WELL-POSEDNESS OF A TWO-DIMENSIONAL
COORDINATE-FREE MODEL FOR THE MOTION OF
FLAME FRONTS
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ABSTRACT. We study a two-dimensional coordinate-free model for the
motion of flame fronts. The model specifies the normal velocity of the
interface in terms of geometric information, such as the mean curvature
and the Gaussian curvature of the front. As the tangential velocities do
not determine the position of the interface, we choose them to main-
tain a favorable parameterization. We choose this to be an isothermal
parameterization. After appropriately reformulating the equations of
motion, we use the energy method to prove short-time well-posedness
in Sobolev spaces.

1. INTRODUCTION

The Kuramoto-Sivashinsky equation is a weakly nonlinear model equa-
tion for the motion of flame fronts [29], [36]. It has been widely studied in
one spatial dimension [18], [23], [24], [34], [37]. In two spatial dimensions,
much work is either in the case of thin domains so that one-dimensional
dynamics dominate [13], [28], [33], [35], or is computational [27]. The sec-
ond author and Mazzucato have established some existence results for the
two-dimensional Kuramoto-Sivashinsky equation without an assumption of
thinness of the domain [11], [12].

While the Kuramoto-Sivashinsky equation has attracted much interest, as
we have said, it is a weakly nonlinear model and with this comes some limi-
tations. The biggest such limitation is that the flame front must be a graph
with resepct to the horizontal coordinates. In both one and two spatial di-
mensions, Frankel and Sivashinsky introduced more general, coordinate-free
models of the motion of flame fronts [21], [22]. In these coordinate-free mod-
els, the flame front moves according to its intrinsic geometric information,
such as curvature. In addition to developing the coordinate-free models,
Frankel and Sivashinsky demonstrate how the one-dimensional and two-
dimensional Kuramoto-Sivashinsky equations may be derived from them.

The first author is grateful for support from the National Natural Science Foundation of
China through grant No. 12001187 and the Natural Science Foundation of Hunan Province
of China through grant No. 2020JJ5123. The second author gratefully acknowledges
support from the National Science Foundation through grant DMS-1907684.
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In the decades since these coordinate-free models were introduced, there
has been some limited mathematical theory developed for them. Temper-
ature effects were incorporated into the one-dimensional model in [20]. A
number of approximations to this model were then made, including quasi-
steady approximations and weakly nonlinear approximations, in a series of
papers [14], [15], [16], [17]. None of these papers developed rigorous ana-
lytical theory for the full coordinate-free model of [20]. More recently, the
first rigorous theory for the one-dimensional coordinate-free model of [21]
was developed in [7] by the second author, Hadadifard, and Wright; there,
it is demonstrated that the one-dimensional coordinate-free model is well-
posed for small data, and that solutions of the coordinate-free model and
solutions of the one-dimensional Kuramoto-Sivashinsky remain close if their
initial conditions are close (thus this is a validation theorem for Kuramoto-
Sivashinsky as a weakly nonlinear model). In the present work, we give
the first analytical theory for the two-dimensional coordinate-free model of
[22], proving a short-time well-posedness result for data of arbitrary size in
Sobolev spaces.

We believe that there are two reasons for the dearth of rigorous the-
ory for the full coordinate-free models of [20], [21], [22]. First, the models
are not stated in evolutionary form, and instead are given as formulas for
the normal velocity of the flame front. Second, even when one makes the
effort to then restate the model in evolutionary form, the equations of mo-
tion for the front involve high derivatives of curvature; this means that if
one were to attempt to evolve the Cartesian coordinates of the flame front,
the leading-order terms in the evolution equations would be highly nonlin-
ear. We deal with both of these difficulties by adapting ideas originating
in the numerical work of Hou, Lowengrub, and Shelley for the motion of
one-dimensional vortex sheets with surface tension [25], [26]. In this work,
Hou, Lowengrub, and Shelley observed that only the normal velocity of the
fluid interface was needed to provide for the motion of the interface, as the
tangential velocity could be artificially chosen so as to enforce a preferred
parameterization. They also chose to evolve geometric dependent variables
such as tangent angle and arclength of the interface, as curvature is essen-
tially linear in terms of these variables, and curvature enters the problem
through the Laplace-Young jump condition for the pressure. Thus, in the
one-dimensional case, the Hou, Lowengrub, Shelley work demonstrates how
one might work with a normal velocity related to the curvature of an in-
terface. The second author and Akers have adapted the numerical method
of [25], [26] to the one-dimensional coordinate-free model of Frankel and
Sivashinsky [21] in [2]. The second author and Masmoudi used the ideas of
[25], [26] to prove well-posedness of the vortex sheet with surface tension
and related problems [3], [4], [6], [8]. The second author and Masmoudi
then generalized these ideas for analysis of two-dimensional fluid interface
problems [5], [9], [10]. We may view the present work as the adaptation of
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the analysis of the second author and Masmoudi from these papers to prove
well-posedness of the two-dimensional coordinate-free model of [22].

