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Abstract

Consider the metric cone X = C(Y) = (0, 00), x Y with metric g = dr?+r2h where
the cross section Y is a compact (n — 1)-dimensional Riemannian manifold (Y, k).
Let A, be the positive Friedrichs extension Laplacian on X and let A, be the positive
Laplacian on Y, and consider the operator Ly = Ag+ Vor —2 where Vy € C*°(Y) such
that Ay, 4 Vo + (n — 2)?/4 is a strictly positive operator on L>(Y). In this paper, we
prove global-in-time Strichartz estimates without loss regularity for the wave equation
associated with the operator Ly . It verifies a conjecture in Wang (Remark 2.4 in Ann
Inst Fourier 56:1903-1945, 2006) for wave equation. The range of the admissible pair
is sharp and the range is influenced by the smallest eigenvalue of Ay, + Vo + (n —2)% /4.
To prove the result, we show a Sobolev inequality and a boundedness of a generalized
Riesz transform in this setting. In addition, as an application, we study the well-posed
theory and scattering theory for energy-critical wave equation with small data on this
setting of dimension n > 3.
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1 Introduction and main result
1.1 Background: the setting and Strichartz estimate

Suppose that (Y, /) is acompact (n — 1)-dimensional Riemannian manifold, the metric
cone X = C(Y)onY isthe space (0, 00), x Y with g = dr?+r2h. The metric cone X
has a simplest geometry singularity and it has incomplete metric. One can complete it
to C*(Y) = C(Y) U P where P is its cone tip. Denote A, the Friedrichs extension of
Laplace-Beltrami from the domain C2°(X°), compactly supported smooth functions
on the interior of the metric cone. There is a number of works to extend the theory
of the Laplace operator A, on smooth manifolds to certain Riemannian spaces with
such conical singularities; for example the spectral theory, see Cheeger [13,14].
Solutions to the wave equation on cones and related spaces were studied from
the perspective of wave diffraction from the cone point, see [20,21,57]. In the set-
ting of exact cones, Cheeger and Taylor [15,16] studied the Laplacian from points
of the functional calculus. Melrose and Wunsch [44] proved a propagation of sin-
gularities property for solutions to the wave equation on the more general setting of
conic manifolds. In addition, the other aspects of Schrédinger operator on the met-
ric cone, even with potentials that are homogeneous of degree —2, also have been
extensively studied. For instance, the asymptotical behavior of Schrédinger propaga-
tor was considered in [62]. The heat kernel was studied in [43,47] and Riesz transform
kernel was investigated in [30,42]. The LP-estimates were studied in [41] and the
restriction estimate for Schrédinger solution was studied by the first author [64]. The
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Strichartz estimates for Schrodinger were proved on a flat cone by Ford [19], on polyg-
onal domains by Blair—Ford—Herr—Marzuola [6], on exterior polygonal domains by
Baskin—-Marzuola—Wunsch [4], and on the metric cone by the authors [66]. Regarding
the Strichartz estimate for wave equation on cones, Blair—Ford—Marzuola [7] have
established the Strichartz inequalities on a flat cone of dimension two, thatis, ¥ = S/I).
However, one needs the explicit form of wave propagator when ¥ = S}) in [7], hence
the methods of [7] can not be applied to our general setting.

In this paper, we prove the Strichartz estimates for the solution to wave equations
on metric cone and, as an application, we study the well-posed theory and scattering
theory for the energy-critical nonlinear wave equation. Here we recall the Schrodinger
operator Ly = Ag + V where V = Vo(y)r_2 and Vy(y) is a smooth function on
the section Y. Our motivation to study this Schrédinger operator is to understand the
regularity or singularity of wave propagates in a singular black hole. For example,
we refer to [18,52] for the connection with Schwarzchild black hole or [48,63] for
the Reissner—Nordstom black hole. With respect to the potential, since the decay of
the inverse-square potential is closely related to the angular momentum as r — oo,
we are known that inverse square decay of the potential is in some sense critical for
the spectral and scattering theory. In context of this paper, we remark here that the
inverse-square type potential is homogeneous of degree —2 and is at the boardline
of decay in order to guarantee validity of Strichartz estimate; see Goldberg—Vega—
Visciglia [25]. The property of the inverse-square type potential near the cone tip, or
near infinity-end, or both, brings the singular behavior, however, it is a natural potential.
For example [11], the Dirac equation with a Coulomb potential can be recast in the
form of a Klein—Gordon equation with an inverse-square type potential.

Consider the solution # : I x X — R to the initial value problem (IVP) for the
wave equation on metric cone X,

8,2u+£vu=F(t,z), (t,2) el x X;

(1.1
u(0) = uo(z), 9u(0) = u1(z).

It is well-known that the Strichartz estimate implies the decay and regularity of the
solutions to the wave equations, and plays an importantrole in the studying of nonlinear
wave equations. More precisely, let u be the solution to (1.1) and the time interval
I C R, the Strichartz estimate states an inequality in the form of

[l (2, Z)”L;’(I;LE(X)) + |lu(t, Z)”c([;]-‘]s'(x))

5 ||M0||H5(X) + llu; ”HS—l(X) + ”F”L?/(I;Lf._'(X))’ (1.2)

where H® = L;E L?*(X) denotes the homogeneous L>-Sobolev space over X and the
pairs (g, 1), (g, T) € [2, o0] x [2, 00) satisfy the wave-admissible condition

n—1 n—
=<

r 2’

2
g + (g,1,n) # (2,00, 3) (1.3)
and the scaling condition

@ Springer



528 J.Zhang, J. Zheng

1 n n 1 n
-t —-==——s5s==4+=-2. 1.4)
qg 1t 2 qg 1

For s € R, we say the pair (g, 1) € A if (g, 1) € [2, 00] X [2, 00) satisfies (1.3) and

(1.4).

Due to the importance of the Strichartz inequalities, there is a lot of work studying
the Strichartz inequalities on Euclidean space or manifolds; for example, see [29,38,53,
54] and references therein. In the following, we in particular focus on recalling the most
relevant work about the Strichartz estimate on a metric cone, or on a slightly different
setting of asymptotically conic manifold, or with a perturbation of inverse-square type
potentials. Our setting metric cone is close to the asymptotically conic manifold M
which, outside some compact set, is isometric to the conical space X away the cone
tip. On the non-trapping asymptotically conic manifold M, for Schrodinger equation,
Hassell, Tao and Wunsch [31,32] and Mizutani [46] showed the local-in-time Strichartz
estimates; the global-in-time Strichartz inequality including endpoint case was proved
by Hassell and the first author in [35] for Schrédinger and in [65] for wave equation;
and very recently Bouclet and Mizutani [8] and the authors [67] showed the global-
in-time Strichartz estimates on asymptotically conic manifold even with a hyperbolic
trapped geodesic. As remarked above, the perturbation of the inverse-square potential
is nontrivial. In [9,10], the additional perturbation of the inverse-square potential was
taken into account when they studied the Euclidean standard Strichartz estimate for
Schrodinger and wave, which is a tough task. On a flat cone of dimension 2, Blair—
Ford-Marzuola [7] have established the Strichartz inequalities for wave by developing
a representation of fundamental solution to the wave equation on the flat cone C (S:))
which is also applied to the Schrodinger case in [19].

1.2 Main result and the sketch of proof

In our present general setting, we need to consider the propagator of the dispersive
equation associated with the operator Ly which is influenced by the geometry and the
inverse-square type potential. The authors [66] proved the full range of global-in-time
Strichartz estimates for Schrodinger equation associated with the operator £y which
proved Wang’s conjecture [62, Remark 2.4] for Schrodinger.

In this vein (as in [66]), we intend to prove the global-in-time Strichartz estimate for
wave equation associated with the operator Ly, but with innovative aspects to combat
difficulties arising from wave equation. More precisely, we prove the following results.

Theorem 1.1 (Global-in-time Strichartz estimate). Assume that (X, g) is a metric cone
of dimension n > 3. Let Ly = Ag + V where r2V =: Vo(y) € C®(Y) such that
Ap + Vo(y) + (n — 2)2/4 is a strictly positive operator on LZ(Y) and its smallest
eigenvalue is vg with vo > 0. Suppose that u is the solution of the Cauchy problem

(1.1) with the initial data ug € H*,u; € I-'Isflfors e R

(1) If V =0, then the Strichartz estimate (1.2) holds for all (g, 1), (§,T) € Aj.
(ii) If V # O, then the Strichartz estimate (1.2) holds for all (q,r1), (G,T) € Ay y,
where
Ag vy =1{(g,1) € Ay : 1/r > 1/2 — (1 4+ vp)/n}. (1.5)
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Fig. 1 Diagrammatic picture of the range of (¢, r), when vg > 1/(n — 1)

Remark 1.1 From the first result (i), the geometry of metric cone, possibly having
conjugated points, does not influence the Strichartz estimate even though the conju-
gated points cause the failure of dispersive estimate. From the restriction (1.5), the
Strichartz estimate is affected by the positive square root of the smallest eigenvalue
of A + Vo(y) + (n — 2)%/4. The requirement (1.5) is sharp, see Sect. 6.3.

Remark 1.2 The set Ay ., makes sense when s € [0, 1 + vp) otherwise it is empty.
Compared with Ay, one can check that A ,, = Ay fors € [0, 1/2 + vp), and while
Ag,vy C Ag fors € [1/2 4 v, 1 4 vp). In particular, V = 0, hence vy > (n — 2)/2
large enough so that A ,, = A for s € R, thus the second conclusion is consistent
with the first one.

Remark 1.3 If vy > ﬁ, the Strichartz estimates hold for (g, r) such that (l %)

belongs to the region ABCEF when n > 4 and ABO when n = 3. Compared Wit[{l the
Euclidean case, the Strichartz estimate fails in the region CDOE of Fig. 1. If 0 < vp <
ﬁ, then the line EC is above the line FB, we do not have the Strichartz estimate with
g = 2. The result illustrates that the smallest eigenvalue of A, + Vo(y) + (n — 2)2 /4
plays an important role in the Strichartz estimate.

Remark 1.4 The restriction 1/r > 1/2 — (1 4+ vp)/n is also necessary for Schrodinger
by a similar counterexample constructed in Sect. 6.3. The reason for disappearance
of this restriction in the Strichartz estimate of Schrodinger established by the authors
[66, Theorem 1.1] is that we only consider the estimate at regularity level s = 0. This
is same to the case here for wave Ay ,, = A, for s € [0,1/2 + vp) in which the
restriction 1/r > 1/2 — (1 + vg)/n disappears. The argument for wave needs more
techniques on the Sobolev inequality and Riesz transform.

Remark 1.5 Compared with the result involving the derivatives [9, Theorem 9], the
result in Theorem 1.1 needs to consider the influences of conical singular geometry
and the potential Vo(y)r’2 (rather than Vy(y) = ¢).

@ Springer



530 J.Zhang, J. Zheng

We sketch the idea and argument of the proof here. The usual method to derive the
Strichartz estimate is Keel-Tao’s [38] abstract method in which we need dispersive
estimate and L2-estimate. In our setting, however, there are two difficulties to prevent
us from obtaining the dispersive estimate. The first one arises from the conjugated
points from the geometry, and the second one from the inverse-square potential. First,
the degeneration of projection between the conjugated points will slow down the
dispersive decay estimate of the Schrodinger or wave propagator, which was illustrated
in [34,35]. Second, as discussed in [35,66] for Schrodinger, it is not possible to obtain

a dispersive estimate for half wave operator el =9VEY with norm O (Jt — s |_an1) as
|t — s| — oo due to the influence of the negative inverse-square potential; see [9,10]
for the perturbation of inverse-square potential on Euclidean space.

There are two key points, which have been established and used in [67] for
Schrodinger equation, to treat the two issues. The first one is to microlocalize the
propagator which separates the conjugated points. We achieve this through study-
ing the property of the micro-localized spectral measure associated with the operator
Ly, i.e. without potential. The second key one is to establish the global-in-time local
smoothing estimate which is proved via a variable separating argument.

More precisely, we first show (i) in Theorem 1.1 in which we do not need to consider
the potential. To obtain the Strichartz estimate for Ly, as in [35,65,67], our strategy
is Keel-Tao’s abstract method where we need the property of the micro-localized
spectral measure to prove dispersive estimate and L2-estimate. However, we should
modify the argument to adapt to wave equation and sharpen the Strichartz estimate
in a Lorentz space. Compared with the Schrodinger, the wave propagator multiplier
e'™ is less oscillation than the Schrodinger’s ¢ thus we need a Littlewood-Paley
theory in our setting, in particular the Littlewood—Paley square function inequality on
Lorentz space. The key is to show a Mikhlin—-H6érmander multiplier theorem. We notice
that our setting is a measure space in which the wave operator has finite propagation
speed and one has doubling condition. Thus, from Chen—Ouhabaz—Sikora—Yan [12],
the multiplier estimate on L? is a consequence of a spectral measure estimate which
can be obtained from the property of micro-localized spectral measure and 77*-
method. The Littlewood-Paley (LP) square function inequality on Lorentz space is
finally obtained from the interpolation characteristic of Lorentz space. Once the LP
square function estimate has been established, we may assume that the initial data
is frequency localized in {A ~ 2*}. The argument [65] can be modified to prove the
Strichartz estimate. We remark that the property of microlocalized spectral measure
capturing the figures of the decay and oscillation behavior which plays an important
role in this part.

