Let X,, = SL,Z\SL,R be the space of n-dimensional lattices L, with the probability
Haar measure pu. The goal of this notes is to estimate the average number of LLL bases
of lattices in X,,.

Our strategy is in two steps: first we will slightly tweak the LLL condition into a form
that is more amenable to direct computation, and estimate the average number of this
“modified LLL” bases; then we use this result to deal with real LLL.

Let’s quickly recall the definition of an LLL basis. For vectors z1,...,2, € R", let }
be the component of x; orthogonal to span(zy,...x;_1). Fix constants 1/2 < n <1 and
1/2 <6 <n. We say x1,...,2, form an LLL basis with factor (1, ) if

(i) det(xq...2z,) =1
(i) [pag] < 6 for all j < i, where p; j := (i, F)/ ||} ||
(iii) nllzf]] < llzfyq + pigrexi]| foralli=1,...,n— 1.

In practice, one takes n and § arbitrarily close to 1 and 1/2, respectively. In this paper,
we will take n = 1 and § = 1/2 (in doing so we give up the polynomial-time performance
of the LLL algorithm, but since the running time is not of our immediate concern, it does
not matter).

It is condition (iii) that we would like to modify. Let’s say z1,...,z, form a Siegel
basis with factor (n,d) if they satisfy (i), (ii), and

(iii") nllzf|| < |zj || foralli=1,...,n — 1.
For Siegel reduction, we will set § = 1/2 unless otherwise stated, and leave 1/2 < n <1
arbitrary.

Average number of Siegel bases. Let

1 if {z1,...,2,} is a Siegel basis
p(l’l,...fEn): .
0 otherwise.

Then the average number of Siegel bases can be expressed as the integral

/ Z{ Tl dn }p(xl ey Ty )d .
X, forms a basis of L Y

By an integration formula of Schmidt, this equals

ol
(1) Hm/.../p(]}l,...,xn_1,t1$1+...+tn_11‘n_1 +x)dt1...dtn_1dx1...dxn_l.
j=2

Here x = z(x1,...,2,—1) is any vector such that the determinant of the n x n matrix
formed by x1,...,2Z,_1,2 is 1. Each dz; is an integration over R™, of course, and each dt;
is an integration over R. {(s) is the Riemann zeta function.

One can show that the integral in (1) equals

n—1
/ H Sn+1_1'(7"i)7“ln_id7'i
A =1

where the domain of integration A equals

A={(r1,...,mp—1) :nr; <rypqp fori=1,...n—1}
1



(we understand r,, := (r1...7,-1)""), and S;(z) is the surface area of a sphere in R7 of
radius z. Therefore we can rewrite (1) as

n Sj(l) n—1T2(n_i)
) g 0 /AI_I i

Remark. One could arrive at the same formula (2) by using the Iwasawa decomposition of
SL,R and the expression for u with respect to this decomposition. With this approach,
we understand (2) as the measure of a Siegel set in SL,R.

We reduced the problem to bounding

n—1
(3) [ I
A

from both sides. For the lower bound, first rewrite (3) as

1 —1
ir, min r 7‘ _q{Tn—2...T
n—1 (n~tra,m o 1Tn—2.-.T2)" ") 3(n—1) 2(n—2) 2 p
T To T qary ... arp—1.
Tn—1=0Jr,_2=0 ro=0 1

By using nr; < rijpq repeatedly we find that
ro <,y 772n sy < (P2 g m2)
Hence by solving

—n—+42
n

for r,_1, we find a number o < 1 such that whenever r,_1 < a,

2n2—§n+5 1—n
Tn—1

Th—1 <7
o < (7"721717“71_2 . 7“2)_1

holds within the implied domain of the integration above. We could take oo = n%"_%, for
example.
Now (4) is the sum of two terms

—1Tn—1 —173 1 2 9
(5) / / / / (=1, (n ). 2 oidry . drg
Tn—1=0 J7r,_2=0

and

1 —1
T r min r r o Th_2...T
n-1 1 n_173 (™ 'ram 1 2..12) " ") 2(n—1) 2(n—2) 2 p
T To T qary ... Arp—1.
Tn—1=& 71

Clearly (6) is nonnegatlve S0 (5) yields a lower bound on (3), which equals
n—g(4n —9n? —n+6)an -1
(n2—=1)(n2—-22)...(n2 - (n—1)?)

