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Abstract

We consider Onsager’s non-equilibrium thermodynamics from the perspective of the
gradient flow in information geometry. Assuming Onsager’s reciprocal relations, we
can regard his phenomenological equations as gradient-flow equations and develop two
different gradient-flow models. We consider their features and their relations. Both models
are applied to the ideal gas and van der Waals gas.

Keywords: Onsager’s phenomenological equations; gradient flow; information geometry;
irreversible thermodynamics

1. Introduction

In a closed thermal system evolving from a non-equilibrium state that is not far from
the equilibrium state, the thermodynamic entropic function S(X) can be expanded around
the equilibrium state Xeq as

0? S , ‘
5(X) zS(Xeq)+;(a;§2)XX (Xl—Xéq)(X]—X]eq)
= S(Xeq) - %gg(xeq) (Xi - Xéq)(Xj - Xéq), (1)

where each X; is an extensive variable, and then, we introduce the Ruppeiner metric
gR(X) [1I:

9%5(X)

R .
81']'(X) T T OXioxXi

(2)
The components gE(X ) are positive definite and symmetric gE(X ) = gﬁ(X ), if the S(X)
is a smooth concave function, i.e., -S(X) is convex. The entropy production rate can be
described by

dS(X) _9S(X)dx’ _  dx' 3)
dt oxXi dt ' dt’
where
_95(X)
ai = aXl 7 (4)
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are the (conjugate) intensive variables, and dX'/dt are the thermodynamic fluxes of the
variable X'. Onsager [2,3] expands the fluxes as the linear combinations of the thermody-
namic forces:

dX' _ ;j05(X)
dt oxi '

(5)

which are known as Onsager’s phenomenological equations (OPE), the linear constitutive
equations relating the fluxes and the forces with the condition that all 95(X)/dX’ = 0 when
all dX/dt = 0. He assumes the coefficients £/ to be symmetric, i.e.,

cl=rr, (6)

whose symmetry is known as the reciprocal relations. Several studies have been performed
concerning the OPE, e.g., Doi [4,5] extensively studied Onsager’s variational principle in
soft matter.

Our previous studies on the gradient flow [6-8] in information geometry (IG) [9]
showed some relations to different fields such as thermodynamics [10], geometric op-
tics [10,11], analytical mechanics, and general relativity [12,13]. Among them, we pointed
out [13] that Equation (5) can be regarded as the gradient-flow equation:

dn; o(=¥"(n)
i L 7
with respect to the 5-potential function ¥* () in IG, if we make the correspondence
j i X 0S(X ; o(-1*
X, Lo gi(n), SCO ¥, ax)=20) g 2T g

X! ;i

where g;;(77) denotes the components of the Fisher matrix, and 7; and @' are mutually
dual affine coordinates in IG (see Appendix A for the details). In this correspondence,
Onsager’s reciprocal relations (6) can be understood in IG as the symmetry of the metric
gij(n) = on;/00) = 817j/89i = gji(17), which is due to integrability.

Research focusing on the mathematical scientific structures common to different fields
is at the heart of SUURI engineering. SUURI is a Japanese word, which consists of the
two Kanji characters: SUU (numbers, or mathematical things) and RI (reason, theory, or
laws). SUURI is often translated as mathematics or applied physics, but they are not
appropriate, and there is no direct counterpart in other languages. It treats natural and
social phenomena as SUURI phenomena and deals with theorems and laws, theorizing and
applying them. We explore this type of research on Onsager’s phenomenological equations
from the perspective of the gradient-flow equations in IG.

The rest of the paper is organized as follows. In Section 2, we first consider the simple
extension of OPE (5) based on our studies on the gradient-flow equations in IG. In this
simple model, which we call the natural gradient-flow model, Onsager’s phenomenological
coefficients are replaced with the Hessian of the negative thermodynamic entropic function
-S(X). In Section 3, we adopt the components of the inverse of the metric G on a space
spanned by the thermodynamic extensive variables { X'}. We call this model the G-gradient-
flow model. Section 4 applies these two models to the ideal gas and van der Waals gas.
The final section is devoted to our conclusions. The basics of IG and the gradient flow in
IG are summarized in Appendix A. Appendix B explains the connection to the cotangent
bundle. This connection I';;(X,a) relates the flow dX'/dt in the tangent space TM to the
flow da;/dt in the cotangent space T* M. Appendix C shows the expression of the Levi—
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Civita connection of a metric G obtained from Jacobi matrix J. Throughout the paper, we
use Einstein’s summation convention for a repeated index.

2. Natural Gradient-Flow Model

Here, we extend OPE (5) based on our studies [10-13] of the gradient-flow equations
in IG. We apply the methods for deriving some important relations in IG to Onsager’s
non-equilibrium thermodynamics. From the correspondence (8), as our first model, we
introduce the coefficients L;;(X) as

Cam(X)  9PS(X)
Li(X) === = ~axioxi ~ S

X). 9)

It is worth noting that the coefficients L;;(X) depend on X in general, whereas the co-
efficients £;; in OPE (5) are independent. One readily confirms the reciprocal relations
as follows.

