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Abstract

We construct a rigid analytical regulator for the K3 of Mumford curves, a non-
archimedean analogue of th9e complex analytical Beilinson-Bloch—Deligne regulator.
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1. Introduction

Motivation 1.1. Suitably normalized, the Beilinson—Bloch—Deligne regulator is
a morphism of functors (for definition and properties see [7], pages 18-23):

{} : H/2\A(U7Z(2)) - H;n(U’ (C*) = H0m<7r?b(U)7 (C*>7
defined on the category of Riemann surfaces such that

(i) f U =Y — {z}, where Y is a Riemann surface, x € Y is a point, and f,
g € H°(U, O*) are meromorphic at z, then the value of { f®g} on the positively
oriented loop around z is the tame symbol {f, g}, at z,

(i) if f,, — f and g, — g converge uniformly on compact sets, where f,, f, gn
and g are elements of H°(U, O*), then the value of {f, ® g,} on every closed
loop in U converges to the value of {f ® g} on that loop.

The second property follows from the integral representation of the monodromy.
We wish to construct a regulator which is analogous to the monodromy of the
Beilinson—Bloch—Deligne regulator on the boundary components of Riemann sur-
faces with boundary in the rigid analytical context. If we want the two properties
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above to hold, then we should define the regulator of two nowhere vanishing holo-
morphic functions f and g on a connected rational subdomain of the projective line
around a complementary disk by approximating f and g by rational functions and
set the regulator {f, g} as the limit of the product of tame symbols at points inside
the disk. This is exactly what we will do. As an application we will construct a
rigid analytical regulator for the K of Mumford curves whose properties strongly
resemble those of the complex analytical Beilinson—Bloch—Deligne regulator. It is
a homomorphism:

where C is an algebraically closed field complete with respect to an ultrametric
absolute value, X is a Mumford curve over C and H(I'(X(), C*) denotes the group
of C*-valued harmonic cochains on the oriented incidence graph of the special fiber
Xo of some semi-stable model X of X over the valuation ring of C. The problem
of finding rigid analytic analogues of the Beilinson—Bloch—Deligne regulator has
already been studied for example in [3] by Coleman. Coleman’s methods are radi-
cally different from ours, and they cover different ground. On the other hand in the
two papers [8] and [9] Kato constructed a regulator for higher local fields which
is essentially the same as ours. Partially to generalize his results to fields whose
valuation is not discrete, partially to be self-contained, we develop the foundations
of this theory independently of his work.

Contents 1.2. In the second chapter we define the regulator first for connected
rational subdomains of the projective line by approximating holomorphic functions
on the domain by rational functions and taking the limit of the product of the tame
symbols inside a complementary open disk as we already mentioned above. The
main result of this section is Theorem 2.2 which gives a complete characterization
of our regulator. In the third chapter we first extend the definition of the rigid
analytical regulator for the K5 of connected rational subdomains of the projective
line (Theorem 3.2). Then we prove the invariance theorem (Theorem 3.11) which is
the functoriality property of the regulator for such subdomains. In order to do so we
develop an elementary homology theory for connected rational subdomains of the
projective line (Theorems 3.6 and 3.8). The fourth chapter is somewhat technical:
it contains two auxiliary results used in the next chapter. In the fifth chapter
we reap the fruits of our labours when we define the rigid analytical regulator
for Mumford curves. The latter takes values in the group of R*-valued harmonic
cochains on the oriented incidence graph of the special fiber of a semi-stable model
of the Mumford curve where R is the field of definition. We also show a reciprocity
law relating the valuation of the rigid analytical regulator to the (generalized)
tame symbol along the special fiber. We also formulate a functoriality property for
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this regulator phrased in terms of measures on the ends of the universal covering
of the oriented incidence graph of the special fiber (Proposition 5.6). In the last
chapter we look at the particular case of the Drinfeld upper half plane and we
express the tame symbol at the cusps as a non-archimedean integral of the rigid
analytic regulator (Theorem 6.5).

