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Abstract In 1872, Zolotarev observed that the Legendre symbol (%) is the sign

of the permutation of Z/pZ induced by multiplication by a and used this to prove
the quadratic reciprocity law. We pursue Zolotarev’s formalism in a more general
setup, which can be expressed in terms of a Dedekind domain R with finite residue
fields or in terms of finite principal commutative rings. In this level of generality we
define and compute Zolotarev symbols—by comparison to Jacobi symbols, when the
residue rings have odd order—and arrive at Zolotarev reciprocity, a sort of “potential
quadratic reciprocity law”. To realize this potential one must compute the sign of a
certain permutation. When R = Z, this was done by Zolotarev. When R = [, [¢] for
an odd prime power g, we compute the sign of this permutation and obtain a new proof
of the quadratic reciprocity law of Dedekind and Artin.
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26 A. Brunyate, P. L. Clark

1 Introduction

Terminology: A ring has a multiplicative identity but need not be commutative. A
domain is a commutative ring without nonzero zero-divisors. A principal ring is aring
in which every ideal is singly generated.

1.1 Zolotarev and Frobenius

For an odd (positive!) prime number p and an integer a coprime to p, the Legendre
symbol (%) is 1 if a is a square in Z/ pZ and —1 if it is not a square in Z/ pZ. Recall
the quadratic reciprocity law: for odd primes ¢ # p, we have

l -1
() ()=

The first complete proof was given by Gauss; there are now hundreds of proofs. We
are interested in an 1872 argument of G. Zolotarev, which proceeds in three steps:

First Zolotarev Lemma: The Legendre symbol (%) is the sign of the permutation
x = ax of Z/pZ.

Second Zolotarev Lemma: For ¢ # p odd primes, there are permutations A and B
on Z/pZ with respective signs (#) and ( )

Quadratic reciprocity: Therefore (%) (%) is equal to the sign of the permutation

Z = B o A™!. This “Zolotarev permutation” Z has a down-to-earth combinatorial

description—e.g. [4] elegantly describes Z in terms of dealing cards into a rectangular

array in rows and picking them up in columns—and a short, elementary argument
(E=D(p=1)

shows that its sign is (—1) =

If a and b are coprime positive 1ntegers, b is odd and has prime power factorization
. 2
b =TI, pie,’ the Jacobi symbol (%) is [1i2, (pi) . Jacobi used his symbol to

extend quadratic reciprocity: for odd coprime a, b € Z™*, we have

()
b/ \a '

Frobenius extended the First Zolotarev Lemma [18] as follows.

Zolotarev—Frobenius Lemma: For odd coprime a, b € Z*, the Jacobi symbol (%)
is the sign of the permutation x +— ax on Z/bZ. The rest of Zolotarev’s argument
extends verbatim, proving Jacobian quadratic reciprocity.
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Extending the Zolotarev—Frobenius approach to quadratic reciprocity 27

1.2 Zolotarev reciprocity in abstract number rings

We find the Zolotarev—Frobenius approach to quadratic reciprocity beautiful and
intriguing. (We are not alone: Conway has remarked [11, p. 132] that the Zolotarev—
Frobenius interpretation of the Jacobi symbol seems to be a conceptual improvement
over the standard definition.) Strangely, it has received only scattered attention in
the literature. We were motivated to gain a deeper algebraic understanding of the
Zolotarev—Frobenius approach, with the goal of carrying out a “Zolotarev-style proof
of quadratic reciprocity” in a ring other than Z.

The last—vague—sentence is a faithful description of our original intent. With the
benefit of hindsight we can give a more precise description: let a and b be elements of
a domain R such that (a) and (b) factor into products of prime ideals, (a, b) = R and
R/(a), R/(b) are finite of odd order. Then, as we will see in Sect. 3.1, one can define
the Jacobi symbol (%) in this context, and a Jacobian Quadratic Reciprocity Law is a
characterization of when (Z—’) = (%) holds.

In Sect. 3 we give a Zolotarev-style approach to Jacobian quadratic reciprocity laws.
For a finite ring v and a € t*, we can define a Zolotarev symbol [%] as the sign of the
permutation x — ax ont. When v is an odd order finite field, [%] = liff a is a square
in v: this is essentially Zolotarev’s First Lemma. Consider next v = Z/nZ. When n is
odd, Frobenius’s result is equivalent to the identity [£] = () for all a € (Z/nZ)*.
A result of Lerch [27] gives an evaluation of [%] when 7 is even.

Our Theorem 3.6 evaluates Zolotarev symbols [%] in any finite commutative prin-
cipal ring v. When #t is odd, the evaluation is again in terms of the Jacobi symbol (%) ,
which can be defined in any such ring.

The two instances of Jacobi symbols described above reflect an important equiva-
lence. It is a well-known exercise that if R is a domain in which ideals factor uniquely
into primes (i.e., a Dedekind domain), for every nonzero ideal I of R, the quotient R/
is a principal ring. Less widely known is the converse (Theorem 2.9). Thus a domain
R is a Dedekind domain such that R/(a) is finite for every nonzero a € R iff for
every nonzero ideal / of R, R/I is a finite principal ring. We call such rings abstract
number rings, and it is this class of rings in which we pursue Zolotarev’s approach to
quadratic reciprocity.

Indeed, we have already mentioned generalizations of Zolotarev’s First Lemma and
its extensions by Frobenius and Lerch to finite principal rings, and there is an imme-
diately equivalent formulation in terms of abstract number rings. Using the equal-
ity of Zolotarev and Jacobi symbols for odd ideals in an abstract number ring, we
establish our version of Zolotarev’s Second Lemma: (%) and (%) are realized as the
signs of permutations A and B on R/(ab). Then we define the Zolotarev permutation
Z = Bo A, given by a certain explicit formula on coset representatives. We deduce

Zolotarev reciprocity:
a\ (b
() (Z) =<
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28 A. Brunyate, P. L. Clark

1.3 Two applications

Zolotarev reciprocity does give a characterization of when (%) = (g)—but a rather
complicated one, whose usefulness remains to be seen. Our perspective is to view
Zolotarev reciprocity as a “potential quadratic reciprocity law”. In fact it presents us
with a large class of intriguing challenges: namely to give an “explicit” evaluation of
€(Z) and thereby deduce a Jacobian quadratic reciprocity law.

In the second part of this paper we present two instances in which this potential
can be realized: namely, we give a direct, self-contained evaluation of €(Z) and thus
deduce a Jacobian quadratic reciprocity law in R. In Sect. 4 we treat the classical case
R = Z. This really is Zolotarev’s classical argument, but we give it here so as to record
a complete Zolotarev-style proof of Jacobian quadratic reciprocity. In Sect. 5 we treat
the case R = [Fy[¢] for an odd order finite field R, recovering the quadratic law of
Dedekind—Artin. Here are two key ideas in the proof: first, with a natural choice of
coset representatives Z is an [F-linear map, so linear algebra can be used. Second, if
V is a finite-dimensional vector space over IF, and g € GL V is a linear map, then g
induces a permutation of V and its sign is 1 iff det g € F;z.

