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RESUME. — Nous étudions la limite quasi-classique de modeles de type Nelson régularisés
pour des polarons : une particle interagissant avec un champs bosonique quantifié. Nous brisons
Iinvariance par translation en ajoutant un potentiel extérieur décroissant a l’infini, agissant sur
la particle. Dans la limite de couplage fort ou le champs se comporte classiquement nous prou-
vons que les quasi-minimiseurs de I’énergie convergent fortement vers des états fondamentaux
de la fonctionnelle non-linéaire limite, de type Pekar. Ceci a lieu pour des potentiels extérieurs
arbitrairement petits et donc cette liaison est entierement due a l’interaction avec le champs
bosonique. Nous revisitons la convergence de 1’énergie en suivant une nouvelle approche pour
la construction de mesures quasi-classiques. En combinant avec une méthode de localisation
et un argument de concentration-compacité, nous obtenons la convergence des états.

1. Introduction

A quantum particle interacting with a quantized bosonic field (e.g. an electron
interacting with the phonons of a crystal) may exhibit self-trapping: the particle is
confined in a “hole” of its own making in the field. Usual linear models (Frohlich’s
polaron, Nelson model) are translation invariant and this phenomenon thus may not
take the form of existence of actual bound states. One of the strongest mathematical
evidence for the phenomenon is the existence of energy minimizers for the non-
linear quasi-classical approximations of the models. In the case of the Frohlich
polaron [Mgl06, Sei21], the limiting model is Pekar’s, for which the existence and
uniqueness (up to translations) of ground states was proven in [Lie77, Lio80]. Other
related models also exhibit this phenomenon, some being studied e.g. in [BFP23,
BFP25, FJLO7a, FJLO7b, LR13a, LR13b, Ricl6].

The validity of the quasi-classical approximation has been established in [DV83,
LT97, MS07] in the strong-coupling limit at the level of the ground state energy.
Quantum corrections are investigated in [BS23, FS21b, FS21a]. The corresponding
dynamical problem is considered e.g. in [CFO23b, FLMP23, FZ17, GSS17, Gril7,
LMS21, LRSS21]. If a trapping external potential (increasing to infinity at spatial
infinity) is further added to the model, the convergence of ground energy states to
quasi-classical minimizers is proved in [CFO23a].

Here we shall break the translation invariance by an arbitrarily small, decaying,
external attractive potential, and prove that this is sufficient for self-trapping in
the quasi-classical limit. For simplicity we consider Nelson-type models with regular
particle-field interactions, where the definition of the Hamiltonian

(1.1) HV = (-A+V)®1

ta? (11 ® /R T(k)e (R)e(k) dk + a /R (o) (k) + h.c.)dk:)

as a self-adjoint operator is straightforward (the Lieb—Yamakazi method [LY58] or
Gross transformation [Sei2l] are not needed). The above acts on

(1.2) 9= LX(RY) @ §(L*(RY)),
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Polaron models in the classical limit 663

the tensor product of the particle and field Hilbert spaces, the latter being the
bosonic Fock space constructed from the one-particle space L*(R?),

3(L2(RY) = @ (L2®YH) ™.

n=0

The particle’s coordinate is labeled by z, i.e. €% acts as multiplication on the

particle’s side. The standard bosonic operators ¢'(k), ¢(k) create/annihiliate a field
excitation in the Fourier mode k € R? and satisfy usual canonical commutation
relations (CCR).

The limit @ — oo is a strong coupling one. A heuristic square completion in the
second term of (1.1) indicates that the number of field excitations is of order o? in
this limit. To obtain a well-defined limit we therefore multiply all terms involving
the field degrees of freedom in (1.1) by a~2. For the true Frohlich polaron model,
this is equivalent to a change of length/energy units [Sei21].

One can see the strong coupling regime as a quasi-classical limit (i.e. a semi-classical
limit for the field degrees of freedom only) by redefining creators/annihilators in the
manner

(1.3) at(k) .= a7 te'(k), a(k):=atek)

so that

(14) H = (—A+ V)@l +1@ /R T(k)at (k)alk) + /R (e a(kyat (k) + hc.)
and

(1.5)  |a(k),af (k)] = a %6, [a(k),a(k)] =0, [a'(k),a' ()] =0

for all k, k" € R%. The data of the problem are

e The field’s dispersion relation 7' : R? —+ R* for which we assume a gap at 0
(i.e. T(k) = ¢ > 0 for all k), to avoid infrared problems. In polaron models
one typically takes T'= 1.

e The field-particle interaction potential v € L?(R¢). For the Frohlich polaron
one should consider a singular dipole-charge interaction, something we could
include with extra effort.

e The external potential V : R? — R~. Our point is that it can be arbitrarily
small (but negative), so that we impose V(x) — 0 as |z| — oc.

We give more precise definitions and assumptions below. Our main goal is to show
that binding holds in the o — oo limit for arbitrary V' decaying at infinity, thus
generalizing results of [CFO23a] applying to trapping potentials. We opt to consider
only the case v € L*(R?) because the difficulties linked to singular v on the one
hand, and to lack of trapping on the other hand are rather orthogonal.

Our analysis bears on sequences of approximate ground states for H("), whose
energy reproduce the infimum of the spectrum up to small corrections in the limit
a — o0. Let a sequence (¥, ), € $ be such that

(1.6) (W, | Hév)\lla>ﬁ <info(HY)) +0a(1),  [Wally = 1.
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664 M. FALCONI, A. OLGIATI & N. ROUGERIE

In particular we can take for each « a sequence (V,, ), such that
(W | HO W, o) — info(HY)
’ I n—oo

and diagonally extract a subsequence (U, o(n))n- A consequence of our main results
below is that if

(1.7) VYo = TrS(L2(]Rd))(|\Ijoz><\Ija|)

is the particle’s (reduced) density matrix then

(1.8) Yo — /]u)(u|dP(u) strongly in trace-class norm

o —r 00

where P is a Borel probability measure on the set of minimizers of the quasi-classical
Pekar functional obtained as

Ml — . )
Epex[U] = @e%%ﬁ@)@@g(@ | H U®£(90)>,.)-

Here
E(p) = @1 om0, € 3(L2(Rd)>

is a coherent state of the field (the definition of a(y), a(y) is recalled in (2.3) below).
The above means that an arbitrarily small potential well is sufficient to trap/bind
the particle in the quasi-classical limit.

2. Main results

2.1. Model

The natural Hilbert space for a system composed by one particle in R? and a
quantum bosonic field is

(21) ‘6 = Liart(Rd) ® S?

with the bosonic Fock space

[e.e]

(2:2) § = §(Liaa®)) = B (Liaa(RY)

Qsym™n

In most of the sequel, the a dependence of the model will be encoded into the fact
that the annihilation operator a(f) acting on § as

(23) (a(f)\lln)(xlv cee 7'-7;71—1)
= ofl\/ﬁ/d f@), (2, 21,..., 0, 1)ds, ¥ U, € Lgym(Rd”)
R
and its adjoint a'(f) satisfy the rescaled Canonical Commutation Relations (CCR)

la(f), alg)] = [a!(f),a' ()] =0,

(2.4)
a(r).a'@)] = L2 v pge L@,
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We still denote by a(f), a'(g) the operators on § which act as (2.4) on the factor §

and as the identity on the factor Lgart(Rd). We associate to these operators the

operator-valued distributions a,, a! defined by

_ () T — ]
(25) af) = [ F@ae.dz.  d(f)= [ f(@)aldr,
together with their Fourier transforms
G, — 1 ik-x ~7 1 —ikex T
(26) ak_<271'>d/2/Rd€ axdx, ak—W/Rde axdx
and the number operator
(2.7) N, = / ala,de = / alapdk.
R4 R4

Our Hamiltonian acts on $) as

HY) = (A, + V(@) @ 1+ 1O N, + /]R (e mo(k)al + e~ *o(k)ay ) dk
(2.8)
= (A, + V@) 81+ 18N+ [ (v = y)a) + vz = y)a,)dy

We made the simplifying choice T'= 1 in (1.1), corresponding to the Frohlich polaron.
We can easily accommodate functions such as

T(k) = (kP +1),0<s <1

i.e. a kinetic energy operator for the field such as (1 — A)®. This requires only an
extra use of an IMS-like localization formula (from [LL11, Appendix B] for s # 0, 1)
in Lemma 3.6 below.

