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ABSTRACT. We consider solutions of the focusing cubic and quintic Gross-
Pitaevskii (GP) hierarchies. We identify an observable corresponding to the
average energy per particle, and we prove that it is a conserved quantity. We
prove that all solutions to the focusing GP hierarchy at the L2-critical or L2-
supercritical level blow up in finite time if the energy per particle in the initial
condition is negative. Our results do not assume any factorization of the initial
data.

1. INTRODUCTION

The mathematical analysis of interacting Bose gases is a rich and fascinating
research topic that is experiencing remarkable progress in recent years. One of
the fundamental questions in this field concerns the mathematically rigorous proof
of Bose-Einstein condensation; for some recent landmark results in this direction,
we refer to the works of Lieb, Seiringer, Yngvason, and their collaborators which
have initiated much of the current interest in the field, see [2, 20, 21, 22] and the
references therein.

Another main line of research focuses on the effective mean field dynamics of
interacting Bose gases. In the recent years, remarkable progress has been achieved
in the mathematically rigorous derivation of the nonlinear Schrédinger (NLS) and
nonlinear Hartree (NLH) equations as the mean field limits of interacting Bose
gases. For some recent fundamental results in this area, we refer to the works of
Erdds, Schlein and Yau in [9, 10, 11], and also [19, 18, 25] and the references therein;
see also [1, 3, 8, 12, 13, 14, 15, 16, 17, 27].

The strategy of [9, 10, 11] involves the following main steps, which are presented
in more detail below: Based on the Schrédinger evolution of the given N-body
system of bosons, one derives the associated BBGKY hierarchy of marginal density
matrices. Subsequently, one takes the limit N — oo, whereupon the BBGKY
hierarchy tends to an infinite hierarchy of marginal density matrices referred to as
the Gross-Pitaevskii (GP) hierarchy. Finally, one proves that for factorized initial
conditions, the solutions of the GP hierarchy are factorized and unique, and that
the individual factors satisfy the NLS or NLH, depending on the definition of the
original N-body system. In the work at hand, we will focus on the case linked to
the NLS.

It is well known that for focusing L2-critical and L?-supercritical NLS, nega-
tivity of the conserved energy implies blowup of solutions in H'. This is usually
1
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proven by use of energy conservation combined with a virial identity, a method
often referred to as Glassey’s argument. In this paper, we are especially interested
in the phenomenon of blowup of solutions for the GP hierarchy without assuming
factorization of the initial conditions. More precisely, here we obtain an analogue
of Glassey’s argument for the GP hierarchy, and thereby, we establish blowup of
solutions to the GP hiearchy under the condition that the initial energy is negative.

First, for the convenience of the reader, we outline below the main steps along
which the defocusing cubic NLS is derived as the mean field limit for a gas of bosons
with repelling pair interactions, following [9, 10, 11]. For repelling three body in-
teractions leading to the defocusing quintic NLS, we refer to [6]. We remark that
it is currently not known how to obtain analogous results for the case of attractive
interactions.

(i) From N-body Schrédinger to BBGKY. Let 1 € L?(R*™) denote the wave
function describing N bosons in R%. To account for the Bose-Einstein statistics,
1 is invariant with respect to permutations m € Sy, which act by interchanging
the particle variables,

¢N($n(1), Lr(2)y-+es xﬂ'(N)) = wN(l'ly Z2, ... xN) . (11)
We denote LZ(R) := {¢n € L2(RV)| ¢y satisfies (1.1)}. The dynamics of the
system is determined by the Schrodinger equation
10wy = HNw . (1.2)
The Hamiltonian Hy is assumed to be a self-adjoint operator acting on the Hilbert
space L2(R), of the form
al 1
Hy = Z(_ij) + 5 Z V(i — z5), (1.3)
Jj=1 1<i<j<N
where Viy(z) = NV (NPz) with V € W"#(R?) spherically symmetric, for some
suitable r, s, and for 8 € (0, 1) sufficiently small.

The limit N — oo is obtained in the following manner. One introduces the
density matrix

YN (2, Zy) = N (t ay )N (t, zly)
where x5 = (21,22, ..., zn) and iy = (2], 5, ..., 'y ). Moreover, one introduces the
associated sequence of k-particle marginal density matrices 'yg\]f) (t),fork=1,...,N,
as the partial trace of vy over the degrees of freedom of the last (N — k) particles,

k
’YJ(V) = Tt k+2,. N|UN)(UN] .

Here, Try11 k42,...,n denotes the partial trace with respect to the particles indexed

by k+ 1,k +2,...,N. Accordingly, 7](\1;) is defined as the non-negative trace class
operator on L2(R%) with kernel given by

k
’YJ(V)(%@;C) = /dgN—k7N<2kv£N—k5§;cv§N—k)

= /dﬁN—kwN@kaQN—kWN@;m&N—k) . (1.4)
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It is clear from the definitions given above that ’y](\];) = Trk+1*yj(\]f+1), and that

Ty = 9N [122 guany = 1 for all N, and all k = 1,2, ..., N,

The time evolution of the density matrix -y is determined by the Heisenberg
equation

i0yN (1) = [Hy, (1)) (1.5)
which is equivalent to
Oy (tzy,zy) = —(Bgy —Au )Nt zy, Zy) (1.6)
1
+ > Wnlws — x5) = V(@) — 2w (t 2y, 2y)
1<i<j<N

expressed in terms of the associated integral kernel. Accordingly, the k-particle
marginals satisfy the BBGKY hierarchy

0P (t 2y 2) = —(Ag, — Ay YW (t, 2y, 27)

1
+ > Wnlai —a) — V() — o)y W (¢, 4 2),) (1.7)
1<i<j<k
N-k )
5 dzg1[VN(zi — Tpg1) — V(g — x40 (1.8)
=1
7(k+1)(tﬂ§kvxk+1;£kax;c+l)

where A, = Z§:1 A,;, and similarly for A, . We note that the number of terms

in (1.7) is = % — 0, and the number of terms in (1.8) is w — kas N — oo.

