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Abstract

We introduce certain spherically symmetric singular Ricci solitons and study their
stability under the Ricci flow from a dynamical PDE point of view. The solitons in
question exist for all dimensions n + 1 > 3, and all have a point singularity where
the curvature blows up; their evolution under the Ricci flow is in sharp contrast to
the evolution of their smooth counterparts. In particular, the family of diffeomor-
phisms associated with the Ricci flow “pushes away” from the singularity causing the
evolving soliton to open up immediately becoming an incomplete (but non-singular)
metric. The main objective of this paper is to study the local-in time stability of
this dynamical evolution, under spherically symmetric perturbations of the singular
initial metric. We prove a local well-posedness result for the Ricci flow in suitably
weighted Sobolev spaces, which in particular implies that the “opening up” of the
singularity persists for the perturbations as well.
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1 Introduction

The question of defining solutions of geometric evolution equations with singular ini-
tial data is an interesting challenge and has been studied in recent years for a variety
of parabolic geometric PDE. For the Ricci flow, a number of solutions have been pro-
posed in various settings. Simon [I7] obtained solutions for the Ricci flow for C° initial
metrics that can be uniformly approximated by smooth metrics with bounded sectional
curvature. Koch and Lamm [16] showed existence and uniqueness for the Ricci-DeTurck
flow for initial data that are L°°-close to the Euclidean metric. Angenent, Caputo and
Knopf [3] considered initial data of neck-pinch typeE They constructed a solution to the
flow starting from this singular initial metric, for which the singularity is immediately
smoothed out. This can be thought of as a (very weak) notion of surgery in that the
method of proof relies on a gluing construction to show the existence of such a solution,
but not uniqueness. Cabezas-Rivas and Wilking [5] have obtained solutions of the Ricci
flow on open manifolds with nonnegative (and possibly unbounded) complex sectional
curvature, using the Cheeger-Gromoll convex exhaustion of such manifolds.

More results have been obtained in the Kéahler case and in dimension 2, where the
Ricci flow equation reduces to a scalar heat equation; we list a few examples: Chen,
Tian and Zhang [8] consider the K&hler-Ricci flow for initial data with C'! potentials
and construct solutions to the Ricci flow which immediately smooth out. The argument
is based on an approximation of the initial potential by smoother ones. Finally, more
results have been obtained in dimension 2 (see [15] for a survey): Giesen and Topping [13]
(building on earlier work by Topping [19]) have given a construction of Ricci flows on sur-
faces starting from any (incomplete) initial metric whose curvature is unbounded; these
solutions become instantaneously complete and are unique in the mazimally stretched
class that they introduce. More recently yet [14], they constructed examples of immortal
solutions of the flow (on surfaces) which start out with a smooth initial metric, then the
supremum of the Gauss curvature becomes infinite for some finite amount of time before
becoming finite again.

This paper considers a special class of singular initial metrics and produces examples
of Ricci flow whose behavior is different from those listed above. Our initial metrics are
close to certain singular gradient Ricci solitons that we introduce separately in the first
part of this paper. The solitons exist in all dimensions n + 1 > 3. Our main result is
that for small enough perturbations of the singular Ricci solitons, the Ricci flow admits
a unique solution, up to some time 7" > 0, within a natural class of evolving metrics
which stay close (as measured in a certain weighted Sobolev space) to the evolving Ricci

In particular these initial data can form in the evolution of a smooth spherically symmetric initial
metric, as demonstrated in [T} [2].



solitons. In other words, we obtain a local well-posedness result for the Ricci flow for
initial data with the same singularity profile as our Ricci solitons.

The solitons that we introduce (and, in fact, their perturbations that we consider) all
have SO(n + 1,R)-symmetry. In particular, the soliton metric at the initial time ¢t = 0
can be written in the form:

Jsol = d$2 + ¢($)QQS%

where x € (0,+00) for stasy and = € (0,9),0 < +oo for non-steady solitons; here ggn
denotes the canonical metric of the unit n-sphere. In all cases the function ¥ (x) is a pos-
itive smooth function and moreover ¥ (z) — 0 as z — 0", with leading order behaviour

N
¥ ~ xvr. In particular, the (incomplete) metric above can be extended to a complete

C° (in fact C ﬁ) metric at # = 0, but the extended metric will not be of class C1. We
remark that (in the steady case) our (singular) solitons are complete Riemannian mani-
folds towards +oo, with an asymptotic profile there that matches the Bryant soliton. For
the rest of this introduction we discuss only the steady case.

Our first observation is that the evolution of the singular solitons themselves under
the Ricci flow is in sharp contrast with the behavior of their smooth counterparts. As
for smooth solitons, there exists an evolution of g¢, under the Ricci flow given by a
1-parameter family of radia]ﬂ diffeomorphisms p; : (0, +00) x S™ — (0, +00) x S™, t > 0,
where pg = Id. The diffeomorphisms p; are such that the pullback g(t) = p;(gso1) solves
the Ricci flow

8tg(t) = —2RiC(g(t)), g(O) ‘= Ysol-

However, the map p; is not surjective in this case. In fact, for each ¢t > 0, p;(0,00) =
(m(t),4+00) where m(t) > 0 is non-decreasing in ¢. In other words the flow p; pushes
away from the singular point = 0. Thus, for each ¢t > 0 (M, g(t)) can be extended to
a smooth manifold with boundary, where the induced metric on the boundary is that
of a round sphere of radius lim, o+ ©¥(p:(z)) > 0. One can then visualize the evolving
soliton metric g(¢) backwards in time: Starting at time ¢t = 1 it contains the portion of
the original soliton corresponding to z > m(t), and its boundary at x = m(t) shrinks
down, as t — 0T, to a point which yields the singular metric gso.

The perturbation problem that we consider is still within the spherically symmetric
category. In particular, the initial metrics we consider are in the form

g = da® + 4 () gsn

A loose version of our main result can be written in the following form; the precise
statement can be found in Theorem [3.11

Theorem 1.1. Let

and assume that

J’_
/ g 2dx—|—/ E+&dn < 1

2«Radial” here and furtherdown means that the diffeomorhpism, for each ¢ > 0, depends only on the
parameter x € (0, 00).




for a large enough constant .. Then there exists a unique evolving spherically symmetric
metric §(t), t € [0,T], solving the Ricci flow equation

atg(t) = _2Ric(§(t))v go =g, g(ovt) =0

and which stays close, measured in a suitable weighted H'-space, to the evolving soliton
metric exhibiting the same “opening up” behavior of the initial singularity.

We remark briefly here on the choice of the weight function «: The definition of £ and
the assumption that £ belongs to the weighted Sobolev space above can be interpreted
geometricaly as requiring the initial metric g (encoded in the function 1[)) and the solition
inital metric g, ncoded in the function v to agree asymptoticaly to high order a at = = 0.
We expand more on this below.

1.1 Applications

It should be stressed at this point that our work here does not have direct bearing on
the issue of “flowing through singularities” that form in finite time under the Ricci flow,
(as studied, for example, in [3]), at least for closed manifolds. Indeed, it is well known
that for such manifolds the minimum of the scalar curvature is a non-decreasing function
under the Ricci flow; however the scalar curvature of the solitons we consider (and of
their perturbations) converges to —oo at the singular point (z = 0).

Nonetheless, there are many important instances in PDEs of a geometric nature for
which one has initially singular solutions for which one would like to know whether
the evolution is stable under perturbations of the (singular) initial data. One specific
example that we wish to mention is that of the Einstein equations in the general theory
of relativity: We recall that the maximally extended Schwarzschild solution contains a
space-like singular hypersurface in the black hole region; this corresponds to {12 — X2 =
1} in the Kruskal coordinates, Chapter 6 in [20]. It is in fact not known whether for
the vacuum Einstein equations this singularity is stable under any perturbations at all
of the initial data that lead to its formationE] One possible approach to produce such
perturbations of the data at T = 0 that lead to a space-like singularity formation is
to solve the vacuum Einstein equations backwards in time, starting from singular initial
data which would correspond to perturbations of the Schwarzschild metric on a singular
hypersurface that contains at least part of the space-like singularity. Producing a solution
that exists (backwards) until the hypersurface 7" = 0 will then yield perturbations of the
Schwarzschild initial data that still develop singularities in the future. The resulting
(hyperbolic) PDE that one obtains for this problem has some key resemblances to the
(parabolic) PDE that we deal with here; the key common feature is the behavior of certain
singular space-time coefficients. This suggests that some of the methods developed here
will have a wider applicability.

While the above solitons have been constructed over the manifolds R x S, it would
perhaps be natural to seek similar examples in the more general cohomogeneity-1 cate-
gory, studied by Dancer and Wang, [10, 111, [12].

1.2 Outline of the ideas

Now, we briefly outline the sections of the paper and the challenges that each ad-
dresses. In Section [2] we introduce the (singular) spherically symmetric Ricci solitons

3For the purposes of this discussion let us say that the initial data is prescribed on a hypersurface that
corresponds to 7' = 0 in the maximally extended Schwarzschild space-time (in the Kruskal coordinates).



that we consider. The study of these solitons follows the method presented in [6, Chap-
ter 1], originally developed by R. Bryant. In the class of spherically symmetric metrics,
the gradient Ricci soliton equation reduces to a second order ODE system, which can be
transformed into a more tractable first order system in parameters (W, X,Y) via a trans-
formation that we review in (A.4)). Knowledge of the variables W, XY in the parameter
y allows us to recover the metric component ¢ and the gradient ¢, of the potential func-
tion ¢ of in the parameter x. In the case of steady solitons, the system in
fact reduces to a 2 x 2 system; see We provide a description of the trajectories in
the X, Y-plane that correspond to our singular solitons and compare them to the Bryant
soliton. In particular, we show there exists a 1-parameter family of singular gradient
steady Ricci solitons; they are all singular at « = 0 with the leading order asymptotics
a Vn—1

P(x) ~ v bu(z) ~ ——, n>1

and they are complete towards z = +o0o, with the same asymptotic profile as the Bryant
soliton.

In Section [3] we introduce the perturbation problem we will be studying in the rest
of the paper. We consider spherically symmetric initial metrics of the form

§ = X*(x)da® +4* () gsn

For such initial data, the Ricci flow equation can be written (after a change of variables) in
the equivalent form of a PDE coupled to an ODE. The evolving Ricci soliton metric
(defined via the diffeomorphisms p;) remains spherically symmetric and is represented
by coordinate components x(z,t), ¥ (x,t), while the stipulated Ricci flow that we wish
to solve for corresponds to two functions ¥(z,t),(x,t). Since the singular nature of
the initial data do not allow the system to be attacked directly, we introduce new
variables which measure the closeness of x, ¥ to x, .

More precisely, we define

X (U
¢ N 1 & 7/1 1.
Then the system reduces to , for which the Ricci soliton corresponds to the solution
¢ =0,& = 0. The coefficients of this system refer to the variable 1 of the background
evolving soliton, expressed with respect to its arc-length parameter s. What is critical
here is that the coefficients are singular at (x,t) = (0,0); the precise nature of this sin-
gularity is essential in our further analysis.

A first challenge appears at this point, which in fact is independent of the singularities
of the coefficients. Indeed, it is related to the presence of the second order term &5 on
the RHS of the first equation in . Since the first equation is only of first order in
¢, this term would not make it possible to close the energy estimates for our system. We
therefore introduce a new variable defined by

(¢+1)?
(E+1)2n

The new system (3.14)) for n and £ involves only first derivatives of £ in the evolution
equation of 1 and therefore can (in principle) be approached via energy estimates. It is
not clear whether there is any geometric significance underlying this change of variables.



