SPECTRAL STUDY OF THE LINEARIZED BOLTZMANN
OPERATOR IN L? SPACES WITH POLYNOMIAL AND
GAUSSIAN WEIGHTS.

PIERRE GERVAIS

ABSTRACT. The aim of this paper is to extend to the spaces L* (R%, (1 + |v])**dv)
the spectral study [5] led in L%(R%, exp(|v|?/2)dv) on the space inhomogeneous
linearized Boltzmann operator for hard spheres. More precisely, we look at the
Fourier transform in the space variable of the inhomogeneous operator and con-
sider the dual Fourier variable as a fixed parameter. We then perform a precise
study of this operator for small frequencies (by seeing it as a perturbation of the
homogeneous one) and also for large frequencies from spectral and semigroup point
of views. Our approach is based on perturbation theory for linear operators as
well as enlargement arguments from [10].
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2 PIERRE GERVAIS

1.1. The model. Consider a rarefied gas whose average number of particles located
at position z € Q, traveling at velocity v € R? at time ¢t > 0 is given by F(¢,z,v),
where 0 = T or R?, and d > 2. Assume furthermore that the particles are uncorre-
lated, and that they undergo hard sphere collisions where the energy and momentum
are conserved. Finally, we assume these binary collisions are the only interactions
between particles. Under these conditions, this density satisfies the Boltzmann equa-
tion

which is a transport equation whose source term takes into account the binary
collisions between the particles. The operator () is called the Boltzmann operator
or collision operator and is an integral bilinear operator defined as

Q(F,G)(v) := / / v — v |(F'G, — FG,)dv.do
R{, VS5

where we used the standard notations
— v and v, for the velocities of two particles after the collision,
— v" and v, for their velocities before the collision, given by

;v v = e i

2 2 7T 2 7
— F':=F), G, =GW,) and G, := G(v,).

1.1.1. Equilibria. The (global) Maxwellian distributions, which write

, p v —uf?
Myats) = g (=55 )

for some p,0 > 0 and u € R? can be shown to be equilibria of (B). We will denote
in this paper the normal centered distribution (p = 1,4 = 0,0 = 1) by M.

1.1.2. Hydrodynamic limits. By choosing a system of reference values for length,
time and velocity (see for example [8]), we get a dimensionless version of the equa-
tion: ]
e F° +v -V, F° = -Q(F°, F7),

€
where ¢ is the Knudsen number and corresponds to the mean free path, that is to
say the average distance traveled by a particle between two collisions. Performing
the linearization F° =: M + ¢ f¢, the equation rewrites in terms of f¢ as

(1.1 SO0 Ve = £+ QU 1),

where Lh := Q(M, h)+Q(h, M). Letting € go to zero, we expect to get the dynamics
of a fluid as the amount of collisions will then go to infinity. This issue of unifying
the mesoscopic and macroscopic points of view goes back to Hilbert, and several
formal methods have been suggested by Hilbert [11], Chapman, Enskog and Grad
[9]. These were made rigorous by C. Bardos, F. Golse and D. Levermore in [2] by
proving that if f¢ and its moments converge in some weak sense as € goes to zero,
then the limiting moments satisfy the Navier-Stokes-Fourier system. In their paper
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[3], C. Bardos and S. Ukai showed that these convergence assumptions hold for any
initial datum f;, small enough in some norm by rewriting the previous equation as
an integral one:

fﬂwzswa%wa+§A3¢@2@@uwvw»fu—@Ma

where 5S¢ is the semigroup generated by £ — cv - V. Its dynamics as € goes to zero
has been described by the spectral study [5] of the inhomogeneous linearized Boltz-
mann operator in Fourier space, i.e. £ —icv - &, where £ is the dual variable of x.
These results were used by I. Gallagher and I. Tristani in [7] to prove a partial con-
verse result: for any solution to the Navier-Stokes-Fourier system defined on a time
interval [0, T, the solution f¢ to (1.1) exists for € small enough (depending on the
Navier-Stokes-Fourier solution), is defined on [0, T, and converges to some limit f°,
whose moments are the aforementioned solution of the Navier-Stokes-Fourier sys-
tem.

1.2. Statement of the main results. Let us define some notations used in the
statement of Theorem 1 and 2. We denote L?*(m) the L? Hilbert space associ-
ated with the measure m?(v)dv. %(X,Y) is the space of bounded linear operators
from a Banach space X to another one Y. For a linear operator A, we denote
by X(A) its spectrum. If it generates a strongly continuous semigroup, we denote it
by S, and I,y is the spectral projector associated with an eigenvalue A € 34(A),
where 34(A) is the discrete spectrum of A. Finally, we write A, := {Rez > a}.

We will show that, similarly to the results in [5], when considered as a closed
operator in L? (M~'/%) or L*({v)*), the semigroup generated by £ — iv - £ has
exponential decay in time (for large frequencies &), and splits (for small frequencies &)
into a first part corresponding to its rightmost eigenvalues, and a remainder that
decays exponentially in time. We also gather enough information on the eigenvalues,
spectral projectors and remainder so that we expect that [3] or [7] may be adapted
to L? ((v)k) This analysis is postponed to a future work. Let us present the main
theorems of this paper.

Theorem 1. There exists k, > 2 such that for any fired k > k., denoting the
spaces E = L? (M~*?), E(k) := L* ((v)*), the operator L¢ := L — iv - £ is closed
in both spaces E(k) and E for any & € R, Furthermore, the following holds:

(1) - Spectral gaps and expansion of the eigenvalues. There exist a,b,rq > 0
such that, in both spaces,

(1.2) S(Le) NA_a ={A(I€]), -, Aa(l€D)} € Ba(Le), €] < o,
(13) 2(£5) N A,b = @, |£’ > To,

where the eigenvalues \; have the expansion around |§| =0 in C

(1.4) X1 = 25761+ AP IE[ + o1¢]),

with )\(ﬁ = +i\/1+42/d, )\5-1) =0 for j=0,2, and )\5-2) <0 forj=-1,...,2.
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(2) - Spectral decomposition and expansion of the projectors. There exist
projectors P;(&) € B(E(k), E) for any 0 < || < 1g and j = —1,...,2, that ezpand
in B(E(k),E) as

