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Abstract

We present new singular solutions of the nonlinear Schrodinger equation (NLS)

<o <2.

. d—1 20 2
1‘//t(lsr)+‘/frr+f1/fr+|'ﬁ| v =0 1<d,g

These solutions collapse with a quasi self-similar ring profile ¥, i.e. ¥ ~ ¥, where

_ 1 r—rm(t) . L ds 2 2 2
Yo = Ll/a(t)Q< 2 )exp |:1/(; 26) +14L [ar + (1 —a)(r —rp)) ]]

L(¢) is the ring width that vanishes at the singularity, ry, (t) = roL%(¢) is the ring radius and o = a(zd;fl) The blowup rate of these solutions

is ﬁ for % <o <2and1 <d (0 < a < 1), and a square root with a loglog correction (the loglog law) wheno = 2 and 1 < d (o = 0).
Therefore, the NLS has solutions that collapse with any blowup rate p for 1/2 < p < 1. This study extends the results of [G. Fibich, N. Gavish,
X. Wang, New singular solutions of the nonlinear Schrodinger equation, Physica D 211 (2005) 193-220] for 0 = 1 and d = 2, and of [P. Raphael,
Existence and stability of a solution blowing up on a sphere for a L? super critical non linear Schrodinger equation, Duke Math. J. 134 (2) (2006)

199-258] foroc =2andd =2,t0all2/d <o <2and 1 < d.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction
1.1. Brief review of NLS theory
The focusing nonlinear Schrodinger equation (NLS)

W (1, %) + Ay + Yy =0, v (0,x) =vox), (1)

where X = (x1,x2,...,%7) and A = 0y,x, + -+ + Iy x,. 1S
one of the canonical nonlinear equations in physics, arising
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in various fields such as nonlinear optics, plasma physics,
Bose—FEinstein condensates (BEC), and surface waves. We now
briefly review NLS theory, for more information, see [1-3].
The NLS (1) has two important conservation laws: power (L2
norm) conservation

P(1) = / [¥|2dx = P(0), )

and Hamiltonian conservation

H(t) = / |V |2dx — L/ lv|2°2dx = H(0). (3)
o-+1

The NLS is called subcritical if od < 2. In this case,
all solutions exist globally. In contrast, solutions of the
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critical (od = 2) and supercritical (od > 2) NLS can become
singular in finite time T, i.e.

lim [|]| ;1 =00, 0< T, < o0,
t—>T,

where

(K218 Z\//Ilﬂlzdx—i-/lvwzdx.

1.1.1. Critical NLS (o0d = 2)
We now review the theory of singular solutions of the critical
NLS. Since 0 = 2/d, the critical NLS can be written as

e (1, %) + Ay + 1YY =0, ¥ (0,%x) =vo(x). @)

Thf; critical NLS (4) has waveguide solutions of the form
Y = e’ R(r), where r = |x| and R is the solution of

d—1
R"(r) + TR’ —R+RYIT =0

R(©0)=0,  R(co)=0. 5)

When d > 2, Eq. (5) has an enumerable number of solutions
{R(")};'IOZO, which can be arranged in order of increasing
power [4], i.e.

/ (RO)%dx < / (RM)?dx < / (RP)dx < ---.

Of most importance is the ground state solution R := R®, also
known in the case d = 2 as the Townes profile [5]. The ground
state R attains its maximum at » = 0, and is monotonically
decreasing for 0 < r < oo.

As noted, solutions of the critical NLS (4) can self-focus
and become singular at a finite time 7. A necessary condition
for singularity formation is that the initial power P (0) exceeds
the critical power P, i.e. P(0) > P., where P is equal
to power of the ground state R, i.e. P = fdex [6]. A
sufficient condition for collapse is that the Hamiltonian is
negative, i.e. H(0) < 0.

The critical NLS (4) is invariant under the following
lens (pseudo-conformal) transformation [7]. Let (¢, x) be a
solution of the NLS (4), and let

~ N 1 X .Lt 2
Ve = v (07 e (ﬂm )

B I ds 6
_./0 L2(s)’ ©

where L(t) = f.(T,—1), f, is a positive constant and 0 = 2/d.
Then, ¥(r,x) is also a solution of the NLS (4). Applying
the lens transformation (6) to the waveguide solutions ¥ =
e R™ (r), where R™ are the solutions of (5), gives rise to the
explicit blowup solutions

R (L) eir+i!{—£r2’

v, r) =

LYo (1) L
[ o= s 7
f_/o T2y Lo = 1@ =0, )

that become singular att = 7. These explicit blowup solutions,
however, are unstable.

Numerical studies conducted during the 1980s (see e.g., [8,
9]) suggested that stable singular solutions of the critical
NLS (4) collapse with the universal, radially-symmetrical
asymptotic profile ¥ g. Thus, regardless of the initial condition,

near the singularity ¥ ~ g, where
' ds
= —, @8
i ./0 2w Y

R is the ground-state solution of (5) and lim;_.7, L(t) =
0. More precisely, it turned out that only the inner core of
the solution collapses into the singularity with the asymptotic
profile ¥ g, while the rest of the solution remains in L2 ie.

YR 0<r=<«kL()
v Youter KL(t) <1,

where « > 1.

The understanding that NLS collapse is quasi self-similar
with the universal self-similar profile g was crucial for the
derivation of the blowup rate of the critical NLS, which turned
out to be a square root with a loglog correction (the loglog
law) [10-13], i.e.

r il 2
)el‘[-‘rlﬂr
9

YR = T (L

€))

Lo ~ 27(T, — 1)
© <10g10g1/(Tc —1)

The convergence to g was also at the heart of the derivation
of the asymptotic theory for the effects of small perturbations
in the critical NLS, known as modulation theory [1]. A
rigorous proof of the convergence to the self-similar profile g,
however, turned out to be a hard problem. Partial results were
obtained by Weinstein [14] and by Nawa [15,16]. Only in 2003,
however, Merle and Raphael proved that all singular solutions
of the critical NLS (4) with power moderately above P
collapse with the asymptotic ¥r profile at the loglog blowup
rate [17], and see also [18-20]. Concurrently, Moll, Gaeta
and Fibich demonstrated experimentally that the profile of
collapsing laser beams is given by the R profile [21]. Therefore,
all the rigorous, asymptotic, numerical and experimental
evidence until 2005 suggested that all stable singular solutions
of the critical NLS collapse with the yrr profile.

1
2
) =T, (10)

1.1.2. Supercritical NLS (od > 2)

In contrast to the extensive theory on singular solutions of
the critical NLS, much less is known about singular solutions
of the supercritical NLS. Numerical simulations carried out
during the 1980s (see, e.g. [22-24]) showed that solutions of
the supercritical NLS collapse with a self-similar asymptotic

profile g, i.e. ¥ ~ g, where
/’ ds (11
T= —.
0 L2(s)

L (L) T
LYo " \L ’

The blowup rate of these solutions turned out to be a square

root, i.e.

L(t) ~ fey (Te —1),

Ys(t,r) =

t =T, (12)
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Fig. 1. Illustration of ring radius 7., () and width L(z).

where f. > 0. In addition, the self-similar profile S is the
solution of

d—1
§"(r) + ——8' =3

4 2
20 Je o filed =2\
+15] S—|—<16r i —=)s=0

S(c0) = 0.

13)
§'(0) =0,

As in the critical case, |S| attains its maximum at » = 0, and
is monotonically decreasing for 0 < r < oo. The self-similar
profile ¥s involves a complicated nonlinear eigenvalue problem
which is not fully understood. Therefore, unlike the critical
case, the theory of singular solutions of the supercritical NLS
lacks a rigorous basis at present.

1.2. Singular ring solutions

As we have seen, until 2005 all known stable singular
solutions of the critical and supercritical NLS collapsed with
the ¥x and g profiles, respectively.! Since the maximum
of R and S is attained at r = 0, and since they decrease
monotonically for 0 < r < oo, we will refer to ¥g and yg
as singular peak solutions.

In 2005, we presented the first singular nonpeak solutions of
the NLS, for the radially-symmetrical two-dimensional cubic
critical NLS (o0 = 1,d = 2)

1
W)+ e+ Y+ ly1*y =0, (14)

see [26]. These solutions have the asymptotic self-similar ring
profile Vg, i.e. ¥ (¢, r) ~ ¥ (¢, r), where
1 ioaily 2
t, — G iT+igrr ,
VG(t,r) 110} (p)e

_/t ds T 15)
Thre"TT

Iy [25], Budd showed that Eq. (13) also gives rise to ring (multibump)
solutions of the supercritical NLS. The corresponding g profile, however,
turned out to be unstable.

The profile G is the solution of

G 4
G'(p)+ — + f—‘,oz—l G+G>=0,
0 16
G'(0) =0, G(00) =0,

and has a ring shape, i.e. it attains its global maximum at some
om > 0 and decreases monotonically away from p,,. Therefore,
Y is a singular ring profile and not a singular peak solution.
The blowup rate of ¥ is different from that of g, as it is a
square root with no loglog correction. Numerical simulations
suggested that the 1/ profile is a stable solution of the radially-
symmetrical NLS (14). Since, however, the G-profile has an
infinite L2 norm, it is still an open issue whether the ring profile
is maintained all the way up to the singularity (see Section 1.4).

In 2006, Raphael [27] discovered and rigorously proved the
existence and stability of singular ring solutions of the radially-
symmetrical supercritical two-dimensional quintic NLS (o0 =
2,d =2)

1
Wit r) + Ve + Y + l¥I*y =0. (16)

These singular solutions have the asymptotic self-similar
profile ¥ (¢, r) ~ ¥p(t,r), where?

P(p)e”(’), p = M’ (17)

Vet D™ g L)

P(p) =3 sech% (2p), rm () is the ring radius, i.e. the location
of the ring peak, and L(¢) is the ring width, see Fig. 1.
Since r,, (t) > 0, Y¥p is a self-similar ring profile. The blowup
rate of Y p is a square root with a loglog correction, i.e. the
loglog law (10). A unique feature of ¥ p is that the collapsing
ring is standing, i.e. the ring’s radius approaches a positive
constant as the solution collapses

tlin% rm(t) = ry(T,) > 0.

Therefore, ¥ p is different from all previously known singular
peak and ring solutions of the NLS, since it blows up on a
sphere r = r,(T;) > 0, whereas ¥, ¥s and ¢ collapse at
a point (or, at most at, a finite number of isolated points [28]).

2 This form of Y p is the one stated in Theorem 1 in [27].
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1.3. Main results

As seen in Section 1.2, until now there have been two
“isolated” cases of singular ring solutions of the NLS: g in
the critical case d = 2, 0 = 1, and ¥p in the supercritical
case d = 2, 0 = 2. In this study, we show that these two
ring solutions belong to a new family of ring solutions of the
radially-symmetrical NLS equations

llﬁz(t,r)+1ﬁrr+71ﬁr+lwl ¥ =0 (18a)
where
2/d <o <2, 1<d. (18b)

These new ring solutions were first observed in [26], where
we presented preliminary simulations of the supercritical
three dimensional cubic NLS (¢ = 1,d = 3)

2
Wit r) + Y+ Y+ [y >y =0, (19)

that collapse with a ring profile ¥, which is different from
the asymptotic ring profiles ¥¢ and ¢ p. Indeed, in the case
of ¥, the ring radius satisfies r,, (t) = p,, L (). Therefore, ¥
undergoes equal-rate collapse, i.e. the ring radius and the ring
width go to zero at the same rate. In the case of {p, the
collapsing ring is standing, i.e. , () =~ 1, (T;) > 0. In contrast,
we have seen in [26] that for the supercritical ring solution
of (19), r(t) ~ roL?(t) where p ~ 1/2. Therefore ¥ does
not undergo equal rate collapse, nor is it a collapsing standing
ring. Hence, the asymptotic profile ¢ is different from v and
from yp.3

In order to find the new asymptotic profile ¥, we first
note that r,, = roL(t), r, =~ roLY2(r), and r,, ~ ry
for ¥, Yo and V¥ p, respectively. Therefore, ¥ is “somewhere
between” ¢ and ¥ p. In order to “interpolate” the ring radius
rm (1) between ¥ and Yp, we set r, (t) = roL*(t), so that
o = 1 correspond to the equal-rate profile ¥ and @« = 0
corresponds to the standing ring profile ¥ p.

