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1. Introduction

The present article deals with the existence of stationary solutions of the following
nonlocal reaction-diffusion equation

ou 82 ® o 1
E:_D<_@> u+/_ooK(:c—y)g(u(y,t))dy—i—f(:b), 0<s< T (1.1)

which appears in cell population dynamics. The space variable x here corresponds
to the cell genotype, u(x, t) stands for the cell density as a function of their genotype
and time. The right side of this equation describes the evolution of cell density via
cell proliferation, mutations and cell influx. The anomalous diffusion term here
corresponds to the change of genotype due to small random mutations, and the
nonlocal term describes large mutations. Function g(u) designates the rate of cell
birth which depends on u (density dependent proliferation), and the kernel K (z—y)
gives the proportion of newly born cells changing their genotype from y to x. We

1



assume that it depends on the distance between the genotypes. Finally, the last term
in the right side of this equation stands for the influx of cells for different genotypes.
2 S

The operator | — in problem (1.1) describes a particular case of anoma-

Ox?
lous diffusion actively treated in the context of different applications in plasma
physics and turbulence [11], [12], surface diffusion [13], [15], semiconductors [16]
and so on. Anomalous diffusion can be described as a random process of particle
motion characterized by the probability density distribution of jump length. The
moments of this density distribution are finite in the case of normal diffusion, but
this is not the case for superdiffusion. Asymptotic behavior at infinity of the prob-

ability density function determines the value s of the power of the Laplacian [14].
2

The operator ( — W) is defined by virtue of the spectral calculus. In our work
x

we will treat the case of 0 < s < 1/4. A similar equation in the case of the standard
Laplacian in the diffusion term was investigated recently in [26].
We set D = 1 and prove the existence of solutions of the equation

_( d_Q) U+/MK(x—y)g(U(y))dy+f(l‘):07 0<3<£‘ (12

a2

We will consider the case where the linear part of this operator does not satisfy the
Fredholm property. Consequently, conventional methods of nonlinear analysis may
not be applicable. We use solvability conditions for non Fredholm operators along
with the method of contraction mappings.

Consider the problem

—Au+V(x)u —au = f, (1.3)

where u € E = H*(R%) and f € F = L*(RY), d € N, a is a constant and the
scalar potential function V() is either zero identically or converges to 0 at infinity.
For a > 0, the essential spectrum of the operator A : £ — F corresponding to
the left side of equation (1.3) contains the origin. Consequently, such operator does
not satisfy the Fredholm property. Its image is not closed, for d > 1 the dimension
of its kernel and the codimension of its image are not finite. The present article
deals with the studies of certain properties of the operators of this kind. Note that
elliptic equations with non Fredholm operators were treated actively in recent years.
Approaches in weighted Sobolev and Holder spaces were developed in [2], [3],
[4], [5], [6]. The non Fredholm Schriodinger type operators were studied with the
methods of the spectral and the scattering theory in [17], [19], [21]. The Laplace
operator with drift from the point of view of non Fredholm operators was treated
in [20] and linearized Cahn-Hilliard equations in [22] and [24]. Nonlinear non
Fredholm elliptic problems were studied in [23] and [25]. Important applications



to the theory of reaction-diffusion equations were developed in [8], [9]. Non
Fredholm operators arise also when studying wave systems with an infinite number
of localized traveling waves (see [1]). In particular, when a = 0 the operator A
is Fredholm in some properly chosen weighted spaces (see [2], [3], [4], [S], [6]).
However, the case of a # 0 is significantly different and the method developed
in these works cannot be applied. Front propagation equations with anomalous
diffusion were treated actively in recent years (see e.g. [27], [28]).

Let us set K (z) = ek(x) with € > 0 and suppose that the assumption below is
satisfied.

1
Assumption 1. Consider 0 < s < T Let f(x) : R — R be nontrivial, such that

d2

da?

f(z) € LY(R) N L*(R) and ( - ) 2 f(x) € L*(R). Assume also that K(z) :

12

e\
()

We choose the space dimension d = 1, which is related to the solvability con-
ditions for the linear Poisson type problem (4.31) proved in Lemma 6. From the
perspective of applications, the space dimension is not restricted to d = 1 because
the space variable corresponds to cell genotype but not to the usual physical space.
Let us use the Sobolev spaces

e\
R — R and K(z) € L'(R). In addition, ( — d—) K(z) € L*(R), such that

> 0.
L2(R)

2

H*(R) := {u(g;) ‘R — R|u(z) € L*(R), (-d—> u € LQ(R)}, 0<s<1

dz?