1.4 Zolotarev symbols in matrix rings

Our evaluation of Z in the R = F,[f] case suggests the feasibility of evaluat-
ing Zolotarev symbols in certain noncommutative rings. In Sect. 6 we compute all
Zolotarev symbols in the ring of n x n matrices over any finite principal commutative
ring . When v = Z/nZ we recover a result of Lehmer (Theorem 7.3).

1.5 Further contents of the paper

We have another goal beyond proofs of the results mentioned above. The literature
concerning number-theoretic aspects of signatures of group actions is scattered to a
remarkable degree: republication of results which are more than a century old is com-
mon. We wish to provide a firm foundation for future work as well as a clear picture
of what has already been done. To this end, Sect. 2 of the paper is foundational: in
Sect. 2.1 we treat general aspects of signatures of group actions on finite sets, arriving
in particular at Theorem 2.4, which gives necessary and sufficient conditions for the
Cayley representation of a finite group to have nontrivial signature. In Sect. 2.2 we
establish the equivalence between abstract number rings and finite principal commu-
tative rings. In particular we record the result that any finite principal commutative
ring is a quotient of the ring of integers of some number field. Sect. 7 is a guide to the
history and literature on Zolotarev-style reciprocity.

Our literature search was performed after most of the main results of the paper were
obtained, in some form. We then found some duplication of past work. In response we
have not hesitated to take this prior work into account. In many cases this spurred us
towards more general results. Our work recovers many previously published results
as special cases including work of Dressler and Shult [17], Frobenius [18], Lerch
[27], Lehmer [26], Morton [29], Necaev [30], Riesz [31], Schur [34], Slavutskii [36],

@ Springer



Extending the Zolotarev—Frobenius approach to quadratic reciprocity 29

Szyjewski [37] (and of course Zolotarev [38]). In fact, we recover all previous results on
Zolotarev’s approach to quadratic reciprocity. . .provided this taken in the sense made
precise in this introduction, which is relatively broad but hardly all-encompassing.
Other interesting takes on ‘“Zolotarev’s approach to quadratic reciprocity” have been
given by Cartier [8], Duke and Hopkins [16] and Hablicsek and Mantilla-Soler [20].
These are discussed briefly in Sect. 7. A Zolotarev-style approach to two-powered
higher rational reciprocity laws has recently been given by Budden et al. [6].

The prospect of using Zolotarev reciprocity to deduce new quadratic reciprocity
laws in abstract number rings seems intriguing but difficult: to the best of our knowl-
edge, the question of in which abstract number rings one can hope for a satisactory
Jacobian quadratic reciprocity law is wide open. We hope that this paper will serve to
arouse more interest and work in this area.

2 Algebraic preliminaries
2.1 The signature homomorphism associated to a finite G-set

Let G be a group which acts on a finite set X viae : G x X — X, (g, x) — gex.The
action can be expressed as a group homomorphism p : G - Sym X, g — ge from
G into the group of bijections on X. Let (X', ') be anther G-set. An isomorphism of
G-setsis abijection f : X — X’suchthatge’ f(x) = f(gex)forallg € G, x € X.
Such a bijection f induces a group homomorphism Sym f : Sym X — Sym X', ¢ —
aotoa”!, suchthat p’ = Sym f o p.

Letn > 2. Recall: every o € S, has a signature e(c) € {£l},and € : S, — {£1}
is a nontrivial group homomorphism. For n = 0, 1 the groups Sy = Sym & and $;
are trivial, and we define € : S;, — {£1} to be the unique homomorphism.

For n > 2, the signature is the only nontrivial homomorphism ¢ : S, — {£1}:
since all 2-cycles are conjugate in S,, and S, is generated by the 2-cycles, for every
2-cycle T we must have ¢(t) = —1, and this determines ¢. So if @ € Aut S, then
€ o v = €. Thus for any set X of cardinality n there is a signature homomorphism
€x : Sym X — {£1}: choose F : Sym X = S, and put ex = € o F: this does not
depend on the choice of F. Finally, when X is a G-set, we put

ex=€oFop:G— {£l}.

Lemma 2.1 Let G be a group and (X, p) a finite G-set.

(a) If X' is a G-set which is isomorphic to X, then for all g € G, px(g) and px:(g)
have the same cycle type, hence also €x = €x.

(b) Let G’ be a group and (X', p') a G'-set. Suppose there is a group isomorphism
a : G — G’ and a bijection f : X — X' which are compatible in the sense that
Sym f o p = p’ o« Then for all g € G, px(g) and px (a(g)) have the same
cycle type, hence also €x(g) = ex/(a(g)).

(¢) Let G’ be a group and o : G' — G a group isomorphism. We can endow X with
the structure of a G'-set via p o a. Then forall g € G, ex(g') = ex(a(g)).
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30 A. Brunyate, P. L. Clark

Proof (a) If f : X — X' be an isomorphism of G-sets, then Sym f : Sym X —
Sym X’ preserves cycle types, and the result follows immediately.

(b) Again the result follows from the fact that Sym f preserves cycle types.

(c) Composing a map with an isomorphism does not change its kernel, and signature
maps are determined by their kernels. O

The proofs of the following two results are routine, and we omit them.
Lemma 2.2 (Sum Lemma) Let X1, ..., X, be finite sets, and let S : H;Zl Sym X; —
Sym [ [;_, X; be the natural map:

o=(01,...,00) = (x; € X; = 0;(x;)).

Then forall o = (01, ...,0,) € H;=1 Sym X;, we have

e(S(@) =[] (o). S0

i=1

Lemma 2.3 (Product Lemma) Let X1, ..., X, be nonempty finite sets, withn; = #X;.
Put X =[];_, Xi andn =[[;_, n;. Let P : [[;_, Sym X; — Sym X be the natural
map:

P:(o1,....,00) = ((x1,...,x) = (o1(x1), ...,00(x)).

(a) Then, forallo = (o1,...,07) € H?:l Sym X;, we have

e(P(0)) = [[eton)™. @)

i=1

(b) In particular if each n; is odd, then

e(P(0) = [ eton. 3)

i=1

Let G be a finite group. For a € Z* with gcd(a, #G) = 1, the map g — g% is a
bijection on G, so gé is well-defined. It follows that g§ is always well-defined.

Let G be a finite group acting on itself on the left: pg : G — Sym G, g > ge.
The associated Cayley signature € is easily understood.

Theorem 2.4 Let G be a finite group and let g € G. Put N = #G and a = #(g).

(a) If g € G has order a, then pg(g) is a union 0f¥ a-cycles.
(b) The following are equivalent:
(i) ec(g) # 1.

(i) a is even and % is odd.
(iii) (Euler Criterion) g% # 1.
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Extending the Zolotarev—Frobenius approach to quadratic reciprocity 31

(c) (Morton [29]) The following are equivalent:
(1) The signature map €¢ is nontrivial.
(1) The 2-Sylow subgroups of G are cyclic and nontrivial.
(d) Ifeg is nontrivial, its kernel K is the unique index 2 subgroup of G.
Proof (a) The cycles of €G(g) are the right cosets of (g) in G.
(b) By (a), eg(g) = (—1)(“_1)%, so (i) <= (ii). If a is odd, then g% has odd order
and order dividing 2, so g% = 1. Now assume that a, and hence N, is even. Then

N N . N . N :ec N
the order of g2 = gcd‘;g.Thusgz = liff ged (a, 5) = aiffa | 5 iff - is

even.

