THERMALIZATION OF RATE-INDEPENDENT PROCESSES BY
ENTROPIC REGULARIZATION
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ABSTRACT. We consider the effective behaviour of a rate-independent process
when it is placed in contact with a heat bath. The method used to “thermalize”
the process is an interior-point entropic regularization of the Moreau—Yosida
incremental formulation of the unperturbed process. It is shown that the heat
bath destroys the rate independence in a controlled and deterministic way, and
that the effective dynamics are those of a non-linear gradient descent in the
original energetic potential with respect to a different and non-trivial effective
dissipation potential.

1. INTRODUCTION AND OUTLINE

In [5, 14], it was proposed that a suitable model for the effect of a heat bath (i.e.
the application of statistically disordered energy) on a gradient descent is a time-
incremental variational problem in which, in each time step, the usual work done
competes with an entropy term that penalizes coherent, deterministic evolutions. In
the case of linear kinetics (two-homogeneous dissipation), this method is equivalent
to the one used in [4] to generate the Fokker—Planck equation for an Ito stochastic
gradient descent. This paper examines the case of one-homogeneous dissipation
and generalizes the results of [14].

As outlined in Section 2, the discrete-time formulation of a rate-independent
evolution in an energetic potential F(¢,x) with respect to a one-homogeneous dis-
sipation potential ¥(x) is to find, given state z; at time ¢;, the state z;;1 at time
ti+1 that minimizes

Wig1 (@i, @iq1) = E(tiv1, 1) — E(ti, 25) + ¥(xip1 — 24). (1.1)

To represent the influence of a heat bath of “intensity” 6 > 0 upon this evolution,
we consider an associated variational problem (2.12) for the probability distribution
of the random next state of the system, the solution of which is the Gibbsian density

Wi (i, Iz‘+1)) ' (1.2)
Otiv1 —ti)

This paper shows that, under suitable assumptions on E and ¥, in the limit as

the time step tends to zero, this procedure yields a non-trivial deterministic lim-

iting process. This limiting process is a gradient descent in the original energetic

potential E but with respect to a new dissipation potential ¥ that is a non-linear

Pi+1(Tit1]z;) o exp <—
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transformation of the original one ¥. As demonstrated in [13, 14], this non-linear
gradient descent arises in mechanical contexts such as Andrade creep.

Rate-independent processes play an important réle in the modelling of many
physical phenomena such as plasticity and phase transformations in elastic solids,
electromagnetism, dry friction on surfaces, and pinning problems in supercon-
ductivity. It is widely accepted that rate-independent processes, which describe
mesoscopic or macroscopic properties, are limit processes for more complicated mi-
crostructural evolutions: the rate-independent model arises in the limit of vanishing
inertia, relaxation time and thermal effects. Hence, this paper is concerned with
the relaxation of the third of these limiting assumptions.

In Section 2, the notation and set-up of the problem are given, including a
brief review of the necessary elements of the theories of gradient descents and rate-
independent processes. In Section 3, some formal calculations are performed that
motivate the introduction of the effective dissipation potential ¥. In Section 4, T is
defined more formally, its properties examined, and the main convergence theorem
(Theorem 4.4) is stated. Some conclusions and outlook for future work are given
in Section 5. The proofs of the various results are given in Section 6.

2. NOTATION AND SET-UP OF THE PROBLEM

2.1. Gradient Descents. Both the unperturbed and perturbed processes of study
in this paper are examples of gradient descents. The standard example of a gradient
descent is the ordinary differential equation &(t) = —VE(t, z(t)) for : [0,T] — R",
which is characterized by the energy evolution law

d 1 1
T Eta(t) = (Bt (1) - 512(0)]° — SIVE( 2(1)) (2.1)
In general, gradient descents may be considered on any metric space (Q,d); see
[1] for a comprehensive treatment. For the purposes of this paper, however, it is
enough to consider the case in which Q is a subset of a Banach space (X, ] - ||).

A gradient descent in Q is characterized by an initial condition zy € Q, an
energetic potential E: [0,7] x Q — R, and a dissipation potential ¥: X — [0, +o0],
which is convex and satisfies U(0) = 0. For simplicity, E(t,x) is assumed to be
differentiable with respect to both ¢ and =z.

Definition 2.1. An absolutely continuous curve z: [0,7] — Q is said to be a
gradient descent in E with respect to U and starting at xq if

(1) 2(0) = 2(0+) = @o;

(2) t+— E(t,z(t)) is absolutely continuous;

(3) the (differential) energy inequality

%E(faw(f)) < (OE) (¢, x(t)) — W(i(t)) — U (=DE(t, x(t))) (2.2)

is satisfied for almost every ¢ € [0,7], where U*: X* — [0, +occ] denotes
the convex conjugate (Legendre-Fenchel transform) of ¥, defined by

U*(¢) :=sup{((,x) — ¥(z) | z € X}. (2.3)

The condition (2.2) is the appropriate generalization of (2.1); the classical case of
linear kinetics is that in which the dissipation potential is given by ¥(z) := 3||z|*.
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Shortly, we shall consider rate-independent processes, in which W is positively homo-
geneous of degree one; the limiting processes of this paper will be gradient descents
for which ¥ is not homogeneous of any degree.

2.2. Incremental Formulation. The analysis and numerical approximation of
gradient descents are often performed using a discrete-time incremental variational
formulation. At each time step, the problem is to minimize the Moreau—Yosida

regularization of E(t;,-) [10, 15]. P will denote a partition of the interval of time
[0,T7], i.e. a finite strictly increasing sequence
P:{O:t0<t1<"'<tN:T}, (24)
where At; :=t; — t;—1 and [P] denotes the mesh size of P:
[P] := Jpax, |At;]. (2.5)

The Moreau—Yosida scheme is a causal sequence of variational problems, the
Euler-Lagrange equations of which are the equations of motion for the original
gradient descent:

Definition 2.2. The Moreau—Yosida incremental formulation of the gradient de-
scent in E with respect to ¥ is to solve the following sequence of minimization

problems: given an initial condition :C((JP) =zx9 € Q, find, for i = 0,...,N — 1,
=) € Q to minimize
it+1
Az
E(fi+1,$§ii) - E(ti’xgp)) + At ¥ (AtHll . (2.6)
it

By abuse of notation, let z(*): [0,T] — Q also denote the cadlag piecewise-constant
interpolation of the sequence (J:Z(P))ZJ.V:O, as defined by

e P (t) == xEP) for ¢t € [t;, tix1). (2.7)

2.3. Rate-Independent Processes. A rate-independent process is an evolution-
ary system that has no intrinsic time-scale: it “reacts only as quickly as its time-
dependent inputs”. Put another way, the solution operator commutes with mono-
tone reparametrizations of time. There is much literature on the theory, modelling
and analysis of rate-independent processes and the connections with gradient de-
scent theory; see e.g. [0, 7, 8].