Here V' is an external potential, v is a function which couples the field and particle
modes, and v is its Fourier transform.

ASSUMPTION 2.1 (The external potential). — We assume that V € L2 (R?) is
a strictly negative function such that
(2.9) lim V(x)=0.
|z| — oo
ASSUMPTION 2.2 (The interaction). — We assume that v € L*(R?) is real-valued.

We define the ground state energy
(2.10) EY) = info(H).

It is known [DV83, LT97, MS07] that, to leading order as o — oo, E(") is close to
the minimal energy obtained through product trial states of the form

U=y @E(u),
where 9 € Lgart(Rd) is a particle wave-function and {(u) € § is the field coherent
state defined by
(2.11) E(u) = e’ e F

for u € L% 4(R?). Here
N=10000®...€F
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is the vacuum vector.
The expectation of H(") in ¥ = ¢ ® £(u) reads

(212) (Y@ &), B ¢ o £(u / Vi(a \d:v+/ 2)|2de
B+ [, +u<y>) (2 =yl (e) Pdady

Minimizing the above expression with respect to u (Whlch is tantamount to a square
completion) yields™)

(2.13) u=uy = —|*xv
and thus the Pekar functional is
(2.14) X)) / \Vip(z)|dx + / ) [*da

B ///RdXRded v(z — y)v(z — 2)|Y(y)[v(2) Pdadydz.
Observe that
///]Rdedx]Rd v( —y)o(r - Z)|¢(y)|2|¢(2)|2d$dydz
= [, W= )t Pdrdy

- //RdXRd v(z — 2)v(z — y)dz
_//Rded v(iz4+ax—y)dz= (vxv)(y —x)

so that the effective interaction term in (2.14) is always a non-positive/attractive
pair interaction, in the sense that

W (k) = [o(k)* > 0.

Also note that, since we assume v € L? we have that W € L* by Young’s inequality.

with

(2.15)

2.2. Statements

We define the minimal Pekar energy at mass m > 0 in the manner
%
(2.16) Epep(m) = mf{ER)(0) | 0113 = m} = 53 (¥vm),

with the convention that El(a?k(m) is the minimal translation-invariant Pekar energy
corresponding to the choice V' = (0. We denote

(217)  Mpa(m) = {¢ € LARY) | [¢ll} = m, Ll (v) = Epl(m) }.

(D For T = (Jk[> +1)” this is replaced by wy = —(1 — A)~*([1)]? % v).
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That the above is not empty (i.e. that Pekar minimizers always exist) follows from the
usual concentration-compactness method as in [FJL0O7a, LR13b, Ric16] for example,
or by using rearrangement inequalities as in [Lie77] if W is assumed radial.

It follows from the results/methods of [CFOQB&, DV83, LT97] that
(2.18) lim EY) = EV)(1).

a—r 00

We shall revisit a proof of (2.18) along the lines of [CFO23a] for completeness,
providing in particular an alternative construction of the quasi-classical measures
used as main tools.

In this paper we are particularly interested in the associated convergence of states,
which is our main result:

THEOREM 2.3 (Convergence of states in the quasi-classical limit). — Let ¥, € $
be a (family of) normalized vector(s) such that
(2.19) (Wa, HW, ) < B + 0a(1).

Let k, ¢ be non-negative integers with k + ¢ < 2. Modulo extraction of a subsequence
in «, for every bounded A € B( pm(Rd)) and for every fi,...,[r,91,...,9¢ €

Lﬁeld (Rd) ’

(2.20) VRO <x1fa, Adl(g)...a'(ga(fy). .. a(fk)\lla>

a— 00 / (V)
weMPek(l)

k ¢
L? H<fj7u¢ H uy, g5) dP(¥),
i=1 =1
where P is a probability measure over the set of Pekar minimizers ./\/lpck(l) at mass 1
and w,, is defined as in (2.13).

A few comments:
(1) Picking k = ¢ =0 in (2.20) gives

Tr[v.A4] (1, AY) r2d P (1)

—
@700 Je Mig (1)
for any bounded operator A, where the particle reduced density matrix is
defined as in (1.7). Hence

Vo = ) (ldP ()

YEMPLM)
weakly-star in the trace-class. Since P is a probability, the right-hand side
has trace 1. Hence the trace of 7, converges. The latter equals the trace-
class norm because v, = 0. The convergence is thus strong in the trace-class
(see [Del67] or [Sim79, Addendum H]), as claimed in (1.8).

(2) Taking A =1, k = ¢ = 1 in (2.20) and varying fi,¢; € L?(R%) yields that
the field reduced density matrix described by the integral kernel

Tra ety [Wa) (Valala, |
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converges weakly-* in the trace-class to the operator with kernel

/wGMSQ(l) Uy (z)uy(y)dP ().

Taking k =1 or £ = 1, varying A, f1, g1, gives a similar convergence for what
we shall call the field-particle density matrix in Section 3.

(3) The limitation k+¢ < 2 comes from the fact that, for general quasi-minimizing
sequences, we only have a control via the energy on the expectation of the
field excitation number

N=> Lr2gay & a'(f;)a(f;),

j>1
with (f;); a orthonormal basis of L2,,(R?). Under the stronger assumption
that

(U [INFT,) < Cy
independently of «a, we can allow for k 4+ ¢ < 2k in the main result. If ¥,
is a true eigenstate of the Hamiltonian (assuming such exist), estimates of
this form follow from the variational equation and so-called pull-through
formulae [AmmO00, Ros71].

(4) Again, since the external potential can be arbitrarily small, its only function
is to break translation invariance. The binding/self-trapping only comes from
the particle-field interaction. In particular, in space dimensions d > 3, the
Cwikel-Lieb—Rosenblum inequality [L.S10, Chapter 4 and references therein]
ensures that if [|V[|a/2(ga) is small enough, the Schrédinger operator —A +V
acting on the particle has no bound states.

(5) Our proof does not require a purely negative external potential V', but only
that

Epa(1) < Ega (1)
which is certainly the case for V' < 0 by using a translation-invariant ground
state as trial state for the functional with trapping potential.

2.3. Organization of the paper

In essence we combine the philosophies of [CFO23a] and [LNR14, LNR15a]: quasi-
classical measures, and systematic combination thereof with localization methods.
This allows a concentration-compactness-type analysis of the many-body problem in
the quasi-classical limit reminiscent of what was performed in [LNR14] for the Bose
gas in the mean-field limit (see [Roul6, Rou20] for review).

We will start by defining reduced particle/field /field-particle density matrices in
Section 3. An important tool is then to define states localized in a given region of
space, such that “the reduced densities of the localized state are the localizations of
the densities of the initial state” in the spirit of [Lew11]| and references therein.

With this we may split the energy into the contribution of the region localized
close to the potential well, and the contribution of the complement. Using (2.18) for
both terms separately and simple binding properties of the classical Pekar energies
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(essentially that the classical energy in the potential well is smaller), we conclude that
it is energetically favorable to have all the mass concentrated close to the potential
well, which leads to binding/strong convergence.

We find it useful to revisit the construction of quasi-classical measures in Section 4.
This was performed in [CF18, CFO19, CFO23a, CFO23b] based on a Weyl quanti-
zation approach building on [AN08, AN09]. We provide an alternative construction
yielding slightly stronger results by using anti-Wick quantization as in [LNRI14,
LNR15al, combining with ideas from [FLV8S§].

Using the simplified construction of the measures, we give a self-contained proof
of (2.18) in Section 5 for completeness, and because some of the steps are re-used
when finally completing the proof of Theorem 2.3 in Section 6.

