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Abstract

We study the long time behavior of some continuous population
systems in the stationary random medium. The main results are stated
in terms of density of the corresponding population. The quenched
and annealed asymptotic analysis is given for the particles field as
time tends to infinity. We show the difference in asymptotics for a
non-local and local Anderson operators.
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1 Introduction

The central result of our previous paper [5] is the statement about the ab-
sence of a limiting ergodic state for some classes of population models in time
independent random environments. It was proven that under the mild con-
ditions such a population either asymptotically degenerates or exponentially
grows. In this situation, it is of interest to give an asymptotic analysis of the
particles field for ¢t — oo.
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In the present paper we investigate the long time behavior of some con-
tinuous population systems in a random medium. The time evolution trans-
forms the initial point field into a configuration (integer valued measure)
on the probability space (2., Fin, P) X (2, F, Py, where (Q,, Fr, Pp) is
related to the stationary in space random environment, which includes the
description of branching and mortality mechanisms. For a fixed environment
wm the conditional probability space (€2, F, P),, contains information about
random motion of the particles and their “reactions” (annihilation, splitting,
etc). Our attention in this paper will be mainly concentrated on the study of
the so-called first moment of the system (the density of a population). It is
known that for a fixed environment w,, € €2, the density p(¢,z,w,,), t > 0,
r € R? will be solution to the following parabolic Anderson problem

Op(t, z,wn)
ot

Here L is the generator of the underlying Markov process z(s), s > 0 ap-
pearing effectively from the evolution of individuals and

= Lp(t7x7wm) + V(xawm>p(t7 x7wm)7 P(Ou l‘7wm) = po- (]-)

V(z,wm) = b(z,wn) — m(z,wn),

where b(x,w,,) is the rate of production of new particles and m(z,w,,) is
the mortality rate (see [5] and details therein). The density of the initial
population of particles pg is given by
po = |%|E[n(0, Awn)], AcBRY.

Here |A| denotes the Lebesgue measure of A, the symbol E stands for the
mathematical expectation with respect to (2, F, P),, for a fixed random
environment w,,, and n(0, A, w,,) is the number of particles in the set A at
the moment of time ¢t = 0.

The asymptotic analysis of the equation (1) as ¢ — oo will be the main
task of our investigation in this paper. The quenched and annealed asymp-
totics for p(t,x,w,,) in the case of the local generator L (e.g. Laplacian
A\, generating the Brownian motion b(s),s > 0 in R? or the lattice Lapla-
cian, generating the symmetric random walk on Z¢ with continuous time)
are widely discussed in the literature, see e.g [1, 7, 9] and references therein
forming almost complete bibliography of this problem up to now.

We would like to mention below two groups of results related to the
continuous Anderson Hamiltonian H = —(A — V (-, wy,)), V > 0.

I. Assume that
V(x,wm) = Z @(w - y)7

YyEwm
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where ¢ is a positive elementary potential and the points of configuration
wy, are Poisson distributed with intensity A. It is clear that such a situation
corresponds to zero birth rate. Let p(t,x) be the solution to the equation

0

It is well-known that this solution is a homogeneous field which can be rep-
resented by the Feynman-Kac formula

plt..) = [exp (= [ V() )]

_E, {exp <— /0 Vit b(s),wm)ds)} |

Here and subsequently, E, denotes the integration over the distribution of
the underlying process z(s), s > 0, (0) = z € R? (in the situation described
above, it is integration over the Brownian motion b) and the symbol () stands
for the integration over the environment law.

The following result is proved under some mild conditions in the case of
L=A.

Theorem 1.1 (Donsker-Varadhan, [2]).
In(p(t,0,wn)) «~ —c(d)tar, t— oo,

where ¢(d) is a particular constant which is independent of the elementary
potential ¢.

This kind of moment asymptotics is called annealed. The almost sure
(a.s.) asymptotics (quenched) is established in the next theorem.

Theorem 1.2 (Sznitman, [9]).

t

Inp(t,0,w) « c1(d)————,
Pl 0,) = 1(0)

t— o0, P, -as.,
where c1(d) is a particular constant which is independent of the elementary
potential .

