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Abstract: In this paper, we investigate the finite-time blowup phenomenon in the fractional Klein-
Gordon-Schrodinger (FKGS) system featuring nongauge-invariant power-type nonlinearities on R”.
The system models interactions between nucleon and meson fields, augmented by fractional Laplacian
operators and nonlinear terms that disrupt conservation laws. By introducing a novel test function
tailored to address the difficulties posed by mixed fractional operators and the absence of energy
conservation, we established sufficient conditions for finite-time blowup under specific initial data
constraints. Our analysis revealed that solutions fail to exist globally when the nonlinear exponents
and initial energy satisfy critical inequalities, with the lifespan bounded by a power-law dependence
on the problem parameters.
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1. Introduction

In this paper, we are devoted to the analysis of finite-time blowup for the following fractional Klein-
Gordon-Schrodinger (FKGS) system with nongauge-invariant power-type nonlinearities

iOu + (—=A)2u = uv + Aul?,
Oy + Qv + (=A)20,v = uf® + phvl, (1.1)
(I/t, v, 3,\/)(0, -x) = (MO, Vo, V1 )7

where (1,v) : R" xR —» C xR, Q,, :mz—A,mZO,ae(O,2],B€((),1],/1€C\{O},,u€R\{O},
and A denotes the Laplacian in R". Here, (-A)? = .Z 'w|®.%, where .Z is the Fourier transform, as
given by

£ 1 —ix-w
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System (1.1) models the interaction between a scalar nucleon field u and a scalar meson field v. The
power nonlinearities ||’ and |v|%, as opposed to the more common gauge-invariant forms |u|’~'u and
[v|7~'y, is physically motivated by scenarios where solutions tend to nonzero constants at spatial
infinity, such as in Bose-Einstein condensation [1-3]. This structural difference leads to the
breakdown of mass and energy conservation, significantly altering the dynamics. The use of fractional
Laplacians (—A)%? and (—A)*/? is motivated by mathematical generality and physical realism. These
operators naturally model nonlocal diffusion and anomalous transport, arising in contexts such as
Lévy flights, long-range interactions, and materials with complex microstructures [4—6]. In dispersive
equations, fractional models have attracted considerable interest. The fractional Schiodinger equation
was introduced by Laskin [7], while fractional wave equations and their damped variants have been
studied in [8-12]. However, coupled systems with mixed fractional orders, such as (1.1), which
combines a fractional Schrodinger-type equation with a fractionally damped Klein-Gordon equation
remain largely unexplored, especially in the presence of nongauge nonlinearities.

Over the past decades, significant effort has been devoted to the classical (non-fractional) KGS
system [13-17]. For the KGS system with gauge-invariant power nonlinearities, the existence of
solutions was established by Hayashi [18] and Wang [19], while global well-posedness were studied
by Shi and Wang [20-22], and the blowup under the assumption of huge negative energy was shown
in [23].

Recall the scalar case, and the Schrodinger equation

i0,0 — £d = g(¢) (x,f) eR"XR (1.2)

is known to admit global L? solutions for g(¢) = ul¢|"'¢ with 1 < p < 1+ 2 and u > 0 [24]. In
contrast, for g(¢) = A|¢|” with p < 1 + 3 and A4 € C )\ {0}, finite-time blowup occurs even for small
initial data [25-27]. These results motivate us for blowup for the coupled system (1.1).

The main difficulty in analyzing (1.1) lies in the combination of nongauge nonlinearities and mixed
fractional operators, which together invalidate standard tools such as conservation laws and scaling
arguments. In particular, the contradiction method used in [25, 26, 28, 29], which relies on taking the
time T — oo, fails in our setting, especially when m > 0 [30].

We now state the main result. Let H*(R") be the usual Sobolev space and the symbol (-, -) denote
the L? inner product. We write 4 < g when there exists a positive constant C such that 4 < Cg, and
denote h ~ gif both g < hand h < g. Let (d), = max{d, 0} for any d € R, and set ﬁ = oo, when
d < 0. For a given positive time duration 7', we hereby define the function space X7 as follows

Xr := { € C([0, 0); H*([R")) N C'([0, 00); H*(R™)) N C*([0, c0); L*(R"))

1.3
ssupp ¥ C [0, T) X R", ¢ is R-value}. (1.3)

Definition 1.1. Let up,v; € L*(R"),vo € HP(R") and T > 0. We define (u,v) is a weak solution to
Eq (1.1)on[0,7), if (u,v) € L} (0,T; L2RM)XL*R")NL! (0, T;L**(R")x L*(R")) and the identities

loc loc

T T
f (u, i0up + (—1)* @)dt = f (uv + Aul”, p)dt + i(uo, ¢o),
0 0

! ) 5 N (1.4)
f (v, + M — B + (—1)} Byp)dt = f (P + Vi, @)t + (v1. o)
0 0

— (o, 1) + (=) 7v0, @p),
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hold for any ¢ € X7, where ¢y = ¢(0, x), 1 = 0,;¢(0, x).

