Journal of Physics A: Mathematical and Theoretical

PAPER You may also like

. . . - Corrigendum: Radiative *°Be(n. )*'Be
One-dimensional Monte Carlo dynamics at zero Sattute ot ermal vl Ssopusial
energies (2016 J. Phys. G: Nucl. Part.

tem pe rature Phys. 43 095201)

S B Dubovichenko and A V Dzhazairov-
Kakhramanov

To cite this article: Alexei D Chepelianskii et al 2021 J. Phys. A: Math. Theor. 54 485001 - Discovery of ASKAP J173608.2-321635

as a Highly Polarized Transient Point
Source with the Australian SKA Pathfinder
Ziteng Wang, David L. Kaplan, Tara
Murphy et al.

View the article online for updates and enhancements. - A Large Catalog of Accurate Distances to
Local Molecular Clouds: The Gaia DR2
Edition
Catherine Zucker, Joshua S. Speagle,
Edward F. Schlafly et al.

This content was downloaded from IP address 129.175.97.14 on 16/11/2021 at 09:36


https://doi.org/10.1088/1751-8121/ac2dc2
/article/10.1088/1361-6471/aa778d
/article/10.1088/1361-6471/aa778d
/article/10.1088/1361-6471/aa778d
/article/10.1088/1361-6471/aa778d
/article/10.1088/1361-6471/aa778d
/article/10.1088/1361-6471/aa778d
/article/10.1088/1361-6471/aa778d
/article/10.1088/1361-6471/aa778d
/article/10.1088/1361-6471/aa778d
/article/10.1088/1361-6471/aa778d
https://doi.org/10.1088/0954-3899/43/9/095201
https://doi.org/10.1088/0954-3899/43/9/095201
/article/10.1088/1361-6471/aa778d
/article/10.3847/1538-4357/ac2360
/article/10.3847/1538-4357/ac2360
/article/10.3847/1538-4357/ac2360
/article/10.3847/1538-4357/ab2388
/article/10.3847/1538-4357/ab2388
/article/10.3847/1538-4357/ab2388
/article/10.3847/1538-4357/ab2388
/article/10.3847/1538-4357/ab2388
/article/10.3847/1538-4357/ab2388
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsuwUczWlJ7k9ZV6pBzlXxLt9u0yknlm8KhNHdcqj5VA7j7SQvT3hXeDh52l1FR5ULbx-OIuspERYIj0d6a3O4IAKcLmP7-nAo0zJqjtUuAQdWoFeyeIGGdKUupIESd0LQveFc63f7E1UPWNUWLUzuGq6OQJR_W1N9thlY5Pp8irXTSJQdV0UHYck83N3sPpkIOKRlvMB5O2ep7IXZXGLbhT2rmxCb3b_4-Yri6T1YP8TNPJUPyagt2aSqDGyg3l3zD8vrpEbqXp2bdlx_lwD4bPIM3aDKqAVfc&sig=Cg0ArKJSzD4wmolXByL_&fbs_aeid=[gw_fbsaeid]&adurl=http://iopscience.org/books

IOP Publishing

Journal of Physics A: Mathematical and Theoretical

J. Phys. A: Math. Theor. 54 (2021) 485001 (20pp) https://doi.org/10.1088/1751-8121/ac2dc2

One-dimensional Monte Carlo dynamics at
zero temperature

Alexei D Chepelianskii'*©, Satya N Majumdar2®,
Hendrik Schawe®® and Emmanuel Trizac?

! Université Paris-Saclay, CNRS, Laboratoire de Physique des Solides, 91405,
Orsay, France

2 Université Paris-Saclay, CNRS, LPTMS, 91405, Orsay, France

3 LPTM, UMR 8089, CY Cergy Paris Université, CNRS, 95000 Cergy, France

E-mail: alexei.chepelianskii @universite-paris-saclay.fr

Received 22 July 2021, revised 4 October 2021
Accepted for publication 7 October 2021

Published 4 November 2021
CrossMark

Abstract

We investigate, both analytically and with numerical simulations, a Monte Carlo
dynamics at zero temperature, where a random walker evolving in continuous
space and discrete time seeks to minimize its potential energy, by decreasing
this quantity at each jump. The resulting dynamics is universal in the sense
that it does not depend on the underlying potential energy landscape, as long
as it admits a unique minimum; furthermore, the long time regime does not
depend on the details of the jump distribution, but only on its behavior for small
jumps. We work out the scaling properties of this dynamics, as embodied by the
walker probability density. Our analytical predictions are in excellent agreement
with direct Monte Carlo simulations.

Keywords: Monte Carlo, Metropolis algorithm, Markov chains

(Some figures may appear in colour only in the online journal)

1. Introduction

The steepest descent method is one of the oldest optimization schemes. Cauchy, with a rather
minimal mention in one of his papers, is credited for its formulation [1]. It amounts to searching
for the minimum of a well behaved function by following the steepest gradient ‘downhill’. A
stochastic reformulation has been proposed [2], to alleviate the computational cost of working
in spaces with large dimensions: the gradientis then estimated over a restricted set of directions,
drawn randomly [3]. This technique is widely used in machine learning [4].
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We are interested here in a minimal version of stochastic gradient descent, in a one-
dimensional setting. A random walker on the line, with position denoted by x, moves by random
jumps; the move is accepted only if it leads to the decrease of some objective function U(x),
referred to as the potential. In this respect, the walker is greedy, performing moves that always
decrease U. We assume that U admits a single minimum: we are not interested in finding this
point (taken as x = 0 below), but rather in the dynamics of the walker upon approaching it.
The specific form of the potential is immaterial; it does not need to be symmetric, as long as it
has no local minima, beyond the global maximum at x = 0. Such an algorithm can be viewed
as the vanishing temperature limit of a standard Metropolis sampling, a Monte-Carlo method
where a Markov chain is constructed to sample the phase space according to a predefined target
distribution [5—7]. As simple as it is—the walker position distribution function is increasingly
peaked at x = O—such a dynamics exhibits non trivial features, depending on the sampling
chosen. A key role is indeed played by the probability distribution of attempted jumps, and in
particular, its behavior for small jumps. The present 7 = 0 problem differs from widespread
approaches such as simulated annealing, where the temperature ruling the evolution of a ran-
dom walker is gradually decreased, in order to find minima in a given potential landscape.
Here, the motivation is different: the location of the potential minimum is known, and we are
interested in the dynamics towards this target.

