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Summary. We estimate the accuracy of the adiabatic approximation in predicting the
time evolution of local observables for an XY quantum magnet with a slowly variable
external magnetic field. The system evolves according to the natural Hamiltonian
dynamics and the spectral gap produced by the magnetic field is assumed to be large
with respect to the term inducing quantum fluctutions. The proof is based on a finite
order truncation of a time dependent cluster expansion in inverse powers of the time
scale 7. In the analytic case, we show that the accuracy of this truncated expansion
1

is of order O(e=**7*) for any a > 1. If the time dependent perturbation is suddenly
switched on at time zero and switched off at time 7, the accuracy of the adiabatic
approximation is proven to be of order O(7~1).

1. Introduction

The adiabatic approximation and linear response theory are basic tools of non-
equilibrium statistical mechanics which are useful for setting up the memory function
formalism and understanding the hydrodynamic description [F]. In this paper, we
study a quantum spin system at zero temperature for which the accuracy of these
approximations can be rigorously controlled. The model is described by a time de-
pendent Hamiltonian 7HH(t), where ¢ € [0, 1] is a rescaled time coordinate and 7 > 1
is the time scale. We assume that the time dependency is analytic because the study
of this case appears to be more instructive. However, weaker formulations of the
two results of this article hold also in case the degree of smoothness is finite. Each
operator Hi(¢) at fixed time ¢ has a gap of order 1 and a ground state with short range
correlations which can be computed in perturbation theory. If one chooses as initial
condition the instantaneous ground state at time zero, then at time ¢ = 1 we prove that
the system is in the ground state of H(1) up to errors that, if measured by computing
the expectation of a local observable, are of order 7—!. The subleading corrections
can be computed in terms of an asymptotic expansion in inverse powers of 7. The
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method we follow is related to the one developed by Fock [F] and refined by Kato
[K] to prove the adiabatic theorem for one-body Schrodinger operators. The idea is
to pass to a moving frame in which the generator of the dynamics annihilates the
unperturbed ground state up to local corrections of order O((N!)*7~™). Here « is

. . . . 1 .
any constant > 1 and N is an integer > 1 . The optimal value for N is ~ e7 =, which
1

corresponds to an error term of order O(e~**" ). In order to obtain bounds which
are uniform in the volume, we define the moving frame by means of unitary oper-
ators with good clustering properties. This allows one to decouple the local degrees
of freedom from each other. To estimate the accuracy of this truncated perturbation
expansion in powers of 7!, we study the generation and the propagation of distur-
bances in the rotating frame by means of a polymer expansion for a gas of worldlines
of quasiparticle excitations.

Although the method is quite general and can accomodate a large class of mod-
els, it is useful to concentrate on a specific example. The model we consider is an
anisotropic spin—% antiferromagnet on the lattice Z¢ with a perpendicular exchange
coupling A which is small in absolute value. This system evolves in the presence of
a variable magnetic field h(z, t). Here, h(z,t) € R?, z € 2%, ¢t € R, is a function of
the rescaled time ¢ such that ||h(z,t)[| = 1 for all z and t. We consider the time
interval ¢ € [0, 1] and assume that h(x,?) admits an analytic continuation to the strip
{Im ¢ < &}, for some 6 > 0. The time scale 7 on which the magnetic field varies is
assumed to be large, i.e. we consider the adiabatic limit. The Hamiltonian generating
the dynamics with respect to the rescaled time ¢ is 7HI(t), where

H) = > Aow-oy + 3. %(h(:c,thﬂ). (1.1)