The next step in our analysis is to note that i p is given by

Yp(t,r) = Ll/lz(t) P(p)e™ O —rm ),
— t
_ r—rp(f) (20)
L(t)

This expression differs from the one in Theorem 1 of [27], see
Eq. (17), by the quadratic radial phase term. This term goes to
zero as t — T, which is why it did not appear in Theorem 1
of [27]. Nevertheless, this radial phase term will be vital for our
analysis of the supercritical ring solutions.

Next, we construct the new asymptotic ring profile g by
“interpolating” the asymptotic profile of {¥¢ and of ¥p as
follows:

3 After this paper was submitted, we found out that collapsing ring solutions
of the 3D cubic NLS (19) were already observed by Degtiarev, Zakharov and
Rudakov [29].

Proposition 1. Eq. (18) has singular ring solutions whose
asymptotic profile is given by
0 (p) it HE FEr2Hi(1—a) £ (r—rn (1))

Yo (21a)

:T‘([)

where

/’ ds r—rn()
T = —_—, = -,
o 20 T I

Proof. This result follows
Propositions 4, 16 and 23. O

(1) = roL%(1). (21b)

from Eq. (63) and from

The new asymptotic profile ¥ ¢ has a two radial phase terms.
This is different from all previously known asymptotic NLS
profiles, which have a single radial phase term. In order to
understand the meaning of this new feature, we note that the
quadratic phase term centered at » = 0 corresponds to focusing
towards the origin, and the quadratic phase term centered at
r = ry(t) corresponds to focusing towards 7, (¢). The blowup
behaviour of ¥ is, therefore, a combination of “global” ring
focusing towards the origin, together with ring width shrinking
towards 7, ().

The parameter o defines the relation between the ring
radius r,, () and the ring width L(¢). The admissible values of
« are (Lemma 8)

0<ac<l.

The relation between « and (o, d) is given in the following
proposition:

Proposition 2. Let  be a singular ring solution of the

NLS (18) with an asymptotic blowup profile (t,r) ~
Yo(t, r), where Y is given by (21). Then
2—o0
o= —— 22)
od—-1)

Proof. This follows from Lemmas 12, 18 and 20. O

Therefore, « = 1 (i.e. equal-rate collapse) if and only
if od = 2, « = 0 (i.e. standing ring collapse) if and only
ifo =2,and0 <« < lifandonlyif2/d <o < 2.

The blowup rate of ¥ is as follows:

Proposition 3. Let  be a singular ring solution of the
NLS (18) with an asymptotic blowup profile (t,r) ~
Yol(t,r), where Yo is given by (21). Then, the blowup rate is
given by

2
(T, — 1), Szo<2 (O<aszl),
L)~ [27(T. — 1) (23)
— 0=12, (¢ =0).
loglogm

Proof. This follows from Propositions 4, 16 and 23. [
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Fig. 2. Blowup rate p of the collapsing ring solutions is equal to IJ%Q for 2/d < o < 2 (solid) and to 1/2 (ignoring the loglog correction) for o = 2 (full circle).
Dashed curve is the rigorous lower bound (24), dash-dotted curve is the rigorous upper bound (26). A: 1 <d < 3.B:3 < d.

As noted, until this study all known stable NLS singular
solutions collapsed with either a square-root blowup rate or a
square-root blowup rate with a loglog correction. Since 1/(1 +
o) assumes the values [1/2, 1), Proposition 3 shows that the
NLS can have singular ring solutions with any blowup rate p,
1/2 < p < 1. In addition, it shows that there is a continuous
transition between the blowup rate of singular ring solutions
of the critical and the supercritical NLS (i.e. as od — 2+).
This continuity is exactly the opposite from singular peak
solutions, where there is a discontinuity between the loglog
law blowup rate (10) of the critical NLS, and the square root
blowup rate (12) of the supercritical NLS. Proposition 3 also
shows that there is a discontinuity in the blowup rate at o = 2.
Indeed, L(t; 0 — 2—,d) ~ f. - (T, — t), whereas

2 (T, —t
L(t;0 =2,d) ~ Ll)
log log T

The discontinuity at 0 = 2 is also exactly the opposite from
a singular peak solution, since the supercritical peak solutions
have a square root blowup rate for all od > 2.

Cazenave and Weissler [30] proved that the blowup rate* of
the NLS (18a) is bounded by

d—=2

1_od—2 2 2
L([)SM(TC—I)Z 4o | 2<d,3§0’<m (24)

According to Proposition 3, the blowup rate of the singular
ring solutions is given by 1-|+oz for % < o < 2. Since,

1 od—-2 1 1 1 od—2
== <z-= =t 0, (25)
2 4o 2 l+a 2 2Q2+o0d—20)
—_— ~——

(24) (23)
the H—La blowup rate is consistent with the rigorous bound (24).

The two inequalities in (25) are equalities only for od =
2. Hence, the bound (24) is sharp only in the critical case.
The rigorous bound (24) is monotonically decreasing in od,

4 . _ IO
In this study we define the blowup rate as L(r) = Toaoe see (6).
s )loo

Cazenave and Weissler define the blowup rate as L(1) = [V |, ! These two
definitions are equivalent (see Appendix A).

whereas the blowup rate is monotonically increasing in od.
Therefore, as od increases the gap between the ﬁ blowup
rate and the rigorous bound increases, see Fig. 2.

Let J[O] = fOT" ||V1/f(t)||2@dt. Merle [31] proved that for
blowup solutions of the supercritical NLS, J[@] < oo for
O < 1 and infinite for © > @y = 40/(20 + 2 — do). This
implies that the blowup rate p is bounded by

p <l (26)

Until now, numerical simulations (of peak-type supercritical
solutions) suggested that the upper bound (26) is very crude.
Our results show that, in fact, this bound is sharp, in the sense
that for any 0 < € < 1, there exist NLS blowup solutions with
blowup rate p = 1 — €. (see Fig. 2).

In the supercritical case 2/d < o < 2, the quasi self-similar
profile O, see Proposition 1, is given by

0(p; o) = w? (1 + 0) 27 [sech(wop)]7 . 27)

where w is a constant (See Propositions 16 and 23). The fact
that the profile of the supercritical ring solutions is the well-
known subcritical ground state profile, which is a well-behaved
object, is a new and surprising phenomenon. This property is
likely to lead to a considerable simplification in the analysis of
the supercritical ring solutions. Indeed, the analysis of peak-
type solutions in the critical case [17] was considerably easier
for d = 1 than for d > 2, precisely because for d = 1 the
ground state is given explicitly by the critical one dimensional
sech profile.

Fig. 3 presents the classification of NLS singular ring
solutions as a function of (o, d):

(A) In the subcritical case (od < 2), all NLS solutions globally
exist, hence no collapsing ring solutions exist.

(B) The critical case od = 2 corresponds to « = 1. In this
case, the new asymptotic profile ¥p reduces to the g
asymptotic profile (15). Since r,(t) = roL(t), these
solutions undergo equal rate collapse. The blowup rate of
these critical ring solutions is a square root.

(C) The supercritical case 2/d < o < 2 corresponds to
0 < a < 1. In this case, ring solutions collapse with the
new asymptotic profile g (21) ata HLO[ blowup rate. The



60 G. Fibich et al. / Physica D 231 (2007) 55-86

B D
o d=2, o=2,
o=1, o=0,
equal rate collapse standing rings
3 E
standing rings
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o d<2
No blowup

(o}

Fig. 3. Classification of singular ring solutions of the NLS as a function of o and d.

ring radius decays to zero as r, (t) = roL*(¢), i.e. at a
slower rate than L(¢).

(D) The case 0 = 2 corresponds to o = 0. Since r,,(t) = ro,
the solution is a collapsing standing ring. The blowup rate
of these solutions is given by the loglog law (10).

(E) Finally, in the case ¢ > 2 our preliminary numerical
simulations suggest that it is characterized by standing ring
solutions that collapse with a square root blowup rate with
no loglog correction term, and with an asymptotic profile

different from o (Section 9).
1.4. Level of rigor

The derivation of the analytical results in this study
(Propositions 1-3) is based on several assumptions and
conjectures which have yet to be made rigorous. In particular,
these results assume the existence of and convergence to the
new asymptotic profile ¥, see (21), and that the blowup
rate is of the form L(r) ~ (T, — t)? or slightly faster, see
Conjecture 11. However, the impressive agreement between the
analytical predictions of Propositions 1-3 and the numerical
results (in particular, Figs. 23 and 24), provides a strong support
to the validity of these assumptions.

At present, it is still an open problem whether the critical
ring solution ¥ is maintained all the way up to the singularity.
In particular, this question arises since the profile G has an
infinite L2 norm. As we noted in [26], this does not necessarily
conflict with the fact that the L2 norm of the blowup solution is
finite. The reason for this is that the collapsing solutions match
the G profile only in the ring region, hence the slowly-decaying,
infinite-power tail of the G profile may be “irrelevant” to the
NLS solution.

There is no such infinite-power “problem” in the supercrit-
ical case, as the self-similar profile Q is given by a finite-
power sech profile, see Eq. (27). Therefore, it is much more

likely that these ring solutions would indeed maintain the ring
profile all the way up to the singularity.

1.5. Paper outline

The paper is organized as follows: in Section 2 we analyse
ring solutions in the critical NLS and extend the results of [26]
fromd =2ando = 1toallod =2 and d > 1. In Section 3
we present the first systematic numerical study of Raphael’s
standing ring solutions. Section 4 is devoted to the analysis of
singular ring solution for2/d < o < 2and 1 < d. In particular,
we derive the new asymptotic profile ¥ ¢, see (21), relation (22)
for the value of «, and the blowup rate of these singular
rings solutions. In Section 5 we show that both critical and
supercritical ring solutions undergo strong collapse. Section 6
is devoted to a systematic numerical study of the new singular
ring solutions, which shows an excellent agreement between the
numerical results and the analytic predictions of Section 4. In
Section 7 we use a geometrical optics argument and numerical
simulations to show that the v profile is an attractor for high-
power super-Gaussian initial conditions. In Section § we test
numerically the stability of the new ring solutions and show that
they are stable as solutions of the radially-symmetrical NLS,
but unstable with respect to symmetry breaking perturbations.
Finally, in Section 9 we present preliminary simulations of the
case 0 > 2. The numerical methods used in this study are
described in Section 10.

2. Collapsing ring solutions of the critical NLS (od = 2)

In this section, we consider singular ring solutions of the
critical NLS

—1
WD) U+ g gl =0, A1 @
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i.e. when o = 2/d. In [26], we studied Eq. (28) when d = 2.
We now extend these results to any d > 1.

Proposition 4. Let  be a singular ring solution of the
critical NLS (28) with an asymptotic self-similar blowup profile
Y(t,r) ~ Yg(t, r) where

! iT+ir? fods
Vo(0.7) = s Glo -+ ro)e TZAZZS’
o=, (299)
and
rm () = roL (1), (29b)

where G is a real-valued function and ryp = argmax G(r) > 0.
Then,

1. The blowup rate L(t) is a square root, i.e.

. L@ . 4L
hm —_— = hm d—
t=>Te JTe — 1 t=Te @(\/ T. —1)

2. The self-similar ring profile G (p) is the solution of

=f >0. (30)

d—1 f4
" ’ c 2
- - Je -1
G(m+p mG+[mw+m) ]G
441 _
+GaT =0, ro < p < o0, a3

with the boundary conditions

G'(=rp) =0, G(o0) = 0.

Proof. The blowup rate of the critical NLS has the rigorous
bound L(t) < M./T. —t, where M is a constant [32,33].
Therefore, we only need to consider the case where the blowup
rate is equal to or faster than a square root. In Proposition
1 in [26], we showed that if the blowup rate is a square root
then G is a solution of (31). In Proposition 3 in [26], we showed
that if the blowup rate is faster than a square root then G is the
solution of (5).° Since Eq. (5) does not admit ring solutions (see
Appendix C), it follows that the blowup rate is a square root and
that G is a solution of (31). [

Proposition 4 describes singular solutions of the NLS that
have the following characteristics:

(1) The collapsing part of the solution has a self-similar ring
profile G.

(2) The blowup rate L is a square root.

(3) Equal-rate collapse, i.e. the ring width L(¢) and radius
rm(t) go to zero at the same rate, see Eq. (29b).

Since in [26] we considered only the case d = 2, we now
present numerical results for d # 2. For example, in Fig. 4

5 The definition of p in Proposition 4 is different from its definition in [26], in
order to conform to the notations used in this paper where p = 0 is the location
of the ring peak.

