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Abstract: A semi-linear boundary-value problem with nonlinear Robin boundary conditions is considered in a thin
3D aneurysm-type domain that consists of thin curvilinear cylinders that are joined through an aneurysm of diameter
O(e). Using the multi-scale analysis, the asymptotic approximation for the solution is constructed and justified as
the parameter ¢ — 0. Namely, we derive the limit problem (¢ = 0) in the corresponding graph, define other terms
of the asymptotic approximation and prove energetic and uniform pointwise estimates. These estimates allow us to
observe the impact of the aneurysm on some properties of the solution.
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1 Introduction

Investigations of various physical and biological processes in channels, junctions and networks are urgent for
numerous fields of natural sciences (see, e.g., [1-14] and the references therein). Especial interest is the investigation
of the influence of a local geometrical heterogeneity in vessels on the blood flow. This is both an aneurysm
(a pathological extension of an artery like bulge) and a stenosis (a pathological restriction of an artery). The
understanding of the impact of a local geometric irregularity on properties of solutions to boundary-value problems
in such domains can have useful applications in medicine and many areas of applied science. In [15] the authors
classified 12 different aneurysms and proposed computational approach for this study. The aneurysm models have
been meshed with 800,000 — 1,200,000 tetrahedral cells containing three boundary layers. It was showed that the
geometric aneurysm form essentially impacts on the hemodynamics of the blood flow. However, as was noted by the
authors, the question how fo model blood flow with sufficient accuracy is still open.

This question was the main motivation for us to develop a new approach (asymptotic one) for the study of
boundary-value problems in domains of such type, since numerical methods do not give good approximations
through the presence of a local geometric irregularity. It is clear that such domains are prototypes of many other
biological and engineering structures, but we prefer to call them thin aneurysm-type domains as more comprehensive
and concise.
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There are several asymptotic approaches to study such problems (see [1, 3, 10-13, 16-18]) with special
assumptions, namely: the uniform boundary conditions on the lateral surfaces of the thin cylinders, the right-hand
sides depend only on the longitudinal variable in the direction of the corresponding cylinder and they are constant
in neighbourhoods of the nodes and vertices, the right-hand sides satisfy especial orthogonality conditions (for
more detail see [19, 20]). These assumptions significantly narrow the class of problems that can be studied by such
methods.

In the present paper, we continue to develop the asymptotic method proposed in [19], where the complete
asymptotic expansion was constructed for the solution to a linear boundary-value problem for the Poisson equation
with a nonuniform Neumann boundary conditions in a thin 2D aneurysm-type domain, and in [20], where similar
results were obtained for the Poisson equation in a thin 3D aneurysm-type domain, which does not need the above
mentioned assumptions. Here, we have adapted this method to semi-linear elliptic problems with nonlinear perturbed
Robin boundary conditions in thin aneurysm-type domains. These results were presented on the conference [21].

1.1 Statement of the problem

The model thin aneurysm-type domain 2¢ consists of three thin curvilinear cylinders

3
Qg) = {x = (x1,x2,x3) €R3 : el < x; <1, Z(l —Sij)sz- < 82hl-2(x,-)}, i=1,2,3,
Jj=1

that are joined through a domain ng) (referred in the sequel "aneurysm"). Here ¢ is a small parameter; £ € (0, %);
the positive functions {%; }?=1 belong to the space C ' ([0, 1]) and they are equal to some constants in neighborhoods
atthe points x = 0 and x; = 1, i = 1,2, 3; the symbol §;; is the Kroneker delta, i.e., §;; = 1 and §;; = 0if i # J.

The aneurysm 92(20) (see Fig. 1) is formed by the homothetic transformation with coefficient & from a bounded
domain 2@ e R3, e, Qéo) = ¢ 2O 1In addition, we assume that its boundary contains the disks

1 (et) =

3
x eR3 : x;i =¢l, Z(l—&-j)sz < 8%%(83)}, i=1,2,3,

Jj=1

and denote T''? := 9@\ {Tg”(se) UT® () uT® (ge)} .

Fig. 1. The aneurysm Qfgo)

Thus the model thin aneurysm-type domain 2, (see Fig. 2) is the interior of the union U}i:o Qék) and we assume
that it has the Lipschitz boundary.
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Fig. 2. The model thin aneurysm-type domain 2,

Remark 1.1. We can consider more general thin aneurysm-type domains with arbitrary orientation of thin cylinders
(their number can be also arbitrary). But to avoid technical and huge calculations and to demonstrate the main steps
of the proposed asymptotic approach we consider a such kind of the thin aneurysm-type domain, when the cylinders
are placed on the coordinate axes.