The method by which we prove well-posedness of the initial value problem
for the two-dimensional coordinate-free model is to first specify tangential
velocities for the flame front; recall that the normal velocity is the content
of the model of [22]. We choose tangential velocities so as to maintain
a favorable parameterization, and as in [5], [9], [10], [30], we choose an
isothermal parameterization. Having fully specified the velocity of the flame
front, we are able to write the evolution equations for the front, and to
write evolution equations for related quantities. In particular, we need the
evolution of the mean curvature of the front. This is because (again, as in
the papers [5], [9], [10], [30] for two-dimensional fluid interface problems)
we are able to make energy estimates for the mean curvature, and we can
use these estimates to establish the regularity of the front itself. The energy
estimates we make are not for the mean curvature of the actual front, but
instead are performed in the context of an iterative scheme. We set up an
iterative approximation of the equations of motion for the flame front, prove
existence of solutions for the iterated equations, demonstrate bounds on the
solutions (by means of the energy estimates for mean curvature) which are
uniform with respect to the iteration parameter, and then pass to the limit
as the iteration parameter goes to infinity, finding solutions of the original
problem.

The plan of the paper is as follows. In Section 2 below we specify the
model of [22] and we choose the tangential velocities for the flame front.
We also state our main theorem at the end of Section 2. We explore the
consequences of the equations of motion of the surface for the evolution of
geometric quantities in Section 3. In Section 4, we then give some useful
estimates related to commutators and to geometric quantities. In Section
5, we prove our main theorem by introducing our iterative scheme, carrying
out the energy estimates for the iterates, and passing to the limit.

2. THE EQUATIONS OF MOTION

We consider a two-dimensional flame front moving in three-dimensional
space, with Cartesian coordinates

X(a,8,t) = (z(a, 8,1),y(a, B,t), 2(ev, B, 1)).
Here, naturally, the two parameters along the surface are o and [, while ¢
is time. We define a frame of normal and tangential vectors,
N X ~ X X, x X
(2.1) C i S i i
1Xal |X,3| X % X,Bl

The surface X moves according to normal velocity U and tangential veloci-
ties V7 and Vs,

(2.2) X; = Un+ Vit! + 1ht?
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We take an initial condition for the surface X, namely

(23) X(Oé,ﬁ,()) :XO(O‘aB)'

The geometry we consider is that this initial surface (and then the surface
at positive times) is asymptotic to the flat plane at horizontal infinity. In
terms of X, we have Xq(a, 5) — (o, 5,0) goes to zero as (a, 5) — .

We define the coefficients of the first fundamental form for the surface X
as

E=X, -X,, F =X, X3z, G =Xg-Xg.
The coefficients of the second fundamental form for the surface X are
(2.4) L=-X, 1, M =-X, -ng=-Xg-0,, N =-Xg3-ng.

In terms of the first and second fundamental forms, the mean curvature is
then
_EN+GL-2FM

2(EG - F?)

The Gaussian curvature is given by

LN -M?
- EG-F?’

We will be choosing an isothermal parameterization for the flame front,
meaning

(2.5) E=G, F=0,

q

for all («, 8) and for all t. To enforce this parameterization, we will assume
the initial surface X is parameterized accordingly, and then the tangential
velocities V1 and V5 will be chosen so as to maintain the parameterization at
positive times. The authors and Masmoudi have used this parameterization
to good effect in a number of problems in interfacial fluid dynamics [5], [9],
[10], [30]. The implications of this choice for V; and V; are detailed in Section
2.2 below. Using an isothermal parameterization, the mean curvature and
Gaussian curvature simplify to

L+N LN

2.6 - _ LNV
(26) "TTaE o TR

Also, it will be useful to note that with an isothermal parameterization, the
surface X satisfies

(2.7) AX =2kX, x X3.

We mention that with the geometry under consideration, namely that the
flame front is asymptotically flat at infinity, a global isothermal parameteri-
zation may be found [19]. Thus we are not making a restrictive assumption
on the class of initial data.
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2.1. The normal velocity. The normal velocity for the flame front is de-
veloped in [22] as

a*\ 2 (o° 2 3
(2.8) U=—1+(1—a)/<a—(1+7)/<; +(?—50 —20)5

+2(0% +1)q+ (2002 + 80 — 4)kq — 02 (0 + 3) Agk.

The parameter o satisfies o > 1; this allows the term (1 — o)k to desta-
bilize the front at low frequencies, leading to nontrivial dynamics (as in
the Kuramoto-Sivashinsky equation [27]). The operator Ag indicates the
Laplace-Beltrami operator of the front. We use the formula for the Laplace-
Beltrami operator found in the appendix of [38],

Asu 1 (EuB —Fua) 1 (Gua —Fqu) '
B a

= +
VEG-F?\VEG - F? VEG-F2\VEG - F?
If we have an isothermal parameterization with £ = G and F = 0, then the
Laplace-Beltrami operator simplifies to
Agu = Uaa +UBS
E

We define W (k,q) and 7 as

o? o3
(2.9) W(k,q)=(1-0)k- (1 + 7) K2+ (? ~ 502 - 20) K>
+2(0? +1)q + (200% + 80 — 4) kg,
T=0%(0c+3)>0.
With these definitions, we may rewrite the normal velocity as

(2.10) U=-1Ak/E+W(k,q) - 1.

2.2. The tangential velocities and choice of parameterization. As
we have said, while the normal velocity comes from the physical problem,
the tangential velocities may be freely chosen so as to enforce a favored
parameterization. That is, moving the surface tangent to itself does not
change the location of the surface.

