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By considering a thermodynamic force as a gauge field, we extend the constitutive equa-
tions of Onsager’s [L.Onsager, Phys. Rev. 37, 405 (1931)] non-equilibrium thermodynamics
to non-linear equations. In Onsager’s non-equilibrium thermodynamics, the thermodynamic
force corresponds to a pure gauge, for which the constitutive equations are obtained by gauge
fixing. If we extend the thermodynamic force from a pure gauge to a physical one, we obtain
non-linear constitutive equations of non-equilibrium thermodynamics.

Subject Index A51, A53, A56, A58, BOO

1. Introduction

Onsager’s theory is the most important one in non-equilibrium thermodynamics with linear consti-
tutive equations [1,2], in which constitutive equations for currents are derived from the minimum
energy dissipation principle. Later on, this argument was supported by the path-integral represen-
tation of the probability distribution [3—7]. Onsager’s theory holds in the case of linear constitutive
equations, but it is not well understood in the non-linear case (for the latest research see Refs. [8,9]).
Recently, Sugamoto, along with his collaborators, including the present author, pointed out that the
thermodynamic force can be viewed as a gauge field (A. Sugamoto, private communication and
Ref. [10]).

In this paper we discuss this statement more definitely by means of gauge fixing, and derive a
non-linear constitutive equation by adding the free action of the usual electromagnetism.

The paper contains the following sections. In the next section, we review the electromagnetism in
a pure gauge as an useful analogy in later discussions. In Sect. 3, non-equilibrium thermodynamics
is introduced using a differential form. In Sect. 4, we examine the gauge properties of the thermo-
dynamic force. We extend the thermodynamic force to a thermodynamical gauge field in Sect. 5. In
Sect. 6, we discuss this gauge theory in the path-integral method. The final section is devoted to the
discussion.

In addition, the paper contains the following appendices. In Appendix A, the meaning of the time
dependence of S(a, #) is discussed. In Appendix B, we examine the restriction from the second law
of thermodynamics. In Appendix C, we discuss how non-linear effects work in dimensional analysis.
In Appendix D, a simple example is derived in our model.

2. Electromagnetism

First, we consider electromagnetism as a typical gauge theory. The notion of a pure gauge and
its gauge transformation (local phase shift) is important in later sections in order to consider
thermodynamics as a gauge theory.
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As is well known, a pure gauge 4, is described as

do(x) = A, (x)dx", (1)
where
060
A = 5, @)

using phase 6 (x). The gauge transformation
8A4,,(x) = 0,€(x) 3)

causes a phase shift
86(x) = €(x). 4)

At the pure gauge, the electromagnetic field F is zero:
F=dA=ddo =0. (5)
For a general gauge potential 4,,, F' satisfies Maxwell’s equations:
0uFvp + 0uFpy + 0pF 0 =0, (6)

MF = 0. (7

3. Differential form of non-equilibrium thermodynamics

A linear constitutive equation in non-equilibrium thermodynamics is expressed as
i =1ix, ®)

where ¢’ is an extensive quantity for entropy, Xj is the thermodynamic force for @ ,and LY is Onsager’s
phenomenological matrix. According to Onsager’s theory [1,2], Eq. (8) is obtained by taking the
variation

1 o .
5 (—ER,-]aw +X,~éz’) =0 9)

with respect to &', where R;; is the inverse matrix of LY:
Ryl = sf. (10)
As its dual version, Eq. (8) is also obtained by taking the variation
1 . g
) (—ELUXIXJ- —|—X,-a’> =0 (11)

with respect to X;.
At first glance, thermodynamics and electromagnetism are different theories. In thermodynamics,
an important quantity, entropy S(a, t), is described in terms of the extensive quantities a’ and time ¢.

2/13

810¢ 41290100 6] UO Jasn ydleasay Jeaon Joj uoneziuebip ueadoing - NY3ID Aq 6Z28/01G/20VE60/6/8L0ZA2BSqe-9)011e/da)d/wod dnoojwapede//:sdiy wol papeojumoq



PTEP 2018, 093A02 S. Katagiri

If we describe, however, entropy S(a, ¢) in terms of a differential form, then quantities analogous to
the Lagrangian L and gauge field 4 appear.'
The differential form of entropy S(a, ) is expressed as

dS(a,t) = ®(a,t)dt + X;(a,t)dd', (12)
with
®(a, 1) = asg, 28 (13)
Xi(a,1) = 2@, (14)
oat

where ®(a, ?) is called the dissipation function.
We will take the following notation:

Xo= o, (15)
=1, (16)
and X, a* by
{XM} :XO,Xl,...,XN, (17)
(a*y=d%d,...,d". (18)
Then, Eq. (12) is rewritten as
ds(a) = X, (a)da", (19)
where
aS(a)
X = . 20
/L(a) Iar (20)

If we describe a** using parameter 7, we get the non-equilibrium thermodynamical Lagrangian L
as follows:?

da dat*
L(a,E)dr :Xu(a)ﬁdt. (21)

4. Gauge transformation property of X,

In order to know the properties of the above non-equilibrium thermodynamical Lagrangian L, we have
to choose an “appropriate gauge-fixing condition” so that we can get Onsager’s phenomenological
transfer matrix L7 and its constitutive equations for X;.