Remark 1.3. This Poissonian model, which is going back to Smolukhowski,
describes the absorption process. Note that for a periodic absorption potential

V(a:):; go(x—ﬁ)
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the concentration p(t,-) is decreasing exponentially:

hlp(t, ) - _62(90>t7 CZ(@) >0

and the constant cy(p) is the ground energy of —A + ¢ on the cell of peri-
odicity. It is worth pointing out that absorption in a random environment is
“slowing down” for t — oo. The difference between annealed and quenched
asymptotics is significant in this case. The deviation from the exponential
decay of p(t,-) is related to the presence of “large clearings” in the realization
of the potential V(-) (i.e. areas where V-=0).

II. Two other quenched and annealed asymptotics describe the case of
the Gaussian potential where the density is increasing super-exponentially.
Let V(z,wy,) be the homogeneous Gaussian field,

V(z,)) =0, (V(z)V(y))=B(x—y) and Be C*"(RY), § > 0.

Then, according to [1], the realization of V (-, w,,) € C2° and

loc

max V(z,wp) v /2dB(0)In R, R — oo, P, —as.

lz|<R

Moreover, one can give a precise description of all “high peaks” of the poten-
tial. The annealed asymptotics in this case is described in the next theorem.

Theorem 1.4 (Carmona-Molchanov, [1]; Gartner-Molchanov, [3]).
For anyp>1

B 242
In(p?(t,0,wn)) = % —a(p,d)t +o(t), t— oo.

Let us stress that the moments increase progressively

V() S
(olt,0))2 " |

The last fact is the manifestation of “intermittency” (high irregularity of the
density field), see [3], [7], [4].

Theorem 1.5 (Carmona-Molchanov, [1]).

t
Inp(t,0,:) =citvVint — co——
p( ) 1 2\/&

+ 0 t— oo, P, —a.s.

().



The goal of the present paper is to prove results similar to Theorems 1.1,
1.2, 1.4, and 1.5 for a non-local basic Hamiltonian. Instead of the Laplacian
A we will deal with the generator L of jump process z(s), s > 0:

Li@) = [ [fa+2) = f)a(:)ds )

The process z(s) has the following description. It spends random time 7 at
the initial point =y with the exponential law Exp(k); at the moment of time
7o+ 0 it jumps from z( to xo+ 2 + dz with the probability a(z)dz and spends
at 1 = xo+ 2 the time 7 with the law Exp(k), etc. We will assume that the
distribution density a of the single jumps satisfies the following conditions

1. a(z) = a(|z|) (it implies L = L*);
2. a(z)mw%, as z— oo, a>0.

We would like to emphasize that it is not necessary to assume that a < 2,
i.e., the random walk whose jumps are distributed according to a(z) can be
in the domain of attraction of a stable isotropic processes in R? (for a < 2)
or in the domain of attraction of Brownian motion (for o > 2). Later, we
will use this fact, discussing Vlasov scaling for population models.

The lattice model with long jumps was studied recently in [8]. In the
next two subsections we study Poisson and Gaussian environments for jump
evolution. About the contact model, closely related to the operator (2), see
[6] and our previous paper [5].

2  Jumps with birth and death

2.1 Poisson environment

Let us fix an arbitrary function ¢ : R — R, such that
1. p(x) =0, || > 1o for some 79 > 0;
2. max,epa p(z) = (0);
3. ¢ € C*(RY) and |det(Hessp(0))| > 0.

In this subsection we study the following parabolic problem for w,, € €,

ou(t m
% = Lu(t,z,wn) + V (2, wn)u(t,z,wy), t>0 xR (3)
u(0,z) = po. (4)



Here L is a convolution operator given by (2) and

Viwwn) = 3 olo—y)

YyEwm

Noteworthy that w,, is locally finite subset (configuration) of R?. Its points
are distributed by Poisson with intensity A > 0.
The solution to the problem (4) can be represented by the Feynman-Kac
formula. Namely,
u(t, ,wm) = po B, |elo V) wm)ds

where x(s), s > 0 is a jump process with the generator L.