2\
Tae )Y

By virtue of the standard Sobolev inequality in one dimension (see e.g. Section 8.5
of [10]) we have

equipped with the norm
2

[l Fps ey = Null 22y + (1.4)

L2(R)

1
[[w]] oo ) < EH“HHI(R)- (1.5)

When the nonnegative parameter ¢ vanishes, we arrive at the linear Poisson type
equation (4.31). By means of Lemma 6 below along with Assumption 1 problem
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(4.31) admits a unique solution

1
up(z) € H*(R), 0<s< 7

such that no orthogonality relations are required. By virtue of Lemma 6, when

i < s < 1, certain orthogonality conditions (4.33) and (4.34) are required to be

able to solve equation (4.31) in H**(R). By virtue of Assumption 1, since

A% @\ )
<_E> U(%’):<—@> f(z) € L*(R),

we have for the unique solution of linear problem (4.31) that ug(z) € H'(R). Let
us seek the resulting solution of nonlinear equation (1.2) as

u(x) = up(x) + upy(z). (1.6)

Evidently, we obtain the perturbative equation

a2

d2 s ) 1
( —) Uy = 5/ K(z —y)g(uo(y) + up(y))dy, 0<s< 1 (1.7)
Let us introduce a closed ball in the Sobolev space

B, :={u(z) € H'R) | ullm® < p}, 0<p<L (1.8)

We look for the solution of problem (1.7) as the fixed point of the auxiliary nonlinear
equation

( i ) u= 6/_00 K(z = y)g(uo(y) + v(y))dy, 0<s< i (1.9)

)
dx o

in ball (1.8). For a given function v(y) this is an equation with respect to u(x). The
left side of (1.9) involves the non Fredholm operator

<— dd—;> : H*(R) — L*(R).

Its essential spectrum fills the nonnegative semi-axis [0, +00). Therefore, such op-
erator has no bounded inverse. The similar situation appeared in works [23] and
[25] but as distinct from the present situation, the equations studied there required
orthogonality conditions. The fixed point technique was used in [18] to estimate
the perturbation to the standing solitary wave of the Nonlinear Schrodinger (NLS)
equation when either the external potential or the nonlinear term in the NLS were
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perturbed but the Schrodinger operator involved in the nonlinear equation there had
the Fredholm property (see Assumption 1 of [18], also [7]). Let us define the
interval on the real line
1 1 1 1
I:=|——||uwllmmw — —=, —=||uwollmw + —= 1.10
\/§H ollrr) /2 \/§H oll rw) /2 (1.10)

along with the closed ball in the space of Cy (/) functions, namely

Dy = {g(S) S CQ(I) ’ HgHCQ(I) < M}, M > 0. (1.11)

Here the norm
lgllesn == llgllew + 19" lew + 19" lowm. (1.12)
where ||g||c(r) := mazer|g(s)|. We make the following assumption on the nonlin-

ear part of equation (1.2).

Assumption 2. Let g(z) : R — R, such that g(0) = 0 and ¢'(0) = 0. It is also
assumed that g(z) € Dy and it does not vanish identically on the interval I.

Let us introduce the operator 7}, such that v = T,v, where u is a solution of
equation (1.9). Our first main statement is as follows.

Theorem 3. Let Assumptions 1 and 2 hold. Then equation (1.9) defines the map
T, : B, — By, which is a strict contraction for all 0 < € < ex* for some ex > 0.
The unique fixed point u,(x) of this map T, is the only solution of problem (1.7) in
B,.

Clearly, the resulting solution of equation (1.2) given by (1.6) will be nontrivial
because the source term f(z) is nontrivial and ¢(0) = 0 due to our assumptions.
We make use of the following elementary lemma.