3. Reduced densities, localization of states and localization
of energies

3.1. Reduced densities

Identifying states on § = L2, (R?) ® § with §-valued functions. We recall

part
that, by the Schmidt decomposition, any ¥ € ) can be written as

(31) \I/ = Z Cj’LLj ® Uj,

j=1
where {u;};cn is a suitable orthonormal set in L2, (R?), {v;};en is a suitable
orthonormal set in §, and ¢; > 0 for all j. By construction then [|[¥|* = 352, c5.
We also recall that ¥ € § can be written canonically as an element of the space

LARYF). f VU =u®wv, where u € L2 (R?) and v € §, is a factorized state, then

part
U is identified with the function ¥(-) : R¢ — § whose action is
(3.2) U(z) = u(x)v.

This definition is then extended by linearity to the whole §.

The identification (3.2) between vectors induces a similar one for states on £. A
pure (normal) state on $) is a rank-one projection I' = |W) (|, where ¥ € $) has unit
norm. By (3.1) there exists an orthonormal set {u;};cn of elements of L?  (R?), an

part
orthonormal set {v;};cn of elements of LZ.4(R?), and coefficients {c;};en such that
(3.3) D= > c;tklug)(us| ® |vj)(vel-
k=1

We naturally identify I with the rank-one projection on L?(R% §) whose integral
kernel is

(3.4) ay)= S etmus(e)un()lo;) o,

jk=1
The identification is then extended by linearity to mixed states. Since ['(z, y) is of the

form |V (y))(U(z)|, it is a trace-class operator on § for almost every (z,y) € R? x R,
We also note that T'(x,z) > 0 for almost every x € R%.
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Reduced density matrices. For generic states I' on $ we will define objects
that monitor the state of the two subsystems (i.e., the particle and the bosonic field).
Let us first recall the standard definitions of reduced density matrices in Fock space.
Let I'; be a state on § satisfying

TI'@ [Nkrg} < 400.

for some k € N. For p,q € NU {0}, the (p, ¢)-reduced density matrix associated to
I’z is the operator

®squ ®symp

F(gpm : (L?ield(Rd))
defined by the relation

— (LfQieldaRd))

(3.5) <gl Qsym *** Osym Jp, F(Spg)fl Qsym * ** Osym ftI>
= Trg(Fg a'(f1)...a'(fp)alg) ... a(gq))

for g1,. .y Gps f1, -y [q € Ligq(R?). We will mostly use F(;’l), F;(;’O), and F(go’l). For

the latter two the above definition reduces to

(9.8 = Trg [T5a(g)]
((T§). ) = Trg [Ts ' ()] = (7, DIT9).
or, in terms of operator-valued distributions,

(3.7) {0 (x) = Trglya) = O ().

Moreover, for Fg’l) we have the relation

(3.8) Trpe e (T5Y) = Trg (NT5).

We next define reduced density matrices for states on the full Hilbert space $).

(3.6)

DEFINITION 3.1 (Reduced density matrices for particle and field). — Let I" be a
positive trace-class operator with unit trace on $), with the further property

Trg [1@NT| < +oo.

We define the associated:

e particle reduced density matrix as the unit-trace, positive, trace-class operator
v on L2, . (RY) defined through the partial trace

part
(3.9) v = Trg (T),
or, equivalently, as the operator with integral kernel
(3.10) (z,y) = Trz (T(x,y)).

Notice that, as a consequence of (3.4) and its extension to mixed states,
['(z,y) is indeed trace-class for almost every z,y € R
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e Field one-body reduced density matrix as the unit-trace, positive, trace-class
operator TV on L% ,(RY) defined by

(1,1)

(3.11) PO = [Trps g (1)) = [ /R T(z,2)da

e Field-particle reduced density matrix as the operator-valued linear map

0 ¢ Liaq(RY) — B(LL (RY)
whose action on a generic f € L3,4(R?) is defined by
(312)  (w,o(f)v) =Tr(l){ul @ (af(f) +a(H))T),  Yuve L2, (RY.
We have the following properties of the field-particle reduced density matrix:

LEMMA 3.2 (Field-particle reduced density matrix). — The field-particle reduced
density matrix defined above takes values in the trace-class:

01 Liga(RY) — L (L?Jart(]Rd>)'
Denote (o(f))(x,y) the integral kernel of o(f) and
o(x,x;z) = Trg {F(IL’, x)(ai + az)]
as an operator-valued distribution satisfying
(o()a.2) = [ fola:2) d=
The distribution o(x, z; 2) is in fact a function in LL(L?(R?)).

Proof. — To see that o(f) is indeed trace-class we may define it as an operator
via the requirement

(u,0(f)v) = (u, 04 (f)v) = (u,0-(f)v)
= Tr(lopul @ (a'(5) + a(), 1) = Te(Jo){ul @ (al(5) + a())_T)
with A the positive and negative parts of a self-adjoint operator. This way, if

Tr(l ® \/JT/T) < 0

then o(f) is the difference of two positive trace-class operators.
Thus for every f € L2,4(R%), the integral kernel (o(f))(z,y) of o(f) is the function

(o (F)(x.y) = Trg [D(. ) (a'(f) + a(f))].

Notice in particular that

[ el ds <+
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as is the case for the kernel of a trace-class operator. That o(z, z; 2) is in L} (Lz(Rd))
follows from

(3.13) /Rd (/Rd |a(m,x;z)|2dz)1/2da:
<C (/Rd Try (F(x, x)) Trz (aiazf(x, x))dz)l/Qdac

R4

<CTrz (1® W+ 1)),
Here we used first the Cauchy—Schwarz inequality in the form

Trg [F(x, x)(al + az)} = Trg [F(x, )20 (x, )12 <ai + a2>]

< Trg [F(z, g;)] 1/2 Trg {F(:v? )2 (ai + az>2F(x, x)1/2} 1/2

2
recalling that (ai + az) < Cala,. Next we used Cauchy—Schwarz for functions of
x, together with the facts that

/]Rd Trz [F(w, x)}dx = Trg [F}

/Rd Trs [alazf(x, a:)]dzdx = Trg [/\/T} O

3.2. Localization of states

An important ingredient in the proof of our main result is the possibility to
localize a generic state I' on §) to a certain region of R? both for the particle’s
and for the quantized field’s degrees of freedom. We here adapt to our coupled
system the known construction for a single bosonic (or fermionic, for that matter)

field [Amm04, DG99, HLS09a, HLS09b, Lew11].

PROPOSITION 3.3 (Construction of localized states). — Let 0 < ¢ < 1 be a linear
operator on L?(R?%), and T' be a positive trace-class operator on $). Let v, T3V o be
the reduced density matrices associated to I' according to Definition 3.1.

There exists a positive trace-class operator I'; on §) whose reduced density matrices
are

(3.14) Ve =474

(3.15) LY = Q[TrLgart(Rd)(qFQ)](l’l)q
and, for f € L% (RY),

(3.16) oo(f) =qo(af)q
Moreover,

(3.17) Trg I'= Trg Ty + Trg T _g2)1/2.

ANNALES HENRI LEBESGUE



Polaron models in the classical limit 673

Proof. — We follow and adapt the proof of [HLS09b, Section A.1.2]. Define the
partial isometry
(3.18) Q: Liaa(RY) € fr— qf ® (1= ¢*)'*f € Lia(RY) @ Liga(RY).
and its lifting to Fock space(®
3.18) G(Q) + §(Liaa(R") — §(Liaa(R") & Liaa(RY))
(GQ)™ = Q" v,

The latter operator satisfies

(3.20) G(Q)al(f) = a'(¢f @ (1 - *)'/*F)G(Q).
Recall now that there exists a canonical isomorphism
(3.21) U: 3(L§eld(Rd) ® L?ield(Rd)) — 3(L§eld(Rd)) ® 3(L§eld(Rd))7

and define the creation and annihilator operators on § (Lﬁeld(Rd)) ® 3 (L%eld(Rd)) as

c'(f) =a'(f) @ 15 co(f) = a(f) @ 15
d'(f) =13 ®d'(f) d(f) =15 @ a(/f).