(c) By part (a), € is nontrivial iff there is g € G such that (g) has even order and odd
index. If so, (g) is a cyclic, nontrivial 2-Sylow subgroup. Conversely, a generator
g of a nontrivial cyclic 2-Sylow subgroup has even order and odd index.

(d) If €g is nontrivial, then K = Ker € is an index 2 subgroup of G, so it’s enough to
show that G has exactly one index 2 subgroup. By part (b) G has a cyclic 2-Sylow
subgroup P. It is a theorem of Cayley (!) that there is a normal subgroup N of G
such that G = N x P: see e.g. [12, Cor. 1.14]. On the other hand, let O be the
subgroup of G generated by all odd order elements; then O is normal, G/O is a
2-group, and O is minimal with these properties. It follows that N = O.If H is an
index 2 subgroup, it is normal and G/ H is a 2-group,so H O N.Since G/N = P
is even order cylic, there is precisely one index 2 subgroup of G containing N. O

Remark 2.5 The converse of Theorem 2.4(d) does not hold. First, S, has a unique
index 2 subgroup for all n > 2. The dihedral group D4 is a Sylow 2-subgroup of S,
and it follows that for all n > 4, the Sylow 2-subgroups of S, are noncommutative.
Moreover, in Sect. 5 we will recall—and crucially use—that for any finite-dimensional
vector space V over an odd order finite field, GL V has a unique index 2 subgroup.
However, when dim V' > 2 the Sylow 2-subgroups of GL V' are noncyclic.

Lemma 2.6 Let H be a normal subgroup of G; put G' = G/H and q : G — G'.

(a) If eg and €' are both trivial or both nontrivial, then
€G =€g 04. 4)

(b) If H has odd order; then (4) holds.

Proof (a) Certainly (4) holds if € and €5/ are both trivial, so suppose both are
nontrivial. Then Ker €5/ o ¢ is an index 2 subgroup of G. By Theorem 2.4(c), if
€¢ 1s nontrivial there is a unique index 2 subgroup, so Ker €5 0 ¢ = Ker ¢, and
two homomorphisms into {1} are equal iff their kernels are equal.

(b) Let P be a Sylow 2-subgroup of G. Then PH/H is a 2-Sylow subgroup of G'.
Since #H is odd and P is a 2-group, PH/H = P/(P N H) = P. Thus by
Theorem 2.4(b), € is nontrivial iff € is nontrivial, so part (a) applies. m]

Theorem 2.7 (Tower Theorem) Let e € ZV. For 1 <i < e, let G; be a finite group
and let P; be a Sylow 2-subgroup of Gi. For 2 < i < e, letq; : Gi — Gi_1 be
a surjective homomorphism. For 1 < i < e, let ¢, = €G, 0 giy1 0 -+ 0 ¢, and let

E=]]i_ & :G — {£1}.
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(a) Ifforno 1 <i < eis P; nontrivial cyclic, then E is trivial.

(b) Otherwise let £ and u be the least and greatest indices i such that P; is nontrivial
cyclic. Then E = eg_“'l.

Proof (a) If no P; is nontrivial cyclic then €, is trivial for all 7, so E is trivial. (b) By

Theorem 2.4(b), €, and thus ¢; is trivial unless £ < i < u. Since forall 1 <i <ee,

d;(P;) = P;_1, as i ranges from 1 to e, we find: if i < ¢, P; istrivial; if £ <i < u, P;

is nontrivial cyclic; and if u < i < e then P; is not cyclic. Thus E = [, €;, and by

Lemma 2.6(a) € = €p4] = ... =¢€,, 80 E = e@”_E‘H. O
2.2 Abstract number rings and finite principal rings
Proposition 2.8 Let a and b be nonzero ideals in the Dedekind domain R.
(a) The R-modules R/a and b/ab are isomorphic.
(b) #R/ab =#R/a -#R/b.
Proof (a) Seee.g. [13, Thm. 18.24].
(b) We have a short exact sequence
0— a/ab - R/ab — R/a — 0.
Using this and part (a) we get
#R/ab = #a/ab#R/a =#R/a#R /b.
O
Theorem 2.9 (Asano, Jensen) For a domain R, the following are equivalent:
(i) R is a Dedekind domain.
@i1) Ifbis anideal of R and 0 # a € b, then there is b € b such that b = (a, b).
(iii) For every nonzero ideal b of R, the quotient R /b is a principal ring.
Proof See [3,25] or [9, Thm. 20.11].! O

A residually finite ring is a ring in which the quotient by every nonzero ideal is
finite. For a nonzero ideal [ in a residually finite ring R, we put |I| = #R/I.
Theorem 2.10 For a residually finite domain R, the following are equivalent:

(i) R is a Dedekind domain.
(i1) For all nonzero ideals 1, J of R, |1J| = |I]|J|.

Proof (i) = (ii) by Proposition 2.8(b) above.
(ii) = (i): This is a result of Butts and Wade [7, Thm. 2]. O

I n [24, p. 630] Jacobson attributes this result to H. Sah. It seems that this refers to Chih-Han Sah (1934—
1997), but we have not been able to trace the result back to him.
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An abstract number ring is a residually finite Dedekind domain. Examples:

e The ring of integers Zk of a number field K .
e The coordinate ring F,[C°] of a nonsingular integral affine curve C°/F,,.
e Any localization or completion of either of the above.

(There are also more exotic examples: Goldman constructed abstract number rings
with unit group £1 and nontorsion ideal class group [19, Cor. (1) and (2)].)

Let ¢ be a finite commutative ring. Then t has finitely many prime ideals py, ..., p,,
and each p; is maximal. Thus ﬂ;zl pi = Hle p; is the nilradical of v; since v is finite,
this is a nilpotent ideal: there is E € Z™ such that [];_, pl.E =0.Forl <i <r,let
e; € Z' be minimal such that p¢ = pf.’ forall a, b > e;. Then

©) =i =] ]wf"
i=1 i=1

The Chinese Remainder Theorem gives a canonical isomorphism

r r r
mov=v/[]of = []R/p =[]
i=1 i=1 i=1

say. Each v; is Artinian local with maximal ideal p; / pfi.

Lemma 2.11 Let ¢ be a finite local commutative ring with maximal ideal p. Let e be
the least positive integer such that p¢ = (0). The following are equivalent:

(i) vis a principal ring: every ideal of ¢ is principal.
(1) p is principal.
(iii) The length of © as an t-module is e.
(iv) Every ideal of ¢ is of the form p' for a unique 0 < i < e.
(V) vis a chain ring: the ideals of v are linearly ordered under inclusion.

Proof (1) = (ii) is immediate.

(ii) == (iii): Suppose p = (7). Every x € t may be written as 77/ u for a unique
0 <i <eandu € v*. It follows that for every ideal b of v, if i is the least natural
number such that 7/ € b, then b = (1) = p'.

(ili) = (iv): Let b be an ideal of ¢, and let i be the largest natural number such
that b C p’. If p'*! + b C p then

O=p°cplc--cptlcpt+bcpc---cpce

is a chain of ideals in v of length at least e + 1, contradiction. So pi“ +b= pi, and
then applying Nakayama’s Lemma to the module p’ we get b = p'.

