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Correlations of eigenvalues and Riemann zeros

JOHN BRIAN CONREY AND NINA CLAIRE SNAITH

Interest in comparing the statistics of the zeros of the Riemann zeta
function with random matrix theory dates back to the 1970s and
the work of Montgomery and Dyson. Twelve years ago Rudnick
and Sarnak and, independently, Bogomolny and Keating showed
that the n-point correlation function of the Riemann zeros, cor-
rectly scaled and in the limit of infinite height on the critical line,
agrees with the scaling limit of the n-correlation of eigenvalues of
random unitary matrices. The former piece of work holds only
for a restricted class of test functions, and the latter relies on a
heuristic method and the conjectures of Hardy and Littlewood.
Neither tells us more than the asymptotic limit for the general
n-correlation. In this article we use the ratios conjecture for aver-
age values of the Riemann zeta function to produce the lower order
terms in a very precise formula for the n-correlation of the Riemann
zeros. The same method can be applied rigorously in the random
matrix case, yielding a formula which shows identical structure
(though with none of the arithmetic details) to the correlations
of the Riemann zeros - something which cannot be seen from the
classical determinantal formula for the random matrix correlation
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In 1972 Montgomery [17] and Dyson [12] discovered that pairs of zeros of the
Riemann zeta-function are distributed like pairs of eigenvalues of random
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unitary matrices. Part of this discovery could be proven, under the assump-
tion of the Riemann hypothesis, and part relies on a heuristic based on the
Hardy-littlewood conjectures for the distribution of prime pairs.

Odlyzko [18], in the 1980s carried out a substantial numerical test of
Montgomery’s conjecture which provided stunning visual substantiation.

Subsequently Rudnick and Sarnak [20] showed that the limit high on the
critical line of the n-correlation of the zeros of the Riemann zeta-function
agreed with that of unitary matrices, provided that the test function had a
Fourier transform with limited support.

At the same time, Bogomolny and Keating [2] showed how the Hardy—
Littlewood conjectures could be used to derive the asymptotic limit of the
n-correlation.

Bogomolny and Keating [1] also investigated the difference between
Montgomery’s limiting pair-correlation conjecture and the data of Odlyzko.
A close examination of Odlyzko’s data revealed that lower-order terms, likely
to be of an arithmetic nature, were present. They derived formulae for
these lower-order terms, initially using the Hardy-Littlewood conjectures,
but subsequently developing a method whose point of departure was the
trace formula of Gutzwiller. They gave full details for the lower-order terms
for the 2-point correlation, as well as numerics showing the goodness of fit,
whereas for three and higher correlations, they outlined several methods
which lead to these lower-order terms.

In this paper, we present a different approach to obtaining these lower-
order terms for n-correlation. Our approach is based on the ‘Ratios con-
jecture’ of Conrey, Farmer and Zirnbauer [6,7] (see also [10]). Assuming
the Ratios conjecture we prove a formula which explicitly gives all of the
lower-order terms in any order correlation. (In the final section we write
down the first four correlations.)

Our method works equally well for the random matrix theory. An inter-
esting feature of this work is the new formula for the n-correlation of the
random matrix theory that arises by this method (see Theorem 3.5). It is
a far less elegant formula than the usual determinantal expression, but it
allows for direct comparison with the number theoretical result, illustrating
the identical structure of the n-point correlations of Riemann zeros and ran-
dom matrix eigenvalues. (See [15, Remark 1.8] for another example where
a formula more complicated than the determinantal one actually yields an
easier comparison with the number theory.) In fact, in the scaling limit
(when the variables in the test function are multiplied by logT'/27 and T,
the height up the critical line, becomes large) all of the arithmetic features
of the formula for the n-correlation of the Riemann zeros disappear and
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it exactly matches our new formula for the n-correlation of eigenvalues of
unitary matrices in the equivalent limit. This identification allows us to
prove that in the scaling limit the leading order terms for our n-correlation
of the Riemann zeros have the expected determinantal form. See [9] for the
explicit derivation of the asymptotic limit in the case of the triple correlation
of Riemann zeros. The higher correlations follow in exactly the same way.

This point is significant in view of the difficulty in making this iden-
tification in other works on n-correlation and n-level density. In Rudnick
and Sarnak [20] this identification is proven in the case of test functions
restricted to [—1, 1]; the proof is quite involved and makes serious use of the
restriction on the support of the test function. Indeed this point forms a
difficulty which shows up, for example, in the work of Gao [14] on n-level
density for zeros of quadratic L-functions. Rubinstein [19] had evaluated
this for test functions whose total support was contained in [—1, 1] and ver-
ified the determinantal form for functions restricted to this class, analogous
to what Rudnick and Sarnak did. Gao extended the range of support to
[—2, 2], but for these test functions he was unable to derive the determinan-
tal form, due to combinatorial complexities. Here we handle the case in full
generality without any mention of the test function. It is possible that our
method sheds light on this difficulty that arises in these other works.

This paper extends the calculation of the triple correlation of Riemann
zeros [9]. An anticipated application of this current work is the determina-
tion of the lower-order terms in the nearest neighbor spacing for zeta-zeros.

Throughout this paper we assume the truth of the Riemann Hypothesis.

2. Background and notation
2.1. The Riemann zeta-function

For more details about the Riemann zeta-function, see the standard texts
[13,21], but most of the properties that are needed for this paper are dis-
cussed below. The Riemann zeta-function is defined by

(2.1) ()= —

ns
n=1

for s = o 4+ it with o > 1. It has a meromorphic continuation to the whole
complex plane with its only singularity a simple pole at s =1 with residue 1.
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It satisfies a functional equation which, in its symmetric form reads

(2.2) w—5/2r<;> C(s) = 77(3_1)/2F<1 - 8) C(1—s),

and in its asymmetric form is

(2.3) ((s) = x(s)¢(1 = s),
where
(2.4) x(1 =) = x(s)"t = 2(27)"*T'(s) cos g

The product formula discovered by Euler is

(2.5 w=T(1-2)"

for o > 1 where the product is over the prime numbers p.

The complex zeros of the Riemann zeta-function are denoted by
p = B+ 17y;, where it is known that 0 < 8 < 1. The Riemann hypothesis
asserts that 3 =1/2 for all zeros p. We assume this is true and denote
the zeros as 1/2 4 ivy;, where 0 < y; <72 <---. The number of v with
0 <~ < T is given by

T T
(2.6) N(T) = #{y <T} = _log 5 —+0(logT)

so that the average distance from one v to the next is ~2m/log~.
The family {((1/2 +it)|t > 0} parameterized by real numbers ¢ can be
modeled by characteristic polynomials of unitary matrices.

2.2. Unitary matrices

If X is an N x N matrix with complex entries X = (x;;), we let X* be
its conjugate transpose, i.e., X* = (y;), where y;, = ZT;. X is said to be
unitary if XX* = 1. We let U(N) denote the group of all N x N unitary
matrices. This is a compact Lie group and has a Haar measure which allows
us to analyse.
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All of the eigenvalues of X € U(N) have absolute value 1; we write
them as

(2.7) e ez i,

The eigenvalues of X* are e~ ... e~~  (Clearly, the determinant, det X =
ngl e of a unitary matrix is a complex number with absolute value
equal to 1.

The average distance from one 6 to the next is 27/N. To obtain a
sequence of numbers with average spacing 1 we let

~ No;
(2.8) ;=52

For any sequence of N points on the unit circle there are matrices in
U(N) with these points as eigenvalues. The collection of all matrices with
the same set of eigenvalues constitutes a conjugacy class in U(N). Thus, the
set of conjugacy classes can be identified with the collection of sequences of
N points on the unit circle.

We are interested in computing various statistics about these eigenval-
ues. Consequently, we identify all matrices in U(N) that have the same set
of eigenvalues. Weyl’s integration formula gives a simple way to perform
averages over U(N) for functions f that are constant on conjugacy classes.
Such functions are called “class functions”. Weyl’s formula asserts that for
such an f,

(29) / f(X) dHaar = / f(@l,...,QN) dXN,
U(N) [0,27]N
where
_ i ;2 d01---dOy
1<j<k<N

Since N will be fixed in this paper, we will usually write dX in place of
dXpy. The Haar measure can be expressed in terms of the Vandermonde
determinant

—1
(2.11) A(wl,...,wR)zgStR(wg ) = H (wp, — wy).
1<j<k<R
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The characteristic polynomial of a matrix X is denoted Ax(s) and is
defined by

N
(2.12) Ax(s) =det(I — sX*) = JJ(1 = se™*).

n=1
The roots of Ax(s) are the eigenvalues of X and are on the unit circle. The
characteristic polynomial satisfies the functional equation

N N
(213) AX(S) = (_S)N H e*’wn H(l . eiQn/S)
n=1 n=1
(2.14) = (=1)NVdet X* sV Ax-(1/s).
Note that
Ay LAy (1)
(2.15) v v () =N

These characteristic polynomials have value distributions similar to those
of the Riemann zeta-function and form the basis of random matrix models
which predict behavior for the Riemann zeta-function based on what can be
proven about the A. Some care has to be taken in making these comparisons
because we are used to thinking about the zeta-function in a half-plane,
whereas the A are naturally studied in a circle. The translation is that the
1/2-line corresponds to the unit circle; the half-plane to the right of the
1/2-line corresponds to the inside of the unit circle. Note that Ax(0) =1 is
the analog of lim,_,o ((0 + it) = 1.
We let

1

T 1_e

(2.16) z(z)

In our formulas for averages of characteristic polynomials the function z(x)
plays the role for random matrix theory that {(1 + x) plays in the theory of
moments of the Riemann zeta-function.

We want an accurate formula for

(2.17) Yo (),
0<’}Ij1 seeesVin <T

for suitable functions f, to be described later, where the sum is for distinct
indices j; the desired formula should be analogous to the RMT theorem
which we state in the next section.
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3. Eigenvalue correlations

Here is a statement for n-correlation of eigenvalues of random unitary matri-
ces of size N:

Theorem 3.1. Let f : [0,27]" — C be a continuous function of n-variables.
Then

/ S F.....05,)dXy
U(N)

1§j17-~'7jnSN

1
- (%)n/m] F(6r......0,) det Sy (6, — ) db ---do,

*
where Z indicates that the sum is for distinct indices and where

_ sin(N6/2)
O )

This theorem is a well-known consequence of Gaudin’s lemma,; see [4].

In the following sections we present a new proof of this theorem, for
periodic, holomorphic test functions f, based on a formula for averaging
ratios of characteristic polynomials of unitary matrices. There are many
proofs for this formula; see [3,7,8]. The point of this approach is that it has
a natural analog in the theory of L-functions.