It is in fact not a priori obvious that such a simplification of the system should have been
possible via a change of variables. It is at this point that the spherical symmetry of both
the background soliton and of the perturbations that we study is used in an essential
way.

Thus, matters are reduced to proving well-posedness of (3.14)), in the appropriate
spaces. We follow the usual approach of performing an iteratiy solving a sequence
of linear equations for the unknows (™ +1, £™+1) in terms of the known functions (™, £™)
solved for in the previous step, and proving that the sequence (9™, &™), m € N converges
to a solution (n,&) of our original system.

We note that the usual approach would be to replace only the highest order terms in
the RHSs of by the unknown function £€”*! and replace all the lower-order ones
by the previously-solved-for ™, ™. However in the case at hand this approach would
fail for any function space, due to the nature of the singularities in the coefficients. For
example, as we will see the coefficient 5—5 in the potential terms contains a factor of S%,
where s(x,t) is the arc-length parameter of the background evolving soliton. It turns out
that the leading order in the asymptotic expansion of s2 near = 0,t = 0 is of the form

s~ a2 +2(v/n— 1t

Consequently, the best L3° bound for s% would be s% < % this would result in an energy
estimate of the form 9, < £t~ which cannot close. The remedy for this problem is
to modify the iteration procedure according to . In this linear iteration the un-
known functions 7+ n™*! at the (m + 1)-step also appear in certain lower-order terms
associated to the most singular coefficients.

Finally, we solve the system and prove that it defines a contraction mapping in
certain (time-dependent) weighted Sobolev spaces H}(s) containing all functions

(R L iy

u € H(Ry) /0 (s2 + ot) * (s2 4 ot)o—1 § < +oo,

where we note that the weights depend on both the spatial and time variables z,¢.
(We note here that we use the length element ds which corresponds to the arc-length
parameter of the background evolving Ricci soliton. In particular s(z,t) := pi(x); thus
for all t > 0 s(z,t) > s(0,t) > 0,Vz > 0.)

The rather involved estimates in Section [f] aim precisely to show that the parameters
a and o > 0 can be chosen in a way to make the estimates close; as we will see, this mostly
amounts to controlling the terms in the energy estimate that arise from the most singular
coefficients in . We note here that choosing « to be large forces both the initial
data and the evolution of the solution to stay close the evolving soliton. Choosing o large
allows the evolving solution to ‘depart’ from the evolving soliton. Thus the challenge is
to balance these competing parameters to make the estimates close. We note that it
is essential for this ‘balancing’ to work that we can first close the estimates for the L?
norms, and after this has been done we can estimate the H! norms.

Finally, in Section |5 we provide a proof of the existence of solutions to in the
appropriate spaces, using a modification of the Galerkin iteration to this singular PDE-
ODE system. This part is included for the sake of completeness, since coupled systems
of this singular nature do not appear to have been treated in the literature.

4 In reality a contraction mapping argument, although we find it more convenient to phrase our proof
in terms of the standard Picard iteration.
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2 Singular spherically symmetric Ricci Solitons

We will be considering metrics over M"*! = (0, B) x S® (where B € R, or B = +00),
in the form

g = da® + ¥(2)gn, (2.1)

where 1 is a positive smooth function and gs» denotes the canonical metric on the unit
sphere. Our first aim for this section is to obtain such metrics which satisfy the (gradient)
Ricci soliton equation

Ric(g) + V¢ +Ag=0 ) €R, (2.2)

for a smooth radial potential function ¢ : M — R, and which are singular as z — 07. In
particular we wish to construct a soliton metric which will extend continuously to x =0
with ¥(x) — 0, as z — 0, but will not close smoothly there.

Following known work on the complete case, an approach originally initiated in (un-
published) work of R. Bryant (see Appendix [A| and [6]), we construct the following
singular solutions of the equation ([2.2]).

Proposition 2.1 (Existence of singular Ricci solitons). For all A\ € R,n > 1 there exists
a class of spherically symmetric solutions to the gradient Ricci soliton equation with

profile

N

xT

1
PY(x) ~axvr, a>0 ¢z(z) ~ asx — 0. (2.3)
These solutions are a priori defined for B = § < 400, for some § > 0 small, such that
¥, ¢ have a smooth limit, as v — 6~ < +o0.
In the steady case A = 0, the preceding solutions exist up to B = +oo and their
behavior at infinity reads

crh < (@) < Cot —C(1— %) < pul) < —e(1 — %) 6C>0, o> 1. (24)

Further, the behaviors of the derivatives of the above variables are in each case the
derivatives of the corresponding bounds and asymptotics, e.g.,

- C
wx(x)wixﬁ Yasz— 0" ——5 < bua(®) S—%, z>1
n x x
Proof. See Propositions in Appendix [A] O

Remark 2.1. It is worth noting that for A = 0 in dimension five, (i.e., n = 4) the soliton
metrics and associated diffeomorphisms can in fact be written out explicitly:

1 6

P(z) = avr bz(x) = it z € (0,400), a> 0. (2.5)



Remark 2.2. In view of the asymptotics, we conclude that the above Ricci solitons

metrics are C° extendible at x = 0, but singular in C' norm for all dimensions n+1 > 3.

In particular, one can readily check that the most singular curvature components blow up

like 1/22, as v — 0F.

2.1 The evolving soliton metric g(¢): the action of the diffeomorphisms.
Since the metric g (2.1)) satisfies the gradient Ricci soliton equation (2.2)), it admits a

Ricci flow

drg(t) = —2Ric(g(t)) 9(0) =g, (2.6)

evolving via diffeomorphisms

g(t) = €(t)p; (9)

up to some time 7" > 0, where €(t) :=1+2Xt >0, ¢t € [0,T), and

pi(x,p) = pi(x) po = idn
is the flow generated by the (time dependent) vector field

1

Ve

Thus, by definition of the pullback

g(t) = e(t) [d(pe(x))? + 9> (pe(x)) gsn ] (2.7)

We note that since our manifold (M™!, g) is not complete at = 0, p(z) is not neces-
sarily defined for all time, but nevertheless it exists locally ¢t € (—e,,e;),x > 0. However,
it easily follows from the asymptotics below that for the steady (A = 0) solitons the flow
exists for all ¢ > 0.

Suppressing the sphere coordinates corresponding to different points (z,p), (z,¢q) in
M"™+1 we may consider p; to be a real function in x

pt: (0, B) — (0, +00)

and further we identify the time derivative of p; with the (single) component of V4¢ in
the 0, direction, that is,

0u0r(®) = = (Voj0sDpie) = = bo(01()) (28)
tPt\T) = €(t> 0/0xP)pt(x) — E(t) 2\ Pt(T))- .

According to the asymptotics ([2.3),
1 Vn—1

Orpe(z) ~ — 2.9
tPt( ) E(t) pt(fU) ( )

which after integrating yields the leading behavior
pi(x) ~ 2 +2(v/n — 1), as x,t — 0%, (2.10)



Remark 2.3. From the preceding asymptotics it follows that
pe((0, B)) < (pe(0), +00),

pt(0) > 0,t > 0 non-decreasing, and in particular p; is not surjective. A geometric inter-
pretation of the latter is that the flow p; “pushes” the domain away from the singularity
at x = 0, smoothing out the incomplete metric.

Restricting now on the singular steady solitons, we integrate (2.8)) once more to arrive
at the following estimate at infinity for the flow

x—Ct<pr)<z—ct r>1>t>0. (2.11)

In fact, in the steady case A = 0 we can give a complete description of the evolution
of the singular soliton metrics. Indeed, in this case we derive that there is a critical slice
{@ait} X S™ of the manifold M™*! = (0, 4+00) x S*, which is invariant under p;(-) and
moreover an attractor of the flow:

¢m($) >0, re (nycrit) Qb:v(xcrit) =0 ¢m($) <0, (xcrita +OO) (2‘12)
Whence, for any point = € (0,400), the integral curve p;(z) will ‘reach’ . as time
tends to infinity

i (@) = Tt Jim (0, +00)) = [z, +00).

We remark also that the scalar curvature R achieves its maximum at x..;, which means
that the manifold is deformed in this sense towards higher level sets of scalar curvature.

In order to prove the above picture, it suffices to show that is valid. From the
profiles , we confirm that ¢, has a positive sign close to z = 0 and is negative
near +00. Hence there exists a point ¢y where ¢, (zerit) = 0. It remains to show that
this is the only zero of ¢,. We recall at this point a general identity for solutions to the
gradient Ricci soliton equation (see for instance [6, Proposition 1.15]).

Proposition 2.2. Let (M™,g,V¢) be a gradient Ricci soliton, i.e., a solution of the
equation . Then the following quantities are constant:

(i) R+Agp+mA=0 (tracing)
(it) R+ |Vyo|* +2X¢ = Co,
where R is the scalar curvature of (M™, g).

The fact that the scalar curvature R attains its maximum (Cp) at z¢pi is an immediate
consequence of identity (iz) for A = 0.
Subtracting the two identities of the preceding proposition we obtain

Ayp — |V, 0* — 20 + mA = —Cp.

Whence, in our context for A = 0, the previous equation amounts to

e
’l]Z) x
Claim: Cy > 0. From the asymptotics of ¢, , , we easily deduce that ¢ tends to
—oo at both ends of the manifold x = 0, +00. This implies that ¢ has a global maximum
M, realized at some point Z. By we get Cy > 0. However, the constant Cy cannot
be zero, otherwise we would have ¢ = M (by uniqueness of ODEs), which of course is
not possible. Our claim follows.

Thus, every critical point of ¢ is a strict local maximum. Therefore, ¢ can only have
one critical point, ¢t = T. |

bra + — ¢2 = —Cy, (2.13)



3 The Stability problem

Our main goal in this paper is to prove (local in time) well-posedness of the Ricci
flow for spherically symmetric metrics which start out close enough (in certain spaces we
construct in to the soliton metrics (Propositions we constructed in the previous
section. We recall below in a useful form of the Ricci flow equation for spherically
symmetric metrics and then proceed to introduce a transformation of our system into
new variables (, & . These are designed to capture the closeness of the (putative)
evolving solution under the Ricci flow to the evolution of the background Ricci soliton.
The resulting system involves a second order parabolic equation in & coupled with a
transport equation in ¢, both of them having certain singular coefficients. This forces
us to study well-posedness of the system in certain weighted Sobolev spaces. Our main
result in these variables is stated in Theorem [3.1]

However, this is not the system we derive energy estimates with, because of the fact
that the transport equation in ( contains a second order term in &, which makes it
impossible for such estimates to close. After a further crucial change of variables (,
replacing ¢ with a new variable 7, the resulting PDE in 7, £ for which we derive an
estimate is of similar nature, except now this problem has been eliminated; the equation
of n containing only first derivatives of &.

The singularities in the coefficients of the system are determined fully by the back-
ground evolving soliton metric. The precise asymptotics of these coefficients are essential
to our further pursuits, so we begin by studying those right after writing down the final
system . Next, in we set up formally the function spaces in which we will be
proving our well-posedness result for the system of 7, £ and state the final version of our
main result very precisely in Theorem The proof of Theorem is carried out in
the next section {4

One final convention: We will be considering the stability question for all the singular
Ricci solitons (see Proposition . Since for A # 0 our knowledge is restricted only on
the bounded interval (0, ), we will treat two versions of the resulting PDE problem. One
will concern a bounded domain and the other, for the steady case A = 0, will regard the
whole half-line; i.e., initial domain x € (0, B), B =0 < +00 or B = +00.