We denote with the same symbols the extensions of these operators to §) = Liart (RY)®

§ which act as the identity on L2, (R?). The relation between U, the latter creation

and annihilation operators, and those on § (L%eld(Rd) DLy (]Rd)) is

Ual(f @ g) = (!(f) +d'(9))U
Ua(f @ g) = (e(f) + d(g))U.
Finally, define the operator

(324) V(Q) =12 w0 ® (UC(Q)): 9

s Ly (BY) @ §(L2g(®Y) @ §(La(RY).

(3.22)

(3.23)

By the relations above, Y(Q) satisfies the intertwining properties (see [DG99, Lem-
mas 2.14 and 2.15])

Y@Qal(F) = (¢lah) +d (1= )2f) ) (@)
Y(Q)a(r) = (claf) +d((1=)"21) ) ¥(@)
Y(@alaf) = «(HY(Q) Y@a((1 =)' F) = d()Y(Q)

a'(af)Y(Q)" = Y(Q)*¢'(f) af (1= )2 ) (Q) = Y(Q)*d'(f)
Moreover, since Q*(Q) = ﬂLﬁeld(Rd), it follows that Y(Q)*V(Q) = 1.

(3.25)

(2)The reader should think of the more familiar notation T'(Q) whose differential dI'(Q) is the
second quantization of (). In our setting such a notation would clash with the way we are denoting
states I' on $.
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Let now I' be a positive trace class operator on ). We define the g-localization of '
as the trace-class operator I'; on $) whose action on a factorized bounded operator
A® B e B(Lgart(Rd)) ® B(3§) is

(326)  Tl(A8 B = Trs [Y(Q) (A7 ® B 1)Y(Q)].

and the extension to non-factorized operators follows by linearity. The fact that I',
is positive follows from the positivity of I'. Moreover, the identity Y(Q)*V(Q) = 14
implies that

(3.27) Tro Ty = Try | (¢* ® 15)T].

Repeating the construction by switching the roles of ¢ and (1 — ¢?)'/? we similarly
find

(3.28) Trg Dy_geyre = Tr [ (1= %) @ 15)T].

The last two identities prove (3.17).
In order to show (3.14) we compute

(329)  (9:%f) = Trs (I/){9l @ 15T,) = Ty (laf) (a9l © 15T) = (fra7vq9)-

This is precisely (3.14). In order to show (3.15), in turn, we recall (3.11) and (3.5)
to write

(5.77) = (o [T ()] ')

= Try, [(]lLiart(Rd) ®al(f)a(g))Ty).

Eq. (3.15) is then deduced using the definition of I', and the intertwining proper-
ties (3.25). Finally, in order to show (3.16) we write, for a generic O € B(L2,.(R?)),

Trgz,, @ [0 0u(f)] = Tro (0 @ a(/))T]

Again, the definition of I'; and the intertwining properties allow to conclude. U

(3.30)

3.3. Energy localization

We fix a smooth partition of unity x? + n? = 1 with x(z) = 1 if |z| < 1 and
x(xz) = 0 if |z| > 2, and define xr(z) = x(x/R) and ng(z) = n(xz/R). We further
assume that x, and thus 7, are monotone functions. We then have

PROPOSITION 3.4 (Energy localization). — Let V,v be as in Assumptions 2.1
and 2.2, and let HY) be defined in (2.8). Consider a family (¥,), of normalized
vectors U, € 9, and the associated states I'y, = |V,)(V,|. Assume that

Tr [H)To] < C

ANNALES HENRI LEBESGUE



Polaron models in the classical limit 675

uniformly as a — oo. Let v, "V o, be the reduced density matrices associated to
Iy according to Definition 3.1. Let 'y, U'a., be the localized states corresponding
to the choices I' =T, and ¢ = xg,ng in Proposition 3.3. Then

(3.31) 1ggl£>fTrY)(Ha Fa)
> lim inf lim inf {Trﬁ (HY) Tany) + Trg (HY Fa,nR)] .
We split the proof into three lemmas, corresponding to the three terms in the
energy.

LeEmMA 3.5 (Particle energy localization). — In the same assumptions of Propo-
sition 3.4 we have

(3.32) liminf Try ((—A+V)® 1T, ) > liminf lim inf
a— 00

R—o0 a—o0
[TrLgart(Rd) (XR(—A +V)xr *ya) + TrLgart(Rd) ( — nRAnR%()].

Proof. — Let us first focus on proving a lower bound on the term involving —A.
Using the IMS formula

—A = —xpAxr — nrRANR — |VXR|]* — |[VnR|*.

The two gradient terms are bounded functions which, by the definition of yr and
Ng, satisty

C

@.

This immediately implies, using also the definition of ,,

Try ( —A®1 Fa) = Trez, @ ( - A%v)

IVxr)* + |Vig|* <

C
> Trgg,, e (= XnAXR ) + Trzg, o) (= 10A0RTa) = 2

Passing to the lim inf for o — oo followed by R — oo, we conclude
lim inf Trg ( -A®l1l Fa>

> liminf lim io%f {TrLgart(Rd) ( — XRAXR 'ya) + TrLgart(Rd) ( — nRAnRya)].

R—oo a—

For the V-term in (3.32) we proceed in a similar way, by writing
V =xRV +npV.

Since V' is a bounded function that decays at infinity, we have, as R — oo,
Vn% > — og(1). Passing to the two liminf’s concludes the proof. O

We next localize the field energy. We could generalize this to more general field
dispersion relations using appropriate IMS formulas, cf the discussion following (2.8).
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LEMMA 3.6 (Field energy localization). — In the same assumptions of Proposi-
tion 3.4 we have

(3.33) liminf Try (1 ® N T,)

(1,1)
> lim inf lim inf{TrL?idd(Rd) [XR (/Rd a(2)Ta(x, :L‘)d:L‘) XR]

R—oco a—00

(1,1)
+Trrz  (ra lnR (/Rd na(x) Ty (z, x)dx) 7]31 }
Proof. — Recalling the identification (3.4) together with (3.11) we have

Tr <]1 ®NFQ) = /Trg(./\/l“a(x,x))da:

(L,1)
=Trrz  (re ([/}Rd Loz, a:)da:] )

by definition of the first reduced density matrix of a state on Fock space. Using the
fact that

Xi + 15 =1

twice and discarding the two mixed terms for a lower bound (recall that I'(z, z) > 0)
leads to

(1,1)
Ty, (11 ®N’Fa> = Tz (ra) (XR /Rd X%z(ﬂv)ra(%x)dx} XR)

+ Trrz  (re) <773

(1,1
/]Rd né(x)lja(x,a:)da:] 77R>. O

Finally we deal with the particle-field interaction:

LEMMA 3.7 (Interaction energy localization). — Under the same assumptions as
in Proposition 3.4 we have

(3.34) lim inf Trg </]Rd v(-— 2) (al + az) Fa>
.. .. 2 .
> lergilaf lim inf |://]RM Xer(@)xr(2)v(x — 2)04(2, 2; 2) dedz
+// 05 (2)nr(2)v(z — 2)o (7, 2; 2) dedz
R2d

Proof. — First, by definition of o,
Trfj (/]Rd U(- — Z) (CLL + az) Fa) = /A2d U(I — Z)O'a(aj‘7x; Z) dxdz.

ANNALES HENRI LEBESGUE



Polaron models in the classical limit 677

Using x% + 1% = 1 we have
(3.35) // v(x — 2)ou(z, x; 2)dxdz
= // XR(@)XR(2)V(@ = 2)oa(v, 7; 2) dedz
RQ

+ / ) na(2)nr(2)v(x — 2)oq (2, 7; 2) dedz
RQ
+ 61(1}‘5) + gI(I?t) ’

Sl(it) = //R?d Xa(2)(1 — xgr(2))v(z — 2)o (2, 7; 2) dedz

Sl(ft) = /R'M ne(2)(1 — nr(2)v(z — 2)o(z, 7; 2) dodz.

Let us show that these are negligible in the limit o — oo followed by R — co. The

(3.36)

two terms are treated similarly, starting with Slnt) First, we have

773<2

1-— = < np.
XR 1+ vn Nr

In addition, since
2 9 2 2
Nr = Mir T Mg — iR
we have the bound

/R2d & (@)@ — 2)| |ow(z, 3 2)|dzdz

* //Rm Xr(7) (7712%(2) - an(Z)) [v(z — 2)||oa(z, 7; 2)|dvdz.

