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CrossMark
Abstract
We consider a class of ordinary differential equations featuring a non-Lipschitz
singularity at the origin. Solutions exist globally and are unique up until the
first time they hit the origin. After ‘blowup’, infinitely many solutions may
exist. To study continuation, we introduce physically motivated regulariza-
tions: they consist of smoothing the vector field in a v-ball. We show that the
limit ¥ — O can be understood using a certain autonomous dynamical system
obtained by a solution-dependent renormalization. This procedure maps the
pre-blowup dynamics to the solution ending at infinitely large renormalized
time. The asymptotic behavior near blowup is described by an attractor. The
post-blowup dynamics is mapped to a different renormalized solution starting
infinitely far in the past and, consequently, it is associated with another attractor.
The regularization establishes a relation between these two different ‘lives’ of
the renormalized system and generically selects a restricted family of solutions,
not depending on the regularization.

Keywords: selection principle, non-Lipschitz singularity, non-uniqueness in
ordinary differential equations, blowup

Mathematics Subject Classification numbers: 34A12 37C83.

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

1. Introduction

Non-Lipschitz singularities in differential equations arise naturally in numerous physical appli-
cations. For example, such singularities are the collision points in the N-body problem [16].
Non-Lipschitz singularities, which are reached in finite time, are wide spread in partial dif-
ferential equations, where they are often termed as blowup [27]. A classical example is shock
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formation in conservation laws and ideal compressible fluid systems, where the velocity fields
dynamically form jump discontinuities [13]. Another important example arises in the setting
of incompressible fluid dynamics: the celebrated Kolmogorov (K41) theory stipulates that an
‘ideal’ turbulent flow field is only 1/3-Holder continuous [33, 38].

A basic understanding of such non-smooth systems can be obtained from the textbook
example

i=x"7 x(t) = xo. (1
This is a particular case of the equation x = sgn(x)|x|* for « = 1/3. The exact solution of (1)
for t > ¢ is easily obtained by separation of variables as

) 3/2
x(1) = xo {1 + g\xo|—2/3(z - zo)} . X0 #0, (2)

which is the unique solution for xy # 0. The right-hand side of (1) is not Lipschitz continuous
at xo = 0 and, as a result, the solution is non-unique:

2 3/2
x(f) = + {3@ - to)} . xo=0. 3)

We remark that by Kneser’s theorem, whenever a solution of the initial value problem is non-
unique, then there are a continuous infinity of them (see section 2.4 of [34]). Such solutions are
obtained in our case combining the trivial evolution x(#) = 0 in an arbitrary interval 7y < ¢ < £
with any of nontrivial solutions (3), where 7, is replaced by ¢,. This simple example has deep
physical significance within the Richardson picture of particle separation by a turbulent flow
[49]. In fact, equation (1) with x denoting the separation between two particles can serve as a
toy model for Richardson dispersion in an ‘ideal’ K41 velocity field. The solution (3) implies
that particles starting at exactly the same point xo = 0 can split and reach finite distances apart
in finite time [31]; related phenomena have been addressed in numerous numerical studies,
e.g., [5, 8,28, 51].

Due to their ubiquitous nature, it is important to develop an understanding of such non-
smooth systems, when the classical theory of differential equations fails to provide uniqueness.
A particularly important question is whether or not there is a natural way to select a unique
solution or, at least, to provide a non-trivial restriction? For example, this question is answered
positively for binary collisions in the n-body problem, where solutions continuously dependent
on initial conditions are obtained using the so-called collision manifold [3, 16, 46]. An example
in partial differential equations is the theory of one-dimensional conservation laws, where the
entropy condition can be used to select a unique weak solution after blowup [13]; this is a shock
solution arising in the vanishing viscosity limit [39]. However, a natural analogue of the entropy
condition—that a weak solution dissipates energy—is known to fail as a selection principle
for three-dimensional incompressible Euler equations [10, 14, 36]. Non-smooth velocity fields
provide interesting interplay between transport equations and ordinary differential equations
[1, 17], where non-unique solutions can also be considered backward in time [30]. The question
remains as to what extent any physically relevant criteria may serve to select unique solutions.

There are several notions of regularization used in the theory of non-smooth ordinary dif-
ferential equations, e.g., analytic regularization and block regularization (or regularization by
surgery) which require that extended solutions are continuous with respect to initial conditions
[21]. The regularization used in our work is closely related to the concept of ¢-regularization
which can be used to give robust notion of a flow in discontinuous dynamical systems, see e.g.
[40, 47].
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The goal of the present paper is to investigate fundamental constraints on possible ‘selected’
solutions, when the non-uniqueness is caused by an isolated non-Lipschitz singularity. Our
study exploits a class of ordinary differential equations described in section 2, which involve
vector fields which are smooth away from the origin. At the origin, the equations are merely
Holder continuous (providing a cartoon of fields arising in fluid dynamics problems) or
even unbounded (mimicking collisional problems for particles with Newtonian potentials).
In generic situations, solutions enter the origin in finite time, which we call blowup. Since
infinite number of solutions also start at the origin, continuation past the blowup is strongly
non-unique.

In these models we uncover some universal characteristics of non-uniqueness in the con-
text of a ‘physically relevant’ choice. To accomplish this, we introduce a set of renormalized
phase-time variables, such that leaving the singularity takes infinite time in the new represen-
tation. Thereby, the solution splits into two different infinitely long evolutions before and after
blowup. Section 3 shows how the first evolution determines the universal asymptotic behavior
before the blowup. Section 4 studies continuation after blowup, when the uniqueness is lost.
Here we introduce in a regularization scheme, which smooths the vector field inside a small -
neighborhood of a singularity and consider the limit v — 0. For a wide class of regularizations,
we associate such limiting solutions with an attractor of the renormalized system. Section 5
describes the case of a fixed-point attractor, when a unique post-blowup solution is selected.
Remarkably, this solution is not sensitive to a particular choice of regularization, i.e. the rel-
evant choice is foreseen by a singular differential equation. Section 6 investigates a different
situation, when the attractor is a periodic limit cycle. In this case limiting solutions are non-
unique, but the regularization imposes a highly non-trivial constraint on possible continuations,
again independent of the choice of regularization.

As aconsequence, we establish a connection between the theory of attractors in autonomous
dynamical systems with the problem of non-uniqueness and continuation at the non-Lipschitz
singularity. It shows that in a generic case the equation may impose a ‘destiny’ on a solution
even after the uniqueness is lost. Our theorems are coupled with concrete examples illustrating
the non-uniqueness and specific choices of solutions after blowup. We end with the discussion
section, where we also speculate on similar phenomena in models of fluid dynamics.

2. Equations with an isolated non-Lipschitz singularity
We study the Cauchy problem for an autonomous system of ordinary differential equations
x =1f(x), x(t9) = xo, 4)

where x € R? and the derivative is taken with respect to time ¢ € R. We assume that f has an
isolated singular (non-Lipschitz) point, which we assign to the origin, x = 0. We will consider
a self-similar form of the singularity, when

f(x) = r"F(y), r=I|x, y=x/r )

with o < 1 and a smooth (continuously differentiable) function F(y) on a unit spherey € $¢!.
The function f(x) is smooth everywhere except at the origin, where it is discontinuous for
negative o and Holder continuous, f € C®(R?) for a € (0, 1). We will separate the radial and
spherical components of this function as

F(y) = Fi(y)y + F(y) (6)
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with Fi(y) = F(y) - y and Fy defined implicitly by (6). The models (5) can be thought of as
multi-dimensional generalizations of the toy model (1) for o = 1/3.

Homogeneity of the field in (5) reflects, in a simplified form, the fundamental property of
scale invariance ubiquitous in real-world applications. We wish to emphasize that our system
should be understood as a zeroth-order (isolated singular point) model for non-smooth dynam-
ics. This model gives useful insight into more general systems that feature higher-dimensional
singular sets and, thus, cannot be cast as (5). A canonic example would be the n-body problem,
in which the Newtonian force has a singularity with o« = —2 at points with equal coordinates
and arbitrary momenta of any two bodies.

For « € (0, 1), the function f(x) is continuous and bounded by [f(x)| < r* max F(y), where
the maximum is taken on the unit sphere y € S?~!. Hence, the Cauchy problem (4) possesses a
solution globally in time for any initial condition [34]. However, the solutions that pass through
the singularity at the origin, are not necessarily unique.

Let us denote by #, the maximal time such that r(¢) # O for ¢ € [fo, t,). This provides the
largest time interval, where the uniqueness of the solution is guaranteed due to the Lipschitz
continuity. In particular, we have the global uniqueness in the case of #, = co. When #, < oo,
the solution reaches the singularity at the origin in finite time, lim,,,, 7(f) = 0, and we call this
scenario the finite-time blowup. This definition can be related to collisions or, alternatively, can
be motivated by the blowup concept for partial differential equations, where it is linked to the
breakdown of Lipschitz continuity. Recall, for example, that solutions of the inviscid Burgers
equation have the local form u(x) oc —x'/3 at the blowup time [48].