Next we show (ii) in Theorem 1.1. We use a perturbation method [36,51] to derive
(ii) from a local smoothing and the results of (i). The usual way to show a local
smoothing estimate is through establishing the resolvent estimate for Ly at low and
high frequency. Unlike the usual way, we avoid the resolvent estimate to show the
global-in-time local smoothing estimate by using the explicit formulas with separating
variables expression. In addition, in particular for obtaining Strichartz estimate at
q = 2, weneed adouble end-points inhomogeneous Strichartz estimate for £y which is
not proved in (i). To this end, we modify an argument in [35] to adapt to wave equation.
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Another difference between wave and Schrodinger should not be ignored, that is,
wave’s double end-points inhomogeneous Strichartz estimate involves some negative
derivative. This requires us to study the L”-boundedness theory of a generalized Riesz
transform operator AZ/ ZE‘_,S/ % Itis worth mentioning that the method of [9] is based
on the fact the potential Vj (y)r_2 = cr—? independent of y, and the method can not
be directly used for the potential in our setting. To obtain our result, we have to resort
to the harmonic analysis tools, such as the Sobolev inequality, associated with Ly
which are established in our preliminary sections.

1.3 Application: energy-critical wave equation

As an application of the global-in-time Strichartz estimates, we study the nonlinear
wave equation on X of dimension n > 3

4
Opu + Lyu + yluln—2u =0, (t,z2) e R x X,

. (1.6)
u(0), 3u(0) = (up(2), u1(z)) € HY(X) x L*(X), ze€X.

1
where H'(X) = £,,2L?(X) is the homogeneous Sobolev space over X and y = 1
which corresponds to the defocusing and focusing case respectively. Notice that our
metric cone X is invariant under the dilation variable change, hence our equation model
has symmetries of time translation and scaling dilation but not translation invariant in
space. The class of solutions to (1.6) is invariant by the scaling

(u, up)(t, z) — (A%u(kt, ArZ), )»%u,()\t, )»z)), vVa>0. (1.7)

One can check that the only homogeneous L2-based Sobolev space HY(X)x LA2(X) is
invariant under (1.7). The rescaling also remains invariant for the energy of solutions
defined by

1 (n—-2) o
E(u,u) = 5/ (19ul® + [Lyul?)dp + VT/ lul"-2dp, (1.8)
X X

which is a conserved quantity for (1.6) and where diu = /[g]ldz = r"~'drdh. Hence
the Cauchy problem (1.6) falls in the class of energy-critical problem. Because of the
conserved quantities at the critical regularity, the energy-critical equations have been
the most extensively studied instances of NLW. In the Euclidean space, thatis X = R”
and V = 0, for the defocusing energy-critical NLW, it has been known now that the
solutions that are global and scatter when the initial data is in H' x L? which could be
arbitrarily large, see Grillakis [24], Kapitanski [37], Shatah and Struwe[55], Bahouri
and Gérard [3], Tao [59] and the references therein. For the focusing energy-critical
NLW in dimensions n € {3, 4, 5}, Kenig and Merle [39] obtained the dichotomy-type
result under the assumption that E(ug, u;) < E(W, 0), where W denotes the ground
state of an nonlinear elliptic equation. From this, it is not an easy thing to study the
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global existence and scattering theory of the initial value problem with large data in
H' x L? even though in the Euclidean space.

In this paper, as an application of Strichartz estimate, we study the global existence
and scattering for the Cauchy problem (1.6) with initial data in H' x L? but small
enough. Our result for the energy-critical wave equation is the following.

Theorem 1.2 Let X be metric cone of dimension n > 3 and Ly = Ag +V as in
Theorem 1.1. Let y = %1 and suppose that the initial data (ug, u1) € H! (X)x L2(X).
Assume the above vo > 1/2. Then there exists T = T (|[(uo, u) | g1 (xyxr2(x)) > 0
such that the energy-critical Eq. (1.6) is local wellposed in 1 = [0, T) and the unique
solution u obeys

uweCUI; HY(X)NLI(I; L'(X)), I=1[0,T) (1.9)

where

o) {((n+2>/<n ~2).2(14+2)/(n—2)), 3=n<6 (110)

2,2n/(n —3)), n>"T.

In addition, if ||(uo, u) |l 1 (xyx 12(x) < 0 for a small enough constant 8, there exists

a global solution u and the solution u scatters in the sense that there are (u(:)t, u?) IS
HY(X) x L2(X) such that

u(t) uz
‘ <u<t>) — 0 (uli)

1§<r> 1§<z>) K(,)zsm(fm)
K@) K1)’ Vv

Remark 1.6 This result is similar to the well known result for energy-critical wave
equation in Euclidean space and the global existence and scattering theory for small
data still holds on the metric cone manifold. Like the Euclidean result, this small
initial result is also a cornerstone result for future work with large data on this setting.
The assumption on vy > 1/2 guaranteeing that the Strichartz estimate holds for all
(g, 1) € As with s = 1 can be improved, we do not pursue this here.

—5 0, ast —> +oo. (1.11)

Hzl x L2

where

Vo(r) = ( (1.12)

We prove this result by using Picard iteration argument which was used in Euclidean
space, see Tao’s book [60]. The key ingredient is the global-in-time Strichartz estimate
in Theorem 1.1.

Finally, we introduce some notation. We use A < B to denote A < CB for some
large constant C which may vary from line to line and depend on various parameters,
and similarly we use A < B to denote A < C~'B. We employ A ~ B when
A < B < A.If the constant C depends on a special parameter other than the above,
we shall denote it explicitly by subscripts. For instance, C. should be understood as
a positive constant not only depending on p, ¢, n, and M, but also on €. Throughout
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this paper, pairs of conjugate indices are written as p, p’, where % + L =1 with

1 < p < o0o. We denote a4 to be any quantity of the form a =+ € for any gmal] € > 0.

This paper is organized as follows: In Sect. 2, we recall and prove some analysis
results such as the spectral measure and the Littlewood—Paley theory in our setting.
Section 3 is devoted to the Sobolev inequality and a generalized Riesz transform. In
Sect. 4, we prove our main Theorem 1.1 on Strichartz esimate for wave with £y. We
prove a double endpoint inhomogeneous Strichartz estimate in Sect. 5. In the section 6,
we show a local smoothing estimate and prove Theorem 1.1 for wave with Ly. We
construct a counterexample to show the sharpness. In the final section, we utilize the
Strichartz estimates to show Theorem 1.2.

2 Some analysis results associated with the operator Ly

This paper is devoted to the wave equation associated with the operator Ly, hence we
need extra harmonic analysis tools which are influenced by the geometry of the cone
X and the potential V, even though some ones have been established in previous work
[64,66]. The purpose of this section is to show and recall the analysis tools for usage
in the following sections.

2.1 Basic harmonic analysis tools and notation on the metric cone

Recall that the metric cone X = C(Y) = (0, 00), x Y is equipped with the metric
g = dr? + r?h and the cross section Y is a compact (n — 1)-dimensional Riemannian
manifold (Y, k). Let z = (r, y) € R4 x Y, then the measure on C(Y) is

dg(z) =du(z) = " 'drdh = r"Ydrduy(y). 2.1

For 1 < p < oo, define the L”(X) space by the complement of C5°(X) under the
norm

IIfIIZp(X)=/X|f(r,y)|”du(r,y)=/0 /Ylf(r,y)lpr”*‘drduy(y). (2.2)

Let d (resp. dy) be the distance function on X = C(Y) (resp. Y) then, for instance
see [15], the distance on a metric cone is

V2412 = 2rr' cos(dy (v, ¥')), dy(y,y) <m

2.3
r+r, dy(y.y') = m, @3)

d(z,7) = {

with z = (r, y) and 7/ = (+/, y'). Furthermore, about the distance function, we refer
the reader to Li [43, Proposition 1.3, Lemma 3.1] for the following results.

Lemma 2.1 There exist constants ¢ and C such that the following property of the
distance function holds

c(r —=r'P 4 rr'di(y, y)) <d*(z,2) < C(r —r')2 +rr'd: (v, y))
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and
d(z,2) ~ |r — r'| + min{r, r'}dy (y, y).

Let y' € Y and define the ball By (y',8) ={y €Y :dy(y',y) <8} and 7' € X and
the ball B(z',r) ={z € X : d(7/, z) < r)}. Then there exists C such that

1y (By(y',8) < C8"', w(B(,r) < Cr. (2.4)

As a consequence, we first have

Lemma 2.2 For0 < a < 1 and let z = (r, y), there exists C such that
/ d(z,2)"""dp) < Cre. 25)
{ZeXr~r'}
Proof By a direct computation and Lemma 2.1, we have
f d(z,2)" " du)
r~r’
< / (max{|r —r'|, r'dy (y, y)D~ " r"dr'dpy ()
r'~r
S f / (r'dy (y, YN ™" Vdpy " dr’
ri~r J{y'eYur'dy (y,y)=r—r'l}

+ / / =7 dpy ("
ri~r Jy'eyirdy (v.y) <lr—r'l}

< / Zf(nfot)k|r _ r/|—(n7a)
>

'~ 20 /{y'eY:r’dy<y,y')~2kr—r'}

+/ Ir—r’l_(”_"‘)/ dpy (Y)yr"tar’
r'~r {y'eY:ur'dy(y,y)<|r—r'l}

k s\ h—1
S, / 2—(n—a)k|r _ r/|—(n—a) <M> r/n—ldr/
7 k=0

7
i\ n—1
r—r
—i—/ Ir — /|~ <—| - |> Py
r'~r r

< / Ir— /|7 ear <
r'~r

dpy ()™ dr’

~

m}

Next we recall the Hardy—Littlewood—Sobolev inequality in [43, Corollary 1.4],
and we provide an alternative argument by using the above lemma.

@ Springer



Strichartz estimates and wave equation in a conic singular space 535

Proposition 2.1 (Hardy-Littlewood—Sobolev). Let 0 < o < n, for any function
f(@) € LP(X), let

f(@) ,
= [ L .V .
Saf(2) /x d(z,z)* Az ceX

Then, forany 1 < p < q < +0o0 satisfying

1
l+-—=—+-=,
q p n

there exists a constant Ap, 4 > 0 such that

|Safll g < ApgllfliLe,  f € LP(X). (2.6)

Proof From the classical Marcinkiewicz interpolation theorem, we only need to show
that there is a constat C > 0 such that for any A > 0

ulze XIS f @) > 1) < c(”f#)q. @.7)

For any y > 0, define
f@)
Spf (@) = / ——— du(2)
“ d(z. )<y 4(z,2)%

and

Saf @) =[ N du(z).

d(z,2)>y d(z,7)®

Thus, for any t > 0,

M{Z eX:|Sef(@] > 2‘1,'}
<z e XIS @1 > 1)+ ufze XIS @] > ). (2.8)

Without loss of generality, assume that || f||.» = 1. By Holder’s inequality, we get

1
NOIES 27/ |FE) du(@)
k:2k>y @)~
1 4
Y ([ ) i
k2k>y d(.)~2
kn
270 _n 1 1 o
522%56‘1)/ 79, —S+-==
k:2k2y p q "
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where we use that y(B((sx, my), r)) ~ r" in Lemma 2.1. Choose y so that C} y_z =
7, then

wlz 1S3 f @) >t} =0.
On the other hand, we will show that
ISa f L < Cy" 2. 2.9)
Then, we have by Chebyshev’s inequality [27]

5 ISk £ Ol ,

TP < CyPreTP = Gyl

ulz 18, f @)1 >

Thus, (2.7) follows if let A = 27. Now we prove (2.9). Recalling z = (r, y), 7/ =
(r’, y"), and using the compactness of ¥ and the Holder inequality, we obtain

IS0 f @ zr
s Y w([]]  seanar ah )’
k:2k<y2 X ' Jd(z2)~2k
kn
S ZN(// I du) du)”
= Py z w(z') dp(z
k:2k<y 2 M Jaan~at
2kn
S X Sl syt

k2k<y

2.2 Lorentz spaces
In this subsection, we recall the well-known Lorentz space and some properties of this

space for our purpose. Let (X, u) be a o-finite measure space and f : X — Rbe a
measurable function. Define the distribution function of f as

ur@)=pze X [f(@>1}h, >0

and its rearrangement function as

f¥(s) =inf{r : uy(r) <s).

For1 < p <ooand 1 <r < oo, define the Lorentz quasi-norm

(fooo (“:’f*(s))r%)]/r, 1 <r <oo;

SuUp,.oS” f*(s), r = o0.

| fllLrrx) =
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The Lorentz space L?>" (X, jt) denotes the space of complex-valued measurable func-
tions f on X such that its quasi-norm || f||».- (x) is finite. From this characterization,
LP-°°(X) is the usual weak L? space, L?'P(X) = LP(X) and LP"(X) C LP7(X)
withr < r.

We refer to [27] for the following properties of Lorentz space. The first one is the
Holder inequality due to O’Neil [49].

