STARK UNITS FOR REAL QUADRATIC FIELDS AND RECIPROCITY LAWS

ABSTRACT. We prove that every value of the arithmetic finite quantum dilogarithms constructed in [RW26]
is an algebraic unit, and determine the Artin action for arbitrary quadratic pseudolattices. In particular, the
associated Stark units belong to the predicted ray class fields and have the predicted Galois action. We use
finite Fourier transforms and distribution relations to obtain Frobenius congruences. We also give conductor
bounds for individual values and obtain the unitary conjugates needed for Zauner’s conjecture.
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1. DISCLAIMER

This document and the arguments it contains (with the sole exception of this disclaimer and Section 3)
were generated by large language models (LLMs) and edited by humans. We (DR and CW) created this
document in response to a communication we received from an independent researcher Imran Zaidi (on
Sept. 29, 2026) claiming that he had a proof, obtained with the assistance of LLMs and based on the results
of [RW26], of some of the remaining parts of rank one abelian Stark’s conjectures for real quadratic fields'.
While the proof seemed correct, it was not presented in a format that was easy or fun to check. We were left
with three choices: do nothing, continue working at our pace and ignore LLM assisted proofs, or make our
own LLM assisted proof. The first option was unacceptable based on the importance of the problem, and
the second, while the most fun, was difficult to motivate given the circumstances. Based only on [RW26]
and a few initial ideas on how the proof of reciprocity laws could work, we used an LLM to generate an
independent document presenting complete reciprocity laws for Stark units in a form that would be more
accessible to mathematicians. The initial proof presented here was generated on Sept. 30, 2026, and we spent
the following days checking the arguments and polishing the exposition into something we hope is pleasant
to read. These arguments complete the work started in [RW26] and constitute an answer to Hilbert’s 12th
problem for the case of real quadratic fields. Having said that, much of the proof is based on various ad hoc
tricks; a more conceptual understanding of what is going on has yet to appear. While the new mathematical
landscape is strange and evolving at rapid speed, it should not be lost that these are beautiful results for
everyone to enjoy.

To the extent that we hold copyright in this document, it is licensed under CC BY-NC 4.0, with attribution
to us by name waived. Please cite by title, date, and URL.

Date: 4 October 2026.

2020 Mathematics Subject Classification. 11R37, 11R42, 11R27, 33B30.

Key words and phrases. Real quadratic fields, Stark units, finite quantum dilogarithms, ray class fields, Artin reciprocity,
Frobenius congruences.

ISpecifically, he obtained a p-adic unit condition for p > 7, Frobenius congruences for inert primes in the same range, as well
as Zauner’s conjecture in all even dimensions d for which neither d 4+ 1 nor d — 3 is a perfect square.
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2. INTRODUCTION

In [RW26], the algebraicity of certain special values of the modular quantum dilogarithm related to Stark
units was proved by showing that these special values satisfy a hugely overdetermined system of explicit
algebraic equations. In this document, we prove that these values are units and determine their Galois action
by exploiting the basic properties of the varieties defined by these equations.

To state our results, it will be convenient to index the relevant special values by pseudolattices (see §3).
Let K C R be a real quadratic field, let I C K be a free abelian subgroup of rank two (a pseudolattice),
and let € > 1 be a totally positive unit with el = I. (We will sometimes call € a period of I.) To (I,¢) we
associate a function E7 . on the finite subgroup of K/I fixed by multiplication by e:

Gl,s = (87 1)711/1.

To define these values, choose an oriented basis (81, 82) of I, with 82 totally positive. Multiplication by € is
represented by a hyperbolic matrix v € SLy(Z), with attractive fixed point 7 = 81/82. In the notation at
the end of [RW26, Section 4.3], we set

Ere(x) = Fy(x/f2).
Here F), is obtained by evaluating the modular quantum dilogarithm at 7, with the Dedekind eta multiplier
included. The argument /82 is a torsion point modulo Z7+7Z. At zero we use the normalization Ef .(0) = 1/e.
The values are independent of the chosen basis and representatives (we give the full definition in Section 3

and verify the change-of-basis formula in Appendix B).
We use arithmetic Artin symbols, so that reduction of Art(p) acts by the Np-th power.

Theorem 1 (Units and inert Frobenius). Fvery value Er .(x) is an algebraic unit. If the odd prime p is
inert in K, then at every prime m above p,

E;(pz) = ELE(Q:)”2 (mod m).

For reciprocity, we use the multiplier order O = (I : I) = Z + ¢cO. Write Hg 4 for its narrow ray class
field modulo dO, defined in Section 8. For an invertible O-ideal a prime to ¢, we write Art(a) for the Artin
symbol of aOg.

Theorem 2 (Artin reciprocity). Let I C K be a pseudolattice with multiplier order O = Z + ¢cOk, and let
x € G have additive order d. Then

EI,E(x) EI,€($)> _ Ea—lLe(x)
Er..(0) Er.(0) Er.(0)

for every integral invertible O-ideal a prime to cd. In particular, if p1cd splits in K, then at every prime m
above a prime ideal p C O of norm p,

Ep—ll,a(x) _ (EI,E(x)
Er(0)  \Er:(0)

€ Hgﬁd, Art(a) (

)p (mod m).

If H;" denotes the narrow ray class field of nOk, then
Hf CHS,CHY,.

When [ is an Og-ideal, we have ¢ = 1 and recover the modulus dOg.

We divide by E;.(0) = /¢ to remove a possible quadratic sign. The value E;(0) is /¢ independently
of I, but applying an Artin automorphism over K may change its sign. Equivalently, in a common abelian
extension containing the values, we have

Art(a) (ELE(JJ)) = AArt(f/é(\ﬁ)EulLs(x)
for integral invertible O-ideals prime to ¢d and to the conductor of that extension. If /e € K, the sign is
one, so we may omit the normalization in the reciprocity law.

For Stark’s conjectures [Sta76, Sta80], let €, denote the positive Stark number indexed by b € Cljoo, (K),
where f is a proper nonzero ideal and oo, is the selected real embedding. We recall its definition and its
relation to E in Section 9.

Theorem 3 (Stark reciprocity). Let H = Hjs,. Then
€0y,  Art(a)(e) =6 ((a,f) =1).

FEvery conjugate extending ooy is positive, and every conjugate extending ooo has absolute value one.
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We determine the field generated by these units in Proposition 6. In Subsection 9.2, we recall how to
obtain unitary conjugates from reciprocity laws and apply them to Zauner’s conjecture.

The key ingredient in the proofs is the periodicity of the valuation function x — v(E(z)) under translation
by G[p] when G[p| = Z/pZ and v is a place above p (see Theorem 4, whose proof uses the pentagon relation
for F). Together with the distribution relations, this translation invariance implies that all values are units.
At an inert prime, distribution over cyclic subgroups gives the Frobenius congruence. At a split rational
prime p, the same argument gives one of two possible congruences, corresponding to the two prime ideals
of K above p. Chebotarev’s theorem then determines the Artin action up to the same ambiguity, which we
resolve using homotheties with different signs at the two real places. For this application of Chebotarev’s
theorem, congruences at all but finitely many split rational primes suffice.

The required results from [RW26] are the algebraicity theorem, the functional equations for finite quantum
dilogarithms, and the theorem on units at 2 (Theorems 1-2 and Section 5.2). We also use basic results from
class field theory [Mil20, Neu99].

3. FINITE QUANTUM DILOGARITHMS ON PSEUDOLATTICES

We now give the pseudolattice formulation in detail and collect the identities used in the proofs. Let
K C R be a real quadratic field, and write 2’ for the conjugate of x € K. For a subset X C K, let X,
denote its totally positive elements.

Following Manin [Man04], we call an additive subgroup I C K a pseudolattice if it is free of rank two.
Then QI = K, and I is a fractional ideal of its multiplier order Oy = {a € K : aI C I'}. We fix a norm-one
unit € > 1 with eI = I; such a unit always exists.

A basis (81, 82) of I is oriented if 5185 — B; B2 > 0. Choose such a basis with 35 totally positive, and put
7 = (1/P2. Write

£(B1,B2) = (aPr + bB2, cf1 + dfa), v = <(z Z) € SLa(Z).

Then y7 =7 and er +d = €.
Definition 1. The finite quantum dilogarithm E; . is a function on
Gre={z€K/I:(e—1)x=0}=(e—1)""1/I

For z € Gy, choose a representative in K and write (e 7! — 1)z = uf; + vf32, with u,v € Z. We define

Bre(w) = {’f*“”(x/ e

Here @, , 0 is the modular quantum dilogarithm with definition as in [RW26, Section 2.2], and p, = . is
the Dedekind eta multiplier.

The group has order N = Tr(e) — 2, since Nm(e — 1) = 2 — Tr(¢). In Appendix B, we verify that E .(z)
is independent of the representative and of the oriented basis with totally positive second vector.

For ¢ € K4, we may use the basis (¢f1,¢f2) on c¢I. The matrix and the normalized arguments are
unchanged, so

(1) E.r:(cx) = Er ().

We next define the Gaussian and bicharacter used in the functional equations. Let wy : I x I — Z be
the alternating form with w;(f81,82) = 1 for an oriented basis. We use the same notation for its Q-bilinear
extension to K x K. We also define s;: I — {£1} by

1, te?2l,

s1(t) = {—1, t¢ol.