(iv) = (v) is immediate.

(v) = (i): Since v is finite, among all ideals properly contained in p there is a
unique largest ideal, say b. Then any element of p\b must generate p. O
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34 A. Brunyate, P. L. Clark

Theorem 2.12 For a commutative ring ¢, the following are equivalent:

(1) There is a number field K and a nonzero ideal I in Zx with Zk |1 = .
(ii) There is a nonzero ideal I in an abstract number ring R with R/I = .
(iii) v is a finite principal ring.

Proof (1) = (ii) is clear. (ii)) = (iii) follows from Theorem 2.9.

(ili) = (i): Step 1: Suppose t is local. Then by [23, Thm. 1] there is a Dedekind
domain R and an ideal 7 such that R/I = t. By CRT / must be a prime power
p¢. Let Ry be the completion at p; then v = R/I = Ry/(pRp)®, so—replacing R
by Rp—we may assume that R is a complete discrete valuation ring. The residue
field R/p is finite, so isomorphic to [F,, with ¢ = p/, say. By the Cohen structure
theory [35, Ch. II] R is isomorphic either to the ring of integers in a p-adic field
or to the formal power series ring F,[[¢]]. In the former case we’re done: R is the
completion of some prime ideal in some number field, so it suffices to treat the latter

case, in which v = F,[¢]/(¢¢). Let K be any p-adic field with residue field F, and

ramificaiton index at least e, for instance Q,({;—1, pé), let Rk be the ring of integers
of K and pg its maximal ideal. Then Rk /p% = Fy[1]/(¢¢). Then p € p% so Rk /p%
has characteristic p and thus the Teichmiiller lift F, — Rg /p% is an isomorphism
[35, Prop. I1.8]. Let wx be a generator of pg. There is then a unique F,-algebra
homomorphism [F,[t] — Rk which maps 7 to 7k, and passing to the quotient gives
a homomorphism & : Fy[¢]/(t¢) — Rk /p% which is injective since it kills no power
of ¢t smaller than ¢°. By Theorem 2.10(b) both source and target are finite rings of
order g¢, so @ is an isomorphism.

Step 2: Lett = []’_; ; be the decomposition into local rings; let ¢; be the length of
t;. Since v is principal, so is each v;, so by Step 1 foreach 1 <i < r there is a p;-adic
field K; with integer ring Rk, and maximal ideal pg, such that Rk, /(pk;)¢ = v;. By
a standard weak approximation/Krasner’s Lemma argument there is a number field
K and maximal ideals py, ..., p, of Zg such that the completion of K at p; is K;. It
follows that Zg / [Ti_; b = . m|

Remark 2.13 When t is local, Theorem 2.12 is due to Necaev [30]. The general case
emerged in a MathOverflow discussion [22] in which the second author participated
and in which the most important contribution was made by Conrad.

3 Zolotarev symbols and Zolotarev reciprocity
3.1 Jacobi symbols

Aring R is even (resp. odd) if it is finite of even (resp. odd) order. An ideal [ in aring
R is even (resp. odd) if R/ is even (resp. odd). An element a € R is even (resp. odd)
if (a) is even (resp. odd).

For an odd field k and a € k>, we define the Legendre symbol (%) tobe lifaisa
square in k and —1 otherwise.

Let v be a finite principal commutative ring, with local decomposition v = [[;_, v,
p; the maximal ideal of v;, ¢; the length of t; and k; = v; /p; the residue field.
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Extending the Zolotarev—Frobenius approach to quadratic reciprocity 35

To ease notation, for a € v we write a for the image of a under any quotient map.
If ¢ is odd, then for a € t* we define the Jacobi symbol

(0-11(;)"

Let R be an abstract number ring. If p is an odd prime ideal of R and a € R\p, we

dEﬁnE the Lfgf lare Syt]ll(l

If a € R and b is an odd ideal of R with (a) 4+ b = R, we define the Jacobi symbol

(0= (57)

The following result is an immediate consequence of the definition.

Lemma 3.1 (a) Lettbe an odd principal commutative ring, with local decomposition
v=[]/_vi. Thenforalla e, (¢) =]/_, (;—")

(b) Let b be an odd prime ideal in the abstract number ring R. Let b = Hlel q; be its
factorization into not necessarily distinct prime ideals. Then for any a € R which

is prime to b,
R
(2)=T1(;) ®

3.2 Zolotarev symbols

Let v be a finite ring. Then both the additive group (t, +) and the unit group (v, -) act
on t, giving rise to signature homomorphisms. We are interested in the signatures of
the permutations s, : x +> x +a fora € vand m, : x — xa for a € v*. The former
is a special case of Theorem 2.4: we record the result.

Lemma 3.2 Let n be the order of a in (t, +).
(n—D)#c

(@) €(sq) = (=1 .
(b) Since n | #r, €(sg) = 1 if#tis odd.

We define the Zolotarev symbol [%] = e(my).

Remark 3.3 Fora € v*,letay, : x — xa,and let (¥ : v — t by x > a~1xa. Since
my o t* = a,,, we have e(m,) = €(ay,).
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Let ¢ be a finite commutative ring. As in §1.2 there is a canonical isomorphism

r r
Tit— Ht/pfi = Ht,-
i=1

i=1

with t; a local ring with maximal ideal p;, length ¢; and residue field k; = t/p;. We
call the v;’s the local factors of v. Put n; = #t; and n = #t. Let

.
7%t = l_ltlX
i=1

be the induced isomorphism on the unit group. Then v * and 7 are compatible in the
sense of Lemma 2.1, so for a € v, [T] is equal to the signature of 7 * (a) acting on
[T;_, vi. Applying the Product Lemma we get

-0 ©

Thus for commutative rings the computation of Zolotarev symbols is reduced to the
local case. Further, by looking at the parities of ;- we get the following result.

Proposition 3.4 Let v = [[;_, v be a finite commutative ring.

(a) Ifvis odd, then [;] = le»zl[t;[_].
(b) Ift has exactly one even local factor ¥/, then [:1=I[%]
(¢) If v has more than one even local factor, the Zolotarev symbol [E] is trivial.

3.3 First Zolotarev Lemma

When g is a prime, the following result is Zolotarev’s original observation and the first
of three steps of his proof of the quadratic reciprocity law in Z.

Lemma 3.5 (First Zolotarev Lemma) For any odd prime power q and a € FX, we
a|_(a
have [Fq] (Fq)

Proof Since Fy is cyclic of even order, a +— (ﬂf‘l_q) is the unique nontrivial group

homomorphism from ]F; to {£1}. On the other hand, if a is a generator of IF;, the

cycle type of m, is (¢ — 1, 1), so [H;‘—q] =—1. O

3.4 A generalization of the Zolotarev—Frobenius—Lerch theorem

Theorem 3.6 Let t be a finite principal ring.
(a) Ifvis odd, then the Zolotarev symbol [¢] is equal to the Jacobi symbol (7).
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(b) Suppose t has exactly one even local factor v, with maximal ideal p, length e and
residue field k = F,¢. Then:
(1) The Zolotarev symbol [{] is trivial iff at least one of the following holds:
e c=1.
o f>2.
e ¢ >3, f=1and"/p* has characteristic 2.
(i) In all other cases #(t'/p*)* = 2, and [fl=1 = a-1l¢ 2.
(¢) If v has more than one even local factor then the Zolotarev symbol [ ] is trivial.