Proposition 1.2. Let us fix (p, q) in (1.1), such that

2a 2(1 +p)
1 1+—, 1 1+ — 1.5
<p< +n <g< +(n—2(1+ﬁ))+ (1.5)
for any data
(o, vo, v1) € L*(R") x H'(R") x H*"'(R"), (1.6)

there exists a local weak solution (u,v) defined by (1.4).

The local existence of a weak solution to (1.1), under the conditions in Proposition 1.2, follows from
a standard fixed-point argument applied to its Duhamel formulation. The requisite linear estimates for
the fractional Schrodinger and damped wave operators are established in [4,24,31]. Combined with
the control of the nongauge nonlinearities afforded by the exponent range (1.5), these estimates ensure
the solution map is a contraction on a suitable function space over a small time interval, as justified by
the well-posedness theory for mixed-order systems in [9].

Theorem 1.3. Let v, uy € L>(R"), vy € H*(R™) and T > 0. Let (u,v) denote the weak solution derived
from Proposition 1.2 to (1.1) on [0,T). Moreover, we suppose that g > l%,,u >0,-RA- 117 > 0 and the
initial data satisfies

—1 <1
(Sutg +v1 + (=m)hugy > PP =L o (1.7)
0, x| > 1,
where u > 0,0 <l < -1, where { = max{;qu, ;’Tpl}. There exists o such that (1.1) does not have a

global weak solution when u > uoy. Moreover, for any u € [y, ), the lifespan of the weak solution to
(1.1) has the following upper estimate

T < u@in. (1.8)

While our proof also employs a contradiction argument in principle, it fundamentally diverges
from the methodology established in [25-27]. The core distinction lies in the treatment of the time
variable. The approach in the cited literature crucially relies on taking the limit as 7 — oo to derive a
contradiction against global existence. This strategy, however, is unavailable in our setting, primarily
due to the lack of conservation laws and the presence of mixed fractional derivatives in system (1.1).
To this end, we introduce a novel test function that is carefully tailored to accommodate the mixed
fractional orders and the absence of conservation laws. This enables us to derive the contradiction
directly on the finite time interval [0, T), thereby establishing the blowup result for (1.1) for any
m > 0, under constraints on the initial data alone.

The paper is organized as follows. In Section 2, we collect the necessary preliminaries, including the
definition of the fractional Laplacian and the construction of a novel test function. A pointwise control
property for this test function is established, which plays a crucial role in the subsequent analysis.
Section 3 is devoted to the proof of Theorem 1.3, verifying the finite-time blowup of weak solutions
and deriving the upper bound for the lifespan.

Electronic Research Archive Volume 34, Issue 1, 160-172.



163

2. Preliminaries

Definition 2.1. [32] Let a € (0,2). Let X denote a suitable set of functions defined over R". Then, the
fractional operator (—A)? in R" is characterized as a nonlocal operator, which is defined by

(-0 ueX > () iu:= C,WP.V.f Mdy, 2.1)

po X =y
where P.V. stand for Cauchy principal value, C, , is a normalization constant.

Lemma 2.2. Let [x] = V1 + (|x| — 1)X, and y = min{a, 8}, where k is a constant more than two. Let
p(x) be a continuous piecewise function, defined as follows

x| <1

1
o {r A =1 22

Then for any x € R", p € C*(R"), and there exists a positive constant D, o, such that (=A)2p satisfies

[(=2)2p(x)| £ D, 4p(x), (2.3)

where D, , depends on n and a.

