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On the number of real eigenvalues of a product of
truncated orthogonal random matrices”
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Abstract

Let O be chosen uniformly at random from the group of (N + L) x (N + L) orthogonal
matrices. Denote by O the upper-left N x N corner of O, which we refer to as a
truncation of O. In this paper we prove two conjectures of Forrester, Ipsen and Kumar
(2020) on the number of real eigenvalues Né{m) of the product matrix O . .. O,,, where
the matrices {O;}-, are independent copies of O. When L grows in proportion to N,
we prove that

E(Nll(%m)) = 1/¥arctanh <1/]\7]~VFL> +0(1), N — oo.

We also prove the conjectured form of the limiting real eigenvalue distribution of the
product matrix. Finally, we consider the opposite regime where L is fixed with respect
to N, known as the regime of weak non-orthogonality. In this case each matrix in the
product is very close to an orthogonal matrix. We show that E(N]ém)) ~ cr,m log(N)
as N — oo and compute the constant cr,,. explicitly. These results generalise the
known results in the one matrix case due to Khoruzhenko, Sommers and Zyczkowski
(2010).
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Products of truncated orthogonal random matrices

1 Introduction and main results

Research on products of random matrices started in 1960 with the work of Fursten-
berg and Kesten [22]. Early investigations concerned the properties and computation
of the Lyapunov exponents of products of random matrices when the dimension N is
fixed and the number of factors m tends to infinity, see e.g. [8, 12] and references
therein. More recently there were several new developments related to the opposite
regime, namely when the number of factors m is finite and the matrix dimension N
tends to infinity, or is also finite [5]. Early progress in this direction came with the
work of Burda et al. [10], who computed the spectral density for a product consisting of
independent non-Hermitian matrices whose elements are i.i.d. standard complex normal
random variables, the complex Ginibre ensemble, in the limit N — oo and for finite m.
Subsequently, Akemann and Burda [2] discovered that the determinantal structure of the
eigenvalue point process known to hold for a single complex Ginibre matrix continues
to hold for products of such matrices. However, the correlation kernel that arises for
products is more complicated and has to be expressed in terms of Meijer G-functions.
The determinantal machinery allowed them to analyse the point process of eigenvalues in
various microscopic regimes for fixed m. A similar theory has been developed to analyse
products of truncated unitary random matrices [4, 1, 35]. Recently these developments
have been extended to study the question of double scaling limits as both m and N tend
to infinity simultaneously [3, 33, 34].

The focus of this paper will be on products of real random matrices. One of the
most well-studied examples consists of matrices whose elements are real i.i.d. standard
normal random variables, known as the real Ginibre ensemble. A distinguishing feature
of the real case is that there is a non-zero probability of finding purely real eigenvalues
and therefore the point process of eigenvalues consists of two correlated components of
purely real and complex conjugated points. This makes the study of real random matrices
considerably more challenging than their complex counterparts. The real Ginibre
ensemble was introduced in 1965 by Ginibre [25]. After the original paper there was little
progress until the work of Lehmann and Sommers [32] who obtained the joint probability
density function of all real and complex eigenvalues, later discovered independently by
Edelman [14]. These results paved the way for the calculation of correlation functions:
it was then discovered that the eigenvalues of the real Ginibre ensemble form a Pfaffian
point process [21, 40, 7]. Statistics of the real eigenvalues in particular have been
shown to arise in many diverse areas, notably in connection to annihilating Brownian
motions [43, 42, 37, 16], random dynamical systems [23] and recently to an inverse
scattering solution of the Zakharov-Shabat system [6]. Real eigenvalues of products
have been applied to physical problems [31, 26] and recently appeared in connection to
random Markov matrices [27]. The analogue of the results discussed above for products
of complex matrices also hold here: products of independent real Ginibre matrices are
again described by a Pfaffian point process [28, 18].

Much less is known about truncated orthogonal random matrices and their products.
Their study began in the single matrix case with the work of Khoruzhenko et al. [29] who
showed that the eigenvalues form a Pfaffian point process with an explicit correlation
kernel. Unlike the real Ginibre ensemble, there is a qualitatively distinct asymptotic
regime known as weak non-orthogonality, defined by truncating only a finite number
of rows and columns from the original orthogonal matrix. This asymptotic regime has
shown up in connection to the zeros of random Kac polynomials [17]. More recently, it
appeared in [36, 24] where it is related to the persistence exponent of the 2d diffusion
equation with random initial conditions. As with the real Ginibre ensemble, the Pfaffian
structure of a single truncated orthogonal random matrix has been extended to products
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of such matrices [28]. Using this integrable structure, the probability that all eigenvalues
of a product of truncated orthogonal random matrices are real was calculated in [20].
Simplified expressions for the correlation kernel of the Pfaffian point process were
obtained in the recent work [19].

We now discuss the main results of the paper. Let O denote a random orthogonal
matrix of size (N + L) x (N + L) sampled uniformly with respect to the Haar measure
on the orthogonal group and let O denote the upper-left N x N truncation of O. We
are interested in the product matrix X (™) := O, ...0,, where {Oj }7L, are independent
copies of O. In our first result we shall make the assumption that L grows in proportion
to N. Let L := Ly — oo be a sequence of positive integers such that

’y::W—W}?, N — o0, (1.1)

where ¥ > 0. Throughout the paper we will suppress the N-dependence of L and v
for notational convenience. We denote by Ny, the total number of real eigenvalues of
X m),

Theorem 1.1. Let L := Ly be such that hypothesis (1.1) holds and define o := ﬁ
Then for any fixed m € IN, we have

m 2m~yN
E(N{™) =/ 2 arctanh(va) + O(1), N — oo (1.2)
™
Next we consider the individual real eigenvalues \j, ..., A, of X(™), where n = NI&m).

The averaged global density of real eigenvalues is defined by

pn(z) =E > d(z—\)|, (1.3)
j=1
and we denote its appropriately normalised version py(z) = m pn ().
R

Theorem 1.2. Let L := Ly be such that (1.1) holds and define & = 1iﬁ' Then for any
bounded continuous test function h and fixed m € IN, we have

lim h(x)ﬁN(x)da::/ h(z)p(x) dz, (1.4)

N—oo J_4 1

where
1 1

 2marctanh(Va) |z~ % (1 — |z|=) Lec-a
Furthermore, for any fixed v € (—1,1) \ {-a%,0,a% }, we have the pointwise limit
limy 0 AN (7) = p().

Theorems 1.1 and 1.2 prove two conjectures of Forrester, Ipsen and Kumar [19,
Conjectures 4.1 and 4.2] and generalise the m = 1 asymptotic results of [29]. Theorem
1.1 goes further by providing a precise error bound on the remainder, see Remark A.2
for further discussion on this point. Results of the type (1.2), showing that on average
there are of order v N real eigenvalues go back to the work of Edelman et al. [15] in
the case of a single real Ginibre matrix, proving an earlier conjecture in [32]. Owing to
the mentioned developments linking products of real random matrices to Pfaffian point
processes in [28, 18], this was extended to products of independent real Ginibre matrices
in [39]. The ‘v/N-law’ is expected to hold for a broad class of real random matrices [13].
On this point, for m = 1 Tao and Vu [41] used moment matching methods to extend the
VN estimate in [15] to a class of i.i.d. real random matrices. The fluctuations of N]g)

p(:z:) o %). (1.5)

S,
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about the v/ N-law have been investigated and are known to be Gaussian for the real
Ginibre ensemble [38, 30].

The limiting density (1.5) has a simple description in terms of its single matrix m = 1
version. If A is the random variable whose density is given by the m = 1 case of (1.5),
then the symmetrised power A™ B gives the density (1.5) for any m > 1, where B is
an independent Bernoulli random variable on {—1,1}. This type of result is familiar
in the study of free probability [11] which is very effective at computing the complex
spectrum of a product matrix like X (") in terms of the spectra of the individual factors.
However, methods of free probability do not seem to be applicable to the problems
solved in this paper regarding real eigenvalues. The main technical challenges in the
proofs of Theorems 1.1 and 1.2 arise in the evaluation of integrals (2.6) and (2.7) in
Corollary 2.2, whose asymptotics are not uniform due to singularities of the integrands
near the origin. This problem is common when dealing with products of random matrices
and is discussed in more detail in Section 2.1. It is likely that the technique we develop
is useful for other problems involving products of random matrices. For example, our
method applies equally well to real Ginibre matrices and this is sketched out in Appendix
A.

Finally we consider the regime of weak non-orthogonality, defined by fixing L and
letting N — oo. In this case one is only truncating a finite number of rows and columns,
and each matrix in the product is very close to an orthogonal matrix. The v/ N-law
discussed above does not hold for these matrices. We find

Theorem 1.3. Let L and m be fixed positive integers. Then as N — oo we have

1

B (7" 3)

E(N™) ~ log(N), (1.6)

where B(a,b) = Fr(?a)ig;) is the beta function.

The case m = 1 of Theorem 1.3 was obtained in the work of Khoruzhenko, Sommers
and Zyczkowski [29]. We are not aware of the general m case given by Theorem 1.3
appearing in the literature, conjecturally or otherwise.

This paper is structured as follows. In Section 2 we begin by recalling the results of
[19] regarding the Pfaffian structure associated with products of truncated orthogonal
random matrices. Then we give an overview of the proof of Theorem 1.1, postponing the
full details until Section 3. Then in Section 4 we give the proof of Theorem 1.2 based
on the results obtained in Section 3. In Section 5 we prove Theorem 1.3. Section 6 is
devoted specifically to the asymptotic analysis of multiple integrals of Laplace type that
are needed throughout Sections 2, 3 and 4. Finally, Appendix A includes a discussion
about how the approach of the present paper is easily adapted to the case of products of
real Ginibre matrices.