Starting from the Metropolis rule, we define in section 2 the dynamics, in discrete time
n=20,1,.... The walker’s density P,(x) evolves at long time toward P.,(x) = d(x), where §
denotes the Dirac distribution. Our goal is to resolve the approach to this limiting form, that
takes place in a self-similar way. We show indeed in section 3 that P,(x) admits a scaling
form at long times, where the whole position and temporal information is encoded in a single
universal scaling function, independent of U(x) and the initial condition. Its generic proper-
ties are studied analytically. A number of exact solutions, presented in section 4 corroborate
the general findings, and provide additional insights into the long time dynamics. All predic-
tions fare well compared to Monte Carlo simulations, where the original dynamics is directly
implemented.

2. The model

We consider a single particle moving on a line in the presence of an external confining poten-
tial U(x), having a single minimum, and no local minima. In other words, U(x) should be a
monotonically increasing function of |x|. At time n, an attempted jump 7, is drawn from a
distribution w(n) and the particle moves according to the Metropolis rules

Xn—1 + My with prob. p = min (l,ef*a AU) where AU = U(x,—1 + 1) — U(xp—1)
Xp =
Xn—1 with prob. 1 — p,

ey

where 3 is for inverse temperature (kgT)~'. The position distribution P,(x) evolves via the
Master equation

P,(x) = / dx’ P,_1(x) w(x — x’) min (1, e’ (U(")_U(x/)))

o0

+ {1 - /OO dx’ w(x’ — x) min (l,eB(U("/)U(")))} Pyo1(x), 2

o0

2
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where the jump distribution w(n) is assumed to be symmetric: w(n) = w(—n). It is convenient
to replace the ‘min’ function above by the following identity

min (1, e’ (U('X)’U(X/))) =0 (U(x’) — U(x))
e PO g (U(x) — U), 3)

where 0(z) is the Heaviside theta function: f(z) = 1 if z > 0 and 0(z) = 0 if z < 0.
We now focus on the limit 7 = 0, i.e. 8 = oo [8]. In this limit, (3) becomes

min (1,8_‘6 (U(X)_U(x/))) =0 (U(X/) - U(x)) =0 (|x’| - \x\) ) “4)

where in arriving at the last equality we used the fact that the potential increases monotoni-
cally with |x| so that U(x") > U(x) implies |x’| > |x|. Thus, in this limit, the particle can jump
only downhill, and all uphill moves are forbidden. More precisely, if the particle is at x at
step n, then in the next step it can jump only to the region x' € [—|x|, |x|]. Any jump that
takes it outside this region is forbidden at 7 = 0O (see figure 1). Thus the explicit dependence
of the position distribution P,(x) on the form of the potential U(x) drops out in this 7 = 0
limit, that can naturally be simulated by a Monte Carlo method, as described in appendix A.
However, even in this relatively simple limit, the evolution of the position distribution remains
rather nontrivial. With the simplification in (4), the Master equation (2) reduces to a simpler
form

Po(x) :/ dx' Py () w(x — x') 0 (]x'| — |x|)

+ {1 - / dx’ w(x’ — x) 6 (x| = [x']) | Puzi(x). (5)
One can check that equation (5) satisfies the probability conservation
/ P,(x)dx = / P, 1(x)dx. (6)

Since the particle moves only downhill, we expect that at long times, i.e. in the limit n — oo,
the position distribution should approach a delta function at the origin (irrespective of the initial
condition)

nlgo% P,(x) = 5(x). @)

We are interested in computing how the position distribution relaxes to this steady state.

For the analytical work, it is convenient to start from a symmetric initial condition. This
ensures that at all times P,(x) is also symmetric, P,(x) = P,(—x). In that case, we can just
focus on x > 0. This symmetry assumption will be tested against numerical simulations, run
in conditions of asymmetric initial conditions. It will be seen that the dynamics gradually sup-
presses non-symmetrical features of the position distribution. An explicit solution in a specific
case will confirm this computational observation. Our Master equation (5) then reads (restricted
tox > 0)
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Figure 1. Possible moves of a particle at 7 = 0 in the potential U(x), that monotonically
increases with |x|. Only downhill stochastic moves are allowed (greedy motion). If at
step n, the particle is at x,,, then at the next step it can jump only into the region [—x,, x,].
Any jump that takes the particle outside this interval is forbidden at 7 = 0.