6 Although Propositions 1 and 2 in [26] were proved for d = 2, the proof for
the general case (d # 2) is identical.

4 T
: g
3_
vl 5
1.
O—‘--L
0
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1t PN
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p=(r—r0L)/L

Fig. 4. A: Solution of the critical NLS (28) with d = 7/4 and with the initial
condition wg att = 1.04 (1/L = 1.01, dashes), t = 5.73 (1/L = 1.61, solid)
and t = 7.89 (1/L = 2.45, dash-dots). B: The solution at focusing levels
1/L = 1.61 (solid), 1/L = 3.20 x 108 (dashes) and 1/L = 2.90 x 10! (dash-
dots), normalized according to (33). Dotted curve is the G profile with ry ~
16.8392, G(—rg) ~ 3.373 x 105 and fe &~ 0.3705. All four curves are
indistinguishable. C: Same data as in B on a semilogarithmic scale.

we solve the critical NLS (28) for d = 7/4 with the G-profile
initial condition
2

- fE
vo = Gr+roe ¥, (32)

where G(r) is the solution of the Eq. (31) with G(—rp) =
5 x 1073, and f, = 0.376. Fig. 4A shows that the numerical
solution indeed collapses with a ring profile. In order to check
for self-similarity, in Fig. 4B we rescale the numerical solution
according to’

1 r—rm(t)

1/frescaled = /o (l‘) w ( I ) s
max |7

L(t) = ——, rm(t) = rm(0)L(2), (33)
max ¢

7 Note that under the normalization (33), max; |Yrescaled] = maxy [Yol.
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Fig. 5. Determining the blowup rate of the solution of Fig. 4.

where r,(0) = 16.83 and ¢ = 2/d. As expected, the
normalized solution remains unchanged while focusing by a
factor of 10'°, indicating that the solution indeed undergoes
self-similar collapse. In addition, the self-similar profile is in
excellent match with G, which is the solution of Eq. (31)
with ro ~ 16.8392, G(—rgp) ~ 3.373 x 107 and f. ~
0.3705. A closer look on the same data on a semilogarithmic
scale (Fig. 4C) shows that the solution is “only” quasi self-
similar. Indeed, the self-similar profile ¥ characterizes only
the collapsing ring region but not the inner and outer regions,
ie.

Yinner 0 <71 < p1L(¢)
Y(t,r)~ Ve p1L(t) <r < poL(2) (34)
Youter p2L() <,

where 1 <€ p; < rp K p2.

We now consider the blowup rate of the solution of Fig. 4.
In general, it is hard to distinguish a strictly square root blowup
rate from a square root blowup with a small (e.g. loglog)
correction. In order to do that, we monitor the dynamics
of LL; = %(L2)t (see Section 10.2 for details on how
LL; is recovered from the simulation), since lim;.7, LL; =

L(t) ~ fes/T, —1t, whereas lim;7, LL; = 0 when the
blowup rate is faster than a square root [26]. Indeed, in Fig. 5

we see that lim, 7, LL; = —0.06667 = —fTL‘Z < 0, indicating
that L ~ 0.365./T, —t, i.e. that the blowup rate is a square
root.

Finally, we consider the stability of ¥¢. To do so, we
randomly perturb the initial ring profile from Fig. 4 as

1//(0;,n0i813 — (1 + & (r))wg + 82(}"),

where ¢1(r) and &>(r) are uniformly distributed in [—0.3, 0.3]
and in [—0.1,0.1], respectively. After focusing by a factor
of ~1.09, the noise in the ring region (i.e. the area of high
nonlinearity) disappears (Fig. 4B). Subsequently, the noise at
the inner and outer regions also decreases, until after focusing
by a factor of ~10, the solution approaches a clean asymptotic
ring profile ¥ (Fig. 4C). Therefore, we conclude that ¥ is a
strong attractor.

In [26], it was shown numerically for the two-dimensional
critical case (d = 2,0 = 1) that ¥ is stable as a solution of
Eq. (28) under radial perturbations such as (35), but unstable as
a solution of

i (1, x, y) + Ay + [y =0,

with respect to perturbations that breakup the radial symmetry.
When d = 7/4, the radially-symmetrical NLS (28) has no
analogue such as (36), therefore there is no notion of stability
with respect to symmetry-breaking perturbations in this case.

(35)

A =0y + 8)’}’7 (36)

3. Raphael’s standing ring solutions of the supercritical
NLS(d=2,0 =2)

3.1. Theory

Consider the quintic two-dimensional radially-symmetrical
NLS

1
Wt 1)+ Y+ Y + Wity =0, ¥ (0,r) = o(r).

— fC2 /2 < 0 in the case of a strict square root blowup rate 37
1.5
A 15 B c
15}
1
W] L 10}
05¢
0.5 5t
0 0 : 0
0 10 20 0 10 20 0
r r r

Fig. 6. Solution of the critical NLS (28) with d = 1.75 and the noisy initial condition (35) at A:¢t = 0(1/L = 1); B:t = 1.96 (1/L = 1.09); C: t = 6.98
(1/L = 10.03). Dotted curve in B and C is the asymptotic ¥ profile (29), the two curves are nearly indistinguishable.
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This equation is supercritical, since od = 2 -2 > 2. As
noted in Section 1, until recently, the only known stable singular
solutions of supercritical NLS equations had a self-similar peak
profile, i.e. ¥ (¢, r) ~ ¥s(t, r), where

Us(e,r) = TSy
s\, - LI/U(I) 1% )
tods r
=l te Tt o

and S is the “peak-type” solution of

d—1 (f_}z_l_ifc(ad—z)%

S —S

oo+ ’ r T\ 16" 1

+18° S =0, (39)
§'(0) =0, S(00) = 0.

In addition, these solutions have a square-root blowup rate,
ie. L(t) ~ fed/T, — 1.

Recently, Raphael proved the existence and stability of a new
type of singular solutions of Eq. (37) that have a self-similar
ring profile:

Theorem S (/27]). Let

P = v/3/sech(2r) (40)

be the solution of

P'(ry— P+ P> =0, P'(0) =0, P(c0) =0. 41

There exists an open subset H C Hr1 such that the following
holds:

Let Yo € H, then the corresponding solution  to (37)
blows up in finite time 0 < T, < 0o according to the following
dynamics:

(1) Description of the singularity formation: there exist L(t) >
0,7, () > 0and t(t) € R such that

Yt r) = Upt.r) > Ye(r) ast — T, 42)
where
1 . r—r,(t)
— it () -

such that the radius of the singular circle converges to a
positive constant, i.e.

lin% rm(t) = ry(T,) > 0.
t—>T,

(2) Estimate on the blowup rate:

lim L(t) (
T.—t
Theorem 5 proves the existence of singular ring solutions of

the quintic two-dimensional NLS (37) that have the following
properties:

1
10g|10g(Tc—t)|>2 _ |~/§ (a4)

T. —t [Pl

1. The collapsing part of the solution, i p has a self-similar ring
profile.

2. The blowup rate is a square root with a loglog correction.
3. The ring is standing, i.e. the ring’s radius r,, (t) approaches
a positive constant as the solution collapses.

Raphael’s solutions are different from all previously known
singular solutions of the NLS, since they blow up on the
circle r = r,(T,) > 0, whereas all other known singular
solutions of the NLS collapse at a point.

3.2. Motivation for Theorem 5

The motivation for Theorem 5 is as follows: for a standing

. : | 1 1
ring solution ¥p, V¥, o ad 2¥r ~ e I

the ring region. Therefore, as t — T, the %w, term in Eq.
(37) becomes negligible compared with 1., in the ring region
r = ry (T.). Hence, near the singularity, Eq. (37) reduces to the
one-dimensional critical NLS

W (t,r) + Y + W' = 0. (45)

From NLS theory [17,34] it follows that for solutions of Eq.
(45) whose peak at time ¢ is at r,, (¢), the collapsing core blows
up with the self-similar P profile (40) at the loglog law blowup
rate, i.e.

vp =

1 r— rm(t)) i Ly 2
P e T(t)+14L (r—rm (1)) , 46
VL) ( L o

where L satisfies (44). Therefore, we “recover” the results of
Theorem 5 on the asymptotic profile (43) (but see Section 3.2.1)
and on the blowup rate.

Remark 6. In fact, since collapse in the critical NLS is
highly sensitive to small perturbations [1], the validity of
using (45) to approximate (37) is not obvious. Indeed, while this
approximation will prove useful for 0 = 2 and any d > 1 (see
Section 4.2), it will fail for o < 2 (see Section 4.4).

3.2.1. Radial phase

According to Theorem 5, the asymptotic profile of the
collapsing part of the solution is given by

_L r—rp(t) i ()
‘””‘ﬁp< L ) |

However, from the analysis in [27] and by (46), this asymptotic
profile also has a radial dependence in the phase:

Lemma 7. The asymptotic profile Y p of the collapsing part of
standing ring solutions of Eq. (37) is given by

_r—=rp(l)

1 . .
Yp = —=P(p)e 0, :
VL L

) = /t d_s (47a)
TOE ) 26y ‘
where
S = ﬁ(r — rm())? (47b)
4L " ‘
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Fig. 7. Solution of the quintic NLS (37) with v given by (49).

The phase S does not appear in Eq. (43), since it decays
to zero at the singularity. Indeed, since p = %’”(’), then
S = %pz. According to Theorem 5, L is given by the loglog
law, hence LL; — 0. Since p = O(1) in the ring region, we
see that lim —~7. S = 0. As we shall see in Section 4, this

p=0(1)
radial phase will be vital for our analysis of the supercritical
ring solutions.

3.3. Numerical study

It is remarkable that Raphael discovered and proved the
existence and stability of the standing ring solutions without
any numerical simulations. We now present a systematic
numerical study of Raphael’s standing ring solutions. The goals
of these simulations are

(1) To present the first numerical observation of Raphael’s
standing ring solutions.

(2) To test the stability of the standing ring solutions.
According to Theorem 5, these solutions are stable with
respect to radially-symmetrical perturbations. However,

Theorem 5 does not give an indication to the size of the
basin of attraction of these solutions.

(3) To test the stability of the standing ring solutions
with respect to symmetry-breaking perturbations, i.e. as
solutions of the supercritical quintic two-dimensional NLS

W, x, y) + Ay + WP =0, A=0d +dy. 48)

(4) To confirm that the radial phase of the standing ring
solutions is given by (47b).

(5) To serve as a benchmark for the numerical investigation of
ring solutions in the general supercritical NLS in Section 6,
where analytical results on the blowup rate are unavailable.

3.3.1. Blowup profile
We solve the quintic two-dimensional radially-symmetric
NLS (37) with the initial condition

Y9 = P(r —5) = V3/sech2(r — 5)). (49)

In Fig. 7, we plot the early stages of the collapse as the solution
focuses by a factor of ~3. As predicted by Theorem 5, as the
ring amplitude increases and the ring width shrinks, the ring
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Fig. 8. Solution of Fig. 7 at A: t+ = 0.144197 (!
L1 =929 x 10° (r,u (1) = 4.87737, dashes), L1
therefore only the focusing levels 1/L are quoted.
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Fig. 9. Ring radius r,;(¢) as a function of the focusing factor 1/L for the
solution of Fig. 7.

radius does not go to zero, but rather converges to a positive
constant. In Fig. 8, we plot the solution as it continues to
collapse over 10 orders of magnitude. As in Fig. 7, the ring
amplitude grows larger and larger and its width narrower and
narrower, while the ring radius r,,(¢) hardly changes. In Fig. 9
we plot r,,, (¢) as a function of the focusing factor 1/L. It can be
seen that lim; 7, r,, (t) = 4.8773, i.e. the ring is standing and
not shrinking towards the origin.