2 Strategy of the proof and leading order asymptotics

The goal of this section is to discuss the key steps in the proof of Theorem 1.1 and
give a quick derivation of the leading asymptotics in (1.2). The starting point of the proof
is the fact that that the real eigenvalues of the product matrix X (m) — 01 .. Om form a
Pfaffian point process [28]. In the recent work [19] this has been simplified and explicit
formulae for the correlation kernel of the Pfaffian point process were identified.

Theorem 2.1 (Forrester, Ipsen and Kumar [19]). Define the function

1
S(xr1,x2) = / dy (z1 — y)sgn(ze — y)wr(z1)wr(y) fv—2,0(z1y), (2.1)

-1
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where the weight function is

m

L 2
= — S —y1.ym) [JOO > " dyi, (2.2
e <2B<s,;>> forg o) Lt ’
and

N
L
2. Z( +n> ", 2.3)

Then the real eigenvalues of X (") form a Pfaffian point process with correlation functions
given by
Py (@, ) = PEIK (2i25)]7 5y (2.4)

where the correlation kernel is of the form

_ ( D(@i,zj)  S(zi,z5)
K(%xj)_(—s(ﬂfjaxi) f(l‘z"xj))' @5

In (2.5), D and I are certain anti-symmetric functions of x; and x; that are not required
here; see [19] for further details.

In particular, we have

Corollary 2.2. The one-point density of real eigenvalues py(z) in (1.3) is obtained by
taking x; = z2 = x in (2.1), so that py(z) = S(z,z) and therefore

1
pr(z) = [ dyle =l w(@uL) fy-2.(e) (2.6)

Furthermore, the expected number of real eigenvalues of X" is the total integral of
~(z), given by

B(NG) = / dz / dyle =yl wr(@)we (y) fy 2,1 (zy), (2.7)

where we used that px(x) is an even function of x.

Remark 2.3. It is well known that (2.2) has a probabilistic interpretation in terms

of products of independent scalar random variables. Namely, up to a constant of

proportionality, wy,(x) is equal to the probability density function for a product of m
L L

independent Beta (%, £) random variables. Functions of the form (2.2) can also be

represented in terms of Meijer G-functions, see [4, 19] for further details.

2.1 Preliminary estimates

To prove Theorems 1.1 and 1.2, the idea is to obtain asymptotics of the functions
wr(z) and fn_o 1 (xy) separately, and then insert the results into the explicit formulae
(2.6) and (2.7). Although this would appear to be a straightforward approach, particular
care must be taken with the estimates due to parts of the integral (2.7) where the
required asymptotics are not uniform. In particular, when m > 1 both wy(z) and
fn—2,.(zy) have singular terms in their asymptotics near the origin, while for m > 1
the function fy_o (ry) undergoes a transition in its asymptotic behaviour near the
hyperbola xy = a™

The purpose of this subsection is simply to detail our asymptotic results for wy, ()
and fy_o,1(zy) that are precise enough to prove Theorems 1.1 and 1.2.
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Remark 2.4. Throughout the paper, quantities ¢ and C' will always denote absolute
positive constants that only depend on fixed parameters such as m or x (see below) and
do not depend on N, L or any variables of integration. Furthermore we deem the precise
value of these constants as unimportant and caution that their value may change from
line to line.

Proposition 2.5. Fix a small constant x > 0 and a large constant M > 0. Then the
weight function satisfies the following estimate uniformly on |z| € [M L~ % ,1 — k],

1
5 >>, L — oo, (2.8)
m [

wr(x) = dpm(l - ‘x|2/m)m2L71‘x e (1 O <

|z

where dy, ,, is defined by

1 L 21 1 L m 1
dpw =1 — | =) =2 = (@)% (1 —)), L .@.
o2V (B(éé)) 2V 7 7 <+O(¢z>) o 29

m
2

Furthermore, for |x| € [M L~ 2 ,1] we have the crude estimate

mL

wi(z) < Ne(1 — |z|#)"™%". (2.10)

To estimate fy_2 1 (z) in (2.3) the idea will be to replace it with the infinite series

foor (@)= <L+n) " (2.11)

n
n=0

Note that (2.11) converges absolutely inside the unit disc. We will show that the sum
(2.3) naturally splits into two contributions, the first coming from f. () restricted to a
specific interval, and the second an error term coming from the tail of the sum.

Proposition 2.6. Under the hypotheses of Theorem 1.1 the following holds. We have
the following estimate as N — oo, uniformly on z € [—1,1] \ ((a — w)™, (@ + w)™),

2Nt 1
fN72,L(x) = foo,L(x)]]-—(a+w)7’L<x<(a—w)"" + T —am EN,m (1 + (0] (\/N(U)) P (212)

where w may depend on N, and

—myN—3 (] mN (1+v)—2m
=7 L+ )" - (2.13)
(27N)=

EN,m

In practice we will take w = N3, such that the big-O term in (2.12) is O(1).
The function f 1 (z) can then be analysed separately in the limit L — occ.

Proposition 2.7. Fix a small constant « > 0 and a large constant M > 0. Then the
function f 1 (x) satisfies the following estimate as L — oo, uniformly onx € [ML™™,1—
K],

1 m— ]. 1 m—1 1
orn(@) =1 —gm)y ™l e <1+O< - )) (2.14)
f ,L( ) ( ) (Qﬂ)mTl \/m s

Furthermore, on the interval « € [0, 1) we have the crude estimate
Foop(@) < (1= ) ~mEAD, (2.15)
while for x € (—1,0] we have

| foor.(@)] < (1 — || m)~m(E+Decklal ™ (2.16)
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The proofs of Propositions 2.5, 2.6 and 2.7 are given in full in Section 6. As we
shall see, all the quantities involved have convenient integral representations that are
amenable to the Laplace or saddle point method for the asymptotic analysis of multiple
integrals. Although this is relatively standard, there is a threshold beyond which the
Laplace method breaks down, for example if 0 < z < L~ % ~¢ for any € > 0 in Proposition
2.5.

Remark 2.8. The decomposition (2.12) was inspired by analogous results for the trun-
cated exponential function given in [9]. At the level of pointwise asymptotics, the leading
terms in (2.8) and (2.14) were also derived in [4]. However, our situation requires more
precise estimates and uniform error bounds as given in the above three Propositions.
This is due to the specific integral form in (2.1) that is used to construct the correlation
kernel for products of truncated orthogonal matrices.

2.2 Proof of Theorem 1.1

A straightforward check shows that after formally substituting the asymptotics (2.8)
and (2.14) into (2.7), there is a critical point at y = x in the positive quadrant. Then
keeping zy < (« — N ‘%)m in accordance with (2.12), our main results are obtained by a
final saddle point computation.

To make this approach rigorous we need to remove some regions of the integration
in (2.7) where the mentioned asymptotics do not hold or otherwise give negligible
contributions. These include a small microscopic layer of width M N~ near the origin,
a small region near +1 of fixed size x > 0 and the entire negative y quadrant, see Lemmas
3.1, 3.3 and 3.4 for precise statements. The last of these Lemmas also shows that we can
always neglect the second term in (2.12). This results in the following approximation of
(2.7):

Lemma 2.9. For any « > 0 sufficiently small and M > 0 a fixed large constant, we have
E(Ng) = I+ +0(1) as N — oo, where

1-x' 1-x'
I, =2m? du / dv o™ — u™|wp (u™)wr (™)
N—-1/2) N—-1/2) (217)

X fooun((wo)™) (w)™ 1L

and M' = Mw,1—r = (1 —K)wm.

Note that (2.17) is the integral (2.7) with the domain of integration restricted to
a certain subset of the positive quadrant, within which we have made the change of
variables x = v and y = v"™. Throughout the paper we will frequently work in the u
and v coordinates instead of z and y coordinates as this turns out to greatly simplify the
presentation.

The advantage of the approximation (2.17) is that the asymptotics (2.8) and (2.14)
are now applicable and have uniform error bounds. As we explained, we may expect
the main contributions to come from a small §-neighbourhood of the line v = u for some
fixed § > 0. This motivates the introduction of the critical region:

A= {(u,v) € [M’N_%,l]2 Alu—v| <o A {uww < a— N_é}}. (2.18)

Combined with Lemma 2.9, the following Lemma immediately yields the proof of Theorem
1.1.

Lemma 2.10. Let I, 4 denote the contribution of the integral (2.17) from the set A in
(2.18). Then I, =1, 4 + O(e M) and

2myN
I 4= Y arctanh(v/a) + O(1), N — . (2.19)
™
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For simplicity, in this section we will just show the following estimate, contingent on
Lemma 2.9,

2mAN
Iyan~ my arctanh(\/a), N — oo, (2.20)
T

where a := ﬁ leaving the full proof of Lemmas 2.9 and 2.10 to Section 3. Inserting

(2.8) and (2.14) into (2.17) leads to the approximation

\/a—Nfé min(u—&-&,a_iié)
It a=Ch1 du / dv
N-1/2M u (2.21)
" —u™ 1
A o 1 =
g (uv) = 1) ( o <“2L)> ’
where
(L -w?)(1-)]"F
_ —u —v : N T D N -1
T (u,v) = [ 0= w0y ] (I—w*)""(1=v*)" (1 —uv) . (2.22)

In (2.21) we used the symmetry of the set A to integrate only over the region {v > u}.
The pre-factor C,, 1, is the result of collecting all the individual pre-factors from (2.14)
and (2.8), together with a factor 4m?2 from (2.17) and the symmetry of A. Using the
standard asymptotics of the beta function, we have

2mAN
Cm,L ~ '?N my s N — oo. (2.23)
™

The contribution of the term O (37 ) in (2.21) will be analysed more precisely in the full
proof of Lemma 2.10. For now observe that since u > M'N ~2 its contribution goes to
zero when N — oo followed by M — oo; this is sufficient to neglect it at leading order.

