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Abstract. We study estimates for the intersection probability, g(m), of two
simple random walks on lattices of dimension d=4, 4 —¢ as a problem in
Euclidean field theory. We rigorously establish a renormalization group flow
equation for g(m) and bounds on the -function which show that, in d= 4, g(m)
tends to zero logarithmically as the killing rate (mass) m tends to zero, and that
the fixed point, g*, in d=4—¢ is bounded by const’¢ < g* < conste. Our
methods also yield estimates on the intersection probability of three random
walks in d=3, 3 —¢. For ¢ = 0, these results were first obtained by Lawler [1].

1. Introduction

Two Brownian paths in IR¢ starting at different points intersect with positive
probability in less than four dimensions, but do never intersect in four or more
dimensions [2, 3].

The continuum limit of g,|¢|4 theory, ¢=¢, or ¢= (o, ?), g, >0, is an
interacting theory in less than four dimensions, in the superrenormalizable regime
[4], but is a (generalized) free field in more than four dimensions [5]. Results in four
dimensions remain incomplete, but there are strong reasons to expect that the
continuum limit is trivial in that case, too.

Symanzik recognized the connection between these two facts in his work [6] on a
representation of g, |¢|*-theory as a gas of Brownian paths with local, repulsive inter-
action. Further work on that connection led to a novel, rather intuitive approach to
scalar quantum field theory to which several people contributed valuable results, in
the past few years. (See e.g. [7] and references therein for reviews of recent results.)

On a more abstract, more heuristic level, much insight into the theory of critical
points in lattice field theories and the related problem of constructing continuum
limits in dimensions close to four has been accomplished by using renormalization
group methods; see e.g. [8] and references given there. In particular, for
20| ®|*-theories, perturbative renormalization group equations predict that, in four
dimensions, the renormalized coupling constant g=g(m) tends to zero like
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|lnm| ™, as the mass m (or, equivalently, the lattice spacing) tends to 0, while in
d=4—¢ dimensions g(m) approaches a fixed point g*=0(g), as m\, 0.
Unfortunately, it has not been possible, so far, to find rigorous renormalization
group flow equations which would yield mathematical proofs of these facts. It may
be a little interesting, therefore, that, in estimating intersection probabilities of
simple random walks, one can successfully use rigorous renormalization group flow
equations. This is demonstrated in the following. Hence, while it has been shown
already that random-walk methods are powerful tools to study field theory, it is
now known that field-theoretic methods are useful in the study of random walk
problems.

Itis worthwhile and amusing to first pose the problem of estimating intersection
probabilities of random walks explicitly as a problem in Euclidean field theory. This
will show how and why heuristic renormalization group methods can be applied to
random-walk problems.

Consider a lattice field theory of two interacting N-component fields,
d=(¢",...,¢")and y = (v, ..., yV), with action

1 1 2
CRUEDY {5|<V¢)x|2 1L+ T (10 4 )

+ 50102 P+ L2191 + wxl“)}. (t.1)

Such models were studied from the point of view of ¢-expansions by Brézin et al. [9].
Let <(*)> denote the Euclidean vacuum expectation for the theory with action
2 (P, ) given by (1.1). We define a susceptibility y as

1= Y (050D = X whub., (12

the physical mass, m, , as the exponential decay rate of (¢g¢,> in |x|, and
physical coupling constants g and g’ by

8= _a4x—2m‘;hysa g,= _ﬁgx_zm‘:)hysa (13)
where _ L1 o1
u4= Z <¢0 x;Wsz>’
X, )2
iy =y {$g; dL; b55 2>,
X, 9,2

and (4,; 4,; ...) denotes a connected expectation. In [9] renormalization group
fixed points for g and g’ have been computed as functions of N, to first order in
¢=4 —d. The result is:

= (4—N)e rx Ne
TAINN+ 8 —16(N—1)" & TINN+8—16(N—1)

g* (1.4

Thus g'* and hence g’ tend to 0, as N — 0 [in the domain of attraction of the fixed
point (4)]. In the limit N =0, the flow equation for g as a function of m,, = mis
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given by

- S p@, whee B = —egt4gH0E).  (9)
(Note that the roots of § are g=0, g=g*, to first order in ¢.)