(zyycad zend
If I is a local observable, then we have
(w(0)] T(O, DLUL,0) | #(0)) = (¥(D)| L |[¥(1)) + error(L), (1.3)

where W(t) is the instantaneous ground state of Hi(¢) and U(¢,0) is the propagator

t
U(t,0) = Pexp (iT / ds H(t)). (1.4)
0

Theorem. There is a constant Ay > 0 such that if |\| < Ao then for all local observ-
ables 1L the error term in (1.3) has an asymptotic expansion of the form

o0

error(IL) ~ Z an(L) 77" (1.5)

n=1

The coefficients a,(IL) are such that for any o > 1, there is a constant co(, L) € (0, 00)
independent of the volume | A| for which we have

lan(L)| < cola, )™ (nH. (1.6)

In general, the coefficient a;(I.) is nonzero because the time interval is restricted
to [0, 1] and the time dependent perturbation is suddenly turned on and switched off.
In case the perturbation is adiabatically switched on as ¢ — —oo and turned off as
t — oo, one would expect a much smaller error term of order e 7. This delicate
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result was established by Joye and Pfister [JP] in the few body case and the extension
to the many-body case might require a combination of the methods in [JP] with those
in this article.

The second result concerns linear response theory. The memory function formal-
ism is usually set up in the interaction representation [F]. Let us consider the operator

L(t) = exp (i7tH(0)) L exp ( — i7tH(0)) (1.7)

and the density matrix p(¢) ( a simple projector since we are at zero temperature)
which evolved from the time zero matrix [¥(0))(¥(0)|. The time evolution is given
by the equation

.dp(t)
i— =T Z [o()), M(z, )] - $h(z, 1), (1.8)
where
M(z,t) = exp (its H(0)) o, exp (— irs H(0)) (1.9
and
éh(z,t) = h(z,t) — h(z,0). (1.10)
We have

(L@®) = Tr (L&) p(t) )
=Tr (L()p(0)) — i / S > Tr (IL,(t) [p(t), M(a:’,t’)]) -6h(z',t)
0 ’

(1.11)
=Tr (Lt)p0)) — it / av Z Xy (Gt 2)) - Sha' 1),
0 "
where X, ,, is the exact response function defined as
Xpa(tt52) = Tr (p(t) [L(t),M(m’,t’)]). (1.12)
Corollary. Under the hypothesis of the theorem above, we have
Xpa 152 = (@@ | [L@), M@, )] [(t)) + O™
(1.13)

= (P(0) | [L@t), M@/, ¢) ] | Z(0) + O(r~" + sup|6h(z, ")),

where the error terms depend on 1L but are uniform in the volume |A|.

Linear response theory is the approximation in which the error in the third term of
(1.13) is neglected.

Acknowledgement. 1 am grateful to Tadeusz Balaban for having brought this problem to my attention.

2. Outline of the Proof

The classical argument to prove the adiabatic theorem due to Fock [1] and to Kato
[2] is based on a time dependent change of reference frame in the Hilbert space. In
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the many body case, this idea must be implemented in a way which is consistent with
the locality of the Hamiltonian and the natural clustering properties of the low energy
wavefunctions. Dressing transformations [A] satisfy this requirement and are a natural
tool for this kind of problem. In this paper, this technique is extended to the problem
of finding approximate solutions to the time dependent Schroedinger equation for a
many-body system.

The rotating reference frame is defined in several steps. In the first, we pass to
the representation in which the propagator is given by the operator

Uo(ta;t1) = B(ta) ™ 'Ulta; t1)B(1), (2.1)

where U(t,; ;) is the propagator corresponding to Hi(¢) and IB(¢) is the rotation oper-
ator

B = [] exp(i(h(x,t) - h(a:,O))-am>. (2.2)
TEA

Let | — h), be the state of the spin in = in which the orientation is opposite to that
of the magnetic field h € R? so that we have

B(t) ®upepa [h(z,0))s = ®,cpa [h(z,8)s. (2.3)
We also have
B(t) ™! %(h(m,t)ocrx + DB@®) =S, (2.4)
where
S= Y se= Y %(h(a:,O)-crz + 1) (2.5)
zezd zczd

