REGULARIZING NONLINEAR SCHRODINGER EQUATIONS
THROUGH PARTIAL OFF-AXIS VARIATIONS
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ABSTRACT. We study a class of focusing nonlinear Schrédinger-type equations
derived recently by Dumas, Lannes and Szeftel within the mathematical de-
scription of high intensity laser beams [7]. These equations incorporate the
possibility of a (partial) off-axis variation of the group velocity of such laser
beams through a second order partial differential operator acting in some, but
not necessarily all, spatial directions. We investigate the initial value problem
for such models and obtain global well-posedness in L2-supercritical situations,
even in the case of only partial off-axis dependence. This provides an answer
to an open problem posed in [7].

1. INTRODUCTION

Consider the initial value problem for a general (focusing) nonlinear Schrédinger
equation (NLS) in d > 1 spatial dimensions, i.e.,

{ i0u + Au+ |ul>u=0, t € R, x € RY,

(1.1) u(0,x) = uo(x),

with o > 0, some parameter describing nonlinear effects. The NLS is a canonical
model for (weakly) nonlinear wave propagation in dispersive media, cf. [20]. In
particular, the cubic case (o = 1) is well-studied in the context of nonlinear laser
optics, see [8, 20]. The NLS thereby describes diffractive effects which modify the
propagation of slowly modulated light rays of geometrical optics over large times.
In this context, the variable “t” should not be thought of as time, but rather as the
main spatial direction of propagation of the ray. Solutions to (1.1) admit several
conservation laws. In particular, one finds that

(1.2) lut, Z> = lluollZ-,
which corresponds to the conservation of the (total) power, or intensity of the wave
train.

From a mathematical point of view, it is well-known that (1.1) is L?-subcritical
provided o < %. In this regime, one can use the dispersive properties of the NLS to

obtain global solutions u € C(Ry; L2(R?)), satisfying (1.1) in the sense of Duhamel’s
integral representation, see e.g. [4]. For % <o< ﬁ one usually seeks solutions

u(t,-) € H'(RY), in particular this includes the cubic case in dimensions d = 2 and
3. However such a solution may not exist for all times ¢t € R, due to the possibility
of finite-time blow-up. In this case

i [[Vu(t, )z = +oo
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for some T' < oo, depending on the initial data. A rather complete description of
this phenomenon is available in the L2-critical case o = %. In particular, it is known
that global solutions exist for intensities ||ugllz2 < ||@]|z2, where @ denotes the
(stationary) ground state solution associated to (1.1). Above this threshold finite
time blow-up appears and has been analyzed in a series of works, see [13, 14, 15]
and the references therein.

From the point of view of laser physics, blow-up is usually referred to as optical
collapse. However, it is known from physics experiments that higher order effects,
neglected in the derivation of (1.1), can arrest such a collapse and instead yield
a process called filamentation. The latter corresponds to a complicated interplay
between diffraction, self-focusing, and defocusing mechanisms present at high inten-
sities which allow the beam to propagate beyond the theoretical predicted blow-up
point, see [8].

In their recent mathematical study [7], Dumas, Lannes and Szeftel derive sev-
eral new variants of the NLS from the underlying Maxwell equations of electro-
magnetism, in an effort to incorporate additional physical effects not present in
(1.1). One of the new NLS type models derived in [7] allows for the possibility of
an off-axis variation of the group velocity. It takes into account the fact that self-
focusing pulses usually become asymmetric due to variations of the group velocity
within off-axis rays, a phenomenon referred to as space-time focusing in the optics
literature, cf. [17]. To this end, the simplest mathematical model is given by

(1.3) iP-Oyu + Au 4+ u*u = 0,
where P. = P.(V) is a linear, second order, self-adjoint operator such that
k
(Powyu)re 2 ullfe +€2 ) llwj - Vul|Ze.
j=1

Here, (-,-)p2 denotes the usual L?(R¢) inner product, 0 < & < 1 is a small (di-
mensionless) parameter, and {w]-}?:l € R, with k < d, are some given (linearly
independent) vectors representing the off-axis directions. The case k = d thereby
corresponds to a full off-axis dependence of the group velocity, whereas k < d is
referred to as partial off-axis dependence. In the former case, the authors of [7]
have shown that solutions u(t,-) € H*(R?) to (1.3) exist for all + € R, and hence
no finite-time blow-up occurs. The situation involving only a partial off-axis de-
pendence, however, is much more involved and it is an open problem posed in [7]
to prove global well-posedness in this case.

In this work, we shall do so and thus provide an answer to the problem posed in
[7]. To this end, we consider the following Cauchy problem:

{ iP.0su+ Au+ |ul*u =0, t € R, x € R4,

(1.4) u(0,x) = ug(x),

where ¢ > 0. From now on, we shall split the spatial coordinates into x = (x,y) €
RI=* x R* for k < d, with the understanding that if & = d, we again identify
y = x € R% In addition, we choose without loss of generality w; to be the jth
standard basis vectors in R¥. Explicitly, we then have

k
82
(1.5) P5:1752Ay:1752;a—y2, 0<k<d

With the usual summation convention, the case k = 0 thereby corresponds to the
situation with no off-axis variation, for which we will recover (as we shall see below)
the usual L? well-posedness theory for NLS.
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Mathematically, (1.4) is related to (1.1), in the same way the Benjamin—Bona—
Mahoney equation is related to the celebrated Korteweg—de Vries equation for shal-
low, unidirectional water waves in d = 1, see [2]. The difference, when compared
to our case, is that we are not confined to work in only one spatial dimension,
and therefore can allow for a partial regularization in k& < d directions (a possi-
bility which seems to have not been considered for BBM-type equations in higher
dimensions, see [10]).

When comparing (1.4) to (1.1), one checks that, at least formally, both equations
are Hamiltonian systems which (formally) conserve the same energy functional, i.e.,

1 2 1 20+2
(1.6) B(t) = 5lIVult, )lz: — m”u(t 72 = E(0).
However, instead of the usual L? conservation law (1.2), one finds
(1.7) 1P 2ult, )22 = P2 ?uollZ

in the case of (1.4). Here, and in the following, p?

operator corresponding to the Fourier symbol
(1.8) PM2(n) = (1+y|*)/? for n € RF.

