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semigroup associated to the isotropic harmonic oscillator.
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Mathieu Beau*, Baptiste Savoief

Abstract

This paper deals with the derivation of a sharp estimate on the difference of traces of the
one-parameter Schrédinger semigroup associated to the quantum isotropic harmonic oscillator.
Denoting by Heo,. the self-adjoint realization in L*(R?), d € {1,2,3} of the Schrédinger
operator —3A + 1x*x|*>, K > 0 and by Hp., L > 0 the Dirichlet realization in L*(A%)
where A4 = {x € R? : —é <x < %7 l=1,...,d}, we prove that the difference of traces
TrLz(Rd)e_tH“v*‘ - TrLz(A%)e_tHL’“, t > 0 has for L sufficiently large a Gaussian decay in L.
Furthermore, the estimate that we derive is sharp in the two following senses: its behavior
when ¢ | 0 is similar to the one given by TrLQ(Rd)e_tHw"‘ = (2sinh(%£t))”* and the exponential
decay in t arising from TrLz(Rd)e_tH“*” when t T oo is preserved. For illustrative purposes,
we give a simple application within the framework of quantum statistical mechanics.

MSC-2010 number: 35J10, 47D08, 81Q10, 81Q15, 82B10.

Keywords: Quantum harmonic oscillator, Gibbs semigroups, Mehler’s formula, Duhamel-like
formula, Geometric perturbation theory.

1 Introduction and the main result.

1.1 Introduction.

Within the framework of statistical mechanics, the thermodynamic description of large macro-
scopic equilibrium systems is obtained by considering the thermodynamic (i.e. infinite volume)
limit of finite systems described by suitable Gibbs ensembles (e.g. micro-canonical, canonical,
grand-canonical). Whenever the thermodynamic limit exists, the surface effects disappear and
one is left with the bulk properties. If the limit only depends on the intensive parameters then
the system has the extensive property, i.e. the thermodynamic quantities are asymptotically pro-
portional to the system size. Investigating the existence of the thermodynamic limit is part of
fundamental topics addressed in rigorous statistical mechanics. It is usually a non-trivial problem
which is even more difficult that the interactions involved are singular. The existence of the ther-
modynamic limit depends on the nature of the interactions, and therefore, may not exist. There
is a wide literature on this topic, we refer to [16] for an overview. Whenever the limit exists, one
has to prove in addition that it is independent of the boundary conditions and of the sequence
of confining boxes considered. A related topic consists in estimating the boundary contributions.
This allows one to answer the question: how negligible is the error made by replacing the finite-
volume statistical quantities with the corresponding thermodynamic limit?

One of the most widespread models in physics is the isotropic quantum harmonic oscilla-
tor. Turning to the statistical description of d-dimensionnal (d € {1,2,3}) harmonically trapped
gases, the finite-volume quantities in the grand-canonical ensemble can be written under certain
conditions in terms of the trace of the one-parameter ’finite-volume’ semigroup (the ’inverse tem-
perature’ plays the role of parameter) generated by the Hamiltonian (1.1) with Dirichlet boundary
conditions. Without loss of generality, we here consider cubic confining boxes. For such systems,
the existence of the conventional thermodynamic limit is trivial since the one-parameter ’infinite-
volume’ semigroup generated by the Hamiltonian (1.2) on the whole space is trace class. This
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stems from the discrete nature of the spectrum of (1.2) along with the explicit knowledge of its
eigenvalues, see (1.3)-(1.5) below. The error made by replacing the trace of the finite-volume
semigroup with the trace of the corresponding infinite-volume semigroup is expected to be negli-
gible on the basis of an heuristical argument: the confinement arising from the harmonic potential
overwhelms the confining effects of the 'walls’ for sufficiently large boxes. From the foregoing, a
natural question arises: how small is this error?

The purpose of this paper is to estimate the remainder term in the asymptotic expansion of
the trace of the finite-volume semigroup generated by the Hamiltonian in (1.1) in the large-volume
limit. We prove that for any dimension d € {1,2,3} the remainder term has a Gaussian decay
in the characteristic length L of the cubic confining box for L sufficiently large, see Theorem 1.1
below. To our best knowledge, there is no proof of such a result in literature. A series of remarks
placed below Theorem 1.1 discuss how the estimate is sharp. Its proof relies on a geometric per-
turbation theory applied to bounded operators on separable Hilbert spaces. Such a method has
been originally developed to treat approximations of resolvent operators in [9], see also [10, 17] for
further applications. Our paper extends the method to treat approximations of semigroups.

For the sake of completeness, we mention that an asymptotic expansion in the high-temperature
regime of the trace of the finite-volume semigroup (generated by operators of type (1.1)) was de-
rived in [20, Thm. 3]. The method is essentially based on the Feynman-Kac formula and Wiener
estimates. However, no information on the large-volume behavior can be inferred from. Note that
[20, Thm. 3] was applied to investigate the thermodynamics of quantum gases confined by weak
external potentials, see [21] for further details.

1.2 The setting and the main result.

For any d € {1,2,3} and L € (0,00), denote A4 := {x € R : —% <x < %, l=1,...,d} and
|A%] its Lebesgue-measure. On C$°(A¢), define Vi > 0 the family of operators:

(—iVy)® + 1n2|x|2. (1.1)

I{Ly,1 = 9

|~

By standard arguments, Yk > 0 (1.1) extends to a family of self-adjoint and bounded from below
operators VL € (0,00), denoted again by Hy, ., with domain D(Hp ) = Wy *(A%) N W22(AL).
Obviously this definition corresponds to choose Dirichlet boundary conditions on the boundary
dA4 . Since the inclusion W, *(A%) < L*(A%) is compact, then Vi > 0 Hy, . has a purely discrete
spectrum with an accumulation point at infinity.

When A¢ fills the whole space (i.e. when L 1 00), define V& > 0 on C§°(R?) the operator:

1 1
Heo o i= = (—iVy)? 4+ =62[x]2. (1.2)

’ 2 2
From [14, Thm. X.28], Vx > 0 (1.2) is essentially self-adjoint and its self-adjoint extension, denoted
again by Heo s, is semi-bounded. By [15, Thm. XIIL.16], the spectrum of Hy , is purely discrete
with eigenvalues increasing to infinity. From the one-dimensional problem, the eigenvalues and

eigenfunctions of the multidimensional case can be written down explicitly. The eigenvalues of the
one-dimensional problem are all simple (i.e. non-degenerate) and given by, see e.g. [4, Sec. 1.8]:

1
e((;),ﬁ 2=I€(S+§) , seN. (1.3)

The corresponding eigenfunctions which form an orthonormal basis in L?(R), read as:

vz eR, ¢%), (2):= \/% (%)Z e 5 g (Viz), seN, (1.4)

where 7, s € N are the Hermite polynomials defined by: #;(z) := (fl)sezzf—;(e’zz), Vx € R.
The eigenvalues and eigenfunctions of the multidimensional case (i.e. d = 2,3) are respectively



related to those of the one-dimensional case by:
d d 1
S5 d
EC(XSD)K = Zegof,){ = KZ (sj + 5) , s={s;},_, € N4, (1.5)
j=1 j=1

d
V() = [T 0@h(ay), x={a;}]_, e R (1.6)
j=1

From (1.3)-(1.5) and by the use of the min-max principle, one has for any L € (0, 00):

Vi >0, info(Hp,)>info(He,)=FEY, =de®, >0, 9, = g

Let us turn to the one-parameter strongly-continuous semigroup (the so-called Cy-semigroup in
the Hille-Phillips terminology [11]) generated by the operators introduced above. At finite-volume,
it is defined VL € (0,00) and V& > 0 by {Gp .(t) = e L+ L2(AY) — L2(A¢)}i>0. Tt is a
self-adjoint and positive operator on L2(A4) by the spectral theorem and the functional calculus,
see e.g. [14, Sec. X.8]. The same hold true for the one-parameter semigroup on the whole space
{Goo x(t) := e oo o L2(RY) — L%(R%)}4>0. Moreover V0 < L < 0o, V& > 0 and Vt > 0, G, ()
is a Gibbs semigroup, i.e. Gpr .(t) (resp. Geo,.(t)) belongs to the Banach space of trace-class
operators on L2(A%) (resp. L?(R%)), see e.g. [19, 2]. A basic feature is the monotonicity property
for the finite-volume trace, see Lemma 4.4 in Sec. 4:

—d
VL € (0,00), Trpagas) {GLa(t)} < Trpzgpey {Goow(t)} = (2 sinh (gt)) . k>0t 0.