Proof Step 1: Using Lemma 3.1 and Proposition 3.4 we reduce to the case in which
v is local, with maximal ideal p = (77), length e, and residue field k = F, = I

Step2: For 1 <i <eputU; = (R/p;)*;let Uy be the trivial group. For 1 <i <r
the quotient maps R/p! — R/p'~! restrict to give surjective group homomorphisms
qi : Ui — U;j_q; let P; = Ker g;, so we have short exact sequences

1—>P,'—>U,'—>U,'_1—>1. (7)

Since t/p’ = U; [[p/p’ and #p/p' = ¢'~!, we have #U; = ¢'~'(¢g — 1) for all
1 <i <r,#P1 = q — land #P; = g forall 2 < i < e. We claim that P; is a
p-torsion group for all i > 2. Indeed, for x € P; we have x = 1 (mod 7)'~!. Since
i > 2 this implies x = 1 (mod 7),s0 1 +x + ...+ xP~1 =0 (mod 7) and thus
Al=a"lg | x=DU4+x+...+xPH=xP - 1.

For 1 <i < e let €; denote the composite homomorphism U, — U; G—Ui {£1}, as
in Theorem 2.7. Forall 1 < i < e, -7 is a U,-set isomorphism t/p'~! — p/p’. So
applying the Sum Lemma to t/p’ = U; [[p/p’ = U; [[ R/p'~", we get

Vi<i< Vetx[a] ()[ a }
i <e, Va , | —— | =€@)| —— |,
- t/p! t/pi-!

and thus by induction and the Tower Theorem,

BE [Te@ = crtar—++".

i=1

It remains to compute the parameters £ and u. Since a finite commutative group has
nontrivial cyclic 2-Sylow subgroup iff it has exactly one element of order 2, as we
start at i = 1 and increase to e we want to determine the thresholds £ and u at which
T; acquires an order 2 element and then a second order 2 element.

Step 3: Suppose that v is odd. Then U; = k{* is cyclic of even order so ¢ is
nontrivial: £ = 1. The Legendre symbol (Z) is also a nontrivial homomorphism to
{£1}, so by Theorem 2.4(d), €; = (). Since U;_ = U;/P; and #P; = q is odd, by
Lemma 2.6 and induction, each ¢; is nontrivial: u = e. So [{] = (%)e = (%)

Step 4: Suppose that v is even. Since #U = g — 1 is odd, € is trivial.
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e Thusife =1, [{] = € is trivial.

e Suppose f > 2. Then forall i > 2, P; is a 2-torsion group of order ¢ = 2/, s0 T;
is not cyclic. Thus every ; is trivial, so [{] is trivial.

We may now suppose f = 1. Then Uj is the trivial group and U, has order 2
hence T is nontrivial cyclic: £ = 2.

e Soif (e, f) = (2, 1), then [{] = e2(a).

We may now suppose that ¢ > 3. By Theorem 2.12, there is a 2-adic field K
with ring of integers Rx and maximal ideal px = (k) and e € Z* such that
v = Rg /p%. It follows that forall 1 <i <e,v/p' = Rg/pl.

e Suppose t/p> = Rk /p% has characteristic 4. Then 2 € p K\p%( is a uniformizer,
so the ramification index e¢(K/Q;) = 1. Since also f(K/Qy) = 1, K = Qy,
R = 7Z, and v = Z/2°Z. In this case the structure of U; was known to Gauss: for
i>2,U E72/2Z & (Z/2Z)i_2, so T; is not cyclic: u = 2 and [:] = e

e Finally we suppose thate > 3, f = 1 and t/p? has characteristic 2, so e(K/Qp) >
2. We claim u = 3, hence [;] = e% is trivial. To see this, fori > 1, let

U; = Ker (R,X( - (RK/piI()X),
sothatforalll <i <e,
U1/U; = (Rk /pl)* = Uy

Now, following [14, Prop. 5], we observe:

(1 +7x)? =1+2mg + 7% #1 (mod 73),

since 71’13{ | 2wk but 7113< J(nlz( Since #U3 = 4, U3 is cyclic. Then €2 = €3 by Lemma
2.6. Finally, for every x € Rk,

(I4+xm)* =14+ 4dox + 67°x% +473x° + 7% =1 (mod 73).
Thus Uy has order 8 and exponent 4 so Ty is not cyclic. O

Corollary 3.7 Let b be an odd ideal in an abstract number ring R, and let a € R be

prime to b. Then
a a
()=

3.5 Second Zolotarev Lemma
Let a and b be relatively prime elements in an abstract number ring R. Let

7 : R/(ab) — R/(a) x R/(b)
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be the Chinese Remainder Theorem isomorphism. We will define three permutations
A, B, Z of R/(ab). Choose coset representatives X, ..., X|q—1 for (a) in R and
Y0, - - -, Yjp—1 for (b) in R. For any m € R, there is a pair (x;, y;) such that

m=bx; +y; (mod ab).
Indeed, there is y; such that m — y; = bz and x; such that z — x; = az’ and then
bxi+y;=b(z—az)+m—bz=m—ab? =m (mod ab).
The pair (x;, y;) is unique: if bx; + y; = bx; + yj» (mod ab), then b(x; — x;) =
yj—yj+abz,s0y; =y (mod b) and thus y; = y;/; thus a | b(x; — x;s) and since
a and b are coprime, a | x; — x; and thus x; = x;/.
We may therefore define permutations
a € Sym(R/(a) x R/(b)), (x; mod a,y; mod b) — (bx; + y; mod a, y; mod b)
and
B € Sym(R/(a) x R/(D)), (x; mod a, y; mod b) — (x; mod a, x; + ay; mod b).
Note that & and B do depend upon our choices of coset representatives. Also put
A=n"'oa om, B= 7 lo B om € Sym(R/(ab)),
and finally

Z=BoA le¢ Sym(R/(ab)), bx; + y; mod ab — x; + ay; mod ab.

Theorem 3.8 (Second Zolotarev Lemma) For a, b coprime odd elements of R,

b a
«“= [R/(a)}’ = [R/(b)]'

Proof Note that €(A) = €() and €(B) = €(B). Now @ = o o &1, Where

a(x;, y;) = (bxi, yj), aa(xi, yj) = (xi +yj, yj)-

Since |b| is odd, by Lemma 2.3 € («1) = [%]. The permutation «> is the direct sum
of the permutations a2 j : (x, y;) = (x +y;,y;) on R/(a) x {y;} for1 < j < |b|.
By Lemma 3.2, €(az,j) = 1 forall j. By Lemma 2.2, e(a2) = 1,50 €(A) = () =

e(ay)e(an) = [%] A very similar argument gives €(B) = €(8) = [%]. O
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3.6 Zolotarev reciprocity
For coprime a, b € R, we define the Zolotarev signature
z(a,b) = €(Z) € {£1}.