The identity (1.7) corresponds to a conservation law for (the square of) the mixed
L?(R&*; H'(RY))-norm of u, whenever € > 0. In order to understand the influence
of partial off-axis variations, it is therefore natural to set up a well-posedness theory
in this mixed Sobolev-type space.

is the pseudo-differential

With this in mind, we can now state the main results of this work.

Theorem 1.1 (Partial off-axis variation; subcritical case). Let d >k > 0 and
e citherk <2 and 0 <o < ﬁ,
) 0Tk>2and0<a<£.

Then for any ug € L*(RE~%; H'(RE)) there exists a unique global-in-time solution
u € C(Ry; L2(RIF; Hl(R’;))) to (1.4), depending continuously on the initial data
and satisfying the conservation law (1.7) for allt € R.

In the result above, we have to exclude the choice k¥ < 2 and o = ﬁ, which
corresponds to a critical case that needs to be dealt with separately (see below).
Regardless of that, we see that as soon as k > 0, i.e., as soon as some partial off-axis
variation is present, we can allow for L2-supercritical powers o > % and still retain
global-in-time solutions w. In other words, no finite time blow-up appears in the
case of partial off-axis variations, and we can even allow for initial data ug in a
space slightly larger than H!(R9).

We now turn to the case of partial off-axis dispersion with critical nonlinearity,
for which we can prove an analogue of the well-posedness results given in [5]. Note
2

that for k = 0 (no off-axis variation) we recover the usual L2-critical case o = .

Theorem 1.2 (Partial off-axis variation; critical case). Let 0 < k < 2, and 0 =
ﬁ, Then for any ug € LQ(R;{*’C;HI(R’;)) there exist times 0 < Tiax, Tmin < 00
and a unique mazimal solution u € C((—Tmin, Tmax); L*(RE™F; HY(RE))), satisfy-
ing (1.7) for all t € (—Tmin, Tmax)- In addition, we have the following blow-up
alternative: Tiax < 00 if and only if

||UHL2(d;k]:r2) ([O,T,,,ax)xRﬁ_k;H4d*%+2 (R’;)) =00
and analogously for Tyin. Finally, if the Lz(Rg_k;Hl(R’;))-norm of the initial

datum is sufficiently small, then the solution u ezists for all t € R.



4 P. ANTONELLI, J. ARBUNICH, AND C. SPARBER

For completeness, we shall also state a result in the case of full off-axis variation.
Note when k = d, the mixed Sobolev space above simply becomes H'(R%).

Theorem 1.3 (Full off-axis variation). Let k =d and 0 < 0 < ﬁ. Then for
any ug € HY(RY) there exists a unique global-in-time solution u € C(Ry; H'(R?))
o (1.4), depending continuously on the initial data and satisfying the conservation
laws (1.6) and (1.7) for allt € R.

This is a slight generalization of the result given in [7], where only the cubic case
is treated. Note that we can allow for o = ﬁ, i.e., the H'-critical power, in
contrast to the usual theory of NLS without off-axis variation, cf. [12].

In order to prove all of these theorems, we shall employ the following change of

unknown
(1.9) v(t,x) == PYu(t, x),
and rewrite the Cauchy problem (1.4) in the form

(1.10) i0v + P71 Av + PP (P Poo P P) =0, t € R, x € RY,
' 0(0,x) = P 2ug(x) = vo(x).

Instead of (1.7), this new equation conserves
lo(t, )72 = 1P u(t, )22 = |1 P2 ?uollZ2 = llvolZ,

i.e., the usual L2-conservation law. We therefore aim to set-up an L?-based well-
posedness theory for (1.10), written in Duhamel’s form, i.e.

t
o(t) = eitPglAvO +i/ ei(t—s)PglAPE—1/2(|P€—1/2U|2PE—1/20)(S) ds.
0

The advantage of working with v instead of w lies in the fact that it allows us to
exploit the regularizing properties of the operator PE_l/ 2 acting on the nonlinearity.

Roughly speaking, the action of P{l/ % allows us to gain a derivative in y € RF.
However, we also note that the linear semi-group

(1.11) Se(t) = eitFe A

is no longer dispersive in the same way as the usual Schrodinger group Sy(t) = €2,

Indeed, we can only expect “nice” dispersive properties in the spatial directions
x € R where P. does not act, which will play an important role in the derivation
of suitable Strichartz estimates (see below). It has been proved in [3] that in the
case of full off-axis dependence, Se(t) does not admit any Strichartz estimates. Note
that this issue is not simply an artifact of our change of unknown u — v, since S (t)
also describes the dispersive properties of (the linear part of) the original equation
for u, as can be seen by applying P! to the first line of (1.4). This issue has
already been noticed in [7], but the change of unknown u — v, which allows us to
treat the partial off-axis variation, is a novel idea of the present paper.

We also want to mention that the sign of the nonlinearity (which is focusing)
does not play a role in the proofs given below, and hence all of our results also
remain true in the defocusing case.

This paper is organized as follows: In the next section we shall introduce some
notations and definitions. Then in Section 3, we shall study the dispersive properties
of Sc(t) and derive appropriate Strichartz estimates in the case of partial off-axis
dispersion. These will then be used in Section 4 to prove global well-posedness
of (1.10) in the subcritical case. The critical case, and the case of full off-axis
dispersion, will be treated in Section 5.
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2. BASIC NOTATIONS AND DEFINITIONS

As mentioned in the Introduction, we shall denote x = (x,7) € R™F x R¥ with
the understanding that if either £ = 0 (no off-axis variation) or if k = d (full off-axis
variation), the variable y does not appear. We will often use mixed Lebesgue spaces
such as LP(R4~F; L9(RY)), which will be shortly denoted by LELZ. These spaces
are equipped with the following norms:

[fllzzLs == (/R (/R |f(x,y)|qdy>q dx) .

We denote the usual Fourier transform of a function f = f(x,y) as

FNen =T = Gy [ [ Hepe @ dray,

whereas the partial Fourier transform with respect to the y-variable only will be
denoted by

(Fy—nf)(w,m) = flx,n) = W /Rk fz,y)e " dy.