Proposition 2.2 (Holder’s inequality in Lorentz space). Let 1 < p, po, p1 < 00 and
1 <r,rog,r1 <00, then

1 1 1 1 1 1
Ifgllzer < Cllfllroroliglern, —=—+—, —=—+— (2.10)
p pPo prr ro r

The second one is the duality of the Lorentz space.

Proposition 2.3 (The dual of Lorentz space). The dual of the Lorentz space
(LPT(X)* = LP " (X).

It is more convenient to use their characterization as real interpolates of Lebesgue
spaces. We refer to [5]. Suppose that By and B are two Banach spaces which are
continuously embedded into a common topological vector space V, for 8 € (0, 1) and
r € [1, oo], the real interpolation space [By, B1ly, , consists of the elements f € V
which can be written as f = Y. f; such that f; € Bo N By, {27/9| fjllg,}; € €' (Z)

J€Z
and {27979 f,115,}; € €' (Z). Actually the space is equipped with the norm

1/r 1/r

1/ 3.8y, =  inf D2 Al |+ D2 N A,

- Y JEZ JEZL

JEZ
We have the following from [5, Theorem 5.3.1]

Proposition2.4 Let 1 < p, po, p1 <ocand 1 <r,rg,r; < 00, then
(1) if po # p1, we have

1 1-6 0
[LP, L g, = [LPO70, LPV Mg, = LP, — = —— 4 —, 1 <r <00
p Po P1 o1
(2) if po = p1 = p, we have
1 1-6 0
[LP7, LP g, = LD, — = +—. (2.12)
ro ry

2.3 The spectral measure

We first use the separation of variable method to analyze the spectral measure dE /7.
In this part, we obtain an explicit expression of half wave operator in terms of series
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of eigenfunctions which allows us to study a local smoothing estimate but not the
dispersive estimate. Next, in the case V = 0, we recall an integral expression for a
microlocalized spectral measure based on our previous result [66]. This allows us to
obtain the dispersive estimate for a microlocalized half-wave operator.

Our operator is

Vo(y)
rz ’

Ly =Ag+ (2.13)

Let Ay, be the positive Laplace—Beltrami operator on (Y, &), we suppose that Vj is a
smooth function on Y such that

A+ Vo) +(n—2)2/4>0 (2.14)

is strictly positive on L2(Y) in sense that for any f € L2(Y)\{0}

(B + Vo +m=22/4)f. 1) , >0

LX(Y)

Define the set x~ to be

Yoo = {v v = /(n — 2)2/4 + % Ais eigenvalue of Ay, + Vo(y)}. (2.15)

For v € xwo, let d(v) be the multiplicity of A, = V2 — ;l‘(n —2)% as eigenvalue of
Ap = Ap 4+ Vo(y). Let {¢y ¢ (¥)}1<e<a(v) be the eigenfunctions of Ay, that is

~ 1, ¢=2¢
Appve = dopve, Qo Pve)2(y) =80 = {O, (£ 0 (2.16)
We can decompose L2(Y) into
L’yy=gpH
VEXoo
where H” = span{@y,,1, ..., @vqau)}. Define the orthogonal projection m, on f €
L*(X)
d(v) d(v)
mf = Z%,e(y)/ Fo el =" gy e(yaye(r).
=1 Y =1

For any f € L?(X), we can write f in the form of separation of variable

d(v)
fR=) mf=) Y aer)pne) 2.17)
VE Yoo VE XYoo £=1
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and furthermore
d(v)

Lf @2y = D D lav e (2.18)

VE Yoo £=1

Note that the Riemannian metric 4 on Y is independent of r , we can use the separation
of variable method [15] to write Ly in the coordinate (r, y) as

n—1

1
Ly =—-3%— O + — (An + Vo). (2.19)
r

r

Letv > —% and r > 0 and define the Bessel function of order v by

(I"/z)v /1 isr 2\2v—-1)/2
J(rH=—"" 1 — ds. 2.20
“ I (v %)I (1/2) —16 ( ) ' ( :

Lemma 2.3 Let J, (r) be the Bessel function defined in (2.20) and R > 1, then there
exists a constant C independent of v and R such that

CrV 1
()| < 1 , 221
| (r)|<2vr(v+%)r(1/2)( +v+1/2) 2.21)
and
2R
/ |Jy(r)[*dr < C. (2.22)
R

Proof The first one is obtained by a direct computation. The inequality (2.22) is a direct
consequence of the asymptotically behavior of Bessel function; see [45, Lemma 2.2].

O
Let f € L?(X), define the Hankel transform of order v by
o0 n—=2 1
(Hv (o, y) =/0 (rp)= 2 Ju(rp) f(r, y)r"~dr. (2.23)
On the space H", we see
2
—1 ])2 _ (n=2
Ly=Ay=—32-"""4 + (2 7) (2.24)
r r

Briefly recalling functional calculus on cones [58], for well-behaved functions F, we
have by (8.45) in [58]

d(v)

FULygr, ) =Y > ¢uey) fo F(0?)(rp)™"F 1,(rp)by.e(0)p"dp
VEXoo £=1

(2.25)
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d(v)
where by, ¢(p) = (Hyay,e)(p) with g(r,y) = >° > ave(r) ue(y).

VEXoo £=1
For ug € L*(X), we write it in the form of separation of variables by (2.17)

d(v)

wo(D) =Y Y ave()guey),

VE oo £=1
therefore we can write the half-wave operator by using (2.25) with F(p) = elte

] d(v) 00 s '
Vo = 30 D 9na) / (rp)™"% L (rp)e by e(0)p" dp
VExoo (=1 0
d(v) '
= 2 D oMM bu(p)] (). (2.26)

VEX o £=1

where by ¢(p) = (Hyay,e)(p)-

Although we have the expression of the half-wave operator, it is not easy to obtain
a dispersive estimate due to the complicated asymptotic behavior of the Bessel func-
tion. In our previous paper [66], we derived a microlocalized dispersive estimate for
Schrodinger from a micro-localized spectral measure expression associated with L.
The result about the micro-localized spectral measure is an analogue of [35, Propo-
sition 1.5] on the asymptotically conic setting. We record the result on the spectral
measure below for convenience.

Proposition 2.5 (Proposition 3.1 [66]). Let (X, g) be metric cone manifold and Ly =
Ag. Then there exists a A-dependent operator partition of unity on L*(X)

N
d=Y 0,0,

Jj=0

with N independent of A, such that for each 1 < j < N we can write

(QjWE /700 Q%) (2. 2)) = 1" ( > e M@ g (0 2, 7Y + b, z, z/)),
+

(2.27)
and0 < j' <N
(QoOVAE sz (M) Q3 (0))(z, 2) = 2" e(h, 2, 2), (2.28)
with estimates
109026, 2. 2)| < Cad™(1 + Ad(z. )", (2.29)

056, 2,2)] < CaxA™ (1 +2d(z, 2N K forany K >0, (230)
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and
|05 c(h, z,2)| < CaxA™%. (2.31)

Here d(-, -) is the distance on X.

2.4 The Littlewood-Paley square function inequality

As a usual reduction to prove Strichartz estimate for wave equation, we may assume
the initial data uo and u; are frequency localized in an annulus {A ~ Zk} by using a
Littlewood—Paley square function inequality. To this end, we prove the Littlewood—
Paley square function inequality associated with the positive Laplacian Lo = A, on
metric cone. In [43], Li has proved the Gaussian boundedness of heat kernel of L.
One can follow the argument in [6,65] to obtain an appropriate Mikhlin—-H6rmander
multiplier theorem from a spectral multiplier theorem of Alexopolous [1] and the heat
kernel estimate and then to prove the Littlewood—Paley inequality. Here we provide
an alternative method to show the Littlewood—Paley inequality. The method is based
on an estimate on the spectral measure rather than the heat kernel.

Now we state the Littlewood—Paley square function estimate. Let ¢ € C3°(R\{0})
take values in [0, 1] and be supported in [1/2, 2] such that

1= 90270, »>0. (2.32)
JEZL

Proposition 2.6 Let (X, g) be a metric cone of dimensional n > 3 as above, and
suppose that Lo = A, is the Laplace—Beltrami operator on (X, g). Thenfor1 < p <
00, there exist constants ¢, and C, depending on p such that

Y eIV Lo f1?

JEZ

= Cpllfllzreo (2.33)
LP(X)

cpllfllLrx) <

and

Y le@ VLo fIP

JEZ

IA

cpllfllr2x) < Coll fllraxy-  (2.34)

LP2(X)

Remark 2.1 In this result, we do not consider the influence of the inverse-square poten-
tial V = Vp(y)r 2. We remark that the inverse-square type potential plays an important
role in the range of p when the potential is negative, for example [40, Theorem 5.3].

Proof To prove the Littlewood-Paley square function inequality (2.33), one can fol-
low Stein’s [56] classical argument (in R") involving Rademacher functions and an
appropriate Mikhlin-Hormander multiplier theorem in the following Lemma 2.4. For
more details, we refer the reader to [6,56].
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Lemma 2.4 Let m € CN (R) satisfy the Mikhlin-type condition for N > 5+1

sup sup ‘(kax)km()n)) < C < o0. (2.35)
0<k<N reR
Then forall 1 < p < oo
m(v/Ly) : LP(X) — LP(X) (2.36)

is a bounded operator where
[e¢)
m(y/Lo) = / mdE /(1)
0
Then the inequality (2.34) follows from the general Marcinkiewicz interpolation

theorem [5, Theorem 5.3.2] and dual argument. Indeed, define the quadratic functional
operator for f € L?(X)

1/2

Gro(H) = | D le@ VLo f7]
JEZ
then the operator G, is sublinear and is bounded on L'* and L™~ respectively.
Therefore, using the general Marcinkiewicz interpolation theorem [5, Theorem 5.3.2],
the operator G, is bounded on L”*"(X) forall 1 < p < oo and 0 < r < 00, hence
the case r = 2 shows the second inequality in (2.34). The other side can be obtained
by dual argument. O
Now our main task here is to show Lemma 2.4.

Proof We adopt the argument which are in spirit of [28] and [12]. We first prove the
spectral measure estimate by using the 77* argument as given in [28]

I4E /751ty 1) < CA"T 4> 0, (2.37)
By Proposition 2.5, it is easy to see that
1Q;WVAE /7zs(M Q5 M1 ()1 x) < CA*L A > 0.

Let P (A) be the Poisson operator associated with Ly, then d E \/fo()‘) = (271)’1 P
P(1)* as shown in [33]. By using 7 T* argument again, it follows that

1Q; I Pl 12(x) 1oy < CA"D2, 3> 0.
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Note that the partition of unity /d = Zj'v:o Q; in Proposition 2.5, therefore we have

N

PO 200 Loy < D NQi I P2 Loy < CAPTD20 2> 0.
Jj=0

By T'T* argument again, we show (2.37).

From [15, formula (0.13)], it follows the finite propagation speed of solutions to
(Bt2 + Lo)u = 0. Hence the operator L satisfies the finite speed propagation property.
By (2.37) and using [12, Propositions 2.4, 9.1 and Theorems 4.1, 5.1], we have that
m(x/Lo) is bounded on L7 (X) forall 1 < p < oo. u]

3 Sobolev inequality and a generalized Riesz transform

For our purpose, we consider the Sobolev space, Sobolev inequality and a boundedness
of generalized Riesz transform associated with Ly in this section. Recall the notation
z=(r,y)and 7' = (', y").

For s € R, the operator £‘§/ is defined by

cy? =/ WAE y7— () 3.1)
0

where dE /7 is the spectral measure of the operator /Ly .

Definition 3.1 (Sobolev space). For 1 < p < oo and s € R, we define the homo-

geneous Sobolev space H;(X ) = E;iLP(X ) over L”(X) which consists of the

functions f such that ESV/Z f € LP(X). In particular p = 2, define HY(X) =

Hy(X) = £,2L2(X).

Remark 3.1 For all general 1 < p < oo, due to the influence of the inverse-square
potential, the Sobolev norm defined here is not equivalent to the analogue one defined
by the operator £y without the potential. For example, we refer the reader to [40] for

the Euclidean Laplacian with the inverse-square potential. But for p = 2, the two
norms are equivalent.

The equivalent of the two Sobolev spaces is closely related to a topics about the
boundedness of the generalized Riesz transform operator

AILYTLP(X) > LP(X), (3.2)

S s
and its reverse operator E?,Ag_f. In [40], the authors studied the equivalent norms in
which we replace Ly by A 4 ar~2 in Euclidean space by starting from its heat kernel
estimate. However, as far as we know, there is no result about heat kernel estimate
of Ly, even though Li [43] proved the heat kernel estimate for A, on metric cone.
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Rather than from heat kernel, we study the problem from the asymptotical behavior
of the resolvent (Ly + 1)~} (z,7)); see [30, Theorem 4.11, Lemma 5.4].

When 0 < s < n, we can define the operator E‘_,i by the Riesz potential kernel
_s o0
L) = [y 2 @
0

Before stating the main results of this section, we show the estimates on the kernels

_s s—1
Lemma 3.1 Let Q(z, 2') and G(z, 7') be the kernels of the operators L,,* and Vg A4*

respectively. Assume 0 < s < 2, then Q(z, 7') satisfies

r/’”rs(r/r/)lng“vO*S, r<t.