The tangential velocities may be determined by using (2.2) together with
the the time derivative of (2.5), E; = Gy and F; = 0. This is the same
choice made for the motion of a vortex sheet in three-dimensional fluids
by the second author and Masmoudi, and the calculation of the tangential
velocities may be found in [9]. The result is that the tangential velocities
V1, Vo satisfy

(2.11) (%)a_(\‘//%)ﬁ: U(LE—N)’

o () ()
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Then, if V} and V3 satisfy (2.11) and (2.12), and if the initial surface Xg
satisfies (2.5), then at positive times the surface will satisfy (2.5). We will
prove well-posedness of the initial value problem (2.2), (2.3), with V; and
V4 enforcing the isothermal parameterization and U given by (2.8).

2.3. The main result. We take s € Z, with s > 6. In the calculations which
follow in the next several sections, we will sometimes state that our reasoning
is valid because s is “sufficiently large;” this simply refers to this fact that
5> 6. Let ¢y be a positive constant. We define an open subset O., ¢ H s+2
such that for every X € O, the following condition holds:

E(a,p) > co.
Theorem 2.1. We assume that the surface Xg € O, is globally parame-

terized by isothermal coordinates (namely (2.5) holds). Then, there exists a
time T >0 and a unique solution X € C ([O, T), OLO) of the Cauchy problem
2

X, = Ui+ Vit! + Vat?,
U=-1Ax/E+W(k,q) -1,
X(t=0) = Xp.

Remark 1. When we say X € H®, this means that X(a, ) - (o, 3,0) is
actually in H?®, since the surface X is asymptotic to the plane at infinity.

3. GEOMETRIC IDENTITIES AND EVOLUTION OF GEOMETRIC QUANTITIES

In this section, we first give some useful geometric identities. We then
study the regularity of F and X, and find evolution equations for £ and k.

3.1. Geometric identities. We will frequently need to differentiate the
normal and tangential vectors to the front, so formulas for these derivatives
(in the context of our isothermal parameterization) will be helpful. The
derivatives of the normal and tangential vectors satisfy the following:

. L o M
Ba = et it
. M, N
Bs = ot T et
. Es., L

1 B 29 ~
o - opt et
. By, M

1 a2 N
bt = St ™

. Es.. M

2 B 21 N
ta = o5 TEr™

. E,.. N

2 _ a ] ~
%7 Tt tmEt

These formulas are all directly verifiable by using (2.1), (2.5), and the defi-
nitions of the first and second fundamental forms. For instance, to compute
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!, we first note that t} -t! = 0, so that
th= @@L -tH)t? + (& - )i
We then substitute t' = XQ/EI/Q, and arrive at

(Xaa i E2) ;2 ~

R i Xoo - X5)
t¢11: (Xaa n)a_( ﬂ)t2+ L

EL/2 to E1/2 n= E El/2Il
_ (Xa-Xa)sy L Ep o
" am ¢ TEet T Tt et

The remaining formulas are similar, and we omit the details.

3.2. Gain of regularity for F and X. In the estimates we will be making,
we will be using the mean curvature, k, as our primary dependent variable.
We will make estimates for « in the Sobolev space H®. We then need to
infer regularity for X and E. We will be able to conclude that X is s + 2-
times differentiable (specifically, we will say X € H**? which will mean that
X - (,3,0) is actually in the space H**?). It may appear at first glance,
then, that £ € H**! (again, allowing for the fact that actually E - 1 is
the quantity which decays at infinity), but we may infer higher regularity
and find in fact that F € H**? as well. This gain is a consequence of the
isothermal parameterization.

The gain of one derivative for £ may be seen by calculating AE. Recalling
that £ = X, - X, = Xg-Xg and X, - Xg =0, we have

(3.1) AE = 2(Xaﬁ ) Xocﬁ) - 2(Xaa - Xﬁﬁ)'

So, if X is in H**? | then the right-hand side of (3.1) is in H* n L*. We
conclude that E — 1 is also in H**?. We have proved the following lemma.

Lemma 3.1. If (X - (o, 3,0)) € H**? then E — 1 is in H**2.

(We remark that this gain of regularity is related to Gauss’s Theorema
egregium, and we also remark that there is a similar gain of regularity for
E,.) Finally, we mention that regularity of X may be inferred from the
regularity of k through the formula (2.7).

3.3. Evolution of E and k. As we have said, we will perform energy
estimates for the mean curvature, k; as such, we must develop the evolution
equation satisfied by x. The evolution equation for £ can be inferred from
(2.2), using the formula for x in(2.6) with the definitions of the first and
second fundamental coefficients. For the moment, a convenient way to write
the evolution equation for the curvature is

(\/_ )oc v (\/E’%)ﬂ

(3:2) (\/_H)t = \/E

\/_\/_

()2 (),
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Further details of the derivation of (3.2) may be found in [9]. Of course,
to fully specify x;, we also must have an evolution equation for E. Such an
evolution equation for £ may be inferred from (2.2), using the definition
E =X, - Xq, or alternatively E = Xg-Xg. We therefore have the evolution
equation