Surprisingly, the N—0 limit of the theories considered here is a theory of
Brownian paths with a local, repulsive interaction between any two paths. For the
lattice theory this is easy to understand: Following [10] one may use a random-walk
representation of that theory to show that

lim (P%...P%yyr... }Iif_j?

N,go—0

n k
-3 % . 5111 avs, @ [ av6) exp<— ©F Tt s;;>, 1.6)

where the (nearest-neighbor) walks w;, i=1,...,n have endpoints x,;; -1y, X, 2
with a5, 1) = ,(2;), and, similarly, the walks w; connect y,,;- 1) t0 y,(»;, where
By -1y = By2jys p and g are paitings of {1, ..., 2n}, {1, ..., 2k}, respectively. The
lattice fields ¢' = {7{},,«and s/ = {sx}xez, are waiting (or local) times associated
with ¢ and s, respectively. Their a priori-distributions are given by

dvg(t) = [ dv, (t) exp (= 2d+m?) 1),

v (1) = 5(ttn) ait n=0 1.7
= 1)'G(I)dt n=1,

and n,(w) is the total number of visits of w at the site x.

It should be noted that for the lattice g,|¢p|*|Y|*-theory in finite volume an
analytic interpolation in N follows immediately from Symanzik’s representation
[6,10], and a rigorous proof of (1.6) is a straight-forward consequence of the
formulas in [10]. This has first been noticed in [11]. Important special cases of (1.6)
are:

@ Gn(xoy) = lim (9 y> = lim Cyryy)
2 fdvipn= Y gl (1.8)

where ¢ =Q2d+m?) ™Y, |o| = # jumps of w. This follows directly from (1.6)
and (1.7). The right-hand side of (1.8) is well-known to be the Green’s function of
— A+ m?, where 4 is the finite difference Laplacian. From (1.8) and the simple
identity

[eTd-m] = > [dvi(r) 5<T Y tx> ,

wi x>y
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we infer that dvj,(¢) is the waiting-time representation of the discrete analogue of
Wiener measure with killing rate m.

(ii) an,go(xnxz;J’uyz) = lim

’

(L DL vy wi>
N,go—-0

= Y [fan@ ) L (49, (1.9

a(?’::i:ll:?i
where
I, (1,9) = exp(—gOthsx>—1. (1.10)
Note that
L (t,s)=0, (1.11)

unless  and o’ intersect each other somewhere, in which case —1 <1, (t,5) <0,
i.e. the functions exp| — g, %5, | describe local, repulsive pair-interactions

between random walks. By (1.9)—(1.11)
g=g(m=—Ym'}Y x 2G; ,.0,y; x,2), (1.12)
x »z

with y = Z G, (0,x) = m™2, is proportional to the intersection probability between
simple random walks with killing rate m. The actual intersection probability is
obtained from (1.12) by letting g, tend to + co:

lim — ZX_ZGrCn,gO(an; X,Z)EP(O,X),

go> t y,z

where, by (1.7), (1.9), and (1.10),

PO,X)=1"2 Y e+ y@ne’ + ¢). (1.13)
: 0= -

This is the intersection probability for two simple random walks, w and w’, starting
at 0, x, respectively. Since P(0, x) is a pure number, and m has the dimension of
[length] ™!, the average intersection probability is given by

P=3 m'P0,x) = g(m)l,. - 1.14)

If (1.5) were rigorously valid we would conclude that

g(m) ~ |logm|™ ', as m\,0, ford=4,
and (1.15)
g(m) — g¥=conste, ford=4—s.
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We note that, in the sense of dimensional analysis '), d is a continuous parameter,
and it is quite clear what is meant by Z*~¢ More rigorously, one may fix d, e.g.
d =3, and study intersection probabilities for walks with jumping probabilities

P,=—[(—4+m®,, x%, (1.16)

with0 <y <1. Wenote that P, > 0,and [(— 4 + m?*) 7], = ). P,¢&l@I+1, where

wix=y

E=[(—A4+m*));', P,= ]| P,. Then d=4, y=1 is easily seen to be
(u,v)ew

equivalent to d=d,, y=d,/4, e.g. d=3, y=13/4, in the sense of dimensional
analysis. Moreover d=4 —¢, y=1 corresponds to d=3, y=(3+¢)/4.

