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ABSTRACT. We explain how to construct a uniformly random cubic integral
domain S of given signature with |disc(S)| < T in expected time O(log T').

1. Introduction

In the past decades, there has been an increasing amount of interest in the
statistical properties of arithmetic objects such as number fields or orders in number
fields.

In [2], Belabas gave an algorithm that computes a list of all cubic number fields
K with |disc(K)| < T in time O(T). One can similarly enumerate all cubic integral
domains S (i.c., orders in cubic number fields) with |disc(S)| < T in time O(T).
The running time is essentially optimal since the number of such fields (or rings) is
= T as was shown by Davenport and Heilbronn in [9].

In this paper, we give an algorithm that constructs a uniformly random cubic
integral domain S of given signature with |disc(S)| < T in expected time O(logT).
More precisely:

Theorem 1.1 (cf. Corollary . There is an algorithm which for given numbers

r € {1,3} and
T> 49, r =3,
=123, r=1

computes in expected time (5(log T) a cubic integral domain S of signature r with
|disc(S)| < T and such that all such rings occur with the same probability.

Like [2] and [9], we use Levi’s parametrization of cubic rings by GL2(Z)-orbits
of integral binary cubic forms. (See [11].)

The running time 6(log T) of the algorithm referred to in Theorem is
essentially optimal since the input has log T bits. (Moreover, the smallest possible
total number of bits in the coeflicients of a cubic form corresponding to such a
random ring S is on average =< logT'.)

The lower bound on T in Theorem [[I] ensures that there is at least one cubic
integral domain S of signature r with |disc(S)| < T.
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2 FABIAN GUNDLACH

The most straightforward idea (used in [2] and [9]) for enumerating or counting
the orbits with bounded discriminant is to construct a fundamental domain for the
action of GL2(Z) on the space of binary cubic forms and to then enumerate or
count the lattice points in this domain.

The unboundedness of the fundamental domain, i.e., the presence of (long and
narrow) cusps presents an inconvenience when enumerating or counting the lattice
points. To deal with this issue, Bhargava introduced an elegant approach, which
he calls “averaging over fundamental domains” or “thickening and cutting off the
cusps”. Very roughly speaking, he showed that it suffices to be able to estimate the
number of points in linear transforms of a fixed region U of our choice! But it is
relatively easy to count lattice points in a linear transform of a fixed (large) ball, at
least as long as the linear transformation does not deform the ball too much. His
method was for example used to obtain more precise counting results in [7].

In this paper, we adapt his method to the problem of selecting orbits uniformly
at random. Very roughly speaking, it suffices to be able to pick uniformly random
lattice points from linear transforms of a fixed region U of our choice and to have
a good “uniform” upper bound on the number of lattice points in this transform.
We use rejection sampling to ensure that all orbits occur with exactly the same
probability. The quality of the uniform upper bound on the number of lattice
points is important for estimating the running time of the algorithm.

Instead of using Bhargava’s method, one could try to use rejection sampling to
directly pick a point uniformly at random from the fundamental domain described
in [2]. This seems possible, but not easier than the approach described in this
article.

Being able to choose cubic orders of large discriminant uniformly at random
could be advantageous for statistical experiments compared to completely enumer-
ating all cubic orders of bounded discriminant when faced with error terms that
decay slowly compared to the main term. For example, in [I3] section 5], Malle
experimentally studied the 2-ranks of class groups of cubic number fields. To this
end, he used the algorithm of Belabas [2] to enumerate all number fields of small
discriminant and computed the class groups of a small sample of these number
fields. As Malle pointed out, his data is not entirely clear since he could (with
Belabas’ algorithm) only consider a relatively small range of discriminants.

An implementation of the algorithm as a standalone program is provided. (See
section [d])

Our approach can be adapted to other arithmetic objects parameterized by
prehomogeneous vector spaces such as the famous parameterization of ideal classes
of quadratic rings by orbits of binary quadratic forms or the parameterizations
given in [3], [5]. (See section [f])

Acknowledgements. The author is grateful for helpful conversations with Noam
Elkies, Jiirgen Kliiners, and Anne-Edgar Wilke. Moreover, the author would like
to thank the anonymous referees for their careful reading and helpful suggestions.