Analogously, we denote the partial Fourier transform in « by F,_.¢.

By recalling the (family of) differential operators P. = 1 — ¢?A,, defined in
(1.5) with 0 < e < 1, we shall introduce the class of mixed Sobolev-type spaces
LP(RYF; H*(RE)) of order s € R, via the following norm

s/2 s rs
1l o= 1P F ] s = 10+ P2 s

Obviously, the Fourier symbol corresponding to Pl1 /% i nothing but the well-known
Japanese bracket () = (14 |n|?)'/2 used in the definition of H*®. Incorporating the
small parameter 0 < ¢ < 1 comes at the expense of some (possibly) e-dependent
constants: Indeed, for s > 0, we have

(2.1) ENfllms <P fllze < 1 f e
as well as
(2.2) I fler-e <P fllge < e [ flm---

From now on, we shall write a < b whenever there exists a universal constant C' > 0,
independent of &, such that a < Cb. In general this constant C' may change from
inequality to inequality.

Furthermore, for any time interval I C R we will also make use of the mixed
space-time spaces L9(I;, LP(RE~*; H*(RF))) briefly denoted by L{LEHS(I), or sim-
ply LgLI;H; , whenever the time interval is clear. These spaces are equipped with
the norm

q
Plszozn; = ( [ IFOILg, )

Associated with these spaces is the following notion of Strichartz admissibility.

Definition 2.1. Let d > k > 0 be given. We say that the pair (g,r) is admissible
if 2<r<o00,2<¢q< o0, and

2= (3-7) =0

where we omit the endpoint case, i.e., (¢,7) # (2, %) ford—k>2

Clearly, if k¥ = 0, this is just the usual admissibility condition for nonendpoint
Strichartz pairs corresponding to the Schrédinger group So(t) = €2 acting on R.
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3. DISPERSIVE PROPERTIES WITH PARTIAL OFF-AXIS VARIATION

. . . . . . itp—1
In this section, we shall derive Strichartz estimates associated to S.(t) = e®F= 4
in the case of partial off-axis variation, i.e. d > k. To this end we first derive a set

of basic dispersion estimates associated to this linear propagator.

3.1. Dispersion estimate for S.(t). Recall the notation 6(r) > 0 introduced in
Definition 2.1. Then we have the following.

Proposition 3.1. Let r € [2,00], and t # 0. Then, for any ¢ > 0, the group of

L2-unitary operators S (t) = eitPs A continuously maps

o de - o d —s(r 1 1
LR HORY) = IR HOORY), for —+ =1,

and it holds that
(3.1) 1871 0 < Mt £ o

Proof. The estimate (3.1) will in itself be a consequence of the following inequality,

which is more directly linked to the explicit form of our propagator S.(t) = %’ S A,

(3-2) 15 (t) 1

-5 5
Lz < |4t @)1 P (T)f”L;/LZ'

_ ()
Indeed, if we replace f by P- 2 f in (3.2) and keep in mind the basic estimates
(2.2) and (2.1), we obtain (3.1) through the string of inequalities

_ () 3(r)
1Se@f Il s < ISe(P 2 Fllgrs < [t OUPE

< |47Tt|_6(r)||f||L;’HS(7‘)7

which also ensures the continuity of S:(¢). We also point out that there are no
e-dependent constants involved in any of these inequalities.

In order to prove (3.2), we first note that by density, it is enough to show this
for f € S(R?), the space of smooth and rapidly decaying functions. Moreover, we
shall argue by duality and rather prove that for f,g € S(R9),

(3.3) |(S(0)f, 9) 2] < [4mt| NP fll o llgl o

In the trivial case r = 2, §(r) = 0, this estimate directly follows by Cauchy—Schwarz
and the fact that S.(¢) is unitary on L%

(3.4) [(Se) f, 9) 2] < 1S:() fllz2llglicz = [ fllz2llgll z2-
Next, we treat the case r = oo, 6(r) = %7 i.e., we want to show that for

f,g € S(RY) it holds that

d—k d—k
(3.5) [(Se(@)f, g 2| < [4mt|™ = |Pe* fllpoczllglloy 2
To this end, we use Plancherel’s identity to write

(s40 )z = (GO0} = [[ I femiEaacan
R~k xRE
:/enil’;'qu( / e T (e, m)G(E ) de ) dn.

Rk Rd—k
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Here, we first compute the inner integral by writing out the partial Fourier trans-
form in £ on g to obtain

/ ¢ ”5‘5'2]“(5 mg(&,n) dé

Rd—k

= STk / TR e, 77)/ g, ) deds

R~k Rd—k

e w6 = Tits
- /g(as,n><(27r)d2k /e T f(&n)d£>dx

Rd—k Rd—k

(3.6)

il2t

— [ T, () @),

where we have used Fubini’s theorem to change the order of integration. We now

recall that for a € R,
d—k
1 _il?e a\ 3z ialz?
]-'E_m(e a )(2)2(2—”) e 4t .

By setting a = 1 + £2|n|?, we can express the integrand in the last line of (3.6) as

Pt (e TR R @) = e (R () < )0

1 2|2\ 4=k i(14+e2(n|2)|o—2|2 ~
(3.7) = (BRI E [ ety ae

4dmit
Rd—k
Now it is clear by (3.6) and (3.7) that
Ly dok
(4mit) = (Sc(t)f. g) 12
9 k % i(14e2n|H)z—22 ~ [
= (1+€2p[2) =" e et ‘“ f(z,m)g(x,n) dzdx dn.
RF x (RA—F)2
This implies the following estimate:
_d—k
(S gl < pamt 7 [ (a2 pP) T F el dn)do
(Ré—F)2 Rk
A Cauchy—Schwarz inequality in 7, followed by Plancherel’s identity, then gives
(S0fg)uel < lame =5 [[ (1P 7l gt g o ds
(Rd— k)2

< [t~ BT f||L1L2HgHL1L2

which is the desired estimate (3.5). 2 f

n (3.5), this yields that the operator

_ _d—k
(3.8) 4nt| T S.(H)P- ¢ LLL2 — LL?  is bounded,
with norm
lamt 5" S. ()P 7 | <

We have thus proved (3.2) in the two endpoint cases r = 2 and r = oo. The
intermediate cases of (3.2) then follow by Stein’s interpolation theorem [18, 19].
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To this end, we consider, for any z € Q := {0 < Rez < 1} C C, the family of

interpolating operators T, given by
F(TLf)(En) = |4mt]“F= (1 + 2|p|?) =T 2e—itAr=" ) P+l e ).

