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Abstract

We consider in this work the problem of minimizing the von Neumann entropy
under the constraints that the density of particles, the current, and the kinetic
energy of the system is fixed at each point of space. The unique minimizer is a
self-adjoint positive trace class operator, and our objective is to characterize its
form. We will show that this minimizer is solution to a self-consistent nonlinear
eigenvalue problem. One of the main difficulties in the proof is to parametrize the
feasible set in order to derive the Euler-Lagrange equation, and we will proceed by
constructing an appropriate form of perturbations of the minimizer. The question
of deriving quantum statistical equilibria is at the heart of the quantum hydrody-
namical models introduced by Degond and Ringhofer in [5]. An original feature of
the problem is the local nature of constraints, i.e. they depend on position, while
more classical models consider the total number of particles, the total current and
the total energy in the system to be fixed.

1 Introduction

This work is concerned with the study of minimizers of quantum entropies, which are
solutions to problems of the form

mfiln Tr(s(g)), (1)
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where ¢ is a density operator (i.e. a self-adjoint trace class positive operator), s an
entropy function, typically the Boltzmann entropy s(x) = zlog(x) — x for x > 0, and
Tr(-) denotes operator trace. The feasible set A includes linear constraints on p involving
particles density, current, and energy.

This problem is motivated by a series of papers by Degond and Ringhofer on the
derivation of quantum hydrodynamical models from first principles, see [4, 3, 2, 1]. It
is also a problem arising in the work of Nachtergaele and Yau in their derivation of the
Euler equation from quantum dynamics [17]. In [5], Degond and Ringhofer main idea is
to transpose to the quantum setting the entropy closure strategy that Levermore used
for kinetic equations [12]. The kinetic formulation starts with the transport equation
(all physical constants are set to one),

Of +{H, fy=Q(f),  f=f(t.x,p), (z,p) R xR, (2)

where f > 0 is the particle distribution function, H is a classical Hamiltonian, e.g.
H(z,p) = |p|>/2 + V(z) for some potential V, {H, f} = V,H -V,f —V,.H-V,f is the
Poisson bracket, and @ a collision operator. Fluid models are obtained by considering
the quantities

ng(t,z) = Rdf(t,x,p)dp, uf(t,m)an(t,flf)_l/def(t,w,p)dp

1
bytr) = 5 [ Rra)d

which are respectively the average particle density, velocity, and kinetic energy. It is not
possible to derive a closed system on ny, us, and ky from (2), and Levermore’s method
consists in replacing f in the non-closed terms by a statistical equilibrium fe,. The
form of the latter depends on (), and is in some situations the minimizer of the classical
Boltzmann entropy

Se(g) = /de s(g(x,p))dxdp, wunder the constraints n, =ng, u, =us, k,=ky.

The solution to the minimization problem is the standard Maxwellian

nf(t, x) (p—uy(t,2))?

feq(t,z,p) = We* RN (3)

where the temperature 71" is such that
1 , d
kp(t,z) = §nf(t,x)|uf(t,x)\ + inf(t,x)T(t,x).

The equilibrium fo, is an explicit and local function of the constraints, and one may
therefore remove the variable x in the definition of the classical entropy S. and consider
the constraints on ngy, u, and k, to be simple numbers independent of x. The well-
posedness of the classical minimization problem was addressed in [11].
Degond and Ringhofer theory is the quantum version of the above kinetic problem,
and their starting point is the quantum Liouville-BGK equation of the form
1

i@tg = [H, Q] + (Qeq[g] - Q) ) (4)

T
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where H is a given Hamiltonian, [-, -] denotes the commutator between two operators, 7
is a relaxation time, and peq[0] & quantum statistical equilibrium. The latter is solution
to (1) under constraints of density, current, and energy as in the classical case. The
constraints are defined as follows (we give further an equivalent definition better suited
for the mathematical analysis): to any density operator p, we can associate a Wigner
function Wip|(x,p), see e.g. [13], so that the particle density n[g|, the current density
nlolulo], and the energy density wp] of ¢ are given by formulas similar to the classical
picture:

nol(r) = dW[@](w,p)dp, n[@](fﬁ)ﬂ[@](%)Z/deW[Q](lvp)dp

wlel@) = 5 [ IWPWld(epdp

In the statistical physics terminology, fixing the density, current, and energy amounts
to consider equilibria in the microcanonical ensemble. The feasible set A in (1) then
consists in density operators g such that n[g], u[g], and w|[g| are given functions. Note
that the constraints are local in x, and not global as is often found in the literature, see
e.g. [6]. In other words, the number of particles (as well as the current and the energy)
is fixed at each point x of space, rather than prescribing the total number of particles
in the system.

Our main objective in this work is to derive a representation formula such as the
Maxwellian (3) for the minimizers solution to (1). The problem is considerably more
difficult than in the classical case since the solution is now an operator, which depends
nonlocally and implicitly on the constraints. The formal solution g, to (1) reads

Q* — 6-7‘[*’ (5)

for an appropriate self-consistent Hamiltonian H, = #H[p,] which depends on the solution
0+. Our main result is a rigorous formulation of (5). We will show that the eigenval-
ues and eigenfunctions of g, are the solutions to a nonlinear self-consistent eigenvalue
problem. The fact that (1) admits a unique solution under local constraints of density,
current and energy is established in [8] for a bounded one-dimensional spatial domain.
The R? case is still an open problem, and we will therefore only focus here on the char-
acterization of the minimizer in 1D. The justification of (5) in the context of a density
constraint only (i.e. only n[g] is prescribed and not u[g] and w[g]) was done in [14] in a
1D bounded domain, and later extended to R? in [7]. The existence and uniqueness of
a minimizer solution to (1) under constraints of density and current was established in
[15] in R, The fact that the energy constraint is harder to handle than the two others is
related to compactness issues, see [8]. Regarding the quantum Liouville-BGK equation,
it is shown in [16] that (4) admits a solution in 1D when the equilibrium is obtained
under a density constraint. The diffusion model obtained in the limit 7 — 0 is studied
n [18]. See [10, 9] for more references on quantum hydrodynamics.

One of the main difficulties in the characterization of the minimizer is to properly
parametrize the feasible set in order to derive the Euler-Lagrange equation. Indeed,
operators in the feasible set must be (i) self-adjoint, (ii) positive, (iii) trace class, and
have fixed local (iv) density, (v) current, and (vi) energy. Items (i) and (iii) are some-
what direct to enforce, while (v) is easily handled by a change of gauge (at least in 1D).
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Items (ii)-(iv)-(vi) together are the most difficult to satisfy. In particular, additive per-
turbations found in standard differential calculus only provide here inequalities because
of (ii). We will then construct a fine parameterization of the feasible set by choosing
perturbations of the minimizer that are both additive and multiplicative, and by using
the implicit function theorem in Banach spaces to conclude.

The paper is structured as follows: in Section 2, we introduce the setup and state
our main result. Section 3 is devoted to the proof of our main theorem and is divided
into four steps. In Section 4, we give some proofs that were postponed in the previous
section.

Acknowledgement. OP is supported by NSF CAREER, grant DMS-1452349.

2 Main result

Before stating our main result, we need to introduce some notation and the functional
setting.

Notation. Our spatial domain is 2 = [0,1]. We will denote by L" , r € [1, 0], the
usual Lebesgue spaces of complex-valued functions on , and by W*" the standard
Sobolev spaces. We introduce as well H* = W*?2 and (-,-) for the Hermitian product
on L* with the convention (f,g) = [, f*gdz. We will use the notations V = d/dx and
A = d?/da? for brevity. The free Hamiltonian —1A is denoted by Hy, with domain

Hi = {u€ H?: Vu(0) = Vu(l) =0} .

Moreover, £(L?) is the space of bounded operators, J; = J1(L?) is the space of trace
class operators, and J5 the space of Hilbert-Schmidt operators, all on L. Tr(-) denotes
operator trace. In the sequel, we will refer to a density operator as a positive, trace
class, self-adjoint operator on L% For ¢* the adjoint of ¢ and |o| = v/0*0, we introduce

the following space:
¢={oeq: VilolVH € 7},

where v/Hy|o|v/Hy denotes the extension of the operator v/ Hy|o|v/Hy to L?. The domain
of \/Hy is H'. We will often drop the extension sign in the sequel to ease notation, and
keep it when it is relevant. The space £ is a Banach space when endowed with the norm

lelle = Tr(lel) + Tr(v/ Holel/ Ho).
The energy space is the following closed convex subspace of £:
Et={pe&:0>0}.

