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Abstract

In a recent paper, Hausman et al. (2012) propose a new estimator, HFUL (Heteroscedasticity
robust Fuller), for the linear model with endogeneity. This estimator is consistent and asymp-
totically normally distributed in the many instruments and many weak instruments asymptotics.
Moreover, this estimator has moments, just like the estimator by Fuller (1977). The purpose of this
note is to discuss at greater length the existence of moments result given in Hausman et al. (2012).
In particular, we intend to answer the following questions: Why does LIM L not have moments?
Why does the Fuller modification lead to estimators with moments? Is normality required for the
Fuller estimator to have moments? Why do we need a condition such as Hausman et al. (2012),

Assumption 97 Why do we have the adjustment formula?



I. Introduction

The linear model with endogeneity is one of the most popular models in economics and there
exist several estimators for this model. The Two Stage Least Squares estimator is inconsistent if
there are many moments, see Kunitomo (1980) and Bekker (1994). Another estimator, the LIML
(Limited Information Maximum Likelihood) estimator does not have moments. As a result, the
estimates of the last estimator are dispersed when simulated data are used, see for example Hahn,
Hausman, Kuersteiner (2005). These authors suggested the Fuller (1977) estimator as a solution
to this problem for LIML. However, the Fuller estimator is inconsistent in the many instrument
asymptotic if the data is heteroscedastic. In a recent paper, Hausman et al. (2012) propose a
new estimator, HFUL (Heteroscedasticity robust Fuller), for the linear model with endogeneity. In
that paper, we show that HFUL is consistent and asymptotically normally distributed in the many
instruments and many weak instruments asymptotics, even in the presence of heteroscedasticity.
Moreover, we also show that HFUL has moments, just like the estimator by Fuller (1977). The
purpose of this note is to expound the existence of moments results given in Hausman et al. (2012).

Thus, in this note, we intend to answer the following questions:

Q1: Why does LIM L not have moments?

Q2: Why does the Fuller modification lead to estimators with moments?

Q3: Is normality required for the Fuller estimator to have moments?

Q4: Why do we need a condition such as Hausman et al. (2012) Assumption 97

Q5: Why do we have the adjustment formula @ = [& — (1 — &) C/n] [l — (1 —&) C/n] ' in HFUL,
and what are the effects of C' on the asymptotic properties of HFUL?

To keep our discussion as intuitive as possible, we adopt the simplest possible setup: a Gaussian,
exactly identified IV regression with one endogenous regressor, orthonormal instrument, and a

canonical error structure; i.e.,

Yy = $50+57 (1)

x = zmy+o, (2)
where 2'z/n = 1. The reduced form representation y is easily seen as

y = zdo + C,



where ¢g = modp and ( = € + vdg. To keep notation simple, we also assume that the IV regression

is in what has been called the canonical form, so that
Gi -
N i.0.d.N (0, I2) , (3)

where ¢; and v; are the i*" element of the random vectors ¢ = ({1, ...,¢,) and v = (vy,...,v,),
respectively. With this simple, stripped-down setup, we can present the essential ideas behind our
results while avoiding some of the technical difficulties and tedious calculations associated with
having non-normality, heteroskedasticity, and many and/or weak instruments.

In this simple setting, it is easily seen that the OLS estimators of the reduced form parameters

¢ and 7w have the following joint normal distribution

(2)=(am)y=v((m)mm) g

Note that <$n and 7,, are independent in this case.

Given the simplicity of the setup here, the existence and non-existence of moment results given
below are not new but are presented here so as to illustrate some of the issues involved. In fact,
Fuller (1977) has already established the existence of moments of his estimator for a IV regression
model under homoskedastic, Gaussian error assumptions and a fixed number of instruments. How-
ever, here, we provide some intuitive explanation for why the Fuller modification works based on
certain geometric properties of the high-dimensional sphere. Similar discussion does not appear in
Fuller (1977) and does not seem to appear elsewhere in the literature. In addition, the existence
of moments result which we give in Hausman et al. (2012) is new, as it generalizes the Fuller
(1977) result to IV regression models with heteroskedasticity, non-Gaussian error distributions,
and possibly many weak instruments, and it establishes such a result for a new estimator HFU L.

In the remainder, we answer each of the questions posed above in turn.