(1.5) Pi€) = P (€) + P (§) + PP(¢), &= é—,
where ‘ 77]([) P is uniformly bounded in |€|, and ’ 77](2) (f)H%(E(k) B o([¢])-
For j = 0,+1 P“))O' ecti V) (€) with
J ,+1, P; &) is a projection onto (Cej §), wit
O () = (1- L2 -
(1.6) o () = (1 5 (0] d)) M,
~ ~ 1
(1.7) ) (€) = (1i§.v+a(|y|2_d)) M,

and 772(0) (E) 1S a projection on {c oM | ¢- E: 0}, which 1s spanned by

(1.8) eg?g(g):ce(g).m,521,...,61_1,

where (5, Ch (E) v, Caq (E)) can be assumed to be any fixed orthonormal basis
of R Furthermore, they satisfy

(1.9) LePi(€) = A (IENP; (6),
(1.10) Pi(E)Pe(§) =0, j # ¢,
2
(1.11) > PO (€) =Moo, s,
j=—1
(3) - Expression of the projectors. For any 0 < |[¢] < 1o, j = —1,...,1

and 0 =1,...,d—1, there exist functions e;(§), e24(§) € E and f;(§), fo,u(&) € E(k)

such that the projectors write

(1.12) P;i(&)g = (g, [;(&))em) €;(§), j =0,%1,
(1.13) Pa(&)g =Y _ (9, fou()) gy €20(6),
(1.14) (eal§); f3(E))mr) = Oass;

where a and B are any indices among —1,0,1,(2,1),...,(2,d — 1), and they have
the following expansions:

(1.15) al€) = e (€) + leleld (€) +e2(©),
(1.16) fa(&) = 1 (€) + 161F0 (€) + £26),
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where « is any inder among —1 0,1,(2 1),...,(2,d = 1),

1 H o o
1& H( = ofl¢)).

Remarks 1.1. A few precisions are to be made on these results.

— In this theorem, e, : {0 < [&| < 1o} — E, fo : {0 < [£] < ro} — E(k)
and P; : {0 < || < 1o} = B(E(k), E) are measurable.

— Using the fact that in the Hilbert space E, (L¢)* = L_¢, and the rela-
tion OL:O™ = Lo-1¢, where O is any real d x d orthogonal matriz, one can
show that Ay and \_y are conjugate to one another, and \; is real for j = 0,2.

— Furthermore, one can deduce an expression of f;(§) in terms of e;(§) using
the fact that Py(&)* = Pa(=E), P;(&)* = P_;j(=€) for j = 0,£1, and using

the relation

H = o([¢]) and‘

uniformly bounded in |§| € (0,71],

<f’g>E ::<fug<v>_2kA4_1>EUQ-

Theorem 2. Under the same assumptions, denoting & = E or E(k), there exists
constants C' > 0 and v € (0,a) such that for any & € RY, L¢ generates on &
a C°-semigroup that splits as

(1.17) Se.(t) Z ethi(€ )+ V(t, ), €#0,
j=—1
(118) )= 3 P (&) 4 V(00) = Teo + V(t,0), £ 5,
j=—1

where we have denoted x the characteristic function of {|¢| < ro}, and the remain-
der V satisfies

(1.19) PAEV(1.€) = V(£ EP,(€) = 0
(1.20) IV, )y < Ce.

1.3. Method of proof and state of the art. Theorem 1 was initially proved
in [5] in the space L? (M~/2). The authors first proved that for some § > 0, the
following equations are equivalent for |£], |A| < 6:

(L—iv-£=X)f=0,
F(A8)fo=0,

where fq is the projection of f on N, fi := f — fy is related to fy by fi = G(\, &) fo,
and F(\,€) € BN), G\, €) € BN,N*) are smooth in ¢ and A\. They then
proceed to solve det F'(A\,§) = 0 for A\ = A({) using the implicit function theo-
rem, exhibit corresponding fo(&), construct the eigenfunctions and then the spectral
projectors.

In their proof, the threshold § was not found using constructive estimates, nor do
they prove the existence of a spectral gap for |{| bounded away from zero. However,
their results hold for a general class of potentials, including hard and Maxwellian
potentials with cut-off.
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T. Yang and H. Yu [15] have a similar approach and still prove their results
in L? (M~'/2), but they cover a broader class of kinetic equations. Furthermore, they
prove the existence of a spectral gap for large ¢ and encounter the same difficulties
as in this paper: they are able to provide constructive estimates for small and large
frequencies, but need a non-constructive argument to deal with intermediate ones.

We also mention [4] and [14] who prove most of these results with similar ap-
proaches.

In this paper, we generalize the results from [5] in spaces of the form L? ((v)*)
using a new splitting of the homogeneous operator as well as an “enlargement the-
orem”, both from [10]. This splitting has the same properties in both Gaussian and
polynomial spaces (dissipativity and relative boundedness, regularizing effect, see
Lemma 2.2) which allows to treat both cases in a unified framework, and the afore-
mentioned “enlargement theorem” guaranties that the spectral properties (structure
of the spectrum and eigenspaces) do not depend on the specific choice of space, be it
Gaussian or polynomial. We can therefore rely on previous studies of the Gaussian
case when convenient.

As we deal with hard sphere case, the inhomogeneous operator in Fourier space
can be seen as a relatively bounded perturbation of the homogeneous operator and
thus be studied through classical (analytic) perturbation theory. In particular, all
estimates are constructive, except for the exponential decay estimates for large fre-
quencies.

Unlike [5] and [15] who compute the roots of the dispersion relations associated
with the linear inhomogeneous Boltzmann equation, we prove that for small £, the
zero eigenvalue (resp. the null space N') of the homogeneous operator “splits” into
several eigenvalues (resp. an invariant space N () isomorphic to N'). We then
consider (L) ey € ZN(£)) and straighten N(§) into N to get a new opera-

tor £(£) € B(N) conjugated to (L¢)jpre) which we study using finite dimensional
perturbation theory.