Our main result is the following sharp estimate on the difference of traces of the semigroups:

Theorem 1.1. For any d € {1,2,3} there exists a constant Cq > 0 and V0 < ko < 1 there exists
a real Lz, >0 s.t. VL € [Ly,,0), V& € [ko,0) and Vit > 0:

Trzaag) {Gra®)} = Trpaga {Goon(B)}]
< Ca (14 V) (1 4+ 0) (1 + 13 DT o g {Goo (B)} e~ 3T 0050 (1.7)

Remark 1.2. The estimate is sharp in the following senses. Its behavior when t | 0 is given by
the term Trz2ga){Goo,x(t)} = (2sinh(4t)) ™% We recall that sinh(z) ~ x when z | 0. Moreover,
the r.h.s. of (1.7) has an exponential decay in ¢ when ¢ 1 oo arising from Tryz2ga) {Goo «()}. Note
that one can get rid of the polynomial growth in ¢ appearing in the r.h.s. of (1.7) via (4.13).

Remark 1.3. The £ in Theorem 1.1 is independent of k whenever k € [1,00). If 0 < k < 1, then
the estimate holds for L large enough chosen accordingly (i.e. L > cste X ﬁ’%).

Remark 1.4. In (1.7), the powers on the factors (1 ++/k), (1 + &), (1 +t) and the constant
appearing in the argument of the exponential can be optimized.

1.3 An application in quantum statistical mechanics.

Consider a d-dimensional ideal quantum gas composed of a large number of non-relativistic
spin-0 identical particles confined in the box AdL and trapped in an isotropic harmonic potential.
Such a system is considered to figure out the Bose-Einstein condensation phenomenon created by
cold alkali atom gases in magnetic-optical trap, see e.g. [13, Chap. 10] and references therein.
Within the one-body approximation, the dynamics of a single Boson is determined by (1.1).
Suppose that the system is at equilibrium with a thermal and particles bath. In the grand-
canonical ensemble, let (8,2,|A¢|) be the external parameters. Here, 3 := (kgT)~! > 0 is the



“inverse’ temperature (kg stands for the Boltzmann constant) and z = e the fugacity (u is the
chemical potential). The finite-volume single-particle partition function is defined as, see e.g. [16]:

(I)L7,€(ﬁ) = TYLQ(A%) {GL,H(B)} , 6 > 0. (18)
The grand-canonical average number of particles at finite-volume is related to (1.8) by, see [3]:
Niw(Bo2) =3 20L,.(8), B>0,z¢ (o,eﬁinfﬂfﬂﬂ) . (1.9)
1=1

Theorem 1.1 allows one to get the large-volume behavior of the quantities in (1.8)-(1.9). Indeed,
one gets V0 < k1 < ko < 00, V0 < 81 < B2 < 0o and for any compact subset K C (0,e51E§2?~1):

_BE©®
e BEoo,rc

Pook(B) := %ITI?O @1k (B) = Trremay {Goo,n(B)} = m,

Noo,ﬁ(ﬁa ) - hm NLK ﬁa Zz (I)oom lﬁ

uniformly in (k, 8, 2) € [k1, k2] X [81, f2] X K. Moreover, one has the following asymptotics:

Dr . (8) = Poon(B) + O (e*CLZ) ,
Nin(B,2) = Noow(Br2) + O (e_CL2) :

for some L-independent constant ¢ = ¢(x, 3) > 0. We emphasize that the upper bound in (1.7)
plays a crucial to prove the thermodynamic limit of (1.9) for any z € (0, eﬁEocw), see [3, Sec. A].

2 Proof of Theorem 1.1.

The starting-point consists in rewriting the difference between the traces involving the differ-
ence between the semigroup integral kernels. We refer the reader to Sec. 4 in which we have col-
lected some basic properties on the semigroup kernel. Since VL € (0, 00] and V& > 0, {Gp, «(t) }+>0

is a Gibbs semigroup with a jointly continuous integral kernel G(L )K( ;1) : RY x RY — C, then:

T2y {Goon (D)} — Trpzan) {Grs(®)} = L0 (1) + Z50(1),

with Vd € {1,2,3}, VL € (0,00), V& > 0 and V¢ > 0:

2D (1) = / {Ggﬁ%n(x,x;t)fG(Ld)H(x,x;t)} dx, (2.1)
A¢ ’
Z\D (1) = / GY, (x,x;t)dx. (2.2)
: oag O

Here, we used [8, Prop. 9]. Note that Vk > 0, V¢t > 0 the kernel Ggﬁ%m(- ,- t) is explicitly known
and it is given by Mehler’s formula, see (4.3)-(4.4). It is derived from (1.4)-(1.6) and (1.5).
Next, it remains to estimate each one of the above quantity. For the quantity in (2.2):

Lemma 2.1. Vd € {1,2,3}, VL € (0,00), V& > 0 and Vt > 0:

2 (1) < (2 sinh (gt))_d —dr k7 tanh(51).



Proof. Let 8 > 0 and k > 0 be fixed. Because of (4.4), it is enough to treat only the case of d = 1.
From (4.3) and by setting 2 = y, one has by direct computations:

erfc ( K tanh (Et) %)

VL € (0,00), ¥t >0, 2TV (t) =
\/2 sinh(kt) tanh (5t)

)

where erfc denotes the complementary error function, see e.g. [1, Eq. (7.1.2)]. From the Chernoff
inequality which reads as erfc(a) < e Vo > 0, along with the identity:

sinh(at) = 2sinh (%t) cosh (%t) , Ya>0,Vt>D0, (2.3)
one arrives at:
71 2 "
VL (0,00), ¥ >0, 2170 () < (2sinb (5t)) e nh(E), 0

As for the the quantity defined in (2.1), we establish the following estimate:

Proposition 2.2. For any d € {1,2,3}, there exists a constant Cq > 0 and V0 < ko < 1 there
exists a real L, >0 s.t. VL € [L,;,,0), V& € [ko,00) and ¥Vt > 0:

0] < 0o (14 VR) (1)1 + 0% (250 (1)) BT ED (g

Theorem 1.1 follows from Lemma 2.1 and Proposition 2.2 together. The rest of this section is
devoted to the proof of Proposition 2.2.

2.1 Proof of Proposition 2.2.

In view of (2.1), the first step consists in writing an expression for the difference between the
two semigroup kernels. It is contained in the following lemma:

Lemma 2.3. VL € (0,00), V& > 0 and ¥Vt > 0:
2 (1) ALY A
V(z,y) € AL, Goo,n(xayat) GL,n(xa:%t) =

1 [t L L L

2 (1) = (O N ¢ ) e (1) B

Q/O{Gw(x, 2,5)(@0“)( 5yt —s) = G, T3 )<8GLH)(2,y,t s)} ds,
(2.5)

and in the case of d = 2,3, for any (x,y) € A2%:

Gg‘i)ﬁ(x y;t) — G(Ldﬁ(x y;t) = ——/ G(d) (x,2;8) [nz V. G(Ldﬁ(z y;t — s)} do(z)ds,

dAg
(2.6)
where do(z) denotes the measure on NS and n, the outer normal to OAY at z.

The proof of Lemma 2.3 in the case of d = 3 can be found in [5, Lem. 4.2], see also [6]. Since
the generalization to d = 1, 2 can be easily obtained by similar arguments, we do not give any proof.