Following the notation of [RW26], write e(z) = exp(27iz), and define

) (@) = (a1 = s1((e = Do (gurte.za) )

This is the formula in [RW26, Equation (3)], written without coordinates. Using s;(z + y)sr(x)s;(y) =
(—1)“1(‘”79) for z,y € I, we see that (z);. is independent of the representative of x € G;.. We have
(—x) = (x), and the associated bicharacter is

(z+y)

(3) (z;9) = W :e(wj(x—sx,y)).
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To check nondegeneracy, note that wy(x —ex,y) = wr(ex, (e —1)y). As y runs through (¢ —1)~1I, the second
argument on the right runs through I. Since wy is unimodular on I, if (z;-) is a trivial character, we must
have ex € I, and hence x € I. Thus we obtain a metric group in the sense of [RW26, Section 4.1].

On G = G, we use the normalized Fourier transform

F(w) \/FZJ"

zeG

Write 6(z) = 1ifz = 0, and §(x) = 0 otherwise. We recall the functional equations from [RW26, Theorems 1-2,
Proposition 10].

Proposition 1. Let E = E; . and G = Gy be as above, with |G| = N. The values of E are algebraic and
satisfy

(1) E(2)E(~a) = (1)~ + VNE(0)(z),
(5) E(z) = Mz)E(z) .
Here X\ = i, is a twenty-fourth root of unity, and A3 = N—1/2 Zt€G<t>_1’
We will also use the product form of the pentagon relation from [RW26, Equation (36)]:

(6) \ﬁZE (z —t){ty) = (z + y)E(—z — y) E(x) E(y) — NE(0)3(x)3(y) -

teG

For conjugation and powers of the period, we use [RW26, Corollary 1 and Proposition 8]. We view all groups
G as subgroups of K/I; in particular, Gy . C Gy cr.

Proposition 2. Let (I,¢) be as above. Then for all r > 1 we have

(7) Ere(z) = Ere(z)(z), z€Grpe,
(8) Brer(z) = Ere(2)", veGre,
(9) Erer(z) = Erer(ex), x € Grer.

Here by Z we denote the complex conjugate of z. When I or ¢ is fixed, we often omit the corresponding
subscript in E. We will often make use of the identity N = F(0) — E(0)~'.

The key observation is that distribution relations connect the values of E; . across different pseudolattices I.
Note that for a pair of pseudolattices I C J we have a canonical projection w: K/I — K/J with finite
kernel J/I.

Proposition 3. (i) Let I C J be a pair of pseudolattices stabilized by e and set d = |J/I|. Then for any
x € G we have

d
17
(10) —/j] EEse(@) = [[ Brerv (v),
J,e y

where the product is over representatives y of e-orbits in w1 (x), one per orbit, and ry 15 the least
positive integer such that e™vy =y in K/I.
(ii) Let I be a pseudolattice stabilized by e and let H be a subgroup of Gy .. Define J={z€ K: z+1 € H}.
Then I C J C E_%I, H = J/I, J is stabilized by €, and for any x € G1 . we have
|H|
MKy ,€

(11) —=Eje(n(x)) = [ Ere(z+u).

HJe weH
We prove this in Appendix A. Note that dividing (11) by its specialization at = 0 gives

Eje(m(x)) 7 Erelz+u)
(12) (o) ugl Bt

4. LOCAL VALUATION ESTIMATES

Fix an odd prime p and a valuation v of Q, normalized by v(p) = 1. Let m and k be the maximal ideal
and residue field of the valuation ring of v. Throughout this section, integrality and congruences are with
respect to v. We will use Fourier integrality to control reduction on cosets of subgroups of order p and p?. In
the following lemma, we prove the three properties needed below, using the integral ¢g-Pascal calculation
for Fourier matrices from [KW04, Lemma 3.5 and Corollary 3.12]. We will denote the function sending
x — f(x)~! simply by f~! when there should be no confusion.
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Lemma 1. Let G be a finite abelian group with a nondegenerate bicharacter (;+), and suppose its p-primary
subgroup is H = (Z/p°Z)¢, where s > 1 and d € {1,2}. Let f : G — Q and its normalized Fourier transform

i) \/I?Zf

zeG

be integral, meaning that v(f(z)) > 0 and v(f(y)) > 0 for all z,y € G.
(i) If d =1, the reduction of f on each H|p|-coset is either zero everywhere or nonzero at more than half
the points.
(ii) Suppose d = 1, all values of f are units at v, and f~1 is integral at v. Then f is constant modulo m
on each H|[p]-coset.

(iii) Suppose d = 2, all values of f are units at v, and ]T_\l is integral at v. If, on an H|[pl]-coset, the
reduction of f modulo m has the form A(u1)B(uz2) in affine coordinates, then at least one of A, B is
constant.

Proof. Write G = H ® C, where |C| and p are coprime. The two subgroups are orthogonal, since a value of
the bicharacter on H x C has order dividing both a power of p and |C|. For ¢ € C, put f.(h) = f(h+c)
on H. Character orthogonality on C gives

a € H.

ca Zcb fla+b),
«/|C’

beC

Indeed, after expanding f, the sum over b is > pecic—c5b) = |C|é(c — ). The coefficients in this identity
are units at v, so f. is integral. The same argument applies to f~! in parts (4) and (ii). It therefore suffices

to work on H. For d = 1,2 write = (x1,...,24) € H, using integer representatives 0 < x; < p° for the
coordinates. Choose a primitive p*-th root { and change frequency coordinates so that the Fourier kernel
on H is (77Y.

We will show that, on each H [p]-coset, the sum of the reduction of f against every polynomial of total
degree less than d(p — 1)/2 is zero in k. We first obtain a congruence on H using the Gaussian binomial

coeflicients i _
[i _ (€5
Jle (SI9/
where (¢;q); = Hf;(l)(l — ¢"t). These coefficients are integral and reduce to (;), since ( =1 (mod m) and

- J q J q ]q

Note that the coefficients vanish when i < j.
Fix j;, with 0 < j; < p®, and expand

0<i,j<p,

d

I ¢ =D Xt X34, ca € Z[C],

=1 a
where 0 < a,, < j,. The coefficients ¢, are integral at v. Substituting X,, = (*», multiplying by f(z), and
summing over x € H, we obtain

(M0 ST [7] - 3 s = VIS oo

Each ]?(fa) is integral by hypothesis, so the right-hand side has valuation at least ds/2. The factors ({;¢);,
are nonzero, and hence

d
(13 : (Z s 1Y) ) S ]
t€H i=1 7t d¢ i=1
The valuations v((¢; {);) strictly increase with j, since every factor (1 —¢") has a positive valuation. Moreover
p°—1
dovl=¢) =5 w(l-¢)=v(l-¢").
r=1

Pairing the factors therefore gives

v((¢;¢)5) +v((GQpe—1-5) = s
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For d = 1, the lower bound in (13) is positive when j; < (p® — 1)/2. For d = 2, it is positive when
jo < p® — 1 — j1, by the same identity and strict monotonicity. Reducing the Gaussian binomial coefficients
therefore gives

Ly d d(p® — 1)

Z f(z) H (]Z) =0 (mod m) when Zji < pT
zeH =1 i=1

We now separate the cosets of H|[p]. Write x; = b; + p*tu; and j; = ¢; + p*~lr;, where 0 < b;, ¢; < p*~!

and 0 < u;,r; < p. The vector b specifies the H[p]-coset; for a fixed b, the vector u € ]Fg gives coordinates for

that coset. Fix r with > r; < d(p —1)/2. Since d € {1,2} and the r; are integers, even the largest choices

c; =p° 1 —1 give

d S _
;]1 < d(p371 o 1)+psfl <d(p2— 1) N 1) < d(p2 1)

Thus the preceding congruence applies for every choice of ¢. In characteristic p, we have (1 + T)bﬂ’s_l”

(14+T)%(1 + Tps_l)“, so we have partial Lucas congruences

()= ())

For every ¢, the preceding congruence therefore reads

> (f[ (i)) > fo+p ) :1 (:) =0 (mod m).

0<by,...,bg<ps—1 \i=1 u€Fd

Treating this as a linear system in the inner sums, the associated matrix is a tensor product of triangular
Pascal matrices ((i))ogb,c<p571, each with diagonal one. Inverting this matrix modulo m, we find that every
inner sum belongs to m. Finally, (:‘1) has u-degree r; and leading coefficient 1/r;!, which is nonzero because

r; < p. An invertible triangular change of basis therefore replaces these weights by monomials, giving

d
(14) Z f(b+p*~tu) I;IIu:l =0 (mod m) when Zri < w

UEFZ

By linearity, the reduction of f on each coset has zero sum in k against every polynomial over k of total
degree less than d(p — 1)/2. An affine change of coordinates preserves this degree bound, so the assertion
holds in any affine coordinates on the coset.

To deduce the three assertions, represent each one-variable residue function by its polynomial of degree at
most p — 1. If such a polynomial A is nonzero, then

D T dEAA (L) = —l(A),

teF,

where lc(A) is its leading coefficient. For d = 1, let A represent the reduction of f on a coset. If
deg A > (p — 1)/2, the monomial tP~1=4°8 4 hag degree less than (p — 1)/2, contradicting (14). Therefore,
deg A < (p —1)/2. A nonzero polynomial of this degree has fewer than p/2 roots, which proves (i). Under
the additional assumptions of (ii), the representatives of f and f~! both have this degree bound. Their
product minus one has degree at most p — 1 and vanishes at all p points; it is therefore identically zero, so
both representatives are constant.