Accordingly, for fixed k, (1.7) disappears in the limit N — oo described below,
while (1.8) survives.

(i) From BBGKY to GP. Tt is proven in [9, 10, 11] that, for a suitable topology on
the space of marginal density matrices, and as N — oo, one can extract convergent

subsequences v](\l,c) — ~) for k € N, which satisfy the infinite limiting hierarchy

0Pt zyay) = —(Ag, — Ay VPt 245 25) (1.9)
k
+ bO Z Bj7k+1’yk+1(ta &ka g;c) )
=1

which is referred to as the Gross-Pitaevskii (GP) hierarchy. Here,
(B y" ) (8 2y 2,)
= /dﬂ?k+1d$;c+1[5($j — Tpy1)0(z; — x;c+1) - 5(3?/7' - $k+1)5($; - $;c+1)]
YF (@, 2y, Tpt1; T, That) s

and by = [ V(x)dz. The interaction term here is obtained from the limit of (1.8)
as N — oo, using that Viy(x) — bpd(z) weakly. We will set by = 1 in the sequel.

(#ii) NLS and factorized solutions of GP. The link between the original bosonic N-
body system and solutions of the NLS is established as follows. Given factorized
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k—particle marginals

do(xj)po(x})

k
o (g 2h) =

—

1

J

at initial time ¢t = 0, with ¢y € H'(R?), one can easily verify that the solution of
the GP hierarchy remains factorized for all t € I C R,

k
’y( (t,zp;2)) = H (t,z;)¢ )

if ¢(t) € H'(RY) solves the defocusing cubic NLS,

0 = =00 + |90, (1.10)
for t € I, and ¢(0) = ¢p € H*(R?).

Solutions of the GP hierarchy are studied in spaces of k-particle marginals with
norms ||'y(k)||§iq1 = Tr(S® ) < o0 or ||fy(k)||Hé i= (Tr(S®(R))2)1/2 < 50 where
k

S® = 15 (Va, )(Var ), and Hg = HY(R™ x R%) for brevity. While the exis-
tence of factorized solutions can be easily obtained, as outlined above, the question
remains whether solutions of the GP hierarchy are also unique.

The proof of uniqueness of solutions of the GP hierarchy is the most difficult
part in the program outlined above, and it was originally accomplished by Erdos,
Schlein and Yau in [9, 10, 11] by use of sophisticated Feynman graph expansion
methods. In [19] Klainerman and Machedon proposed an alternative method for
proving uniqueness based on use of space-time bounds on the density matrices and
introduction of an elegant “board game” argument whose purpose is to organize
the relevant combinatorics related to expressing solutions of the GP hierarchy using
iterated Duhamel formulas. For the approach developed in [19], the authors assume
that the a priori space-time bound

I Bji417 IILlHl < C*, (1.11)

holds, with C independent of k. The authors of [18] proved that the latter is indeed
satisfied for the cubic case in d = 2, based on energy conservation.

Non-factorized solutions of focusing and defocusing GP hierarchies. As mentioned
above, it is currently only known how to obtain a GP hierarchy from the N — oo
limit of a BBGKY hierarchy with repulsive interactions, but not for attractive
interactions.

However, in the work at hand, we will, similarly as in [7], start directly from the
level of the GP hierarchy, and allow ourselves to also discuss attractive interactions.
Accordingly, we will refer to the corresponding GP hierarchies as cubic, quintic,
focusing, or defocusing GP hierarchies, depending on the type of the NLS governing
the solutions obtained from factorized initial conditions.

Recently, in [7], two of us analyzed the Cauchy problem for the cubic and quintic
GP hierarchy in R%, d > 1 with focusing and defocusing interactions, and proved
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the existence and uniqueness of solutions to the GP hierarchy that satisfy the space-
time bound (1.11) which was assumed in [19]. As a key ingredient of the arguments
in [7] a suitable topology is introduced on the space of sequences of marginal density
matrices,

& ={T = (¥ (xy,..., 220, ..., 2}) ren | TP < o0}, (1.12)

It is determined by the generalized Sobolev norms

IT e o= S €% 19 g, (113)

keN

parametrized by § > 0, and the spaces Hg = {I' € & || T'[[5z < oo} were intro-
duced. The parameter £ > 0 is determined by the initial condition, and it sets the
energy scale of a given Cauchy problem; if I' € Hg, then ¢! is an upper bound
on the typical H®-energy per particle. The parameter o determines the regularity
of the solution. In [7], the local in time existence and uniqueness of solutions is
established for cubic, quintic, focusing and defocusing GP hierarchies in H§' for a in

a range depending on d, which satisfy a spacetime bound HB\F”LiezHE‘ < C’||I‘0||7|.¢?0

for some 0 < £ < & (here BT = (B;H%'y(’“‘%) Jken). The precise statement and
the associated consequences that we will use in this paper are presented in the next
section. This result implies, in particular, (1.11).

In this paper we study solutions of focusing GP hierarchies without any factor-
ization condition, and especially establish the following results characterizing the
blowup of solutions:

(1) For defocusing cubic GP hierarchies in d = 1,2,3, and defocusing quin-
tic GP hierarchies in d = 1,2, which are obtained as limits of BBGKY
hierarchies as outlined above, it is possible to derive a priori bounds on
Iy & @) e} based on energy conservation in the N-particle Schrodinger
system, see [9, 10, 11], and also [6, 18]. However, on the level of the GP
hierarchy, no conserved energy functional has so far been known. We iden-
tify an observable corresponding to the average energy per particle, and we
prove that it is conserved.

(2) Furthermore, we prove the virial identity on the level of the GP hierar-
chy that enables us to obtain an analogue of Glassey’s argument from the
analysis of focusing NLS equations. As a consequence, we prove that all
solutions to the focusing GP hierarchy at the L2-critical or L2-supercritical
level blow up in finite time if the energy per particle in the initial condition
is negative.