To confirm that the collapse is indeed self-similar, i.e. of the
form

N 1 p r—rp(t) 50
v LYo (1) ( L(1) ) CO

with o = 2, we rescale the solution i according to

r—ry(t)
1prescaled = Ll/aw <$> s

max ||
p

L T max |yl
r

rm(t) = argmax,|y|. (G2))

The only difference between the rescalings (33) and (51) is in
the calculation of ry, (). In (33), the dependence of the ring
radius r,, (¢) on L(¢) is analytically known and therefore can be

-0.01 0 0.01 0.02

x10°

B
1.5

0.5

r-r_(t) %107

390.2, ry(t) = 4.87745, dashes), t = 0.1442062 (L~' = 11743, rp (1) = 4.87739, solid), B:
2.14 x 1019 (r,,(r) = 4.87737, solid). Values of ¢ in graph B differ only in the 14th digit or after,

used in the rescaling. However, in the case of supercritical rings
the relation between r,, (¢) and L(¢) is not known, therefore it
is recovered from the solution. Fig. 10 shows that all rescaled
plots of the solution at focusing levels varying from L~! =
10" to L=! = 10'° are indistinguishable, indicating that the
solution is indeed self-similar while focusing over 10 orders
of magnitude. The rescaled profiles are in perfect fit with the
P profile (40) around the peak r = r;,(¢). Plotting the same
data on a semi-logarithmic scale (Fig. 10B) shows that the
rescaled profile is self-similar around the peak r =~ ry,,(t), or
more precisely, for p = (r —r,,(¢))/L = O(1), but not near the
beam centre (p < —1) or far outside (p > 1), in agreement
with the analysis in [27]. Hence, as in the case of the critical
G profile ring solution (see Section 2), Raphael’s standing ring
solutions are “only” quasi self-similar.

To observe the radial phase (47b), we show in Fig. 11
that in the ring region —5 < p < 5 the phase of the
numerical solution Shymerical 1S nearly indistinguishable from
the phase Spredicted predicted in (47b). To calculate Spredicteds
we recover LL; from the numerical solution (see Section 10.2
for more details) and calculate

LL, ,
R

where Spredicted(o) = Shumerical (0)-

Spredicted (0) = Spredicted (0) +

3.3.2. Blowup rate

Next, we consider the blowup rate of the standing ring
solutions. To do so, we first assume that L ~ f.(T, — )P
and find the best fitting p (see Section 10.2 for details on
how L is recovered from the simulation). Fig. 12A shows
that p ~ 0.5001, indicating that the blowup rate is square root
or slightly faster. Next, we check whether L is slightly faster
than a square root, by plotting L L, as a function of the focusing
factor 1/L. Recall that for a square root blowup rate, L L; will
go to a negative constant as ¢t — 7., while for a faster-than-
a-square root blowup rate LL, goes to zero [26]. The graph
of Fig. 12B does not give a conclusive evidence as to whether
LL,; goes to a negative constant or to zero. However, we know
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Fig. 10. A: Solution of Fig. 8 rescaled according to Eq. (51) at t+ = 0.05 (1/L = 5, solid), t = 0.14420739600 (1/L = 3.58 x 105, dashes), and t =
0.14420739601 (1/L = 1.35 x 1019, dot-dashes). Dotted curve is P = %«/sech(Zp). All four curves are indistinguishable around the peak r = ry (7). B:

Same data on a semi-logarithmic scale.

phase of y

Fig. 11. Phase Spumerical Of the solution of Fig. 8 at L~! = 6.31 x 10° (solid).
Dashed curve is Spredicted = T + %pz = 32.3 —0.07467p2. The two curves
are indistinguishable for =5 < p < 5.

from Theorem 5 that the blowup rate is given by the loglog law.
Therefore, Fig. 12B provides an example of a “typical” plot
of a faster than a square root blowup rate. In contrast, Fig. 5
provides an example in which LL, goes to a negative constant
and the blowup rate is a square root. Since these two graphs
are “sufficiently different” from each other, in the subsequent
sections we will use Figs. 5 and 12B as “benchmarks” for

10
A
-5
10
107}
107 107° 10
T -t
c

determining the blowup rate in cases where analytical results
on the blowup rate are unavailable.

3.3.3. Stability

In order to test the radial stability of Raphael’s standing
ring solutions, we randomly perturb the initial ring profile from
Fig. 8 as follows:

%nOiSC — (1 + €1 (r))»(//?) + 82(,‘)’ (52)

where €1 (r) and &> (r) are uniformly distributed in [—0.3, 0.3]
and in [—0.1,0.1], respectively. Note that for this initial
condition both the ring and the inner and outer regions
are perturbed (see Fig. 13A). After focusing by a factor
of ~1.2, the noise in the ring region (i.e. the area of high
nonlinearity) disappears (Fig. 13B). Subsequently, the noise
at the inner and outer regions also decreases, until after
focusing by a factor of ~6, the solution approaches a clean
standing ring profile (Fig. 13C). We, therefore, conclude that
the standing ring solutions g, see Eq. (47), are strong
attractors in the radially-symmetrical case. Of course, we know
from Theorem 5 that the standing ring solutions are stable
with respect to radially-symmetrical perturbation. However,
Theorem 5 does not give an indication as to the magnitude of

-0.02

-0.04
LL,

-0.06

-0.08

-0.1

-0.12 )
10
1/L

10

Fig. 12. A: L as a function of 7 — ¢ (solid) for the solution of Fig. 8. Dotted curve is the fitted curve c(T, — 1)0.5001 where ¢ = 0.341. B: LL; as a function of the

focusing factor 1/L.
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Fig. 13. Solution of the quintic 2D NLS (37) with the (slightly focused) noisy initial condition (52). A: ¢t = 0, 1/L = 1.5. B: t+ = 0.0661, 1/L = 1.677. C:

t =0.195, 1/L = 10.61 (solid). Dotted curve is the modulated P profile (40).
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Fig. 14. Solution of the NLS (48) with slightly elliptical initial condition (53).

their basin of attraction. This numerical example, as well as
other tests that we conducted, show that the basin of attraction
of these solutions is of significant magnitude.

In [27], Raphael did not consider the stability of standing
ring solutions with respect to anisotropic perturbations. We now
test the stability of the standing ring solutions as solutions of
the NLS (48). To do that, we deterministically breakup the
symmetry of the initial-condition (49) by inducing a small
ellipticity to the initial condition, i.e.

I/[g,elliptic — 90(/1.02x2 + y2). (53)

After very little focusing (=1.5), the ring breaks into two
filaments that are located on the intersection of the ring with
the x-axis (see Fig. 14 and also Section 10.3). Therefore,
we conclude that Raphael’s standing ring solutions are highly
unstable with respect to perturbations that break up the radial
symmetry. This result is not surprising, since in numerous
studies it has been found that a ring is an unstable structure
in the NLS (see e.g. [35-37,26,38—40].

4. Analysis of supercritical ring solutions

All the NLS singular ring solutions observed until now (see
Sections 2 and 3) have been of the form

N 1 F r—rp(t)
v LYo (1) < L) )

These solutions have the following characteristics:

1. The rings amplitude scales as L~!/7

width L goes to zero.

and blows up as its

2. The ring radius r,, () converges either to zero or to a positive
constant as ¢+ — T.. In the first case, blowup occurs at
the origin. In the latter case, the solution blows up on a d-
dimensional sphere.

In Section 2, we presented ring solutions of the critical
NLS (od = 2) that undergo equal-rate collapse, i.e., rp(t) =
roL(¢). In Section 3, we presented standing ring solutions of
the quintic two-dimensional NLS (d = 2, o = 2) that collapse
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Fig. 15. Solution of the supercritical NLS (54) with initial condition

IOe_r4 at + = 0.038711 (solid), + = 0.038720 (dots) and r =
0.038723 (dashes).

in amplitude and width, but the ring radius does not go to zero,
ie. ry(t) = rp(Ty) > 0.

We now ask, do singular ring solutions exist in other cases
and if so, how do they behave? For example, in [26], we
presented preliminary simulations of the supercritical three-
dimensional cubic NLS (d = 3,0 = 1)

2
Wt 1)+ Y+ Y + [y 1y = 0. (54)

We showed that, as in the critical case, there exist solutions that
collapse with a ring profile (see Fig. 15). However, unlike the
critical case, the ring radius of these solutions decayed to zero
as riy(t) = cLP(t) where p ~ 0.49993, i.e, at a slower rate
than the ring width L. These collapsing solutions are also not
standing ring solutions, since the ring radius shrinks to zero as
the solution approaches the singularity, lim;, 7, 7, () = 0.

We now analyse collapsing ring solutions of the radially-
symmetrical supercritical NLS equation

llﬂt(t,r)+¢rr+7¢r+l1ﬂl Y =0,
2/d <o <2,1<d. (55)

We do not consider the case of d = 1, since in one dimension
there is no meaning to a ring solution, as r = 0 is no different
than r > 0. In addition, we consider only the case od > 2,
since this is a necessary condition for collapse.

The asymptotic profile that has been used in the asymptotic
analysis of all singular solutions of the NLS (both peak-type
and ring-type) is

1 r sy iLe 2 ! ds
— F + —
VF = s ( )el‘[ VA T = /O 2(s) s (56)

see (6). For a ring profile with radius rg, it is convenient to
define G(r) = F(r + ro), so that in terms of G, the peak of
the ring is at p = 0. This shift gives rise to the asymptotic

profile
1 — .
v = i 6 ()i,
T ds
‘= /0 Tt (57a)
where
rm(t) = roL(1), (57b)

see Eq. (29). The asymptotic profile (57) describes ring
solutions that undergo equal-rate collapse, see (57b). In this
case, lim;_, 7. r,, (t) = 0, i.e. the ring radius shrinks to zero.

The asymptotic form of Raphael’s standing ring solutions, as
given by Theorem 5 together with our addition of the quadric
phase term (47b), is

p 1, (r —Im (t)> STHE (1)

L L
* ds
- /0 ot (58a)
where
lim ry, (¢t) = rp(T,) > 0, (58b)

t—>T,

see Eq. (46). This form is similar to the asymptotic form (57),
but with two important differences:

1. The quadratic phase term is centred at r = 0 in (57),
corresponding to focusing towards the origin, but at r =
rm(t) in (46), corresponding to focusing towards 7, (¢).

2. The ring radius ry, (¢) is 1, (1) = roL(¢) in (56) but r,, (¢) =
roin (58).

We now ask: What is the asymptotic profile v ¢ and blowup
rate of ring solutions such as in Fig. 157 Let us note that
the ring radius is 7, (t) = roL(¢) in Y¥g, ry(t) = ro in Yp
and r,,, () = ro+/L(¢) for the ring solutions ¢ as in Fig. 15.
Therefore, the blowup profile ¥ of these solutions is different
from ¢ and v p, but appears to be “somewhere between” these
two asymptotic profiles. Therefore, we construct the asymptotic
profile /¢ by “interpolating” v/ and ¥p.

First we “interpolate” the “common components” of Yg
and ¥p. In both ¢ and ¥ p, the solution v is self-similar
around the ring radius r,, (¢), i.e.

1 r—rp(t)
mQ(p), b= L
see (57) and (58). Therefore, we will retain this form in the
new asymptotic profile. Next, we “interpolate” the “different
components” of the two asymptotic profiles ¥ and ¥p as
follows:

Y| ~

(1) We linearly interpolate the two quadratic phase terms
of (57) and (58), so that they describe ring solutions whose
radius shrinks to zero, but at the same time their width
shrinks toward r,, (¢).

(2) We set ry, (t) = roL%, so that (57b) and (58b) correspond
to o = 1, and ¢ = 0, respectively, and the new ring
solutions correspond to 0 < o < 1.
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Therefore, our starting point is the asymptotic profile

1 r—rolL*\ . .. . o
Vo= 7 Q( Lo )elr+1y(t)r2+18(t)(r—r0L )2‘ (59)

Substitution of the form (59) into the supercritical NLS (55)
gives

_ = _ 204+1 _
Qpp +(d ])L,o+roL°lQ” o0+0 AQ
+i(B + pC)Q, +iDQ =0, (60)
where

A = (Lp +roL*)* Ly, (t) + L*p?8;(t) — 2proL*** L, (1)
+AL(y (1) (Lp + roL®) + 8(1) Lp)?,
B = —roaL” L, + 4y ()roL**",
C=—LL, +4(y(t) +8(1)L?,
D = —éLLt +20d-y@) +8@)]L?
12(d — 1)5(r)L—3p.
Lp 4+ roL®

We require that Q would be a real profile that depends only of
p. Therefore, Setting B = 0 in Eq. (60) gives

t) = i 61
J/()—Ot4L. (61)

Setting C = 0 and substituting (61) gives

L,
()= (1-a) 7. (62)

Substitution of (61) and (62) in (59) gives rise to the new ring
asymptotic profile

Vo=71c2® eiTio (=) S () (63a)
where

I ds r—rp(t)
i /0 L2(s)’ =" () =roL®().(63b)

and Q is the solution of
d-1L

Qo o pore Qe ~ QIO Q+AQ +iDQ =0,
(64a)

with

1
A= —Z[(L3,02 +2argL* % p + ar L)L,
—a(l —a)yro(roL* +2L** p)L7],
p=21 270 - | L1, (64b)
T2 YT sd-1 o +roLe |7

As noted, o expresses the relation between the ring width L and
radius ry, (). We now discuss the possible values of «:

e o = 1: In this case, the new phase term in (63) vanishes,
hence (63) reduces to (56). Since r,,(t) = roL, this case

corresponds to equal-rate collapse, e.g. the g ring solutions
of the critical NLS (Section 2).

e o = 0: In this case, the “old” phase term disappears. Since
rm(t) = ro, this case describes a standing ring solution,
e.g. Raphael’s standing ring solutions ¥ p, see (40), of the
supercritical quintic NLS (Section 3).

e « > 1: In this case,

r—rol” _r
P = I ~ L
Therefore, this case does not describe ring solutions, but
rather the familiar singular peak solutions of the NLS.

e o < 0: In this case, r,;, () — o0, hence the ring power (L2
norm) becomes infinite, see Appendix F. Since the power is
conserved, there are no ring solutions in this case.

e 0 < o < 1: In this case, both the “old” term af—irz and

L — 0.

the new phase term (1 — o) 4L—i (r — roL®)? affect the blowup
dynamics. Since ry,, (t) = roL%, the ring radius shrinks to
zero, but at a slower rate than the rate of the ring width L.