Clearly, for z = 0, this is nothing but the Fourier transform of S, (¢), which we know
to be bounded L? — L? in view of (3.4). For z = 1, we obtain the second endpoint
case given by (3.8). In addition, it is straightforward to check that {T,}.cq is an
admissible family of linear operators satisfying the hypotheses of Theorem V.4.1 in
[19]. The theorem then requires us to bound 7. at the edges of the strip Q:

For p € R, the following estimate for z = 0 + ip uses (3.4) and Plancherel in y,
to give

(Tovints 9) 2] = 1(S-(t) ((|4mt| " P.)

_ He;i(d;k)“ In(|4mt

—i(d—k)n
2

f)ag>L2|
15\ ~
U Fllczezllgllce = 11 £z 2 9l 2 e -

The estimate for z = 1 + iu follows similarly, but now using (3.5), so that

(d—k) , ~ i A=k ~_ld=k)
(Tupind )21 = e 52 (G0 (e~ B3 P 5 ) )
~(d=Fk) _i(d—k) 15y ~_d=k) _ ~
<|P-? e 7 -  In(|4mt| Pp- fHL;LE,HQHL;L%
< Wfllerezllglicy e

Noting that the constants produce no growth in z € C, then the quoted version of
Stein interpolation in [19] implies for 0 < # = 1—2 < 1 and r € [2, o0] the following
estimate

|47t * O P20 fll prz = |1 To fllr ez < IS

which by replacing f by P’ (r) f and dividing the above inequality by |47t|°(") gives
(3.3). Again, we note that there are no e-dependent constants arising from this
interpolation step. Moreover, since the proof of this theorem exploits a density
argument using simple functions, the result directly applies also to the mixed spaces
L}, L? under consideration. O

12
Ly L2

Remark 3.2. Note that, as ¢ — 0, the estimate (3.2) converges to
I1So() |, 1o < |4t~ @G5 7]

which is similar to the usual dispersion estimate for the Schrédinger group in di-
mension d — k € N and again reflects the fact that we don’t obtain dispersion in the
y-coordinates when £ > 0. Deriving estimate (3.1) from (3.2) has the advantage
that we can use standard Sobolev spaces H®, independent of ¢, to measure the
regularity in y (instead of employing the operator P.). The price to pay is that
(3.1) no longer converges to the classical dispersion estimate in the limit &€ — 0
(except in the case r = 2 for which §(r) = 0). But since in this work we are not
concerned with the limit ¢ — 0, we shall ignore this issue in the following and base
our Strichartz estimates on (3.1).

r' 129
Ly Ly

3.2. Strichartz estimates. Exploiting the dispersion estimate (3.1), we shall now
prove space-time Strichartz estimates associated to Sc(¢). These estimates also
follow from abstract arguments as in [1, 9, 11]. For the sake of concreteness and
due to our somewhat unusual function spaces, we shall give their proof in the
nonendpoint case.
2(d—F)

N v )
for d — k > 2, in principle could also be dealt with as in [11], but since we never
make use of it in our analysis, we shall not pursue this issue any further.

Remark 3.3. The case of endpoint Strichartz estimates, i.e., (¢,7) = (2
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Proposition 3.4 (Strichartz estimates). Let S-(t) = €= "2 and (¢, 7), (v, p) be
two arbitrary admissible Strichartz pairs with 0 < §(r),d(p) < 1. Then for any time
interval I, there exist constants C1,Cy > 0, independent of € and I, such that

(39) HSE(')f”LgL;H;‘S(” < Cle”LQ’

as well as

< Co||F|

(3.10) ‘
LiLTH, ™

/Ot Se(-—s)F(s) ds

’ ’ .
Ly're Hg(ﬁ)

Proof. We start by first noticing that (3.9) is equivalent to saying that the map
f = S.(t)f is bounded as an operator L? — LfL;Hy_é(r). Let us define the
operator T : L] L;/HS(T) — L? by

T.F = / S.(—s)F(s)ds
R
and note that its formal adjoint T, is the map f +— S.(¢)f. Next, we shall show
that
T*TLR(t) = / S.(t — $)F(s) ds
R
is bounded as an operator LY L7 Ho") — LILT H, *"). By the generalized Minkowski’s
inequality we have

/R S.(- — 8)F(s) ds

)

/ 15 — $)F(s)|
R

L;H;‘s(” ds

< ’
LiLyH, " Ly

and applying the dispersion estimate (3.1), it follows that
152t — 5)F(s)] < 4 (t = )| OS] oo

L"'H;S("')
Hence recalling that 6(r) = % < 1, we see it is then possible to apply the Hardy—
Littlewood—Sobolev inequality in order to obtain

/ S.(- — $)F(s)ds / (- — ) O F($)] 0 oo dis
R R z Y

< O||F||

< ‘

LiLyH, " Li

Ld L mym-

We thus have proven that the operator T)7T. : Lg'L;,/Hg(T) — LgL;Hy_a(T) is
bounded. A standard functional analysis result for operators on Banach spaces
(see, e.g., [1]) states that

eIl = 17217 = I T2 Tel

L(Ly L M, L2) L(L2:LILr Hy ™) L4 L B L L o oy

This consequently implies that both

T.:LYLHS™ —» L2 and T : L? — LILLH; )
are bounded with norms independent of . In particular, (3.9) is proved. Further-
more, we note that this holds for any nonendpoint admissible pair (g, r).

