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The Weyl symbol of Schrodinger semigroups

L. AMOUR, L. JAGER AND J. NOURRIGAT

Université de Reims

Abstract

In this paper, we study the Weyl symbol of the Schrédinger semigroup e, H = —A+V, ¢ > 0, on
L? (R™), with nonnegative potentials V' in Ll .. Some general estimates like the L° norm concerning
the symbol u are derived. In the case of large dimension, typically for nearest neighbor or mean
field interaction potentials, we prove estimates with parameters independent of the dimension for the
derivatives 8;*8? u. In particular, this implies that the symbol of the Schrédinger semigroups belongs
to the class of symbols introduced in [2] in a high-dimensional setting. In addition, a commutator
estimate concerning the semigroup is proved.

2010 Mathematical Subject Classification: 35505, 47D08, 35Q82.
Keywords and phrases: Weyl pseudodifferential operators, Schrodinger semigroups, large dimension, mean

field potential, nearest neighbor potential.

1 Introduction.

Let V be a nonnegative function in L (R™). It is known that H = —A + V(z) is essentially selfadjoint
on C§°(R™) and we also denote by H its unique selfadjoint extension. We may also suppose that V' is only

in L

be(R™) and use Theorem X.32 in [22] to define H as a selfadjoint operator with a suitable domain.

In this paper, we are interested in the Weyl symbol u(-,t) of e=*# for each t > 0. Since this operator is

bounded in L?(R™), its Weyl symbol is a priori a tempered distribution U () on R?" which satisfies,
<e fg>=<Ut),H(fg,) >, (1)

for all f and g in S(R™), where H(f, g, x,&) is the Wigner function (c.f. [6] or [20]),

» v v
H(f9.0.6) = oy [ evf(a=5)g (o3 )dv @)
The aim of this work is to study this Weyl symbol when V is a C* potential describing a large number
of particles in interaction, either for a nearest neighbor interaction model in a lattice, or for a mean field

approximation model.



Our hypotheses on the interaction potentials will in particular imply that u(-,t), the symbol of e7* | is
a C* function on R?", belonging for each fixed n, to the usual class of Hérmander with the constant
metric [15]. This follows from the general results about the pseudodifferential calculus: see [13] or earlier
results of [14]. However, these classical results depend on the dimension n, and cannot be applied when

the number of particles in interaction tends to infinity.

Under appropriate hypotheses covering both nearest neighbor interaction and mean field approximation,
we shall prove that, for each ¢t > 0, the Weyl symbol u(-,t) of e 7*# belongs to some set of symbols, of
a form already studied in [4] for the composition of symbols and in [2] for norm estimates. The sets
of symbols defined in [4] and [2] are characterized by estimates in the L® norm, for the derivatives
5‘?5‘? F', only involving multi-indices («, ) such that all the o; and §; are bounded by the same integer
m, independently of the dimension. The idea that estimates for such multi-indices (with m = 2) are
sufficient to ensure L? bounds, goes back to Coifman-Meyer [5] (for a quantization different from the

Weyl quantization).

Let us specify this class of symbols. In [4] and [2], we say that a continuous function F' on R?" is in
Sm(M,p,0) (where m is a nonnegative integer, M > 0, and p and 0 are two sequences (p;)j<n) and
(05)(j<n) of nonnegative real numbers) if, for all multi-indices a and 3 in N" satisfying 0 < «a, 3; < m,

the derivative 8?8? F' is a continuous and bounded function verifying,

o a; 5B
1070¢ Fllpw oy < M 55765 ®)
Jj<n
In [2], we proved that, if a function F' is in S2(M, p,d) and if moreover 0 < hp;0; < 1 for all j < n, then
the operator Op,” “Y'(F) of Weyl symbol F is bounded in L*(R") and

||0P;vaeyl(F)||£(L2(Rn)) <M H(l + 81mhp;d;). (4)
j=1

In [4] it is proved that, if F'is in S, (M, p,6) and G in S,,(M’',p,0), (m > 6), and if 0 < hp;d; < 1
for all j < n, then the Weyl symbol Cy(F,G) of the composed operator Opzveyl(F) o OphWEyZ(G) is in
Sm—G(M”a Py 5)7 with

M = MM/H(I +thj5j),

j=1

where K is a universal constant.