In Q,, we consider the following semi-linear elliptic problem:

— Aug(x) + KO(“&‘(X)) = f(x), x € Qq,
dyug(x) =0, X € Fé‘”, 0
—dpue(x) — ek (ue(x)) = ge(x), x e T, i =1,2,3,

u(x) =0, xeYP1),i=12,3,

where Féi) = 392” N{x € R? : e < x; < 1}, dy is the outward normal derivative. The the given functions
satisfy the following assumptions:

1. the functions {«; }13-=0 belong to the space C ! (R) and there exist positive constants k— > 0 and k4 > 0 such
that
K_SK;(S)§K+ for seR, j=0,1,273; 2)

2. pe(x) = .9(,0(” (xi, x—l) ,X € Féi),i = 1,2, 3, where
e

(x2,x3), 1 =1,
xX;i =3 (x1,x3), 1 =2,
(x1,x2),1 =3,
andp® e C (2f)). i =123

3. the function f € C (Q go) and its restrictions on the curvilinear cylinders Qg)) belong to the spaces

Cfli (ng)) ,i = 1,2, 3, respectively.

Here & is a fixed positive number and in what follows all values of the small parameter ¢ belong to the interval
(0, 20).
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Recall that a function u, from the Sobolev space H, = {u e HY(Qy) : u|T<,-)(1) =0,i=1,2, 3} is called a
weak solution to the problem (1) if it satisfies the integral identity ’

3 3
/Vug'Vvdx—}-/Ko(ug)vdx—i—eZ/Ki(ug)vd0x=/fvdx—z/(pgvdox 3)
Qe

i=1Y; i=1_";
1973 Qe Fé’) Féz)
for any function v € H,.

The aim of the present paper is to
— construct the asymptotic approximation for the solution to the problem (1) as the parameter ¢ — 0;
— derive the corresponding limit problem (¢ = 0);
— prove the corresponding asymptotic estimates from which the influence of the aneurysm will be observed.

1.2 Existence and uniqueness of the weak solution

In order to obtain operator statement for the problem (1) we introduce the new norm || - ||¢ in ¢, which is generated
by the scalar product

(u,v)e = / Vu-Vvdx, u,ve Hg.
Qe

Due to the uniform Dirichlet condition on Tg(i) (1), i = 1,2,3, the norm || - | ¢ and the ordinary norm |- || 71 (g, ) are
uniformly equivalent, i.e., there exist constants C1 > 0 and &9 > 0 such that for all ¢ € (0, g¢g) and for all u € H,
the following estimates hold:

lulle < llull g1, = Crllulle. Q)

Remark 1.2. Here and in what follows all constants {C;} and {c;} in inequalities are independent of the
parameter €.

In the following we will often use the identities (see [22])
€ / v2d0x§C1<82 / |Vyiv|2dx+ / vzdx), VveHl(Qg)), i=1,2,3; (®)]
r® Q® Q®
and inequalities
Kk_ 5% + kj(0)s <kj(s)s <Ky s2+ kj(0)s VseR, j=0123, (6)

that can be deduced from the conditions (2) (see [22]).
Denote by H} the dual space to H and define a nonlinear operator A, : He —> H through the relation

3
(.Ag(u),v)8=/VM'VUdX+/K0(M)UdX+SZ / ki (u)v doy Yu,v € He, (7)

Qe Qe i=lr‘£”

where (-, -)¢ is the duality pairing of H} and H,.
In this case the integral identity (3) can be rewritten as follows

(Ag(ug), v)s = (Fg, v)g Yv € He,

where Fe € H} is defined by

(Fg,v)ngfvdx—Z/wgvdax Vv € He.

Qe 1= Féi)

To prove the well-posedness result, we verify some properties of the operator Ay.
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1. With the help of (6) and Cauchy’s inequality with § (ab < §a2 + %, a,b > 0), we obtain

(‘Ag(v)’ U)s

3
z/|Vv|2dx+//c_|v|2dx+//<0(0) oldx+e) /K_|v|2d0x+ / ki (0) [v| doy

Qe Q. Q. i=l1 ) r®

> v)2 =8 [ [ko(0)] / W2dx e
Qe

3 | 3 .
2 ki O) / v?doy —48(|K0(0)||Qs|+SZ|K1'(O)|IF§’)I).

i=1 Féi) i=1
Then using (5), we can select appropriate § such that
(Ae().v), = Coflv]|2 = C3 Vv € He.

This inequality means that the operator A is coercive.
2. Let us show that it is monotone. Taking into account (2), we get

(Aeur) = Ap(u2), ur —u1),

3
z/|Vu1—Vu2|2dx+/c_ /|u1—u2|2dx+ic_az / luy —us? doy > |uy —uz|?.
Qe Qe i=lréi)

3. The operator A, is hemicontinuous. Ineed, the real valued function
[0.1]3 7 — (Ae(uy 4 Tv).u2),

is continuous on [0, 1] for all fixed u1,u2,v € H, due to the continuity of the functions x;, j = 0,1,2,3 and
Lebesque’s dominated convergence theorem.

4. Let us prove that operator A is bounded. Using Cauchy-Bunyakovsky integral inequality, (4) and (6), we
deduce the following inequality:

<'A$(u)’v)s
3
< / Vu-Vvdx + / (4 lul + lko(0)])v| dx +5Z / (k4 |ul + |ki (0)])|v| dox
Qe Qe i=lréi)

< llullellvlle + e+ ull 2@ IVl L2(02,) + k0O VIS2e] [V]L2(0.)

3
4o 3 (i el 902 ey + s OWIED 1ol oo, )

i=1

Now with the help of (5), we obtain

(Ae(u).v), < Cs(1+ ulle)[vlle Vae.v € He.