II. Q1: Why does LIM L not have moments?

Now, to address Q1, we note that, under exact identification, we have
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The non-existence of finite sample moments for this estimator is easily established by the following

calculations
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for all p such that 1 < p < 0o and for each finite n, since
ol
/ 777 d7 = +o.
—|mol
Note that problem here is that part of the integrand (i.e., |7|™?) has a pole at 7 = 0, so that if
there is sufficient probability mass in the neighborhood of 7 = 0, then the integral does not exist.
We will provide more discussion and intuition when we contrast this case with the case where the

estimator has been modified in the sense of Fuller (1977). Please see remark in section III below.



III. Q2: Why does the Fuller modification lead to estimators with moments?

To address this question, note first that, under the current setup, Fuller estimator can be written
as

(C/n)a'My _ nRo+(C/n)v'M( _ 76+ (C/n) (v M(/n) ©
(C/n)a’Mz  n72+ (C/n)vMv 72+ (C/n) (vMv/n)’

5 7 (d=

where M = I,, — z(2'2) "' 2 = I,, — 22/ /n. To understand why this estimator solves the moment
problems it may be helpful to draw an analogy with ridge-regression. In particular, the ridge version
of the least squares estimator has its denominator perturbed by an extra term which ensures that
the denominator is nonzero. Similarly, in this case the Fuller modification modifies the denominator
of 2SLS/LIML by adding an extra term.

To show that this added term is effective in ensuring the existence of moments, first partition

!/
z=| 21, 2 and consider the decomposition
IX1 1% (n—1)

M = HJ_HJJ,

where

)

and where

V10 = { X X'X= nl}
nx(n—1)

denotes the Stiefel manifold. Consider the transformation v, = (n — 1)_1/ 2HYyand ¢, = (n— 1) Y2 HYC,

and it is easily verified that in the present case

< g*z ) =iid.N (0, (n— 1)_112)’

where v, ; and (. ; are the ith element of v, and (s, respectively. Moreover, v, and (, are independent
of 7 and &5 in this case. Using this change of variables, we can rewrite the Fuller estimator in the

representation ~
5 @O+ (1-1/n)(C/n) (viG)
FULL = =3 (1—1/n)(C/n) (vivs)

Next, define
1 1

51 = \/EZ/C, 52 = %Z/’U,



so that
8= o+ —=t1, 7 =mo+ ==t
— @0 ﬁhﬂ—_ﬂ_ﬂ \/,,—7)27

and we can further represent the Fuller estimator as

5 _ Fé+01—-1/n)(C/n) (&)
roLk T2+ (1 =1/n) (C/n) (viv)

7380 + o (n_1/2§1) + modo (n_1/2§2) +n 6 + (1 —1/n) (C/n) (vhée)

B 72+ 2mo (n1/262) + n €3 + (1 1/n) (C)m) (v,u.) - D

Note that (7) makes clear that the Fuller estimator can be written as a function of several random
components, some of which are linear in the error vectors such as n=1/2¢; and n~1/2& while others
are bilinear such as v, and v, v,. To show the existence of moments for the Fuller estimator, we
divide the domain of integration into a region where all of these random components are in some
small neighborhood of their asymptotic limit (denoted by the event A below) and the complement
of this region (denoted by A%). More precisely, let

Av = {JolG] <m} Az = {[olo. = 1| < m} As = {02 <} A= {07 2| <naf
A = AinAnNAznA

for constants 11,72, m3,m4 > 0 and 74 < |mg| /2. Now,

‘5FULL ‘ T4

800 + 0 (R7H261) + modo (nTY28) + nT & + (1 - 1/n) (C/n) (VL)
(mo +n=1/26)° + (1 — 1/n) (C/n) (Viv.)
73 80| + |mo| [~ 1261 ] + [mol [o] [~/ 2& | + [n 7124 [ |1 26| + C |uié]
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It follows that for any fixed p > 0 and any true parameter value (dg,m) there exists a positive

constant Cy, possibly depending on (g, mg) and p, such that
~ p
E H(SFULL‘ HA] < () < . (8)

Moreover, suppose that the parameter space of (8, 7) is some bounded set D C R?, then (8) holds

under some constant not depending on the true value (dg, m)



Next, consider what happens under the event A®. In this case, we first form the upper bound

7o+ 1 -1m©m (s 1w \ |7 g
< Tmemmy (1) e

By Loeve’s inequality, we have for any fixed p > 0
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To analyze the first term in (9), note that, by the Cauchy-Schwarz (CS) inequality, we have

o~ P
n ‘71’¢‘ HAC
Cvlv,
Moreover!,
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n2p7711p n2p77421p n2p77§1p n2pnip
(by Lemma 1 below and by the fact that both &; and & are N (0,1) random variables)
C
~ 2p
Turning our attention now to the expectation E ‘ ‘%g{)‘ / (Vhve)| , note that
"
_~|2p _
E - =F ‘W¢‘ E |'U;’U*‘ 2]3’
Vi,