So long as r(f) > 0, we can define the logarithmic radial coordinate as z(#) = In r(¢). The
original solution is then expressed as

x(1) = €Vy(0). (7
Equations for z(#) and y(#) are obtained directly from (4) and read:

y=e "TF(y),  ylto) = Yo @)

t=e " F(y), ) = 2. 9

where the initial conditions are given by y, = Xo/|Xo| and zo = In|xq|.

3. Pre-blowup dynamics

For t < t,, we introduce the a new temporal variable s = s(7) defined by

t
s(t) = / e = Ogy (10)

fo

The map s(¢) is monotonically increasing with s(t) = 0, and let us denote s, = lim,_, (7).
Hence, the inverse monotonically increasing function 7 = #(s) exists with #(0) = fy and
fy = limg,, 7(s). We denote y(s) := y(i(s)) and Z(s) := z(#(s)); here and below we use tildes
to denote functions of the new time variable s. By the inverse function theorem, the derivative
of #(s), obtained from (10), can be written in the form d7/ds = '~ and integrated as

() = to + / S-S g/ an
0
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Using s(¢) as the new temporal variable in system (8) and (9), a simple computation yields
the renormalized system in the form

dy/ds = Fy(y), ¥(0) =y, (12)
dz/ds = F.(§), #0) = z. (13)

In this system, the first equation (12) is uncoupled, and the second equation (13) is integrated
as

3s) = 20+ / RS (14)
0

Since the functions Fg and F; are continuous on the unit sphere S%! and therefore bounded,
solutions y(s) and Z(s) exist globally in renormalized time and are unique. The solution x(f) of
the original system (4) for 7 € [fy, f,) can be recovered from the global histories y(s) and z(s)
with s = s(f) given by (10) through the transformations x(f) = X(s(¢)) and X(s) = e“*y(s).

Proposition 1. Let us define the following upper and lower renormalized-time averages:

§=00§ S—00

1 /¢ — 1 [*
F; = liminf f/ F.(y(s'))ds', F, = limsup ;/ F.(y(s'))ds'. (15)
0 0

These averages are finite, because F; is bounded, and characterize blowup as

(a) If Fy > 0, then t, = 0o and lim;_,, r(f) = oo.
(b) IfF; < 0, then the solution x(t) blows up at finite time t, < 0, i.e., lim;,, r(t) = 0.

Proof. First, let us show that s, = co. In the case of blowup, #, < co, we have z(f) =

Inr(f) - —o0 as t — t,. Since the function F; is bounded, the corresponding behavior z(s)
— —o0 as § — Sp in (14) yields s, = oco. Therefore, using #(s) from (11), one has

fy = lim #(s) = to + / e gy (16)
§—00 0

The same conclusion can be drawn in the case of no blowup, #, = 0o, because #(s) is finite for
any finite value of s.
Next, by definition, for any € > 0 there exists an s. > 0 such that

1/ _
Fi—¢e/2< E/ F.(y(s")ds' < F, +¢/2 fors > s.. (17)
0

The value of s. can be chosen sufficiently large such that
|20] < &s:/2. (18)
Using (17) and (18) in expression (14), we find

(F—e)s<is) < (Fr+¢)s fors>s.. (19)

(a) If F; > 0, then the first inequality in (19) with e = F; /2 yields

Z(s) > Fys/2 for s > s.. (20)
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Using this estimate in (11), we obtain the lower bound:

1(s) > 1(s.) + / SRS 24¢ for 5 > 5. (21)
Since a <1 and F; > 0, the integral in (21) diverges as s — oo and we have #, =
limy_., #(s) = oo. This proves that the solution x(¢) dg)es not blow up in finite time. From
equation (20), it follows that lim,_,,, 7(f) = lim,_,,, ¢ = oc.

(b) If F; < 0, a similar argument with ¢ = —F,/2 > 0 and the second inequality in (19) yields

Z(s) < Frs/2 for s > s.. (22)
This guarantees that lim,_,, zZ(s) = —oo and the integral in (11) converges to a finite value
ty = lim, o #(s) < co. Thus, the solution reaches the origin lim;;, () = 0 in a finite
time f,. O

Proposition 1 demonstrates that the key property of the renormalization is to extend the
blowup time (if it exists) to infinity, while maintaining the equations in autonomous form (12)
and (13). Hence, it is natural to associate the blowup with a dynamical attractor 4 of system
(12). Recall that the attractor A is a nonempty, compact, invariant set that has a neighborhood
U, with the property N> U; = A, where Uj is the neighborhood Uy, transported by the system
flux at time s > 0, see, e.g., [26, 35]. The basin of attraction, 3(.A), is the set of all points that
approach A asymptotically under s — co. According to proposition 1, if y, € B(.A), then the
blowup dynamics is controlled by the average of the function F; on the attractor.

Definition 1. We say that the attractor of the system (12) is focusing if F, < 0 for any y, €
B(A). Similarly, we call the attractor defocusing if F; > 0 for any y, € B(A).

For simple attractors like an asymptotically stable fixed point or a limit cycle, there exists
an average value, (F;) = F, = F;, which is independent of the initial condition y, € B(A). For
example, if A is a fixed point {y, }, then (F,) = F(y,). If A is a limit cycle, then (F,) is the
average of F(¥(s)) over one period of the attractor. The average (F;) can also exist in more
complex situations, in the case of quasi-periodic and chaotic attractors under proper ergodicity
assumptions. For example for sufficiently mixing flows, (F,) exists and is computed as an
average of F(y(s)) over the attractor, with respect to the SRB measure; see [9, 26] for precise
definitions.

With the well-defined average value, the property of the attractor to be focusing ((F;) < 0)
or defocusing ((F,) > 0) is robust. The only exception is given by the degeneracy condition
(F;) = 0. The immediate consequence of proposition 1 is:

Theorem 1. Ify, € B(A) for a defocusing attractor A of system (12), then t, = co and
lim, o r () = c0. If y, € B(A) for a focusing attractor A, then the solution x(f) blows
up in finite time and the attractor describes the asymptotics of the spherical variables:
lim,,, dist(y(z), A) = 0.

This result provides a natural tool for characterizing and classifying possible types of
blowup. In general, when (F;) < 0, the integrals (11) and (14) yield the estimates

2(s) ~ (Fy)s, 1ty —1(s) ~exp [(1 — a)(F;)s] for s — oo, (23)
which lead to the power-law asymptotic for r = e® as

K1) ~ (ty — )T for 1 — 1. (24)
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Thus, near the singularity the solution behaves as a power law conforming to the scaling
symmetry of the equation and is, in this sense, asymptotically self-similar.

We remark that the discussed scenarios of blowup in the finite-dimensional singular system
(4) and (5) closely resemble the blowup dynamics in partial differential equations [27, 48] and
infinite-dimensional turbulence models [18, 41, 42], where the asymptotic blowup dynamics
is associated to the attractor of a renormalized system. Similar renormalized systems are also
known as the blowing-up construction for classification of vector field singularities and local
bifurcation theory [22, 23, 52]; notice that the notion of ‘blow up’ in this approach refers to the
unfolding transformation of original equations rather than to a finite-time singularity addressed
here.

To conclude this section, we give a concrete example.

Example 1. In the simplest case an attractor A is a fixed point, say A = {y, } with Fy(y,)
= 0. Assuming thaty, € B({y, }), we find the average value (F;) = F\(y,). A negative value of
F:(y,) guarantees the finite-time blowup. For xg = ryy, and ry = e, the fixed-point solution
y(s) =y, with expressions (14) and (11) yield

exp [(1 — a)(zo + Fi(y,)s)]

Z2(s) = zo + Fi(y,)s, i(s) =ty — , 25
(s) =20 ) () =1 (@ — DE.) (25)
where the blowup time (16) is given by
exp[(1 — @)z] )
h=tg+———— " =l ————. 26
T T = DRy T (= DR (20

Recall that (o« — 1)F(y,) > 0 for negative F(y,) and o < 1. The second expressionin (25) can
be used to solve the equati0~n t = 1(s) with respect to s = s(¢). Then the solution x(7) = r()y(?)
with y(¢) =y, and r(¢) = ¢X*® is obtained in the form

x(t) = r(O)y., () = [(a — DE(y)@ — 0] 77 27)

In the more general case, when y, belongs to the basin of attraction of y,, expression (27)
provides the asymptotic form of the solution before the blowup, as r — #,.
Specifically, let us consider system (4) and (5) for any o < 1 and F(y) = (F, F») with

Fi(y) =y + Y12 + y1y3, F(y) = yiy2 + Y5 — vy (28)

Phase diagram of this system is shown in figure 1(a). For all initial conditions on the left half-
plane x; < 0 and semi-axis x; = 0, xo < 0, solutions enter the singularity at the origin in finite
time (blowup). On the other hand, all solutions in the upper half-place x, > 0 and semi-axis
x1 > 0, x, = 0 originate at the origin. The curves in the fourth quadrant x; > 0, x, < 0 never
hit the singularity.