Proceeding now with the saddle point asymptotics, we see that the function (2.22)
has a critical point at v = u. This motivates the change of coordinates v — v/ VN + uin
(2.21) and using (2.23) we obtain

_1
2

/ 1
9 N a—N"2 \/Nmin(é,“7]:f —u)
I g~y my / du/ dvVNQ(u,v/VN)
’ s N-1/2 g7 0

(2.24)
x Tr, (u,u—i—v/m) ,
where
u+v)" —u™
(u(u+v)) 2
Regarding the integrand of (2.24), we have the easily derived pointwise limits
. exp (5% )
Jim 7y, (wu+v/VN) = O (2.26)
Jim VNQ(u,v/VN) = mu. (2.27)
—00

By (B.1) we have the uniform bound 77 (u,u 4+ v/VN) < Cee’. Regarding the function
Q(u,v) in (2.25), we use the Taylor expansion (B.4) and the fact that u > M'N~3 to see
that VN Q(u,v/ VN ) is uniformly bounded by a polynomial in v with finite degree. Hence
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we can apply the dominated convergence theorem and pass the limit inside the integrals
(2.24), leading to

[2mAN exp v
Iy a~%y il / du/ dv mv @ (12 2)2) (2.28)
—u )
2m7N
2.29
=1/ U u2 ( )
2mAyN
=/ my arctanh(\/a), (2.30)
T

which is the desired leading order result for the number of real eigenvalues.

3 Proof of Lemmas 2.9 and 2.10

We now provide the key estimates that allow us to prove Lemmas 2.9 and 2.10. For
a subset F C [0,1] x [—1, 1], we will denote Ig as the integral (2.7) with the domain of
integration restricted to . We begin with the proof of Lemma 2.9. This will be the
immediate consequence of the following smaller Lemmas that follow now.

Lemma 3.1. Let M > 0 be a large fixed constant and define
E, = {(:r,y) €[0,1] x [-1,1]: {z < MN~ 2} v {|y| < MN—Z‘}}. (3.1)

Then Ig, = O(1) as N — oo.

Proof. From the definition (2.2), we have

S-1,,
L i ’ 1—y2)5-!
U)L(CC) = 2m—1 (23(1/1)> A <]- - 1'2 yi2> H % dgv (3.2)
272 @

i=1 i=1 Yi
where 4, = {y”e 0, 1)1 ¢ o] < TI7 lwil < 1}. Now using the inequality 1 — 22 <

2

2
—T
€ ’

L x? dy
<COL* / exp | — < - 1) - 4 21| —L—, 3.3)
( ) [0,00)m—1 2 y% s y72n71 Z y] Y- -Ym—1

and changing variables y; — ij% we see that the last integral is precisely the weight
function (A.2) of the real Ginibre ensemble, see the equivalent formula (A.8). We
thus have the bound wy(z) < CL% wgin((L/2)% x) where we used that L_1> 1L
Furthermore, we bound the sum |fx_2 r(zy)| in terms of the analogous Ginibre sum

(A.3) noting that

N-2 N— nm n m m
n=0 n = n=0
so that by definition of (A.3) we have
|fn—2,L(zy)| < fn—2((1+7)"N"|zy|). (3.5)

Then applying the change of variables  — zL~"/2? and y — yL~"™/2

large pre-factors coming from the weights and gives the bound,

exactly cancels the

M’
<C/ d:zr/ dy (y + M)wain(z)wain (y) fn—2(clzy])

N (3.6)
< C/ me )d
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where we used |z — y| < |y| + M (the sign of = and y is not relevant here) and defined

SRS _
F(z) = z(:) W/o dywein (y)y' T + MZ /) dy wain (Y)Y’ (3.7)
]:

To conclude that Ip, = O(1) it suffices to check that F'(x) is bounded on the compact set
[0, M]. To compute F(x) we use the moment formula

/ dy v’ M wein(y) = (2%F(j/2 + 1))m. (3.8)
0

This follows directly from the definition of the Ginibre weight in (A.2). Therefore

oo

:i ﬁ; (2trG2+ )" + Z

=0 :o

(Q%F(jﬂ ¥ 1/2))m. (3.9)

It is straightforward to check that the radius of convergence of these power series is
infinite. Consequently F(z) defines an entire function of = (in particular it is continuous
and bounded on compact sets) and this implies that (3.6) is bounded. Therefore Ip, =
O(1) as required. O

Now in the other regions outside F; in the positive quadrant, the contribution to
(2.7) is exponentially small on any set which is uniformly bounded away from the main
diagonal.

Lemma 3.2. Fix a large constant M > 0. Uniformly on the domain (z,y) € (MN~%,1)2,
we have the bound

|2 — ylwr (2)wr (y) fy—a.p(zy) < Nee @ Nu—0)’ (3.10)

whereu = xw, v = yi Consequently, if the domain E C (M N~% ,1)? is strictly bounded
away from the main diagonal x = y by some fixed § > 0 independent of N, then we have
the exponential decay Iz = O(e=“") as N — oc.

Proof. This follows immediately from putting together the individual bounds (2.10),
In—2..(zy) < foo,r(zy), (2.15) and (B.1), together with the fact that |z — y| < 1. O

Lemma 3.3. Consider the following small neighbourhood of the hyperbola xy = a™

E, := {(as,y) €012 : {(a=N"2)"<ay< (oH—Né)m}}. (3.11)
Then we have Ig, = O(1) as N — oc.

Proof. By symmetry we consider just the part of E; where y > z. We will make use of the
bound fy_o.1(zy) < feo.r(xy) throughout the proof. Let us denote o' := (a & N~2)™
and split the integration domain as the disjoint union E; N {y >z} = U?;l E, ; where

a™ a’’
Egylz{am<x<tm, $<y<;}, (3.12)
m o™ a’’
EQVQ{tm<x<a_2, x<y<;}, (3.13)
m m a™
E273:{oz_2 <z<al, z<y< ;} (3.14)
EJP 27 (2022), paper 5. https://www.imstat.org/ejp
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and t is any fixed constant such that a_ < ¢ < ,/a—. The main contribution will come

from a small neighbourhood of the point x = a?, while the contribution from Fj ; is
exponentially small due to Lemma 3.2. On F5 > and F» 3 the asymptotics (2.8) and (2.14)
can be applied and we mimic the steps that led to (2.21). Also shifting v — v+u, applying
(B.1) and Lemma B.2, we find

\/O‘T o . \/@ 0o
Ig,, < CN%/ du/ dvve*Csz, Ig,, < CN%/ du/ dv ve—<Nv*
Y t S ' Ja— 0

(3.15)
The integrals over v are now explicit and we get

1 vea- N(&= 2
Ig,, < CNf/ due™NE 9" = 0(1), N — oo, (3.16)
t
where the O(1) bound follows from a standard Laplace approximation near the critical
point u = ,/a_. Evaluating the second integral in (3.15) we obtain /g, , < CNz (Var —
v/a—) =0(1) as N — oo. This completes the proof of the Lemma. O

We now show that the second term in (2.12) does not contribute to the leading order
asymptotics. Note that for the purposes of proving Lemma 2.9 we do not need to show
this on the union F' = E; U F5 of the two negligible sets of Lemmas 3.1 and 3.3.

Lemma 3.4. Consider the contribution of the second term in (2.12) to the integral (2.7)
on the set D := [0,1 — k] x [-1 + x,1 — x] \ E’, taking w = N~z in Proposition 2.6. Then

(zy) ¥
J::2/ dxdy|x—y\wL(x)wL(y)eNﬂmx7 = 0(1), N — oo. (3.17)
D

y—am

Furthermore, consider the following thin layer near +1 of width x > 0,
E3 = {(w,y) c0,1]x[-L1]:{z>1—-r}V{ly>1- /@}} \ E, (3.18)
and finally the remaining part of the negative-y quadrant
Ey:=([0,1] x [-1,0]) \ (E" U E3). (3.19)
Then for k > 0 sufficiently small we have Ip, = O(e=“N) and Iz, = O(1) as N — <.

Proof. We begin with the estimate (3.17). Write J = J; + J_ where J; (resp. J_)
denotes the contribution to J from y > 0 (resp. y < 0). First consider J,, on which we
bound the term |(zy — o)~ !| < Cv/N due to the fact that the interval (o« — N~2)™ <
zy < (a+ N _%)m lies outside the integration domain D. Inserting the asymptotics of
the weights (2.8) and extending the domain of integration to [0, 1], we arrive at

m+3 Vate Vate
du /

J+NCN 2 eN,m/
Va—e Va—e (3.20)
my myN _q

x (1 —u?) ™3 11— 0?) "7 L (o) -1,

dv [u™ — ™|

To obtain (3.20) we have noted that /« is a critical point of the integrand in both u
and v variables, so that contributions from outside the small e-neighbourhood of 1/« are
exponentially suppressed. Applying the standard techniques of the Laplace method, we

1

obtain two factors of N~2 coming from Taylor expanding near the critical point, and
an extra factor of N~2 from the term |u™ — v™|. Then the leading contribution from
evaluating the integrand of (3.20) at both critical points gives an upper bound of order

O (N¥enm(l—a)"™Na™V) = O(1), (3.21)

EJP 27 (2022), paper 5. https://www.imstat.org/ejp
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where to deduce the O(1) bound, we inserted the explicit form of ey ,,, defined in (2.13),
keeping in mind that o := 1.

The procedure for J_ is exactly the same as for J, except that since now xy is
negative, we can bound |zy — a™|~! by an absolute constant. For the same reason the
term |z — y| in (2.7) is of no use in the bounds and we use the simple fact that |z — y| < 2.