025(X)  9*S(X)
- 0 La(X). 1
0Xi9X/  9X/aXi ji(X) (10)

Lij(X) = -

Note that (9) means that the matrix L(X) is simultaneously a Jacobi matrix whose compo-
nents are —9a’ (X )/0X; and a Hessian matrix of —~S(X), similar to the distinct feature of the
Fisher matrix g in IG (cf. (A4)).

We can introduce the total Legendre transform S*(a) of the thermodynamic entropic
function S(X), i.e.,

N ; 05*(a) ; dS(X)
§*(@) = X'(@)a-S(X(@), TP =X(a), G = a(X), )
Then, as the dual relation to (9), we have
i 0X'(a) 025*(a)
Li - _ =_ . 12
(a) aa] aﬂiaﬂ]‘ ( )

Note that since the extensive variables X' and the intensive variables a; are related through
(11), the coefficient L(a) can be regarded as a function of X', i.e., L(X) := L(a(X)).
With the coefficients L (X), as the gradient-flow equations corresponding to (A10) in IG,
we propose

axt
dt

. e i dS(X) 09S(X
= Ll](X) (IZ]‘ - ajq) =L ](X)(ag(j) _ ag(]' ) ‘ijxéq)’ (13)

where a - a°1 denotes the thermodynamic force at a thermal state X. We assume that a°1
has a non-zero value in general, whereas in OPE (5), a°1 is assumed to be zero. Since in

t y .

the fields of optimization and IG, the operator v xi'= LY(X)0/0X’ is called the natural

gradient [8,14], we call this model characterized by (13) the natural gradient-flow model.
Next, by using (9) and (13), we have

dX'  ox' daj . e
- = LX) (a;: —aSD). 14
i~ an @ 0@ (14)
——

-Li(X)
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Consequently, it follows the linearized differential equations:
dﬂ' e
d—tl =—a;+a;], (15)

which are the dual equations to (13). Note that, whereas the original Equation (13) is
nonlinear in general, the linearized Equation (15) is readily solved. As is clear from the
above derivation process, the key point is that the coefficients L (X) are the components
-0X'/9a j of the Jacobi matrix.

By using (13), the entropy production rate (3) can be expressed as

ds(X) _9s(x)  dx’

ax’ oy il ed
0 e T a“(X)-L (X)a,a] , (16)
— —
a; L"f(X)(u]-—afq)
where we introduced the dissipation function:
ii o 05(X) 05(X i i
a*(X) = LY(X) %% = LI(X) aa; = (§8(X))" aja; > 0. (17)

It is convenient to introduce the function x?(X):
dS(X) 9S(X)

) 3S(X) 9S(X)
2 —7if _ .
X (X) L (X)( X JXi Xi_Xéq)( oOXJ oXJ ‘szxéq

= L(X)(a;(X) - a7 (X)) (aj(X) - a53(X)), 19

which corresponds to (A13b) in IG.

The relation between the gradient flow in IG and Hamilton flow were pointed out
in [6,7]. Boumuki and Noda [15] studied this relationship from the perspective of symplectic
geometry. Chirco et al. [16] discussed Lagrangian and Hamiltonian dynamics in their non-
parametric formalism. In our previous studies [11,13], we proposed the special type of
Hamiltonian, which describes the gradient flow in IG. Based on the results, Equation (A12b)
of the Hamilton flow in IG, we can construct the Hamiltonian:

H(X,a) := %LU(X) (a; - afq)(aj - a;?q) - %;8(}(), (19)

whose Hamilton flow is equivalent to the natural gradient flow (13) and its dual (15).
Indeed, Hamilton’s equations of motion are

dX' oH eq
22 % _1i(x) (a; - af
i o, LY( )(a] a; ), (20a)

da;  9H  19L%(X) (

dt ~ axi 2 axi

aj—a;q)(ak—a;q)+2 X (20b)
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The first equations are equivalent to (13). For the second equations, from (18), we have

19x2(X) 19L%(X) eq eqy . 1jk/vy O eq
2 9xi 2 oxi (”J'_“j )(“k‘ak )+ LA(X) IXi (ax - a,")
——
-L;ji(X)

_ laUk(X)( eq

=5 i \4Tq )(ak—aiq)—ij(X)Lji(X)(ak—azq)

—————

ok

19LK(X) eq eq eq
= Tax (aj—aj )(ak—ak )—ai+ai . (21)

Substituting this relation into the right-hand side in (20b), we obtain the linearized
Equation (15).