UL | VaBy UN Vi
. FE,=2VE «- — 2 .
@9 B=aVB(Via- e SR <ovB (- UL )

Since r; = (VEER):/VE - Eik/2E, using (3.2) and (3.3), we conclude that
the evolution of k is given by the following:

AU W UM? Vi N (V,
e+ /B GV G () 5 (),
_L( _£+V2Eﬂ)
VEU T VB 2E )

Using (2.10) to substitute for U, we have the evolution of k as being

2E (i?ﬁ) + % " %(@”)“ ’ %(\@R)B

Ry = —

5 (Ve), o (a), 7 (e )
E " 26\VE), 28\VE), VE\'" VE 2E )
4. PRELIMINARY ESTIMATES AND USEFUL FORMULAS

In this section we record some basic estimates which will be useful a num-
ber of times. Before doing so, we define the operator A to be the operator
with symbol A(k) = |k|. This can also be represented using the Riesz trans-
forms Hy and Hj, as we also have the formula A = H19, + H203. The Riesz
transforms may either be defined in terms of their symbols or as singular
integrals [32]. For any ¢ > 0, we define the Sobolev space H ¢ to be the space
of functions for which the norm

1£1e= (1F 172 + 1A 172

is finite. Notice that A% = —A.
The first lemma concerns commutators; as usual, the commutator nota-

tion means [A, B|f = ABf - BAf.

Lemma 4.1. Let s > 1. If f € H*2 and g € H*', then [A?, flg is in H?,
with the estimate

)1/2

I[A%, f1gls < el flse2lglser-
Proof. Notice that
[A% flg=-A(fg) + fAg=—-gAf -2V f-Vg.
When s > 1, we know the Sobolev space H® is algebraic, that is
| = gAfls < lgls|Af]s < £ lss2llgls
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and
| =2vf-vVyls <20V flsIVals < 2] fllse1lglsea-
This completes the proof of the lemma. ([

We next have another commutator estimate, which appeared in [30] and
thus we omit the proof.

Lemma 4.2. For s >0, then
1A% flgl < C UV Flrelgls-1+ [ flslglre) -

Next we give a standard elementary interpolation estimate.

Lemma 4.3. For 0 <m < s,and f € H®, then
[A™ < JAS £ e

The proof of Lemma 4.3 can be found many places, such as [3]; see also
[1]F0r the final result of this section, we comment on the regularity of the
velocities U, V7, and V5.

Lemma 4.4. If (X - (o, 3,0)) € H*2, (E - 1) e H**? and x € H®, then
U+1eH*? and V; e H !,

Proof. Recall that
U+1=-1Ar/E+W(k,q).

We immediately get U + 1 € H*2 when x and ¢ are in H®; this uses the
definition of W in (2.9) and the fact that H® is an algebra for s > 1.

Turning to Vi and Vi, we apply 0, to (2.11) and we apply ds to (2.12),
and then add the results. It follows that V; satisfies

() (5 ) (55,

Solving this Poisson equation, we have V; € H*~!. Similarly, we have V5 €
H*! since
(V2 ) (U(L—N)) (2UM)
Al—%=]|=- + .
VE E 8 E /.

5. WELL-POSEDNESS

In this section we prove Theorem 2.1, showing that the two-dimensional
coordinate-free model for the motion of flame fronts is well-posed. We will
use an iteration method. In Section 5.1 below, we set up an iterated system
of evolution equations. We then set up a general linear Cauchy problem in
Section 5.2, and demonstrate energy estimates for this problem in Section
5.3. In Section 5.4 we then use the results of Sections 5.2 and 5.3 to show
that the iterates in our iteration scheme obey bounds uniform with respect
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to the iteration parameter. We use the uniform bounds to take the limit
of the sequence of iterates in Section 5.5. We then complete the proof of
Theorem 2.1 in Section 5.6.

5.1. The iterated system. We now set up iterated evolution equations for
X and k. We take initial data Xy € H**2, such that the surface has a global
isothermal parameterization with Ey = Xoq - Xoa = Xog - Xog > ¢, for some
constant ¢g > 0. Of course, in taking a global isothermal paramerization for
Xy, we also have Xgq - Xgg = 0.

We initialize the iterative scheme with the initial iterate being X° = Xg.
Then E° = Ey as well, and k° = kg, where kg is the mean curvature for the
initial surface Xg. Similarly we also have the other quantities corresponding
to Xo, namely L°, M°, N° and ¢°. Recall that these quantities are defined
through (2.4) and (2.6), using Xy as the surface. We then also may define
U° through (2.10), using °, E°, and ¢°. Then (V°, V) is determined by
solving the following system,

‘/10 ~ ‘/'20 B UO(LO_NO)
(\/ﬁ)a (\/ﬁ)ﬁ g0
() (2, - e
VEY), \VEY), B

Assume that for some [ > 0 we have already constructed (X!, x!, E'). We
then compute the related quantities

g Xh 220 _ X Al - Xo x Xy
X4 X5 X, < X
l l Al l l Al l l Al
L=Xaa-n, N=X5,3n, MZXQ/B‘H,
I LlNl_(Ml)2
q

T XL X0) (X XE) - (XL X])”

To begin finding the next iterates, we construct x*! to solve the linear
Cauchy problem

T AgH!
6.1 e = I

where Qll is given by

AW (k¢ V! Vi
I _ ) 1 1,0 2 1.0
(62) Q=—f—+5 (VEH) t o (\/En)ﬁ
Ll
Luary? o ( v/ ) N! ( 14 ) A (Vf,a U'rL! VzEﬁ)’
8

— +— | —= — - +
E! 2E'\\VE), 2E'\JVFE! VE! JVE 2F!