Recall that the kernel Gé’é),,.i is explicitly known and given by Mehler’s formula. In view of
(2.1) along with the expressions (2.5)-(2.6), the actual problem comes down to derive a sufficiently
sharp estimate on the gradient of the finite-volume semigroup kernel allowing us to bring out a
Gaussian decay in L for the quantity in (2.1). It is contained in the following proposition:



Proposition 2.4. For any d € {1,2,3}, there exists a constant Cq > 0 and V0 < kg < 1 there
exists a L, > 0 s.t. VL € [Ly,, ), VK € [ko,0), V(x,y) € A2 and Vt > 0:

ViGi (%, i 1)| < Ca {20, y58) + RV x vi0) | (2.7)
20, (x,y31) = (14 VR) (1 + 0)F  [eoth () G, (x,y:1,8); (2.8)
d—1
d t 2 5d s L2 5
R\ (x,yit) = k8 (14 R)E (14 8) ¥ H e f5 7 (5 G0 (s 41). (2.9)
(sinh(kt))?2

Here, Gé‘i’,,{( ,o5t,y), K> 0 and v > 0 is defined in (4.7) and G(d) olsy-3t) in (4.2)-(4.4).

Remark 2.5. The £ in Proposition 2.4 can be chosen uniformly in x whenever k > 1. If 0 < k < 1
then the estimate holds for L large enough chosen accordingly (i.e. L > cste/\/k).

Note that Proposition 2.4 actually contains the key-estimate of this paper; its proof is placed
in Sec. 2.2. We mention that the derivation of such an estimate leans on a Duhamel-like formula
for the finite-volume semigroup G, «(t), L € (0, 00) obtained via a geometric perturbation theory.

Proof of Proposition 2.2. Let 0 < ko < 1 be fixed. Denote ¢, = +L/2. Start with the case of
d=1. In view of (2.1), (2.5) and (2.7), we need to estimate VL € [£,,,00) and Vk € [kg, 00):

vVt >0, D/Ld b, 1) = / G(d Uz, 18, 1)T(d (¢, z;t — s)dzds, (2.10)
Al
92t = / / GU=D (2,055, DR (or, 23t — 5) da ds. (2.11)
AL ’
Here, we have commuted the two integrals; this will be justified by What follows We first estimate
(2.10). In view of (4.3) and (2.8), then from (4.16) for any L € [L,,, o0 [ko,00) and t > 0:
5 1 5 sy
=) < OVE (L4 VR) (14 1) e o~ & tanh(t / coth t—s ds, (2.12)
2 sinh(kt)
for some constant C' > 0. By using the upper bound of the following inequality:
1 1 1+«
— < coth(a) := < 0 2.13
Q= () tanh(a) = « @b (2.13)
along with the inequality:
1 tanh (£¢ tanh (£¢ 1
) G) (s -

= = 5 < — P
\/2 sinh(kt) \/2 sinh(kt) tanh (%t) 2sinh (5 ) 2sinh (Et)

justified by (2.3), then there exists another constant C' > 0 s.t. VL € [L,,,o0) and Vk € [k, 00):

1 t % x L2 5
v >0, 9. ) <O (14 VR)VIT m(,#eﬁ?wnh(ﬂ). (2.15)
2sinh (gt)

Next, we estimate (2.11). From (2.9) and (4.3), one has VL € [£,,,0), V& € [kg,00) and Vt > 0:

— 1% LTZ tanh(g (tfs)) ds

y<d 1)2()<\/_\/1+—n1+t%/
\/smh t—s

X / Ggil)(z, SL; S, 1)G$:01)(§L, x;4(t — s)) da.
Al '



For the following, we need to make appear from the integration over A} a Gaussian decay in L
while having the argument s. To do so, let us remark that on R??, d € {1,2, 3} one has:

Vs >0, GO, (x,y;s,1) <e TEFHYT) (50 G (¢ yis ). (2.16)

To get (2.16), we expanded in (4.3) the squares and used that 2ab < (a® + b?) with the fact that
coth(a) — tanh(a)) > 0 Va > 0. Now, from (2.16) followed by the lower bound:

tanh(as) + tanh(a(t — s)) =
tanh(at) {1 + tanh(as) tanh(a(t — s))} > tanh(at), Vo >0,Vt>s>0, (2.17)

then by using the upper bound in the first inequality of (4.8) along with (4.15), one has VL €
[Lyy,00) and V& € [Ko, 00):

141)7 w12 (s
vt >0, 9’(d 2 ()SCm/l—l—mue_Tﬁ%tanhf / Vs ds,
Vi \/sinh(ks) sinh(k(t — s))
for some constant C' > 0. It remains to use successively the identity:
sinh(at)
th th(a(t — = t 2.1
coth(as) + coth(a(t — s)) sinh(as) s (et — )’ Ya >0, Vt > s >0, (2.18)
followed by (2.13) and (2.14). This yields:
1+t)* kL2 (s
vt >0, 92 () < CVR(L+ ﬁ)ﬂie—ﬁ%td“h(fﬂ, (2.19)
2 sinh (gt)

for another constant C' > 0. Gathering (2.15)-(2.19) together, we get (2.4) in the case of d = 1.
Subsequently, we turn to the case of d = 2. Since (2.6) is made up of four terms, then the same
holds for the quantity in (2.1). Since these terms have the same structure, it is enough to treat
only one of them. In view of (2.7), we need to estimate VL € [L,,,00), VK € [ko,00) and Vt > 0:

7 =) = / / / GUZ2(x, (21,50); 8, )BT ((21,60), x5t — 5) dzg dxds,  (2.20)
A2 A1

Df(d 2, () / / Gd 2) (zl,gL);s,1)9{3;2)((2:1,@),)(;1?—s)dzl dxds. (2.21)
Az JaL

The strategy consists in using the property (4.4) in order to use the results stated in the case of
d = 1. Let us first estimate the quantity in (2.20). In view of (4.4) and (2.8), then from (4.16):

/ GEED (% (21,50) 8, DG (21, 60), %3t — 5, 8) ey dx
A2 JAL
<C/ G(d 1) xl,xl,t 8) dxl/ G(d 1) (xg,gL,s 1)G(d 1) (gL,xg,t $,8) dxa,

for some constant C' > 0. From (4.19), the first integral in the above r.h.s. is nothing but the
trace (multiplied by a constant). Then for any L € [£,,, ), k € [ko,00) and ¢ > 0, we arrive at:

(1+1)3
2 sinh (5 )

t
x/ coth (g(t—s)) ds/ G(d (o, sr; s, l)G( (s, ot — s,8) day,
0 R1

K= < € (1+ VR)



for another C' > 0. The integral w.r.t. s has been estimated in the case of d = 1, see (2.12).
Therefore, it remains to mimic the arguments leading to (2.15) to conclude. Next, we estimate
(2.21). In view of (4.3)-(4.4) and (2.9), from the first upper bound in (4.8) along with (4.16):

/ / G(d 2) ,(21,5L); 8, 1)Ggi7202)((21,§L),x;4(t —3))dzndx < C Vs
Az Jar

sinh(ks)

x| Ggifol)(xl,xl;élt) dxl/ Ggil)(xg,cL;s,l)G( (gL,x2,4(t— s)) dza,
AL R?

for some constant C' > 0. Note that the integrand in the first integral of the above r.h.s. is nothing
but a constant. This will make appear a factor L, but we will get rid of it at the end. Ergo, in
view of (2.9) and (4.3), there exists another C' > 0 s.t. VL € [£,,,0), V& € [kg,00) and V¢ > 0:

6 t _
=224y < Cwt (1 4 ) LD VeVt s e_%%ta“h(%(t_s))ds
Vit o +/sinh(ks)sinh(k(t — s)

X /]R1 Gg‘iil)(@, SL; S, 1)Ggi7)1)(§L,x2;4(t —8)) dxs.