Theorem 3.9 (Zolotarev Reciprocity) Let a and b be coprime odd elements in an
abstract number ring R. Then

(0)(0) e

Proof Appplying Theorem 3.8 and Corollary 3.7 gives

-1 a b a b
by =eBod )= et el = [R/(b)] [R/(a)] =(3) (5)

O

Remark 3.10 By Theorem 3.9, the signature of the Zolotarev permutation Z does not
depend on the choices of coset representatives for (a) and (b) in R. However, the cycle
type of Z may depend on these choices: we give an example.

LetR = Z,a = 3,b = 5. Taking {0, 1, 2} and {0, 1, 2, 3, 4} as coset representatives
forZ/(3) and Z/(5) then we get a permutation of Z/(15) with three fixed points. Taking
{0, 10, 5} and {0, 6, 12, 3, 9} as coset representatives we get a permutation with only
one fixed point.

4 Quadratic reciprocity in Z

4.1 The quadratic reciprocity law of Gauss—Jacobi

For any positive integer c, let [0, c — 1] be {0, 1, ..., ¢ — 1} with its standard ordering.
We shall use [0, ¢ — 1] as a set of coset representatives for Z/(c). Leta, b € ZT be

coprime. For all (i, j) € [0,a — 1] x [0,b — 1], wehave O < bi + j, i +aj <n—1,
SO

Zbi+j)=i+aj.
Foralli,i’ € [0,a — 1] and all j, j' € [0, b — 1], we have:
bi+j<bi'+j < (i<i)or(i=iandj < j)
and
i+aj<i'+aj’ < (j<j)or(j=jandi <i’),
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so a pair (m, m’) = (bi + j, bi’ + j') € [0, ab — 1]? is an inversion for Z iff

bi+j=m<m =bi'"+j,i+aj=2Zm)>Zm)
=i'taj = i<i, j <]j.

So the number of inversions is (4) (5) = ““=LPE=D Thys we get

)(b D

z(a,b) = (— 1) when a and b are both odd.

This computation along with Theorem 3.9 yields the following result.

Theorem 4.1 (Jacobi) For coprime odd a, b € 7.7, we have

() ()=

4.2 Supplementary laws

Theorem 4.2 Let b be an odd ideal in an abstract number ring R. Then

-1 -1 y )
b R/b |~
Proof By Corollary 3.7, (%1) = [R/b] Since R/b is odd, the only x € R/b with

2x =0isx = 0. Thus [%1] is a product of MT_I 2-cycles x > —x > x. O

Theorem 4.3 For any odd positive integer b, we have

(%) — (—DF ©
2) = .

Proof By Corollary 3.7, ( ) is the signature of multiplication by 2 on Z/bZ. We count
inversions using the standard ordering on {0, ..., b — 1}: for0 <i < j < b — 1, if
my(i) > mo(j) theni < %. There is one inversion with i = 1, two withi = 2, and

b—1\,/b—1
_ . . _ (5 +1 2_
so forth, up to % withi = %, for a total of (2)(++) = %. O

5 Quadratic reciprocity in F,[#]
5.1 The signature of an [F;-linear automorphism

Theorem 5.1 Let g be an odd prime power, let V be a finite-dimensional F-vector
space, and let GL(V') denote the group of all F-linear automorphisms of V.

(a) Every m € GL(V) permutes the finite set V and thus has a signature € (m).
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(b) Forallm € GL(V), we have
e(m) = det(m) (mod F)?).

Proof (a) is immediate. As for (b), the idea is to show on the one hand that there
is exactly one nontrivial homomorphism GL(V) — {£1} and then to exhibit some
element D € GL(V) with €(D) = —1. Indeed:

For any finite-dimensional vector space over a field F of cardinality greater than
2, the commutator subgroup of GL(V) is the special linear group SL(V) [2, Thm.
4.7]. Thus every homomorphism from GL (V) to the commutative group {1} factors
through GL(V)/SL(V) S IE‘; Since IF;< is even order cyclic, there is a unique
nontrivial homomorphism GL(V) — {£1}.

Letu € Fy \Iquz, and let D be the diagonal matrix with entries u, 1,..., 1. By
Lemma 2.3, e(D) = —1. So the signature homomorphism GL(V) — {£1} is non-
trivial and coincides with m +— det(m) (mod ]F;Z). O

5.2 The quadratic reciprocity law of Dedekind—Artin

Theorem 5.2 For coprime odd monic polynomials a, b € IF,[t], we have

(al=D(b|=1)
4 .

z(a,b) = (—1)

Equivalently, z(a,b) = —1 iff¢ = 3 (mod 4) and dega, deg b are both odd.

Proof Put A = dega, B = degh, a = YA aitl + 14, b = B bt + 1B,
Then V, = F,[t]/(a), V) = Fy[t]/(b) and V = F,[t]/(ab) are F,-vector spaces, of
dimensions A, B and A + B, respectively. As coset representatives for V,, V,, V we
take the set of polynomials of degrees less than A, less than B and less than A + B,
respectively. For (x, y) € V, x V},, we have

z7h vy, x+ay+ bx +y.
Let ey = l,ep = t,...,esa+B = lAJrBi], Vi = (e1,...,ea) and V, =
(eA+1,---,€a+B), SOV = Vi & V,. Morally speaking we wish to identify the vec-
tor space V. = V1 @ V» with the vector space V, @ V},; to do so we introduce the
isomorphism
V@V > VI®Va=V, (x,y) — (x,t1y).
Let

L1:V,®Vp =V, (x,y)>x+ay, Lr:V, &V >V, (x,y) = bx + Y,

Li=Lio ™ vV, ie{l,2)
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soZ =150 L;l =/Ls0 L'f]. With respect to the basis (eq, ...,ea4+p) of V, L]
is given by the matrix

1 0 ap 0 0
0 1 0 ay a *
10 0 I aa—1  aa— *
Mi=19 o 0 1 as, ’
0O O 0 0 1 *
L0 0 ... O 0 0 oo 1]

so is strictly upper triangular. With respect to the same basis, Lo is given by

™ by 0 ... 0 1 0 ... 07
bl b() * 0 1 0
_ bB_1 bB_2 * 0 0 1
M2 - 1 bB—l * 0 0
0 1 ... x 0 0 ... O
| 0 0 1 0O 0 ... 0]
Then,if P : V — V isthelinear map which carries the basis (eq, ..., €4, €A+1, -- -, €B)
to the basis (eg+1,...,€B,€1,...,ea), My o P = M3 is strictly upper triangular. So

det M| = det M3 = 1, and thus
detZ~! =det P71,
Now P is the matrix associated to the permutation which moves each of the A basis
vectors (eq, ..., e4) pastall B basis vectors e4+1, . . ., ep, so it has signature (— 1)AB,
and thus det Z = det P = (—1)42. Applying Lemma 5.1, we get
€(Z) = (=D**  (mod F}*).