Definition 2.3. Let Q and Q* be topological spaces. Suppose that each choice of
initial condition z¢ € Q and each input £: [to,t1] — Q* determines a set of outputs

O([to,tl],xo,é) - {II [to,tl] — Q | .I(to) = {E()}.
The input-output relationship is said to be rate-independent if, for every strictly
increasing and surjective ¢: [t(, 1] — [to, t1],
z € O([to, t1],w0,{) < xop € O([t), t1],x0, L 0 ).

The relationship is said to determine a (possibly multi-valued) evolutionary system
if concatenations and restrictions of solutions are also solutions, i.e.

T e O([to,t1]7$0,£|[t01t1]),i‘ S O([t17t2]7x17€|[t1,t2]) and Li'(tl) =

{:%(t), if ¢ € [to, 1],

— z € O([to, t2], zo, £) wh t): =4 _ .
T ([to, t2], w0, £) where x(t) Z(t), ifte [t1,ta];
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and
S O([to,tl],zo,g), [So, 81] - [to,tl] and Yo = I(So)
- :E|[so,sl] S O([30731]7y07€|[50751])'

In the case of gradient descents on (subsets of ) Banach spaces as described above,
rate-independence corresponds to the dissipation potential ¥: X — [0, 4o00] being
positively homogeneous of degree one, i.e.

U(azr) = a¥(x) for all a > 0, z € X. (2.8)

It will be assumed that ¥ is both continuous and non-degenerate: i.e. there exist
constants cy, C'y > 0 such that

cullz|| < ¥(z) < Cyllz| for all z € X. (2.9)

This is equivalent to assuming that ¥ is the convex conjugate of the characteristic
function of a suitable subset of A'*:

U(z) = xg(z) =sup{({,z) | L € E} (2.10)

for some bounded, closed and convex set £ C X* having 0 as an interior point. & is
known as the elastic region and its frontier O is known as the yield surface. The
set

S(t):={z e Q| -DE(t,z) € £} (2.11)

is the collection of (locally) stable states at time ¢; since in this paper the energy
FE will always be convex, the distinction between global and local stability will not
matter.

As shown in [9, Theorem 7.1], the rate-independent problem is well-posed in the
case that @ = X is a separable and reflexive Banach space; that U satisfies (2.8)
and (2.9); and that E(t,-) is of smoothness class C3, with the eigenvalues of D*E
bounded below by some v > 0, uniformly in time and space.

2.4. Thermalized Gradient Descents: Entropic Regularization. Consider
a gradient descent in R"™ with respect to an energy E and dissipation W. The
corresponding Moreau—Yosida incremental problem is as follows: given the state x;
at time t;, the aim is to find x;11 to minimize

AIi
WiJrl(xi, Il’Jrl) = E(tiJrl; Il’Jrl) — E(tl, .IZ) + Ati+1\IJ < +1> .

Atiq

To model the effect of a heat bath on the gradient descent, we pass to an extended
problem, in which the state of the system at time ¢; is a random variable X;.

Given that the random state X; assumes the value z; at time t;, the random
next state X;y; for time ¢;;1 is posited to have the probability density function
pit1(-lzi) € LY(R™, \; [0, +0c]) that minimizes

/ (Wis1 (i, )pisr (|20) + €i1pir1 (i) log piga (-|2:)) dA, (2.12)

where A\ denotes Lebesgue measure. The parameter €;41 > 0 represents the inten-
sity of the heat bath to which the gradient descent is coupled; more precisely, €;+1
is the amount of (disordered) energy that the heat bath injects into the system over
the time interval [t;, t;41].
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Equivalently to (2.12), given that the current state X; has probability density
function p; € LY(R™, \; [0, +00]), we may seek a joint probability density function
piit1 € LYR™ x R", A® A; [0, +00]) that has p; as its first marginal and minimizes

// (Wit1piji1 + €iv1piiv110g piiv1) d(A @ N). (2.13)
The connection between (2.12) and (2.13) is given by

Pii+1(Tis Tiv1) = pi(Ti) pi1(Tiy1|ws).

The minimizer of (2.12) is a Gibbs-Boltzmann-type conditional probability den-
sity function (cf. [3, 4]):

exp (—W; Ti, T 5
Pi+1($i+1|:171-) = p( “Fl( ? Z+1)/ 1+1)

= , 2.14
fRn exp (—Wiy1(wi, zig1)/eig1) doigs ( )

Hence, given a partition P of [0,7], an initial state zy € R™, an energetic po-
tential E: [0,T7] x R® — R and a dissipation potential ¥: R™ — [0, +00), the
thermalized gradient descent X (P) denotes the discrete-time Markov chain that has
transition probability densities given by (2.14). By the usual abuse of notation,
X (P) will also denote the cadlag piecewise-constant interpolation (2.7), defined for
all times ¢t € [0, T7.

In the classical case of linear kinetics (i.e. U(z) = i[z|? for € R™), this
procedure generates the same sequence of densities as the method of [4], and they
converge as the [P] — 0 to the solution of the Fokker-Planck equation for the
Ito stochastic gradient descent X (t) = —VE(t, X(t)) + /W (t). Theorem 4.4
establishes the deterministic limiting behaviour of the stochastic process X(*) as
[P] — 0 in the case of a one-homogeneous dissipation potential ¥.