The rest of the proof mimics the strategy used for the case of d = 1. By using the upper bound
in the first inequality of (4.8) along with (4.15), one has VL € [£,,,0), V& € [ko,00) and V¢ > 0:

(1+t)6 /t h( S\/t*S _r L2 tanh(%(th))e*
o Smmh(Ks

tanh(’is) s.
t )sinh(k(t — s)) d

7 =2 (1) < CR(14k)L

By using successively (2.17), (2.18) and (2.50) one straightforwardly gets:

(d=2),2 < 1 L (1 + t —iﬁ%ztanh(%t)
D/L (8) < Okl +x \/_2 smh(nt) ’

for another L-independent C' > 0. It remains to use (4.13) to get rid of the L-factor:
: L o~ % 4 tanh(5t) < < 1 c 1
2sinh(xt) V5 9 sinh(kt) /tanh (51) = VR (2sinh (5¢))°

Gathering the above estimates together, one arrives VL € [£,,, ), Vk € [ko, o0) and ¥Vt > 0 at:

7 L2 K
9/'(d 2), 2( ) < C\/E(l + H)2\/E (1 +t) efﬁTtanh(Et)7

(2sinh (5t))

for another constant C' > 0. The case of d = 3 can be deduced by similar arguments. O

2.2 Proof of Proposition 2.4.

As it was previously mentioned, Proposition 2.4 contains the key-estimate to prove Theorem
1.1. The proof leans on an approximation of the finite-volume semigroup operator via a geomet-
ric perturbation theory. Although this method had been originally developed for the resolvent
operators, see [9] and also [10, 17], below we extend the method to the semigroup operators.

2.2.1 An approximation via a geometric perturbation theory.

The key-idea consists in isolating in A¢ the region close to the boundary from the bulk where
the semigroup Goo ,(t) will act. The underlying difficulty is to keep a good control of the remainder
terms arising from this approximation. This will be achieved by using well-chosen cutoff functions.

For any 0 <n < 1,0 <4 <1000, d € {1,2,3} and L € (0,00) define:

O, (¥) = {x e AZ : dist (x,009) < ﬂL"} . (2.22)



For L sufficiently large, ©7,, () models a ’thin’ compact subset of A4 near the boundary with
Lebesgue-measure |©y, ,,(1)| of order O(L4=D+7). For any 0 < n < 1, let Lo = Lo(n) > 1 s.t.

O1,,,(1000) C Af ;Lo —Lg > Lo/V?, (2.23)

and Lg large enough. Let us now introduce some well-chosen families of smooth cutoff functions.
Let fr,and ff . L € [Lo(n),00) be a partition of the unity of A¢ satisfying:

fim+fi,=1 onAf;

1 1
Supp (f1.,) C (A% \Or., <E)> . foa=1ifxe <Afg \Or., <§)> . 0< fr, <1

= 1 : 1
Supp (f£.4) C O (g) . fi,=1lifxe0L, (E) _
Moreover, there exists a constant C' > 0 s.t.

VL > Lo(n), |ID°frall, < CL77, Vio| <2, |o| = o1 + -+ 0a.

Also, let fLm and j:’Lm, L € [Lo(n), o) satisfying:
£ d 1 r . d 1 ~
Supp (fL,n) C(AL\OLy 61) ) fon=1ifx€ AL\ OL, 32/ ) 0<fryn <1
2 1 2 . 1 2
Supp (f1.) © Oy (5) . Jin=1lifxe0y, (Z) L 0< fr, <L

Moreover, there exists another constant C' > 0 s.t.

VL > Lo(n), maX{HDUfLmH HDUfL*"HOO} <Ll ol < 2.

)
o0

With these properties, one straightforwardly gets:

frafrn = fra; (2.24)
dist (Supp (D‘TfLm) , Supp (DTfLﬁn)) >CL", V1<|o|<2,V0<|7] <2 (2.25)
Frafin=Fiw (2.26)
dist (Supp (D"fL,n) , Supp (DTffm)) >CL", V1<|o|<2,V0< 7] <2, (2.27)

for some L-independent constant C' > 0.
Afterwards, let us define V0 < 1 < 1, VL € [Lo(n), 00) (see (2.23)) and V& > 0 on C°(A%):

1 1 2 i ( ] )
B = = (<) + 22V (), Vi) = X X ESmR i) g o)
2 2 3 (L—L")7, otherwise.

By standard arguments, (2.28) extends to a family of self-adjoint and semi-bounded operators
VL € [Lo(n), 00), denoted again by Ay . ,, with domain D(hy . ,) = W, *(A%) N W22(A%). For
any 0 <n <1, L € [Lo(n),00) and & > 0, let {gr, .n(t) := e~ trrwn : L2(A%) — L%(A4)}i0 be
the strongly-continuous one-parameter semigroup generated by hr . ,. It is an integral operator
with an integral kernel jointly continuous in (x,y,t) € A x A4 x (0,00). We denote it by g(LdyLm.

Next, introduce Y0 < 7 < 1, VL € [Lo(n),00) and V& > 0 the following operators on L?(A%):
vt > 0, gL,n,n(t) = fL,nGOO,K(t)fL,n + fL,ngL,n,n(t)fz,m (2.29)

W (t) = — {% (Afw) +i (Vo) (N>} Goo.(D) Lt
(2.30)

5 (87n) +1 (Ten) - 9 b ownn(011



Sometimes, we will use the shorthand notations:

V>0, G, (0) = fraGoon®Lm: Gin,(t) = JLagrmn(t)fE - (2:31)
The main result of this paragraph is the following Duhamel-like formula:

Proposition 2.6. Vd € {1,2,3}, V0 < n < 1, VL € [Lo(n), ) and Yk > 0, it takes place in the
bounded operators sense on L?(A$):

t
VES 0, Grn(t) = Grmn(t) — / Gt — $)Win(s) ds. (2.32)
0
The proof of Proposition 2.6 can be found in Sec. 2.2.3; it is essentially based on the application
of [8, Prop. 3] taking into account the features of the cutoff functions introduced previously.

Remark 2.7. One can derive the following upper bounds on the operator norms. Vd € {1,2, 3}
there exist two constants Cq,c > 0s.t. YO <n <1, VL € [Ly(n),00), V& > 0 and ¥Vt > 0:

192mn (@) < |G, 0 + | 940 (8)]| < (coshlnt)) ™ + Coe 80 E™, (2.33)
V14t 2n 1 K22
WL (@] < CaVT+ 5 \/%L e {1 (L pytter T i) (2.34)

The upper bound in (2.33) comes from (4.18) and (2.51). The rough estimate in (2.34) is derived
from Lemmas 2.11 and 4.1 along with the properties (2.25)-(2.27).

2.2.2 Conclusion of the proof.

The starting-point in the proof of Proposition 2.4 is the Duhamel-like formula in (2.32). Taking
its adjoint, one has Vd € {1,2,3},V0 < n < 1, VL € [Lo(n), o) (see (2.23)) and Vx > 0 on L2(A$):

t
V>0, Gralt) = G (t) - / Wi n(8)G w(t — 5) ds, (2.35)
0

where the adjoint operator of Gr, . »(t) and Wy, . ,(t) reads respectively as, see (2.29)-(2.30):

gi,m(t) = fL,nGOO,H(t)fL,n + ff,ngL,n,n(t)fL,m (2-36)
Wi n(t) = —FrnGooie(t)g (Afrn) + i1 ((~19) Goorelt) — (1Y), oo O]} (Vi) +
I 90 (Bfrn) 455 ((-19) 91n(8) ~ [(-19) 02O} (Vi) -

(2.37)
Here, [, -] denotes the usual commutator, and in the bounded operators sense:

t

[(=iV), Goo k(1)) = */ Goou(t = 8) [(—iV) , Hoo k] Goo,i(s) ds, (2.38)
0
t

(19,910 ®) = = [ 91t = 5) (19 Bk 1. (5) (2.39)
0

Writing (2.35) in the kernels sense, it follows the identity:
V(x,y) € A}, vt >0, V G%”K(x yit) =
Vi (G ) (d) (x,y;t / / x WEem) ( )(X,Z,S)G(d) (z,y;t —s)dzds. (2.40)
Ad