Thus, the existence and uniqueness of the weak solution for every fixed value ¢ follow directly from Theorem 2.1
(see [23, Section 2]).
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2 Formal asymptotic approximation

In this section we assume that the functions f and ¢, are smooth enough. Following the approach of [19, 20], we
propose ansatzes of the asymptotic approximation for the solution to the problem (1) in the following form:

1. the regular part of the approximation
_ 5
(’)(x,) +ew ’)(xl) y u(’) (x,, —) +e u(;) (x,-, —1) (8)
£ g

is located inside each thin cylinder Qg ) and their terms depend both on the corresponding longitudinal variable
b
x; and so-called “fast variables” —~ (i = 1,2, 3);
€
2. and the inner part of the approximation

(2w (2) + e )

is located in a neighborhood of the aneurysm Qéo).

2.1 Regular part

Substituting the representation (8) for each fixed index i € {1, 2, 3} into the differential equation of the problem (1),
using Taylor’s formula for the function kg at s = a)(()l ) (x;) and the function f at the point X; = (0, 0), and collecting
coefficients at 2, we obtain

2 (1)

_Agiug)(xi’gi) = d 2

(i) = ko (0 (i) + £37 (ki) (10)
where §; = % and f" (x7) := f(0)|%,=0.0)-

It is easy to calculate the outer unit normal to Féi) :

(— el (x1), vV ), VSV (E)))
1+ e[} (Xl)|2

2) —eh! 2) =
vO(x;, &) = ! (—ehj(x;). vi(§;)) = L7 Ga) —ehpo), v (52))’ i=2

1+ 21 ()2 ’ 1+ €2 ()2

(P @), v§ E3), —ehfy(x3)
1+ e2|h5(x3)1

where V; (%) is the outward normal for the disk Téi)(x,') ={& eR? 1 |E;| < hi(x;)}.
Taking the view of the outer unit normal into account and putting the sum (8) into the third relation of the

ci=1,

i =3,

problem (1), we get with the help of Taylor’s formula for the function «; at s = a)(()i)(xi) the following relation:

()

d . _
iy, s (1. E) = ] (e 0 () + e (i () (00)) + 00 B ()

Relations (10) and (11) form the linear inhomogeneous Neumann boundary-value problem

W, . Al ) (i) z
—8gu (i) = 50 —xo (0 () + £ (o), E € i (x),
1

dol , L (12)
~dug,us (7.5 = = (i) =0 (i) i (0 (i) + 0D (i B, Ej € 0,
l

WS (xi, Ny ey = 0,
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to define u(zi) Here (u(x;, ), (x;) = fTi ) u(xi,gl-)dgl-, the variable x; is regarded as a parameter from the
interval I @ . ={x: x; € (e, 1), x; = (0,0)}. We add the third relation in (12) for the uniqueness of a solution.

Writing down the necessary and sufficient conditions for the solvability of the problem (12), we derive the
differential equation

d (l) . .
T (hz( ) (xl)) T nh,?(xi)xo(wén(xi)) + 27 h; (x; )k (w(()l)(xi))
— b2 0 - [ e Edl. xe 1. a3)

Y, (x;)

to define a)(l) (i €{1,2,3}).
Let a)(l) be a solution of the differential equation (13) (the existence will be proved in the subsection 2.2.1).

Thus, there exists a unique solution to the problem (12) for each i € {1, 2, 3}.

(i)

For determination of the coefficients uy’, i = 1,2, 3, we similarly obtain the following problems:

W 5. _ 2o () 0 v EN E
=058 E) = = ) =g () 00 o) + A0 (i B e T,
~dvg uy) (i §7) = — I (xi) “’(l)(mw( &) of(xa), Bt
(i Ny =0,
foreachi € {1,2,3}. Here
f“’(x,,s)—Za 511)513 f@lx=0.0- (15)
Jj=1

Repeating the previous reasoning, we find that the coefficients {a)gi) }l.3= | have to be solutions to the respective linear

ordinary differential equation

d
dx,-

@) . . . .
(h?(x,-)d;”;, (xl-)) + 7h? (g (0 ) ) of () + 27y (o] (0 () ) 0 x1)
= / AP i€y dE xie 1 (e {1.2.3). (16)

i (xi)

2.2 Inner part

To obtain conditions for the functions {a),({i )}, i =1,2,3, k € {0, 1} at the point (0,0, 0), we introduce the inner
part of the asymptotic approximation (9) in a neighborhood of the aneurysm Qf;o) . If we pass to the “fast variables”
& = % and tend ¢ to 0, the domain Q2 is transformed into the unbounded domain E that is the union of the

domain E® and three semibounded cylinders
BV ={t=1.6.6) R 1 L<§ <+oo. [§<hi(0) =123

i.e., E is the interior of | J7_, 8@ (see Fig. 3).
Let us introduce the following notation for parts of the boundary of the domain E:
- Ty ={feR3: (<& <400, g =00}, i=12,3,

~ To=9E\ (U,-3=1 Fi)
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Fig. 3. Domain E

& |

Substituting (9) into the problem (1) and equating coefficients at the same powers of &, we derive the following
relations for Ng, (k € {0,1,2}) :

—AeN(€) = Fi(6). §e B,
3v$Nk($) =0, E € T,
. (17)
~dvg, Nk (§) = B (©). fely. i=123

Ne(®) ~ o) + 90 ), & — +oo, & €1:(0), =123

Here
Fo=F =0, F28) =—xo(No) + f(0), &€&,

B’ =B =0.  BY(€) =i (No) + ¢ (0.5), EeTi i=123.