This results in an upper bound

N Vate Vate
J_ < CN?“eN,m/ du/ dv
Va—e Va—e (322)

myN myN
malN g 1

(1 _ ’02) 3 (,L“})m(N—l)7

x (1 —u?)

so that J_ = O(1) as N — oo, by the same reasoning. This completes the proof of (3.17).

Regarding the set F5 in (3.18), in the above bounds for J, and J_ we saw that the
second term in (2.12) can be neglected outside E’ and gives an O(1) contribution. In fact
repeating these estimates restricted to the set E3 gives a contribution of order O(e~¢")
because Ej lies outside the saddle point region discussed below (3.20). For this to be
true we must choose x > 0 small enough such that 1 — x > /a for all N sufficiently large,
which is guaranteed by hypothesis (1.1). Thus it remains to show the same estimate
for the first term in (2.12). For y > 0, the indicator function in (2.12) combined with
Lemma 3.2 gives the required exponential decay because F5 N {zy < (& — N~2)™} is
uniformly bounded away from the main diagonal. When y < 0 we similarly note that
Esn{zy > —(a + N~2)™} is uniformly bounded away from the anti-diagonal z = —y.
Then Ig,ny<oy = O(e=“N) follows as in Lemma 3.2, using (2.16) in place of (2.15).

Finally we show that F, in (3.19) is negligible. By (3.17) we can ignore the second
term in (2.12) and deal only with the first term fo r(zy). When y < 0 we change
variables with x = «™ and y = —(v™). Making use of the bound (2.16), we insert the
asymptotics of the weights (2.8). The combination of the main terms in (2.8) and (2.16)
is bounded using (B.1), namely for any § > 0 we have

mL
((1 — u2)(1 B U2)) : e—cLuv < e—mTL(u—U)z—cLuU

(1 —uw)?
— e—éL(uz-l-'Uz)—L(%—5)(u—’u)2—L(c—26)u'U (3.23)
< eféL(u2+v2)’
where we took 0 < 0 < min(’§, §) in the final inequality. This gives
N 1 1 .
Ig, < cm“/ du/ dv (u™ 4 v™)e L) L 7 = 0(1), (3.24)
0 0
and this completes the proof of Lemma 3.4. O

Proof of Lemma 2.9. This follows immediately from combining the three Lemmas 3.1,
3.3, 3.4 and noting the presence of the indicator function zy < («— N _%)m in Proposition
2.6. O

Proof of Lemma 2.10. We start from the expression (2.21), which after the shiftv — v+u
we can write as

1
a— 2

a—N"% min(4, ]X —u) N
Iy 4 =C’m7L/ du/ dve”z o)
N 0

—1/2pf7
1
X F(U,’U) (1 +O <M)> s

EJP 27 (2022), paper 5. https://www.imstat.org/ejp
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where

_ (1—w?)(1 = (v+u)?)
d(u,v) = log ( 120+ 0)?) ) , (3.26)

and in terms of (2.25),
F(u,v) = Q(u,v) (1 —u*)™'(1 — (v+u)?) (1 —u(v +u)) L. (3.27)
The pre-factor outside (2.21) satisfies
2myN 1
Com.r, =N 1+40( —= , N — oo, 3.28
= B (0(5) o

where we made use of (2.9). Let us denote / (1),4 the contribution of (3.25) where we

discard the error terms O(N~7) in (3.28) and O (-7 ) in (3.25); we will explain at the
end of the proof why I 4 = IJ(:’A + O(1) as N — oo. We begin by Taylor expanding
F(u,v) and the action ¢(u,v) near v = 0. A careful estimation of the remainder, see the
bound (B.4), shows that uniformly on u € [0,1 — k), we have

mo m—1 3+J
F(u,v):m +ZO( QH) 0<v<d. (3.29)

Note that the singular powers of « in (3.29) should be handled carefully. We will show
below that they contribute at most O(1) as N — oo, due to the fact that the u-integration
starts at N—2 M’, meanwhile the high powers of v give successively smaller contributions
to the Laplace asymptotics. In particular it is important that the summation in (3.29)
starts at v3/u? and not v?/u, as the latter would give an estimate of order O(log(V))
instead of O(1).

For the action we have ¢(u,v) = - 7z + Es(u,v) where Es3(u,v) is a remainder

-~
satisfying E3(u,v) = O(v?) uniformly on u € [0,1 — ). Let us denote £ = WE?,(U,U)
and Fp = % in what follows. Then we make the decomposition

e*F = Fy + (F — Fy)et + (¢ —1)Fy (3.30)

and thus write [ () ‘s as the sum of three separate contributions coming from each term

in (3.30): Iy = Ji + Jo + Js.
For the leading term J;, the integral over v is explicit and we obtain

/ _1
/2m'yN / a=N“2 1
=/ — du ——
N 1/2 0t 1-— U2
,l
’Qm’yN a— N 2 7w(min(6, — 2 7u))
/]V 1/2 ppr 1-— U2 '

In the second integral of (3.31), define by u* the unique positive solution of the equation

(3.31)

_N—%
= uts (3.32)
For u < u* the minimum in (3.31) is § and this yields an exponentially small contribution.

-1
For v > u*, the minimum is % — u, which gives an integral of the form (3.16), so

that the second term in (3.31) is O(1). Meanwhile the first integral in (3.31) clearly gives
the correct leading term up to errors of order O(1) and so

29myN
Jy =/ 2 arctanh(vVa) + O(1), N — . (3.33)
™
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For J; we use (B.1) and (3.29). The contribution from the error terms in (3.29) can then
be upper bounded by integrals of the form

m—1 1 [e’e]
1 ; 2
N% / du—— [ dvv*e N dv=0(1), N oo (3.34)
= NEa o uPT
and )
N3 / . du / dvv2e= NV gy = O(1), N — o0. (3.35)
N™z M 0

Therefore J, = O(1). For Js we use |¢f — 1| < |¢|elél < CNv3eeN®’ . Hence, choosing
¢ > 0 small enough, the contribution of this error term gives rise to an integral of the
form L -

N3 / . du / dvvte <NV gy = 0(1), N — oo, (3.36)

N™zZM/ 0

and hence J; = O(1). Finally, if we had included the error term O (115 ), we would gain
~Sap ﬁ du =
O(N _%) and similarly in (3.34). The same is true had we included the error term of order
N~%in (3.28). Therefore these error terms can only contribute at most O(1) to I, 4 and
this completes the proof of (2.19). The fact that I, = I, 4 + O(e~ V) is an immediate
consequence of Lemma 3.2. This completes the proof of Lemma 2.10. O

an additional power of NV ~3% in all the estimates, due to the fact that f ;f

4 Convergence of the eigenvalue density

The goal of this section is to prove Theorem 1.2. Recall that

1

pn(z) = wr () /_1 dy |z — ylwr(y) fy—2,0(xy). (4.1)

Proof of (1.4). Since h is bounded and the integrand of (2.6) is positive, by Lemmas 2.9
and 2.10 we immediately find that

1
/ h(z)pn(z) de = Lalh) _’_(i—;’A(h) +O(N™3), N — oo, (4.2)
~1 E(Ng)

where the analogue of (2.21) is
m min(u+d, 0‘71:"7% ) 1
) du h(£u™) / dv GL(u,v)E(L)(u,v)
M u (4.3)

1
Leoal) = 5 G |
N
1 \/ (X—N_%
+§Cm,L/ . duh(:l:um)/

1
“IM max(N ™2 M’,u—6)

u

dv G (v, u)EJ(\?) (u,v),

and
,Um

Gr(u,v) = T (u,v). (4.4)

(uv) ™=

Here E(Ll)(u7 v) =1+ O((u?L)~1) and Ef)(u, v) =1+ O((v?L)~!). Finally the limit (1.4)
follows from changing coordinates v — u + LN (similarly to (2.24)) and again using
dominated convergence with the pointwise limits (2.26) and (2.27). O

To obtain the pointwise limit of g (z) requires some further estimates, but they follow
a similar pattern to the proofs of Section 3. For the remainder of this section we assume
that x is fixed and satisfies 0 < < 1. As in Lemma 3.1, we start by showing that the
small region near y = 0 can be removed from the integration in (4.1).

EJP 27 (2022), paper 5. https://www.imstat.org/ejp
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Lemma 4.1. For any = € (0,1) we have

MN™%
wr,(x) / - dy |z — ylwr (y) fn—o.0(zy) = O(e™N), N — 0. (4.5)

Proof. We start with the case that Mo N~ < y < MN~% for a large fixed M, > 0. We
bound |z — y| <2 and |fy_2 1(zy)| < feo,r(Jzy|). In this sense the sign of y is irrelevant
and we assume y > 0. Then we mimic the proof of Lemma 3.2 noting that

MN™% MN™3 ,
’wL(x)/ dwa(y)fN_lL(o:y)’ < NC/ deL(vm)efN(ufv) (4.6)
MaN—m 0

where z = u™. Since x > 0 is fixed, so is v > 0, and we have that v — v is uniformly
bounded away from zero and (4.5) follows on this range. When 0 < y < My N~™ we use
(3.4) so that, with definitions (A.3) and (A.12), we have

fn—2.n(lzyl) < fy-2(cL™|xy|) < foolcL™|xy|) < C, (4.7)

where the last bound follows from the fact that for x > 0 fixed, |zy|L™ is bounded and
foo has infinite radius of convergence. Using estimates (4.7) and (2.10) on the left-hand

side of (4.5) completes the proof. O
Lemma 4.2. For any = € (0,1) with x # (&)%, we have the following estimates as
N — oo,
(aj N1 —cN
wr,(x) N dy |z — ylwr (y) eNm———L <1 = O(e ), (4.8)
ly|>MN~ 2 Yy — &
U}L(x)/ dylz —ylwr(y) foo,r (xy) Ljyj<1 = O(e=M). (4.9)
y<—-MN~ %
Furthermore, for any > (@)%, we have py(z) = O(e™°N). For0 < z < (&)%, with
x =u", we have
m e m m m m m m—1 —cN
pn(T) = —— dv |u™ =™ wr (V™) wr (u™) foo,r (wv)™) (uv) +0(e™“"). (4.10)
T m Ju—e