3.1 Ricci flow in spherical symmetry

Let g(t), t € [0,T], be a 1-parameter family of smooth spherically symmetric metrics
on M"! = (0,B) x S" (B=J < +00 or B = +c)

§(t) = X(a, t)da® + % (2, 1) gsn, (3.1)
where ¥, are positive smooth functions, and assume it satisfies the Ricci flow equation
dg(t) = —2Ric(g(t)) te[0,T]. (3.2)

We now let §(x,t) be the radial arc-length parameter for the above metric at any given
time t, i.e.,

ds = x(z,t)dz. (3.3)

Expressing ¢ (-, t) relative to the parameter § (and slightly abusing notation), §(t) be-
comes

(t) = ds* + *(5,t) gsn.

10



For this type of warped product metrics the Ricci tensor is given by (e.g., [0l §1.3.2])

Ric(g(t)) = 1/;;8%2 +(n =1 =gz — (n = 1)ih3)gsn.

Plugging into (3.2)) we get

. R
2npy = —2(n — 1 Yihzs — (n — 1)1p2)

Thus, the Ricci flow equation (3.2) reduces to the coupled system

Xt = n%i

”(/Jt _(n_1)1w¢2

€ [0,7]. (3.4)

Observe that the first equation involves the evolution of the radial distance function,
while the second involves the evolution of the radii of the spheres, at a given radial
distance.

Of course, the singular Ricci soliton metrics we studies in the previous section fall in
the same framework. Indeed, returning to we may write

g(t) = ds® + (s, 1), gs» = X*(x, t)da” + > (2, t)gsn, (3.5)
where we have set
= Velt) pulx), s(x,0) = ds = \/e(t) Oppr()da (3.6)
and
= \/e(t) Oupr(2) (@, t) = Ve(t) P(pi(x)). (3.7)

Note that ¢(z,0) = 1(x) corresponds to the component of the metric g (2.1). Arguing
similarly to the case of g(t), it follows that the ({2.6|) is equivalent to

— pYss

3.2 The main stability result: A transformed system for the Ricci flow
of the perturbed metric

The goal is to construct a spherically symmetric Ricci flow , ) for the ap-
propriate spherically symmetric perturbed metric g := g(0). We now take a first step
towards transforming our system of equations by introducing new variables. Let

X v
(G

8 ~ 1. (3.9)

The above formulas are defined for all x € (0, B),t € [0,T]. In particular, these variables
measure (in a refined way) the difference between the unknown functions x, ¥ and the
background variables x, 1. Note in addition that requiring £ = 0 at the endpoint x =
0,t = 0 forces zﬁ to have the same leading order asymptotics at x = 0 as the background
component .
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We next wish to convert (3.4) into a system of equations for (., expressing the
evolution equations in terms of ¢ and the arc-length parameter s of the background
evolving Ricci soliton. We are then forced to deal with the discrepancy between 3, s. We
calculate:

5 @1, _xl, EOED 1
X X X Or (+1°7°

5. — 1 1 G

0505 = 1 (C+1 5) = (C+1)25s<93 (<+1)3as,
and hence we write

- 1

(I :ﬁ(d}(g + 1))3

- Co

¢§§_(C+1)2 (v(€+ ))ss_m(@b(@rl))s-

Taking time derivatives in (3.9) and combining (3.4)), (3.8]), we derive the following cou-
pled system in the new variables (, &.

e 1 v & TR
G=n T e ey T ey Y G 1P
Gty

(ST

77/153 1/15 f"f' n—1
& = (¢ +(n 1)¢2)[(C+ e —5—1]+W(§+1—§+71) (3.10)

2
Lopte S & gy & Us GE+D G

o (C+1)? 0 ((+1)? C+1)2(e+1) v (C+1)P®  (C+1)3

Notice that the coefficients of the preceding system are expressed in terms of the compo-
nents (metric, curvature etc.) of the background soliton, which are of course singular at
x =t = 0. We will elaborate more on the nature of the singularities in the next subsec-
tion. We simply mention that this is basically the reason that forces us to study
in non-standard modified spaces. The following version of our main theorem regards the
local existence of the system in the variables (, & .

Theorem 3.1. There exist constants a, 0 > 0 appropriately large, such that the system
is locally well-posed in the (time-dependent) weighted Sobolev space

E t = S d d < ’ 311
W /x:o (s2 +ot)> + (s2 + ot)o-1 s+ /x:5 u” 4 uids < +00 (3.11)

(B =0 < +00,\ #0 or B = +00,\ = 0) assuming E(0) sufficiently small and the
Dirichlet boundary condition

&(x,t) =0, {x=0,B} x[0,T] (3.12)

We remark that the smallness assumption on E(0) is required to control the smallness
in L* of n,& which appear in the denominators in by E(t). It could possibly
be removed if the initial data lied in a suitably weighted H? space, combined with an
assumption of smallness in L*> of n, .
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3.3 A crucial change of variables: The features of the resulting PDE

€ss : :
Unfortunately, due to the term N (ern 0 the first equation of (3.10)) we cannot

derive energy estimates in L? for ¢,¢. We remedy this problem by replacing the variable
¢ with

_C+1)?
n = €102 1. (3.13)
The new system of 7, & reads
_ ¢§ 1 ¢s gs 1- (5 + 1)_2 552
w= 20l 12 it e )
_ -2 2
—2n(n — 1)1(2—;1)77 + 2n(n — 1)17‘;77
_ 1/155 ¢§ 1 n—1 1
& . Eus B %
Y m+DE+D) - (n+DE+D)> (n+1)(E+ 1)
1 1)s s 1 Nss

29 (n+D2AE+ DT 2(nF 12+ )2

It is important that we know the exact leading asymptotics of the coeflicients in

(3.14), as z,t — 0. Recall the formulas (3.6]), (3.7)

s(z,t) = e(t)pe() Y(s,t) = \/e(t) o ¢f<7>’

and the profile of the background singular soliton at the two ends x = 0, B (Proposition
to deduce the following estimates:

¥s o1 v 1 Pos o 1
P-0() =0 =0z wre@BLtelT]  (319)
and separately for
1 1 1 1
(G v (0 s
for small T" > 0. Using the above we also derive
Vs 1 3 1
(0 =005)  aH=0)  reOBLtelT. (317

Also, directly from the asymptotics of the flow p?(z) (2.10),(2.11) the arc-length
parameter s of the background soliton shows to behave like

s3(x,t) := e(t)pi(x) ~ 2%+ 2(v/n — 1)t as z,t — 0 (3.18)
and
r—Ct<s<uz—ct x>1, B=+o00, t €[0,T] (3.19)
with an evolution estimated employing :

A 1
8ts:@s+0(g),x<<1 —C<s<—c,z>1, B=+o00 te[0,T] (3.20)

13



Remark 3.1. Evidently from the above asymptotics, the best L° estimate that one could
hope for the ratio 1/s? is of the form

! % (3.21)

HS*QHLOO(I) <

which of course fails to be integrable in [0,T], T > 0. Note that 1/s? is the leading behav-
ior, suggested from the above estimates, of the most singular coefficients of the potential
terms in . This is precisely the reason why the standard Gronwall argument would
fail to yield an energy estimate in the usual H* spaces for the system in question.

It will be useful furtherdown to write the less singular coefficients in (3.14)), namely,
1
% as

1 A(s,t) Alsit), L s A(sit) 1
02 P Os( . ) = 2¢2 v . O(s)’ (3.22)
where setting
A(t) == [|A(s, )| oo s), /Ot A*(r)dr = o(Vt), ast— 0T (3.23)

As stated in Theorem the spaces we will be dealing with involve the coordinate
vector field d; and the volume form ds of the background soliton metric. The first issue
we stress here is the fact that the vector fields s, 0; (the latter is defined so that 0,z = 0)
do not commute. In fact, we find the commutator to be singular:

0a9d 0 1 0 o
Bs ot (W%) (by definition of s ([3.6]))
A 101 a@me)o, 1 08
e(t) Dapr(z) 0x \Je(t) (Dupr(2))? 0z \/e(t) Dppy(x) Ot O
A0 0u0ipe(x ) 8 1 0 0
T et)0s  Oupr(w F&;pt Oz Ot
. [7¢x(t( No oo o
= D5 3)xpt(33) 35 + 55 5 (plugging in (2.8))
At Paa(s) 0 00

e(t) 0Os + ds Ot

Consulting the asymptotics of the second derivative potential function (deduced from
Proposition [2.1)) we conclude that

0.0, = O(—

g2

)Os xz € (0,B), t€[0,T]. (3.24)
We must also calculate the evolution of the volume form ds. The derivation is similar:

A
atdS = 8t € 896 (T dﬂf :1: + dSC at ' Pt
(Ve(t) Dupr(z) =7 pi(@)dz + /€(t) 0:0.pi

= 2 ds D0 2 (py (o)) dar = 2 P8

which as above gives

Ods — 0(;12)ds. (3.25)
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3.4 The weighted Sobolev spaces and the final version of the main
theorem

As explained the singularities in the coefficients of the system (3.14]), along with
the asymptotic behaviors we have derived force us to study well-posedness in weighted
Sobolev spaces. The weights will be adapted to the singularity at z = 0,¢t = 0.

Definition 3.1. Let o > 0 (to be determined later). We define the weight
s2+ot, (z,t)€(0,0) x[0,T], \€R
Clx,t) =< o(s,t), (x,t)€[6,6+1)x[0,T], A\=0, B=+oo (3.26)
1, (x,t) € [0+ 1,+00) x [0,T7, ”
where (-, t) is a cut off function interpolating between €%(8,t) and 1, for each t € [0,T).

When we derive the main energy estimates in the next section we will need the
following key properties of the weight ¢. First, we estimate immediately by Definition
and (3.20) how ¢ changes along the directions 0Os, 0;:

O(1 o
0s¢ = O(1) Ol = [2) + ?]1(075) + 0(1)1[573). (3.27)

Also, from the asymptotics of s? (3.18)),(3.19]) we obtain the following comparison estimate
of the functions s, £.

2 14 2t 14+ —Y—0, 2€(0,0)
0<c<— = s < V177 ’ >1. (3.28
‘= { S e T €[5,400), B=+00 (3.28)

Now we may proceed to the formal definition of the modified H* spaces.

Definition 3.2. For any given t € [0,T] and o > 1, we define the weighted space
u? (0Fu)?

=B
Hglt]:  we H*((0,B)), ||U||§{g[t} = / 2o Tt 52081—214
=0

ds < 4+o00. (3.29)
In the case k = 0, we denote HO[t] by L2[t]. When it is clear, we will suppress t in the
notation.

In this spirit, we define the energy
E(u,v;T) = HUH%'((),T;H(D + HUH%Z(O,T;HéH) + HUH%*((),T;Hé) + ||U||%2(07T;H§+1) (3.30)
and for brevity let

&o = llmollz, + l1gollZ, (3.31)

where 79 := n(z,0), & := &(x,0). We can formulate now a more precise version of our
main result regarding the system (3.14)).