P,(x) = / AP, e — X+ / S Py w(x — )

+ {1 - /xdx' w(x' — x)} P, 1(x). (8)

In the first integral on the right-hand side (rhs) we make the change of variable x’ — —x’ and
use the symmetry P,(x) = P,(—x) to get for all x > 0

Py(x) — Pyoi(x) = / dx' Py (x') [w(x + x') + w(x — x)]

X

— [/xdx’ w(x — x)] P,_i(x). 9)

X

3. Scaling analysis of the master equation: asymptotic results

3.1. The scaling ansatz

The integral equation (9) is still hard to solve exactly for all n and for arbitrary symmetric jump
distribution w(n). However, in the large n limit, further simplifications occur. Indeed, for large
n we make a scaling ansatz for P,(x) that should be verified a posteriori and also confirmed
numerically. Our ansatz reads

P,(x) = Bn®F (Bn®x), (10)

where the exponent « > 0 and the scale factor B will be selected subsequently. In doing so,
we seek to ‘resolve’ the structure of the asymptotic Dirac delta distribution, toward which the
position distribution evolves. Since P,(x) is taken here symmetric around x = 0, the scaling
function F(z) is symmetric: F(z) = F(—z). In addition, from the normalization of P,(x), the
scaling function F(z) must satisfy the constraint

/ F(z)dz = 1. (1

The scaling form in (10) makes sense physically. It stipulates that the width of the distribution
decreases for large time n as ~n~“ with o > 0, while the value at the peak increases as n“.

4
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Thus, as n increases, the position distribution function P, (x) gets more and more peaked near
x = 0, and eventually approaches the delta function P,(x) — d(x) as n — oo.

We substitute this scaling ansatz (10) in the master equation (9) and evaluate the left-hand
side (lhs) and the rhs For large 7, the lhs simplifies to

OP,(x)
on
~ Bon®"' [F(2)+zF'(z)], where z=Bn"x. (12)

Py(x) = P,_1(x) =

We now substitute the scaling ansatz (10) on the rhs of (9). After making the change of variable
7 = Bn“x inside the integrals on the rhs of (9), it reads

rh.s z/z dZ F(Z) [w (Z;nj ) +w (ZB;j )] - (/;dz’w ('ZB;QZ» F@). (13)

Since we assumed o > 0 (to be verified a posteriori), it follows that as n — oo, the arguments
of the function w in (13) approach 0. Hence, the scaling behavior depends crucially on how
the jump distribution function w(n) behaves for small |7)|. We consider the following natural
class of power law behaviors near n = 0

w(mn) ~ C,|n|" as n—0, (14)

where C, > 0 is a positive constant and p > —1 to ensure the normalization. Substituting
this behavior on the rhs in (13) and equating it to the lhs in (12) we get, to leading order for
large n,

Ban™' [F@)+1F ()] = % o U & [e+2)Y — (@ =2 F&)

z
z

— (/zdz’ 4 —z”) F(Z)} . (15)

Note that F'(z) = dF(z)/dz. In order that both sides scale as the same power of n, for large n,
we must have the exponent

1
o= —-. 16
1+p (16)
Furthermore, let us choose the scale factor B as
1/1+
B=[c,(1+p]""". (17)

With this choice of B, the scaling function F(z) now depends only on the single parameter p,
hence we will denote it by F,(z). It then satisfies the integro-differential equation in z > 0,
obtained from (15)

Fy(2)+2F)(2) = / dZ' [(@ + 2 + (@ — 2)"] Fp@)

4

- (/zdz' [+ + - z’)”]) Fp(2)
0

(2Z)I+P
I+p

= / dZ [(@ + 2"+ (@ — 2] Fp(d) — Fy(z). (18)
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To summarise, we justified a posteriori that the position distribution P,(x) satisfies the
scaling form

Py~ B0 F, (Bt x)  where B=[C,(1+ p)] 1T, (19)

and the scaling function F'(z), indexed by p, is determined from the solution of the integro-
differential equation (18). Note that F,(z) is symmetric in z and hence satisfies the normaliza-
tion condition

/ Fp(z)dz = % (20)
0

Thus the scaling function F,(z) depends only on the index p, but otherwise is universal, i.e.
independent of the details of the jump distribution w(#n). For general p > —1, itis hard to solve
the integro-differential (18) exactly. However, as we show below, one can derive the asymptotic
behaviors of F',(z) as z — oo and as z — O for general p > —1. Later, we show that for the three
special cases, p = 0, p = 1 and p = 2, it is possible to obtain exact solutions for the full scaling
function F,(z).

3.2. Large z behavior of Fp(2)

For large z, the lhs of (18) is dominated by the second term zF ’p(z). In contrast, for large z, the
first term on the rhs of (18) goes to zero, while the second term dominates, as can be checked a
posteriori. Hence, for large z, we get zF ;,(z) ~ —[PH /(p+ 1] F,(2). Integrating, we obtain
for large z and any p > —1

AR
F,(z2) ~exp|——=2z ""|. 21
#o p[ (I +p7 ] 2D
This result has a neat physical interpretation. In fact, expressing the scaled variable
z = Bn"/?"tVx in terms of the original distance variable x, one finds (up to power law
prefactors)

P,(x) ~ Fp(z) ~ exp {— % (2 x)P*! n] . (22)

Hence P, (x) decays exponentially with increasing n for fixed x. This can be understood from
a very simple Poisson type of argument. Consider the particle to be at x at large time n
such that B~'n~1/0+P « |x| < 1. In this regime |z| = Bn'/1+P|x| >> 1. From this position
the particle attempts a jump. It succeeds if the jump takes it into x' € [—x, x], otherwise it
is unsuccessful and the particle stays at x. Also, the influx of probability to x from higher
values of |x| is negligible in this regime. Hence, the probability to stay at x after step n is
approximately

Py(x) ~ [1 - paccept(x)]n’ (23)

where the acceptance probability at x is given by

Daceept (X) = / dx’ w(x' — x) = / [w (X + X/) +w (\x — X/|)] dx’. (24)
0

—X
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Since |x| < 1, the argument of w is small and we can expand in Taylor series. Keeping
only the leading order term for |x| < 1 and using (14), we obtain

Cp 1
cce ~—L2  x)ltr 2
Daccept(X) (l+p)( X) (25)

Substituting this result in (23), we recover, for large n, the result in (22).

