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ABSTRACT

We prove local in time well-posedness of solution to the viscous and non-viscous three
dimensional periodic Burgers equations. We establish convergence of the viscous solution
to the non-viscous one and give its rate, as the viscosity vanishes. Such convergence is
uniform in time with respect to viscosity. Moreover, we present some ideas that may help
interested researchers to ameliorate this convergence result. We use energy methods in
large indexes Sobolev spaces.
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1 Introduction

In this article, we study the asymptotic behavior at small viscosity of the solutions to the three-
dimensional periodic diffusive Burgers equations

auu v v v o__ 3
ot —vAu + (u” - V)u” =0, (t,z) € (0,T)x T (1.1)
u’(t = 0) = up,

where v > 0 is the kenematic viscosity, uo the initial data, T = R3/27Z3 is the torus and
u’(t,z) = (uf,uf,uf)(t, z) is the unknown velocity. The non-viscous system corresponding to
(1.1)is
ou 3
a—&—(trV)u:O7 (t,x) € (0,7) x T
u(0) = ug.
We start by giving existence of a unique regular solution to viscous and non-viscous Burgers
equations in Sobolev spaces. The time of existence is uniform with respect to the viscosity.

(1.2)
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As for Euler equation, to obtain existence and uniqueness result to the non-viscous Burgers
equations, we are constraint to use large Sobolev indexes. Then, we prove convergence of
the viscous solution to the non-viscous one, and give the corresponding rate of convergence
which is uniform in time. These are new results dealing with 3D Burgers equations. Moreover,
we present some ideas that may help interested researchers to ameliorate our results, using a
parallel mathematical analysis to the one done for Navier-Stokes and Euler equations.
As a physical motivation, three-dimensional Burgers equations are known in cosmology as the
Zeldovich approximation ( Zeldovich, 1970) and as an adhesion model (Gurbatov and Saichey,
1984). The non-viscous Burgers equations are perhaps the simplest equations that model the
nonlinear phenomena in a force free mass transfer, as said in (Alverio and Rozanova, 2009).
Mathematically, Burgers equations are the incompressible Navier-Stokes equations, without
the divergence free condition and pressure. For this fact, we perform some parallel mathemat-
ical analysis as in ( Pooley and Robinson, 2016, Selmi and Chaabani, 2019), where authors
proved existence and uniqueness of global in time solution to the viscous Burgers equations,
respectively in Sobolev spaces and in critical Gevrey-Sobolev spaces.
About the three-dimensional incompressible Euler equations, the standard energy method
gives local wellposedness for initial data in H*(T%), s > s, := 3 + 1. The borderline case
s. is still an open question, see (Bourgain and Li, 2015) for a complete survey. For the non-
viscous Burgers equations, we prove the same in Theorem 1. About convergence, the inviscid
limit to the Navier-Stokes equations in the whole space was investigated by many authors.
Among them, we cite ( Constantin, 1986), ( Kato, 1972), ( Kato, 1975) and (Swann, 1971). In
all these references, only convergence in H*', s’ < s was proved. Expect in ( Kato, 1975), the
case s = s’ was investigated, but on short existence time only. Later, in ( Masmoudi, 2007),
Masmoudi improved the above results by proving the convergence as long as the solution
of the Euler equations exists, that is H' for s’ = s. In this paper, because of the condition
Vu € L®([0,T); H*(T?)) in Theorem 2, our convergence result belongs to those in H', s’ < s.
However, we guess that convergence in the space of existence itself can be performed. To do
s0, one has to manage an extra term that appears while taking the scalar product in H°. This
term was cancelled out in the case of Navier-Stokes equations thanks to the divergence free
condition. About convergence rate of viscous solution to the non-viscous one, we established
a rate of convergence which is uniform in time.
We define for s > 0 the real Sobolev spaces H*(T?) as follows. Let u € H*(T?) has the Fourier
series
u= Z ay, e** e H*(T?),
kez3
then,
1/2
lullzecroy = (3 (1 IR af?) < oc.
keZ3

The following preliminary results will be useful throughout this paper.