In the new representation, the dynamics’generator is given by the operator

THo(t) = B 'H@®OB®) + it 'B'OBE) " = S + K@) + 7' F@t), (2.6)

where
K@) = Y B oy - oy B(t) 2.7)
(zy)
and
F#t) = ) fo = BOBO ™. (2.8)

The goal is to solve the following equation in terms of formal power series in the

inverse time scale 7 !:

i% e ?DAD)|0) = T e DH(H)A)|0). (2.9)

Here, ¢(t) is a phase factor with an asymptotic expansion of the form

) ~ D> D bmn®ATTT (2.10)

n=—1m=0

A(t) is a unitary operator of the form
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At) = (vlirrolo em‘”“)...em(”)“)) @2.11)

defining a unitary dressing transformation. The generators R¥(¢) are such that

o0

RVt ~ ZZ AR (1) (2.12)
n=0 m=1
R(T:)z)n = Z Pran~y (£), (2.13)
[v]=v
1 . .
Prmey(t) = (%{Tmn,y(t)}l——l Y i I o + i7{rmm®} [ 0. 2.14)
Ny yenin) zEy

The function ¢(t) s chosen so that Ro; = 0. The complex valued functions 7,,~(t)
are uniquelly determined by recurrence relations given in Sect.3. .72 and .7 denote
the real and imaginary parts, respectively. v denotes maps : A — {0, 1} describing
excitations as well as the support of such functions. The volume of + is |y|, while
d(vy) denotes the number of bonds of the smallest connected cluster containing -y as
a subset. We also introduce the following distance function between two excitations

1 and 7

dvi,7) = min{ |I"| for I' C A such that for all z € v, \ 72

(respectively v, \ /) there is a path in I” joining it to v, (respectively 71)} .

(2.15)
Finally, the phase factor ¢(t) is fixed by the condition (2.21) below.
To generate the asymptotic expansion in powers of 7~ !, we pass to the reference
frame in which the propagator is given by the operator

Uity ty) = e PE0=20D) A ) Uo(ta; t)At). (2.16)

In this moving coordinate system, the time dependent Schroedinger equation has the
form ’

.d
Z%UO(tZ;tl) = —7 Up(tz; 1) Ho(t1), 2.17)

where
Hp®t) = A@®) THoA®) + it A TIA'®) + it ¢/ @). (2.18)

The first N terms of the formal % expansion is generated by requiring that
Hp®|0) = Zn(®)]0), (2.19)

where Z (%) is a local operator whose off diagonal part is of order O(r—N) while the
coefficients in the expansion (2.10) for the phase factor ¢(t) are fixed by the condition

(0|Zn (8)]0) = 0. (2.21)
Definition. Ifa, b € R, let a U b= max(a,b) and aNb = min(a, b).

In the next section we prove the following result:
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Lemma. For all N > 1 there is a transformation A (t) of the form (2.11) such that
if L is a local operator and

Ly(t) = ANO T LANG = Y Y 7D Ivnm(tY) (2.22)

n=0 m=0 ycA

is a decomposition of the dressed operator 1. (t) into operators I Nnm(t;Y) of support
v, we have that

S loa@ i < L™ @) a)® (- M@ (2.23)
d(v)>dg

for all constants o > 1 and some constant c,c(c) > 0 which do not depend on n.
Moreover, the dressed Hamiltonian has the form

Hy() = S + V(@) + Zn(@), (2.24)

where N
VE =D D> D T A vam(:), (2.25)
n=0 m=1 yCA

and the operators Vnm(t;y) have support v and are such that

> lonmE I < (@™ ((nn N (2.27)
~

and
Unm(t;7)[0) = 0.

Finally, the operator Zn(t) admits a decomposition into local operators

ZN®) = Y vty (228)

yCA

with supp zn(t;y) C v, such that

> lan@lh < (D 77N (e AL (2.29)
d(m)>dy

Since the expansion in inverse powers of 7 does not converge in the limit N — oo,

it is worth computing only a number of terms =~ eT%, after which the addition of
higher order terms worsens, rather than improves, the accuracy of the approximation.
We thus need a separate argument to estimate the accuracy of our time dependent
cluster expansion, truncated at finite order in % To this end, we make use of the
linked cluster theorem [GJ].