Next, we need the following lemma whose proof can be found in Sec. 2.2.4:
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Lemma 2.8. Vd € {1,2,3} there exist two constants ¢,Cq > 0 s.t.:
(i) Y0 < n < 1, VL € [Lo(n),00), V& > 0, ¥(x,y) € A2? and Vt > 0:

Vs (Gr) " (x,330)] < Ca{ PO, (5 y:0) + B (x,v30) }

ng”,{ 77(x, y;t) = (1 + \/E) coth (gt) Gg‘?ﬁ(x, v;t, 2), (2.41)
B0, xyit) = e 00,y 242
(ii). V§ <n <1, VL € [Lo(n),00), V& > 0, V(x,y) € A2 and Vt > 0:
Vs Wi)  eyit)| < Ca{rd, eyit) + 00, eyt } (2.43)
(e yit) = (14 Vi) Jeoth (5t) L+ e (060 (e yit8),  (244)

() (14+¢)24 22,  _u2n (d)
L (X y3 1) = ?e BT T Xey (1) (%) G0 (%, Y3 4t)Xe, (1) (Y)- (2.45)

Here, o, ,(9), ¥ > 0 denotes the indicator function associated with Oy, (V) defined in (2.22).
Remark 2.9. In (ii),  has been restricted to (%, 1) only to make the estimates more elegant.

Proof of Proposition 2.4. From now on, we set n = % in the r.h.s. of (2.40). In view of the second
term, (2.43) with (2.44)-(2.45) and (4.5), we need to estimate the two quantities:

(d) (x,y;t / / NS (x,2; S)G(d) (z,y;t —s,1)dzds, (2.46)
RY =

(d) (x,y;t / /d (Ldzm (x, z; s)foé)ﬁ(z y;t —s,1)dzds. (2.47)
R

Let L > Lo(n = 3) defined in (2.23). We start with (2.46). From (2.44) followed by (4.16), there
exist two constants ¢, C > 0 s.t. V& > 0, V(x,y) € A%d and Vt > 0:

coth (& ) N
QD (x,yi1) < C (14 VE) (1 + ) Y———oG@, (x,y;1,8) / W Cencoth(55) 4,
coth (& )

By using (4.13) to get rid of the coth in the integrand, followed by the lower bound in (2.13) for
the (artificial) denominator in the above r.h.s., then the upper bound in (2.8) follows. Let us turn
to the quantity in (2.47). From (2.45), one has Vk > 0, ¥(x,y) € A2? and V¢ > 0:

w2

Ly
QL( )(x yit) < (1+1) 2d/ A 8 » Gg),o(x, z;4s)X@L,%(%)(z)Gg‘2K(z,y;t —s,1)dz.

To make appear a Gaussian decay in L from the integration over RY, we use (2.16). Here, the
presence of the characteristic function in the integrand plays a crucial role. Since Vz € O 1 (%),

|z| > (L — VL) (vecall that L > Lo(n = 1), Lo(n) as in (2.23)) then ¥(x,y) € A3? and Vt > 0:

2 L2 < L2, )
Tse—'gjtdnh(%(t—‘s)) ds

‘x

o)

t
(d) o0 [ 1 =
Qe yit) < (10 [ e

x/ Gg‘i?o(x,z;4s)G(d) (z,y;t —5,2)dz. (2.48)
e

n(3) o

=
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Next, we extend the integration w.r.t. z to R? and we use the first upper bound in (4.8) followed
by (4.15). Then, we introduce a factor s“7 s~ “7 under the integral w.r.t s. Next, we successively
use the lower bound in (2.13) and the upper bound cosh(a) < e® Yo > 0 leading to (rks)™% <
(coth(ks))? < e#%(sinh(ks))~ 2. On this way, we get under the same conditions than (2.48):

d— K2

1 d d L2 .
s 7 (t—s)i e2rSe~ 16 18 2

o E 4 tanh(§(1-9)) g
{sinh(xs) sinh(r(t — s))}

t
QY (x,yit) < Ok (1 + 1)*GY, (x, y; 4t) /
0

for another constant C' > 0. Here, we artificially made appear a (sinh(xs))# under the integration
w.r.t. s. This leads to the appearance of a e2%5 in the numerator. If xk > 1, we can get rid of it

NZ 2
via the term e~ 16 1 * (for L large enough) since x < k2. If 0 < k < 1, one has to choose L large
enough accordingly to s, i.e. L > cste/\/k. Given a kg > 0, let L = L;; > Lo(3) s.t. VL > L,

2

2
_r0(1L?_ d g L2
4

the inequality e 2 '8 14 Ro ) < e~ 32 4% holds. By using an inequality of type:

2

e—TTsefgLTtanh(g(tfs)) Sefg%[tanh(%s)thanh(%(tfs))] Sefg%tanh(gt), 0<s<t, (249>

which is justified by the lower bound in (2.13) together with (2.17), it follows from the identity in
(2.18) that VL € [Ly,,00), V& € [Ko,0), ¥(x,y) € A2? and V¢ > 0:

a)

2d
Q) (xy:t) < COxd LTI

-5 L2 tanh(it) (d)
e 16 4 2V G X,y; 4t) %
(Si ]( t))% oo,O( )

x/o s (1 — 5)% {(coth(ms))% +(coth(n(t75)))%} ds,

for some constant C' > 0. Here, we used that (a + b)? < 2%(a® +b°) Va,b,d > 0. To conclude this
estimate, it remains to use that there exists another constant C' > 0 s.t. V¢ > 0 and Vk > 0:

max{/ots%(t—s)

ol

d
2

(Coth(ﬁs))% ds,/0 s%(t— 5)2 (coth(k(t — s)))% ds}

(1+I~€)% d  d+1
< C—F5—1+1t)2t = . (2.50)
K2

To derive (2.9), we have to modify the upper bound in (2.42) by mimicking the method used above
to make appear the singularity (sinh(x¢))? in the denominator (instead of v/%). O

2.2.3 Proof of Proposition 2.6.
The proof relies on [8, Prop. 3] that we reproduce here for reader’s convenience:

Proposition 2.10. Let 57 be a separable Hilbert space and H be a self-adjoint and positive
operator having the domain D C €. Fix ty > 0. Assume that there exists an application
(0,t0] 2t — S(t) € B(H) (the algebra of bounded operators on F) with the following properties:
(A). supgeicy, IS@) < 1 < 00. (B). It is strongly differentiable, Ran(S(t)) C D and s —
limy o S(t) = 1. (C). There exists an application (0,tg] > t — R(t) € B(H) continuous in the
operator-norm sense s.t. ||R(t)|| < cat™® where 0 < a < 1, and:

oS

E(t)aﬁ + HS(t)p = R(t)¢.

Then the following two statements are true:
(i). The sequence of bounded operators (n > [1/t]):

To(t) :== /l_; exp[—(t — s)H|R(s) ds,
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converges in norm; let T(t) be its limit;
(ii). The following equality takes place on B(H): exp(—tH) = S(t) — T(t).

Before giving the proof, we need a series of estimates related to the kernel of the semigroup
generated by the operator in (2.28). The proof of the below lemma can be found in Sec. 2.2.4.