For d = 2, apply the same test in both variables. If deg A4+deg B > p—1, the monomial u
has total degree less than p — 1, but its sum against A(u1)B(us2) is nonzero, a contradiction. Applying this
also to the reciprocal gives

degA+degB<p-—1, deg A~ +degB L <p—1.

p—1—deg A p—1—degB
1 Usg

Here A~' denotes the polynomial representing the reciprocal function. A nonconstant A satisfies deg A +
deg A= > p, since otherwise their product would be identically one as a polynomial. The same holds for B,
so both cannot be nonconstant. This proves (iii). O

We now apply the lemma to a finite quantum dilogarithm E: G — Q. By reflection, all its values are
nonzero and v(E(—t)) = —v(E(¢)); here E(0) = 1/ is a unit. For z # 0, write
E(x+1t)

R, (t) = E(t)
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Reflection gives R, (t) = (t)E(x + t)E(—t) — VNE(z)6(t). Taking its Fourier transform, reversing the
summation variable, and using the 5-term equation (6), we obtain R, (t) + F(z) = (x + t)E(—z —t)E(x)E(¢t).
Applying reflection once more, with the exceptional term at ¢t = —x, gives

(15) Ro(t) = E(z)(Re()™ = 1) + VN(x) "'6(t + ).
Taking the Fourier transform of this identity gives
Ea)/Ro () = Ro(—1) + B(x)VN6(t) = (2) ™ (@3 ).

Theorem 4 (Cyclic translation). Suppose the p-primary subgroup of G is nontrivial and cyclic. Then for
every h € G of order p, all the ratios Ry (t) are units at v, and

Rr(t)=1 (mod m) (t e qG).
In particular, v(E(h)) = 0.

Proof. Let U = G|[p], and put w(t) = v(E(t)). We first show that w is constant on each U-coset. If not, let
D > 0 be the largest difference between two values of w on a common U-coset, and choose 0 # h € U for
which max; v(Ry(t)) = D. Since w(—h) = —w(h), we have 2|w(h)| < D. Choose an algebraic number z with

v(z) = max {— mtinv(Rh(t)), D — w(h)} .
Then zRj;, and zE(h)/Ry, are integral, and at least one of these two functions takes a unit value. The bound
on w(h) gives v(z) > D —w(h) > D/2 > 0, and v(zE(h)) > D. The two Fourier identities give

- 2

2E(h)/Ru(t) = 2Rn(—t) + 2E(M)VNS(t) — 2(h) = (h; t).
Every term is integral, so we can apply part (i) of Lemma 1 to both scaled functions.
If zE(h)/ Ry, takes a unit value, then v(zE(h)) = D, and the unit values occur exactly at the points of
S={teG:v(Rp(t)) =D}
By part (i) of Lemma 1, some U-coset C satisfies |S N C| > p/2. Hence S N C contains two points ¢, ¢ + h,
giving

— 2E(h) + 2V N(h)"25(t + h),

w(t +2h) — w(t) = v(Ru(t + h)) +v(Ru(t)) = 2D,
a contradiction. Otherwise zRj, takes a unit value and v(z) > D —w(h) > D/2. Applying the same argument
at the points where v(Ry,) = —v(z), we find consecutive points with w(t) — w(t + 2h) = 2v(z) > D, again a
contradiction. Thus w is constant on U-cosets, and in particular w(h) = w(0) = 0.
Now Ry, and its reciprocal are units with integral Fourier transforms, so by Lemma 1(ii) their reductions
modulo m are constant on each U-coset. For each t € G, we have

p—1
. E(t+ ph)
7=0
Thus the common residue p on this coset satisfies p? = 1, and hence p = 1 in characteristic p. (I

5. ALGEBRAIC UNITS

Fix ¢ > 1, and consider all e-stable pseudolattices I. Put N = Tr(e) — 2. Fix an odd prime p and a
valuation v | p. For each lattice, regard w;(z) = v(E;(z)) as a real-valued function and take its ordinary
complex Fourier coeflicients

1
wr(f) = — wr(x)f(z) L.
e
We will show that all the coefficients w;(#) vanish. Using the distribution relation, we write each coefficient
as an average of coefficients on larger lattices. A nonzero coefficient of largest absolute value must then
remain unchanged along these inclusions. We will choose the lattices so that Theorem 4 forces the last
coeflicient to be zero.

There are only finitely many coefficients w; () to consider. Indeed, choose a positive integer ¢ with
cOk C Z[e]. Then cOxI C I C OklI. Up to totally positive homothety, the fractional ideal O I has only
finitely many possibilities, by finiteness of the narrow ideal class group. For each choice, there are only
finitely many intermediate lattices between cOgx I and OgI. Thus there are only finitely many e-stable
pseudolattices up to totally positive homothety. Since F is unchanged under these homotheties, only finitely
many valuations and Fourier coefficients occur.
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Lemma 2. Suppose I C J and (¢ —1)J CI. Let ¢ : Gy — Gy be the natural map, and put D = [J : I].
Then for every character 0 of Gy that is trivial on J/I,

~ 1 ~ /

i) =35 Y a0,

6’0p=0

Proof. The map ¢ has kernel J/I, and ¢(G ) has index D in G;.. Thus 6 descends to a character of
©(Gr ). The descended character has exactly D extensions to G ., namely the characters 6 satisfying
0’ o p = 6. Taking valuations in (11), whose eta factors are units, gives

wy(p(x) = Y wi(z+h).
heJ/I
Character orthogonality gives, for every y € G,

Yo 0w t= ) e

0’op=0 IGG[)E
p(z)=y

Indeed, both sides vanish outside the image of ¢; if y = (), both equal Df(x)~?, since each fibre has D
points and 6 is trivial on ker . Consequently, the distribution identity gives

> w0) = o= 3 wlela)0le)

0'op=0 z€GT,e

:% Z Z wr(x + h)O(x)!

hGJ/I IEGI,E
= Dw(0).

The last equality uses 6(h) =1 for h € J/I. Dividing by D proves the formula. O
Lemma 3. Suppose p | N. For every character 6 of Gy . there exist a finite chain I =1y C I, C--- C I, of
inclusions as in Lemma 2 and characters 0; of Gy, ., with 8y = 0, such that

0i+1 o SD’L = gi, SD’L : GL;,E — GIH_l,E?
where p; is the natural map. The final group Gy, -[p™] is cyclic, and 0, is faithful on it.
Proof. Let M = 1Y ={a € K : Tr(al) C Z} be the trace dual. Under the trace pairing, a € M represents
the character z — e(Tr(ax)), identifying Gy . with M /(¢ — 1)M. Choose a nonzero representative a € M of
the given character; for the trivial character, take any nonzero a € (¢ — 1)M. We define

M; = aZ[e] + (e = 1)'M, I, =M, .
These are e-stable pseudolattices, and M;+1 C M;, (e — 1)M; C M; ;. Dualizing gives

IZI()§11§~-~, (E—].)L;+1§Ii.

At each step take the character 0; represented by a. These characters satisfy 6;11 o ¢; = 6;, and since
a € M;41, the character on Gy, . is trivial on I;1/1;.
The group M/aZle] is finite. Since (¢ — 1)? = Ne and eM = M, we have

Ms;/aZ[e] = N7 (M /aZl[e]).

As p | N, multiplication by N7 kills the p-primary component of this finite group for all sufficiently large j.
Thus [Ms; : aZ[e]] is prime to p. Put ¢ = [My; : aZ[e]], so p { ¢. Inclusion and multiplication by ¢ induce
maps
aZ[s] _L) ng
(e = DaZle] g (e~ DMy;’
Both compositions are multiplication by ¢, which is invertible on a finite p-group. Hence ¢ induces an
isomorphism on the p-primary components. In the basis a, (¢ — 1)a, the relation (¢ — 1)? = Ne gives

aZ[e]
(e = 1)aZle]
generated by the image of a. Its p-primary component is therefore cyclic, and the character represented by a
restricts to a generator of the character group of G'r,; . [p>]. This proves both cyclicity and faithfulness. [

~7/NZ,

Theorem 5. Every value Ef.(x) is an algebraic unit.
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Proof. By [RW26, Theorems 1 and 11], these values are algebraic and are units at every place above two. It
remains to prove that their valuations vanish at every odd finite place.

First suppose p | N. Keep € and v fixed and choose one representative of each totally positive homothety
class of e-stable lattices. Among the characters on these finitely many lattices, choose a coefficient w; ()
having the largest absolute value. By homothety invariance, its absolute value bounds all coefficients on
every e-stable lattice. Put A = wr(0). Let (Io,00),...,(Ir,0;) be the lattices and compatible characters
supplied by Lemma 3, starting with (Iy,600) = (I,6). Put

A; = wr, (0;).
We prove A; = A by induction, starting from Ay = A. Let ¢; : G, . — G, , . be the natural map, and put
Xi={x €Gr,c:x0pi =10}, D = [Iiy1 : L.

Thus X; consists of the D; characters on the next group compatible with 6;, including 6;,1. If A; = A, we
find that Lemma 2 gives

1
A= D, Z @1i+1 (X)
v XEX;

By maximality, every summand has absolute value at most |A|. If A = 0, every summand is therefore zero. If
A # 0, equality in the triangle inequality forces every summand to have modulus |A] and the same argument
as A. Thus, in both cases, Wy, , (x) = A for every x € Aj. Taking x = ;41 gives A;1; = A, completing the
induction. On the other hand, Gy, [p*] is cyclic and 6, is faithful on it. If U is its subgroup of order p,
Theorem 4 says that wy, is constant on U-cosets, whereas 6,.|y is nontrivial. Summing over these cosets in
the Fourier transform gives A, = 0, and thus A = 0. Maximality then forces all Fourier coefficients to vanish,
and Fourier inversion gives wy = 0 for every e-stable lattice J.