The eigenvalues of a density operator are counted with multiplicity, and form a non-
increasing sequence, converging to zero if the sequence is infinite. The notation a < b
stands for a < Cb, where C' is a constant independent of a and b.



Setting of the problem. The first three moments of a density operator o are defined
in terms of p and not its Wigner function as follows: for any smooth function ¢ on €2,
and identifying a function with its associated multiplication operator, the (local) density
nlo], current nfojule] and energy w[o] of ¢ are uniquely defined by duality by

/Qn[g]cpdx = Tr(op), /QH[Q}U[QWM = —iTr (Q (soV + %Vso))

/Qw[g]godx _ —%Tr <g (wv + ;IAQD)) |

Denote by {p,, ¢p}pen the spectral elements of a density operator ¢ (the number of
nonzero eigenvalues might be finite or not), and let

ko] = —n[VoV] = p,|V,|*

peN

A short calculation shows that
1 1
= — —=-A }
wlo] = 3 (k[@] 1 n[@])

Hence, since n[g] is prescribed, we can equivalently set a constraint on w[g| or on kg,
and we choose k[g] since it is positive. Note also the classical (formal) relations

nlo = pplenl’,  dlel = nloule] =S (Z pp¢;V¢p> : (6)

Remark 2.1 Let p € E1 with eigenvalues {p,}pen and eigenvectors {¢p}pen. Then

nlo] = pr|¢p|2= ko] = pr|v¢p|27

peEN peN

with convergence in L' and almost everywhere. The density n|g] is bounded since o € ET
implies that V\/n|o] € L* according to the inequality

IVV/nlo]ll72 < llolle,

and a Sobolev embedding gives n[o] € L.

For o € £1, we denote the entropy of ¢ by

S(e) = Tr(s(0)),

where s(z) = xlogx — x is the Boltzmann entropy. The entropy S is referred to as the
von Neumann entropy [20]. We define the set of admissible contraints

M= {(no,uo,ko) € (Ll)3 : no = nlol], up = ufo], ko = ko], for some ¢ € 5+},

that is the set of functions (ng, ug, ko) such that there is at least one density operator in
& with local density, current, and kinetic energy given by (ng, ug, ko). The structure of
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M is unknown as of now, but this is not an issue for us since in our problem of interest,
the constraints are always in M as originating from the solution o to the quantum
Liouville-BGK equation (4). For the constraints ng, uy and ky in M, we then define the
feasible set

A(no, uo, ko) = {0 € £ = nlo] = no, ulo] = uo, ko] = ko} .

Remark 2.2 Constraints in the admissible set M satisfy some compatibility conditions.
Let indeed o € ET. Then,

o) 2 nlellulal” + |V v/alal] (7

To see this, we remark that

—Vn => pR(6;Ve,) and jo =n => 0SS (Ven), (8

peEN pEN

where both series converge in L' and a.e. according to Remark 2.1, and, thus, we deduce
that

%Vn[ | +ijlo prgb Vop.

peN

It follows that, by the Cauchy-Schwarz inequality,

{IValdlP + lal? = [3vald + ild]| = Y- 9o,
< (pr|¢p|2) (pr|v¢p|2) = n[o]k[o],

which yields (7).

The fact that S admits a unique minimizer in A(ng, ug, ko) was proven in [8]. The
result is the following:

Theorem 2.3 Suppose that (ng,ug, ko) € M, where Ang € L* with ng > 0, ug € L?.
Then, the constrained minimization problem

min S
A(no,uo,ko) (Q)

admits a unique solution. If ||ko| 1 = [[Vy/noll32 + [|\/ouo|3, then the solution is

ez’fg”uo(y)dy|\/n—0><\/n—0|e—ifozuo(y)dy

Note that Theorem 2.3 was obtained in [8] for periodic boundary conditions. The
proof immediately generalizes to the Neumann conditions that we chose here since they
somewhat simplify some technicalities. Indeed, Neumann and periodic boundary con-
ditions share the property that the ground state of the associated free Hamiltonian H,
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can be chosen to be strictly positive, which is essential to the proof in [8]. Up to a
change of the domains of Hy and \/Hy, the proof in [8] is idendical.

The main result of this paper is the characterization of the minimizer of Theorem
2.3. Since the spatial domain is one-dimensional, we can actually treat the current
constraint by a simple change a gauge and not consider it in the minimization. Suppose
indeed that we can characterize the minimizer of S, denoted p,, in the set

A(n,k) ={o€ &' : nlo =n, klo =k},

where (n, k) € M, with
My = {(no, ko) € (Ll)3 : no = nlol], ko = klo], for some p € 5+} :

Suppose in addition that u[o,] = 0. Then, we claim that the minimizer in A(ng, ug, ko),
for n = ng and k = ky — noud, is

@‘; _ ei Iy uo(y)dyg* e—i Iy uo(y)dy.
We have indeed, for any o € £7,

j [eifg uo(y)dy ge_ifoz uo(y)dy} = j[g] —+ n[Q]uo

k [e"ff “O‘y)dy@e’ifoz“"(y)dy} = klo] + n[o]ug + 2n[o]ulo]uo, (9)

and therefore, since ufo,] = 0, it follows that j[o.] = noue and k[p,] = ko. This shows
that o, satisfies the constraints (ng, ug, ko). It is the minimizer since on the one hand,

in S(o) = min S(p) = S(0.),
Juin 5(e) = min S(e) = Se.)
since A(n, 0, k) C A(n, k) and u[p,] = 0, and on the other, denoting for the moment by
o, the minimizer in A(ng, ug, ko),

S(@;) > S(U*> = S(eiifgC uo(y)dyo_*ei Iy UO(y)dy) > A{ni()nk) S(Q) = S(Q*) = S(@;)

Above, we used that unitary equivalent operators have the same eigenvalues and there-
fore the same entropy, and that e~*Jo ©w®d g eiJo w®Wdy ¢ A(n, 0, k). Hence,

S(o.) = 5(04),

and since the minimizer is unique, we conclude that g, = o,. Note that (ng, ug, ko) € M
implies that (n, k) € M. Indeed, if (ng, ug, ko) are the moments of gy € £, then (n, k)
are the density and energy of e~iJo w0 @y g i Jy w0®)dy gecording to (9).

From now on, we only consider the minimization problem in A(n, k). We make the
following assumptions on (n, k) € M.



Assumptions A. Let

and denote

We assume that
1. /ne H', An € L? and n,, >0,
2. ke L>,
3. there exists ay; > 0 such that a='(z) > a;} > 0 a.e.

Under Assumptions A, S admits a unique minimizer g, in A(n, k) (this is a direct
adaptation of Theorem 2.3). And because of item 3, this minimizer is not simply

|[v/70) {y/T0]

Main result. We introduce first the following, for {p, },en and {¢, }pen the eigenvalues
and eigenvectors of g,:

Ko(z,y) a(z)Vn(z)
2n(x) 4n(x)

Ko(z,y) = 2R > ppy(2)Vep(y), K(w,y) =

peN

Ve Ko(z,y), (11)

for any (z,y) €  x 2, where a is defined in (10) and n is the constraint. Note that the
series defining K and V,Kj converge almost everywhere according to Remark 2.1, and
that we have the estimates |Ko(x,y)| < 2¢/n(z) k(y) and |V, Ko(z,y)| < 2/k(z) k(y),
x,y a.e. in  x . Since both n and k are bounded according to Assumptions A, it
follows that Ky and V, Ky belong to L™ x L. Moreover, since a, Vn (since k € L™)
and n~! are bounded according to Assumptions A, it follows that K € L> x L*. For
an arbitrary kernel N € L? x L?, we then define the integral operator £y and its adjoint
L% by, for all ¢ € L? and for any x € €,

Lyp(x / N(z,y)e(y)dy, Lye(x / N(y,z) (12)

Let also, for every x € ),

= 2R 9 Vo,(x / ¢, (y) (log(pp) ~ le. log(g*)](y)) dy, (13)

= n(y)

which will be proved to belong to L*, and let m, = amg/2 € L, where my is the
unique solution to the adjoint equation

moy = ;C;(m() + V- (14)



The facts that the equation above admits a unique solution in L*>and that m, is positive
will be estalished in Sections 4.1 and 3.4. For ¢, € H', consider finally the sesquilinear
form

' v (z) p(x) ' \
W, p) = n(z) [V \Y% my(x)dx A (x x)p(x)dx,
o.(0¢) - | <>< ( n(x)) (n(x)» @da+ [ Ade)y @pla)

where

A = _nfo.log(e)]  m.
n n
We will prove further that A, € L. That Q, is well-defined on H' is a consequence of
the facts that n is bounded below and that Vn € L*°. Our main result is the following:

Theorem 2.4 Let (n, k) € My satisfy Assumptions A, and let o, be the unique mini-
mizer of S in A(n,k). Denote by {pp}pen and {¢,}pen the eigenvalues and eigenfunc-
tions of 0. Then o, is full rank, i.e. p, >0 for allp € N, and {pp}pen and {¢p}pen are
solutions to the self-consistent nonlinear eigenvalue problem

- IOg(pp) = ;rel}g; Qulp, @) = Q*(Cbpa Cbp)v p €N, (15)

where
Ko={p el gl =1 and ¢ € (span{oshosisp1)" |

with the convention Ko = {@ € H, ||¢|lz2 = 1}. Morever, the current nulo,] carried by
0, vanishes.