3. HEURISTICS AND CALCULATION OF MOMENTS

In this section we perform some calculations to motivate the main result of Sec-
tion 4. For simplicity, suppose temporarily that F is of the prototypical quadratic

type

E(t,z) = %(A:z:,x} —{l(t),x)

for some symmetric and non-negative A: R" — (R™)* and some smooth enough
2:10,T] — (R™)*; this assumption will be relaxed shortly. Also, merely to aid the
heuristic and simplify the notation, suppose that the parameters ¢, > 0 are all
equal to some constant ¢ > 0 independent of 7 and that the time step At; is also
independent of 7.
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Consider the following calculation for the conditional expectation of the next
state Xl-(fl) of the Markov chain X ") given that Xl-(P) = @y

B [X(0) | X7 =«

:/ I¢+1Pi+1($i+1 |I1) d$i+1
n

/ i1 exp (= (E(tiv1, vi1) — Bty x:) + U(ipr — 25))/€) dzia

/n exp ( — (E(ti+17 $i+1) - E(tz, .IZ) + \I/(.IiJrl — {EZ))/E) dxiJrl

/ rierexp (= (E(tisn 2im) + U(zins — 22))/€) daigs

/ exp (= (Etiv1, wip1) + ¥(wip1 — 23))/e) daiga
and setting z := (241 — 2;) /e yields
Z exp ( — ((Az; — l(tiy1),2) + %(Az, z) + \Il(z))) dz

=XT; + e R .
/Rn exp (— ((Azy — £(tis1),2) + §(Az,2) + U(2))) dz

Let
\le(w) = log/ exp (= ((w, 2) + 5(Az,2) + ¥(2))) d=. (3.1)

n

Then the result of the above calculation may be summarized as

E[ax{f] ’X}” =z = —ED\T/;(U))’

i+l we Az 0(tisn)
i.€.
E[ax) ’Xi(P) — 21| = ~eDUI(DE(ti41,31)).
The same change of variables z := (z;,1 — x;)/¢ gives an estimate for the p*!

moment of the increments of the Markov chain:

Bllax{r | X" =

/ 2|7 exp (— ((Azi — U(tig1), 2) + 5(Az, 2) + ¥(2))) dz
< P :
. exp (— ((Az; — £(tis1), 2) + 5(Az,2) + ¥(2))) dz

For later reference, these calculations are summarized in the following lemma:

Lemma 3.1. Let E(t,z) = 3(Az,z) — ({(t),x) with A: R" — (R™)* symmetric
and non-negative. Suppose also that ¥ = x§: R™ — [0,400) is 1-homogeneous and
non-degenerate. Let XT) denote the thermalized gradient descent Markov chain in
E and U on a partition P of [0,T]. Then

E [Angf ‘Xi(P) - xz} — DU (Aw; — L(ti11)).
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and, for p >0,
E[Jax{DP | X7 = 2]
/‘|dpeq%——“Axi—K@H4L2>+%(Aaz)+ﬂﬂz»)dz
< eP R

exp (— ((Az; — l(titr), 2) + S(Az,z) + \I/(z))) dz
R’n
The above calculations, including Lemma 3.1, also go through even if E is not a
quadratic form. The non-V¥ terms in the exponent are the Taylor series expansion
of E(tiy1,2i+1) — E(tit1,2;) about x; and, therefore, the corresponding expression

for Wy is

\Tlg(w) = 1og/n exp (— <<w, z) + Z 51;;!1 (DFE(tiy1,xi), 2%%) + W(z))) dz.

k=2
(3.2)
By abuse of notation, Lemma 3.1 will henceforth be taken to refer to the generalized
result for not-necessarily-quadratic E using (3.2).

Note, however, that in none of these expressions does the time increment appear
explicitly. This is to be expected, since the original evolution was a rate-independent
one. Therefore, in order to obtain a Markov chain that takes any account of time,
it will be necessary to take € to be proportional to the time step. Physically, since
E, U and ¢ all have the units of energy, this corresponds to assuming that the heat
bath supplies energy to the system at a constant rate: the power of the heat bath
is the constant of proportionality # between ¢ and the time step. The parameter
f measures the intensity of the heat bath and can be seen, in some sense, as the
“temperature”.

The potential U*: (R™)* — [0, +00] encodes a great deal of information about
the Markov chain X. Most of the terms in the exponent of \Tlg are of order ¢
or higher, and so can reasonably be expected to have no influence in the limit as
[P] tends to zero in proportion to €. The limiting dynamics of the Markov chain
are expected to be controlled by an effective dual dissipation potential \T/*, which
is \T!’g with these higher-order terms omitted. Furthermore, the strong similarity
to the Euler method for an ordinary differential equation and the fact that the
variances are of order €2 < ¢ suggest that the limiting evolution takes the form of
a deterministic ordinary differential equation

y(t) = 6D (DE(t, y(1))), (3.3)
where 0 = ¢;/At;. By convex duality, (3.3) is equivalent to

DV (—?) =DE(t,y(t)). (3.4)

If U is even (i.e. U(z) = W(—x)), then so is ¥, in which case (3.4) is equivalent to
the non-linear gradient descent

D@(%Q):-DE@y@y (3.5)

Therefore, the conjecture is that the effective behaviour of the rate-independent
process in E with respect to ¥ when brought into contact with the heat bath is
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that of a gradient descent in E with respect to the non-linear effective dissipation
potential .

4. MAIN RESULTS

In this section the formal manipulations of the previous section are made more
precise: the effective (dual) dissipation potential that corresponds to W is introduced
and its properties examined; and the main convergence theorem about the limiting
behaviour of the thermalized gradient descent Markov chain X (") as [P] — 0 is
stated.

4.1. Effective Dissipation Potential. As mentioned above, the effective dual
dissipation potential ¥* is simply the functional U} of (3.2) with € set equal to
zero, and W is its convex conjugate:

Definition 4.1. Given ¥: R” — [0, +00] homogeneous of degree one, define the
associated effective dual dissipation potential U*: (R™)* — [0, 4+o00] by

U*(w) = log/ exp(—((w, z) + ¥(2))) dz. (4.1)

n

The associated effective dissipation potential U: R — [0, +0¢] is defined by convex
conjugation: W := (U*)* i.e.