Proof. Since the order of magnitude on the right-hand side of these bounds is at the
exponentially small scale, it suffices to make use of the crude estimates (2.10), (2.15)
and (B.1) (or (2.16) if y < 0). For example, the estimate (4.8) follows by repeating the
first steps in the proof of Lemma 3.4, noting that since x is strictly away from the critical
point located at = (o) % we only obtain exponentially small contributions, as explained
below (3.20). For (4.9) we repeat the estimates in (3.23). Because the integral over u
is absent and u = zw > 0 is fixed we again obtain exponentially small contributions
for (4.9). Next, when z > (&) %, the indicator function in (2.12) shows that there exists
§ > 0 independent of N such that y < &% — J. Hence |y — z| is uniformly bounded away
from zero and py(z) = O(e=“V) follows as in Lemma 3.2. The estimate (4.10) follows
similarly. O

Corollary 4.3. For any z with 0 < z < (&)%, we have

lim px(x) - 1 1 )
N=oo B(NY™)  2moarctanh(Va) o (l—22)

(4.11)

Proof. This follows from the estimate (4.10) and repeating the steps in Section 2.2,
starting at (2.17) and leading to (2.29). O
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5 Regime of weak non-orthogonality

In this section we will consider the opposite case of (1.1), that is where L is a
fixed positive integer, while the size of the original orthogonal matrices from which we
truncate tends to infinity with N. Our goal is to prove Theorem 1.3 which gives the
log(NN) growth of the expected number of real eigenvalues (and the explicit multiplicative
constant), as shown for the single matrix m = 1 case in [29]. It is reasonable to expect
that the real eigenvalue density in this regime also behaves similarly to [29], namely
that the real eigenvalues of the product matrix X ™) lie in a neighbourhood of the points
+1 of size % and that after appropriate rescaling by this factor their density converges
to a well-defined limit. Proving this rigorously is beyond the scope of the present paper
and here we focus exclusively on the calculation of IE(N]I({")).

We will employ a slightly different approach based on earlier work of the third author
[39] and on an alternative exact formula for the expected number of real eigenvalues in
[19]. Specifically, it is shown there that the double integral in (2.7) can be computed as,

N-2 ~ m L L+1 m

m L+ , LI'(s)(&=

E(NI% )) = 2qL,m Z ( L J) (_1)jgjv qdr.m = <(22)\/77E_2)> ) (5.1)
7=0

where g; is a particular instance of a Meijer G-function,

1 1.L | - . j
m m 77~-~;777+]+1a'~' ‘7+17|77‘| 1
=gl 2000120 2 2 1). 5.2
95 2m+12m,+1< [%“’]+1,...7]+11L“.’15L (5.2)

We refer to [19] and references therein for the precise definition of the Meijer G-
function and its basic properties. What is needed here is the following contour integral
representation which follows directly from the definition,

1 PG+olG+ri-s) \" 1
g] 271'2 ’y( ( 1 ) ( +1+]—8)) |,%_‘_sd, (53)

where we may take the contour as the imaginary axis, v = ¢R. The Meijer G-function
coefficients can alternatively be written as a real integral as follows.

Lemma 5.1.
1 A L_g L_1,[41-% 3-T4] ngtEs
gi = TL)M o [Ta =tz A =r)z 7,2 720 2 1y sty oy, dEdF. (5.4)
E s m e:l

Proof. We have the integral representations

F(%—&—s) " 1 o s L_1q
Nz 7 — 21_ P
(F(Hfm O |

o™ = (5.5)
TG+1-s) \ 1 LA L
y = - di | 7751 —rp)2 1.
(F(é +1+j—5) (L™ Jioam E ¢

Then inserting (5.5) into (5.3) and interchanging the order of integration, the proof is
complete after noting the inverse Mellin transform

s M4
1 Tt ds Tt
=) == ) Lot (5.6)
Ty oo ) T3l —s ="t O
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Lemma 5.2. We have the following estimates for even and odd indices:

A 1
" gay = G+ S o () L i

J J (5.7)
-mL -mL sym AL,m 1 .
J 92541 =795 —7]. +o 3 , j — oo.
where ,
! 2\IGi+14+%) :
and

1 _,_am L_y Ly _, __t1+...4¢
Apm = W/ dt dr Ht; rp et fm Loyt <titott - (3.9)
r(3)" /ey (=1

Proof. We first prove the expansion of go; in (5.7). In the integral representation (5.4),

m

we replace the term [[," t;% with 1+ (J[,~, t;% — 1), considering the second term as
a perturbation. The contribution of the main term in (5.4) leads to an integral with
permutation invariance between the r, and ¢, variables. Hence the indicator function
can be dropped after multiplying by % The integrals are then explicit and this gives
(5.8). In the perturbation term, we change coordinates t;, — 1 — tj—e andrp, — 1 — Tj—" and
apply the dominated convergence theorem to take the limit j — oo inside the integrals,

using that
m _1
. . te 2 t14+...+1tm
1 1——= -1|=—. 5.10
Jim J <H< <) ) > (5.10)

r=1
When j is odd the procedure is exactly the same, except the term that breaks the
symmetry is 1+ (H;“=1 t% —1). Then we take the same limit in (5.10) except the exponent
is —|—% and this results in an overall minus sign on the right-hand side of (5.10). This
completes the proof of the expansions (5.7). O

Lemma 5.3. For any L, m fixed, we have as N — oo,

m QmL mL
E(Ng™) ~ log(N) 2qz, m G (2AL,m — 4) : (5.11)

Proof. We decompose (5.1) as a sum over even and odd indices via E(Ng) = Toven — Todd
and use Lemma 5.2. We have

L+25\"
Toven = 2qL.m Z ( I > 92 (5.12)
7=0
= 24L,m T — T+ ——TO0| .
b (L) 4j 2 5 j

for some constant 5 whose precise value is unimportant as we shall see below. To
derive this we have used the asymptotic expansion of a binomial coefficient and a similar

expansion to compute asymptotics of the coefficient gj(-sym) in (5.8). Similarly, we have

amL mL(L+3)\ (1 B Arm 1
e (1) (3R ee(5)) - eas

Then directly computing the difference Tiyen — Toqq from (5.13) and (5.14) results in
several cancellations so that only terms proportional to Jl remain. Collecting the terms
results in (5.11). O

N2—2J
D

Jj=jo

L
Todd = 2qL,m
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Proof of Theorem 1.3. In Appendix C we compute the integrals A;, ,,, in (5.9) explicitly.
We find that
~ Lm 1 T'(mL) o—mL

ALJ)L - S 21"‘ (mTL)Q (515)

Inserting (5.15) into (5.11) and using the duplication formula for the Gamma function
completes the proof. O

6 Laplace asymptotics

The purpose of this section is to prove the three Propositions 2.5, 2.6 and 2.7.

Proof of Proposition 2.5. After the scaling y; — ij% the integral in (2.2) takes the
following form:
I:= / KD n(i7) dif (6.1)
Am

e 1

where K = % 1L y=(1, s Ym-1), dG=dy1 ... dym—1, h(¥) = Y1+ - Ym-1)"",

m—1
A, = {276 027w aw < J[wi < x<1m>}, (6.2)
and the action, which depends implicitly on x throughout the proof, is

2 m—1
¢(y) = log (1 - yﬂ"’) + ) log(1—zwy?d). (6.3)
2 P

2
Ym—1

Although the asymptotic analysis of (6.1) is standard, special care has to be taken if x
depends on K such that x — 0 as K — co. One reason is that ¢(y) vanishes as z — 0 and
this occurs at a rate z=. As we shall see, provided that the combined quantity n := K T
is large, the Laplace method is still applicable, for which we now give the details.

It is straightforward to check that the only critical point of (6.3) is ¥ = (1,...,1). Thus
for ¢ > 0 small, we split 4, into the region E := [1 —¢,1 + ¢J/™~! and its complement
A\ F and denote the corresponding integrals Ir and Ig. respectively. Note that because
x < 1 — &, no matter how small we choose x > 0, we can make € > 0 small enough such
that F is contained strictly inside A,. For I we will Taylor expand the action at the
point 7 = 1 up to the fourth derivative:

o) = o) + 37~ T HG— 1) + B~ 1)+ Raf) 6.4)

where H is the Hessian matrix of ¢ at 1, E; (7 — f) is the third order term in the Taylor
expansion of ¢, and R, is the remainder term that can be bounded in terms of fourth
order partial derivatives of ¢.

We will denote in what follows ¢ := K (E3(7 — 1) + R4(7)). A direct computation of
the third and fourth derivatives of ¢ shows that they are uniformly bounded on the set
F by a factor zw times an absolute constant depending only on m and k. Therefore we
have the following bounds for i € E,

() = KE3(§) + O(nlg — 1), (6.5)
&) = 0Mmlg —19), (6.6)
£(4) = Olnely — 11°). (6.7)
EJP 27 (2022), paper 5. https://www.imstat.org/ejp

Page 18/32


https://doi.org/10.1214/21-EJP732
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Products of truncated orthogonal random matrices

The Hessian matrix H can be computed explicitly:

4 % 2’ L
Hyj=-——"x3% "7 (6.8)
(1—aw)? 1, i#j
where 7,7 =1,...,m — 1. We have
4m—1 72(";;1)
det(—H) = ’ (6.9)

(1 _ x%)Q(m—l) m

To approximate I, we note that on F the functions ¢ and h are close to zero and 1
respectively, and make use of the trivial identity

eh=14+(h—-1)+h-1DE+E+ (£ —1—E)h. (6.10)

Then we can decompose Ix = eKd’(T)(Il — Iy + I3 + Iy + I5 + Ig), where after the shift
y; — y; +1 we have

L= / e KT Mg, I = / KT HT gy (6.11)
Rm—1 Rm—1\[—¢,e]m—1

L”:/ KT HI(Gy() — 1) dg, Ly = / ST HI () — 1)E(5) df, (6.12)
[—eelm—t [—e,e]m—t

I = / KT HTE () i, (6.13)
[_eae]m_l

/ AT (D — (14 €@)) b di (6.14)
[—€,e]m—1
where /() = h(7 + 1) and £(7) = &(7 + 1).