Lemma 4. For R € (0, +00) consider the function

1
©(R) == aR"™™ + %, 0<s< 7 a, > 0.
4
It attains the minimal value at R* = % which is given by
a(l —4s
* (1 B 48)45_1 s nl—4s

Our second main result is about the continuity of the fixed point of the map T,
which existence was established in Theorem 3 above with respect to the nonlinear
function g.



Theorem 5. Let j = 1,2, the assumptions of Theorem 3 hold, such that u,, ;(x)
is the unique fixed point of the map T, : B, — B, which is a strict contraction for
all 0 < e < ¢} and 0 := min(e7, €3). Then for all 0 < & < § the inequality

up1 — up2llm@®y < Cllgr — g2llean (1.13)
holds, where C' > 0 is a constant.
We proceed to the proof of our first main result.
2. The existence of the perturbed solution

Proof of Theorem 3. Let us choose arbitrarily v(z) € B, and denote the term
involved in the integral expression in the right side of problem (1.9) as

G(z) = g(uo(z) + v()).

Let us use the standard Fourier transform

~

1 = —ipT
¢(p) := ﬁ/_m ¢(z)e P dz. (2.14)

Evidently, we have the inequality

~ 1
[@(P) | oo m) < ﬁﬂfb(x)llmm (2.15)

We apply (2.14) to both sides of problem (1.9) and arrive at
- K(p)G
u(p) = eV QWM.
Ipl*
Hence for the norm we obtain
< () 121G (p)]2
||u||%2(R) = 2me? / —| (p>|’p||4s (n) dp. (2.16)

As distinct from works [23] and [25] including the standard Laplace operator in
the diffusion term, here we do not try to control the norm

K(p)
|p|?

L>(R)

Instead, let us estimate the right side of (2.16) using the analog of inequality (2.15)
applied to functions K and G with R > 0 as

o2 / K@PICEE, . . / K@PIGEE,
Ip<R [p[* Ip|>R [p[** B
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1 Rl 4s
§62||/CH%1(R){;HG( Wi T3 R4S||G( )II%Q(R)}- (2.17)

Since v(x) € B,, we have
Juo + vl 22wy < lluollmrw + 1.

Sobolev inequality (1.5) yields

1
[uo + v| < —=([luo|| @) + 1).

V2
ug+v
Formula G(z) = / ¢'(z)dz with the interval I defined in (1.10) implies
0

|G(2)] < supzeilg'(2)[[uo + v| < Mug + v].

Thus
1G (@) || 2@y < Mlluo + v 2@y < M([Juollmr ) + 1).

ug+v Yy
Obviously, G(z) = / dy[/ g”(z)dz]. This gives us
0 0
1 M
G@)] < gsup-erlg”(2)lluo + v* < Z-luo + o],

M M
1G (@) ||y < —|IUO+U||L2 =< 7(||Uo||H1(R)+1)2- (2.18)

Thus we obtain the estimate from above for the right side of (2.17) as

(”U()HHl + 1) R1_4s 1
47r(1 —4s) R*s [’

eIy M* (lluo 111 e +1){

where R € (0,+00). By means of Lemma 4 we obtain the minimal value of the
expression above. Thus,

M2
(1 —4s)(167s)%s

ullZe@) < e ICNIL @ (luollm@ + 1)* (2.19)

Obviously, via (1.9) we have

( j) u<x>=e< j) | xte =Gy

By virtue of the analog of inequality (2.15) applied to function G along with (2.18)

we arrive at
du (|2 2
|

M
< |GG @@ < (lullme + D'Q% (220)




1
Hence, by means of the definition of the norm (1.4) with s = 5 along with inequal-

ities (2.19) and (2.20) we obtain the estimate from above for ||u|| ;1 (r) as

1
L gy ol @y + D72 Q%]
(1 — 45)(167s)% 1

e(lluoll s @ +1)*M <p

for all ¢ > 0 small enough. Thus, u(x) € B, as well. If for some v(z) € B,
there exist two solutions u »(z) € B, of problem (1.9), their difference w(x) :=
up () — ug(x) € L*(R) satisfies

2\
d2

Since the operator [ — e considered on the whole real line does not have non-
x

trivial square integrable zero modes, w(z) vanishes a.e. on R. Therefore, problem
(1.9) defines amap T, : B, — B, for all ¢ > 0 sufficiently small.

