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Abstract. In this note we prove Borel summability in the disorder parameter of
the averaged Green’s function {G(E, x, y)», of tight binding models

HV = - A + V
with Gaussian disorder

dA(V)=(2ny)” Y2 exp(—V?/2y)dV

for y—0 and fixed large |E|. Using this, we can reconstruct the density of states
0(E), from the Borel sums of {G(E, x,x)», with ImE ~0 and ImE \0.

1. Introduction

The motion of a quantum mechanical particle in a random potential on the lattice
2" is described by Anderson’s tight binding model with dynamics governed by a
random Hamiltonian Hy——A+V. (1.1)

Here 4 is the lattice Laplace operator and V is a random potential belonging to the
probability space
Q=11 R,di(Vy), (1.2)
jezv
where V; is the value of V at j and the distribution of the V; is Gaussian and
independent of j. We set

AA(V)=2ny)~ Y2 exp(—V?¥/2y)dV, (1.3)

where y is the disorder parameter.

The model specified by (1.1)«(1.3) is also called a disordered system with
diagonal Gaussian disorder. Spectral properties of Hy, have been analyzed by
Kunz and Souillard [9].

*  Supported in part by the Deutsche Forschungsgemeinschaft
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The above model can be mapped onto the n—0 limit of a A¢* quantum field
theory continued analytically in the mass and the coupling constant. The energy E
of the disordered system then corresponds to the negative (!) mass —m? and the
disorder parameter y corresponds to —g~!. For a detailed study of this
relationship see Constantinescu, Frohlich and Spencer [2].

For|y|> 1 or |E|> 1 we have a convergent random path expansion [2, 5] for the
averaged Green’s function which will be the starting point of our discussion. We
closely follow the notation developped in [2]. The expansion is of the form

(G(E,x,y))= X H§(2U—E+ V) M@ dApw), (1.4)
w:x—y jew
where o is a random path and n;(w) is the number of times w visits j € Z°.

One can also try to expand the averaged Green’s function in a more traditional

perturbation series

© N N
<G(E9x9y)>= Z Z 1_[ GO(Esxjaxj+1) <H V;cj> s
N=0 {x1,...,xn} j=0 Jj=1

where G, is the free Green’s function, x,=x, xy,; =y and { ) denotes averaging
with respect to dA(V). In [13] Wegner makes use of this formal perturbation
expansion in order to derive an exact formula for the density of states of a model
describing the quantized Hall-effect. It turns out that the expansion for the Green’s
function of this model coincides with the expansion for the two-point function of a
zero-dimensional complex (¢*@)? model. In an addendum Wegner is able to show
factorial bounds for the moments of the density of states which is sufficient to
ensure that the function is uniquely determined by perturbation expansion.
Stimulated by this work we prove Borel summability properties of the expansion
(1.4) in the disorder parameter y for the averaged Green’s function in the tight
binding model with Gaussian disorder. Unfortunately we cannot control
{G(E,x,y)) for all energies E, so we must restrict ourselves to |E| large.

Our arguments also yield a reconstruction of the density of states ¢ from the
perturbation series of (G(E,x,x)»,-¢ is not Borel summable, in fact
Constantinescu-Frohlich-Spencer [2] prove exponential decay as y—0. Properties
of {(G) are derived from those of the one-dimensional integrals by Vitali’s theorem
and combinatorial estimates for terms contributing to the k™ order in y of the
random path expansion.

2. The Random Path Expansion.
Analyticity of the Averaged Green’s Function

We will start by analyzing the random path expansion (1.4) and prove its
convergence for fixed large |E| and |y| small independent of |[E|. We rewrite (1.4) as

(G(E,x,y)),= 2 II1L,(»E), 2.1)
Wlth w:x—y jew
I(y, E)=(2my)~ 1/ _T) exp(—V?/2y) Qo—E+V)~"dV (2.2)

forr>1.
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Our proof is organized as follows: We first show that the random path
expansion is convergent for complex y and E with |E| large and |y| small which
yields the required analytic continuation of {G(E, x, y)), to a sector with opening
angle greater than = with the real axis in its interior. This is not quite sufficient for
“ordinary” Borel summability, but we can show that the function with rotated
argument is Borel summable in a region which again includes an interval (0, R"),
R’>0, on the real axis. We call this “generalized” Borel summability.