3.1. Averages of ratios of characteristic polynomials

The statement of the Ratios theorem is slightly complicated. We attempt
to make it easier to comprehend by eliminating subscripts. So, let there be
given finite sets A, B,C' and D and consider

e @ (e P
(31)  R(A,B:C,D) ::/ Hoea A (™) Tsep Ax-( )dX,

U(N) Hyec Ax (e ) [1sep Ax- (e79)

with vy > 0,36 > 0. Theorem 3.2, the Ratios theorem, is written in an
equivalent but slightly different form to previous work, where we express
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R(A, B;C, D) as a sum over subsets S C A and T' C B with |S| = |T'|. Each
term in this sum essentially has the same structure, except that the elements
of S effectively exchange places with those in 7. In addition we let S =
A—Sand T =B —T. We will let & denote a generic member of S and
B denote a generic member of T'; we will use o and 3 for generic members
of A and B or of S and T, according to the context. Also S~ = {-éa:
& € S}, and similarly for 7-. The Ratios theorem is most easily stated
in terms of

(3.2) Z(A,B) =[] 2(a+ ),

acA
BeB

where z(xz) = 1/(1 — e™7), and

Hggg z(a+ ) Hggg z(y +6)
AABOD) = 1 et 5 Tses 25 1)
6eD ~yeC
_ Z(A,B)Z(C,D)
~ Z(A,D)Z(B,C)’

(3.3)

Theorem 3.2 (Ratios Theorem [7,8]). With Ry > 0,5 > 0 fory € C and
e D, |C|<|A|l+ N and |D| < |B|+ N, we have

R(A,B,C, D) _ Z C_N(Z&es OAZ“!‘ZL?QTB)Z(g_'_ T_’T_|_ S_,C’ D)’

SCATCB
IS|=[T|

where A= S+ S, B=T+T and Z is defined in (3.3).
3.2. Averages of logarithmic derivatives
of characteristic polynomials

For use in determining multiple correlation we differentiate the Ratios the-
orem to obtain a theorem about averages of logarithmic derivatives:
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Theorem 3.3. If Ra; >0 and RF; >0 fora; € A and B; € B, then J(A; B)
= J*(A; B) where

AN A
3.4 J(A;B) := e 1X (o —e PV X" (o B) X,
By S4B /U(N)Og4( Ryt )61;( iy
J*(A; B) := NS s bt B 28TV Z(S7,T7)
(4:5) SC;CBQ Z1(S, 5 Z1(T,T-)
|S|=IT|
R
(3.5) X Z H Hyr(Uy),
(A-S)+(B-T)r=1
=Uy+-+Ur
U <2
and
Zé(a—d)—zi’(wrﬁ) ifW={a} CA-S,
aes o BeT <
S EB-H-Y e yw={scB-T,
Hgp(W) = Ber acs
<ZZ/> (o + ) if W =A{a, B} with
acA-S3eB-T
(3.6) 0 otherwise.
3.6

Also, Z(A, B) = [[aca z(a + B), with the dagger on Z1(S, S™) imposing the
€B

additional restriction that a factor z(x) is omitted if its argument is zero.

Remark 3.1. The definitions of J(A; B) and J*(A; B) make sense without
the restriction that Ra; > 0 and %3; > 0. However, the two are not equal
without these restrictions.

Remark 3.2. Note that J*(A; B) has a pole when an o € A is equal to —f,
for some 3 € B. It also appears to have a pole when two as are equal, say
a1 = ag, occurring when ap € S and ag ¢ S, as seen in the term Z?/(a — Q)
of (3.21). However, this is cancelled by a pole with residue of the opposite
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sign when S is replaced by S — {a1} + {a2}. The same phenomenon occurs
when two (s are equal, as can be seen from the concrete examples given in

(5.23) and (5.29).

Proof of Theorem 3.3. By (3.1), we have

(3.7) H %%R (A, B;C, D)
BEB

h=h
Of course, in this situation |C| = |A] and |D| = |B|; so that we may think of
A={aq,...,a1} and C = {v1,...,7} and then the substitution “C' = A”
means the substitution v; = «; for ¢ =1,2,...,k, and similarly for D
and B.

Recall from Theorem 3.2 that R is expressed as a sum of Z over subsets
S and T. In performing the differentiations in (3.7) we will find that the
derivatives with respect to the variables in S and T are fairly simple to
perform (as we will show below, culminating in (3.14)), but we will need
Lemma 3.1 to differentiate with respect to the remaining variables. Hence
we first rewrite Z so as to separate these variable types.

Note first that Z(A, B)=Z(B, A) and that Z behaves nicely with respect
to unions:

(3.8) Z(Ay + As, B) = Z(A1, B)Z(As, B).

Recall that A=S+S and B=T+T and put C=Cs+Cg and D=
Dt + D=, where we think of Cg, for example, as being the set that will
be substituted by S when eventually C' is substituted by A. Then using
(3.8) repeatedly, we have

Z(S+T-, T+ S ;C,D)
Z(S,T)Z(S,87)Z(T~,T)Z(T~,S7)Z(C, D)

(39) Z(S,D)Z(T,C)Z(S~,Cq)Z(T~, D7) Z(5~,Cs)Z(T~, Dr)

This simplifies further if we make the substitution for C' and D:
Z(5,T)4(S",T")

Z(8,8)Z(T,T")
(3.10) = 2(8,T;T~,57).

2(5+T"T+5:C,D)|gy =
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Note that since z(z) has a pole at = = 0, the resulting expression is 0 unless
both S and T are empty.

We now differentiate (3.9) with respect to the variables in S and T
these derivatives are easy to calculate because, anticipating the substitution
of each v € Cg by an & we see that in differentiating with respect to & the
expression z(y — &) in the denominator (one of the factors of Z(S™,Cy))
must be differentiated; if not it makes the whole expression 0 after the
substitution is made because z(z) has a pole at x = 0. Using the notation

(3.11) ZWx, V)= ][] z+v),
zeX,yey
x+y#0

and noting that

d 1 5
12 —— = —e*77
(3:-12) daz(y—a)
we have, for example,
d 1 (—1)ISl
(3.13) U e I i L

In this way we obtain

Nass g Z(8,T)Z(S,T7)
JA;B) = ) eV +Zﬁ)zf(s,ks*—)ZT(T,T‘)

S,T
IS1=IT|
d d
1 G2
a€csS
BET
(3.14) y Z(8,T)Z(S,57)Z(T, T~)Z(C, D)
| Z(S,T)Z(Cq,57)Z(D3, T-) Z(8,D)Z(T,C) | |cn
D=B

Note that the sets Cs and Dz vary from term to term in the sum over
S and T since the division of C' into the union of sets Cs and Cg mimics
the form of A =S+ 5, and similarly for D. Also observe that

Z(S,T)2(S,87)2Z(T,T-)Z(C, D)

(3:15) Z(8,T)Z(Cg,S™)Z(D7T-)Z(S,D)Z(T,C)

=1
C=A
D=B
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To perform the differentiations in (3.14) we use a form of logarithmic differ-
entiation expressed in the following.

Lemma 3.1. Let H be a differentiable function of w € W. Then

(3.16) ( 11 di) M=e " HW)---HW,)

weWw W=W,++W,
where
(3.17) H(W) = < 11 d) H
) = " )
weW

The sum is over all set partitions of W into disjoint sets W;.

In words this Lemma says that to perform a derivative with respect to
each variable once, we form all of the set partitions of the complete set of
variables and add up over these set partitions the product of the partial
derivatives of the exponent H with respect to each variable in each subset
of the partition. This lemma is obvious upon working a few examples.

We apply this lemma with

H:Héf’o’D = Z log z(a + ﬂ)+z log z(a — @—FZ log z(3 — )

acsS a€gS B€T
BeT a€s per
(3.18) - Z log z(a+ ) — Z log z(8 + )
a€eS BeT
5€D 'yGC
and so obtain, with Hgp(W):= Hﬁf’C’D(W)‘o:A = (([Twew %)
’ D=B

A,B,C,D
H sy ) C=A
ST ‘D 37

B — N 28T)Z(57,T7)
J(A;B) = S}; e N EmZT(S’S_)ZT(T’T_)
|S|=IT]
R
(3.19) x Yo JIHse().
S+ =l

=Wy 4+ Wi
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Strictly speaking, Hgr(W') depends on A and B, but from now on use of
Hg (W) will refer always to the expressions in (3.21) to (3.26), and these
can be used without specifically referring to A and B.

By consideration of (3.18) it is clear that we can restrict the subsets W,
to be singletons or else pairs which have precisely one a and one 3. This
follows from some easy calculations. Since

320) B =Y L0t 9+ Y 20—~ Y Za+a)

ﬁeT aes 6eD

we have

(3.21) Hsr({a}) =Y Sla—a) =Y “(a+h), ags.
Similarly,

(3.22) Hsr({8) =Y Z(8-8) =Y. Z(B+a), B¢T.

P =
In addition

(323)  Hsr({o ) = <) (@+8), af¢SorT
Also,

(3:24) Hr(0) = 1,

and

(3.25) Hr({o o)) = Hy ({0, 7)) = 0

and

(3.26) Hsr(W)=0 if [W]> 3.

3.3. Residue identity

A key ingredient of the proof of n-correlation will be the following residue
identity for J*(A; B):
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Lemma 3.2. Suppose that o* € A and 3* € B. Let A = A— {a*} and
B’ = B — {*}. Then J*(A; B) has a simple pole at o* = —(3* with

(3.27) Eesﬁ* J*(A;B) = NJ*(A'; B') + J*(A'; B) + J* (A" + {-p*}; B').
Proof. By Theorem 3.3 we have

(3.28) J(A,B)= > Dgr(S,T),

SCA
TCB
|S|=IT|

where throughout this proof (and this paper) A=S+S, B=T + T and

(3.29) Dsr(S,T)=Q(S,T) Y. [[Hsr(W).

S+T="W, T

Here the sum is over any collection of non-empty sets Wy, Wa, ..., which
form a partition of S + T,

Z(S,TZ(S~,T7)

Z1(S,8=)ZY (T, T—)

(330) Q(S, T) = eiN(ZdeS d+ZBeT B)

and Hgr(W) is defined as in (3.21) to (3.26) and Z' is defined in Theo-
rem 3.3. We claim that D, QQ and H have the following properties:

P1: If o* € S and 3* € T, then Q(S, T) is independent of a* and $* and

1 3 * *
(3'31) HS,T(W) _ W + O(l) ifW = {a , 0 },

O(1) otherwise.

P2: If a* € S and 8* € T, then Q(S,T) is regular when o* = —3* and

1 ) .
(3.32) HS,T(W) —{ a* + B +0(1) W ={p"},
0(1) otherwise.

P3: If a* € S and 8* € T, then Q(S,T) is regular when o* = —3* and

1
(3.33) Hgr(W) = ¢ a* + p*
O(1) otherwise.

+0(1) if W ={a*},



492 John Brian Conrey and Nina Claire Snaith

P4: If a* € Sand f* €T and 8’ =S5 — {a*} and T =T — {(*}, then
Q(S,T) = (~1/(a* + 52 + O(1))Qu (5, T), where

Ql(S’ T) = Q(SlvT/)(l - (a* + B*)(N + HS’,T’({O‘*})’a*:—B*
(3.34) +Hg . ({8°1) +O(la” + 5°%))

and

Hsp(W) = Hg (W) — (o + 57)
X (Hgp (W +{a* Y ar=—p- + Ho /(W +{5}))
(3.35) + O(|a* + B*%).

We show that the lemma follows from these four properties and then prove
that these properties hold in this situation. (We will later demonstrate
a proof along very similar lines when we treat the n-correlation of the
zeta-zeros.)