3.3. Small z behavior of F(z)

Extraction of the small z behavior of F,(z) from (18) is non trivial. We consider the rhs of
(18) and start with the small z behavior of the first term [*dZ’ [(Z' 4 2)7 + (2 — 2)"] Fj(2).
Consider the first integral and rewrite it as

R, = / dZ (7 + 2 Fy(d) = / duu’F,(u — z). (26)
z 2z
We now expand F,(u — z) in Taylor series for small z and keep terms up to O(z%). Furthermore,

we rewrite the integral [~ = [ — Ji¥* and then expand the second part also for small z. After
some algebra, this gives for small z

F,0
Ri=bo+biz+bz — £O (22" 4 02, 27
I+p
with
(—DF [ dF¥(u)
by = T, duw? FP(u) where F(u) = W. (28)
The exponent 7y is given by
~ =min(3, p + 2). 29)
Repeating the same exercise with the second integral we get
R2 = / dZ/(Z/ — Z)p FP(Z/) = / du MPFP(M + Z)
z 0
=bo+biz+ b7+ 0). (30)
Adding (27) and (30), and substituting on the rhs of equation (18), we get
d F,(0 .
F,(2)+ ZF;,(Z) = —[zF)(2)] = 2by + 2by7 — 2£(2z)p+1 +0E) (3D
dz 1+p
Integrating we get for small z
2b 20F2F (0 .
Fp(z) = 2bg + =27 — i) 2P+ 0. (32)

3 T a+petp

Thus, while the leading term is always 2by, the subleading term depends on the value of p. Let
us distinguish between three cases.
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e p > 1: in this case, the first two terms in the small z expansion of F(z) are
Fpz) = ao+a, 2, (33)

where the two coefficients are given by

ag = 2by = 2/ duu® Fp(u) (34)
0
2, 1 [® —1y [
ay =2 = / duw? Py = PP~ D / duu?2 Fy(u). (35)
3 3 r 3 o

Note that since a, > 0, the function F,(z) for small z actually increases as z increases.
Finally as z — oo, Fj(z) has to decay as in (21). Hence, the function F,(z) is non-
monotonic as a function of z for p > 1. If one considers the symmetrized version of F,(z),
there is a local minimum (a hole) at z = 0 (see figure 4 for the case p = 2).

e — 1 < p < 1:in this case, the first two terms are given by
Fp(2) = ao + api2*, (36)

where the coefficients read
ag = 2bg = 2/ du u’F (1) (37)
0

_2MF,0)
A+pQ2+p

Thus in this case, since a,.1 < 0, the function F,(z) decreases as z increases from
0, indicating that for —1 < p < 1, the scaling function F(z) is likely to be a mono-
tonically decreasing function of z, with a single peak at z =0, see figure 2 for
p=0.

apt1 = (38)

e p = 1:finally in the marginal case p = 1, where one has to merge the second and the third
term together on the rhs of (32), one gets

Fy(z) = ap + ar 2%, (39)

where the coefficients are

ag=2by = 2/ duuF(u) (40)
0

a = % /ooduuF’{(u) - %Fl(o) = —Fy(0). “D
0

As we will see later, in this case we can derive the full solution exactly, F(z) =
(1/4/m) ¢~% whose small z expansion agrees with (40) and (41).

Let us then summarize the asymptotic behavior of F,(z) for general p > —1. Using the
symmetry of F,(z) we get

op+l1

(I+p)y

Fy(2) ~ exp {— IZH”’] as |z] = oo. (42)
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1.0 T T 1.0 T

T
Gaussian(0, 1) jumps = 10 Laplace(0,1) jumps f§ = 10
n =100 o & n =100 o

0.8 FCo =1/Vv2m n=1000 o T 0.8 -Co =1/2 [\ n=1000 o T
2 2 Fes?
S oot 1 &
= =
S04t 4 =
_ A8

0.2 B

0.0 L L L

-2 -1 0 1 2
Conz
1.0 T T 1.0 T T
uniform(0, 1) jumps nn::1(1)8 R Cauchy(0,1) jumps nn::Hl)g R

0.8 FCo=1/2 n=1000 o T 0.8 FCo=1/m &\ n=1000 o 7
< IS4
S 0.6 g S .
= =
Zoaf I |
. o8

0.2 B B

0.0 : ' ' o l—" '

-2 -1 0 1 2 2
Conzx Conz

Figure 2. Case p = 0. Scaling function Fy(z) obtained from the simulation data and the
scaled P,(x) as in (46), compared with the theoretical prediction of the universal form
Fo(z) = e 2l Four different jump distributions w have been used: the Gaussian, the
Laplace, the uniform and the Cauchy distributions, all having p = 0. While the mea-
surements for small times (n = 10) show deviations and an asymmetry due to the initial
position chosen in the simulations (xo = —1), the convergence toward the form (46) is
already very good for n = 1000 in all tested distributions. Measurements averaged over
107 independent runs.

The small z behavior depends on the index p and the first two terms are given by

o0 2PT2F (0)
2 du’F (u) — | ——— 22 | |z|p*! for —1l<p<l1
/0 P [<1+p)<2+p)] & g
Fp(z) =42 / duuPFy(u) — [F(0)] 2 for p=1
0

o0 -1 o0
2 /0 duu’F o (u) + {% /0 du up_sz(u)} 2 for p>1.

