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1. Introduction

The successful implementation of dilute atomic Bose-Einstein condensates has generated
considerable attention in the properties of trapped dipolar quantum gases. In traditional experiments,
bosonic quantum gases with isotropic and short-range interactions have taken a dominant role and
been commendably described by the scattering length of s-wave [2]. However, dipolar interactions,
provided with an anisotropic and long-range component, are not negligible for those particles with
electric dipole moment or large permanent magnetic. In 2005, the first dipolar BEC of chromium
atoms was successfully generated by the combination of magnetic, optical and magneto-optical
trapping techniques [3]. In the approximate range of mean field, the dipolar quantum gases at zero
temperature have been described, and the nonlinear Schrodinger equation of its macroscopic wave
function was derived [4].

In this paper, we study the following Gross-Pitaevskii equation (GPE) for the trapped dipolar
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quantum gases
2

1 |x] 2 2
i) = =580+ =g+ BilpPe + Ba(K + e, (1.1)

0(0,x) = ¢y, teR" xeR.

Here ¢ = ¢(t, x) : Rt x R* — C is a given smooth function, i is the imaginary unit, A is the Laplace
operator on R? and 31, 8, € R satisfy certain constraints. Moreover, we define * by the convolution for
x. The long-range anisotropic dipolar interaction kernel K(x) is highly singular denoted by

1 —3cos?8

K() = — 5,

where 6 = 6(x) represents the angle between the point x € R? and the fixed polarization axis n € R?,
with [n| = 1, i.e.
cosf = u.
|x]

These remarkable experimental breakthroughs of dipolar interactions have stimulated various
theoretical investigations. When 8, = 0, there is no dipolar interaction, and Eq (1.1) describes the
BEC with alkali atoms. Many results about the dynamical properties were developed [S]. When
B2 # 0, Eq (1.1) 1s hard to discuss due to the strong singularity of dipolar interactions. By reducing
three-dimensional GPE to one or two dimensions, polarized along an arbitrary polarization angle, the
researchers in [6] revealed how the dipolar interactions change the contact interactions of strongly
constrained atoms. Moreover, Carles, Markowich and Sparber [7] applied the decomposition of e*¢
into spherical functions to calculate the Fourier transform of kernel K(x) with n = (0,0, 1).

Recently, Li [8] extended the known result of the existence of blowup solution for Eq (1.1) in
terms of mechanical analogy and a new estimate of the kinetic energy. Moreover, the profile
decomposition has been employed to explore the blowup dynamic of Eq (1.1) in [9]. The authors
constructed two refined Gagliardo-Nirenberg inequalities at first. Then, they proved that the blowup
solution would concentrate at one fixed amount with the help of a compactness lemma. This method
has also been applied to the focusing Schrodinger-Hartree equation to investigate blowup dynamic
in [10]. With the same method, Zhang [11] obtained the threshold of global existence and blowup for
the NLSE without dipolar interaction (5, = 0 in Eq (1.1)) through the Hamilton conservation and the
variational characteristic of the classical nonlinear scalar field equation. Then, the limiting profile and
the mass concentration property of the blowup solution have been discussed. Zhou [12] has proved
that any minimizer of the minization problem blows up at one of the endpoints of the major axis for
the variational functional associates with the GPE, if the parameter relate to the attractive interaction
strength close to a critical value. Pavlovic [13] considered the solutions of the focusing quintic and
cubic GP hierarchies. The authors proved that all solutions at the L-critical or L-supercritical level
blow up in finite time if the energy per particle is negative in the initial condition. It is worth noting
that their results do not admit any factorization of the initial date. The readers can refer to other
blowup dynamical properties, the stability and instability of standing waves in [14-21]. As for
fractional NLSE, Dai [22] has derived symmetric and anti-symmetric solitons of the fractional second
and third order NLSE. Another example can be seen in [23], where the authors used two kinds of
fractional dual-function methods to solve the space-time fractional Fokas-Lenells equation. The
coupled NLSE that contains partially nonlocal nonlinearity has been investigated in [24]. Ma soliton,
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Akhmediev breather and rogue wave were derived via projecting expression along with Hirota’s
bilinear method and Darboux transformation. The fractional bi-function method and fractional
mapping equation method can be found in [25]. The readers can refer to [26-28] for other related
works.