Organization of the paper. In Section 2 we present the notation and the pre-
liminaries. The main results of the paper are stated in Section 3. In Section 4 we
identify the average energy per particle and prove that it is a conserved quantity.
In Section 5, we derive a virial identity that enables us to prove an analogue of
Glassey’s blow-up argument familiar from the analysis of NLS. The analogue of
Glassey’s blowup argument is presented in Section 6.
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2. DEFINITION OF THE MODEL AND PRELIMINARIES

We introduce the space

6 = PL*R¥ x RH) (2.1)
k=1
of sequences of density matrices
T = (v" gen (2.2)
where v*) > 0, Try(®) = 1, and where every () (z),,z},) is symmetric in all

components of z;,, and in all components of z} , respectively, i.e.

'y(k)(xw(l), oo (k)3 Ther (1) o0 Topr (1)) = A ®) (@, g 2, 2 (2.3)

holds for all 7,7’ € S.
Moreover, the k-particle marginals are hermitean,

V) (@ 2h,) = 7 F) (zfs 2)- (2.4)
We call T' = (v*)) ey admissible if ) = Trk+1,,.,,k+g’7(k+%), that is,
v @y ) (2.5)
— /dack+1 codrpgs YD) (2 g, - ST B Ly Thp 1y -+ > Ty 2)
for all kK € N.

We will use the following convention for the Fourier transform,

Y(zy; z) = / duyy duly ™2™ (1 ).

Let 0 < £ < 1. We define

HE = {r e @‘HFHHS < oo} (2.6)
where
Tl = > NP | o ar scpany » (2.7)
k=1
with
H V(k) ||Ha(de xRdk) = || She) V(k) ||L2(de xR4k) (2.8)

and S .= H§:1<V$j>°‘<v$;>o‘. Clearly, H¢ is a Banach space. Similar spaces
are used in the isospectral renormalization group analysis of spectral problems in
quantum field theory, [4].

Next, we define the cubic, quintic, focusing, and defocusing GP hierarchies. Let
p € {2,4}. The p-GP (Gross-Pitaevskii) hierarchy is given by
k

0y ® = Y [~Aa,, /W] + By py*TE) (2.9)
j=1
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in d dimensions, for k € N. Here,

(Bk+g’y(k+§)) (S T R N | (2.10)
k
P
= Z (Bj;k+1,...,k+g’7(k+2)) (ty 21y T2, o, X))
j=1
k
k+2
= Z [ (B;;k?-‘rl,w,k-i-g’y( +2)) (ta L1yeeey Thes xlla s 7x;c)
j=1
k+2
— (BJZ;,HLM,H%')/( +2)) (t,xr,...,ze2h, . 2p) ],
where
B!l k+5)) (¢ ! /
Jik+1,..., k+p’}/ (7m1""axkax17"'7'rk;)

/ /
= /da:k_H cedrgypdry g codr e

k+%
§(x; — x0)d(x; — )Y F TR (¢, @ Tpor; T )
J £ J )Y ybly ey LBy Ly ey k+%’
t=k—+1
and
k+5 o
(Bj k+1,..., k«l,»g’y( 2)) (t;mla . axk‘axly ,.rk.)
/ /
:/da:k_H--~d$k+%da:k+1---dxk+§
k+%
/ / / k+2 . ’
H 6(xj—$g)5($j—x@)'y( 2)(t,x1,...,xk+g,x1,...,xk+%).
£=k+1

The operator B,Hg'y(’“‘%) accounts for £ 4- 1-body interactions between the Bose
particles. We note that for factorized solutions, the corresponding 1-particle wave
function satisfies the p-NLS i0;¢p = —A¢ + p|p|P .

We refer to (2.9) as the cubic GP hierarchy if p = 2, and as the quintic GP
hierarchy if p = 4. Also we denote the L2-critical exponent by pr2 = % and refer to
(2.9) as a L?-critical GP hierarchy if p = pr2 and as a L?-supercritical GP hierarchy
if p > pr2. Moreover, for 4 =1 or p = —1 we refer to the GP hierarchies as being
defocusing or focusing, respectively.

To obtain the blow-up property, we need a result providing a blow-up alternative.
This is a usually obtained as a byproduct of the local theory. In the context of the
local theory developed in [7], we recall the following two theorems: Theorem 2.1
which establishes the local well-posedness of the GP equation and Theorem 2.5 that
gives lower bounds on the blow-up rate. In order to state these two theorems, we
recall that in [7] the GP hieararchy was rewritten in the following way:

i0,T + AsT = BT, (2.11)

where
ALl = (AP )y with AP = A, —A,,
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and

BT := (Biyzv* ) )pen . (2.12)

Also the following set (d, p) was introduced in [7], for p = 2,4 and d > 1,

(1, 00) ifd=1
Ald,p) = { (- %,oo) if d>2and (d,p) # (3,2) (2.13)
1, 00) if (d,p) = (3,2)

which we will use to account for the regularity of solutions.

Now we recall the local well-posedness theorem proved in [7].

Theorem 2.1. Let & > 0. Assume that o € A(d,p) where d > 1 and p € {2,4},
and 0 < n < 1 sufficiently small. Then, the following hold.

(i) For every Ty € Hg. , there exist constants T'> 0 and 0 < §3 < & such that
the following holds. There exists a unique solution T'(t) in the space

{I' € LigiomHe, | |1 BT 12 He, < oo}

te[0,T 2

In particular this solution satisfies the Strichartz-type bound

IBULs we < C(Tyd,p, &1, &) ITollmg, - (2.14)
L 2 1

(ii) The uniqueness of solutions in the space Lfg[o T]H?Q is characterized as
follows.  Given I'o € Hg , assume that there are constants T > 0 and
0 < & < & such that there exists a solution T'(t) of the p-GP hierarchy
(2.9) in the space L2\ mHg,

Then, this solution is unique in Lig o 7HE, if and only if | BT HLiEIH? < 00
holds for some & > 0.

