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Abstract. We study the diamagnetic surface currents of particles in thermal
equilibrium submitted to a constant magnetic field. The current density of
independent electrons with Boltzmann (respectively Fermi) statistics has a
gaussian (respectively exponential) bound for its fall off into the bulk. For a
system of interacting particles at low activity with Boltzmann statistics, the
current density is localized near to the boundary and integrable when the two-
body potential decays as |x|™* a>4, in three dimensions. In all cases, the
integral of the current density is independent of the nature of the confining wall
and correctly related to the bulk magnetisation. The results hold for hard and
soft walls and all field strength. The analysis relies on the Feynman-Kac-Ito
representation of the Gibbs state and on specific properties of the Brownian
bridge process.

1. Introduction

Itis well known that the diamagnetism of a system of charges at thermal equilibrium
is a purely quantum mechanical effect. The magnetisation of a body subjected to an
uniform magnetic field arises from induced currents localised at its surface.
Classically, one argues that these currents should be exactly compensated by the
cyclotronic motion of the particles in the bulk [1] and there is no diamagnetism in
agreement with van Leuwen’s theorem [2]. For quantum mechanical charges, this
compensation is not perfect and there is a resulting current density near the
boundaries which depends on the nature of the walls enclosing the system.
However, the corresponding total magnetisation, a thermodynamical quantity, is
independent of boundary effects.

In [3], the existence of the thermodynamic limit of the susceptibility of a system
of non-interacting electrons (the Landau susceptibility) is rigorously established for
all temperatures and densities. Moreover, the susceptibility is independent of the
boundaries for a class of parallelepipeds with Dirichlet conditions, but its relation to
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the surface current is not studied there. In [4], the surface currents for hard and soft
walls are calculated in the framework of linear response theory, and shown to have
the correct relation to the Landau susceptibility; the analysis is however limited to
weak fields. Strong fields are treated in [5], but in a nearly classical approximation.

The purpose of this work is to provide a general and non-perturbative treatment
of surface currents in a system of free and interacting particles for soft and hard
walls.

Our analysis relies on the Feynman-Kac-Ito representation of the Gibbs state of
a particle in an external magnetic field. In Sect. IT we briefly recall the formalism as
well as some known properties of the Brownian bridge. We also give a proof of the
thermodynamic limit of the pressure and of the magnetisation in this setting: the
limit is independent of the nature of the boundaries. In Sect. I1I, we study the surface
current of free electrons in a semi-infinite system bounded by a plane wall. This
current is localised near to the wall and we obtain a gaussian bound for its fall off
into the bulk. The integral of the current density is shown to be independent of the
boundaries and to be correctly given by the derivative of the pressure with respect to
the external field. The proof of these facts involves some specific and remarkable
properties of the Brownian bridge. We first carry the analysis with Boltzmann
statistics where the relevant mechanisms in the functional integrals are most easily
displayed, and give the necessary modifications for Fermi statistics.

The case of a dilute system of interacting particles with a short range (i.e.
integrable) potential is treated in Sect. IV. The Ginibre representation of the
reduced density matrix [6] in conjunction with a combinatorial identity for the
Mayer factor found in [7] enables us to estimate the low activity expansion of the
current. Here we use Boltzmann statistics. If the potential has a finite range (or an
exponential fall off) the decay of the current density in the bulk is faster than any
inverse power. If the potential behaves as an inverse power |x|™* « >3, the current
density still vanishes far away from the wall, and is integrable when «>4. In the
latter case, its relation to the magnetisation is recovered.

The Ginibre representation in the case of Fermi statistics is not so manageable.
For this reason we are not able to treat the case of interacting Fermions. However
we can prove similar results for a system of Fermions with impurities (random
external potentials). The technique for these is the same as for the above cases and
we do not give these results here.

II. The Feynman-Kac-Ito Representation

We consider a quantum particle of charge e and mass m confined by a potential

V(r). It is subjected to a constant magnetic field B in the z direction and has the

hamiltonian

1 e 2

H=— [p—=A(r)] +V(r) (2.1)
2m c

B B . L
with B=F A A(r), and the vector potential A(r)= < R O) being given in
the symmetric gauge.
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Since the cyclotronic motion occurs in the (x, y) plane, we shall treat the system
in two dimensions. The contribution of the degree of freedom in the z-direction can
be trivially added to the thermodynamic quantities. We set i=c¢=1and work with a
unit mass m=1 and charge e=1. The two dimensional hamiltonian is

1 1 B?
Hiy= VP + Va(®) = [pF =B r Ap+= e+ Var) . 22)

B B . .
where v= p,;l-i Vs Dy -3 x | is the velocity operator.

The confining potential for smooth walls is chosen to be rotationally invariant and
of the form

Ve@M)=@(r—R) , r=ir|, (2.3)

where ¢(x) is a C'-function on R with
=0, xZ0,
p(x)=Kkx* for x=x,, Kk>0.

We denote inf ¢(x) by —¢g, 0= o< 0.

The hard wall is defined by supplementing |p|*= —4 by Dirichlet boundary
conditions at r = R. The hard wall case will formally correspond to ¢ (x)= 00, x> 0.
Equation (2.2) defines a self-adjoint operator on a suitable domain. Moreover, the
kernel of the statistical operator exp { — f Hy) has a path-integral representation, the
Feynman-Kac-Ito formula [8, Theorem 15.5, p. 163]. Using the notation of [8], this
kernel is given by

(rlexp(—BHR)IV)={ duor,ipexp(F(w)) . (2.5)

B B
F(o)= —i [ A(o(s)) - do— | dsVg(e(s))
0 0

[~

=—i —'f o(s) Adw—lj} dsVe(w(s)) . (2.6)
2% 0

dpior;ip is the conditional Wiener measure for two dimensional Brownian paths w(s)
starting fromr at s=0and endinginF at s = 5. The stochastic integral in (2.6) is to be
understood in the Ito sense.