Notation 1.3. In this paper we will use the somewhat incorrect notation Ko (X)
to denote H3,(X,Z(2)) for various types of spaces X as the latter is rather awk-
ward.

2. The rigid analytical regulator for connected rational subdomains

Notation 2.1. Let C be an algebraically closed field complete with respect to an
ultrametric absolute value which will be denoted by | - |. Let |C| denote the set
of values of the latter. Let P! denote the projective line over C. For any = € P!
and any two rational non-zero functions f, g € C((¢)) on the projective line let
{f, 9} denote the tame symbol of the pair (f,g) at z. We call a set D C P!
an open disk if it is the image of the set {z € C | |z| < 1} under a Mobius
transformation. Recall that a subset U of P! is a connected rational subdomain if
it is non-empty and it is the complement of the union of finitely many pairwise
disjoint open disks. Let QU denote the set of these complementary open disks.
The elements of QU are called the boundary components of U, by slight abuse
of language. Let O(U), R(U) denote the algebra of holomorphic functions on U
and the subalgebra of restrictions of rational functions, respectively. Let O*(U),
R*(U) denote the group of invertible elements of these algebras. The group R*(U)
consists of rational functions which do not have poles or zeros lying in U. For each
f € OU) let ||f|| denote sup,c;r|f(2)]. This value is finite, and makes O(U)
a Banach algebra over C. We say that the sequence f, € O(U) converges to
f € O(U), denoted by f,, — f,if f,, converges to f with respect to the topology of
this Banach algebra, i.e. lim,,_, o ||f — fn|| = 0. For every real number 0 < € < 1 we
define the sets O (U) = {f € O(U) | |[1 = f|| < e}, and U = {z € C | [1 — 2| < €}.

The main result of this section is the following

Theorem 2.2. There is a unique map {-,-}p : O*(U) x O(U) — C* for every
D € 9U, called the rigid analytic regulator, with the following properties:

(i) For any two f,g € R*(U) their regulator is:

{f7g}D = H{f’g}QI?

xzeD
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(ii) the regulator {-,-}p is bilinear in both variables,

(iil) the regulator {-,-}p is alternating: {f,9}p - {9, f}p =1,
(iv) if f,1—feOU)*, then {f,1— f}p is1,

(v) for each f € O (U) and g € O*(U) we have {f,g}p € U..

Remark 2.3. It is an immediate consequence of property (v) that the rigid an-
alytic regulator is continuous with respect to the supremum norm topology. Ex-
plicitly, if f and g are elements of O*(U), D € 9U is a boundary component, and
fn € OF(U), g, € O*(U) are sequences such that f,, — f and g, — g, then the
limit

nli_)ngo{fnagn}D

exists, and it is equal to {f, g} p.

Weil’s Reciprocity Law 2.4. Let f, g be two non-zero rational functions on P!
defined over the field C. Then the product of all tame symbols of the pair (f,g) is
equal to 1:

z€P?

Proof. See [12], Proposition 6, pages 44—46. Although it holds for smooth projec-
tive algebraic curves in general, we will only use this result in the case when the
curve is P!, when there is a simple direct proof as follows. The multiplicative group
of the function field of P! is generated by the elements ¢ € C*, and z — a, a € C.
Since the tame symbols are bilinear and alternating, we only have to check the
identity in the claim for pairs of these elements. This reduces our proof to three
cases: (z —a,z —b), when a # b, (2 — a,z — a) and (¢, z — a). We compute:

H{z—a,z—b}x:{z—a,z—b}a{z—a7z—b}b{z—a7z—b}oo
zeP!

=(a=b~'b-a)(-1) =1,
H {z—a,z—a}l,={z—a,z—a}l{z—a,z2—a}e = (-1)(-1) =1,

zeP!

H {e,z—a}y ={c,z2—ala{c,z —a}oo =cc™' = 1. O

zeP!