Theorem 2.4 provides us with a rigorous formulation of the relation (5), where H,

is formally
H, = —%V (nm*V (%)> + A,.

Note that we establish the fact that O, admits minimizers on the subspaces K, by relying
on the original minimization problem, while constructing directly these minimizers from
the form Q, alone seems difficult. The reason for this is that we only have very minimal
information on m,: we only know that m, > 0 and that m, € L*°, and in particular
there is no sufficient information to both use the min-max principle and to prove that
the weighted space

i ={oer: [ Vel mwis+ [ oot < oo

is complete. It is unclear at this point if improved regularity of the data (n, k) translates
to more regularity on m,. In the same way, the fact that m, = amg/2 is positive is
not a consequence of my solving (14), it follows from the original minimization problem,
more precisely from the fact that 9, is bounded from below as a consequence of the
Euler-Lagrange equation. To summarize, the properties of Q, and m, are all inherited
from the original minimization problem, and are difficult, if possible, to establish alone.

Theorem 2.4 can be generalized to other entropies, in particular to the Fermi-Dirac
entropy of the form s(x) = zlog(x) + (1 — x) log(1 — z), which shares the same technical
difficulties as the Boltzmann entropy.

The rest of the paper consists of the proof of Theorem 2.4.
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3 Proof of Theorem 2.4

Outline of the proof. The proof is divided into four steps. In the first step, we
construct a parameterization of the feasible set A(n, k) in order to perturb around the
minimizer and obtain the Euler-Lagrange equation. This is done by using the implicit
function theorem and an appropriate class of perturbations. The second step is the
derivation of the Euler-Lagrange equation. There is a technical difficulty since the
derivative of the entropy s'(x) = log(z) is singular at zero. We will therefore regularize
the entropy and then pass to the limit. The third step consists in proving that o, is full
rank, and is based on a proper use of the Euler-Lagrange equation. In the fourth step,
we finally establish the positivity of m, and the minimization principle (15) of Theorem
2.4.

We start by introducing some notation. For f € L?, consider the bounded operator
Ty : H' — L™, defined by

Tyu(z) == /0 * F () Vuly)dy.

Furthermore, for o € Wh let 01 = \/ppl¢)(¢dp| (we use the standard Dirac bra-ket
notation), where ¢, is the eigenvector of the minimizer p, associated with the eigenvalue
pp- With 0o € ET, f = (fa, f3) € L™ x L™, t € [—1, 1], we define the operator

L(t, f) =toi + fol + Ty, with domain  D(L(t, f)) = H',

and introduce
o(t, f) = (I + L(t, ))(ox + toa) (I + L*(¢, f)),

where I the identity operator and L*(t, f) the adjoint of L(¢, f) (formal at that stage).

The rationale behind the choice of L(t, f) and o(t, f) is the following: we need first
o(t, f) to be a density operator, and if tg, is positive, it is clear that o(t, f) is positive
(and therefore self-adjoint). The trace class property is a consequence of the regularity
of f and p; and will be established further.

We need moreover to impose the density and energy constraints on the two functions
nlo(t, f)] and k[o(t, f)], and with the goal of using the implicit function theorem, it is
natural to introduce two functions fy; and f3 for this. More precisely, the operator fol
for f; real-valued acts as multiplication of the local density by f2 since n[fa0] = fan|o
for any density operator p; in the same way, T, multiplies the local energy by fs since
k[Tt 0] = fsk[o]. The variable ¢ will allow us to parametrize the feasible set with some
(fa(t), f3(t)) obtained with the implicit function theorem. The operators o and g9
serve as “test operators” in the Euler-Lagrange equation, and provide us both with
independent information. On the one hand, the operator o; can have an arbitrary sign
and leads to test operators of form 0,0, + 0.0] and to Lemma 3.14. The presence of
0, in the previous expression limits what can infered about the form Q,. On the other
hand, as an additive positive perturbation, ps leads to a inequality, with now a test
operator independent of p,. This results in particular in Corollary 3.12 and in the fact
that p, is full rank.
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3.1 Step 1: Construction of admissible directions
The next lemma provides us with a proper definition of o(t, f).

Lemma 3.1 Let 0 € £T and f € L™ x L>®. Then B = (I + L(t, f))\/o is bounded,
and (I + L(t, f))o(I + L*(t, f)) = BB*.

Proof We note first that \/oL2 C H' since ||y/ag|m < ||lo]ld?|¢llz for all ¢ €
L?. Hence, (I + L(t, f))y/o is bounded since D(L(t, f)) = H'. Furthermore, a direct
calculation shows that, for p;[o] and ¢;[o] the eigenvalues and eigenfunctions of o and
pe L2

Vol + Lt e = D\ pilol(I + Lit, ))é;[o], )s(0],

JEN

with convergence in L2, It suffices then to identify the expression of the r.h.s above

with that of ((I4 L(t, f))v/o)*p to obtain ((I + L(t, f))v/o)* = v/o(I + L*(t, f)) . This

concludes the proof since

(I+ Lt oI+ L*(t. f)) = (I + L(t, )Vo VoI + L*(t, f)),
as (I + L(t, f))y/o is bounded. 0O

Since both g, and g, are in €1, we can then interpret o(t, f) as
o(t, f) = Ao Ag + tA1 A7, (16)

where Ay = (I + L(t, f))/0x and A; = (I + L(t, f)),/02, both being bounded.
We remark in passing that

nlo10. + 0:0] = 203> Ry, klorox + 0.0]] = 203> RVp* Vg,

which are both bounded since ¢ € W and /p,¢, € W since k € L*.
The main result of this section is the following:

Proposition 3.2 (Parameterization of the feasible set). Suppose oo =0, (resp. o1 =0,
klos] € L>®). Then, there exists to > 0 and f € C*((—to,to), WH>® x L*®) (resp.
C*([0,t), WH> x L)) such that o(t, f(t)) € A(n,k) for all t € (—to,to) (resp. t €
[0,t0) ). Moreover, the derivatives at t =0, f5(0) and f5(0) verify

ny +ng + 2f5(0)n + Lk, f3(0) =
f3(0) = L f3(0) + b

where L, L, are defined in (11)-(12), ny = n[o10.+ 0.07] € L, k1 = k[o10.+ 0.0}] €
L™, ny = nlos] € L™, ko = k[o2] € L™, and

(17)

n1+n2

b= - (kﬁﬂ@—%ﬁV(nl—km)) .
Finally, o(t, f(t)) € C'((—to,t0), 1) (resp. C'([0,t0), J1))-

The proof of Proposition 3.2 is fairly long and is postponed to Section 4.1.
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3.2 Step 2: The Euler-Lagrange equation

Regularization. We have constructed a proper parameterization of the feasible set in
the last section, and are now in position to derive the Euler-Lagrange equation. There is
a technical issue since the derivative of the entropy is singular at x = 0, and it is unclear
how to proceed without regularization. We then consider the smoothed entropy, for
n € (0,1],

sy(x) = (v +n)log(z +n) —x —nlog(n), =€RT,

with S, (o) = Tr(s,(0)) for 0 € £F. By adapting the techniques of [8] used in the proof
of Theorem 2.3, it can be shown that S, admits a unique minimizer o, , in A(n,k),
and we denote by {p,,}pen the nonincreasing sequence of eigenvalues of g, ,, and by
{¢Ppn }pen the associated eigenfunctions.