1.4. Outline of the paper. In Section 2, we show using results from [10] that
there exist some threshold k, > 0 such that in both spaces L? (M /) and L? ((v)*)
with k > k., L¢ generates a strongly continuous semigroup, satisfies some rotation
invariance property and the multiplication operator by v is L¢-bounded. Then,
combining results from [10] and [14], we show the existence in both spaces of spectral
gaps for small and large &: there exists a,b > 0 such that for large £, the spectrum
does not meet A_y,, and for small £, the part ¥(L¢) N A_, contains a finite amount
of discrete eigenvalues enclosed by some fixed path T,

In Section 3, this path allows to transform the eigenvalue problem into an equiv-
alent one on the finite dimensional null-space of £ and in turn derive expansions for
the eigenvalues and associated spectral projectors, thus proving Theorem 1.

In Section 4, we prove Theorem 2. The splitting comes from Theorem 1, and the
decay estimate from Theorem 5 whose assumptions are obtained using estimates
from [14] combined with [10], and the continuity of the resolvent.

We recall in the appendix some results from spectral theory and semigroup theory.
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1.5. Notations and definitions.

1.5.1. Function spaces. For any Borel function m > 0 and p € [1, oo|, we define the
space LP(m) as the set of measurable functions f : R? — C such that

”fHLP(m) = ||fm”Lp < 0.

1.5.2. Operator theory. For some given Banach spaces X and Y, we will denote
the space of closed linear operators A from their domain D(A) to Y by €(X,Y).
The space of bounded linear operators will be denoted Z(X,Y). For any linear
operator A, we denote its null space by N(A) and its range by R(A).
In particular, we write €(X) = €(X,X) and #B(X) = A(X,X). We will also
consider the resolvent set P(A) of A which is defined to be the open set of all z € C
such that A — z is bijective from D(A) onto X, and whose inverse is a bounded
operator of X. The resolvent operator is an analytic function defined by

Ra: P(A) — AB(X)

z = (z=A)"1

and cannot be continued analytically beyond this set. The complement of P(A) is
called the spectrum of A and is denoted ¥X(A) = C — P(A), which is therefore the
set of all values A such that A — X is not boundedly invertible.

When a spectral value A is isolated in the spectrum, or in other words when for
some € > 0 small enough

S(A)N{zeC ||z —A <e}={\},

we may define the associated spectral projector
1
— / Ra(2)dz = Res (Ra; M),
r

2
where I' is some closed path, encircling A and only A exactly once, and that does not
meet the spectrum (a circle or any closed loop that can be continuously stretched
within P(A) into a circle). It is well known that this operator is well defined and is
a projector whose range satisfies the following inclusion

N(A — )\) C R<HA,/\) .
We call the left-hand side the geometric eigenspace and the right-hand side the
algebraic eigenspace, and their dimensions are called respectively the geometric and
algebraic multiplicities.
When the algebraic multiplicity is finite, i.e. dimR (IIx ) < oo, N(A — X) # {0}
and the spectral value A is called a discrete eigenvalue, which we write A\ € X4(A).

HA)\ =

We will also denote by O (Rd) the set of d x d real orthogonal matrices, and denote
the action of O € O(R?) on any function f defined on R? by

(Of)(v) := f(Ov).
In particular, if ® is the multiplication operator by a function ¢ = ¢(v), then OPO~!
is the multiplication operator by O¢.
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1.5.3. Semigroup theory. For any a € R, we write A, := {Rez > a}, and for
any C’-semigroup generator A, we write its semigroup Sy (#).

2. GENERAL PROPERTIES OF THE LINEARIZED OPERATOR

The linearized operator £ has been extensively studied in the space L?(M~1/2)
by Hilbert [11] and Grad [9], let us recall its main properties.

Theorem 3. Denote E = L*(M~'?) and L = L5. The operator L is closed in E,
self-adjoint, dissipative and densely defined. It splits as

(2.1) L=-v+K,

where K is compact on E and v is a continuous function of v € R? defined by
v(v) = / M.|v — v,|dv.do
RE, xsd-1

and satisfying for some vy, v; > 0

(2.2) vo(v) < v(v) < vy (v).

There exists a spectral gap for some ag € (0, 1),
S(L)NA_,, = {0},

where A_,, = {Rez > —ap}. The eigenvalue 0 is semi-simple and the null space
of L, denoted N, is spanned by the following basis, orthogonal in E:

po(v) = M(v),
v;j(v)=v;M((v), j=1,...,d,

Pat1(v) = (|U|2 - d) M(v).
Finally, for any O € O (Rd), OL=1LO.

Remark 2.1. The existence of this spectral gap has originally been proved using
Weyl’s theorem. However, C. Baranger and C. Mouhot provided in [1, Theorem 1.1]
an explicit estimate for ag:

T

48v/2¢

Using this decomposition, R. Ellis and M. Pinsky [5] proved in the space L? (M ~/?)
the theorems stated in Section 1.2. However, this decomposition does not have the
same nice properties in the larger spaces of the form L2 ((v>k) M. Gualdani, S. Mis-
chler and C. Mouhot [10] introduced a new decomposition with similar properties
which hold in both spaces and is presented in Lemma 2.2.

ag >
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2.1. Closedness and decomposition of L.. In this section, we present a decom-
position of the linearized operator L£¢ = A + Be, where in both spaces L? (M ~1/?)
and L? ((v)¥), A boundedly maps its domain to L? (M ~'/?), B¢ + a is m-dissipative
for some a > 0, and the multiplication operator by v is L¢-bounded.

The following lemma combines several results from [10] that were used to prove the
existence of a spectral gap for £L —v-V, in a large class of Sobolev spaces W PW 74,
We focus instead on L, in L? spaces, and also show the relative boundedness of the
multiplication operator by v.

Lemma 2.2. There exists some k., > 5/2 such that for any k > k., the perturbed
linearized Boltzmann operator splits as

£§IB§+A:B—iU'§+A,

where, denoting & = L* (M~/?) or L? ((v)*), the operator Aje is bounded from &€
to L* (M~1/?%), (Be) e and thus (L¢) o are closed in € with the common dense do-
main {f € £ | vf e &}
Furthermore, there exist C > 0 and a; € (0,vy) such that for any & € R?
Be + a; is m-dissipative,

loflle < C(Leflle + IIflle), f € D(Le).
Finally, for any O € O (Rd),
(2.3) OL: = LoeO.

Proof. In [10, section 4.3.3], the authors introduce a new splitting of the linearized
operator £, which allows to deal with polynomial weights:

L=As+Bs=As+ (—v+B;), 6€(0,1).