!These moment bounds are obtained by using fairly standard arguments commonly used to establish certain
large deviation inequalities. See in particular Chapter 2 of Tao (2012). For completeness sake, we give the explicit
calculations of these bounds in the proof of Lemma 1 below. Note, however, that more complicated bounds are
actually needed for the more general IV regression setting considered in Hausman et al (2012) and so a different
method of proof is used there.



where the equality above follows from the fact that v, is independent of 7 and 5, as noted above.
Given the joint normality of the OLS estimators as noted in (4) and given that 7 and qg are
independent, it is trivial to show (since all moments of the normal distribution exist) that there

exists a constant C), such that
A 2p 9 ~|2p
E(m‘ — B[] PEM <y < o0 (11)

for any fixed p > 0. Next, we consider F \v;v*\ﬁp . To evaluate this expectation, it is helpful to

change into (generalized) polar coordinates, viz
v = hr with h = v, (v;v*)*l/2 and r = (viv*)lm, (12)
where h € Vi 5,1, so that h’h = I,,_;. The Jacobian of this transformation is given by

(dv,) = c,r "2 dr [dh] , (13)

where [dh]| denotes the exterior differential form of the normalized invariant measure on the Stiefel

manifold Vi ,,—1 and where

or(n—1)/2
Cn = 7;— (14)
L5 (n—1)]
(See, for example, Lemma 1.5.2 of Chikuse, 2003). We show in Lemma 2 below that
Ello] =140 (n"), (15)
so that the first term in (9) is bounded for all n sufficiently large, i.e.,
n ‘%gb\‘ HAC g
Cvlv,
<
= (16)

Moreover, it is easy to show that the second term in (9) is also bounded for all n sufficiently

large, i.e., E[{|v.¢]/ (vive)} 1 40]” = O(1). In particular, by making use of various forms of the



CS inequality, we have that

2p

B[ < el 7106 < (Bl )" (Ble )

Now, since (, has the same multivariate normal distribution as v,, we can apply Lemma 2 (given

[% Ac] < 4/Pr(A°)

below) for the case ¢ = —p < 0 to obtain
2
E|lC¢T=1+0 ™). (17)

Using this result in conjunction with (15), we have that

P:*C*‘ AO} <VI+0mH)/1+0m ) =0(). (18)

* *

It follows from (8), (16) and (18) that

E HSFULL‘I)] = b HEFULL‘p]IA} +F HEFULL‘I)]IAC}
o~ P
e e ol G o B

which yields the desired existence of moments result for the Fuller estimator.

Remark:
Looking back at expression (14), note that
or(n—1)/2
I [3(n-1)]

is the normalization factor for the invariant (uniform) measure on the sphere, and it gives the surface

Cp —

area of the unit sphere (i.e., a sphere with unit radius) in R*~!. By Stirling’s approximation one
can show that

Cp =

or(n—1)/2 <2e7r> (n—2)/2
T 1) |
so that this surface area is very small in high dimension; i.e., when n is large. Moreover, the volume

n

of the unit sphere is proportional to (n — 1)71 Cn, O that it is also small. It follows that in high
dimension, the probability of landing within a fixed neighborhood of the origin under the invariant

uniform measure is very small. This basic fact of high-dimensional convex geometry provides an

1/4



intuition for why the Fuller modification is effective in solving the moment problem?. In particular,

in our simple setting here, the denominator of the Fuller estimator is given by
72 4 (1= 1/n) (C/n) v, ~ 72+ (C/n) o]

Moreover, the denominator of the 25LS estimator is simply a special case of the expression above
with C = 0. Hence, the 25LS has denominator that is the square of an one-dimensional random
variable 7, so that, in particular, its probability of being zero is relatively high given its low
dimensionality. This, in turn, leads to the non-existence of moments of the 25LS, as we have
already shown in (5) above by explicit calculations. On the other hand, as noted above, the Fuller
modification amounts to a ridge-regression-type perturbation of the denominator of the 25LS, so
that the denominator of the modified estimator is now dependent on the square of the norm of a
high-dimensional vector v,, in addition to 72 . In consequence, the probability of the denominator

being zero is now very small for finite n sufficiently large, leading to the existence of moments.