From these four properties we obtain four Laurent or Taylor expansions
of Dgr(S,T) as a function of a* in a neighborhood of —3*:

e Ifa* € Sand B* €T, then (with S =8 — {a*} and T =T — {8*})

Dsr(8,T) = <(a+1ﬁ)2 + o<1)> Q.1 Y, [[Hsr(W)
S+T="w, T
(336) == <(Oz*—|—1ﬁ*)2 + O(l)> DS’T(EI,T/);

consequently, Resy-—_g- DS7T(§, T)=0.
o If ¥ € S and B* € T, then
a*li‘isﬁ* DSvT(§7 T) = Q(Sl + {_ﬂ*}a T) Z H HS’+{—ﬁ*},T(WT)

S+T =W, T
(3.37) =Dy pyr(S,T).

o If o* € S and 3* € T, then

Bes Dsr(S,T)=Q(S,T) > [[Hsr(W:)
Bl SHT=>W, "
(3.38) = Dgr(S,T).
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e If a* € Sand 5* € T, then

Q(8,7) > [[HsrW)

S+T=>"WwW, T

=" 1) Y [lHs>m)

S+T=W, T

X (1 + (" +57) (N + Hy o ({"})|ar=—p- + Hs 7 ({57})

Hg o (Wy + {a*})|ar=—p- + Hs 7/ (W, + {5"})
> H 7 (W) )

r

(3.39) + O(|a* +ﬂ*|2)>.

Therefore in this final case,

Res Ds1(S,T) = NDg 7/(S,T) + Dg: 7+ (S + {-5*},T)

(3.40) + Dg (S, T+ {5*}).
Note that (3.39) can be written as
(3.41) D5/7T,(§,T)<1 +0(lo" + ﬁ*|)).

By (3.36) and (3.39) the double poles in P1 and P4 cancel because

(3.42) > Dsr(ST)= > Dsr(S.T)=J'(4,B);
SCA,TCB SCA,TCB
|S|=|T |S|=|T]
{a"}eS{8"}eT {a}¢S. {57 eT

therefore, the pole at a* = —(3* is simple.
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Combining the four bullet-points above, we have (where as usual the
primed notation means that o or §* has been removed from that set)

Res .J*(A:B) = 3 <NDS/,T/(§,T)+DS/,T/(§+{—ﬂ*},T)
S
SCA, TCB
{u*}lgl;{lg"‘}ET

+ DS T+{8D)+ > Dsr(5.T)

SCA,TCB
[S|=|T|
{a*}¢5,{B*}eT
- =
(3.43) + E DS,Hfﬁ*}’T(S,T)
SCA, TCB
Is|=|T]|

|
{a*}yes {B*}¢T

Note that since a* does not appear in any of the summands, with the tempo-
rary convention that A” = R 4+ R, we can relabel two of the sums as follows:

Z DS/’T/(F,T-F {ﬁ*}) + E DS7T(§/,T)

SCA,TCB SCA,TCB
|S|=|T| |S|=|T]
{ar}es{p }eT {oar}gs{p teT
= Y Drr(RT)+ >  Drr(RT)
RCA',TCB RCA',TCB
|R|=|T| |R|=|T|
{B~}¢T {B*}er
(3.44) = J*(A; B).
Similarly,
< Z DS’,T'(§+ {Oé*},T) + Z DSJ‘(?, T/)>
SCA,TCB SCA,TCB ar=—F*
IS|=IT IS|=IT
{or}es{p teT {or}es{p }¢T
(3.45)
= J (A5 B)| oy = TN+ {51 B).

Thus we have arrived at
(3.46) *Piesﬂ* J*(A;B) = NJ*(A'; B+ J*(A’; B) + J*(A’ +{-0"} B’),

which is the statement of the lemma.



Correlations of eigenvalues and Riemann zeros 495

Now we verify that properties P1 through P4 are satisfied in the random
matrix situation where we have

) s~ Z(8,T)Z(S~,T")
— e NCses 6+ 5er ) 210 ’
(3.47) Q(S,T)=e (S, S 21 (T, T

and

[ /! /

> Sla=a)=Y Z(a+h) HW={a}CA-S,

aces BeTz
S SB-8) - S(B+a) EW={BCB-T.
aes

<ZZ> (a + ) if W = {a, B} with
acA-S, eB-T,

0 otherwise.

(3.48)

We will start with the simplest case that a* € S, 3* € T. The only
polar term from o* = —(* arises from a situation when one of the partition

parts W, = {a*, 8"} and there is a pole from Hgr(W,) = (%),(a* + 0%).
Since (Z;/)/ (r) = 1/2% + O(1) and o* and 3* do not appear in Q(S,T), this
completes the proof of P1.

Next, suppose that a* € S and 8* € T. The only pole in Dgr(S, T)

occurs in the product of the H for Hgp(W,) when W, = {8*}. We have

(349)  Hsr(FN=3 (-8 -3 5 +a)

I@eT aes

for which, when & = «*, the term —%(ﬂ*—i—a*) has a simple pole at
o* = —f(* with residue 1. Q(S,T) is clearly regular at o* = —[*.

Next, when a* € S and 8* € T, the only pole in the product of the H
occurs for Hgr({a*}). We have

350)  Hsr(faD)=Y T@-a)-Y T +5)

OALES BeT
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for which, when 3= 3*, the term —Z;,(oz* + (%) has a simple pole at
o* = —f3* with residue 1. Q(S,T') does not depend on «a*.
Finally, we consider the case a* € S and 3* € T'. We have

(3.51) Q(S,T) = z(a™ + %) z(—a” — 37)Q1(S,T),
where

Qu(S.7) = QS T)e N+

e 20" + B)a(=a = ) Tlaes 2(6 +87)2(=6 = 57)

(3.52) —— —
Macs 2(0" = @)2(a — a") [pep 25" — B)2(3 — )

Note that

(3.53) QS T)|,._, = QS T).

We are Well on our Way to verifying property P4 because z(a* + *)z(—a* —
B*) = m +L+ O(|a + *]) and we have an expansion for Q1(S,T)
in the neighborhood of a* = —3*:

Q1(8,T) = Q(S",T") (1 = N(a* + %) + O (|o* + 5*[))
X (1 + (o —i—ﬁ*)( Z (Z;(d-i-ﬁ*) - Z;(—ﬁ* — d))

aes’

+ 2 ( - fw ﬁ))) +0(lo +6*!2)>

BeT!

=Q(9', T (1 — (" + B (N + Hs 1 ({a"})|ar=—

(3.54) T Hy o ({8))) + O(jo" +ﬁ*\2)>-
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Now we obtain an expansion for Hgr(W), where we remember that
W C S+ T and so W does not contain a* or 5*. By (3.48) we have that

Hsr(fa) =Y. Za-a) -3 Za+ )
aes BeT

/ /

(3.55) = Hy.r({o}) + ~(a —a’) = ~(a+ 5

Hsr(3) =Y 26— - Y 28 +4)
ber aes

Z/

(3.56) = o (8) + 28— 8~ 28+ ")

and

/

351 Hsa((o0) = () @+ 5) = e (o5

Thus,
(3.58) Hg (W) = Hs/.r: (W)
or=—0F*
and
_ (i) (a+ B if W=/{a},
d
3.59 W = Ay
(3:59) GeetsTWV)| = (Z) (B8 W ={a},
0 otherwise.

\
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Note that we can write this as

4
do*
(3.60)

Hg (W) = —Hg,m (W +{a" )| g — Ho o (W +{5"}),
ar=—p3*

where one or both of the terms will be zero. From this the expansion of
Hg (W) in P4 follows.
This concludes the proof of Lemma 3.2. O

3.4. n-Correlation via the Ratios theorem

In this section we will prove the following expression for the n-correlation.

Theorem 3.4. Let C_ denote the path from —6 4+ i down to —§ — wi and
let Cy denote the path from 6 —mi up to d+mi and let f be a

2m-periodic, holomorphic function of n variables. Using the notation J(A; B)
from Theorem 3.3,

/ > fb,,..-.05)dX
UN) ji,oogin=1
1
61 - ) EHIM] pr|M|

K+L+M={1,...n}

></ / J(zr;—zp) fliz1, .. yizn)dzy ... dzy
C+K C,LJrIW

where zig ={z, k€ K}, —z, ={—2,: £ € L} and fC x Jo vem means that
we are integrating oll of the variables in zx along the C+ path and all of the
variables in zp, or zpr along the C— path.

Proof. Since

(3.62) 9(z) = Ax(e®) = ] (1 B 626_%)
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has zeros at z = 10; + 2mim, m € Z, by Cauchy’s theorem we can express
a sum

N / /
363 Y50 = 5 [ LG = o [ @ TE i ds

= g 27

where C is a positively oriented contour which encloses a subinterval of the
imaginary axis of length 27w. We choose a specific path C to be the positively
oriented rectangle that has vertices 6 — 7i, d + wi, —6 + 7i, —d — 7i, where §
is a small positive number. More generally, we have

Z F(0jy,---.05,)

JiyeesJn=1

Boy = ! ZfA/i(er)f(zl/z‘, i) den e o,

We average this equation over X € U(N) and, after a change of variables
zj — —zj, we obtain

/ y Z f05,,...,0;)dX

Ly Jn=1

1

(3.65) = @ri) /n J(z1y ooy zn; ) flize, o yizn) dzy - - - dzy.

Let C_ denote the path along the left side of C from —d + 7i, down to
—0 — mi, and let C4+ denote the path along the right side of C from § — 7i up
to & + mi. Since the periodicity of the function f implies that the horizontal
segments of the contours cancel, each variable z; is on one or the other of
these two vertical paths. Thus, our expression is a sum of 2" terms, each
term being an n-fold integral with each integral on a vertical line segment
either C_ or C4. For each variable z; which is on C we use the functional

equation (2.15) to replace e_zf%( “#) by N —e* 3% (e). In this way
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we find that

1
(2mi)"

- (27:¢)n > /c /C /U(N)(—l)”f[

e e{-141} j=1

/ J(zl,...,zn;)f(izl,...,izn) dzy -+ -dzp

1—¢; A ..
x (==Y N + eje_efzfﬁ(e_ejzj) fliz1, ... izn)dX dzy - - - dzy.
2 Axe

(3.66)

Another way to write this equation is

1
(271-1')"/CnJ(Zl"'"Zn;)f(izl""ﬂizn)dzl"'dzn

1 / N L
= ~ (=" / e 2 (e7H)
2md)™ Ju vy ch;.,n}jl;fg c. Ax
(3.67) <[] / (N—ez-f
ik 7

The expansion of the product over j ¢ K can be easily expressed as a
sum over further subsets of {1,...,n}. We have

ANy
Ai* (ez-7)> flize, ... izp)dzy - - - dzy dX.