Therefore, we have the following result:
Lemma 8. Ler  be a singular ring solution of the NLS (55)

with an asymptotic blowup profile y(t,r) ~ yo(t,r), where
Yo is given by (63), and Q is a ring profile. Then, 0 < «a < 1.

4.1. Technical lemmas

The following lemmas will be needed for the analysis of
supercritical rings in Sections 4.2-4.4.

Lemma 9. The boundary conditions for a ring solution of Eq.
(64) are

{Q'(;O =—rg) =0,
Q'(p=—00) =0,

In addition, since the location of the ring peak is at p = 0:
0'(0) =0, 0(0) #0.
Proof. See Appendix B. [

Q(0)=0 a=1,
Q(0)=0 0<a<l.

Lemma 10. A necessary condition for the solvability of
equation

u"(p) — u~+ [u|*°u = e[(a + biu + cou'l, (65)
u(0) #0, u'(0) =0, u(o00) =0, u'(—o0) =0,
where a,b,c,s € Rand 0 < |e] < 1,isb = 0.

Proof. See Appendix D. [

In what follows, we will also assume that near the
singularity, L(t) decays as (T, — t)? or slightly faster (e.g. with
a loglog correction term):

Conjecture 11. The blowup rate L(t) satisfies

d
L~ fe(T. — )P, Ly~ fc(t)E[(Tc - "],

d2
Ly ~ fc(t)m[(Tc - 1P,
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ast — T, where

Ly
im ———— =
=T, (Tp — 1)*

forany ¢ > 0.
4.2. Case o = 0: Standing rings

We now prove the following:

Lemma 12. Let  be a singular ring solution of the NLS (55)
with an asymptotic blowup profile (t,r) ~ Yo(t,r), where
Yo is given by (63) with Q = Q(p) € R, and assume that
Conjecture 11 holds. Let o = 0. Then,

(1) o =2

(2) The blowup rate L(t) is equal to or faster than /T, —t.

Proof. When « = 0, by Eq. (64) and Lemma 9, the equation
for Q is

L
Q"(p)+(d—1)——0Q, — 0 +|01" 0+ AQ

Lp+rg
+iDQ =0, (66)
A= ——L3Lm02,
d—1 2—0 Lp
D= — + LL,,
2 od—1) Lp+r
where
0(0) #0, Q0'(0) =0, Q'(—00) =0,
O(cx)=0. O

By Conjecture 11, L3L;, ~ p(p — D) fHT, — )*P=1/2),
Therefore, A = —4L3L;;p? is bounded only if p > 3, hence
the blowup rate L(t) is equal to or faster than /7, — t.

Since lim;— 7, L =0,

2_
D~DO—_="%11 4+ _,T. (67)
20

From the requirement that Q would be a real profile, it follows
that D, hence D(O), should go to zero as t — T,.

(1) If the blowup rate is a square root, i.e. lim;_, T, ﬁ =

(0) 2—g f2
fe > 0, then D ~ 5> Therefore, from the
requirement that DO should go to zero, it follows that o =
2.
(2) If the blowup rate is faster than a square root, then () =
LL; — 0. Therefore

lim D = lim D@ =0.

t—>T, t—>T,

Let us consider the solvability of Eq. (66). We first show
that, to leading order, Eq. (66) reduces to

Q"(p) = 0 +1017 0 =i Ze0)0.
o

—X<p <X (68)

subject to (see Lemma 9)
0(0) #0, 0'(0) =0,
0Q(c0) = 0.

Indeed, from a dimensional argument it follows that A =

O(£2(1)) < &(t). In addition, since the blowup rate is faster
than a square root, lim,. 7, L; = —o0. Therefore

Q'(—00) =0,

d—-1

Lp + 1o O(L) K LL; = &(1)

Hence, to leading order, Eq. (66) reduces to (68). By
Lemma 10, Eq. (68) is solvable only if its right-hand side
vanishes. Therefore,c =2. O

Lemma 12 shows that:®

Corollary 13. Standing ring solutions (o« = 0) of the form (63)
exist only for o = 2.

We now show that the opposite direction is also true.

Lemma 14. Let v be a singular ring solution of the NLS (55)
with an asymptotic blowup profile Y (t,r) ~ Yo(t,r), where
Yo is given by (63) and Q = Q(p) € R. In addition, assume
that Conjecture 11 holds. If 0 = 2 then o = Q.

Proof. By Lemma 8,0 < o < 1. We will see in Lemma 20 that

o= % for 0 < a < 1. Therefore, 0 = 2 implies « = 0.

The question whether when o = 2 the blowup rate is faster
than or equal to /T, — ¢ is not answered by Lemma 12. By
Theorem 5, when d = 2 the blowup rate is given by the
loglog law. In addition, our numerical simulations in Section 6
for d = 1.5 (See Fig. 21), as well as additional simulation for
d = 2.1 and d = 3 (data not shown), suggest that the blowup
rate is slightly faster than a square root. Moreover, since the
arguments used in Section 3.2 can be applied with any d > 1,
this suggests that the blowup rate is given by the loglog law for
any d > 1.

Conjecture 15. Let  be a singular ring solution of the quintic
NLS

, d—1 .
lwr(t,r)+1ﬂrr+7%+|¢| v =0, (69)

such that the conditions of Lemma 14 hold. Then, the blowup
rate is given by the loglog law (10).

Lemmas 12 and 14 together with Conjecture 15 imply that

Proposition 16. Let  be a singular solution of the NLS (55)
with an asymptotic blowup profile (t,r) ~ Yo(t,r), where
Yo is given by (63) and Q = Q(p) € R. Let 0 = 2 and
assume that Conjecture 15 holds. Then,

1) a=0.

(2) The blowup rate is given by the loglog law (10).

8 Standing ring solutions also exist in the case o > 2 but they are not of the
form (63), see Section 9.
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(3) The self-similar profile Q is given by (40).

Proposition 16 shows that standing ring solutions exist in
the quintic NLS (69) for any d > 1. Therefore, Proposition 16
extends Theorem 5 which proved the existence of standing ring
solutions only for d = 2. Indeed, the result of Proposition 16
can be motivated using identical arguments to the one we used
to motivate Theorem 5 in Section 3.2.

Remark 17. Proposition 16 also suggests the existence of
multibump standing ring solutions of the quintic NLS (69).

Indeed, let us consider two collapsing standing rings 1//(Q1) and

1//(Q2 ) with corresponding radii r,(n1 )(Tc(l)) < r,%z )(Tc(z)). Let us
construct the initial condition

Vo) =¥ @D —y. )+ A +e)pg T2 —y.r),

where y is smaller than Tc(l) and TC(Z). Since the coupling
between the two rings is exponentially small, they each collapse
at t) & y. Therefore, a proper choice of & can give rise to a
double ring solution for which both rings blow up at the same
time. Similarly, a multibump solution with more than two rings
can be constructed.

4.3. Case o = 1: Ring solutions in the critical NLS

When o« = 1, the new asymptotic form (63) reduces to (56)
and the solution undergoes equal-rate collapse. The following
lemma characterizes all singular ring solutions in this case:

Lemma 18. Let v be a singular ring solution of the NLS (55)
with an asymptotic blowup profile (t,r) ~ Yo(t,r), where
Yo is given by (63) and Q = Q(p) € R, and assume that
Conjecture 11 holds. Let o« = 1. Then

1) od =2.

(2) The blowup rate L(t) is equal to /T, —t.

Proof. When ¢ = 1, by Eq. (64) and Lemma 9,

1 .
0" (p) + 0, —0+101* 0+ AQ+iDQ =0, (70)
p+ro
Q) #0, Q0'(0) =0, Q'(—rp) =0,
Q(00) =0,
where
R 5 od—2
A=—=L"Ly(p+ro), D= LL;.
4 20
By Conjecture 11, L3L,, ~ p(p — D fHT, — 0)*@=1/2,
Therefore, A = —WL3L,I is bounded only if p > %,

hence the blowup rate L(¢) is equal to or faster than /T, — ¢.
If the blowup rate is faster than a square root, then LL; — O.
Therefore, as t — T, Eq. (70) reduces to

d—1

Q"(p)+——0,—0+1017 0 =0, (71)
p+ro

0(0) #0, 0'(0) =0, Q'(—rp) =0,

Q(00) =0,

Under the transformation p = p+rg and R(p) = Q(p), Eq.
(71) becomes Eq. (5) with the additional constraint that R'(6 =
ro) = 0. However, Eq. (5) does not admit ring solutions, see
Appendix C. Therefore, although the excited states {R(")}ZO: 1
of this equation may fulfill the additional constraint, none of
them are ring solutions. Hence the blowup rate cannot be faster
than a square root.

From the requirement that Q is a real profile, it follows that
D should go to zero as t — T,. Since the blowup rate is a

2
square root, i.e. L//T, —t ~ f. > 0, then D ~ %%‘
Therefore, from the requirement that D should go to zero, it
follows thatod = 2. [

Lemma 18 proves that

Corollary 19. Singular ring solutions whose asymptotic profile
is given by (56) exist only in the critical NLS.

This result explains why attempts to find stable equal-rate
ring solutions of the form (56) in the supercritical NLS (see,
e.g. [25]) did not succeed.

The opposite direction, i.e. that ring solutions of the critical
NLS undergo equal-rate collapse (¢ = 1) was already proved
in Proposition 4.

4.4. Case 0 < o < 1: Ring solutions in the supercritical NLS
(2/d <o <?2)

Lemma 20. Let  be a singular ring solution of the NLS (55)
with an asymptotic blowup profile (t,r) ~ Yo(t,r), where
Yo is given by (63) and Q = Q(p) € R. In addition, assume
that Conjecture 11 holds. Let 0 < a < 1. Then,

ey

2—0

(2) The blowup rate L(t) is equal to or faster than (T, — t)lﬁ.
Proof. As we have seen, the equation for Q is given by (64).
By Conjecture 11, as t — T,
2
ar
Afv—jf[Lm“Ln—(L—MLhLﬂ
2

or _
= —— plap = D f2ITO(T — 2 @FDPmD,

1
o hence the

blowup rate L(t) is equal to or faster than (7, — I)ﬁ ,l.e.,

Therefore, A is bounded as t — T, only if p >

L) ~ fo(T. — )",  f. >0, (73)

In particular, the blowup rate is faster than a square root, hence
lim[_>TC LL[ =0.
Since lim;_,7. L =0,

2—o0
Co(d—1)

d—1
D~D" = P

5 }LLh t—T.. (74)
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The requirement that Q is real is satisfied, since LL, — 0
implies that

lim D = lim D@ =0.

t—>T, t—>T,

Let us consider the solvability of Eq. (64). We first show that,
to leading order, Eq. (64) reduces to

" “”g 2(1+a) 20
0" (p) — 1+mfc 0+101”°0

_|d-1 r o 2(14a)

_[ o € T aitaple P2
d—1 2— o t
' <“_a(d—1)>Q}8()’

—00 < p <00 (75)

where (r) = L', subject to (see Lemma 9)

Q0(0) #0, 0'(0) =0, Q(c0) =0,

Q'(—o0) =0.

Indeed, from a dimensional argument it follows that

L’Ly =2 (t) K e(t).

Hence, substituting (73) into A of Eq. (64b) gives
2(1+a

A= —% [g - ps(t):| T+ O@D).