From the point of mathematics, the collapse in a particular space reflects the limited behaviour
of solutions, and the occurrence of finite time blowup is closely connected with standing waves of
Eq (1.1), i.e., o(t,x) = “'Q(x),w > 0. It is obvious that Q is the unique solution of the following
elliptic equation

1 |x[?
— 500+ w0+ =0 +BIIOPQ +Ba(K #1010 =0, Qe H' R, (1.2)
which will be the main key throughout this paper. Moreover, Eq (1.1) satisfies the conservation laws

of mass and energy, i.e.,

Mep(t, x)] := f lpl*dx = Mg, (1.3)

1 1
Elglt, )] = f VP + 5 f Plgl + 2! f o+ 22 f (K *loDlldx = Elgo].  (14)

A crucial question for Eq (1.1) is to find the sharp threshold conditions. Now, we recall some
helpful results of blowup dynamics for the nonlinear Schrodinger equation (NLSE):
O + Au+ |ulP~'u = 0,u(0, x) = up, (6, x) € RXRN, p> 1+ %. One useful scaling quantity is called

mass-energy M [u]%cE [u] (S, = % - p—%l), which can be normalized as

1-S¢
M[u]lf;:CE[u] o<s. <1

M[W] s E[W]

ME =

where W is the unique H' radial solution of
AW = (1 =S )W+ WP~'w = 0.

When 0 < S, < 1, we regard ME = 1 as the mass-energy threshold. First of all, let us start
with recalling some well-known fact at the mass-energy threshold, i.e., M&E = 1. Duyckaerts and
Roudenko [29] begin with exhibiting two radial solutions Q" and Q~, with initial data Qf satisfies
QF € Nyer H(R?), such that O* exponentially approach the ground state solution Q in the positive
time direction and Q* blows up in finite time as well as Q~ scatters in the negative time direction.
Then, all the solutions can be characterized as: (i) If ||Vull2||uoll < |[VOIl2||Qll, then either u scatters or
u = Q" up to the symmetries, (i) If ||[Vuo|2|luoll = [VOILIIQIl, then u = € Q up to the symmetries, (iii)
If || Vugllolluoll > 1IVOILIIQIl and uy is radial or of finite variance, then either the interval of existence of
u is of finite length or u = Q" up to the symmetries. As for the cases under the threshold, i.e., M& < 1.
The focusing mass-critical NLSE(S . = 0) was first studied by Weinstein [30], who showed a sharp
splitting takes place: (i) If M[u] < M[Q], then the solution exists globally, (ii) if M[u] > M[Q], then
the solution blows up in finite time, where Q is the solution of —Q + AQ + |Q|3, 0 = 0(), r = |x,
x € R?. The focusing energy-critical NLSE(S, = 1, N = 3,4,5) with H! , initial data was investigated
by Kenig and Merle [31]. They showed that there exists a sharp threshold, which split the behaviours
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of solutions into two cases under a priori condition E[uy] < E[W]: (1) If ||Vupll;2 < |[VW]|2, then the
solution exists globally and scatters, (ii) if ||Vuoll;2 > |[VW||;2 and uy € L?, then the solution may blows
up in finite time. Here, W(x) = W(x,7) = 1/(1 + 155)"%" in H'(RY) and solves AW + |[W|7=W = 0,
Briefly speaking, the global behaviour of solutions (0 < M& < 1) is wholly investigated, which can be
summarized as

Let ug € H'(R?), 0 < S. < 1, u(t, x) be the solution of i0,u + Au+ [ul’~'u = 0 and the corresponding
initial datum uy satisfy

0<ME< 1.

Part 1 IfM[uo]l_S"(f luolP*dx)Se < M[W]l‘s"(f |WPHdx)S¢, then the solution u(t, x) exists globally.
Part 2 IfM[uo]l‘sf(fluoI"“dx)SC > M[Q]I‘S"(lel"“dx)Sﬂ, either the solution u(t, x) blows up in
finite time or there exists a sequence t, — +oo such that lim,_,,.||Vu(t,)||;2 = +oo.

When S, =1orp= ﬁ + 1,N > 3, we regard ME = 1 as the energy threshold and the dynamical
behavior of solutions is described as

Let ug € H'(RV), S. = 1, u(t, x) be the solution of iO,u + Au + [ul’"'u = 0 and the corresponding
initial datum uy satisfy

0<ME<T.