2 9
0(z,7) S 1d(z, 2)"" ¥, re~rl; 3.3)
RN (0o L S N P

and if 0 < s < 1 then G(z, 7) satisfies

. _n 4
TS (/) T2, > 2

G(z,7) S {rldz, )~ r~ s G4
PSS I It < UE

where v (resp. v6 ) is the square root of the smallest eigenvalue of the operator Aj, +
Vo(y) + (n = 2)*/4 (resp. A + (n = 2)*/4).

Remark 3.2 Note that v6 > (n — 2)/2, as mentioned in [30, Remark 4.13], one can
improve (3.4) through replacing v, by v}, the square root of the second smallest
eigenvalue of Ay + (n — 2)?/4.

Proof We first estimate Q(z, 7). Let x [0, c0) — [0, 1] be a smooth cutoff function
such that x ([0, 1/2]) = 1 and x ([1, 00)) = 0. Define

Qi1(z,7) = x(4r/r") fo T Ly 400 @ (3.5)
01(z,7) = x(4r'/r) fo T Ly 400 @ s (3.6)

and
Q0(z,2) = (1 = x(@r/r') — x (&' /r)) /0 TAS @y 47 @ D ()

Since Ly is homogeneous of degree —2, then by scaling we have

Ly +2H)7 Nz, ) =22 Ly + D7z, 22).
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Now we consider the boundedness of Q. By [30, Theorem 4.11], for any N > 0, we
have

X @r /)Ly + 1) @, ) S ity =N, (3.8)

Therefore, forany N > 1 — s and s < 2, we have by (3.9)

|01z, )| £ ‘ [0 ATy @/ (Ly + D7 (g, mdx‘

; 1/r )
Sr/zfn(r/r/)lfjJrvg / )\,lisd)»—F}’/iN/ klfstd)L
0 1/r

S r/—nr‘&‘(r/r/)l—%ﬂ‘”o_s. (39)

Similarly we consider the boundedness of Q5. By [30, Theorem 4.11] again, we have
forany N > 0

@'/ (Ly + D7 @ S TR ) (3.10)
Therefore similarly as estimating (3.9), for s < 2, we have
022, )| Sre ()T E . (3.11)

Finally we estimate Q¢. Recall [30, Lemma 5.4], for any N > 0, we have

(1= x@r ey = x @' ey + D7 @, 2)

@ d@ ) <1
~ld@HTN, diz ) =1

Therefore, we compute that by using d(Az, Az') = Ad(z, Z')

(1= x@r/r = x @ ey + D710z 42)

- )LZ—nd(Z’Z/)Z—n’ d(Z,Z/)S 1/
~ Nz HTN, dz ) = 1

We estimate the kernel Qg(z, 7)) fors <2and N > n —s

N < N2—n 1/d(z.2) 1—s IN—N o
[Qo0(z, ) S | d(z,2) A Tdr+d(z, 7))
0 1/d(z,2")

)Ln—l—s—Nd}L>
<d(z, 7).

We need a modification to prove (3.3) due to the support of x. For instance, from
01, we directly see that Q(z,7') < r/_"rs(r/r/)l_%"‘”o_s when r < r’/8. On the
region r'/8 < r < r'/2,since r'/2 < |r — 1| < d(z,7) < r+7r" <7 thus
d(z,7') ~ r ~ r’. Therefore we prove the boundedness of Q on r < r’/2. We also
can prove the boundedness on r > 2’ through the same modification argument. Hence
we prove (3.3).
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We next estimate G. Notice that the derivative V is of the form that ! times a
smooth b-derivative for small r, and is a smooth scattering vector field for r large; we
refer the reader to [30] for the b-derivative and scattering vector field. Since 0 < s < 1,
we can replace the s (resp. vo) by 1 — s (resp. v(’)) to obtain the estimate of the kernel
Aé,s_w 2, Therefore, we finally obtain the estimate of G by multiplying !, thus we
prove (3.4). O

Lemma3.2 Let0O <s <n, 1 < p,q < +oo. Let K(r,r',y, ') be a kernel on the
cone X. Define the operator

Tf=/XK(z,z/)f(z’)du(z/)~

If
—a ./ —f < 5/
Ko,y <4 e (3.12)
0, r>r,
anda+ B =n—s,B >0, then
n n
ITfllLacxy < CllifllLrxy, s=———, (3.13)
P 4
with "
< —_—. 3.14
P=4a= max{a, 0} ( )
Similarly, if
0 r<r
/ / < ’
IK(r,r',y, yV)I S R ) (3.15)
anda+ B =n—s,a > 0, then (3.13) holds for
s=2-2 g ——. (3.16)
P q min{«, n}

Remark 3.3 In particular s = 0, then g = p. This special result has been proved in [30,
Corollary 5.9]. Here, we extend such result to g > p.

Proof We use the argument of [30, Corollary 5.9]. Noting that dyu = r"~'dr dh and
the section Y is a compact set, we get
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q du(z))l/q

170 = ([ | | kG £@ duc)

([

1
! r*‘dr) ‘ 3.17)

r<r’
where
G =V/%/ Lf (', )| dh
Y
and
Rty = e — oy,
Perform a substitution 7 = Inr, 7 = Inr’, then

17l 5 ( [
R

1
! df) ! (3.18)

/ KiG, 7)Y F) di’
F<F!
with

R, 7y = TG,

Then, it is easy to see that

sup/ |K1(F, 7| dF + sup/ |K (7, 7)|° dF < +o0, (3.19)
FeR Jr<r’ 7eR Jr<r!
with (g — O()O’ > ( guaranteed by (3.14). Especially, taking % =1+ 5 - % > 1, and

using generalised Young’s inequality, we obtain

P 1/p
17l <( [ 171 )
R
“+o00 B 1/p
5(/ / Lfe et ar dh) S ler ).
0 Y

Similarly, we obtain the other case. Hence, Lemma 3.2 follows. O

We prove the following Sobolev inequality which is well-known in the Euclidean
space.

Proposition 3.1 (Sobolev inequality for Ly ). Let n > 3 and vy be as above. Suppose
O<s<2andl < p,q < oo. Then

|f @] L9(X) S ”E?/f”LP(X) (3:20)
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holds for s = and

n n
p q

- nn <q< " .
min{l + 5 +vo — s, n} max{5 — 1 — vp, 0}

(3.21)

Proof The proof follows from Lemma 3.1. The estimate (3.20) is equivalent to

ITfllLacxy S N lLeex) (3.22)

where the operator 7 = va

is defined by the Riesz potential kernel

s 00
Ly (z.7) = / MLy + 017z, Dda
0
By using Lemma 3.1, we have for0 < s < 2

r/—an(r/r/)l—%-‘rvo—s’ r o< %/’
5
Ly2(z.2) S yd@ )=, r~r

sl (s L AR r>2r.

Then by using(3.21), we obtain Proposition 3.1 from Lemma 3.2 when r < r’/2 and
r > 2r" and from the Hardy-Littlewood—Sobolev inequality in Proposition 2.1 when
r~r. O

Corollary 3.1 (Sobolev inequality for Ly ). If ¢ > 2 and p > 2 satisfying (3.21), the
above result holds for s > 0.

Remark 3.4 The restriction on s is 0 < s < 1 4 vg. Indeed, from the facts p > 2 and

2§q<n/max{%—l—vo,O},itfollowss=%—%< 1+ vp.

Proof Choose {sj}l;zo with sg = 0,5y = s such that 0 < s;41 —s; < 1 and and
Mk with go = ¢, qx = p such that 2 < ¢g; < n/max{Z% — 1 — v, 0} for

qj1j=0 q q.9 p qj 2

j=0,---k — 1. Thus, we apply Proposition 2.1 to obtain

si/2 (s s )/2 s;/2 s
1LY Fllar o S UEY 2207 Fll o o = 1LY Flliacco.
Therefore, we show

2 2 2
If@llzac SNEY Fllzaco S - SUEE Flliaa = 1237 FllLr -

In the rest of this subsection, we consider the boundedness of the operator
AZL,? D LP(X) - LP(X), 0<s <1 (3.23)
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When s = 1, the boundedness of this operator has been established by Lin—
Hassell [30]. For the following purpose of the establishment of Strichartz estimate,
we need the following result

Proposition 3.2 Let n > 4 and suppose that s = % and vg is in above such that

vy > n% Then the operator

" 2(n—1)
AZL,? LP(X LP(X), = —" 3.24
¢Ly (X) — LP(X) P (3.24)
is bounded.
Before proving this proposition, we show
Lemma 3.3 The following inequality holds for q € (1, 00)
1
IVLofllLa == 1Ag fliLa S IVgfllLa- (3.25)

Proof Indeed partial result is a dual consequence of Riesz transform boundedness.
More precisely, Lin—Hassell [30, Theorem 1.1], [42] has shown

Vo Ly LP(X) — LP(X)

is bounded for p € (1,n/max{5 — v}, 0}) where v > 0 is the square root of the
second smallest eigenvalue of the operator Aj, + (n — 2)?/4. If Y = S"~!, then
v > 7 since the kth eigenvalue of Ag.-1 is k(k 4 n — 2). However, for the general
Y, v{ > (n — 2)/2, one has the boundedness for p € (1, n) at least. By the dual
argument [2], we have

IVZofllze S 1V fllze (3.26)

forallg € (n/(n— 1), 00). On the other hand, one can use the method in [23] to show
the following Poincaré inequalities for p = 1

/B|f_fB|de(Z/)§VP/B|Vf|de (3.27)

where B = B(z,r) and fp = ﬁ fB fdu. Aresultin [2, Theorem 0.7] claimed that
the doubling condition and Poincaré inequality implies the reverse Riesz transform
boundedness. Hence (3.25) holds for ¢ € (1, co) which also was stated in [2, Page
535] for our setting. O
s 1 s—1
Now we prove Proposition 3.2. Write A] = A2 A,? , by using (3.25), it suffices
to establish

s—1

s 2 2(n — 1
VeA,® [:V2 LP(X) —» LP(X), s=——, p= %

) ,n>4. (3.28)
n—1
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s—1

Let G(z, Z’) denote the kernel of the operator V,A,* and Q(z’, z”) denote the kernel

of the operator E‘_,i. Recall z = (7, y), therefore by using Lemma 3.1, the kernel
G(z,7/) and Q(Z, 7") satisfy

n /
i SN o 0 R R SR F

Gz, 7) S{rtdz )y~ r~vls (3.29)
=S (4! 1—54v l r.
r S )y T, < 5
and
N (0 Rk R e S %”;
0, 7" £ 1d, )=, r o~ (3.30)

plnts (r///r/)l—’i’—&-vo’ o> 2,,//;

Define the operator
Tf(z) = /X K(z,2") f(@") du@",
where the kernel K (z, z”) is given by
K(z,7") = /X G(z,2)0(, ") du(@).

To prove Proposition 3.2, it suffices to show

Proposition 3.3 For 0 < s < 1, there exists a constant C

ITf @y < ClfllLrx), (3.31)
provided
n n
: n n / < p < n !/ n
min{n, 5 +vo+ 1,5 + 1+ v, + s} max{0, 7 — vy, 5 — 1L —wp +(53}32)

We postpone the proof for a moment. Note vo > 1/(n — 1), vy = (n — 2)/2 and
s =2/(n—1),the p =2(n—1)/(n+ 1) satisfies the condition (3.32), hence it proves
Proposition 3.2 once we have shown this proposition.

The proof of Propo”sition 3.3. We divide the kernel K (z, z”) into several cases.
Casel: 2r < 5. A simple computation shows

ke =( / + / + / )G H0E ) (@)
r’<% %5r’§2r r'>2r
=K1z, 2"+ K120z, 2") + K1,3(2, 27).

@ Springer



Strichartz estimates and wave equation in a conic singular space 551

. . 1"
The estimate of K1,1(z, ") In this case, since 7’ < 5 < 5, we have
’ —n—s,../ 1-24v)
Gz, ) Sr 3@ fr)y 2T,
and

n
Q(Z,, Z//) SJ r//—nr/s (r//r//)l_7+uo_s.

Hence, we get

n ! n
Kl,l (Z, Z//) 5 / P (r//r)l_7+vor/,_'1r/s (r//r//)l—§+v0—s dM(Z/)

/L
r<2

Srfgflfsfv(’)r//—gflfvoﬂ/ r/27n+v(’)+v0 d,lL(Z/)

’

r<

I~

Sr_%+l+v0_sr”_%_l_v0+s

Thus, an application of Lemma 3.2 yields the L”-boundedness for K 1(z, z”).

. . "
The estimate of K12(z, z"): In this case, since 5 < r’ < 2r < %5, we have

G(Z, Z/) 5 r_ld(z, Z/)—(n—l-i-s)’
and
Q(Z,, Z//) SJ pn s (r//r”)l_%—wo_s.