Annealed asymptotics.
Upper estimate. Let us consider the mean of u(t, z,w,,) with respect to P,,:

(ult,,0)) = po (B [} B1VE0wma] ),

Using the Jensen inequality the latter expression can be estimated by

t
%]Eo {/ <6tV($(S)+m,Wm)>d8:| _ p0<€t\/(o,wm)>.
0

Note, that (e!V(%:«m)) is the Lapace transform of the Poisson measure. Hence,

etV Orn)y /Q e {t 3 cp(x)} AP, (10p) = exp {m /}R (et 1)dx}.

TEWmM

Using Laplace method for integrals and taking into account the properties of

© we obtain
/ (@ — 1)dx
R

(NI

t4/2 | det(Hess ¢(0))

t¢(0) (gﬁ)d
- (@) _ 1)dg ~ & t
/mgz(e Jde ~ 7 det(Hess p(0)[| ~ ©
Hence,
t¢(0) 27 )¢ 2
In(u(t, z,wn)) < Inpy + K (2r) ] , t— o0




Lower estimate. To prove the estimate below it is enough to see that

t
<U(t, T, wm» > Po <Ex [efo Via(s),wom)ds ]I{x(s)zx, s€(o, t}}] >

— ol @B fa(s) = 2, 5 € [0, 8]} = po e eV Oom),
As a result, there exists C' > 0 such that

et#(0)
In(u(t, z,wn)) 2 2C o kt, t— 0.
Quenched asymptotics.
Lower estimate. According to [1]
de(0)In R

max V(z, wy,) ~ R — o0, P, — as..

|2|<R InlnR ’
Moreover, near the point of maximum z¢(R), for any 6 > 0 there exists
£(6) > 0 such that for R > Ry(wy,) and any x : |z — 2o(R)| < £(9)

dp(0)In R

Ve, wm) 2 (1= 0)— 9 =

Consider the following strategy (F; C €2): the random walk spends time
To < 1 at the initial point o = 0 and then jumps to the £ = £(d) neighbor-
hood of the point z¢(R). After that it stays in the neighborhood of zy(R)
until the moment .

It is obvious that

U(t’ O7wm) 2 ]EO |:ef0t V(x(s)ywm)dS]IEt] .

Now, we calculate the probabilities of all events which take place in E; during
the time ¢. The probability to spend the time less then 1 at zero Plry < 1] =
1—e™". In its turn, the probability to jump from zero to the ball B, (zo(R))

is equal asymptotically ;g—jfi, as R — oo. Hence

w(t, 0, wp,) >

—K d
k(1 —R; )CE v(0.m) [co-o o]

> (1 o €_H)HO€ 6—(d+a) InR [6(1—6)74“1’33‘121%15]

The parameter R can be used for optimization. A trivial computation shows
that there exists ¢ > 0 such that

u(t,0,wy) > (1 — e ")rCele crte/e
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and consequently

—ct+et/ct
)

u(t,0,w,y,) 2 conste t— 00

(double exponential growth in time of the quenched first moment).

Let us stress that the annealed moment also has the double-exponential
growth, which is remarkable if one compares with the similar results for
the Gaussian potential (see Theorems 1.4 and 1.5).

2.2 Gaussian environment

In this subsection we will study the Gaussian case, i.e. the equations

% = Lu+V(z,wy)u, u(0,z)=po

ult ) = s e [ tv<x<s>,wm>ds)]

where V' (x,w,,) is the Gaussian field with correlation B(z—y) = (V(z)V (y)),
(V) = 0. To control the high peaks we will assume as in [1] that B € C*+°
and V (-, w,,) € C** P, - as.

Theorem 2.1. For any p € N
P _ p
(uP(t,0,wy,)) = ——=——— — prt + o(t).
Proof. Lower estimate.
t
u(t,0,wm) = poEg [exp </ V(x(s),wm)dgs’)}
0
t
2 £o IEO |:eXp (/ V<x(5>7wm)d5) Hm(s)EO,sgt:|
0
= poexp (tV(0,w)) - Plz(s) = 0,s < t] = py exp (tV (0, w,,)) e
Now we apply to both parts of the inequality the averaging (-) over the

potential V: )
2
(u(t,0,wy,)) > poe ezPO.