Proof. First, we denote /2 := |x| and consider the radial derivatives of p(x)

o) = 2oy =4 sl 2.4)
xX) = — ) = .
PETRET T e - s, iz
and
n-— 1 ’ 17”0p
8p(0) = "/ () + p(R)
0, h <1

~(n+y)(h = D )

—(k = D(n+y)(h — D)2 [x] 7"
+(n+y)mn+y+3)h - 1D)* 2 [x] 7% hA>1

It can be readily ascertained that p(x) € C*(R") and |ap(x)] < [x]™. Hence, we consider only
0 < @ < 2. In addition, from the above computation, we obtain ||o||.~, ||6)2(p|| 1~ < oo, which enables us
to remove the principle value of integral at the origin. Indeed, according to Definition 2.1 of fractional
Laplacian, yields by variable transformation

(-8 = =22 PV, f ple+y)+ f(:; ) = 20(x)
R vl

__Ce f p(x +y) +p(x —y) — 2p(x)
=— im
o<lyl<1

2 o0+ e

% f p(x+y) +plx —y) —2p(x)
2 Jpa [y|+e

dy

dy (2.6)

dy.
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Performing a second-order Taylor expansion for p, we obtain

plx+y) +p(x =) = 2p(x) _ I05pll
|y|n+a ~ |y|n+(t—2

2.7)

by these estimates and a € (0, 2), we remove the principal value of the integral at the origin to get

Cra f px+y)+px—y) —2p(x)
2 Jge [y|rte

To establish the intended conclusion, we bifurcate the problem into two distinct scenarios: |x| < 2 and
|x| > 2. For |x| < 2, we partition the integral domain into the ensuing two distinct components

(—2)2p(x) = — dy. (2.8)

Q ={(x,y): Iyl <1}, ={(x,y) : [yl = 1}.

On Q; and ,, there are the following estimates, respectively

x+y)+po(x—vy)—20(x 1
f px+y) p(m y) = 2p(x) dy < 1Pl f — (2.9)
o vl o, Yl
x+y)+px—y) —20(x
o [yl o, IVl

For |x| > 2, we divide the integral domain into the following three segments:

1 1
Qy = {(x,y) 2 [yl 2 20201 Q4 = {(x.y) 2 Sl < 1< 20k Qs = {(xy) = bl < Slad).

In fact, there is [x] ~ |x| ~ |x| — 1 for every |x| € [2, 00).
On Q;, we noticed that |x + y| > |x| > 2. with the help of the monotonicity of p, we have p(x +y) <
o(x) = [x]7"7. Hence, we obtain

+ + — ) 1
f p(x +y) /O(x+ V=200 1 ap() LS
* b= b2 I
1
S [x]™7 f dly|
piz2p V1T (2.11)
b I b
< [x]™ 7

On Q4, by |y| ~ |x] and Q4 € {y € R" : |x = y| < 3|x|}, we have

f px+y)+plx—y)— 2p(X)d
y

Q [y|r+e
< I p(x + )y + f p(x = Y)dy + 2p(3) f 1dy)

e+yl<31 lv-yl<31 L xi<iyi<2l

(2.12)

S Tx]™7%( p(x+y)dy + [x]7"7|x]")

[x+y[<3|x]|
ST (X + 1)
S Tx]™7,
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here we used the following estimate

f p(x —y)dy = f p(x + y)dy
[x=y|<3|x] [x+y|<3]x]

= f p(x + y)dy + f p(x + y)dy
2<]x+y|<3x| [x+y|<2

3| x|

2
< (1 + (fl _ 1)K)—(n+’)/)/K/.’Ln—1dﬁ _'_f ﬁn_ldﬁ (213)
2 0
3x| 2
< f R dR + f A" Vdh
2 0
< 1.

~

Next, we treat the intergral on the third domain €2s. Upon conducting a second-order Taylor expansion
for p we can deduce:

f px+y) +p(x —y) - 2p(x)
Qs [y|+e

Next we consider the estimate of 0>p(x + 6y). Let A = |x + 6y|, 6 € [0, 1], we obtain

1
< 2
s fgs (g%g.,)](] p(x £ 0y) [y|r+e-2 dy. (2.14)

0 A<,
|Pp0x £ 6y)| 5§ =D v (5 — 1y ]
(= DX Az, (2.15)

0 A<,
<
[x]7"7"2 h>1.

from |x + dy| > |x| — d|y| = |x| — |x|/2 > 1 and the above estimate, we obtain:
103p(x £ 6y)| < [x £ 6y ™72,
If |x £ 0y| = 2, the [x £ dy] ~ |x £ dy| = |x[/2 = [x], which implies
[x & 6y] "7 < [x] 772

If |x £ 0y] < 2, the |x]/2 < |x £ dy| < 2, which illustrates 2 < |x| < 4. Therefore, we may have
[x +6y] ~ |x| ~ 1 and [x + 8y] ™7~ ~ [x]™ =2, Then the following holds for all § € [0, 1]

10%0(x + 6y)| < [x]™"77 2

By (2.14), we have

f lo(x +y) + p(x —y) - 2P(x)|dy < [x] "2 f 1 dy
Qs |yl o Y™

cra [ gy 216
- o Iyl Y (2.16)

< |'xJ —n—’y—2|x|—(y+2

< [,
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Combining (2.9)—(2.12) and (2.16), we conclude that
(=2)%pl < Tx| ™" (2.17)

for all x € R", which completes our proof.