It is convenient to introduce the Brownian bridge process a(s), 0<s<1,
a(0)=a(1)=0, with covariance

E (' (s)/ (1)) ={ Daci(s)o/(t)=0;; C(s,¢) , i, j=x,y , (2.7)

with C(s, )= C(¢,s) and C(s,t)=s(1 —¢) for 0=s=<r=<1. The @ and « process are

related by
w(s)z(] ~%>r +% f+fa<~;§) , (2.8)
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and

- 1 —F
(Klexp(~fHRID =33 exp ( - "2 ﬂ' |

G(a;r,f):lfF(<1—%>r+%f+ ﬁa(%))ds

With (2.8) we can work out the expression (2.6) in terms of «. Using | dx=0 and
1 1 0
| da= — [ a(s)ds (an application of Ito’s lemma), we get

0 0

) [ DaexpG(a;r,§) , (2.9)
with

G(a;r,f)zz’g-(rAf)+iVBB-(f—r)A;f a(s)ds

gB ! 1 (2.10)

+i —2'f a(s) nda—p | ds VR(r——s(raf')—l—[/[-?az(s)) .
0 0

The hard wall system is also given by (2.9) and (2.10) with the integration in (2.9)
restricted to the domain

AR(r,i-):{a

and V=0 in (2.10).
The pressure and density of a system of independent particles with activity z and
Boltzmann statistics are

08;21 [r—s(r—F) +VB¢(S)1 gR}

z Trexp(—fHg)
_Z _PR] 2.11
Pr ﬂ T[RZ s ( )
Trexp(—pBHg)
0r=2 —MI;RZ B 2.12)
The corresponding average magnetisation is given by
Opr Trmexp(—fHg)
e W et 24 2.13
mgr= 5B =z TT,RZ s ( )

with #i=%+rAv. The magnetisation at constant density g=gg is obtained by
substituting z=z(R) from (2.12) in (2.13).

The following proposition shows that the thermodynamic limit of the pressure
and of the magnetisation is independent of the confining potential if the effective
area of the region is taken to be nR?. The proof is given in Appendix A.

Proposition 1. For the soft wall (2.4) or the Dirichlet hard wall,

T R

19
lim mp=m= P

— . 2.15
R—- aB ( )
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In fact, p is given by the functional integral
Z .o~
r=g | Da (2.16)
with

~ 1 B!
Da=m exp[lﬂz‘ga(s)/\da]Da ) 2.17)

For latter use, it will be convenient to represent the pressure as a functional integral
involving a one dimensional Brownian bridge. This can be done with the help of the
formula [8, Chap. V, p. 169]

[ Do exp (iﬁB j' zx"(s)docy> =exp [ - ﬂzsz <} a**(s)ds —<1oc"(s)ds)z)} .
0 0 (4]

(2.18)

1 1
Introducing (2.18) in (2.16) gives (using [ o?(s)do*= ~ cx"(s)day>
0 0

P55 | DeDZexp [i b f (@ (s)dor —a%s)doex)]

:2—;[3—2 | Daexp [ _ﬁ2232 @ o> (s)ds —(i oc(s)ds)l)} , (2.19)

where here o denotes the one dimensional Brownian bridge.
Note that p is not convex as a function of B. Therefore, we cannot deduce
immediately, using the convergence of derivatives of sequences of convex functions,

opPx

0B

op
converges to ——

that my= 2B

III. The Surface Current in a Semi-Infinite System

By a semi-infinite system, we mean one in which the particles are practically
confined to the half space of positive x by a potential independent of y and which
increases rapidly for negative x. More precisely, the hamiltonian of the semi-infinite
system is defined by

H =5 v+ U() | 3.1
where U(x)=¢(—x), ¢ as in (2.4), and the corresponding one point function

oV (r; =z (rlexp(—fH*MF) (32)

is given by the functional integral (2.9) with Vg(r) replaced by U(x) in (2.10).
Because of translation invariance in the p direction, the current density depends
only on x. Moreover, the hamiltonian (3.1) is invariant under the time reversal
followed by the space inversion of the y coordinate. Under this transformation, the
x component of the current density changes its sign, and thus vanishes. Hence, the
current density j(x)is parallel to the wall, and one finds from (3.2) and (2.9) that it is
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given by the functional integral

. w1 o | (.0 B .
J()=[vy0! )(r,r)]m—[( 15 2 X>Q‘“(r,lr)]r:~
=z]/BB | ﬁaz(}a"(s)ds)exp(—ﬁ } dsU(x+]/‘oz"(s))) . (3.3)
0 0

The representation (3.3) allows us to estimate the current as a function of the
distance to the wall and to relate it to the thermodynamical magnetisation den-
sity m. Propositions 2 and 3 below show that j(x) is localised near to the wall.
Moreover, its integral is independent of the nature of the wall and has the correct
relation to the infinite volume magnetisation.

We note that a similar result to Proposition 2 and its generalizations to non-
interacting Fermions and to interacting systems given later can be obtained for
particles confined to a circular region with more restrictions on the confining
potentials.

The bounds on the decay rate are independent of the radius of the region.

Proposition 2. For the soft wall (2.4) or the hard wall with Dirichlet conditions, there
are constants C,;,C,, Cy, and C, independent of  and B such that

(| <zB [%3— hto eXP(*Cz %)*% x| exp(—&ﬂxz)} LG4

In the case of a hard wall, ¢po=C;=0.

Proposition 3.

—TO dxj(x)=m , (3.5)

where m is given in Proposition 1.
For the proof of Proposition 2, we need the following lemma (see Appendix B).