One may wonder why the Hamiltonian (19) describes simultaneously the natural
gradient-flow dX!/dt and its dual flow da;/dt. In Appendix B, we explain the connection
T(X,a) with the cotangent bundle. The connection I'(X,a) relates the flow dX/dt in the
tangent space to the flow da;/dt in the cotangent space. The Hamiltonian (19) is constant
along all horizontal curves and satisfies the distinctive relation (A40), from which the flow
dX'/dt in tangent space and the flow da;/dt in cotangent space are related, as shown (A42),
by the transport Equation (A17). Actually, the natural gradient flow Equation (13) and the
dual linearized Equation (15) are related by

da; axt

3. G-Gradient-Flow Model

In the natural gradient-flow model, the coefficients L;;(X) are important ingredients
and equivalent to the Hessian of —S(X), and also to the Ruppeiner metric [1]. However, in
order to obtain the coefficients Lij(X ) in (9), it requires an expression of the thermodynamic
entropic function S(X) as a function of the extensive variables X'. It is difficult to determine
an explicit expression of the thermodynamic entropy, in general. Thermodynamic systems
are often characterized by a set of equations of thermodynamic state, which are experimen-
tally determined. Vaz [17] provided the method for obtaining the metric G in the space
spanned by the extensive variables { X'} from a set of equations of thermodynamic state.
Here, we propose another model (G-gradient-flow equations) based on Vaz’s method.

Let us consider the coordinate transformation from X = { X’} to a function ¢”(X) of X,

9 9X' 9

]
A agh X! oxi

RIS s bP=12.m, (23)

where J,/(X) = 9X'/0¢" are the components of the Jacobi matrix J. The meaning of each
function ¢”(X) is shown in (30). Similarly, the inverse relations are given by

opt .
dcpb:%dxl:]ih(}()dxl, ib=1,2,...,n. (24)

The following relations are satisfied.

0X' 9¢°  9¢*
opt aXi gt

b X/ j
a"’.al:ax,:f.. (25)
oXi ot oXi !

Q’) .

I (X) J£(X) = =85, JNX) Y (X) =
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Thus, (23) describes the transformation rule from the frame consisting of the coordinate
basis {9/0X'} to the frame consisting of the basis {9/0¢"}. Their dual bases are {dX'} and
{d¢"}, respectively, and they satisfy
; 0 ; )
i 9 _ i b 9 _ b
aX 3 6, d¢ Py ¢ (26)
In general, equilibrium thermodynamic systems with n-independent macroscopic
variables are completely described by the n-independent equations of state, which, in some
cases, can be cast into the following form [10,17],

I (X)a;=E,, i,b=1,2,...n, (27)

where 4; is given in (4), and each E, is an independent constant. We can assign {E; } as the
components in an orthogonal basis {9/d¢”} with the invertible constant diagonal matrix 7.
In other words, the frame consisting of the orthogonal basis {3/d¢"} is Cartan’s moving
frame. In general, the frame {3/dX'} is non-orthogonal and is characterized by a metric
tensor G, whose components G;;(X) are related by

Gij(X) = mpe JiP(X) ] (X). (28)

The Jacobi matrix | relates the non-orthogonal frame {9/ 0X'} with the local orthogonal
frame {9/0¢"} as shown in (27).
Next, by inverting (27), we have

95(X) b A(Ep 9" (X))
oxi a;=Ep Ji'(X) = oxi (29)
which implies that the entropic function is expressed in the form:
S(X) = By 9"(X), (30)

except for the constant of integration. In this way, when the thermodynamic equations
of state are cast into the form (27), the thermodynamic entropic function S(X) is decom-
posed in the form (30), which consists of the sum of the product of a constant E, and a
function ¢’ (X).

The inner product in the orthogonal frame {9/0¢"} with a diagonal metric tensor 7
and that in the non-orthogonal frame {9/0X'} with a metric tensor G are related by

GU(X) ajaj = n" EyEe. (31)
We can regard this relation as the generalized eikonal equation [10] (or Hamilton—Jacobi equation):

9S(X) 3S(X) _ o

) 5 an ’

(32)
where

E%:= 4™ E,E,, (33)
is a positive constant. From Equations (27) and (31), it follows that

GI(X) = " " (X) ]/ (X). (34)
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It is worth noting that a Jacobi matrix J(X) is determined by n? components, whereas
a Riemann metric G(X) has n(n +1)/2 components. Consequently, the metric G(X) is
obtained from a given Jacobi matrix J(X) as (28) and (34), whereas the converse is not
possible in general, since n(n +1)/2 < n? for n > 1.

Now, we introduce the G-gradient-flow model as follows.

dXi ii e if aS(X) aS(X)
=G (aj_”fq):G](X)(axi_axf‘xexgq)’ (35)

Note that, since 7 is a diagonal matrix, G(X) is symmetric under exchanging of indices, i.e,
the reciprocal relations are satisfied. Since the coefficient G;;(X) comprises the components
of the metric G(X), we call this model the G-gradient-flow model.