We can express y = (cos ¢, sin ), where the real variable ¢ € S' describes the angular
dynamics. Then the radial and circular components of the vector field are introduced as

Fi\ ([ -y _ . m
<F2> - <y2> F, + ( N )F F(p) = V2 sin (cp—|— 4),

sin 2¢
7

(29)
FE(QQ) =
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(b)

L2

Z1

Figure 1. (a) Vector field of equations (4), (5) and (28) with representative solutions.
Curves entering the origin in finite time (blowup) are colored blue. (b) Phase portrait of
the renormalized system on a circle. Attractors are shown by black circles and repellers
by white circles.

For the renormalized system (12) and (13) we obtain
dp/ds = Fy(¢), dz/ds = Fu(9), (30)

for @(s) := @(t(s)). Dynamics of the equation for ¢ in (30) is very simple as it possesses only
two fixed-point attractors at ¢ = 0 and 7, see figure 1(b). The corresponding basins of attrac-
tion are separated by the two unstable fixed points at ¢ = +7/2. Since F:(0) =1 > 0 for
the first attractor, it does not correspond to the blowup. The second attractor with ¢ = 7 has
Fi(m) = —1 < 0 with the basin of attraction 7/2 < ¢ < 37/2. Therefore, it describes the
blowup from the initial condition at any point of the left half-plane x; < 0 (basin of attrac-
tion). This is confirmed in figure 1(a) demonstrating the phase portrait of original system (4)
and (5). All blue curves enter the origin in finite time.

The stable fixed-point defines the blowup solution (27), which in our example takes the
form

x<t)=—<[(1‘a)(f0b")]“”>, 0<1< 1, (3D

By theorem 1, the solution (31) is asymptotic for all solutions that end at the singularity from
the left half-plane x; < 0O; see the bold blue line in figure 1(a). There also exists a single solution
corresponding to the unstable fixed point ¢ = 37/2, see figure 1(b). This solution is similarly
found as

0
0=~ (10— oy ) O o

However, this solution corresponds to a zero measure set of initial conditions. Thus, expression
(31) describes asymptotically the only generic blowup scenario in the system.
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4. Post-blowup dynamics

Our system is not Lipschitz continuous at the origin and, hence, there can be multiple solu-
tions starting at the singularity; see, for example figure 1(a), where all solutions with x, > 0
originate at the singularity at finite time. This prevents one from uniquely defining the solution
globally in time and motivates the study of regularized problems for the search of selection
principles.

4.1. v-regularization and ‘inviscid’ limit

In this section, we consider a class of regularized problems x = f”(x) which have unique global
solutions and provide a selection rule by taking the limit ¥ — 0 in which the regularization is
removed. A priori, there are infinitely many different ways to regularize the vector field. For
example, one can take the convolution f¥ = G”*f with any smooth scaled mollifier G which
approximates the identity G” — ¢ as v — 0. Often, a physical application determines a relevant
regularization.

For analytical convenience, we consider the family f(x) obtained by smoothing the function
f(x) in equation (5) inside a sphere of radius v centered at the origin. Then the vector field is
constructed by patching together the regularized and the original fields inside and outside the
sphere. Due to the self-similar form of f(x), it is convenient to define the regularization for all
v > 0 with the same function G(x) scaled properly inside the v-sphere. More specifically, we
say x = x”(¢) is a solution of a v-regularized problem if it solves

x=f(x), f'x):= {r Fix/r) r>v; x(%) = Xo, (33)
v'Gx/v) r<v,

where the function G(x) is designed so that f(x) is continuously differentiable everywhere.
Such regularization is demonstrated schematically in figure 2(a). We remark that there are
non-trivial topological constraints on possible vector fields G that can be chosen inside this
v-ball. These issues are discussed in [12, 25]. It is easy to see that the regularized solution
x” () exists and is unique globally in time.

There is some similarity between our regularization and the role of viscosity in fluid dynam-
ics: both change the system at small scales, which are responsible to the blowup. Motivated by
this analogy, the limit ¥ — 0 can be termed the inviscid limit. We now show that x” () converges
(along subsequences) to a solution of the original singular system (4).

Theorem 2. Given any initial condition Xy and any finite time interval [ty, t1], there exists a
vanishing subsequence lim,_,. v, — 0 such that the v-regularized solutions {x""(t)},>0 with
x"1(ty) = Xo converge uniformly to a limit

x(1) = lim x"(¢) fort € [fo, 11]. (34)
n—0o0

The limiting function x(¢) is a solution of the original system (4) with x(ty) = Xo.

Proof. Let us first consider the case « € [0, 1). Equation (33) provides the estimate for the
time derivative of the norm r”(¢) = |x”()| as

' <A max (7, v)* <AG + )%, (35)

2304



Nonlinearity 34 (2021) 2296 Theodore D Drivas and A A Mailybaev

X0

Figure 2. (a) Outline of the regularized system (33): the red line corresponds to blowup
solution for ¥ = 0. The curve x”(¢) shows the regularized solution with the equation
modified in the disk of small radius v > 0. The other curve X(7) is a solution of the
rescaled system (48), which corresponds to v = 1.

where A > 0 is the maximum value of the norms |F(y)| for y € $¢~! and |G(x)| for |x| < 1.

The extremal solution ry, () of differential inequality (35) can be found as

P = [A0 = )t — to) + (o + )]/ — 0, (36)

where ry = r”(ty) = |Xo|- The function (36) in the interval € [1y, #;] attains its maximum at
the final time ¢,. In particular, given the initial value ry, a finite interval [7, #;] and fixing an

arbitrary vy > 0, there s a ball of finite radius r, = [A(1 — )(t; — o) + (ro + v0)' ] /"™
such that

r(t) < rp for any ¢ € [to,11], v € (0,1p]. (37)

In particular, solutions of (33) are bounded uniformly in v.
We will now show that the family {x"(#)},~0 is equicontinuous. To see this, note that
solutions of (33) satisfy the integral form of the equation:

t
x'(t) = xo + / '(x"({@)d!, v>0. (38)
fp
Let B be the maximum value of the norm |f’(x)| in the compact set {x: |x| < r,} and v €
[0, vo]. Then the relations (37) and (38) guarantee that
[x"(t) — x()| < B|t — {| for any ¢, € [to,t;], v € (0,15]. (39)

This inequality proves that the family of solutions {x”(#)},~0 is equicontinuous. Thus, by the
Arzela—Ascoli theorem (see, e.g. [50]), there exists a subsequence vy, V1, V2, - . ., such that
lim,,,~, v, = 0 and the corresponding solutions converge uniformly to the continuous function
(34). Finally, since the function f(x) is uniformly continuous in the compact set |x| < rp,
v € [0, vp], one can pass to the limit in equation (38), which yields

x@:m+/ﬂmWM (40)
fp
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This implies that the limiting solution x(#) solves the original equation (4).
In the case of negative o we use the transformation

(63

Xnew =7 X, Unew =V, 41

reducing system (33) to the form

o Fnew(y) rnew > Vnew;

-«
Xnew — Xnew(to) = ‘X0| Yo, (42)
{Gnew(xnew/’/new) Tnew < Vnews

where
Fnew(y) = (1 - Oé)Fr(Y)Y + F%(y),
Grew®) =77 [(1 = )G, (ry) y + G, ()] .

with 8 = a/(1 — «). Here G,(x) =y - G(x) and G,(x) = G(x) — G,(x)y are the radial and
spherical parts of G(x). The function Gy, in (43) is continuous in the case of a < 0. It remains
to notice that the system (42) corresponds to the case o = 0, for which the statement of the
theorem was already proved; note that this proof required only the continuity of G. (]

(43)

4.2. Selection by renormalization

Although convergent subsequences are guaranteed by theorem 2, the limits are generally not
unique after the blowup time 7. Different sequences v/, — 0 may lead to different limits, as we
show with explicit examples below. Despite this non-uniqueness, we will see in this section
that the regularization procedure drastically decreases the number of ‘choices’ that the system
can make after the blowup. Most importantly, we will show a counterintuitive fact that this set
of possible choices is controlled primarily by the properties of the original singular system,
rather than by a specific form of the regularization.

In this paper we only address the post-blowup dynamics in the simplest case, when the
blowup is asymptotically self-similar (see theorem 1 and example 1), i.e., it corresponds to the
fixed-point attractor y, of the renormalized system (12) with F;(y,) < 0. Thus, the angular part
of our initial condition is assumed to be in the basin of attraction 5({y, }).