Here, As is an integral operator with smooth compactly supported kernel, and By
satisfies by [10, Lemma 4.12, (4.40)] the estimate

(24) HBfoHL2((U>qV—1/2) < bs(q —1/2) ||f||L2(<v>ql,1/2) , 4 >5/2,
4
bs(q) 5—j0> b(q) := ESTED)
HB¢5 #(12(M-1/2)) 550 0.

We consider in this proof k. such that b(k. — 1/2) = 1 and fix some k > k, so
that b(k — 1/2) < 1. We also consider 6 > 0 to be small enough so that

a; ‘= 1y — ||B(SH95’(L2(M*1/2)) > O, if £ = L2 (Mil/z) s
a; =1y (1 —bs(k—1/2)) >0, if £ =L* ((v)").

Step 1: Boundedness and closedness at & = 0. As As is an integral operator with

a bounded and compactly supported kernel, it is clear that for any of the two
spaces € = L* (M~%/2) | L* ((v)¥), this operator is bounded from & to L? (M~1/?).
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When & = L? (M~'/%), By is the sum of a closed and a bounded operator, so it is
closed and densely defined.

When € = L?* ((v)¥), note ! that vy > 1, which combined with (2.4) implies that B;
is v-bounded, with v-bound equal to bs(k) < 1. Hence By is closed on L? ((v)*) by
[12, Theorem IV-1.1].

In both cases, Bs and thus £ are closed and defined on the dense domain

D(Bs) =D(L)={f €& |vfeE}

Step 2: Dissipativity estimates. By the definition of a;, Bs + a; is dissipative
on L? (Mfl/Q).

In the polynomial space, we have from (2.4) that
_ 12 o112
‘<Bc3f7 f>L2(<v>k) < b5<k o 1/2) HV / fHLQ(@)’“) ’
Thus, by the definition of a;, we have
(BsF. Py < (L= b I 1y < 2l e

which yields the dissipativity of Bs + a; on L? ((v}k)

Step 3: Relative bound and closedness of L¢ and Be. First, let us show that v+iv-§
is L¢-bounded uniformly in £ € R%:
(v +iv-€)flle < I1Beflle + || Bsf||,
<|Beflle + Bllvfle
< |Beflle + Bll(v +iv-&)flle
where 8 = bs(k) for £ = L* ((v)*), and 8 = HE;H%,(LQ(MA/Q)) for & = L? (M~1/?).

In both cases, we assume ¢ to be small enough so that 5 € (0,1), which allows to
write

(v +av-&)flle <1 —B8)"Befle.

We can now show the perturbation v is L¢-bounded:

lvflle < w5t l(v +iv- &) fle

1
< m“&f”s

1
< W =5 Leflle + N Asflle) -

We thus have a control ||vf|le < C(||Leflle + || flle), where C' = C(&, ). Thanks to
this uniform bound, we know (again, by [12, IV-1.1]) that for any & € R¢ and ¢ € R?
satisfying | —&o| < 1/C, L¢ is closed if L¢, is. Since L is closed, we deduce that L¢
is closed for all ¢ € R?. By the same reasoning and the second line of the previous
sequence of estimates, we can show that B is closed for all £ € R

Isee for instance Remark 4.1 of [10]
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Finally, Be + a; is m-dissipative because B is boundedly invertible:
Be = (—1—1—6_5(1/—1—2"0-5)_1) (v+iv-§),

where [[Bs (v + v - €)™ llae) < Bll5%

v+iv-€

= < 1. Lemma 2.2 is proved. O
B(E)

Notations 2.3. In the rest of this paper, we fir some k > k, and denote the func-
tional spaces
E(k) = L* ((v)¥), E:=L* (M%), £ = E or E(k).
When considering L¢ on one of these spaces, we denote its resolvents
R(AE) = (A= Le) ",
R == A=L)""=R(X,0).

We also fix some a € (0,min{ag,a;}), where ag is that of Theorem &8 and a; of
Lemma 2.2.

2.2. Spectral gap properties of L. In this section, we show the existence of
spectral gaps uniform in £ € RY. More precisely, for small £, A_, := {Rez > —a}
contains a finite amount of eigenvalues converging to zero, and lying in the interior
of a fixed closed path T". For large £, the half plane A_, = {Rez > —b} contains
no spectral value, for some constant b > 0.

After establishing some basic results on the resolvent R(A, &) (Proposition 2.4),
we prove a spectral gap property (Proposition 2.5) using the decomposition from
Theorem 3 for the case £ = E and an enlargement result from [10] to extend it to
the case & = E(k). The eigenvalues on the right-hand side of this gap are shown to
be separated from the rest of the spectrum by a closed path I' (Lemma 2.8). We
conclude by proving the spectral gap property for large £.

Proposition 2.4. Let £ be one of the spaces E or E(k). For any Ay € P(Ly,), we
have that vR(Xo, &) € B(E) and the following expansion around (Ao, &) holds:

o0

25) R =RO0&) D [ = VR, &) + v (€ — R0, &)

n=0

whenever [§ — &l [vR (Ao, &)l ) + IA = Aol [[R(Ao, &0)ll ey < 1. In particular, the
resolvent is continuous on the following set, which is open:

{NE eC xR | NeP(Ly)}.
Proof. Recall that for some C' > 0, we have
[oflle < CULeflle +1flle), f € D(Le).
We deduce that for any (Mg, &) € C x R such that A\ € P(Lg,)

[0R(Ao, &) flle < C ([[ L&, R(Ao, &0) flle + IR Ao, o) flle) -

Rewriting L¢, R(Ao, &) = —1+AR (Ao, £0), we have for some constant C' = C’(Ag, &)
that

(2.6) [0R (Ao, &) flle < CIIf e
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This means that vR(\g, &) € AB(E). Now, rewrite the resolvent as
RN & == L)
= (Mo = Lg = o= ) —iv- (& =)
=R (A0, &0) (1 = (Ao = M) R(Xo, &) — i(&0 — &) - vR( Mo, fo))_l

whenever (A, &) is close enough to (Ao, &). In such a case, we have the Neumann
expansion (2.5). O

Proposition 2.5. Denote L¢ = (Eg)lE and L¢ = ('Cé)ua(k)' For any & € R4, the
following set consists of a finite amount of discrete eigenvalues:
D = Z(Lg) N A_a = E(LE) N A_a,
and for any such eigenvalue A € D, we have
(HL&)‘)|E = e

R (HL&)\) =R (HL@/\) J

N(Lg — A) = N(Lg — A).
Finally, the following factorization formula holds on A_, — D:
(27) ’R,L§ = Rgg + RLgARgg.