Theorem 3.2. There exist « > 0,0 := o(a) > 0 sufficiently large such that if & is
sufficiently small, then the system , subject to

&(x,t) =0 {r =0,B} x (0,77, (3.32)
admits a unique solution up to some time T := T(&Ey, a,0) > 0 in the spaces
neC0,T; HY)NL*0,T; Hyyy) €€ C(0,T; Hy) N L*(0,T; Hayy)  (3.33)
m € C(0,T3 Lg_5) N L*(0,T; Hyy) & € L*(0,T; L)

with initial data ng, &p.-
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We remark here the fact that once we have such a solution to (3.14)), then we straight-
forwardly derive that this solution (7, &) corresponds to a solution of (3.4)), which in fact
will be smooth over M+ x (0, T, given the parabolicity of the Ricci flow.

4 The Contraction Mapping

We will prove Theorem via an iteration scheme, which is essentially a contraction
mapping argument. We note that throughout the subsequent estimates we will use the
symbol C' to denote a positive constant depending only on n. Further, the endpoints of
any integration in the spatial variable, unless otherwise indicated, will be the two ends
xz=0,B.

4.1 The iteration scheme and the contraction mapping

In order to derive energy estimates, it is very important how we define the Picard
iteration for the system . We choose to keep in the unknowns at each step the linear
lower order terms in the RHSs which are associated to the most singular coefficients in
the system. We construct a sequence {nm, fm}:nozo in the spaces

" € C(0,T; L) N L*(0,T; Hy_y) &' e L*(0,T; Lgy),

satisfying h
et SRR B
+n- 1)A(Z’ t)gmgz 1 i " ”ﬁ (™ + 1;;; N O 1)%; +1)m
[ L4, ny ! L Tabs”

(™ +)(E™ + 124 2 (P + 1AM +1)2h 2 (7 1)2Em + 1)
where we set 7 = £9 = 0 and initially
pmt =19 gm+l =& m=0,1,... (4.3)
t=0 t=0
Further, €™+ is required to verify the Dirichlet boundary condition
g (2,t) =0 {x =0,B} x[0,T]. (4.4)

Under the assumptions of Theorem we show inductively that for sufficiently small
T > 0 (uniform in m), the sequence also satisfies the energy estimate

Em™, ™ T) <28 m=0,1,... (4.5)

We prove this in Section
The main task that we undertake here is to prove Theorem by showing that the
sequence (™, &™) en is actually Cauchy in the energy spaces we have introduced.
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Proposition 4.1. Let
dp ™t =gt g gt = g e m=0,1,..., (4.6)

where ™, &M are the functions constructed above. Then under the assumptions in The-
orem[3.9 on a,0,&, T the following contraction estimate holds:

1
E(dn™* 1, g™ T) < SE(dy™, dE™T) m=1,2,..., (4.7)

The previous proposition readily implies Theorem the iterates (n™, &™) converge
to a solution of the system (3.14)) satisfying the assertions of the theorem.

Proof. Tt is carried out in O

Some standard pointwise estimates adapted to our weighted norms are needed to
proceed.

Lemma 4.1. Given functions n™, ™, m € N, in the spaces , the following pointwise
bounds are valid:

nm m
Hg—kuioo(m) < Ck+1)& Hg—kuioo(x) < C(k+1)&, (4.8)

€5
H HLOC(x = \/570(\\ =11l +kH HL /H [Foedr < Ok +1)VTE, (4.9)

forallk=0,...a—1, a>1,t€[0,T]. If in addition & is small enough, the following
estimates also hold:

sup (In™[+1€™]) < inf (€™ +1)7" >

4.10
x€(0,B) 2 z€(0,B) ( )

l\.'>\>i

We note that (4.10) is the first main reason we consider small &, which in particular
guarantees the parabolicity of the second equation of (4.2]).

Proof. We treat the estimate of |%:| The rest follow easily from the same argument. By
the fundamental theorem of calculus we have

€ ((s(@.0.0)" €m0, 0" @@ | 0 e e e
(2 I T oy O\ F T e )
e " e
< 2ol g e + Okl S lze) < O+ 18 (s = 0(1) (:27))

In the case of |7 |, instead of 2 = 0, we choose a reference point x € [0, +oc] realizing its
infimum, Wthh is controlled by the L2 norm and argue similarly as before. The estimate
- follows from (4.8) for £ = 0, provided the initial weighted energy is small enough.

As for , the second part obviously follows from the first by integrating in time
and applying C-S, along with the energy estimate . An easy derivation of the first

part is obtained by noticing that there exists a reference point zg := xo(t) for which
&M(xg,t) = 0. Indeed, this is implied by the vanishing of {™(x,t) at the endpoints
x=0,B (4.4). The above argument applies directly. O
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To write our system for dn™+1, d€™*! concisely, we introduce generic notation
B,D
to denote rational functions in ™, ™, m =0, 1,.. ., satisfying the following conditions:

e The denomerators of B, D have non-zero constant terms.

e The constant term in the numerator of B is non-zero, whereas the one in the
numerator of D vanishes.

The next lemma is an immediate consequence of the pointwise estimates (4.8) and the

energy estimate (|4.5]).

Lemma 4.2. If B, D are functions as above and &y is sufficiently small, then the follow-
ing estimates hold:

D
HB(Sat)HLm(ac) <C ||Tg||%oo z < Cg(), (411)
Y] (z)
where k =0,...,a—1 and
B,
oo 72 + 5 1HL2 < C&, (4.12)
L 14

for 0 <t < T and C a positive constant depending on the coefficients of the rational
functions B, D.

Consider now the two systems (4.2)) corresponding to the steps m + 1 and m. We
derive a new system for dn™*!, dé™*1 (4.6) by subtracting these two systems. Doing so,
it is straightforward to check that we arrive at the following system:

2 2
d,’?ZVH*l — Z;Bd£m+1 + %Bdgm—‘rl + 2n( )Z;d m+1 + dF{ﬂ
dept = (L2 Vs By 4 Bdgm) 4 Y2 pagn+t 4 ¥ Bdn"t' (4.13
& (¢+( )wg)(n +£)+,¢§ o (4.13)
dfm'H "
e T
where
dFy" : Zg Ddg™ + AB(dém +dn™) + %Bffdfm + BAET(ET + <07 (4.14)
+E g™ B
and
dFy" .= (1/11;3 +(n— )Z;)(Ddgm + Ddn™) + éBd{m + Z/];Bgs (dn™ + d&™)
+ERBdn™ 4+ d€™) + BT (€ + €0 + €8T P B(dn™ + dE™) (4.15)

B ™) + B + ) + N B 4 de™)
We note that the terms dé™ (€™ +¢™ 1) and €7 B(dn™+dE™) are of the most problematic
and an additional reason we need to consider small initial energy &y in order to close the
contraction mapping argument in H}.

Similarly to Lemma we have the following L* estimates for the differences.
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Lemma 4.3. For every m € N and t € [0,T] the following estimates hold:

dgm dn™

HE—kH%w(s) < C(k+1)Hd§mH?qé+l HETH%oo(s) < C’(k+1)Hd77mH§I%+l (4.16)
and
dgy" dgy" d&gs dgy’
1= [ SCHga_l”L?(”ga pllze + k= ~I2), (4.17)

4.2 Proof of Proposition [4.1; the contraction estimate (4.7)

In this subsection we show that the desired contraction estimate (4.7)) follows from the
next proposition, whose proof in turn we divide in three parts occupying the subsequent

subsections 4.4

Proposition 4.2. The following estimates are valid in the time interval [0,T]. First,
for dn™*1 dem™+ in L2 we have

1 m412 m412 Lodnmt! 2 dgmtt o
5 ™ iz + 14" 7z ) + a0 ; (||WHL2(0,5)+||W||L2(o,5))d7
t
<C [ (02 ) (™ [y + 0™ g ) (4.18)

co o) [0 e, e e
0 pa+1 11L2(0,0) go+1 1122(0,6)

+ C[E*T + (S + 1)oVT + VTES + &) E(dn™, de™; T)

and second for the first derivatives dn™*, d¢mt in L2,
(105 .+ 12 )
dng™* dé m
+aa/0 1 0+ 1 2 ) + & /Hdé R, e

t
<C [ (e + 167 e +0) (A B+ 1S+ 3 )

N

t 1
588 m m
e / (725l + 132l 22) A€l o Hdns M dr (4.19)
d777n+1 5
L C? +o) / (1 30y + 15— s dr

! m+172 m+1)2 2 ! dnm“ 2 dgm! 2
+C ; (lldn 72 + Ild€ HLg)dT"‘CU ; (”WHH(O,(S)+\|W|’L2(o,5))d7’

+ C[E90®T + (&0 + 1)oVT + EINT + &) E(dn™, dE™; T)

It is precisely at this point that the significance of the weights we introduced becomes
apparent. We wish to close the above energy estimates by applying the standard Gronwall
lemma. Unfortunately, this is not possible due to the terms in the RHSs of the estimates
in the preceding proposition having larger exponents in the weights (by one) than the
ones in the norms differentiated in the LHS, e.g., line three in . We call these terms
‘critical’. Estimating the extra weight of the critical terms in L% (z) would not close
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either, as noted in Remark We have to keep it in the norms. Thus, the only way
to close the estimates is by absorbing these terms into the corresponding critical terms
in the LHSs which work in our favor, e.g., line one. That is where the role of the
parameters o, ¢ comes into play:

Clearly, we may choose these parameters appropriately large such that the critical
terms in the estimate , line three, are absorbed in the LHS. However, we notice that
the critical terms in the estimate , lines five and six, cannot be directly absorbed
by the corresponding ones in the estimates , , lines one and two respectively,
since C(a? + %) dominates ao (C is large in our setting); see coefficients a2, 02 in the
RHSs of line three and line six respectively. In order, to bypass this issue it
is crucial that we can close the estimates of dn™t1, d¢™+! before moving on to estimate
their derivatives. Since we are able to do that, we can then absorb the critical term in
, line five, by choosing ac > C(a? + o) and use afterwards the already derived
estimate of the zeroth order terms to estimate the critical terms in line six, instead
of absorbing them anywhere. This way we can close the estimates for the first order
terms dn"*1, d¢T ! in L2 and obtain the desired contraction estimate (4.7) for small
T,&.

We will use below in the proof the following simple modified version of Gronwall’s
inequality.

Lemma 4.4. Let f : [a,b] — R be a continuous function which satisfies:

t
P05+ [V e o

where fo € R and U nonnegative continuous in [a,b]. Then the estimate

01 315l + [ Wi, te o

holds.

Proposition implies the contraction (4.7)): Choosing «,c appropriately large
such that

ac > C(a?+0) +1,

the critical terms on the RHS of (4.18)), line three, are be absorbed in the LHS. Hence, we
may employ the standard (integral form of) Gronwall’s inequality, applying the estimate
(4.9)), to close the estimate of the zeroth order terms dn™+!, d¢m+1:

Lo Lo T dnm+1 m +1
sup (™ [ + ™) + /O (1 gy + 15 a0 (4:20)

< Cexp{C(a*T + ENVT)}[E0o T + (&9 + 1)aﬁ + VTEL + &) E(dn™, dE™; T)
We proceed to the estimate of the first derivatives (4.19)). For the same choice of «, o
as above (uniform C'), we absorb the critical terms in the RHS, line five involving the

first order terms dn" mtl ,d¢mTL Also, utilizing the preceding estimate we estimate
the zeroth order terms on the RHS of (4.19] -, line six; including the crltlcal terms with a
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bad sign coefficient of magnitude 2. Thus, we have
(Hdnm“lle 1A )
d77 dgm +1 -
R e A o P

t
<C /0 (I3 + 1€ M3 + @) (22 g + N30 ()

t 1
§4s g5 m m
R R P L e (1.21)
+ O (a2eC@THNT) 1) (60T + (€9 + 1)oVT + EIVT + & E(dn™, dE™; T)
Employing Lemma [£.4] for
P20 = a2, + e
ffz = the last term in (4.21))
570

1
U= O o0 + 168 IEoe + @) (ldnd 72 g+ 1dETTHIZ2 - ()2

1
§ss 55

+ (2l + 1557 ) 15 2

we obtain
1 1 T
sup (o 2, )+ 1R, o) < [ wnar (1.22)
t€[0,7] 0

+ 0(0260(a2T+50\/T) + 1) [5002T—|— (50 + 1)0\/>+5 \/>+EO] (dnm,dgm;T).