The relations (2.1) and (2.2) are defined for Im E 4 0. In what follows we shall
consider two different functions I,* (respectively I,”) which are defined by (2.2)
restricted to the upper (respectively lower) halfplane and similarly two different
branches {G*(E, x, y)) and (G (E, x, y)) of the Green’s function are defined by
(2.1). We use the formula

Qv—E+V) "=

r

(r—D!o

valid for ImE >0 in order to study I,". Inserting (2.3) into (2.2), applying Fubini’s
theorem and making use of the Fourier transform of exp(— V?2/2y) we obtain:

I7(y,E)= f "~ Lexp(—it(2v—E))exp(—yt?/2)dt . 2.4

f ' lexp(—it(Qu—E+V))dt 2.3)

(r— 1)'
This integral converges for arbitrary E and y with Rey >0 and can be regarded as
an analytic continuation of (2.2) beyond the real E-axis from above.

Using a similar procedure for ImE <0 we obtain:

I7(y, E)~ (= 1))' |t~ Yexp(+it(2v—E)) exp(—yt?/2)dt, 2.4)
which for real E is exactly the complex conjugate of (2.4). I," and I, are studied in
an appendix. We recall some properties of IF in order to derive regularity
properties of (G*)» and (G~ ).

Let 6=arg(2v—E), and define

See={y: —5n/24+20+¢c<argy<m/2+20—¢}, (2.5
Se.e={y: —m/2420+e<argy<5m/2+20—¢}. (2.5)

By (A.1) and (A.2) I} and I, are analytic in y in S;, and S, , respectively.
Furthermore by (A.13) we have the bound
+ Cale, )
126, B 5 b
for ye Sy, and Sy, respectively. Here C,(e, [y[)— oo for e—0.

Now if |2v—E| is large enough and y € S, we can sum the expansion (2.1)
absolutely, majorizing it by the expansion for a free Green’s function with positive
mass m (cf. Constantinescu et al. [2]).

Using Vitali’s theorem we obtain:

Theorem 1. For every ¢>0 there exist constants C,>0 and E,>0 such that
(G*(E,x,y)), are analytic functions in the regions:

{E : i20~E|>E£} X {')’ . yESOi,p h)l <Cs} 5
where S§, are described by (2.5) and (2.5') respectively.
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3. Asymptoticity of the y-Expansion for the Averaged Green’s Function

Now we derive the expansion for (G*(E, x, y)), by summing over all random
paths w from x to y. We insert (A.9) into (2.1) and use

N M

I 2 a;= 2 H yjy (3.1
i=1j=0 J1seenjN=01i=

Terminating the expansion of the I,(y, E) at the M order, we obtain

(GEH(E,x,p)y,= ¥ m lo2 % HF(J, 1/2)(n +2],] 1)

w:x—y Jj1s JIQ,, 1i=
@i —Ey 2
+ sum over products involving remainder terms. (3.2)

|| is the number of points visited by w (without counting multiplicities). Thus the
sum over all terms of order k, k<M, is

a(N=2)" ¥ = l“’”21_[(20 E)™

w:ix—>y

Z HF(I,+1/2)<

Jit . e =ki

mt %= >(2 _E)" %, (3.3)

We have to show that (3.3) is absolutely convergent for [2v — E| large. Note that the
binomial coefficients are the weights of the negative binomial distribution (Feller
[4]). We have for 0<p<1,

> ( I~ )pf(l —py=1.
ji=0
First we estimate the inner sum:

> 'lwi'r(ii+1/2)<"":,2ff 1>|2v—E|-2ff

Jjit . tjle=ki=1

lol R i — .
<kl 3 n("‘”ﬁ 1)]20——E|'2“

it Fhe=ki=1 n—1

© lo] ,
ék' Z l—[ (n +2]1 >|2 |_2.Ii

Jireendlow=0i=1 n;—
lo| . .
—k [T ¥ <"’:ZJ )[2 —E|"Y
lol [ Po— C ol
<k ('”—E') x 1 o—E)™.
i i=1

The sum over these products converges if |2v — E| — 1 > 2v and the term of order k is
bounded by

a2y k! T a1V (20— E|— 1) 7 &), (34)

wix—y
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It remains to estimate the error term. First we consider the remainder terms of

lo]
the products [T I (y, E). We use the following
i=1
Lemma (Auberson-Mennessier [1]). Let
M
f@)= g,of,,z"+R{4+ 1(2),