U(z) := sup {(w,x> — U*(w) ‘ w e (R")*} . (4.2)

Up to a minus sign, T* is the logarithmic moment generating function (or cu-
mulant generating function) of the Borel measure ¢ on R™ defined by

diy(z) := exp(—T(z)) d=. (4.3)

It is often convenient to write U* as an integral over the Euclidean unit sphere
S"=t C R™ with respect to (n — 1)-dimensional Hausdorff measure H"~:

U* (w) = log/ (n— 1)

s (o) F 0y @) (4.4)

Note that ¥ and U* are objects that are intrinsic to the dissipation, not the
energetic structure: they are determined entirely by the duality between R™ and
(R™)* and the dissipation potential ¥ (or, equivalently, the geometry of the elastic
region £). Proposition 4.2 summarizes the important properties of the effective
dual dissipation potential \T/*; the proof is deferred to Section 6.

Proposition 4.2. If ¥ = xf: R"” — R satisfies (2.9), then U*: (R™)* — [0, 400
defined as in (4.1) satisfies

(1) ‘I’*(w) >0 for all w € (R")o*;

(2) T*(w) < +00 <= —weE;

(3) U* is conver on (R™)*;

(4) U* is smooth on —&;

(5) U*(w) and |DU*(w)| = +o00 as —w — OE.

In some special cases of interest, U* can be determined explicitly:
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U™ (w)
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(a) U*(w) = —log(1 — w?). (b) ¥ (dashed), and ¥ (solid).

FIGURE 4.1. The effective (dual) dissipation potential in dimen-
sion one, with dissipation potential ¥(z) := |z|. Note the linear
growth of W for large |#| and its approximate 2-homogeneity near
the origin.

(1) Suppose that the elastic region £ is a rectangular box with faces perpen-
dicular to the coordinate axes in (R™)*:

£ = {w = (wi,...,wy) € (R")*le| <o, fori= 1,...,n}. (4.5)

Then the dissipation potential ¥ is the weighted ¢! “Manhattan” norm
U(z) =230, ;27| and

U* (w) = _ng (02 — |wi]?). (4.6)

(2) Suppose that the elastic region £ is a Euclidean ball
E={w=(wy,...,wn) € R")*[Jw1]> + -+ |wa|* <} (4.7)

Then the dissipation potential ¥ is exactly o times the usual Euclidean

norm and
n—+1

U* (w) = log (0 — |w[?). (4.8)
4.2. Convergence Theorem. To the standing assumption that ¥ = xj satis-
fies (2.8) and (2.9), we now add some assumptions on the energetic potential E.
E:[0,T] x R™ — R is assumed to be bounded below, smooth in space with all
derivatives uniformly bounded, and such that (¢,z) — DE(t, ) is uniformly Lip-
schitz. It is also assumed that E is convex, and hence that the Hessian of E is a
non-negative operator. Two further, more technical, assumptions are also required.
Both of these assumptions are satisfied in the prototypical case

E(t,z) := $(Az,z) — (((t), z),

where £: [0,T] — (R™)* is Lipschitz, and A: R" — (R™)* is symmetric and non-
negative. In this case, the stable region at time ¢ € [0, 7] is the preimage

S(t)=A7H((t) - €)
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qr*
. V(z), w*(DV(z)) , DV/(z)
\ osf- / 06
\ /
\ /
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\ o2 /
\\ // 0
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1
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“\[L~ ‘ .
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(a) Comparison of V' (convex, dashed) (b) The potential gradient DV'.

and U* o DV (non-convex, solid).

FIGURE 4.2. An example of a strictly convex potential V' for which
U* o DV is not convex. In dimension 1, consider ¥(z) := || and
Viz):= % + 55 log cosh(10z). In this case, U*(w) = — log(1—w?)
and DV (z) = 3 tanh(10z)+{52. The composition 2 U*(DV (z))
is evidently non-convex, although it is quasiconvex (i.e. it has con-
vex sublevel sets).

and is convex and closed for every t; if A is positive-definite, then S(t) is also
bounded, and hence compact. The prototypical case was examined in [14]; the
technical conditions that follow were introduced in [13].

In order to control certain error terms in the proof of Lemma 6.4, which leads to
Theorem 4.4, a monotonicity assumption is used to ensure that these terms have

the right sign regardless of their magnitude. The requisite assumption is that
for all ¢t € [0, 7],z — U*(DE(t, z)) is convex, (4.9)

or, equivalently, that DU*(DE(L, -)) is a monotone vector field for every t € [0, T.
This is a non-trivial assumption even if F is strictly convex, as the example illus-
trated in Figure 4.2 shows. Note also that (4.9) presupposes that the set S(t) of
stable states is convex for every ¢t € [0,7], and that convexity of E(t,-) does not
imply convexity of S(t) — see e.g. the kidney-shaped stable set of [9, Example 5.5].
Nevertheless, (4.9) holds in the prototypical case, since DE(t,x) = Az — £(t) is an
affine function and the composition of convex function with an affine one always
yields a convex function [2, §3.2].

It is also necessary to place an implicit constraint on the time-dependency of
E. The problem to be avoided is that all the estimates for the moments of the
increments AX l(_l:l) blow up as —DE(t;, X Z-(P)) approaches the yield surface €. The
situation to be avoided can be expressed neatly in terms of the proposed limiting
deterministic process and the effective dual dissipation potential. Therefore, we
impose the following finite energy criterion:

T an interval of time starting at 0,
y(0) such that —DE(0,y(0)) € €, p = sup U*(DE(t,y(t))) < +oo. (4.10)
§ = —6DU*(DE(t,y)) on T teT
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Condition (4.10) is somewhat implicit, but appears to be unavoidable if energies
that have neither identically zero nor constant positive-definite Hessian are to be
considered. If E is of the prototypical quadratic form with A = 0, then (4.10) holds
if the applied load £ is never greater than the dissipation, i.e. if

inf inf (W(z)—£(t)-2z) > 0.
it ‘Z‘:l( (2) = L(t) - 2)
(N.B. In this case of “small ¢, the rate-independent process is static but the ther-
malized process (3.4) is not.) If A is positive-definite, then (4.10) always holds
whenever the initial condition satisfies y(0) € S(0) = A71(£(0) — £). Indeed, for
not-necessarily-quadratic energies, uniform convexity of E implies the condition
(4.10):

Lemma 4.3. Suppose that there exists vyg > 0 such that
(D2E(t,z),v @v) > yglv|* for allt € [0,T) and all z,v € R",
and that |0 DE|| L~ < +00. Then (4.10) holds.
See Section 6 for the proof of Lemma 4.3. The main result is now as follows:

Theorem 4.4. Suppose that E, U satisfy the hypotheses above, including (4.9) and
(4.10), and fiz 0 > 0. Then, as [P] — 0, the piecewise constant cadlag interpolants
of XP) with &; = OAt; converge in probability in the uniform norm to the deter-
ministic non-linear gradient descent y: [0, T] — R™ satisfying (3.4), with the same
initial condition Xo = y(0) = xo € S(0). More precisely, for any T > 0, n > 0,
there exists a constant C' > 0 such that, for all small enough [P],

P | sup [XP)(t) —y(t)| = 0| < C[P)V2. (4.11)
t€[0,T]

Proof. The claim follows from the standard O([P]) global error bound for determin-
istic Buler schemes, the O(e!/?) estimate of Lemma 6.3, and the O([P]) estimate
of Lemma 6.4. g

An illustrative comparison of the original rate-independent evolution and the
effect of the heat bath is given in Figure 4.3. Note that when 6 is large (which
corresponds to the heat bath being very hot), y(¢)/0 typically lies in the region of
R™ close to the origin where T is approximately 2-homogeneous; when 6 is small
(which corresponds to the heat bath being cold), §(t)/6 typically lies in the region
of R™ far from the origin where U s approximately 1-homogeneous. Indeed, as
0 — 0, the original rate-independent dynamics are recovered.

5. CONCLUSIONS AND OUTLOOK

There are three natural directions in which the results of this paper could be gen-
eralized. First and most obviously, the smoothness, convexity and other structural
assumptions on E could be relaxed: so far, the various error terms in the proof of
Theorem 4.4 have been controlled by convexity and conditions like (4.9) and (4.10);
in principle, so long as those error terms can be controlled (at least locally in time
and space), Theorem 4.4 should generalize to the non-convex case. This would be a
very interesting generalization, since the solution to the rate-independent problem
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(a) A relatively “hot” thermalized gra- (b) A relatively “cold” thermalized gra-
dient descent with 6 = 1. dient descent with 6 = 0.1.

FiGURE 4.3. Comparison of the original rate-independent evolu-
tion (z, dashed) and the effect of the heat bath (y, solid). The fron-
tier of the stable region is shown dotted. Parameters: ¥(z) = 2|z|,
E(t,z) = 4|z|?> — (3sin 27t, x), initial condition 0.15.

in a non-convex energetic potential £ is not always unique; the thermalization pro-
cedure could provide a selection principle if the thermalized process has a unique
limit as § — 0.

Secondly, since most rate-independent processes of interest are infinite-
dimensional, or even posed on spaces that lack a linear structure, more general
state spaces than R™ could be considered. This is a potentially subtle topic, since
in infinite-dimensional settings there is no obvious candidate for a reference mea-
sure with respect to which to take densities to calculate the entropy in (2.12). As
noted in [13, Theorem 5.3.5], the Markov chains of study are not invariant under
change of reference measure: the logarithm of the Radon—Nikodym derivative of the
change of measure acts as an additive perturbation of the energetic potential. The
calculations of Section 3 are quite interesting in general: they amount to a study
of the tangent measures (in the sense of [12] & al.) of the Gibbsian distribution
(2.14).

Thirdly, the limiting result of Theorem 4.4 should be seen as a first-order approx-
imation that is valid for small positive “temperatures” 6. It would be interesting
to examine the behaviour of a suitable rescaling of X —y and determine whether it
obeys, say, the large deviations principle with respect to a suitable rate function.

6. PROOFS AND SUPPORTING RESULTS

Lemma 6.1. Let ¥: R" — [0,400) be one-homogeneous, continuous, and non-
degenerate as in (2.8)—(2.9). Let m: (R™)* — R be given by

m(v) := inf {(v,u) + ¥ (u) |u € S* '},
where S*~1 C R™ denotes the Euclidean unit sphere. Then m is continuous and
>0, if—veE,
m(v)< =0, if —vedE,
<0, if—vgé.



THERMALIZATION OF RATE-INDEPENDENT PROCESSES 13

Proof. To save space, write f(v,z) := (v,x) + ¥(z). Since x¢ is convex and lower
semi-continuous,
inf f(v,2) =—-U*(—v) = —xe(—v). (6.1)
reR™
Since f(v,z) is 1-homogeneous in z, it follows that m(v) < 0 for —v ¢ £ and that
m(v) >0 for —v € £.

Note that f is continuous. Since m is a pointwise infimum of a family of continu-
ous functions, it is upper semi-continuous. Since S~ ! is compact, m is a pointwise
infimum of a compactly-parametrized family of continuous functions, and so is also
lower semi-continuous [11]. Thus, m is continuous.

Suppose that there exists —v € & with m(v) = 0. By the compactness of S"~ 1,
this implies that there exists a unit vector ug € S"~! with

f(v,uo) = 0. (6.2)

But, since —v € £, there exists o > 1 such that —av € £. Then (6.2) implies that
(v,up) < 0, so f(awv,up) < 0, and so m(av) < 0, which contradicts (6.1). Hence,
m(v) > 0 for —v € £.

It remains only to show that m(v) = 0 for —v € 9E. Suppose not, i.e. that
there exists —v € 9€ with m(v) > 0. Since —v € J€ and € is convex (and hence
star-convex with respect to the origin in (R™)*), for every a > 1, —awv € £, and so
m(av) < 0. Hence, by the continuity of m,

0> li = 0
= lim m(av) = m(v) > 0,
which is a contradiction. This completes the proof. O

Proof of Proposition 4.2. Let 1) denote the Borel measure on R" defined by (4.3).

(1) By (2.9), v is a strictly positive and finite measure. Hence, since the expo-
nential function in the integrand of (4.1) is never zero, the claim follows.
(2) Consider the spherical integral form (4.4) for ¥*. By Lemma 6.1, if —w €
£ , then the integral is that of a continuous and bounded function over a
compact set, so the integral exists and is finite.
If —w € 9&, then, as in the proof of Lemma 6.1, there exists 1, € S"~!
with (w, 1) + PU(uy,) = 0, so the integrand has a pole. The triangle
inequality for ¥ implies that for u,, +u € R™,

(W, Uy + ) + V(g + 1) < (W, Uy) + (W, u) + U(ty) + U(u)
= (w,u) + ¥(u)
< Ju|(jw| + Cy).