Now, choose any arbitrary (nonendpoint) admissible pairs (v, p) and (g, ) such

that

T.: L) L2 HYY L2 and T :L? — LILLH, 0.
By combining the estimates for the operators T, T, we then infer that

TIT. : L) LY H)W — LD H 0

is bounded, i.e.,

/}RSE(' —3s)F(s)ds

< C|F
Loy 1l Ly e g
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for any arbitrary (¢, r), (7, p). We can then invoke Theorem 1.2 from the paper [6]
by Christ and Kiselev to conclude the retarded estimate

In summary, this proves the desired result. O

Se(-— 8)F(s)ds

s<t

<C|F]

" rp! 1ré(p) -
LY LY H
L?L;Hy_’s(” t bz Hy

4. THE CAUCHY PROBLEM FOR PARTIAL OFF-AXIS VARIATION IN THE
SUBCRITICAL CASE

In this section we shall give the proof of Theorem 1.1 by proving a global L2-
based well-posedness result for (1.10) with subcritical nonlinearities. In a second
step we shall establish the additional H'-regularity of the solution.

4.1. Well-posedness in terms of v. We rewrite (1.10) using Duhamel’s formu-
lation, i.e.,

t
(4.1) w(t) = Se(t)vo + Z/o Se(t = )P 2 (| P20 P2 P0) (s) ds =: (0)(1).
For the sake of brevity, we shall also write

D (v)(t) = Se(t)vg + N (v)(¢)

and denote
(4.2) N@)(t) =i /0 S.(t — s)P7Y2g(P=Y2u(s)) ds,

where g(z) = |2|?°z with o > 0.
Of course, the basic idea is to prove that v — ®(v) is a contraction mapping in
a suitable Banach space. To this end, the following lemma is key.

Lemma 4.1. Letd — k > 0. Fiz T > 0 and choose the admissible pair

(00 = (=g + ).

(d—k)o’
Then, in the space-time slab R? x [0, T] the inequality
||N(’U) - N<U/) HLngHyffs(P)
_ k)
<e 2(o+1)pl 5 (||v| 2L?L§H;5(P) + ||v’| i?’LQH;‘””) o — U/HL:*L,‘;H;‘W’)’

. 2
holds, provided 0 < o < (=

The case k = 0 is classical and thus we will only give the proof for d > k > 0.

Proof. We first note that for our pair (v,p) to be non-endpoint admissible for
d—k > 2, we require that v > 2, which in turn is equivalent to o < m.
However, this condition will always be fulfilled since

2
d—2)y ~(d-k-2)

As a consequence, we also have that §(p) = (2(?;—?)1(; < 1.

Now, as a first step we apply the Strichartz estimate (3.10) and note that
HN(U) - N(’Ul) HL:’L,‘T’HJ‘S(’))
< CQHPsil/z(g(Psil/zv) - g(Pil/zvl))HL;’/LilHZ@)

o<

)

< e ' Callg(PP0) = g (P20 Ly 1yt st
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where we have also used the scaling (2.2) to obtain the factor e~!. Next, by a
Sobolev embedding we have that H*®(R¥) < L°(RF), where

s=k(lo L Yo Ko €(0§>
\2 20+4+1)) 200+1) "2
In turn, this also implies the dual embedding L* (R¥) < H~*(R¥). Now, if we
impose that

do
2(c +1)’
which is so whenever o < ﬁ, then H—%(R¥) — H~- (-9 (RF). Together
these allow us to estimate

lg(P=%0) = g(P= Y20 | st < (P2 20) = g(P2 20| g
< Coll( P20 + | P20 PP (0 = )| L = (5),

where we have also used that for all z,w € C,
19(2) = g(w)] < Co (|27 + [w]*7) |2 — wl.

Now, recall that p = 2(c + 1) and hence ﬁ =2 4
Holder’s inequality and using (2.2), we obtain

() S (P20l 35 + P20 IZ P2 (0 = o)y

< 67(2"“)(”0”2(17@ + IIU'IIE<175>)IIU — V|| y-a-0

Thus, by first applying

S €_(2‘7+1)(||U| Z—«s(m + ||U/||i;}<s<m)||v - UIHH;&(PM

where the last inequality follows from H %) (R¥) < H~(1~*)(R¥), by the same ar-
guments as before. Employing Holder’s inequality once more in x, we consequently
infer

9P Y/20) = g% |y st
S O (ol29 i + 10135 s 0 =l g5

From here, we compute that

1, -k, 2 1

v 2 Yo
Thus, taking the L norm in ¢ and applying Holder’s inequality yields the result
of the lemma. O

Using Lemma 4.1, we are now able to prove global well-posedness for (1.10) in
the subcritical case. In doing so, we will require a positive exponent

(d—k)o
2

of T in the estimate obtained in Lemma 4.1, i.e., we require o < ﬁ. Since Lemma,

a=1-—

4.1 holds for o < ﬁ, we need to distinguish the cases £ < 2 and k& > 2 in the
following.

One notices immediately that for k& < 2, we have that d%k < ﬁ, which
in turn implies that, in this case, we require the stronger assumption o < ﬁ to
ensure « > 0. However, for k > 2 (and thus d > 3), it holds that

2 2 2

d—2 d—k S d-k-2.
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and hence no new restriction arises. We also note that for & > 2, the exponent of
T is positive and is L?-subcritical in the sense that when o = d32 then
d—k)o k-2
( ) = > 0.
2 d—2

With this in mind, we can now prove the following result.

a=1-

Proposition 4.2. Letd >k > 0 and
° eitherkSQandO<a<ﬁ
e ork>2and0< o< 55

Then for any vy € L?(R?), there erists a unique global solution to (1.10)
v € C(Ry, L*(RY) N LL (Ry; L™ (REF; HOUI(RE)))

loc
for any (nonendpoint) admissible pair (q,r). Moreover, v depends continuously on
the initial data and satisfies

v, )2 = |Jvollre Vit €R.

By identifying v = p! / 2u, this directly yields a global-in-time solution u €
C(R; L*(R&%; H'(RF))) to (1.4) and thus proves Theorem 1.1. Note that here
continuous dependence on the initial data precisely means that for 7' > 0 the map
vo — v|[—r,7 is continuous as a map

2 md 2 (mpd . r(Rd—k. ir—d(r) ok
L*(RY) = C([=T,T], L*(R")) N L([=T, T]; L' (Rg™ " H°/(RY))).
Proof. We shall prove Proposition 4.2 in several steps.