We start by focusing on a specific initial condition Xy = ryy, for some ry > 0. As we showed
in the previous section, this initial condition leads to solution (27), which blows up at finite
time #, given in (26). The same solution is valid for the regularized system (33) in the interval

to <t < t4,, where

Vl—(y

C Ry )(e—1)

is the time when solution (27) hits the sphere {x : r = v} and starts to be affected by the regu-
larization. First, we show that the limit » — 0 reduces to the scaling limit for a single function
X(7) defined by

(44)

1=t

X' () = vX(T' @), 7@ =v"1"Y0" — ). (45)

By matching the representation (45) with (27), we obtain

X(r) = [Fy)(1 — a)7] ™y, 70 <7 < Tems (46)
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where 7 and 7., correspond to fy and ¢, via

1
S F(y)a—1)

Past the time 7 > Ty, we find the behavior of X(7) by substituting (45) into (33) to obtain:

—(1— —(1—
= =y — 1), e = — vty — 1) = (47)

o ’ X(Ten) == Y. (48)
dr  |G(X), R<1 vy

dx {R‘“F(Y), R>1
where R = |X| and Y = X/R. Thus both the equation (48) and initial conditions determining
X(7) are completely independent of v, and x” may be genuinely obtained by the scaling (45).
Equation (48) has a unique global solution X(7). Due to the scaling property (45), the inviscid
limit » — 0 depends on the behavior of the solution X(7) at large 7, see figure 2.

Clearly, for times ¢ < f,, before the singularity, we can use continuous dependence of the
solution x”(f) on the parameter v. Hence, the limit v — 0 exists, it is unique and equal to the
solution x(7) of the original system (4). By continuity, we extend this statement to the singular
point, i.e., for the full time interval ¢ € [#, #,]. The following definition and theorem distinguish
two opposite scenarios in the inviscid limit for ¢ > #,, namely, when the solution is trapped at
or immediately leaves the singular point.

Definition 2. Given the solution X(7) of (48), we say that the regularization is expelling,
if there exists a finite time Tege > Tey Such that R(7e) = 1 and the solution is outside the
regularization region, R(7) > 1, for all 7 > T¢.. We say that the regularization is trapping, if
the solution stays (or returns to) the regularization region, R(7) < 1, for arbitrarily large 7 and,
additionally, remains bounded, R(7) < Ry < oo for all 7 > 7y

Theorem 3. Let x”(t) be a solution to the regularized problem (33) for the initial condition
Xo = roy, satisfying Fy(y,) = 0 and F.(y,) < 0.

(a) Forthe trapping regularization, the inviscid limit is trivial: x(t) = lim,_ x"(t) = 0 for all
t> th.

(b) For the expelling regularization, let v, — O be a subsequence providing (by theorem 2)
the uniformly convergent solutions X" (t) — X(t) in a given time interval [t,, 1,]. Let yo*° €
B(A") for a defocusing attractor A’ (see definition 1) and assume that the solution ?(S)
of system (52) introduced below satisfies the condition

S N
lim sup / exp {—(1 —a) / Fr(?(S”))dS”} ds’ < co. (49)
0 N

S—00

Then r(t) > 0 and y(t) € A’ for all t > t,.

Proof.

From equation (45), we express /' = vR for t = t, + ' 97" > t, + ' %7y In case
of trapping regularization, the renormalized solution is bounded, R(7) < R,. With these
properties, in the limit v — 0 we obtain r = 0 for ¢ > t,.

In the case of expelling regularization, equation (48) reduces to X = R*F(Y) for 7 > Teq.
Thus, we can follow the same steps as in (7), (10) and define

Z(r)=In R(1), S(7)= / e 102y, (50)
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We denote by 7 = 7(S) the inverse of the monotonously increasing function § = S(7) and
define Y(S) :=Y(7(S)) and Z(S) := Z(7(S)). Similarly to (11), we have

s 7!
F(S) = Tese + / R N (51)
0

In analogy to (12) and (13), the renormalized equations for f((S) and Z(S) are written as
dY/dS = F(Y), Y(0) =y, (52)
dZ/dS = F«(Y), Z(0)=0, (53)

where the initial conditions follow from the assumption X(7es) = y&*¢ with Z(7ese) =
In|X(Tese)| = 0 and S(7esc) = 0. The solution of (52) and (53) exists globally for S > 0.
The solution X(7) is recovered from (50) and (51) via X(7) = X(S(T)) with X(S) =
ZOY(S).

Since system (52) has the same form (apart from initial conditions) as (12) in the previ-
ous section, we can use the same terminology of focusing and defocusing attractors given
by definition 1. Recall that the attractors describe the dynamics of spherical components
Y(S), while the property of being focusing or defocusing characterizes the radial variable
R(S) = ¢”®. In the focusing case, orbits of the ideal system starting in the basin of attrac-
tion converge exponentially to the origin R(S) — 0 as § — oo, and in the defocusing case they
diverge exponentially to infinity.

Consider a subsequence lim, ., v, — 0 given by theorem 2. It provides the uniformly
convergent limit x(7) = lim,_,», X"*(¢), which solves equations (4) and (5). Let us fix some
time t > t,. Since o < 1, the sequence of corresponding values of 7,, = 7" (¢) given by (45)
diverges: lim,_,o 7, = co. The corresponding values of the renormalized time S, = S(7,)
can be obtained from (50), or implicitly by inverting (51). Here the value of Z(8) =
In R(S) > 0 is bounded from below because R(S) > 1 for all S > 0 by the assumptions of the
expelling regularization. The upper bound is obtained from equation (53) as Z(S) < SM, where
M :=maxy g1 F:(Y). We must have M > 0 for the expelling regularization. These estimates
applied to the relation (51) yield

exp[(1 —a)SM] —1
(1 —a)M

Substituting S = S(7) into the second inequality of (54), which yields 7(S(7)) = 7, after simple
manipulation we have

Tese 8 < T(S) < Tese +

for § > 0. (54)

sy > i = O(‘iﬂf(;);w Te) VU o 7> e (55)

As we already mentioned, lim,_,~, 7, = c0. The inequality (55) proves that lim,,_,, S, = oc.
From (45) and (51), using the fact that 7(S) = 77(f) when S = S(7"(¥)), we express

St @) o\
VI = (1=t — V' ) / PR RL ) (56)
0

Using the relations 7 = VR = ve? withZ = Z(S(T”(t))) and substituting v from (56), we obtain

1

. S (1)) ~ , . I—-a
r(t) —_ (t — 1t — l/l—aTesc) T—a / e—(l—(k)(Z(S(T O)—Z(S ))dsl . (57)
0
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In the inviscid limit v, — 0, the first factor in (57) tends to (r — tb)ﬁ > 0. Integrating
equation (53) as

. : Sy
Z(S(T" (1)) — Z(S) = /S / F(Y(S"))ds" (58)

and using (49), we conclude that expression (57) provides r(f) > 0 for ¢t > f, in the limit
v, — 0.
For the angular variables, we write

y(t) = lim y”(r) = lim Y(7,) = lim Y(S,). (59)
n—0o0 n—0o0 n—00

Since lim,_» S, = 0o and the initial condition Y(0) = y¢ € B(A’) is assumed to be in the
basin of attraction, then lim,, . S?(S,,) € A’ and we conclude that y(r) belongs to the attractor
A O

Theorem 3 constitutes severe restriction on the limiting solutions: the spherical component
of the solution must belong to the attractor A’ given by the ideal system, independently on a
particular form of regularization function G. Below we provide a proposition with an example
of concrete condition on the function F, that guarantees that property (49) holds.

Proposition 2. Inequality (49) in theorem 3 holds if there are constants ¢y > 0 and ¢y € R
such that the inequality

S
/ FY(S")dS" > e1(S — ') + co (60)
S/

is satisfied for any S > S’ > 0. In particular, this is the case when F,(Y) > 0 forall Y € A'.

Proof. Since o < 1, we can use (60) in the estimate

S S B S , e—(l—(y)c‘o
/ exp {—(1 —a) / Fr(Y(S”))dS”] ds' < e 17 / e -aS=Sgg « —
0 s 0 (1 — a)cy

(61)

This implies (49). In the case, when F.(Y) > Oforall Y € A’ on the attractor, we can choose
cp = %minY6 « F:(Y) > 0. Then, for any solution ?(S) attracted to A’, there exists an S| < oo
such that Fr(f((S)) > ¢ for all § > S;. Thus, inequality (60) is satisfied for § > S’ > §; with
¢o = 0. One can verify that this inequality can be extended to the intervals with S > S’ > 0 and

S| ~
co=—ciS) — / |FL(Y(S"))[dS". (62)
0

(]
4.3. Extension to generic initial conditions

Now let us return to the generic case, when the initial condition in (4) has the angular part y,
belonging to the basin of attraction of the fixed point, B({y, }), instead of being exactly y,. By
theorem 1, the corresponding solution blows up in finite time #, with the angular part tending to
the fixed-point attractor, y(f) — y,, as the time increases to the moment of blowup,  — #,. For
the v-regularized problem this implies that, for a sufficiently small v, there is time #Z,, € [fo, #),

v

when the solution enters the regularization region. Furthermore, the value yZ, = y(¢Z,) can be
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made arbitrarily close to y,. Therefore, the inviscid limit ¥ — O corresponds to the problem
(48), where y, in the initial condition is substituted by an arbitrarily close state y, depending
on v.