Proposition 3.2 applies to g, ,, and we denote by o,(t, f(t)) the corresponding per-
turbed operator with o1 = 01, = |/Pp4|¢)(¥py| (note that f depends on n but this fact
is omitted to alleviate notation). We set g = 0 in g, (¢, f(¢)) until further notice, and
then consider the function F, : (—to,ty) — R given by (fy is the one coming from the
version of Proposition 3.2 for g, , and depends on n),

Fy(t) = Tr(sy(0q(t, f(1))))-

Before deriving the Euler equation for the regularized problem, we state the two
lemmas below, proved in Sections 4.2 and 4.3.

Lemma 3.3 The operator o, log(0.,+n) is trace class, and there exists C independent
of n such that
[n]0xn10g(0xn + MlllL= < C.

The second lemma concerns F,.

Lemma 3.4 The function F, belongs to C*((—to,to)), and we have

(1)
dt

. n|0xnlog(0sn +1
:Tr(g*,nlog<@*,n+n><m,n+gm>>—< 021 108(ss ”,nm>+<%,f5<0>>,

t=0 n

where ny , = nlo1 Oxy t+ Q*,nQﬂ;

0(0) =Y 03, 9030(0) [ 05,0 (1085 + ) = M B L N0 g,

and v, € L.

The Euler-Lagrange equation for the regularized problem. In the lemma be-
low, L3 is defined in (11)-(12), with Ky replaced by Ko, in (12), and Ko, is defined as
Ky with p;, and ¢;, in place of the eigenvalues and eigenvectors of p,. With Remark
2.1, we can show that as K, K, is bounded, with the estimate

[l oo s zoe S [l7ll e + |[Fl| Los - (18)
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Lemma 3.5 (Euler-Lagrange for the regularized problem). For the 7, € L™ defined in
Lemma 3.4, the adjoint problem

Moy = E*Knmo,n = Tns (19)

admits a unique solution myg, € L. Introducing m, = amg,/2, where a is defined in
(10), we have the Euler-Lagrange equation

TT(Q*,n log(g*m + 77)(91,77 + Qy{,n)) + <m777 k17n> + <A777 nl,n)

™ ) (o ) o, o

where
An _ _n[Q*m log(Q*,n + 77)] _ Emm
n n

and ny ) = n[010ky + 0xn0f] € L, ki = k[010xy + 0407] € L.

Proof. Since p,(t, f(t)) € A(n, k) for all t € (—to,to), and 0,(0, f(0)) = 04, is the
minimizer of S, in A(n, k), we have, since F;, is continuously differentiable on (—t, %)

according to Lemma 3.4,
aF, (1)

=0.

With Lemma 3.4, this yields

" 1[04, 108(0xn + 1
Tr(0u 08l + (o1 + 21,)) = ("B 0 o) =0

That (19) admits a unique solution in L* is a consequence of Lemma 4.4 further since
K, and , are bounded. Then, using (17) in Proposition 3.2, we simply remark that

(Y, £5(0)) = —(moy, f3(0) — L, f3(0)) = —(ma,, b)
n

~ () = (2200 = (9 ) = (s DT,

where we recall that a=! = k — |Vy/n|?. This ends the proof. O

Passing to the limit. We now pass to the limit 7 — 0 in (20) to obtain the Euler-
Lagrange equation for p,. We will need for this the following lemma, proved in Section
4.4.

Lemma 3.6 Let {n:}en C (0,1] be a sequence converging to 0 and denote gy = 0y p,-
Then:

1. {oc}een converges to o, in Jy, and {\/0¢}en converges to /o, in Js.

2. {V/Hoy/0t}een converges to /Hy\/0x in Js.

13



3. for any p € N, the eigenvalues {p,n, }ien converge to p,.

4. there exist a sequence of orthonormal eigenbasis {@pn, tpien Of Oxn,, and an or-
thonormal eigenbasis {¢,}pen of 04 such that, for any p € N,

o {qbpm}ng converges to ¢, in L?,

o {\/Ppme Vo, been converges to \/p, Ve, in L2
5. {orlog(oe + ne) been converges to o, log(ox) in Ji.

6. {\/oclog(or + M) feen converges to /o, log(o.) in L(L?).

Following Lemma 3.6, we suppose that the basis of eigenvectors that we were using
for o, is the one from item (4). We are now in position to establish the next results. In
the rest of the section, {n,}eeny C (0, 1] is a sequence such that 17, — 0 as £ — oo.

Lemma 3.7 K,, converges to K in L* x L* and ~y,, converges to 7, in L*, where 7y, is
defined in (13).

Proof. Write
K, — K =G, + Gy,
where

1

Glﬂ?(‘x?y) = 271(1’) (Koyn(l' y) Ko(il?,y))

Canlrry) = “(‘”)VV )V, Ko(e,y) — Vaola,y))

2y/n
Since a, /n,n~! are all bounded, we have the estimates

1Ginllzexee S 1Ko — Kollz2xz2, |Ganllzxre S IVeKoy — VaKol z2xr2-

ertlng Ky = 2§RK0 and K = = 2RK, n(w1th obvious notation), and remarking that Ko

and VK, (resp. Kon and V Ky 77) are the integral kernels of —o,V and —V,V (resp.
— 04V and VQWV) which are all trace class, we have

1 Kone = Koll2xrz = 0o,V = eVlzs  [[Kon = Kollz2xrz = Ve,V = VoVl 7.

Since 0,,V = (Vo.,)*, since moreover ,/p,,, converges to /o, in J» according to
Lemma 3.6 (1), and V,/o,,, converges to V,/o, in J, according to Lemma 3.6 (2)

(to see this, write e.g. V\/0xm, = V(I + vHo) (I + /Ho)\/0xm,), both terms above

converge to zero. This proves the first result on k,,. For the second one, we write

Tn = Cipy + Cos

where

! e 10g( 00 +
cl,n(x)z—m/ Kin(z,y)dy, cop(x =—2§R/ Ko (x 100 108(01 n)](y)dy

n
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with

Kin(z,y) ijnlog Pia T MV ()05, (y), Kam(@,y) ijnv¢3n i (1)

JEN JEN

We remark that /Iy, and Ky, are the integral kernels of Vo, , log(os, + 1) and Vo,,,.

These two operators are in Jp since Vo, ,;10g(0sy + 1) = V/0u /05 108(04n + 1),
with V,/0., € J2, \/0xylog(0sy + 1) and /0., bounded. We already know that
V\/0xn, converges to V,/o, in Jp, which, together with Lemma 3.6 (6), shows that
K1, converges in L? x L? to the kernel K; of Vo, log(g,). Hence,

1
lim ¢y, =1 = —2§R/ Ki(z,y)dy, in L°.

{—00

In the same way, since Ky, converges in L? x L? to Ky the kernel of Vo,

1

log(o« :
lim ¢y, = lim ¢ g = 2 1im R [ KCy(, y)n[g*m 08(@u + 1) (y)dy, in L*.
{—00 l—o0 7 {—00 n

T

To conclude, we deduce from Lemma 3.6 (5) and Lemma 3.3 that n]o, ., log(0«,, + 7¢)]
converges weakly-* in L to n[o, log(os)]. Since Ky € L? x L? we can conclude that
cgm converges strongly in L? to

—23%/ Ks(z, y)w(y)dy-

This ends the proof. D

We have all needed now to pass to the limit in (20) and obtain the Euler-Lagrange
equation for p,.

Proposition 3.8 (FEuler-Lagrange equation). For -y, € L™ defined in (13), the adjoint
problem
mo = LMo — Ve, (21)

admits a unique solution in L. With m, = amg/2, we have the Euler-Lagrange equa-
tion

(g o0} en+ )+ G+ )+ (Y )= (o, T, ) o,

n Vn
(22)
where | N
A= _nfolog(os)] ko
n n

and ny = nfo10. + 0.0i] € L™, k1 = klo10. + 0.07) € L™.

Proof. We denote gy = 04,,. We remark first that (21) has a unique solution
mg € L* according to Lemma 4.4 since K € L™ x L* and ~, € L>. The first step of
the proof consists in taking the limit of m,,, and the second one to pass to the limit in

(20).
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Step 1: Consider mg, = my,, which is the solution of (19). Taking the difference
between (19) and (21), we have

* *
Mo — Mo = ‘CKW (Mo, —mo) + [’KW—KmO Ve = Ve

Since K is bounded and K,, verifies (18), estimate (38) yields
Imo,e = molle S L%, —xmollez + I, — 7l 22

Since Hﬁ}(anmoHLz < ||K,, — K||z2x2|/mo||z2, it follows from Lemma 3.7 that mo,
converges to m in L?.