Lemma 1. If o is a one dimensional Brownian bridge on [0, 1], then there exists for each
n constants A and C such that

| supla(s)"<Adexp(—Cx?) . (3.6)

sup la(9)|zx  °

Proof of Proposition 2. We split the current density in two contributions
J(x)=Jj;1(x)+/,(x), where the integral (3.3) is on the set

Ay(@)= {alsup\f lo*(9)| < }

for j;(x) and on the complementary set for j,(x). For x =0, j;(x) represents the
bulk part of the current. Indeed, if « belongs to A,(a) for x=0, one has



Diamagnetic Currents 221

X+ Wa*(s) > )21 >0, and therefore

1
ji(x)zz]/EB R . Da (j oc"(s)ds) (3.7)
sup |/ Bla(| <= °
does not depend on the confining potential U(x). Obviously j,(x) vanishes be-
cause of the invariance of Da under the change a— —a. For x<0, one has

\/Eoc(s)+x§%, and this implies by (2.4) that for x< —2x,,

. z|B| |x| x?
|11(X)i§m b} exp| —kp s (3.8)
The non-trivial part of the quantum mechanical current is the quantity j, (x) which
involves the large fluctuations of the Brownian bridge. It follows from Lemma 1
that it has the gaussian bound

B Bdo B 5
i<z B Da sup o (s)| S e”‘f’LAexp(—C ’i) .
22/ iz : 2n)/p b
: 2 (3.9)
The combination of (3.8) and (3.9) gives the result of Proposition 2.
We now turn to the proof of Proposition 3.
Proof of Proposition 3. We note from the formula (2.19) that
op zB B*B?
= e e 3.10
35 o jDaG(a)exp( 5 G(a) ) , (3.10)
1 1 2
G(w)=| ozz(s)ds—<f oz(s)ds) . (3.11)
0 0

On the other hand, writing the current (3.3) in terms of a one dimensional Brownian
bridge o with the help of (2.18) gives

J(x) :5% | Do <£ oc(s)ds) exp ——(ﬁzsz G(a)) K(a;x) , (3.12)

K(a;x)z@xp(—ﬁ if dsU(x+|/[§fx(s))> . (3.13)

We have to show that the x integral of (3.12) isidentical to (3.10). For this we use the
following property of the Brownian bridge (proof in Appendix B).

Lemma 2. For any s,ue [0, 1], define y(s) = oc(.m) —o(u), where 6=v [mod1]. Then
for any fixed ue[0,1), v is equivalent in probability to a.
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1 1
Since jf(‘m)ds'sz(s)ds, ue(0,1] one verifies easily that G(y)=G(«) and
0 0

K(y;x):K(a;x—]/Ea(u)). Applying the lemma to the integral (3.12) gives then

2 np2 1
j(x)—2 1/ | Daexp(—ﬁ—i G(a )> J ds(a(s) —o(u) K(o; x —]/Boc(u)) .
T 0
(3.14)
j(x) being independent of u, we integrate both members of (3.14) on ue[0,1],
2 np2 1 1
J(x )—~-— | Dcxexp<~ﬁ—»§ G(oc)> [ du | ds(o(s) —oc(u))K(a;x—‘/[?oc(u))
27{‘/‘ 0o 0
(3.15)
( [gZ 5 G(oc)) } du .1[ ds (ou(s) —o(u))
D — .
Zn‘f J Daexp 2 o 0
(K (s x =)/ B o)) —K(o3 )] (3.16)

The subtraction of K(a, x) obviously does not contribute to the integral, since
1 1
[ du [ ds(a(s) —a(u)=0 . (3.17)
0 0

It follows from the properties of ¢ that

K(o; %)= K(o; x =)/ pou(u) =1 (3.18)

for xza=2]/p sup |a(s)|
and g

K0 Sexp[—r(x+a)’] . |K(x~]/Ba()Sexp[—r(x+a)]
for x< —a—x, . (3.19)

This implies that [K(«; x —Woc(u)) — K(a; x)]is integrable on x and that there exist
constants 4 and B independent of a such that

T dx| K (a; x —|/Boe(u)) — K(et; )| S A+ B sup |a(s)] . (3.20)

In view of this we are allowed to interchange the dx and the Da integrals when we

+ o
calculate j dx j(x) from (3.16). We have with (3.18), (3.19) and b large enough
(b>a)y °

TO dx(K(oc;x—Woc(u))—K(a;x))z lj de(a;x—‘/ﬁa(u))— lj dxK(a; x)

b}/ a(w)
= de(a;x):_V/?a(u). (3.21)

b
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Thus

+ o

— dxj(x)=% | Daexp(—ﬁf G(oz)) } du } ds(ou(s) —o(u))o(u) ,
— 0 0

which is identical to (3.10). This concludes the proof of the proposition.
Let us indicate still another representation for m

ZBZ 1 2

m= _B { Docexp _# G) || [ a(s)ds) . (3.22)
2n 2 o

In view of the lemma, we can replace a(s) by y(s) in the integrand of (3.22), and

integrate on ue[0,1]. The equality

} du <i y(s)ds)2 =ff az(s)ds—Cf oc(s)ds)2

0 0 0

shows that (3.22) is identical to (3.10).

Infinite Strip

The current density of a system of particles in an infinite strip in the y-direction is
given by the formula (3.3), where the potential U(x) is now confining both for x >0

and x<0,
Ux)=kx® , |x|Zxo . (3.23)

To calculate the total current in the strip, we proceed as in Proposition 3, and
integrate (3.15) on x. Since now K(«; x) is integrable at x = 00 and x= — o0, we can
exchange the dx and the Do integrals in (3.15),

TO dxj(x)=2-z% | Doexp <_ Bzsz G(a)> jﬂ du } ds(o(s) —a(u)) +j00 dxK(o;x) ,
— o0 0 0 — 00

/i

which vanishes because of (3.17). This means that the currents flowing along the left
and right walls always compensate exactly independently of the shape of U(x).

(3.24)

Fermi Statistics

For systems of non-interacting fermions we can obtain analogous results for low
activity since the Fermi quantities can be expanded in power series in z with the
corresponding Boltzmann quantities at inverse temperature nf as the coefficient of
(—z)". In the rest of this section the Fermi-quantities will be labelled by F. For
0=Zz<e P we set

© (_Z)n—l .

PR= Y. . PRY (3.25)
n=1

mig= 3 (=2 'm§h (3.26)

0= % 2y (3.27)



224 N. Macris, Ph. A. Martin, and J. V. Pulé

We can now apply Propositions 1, 2, 3 term by term to obtain exactly the same
results as in these propositions except for the statement in Proposition 2 which now
becomes

® (x| ze #Ca¥?