The Lagrangian L in Eq. (21) has gauge symmetry described by the transformation

85X, (a) = 0,€(a). (22)

! In non-equilibrium thermodynamics, the time dependence of S(a,t) is natural when we consider the
path-integral formalism and Wentzel-Kramers—Brillouin (WKB) approximation; see Appendix A.
2 The parameter 7 is an arbitrary parameter, and it can always be introduced into a dynamical system.
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The transformation (22) causes an entropy shift:
3S(a) = €(a). (23)

Since the gauge transform (22) introduces an entropy shift (23), we want to fix this gauge. To fix the
gauge, we take a gauge-fixing condition:

Xo(a) = —%L"f)(i(a))g(a» (24)

Here, we assume 7 = ¢ to fix the parametrization invariance.
Finally, the thermodynamical Lagrangian L becomes

. ,
L(a,a)dt = —EL’JXZ- (@)Xj(a)dt + X;(a)d'dt. (25)
Since X; is anon-dynamical field, the equation of motion for X; produces a constitutive equation [1,2]:
i = L"X;(a). (26)

Substituting Eq. (26) into Eq. (25), we obtain

1 .
L(a,a)dt = ERijéz’iz]dt.3 (27)

5. Thermodynamical gauge theory

According to gauge theory, if we consider the thermodynamic force as a gauge potential, then Eq.
(25), with Onsager’s phenomenological matrix, corresponds to a pure gauge theory. On the other
hand, if we introduce a physical gauge theory instead of the pure one into this thermodynamic sys-
tem, then we will obtain a different equation of motion for X, reflecting the gauge-fixing condition
for the physical gauge theory. This equation of motion is similar to Maxwell’s equations in elec-
tromagnetism. Furthermore, we can obtain the non-linear constitutive equation of non-equilibrium
thermodynamics.
So far we define the thermodynamic gauge field F' as

F(a) = dX (a), (28)
but because dS(a) = X (a), F(a) is always zero:
F(a) =ddS(a) = 0. (29)

Now we will generalize this, and assume that X, is not a pure gauge field, but a gauge field in a
physical gauge theory.* The action

SplX] = / dNaFy F (30)

3 This corresponds to the Rayleigh dissipation function.
4 Its dimension is N + 1, which is the number of components of X .
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is added to the original action with a gauge-fixing condition:

dat 1 .
Sala, X, 1] = /dr (Xu(a)di —A (Xo(a) + ELUXi(a)X}(a))), (31)
T
where A is a Lagrange multiplier.
The equation of motion for X, is
da® 0 ;
d——kzauF“ X) = %E"(X), (32)
T
da’ ” i iy i
— — ALYXj(a) = 0, F"(X) = E'(X) + 9;B"" (X), (33)

dt
where E; and B;; are
Ei(X) = Fo(X) = 3;®(X) - X;
= " X;0:X; — X;, (34)
Bjj(X) = Fjj(X) = 3:.X; — 0,.X;. (35)
We call E;(X) and B;;(X) the thermodynamic electric field and thermodynamic magnetic field,

respectively.
Equation (32) is solved for A:

da® <
A= d_at _ E, (36)

and we take the static gauge t = ¢; then Eq. (33) yields

i = (1+0E) LX) + B + B, (37)

From
E = L"D*81X;0:X, 4+ L' L/*X;0,0:.%; — LV 9,X;, (38)
E; = F*X0:%, + UFX0.%, — X, (39)

we get a non-linear constitutive equation of non-equilibrium thermodynamics:
i =LVx; + &, (40)
where £/ is a term from the thermodynamic gauge fields:
£ = IR LM 91X; 0, X0: X 4 L™ DF L X010, X0 X — LY LT 9,.XX
+ DAL X 00X, + DFLTX8,.% — LYK,
+ RLT 900X — DR 9,9, X;. (41)

This means that, by introducing the usual kinetic action of electromagnetism into the thermodynam-
ics, the gauge field X;(a) can have additional transverse components, in addition to the longitudinal
(or the pure gauge) component existing in Onsager’s non-equilibrium thermodynamics. Then, the
non-linear constitutive equation is obtained.
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The second law of thermodynamics restricts thermodynamic gauge fields to £ + B >
(b ) 19,
From the dimensional analysis in Appendix C, the non-linear term dominates and our model with

a non-linear constitutive equation becomes effective at long relaxation times.