Step 2: We pass now to the limit in (20). Recalling that 01,, = \/Ppn,|©) (Dpel, we
conclude from Lemma 3.6 (3) and (4) that oy, converges to o1 = \/pp|@)(dp| in L(L?).
Lemma 3.6 (5) then yields

Jim Tr (o log(oc + ne)o1,e) = Tr(ox log(o.)01).

Moreover, Lemma 3.6 (5) shows that n[oylog(ox + 71)] converges to n[olog(p)] in L',
and because of Lemma 3.3, the convergence holds also weakly-* in L>. This shows that
A, converges to A weakly-x in L*°. Finally, with

Niny = 2/);?;,/172 %@*¢p,nu kl,n = 2/)3/2 %VSO*V(ﬁp,na

p?n

Mk

and Lemma 3.6 (3)-(4), it follows that k;,, converges to k; in L? and that ny,, con-
verges to ny in H'. With the fact that Vy/n/n is bounded, we have therefore sufficient
compactness to pass to the limit in (20) to recover (22). This ends the proof. O

Remark 3.9 A by-product of the proof of Proposition 3.8 is that that m,, converges to
m, in L%, and that A,, converges to A, in L' and weakly-+ in L>. We will use these
facts further.

We prove in the next section that o, is full rank.

3.3 Step 3: The minimizer is full rank

Let v, € H', and define

: i)\ ¢ (e R
Qun(¥,0)= [ n(z) |V \Y my,(z)d Ay (z)Y*(x)p(x)d.
o) = [ <>< ( n(x)) (n(x)» @do+ [ A @)

The fact that

n(z) (v (%) v (%)) — V(o) V() + V—Vn?z()) (@)p(a)
- V—%)) V(0 (@)p(@)),
yields
(709 + (00} + (g 7o) — (i DEV00) ) = Qa9

The following result is central in proving the full rank character.
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Proposition 3.10 Let ¢» € W and consider the rank one operator

P =) (.

Then, for any n € (0,1/2), the following inequality holds

Tr(log(0xy +1)P) + Quy(¥, ) > 0. (23)

Proof. The proof is almost identical to (20), with the following differences: we set
01 =0, and g, = P; with such a choice g, (¢, f(t)) belongs to the feasible set A(n, k) for
for positive t € [0,¢y) only. We therefore have now the inequality
Ey(0) = Fy(0) _

— Y

lim

t—0+
and not an equality. Replacing then o1, + o}, by P, n1, by [¢[*, and ky, by [V¢[* in
(20), and the equality by an inequality, we obtain (23). O

We can now prove that the minimizer is full rank.
Proposition 3.11 The kernel of the minimizer o, is {0}.

Proof. The proof is based on a contradiction argument, as in [14, Section 5], by
differentiating in a direction related to a nonzero eigenfunction in the kernel of o,.
Step 1: We assume that the kernel of g, is not {0}, and consider an orthonormal basis
{tp}per of Ker (o,) (I may be empty, finite or infinite, and we write || for its cardinal).
Then, we denote by {p;}i1<j<n the nonincreasing sequence of nonzero eigenvalues of
0« (here N is finite or not), associated to the orthonormal family of eigenfunctions
{¢;}1<j<n. We thus obtain a Hilbert basis {{;}1<j<r. {¢;}1<j<n} of L. Pick then
for instance 1, that we denote for simplicity by . At this point, we only know that
belongs in L?, which is not sufficient for our purpose. We regularize it by letting

1/}5 = (1 + 5H0)71w7

for any € > 0. It follows that . € H?> C Wb, and v, — v in L.
Step 2: We now consider a sequence {n;}eeny C (0,1/2) such that n, — 0 as { —
+00. By using Lemma 3.6, we know that there exists a sequence of eigenfunctions

{jet1<i<ineen of {0wn, been, associated to a sequence of eigenvalues {A;/}i<j<|r|cen;
such that, for any 1 < j <|I|,

w]’,g Z——>>oo w]’ and )\jl K——>>oo 0.
For clarity, we simply denote ¢y = 91, and Ay = A14. It can be shown with Remark

3.9 that Q, ., (Ve, V) = Qu(¥e,v:) when £ — oo, and as a consequence, there exists
¢1(e) € N such that

Q*,ﬂe(¢sa¢a> S |Q*(¢s:¢a)‘ + 1’
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for any ¢ > ¢;(¢). Furthermore, for P. = |¢.) (.|, we have

1]

Tr(10g( 0w, + 1e) P.) = log(Ae + 1) (e, 1) |* + Z 1og(Ajie + 1) [(We, )|
j=2
N

+ Z log(pjm =+ U@)Wﬂa, ¢j77]e>’2’

Jj=1

and there exists a o > ¢;(g) such that log(A, +n,) < 0 and log(pn,,,, + 7¢) < 0 for any
¢ > 0y and a certain Ny € N. This yields, for all £ > /5,

No
Tr(10g(0s, + 1e)P2) < log(Ae +10)[(e, o) + Y 1og(psim, + 1) | (Ve b )

J=1

Remarking that

(e, )] 2 [9l72 = (e = 0,90 2 1 = [l = |12,

there exists g9 € (0,1) such that |(¢., )| > 1/2 for all € € (0,&9). Moreover, since
Y — Y as £ — oo in L? and ||¢.||r2 < ||@||z2, there exists a f3 > ¢y such that
|(¢e,Yp)| > 1/4 for any € € (0,¢¢) and any ¢ > ¢3. Hence, for any € € (0,e9) and ¢ > {3,
we obtain that

No

1
Tr(log(osn, + ) P:) < 1 108(Ae +m¢) + log(M +1/2) > e, djne) s

J=1

where M = Tr(g.,,) = ||n|/z: is such that p;,, < M for all j and ¢. Thus, we deduce
the following inequality, for any € € (0,¢¢) and ¢ > (3,

1
Tr(log(0xm, + 10) Pe) 4 Qo (Ve 1) < 75 1o8(Ae +11e) + log(M + 1/2)||9:|7-

+ | Qm Ve, ¥e)| + 1.

This contradicts (23) by taking ¢ sufficiently large to make the r.h.s of the previous
inequality negative. This ends the proof. 0O

Let

Gu(p) = =Y _log(p))|(es, ),
jEN
where p; and ¢; are the eigenvalues and eigenfunctions of g,. Note that log(p,) is well-
defined according to the previous proposition. Sending 7 to zero in Proposition 3.10
gives the result below.

Corollary 3.12 Let o € H'. Then, we have
Gip) < Qulp, ). (24)
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Proof. We start from (23) and need to regularize . Let then . = (I +cHy) o €
H? C W, With P. = |¢.){p.|, we have

+00
Tr(10g(0u, + M P2) = > _108(pjn + 1) [(Djines 02) -

j=1

Let No = argmin {j € N; —log(p; +1/2) > 0}. Since py,,, converges to py, according
to Lemma 3.6 (3), there is an £y such that —log(pnyn, + 1/2) > 0 for £ > ¢,. Then,
using Fatou’s lemma and Lemma 3.6 (3)-(4), we obtain that

+00 +o0
liminf - —~10g(pjn, + 1) (Dja0 0 = D —log(ps)l(5, 02
7=No Jj=No

Moreover, Remark 3.9 implies that
Q*:né(SOE? ()05> £—> Q*((10€7 SOE)'
—00

Thus, passing to the limit £ — oo in (23), we obtain the inequality

Q*(‘pa» st) > — Z log(pj)K(rbj? 906)|2'

JeN

Since . — ¢ in H' as ¢ — 0, and since m,, A, and |V/n|/\/n are all bounded, we
can pass to the limit in the 1.h.s above. Fatou’s lemma finally allows us to pass to the
limit in the r.h.s, which concludes the proof. 0O

3.4 Step 4: Conclusion

To conclude the proof of Theorem 2.4, it remains to obtain the minimization principle
(15), to prove that u[p,] = 0, and that m, is nonnegative. The latter is addressed in
the corollary below, and is a consequence of Proposition 3.12.