1
. / J(z1y ooy zn; ) flize, .o yizn) dzy -+ - dzy
1

(2mi)™ Jon
COLEED DR | /C

K+L+M={1,..,n} jeK

N
)

(3.68

)
« H/_(l)eZJ

A
'AX (e*7) H/ Nf(iz1,...,izp)dzy -+ - dz, dX.
jeL X jem /-

Using this last equation, (3.65) and the definition of J(A;B) from
Theorem 3.3, we have the statement of the theorem. O

3.5. n-Correlation theorem

We will now prove our main theorem.
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Theorem 3.5. Let J* be as defined in Theorem 3.3. Then

/ Z f(ejm'--aejn)dXN
UNh<jy..

yeeorn SN

- (271T)n /[0 >, N (—ibi o)

270" g Ly M={1,...,n}

(3.69) X f(01,...,0,) dby---db,,

where 10y, = {i0; : £ € L}, —i0x = {—i0 : k € K} and the star on the sum
indicates summation over distinct indices. Moreover, the integrand has no
poles on the path of integration.

This is clearly a far more unwieldy formula for the n-correlation than
the usual determinantal expression, and as such its calculation might appear
to be a pointless exercise. However, the reason for working out this result is
that its structure is precisely that of the n-correlation of the Riemann zeros,
stated in Theorem 4.3. This is yet another illustration of how we can make
sense of an impossibly complicated formula from number theory by seeing
it as arithmetic decorations hung on the solid framework of a rigorous result
from the random matrix theory. This can be seen easily in the examples in
Section 5. There we compare formulae where ((1 + ) takes the place of the
function z(z) and other arithmetic terms appear, but in all its important
aspects the structure of the n-correlation of the Riemann zeros and that of
eigenvalues of random unitary matrices is absolutely identical.

Note the similar forms of Theorems 3.4 and 3.5. In the former the sum
is over all indices and the integrals are on paths slightly shifted away from
the imaginary axis, and in the latter the sum is over distinct indices and
the integration is along the imaginary axis. Moving the integrals onto the
imaginary axis results in some principal value terms, and surprisingly these
cancel exactly with extra terms in the sum in 3.4.

We actually prove a more general theorem (Theorem 3.6 below). We
start with a little notation: For a given n and 0 < R < n, let the sum
Zﬁ_n?jnzl with the additional condition that j,, # j, if m > R and £ > R
be denoted by Z"’R . If we additionally fix three disjoint sets K, L and M
whose union is {1,2,...,n}, then we introduce the following notation for
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the familiar integral

* . . .
/—7m /_wl/Kﬁ(l ..... R} /C(L+M)m{1 ,,,,, R} J (ZK7 ZL)f(’LZh'“’ZZn)

X dZ1 dzR dZR+1 d
R
(370) = IPg

Once again, the integrals on the imaginary axis are principal value integrals.
We have already derived equation (3.61). In the new notation this is
written as

(2mi)™ / Znnf vy e 05,)dX

(3.71) = Z (- >'L+M'N'M'I"?<LM-
K+L+M={1,...,n} Jie

Note that (3.61) features J whereas I?;’[I?’ . 18 defined in terms of J*.
However, when R = n (that is, all the integrals are off the imaginary axis)
Theorem 3.3 says that J and J* are equal.

With the help of Lemma 3.2 we will prove the following:

Theorem 3.6. Using the notation of (3.70) and the preceding paragraph,
with 0 < R < n,

n,R
(2mi)™ /N)Z f(j,,...,0;,)dX

(3.72) = Z (— 1)+, ,R}|N\M|InI}§LM
K+L+M={1,...n}

Proof. We will prove this by induction. Assume that Theorem 3.6 holds for
n—landany 0 < R<n-—1.

We start with the right side of (3.72) and move the zp integral onto
the imaginary axis, resulting in a principal value integral and a residue at
Zr = 2, for t > R, in any term where Re K, t€ L or Re L,ite K. A
close inspection of the integral and the form of J*(zx;—zy) reveals that
there is no pole unless R and ¢ are in one of these two configurations (see
Remark 3.2). Also, if ¢ < R then the contour on which z; is integrated has
not yet been moved, and so it remains on the far side of the imaginary
axis from the zr contour and hence does not yield a pole. Each residue
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contribution comes in the form of the three terms in Lemma 3.2, multiplied
by mi. (It is 7i rather than 27 because the zg contour is moving precisely
onto the imaginary axis, where z; lies, yielding half the contribution of a
contour completely encircling the pole.) Thus

Z (_1)|(L+M)O{LMR}|N‘MU?;II;L,M
K+L+M={1,...n}
— Z (_1)\(L+M)m{1,...,371}|NWU%,}];’_L%M
K+L+M={1,..,n}

n
+2x Y mi > (— 1)l (E+MN{1 R=1| M|
t=R+1 K'+L'+M={1,..,n}—{R,t}

+ I (s =z ) + N (20 —ZL/))
X f(iz1,. . iZR—1,12t,12R41, - - -5 02n) d21 -+ - dzp—1dzRe1 - - - dzp

(3.73)

The final sum above contains the two identical contributions from the case
Re K,t € L and the case R € L,t € K. To confirm the sign of each term,
if R € K, the residue is multiplied by +im because the contour of integra-
tion moves in from the right of the imaginary axis (skirting the pole in the
positive direction) and the argument zg in J*(zx; —z1) occurs with a plus
sign. Note that (—1)I(F+M)N0{L.R=1} — (_)I(LAM)N{L B} if R ¢ K and
L = L' + {t}. On the other hand, if R € L then the zr contour comes from
the left of the imaginary axis, but as C_ is directed downwards, the pole is
still circled in the positive direction. However, zg appears in J*(zx; —zr)

with a minus sign, so the residue acquires an extra minus sign, which is cap-
tured above because (—1)I(F'+MN{LB=1H — (1) x (—1)I(L+AM)N{L B §f

L=L+{R}.

In the integrals in the final sum above we now relabel the integration vari-
ables 21,22, ..., ZR—1, ZR4+1s -+ - Zn DY 21,22, ..., 2n—1 SO that f(z1,..., 251,
2ty ZRAly -« 3 2ty -+ -y 2n) 18 replaced by f(21,. .., ZRo1, 2t—1, ZRy -« o s Zt—1y -« - »

Zn—1) =:g¢(#z1,...,2n—1). In addition, for some function h of sets K, L
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and M,

> (W(K + {m}, L, M) + h(K,L+ {m}, M)
K+L+M={1,.,m—1}
+ h(K,L,M + {m}))
(3.74) = > h(K,L, M),
K+L+M={1,..,m}

so we now rewrite the three J* terms in the final sum in (3.73) as a sum
over partitions of {1,...,n —1}. Thus (3.73) equals

Z ( )|(L—&-M)ﬁ{l7 —R— 1}\N|M|InII§L1M

K+L+M={1,...n}
n

+ 2mi Z Z (—1)|(E+MN{L R1} M e 1LRM1
g1 9
t=R+1 K+L+M={1,..,n—1}
(3.75)

By the induction hypothesis, this equals

Z (—1)lT+MN{L,.... R~ 1}|N|M|In711§7L17M
K+L+M—{1, .}

1,R— 1
(3.76) + 273 (2mi)"~ 1/ Zn ¢(0j,,...,05, ,)dX.
t= R+1 U(N)

Note that the left side of (3.72) can be written as

n,R—1
(2mi)" / > f(0j,,...,0;)dX
(377) 2772 / Z Zn e 1 j1>"'7‘9jn—1)dX7

t R+1

where the second sum incorporates all the terms where 0;, = 0;,,t > R, and

then uses the same relabeling of the variables 0, ,0;,,...,0;._,,0;...,...,0;,
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and the definition of ¢; as described before (3.75). Therefore

n,R—1
2m'”/ F(0,,,...,0, )dX
ey [ )

(3.78) = Z (—1)KLJFM)Q{L'"’R’”'N‘MU}T’;?_;M
K+L+M={1,..,n}

and so, using the induction hypothesis, we have used (3.72) for a given n and
R to deduce the same expression for n and R — 1. Since in (3.71) we have
derived the expression for R = n for any n, we have shown that if (3.72) is
true for n — 1, it is also true for n. To justify the induction hypothesis in n,
we consider n = 1. Equation (3.61) states

1,1
omi / " 1(60;,) dx
) > ;)
L+M M| L1 - L1
(3.79) = > { }(—1)|( DN = =Ny 0y
K+L+M={1

The final step above follows by remembering that J*(0;24) =0 for any
non-empty set A. Since S5 = 3210 and I}fql) 0.1} = —I}fgm (13> it 1s imme-
diate that

(3.80)
, 1,0
omi / S pe)ax = S (cylenoniybapto
UN) K+L+M={1}
This completes the proof of Theorem 3.6. (]

It remains to verify that the integrand in Theorem 3.5 has no poles on
the path of integration. We have already confirmed in Lemma 3.2 that each
J*(—i0k;i01) has only a simple pole at 6 = —0, for 0 € O and 6, € 0.

We check that

(3.81) > NM J* (=i i07,)
K+L+M={1,2,...n}
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has no pole at 61 = 05 for generic values of the remaining variables. A given
J*(—i0k;i0r) only has a pole when 6; € 07, and 02 € Ok, or vice versa, so

[Res > NM J*(—ifg;i61)
K+L+M={12,..,n}

_ 3 NM Res (J*(-@&K + {01 }; {2} + i0,)
K+L+M={3,....n} =02
(3.82) T (=i + {—i2}; {i61} + wL)) — 0

this is zero because Ress—, f(s,2) = —Ress—, f(x,s). Thus if (3.81) had
a singular set it would be of complex dimension less than n — 1 and this
implies that there is no singular set (see for example [16, Corollary 7.3.2]).

Our new proof of n-correlation in the case of the random matrix theory
is now complete.

4. Correlations of the Riemann zeros
Now we turn to the Riemann zeta-function. The goal is to obtain a precise

conjecture for the m-correlation of its zeros and we do this following the
method of the previous section for the random matrix case.

4.1. The Ratios conjecture for the zeta-function

We derive our formula rigorously from the Ratios conjecture for the zeta-
function, which we now state.

Conjecture 4.1 (Ratios Conjecture [6]). Let Z:(A,B) = [Jaca (1 +a+
BeB
3) and

(4.1) ZC(A,B;C, D) :=

Further, let

1
42) A B:C.D) = [ 2(A B:C.D) [ Aol B:C.D) b,
0
p
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where 2,(z) :== (1 —p~*)7}, Z,(A,B) = H%GA Zp(l+a+p)7!
€B

Z
(4.3) Z,(A,B;C,D) := Z”

and

HaeA Zp,—0(1/2 + a) HﬁeB Zp,0(1/2 + 5)

(4.4) Apo(A, B;C, D) := [1ec2p-0(1/2+7) [Lsep 2p0(1/2 +6)

With Zpo(x) = (1 —e(@)p 2)~1. Then, provided that —3 < Ra,RB < 1,
bg 7 <Ry, N6 < 7 L and Sa, 36,37, 360 < T, we conjecture that, with s =
3 +it, for any interval I C [T, 7],

/HQGACS_‘_O‘)HﬁeBC(l_S"Fﬁ) dt
[lec (s + M) [sep € =5 +9)

(4.5) — [ Rea, B D) e+ O([2+9),
I

where

(4.6) Reu(A,B;C,D)= > Xy(S8,T)Z.A(S+T",T+5;C,D).