K o(D)

The integral I; gives the leading order term:

e = (2m) "

m—1

K™z det(—H)z

(6.15)
_ L (27r) m;l2fm+1(1 _ I%)Km+m71777 ot

NGO

where we remind that n := K zw . We must show that the relative error produced by
the other terms {I; }?:2 is no larger than the error term claimed in (2.8), namely that
Li/L = O(n~1) for each j = 2,3,4,5,6. The smallest eigenvalue of —H will be helpful to
prove this and we denote it I';. From (6.8) we have that there is an absolute constant
¢m > 0 depending only on m such that

)

3o

X

I =cp———.
LM ey

(6.16)
Then a standard diagonalisation of H followed by Cauchy-Schwarz gives the bound
e3 K7 HY < e~ 3 KT1|7° < e—cnl??lZ, (6.17)

for some constant ¢ > 0. Applying this to />, we upper bound by extending all integrations
to R except y1. These m — 2 integrations are explicit Gaussian integrals and yield

I, < C’n_%/ e~ el dy; < Ce™ 1, (6.18)
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which implies Ir/I; = O(e=").

The estimation of I3, I, Is and I follows from Taylor expanding ﬁ(gj) and applying the
estimates on ¢ in (6.5), (6.6) and (6.7). The degree of the monomials in ¢ occurring in
these expansions will give a corresponding power of 77‘% after integration. For example,
in I3 we Taylor expand B(g) near 0 to quadratic order, the linear terms produced giving
zero in the integration by symmetry. In the error term of quadratic order, we upper
bound by replacing the integration with R™~!, use (6.17) and evaluate the resulting
Gaussian integral giving I3/I; = O(n™1).

In I, and I5 we apply the same approach, using |A(7) — 1||£(y)| = O(n|7]*), which
upon integration shows that I,/I; = O(n~!). Then in I5 the third order terms contained
in 5 (¢) vanish in the integration by symmetry. The fourth order remainder term gives
a contribution of order O(n|#*). Thus I;/I; = O(n~'). In Is we apply the bound
lef —1—¢| < @e'f‘ = O(n?|71%"<C19”), where in the last estimate we applied (6.6) and
(6.7). This implies that

Is<C eI (e=Ce) 216 g7 (6.19)
Rm—1
and choosing € > 0 small enough to ensure ¢ — Ce > 0, we also have Is/I; = O(n~1).
Finally we treat the contribution from the complementary region E° = A, \ [l —¢,1+
€)™~ to the integral (6.1). Without loss of generality suppose that |y; — 1| > €. On this
region we will use the bound 1 + =z < e®, which implies that

K
1—am(y2... 2 )7t mot 1—$%y2- T
( (Y1 - Ym-1) )H S ] Sep | —K—=u(@) |, (620

2
1—335 . — rm
J=1

where the action (%) is independent of x and is given by

m—1

. 1
V=D Ut —m (6.21)
= Y1+ Ym—1

The function ¢ (i) has a unique global minimum at ¢ = I and (1) = 0. The integration
domain avoids the point 1 and so there exists a constant ¢, > 0 such that ¢ (%) > ¢, for all
i € E°. We thus obtain the bound

. o Ay
(1 ,Ii) Kmpo. g/ / exp (—en¥(y)) —
R™=2 J1+4e y

< Ce . (6.23)

(6.22)

This implies that Iz /I; = O(e~“7). Repeating the estimate (6.22) on the full integration
interval gives the crude estimate (2.10).

Therefore the biggest error terms came from I3, I, I5 and /g and had a relative error
with I; of order O(n~1), as required. O

Proof of Proposition 2.6. We recall from the hypothesis of Theorem 1.1 that L := Ly is
a sequence of positive integers such that v := Ly /N — 4 as N — oo with ¥ > 0. We also
recall that a := ﬁ It will be important in what follows that due to the hypothesis on 7,
we can find Ny € IN and ¢ > 0 independent of N such that o < 1 — ¢ for all N > Nj.

We start from the integral representation

<L * ”) L }{ (1—2) "Ll nlg,, (6.24)
n 2m Jo

EJP 27 (2022), paper 5. https://www.imstat.org/ejp
Page 20/32


https://doi.org/10.1214/21-EJP732
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Products of truncated orthogonal random matrices

where C'is any loop enclosing the origin and properly contained in a compact subset of
the open unit disc. Introducing 2m) = o Zm and dz' = dz; . ..dz,,, this implies that

m N-—-2

1 n
fy-arle) = (2mi)™ 7{” H(l ( m)) T) (6.25)
j=1 n=0
_ 1 s i dz
= G ?{ jl:[lu - zj) 2 (6.26)
a ! M —L-1_-N+1 dz
- fm 1;[ (1— 2) 751z . 6.27)

Let us start with the exterior region defined by (o +w)™ < |z| < 1 with a = ﬁ We now
choose C' to be the circle around the origin of radius «, noting that our hypothesis on
L implies that for N > Ny the contour C' lies in a compact subset of the unit disc and is
bounded away from the unit circle by some fixed § > 0. This is fundamental and without
this assumption the asymptotics of fy_2 ; and Theorem 1.1 can take a different form,
indeed recall Theorem 1.3.

The integrand in (6.26) is analytic inside the unit circle except at the point z,, =
x/(21...2m—1), which by the choice of contour and condition on z lies outside C'. There-
fore by Cauchy’s theorem we have

fol

(2mi)m
= 2m 7{ He‘N¢(zﬂ)h 7)dz, (6.29)

where ¢(z) := ylog(1l — z) + log(z) and

fN_27L(I) = — ]( H(l — zj)*WNflzj—N—H ; dz (6.28)

hao(2) = | [ 2 L (6.30)

ey 1—2z; | 20m —g

The integral (6.29) can now be analysed with the Laplace method. We set z; = ae'¥i with
0; € [-m,n] for each j = 1,...,m. A simple computation shows that § = 0 is a critical
point of the function § — ¢(ae?®) on [~7,7]. Now consider the region £ := [—¢,¢]™
and denote the contribution to the integral in (6.29) coming from the set E as I and
similarly denote the contribution from the complementary region E° := [—m,n]™ \ E as
Ig-. On E we Taylor expand the action

v LN i,
d(ae’ )—710g<1+ >+1g(1+ )+2 5 0 + O(0°), 0] < e. (6.31)

Regarding the function h,(Z) in (6.30), we have

(m)
1 1 . - 0
Sm) 4 am_ g (1 +« amew(m)—x> ) (6.32)

where ™) = 6, 4+ ... + 6,,. As the distance between o™ and z is at least (a + w)™
@™ > ma™ 'w, the second term in the brackets in (6.32) is O(|#"|w~"). The linear
dependence on 6;’s will contribute an additional factor N ~3 in the Laplace method, so
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that this correction will contribute at order O (ﬁ) Taylor expanding the other terms
in (6.30), we see that
1 -m S .
ho(2)dZ = i™ M (1 + 0(9w*1)) dé. (6.33)
a™m™ —x

Using (6.33) and (6.31) we obtain the approximation

_enm (N({1+7) 7 ‘ ~N1trg? " 1
e () ([ o) (o)) e

EN,m —¢N 1
- <1+O(e )+O<\/Nw)>' (6.35)
On the other hand, the integral Ig- is exponentially small relative to Ig. To see this,
note that for z = e the action satisfies Re(¢(z)) = vlog |1 — ae®| + log(a) and that
this function is monotonically increasing in 6 with the minimum obtained at § = 0 with
Re(¢(a)) = ¢(a). The monotonicity follows immediately from the formula |1 — ae®®|? =
(1 — @)? + 2a(1 — cos(#)) and corresponding monotonicity of the log and square root
functions. On the set E° there exists at least one ¢ = 1,...,m such that 6, is bounded
away from the critical point at 0, i.e. |¢/| > ¢, hence from the mentioned properties of
Re(¢(2)) there exists a constant c. > 0 such that Re(¢(ae®)) — ¢(a) > c.. The latter
inequality and (6.32) imply that Ig./Ig = O (57:N
Lemma in the exterior region (o + w)™ < |z| < 1 — k.