Definition 2.5. Let U be a connected rational subdomain of P'. For any D € U
and for any two f,g € R*(U) we define the rigid analytical regulator {f,g}p by
the formula:

{fvg}D = H{f’g}l’ cC.

xeD
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Since the product on the right hand side is finite, the regulator is well-defined.
For each D € oU and f € R(U) let degp(f) denote the number of zeros z of f
with z € D counted with multiplicities minus the number of poles z of f with
z € D counted with multiplicities. For every real number 0 < € < 1 we define
the set Re(U) as the intersection R(U) = O(U) NR(U). We also define the sets
O1(U) = Upcee1 Oc(U) and R1(U) = Uge 1 Re(U).

Lemma 2.6. (i) The regulator is a bilinear map: {-,-}p : R*(U)@R*(U) — C*,
(ii) the regulator {-,-}p is alternating: {f,9}p - {9, f}p =1,

(iii) f,1—feR*(U), then {f,1— f}p is 1.

(iv) for any f € R*(U), ¢ € C* we have {c, f} p = ci8p()),

Proof. The first three claims hold because they hold for the tame symbol. Claim
(iv) is obvious. O

Lemma 2.7. The set R.(U) is a subgroup of R*(U).

Proof. Note that R(U) is a subset of R*(U), so we have to show that it is a group
with respect to multiplication. If f € R.(U) then |f(z)| = 1 for each z € U by the
ultrametric inequality. Hence

11— fH =sup |f(2)| M f(2) 1| < e
zeU
Similarly for any f,g € R.(U) we have
11— fgll < Slelgmax(\l = L 1f(2) = F(2)9(2)])

<max(sup [1— f(2),sup [f(2)] - [1 = g(2)]) < e B
zeU zeU

Definition 2.8. We call a set D C P! a closed disk if it is the image of the set
{z € C | |z|] < 1} under a Mé&bius transformation. This terminology might be
confusing to some as closed disks are open and closed in the natural topology of
P!, just like open disks. On the other hand closed disks are rational subdomains
while open disks are not. For every open disk D let D denote the unique closed
disk which contains D and minimal with respect to this property. Moreover let 9D
denote the complement of D in D: this notation will not cause confusion because
open disks are not rational subdomains. For every z € C and positive number
p €|C| let D(z,p), D(z,p), D(co,p) and D(0o, p) denote the following open disks
and closed disks:

D(z,p) ={z € C||z] <p}, D(z,p) ={z € C| 2| < p},
D(co,p) ={z€Cllz| > p~'}U{oc}, D(o0,p) ={z€C||z] 2 p~'}U{oo}.
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Let CY, C" and k denote the valuation ring {z € C | |z| < 1} of C, its maximal
ideal {z € C | |z| < 1}, and its residue field C°/C%, respectively. Let z € k denote
the reduction of every z € C° modulo the ideal C%. For every finite set S C k let
U(S) denote the set {z € C° | z ¢ S}. This set is a connected rational subdomain
of P!, because it is the complement of the pairwise disjoint disks D(oco,1) and
D(s,1), where s is an element of S C C°; a set of representatives of the residue
classes in S. Finally let S¢ denote the complement of every subset S of P

Lemma 2.9. Assume that 0 € S. Then every f € R (U(S)) can be written in
the form:

o L6 )

a€D(o0,1) s€S aeD(s,1

where ¢ € Ue and for each a € C the integer v(a) is the multiplicity of a in the
divisor of f.

Proof. The rational function:

o IO ()"

a€D(o0,1) s€S aeD(s,1)

is in Ry (U(S)), because it is a product of elements of R1(U(S)), which is a group,
since it is the union of a chain of groups. The rational function f(z)/g(z) is also
in R1(U(S)), but it has no zeros or poles in C — S, so it must be equal to the

function ¢[[,.g(z — 5)"*) for some ¢ € C* and n(s) € Z. Since || f/g|| = 1, we

sES
have

= |e]-

1= su ‘c z— s)™s)