2. Preparations

It is easy to select an integer lattice point in an axis-parallel box with integer
side lengths uniformly at random. This remains true if we apply a triangular linear
transformation to the box:
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SAMPLING CUBIC RINGS 3

Lemma 2.1. Consider an axis-parallel box I = Iy x ---x I, CR™, where I,...,I,
are half-open intervals, say I; = [a;,a; +1;), of integer lengths ly,...,l, € Z. Let
M = (mij)i; be a lower-triangular unipotent matriz with inverse M~ = (mj;); ;.
Then, the set Z™ N M1 has size ly---1, and the following algorithm selects an

element v = (v1,...,v,) of Z™ N MI uniformly at random.

Algorithm 2.1 Finding a random lattice point in a transformed box

1: fori<+ 1,...,n do

2 Pick an element d; of {0,...,1; — 1} uniformly at random.
3: Vi ’VCLZ' — Zj<i m;jﬂj—‘ + 67,

4: end for

PROOF. By definition, for any v € R™, we have v € M1 if and only if

ngjvj € [aj,a; +1;) for all 3.
J

The inverse matrix M ! is also lower-triangular and unipotent, so the sum on the
left-hand side is v; + >, _; mj;v;.
Hence, v € M if and only if

a; — E mi;v; < v < a; — g mi;vj + 1 for all ;.
j<i j<i

The integer solutions v; to these inequalities are

v = ai—Zm;jvj + 6; fOI"(SiE{O,...,li—l}. |

7<i

Our algorithm will work with approximations of random real numbers and we
will show that a given precision suffices with large probability to decide whether
a particular polynomial inequality f(x) > 0 holds. The following lemma will help
with this analysis. (Here, € will be the precision to which we have computed f(x).)

Lemma 2.2. Let n > 1. For any monic polynomial f € R[X] of degree n and any
e >0, the set of x € R with |f(z)| < ¢ has measure at most 2ne'/™.

PrROOF. Let 7q,...,7, be the complex roots of f, so that f(X) = (X —
r)- (X —r,). Any z € R with |f(z)| < ¢ must have distance at most £'/™
from one of the roots r;. For any given root r;, the set of z € R with |z —r;| < gl/n
forms an interval of length at most 2/, The claim follows by summing over all
roots. (]

3. Cubic rings

In this section, we describe an algorithm to construct random cubic rings.

We first remind the reader of some basic definitions. A cubic ring is a (com-
mutative unitary) ring which is isomorphic to Z* as a Z-module. A cubic integral
domain is a cubic ring which is an integral domain. They are exactly the orders in
cubic number fields. The signature of a cubic integral domain is the number of real
embeddings of its field of fractions.
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4 FABIAN GUNDLACH

3.1. Levi’s parameterization. In this subsection, we recall Levi’s parame-
terization of cubic rings by binary cubic forms.

For any ring R, let V(R) denote the set of binary cubic forms f = aX? +
bX?Y + cXY? 4+ dY? with a,b,c,d € R. We can naturally identify V(R) with R*
by identifying a cubic form f with its coefficient vector (a, b, ¢, d).

Define an action of GLy(R) on V(R) by

(Mf)(v) =det(M)~ L. f(MTv)  for M € GLy(R) and f € V(R) and v € R%.

The discriminant disc(f) is a homogeneous degree 4 polynomial in the coefficients
a,b,c,d. Tt is invariant under the action of the group

SLE(R) = {g € GLy(R) : det(g) = +1}.
In [11], Levi described a bijection
GL2(Z)\V(Z) <— {cubic rings}
with the following properties:

a) If an orbit GLa(Z)f corresponds to the cubic ring S, then disc(f) =
disc(S) and there is a group isomorphism Stabgr, z)(f) = Aut(S), where
we denote by Aut(S) the automorphism group of the ring S.

b) The irreducible orbits (orbits consisting of cubic forms f that are irre-
ducible over Q) correspond to the cubic integral domains. If an irreducible
orbit GL2(Z)f corresponds to the cubic integral domain S, then the sig-
nature of S is the number of roots of f in P}(R).