(0 <|B] % {”; (Zé’M"’)"e_C2 W}+|B|C3 B 1 —ze FC (3.28)

The decay of the first term is no longer Gaussian but we can obtain for it an

A
exponential bound of the form |B| == exp ( —A4, %), where the constants 4, and
i

A, depend on the combination zexpf¢d,. This rate of decay for non-zero
temperature should be contrasted with the asymptotic form for the groundstate
obtained in [4] in the framework of linear response. The latter has an envelope
which decays like x 1.

Finally, we note that by the Schwartz inequality G(x)> 0, and therefore by
(3.10) for Boltzmann statistics, m has the opposite sign to B [see also (3.22)]. We
emphasize that this is only true for Boltzmann statistics since it is well known that
for fermions, we have the De Haas-Van Alphen oscillations in the magnetization as
a function of B [1].

IV. Interacting Particles

(a) General Setting. In this section, we study the diamagnetic current of a dilute
system of interacting particles in three dimensions with a translation and rotation
invariant stable pair potential w(r),

n

Y wr—r)z—bn, 0<b<wo . 4.1)
i<j
We assume the following regularity conditions: w(r) is differentiable with uniformly
bounded derivatives
Wwml=M , (4.2)
and
[wlly={ driwml<oo , [Pw],={drFwr)|<w . (4.3)

We consider only the Maxwell Boltzmann statistics and use the Ginibre functional
integral representation of equilibrium density matrices [6], written in terms of the
Brownian bridge,

o T
(@%kﬂﬁ—ﬁHﬂﬁh%zﬁg[ézﬁfﬁe & J

‘| D(w), ]:'I expG(a;;r;,T;)

j=1

'CXP<—5 Z }dSW[(l —s) (r;—r)) +5(F —F;)

i<jo

ﬂﬁmm—mmo, (4.4)
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where G is asin (2.10) and D(a), is the measure for n independent three dimensional
Brownian bridges.

The Mayer expansion of the grand canonical quantities involve the Mayer
factors in the form

M((x),, ) (@)= ). T1 {—1+GXP<—B§dSW[(1—S)(r.~—r,-)

veln (ijley
+3(F —F)+]/B ((s) —a,~<s)>])} , (4.5)

I, being the set of connected graphs on (1,2, ... n), and (i, /) runs on all bonds in y.
The Mayer expansions of the grand canonical pressure and magnetisation
density yields in the thermodynamic limit the series

Br=73 pu . (4.6)
n=1
=3 m, . @7
n=1
z" ~
pnzm _[ d(r)n—l j D(a)nM(O: (r)rﬁl ;(a)n) H (48)
] - n 1
my=— [ d®), - | D(ao,,( ENEAC) Adaf> MO, ®),-s s<a>n) > (49)
! =1 ~ 0
where
(r)n—l :(rZa ,l’,,) 5
?(a)n:Dalj...Dcxn , 5 (4.10)
Da = anp) exp <i[3 5 ~(j) a(s)/\da>Doz ,
and
M((r)n N (a)n) = M((r)n7 (f)n 5 (a)n)l(r),‘:(:),, . (41 1)

The thermodynamic limit is proven for each term of the series (4.6) and (4.7) by
the same method as in Appendix A. Then the convergence of the series for
Blwl,2np)~32efo* izl <1 follows from an application of the identity (4.23)
below. We do not give the details since a similar application will be presented for the
current density.

(b) The Semi-Infinite System. We are interested in the current in the semi-infinite
system with the wall potential U(x)=¢( —x) as in Sect. I1I. Here we assume for
simplicity that ¢ (x) is positive and monotonically increasing. The corresponding
hamiltonian is

Hzé (% |Vi|2+U(xi)>+i w(r—1) . (4.12)

i<j
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The one point reduced density matrix of this semi-infinite system has the Mayer

expansion

o(ry, )= Z on(ry,¥y) (4.13)

n=1

Z" _Irx—i"xl2
On(rlarl) 28

(n—1)! (271,3)3/2
j d(r), -1 jD% jD(a)n—l expG(ay ;1q,1y)

n 1
'[H exr><—ﬂ | dsU(xjﬂ/a}‘(S))] M(ry, By (0= 5 (@)
j=2 0
! (4.14)
where G is given by (2.10) with V(r) replaced by U(x) and

M(rl s i1 s (r)n—l 5 (a)n) = M((r)m (f)n 5 (a)n)l(r)nf 1 =(;),., 1

By symmetry reasons, the only non-vanishing component of the current is along
the y direction

. .0 B .
j(xl):UyQ(rlarl)‘r1=;1 =<*l a—z‘ x1>g(r1,r1)|,1=;1 . (4.15)

Its Mayer expansion has the form

JCe) =7V (xy) +j P (xy) = Z Ty + Z PPy (4.16)

n= n=

1

'} a0+ | D@, (1500 IT G5 M@,5600
4.17)

/n”( 1)_ 1)'

]1(12)()(1): 1)| jd(r)n 1 jD(a)n I_[ K(aj "xj) M(rlaria(r)n 19(a)n)|r1 r; 9
(4.18)

where K(a;x) is as in (3.13). It is useful to remark that the factor [T K(of;x;)
n j=1
can be replaced by [T K(of;x;)—1 in the formulas (4.17) and (4.18).

j=1

The factor [T K(a}; x;) contains the effects of the wall. If it is replaced by 1, we

obtain formally the “bulk current”

rEl)bUIk Z—% j‘ DG1< (S‘)dS) [f d(r)n—l j ﬁ(a)n—lM(O’ (r)n—l ’(a)n)} >

(4.19)

SO [,y § D@, M R 0, @, - (420)
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Both quantities are equal to zero. The bracket [...] in (4.19) is independent of r,
because of the translational invariance of M((r),;(«),); moreover it is an even
function of a; , since M ( —(r), ; —(a),)=M((r),;(a),). Thus the integrand in (4.19)is
an odd function of a,, and the integral vanishes.

By inspection of (4.5), and because of the same invariance properties of M, the
quantity

j‘ d(r)n—l f D(‘x)nM(rhfiv (r)n—l ;(a)n)lx1=£1 :f(yl _.)71)

is an even function of (y —J,), therefore the y, derivative at y, =7, vanishes.