The right hand sides in the differential equation and boundary conditions on {I'; } of the problem (17) are obtained
with the help of the Taylor decomposition of the functions f and go(i) atthe points x =0and x; =0, i =1,2,3,
respectively.

The fourth condition in (17) appears by matching the regular and inner asymptotics in a neighborhood of
the aneurysm, namely the asymptotics of the terms {Nx} as & — +oo have to coincide with the corresponding
(@)
k

asymptotics of the terms {w; '} as x; = €§&; — 40, i = 1,2, 3, respectively. Expanding formally each term of the

regular asymptotics in the Taylor series at the points x; = 0 and collecting the coefficients of the same powers of ¢,

we get
; i dwl” .
o =0 W@ =520, =123
. £2 dzw(()i) dwfi) - (18)
vy =L 0 i 0 V0,8), i=1,2,3.
PO =5 O+ E O 0F).
A solution of the problem (17) at k = 1, 2 is sought in the form
3 - ~
Ne®) =Y 0P E)xi ) + Ni ). (19)
i=1
where y; € C°(R4), 0< x; <land
0,if & <1+4¢, ]
xi (i) = i=17203.

Lif & =242,



DE GRUYTER OPEN Asymptotic approximation for the solution =—— 1359

Then N has to be a solution of the problem

~AeNi () = Fi(5)., &€k,
Iy Nk () =0, £ e Io, (20)
—Ov, Ne(®) =B ()., tely, i=123,

where
(i (l )

Fi® = Z (520 )+ (&),

i=1

— 3 2 2 (l) dw (l) d2 @) d @)
Fz@)zz[(i 06 <’><os>) ;’<s,->+z(sl~d—i’g = )x;@,-)}

i=1

3

+(1- Z 11(6) £(0) = k0(No) + I kol (0) i (&)

i=1 i=1
and

3
BV =0. BY®=(1-xE))e"0.5)+x(No)— > ki) xi (). i=1273.

i=1
In addition, we demand that N satisfies the following stabilization conditions:
Ni®) = 0l (0) as & — +oo, E € Y;(0), i=1,2,3. Q1)

The existence of a solution to the problem (20) in the corresponding energetic space can be obtained from general
results about the asymptotic behavior of solutions to elliptic problems in domains with different exits to infinity (see
e.g. [8, 24]). We will use approach proposed in [6, 8].

Let C§ E( ) be a space of functions infinitely differentiable in Z and finite with respect to £, i.e.,

VveC(‘)’f?c.(é) JR>0 VEECE & >R, i=1,23: vE)=0.

We now define a space H := (C&?g_ (8), || - ||H), where

lollz = /|Vv(s>|2ds+/|v(s)|2|p(s>|2ds,

and the weight function p € C®@R3), 0< p<land

if £ 8O,
pe = I
Iél Jf & >L+1,6€ED, =123

Definition 2.1. A function N k from the space H is called a weak solution of the problem (20) if the identity

/vzvk vvdg_/Fkvdg Z/ BV vdog. (22)

= = Z_IF

holds for all v € H.

Similarly as in [6], we prove the following proposition.
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Proposition 2.2. Let p_IFk e L%(8), p_lﬁg) e L%(Iy), i = 1,2,3. Then there exists a weak solution of
problem (20) if and only if

3
Frde=>" /El((l)dog. (23)
o) i=lr,
This solution is defined up to an additive constant. The additive constant can be chosen to guarantee the existence
and uniqueness of a weak solution of problem (20) with the following differentiable asymptotics:

O(exp(—y1£1)) as & — +oo,
Ni(€) = 1 82 + O(exp(—y2£2)) as & — +oo, (24)
53 + O(exp(—y3£3)) as &3 — +00,

where y;, i = 1,2, 3 are positive constants.

The constants 8,(62) and 8,((3) in (24) are defined as follows:

3
5;(5)=/‘ﬁi Fe@de— Y /‘ﬁf B @) dos. i =2.3. ke{0.1.2}. (25)
g /=1y

where 91> and 913 are special solutions to the corresponding homogeneous problem
—AgNM =0 in E, 0,M =0 on JE, (26)

for the problem (20).

Proposition 2.3. The problem (26) has two linearly independent solutions Yo and N3 that do not belong to the
space H and they have the following differentiable asymptotics:

&
wh2(0)

RO=1c+ n,fg(o) + Oexp(~y22)) as £ — +oo.