SCATCB
IS|=IT|

Here T~ means the set of all of the negatives of elements of T' (i.e. T :=
{-t:teT}), A=5S+S5,B=T+T and

(4.7) Xi(8,T) = H x(s+ @) H x(1—s+7),

aes BeT

where x(1—s) = x(s)™' = 2(27)~*T(s) cos I is the factor from the func-
tional equation ((s) = x(s){(1 — s).

Remark 4.1. Note that since |S| = |T), for small shifts & and 3 we have
48 X(ST) = et D) (1400/(1+ 1))

where ¢ = log ﬁ, which can sometimes be used to simplify formulae.
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The method for constructing the Ratios conjecture is detailed in [6] and
is based on the same principles as the recipe for generating conjectures for
moments (see [5]) of zeta and L-functions. (Moments cover just the case
where C' = {0} and D = {0}.)

Corollary 4.1. With the same conditions on «, 3,y and § as in Conjec-
ture 4.1, and with conditions on p the same as those on a and 3, we have

/HaeAC )HﬁeBC -5+ f) Hx (5 + ) d

[lhecCls )HaeDC1—3+6
! pel X

as a consequence of Conjecture 4.1.

Proof. This follows immediately by integration by parts using the fact that

/

X d X’ 1
(4.10) . (s) < log(2+|s|) and 05 x (s) <

1+1s|

2. Averages of logarithmic derivatives of the
Riemann zeta-function

To determine the correlations of the Riemann zeros, we will need a result
about averaging logarithmic derivatives of the zeta-function:

Theorem 4.1. Assuming the Ratios conjecture, if Roi, RB3; > 0 for a; € A
and B; € B then J¢ 1(A; B;U) = JZJ(A;B;U) + O(|I|/2%€), where for an
interval I

Je1(A; B; U)
/1_1C 5+ it + ) Hg—f—zt—i-ﬁ)H( K( —i—zt—i—u))d
a€cA BeB C nel X

(4.11)
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and
(4.12) JE (A B3 U) = /IJZt(A;B;U) dt,

where

JABU) = >, X(ST) Eg?fczis(_TT;))Ac(T,S;S,T)

SCA,TCB
S1=17)
(4.13) < 3 H”HST <1 ( 1/2+2t+u)>
S+T r=1 HEU
=Wt +Wr

Here we use the notation Z; as in Conjecture 4.1 and Zg(A, B)=1]] aca
pBeB

_ a+57#0

C14+a+pB). In addition, T~ :={—-t:te€T}, A=5S+5, B=T+T and

(4.14)  Hsr(Wy) = Hesm(W, ZH 1,5.7( r)JFZH 25,7 (W,

Further, we have

D 2/(1 ta-a)
aes
—Zg(1+a+[3) if W= {a} CS,
ger
S s 5-5)
Hesr(W) =47 ,
~S S+ p+a) W ={CT,
aes ¢
(g) 14+ a+p) if W ={a, B} with
a€S BT,
0 otherwise;

(4.15)
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/

S 20+a-a)
aes P
—Z (1+a+p) fW={a}C?5,
ber P
DELET )
Hp71;57T<W> = BGT P
—Z 1+64+a) fW={}CT,
aeS
Zp ! .
(2) arasnm  gw=ian)
P
with a € S,B €T,
0 otherwise;
(4.16)
and
J
(4.17) Hyosor(W)= > (=)' (T =) ] esr(X;)
W=7, X; j=1
with

fo p,0(5,T) Hae?ﬂX(z;,fB/va—e) (% +O‘) HﬁeTnX
(2, 0/2p0) (5 + ) d0

418)  cop(X) =
(4.18)  esir(X) X Ay 0(S.T) do

and the notation
(4.19) Apo(S,T) :=Apo(T™,5;5,T),
with A, ¢(A, B;C,D) as in Conjecture 4.1.

To prove this we want to differentiate R¢; with respect to all of the
o € A and 8 € B and then replace each v by an a and each § by a 8. In
what follows, A and C have the same cardinality, as do B and D. Thus,
after differentiation, when we want to set the v equal to the « in some order,
and the § equal to the 8 in some order, we can abbreviate this by C' = A
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and D = B. With the definition of J; ;(A;B;U) as in (4.11), and using
Corollary 4.1, we have

Jer(A; B U)

/Hd dﬂRCtABC’D

) ( 1/2+zt+,u))d
; pel

+ O(yf|1/2+f).
(4.20)

The situation is much as in the random matrix theory case, except that
now we have to understand how to include the arithmetical factor A;. For
a start, we can differentiate with respect to the & € S and B €T as before.
Cg and D7 are defined as in the proof of Theorem 3.3. We have

Je1(A; B;U) = /H 1/2+zt+,u))

pnel

Ze(8,T)Zc (8™, T~
D SRECEY 15,
o Sen 7(8,97) 2/ (1,77) 11 4o dﬂ

|S|=IT| BGT

( Z:(8,T)2:(S,57)Z(T, T7) Z(C, D)
ZC(S,T)ZC(Cg,S*)ZC(D T-)Z (S D)ZC(T )

(4.21) XAC(S+T,T+S;C,D)> . Adt+0(]]|1/2+e)_
D=B

In anticipation of applying Lemma 3.1, we note that a brief calculation
shows that

Z¢(8,T)2:(S,87)Z:(T,T~)Z(C, D)
Zc(s, T)Zc(C§, S_)ZC(DT7 T_)Zc(g, D)Zc(T, C)

X Ag(g-i-T*,T—i- S7;C,D)
=5

(4.22) = A (T, S7;8,T).
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The remainder of the proof of Theorem 4.1 consists of applying
Lemma 3.1 with (keeping just the factors from the big brackets in (4.21)
that depend on S and T')

H =log Z¢(S,T) + log Z:(S,S57) + log Z:(T, T~) — log Z¢(S, D)
—log Z:(T —I—Z log Z,(S,T) +log Z,(S,S™) +log Z,(T,T™)
p

1
—log Z,(S, D) —log Z,(T, C) + log/ Apo(S+T7,T+S57;C,D)db.
0
(4.23)

Note the exponent —1 in the definition of Z,(A, B) in Conjecture 4.1 which
accounts for the minus sign in front of H; ;, 5 7(W;) in the definition in (4.14)
of H S,T(WT)-

Now it just remains to prove:

Lemma 4.1. Let W c S+ T. Then

Hyo s7(W H dlog</ Ao(S+T7,T+S5;C, D) d0>
wew MY C=5+5
D=T+T
J
(4.24) = > (=)' I =D ] esr(X))
w=37_, X, j=1
here

gl e
L X geTnx ;9 2p,0)(1/2+ ) d
(4.25) cor(X) = (T Ao (5.1 db ,

where we have adopted the notation

(4.26) Apo(S,T) := Apo(T,57;5,T).
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Further, we have, for a* € S, f* €T, S'=5—{a*}, T'=T —{3*} and
WcS+T,

d * *
T cs(W) = —cg (W +{a"P]ar=—p —cs (W +{6"})
ar=—@*
+esim (W)est 1 ({a™ ) lar=—p- + cs (W)

(4.27) x csr 1 ({6%})
and

d *

ﬁsz;S,T(W) = —Hpo s (W +{a"})|ar=—p-

a e

(4.28) — Hpo 5.7 (W+{5"}).

Proof. The proof is simple, involving only differentiation. The first line,
(4.24), follows from logarithmic differentiation of the integral of A, g, where
each variable w € W appears in just one place. Equation (4.27) also arises
immediately by following the rules of differentiation. Note that a* appears
in A, (S, T) in the numerator of (4.4) in a factor z,¢(3 — a*) and in the
denominator in a factor of type z, _¢(3 + a*) and o ¢ W. The first term
in (4.27) comes from the 2, _g(3 + o*) factor in the numerator of (4.25), the
second term in (4.27) from the z,(3 — *) and the final two terms in (4.27)
from the integral in the denominator of (4.25). To obtain (4.28) note that
the o* appears in each factor of cg7(Xj), 7 =1,...,J, in (4.24). Using the
product rule on each term in (4.24) we differentiate each ¢y 7(X;) in turn
and sum the results. Note that CSvT(Xj)|a*:—ﬁ* = cg 1 (X;). Using (4.27)
and careful combinatorial accounting (4.28) can be obtained. 4

Remark 4.2. We have allowed here some loose use of notation in writing
H,o 5 17 (W + {a*}). The lemma starts out by defining Hy 2 g 7(W), where
W C S+T, but of course W + {a*} ¢ S+T when a* € S. However to
understand the notation H, o g 7 (W + {a*}) simply replace S with S and
T with 7" in the definition of H, 2 g1 and replace S with A — S" and T with
B —T'. A similar comment applies to cg 7 (W + {a*}) in (4.27).

4.3. Residue identity revisited

Using Theorem 4.1, which is an application of Lemma 3.1 along much the
same lines as Theorem 3.3, we now prove the analog for ¢ of Lemma 3.2.
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Lemma 4.2. Suppose that o* € A and * € B. Let A’ = A— {a*} and
B' =B —{3*} and { =log 5. Then J? (A B;U) (defined in Theorem 4.1)
has a simple pole at o = —3* with

/
Res JZ,(4;B;U) = —X;(S — B%)JE (A B U) + JE (A B U)

ar=—p3*

(4.29) + JE (A +{-p"}; B, U).

Proof. We use Lemma 3.2. First we remember the convention that
A=S+8Sand B=T+T and we write Theorem 4.1 as

/
(4.30) JLABU) = [[ X2 +it+u) Y Desr(S.T),
pnel SCA
TCB
1SI=IT)

where with the abbreviation A(S,T') := A¢(T~,57;5,T), we have

R
(4.31) Desr(8,T) = QS DVAGS.T) S [ Hsr(Wr)
S+T=>"w, =1
and
(4.32) QC(SvT) = X4(S,T) ZC(SaT)ZC(SiaTi)

ZS,87) 2T, T~)

Now we let Q¢(S,T)A(S,T) play the role of Q(S,T) in the proof of
Lemma 3.2 and Hgr(W) plays the role of Hg7r(WW). Thus we need to
prove the four conditions below, describing the behavior of the various com-
ponents of the formula as o approaches —(*, and then the rest of the proof
is identical to that of Lemma 3.2.

Q1: If a* €S and B* €T, then Q¢(S,T)A(S,T) is independent of
o and #* and

1 3 i * *
4.33)  Hsr(W) =4 (@ +5)? +0(1) if W ={a", 5},
0(1) otherwise.
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Q2: If a* €S and B* €T, then Q:(S,T)A(S,T) is regular when

o = —3* and
1 ) .
(4.34) Hsr(W) = o + 3* +0@1) W ={g"},
0(1) otherwise.

Q3: If a* €S and B* €T, then Q¢(S,T)A(S,T) is regular when

o = —f3* and
! +0(1) ifW={a*}
- i — 7
(4.35) Her(W) = ¢ o + (3%
O(1) otherwise.