«
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and with initial condition x!*!|;—g = ko. After we demonstrate that this prob-
lem is solvable, we can then define U as

(5.3) U = AR E s W (R ¢ - 1.

We next determine (V{*1, V1) by solving the system

(5 4) Vll+1 ~ 2l+1 ) Ul+1(Ll _ Nl) ) _TAKHI(LZ _ Nl) . fl

' VE ), \VE), E! (B2 "
(5 5) V1l+1 N V2l+1 2Ul+1Ml 2A/{l+1Ml . fl
. = =-T .
Vi, \VE), F (ED? 7

Here, the functions f{, fé are defined by

(W(x',¢") -D(L' - N")
(56) fi- - ,

2W (s, q) - )M
(5.7) f3= ol :
These equations can be combined to more clearly have solvable Poisson
equations,

Vl+1 TAI{IH Ll_Nl 27’A/{l+1Ml

(5.8) A(\}E) :_( (él)Q ))a_(w)ﬂ+(f{)a+(fé)5,
1+1 T l{l+1 I _ qarl T IiHl l

59) A(‘\//ﬁ)( S N>)ﬁ—(2 ?El)zM) ()54 (e

We define the next iterate of the surface, X1 in a few stages. To begin
we let X! be the solution of the initial value problem

(5.10) XU = gl gy g2l X, = X
Substituting for U'*! using the equation (5.3), we can write this as
(5.11) X[ = (—rARTEDR - VIR - VTR 4
where le is given by

(5.12) Qb = (W(x',q¢") - 1)a’.

We will have one more intermediate variable X1, which is given by solving
the elliptic equation

(5.13) AR R K KT K,
Note that this formula is based upon the equation (2.7). Now we are ready

to construct X'*! by solving the following elliptic equation (again influenced
by (2.7)),

(5.14) A GLE GEESID GEPD CRED Gal
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Finally, we will define E'*! also by solving an elliptic equation,
(5.15)

1
AER - B = o(xXby XU - XE X - 5(X’a+1 > CEED CREb Co))

Note that this equation is based upon (3.1) as well as the fact that in an
isothermal parameterization, we have E = %Xa X + %Xﬁ - X3.

Remark 2. Note that for any of the versions of the iterated surfaces, they
are not expected to be parameterized isothermally. The isothermal param-
eterization of the solution will be recovered after taking the limit as [ - oo.

5.2. A linear Cauchy problem. To deal with the iterated system, we
study the well-posedness of the linearized Cauchy problem for x'*' and
X1 More precisely, we will consider the linear Cauchy problems for n
and Y ,where n satisfies the evolution equation

T An
516 (B
(5.16) m=-optlg )t @)
with initial condition n|;—g = 19, and Y satisfies evolution equation
(5.17) Y; = (-7Anp/E)ir+ Vit + Vat? + Qo,

with initial condition Y|;~g = Y. The tangential velocities V7 and V5 solve

o () ()

- (4) +(22) 2

Here, Q1, Q2, f1, and fo are given nonhomogenous terms. We are assuming
here that 7 > 0 and that there is a given surface X and function E. The
functions L, M, and N are the second fundamental coefficients of X, and
the vectors %, ii are the unit tangent and normal vectors to X.

+f17

5.3. The a priori estimate. The iterative scheme which we set up in-
volves the solution of a sequence of linear equations, all of the form (5.16)-
(5.19). Bounds for the solutions of these equations are therefore fundamental
to our existence proof. We now establish the needed estimates.

Theorem 5.1. Suppose that there exists T >0 such that
EeC([0,T), H*) N C([0,T], H?),
X eC([0,T],H*™*)NC ([0, T], H?),
and
Q1€ L*([0,T), H*%),Qq € L*([0,T], H®), f; € L*([0,T], H*™ ).

Assume there exists Cy > 0 such that for all t € [0,T], we have E(-,t) > Cy >
0. Let initial datang € H® and Yo € H® be given. Then there exists a constant
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m > 0 and a unique solution to the Cauchy problem n € C([0,T],H®) n
L3([0,T], H*?) and Y € C([0,T], H®) such that the bounds

¢ rm] A2 3 ‘4
5.20 2+f =TI gy < Ct( 2+f — Q1|7 dt’),
(5200 I+ [ TS < (Imol2+ [ @il

(5.21)
[Y ]2 < e (HYoll2 + [noll? + C/ [Q1132 + Q212 + | filicy + | f2lis dt')»
are satisfied for all t € [0,T].

Proof. The proof of well-posedness for the Cauchy problem for (5.16) and
(5.17) follows classical steps, namely approximation, existence for the ap-
proximate problems, establishing uniform estimates, passage to the limit,
and establishing further estimates for uniqueness and continuous depen-
dence. By far the most important and most interesting of these steps is the
uniform bound, and this will be the focus of our presentation here. We will
give the relevant energy estimate, and omit the other details.
We will first establish the energy estimate for n . We define the energy

E=& +¢&,
with & = %Han and & = %HA%H%. To begin, we take the time derivative of

(902
dE
S0~ [ daas.