M
9(2)= % 9,2+ Rir11(2),

with |Rf , |[SAT(M + 1) ™ zM* 1 |RY, 4 (| S A M+ 1) aMF 1 z|M* 1 Then the
Jollowing expansion holds for h(z)= f(z)g(z):
M
h(z)= Zo ha2"+ Riy 1 1(2) (3.5

with |Rh; 1 (2)| £347 A (M + 1) g™ FHzM 1,
This can easily be generalized to products h= [] f;.. Here
i=1

IRh+1(2) =371 _l;[lAf‘(M+1)!0M“IZIM“- (3.6)

~ |of
Let R%:% (7, E) be the error term for the product [ I ,i (y, E). Then we have, using
i=1
(A.9) and (3.6):

N+1|)’IN+1 |o| (3C1)n.
| |2(N+1) |2l) Eln,

where C,, C, are independent of N. If |2v— E| is large enough, we can sum over @
and obtain

IR (0, E) S (N +1)!

3.7)

C N+1 N+1
|R§<i>1*(y,E>|<(N+1)'c3<|2 Elz) bl (38

We summarize the results in
Theorem 2. For every N >0 and [2v— E| large enough (independent of N), the
averaged Green’s function has the asymptotic expansion

N
<Gi(E’ X, y)>y = kgo ak()’) +RI<V(~;F>ii(y’ E)

with k™ order terms given by (3.3) and R§%?;* obeying a factorial bound (3.8). The
expansion is valid in S§ .

4. Discussion of the Main Result

Combining Theorems 1 and 2 we now obtain Borel summability in the following
generalized sense (see Fig. 1).



208 F. Constantinescu, K. Klockner, and U. Scharffenberger

1y

Cr

eioq

Cg = Domain of validity of (4.3)

Let f be analytic in a sector S, ,,={z:a;<argz<a,, 0<|z|<R} with
a,—o, =7+ 2e. Let f have an asymptotic expansion

f@~ X @1
for |z|-0in §,, ,, with factorial bounds

SAMNTH N+ DN (4.1)

@~ T g7

Then f,(z)=/(z¢') with f= 51%"2 is analytic in S={z, — % —gs<argz<%+g,

0<|z| <R} and there is an asymptotic expansion

with Jae)~ ngo s *2)
Jo(2)— éo Sl S AN N+ DN, 4.2)
where
f=re™. (4.2)
By Watson’s theorem [12] we know that f; is Borel summable, i.e.

f;‘ﬁ

I) By(t)= Z;Y—t" converges for || <o ™?

IT) By(t) can be continued analytically to |argt|<e and satisfies
(%) |Bs(t)|=0(exp(t/R)) for t—0
M) fy(z)=z"" | exp(—t/z) By(t)dt for Rez"'>R*. 4.3)
0
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This implies
f(2)=e*z"" | exp(—te "#/z) By(t)dt for Re(z™'e)>R~*. 4.3)
0

This includes a segment (0, R cos ) of the real axis, if § has been chosen with |f| <5
(i.e.if(0,R)CS,, ,,) (see Fig. 1). Thus f(z) can be uniquely recovered from the Borel
transform of fj for z real which is often the physically interesting case.

This notion of “generalized Borel summability” can also be applied to
Nevanlinna-Sokal’s version of Watson’s theorem [10, 12]. In our case we have:

Theorem 3. For |E| large enough the two branches of the averaged Green’s function
{G*(E,x,y)), are Borel summable in a generalized sense for |y|—0 in domains
including a segment of the real axis, i.e. for arg(2v— E) small there exist B+ and -,
|BE|<m/2, such that {G*(E, x, y)) (ye"**) is Borel summable (in the usual sense).

Remark. The density of states ¢ defined by

o(E),= ‘lsin(l) 2% {(G(E+1id,x,x)) —{G(E—id, x,x))}

1
= 2—i{<G+(E, x,X)2,—<G(E, x,x),} (4.4)
is not Borel summable for |y|—0.

Since the bounds in Sects. 2 and 3 are independent of 4 we can use Vitali’s
theorem to obtain analyticity of ¢(E), as a function of y in the domain S,_, ,
NSg=o,.- However, the opening angle of this domain is 7 —2¢, which is not enough
for Borel summability. Indeed, if we try to insert (3.2) into (4.4) we find that the
expansion for g is zero in every order. Nevertheless ¢ can be reconstructed as in
(4.4) once we know {G*) and {G~) on the real E-axis.