e felle=o)
Hence ¢ € C°, so f/g is a rational function with coefficients on C°. Its reduction
modulo the ideal C% is r(z) = €[],.(z — s)"(). Since f(2)/g(2) is in R1(U(S)),
the rational function r(z) is identically one on k — S. Hence it is constant as k
is algebraically closed, therefore f(z) = cg(z). By the Proposition of 1.1.3 in [4],
page 7, we know that every h(z) € O(U(S)) has a generalized Laurent expansion:

h(z) = Z anz" + Z Z by (z—a) ",

n=0 seSn=1

and ||h(z)]| = max(maxS g |an|, maxses(maxS®, |b2])). The constant term ag in
the generalized Laurent expansion of g(z) is 1, so the constant term of f(2) is ¢
and we have |1 —¢| < ||1 = f(2)|| <e. O



A RIGID ANALYTICAL REGULATOR FOR Ko 225

Proposition 2.10. Fvery f € R.(U) can be written in the form:

1= [ fo).
DedD
where fp(z) € Re(D€) for all D € OU, and these functions are uniquely deter-
mined up to a constant factor in U,.

Proof. 1t is clear that the functions fp(z) are uniquely determined up to a factor
in U, so we only have to show that they exist. Assume first that U is of the form
U(S) for some finite set S C k. The claim holds trivially for the domain U(S) if
the set S is empty. Otherwise we might assume that 0 € S by a linear change of
coordinates. In this case we know that

1) = foolo) - [] £:(2),
seS
where foo(2) € R(D(0,1))NR1(U), and fs(2) € R(D(c0,1))NR1(U) for all s € S
by Lemma 2.9. Moreover fo(0) € U, and fs(o0) € U for all s € S. However the
functions foo(z) and fs(z) are unique up to a factor in U, so fo(a) € U and
fs(b) € Uc for all @ € D(0,1) and b € D(oc0,1) for all s € S, which can be seen by
anticipating the automorphisms z — z + a and % — % + % of U, respectively. Let
1— foo(z) =307 yanz". There is an N(e) € N such that |a,| < € if n > N(e). Let
B={be D(0,1) | |b|"™ # |am/an|,Vn,¥Ym < N(e)}. If b € B, then

nrgnj%}((e) lan| - |b]" = ' Z anb"’ < max(|1 — foo(b)], Z anb”D <e.

n<N(e) n>N(e)

Since sup,cp|b] = 1, the inequality above implies that max, <y |an| < €, so
11— foo(2)|| = max,en |an| < €. Hence foo € Re(D(0,1)), and a similar argument
shows that fs € Re(D(o0,1)) for all s € S, so the claim holds for domains of the
form U(S).

In the general case we prove the proposition by induction on the cardinality
of OU. When 09U is empty the claim is obvious. Otherwise let D be a boundary
component of U. If 8D € U then there is a D" € 9U such that § # 0D N D’. We
claim that D' C 8D whenever D, D’ are two disjoint disks such that § # DN D',
and DU D' # P!. We may assume that co ¢ D U D’ by a linear change of
coordinates. Let a € 9D N D': then D = D(a, p1) and D' = D(a, p3) for some py,
p2, where D denotes the closure of D. If py > py, then D C D(a, p1) C D(a, p2)
which is impossible. Therefore ps < p1, so D' = D(a, p2) € D(a,p1) — D = dD.
We define the relation D’ < D on the set U by the rule D’ C dD. This is clearly
a partial ordering. Let D C OU be an equivalence class of minimal elements with
respect to this ordering. This means that all D € D are minimal with respect to
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this ordering, and any D’ € QU is an element of D if and only if D < D’ and
D’ < D for some (and hence all) D € D.