With the chosen value of o above, this becomes

—%(n3+2n—3)
(n2—1)(n2—-22)...(n2 - (n—1)?)

It remains to give an upper bound of (3). We will temporarily use the notation

}{f ff Ydx ifa<b
if a > 0.




We can rewrite (3) as

1
0o 00 0o (Mr1..rp—2)" 2
2(n—1) 2 d d
T e Tpqary ... Arp—1.
r1=0 Jra=nr Tn—2=NTpn—3 JTn_1=NTn_-2

It is necessary to circle the last integral because nr,_o < r,_1 and r, > nr,_1(&
(777’1...7“71_2)_% > rp—1) must be satisfied simultaneously for (rq,...,7,—1) to be an
element of A.

For the last integral to be nontrivial, nr,_o < (nry. ..rn,g)’% must hold, which is

equivalent to r,_» < (9°ry ... rn_g)*%. Hence (3) equals

P 1 _1
0o 00 (7]‘57”1...1"71_3) 3 (Mri...rp—2)" 2
2(n—1) 2 d d
T e Tpary ... Arp—1.
r1=0 Jro=nry Tn—2=NTn—3 Tn—1=NTnp—2

Again for the second last integral to be nontrivial, nr,,_3 < (p3r; ... rn_3)_% must hold,
which is equivalent to 7,3 < (57r; ... rn,4)_%. Repeating this process, we conclude that
(3) equals

n—1 1

_n=1 _i 1 _1
n- 2 N 2(r1..rp—i—1) 1 (Mr1..rp—2)" 2
2(n—1) 2 d d
T T ATy AT 1.
r1=0 Tn—i=NTn—i—1 Tn—1=NTn—2

This integral is bounded from above by

n—1 1 1

_n-1 i ] L
n 2 n 2(ri..rp—i—1) 1 (Nr1eerp—2)" 2
2(n—1) 2 d d
7'1 Ty _qary ... arp—1,
r1=0 Tn—i=0 Fr_1=0

which can be computed by elementary means, and equals

n—é(n3+2n—3)
3. (i+1+1/i)...(n+1/(n—1)

Summarizing our results so far,

Theorem 1. The average number of Siegel bases is

H SJ(l) .C. n—é(n3+2n—3)7
iy C0)

where C is some constant between Hzl_:ll(nZ —i?)~t and H?:_ll (i+1+1/i)7L

Average number of LLL bases. In this section, we will use Theorem 1 to approximate
the average number of the real LLL bases. The idea is simple: since Theorem 1 gives us
an estimate on the measure of a Siegel set of X,, = SL,Z\SL,R, we will approximate the
set of all LLL bases by Siegel sets and use that estimate.

Let’s start with a description of the approximation. Choose 0 < §p < ... < & < 1/2
and a function o from {1,...,n — 1} to {0,...,k — 1}, and define n; = /1 — 2. We
say r1,...,T, € R"™ form a (lower) approximate LLL—aLLL for short—basis with factor
(ni, 0;,0) if the following conditions are satisfied:

(i) det(zy...z,) = 1.
(i) [pa g < 1/2 for all j < i —1, where p; j := (x3, 5) /|| ]|>.

) ;
(i_ii) ltiv1,il € [00(i)s 0o (i) 41]- ‘
(iv) ne@llzi]l < llzjy, |l foralli=1,...,n —1.