Remark 2.6. The previous proposition means that P(Le) N A4, Ty, R (HL&A)
and N(L¢ —X) can be considered without ambiguity on the space we are working with
(the spectral projectors can be restricted to E or extended to E(k) by density).

Proof of Proposition 2.5. This is a direct application of [10, Theorem 2.1] whose
assumptions are met by Lemma 2.2, except for the fact that 3(L¢) N A_, is made
up of a finite amount of discrete eigenvalues, which is proven below.

For any A € A_,, such that ||K7'\’,,(l,+w5)()\) < 1, with K from Theorem 3,

the following factorization holds:

(2.8) Rie(N) = Rorive)(N) (1 = KR (1) (V)

The following lemma from S. Ukai and T. Yang [14, Proposition 2.2.6] allows to get
such estimates for KR_(,4iv.¢)-

A(E)

-1

Lemma 2.7. For any 6 > 0, we have

(2.9) sup ||KR_(,,+Z-U.5)(0 +1i7)

o>—vg+0

0.

€] +[7[—o0

B(E)

Therefore, by estimate (2.9), for any £ € R? there exists T¢ > 0 such that we
have A_, N {|Sm 2| > Tz} C P(L¢). Furthermore, as L is a non-positive self-adjoint
operator according to Theorem 3, and v - £ is skew-symmetric, ¥ (L¢) C (—o0, 0],
and thus

Y(Le)NA_, C [—a, 0] +i[-T, Tg).
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However, as L¢ is the sum of a compact operator and the multiplication opera-
tor by v + iv - £, whose range does not meet A_,, [12, Theorem IV-5.35] tells us
that X(Le¢) NA_; C Xa(Le).

In conclusion, (L) NA_, is a compact discrete set, thus finite, which yields the
conclusion. ]

Lemma 2.8. There exists ro > 0 and a closed simple curve I' such that for || < 1o,
the part X(Le) N A_, is made up of a finite amount of eigenvalues, and these are
enclosed by I' which does not meet 3(L¢).

Proof. According to Proposition 2.5, we can work with £ = E as X(L¢) N A_, does
not depend on the choice of space £. Recall from Proposition 2.4 that if A € P(L£),
for any & € R? such that |£[||[oR(N)| ze) < 1, we have X € P(L;).

Step 1: A control for vR(A). When €& = E, the resolvent can also be factored
on A_, — {0} as

(2.10) R=R_,+R_,KR.
Noting that for any z € A_,, we have the uniform bound
0] 1
R_l, 17 — 3
e = T S a

and that X(£) N A_, = {0}, where 0 is a semi-simple eigenvalue, and thus a simple
pole of the resolvent R, the following control holds for some A, B > 0:

B
[vRA)|| ) < A+ DYk re A _,—{0}.

Step 2: Isolation of the eigenvalues. By the observation made at the beginning
of the proof, if A € A_, — {0} and & are such that |{]| (A + B/|\|) < 1, we then
have A € P(L¢). In other words, if A € X(L¢), then |\ < B|¢[(1—Al¢]|)!, therefore,
for some M > 0 and small enough r > 0,

X(Le) N A C Al < M}, [€] <

Choosing some ry > 0 small enough, we can consider a closed path I' circling the
eigenvalues in ¥(L¢) N A_, for [£] < 7 while staying in A_, (see Figure 1). O

Lemma 2.9. For any r. > 0, there exists b, € (0,19) such that
E(ﬁf) N A,b* = (Z), |€’ > Ty
Proof. Once again, we can consider the case &€ = E. By (2.9), for some large

enough R, > 0, we have that X(L¢) N A_, = 0 whenever (| > R,. Consider
now 7, > 0 and the sets

X ={(\€ eCxR [ AeX(L), NeD,, r < ¢ <R},
Yi={z : Rez>0} x{& : r. <[¢| < R.}.

If we can show that X is compact and does not meet Y, then we shall have the
conclusion with b, := dist (X,Y) > 0.
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Zone with a finite amount Zone containing the essential spectrum
of discrete eigenvalues and some discrete eigenvalues

FIGURE 1. For [£| < 1, the eigenvalues in A_, are confined within a
disk of radius M || and centered at 0. If Mry < a, we can choose a
path enclosing the eigenvalues.

Step 1: Compactness of X. This set is closed by Proposition 2.4.

Arguing as in the proof of Lemma 2.5 (but bounding ¢ by R, instead of fixing it
when using (2.9)), we have for some T' > 0 that A_, N {|Smz| > T} is included
in P(L¢) for any || < R.. Thus X is compact because it is closed and contained
in [—a,0] +i[-T,T] x {r. <|{] < R.}.

Step 2: X does not meet Y. We know that X is made up of pairs (A, &) such
that A € X4 (L¢) by Proposition 2.5, let us now show that for any (), &) € X, we
have e A < 0. As L is dissipative, it is enough to show that it has no eigenvalue
in iR for £ # 0. Let us argue by contradiction and consider an eigenvalue i7 € iR
and an associated (non-zero) eigenfunction decomposed f = fy + f1 € N @ N+t

Suppose f1 # 0. As Re (Lef, f) < —ag||f1]|% < 0 by the coercivity of £ on N+,
and Re (L¢f, f) = Re (it]|f||%) = 0 because f is an eigenfunction, we get a contra-
diction, therefore f € A/. But this would mean that L¢f = —iv - £f = i7f, which is
impossible as f # 0 and & # 0. U

3. THE EIGEN PROBLEM FOR SMALL &

We show in this section that for small £, the eigenvalue 0 of the unperturbed oper-
ator L splits into several semi-simple eigenvalues A_1(£), ..., A2(&) of the perturbed
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operator L. We also show that these eigenvalues, corresponding spectral projectors
and eigenfunctions have Taylor expansions in || near || = 0.