Corollary 3.13 m, is nonnegative a.e. on [0, 1].
Proof. We proceed by contradiction. Let
S={re(0,1):my(z) <0 ae.},

and suppose the Lebesgue measure of S, denoted |S|, is not zero. Since

S = U {z€(0,1): —my(z) > 7" ae}:= U S,

there exists an ¢y such that |Sy,| > 0. Since my is only in L, we cannot conclude
that Sy, is open. Nevertheless, by outer regularity of the Lebesgue measure, there
exists, for any 0 > 0, an open set I such that Sy, C I and |Sg,| > |I| — 0. Let then
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B(eg) = (20 — €0, 20 + £0) C 1. Consider ¢ € C*(R) with support in [—1, 1], and for

e € (0,&p), introduce
ou(x) = 2 <x - xo) |
€

We remark that ||¢.]|z2 = ||¢||z2. Since p. € H' and {p;};en is nonincreasing, we have,
from (24) and the fact that n is bounded above and below,
v < —log(p) [Vnee|* < Qu(vnepe, vnge), (25)

where v is finite, positive or negative depending on whether p; < 1 or not. We now
split B(e) C B(ep) C I into B(e) = B(e) NSy, + R, where R = {z € B(e),x ¢ S, }. By
construction, |R| < §. Write then

1
/ n|Ve|*mde = / n|Vg05|2m*d:C+/n|Vgpa|2m*da:
0 B(e)NSn, R

- Tl +T2

We have
To| < e 2[lnma| ||Vl i |R| < Croe ™.

Choosing § = €2, we find, for some Cy > 0

Q*(\/ﬁ()ps? \/ESOE) S Tl + Cl + HQOH%QHA*HLOO S Tl + 02-

Since n
m 2 -2
T, < __6082 HVQOHL2 = —045 R 04 > O,

where n,, = min,ejo1) n(x), there exists an ¢ > 0 sufficient small such that Q. (v/ne., v/ne:)
is less than 7, which contradicts (25). Hence S is of measure zero and the proof is ended.
d

The first step toward the minimization principle is the next lemma.

Lemma 3.14 Let ¢ € H'. We have

Qu(0j, ) = —log(p;)(dj, ), VjeN. (26)

Proof. We start from (22), and set ¢, = (1 4+ cHy) ' € H?> C W', With
01 = /pjlw:){(¢;|, we find

n1 = nlo1o. + 0.0 = p*(Olpe + 0le) = 207 R(Bhp.) € W,
and
ki = kloro. + 0,01 = —n[V(010, + 0.00)V] = 20} R(V: Vi) € L.

Hence, by using (22) and the fact that p; > 0 for all j according to Proposition 3.11,
we can see that

log(p,)R / 63(2) e (x)dz + R (Q (5. 02)) = 0.
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Following the same steps with o1 = i,/p;|¢:) (@], we obtain

1
log(e)3 [ 63(a)u(a)dn + 3(Q.(65: ) =,
0
which gives, by adding both expressions,

Q*(¢j7 908) = - log(pj)<¢ja ()0£>, v] € N.

Since ¢. — ¢ in H', and since m,, A, and |V+/n|/\/n are all bounded, we can pass to
the limit in the equation above and conclude the proof. 0O

With Lemma 3.14, we can now prove that u[g,] = 0. Choosing indeed ¢ = ¢;¢ in
(26) for 1) real-valued and smooth, and taking the imaginary part, we find

1
0= SO0y, b0) = /0 SV iz,

Since 1 is arbitrary, this implies that IV ¢7i¢; = 0 and therefore that u[o,] = 0 according
to (6).
Regarding (15), we find from (24), since {p;},en is a nonincreasing sequence,

—log(p1) < inf Q. ).

el o)l 2=1

According to Lemma 3.14, we have Q,(¢1,¢1) = —log(p1), and therefore the above
infimum is attained at ¢;. At any order p > 1, we have, for any ¢ € k),

—log(py)llellze < Gu(w) < Qulpyp)  sothat  —log(p,) < inf Qu(p,0),

and, according to Lemma 3.14, the infimum is attained at ¢,. This proves (15), and
concludes the proof of Theorem 2.4.

4 Other proofs

4.1 Proof of Proposition 3.2

The proof is based on the implicit function theorem, and the first part consists in
establishing some regularity for the perturbation o(¢, f). In the entire proof, {p;};en
and {¢;};en are the eigenvalues and eigenfunctions of p,.

Lemma 4.1 Let 01 = /ppl@)(¢p| for o € W™ and some p € N, let 9o € EF, and let
[ = (fo, f3) € WH® x L>®. Then o(t, f) € € for all t € [—1,1].

Proof. Since £ is a Banach space, it suffices to show that each term in (16) belongs to
&, and since o, and g, have identical roles, we only treat the term in o, and set g, = 0.
We need first to properly define /Hoo(t, f)v/Hy. This is done in the spirit of Lemma
3.1: first, we remark that Vo, is bounded since ¢ € W1°; this shows that o, : L? — H*,
and subsequently that L(t, f) : H' — H' since f, € W, Together with \/0,L* C H'
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since o, € €T, and with D(v/Hy) = H!, this shows that B = /Ho(I + L(t, f))/0x is
bounded, and therefore that \/Hyo(t, f)v/Hy is interpreted as BB* as in Lemma 3.1.

We now prove that o(t, f) € £, that is (I + L(t, f))\/0x € J2 and B € J>. According
to [19, Theorem 6.22, item (g)], it suffices to show that there are orthonormal basis
{¢;}jen and {e;},en of L? such that

Y I+ Lt H)veowellie <00 and Y [V Ho(I+ L(t, f))v/orwsll7: < oo
jEN jEN
Setting e; = 1; = ¢; , we find
(L + L(t, [))Vox0; = /pi(¢j + to10; + fodj + T, 0;5) (27)
V(I + L(t, [)\/oxd; = \/pi(Vo; +tV010; + (fo + f3)Vd; + V faih)). (28)
This leads to, for all t € [—1,1],
DA+ Lt Vedillze < U+ llollewe) + I fallem + 1 fslle)® D pillésl
jEN jEN
S llodle < 400,

showing that o(t, f) is trace class. Regarding the bound in £, we remark that ||/ Hop|| 2 =
V|2 for all ¢ € H!, and that, with (28),

IV 4 L(t, £))pill2 < (1 + || fallzoe + (1 f3llz)IVO;lle2 + (IVorllzz2y + IV fallpe) |5l 22
S (M4 ([ fellwiee + [ f3llzee + 11V orllzz2y)l @)l ar-

Since we have seen above that Vg, is bounded, we deduce, for all ¢t € [—1, 1],

DIV Ho(L+ Lit, ) Verdsllia S pillésllin < +oo,

jEN jEN
leading to o(t, f) € £. This ends the proof. O

We now consider the following function

Gt ) — Gi(t. )\ _ [nlot. /)] =n
’ Galt, f) klo(t, )] — k

Note that G is well-defined since o(t, f) € £ according to the preceding Lemma, and
that G is real-valued since o(t, f) is self-adjoint. In the next lemma, DG denotes the
differential of G w.r.t f.

Lemma 4.2 Let 91 = \/pp|p){¢p| for v € Wt and some p € N, and let o, € EF with
kloo] € L. Then:

(1) G is continuously Fréchet differentiable from [—1,1] x L x WH> to L[> x Whee,
(ii) D;G(0,0) is an isomorphism from W} x L to itself, where W} (resp. L°) is
the space of real W (resp. L>) functions.
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The proof of Lemma 4.2 is somewhat long and given further. We recall below the
implicit function theorem on Banach spaces.

Theorem 4.3 Let X,Y,Z be three Banach spaces, O an open set of X XY, and G :
O — Z be a continuously Fréchet differentiable mapping. If (xo,v0) € O, G(xg,yo) = 0
and h — D,G(xo,yo)[h] is a Banach space isomorphism from'Y onto Z, then there exist
neighbourhoods U of xq and V' of yo and a continuously Fréchet differentiable function
f:U =V such that G(z, f(z)) = 0, and G(z,y) = 0 if and only if y = f(x), for all
(x,y) e U x V.

We are now in position to conclude the proof of Proposition 3.2: applying Theorem
4.3 to G(t, f) with zg = 0, yo = (0,0), X =R, Y = Z = W} x L, it follows that

T

there exists tg > 0 and f € C'((—tg,tp), W} x L) (both ¢y and f depend on g; and
02) such that

nlo(t, f()] =n,  Klo(t, f(1))] = k.