For pt N, choose r > 1 with e” =1 (mod pOk). Since p | Tr(¢") — 2, we can apply the case just proved
for e”. For x € Gy, (8) gives

0=v(Erer(x)) =rv(Ere(x)),

concluding the proof. O

6. FROBENIUS AT INERT PRIMES

Fix an odd prime p inert in K, and a valuation above it. We denote by m and k the maximal ideal and
residue field throughout this section. Note that we will now use the fact that all values of F are units, which
is the content of Theorem 5.

In this and the following sections, we use the standard notation

Zpy = {a/be Q:pfb}, Iy ={z/b:axecl, beZ, pfb}.
If I C J are lattices, the natural map identifies

(/D> = )/ p)-
Indeed, allowing these denominators kills the other primary components and leaves the p-primary component

unchanged. In particular, I(,) = Ji, if and only if [J : I] is prime to p. For any period ¢ of I, multiplication
by € — 1 also identifies

G[’E[poo] ~ I(p)/(f;‘ — 1)I(p).
We call I locally mazimal at p if p t [OxI : I]. Equivalently, I(,) = (Ok1I)), so multiplication by Ok
preserves I(,). We use the same denominator convention for orders and their ideals. We first prove invariance
under translations of order p. Passing to a larger lattice with cyclic p-primary group lets us apply Theorem 4.
Proposition 3(ii) then transfers the resulting congruences to products along cyclic summands. Using the
following lemma, we can then recover invariance of the individual values from these products.

Lemma 4. Let H = (Z/p°Z)?, with s > 1, and U = H|p]. Suppose g : H — k> is a function such that for
every cyclic direct summand L C H of order p°® the product [],.; g(x + £) is invariant under U. Then g
itself is invariant under U.

Proof. Write [t] for the basis element of Z[H| corresponding to ¢t € H. For a € U, we have
(la] = 101) > > 1] = p*([a] — [0)).
L teL

Here the sum is over all cyclic direct summands of H of order p®. Let x be a complex character of H with
x(a) # 1. Since every character of order less than p® is trivial on H|[p], the image of x has order p®. Thus
ker x is a cyclic direct summand of order p®. The sum of x over ker x is p®, whereas the sum over every
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other cyclic direct summand is zero. For a character trivial on a, both sides evaluate to zero. This proves
the identity. Applying it multiplicatively to g, we obtain

I - ()

L (el g(x

Since k£* has no nontrivial p-power torsion, the ratio is one, as required. Il

Lemma 5. Suppose I is locally mazimal at p, and nI = I, with n > 1 totally positive and n =1 (mod pOk).
Then
Ern(x+a) = Er,(zr) (modm) (x € Gryy a € p LI/I).

Proof. Write n — 1 = p*B, where s > 1, B € Ok, and B ¢ pOg. Since p is inert, the image of B in
Ok /pOk =T,z is nonzero. Expanding Nm(1 + p®B) = 1, we obtain Tr(B) = —p® Nm(B). The residue of B
in 2 is therefore nonzero and has trace zero. Since p is odd, this residue cannot lie in IF),.

The inclusion I C Ok induces an isomorphism modulo p, because its index is prime to p. Thus I/pl is a
one-dimensional vector space over >, and multiplication by B preserves no IF,-line. Moreover, B is a unit
in (Ox)py, s0 Bl(p) = I (). It follows that the full p-primary subgroup of Gy, is H = p~°I/I.

For a cyclic direct summand L C H of order p*, let J be its inverse image in K, so J/I = L. Then
(n—1)J €I C J,and Nm(n) = 1 implies nJ = J. Choose z € I with L = (p~°z). Since z ¢ pI, choose
23 € I such that the images of z and 2, form a basis of I/pI. They then form a basis of I(,y over Z,): the
determinant of the change-of-basis matrix is prime to p. Write (B;;) for multiplication by B in this basis. In
the basis p~°2, 22 of J(,), multiplication by 1 — 1 has matrix

(PSBM PQSBu)
By p*Baa )’
Modulo pI, Bz is not a scalar multiple of z. Thus the coefficient Bo; of z in Bz is nonzero modulo p, hence
a unit in Z,). In the quotient
Ginlp™] = Jpy /(0= 1)),
the first column of the matrix gives the relation

p°Bi1(p~°z) + Ba1z = 0.

Since B is a unit, this relation expresses the class of zo as a multiple of the class of p~%z. Thus the quotient
is generated by the class of p~™°z, and is cyclic.

For a € H[p|, its image in G, has order at most p. Applying Theorem 4 to E;,, and then using
Proposition 3(ii), we obtain

[1 Ern(a+a+ &) =] Erulz+6) (mod m).
€L el
We conclude by applying Lemma 4 to the reduction of E on each coset of H. 0

Theorem 6 (Inert Frobenius). For every odd prime p inert in K, every valuation above p, and every
T e GI,E?
2
Ere(pr) = Ere(z)”  (mod m).

Proof. First suppose I is locally maximal at p. Let d be the multiplicative order of € modulo p; it divides
p+1, since e? = 7! for inert primes. Every nonzero e-orbit in p~'1/I has length d. For z € G ., we divide
the orbit distribution formula for I C p~'I by the same formula at zero. Using positive homothety, we obtain

ELE(pJ,‘) _ E],E(J?) H El,ad (JL‘ + ho)
Ere(0)  Erc(0) Ejca(ho)

OC(p~'1/I)\{0}

where the product is over e-orbits, with representatives ho. Applying Lemma 5 with = ¢ and using (8),
we obtain

El,ed(x+h0) — E1,6d<x) _ (EI,E(x)
Epea(ho) — Ere(0)  \ Er(0)
There are (p? — 1)/d orbits, so

) ’ (mod m).

2

)P (mod m).

EI,S(px) — <E1,6(x)
EI,E(O) B EI,E(O)

Also ) )
Er (0P =P =D/2=1 (mod m),
since eP*! =1 and p is odd. This proves the stated formula in the locally maximal case.
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To pass to arbitrary lattices, we first deduce invariance under every p-primary translation on a locally
maximal one. If h € Gy and p®h = 0, repeated application of the congruence gives

Er.(z+ h)pza =Er.(p%z2) = Elys(z)p% (mod m),

and the Frobenius is injective on the residue field.
For arbitrary I, choose a > 0 such that p® annihilates the p-primary component of Ok I/I, and put

J=INp*Oxkl.
Both lattices in the intersection are e-stable, so J is also stable. Since p*I C J, the quotient I/J is a p-group.
On the other hand,
p"Okl/J = p*(OkI/I)

has order prime to p, by the choice of a. As J C OgJ C p®OxI, the index [OJ : J] is prime to p as well.
Thus J is locally maximal at p. Put D = [I : J].

The map 7: K/J — K/I has kernel I/J, a p-group, and is therefore an isomorphism on prime-to-p
torsion. For x € Gy, let y € K/J be the unique prime-to-p lift of the prime-to-p component of z. Every
lift of = has prime-to-p component y. Uniqueness and compatibility with multiplication by ¢ give ey = v,

so y € G .. If 2z represents an orbit of length 7 in 7=!(z), then 2z — y € G -[p™]. The invariance under
p-primary translations proved above applies to J at every period. Applying it at " gives

Ejer(2) = Ejer(y) = Ejc(y)” (mod m).

The orbit lengths sum to D. For the fibre over zero, the same argument applies with y = 0. Dividing the
two orbit distribution formulas, we obtain

EI,E (1') _ < EJ,s (y)

D
Er.(0) EJ,E(0>) (mod m).

The common prime-to-p component over pz is py. Applying the congruence for J, we obtain

Er-(pz) (E.f,s(py))D

EI,E(O) B EJ,E (O)
2 2
E Dp E p
= ( J,a(y)) = < I,E(J’.)) (mod m)
EJ,E (0) El,e(o)
Finally, we remove the normalization using EL\,;.(O)”Z_1 =1 (mod m), as above. O

7. TRANSLATION INVARIANCE AT SPLIT PRIMES

Let I be a pseudolattice with multiplier order O = {a € K : al C I}, of conductor ¢ = [Ok : O]. Fix an
odd split prime p t ¢ and a valuation above it, again writing m and & for its maximal ideal and residue field.
Write pO = pq, where p and q are the invertible prime ideals of O obtained by contracting the two primes of
Ok above p. We use this notation throughout the section. Since cOxI C I and p{ ¢, the lattice I is locally
maximal at p. Inclusion identifies I/pI with Ok I/pOkI. By the Chinese remainder theorem, this is the
direct sum of two one-dimensional spaces, on which O acts through its two residue maps to F,. Under
p~1I/I ~ I/pl, these two spaces correspond to

U, =p /I, Ug=q 'I/I
Both subgroups have order p, and
p /I =U, aU,.
We will show that the reduction of E is invariant under translations by one of these two subgroups, with
the same subgroup for every argument. First, distribution gives a product of two one-variable functions on

each p~11/I-coset, using coordinates from U, and U,. Lemma 1(iii) then makes one factor constant. A final
comparison between cosets makes the choice of subgroup independent of the coset.