Definition 2.2. We say that a solution I'(t) of the GP hierarchy blows up in finite
time with respect to H* if there exists T* < oo such that the following holds: For
every § > 0 there exists TS < T such that HF(t)HHg — oo ast / T¢ . Moreover,
Tip /17 as € — 0.

For the study of blowup solutions, it is convenient to introduce the following
quantity.

Definition 2.3. We refer to

Avga(T) = [sup{g>o|||r||ﬁg <oo}}_1, (2.15)

Avi (D) = [sup{g>o| IT e <oo}r, (2.16)

respectively, as the typical (or average) H*-energy and the typical L"-norm per
particle.

We then have the following characterization of blowup.
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Lemma 2.4. Blowup in finite time of T'(t) with respect to H* as t /" T*, as
characterized in Definition 2.2, is equivalent to the statement that Avg«(I'(t)) — oo
ast /' T* (and similarly for L" ).

Proof. Clearly, Avpo(T') is the reciprocal of the convergence radius of [[I'l|xg as a
power series in £. Accordingly, HFHH‘g < oo for £ < Avga(I)~1, and ||FHHg =
for € > Avya ()L

Blowup in finite time of I'(t) in H* as t / T*, as characterized in Definition
2.2, is equivalent to the statement that the convergence radius of [[I'(¢)[j»2, as a
power series in &, tends to zero as t /' T*. Thus, in turn, blowup in finite time of
I'(t) with respect to H* is equivalent to the statement that Avgy«(I'(t)) — oo as
t /T O

The following theorem from [7] gives lower bounds on the blow-up rate.

Theorem 2.5. Assume that T'(t) is a solution of the (cubic p =2 or p = 4 quintic)
p-GP hierarchy with initial condition T'(tg) = Ty € Hg, for some & > 0, which
blows up in finite time. Then, the following lower bounds on the blowup rate hold:

(a) Assume that § < p < 7=5—. Then,

o C
|T* _ t|(2a—d+%)/4 '

Nl

(Avpge(I(1))): (2.17)

Thus specifically, for the cubic GP hierarchy in d = 2, and for the quintic
GP hierarchy ind =1,

C

(AVHI(F(t)))% 2 my (2.18)
with respect to the Sobolev spaces H®, He.
(0)
C d
(AVLT(F(t)) )% > m, fO’l" % <r. (219)
— P r

Remark 2.6. We note that in the factorized case, the above lower bounds on the
blow-up rate coincide with the known lower bounds on the blow-up rate for solutions
to the NLS (see, for example, [5]).

‘We note that
L= ([¢)0|en = Avga(l) = [¢]F« and Av (L) = ||¢|

in the factorized case.

2. (2.20)

The fact that I' € Hg means that the typical energy per particle is bounded by
Avga(T) < €71, Therefore, the parameter ¢ determines the H“-energy scale in the
problem. While solutions with a bounded H“-energy remain in the same Hg for
some sufficiently small & > 0, blowup solutions undergo transitions He — Hg, —
Hg, — -+ where the sequence & > {3 > - -+ converges to zero as t — T™.
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We emphasize again that (Avy(T'))~! is the convergence radius of ||T||x; as a
power series in £, for the norms N = H* L" and Ng = He, L, respectively.

3. STATEMENT OF THE MAIN RESULTS

The following two Theorems are the main results of this paper. First we prove
energy conservation per particle for solutions I'(¢) of the p-GP hierarchy. More
precisely,

Theorem 3.1. Let 0 < § < 1. Assume that I'(t) € Hg, with o > 1, is a solution of
the focusing (u = —1) or defocusing (u = 1) p-GP hierarchy with initial condition
Lo € He. Then, the following hold. Let

k
B(T(0) = 5T (B, n® (1) (3.1)

Jj=1

k
H 1 (k+%)
+p+2Tr(;Bj;k+1,‘..,k+§7 2(t)).

Then, the quantity
Ene(T(t)) == 3 " Bu(T (1)) (3:2)
E>1
is conserved, and in particular,
Eng(T(1) = (D_ke") Br(T(1)), (3:3)
E>1

where -, k&F < oo for any 0 < € < 1.

We recall that Tr(A) means integration of the kernel A(z, ') against the measure
[ dxda’5(z —2'). We note that for factorized states T'(t) = (|¢(t))(¢(t)|®*)ken, one
finds

BA(T() = 519001 + 16072 (3.4)

which is the usual expression for the conserved energy for solutions of the NLS

10+ A+ pilg[P = 0,

Theorem 3.2. Let p > pr2. Assume that T'(t) = (%) () )ren solves the focusing
(i.e., w = —1) p-GP hierarchy with initial condition T'(0) € H% for some 0 < € <1,
with Tr(22yM(0)) < oo. If E1(T(0)) < 0, then there exists T* < oo such that
Avgi (I(t)) - 00 ast /T,

Remark 3.3. We note that Theorem 3.2 is proved under the assumption that
Tr( 2241 (0)) < oo, which is analogous to the finite variance assumption in the
case of Glassey’s blow-up argument for the NLS (see, e.g. [5] Theorem 6.5.4).

As a motivation for the proofs presented below, we briefly recall the application
of Glassey’s argument in the case of an L2-critical or supercritical focusing NLS.
We consider a solution of i0;¢ = —A¢ — |p|P¢ with ¢(0) = ¢o € H'(R?) and
p > pr2 = %, such that the conserved energy satisfies E[¢(t)] := 3| Vo(t)[|2. —
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p—}rgﬂqﬁ(t)”iﬁg = FE[¢o] < 0. Moreover, we assume that || ||¢o ||z < co. Then, one

considers the quantity V(¢) := (¢(t),2%¢(t)), which is shown to satisfy the virial
identity

OFV (1) = 16E[go] — 4d L o()][712, (3.5)
p+2
Hence, if E[¢g] < 0, and p > pyr2, there exists a finite time T™* such that the positive
quantity V() \, 0 as t /' T*. Accordingly, this implies that |[¢(t)|| g1 (ra) / 00 as
t /' T* (for more details, see Section 6). This phenomenon is referred to as negative
energy blowup in finite time for the NLS. In the sequel, we will prove analogues of
these arguments for the GP hierarchy.

