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The resolvent of the Nelson
Hamiltonian improves positivity

Jonas Lampart*!

October 6, 2020

We prove that the resolvent of the renormalised Nelson Hamiltonian at
fixed total momentum P improves positivity in the (momentum) Fock-
representation, for every P. Our argument is based on an explcit rep-
resentation of the renormalised operator and its domain using interior
boundary conditions.

1 Introduction

An operator on a Hilbert space is said to preserve positivity if it leaves a cone of
“positive elements”, e.g. functions that are point-wise non-negative, invariant. It is
said to improve positivity if it maps any non-zero positive element to a strictly pos-
itive element, meaning that the scalar product with any positive element is strictly
positive. This property has important consequences for the spectral theory of the op-
erator. For example, if a self-adjoint bounded operator improves positivity and has
a maximal eigenvalue, then this eigenvalue is simple, with a strictly positive eigen-
function, by the Perron-Frobenius-Faris theorem [Far72]. This method has played
an important role in the spectral analysis of Hamiltonians from quantum field theory
(QFT) for a long time [GJ70, Gro72, Far72, Fro74, BFS98, Mgl05, DH19.

An important example is the Nelson model for the interaction of a non-relativistic
particle with a bosonic field. At fixed total momentum P this model is described by
a self-adjoint Hamiltonian acting on the symmetric Fock space

o0
Hp =T (LA(RY) = D (LA(R?)) ™" (1)

n=0
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The Hamiltonian has the formal expression
H(P) = (P — dI'(k))* + dT'(w) + a(v) + a*(v). (2)

where dI'(k) is the field momentum, acting on each factor L?(R3) as multiplication
by the respective variable, w denotes operator of multiplication by the dispersion
relation w(k) = VkZ + m2, m > 0 and v(k) = w(k)~'/2 is the form-factor of the inter-
action. This expression cannot be interpreted as a sum of densely defined operators
on #p since v ¢ L?(R3). However, it is possible to define a self-adjoint renormalised
Hamiltonian corresponding to the formal expression, which was constructed for the
translation-invariant model by Nelson [Nel64] and by Cannon [Can71] for the model
at fixed momentum (see also [GW18, DH19] for a recent expostion and refinements).
This operator is obtained as the limit A — oo (in norm-resolvent sense) of the opera-
tors Hy(P) — Ex — Hyen(P) with ultraviolet (UV) cutoff, where where v is replaced
by va(k) = v(k)1(|k|] < A) and E, € R are appropriately chosen numbers.

Frohlich [Fro73, Fro74], and Mgller [Mgl05], showed for the Nelson model with
UV cutoff that the resolvent of the Hamiltonian as well as the generated semigroup
improve positivity, and used this to prove that the ground state of the Hamiltonian
H) (P) (which exists for m > 0 and small P) is simple. In [Fro73, Fro74] it was also
announced that the same positivity property holds for the renormalised operator.
However, a complete proof was given only recently by Miyao [Miy19, Miy18], who
showed that the semigroup generated by the renormalised Hamiltonian improves
positivity for every P, which implies the same property for the resolvent. This was
then used by Dam and Hinrichs [DH19], who proved non-existence of the ground
state for m = 0. Positivity of e #Hren(0) had been shown earlier by Gross [Gro72],
and positivity for the translation-invariant Hamiltonian plus a potential in the path-
integral representation by Matte and Mgller [MM17]. The difficulty in proving these
results is, roughly speaking, that Hye,(P) is defined as a limit, and in this limit
positive quantities could converge to zero.

In this article we give a new proof that the resolvent of Hye,(P) improves positivity.
We use a representation of the operator and its domain in terms of generalised
boundary conditions, called interior boundary conditions, which allows us to work
only with the renormalised operator and avoid approximation by operators with
cutoff and the difficulties this entails.

1.1 The renormalised Hamiltonian and interior boundary conditions

In this section we review the representation of the renormalised Hamiltonian using
interior boundary conditions. This approach to the UV problem was proposed by
Teufel and Tumulka [TT16, TT20]. It was applied to the massive (m > 0) Nelson
model by Schmidt and the author [LS19], and generalised to the massless case (m =
0) by Schmidt [Sch20]. The proofs of key lemmas are provided in Apendix A.