Hence, by Lemma 2.2, we obtain

_ _(n— _ g
K1,2(Z,Z”) 5/ r ld(Z,Z/) (n—=14s) .1 nr/s(r//r//)l 7+v0—s dM(Z/)
L<r'<2r
2_ -_
n . —(n— . _n
Srflr//fiflfvoﬂ/ d(Z,Z/) (n 1+s)r/1 5+vo dM(Z/)
5<r'<2r

<r—%+l+vo—sr//—%—l—vo+s

Hence, by using Lemma 3.2 again, we obtain the L”-boundedness for K »(z, z”).
The estimate of K1 3(z, z"): We can further decompose

Kia ) = ( / ¥ / R / )G 2H0E ) du)
2r<r’<'7 %5r’§2r” r'>2r"
= Ki131(z,2") + K1 32(2, 2") + K1 33(2, 27).
We first consider K 31(z, z”). In this case, we have 2r < r’ < %// Thus,

n /
G(Z, Z/) § r/—nr—s (r/r’)s_7+”0

@ Springer



552 J.Zhang, J. Zheng

and
n
Q(Z/, Z//) 5 r//fnr/s (r//r//)177+vofs.

This implies

R s _n g
r/fnrfs(r/r/)s 2+v0r// "r“(r//r”)l 5+vo—s dM(Z/)

K131z, 2") 5/ ,

2r<r'<'5

_n / _n_q1_ —n—s—v
ff 2+v0r// 5—1 vo+s/ ) r/l n—s—v,+vo d,u(z’)
2r<r'<'y

n / n !
r_§+v0r//_§_vo, —s + vy — V(/) +1>0;
n n
pratvotlos =y =lovots gy g vy +1<0.

Thus, an application of Lemma 3.2 yields the L”-boundedness for K| 31(z, z”).

. . "
Next consider K 32(z, z”). In this term, we have 2r < 5 <’ < 2r”. Thus,

Gz, 2) Sr s /) =2
and
07" Sd@. )",

This implies

K1,32(Z, Z”) 5 /” F S (r/r/)57%+uéd(z/, Z//)f(nfs) dM(Z/)

b <r’<2r”
_n / _n__ —(n—
5” 5+ /, r/ 5= sd(zl7 Z//) (n—s) d,LL(Z/)
%<r/<2r”
<r_%+u(,)r”_%_v(,)
Finally, we consider K 33(z, z”/). In this case, we have 2r < 2r” < r’. Thus,
n /
Gz, 2) S (r/r')* =2
and

n
0@, 2" ST T,

Since vy > (n — 2)/2, this implies

K133 7)) S / P Y TR ) TR d )

r'>2r"
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_n / _n — /
r'>2r"

n / n ’
Sr77+v0r”777‘}0.

Therefore, by using Lemma 3.2, we obtain the boundedness of K 3. In sum, in the

case 2r < %U, we prove K (z, z”') is bounded as an operator on L? (X) provided

(3.33)

n
< .
p max{0, 5 —vj, 5 — 1 —vo + 5}

Case 2 5 > 2r". We decompose
K(z,7") = (/ L+ f +/ )G(z, )0, ") dp(@)
r <t L <r'<2r” r'>2r"
=K21(z,2") + K22(z,2") + K2.3(2, 2").
The estimate of K7 1: In this region, we have r’ < ’7” < % And so
G(z,2) <r5( r)— v

and

— ) _n —
Q(Z/, Z//) 5 r// nr/.s (r//r//)l 5 +vo s

Hence, we get

”
I
r<2

K2’1 (z, Z//) 5/ NS (r//r)lngrv(’)r//fnr/s (r//r//)17%+vofs d,u(z’)

n_o_ 1y _n_q1_ — /
SF_Q s—1 Uor// 5—1 v0+s/ r/2 n+vy+vo dM(Z/)
r/

"
.
<7

<r—%—s—l—v(’)r//—%+s+1+v(’)

The estimate of K> : In this region, we have & < ' < 2" < 5. And so
G ) Sr ¢ n' T
and
0. 2" Sd(, )"
Hence, we get

Ko (z, < /” rinis(r//r)]7%+v6d(zl, Z//)7(nfs) du(z)

r<r’<2r”
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ey _n —(n—
<pmaTles /” P14, 2T du)
- <r'<2r”

gr—%—l—vé—sr//—%+l+v(/)+s.

The estimate of K> 3: We further decompose

ka2 = ([ o+ wf )66 due)
2r”<r/<% %gr/SZr r'>2r
=K»231(z,2") + K232(z, 2") + K2.33(2, 27).

The contribution of K3 31: In this region, we have 2r” < r’ < 5. And so
G(z,7) Srs (r’/r)l_%""”é
and
07,7 < FIES G ) 3,

Hence, we get

K2,31 (Z, ZN) 5 / pos (r’/r)]*fr”or’*’”” (r///r/)lffrvo dl/«(Z/)

2r'<r' <%
<, —5—l=s—v{ n1—5+v J—n+v)+s—vg ’
Nr 2 (03 2 r 0 du(z)
2" <r' <5
n_ _n
- Fo27% 1’,//1 2+V0’ s—v0+v(’)—1>0;

~ )i los =5t s+

r s—vo+v,—1<0.

r

The contribution of K3 3;: In this region, we have 2r” < 5 < r’ < 2r. And so

G(z.7) Srld(z, 7)==
and
Q@ &) SrH e T

Hence, we get

5<r'<2r

K232(2.2") < / PG, )OI TG ) R d )

n_oy. _n —(n—
S22, 2+”°/ d(z,z)" " du()
5<r'<2r
— 2 —1—vg . 11—%+4vg
<r72 r T,
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The contribution of K> 33: In this region, we have 2r” < 2r < r’. And so

n ’
G(Z, Z/) /S r/—nr—s (r/r/)s—j—&-uo

and

—_ _n
Q(Z/, Z//) 5 r/ n+s(r///r/)l 2+v0.

Hence, we get

K2,33 (Z, Z//) S / pI S (r/r/)sfjJrvOr/fnJrs (r///r/)lffrvo dM(Z/)

2r<r’

noy _n —n—v —vp—
Sr_2+vor/,1 2+v0/ r/ n—vy—vo ld,bL(Z/)

2r<r’
<r—%—1—v0r//l—%+v0
N .

Overall, in the case % > 2r, by using Lemma 3.2, we show K (z, z”) is bounded as an
operator on L?(X) provided

n

> .
P min{n, 5 +vo + 1,5 + 14+ vj + s}

(3.34)

"
Case 3 - <r < 4r”. We decompose

(/ +/ —i—/ )G(z,z/)Q(z’,z”) du(z)
r'<% 5<r'<2r r'>2r

=K31(z,2") + K32(z,2") + K3 3(z, 2").

K(z,7")

. . "
The estimate of K3 1: In this region, we have r’ < 5 < 2r" If ¥ > -, then one

has r ~ " ~ r” which can be done as treating K3 ». Hence we only consider r’ < -,
and so

"

G@.d) Sr 7 A

and

n
Q(Z/, Z//) S r//—nr/s (r//r//)1_7+uo_s.

Hence, we get

/
/ Fons (r//r)l—%+v0r//—nr/x(r//r//)l—%+u0—.r dM(Z/)

K3,1(z,2") Sf ,

s
)<2

s—yl —n_]— ; - /
—1—s Vo= % 1 vo+3/ , r/2 n+vy+vo d#(Z/)
r<55
2

<r—%—17u{]—sr”7%+l+v{]+x
S .

IS

N
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When r ~ r”, it is easy to prove that

Kai(z, 2@ < 1 / Kai(z, 2)dp(@) < 1.

rer”
The estimate of K3 »: In this region, we have r’ ~ r ~ r”. And so
G(z.2) Srtd(z, )y~
and
0, 7" <d, 7).

Therefore, we prove

/ K32(z,2")dp(@") < / / rld(z, )" TIaE )T dpd ")
r~r'" r~r" Jr'i~r

S / d(z, )" / d@, )" dp") dp)
r~r r~r"

<1

Similarly, we can prove [

” K3,2(Z, Z//)dM(Z) g L.
The estimate of K3 3: In this region, we have r’ > 2r > %” Similarly, we only
consider ¥’ > 2r”. And so
G(z, Z/) 5 P (r/r/)s—%—q—u(’)
and

3 _n
0@ ") S r T T,

Hence, we get

K3,3(Z, Z//) S/ r/—nr—s(r/r/)s—%+v6r/—n+s(r///r/)l—%+vo dM(Z/)

r'>2r

—Zrv) 112 J—n—1—v)— ’
5’” 2+v0r 2+u0/ 7N Vo—V0 d,bL(Z)
r'>2r
<r7%717v0r//17%+v0
S .

Note that r ~ r”, it is easy to prove that
/ K31(z,2)dp(@") < 1; / K31(z, 2"du() S 1.
re~r" r~r"
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To conclude, in the case that » ~ r”, by using Schur test lemma, we prove K (z, ") is
bounded on L?(X) for all 1 < p < oo. Collecting all the cases, therefore we finish
the proof of Proposition 3.3. O
4 Strichartz estimates for wave equation with Ly

In this section, we prove the Strichartz estimates for wave equation associated with
Lo, i.e. without potential, that is, the result (i) of Theorem 1.1 when V = 0. The

argument here is close to [35,65] but with necessary modifications. For the sake of
being self-contained and convenient, we sketch the main steps.

4.1 Microlocalized propagator

We begin to decompose the half-wave propagator by using the partition of unity
1 =Yz 9(27%2) as in (2.32). Define

Ui(t) = foo em‘<p(2_k)\)dEm()»), keZ. 4.1)
0

We further microlocalize (in phase space) the half-wave propagators adapting to the
partition of unity operator

Uji(t) = /0 927N Q(MAE jz5(1), 0<j <N, 4.2)

where Q (1) is as in Proposition 2.5. Then the operator U;  (t)U; (s)* is given
Uj (U} ()" = / QTN QMAE s (M Q (M. (43)

4.2 [%-estimate and dispersive estimate

In this subsection, we prove the two key estimates, i.e. the energy estimate and dis-
persive estimate. Before stating our result, we recall two results in [35]. The results
can be directly applied to our setting if we consider the problems on the region away
from the cone tip, in which as mentioned in the introduction they almost are the same.
Recall that Q; with j > 1 are micro-localized away from the cone tip.

By using [35, Lemma 8.2] (see also [26, Lemmas 5.3 and 5.4]), we can divide
(j, j), 1< j,j < N into three classes

{17 LECIR A ) N}2 = Jnear U Jnot—out U Jnot—inc,
so that
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o if (j, j") € Juear,then Qj(k)dEm(k)Qj/(k)* satisfies the conclusions of Propo-
sition 2.5;

e if (j, /') € Juon—inc, then Q (1) is not incoming-related to Q (1) in the sense
that no point in the operator wavefront set (microlocal support) of Q ;(A) is related
to a point in the operator wavefront set of Q /() by backward bicharacteristic
flow;

e if (j, /") € Juon—our> then Q (1) is not outgoing-related to Q /(1) in the sense
that no point in the operator wavefront set of Q (1) is related to a point in the
operator wavefront set of Q ;/(A) by forward bicharacteristic flow.

And we further exploit the not-incoming or not-outgoing property of Q (1) with
respect to Q j(A) to obtain the Schwartz kernel of Q ;(MdE 7, (A)Q )

Lemma 4.1 For i > Oand (j, j') € Juon—our- Then, we can write the Schwartz kernel
of Qj(k)dEm(k)er(A)* as a multiple of |dgdg'|"*|dA| as the sum of a finite
number of terms of the form

/ ei)»rd)(y,y',a,r,v))\nfl+k/2r7(n71)/2+k/2a()t, y, y/7 o7, v)dv or (44)
Rk
0o , 1\ @=D/2=k/2
/ [ elkrd)(y.y .J,r,v,s)kn—1+k/2 (7) s"_za(k, y, y/’ o.r, U,S) ds dv
Rk=1 Jo rs
4.5)

in the regiono =r'/r <2,r > §, or
/ (MO =205 2y (4.6)
Rk

in the region r < 8,1 < 8, where in each case, ® < —e < 0 and a is a smooth
Sfunction compactly supported in the v and s variables (where present), such that
[(A0,)Na| < Cy. In each case, we may assume thatk < n — 1, ifk = 0 in (4.4) or
(4.6), or k = 1 in (4.5) then there is no variable v, and no v-integral. Again, the key
point is that in each expression, the phase function is strictly negative.

If, instead, Q j is not incoming-related to Q j, then the same conclusion holds with
the reversed sign: the Schwartz kernel can be written as a finite sum of terms with a
strictly positive phase function.

Remark 4.1 For o > 1/2, the Schwartz kernel has a similar description, as follows
immediately from the symmetry of the kernel under interchanging the left and right
variables.