4. CONSERVATION OF ENERGY

In this section, we prove Theorem 3.1. We first demonstrate the proof for the
cubic case, p = 2. To begin with, we note that

ER(T(t)) = kEL(T'(2)) (4.1)

for T'(t) = (v**)(¢))xen a solution of the cubic GP hierarchy, where by definition,
all 7(*)’s are admissible. To prove this, we note that (3.1) can be written as

B(T() = 3 [5T((-A0 10 M(0)

J=1

I
+ 5T Bl 70 m) | (42)
where each of the terms in the sum equals the one obtained for j = 1, by symmetry
of ¥®) and y(**1 with respect to their variables. We present the detailed calcula-
tion for the interaction term, and note that the calculation for the kinetic energy
term is similar. Consider 1 <14 < j < k. We have that

1 k+1 o / /
(Bj7k+1'y( ))(xl,xz,...,xk,xl,m2,...,xk) (4.3)
_ k—+1 i / ’ / /
= Al )(xl,mz,...@i,...@j,...,xk,xj,xl,xQ,...,xi,...,xj,...,xk,xj),
and
1 k+1 Lol / /
(Bi,lc-l-lry( ))($1,$2,...,$k,$1,$2,...,.I?k) (44)
k+1 w; / / /
~( )(acl,...,xi,...,xj,...,xhxi,xl,...,xi,...,xj,...,a:k,xi).
Thus
1 k+1
Tr(B] 4y ) (4.5)

_ k+1 .
= /'y( )(1‘1, s By ey Ty ey Thoy T3 Ty ooy ooy Ty oeny Ty Tj)dT1dTo...dT, -

By the symmetry of v(k"‘l)(gkﬂ;g}cﬂ) with respect to the components of z;
and zy, , respectively,

Tr(Bgl',k+1'Y(k+1)) = Tr(Bz'l,k-Q-l’Y(kJrl))
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for all 4,5 € {1,...,k}. Thus,

BT() = K[ 3T((-20 )0 (1)
+ LBl /0 0) | (4.6)

follows.
We can go one step further and note that

(B%,k+1'y(k+1))(x1, Ty eeny Tl T, Ty ooy T

_ k+1 i / /
= A5 (g @9, a2, 2, 2, T). (4.7

Then

1 k+1 k+1 .
Tr(Bl,kH’Y( * )) = /’Y * (%1, T2, oy Thy T15 21, T2, ooy Tp, X1 )d21dTo..dy,

_ k+1 .
= /7( )(xl,xl,xz,...mk,xl,xl,mz,...mk)dxldxg...dxk

where in the last equality we used symmetry of 4+, On the other hand,
(B oY) (z1;2)) = 7P(a1, 21520, 21) (4.8)
= /’y(k+1)(x1,$1,$2,...,l‘k;x/1,$1,$2,...,$k)dl‘2...d$k
by repeated use of the admissibility of 4, for j = 2,...,k+ 1. Thus,
Tr(Bizfy(Q)) = /fy(k+1)(x1,x1,x2, ey T3 X1, X1, T2y oey T )dT1dTo. .. ATy,
and
Tr(Bi,k-s-l'Y(kH)) = TT(B%,Q’Y(Q))

follows. Therefore,

E[ T~ 80)50 () + LBl 7@ 0))]

= kEA(I(1)), (4.9)

Ep(T(1))

as claimed.
The fact that (3.3) then follows is evident.

Next, we verify that Eq(I'(t) ) is a conserved quantity, which means that Fy (T'(t) ) =
Ey(T(0)) for all t € R.

For the proof, the following auxiliary identities are very useful:
/da:dx'5(x — ')V, - Ve Alz; ')
= /dxd:c’&(sc — )AL A(z; 2) (4.10)

= /dxdx’&(x — ) A A(z;2') . (4.11)
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To prove (4.10), we note that

/dmd:}:'&(x — 2" \Vy -V A(z; ')

~

= —/dudu’/dwdw'&(m — &) eIy Aug )

— / dudu'5(u — u')u - w' Au; )

— / dudu/§(u — u') uA(us )

f/dudu’/dxdxlé(z — 2y et 2 Ay
= /d:rd:c’é(:n — ') Ay Az 7). (4.12)

The equality (4.11) can be proved in a similar way.

We now return to the proof of E1(I'(t)) = E1(I'(0)). For k = 1, we consider
v (z,2") where

1
Ei(D(t) = —5Te(Ve Vary) (4.13)
+ % /da:ldxgdx’ldmé §(z1 = @9 = 2, = ) Y P (21, 20; 2, )

in symmetrized form. Here, we have introduced the shorthand notation

§(x1 =m0 =2 =xh) = §(x1 — 12)0(w1 — x5) (e — 25) . (4.14)
Clearly,
10, B (T(t)) = (I) + (II) + (IIT) + (IV) (4.15)
where
(I) = %Tr(vx Vo (Ay — Mg )y (4.16)
(1) = =ETe(V, - Vo (Bin®)) (4.17)
(I11) = —%/dxlditgdl’/ldl'é 51 = w9 = 2| = 1) (4.18)

(Aﬂm + Ay, — Awll - AI/Z)’)/@) (1’1,552; x/lvxé)

™
=
i
=

/dxldxgdxlldxlz 5y = w9 = 2| = 1)

(Bsy ) (2, ma; !, hy) . (4.19)



14 T. CHEN, N. PAVLOVIC, AND N. TZIRAKIS
The term (I). We claim that (I) = 0. We note that

’I‘r( Vm . vz’(Az - Az’)’y(l) )
= /dudu’ /da:dx’(S(z — 2w (1 = (1)) e H0) (g )

/dudu' S(u—u)u-u' (u? — (W)?)FW (u; )
= 0. (4.20)
This proves the claim.