Q4: Ifa* e Sand f* €T and S' =85 — {a*} and T =T — {*}, then
Qc(8,T) = (arrpyz + 0(1)Qc;1 (S, T) and

/

Qca (S, T)A(S,T) = Qc(S", T A(S, T <1 — (" + B (= =(s— B

= |

(4.36) + Mo ({a" Pla—g- +Hs 0 ({87}) | +0(1)

N———

and

Hsr (W) = Hariro (W) = (@ + 8°) (oo (W + {0 Plar—pr
(4.37) +He (W +{6*})) + O(Ja* + 5*%).

We have just to prove these four conditions to complete the proof. We
start with the first case where a* ¢ S, 8* ¢ T. Then o* € S and B* € T.
The terms Hp 1 and H,2 have no poles because of the conditions on the
real parts of a and 3. The only polar term from o* = —(* arises from a

situation when one of the partition parts is W, = {a*, 8*} and there is a pole
/ /

from He,57(W,) = (%) (1+a* + 8%). Since (%) (1+2)=1/22+ O(1)
and Q¢(S,T)A(S,T) is clearly independent of o* and 3, the first condition
is satisfied.
Next, suppose that a* € S and $* ¢ T. The only pole in D¢,s7(S,T)
occurs in the product of the H for He.g7(W;) when W, = {3*}. We have
¢ A ¢
(4.38) Hesr({B)) =) E(l +B-8) =) Z(l + 5"+ a)

BeT &GS
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for which, when & = o*, the term —%(1 + /* + a*) has a simple pole at
a* = —f* with residue 1. Q¢(S,T).A(S,T) depends on o* and not 3, so it
is regular when o* = —j3*.

Similarly, when o* ¢ S and #* € T, the only pole in the product of the
H occurs for He,s7({a*}). We have

(439)  Hesr(fo}) =Y %’(1 ta-an -y if(l fat 4 )

aes Ger

for which, when 3 = 3*, the term —%(1 + o* + 4*) has a simple pole at
= —(* with residue 1.
Finally, we consider the case o* € S and §* € T. Let S’ = S — {a*} and
T' =T — {5*}. We have

(4.40) Qc(S,T) = (1 +a” +5)C(1 —a* = 59)Q¢u (S, T),

where

Qc1(8,T) = Qc(S", T") X, ({a" }, {8 })

(4.41) ) )
y [ger CA+a"+B8)C(1—a" = B) [[aes CA+a+ B)C(1 -G = 5)
[Tacs C(1+a* = @)1+ & — a) [T peq C(1+ 85 = B)C(1+ B - 5%)

Note that ((1+a*+ 3*)((1 —a* — 3*) = (CEmRg *+B 7+ O(1). Also, remem-
bering that x(s — 8*)x(1 — s+ %) =1,

(4.42) Qea(S.T)],.__,. = QS T,

which gives us an expansion for Q¢,1(S,T") in the neighborhood of o* = —3*:

!/

Qca(S,T) = Qc(S, T)(1 + X (s — B)(a* + B7) + O(ja* + B*?)
X

X <1+(a*+ﬁ*)( > <<</(1+ +5%) - g(l—ﬁ*—&))
aes’

+3 (G eh-Savs-5)) voge i)
BeT



Correlations of eigenvalues and Riemann zeros 517

/

/ / * * X *
= Qu(8"T) (1= (" + 8 (~ (s = )

(4.43) + Hegr ({0 Plar=—p- + Hes o ({873)) + O(Ja” + ﬁ*l2))-

Since A(S,T)|,-—_ 5. = A(S',T"), we have the expansion around a* = —f3*:

A(S,T) = AS,T) | 1+ (a* + 89S Z(—?(l—kd—kﬁ*)
p | aes P
+20-g-a)+ ¥ (2054 + (+ﬁ )

Ber
fo P9*(S’/ T; (( f( ?/Zp 0))()1/2 B*)
_ 20/ %p0)(1 2+ 3%)) do o |2
T +0(a” + 5'P)

= A(S',T) (1 + (0" + 8D (Hpris ({0 D=

+Hp 150 ({8°}) — Hpaisr ({07} |lar=—p- —Hp,z;s',Tf({ﬁ*}))>

(4.44) + O(|o* + *))?,

where the first line is a result of differentiating (4.2), and the second line from
the definitions of Hp 1.5 7(W) (in Theorem 4.1) and H, 2.57(W) (in (4.24)).
Thus we have

Qe (S, T)A(S, T) = Q<<S’,T’>A<SCT’>( — (@ 5 >( X? s —=0%)
(1.45) + Hsir (0"l + Ko (57 ) ) +0(

as o = —[(*.
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Now we obtain an expansion for the product of H term. By the definition
of H; in Theorem 4.1 we have that

C, !

Hesr(fa) =) >(1+a-a)=> >(1+a+p)

2 ¢ s

& BeT
(4.46) = He.orm({a}) + Z(l—i—a—a*) — Z(l—i—a—i—ﬁ*);

Hesr({B}) =) 2(1 +B8-3) - 2(1 + B+ a)

BeT aes
(4.47) ZHc;sf,Tf({ﬁ})Jrf(lJrﬁ—ﬁ*) - Z(1+ﬁ+a*);
and
419 Hesr(fa ) = (§) (+a+8) = Hosr (a6,
Thus,
(4.49) Hesw (W) = Heg 0 (W)

ar=—@"
and
— (Ej) 1+a+p*) fW={a}CS,
d L
dar s W)lae—pe =4 (i) (1+p8-p) fW={8}CT,
0 otherwise.
(4.50) =—H¢ s (W +{a"P|ar=—p- — Heor (W +{B"}).
In exactly the same way,
(4.51) Hp 1,50 (W) = Hp 1,50 (W)
ar=—p3*
and
d

@Hp’l;S7T(W)}CM*:*B* = _Hp,l,S’,T’ (W + {O[*}) Oé*:—ﬁ*

(4.52) — Hp 1,500 (W +{B}).
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Also, by Lemma 4.1 we have

(4.53) Hp2.5,07(W) = Hp 2,517/ (W)
a*=—[*
and
d *
do* p,2,ST(W) = _Hp,Z,S’,T’(W +{a’}) ar=—3*
« ar=—p*
(4.54) — Hpo 5.7/ (W+{5"}).

Combining these results we have exactly equation (4.37).
The rest of the proof proceeds exactly as before. O

4.4. n-Correlation via the Ratios conjecture

Now we proceed to n-correlation. Let f satisfy the conditions

f(z1,...,2p)is holomorphic for |Sz;| < 2,with j =1,...,n,
is translation invariant, i.e., f(z1 +1¢,..., 2y +t) = f(z1,...,2p)
and satisfies f(0,22,...,2,) < 1/(1+ |@2)® + - + |20]?)
(4.55) as |z;| = oo, with j =2,...,n.

Theorem 4.2. Let C_ denote the path from —6 4+ i1 down to —0 — i1 and
let C4 denote the path from 6 —iT up to § + T and let f be as in (4.55).
Using the notation J¢ +(A; B; C) from Theorem 4.1,

> f('vju---,m)—( 1.)n > (—1)/El+M]

0<5y yeYin <T K+L+M= {1, .}

/ / Jgt(zK;—ZL;—ZM) dt
c+ c L+M T
(4.56) X fliz1,...,02n) dzl e dzy,

where zxg ={zk k€ K}, —zp ={—2z,: £ € L} and fC+K Jo_ven means that
we are integrating all of the variables in zx along the C+ path and all of
the variables in zr, or zys along the C_ path; and I* is the interval which
has lower endpoint max{0, —z1, ..., =Sz, } and upper endpoint min{T, T —
Sty T —Szp )
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Proof. By Cauchy’s theorem we can express the sum over zeros as

Z f(fyla"wpyn -

0<Y1 e ¥n <T

—021,y ..., —12p)

(4.57) HCC (1/2 4 2j) dz1 ... dzy,

where C is a positively oriented contour which encloses a subinterval of the
imaginary axis from zero to 7. We choose a specific path C to be the
positively oriented rectangle that has vertices 0,6 + ¢1, —§ + i1, —§, where
¢ is a small positive number.

Due to the translation invariance of f, (4.57) equals

1 T

i),

<[] CC (1/2 + 2j) dz1 - - - dzy, dt
j=1

=7 / 27” / —i21, ..., —12p)

1/24+dt+ z;)dz - - dzp dt
( j

(—izy —t,...,—izyp — t)

X

=S
Y

sy

J

= @ni) Z / / / f(=iz1, ..., —izy)

6]6{ 1,+1}

=l

(4.58) X (1/2+Zt+z])dtdzl ~dz, + O(T9),

—= 2
|

<
Il
-

where the range of the innermost integral is the interval I* which has
lower endpoint max{0, —Sz1,...,—S2,} and upper endpoint min{7", T —
Sz1,..., T — Szp}. In the second line we made a change of variables z; —
zj +1it. The contour C_; is C shifted down by —it; that is, it runs from
d—it,d +i(T —t),—0 + (T —t),—0 — it. In progressing to the third line,
we note that the horizontal portions of the contour of integration can be
chosen so that the integral along them is O(T*) (following the identical
argument to Davenport [11, p. 108]), so we concentrate on the vertical sides
of the contours. When we now exchange the order of integration to move
the t integral to the inside, the integration over zi,..., 2, becomes the sum
of 2" integrals, each on one of the contours C1 or C_ defined in Theorem 4.2.



Correlations of eigenvalues and Riemann zeros 521

Remark 4.3. The main integral is of size ~ T log"T. The T is a result
of [ .7 f =~ T; the power of the log comes from the moment of the log-
arltflmlc derivative and will become clear from the examples at the end of
the paper.

For each variable z; in (4.58) which is on C_ we use the functional
equation

¢ X ¢
4.59 =(5)==(5)—=(1—s
(4.59) C( ) X( ) C( )
to replace C?(s + z;), where s = 1/2+it. In this way we find that (4.58)
equals
1 1—¢x .
TS / / / ( et
e €{-1,+1}
C/
(4.60) + €= R (1/2 + € (it + zj))) X fliz1y ... izp)dtdzy - dzy

Another way to write this equation is

T > H/ 1/ 7 S“ﬂ')

Kc{l,..,n}jeK Ct jEK

(4.61) X <>><</(s +2) — g(l —5— zj)> X f(iz1, ... izn) dt dzy...dz,

(Note that the dz are no longer in order but this should not cause confusion.)
The expansion of the product over j ¢ K can be easily expressed as a sum
over subsets of K. This yields

1
S I S

K+L+M={1,....n } kek Y C+ el
!
X S (1—s—2) H / - = s+zm)) fliz1, ... izy) dt dzy ... dz,.
C meM

(4.62)
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Remark 4.4. We note the asymptotic for %:

(4.63) /2 ) = —log <”O <|1|>>

In some applications |z, | is small relative to ¢, and it simplifies the formulae
to replace XY(S + 2m) with —log o ld} . However, here where 2, can be the same
size as t we will not use this approx1mation.

We have the statement of Theorem 4.2. O

4.5. n-Correlation for the Riemann zeros
We will now state our main theorem.