We then have that o(t, f(t)) € A(n, k) when o(t, f(t)) is positive, which is the case
when g, = 0 for all ¢, and when ¢ > 0 when g2 # 0. Since moreover f is continuously dif-
ferentiable with values in W1 x L it is clear that L(¢t, f(t)) € C*((—to, to), L(H', L?)),
and as a consequence that 0;0(t, f(t)) exists for t € (—tg, tp) and is bounded. To obtain
that dy0(t, f(t)) is trace class, we proceed as in the proof of Lemma 4.1, and show that

L L(t, f(t))\/0x belongs to Jo.

Finally, to obtain the system (17) on f5(0) and f4(0), we differentiate the equation

G(t, f(t)) =0, and find at ¢ = 0,

&G(O, 0) + DfG(O, O)[f/(O)] =0.
With
0,G1(0,0) = nfo10x + 0x07] + nlo2], 0,G2(0,0) = ko104 + 0+07] + klo2],

and by following the steps of the proof of (ii) in Lemma 4.2 with n; +n[os] and k; + k[ 02]
in place of —z; and —z,, we recover the desired result and end the proof of Proposition
3.2 provided we prove Lemma 4.2.

Proof of Lemma 4.2. The function G is by construction a second order polynomial
of (t, fa, f3), and as such establishing continuity and differentiability is fairly direct for
functions f as regular as f = (f2, f3) € Wh* x L>°. We will then simply prove for item
(i) that G € Wh™ x L* and, denoting by D;G(t, f)[h] the differential of G w.r.t f
at the point (¢, f) in the direction h, that 0,G (¢, f), D;G(t, f)[h] € W x L*> for any
h € WH> x L[ leaving the technical details about continuity and derivability out.

Since p, and gy have an identical role in (16), we set go = 0 until further notice
without lack of generality. We start with the bounds on G. Lemma 4.1 shows that
o(t,f) € &, and as a consequence \/n|o(t, f)] € H' since g(t, f) is positive. This
yields n[o(t, f)] € L by a Sobolev embedding. Moreover, since the following pointwise
estimate holds, see Remark 2.2,

Valo(t, f)I] < 2v/nlo(t, flkle(t, f)],
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it suffices to show that k[o(t, f)] € L™ to conclude that G € W1 x L[*. Since
o(t, f) € €, Remark 2.1 shows that

Klo(t, 1)l =D pil V(A + L(t, ))o5,
jeN
with convergence in L! and almost surely. From (28), we deduce, z a.e.,
V(1 + L(E, £))85] < IVargsl + (1 + [ fallzee + | falloe) VO + IV fallLos bl (29)
It is clear that

IVorgslle S Vel e, (30)
and going back to (29), we find the estimate
VA + Lt £))o5] S L+ 5] + V), ae (31)

This yields k[o(t, f)] < 1+n+k a.e., and therefore k[o(t, f)] is in L*> since both n and
k are bounded according to Assumptions A. This yields G € W1 x L>,

We now consider the differential of G with respect to f in the direction h = (hq, h3) €
Whoeo x L% and prove some estimates. Direct calculations lead formally to

DyGy(t, f)[h] = 2R p; ((ha + Tn,)¢;)" (1 + L(t, )
jeN
DyGo(t, )]} =2R ) p; (Vha)d; + (ha + hs) V)" V(1 + L(t, 1) e5)
jeN
where p; and ¢; the eigenvalues and eigenfunctions of p,. We show first that the series
above converge almost everywhere. Since |Th,¢;| < ||kl ||V &;|| 12, we deduce

|(he + Thy)05] < [[hallzee 5] + IRl [V ] 2
[V (ha + Thy)§5] < [[Vhal[roo] @] + (1hallzoe + (sl Lo ) [V 51

The above inequalities, together with (31), show that DG4 (¢, f)[h], VDG (t, f)[h] and
D;Gs(t, f)[h] all converge a.e. according to Remark 2.1. We have moreover the estimate

DGt )R] + VDGt P[] + [DsGalt, B S 14n+k  ace,

leading to DGy (¢, f)[h] € Wh> and D;Gs(t, f)[h] € L™ according to Assumptions A.
We now consider the time derivative of GG, and do not assume anymore that o, = 0.
We have formally

0G(t, ) = 2R D pi(016,) (1 + Lt )))d; + Y psloal| (1 + L(t, [))¢5100]?

8iGalt, f) = 2&2;@ (V(016;)) V((1+L(t, f))$;) + ZPj[Qz]W(l + L(t, f))oje2] ],

and need to prove that the series converge almost everywhere to functions bounded
in W1 and in L, respectively. These facts are easily established by following the
same lines as above, using (27)-(28)-(30)-(31) and substituting (p;, ¢;) by (p;[02], ¢;[02])
when necessary. As mentioned at the beginning of the proof, we do not give more details
about the continuity of G and its derivatives as the proofs are essentially identical to
those of the bounds above. At that stage, we have therefore obtained (i), and we focus
now on (ii).
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Proof of (ii), step 1: We first simplify the expression of the differential. Let h =
(ha, h3) € W} x Le°. Since L(0,0) = 0, we find

D;G1(0,0)[h] = 2R p; ((ha + Th,)¢;0;)

jeN

DfGQ O 0 = QRZpJ hg + Th3)¢;‘)v¢]

JjeN

Furthermore, we can see that

2R Z Pj (hg + Thg) ¢;¢J = 2h2n + ['Koh?”

jeN

where L, is defined in (11)-(12), and, since VT},,¢} = h3 V7,

2R iV ((he + Tny)85) Vy = 2R D p;((Vho) &} + VT3,67)V 5 + piha| Ve[

jeN jEN
= 2R p;(Vha)§;V; + 2p;(ha + hs)|Vy|”
jeN

= VNV}LQ + 2(h2 -+ hg)k,
where we used Remark 2.1 and (8). We now show that D;G(0,0) is invertible.
Proof of (ii), Step 2: Set z = (21, 29) € W} x L, and consider the equation
DG(0,0)[h] = =,
which can be recast as, according to step 1,

2nh2 + EKOhg = Z1
VthQ + 2]{](}12 + hg) = Z9.

(32)

The above system can be reduced to a single equation on hs. Indeed, the first equation

of (32) leads to
,CKOhg i 21

hy = — 2l
? on | 2n (33)
Differentiating, using that Ko(z,z) = Vn(z) and VL, = (Vn)y + Lv, k., we find
Vn 1
th 2 53 (['Koh?; ) + % (VZl - (Vn)hg - ﬁvaohg) . (34)
With ¥ = %ﬁ and K(z,y) = |ZSQ(EC))|2 Ko(z,y) — :((;:)) V.Ko(z,y), we deduce
Vnl? L, h
VNV, = — V1 (h3 + ﬁ) - —Eszohg +VnV ( )
2n n 2n
_ !V\/ﬁ!2
T2 ~ Lrihs +Vn V(?n)
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By substituting the expression of hy into the second equation of (32), and recalling that

2k —

2
Vol ok ov/ml? = 207",
n

we finally obtain
k z 2
—z1 +VnV (—1> — £K1h3 + —hg = 29,
n 2n a

which can be recast as a Volterra equation

hs(x) = Lihg(z) +r(z), =€ (0,1), (35)
where K is defined in (11) and

_a k 21 xa Vn

Since all z;,n71, a, 20, Vy/n and Vz; are bounded, it follows that r € L™ and that
equation (35) admits a unique solution in L> according to Lemma 4.4 further since
K € L™ x L™ as mentioned below (11) (note that V,K belongs to L x L* as well).
The solution is real since the coefficients in (35) are real. To conclude the proof of the
lemma, it remains to verify that hy, € WH°,

Proof of (ii), conclusion: It is clear from (33) that hs is real and bounded since
Ko,n™ !, hs and z; are bounded. Furthermore, we have just seen that V, K| is bounded,
and so are Vn and Vz;. Equation (34) finally shows that Vhy € L. It follows that
hy € W' and then that DG(0,0) is an isomorphism from W x L% to itself. This
ends the proof.

The next lemma provides us with the existence and uniqueness of solutions of integral
equations of the form (35).