The term (IV). We claim that (IV') also vanishes. Indeed,

1v) =

==

/dmldxgd;n’ldx'2 d(xy = w9 = 2| = 2))

(Bsy®) (w1, x5 27, )

= Z %/dwldxgdxlldxg Sz = w9 = 2| = 1))
j=1,2

{’y(?’)(xl,xg,xl;x’hxg,xl) — O (@, o, s 2, 2y, )
+ O (@1, 2o, mas &, hy, ) — 7(3)(x1,x2,x’2;z’1,x'2,x'2)}
= 2%/d$[’y(3)(x,x,x;a:,a:,x) —7(3)(I,$,$;I,$,l‘):|
= 0. (4.21)
This proves the claim.
The term (I1I). By symmetry of 4 (zy, zo; 2}, 2b) in (x1,22), and in (2, x5), we
find
(II11y = -2 % /dxldaszdx’ldzc’2 8(x1 = 22 = 2} = 2)
(Day — Dp )Y (@1, 2232, )

—g /dxldx'l 5(zy — ) (4.22)

[ Qv @)@, h504,05) = (A7) (@1, 20300, 1)

We will show that this term is canceled by the term (I7).

The term (IT). We have
(I1) = _gTr(vx'vx’(Bl,2'Y(2))) (4.23)

- _%/dxdxl‘s(ff - x’)Vz -VI/(W(Q)(xl,xl;x’l,xl) - 7(2)(551»%'1555/1790/1))



BLOWUP SOLUTIONS FOR THE GP HIERARCHY 15

Now we use (4.10), and we obtain
(II) = —g / da1da’,8(z1 — ) (4.24)

[(Auy @)@ @it 21) = (Aay®) (w1, 2h525,21) |
Hence (4.22) and (4.24) imply (I1) = —(I11).

We conclude that 0, F4 (I'(t)) = 0. Therefore, E1(I'()) = E1(I'(0)) is a conserved
quantity. It represents the average energy per particle. For the quintic case p = 4
(or similarly in more general cases p € 2N), the above arguments can be adapted
straightforwardly. O

5. VIRIAL IDENTITIES

In this section, we prove the virial identities necessary for the application of a
generalized version of Glassey’s argument. According to our previous discussion, it
is sufficient to consider only v (zy; ).

5.1. Density. In what follows, we drop the superscript “(k)” from ) Tt will be
clear from the number of variables what the value of k (in this part of the discussion,
k=1or k=2) is in a given expression.

We write
y(z;a') = /dvdv’ wr—iv'z 5 ) (5.1)
and define
p(z) := ~(z;2) /dvdv' =230 . (5.2)
Thus,
Op(z) = /dvdv' W=7 93 (v;0") (5.3)

1 /dvdv’ itv—)z (Az/—Ky)'y(v,v’)

)

1 P
+= /dvdv’ =T B oy (v; ).

First we notice that

1 . ’ _
- f/dv dv'et T (A, — Ay )y (v, ")

i
1 ) ,
_ ; /d’l} dv’ ez(v—v )ac(UQ _ (1/)2)3(11;1/)
1 ) /
i /dv dv' e Ty 40" (v — v') F(v;0)

=V, /dv dv’ V% (y 4 ) F (s 0') (5.4)
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On the other hand,
Bl y(w:a) = /@myax—maw—yv

/dudqdu’dq'ei(”ﬂy_u/x/_q/y/) A(u, g;u', q")

= /dudqdu’dq'emuﬂ_q,)x_“/:cl)3(%(1; u',q'). (5.5)
Therefore,
Bl (i) = / drda’ e B (i)

/dudqdu’dq’é(u +q—q¢ —v)o(v —u)F(u,q; ', q")

= /dqdq' v —aqg+d,qv.q). (5.6)
Likewise, one obtains
B/f;’y(v;vl) = /dxdm'e_i“”’“”/”’/ B yy(a; )
= [ dudga'd'so )80’ = (o' + ' = )T, 1)
= /dqdq’ (v, v +a-4d,q). (5.7)
Thus

7

1 N ! —_—
f/dvdv' =T By oy (v; )

1 : ’ —_ —_—
= 1 [ vav @ (B ) - B (i)

1 . Ny o~
- / dvdv'dgdq’ ¢ F(v — g+ ¢, ;0" q')

1 . ’
- /dvdv’dqdq’ etv—v)z Y, ;v +q—4',q") (5.8)

where the last equality is obtained by applying the change of variables v — v—qg-+¢’
and v" — v/ — ¢+ ¢’ in the second term of (5.8) so that the difference v — v’ remains
unchanged.

Therefore, by combining (5.3), (5.4) and (5.8) we conclude
where

P = /dudu’ e =0T (4 ) (s ) (5.9)

corresponds to the momentum.
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5.2. Morawetz action. We define

M = /dx:v~P. (5.10)

The time derivative is given by

M = /dxa:-@tP = (In) + (IIn), (5.11)

where (Ip/) is the kinetic, and (I1ps) the interaction term.

‘We have

(Im)

= 5 [dene [dudn O ) (0 - @) )

- / dv - / dud &% (w4 ') ® (u+ )] (u — o) 3w o)
= [audw A [doo (s a) @ e ) (T

_ / du du’ 3(us u) Tr{(u + ') © (u + )] / da ¢

- / dudu’ §(u— o'V Tr[(u + o) ® (u+ /)] A )

= 4/duu2ﬁ(u;u). (5.12)

which is 8 times the kinetic energy of one particle.

5.3. Interaction term. Next, we study the interaction term

(IIy) = /dxx f/dvdv’ W=z (4 4 o) E,g\w(v;v’). (5.13)

(A) The cubic case.

As we have seen in (5.5), we have

Bi yy(x; @) /dudqdu’dq’ Uuta=a)e—u'a)) oy g0 o).

Therefore, by (5.6)

-

Bi ,y(v;0') = /dqdq’ﬁ(v —q+dq,q:v,q).