IV. Q3: Is normality required for the Fuller estimator to have moments?

Note that although the results here are shown under a Gaussian error assumption as in Fuller
(1977), the existence of moments of the Fuller estimator is not hinged upon such an assumption. In
particular, such an assumption is not needed to establish the boundedness of the inverse moment
E |v;v*\72p even though in proving Lemma 2 below, we have evaluated an integral of the form

JA R e e e

0
which may suggest that we need distributions with exponentially decaying tails in order to ensure
the existence of all moments as n becomes large. Note, however, that we can easily modify the
proof of Lemma 2 by a truncation argument since the existence of |v>’kv*|_2p depends only on the

behavior of the high-dimensional random vector v, near the origin. More specifically, note that

Bllv ™ = B |juo P T{|olv.] < 1}] + B [ [olu| P T{[vlo.] = 1}]

IN

E [[ulo.| 7 1{Jofo.| < 1}] +1.

2The study of high-dimensional spheres with unit radius has a long history. An elegant modern account can be
found in Ball (1997). Our paper, however, seems to be the first to apply the basic results and concepts of high-
dimensional convex geometry to provide an intuitive explanation for the eixtence of moments of the Fuller estimator.

10



1/ 1/2

Hence, changing into polar coordinates, i.e., v, = hr with h = v, (Viv,)~ Zandr = (Vhve) e, we

have

FE !viv*r% <FE [r_4p]1{7“2 < 1}] +1,

so that we really only need to specify conditions on the density of r near zero in order to ensure
the existence of E [v/v,| .

On the other hand, to show the existence of H;S\FU LL ‘p] for some p > 0 (possibly large) we do
of course need the error distributions of the IV regression model to have enough (positive order)
moments. The assumption of normality ensures that this is not a problem for any p. However, if
we are only interested in the existence of HSFULLW for some fixed p, it is sufficient to specify

weaker moment conditions on the error distributions, as we do in Hausman et al. (2012).

V. Q4: Why do we need a condition such as Hausman et al. (2012), Assumption 97

Assumption 9 ensures the existence of certain inverse moments?. Under Gaussian error assump-
tion, we show explicitly in Lemma 2 below that inverse moments of the form E |v}v,|~* (for p > 0)
do exist. However, in general under possibly non-normal distributions, it is not true that inverse
moments will necessarily exist.

To show that a condition such as Assumption 9 is not superfluous, we give an example of a
pathological density under which inverse moments do not exist. To proceed, let w be an (n — 1) x 1

random vector, and consider the family of densities

_F[%(nil)] 1 1 ! n—1
fn(w) = /272 (w’w)("_Q)/Q exp {§w w} , forweR" .

First, we show that f,, (w) is indeed a density. To proceed, we again change into polar coordinates,

SHausman et al. (2012), assumption 9 reads as follows. Proving the existence of moments of HFUL requires
showing the existence of certain inverse moments of det [S ], where Sy, = XM X,/ (n—K) and X, =[ ¢ X ].
We shall explicitly assume the existence of such inverse moments below.

Assumption 9: There exists a positive constant C and a positive integer N such that

E [(det [Sun]) I/ < T < o0 (19)

for all n > N, where n > 0 is as specified in Hausman et al. (2012) Assumption 8.

11



viz

—-1/2 1/2

and r = (w'w) ;
or(n—1)/2

INEICESVIE

w = hr, where h=w (w'w)

(dw) = c,r™Ddr[dh], where ¢, =

It follows that
Fim-v] -
/RnK 23/2n/2 (w w)(n72)/2 exp {_510 ’LU} (dw)
B 21/271'"/2 /V1 / r(n—2) ¢ p{§’r }Cn'r dr [dh]
T[3(n—1)] 27r(” 1)/2
= o D) /v / exp{ = }dr[dh]
2 2
- o eXp ——7“ dr [dh]
Vin—1 2
/ / ¢ { . }d [dh]
- 5= XP 5T T
‘/1 n—1 27'('

* 1 1 1
= dh since exp {—1"2} dr = =
[l ——exp )

= / [dh] =1 (since [dh] defines the differential form for the normalized Haar measure).
Vin—1

Moreover, it is easy to see that the inverse moment E [(w’ w)_l} does not exist in this case,

since by previous calculations

E [(w'w)fl}

- Sl

(n—1)] 2 n—2

= 21/27r"/2 /Vl 1/ —exp{——r}cnr( )dr [dh]
e o el )

— — exp ¢ —57° ¢ dr[dh]
21/27n/2 Ll3(n=1] v,

= \/7/ —exp{—r}dr/ [dh]

\/'1,”71

\/7/ﬁexp{ 1 Q}dr for some ¢ such that 0 <e <1
0

\/jexp{ }/—dr—+oo
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so that without ruling out pathological cases such as this one, we will not in general be able to

establish the existence of moments of the Fuller estimator.