We rely mostly on perturbation theory and draw inspiration from Kato’s reduction
process [12, Section II-2.3]: considering P(§) = > Tl x, where the sum is taken
over all eigenvalues A in X(L¢) N A_,, and U(§) an isomorphism of £ mapping N
onto R(P(&)), we have

Z(LE) NA_a=X% ((‘CE)\R(P({))) =X (U(f)_1£§U(§)W) .

The eigenproblem is thus reduced to the one involving the operator U(£) ™t Le U(E)
on the finite dimensional space N .

In the following, we present Taylor expansions of P(§) (Lemma 3.1) and U(§)
(Lemma 3.2). We then define the auxiliary operator

Z@rzéuwa&u@we%m&

show we can assume £ = (r,0,...,0), and give a Taylor approximation (Lemmas 3.3
and 3.4) so that we may use Kato’s theory to solve our eigenproblem.

Lemma 3.1. There exists ro > 0 such that, for || < 1o, the projector

(3.1) P(&) = g,

AeD

where D = X(L¢) N A_a, expands in B(E):
P(§) = PO0) + [EIPY (€) + PAE), &:=¢/l¢l,
PO (5) — iP(0)v - €S +iSv - EP(0) € B(E),

P(0) = e, [[PPO)]| ) = oll€]),

where S is the reduced resolvent of L at A = 0 (see (A.2) for the definition). Further-
more, P(§) g and R (P(&)) do not depend on the choice of space € = E or £ = E(k).

Proof. Consider 19 > 0 and I' from Lemma 2.8. As I' does not meet ¥(L¢) and
encloses the eigenvalues in ¥(L¢) N A_,, the projector (3.1) writes for any || < rg

P(e) = i /F RN €)d.

By the estimate (2.6), super [[VR(A)| 5 < oo, thus (2.5) converges absolutely
for || < 7o small enough:

RO = RO Y I (—iv-ER(Y))"

By integrating this series along A € T, we get the expansion of P(§). The expression
of the coefficients comes from the residue Theorem and the fact that A = 0 is a
semi-simple eigenvalue of R(\), combined with the expansion (A.1). The last point
of the lemma comes from Proposition 2.5. O
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Lemma 3.2. There exists 1o > 0 and a family of invertible maps U(E) € B(E) for
any |&| < 1o such that U(§) maps N =R (P(0)) onto R (P(E)), and U(&) g does not
depend on the choice € = E or & = E(k). Furthermore, they follow the expansion

(3.2 U(E) = 1d + g () +u(e),

with || U@ (€) @) = o(|¢]) and U™ <§> — iP(0)v-£S—iSv-EP(0) € B(E), where S
is the reduced resolvent of L at A =0 (see (A.2) for the definition).

Proof. Kato’s process [12, Section I-4.6] shows that whenever two bounded projec-
tors P and @ are such that ||[P — Q||z) < 1, we can define an invertible map U
satisfying the relation UPU ™! = Q by

U=UQ1-R)"?=(1-R™U

where we have noted

R=(P- Q)
R S G [

U'=QP+(1-Q)(1-P).

By assuming 7o > 0 to be small enough so that ||[P(§) — P(0)|lze) < 1 when-
ever |£| < 1o, we define this way U(§) = U with P = P(0) and @Q = P(&). The
existence of the expansion comes from the expansion of P(§), and the coefficients
can be computed from the latter, using the fact that P(0)S = SP(0) = 0.

The fact that U()z does not depend on the choice of £ comes from the last point
of Lemma 3.1. |

Lemma 3.3. The reduced operator defined by
~ 1
L(§) = @U(f)_lﬁéu(@w € B(WV)

does not depend on the initial choice of space € = E,E(k), and has a first order
Taylor expansion

(33) L(§) = —iP(0)& - v+ [¢[P(0)E - vSE - v+ o[€]).
Furthermore, for any |§| < ro, its spectrum is related to the one of L¢ by
(3.4) (L) N AW =3 (1E2©).

Proof. By Lemmas 3.1 and 3.2, the operator E(f) is well defined for £ # 0, maps N/
onto itself, and does not depend on the choice of space £. As U(£) has a first order
Taylor expansion around £ = 0 in [£], we just need to check that the same is true

for l,i_—lﬁgp(f).
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By estimate (2.6), sup,cr [|[vR(2) ]|z < 00, thus the series

LP(E) = 2;/ §)dz = Z ‘252’; /FZR(Z) (—iv : gR(z))ndz,

converges absolutely in #(€) for |£| < ry small enough. Using the residue Theorem,
the first terms are

— for [£]° : 0, because 0 is a semi-simple eigenvalue of £, and thus a simple
pole of R(z2),

— for |¢]1 : —iP(0)v - EP(0),
2 - 2
~for €] ; <P(O)v-§) S+S<U-§P(O)) .
We get (3.3) by combining this expansion with (3.2).
Finally, as I' circles the eigenvalues in X(L¢) N A_, and P(§) is the spectral

projector associated with them, we have ¥ ((Eg) R(P(g))) = 3(Le) N A_, according

|
o [12, Theorem I11-6.17], and (3.4) holds as U(&) is an isomorphism mapping N
onto R (P(£)). O

Before we prove Theorem 1, we need the following lemma that allows to assume &
to be of the form (r,0,...,0) where r € [0, r], and to deal with the fact that we do
not know whether or not the eigenvalues Ay and A, of this theorem are distinct.

Lemma 3.4. For 0 < |¢] < rg and any O € O(R?) such that OE = (1,0,...,0),
(3.5) OL(¢) = L(lg]. 0. 0)0.

Furthermore, there exist /\2( ) € C and a 3 x 3 matriz A(r) such that the opera-
tor E( )= E(T 0,...,0) writes in the basis {pa, ..., Lda, Yo, Y1, Pdi1}

. o= (s )

Proof. Recall that whenever O € O (]Rd) is such that Og = (1,0,...,0), we have

the relation OL; = L¢|0,..00. As R(2,€), P(§), U(&) and L(€) are constructed
from L, (3.5) holds.