For the higher moments one can use the standard trick:

(t.0.00) = o} Boeso (| IV (aa(5),im) + -+ V () snllds) (9



where z1(s), ..., x,(s) are independent copies of the random walk z(s). Then

(WP (t,0,wn)) = pf (e @) P [{ay(s) = - = 2,(s) = 0,5 € [0, 1]}]

= pge B(0)2p2t2 e—pnt_
Upper estimate. We will use here the Jensen inequality and start from the
rough bound

w(t,0, ) = poEo [exp (% /0 t tV(w(s),wm)ds)]

1
< Po;

/0 Eo [exp (tV (z(s),wm))] ds.

As result

1 [t t?B(0 t2B(0)
(u(t,0,wn,)) < Po;/ exp< 2( )) ds = poe > .
0

Similarly, from the representation (5) we will get

)

((0.00)) < o exp (2)

We have already proved that

2t2
In{uP(t,0,wy,)) « pT’ t — o0.

The proof of the sharper estimate (mentioned in Theorem 2.1):

thQ

In (uP(t,0,wy,)) = N —pkt+o(t), t— o0
is much more difficult. We will discuss in detail only the case p = 1. Transi-
tion to the general case p > 2 requires to introduce, instead of one trajectory
x(s), s € [0,t], p independent copies of such trajectories. Since for any fixed

piece-wise continuous trajectory ¥(s), s € [0, ]

/OtV(( )ds ~ N ( // ))dsldSQ)
we have
<E0 {exp ( /0 t V(x(s))ds)} > By o Bt antn].
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The number v; of jumps of x(s), s € [0, t] has a Poissonian law with param-
eter kt > 0, i.e.
P{vy =m}] = (st)"e™™, m >0.

Then
[(t) = EO |:e% fot fg B(x(sl)*l(sz))dsld.s*g]

B Bt st

Here B(z) = B(0) — B(z) > 0. It is easy to see that B(z) > ¢y > 0 if
|z] > 1 and B(z) > ¢1|z|?, if |2] < 1. Using total expectation formula for the
hypothesis H, = {v; =r}, r > 0 we get

e (k)" LittB dsyd S
I(t) = Z TEO [eg Jo Jy Blae(s)=a(s2)dsidss |}, r} - Z[T(t)-
r=0 ’ r=0

Kt

It is worth pointing out that Iy(t) = e~ Hence, the statement of our

theorem will be proved once we check that

300 o)
Due to the well-known property of the Poisson process

Lﬂ<t) — e (th) / . / €2f0 fo B(x(s1) IE(SQ))dS]dSQdO_T _
tr

ol
S14-Fspp1=t

e—ntKlr / . / 6% fot fg B(x(sl)—x(sg))dﬁdsgdo_r’

Ss1+-+Spp1=t

where do, is the volume element on the tetrahedron s; +---+ s, =t and

/ / x(s1) — x(s2))ds1dsy = s189B(x1)+s183B(x1+x9)+. . . S18,11B(21+. . 42,)

+5253B(3§'1 —+ l’g) + ...+ 828T+1B(x1 + ...+ .%'T)
+.. + 88 Blri+ ...+ ),

where xi,...,x, are i.i.d. random variables with the density a(z). The
number of terms in the sum above is equal to A(r) = @ Using the
inequality
A(r) r) A(r
H '< 21(1)%()
i ~ — 7~
=1 A(T)
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we obtain

fr(t) = e”t/@_rl / / —A(r )siSjB(mi_rf)dar.

S1+-+Srp1=t

Assume that o = max,cga a(z). Then for any r the density a,(z) of the sum
21+ ...+ z, has the same estimate a,(z) < . Then

do, { / e~ Ar)ersis;lal g
|z]<1

+ / a(z)dzeA(r)cosisj] : (6)
|z|>1

The summands in the first term of (6) are the same for different i < j, i.e.

r—1
- 1! 2]<1

S1+ +Spp1=t

s1+s2<t
(t — 81 e
d0'3 ) e A(r)eosis2
(r—1)!
s1+s2<t
T)Cosls2d81d82+
~(r— 1
s1+s2<t
// dsldsg/ —Amesis 4124,
|z|<1
s1+s2<t