The entropic rate in this model is

dS(X) 9S(X)  dX
dt X dt
N—— ——

a; Gii(X)(a]-—a;iq)

= GY(X) [P (X)](X) EyEe = GT(X) ] (X) ]} (Xeq) EpEe

-GI(X) @ aj - a;q

—~ —
JPOOB\ [ OB Je(Xeg)Ee

,,/bc
= " EpEc = GT(X) T (X) ] (Xeq) EpEc = E* = GT(X) " (X)] (Xeq)EpEc- (36

From (29), we obtain the dual equations with respect to (35) as follows.

da; dfit (X 0 dx/
——=E Ji( )=Eb7-]ih(X) —
dt dt oXI = dt
W) ins eq
axi GI*(X) (ax a )
P*S(X) ik
o G(X)(a - a,1) = —Lij(X) G (X) (ax - 2 ). (37)
——
-Lij(X)
Combining (35) and (37), we have
da; dx/
= L) 7, (39)

which are the transport equations in (A17). As explained in Appendix B, the connection
[;(X,a) to the cotangent bundle relates the flow dX'/dt in the tangent space TM to the
flow da;/dt in the cotangent space T* M. Hence, we find that -L(X(a)) plays a role of the
connection I'(X, a) to a cotangent bundle.

This relation (I'(X, a) = —L(X)) can be confirmed as follows. As shown in Appendix C,
the coefficients gI'* ij(X) of the Levi-Civita connection with respect to G are obtained in
(A47), ie.,

a]jb(X).

G (X) = I (X) —55 (39)
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Then, the associated linear connection I'(X, a) in (A25) becomes
AP(X)  axk 9s(X) 2*P'(X)
[(X,a) = oI i(X) ar = [, (X 7 - R
9S(X) 9%’ (X 0? 9%S(X
- a(b) oX) 9 Ey¢’(X) = ( ).:—Ll-j(X). (40)
¢’ 0X'0X 9XWX ______° 09X9X
- 500
b

4. Applications

Here, we apply the natural- and G-gradient-flow models to ideal gas and van der
Waals gas.
4.1. Ideal Gas

Ideal gas is a simple model for a dilute gas, which is characterized by the following
equations of state:

u=C,T, Pv=RT, (41)

where u denotes the molar internal energy, v the molar volume, T the absolute temperature,
P the pressure, R the gas constant, and C, the molar heat capacity at constant volume.
Now, the extensive variables are X = (u,v), and Equation (41) can be cast into the

form (27):
u 0\(x C
=17, (42)
0 v % R
—— N N —
(X)) & Ey
where

) u 0 % Cy
' (X) = ;4= BEe= , (43)
0 v T R

where we set the conserved quantity E, = C, and E, = R. From the definition of ]ib(X )=
o¢" /0X!, the components J;*(X) are related by

b (5 O)_(md“(X) £0°(X)
) (X)'(O v)'(zW(X) ?ﬁ@v(X))’ 9

|—

from which we obtain
$"(X) =Inu, ¢%(X)=Ino. (45)
Then, from (30), the thermodynamic entropic function of the ideal gas model is expressed as
S(X)=Cylnu+RlIno. (46)

Setting 7 = diag(C,, R) and 7! = diag(1/Cy,1/R), we have

Cy
G(X) = (Lg 0 ) (47)

02
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and
u?
G;%X):(Q ) (48)
0
The matrix L(X) of the ideal gas model is

Cy
L(xX) - (0 O), (49)

=S ©

which is same as the metric G(X) in (47). Hence, there is no difference between the natural
gradient-flow equations and G-gradient-flow equations for the ideal gas model. This is
because this model is too simple. In contrast, as we show in the next subsection for van der
Waals gas that both gradient-flow equations are different.

Now, we consider the gradient-flow Equation (13) for the ideal gas model.

du u? dov v?

=U-—, =0 - —. 50
dt " leq dt v Ueq (50)

Instead of solving these nonlinear differential equations, it is easier to solve their dual linear
Equation (15):

P,
£(1)=_1+L’ £(£)=_5+ﬂ’ (51)
a\T)” T 1 a\T)” T Ty

where Teq and Peq are the equilibrium temperature and pressure, respectively. The solu-
tions are

1 _(1 1)exp( 1 (Po = Peq) exp(-t) P, 52)

T\ _t) + =, p (t) =

T T
T(t) Teq ( —foq)exp(—t)+ﬁ
where Tp and Py are the initial temperature and pressure, respectively. From the explicit
expression of the entropic function Sig(X) in (46), we obtain

S G P 95 R C(
ay = _7

= — = aU —_
Jdu

T 9 v ) (53)

Sl

Cyo

From these relations, we obtain P = Ru/(C,v). The relations between the extensive vari-
ables X = (u,v) and the intensive variables a = (1/T,P/T) are simple and separated.
Consequently, we can readily obtain the solutions of the gradient-flow Equation (50) as

P(t) _ Ueq
T(t) l+(Ueq )exp( t)

Ueq

1+ (%q - 1)exp(—t)

u(t) = CoT(t) = , o(t)=R (54)

The entropic production rate is obtained by either (16) or (36). Since the two models
are same for the ideal gas, we obtain E? = 4> = C, + R = Cp, (by Mayer’s relation) and

u(t) | o)

Ueq Ueq

GY(X) ] (X)]} (Xeq)EpEe = L (X)a;(X)aj(Xeq) = Co

Then, we obtain

ds(t) Cv(l— u(t)) (1_0(1‘))‘

dt leq Ueq
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4.2. van der Waals Gas