¢) Concretely, the cubic ring S corresponding to an orbit GLy(Z)f with
f=aX3+bX?Y +cXY?+dY?3 has a Z-basis of the form (1,w;,ws) with

w1 we = —ad -1,
w1 wy=—-ac-1—>b-w;+a-ws,
wg wyg=—-bd-1—d-w;+c-ws.

3.2. The Siegel set and Gauss’ fundamental domain. We next describe
Gauss’ well-known fundamental domain for the action of GLy(Z) on SLE (R).
Any element g of SL2jE (R) can be written uniquely as a product nak with

neN(R):{G 1):teR}, aeA(R):{(Sl 5):56RX}, k € Oa(R).

In fact, the resulting bijection N (R) x A(R) x O2(R) > SLi (R) is a diffeomorphism.
Let dt,d*s,d*k be Haar measures on the groups N(R) =2 R, A(R) & R*, and
O3(R), respectively. Then, the pushforward of the measure dt - s~2d*s - d¥k is a
Haar measure d*g on SL3 (R).

Matrices of the form

n(t) i= (1 1) or  afs) = (81 S)

act on V(R) = R* as

1 s73

3t 1 s 1
312 2 1 or s
B2t 1 53
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SAMPLING CUBIC RINGS 5

Let Smin := 1/V/3/2. The Siegel set

(3.1) Fo={nt)a(s)k:|t| <L 5> smm, k€ 02(R)} C SLE(R)

27

contains the famous fundamental domain
(3.2) Fi={n(t)a(s)k: |t| < &, s > V112, k € O5(R)} C SLE(R).

This set F' (called the Gauss set) is a fundamental domain for the left action of
GLy(Z) on SLi(R). More precisely, we have

Z a(hg) = 4 for all g € SLE(R),
heGQLa(Z)

where a(g) = a(t, s) for g = n(t)a(s)k with
1
alg) =0 if g lies outside F7, ie., |t| > Jors< V1—t2,

1
(3:3) alg) =1 if g lies in the interior of F', i.e., |t| < 3 and s > /1 — 12,
a(g) € [0,1] always.

(For simplicity, we don’t give the formulas for a(g) on the measure 0 boundary
of 7'. The sum is 4 because for any matrix g in F’, the matrices (il 1 ) g also lie
in 7.

3.3. Bhargava’s averaging trick. We now fix a signature r € {1,3} and let
V'(R) C V(R) be the set of squarefree cubic forms with exactly r real roots. Let
WT(R) C V"(R) be the subset consisting of those cubic forms f with |disc(f)| = 1.
The group SLE (R) acts transitively on W (R). The set W’ (R) is a 3-dimensional
smooth submanifold of V(R). It follows that the pushforward of d*g along the
map SL3 (R) — W'(R), g — g~ fo, is independent of the choice of fo € W' (R).
Denote this pushforward by df. Bhargava’s averaging over fundamental domains /
thickening of cusps trick (see for example [4] section 2.2] or [7], section 5.3]) relies
on the following lemma:

Lemma 3.1. Fiz an integrable subset U C W' (R). We define the function n on
WT(R) to be the following average of the indicator functions of linear transforms
of U by elements g of the fundamental domain F':

wh = [ xw(nag
and let

C= xu(f)df.
Wr(®)

We then have for all f € W (R):
> n(af) =4C.
heGLy(Z)
PrOOF. We have

> = 3 [ ki

heGLy(Z) heGLy(Z
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6 FABIAN GUNDLACH

= > [ el
heQLy(z) Stz (B)

= Z /i a(g)thlgU(f)dxg
heQLy(z) Stz (B)

.. athonu(na
SLE (R)

heGL2(Z)
=4/ xgu(f)dxg=4/ xu(g™ f)dg
SLE(R) SL3 (R)
—1 [ wlnas=ac. 0
Wr(R)
3.4. A ball and its GLy(R)-transforms. Let | - || be the norm on V(R)

associated to the following positive definite quadratic form ¢ on V(R):
q(aX?® +bX2Y +cXY? +dY?3) = 5a% + b? + ¢ + 5d* + 2ac + 2bd.

Lemma 3.2. The quadratic form q is positive definite and invariant under the
action of the orthogonal group O2(R) C GLa(R).