Let Ao (t) denote the unitary operator in (2.11) in the limit 7 = oo. The error
term in (1.5) is given by

error(L) = (0]Ao(0) ™ Uo(0; DLUo(1;0)Ac(0)[0) — (0]As(1) ™ Laa(1)[0)

= (0[U1(0; DA ™'LA(DU(1;0)[0) — (0]Ac(1) ™ LAL(1)[0).
(2.30)
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Here, we make use of the fact that, thanks to the initial condition at ¢ = 0, the vector
Ax(0)]0) is the ground state of Hp(0). Let I, (A, ) and loon (A, y) be the families of
operators of support -y such that

N
AMTLAM) = Y Y () (2.31)
n=0 o
and
N
Ao LA = D 773 lon(V,7) (2.32)
=0 ¥
respectively, and let
L) = L) = (0loo,n(X, 1]0). (2.33)

Equation (2.30) can be written as follows:

N
error(L) = Y 7" Y (0]U1(0; DIn(A, )TU1(1;0)0). (2.34)

n=0 ¥

Thanks to the lemma above, we have that

[0lI (A, MI0)| < (n)*c(a)™(c- W= 7=, (2.35)
We also know the relative boundedness estimate
@Ay = O MOPZ) < TNl (2] 5:]P), (2.36)
TEY

where s, is the operator in (2.5). Hence, it suffices to prove that in the rotating
reference frame we have:

N
sup (0[Uo(0; 1) s, Uo(1;0[0) = D an(h,s5) 77, (2.37)
€A 7=0

where the coefficients a,(s;) satisfy the following estimate:
an(8z) < c(a)™ - (nh)*. (2.38)

To this end, we can use a polymer expansion of the type in [GJ].

We call a (simple) polymer a map 7(t) defined for ¢t € [0,1]. We assume that
the range of values of a polymer 7 consists of a finite number n(¥) of different
subsets of A. We also assume that () is upper semicontinuous so that if £, ...tn)
are the points of discontinuity of the function ¥, then 7(¢) is constant on the intervals
[ti,tiv1), ¢ = 0,..n(¥y) — 1. Finally, we assume that the graph of the function %, i.e.
the set {(¢,%(t)), t € [0,1]} C R x A, is connected. The support of ¥ is the set
supp 7 = U}’ 7(t;) and the range is Ran 5 = {(t,), - ¥(t )} Following [GJ],
let us denote by A the set of (simple) polymers and by 4 the set of k-polymers,
i.e. the k-fold product A = A X ... x A.

Two polymers 7; and 7, are said to intersect if
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supp y1 Nsupp 72 # 0. (2.39)

In this case, we write 41 N, # ). Otherwise, we say that 4; and ¥, do not intersect
and we write 4; N9, = (. Let & and &; denote the sets of the disjoint and of the
connected k-polymers in &4, respectively.

The wavefunction U;(1;0)|0) admits a polymer expansion of the following form:

Ui(1;0)[0) = 7 /j [ [d7] ) () | Uiy 35(1),  (2.40)
=0 7~ <

where the functional integral is defined in such a way that

/@ (@3] - -~ [d;1 6 - - (3,)

J

1 ty_1
oy e[
0 0

(supp 71, - . - supp ;)
G- € Z,

(2.41)

J
T H 1/)(’)%1,""7kn('yk);tl""tn(ryk)_l).
k=1

Here, T is the time ordering operator and N = Zi:l n(yk). We also set
POy1, - sty tn)
=il IT [ @i+ anteingn o), 42

j=n—1,...1

where ¢,.; = 1 and the factors in the product are arranged in such a way to show
decreasing values of j as one goes from the left to the right.