We now summarize how much of (1.15) can be proven rigorously, using a
rigorous version of the flow equation (1.5):

A) In four dimensions,

eillnm|™t sg(m) S cyllnm|™} (1.17)
for small m.

B) In d=4— ¢ dimensions, there exists a non-trivial fixed point g* = lim g(m),
with m0

c3eSg*¥<cue (1.18)
Sfor small ¢.

Here ¢y, ...., ¢, are finite, positive constants.

Similar results can be proven for the probability of intersection in one point of
three random walks, with d =4 replaced by d= 3; see also [1].

The lower bound in A) is due to Erdés and Taylor [3]. The upper bound in A)
was first proven by Lawler [1]. In this paper we present a simple proof of it,
motivated by the field-theoretic arguments leading to (1.5).

Our paper is organized as follows: In Sect. 2, we recall the proof of the lower
bound on g(m). In Sect. 3, we derive estimates on the S-function which imply the
upper bounds on g(m). Our estimates are based on the results of Sect. 2. In Sect. 4,
we sketch some extensions of our results and draw conclusions.

2. The Lower Bound

The lower bound (1.17) on the average intersection probability was proven in four
dimensions by Erd6s and Taylor [3]. We present here a variant of their proof of this
result, due to Sokal [12]. [For another proof see also Sect. 4, (a).]

Theorem 2.1. In four dimensions
1 -1
gz <ln ;n—> . (2.1)

1 ILe. naive power counting
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In d= 4 — ¢ dimensions
g=cje. 2.2)

The proof of this theorem rests on the following (“‘skeleton”-)inequalities.

Lemma 2.2. There exist constants d, and d, such that, for small m,

P(O, X) é dl z Gm(oa Z) Gm(z9 X), (23)
d2 2
>
P&m=mm@§@&n@@w M);H?wmcchmcu%@}
2.4
where B(m) =Y G,,(0,2)%.
Proof of Lemma 2.2. In order to prove the upper bound, we note that
vone' £¢) <Y y(wnw'sz). (2.5)

Splitting the walks w and ' at the site z and re-summing over all resulting walks
yields

PO,x) <Y ¢ 2m Z ﬂ5|wll+1<5 ZZG 0,2)G,(z,%), (2.6

, O—>z i=
and we have used that
(=m?=YG,0,)= Y ¢+, @.7)
z w:0--

In order to prove the lower bound, we choose some sublattice, L, of Z“. Then, by the
inclusion-exclusion principle,

PO,X) = Y mt*El+o12y(@nw AL+ )
w:0--

>y Z m* Elol+10'1+2y (o A’ N L3z)

zeL 0"
X

1
~7 > Y, mtEeirieity(wnew' NLazy, z,). (2.9
zlg;zzzeL a(;)'.:?c::

The probability that a walk w starting at x hits a site y is given by

gn(x, )= Y, mPElelty(way) = G, (x,3)/Gn(1,¥).

w:x- -
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Thus
P(O,X) ; 2 gm(OaZ)gm(Zax) - Z gm(O,Zl)gm(Zl,zz)Z (gm(zlax)—‘_gm(ZZax))'
zel zy,2,€L
i 2.9)

It is convenient to choose L to be a percolation lattice, i.e. we assign a probability p
that a site x is in L and a probability (1 — p) that x¢ L. Taking the expectation value
on both sides of (2.9) we obtain

P(0,x) = (G,(0,0)"?p — G,,(0,0)"*p* B(m)) ). G,,(0,2) G, (2, X)

- Gm(O,O)_4p2 Z Gm(()?Zl)Gm(ZlaZZ)Z Gm(22=-x)9 (210)

which is equivalent to (2.4) if we choose

_ G,(0,0

= 3B(m) <1, for m small enough. [J (2.11)
Proof of Theorem 2.1. Inserting (2.10) in the definition (1.14) of g(m) and using
(2.7) we get 2
d=4, 2.12
§0m)>2 g sm (2.12)
But since
In (%) , d=4
B(m) ~ . (2.13)
" m”e, d=4—¢,

the theorem is proven. [See also Sect. 4, (a).] [

3. The Upper Bound

We now turn to the main part of this paper: The proof of the upper bound on the
intersection probability. Our proof is based on the following lemma, which relates
the f-function to the average probability that rwo independent, simple random
walks starting at the same point both intersect a third walk. We set g =g (m).

