin systems,” Phys. Rev. Lett., 86(16): 3463,
2001, [arXiv:cond-mat/0010405].

V. Y. Chernyak, M. Chertkov, and C. Jarzynski. “Path-integral analysis of fluctuation theorems for general
Langevin processes,” J. Stat. Mech., 2006(08): P08001, 2006, [arXiv:cond-mat/0605471].

U. Seifert. “Stochastic thermodynamics, fluctuation theorems and molecular machines,” Rep. Prog. Phys., 75(12):
126001, 2012.

H. Risken. Fokker-Planck equation. Springer, 1996, ISBN:9783642615443.

M. Esposito and C. Van den Broeck. “Three detailed fluctuation theorems,” Phys. Rev. Lett., 104(9): 090601,
2010, [arXiv:0911.2666].

C. Van den Broeck and M. Esposito. “Three faces of the second law. II. Fokker-Planck formulation,” Phys. Rev.
E, 82(1): 011144, 2010, [arXiv:1005.1686].

S. Goldstein, D. A. Huse, J. L. Lebowitz, and P. Sartori. “On the nonequilibrium entropy of large and small
systems,” In Stochastic Dynamics Out of Equilibrium: Institut Henri Poincaré, Paris, France, 2017, pages
581-596. Springer, 2019, [arXiv:1712.08961].

X. Hao, S. Liu, and L. Zhao. “Relativistic transformation of thermodynamic parameters and refined saha equa-
tion,” Commun. Theor. Phys., 2022, [arXiv:2105.07313].

G. Teschl. Ordinary differential equations and dynamical systems, volume 140. American Mathematical Soc,
2012, ISBN:9780821883280.

L. I. Nicolaescu. “The coarea formula.” seminar notes. Cliteseer, 2011.

L. Negro. “Sample distribution theory using coarea formula,” Commun. Stat. Theory Methods, pages 1-26, 2022..
[arXiv:2110.01441].

15


http://arxiv.org/abs/2010.13071
https://www.sciencedirect.com/book/9780080250724/the-classical-theory-of-fields
https://doi.org/10.1088/0305-4470/31/16/003
http://arxiv.org/abs/cond-mat/9709304
https://doi.org/10.1103/PhysRevE.60.159
http://arxiv.org/abs/cond-mat/9901258
https://doi.org/10.1103/PhysRevE.60.2721
http://arxiv.org/abs/cond-mat/9901352
https://doi.org/10.1103/PhysRevLett.86.3463
https://doi.org/10.1103/PhysRevLett.86.3463
http://arxiv.org/abs/cond-mat/0010405
https://doi.org/10.1088/1742-5468/2006/08/P08001
http://arxiv.org/abs/cond-mat/0605471
https://doi.org/10.1088/0034-4885/75/12/126001
https://doi.org/10.1088/0034-4885/75/12/126001
https://link.springer.com/chapter/10.1007/978-3-642-61544-3_4
https://doi.org/10.1103/PhysRevLett.104.090601
https://doi.org/10.1103/PhysRevLett.104.090601
http://arxiv.org/abs/0911.2666
https://doi.org/10.1103/PhysRevE.82.011144
https://doi.org/10.1103/PhysRevE.82.011144
http://arxiv.org/abs/1005.1686
https://doi.org/10.1007/978-3-030-15096-9_22
https://doi.org/10.1007/978-3-030-15096-9_22
http://arxiv.org/abs/1712.08961
https://doi.org/10.1088/1572-9494/acae81
http://arxiv.org/abs/2105.07313
http://www.ams.org/publications/authors/books/postpub/gsm-140
http://www.ams.org/publications/authors/books/postpub/gsm-140
https://www3.nd.edu/~lnicolae/Coarea.pdf
https://doi.org/10.1080/03610926.2022.2116284
http://arxiv.org/abs/2110.01441

	1 Introduction
	2 Elements of relativistic stochastic mechanics
	3 First law of relativistic stochastic thermodynamics
	4 Second law of relativistic stochastic thermodynamics
	5 The stability of equilibrium state
	6 Concluding remarks
	A Currents on spacetime and their divergences