V. Q5: Why do we have the adjustment formula & = [@ — (1 — &) C/n] [L — (1 —&) C/n]"" in
HFUL, and what are the effects of C' on the asymptotic properties of HFUL?

Consider here the more general IV regression model given in Hausman et al. (2012, section 2)
with G endogenous regressors and K instruments. Let X denote the regressors and let Z denote

the instruments. In this case, the HF'U L estimator has the form
5= (X'|P—Dp]X —aX'X)" (X'[P - Dply — aX'y) (20)
where P = Z(Z'Z)~'Z', Dp = diag (Pi1, ..., Puy) with Py being the i** diagonal element of P, and
a=[a-1-a)C/n]l-1-a)C/n) ", (21)

with & being the a value which appears in HLIM, the heteroscedasticity robust version of LIML,
which was introduced by Hausman et al. (2012). To better understand the adjustment formula
(21), note that in Lemma B1 of a supplementary technical appendix to Hausman et al. (2012)
(available on the web at http://econweb.umd.edu/ chao/Research/research.html), we show that

the HFUL estimator (20) has an equivalent representation of the form

5= <X’[PDP]X{%%}X’[M+DP]X>_1 <X’[PDp]y{%%}X’[M+DP]ZQ,

where M = I,, — P and K is the smallest root of the determinantal equation
det {7’ [P~ Dp|X — kX [M + Dp] Y} =0,

with X = [ y X ] From (22), it is apparent that the adjustment factor & allows HFUL to be
rewritten in a form where the “denominator” also contains a ridge-regression-type perturbation
term (i.e., the term (C/n) X' [M + Dp] X) analogous to that of the Fuller estimator (6). As we
have shown earlier, this additional term leads to the existence of moments.

C does not affect the first-order asymptotic properties of HFU L as can be seen from Theorem
2 of Hausman et al. (2012) and the surrounding discussion. It will have higher-order effects, but

that is beyond the scope of this paper.

13



VII. Lemmas and Proofs:

Lemma 1: Suppose that v, ~ N ((), (n—1)"" In,l) and (, ~ N ((), (n—1)"" In,l); and v, and

(« are independent. Then, for any positive integer p, the following results hold:
(2) B i)™ < Cp/n?P;
(b) E [, — 1] < Cy/n?:

where C), is a constant which may be different in parts (a) and (b) above and which may depend

on p.

Proof:
Define 7 = (n—1)"%v, and ¢ = (n — 1)Y2¢,, so that ¥ ~ N (0,1,_1) and { ~ N (0,1,,_1).

Now, to show part (a), note first that

E[v.¢]"
= (- E (7] v
1 n—1 ~_ 4p
= 7(71 - 1)4pE ; ’UiCi_
. -1 1%
—F ;G
(n—1)* ; ]

_ ﬁ S E [Hji (®8,)]- (23)

1< 41,..,84p< n—1

IN

Observe that, E [@Jé[} = 0 for all j # ¢, since £ [@j] =F [sz] = 0 for all ¢; and v;; is inde-
pendent of Zie for all j # . In consequence, each v; Z, ; must appear at least twice in the product
Hjil (@ : Zz j>; otherwise, the expectation of this product is equal to zero. Hence, at most 2p
distinct factors of the form v;; E@'j will appear in the product Hj; <@-j sz) if its expectation is
nonzero. To account for the different cases, consider a product with 2p — r distinct factors, where
r=0,1,...,2p — 1; and let N, be the number of such products, i.e., N, is the number of ways that

one can assign i1, ...,44p from the set {1,...,n} such that each i; appears at least twice and such

that exactly 2p—r different integers are selected. Moreover, note that since v;; and Zz ; are normally

14



distributed, so that, in particular, moments of all order exist. From these facts, we deduce that

there exists some positive constant 67, (depending on p) such that

E [U;C*]4p

1 p [~
<Ly [0
(n—1)% 1§i1§4p§n HFl o

- 2p—1

Cp
< w2

r=0
Now, a crude upper bound for N, is given by

2p—r

N, < <2pn > (2p _ ,r)4p < ni' (2p _ ,r)4p < (en)2p—r (2p . T)2p+7" < (en)Zp—r (2p)2p+r