It follows from either the Laplace method or direct calculation that the ex-
pression in the square brackets is o(t) if r — oo which implies that

Z I 7nt)
r>1

]

Let us find the quenched asymptotics in the same Gaussian model. Ac-
cording to [1] we have

max V(z) ~ 1/2dB(0)InR, R — oo, P, —

|lz|<R

11



Moreover, near the point of maximum zo(R) the potential has second deriva-
tives of the order vIn R, i.e. there exists £(d) > 0 such that for R > Ry(wn,)
and any = : |z — zo| < ()

V(z) > (1—6)4/2dB(0) In R.

Consider the following strategy: the random walk spends time (less 1) at the
initial point 2o = 0 and jumps to the £(d) neighborhood of the point zo(R).
After that it stays at xo(R) until the moment t. The parameter R can be
used for optimization. As a result, using equality P [{ro < 1}] =1 —e7* we

obtain

d
t—1) C1€

u<t70’wm) > (1 . efk) mgx 6(176) 2dB(0) In R( Rira |-

A trivial computation shows that

(1—8)2¢2
u(t, 0, wy,) > e i@

and consequently
Inu(t,0,wy,) > c(a)t?.

It is worth noting (in contrast to [1], [3]) that In (u(¢,0)) and Inwu(t,0,wy,)
have P,, - a.s. the scale O(t?). We will see later that it is the general
property of the jump operators with heavy tails. Let us stress that o > 0 is
an arbitrary positive constant. In particular, it is possible that a > 2, i.e.
Jga Z%a(z)dz < oco. In this situation the process z(s), s > 0 after rescaling

x(st)

:O-\/E’

on each interval s € [0, s] converges weakly in C([0, s]) to the standart brow-
nian motion (for the appropriate o > 0).

In the so-called Vlasov limit one can try to approximate our initial prob-
lem (with the jumping process in the underground) by the problem with
Brownian diffusion instead of jumping. The previous arguments indicate
that this approximation gives wrong results in the large deviation region
(that fact one could expect in advance).

t — 00

x4(s)

3 Jump process with pure annihilation

In this part we will study the absorption phenomena with underlying jumping
process. Our particular goal is the quenched and annealed asymptotics for

12



the parabolic problem

ou(t, x,wn,)

T = Lu(t,z,wn) — V(z,wn)ult,z,wy,), u(0,z)=

where
Li@) = [ a0+ 2) = S

and a(—z) = a(z) ~ pﬁﬁ’ |z| — 00, @ < 2 (cf. the previous subsection).

The potential (—V)(x) is non-positive, i.e. there is no birth of new particles,
only annihilation. Let

V(z,wm) = > olz—y)

Suppose that points of the configuration w,, form the Poisson point field with
the intensity A and the function ¢ > 0 is compactly supported on the ball of
the radius a.

3.1 Annealed asymptotics

The following lemma is related to the fact that the random variable x; € R?
belong to the domain of attraction of the isotropic stable process with the
parameters a < 2 and the generator —(—A)%/2 = L,

Lemma 3.1. Consider the spectral problem
—Lop = E¢, x€ B(0) ={z||z| <r},

Y(x) =0, |z|>r.
then the principal (minimal) eigenvalue Ey = FEo(r) has the asymptotics

Eo(r) ~ €52 1 — 400 (see [5]).

ro

Now we will deduce from Lemma 3.1 the following result.
Theorem 3.2. Consider the following parabolic Anderson problem

ou(t, z,wy,)

T = —Lou(t,z,wn) — V(z,wn)u(t,z,w,), u(0,z)=1.

The solution to this problem has the following asymptotics

In (uP(t,0,w)) = —(pt)ata, t— oo.
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Proof. We give below only the idea of the proof.
Below estimate. As the first step we consider the case p = 1. Then

(u(t,0)) = Ege™ Jo VD) > By (e o VEDOT L . 0)=0)Litate)<r, scfo))

= Py llz(s)| <7, s €0,t]] Py [#(wm N By1a(0)) = 0]
~ ei%tef)‘(rJra)déd ~ eff—gt—)\ri r— 0.