Part 1 Iff [uoP*'dx < lelp“dx and u is radial with N = 3,4, then the solution u(t, x) exists globally.
Part 2 Iff luol”*'dx > f \WIP*'dx and uy is radial with uy € L*(RN), then the solution u(t, x) blows up
in finite time.

Remark 1. Both the above cases used a concentration compactness argument, proposed by Kenig and
Merle [31] in the energy critical case.

Remark 2. Motivated by “critical phenomena” in physics, Nakanish and Schlag [32] gave a complete
picture of the dynamical properties for the focusing nonlinear Klein-Gordon equation, as initial datum
energy slightly larger than that of ground state (still denoted by W):

HE = {|xju € L*(R®)|E[u] < E[W] + ).

Then, they extended this approach to the focusing cubic NLSE, which is slightly above the mass-
energy threshold (ME < 1 + €), and above condition turns to

H = {|xju € L*(R®)|M[u)E[u] < M[W](E[W] + £%)}.

As we can see, the mechanism of global existence and blowup for the focusing NLSE have already
been considered and fully studied below mass-energy threshold, or at the mass-energy threshold.
However, the case above the mass-energy threshold is mostly open. The purpose of our paper is to
derive sharp criteria for global existence and blowup of Cauchy problem (1.1), above the mass-energy
threshold, which are not necessarily “e°-close” to it. Our main result is demonstrated in Theorem 1.
Briefly speaking, under the same manners of Duyckaerts and Roudenko [33], we study the global
existence and blowup for Eq (1.1) under the condition of

Mol Elgo]
miol (Ero) - 1)

ME = (1.5)
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As a result, we have derived the criterion for the global existence and blowup of solution for
Eq (1.1), above the mass-energy threshold and such criterion is sharp (Theorem 1). Based on
Theorem 1, we are able to predict the dynamical behavior of certain solution that possesses arbitrary
large energy. Moreover, we show the relation of two methods, one is the technique used in
Theorem 1, the other is given by establishing cross-constrained invariant sets in [34]. The structure of
this paper is as follows: In Section 2, we give some valuable preliminaries which will be used in the
following work. Section 3 constructs the invariant evolution flows generated by the Cauchy
problem (1.1). In Section 4, Theorem 1 and Corollary 1 have been proposed and proved for the
existence of blowup solutions with arbitrary initial energy. As for the proof, we give a new calculation
of J’(¢) in the form of an uncertain principle. Then, we show by contradiction that Theorem 1 stands.
Furthermore, Corollary 1 implies we can deduce the behaviour of solutions with arbitrary large
energy. Concerning the complementary case of (1.5), Ma and Wang established it in [34], i.e.,

Let ¢o € H'R),|xlgg € L*R?) and ¢(t,x) be the solution of the Cauchy problem (1.1)
corresponding to the initial datum ¢, satisfying

[ 1x10Pdx
i |

M[po]El@o] < M[Q] [E[Q]

Part 1 (Blowup) If

M{eo] (—ﬁlf|¢ol4dx—,32 f(K*|Q00|2)|<Po|2dX) > M[Q] (—ﬂ1f|Q|4dx—,32 f(K*Ile)IQIZdX),

then the solution ¢(t, x) blows up in finite time.
Part 2 (Global existence) If

Mgo] (—,31 f|¢ol4dx—,32 f(K*|900|2)|900|2dX) <M[Q] (—ﬁl f|Q|4dx—ﬂz f(K*IQIZ)IQIZdX),

then the solution ¢(t, x) exists globally.
Remark 3. Actually, the sharp criterion by Ma and Wang [34], obtained by establishing
cross-constrained invariant sets, is equivalent to our method and we will show it in Section 2.

2. Preliminaries

We provide some useful preliminaries in this section. Throughout the paper, we denote LP(RY),
H'(R?) and fR3 -dxas L, H" and f -dx, respectively. In general, we take n = (0,0, 1), then K(x) can be
expressed as
x% + x% - 2x§

K =75

Define the Fourier transform in R> as
) = f u(x)e " "4dx, u € S(R?),
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where S is the Schwartz space. The Fourier transform of K(x) is taken by

A U (282 — &2 — &2
K(§>=—”(—§3 éi f2)-

3
The calculation procedure of K (¢) has been studied carefully in [7].
Moreover, we denote the energy space as

Y= {u € H'| f|x|2|u|2dx < +oo}

with the corresponding norm [lullz = f(lul2 + [Vul? + |x*|u|>)dx.
Next, we recall the local well-posedness of Eq (1.1), which is the main key of Carles, Markowich
and Sparber in [7].