Lemma 3.1. In d=4 — ¢ dimensions, ¢ =0,

dg _ 4
mo-= —¢eg+4m gQ(O,x), 3.1)

where

3
00,x)=m® 3, ] &let*iy(w,nws* ) x(0nw; *¢). (3.2
w10 i=1
;0>
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Proof. Starting from the definition of g,

1

2axmt OY

g=md+4 Z élw|+|w’l+2X(a)r\w'4=¢), 5——'
10>

'

dc = —2&2m. Thus

we calculate the derivative, using am

d;
md—i~=(d+4)g—2md+6 (|w|+|w/|+2)§lw|+|w'|+3 Hwnao' + )
a) 0

=(d+4g—4mi*s (|w|+1)€'“"+'“"'+3X(U’f\w,*¢)= 3.4

wO
o'

since we can interchange w and ’. Note that |w| + 1 is the number of points that o
hits (counted with multiplicity). In each of these points we can split the walk w into
two independent walks w; and w,. We thus have (with o’ = w3):

flé =[d+4dHg—am**°y Y nél“"+‘x(wlmw34=qb or wyNw; + ).

d zZ @00z i=1

e (3.5)
A moment of reflection shows that

x(@1Nw3F ¢ or wyNw;* ¢) = y(wyNw3 * @) + x(w N3+ ¢)
—y(w;Nnw;F ¢ and w; Nnw; *+ P). (3.6)

Inserting this identity on the right-hand side of (3.5) we have, after translation of z
to the origin,

’"%gf(d“)g*sg“m S ] Gt (s nos ) 7(@2n0s + ),

®:0-. =1

@3:0-- 3.7

W3ie—e

where the term — 8¢ on the right-hand side of (3.7) results from the first and second
term on the right-hand side of (3.6), by re-summing over w,, @, respectively, and
adding the two contributions.
We now proceed to proving our main estimates.

Theorem 3.2 In four dimensions,

gm) < c,llnm| ™" (3.8)
In d=4 — ¢ dimensions,

g¥ =S¢y, (3.9)

where g* = lim g(m).
mN\O
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Proof. Defining

__dg dg

we need a lower bound on f(g, m), in order to obtain upper bounds on g(m) and g*,
by integrating (3.10). By the Schwarz inequality,

00, x)=m* } é""*'“(mz Y é"”'“x(wﬂws*(b))z

31X »:0>-

> <m4 Y. Elesltlelt2y(wnwy F <l>)>2 =P(0,x)?, (3.11)

P
and we have used that
-1
m?=y"! =< > 5|w|+1) )
w:0->-

We define By= {xeZ"||x| < R}, and use the Schwarz inequality once more. This
yields

—d

B(g,m)= —eg+4m* Y P(0,x)>= —eg+ 4m <m“ Y P(O,x))z, (3.12)

xeBR ,BRl xeBR

where | By| denotes the number of sites in Bg. In order to compare m* ). P(0,x) to
xeBp

g=m*) P(0,x), we need an upper bound on P(0,x), for |x|>R: For

x=(xq,...,x,)€Z", let x, be the coordinate of x with the largest absolute value.
Thus |x,|=d~'?|x|. Let n, be the lattice plane perpendicular to the «-axis and
intersecting that axis in the point [x,/2] e,, where [a] is the largest integer <a, and e,
is the unit lattice vector in the a-direction. We now recall that P(0, x) is the probability
that a random walk w starting at 0 and a random walk ' starting at x intersect in a
common point of Z¢. This probability is clearly bounded above by the probability,
R(0, x), that either w hits the plane =, or @’ hits z,. . (For if neither w, nor @’ hit rr,,
then w and w’ will always be on different sides of 7, and hence never intersect.) Thus

P(0,x) = R(0,x) = c¢T(0,x), (3.13)
where

T(0,x) = Prob{w|w:0—-, w hits n,}

(and ¢=2 if x, is even). Now, T(0,x) can easily be calculated explicitly:

T(0,x) = Z [G,(0,z — (sign x,)e,) — G, (0,z + (sign x,) e,)]. (314

zem,
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By using the Fourier representation of G,, and the calculus of residues to carry out
the momentum space integration we find