Thermodynamic gauge fields naturally lead to an oscillatory phenomenon.®

6. Path integral

Here, let us discuss this gauge theory in the path-integral representation. For the thermodynamic
variable a(?), let P[a] be the probability with which a thermodynamic path will be realized. We will
call the entropy for this probability the path entropy, given by

Sla]l = —kplog Plal. (42)
The probability of the transition from state (a;, #;) to (ar, #r) can be written by path integration:
Play.tylait) = [ DaPlal 43)

where the path is fixed at times #; and 7. The path entropy can generally be described by the entropic
Lagrangian:

1,
Sla) = f fL(a,c'z)dt, (44)

ti
L=S8=X()a+ ®X(a),a). (45)

Here, in order to be able to regard X as a free variable, we insert

EN .
/DXS (X(t) — a_> = /DXDn o A =50 | (46)
a

into the path integral. Then, the entropic Lagrangian is rewritten as

aS
L:Xc'l—l—CD(X,a)—i—in(X—a—). (47)
a

Solving Eq. (47) for X, we obtain the constitutive equation:

. 0P .
a=—-———in. 48
ax, (48)
Here, if we take & as
1 ..
the constitutive equation yields
i =LVX; —in'. (50)

5 See Appendix B for details.
® For a simple example, see Appendix D.
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Substituting this expression into S, we get

.1 as\ 1
S=—éz2+in([1——)— 2, (51)
2 a

and solving this equation for 1, we get

. 98 .
sl 7] e
a =L 57 in'. (52)
Substituting this expression into S, we obtain
g_L(os 298, 53)
=——) ——in".
2\9a) " 0a""

Then, the first term of § gives the entropy-increasing law of the macroscopic irreversible process,
and the second term is an effect of fluctuation.
Next, let us assume that ® is gauge-fixed like

dS = X (a)da + ®(a)dt + B(®(a) — ®(X (a), a))dt. (54)
Then we understand that, before gauge fixing, dS is
dS = X(a)da + ®(a)dt. (55)

This action before gauge fixing is invariant under gauge transformation:

0
X(@) - X(a) + -, (56)
da
de
®(a) > P(a) + o (57)
Then, this theory is originally a gauge theory of
Ay = (P,X). (58)

From the above discussion, the differential form representation of non-equilibrium thermodynam-
ics is natural from the viewpoint of the path-integral representation, and the gauge fixing is naturally
introduced to obtain a specific thermodynamical physics.

7. Discussion

We have assumed that the thermodynamic force is a gauge potential and generalized this potential
from a pure gauge to a physical gauge potential. By gauge fixing (24) and adding a thermodynamical
gauge-field action (30), we have obtained a non-linear constitutive equation for non-equilibrium ther-
modynamics (41). If we choose another gauge-fixing condition, we may get another thermodynamical
physics. This will be discussed elsewhere.

The viewpoint that the existing theory is some kind of gauge theory with gauge fixing may be useful
to generalize the theory. One of the most interesting applications of this method is the application
to classical mechanics, where a momentum may be regarded as a kind of statistic (S. Katagiri,
manuscript in preparation).
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The entropy of a thermodynamic path, which is essential for the differential form representation
of non-equilibrium thermodynamics, is also key to the detailed fluctuation theorem [11]. Then, the
gauge-fixing method and the gauge principle may help understand the second law of thermodynamics.

All arguments so far are in the realm of classical theory. Reconsideration of our discussion in the
context of quantum theory is important. In the latter case, the quantum fluctuation may be added to
Eq. (53).

For other applications, application to phase transition phenomena can be considered. In time-
dependent Ginzburg—Landau theory [12], the free energy is expressed in terms of a complex-order
parameter field and has the gauge symmetry of this parameter’s phase shift. By applying our gauge-
fixing method to time-dependent Ginzburg—Landau theory, we may obtain understanding between
these two gauge symmetries.

Finally, optics and non-equilibrium thermodynamics may have a closer relationship than previously
thought, such as the invariance of the line element of light under the gauge transformation. We will
investigate such a relationship in future work.
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Appendix A. The time dependence of S(a, ?)

In this appendix, the meaning of the time dependence of S(a, t) is discussed. As is well known in
classical mechanics [13], for the action

Skx] = /dtL(x,fc), (A1)
the differential of the action is equal to
dS(x,t) = pdx — Hdt. (A2)
Then, we obtain
oS (x, 1)
pP=—5"" (A3)
X
S (x, ¢t
- (x, ). (A4)
ot

The last equation is the Hamilton—Jacobi equation. The application of the Hamilton—Jacobi
equation to fluctuation phenomena is studied by Kitahara [14].
If H takes a constant value F, then we have

S(x, 1) = —Et + S(x), (A5)
and Eq. (A2) becomes
dS(x,t) = pdx — Edt (A6)
p= ag &) (A7)
X