For the rigorous study of the inviscid limit, let us enhance the notions of expelling and
trapping regularizations. We call the regularization locally expelling if all solutions X(7) of (48)
with the initial conditions X(7en) = ¥, in Some neighborhood of y, are expelled in the sense
of definition 2; additionally, we require that the point y.,, = X(7es) depends smoothly on y,,,.
The latter condition is provided naturally by the smooth dependence on initial conditions, if the
vector F(y$*) is transversal to the unit sphere, where y&* corresponds to the solution starting
exactly aty,. Similarly, we call the regularization locally trapping, if all solutions X(¢) of (48)
with the initial conditions in some neighborhood of y, are trapped in the sense of definition 2
with the same bound R(7) < Ry < oo for 7 > Teye. Now we can formulate the straightforward
extension of theorem 3 as

Corollary 1. Let x"(t) be a solution to the regularized problem (33) for the initial condition
X0 = royo with yo € BUY, }), where Fy(y,) = 0 and F(y,) < 0.

(a) Forthe locally trapping regularization, the inviscid limit is trivial: x(f) = lim, o X" () = 0
forallt > t.

(b) For the locally expelling regularization, let v, — 0 be a subsequence providing (by
theorem 2) the uniformly convergent solutions X" (t) — X(¢) in a given time interval [ty, t].
Let y**¢ belong to the basin of attraction B(A’) for a defocusing attractor A’ of system
(52). Additionally, we assume that any solution Y(S) starting in some neighborhood of
y& satisfies condition (49). Then r(t) > 0 and y(r) € A’ for all t > t,.

Corollary 1 extends the conclusion of theorem 3 to an open subset of initial conditions Xg:
the spherical component of the limiting solutions after blowup must belong to the attractor A’
given by the ideal singular system, independently on a particular form of the regularization
function G. This restriction can be very strong, providing a constructive selection rule, as we
describe in the next sections for the examples of fixed-point and periodic attractors .A’.

5. Fixed-point attractor and the unique inviscid limit

Let us consider the simplest case when A’ = {y.} is a fixed-point attractor, which is the case
when Fy(y.) = 0. With the additional condition F,(y’,) > 0, we guarantee that the attractor is
defocusing and, by proposition 2, the inequality (49) holds. The part (b) of theorem 3 and
corollary 1 state that the limiting solution for ¢ > #, must satisfy the original equation (4) with
y(©) =y, and r(¢) > 0. Such a solution is unique and can be derived similarly to (27) in the
form

1
x(t) = [(1 = F (YD — 1) T7yL, 1> 1. (63)
Combining these arguments, we have

Theorem 4. Let x"(t) be a solution to the regularized problem (33) for the initial condition
X = 1oy withy, € B({y.}), where Fy(y,) = 0and F,(y,) < 0. Assume that the regularization

is locally expelling and y** is in the basin of attraction for A" = {y} with Fs(y,) = 0 and
F(y.) > 0. Then the inviscid limit x(t) = lim,,_,o X" (¢) exists and is given by (63).

We see that the inviscid limit in the case of a fixed-point attractor is unique for all times and
it is fully determined by the properties of the ideal system: a specific form of the regularization
function G has no effect on the limiting solution as far as the generic conditions of theorem
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Figure 3. (a) Solid black curves show an infinite number of trajectories starting at the
origin for the singular system. The bold green line indicates the unique solution chosen
by a generic expelling regularization, see also figure 4(c). (b) Solution X(7) of the system
with trapping regularization confined to the red circle r < 1.

4 are satisfied. We will illustrate this rather counterintuitive property with the following two
examples.

Example 2. Let us investigate continuation past blowup in the system of example 1, assum-
ing that & = 1/3. As shown in figure 3(a), there are an infinite number of solutions which start
at the singularity. Also, for any time #, > f, there exist solutions which remain at the origin,
x(t) = 0 for ¢t € [y, 1) and for ¢ > ¢, escape the origin along any nontrivial path. We will now
see how the regularization provides a specific choice of the solution for ¢ > t,.

For the regularized system (33), we define

G(x) = EMEX) + (1 = £(r)Go,  r=I[x[< 1, (64)

where Gy is a constant vector and £(r) = 37> — 2r° smoothly interpolates between £(0) = 0
and £(1) = 1. Let us first choose G = (1, 1.3). The corresponding solution X(7) of the reg-
ularized system (48) with y, = (—1,0) is obtained numerically and presented in figure 3(b).
Clearly, the proposed regularization is trapping. By corollary 1, for any initial condition in the
left half-plane x; < 0, the solution blows up in finite time #, and the inviscid limit provides the
trivial solution, x(7) = 0, for t > ty.

As the second choice, we take G = (1, —2). The corresponding solution X(7) of the regu-
larized system (48) is shown in figure 4(a). This regularization is expelling: the solution enters
the regularization region r < 1 through the point y, and exits forever at y:*. The state y*
belongs to the basin of attraction of the fixed pointy’, = (1, 0) (i.e., o = 0) of the renormalized
system (52) with Fi(y,) = 1 > 0, see figure 1(b). By theorem 4, the inviscid limit defines the
unique solution

x(f) = ([(1 - O‘)(g_ rbnw), >0 65)
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(0)

X0

-1 0 1
1

Figure 4. Expelling regularization: (a) solution X(7) of the rescaled regularized
problem; the red circle indicates the regularization region R < 1. (b) Inviscid limitv — 0
of the regularized solutions x”(¢) from the same initial condition. The black curves depict
solutions for different values of v. Together with the corresponding circular regulariza-
tion regions r < v, they are distinguished by the line width. (c) Solutions of the singular
system obtained in the inviscid limit. Solid blue curves correspond to solutions that blow
up in finite time, continued identically past the singularity (green line). Dashed lines
correspond to solutions that do not blow up, when initial conditions are taken on the
right half-plane. The red dotted line corresponds to initial conditions that may lead to a
non-generic behavior after blowup.

Exactly the same solution after blowup is obtained for any initial condition in the half-plane
x1 < 0, because these solutions blow up in finite time #, with the same asymptotic behavior.
This result is confirmed in figure 4(b) showing the sequence of regularized solutions x” () with
v—0.

‘We conclude that the regularization provides a unique global-in-time solution to the problem
(4) and (5) for generic initial condition, see figure 4(c). In particular, all solutions with
x1(tp) < 0 blow up in finite time and continue past the singularity in exactly the same way
(65). The solutions with x;(#p) > 0, as well as x;(f9) = 0 and x»(#yp) > 0 do not blowup. Finally,
there is a set of initial conditions, x;(#p) = 0 and x,(fy) < 0, which requires a separate analysis.
However, this set has zero measure, i.e., the corresponding initial conditions are not generic.

Itis crucial that, for generic initial conditions, the inviscid limit x(¢) = lim,_,0x”(¢) is defined
primarily by the properties of the original singular system, namely, by attractors of the renor-
malized equations. Thus, the solution does not depend on fine details of the regularization. This
means that the solution x(#) remains exactly the same under any (sufficiently small) deforma-
tion of the regularization function G. However, very different regularizations (e.g., trapping
vs expelling) may lead to different results. Further choices may appear in case of multiple
attractors, as we demonstrate in the next simple example.

Example 3. Consider the one-dimension system (1) from the introduction, which is often
used as a prototypical example of non-uniqueness. This system has no blowup. However, the
equation possesses non-unique solutions starting exactly at the origin. One such solution is
x(t) = 0 for all # > 1y, and there are two extremal solutions (3), which leave the origin imme-
diately. Furthermore, there are a continuum infinity of solutions, which stay at the origin until
an arbitrary time 7; > o and peal off as x(r) = £ (3(t — tl))3/2 fort > t;.

The renormalized system for (1) is trivial, since y = x/|x| = %1 can take only two discrete
values for any x # 0. Both these values can be seen as fixed-point attractors in the terminology
of theorem 4, with the corresponding limiting solutions given by (3). Let us modify the problem
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Figure 5. The function f(x) = x'/? (dashed black) and its v-regularizations: (a) that
expel solutions to the right (6 = 1) or to the left (¢ = —1) in blue and (b) that traps the
solutions in red. The regularization region is |x| < v with v = 0.4.

by replacing (1) with a v-regularized dynamics (33) as discussed in section 4.1. Similarly to
(64), we consider the v-regularization with

o+x
b

Gx) = &Nf () +[1 = &]—

(66)

where r = |x| and the sign o = +1 defines two different regularizations. The resulting regular-
ized functions f”(x) are shown in figure 5(a) by the blue lines. This regularization is expelling
for the solution with x(#)) = 0, and the inviscid limit ¥ — 0 yields the extreme solution (3)
with the same sign . Another example is given by

1 —8x

Gx) =&Nf )+ 1 = EN]——,

(67)

with the function f”(x) shown in figure 5(b) by the red line. In this case, the solution starting
at the origin is attracted to a fixed-point located slightly to the right from the origin (trapping
regularization). Thus, the inviscid-limit solution is x(#) = 0.