(43)

There is thus a change of the small z behavior at p = 1, from a decreasing function
of |z| for |p| < | to an increasing one for p > 1. Indeed, with a probability density of
jumps w(n) « |n|?, p> 1 does penalize the occurrence of the small jumps, required to
move, as compared to the case p < 1. When p > 1, the reduced likelihood of small jumps
leads to a depletion of F(z) at z= 0. Beyond the asymptotic results derived here, we
present in the next section exact solutions for the three special cases p=0, p=1 and
p=2.
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4. Exact scaling solutions

4.1. Exact solution forp =0
The case p = 0 includes most natural symmetric jump distributions such as

e Gaussian: w(n) = \/% e 2
e Double-exponential: w(n) = % e, see also appendix B.
e Uniform distribution: w(n) = 1 [0(n + 1) — 6(n — 1)].

e Long-ranged distributions such as w(n) = 1/[r(1 + 7%)], the Cauchy jump distribution.

In all these cases, w(n) — const. as n — 0, implying p = 0. In this case, the integro-
differential equation (18) reads

Fo()+ 2 Fio) = 2 / 4 Fo(?) — 22Fo(2), (44)

4

and it must satisfy the normalization condition (20) together with the large z asymptotic
behavior (42). The solution of (44) turns out to be simple, as can be checked by direct
substitution:

Fo(z) = e %, for z>0. (45)

The large and small z behaviors in (42) and (43) are consistent with the exact solution (45),
as can be checked easily. Thus for p = 0, our prediction is that P,(x) is given by the scaling
form

Po(x) &~ ConFy (Conx), with Fo(z) = e 2, (46)

where we used the symmetry Fy(z) = Fo(—z) and Cy = w(0). In figure 2, we compare our the-
oretical prediction for F(z) with the numerical simulations (see appendix A for details on the
numerical aspects), obtained for three different jump distributions all with p = 0, namely the
Gaussian, the double-exponential and the uniform jump distributions. We find excellent agree-
ment between the theoretical prediction and the simulations. The slight asymmetry observed
between positive and negative values of x is a fingerprint of the asymmetric initial conditions.
Its progressive disappearance gives an idea on the speed of convergence toward the scaling
form. We come back to this question in appendix B.

4.2. Exact solution forp =1

An example of a jump distribution that belongs to the p = 1 class is the symmetric Weibull
distribution (normalized to unity)

w(y) = [nle™. (47)

In this case, setting p = 1 in (18) we get
Fi(2) +zFj(z) =2 / d7 7F(7) — 222F\(2), (48)

where the solution Fj(z) should satisfy the normalization condition fOOOF 1(z)dz =1/2 and
also the large z asymptotic behavior in (42) with p = 1. Remarkably, (48) also admits a simple

10
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symmetric IWeibull(l, 2|) jumps n =10
06 Foy =1 - n = 100
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Po(2)/v2n
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Figure 3. Case p = 1. The scaling function F'|(z) obtained from the simulation data for
the scaled P,(x) as in (50), compared with the theoretical prediction of the universal

form Fi(z) = (1/y/7) ¢ . Inthe simulation, we used the symmetric Weibull jump dis-
tribution with shape factor 2 shown in (47), thus C; = 1. The agreement for n > 100
is excellent. Measurements obtained from 107 independent runs with n = 1000 jumps
each. Here again, the slight x — —x asymmetry observed at early times is a consequence
of having chosen an asymmetric initial condition.

solution (as can be checked by direct verification)

1 2
Fi(x) = N e, (49)

where the prefactor is chosen such that fOOCF 1(z)dz = 1/2. It is immediate to check that this
exact solution is compatible with the large and small z behaviors in (42) and (43). Thus, for
p = 1, our scaling prediction for the position distribution P,(x) reads

1
P(x) ~ \/2Cn' /2 F (\/2C1n1/2x) with Fi(2) = 7eﬂz, (50)
Vs

where we again used the symmetry Fi(z) = Fi(—z) and B = /2 C; for p=1 from (19).
In figure 3, we compare the theoretical prediction for F(z) in (50) with the numerically
obtained F(z) using the symmetric Weibull jump distribution in (47), finding excellent
agreement.

4.3. Exact solution forp =2

We now consider the case p = 2. This corresponds to symmetric jump distribution w(n) with
the small 7 behavior

wm) = Cyn® as 1 — 0. (51)
Then, the scaling theory for the position distribution (19) predicts that for large n

P,(x) ~ (3Con) 3F, ((3C2n)1/3x) , (52)

where the scaling function F»(z) = F,(—z) is symmetric and is normalized fOOOFz(z) dz =1/2.
The scaling function F,(z), setting p = 2 in (18), satisfies the integro-differential equation

1
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(restricting only to z > 0)

00 00 2
Fa(z) + 2 F(2) = 27 / dZFy(2) +2 / d7(Z)*F2(7) — 8%FZ(z), (53)
z z
where F}(z) = dF,(z)/dz. The function F,(z) must approach a constant as z — 0 and should
decay as F,(z) ~ exp[—8z’/9] as z — oo: this follows from the general asymptotics in (42)

and (43). In addition, it must satisfy the normalization condition (20).
To solve this integro-differential equation (53), the strategy would be first to reduce it to a
differential equation. To do this, let us define the cumulative scaling function

Gz(Z)Z/ F»(7)d7. (54)

We have G5(z) = —F,(z) and Ga(z) — 0 as z — oo. Now consider the second term on the
rhs of (53). With an integration by parts, we can rewrite it as

—/ d7(7)*Gh(z) = 7%Ga(2) + 2/ 7Gy(Z)d7. (55)
z z
Thus, using F»(z) = —Gj(2), equation (53) reads
823 U U 2 o~ ! / !
— |1+ 57| G0 - 260 — 427G = 4 | LG (56)

Differentiating once more with respect to z gives a differential equation for G,(z)

82
2G5(2) + [2 + T] G5(2) + 1222Gh(2) + 42G1(z) = 0. (57)
We divide by z, differentiate once more with respect to z and use G5(z) = —F»(z) to finally

obtain a third order ordinary differential equation for F»(z)