This S(x) is the entropy that does not depend on time.
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Appendix B. Restriction from the second law of thermodynamics

We want to discuss the restriction from the second law of thermodynamics on our model with a
non-linear constitutive equation.
The entropy production is

.38 .. 1 . .
§=—d+®=-L'XX; + X;&’ (B1)
da’ 2
Xig" = X2 (31X + X2X* 92X, — X729 - X + XXX + X' X 9.X; — X'X,. (B2)
Since Eq. (A2) can be written as
S(a,t) = ®t + S(a), (B3)
we get
dS(a,t) = Xj(a)da' + ddt, (B4)
. 3S(a)
Xi(a) = —+. (BS)
da
Then, under Eq. (B3), Eq. (B2) becomes
XE = X2 (0.%)° + X2X02X,. (B6)

Here we note that E,-()_() = Bii()_() =0.
Ifitis assumed that the second law of thermodynamics cannot be broken, this requires the condition
of
1 7\2 1 vialy
5+ (0:X)” + X'0°X; = 0. (B7)

If we use the Ruppeiner metric [15]:

81 = Ydiod a0’ (B8)
this condition gives
20F (X1gR) > —1 (B9)
if gg is constant, then
2gRkgR > 1. (B10)
Because L7 is positive definite,
gtk gk >0 (B11)

always holds.
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More generally, in term of the thermodynamic electric field and thermodynamic magnetic field,
the non-linear constitutive equation is

i = (1 + 8kEk> LVX; + E' + 9B (B12)
Then, the entropy production can be given by
$ = (+ REFNLIX:X; + X (BT + 9;B7). (B13)

Therefore, the restriction from the second law of thermodynamics on our model with a non-linear
constitutive equation yields

. . . 1 "
E'+ 3B > — (5 + akEk> LVX;. (B14)

Appendix C. Dimensional analysis

To know the physics, the dimensional analysis is important. From this analysis, we obtain the relations

(5] = ks, (@)

-t

(51 = (C3)

i = o = % (C4)

% = [L7]1X] = [L’f]% (C5)

2] = [[Czl]][Z]]’ ()

i~y = L2 ()

[F] = % (C8)
s

[F1] = %Z }[[‘:2]] (C9)

(1] = [Fiol = [[kﬁ]t], (C10)

[E'] = % (C11)

(8] = % (C12)

(€] = [a] [[f]] (C13)
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Under these relations, we insert a basic constant of time, 7, and we get

da° -
A= i — kBta,-E’ (C14)
dt
d = (1 + kptoy ENLVX; + kgt (E' + 9;8"). (C15)

Then, if 7 is long, the non-linear term dominates and our model with a non-linear constitutive equation
becomes effective.

Appendix D. Simple example

As a simple example, we assume

Xi = ghd. (d1)
X = gy (D2)
— 2 kil R i R
£' = kpt <(gflk) L’"gfpap +Lka’[g};a‘”gﬁC — L”g};ap) (D3)

In this case, we can derive the following second-order linear differential equations:

AL + B + Clab =0, (D4)
Al = kpiLVgR, (D5)

B = (1 — kgil*L! g};g,’;), (D6)
Gy =— (1 + ksi(gn)?) L"g),. (D7)

If we change the coefficient of the first term in Eq. (D4) to 1, we get

i + Dl + Eya’ =0, (D8)
. P 1 . .
_(4=1\! Rik % R
Dy = (A7) By = (=g Riy — L&), (DY)
i Wi i

El = hic) = esl, (D10)

1
= (s e?) (D11)

kpt

Here we note that

[D,E] = 0. (D12)

If7 — 0, we get the well known linear constitutive equation.
We take a linear transformation of b:

a’ = Phb°, (D13)
B+ (P_IDP); W+ eb? =0. (D14)

If we assume that it can be diagonalized,
(P~'DP) = 18, (DI15)
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we get
Z;i-i-)\(i)bi-i-ébi =0, (D16)
o* 4+ Ao + € =0, (D17)
—ha) £\ JAG) — e
= ) D18
w 3 (D18)
Under f — oo,
D) = —L%g¢, (D19)
2
=—(gf)". (D20)
If we assume for simplicity that
ik
L gkp = a8’ (D21)
then
le
o=k (D22)
N
= LR oR — _No?, (D23)
P =14, (D24)
and we get
i —ad + Nod =0, (D25)
a++a?2—4Na?  1+iJ@N = 1)
W= = o. (D26)
2 2
Then, we get a solution that decays while oscillating:
YAV < e ) o1 (L*gR
t) =a(0 || D27
a(t) = a(0)e cos 5 | — (D27)
If we take the limit N — oo, the oscillation of Eq. (D27) disappears:
a(t) = a(0)e "8k, (D28)

Non-equilibrium macroscopic oscillatory phenomena have been discussed in the context of chemical

reactions [16].
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