Step 1 (Existence): Fix the admissible pair (v,p) = (%72(0 + 1)) Let
M, T > 0 to be determined later and denote I = [0,77], and set
Xro = {v €LFLA(I) N L{LLH, P O(1) « |lo]| e 2 + [0l 1y o prmser < M}
We note that X7 s is a complete metric space equipped with the distance

dw,w) = v —wlzzzz, + o~ wll 3 150

Let v € X7 p. Then the Strichartz estimates obtained in Proposition 3.4 together
with Lemma 4.1 imply that

1P Ly e g5 < NSeC)voll o o prseo + HJ\/'(U)HLngH;g(p)

(d—k)o

< Coe(lluollze + T 572 a2+,

as well as

||¢)(U)||L?°L2 < ||U0HL2 + 02Hpa_l/Qg(Pa_l/Qv)HLz’Lngg(/’)

< Ca,e (HUOHL2 + Tl_ (d72k)a M20+1) .

Together, these yield

(d—k)o

1)Lz + 122 o g0 < 2Cae( vollpe + T2 M),
t LthHy

We now choose M such that
3M = 8Cy ¢ |lvol| L2

and choose T' > 0 such that
M
M20'+1 < iy
4

(d—k)o
2

(4.3) 2C, T~
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Then it follows that ®(v) € Xy for all v € Xp s so that ®(Xp ) C Xooar-
Now, let v,w € X7 . Then by Lemma (4.1) and using (4.3) we have

(d—K)o
2 ”in”LngHy_a(”)

(44) V@) = N @)l g g0 < 2Co,MP7T

1
< ZH’U - wHLZLﬁH;‘S(”’

which together with the same estimate for the L H!-norm gives

d(®(v), ®(w)) < %d(v,w), Yo, w € X7 .

Thus @ is a contraction map on Xr s and Banach’s fixed point theorem yields the
existence of a unique fixed point v € Xp ps. Furthermore, since the solution v sat-
isfies the integral equation (4.1), we infer continuity in time, i.e., v € C(I; L*(R%)).

Moreover, if v € X7 57, then v € L?LZ,Hy_é(T)(I) for any admissible pair (g,r),
since by our Strichartz estimates

[|lv —or) = [®(v) —5() < Chllvollre + Col P 2g(P 1 %0)

HL‘ZL;H ”L;’L;H ”LZ'Lilef(”)’
which is estimated as in the proof of Lemma 4.1.

Step 2 (Uniqueness): Let I = [0,T] and v,w € C(I; L?) N LIL" H, °")(I) be two
solutions to (4.1) with ¢ = v9 = wp. Then as in Step 1, we have v,w € X7y with

3M =8C, |||z and T given by (4.3). Since the difference of v and w is given by
(v —w)(t) = N(v)(t) = N(w)(?),
then we can apply (4.4) from Step 1 on the interval I to obtain

1
[v

o =wlpypmzoea < 3

—w -6 .
”Lij;,Hy (1)
From this we conclude (local) uniqueness

[[o =0,

~ iy remyeo
ie,v=wonlI=][0,T].

In addition, the solution depends continuously on the initial data, as can be seen
by taking two solutions v, on a common time interval I, = min{/, I }. Then by
what was done above, we have that v, 0 € Xp pr with 3M = 8 max{||vol| 2, || Dol 2}
and T = |I.| satisfying (4.3) so that

1
d(v,?) < |lvo — Tol|r2 + §d(v,f}),

which proves the continuous dependence on the initial data, after extending the
argument to the interval I..
Step 3 (Global existence): In order to show that the solution obtained in Step 1
indeed exists for all times t € R, let
Tiax = sup{T > 0 : there exists a solution v(¢,-) on [0,T)}.
We claim that
if Thax < +00, then lm |v(t)]| 2z = +o0.
t—Tmax
Suppose, by contradiction, that Ti,.x < oo and that there exists a sequence t; —
Tmax such that ||v(t;)] L2 < M. Now choose some integer J such that ¢ is close to
Tinax Where by assumption |[v(ts)|r2 < M. But by Step 1, using the initial data
v(ty) we can extend our solution to the interval [t,t; + T|] where we now choose
ty such that
ty+ T > Tinax-

This gives a contradiction to the definition of Ti.x.
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Next, we shall prove that the L2-norm of v is conserved along the time-evolution.
To this end, we adapt an elegant argument given in [16], which has the advantage
that it does not require an approximation procedure using a sequence of sufficiently
smooth solutions (as is classically done, see, e.g., [4]). First note that by Step 1 we
have v € C([0,T]; L?(R%)) for any T < Tinax. We then rewrite Duhamel’s formula
(4.1), using the continuity of the semigroup S. to propagate backward in time

(4.5) Se(—t)u(t) = vo + Se(—ON (W)(1).

The fact that S.(-) is unitary in L? implies |[v(t)||z2 = ||Sc(—t)v(t)|/z2. The latter
can be expressed using the above identity to obtain

lv(®)lIZ2 = llvollZ2 + 2Re (Sc(=ON (v)(t),v0) 1o + 1S (=N (v) (D)2
: ||'UOH%2 +Il +IQ.

We want to show that Z; + Zy = 0. In view of (4.2) we can rewrite
t

I = 721m</ Ss(fs)Pgl/Qg(Pgl/zv)(s) ds,v0>L2
0

t
= —2Im/ <P€_1/2g(P€_1/2’U)(S)7SE(S)UO>L2 dS
0

By duality in ¥ and Hoélder’s inequality in both x and ¢ we find that this quantity
is indeed finite

T1] < 212 g(P 20) |y s 145100l 0 < 00,

Denoting for simplicity G¢(-) = P{l/zg(Pgl/zv)(-), we perform the following com-
putation:

E( ) ds / Se( (s) ds)

:/0 )G (5), / +/ )S-(~)G(s) ds') ., ds
:/Ot /S 5= §)Ga(s) ds') , ds
b [ = 90600 6l s

= [ (G0N @) s+ [ / 525 — 5)Ga(s) ds, Gals')) . ds’
:2Re/0t< =(s), —iN(v)(s)) ., ds.