2 52z

2
82] Fy(2) + {—Zz + 3] F5(z) + 16F>(z) = 0. (58)

2
Fy(2) + L + 5

A symbolic calculation software [9] allows to solve this equation, and it gives the general
solution as a linear combination of three independent functions

11 87 75 87
F(z) = (A Fy ( < ) —|—(A2)z21Fl ( Z)

Ry 63 9
11
+ana2| 3’y —8713 , (59)
373

where | F(a, b, 7) is the Kummer’s confluent hypergeometric function and G4, denotes the
Meijer’s G function. The constants A;, A, and A, have to be determined from boundary con-
ditions. First we note that the third function G4 diverges as 1/z as z — 0. Since this is not
allowed (the scaling function F,(z) is normalizable and approaches a constant as z — 0 from
(43)). Hence we must have A3 = 0. Thus

12
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11 8 75 87
Fr(z) = Ay |:1F1 (E,g, 9 ) + By Wy (6,5,—7>] ) (60)

where we define B, = A/A;. The overall global constant A; can be fixed by the nor-
malization condition in (20). The only remaining unknown constant B, has to be found
from the boundary condition as z — co, where we expect from (42) with p =2 that
F>(2) ~ ¢=5°/9. So, the constant B, has to be chosen such that F»(z) decays in this fashion as
Z—r Q.

To fix B,, we need to find the asymptotic behavior of |F;(a, b, —x) when x approaches
oo along the real line and 6 = a — b is a non-integer. It turns out that this asymptotic
behavior is rather subtle and has been obtained only rather recently [10]. For large x one
gets

x T (@ (1 +a— Dby
i v a)Z Kl xF
+xP e [cos(n(a — b)) +O(1/x)], (61)

where (a); = I'(a + k)/T'(a) is the Pochamer symbol. Thus, generically, to leading order, it
decays as a power law ~x~“ as x — oo. Substituting this asymptotic behavior in (60) using
x = 87%/9, we getas 7 — 00

RERUOYE r (2\"
R@~4 lm/z) (‘5) B2~ 31256) <§>

3 9 I(1/2+ I(7/6+ k)
Z k! 8k 73k

s

Since the boundary condition for large z predicts that F(z) ~ exp[—8z> /9] (see equation (42)),
we must eliminate the slow power law decay in (62). This can be done by choosing the constant

B> as
T 2 173
%= 5t (3) )

Finally, the global constant A; is obtained from the normalization condition fOOOF 2(z)dz = 1/2.
This gives (upon using Mathematica to do the integral)

3\'312(5/6
A = <5> % (64)

+ A

Thus, with the two unknown constants A; and B, fixed, we then have our exact scaling function
valid for all z > 0 (and symmetrically for z < 0)

3\ *1%(5/6) 11 82\ 2 75 82
Fi(z) = <§> - WFy (5 5’_T> + 3 WFy (6’ §’_T> . (65)

13
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symmetric lWeibull(l7 31) jumps n=10

0.6 —02:3/2 n =100 o -
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Figure 4. Case p = 2. Comparison between the numerically obtained scaling function
F>(z) and the prediction of equations (52) and (65). The scaling function is symmetric
(F2(—z) = F2(z2)), non-monotonic, with a pair of maxima at z = £0.350322... and a
local minimum at z = 0. The simulation data for P,(x), scaled as in (10), are shown
with the symbols; they have been obtained with a normalized jump distribution of the
symmetric Weibull type and shape factor 3, i.e. w(n) = % 7> e*""}, thus C, = 3/2. The
agreement for n = 1000 is excellent. Measurements obtained from 107 independent runs
with n = 1000 jumps each. Here again, the asymmetry that is visible at n = 10 stems
from our initial condition. Asymmetry is gradually washed out as time proceeds.

The function F,(z) has the following asymptotic behaviors

3\'"’1r’5/6) 1, X
Fr(o) ~ <§> 7+§Z + 0(z7) asz—>0, 66)

3
b\fze 5/ as 7 — 00
where the constant prefactor b is given by

V3

b= 25/6 13/2

I%(5/6)T'(1/3) = 0.595887.... (67)
The large z asymptotic follows from the remaining nonzero term in (62) once B; is fixed. One
can check that the small z behavior above is also completely in agreement with (43). A plot
of this function F,(z) vs z is given in figure 4. In this figure, we also compare our theoretical
prediction with numerical simulations for p = 2, finding excellent agreement. Interestingly, the
function F>(z) is non-monotonic, and has a pair of maxima at z ~ £0.350322 . . .. The reason
behind this non monotonicity has been put forward below equation (43): p > 1 penalizes small
jumps. Here, we consequently expect the dynamics to proceed in back and forth motion, from
the left of the minimum to the right, and vice-versa for the subsequent successful jump. Such
an oscillatory motion is fully compatible with the ‘two hump’ structure of the scaling function
for p > 1. Yet, we stress that this oscillatory motion toward x = 0 is not specific to cases
with p > 1: the late-time probability that the position changes sign after an accepted move is
smoothly increasing when p increases. This probability is given by

2x »d 1
W =1- (68)
0 nP d77 2p

14
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Figure 5. Numerically obtained asymptotic scaling functions F,(z) vs the scaling vari-
able z (see Eq. (19)) for p = 3,4,5. The Monte Carlo simulations were run with a
normalized jump distribution of the symmetric Weibull type and shape factor (p + 1),
ire.w(n) = %‘ n? ¢ """ Measurements are collected over 10° independent runs with
n=10° jumps for p = 3,4 and n = 10° jumps for p = 5. The curve for p =2 is
equation (65) shown for comparison.

Starting from 0 when p — —17, it thus crosses 50% for p = 0, and exceeds 90% for for
p > 2.33.