To control the first term in the right hand side we notice that x%(z)nig(z) <
12—z >Ry, and therefore, by Cauchy—Schwarz,

//R2d (@) ip(2)|w(x — 2)| |oalz, z; 2)|drdz

1/2 1/2
! </{lz—w>R} e =) |2dz> (fR oa (e, o z)|2dz> d
< or(1)

uniformly in «. Here we have used the fact that v € L?(R%), as well as (3.13) and
the fact that the energy of I, is uniformly bounded by assumption.

(3.37) |&n

N

For the second term in the decomposition (3.37) of 5&) we argue using an adapta-
tion of Lions’ concentration-compactness argument, already used in [LNR14, Lemma
4.8]. Let us define the function

// (x = 2)[ 12> R |0a(, T3 2)|d2dz.

Then (recall that n% > 13y since n is monotone)

L@ (1(2) = n3a(2))lole = ) loa .23 2) drdz < Qa(R) = Qa(SR).
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Now, for fixed «, the function R — @, (R) is non-increasing on [0, c0), and

0< QulR) < ol [, ( [, loala,aiz) P )

uniformly in @ and R thanks to (3.13) and the fact that the energy of T, is uni-
formly bounded. We apply the above along a sequence in « attaining the limsup of
Qa(R) — Q4(8R). Then, by Helly’s selection principle, there exists a subsequence ay
and a decreasing function @ : [0, 00) — [0, (] such that

Jim Qu(R) = Q(R).  VRe[0,00)
Since limpg_, o, Q(R) exists by monotonicity and is finite, we conclude
Jimn tim sup(Qa(R) ~ Qu(SR)) = Jim_lim (Qu,(R) ~ Qu, (3R))
= Jim (Q(R) = Q(8R)) = 0.

1/2
dx < Cl

This implies that
Jim lim (Qu(R) — Qa(8R)) =0
because the left-hand side is always non-negative, and we conclude that
lim lim 51(33 =0
R— 00— 00
We argue similarly to obtain 51(133 — 0. U
We now conclude the:

Proof of Proposition 3.4. — The result follows immediately from Lemma 3.5, 3.6,
and 3.7 after recalling the expressions of the reduced density matrices of the localized
states 'y, and I ,,, from Proposition 3.3. O

4. Quasi-classical measures

We revisit the construction of quasi-classical measures from [CFO23a, CFO23b,
Fall8a, Fall8b], linking them with the approach of [LNR15a]. Slightly improved
statements are obtained by using anti-Wick rather than Weyl quantization in the
basic definition of the measures, but otherwise the spirit is extremely similar. Related
statements and ideas may be found in [FLV88|.

4.1. Notation
For a complex separable Hilbert space $) we denote B($)) the set of bounded
operators acting thereon, B($))* its dual and S($)) the state-space, i.e.
(A1) 8®):={weB®),w(B)=0 forall 0<BeB®)wl)=1}

These are “abstract states” by opposition to trace-class operators, i.e. normal states.
One advantage in considering them is that a sequence of abstract states always
has a weak-x cluster point which is a state. A bit of care is needed in using the
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weak-+ topology on B())* because the pre-dual B($)), is not, in infinite dimension,
separable. The compactness of sequences of states thus takes the form that (by the
Banach—Alaoglu Theorem) given a sequence (wy,), € S($)N there is a w € S(§) such
that w,, converges to w along a subnet. This means that for any B € B($))

(4.2) Wh(a)(B) — w(B)

where h : A — N is a monotone cofinal function from some directed set A to
the integers. It is important to be able to test against the identity operator in (4.2),
to ensure that w is a state. With an abuse of notation we denote this convergence by

(4.3) Wy = w

net

where an extraction is implied.

4.2. The theorem

Let b, $H be two separable complex Hilbert spaces. We are interested in states of
the composite system with Hilbert space

Hiot :=h® 3(5’))

where §($) is the bosonic Fock space constructed from §. We denote by N the
number operator on §($)) and

S{)n = ﬁ@sn
the n-particles sector. For a state I' on $, (O )r denotes the expectation value
of OinT.
For facilitated comparison with [LNR15a] we here follow the convention that anni-

hilation and creation operators are unscaled (contrarily to the convention in (1.3)),
so that the CCR takes the form (2.4)

(), e9)] = [ (). ! (9)] =0,
(). ] =(fa). Vg€ Liaa®Y
for the creation and annihilation operators (cf (2.3))
c(f) = ad'(f), c(f) = aalf).

DEFINITION 4.1 (Reduced density matrices). — Let I' € S§($10) be a state over
Hior. We define reduced densities I'*9) as maps from B(h) to B($,, ) (the bounded
operators from $), to $;) by the formula

(4.5) (fi®s .. @ fi| T*I(A)gr @4 ... @0 1)
=(Awd(g)...cge(fi)...clfi)),

where A € B(h) and fi,..., fi,q1,..., 90 € 9. The definition makes sense as soon as
<]l ®N#>F < 00

(4.4)
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where

N =37 (f)e(f)

i>1
for any orthonormal basis (f;); of .

DEFINITION 4.2 (Anti-Wick observables). — To any u € $) we associate a coher-
ent state on F(9)

(4.6) &(u EB u® € F(9).

For any sequence ¢ — 0 and any finite-dimensional subspace V' of $ we define the
anti-Wick quantization of a continuous function with compact support b € C°(V)
at scale ¢, by

(4.7) b = (em) =) [ b ¢ (u/VE) )¢ (w/VE) | du

We aim at proving the

THEOREM 4.3 (Quantum de Finetti for composite systems). — Consider a se-
quence € — 0 of positive parameters, and associated sequence I', of states over ot
satisfying

(4.8) (EN))yp. < +00

uniformly in e, for some 1 < K
There exists a probability measure i € P($)) and a p-measurable map

N {sa — S(b)

U > Wy,

with values in the state-space of b such that,

(1) Expectations of anti-Wick observables converge and define the measure: along
a subnet, for all A € B(h), V C $ a finite-dimensional subspace and all
b € C%(V) (continuous functions with compact support in V') we have

(4.9) (ApV)  — /33 wa(A)b(w)dp(u)

(2) Reduced density matrices converge: along a subsequence, for A a compact
operator or the identity®

(4.10) VEW kTR (A) 6j0/5wu(A)‘u®k><u®€’du(u)

weakly-x in the trace-class for all k, { satistying =3 k+t < k. More precisely

() 1n fact, modulo a subsequence, we can test with A in any separable subspace of the bounded
operators.
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vk!£!5k5£<A ®c(g1)...c (ge)e(fr) ... C(fk)>re

— [ () TTs 1) TT (algs)dn(u

e—0 J=1 J=1

for all fi,..., fx,91,--.,9¢ € 9.

We shall rely on a version of the above in the non-composite case (where h®@F () is
replaced by §($)) from [LNR15a, Sections 4 and 6]. This is also contained in [ANO0S,
ANO09] where the construction is rather based on Weyl observables/quantizations
rather than anti-Wick as we use here.

Before proceeding to the proof, we state as corollary the convergence of observables
akin to the interaction energy of our main model.

COROLLARY 4.4 (Quantum de Finetti and the particle-field density matrix). —
Let h = L?(R%), v € L*(R4 R). Under the assumptions above (for k = 1), after
extracting a subsequence

11y VE( [ o= (e +a)dn)
Ho//wwu =) (?/)+@>dydu(u)

where v(- — y) is understood as a multiplication operator on Y. In other words
(4.12) // Veo(z,z; 2)v(x — 2)dvdz
R2 xR?
- / /]Rd wy(v(- — 2) (z) + u(z))dz dp(u)

where o.(x,y; z) is the integral kernel of the field-particle density matrix of I';, as
defined in Section 3.1.