Using the integral formulation (4.5), we can express —iN (v)(s) and write

t t
(4.6) T, = 2Re (/ (G<(s),iSc(s)v0),» ds +/ (Ge(s), —iv(s)) ds).
0 0
Here we note that the particular form of our nonlinearity implies
Re (G (), =iv(")) o = Im (g(PZ/20) (), P2 H20()) 1o = Im | P20 () 17502, = 0,

and thus the second term on the right-hand side of (4.6) simply vanishes. In
summary, we find

Iy = 2Re/0 (Ge(s),iSc(s)vo),, ds = 2Im/O (Sc(—5)Ge(s) ds,vo),, = —T4,



NLS WITH PARTIAL OFF-AXIS VARIATIONS 15

which proves that
o)Lz = [lvollz2 vt € [0,T].

This conservation law allows us to reapply Step 1 as many times as we wish, thereby
preserving the length of the maximal interval in each iteration, and yielding Ti,.x =
+00. Since the equation is time-reversible modulo complex conjugation, this yields
a global solution for all ¢ € R. O

4.2. Higher order regularity. In this subsection, we are going to prove that
the global-in-time L2-solution obtained in Proposition 4.2 enjoys persistence of
regularity. Namely, if the initial datum vy € H!, then the corresponding solution
v(t,-) remains in H' for all times t € R. We will prove this property by exploiting
the Strichartz estimates stated in Proposition 3.4 and the global well-posedness
result in L2. Similar arguments can be used to obtain a solution v(t,-) € H?,
s > 1, provided the nonlinearity is sufficiently smooth.

Proposition 4.3. Let v € C(Ry, L*(R?)) N L (Ry; L™ (REF; H)(RK))) be the
solution obtained in Proposition 4.2 with initial data vy € L*(RY). If, in addition,
vo € HY(RY), then v € O(Ry; HY(R?)).

Proof. Let us fix a 0 < T < co. We are going to show that
(4.7) Vol Loo L2(p0,7) < K(T,[[Vol|L2)-

Having in mind the conservation property of the L?-norm of v, this estimate is
sufficient to conclude the desired result.
To obtain (4.7), we first recall from Proposition 4.2 that

”UHLZLZHJ‘;(”)([O,T]) < C(Tv HUOHL2) = OT7

where (v, p) = (?{giz){iﬂ(a + 1)) is the admissible pair used in Lemma 4.1. Let

A > 0 be a small parameter to be chosen later on. We then divide [0,7] into
N = N(X,Cr) subintervals, i.e., [0,T] = UL, I;, where I; = [t;_1,t;] and 0 = to <
ty <...<ty =T, such that

(4.8) o A\, j=1,....N.

ey ooy o001y <

First we estimate the gradient of (4.2) by a similar strategy as in Lemma 4.1 with
v" = 0. By applying the Strichartz estimate (3.10) and the appropriate embeddings
in y gives

1NN 3 1 5001,y < €7 CallVg(BH 20 1 1 -

Since the nonlinearity is smooth, this allows us to estimate in y as follows:

HVg(PQ/Qv)IILZ/ < (20 + D[P0 35 1 P22V
—(20+1 2
Se (2o )||U\ }gup)HVU”Hy—é(m-

Combining this with a Holder estimate in x and ¢, similarly as in Lemma 4.1 above,
we obtain

IVN (v)

_ _ (d—k)o
S eI

2
”L:LQH;””(I_» A U||V“||L;*L5H;5‘”><Ij>'

Hence on each subinterval I; we have that
||VUHLt°°L2(Ij) + HVUHL;YLQH;‘S(P)(]J,)

(d—k)o

< O (Il + LI 2090l sy ))
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for j = 1,...,N where we write Vv;_; to denote Vov(t;—1). Now choose A =
A(C¢, T) such that

(d—k)o

C.T' 7= N\ < 1.

Since |I;| < T we infer the estimate

Vol Leer2(r;) + HVUHLQLQH;W)(U) < K| V-2,
for some constant K5 which depends on €. In particular, for j =1,..., N we have
[Vvjlle < K5||[Vvj_1]lg.

Using this, we iterate the argument on each subinterval I;, j = 1,..., N, to obtain
the desired estimate (4.7). O

Remark 4.4. Notice that we cannot obtain uniform-in-time bounds on the H!-
norm of v by invoking the energy (1.6). Indeed the energy functional, written in
terms of v, reads

1 - — o
E(t) = S|P 12Vl - 1P 207557

€ L20+2>»

1
2(c+1)

which cannot provide a uniform bound on the full gradient of v.

The proposition above yields a solution u to (1.4) such that v(¢,-) = P§/2u(t, )€
H'(R?) globally in time. In particular, since

lult, e < NP2 2ult, o,

we infer u(t,-) € H'(R?) for all t € R, provided P2/*uy € H'. This shows that
for a restricted class of initial data, the solution u exhibits a sufficient amount of
regularity to rule out the possibility of finite time blow-up in the usual sense.

5. THE CRITICAL CASE AND THE CASE OF FULL OFF-AXIS DISPERSION

In this section, we shall treat the two “extreme” cases and consequently prove
Theorems 1.2 and 1.3.

5.1. Partial off-axis dispersion with critical nonlinearity. In the case of par-
tial off-axis dispersion with critical nonlinearity, i.e., o = ﬁ and 0 < k < 2, we
see that the estimate obtained in Lemma 4.1 no longer yields a positive power « of
T. Hence the fixed point argument employed in the subcritical case breaks down.
In order to overcome this obstacle, we shall employ the same type of arguments as
in [5].

To this end, we first note that a particular admissible pair (g, r) is obtained for
2d—k+2)

N d—k

and introduce the following mixed space for any I C R;:

2(d—k+2)

W(l) = L (1 x R4F, H—%(R’;)).

Then, we have the following local well-posedness result for v, which directly yields
Theorem 1.2 for u via v = P51/2u.

Proposition 5.1. Let d — k > 0 with k < 2, and 0 = ﬁ. Then for any vy €
LQ(Rd), there exist times 0 < Tiax, Tmin < 00 and a unique maximal solution
v € C((—Tmin, Tmax); L2(RY)) N W(I) to (1.10), where I denotes any closed time

interval I C (—Tmin, Tmax)- Furthermore, Tyax < 00 if and only if

(5.1) [0lw ([0, L)) = 005
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and analogously for Tmn. Finally, if ||vo||2 is sufficiently small, then the solution
is global.