Here, we consider the natural- and G-gradient-flow of the van der Waals gas model,
which is characterized by the following equations of state:

a a
1,[+5 :CUT/ (P"’ﬁ)(z}_b) :RT, (55)

where a and b are the real parameters. The first equation of (55) states the equipartition
theorem, and the second equation states the equation of state by van der Waals [18]. The
term a/v? accounts for the long-range attractive forces that increase the pressure, and the
b term accounts for the short-range repulsive forces that decrease the volume available
to molecules. In the limit of a = b = 0, the van der Waals gas model reduces to the ideal

gas model.
Now, we have the extensive variables X = (#,v), and the equations in (55) are cast into
the form (27):
1
u+g 0 T\ _ Cy (56)
S(o-b) wv-b/\L) \R/
Jp'(X) i Ep
where
. u+ s 0 1 C
T v
]hl(X) = ( a ’ )/ a; = (P)’ Eb = ( ) (57)
P (v-b) ©v-b T R
The components J;’(X) are
1
0 J 4u J 40
+3 2P (X)) 59" (X)
]ib(X) _ u+y _ (aau aau , (58)
_02(;_,_%) ﬁ %‘PM(X) %(PU(X)
where

" (X) :1n(u+%), ¢°(X) =In(0—b). (59)
The thermodynamic entropic function S(X) can be obtained as
5(X) :Cvln(u+g)+Rln(v—b). (60)

Setting 7 = diag(C,, R) and 5! = diag(1/C,, 1/R), we have

Cy _ G
a2 a2
U+ u+y
G(X) = () 2( : , (61)
G C©% . R
(u+2)®  (u+2)®  (0-D)?
and
(s 0 H-b)
Glx)=| © R R (62)

5 (0-b)° (v-b)?
R R
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The non-zero elements of the Levi—-Civita connection are
1 =
T uu(X) = T ay/ T uo(X) = cTMou(X) = —5 ay)’
(u+3) (u+3)
52 O 1
(Thoo(X) = T2 P (T (X) = - . (63)
0 (v-b)  (u+2) ° (v-b)

The straightforward calculations lead to all components R* ijk(X) of Riemann curvature
tensor being zero; hence, the scalar curvature of the G-gradient-flow model is zero.
The matrix L(X) is

Cy _aCy
a)? 2 (142>
L=l " et e | (64)
vz(u+%)2 U4(u+%)2 (v-b)?
a 2 _ a(a+2uv) R(M+%)2
[(x) - (H+D)@-0) O or = (65)
R(u+4%)-2Cy5&(v-b)? 2 1
Then, the natural gradient-flow Equation (13) is
Co Co
% » urd ”e‘1+veq
o =L (X) R Cu R Cya . (66)
‘e — 2 a —
42 R ORI TRy S

The dual linear Equation (15) for the van der Waals gas model is the same as that (51)
for the ideal gas model. From the explicit expression (60) of the entropic function, we obtain

1 G P R Gz G (Ru+?) a
au:T: o Av=7= - il a vl (67)
u+g T ov-b u+g Cy(v-b) v
from which we obtain
R(u+9) a
Pty = ——22 - —, 68
() Cy(v_b) 2)2 ( )

Next, we consider the G-gradient-flow model. From (35) and (66), after straightfor-
ward but tedious calculations, we have

du 4 a (v->b6 Coo (U b)z 1
dat 5+7(U b)_L(t +U?‘_vz(v —)b ~ vz T (692)
€9 " veq eq R(Heq + a) eq
N2 2
%:v—b—(v b)b Coa(v - b) ( - 1 ) (©9b)
Ueq — R(ueq+@) v ZJeq

The dual Equation (37) for the van der Waals gas model is obtained by using

1 0,

ik

Lif(X)G] (X) = (_ZCvaz(v—h)2 1- 2C7,c1(v—b)2 )’ (70)
Ro>(u+2) Ro3(u+2)
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so that
d(1 1 1
=)=-=+—, 71
dt ( T) T i Teq o
d(P)__ZCUaZ(U_b)Z(l_l _ 1_M P_Peq) (71b)
dt\T RoP(u+2) \T Teq RA(u+2) \T Teq)

In contrast to the case of the natural gradient-flow model, the second differential equation
is nonlinear.

We performed a numerical analysis and obtained the numerical solutions. Figure 1
shows the contour plot of the entropic function (60) and the trajectories of the natural-
and G-gradient flow starting from (u(0),v(0)) = (1.5,1.5) to the equilibrium state at
(Ueq, Veq) = (4.5,4.5). For the same parameters and the initial and final (equilibrium) states,
the trajectories on (1/T(t), P(t)/T(t)) of both models are plotted in Figure 2.