Lemma 2.11. Vd € {1,2,3} there exists a constant Cy > 0 s.t. Y0 < n < 1, VL € [Lo(n), 00),
Vi >0, V(x,y) € A2 and Vt > 0:

w2 L2
gi 5 33) < Cae™ TG, (x,y30), (2.51)
’vngnn(X y7t)‘ S ( \/E) e_%%tG(d) (X y’2t) (252)
148)2 2.2
20?0 < e G,y o). (2.53)

Proof of Proposition 2.6. The only thing we have to do is verify the assumptions of Proposition
2.10 in which Gy . ,(t) plays the role of S(t). Let 0 < n < 1, L € [Ly(n),00) and & > 0 kept fixed.
(A) From (2.33), Gr,,,»(t) is uniformly bounded in ¢ by some constant Cyq > 0. (B) By using that
s —limy o Goo,k(t) =1 and s — limy |0 g1k, (t) = 1 in the kernels sense, then:

V9 € L3N, U Grnd = {Frofin+ rafin} ¢ = {fra+ IE,} 0= 0.

where we used (2.24) and (2.26). Next, let us investigate the strong differentiability. From (2.31):

vo e (A, = { (G, +500) ()~ (G.,09) ()
ot
05 [ 606 506y 00 a2 - G2, vit) | faly)oty) ay

Since Goo (1) L2(R?) — D(Hs ), then the Stone theorem (in the kernels sense) provides:

lim &{(QL,m(t—két)qb)() (6).,16) ()} = = Fra(-) o / G (-, yit) fra(y)o(y)dy.

By using similar arguments to treat the contribution coming from Q(LTL 77(- ), we therefore obtain:

gﬂ% ot {gL K n(t +dt)p — OrL.k n( )ot = *fL,nHoo,HGoo,n(wa,néb - fL,nhLymngL,mn(t)fz,n¢-
(2.54)
(C) Let Dy :={¢ € Cl(A_%) N CQ(A%),¢|6A% =0,A¢ € L?(A9)} be the domain on which Hy, ,, is
essentially self-adjoint. In the weak sense for any ¢ € Dy, 1 € Cg°(A%) and ¢ > 0:

0Gr,x
ZL(SQJ/)) = <HL,;<807 gL,n,n(t)7/’>L2(Ai) = - <807 %(t)@ ( + <507 WLymn(t)whz(Ai) s
L2(A2

where %(t) denotes the operator in the r.h.s. of (2.54). Note that the second equality is
obtained by performing some integration by parts, and afterwards by using the following identities:

HL,ﬁfL,n = Hoo,fifL,'r] = |:HOO,H) fL,ni| + fL,.,]Hoo,na
as well as (recall that the potential V7, in (2.28) satisfies Vi, (x) = |x|? on Supp(fLm)):

HL,ﬁfL,n = hL,mnfLm = [hL,mm fL,n} + fL,nhL,mn-
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Since I1,(p,-) is a bounded linear functional V¢ € Dy, then CS*(A¢) 3 ¢ +— I(p,1) can be
extended in a linear and bounded functional on L?(A¢) by the B.L.T. theorem. As well, since
I(-,9) is a bounded linear functional V1) € L%(A¢) then ¢ + I1(¢,9) can be extended on the
self-adjointness domain D(Hy, ). This means that V¢ > 0, Ran(Gr, x,»(t)) C D(Hr,.). Hence:

G x,
<807 HL,ngL,mn(t>7/’>L2(Ad) =—\% L (t)w + <<Pa WL,n,n(t)7/’>L2(Ad) .
L ot L2(Ad) L

Finally, from (2.34) |[Wr «.n(t)|| < Ct~% Y0 < t < 1. Hence ||[Wp, ., (t)] is integrable in ¢ ~ 0. [

2.2.4 Proof of intermediary results.

Proof of Lemma 2.11. (2.51) follows from the Feynman-Kac formula in [14, Thm. X.68] together
with (4.5) and the definition of the L¢ in (2.23) leading to (L — L")? > L?/2 VL € [Lo(n), 00).
Next, let us turn to the proof of (2.52)-(2.53). To do that, let us introduce an operator of reference.
Vd € {1,2,3},V¥0 <n < 1, VL € (0,00) and Vx > 0, define on C§°(A%):

~ 1 K2 ~ ~ 1

hL7,€,n = 5 (—’ivx)Q + ?VL,U(X), VL,W(X) = Z (L — Lﬁ)2 . (255)
By standard arguments, (2.55)~extends to a family of self-adjoint and semi-bounded operators
VL € (0,00), denoted again by hp . For any 0 <n <1, L € (0,00) and k > 0, let {gr,.5(t) :=
e thiem LQ(A%) — L? (AdL)}tZO be the strongly-continuous one-parameter semigroup generated

by h L,xn- 1ts integral kernel denoted by g(LdL y 18 explicitly known and reads as:

V(x,y) € A%, vt >0, g(LdLn(x y;t)=e %(L*Ln)ztG(ch)O(x,y;t), (2.56)

where G( 2) is the kernel of the semigroup generated by the Dirichlet Laplacian in L2(A%), see
(4.6). Note that (2.56) directly follows from the Feynman-Kac formula. The starting-point of the
proof of (2.52)-(2.53) is a Duhamel-like formula to express the semigroup {gr « »(t)}+>0 in terms
of {Gr,x,n(t)}+>0 whose integral kernel is given in (2.56). Let 0 < n < 1, L € [Lo(n),c0) (see
(2.23)) and & > 0 be fixed. In the bounded operators sense on L2(A%), it takes place:

t
9> 0. 9inn() = Grm® ~ [ Bl (o~ R} grnnlt = )ds (257)
0

where we used the self-adjointness of the semigroups {gr .n(t) }+>0, {GL,k,5(t) }t>0-
Proof of (2.52). From (2.57), it follows in the kernels sense:

V(x,y) € AZ, VE> 0, Vgt (x,yit) = Vaieh (X, ¥it) - —qidinoc ¥it), (2.58)

q(Ld),€ (X Yit) =k / / xg(LdL n(%,2;5) {VLm(z) — f/Lm(z)} g(LdL (Z,y;t —s)dzds.
Ad

Recall that V7 ,(2z) — V7,,(z) = |2[> — (L — L")? on Supp(fQLm), 0 otherwise. Let us estimate the
first kernel in the r.h.s. of (2.58). From (4.11) and (2.56), there exists a constant Cy > 0 s.t.

(1 -‘rt)d _ k2 L2
—F€

V(x,y) € A%, Vvt >0, ‘ngL o (X y,t)‘ < Cy TTtGgi)p(X,y;Qf). (2.59)

- Vi
Subsequently, from (2.59) along with (2.51), there exists another constant Cy > 0 s.t.
(d) 272 d,— =2 L2y ~(d) "ds
V(x,y) € A%, vt > 0, ‘qu? X,¥; )‘ < Cyr“L*(1+t)%e 11 Gooﬂo(x,y;%)/ 7
0
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where we used in the last inequality (4.15). Finally use (4.13) to get rid of the L? what leads to:

1+t)d w22
( 35) e T TaY (x,y;52t), (2.60)

for another constant Cy > 0. It remains to gather (2.59) and (2.60) together.
Proof of (2.53). Starting from the below identity which holds in the bounded operators sense:

i, (% yit)| < Ca

¢
Vt > 0; [(—ZV) agL,ﬁ,n(t)] = _/ gL,ﬁ,n(t - S) [(—ZV) ) hL,ﬁ,ni| gL,n,n(s) dSa
0
then by using that [(—iV), Az .,] = 0, one gets from (2.57) on L?(A%):

t
VE >0, (—iV) grmn(t) = (=iV) GLmn(t) - / 9 (8) (<iV) {Pin = P } 9Lt = 5) .
0

It follows in the kernels sense:

V(x,y) € AFLVE >0, Axgt) (%, yit) = Axd  (x,y3t Zu% (x,y:t
d ~(d) d
u(L )Kl77 (x,y;t) := kK / M ng(L wn(%,238) (VaViy) (z)g(LyLm(z,y;t — s)dzds,
us:d)l{?77 (x,y;t) ==k / /Ad ng . (x,2;9) {VLW(Z) — VLm(z)} Vzg(LdyLm(z,y;tf s)dzds.

From (4.12) and (2.56), there exists a constant Cy > 0 s.t.

1484 .2
( t ) oS i G(d) o(x,y;2t).