C5P + O(exp(—y363)) as &3 — +o0,
&
wh(0)
N3(6) = CF + Olexp(—y2f2)) as £2 — +oo. 8)
&
7h2(0)

Any other solution to the homogeneous problem, which has polynomial growth at infinity, can be presented as a

+ O(exp(—vy1é1)) as & — +oo,

27)

+ (’)(exp(—ylfl)) as 3;'1 — 400,

C3(3) + + O(exp(—y3&3)) as &3 — +oo,

linear combination o1 + axMNn + a3 N3.

Proof. The solution 9, is sought in the form of a sum

&2
nh%(O)

&1

12 0) x2(82) +92(8),

M2 (6) = -

x1(€1) +

where 9> € # and Ny is the solution to the problem (20) with right-hand sides

1 R )
m((& Xl(sl)) +X1(§1)), £ e n(l),

F3 - ! / / ’ -
+  7h2(0) <(§2 15(2)) + X2(§2)), EeE®D,

0, EcEOUE®D,
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It is easy to verify that the solvability condition (23) is satisfied. Thus, by virtue of Proposition 2.1 there exist a
unique solution 1, € H that has the asymptotics

Ma(§) = (1-81,)C;" + Olexp(~y;§)) as & — oo, j =1.2.3.

Similarly we can prove the existence of the solution 13 with the asymptotics (28).
Obviously, 91> and 3 are linearly independent and any other solution to the homogeneous problem, which has

polynomial growth at infinity, can be presented as o1 + o291 + a3N3. O
Remark 2.4. To obtain formulas (25) for the constants 8/((2) and §; (3) , it is necessary to substitute the functions

N i, No and N k> N3 in the second Green-Ostrogradsky formula

/(ﬁAg‘ﬁ—‘ﬁAgﬁ)déz / (N 3y, — N3, N) dog

ER 0ER

respectively, and then pass to the limit as R — +o0o. Here Er = EN{E: |&| < R, i =1,2,3}.

2.2.1 Limit problem

The problem (17) at k = 0 is as follows:

—AgNo(§) = 0, § €k,
aszO(g) = 0, E € FO?
(29)
—3vg. No(§) = 0, Eely, i=1,2,3,
No(§) — w§(0), & — +oo, & €;(0), =123,
It is easy to verify that 8(()2) = 8(()3) =0and N 0 = 0. Thus, this problem has a solution in H if and only if
05 (0) = 05 (0) = 0¥ (0); (30)
in this case No = No = wol)(O)
In the problem (20) at k = 1 the solvability condition (23) reads as follows:
dow (1) (2) (3)
7hi(0)— 0 —(0) + h3 (0) 0 —(0) + 7h3 (0> 0 —=o. 31D

Substituting (8) into the fourth condition in (1) and neglecting terms of order of O(¢g), we arrive at the following
boundary conditions:
o) =0, i=1.2.3. (32)

Thus, taking into account (13), (30), (31) and (32), we obtain for {wg)},'3=1 the following semi-linear problem:

@)
—n i <h2( D (m)

+7Thlg(xi)l(()(a)g)(xi)> + 27wh;i (xi)ki (a)o )(x,-)) = ﬁg)(xi), xjel;,, i=1,23,

o (1) =0, i=1,2,3, (33)

o0 = o0 =00,

(l)
Z hZ(O) (0) =0,

i=1
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where I; :={x: x; € (0,1), ¥; = (0,0)} and

FQ) (i) = wh (i) () |, — 0.0y — / 0O xi &) dlg,.  x el 34)
A (x;)
The problem (33) is called limit problem for problem (1).

For functions
oM (xy), if xy € I,

@(x) =2 P (x2), if x2 € I,
¢ (x3), if x3 € I3,

defined on the graph 7; U I> U I3, we introduce the Sobolev space
Hoi={§: ¢ e H' (1), $P(1) =0, i =123 and $(0) =20 = ¢ (0}

with the scalar product

do @ dy@® —
FTo= fh2< DDV d, FTeHo

dx,'
i=1

Definition 2.5. A function @ € H is called a weak solution to the problem (33) if it satisfies the integral identity

@.9)o + Z f h? (xi)ko(@® )y D (xi) dx; + 2 / hi (xi ki (@@ )y D (x;) dx;

i=1

1

3
Z/F“)(x)w(”(x)dxz VY € Ho (39

1o
Similarly as was done in Section 1.2, the integral identity (35) can be rewritten as follows
(A0@). V), = (Fo.¥), VYV € Ho. (36)

where the nonlinear operator Ao : Ho —> H; is defined through the relation

(Ao ), v D)y = (@.9)0 + Z / hio(¢ )y dx; + 27 / hitei (@)Y dx; V$. Y € Ho.

i=1

and Fo € H is defined by
3
(Fo.W)o =D | F§ vV dxi V¥ €Ho,

where (-, )¢ is the duality pairing of the dual space 7, and Ho.

Using (2) and (6), we can prove that the operator 4 is bounded, strongly monotone, hemicontinuous and
coercive. As a result, the existence and uniqueness of the weak solution to the problem (33) follow directly from
Theorem 2.1 (see [23, Section 2]).