Likewise by (5.7)

—

B oy(v;0') = /dqdq’ﬁ(vy v +q—4,4).
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Now we determine the term (I1y7) in [ dzz - 9, P that involves the interaction.
To this end, we first consider
1 ’ , —
= /dvdv’ =T (4 o) By oy (v; )
i

—

- / dvdv! )% (v 4 o) (BLyy(0;0') — Blgn(v:0'))

/dvdv dgdq’ e'v= vz (v+0)yv—q+d, ¢V, q)

1
/dvdv'dqdq' 0= (4 4 0 A(v, g0 +q— ). (5.14)
7

In the last term, we apply the change of variables v — v—qg+¢’ and v/ — v’ —q+¢/,
so that the difference v — v’ remains unchanged. We obtain that the above equals

/dvdv dgdq’ €)= W+ )yw—q+¢,q¢v,q)

1 R
/dvdv'dqdq' =02 (g 4o — 20 +2¢)F(v — g+ ¢ q; 0, ¢')
’L

% /dvdv’dqdq’ =T Z0 — g+ ¢ ;v ) ((v+v) = (v+v —2¢+2¢))
= % /dvdv’dqdq’ T2 — VA — g+ ¢ ;v ). (5.15)
The contribution of this term to the integral [ dxx -8, P is given by
% /d:m: . /dvdv/dqdq/ =g — VA — g+ ¢, q; v, q). (5.16)
Next, we express everything in position space.

We have that the last line equals

/ dz - / dXdydx'dy’ / dvdv'dgdq’ €)% 2(q — ¢)

ei(—(v=aq+d ) X —qY +v' X +q¢'Y” )’y(X7Y; X/, Y’)

ﬁ_/dx/dXdeX’dY”y(X,Y;X/,Y/) /dvdv’dqdq’
1

i'u(x—X)—iv'(x—X’) 2 - (q_q/) +ig(X-Y)—q'(X-Y")
—,u/dx/dXdeX dY'v(X,V; X")Y )/dqdq

§(z — X)6(x — X')2X - Vx eHia(X=Y)—id (X=Y)

= —,u/dXdeY”y(X,Y;X, Y’)

2X - Vxd(X-Y)§(Y -Y") (5.17)
= —,u/dXde(X,Y;X, Y)2X  Vyd(X —Y)
- u/dXdY S(X —Y)(2d+2X - Vx )y(X,Y; X,Y) (5.18)

where we have written §(X — Y)§(X —Y') =6(X —Y)d(Y —Y’) to get (5.17).
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Now we note that
/ dX X - Vxy(X, X; X, X) (5.19)
= /dXdY(S(X—Y)(X-VX + Y- Vy (X, Y;X,Y)
= /dXdY(S(X —Y) (X -Vxy(X,Y;X,Y) + Y- Vyy(Y,X;Y, X))
= /dXdY (X —Y)(2X - Vxy(X,Y; X,Y)) (5.20)

where we used the symmetry v(X,Y;X,Y) = (Y, X;Y, X), and renamed the
variables in the last term. Clearly, (5.19) equals

—d/ dX y(X,X; X, X) (5.21)

from integrating by parts.
Therefore, combining (5.18), (5.20) and (5.21)

(ITy) = u/dXchS(X —Y)(2d+2X - Vx (X, V; X,Y)
= u/dXdY S(X —Y)(2d—d)y(X,Y; X,Y)
= ud/dXﬁy(X7X;X7X). (5.22)

This is the desired result for the cubic case.

(B) The quintic case.

Now we give a sketch of the calculations related to the interaction term in the
quintic (p = 4) case. Again it suffices to consider k = 1.

Since in the case when p = 4 we have
Blogi(we) = [ dydy dzd2'5(o ~ 4) /)8l - 2)8(c - 2)
/ dudqdrdu dq' dy’ ey tra=w' s =a'y =2 Z0y g ! o )
= /dudqdrdu'dq’dr’ei((“+q+r_q/_T/)gc_“/””/) V(u,q,m;u' ¢ 1), (5.23)

by taking the Fourier transform we obtain

Biygy(viv') = /dwdwl emver e gl sy(a;a)
= /dudqdrdu’dq'dr’é(u +q+r—q —1" =)
(v —u)A(u, g, ¢ 1)

/dqdrdq’dr’ Fw—q—r+q +7",q,m0 ¢, 7). (5.24)
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As in the cubic case, to determine the term (1)) in [ dz -9, P, we first observe
that

1 oo’ —
- /dvdv’ gllv=v)e (v+2") Bragy(v;v)

1 . / —
= = / dvdv’ /P (v 4 ) (Bi.g37(v;0") = B g 3v(v;0"))

1 ) ! ~

- / dvdv' dgdq drdr’ e'V=")* v+ V(v —q—1+q +7 ¢,V ¢, 1)

i
1 o -

- f/dvdv'dqdq'drdr’ e T (y 4 ) F(v, gm0 + g+ — g — 1),
i

which after performing the change of variables v — v — ¢ —7 +¢ + 1’ and v/ —
v/ —q—r+¢ + ' in the last term, becomes

1 ; / ~
- /dvdv/dqdq’drdr' T g — g =)Ao —q—r+q +7 g0 ¢ ) .
i

Hence the contribution of this term to the integral [dzx - ;P is given by

Ll /dxx~/dvdv’dqdq’drdr' =T (gpr—g' =) F(v—q—r+¢'+r ¢, 0 )
i

which we express in the position space as follows

- / dz - / dXdYdzdX'dy'dZ' / dvdv'dgdq’ drdr’ €= 2(q + 1 — ¢ — ')
1

i(—(v—q—r+q +r" )X —qY —rZ+v' X' +q'Y ' +r' Z’ ! v oo
e lomamr X B XY T S )y (XY, 2, XY Z)

K / dz / dXdYdzdX'dY'dZ' v(X,Y, Z; XY, Z') / dvdv' dgdq' drdr’
2

eiv(fo)fiv'(me’) 27 - (q - q/ _ ’I“/)
e—Hq(X—Y)—iq'(X—Y/) e+i7’(X—Z)—i1"(X—Z’)