Our goal is to prove that this map is a strict contraction. We choose arbitrarily
v12(x) € B,. The argument above yields u; o := T,v1 2 € B, as well. By virtue of
(1.9) we have

s

( N dd_;> = /_OO K(z = y)g(uo(y) + vr(y))dy, 2.21)

[e.e]

( - dd_;> 2= 8/OO K@ = y)g(uo(y) + va(y))dy, (2.22)

o0

1 )
0<s< T Let us introduce

Gi(z) :== g(uo(z) +vi(x)), Ga(x) = g(uo(x) + va(2))

and apply the standard Fourier transform (2.14) to both sides of problems (2.21)
and (2.22). We arrive at

i (p) = 5\/§M’ i (p) = 5\/§M'

|p’23 ’p’23

Evidently,

oo > 2/\ _/\ 2
oo = oy = 22 [ DA =G,

. ‘p‘éls
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Apparently, it can be bounded from above by means of inequality (2.15) by

1 R 1
2 2 2 2
e ||/C||L1<R){;IIC11($) = Ga(@)lpa @y 7 +IG1(@) = Ga(@) 2o @) 7z }

with R € (0, +00). Let us use the formula

ug+v1
Gh(z) — Golx) = / §(2)dz.
up+v2
Thus
|G1(x) — Ga(2)| < sup.erlg'(2)]|vr — va| < Moy — vo.
Therefore,
|G (x) = G2(2) || r2r) < Mo = vl 2y < M1 — vol [ w)-

Obviously,

up+v1

Gh(w) — Gala) = /

up+v2

dy[ /0 ’ g"(z)dz} .

We derive the upper bound for G () — G5(z) in the absolute value as

1 M
§Supzel|9"(z)||(vl — v2)(2uo + v1 + v2)| < 7|(“1 — v2)(2up + v1 + v2)].

The Schwarz inequality implies the estimate from above for the norm ||G;(z) —
GQ(SL’) ||L1(R) as

M
7||U1_U2HL2(R)||2UO+UI +U2||L2(R) S MHUI_U2||H1(R)(||UOHH1(R)+1)~ (223)

Hence we obtain the upper bound for the norm ||u; (z) — ua(x) H%Q(R) given by

_|_

R174s 1
1—4s ﬁ}

1
I gy M2l = s oy |~ sl sy + 1)°

Lemma 4 enables us to minimize the expression above over R € (0, +00) to derive
the estimate from above for ||u(x) — ua(x) H%Q(R) as

(lwoll @y + 1)
(1 —4s)(4ms)ss

(1K 7y M2 w1 — w2l B gy (2.24)

Formulas (2.21) and (2.22) yield



Inequalities (2.15) and (2.23) imply
2

< QG — Gl fag) <
L%(R)

d
@(Ul - U2)

< e2Q*M?|Jvy — vall7p gy (Juoll g1y + 1) (2.25)

By means of (2.24) and (2.25) the norm ||u; — u2|| g1 (r) can be bounded from above
by the expression

1
ICNZ s gy (ol gy + 1) ’
®) Q2 H’Ul—UQHHl(R). (226)

€M(HUOHH1<R>+1){ (i

This implies that our map 7, : B, — B, defined by problem (1.9) is a strict con-
traction for all values of ¢ > 0 sufficiently small. Its unique fixed point u,(z) is the
only solution of equation (1.7) in the ball B,. The resulting u(z) € H'(R) given
by (1.6) is a solution of problem (1.2). [ |

Then we turn our attention to the proof of the second main result of our work.
3. The continuity of the fixed point of the map 7|
Proof of Theorem 5. Clearly, for all 0 < € < § we have
Up1 = Ty up1, Upos = TgUpo,

such that
Up1 — Upa = Tgup1 — Ty upo + Toupo — Ty,upo.