By these results, the sets S,,(M,p,d) can be applied in situations where the dimension n tends to
infinity. Then, an element of S, (M, p,d) is rather a family F' = (F,)>1), where F), is a function on
R*" satisfying (3), where M is independent of n, and p = (p;)(;>1) and § = (J;)(;>1) are now infinite

sequences, satisfying 0 < hp;0; < 1 for all j > 1. However, without suitable assumptions on these two



sequences, the constants in (4) will not be bounded. But even in this case, we may think for instance
of possible applications to thermodynamic limits (see [12]). Under suitable hypotheses on the sequences
p = (pj)(j>1) and 6 = (J;)(;>1), the products in (3) and (4) remain bounded as the dimension n tends to
infinity, and a Weyl calculus in infinite dimension can be considered, in the spirit of B. Lascar [17][18][19]:

see [3] for norms estimates.

In the first section, the symbol u(-,t) of the semigroup is proved to be in L>°(R?*") with |u(-,t)| < 1
almost everywhere and additionally, [p, u(z,&,t)dz and 8? u(+,t) are estimated, without further regularity
hypothesis on the interaction potential V. These results are obtained by applying the Feynman Kac
formula to the study of the Weyl symbol of Schrédinger semigroups. The usual applications of this formula
(c.f. [1][21]]26][27]...) rather concern the distributional kernel of this operator. In the second section,
we consider the semigroup in a large dimension setting with regular potentials and obtain estimates on
all the derivatives of the Weyl symbol proving in particular that, for each m > 1, it lies in some set
S (1, p,8) defined above, with suitable sequences p = (p;) and § = (§;), where p; and §; are independent
of j. Supplementary assumptions on potentials regarding the large dimension are naturally necessary
at this step. Then, in the third section, two examples of Schrodinger semigroups in large dimension,
satisfying the assumptions of section 2, are considered, namely, the nearest neighbor and the mean field

approximation potentials. Moreover, a commutator property is also proved.

2 First properties of the symbol of the semigroup.

The first step consists in writing the Weyl symbol of e~

with the Feynman Kac formula, under rather
general hypotheses on the potential V. We make the choice to not first express the symbol with the
distribution kernel, in order to avoid the use of Brownian bridges. Let 7' > 0 and n be an integer > 1.
We denote by B the Banach space of continuous functions w on [0, T'] taking values into R™ and vanishing
at ¢ = 0. This space is endowed with the supremum norm, with the Borel oc—algebra B and with the

Wiener measure u of variance 1 (c.f. [16][9][10][11]).

Proposition 2.1. Let V > 0 be a function in Li (R™). Let U(t) be the Weyl symbol of the operator

loc
e tH  first considered as a tempered distribution on R®™. Then, U(t) is identified with a function u(-,t)

in L>°(R?"™). We have, for each t in (0,T] and for almost every (z,&) in R?",

u(w, &, t) = / e 06 Iy V= S gy ), (5)
B

Moreover, the following inequality holds,
u(-, ) <1, (6)

almost everywhere on R*", for each t € [0,T).



One notices that the above integral involves all of the trajectories of the Brownian motion with a starting

and a finishing point that are symmetric with respect to x.

Proof. Let f and g in S(R™). When V > 0 belongs to L{,.(R™), one may apply Feynman Kac formula
(c.f. B. Simon [24] or [25]) written as,

<eMfg>= / P+ w(t)g(@)e oVt dgdy (w). (7)
R x B

Notice that we use here a scalar product antilinear w.r.t. the second variable.

According to the Wigner function definition, we have for all  and y in R",

r+y

f(@@z /nH <f’g7 5 )e_i(m_y)‘gdé

Consequently, for all w in B,

flatwlt)g@ = [ 8 (fgwr 2 e) 0t

The Weyl symbol U(t) of e *# being a priori defined as a tempered distribution on R?", thus satisfies,
for all F in S(R?"),

<U(t),F >=/

F (m L) f) ¢ € I3 VS gy de dpu(w).
R27 x B

2

The above identity shows that, for all F in S(R?"),
| <U@), F>| < || Fllzrgen).

As a consequence, U (t) is identified with a function u(-,t) in L>(R?"), with a L>°(R?") norm smaller or

equal than 1, and satisfying (5) and (6). The proposition is then proved. O

As a first consequence of Proposition 2.1, we give below two corollaries which do not assume that the

potential V' is differentiable.

Corollary 2.2. For every multi-index (3, for each t > 0, the derivative 8?u(x,f,t) understood in the
sense of distributions, is a function in L (R?*™), which satisfies,
2k/2

10F (-, 1) oo rany < P12 T Ag, . Ay = Fr((/c +1)/2). (8)

Jjsn

Let m be a nonnegative integer. If the multi-index 3 verifies 3; < m for all j < n, then we have,

10w, £)| oo rony < BIHAV2, By = max Ay 9)

When m > 2, we have B,, = A,,.