By Lemma 10, Eq. (75) is solvable only if

d—1< 2—0 )
o — =0,
2 o(d—1)

from which relation (72) follows. Finally, as ¢t — T, Eq. (64)
reduces to Eq. (78). O

By Lemma 8, 0 < « < 1. Since relation (72) for «
is a one-to-one relation, the opposite direction of Lemma 20
immediately follows:

Lemma 21. Let v be a singular ring solution of the NLS (55)
with an asymptotic blowup profile (t,r) ~ ¥o(t,r), where
Yo is given by (63) and Q = Q(p) € R. Let2/d < o < 2.
Then, o is given by (72).

The question whether the blowup rate is faster than or equal

1
to (T, — t) ™« is not answered by Lemma 20. However, the
numerical simulations of Section 6.1 suggest that

Conjecture 22. Let Y be a singular solution of the NLS (55)
with an asymptotic blowup profile (63), where 0 < a < 1.

Then, the blowup rate L is equal to (T, — I)ﬁ.

From Lemma 21 and Conjecture 22 we have the following
result:

Proposition 23. Let  be a singular solution of the NLS (55)
with an asymptotic blowup profile Y (t,r) ~ Yo(t,r), where
Yo is given by (63). Let 2/d < o < 2 and assume that
Conjecture 22 holds. Then

(H
_ 2—0
T od-1)
(2) The blowup rate is ﬁ, ie.,
L(t
lim #1 = f. > 0. (76)

(T -
(3) The self-similar profile Q is given by

0(p: 0) = w7 (1 +0)% [sech(@op)]7 | (a7
which is the solution of
0pp — >0 + 0%+ =0, (78)
where

arg 2(14a)
w=\/1—mfc . (79)

The result of Proposition 23 is very surprising in light
of the “success” of the motivation for Theorem 5 and for
Proposition 16, see Sections 3.2 and 4.2. Indeed, for collapsing
ring solutions of the form (63), the ring radius r,, () = O(L%).
and ¥, (r) = O(L~U%9)) in the ring region r ~ r,(T,).
Therefore @w, = O(L=@*!%9)) and ¢, = O(L~C+9)),
As a result, when 0 < o < 1 the dr;l » term in Eq. (55)
becomes negligible compared with v, as t — T,.. Hence, near
the singularity, the d-dimensional NLS (55) can be expected to
“reduce” to the one-dimensional NLS

W (t,r) + Y + W1y = 0. (80)

However, for 2/d < o < 2, this is a subcritical one-
dimensional NLS, whose solutions do not become singular.
Therefore, although the dr;lwr. term becomes smaller and
smaller than the other terms as the solution collapses, it cannot
be neglected near the singularity.

5. Strong collapse 2/d <o < 2)

Let us define the power that collapses into the ball r < € as

P.(1) =/ (e, r)|>rddr.

The power that collapses into the singularity point at » = 0 can
be defined as’

Peollapse = inf lim Pe (7). (81)
e t—>T¢

It is customary to distinguish between two cases:

(1) Strong collapse, in which the amount of power collapsing
into the singularity is positive, i.e. Peollapse > 0;

(2) Weak collapse, in which the amount of power collapsing
into the singularity is zero, i.e. Peollapse = 0.

9 Definition (81) does not apply to standing ring solutions (¢ = 2), since
they concentrate power on a sphere and at not a point.
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Fig. 16. Pg(r) as a function of the focusing level 1/L for the solution of Fig. 18: & = 0.1 (solid), ¢ = 0.05 (dash-dots). Dotted curve is Peollapse =

rd=l 2% Q%dr ~ 22477 Per.

It has been known that singular solutions of the critical
NLS undergo strong collapse, whereas singular solutions of the
supercritical NLS undergo weak collapse [3]. However, these
characterizations were only for singular peak solution. We now
show that this is not the case for collapsing ring solutions.
Rather, both critical and supercritical ring solutions undergo
strong collapse.

Lemma 24. Let  be a singular solution of the NLS (55) with
an asymptotic blowup profile Y (t,r) ~ Yo(t, 1), where Yo is
given by (63). Then

N o =2/d,

Pcollapse = d—1 OO 2
Ty Q°dp 2/d <o <?2.
—00

(82)

In particular, \ undergoes strong collapse.

Proof. See Appendix E. [

Remark. In Section 2 we saw that in the critical case 0 = 2/d,
the self-similar profile Q is given by G, the solution of (31).
We also noted that the collapse is only quasi self-similar,
see Eq. (34). Therefore, although the solution of (31) has an
infinite power (L, norm), the slowly-decaying, infinite-power
oscillatory tail of the G profile is “irrelevant” to the critical
NLS ring solution [26]. Hence, ||¢°Q||§ in (82) corresponds to

the power of the G profile in the ring region, i.e. [ /')ol 2;:)0 G?*(p+
r0)(p +ro)*~'dp.

In the critical NLS, singular peak-type solutions that
collapse with the g profile (8) undergo strong collapse with
Peollapse = Per, independently of the initial condition. In
contrast, in the case of singular ring solutions, Peoliapse depends
on the initial condition and increases as a function of the
initial power. Therefore, ring collapse is more efficient than
“peak collapse”, in the sense that it concentrates a larger
fraction of the initial power into the singularity. For example, a
Gaussian initial condition with power equal to 40 P, collapses

with the g profile, hence only 2.5% of its initial power
collapses into the singularity. In contrast, a super-Gaussian
initial condition with the same initial power collapses with a
ring profile that concentrates 70% of the initial power into the
singularity [26].

This difference is even more dramatic in the supercritical
NLS, since in this case Peollapse = 0 for “peak-type” solutions,
while Peolapse > 0 for ring solutions. For example, in Fig. 16
we plot P;—g 1 inthe case 0 = 1.1 and d = 2.1 (a ~ 0.7438)
for the initial condition {9 = l.OZwOQ, where wg is given
by (84). Initially, 7, (¢) > 0.1 and P.—p; < 1. However, once
rm(t) K 0.1, Po—p1 &~ 41.491 = 22.276 P;. In Fig. 16 we also
plot P.—p0s. In this case the initial stage when P.—g 05 < 1
is longer, since r,,,(t) &~ 0.05 at a later stage of the focusing.
However, once r,, (1) < 0.05, P.—9.05 approaches the same
value of ~ 22.276 P, showing that Peoliapse =~ 22.276 Pr. The
initial power of the solution is P(0) = ||w0||% = 22.733 P,
hence 98% of the initial power collapses into the singularity.'?

6. Numerical investigations

We now present numerical investigations of supercritical and
critical ring solutions of Eq. (5§5) for0 < o < 1.

6.1. 0<a<l1

We first present a systematic study of the following two-ring
solutions in the case 0 < o < 1:

(1) 0 = 1.1 and d = 2.1. The expected value of « is from Eq.
(72),
2-1.1 90

0= —— " = ~0.74380.
L121—1) 121

(83a)

1015 confirm the agreement with (82), we first extract rq. For this choice of
wOQ, Ly = 2% and rOLg =5, therefore, rg = % =5.2% ~ 8.887. Hence

by (82). Poollapse = 7' [0, Q2dr ~ 41.864 = 22.477 Py
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Fig. 17. Solution of Eq. (55) with 0 = 1.1 and d = 2.1 and the initial condition (84) at: A: t = 0.0723, (1/L = 4.40, dashes), t = 0.172, (1/L = 8.77, solid)
and r = 0.238, (1/L = 21.63, dash-dots), B: 1/L = 3.69 x 107 (dashes), 1/L = 4.72 x 107 (dash-dots) and 1/L = 6.15 x 107 (dots). Solution is so close to
the singularity that for all three curves ¢t &~ T, = 0.2659 and the three times differ only in the 14th digits. C: The three curves from A and the three curves from
B normalized according to (51), all six curves are nearly indistinguishable. The bold dotted curve is the asymptotic profile Q (77) D: Same data as in C on a

semilogarithmic scale.

(2) 0 = 1.25 and d = 3. The expected value of « is
2—1.25 3
0= ———-"=—.
1.253—1) 10
We use the initial condition ¥o (0) = WOQ, see Eq. (63), with

L(0)
L)

(83b)

1
L(0) = % —4, roL*(0) =5, w=1,

to obtain,

ng — 2(1 + 0.)1/20' [Sech(zo'o_(r _ 5))]1/0' e—iotrz—i(l—ol)(r—S)Z.
(84)

The choice L(0) = 2% gives an initial condition which is
sufficiently localized, so as to prevent a possible truncation of
the sech ring tail near the origin.

We first present a simulation with d = 2.1 and 0 = 1.1.
Fig. 17A and B shows that the numerical solution indeed
collapses with a ring profile up to focusing factors of @(107).
In order to check for self-similarity we rescale the solution
¥ according to (51). Fig. 17C shows that all rescaled plots
of the solution at focusing levels varying from 10' to 107
are nearly indistinguishable, indicating that the solution is
indeed self-similar while focusing over six orders of magnitude.

In addition, Fig. 17C also shows that the rescaled profile
perfectly fits the Q profile (77). Plotting the same data on
a semilogarithmic scale (Fig. 17D) shows that the solution
is “only” quasi self-similar, i.e. the self-similar profile ¢
characterizes the collapsing ring region (—5 < p < 5) but not
the inner and outer regions (|p| > 5).

Next, we calculate the parameter o of the ring radius
shrinkage. According to Eq. (63), r,, () = roL* where o =~
0.74380, see Eq. (83a). To find the parameter & numerically,
we calculate ry, (t) from Eq. (51) and plot r,,(¢) as a function
of 1/L. Fig. 18A shows that r,(t) ~ 11.826206L% with
a = 0.74391, which differs from the predicted value of « by
less than 0.015%.

We now consider the blowup rate of these solutions.
According to Lemma 20 the blowup rate is either faster than

or equal to (7, — t)ﬁ. To determine numerically which of
these two possibilities hold, we first plot the blowup rate L
as a function of 7, — ¢ and find the best fitting exponent p
for L ~ f.(T, — t)P. The results in Fig. 18B show that
L ~ f.(T. — 1)%57342 perfectly fitting the expected value of
ﬁ = 0.57346 with a relative error of less than 0.007%. Since
plotting L as a function of 7. —¢ is not sensitive enough to tell a

ﬁ blowup rate from a slightly-faster-than-a HLQ blowup rate,
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Fig. 18. Solution of Fig. 17. A: ry, (t) as a function of L. Dotted curve is the fitted curve cL(t)0'7439] where ¢ = 11.826206. B: L as a function of (T, — ) on a
logarithmic scale. Dotted curve is the fitted curve L = ¢(T; — 1)0-57342 where ¢ = 0.24285. C: LY L; as a function of 1/L.
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Fig. 19. Solution of Eq. (55) witho = 1.25 and d = 3 (« = 0.3) for the initial con
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dition (84). A: Rescaled solution according to (51) at focusing levels 1 /L = 171.8,

(solid), 1/L = 9789.5, (dashed) and 1/L = 60619.23, (dash-dots), dotted curve is the asymptotic profile Q (77), all curves are indistinguishable around the peak.
B: 1, (¢) as a function of 1/L. Dotted in the fitted curve ry, () = ¢1,0-300021 (t) where ¢ = 9.21. C: L as a function of (7 — ) on a logarithmic scale. Dotted curve
is the fitted curve L = (T, — 1)0'76919 where ¢ = 0.383. D: L¥L; as a function of 1/L.

we plot L¥L; as a function of the focusing factor 1/L. For a

blowup rate equal to ﬁ, L* I;, goes to a negative constant, but

for a blowup rate faster than Tra> L¥L; goes to zero. The results
in Fig. 18C shows that lim,, 7. L*L; —0.0846, indicating

that L ~ f. - (T, — t)ﬁ with f, &~ 0.333. Therefore, we
1
conclude that the blowup rate is equal to (7, — t) T+« .

Similar results are presented in Fig. 19 for the case of d = 3
and o = 1.25. In this case, it follows from Lemma 20 that
rm(t) = roL* where « = 0.3, and that the blowup rate L
is faster than or equal to (7, — t)H%x where ﬁ ~ 0.7692.
Fitting r,, (t) as a function of 1/L shows that r,,(t) ~ roL®%,
where o« = 0.30021, see Fig. 19B. Plotting L as a function
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Fig. 20. Solution of the quintic NLS (69) with d = 1.5 and with v given by (49).

of (T, — t) show that L ~ f.(T, — £)0-76919  Therefore, the
relative errors in the values of the shrinkage rate and the blowup
rate are less than 0.04%. The results in Fig. 19D shows that
1
lim,,7. L*L, = —0.286, indicating that L ~ f.(T, — t) T+
with f, = 0.584. Therefore, we conclude that the blowup rate
1
is equal to (T, — ) T+e .