Lemma 1. ( [7]) Let ¢y € Z, 51,52 € R. Then there exists a unique solution ¢(t, x) of the Cauchy
problem (1.1) on the maximal time interval [0, T*) such that

pelpeCU0.T1:3); ¢, Vo, xp € C(0, T°1; L) N L3 ([0,T"]; L)}
and either T* = +oo(global existence), or else 0 < T* < +co and lir%l [IVe(2, x)||;2 = +00 (blowup).
t—T*

Lemma 2. ( [21,35]) Let ¢y € X and ¢(t, x) be a solution of the Cauchy problem (1.1) on [0,T*). We
set up a variable

J() = f xPlpldx.

Then the following identities stand:

J'(t) = 2Im f X3 - Vdbx, 2.1)

I =2 f Veldx -2 f xPleldx + 38, f ol*dx + 36, f K« lePePdx.  22)

Combining Lemmas 1 and 2, a straightforward computation shows that

-B f|90|4dx—,32 f(K* lel»)lel*dx = 4E[go] — J” (1) — 4[|X|2|90|2dx, (2.3)
and
f \Voldx = 6E[go] — J"(1) = 5 f x|l dx. (2.4)

Next, we recall the refined Gagliardo-Nirenberg inequality constructed by Antonelli and Sparber
in [35].

Lemma 3. ( /21,35]) Let 31,8, € R such that the following condition stands:

B < {43—”,32, if B> 0;

2.
—%ﬂ 2, if B2 <O. @5)
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(2.6)

Then, for any f € H', there exists a positive constant C such that

B f fldx - B f (K * |fP)fPdx < Cy ( f |f|2dx)2( f IVf|2dx)2,

where the optimal constant Cy = C, is given by
_ B [101dx — s [(K +|QP)|QPdx
([10Pdx)> ([ IVQPdx)?

with Q being the solution of the following nonlinear elliptic equation

1
— 00+ wQ +BIOPQ +Ba(K +10P)Q =0, Qe H'®R).

Multiplying (2.8) by x - VQ and Q respectively, we derive the following identities
2
-8 [10¢dx=p. [k «10Pi0Fdx =3 [ OPdx,

1
leIzdx: afIVQIZdX-

Thus, we can rewrite Cy as
o _ 2 CELOI- [ 1xP10PRdx)~
¢ (M[QD? |

(2.7)

(2.8)

(2.9)

(2.10)

(2.11)

Remark 4. It may be an mistake that causes the constraint condition of 81 and 3, to be wrong in [35].

Here, we put forward the correct one as shown by (2.5), which leads to

B f|f|4dx +52 f(K* IPIfPdx = 273 f(ﬁl +,32f<)|}|\22d§ <0, feH'

with the assistance of Parseval formula.

(=B1 [1fltdx = s [(K = |fP)IfPdx)5

}. (2.12)

Proposition 1. [33] Let f € X. Then
. 2
(mfgvmﬁsf%ﬁm“ﬁﬁw—

(Co)i([1fPdx)s

Proof. This proof keeps consistent with that in [33]. We prove it to preserve integrity. It is obvious to
check that ¢®* f € ¥ under the condition of f € X, where § € R. Applying (2.6) to ¢ f, we derive

that
) 2 v
f\wéw 1| dx = foFdx +46Tm fx f - Vfdx+ 48 f|x|2|f|2dx-

G [1f1*dx = By [(K * | fPfPdx)3

(Co)3([IfPRdx)s

AIMS Mathematics
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For each 6 € R, we have

(CQ)’%( f Iflzdx)3 ( f IV fIPdx + 46Im f xf - Vfdx + 46> f x| f|2dx)
- (—B1 f [fl'dx — s f (K * Iflz)lflzdx)3 >0,

where the left of above inequality is a quadratic polynomial of . The discriminant of this polynomial
is non-positive, which directly deduce the result of Proposition 1. O
Combining Lemma 2 with Proposition 1, we obtain
(B [lgldx =B [(K * lpP)lgPdx)’
(Co)3([ lold)s

(J'(1))* < 4J(0) ( f IVo|*dx —

Setting V(¢) = v J(t), we have

o 0
Vi) = .
@ 24J(1)