Hence,
lup1 = wpallaiwy < N Tgupn — Ty upollmrwy + [Ty tpe — Ty up 2l i w)-
By virtue of estimate (2.26), we have
| Tgyup1 — Ty upallmmy < eollups — Upollmr (),

where e < 1 due to the fact that the map 7}, : B, — B, under our assumptions is
a strict contraction. Here the positive constant

1
ICHZ 1 ey (Il 2 gy + 1) :
o:= M(||lu +1 +Q*y .
ol ){ (1 — 4s)(4ms)™ <
Thus, we arrive at

(1 —eo)llupy — upallme) < 1Ty up2 — Tyupel i r)- (3.27)

10



Note that for our fixed point T}, u, 2 = u, 2 and denote (x) := T}, u, 2. We obtain

( N dd_;> §w) = 5/_00 Kz = y)g1(uo(y) + up2(y))dy, (3.28)

[e.e]

( - j—;) Upo(r) =€ /_Z K(z — y)ga(uo(y) + up2(y))dy, (3.29)

1
with 0 < s < 1 Let Gi2(z) = g1(uo(z) + up2(x)) and Ga2(z) = ga(up(x) +

up2(x)). By applying the standard Fourier transform (2.14) to both sides of equa-
tions (3.28) and (3.29) above, we easily arrive at

()—8\/_ ()GlQ( )7 M () 8\/_ ()GQQ( )

|p|? |p|*

Obviously,

> K(p)2|G - a 2
I60) — @)y = 22 [~ DGR = CoalBIE,

o |p|*s

Evidently, it can be estimated from above by virtue of (2.15) by

2 Rl 4s 1
1K N7 &) _||G12_G22||L1 T2 1G12 — Gapll 72 R) ois

where R € (0, 400). Let us use the formula

uo (%) +up,2() ) )
Giala) - Grao) = | 16,(5) — gb(s)]ds.
0
Hence
|G12(x) — Ga()| < supser|gi(s) — ga(s)||uo(x) + up ()| <

< lg1 — g2lleanluo(®) + up2(2)],
such that

G2 — Gapllrem®) < g1 — g2llcomyl|uo + up2ll 2@y <

< llg1 — g2llco ) (luoll mr m) + 1)

Another useful representation formula is

uo(z)+up,2(x) v ,
Grale) — Gaalo) = | ay[ [ ) - gyeaz].
0 0
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Thus

1 / /
(Gra(w) = Gap(@)] < Ssup-erlgi(2) = g5 (2)l[uo (@) + wp (@) <

1
< 5llgr = glleanluo() + wp (@)l

Therefore,

1
1G12 — Goplliw) < §||91 — @2lloan luo + wp 2|l 72y <

1
§§||91 g2lleon (luoll gy + 1) (3.30)

This enables us to estimate the norm ||€(z) — u,2(z)]|? 72(r) from above by

1—45+R4s '

2 , 1 C R 1
Koy (ol gy + 12ll92 = iy | 1 (ol ey + 1) ]

This expression can be easily minimized over R € (0, +00) by means of Lemma 4.
We arrive at the inequality

248s Hgl gQHCQ
(1-— 43)(167?3)4S

l§(z) = up2(@)I72z) < e IKNL @y (ol + 1)

By virtue of (3.28) and (3.29) we have

(— %) £(o) - e< - %) | e = nGrain
(— %) Upo(7) = 8( dxg) / K(xr — y)Gaa(y)dy,

such that via (2.15) and (3.30) the norm |[£'(z) — uj (@ )HL?(R can be bounded
above by

22

4

15
[|Gra — GaallF1 )@ < (luoll @y + 1D llgr — g2l

Therefore, ||{(7) — up2(7) | m1(r) <

KN gy (ol gy + 1) Q2
(1 —4s)(16ms)%s 4

< ¢llgr — gallcun (luol mr @) + 1)°

12



By means of inequality (3.27), the norm ||u,; — up2|| 51 (r) can be estimated from
above by

1
£ KN gy (luoll ey + D72 @2 |2
: 1)? = —
oo uollme +1) (1 — 4s)(16ms )% | o= glew.
which completes the proof of the theorem. [ ]

4. Auxiliary results

Below we derive the solvability conditions for the linear Poisson type equation
with a square integrable right side

2\
(—ﬁ)u:f(x), reR, 0<s<l1. (4.31)
x
Let us denote the inner product as

(). 9(2)) oy = / " f@)g(e)de, 4.32)

with a slight abuse of notations when the functions involved in (4.32) are not square
integrable, like for instance the one present in orthogonality condition (4.33) of
Lemma 6 below. Indeed, if f(z) € L'(R) and g(z) € L>°(R) , then the integral in
the right side of (4.32) is well defined. The left side of relation (4.34) makes sense
as well under the given conditions. We have the following technical statement.