Since s is sufficiently large, usmg the evolution of 1 and the assumed regu-
larity of E and ()1, we may immediately conclude

dé&,
— <CE Q).

We next take the time derivative of &1,
(5.22)

& _—Tff(As )AS(E(M)) do d6+ff(AS+277)(A5 Q1) dadp.

For the second term on the right-hand side of (5.22), we have used the
fact that A is a self-adjoint operator (which can be seen from its symbol in
Fourier space).

We first deal with the first term on the right-hand side of (5.22). Recalling
that that A = —A2, and pulling + % through A? (incurring a commutator), we
have

(3 (2) wr- oo ((52) o
_ /f (AS*Zn)A32(2—EZ) dadf+ ff (A”Qn)ASQ(% [AQ,%]A%) dadg.
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We then incur another commutator, this time pulling ﬁ through A®~2; this
yields

ﬂ(ASn)AS(%(%)) dadp
- [ s dads+ [ e [ac ] () dads
+ff(A5+277)A5_2(% [AQ,%] A277) dadp.

By Lemma 4.2, for sufficiently large s, we have

1 1
S N R ()
Il =<7 (52 ),

"2F?
<clnlse1 < elnllo + [A** o).

1

4
RIS P

A%y
2

S—

And, by Lemma 4.1, we have

S— 1 ]' S
a2 (55 [% 5 [A%0) | < ela®atca < clmlo + 1A alo).
1

2F E
s+l 1
By Lemma 4.3, [A**'n]o < c|A**2n]572 |n]g*™. By first applying Holder’s
inequality and then Young’s inequality (with parameter n > 0 to be chosen),
we have

‘f/(Aswn) [As—2’$:| (A') dadﬁ‘

T 540 HAS+277H3
<clnlg A% nlg** +clnlo| A nlo < ——— + CE.
In just the same way, we have
STRN e JA=2)3
A8+2 As 2 (_ [A2 —]A2 ) dad < 1Tl +C€

We make our first conclusion that

A (An
_ A (2 (2
Tf[( ") (2E(E)) dadp
s+2, 112
<—r /f —2;2 (A5*2)? dadﬁ+—27”An o, e

For the second term on the right-hand side of (5.22), by Young’s inequality,
we have

TN @2y

T

‘f AS+277AS_2Q1dOédﬁ

Now we make the conclusion that

d& 1 642 2
% < —T[/-E(A+?’]) d@d,@*l‘

37_ AS+277 2
371 nlo + C& + n||Qy]* 5/
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We know E >0, and F € L* when s > 1. Then there exists m > 0 such that

4]{;2 < -m. Now we take n =4/m. Then

de | rm|ay}
—+———<C€
e T Pl

By Gronwall’s inequality, it follows that

t , As+2 2 t 4 ,
E(t) + [ L=t )Tm“ 77“0 dt' SeC’t (8(0) + / = HQle—Q dt,)
0 4 0 mrt

. 4! _ !
Moreover, since eCt1) > 1 and e ¢ < 1, we have

t s+2,.1|2 t
ew+ | Tl Ako gy < (5(0)+[ 22, dt’).
0 4 0 mt

Now we will do the energy estimate for Y, where Y evolves according to
(5.17). We define energy

E=8&+&,
with & = $|Y[3 and & = $[A*Y[2. To begin, we take the time derivative
of &:
d
50 f Y .Y, dads.

Since s is sufficiently large, using the evolution of Y and the estimates of
Section 4, we may immediately conclude

dé’o

— SCE+ IS+ 1Qal5 + [ A5 + 1 15-0)-

Next, we take the time derivative of g'l, and make a use of Young’s in-
equality:

dgl f AY - A°Y; dadB

- ff ASY - AP ((=rAn/E) + Vit! + Vak2 + Qv) dadf

5+2,12
sM+ﬂASY-AS(m1+VQE2) dadp + |Qz|? + CE + Cln|2

Since V7 and V3 solve the elliptic system (5.18), (5.19), for sufficiently large
s we have
[A* (it + Vat?) o < erllnlsr + e(l frlls-1 + | flls-1)
<cr(lnllo + 1A% nllo) + c( fills-1 + [ folls-1)-
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By first applying Hoélder’s inequality and then Young’s inequality, we have
V ASY - A* (Wit + Vai2) dads
<[A*Y o (cCllnlo + 18*2n]o) + e([ frls—1 + [ f2ls-1))

m|A 2|2 <
<« TR0 4 CE+ CUIAIE + 1212+ Inl):

We may now make the conclusion that

d& m| A% 2|2
7 S — 0 C(Q213 + 1ALy + [ 2020+ Iml2).

By Gronwall’s inequality, it follows

~ . trm AS+277 2 t
E(r) < (e(o> o [PTETNG gy [ C1Qa LR + 1l + Il dt').

Using our estimate for n, (5.20), we have
~ ~ t
Et) < (B +C [ 1@l + 1121+ 12l at )
t 4
e (Ce (Il + [ @i, ar))
0 mTt

" t
<< (EO) + Il +C [ 1Qa2 + IA13 + 1l + QIS at).