For a unitary U € Z(L%*(R3)) we denote by I'(U) the induced unitary on J#p
acting on e%”];(.n) = (LQ(R?’))@SW” as U®". By dI'(4) we denote the self-adjoint
generator of T'(e™4). Let

Lp = (P —dl'(k))? + d'(w) (3)

with w(k) = VA2 +m2, m > 0, v(k) = gw(k)~ /2, where g € R is a coupling con-
stant. This operator leaves the particle-number invariant and acts on an n-particle

wavefunction as multiplication by the non-negative function of K = (ky,...,ky,)
n 2 n
Lp(K) = (P =3 ki) + > wiky). (4)
j=1 j=1

It is thus self-adjoint on its maximal domain D(Lp) C ¢ and non-negative. For
A >0 we set

G} = —a(v)(Lp +X) 7, (5)
where a(v) is the annihilation operator that acts on (a dense subspace of) e%”lgnﬂ)
as

(al0)p™ ) () = VAT T [ o€ D (K, e, (6)

The operator G} is bounded on 7 (see Lemma A.1), so its adjoint is also bounded,
and a(v) is densely defined on D(a(v)) = D(Lp). The action of the adjoint is given

on %Iﬁ”) by

1 (k) (K;)
_\/m; Lp(K)+ A’ 9

(@) (r) =

where K j € R3("=1) denotes the vector K with the entry k; removed.
The domain of the Hamiltonian at total momentum P is

D(Hp) = {4 € #p : (1= Gy)d € D(Lp)}. (8)

The condition (1 — Gy)y € D(Lp) is the interior boundary condition that encodes
the behaviour of 9 for k — oco. Note that ran(G\ — G,) C D(Lp), so this condition
is independent of A > 0.

The action of Hp on its domain can be expressed as

Hp=(1—G\)"(Lp+AN)(1—Gx)+Tx =\ (9)



with the operator T\ = Ty  + T,q,1, whose “diagonal part” acts on %IS”), n € Ny,
as the operator of multiplication by

T () = [ 0OF (arom ~ o) (10)

and the off-diagonal part acts as the integral operator (for n > 0)

( odwin) Z/RS LP K§ J(r)\ 19 dg. (11)

To understand the connection of the Hamiltonian (9) anf the formal expression (2),
we expand the former into a sum of terms that are individually not elements of 75,
but of D(Lp') (the completion of #% under the norm ||¢[| = |[(Lp + 1)~ | ).

Let D(Ty) := D(L5 + dT'(w)'/?) C % be the domain of Ty (for appropriate
e > 0, see Equation (17) below). Then

A D(Lp) D GAD(T)\) — AP
Al + Gap) = a(v)y + Thp

extends a(v) to a domain that contains D(Hp) (see the argument below Theo-
rem 1.1). The operator A is well defined and independent of A since

AW+ Gap) = a(v)ih + Tag = a(v)d + (A = 1) G5Gup + Tup
= a()(W + (Gx — Gu)¢) + A (13)
—_———

eD(Lp)

(12)

holds for all u, A > 0, as one easily checks using the resolvent identity. For ¢ €
D(Hp), i.e. with (1 — G))y € D(Lp) we then have

Ap = A(1 = Gy + AGYY = a(v)(1 — G\ + Ty, (14)

This implies that the action of Hp on its domain can be expressed, as a sum in
D(Lp'), by

Hpp = (Lp +A)(1 =G\ +a(v)(1 = Gy +Thp — AP
— Lpt + a* (o)) + Av. (15)

This shows that Hp is also independent of A and essentially acts as the formal
expression (2), up to the choice of extension A D a(v).

It was proved in [LS19, Sch20] that the translation-invariant Nelson Hamilto-
nian (which is unitarily equivalent to the direct integral of the fibre-operators Hp,
see [CanTl]) is self-adjoint, bounded from below and equals the renormalised oper-
ator constructed in [Nel64, Can71, GW18|. Formulated for the fibre operator Hp,
we have:



Theorem 1.1. The operator Hp is self-adjoint on D(Hp), bounded from below, and
Hp = Hyen(P).