Proof. — By arguments mimicking (3.13) we find that

ful ke

5 N\ 1/2
(z,z; z)‘ dz) dx

1/2
< C/Rd Trz[I'o(, 913)]1/2 (/Rd Try[Te(x, Qf)é?alaz]dz) dx
<O @ (eN +1),

Hence (z,z) — +/go.(x,x;2) is uniformly bounded as a sequence in L!(L?(R%)),
which is a subset of the dual of the Banach space C%*(L?(R%)) of bounded continuous
functions with values in L?(R?) (see e.g. [HYNVW16]). Hence, modulo extraction of
a subsequence

\/E//]RQ . oz, z;2)p(x, 2)dwdz —> //R2 " oo(z, 7;2)(x, 2)drdz

e—0
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for any ¢ € CY(L*(RY)), with 0y a Radon measure over L?(R?) (with a slight
abuse of notation in the right-hand side of the above). For v € L*(R%), the map
(7,2) = v(z — 2) is in C¥*(L3(RY)) since the statement

dy =20

lim v(x —y) —v(zg — 1Y)

Tr—X0 Rd

is equivalent to v x v being continuous at zg, which is true for v € L?(R?) by [Fol99,
Proposition 8.8].

Thus we may assume that the left-hand sides of (4.11)-(4.12) converge for any
v € L*(R?%). We now identify the limit o with the help of Theorem 4.3. By density
we may restrict to testing with a smooth compactly supported v if needed, so that
the multiplication operator v(- —¥) is bounded on h. Theorem 4.3 implies that, along
a subsequence, for any such v, xo € R? and f € L?(R?),

(413) VE(u(- = 20) @ (< () + e())),.
[ o 2o (Ul + ).

Introduce now a tiling (Q%)o<n<n of [0, R.]%, say with squares of centers z,, and
vanishing side-length when ¢ — 0, where R. — co. We claim that, as operators,

/R (=) () + o)y — (e (1g:) + e(1g: ) ol — )

<o (1)(eN +1).

(4.14)

Indeed a Cauchy—Schwarz inequality gives
/Rd v(-—y) (CZ/ + Cy)dy - Z(CT <1Q;> + C(]leL))U(- — Iy,)
3 ot =) =l =) (VB + V0, s o)y

<oy [ cheylos @y + 0o S [ (00 =) = vl = 2.)) Lo () dy

Ve

< CoeN + ?05(1)

using that
>l =1,
recognizing a Riemann sum and using that v € L?(R?). Choosing § = §. — 0 suitably

slowly vindicates (4.14).
Next we obtain, after possibly a further extraction of subsequence

(4.15) \/5</Rd o(-—y) (] + Cy>dy>FE
=3 [ [t =) (u) + u)) s () dydiatu) 0
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This follows from (4.14), for each term

(c'(1gz) +e(tgs) )o(- — )

is amenable to the use of (4.13). With a suitable truncation of the sum in and
a diagonal extraction we obtain convergence for each term and the sum along a
common subsequence. Finally, the second term in the left-hand side of (4.15) equals
the right-hand side of (4.11) by another Riemann sum argument, recalling that we
may work with a smooth compactly supported v. 0]

4.3. Proof of Theorem 4.3

We recall the statement of [LNR15a, Theorem 4.2]:

THEOREM 4.5 (Grand-canonical quantum de Finetti theorem). — Consider a
sequence ¢ — 0 of positive parameters, and associated sequence I'. of states over
§($) satistying

<(€/\/’)K>FE < 400

uniformly in e, for some 1 < K
There exists a unique probability measure p1 € P($)) such that, modulo the extrac-
tion of a subsequence,

(1) Expectations of anti-Wick observables converge and define the measure: for
all V C § a finite-dimensional subspace and b € C°(V') we have

(4.16) By — / b(u)dpa(w)
I L)
(2) Reduced density matrices converge

(4.17) VEW kel *0 Ejo/ﬁ‘u®k><u®e‘d,u(u)

weakly-x in the trace-class for all k, { satistying =5 b+l < k. In particular

vk!€!5k5€<cT(gl)...cT(gg)c(fl)...c(fk)>rs ;))/;) H(fj|u I (ulg;)dp(u

7j=1
for all fla"'?fk?.gl?"'ng €9

Only the case k = £ of (4.17) is worked out explicitly in [LNR15a]. The adaptation
to k # ¢ is however straightforward, only the core calculations from e.g. [LNR15b,
Lemma 4.2] have to be adapted mutatis mutandis.

Proof of Theorem 4.3.

Step 1. — Let C°($)) denote continuous functions with compact support over £
and consider the algebra of observables

A= B(h) @ C'(%).
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Starting from I'. € S(h @ F($)) as in the theorem’s statement we define a state
I'. € (B(h) ® C%($))" over A by testing it against a dense subset of elements of A.
Namely, for any A € B($)), any finite-dimensional V' C § and b € C%(V), we set

T(A®b) = (A V)

€

That way (f‘s)E is a bounded sequence of positive linear forms over A (seen as a

Banach space) and therefore it has a weak cluster point T, € A*. Namely, along a
subnet

(4.18) r.(0) - To(C) for all C € A.
We now identify the cluster point, working along the just identified convergent subnet
for the rest of the proof.
For any positive operator A € B($)), we can define a (non-normalized) state ['4
over §($) by setting
(B)ra = (A® By,

Applying® Theorem 4.5 to I'4 we find that there must exist a positive Borel measure
(4 on $ such that, along a further subnet,

(4.19) (Aeb™) — | bu)dua(w).

€ )

As per (4.18), Ty is uniquely identified by
A b(w)dpia(u) = To(A @ b)
)

and there remains to further simplify the left-hand side.
Since (the operator norm is used below)

(Aeb) <ALt ),

for any positive function b from a finite-dimensional subspace of £, we find that

| bwduatu) <141 [ bu)dpa(u
Picking any V' C $ this implies that (approximating the characteristic function of V'
by a sequence of continuous functions)
pa(V) = 0= pa(V) =0

for any positive bounded operator A € B(h). By Radon-Nikodym’s theorem, we
deduce that for any positive bounded A, there exists a map u +— w,(A) € L' (9, duy)

such that
/ﬁ b(u)dpa(u) = /ﬁ b(u)wn (A)dpuz (u).

Upon redefining w,(A) if necessary we can assume pq is a probability. From the

definition it also follows that w,(A) is uy almost-surely a bounded linear function
of A.

(4) Strictly speaking, we go back to the proof of [LNR15a, Item (i)] to identify any cluster point,
not only sequential limits. This is done mutatis mutandis using Skorokhod’s lemma [Sko74].
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Next we can split a general bounded operator in the form
(420) A - AT+ - AT_ + lAwH_ - lAl_

with four positive operators A,,, A,_, A;., A;_. Applying the above to each term
separately we find a p := pg € P($) and u — w,(.) a L*($, dp) map from § to the
state-space of b such that

<A® bgW>FE o /ﬁwu(A)d,u(u)

for any A € B($) and any b € C%(V) with V a finite-dimensional subspace of $).
This is the first statement of the theorem.

Step 2. — Under our assumptions, Vk!llek<fT*(A) is a bounded sequence of
trace-class operators for any positive bounded A and % < k. Hence we may extract
a weak-* convergent subsequence. If A varies in a separable subspace of the bounded
operators (e.g. the span of compact operators and the identity, as in the theorem’s
statement), we can use a dense countable subset thereof to obtain convergence along
a common subsequence for all A, modulo a diagonal extraction argument.

To obtain the second statement of the theorem we further extract a subnet along
which Theorem 4.3 (1) holds. There remains to apply (4.17) to each (non-normalized)
state I'4 defined above, with A a positive operator, and use the splitting (4.20) to
generalize to all operators in the statement. The measure in (4.17) being the same
as that in (4.16), we identify the limit in (4.10) by using (4.9). O

Under more restrictive assumptions we may ensure that w,(.) is almost surely a
normal state, i.e. can be represented by a density matrix:

COROLLARY 4.6 (Quantum de Finetti for composite localized states). — Suppose

that, in addition to the assumptions of Theorem 4.3, the sequence I'. satisfies the
bound

(4.21) (L@ 1)y < +oo,

uniformly in e, for some positive operator L on f with compact resolvent. Then the
pu-measurable map w of Theorem 4.3 takes values in the set of normal states on b,
i.e. in the set of positive, normalized, trace-class operators.