Our methods can also be applied to other disorder distributions, although not
all results will remain valid. In particular, the summability techniques of Chap. 3
may be of interest for other distributions. One can easily check that given
appropriate analyticity properties for a distribution

dAV)=y'"Pwy~V)av,

with [ w(V)dV =1, bounds of the form | V?"w(V?2)dV < CA"n! are sufficient for
factorial bounds on the remainder terms of an asymptotic expansion for (G).

Appendix

In this appendix we want to study the 1-dimensional integrals I, and I,;. We
rotate the contour of integration by the angle a= —(argy)/2 and scale the

integration variable by 1 /‘/ly—l. Then by Cauchy’s theorem it is easy to see that I,F
and I, become:

I:— (Y, E)=

(lry_l/)z ' E””exp(_in_E)tN”) exp(—t2/2)dt, (A1)

I (y,E)= (%rz)_'yT‘)"/_z Of: "~ lexp(+i(RQu—E)t/y!?)exp(—t3/2)dt. (A.2)




210 F. Constantinescu, K. Klockner, and U. Scharffenberger

Now from (A.1) and (A.2) it is obvious that I,;" and I,” can be analytically continued
to the whole E- and y-plane with a cut along the negative real y-axis.

Next we want to derive bounds and an asymptotic expansion for I,' an I,”. To
do this we first have to rewrite (A.1) and (A.2) in a slightly more general form: For
pe(—mn/4+¢, n/d—e), define

I25(n,E) = % 10ei”t"‘exp(?i(ZU—E)t/yl/z)exp(—t2/2)dt. (A.3)

Again by Cauchy’s theorem we have for all |§| <n/4,

In order to make (A.3) more suitable for expanding we make a variable
substitution which yields:

+ _EDYT R e
17 4(y, E)= -1 ¢ gt
-exp(Fie #(2v—E) 1/2/))1/2) exp(—te~2%/2)dt. (A9

We shall now Taylor-expand the last factor in the integral and interchange sum
and integral. In order to ensure convergence of the resulting integrals we have
to restrict ourselves to

larg(Fie™#(2v—E)/y*?)| <m/2. (A.5)

Since f ranges from —mn/4+¢ to n/4 —¢ the range of validity of the asymptotic
expansion will be

—5n/2+20+e<argy<m/2+20—e¢ for I} (A.6)
and

—n/2+20+e<argy<5m/2+4+20—¢ for I . (A7)

Here 0=arg(2v—E).
By Taylor’s theorem:

exp(—te D= 3 C o R0, (A8)
with 3 N+l
LE—0.
IRy +1()I= N+

Inserting this into (A.4) yields:

1 N y'T(Q2n+r)
Ifﬁ(’ya E)= (r_ 1)! {nz n! 2n(2D_E)r+2n +RI$+ 1,[’(’)’9 E)} s (A9)

with =0

IR¥ + 1,60, E)| £ ~—5— M f tN*r2 exp(—|20— E[tY2/C,(e) |y|*?)dt

N+r+1)!

- _ 2
=|'))IN+1C1(8)r+2N+2|20—E| (r+2N+2)2 (N+1)( (N+1)' , (A].O)

where C,(g)— oo for ¢—0.
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We use the duplication formula for the I'-function (see [ 11, p. 35]) to bring (A.9)
and (A.10) into a slightly different form (henceforth we shall drop the subscript f),

IE(E)=n"1"2
(21)—E)"{Z (2"“_1) <277’> r(n+1/2)+R,$+1(y,E)}, (A.11)

n=0 r— 1 (2D —E)2
With +2N+2
2N 1 C g
RicsoBis (2T rovesmen (9

Thus the estimate (A.12) shows the asymptoticity of the expansion (A.11) for y—»0
and a factorial bound for the remainder R, ,(y, E).

Finally we derive a bound for IE. Taking the expansion (A.11) up to zeroth
order and estimating the remainder via (A.12) gives:

r+2 r
e mis {14 IO g GO ()

for some constant C,(¢,y) with C,— oo for e—0.

Acknowledgement. We are greatly indebted to Prof. Tom Spencer for giving us valuable hints for
shortening the proofs.
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