The proof goes as follows. First, (1—G) has a bounded inverse (see Lemma A.1),
so D(Hp) is dense and

(1=GX)(Lp+ A1 —-Gy) (16)

is self-adjoint and non-negative on D(Hp). One then shows that T} is bounded
relative to this operator with infinitesimal bound. The key is that, by Lemma A.2

and Lemma A.3, we have for any ¢ > 0, n € Ny and 9™ ¢ e%”lgn)

1Tl < Ce(I(Lp + Nl + A0 @) 26 s ). (17)

This implies that T)\(1—G)) is infinitesimally bounded relative to (16), by bounded-
ness of (1 — G%)~!. Taking ¢ < 1/4 it follows from Lemma A.1b) and Lemma A.lc)
that T\G is a bounded operator on D(dI'(w)'/?). Since (1 — G) is an isomor-
phism on D(dI'(w)'/?) by Lemma A.1d), the operator TG is bounded relative to
(1 — Gy)*dl(w)'/2(1 — G) and thus infinitesimally bounded relative to (16).

This implies self-adjointness and the lower bound. The equality Hp = Hyen(P)
follows from the equality of the translation-invariant operators [LS19, Thm.1.4] by
unitary transformation (see [Can71, Thm.5.2]).

The method of proof also yields a formula for (Hp+p) ! for large enough p by the
proof of the Kato-Rellich theorem (see also [Pos20] for alternative representations of
the resolvent). In order to show positivity of the resolvent we will basically follow
this proof with some modifications that give control over the sign of certain terms. In
particular, the arguments of Section 2.2 reprove self-adjointness of Hp in a slightly
different way.

Remark 1.2. The results of [LS19, Sch20] apply to general Nelson-type models in
d < 3 dimensions with v,w satisfying |v(k)| < |k|~%, w(k) > (m? + k?)#/? with
appropriate conditions on «, 5 (see also [Sch19] for models with relativistic parti-
cles). Our method also works for these more general models under the additional
hypothesis that 3/3 > d — 2 — 2a (which ensures that T4 »G is bounded).

2 Positivity of the resolvent of the Nelson Hamiltonian

In this section we formulate and prove our main result.

Definition 2.1. We define the cone of positive elements Cy C .7p by

Cy = {¢ € Hp|vn e Ny : p™ (ky,... ky) >0 ae}. (18)



We write that ¢ > 0 iff ¥ € C; and ¢ > 0 iff (¢, ) > 0 for all ¢ > 0. An operator
A € B(HAPp) preserves positivity if ACy C C;, and improves positivity if Ay > 0 for
all 0 4 € Cy.

We will show that the resolvent of Hp improves positivity if g < 0, that is if v(k)
is strictly negative.

If instead g > 0 and v is positive all our results hold instead with positivity defined
by the cone

C_:={¢p € #p|¥n e Ny : (=1)"p™ (ky1,... k) >0 ae.l}, (19)

since the operators with interactions v and —v are unitarily equivalent via U =

T(-1).

Theorem 2.2. Let P € R®, m >0 and g < 0. Then for all A\ > —info(Hp) the
resolvent (Hp + )\)_1 improves positivity with respect to C4.

To see why this might hold, first note that (Lp + \)~! preserves positivity since
it is obtained from a multiplication operator by a positive function. Using the sign
of v, one easily sees that Gy, (1 — Gx)™' = 332, G4 (for A > 1) and their adjoints
preserve positivity by inspection of the formula (7).

With this, the inverse of

(1=GA)"(Lp +A)(1 - Gy) (20)

preserves positivity, and it is not difficult to show that it improves positivity (see
Lemma 2.7). In the formula (9) for Hp + A, this is perturbed by the operator T}.
The off-diagonal part T,q ) is an integral operator with negative kernel, so —Toq x
preserves positivity. This can be dealt with by a perturbative argument due to
Faris [Far72], the essential point of which is that the Neumann series (1 + A4)~! =

Joio(—A)j is positivity-preserving if —A is. However, the diagonal part gy is,
for fixed particle number, a multiplication operator by a function that does take
positive values.

Remark 2.3. If, in deviating from our hypothesis,

v(k)[?

as is the case for the H. Frohlich’s polaron model where w = 1 and v(k) o< 1/k, the
formal Hamiltonian makes sense as a quadratic form. Self-adjointness can be proved
as in [L.S19, Sect.2], and the operator T} is simply given by

T = —a(v)(Lp + \)"'a*(v). (22)

Hence —T) preserves positivity and the proof that the resolvent of Hp improves
positivity is rather straightforward starting from there.