Finally, (—1)45 is not a square in IE‘; iff A, B are both odd and —1 is not a square in
IF;;, i.e., iff A and B are both odd and ¢ = 3 (mod 4). O

Combining Theorem 5.2 with Zolotarev Reciprocity, we recover the quadratic reci-
procity law of Dedekind—Artin [15], [1].
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Theorem 5.3 Let g be an odd prime power, and let R = F,[t], an abstract number
ring. For coprime odd monic polynomials a, b € R, we have (2) (g) = lunlessq =3

b
(mod 4) and dega, deg b are both odd, in which case (%) (2)

a b (lal=D)(Ibl=1)
(3)(5) o

6 Zolotarev symbols in matrix rings

—1. Equivalently:

Theorem 6.1 Let n > 2, let ¢ be a finite commutative ring of order m, and let € :
GL, (v) — {x1} be the signature homomorphism of the linear action of GL,(tr) on
t". Write v = v, x t/, with #t, = m, odd and #' = m’ a power of 2.

(a) Ifvisodd, then for all g € GL, (v),

det
eg) = [—g] : (1)
Tt
Thus if v is odd and principal,
det
e(g) = (Tg) (12)

(b) If m' > 2, then € is trivial.
©) If m" =2—sot =, x Fy—then:
(i) ifn > 3, then € is trivial.
(ii) Ifn = 2, then €(g) is the signature of the homomorphic image g’ € GL,(F,)
acting on IE‘% This map is nontrivial and cannot be expressed in terms of det g.

Proof Step 0. We reduce to either the case m = m,, is odd or m = m’ is a power of 2.
This is clear if m" = 1, so suppose m’ > 1. The decomposition t = t, x t/ induces a
decomposition GLj, (t) = GL,(t,) x GL, (t"). For g € G, write g = (g,, g’). By the
Product Lemma, €(g) = e(go)(’"/)ne(g’)(’"")n = €(g’), so we may assume t = v'.

Step 1: For 7, j distinct elements of {1, ...,n}and @ € t°,let E; j(a) € GL,(v) be
the matrix which is obtained from the identity matrix by changing (i, j) entry from
0 to cr. Such an element is called a transvection; notice that E;; (@)~ ' = E; (o) and
det E;j(a) = 1, so the subgroup of GL,, () generated by transvections is contained in
SL, (r). Because t is a semilocal ring, SL,, (v) is generated by transvections [21, Thm.
4.3.9]. It follows that every g € GL,,(t) can be written as a finite product of transvec-
tions together with a diagonal matrix diag(det(g), 1, 1, ..., 1). In all cases except the
exceptional one (m’, n) = (2, 2), the claimed answer is visibly multiplicative in g,
so it suffices to determine the signature of a transvection E;; () and the signature of
diag(er, 1, 1,..., 1) fora € t*.

Step 2: We claim that in all cases except (m’, n) = (2, 2) we have e(Ejj(a)) = 1.
The effect of the transvection E;; () on the vector x = (x1, ..., X,) € t" is to replace
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x; by x; + ax;. The other n — 2 coordinates of x are immaterial: more formally, the
cycle type of Ej;() is m"~2 times the cycle type of

e() : (x,y) e - x4+ ay,y).

If m is even and n > 2 this already shows €(E;;(a)) = 1. Otherwise

€(Eij(a)) = €(ea) = H €t (@Y) = €t 4) (Z Oly) = €@+) (Z y)’

YER yET yetr

so by Theorem 2.4, e(E;j(a)) = 1iff ¥ = ZyEty has odd order or even index.
Certainly Y has odd order if m = #vis odd, giving the result in this case. Now suppose
m is even. The sum of all the elements in a finite commutative group has order at most
2, since every element of order greater than 2 cancels with its additive inverse. So if
m’ > 2, then since it is a power of 2, Y has even index in (r, +) and €(E;;(a)) = 1.
Finally, if (m’, n) = (2, 2) then we get the signature of +1 on Fy, which is —1.

Step 3: The evaluation of € (diag(c, 1, ..., 1)) is familiar from the proof of Theorem
5.1: the cycle type is m"~! times that of «- on t. So if m is odd,
o
r

e(diag(a,l,...,l)):[ ]
whereas if m is even then since n > 2,
e(diag(a, 1,...,1)) = 1.

Step 4: If m is odd, any g € GL,(v) is a product of transvections—all of which have
signature 1—and diag(det g, 1, ..., 1), with signature [de%], so€e(g) = [de%]. If ¢
detg

= )-

If m is even but (m, n) # (2, 2), then any g € GL,, () is a product of transvections
and diag(degg, 1, ..., 1), all of which have trivial signature, so €(g) = 1.

In the final case have €(g) = e(g’), where g’ is the image of g in GL,(F,) acting
on ]F% In this case, as we have seen, any transvection has signature —1, so that the
signature homomorphism € : GLy () — {Z£1} is nontrivial. We can be more explicit:
#GL;,(IF2) = 6, and the three elements g for which €(g) = —1 are the two transvec-
tions E12(1), E»1(1) and the transposition T = Ej>(1)E» (1) E12(1).% Since every
matrix in GL, (IF») has determinant 1, this homomorphism does not factor through the
determinant map. O

is principal, then by Corollary 3.7 €(g) = (

Corollary 6.2 Let n > 2, and let ¢ be a finite commutative ring. Then:

2 In fact, GLy (IFp) is isomorphic to S3 so has a unique index 2 subgroup, and thus € : GLy(IFp) — {£1}
is the unique nontrivial homomorphism.
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(a) Ifvisodd, then forall g € R,

g | _[detg]"
[Mna)}_[ ¢ ] '

If v is moreover a principal ring, then

g _ [detg\”
[Mm]_( ¢ ) '

(b) Iftis even, then the Zolotarev symbol [m] is trivial.

Proof Wehave M, () = [[/_, v", and the action of G on M, (v) is the n-fold Cartesian
product of its action on n copies of t*. The result now follows immediately from
Theorem 6.1, the Product Lemma and Corollary 3.7. O

Remark 6.3 The special linear group SL, (v) is also generated by transvections when
v is a Euclidean ring [28]. Any Artinian principal ring is Euclidean [10, Cor. 24], so
this gives a more elementary approach to Step 1 of the proof of Theorem 6.1 when t
is principal.

Taking t to be an odd finite field in Theorem 6.1, we get another proof of Theorem
5.1. In fact these arguments are closely related: arguments are closely related: let ¢
be a commutative local ring. Let n > 2; if 2 ¢ ©* we suppose n > 3. Then SL,,(v)
is the commutator subgroup of GL,, (t) [28] (and the proof is by comparison with the
subgroup generated by the transvections). When this holds, the index 2 subgroups of
GL,, () correspond to the index 2 subroups of t*. In particular, if t* is odd order
cyclic, then GL,, (r) has no index 2 subgroups, so all signature maps for GL, (x) are
trivial. If v is even order cyclic, then GL,, (t) has a unique index 2 subgroup, so to
compute any signature map for GL,, (v) itis enough to decide whether it is nontrivial. In
the case of Theorems 5.1 and 6.1 this is easily done by evaluating at diag(c, 1, ..., 1).
Unfortunately this approach does not work in the general case.

7 Some comments on the history and literature

In this final section we discuss some of the history of Zolotarev’s approach to quadratic
reciprocity and give a guide to the literature on this subject.

The roots of an approach to quadratic reciprocity via permutation groups go all
the way back to Gauss’s Lemma, but in that approach the underlying group theory
remains below the surface, making the approach (to our taste) conceptually obscure.