Proof. We use the notation w(t) = (w1 (t),...,wn(t)). In view of Proposition 2.1,

10, 1) oy < /B TT les ()1 dia().

Jj<n

According to Kuo [16] (Chap.1, sect.4 and 5), we know that,

/B TT ks ()% dputw) = 7172 T A, (10)

Jj<n i<n

where the Aj, are given in (8). Since the Gamma function is increasing on [3,+00) (at least) and since

by inspection A; < A; = Ag, we see that B, = A,, for m > 2. This proves the corollary. O

Corollary 2.3. If V > 0 and if the right hand side below defines a convergent integral, then for almost
every € in R™, the function u(-,£,t) belongs to L*(R™), and we have,

/ |u(z,§,t)|dz§/ e V@ dg. (11)

Proof. From (5), we see that

lu(z, &,1)] g/Be—.f(j’v(z—#w(s))dsdu(w).

tx

Since the function = — e™** is convex, using Jensen inequality

ty w(t) d 1 [t v w(t)
o Ja V=2 vu(s)ds < ,/ otV (@ == 4us(s)) 4
t Jo
and integrating over z € R™ and w € B, for almost every £ € R”, lead to inequality (11). The corollary
is thus proved. O

3 The large dimension setting.

We shall here give Hamiltonians H for systems with a large number of particles indexed by A, for which
we shall obtain estimates on the derivatives of the Weyl symbol ux (-, t) of e~*#4. These estimates prove
in particular that ua (-, t) belongs to the class of symbols studied in [4] and [2], allowing a Weyl calculus
where all the constants in the inequalities are independent of A. The assumptions on the interaction
potentials V), are stated below. In the next section, we shall give two examples of Hamiltonians satisfying

these hypotheses.

We suppose that the functions Vj are given, nonnegative, C* on R*, the set of mappings from A into

R, for each finite subset A in I, for a given infinite countable set I'. For all integers m > 0, we denote



by M, (A) the set of multi-indices a in NA such that 0 < a; < m, for all j € A. For each multi-index «,
S(c) denotes the set of sites j € A such that «; # 0.

Set m > 1. We also assume that there exists C,, > 0 such that, for all finite subsets A in I, for all « in
M, (M), we have for all x € RA
Y 10Va(@)] < CilS(a)- (12)
0#B8<a
We set,
Hpy = —Ap + Vi (2) (13)

and Uy (t) denotes the Weyl symbol of e~ *#4 which, according to Proposition 2.1, is a tempered distri-
bution on R* x R” identified with a function up(-,#) in L>°(RA x RA).

Theorem 3.1. With these notations, let the functions Vi > 0 in C™(R™) be given for all finite subsets
A of T. Let m > 1. We suppose that there exists Cp, > 0 independent of A, such that (12) is satisfied.
For each t > 0, and for every finite subset A of T, let up(-,t) be the Weyl symbol of e~*2 which is
identified with a function in L™= (R* x RY) in view of Proposition 2.1. Then, for each o and 3 in M, (A),
the derivative 8§3§u(~,t), understood in the sense of distributions, is a function in L>®(R* x R™) which
satisfies,

Hagagu(.)t)nm(wxw) < (m))|S(@)1tCml S BISE)I161/2, (14)

where By, is defined in (8) and (9), and Cy, in (12) (these constants are independent of A).
Proof. According to Proposition 2.1, we have for all F in S(R* x R%),

| <O2UNL), F > | < |Fllpigaxesy sup  |9e Jo Valerwlods
(z,w)ERAXB

[ s dut). 5)
B jen

We shall use a multi-dimensional variant of Faa di Bruno formula due to Constantine Savits [7]. For each

multi-index «, denote by F(«) the set of mappings ¢ from the set of multi-indices 0 # < « into the

set of integers > 0, such that

> (BB =a

0#B<a

Constantine Savits formula is rewritten as,

3 #(B)
9%V @) — 1eW (@) Z H 1 [8 W(x)} ) (16)

| |
oot oiza PO L B!

For each ¢ > 0 and for almost all w in B, we apply this formula with

W(z) = _/0 Va(z + w(s))ds.