2.1 A modified representation of Hp

We will deal with the positive part of Ty y by absorbing it with Lp and modifying
the representation of Hp. A similar idea was used in the renormalisation of more
singular Hamiltonians of Nelson type [Lam19, Lam20].

For arbitrary n € Ny (which we suppress in the notation) and K € R3" let

T (K) = (/R v(&)]? (52 +1w(5) - LP(K}@ H) d§)+ (23)

denote the positive part of Ty »(K'). By scaling (see Lemma A.2 for details) we have

T A(K) < O(Lp(K) + N)* (24)

for any ¢ > 0 and some C. Thus for every A > 0 and € > 0, 74 \(K) defines a
bounded operator from D(L%) to #p. We denote this operator by 7  and define
T_ )\ as

T-x:=Tgx— 74 <0. (25)
For A > 0 we now define F), a modification of GG, as the adjoint of
Ff=—a()(Lp+7 2+ M) (26)
Lemma 2.4. The family of operators F\ has the following properties:
a) Fy is bounded;
b) ran F\ C D(L%) for all 0 < s < 1/4, and for all Ao > 0

sup |[(Lp 4+ A)°Fy
A>No

B(Ap) < OO

¢) Fy maps D(AT(w)'/?) to itself and there exists C > 0 so that for all X > 0 and
Y € D(dD(w)'/?)

[dT (W) 2 Exto]| s < CA™H4|AT (w) Y290 s

d) There exists \g > 0 so that for A\ > \o, 1 — F\ is invertible on H#p and
D(dI(w)Y/?) with

sup ([[(1— £y
A> Ao

#(p) T 11— FA)_1||<@(D(dF(w)1/2))> < o0

e) D(Hp) = (1 — F)\)"'D(Lp).



Proof. Statments a)—c) are proved by reduction to the corresponding properties of
G. By (24) we have for ¢ € #p

[rea@e + a7 < [ @e + 27t (27)
By the resolvent formula this implies that
F =G (1= malLp+mon+2)7) (28)

is bounded, by boundedness of G (see Lemma A.la)). The difference of the adjoints
is then

Gr—Fx=(Lp+ 72+ A '7,Gh (29)

By Lemma A.1b), (Lp + A)*G, is bounded, uniformly in A. Thus by taking ¢ = s <
1/4 in (24), 74 \G) is bounded. This implies b) and c¢) since Lp + 7 > Lp and
thus (Lp + A)(Gx — Fy) is a bounded operator, uniformly in A.
Statement d) follows from b) and c¢) by Neumann series, as in Lemma A.1d).
Finally, e) follows from the fact that ran (G, — F)) C D(Lp) proved above. [

Proposition 2.5. For every A > 0 we have the identity
Hp=(1 —F)\)*(LP+T+7)\+)\)(1 —F)+5S.— X

with Sx = Sax + Soax, D(S)) = D(Ty), given by

(Sd,A¢(n)> (K)
_(n) ()P (K€)
=V )< AT o (R 8 T VLK €) + 7 (R E) +/\)d§>
and
(n)
(K5,€)
( Soa 10" Z/]R«*LPKf +T+P/\(K§)+)\d£

Proof. We can rewrite the expression for Soq,\ as

(sod,w)) (K)

— (Tod,kw( Z k; )T+ X(K 6)1[)13 ( 5)

r3 (Lp(K +)\)(LP(K £)+ 14, /\(K §+A)

(30)



Putting the second term together with the second term of Sq ) yields the identity

Sx =Toan + 7-x +a(®)(Lp + 74 x + A) " 'rpa(Lp +A)la*(v)
=Toa + 7- ) + FX71 \G), (31)

where the last expression defines a bounded operator on J#p by the argument of
Lemma 2.4. Now using this,

Hp

(1=GA)"(Lp+ A1 =G +Th — A

(1= G (Lp +A)(1 = Gy) + Tyr + Sy — Firs nGy — A
(1=GN)"(Lp+74x+ NI —=Gr)+Sx— A

+ (1 = GY)Te 2GA + Gy — FXT4 2Gy. (32)