We will let §; = i/2k unless otherwise mentioned. It is easy to see that

(7) Z (the average number of aLLL bases with factor (1, d;,0)),

o

where ¢ runs over all functions from {1,...,n — 1} to {0,...,k — 1}, approaches the
average of LLL bases from below as k — oc.

By a slight modification of the proof of Theorem 1, we can prove that the summand in
(7) is bounded from below by

n « —L oy —1 o
R A U R S
(8) H - k” — ] coori_qdryLodrg g,
j=2 j Tn—1=0 r;=0 r1=0

n— a1 - ..
where o = (770(1)7](27(2) . '770(71272)) n—1 776(7;:11) this time.
The integral in (8) is equal to

n—1 n—2

2 2y—1 —i(n—i=1) —(n—1)
| (e R | S S
i=1 i=1

Therefore (7) is bounded from below by

H C 1:[ n? — i lzkn 1 1_[77 (in . ;((::11))'

We notice that the summation above is a product of Riemann sums
—i(n—i—1)

]-—z(nzl) ?
b= ()

’“iz (4
L~ L 2k
7=0

Therefore, taking k — oo, we have proved

7=0

fori=1,...,n—2, and
5~ (n=1)

Theorem 2. The average number of the LLL bases of an n-dimensional lattice is bounded
from below by

9) H

The upper bound can be obtained similarly, and equals
n n—l 3 DDy
(10) H H *1/ Vi—a2 T
j=2 i=1 -

1
2
where a; =1+ 1+i~ 1.

H H/ \/1—&0271(”71‘71)dx~/§ \/1—x27(n71)dx.
1 _

1
2

Distribution of LLL bases. Recall that (7) is bounded from below by a constant (de-
pending on n) times



n—1

1 —a(1
(11) Z -1 H na(i)( )

i=1
where the summation is taken over all maps o : {1,...,n —1} = {0,...,k — 1}, and
in—i—1) ifi=1,....n—2
(12) afi) = { "IN =L
n—1 ifi=n—1.

The aim of this section is to show that, for all sufficiently large n and a suitable choice
of k (k increasing with n), the main contribution to (11) comes from the single summand
with o(i) = k — 1 for all i. In fact, the contributions from all the other ¢’s combined are
arbitrarily small in proportion to the main term.

By combining this result and its “upper” approximate LLL counterpart (obtained by
practically the same argument), this shows that for almost all LLL bases {z1,...,2n—1},
the absolute value of p;11,; = (xi41,2])/||z}||? is near 1/2 for all 4. A little more thoughts
reveal that for almost all such LLL bases ||z}, ||/[|z}| is near v/3/2 as well. Therefore we
conclude that for almost all LLL bases the projections of z; and z;; onto the orthogonal
complement of span(x1, ..., 2;_1) have about the same lengths and form a 60 degree angle.

Let 0 < a < 1. Observe that for n® <i <n —n%, a(i) = O(n'™®). For other values of
i, a(i) > O(n).

There are less than k"' ¢’s for which o (i) < k — 1 for at least one n® < i <n —n%.
The ratio of the contributions from these ¢’s to our proclaimed main term is at most

1+a

13 R ("’“2>
( ) Mk—1

And there are less than k2"° ¢’s for which (i) =k —1for all n® <4 <n—n® but not
all o(7) equals k — 1. The ratio of the contributions from these ¢’s to the main term is at
most

(14) k2 (”’“‘2) -

k-1
It therefore suffices to show that for a judicious choice of k and a, both (13) and (14)
converge to zero as n — co. Indeed, since

Mk—2 2k -3
S S .
T \/ QT T—

3k
(7%_2) —eas k — oo,
Mk—1

(13) and (14) are close to, respectively,

and so

]{;n—le—%npra/k7 anO‘e—én/k-

Setting k = n'/? and a = 1/2, we see that (13) and (14) are close to, respectively,

1 1,1+1/6 2,1/2 1,2/3
ng(nfl)efgn / ,ngn / e~ 3" /

b

both of which converge to zero as n — oo, as desired.