PROOF. One can check that for any f € V(R),

T
/ Flay)d(ey) = 2 al)).
{(z,y)ER2:x24+y2<1}
The left-hand side is clearly positive definite and Oz(R)-invariant. O
Lemma 3.3. Consider the closed unit ball of radius 1 in V(R). The mazimum
values of |al, ||, |c|, |d| on this set are %, @, %, %, respectively.

PRrOOF. To achieve the maximum value of |a|, for instance, the derivatives of
q(f) with respect to b, ¢, d need to vanish. One easily checks that this occurs exactly
at the two points +1 (X3 — XY?).

The maximum for |b| occurs at :I:%(XQY — 3Y?). The maxima for |c| and |d|
follow by symmetry. O

Consider the open unit ball in V(R):
B={feV[R):|fll <1}
By Lemma [3.3] B is contained in the box I :=I; x --- X I given by

I:={acR:|a <1}, IL:={beR: o] <L},
Iy :={ceR:|¢ < L}, L:={deR:|d <1}
Hence, for any A, s > 0, the set A-a(s)B is contained in the box A - a(s)I with side
lengths
Ii(\ s) := As3, Ia(\, s) == VBAs™H,
I3(\, 5) := VB)s, 4\, 5) = s>,

The box A - a(s)I is in turn contained in the box I'(\,s) = I (A, 8) X -+ x I}(\, s)
with integer side lengths I}(), s), where

II(N, ) i= [—20(N, 8), 3U(N, 8)) with j(X, s) := |14+ 1;(\,s)] € Zfori=1,...,4.

?
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SAMPLING CUBIC RINGS 7

Let Smax = v/ A/2. For smin < 8 < Smax, we can bound the side lengths I[(A, s)
from above as follows:

o HOVs) S THO) 7% BLs) < 500 57
5N\ s) < Ly(N) -5, L(A ) S LY(N) - s°,
where
LY(A) = spax + A, Ly(A) := Smax + VB,
L5(A) 1= spyiy + VB, Ly(N) 1= sy + A

3.5. The high-level algorithm. Fix a radius R > 0 large enough so that
R-BNW"(R) # . (For example, you can take R =7/4 for r =1 and R = 5/4 for
r=3.)

We now give an algorithm for computing random irreducible GLq(Z)-orbits.
This first algorithm uses real arithmetic and we later explain how to deal with
precision issues.

Theorem 3.4. Let T > 1 and A = RT'/*. Let syin = \/V3/2 and spmax = /N/2.

a) The following algorithm either fails or produces an element f of an irre-
ducible GLa(Z)-orbit in V" (Z) with 0 < |disc(f)| < T.

b) The probability of returning an element of any given such orbit GLo(Z) f
is (for fived r and T') proportional to 1/# Stabgr,(z)(f)-

¢) The probability of success is > po for a constant py (depending only on r
and R, but not on T') if there is at least one such orbit GLo(Z)f.

Algorithm 3.1 Finding a random orbit of cubic forms

1: Pick an element ¢ of (— 2, ;) uniformly at random.

Pick an element s of (spin, 00) at random with probability measure proportional
to s72d*s.

return FAIL unless v/1 — 12 < s < Spax-

return FAIL with probability 1 — Wﬁ(é\‘;)

Pick a point f € V(Z) Nn(t)I'(A, s) uniformly at random using Algorithm
return FAIL unless f € V" (R) and 0 < |disc(f)| < T and f is irreducible
over Q and f € R|disc(f)|*/* - n(t)a(s)B.

7: return f.

»

AN

Remark 3.5. Repeat the algorithm until it succeeds. According to if there is
such an orbit, it will succeed after at most 1/py attempts on average.

Remark 3.6. The smallest absolute discriminant of an irreducible orbit with sig-
nature r = 3 is 49. The smallest absolute discriminant of an irreducible orbit with
signature r = 1 is 23. (See for example tables of number fields of degree 3 and
small discriminant, such as the one available at [12].)