2.2.2 Problem for {@1}

Let us verify the solvability condition (23) for the problem (20) at k = 2. Knowing that Ng = w(()l)(O) and taking
into account the third relation in problem (12), the equality (23) can be re-written as follows:

3 d2w @) d @)
Z[nhzm) f (sl 0+ 016 ds

=1 €41
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42
+ [ a-n@ [ (70-c@ o) dEas
14

Y; (0)

42
- [a-uen [ (0008 e 0) dzg,,dsi}
14

a7 (0)

+ / (f(0)—;<0(wg"(0))) dt = 0.

20
Whence, integrating by parts in the first integrals with regard to (13), we obtain the following relations for {wi” }:
3 (z)
> wh? =dy, (37)
i=1

where

3
di =Y | 72O (10 = ko(@f©)) = 27h; ) ki (0 ©) - / 0D (0.8,) dlg,
=l i (0)
-2 (£© = ko0 ©)). G8)

Hence, if the functions {a)ii) },3:1 satisfy (37), then there exists a weak solution N> of the problem (20). According
to Proposition 2.2, it can be chosen in a unique way to guarantee the asymptotics (24).

It remains to satisfy the stabilization conditions (21) at & = 1. For this, we represent a weak solution of the
problem (20) in the following form:

Ni=w"0) + Ny,

Taking into account the asymptotics (24), we have to put
@i 0) = 02 (0) - 52 = P (0) — 5. (39)
As aresult, we get the solution of the problem (17) with the following asymptotics:
Ni(€) = 0P (0) + Wi (§) + O(exp(—yi&)) as & — +oo, i =1,2,3. (40)

Let us denote by . . '
Gi(®) =0 O+ V"), £8P, i=12.3

Remark 2.6. Due to (40), the function N1 — G is exponentially decrease as & — +oo,i = 1,2,3.

Relations (39) and (37) are the first and second transmission conditions for {a)}” }13=1 at x = 0. Thus, the coefficients
{a)fl), §2), 53)} are determined from the linear problem
d do("
—r— | B2 (x; X
o | P )
+rh? (g (0f () ol (x0)
+2h; (e (0 ) o (i) = FP (), xi €l i =1.2,3,

(41)
(1) =0, i=1,2,3,
V0 = 0?0562 =P 0) -8,

3 da)(’) .
> nh2(0> (0) =dy,

i=1
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where
FO(x) = / (i € dE;, xel, Q=123
Y (xi)
The constants § 52) and § 53) are uniquely determined (see Remark 2.4) by formula

d )
50 = / ; Z g do 01 (&) +270- 07 6) ds. i =25, (42)

j=1

With the help of the substitutions
$10 ) =0 (). 917 (2) = 0P () =87 (1 - x2). 17 (x3) = 0 (x3) = 877 (1 - x3),

we reduce the problem (41) to the respective integral identity in the space Ho and then the existence and uniqueness
of a solution of this identity (and hence the problem (41)) follows from the Riesz representation theorem.

3 Justification

With the help of the coefficients {a)(()i) }, {a)Y) }, N1 and smooth cut-off functions defined by formulas

Jif x; >34, .
AP = { 0 if o 2op =123 (43)
[ a— ’

we construct the following asymptotic approximation:

= 2 () (o o) + (1 S () (0 o (). e

i=1 i=1
(44)
where « is a fixed number from the interval (%, 1).

Theorem 3.1. Let assumptions made in the statement of the problem (1) be satisfied. Then the sum (44) is the
asymptotic approximation for the solution ug to the boundary-value problem (1) in the Sobolev space H' (), i.e.,

3Co >0 3e9>0 Vee(0,¢): lue — UL g1, < Coel T2, (45)
Proof. Substituting U, 5(0) in the equations and the boundary conditions of problem (1), we find

AU +K0(U;“) —f =R, inSQ,,

—0,UD — ex; (Us(l)) e = Rpgyon T, i=1273,

] (46)
v =0  onYP1),i=12,3,
WU =0  onr?,
where
3 @) (i) (l) @)
~ _dy dw dw dw 0Ny d0G
R — 2 o 4 0 _ 0 1 L) — S —
£(x) 21(8 a6 @) _ ( () =" O ke () = (GO - 3O

dZXg)

d?

(i)

+6 @) ( “)(xl>—w‘”(0>—x,~d;;’i (©) + o (x) - sw}”(O)—eNl(g)HGl(g))

1
e

l
PENQ FENO!

i (2) (e oot o) sfetto) o
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and

. . ) )
D)o (4 )(d“’o () + 62 (x,-)>—exi(Ug‘l)(x))—gog(x). (49)

Re.(i)(x) = )
1 +82|h;-(x,~)|2 dxi dx;

From (46) we derive the following integral relation:

3
/VU;”~Vvdx+/Ko(Ué”)vdx—i—eZ / K,-(Ug(l))vdcrx
i=1

Qe Qe rd
3
—/fvdx—l—z / psvdox = Rg(v) Vv e He, (49)
Q. i=l1 )
where
3
R:(v) = / Rovdx — Z / Re iyvdox.
Qe i=1 ré
From (12) and (14) we deduce that integral identities
PO _ B do®
0 _ i) 0
T2 nd§; = / Ve uy - VendE; — / hj dx; ndlg,
i (x) ! i (x;) A, (x;)
+ / Ko(w(()’))n dg; + / K (@ (l))ndl*l / (’)r; dg; + / oDy dlg,  (50)
Y (x;) A (x;) i (x;) A (x;)
and
2 (l) )
o g, = Ve ul Ve dE; — Pl
dx 2 i 73 & ! dx; &
i (xi) i (x;) A (x;)
+ / K(/)(w(()i)) (l)ndi_-l [ Kl{(w(()l)) (l)r}dlé / fl(i)n dg, (51)
Y (x;) A (x;) i (x;)

hold for all n € H'(Y;(x;)) and forall x; € IS, i =1,2,3.
Using (50) and (51), we rewrite R in the form

10
Re(v) = Y R ;(v).

Jj=1

where

3 . .
R:1(v) = / (KO(US(I)(X)) — Z X?) (:%) (Ko(a)(()l)(xi)) + SKO(w(()l)(xl-))a)il)(xi)>> v(x)dx,

Qs i=1

Rsz(v)—SZ f ( W) =1 (5 (i f o) + exf (@ ‘”(x»)w%l"(xi)))v(x)dox,

i=1
r{

Re3(v) = - / (f(x) Zx(’)( )( “)(xl>+ef{”(xl,);)))v(x)dx,

i=1

3

Rea(v) =) / (1 12’)( ))¢ (x) v(x) doy,

i=1
r{
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Y dw(l) 1
/ ) _ @)
Ras(v)—e;_léh( )( (o) + 65 (m) N ST K (32) v do.

(t)

Real) =27 ) f G

z—l

N g 60 = O e ) Jow dx,
Gi=2% i

i)

2 (t)
( D () — a)(’)(O)—x,-ddO 0) + eV (x;) — swl”(O))v(X)dx

Re.7(0) = 2“2 / P

,-:6(1

3

Res@) =223 [ [ 20 (50) Ve ul (i B - Ve, v(w) d; v,
=1
3 p— p—
Reo(v) = —532/ / X(”<g )v (6. &) - Vg, 0(x) dE; dx.
=160

b ? 9
Reso) =~ 3" / ( e (é,)(%@)—%@)

1—1

2.,3)
1—20 4 a" X

+
& délz

@) (M© -6 (5)))

Let us estimate the value R.. Using (5) and (6), we deduce the following estimates:

3
[Rea(w)| < C [[E@[ 4370 h2(0) &' |v] 12, (52)
i=1
3
|Rej ()| = C > Vorthi(0) &' T3 vl yi(q,). J=2.4. (53)

i=1

3 3
Res@)| = C Y Jm max hZ(a) e + ||EOQ+21 Y h7 0 ' | ol 2,y (54
i=1 e i=1
3
|Re5(v)] = C Z [2m max hi(xi) & 0]l 1 () (55)
l:1 1 1

3
[Rej ()| < C Y \Jmth?2(0) &' % vl 2. J=6.7. (56)

i=1

|Res(0)] < Ce? [Vavll2a,y, |Reo)] = Ce® [Vavll 2, (57)

Due to the exponential decreasing of function N1 —G1 (see Remark 2.6) and the fact that the support of the derivative
of )((” belongs to the set {x; : 2£e% < x; < 3{e“}, we arrive at

3
v o 2‘6
1—2 .
[Re,10(v)| = C E Vth?(0)e' =2 exp (_81—0‘ i:Irlll,rzl,3yi) lvllL2@,)- (58)

i=1

Subtracting the integral identity (3) from (49), we obtain
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/V(Ué{l)_ug)-Vvdx—}—/(KO(US(I))_KO(MS))vdX

Qe Qe

3
ey / (Ki UD) - k; (ug)) vdox = Re(v) Vv eHs. (59)
i=1_u)
I

Now set v = Uél) — ug in (59). Then, taking into account (2) and (52)—(58), we arrive at the inequality

2
1 1+% 1
[ (e ar 0 o,
whence thanks to (4) it follows (45). O
Corollary 3.2. The differences between the solution ug of problem (1) and the sum
3 ” 3 ”
. . . .
U =3 () e oo + (1 -2 (ga)) 0’0, x e
i=1 i=1
admit the following asymptotic estimates:
lue — UL g1, < Coe't?, lue — UL 20, < Coe't?, (61)

where « is a fixed number from the interval (%, 1).
In thin cylinders Qg}x = Qél) n {x eR3: x; € Ig(fg( = (3Le“, 1)}, i = 1,2,3, the following estimates
hold:
”uE wO ||H1(Q(1))<C18 7» i:1a2a3s (62)
where {a)(()i)}?:1 is the solution of the limit problem (33).
In the neighbourhood Qéoz =Q:N {x Dox; <2e,i=1,2, 3} of the aneurysm Qéo), we get estimates

| Vxug — Vg N1”L2(Q‘(€OZ) < |lue— (Z)(O)_‘?NIHHI(Q(O)) <C45 +¢ (63)

@)

tae() = )((l)( s«) (the function X(i) is determined in (43)). Using the smoothness of the