Step 1: Block decomposition. Let j € {2,...,d} and k # j. Consider the orthogonal
symmetry O : v; <+ —v;. Noting that Oﬁ(r) L(r)O and Og; = —p;, we have

(035, = (050, 00),
G

L(r)Op;, ngk>

<£ 90y790k> .
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Therefore, <E(r)<pj,<pk>g = 0, and similarly <Z(7")<pk,<pj>g = 0. We conclude

that £(r) has the matrix representation

B(r)  Ow-1)xs3
Osx@-1) A(r) )’

where B(r) is some diagonal (d — 1) x (d — 1) matrix.
Step 2: The diagonal block. Consider the orthogonal symmetry O : v; < v
where j € {2,...,d — 1}. Noting that OL(r) = L(r)O, we have
(L)gses), = (0L, 0w;)
= <£(T)ngj,0g0j>g
= <Z(7’)80j+1; <Pj+1>g :
We then conclude to (3.6) by induction on j. O

Proof of Theorem 1. The first steps of the proof rely on the following formulas which
come from (3.3) and (3.6)

~ XQ r IdQ 03
£(r) = < (0)2 A(T))
= —iP(0)v1 + rP(0)viSvr + o(r).

Step 1: The multiple eigenvalue. The operator £(r) has an obvious (d—1)-dimensional

eigenvalue Ay(r). The corresponding eigenvectors are s, ..., pq, and as they are
normalized for the inner product of E, we have

X2(7") = —i(v1pa, Pa) B + T(SV1pa, V1Y) E + 0(T)
= r{Svi1p2, v1p2) g + o(7),

because v;p2M 1 (v) is odd in v;. The first order derivative (Svips, vi¢ps) g is nega-
tive because vy, ¢ N and (Sf, f)g < —al| f||g for any f € Nt

Step 2: The simple eigenvalues. We are now going to investigate the eigenval-
ues of £(r) on the subspace X := {pq, 1,911}, that is to say, we are going to
study A(r). We have that

A(r) = —iP(0)vy + rP(0)v1Svy + o(r) on X.

The matrix representation of A(0) is

0 1 0
AO)=—i|1 0 2/d
0 2/d 1
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One can show that A(0) is diagonalizable with the following eigenvalues and corre-
sponding eigenvectors

iv/1+2/d Yoy = (1 + oy + %l (o] — d)> M,
0 o = (1—§(|v|2—d)) M,
—iy/1+2/d w1:<1—v1+$(\v\2—d)) M.

By [12, Theorem I1I-5.4], A(r) is diagonalizable with three distinct simple eigenval-
ues A\j(r) =ij\/1+2/d+ Bjr + o(r) for r small enough, where

B; = (Svivj, v19)5) , <0,
because vi11; ¢ N.

Denoting \;(|¢]) = ]5\%(!5\), we have (1.4), and (1.2) using the relation (3.4).
The spectral gap property (1.3) is just Lemma 2.9. Point (1) is proved.

Step 3: The spectral decomposition. We have the decomposition

Z 75]’(7’) = Id, ﬁ](r)ﬁk(r) = j,kﬁj(r),

L) = > N0Ps(0),

where ﬁj(r) is the one-dimensional spectral projector of A(r) associated with Xj(r)

and extended by 0 on Span (¢, .. ., ¢4), and 752(7") is the projection on Span (s, . .., ¢q)
parallel to X.

By (3.5), we go back to the general case of  not necessarily of the form (r,0,...,0),
using O € O(R?) such that O¢ = (1,0,...,0):

LP(€) = EUE)OL(IE)OUE)™

= > AEDPi(©),

j=-1

where we have defined P;(§) = U(f)Oﬁj(|§|)O*1L{(§)*1. By Lemma 3.2, U (&) has
a first order expansion in Z(FE) and U(£)™! has one in B(E(k)), therefore this

projector has the expansion (1.5) in Z(E(k), E), and 77](0) (E) = Oﬁ;O)Ofl. We

have thus proved (1.9)-(1.10), and (1.11) comes from the definition of P(£) in the
case £ = 0.

Step 5: Range of the projectors for |£| = 0. For j = 0, £1, 77](0) <§> is a projection

onto the subspace spanned by 65-0) <§>, where



20 PIERRE GERVAIS

0) (E) — O 4y = (1 — % (= d)) M,
éﬂ(?)::0%m1=:(i£ vt = (o~ d ))AL

and 772(0) (E) is a projection on the subspace

(0 (9) = e 0]

0) <§> — O~ @j:Cj(f)'UM7 Jj=2,...,d,

where (E, Cy <§> N OF (é)) is an arbitrary orthonormal basis of R?. Point (2)

is proved.
d
J

Step 6: Expression of the projectors. Consider {e] (§)};_, the family obtained by

the Gram-Schmidt orthogonalization of { (f } for the inner product

of E(k), and denote ¢;(§) = P; (0) (5) for j = 0,+1. Note that by (1.5),
the function P;({)e <§> follows itself an expansion of the form (1.15) with the
same ej <g), and since this family is orthogonal for || = 0:

V2<j<k<d, <e§~0) (5)&;&0) <§N>>E(k (07 s, 0 pr)ea)

= (pj, Pr)E®) =0,

and the orthogonalization process is smooth, the e; () satisfy (1.15).

Define the functions f;(§) := P;(£)*e;(£) where the adjoint is considered for the
inner product of E(k). They have the expansion (1.16) by (1.5). They satisfy the
biorthogonality relation (1.14) by (1.10) when j or k = 0,41, and by the orthogo-
nalization when j, k € {2,...,d}.

Point (3) is proved. O

Remark 3.5. The coefficients C} <E> in Theorem 1 can therefore be assumed to be

measurable, but not continuous as it is a non-vanishing tangent vector field on the
sphere S, by the hairy ball theorem.

4. EXPONENTIAL DECAY OF THE SEMIGROUP

Proof of Theorem 2. The proof will use the following factorization in Z(€) that
comes from the combination of (2.7) and (2.8):

-1
(41)  Rel(2) = Ree(2) + Rering (2) (1 = KR_rnvg)s) ARg(2)
which holds whenever ||[KR_ (1) (2)|aE) < 1.
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Step 1: Global estimates. Note that as L¢ — w is dissipative for w = —a + ||A|| )
according to Lemma 2.2 and the fact that iv - £ is skew-symmetric, we have

V€ € RY, [|Sc (t)llae) < .