)

where the third inequality above has made use of the inequality (2p —r)! > (2p — r)*# ™" e~ (2p-7),
Applying this upper estimate of V,, we obtain

- ~ 4p
(n— 1)47’E {v C]
1 2p—1
< Co—p Z (en)?P~" (2p)%P*"
(n—1)* =
_- T M 2pz:1 2p\’"
Pln—1)% — \en
_ oo ()T (2 ZP (29
P\n - n en
< G, < ) (l) <1 — %> (for n sufficiently large so that 2p <1)
" en -
p

o () ()

< Cpyn 2. (24)

To show part (b), note that

n—1 4p
e L GRS | IEE-= D W I G R

i=1 1<iy,..siap<n

Moreover, observe that F [(52 — 1) ( — 1)] = 0 for all j # ¢ by mutual independence of the

]

elements of the subsequence {52]} and by the fact that F [27;2]} =1 for all ¢;. It follows again that

(2

15



each ( — 1) must appear at least twice in the product H ( 1) for this product to have
a nonzero expectation. Hence, we can bound E [v, v, — 1] in a way similar to done in the proof

of part (a) to obtain

— 2p—1
C
FE [v;v* — 1]4;) < m E N, < C'pn72p for n sufficiently large. [J
r=0

Lemma 2: Suppose that v, ~ N <(), (n— 1)_1 In,l). Then, for any real constant g,

E ‘v;v*rQq =140 (nfl) )

Proof: Making use of the change-of-variable formulae (12)-(14), we can evaluate E |vlv,| 27 as

follows:

1
-9 (TZ — 1)§(n71) (TZ o 1)
— /Rn L ‘/U;U*‘ q Wexp 7T/U’/'</U* (d’U*)
k) B
= / / |’rh,/ ‘_2(1 n 1 / exp {(TL—ZDT}L,}LT‘} Cn,r,(n—Q)d,r_ [dh]
Vin—1

_ (n 1) _ (n—1)/2
= / / T N — (n—1) - e p{ (n 1)7“2} 271T r(=2) gy [dh]
Vin-1 (n=1)/2 2 1—‘[5 (n—l)]

B (n—4)/2 1/2( ) (n 2) poo /2 (n—tg—2) Cup _(n_l) )
- /vlnl I'[i(n-1)] /0 (2m) (n—1) exp{ S T}dr[dh],

Now, the integral
/ (21) V2 (n — 1)1/2 p(n—49-2) oy {_ (n ; 1)T2} dr
0
= 3/ e e L
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for n sufficiently large. Plugging this into the original multiple integral we have

E |v;v* |_2q

—(n—4)/2.1/2 (, _ 1\3(n—2) oo _
- / 2 7T1 (n—1) / (277)71/2 p(n—44-2) (n— 1)1/2 exp {LZ 5 D) 7‘2} dr [dh]
\/'1,”71 0

T [5 (n— 1)]

B 9~(n=4)/271/2 (1, _ 1)%(71—2) 2(n—49=4)/2 (p _ 1)~ (n—44-2)/2p [1(n—4g-1)]
-1 7
1
— 2% (y - 1)2q r [5 (711 —4q - 1)]
T3 (n=1)]

where the last equality follows from the fact that

/V =1

Next, note that by the Stirling approximation
1
r [5 (n—4q—1)]

A 1/2 n—dg—1 (n—4q—1)/2 B
_ <7) <T> (1+0n™)

n—4q—1

/V o

n/2
= (4m)' /2 p(n—4a-2)/2 (9¢)~(n—da=1)/2 <1 _ M) (1+0(n™1)

n
(47r)1/2 n(n—49-2)/2 (26)*(%4(171)/2 e~ (4q+1)/2 (1+0 (nfl))

n(m—4g-2)/2 [ 27 \'/? _
- (2_6) <7€2(2q+1)> (1+0(n1)).

Similarly,

(@) (5)  avow),

—
[ —
N =
—
3
|
p—t
S~—
| S
|
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Putting things together, we have

E ‘v;v*rQq

. e @D )
= /R"l |v*v*‘ Wexp {TU*U*} (dvy)
I'[5(n—4q—1)]

T3 (-1
- N (n—4g—2)/2 o \2  nN-(m-2)/2 o7\ /2 _
= 272 (n—1)% (2—6) <m> (2—6> <g> (1+0(®™)

= 27X (n— 1)2‘1 (ﬁ)ﬁq e (1 +0 (n_l))

= 27%(p—1)™

2e
_ <1—%>2q(1+0(n_1)).
= 1+0(n"). O
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