It will be clear from the estimates in paragraph (d) that the above expressions are
well defined and the low activity expansions converge for z small enough when the
potential satisfies the conditions (4.1) to (4.3).

(¢) The Main Propositions. The main tool to handle the low activity series is given
by the following remarkable identity [7]: Let V;, i, j=1,2, ..., n, satisfy the stability
condition

Y Vijz —bn , 4.21)
i<j
and define .
Vn(o)=.2 Viioij
t=J (4.22)
0ij=0ji » Oéo'ij_—<_1 5 0'=(O'ij)ij=1,...n .

To each connected tree graph T on 1,2,...,n is associated a probability measure
dPy(o) so that

> I {exp(=Vip)—1}=) TI (=Vi) [ dPr(o)exp(=V,(0)) . (4.23)
yeln (ij)ey T (ij)eT
The measure dP;(a) is supported on ¢ such that V,(o) still satisfies the stability
inequality
V,(o)= —bn . (4.24)

With the help of (4.23), we can show that the current density remains localized
in the neighborhood of the wall at sufficiently low activity, and its integral gives
the thermodynamic magnetisation (4.7). This is the content of the next two
propositions.

Proposition 4. (i) The series (4.16) are absolutely convergent if

eBb+1
pmax(|wl,, [Fw,) G lzZl<1 . (4.25)
(i1) Moreover, if w(r) and Vw(r) are O(még), v=23, ¢>0, then there exists
0>0 such that
. 1
IJ(Xl)I:O(W) . (4.26)

+w

In particular if v=4 the total current f dx,j(x,) is finite.

—
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(iii) If w(r) has compact support, one finds a faster decay
LiGe)I= Caexp(—CylxPP) (4.27)

Proposition 5. If (4.25) holds and v=4, one has

m= —ifo dxj(x) . (4.28)

(d) Proof of Proposition 4. The proof of Proposition 4 relies on the application of
the identity (4.23) to (4.17) and (4.18). We treat in detail the term (4.17) and will give
later the necessary modifications to handle (4.18).

(o) Bounds on the Mayer Factors. We first define
1
W, E; @)= dsw((1 —s)r+si+]/Ba() , (4.29)
0
and apply the formula (4.23) to (4.5) with
Vij:BW(ri—l'j,fi—f'j;a,-'—aj)=Vji . (430)
Since the potential w is stable, it is clear that V;; defined by (4.30) satisfies also the

stability condition (4.21).
It follows from (4.24) that

IM((r),; (@) S TeP Y T Wl —rjsa—a) (4.31)
T (ij)eT
where
mr;a):»a(r,r;a)=} dsw(r+)/Bals)) . (4.32)
0

Notice that we have obviously
[arpw(r;al=|wl; . (4.33)

The derivative of the Mayer factor occurring in (4.18) yields two terms

5?—1 M), a3 @)=Y TT (=¥ ] dPT(O-)<_a-(j;1~ Vn(0)>exp(— Va(a))

T (ij)eT
(4.34)
0
+; l:a ("l)—l'r (— VU):I j dPr(c)exp(—V,(0)) .
(4.35)

The structure (4.22) of V, (o) shows that

0 i 0
V,(0)= — V..)o, . 4.36
6y1 ( ) jgl <ay1 1J> y ( )
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The assumption (4.2) that the pair potential has a bounded derivative in conjunc-
tion with the definitions (4.29), (4.30) implies that

1
52_ Visl=1] ds(1 —s) (7,w) [(1 -—s)(rl——rj)-f-s(f'l—~j)+[/B(¢1(S)*¢j(S))] =M,
1 0
(4.37)
and therefore
‘JL V(o) <aM . (4.38)
0y,

Using (4.38) and (4.24) we find that

[6% M((r)n,(f)n;(a)n)] <nMB 1P Y T (-1 0 —ay)]

®)n=n T (ij)eT
(4.39)
0
+pr ety [— I W(r,-—rj,i'i—ij;ai—aj)] . (4.40)
T Loy (ij)eT O)n={)n

(B) Estimate of the Decay of ji¥(x,). According to the remark below (4.18), we can
replace in (4.17) TT K(«, x;) by

j=1
[T K(o}, x;) —=0(x,), (0(x))=1,x,>0;0(x;)=0,x, <0) .
j=1

Using the bound (4.31) on the Mayer factor, one finds

B zef? "
iMD(x)£ I, r(xy) , 4.41
l]n (X )I—l//\f(n 1 ( Fgw(Zn)3ﬁ> I;I , (X) ( )

with

IT wr—r;;a _aj)[ .
(ij)eT

(4.42)

Notice that in the integral /7, ;(x;) we can always relabel the dummy integration

variables (r),, (¢),, in such a way that the tree T'is ordered with root 1. The ordered

tree has (n —1) bonds denoted by (j<i),i=2,3,...,n Toeach pointk+11in T, we
associate the branch going from 1 to k& with |B;| points

Bk={1,k2,...,kl_.1,k; 1<k2<,..<k1_1 <k} . bk= Z K . (443)

ie By

L, r(x)=Jd(®),-1 [ D(@), sup |oi(s)]

I1 K(a;; x;) —0(xy)
j=1

A successive change of variable in (4.42) (starting from the maximal points in the
tree) leads to

I, r(x)={ d(X)p—1 | D(@), sup Jo(s)| [H K(aif;b;f)—f)(xl)il

k=1

n

IT @ e—a))l . (4.44)

(j<i)eT
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When x, is positive, we use the identity

ﬁ K —1=(K, —1) I Ki+ ...+ (K — 1)K, + (K, —1) . (4.45)
j=1

j=2
With |K(r,a| <1 and (4.33), [, r is estimated as follows:

n

In,r(X1)§kZ J d®u-y [ D(@)ysup lef ()| K@i ; 0 —1| T[T Do —ay)l
=1 s

(J<ieT

=2 il =15 1 (x) (4.46)

]k(x1)=j Da; sup |of(s)] j l_[ Da;dr;|K (o ; bf) —1] A H |”_’(l'i§<1i‘“j)| .
s 1'_5*81,( (j<i)eBx
(4.47)
An upper bound on the decay of 7, 1(x;) can be obtained from Lemma 3 which is

proved in Appendix C.