By (29) we have 7 \Gx = (Lp + 74 x + A)(Gx — F)), so we can rewrite the last line
as

GATex + (1= GX) T nGa — FXT4 0 G

=G A (1 = F)) + (1 = FX)7 2Gx = Gh A (Gy — F))

= (G)\ — F)\)*(Lp + 70+ )\)(1 - F,\) + (1 — F;)(Lp + 70+ )\)(G)\ — F)\)

— (G)\ — F)\)*(LP + 7N+ )\)(G,\ — F)\)
=(1-F)(Lp+ T+ MNI1—=F)—1—-G\)"(Lp+ T+ A)(1— G)\).( |
33

This proves the identity as claimed. O

2.2 Proof of positivity

Lemma 2.6. For any A > 0 the operator (Lp + 74 \ + M)~ preserves positivity.

Proof. The operator preserves particle number and its restriction to e%”lgn) is explic-
itly given as multiplication by a positive function, so it preserves positivity. ]

Lemma 2.7. Assume that g < 0 and let Ao as in 2.4d). Then, for all A > Ao the
operator

Ro(N) :

(1= B (Lp+mx + A)(1 - FA))il
=(1 =P (Lp+mea+ A1 = F)7

1s positivity-improving with respect to Cy.



Proof. We need to show that for all non-zero ¢, > 0 we have
(1= F) o, (Lp+ma+ N1 = F) ) > 0. (34)

Let n > 0 be such that ¢+ £ 0. From the formula

xpntl) — 7”(5) (n+1)
F + W/g LP K&' +7-+)\(K €)+)\g0 + (K7£)d£ (35)

we see that F ;‘ (n+1) —£ 0, since the first factor of the mtegrand is strictly positive.

By induction then (F*)"Jrl (1) £ 0. Since (1 — F§)~" = 222, (F¥)’ (by choice
of \g), this implies that
<(1 - Ff)‘lw,®> > 0, (36)

where @ € #p denotes the vacuum vector. This proves (34), since the same applies
to (1 — Fy)~'4 and the restriction of (Lp + 74 + A)~! to the vacuum sector is
a strictly positive number, so both arguments of the scalar product have non-zero
overlap with the vacuum. O

To complete the proof of Theorem 2.2, we will use a perturbative argument for
Sx. Since Soq,) is an integral operator with negative kernel, the key point is that
now Sq  is essentially negative.

Lemma 2.8. For all A\g > 0 there exists pg such that for u > pg and every A > Ao
the operator —(S\ — p) is positivity-preserving.

Proof. The operator Syq, is an integral operator with negative kernel, hence —Sgq,»
is positivity-preserving. On the n-particle sector, the operator Sq ) is a multipli-
cation operator by the sum of 7_ y(K), which is non-positive, and a non-negative
function. We will need that this function is bounded (uniformly in A > Ay and n)
and then choose

Ho = sup Sa(K), (37)
A>XAo,mENg ,KGRd"

whence —Sg \(K)+p > 0 a.e.. For this, first use (24) and then the Hardy-Littlewood
rearrangement inequality, to obtain for A > A

_ (&) P A (K, €)
S0alK) 72 = [ (Lr(K &) + N(Le(R, &) + roa(K &) + 1)
1
d
/R3 EI((P = 3Z7=1 ki — §)* + o)? ¢
1

S/RS mdg, (38)

which yields the claim. O

10



Proof of Theorem 2.2. We start by deriving a formula for the resolvent of Hp for
sufficiently large A. Let u > po as in Lemma 2.8 and A > max{u, Ao}, Ro(A) as in
Lemma 2.7. Then, by the representation of Proposition 2.5, we have

(Hp + A= p)Ro(A) =1+ (Sx — p)Ro(A). (39)

We now prove that this is invertible by a Neumann series for sufficiently large .
By Lemma A.2 and Lemma 2.8

[(Sax — 1) Ro(M | z)
ST aRoM)l ) + [1(San — 7—x — ) Ro( M)l (40
< CI(Lp + N RoM)ll zp) + 1l Ro(N () (40)