Vixy) € ALYE >0, Akl (x i) < Ca

Subsequently, by mimicking the method leading to (2.60), there exists another Cy > 0 s.t.

(407 w222y @

\/E 00,0

By the same method again but replacing the estimate (2.51) with (2.52), we have:

Y(x,y) € A2 vt > 0, ‘uLnn X,¥; )‘ < Cy (x,y;2t).

(L8> _e2p2,

s
e 16

t
L24 (d) o / ds
t oo,O(va, ) 0 \/g\/m

Gathering the three above estimates together, then the proof of (2.53) is over. O

u(LdLQU(X y; )’ < Cu

Proof of Lemma 2.8. Let d € {1,2,3},0<n <1, L €[Lo(n),o0) and x > 0 kept fixed.
(i). From (2.36) written in the kernels sense, then V(x,y) € A2? and Vt > 0:

Vi (G) @ (5, 318) = (V1) ()GD, (5,51 ) fron(y) + Frn()VGD, (%, y:8) fr(y)+
+ (V5.) 09 %,y t) fra(y) + f5 ) () Vgs (%, ¥: ) frn(y).

(2.41) is an upper bound for the two first kernels in the above r.h.s. obtained from (4.3)-(4.4) and
(4.9). (2.42) is an upper bound for the two last kernels obtained from (2.51) and (2.52).
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(ii). From (2.37) written in the kernels sense, then V(x,y) € A2 and Vt > 0:
4
NG ,
Vx (WLM)< ) (x,y:t =3 QY (x,yit), with:
m=1

QUL 06, ¥51) i= =i (V fr.0) (%) (=) G (0] (5, ¥) (V1) (9)+

) (2.61)
+ (V1) VLG, (x,y:1) (Vo ) ~ (V1) )CD, (x,338)5 (A1) 3):
QY2 (5 3:1) = =i fL.n (Vi [(ZiV) , Gooun(®)] (5.3) (Vfrn) (9)+ o
F InGOAGE, (x.:0) (Vi) )~ FraGIVaG, eyit)s (AfLa) 0)
QY5 6, yit) 1= =i (V15.,) (9 [(<1V) 9] (5, ¥) (Vi) ()4 .
+(V12) Vst 06 v:0) (V) () (V£5,) (095, (63005 (Afr) (),
QU 66 ¥31) = —if5 ()Y [(19) , gr.en(8)) () (T 1) ()4
(2.64)

+ J£ () Axgiil (%, ¥3t) (VfL,n) (¥) = f£.5() Vgl , (. y51 )% (AfL,n) (¥)-

Let us first estimate (2.61). In view of (4.9), (2.41) is clearly an upper bound for the two last
terms in the r.h.s. of (2.61). For the first term in (2.61), we use (2.38) in the kernels sense. Then,
there exists a constant Cy > 0 s.t. V(x,y) € A24 and V¢t > 0:

—/ G(d (x,2;t — s) (V2| ) 5 4 (z,y;s)dzds < Cd(ﬁ2L+f<;%)tGgfl))7n(x,y;t, 2). (2.65)
Rd

Here, we used that |z| < |x — z| + |x], then (4.13) to get rid of the factor |x — z| and (4.16), and
finally the lower bound coth(a) > 1 Voo > 0. Next, we use the property (2.27) to get rid of the
powers of  in (2.65) via (4.13). Hence, there exist two other constants ¢, Cyq > 0 s.t. on A%

[0V f1.0) () [(=39), Goee®)) (5) (V) )]

< CuL™31(1 + L)ool o (50) G (x, y:t, 4).

Restricting to 1 > n > i, and gathering the above estimate with (2.41) together, then there exist
two other constants ¢,Cy > 0 s.t. VL € [Lo(n),00), V(x,y) € A2 and Vt > 0:

Q60 ¥ )| < Ca (L4 V) yJeoth (51) (1 4+ et (506D (x,yit,4).  (2.66)

Subsequently, let us turn to (2.62). From (4.9) and (4.10) together with the property (2.25), then
there exist two other constants ¢, Cy > 0 s.t. V(x,y) € A2? and V¢ > 0:

1 A .
FraX)VxGD, (% y:05 (Afran) () + L (K)AGD, (5, y:) (Vi) <y>\
< Cqv/ky/ coth (gt) —enL#eoth(50) G (x, y:t, 4).

Here, the property (2.25) is essential to remove a y/coth(xt) in the numerator of (4.10). For the
first term of (2.62), we use the same reasoning than the one leading to (2.65) combined with the
property (2.25). Thus, there exist two other constants ¢, Cy > 0 s.t. V(x,y) € A2¢ and V¢t > 0:

K2
2

fra(x / /Rdv GY (x,z;t — 5) (V,|z]*) G, (2, y; s )(VfLm) (y)dzds

< Cy (14 V) L1+ L)(1 + t)e™ " oh(5) G (x y:1,8).
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Restricting to 1 > n > i, and gathering the above estimates together, then there exist two other
constants ¢, Cy > 0 s.t. VL € [Lo(n),00), V(x,y) € A2? and V¢ > 0:

QLd):n(x v; )‘ < Cy (1 + \/E) coth (gt) (1+ t)e_c”L% COth(%t)Gg‘i?K(x,y; t,8). (2.67)

The estimate in (2.44) follows by adding (2.66) and (2.67) together.
We continue with (2.63). (2.42) is an upper bound for the last two terms in the r.h.s. of (2.63).
From (2.39) in the kernels sense, then by (4.13) there exist two other constants ¢, Cyq > 0 s.t.

k2 L2 L2371
1

—/ /d gL (X2t —8) (Vo VL) (2 )g(LdLn(z y;s)dzds < Cge™ s 1t 7676'( 0(%,y;2t).
A

We conclude that there exist two other constants ¢, Cy > 0 s.t. V(x,y) € A2%:

1 t d <2 L2 2
( \—2) efTLTtefc¥Ggi)7O(x,y;4t). (2.68)

Turning to (2.64), one can prove that there exist two other constants ¢, Cy > 0 s.t. on A24:

vt >0, ‘QL,H] y;t)‘ <Cy

1 t 2d W2 L 2
ve >0, [QY xyin)| < cd%‘““t — G (x ). (2.69)

Here, we used (2.27) combined with (4.13) to get rid of a /¢ in the denominator of (2.53). The
estimate in (2.45) follows by adding (2.68) and (2.69) together, then by taking into account the
support of the cutoff functions introduced in Sec. 2.2.1. O
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4 Appendix—The semigroup: A review of some properties.

Here, we collect the technical results we use throughout the paper involving the semigroup
generated by Hp, ., see Sec. 1.2.
For simplicity’s sake, we hereafter use the notation Ao, := R. From (1.1)-(1.2), recall that:

1
VLE(0,00], HL7,€:—

1
5 (—iVx) + Aol in L2(AY), d e {1,2,3)}. (4.1)

Below, we allow the value x = 0; in that case, Hr, o with L < oo is nothing but the Dirichlet Lapla-
cian and H, o the free Laplacian on the whole space whose self-adjointness domain is W22(A<).
Recall some properties on the strongly continuous one-parameter semigroup {Gy, . (t) := e tHz.x
L*(A%) — L?(A$)}s>0 generated by Hp, . in (4.1). We refer to [14, Sec. X.8] and [18, Sec. B]. As
already mentioned, V& > 0 and VL € (0, 00] it is a self-adjoint and positive operator on LQ(A%) by
the spectral theorem and the functional calculus. Moreover, since {Gp, . (t)}+>0 is bounded from
L?(A%) to L>°(A$), then it is an integral operator by the Dunford-Gelfand-Pettis theorem.