Lemma 4.4 Consider a kernel N € L™ x L. Then, for any 1) € LP, p € (1,00]|, the
Volterra equation

o(z) = Lnpla L/ny Wiy + (), re(©.1),  (36)

and its adjoint

ola) = L3 0= [ Nyt e@, ceon, @
both admit a unique solution in LP. Moreover, both solutions satisfy the estimate

K 2
lllze < "7k + 1))l 2 (38)

where k 1s such that
| N||Leexroe < K.
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Proof. For ¢ € LP and a given o > 0, consider the norm

el e = |loe™ ||,

which is equivalent to ||¢||z» since the domain of integration is bounded. With Hélder’s
inequality, we obtain that

1onllon = H / N, g Ve () dy
Lp
v K ’ 1/p/
< sup / <yl Yl = o (1) gl
ze(0,1) |Jo g (ap/)l/p r

K

Setting a = (k + 1)P', it follows that Ly is a contraction in L? equipped with the norm
| - [|zz. As a consequence, (36) admits a unique solution in LP, which satisfies the
estimate

leller < lellze -+ 1llee,
(k+1)P +1)P

k+1
and (38) is obtained by setting p = 2 and by remarking that |||z > e~®||¢||». The
proof for (37) follows from the same arguments by considering L” O

—(k+1)P""

4.2 Proof of Lemma 3.3

We first recall from [14, Lemma A.1] the following estimate, for any o € €7,

> Xipj < Tr(V/Hoo/Ho),

jEN

where {\;},en is the nondecreasing sequence of eigenvalues of Hy with domain H3
and {p,}en the eigenvalues of p. This yields in particular, using Holder’s inequality,

2/3 1/3

j>N >N >N

eu’

where we used that \; behaves like j2. With |p;| < ||¢||7,, we have then obtained the

estimate, for all p € £,
2/3
Tr(0*?) < o, (40)

We are now in position to prove the Lemma. First, it is clear that o, ,log(gs, + 1) is
trace class since g, is trace class and log(o., + ) is bounded. Hence, n[o,, log(o.,)]
is well-defined in L' and

1[04y 10g (04 + 1)) = Z Pin108(psy + Ml
jeN

with convergence in L' and a.e. We will show that the series actually converges in
L*>. Above, p;, and ¢;, are the eigenvalues and eigenvectors of g, ,. With the triangle
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inequality and the inequality |u|Fe < |Jullze2|jullg for w € HY, we find

200w 108(0ns + )= < D pinl 108(psn + Ml dsnll7e

JEN
1/2 1/2
< (ij,n|log(pj,n+n)l2> (Z pj,n||¢j,n||?p> :
JEN JEN

The second term on the r.h.s is the square root of ||, ||, and is uniformly bounded in
71 since by construction

loxnlle = lInllzy 4 [[&] L1 (41)
With z|log(z)|? < Ca?/3 for x € [0,1], where C' = max,cp1) /%] log(z)|?, we control
the first term of the r.h.s by the square root of Tr(gi/,? ), which is also uniformly bounded
in 1 thanks to (40) and (41). This ends the proof.

4.3 Proof of Lemma 3.4

First of all, it follows from Proposition 3.2 that o,(t, f(t)) is differentiable with respect
to t with values in J;, and a direct calculation shows that

doy(t, f(t))
dt

Note that the last term above has to be interpreted as

V Q% \/ Oxn <Q>{,n + f3(0)1 + TZ(@));

where both operators are in J,. We have in particular, Vo € L?, with convergence in
L?,

= (o1 + f2(0)1 + Tfé(O)) Oxp T Oxpp (QT,n + f5(0)1 + Tfé(o)) . (42)
t=0

V Q*mTfé(o)SO = Z VPin®in(Lry0)im )

DI [ ([ 506v6,0) eteyis

1
=S v [ ([ etoae) 5016V,
jeN 0 Y

where p;, and ¢;, are the eigenvalues and eigenvectors of g, ,. We proceed now to the
proof of the Lemma: the fact that F,, € C'((—to,t)) is a consequence of g,(t, f(t)) €
C((—to, to), J1) that is obtained in Proposition 3.2, and of an adaptation of Lemma 5.3
in [14]: it is shown there that S, (o) for o € €T is Gateaux differentiable in any direction
of the form p+tw, where w € J, and the differential is DS, (9)(w) = Tr(log(e+n)w). It
suffices for our purpose to generalize the proof to the more general form of perturbations
on(t, f(t)) that we consider here, and we then find, with (42),

dE, (1)
dt

= Tt (10g(0uy + 1) (01, + £3(0)] + T1(0)) 0s)
t=0

+ Tr (10g(g*777 + 1) s (Qin + f2(0)1 + Tf;,(O))) :
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The traces above are well-defined since log(o., + 7) is bounded and (o1, + f5(0) +
T10)) 0wy and 0, (07 + f3(0) + T )) are trace class. We now make the r.h.s above
more explicit and only dependent on f3, and treat first the terms involving f3. We find

Tr (Tfé(O)Q*m log (s + 77)) +Tr (log(g*,n + n)Q*ﬂnT;§(0)>
= 2R pinlog(pin + n){Try0)B5m: Pim)
jEN
= (c19, f3(0)), (43)
where

Cln fQQ?ZpJnIOg Pjn+77v¢m / (byn

JEN

The series above converges almost everywhere to a bounded function since the partial
sum is controlled by

1/2
max |log(z + 1) (Z Pin|V iyl > (TT(Q*,n))1/27

z€[0,1] P

where the sum converges a.e. according to Remark 2.1, and the estimate ¢, S VK a.e.
yields the bound according to Assumptions A. For the term in f5, we use the expression
of f5(0) given in (17) to obtain that

Tr(fé@)@*,n log(0sn + 1) + log(0sy + U)Q*,nfé(o)) = 2(f5(0), 1[04 108 (0sn + 1))

B <£K0,nf§(0), 1[0, 108(0sy + 77)]> B <n17 1[05.n108( 04 + 1)) > ()

n n

where 11, = 101,04y + 0x0i ] and Lk, is as in (11)-(12) with p;, and ¢;, in place
of the eigenvalues and eigenvectors of o,. Recalling that, Vo € L!,

1
Lico, ) = / Koz, y)p(x)de, Ko, € L™ x L™,
Y

we deduce that

(L, o), M Ba 20 e, gy, (45)
with

crals) = =2 pia V) [ 65, 0laeg 08(0en + ](0) ()

JEN

Following the same lines as ¢ 4, it is direct to show that the series defining ¢, ,, converges
in L>°. The proof is ended by collecting (43)-(44)-(45).
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4.4 Proof of Lemma 3.6

We only sketch the proof since most of the results can be found elsewhere. We prove
first that o,,, converges to g, in J;. We know for this that o,,, is bounded in ET
independently of ¢ since by construction

loxnlle = llnllr + [l

Then, according to [14, Lemma 3.1], there exists 0 € £ and a subsequence (still denoted
ne¢) such that o,,, — o in J; and VHyo.n — VHoo in Jo. We need to prove that
o = o,. For this, we have, since g, € A(n, k),

sz(Q*m) < Snz(é’*)-

With [14, Lemma 5.2 (iv)], we can pass to the limit in the equation above to obtain
S(o) < S(ox)- (46)

We are done if we can show that o € A(n, k) since S admits a unique minimizer. This
is done by following the steps of the proof of Theorem 2.3 obtained in [8]. It is shown
therein that the fact that o € A(n, k) is established by comparing ||k[o]|r: and ||k||z::
based on (46), it is proved that it is only possible that ||k[o]||L: = ||k]|z1, which is shown
in [8] to lead to the strong convergence of g, ,, in £, and as a consequence to the fact
that k[o] = k. We refer the reader to [8] for more details. Since the minimizer is unique,
the entire sequence converges to g,. Once the convergence of o, ,, to g, is established,
items (1) and (2) follow from [14, Lemma 3.1]. Items (3) and (4) are proved in [14,
Lemma A.2] and [7, Lemma 3.7]. Item (5) is proved in [14, Lemma 5.2 (iv)]. Regarding
(6), we write, for any ¢ € L?,

/@ 108(0um, + 1)1 72 = Pjon 108 (p1m, + 1)) [ (D 0) 1. (47)

jeN

We split the sum for 7 < N and j > N. The large j part is treated by using (39) as in
the proof of Lemma 3.3, and is controlled by

R(N)[0xn 17 < R(N),

where R is a function independent of ¢ which tends to 0 as N — oo. With this, it is
sufficient to consider a finite number of terms in (47), and we use items (3)-(4) to pass
to the limit. This establishes the convergence of the L? norm of /0., log(0.n, + 1¢)
to that of /0, 1og(0.)p. The weak converge in L? follows in the same manner, and since
weak convergence combined with convergence of the norm implies strong converge, item
(6) follows. This ends the proof.
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