Choose a boundary component D € D and make a linear change of coordinates
such that D = D(0,1). Then each D’ € D is of the form D(s,1), where s € S,
and the latter is a finite subset of C°. Since these disks are pairwise disjoint, S
injects into k with respect to the reduction modulo the ideal C%. If S denotes
the image of S with respect to this map, then the set £ = (., 0D is equal to
U(S). Therefore E is an affinoid subdomain of U, and we have already proved in
the previous paragraph that the claim holds for this domain. Hence

f(2)=g0(z)- I] fo(2)
DeD

on this set, where gp(z) € R(D(0,1)) and fp(z) € R(D€) for all D € D. Since

the set E is infinite, the equation above holds for all z € P'. Hence

f(z)

9p(2) = F———>——=
[Ipep fp(2)
50 gp(2) € R(Y), too, where Y = UUD(0, 1). Because |0Y| < |dU]|, the induction
hypothesis implies that gp(z) = [[p ey fpr(2) with fp/(2) € Re(D'¢). Since
oU = 9Y U D, the claim follows. O

€ R(U),

Proposition 2.11. For every boundary component D € OU and for each f €
Re(U) and g € R*(U) we have {f,g}p € U..

Proof. 1f the cardinality |OU| = 1 then the claim is clear, since by Weil’s reciprocity
{f,9}p = 1. Hence we may assume that oo € D¢ — U by choosing an appropriate
coordinate function z. Since U, is a group, it is sufficient to prove the claim for
g(z) equal to one of the following generators of R*(U): ¢ € C*, z —a, where a € D,
and z — b, where b € D° — U. Then

{(f(2).ctp =[] {fo(2).ckp = {fp(2).c}p = ¢ eenlin),

D’eoU

But deg(fp) is zero, since fp has no zeros or poles in D¢, hence {f(z),c}p = 1.
Also

{f(z)z=—a}p ={fp(2),2—a}p- ] {for(x)z—a}p

D'€dU—{D}
= [T {rmGrz=at I {fo(2)2—ake
zeDe D’'edU—{D}

{p@)z—ald [ fo@=folo)- ] forla) el

D’'edU—{D} D’edU—{D}
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where we used Weil’s reciprocity law in the second line. Finally

{f(z),z=blp= ][ {for(2).2=b}p ={fpl2),2—b}p

D'edU
= [ (Fp() 2 =0}t = {Fn(2), 2 = b}y " - {fn(2), 2 = b}
z€De
= fp()~" - fp(e0) € U,
using again Weil’s reciprocity law. O

Proof of Theorem 2.2. Let f and g be elements of O*(U) and let D € 9U be
a boundary component. By definition (see [4], page 5) there are sequences f, €
R*(U), gn € R*(U) such that f, — f and g, — g. We say that the rigid analytical
regulator {f,g}p € C* exists, if the limit

nlggo{fna gn}D

exists, it is an element of C*, and it is independent of the choice of the sequences
frn and g,. In this case we define {f,g}p to be this limit. We start our proof
by showing that the rigid analytical {f,g}p regulator exists. Let f, € R*(U)
and g, € R*(U) be two sequences such that f, — f and g, — g. We will first
show that the sequence {f,,gn}p converges using Cauchy’s criterion. For every
0 < € < 1 there is an n(e) € N such that f,,/fim € Re(U), gn/gm € R(U) for any
n,m > n(e). By Proposition 2.11 for any n,m > n(e):

{frsgn}p/{fm> 9mtp = {fa/ fms 9n}p - {fms gn/9m}p € U,

80 {fn,gn}tp is a Cauchy sequence. If f/ € R*(U) and g], € R*(U) are another
two sequences such that f,, — f and g/, — g, then the sequences f/, g/ also
converge to f and g respectively, where f5, . = fn, fo, = f, and g5, .1 = gn,
95, = g,,. The limit lim,, o {f/, g/} b also exists, so it must be equal to the limit
of its subsequences:
Jim {f),g2}p = lim {fn,9n}p = lim {f},9,}p,
hence the limit is independent of the sequences chosen. On the other hand
1= lim {fnagn}D : {gnvfn}D = lim {fmgn}D - lim {g’VHfTL}Dv
n—oo n—oo n—oo

so this limit is non-zero, so the existence is proved.