Remark 3.7. The following algorithm satisfies a) and c¢), but every orbit has
the same probability of being returned: Compute a random orbit GLo(Z)f using
Algorithm Return this orbit GL2(Z) f with probability # Stabgr,(z)(f)/3 and
return FAIL otherwise. (If f corresponds to the cubic integral domain S with field
of fractions K, the group Stabgr,z)(f) = Aut(S) C Aut(K) is either trivial or
cyclic of order 3.)
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8 FABIAN GUNDLACH

PROOF OF THEOREM [3.4]l For spin < 5 < Spmax, We have
/ DY /
0< ll(>‘75) 14()‘a5) < 1’
I ZTCYREEY /(O

according to (3.4), so line {4 of the algorithm makes sense. Claim a) is clear.
Now, consider any irreducible cubic form f € V"(Z) with 0 < |disc(f)| < T.

Since [t| < 3, we have syin = \/V3/2 < /1 —#2. The algorithm returns the

cubic form f Wlth probability

—%32&7%17 fit,s)-s72d*sdt

P(f):=
fiﬁz fs ~ s72d*sdt
where
lll ()‘7 S) U lﬁl(Av 8) Xn(t)I'(\,s) (f)

P =TT L) EV@) nn@OF (e A s (f):

We have #(V(Z) Nn(t)I' (A, s)) = (A, s) - I4(A, s) by Lemma[2.1]
Since 0 < |disc(f)| < T and A\ = RT'/*, we moreover have
(3.5)  R|disc(f)|Y* - n(t)a(s)B C X-n(t)a(s)B C X-n(t)a(s)I C n(t)I'(\,s).
Hence,
p(fit,s) = XR|disc(f)|/4n(t)a(s)B(f)
o Ly(A) - Ly(N)
Moreover, since f = aX3+---+dY? is irreducible, we have a # 0, so |a| > 1. On the
other hand, if p(f,t,s) # 0, then by , we have f € A-n(t)a(s)I, which implies
la| < 1As73. Therefore, if p(f,t,s) # 0, then 1 < 2Xs73, 50 s < /A/2 = Spax.
(Bhargava calls this inequality “cutting off the cusp”.) Hence, the upper bound on

s in the integral in the numerator of P(f) can be omitted without changing the
value of the integral:

fiﬁz f%’fmp(f, t,s) - s 2d*sdt

P(f) =
_1{32 f::ﬂn s—2d*sdt

We now multiply both the numerator and the denominator by the finite number
fOz(]R) d*k. Since B is O2(R)-invariant and since the measure dt - s72d*s - d*k on

N(R) x A(R) x Oz(R) corresponds to the Haar measure d* g on SLi(R), it follows
together with the definitions of F and F’ in and (| . ) that

Py = =2 O;ig &
;

with 0
XR|dise(f)|1/+-gB ([
p(fvg) = L‘/ )\(f)l L/g by .
1(A) - Ly(A)
Note that |disc(|disc(f)|~*/4-f)| = 1 and therefore |disc(f)|~'/*-f € W (R) because

disc(f) is a homogeneous polynomial of degree 4 in the coefficients of f. Setting
U:=R-BNW"(R), we can therefore rewrite p(f,g) as

Xgu (|disc(f)|~/* - f)
Ly - Ly(N)

p(f,9) =
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SAMPLING CUBIC RINGS 9

SO

o f]:/ XgU(‘diSC(f)l_l/4 . f) : dxg
PU= 0 L) T 4

By Lemma [3.1] applied to the element |disc(f)|~/* - f of W"(R), we obtain

C
Y. Phf)=DON =
o ISR IAOY
with
4. fWr(R) XU(f/)df/
C= .
Jrd=g
The constant C' is positive because U is a nonempty open subset of W"(R) and
Jrd*g < oc.

On the other hand,
Y P(hf)=#Stabar,m () - > P(f).

heGL2(Z) freGL2(Z) f
We conclude that for any irreducible cubic form f € V"(Z) with 0 < |disc(f)| < T,
we have the following probability of returning an element of its GLy(Z)-orbit:

, DY)
P - 5 1 -
f'Egz:(Z)f ) # Stabar, z) (f)

Since D()) is independent of f, this proves b).

For ¢), we sum over all GLy(Z)-orbits of irreducible cubic forms f € V" (Z) with
0 < |disc(f)| < T. The number of such orbits is < T for T — oo. (See [9].) In
particular, it is > T' as long as there is at least one such orbit. Since Stabgr,,z)(f)
has size at most 3 by Remark the sum of 1/# Stabgy,,(z)(f) over all orbits is
also > T.