Finally, we show in figure 5 the evolution of the scaling function F), with p, as obtained
in Monte Carlo simulations. The two hump structure resulting from increasing p is visible. It
is a consequence of the reduced likelihood of performing small jumps, when p increases, as
discussed at the end of section 3.

5. Concluding remarks

We have studied a stochastic steepest-gradient descent on a line, in a potential landscape U(x).
A random walker proceeds in discrete time, with a succession of jumps (7, at time n). The
walker is greedy, in the sense that it only performs moves that decrease the energy U(x). The
dynamics does not depend on U(x), and is driven to its minimum at x = 0, irrespective of
the value (or even the existence) of the gradient, as long as the minimum is non-degenerate
(no local minima). The long-time regime has been shown to be self-similar, with a scaling
function F,(z) that only depends on the likelihood of small jump displacements, through the
parameter p: Denoting the jump probability distribution by w(n), we have w(n) o n? forn — 0
(and thus p = 0 when w(0) is finite). A Poisson-type of argument reveals that the large z
tail of the scaling function is of the form log F,(z) oc —z'*7, and it also provides the scal-
ing variable as z = xn'/0+? In other words, the root mean squared (r.m.s.) spread of the
particle’s position shrinks at large times n as n~'/0+? It is quite natural that large p val-
ues lead to a dynamical slow down, since they are associated to a smaller likelihood of small
jumps, which is detrimental to evolution. A byproduct of the analysis is that redefining the
clock from n to N, where N would count the number of accepted moves, the scaling vari-
able would become z = N'x, while the form of the scaling function F » would of course be
unaffected.

We restricted the analysis to the search of the large-time symmetric scaling solution, which
is universal in the sense that it is independent of initial conditions. The excellent agreement
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Figure 6. Monte Carlo results for initial conditions with a singularity at x = 0, here
Py(x) = %x*‘/ 2for0 < x < 1,and Py(x) = 0 otherwise; the jumps are of the symmetric
Weibull type (p = 2). The left panel shows the measured P, (x) after n jumps averaged
over 107 realizations and scaled to demonstrate the slow convergence toward the scaling
form F,(z) shown as a black line. The right panel shows P,(x) on a log-log scale, as a
function of the unscaled variable x. Comparison of the two panels shows that close to
x = 0, P,(x) is of the form x~'/2, before it crosses over to the asymptotic shape, further
away from x = 0.

with the Monte Carlo simulations, that start from a non symmetric initial configuration, proves
that asymmetric modes must decay faster than the symmetric ones. In some situations, the
decay is slow. Such is the case when the initial distribution Py(x) is of the type x# for small
x with 0 < p < 1, thus singular near the origin. By construction, the smaller an x-value, the
least probable it will be affected by the dynamics. We then expect that in such a case, P,(x) fea-
tures the same singularity as Py(x) close enough to x = 0. This is confirmed by figure 6, where
1 = 1/2. The initial asymmetry of Py(x) (note that Po(x) = 0 for x < 0), impinges on later
times, while the singularity at x = 0 has a rather spectacular effect on P, (x). Yet, figure 6 gives
credit to the statement that for n — oo, the scaled P, tends toward F5, as given in equation (60).
In addition, explicit exact calculations for the double exponential jump distribution, beyond
scaling, show (1) the convergence toward the symmetric scaling form and (2) the faster
decay of asymmetric contributions coming from the initial conditions. Details are provided in
appendix B.

‘We did not discuss the cases where w(n) is depleted near = 0, with a vanishing probability
in some interval [—n*, *]: such a case would be non self-averaging, and lead to a dynamical
arrest, whenever the walker arrives within the depletion segment [—7*, n*]. One would need to
average over may realizations sharing the same initial conditions in order to obtain an interest-
ing a smooth late-time dynamics, where P,(x) — d(x), thereby resolving the structure of the §
peak. Conversely, in the case we have studied, and although we have averaged our Monte Carlo
data over a large number of samples to garner statistics, the dynamics is self-averaging in the
sense that a single trajectory leads to a well defined scaling function; statistics is increased by
following the evolution on longer time scales.

In this paper, we focused on 7 = 0 where the steady state is trivial, but the late time relax-
ational dynamics is self-similar and typical observables (such as the r.m.s displacement) decay
as a power law in time n for large n. This power law behavior is due to the vanishing accep-
tance probability of new moves at the minimum. In a recent paper [11], we studied the finite
temperature version of this model where the dynamics satisfies detailed balance. In this case
the steady state is of Gibbs—Boltzmann form and the relaxation of observables toward their
steady state value becomes exponential with the error due to incomplete convergence decay-
ing as A" (with A < 1). The relaxation time 7 = —1/In A has a rich behavior as a function of

16



J. Phys. A: Math. Theor. 54 (2021) 485001 A Chepelianskii et al

the jump amplitude a, achieving a minimum value at an optimal a*. Surprisingly for a > a*,
the relaxation at finite temperature is governed by self-similar scaling solutions very similar
to the scaling ansatz established here for 7 = 0. The framework developed here may thus find
applications beyond the 7 = 0 limit.

Data availability statement

All data that support the findings of this study are included within the article (and any
supplementary files).