Using that (1 — Fy)~! =1+ F\(1 — F)\)~!, we obtain for ¢ < 1/4 by Lemma 2.4

(40) < CII(1 = F) Mooy (I(Zp + X))
+[[(Lp + A FA(1—F\) " (Lp + A)_l\\e@(%p)) + pl[Ro(N) | )
< OXTL (41)
By Lemma A.4 we have for the off-diagonal part
SoaRo(N) ) < ClAT ()2 Ro(N) || ) - (42)
Using Lemma 2.4d) we obtain
AT (@) /2 Ro (M) | )

< (1 = Fn) " Hlgarwyra e + 2 gz arwa (0= F) ™ s
< OXTV2, (43)

Altogether, find that
(53 = mRo(V)| < CAT'72, (44)

and it follows that for large enough A > max{u, Ao}

(Hp + A — )" = Ro(\) (1 + (Sx — ) Ro(N)) ™"

o0

= RoN) Y (~ (83— ) Bo()) (45)

J=0

11



By Lemma 2.8, the sum defines a positivity-preserving operator, which is one-to-one
since it is invertible. As Rg(\) improves positivity by Lemma 2.7, we have for every

0#v el

Ro(N) (1+ (Sx — p)Ro(N) "' > 0. (46)

eCc+\{0}

This proves the claim for all A > Ay, for some A1 > 0. The property extends to all
A > —info(Hp) since, for v > A\ > A > —info(Hp), (v — A\)(Hp +7)~! has norm
less than one, and thus

(Hp+ N7 = (Hp +7) " (1= (7 = N(Hp +7)7)

— (Hp ) S (= N e+ ) (a7)
=0

improves positivity. O

A Technical Lemmas

Here we reprove the key Lemmas of [LS19, Sch20] for the special case of the (massive
or massless) Nelson model at fixed momentum.

Lemma A.1. The family of operators G has the following properties:
a) For every \ > 0, the operator Gy is bounded;

b) ran Gy C D(L%) for any 0 < s < 1/4, and for all Ao > 0

sup [[(Lp + A)*Gallzrp) < o0
A> Ao

¢) Gy maps D(AT(w)'/2) to itself and there exists C > 0 so that for all X > 0
and ¢ € D(dT(w)/?)

AL ()2l < CATVH|A ()20

Hps

d) There exists Ay so that for all X > Ao the operator 1—Gy, is boundedly invertible
on #p and D(dT'(w)'/?) and

1 1
sup (H(l — Gz 11— GA) H,%(D(dl"(w)l/2)> < 0.

12



Proof. For a) and b) it is sufficient to prove that
—a(v)(Lp + )" (48)

defines a bounded operator on J#p, uniformly in A\. To prove this, we insert a factor

of w(€)/w(n) and its inverse to obtain for n > 1
la(w)(Lp +2)*~ |2

B M@, (€)Y w(€)F™(Q,n)w(n)?
. nRs(n/U dQ/ df/ N LP Q )+ N w2 (Lp(Q,€) + N)sw()1/?

") (Q, )2 o) ?
- 2nRB<n/1> dQ/ = LP Q E R/ M@ ey )

By the Hardy-Littlewood rearrangement inequality we have for s < 1/4

/ [v(n)|*dn </ dn
s (Lp(Q,m) +N)'2w(n) = Jrs (n? +m?) (P —n— 07 k)2 + A)22%

dr
= /Rg RECED (50)

which is uniformly bounded for A > \g. Together with (49) and the symmetry of
(™ this gives

(n) 2
Ja)Le+ )W <ne [ [ae PR
R3(n—1) R3 P
_C/dK SR
< e o (51)
To prove c), we proceed as in (49) to obtain (denoting Q(K) = >"%_; w(k;))
la(v)(Lp + X)~1dL (w) /24|12
QQ, n)[v(n)l?
=2 /R3(n—1) Q/ dew(©)l™ (@ P / dn Lp(Q,n) + A)*w(n) (52)
By scaling and rearrangement, we have
[v(m)|*dn 1 dr

fo @@ w7 o e e )

13



and

[v(n)[*dn e [ dT
fe T < QN [ (54

Using symmetry as in (51) this implies
la(v)(Lp + X7l (w) /22 < CATV2 A (w) 2012, (55)

and proves c) by taking adjoints.
To prove d) observe that b) and c) imply that

1GAllze0) + 1GAll 3(D(arw)rr2)) < CAT° (56)

for s < 1/4. Thus for large enough A the inverse of 1 — G in both spaces exists and
is given by the Neumann series, whose norm is bounded by (1 — CA;*)~L. O

Lemma A.2. For any € > 0 there exists C' > 0 such that for all A > 0, n € Ny and
K e R

| Tax(K)| < C(Lp(K) + N)F.