Lemma 6. Let H = (Z/p°Z)?, with s > 1, and let a,b be an F,-basis of H[p]. Suppose g : H — k* is a
function such that, for every cyclic direct summand L C H of order p® with

Lip] ¢ {(a), ()},
the function x — [],cp 9(x +£) is invariant under translations by Hlp]. Then
glx+a+bg(x)=glx+a)g(z+D) (x € H).

Thus, on each coset of H[p], the function g is a product of functions of the separate coordinates.
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Proof. Arguing in the group ring as in Lemma 4, we obtain
([a] = [OD)([e) = [0) > D> [0 = p*([a] — [O])([b] — [0]),
L teL

where L ranges over the summands in the statement. A complex character y of H contributes only if
x(a) # 1 and x(b) # 1. Such a character has order p°, and ker y is a cyclic direct summand of order p® with
(ker x)[p] ¢ {(a), (b)}. Exactly one summand, L = ker x, therefore contributes p®; all the others contribute
zero. Applying this identity to g and using the absence of p-power torsion in k*, we obtain the required
equality. Iterating this equality in the two coordinates, we find

g(z +ra)g(x + tb)
g9(z)
as claimed. O

g(x +ra+th) =

)

Theorem 7. Suppose I is locally mazimal at p, and n =1 (mod pOf) is a totally positive period. Then at
least one choice of v € {p, q} satisfies

Ery(x+a) = Ery(z) (mod m) (x € Gry, a€Uy),

where Uy = p~'1/I and Uy = q~YI/I are the two subgroups just described. The choice of t is independent
of x.

Proof. Since (n — 1)) = —(n — 1)/n, the valuations of n — 1 at the two primes above p agree. Thus we may
write n — 1 = p*B, where s > 1, B € Ok, and both components of B in Ok /pOk ~ F, x F, are nonzero.
By the trace identity in the proof of Lemma 5, these components are opposite. These two scalars are distinct
because p is odd. Thus the only one-dimensional subspaces of I/pI preserved by multiplication by B are the
two summands described above. Since B is a unit in (Ox),), we have BI,) = I(,). Hence the full p-primary
subgroup is H = p~*I/I, and
Hp|=U,®U,.

Let L C H be a cyclic direct summand of order p® with L[p] ¢ {U,,Uq}, and let J be its inverse image in K.
Choose z € I with L = (p~*z). Multiplication by B does not preserve the line generated by z modulo p, so
the entry By; in the matrix calculation of Lemma 5 is a unit. That calculation shows that G, [p™] is cyclic.
Applying Theorem 4 to E;,, and then Proposition 3(ii), we find that [],., Er,(x + £) is invariant modulo
m under translations by H[p]. Choose generators a € U, and b € Uy. By Lemma 6, on each coset = + H [p]
the reduction of F(z + ua + vb) is a product of a function of u and a function of v.

Both E and E~! have integral Fourier transforms. For E, this follows from (5). For its inverse, we use
reflection and then take the Fourier transform to obtain

E(z)™ = (2)B(-2) - VNo(z),  E=(y) = "E(y) - 1.

Applying Lemma 1(iii), we see that on each coset the reduction is constant in at least one coordinate.

It remains to show that the same subgroup works on every coset. Otherwise there are two cosets on
which the reduction of E is nonconstant, depending only on w on one and only on v on the other. Choose
representatives x1, 2o in that order and put h = 22 — 1. Then

E(xz2 + vb)

Ry (z1 +ua +vb) = (e, - aa)

(mod m),

with both one-variable factors nonconstant. All values of E are units, so the same holds for R;, and R;l.

The translation-ratio identity (15) gives integrality of }/%; Taking the Fourier transform of that identity and
dividing by E(h) gives

— Ry, (—t) (h)~* (s t)

R7Y(t) = VN§(t) — Lt
which is also integral. Lemma 1(iii), applied to R}, now forces one of the two factors above to be constant, a
contradiction. Thus the same subgroup among Uy, Uq leaves the reduction invariant on all cosets where it is
nonconstant. On the remaining cosets both subgroups do so. Consequently, one of these subgroups leaves
the reduction of F invariant on all of G . O

Theorem 8 (Split Frobenius). Let I be a pseudolattice with multiplier order O of conductor c. At each fized
valuation above an odd split prime p 1 ¢, at least one choice of v € {p,q} satisfies

Eero(@)  (Ero(x)\”
E;(0) - (EI,E(O)) (mod m) (z € Gr.).

The same prime ¢t works for all x.
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Proof. The two residues of € lie in F; and are inverse, so they have the same order d |p—1. Put n = e
Choose t € {p, q} such that the reduction of Ey , is invariant under translations by U., as in Theorem 7, and
set J =t~ 1I. Zero is fixed by ¢, and the nonzero elements of J/I form (p — 1)/d orbits of length d. Dividing
the orbit distribution formula at = € G by the same distribution formula at zero, we obtain

EJﬁg(x) _ E]’E(LC) H E[,n(x + ho)
Er(0) Er.(0) Ern(ho)

OC(J/D\{0}

By Theorem 7 and the power identity (8), each quotient is congruent to (Ej.(z) /EI,E(O))d. The resulting
exponent is 1 + d(p — 1)/d = p, as required. O

7.1. A value off the unit circle. To distinguish the roles of p and q in reciprocity, we need a nonzero
x € G for which E(z) is not a root of unity. We first show that the required value exists whenever |G| is
sufficiently large.

Lemma 7. If |G| = N > 25, some nonzero x € G satisfies |E(x)| # 1.

Proof. Suppose that |E(z)| = 1 for every z # 0. By the conjugation formula, this would imply that
E(x)? = (x)7! for z # 0. Using the Fourier relation at zero and the Gauss sum, we would obtain

Y E(@)=EO0MN-1), > E@?’=XVN-1, [M\=L

z#0 x#0
The first sum would therefore have absolute value greater than vN(vN — 1), since E(0) = (VN +
VN +4)/2 > +/N. Multiply all summands by the same complex number of absolute value one so that their
sum is positive real, and apply Cauchy—Schwarz to their real parts. Using (Rez)? = (1 + Re(z?))/2 for
|z| = 1, we obtain

2
N-1 N —-1)(N N
S E@)| <55 [ N1+ > B@)? < WYV + VN)

- 2
x#0 z#0
For N > 25 this is smaller than N(v/N — 1)2, a contradiction. O

Since |Gy r| = Tr(e™) — 2 tends to infinity, there is such a value for every sufficiently large power of the
period.

8. RECIPROCITY LAW FOR SPLIT PRIMES

Let I be a pseudolattice, with multiplier order O = (I : I) = Z + cOk. Fix the period ¢, writing E;(z)
when there is no ambiguity. We use invertible ideals of O to translate I. If a is an integral invertible ideal
prime to ¢, then we claim that a~'I has the same multiplier order and period as I, and

ICa'l, [@'1:1] = Na:= N(aOk).

Since K is quadratic, I is invertible as a fractional ideal of its multiplier order O. Multiplicativity of ideal
norms therefore gives

@'l 1]=1]0:aq].
Since a is prime to the conductor, extension to Ok preserves the norm, so [O : a] = Na. For a € K,

a(@! Ca'l < oalClI,

1'in the other. Thus a~'I and I have the same multiplier

by multiplying by a in one direction and by a~
order.
For an integer n > 1, let C(Jg(n) be the group of invertible fractional O-ideals prime to ¢n, modulo principal

ideals aO satisfying
a,a’ >0, ac0) (U], a—1€n0y (L]n).
Here, as above, Oy consists of fractions a/b with a € O and £{b. The unit condition means that both a
and o~ ! admit such expressions.
The unit condition at conductor primes is essential. Extension and contraction identify the integral ideals

prime to cn in the two orders, and this correspondence extends multiplicatively to fractional ideals. Under
this identification, let & € K* be totally positive and satisfy

a—1¢een(Ok)w (£ | cn).
Since ¢(Ok ) ) € Oy, these congruences imply a — 1 € nO(yy for £ | n. At £ | ¢, they also give
acl+ C(OK)(Z) - O&).
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Thus « satisfies the defining conditions for Cf(n). Conversely, those conditions imply o — 1 € n(Ok) (¢ for
¢ | n, the usual ray congruences modulo nOg. By class field theory, we obtain the order ray class field H, 5
with

n’

HY CHS, CH

s Gal(Hp, [K) = C5(n).
Here H,I denotes the usual narrow ray class field of nOf. For an O-ideal a, its Artin symbol means that of

aOg. Conjugation of K preserves the defining conditions, so H, ('5 »/Q is Galois.

We will also use surjectivity of the maps Cg(n’) — C&(n) for n | n/. Given a class in Cf (n), choose an
ideal representative a. By weak approximation, choose a totally positive a satisfying the level-n conditions
such that aa is prime to the additional primes dividing n’. Then clear any remaining denominators by
a positive integer congruent to one modulo cn/. This gives an integral representative prime to cn/ in the
original class.

Choose m divisible by four and by twice the exponent of G ., put H = H(Jg’m, and write o, for its
arithmetic Artin automorphism. This auxiliary modulus accommodates every = € G ., the Gaussian factors
(x)1, and /e at once. After proving reciprocity at this level, we will descend each normalized value at x
to the modulus given by the additive order of z. In the rest of this section, all acting ideals are integral
invertible O-ideals.