Lemma 1.1. Fors > d/2,and f € H'S(Td), there exists C; > 0 such that

Il £l oo (ray < Cs | f1l s (way-
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In other words, H* C L™ for s > d/2, and there is a bound on the inclusion operatori : H* —
L™,

Proof. Let f ¢ H*(T?), we have
Flay =D fre™.

kezd
Then, Vz € T¢
f@ < D Flle™|
kezd
1 ~
< Y s (L RP 2 il
2\s/2
=, O+ TkP2)
Using the Cauchy-Schwarz inequality, we obtain
1 1/2 PN 72
|f($)\§(ZW) (Z(lJr\k\)\fM) ~ (1.3)
kezd kezd
By one hand, by definition of the H*® norm, for any reel number s, we have
oN1/2
(2 A+ IARR) " = 1oy (1:4)
kezd
By the other hand, the series
1
> (1.5)
2)\s
Z, L+ [RP)
converges. In fact, as k approaches oo,
1 1

(L [k2)e [k

which is a Riemann series that converges when k£ — oo if 2s > d, thatis s > d/2, where d is
the dimension. The same holds for —co because we have |k|. Hence, if s > d/2, the quantity

1/2
(Z (1+7]‘-k‘2)5> / is finite and depends on the sobolev indexes s; it is equal to Cs.
kezd

Thus, Va € T¢
Lf(@)] < Csllfl| s (ray-

In particular, this holds for the essential supremum that is
Il fllzoe(zay < Cs 1|l s (ray-

Note that
| flloo = sgplfkl-

Lemma 1.2. Ifs > d/2, H*(T?) is a Banach algebra space:
3C >0, Yu,v e HTY), uv € H(T?)

and

lwoll grs (ray < Cllull s raylloll s (ray-
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Using the result of Lemma 1.1 and Lemma 1.2, we deduce the following inequality which will
be useful later.

Lemma 1.3. Fors > 3/2+ 1, and u € H*(T?), there exists x > 0 such that
@V, w)ps| < ull.
Proof. By Cauchy-Shwarz inequality, we have

[(uVu,ugs| < fuVull s |[ull s

Since

k=00
[uVulms = (Y [uVulk)P(1+[k*)*)"?

k=—00

k=00
sup Vuk)|( Y Jak)P(1 + [k?)*)" 2

IN

k=—o00

[Vullpoo [l 1+,

then we have u € H*(T?), for s > 3/2 + 1. Thus, Vu € H*"1(T?), where s — 1 > 3/2. By using
Lemma 1.1 above, we obtain
[Vu”|[Lee < Cl[Vu”| gra-1.

Finally, we use
V|| grs— < [[u”|| s

2 Uniform well-posedness

Following, we prove existence and uniqueness of solution to (1.1) and (1.2).

Theorem 2.1. Letuy € H®, s > 3/2+ 1. There exists T* = T*(||luo|| =) > 0, such that for any
T < T*, there exists a unique solution u” to (1.1) and a unique solution u to (1.2) such that
w’, u € CH[0,T), H(T3)).

Proof. To show the existence and the regularity of strong solutions «”, we first approximate
equation (1.1) by an approximating system using any approximation procedure such us Friedrichs
method for example, as in ( Benameur and Selmi, 2008) and (Selmi, 2012). Then, we apply
the classical theory of ordinary differential equations to find the approximate solutions. Next,
by conservation laws, we get uniform estimates on the approximate solutions. Finally, we pass
to the limit in the approximate equation.

Let 77} (v) be the maximal existence time to the approximate system. taking the scalar product
in H*, we obtain, for all t € [0, T (v)],

20 [ IV By < ol ey + i 1V ) ey i

2 gy + € i 707 | oo ) 1) ey i
021y + C i I (7)o ) 17 By gy

AGI-

ININ +
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It holds that
st (8) sy + 20 /0 NV B < ol + € J N7y . (2:1)
Here, as s — 1 > 3/2, we have ||[Vu” | < ||[Vu”| gs—1 < c||u”||frs. Set
T(n,v) i=sup {0 < ¢ < T (v); V7 € [0,8], s (7| ey < 2ol oo}
Using (2.1) and Gronwall’s lemma, we obtain for all ¢t € [0,T'(n,v)),

ety (N7 py < ol Fgs gy exp(20¢uo] s rs))- (2.2)
(T%) (T?)