Finally, applying C-S and (4.5)),(4.17)) we estimate

T 1
/ Vdr < C(aT + &VT) sup ([ldn 72 1+ 1482 )2 (4.23)
0 t€[0,T a-1lt a-l

+ C V 80 : g(dnma d{ma T)

Hence, for T' > 0 small we absorb the first term in to the LHS of and close
the estimates of dn™+!, d¢m+t.

From the above estimates we deduce the contraction estimate , provided T, &
are sufficiently small. O

4.3 Proof of Proposistion I: Estimates for the non-linear terms

We establish some estimates for the functions dF]",dF3" (4.14),(4.15) that we will
use in proving the estimates in Proposition

Proposition 4.3. For any function u € L*(0,T;L%) and t € [0,T] the following esti-
mates hold:

t
/0 ldE" 7. dr < C<8002T+ (Eo+ DoVT + ﬁg(?)g(an,dgm;T), (4.24)
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/ ldE"(|7:  dr < C<5002T + (o + 1)oVT +VTES + so)g(dnm,dgm; T) (4.25)

ol 9y(dFm) C [t u C [ v
/O/Wd5d7§60/0 ||£a”L2(0,5)dT+5/0 HFHLQdT

9 ! m)|2 m—1)2 1 u 2 d 4.96
+ (Ilfs 2o + 165 2 + )Héa,lllm T (4.26)

_ i "
+C/ IIKQ e + H Ea 1 HLz)Ildﬁs IILwIIWHdeT (0<e<l)
1 C(g()O'ZT + EoVT +e(Eg+ 1) + (& + 1)2ﬁ>5(dnm7 d§™;T)

We remark that the only part that ‘does not belong’ in the above estimates, is the
last summand in (4.25)) from which we do not gain any smallness in 7. This term comes

from estimating 72 B(dn™ + d¢™) in dF3" (4.15) below.

Proof. Recall the leading behavior of the coefficients (3.15)), (3.22). Plugging (4.14) in

the norm below we estimate:

m Y2 DdE™ A B(dE™ 4 dn™) 2
ldF" |72 < H@WH; H;THLQ H*st = 1HL2 (4.27)
d m
B + &2+ e PB |
< C&|| 55:2 ||L2 (using the estimate for the fraction 12)
dn™

+ ORI + |- 13) + Ol el oy 3

-1
Ol 17 + llg™ HLOO)HEQ 172 + ClIE 2o ™ 17 e 155 1172

Employing the comparison estimate ¢2/s?> < Co (3.28)) for the first three terms in the
RHS of the second inequality above and the L estimate of d¢™ (4.16)) for the last term
we obtain

IdF"[72 < C(&00® + A2 ()0 + [IE [0 + 1€ 1T + 1€8 12 (4.28)
+ 1168 e €0) (Ild€™ 17y + lldn™II72)

After integrating in time and applying (3.23)),(4.9)) we arrive at (4.24)).
Similarly, for the case of dF3" plugging in (4.15)) we derive:

ldF5" |72 (4.29)
Pss Y5\ D(dE™ +dn™) A p g™ Vs pemdn™ +dg™
<G5+ —1)ﬁ)T”L2+\\ = 1HL2+HEB£S [
m pdn™ +d&" d&s" (om | em— m-1j2 ™ 4 d€™
B[l + B + &0 Hmﬂ“ﬁs Bl
(5 e dn™ + dg™ m dng’ dﬁ m—1¢m—1 0" + d€™
+15 BTHHJFHB(@ a1 T P A R
d
< CEO(H Qja QHLQ + H an 2”L2) (applying " for % and B)
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dem - ™ dem
+ CAX ()| == o1 17> + Cll¢: ||L°° (Hwnm + ”WH%Q)
+ C(lldn™ |7 + Id€ ”Loo)| ez + NE H%w)”ﬁ”%z

m—1

+ ClIE I Zee (ldn™ 17 + Hdﬁmilioo)H /o

1 HL2

my2 dng" | o
el I3

dn'™ dg™ i
+ (== + H—H%oo)!

-1
+ Clldgs? IILooH — HL2+C||€ IILoo(HdnmllLoo+||d€mHLoo)|| Iz

We employ once more the comparison estimate (3.28)), the energy estimate of the iterates
(4.5) and the L estimates for dn™,d¢™, d€" to get
laEg 2 (4.30)
< C (&0 + A2(t)a + [|€ [0 + o) (1dE™ 71 + lldn™ (1772

+ O (llEM T + €8 T + 1€ 1 Zoe E0) (€™ s + Ndn™ 371

535 m m &g | 1 dEss
Pl72 (g™ (7 + ldn ||H1)+50||€a_1HL2H£a_1IIL2

+CH

Integrating from 0 < 7 < ¢, applying C-S to the last term above and utilizing we
achieve the estimate E|

We proceed to the relevant estimates of 0s(dF}"). This time, to be comprehensive,
we plug in each term in the RHS of at the time and estimate it separately. Recall
again the singular orders of the coeflicients , and the ones of their spatial
derivatives . ). Applying C-S to each arising term we have:

/620‘ 5 [ Ddfm] ds (4.31)
m Y5 gem o Y5 paem
620‘ 5 { )Ddf wg —= Dgd€™ + WDdgs
agm
< H 504 1 HL2 + C&)H s2fa— 2i|L2
(by C-S and the pointwise estimate of D (4.11)), k = 1)
)2 dem
g 2 + CIE Bl B + oy I3 + CEole 2
< CJ||€—QHL2 005 CHWH%Q 5+oo) (recall def. (3.26)); estimate ¢2/s% (3.28)))
+ C&o QH \|L2 (by ([@12) for Dy and d€™-L> estimate (4.16)))

Similarly, utilizing the estimates on B (4.11)), (4.12)) we obtain
/£2a 5 [ B(dg™ +dn™) | ds (4.32)

A A A
- [ 7 [8 (S)BE™ + dn™) + £ B,(d€™ + dn™) + S B + dil") | ds

u
_||W||%2+CA2(75)(H Ea B+ o T2,

5The second last term in the RHS of (4.30) is the first problematic term that forces us to assume
further smallness of the initial energy &o.
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u m m BS
Hism_1 172 + CA*(t) (|dE™ || Z + ||dn H%oo)!!fa_l 172
gy dn"
\\Ta_l 172 + CA?(t)(H -|172 + Hm_1 172)

u m m
< CUH@”%%O,J) + CHWHLQ((S,—H)Q) + CA%(t)(Eo + o + 1) (dE™ 17 + lldn™ 1)

and
/ M%as %ng%dgm] ds (4.33)
= /525_2[3 (%)Bsé"df’” pr Bs&rdg™ + %Bsssd§m+ lijfs dem
< s s + O el o I3 + CIET e ™ el o 1
e + ell g™ el 2+ e 1\|L2+cusm|rm||j§§nluiz
< gauﬁup(qw i a5 oy + OOl e N B2 (using @)

588 m m m
+ (ell 22 pl72 + C&lIEM 1T + CllEN 7o) €™ 3

The last term to be estimated is a bit more involved. We follow the same plan employing

the estimates on B (4.11]), (4.12) and the L estimates of d¢™,d¢ (4.16), (4.17)).
u m(em m—1 m—1(2 jem
[ 0 | Bagrer + ) 10 P as (1.31)
U m m m— m m m— m m m—
= [ s Bz + e+ mager )+ mag e+ en)
I B P B + € P B as
m m— u m BS
C (1 17 + ||€ llliw)llﬁl\%z + | d&; II%oOIIWH%
588 m m—
7 + = (||€ 70 + 1165 1||L°°)||€a 71172

S 1+ 150
anlL £a1L2

+ellza

+ CHWHL?”dﬁ?HLm(H

C
T e g 122 + g™ oo 1 Ea I,

+ &8 1“L°°||ga o172 + Cller 1||L°°||€a 1HL2+CII£’” IHLOOHdgmHLOOHga 71172
< C m (|2 m—12 C dem gss m !
< (€M Nz + 17 lz) I 5 2+ 17 el (a2l + 5= ll2)
m— fss m dfss d&s” d&is
+C[(Eo+ V)IEN 7~ + el 7 o 122] 1™ 5 + & 17 71122 + &l Zzy el =t Ml

We remark here that the control of the term Bd&™ (€™ + £m~1) in the above estimate,
which results to the second term on the RHS of the last inequality, is one of the most
delicate that we have to perfornﬁ; essentially due to the fact that our energies depend

51n fact, if this term in the equation had been slightly more nonlinear, the overall scheme would break
down.
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on just one derivative in 7. This term also forces us to consider small initial energy &
to close the estimates; cf. the last term in the estimate (4.23)).

Combining (4.31))-(4.34) we obtain
) m
/ Mds (4.35)

£2a—2
<gO'II*HQ +*(H§mH2 F1EP o0 + 1) |y 11
> /o L2(0,6) s Lo s Lo po—1 L2(8,+00)
m 1

+Cl 1||L2||d£m||Loo( 1||L +5a=lle2)

m

+r{&ﬁ+«&+o+1maw+amwuw

m m— m m dgg;
+ (&0 + D (IIEM 100 + 16" Z00) | (Il H%@JFHCZU H?{;)er\gai_l!!%z

s d&gs
+ gOH po—1 HL2 ||€a_1 HL2

Thus, integrating on [0, ¢] and employing once more the estimates 13.23: ,({4.9) we conclude
the desired estimate (4.26]). This completes the proof Proposition ]

4.4 Proof of Proposition IT: L2 estimates of dn™*! d¢m™!

We prove ( - Let us commence with the L2 estunates of dn™*1. Taking the time
derivative of the L2 norm of dn™*! and using we derive

1 ma12 dn™dn |d,’7m+1|2 1 [ |dym+p?
iatHdn HLg = / Tds -« Watﬁds + 3 Tatds
dﬁm“dnm“ dnmtt At
= / —ma 45— aoll = 2 00) T Coll oz 1205 (4:36)
m+1 dnerl

n
+CO¢||€T||%2(§,+OO)+C|| 7o 172

As usual, we estimate the last term employing (3.28])

dnerl m+1 m+1
| 7. < Co (i gaﬂ 12 0.0 o 1225, 400) (4.37)
Recall (3.15)), 1) and the pointwise bound of B 1D to derive
dnm+1dnm+1
/ Tutds (plugging in the RHS of (4.13]))
d m—+1
- / Z?a [w? Bdem™t 4 %Bd{m“ +2n(n — 1)Z§d mtL L dF™ | ds (4.38)
dnm-{—l é“m +1 dé—m—i—l C dnm +1
<Nl + O = e + el =15 + 2 e
d77m+1 dnerl
+cn Hm+HmHH§+MHW@A
C dnm—H 9 .
= H gaﬂ HL2(0,5) + ;HTHB(&,%O) (employing (3.28), 0 <& < 1)
é-m +1 é-m +1 gm +1
+ Coll = 12000 + Cl = 205, 400) * €Il 122 + lldF" |72
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We proceed to the case of d€™+! slightly differently. We control the L2 norm of the
term (™ + 1)%d£m+1 instead. Of course, it is evident from that it is the same
thing as estimating d¢™*!. We should note that it is not needed to go through this
procedure if & is small enough, but we wish to provide a more general plan. Similarly
to , keeping in mind the pointwise estimate on n™ , we deduce