Lemma 6. Let f(z) : R — Rand f(x) € L*(R).
1) When 0 < s < % and in addition f(x) € L*(R), equation (4.31) admits a
unique solution u(x) € H*(R).

2) When + < s < 2 and additionally |z|f(x) € L'(R), problem (4.31) pos-

1> 1
sesses a unique solution u(x) € H*(R) if and only if the orthogonality relation

(f(x),1)2m) =0 (4.33)
holds.

3) When 3 < s < 1 and in addition 2* f(x) € L'(R), equation (4.31) has a

unique solution u(x) € H*(R) if and only if orthogonality conditions (4.33) and

(f(x),2) 2@ =0 (4.34)

hold.

13



Proof. First we observe that by means of norm definition (1.4) along with the
square integrability of the right side of (4.31), it would be sufficient to prove the
solvability of problem (4.31) in L?*(R). The solution u(z) € L?*(R) will obviously
belong to H*(R), 0 < s < 1 as well.

Let us establish the uniqueness of solutions for equation (4.31). If u; »(z) €
H?(R) both satisfy (4.31), then the difference w(z) := ui(r) — us(x) € L*(R)
solves the homogeneous problem

a2\’
de w = 0.
2

Since the operator e on R does not have nontrivial square integrable zero
i

S

modes, w(z) vanishes a.e. on the real line.
Let us apply (2.14) to both sides of equation (4.31). This gives us

f(p)
|p|?

where 4 is the characteristic function of a set A C R. Obviously, forall 0 < s < 1
the second term in the right side of (4.35) is square integrable by virtue of the bound

. f(p
u(p) = s X{peRr | jpl<1y + | (‘22 X{peR | |p|>1}, (4.35)

| (p)]?
/ ’p|4s X{peR | \pl>1}dp < ”f“L? < .

To prove the square integrability of the first term in the right side of (4.35) when
0<s< ;11, we apply estimate (2.15), which gives

1F(p)2 1f (@)I7 2 gy
/ FE “iis X{peR | pl<13dp < (1= 4s) < 00,

which completes the proof of part 1) of the lemma.

To establish the solvability of equation (4.31) when }L < s < %, we use the
formula R
~ ~ Pdf(s
fo) = 70+ [ L as
0 s
This allows us to express the first term in the right side of (4.35) as
f(0 ds
| (|2Z X{peR | pl<1} + %X{peﬂm pl<1}- (4.36)

By virtue of definition (2.14)
df ( )

\/—” 2| f(2) || ) < 00

14



due to one of our assumptions. Hence,

P df(s)
0 —ax Us

1 —2s
pp XeRlpisn| < Tllelf @l P X per | pi<1y € L*(R).

1o R

The remaining term in (4.36) %X{pER pl<1y € L*(R) if and only if f(0) = 0,
p|= B

which implies orthogonality relation (4.33) in case 2) of the lemma.

Finally, it remains to investigate the situation when 1 < s < 1. For that purpose,

we use the representation

7o =70+ 0+ [ ([ D agan

which enables us to write the first term in the right side of (4.35) as

[f(()) +piﬁ—jf(0> ) [N dz(zq)d@d?“]

X{peR | |p|<1}- (4.37)
|p|2$ |p|2s ’p|2$ {peR | |p|<1}

Definition (2.14) yields

-~

d 1
T < =l @l < o0

as assumed. This enables us to estimate

r d2 f
Iy ( 0 dd];gq)dq)dr

X{peR | |p|<1}

1 —92s
P < ﬁ||$2f(:v)llwﬂe> [P X per | <1}

which clearly belongs to L?(IR). The sum of the first and the second terms in (4.37)

~

d
is not square integrable unless both f(0) and d—f(()) vanish, which gives us orthog-

onality relations (4.33) and (4.34) respectively. [ |

Notably for the lower values of the power of the negative second derivative
operator 0 < s < 1 under the assumptions given above no orthogonality conditions

are required to solve the linear Poisson type equation (4.31) in H?(R).
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