By definition, L;(\) < A for all 4, so D(A\) > A= > T~

It follows that the probability of success is

Y P(fH= > S P

fevi(z) [f1€GL2(Z)\V"(Z) f'€GL2(Z) f
irreducible irreducible
0<|disc(f)|<T 0<|disc(f)|<T
D(}) .
= E - >T - T =1
# Stabgr,(z) (f)

[f1€GL2(Z2)\V"(Z)
irreducible
0<|disc(f)|<T

This proves c). O

3.6. Finite precision real arithmetic. The above algorithm uses real arith-
metic. In practice, we need to work with approximations of those real numbers to
finite precision. Note that we need to be able to decide the inequalities appearing
in the algorithm and to compute |x| or [z] for various real numbers = appearing
in the algorithm. By analyzing the probability with which a given precision suffices
to decide the inequalities and to compute the floor and ceiling values, we show:

Theorem 3.8. Algorithm can be implemented on a random access machine
(with a random bit generator) with expected running time O(logT').
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10 FABIAN GUNDLACH

PrOOF. We use the well-known method of doubling the precision until it suf-
fices. See Algorithm below for the concrete implementation.

We leave it to the reader to verify that Algorithm is functionally equivalent
to Algorithm (Line [5| of Algorithm corresponds to line (3| of Algorithm
Lines [10] and [12}{T4] correspond to line [])

We show that the probability that the algorithm doesn’t finish within the first
i-th iterations (due to insufficient precision) is O(Te%) = O(TV2~*?") for constants
u,v > 0 and that the running time of the i-th iteration is @(10gT+p) = (5(logT—|—
2%), where p := 2¢ and € := 27%. The expected total running time is then

<Y min(1,7°274%') - O(log T + 2')
i>1

< > O(log T + 2) + > 77272 . O(log T + 2°)
1<i<|logy (2 log, T) | i>|log, (2 logy T) |

<O(ogT)+ Y. T"27%-O(logT + j)
jZ[%log2TJ

(%) ~ g~
< O(logT) + Z 27" . O(log T + j")

J'20

< O(log T)

as claimed, where the step marked by (*) uses the substitution j' :== j— | ¥ log, T'|,
noting that 274" =< Tv2~% and [2log, T'| < logT.

All real numbers computed in the algorithm are < T9W . It follows that the
real numbers in the i-th iteration can be computed to absolute precision O(T°M¢)
in time O(log T + p).

Now, we explain the failure probabilities and running times of the individual
steps of the algorithm:

Line Bt The probability that the inequalities in line [f] cannot be decided from the
given approximation is O(T°(Me) since both sides of the inequalities are
known to an absolute precision of O(To(l)a) and the probability that the
values are within this distance is O(T®(Me) as o is uniformly distributed
on (0,1).

Line B This works similarly.

Line [t Being able to compute I;(), s) = |1 4 {;(\, s)]| from the approximation of
141;(), s) is equivalent to I;(\, s) not lying within a distance of O(T°(Ve¢)
from any integer k£ > 0. The closest integer to I;(A, s) is < T, so we only
need to consider < T such integers k. We first bound the probability that
lls(\, 8)—k| = [Xs® —k| < TOWe. As X\ < TOW) | this is equivalent to |s%—
A k| < T9We. By Lemma the set of such values s € R has Lebesgue

measure O(T9WMel/3), As s is bounded from below (by 1/v/3/2), the
probability measure (proportional to s~2d*s) of this set of values s is
also O(T®Wel/3). Summing over the < T values k, we see that the
probability that the approximation is insufficient for computing l4(\, s)
is O(T®Mel/3). A similar argument works for I3(\, s). For I1(),s), we
instead use that the inequality |I;(\,s) — k| = [As™2 — k| < T9We is
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SAMPLING CUBIC RINGS 11

equivalent to |s? — Mk~ <« T9Me since 1 <k < T and 1 < s < TOW),
We then proceed as before. The same argument works for lo(\, s).

Line @ Since I}(\, s) < T9M and A, is chosen uniformly at random from (0, 1),
the probability that A; - I/(), s) lies within a distance O(T°M¢) from an
integer is at most O(T9Me).