Consequently, we infer that

— 4d _ K * 2 2d %
(V@) < f fax — CBLlEdxfr JUK el
(C)i([ lpldx)s

4F —J') -4 210l2dx)3

= 6Elgo] - J"(1) - 5 f fioas . EEI= O J <l
(Co)} (M(g))’ 013

4F —J'H -4 210dx)3

< 6E[go] - J"(1) -4 f gy G =0 [ fipfd

(Co)} (M(go)*

= F(J”(t) +4 f |x|2|<p|2dx),

where
F(S) = 6E[go] - § — —— —(4E[go] - $)5, S € (—00,4E[]l.
(Co)3 (Mlepol)3
It is obvious that F(S) is decreasing on (—o0, S ™), increasing on (S, 4E[¢o]], where S * is written as
S* = 4E[po] (2)3 : (2.14)
P1\3) CoPMigal |
and
oS
F(S™ = 5 (2.15)
Substituting (2.11) into (2.14), we obtain
: 2M[QI(2E[Q] - | Ix*|QFdx)
S* = 4E[po] - (—) = 4E[py] - / .
3) (Co)*Mlgo] M[go]
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As a consequence, the following identity holds:

*

S
M) (ZE[sao] - 7) = M[Q] (2E[Q] - IXIZIQIZdX)- (2.16)

At the end of this section, we will show the equivalence relation of these two techniques mentioned
in Introduction. In [34], the researchers considered the following functionals and invariant sets on the

space X:
siel=5 [tefavey [Wobaxs y [inpigpax+ B [iorax+ 2 [k sigpprax
= —M[‘Po] + 2E[900
Rigl =5 [ WoPdx+ 5 [fieax+ 30 [ lofars 36, (K sloPlolax

= Elpol + 7 f lol*dx + 'BZ f (K = |p)lgpldx,

K" ={peX:S[p] <m,R[p] >0},
K ={peX:Sle] <mR[p] <0}

Remark 5. In [34], it failed to calculate the exact value of the upper bounded of mass and energy for
Eq (1.1). Delightedly, Huang and Zhang [21] derived that value represented by m equaled to %IIVQII%.

Proposition 2. (Equivalence of two descriptions) Let ¢ be in X. Then

(@pe K'(K) e

2

IxPI0Pd
MIglEle] < M[Q] [E[Q] - M)

(b)
¢] (—,31 f|90|4dX—Bz f(K*Itplz)lcplde) < (>)M[Q] (—B1 f|Q|4dX—,32 f(K*IQIZ)IQIZdX)-

Proof of Proposition 2: We only show the case ¢ € K", and similar argument is applicable to ¢ € K~.
Assume ¢ € K*, according to the Young’s inequality, we derive

D=

1 | |
2 Ml + SElel 2 (wWM[g])? (E[¢])? = (wM[p]E[¢])>.

1
gnVQn% >3

Recalling the identities (2.9) and (2.10), we know

[ |x|2|Q|2de5

1
gIIVQlli = (wM[Q] (E[Q] - >

Thus, the first inequality in (b) is derived.

AIMS Mathematics Volume 7, Issue 6, 9957-9975.
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Also by Young’ inequality, we have

1 1 :
8||VQ||% =5 (wM[Q] (—ﬁl f|Q|4dX - B f(K * |Q|2)|Q|2dx))

w 1
> EM[SD] + EE[SD]
w Bi 4 B> 2812
> EM[w]—gflsOI dx — gf(K*lwl el “dx

sz[cp])%(—% f ol - 22 f (K*|90|2)|90|2dx) ,

Thus, the second inequality in (b) is derived.
Now, we turn to deduce (b) = (a). Notice that (b) is maintained under the scaling

®, = vgo(vzt, VX),

and that M[p,] = v"'M[¢], E[p,] = vE[¢]. By Young’ inequality,

1 |
%M[%] + S Elp,) > (@MIp,1E[p,)*,

where the inequality holds if and only if

wM[c,o])%
Elg] )

wMlep,] = Elg,] © ¢, = (

Substituting v, into the equality, we derive

2 Zd %
_Jfiol x]] .

1 |
Slel = Sley] = %M[%o] + 5Elpw] = (wMlglElp])* < [wM[Q] [E[Q] >

R[¢] > 0 is directly held by using the refined Gagliardo-Nirenberg inequality, which completes the
proof of the Proposition 2.