Proof. Denote by y

functions {a)ll)} and the exponential decay of the functions {N1 — G}, i = 1,2,3, at infinity, we deduce the
inequalities (61) from estimate (45):

&€

0 s = 1

o
H1(Q2e) —

(l) (t) @)
( Zxﬁas)

i=1

H‘(Qs)

H1(S2)

3
<Cie ey
i=1

+e ”Nl ”Hl(QéO))

@) i) @)
(Xﬁaswl +(1_X€ocsN1)” W
HU(2)

()
dwy

Xi

3
NS>
i=1

+e Z “ @

With the help of estimate (45), we deduce

(1 - Xg)ot 8)x

o

+sz

(l)
HY(Qf i=1

(i) (i) (i)
(=2 (0" 0 =)
Xeae 0) — w, “HI(QEJ))

@) 3 ~ 1+
D) +EZ ” L= X ae ) (N _Gl)”m(ggf')) +e2 |Nillgrzo) =Cos

w(i)“ _US(I)H +£H w{") <Crelts,

=

o< |u A
HU(QY), _0 € H(Q0) HU(Q)

whence we get (62).
The energetic estimate (63) in a neighbourhood of the aneurysm ng) follows directly from (45). O
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Using the Cauchy-Buniakovskii-Schwarz inequality and the continuously embedding of the space H!(I 8(’&) in

C (I él&), from (62) we get the following corollary.
Corollary 3.3. Ifh;(x;) = h; = const, (i = 1,2,3), then

/ [ -~ aQ
[ Eél)(ue)—w(()l)||H|(,g&)§C282, (64)

max_| E9 ) (i) — o ()| < Ty i = 12,3, (©3)

xierl

where |
@) ) — . .
(EPue)(x;) = i [ ug(x)dx;, i=12,3.

190

4 Conclusions

1. An important problem of existing multi-scale methods is their stability and accuracy. The proof of the error
estimate between the constructed approximation and the exact solution is a general principle that has been applied
to the analysis of the efficiency of a multi-scale method. In our paper, we have done this for the solution to the
problem (1).

The results of Theorem 3.1 and Corollary 3.2 showed the possibility to replace the complex boundary-value
problem (1) with the corresponding one-dimensional boundary-value problem (33) in the graph / = U?:] I; with
sufficient accuracy measured by the parameter ¢ characterizing the thickness and the local geometrical irregularity.
In this regard, the uniform pointwise estimates (65), which are important for applied problems, also confirm this
conclusion.

2. In [16], the authors considered the boundary-value problem

Aug(x) = f(x1) in Qe,
dyue(x) =0 on the lateral side of Q,
Ug(x) = £t asxy = *a,

where Q¢ is a thin 2D rod with a small local geometric irregularity in the middle.
The energetic estimate (61) partly confirms the first formal result of [16] (see p. 296) that the local geometric

irregularity of the analyzed structure does not significantly affect the global-level properties of the framework, which
3

i=1
to estimates (45) and (63) it has become possible to identify the impact of the geometric irregularity and material
i) }3

are described by the limit problem (33) and its solution {a)(()i)} (the first terms of the asymptotics). But thanks
characteristics of the aneurysm on the global level through the second terms {a)f _, of the regular asymptotics
(8). They depend on the constants d;°, § 52) and 8%3 ) that take into account all those factors (see (38) and (42)). This
conclusion does not coincide with the second main result of [16] (see p. 296) that “the joints of normal type manifest
themselves on the local level only”.

In addition, in [16] the authors stated that the main idea of their approach “is to use a local perturbation corrector
of the form 8N(X/8)Z,—Z(l’ with the condition that the function N(y) is localized near the joint , i.e., N(y) — 0 as
ly| = o0, and the main assumption of this approach is that V, N € L1(Qoo).

As shown the coefficients { Ny} of the inner asymptotics (9) behave as polynomials at infinity and do not
decrease exponentially (see (40)). Therefore, they influence directly the terms of the regular asymptotics beginning
with the second terms. Thus, the main assumption made in [16] is not correct.

(i)
3. From the first estimate in (61) it follows that the gradient Vu, is equivalent to {d;;? }1'3—1 in the L2-norm over
T Si=

whole junction 2 as ¢ — 0. Obviously, this estimate is not informative in the neighbourhood Qéol)z of the aneurysm
Q.
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Thanks to estimates (45) and (63), we get the approximation of the gradient (flux) of the solution both in the
curvilinear cylinders Qg}x, i=1,2,3:

(@) do®
Vug(x) ~ d)?- (xj)+¢ dxl- (xj) as €—0
4 4

and in the neighbourhood Qfgoé of the aneurysm:

wg(x)wvg(zvl(g))]S _as e—0.

&

4. We hope that this asymptotic approach can be applied to the study of the blood flow in vessels with a local
geometric heterogeneity what we are going to do in our further studies. Nevertheless, the results obtained in this
article can be considered as the first steps in this direction, since it is known that for the incompressible flow it is
possible in some cases to couple pressure and velocity through the Poisson equation (kg = 0) for pressure. Also
the pressure Poisson equation with Neumann boundary conditions is encountered in the time-discretization of the
incompressible Navier-Stokes equations.
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