Furthermore, (2.9) means that for some 7" > 0, || KR_(y1iv-e)(2)|| s < 1/2 holds
if |Sm z| > T and Re z > —a. The factorization (4.1) combined with the dissipativ-
ity of B¢+a; from Lemma 2.2 yields the following bound for z € A_,N{|Sm 2| > T’}
and ¢ € R%:

”Rﬁs(z)”gg(s) < || Rs(2)

ae) T2 HR—(VHU'&)(Z)”@@) “ARBE(Z)||%(5,E)

2||All (e, k)
(vo —a)(a; — a)
for some M > 0. The dissipativity of L — w tells us that, taking 7" large enough,
we may assume

(4.2) VEERY 2 €U, [|Ree(2)| ey < M,
where U := A_,N{|z+a|] > T}.

Step 2: Small €. Recall from Lemma 2.8 and Theorem 1 that rq was chosen small
enough so that for some § > 0,

N(Le) NAagas = X(Le) NA_a = {A(lE]), -, Ae(I€D)}
whenever |{| < ro. In particular, —a + d + iR C P (L¢) for any [¢]| < 7o, and by the
continuity of R, (2) in (z,&) combined with (4.2), we have for some Kéf) >0

<(a;—a) '+ < M,

VIE] <o, sup || Rellze) < K.
—a+0+iR

Denote the following invariant subspaces and restriction by

N(€) =R (P(€). N(©)" == R(1~P(&)), L& := (L) eys

By [12, Theorem III-6.17], X(Lg) N A_, = @, and the semigroup and the resolvent
associated with L¢ split along the direct sum & = N'(£) & N (€)' as

2
Sﬁg (t)f _ Z 6Aj(|§\)tfpj(§)f + SrL€l (ﬂfl,

Redt) = 3 3y )+ Rer 7

where f+ = f — P(£)f. Using the fact that Rﬁé is holomorphic on A_, and the
maximum modulus principle, we deduce from the relation between R., and Rﬁg,
and the previous estimates, the bound

Vz € A ats, ’Rﬁg(z)

| < max {M, KO+ 4/5} — KO,
BN (L)

which is uniform in [£] < 7.
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We have shown that for any fixed || < rg, the operator Eé satisfies the assump-
tions of Theorem 5 with X = N(§)Y,a =w,C, =1, = —a+ 0, Kz = K. We
thus have the bound

V¢l < o, HS[% (1) < C(—)e(—a-&-é)t’

BN (©)T)

for some C() > 0. For |¢| < 7y, we define V(¢,€) to be Sﬁé (t) extended by 0
on NV (§) (note that it does not change its growth estimate).

Step 3: Large £. By Lemma 2.9, for some b € (0,a), we have
V|€| Z To, 2(,65) N A_b = @
By (2.9), we may assume that for some large enough R > rq,

V|¢| > R, sup HRE5 <M
A_p

B(E)

also holds. Again, the continuity of R, implies the existence of a bound Kéﬂ >0
on —b + iR uniform in || > 7, and by a similar argument as in Step 2, we prove

VIE| > o, || Ree(2) <KW

B(E)

for some K > 0. We invoke once again Theorem 5 with X = £, a = w,C, =
1,8=—b, Kz = K to obtain

V€] > ro, [|Sc, (1)

for some C") > 0. For |¢| > 7o, we define V(t,) to be S, (t). We finally get the
conclusion with v = min {—a + §,b} and C' = max{C(), CH)}. O

(+) ,—bt
ae S0 e

APPENDIX A.

A.1. Spectral theory. Consider a Banach space X and A € €(X). If A € 34(A),
then A is a finite order pole of the resolvent, which can be expanded as

= Dk 1 = n gn+1
(A1) Ra(A+h) = ; o A - ;h St

The operator D € Z(X) is called the eigennilpotent and satisfies
D™ =0,
DIy \ =z D = D,
AIlp y = IIa zA = AT ) + D.

The operator S € Z(X) is called the reduced resolvent and satisfies
07 f € R(HA >\)’
A2 Sf= _ !
A2 I {—(/\—A)lf7 feR(—1Ta),
SACAS =1—1Ix ).
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The eigenvalue A is said to be semi-simple when both eigenspaces are equal, or equiv-
alently when the eigennilpotent is zero (which is the same as saying the eigenvalue
is a pole of order 1).

When two closed simple paths I'y and I'; with values in the resolvent set of A are
such that I'y lies in the exterior of I'y, we have

Ra(z)dz [ Ra(z)dz = 0.
Fl FQ

For a detailed presentation of these results, see [12, Section III-6.5].

A.2. Semigroup theory. The famous Hille-Yosida Theorem ((1) < (2) below,
see for example [13, Chapter 1, Theorem 3.1]) and Lummer-Phillips Theorem ((1)
< (3) below, [13, Chapter 1, Theorem 4.3]) give necessary and sufficient conditions
for a closed and densely defined operator to be a C%-semigroup generator.

Theorem 4 (Hille-Yosida-Lummer-Phillips). Let A be a closed and densely defined
operator on a Banach space X, the following conditions are equivalent for any C' > 0
and w € R:

(1) A generates a C°-semigroup satisfying ||Sa(t)|lzx) < Ce*,
(2) Z(A) NAL =0 and [Ra(2)ll2x) < m
B) Cll(A=2) fllx = (z —w)||fllx for f € D(A), z > w, and P(A) N A, # 0.

for z € A,

Note that when X is a Hilbert space, an m-dissipative operator, that is to say an
operator A such that

Re (Af, f)x <0, P(A)NAg #0,

satisfies the equivalent conditions of Theorem 4 with C'=1 and w = 0.

Furthermore, still in a Hilbert setting, the growth estimate is directly linked to
the size of the half-plane on which the resolvent is bounded: we give here a version
of [6, V-Theorem 1.11] in which we specify the dependency of the constant in the
growth estimate.

Theorem 5 (Gearhart-Prss-Greine). Consider A a C°-semigroup generator on a
Hilbert space X, satisfying ||Sa(t)||zx) < Cae®, and whose resolvent is defined and
uniformly bounded on Ag by Kg. The semigroup satisfies ||Sa(t)||zx) < Cge’ for
some constructive constant Cz > 0 depending on Kg,Cy, v and (5.
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