Theorem 4.3. Assume the Ratios conjecture 4.1. Let Jc*,t be as defined in
Theorem 4.1. Then

Z f(717"'77n)

0<y1 ey <T
N (2m)™ / / Z Jf,t(—%zK;zzL;zzM) dt
1T = T g Ly M={1,....n)
(464) X f(Zl, ceey Zn) le L. dzn + O(T1/2+E),

where —izg ={—izp : k € K} iz, ={izg: L € L} and izpy ={izy : m € M }.
Moreover, the integrand has no poles on the path of integration.

The proof is nearly identical to that of Theorem 3.5. The only difference
is that some care is needed with regard to endpoints of intervals when we
move each new path of integration onto the imaginary axis. The (slight)
difficulty is with poles that may lie at the very endpoints; this point did not
arise in the random matrix theory context because of the periodicity of the
integrand. However by extending the paths slightly we can circumvent this
difficulty; an argument like that used to handle the horizontal segments in
the proof of Theorem 4.2 will work in this case too, and introduces an error
term of size only O(T°).

It remains to verify that the integrand in Theorem 4.3 has no poles on
the path of integration. We have already confirmed in Lemma 3.2 that each
J*(—i0k;i01) has only a simple pole at 6 = —0, for 0, € O and 0y € 0.
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We check that
(4.65) > JE (=0 i0L;i01)
K+L+M={12,..n}

has no pole at 61 = 6o when the values of the remaining 6; are not equal
to 61 or A3. A given Jgt(—iGK;iQL;iGM) only has a pole when 6; € 67, and
0, € Ok, or vice versa, so

913552 > JE(—i0k;i01301)
K+L+M={1,2,...n}
= > Res (=it + {=i1}; {i62} + i01316n)
K+L+M={3,.n} =
(4.66) + T (=i + {—i02}; {61} + i6y; z'GM)> =0
this is zero because Ress—; f(s,z) = — Ress—, f(x, ).

Thus if (4.65) had a singular set it would be of complex dimension less
than n — 1 and by standard results in the theory of several complex variables,
this implies that there is no singular set (see for example [16, Corollary
7.3.2]).

Our proof of n-correlation in the case of (-zeros is now complete.

Corollary 4.2. By rearranging the integrals, now that we know the inte-
grand has no singularities, and using the fact that f is translation invariant
we have that the Ratios conjecture implies that

Z f(yl,,’)/n)

0<m - #yn <T
1/T : / . JE(—izk +ityizg — ity iz — it)
T " C\TIRZK vizp — it iz —
T Jo @2m)™ Ji—rmp Kt DAL}
X f(Zl, .. ‘7ZTL) le e dZn dt+ O(T1/2+e)
(4.67)

5. Examples

In this section we explicitly write out all of the terms in our expressions
for n-correlations for RMT eigenvalues and for (-zeros for 2 <n <4. In
the case of the ( correlations, we simplify the terms X;(S,T") and Xy(s + a)
using the approximations involving ¢ = log ﬁ mentioned at (4.8) and (4.63).
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To proceed, we calculate J*(A4;B) and J:,(A;B):= JZ,(4;B;U)/
[ecv XY,(% + it + p) for sets A and B with four or fewer elements. Dgr
and D¢ g7 are defined in the proofs of Lemmas 3.2 and 4.2, respectively. In
the following sections we first compile Dg 7, D¢ s, then evaluate J* and

Jét and then assemble these into the correlation formulas Ry ,(x1,...,2x)
and R¢ ¢ n(1,...,2,). Here we define R via
/ > f(0r,...,0n)dXy
UN)1<jy,jn<N
1
(5.1) = n/ Ryn(x1,... xn)f(z1,...,2p) dey - - - dy,
2m)"™ Jjo,2x)
and

1 1
Z f(’Ylv"‘vfyn) - W/[T}T]nT R(:,t,’rl(xlv'-'vxn)dt

0<mi# - #7 <T I
(5.2) X flx1, ... an)day - - day + O(TY2F),

(compare these with Theorems 3.5 and 4.3).
Recall that

1
(5.3) z(x) = A=) o
sin(Nx/2

(5.4) S(z) = Sn(z) = W,
(5.5) () = (1—p") 7,
and
(5.6) Zy(A,B) = [ 21 + o+ 8)"".

=

We also will introduce, as needed below, a number of other expressions
A(z), B(x), etc.; for convenience, these are listed in Section 5.7.

5.1. Pair correlation, RMT

Suppose that the sets A and B have just one element: A = {a}, B = {b}.
We have

(5.7) J*(a;0) = Dg¢ + Dap,
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where
2\

53) Doo=(2) @)
and
(5.9) Doy = e N2 (0 4 b)2(—a — b).
Thus

/ /
(5.10) Lﬁmm)_<i>(a+m+ffmﬁwaa+m4—a—m.

Then the 2-point correlation function is

Rya(u,v) = N2 4 J*(iu; —iv) + J*(—iu; iv)

(5.11) —det( 5 N S(“A; v) )

v—u)

5.2. Pair correlation, ¢

We have
¢y
ngm:(z)u+a+m—3m+m
(5.12) +e (14 a4 b)¢(1—a—Db)A(a+b),
where ¢ = log % and
(1-1/p"*")(1 —2/p+1/p'*)
5.13 Ax) = ,
log p 2
and conjecture that
(5.15) Reio(u,v) = €% + JE (iu; —iv) + JE(—iu; v).

Further, letting

(5.16) Pi(z) = e_exA(x)C(l +x)¢(1 —x)
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and
¢y
(5.17) Py(z) = <?> (1+2) — B(z),
we have
(5.18) J:4(a;b) = Pi(a +b) + Pa(a + b).

5.3. Triple correlation, RMT

In this case we have

(5.19)

J* (a; bl, bz) = D¢7¢ + Da,b1 + Da,bga

/ /

(521) Dap, = N 2(a+by)z(—a — by) (Z(fn —b1) - 22(52 + a)) :
and

/ !
(5.22) Da,62 = 67N(a+b2)2’(a + bz)Z(—a — bg) <Z(bl — bz) — i(b1 + a)> .
z z

Thus,
z Z
J*(a;by, by) = e N 2 (0 4 b)) 2(—a — by) ((b2 —by) — =(be + a))
z z
N b Z, Z/
(5.23) + e N@H2) 2 (g 4 bo)z(—a — by) <Z(b1 —ba) = — (b1 + a)> .

Then

Ry s(u,v,w) = N? + N (J* (iu; —iv) + J*(iv; —iu) + J*(iu; —iw)
+ J*(tw; —iu) + J* (iw; —iv) + J* (iv; —iw))
+ (J*(—iw; iu, ) + J*(—iv; iw, iu) + J*(—iu; iw, iv)
+ J*(iw; —iw, —iv) + J*(iv; —iw, —iu) + J*(iw; —iu, —iv))
( N S(u—v) S(u—w) )
(5.24) =det [ S(v—u) N S(v—w) |.
S(w—u) Sw—0o) N
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5.4. Triple correlation for ¢
The analog for ( is

JEi(as b, b2) = e—é(a+b1)A(a +b1)C(1+a+b1)C(1—a—by)
X <§(1+b2 —by) — g(l%—a—i-bg) —B1(a+bl,a+b2)>
+ €_€(a+b2)A(a + bQ)C(]_ +a+ bg)C(l —a— bg)

x (g(wbl —by) — Cf/(1+a+b1) —Bl(a+b27a+b1))

¢
(5.25) + Q(a + b1, a + by),
where
3
(626 Qy=-3 08 P

> p2+x+y(1 _ 1/p1+a:)(1 _ 1/p1+y)

and

Bi(z,y) = Z (1 - 1/pm> (1 —1/p® —1/pY + 1/p1+y> log p

p (1 — 1/]01*”9) (1 — 1/p1+y> (1 —2/p+ 1/p1+:r)p27:r+y'

Then we conjecture that

Rep3(u,v,w) = 03+ £(JE,(iu; —iv) + J¢ (iv; —iu) + 7 (iu; —iw)

+ JZ (iw; —iu) + JE(iw; —iv) + JE 4 (iv; —iw) )

+ (T (—iws o)+ (—ivsdw, ) + ¢4 (—iu; iw, iv)
(5.27) + J2 (i —iw, —iv) +J7 4 (105 —iw, —iu)+J¢ , (iw; —iu, —iv),

It is convenient to introduce the function

! !

(5.28)  Py(ab,c) = Bi(a+batc)+ i(l bato)— 2(1 Feob).

In terms of this, we have

JE i ({a}; {b1,b2}) = Q(a + b1, a +b2) — Pi(a+ b1)P3(a, by, ba)
— Pl(a + bg)Pg(a, bg, bl).
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5.5. Quadruple correlation, RMT
With A = {a}, B = {b1, b2, b3}, we have that

J*(a;b1,b2,b3) = Dy + D, + Dap, + Dap,

/ !
= e*N(‘”bl)z(a—i-bl)z(—a—bl) (z(bg—bl) — i(bg—i—&))
¥4
/

x <i(b3 —b1) — Z;(bB + a))

+ e Natbe) (0 4-by)2(—a—by) (Z(bl —by)— Z—(bl —|—a)>
z z
!/

X <’j(b3 —by) — %(53 + a)>
+ e Natba) (0 4-b3) 2(—a—b3) (i(bl — bs) — z/(b1 + a))

/

2! z
(5.29) X <(b2 — bg) — *(bz + a)) .
z z
With A = {a1, a2}, B = {b1,b2}, we have

J*(a1,a2;b1,02) = Dg¢ + Da, b, + Day b, + Day by + Dagby + Day s b bos
(5.30)

where
AN 2\ AN 2\
Dgys=1— b — b — b - b
b.¢ (Z> (a1 + 1)<Z> (az + 2)+<Z> (a1 + 2)(2) (ag + b1)
(5.31)
and
Dalybl = e_N(a1+bl)Z(a1 + bl)z(_al - bl)

X (Hiayy gy ({a2} {b2}) + Hia,y oy ({a2}) Hia,y, o,y ({02}))

/

/
_ e_N(al—i-bl)Z(al + bl)z(—al — bl) <<Z> (CLQ + b2)
z

(5.32) + (j(ag —ay) — j(ag + b1)> (i(bg —b) — i(bg + al))> ;
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the other D,, p, are similar. Also,

Da an b b :efN(a1+a2+b1+b2)
1,02,01,02

z(ar + b1)z(—a1 — b1)z(a1 + b2)z(—ar — ba)z(az + b1)
Z(—ag — bl)z(ag + bg)z(—ag — bg)
z(a1 — CLQ)Z(GQ — al)z(bl — bg)z(bg — bl)

Thus,

J*(a1,a2;b1,b2)

- <j)l(a1 +b) (i)l(ag +by) + <Z/>/(a1 +by) (i)/(ag +by)

+ e N@Hh) 201 + b)) 2(—ay — by)

/

X

N

/

X (bg —by) — f(bQ + al))> + efN(alerZ)Z(al + b2)z(—ay — bg)

/ / /
z

/

(bl — bg) — *(bl + al))> + e_N(“2+b1)z(a2 + bl)Z(—ag — bl)

X
— —
N\NA w |

X

<Zz/) (al + bg) + (Zzl(al - a2) - Zz,(al + bl))

/

(b2 — bl) — f(bg + CL2))> + e_N(‘Z?erz)z(ag + bg)Z(—ag — bg)