Let us turn to the integral kernel of {GL () }¢+>0 we denote by G(d) Vk > 0 and VL € (0, o],
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G(Ld,),_i is jointly continuous in (x,y,t) € E X E x (0,00) and vanishes if x € IAY or y € OAY.
When L = oo, it is explicitly known. If k = 0, it is the so-called heat kernel reading for d = 1 as:

(z=p)?
e~ 2t
V(,y) € A2, vt >0, GV (x,y5t) = (4.2)
\ / \/_
If k > 0, the one-dimensional kernel is given by the so-called Mehler formula, see [12, pp. 176]:
A2 t (d=1) 1) = K 73[(z+y)2 tanh(i )Jr(m y)? coth(ﬁ )] 4.
W) €A% V> 0. Gt = | [t : H). (43)

Note that the multidimensional kernel (i.e. d = 2,3) is directly obtained from (4.2) or (4.3) by:

Ve >0, GY (x,y;t H(;(d D(zj,yit), x={z;}, y = {y} (4.4)

When restricting to L € (0, 00), the mapping L — G(Ld)'€ (x,y;t) is positive and monotone increas-

ing. This leads to the following pointwise inequality which holds V& > 0 and VL € (0, 00):

V(x,y.t) € A x A x (0, 00), Gg‘%i(x,y;><iupcm<x yit) = GO, (x,y;1). (4.5)
>0

We mention that, if £ = 0, the kernel G(L (o is explicitly known and reads as, see [8, Eq. (4.13)]:

d d=1
V(x,y) € A%, vt >0, (L)O (x,y;t H G( ) (xj,y5:t), (4.6)
(d=1) (x —y+2mL)? (x+y—2mL—L)?
GLo (x,y;t) : \/_ %{ex ( ) e |- 57 )
In view of (4.3)-(4.4), let us introduce Yk > 0 the new notation:
4 d
(d) by [ o~ 15 [(xi+y;)? tanh () +(x;—y;)® coth(5t)] (4 7
Vv >0, GLL(xyit,y): <2mmh(m > ];[ (A7)
with the convention: Ggo (e, 5t) = Ggfl) 'w(+y5t,1). Here are collected all the needed estimates:

Lemma 4.1. Vd € {1,2,3}, there exists a constant Cyq > 0 s.t.
(i). V& >0, ¥y > 0, V(x,y) € A%¢ and Vt > 0:

d
@ ) < () 09 (x,yint) < v EEW (x,yint) < (2m8)F, (48
G (x,y:t,7) < (Smh(m)) t2y2 G0 (%, y57t) < 72 G (x,y39t) < (21t) (4.8)
‘V Goon(x v )‘ < Cygv/ky /[ coth (gt)G(d) (x,y;t,2), (4.9)
’Angi%n(x,y;t)’ < Cyrcoth(st)GY, (x,y31,2). (4.10)

(ii). VL € (0,00), V(x,y) € A2 and Vt > 0:

1 d
V0 ey < 0! j;) G0y (x,y:21), (4.11)

1+t)?

; G (x,y:21). (4.12)

‘A G\ (x, t)‘ <o, Ut

18



Proof. From the lower bound sinh(a) > a Va > 0 and the one in (2.13), (4.2) is an upper bound
for (4.3). Hence (4.8). (4.9)-(4.10) are obtained by direct calculations. The main ingredients are:

—u 2M " _v
Yu,v>0,Ve >0, zte < ) ¢ 27 (4.13)
v
and the following identity:
1 o 1 @
coth(at) = B coth (§t) + 5 tanh (Et) , Ya>0,Vt>0. (4.14)
(4.11)-(4.12) follow from [8, Prop. 2]. O

We continue with the following lemma expressing the semigroup property in the kernels sense:
Lemma 4.2. Vd € {1,2,3}, V6 >0, Vt >0, V0 < u < t:
(i). V& >0, VL € (0,00] and V(x,y) € A%:
G(Ld)n(x, z;6(t — u))G(Ld)K(z, y;du)dz = G(Ldlu(x, y; 0t). (4.15)
Ag ’ ’ ’
(ii). V& >0, Vy > 0 and ¥(x,y) € A%4:
[ Gz = ). ) G oy 0 da = 1 FG, (eyidt) (416)
AL,

Proof. (i) follows from the semigroup property which reads as: Gr .(t) = G x(t — w)GL «(u)
V0 < u < t. The proof of (ii) is based on the following explicit calculation:

Va,b,c,d > 0, / ef[a(z+z)2+b(mfz)2]e,[c(z+y)2+d(zfy)2] ds —
R

ST b o d)-be- g bttt 3 _pbuogstecn sy
Then, set ag := tanh(5du), by := coth(50u), co := tanh(55(t — u)) and do := coth(50(t — u)).

From the identity in (2.18), the following one:

sinh(at)
cosh(as) cosh(a(t — s))’

tanh(as) + tanh(a(t — s)) = Ya >0, Vt>s >0,

followed by (2.3), one gets: ag + bg + co + do = 2sinh(kdt){sinh(kdu) sinh(kd(t — u))} ~*. The rest
of the proof consists in using some identities involving the hyperbolic functions to simplify each
one of the factor inside the exponentials in the r.h.s. of (4.17). It is (quite) easy to get:

(bo(CO + do) + ao(do + Co) + 4a0b0) (ao 4+ by + co + do)_l =2 COth(H(St),

(bo(do — co) + ao(co — do)) (ao + bo + co + do)f1 = tanh (gét) — coth (gét) ) O

Now, we give some estimates on the operator and trace norms of the semigroup {Gr . (t)}¢>o0-
For any x > 0 and L € (0, 0], {Gr,«(t)}+>0 is a contraction semigroup, see e.g. [11]:

Lemma 4.3. Vd € {1,2,3}, Vk > 0 and Vt > 0:

vl

VL € (0,00), ||GL x| < ||Goo,k(t)]] < (cosh(kt))™2 < 1. (4.18)

Proof. The first inequality follows from the fact that the semigroup {Gr . (t)}¢>0 is increasing in L

in the sense of [7, Eq. (2.39)]. The Shur-Holmgren criterion provides the estimate on the operator
norms. When & > 0, we used (4.17) (with ¢ = 0 = d) along with (4.14). O
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Restricting to k > 0, VL € (0,00] {Gp x(t)}+>0 is a Gibbs semigroup (i.e. trace class, see [2]):

Lemma 4.4. Vd € {1,2,3}, V& > 0 and VL € (0,00], {GL x(t)}t>0 is a trace class operator on
L%(A$). Moreover, denoting EQ ),g =d%, one has for any L € (0,00):

—_gO) 4

e o0, K

AN
Trpapay {GLw(t)} < Trroaa ) {Goo(t)} = (2 sinh (515)) = m-

Proof. Let (J2(L2(AD)), | - |l5,) and (J1(L2(A2)), ] - |l3,), L € (0,00] be the Banach space of
Hilbert-Schmidt and trace class operators on LQ(A%) respectively. We start withd = 1. Let kK > 0
and t > 0 be fixed. In view of (4.3), from (4.17) (we set ¢ =0 = d):

G0l = [ ]
Al

Therefore, Goo (1) is a trace class operator on L*(AL)) since [[Goo,w(t)]l3, < [|Gook($)[3, < oo

2 1 1
G (z,y;t)| dedy == —— < 0.
(z,93)] dwdy 2 sinh(kt) =

Since Gg‘iil)(- ,+;t) is jointly continuous on A%, from [8, Prop. 9] it follows that:

1

sinh (gt) ’ (4.19)

1
”Gooﬁ Hﬁl / G(d % ‘T €T, ﬁ)dl‘ - 5

where we used the identity (2.3). By positivity of G x(t), [[Goox(t)ll3, = Trrzar ){Goo.n(t)}-
The rest of the proof leans on the estimate (4.5) which leads to |G «(t)||3, < [|Goo,x(t)]3, -
Hence, VL € (0,00) G, 4(t) is also a trace class operator on L?(A}), and by mimicking the above
arguments, its trace norm obeys [|GLx(t)ll5, = Trr2a){GLa(t)} < [[Goo,u(t)|l3,- The case of
d =1 is done. The generalization to d = 2, 3 is straightforward due to (4.4). O
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