To show how to estimate functional integrals of this type, let us prove the following
upper bound:

sup
€A

/ [d7] w(m! < (N eV 7N (e b, (2.43)
Z(,dp)

where F°(7y,dp) is the set of all simple polymers 7 such that 7(¢;) =« and
do = d(v,supp ). (2.44)
Integrating by parts, we find that
ty ) i
/ e” TR Sutm) = — Wit m), (2.45)
0 TS
where

) 5}
Wit; 1) = (I — e™25) zn(ta; ) — / dty eTR27I8 2 tsm). (2.46)
0

Similarly, if j =2, ...n, we find that
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. j—1 Ty+1 )
<l) / dtje—zr(tj —t5+1)8 (U(tj; v5) + zn(t5; ’Y]))
0

-
SN\ J
1 _

ST iy, y—1) = <;) STIWt e v, yy), (247)

where

W, (a1 715 -75)
= (I — e¥"tin1®) (v(tj4137)) + 2ntjeas ) STVW, 1yt Y, Y1)

t)41
_/J+ dt et~
0

d
dt |:(v(tg"7j)+zN(tjv'YJ))S W] l(tj"}'h 7]—1) . (2.48)

Finally, we have that

/7 [dy] () = > (fn| Wai(Iiy1, - m=0)[0).  (2.49)
2(,dp)

(71, --7n) = Rany :
"_)’ S '@(7’ dO)

Let W( )(t]+1,'yl, ), J=1,...n, be the operators corresponding to polymers
with only one insertion of an operator z, at time ¢ = t;, i.e. the operators such that

W(O)(tz,%) = W( )(tz,’)’l) and such that if j > 2 then

W37, 7)) = M=) 0ty057) ST W, i (s, 5-1)

tye1 4 o d . (2.50)
_ / dtj ew(t]arl—tJ)S E [U(t];’)’j) S~ W( )1(tj’71a 'Yj—l)
0 J
If
N
V(7)) = D T V() 2.51)
n=0
and 0 0
WP, 1) 10) = Y wi (v, 72:%) 710), (2.52)
we have
sup > Y [, 10|
“ d(y0) = do mm
Yo 2
oo
<> am !7 | S lomEwlh Z w719
m=1 v lvgl=do—m yEng ¥23Y
< (ND® ()Nt (¢ M. (2.53)

Here, the key remark is that the operators v,,(¢; ) annihilate the states in the Ising
basis for which the set v, does not contain excitations. The volume factor arising



536 Claudio Albanese

from the sum over the base point y € -y is canceled by the factor coming from the
operator S~ 1.

To obtain (2.43), the estimates above can be iterated over j up to j =n — 1. It
is not difficult to convince oneselves that the qualitative form of these estimates is
preserved if one allows multiple insertions of operators zn.

To find a polymer expansion for the expectation value of a local observable L,
we have to slightly modify the notion of intersection between two polymers. We say
that 9, intersects 9, modulo 1. and write ¥, Ny 72 # 0, if either 43 N5, # O or if
supp 7; and supp 7, both intersect the support of I.. Given this notion of intersection,
the sets &;(IL) and &;(IL) are defined as usual. We have that

=1
(0T, (0; DL (1;0[0) = (O|LI0) + > . / [d51]...[d%;] wi(3)--w (),
— !

Z,(L)
(2.54)
where
o = L@ if 4(1)Nsupp L=0
Wi = { )P FOILIF) otherwise. (239
Also in this case, a bound similar to (2.53) holds, i.e.
w(lL;y) < (L, )N (ND22r=2 (¢ N2, (2.56)