This concludes the proof of the theorem. O

CE +

Remark 3. All constants which are denoted C' above may be expressed in
terms of the norms of X and F, and the given functions @)1, @2, f1, and fo,
as well as the parameters of the problem such as 7.

5.4. Estimates for the iteration scheme. To prove that the sequences
of iterations converge, we will need the following lemma.

Lemma 5.2. The family of iterates (X', E', k') are defined for all | and
there exists T > 0 and positive constants Cy, Cy, Co, Cs and Cy such that
for all l,

(5.23) E'>Cy>0, [XLxX}|>Co>0,

(5.24) |6 [ cocro,ry ) < Ch,s

(5.25) 1X oo re2y + 1B | ooy mer2y < Co,
(5.26) |0k | coro.7).pr5-1) < Cs,

(5.27) 10:X" oo,y mre-2) + 10 E | cofo,77;15-2) < Cn-

Proof. We proceed induction. We take Cy = ¢p/2. We will determine ap-
propriate values for C1, Co, Cs, and Cy as we go. Given the definition of
our initial iterates, the needed bounds are satisfied for (X°, E°, x%). Assume
that (X!, E', k) satisfies (5.23), (5.24) (5.25), (5.26) and (5.27). By the



2D COORDINATE-FREE MODEL OF FLAME FRONTS 17

definition of @} in (5.2), applying s — 2 derivatives to Q) involves at most
s-derivatives of &' and at most (s + 2)-derivatives of X', and at most s-
derivatitves of E'. Thus |Q} leqro, e < €(Co, C1,C2). By the result of

our energy estimates, (5.20), x'*! satisfies

t As+2 I+1 2
HKHl(t)Hg-i-f TmH : (S)HO dt,
0

< eC(Co,ChCzﬁHRO Hz +C(Cy, C1, Cz)teC(Co,Cl,Cz)t'

Hence taking C = 2||ko|s, we may take T small enough so that

t As+2 I+1 2
(5.28) I65* O 1 E o ey *+ fo m] : ()l dt' < C2.

Inspecting the definitions of f{, fé, and QIQ in (5.6), (5.7), and (5.12),
we see that we may bound these as HQZQHC([W];HS) < C(Cp,C1,Cq) and

|f le(ro, ;-0 < C(Co, C1,Ca). Using (5.21), the estimate of X1 is then
IR (8)]2 £ OO (g2 + [Xo[2) + C(Ch, Cr, o)t CoOu O,
Hence we may again choose T sufficiently small so that ”XHIHC([O,T]; Hs) <
2(|Xo|s + [|<0]s)- By the elliptic equations (5.13) and (5.14), we then have
X" e ¢0(0,T7]; H*?) and
IX"* ooz < CUXolls, I5olls),
IX" eqorpmsy < CUXols, [#ols)-

Then, by the elliptic equation (5.15), we have E'*! € C°([0,T]; H**?) with
estimate

IE* oqo.rymsezy < C(1Xolls, Iolls)
We may then take Co = 2C(||Xo]s, [<0ls), and we see that the estimate
(5.25) holds.

Using the inductive hypotheses and the bound (5.28), we may then bound
the right-hand side of (5.1), finding

[0 (1) [5-4 < C(Co, C1, C2) (1 + |61 (1) ]s) < C(Co, C1, C2) (1 + Cy).
We may similarly bound the right-hand side of (5.10), finding
|0 ooy 10-2) < C(Co, C1, Ch).

Taking C5 such that C5 > C'(Cp, C, C2)(1+C1), we have the estimate (5.26).
Taking the time derivative of (5.13) and (5.14), we may conclude that

H&tX”l ”C([O,T];HS‘2) < C(Co, C1,Cs, 03)
Similarly, taking the time derivative of (5.15), we may conclude the bound
||8tEl+1 ”C([O,T];HS‘Q) < C(Co, C1,Cy, 03)

We then may take Cy4 to be such that Cy > C'(Cy,Cy,Cs,Cs), getting the
estimate (5.27).
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Notice that when s is sufficiently large so that H*™2 ¢ L™,

t
IEXL(8)| 2 B - fo BEI(H) dt' > co -0y

and

X () < X5 ()]

t
l l l l
> [X5(0) x X5 (0)] - fo O (XL (s) x XEN(H) dt’ > co — tCyCo.

So, we can take T small enough such that co—TCy > Cy and cg—TC4Cs > Cy.
This completes the proof of the lemma. O

5.5. The limit of the iterated system. In this section, we will prove
that our iterates form Cauchy sequences; this will imply the convergence of
the iterative procedure. We will prove existence of a limit in a low norm.
Regularity of the limit will follow in the subsequent section, primarily using
the uniform bound in the high norm. The main result of this section is the
following Lemma.