For the region —(a + w)™ < z < (o — w)™ we follow the steps leading to (6.27) but
we use the big circle

). This completes the proof of the

C’R—{Ra+(R+1)aei9:7r<9§7r}~ (6.36)

In this case we will use the following facts proved in Lemma B.4: Choosing R large
enough, in the integration over z,, the pole at z/(z; ... z;,,—1) is strictly inside Cg. Fur-
thermore, there exist absolute constants g > 0 and ¢ > 0 such that

inf inf 120" — 2] > aw > 0. (6.37)
z€[—(a+60)™,(a—w)™] O €[—m,7],k=1,....,m

Hence by Cauchy’s integral formula we get

N1 " N 1
fN—or(z) = foor(z)— f{ [[a=z) "N | ———dz,  (6.38)
C

(27TZ’)’"L EL j:l Z(m) — X

where

Foor(z) = — ?{ -7 7L71nﬁ11— ] (6.39)
== Gt o U5 -y @

ce e Zm—1 . 1---2m—1
j=1

and the identity (6.39) follows from repeating the steps that led to (6.27) with N = oo
and again applying Cauchy’s integral formula. The estimation of the second term in
(6.38) can be obtained by repeating the same steps that led to (6.35), using (6.32) and
(6.37). In the complementary region E° we have Re(¢(z)) = ylog |1 + Ra — (R + 1)ae | +
log | — Ra+ (R+1)ae®| which again is an increasing function of § with a unique minimum
at @ = 0. This is easy to see from the formulas

| — Ra+ (R + 1Dae)? = a®(1 4+ 2R(R + 1)(1 — cos(h)), (6.40)
14+ Ra — (R+1)ae? = (1 —a)> + 2(Ra(l + (a + 1)R) + a)(1 —cos(d)),  (6.41)
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—ceN

so that we again have a constant ¢, > 0 such that Ig. /I = O (e = ) This concludes
the proof of (2.12) when —(a + o)™ < = < (o — w)™. O

Proof of Proposition 2.7. In what follows, without loss of generality, we may take m > 2
since for m = 1 the proposition is immediate. Consider the integral representation for
foo,(z) given in (6.39) with contour C given by the circle of radius zw centered at the
origin. For each k = 1,...,m — 1 we parameterise z; = zw e with 6, € [—7,7]. This
gives

1 - -
foo,n(x) = @ﬂ””/w . e~ EFD90) gy (6.42)

where § = (01,...,0m—1), df = db; ...db,,_1 and the action is given by

m—1

¢(_') = log (1 — x%e_i(eﬁ“""gm*l)) + log (1 — w%ew") . (6.43)

j=1
It is straightforward to show that g = 0 is a critical point of ¢(§). As we shall demonstrate
below, the main contribution to the integral (6.42) comes from a small neighbourhood of
this point that we denote E = [—¢,€]™ ! for ¢ > 0 sufficiently small. The Hessian matrix
of ¢ at 0 is given by

L i#j’

where 1 <i,5 < m — 1. On the set F, the considerations follow the proof of Theorem
2.2 identically, taking now 7 := Lz, and we omit the details. We restrict ourselves
to showing that the contribution from the complementary region E¢ := [—7,7]™ 1\
[—€, €)™~ is uniformly exponentially subleading and to proving the bounds (2.15) and
(2.16). By Lemma B.3 we have

Hij—mx{ e (6.44)

1 R —r—1m! N—L-1
Ipe| = W/ (kﬁe*zzk:f 9k) IT 40 (1 f:cie“%) (6.45)
C j:1
—m(L+1) 1 e _
< (1—9:*) (2 )1 T/ " T B0 4f (6.46)
T)m— c
1\ —m(L+1) Lo &2
< (1 . xm) Pl (6.47)

which shows that Ig./Ig = O(e~ ") for some ¢ > 0.
The inequality (2.15) for z € [0, 1) follows from

foop(@) =" ((LG>xm> < (Z (LG>xm> - ! e (6.48)
n=0 (1 — .Z'%)

n=0

To prove (2.16), let x € [0,1) and consider the integral representation for f, (—z) in
(6.39) with contour C given by the circle of radius zw centered at the origin. Setting
2z = aw e with 0), € [—7,7] for each k = 1,...,m — 1 we split the domain [—r, 7]™
into disjoint subsets

m—1
Ay = {ée [—m, ™t 2wl <> O < 2m(L + 1)} : (6.49)
k=1
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where ¢ = —|™=1| — 1 ..., [-1]. On the set 4, we have

m—1

0, := Z Op — 7 — 20m € [—7, 7). (6.50)
k=1

Applying Lemma B.3, with angle (6.50) we find

L5t ] m—1

1 , A R
D Y Tl MR R | L

f=— |11 ¢ k=1

1—am L?n 1

1 1 L—r 7n \I/(Q)

where U(§) = ( e - — 27r£) + 327162, The function ¥(6) is minimised at

6* = (6*,...,6%) where 6* = =27t Since (6) = Lm+ orl)® > %2 we obtain
1 _Lewm
| foo,L(=2)| < e (6.51)
() :

A The real Ginibre ensemble

Although we focus in this paper on the case of truncated orthogonal matrices, our
approach applies almost without change to a similar model defined as follows. Let
X(m) — Gy ...G,, denote the product of m independent real Ginibre matrices of size
N x N, that is each matrix in the product is independent and consists of independent
standard (real) Gaussian random variables. Like the truncated orthogonal matrices, they
are an integrable model whose eigenvalues (including the real ones) form a Pfaffian
point process [28, 18].

The analogues of exact formulae (2.7) and (2.6) are known from the work of Forrester
and Ipsen [18]. It is assumed in [18] that N is even in this context, and we make the
same assumption in what follows. There it is shown that

3 nz

B = m / da / dy |2 — ylwem(N™ 22 wem(N™2y) fx_o(N™zy) (A1)
where
1 m
wGin(Nm/za:):/meXp —§ZA§ S(@N™2 — X\ .. An)dAy .. dAm, (A.2)
j=1
and
N—
fn—a(N™z) Z . (A.3)

Using this formula, we can derive analogues of Theorems 1.1 and 1.2 with an identical
approach used in the present paper.

Theorem A.1. Let N\ denote the number of real eigenvalues of X™ = Gy ...G,p.
For any fixed m € IN, we have

E(N{™) = ,/QNTm +0(1), N = o0 (A.4)
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The leading term in Theorem A.1 was first proved in [39] using an approach similar
to the one used here in Section 5.

Remark A.2. When m = 1 a precise asymptotic expansion is known for IE(Ng), see [15],
and this shows that the O(1) estimate in (A.4) is optimal. Similarly, we believe that our
O(1) estimates in (A.4) and (1.2) are optimal for any fixed m > 1. In [39] the estimate on
the remainder in (A.4) is at the less precise order O(log(N)), hence Theorem A.1 gives
an improvement on this result.

Now again from [18] we have that the appropriately scaled and normalised density of
real eigenvalues of the product matrix N~ % G ...G,, is given by

3m

1 JVT m m
0 = d — in(IN2 in(IN 2 _o(INT? . (A.5)
)= pr Gy [ vl = sl (VE 2yucin(VE ) (N )

Theorem A.3. For any bounded continuous test function h, we have

lim h(x)[)N(J;)da::/h(x)p(x) dz, (A.6)
N—oo J R
where
1
p(@) = ——— Lee-1,1)- (A7)
2maz T m

Furthermore, for any fixed x € R\{—1,0, 1}, we have the pointwise limit limy_,o pn(z) =
p(z).

The weak convergence (A.6) was also established in [39], proving a conjecture of
Forrester and Ipsen in [18].

Let us now explain the small changes required to prove Theorems A.1 and A.3 using
the techniques of the present paper. First note that the definition of the weight (A.2) can
be written in the equivalent form

m—1

Nl|z|= 1 dil
wgin(N2z) = 2m71/ exp | — i 5 5 + Z u? L (A.8)
14

[O’oo)vn—l 2 ul o Um_ u(nl_l) ’

where «(™~Y = u; ... u,,_1. Then a saddle point analysis as in the proof of Proposition
2.5 gives the following result.

Proposition A.4. Fix a large constant M > 0. Then we have the following asymptotic
estimate as N — oo, uniformly on |z| € [MN ™%, c0),

m m— m ,l 4 mil m—1 1
wain(N22) = N~ 216_1\12'1'7”(7:/)77:56 T <1+O<W>> . (A.9)

In fact the proof of Proposition A.4 is more straightforward than for Proposition 2.5,
because it is already immediate from (A.8) that n := N|x w is the appropriate large
parameter in the Laplace asymptotics.

Regarding fy_o(N™z) in (A.3), we mimic the proof of Proposition 2.6 almost identi-
cally. For instance, instead of (6.24), we use the integral representation

N™ 1

Do Nyl (A.10)
n! 2mi Jo

and follow all the steps identically, the main difference being that the saddle point is now
located at z = 1 instead of z = «. This leads to
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Proposition A.5. As N — oo we have the following estimate uniformly onz € R\ ((1 —
w)™, (L +w)™),

m " l.Nfl 1
In—2(N"2) = foo (N"2)L_(140)m<ac(i-w)m + - 163\/,m (1 +0 (\/Nw)) (A1)

m
2

where we takew = N~% and ey ,,, = e™V (2rN)~
Now regarding the function,

m ~ (N™a)"

fOO(N 1') = Z (n!)nL )

n=0

(A.12)

we insert the integral representation (A.10) and find that for z > 0, we have

m—1
1 1 1 dz
o(N"p) = ——— Nxm , A.13
/ ( l‘) (27T2)m71 f;’vnfl P ( o <kz=:1 K 21 ... Zm_1>> z(m=1) ( )

where 2(™~1) = 2, ...z, 1. The representation (A.13) is well-suited for applying the
Laplace method with large parameter n := N zm, in complete analogy with the proof of
Proposition 2.7.

Proposition A.6. Fix a large constant M > 0. Then we have the following estimate as
N — oo, uniformly onx € (MN~"™,00),

m—1 m—1 L m—1 1 1
o(N™z) = (2r) "z g7 mm NPT NT T (1 +0 (1>> . (A.14)

Remark A.7. Analogously to Remark 2.8, at the pointwise level the asymptotics (A.9)
and (A.14) were derived in the context of products of independent complex Ginibre
matrices in [2].

Remark A.8. We make a remark on the m = 1 case of Proposition A.5. This corresponds
to studying asymptotics of a truncated exponential function and has been considered by
many authors. At the level of precision required in this paper, this appeared in [9], but
more precise asymptotics are known. The proof given in [9] directly motivated our proof
of Propositions 2.6 and A.5 that hold for any m > 1.