This result will not be used in our proof of Theorem 2.3. The a priori absence
of a suitable operator L ensuring the validity of (4.21) precisely reflects the lack of
trapping of the operator acting on the particle.

Proof. — On the one hand, we know that by Theorem 4.3, there exists a measure
1 and a state-valued map w such that the expectation of anti-Wick observables
converges. In addition, as illustrated in the proof of the theorem, such convergence
identifies the couple (i, w).

Now, let us define the family of states

'Y = (L4 1)V2T.(L + 1)V2

&€

For I'") we proceed as in the proof of Theorem 4.3, substituting the algebra of
observables A with

K= L>(h) @ C2(H) ,
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where £(h) is the space of compact operators. Thanks to this modification, we can
identify a limit measure u”), and a p®)-measurable map

D) {55 — L1 (b)

u > wh)

where Lfﬁl(b) is the set of normal states on h, dual to the set of compact operators.

The drawback is that in this case p™) could fail to be a probability measure. Let us
remark that one could identify different limit measures along different subsubnets
of the one used to obtain (u,w) from T'..

Now, let us fix A € B(h), V C § finite dimensional, and b € C?(V'). On the one
hand, by Theorem 4.3, along the subsubnet

<A®b2w> — / wy (A)b(u)dp(u)
I'e 9
and on the other hand,
<<L + 1>71/2A(L + 1)71/2 Q bgW>F(L)
— /ﬁwl(LL)((L + 1)Y2A(L + 1)_1/2)b(u)du(L)(u) ,
since (L + 1)"Y2A(L +1)7Y2 € £>2(h) for any A € B(h). However,
(Aet™) =(L+D AL+ enY)

by definition of ¥ and thus

[ e Ab)dn(u) = [ wP((L+1)72AL+ )7 )blu)dp ().
Fixing a bounded A and varying b implies that
wu(A)dp(u) = WP (L +1)72 AL+ 1)72)dp ™ (w).
Hence in particular with A = 1 we find g = pp. Also, p-almost surely,
wu(+) =P ((L+ 1)V (L +1)712).

The limit is the same along any subsubnet, and thus it holds on the original subnet
as well. Therefore, it follows that w, € L} ;(b). O

5. Convergence of the energy

For completeness we now revisit the proof of

THEOREM 5.1 (Energy convergence). — With the assumptions and notation of
Section 2, we have that

EY) — EY)(1).

(@) a—oc0

In particular this holds true with the external potential V = 0.
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Our proof is in the spirit of [CFO23a], but we use quasi-classical measures as
constructed in the previous section, leading to mild simplifications. In view of The-
orem 4.3, the natural limit energy takes general abstract states as arguments. We
discuss this first in a subsection, and prove that this does not lower the energy as com-
pared to what was defined in Section 2. We will complete the proof of Theorem 5.1
in a second subsection.

5.1. Generalized Pekar energies

Let
h:=-A+4+V

and W be as in (2.15), and identified with the multiplication operator by W (x — y)
on the two-particle space L2, ® L2, ..

We start this discussion by generalizing Pekar’s energy functional to take mixed
states as arguments:

LEMMA 5.2 (Mixed Pekar functional). — Any minimizer of
v +— Trlhy] + Tr[W(x — y)y ® 9]
amongst positive trace-class operators of trace 1 must be rank one. Hence any
minimizer is of the form v = |¢)(¢| with ¢ a minimizer for (2.16) with m = 1.

Similar arguments may be found e.g. in [Sei02, Section 5] or [BSO1, Section 2].

Proof. — The existence of minimizers follows by a concentration-compactness
argument similar to that leading to the existence for (2.16). We skip details and
denote 7y a minimizer.

Consider a variation

vy=(1—-¢)y+eo
with 0 < e < 1 and o a positive trace-class operator of trace 1. We must have
Tr[hyo] + Tr[W (x — y)vo ® 7o) < Trlho| + Tr[W(z — y)o ® o].
Note that
TW(r—yowel = [[ W= yo)olyy)dedy.
R4 x R4
Expanding and taking e small enough we find that necessarily (keeping only the O(¢)
term in the expansion)
Triyo(h + W py )] < Tr[o(h + W py, )]

where p,, () = y0(x, x) is the density of .
Hence 7y must also minimize the linearized

v Tr[y(h 4+ W * py)],

which in particular shows that the Schrodinger operator h + W * p,, has at least
a ground energy state. Then, v must have its image in the ground energy space
of h + W % p,,, but the latter has dimension one by well-known arguments (see
e.g. [Rou20, Theorem 2.3] or [RS78, Section XIII.12]). O
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We now turn to a functional taking generalized states as arguments. For an abstract

state w on Lgart(Rd) (a positive linear functional over bounded operators acting on

L2,.«(RY)) let, in analogy with (2.14),

Ew) =wh) +wewW(z-y) =we w<hz “hy W - y))
and (Gen for generalized)
(5.1) Eg;)l : mf{gp‘e/lz( ), w € S(LQ(Rd)) as defined in (4.1)}.

Implicit in the above is the fact that the minimization is performed under the
constraint that

A w(h1/2Ah1/2)

is a bounded linear map over bounded operators A acting on L2, (R?), so that w(h)
makes sense (we use that h is a non-negative operator here). Under our assumptions
one easily proves that

ho + h
(5.2) Hy = ;”/ FW(r—y) > —C

for some constant C', and hence the infimum above is well-defined. We have the

LEMMA 5.3 (Generalized energy = Pekar energy). — With the previous defini-
tions

1% 1%
EG) = By (1).

Proof. — In view of Assumption 2.1, we may for this proof assume without loss
that h > 0 as an operator.

Denote h = L*(RY) for brevity. We have [Sch60, Chapter 4] that the dual of
bounded operators (B(h))" is the bidual of the trace-class £!(h). Hence, by Golds-
tine’s theorem® | for any abstract state w there exists a net of positive trace-class
operators -y, such that
(5.3) Te[y, B] 2

net

w(B)

for any bounded operator B. The rest of the proof is then akin to that of [CFO23a,
Proposition 2.8].

For a state w with SGen(w) < oo it follows from (5.2) that w(h) < co and w ®
w(H2) < oo. Hence

W"(B) := w(h'/*Bh!/?)

defines a positive linear functional on B(h) as well, to which we may apply the above,
obtaining a net of trace-class operators 4" such that

(5.4) Tr[7:B| = w"(B).

(G)If X is a Banach space, its unit ball is dense in that of the bidual X** for the weak-x topology,
see e.g. [Rud91, Exercise 1 p. 128].
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Applying (5.3) directly to w yields another net ~,, but testing (5.4) with B of the
form h~'/2Bh~'/2 for a bounded B shows that one can take

Yo = B2,
Similarly

wo(Bsy) == w ®w(\/H2 + CBQ\/HQ + C>

defines a positive linear functional on bounded operators B, on h®?%, where C is a
constant such that Hy + C > 0. We deduce that wy is the limit of a net of trace-class
operators that we may identify to

(h—l/z,ygh—l/z) Q (h—l/z,ygh—l/2>

as above. Using (5.4) and the fact that W is a bounded multiplication operator, we

conclude that for any state w with 58;)1 (w) < o0, there exists a net (7,) of trace-class
operators such that

bt (Tn) = Ebl ()
This leads to
(5.5) By > inf{£00(7),7 € £'(),7 > 0, Try = 1}.