Lemma 3.
2 [>o)
el | Gl texp( <, S e Galli® T amw@r|L xi0.
LB (4.48)
L, r(DIS Ca|w|[i~Yexp(—Dyxi) ,  x,<0 . (4.49)

The constants C;, ..., D;,... do not depend on n and |w|;.

(y) Proof of the Proposition for j*(x)

(i) By (4.41) and the fact there are n"~? tree graphs with n points, we have
for x; >0,

ntz" X2 ©
+(1) < n—1 >t n—2
§ (X1)|:B\/E D! [Cla exp< D n2>+C2a Hjn drlw(r)I] ;
S 4.50
with ( )
e,
(Qmy Byt~
and for x, <0,
n—2
OGS Cy o 2"a exp (— D) (4.51)
n—1)!

Using Stirling’s formula, it is clear that the series (4.17) converges uniformly with
respect to x; provided that

zea|<1 . (4.52)
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(ii) To estimate the x; dependence of j®(x;)= Y j{"(x,), we split this sum in

n=0
two parts
ZJ,‘,”(X )= Y i)+ Y () (4.53)
n<xj n>xj

for some y,0<y<1.
By (4.50) the first part of the sum (4.53) is majorized by the sum of two terms
which are

O(exp(—Dx¥1 ™M) (4.54)
and

0< | dr]w(r)l). (4.55)

>4

The second part of the sum is less than

Y (n [Cy @ + Gy ||w a1 =0(|zeal™) . (4.56)

n>xj

Under the assumption on the decay of the potential one has

i |w(r>|=0(m1_—3+—6> , @.57)

I >gxi77

with §=¢g—y(v+¢—3).

Choosing 0 <y <1 such that § > 0, the estimates (4.54), (4.55), (4.56) lead to the
bound (4.26) for jV(x,), x, > 0. It follows from (4.51) that the bound is gaussian
when x; <0.

(ii1) If w(r) has compact support, the term (4.55) does not contribute for x, large
enough, and the optimal choice of y in (4.54) and (4.56) is y=2/3.

(8) Proof of the Proposition for j®(x;). The treatment of j@(x,) is essentially the
same as that of j®(x,); 7% (x,) is estimated by the sum of two terms coming from
(4.39) and (4.40). Comparing with (4.31), it is obvious that the contribution (4.39)
can be treated exactly as j®(x,).

By the Leibnitz rule of derivation, the bracket in (4.40) is the sum of at most
(n —1) products where one of the w has been replaced by its derivative

s —fdsa—s)(Vw)(r—rkﬂf (2(5) ~24()

r=Ff,
(4.58)
Therefore, these products are of the form
I W_’(ij)(l'i—l’j;“i—“j) > (4.59)

@ij)eT

where one of the W;, is given by (4.58) and the others are equal to w.
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One has to estimate (n —1) quantities of the type (4.42) with a product
[T Wy (e —rj505(s) —a(s) -
(j)eT

One sees that all the estimates can be performed in the same way provided that |w|,
is replaced by max (|w],, |[Vw],).

"

(e) Proofof Proposition 5. It follows from the proof of Proposition 4 that z ()

is integrable. So we get by dominated convergence that n=
+ o0
f dx;j(xy)= Z I dxy ja(x1) (4.60)
n=1 —co

and thus it is sufficient to establish the equality (4.28) term by term.
We first transform the expression (4.9) of m, by using the integration by parts
formula of Gaussian measures [9],

| Doco(s) F(o) = j dt | DaC(s, t) F(a) . (4.61)

o
o (1)
Here o is the one dimensional brownian bridge with covariance C(s, t) given in (2.7).
Since M(r),;(a),) is a symmetric function, m, can be written in the form
iz" 1 !
- y X
M=) gy P <g al(s)dal)
1
"exp (iﬂB ) ai’(ﬂd’di“) §d@-y [ D@y M((X),; (@)) - (4.62)
0

Performing now the integration by part with respect to the one dimensional
brownian bridge of, we get two contributions

my=m+m? (4.63)
W= ﬂBZD, §d(®),-y | D(@), § doi(s) { doi(r)C(s, 1) M((X),5 @)
(4.64)
mg)_( 51 | D(w), j dt | dos(s)C(s, 1) .
&xy(t) [ d@)u—1 MO0, (r),—y;(@),)] . (4.65)
We will show that
[ dx jP(x)=—m"Y | (4.66)
To dx; jP(x)= —m? . (4.67)

We prove the first equality (4.66).
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For this, we apply Lemma 2 to (4.17),

1
)= ~J§ J -1 [ D@, [ ds(ei(s) ~od@)

T K5~/ B ) M((r =)/ Ba@),: (a),)
ji=1

1
211/.7 [ d(®),—y | D(@), | ds(az(s) —oi(u) .
0

K (o s x, =)/ B ) TT Ko s x, +x;—)/Boi(w)) -
j=2
’ M(Ov (r)n—l 7(a)n) . (468)

The expression (4.68) results from the change of integration variables r;—r;+r;
+ ]/[?(aj(u) —a,(u))for j=2, ... ,nand from the translation invariance of the Mayer
factor (4.11). We can now proceed exactly as in the proof of Proposition 3. After

having integrated (4.68) on u, we can subtract the same quantity with Vﬁcxf(u) set
equal to zero in the arguments of the K as in (3.16). Exchanging the order of
integration, the x; integral of this difference for fixed ((x), - ; («¥),) gives the same
result as (3.21). Therefore, we get

le Bﬁ
(n—1)!

where G («f) is defined as in (3.11).
One ecasily checks that

_IOO dxy jub (xy) = [ d®),-1 [ D@, G@) MO, (r),-1;(@),) , (4.69)

G(o)={ da(s) | da(t)C(s, 1) (4.70)

and this shows that (4.69) and (4.64) are identical (up to the sign).
We now establish (4.67). We first give the two following useful identies which are
easily derived from the expression (4.5) of the Mayer factor

M(r),; (@),)
4.71)