Now with Propositions A.4, A.5 and A.6, the proofs in Sections 2.2 and 3 go through
in complete analogy and we omit the details. This is how we prove Theorems A.1 and
A3.

B Miscellaneous bounds

Lemma B.1. For any (u,v) € [0,1]?, we have the inequality

1—u?)(1 —v? 2

Proof. Using the bound 1 + z < ¢e* for all x € R we have

(1—u?)(1—v?) (v

—-1— <e (—un)? < e~ B.2

(1 —uv)? (1—uv)? — - (B.2)

where in the last inequality we used =— > 1 for all (u,v) € [0, 1]°. O
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Lemma B.2. Consider the function Q : [0,00)? — [0, 00) defined by

(u+v)™ —u™
T mi

Y )

(B.3)

Then for § > 0 sufficiently small and M > 0 arbitrary, we have for (u,v) € [0, M] x [0, d]
the uniform bound

m—1 v3+i
Q(u,v) = mv + ZO 0] (u”]) . (B.4)
i=

Furthermore, for any € > 0, there is a constant C. j; > 0 independent of u such that on
the domain (u,v) € [e, M] x [0, M] we have Q(u,v) < Ce pmv.

Proof. We have

v\™m _m-1m-—1 i1
Q(u,v) = u(1+u7)711 _ (1 n %) p ( m )UJ . (B.5)
—0

()" =R

This implies that Q(u,v) < C¢ apv provided u > e. Taylor expanding near v = 0, we have
2

_mT—l -1
(1+3) 1m”+0(”2>, 0<wv< (B.6)
u u u

To obtain the uniform big-O term in (B.6) note that

m—1

d? o\~ (L+2) 9 m? —1
— |14+ - =t -1)< . B.7
dv? ( + u) 4(u+ v)? (m )< 4u? (B.7)

Then inserting (B.6) into (B.5) the term proportional to % cancels and we obtain (B.4). O

Lemma B.3. For § € [—m,n] and 0 < z < 1, we have the inequality

1 1 2
< _e 5 (B.8)
‘1 ket T 1—am
Proof. The identity
(1-=#)
1= W) 1 2
- L A= (B.9)
‘1_1;%61492 1+ A(1 — cos(8)) (1_13#)2

and the inequalities 11 < e~ T for y > 0 and (1 — cos(6)) < 2 show that

(1 — xi)2
T < e_ﬁ(l—cos(é)). (B.10)

‘1 —gmeif

To conclude, we apply Jordan’s inequality 1 — cos(f) > % 6? for § € [, 7] and the
following bound to the right-hand side of (B.10),

A 2 1
(1—xm)?+ 4w 0
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Lemma B.4. Let the circles C'r be defined by
2r = —Ra+ (R + 1)ae'*, - < O <m, (B.12)

and define z("™) := z, ... z,,. Consider the parameters w and « as in Proposition 2.6. Then
for R > 0 large enough, there exist absolute constants ¢ > 0 and §, > 0 independent of
N such that
inf inf |2(™) — 2| > cw. (B.13)
z€[—(a+d0)™,(a—w)™] O €[—m, 7] ,k=1,....,m
Furthermore, for any x € [—(« + dp)™, (& — w)™] and for each k = 1,...,m, we have that
L2t belongs to the interior of Cg.

z(m)

Proof. We have
|2k |? = 202 R*(1 — cos(6,)) + 2Ra?(1 — cos(6)) + o2, (B.14)

and clearly each |z| > a. When = > 0 we have

120 — | > ||z = |z]| > ™ — (0 — w)™ > cw. (B.15)
We also have ( )
Tzp oa—w)™ m
o | S T <ol —w/a)™ < a, (B.16)

and therefore -5 belongs to the interior of Cr, as Ck strictly includes any disc of radius
smaller than a.

If x < 0, in particular when z is close to —a™ we have to check that there is not
too much winding in the product z(™) that might allow ¢ := Arg(z("™)) = 7. We start
by supposing that for at least one k£ = 1,...,m, we have |0;| > ¢/R. Then for R large

enough and any fixed € > 0

€21
1—cos(6) > 1 — R><—) - B.17
cos(fx) > 1 — cos(e/R) > 7)) = ( )
Hence, for this k, inserting (B.17) into (B.14) gives |z;|? > o?(1 + €2/2). Using this and
|zj| > a shows that |2(™)| > a™(1 + ¢?/8). Furthermore |z| < a™(1 + ¢,,6) for some
¢m > 0 depending only on m. Then

|21+ 2m — x| > ||21] - |2m] — ||| > @™ (€2/8 — cmdo) > cw, (B.18)

which is valid for any € > v/8v/¢,,00 + w. Thus we see that by choosing §; small enough
we can allow arbitrarily small ¢ > 0. The same bound shows that forany ¢/ =1,...,m, we

have
1 + Cm(SO

(m) <
X2yl Z o
| @/ | = 1 682

a, (B.19)

which implies that zz*/ 2(m) is strictly in the interior of C'z. This bounds the region where
at least one of the |0;| > ¢/R. The complement of this region is where |6;| < ¢/R for all
j=1,...,m. We claim that on this region

|Arg(z1 ... 2m)| = |Arg(z1) + ... + Arg(zm)| < 2em. (B.20)

To prove this we compute the argument of each z;,

Arg(z;) = tan™? <}:m(97))> . (B.21)

1t cos(6;
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By symmetry it suffices to assume §; > 0. Using sin(z) < x, we have for the numerator
sin(d;) < 0; < ¢/R. The cosine inequality cos(z) > 1 — 2z /7 gives for the denominator

_% + cos(6;) > — 2¢/(mR) and clearly Rijrl — 2¢/m > . These bounds imply that

1
R+l
sin(6;)

o smll) g (B.22)
— g7 +cos(8;)

Now by monotonicity of tan~! we have Arg(z;) < 2¢ and this implies (B.20). We thus
have

|20M) — 2|2 = |2]2 + 2% — 2|z|@ cos() > @™ > w, (B.23)
which holds for example if ¢ := Arg(z("™)) < /2 (note that (B.20) implies ¢ < 2em). We
also have

|Arg(zew/=™) — 7| < 2me,

Zyx
z(m)

(B.24)
S O[(l + 60)m7

and choosing ¢y and € small enough implies the strict inclusion of z,z/ z(™) inside the
contour Cg. O

C Exact calculation of a multiple integral

In this section we compute the integral from (5.9) explicitly, namely the integral

- D T

1 - L_1
AL,m = W /2 dt d’l" t; ’I"Z f ]lT1+...+T7,L<t1+.A.+t7,L- (Cl)
I'(3) Ry™ =1

Lemma C.1. We have

mL 1 T(nL) o

Apm = (C.2)
) N2
5 r(w)
Proof. By permutation invariance it is sufficient to consider the following
1 = M F-1 51 ¢,y
BL,m = T om dt dr H té ’I“e e ¢ tm HT1+.‘.+T,,L<t1+...+tm7 (C3)
r (%) RE™ (=1

so that clearly Ay ,,, = 5B m. We would also prefer to replace the t,, with r,,,. Note
that if we replaced t,, with ¢,,, +,,, then by symmetry between the r, and ¢, variables we
can drop the indicator function after multiplying by a factor % The remaining integrals
are explicit and we have

m

1 — L_71 L_
—_— dtdr | | t}? ?
F(%)%n /Rim r el_[ 4 Ty

=1

1

no |~

et (tm +7m) Loyt drm<tidott,, = 5+ (C.4)
We thus have By ,, = £ — FJ, ,, where

m

-, L1 L1 4, _,

From = W/ dbdi [ [ 67 ri e Legrtato bt (C.5)
r(g)™ e 5

To compute F7, ,,, we will integrate by parts in the variable r,,, differentiating the factor

L
r and integrating e™". The second term in the integration by parts is thus completely
explicit, again by symmetry, and gives a contribution %. Thus we have F7, ,, = % —Dpom
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where Dy, ,,, is the boundary term of the integration by parts. To calculate this, we
parameterise the integration such that ¢ € R'* are unconstrained, while 7 satisfy the
constraints K, 11 ¢:={0 <rpmi1¢ <ti+...+tm—(r1+...4+7m_¢)} where{=1,...,m
Setting r,, =t1 + ...+t — (r1 + ... + 7p—1) results in the boundary term,

7/ dth"‘ “lem2m H/ drerf TN — pm-D)E-1 0 (C.6)

1
r (%)’

where t™ = + ...+ t., and rm=1D — 44 rm—1. Then we integrate over each ry
variable, starting with r,,_1, repeatedly using the formula

“ a—1 _ b—1 __ _ a+b—1 F(a)F(b)
/0 drery ™ (u—ryp) =u 7“@ ) (C.7)

DL,m, =

for each integral. We obtain

1 m‘lr(f+1)r(L)> L
Dy = — 2 2 / dt | |t7 et +...+tn) 2. (C.8)
Cor (L) (H r(&+4+1) ) Jw [1% L

=1 2 T oe=1
Now to compute the integrals over the t, variables we substitute the t,, variable with
= t; + ...+ t,, and parameterise such that v € R,, while ¢,...,¢t,-1 satisfy the
constraints H,,_; = {0 < typ—j <u— (t1 +... + tm—j_1} where j = 1,. — 1. The

integrals over H,,_; are computed again using (C.7) repeatedly and we ﬁnd

m—1 LL L L L 00
I'(3) o T +5+1) T(5+%) 0
1 molp (L) (L) (LT (L
F(?) =1 (2+2+) (2+2)
F(mL) 2—mL’ (C]_]_)

T mr(mL)2

where we exploited the cancellation of successive terms in the products (C.10). Substi-
tuting (C.11) in the formula Ay, ,,, = mTL + % Dr m concludes the proof of the Lemma. O
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