Line [0k The number [—3{(},s)] can be computed with integer arithmetic since
i\ s) € Z.

Lines [[2HI4# We compute [z] for various numbers x. Note that in each line,
x is a polynomial in ¢ of degree at most 3 whose leading coefficient has
absolute value > 1. By the same argument as for line [7] the probability
that any of these values cannot be computed is O(T°Mel/3).

Line [[6k This involves only integer arithmetic.

Line M7 Tt suffices to check that disc(f) > 0 if r = 3 and disc(f) < 0 if r = 1.

Line I8 If

g(a(s)" n(=t)f) = R?|disc(f)|'/* <« TOWe,
then
s% - (qla(s)"tn(=t)f) — R¥disc(f)|*/?) <« TOWe.

The left-hand side is a polynomial in s of degree 12 with leading co-
efficient 5a> > 5. By Lemma the Lebesgue measure of the set of
values s satisfying the inequality is therefore O(TCMel/12), As 1 < s <
T the probability measure of the corresponding set of values s is also
O(TO(1)€1/12).

Line [[9 Note that a cubic form f € V(Z) is reducible over Q if and only if
it has a rational root. For a # 0, this is equivalent to the polynomial
f(X,1) € Z[X] of degree 3 having a rational root. The denominator
of such a root must divide a <« T. Hence, it suffices to check whether
f(X,1) has a root in %Z. The real roots of f(X,1) can be approximated
with accuracy % for example using a binary search and Sturm sequences

in time O(logT). O

Algorithm 3.2 Finding a random orbit of cubic forms (using bit operations)

1: fori+ 1,2,... do

2: Let p = 2¢ and ¢ = 27P. In this iteration, we will compute all occurring
real numbers to absolute precision O(T9(Me). If the computed precision is
insufficient to decide an occurring inequality or to compute an occurring floor
or ceiling value, we immediately go to the next iteration, starting over with the
next value of 7.

3: Pick uniformly random elements 7,0, 7, Ay, ..., A4 of (0,1) to absolute pre-
cision ¢ by picking the first p binary digits of each of the numbers, keeping any

digits that were already picked in the previous iteration.
1

4: Compute t =7 — 3.
s2. s2.
5: return FAIL unless <o < s
6: Compute s = S“TU“
7: Compute I;(A, s) = [1+ 1L;(A,s)] fori=1,...,4.
. 17 (\,8)-+-14(N,8)
8: return FAIL if 7 > W
9: Compute 6; = [A; - li(N\,s)] fori=1,...,4.
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12 FABIAN GUNDLACH

10: Compute a = [—211(), s)] + d1.

11: return FAIL unless a # 0.

12: Compute b = [—115(\, s) + 3ta] + b.

13: Compute ¢ = [—115(\, s) — 3t2a + 2tb] + J3.

14: Compute d = [—114(X, s) + t3a — t?b + tc] + 4.

15 Let f=aX3+bX2%Y +cXY?+dY3.

16: return FAIL unless 0 < |disc(f)| < T.

17: return FAIL unless f € V"(R).

18:  return FAIL unless g(a(s) " 'n(—t)f) < R2|disc(f)|'/2.

19: return FAIL unless f is irreducible over Q.
20: return f.
21: end for

Corollary 3.9 (cf. Theorem . There are algorithms which for a given number
r € {1,3} and T with
Tz{w,r—&

23, r=1

compute in expected time 6(log T) a cubic integral domain S of signature r with
|disc(S)| < T and such that
a) the probability of returning any given such ring S is for fixzed T propor-
tional to 1/# Aut(S) or
b) all such rings occur with the same probability.

(Here, cubic rings are represented by a corresponding binary cubic form.)

ProoF. Claim a) follows immediately from Theorems and and Re-
marks and For b), we also use Remark 0

Remark 3.10. To compute a random cubic number field K with signature r and
|disc(K)| < T (either uniformly or with probability proportional to 1/# Aut(K)),
one can compute cubic integral domains S until finding one which is the ring of
integers of its field of fractions K. There are well-known algorithms for testing
whether S is the ring of integers of its field of fractions, whose running time is
dominated by the factorization of the integer disc(S). (See for example [8], section
6.1].)