Lemma 8. For a prime to cm, the function Eq-1;(x), with © € Gy, depends only on the ideal class [a] in
Cg(m). Moreover,

(@a-1r = (@7, oal(z)r) =@, Er(0), (a)s € H.

Proof. The inclusion I C a~'I induces an isomorphism between Gy and G,-1 I, Since its index is prime to
their common order. We use this isomorphism to identify the two groups. Suppose that b = aa is another
integral representative, with « totally positive and satisfying the finite conditions in the definition of C’g(m).
By positive homothety (1), Ey-17(x) = Eq-17(ax). The congruences a — 1 € mOy for £ | m mean that the
coordinates of (aw — 1)/m in a Z-basis of O have denominators prime to m. We may therefore choose an
integer b, prime to m, such that b(a — 1) € mO. Since mz € I, we obtain

bla—1)zelCa 'l
Also, integrality of b = aa gives
al =a bl Ca ',
and hence m(a — 1)z € a=tI. As (b,m) = 1, Bézout’s identity now gives ax = z (mod a~'I), and therefore
Eu—II(OéSU) = Eu—lj(a?).

This also explains why « need not be integral.

Note that wg—1;7 = Nawy. Since Na is odd, the inclusion also preserves the sign function modulo two.
Substituting this comparison and the preserved sign function into the Gaussian formula gives the first identity.
The root of unity (z); has order dividing twice the exponent of Gy ., and hence dividing m. The second
identity follows from cyclotomic reciprocity in K ((,) C H,}, C H.

Finally, E;(0) = /2. If \/¢ ¢ K, the discriminant of T2 — ¢ is 4¢. Since ¢ is a unit, K(1/€)/K has finite
conductor dividing (4). This extension is real at both real places of K, so E1(0) € H. O

Proposition 4. Every E;(z)/E;(0) belongs to H. For every a prime to cm, one of the following identities
holds for all x simultaneously:

(50) - F o ~(E80) "0

The same assertion holds after replacing I by any ideal translate.

Proof. Take a finite Galois extension F'/Q containing H and the values on all the ideal translates indexed by
C%(m). There are only finitely many such values, by Lemma 8. Fix g € Gal(F/K). By Chebotarev’s density
theorem, there are infinitely many rational primes whose Frobenius conjugacy class contains g. Discard the
finitely many dividing ¢m. The remaining primes split in K. Over each such prime, choose a prime m of
F whose Frobenius is exactly g. If g|g = 04, then the contracted O-ideal p = m N O represents [a], and p’
represents [a'].

At every such split prime, I is locally maximal, and Theorem 8 applies with the contracted primes p, p’.
Combining it with the Frobenius congruence, we obtain one of the two asserted formulas modulo m, with ¢
in place of o,. One alternative holds at infinitely many of these primes, with the same alternative for all z.
Fix that alternative. For each z, the difference between its two sides is a fixed algebraic number divisible by
infinitely many primes, and hence is zero. Thus the chosen identity holds for every .
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If g fixes H, both ideal classes are trivial, so both candidates are the original function. Thus every element
of Gal(F'/H) fixes the normalized values, proving that they belong to H. For general g, we obtain the two
asserted possibilities for its restriction o,. Apply the same argument to each translated lattice. 1

Proposition 5. If Er(x) is not a root of unity for some x # 0, then, for every a prime to cm and every

xr € GI,E;
o <E1(~T)) _ Eq-1p(x)
*\ E;(0) Er(0)

Proof. Let s1,s2 be the two real sign classes in C’g(m). Represent s; by a principal ideal whose generator
satisfies the finite conditions in the definition of Cg (m), is negative at the i-th real place, and is positive at
the other real place. Such generators exist by weak approximation. Complex conjugation on H is og,, and
ideal conjugation interchanges s; and sy. Put J = a~'I, and choose an integral generator o representing s;.
As in the proof of Lemma 8, we have ax = x (mod J). By Proposition 8 and reflection, we obtain for z # 0

Bo-14(x) = Ey(—2)7" = (2) 1B (2).
Thus replacing [a] by [a]s; replaces E;(z) by (x);E;(x), where J = a~!I. Replacing [a] by [a]s2 replaces
Ej(z) by E;(z)~1. Both statements concern x # 0.

Suppose the direct-ideal formula fails for a at some x. Proposition 4 then forces the conjugate-ideal
formula for a at every x. Apply the proposition also to [a]s;. Complex conjugation fixes E7(0), so

Er@)\ _, \~a_ [Ei1(2)
o (Eiy) = 7o (B )
The direct-ideal alternative for [a]s; would give (z)N9E,-1;(z)/Er(0) as the right-hand side. Comparing this
with the preceding identity would imply the direct-ideal formula for a, contrary to our assumption. Hence the

conjugate-ideal alternative holds for [a]s; at every x. Since ([a]s1)" = [a']s2, this gives 1/(Eq)-1;(x)Er(0))
for z # 0. Combining this with the conjugate-ideal alternative for a, we obtain

<x>NaE(a')_11(x) _ 1
! E1(0) E(ay-11(2)Er(0)

Thus E(u/)—ll(l‘)z = (m};N“, so every value at x # 0 on this lattice would be a root of unity. On the other
hand, the conjugate-ideal alternative gives o4(Er(7)) = *Eq)-17(x), since 04(Er(0)) = +£E7(0). This
contradicts the hypothesis. At x = 0 both normalized values are one. O

Theorem 9. For every period ¢, every x € G ., and every a prime to cm,

E],E(x) El,a(x) o Ea—lLa(x)
Br.0) < Uu<E1,s(0)>_ Er.(0)

Proof. Membership in H follows from Proposition 4. Choose two sufficiently large consecutive integers
r,7 + 1. By Lemma 7 and Proposition 5, we have the Artin formula at both periods " and "t!. The
multiplier order remains @ when the period changes. Choose a common multiple m’ of m and the auxiliary
levels for €” and "', Choose an integral ideal b, prime to c¢m/, representing the class of a in Cé; (m). Let &
be the Artin automorphism of b in Ham,. Then 7|y = 04, and both higher-period laws hold for b and &.

For z € G ., we have by (8)

EI’ET (.Z') o (E[)E(SC) ) "

EI,ET (0) El,e (O) ’
and similarly for r + 1 and for every translated lattice. The ratio of the two sides of the Artin formula has
both its r-th and (r + 1)-st powers equal to one, and is therefore one. Representative independence at level
m now gives the formula for the original ideal. O

We chose m so that the proof applied simultaneously to all x € Gy .. For a fixed =, we can replace this
level by the additive order of x.

Corollary 1. Let x € G . have additive order d. Then
EI,E(x) c H(-S » a (EI,E(x)) _ Eu—lI,E(x)
Er.(0) ’ Er.:(0) Er.:(0)

for every integral invertible O-ideal a prime to cd. Consequently, if p 1 ed splits in K, let p C O be the
contraction of one of the primes above p. At every prime m above pOg,

Ey-1r.(2) _ Ere(x)\" mo
EI,E(O) B (El,s(0)> ( ‘ m)
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This includes p = 2 when cd is odd. The unnormalized value belongs to HadK(ﬁ). In particular, the
normalized value belongs to the usual narrow ray field H:;l.

Proof. The assertion is immediate for £ = 0. For x # 0, repeat the Bézout argument in Lemma 8, with d
in place of m. Indeed, if b = aa represents the same class at level d, choose an integer b, prime to d, with
b(aw — 1) € dO. Then both b(aw — 1)z and d(a — 1)z lie in a7 11, so (a — 1)z lies there as well. Together with
positive homothety, this shows that E,-17 () depends only on [a] € C(d). Since the index [a='1 : I] is
prime to d, the image of x in K/a~'I still has order d.

Choose m as above; in particular, d | m. Put U = Er.(x)/E;.(0). For a class in the kernel of
C(m) — C&(d), choose an integral representative b prime to em. The exact Artin law and level-d
independence give

Eb*11,€ (1‘)

JB(U) EI,E (O)
Thus U lies in the fixed field Hg 4 For an ideal prime to cd, choose a representative of its level-d class

prime to ¢m, apply the theorem, and use representative independence again. This proves the asserted Artin
law. Reducing it at an unramified prime gives the congruence, since Hg 4 C H;z. Finally, multiply by

=U.

E;:(0) = /€ for the assertion about the unnormalized value. O

9. STARK UNITS
Let § € Ok be a nonzero ideal, and let co; be the selected real embedding. Put
B = Cljoo, (K), H = Hjoo, .-

Let r € B be the sign class at coo, represented by a principal ideal with generator congruent to one modulo
f, positive at oo, and negative at cos. Write (g(s,b) for the partial zeta function of b € B. Stark’s positive
number [Sta76], with parameter m = 1, is

er = exp(((0,b) — (5(0,0r)).

In particular, €, = 6;1; if r = 1, all these numbers equal one. The theorem below proves the unit, reciprocity,
and archimedean assertions of Stark’s conjecture for this family [Sta76, Sta80]. We do not address Tate’s
additional square-root refinement [Tat84], which predicts that H(,/€,)/K is abelian.

Let € = &5 > 1 generate the totally positive units congruent to one modulo f, and put

¢ = fler (CI() — B)| < {1,2).

For an integral ideal a prime to f and representing b, the identity of [RW26, Section 2.3 and Proposition 5]
takes the form
—t
€ = ’Efa*1,5(1)|

The class of 1 is fixed by ¢, since ¢ — 1 € f C fa~!, and is nonzero: 1 € fa~! would imply a C f, contrary to
coprimality. The formula for €, in terms of E holds for every such representative a; only the absolute value
of F is being identified here.