Proof Note (j, j') € Juon—our> thus j, j > 1. Since j, j/ > 1 away from cone
tip, this result is essentially proved in [35, Lemma 8.3, Lemma 8.5]. Since our
setting has scaling symmetry, we do not need to state the result in high and low
frequency respectively. The key point is that the sign of the phase function can be
determined. O

The main results of this subsection are the L>-estimate and dispersive estimates.
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Proposition 4.1 Let U; i () be defined in (4.2). Then there exists a constant C inde-
pendent of t, 7,7 forall j, j > 0, k € Z such that

1Uj @l 2 =C, 4.7

and the following dispersive estimates on U (1)U j 1 (s)* hold:

o If(j,J) € Jnear or (j, j') = (0, j"), (j,0), then for all t # s we have

|Uj k@)U ()] 1, oo = C2XOTDR@TE 41 — g y==D/2, (4.8)
o If (j,j') such that Q; is not outgoing related to Q j:, andt < s, then

(Ui xOUS ()] 1, oo < C2EOFD2QTE 4 ]r —5=07 /2, (4.9)
o Similarly, if (j, j') such that Q j is not incoming related to Q js, and s < t, then

|Ujk@U% )| 1 oo < CEHEDR2QH 41 —p==D20 (4.10)

Remark 4.2 The dispersive inequalities (4.9) and (4.10) are used to prove endpoint to
endpoint inhomogeneous Strichartz estimate; see Sect. 6.

Proof The inequalities (4.7) and (4.8) are essentially proved [65, Section 3]. Indeed,
note that the operators (p(Z_" A) and Q (1) are bounded on L2, thus the microlocalized

propagator U i (t) is bounded from L%(X) toitself due to the spectral theory on Hilbert
space. From above result, if (j, j') € Jyear or (j, j)) = (0, j7), (j, 0), we have the
expression of microlocalized spectral mearsue in Proposition 2.5 which is same as the
one used in [65]. Then by the stationary phase argument, we have

’ /0 o270 (Q;(WdE m(x)Qj/(k))(z,Z’)d/\’
< C2kFD/2(=k 4 |yy=(1=D)/2 4.11)

where ¢ € C2°([1/2, 2]) and takes value in [0, 1]. We refer the reader to [65, Section
3] for details.

We only prove (4.10) since the argument to prove (4.9) is analogous. Assume that
Q; is not incoming-related to @, and then consider (4.10). By [35, Lemma 5.3],
Ujr(OUj x(s)* is given by

/0 ¢GRI (QJMAE yzy W Q3 (M) (2, dh, ¢ =9 (4.12)

Then we need to show that fors < fand k € Z
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‘ /0 ¢ G2TEN(QMVAE yry (M) Q%5 (W) (, Z)df\‘

< C2k(n+1)/2(2— + |t — S|)_(n_1)/2.

By scaling, it suffices to show k = 0, that is

o
| /O eI GG)(QE /5 (W Q% (1) (@, 2)dA| = CU+ 1t = sy,
(4.13)
Ift —s < 1, since ¢ is compactly supported, the estimate follows from the uniform
boundedness of (4.4)—(4.6). Now we considert —s > 1.Let¢ € Cfo([%, 2]) be such
that " ¢ (27" (t —s)A) = 1, define

Po((t —$)h) =Y ¢Q27"(t — ).

m=<0

Plug the decomposition

I'=¢o((t —s)1) + Z o ((t —A),  Pm(A) :=@(27"1)

m>1

into the integral (4.13). In addition, we substitute for Q ; (A)dE VM) Q;,(A) one of
the expressions in Lemma 4.1 to obtain

’/0 eI G)0((t = )1)(Q (NE /(1) (1) 2. 2)d2
< f TG00l — HRdx < Clt — s (@.14)
0

Hence it implies (4.13) since |t — 5| > 1.

For m > 1, we substitute again one of the expressions in Lemma 4.1. Since the
other cases follow from the similar argument, we only consider the expression (4.6).
Define A = (r — s)A, we obtain by scaling

o
[ e R a2, s = i dv
R

_([ S) n— 2/ / )\+M)(” ))»n 1+k/2~
Rk

x(—)a( V.Y, O’U)d)m()»)dvd)\
t—s t—s

We observe that the overall exponential factor is invariant under the differential oper-
ator

—i 9
L=——.
1+ ®/(r—s) o
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Note that its adjoint is L' = —L, we apply L to the exponential factors, and integrate
by parts N times. Since ® > 0 according to Lemma 4.1, and since we have an estimate
|()L8;)N (pa)| < Cy, we gain a factor 2~1 ~ 27" each time, thus we estimate for

t—s>1
st [T )
0 Rk
N (3n—1+4k/2 L L / ) )
L7 (A [} a v, ¥, 0,0 | ¢n(R)) dvdar

t—s t—s’
< (T _ s)—nz—m(N—n—k/Z)

~

Hence we prove (4.13) by summing over m > 0, thus (4.10) follows. O

4.3 Abstract Stirchartz estimate on Lorentz space

To prove the Strichartz estimate, we sharpen the semiclassical version of Strichartz
estimates [65, Proposition 4.1] to Lorentz space L”2 by following abstract Keel-Tao’s
Strichartz estimates theorem.

Proposition4.2 Let (X, M, ) be a o-finite measured space and U : R —
B(L*(X, M, n)) be a weakly measurable map satisfying, for some constants C,

a>0,0h>0,

WU 22 <C, teR,
IU@U)* fliree < Ch %+ |t —sD "N fliL1. (4.15)

Then for every pair q,t € [2, oo] such that (q,1,0) # (2, 00, 1) and

+

= | Q

<J > 2
=5 q = <,

Q| =

there exists a constant C only depending on C, o, q and r such that

1

([ 1wl zd) < Eamtuoly (4.16)
R

where A(h) = h_(‘”g)(%_%)“ﬁ.

Proof For convenience, we write down the proof by repeating the argument in [65]
but with minor modification of the interpolation. If (¢, r, o) # (2, 0o, 1) is on the line
ql + % = %, wereplace (|t —s|+h)"7 by [t —s| ™ and then we closely follow Keel-
Tao’s argument [38, Sections 3—7] to show (4.16). We remark here that the alternative
interpolation argument in [38, Section 6] shows the inequalities sharpened to Lorentz

space. So we only consider 5 + % < 5. By the TT* argument, it suffices to show
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|[[wer s versonasir| < amPislg e,

Using the bilinear interpolation of (4.15) in [38, Lemma 6.1], we have

_2
r

—af1-2 s
Wy fs), uare@) < ch 0 g — sl )||f||Lr/.2||g||er,2.

.. N 5 . .. 1
Therefore, we see by Holder’s and Young’s inequalities for i <3

| [[wer s versanasar
—of1-2 (12
5 h <1 r) / (h + |t - Sl) (1 r)”f(t)”Lr/,Z”g(s)”Lr’,Zdtds

—a(1-2), —o(1-2)+2
<ne(72) (%) ANy o8Ny o

This proves (4.16). O

4.4 Homogeneous Strichartz estimates
Now we show the homogeneous Strichartz estimate. Let u# solve
82u+ Lou =0, u(0) = up, du(0) =uj, (4.17)

then for ¢, r > 2, the square function estimates (2.34) and Minkowski’s inequality

show that 1

2 2
”u”L‘I(]R;Lr’Z(X)) g <Z ”uk”Lq(R;Lr'Z(X))) (418)
keZ

where uy is defined by
u(t,) = 927/ Loyu(, ), (4.19)

where ¢ is as in (2.32). Applying the operator ¢(27¥\/Lp) to the wave equation, we
obtain
Our + Loug =0, ur(0) = fi(2), duk(0) = gr(2). (4.20)

where fi = 027 %/ Lo)uo and g = (R F/Lo)uy. Let U(r) = e”m, then we

write
Uit)y+U(-1) U@)—U(-1)

t, =
u(t, z) 5 i + N/

(4.21)
For our purpose, we need the following

Proposition 4.3 Let f = ¢(2~%/Lo) f fork € Z and U(t) = €"V£0, we have
U1 o 2@y S 2ENF 200, (4.22)
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where the admissible pair (g, 1) € [2, 00]? satisfies (1.3) and s = n(% — l) — é

T

Proof Leta = (n +1)/2,0 = (n — 1)/2 and h = 27, by Proposition 4.1, we have
the estimates (4.15) for U; x(¢). Then it follows from Proposition 4.2 that
||Uj,k(t)f”L?(R;Lr.Z(x)) 5

On the other hand, we have

N
Uty=Y_ Y Uj().

j=0keZ
Let ¢ € C°(R\{0}) take values in [0, 1] such that ¢¢ = ¢, hence we can write

uinf=y.y fo 927 N QjMAE ys (NP2 Lo) f -

j kez

Notice f = ¢(27*/Ly) f, then 5(2_k/«/£0)f vanishes if [k — k| > 1. Hence we

obtain
1 1 1

kln(lo1)_1
IU@ fll s @err2x)) S 2 [n<2 r) "]llfIlLZ(X)~
Therefore, we prove this proposition. O
By (4.18) and (6.2) and (4.22), we have that

loell Lo @; Lr2x))
1

< (Z (2 lle @7 Y LoyuollZa , + 24 Vlle @7V Loy ||iz(x))) -

keZ
By Littlewood-Paley theory again (2.34), we prove
”"‘”Lt/(R;LnZ(X)) S ””‘OHHS(X) + [lu ||1-'1sfl(x)~
4.5 Inhomogeneous Strichartz estimates

In this subsection, we derive the inhomogeneous Strichartz estimate from the homo-
geneous Strichartz estimate by using Christ—Kiselev lemma [17]. Recall the half-wave

operator U () = ¢"V£o : L2 — L2 and in last subsection we have just proved that
IU@uoll papr2 < lluoll s (4.23)

holds for all (g, r, s) satisfying (1.3) and (1.4). Given s € R and (g, r) € Ay, define
the operator Ty by

T, L2 — LILY2, fs Ly 2eVE0 . (4.24)

z
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By the dual of Lorentz space in Proposition 2.3, we have

s—1
2

LIPS L2 F(ro) e / £,? e ™VEF(1)dr, (4.25)
R

where 1 — s = n(% — %) — % It shows that

H /R U U*(0)Ly  F(t)de

poper = IBTF l g SIFl g -

Note that s = n(% — %) — % and 1 — s = n(% - L= %, thus (g, r), (¢, ) satisfy

(1.4). By the Christ-Kiselev lemma [17], we thus obtain for ¢ > ¢/,

< o
L?L;’z ~ ”F”L;{’Lr’.%

z

H/ sin (t — 1)/ Lo
<t VLo

Notice that for all (¢, 1), (§,T) € Ay, one must have g > §’.
Therefore, we conclude that:

F(t)dr‘

(4.26)

Proposition 4.4 Forany s € R, let (¢, 1), (¢,7) € Ay and let u be the solution to
Zu+ Lou=F, u0)=up, du(0)=u, (4.27)

the following Strichartz estimates hold:
ot 2l o2y < € (0l ey + 01l s + 1Pl gy )
(4.28)

Remark 4.3 This result concludes the full range set of global-in-time Strichartz esti-
mates both in homogenous and inhomogeneous inequalities when V = (. Hence, by
embedding inequality of Lorentz space, we prove Theorem 1.1 when V = 0.

5 Inhomogeneous Strichartz estimates withg = g = 2

In the next section, we need the following result on the double endpoint inhomogeneous
Strichartz estimate.

Proposition 5.1 Lerr = 2(n —1)/(n —3) and F = @2~ %/Lo)F, we have the
following inequality

sin (t — 1)/ Lo k[2n<l—l)_2]
EEEE————— < 2 T ,
‘ /r<t z F(t)dt 252 N 2 ”F”erLr . (5.1)

As a consequence, we have
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Corollary 5.1 Letr = 2(n — 1)/(n — 3), the following inequality holds

- sin (f — 1)
|eom [ 2 b S, (52)
T<t Lo
Proof This is a consequence of the Littlewood—Paley theory in Lemma 2.6. O

Remark 5.1 This inhomogeneous inequality is not included in the above estimate(4.28)
since if ¢ = g = 2, then at least, one of (¢, 1), (g, T) is not in A. However, if we only
consider the inhomogeneous Strichartz estimate, we can obtain this endpoint estimate
(5.2) by following the argument of [38] and [35], although at this moment we only
have the microlocalized dispersive estimates (4.8)—(4.10). For more inhomogeneous
estimates, we refer the reader to [22,61] where the propagator satisfies the classical
dispersive estimate.

Proof Recall U(z) = e/'V£0 then

sin (r — 7)/Lo
VLo

Hence to show (5.2), it suffices to show the bilinear form estimate

_1
=L, UOU@)* —U(-n)U(-1)")/2i.

pls-4)-4]
ITu(F. G| <2° 1Flla, 020Gl o e, (53)
wherer = 2(n — 1)/(n — 3) and T (F, G) is the bilinear form
T« (F,G) = // (U U (0)F (1), G(1)) 2 ddt 5.4
s<t

where Uy = ZO<]<N Uj i defined in (4.1).
On the other hand, we have proved that for all (¢, 1) € Ay withs = n(§ — l) —1

r q
kln(li-1)_-1
U@ 2 @epr2 ) S 2 ["(2-1) ]||f||L2(x)
By duality, we have
1 1)y 1
H/ Uk U} @ F @z, < (3 }”F” RN
R t Lz

In particular g = 2, r = 2(” 1)

, it follows that for all 0 < j, j < N,

1_1y_1
// U kO (OF @), Go) 2 dedr < e 11(377)3 ]||F||L2L5,z||G||L;L5,z.