Thus,

1
T(n,v)>T":=

= —F——>0. (2.3)
CHUOHHS('W)

Moreover, for all ¢ € [0, 77,

t
et (O s roy + 20 | Vg ()3 aydr < 200 Fre - (2.4)
(T3) 0 (T%) (T%)

Using Ascoli’s theorem, the Cantor diagonal process, and the estimate (2.4), for n tends to
infinity, we obtain a solution that satisfies the following estimate:

t
() 270 ) + 21//0 IV (7) 2o gy < 2oy, ¥t € [0, 7. (2.5)

This regularity implies in a standard way the uniqueness. By (2.3), it is clear that 7* is inde-
pendent of the viscosity v. Moreover, all of the above estimates are independent of v, so we
let v = 0 in the approximating system, and proceed exactly as above to obtain similar results
for the a priori estimate about solution « to equation (1.2). O

Remark 2.1. The uniform time T is actually depending on s and ||ug| <. This is because C'is
a constant depending on s and created by Leibniz formula and Sobolev embedding inequality,
when estimating the nonlinear term. We have no idea if this time possibly vanishes as s goes
to infinity, (this can be investigated). However, for the index s less then a given sy, we are
certain that T = T'(s) is positive.

3 Convergence results

In this section, we prove the convergence result. We determine the convergence rate as a
function of the viscosity v.

Theorem 3.1. Fors > 3/2 + 1, there exist a time T* > 0, and a constant C > 0 depending on
the initial data uo and T* but not on v, such that if Vu € L>([0,T]; H*(T?)), the solutions u”
and u satisfy for all 0 <t < T,

u”(t,.) = u(t, ) gs(rsy < CVv. (3.1)
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Proof. The difference w” = u” — u satisfies, for all (¢,z) € (0,T) x T3,

ot

ouw” vAw” + (u” - V)w” + (w” - V)u = vAu
w”(0,2) = 0.

Taking the scalar product in H*, we obtain

1d

5@”“’””%(?3) + ||V B sy = Jo + J1 + o, (3.3)

where
Jo = —((w-V)w,w")
Jio= —((w”V)u,w”)
Jo Z/(Au,w”)

H<(T?)

He#(T?)

Hs(T3)"

To estimate .Jy, we note that

| ol < N1’ ()| zs sy IV ()| oo (x3y [w” (8) | s (23,
< @Ol s sy IVw” @] gs-1 (o8 10" ()] s (13
< e (@)l s sy llw” ()1 s s

Since u” € C*([0,T], H*(T?)), we have |[u”(t)||fys(rs) < k1, Where k1 is a constant that may
depend on ug. Thus,
ol < et le? (8) [ 2roy- (3.4)

For .J;, we have

|1 < HVU(t)HLw(TS)||w"(t)||%rs(1r3)
< | Vu) s ers) lw” ()17 (o)
< ) as oy lw0” () gs (099 -

As above, there exists «2, such that [|u(t)|| zs(1s) < r2. Hence,

[ Ti] < o [lw” ()1 s s (3.5)

Now, we turn to J,. Since s > 3/2 + 1, we have

|.J2] V|(Vu(t,a:),Vw”(t,x))Hs(wﬂ
VIIVu() || s sy [ V0¥ (8) | s (rs)

14 14 v
§||Vu(t)|\%rs(1r3) +5lVw (O 19y

IN

IA

Since, by hypothesis of Theorem 3.1, Vu € L>([0,T]; H*(T?)), there exists a constant 3,
such that || Vu(t)||? <3y < K3, ¥t € [0,T] . Then, we deduce

14 14
ol < 1y %+ 2V (0) ey (3.6)
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Let k = sup(k1, K2, k3), by (3.4), (3.5) and (3.6), we obtain

1d, 9 v e o ,
5%”11] HHS(’]I‘JS) + EHVU} HHS(']TS) < ,%Hw (t)HHS(TS) +%§.
It follows that .
ol Ols sy < 26w” Ols sy + v (3.7)

Since w”(0) = 0, applying Gronwall’s inequality to (3.7), we obtain

()l ey < OV (3.8)

4 Conclusion

In this paper, we proved the existence of a unique three-dimensional regular solution to both
of the viscous and non-viscous Burgers equations, in the case of periodic boundary condi-
tions and initial data in F7°(T?) with s > s, : 3/2 + 1. Also, we proved that the viscous solution
converges to the non-viscous solution as the viscosity vanishes and we gave the rate of conver-
gence. Our result can be improved by proving that convergence occurs as long as the solution
of the non-viscous Burger equation exists, as ( Masmoudi, 2007) did for Navier-Stokes and
Euler equations. This is still an open problem for the Burgers equations.
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