The reciprocity theorem of the preceding section uses integer moduli. The following lemma recovers the
ideal modulus f using Artin symbols at prime ideals of K above split rational primes.

1

Lemma 9. Let H/K be a ray class field with group C. Suppose that u, € K, b € C, satisfy

Art(p)(up) = up[p)

for all but finitely many prime ideals p of K lying above split rational primes. Then u, € H and Art(a)(up) =
Upq for every a,b e C.

Proof. Put F = H(up : b € C), a finite abelian extension of K. By Chebotarev’s density theorem, every
o € Gal(F/K) occurs as Frobenius at infinitely many prime ideals of K above split rational primes. Indeed,
prime ideals above inert rational primes have density zero among the prime ideals of K, and only finitely
many rational primes ramify in K. The assumed formula therefore determines o (uy), for every b, from o|g.
In particular, Gal(F/H) fixes every uy, proving both assertions. O

Theorem 10 (Stark reciprocity). One has
e € OF, Art(a)(ep) = € (a,b € B).

FEvery conjugate extending ooy is positive, and every conjugate extending oos has absolute value one. If r =1,
all these units equal one.
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Proof. The case r = 1 is immediate, so assume r # 1. Choose an integral ideal a prime to f representing b,
and put I = fa~!. The value E; .(1) is an algebraic unit by Theorem 5, and belongs to K ab. its quotient by
/€ belongs there by Theorem 9, while K(1/¢)/K has degree at most two.

Suppose first that ¢t = 2. The conjugation formula of Proposition 2 gives

e = ()] LErc(1)72

Thus €, is an algebraic unit in K?". For every prime ideal p above a sufficiently large split rational prime,
squaring the normalized Artin law removes the possible sign of \/e. Together with the Gaussian covariance
in Lemma 8, this gives

Art(p)(ep) = <1>;—111,5Ep*11,5(1)72 = €plp]>

since ap represents b[p].

Suppose now that ¢t = 1. The sign class at ooy is then trivial, so there is a unit ¥ = 1 (mod f) with
v < —1and v/ > 0. Write 2 = ¢/. The integer j is odd: if it were even, then v = +¢7/2 would have equal
signs at the real places. Replacing v by ve~U~1/2 we may take v = —/, still congruent to one modulo f.
Lemma 11 therefore gives Ey (1) > 0, so

€ = ELE(l)_l.

Again ¢, is an algebraic unit in K?P. Since /¢ = —v € K, the normalized Artin law has no sign ambiguity
and gives

Art(p)(en) = Ey-17,.(1) 7" = €pp)

for every prime ideal p above a sufficiently large split rational prime.

In both cases, Lemma 9, applied directly to (€5)pep, proves membership in H and the full Artin law. All
conjugates over cop are among the positive numbers €. At 0oy, complex conjugation corresponds to r. Thus,
for an embedding 7 extending ocos,

7(ev) = T(evr) = 7(es)

which proves the absolute-value assertion. O

9.1. The field generated by the units. We now determine the field generated by these units, including
the effect of additional Euler factors in the modulus. For a character x of B, put

Li(s,x) = > _x(b)¢s(s,b),  Dj= [ kery,
beB x(r)=—1
L5(0.x)#0

where an empty intersection means B.

Proposition 6. One has
K(e1) = K(ep:be B)=HPr.
If r # 1 and every x with x(r) = —1 satisfies L}(O,X) # 0, this field equals H.

Proof. Taking the Fourier transform of the defining logarithm gives

> x(b)loge, = (1= x(r) L} (0, x).

beB

By the Artin law, a € B fixes all the units if and only if the real function b — log €, is invariant under b — ba.
Fourier inversion makes this equivalent to x(a) = 1 for every character with nonzero Fourier coefficient. Thus
the common stabilizer is Dj, proving K (e, : b € B) = HPi. Moreover, K (e1)/K is Galois because H/K is
abelian, so it contains every conjugate €;. This proves the remaining equality.

For the last assertion, choose o with xo(r) = —1. An element in the kernels of all characters with
x(r) = —1 also lies in the kernel of every character with x(r) = 1, since x = (xo0X)/Xo is a quotient of two
characters which take the value —1 on r. Thus the common kernel is trivial, so D; = {1} and H”7 = H. O

9.2. Unitary conjugates and Zauner’s conjecture. The reciprocity law gives unitary conjugates of the
arithmetic finite quantum dilogarithms.

Proposition 7. Let I C K be a rank-two lattice and let € > 1 be a totally positive unit such that el = 1I.
Then every automorphism 7 of Q inducing the nontrivial automorphism of K satisfies

7(Bre(z)| =1 (0#£z€Gre)



18 STARK UNITS FOR REAL QUADRATIC FIELDS AND RECIPROCITY LAWS

Proof. Choose the auxiliary ray field H as in Section 8. It contains /¢ by Lemma 8 and all E(z)/\/e by
Theorem 9. Let ¢ be complex conjugation and put g = 7~ 'cr. Since g fixes K, it preserves the ray class field
H. The restriction g|g is the second real sign class. By Theorem 9 and Proposition 8, for x # 0 we have

E(x)\ 1
g( Ve ) " VEE()
Since K(y/€) is totally real, g fixes \/z. Therefore g(E(z)) = E(x)~!, and applying 7 gives 7(E(x)) =
T(E(x))~ L O

By the argument of [AFK25, Theorem 1.46], Proposition 7, together with the identity of [RW26, Theorem 7],
implies the existence of M? complex equiangular lines in CM for every M > 4. Together with the known
constructions in dimensions two and three, this proves the existence assertion of Zauner’s conjecture in all
dimensions. See also [AFK26] for the higher-rank twisted convolution identity and the construction of ghost
r-SICs.

APPENDIX A. DISTRIBUTION FOR ARBITRARY LATTICES

Here we prove Proposition 3. We use the following analytic fact from [RW26, Section 2.2, before
Proposition 2]. The function @, , ,(z;7) continues meromorphically to ¢r + d € C \ R<g, where (¢, d) is the
bottom row of v. Its zeros and poles in z lie in Z7 + Z. In particular, if ¢t +d > 0 and z ¢ Z7 + Z, then
O, u.0(2;7) is finite and nonzero.

Choose an oriented basis (81, 32) of J with 35 totally positive. Dividing the lattices and arguments by S,
we write

J =21+ 7, I =Z(nt+k)+Zm, n,m>0, k¢eZ.

Put 71 = (nT + k)/m, and let v; = (‘Z; Zj ) and vy = (‘;; Zi ) represent multiplication by € on these bases.
Then

VI (0 m) = <0 m) YT, C]T]+d1 :CJT+dJ, YT = %

At the real fixed points, both automorphy factors equal € > 1, so both fixed points are attractive. In the
following product identity we regard 7 as a complex variable; the matrix identities above remain valid.

Lemma 10 (Analytic distribution). For z € C and u € Z, put

a2 - [ied]
n n

Near the attractive fized point, we have the meromorphic identity

n—1m-—1 . .
z+it+35 nt+k
Dy, u0(27) = H H Dy;.4:,By ( m_ . m ) :
i=0 j=0

Proof. For Im 7 > 0, we first multiply the numerator factors over j:

o (e (Z i Am) ; e(r;))

i=0 j=0 e
n—1
=TI I (- e(z+ (i + nh)r + kh))
i=0 h>A;
= [T —e(z +£7)) = (elz + ur):e(r)x-
L>u

For the first equality we used H;ﬂ:_ol(l —e(j/m)X)=1— X" For the second, we omit the integral term
kh inside e and collect the integers £ > u according to £ =4 (mod n). If A; < 0, there are only finitely many
additional factors before the convergent tail.

For the denominator put t = ;7. Then

2Hit+j z
cyT +dy B cyT +dy
The coordinate map (i,5) + (dji — cjj,—bsi + ayj) represents multiplication by ¢~!. Since eI = I,
multiplication by e ! induces a permutation of J/I. Adding B;;(n, k) puts the first coordinate in {0,...,n—1}.

+(dyi—cyj)t —byi+azj.
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On reducing the second coordinate modulo m, we therefore obtain each pair (¢, s) in {0,...,n—1}x{0,...,m—
1} exactly once. We now apply the numerator calculation with z replaced by z/(c;7+dy), 7 by t, and u = 0.
All the numerator indices are then zero, so the denominator equals (e(z/(cy7 + dy));e(t))so, as required.
Both automorphy factors are positive at the attractive fixed point, so we may continue the identity there. [J

Proof of Proposition 3. Return to the real quadratic fixed point, where c;7+d; = . Choose a representative
x € K, taking = 0 when its image in K/J is zero, and write

(et =1z cur+17, u € Z.
Apply the analytic distribution identity with z = z. The factors on the right are indexed by
vy =25 g<icn, 0<j<m,
m
which represent the lifts of  modulo I, divided by m. We order each orbit by multiplication by e~1. If
(7', 4) follows (i, 7), let h € Z be the first coordinate of the lattice difference:
e Yy —yujy € hr + 2.