In [1], Bach gave an algorithm that generates a uniformly random integer 1 <
x < N together with its factorization. The expected running time of his algorithm
is that required for O(log N) primality tests of numbers 1 < p < N. It could be
an interesting problem to efficiently find a uniform random cubic integral domain
together with the factorization of its discriminant.

Remark 3.11. One of the referees raised the question whether it would be possible
to generate cubic rings in narrow discriminant bands. There is indeed an algorithm
similar to the one described above (but slightly more complicated) to generate
a uniformly random cubic integral domain S of signature r with discriminant in
[T,T + T5/6%¢] in expected time O-(logT). We briefly comment on the main
differences:

The ball B of radius 1 centered at the origin should be replaced by a ball B’
centered at a (fixed) point on W,.(R) of radius 7-1/6*¢. In addition to n(t) and a(s),
we need to first apply a random element & of O2(R) to this ball B’ (as, unlike B, the
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SAMPLING CUBIC RINGS 13

ball B’ is not Oz (R)-invariant). In Algorithm 3.1} we pick a random integral point in
n(t)I'(A, s), where I’ (), s) is a box with integer side lengths containing A-a(s)B. We
now need to instead pick a random integral point in n(¢t)I” (A, s, k), where I (), s, k)
is a box with integer side lengths containing [T/4, (T 4 T%/6+¢)1/4] . a(s)kB’. The
volume of this box is at most C - f(T, s) for some constant C' > 0 and

o T1/3+4e if §3 < T1/12+e
f(T,s) = T1/A+3e g3 if T1/12+¢ <gd <l

max-*

To make up for the fact that the volume of this box now very much depends on s,
one needs to actually choose s at random with probability measure proportional to
f(T,s)s72d* s, and then change line 4 of Algorithm 3.1 to make up for the difference
between this upper bound on the volume of the box and its actual volume.

(Even for € slightly smaller than 0, the resulting algorithm would be correct,
but the probability of success would go to 0 as T'— oco. The lower bound 5/6 for
the exponent of the width of the interval [T, T'+ T°/6+¢] corresponds to the second
order term in the count of cubic integral domains [7].)

4. Implementation

An implementation of the algorithm described above is available at https:
//github.com/fagu/random-orbitsl It makes use of the FLINT library [14] for
large integer and polynomial arithmetic, and in particular for arbitrary-precision
interval arithmetic [10].

Figure (1| gives the approximate average time it takes to generate one random
cubic integral domain S with signature r and |disc(S)| < 2¢, where the probability
of obtaining a given ring S is proportional to 1/# Aut(S). For example, it takes
roughly 1072 seconds to generate a random ring with r = 3 and |disc(S)| < 22°° and
roughly one second to generate a random ring with r = 3 and |disc(S)| < 2200000,
(These computations were performed on an Intel Core i7-1355U processor.)

L L A 1 S s 1 s s o A B e E MR
07 —o—17r =23 )

10°F) wr =1 E

% L B
g 107 5
2 g 1
k= i |
102} E
= F ]
1073 b E
:HHH\ T O T Y B ) \\H:

10! 102 103 10* 10°
t

FIGURE 1. Average time to generate one random ring
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5. Other parameterizations

The method described above can be adapted to other parameterizations by
prehomogeneous vector spaces.

For example, it is well-known that there is a bijection between the set of
GL2(Z)-orbits of primitive binary quadratic forms and the set of ideal classes of
orders in quadratic number fields. One obtains an algorithm which constructs a
random pair (S,I), where S is a quadratic integral domain with given signature
and |disc(S)| < T and I is an invertible ideal class of S with expected running

time O(logT). The probability the algorithm returns a given such pair (S, 1) is

proportional to Rcwgiés), where Reg(S) is the regulator of S and wg is the number

of roots of unity in S.

The method can also be used to construct random quartic or quintic rings as
in [3], [B] (with bounds derived as in [4] and [6]). Unfortunately, the constant
factor in the running time crucially depends on the dimension of the prehomoge-
neous vector space. Quintic rings are parameterized by orbits in a 40-dimensional
prehomogeneous vector space and the constant factor becomes impractically large.
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