1 m PR (77 + 1) £m+1d£m+1 1 gm—&—l
Salm + Didgmie, < s — a0l s (439)
§m+1 §m+1
+ Call——5 ot ”L2(06 + Cal|—— 7o ”L2(5+oo)
§m+1 £m+1
+C| 172 + [l 2ol =757

The second last term is controlled via (3.28]), as in (4.37]). We estimate the last term from
the equation satisfied by 7;", analogous of the first equation in 1’ using the pointwise
estimate on the iterates 1.' and the comparison estimate , replacing the singular

orders of the coefficients (| - with the weights ¥, k: =1,2.
d§m+1
I o % 1 (1.40)
m dﬁm
< C(VE0o + Volle e + A®) Voo + 167 1) = 172
Moving on to the main term, plugging in the RHS of (4.13]), we have
(77 + 1)d€m+ld€m+1
/ —pa L—ds (4.41)

_ (nm + 1)d€m+1 [ 1/155 % m+1 m—+1 ws m—+1
= [P (- ) By 4 B + g

- dé 4+ ¥s =2 Bdn™t + dFm] ds
(nm+1)<€m+1>2" v ’
m+1 dg;n+1 C dfm +1
<ol i+ o D+ el S+ G by @I for B)
5m+1dsm+1 ws Bdg™+ dy+! (1 + 1)dE™ LAY
+ / Po(en 4 —ds + 720 ds + 20 ds
ém—l—l C dfm —+1 d m+1 )
— H £a+1 HL2(05)+;HTH%Z(5,+OO)+5H /o 172 (using (3.28))
dﬁmH 2 m|2
+ 0o T a0s +c||7||L2<5+00 + A2
N §m+1d§m+1 ws Bdfm—l—ldnm—i-ld
g?oc(gm + 1 2n g?a

We treat the last two terms separately integrating by parts. At this point the role of the
Dirichlet boundary condition (4.4) comes into play.

dem gt
/ gQa(gm + 1)2n ds (442)

_ ’d§m+1‘2 / 2n§gnd€m+1d§§n+1 / d€m+1d€m+1
- / €2a(€m + 1)2n ds + gQa(é‘m + 1)2n+1 ds + 2a £2a+1(§m + 1)271 88&18
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1 ml dfml

172 + *IIEmIILooH 72 (see (4.10))
m+1 COé dgm—l—l
e o lle + ez I22 (L. =0(1) B270)
C d§m+1 COéQ d§m+1 COéZ d§m+1 )
< (2 )| ||§§n|’%oo|| 7o 17> + . | ot ||%2(0,5)+?||€THL2
Similarly, by (]3.15[), (4.11), (4.12) we obtain[]
s Bd. m+1d m—+1
/fb&pa”sds (4.43)
B /8 (%)Bdferldnerl ds %Bsd§m+1dnm+l ds %Bdé’glJrldnerl s
s {2 17[) f2a w {2
1/}5 Bd§m+1dnm+1
+ 2« / 7ot ————0,lds
d&m +1 dfm—H Bs
R e o T s+ Ar@rm el = el g 2
dfm ¢ dn ymt dem !

+ el 72+ — il HL2 + || ||L2 +a IIWH%z

C dnm+1 C’ dnm + ,
S e H £a+1 HL2(0 (5) + = c H ga HL2(5,+OO) (employlng " 0 <e< 1)

£m+1
+ (Co + Ce&o + )| —r Jo HL 0.6) (by the L™ estimate (4.16]) of d¢™/¢)
m +1 5 é-m +1
(14‘050)” 172 + Co?| 172

Putting the above estimates (4.36))-(4.43]) all together we conclude that

10 d m—+1(2 m 1 %d m—+1)2 1 H ||d§m+1 ||2
SO (ldn™ 7z + (0™ +1)2d€ ||L2)+ aU(H vort Iz2006) T =i 12(0,6))

gyt

C m m m
< (de+ Oty — )| %2 um+<¥+mm»wnﬂ@+wsﬂ@)<ua

m d§m+1

OZ2 g
+ C(? tot 550)(||Wn%2(0,5) + | ||i2(0,5)) + ||den||%371 + ||dF2m||ii1

Ea—l—l

Choosing € small enough, the first term in the RHS of the preceding estimate has a
negative sign and hence it can be dropped. Integrating on [0,t] and taking into account
the integrated estimates of dF]",dF3" in Proposition we obtain the desired estimate

(4.18) in Proposition

4.5 Proof of Proposition I11: L2 | estimates of dn™*!, d¢m !

In this subsection we prove (4.19]). Recall the bounds on the derivatives of the weight

"The possibility to control this next term using an integration by parts to offload the derivative from
dn™*1 is essential in order to close our estimates for the L2 norms of dé™*t, dn™*!, without recourse to
the higher derivatives.
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¢ (3.27)), the volume form ds (3.25)) and the commutator [0s, 9] (3.24]) to obtain

d775 +1atd77m+l dnm+1 2 dnm+1 2
*atHdT]m—i_lHLi . —/st — (Oé — ].) ’@Oéllatéd + = ’£2042‘atd8
d T Dy dns
< / e e —ds — (o~ 1) TE— oo (4.45)
dny dn"*
Cla—1)| 22 172 + ClI= o= HL2

As usual, from ([3.28)|)

gt
H gpa—1

d77§n+1 2
pa—1 ||L2(5,+OO)’

dns
172 < Co||—2— ||L205)+CH

In order to estimate the first term in the RHS of the inequality (4 we plug in dan
from the first equation of (4.13]) and treat each generated term separately For all three of
the subsequent bounds we apply C-S at each term, using the estimates on the coeflicients

(3.15) and the relevant function B (4.11]), (4.12):

dnerl w I
203 0s [ WBdg ds (4.46)
dnm+1 djs m 1/)8 m 1/}8 m
_/ ey [85(1/]2)Bd§ g S Badg 4 e B
dn;n-i-l gm +1 érm +1 B, m+1
< 5 1||L2 Cllpam 1||L2+0H el s I35 + IS

m+1

77 .
< Co|l—— HL2(05 +CH ga 1 HL2(5+OO)+CJQH i |72(05) (employing (3:28))

m+1 m~+1
5 5 HL2 (06 (by the L* estimate (4.16) on dgmtt)

d
+ =2 (5.400) + Coll =5

d€m+1

+C = ”L2(6,+oo)

Similarly, we obtain

m+1 Q/)
z?a 50s [ JBdgm“]ds (4.47)
d m+1 S S S
- [ o pagrt 4 o, dﬁm“#f/}Bdfm“ ds
dny™*! de ! C dni ™ m B,
< ea ; Hia +Cll— ezt T2 + 2l et e + ellded I ll o= 1172
L ga i I
m+1 m—+1
77 ¢ dng
- || 20,5 + = oy 172(5,400) (by (3.28), 0 <e<1)
€m+1 d gn+1
+ Col = B + OO+ ) | 2

m—+1
+e(1+ CSO)H 5 - 132 (by the L™ estimate on d¢™tt k=0, and C-S)
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and

d m—+1 2
/ ;Qaﬁa [271(71— 1)ngnm+1 ds (4.48)
£2a 5 [Zn(n— 1)0s (¢2)dn 4 on(n — 1)¢2 n™ | ds
dnm—H m-+1
< CH gpa—1 ”L2 + CH 2606 1 HL2
dns dng"™
< Col T gy + O sy + OO [y (b @2D)

m+1
O R

We proceed to the case of d¢™ 1. Similarly to (4.45), using in addition the boundary
condition (4.4)) upon integrating by parts we have

1 m df;n+la dgm-‘rl
o T B = o
gm—i—l £m+1
+Cla = DI S| + OIS 1
§m+1d£m+1 f;n'deerl
d€m+1 d m+1 m+1
= (o= Dol =720, + Cla = D= HL2+CH ga 72

There are two main terms we must estimate here. In both estimates we plug in df;{”+1

from (4.13)), distributing the singularities in the coefficients (3.15)) by applying C-S and
the usual pointwise estimates. We start first with the term

m+1d m+1
(20— 2) / gﬁaiﬁﬁsds (4.50)
dertt Ty P2 (U
=(2a—-2) | =2—0,| (=2 S)(Bdn™ ! 4+ Bde™ ) + = Bdemtt
2a-2) [ e[ 4 0= )Y Bar 4 Bagn ) + U ag
+ | Blde™ ! + quden’;@“ + ngn] ds
d m+ m+1 dgm—&—l m+1
<= Hm+CH%aﬂm+CH2mHm+CleHm
d£m+1 dgm—i— d£m+ m+1
+ell e ||L2+7 | =—|l72 + 7 HL2+CII ga 1172
d§m+1dFm
+(2a—2)/£21£ ds
C o2 C o2 2 1 2
|| HL2 ©0.0) T H ga T HL2(5,+oo)+CU ||W||L2(o,5) (by (3.28))
m+1 d§m+1 dé-erl
+ C|| ||L2(6 +oo) T CU2H EQH ||L2 08 T Cll=7a— ||L2 (6,+00)
m +1 df m+1
+ Co H HL2 (0,8) + Ol Ja—T1 HL2 (8,4-00) +CU” ”L2(06
dns 2 5 d m {. =
+CIIWIIL2(5,+OO)+6H o HL2+ |dF IILa B (ts =0(1) (3.27))
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and analogously for

d m+1d m+1
/%ds (4.51)
d§m+1 1/}55 1/}8 m m ws ™m
[ | - ) Bar 4 pag )+ by
gm-‘rl @Z}s +1
+ + —Bdn"" + dFy" |ds
RRGEEEN b
gt C dgmt C, dert
<ol B+ O T+ G e+ G e,
|d§m+1|2 dgiet! Chdndtt s C
_/£2a_2(n +1)(€m+1)2ndS+EH fO‘ 1 HL2 7” Sga_l HL2+;||dF2 HLi_l
dgm—i—l dgm—i—l C dfm—H
< 2l =05 HL2 + *UQH ot 12200 + 1= 1205, 400) (by (3.28))
C d77 C d’l?m+1 C dgm-‘rl
+*02H EQH HL 05)+;H€TH%2(@+OO)+;U||£T||L2(oa
C  dpmtt C, dnmtt
7” 1 ”L2(6+oo) + ;JH Ea HL2 0(5) + = c H ea 1 HL2 5+OO)
_ ,|| 5 HL2 +— ||dF2mH%2_1 (from the poinwtise estimate (4.10)))
Summary: Combining (4.45)-(4.51) we deduce
18 d m+1 d m—+12 1 dns m 1
SO llan H7s | + 1148 Tz ) + (o= Do (=5~ HL2(05)+H Z2005)
a? d ML) (dFY™)
m m nS
< C(% +eeo) (I B, + g+, )+ [ P2 s (452)
C m+1 €m+1 £m+1
+—(o® + )(H 205 + 15— 72(0,5)) + (45+C€50—*)H o |IZ2

C 2

C " "+ e
+Z(lldn “Iligﬂ\df PZe) + 2

(Higa_i_l 172(0,6) + Higaﬂ HLQ(D,(S))
¢ m||2
+ ;HdFQ ||L§71
Let € > 0 be small such that
1

de + Ce&y < 6
Integrating on [0,t] and invoking the mtegrated estlmates - for u = dnt,
we finally arrive at the estimate in Proposition

5 The Linear step in the iteration

In the beginning of §4.1] we took for granted that at each step m+1, m =0,1,..., the
linear system (4.2)) possessed a solution with prescribed regularity and energy bounds.
We prove these assertions here.