0<T(0,x)< ' e-¢mx < c'exp (= ¢" d~ 2 m|x)). (3.15)
Thus P(0,x) < cexp (— ¢m|x]|), from which we get

m* Y P(0,x)< Ce=énR, (3.16)

|x|>R

for some finite constants C and ¢.
We now discuss separately the cases d=4 and d=4 —.
(1) For d=4, we choose

R=(5m)'lln(2c—cllnm|>, 3.17)

where ¢, is the constant appearing in Theorem 2.1, and ¢, C are the constants of
estimate (3.16). Then, by (2.1) and (3.16),

mt Y POX)SeClnm) S g (3.18)
|x|>R
and thus 1
m* Y P0,x)=-g. (3.19)
xeBp 2
With (3.11) and (3.12) this yields
dag 2 -d
mg};l— = B(g, m) = constg*(In|ln m|)~¢, (3.20)
and after integration,
|Inm|
g(m)y~ ' —g(my)~'2const | dr(lnt)~% (3.21)

{Inm, |
Since the right-hand side of (3.21) diverges, as m \, 0, we conclude that
0=g(m) < c,llnm|™! (In|lnm|)*, (3.22)

in particular g(m)—0, as m—0.
With more effort, one can improve (3.22) and show that g(m) < ¢, |Inm| ™!,

(ii)) For d=4 — ¢, we choose in (3.16)

R=@Em) 'In (2—(5) (3.23)
cs¢
Then
Y POMSDessg (3.24)

|x|>R
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by Theorem 2.1, and hence

m% > constg?|Ing|™? —eg, (3.25)
dm
or
— 2 < — 2 —d
dinm] = eg —constg®|lne|™¢. (3.26)
Hence ) .
lim g(m) = g* < c, ¢llnel’. (3.27)
mN\ 0

Note added in typescript. We now briefly outline how to remove the factors (In |In m|)*, |Ine|9,
respectively, by sharpening the bounds (3.12) and (3.16). Our argument is somewhat inspired by
one used by M. Aizenman in his independent work on closely related problems. (We received his
preprint after completion of the first draft of this paper.)

The simple estimate

Q0,x)zm* ), gl <m2 2 Lottt X(wmwz*dﬂ)z 1@y N * ), (3.28)

@0 Wyix—

where 7, is the plane defined after (3.12), implies, by the Schwarz inequality,

ﬁ(g,m)z—8g+<m“2m2 Y, Eleult x(wmnﬁcb))—l

@10

(3.29)

'{m"Zm“ ) é“""*'“’“”x(wmwz*d))%[x(wmnx#¢)+x(wzﬂnx=l=¢)]} ,

@10
WX >

where use was made of the symmetry under interchange of w, and w,. The
denominator is just m*) T(0,x) < const, by (3.15), and since

(@ N, * ),

N =

K 0+ 6) 3 [1(on ) 4 (a = 6)] 2

we get the lower bound
plg,m)z —eg+Cyg” (3.30)

(C, is a positive constant), which, upon integration, yields the claim of the
theorem. [

4. Extensions and Conclusions

The following results can be established by using the techniques developed in our
paper:

(a) In (1.9) we have defined a connected four-point function for the
£01®|?|r|*-theory, for finite values of g, , in the limit N — 0. We have noted that,
for finite g,

m, go

P, (0,x)=—m*} Gf , (0,y;x,2) 4.1
Y.z
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is proportional, but strictly smaller, than the intersection probability, P(0, x). Since

the function — 1, (z,5)=1—exp| — g Y, sx> is monotone increasing in g,, we
x

conclude, using (1.9)—(1.11), that

P, (0,x) is monotone increasing in g,, with

4.2)
lim P, (0,x)=0, lim P, (0,x)=P(0,x).
g N0 g0/ ©

Clearly

’2
S XCOERS MODETS WAL WA (4.3)

For arbitrary g; < g, . By the splitting lemma of [13], this yields
P, (0,x) Z 85 Y. Gu(0,2) Gy (x,2)

r2
— 8 Y Gu(0,2) (21,22 G2, )

21,2,

Z Gm(OaZI)Gm(ZI’ZZ)Z G,(23,%). 4.4

Z1523

12
8o

By choosing g, = B(m) ™ 'g,, we obtain

£U=80/D v 5 0,26, x2)

£, (0. 2 00 S

_ Bi‘i;’)z Y Gn(0,2,) G(z1,2)2 Gi(23, %), (4.5)

Z1523

with B(m) as in Lemma 2.2.