3. Invariant evolution flow

In this section, we provide two invariant evolution flows generated by the Cauchy problem (1.1).
As a matter of convenience, we define

G, = {90 € X (n) + 4[|X|2|<p|2dx < S*},

G_ = {90 e I|J () + 4f|x|2|(p|2dx > S*},

where S is given by (2.14). We have the following propositions.

AIMS Mathematics Volume 7, Issue 6, 9957-9975.
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Proposition 3. Let V'(0) < —VF(S*). Then G, is invariant evolution flows generated by the Cauchy
problem (1.1). More specifically, if ¢y € G, then for all t € [0, T") the solution ¢(t, x) corresponding
to the initial datum @, still satisfies ¢(t, x) € G,.

Proof. Supposing ¢y € G, and ¢(t, x) is the unique solution of the Eq (1.1) corresponding to the initial
datum ¢,. According to the definition of V(7), we have
1 (J (1)

FOEve\ 2

— (V’(t))z) : (3.1)

Consequently, the assumption V’(0) < — v F(S*) yields that

5 1 (770 L\ J70) =8 2 [|xPleoldx
V'(0) = — — (V(0))?] < - 0. 3.2
© V(O)( .~ (VO» ) = Tov0) Vo) (3-2)
Next, we will show by contradiction that
Vte[0,T), V() <O. (3.3)

Assume that (3.3) does not hold, then there exists a time #, € (0, T*) such that V"(¢y) > 0(zy # O for
V”(0) < 0). By continuity, we can find a time ¢, € (0, fy) such that

Vte[0,t,), V') <0, V'(,)=0. (3.4)
By V’(0) < —VF(S*), we have
Vi€ (0,1,], V'(t) < V'(0) < —+F(S%). (3.5)
Hence, (V'(¢))? > F(S*), which connected with (2.13), reveals
Vte (0,1,], F (J”(t) +4 f |x|2|¢|2dx) > F(S™). (3.6)
As a consequence, J”(f) + 4 f Ix*|pl*dx # S* for all ¢ € [0, t,]. Due to ¢y € G, and by continuity,
Vte[0,t,], J'(t)+4 f Ix|lglPdx < S*. (3.7)
Thus, we derive that
" 2 2
Hence, (3.3) holds and indicates that
Vte[0,T), F (J”(t) +4 f |x|2|tp|2dx) > F(S*). (3.9)
According to the continuity and monotony of F(S), we obtain
Vte[0,T), J'(t)+4 f Ix|*elPdx < S*, (3.10)
which completes the proof of Proposition 3. O
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Proposition 4. Let ¢y € G_ and ¢(t, x) be the solution of the Cauchy problem (1.1) corresponding to
the initial datum ¢. Suppose that there exist a time ty > 0 and a small enough parameter & > 0 such

that
V'(ty) > VF(S*) + 2¢,

then we have

Yt e [to, T, V'(t)> VF(S*) +&.

Proof. We will prove it by contradiction. Suppose that (3.12) dose not stand, and set
tp = inf {t € [to, T") : V/(t) < \JF(S*) + &}
It is obvious (3.11) and (3.13) imply ¢, > ty. By continuity,
V'(t,) = \JF(S*) + &

and

Yt € [to,1,], V'(t) > VF(S*) +&.
Combining (2.13) and (3.15), we have

Vel (VS +e) < (Vi) < F(J”(t) +4 f lezlgalzdx).

Asa consequence,

Vtelt,t,], F(ES*)<F (J”(t) +4 f lezlgolzdx).
Thus, we have S* # J”(f) + 4 f |x|*|pl>dx. In virtue of ¢y € G_ and the continuity of F(S),
Vi€ [ty t,], J'(H)+4 f Ix]PlolPdx > S*.
Next, we show that there exists a positive constant M satisfying

Vi€ lt, ), J'(0)+ 4f|x|2|90|2dx >S5 + %8

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

As a matter of fact, by the Taylor’s expansion of F(S) at S = S*, there exist 6 > 0 and A > 0 such that

S-S <6 = FES)<SFSH)+AS -5

(3.18)

If J7(¢) + 4f|x|2|<p|2dx > S§* + 6, then (3.17) holds as long as M is large enough. If $* < J”(f) +