Figure 1. The contour plot of the entropic function (60). The trajectories (u(t),v(t)) of the natural
gradient flow (blue curve) and G-gradient flow (red curve) are also plotted. We set Cy = 3/2 (a
monoatomic gas), R=1,a=1,b=0.5,u(0) =v(0) = 1.5, uteq = Veq = 4.5.
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Figure 2. The trajectories (1/T(t), P(t)/T(t)) of the natural gradient flow (blue curve) and G-gradient
flow (red curve). The parameters and the initial and final values of (#,v) are same as in Figure 1.
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5. Conclusions

We reconsidered Onsager’s non-equilibrium thermodynamics from the perspective
of our previous studies [10-13] on the gradient flow in IG. As extensions of the OPE, we
proposed the two different gradient-flow equations by replacing Onsager’s phenomeno-
logical coefficients with the Hessian of —S(X) or with the inverse of the metric G in the
space spanned by the thermodynamic extensive variables X. We call the former the natural
gradient-flow model and the latter G-gradient-flow model. We considered both gradient-
flow models and their relations. In a similar way to how IG works, where the natural
gradient-flow equations are nonlinear in the extensive variables X' in general, the dual
equations are linear in the intensive variables a;. We considered the relationship between
both models and showed that the coefficients L(X) in the natural gradient-flow model
are the (negative of) the connection coefficient I'(X, 4) in the cotangent bundle. For both
models, the flow dX’/dt in tangent space and the flow da;/dt in cotangent space are related
by the transport equations as shown in (22) and in (38). We applied both models to the ideal
gas and the van der Waals gas models. Since the ideal gas model is too simple, both models
for the ideal gas are the same. In contrast, for the van der Waals gas model, both models
are different. We performed numerical analysis and obtained the numerical solutions for
the natural- and G-gradient flow equations. Their trajectories are clearly different as shown
in Figures 1 and 2; hence, they describe different thermodynamic processes.

Recently, Bravetti et al. [19] studied asymmetric relaxations within the context of IG. In
order to obtain a gradient-flow equation within the context of IG, they used the gradient of
the internal energy of a system, whereas in this work, the gradient of the entropic function
of a system is used as well as IG. Thus, it should be interesting to extend our method to a
gradient flow with respect to an internal energy or free energy.
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Appendix A. Basics of Information Geometry and the Gradient Flow

Historically, IG [9] was developed by considering a parametrized statistical model,
which is called an exponential probability distribution function (pdf):

po(x) = exp[0'Fi(x) - ¥(6)]. (A1)

Here, ¥(0) is determined from the normalization of py(x) as ¥(0) = ln[ [ dx exp(QiFi(x))],
and its (Legendre) dual potential function ¥* () is

Y (1) = Ep[Inpg(x)] = =S(n), (A2)

where S(7) is the entropic function with respect to pg(x).
However, such an exponential pdf is not necessarily needed if one would like to
construct the dually flat structure in IG. For a given convex function ¥ (6), one can readily
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construct its dual convex function ¥*(#) and the associated dual affine coordinates " and
1; as follows.

g )0

= = ¥ () =0Ty - ¥ (0). A3
3, =g (17) = 0" 17; =¥ (6) (A3)
The positive definite matrices g;;(6) and ¢'/(n) are obtained from the Hessian matrices of
the convex function ¥ (6) and ¥*(7) as

o,  9*¥(6)
()= i 2
8i(0) = 507 = Spiap

; 0" 3%¥*(n)
)= 5r= =", (A4)
& dn;j 90,

respectively. These matrices satisfy the relation g/ () gik(0) = (5,i, where (5,i denotes Kro-
necker’s delta. As is clear from (A4), these matrices are also Jacobian matrices, e.g.,
gij(0) = an;(0) /06/. In this way, the matrices gij(0) and the inverse ¢'(n) are simulta-
neously Jacobi and Hessian matrices, which are distinctive in the dually flat structure
of IG.

Since the connection coefficients I' are not tensors, there exists a coordinate system in
which all connection coefficients become zero, and such a coordinate system is called affine.
The a-connection V(%) [9], which is a one-parameter extension {V*} . of Levi-Civita’s
connection V(9 and its dual v*®*) are defined by their coefficients as

~(1-a) ¥(6)

@ (g o HO) @iy .
0= Seraeiant )

(1+a) 33‘{’*(17)
2 omon;on;’

(A5)

respectively. Among the a-connections, « = +1 plays a central role [9]. One readily sees,
from (A5), that the connection coefficients F(l)i]-k(G) of v (r*=1) ijk(l’]) of v*(=1)) vanish,
and hence, the 6-coordinates (17-coordinates) are affine for the connection v 7Dy,

A divergence D(p,r) of a set of two states p and r is a non-negative function providing
a measure of how much they differ. We can regard r as a reference state. A well-known
example of the divergence is relative entropy (or Kullback-Leibler divergence). In IG, the 6-
and n-divergence functions are

D(6,0;) :="¥(0) — ¥ () — 7 (6" - 6), (A6a)
Dy, 1") =¥" () =" () = 04 (i = 11}, (A6b)

respectively. Here, the 6; (or 1") denotes the 6- (or #-) vector of a reference state. When
6 = 6;, the 0-divergence D(6, 6;) vanishes, and similarly, the #-divergence D(#, ") vanishes
when y =7".