The opposite inequality follows from the variational principle. The right-hand side
of the above is the Pekar energy (2.14) generalized to a mixed state

v =D Alug) (]
Jj=1
with A; > 0,0, A; = 1 and an orthonormal basis (u;); of . We hence conclude from
Lemma 5.2 that
% 4
Ega = Bri(1)
as desired. O

5.2. Proof of Theorem 5.1

Again, without loss of generality (i.e. adding a constant if needed), we assume that
h > 0. We consider a sequence of quasi-minimizers as in (2.19). Under our assump-
tions, applying the Cauchy—Schwarz inequality to the interaction term immediately
leads to the a priori bound

(5.6) (Vo (—A+ V)@ 1T +1RN,|V,) <C

independently of a. Here N, is the scaled particle number (2.7). We apply Theo-
rem 4.3 with kK = 1, = a2, obtaining a probability measure y over L?(R?) and
a pi-measurable map w, from L?(R%) to the state-space of L*(R?). Combining with
Corollary 4.4 we may pass to the limit in the interaction term. For the field energy,
we pass to the liminf using (4.10) with A = 1, &k = ¢ = 0 and the fact that the
trace-norm is lower semi-continuous under weak-x convergence in the trace-class.
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As regards the particle energy we denote -, the particle reduced density matrix
of [W,)(W,|. Since Tr(y,h) < 0o, we have that

YM(B) := Tr(hl/zfyahl/2B>

defines a bounded sequence of positive linear forms over bounded operators. Extract-
ing a further weakly-x convergent subnet and identifying the limit by testing with
B of the form h~'/2Bh~/? we deduce that

Te(hya) / (W) dpa(w).
All in all

lim inf F (V))

> [ s (@) Nl 4 [0 = 2)) (u(2) + )2 ) ()
> inf{w(h) T llulls + /Rdw(v(- - z))(u(z) +u(2))dzu € LR, w e 5(L2(Rd))}

since p is a probability measure. Minimizing with respect to u at fixed w in a similar
manner as in (2.14) leads to a real-valued u such that

u(z) = —w(v(. - 2))

and an energy
w(h) - HUHiz = w(h) — //W(U( _ y))w(v(‘ _ Z))dydz
a // Way @ W, (V(@1 — Y)v(22 — 2))dydz
= &l ()

where we inverted the integral over y, z and the expectation in w ® w in the last step,
recalling (2.15). We conclude that

.. (V) (v
lggloréf Ey 2 Egen-
There remains to use Lemma 5.3 and recall that the upper bound
1% v
El(:'elz(l) > E((a))
follows from the trial state argument sketched in Section 2.

6. Convergence of states, proof of Theorem 2.3

Since our main result Theorem 2.3 is stated modulo subsequence, we take the
liberty of not indicating all extractions of subsequences/subnets in the arguments of
this section.

We start from a sequence of states

o= |\Da><qja|
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as in the statement of the theorem. As in the previous section we have that
(6.1) (Vo FA+ V)@ T+ 1N, |T,) < C

and we may apply Theorem 4.3 with x = 1, obtaining a probability measure p over
L?*(R%) and a state-valued map w,. Let v, be the particle density matrix of I', as
in Section 3.1. We may extract a weak-x convergent subsequence in the trace-class:

(6.2) Tr[ya K] g Tr[yoo K]

for any compact operator K over L*(R?). Identifying the limit using Theorem 4.3,
it must be that

(6.3) Yoo = / w,” dpu(u)
with w;" the normal part of w,, i.e. the unique trace-class operator satisfying
(6.4) wy (K) = Tr[wi® K] for any compact operator K.
Arguing in a similar manner for the field density matrix
A= F&l’l)
we find
o 2 [l uldy()

along a subsequence, instead of just a subnet as in Theorem 4.3. As regards the
particle-field density matrix o, we consider o, (z,z; z) as a L1 L? function as in the
proof of Corollary 4.4 and deduce

//RR Oale, 73 2)0(x — 2)dvdz — /ﬁ /R walo(- = 2)) (u(z) + () ) dzdpu(u).

Now, we aim at turning the weak convergences from (6.2) and Theorem 4.3 into
strong ones. For that we prove that no mass is lost in the limit:

LEMMA 6.1 (No loss of mass). — Let 75 be the weak-x limit of the particle
density matrix, introduced above. We have that

Trlye] =1
and hence
Yo 58, Yoo

along a subsequence, strongly in trace-class norm.

Proof. — That the first statement implies the second is classical [Del67, Sim79].
We thus focus on the mass of the limit density matrix.

Step 1. — Let yr be a localization function as in Section 3.3. We claim that
(6.5) Tr[xrYaXxr] —2 Tr[XrYeoXR]-

Indeed, let v* be the positive operator

7= (1= A) P (1 - A2,
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It follows from (6.1) that * is uniformly bounded in trace-class norm. Thus, modulo
a possible further extraction

’Yoz = ,yoo - (1 - A)l/glyoo(l - A)1/2

o —r 00

weakly-star in the trace-class, where we identified the limit by testing against (1 —
A)"V2K (1 — A)7Y/2 for a compact operator K. Then

Tr[xrYaxr] = TF[XR(l — A)_l/gvfi(l _ A)_I/QXR]
— TI"[XR(l - A)fl/nyfo(l _ A>71/2XR}

a—r 00
= Tr[XrYsoXR]
because (1 — A)~/? is compact. Indeed, since x is smooth with compact support
it is in any LP space, while (1 — A)™'/2 acts in Fourier variables as the multiplier

by (1+ |k|?)~"?, which belongs to L for ¢ > d. Hence, the Kato-Seiler-Simon
inequality [Sim79, Chapter 4] implies that xz(1 — A)~!/2 is in the Schatten space
L9 for any q > d.

Step 2. — We now prove that
(6.6) lim lim Tr{xgrYaxr] = 1.

R— o0 x—00

nr =1 — Xk

Then (3.31) implies (bounding H"”) from below by its’ lowest eigenvalue)

Let xr be as above and

lim inf Trg (HS/) Fa) lim inf lim inf (Tr,:J (H(V) Fa,xR) + Trg(Taynp) E 0)).

R—o00 a—00 @

with 'y, ,, and Ty, the xg— and nr—localized states constructed from I',.
Next, combining with the energy upper bound obtained as sketched in Section 2,

4 e
Epe(1) > lim inf llarlgloréf(Tryj (Fa XR)E( )+ Try, <1"amR)E£¢O)).
Inserting the energy convergence from Theorem 5.1 and using (3.17) leads to

EY) (1) > hm inf lim mf(EPek(l) Tre(Cayy) + El(;(;)k(l)(l - TI‘@(FO[’XR)>)

R—0c0 a—
so that
0 > lim inf lim mf(E )k(l) — Eg;i(ﬂ) (1 — Trﬁ(ra,xR))'

R—oco a—
But
V) (0)
Epei(1) < Epa(1)
since V' < 0, as follows by using a translation-invariant ground state as trial state
for the functional with trapping potential. It must thus be that

lim inf lim inf Trg, (FQ’XR) =1,

R—oc0 a—00

which implies (6.6), using (3.14).
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Conclusion. — Combining (6.5) with (6.6) leads to
Jim Tr[xryeoxs] =1
and the result follows. O
Combining the lemma with (6.3) implies that
Trwp®] =1

for p-almost every u, where the normal part is defined as in (6.4). Hence w,, coincides
p-almost surely with its normal part, a positive trace-class operator. We denote the
latter ~y,, which has trace 1.

We may now return to Theorem 4.3 and pass to the limit in the energy as in
Section 5 to obtain

14 o 1%
Eé,elz(l) > lim inf E((a))

L (Told e [ ol = 2] (u(z) + u(e)dz )

> [ s (T W s, ()

WV

> BEo(1).

To go to the second line we have minimized with respect to u, obtaining
(6.7 u(z) = =Tl = 2] = = [ pr.(@pole - 2)do

with p,, () = v, (z, z) the density of v,. To go to the third line we used Lemma 5.2,
i.e. that the Pekar functional for mixed states leads to the same minimization problem
as the usual one. This fact and the previous chain of inequalities (there must be
equality throughout) also imply that for p-almost every u,

with ¢ a minimizer of the Pekar energy functional (2.14) at mass 1. We also must
have (6.7) and hence

U= uy = —v * [Ph|?
as in (2.13) for p-almost every u. Theorem 2.3 follows upon defining

AP () = /]lu:uwdu(u).
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