(5.5)
We need the following bilinear estimates
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Lemma5.1 Let Uj(t) be defined as in (4.2), then for each pair (j,]) €
{0,1,..., N}2 there exists a constant C such that, for each k, either

2dkln(l-1)_1
[ wixwu;  @F@. 6,0 dvdr < 2 PGy, 61, e,
<t ’ Tz 1tz
(5.6)
or

2k(nl5—7)—7
/ / (Uj (DU} (F (1), G(0) 2 dedt = C2 [(3-1) 2]||F||L2Lm||G||L2Lr/,2.
>t T~z 1=z
(5.7)

We postpone the proof for a moment. Hence for every pair (j, j'), we have by (5.6)
or subtracting (5.7) from (5.5)

-
|
—l—
~—
|

-

d
Il o2l Gl o

2k
/:/T<t(ijk(t)U;‘,’k(r)F(t), G(1)),2 dvdr < C2 (3
Finally by summing over all j and j’, we obtain (5.3). Once we prove Lemma 5.1, we
complete the proof of Proposition 5.1. O

Proof of Lemma 5.1 Without loss of generality, by scaling argument, we may assume
k = 0. In the case that (7, j') € Juear or (j, j) = (j,0) or (j, j/) = (0, j'), we have
the dispersive estimate (4.8). We apply the argument of [38, Sections 4-7] to obtain
(5.6).If (j, j') € Jnon—our» We obtain (5.6) adapting the argument in [38] due to the
dispersive estimate (4.10) when 7 < t. Finally, in the case that (j, j') € Juon—inc»
we obtain (5.7) since we have the dispersive estimate (4.9) for T > ¢. We mention
here that we have sharpened the inequality to the Lorentz norm by the interpolation
as remarked in [38, Sections 6 and 10]. O

6 Strichartz estimates for wave equation with Ly

In this section, we prove the Strichartz estimate for Ly by using Proposition 4.4 and
establishing a local smoothing estimate.

6.1 A local-smoothing estimate
In this subsection, we prove a global-in-time local-smoothing estimate. It worths point-

ing out that we directly prove the local smoothing estimate avoiding the usual method
via resolvent estimate of Ly .

Proposition 6.1 Let u be the solution of (1.1), then there exists a constant C indepen-
dent of (uo, uy) such that

-B
HrlWJngya»SC<WMMEQJHWNM;QJ» (6.1)
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where z = (r,y) € X, 1/2 < B < 1 + vg with vy > 0 such that vg is the smallest
eigenvalue of A, + Vo(y) + (n — 2)%/4.

Remark 6.1 In [10], Burq et al. established the resolvent estimate and thus proved a
same estimate, called Morawetz estimate, in Euclidean space with 8 = 1.

Proof We modify the proof of the argument in our previous paper [66] for Schrodinger.
A key observation is that the norms in the both sides of the local smoothing are based
on L?-space which allows us to use orthogonality of eigenfunctions. Without loss of
generality, we assume u1 = (. Since

1/ . .
u(t,2) =3 (awﬁv teit 5V) o, 6.2)
we only consider the estimate of ¢'’ LV . Recall
dv)
uo(2) = Y Y ave(Mgue(y), bue(p) = (Hyaye)(p).
VE Xoo £=1

By (2.25) with F(p) = €''r we will estimate

d(v) 00
. n—2 .
eV ug = Z Z%,M)/ (rp)" 2 Ju(rp)eby, o (p)p"'dp.  (6.3)
0

VEXoo £=1

By the Plancherel theorem with respect to time ¢, it suffices to estimate

Joh

Using the orthogonality, one has

d(v)

3 S 60k ® )T T )by (p)" !

VEXoo £=1

2
dpr~Pdu(z)

d(v) 2 d(v) 2
/ > Z%,Z(Q)Jv(rp)bv,z(p)’ o=y %" Ju(VP)bv,e(P)'
Y1y exos £=1 VEXoo £=1

then we see that the above is equal to
d(v)

>y

VEXoo £=1

2
(P~ T o))" dpr" T P

To estimate it, we make a dyadic decomposition into the integral. Let x be a smoothing
function supported in [1, 2], we see that the above is less than

d(v)

Z Z Z [000 /.Ooo |(l’,0)_% ‘IV(rp)bv.[(/O)p"_lX (%) |2dpr”_1_2/3dr

VEXoo {=1 M e2Z
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d(v)

SY SN ST mr gt 2"/ / o)~ T Ju(rp)bvz(Mp)x(p)l dpdr.

VEXoo =1 Me2Z Re2”

(6.4)
Let
2R poo 2 2
Qv.e(R, M) = fR /0 [rp) ™2 Ju(rp)bv (M p) X (p)|"dpdr. (6.5)
Then we have the following inequality
R M by o (p)x (£) 0°T 1220 R S 1
QV’((R, M) 5 ) i, ” v, P)X ('(1)\4)10 ||L2 ~ (6.6)
R M "Ibye(0)x () "7 12, R > 1.

We postpone the proof for a moment. By (6.6) we turn to estimate

d(v)
Z Z Z / / }(I’p) T Ju(rp)bv (p)p"~ 1 (%) |2dprn—1—2ﬁdr
VEXoo £=1 M2l
d)
S, Z Z Z Z Mn_H—ZﬂRn_l_zﬂQp,e(R,M)
VEXoo £=1 Me2Z ReIZ
d(v)

< Z Z Z ( Z Mn—1428 pn—1-28 p2v—n+3 yr—n

VE€Xoo =1 Me2Z Re2Z,RS1

Y MR R by (o () 0TI

Re2Z R>>1
d(v)
< Z Z Z ( Z M2ﬂ—1R2(1+u—/5)+ Z M2ﬂ—1R1—2ﬂ)
VE€Xoo t=1 Me2Z " Re2Z RXI Re2Z R>1

16veo)x (37) P°7 112

Note that if % < B < 1+ vp the summations in R converges and further converges to

lluo ||2 . . Hence we prove (6.1). Now we are left to prove (6.6). To this end, we
H (X)
break it into two cases.

e Case 1: R < 1. Since p ~ 1, thus rp < 1. By (2.21), we obtain
(rp) rp)~" 7

0.0(R M) S /mf _)F(%)

_ _ Py nol
SRV nllbv,z(P)X (47) P 7 12

2
by e(Mp)x(p)| dpdr
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e Case 2: R > 1. Since p ~ 1, thus rp > 1. We estimate by (2.22) in Lemma 2.3

oo 2R
—(n— 2 2
Que(R, M) S R / |bu,e(Mp)x (0)| / [ Ju(rp)|"drdp

0 R
o 2

<& [ hono e

SRTIM b o)x (4) "7 12

Thus we prove (6.6). Therefore, we prove the local smoothing estimate.

]

Remark 6.2 By constructing the similar counterexample as in Sect. 6.3, we can see
the restriction 8 < 1 + vy is necessary for (6.1). However,

(@) if V.= 0, then B < 5 is requ1red since the positive square root of the smallest
eigenvalue of Ay, + (n —2)%/4is greater than (n — 2)/2;

(ii) if the initial data, say u(, belongs to @vexwwk HY N Hﬂ_f (X) where k > vg,
then one can relax the restrictionon S to 8 < 1 + k.

6.2 The proof of Strichartz estimates

Let v be as in Proposition 4.4 with F = 0 and suppose that u solves the equation
Pu+ Lyu=0, u0)=up, du(0)=u,
we have by the Duhamel formula

el’t«/[,v +e—it ,C,V eit L‘,V _e—il LV
u(t,z) = up + -
l«/[,v

2
- v(r,z)+/0 sin (IJEL;J_(V(z)u(T 2)dr. 6.7)

ui

From the spectral theory on L?, we have the Strichartz estimate for (¢, r) = (00, 2).
By using the Sobolev inequality in Proposition 3.1, we obtain

lu(t, D)l Lo®;Lrx)) S IIﬁvu(t Dl Lo ®:120x))
5 ||MO||HS(X) + ||u1||1-1s—1(x)
where s = n(1/2 — 1/r) < 2and 2 < r < n/max{5 — 1 — vp, 0}. Note that the

restriction s < 2 implies r < 2n/(n — 4) which is a artificial restriction, thus we can
get rid of this restriction by using an iterating argument as in Corollary 3.1.
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Ifvg > 1/(n — 1), then we have

, =3;
2<r< ™ " (6.8)
n/max{s —1—1,0}, n=>4,

which is corresponding to 0 < s < 1 4-vg. On the other hand, by Proposition 4.4 with
s € R and Holder’s inequality in Proposition 2.2, we show that

llu(t, 2l La®; L7 (X))

Tsin (t — 1)/ L
S ol + Wl + | (V@ )de
0

L9 (R; LY (X))
Now our main task is to estimate
Usin (t — t)s/Lo
—————(V(@u(z, 2))dt (6.9)
H [0 Y% 50 L9 (R; LT (X))

Note that if the set A is not empty, we must have s > 0. Indeed, if (¢, r) € Ay, then

1 1 1

s=n(§—;)—:7zz(n+1)(%—%)zo. (6.10)

Therefore, without loss of generality, we may assume s > 0.
Now we argue Theorem 1.1 by considering the following four cases.

Casel0 < s < % +vo,q > 2. Let % < B < n/2, by using Proposition 6.1 and
Remark 6.2, we define the operator

1(1
: 228
T:L*(X) - LXR; L*(X)), Tf= r—ﬁe”mﬁg(z )f.
Thus from the proof of the local smoothing estimate, it follows that 7' is a bounded
operator. By the duality, we obtain that for its adjoint 7*

1(1
1 ,_ﬁ .
T : LA(R; LA(X)) — L2, T*F:/ cg<2 )e*”mr*f’F(z)dr
TeR

which is also bounded. Define the operator

RISV

B:L*(R; L*(X LY(R: L" (X)), BF = c
( (X)) — LI (X)) T

r PF(t)dr.
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Hence by the Strichartz estimate with s = % — B, one has

| BF ||La(®:Lr(x))

L
_ ”eit«/?o ﬂr_ﬁF(r)dt ”Lq(RL'(X))
IER \/E ’
< e ﬂF(r)drH =IT*Fll2 SNl 2@ r20x)y- (61D
TeR \/

Now we estimate (6.9). Note that
1 . .
sin(r — 7)y/Lo = E(el(f—fwﬁo — eIV,

thus by (6.11), we have a minor modification of (6.9)

Hf sin (¢ — T)‘/_(V(z)u(r )dr ‘

L4(R;L*(X))
< IIB(r’SV(z)u(r Dla@roy S NP 72u )l 21200

S lluoll + e,

H37P(x) 3B (x)

where we use the local smoothing estimate in Proposition 6.1 again in the last inequality
and weneed 1 — vy < 8 < 3/2suchthat 1/2 < 2 — 8 < 1 + vp. Therefore the
above statement holds for all max{1/2,1 — vy} < B < 3/2. By the Christ-Kiselev
lemma [17], thus we have shown that for ¢ > 2 and (g,1) € Ay, = Ay with
s = % - B

6.9 < ||u0||HJ(X) + |luy ||1-'1x71(x)- (6.12)

We remark that we have proved all (¢, 1) € As withg > 2 and s such that 0 < s <
min{1, % + vp}. Now we relax the restriction to s < % + vo when vy > 1/2. For
1<s< % + vo and any (g, 1) € Ay, then there exists a pair (¢, T) € A; withs = 1_
such that

L(S 5)/2

flu(z, Z)”L‘I(R;LT(X)) S u(t, Z)”Lq(R;Lf(X))

< ol s ey + s -

Indeed, the Sobolev inequality of Corollary 3.1 shows the first inequality and the above
result implies the second one.
Therefore we have proved all (¢,r) € Ay and s such that 0 < s < % + v except
the endpoint admissible pair with g = 2 whens > 5o := (n+1)/2(n — 1) and n > 4.
Casell 0 < vy < n% In this case, if (g, 1) € Ay, then g > 2. Hence it suffices
to fix the gap % +v9 < s < 1+ vp. To this end, we split the initial data into two
parts: one is projected to H" with v < 1 4 vy and the other is the remaining terms.
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Without loss of generality, we assume #; = 0 and divide uo = wuo; + uo where
uo,p = uo — o, and

d(v)

wos =Y Y ae()ue(y), A={vE€ xoo:v <1410}, (6.13)
veA (=1

For the part involving ug », we can repeat the argument of Case I. In this case, as in
Remark 6.2, we can use Proposition 6.1 with 1/2 < 2 — 8 < 2 4 vg. Thus we obtain
the Strichartz estimate on e//v£v uo,, for A, with s € [% + vg, 1 + vg). We remark
here that the set Ay ,, is empty when s > 1 4 vy.
Next we consider the Strichartz estimate for e/'V£V

of [50] which treated a radial case. Recall

uo,;. We follow the argument

d(v)

. o0 n—2 .
Vs = 1Y ue) [0 T Lo a0 o,
VEA (=1 0
d(v)
=Y oMMl Hy (ay,)1). (6.14)
veA (=1

Since v € A, therefore there exists a constant C,, depending on vg such that

d(v)
ST .
1B uo o = G 3 3 [Hole Moot o
veA (=1 = hdr
(6.15)
Let u = (n —2)/2 and recall H,,’H,, = Id, then it suffices to estimate
d(v)
% ; | e M, () @, 010) v, 619
v = r r

For our purpose, we recall [50, Theorem 3.1] which claimed that the operator ICIOM =

H, 'H, is continuous on L” _ ([0, 00)) if

r=ldr

max{((n —2)/2 —u)/n,0} < 1/p < min{((n —2)/2+v +2)/n, 1}.