Comparing coefficients of 7 gives u + dji — c;j = i’ + nh. Taking ceilings, we obtain

_./
Ai,ﬁ“ ZWBl-jJrh.
n

For an orbit with successive representatives yo, ..., yr—1, let A;, B; be the indices of the factor corresponding
to y;. We rewrite this factor with argument e 7y, arranging that its denominator index equals the next
factor’s numerator index, so that the cocycle formula applies. Set y, = yo, A, = Ap, and put
eyo—y;€pmi+2Z,  p€Z, po=0.
These integers are unique because 77 is irrational. Since e~ 'y; — y;11 € h;71 + Z, we have
e M ey —yj) € i1 — hy)Tr + 2.
Moving the argument from y; to £ 7y, replaces the numerator index Aj by Aj —pj, and the denominator
index B; by B;j — (pj+1 — h;). Since Bj + h; = Aj1, the latter is Aj11 — p;j41. Using the translation
formulas of [RW26, Section 2.2, before Equation (16)], we obtain directly
(I)WI,A;"B]‘ (yj; TI) = q)%h Aj—pj, Ajr1—Djt1 (5_]y0; TI)'

The indices now match. Since A, = Ay, the iterated cocycle formula [RW26, Equation (18)] gives
r—1
H (P’YI7A]'5B]' (yﬁ TI) = CI)W}}AO’AO*]DT (y0§ TI)‘
§=0

For a nonzero orbit, yo ¢ Z7; + Z. The relation (67" — 1)yo € p,71 + Z allows us to shift both indices by
pr — Ap, using [RW26, Equation (16)], and obtain

®r p,0(Yos 1) = w7 4 Erer (myo).
Every canceled factor is nonzero, since a vanishing factor would put yg in Z7; + Z. Here myg represents
the original orbit in 7= *(z).
It remains to consider the zero orbit. It occurs when z = 0, so u = 0, and consists of (4,5) = (0,0). Here
Ap = Byo =0, and we must evaluate @, (0; 77) without shifting its indices.
With 77 temporarily in the upper half-plane, let the first argument tend to zero in the defining product.
Applying the eta transformation law, with the convention of [RW26, Section 1, after Equation (2)], we get

(e(r1);e(71)) oo
(e(’YITI)§e(VITI))oo

_ ™
= Nwlv cr7r + drexp ((’V[T[ — T[)) .

12
We can now continue the right side to the real fixed point, obtaining

;0,005 77) = (crmr +dr)

®,,00(0571) = M;igl/z = :“I_,}:EI,E(O)-

Repeating the calculation with 7, we get M;,::E]’E(O) on the left side of the product identity at zero.
Finally, the automorphy factor of vj at 77 is €® > 0. The square roots in the eta cocycle therefore multiply
without a sign, giving
KIer = Iy e

s
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Let R, contain one representative of each e-orbit in 7=1(x), and put d = |J/I|. Multiplying over all orbits

and using »° . 7y = d, we obtain

prtEre(x) = prd T Eren ().
YER 2

This is (10). The product is independent of the choice of orbit representatives, since Ej .y is invariant under
multiplication by €.
For part (ii), the definition of J gives

ICJC(e—1)", J/I=H.

Multiplication by e fixes J/I and preserves I, so eJ = J. For x € G, the fibre over () is + + H, and
every point of this fibre is fixed by €. Thus all its orbits have length one. Applying (10) at m(z), with
d = |H|, gives

|H|
W
L2 Be(n(@) = [ Erele+w),
H.e ueH
which is (11). O

APPENDIX B. HOMOTHETY AND THE TWO REAL EMBEDDINGS

Change of basis. We first verify that the definition of E is independent of the basis and representative.
For the homothety calculation below, we allow oriented bases whose second vector is positive only at the
selected embedding. Dividing the lattice and arguments by the second basis vector, write the normalized
basis as (79,1). Let v represent multiplication by . The bottom row (¢, d) satisfies ¢ +d =& > 0, even
when ¢ < 0, so the continuation statement recalled at the beginning of Appendix A applies.

For 0 # z € Gy, choose a representative and write e ™'z = r179 + 72, with r = (r1,72) € Q2 \ Z2. Since
ry —r € Z2, the quotient

(e(riT +712);e(T))oo
(e(riyT +r2);e(17))oo

= (I)'y, ri—(ry1, o((ry)ar + (ry)2;7)

continues to 7y, with argument x on the right. The first index of ® above is the first coordinate of (¢7! —1)x.
Thus the continued quotient at 7o equals i LB <(x). Replacing r by an integral translate introduces only
finite Pochhammer factors. They are nonzero at 79 because x ¢ I, and their quotient at 7 and 7 tends to one.
Since these translations change x by all elements of eI = I, this proves independence of the representative.

Changing the basis by A € SLy(Z) replaces 7,7, by Ar,rA~!, AyA~L. By the defining formula for ®,
the quotient above is multiplied by

D 4.0,0(r YT + 12579T)
D 40,07 +1257)

The automorphy factor of A at 7y is the ratio of the second vectors of the two bases, so it is positive. The
numerator and denominator therefore continue to finite nonzero values there; they are equal because y19 = 79.
We also have p14,4-1 = 4 by the eta cocycle: all square roots have positive limiting values. Hence the value
of E is unchanged. At zero, independence follows from the prescribed value Ey .(0) = /e.

Proposition 8. For a € K* and 0 # = € Gy,
Er (z), a>0,a >0,
(—x), a<0,a <0,
Ere(x)™Y,  a>0,a <0,
(—2)71, a<0,a >0.

Eore(az) =

At zero, Eare(0) = Er(0) = /e.

Proof. For a,a’ > 0, multiplying both basis vectors by « leaves the normalized lattice and argument
unchanged, proving the first formula. For a > 0 > o', take an admissible basis (81,82) of I. Then
(—af1,afs) is an oriented basis of al, with second vector positive at the chosen embedding. Normalizing
leaves the argument unchanged and reverses the first basis vector. We show that this inverts the value.

Put A = diag(—1,1), and suppose (¢! — 1)z = m7y + n. In the basis (—7, 1), the indices are (—m,0).
Using the reflection formula following [RW26, Equation (16)] and then shifting both indices down by one, we
get

P anA,—m,0(T; —T0) = Py ni1,1(7370) " = ooz 70) L
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No canceled factor vanishes, since « ¢ Zry + Z. Conjugating the eta transformation law, using n(—7) = n(7),
we get fiaya = py L. Thus reversing the first basis vector replaces E(x) by its inverse, which proves the third
formula. The other two follow on replacing o and = by —« and —z=. O

B.1. A unit of negative norm. The case v < —1 of the following lemma supplies the positivity needed in
the ¢t = 1 case of Stark reciprocity. Mixed-sign homothety gives, for a nonzero class = fixed by such a v,

E]7V2 ({E) = ELVZ(—{,C)_l = E[7U2 (1’)
The lemma strengthens this reality statement to positivity.

Lemma 11. Suppose that vI = I, Nm(v) = —1, and |v| > 1. Then u; 2 = 1. Moreover, if 0 #x € K/I
satisfies ve = x, then

Er2(x)=1 ifv>1, Er,2(x) >0 ifv<—1.
These assertions about the values remain true with v2 replaced by any positive power of V2.

Proof. Normalize an oriented basis to (79, 1), with second vector positive at both embeddings. Let A represent
multiplication by |v|, and write z = 7179 + 72, where r € Q% \ Z2. Thus det A = —1, and 7A = 7 (mod Z?)
when v > 0, whereas A = —r (mod Z?) when v < 0. To factor the period ©? into two determinant-one
transformations, put

. (—7"1,7“2), v > 07
A=d -1,1), = AA, =
fag ) 7 y {(rl, —ry), v<O0.

The coordinates s represent x in the basis (—7,1) when v > 0, and —x when v < 0. The two matrices
v, AA € SLy(Z) satisty

Y70 = —T7o, AA(_TO) =70, (AA)’Y = A27
rAA — s € 72, sy —r € L2

The automorphy factor of v at 79, and that of AA at —7g, both equal |v|. Since AA = AyA, we can conjugate
the eta transformation law to obtain paa = u;l. The square roots in the eta cocycle for (AA)y = A?
multiply without a sign, and therefore p7 > = 1.

Consider

_(elnrtra)e(m)e _ ot (e
F(r) = (e(s177 + 52);€(77)) oo B ¢)7’r17(57)1’0(( YT+ (7)2i7)-

The indices are integral because sy — r € Z2. The first argument of ® in the displayed expression for F
satisfies

(sv)170 + (s7)2 =2 (mod Z7y + Z).
Since the automorphy factor is positive and x ¢ I, F(79) is finite and nonzero. The same argument, with r, s

interchanged and ~ replaced by AA, shows that the second quotient below has a finite nonzero continuation
to —79. We now factor the quotient for A? into these two quotients:

(e(siw + s2);e(w))oo
(e(rmAAw + 12); e(AAW) ) o

Eyy2(x) = F(7)

W=—T0

It remains to evaluate the second factor. We have AA(—7) = —y7. If v > 0, we use the extended Pochhammer
convention of [RW26, Appendix A.1], (2;¢7 ) = (2¢;¢)3} to write the quotient at w = —7 as

1 1—e(r7m+r)
1—e(s1yT + s2)

F(r)

At 79, the numerator and denominator of the finite quotient are equal and nonzero, because s1(—79) + s2 =
r170 + 72 & Z. It follows that E; 2 () = 1.
If v < 0, the second factor at w = —7 is instead F(T). Indeed, using the same convention, we have

1
(e((1—a)T —b)ie(T))oo”

Consequently Ej ,2(xz) = |F(79)*> > 0. Finally, apply (8) to obtain the assertions for positive powers
of 2. O

(e(aT +b); (7))o = a,b€R.
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