Appendix A. Monte Carlo simulations

The zero temperature dynamics investigated here defines a Markov chain, that is naturally
simulated with the Monte Carlo technique [5—7]. In order to observe the relaxation of the
particle distribution P,(x) we directly simulate 7 independent particles (here m = 10° or m =
107), all starting at x, = —1 by iterating

Xn—1 +77n if |xn—l +77n‘ < ‘xn—l‘
Xn = ; (AD)

Xn—1 otherwise,

which is a simplified but equivalent version of equation (1) using equation (4). The 7, are
independent random numbers drawn from the respective distributions w(n), which (except
for the Gaussian for which we used an implementation of the Ziggurat method [12]) can
be generated using the inversion method [13]. For each value of n in which we are inter-
ested, e.g. n = 10, 100, 1000, we initialize a histogram and update it with the position of
the m particles, after iteration n. We use the shape of the distribution we measured this
way at different values of n to determine whether our Markov chain is long enough to
reach the predicted scaling form, which typically happens very fast for jump distributions
with low values of p and takes a longer time for jump distributions with larger values
of p.

Appendix B. An exact solution for the double-exponential jump distribution

To find a case where the long time asymptotic properties of the probability distribution P, (x)
can be obtained exactly, we use the p = 0 type jump distribution:

1 _
w(n) = ~e . (B1)
2
It is convenient to separate P,(x) into symmetric and anti-symmetric components:

Pp(x) = Su(x) + Zy(x) (B2)

with S,(x) = S,(—x) and Z,(x) = —Z,(—x). Substituting this decomposition in the master
equation (5) and using the symmetry of w(n), one finds that the associated Master equations
for S, and Z, separate. We first focus on the symmetric component S,(x). For x > 0, the
corresponding master equation reads:

Sn+1(x) = cosh(x) / e Su(y)dy + R(x)Su(x), (B3)
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where we introduced a compact notation for the probability to reject an attempted move
from x:

R(x) = /Oody w(y —x)0 (| — |x|) = e cosh x. (B4)

o0

This quantity ranges from 1 at small x (where most moves are rejected), to 1/2 at large x, where
downhill moves only are accepted.
Introducing the generating function:

0:(x) =Y _5"S,(x), (BS)

n=0
we find the equation:

Os(x) — So(x).
S

cosh(x)/ooe_st(y)dy + (e™* cosh x)Qy(x) = (B6)

This integral equation can be reduced to a first order differential equation, that can be integrated
explicitly:

0= 1 M o g / "y ) 5 S0,
(B7)

where we introduced the notation:
hy(x) = €22 — 5) — 5. (B8)

With this expression, we can use the general technique of singularity analysis [14] to obtain
exact results on the large n behavior of §,(x), scrutinizing the complex plane position of the
singularities of the generating function Q,(x) as function of the parameter s.

To make further progress, we assume Sp(x) = §(|x| — y)/2 (with y > 0). This choice is the
symmetric part of Pyp(x) = §(x — y) and we find:

20,00 = 20D o (0T )20 — ).
I —se™Y cosh y

(B9)

Singularities appear when h;(x) = 0 or hy(y) = 0. For x < y, the singularity in the complex
s-plane that is closest to the origin |s| = 0 is the solution of 4,(x) = 0, and reads

2 -1

This implies that up to sub-exponential factors:
Su(x) ~ R(x)". (B11)

Particles cannot climb uphill in this model and R(x") < R(x) for x’ > x > 0. It is thus not
surprising that the decay rate of S,(x) is determined by the rejection probability R(x).
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Figure 7. Comparison between the asymptotic behavior 25,(0) and numerical simula-
tions for So(x) = (]x| — y)/2, with y = 2 and y = 6. Symbols show numerical results
and continuous black lines show equation (B13).

It is possible to obtain sub-exponential corrections for particular values of x. For example
for x = 0, the singularity with the smallest modulus is at s = 1. Expanding the generating
function around this position, we find:

1 1 1 L+loge® —1)/2 N

200> GG~ 1 e 1—s

(B12)

This allows us to obtain the sub-exponential corrections up to the first term that depends on
the initial position y:

28,(0)~n—1logn— (1+v—1log 2+log[e™ —1]) + - - -, (B13)

where -y is the Euler—Mascheroni constant. This formula is in good agreement with numerical
simulations which are shown shown in figure 7 for two different initial positions y of the random
walker.

A similar asymptotic analysis for x < 1 gives:

28,(x) ~ n' T R(X)" 4 - - -, (B14)

where we derived only the leading sub-exponential term. Setting X = nx, we can get:

S, (" '%) ~ ’;<1 - 5') ~ ge*m. (B15)

Using the result Fy(z) = e~ derived in section 4.1 for the present p = 0 situation, together
with the fact that here, Cy = B = 1/2, we recover the limiting scaling behavior derived in
section 4.1: P,(x) = nFy(nx/2)/2, see equation (46).

For the anti-symmetric component of the probability distribution Z,(x), the master equation
for x > O is:

Zy41(x) = sinh(x) / Ooe_y Z,(y)dy + R(x)Zy(x). (B16)
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As previously, we introduce the generating function: K (x) = Z@o Z,(x)s", and obtain

1 4se* sinh x hy(x) 725 / () S Zo(dy. (BI17)

X

Zo(x)
Ky(x) = — 227
s 1 — se=* cosh x

Focusing on the choice Py(x) = d(x —y), we set Zo(x) = [0(x —y) — d(x + y)] /2. For
0 < x <y, the position of the singularity with the smallest modulus lies at the same position
as for the symmetric part: s = R(x)~'. It is thus the sub-exponential factors that discriminate
the decay rates of the symmetric and anti-symmetric components. Expanding the generating
function to first order around x = 0 near the pole at s = 1, we find:

thy —1
K,(x)~ Yoty = D (B18)
1—s
This gives the expected small x asymptotic behavior for Z,(x):
Z,(x) ~ x(coth y — 1). (B19)

This confirms that the antisymmetric component is indeed negligible, in the large n limit,
against its symmetric counterpart: |Z,(x)| < S,(x), for small enough |x|. This stems from the
additional h,(x)~' factor present in equation (B7), as compared to equation (B17).
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