Definition 5.1. For this section, we will let f,g, F1, Fo stand for generic functions in
the spaces

f.g € L=(0,T; H') Fy € L*(0,T; HY), F» e L*(0,T;L?) (5.1)
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satisfying the bounds

1
9 + HfHLgO < HfHLgO +g(z,t) < C ”gSH%OO(QT;L?) <¢g, (5-2)

for appropriate positive constants ¢, C, € small, and

T F
/0 Hfafl |2dt < 400,  i=1,2 (5.3)
u - 0s U u
e ds < Coll s + CLOll g 2 + Ga(t),

for a.e. 0 <t < T and the general function u € L*(0,T;L2), where G1(t),Ga(t) are
positive [0, T|-integrable functions.

Motivated by (4.2), we consider the following linear system:

_ v ¥s b3

m = Wff'i‘?fﬁs*i‘Qn(n—l)ﬁﬁ-l—Fl
2
& = (f;s + (n - 1)i§)f ‘(n+&)+ f;fés + géss + ‘f;fns + B (5.4)
nl =m & =&, §£=0,on{z=0,B} x[0,T]
t=0 t=0

We prove:

Theorem 5.1. There exist o, 0 sufficiently large such that has a unique solution
up to time T' > 0 in the spaces

neL>®0,T;H)NL*0,T;HY ) €€ L°(0,T; HY) N L0, T HE ) (5.5)
e € L0, T; L2 _5) N L*(0,T; Hy_y) & € L*(0,T; L2 _4)

a—1

Further, the solution satisfies the energy estimate
~ T R ) T ~
eneT) <Cleo+ ¥ [ Iilears [ o] = Gcum, (50)

for some positive constant C.

It is easy to see that the linear system is of the type , if the energy
E(M™, €™ T) is small enough. Taking the latter as an induction hypothesis, Theorem
then implies the existence of n™*! ¢m™*! satisfying the same assertions, provided
T,& > 0 are sufficiently small (uniformly in m).

5.1 Plan of the proof of Theorem [5.1

We perform a new iteration for (5.4), first solving the first equation (ODE) for n (using
a previously-soved-for 5) and then plugging 7 into the second (and main) equation of
(5.4) to solve for the new £. Let

£ L=(0,T; Hy) N L*(0,T; H ) (5.7)

8This way we avoid some additional problems having to do with the fact that the level of regularity
of 7 is lower, by one derivative, than the one we have for &.
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be a function satisfying
€11 0,712 + HEH%Q(QT;%H) < CCo(T), (5.8)
with improved bounds for

T e ~ T ¢ ~
£ 2 ¢ &s 2 ¢
| Iaontt < S0m [ adt < GO@: 69)

C is some positive constant to be determined later. We consider the system

2 2
m= TS 1E+ 2 2~ ) o0+ By
- (1/’125 +(n— >$;>f (n+6) + 1/{2£+1f;f§s+g§ss+%fns+Fz (5.10)
n o=m & =< £=0, on{z=0,B} x[0,T]
t=0 t=0

Claim: For suitably large «, o the preceding system has a unique solution

neL>®0,T;H)NL*0,T;HL ) €€ L™(0,T;HY)NL*(0,T; HZ, ;) (5.11)
ne € L0, T; L2 _5) N L*(0,T; Hy_y) &€ L0, T L2_,y),

which satisfies the energy estimates
E(n,&T) < CCy(T) (5.12)

and

T T
£ 2 ¢ & 2 c
| Iarlienndt < 0@ [ It < SO@. (6513)

Observe that if we can prove this, a standard iteration argument (passing to a subse-
quence, weak limits etc.) yields a solution 7, { of the original linear problem in the
same space and satisfying the same estimates as above. This reduces the proof of
Theorem [5.1] to proving our claim above.

5.2 A priori estimates for 7

The function n given by the (ODE) first equation of (5.10) satisfies the following
energy estimates for «, o, C' large, T' > 0 small:

C
||77||%oo(o,T;H(g) + ||77||%00(07T;Hé+1) < TOCO(T) (5.14)

and

T cC T ey cC
| I e < 5o50®) [ 1 g < SoCD. (13
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Sketch of the argument . The relevant derivations are the same (and in fact a lot less
involved) with the ones in the non-linear case §4| (see Proposition . There is a slight
difference in the very last argument before closing the estimates, which we present sepa-
rately here. For example, following §4.4] we derive

1 n

§3t||"7||%3 +O‘0Hﬁ”%2(0,5) (5.16)
<C(U+04)”L||2 + Calln||? +CUHLHQ
< Jo+TI1L2( 05) MLz po+111L2(0,6)

+ C'|| l7e + CH 72+ ” 7o A

Choosing «, ¢ such that

1
500 > Clo+ )

and integrating in time and utilizing (5.8]), (5.9 we have
1, 9 aoc [t 7 9
L W (517)

1 t 1 - T
< slmliy +Ca [ InlBsdr+ €O+ DIECKD) + [ alfadr
@ 0 “ o 0

The part of ([5.14]), (5.15)) involving the zeroth order terms follows from ([5.17)) by Gron-
wall’s inequality. O

5.3 The weak solution ¢: A Galerkin-type argument

Now that we have solved the first equation of ([5.10]) for n and obtained the required
energy estimates, we plug it into the second equation of the system (5.10)) and solve for
¢ via a modified Galerkin method. We initially seek a weak solution

£ € L>(0,T;L2) N L*0,T; Hy 1 ) 0?6 € L*(0,T; H ) (5.18)

satisfying

T T 2
[ @)= [ (22 =051 04 00) + (S0,
0 0

Y P2 G
55
- (gsgsa U)La - (9537 'Us)Li + 204(9‘537 U?)Lg (5.19)
() 1+ (Pat) § =&
t=0
for all
v € L¥(0,T; Hyap(s)) N L*0,T; Hy1(s)), (5.20)

where by (-, ) ;2 we denote the inner product in L?
V1V2
(v1, Uz)La = / ﬁd‘s' (5.21)
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and by H, 0 the closure of compactly supported functions in H.(0, B); c;—il-l being the
dual of H}! 41,0+ In view of the regularity (5 , ¢ is actually continuous in time and
hence the initial condition in makes sense.

Let {u(z)}32, be an orthonormal basis of L?(0, B), which is also a basis of HJ ((0, B));
consisting of smooth, bounded functions. Then for each ¢ € [0,7] (abusing slightly the
notation of the endpoints of integration)

wi(s,t) := (*ug(s) kE=1,2,... (5.22)

is an orthonormal basis of L2 and a basis of H, é’o. We note that

/ / L s 2 / /Bl OTS(Olt)ds (5.23)

?C/ —dt<cf<+oo
0o Vit

from which it follows that the set
span{di(t)wi(s,t) |t € [0,T], k=1,2...}, (5.24)

dj.(t) smooth, is also dense in L?(0,T; H} at1,0(s)). Similarly to (5.23), by definition (5.22)
and -, we verify the asymptotics

/ e ds = <\1/> / Ot s —O<7) (5.25)

Oswi, Oswry /Otwklka 1
[ s~ o) s = 02,

without assuming of course any uniformity in the RHSs with respect to the indices
ki, ke € {1, 2,.. }

Given v € {1,2,...}, we construct Galerkin approximations of the solution of ([5.19)),
which lie in the span of the first v basis elements:

- iak(t)wk 0 (0) = de (5.26)
solving
(6 )y = (2 4 (= D2)F 0+ €y + (27 w)
_ (stngk‘)Lg — (gﬁg, Oswk)Lg + 2a(g£§,wk%s)La (5.27)
+ (ifns,wk)% + (Fo,we) g
for t € [0,7] and every k =1,...,v
Proposition 5.1 (Galerkin approximations) For each v =1,2,... there exists a unique

function £ of the form (5.20) satisfying (-)
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Proof. Employing (/5.25]) we see that
(Et ) wk = Z a]
and also utilizing (3.15)), (5.2)

wss % ws v - 1
(5 =08 ) g+ (6L ) = L (107
Further, by our assumption on g and it holds
ls
- (gsfsya wk)Lg( - (952', 8swk)Lg + 2« (ggsyv Wk ?)Lg (ls = O(1) (3.27))

=> a(tH)O(1) + > a(HO(—
j=1 Jj=1

Lastly, setting

2
(mw:«ﬁﬂw ﬁgfmwhz(%ﬂbmhfw&wag

<Cll e+ [ s+ Ol + [ |z

we observe that ((5.27)) reduces to a linear first order ODE system of the form

= a(t)O(— +Zak 1) + di(t) k=1,...,v
j=1

having coefficients which are singular at ¢ = 0, but luckily they are all integrable on
[0,T]. This implies local existence and uniqueness of the system and hence of £ at each
step v € {1,2,...}. O

Proposition 5.2 (Energy estimates). For a0, C appropriately large and T > 0 small
the following estimates hold:

C

||fV”Loo(0TL2( n T HfVHLz(OTHlH oS ECO( ) (5.28)
T
1% cC
| It et < & o5Colm) (5.29)
and
T 2 C T
(/ @mw%w)_,mqm>érmm@mﬁ, (5.30)

for everyv =1,2,..., v=">7_; dp(t)wy
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Proof. Multiplying the equation (5.27)) with ag(t) and summing over k = 1,...,v, we
can then follow the argument in to prove ([5.28)),(5.29)). Next, we readily compute
using the equation ([5.27):

v v

n 3 &
(ﬁm ) C(HEQH |2 + H ||L ) |:||2£a_1||L2 + ||WHL2 + ||W||L2

+ a1+ i e+ s

Employing the comparison (3.28) and (5.14)), (5.15)) along with the already derived ([5.28)),

(5.29)) we arrive at (5.30)). O

The estimates in Proposition suffice to pass to a subsequence (applying a diagonal

argument due to (5.30)), yielding in the limit a weak solution & (5.18]),(5.19) verifying
the energy bounds

T
&s 12 C
€~ s + [ 1521t < 15C0(T) (5.31)
and
T
£ ccC
/0 H€a+1HL2(06 dt < ——5Co(T). (5.32)

Uniqueness follows by the linearity of ([5.19)), since the difference of any two weak solutions
satisfies the corresponding estimates with zero initial data and zero inhomogeneous terms.