Proof. We treat only the case n > 0, the case n = 0 being simpler. We have (with
Q(K) = Y7y wlky))
P—S" ki — &2 - +QK)+ A
Taatr) =| [ e E =2 29 )
R? (& +w(@))(Lp(K, &) +A)

(P — X051 k) + 20€1|1P — 371 Ayl

d§

2
o T TN T D VR (57)
) Q(K) + A
+ PO e g T (58)

To simplify the notation, we set p := P — 3°%_; k;. The first term in (57) and the
term (58) are bounded by almost identical arguments, so we only give the details
for one of them.

Scaling out /Q(K)+ X in (58) and using that &2 + w(z) > |¢| we obtain by

rearrangement

dg
(58) <(Q(K) + A)° 2
RZEQ((\/%—&) +1)
<(QUK) + ) % (59)

r3 E2(E2+ 1)
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For the second term in (57) we have

2(¢] Il

2
O N3 (R EE T ERR G F YA
2|p|
~ e E2((p— €)%+ +A)d€' (60)
Scaling by |p| # 0 then yields
2lp| de < 2__g—c (61)

v E((p— O+ N Jus E2(E — O

where C' is independent of p since the last integral is invariant by rotations. Com-
bining these bounds proves the claim. O

Lemma A.3 (cf. [Sch19, Lem.3.8]). There is C > 0 so that the inequality

HTod,,\I/J(")H%;gn) < C||dT (w) 2|

A
holds for all A >0 and n € N.
Proof. We may write
e Z (O (K5, €) v(§)w(k;)'/2de
Toaa e ( Lp Kf )+ NV20(k;) V2 (Lp(K, ) + N2 (€) /2
(62)
By the Cauchy-Schwarz inequality we obtain
O™ (K5, €
(Toa ™ (Z/R LPK&H) > (63)
w(ke)
dn|. 64
(ZR?’LPKU‘F)\)()U (o)
The factor (64) is bounded by (writing Q(K) =37 w(k;) and p= P — 377, kj)
w(ky)
d
ZRS LPKVI—F)\) ("
<Z/ (ke)(QUK) + )™ 1/2/R3 ! 3 dn
__r _ _ 2
Elgs (( QUK)+A 77) ‘1‘1)\77\
1
< w(ky) —1/2 / S ) 65
;/ o ks (2 Dl (65)
R3
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where in the final step we have used the Hardy-Littlewood inequality on the integral.
We use this to estimate the integral of |Tpq z¢)™ (K)|? over K and obtain

[ Toa " )||jf<n)
e Z / / w(l{:g)Q(K)_l/z\v(kj)|2W(§)|¢(n)(f(jv5)|2d§dK (66)
ja=17/R" JR? (Lp(K,§) +)‘)w(kj)

By renaming the variables k; = 7, £ = k; in the j-th integral, and using the sym-
metry of (™, this becomes

1 Toaxe" H%An)
Wk QL 1)~ 2o () Pw(k;) [ ™ ()|
<3 o S e R
1)~ 2o () Pw(k;) [ (K)?
+]Z1/3" /]R?’ (Lp(K,n) +A) it (%)

The first term is bounded by

(67) <CZ/M/R$ DY o(n)Pw(k ‘)W(n)(K)PdndK

LPKU)+)\) (1)

<C [ wlky) Q)T 2™ (K) PdK
R3S

<C | | Q)™ KK, (69)

by the same scaling argument as before.
By the same reasoning, the second term satisfies the bound

S k)| (K)|?
(68) S];/?m s ( Lp K ) +A)w< )I/andK

<C [ Q)" (K)PdE, (70)
R3n
and this proves the claim. O
Lemma A.4. There is C > 0 so that the inequality

1Soan®™]| ) < C|ldD(w)"/ 2™

jg/lg” H;y/}yl)
holds for all A > 0 and n € N.
Proof. As 71 5(K) > 0, the proof is identical to that of Lemma A.3. O
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