6.2. a =0

In Section 3 we presented a systematic numerical
investigation of Raphael’s standing ring solution, ¥ p, foro = 2
and d = 2 (for which ¢ = 0). According to Lemma 14,
ring solutions of the supercritical quintic NLS (69) collapse as
standing ring solutions for any d > 1 and not just for d = 2. To
see that, we now solve numerically the case 0 =2 andd = 1.5.
In Fig. 20, we plot the early stages of the collapse as the solution
focuses by a factor of &3. As predicted by Lemma 14, as the
ring amplitude increases and the ring width shrinks, the ring
radius does not go to zero, but rather converges to a positive
constant. To confirm that the collapse is self-similar according
to (50), we rescale the solution i according to (51). Fig. 21A

shows that all rescaled plots of the solution at focusing levels
varying from 10! to 10° are indistinguishable, indicating that
the solution is indeed self-similar while focusing over 4 orders
of magnitude. In addition, Fig. 21A shows that the rescaled
profile perfectly fits the Q profile (77). Fig. 21B shows that
the ring radius converge to r,, (T.) ~ 4.901, indicating that the
solution is a standing ring solution. According to Proposition 23
the blowup rate is /T, — ¢ or faster. Indeed, Fig. 21C shows
that L ~ (T.—1)%49883 Plotting L L; does not give a conclusive
indication whether it goes to a negative constant or to zero, i.e. if
the blowup rate is a square root blowup or slightly faster, see
Fig. 21D. However, comparison with the benchmark cases of
Fig. 5D and Fig. 12D suggests that the blowup rate is faster
than a square root.

63 a=1

We have already presented systematic numerical investiga-
tions of equal-rate collapsing ring (¢ = 1) in two cases:
(1) o =1land d =2 in [26].
2)o = % and d = % in Section 2.
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Fig. 21. Solution of the NLS (55) with 0 = 2 and d = 1.5 (@« = 0) and the initial condition (84). A: Rescaled solution according to (51) at focusing levels
1/L = 19.04 (solid), 1/L = 7.48 x 10° (dashed), and I/L = 145 x 1010 (dash-dots), dotted curve is the asymptotic profile Q (77), all four curves are

indistinguishable around the peak. B: ry;, (¢) as a function of 1/L. C: L as a function of (7 —t) on a logarithmic scale. Dotted curve is the fitted curve c(7

where ¢ = 0.00041. D: LL; as a function of 1/L.

6.4. Observation of radial phase

We have already observed the radial phase for the case @ = 0
in Fig. 11. We now consider the radial phase of supercritical
ring solutions for 0 < « < 1. Our goal is to show that indeed,
the phase of the solution is given by

_ Lt 2 2
St = 5 [ar + (1= a)(r — ry (D)) ] (85)
or equivalently, by
1 2008 (1) ar? (1)
=—LL|p* - d
S(p. 1) =7 t[p t— Ptz }
r—rp(t)
= my 86
I (86)

A-priori, this implies that the phase should consist of a parabola
centred at r = 0 and another parabola centred at r = ry,(¢).
However, as we have seen in Fig. 17, the collapse is only quasi
self-similar, i.e. Yo of Eq. (63) describes the solution only
around the ring’s peak. Accordingly, Eq. (85) is expected to
describe the phase only around the ring peak at r = r,, () and
not near the origin at r = 0, i.e. for p = O(1) in (86).

To verify that the radial phase is given by (86), we compare
the numerical phase Shumerical With the phase Spredicted predicted
by (86), where L is recovered from the simulation (see
Section 10.2 for more details) and Otr,%1 )/ L? = Spumerical (p =

1049883

phase of y

-15 -10 -5 0 5 10 15
p=(r-r (YL

Fig. 22. Phase of the solution of Fig. 18 at t = 0.263 (1/L = 92.03). Dashed
curve is Spredicted = 70.0066(,02 + 61.03p) — 6.352.

0, ). In Fig. 22 it can be seen that for —5 < p < 5, Shumerical
and Spredicted are indistinguishable. The phase in this regime
is nearly linear, since as L — 0, the quadratic term in (86)
becomes negligible, i.e.

1 201, (1) ary, (1)L,
S(p) —SO)~-LL; - =
(p) — S(0) g LL . P 2
_ argL*L;
N 2
(Xfcl+ar()

21 +a)p'
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Fig. 24. Computed blowup rate (circles) ford =2ando =1,1.1,1.2,...,2.
Solid curve is 1—|+a

Therefore, the slope of S is negative and asymptotically
independent of 7.

6.5. Numerical verification of Proposition 2 for the value of o

The prediction of Proposition 2 for the value of « was found
to be in excellent agreement in all six simulations presented
so far in this paper. We now systematically verify the validity
of Proposition 2 ford = 2,d = 2.1 and d = 3 and for
o=1,1.1,12,...,2 Fig. 23 shows thatin all 3x 11 cases, the
difference between the numerical value of « and the analytical
predictions is less than 0.1%.

6.6. Numerical verification of Proposition 3 for the blowup rate

The six simulations presented so far in this paper perfectly
agreed with the blowup rates predicted in Proposition 3. To
validate the predicted blowup rates for a wider series of
simulations, we run a series of simulations withd =2 and o =
1,1.1,1.2,...,2. In the first 10 cases (for o < 2) the blowup

rate is f.(T, — t)?, where the difference between p and 1-+a is
less than 2%, see Fig. 24. In addition, in all these simulations,
L*L; — Const # 0 (data not shown), showing that the blowup
rate is ﬁ with no loglog-type corrections. When ¢ = 2,
p =0.5001 and LL; — 0, i.e. the blowup rate is slightly faster
than a square root. The jump discontinuity in the blowup rate at
o = 2 follows from Proposition 3.

2. Solid curve is Eq. (72). A:d =2,B:d =2.1,C:d = 3.

7. Super-Gaussian initial condition

In [26,36] it was observed that high-power super-
Gaussian (flat-top) initial conditions collapse with a ring
profile. In [41], Grow et al. used a geometrical optics argument
to explain why high-power super-Gaussian initial conditions
always collapse with a ring profile. Although only solutions
of the critical NLS were discussed in [41], the geometrical
optics argument is also valid for the supercritical NLS. To
see this numerically, in Fig. 25 we solve the supercritical
NLS (55) ford = 2.1 and 0 = 1.1 (¢ ~ 0.7438) with the
super-Gaussian initial condition () = 15¢™" ‘. As expected,
the solution evolves into a ring-like shape after very little
focusing (Fig. 25B). As the solution continues to collapse the
ring-like profile converges to the ¢ profile (Fig. 25D).

8. Stability of supercritical ring solutions — numerical
simulations

We have already tested numerically the stability of singular
ring solutions for the case « = 0, see Figs. 13 and 14, and
for the case « = 1, see Fig. 6 and [26]. In all these cases, the
ring solutions were stable with respect to radially symmetrical
perturbations, but unstable with respect to symmetry breaking
simulations.

We now show that the same also holds for 0 < o < 1. For
example, in Fig. 26 we randomly perturb the initial ring profile
from Fig. 18 (0 = 1.1, d = 2.1, « =~ 0.74380) as in (52).
After focusing by less than two, the noise in ring region (i.e. the
area of high nonlinearity) disappears (Fig. 26B). Subsequently,
the noise at the inner and outer regions slowly decreases, until
after focusing by a factor of 50, the solution approaches a
clean ring profile. Similar results were obtained d = 3 and
o = 1.5 (e« = 1/8), data not shown. We, therefore, conclude
that the self-similar ring profile \rg is a strong attractor as a
solution of the radially-symmetrical NLS (55) for all a such
that0 <o < 1.

We now test the stability of the supercritical ring profile with
respect to symmetry breaking perturbations. As noted, this test
can only be conducted for integer values of d. To do so, we
solve the two-dimensional NLS

W, X, y) 4 Vx4 Yy + W27 =0, (87)



G. Fibich et al. / Physica D 231 (2007) 55-86 79

- R ] 70 3 600 )
60 1 500
15 1 15 { 50 .
|'~IJ| W | 300
10 1 10 1 a8 |
200
20 |
5 1 s :
10“%\_ 100 f
0 : : 0 : : 0 : 0 :
0 1 2 0 1 2 0 05 1 0 005 0.1
r r r r
i [ 1BE s [N - R , B
| " 40 400
vl 4o - Vo o '

0.1
v Y 0
y 2 2y y -2 2 x Y 1 4 x Y01 -01 X

Fig. 25. Top: Solution of supercritical NLS (55) for d = 2.1 and 0 = 1.1 with super-Gaussian initial condition ¥y = 15e*’4. A:t=0,(1/L =1);B:t =0.011,
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Fig. 26. Solution of the NLS (55) withd = 2.1, 0 = 1.1 (a &~ 0.74380) and with the noisy initial condition (52). A: ¢t =0, (1/L = 1); B:t =0.14, (1/L = 2); C:
t =0.26, (1/L = 71.73). Dotted curve in B and C is the ¢ profile, where Q is given by (77).
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t=0

t=0.286

Fig. 27. Solution of the NLS (87) for o = 1.5 with slightly elliptical initial condition (88).

with 0 = 1.5 (¢ = 1/3), with the slightly elliptical initial
condition

l/jgellipﬁc =Wg( 1.02x2 + y2), (88)

where I/fg is given by (84).

After very little focusing, two filaments emerge on the
intersection of the ring with the y-axis (see Fig. 27). Therefore,
the collapsing ring solution is unstable as a solution of the
NLS (87), i.e. with respect to perturbations that breakup the
radial symmetry.

9. Supercritical rings in the case 0 > 2 — preliminary
numerical investigation

In Sections 3-6 we study supercritical ring solutions
for 2/d < o < 2. We now briefly consider the case o > 2.
In this case, the ring profile ¢, see Eq. (63), fails to describe
ring solutions. Indeed, according to relation (72), « < 0 for
o > 2, whereas the admissible values of ¢ are 0 < o < 1
(Lemma 8). Therefore, it is natural to ask whether singular
ring solutions exist for o > 2. To answer this question, we
solve the supercritical NLS (55) for the case of 0 = 2.1
and d = 2 with the ring initial condition (49). Note that
unlike the simulations of Section 6, we could not use the initial
condition (84) since o < 0. In Fig. 28, we plot the early stages
of the collapse as the solution focuses by a factor of ~3. The
solution seems to undergo a standing ring collapse, i.e. as the
amplitude increases, the ring radius does not go to zero, but
rather converges to a positive value. In Fig. 29 we plot the
solution as it continues to collapse by 10 orders of magnitude
and observe that the solution continues to collapse as a standing
ring solution (Fig. 29A). As in the case o < 2, the solution
collapses with a self-similar ring profile. However, the self-
similar profile does not match the Q profile (77), see Fig. 29B.
Fig. 29C and D suggest that the blowup rate is a square root,
with no loglog correction.

Additional simulations ford = 2 and o = 2.2,2.3,2.4, as
well as for d = 1.1 and o = 2.1 (data not shown) yielded the

same qualitative results. Therefore, our preliminary simulations
suggest that there exist collapsing ring solutions in the case o >
2, and that these solutions have the following properties:

(1) Standing-ring collapse, i.e. the ring’s radius approaches a
positive constant as the solution collapses.

(2) The collapsing part of the solution has an asymptotic self-
similar ring profile

1 r—rp(t)
Y|~ e F ).
LYo (1) L(t)
(3) The asymptotic profile F is different from the Q

profile (77).
(4) The blowup rate is a square root with no loglog correction.

These observations suggest that c = 2 is a critical exponent
of the supercritical NLS, in a sense that ring solutions behave
differently for the case 0 < 2, 0 = 2 and ¢ > 2. A systematic
study of the regime o > 2 will be presented elsewhere.

10. Numerical methods
10.1. Simulations of the NLS (Iterative grid redistribution)

Since the 1980s, a highly successful method for a
simulations of collapsing (equal-rate) solutions of the NLS has
been the method of dynamic rescaling [9,24]. In this method,
the independent variables and the function are dynamically
rescaled in a way which is based on the asymptotic form (56),
ie.
ds r

—. (89

1 t
I/f(f,r)=m¢(fap), T=/(; LZ_(s)’sz

As aresult, ¢ (7, p) remains smooth as L — 0, and the rescaled
problem for ¢ can be solved on a fixed grid (in p) using standard
techniques.