4 f |x|*l¢[*dx < S* + 6, then by (3.16) and (3.18), we obtain
(VF(s+ 3)2 (V@) < F(J"(t) +4 f |x|2|<p|2dx) SFESH+ AV (0) -8,

thus we derive (3.17) with M = \E(F(s*))—%.
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However, by (3.1) and (3.14) we deduce

1 J’
V) =y - <V'<zb>>2)
1 (5" +F —
> (S 2 - (VRS o
1 (+e =~
ZV(tb) m—Za F(§*) e)
> 0,

if £ is small enough, which contradicts to (3.14) and (3.15). Thus we complete the proof of
Proposition 4. m|

4. Blowup criteria

In this section, we construct the blowup versus global existence dichotomy for the Cauchy
problem (1.1), which demonstrated by invariant evolution flows and propositions derived in Section 3.
Moreover, we can deduce the behaviour of solutions with arbitrary large energy.

Theorem 1. Let ¢y €  and ¢(t, x) be the solution of the Cauchy problem (1.1) corresponding to the
initial datum ¢,. Assume

x2I0Pd

MlgolElgo] > M[Q] [E[Q] - #] @.1)
MlgolElgo] J(0)2 )

1 - 1. 4.2

( 8Elpoll(0)) (42)

M) (Ero) - L)
Part 1 (Blowup) If

Mol (_Bl f|90o|4dx - B2 f(K * |900|2)|900|2dx) > M[Q] (—,31 f|Q|4dx -2 f(K * |Q|2)|Q|2dx)

“4.3)
and
J'(0) <0, 4.4)

then the solution ¢(t, x) blows up in finite time, T* < +oo.
Part 2 (Global existence) If

Mol (_Bl f|90o|4dx - B2 f(K * |900|2)|900|2dx) < M[Q] (—,31 f|Q|4dX - P2 f(K * |Q|2)|Q|2dx)
4.5)

and

J'(0) >0, (4.6)

then the solution ¢(t, x) exists globally. Moreover,

lim sup M) (—ﬁl f t'dx - B f (K*I<p|2)|90|2dX)<M[Q] (—ﬁl f |0I*dx - > f (K*Ile)Iledx)-
4.7)
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Proof. In view of (2.16), it is obvious to check that (4.1) is equivalent to
S >0 4.8)

and (4.2) is equivalent to

*

S
(V'(0))* > = = F(". (4.9)
Part 1. Notice that (4.4) means exactly V’(0) < 0, combining with (4.9), we have
V'(0) < —+F(S™). 4.10)

In view of (2.3) and (2.9), the assumption (4.3) is equivalent to

Mlgo] (4E[900] ~J"(0) -4 f |X|2|900|2dx) > M[Q] (4E[Q] -2 f |x|2|go|2dx),
that is, by (2.16),
J"(0) + 4 f IxIlgolPdx < S*. 4.11)
From the proof of the Proposition 3, we derive that
Yte[0,T"), V") <O. (4.12)
Assuming that 7 = +oco. It follows that for all 7 > 0, there exists a constant m such that
V7(t) <m < 0.

Thus, we derive

V() = V(O0) + V' (0) + f V() - T)dt
0
< V(0) + V'(0)t + %zz.

As a consequence, we have lim,_,,,, V() < 0 which contradicts to the fact that V(¢) is positive. then
the solution ¢(z, x) blows up in finite time, 7° < +o0o.

Part 2. A short calculation revealed that these assumptions in Part 2 could be replaced by the
following inequalities

V'(0) > 0, (4.13)
J"(0) + 4 f IxIlpol*dx > S*. (4.14)

Notice that there exists ¢, > 0 such that
V'(to) > \JF(S™). (4.15)

In fact, according to (4.9) and (4.13), we have V’'(0) > VF(S*). If the inequality holds strictly, then
we let p = 0. If not, then by (3.1) and (4.14), we have V" (0) > 0 and (4.15) follows for small 7, > O.
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Similar methods to Proposition 4 can prove that the inequality (3.17) holds for all # € [#, T*). Hence,
using (2.3), (2.9) and the characterization (2.16) of S*, we deduce

M(¢p] (—ﬂl f lel*dx — B> f (K * |<p|2>|<,o|2dx) = Mly] (4E[¢,o] —-J'(t) -4 f |x|2|so|2dx)
< Mlg] (4E[¢] -85 - f)

M
< M[@l(4E[p] -

M[Q] (ZE f |x] IQIZdX)

= M[Q] (—ﬁl f |0I*dx - B f (K*Ile)IQIZdX),

which implies (4.5). This completes the proof of Theorem 1. O

Remark 6. We claim that the assumption (4.3) in Theorem 1 can be replaced by M [900]||V900||§ <
.X2 2 X

MIQIIVOIR under the condition of MlgslElyo] < MIQ] (E[Q] _ M)

As aresult of Theorem 1, we are able to predict the dynamical behavior of certain solutions that are
composed by multiplying a finite variance solution by "’ (i € R).