We see that only three (out of the infinite number of) solutions can be selected by a generic
v-regularization. We remark that the two solutions appear simultaneously for the system with
additive-noise regularization:

dx = sgn(x)|x|*dr + V2rdW,, x(0)=0, (68)

where W, is the standard Wiener process and « € (0, 1). In this case, the zero-noise limit
(k — 0) selects a non-trivial probability measure (spontaneously stochastic solution), which
is distributed symmetrically between the two extremal solutions (3); see [2, 24, 32].

6. Limit cycle attractor and the non-unique inviscid limit

In this section we consider the case when the post-blowup dynamics in theorem 3(b) is gov-
erned by a limit cycle attractor .A’. The limit cycle is represented (up to a phase shift in S) by
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a periodic solution YP(S) of system dY /dS = F.(Y):
Y, (8) = Yo (S+ 1), (69)

with period 7. We define the mean value of the radial function F(y) on the limit cycle as

10, T $2
Fy =0T s s = / F(Y,(8))ds. (70)

T S

For further use, the integral function is extended for S| > S, as I(S}, S2) = —I(S2,S1). Note
that the function I(Sy, Sy) — (F;)(S2 — Sy) is T-periodic with respect to both S; and S.
Hence,

(Fr)(S2 — S1) + Cp < I(51,82) < (F)(S2 — S1) + Cu (71)

for some constants C,, and Cy,.
First, let us describe a family of solutions of the original problem (4) and (5), which start at
the singularity and are induced by the limit cycle (69).

Proposition 3. Consider a periodic solution (69) with a positive mean value, (F,) > 0.
Then there is a family of solutions of system (4) and (5) starting at the singularity x = 0 at
t = ty and having the form

X(t) = (t — 1) 77X, (1n [(t - tb)ﬁ} n () : (72)

where ( € R is a constant parameter and the function X, has period T(F,) with respect to its
argument; this function is defined as X, = xpoqul , where

X,(s) = e POIY (), (73)
1 0 ,
pls1,9) = 1 In { / e -ty ’SZ)ds'] (74)

and =" : R+ R is the well defined inverse map of the function 1(s) :== ¢(s, 0).

Proof. Following relations (11)—(13), solution x(¢) of (4) at time ¢ = #(s) for s > 0 can be
written as

x(i(s)) = eVy(s) (75)

where the functions Z(s), ¥(s) and #(s) satisfy the equations

- dr (s
= F.(y), a — pll—o) )’ (76)

dy -
5. S El
ds F.(y)

%
ds

and s is the auxiliary variable. By the assumption, the first equation possesses the periodic
solution

¥(s) = Yp(s). (77)
The second equation in (76) is integrated as

2s) = —1(5,0) = C, (78)
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where I is given in (70) and ( is an arbitrary integration constant.
Notice that

lim Z(s) = —oo, lim Z(s) = 4+o0, (79)
§——00 s—+00

because of (71) with (F,) > 0. Hence, |[X(s)| = ¢ — 0in the limit s — —0o0, i.e., the solution
tends to the singularity. Let us choose the solution of the last equation in (76) as

i(s) =ty + / e~ dy, (80)

—00

which has the property #(s) — #, as s — —o0. Using (78), this yields
©=nt / 1m0y 81

where the integral converges because of (71) for (F,) > 0. Expression (81) can be rewritten
after changing the integration variable s’ — s’ 4 s and using (74) as

;(S) =1+ (1m0 (82)

Recalling the notation ¥(s) := ¢(s, 0), we write (82) in the form
$6) =1n [(5) — )T + ¢. (83)

Substituting the expression I(s + s',0) = I(s + 5, s) + I(s,0) into the formula (74) for
(s, 0) and then expressing I(s, 0) from (78), one can deduce that

P(s) = p(s,0) = ©(s,5) — I(5,0) = @(s,5) + 2(s) + C. (84)
In view of (83) and (84), we have
2 = In [(5) = )| = o(6.9) (85)
Using (77), (85) and the definitions (73) and (75), we express
x(1(s5)) = (i(s) — tb)ﬁ X,(s), seR. (86)
The function ¢ = #(s) is monotonically increasing with a positi~ve derivative; see the last
equation in (76). Due to the properties (79), this function maps 7: R +— (f,, 00). Thus, the

inverse function s = s(f), which maps (#,, c0) — R, is well defined. This allows one to rewrite
(86) in the form

X(D) = (t — ty) Taxy(s(£), 1 € (t,00). (87)

The same properties of 7(s) imply that the function 1(s) in (83) is monotonically increasing with
a positive derivative, and it maps R +— R. Hence, the inverse function exists: 1/1‘1 ‘R—R.
Using wil in (83) evaluated at s = s(¢), we have

s(t) = ! (1n [(r - tb)ﬁ] n c) . (88)
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Figure 6. Vector field and non-unique trajectories emanating from the origin for
equation (92).

Composing (87) and (88), we have
x() = (1= )7 (% 0¥ (In [0 = 1) 77 | +¢) (89)
which yields (72) as claimed. R
Because of the T-periodicity of Y,(s) in the expressions (70), one has

Is+T+s,s+T)=1(s+75,5), Is+T+5,00=1Is+s,0)— (F)T.
(90

Using these formulas in (74), one obtains for ¢(s, s) and 1(s) := (s, 0):
o(s,8) = s+ T,s+T), P@s)=(s+T)— (F)T. (29)

The former equality implies that x,(s) in (73) is T-periodic, while the latter yields that the
composition X, = x, 0 1)~ ' has period T (F). O

Example 4. To illustrate proposition 3 with a simple example, let us consider the system
x = r*Y(x; — x2, X1 4+ x2), (92)

with x = (x1,x2) and o < 1. The corresponding vector field is shown in figure 6, demonstrat-
ing that all solutions emanate from the singularity at the origin. We will find these solutions
explicitly assuming that they start from the singularity x(#,) = 0 at time 7 = #,.

The right-hand side of system (92) can be written as r*F(y) with y = (y,,y,) = x/r and
F(y) = (y; —¥,,¥, +,)- As in example 1, it is convenient to work with the angle variable
@ € S' onthe circle y = (cos ¢, sin ). Then the radial and circular components of F are given
by

Fi(p) = Fy(p) = 1. 93)

2316



Nonlinearity 34 (2021) 2296 Theodore D Drivas and A A Mailybaev

For the renormalized system (30), the first equation d¢/ds = F(¢) has the particular solution
©(s) = s. In the original variables, this yields the 27-periodic solution

Y,(s) = (cos s, sin s). %94

Since F; = 1, we have I(sy, s2) = s, — 57 from equation (70). A simple calculation using the
definition (74) yields

(=) gy )
11—«

e In(1 — «)
WO =g+

SO(S’ S) = - 1— o
95)

Then, formulas (72) and (73) of proposition 3 yield the explicit solutions
X() = [(1 = @)t = )] 77 (cos &sin O, & =In [ =)™ | + ¢ (96)

where ¢, = ¢ + (1 — @)~ 'In(1 — @) is an arbitrary constant parameter.

We obtained a family of solutions with the same initial condition at the singularity, which
depend 27-periodically on the constant phase parameter (. When « € (0, 1), one can also
construct solutions that sit at the origin for an arbitrary period of time prior to being shed
off following any of the paths (96). This describes all (non-unique) solutions that start at the
singularity at finite time. For system (92), all such solutions are related to the limit cycle in the
renormalized equation. This is not the case in general, as we will see in the next example: for
systems of higher dimension, d > 2, solutions of proposition 3 form a zero-measure subset of
all solutions originating from the singular point.

Now let us consider the v-regularized problem. The results of theorem 3 establish that any
solution after blowup obtained by a sequence of expelling regularizations must have angular
part that lives on an attractor of the renormalized system. We now prove that, for limit cycle
attractors, solutions of proposition 3 are the only possibility arising from ‘inviscid limit’ of
expelling regularizations.