For g, small enough, this lower bound has the desired feature. But, since
P, (0,x) is monotone increasing in g, we have an adequate lower bound for all
values of g, . Thus, Theorem 2.1 holds in this more general situation, too. It may be
checked without difficulty that the results in Sect. 3 extend to the full range of values
of g,, as well.

Let P,(m) be the probability that two simple random walks starting at the origin
never intersect after the first step. Lawler [1] has studied this quantity which
provides a useful notion for the study of triviality of g¢% theory. He has proven that

c,m’ d=4—¢
>
P¢(m)={cllnm|_1, d=4
and
com? d=4—¢
P <<{° ’
¢(m)_{c’|lnm|_”2, d=4

These results can be recovered, in our formalism, from the following straight-
forward estimates.

Py(m)=1—y"*P(0,0)=1— B(m) Py(m),
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providing the lower bound, and
Py (m)* < const m*~? g(m),

which, with the estimates on g(m), yields the upper bound.

In the context of the Edwards model closely related bounds were proven in [14].
It would be interesting to calculate the exact behaviour of Py(m), as m\.0. A
heuristic argument (based on an approximate flow equation for P,(m)) suggests

that,ind =4 — ¢, P,(m) ~ m®, with% <o <e¢.Wethank A. Sokal and T. Spencer for

very instructive discussions on the results reported in this paragraph.

(b) The results of Sects.1-3 can be generalized to include estimates of the
probability that n simple random walks @, ..., ®, intersect in a common point of
Z%,n=3,4,.... This problem, too, may be posed as a problem in Euclidean field
theory by considering a lattice theory with action

Jy(d)l"' "¢1n)
= Z {ZE(I(V(bj)xlz_i-m2'¢j,x|2)+2—ng0|¢l,x|2 '¢2,x|2"'|¢n,x|2}' (46)
xez* UJ

By the methods of [6, 10], the limits

Grcn,go(xux/l;"';xn’xrll): hm hnlo <¢},x1 d)i,x’l; cees r%,x,, rll,x,‘,> (47)

go—© N-

can be shown to exist, and the average intersection probability g,(m) for n walks is
given by
g(my=— 3 (my=1 Y "Gy, (xL x5,y (48)

T A P

From these formulas it follows that the upper critical dimension is d, = 2n/(n—1),
in particular, for n=3, d,=3. For d=d,, we have

g,(my~|logm|™!, as m\0, 4.9

as was first proven by Lawler [1]. Moreover, for a fixed value of n, one can estimate
the behaviour in dimension d, — ¢, with ¢ small. Our results suggest that there may
be no non-trivial g, ¢ °-theories in three dimensions, and that the violations of mean-
field theory in tricritical point theory in three dimensions are logarithmic.

(c) Techniques related to the ones we have developed in this paper do also
extend to theories like the — g, tr(¢*) model, where ¢ is a hermitian N x N matrix-
field, in the limit N — oo . For this model, one can establish, for example, asymptotic
freedom (f < 0), for d < 6. However, the consequences of our results are not terribly
spectacular. A more interesting application concerns intersection probabilities of
branched polymers without self-interactions: We can prove that two branched
polymers without self-interactions do not meet each other, in the limit where the
correlation length diverges, with probability 1 in d= 8, and we have fairly sharp
estimates for the intersection probability in dimension d = 8 — ¢. Precise statements
and proofs will appear elsewhere.
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Conclusions

We believe that the results and techniques reported in this paper have, at the very
least, some pedagogical value: They show that renormalization group flow
equations can, sometimes, make rigorous mathematical sense and yield precise
results. However, the idea to use rigorous renormalization flow inequalities to
analyze the critical behaviour of lattice models may turn out to actually have a
much wider range of applications than the ones considered in this paper. In fact,
this is suggested by results (c), above.

We have been informed that Michael Aizenman has also obtained results on
intersection probabilities of random walks, using a f-function approach apparently
related to ours.
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