Hence, the integrand in (4.4) grows more quickly than |u|™" as |u| — 0;
hence, by the standard result that z +— ||~ lies in L! for a d-dimensional
domain about 0 if, and only if, @ < d, it follows that \TJ*(w) = +00.

If —w ¢ &, then Lemma 6.1 implies that the integral in (4.1) does not
converge, and so U*(w) = +oo.
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(3) Let ZX(w) := exp \Tlg(w), and let v,w € —€ and 0 < s < 1. Then
Z5(sv+ (1 = s)w)
= / exp (— (sv+ (1 — s)w, z)) dip(2)

= /n exp ( — s(v, z}) exp ( — (1= s){w, z>) dy(z)

< ([ (- ae) ([ e (-we)ae)

= Z5(v") 25 (w)' 7,
where the inequality follows from Holder’s inequality. Hence, since the

logarithm is a monotonically increasing function, for all v,w € =&,

U*(sv + (1 — s)w) < sU*(v*) + (1 — s)U*(w).

1-s

Moreover, since —& is convex and T* is identically +oco outside the interior
of —&, U* is convex on all of (R™)*.

(4) The derivative DZ§: — & — (R™)*™ = R" can be computed using the
standard theorem on differentiation under the integral sign, yielding

DZj(0) = [ —rexp (= (0.3)) dulo)

and so on for higher-order derivatives:
D* 24 (v) :/ (=2) exp (- (v, 2)) dp(z).

The integrals involved are all finite for —v € & because of the exponentially
small tails of the measure 1.

(5) As in the proof of the second part of the claim, let —w € & and let u,, € S"!
be such that (w, uy) + VU (uy,) is minimal (i.e. equals m(w)). Then

(W, uw +u) + ¥ (uy + u) < m(w) + |ul(jw| + Cy).
Since m(w) — 0 as —w — O, the same argument as in point (2) applies,
and so U*(w) — +oo as —w — 0E. Now suppose that DU* does not blow

up. Then, since U™ is smooth and € is compact, U* would be bounded on
—&, which is a contradiction. [l

Proof of Lemma 4.3. The energy evolution equation for > along 3" can be calcu-
lated using the chain rule, yielding

ST (D" (1))
= — (DE(t,5°(£)), DY (DE(t,5°(1))** )
+ (9DE(ty (1) DV (DE(L4"(1)))
< g }D\Tf* (DE(t,y°(t)) }2 + |8 DE| 1 ]D\Tf* (DE(t,yO(t)))]

Proposition 4.2(5) implies that if T* blows up along any curve (i.e. one that ap-
proaches —9€ in the dual space), then so does |DU*|. However, the mean value
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theorem and the above calculation imply that U* must be decreasing when [DU*|
is large. This yields the desired contradiction. O

The next lemma (Lemma 6.2) concerns the closeness of the effective dual dissipa-
tion potential U* and the corresponding quantity @; that controls the increments
of the Markov chain. Lemma 6.3 gives the resulting bound for the classical gradient
descents in U* o DE and \Tlg oDFE. Both these two results apply to the prototypical
case of a quadratic energetic potential.

Lemma 6.2. Suppose that the energetic potential E is smooth enough that

M := sup sup”DkE(t,-)H < 400,
te[0,T] k>2 op

where || - |lop denotes the operator norm. Then, for every K € —& and every

k € NU {0}, Dk{Ivfg — DR~ uniformly on K as € — 0. More precisely, for every
such K and k, there exists a constant C > 0 such that

sup |Dk@:(w) - Dkﬁf*(w)| < Ce'? for all small enough € > 0.
weK

Proof. The essential quantity to estimate is

Iy o (w) := /n 1—exp <— Z %<D2E(t,x),z®z>>

(=2
since, by the elementary inequality

|2 [Fem (w2 () g

a C

ja=cl, lellb—d
b d

- | lbd|

it holds true that

kg e 1 [D*Z5 (w)|
ID*TX(w) — DI (w)| < Zg(w)jk’s(w)+ 25 ()2, (w)
Let m(w) := inf{(w, z) + ¥(z) | |z] = 1}. By Lemma 6.1, m is continuous and
bounded away from 0 on K. Similarly, since Zj and Z. are continuous and positive,
they are bounded away from 0 on K, and |D¥ZZ| is bounded on K. (Note that all
these bounds fail on —9€&, so the assumption that K € —& is essential.) Thus, the
emphasis is on estimating Iy, . (w) in terms of ¢ and uniformly over K.
I - (w) will be estimated by splitting the integral into two parts: an integral
over a ball around the origin in R", and an integral over the complement. More
precisely, for any a € (0,1), let R = R(a,e,x,t) > 0 be such that

ons(w). (63)

o0 —
[2] <R = 1—exp (—Z %(DEE(LQ?),ZW)) <a. (6.4)
=2
Converting to spherical polar coordinates yields that, for some constant ¢,, depend-
ing only on n,

R +oo
I (w) < cna/ phtn=le=m(w)r g, 4 cn/ phtn=le=m(w)r 4.
0 R

This estimate is valid for any a € (0,1) and corresponding R. The above integrals
can be evaluated exactly using the recurrence relation

e n _
/x"e” de = —— [ 2" e du
c c
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the resulting polynomial-exponential expressions are a bit cumbersome to deal with,
but only the leading-order contributions as € — 0 are of interest here.

We now make a specific choice of ¢ and R such that a — 0 and R — oo at the
right relative rates. Let a :=¢'/2 and let

1 € 1/2
R:= glog (—Mlog(l —€ )) .