Having described the basics of IG, we briefly explain the gradient-flow equations [6,7]
in IG. The gradient-flow equations with respect to the 6-divergence function D(0, 8;) with
a given fixed 6, are

e’ . 9D(6,6;) ;i . [0¥(0) 9Y¥(6)
P = ol — )
=8O =g (9)( T \M, (A7)

in the f-coordinate system. By using the properties (A3) and (A4), the left-hand side of (A7)
is rewritten by
do'_ 00" dnj _

av _ — oli(p
ar “ay dr 8

dn;

dt’ (A8)
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and applying (A3) to the right-hand side of (A7) leads to g"(#) (nj- 17;) Consequently,
the gradient-flow Equation (A7) in the #-coordinate system is equivalent to the linear
differential equations

dﬂ;gt) =n;(t) - 1;, (A9)

in the #-coordinate system. This linearization is one of the merits of the dually flat struc-
ture [9] in IG.
The other set (or the dual) of the gradient-flow equations are given by

dn; 9D (1, 7") oY (1) 9¥*(y)
- g (22N - : (A10)

in the r7-coordinate system. Similarly, they are equivalent to the linear differential equations

ag'(t) j
()6l (A11)

in the §-coordinate system.
The gradient flow (A7) and (A10) can be related to the Hamilton flow characterized
by the following Hamiltonians

H(8,17) = 287(0) (i~ 1) (1~ 1) - 222(6), (A12a)
2 2

H(7,-0) = 58510 ~00)(6' - 6D) - 223n), (A12b)

respectively. Here, x2(6) and x2(#) are given b
P Y: ] o\ 8 y

o (a¥(8) a¥(p) IE(6) I¥(0)
X (@) "g](g)( YT eize;)( PR ‘gf:ei)’ (Al3a)
208 o f9YT(r) 9% () o¥*(n) 9% (n)
Xe(ﬁ)-—gz](ﬂ)( o o \m_ﬂf)( an, 3, |17j_;7;), (A13b)

respectively. Note also that H(6,77) and H(#,—0) are related through the canonical transfor-
mation (8',7;) to (17;,-6") [12].

It is worth noting that the scalar field )(% (0) characterizes the rate of the 6-potential,
since it is related to the 0-potential function ¥ (6) as follows.

d¥(6) _0¥(0)de’ _

o A¥(0)(9¥(8) 9¥(6)
dt sor ar 5 (© ( -

00 \ 00/ o0 ‘ef_ef):X%(Q)_gij(e)”f”;’ (Al4)

where the relations (A3) and (A7) are used. Similarly, the scalar field X%( 1) characterizes
the rate of the 77-potential as

dT* i 1
dt(n) = —x3(n) + i (176561 (A15)

Since -¥*(#) is the entropy S(#) in (A2), the scalar field )((%(11) characterizes the rate of the
entropy dS(#)/dt in the gradient flows.
By using the gradient-flow Equations (A7) and (A10), we see that

do' doi
dt dt’

- dy;
X3(6) = 81(6) X = g1 L=l (A16)



Entropy 2025, 27, 710

16 of 20

Appendix B. Connections to Cotangent Bundles

Here, we review the connections to cotangent bundles, according to Ref. [20]. In order
to retain the consistency of the notations in the text, we use X for the local coordinates
and (X, a) for the canonical coordinates. The local coordinates X = (Xi),i =1,2,...,non
a smooth manifold M generate natural canonical coordinates (X',a;) on the cotangent
bundle T* M and fibered coordinates (Xi, a;, X, d;) on the tangent of the cotangent bundle
TT* M. A connection I on T* M can be represented by three different methods:

(1) By the differential equations

da; dxi

— =T;(X,a)—, i,j=1,2,... Al7
dt l]( ,ﬂ) dt 7 l/] 7“7 ,7’1, ( )
which are called the transport equations;
(2) By generators D; given by
d 0

D; = ﬁ + r,‘j(X, a) aiaj/’ (A18)

(38) By the characteristic forms
0; =da; —T;;(X,a) dX/, (A19)

where I';;(X,a) are coefficients of the connection I'(X,a). Be carful not to confuse the
connection I'(X, a) with a connection V on a Riemann manifold. As can be seen from the
transport Equation (A17), the connection T'(X, a) relates dX'/dt ¢ TM with da;/dt € TT* M.
We denote the coefficients of a connection V as l"kij(X), whereas those of I'(X,a) are
[;(X,a). The horizontal lift Y of the vector fields Y on the base manifold M is defined by

.2 .
Y=Yoo = Y=YD, (A20)

which states that the horizontal lift 9/9Y? of 3/dY’ on M is the generator

d
The difference
R(Y,Z):=[Y,Z]-[Y,Z] (A22)

is a vertical field. Here, [Y, Z] denotes the Lie bracket of the vector fields Y, Z. The bilinear
mapping R(-,-) from vector fields to vertical fields is the curvature of the connection. Since
[0/0Y,8/9Y] = 0, we have

9 9 )
D;D:]=R|l—, — | =R;;y — A23
[Di. Dj] (aw’aw) it 9a,” (A23)
with
oly(X,a . al:p(X,a .
Rl-]-g::rik(x,a)L—rjk(x,a)ar’é(x’”)+ ;é(‘ )_aw(x,a), (A24)

aak allk 0X! E)XJ

which are the curvature coefficients of the connection I'(X, a).
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A connection I is called linear if the parallel transport is linear. In this case, the
connection coefficients are linear in 4, i.e.,