Thanks to the linked cluster theorem, we have that
(0]U,(0; HILU(1;0)[0) = —1 + (O|LL|0)
[o ] 1 ~ B _ _ _ B
+exp (Z = / [dn] - [dy,] n(, - - - F)we(F1) - - "wIL(’Yj)>, (2.57)
j=1 J: %j(ﬂz)

where n(y1,---7;) € &(LL) is the index of the connected polymer (%;,...5;), see
[GJ]. Thanks to the exponential decay estimate (2.56), the expansion converges [GJ].
Since Uy(0; 1) is unitary, we also find

oo 1
E ;/Y [d%1]...[d7;1 n(, 7)) wi(RD)--wi(y;) = 0, (2.58)
j=1 7%

where 1 is the identity operator. Hence

(0|U1(0; LU (1;0)|0) = —1 + (O|LL|0)

1
+ exp (Z .—,( [d%] - [d7;] nCh, -+ - 7)) wp(h) - - wi (%))
= 7 \gmnsupp w#0

- / [dyi] - -~ [dv;] n(hn, - - - ) wr(n) - "W(’Yj)))- (259
7,L)NSUPP (LA

If X € &(A) doesn’t intersect the support of I, we have that w(L)X = w()X so
that the summation in (2.59) can be restricted to the connected polymers intersecting
supp (IL). Specializing to I. = s, and using the bound (2.41) and the methods in



The Adiabatic Approximation for Quantum Spin Systems with a Spectral Gap 537

[GJ], one obtains the bound in (2.38). To complete the proof, in the next section we
construct the operators A(t) in (2.11) and prove the lemma above.

3. The Time Dependent Dressing Transformation

In this section, we generate a formal cluster expansion in powers of A and 7! for a
unitary operator A(?) of the form (2.11) which solves the following time dependent
equation:

[A(t)_IJHIO(t)A(t) + it A TIA() + it @) |0) = 0. (3.1

The expansion has the form of a double power series that converges in A and is
asymptotic in 7~!. The operators R?, = satisfying (3.1) at least in the sense of formal
power series are uniquely determined by the following recurrence relations:

> RY,.10 >
1 -1
_{ZZ 2 Z n(l“nl,~--|’nc|)S Fu

z k22 n|< <l mi+.+ng=n
mp+...+mg=m

[+ [52s Prgmysy B s - Py, (9] [0)

1 -1
" ZZ Z Z n(|71l7~-|7’k|)S Fu

(zy) k20 Im|<.Slvel  ng+...4+npg=n
mi+...+mg=m-—1

[' - [k(zy)(t)’ Prynim (t)] 1o ‘fmk"k'Yk(t)] |0)

1 -1
2.0 2 2 n(lvll,---I%I)S =

z k20 Iml< Slwlng+...+npg=n—1
mp+...+mg=m

[. = [fx(t), Prminim (t)J yoe fmknkyk(t)} 0)

i —1
O S S SR

E20|yol<..<lvkl mi+...+mr=m
ny+...+ng=n—1

|:. .. l: 'P;nonofyo(t); Tmlnl'yl (t):| fmknk'yk (t):| |O>}7 (32)

where S is defined in (2.5), P; =1 — |0)(0] and we set

o0

n(yls- v = [T @i : 1wl = o}, (3.3)

v=0
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Equation (3.2) generates a cluster expansion. In fact, at the (n + m)" order of
perturbation theory, only clusters of at most (n +m + 1) sites are present.
Let us introduce the following functions:

Thm(®) = sup Y sup  [|rmnsy (@) (34

Yoz |Im t|<&m

1
(mh=
Here, a > 1 and 6., is the decreasing sequence of positive numbers such that
(5m =0m—1 — (50 m-< c(a). (35)

b is a positive small constant we fix below and

[e’s) —1
o) = (Z m—a> . (3.6)

m=1

In the following, we show that if |A| and 7~! are small enough, we have

r*t N T) = Z e, AT < oo, (3.7

mn

The lemma in the previous section is a straightforward consequence of this estimate.