For any z € R",

S, ®r Loe e &L
exp | — —'<D E(t,x),z%%) | = EZW<D E(t,z), 2%%)
! =

< lia—eHDlE(t SINEL
Te » llop

IN

M
?exp(£|z|),

and if |z| < R, then

1 o= et
- Z %<DEE(1€, x), z®e> < —log(l — 51/2),
=2

as required for (6.4) to hold.
By I'Hopital’s rule, for this choice of @ and R, a — 0 and R — 400 as ¢ — 0,
and there exist constants ¢y, ¢o such that

k4n—1 k+n—1
Ik E(w) < 6161/2 i e—m(w)R + co R e—m(w)R'
’ m(w) m(w)

1/2 —m(w)R

The dominant term here is the £'/2 term, since RFt""1e not only tends to
0, but does so with all derivatives tending to zero as well; m(w) is bounded away
from zero for w € K € —&. Thus, there is a constant Cj (dependent on k and the
other geometric parameters, but not on €) such that

sup Ij « (w) < Cre'’? for all small enough £ > 0.

weK
Thus, by (6.3), as claimed
sup IDFU* (w) — DFU* (w)| < Ce'/? + Che'/? € O(e/?) as e — 0. O

Lemma 6.3. Suppose that y¢, ¢ > 0, and y° solve
Y = —D\TJ;(DE(t,yE)),
§° = —DU*(DE(t,y")),

with, initial conditions y=(0) = y°(0) = x¢ such that —DE(0,z0) € &, and that
(4.10) holds. Then there exists a constant C > 0 such that

sup ’ys(t) - yo(t)‘ < Ce'? for all small enough & > 0.
te[0,T]

Proof. The strategy is to appeal to Lemma 6.2 and Gronwall’s inequality. First,
note that there exists a K € € such that —DE(t,y°(t)) € K for all t > 0, i.e.

inf dist( — DE(¢,4°(t)),0E) > 0
o ist ( (t,y°(1)),08) >0,
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for otherwise, since U* blows up to +o0o on —9& (by Proposition 4.2(5)), it would
follow that ¢ — U*(DE(t,3°(t))) blows up to +oo in finite time, which would
contradict (4.10).

Assume that € > 0 is small enough that the conclusion of Lemma 6.2 holds.
Then, by Lemma 6.2, there exists C' > 0 such that

sup ‘D@;(f,yo(t)) — D@*(t,yo(t))‘ < Cel/2?,
t€[0,T

Let L be the product of the (finite) Lipschitz constants for DE and D\Tf*| - Then,
by Gronwall’s inequality, for all ¢ € [0, T,
C
Iy () =4 (B)] < 72 O

Lemma 6.4. Consider a uniform partition P of [0,T) with [P] = h > 0. Let X
be the Markov chain generated by E (convex) and U (as usual) with ¢ = h, and
assume that (4.9) holds. Let (y;)¥., be the Euler approzimation to

§ = ~DU}(DE(t,y(1))
given by
Ay; := —hDV}(DE(tit1, i),
with Xo = yo such that —DE(0,y0) € E. Then, for everyn >0,
P X —yi| > O(h h — 0. 6.5
Ogr?g%c/h! yi| > n| € O(h) as h — (6.5)

Proof. In order to simplify the notation, assume that the partition P is a uni-
form partition with [P] = h > 0, and define a time-dependent vector field f;, by
fn(t,z) := =DV (DE(t,z)). Fix § > 0 small enough that

K(t) :={x € S(t) | dist(z,0S(t)) > 0}

is non-empty and contains y(t) for every t € [0, T]. Furthermore, using the Lipschitz
assumption on DE, assume that ¢ is small enough that K (¢;) € S(t;x1) for each i.
Write (dropping the superscript that indicates the partition P or its mesh size h)
Xiv1 = Xi +hfn(tizr, Xi) + Ei1(Xi),
Yir1 = Yi + hfnu(tiv1, vi).
By Lemma 3.1 (or, more precisely, its generalization to non-quadratic E through

(3.2)), for each x, ;1 (z) is a random variable with mean 0 and k' central moment
at most Ck(z)h*. The deviations Z := X — y satisfy

Ziv1 = Zi + h(fn(tivr, Xi) = fa(tivn, i) + Zip1 (Xa). (6.6)

In summary, we have the following facts:

(M) fn(tit1,-) is a monotonically decreasing vector field on S(t;41);
(B) fu(tit1,-) is bounded on compactly-embedded subsets of S(t;+1);
(Z) for every z, E[E;41(z)] = 0.
Let KC; be (the o-algebra generated by) the event that X; € K (t;41) for 0 < j <.
Applying the conditional expectation operator E[-|K;] (which is never conditioning
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on an event of zero probability) to the Euclidean dot product of (6.6) with itself
yields that

E[|Zit1 K] = B[|Z:i|*|Ki]

= 2hE[(fn(tiz1, Xi) — fultivr,yi)) - Zi|Ki] <0 by (M)
+2E[Z; - Zi1(X5) K] =0 by ()
+ 2hE[(fn(tiv1, Xi) — fr(tiz1,95)) - a1 (X4) K] =0 by (2)
+ B2E[| fa(tis1, X) = fr(tivr, y:) | Ki] < Ch* by (B)
+ E[|Zi41 (X)) |KS] < Ch® by Lemma 3.1
< Ch?,

and application of the unconditional expectation operator to both sides yields the
following uniform bound for the second moment of the deviations:

max E[|Z;|’] < CTh. (6.7)
0<i<T/h

Inequality (6.7) can be used to “bootstrap” a similar inequality for the fourth
moments. Define a tetralinear form 7: (R")* — R by

T(w,z,y,2) = (w-x)(y - 2), (6.8)

so that |z|* = 7(z,z, r,z). This tetralinear form is invariant under arbitrary com-
positions of the following interchanges of entries: (1,2), (3,4) and (1, 3)(2,4). The
Cauchy—Bunyakovskii-Schwarz inequality for the Euclidean inner product implies
a corresponding inequality for this tetralinear form: for all w,z,y,z € R",

|7 (w, z,y, 2)| < |wllz][y]|z]- (6.9)

Hence, IE[|Z1-+1|4] = IE[IE[|Z1-+1|4‘IC1-]] can be expanded using the tetralinear
form (6.8) and (6.6) and each term estimated as in the derivation of (6.7). By (Z),
those terms containing precisely one Z;11(X;) have zero expectation; the terms of
the form

E[ (ZuZzuZzah(fh( i+1) ) fh( z+17yz )’K:z}
are non-positive by (M); the remaining terms can all be estimated using (B), (6.7),