The optimization of the exponent over parameter r gives
_d_
<u(t,0)> > e—é(a,d,)\)thra’ t s o0,

The optimal r = r(t) ~ Citara, t — oo.
To estimate (uP(t,0)) we have to consider p-independent copies of z(s).
The same calculations as above lead to the following inequality

(uP(t,0)) > 6—5(a7dyk)(pt)d+ia

Upper estimate. Upper estimation is the direct repetition of the large-
deviation approach by Donsker-Varadhan (see [2]). The central moment in
the construction of the action functional in [2] is an analog of Lemma 1
introduced above (stated for the case of the underlying brownian motion, i.e.
for A instead of L) which leads to Ey(r) ~ 4. O

r2

In the case of jump process with heavy tails one can expect (the rigorous
proof is omitted in this paper) the following result.

Theorem 3.3. For a < 2
In (u(t, 0, wn)) ~ &(av, d, \)tta, ¢ — oo.

Note that the proof of the annealed result is based only on the self-
similarity arguments and it uses the "heavy tails" of a only implicitly.

3.2 Quenched asymptotics

The situation with the quenched asymptotics is described in the following
theorem.

Theorem 3.4. ]
Inwu(t,0,wy,) < —tate,

i.e. for appropriate constants C*, C~ >0

Ctite < —Inu(t,0,w,,) < Cttite

14



Proof. Note that u(t,0,w,,) is a non-increasing function of ¢. Then for dis-
crete moments of time ¢t = [ € N and any § > 0 the Chebyshev inequality
implies

Py [u(l, 0,wp) > (u(l,0,w,))' ] < <;ZSS,O¢;:%)1>6 <t g

In the last inequality we have used the annealed asymptotics. The sum of
all probabilities (7) is finite and Borel-Cantelli lemma gives

—1In (u(t, 0,wp)) < (1+ 6)&(a,d, \tara

for t > to(wpm).
To prove the lower estimate we will start from the following technical
lemma.

Lemma 3.5. (existence of big clearings). Let v > 1 be arbitrary and fized.
Consider the following partition of R%:

R =|JDn, Do={z||z|e <1},
n=0
Dy = {z|y"" <|rlw <9"}, [Da| =290 —1) n> 1
Let w,, be the Poisson point field with the intensity A > 0. Then one can find
a constant ¢ = ¢(\,d,y) > 0 and a finite random variable ng(wy,,) such that

P,, - almost surely for any n > ng(wy,) there exist a ball By, (z,) C D, of
radius R, = én'/? + a where V(z,w,,) = 0.

Proof. Consider the maximal family of disjoint balls of the radius R,, inside
the ring D,,. The volume of such a ball is equal to ¢(d)R%. The cardinality
of such a family

| D]
c(d)R
Consider the following event:

A, = {wy, : all balls in this family contain at least one Poisson point of w,, }.
Then

Ny >

S
Vv

o

S

—~
S

)
S~—

nd d
—a1 (2v)d e—Ae(d) RS,

Ny,
P(4,) < (1= e DR < o7

_ < d_—re(d)ed]™
<e @n [teme I,

One can select now sufficiently small ¢ = é(\, d, ) from the condition
(27)de D 5

Then, > P(A,) < co. The application of Borel-Cantelli lemma completes
the proof. O
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Let us denote by Bg, (z,)(wy,) one of the empty balls in the set D,,, which
exists for n > ng(w,,). We consider the following strategy (the event Ey):
the chain z(t) spends time 77 < 1 in the initial point xy = 0 and jumps to
the central part of the ball Bg, (x,), given by |z — z,,| < R,,/2, and stays in
Bg, (z,,) at the time interval [1,¢]. The number n = n(t) is selected from the
condition of maximization of the expression

1 __ct _ __ct
T ol —¢ nlny(d+a) mald
,yn(d—i—a)

Elementary calculations give

mnin [nCQ - %} = ¢4(d, )\,v)td%a.
But .
u(tu 07 wm) Z ]EO [6_ fg V($(S))ds]1Eti| Z 056_C4tm .
This finishes the proof of Theorem 3.4. n
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