We assume that all characteristic exponents of the linearized problem near the limit
cycle f(p(S) have negative real parts, except for the single vanishing exponent responsible to
time-translations, YP(S + 4S). In this case the corresponding attractor A’ = {Y = YP(S) :S e
[0, T)} is exponentially stable. More specifically, every solution Y(S) with the initial conditions
from the basin of attraction, Y(0) = y=¢ € B(A'), approaches the limit cycle exponentially fast

Y(S) = Yy(S + S1) + ex(S) (97)
with
ley(S)| < Cye™  for § >0 (98)

for some constant phase 0 < S} < Tand A > 0, Cy > 0; see, e.g. [34, p 254]. Since ?(S) tends
to the limit cycle, we can define the average value

S T
(F) = lim ¢ [ ROUsas = / (Y, (S)dS, 99)
0 0

S—00

which is the same as the average (70) on the periodic attractor A’. Recall that (F,) > 0 is a
necessary condition for the expelling regularization.
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The next theorem characterizes all solutions that can be obtained in the inviscid limit after
the blowup for a specific type of initial conditions. The result is a one-parameter family of
solutions, depending on the viscous subsequence. First, we consider initial conditions of the
self-similar blowup, which is governed by a fixed-point attractor F(y,) = 0 with the property
Fi(y,) < 0, see section 3. Later, we will extend the results to more general initial conditions.

Theorem 5. Let x”(t) be a solution to the regularized problem (33) for the initial condition
Xo = 1oy, where Fy(y,) = 0 and F(y,) < 0. Assume that the regularization is expelling and

Y& is in the basin of attraction B(A") for an exponentially stable limit cycle A’ with the aver-

age (F;) > 0. Then the inviscid limit x(¢) = lim,,_,», X"1(f) exists for the sequence (geometric
progression)

v, = e~ T(Fr)ntx (100)

with an arbitrary fixed x. After the blowup, for t > ty, the limiting solution coincides with the
one given by proposition 3 with ( = ¢ — x for some regularization-dependent constant c.

Proof. As described in section 4.2, for the times ¢ € [, f,], the inviscid limit is given by
the blowup solution (26) and (27) of the original system (4) and (5). For the times after the
blowup, > t,, the limit can be studied using the relation (45), where X(7) is the solution of the
v-independent regularized system (48). After leaving the regularization region, T > T, this
system is equivalent to equations (51)—(53) providing separately 7(S) and X(S) = ¢Z9Y(S) as
functions of the auxiliary variable S. Thus, we start by studying the solutions Y(S), Z(S) and
7(S), where behavior of Y(S) is already described by relation (97).

Since the function F,(Y) : S~ —+ R is smooth and defined on the sphere, there is a positive
constant ¢y, bounding the variation of this function as

IF(Y) — Fu(Y)| < eyl Y — Y| (101)
forall Y, Y’ € §¢!. Using this property with the relations (97) and (98), we have

Fi(Y(8) = F(Yp(S + 1)) + &(8), (102)
where the exponentially decaying correction term is bounded as

led( )| < Cee ™ for§ >0 (103)

and the positive cgefﬁcient C; = ¢y Cy.
The solutions Z(S) of equation (53) can be written using (102) as

s s s
Z(S) = / F(Y(S))dS' = / Fi(Yp(S" + S1))ds’ + / &:(8)ds'. (104)
0 0 0
Using the integral notation from (70) and introducing the quantities
¢ =1(0,5)) —/ e(8"ds’, €2(8) = —/ e(8"dS’, (105)
0 s

we write (104) after changing the integration variable S’ — S’ + S as

Z(S) = 1(0,S + S1) — ¢ + e2(S) = —I(S + 51,0) — ¢ + £2(5). (106)
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Notice that the integrals in (105) converge because of the bound (103). This bound guarantees
also that

lez(S)] < Cze™ for § >0 (107)

and the positive constant C; = C,/\.
The function 7(S) is given by equation (51), which we write using (106) in the form

S
F(S) = Tese + / -0 +81.0—ctez(8)] 4!
0

0
= T +/ 6(1704)[71(5’+S+Sl,0)7c+az(5+5’)]dsl’ (108)
-S

where we changed the integration variable S’ — S + S in the last expression. This can be recast
as

0
F(S) = Tese + € 71 4 £1(S) + £2(8) + £3(5)] / e~ ImIEHSHSIL0gg’ - (109)
where we introduced
0 -1 s
£1(S) = — (/ e(la)l(s’+s+sl,0)dsl> / e*(l*&)l(sl+s+51,0)dsl’ (110)

0 -1 52
£5(S) = ( / o~ (1=oI(s +s+sl,0)d5/> / o~ (=S +5451.0) (eaz(5+5) _ 1) das’, (111)
00 -5

0 -1 0
e3(8) = (/ 6(104)1(5’+S+51,0)ds’> / / o~ (- +5+51.0) (e€z(s+5’) _ 1) as’. (112)
—00 —S/2

Using the function ¢ defined in (74), we reduce (109) to the form
F(S) = Tese + !V [1 4 ()], (113)

where £-(S) = £1(S) + £2(S) + &3(S).
‘We now show that

lim €;(S) =0, lim &x(S)=0, lim &3(5) =0, (114)
S—00 S—00 §—00

which implies
lim ,(S) = 0. (115)
S—00

From the bounds (71), for arbitrary S, < Sy, it follows that

Sb ,
Ame{)’(s-i-sl) (635}) _ e{)’Sa) < / e—(l—(l)I(S +S+51,0)ds/ < AMeB(SJrSl) (ef))sb o 6353) .
Sa

(116)
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with 8 = (1 — «)(F;) > 0 and some positive constants A,, and Ay;. Using these inequalities in
the definition (110) yields

le1(S)| < Aye "5 /A,,. (117)

From this estimate, the first limit in (114) easily follows. Absolute value of the last factor
in (111) has the form ‘652(5“/) — 1’ with —S < 8" < —§/2, and it can be bounded by unity
for large S using (107). Then the second limit in (114) is obtained similarly using (116). For

—8§/2 < 8 < 0 and sufficiently large S, one can use the same relation (107) and elementary
analysis to show

7S+ _ 1‘ < ‘ecze’”/2 _ 1‘ < 2Cge M2, (118)

Using (116) and (118) in the expression (112) proves the last limit in (114).

Now let us return to the regularized solution x”(#). The functions Y(S), Z(S) and 7(S) given
by (97), (106) and (113) define implicitly the function X(7) with 7 = 7(S5) and X(7(S)) =
X(S) = ¢“9Y(S). Then, relations (45) provide the implicit representation for the function x”(7)
with ¢ = 7/(S) and x”(#*(S)) = X"(S) defined by

2(S) = vX(S) = ve?OY(S), T(S) = t, + IVFES). (119)
Recall that 7(S) is the unbounded strictly increasing function with the fixed initial value 7(0)
= Tesc; S€€ (51). Hence, given a fixed time ¢ > 1, and sufficiently small v > 0, there exists a
unique $ satisfying

t=1(S) = t, + v17V7(S). (120)

We denote by S, the solution corresponding to v, = ¢~ TF"+X from (100). Since v, — 0
as n — oo, the solution S, exists and is unique for large n. For this solution, we rewrite
equation (120) using (113) as

t=ty + V7 + 1= [(Sn+81.0=T(Frjn—c+x] (1 +£.(5,)). (121)
One can see from (70) and (74) that

I(S, + 1,0) + T{(Fy)n = I(S, +S; — nT.0),

@Sy + 81,0) — T(F:)n = (S, + S — nT,0). (122)
Therefore, equation (121) takes the form

r=1+ l/’(llfoz)TeSC 4 1= (&0l (1 +e:(5), (123)
where we defined

G =5+8—nT, (=c—x. (124)
Expressing ¥(€,) == ¢(&,, 0), we have

V(e = 1 i ~In L= ’lb;;'i;j%“ e (125)
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Using the inverse map 1) ~' defined in proposition 3 and solving (125) for &, yields

_ _ (-
snzw‘( ! 1n[t o =V T“"}H). (126)

| e 1+ e-(Sn)

Recall that, since ¢ is continuously differentiable and monotonically increasing, 1)~ is also
continuous. Thus, it is possible to take the limit » — oo in the right-hand side with both v, — 0
and ¢,(S,) — 0, which we denote as

s=lim & =o' (In [« —m)s | +¢). (127)
Finally, from the first relation of (119) with expressions (97) and (106), we have

X"(S) = ve METSOmetz®) Ty (S + 1) + ()] - (128)
Taking this relation for v = v, = ¢ TF)"+X and § = §,,, yields

X(8,) = e IS FSLO-TEmbx=ctez) Ty (S, 4 81) + ey(Sy)] - (129)
Adopting notations (124) and using relations (69), (122), we write

XV (Sy) = e MO OTFHOTIED Y () + ey(€y — St +nT)] (130)
We can define the limit

X(s) = lim X(5,) = e 100y (s), (131)

which was computed using (127) and (98), (107). Recalling the relation (78), we see that the
relations (127) and (131) provide exactly the solution x(#) of proposition 3 in the implicit form.
Therefore, we proved that the values of the regularized solution x" () for given ¢ > t, (these
values are determined by the auxiliary variable S = S,) converge to x(#). (]

It is now straightforward to extend the result of theorem 5 from the specific initial data
Xo = oY, to an arbitrary point from the basin of attraction of y,. As we know from section 3,
all such initial points lead to the blowup with the same asymptotic form. The next statement
describes their continuation past the blowup time.