Since V > 0, we obtain

sup € fo Va(z+w(s))ds

(z,w)ERAX B

1 [t0°Va| 17"
<o I oo | m]

pEF(a) 046<a ¥

Besides,

(8)
1 [t)|0PVallL=17 t|0P VAl oo
> I 5 |15 sew | 3 TG

@GF(Q)0¢5<@ 0#B<a
The last factor in (15) is bounded using (10)(9) and the above right hand side is bounded using the
hypothesis (12). We then deduce that,

| < 020LUA(E), F > | < al||F || pa(genye! @19 BISANA/2,
Since a is in M,,(A) , we have a! < (m!)!*(®I. The proof of Theorem 3.1 is then completed. O

Remark 3.2. Theorem 3.1 shows that, if the family of functions (Vi) wverifies (12) with C,, > 0, then,
for allt > 0, and for each m > 0, the family of functions ua(-,t) belongs to the class Sy (1, p,d) defined
in (3), where p; = mlet“m and 0 = B\t for all j € T'. We remark that p; and d; depend on m but not

on A, and thus, not on the dimension.

4 Examples and application.

4.1 Two examples.

We shall in this section give two examples of families of potentials (V) satisfying (12) for all integers
m > 1. The first one corresponds to the nearest neighbor interaction in a lattice and the second one

corresponds to the mean field approximation model.

Example 4.1. Set T' = Z (d > 1). Let F and G be two nonnegative functions in C*=(R), bounded

together with all their derivatives. For each finite subset A of T, we set,

= ZF(:CJ Z G P — ;vk (17)

JEA (4,k)EA2
li—kloo=1

Then, for all integers m > 1, there exists C,, > 0 such that the family of functions (Va) satisfies (12).

Example 4.2. Let T' be an infinite countable set. Fix a function G > 0 in C*°(R), bounded together with
all its derivatives. Let, for each finite subset A ofF

Z G(z; — x1). (18)

(] k)eA?

Then, for any integer m > 1, there is Cy, > 0 such that the family of potentials (Vi) is verifying (12).



Let us verify that these two examples satisfy (12). For the first term >, F'(z;) of the Example 4.1,
the only derivation multi-indices yielding a non zero result are the indices with exactly one non zero
component. Let 8 = (3;)jea be such an index, i.e., §; = 0 for j # s, with s € S(c). Then

\aﬁZAFm)\ = [P @)] < mas | O] ),
JE

and there are at most m|S(a)| such indices.

For the second term, the 3’s yielding a non zero result have, either exactly one non zero component, or
exactly two, which moreover, correspond to neighbor points of A. The first case, 8 = (3;)jea with 8; =0
for j # s with s € S(«) is rather similar to the case of F, in that the maximal order of derivation of G
is m. But there are at most m|S(«)| such indices, which give 2 x 39m|S(a)| terms, since we must take
into account the maximal number of neighbors of s in A (3¢) and the fact that we derive the first or the
second . The second case is for § = (8;);jea with 3; = 0 for j # s,s" where 5,5’ € S(a) with [s —s'| =1

and concerns at most 2|S(a)|39m? terms, the maximal order of derivation being 2m.

For the second example, the computations are similar but there are more terms, since the indices s, s" are
not supposed to be neighbors. One roughly needs to replace 3¢ by |S()| in the preceding computations,
but dividing by |A| allows to keep the same estimates.

4.2 Application.

For all finite subsets A in I', choose a function psy > 0 in the Schwarz space S(R* x R*). Tt is known
that the Weyl operator Op"VeY! (pa) is trace class. We suppose that its trace equals 1.

For all finite subsets A in I, suppose that the functions V4 > 0 in R? are given satisfying the conditions
of Example 4.1 or Example 4.2, and denote by Hx the Hamiltonian defined in (13). Let A be a function
on R and denote by A; the multiplication operator by the function A(z;) (j € A). The function A is

chosen to be polynomial to avoid a long development on pseudodifferential operators.

Proposition 4.3. With these notations, there ezists a constant C > 0 such that, for all finite subsets A
of T, for each t in (0,1], for every j in A, we have,

Tr([A;, e~ 0 0p™¥ (py))] < OVE.

Proof. Let Fy, be the Weyl symbol of the commutator [4;,e~"4]. According to Theorem 3.1 and to
the Weyl calculus in one dimension, there exists C' > 0 such that, for all finite A in I'; and for any ¢ in
(0,1,

[ A, el Loe (A xRAY < CVt.



It is known that,

Tr([A e 0 00" ) = @m) [ sl a.€)dade,

Te(Op™¥ (py)) = (27)~ N / pa (e, €)drde = 1.

RA XRA
The proposition then follows. O
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