5.4 Improved regularity and energy estimates for ¢

We now show that £ is in fact a strong solution of @D Let 0 < tg < T be a fixed
positive time. Looking at the second equation of @ for t € [ty,T], we observe that
the coefficients involving ¢ and its derivatives are smooth and bounded, while f,g €
L>(0,T; H') . Moreover, from §5.2] we have n € L°(0,T; H') and by assumption
F; € L?(0,T; L2), 1= 1 2. Hence, by standard theory of parabolic equations the weak
solution ¢ (5.18)) of (5.10)) that we established in § -, 5.3 having “initial data” &(s,tg) € H*
(for a.e. 0 < to < T) attalns interior regularity

¢ € L>(to, T5 Ho) N L*(to, T; H?) & € L*(to, T; L?)
Since to € (0,T) is arbitrary, we can improve the regularity of the preceding solution
§€ L™(0,T;Hyo) N L*(0,T; H ) & e L*0,T; L2 ) (5.33)

by straightforwardly using the second equation in to derive the desired energy
estimates for the higher order terms. Recall that for fixed t > 0, the weight ¢? is bounded
above and below (Definition . Thus, it makes sense to (time) differentiate the L2
of £ and plug in directly the equation to obtain (as in the non-linear case for d¢™+1

{Z):
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L &ss
SN2 +aol S e + 3l lZ (5:34)

< C(a? +0)H@HL2(0,5) +COPH§5H%§_1

n £
+ CU2(HW||%2(0,5) + H@”%%oa )+ CU(H HL2 0,0) T || 217 0.5)

+ Ol + €3 + ImliZa_) +Cllpazs I3

Let a, o large such that %aa > C(a? + o). Invoking , , Q5.14D, (]5.15[), (]5.31[),
upon integrating on [0, 7] we deduce

1 éss
1613 o+ 3o [ 1EIRadr+ ] / 22 Zadr (5.35)

1
< l0sol2 + O / I&l125 pyir + O+ TYECo(T +c/ 12.dr

gal

\]

Employing Gronwall’s inequality, ¢ € [0, T], we finally conclude (7" > 0 small, « large)

T s o CC 5
HfsuLoo(OTL2 1(5))+ ) Hga HL2 T < 10 0( ) ( . )
and
& 1 C
| 1 st < Saum (5.37)

This completes the proof of the claim in the outline of the plan and consequently of
Theorem [5.1] and the realization of the linear step in the iteration of the non-linear PDE

(E2).

A Analysis of the singular Ricci solitons

Generally, for metrics of the form ([2.1)) [6, §1.3.2] the Ricci tensor is given by

Ric(g) = "5 —Edz® + (n— 1= Phee — (0 — 1) (¢2)?)gsn (A1)
and the Hessian of a radial function ¢ by
VV¢ = ¢;mdx2 + PYrdrgsn, <A2)
where "= %. Therefore, equation reduces to a coupled ODE system of the form
Doz + (n = 197 — (n — 1) — Yoy = M.
Following [6, Chapter 1, §5.2], we introduce the transformation
' —1
L X = vaw? y = vV )W, (A.4)
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along with a new independent variable y defined via

For the above set of variables, the ODE system ({A.3|) becomes
W' =W (X2 - \W?)

(_j) X=X X+ X4 5 (yn - X)W? (A.6)
Yy =y - X - aw?)

We readily check (see also [0, §1.5.2]) that the equilibrium points of the above system are

1 1
\/7
and also (:I:\/L7 T 0), when A > 0.

In the present article we are concerned with the trajectories emanating from the
equilibrium point (0,1,0), for all A € R (in our primary analysis). The linearization of
(A.6) at (0,1,0) takes the diagonal form

/

%% 1 0 0 w

X -1 =1 0 2 0 X-1 (A.7)
_ 1

Y 0 01 I Y

Note that for n > 1, all eigenvalues (diagonal entries) are positive, which implies that
(0,1,0) is a source of the system. Whence, if a trajectory of (A.6]) is initially (y = 0)
close to (0,1,0), i.e

|(W(0), X(0) = 1,Y(0))] <&,

for £ > 0 sufficiently small (indicated by the RHS of (A.6))), then standard ODE theory
(e.g., see [9]) yields the estimate

(W(y), X(y) - LY ()] < V3eel y <0, (A.8)

for some 0 < p < 1 — T (least eigenvalue)}’| We will show that these trajectories
correspond to an essential singularity of the original metric (2.1)) at x = 0.

A.1 Asymptotics at z =0

We will be considering solutions of the system (A.6), with (W (0), X (0),Y(0)) suffi-
ciently close to the equilibrium point (0, 1,0) and with Y'(0), W (0) > 0. (The reflection-
symmetric trajectories over {Y = 0} and {WW = 0} are easily seen to correspond to the
same metric, while the trajectories with Y (0) = 0 do not to correspond to Riemannian
metrics.)

We proceed to derive the asymptotic behavior, as y — —oo, of the variables W, X, Y.
Changing back to z, using , we determine the desired asymptotic behavior of the
unknown functions in the original system , as * — 0. The final estimates will
confirm that x = 0 is actually a singular point of the metric g, where in fact the curvature
blows up.

9The latter estimate improves as the initial condltlons approach the equilibrium point (0,1,0); in
other words one can pick p closer to the eigenvalue 1 — —= by taking e sufficiently small.
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Proposition A.1. The above initial conditions for the system furnish trajectories
(W, X,Y), y € (—o0,0], which correspond to solutions (1, ) of the system defined
locally for x € (0,6), 6 > 0, verifying the asymptotics:

—1) - L _1
W=2+0E%),  X=1+0@"), Y= ”(’;)xl V4 0@,
Y= az v +0(z ), a> 0 Yo o L1 o (A.9)
’ CCRRVATE ’ '
\/ﬁ_l -1 wm‘ \/ﬁ_11 —2 \/ﬁ_l -2
¢r: - +O(xu )a ?:_ n ;""O( )a (bzm:_ 2 +O(xu )
Proof. Let X(y) =1+ g(y). Plugging into the equation of W’ in we obtain
W(y) = exp{y—l—/W 2)(2+ g(2))dz — A /W3 )dz},
where according to (| - for y <0,
1 — 21y
|/ W (2)g(2)(2 + g(2))dz| < 3e2(2 + V/32) 2;
and
Y. 3 3l—e
| =X [ W3(2)dz| < || -3V3e —
0
Thus,

W(y) :Cley—}—W(O)ey[exp{/yW(z)g(z)(Q—i—g(z))dz—)\/y W3(2)dz)
—exp{ — / W(z 2+g()dz+)\/ W3 (2 dz}}

where C} = W (0) exp { — f_oo I/V(,z)g(z)(2—i—g(,z))dz+/\f_Oo W3(z)dz} > 0. Using

again, we readily estimate the second term as above
W (y) = Cre¥ + O(e#F1y) y <0.
Similarly, from the equation of Y’ (|A.6)) we obtain

Y(y) = C’ge(l_ﬁ)y + 0(6(2”“_%)‘1/) y <0.

for an appropriate positive (Y (0) > 0) constant Cy. As for X, directly from (A.8) we
have the bound

X=1+9(y) =1+0(e") y <0,

which we can retrieve from the equation of X’ by integrating on (—oo,y) and using ,
along with the previously derived estimates for W,Y.

Recall the transformation to derive asymptotics for the variables in : (y <
—M, M > 0 large)

o= vn(n—-1W _ n(n — 1)(Cre¥ + O(e2r+v)) _ vn(n—1)Cy ooy n O(B(QMJF%)y)
Y C2€(1_ﬁ)y 4 O(e(Qlﬁ‘H—ﬁ)y) 02

% _ X _ 1+ O(e'u'y) _ 1 oY i O(e(“_l)y)
v VW /n(CreY 4+ O(erty))  \/nCy

%_i \F*y (n—1)y 1 _\/ﬁ 1*24 (n—1)y
b = 0 WG +nO (e MY — Crev 1 0@ %) — ¢ + O(e ).
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Also, going back to the second equation of (A.3) and dividing both sides by 1 yields

¢x:p w2 n—1 ¢:L"
= (n—1)% RS
” (n )¢2+ 02 +¢)d>+

:—(n—l)[

-1
eV 4 Ol I)]? ¢ "
[\/n(gl)Cleﬁy I 0(6(2%%)2/)}2

1
VvnCi

1 _ _ n—1 _ _
+ [\/ﬁC’le Y4 O(e=1v)] [\fcle Y4 O(eW=1Y)] 4 A
Vn—le® (u—2)y
= G +O(e ).

Furthermore, the first equation of (A.3|) gives

Yor \ o (e 1)) 4 nOE ) 4 A= (i 1)ﬁ
" &

Having derived asymptotics, as y — —oo, for all the unknown functions appearing in the
problem, we would like to derive corresponding asymptotics in the independent variable x
that we started with. For that we recall (A.5)) and normalize so that z — 0% as y — —oo
to deduce

-2
o + O(elH=2),

Gpz =M

xr = /Wdy = /Cley + 0PI dy = Cre¥ + O(e2HH1Y) (y <0),
Hence, it follows
Cre¥ =z + O(z?11),

for y < —M, M > 0 large. Going back to each of the above estimates, we confirm the
1
_ vn
V=16, T é)cl > 0. O
2

rest of the asymptotics in Proposition |A.1| for a =

Remark A.1. One could also consider the trajectories which emanate from the other

equilibrium (0,—1,0) of (also a source). These can be seen to correspond to solitons
with profile

1 1
vn ¢Z‘(x) = +"p\/ﬁa as r — 0+'

They are in fact defined for all dimensions n+ 1 > 2, and in the steady case (A = 0),
dim n+ 1 =2, can be explicitly written out as:

1 2

P(x) = - ¢z(z) = - x € (0, +00).

Notice that these metrics are also singular at x = 0, but their evolution under the Ricci
flow (through diffeomorphisms) is almost the opposite from the metrics we obtain near
the equilibrium at (0,1,0); see . In particular, they remain singular for all time.
However, these solitons are beyond the scope of this paper.
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A.2 The steady singular solitons; asymptotics at = = +o0

In the steady case, A = 0, we can push the domain of the solutions considered
in Proposition all the way up to +o0o. A very useful tool in the analysis of the
trajectories of (A.6) is the Lyapunov function [0, §1.4.3]

L=X?+Y? (L—1) = X*L—1), (A.10)

which implies that the unit disk is a stable region of the critical point (0,0). Further, it
follows from (A.10) that the equation of W' in (|A.6) is actually redundant, reducing the
system to

Y y(x? - X (A.11)

_ v3 Y2
{X’_X - X+
vn

We remark that the unique trajectory emanating from the equilibrium point (%, v /1= %)

and converging (as y — +00) to the origin (0,0) corresponds to the well-known Bryant
soliton (see [6]).

The source considered in corresponds to the point (1,0). Thus, if we consider
solutions of (|A.6]) with initial point (X (0),Y(0)) satisfying X2(0) +Y2(0) < 1, Y(0) > 0
and lying close enough to (1,0), we easily conclude that the trajectory (X(y),Y (y))
approaches the origin (0,0), as y — +oo (at an exponential rate). Whence it exists for
all y € (—o0,400). In fact, these trajectories emanating from (1,0) translate back to
Ricci soliton metrics of the form (2.1]), which exist (and are smooth) for all z € (0, +00)
and have the leading behavior described in Proposition at x = 0.

One can easily see that the set of all such trajectories fills up the domain in the

unit disc bounded by the Bryant soliton trajectory (Which emanates from (ﬁ, v /1= %))
and the positive X-axis. The asymptotics of these trajectories at +oo are easily seen to
matching those of the one corresponding of the Bryant soliton. This has to do with the
Lyapunov function and the uniform convergence of the trajectories at the origin
(0,0), as y — +oo. Following [6l Chapter 1, §4] we arrive at the next proposition.

Proposition A.2. The soliton metrics corresponding to the (X,Y)-orbits above are com-
plete towards x = 400 and satisfy the asymptotics

cx% <y < C'x% cx_% < Qﬁ < C’x_% —C’x_% < w < —cx_%, (A.12)
for x > M large, retrieving from the asymptotics of the derivatives of ¢

—C < ¢, < —c —Cz72< Gzz < —cz 2. (A.13)
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