Corollary 1. Let pu € R \ {0}, € X with finite variance such that
MIuEluo] < MO (E[Q] - f'#) and o be the solution of Eq (1.1) with the initial data

: 2
U)X
@ = My,

If uy satisfies the assumption (4.3) for all u < 0, then ¢(x,t) blows up in finite time. If uy satisfies the
assumption (4.5) for all u > 0, then ¢(x, t) exists globally and (4.7) holds.

Proof. We assume

J1xPlorax
M{[polE[po] = M[Q]| E[Q] - - a— (4.16)
Some direct calculation shows that
Mlpo] = Mluo], (4.17)
El@o] = Eluo] + 41° f x| |uo|*dx + 4uIm f x - Vugitodx, (4.18)
and
Im f x - Voo@odx = Im f x - Vugitgdx + 2 f |x*|uo|*dx. (4.19)
Moreover, in connection with (4.18) and (4.19), we deduce that
(Im [ x - Vpo@odx)? (Im [ x - Vug@odx)*
Elepo] - J = Eluo] - / : (4.20)

[ 1xPlgoPdx [ 1xPluoPdx
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We will only deal with the case when

u>0, Miu] (—/31 f ol dx - o f (K*|Mo|2)|uo|2dx)<M[Q] (—/31 f 01 dx — B f (K*IQIZ)Iledx),

the proof of the other case is similar. Obviously,

M) (—ﬁl f|900|4dx—,82 f(K* |600|2)|S00|2dx) = Mup) (—ﬁl f|u0|4dx -2 f(K o |u0|2)|u0|2dx)

< M[Q] (—ﬁl f |0I*dx - B f (K*IQIZ)IQIde),

which implies that (4.5) is satisfied. Due to u > 0, we know by (4.18) that (4.16) reveals that u > u;,
where ) is the unique positive solution of

[ 1xP10Pdx
—

M{uo] (E[uo] +dug f Ixluol*dox + 4(ug)*Tm f x~Vuoaodx) = M[Q] [E[Q] -
Due to M[uylE[uy] < M[Q] (E [0] - m{) the above inequality shows

f |x[*|uo|*dx + pg Tm f x - Vugitgdx > 0.

By the aid of u > uj, we derive

Im f x - Vopodx = Im f x - Vugitodx + 2u f x| uol*dx > p f x| |uo|*dx > 0.
As a consequence, the condition (4.6) in Theorem 1 stands. This completes the proof of corollary 1. O

Remark 7. The above Corollary reveals that we can deduce the dynamical behaviour of certain
solutions with arbitrary large energy. In fact, if uy satisfies these assumptions in Corollary 1 and
u > 0 is sufficiently large, then E[py] — +o0 as u — +oo.

5. Conclusions

Physically, the significance of the following questions is obvious. Under what circumstances will
the solutions of GPE in trapped quantum gases become unstable, turn to blow up? Moreover, under
what conditions will these solutions exist globally? Regarding the sharp threshold for the existence
of blowup solutions, most of them are illustrated by establishing cross-constrained invariant sets for
bounded M[¢y] and E[¢y]. In this paper, estimating the temporal evolution of V'(¢) = 21—\/% by refined
Gagliardo-Nirenberg inequality, we establish the relationship between initial mass-energy and that of
the ground state. Then, some invariant evolution flows generated by the Cauchy problem (1.1) are
constructed according to the continuity of derivable functions V(¢) and F(S). Based on these analyses
and discussion, we consider the global existence versus blowup dichotomy of solutions above the mass-
energy threshold, which can be extended to the dynamical behaviour of certain solutions with arbitrary
large energy. Furthermore, it is a natural and critical issue to prove that the global solutions scatter, we
intend to study this question in the future.
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