Lemma 5.3. The sequence (Xl,/il,El,Xl,Xl) is Cauchy sequence respec-
tively in the following space

CO([0,T); H* x H* x H* x H? x H®).
Proof. We denote (6X,0k,0E,0X,0X) to equal (X! - X! g+l — gl pl+1 -
Bl XM X! X! - X)), We define an energy functional
1 1 1, < 1 ~
Dy= S 1w13 + L IN%5w]f + 216K 13 + £ 1A%K 3
We also denote 6U = U - UL, 6V = V;-“l - Vil, ete. ...
We may see from (5.13) that we have the estimate
[6X 15 < C([6X ]2+ |5 = &' 1) < C(Dy + Diy).
Using this estimate with (5.14), we have
1617 < 126" XE x XG - 25" 71XE, < XG5 + [0X]3
<O’ =713 + X3 + O X" - X3
<C(D? + D} ).
This estimate and (5.15) then imply
16E]s < Cl6X ][4 < C(Dy + Dy-y).

We can write evolution equations for 6k and §X. These are
Sy = ———A (%) + A,
2E! E!

where the remainder A is defined as

! l
A:—LA(AK) T A(Aﬁ)+Qll— 11_1’

2El El + 2El—1 El—l
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and
60X, = oUR + (6V7)EM + (615)E%! + B,
where the remainder B is defined as

B=U'(a - a1l + VAN - 81 4 V(R - 820,
Since s is sufficiently large and we are only dealing here with a low norm,
with reference to the formula (5.2), we have the following bound for A,
|All3 < C(Di-y + D).
Similarly, we have the following estimate for B,
|BI3 < C(Di-y + Dizs).

In taking the time derivative of D;, we begin with the most important
piece,

dt2 f(A25 )* dad = ﬂ(A25”)(A25ﬂt) dadp
_Tf/(A25 )A2(211El (A;ﬁ)) do d5+ff(A25m)(A2A) dads.

We rewrite the first integral on the right-hand side using the fact that A is
self-adjoint and also incurring a commutator,

(5.29) dw ff (A265)? dadf = -7 ff > (El)z(/\45/£)2 dadf
_r ff @(A%n) [A,ﬁ](Aén) dadB + ff (A26x)(A2A) dads.

As in our prior energy estimates, by using Young’s inequality, we may control
any fourth derivatives of dx appearing in the second integral on the right-
hand side of (5.29) with the first integral on the right-hand side of (5.29).
Other than fourth-derivatives, the remaining terms on the right-hand side of
(5.29) can be bounded by C(D?+ D? |+ D? ). Taking the time derivative of
the rest of Dl2 is similar: all terms may either be controlled by using Young’s
inequality and then absorbing them by the first term on the right-hand side
of (5.29), or may be controlled by bounding them by C’(Dl2 + D12—1 + D12—2)'
Thus, omitting the remaining details, we conclude that for [ > 2,

,D? <C(D? + D} | + D%,).

Moreover, for all [, we have D;(0) = 0. Let us say also that

sup Di(t) <C, sup D3(t) < C.
te[0,T] te[0,T]

Then we may prove by induction that for [ > 3, we have

2 cr((CT)"* (CT)"
tes[lolg]Dl (t) <2Ce ( (-2 + (1-3)] )
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This is sufficient to conclude that x! and X' are Cauchy sequences. The
elliptic equations (5.13), (5.14), and (5.15) then imply that X!, X!, and E'
are also Cauchy sequences in the appropriate spaces. O

5.6. Proof of the main theorem. In this subsection we prove the main
theorem, Theorem 2.1.

First, it remains to show that the limit of the iterates is a solution of
the original system. We have proved that (X!, x!, B!, X! X!) is a Cauchy
sequence in a low norm. Of course, we also have that the iterates are uni-
formly bounded in a high norm, H**2 x H® x H**2 x H* x H**'. The inter-
polation inequality of Lemma 4.3 then implies our sequence is Cauchy in
H**2 x H x H"*2 x H* x H¥*!, for any s’ < s. We denote the limit of
(X! kH BN XE XY as (X, k, B, X, X). Then we have sufficient regularity to
see that the limit satisfies the system (5.4)-(5.15) without index [ and [ + 1.
We then have the following equations satisfied:

X, =Uh+ Vit! + V,t?

AX - X = 26X, x X5 - X.

AX - X = 26X, x X5 - X.

AE - E =2(Xos Xap - Xaa  Xg5) - (Xo - Xo + Xg-Xp).

We must also prove that the following relations hold:

L+N

(530) X=X=X, F=X, Xo=Xp X X X5=0, k= 5

We omit the details of the proof here as all of the details demonstrating
(5.30) are included in Section 5.4 of [39]. (Like the present work, [39] also
uses the isothermal parameterization and iterative scheme of [9]. Therefore,
after taking the limit of the iterates, they demonstrate that exactly the
relationships given in (5.30) hold.)

The higher regularity of the solution X must still be established. We
have already shown that the solutions are continuous in time in a low norm,
and the boundedness in a high norm together with the interpolation result
Lemma 4.3 implies that X € C([0,T]; H**?) for any s’ < s. All that remains
to show is that X e C°([0,T]; H**2). We do not include the remaining
details, but this can be done by adapting the corresponding argument for
regularity of solutions for the Navier-Stokes equations in Chapter 3 of [31].

Finally, we also omit the details of the argument for uniqueness of the
solution, as this requires performing an energy estimate for the difference of
two solutions. This is therefore almost exactly the same as the proof that
(Xl,/il,El,Xl,Xl) is a Cauchy sequence, which we have given already in
Section 5.5.
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