—,u/dat/dXdeZdX’dY’dZ’w(X,Y,Z;X’,Y’,Z’)/dqdq’drdr’
§(z — X)o(x — X')2X - Vx etia(X=Y)+ir(X—2Z)—ig (X-Y")—ir'(X-2Z")
= —,u/dXdeZdY’dZW(X,Y,Z;X,Y’,Z’)
2X - Vxd(X-Y)§(Y -Y"N (X -2)6(Z—-Z") (5.25)
= —u/dXdeZv(X,Y,Z;X,KZ) 2X - Vx (X -Y)d(X - 2)

- ,u/dXdeZ §(X —Y)3(X — Z)(2d +2X - Vx )y(X,Y; X,Y) (5.26)

where we have written
(X -Y)(X-Y)(X-2)5(X-Z)=6X-Y)§(Y =YX —2)6(Z - Z")

to get (5.25).
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On the other hand, using symmetry of v(X,Y, Z; X,Y, Z) we obtain
/dXX Vxv(X, X, X; X, X, X)
= / dXdYdZ§(X —Y)§(X — 2)
(X -Vx +Y Vy + Z-VzX,Y, 2, X,Y, 2)
= / dXdYdZ§(X —Y)§(X — 2)

= /dXdeZ §(X -Y)o(X - 2)(3X -Vxv(X,Y, Z;X,Y, Z) ) (5.27)
However, by the integration by parts,
/dXX~VX7(X,X,X;X,X7X) = —d/dX’y(X,X,X;X7X,X)7 (5.28)
so by combining (5.27) and (5.28) we obtain
/dXdeZ S(X-Y)(X -Z)(X -Vxv(X.,Y,Z; XY, Z)
:—g/de(X,X,X;X,X,X). (5.29)
Therefore
(ILv) = u / AXAYdZ 5(X —Y)5(X — Z) (24 + 2X - Vx (X, Y, Z: X, Y, 2)
= u/dXdeZLS(X -Y)o(X - Z)(2d —2d/3) )v(X,Y; X,Y)
4d
= Mg/dXv(X,X,X;X,X,X). (5.30)

This is the desired result for the quintic case.

(C) The general case p € 2N

The above calculation on the interaction term can be reproduced for a general
even number p and it that case we obtain:

(IIM) = M\/XmdXQXmJrg (S(Xl — X2)5(X1 — X1+g)
(2d +2X, - le )’y(Xl, ey X1+§;X1’ ...,Xl_,_g)

= /L/XmdXQdX1+% 6(X1 - XQ)(S(Xl - X1+%)

d
(2d_ 21 4L )V(le"'7X1+%;X17"’7X1+g)
2
2d
[ 2?”2 AX (X, X3 X, oy X)) . (5.31)

HE o 14g
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Now we combine (5.12) and (5.31) to conclude that:
0? / dx 2 (x, x)
= Q/dgcx - O P

Ad
= S/duu%(u;u) + —p/dey(X,...,X;X,...,X). (5.32)
p+2 ——— ——

1+% 1+%

. GLASSEY’S ARGUMENT AND BLOWUP IN FINITE TIME

(=]

Now we are prepared to prove blowup in finite time for negative energy ini-
tial conditions, by generalizing Glassey’s argument familiar from NLS and related
nonlinear PDE’s, to the GP hierarchy.

The quantity that will be relevant in reproducing Glassey’s argument is given
by
k
Vi(D(t) = Te() a3y(). (6.1)
j=1

Similarly as in our discussion of the conserved energy, we observe that
k
Vi(D(t) = Tr(Y aiy ™)
j=1

= kTr(afyV(1))

= kVi(T@)). (6.2)
Again, this follows from the fact that 4(¥) is symmetric in its variables, and from
the admissibility of v(*)(¢) for all k € N,

Next, we relate 92V} (t) to the conserved energy per particle. First, let us denote
by Eff(t) the kinetic part of the energy Ej(t) and by EF (t) the potential part of
the energy Ej(¢) i.e.

1
BE(T() = JT((-2n (1)),
L »
Ef(T(t) = mrﬁ(B%;Q,m,urg A2 (). (6.3)
From (5.32), we can relate 97V;(t) to the conserved energy per particle as follows
~ 4d
O2Vi(t) = 8/duu27(u;u) o —p/dXv(X,...,X;X,...,X)
p+2 ——— N —

1+£ 1+£
16EF(T(t)) 4+ 4dp EY (T(t))

= 16B(T(1) +4d(p— ) B(T()

b—Dr2

= 16E:1(I'(0)) + 4d
1(1(0)) Hp+2

/dXv(X,...,X;X,...,X), (6.4)
——— N——

142 142
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where we used the fact that E;(T'(t)) is conserved.
Now we conclude that for the focusing (1 = —1) GP hierarchy which is either at
the L2-critical level (p = pr2) or at the L2-supercritical (p > pr2) level,
O2Vi(t) < 16E,(T(0)). (6.5)
However, the function V;(¢) is nonnegative, so we conclude that if E4(T'(0)) < 0,

the solution blows up in finite time.

To be precise, we infer from (6.5) that there exists a finite time 7 such that
Vi(t) \\ 0 ast ~ T*. Accordingly,

1= T(O0)
< (e (0)V(Tr( 27 D(1))) /2
< O D)2 (Tr(~2 D (1)) /2 (6.6)

where we have first used the Cauchy-Schwarz, and subsequently the Hardy inequal-
ity. Thus, Tr(=AyM(#)) > (Vi(t))™' /oo ast /T*.

One can easily verify from (2.8) that

179 () Il

Y

k k
S TH(-Ag, W (1) + 3 Tr(~ A,/ M (1))
j=1 j=1

= 2%Tr(—AyV(t)) /o (6.7)

ast / T*. Accordingly, Avi(T'(t)) /oo as t /' T*, which establishes blowup in
finite time.
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