The story properly begins with an 1872 paper of Zolotarev [38]. Zolotarev gives
Corollary 3.7 in the case R = Z and b = p an odd prime. It is a brilliant observation,
the more so because the proof is almost trivial. It amounts to: (i) U (p) has a unique
index 2 subgoup, and (ii) a generator of U(p) acts as a (p — 1)-cycle hence has
signature — 1. He then showed that for odd primes £ # p there are permutations A and
BonZ/tpZ with e(A) = [%] and €(B) = [%] and such that the signof Z = Bo Al
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can be computed combinatorially. Our treatment of this material in Sects. 3.4 and 4.1
was also influenced by [4,39]. All these expositions follow Zolotarev’s original work
closely...with a single exception.

Namely, Zolotarev’s treatment was for the Legendre symbol, whereas in Sect. 4.1
we proved quadratic reciprocity for the Jacobi symbol. This necessitates knowing
(5] = (%) for coprime positive integers a and b with b odd: given this, the rest
of Zolotarev’s argument applies verbatim. This result was proven by G. Frobenius.
Although he did not publish it until 1914 [18], according to [8, p. 37] Frobenius’s
generalization was made “immédiatement” upon seeing Zolotarev’s work.

Curiously, this Zolotarev—Frobenius Lemma is well known in the francophone
literature—it is even treated in the French wikipedia—but is much harder to find
in the anglophone literature. Rediscoveries of this result by non-francophone authors
have been and continue to be common—e.g. [5,37]—and we were not aware of Frobe-
nius’s paper when this work was begun. In particular we know of no number theory
text which gives a direct proof of the Zolotarev—Frobenius Lemma.

So far as we know the first publication which includes a proof of Zolotarev—
Frobenius is an 1896 paper of Lerch [27]. In fact Lerch proved a stronger result.

Theorem 7.1 (Lerch) Let a, b € Z be coprime. Then:

(@) Ifbis odd, [ 77571 = (3).
(b) Ifb =2 (mod 4), then [757] = 1.
a—1

(©) Ifb =0 (mod 4), then [ 771 = (1) 2

Our Theorem 3.6 is thus the generalization of Lerch’s Theorem to any finite principal
ring (equivalently, to any proper quotient of an abstract number ring).

Why are the French so much more knowledgeable about Zolotarev—Frobenius than
the rest of the mathematical community? We think it is because of a 1970 paper of
Cartier [8]. Cartier’s paper is not reviewed in Math Reviews! But it is a remarkable
piece of work, an elegant, lucid exposition which contains new results. Our Corollary
3.7 appears in [8], stated in the case of quotients of a number ring Z g , but by Theorem
2.12 these yield every finite principal ring (and his proof works verbatim for odd ideals
in any abstract number ring). Theorem 5.1 appears as well [8, p. 41] (and again we
rediscovered this result for ourselves).

It remains an expository challenge to give a simple, direct, self-contained proof
of the Zolotarev—Frobenius Lemma. A reasonable specimen is given in a two page
note of Dressler and Shult [17]. However they use the cyclicity of the unit group
U, = (Z/p°Z)* for an odd prime p. But it seems to us that the merit of the odd order
case is that one does not need to know the structure of U,. And in fact in other odd
residue rings of abstract number rings these groups need not be cyclic: for any odd
prime ideal p in [F,[¢], the minimal number of generators of U, tends to infinity with
e [32, Prop. 1.6].

The Frobenius part of Zolotarev—Frobenius can be bypassed entirely, as observed
by Rousseau [33]: the latter two thirds of Zolotarev’s argument shows the Zolotarev
symbols [7] satisfy the quadratic reciprocity law. One can then use this reciprocity
law to show inductively that [ ] = ]_[?:1 [pi], and by Zolotarev’s Lemma, the

i

a
prpr
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latter expression is equal to [ ]7_, (%) = ( ) This approach is not available to

p1-
us in the case of a general odd residue ring of an abstract number ring because we do
not have an explicit reciprocity law!

Cartier’s approach to Corollary 3.7 uses the following result.

Theorem 7.2 (Cartier) Let u be an automorphism of a finite odd order group G.

(a) (Generalized Gauss’s Lemma) Let S C G\{e} be such that S N S~ = & and
SU S~ = G. Then the signature of u on G is (—1)#(“(5)“71).

(b) If u stabilizes a normal subgroup N of G, the signature of u on G is equal to the
signature of u on N times the signature of the induced automorphism on G/N.

There are in fact several killing blows in the odd order case. For instance the kernel
K of U, — Uj has order qe’l and U} has order ¢ — 1, so

1 K—->U,—- U —>1

splits: U, = K x Uj. One can then apply the Product Lemma to get €, = €ge€; and
since K has odd order, € is trivial. This was the argument in an earlier version of this
paper, and Cartier makes this remark as well [8, p. 39]. Cartier’s approach exploits
the properties of the signature of an automorphism of a group of odd order, whereas
our approach exploits the isomorphisms p; /p;+1 = R/p; to express the signature as a
product of Cayley signatures €.

Cartier defines a symbol (%), the signature of an automorphism u of a finite group
G. Every Zolotarev symbol [%] is a Cartier symbol on the underlying additive group
(t, +), but the systematic study of ( “ ) when #G is even seems difficult.

There is also the quadratic symbol ( ) of Duke and Hopkins: here (G, -) is a finite
group, a € Z* is coprime to #G and the symbol is the signature of the permutation
C — C“ on conjugacy classes of G. When G is commutative, we may write G addi-
tively and view it as the underlying additive group of some tg = H;f | Z/d; 7. Then

the symbol ( ) becomes the Zolotarev symbol [ ] with the additional restriction
that a lies in the prime subring Z - 1 of vg. Duke—Hopkins show that when #G 1is
even, (%) iff 4 | #G and G has exactly one element of order 2. This implies the even
order case of Lerch’s Theorem and is a special case of Theorem 3.6. It can happen
that [%] = lforalla € Z-1Ntf but [%] = —1 for some a € tj5. When G is
noncommutative, the Duke—Hopkins symbol is not a Cartier symbol.

If G is a finite group and @ € Z™ is coprime to #G, Hablicsek and Mantilla-Soler
consider the signature of the permutation g — g“ on G—in the noncommutative case
this need not be a group automorphism of G—and prove a reciprocity law for a class
of groups including all nilpotent groups and all odd order groups [20].

Theorem 6.1 is a generalization of the following result of Lehmer [26].

Theorem 7.3 (Lehmer) Let m,n € Z* with n > 2, and put G = GL,(Z/mZ).
Consider the signature map € : G — {£1} for the linear action of G on (Z/mZ)".

(@) If m is odd, then forall g € G, €(g) = (detg)_
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(b) If m is even, then:

(1) Ifn =3 0orm =0 (mod 4) then € is trivial.
!/ /
(i) Ifn =2andm =2 (mod 4), for g € G let g’ = |:z, Z,

unique matrix with entries in {0, 1} which is congruent to g modulo 2. Then

i| € M, (Z) be the

€(g) = (=) @HHHD Gl — b/ ey,

Lehmer attributes the case of odd m to Schur [34].

Acknowledgments Thanks to Keith Conrad and Robert Varley for their interest and helpful comments.
This note was inspired by the second author’s reading of [4].
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