0 < 1
l/ﬁ 5}; M(rlsrls(r)n—l ;(a)n)‘n:ﬂ =£ dS(1 — ) y( )

- 0 1
Ve an M ((’)n;(a)n)=§ ds M((x); (@) - (4.72)

oo (s)
One deduces from (4.72) and the translation invariance of M((r),, («),) that

1

f . ( ) §d)n-1 M), 5 (@),)=0 . 4.73)
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We now apply Lemma 2 to (4.18) setting y(s) =oc(sr4‘-74) —oa(u). Using (4.71) we get

I 1)= — d n—1 D n G5 Xj
Jn ) (x1) l/(”‘”'j (0)n-1 § D(a) I_I K5, x;)

: g ds(1 —s) 5))?(&) ), 3 - (4.74)
We remark that
S M(E: D)=y oo M((®: ()
) dof (s +u)

+0(s+u—u) 3‘ ds M), 3 - 4.75)

0
0y1(s)
When we use (4.75) (4.73) and the translation invariance we find
)= —‘/( “iy1 4O [ D@, H Ko, x; =/ B )

6 ——————— e
S (s +u)
1/ (n ~1)!

0
. I:Iz K(aj-‘;xl+xj~1/ﬁocf(u))fds(1 =) 5 T

f ds(1—s) M((r =)/ Ba))n; (@),)

[ d@),y | D(@), K5 ;x; —)/Boi(w)

MO, (1)y-1;(@)n) -
(4.76)

This last expression results of the same change of variable which leads to (4.68). The

expression (4.76) vanishes when it is integrated on » and Vﬁaf(u) is set equal to zero
in the arguments of K. This is because (4.73) implies

0

f d(y)n-1 g du m

MO, ()p-1;(@)n)=0 . (4.77)
Then, proceeding as in the proof of (4.69), we get

f dxljiz’(n)— [ D(@), I dua(u) I ds(1 —s5)f(s+us (@)

1) !
(4.78)
where

[ @) =5, ( ) § @1 MO, (®),-13(@),) . (4.79)

and from (4.73)
1
[ dsf(s; (@),)=0 . (4.80)
0
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The equality of (4.78) with (4.65) (up to the sign) follows immediately from Lemma
4 (Appendix D).

1
Lemma 4. Let f(s) be a continuous function on [0, 1] such that j dsf(s)=0,and o a

one dimensional Brownian bridge, then
f dua(u) f dssf(s+u)= —j de § dsoz(s)( C(s, t))f(t)

=(1£ dt | du(s)C(s, 0)f(1) . (4.81)
This concludes the proof of Proposition 3.
Appendix A
With (2.9) and (2.10) and the notation (2.17), we have
Pr=p gz | drClexp(~BHRID)

:%Ejdrjﬁaexp[—ﬁjdsVR(H—l/ﬁa(s))J (A1)
0

and
., 1

mR=%5 {dr| 51(125 (f} a(s)/\dac)exp{-ﬁ ;f ds VR(r-i—l/Ea(s))] . (A2)

We will show that for any functional F(x) which is square integrable,

|F[3={ Da|F(@)P <o | (A.3)
one has

hm — f dr | DaF(x) exp[—[f } ds VR(r+]/Ea(s))]=§ DaF(x) (A4)
=00 0

Recalling (2.16), the result of Proposition 1 follows with the choices F(rx)—B
for (A.1) and F(az)-— j a(s) A da for (A.2). Notice that

L 2
fDaz<f d(S)/\da) :4(§ dsC(s,s)—j ds j drC(s, z)>=%<oo _

To prove (A.4) we define for a fixed R the set

Ag(r)= {a[oiugl ]r+]/§a(s)| §R} ,
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and decompose the integral in (A.4) as the sum of the quantities

=t [ dr | DaF(a),

R— 2
TR” ik 4w

R €(4r(r)

[ﬁ:m <j ar | 5&F(a)exp[—ﬂgdsVR(l’+]/BG(S))],

dr | ﬁazF(az)exp[—B } ds VR(r+1/Ea(s))] .
0

We show that

lim Iy={ DaF(a) , (A.5)
R—
lim I3=0 , (A.6)
R—>w
lim I3=0 . (A7)
R—>w

We consider first the limit in (A.5),

1Tk~ DaF ()=

[ dr [ DaF(a)

r=R € (4r(r)

1
nR?

1/2
éﬂ;—[g}(?? [ dr | DalF(a)= I jdr[ J D“J

2pp2
r<R € (AR(r)) 2n*BR r<R % (AR (r)

§——i‘gg‘; (({ exp<——~——(R2_ﬁr) >rdr> , (A.8)

which tends to zero as R— .
In the second line, we have used Schwartz inequality, while the last one results
from the estimate:

| Da§4exp<—w~@> , (A.9)

€ (E) ﬂ
E={alr+]/Ba(s)e A, ogsg1} :

where 4 is any region in IR? with regular boundaries (cf. [10]).
To prove (A.6), we note that if &€ % (4x(r)), one has

1
exp[—ﬁ(j; ds Vi (r+1/ B a(s))] Sexp (5¢0)]EM ’

and thus

73| dr | DalF() .

€ (4r ()

< 7
~2n’fR? ,§§R

This is estimated as in (A.8) and vanishes as R— 0.
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We now estimate the integral I3 :

1 H a(s)
7 [ drf Dale(a)lexp[—ﬁ | ds VR<R <r+1/[73 T))} (A.10)

1
272

IRl <

| drfDa]F(a)lKR(ac,r)+ 77 [ dr | Da|F(a)| Kg(a.¥) ,
- e (A1)

=

1sr

where
Kg(a, r)=exp[——[3 (j; dsVR<R (H—I/E a_l(?))] .