T;i(X,a) =T%;(X) a, (A25)
as well as the curvature coefficients
Rijo = RN ay, (A26)
where

d d
R¥jjy = X I (X) - 3 T 0(X) + TR (OT™ 1o (X) = T8 (O™ 10(X). (A27)

It is well-known that when the integrability conditions da i / X' = oa;/ 39X/, are satisfied,
there exists a potential function W(X) such that

)
4;= 5 WX). (A28)

Then, taking the derivative of both sides with respect to the parameter ¢, we have

da;  PW(X) dX/

— = . A2
dt  90X'oX/ dt (A29)
Comparing this relation with (A17), it follows that
PW(X) PW(X)
rji(Xra) = oXjo X! = OXi9X] = rij(X/a)/ (A30)

which states that the connection I'( X, a) is symmetric (or torsion-free). Similarly, we see that

d azag azag d
axi tXe8) = 53N T axdaxi  axi L 1K) (A31)

Next, we introduce the dual potential function W*(a) as the Legendre transform
of W(X),

W*(a) = a; XF - W(X). (A32)
We then see that
xi- W@ (A33)
8ai

which implies the integrability conditions &' X/ = &/ X*. Now, since

ax" X" da,  oay
ey LK) = S S By T (A34)

we see that

oX"
day,

™" (X,a) = (A35)
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are the inverse matrix elements of I'y;, (X, a), i.e., I"™"(X,a) I',;(X,a) = 6;'. Taking a partial
derivative of both sides, we obtain

al-'mn(X/a) mn arnE(X/a)
———— T (X,a)=-T"(X,a) —/—"—=. A36
apk l’lf( /a) ( ,ﬂ) aak ( )
By multiplying I';;,(X, a), we have
ol (X,a) 9T (X,a)
it ,
=- T(X,a)T;,(X,a). A37
We also see that
or"(X,a)  #X"  9*X" o' (X,a) (A38)
oay C Oapoay  0ayda,  Ody
Then, from (A37), we have
olj(X,a)  ork"(X,a) o (X, a)
. it - ’ . . -T. oli\Aa)
rlk(X,El) aak = O, an(X,a)l"lk(X,a)l"]m(X,a) 1—‘]711(Xra) 9y :
Thus, it follows that
oly(X,a . al':p(X,a .
Rije = Ta(X,a) jo(X,a) _rjk(x’a)arlg(x,a) . je( ' ) 9T(X,a) 0. (a39)

allk alilk aX! aX]

Therefore, the system is completely integrable if R = 0, i.e., the connection I'(X, a) is flat.

A smooth function H(X,a) : T* M — R, which is constant along all the horizontal
curves (i.e., constant on the parallel covectors), is said to be an invariant function of I'( X, a).
This is equivalent to D; H(X,a) =0, i.e.,

J0H(X,a) .
X!

J0H(X,a) _

Fij(X,a) 9

0. (A40)
j
On a cotangent bundle, a Hamilton function H(X, a) generates a Hamilton vector field Xp;.
In canonical coordinates (X, a), the first-order equations of Xy are Hamilton’s equations
dX' 9H(X,a) da; 0OH(X,a)
— =, =7 A41
dt oa; dt oX! (AdD)
The value of the Hamiltonian H(X, a) is a first integral of Xp, i.e., a constant along the
integral curves of Xp.
Note that by combining (A40) and (A41), we see that

da;  9H(X,a)
dt oXi

0H(X,a) dx/
:r“(Xra)i :r“(X,ﬂ) T (A42)
g da; g dt

which is the transport Equation (A17).

Appendix C. Levi-Civita Connection and Jacobi Matrix

The coefficients gI" kl-]- of the Levi-Civita connection with respect to a metric G are
given by

(A43)

oI (X) = ;Gu(x)(acgj(x) L 90Gu(X) _ 9G;(X) )

X! X/ X!
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By using the relations (28) and (34), we have

LX) a1 (X)AX) _ A (X)(X)
oXi oXJ oX’

1
cT*i(X) = szé(X)Ucd(

Y d Ai*(X) 9 (X)) ¢ A (X)) I(X)
_EG (X)Ucd{]f (X)( X + aX] )+]Z (X)( aX] - X’
d c
o2l —1,»"<X)a];,)((f)}. (Asd)

For a Jacobi matrix, we see that

UF(X) _ gF P (X)

X! 9XiaX/ 9XioXi  9X/ ' (A5)
which is symmetric under changing i and j. Then, we see that
d aT4(x d <
If(X)( ) o) ) =0, el 0L g0 28D <o, (ase)
because 74 is diagonal. Consequently, it follows that
Cc Cc
cThi(X) = GM(X) w]ﬂ(X)a]g}(f) a1 (00 T (0 00) 2D gﬁj”
——— N——— —_—
7Tk (X) ] ot s
k a] j “ (X )
= a0 =5 (A47)
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