The dynamic rescaling method works only for equal-rate
collapsing solutions, since it is based on the asymptotic
form (56). In particular, the dynamic rescaling method cannot
be used for simulations of standing rings, since they do not
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Fig. 28. Solution of the NLS (55) with o = 2.1 and d = 2 with ¥/ given by (49).

become singular at the origin. The dynamic rescaling method
also fails for singular rings solutions that collapse towards the
origin in the case 0 < «a < 1, since these solutions do not
undergo equal-rate collapse. In addition, since the dynamic
rescaling method contracts grid points toward the singularity, it
fails when the simulation includes multiple regions of singular
behaviour, such as in multiple filamentation (e.g. see Figs. 14
and 27).

To overcome these limitations of the dynamics rescaling
method we used the iterative grid redistribution (IGR) method
for the simulations of the NLS with and without radial
symmetry. The IGR method was introduced by Ren and Wang
in [42] and further improved in [43.,44]. As with dynamic
rescaling, this method allows the grid points to move towards
regions of steep gradients such that the solution remains
smooth in the transformed grid. For example, although the
solution in Fig. 30A is very close to singular, it is smooth
in the computational grid, see Fig. 30B. After the grid is
remeshed, i.e. the grid points are moved, the problem is solved
on a fixed grid using standard techniques until the solution
becomes nonsmooth again and grid is remeshed again. Unlike

dynamic rescaling, the grid points are not uniformly remeshed
according to a known asymptotic profile. Instead, the grid
points remeshing is determined from a variational principle that
makes no assumptions on the asymptotic profile of the solution.
For details, see [42—44].

10.2. Recovering L and L; from the simulation result

In general, the numerical values of L and LL, are different
from the value used in the asymptotic theory. This is because
numerically the expected phase is of the form

L L
S =i\t + ia4—£r2 +i(l — a)4—£(r — roL%)?,

while in the asymptotic theory we arbitrary set A = 1. The
variables L and L; can be recovered using [45]

0(0) - 0%(0) - -
- =V i =——" L, 90
¥(p =0) v2p=0 " ©0)

where the bars denote the measured value of L and L;.

B t
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Fig. 29. Solution of Fig. 28. A: ry, (¢) as a function of L. B: Rescaled solution according to (51) at focusing levels 1/L = 271.07 (solid), 1 /L = 2.21 x 100 (dashed)
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Fig. 30. Solution of Fig. 7 at L~! = 3.8 x 10!, A: Physical grid. B: Computational grid.

10.3. Validation of the filamentation pattern in Figs. 14 and 277

Since the NLS (1) is isotropic, the symmetry breaking
induced by ellipticity of the initial condition, see e.g. Eq. (88),
preserves the symmetries x — —x and y — —y. Therefore,
the filamentation pattern induced by ellipticity should preserve
these two symmetries [46] as is, indeed, the case in Figs. 14
and 27. However, we still need to verify that these filamentation
patterns are due to the small ellipticity of the initial condition
and not a numerical artifact caused by the preferred directions
of the numerical Cartesian grid. To do so, we repeated the
simulation with the same initial condition after it was rotated

by 30°. In this case, the two filaments are rotated by an angle of
~30°, see Fig. 31B. Therefore, we conclude that the multiple
filamentation is indeed due to the small ellipticity of the initial
condition.

Appendix A. Definition of the blowup

In this study, we use the following definition for the blowup
rate:

Cp©,)1%

L =
O =g

) (A.1)
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Fig. 31. A: Level sets of the solution of Fig. 27 at t = 0.286; solid curve is the y-axis. B: Same as A, with the initial condition rotated by 30°; solid curve is 30°

from the y-axis.

which is based on Eq. (21a). The common definition of the
blowup rate in NLS theory is, however,

Laet(t) = VY II; " (A.2)

It is well known that (A.1) and (A.2) are equivalent, up to
a multiplicative constant, for solutions that collapse with the
standard asymptotic form (56), such as the g profile (8)
and the critical ring solutions ¢ that undergo equal-rate
collapse (@ = 1).

The following lemma shows that (A.1) and (A.2) are also
equivalent for supercritical solutions that collapse with the new
ring asymptotic profile (63):

Lemma 25. Let  be a singular ring solution of the NLS (55)
with an asymptotic blowup profile vy (t,r) ~ Yo(t,r), where
Yo is given by (63). Let 0 < a < 1. Then (A.1) and (A.2)
are equivalent, i.e., Lgef(t) ~ cL(t) ast — T, where c is a
constant.

Proof. The case « = 1 is well known. We first prove the lemma
for « = 0. In this case

2
rd=1dr

IV ”2_/00 W
el = r=0 8r Q
2 o0

2 3 \* (LL)?
— 11 U/ <_ ) )22
p— [ 8,0Q + n Q°p

X (Lp + ro)d*]dp.

By Lemma 12,0 = 2 hence —1 — % = —2. In addition, since L
is faster than or equal to a square root, i.e.

L'\“fc\/Tc_t, chO,

2
then LL, — —fT‘. Therefore, as t — T,

o0
f Yol dr
=0

r=|

I e w0 o] aa
=L (@) +1_6Q'0 ry  dp.
p=—00

Hence

Leet(r) = ¢ - L(1),

| a1 © "2 fc4 2 2
c=|r, (Q)"+—-07p-dp
p=—00

_1
2

16

ForO0 <a <1,

IVl = L7175 / [(Q/(p))2
p=—roLe~!
o _ 2
N (2a(Lp+r0L 1)6+ 2(1 a)L,o) L%Qz(p)}

x (Lp + roL*)4 dp.
Sincea < 1,as L —> O,
IVyol} = L7@=D71=¢
o0 4ard(L¥Ly)?
x / [(Q’@))Z 4 2eng T
oo 16

By Lemma 20, «(d — 1) — 1 — (% = —2, and L is faster than or

Qz(p)] rd~'dp.

equal to (T, — t)ﬁ, ie.
L~ f(T. —DTe, f.=0.

14+
Hence, L*L; = — };"Jra . Therefore, as t — T,

1
2 A d—1
IV¥ollz ~ 7570

2,2 2(1+a)

* W2 0Je 2
X /_oo <(Q () +WQ (P)) dp.

Hence

Laet(t) = ¢ - L(1), c=[r5“ / ((Q’(p))2

1
a2r§ff(l+") R 2
—0= d :
+ 11 a) 0%(p) | dp
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Appendix B. Proof of Lemma 9

The boundary condition Q(oco) = 0 follows from the
requirement that Q has a finite power (L?> norm). Since
Yo(r), as defined by (63) is radially symmetric in 7,
then %Q(p)h:o = 0. For @ = 1, r = 0 corresponds to
p = —ro, see (63b). Therefore, in this case, the left boundary
condition is %Q(—ro) = 0. Otherwise, for0 <o < 1,r =0
corresponds to p = — Lf(la. Therefore, when L — 0, the left
boundary is at p = —oo and the left boundary condition is

$-0(—00) = 0.

Appendix C. Nonexistence of ring solutions to the R
equation

We define ring solutions as radial solutions whose global
maximum is attained at some r > 0, in contrast with peak
solutions whose global maximum is attained at r = 0.

Lemma 26. The equation
d—1
R'("+——R —R+R*" =0,
r

R0)=0 2/d<o,1<d, (C.1)

does not admit H' ring solutions.

Proof. If R € H' then lim,_, o R(r) = O and either
lim, 00 R'(r) = 0 or R'(r) does not have a limit as r — oo.
To show that lim,_, o, R'(r) = 0, let us define

1
N(r) = (R'(r)> — R> + ——R*™%.
140

Since
N(@#r)—=N@O) =-2d—-1) /r l(R/(S))zds,
or

then N(r) is monotonically decreasing in r. This implies
that N(r) has a limit, i.e.

Iim N(r) = Noo, —00 < Ngo < 00.
r—00

In addition, since lim, ., R(r) = 0, then
Neo = lim N(r) = lim (R'(r))*> > 0.
r—00 r—0o00

Hence, N is finite and therefore lim, oo R'(r) = 0.

Since lim, _, o R'(r) = 0, then Ny, = 0. Therefore, N (r) >
0 for any 0 < r < oo. Hence, if R'(r) = 0 then R(r) > R,
where R, = %X/o + 1.

Let us now assume that there exists a maxima point at
rm > 0. Since R'(0) = R'(r,,) = 0, then, by the previous
argument, both R(0) and R(r;,) are above R.. In addition, since
N(r) is monotonically decreasing in r, then N(0) > N(ry,).
Since

20
N = (R)? + R? ((Rﬂ) - 1) ,

then, for R > R., N(R, R) is monotonically increasing in R
along the line R’ = 0. Therefore,

NR@O),R =0 =Nr=0)> N =rp)
= N(R(rn), R' = 0)
implies that R(0) > R(ry,).

Appendix D. Proof of Lemma 10

When ¢ = 0, the solution of Eq. (65) can be explicitly
calculated and is given by
0 = (1 + 0)% sech? (ap).

Assume that a solution to Eq. (65) exists for ¢ # 0. Let u =
O + suy + O(e?). The equation for u; is

Wi (p) —ur+ (0 + 10> u1 +0Q*u} = (a+bi)Q +cpQ'.
Letu; = S +1iT where S = Re(u;) and T = Im(u). Then the
equations for S and T are

S"(p) — S+ (20 + 1)Q* S = (RHS)s,

T"(p) — T + Q* T = (RHS)7,

where
(RHS)s =aQ +cpQ’, (RHS)r =b0Q.

The solvability condition for S is ffooo(RHS)S Q'dp = 0.
and for T is ffooo(RHS)Tde = 0, see [47]. Since Q
is an even function, (RHS)sQ’ is an odd function, hence
ffooo(RHS)SQ’d,o = (. Therefore, the equation for S is
solvable. The equation for 7', however, is solvable only if b = 0,
since

/ " (RHS)7 0dp = b / ¥ 0%dp.

—0o0 —00
Appendix E. Proof of Lemma 24

We first show that when o = 1, the singular ring solutions
undergo strong collapse. Indeed, in this case,

P, = lim lyol?rd=tdr

=T Jo<r<e

. 1 r—roL

= lim — 0’ ri=ldr
t—Te Jo<r<e L /o L

. 1
tl—l>n% L2/
¢ JO<Lp+roL<e

0%(p) (Lo + roL) ' (Ldp)

— L(d—l)+l—2/o' llm

Q*(p)(p + )"~ dp.
t=Te Jo<Lp+rgL<e
Lemma 18 implies that if « = 1 then od = 2. Hence

P. = lim 0%(p)(p +ro)*'dp

1=Te Jo<Lp+rgL<e

= lim 0%(p)(p +ro)*tdp

t=>Te J—ro<p<e/L—rg

/ Q*(p)(p +ro)* " 'dp = YR 13-
—rg<p<oo
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Hence
: 02
Peollapse = llgf Py = IIIPQ I3

We now show that when 0 < « < 1 the new singular ring
solutions also undergo strong collapse. Indeed

P, = lim [WolPrd~ldr
=T Jo<r<e
1 r —rolL®
= lim 5 Q2< 0 )rd_ldr
t—>Te Jo<r<e L /o L

. 1
= lim 5o
t=Te Jo<Lp+rgL*<e L

0%(p)(Lp 4 roL*)*~ ' (Ldp).

Since 0 < o < 1 and lim;_,7, L(t) =0,

(Lp +roL®)* ! ~pd=tpe@=b ¢ 5 1,

Hence, using relation (72),

1 (e=roL%)

Ps — d—1 hm QZ(p)La(d—l)+1—2/Udp

"o
t—T¢ ,0=*F0LD’_]

a1 [ 2
rg / Q“dp.
—00

Therefore,

oo
Peoliapse = inf Pe = rg ™! f Q%dp. E.1)
—0o0

Appendix F. Admissible values of « — power conservation
violation for « < 0

Let us assume that ¥ exists. Then the power of ¢ is
[wort =172 [ 2 (P )
0 L
oo
~ LT f Q% (p) (Lp +roL*)*" " (Ldp)
—0o0

o2 [
~ Lot(d D+ > / QZ(,O)d,O
—00

Sinceo < 2,1 <d and o < 0, then

o—2

ald—1)+ < 0.

Therefore,

li ? = o0,
Jim [ Iwof = o0

which is in contradiction with power conservation.
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