The first contribution to (A.11) is majorized uniformly with respect to R by

M [ arf Dale(az)I_2 (2e+&?) | Da|F(a)| . (A.12)

2
p 1<r<t+e

np

We split the second contribution to (A.11) in two parts I+ 13,

1
14 d D K
K 2np r;! +e j st(r) AR
1
5= dr Da|F(a)| Kg(a, 1) ,
R72n2p ,;L %(Si(r)) ‘

where the a integration in 7} is restricted to the set

Sa(r)= {au/ﬁ sup fa(5)| 2 20 1)},

and in I to the complementary set. One gets

M 172
IR<—- [ dr | Da]F(a)]_ HF[]Z | dr[j Da]
2 ﬁr;l+s Sr(r) 2 r>1+e Sr(r)
20, 1)2
Mgl drexp( BT (A13)
ﬁ rzl+e 8

where the last estimate follows again from (A.9).
In €(Sg(r)), we have

r+1/[‘3a1(TS)

rs

+]§ |a(s)[§[r+1//§“1(78) +

hence

2 (A.14)

r+]/ 2()

‘
5
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o . R
This implies with (2.4) that for ;;xo,

VR<R<1'+ B?—;%)>>=<D<er+1/§%%g
[
K=2m2p ..

Letting first R— oo and then ¢—0, we conclude from (A.12, A.15) that I} vanishes.
In the hard wall case all the a-integrals are restricted to 4x(r). Thus I3 does not
contribute and the « integral in (A.10) has to be carried on the set

r+1/¢?“1(TS) §1} .

Since by (A.14) Ax(Rr)<Sg(r), the proof that I3 vanishes follows from the
estimates (A.12) and (A.13).

—1)25—0“1)21%2 :
(A.15)

| drexp<—§ (;'—1)2122) [ Da|F(a)] .
1+e

AR(Rr)z{alsup

Appendix B
Proof of Lemma 1. Define
M(x)= | Da .

—sup la(s)| < x

The Brownian bridge is equivalent to b(s) —sb(1) on [0, 1] where b is the one-
dimensional Brownian motion. Therefore since

2 sup [b(s)|2 sup lb(s) —sb(s)|

0ss=1 0sss

we have for x<0 (cf. [6, p. 268])

M(x)§IE< sup |b(s)|> —§>§Ae‘c"2 .
0=<s=1
For x>0

[ Dasupla(s)"= [ (—y)"M(dy)
sup lo(s)|>x s e

=x"M(=x)+ [ n(=p)" *M(y)dy<de .

Proof of Lemma 2. Since y(s) is again a Gaussian process with zero mean it is
sufficient to check that

E(y(s)y(1) =E(a(s) a(1))

This can be checked by considering the three cases: (1) s+u€(0,1), t+ue(0,1);
(i) s+ue(l,2), t+uel0,1); (iii)) s+ue[1,2), t+ue[l,2). For instance, in case (ii)
stu=s+u—1<ut+u.
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Therefore
E@E)y@)=E((s+u—a(t+u) —a(@)o(t+u) —o(s +u—1)a(u)+o(m)o(u))
=@s+u—DU—-t—uw)—u(l—t—uw)—(G+u—1) 1 —-w)+u(l —uw)
=1(1 —s)=E(a(s)a(r)) .

Appendix C

When x; i$ positive, we estimate each term of the sum (4.46). For k > 1, we split the
configurational integral in (4.47) over two sets

Xy . .
Ay=<r| 5| £~ forall ieB ,1#1}
' { 2(B 1) k

4=6(4)) ()
We call If* and I{¥) the corresponding integrals. We note that in 4, : bf g%; since
U(x) is positive monotonuous decreasing, this implies

INCR) —1l§|K<ai; %)—11@ (k)
and thus
B0 w4 | Doy sup 15| § Da K<ax; %)4{
< [wli (f Day sup lai‘(s)l) [ Da
* sup |/ B (o)l ;%

SC|w||jpr =1 —Px (C.3)

The second inequality follows from the fact that (K <oc"; %) —1' =0 when

sup 1/[_3|az(s)| <%‘. The last bound (C.3) is a consequence of Lemma 1.
Since 4, is contained in the union of the | B,| — 1 sets in which at least one of the

X1
—, we get

variables r; (ie By, i+1) is larger than Wl;:;—j;gzn

IO < (1B —2) w72 | Day sup |oi(s)]

[ DaDa’ | dr|w(r;a—a)
X

1
r=-—
I|_2n

+ w472 | Da; sup joi(s)l 5x Da [ dri(r;a—a)l . (C4)

1
Ir| i;
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The functional integral which occurs in the first part of (C.4) is estimated as follows.
If we restrict the integration to the domain

- xl
Iy,= ' —a'(s)| S+, C5
\ {a,ﬂsgpl/ﬁms) a(s>r~4n} (C5)
we get
| DaDa’ | dr|w(r;a—a)
I, |r)zfl

2n

=

Oty

ds | DaDda | driw®|< | driw(r) . (C.6)
r, *

r=V/Ba(s) —w (D123 N

On the complement of I',,, we find with the help of Lemma 1 that

[ DaDa’ | drji(r;a—a’)|<20wd, | Da
€I IS sup )/l 2 -
pH
<C,owh e " . (C.7)

The second term of (C.4) is bounded in the same way. Finally one sees that the

bound (C.3) applies also to I; (x;). When the estimates (C.3), (C.6) and (C.7) are

introduced in (4.47) and (4.46), one gets the result of the lemma for x, > 0.
When x, is negative, we can majorize (4.42) by

1
L, r (OIS Cwli™" § Day sup Iai‘(S)Iexp[—ﬂ [ dsU(x; + ﬁai‘(S))J ;
s 0
(C.8)

which can be estimated as in the non-interacting case with the gaussian bound
(4.49).

Appendix D
One has

1-u

} duo(u) } dssf(s/-i\—/u)=j' duo(u) j dssf(s+u)
0 0 0 0

—l—} dua(u) } dssf(s+u—1)
:} dua(u) } ds(s—u) f(s)

0 0

+} duo(u) jtﬁ dsf(s) .
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1
Since { f(s)ds=0 and integrating the second term by parts, one finds
0
1 1 o 1 1 1 u
[ duau) § dssf(s+u)={ dssf(s) | duc(u)—{ duf@) | dsa(s)
0 0 0 0 0 0

= —} dt } dsa(s) ° C(s, 0)f () .
O 0Os

The last equality in Lemma 4 follows from Ito’s lemma.
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