Notice u = %, on one hand, we have that both ICIOW and Ing p are bounded in
Lfn,ldr ([0, 00)) provided % > % - 1';—" One can che'ck that % > % - 1“;—”0 satisfies
the condition since v > vgy. On the other hand, Hu[e”pHﬂ] is a classical half-wave
propagator in the radial case which has Strichartz estimate with (g, 1) € Ag. In sum,

for (q,r) € Ay, we have
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e ™V ug 1l Lo m: 17 (x))
d(v)
< Cu 20 2 | DML M (H M) @00 10| e
veA (=1 n—1g,
d() d() 12
2
< Coy DD HuHD @0l s < Cop | DD w35
veA t=1 veA t=1
< Cyglluo,ll gs- (6.17)
In the second inequality, we use [50, Theorem 3.8].
Case Il vy > ﬁ* g = 2 and n > 4. In this case, we aim to prove
llu(t, 2)|] 21-1) S lluoll | _nt + flurll I (6.18)
L2(R;L =3 (X)) H20=D (X) H20=D " (x)
Before proving this, we first prove
iy
Ly " ult, 0= < ne . 6.19
160" e, e S ol ] (619)

Indeed, it follows from Corollary 5.1 and Proposition 6.1 with 8 = (n —2)/(n — 1)
(n > 4) that

Hﬂgnlﬁfo sm(t\/ﬁi)\/_(v(z)u(t z))drH (R;Lz(::;)(x)>

SIV@u(r, 2 -h, S S s 1M(T Dllp2r2
LA

Slluoll  a=s  +lu 1|| .
A2 (x) D0

Hence this shows (6.19). On the other hand, from Proposition 3.2, we have shown that
the operator

L
T

Ll 2—1) 2n—1)
Ly Ly" LT (X) — LT (X), vo>1/(n—1)

is bounded. Note that the operators Ly and Ly are self-adjoint, by dual argument, we
see the boundedness of the operator

1 1
L, ey L= (X) —
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Therefore we obtain

1

1 1 1
u(t,z) -y =1Ly LT Ly Ly (e, 2) 2n=D)
I I L2(R: Lﬁf(x)) =1 v 0 0 v ”LZ(R;LTT(X))

1 1
< £n—lu _ £n—lu _
SIEY OHHZ&:B(X)-%II v 1||H7(»Ln:3ﬁ -

< |lu u
Sl 0”H2<I:'+—II)(X) + 1l 1||H2(n+11),

This gives (6.18).
Letso = (n+ 1)/2(n — 1) and apply the operator withsg < s < % + 1o
to the wave equation, thus by using the above Strichartz estimate, we obtain

(s—50)/2
‘CV

E(S_SO)/2M Z,Z 2(n—1) < Uo |l s + Ul gs— .
1Ly ( )||L2<R;L (1) (X))Nll s oy + Nl gs—1x)

Consider (2, ;= %’: 1) € As withsg <s < % + vg. One can verify that 0 < s — 59 <

min{2, 1+vp}and .5 — 23 7 satisfies that (3.21). By the Sobolev inequality in Corollary
3.1, we show

llu(z, )|l

L2(R;Ln— l(X)) L3 (X

SNLS™O2u@, o) )
L2<R; )>

< ol s ey + Nl s -

In sum, under the condition vg > 1/(n — 1), we have proved the Strichartz estimate
(1.2) with F =0 for all (g, 1) € Ay withs € [0, 1/2 4 vp).

Case VI: vg > ﬁ and (q,r) € Ag,, Withs € [1/2 4+ vg, 1 + vp). For s €
[1/2 + vy, 1 +vp) and (g, 1) € As N {(g,1) : % > % — IJ;—"O}, as using the Sobolev
inequality of Corollary 3.1 as before, we have that there exists a pair (¢, ) € A; with
s = (1/2 4+ vg)— such that

l:(s $)/2

lut, Dl Lar:Lrxy < | u(t, Z)||Lq(R;Lf(x))

5 ||u0||HY(X) + ”M] ||HS—1(X).

Thus we prove the homogeneous Strichartz estimate stated in Theorem 1.1. We show
the inhomogeneous Strichartz estimate by using 7' 7 *-method as in Sect. 4.5. Therefore
we complete the proof of the second conclusion in Theorem 1.1.

6.3 The sharpness of the restriction (1.5)

In this subsection, we construct a counterexample to claim the restriction (1.5) is
necessary for Theorem 1.1.

Proposition 6.2 (Counterexample). If (g, 1) € Asbut (q,1) ¢ {(g,1) : % > %— H;l”"}.
Then the Strichartz estimate possibly fails.
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Proof Assume ug = (H,, x)(s) is independent of y, where x € C2°([1, 2]) is valued
in [0, 1]. Due to the compact support of x and the unitarity of the Hankel transform
‘Hy, on L2, we obtain ||ug|| s < C. Now we conclude that

e ﬁv"‘O”Lq(R;Lr(X)) =00 (6.20)

when % < % — ”n—”" We write that
it/Ly * n-2 i 1
) =/ (s0)” 2 Jyy(sp)e'"? (Hyyuo)(p) " dp
0
o0 n—2 . 1
2/ (sp)™ 2 Jy(sp)e'™ x(p)p" " dp. (6.21)
0

We recall the behavior of J, () as r — 0+. For the complex number v with Re(v) >
—1/2, see [27, Section B.6], then we have that

v

-
KO = FreT TS0 (6.22)
where .
(r/2)Y / isr 2\2v—1)/2
So(r) = —12 — (1 - d 6.23
«) F(v+1)rasn) e o=y e
satisfies

2—Reerev+1
Rev+ ) [M(v+ )T (1)

Now we compute for any 0 < € < 1

[Sv(r)] = (6.24)

[o.¢]
i _n=2 i _
e EV“OHL‘?(R:L") = H/ (5p)" 2 Jy(sp)e'™ x(p)p" Ydp
0 LI(R; L")

o0
_n=2 i _
z” / (sp)™ 7 Juy(sp)e"” x (p)p"~dp
0 La([0.1/21:LT, _;  fe.1])

>c

o0 n—2 . _
/ (sp)" 7 (sp)™ e x(p)p" " 'dp
0 L9(0.1/21 L7,y [e1])

oo
_n=2 ; _
—H / (sp)7 "7 Suy(sp)e x (p)p"~'dp :
0 La([0,1/2):L%, _;  Te.1)

We first observe that by (6.24)

oo
_n2 i _
H |60 sy 00 o dp
0 LOO,1/25 T 1D

o0
n—=2
<C H/ (s0)" "% (sp) T x(0)p" dp
0 LIG0.1/28 LY, [e1)

< C max {e"“’l_"%z*'%, 1}. (6.25)
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Next we estimate the lower boundedness

e n—=2 . 1
H/O (sp) 2 (sp)"e"P x (p)p"'dp

LI(O,1 /4L, [€.1])

n—14g
1

([ ([

1

1
=
0

o0
_n2 ; _
/0 (sp) " (s0)0e P 5 (0)p"\dp

g 1/q
dt

o0 n—2 . 1
/ p= 2 plex(p)p" dp
0

X

e,
m

<

(=)

|

=

| N I\J‘\
[3e]

+

B

1 —
N[— e
A
Bf—

<

(=

+

—_

I
Bf—

r q/r
s"_lds> dt)

1/q

where we have used the fact that cos(pt) > 1/2 fort € [0, 1/4] and p € [1, 2], and

o0 n—=2 it 1
/O p~ 2 pe" x(p)p" dp

Hence, we obtain if% < % - @

; _n=2_.n _n=2_.n
lle'! EVu()HLq(R;Lr) > e 7 Tr — C max {e”°+1 7Ty, l}
vo—l=24n
>ce"" 2 Tr - 400 ase — 0

And when % = % — ”"n—+1, we get

1€ 5V ugll Larirry = clne — C — +o0 ase — 0.

7 Applications: well-posedness and scattering theory

1 * —n=2 Vo n—1
z 3 e T px(p)p"dp = c.

(6.26)

(6.27)

In this section, we prove Theorem 1.2 by using the Strichartz estimates established
in Theorem 1.1. We follow the standard Banach fixed point argument to prove this
result. For any small constant € > 0, let I = [0, T'), there exists T > 0 such that

Bri={ue CU, H") ¢ |, 810l 12 < 2C N wos )|l iy Nl g1 xy < 2Ce}.
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To this end, we consider the map
. ! 4
O(u(t)) = K(t)ug + K(t)u; +/ K@ —s)(lu|"™2u(s))ds (7.1)
0

on the complete metric space B; with the metric d(u, v) = ||u — v|| LILE(IxX) and
=z

where the pair (g, r) is given by (1.10). We can check that (g, 1) € Aj. On the other
hand, we observe that if the initial data has small enough size &, then by Strichartz
estimate

| K 0o+ K @ur] a1 gy < Ce (72)

holds for T = oo; if not, the inequality holds for some small 7 > 0 by the dominated
convergence theorem. We need to prove that the operator ® defined by (7.1) is well-
defined on B; and is a contraction map under the metric d for /.

Letu € By with 0 < € « 1. We first consider 3 < n < 6. Then, we have by
Strichartz estimate

1P @D 0202 2042102 )

< ”K(t)u() + K(t)uy HL§”+2)/(”‘2’Lﬁ("“)/("‘z)(IxX) + C” |M|%”“L}Lg(1xX)

n+2

< Ce+ lull" sy _ < 2Ce,
= ” ||L§n+2)/(n 2)L§(n+2)/(n 2)(I><X) =

and
sup (0,000 12 <Cl 01z + 2]
<2C || (uo, un)l g1y p2-
Next we consider the case n > 7. By using the Strichartz estimate again, we show

19 2200 5,

< ” f((t)uo + K(H)uq ” L2120 +C ” |u|$u HLt2(n72)/(n+2)Lgn(nfz)/(nfS)(VH»Z)

n+2

< Ce+ ull” < 2Ce,

=2
2020073 (1 xy —
and
sup [(®(w), 3 D) g1, 12
tel

4
<C “ (wo, u)ll g1y p2 + CH lu| "2 u “L?(ll—Z)/(n+2)LG(ll—Z)/(n—3)(n+2)(IXX)

< 2C”(u0, ull g2
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Hence forn > 3 wehave ®(u#) € Bj.On the other hand, for w;, wy € By, by Strichartz
estimate and choosing € sufficiently small, we obtain for 3 <n <6

d(®(wr), ®(wy))
< C|||w1|ﬁw1 - |w2|"4jw2”L}L§(I><X)

< Cllwi — wall; e+2/0-2) 20042 /00-2)
t 4
= =
lwill G2 m-2) , 2042m-2 F 1020022y, 2042702
( L0/ 0=2) 2042 0-2) L0/ 0D 2042 )

< Ceird(wy, wa) < Ld(wr, wn),
and forn > 7

d(®(wy), P(w2))

a4 a4
< Clllwi|™=2wy — [wa| w2 |, 20-2/042) 2002 /=302,
1 Z
4 4
n—2
2

< Cllwy — szILtngn/(H)(llwl ”L,L

2n/(n—3 ||1L2|| 2n/(n—3
3 2 3
/(r ) 8 !" /( ))

éeﬂ%d(wl, ws) < 3d(wi, wy),

IA

The standard fixed point argument gives a unique solution « of (1.6) on I x X which
satisfies the bound (1.9). Therefore if § is small enough, we obtain the global solution;
otherwise, we have the local existence.

Next, we turn to show the scattering result. We just prove that u scatters at 400,
the proof for the scattering at —oo is similar. Using Duhaml’s formula, the solution
with initial data («(0), 12(0)) = (ug, u1) € H' x L% of (1.6) can be written as

u(t)\ uo ! 0
(ua)) =Y <u1> _/0 Yotr = ”(F(u(s)))ds’ 73

where V) is defined by (1.12). Denote the scattering data (uar , uT) by

+
Uy __ ("o _ o _ 0
(ﬁ)‘(m) /o Yo ”(F(u(s»)‘”'

Then, by Strichartz estimate, we can obtain for3 <n < 6

+ 00
| (Z) - VO(I)(Z?*) lineoe =1 / Yot _s)<F(:<s>>)ds i
<[ (=)

L} L2((t,00)x X)
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_4_
< u n—2
~ ” ”Lf"+2)/(”_2)Lg(""'z)/("_z)((t,oo)><X)
— 0, ast — oo.

and forn > 7

1) =50

| / - ”(F(»?(s»)ds i oo

()

4

u n—=2
“ ||L?L§"/("73>((t,oo)xx)

A

L{Z(n72)/(n+2) L%n(n—Z)/(nf3) (n+2)

— 0, ast— oo.

Thus we prove that u scatters.
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