(6.9) and Lemma 3.1, with the worst bound being O(h?). Thus, the following
uniform bound for the fourth moment of the deviations holds:

max E[|Z;'] < CTh*. (6.10)
0<i<T/h

Hence, for n > 0,
]P)[|Zl-| > n for some 0 < i < T/h}

T/h

<> P[Zi| > n]
i=0
T/h
< Z n- |Z | by Chebyshev’s inequality

< 77‘4CT2 by (6.10),
which establishes (6.5) and completes the proof. O



THERMALIZATION OF RATE-INDEPENDENT PROCESSES 19

REFERENCES

1. L. Ambrosio, N. Gigli, and G. Savaré, Gradient Flows in Metric Spaces and in the Space of
Probability Measures, second ed., Lectures in Mathematics ETH Ziirich, Birkh&user Verlag,
Basel, 2008. MR 2401600 (2009h:49002)

2. S. Boyd and L. Vandenberghe, Convex Optimization, Cambridge University Press, Cambridge,
2004. MR 2061575 (2005d:90002)

3. R. Jordan and D. Kinderlehrer, An extended variational principle, Partial Differential Equa-
tions and Applications, Lecture Notes in Pure and Appl. Math., vol. 177, Dekker, New York,
1996, pp. 187-200. MR 1371591 (96m:49079)

4. R. Jordan, D. Kinderlehrer, and F. Otto, The wariational formulation of the
Fokker—Planck equation, SIAM J. Math. Anal. 29 (1998), no. 1, 1-17 (electronic),
http://dx.doi.org/10.1137/S0036141096303359. MR 1617171 (2000b:35258)

5. M. Koslowski, A Phase-Field Model of Dislocations in Ductile Single Crystals, Ph.D. thesis,
California Institute of Technology, Pasadena, California, USA, 2003.

6. A. Mielke, Evolution of rate-independent systems, Evolutionary Equations. Vol. II, Handb.
Differ. Equ., Elsevier/North-Holland, Amsterdam, 2005, pp. 461-559. MR, 2182832
(2007k:35498)

, Modeling and analysis of rate-independent processes, January 2007, Lipschitz Lecture

held in Bonn: http://www.wias-berlin.de/people/mielke/papers/Lipschitz07Mielke.pdf.

8. A. Mielke, R. Rossi, and G. Savaré, Modeling solutions with jumps for rate-independent
systems on metric spaces, Discrete Contin. Dyn. Syst. 25 (2009), no. 2, 585-615,
http://dx.doi.org/10.3934/dcds.2009.25.585. MR 2525194 (2010k:49097)

9. A. Mielke and F. Theil, On rate-independent hysteresis models, NoDEA Nonlinear Differential
Equations Appl. 11 (2004), no. 2, 151-189, http://dx.doi.org/10.1007/s00030-003-1052-7.
MR 2210284

10. J.-J. Moreau, Proximité et dualité dans un espace hilbertien, Bull. Soc. Math. France 93
(1965), 273-299. MR 0201952 (34 #1829)

11. J.-P. Penot and M. Théra, Semicontinuous mappings in general topology, Arch. Math. (Basel)
38 (1982), no. 2, 158-166, http://dx.doi.org/10.1007/BF01304771. MR 650347 (83h:54011)

12. D. Preiss, Geometry of measures in R™: distribution, rectifiability, and densities, Ann. of
Math. (2) 125 (1987), no. 3, 537643, http://dx.doi.org/10.2307/1971410. MR 890162
(88d:28008)

13. T. J. Sullivan, Analysis of Gradient Descents in Random Energies and Heat Baths, Ph.D.
thesis, Mathematitics Institute, University of Warwick, Coventry, UK, 2009.

14. T. J. Sullivan, M. Koslowski, F. Theil, and M. Ortiz, On the behavior of dissipative systems in
contact with a heat bath: application to Andrade creep, J. Mech. Phys. Solids 57 (2009), no. 7,
1058-1077, http://dx.doi.org/10.1016/j. jmps.2009.03.006. MR 2535808 (2010g:82060)

15. K. Yosida, Functional Analysis, Die Grundlehren der Mathematischen Wissenschaften, Band
123, Academic Press Inc., New York, 1965. MR 0180824 (31 #5054)

T. J. SULLIVAN, APPLIED & COMPUTATIONAL MATHEMATICS AND GRADUATE AEROSPACE LAB-
ORATORIES, CALIFORNIA INSTITUTE OF TECHNOLOGY, MAIL CODE 9-94, 1200 EAST CALIFORNIA
BOULEVARD, PASADENA, CA 91125-9400, USA

E-mail address: tjs@caltech.edu

URL: http://www.its.caltech.edu/~tjs/

M. KOSLOWSKI, SCHOOL OF MECHANICAL ENGINEERING, PURDUE UNIVERSITY, 585 PURDUE
MALL, WEST LAFAYETTE, IN 47907-2088, USA
E-mail address: marisol@purdue.edu

F. THEIL, MATHEMATICS INSTITUTE, UNIVERSITY OF WARWICK, COVENTRY, CV4 7TAL, UK
E-mail address: f.theil@warwick.ac.uk
URL: http://www.warwick.ac.uk/~masfk/

M. ORT1Z, GRADUATE AEROSPACE LABORATORIES, CALIFORNIA INSTITUTE OF TECHNOLOGY,
MaiL Cope 105-50, 1200 EasT CALIFORNIA BOULEVARD, PASADENA, CA 91125, USA

E-mail address: ortiz@caltech.edu

URL: http://wuw.aero.caltech.edu/~ortiz/


http://dx.doi.org/10.1137/S0036141096303359
http://www.wias-berlin.de/people/mielke/papers/Lipschitz07Mielke.pdf
http://dx.doi.org/10.3934/dcds.2009.25.585
http://dx.doi.org/10.1007/s00030-003-1052-7
http://dx.doi.org/10.1007/BF01304771
http://dx.doi.org/10.2307/1971410
http://dx.doi.org/10.1016/j.jmps.2009.03.006
http://www.its.caltech.edu/~tjs/
http://www.warwick.ac.uk/~masfk/
http://www.aero.caltech.edu/~ortiz/

	1. Introduction and Outline
	2. Notation and Set-Up of the Problem
	2.1. Gradient Descents
	2.2. Incremental Formulation
	2.3. Rate-Independent Processes
	2.4. Thermalized Gradient Descents: Entropic Regularization

	3. Heuristics and Calculation of Moments
	4. Main Results
	4.1. Effective Dissipation Potential
	4.2. Convergence Theorem

	5. Conclusions and Outlook
	6. Proofs and Supporting Results
	References