Corollary 2. The statement of theorem 5 remains valid for arbitrary initial condition X
= 10y, where Yy, belongs to the basin of attraction B({y,}) of the fixed-point attractor.

Proof. In theorem 5, we proved our statement for the specific initial condition with y(#)
=y,. Consider now the case of initial conditions with arbitrary y, = B({y.}), i.e., for any
initial condition leading to the same asymptotic form of self-similar blowup. In this case, both
the time ¢, and the pointy ., at which the solution enters the regularization region, depend on
v. Let us write the regularized solution x”(7) in the form (45), where the function X(7) satisfies
the same v-independent equation (48) but for the -dependent initial condition X(7%,) = Y&
From the results of section 3 it follows that yZ,, —y, in the inviscid limit v — 0. Also, the
corresponding rescaled time 72, converges to Ten given in (47).

Continuous dependence on initial conditions guarantees that, for any fixed 7, the v-
dependent solution X(7) converges to the analogous v-independent solution considered in the
proof of theorem 5 as v — 0. Recall that the solution can be represented as X(7) = ¢?MY(7)
given implicitly by the renormalized equations (51)—(53) outside the regularization region. The
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Figure 7. Vector field F,(y) on the sphere y € S? from two different points of view. The
color indicates the sign and magnitude of the axial component F,(y) with blue corre-
sponding to F; < 0 and red to F; > 0. (a) Fixed-point repeller (white dot) and periodic
attractor (black strip). (b) Fixed-point attractor (black dot) and periodic repeller (white
strip).

convergence for Z and Y in the inviscid limit is uniform with respect to 7, which follows from
the exponential stability of periodic solutions; see, e.g. [34, p 254]. One can verify that such
uniform convergence is sufficient for extending the proof of theorem 5 to the more general case
under consideration. (]

The non-uniqueness of post-blowup dynamics described in theorem 5 and corollary 2 was
observed after the blowup in the infinite dimensional shell model of turbulence in [43], where
the periodic attractor has the form of a periodic wave in the renormalized system. Below we
provide a much simpler illustrative example of finite dimension.

Example 5. Consider the system of three equation (4) with x = (x1, x, x3) and the right-
hand side

1 1
f(x) = r° [a + yng + (y% - 4> C] . oa=3, (132)
where r = |x|,y = x/r and
a=(-y2y,0), b=0ny»y), c=axbh. (133)

In this case the angular and radial parts of the vector field take the form

1
F(y)=a+ (y% - 4> ¢, Fy= )g (134)

Phase portrait of the system dy/ds = F,(y) on the sphere y € $? is shown in figure 7. There
are two fixed-point solutions (attractor and repeller) and two periodic solutions (attractor and
repeller), which confine the qualitative behavior of all other solutions. With the color in figure 7
we indicate the regions with F; < 0 (blue) and F; > 0 (red).

Let us consider the fixed-point attractor y, = (0,0, —1), show as a black dot in figure 7(b).
All solutions with y, € B({y,}) blow up in finite time. The basin of attraction B({y,}) is
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Figure 8. (a) Solid bold line shows the solution X(7) of the rescaled regularized problem
(48). This solution enters the unit ball at y, and exists at yo*. Regularized solutions
x = x”(¢) with the same initial condition are shown for v = v, from (100) with y =0
and n = 1 (dashed line), n = 2 (dotted line) and n = 3 (red solid line). These solutions
converge to the solution of the singular problem as n — co. (b) Different inviscid-limit
solutions with the same initial condition Xy obtained for the subsequences (100) with
x/T =0,0.1,...,0.9.

bounded by the unstable limit cycle (white strip) in figure 7(b). To define solutions after
the blowup, let us consider the regularization (64) with Gy = (0, 0.1, 1). The corresponding
solution X(7) of the regularized system (48) is shown by the bold line in figure 8(a). The regu-
larization is expelling: the solution X(7) leaves the unit ball at the point y*. This point belongs
to the basin of attraction B(A’), where A’ is the stable limit cycle shown with the black strip
in figure 7(a).

By theorem 5 and corollary 2, solutions in the inviscid limit are given implicitly by expres-
sions (72) obtained by solving equation (76) on the limit cycle attractor. In our case, integration
of the first equation in (76) with the first expression of (134) yields

?p(s) = (? cos s, ? sin s, %) , (135)

where the period T = 27. The respective average value, (F,) = T~ foT Fr(f(p(s))ds =1/4. As
in example 4, from (72) we obtain solutions of the form

W]l“ <\/§ cOSs,ﬁ Sins,1>,s:4 In {(l—tb)ﬁ} s

x@) = { 2 2 2

(136)

where ( is an arbitrary constant parameter.

The relation (100) of theorem 5 is verified in figure 8(a), which presents the solutions com-
puted numerically for n = 1,2,3 and x = 0. These solutions converge to the solution (136)
for a specific value of ¢. A family of solutions (136) for different ¢ € [0, T) span the coni-
cal surface as shown in figure 8(b). Only these solutions are selected in the inviscid limit of
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the regularization G(x) under consideration, as well as of regularizations obtained by any (not
too large) deformation of G(x). We stress that solutions (136) represent only a small (zero-
measure) subset of all solutions starting at the singularity x = 0. In fact, one can show that all
solutions inside the cone in figure 8(b) also originate at the singularity.

We conclude that the inviscid limit in this example is non-unique (depends on the particu-
lar subsequence v,, — 0) for times after the blowup. However, all possible inviscid limits are
restricted to a very small (zero measure) subset of all possible solutions. Once again, remark-
ably, this subset is selected by the ideal system, i.e., it is not sensitive to the details of the
regularization procedure.

7. Discussion

In the present work, we studied a class of singular ordinary differential equations with an iso-
lated non-Lipschitz point, when a continuation of solutions past singularity (termed as blowup)
is infinitely non-unique. We showed that solutions chosen by a generic ‘viscous’ regularization
procedure, which first smooths the vector field in v-vicinity of a singular point and then sends
v — 0, remain highly constrained by the underlying singular equation and these constraints
are (nearly) independent of regularization procedure. Such constraints are obtained from the
solution-dependent renormalization, which maps the pre-blowup and post-blowup dynamics
into two different infinite evolutions in the new phase-time variables. This describes the asymp-
totic form of blowup by the attractor of the first evolution, and the post-blowup continuation
by the attractor in the second evolution. The viscous regularization acts as a bridge between
these two infinitely long ‘lives’ of the renormalized solution.

The restrictions imposed in this way on a selected non-unique solution depend crucially
on the type of attractors. For the pre-blowup dynamics, the fixed-point attractors describe an
asymptotically self-similar power-law dynamics closely resembling self-similar finite-time sin-
gularities in partial differential equations [27]. As for more sophisticated attractors, we can
mention analogies with the chaotic Belinsky—Khalatnikov—Lifshitz singularity in general rel-
ativity [4, 37] or chaotic blowup in turbulence models [11, 15, 42]. Attractors play even more
decisive role for post-blowup dynamics, because they describe the exact dynamics rather than
its asymptotic form. It is appealing to compare the case of a fixed-point attractor, when the
unique solution is selected, with shock wave formation in conservation laws. In both cases the
viscous regularization chooses a specific unique solution, which is not sensitive (within certain
limits) to the details of this regularization. For example, the same shock in the Burgers equation
results from the limit of vanishing viscosity or hyper-viscosity. A similar renormalization pro-
cedure on both sides of blowup can be formally introduced for the Burgers equation, where
the attractors take the form of traveling waves propagating in log—log space-time coordinates
[27, 44].

The case of a periodic attractor offers non-unique choices within a one-parameter family,
resulting from different geometric subsequences of vanishing viscous parameters . Though
we are not aware of real-world physical phenomena that have this property, such periodic non-
uniqueness was readily observed in a popular infinite-dimensional model of turbulence (shell
model) [43]. We remark that the same shell model demonstrates a different regime, when the
attractor is chaotic [44]. As we prove in a separate companion paper [20], the proper selection of
post-blowup solutions in the chaotic case requires a source of randomness, which must be intro-
duced and removed through the regularization procedure. Then, the limit exists in a stochastic
sense, selecting different post-blowup solutions with a well-defined probability. Such behavior
resembles the spontaneous stochasticity observed in models of passive advection [6, 19], par-
ticle trajectories in presence of shocks [30], simple quantum systems [29], Rayleigh—Taylor
turbulence [7, 45] and singular vortex sheets [53].
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One may think of a large variety of interesting situations, when attractors governing both
pre- and post-blowup dynamics are not fixed points. We expect that a degree of sensitivity to a
regularization varies from case to case, which require separate studies. Nevertheless, according
to theorem 1, the asymptotic behavior still must ‘shadow’ some trajectories on the attractors
and, therefore, remain highly constrained independently of the regularization details.
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