Lemma 2.3. Let 0 < a < 2 and p be a smooth function satisfying 8>0 € L™(R"). For any T > 0, Let
0:(x) = 0o(x/7). Then, for all x € R", the following identity can be obtained by direct calculation

(—A)20.(x) = T((=A) 2 0)(x/ 7).

Proof. We prove the scaling identity for the fractional Laplacian by considering two cases separately.
Case 1: 0 < @ < 2 For 0 < a < 2, we employ the singular integral representation of the
fractional Laplacian

(=8)Ff() = Cpo lim f f0-10)

|y—x|>€ |X - y|"+”

where C,, is a normalization constant.
Let f(x) = p:(x) = p(x/7). Substituting into the definition

p(x/7) = p(y/7) dy.

ly—x|>€ |X - y|"+0’

(=8)3pe(x) = Cpy lim

Make the change of variables X = x/7, y = y/r. The condition [y — x| > € becomes |} — X| > €/7.
We obtain

(=8)2po(x) = Cyy lim LD =) s
7 es0t —F>e/r Tn+a|x _ y|n+a
Simplifying the powers of T

0o =T Cp lim [ LDy

0% Jy_gmesr X — I

Taking the limit € — 0*

0.0 =o€V, [ BDED gy~ o)t p( = o (-2 ) (o).

pe X =
Case 2: @ = 2 When a = 2, the fractional Laplacian reduces to the classical regime. We compute

directly using the chain rule.
Let p-(x) = p(x/7). For the first derivative

1
ax_,'p‘r(x) = ;(ax,p)(x/T)

For the second derivative |
& prl) = (@, p)(x/7).
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Summing over all coordinates to form the Laplacian
awm:iypm:iiﬁ%mm:iwmm)
T j:1 Xj T T2 j:I Xj T2 .

Therefore, | |
(=2)p(x) = —ApL(x) = —;(Ap)(X/T) = ;(—Ap)(X/ 7).
Since (—A) = (—=A)*? for a = 2, this confirms the identity
(=2)?pe(x) = T7%(=2) 2 p(x/7)

holds for @ = 2 as well. This completes the proof for both cases.

Remark 2.4. This Condition 80 € L®(R") ensures that the fractional Laplacian (—2)%p is well-
defined in the principal value sense for 0 < @ < 2, as it guarantees the necessary regularity and decay
properties for the singular integrals to converge. For @ = 2, it ensures the classical derivatives exist in

the required sense.
3. Proof of the main result

Proof. Let us initially introduce the supplementary functions as follows:

1-7, 0<t<1,
n() := { p(x) = p(x/7).
0, t>1,

Then we define the test function ;
@(t, x) = pT(X)n(;)",

for 7 € (0, T), where k > 1 is a large enough constant.
From (1.4) , using Young’s inequality and taking the real part, we have

8(MO’ SD(Oa x)) + (vla SD(O’ X) - (V(), QDt(07 .X) + ((_A)gvo’ QD(O’ .X))

1 -~ T 1 7
< (9%/1 + _)IT - I‘r - /lE‘r + f (_,lvlp > (,D)dl
P o P
-R f (u, i0p)dt — R f (1, (~A)2@)dt + f (v, Oup)dt
0 0 0
+fwmmmimeW+fmem%wa
0 0 0
= (‘R/1+l)l,—}:—/¢ET+K1 + Ky + K3+ Ky + Ks + K¢ + K7,
p

where

E; :=f(IVIq,90)dt; Z:f(|u|2,¢p)dt; Ir=f(|u|”,90)dt,
0 0 0

(3.1)

(3.2)

(3.3)
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and1—17+]%: 1,é+$:1.
We estimate each item from K; — K;. First, for K;, by the Holder’s inequality, the uniform
boundedness of 7(f) and the variable transformation ¥ = x/1, we get

T e
|K1|sf<|v|P,wso i
0

<( f (W%, @)dn) 7 ( f f n(Dps()dxdt) T
0 0 Jr (3.4)

)28 - -
SE'tT (| To®de)T
Rn

’
L g=p'+ng-p")