<

|

X

(2) o em e~

N

X (7 b1 —bg - /(b1+a2))>

z
—N(ai1+az+b1+b2)
+e 2(&1 +b1)z(a1 +bg)z(a2+bl)z(a2+bg)

z(—a1 — bl)z(—al — b2)2<—a2 — bl)z(—ag — bg)
z(a1 — CLQ)Z(GQ — al)z(bl — bg)z(bg — bl)

(5.33)
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Then

R a(u,0,,9)
= N* + N?(J*(iu; —iv) + J* (iv; —iu) + J* (iu; —iw)
+ J* (iw; —iu) + J* (iw; —iv) + J* (iv; —iw)
+ J*(1y; —iu) + J* (iu; —iy) + J*(iy; —iv)
+ J*(iv; —iy) + J*(iy; —iw) + J*(iw; —iy))
N (J*(—iw; iu, iv) + J*(—iv; iw, u) + J*(—iu; iw, iv)
+ J*(zu, —iw, —iv) + J* (1v; —iw, —iu) + J* (iw; —iu, —iv)
(—iw; iy, iv) + J*(—iv;iw, 1y) + J*(—iy; iw, iv)
+ J*(iy, —tw, —iv) + J* (iv; —iw, —iy) + J*(iw; —iy, —iv)
J*(—itwsiu, iy) + J*(—iy; iw, iu) + J*(—iu; iw, iy)
+ J* (tu; —iw, —1y) + J*(iy; —iw, —iu) + J* (tw; —iu, —iy)
(
(
(
(
(
(y
(i

+ J*(—iy;iu, iv) + J*(—iv iy, iu) + J*(—iu; iy, iv)
+ J*(iu; —iy, —iv) + J*(iv; —iy, —iu) + J*(iy; —iu, —iv))
+ J*(—iy;iu, iv, iw) + J(—iw; iy, du, ) + J*(—iv; iy, iu, iw)

—iu; 1y, w,iw) + J*(iy; —iu, —iv, —iw) + J*(iu; —iy, —iv, —iw)

+ J* z'v; —iy, —iu, —iw) + J*(iw; —iy, —iu, —iv)

+ J*(1 —iv, —iw) + J*(iy, iv; —iu, —iw) + J*(iy, iw; —iu, —iv)

+ J*(iu, iv; —iy, —iw) + J* (i, iw; —iy, —iv) + J* (v, iw; —iy, —iu)
N S(u—v) Su—w) Su-—y)

S(v—u) N S(v—w) Sv-—y)

S(w—u) Sw-—0o) N S(w —y)

Sly—u) Sy—v) Sy—w) N

= det

(5.34)

5.6. Quadruple correlation, ¢

We conjecture that

RC,tA(ua v, w, y)
=042 (Jat(iu; —iv) + J¢ (v —iu) + J¢ 4 (iu; —iw)
+ J¢(fw; —iu) + JE(iw; —iv) + J¢ 4 (1v; —iw)
+ ¢ (ly; —iu) + J¢,(ius —iy) + JE 4 (iy; —iv)
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+ JE (v —iy) + JE 4 (iy; —iw) + JE 4 (1w —iy))
+ (¢ (—iw; i, ) + JE (v iw, du) + JE (=i dw, i)
+ JE (i —iw, —iv) + J¢ 4 (iv; —iw, —iu) + JE, (iw; —iu, —iv)

+ JE(—iw; iy, w) + JE(—ivyiw, iy) + JE 4 (—iy; iw, iv)

+ JE 4 (ly; —iw, —iv) + JE (s —iw, —iy) + JE, (iw; —iy, —iv)

+ JE 4 (—iw;iu Zy) + JE i (—iysiw, iu) + JE 4 (—ius dw, iy)

+ JE(iu; —iw, —iy) + JE(iy; —iw, —iu) + JE(iw; —iu, —iy)

+J¢ t(—ly, iu w) + JE i (—ivs iy, iu) + JE 4 (—ius iy, iv)

+ JE (i —iy, —iv) + J (iv; —iy, —iu) + J ,(iy; —iu, —iv))

+ JE (s i, v, iw) + I (—iw; iy,z’u,iv) + JE(—ivy iy, du, iw)

+J¢ 1 (—ius iy, dv, dw) + JE (Y —iu, —iv, —iw) + J¢ 4 (iu; —iy, —iv, —iw)

+ J¢ 4 (iv; —iy, —iu, —iw) + Jc,t(zw, —1y, —iu, —iv)

+ JE 4 (iy, ius —iv, —iw) + JE, (iy, iv; —iu, —iw) + JE 4 (iy, iw; —iu, —iv)

+ JE (i, vy —iy, —iw) + JZ (i, iw; —iy, —iv) + JZ (v, dw; —iy, —iu),
(5.35)

where the relevant J&it are now described.
We have

J;,t({a}7{b17b2ab3})
L Z 2p(1+a+b1)zp(1+a+ ba)zy(1 +a+ b3)log'p

p3+3a+b1 +ba+bs
p
(5.36) + W1 (CL, bl; bg, bg) + W1 (CL, bg; bl, bg) + W1 (CL, bg; bl, bQ),
where
(5.37)

Wi(a,by;b2,b3) = Pi(a+ b1)(P3(a,bi,b2)Ps(a,bi,bz) — Ba(a,bi; b, b3))
with

(5.38)
By(a,b1;by,b3) = >

p

(p— 1p* (p“t —1) (p**" — p) log*p
(=2pethr bl 1)% (b — et (ph — phot)
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We also have

JZi({ar, azt, {b1,b2})

= Pz(al +b1)Pa(az + b2) + Po(ar + ba) Pa(az + by) — Ba(ai, az, by, ba)
Z(a1+a2+b1+b2)A*(a1’ az, b1, b)

Zc({alaaz}’{blab2})Z<({—ah —az}, {—b1, —b2})

* Zi({ar, as}, {—ar, —as) Z3({b1, ba}, {—br, —ba})

5 39)-1- W (a1, ba;az,b1) + Wazg,bi;a1,ba) + W(ag, ba; a1, b1),

+ W(a1,b1;az,b2)

where

A*(al,ag,bl,bg)
_ H Zp({a1, a2}, {b1,b2}) Zp({—a1, —az}, {—b1, —ba})
Zp({ar, azt, {—a1, —az}) Z,({b1, b2}, {—b1, —b2})
Zp(l — a1 — bl)zp(l — ag — bl)zp(bQ — bl)
zp(1)zp(—a1 — bi)zp(—az — b1)zp(1 + by — b1)

X p—al—az—bl—bz <1 +

N zp(1 — a1 — b2)zp(1 — ag — ba)zp(by — ba) >
(5.40) 2p(1)zp(—a1 — b2)zp(—az — b2)zp(1 + by — ba)
and

W(ay,b1;a2,be) = Py(a; + bl){Pz(aQ + by) — Bs(ay,a2;b1,b2)
(5.41) + P3(G1,b17b2)P3(b17a1,a2)}
with

— Zlog2p< (p _ 1)2 (pa1+bl - 1)2pa1+b1
» (p™ = poatl) (=2p b 4 prrthitl 4 1) (ph — phat1)
+ C(alaGQ;bbe)
(p(ll _ pa2+1) (_2pa1+b1 + pa1+b1+1 + ]_) (pbz+1 _ pbl) (pa2+b2+1 _ ]_)

1
+ pa2+b2+1 — 1)7
(5.42)
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C(a1,az; b1, bo)
ai1+by + 2p&1+bl+1 . pa2+b1+2 o p2a1+2b1+1 + pa1+a2+251+1 o pll1+bz+2
as+ba+2 +p2&1+b1+b2+1

=-—p

+p

a1+az+by+by+4-2 + ai1+az+by+ba+3
p )
(5.43)

and

By(a1, az; b1, b2)
3 p1+a1+b1 14az+b1 _p1+a1+b2 _p1+a2+b2 +p2+al+az+bl+b2) 10g4 P
- Z 1+a1+b1 _ 1)( 1+a2+b1) _ 1)(p1+a1+b2 _ 1)(p1+(12+b2 — 1)

5.7. Auxiliary functions

For ease of reference we list the various auxiliary functions we have intro-
duced in this example section.

_ 14+x _ 1+z
Gy Al = [[L2 (i(i 1/1/)12)“/1) )
. _ 11 %e{ar, a2}, {b1,b2}) Zp({—ar, —az}, {—b1, —b2})
Alan e bube) = 1 e e~ 2o (bbb {—br. —ba})

—a;—az—by1—by

X p
<1+ Zp(l — aq —bl)zp(l — a9 —bl)Zp(bQ—bl)
zp(1)zp(—a1 — b1)zp(—az — b1)zp(1 + by — by)

2p(1 — a1 — b2)zp(1 — ag — b2)zp(b1 — ba)
(>4) e B 8
logp \°
(5.46) —Z( 1+x—1)
(1 —1/p" ) (1 —1/p" = 1/p¥ + 1/191“’) log p
I A T (e (e

(a,b1b,bs) = > — L™ (P“““—l)( “h — p) log?p
2\a, 01; 02, 3
b1 +b:1+1 _ pba+1 b1 _ pbs+1
- 210“+ +p° +1)% (phr — photl) (phr — phot)

(5.48)
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(p _ 1)2 (p(l1+bl _ 1)2pa1+bl
(pa1 _paz-i—l) (_2pa1+b1 +pa1+b1+1 + 1)2
(pb1 _ pb2+1)
C(a1,ag;b1,b2)

Bs(a1, az; b1, by) = ZlOg2p<
p

+ (paq _ p(l2+1) (_2pal+b1 +pa1+b1+1 + 1) (pb2+1 — pbl)
(pa2+b2+1 _ 1)
1
(5.49) S 1)
(3 _ p1+a1+b1 _ p1+(12+b1 _ p1+a1+bz _ p1+f12+bz

+p2+a1 +az+b1+b2 ) 10g4 D

Bu(a1, a2;b1,b2) = Z T+a,+b Ttas1b T+a,+b
(@ - D(p - 1(p - 1)

(p1+a2+b2 _ 1)
C(al, as; bh bQ) — _pa1+b1 + 2pa1+b1+1 o pa2+bl+2 o p2¢11+2b1+1
+ pal+a2+2b1+1 o pll1+bz+2 + pll2+b2+2 + p2£11+b1+52+1
(550) _ 2pa1+¢12+b1+b2+2 + pa1+a2+b1+bz+3
(5.51) Pi(z) = e " A(x)¢(1 + z)¢(1 — )
NV
(552)  Pola) = (%) (1+2) - B(x)
/ !
(5.53) Ps(a,b,c) = Bi(a+ba+c)+ 2(1 bato)— 2(1 Lo b)
log® p
5.94 = —
B5) Q@) == T = 1)

W(a1,bi;a2,b2) = Pi(ar + bl){PQ(az + by) — B3(ai, ag; by, ba)

(5.55) + P3(a1,51752)133(51,&17&2)}

Wi(a, bi; be,b3) = Pi(a+ b1)(P3(a,bi,b2)P3(a,bi,b3) — Ba(a, by; be, b3))
(5.56)
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