The first three terms in (3.2) are also present in the static, i.e. 7 = 0o, case and
can be estimated as in [A] or in [AF]. The fourth term is of a different nature because
of the presence of a time derivative in the function rjnonmo(t). To estimate its size,
one can use Cauchy’s theorem according to which if m > my we have

SUD [ 7rgngre Ol < Grmg = 8m) ™" 8UD [[Pamgngro@® s
[Imé| <ém |Ims|§5m0 (3 8)
< (mo+1)* sup [7imgngre @]l '
|Im3|.§5m0

Hence, the k = O contribution to 7},,,, coming from the fourth term in (3.2) is bounded
from above by r;_lvn. If £k > 1, we have to estimate also the commutators. Let us
call k-polymer a family of clusters p = {0, ...7%} such that vo Ny # 0, v N (o U
. Uvk—1) # 0 and |y| < ... < |yk|. Let us introduce also the equivalence class
[p] = {Zp;x € A}, where x € A and .7 is the operator of translation by x. There

is a state |§(p)) such that

I:" [617 f;nl"l’)’l (t):| ) fmknk’yk T’Yk(t) |O> = f(m)(n)(Pa t) |’_}I(p7 t))a (3.9

for some coefficient fim)mn)(p,t), where (m) = (my..mg), (n) = (n;...ng). Let f(p)
be the translation invariant function such that

Jomm® = sup | fmym)(Zap, ). (3.10)
rzeA
te[0,1]

The contribution to r;, coming from all connected k-polymers p € [p] is bounded
from above by
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sup > @) I1STHR@ L

zeA ’
telo,1] é’(ple) [Bp]x 3.11)

< @] femm®@I IS™ A@M = | fomym®@)]-

Hence, the contribution to r; coming from the fourth sum in (3.2) is

<Yy 3 ni(p) Fomm @)

[p] k20n1+---+nk=n—1
mp+---+mg=m

cawp Y Y >

k>0 vk ny+---+ng=n
mi+-+mp=m-—1

——— | famm(v0, - 1)
(Y1 k) e |

(3.12)
We have that
Z | femymy (Y0, Y15 - Y1)
Yk - ’ykn(bU...U’yk_l)#@
[Vk| = vk

<2 [k + (Iml+ . Jve=1l —k+1) U;Zl} [ femym Yo, 715 - Ye—1)|

- sup Z [T pngye - (3-13)
ceA e D e
VK| = v

The first term originates from the & centers of noncommutativity of vo U~;... U7yk_1,
while the second is due to the center of noncommutativity in 7., . The factor vk_l =
|7k|_1 is inherited from (2.14). Since the volumes are ordered, we have

(il + o+ e —k+ D v < k. (3.14)

Iterating this bound, we find

wy Y Y >

byp,- -
vk)lf( iy

n(Ul,"'
k2073% ni+---+np=n—1 |y|=v
my+---+mr=m
1Vk| = vk
<Y @k @ (k—1)--4- > I > rens,
k20 ny+---+ng=n—17=1klyl=v;

my+---mp=m

2k 1.y *
=3I S | 315
k>0 ny+---+ng=n 7+1,k
mi+---+mp=m—1

where
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Ty, = S D [mynoyl- (3.16)
¥2b
1vil = v;

Similarly, we find that the first three terms in (3.2) give a contribution to 7} which is

< ¥ = £ v ¥ )

k>2 k>0 k>0
ni+...+ng=n n+..+ng=n ni+..+ng=n-—1
mi+...+mpg=m mi+..+mp=m-—1 my+..+mg=m
22k H .
_ [ 3.17)
Z n(vl, LUE) mimsvs’
v <...<vg 7=0,...k

where f =3 | fz||. Using the binomial formula to compute the sum over the vol-
umes, one can express these bounds in terms of the formal power series in (3.7) and
find

AT <A+ frh [t )T — LAt A, 7))

| ) (3.18)
+ @)+ A+ HrH[A —4r A" = 1]

The analyticity of the function r*(¢; A, 7) is a consequence of the implicit function

theorem and the lemma in Sect. 2 follows.
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