SE't

.
K| < 77! f
0

(T } L oo fh2)
ST ‘fo (1P, ) (pr(x)n(;)k,(n(;)) 2) dr

12

ST_IZ% f(Pr(x)ﬂ(z)k’(ﬂ(z))_z)dt) (3.5)
0 T T

Second, we consider K,

dt

(e )

Third, we consider K3, K4, Ks, K¢, by Lemmas 2 and 3 and Holder’s inequality

Kl < f (G682 (e
0

<o f s Y (= o)t
0 T T

1 T t 1
ST f n(=)dt f p(x)dx)”
0 T n

1

n+l

<t

(3.6)

Kyl < 772 fo <|v|,(n(§))"‘2p7<x>>dr
o fo (M), () e 37

1+n
7,_2

1
<77 E,

|Ks| smz(f (IVIq,QO)dt);(f f dxdi)7
0 0 Jrn (3.8)
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|Ksl < T_zf (|V|,(77(£))k(AP)()—C))df
0 T T

PN Y L 1
STEN(| n(=)de | p(x)dx)
0 T R”

1

E!.

1+
Lin_o

ST

Finally, we consider K-

K7l < 77! f (v, (U(E))k_l((—A)gp)(f))df
0 T T

1

Lin_p_
<te PEL

~

By (3.3)-(3.10) and Young’s inequality, we have

(S1tp, 90, 1)) + (v1,0(0, %)) = (V0 @0, X)) + (=) v, (0, x))

— — 4 4 4 — — P
ST” 1+T1+n ap +T1 2q+n+(m2q +1)Tn+l+T1 q’ +n ﬁq.

By (1.7), we obtain

(Sug +v1 + (=4)2v0, 0(0, X)) = (v0, ,(0, x)

= | (Suo+vi+ (=) vp)or(x)dx + f (vokt™")po(x)dx
RV!

Rn

> f ulx ™ oo (x)dx
|x|<1

> ! f 1% p(%)d%.
i<

1
-7

Let M(7) := fx< |X|"\p(¥)d%. Then, by (3.11), we have

1
u < (M(T))—l((mZQ' + 1)T1+1 + Tl+1—2q' +Tl_1 + Tl+1—ap' + Tl+l_q,_ﬁq/).

Claim. There exists uo such that when u > ug, T < 3.
We assume T > 3 and yu > . Taking 7 = 3, u satisfies

ps (M) N ((m* + 13! 311720 4 31 3iviar’ g g dBy o

This contradicts u > u, since M(3) is a finite positive constant. Therefore, the Claim is true.

(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

Let u > uy. Noting that M is decreasing, which implies that M(7) > M(3) for any 7 < T(< 3). For

every T € [0,7),

u < (M(T))_l((mzq’ + 1)Tl+l + Tl+l—2q' + Tl_l + Tl+l—(lp' + Tl+l—q’—/3q')
< (M(3)—1(3§m2q'+17_1+1—§ + 3{—2q'Tl+l—§ + 3{—2T1+1—§
+ 3¢ap =g 3{—q’—ﬁq/Tl+1—§)

< Tl+l_§.

(3.15)
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Hence, forevery 7 € [0,T), 7 < ,uﬁl-”. Wenotel+1—-¢<0.Lett — T, we have

T < p@rn, (3.16)
which completes the proof.

Remark 3.1. The lifespan estimate 7T < ,u_ﬁ in (3.16) is expected to be “sharp” with respect to
parameter u, which quantifies the intensity of the initial singularity. This exponent can be heuristically
justified via scaling analysis. Suppose the solution near the blow-up time behaves asymptotically
as |u(t,x)| ~ 4, v, x)| ~ t°. By neglecting the complex coupling and focusing on the dominant
nonlinearities |u|” and |v|?, a formal dimensional balance in system (1.1) yields relations among the
exponents a and b. The critical index { = max {%, ;Tpl} emerges from this process, synthesizing the
competing influences of the two nonlinearities and the fractional dispersion. The exponent /, which
governs the spatial singularity of the initial data, subsequently enters as a correction term in the final
blow-uprate 1/({ —1—1).

Although the proof establishes only an upper bound for the lifespan, this rate is likely optimal for
the considered class of initial data. Improving the exponent would necessitate a fundamentally different
proof strategy or more restrictive initial conditions. However, deriving a matching lower bound remains
a challenging open problem, primarily due to the absence of conserved energy and the nonlocality of

the fractional operators, which obstructs the construction of precise self-similar blow-up profiles.
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