Note that here the maximal existence time depends not only on the size of the
initial datum but rather on the whole profile of the solution, or more precisely on
the W (I)-norm of v.

Proof. We shall only give a sketch of the proof for ¢t > 0, since our arguments follow
along the same lines as those in [5, Section 3]; see also [4, Chapter 4.7].

Firstly, given a T" > 0, we claim that by choosing § > 0 sufficiently small and
such that

(5.2) 1< (-)vollw (o, 17) < 95

we obtain a unique solution v € C([0,7]; L*(R%)) N W([0,T]) to (1.10). Indeed,
under assumption (5.2), the operator v — ®(v), defined by (4.1) with o = -2,
admits a unique fixed point in

Zr,s = {v € W([0,T]) s.t. [[v]lw o,r)) < 25}

As in Proposition 4.2, by means of the Strichartz estimates one can then show that
UNS LgL;Hy_‘S(T)(O, T) for every admissible pair (g,r). Moreover, since the solution
v satisfies the integral equation (4.1), we also infer v € C([0, T]; L*(R%)).
To see that ®(v) has a fixed point, we use (4.4) with v = p = W nd (5.2),
to obtain
—k
@) w0, <6+ Ce ||v||u?([0 )

Since > 1, choosing § small enough guarantees that ® : Zr 5 — Z7 5. Next,
Lemma 4 1 implies the estimate

4+d k

(5.3) [ ®(v) — B(w) w0y < C (nvnw P ] ) v = wlwo.ry.

where C¢ is independent of T'. Here, the fact that o= > 0 and ¢ > 0 is sufficiently
small (independent of vy and T') implies that v »—> <I>( ) is a contraction on Zr ;.
That this choice of 6 > 0 is always possible follows from our Strichartz estimate
and from

(5.4) 152 (8)vollw (jo.77) — 0.

Consequently, for T > 0 small enough, assumption (5.2) is satisfied, yielding a
unique local-in-time solution v(t, -) for ¢ € [0, 1.

By a similar argument as in Proposition 4.2 (see also [4, 5]), one can prove
uniqueness by letting v = ®(v),w = ®(w) € W([0,T]) and having in mind that

Fe Fa -0 0.
||U||W([07T]) + Hw”W([o,T]) }

From (5.3), we thus conclude that v = w for T' > 0 sufficiently small. We can then
iterate this argument to find a maximal existence time 0 < T.x < oo for which
the unique solution exists for every admissible pair (g, ).

Next, we shall prove the blow-up alternative (5.1) by contradiction. Namely, let
Tmax < oo and let us assume that [|v||yw (jo,7,...)) < 00. Let t € [0, Tinax), then for
any s € [0, Tinax — t) we write in view of (4.1) that

Se(s)u(t) = v(t+s) = N(v(t+-))(s)-

Applying again Lemma 4.1 we can estimate

1S- YOO W 10.2mar 1) < Nl ety + Collolhimy
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and thus, for ¢ sufficiently close to Tax, We have

1S (Vv lw ([0, Tunarx—1)) < O-

This implies we can extend the solution after the time Ti,.x, contradicting its
maximality.
Finally, in order to conclude global existence of small solutions, we note that, by
a global-in-time Strichartz estimate,
[[Se (-)vollw ) < Cillvollrz-

This implies that if ||vg|| 2 is small enough depending on § > 0, we have

1S (-)vollw(w) < 0.

Hence, assumption (5.2) is satisfied for all T € R and the same continuity argument
as before allows one to repeat the contraction argument with T' = +oo, cf. [4,
Remark 4.7.5]. In summary, this yields a unique global solution v(¢,-) € L2 (R4) for
sufficiently small initial data. O

5.2. The case of full off-axis dispersion. We finally turn to the case of full off-
axis dispersion, i.e., d = k. It is clear from our admissibility condition in Definition
2.1, that in this case, we cannot expect to have any Strichartz estimates (see also
[3] for more details). We thus have to resort to a more basic fixed point argument
to prove the following result.

Lemma 5.2. Letd =k > 1 and 0 < ﬁ. Then, for any vy € L?(R?), there

exists a unique global solution v € C(Ry, L>(R?)) to (1.10), depending continuously
on the initial data and satisfying

[o(t, )32 = [wolli- VteR.
Proof. To prove this result it suffices to show that v — ®(v) is a contraction on
Yror = {v € L%([0,T); L*([R?)) « vl pzer2 < M}

Let v,v’" € Y7 ur, and recall that S (¢) is unitary on L?. Using Minkowski’s inequal-
ity and the scaling argument (2.2) then yields

IN()(t) = N() ()2 <& /Hg P0) = (PR ae(s) ds,

H 20+1)

prOVided % < 1, l.e., g § m
By a similar embedding strategy as in Lemma 4.1 one finds

lg(P=120) — g(PY20")] SUIPYV20l35 + P2 IR (0 = o) 2

H 65D
< e P (o) 73 + [V 179w = || 2,
which consequently implies that
IV (0) = N ()2 < e CTFOT (o) Fe 2 + [[0'[17% 12) |0 = 0 | e 2

Choosing T > 0 sufficiently small, Banach’s fixed point theorem directly yields a
local-in-time solution v € C([0,T], L?(R%)). The conservation property of the L2-
norm of v can then be shown analogously as in the proof of Proposition 4.2. This
consequently allows us to extend the local solution v for all ¢ € R. (]

This directly yields Theorem 1.3 for u, since in the case of full-off axis dispersion
v = PM?u € L2(RY) implies u € H'(R?) for any ¢ > 0. In addition, the L2-
conservation for v directly yields (1.7), whereas (1.6) is a standard computation,
and valid for any H'-solution w. Finally, it is straightforward to extend the solution
to v(t,-) € H*(R?) for any s > 0 provided the initial data satisfies vy € H*(R?).
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emark 5.3. Note that (1.7) also implies a uniform-in-time bound on the H'-

norm of u(t,-) for any e > 0. In turn, this means that both the kinetic and the
nonlinear potential energy remain uniformly bounded for all ¢t € R.
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