Incidentally we also proved that the rigid analytical regulator satisfies prop-
erty (iii). Because O*(U) is open in O(U), and the inverse map is continuous,
properties (ii), (iv) and (v) follow from Lemma 2.6 and Proposition 2.11, by con-
tinuity. Property (i) follows by taking the sequences f, = f and g, = g. On the
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other hand properties (i) and (v) imply that any map satisfying these properties
must be continuous in both variables, so it is equal to the rigid analytical regulator
if it also satisfies (i). O

3. The invariance theorem

Definition 3.1. In this chapter we will continue to use the notation of the pre-
vious chapter. Let U be a connected rational subdomain of P!, and f,g be two
meromorphic functions on U. Then for all z € U the functions f and g have
Laurent series expansion around z, in particular their tame symbol {f, g}, at x is
defined. Let M(U) denote the field of meromorphic functions of U. For every z € U
the tame symbol at x extends to a homomorphism {-, -}, : Ko(M(U)) — C*. We
define the group K»(U) as the kernel of the direct sum of tame symbols:

@{" to 1 Ko(M(U)) — @ C*.

zeU zcU
Let k = ), fi ® i € Ko(M(U)), where f;,9; € M(U), and let D € 9U. Let
moreover Y be a connected rational subdomain of U such that f;,g; € O*(Y) for
all ¢ and OU C 9Y. Define the rigid analytical regulator {k}p by the formula:

{k}D = H{fi|Yagi|Y}D~

Theorem 3.2. (i) For each k € Ko(M(U)) the rigid analytical requlator {k}p
is well-defined, and it is a homomorphism {-}p : Ko(M(U)) — C*,

(i) for any two functions f,g € O*(U) we have {f @ g}p = {f, 9},
(iii) for every k € Ko(U) the product of all regulators on the boundary components

of U is equal to 1:
H {k}p =1,
DedU
(iv) for every connected subdomain Y C U, boundary component D € 9Y N oU
and k € Ko(M(U)) we have:

{kly}p = {k}p.
In order to prove this theorem, we will need three lemmas.

Lemma 3.3. Let f,g € O*(U), where U is a connected rational subdomain of PL.
Then the product of all rigid analytical requlators of the pair (f,g) on the boundary
components of U is equal to 1:

DecoU
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Proof. Let f,, g, be two sequences of rational functions invertible on U which
converge to f and g on the domain, respectively. Then

II (#.93p =TI lm {fu,gu}p=lim ] J]{fa 9n}e

DedU Dedu DedU zeD
z¢U
by Weil’s reciprocity law. O

Lemma 3.4. Let Y C U be two connected rational subdomains. Then for every
f,g€ O*(U) and D € Y we have:

{flv.glvio =[] {f.9}p,
D'edUu
D'CD
where the empty product is understood to be equal to 1.

Proof. We may reduce immediately to the case when f,g € R*(U) by approxima-
tion. Then we have:

{flv.g9lv}p = H {fly.gly}e = H {f,9}=
zeD zeD
= I (I {s9%)= II {feto- O
D'edU zeD’ D'cdU
D'CD D'CD

Lemma 3.5. Let U be a connected rational subdomain and let D C U be an
open disk. Let f, g be two meromorphic functions on U which are holomorphic and
invertible on the rational subdomain Y = U — D. Then we have:

{flv.glv}p = H {f.9}a-

xeD

Proof. The meromorphic functions f and g have only finitely many poles and
zeros on the disk D. Let S denote the set of these points. For every such a pole or
zero s € S choose a small open disk Dy C D containing s such that the pairwise
intersections of these disks are empty. Let W denote the rational subdomain U —
Uses Ds- Then
{flv.glv}p = [T{flw,glw}p,
ses

by Lemma 3.4. Hence we may assume without loosing generality that D = D(a, p)
and a is the only pole or zero of f and g on D by letting W, D, play the role
of U and D, respectively, in the claim above. Write f(2) = (2 — a)* fo(2), g9(2) =
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(z—a)lgo(2), where fo(2), go(z) are elements of O*(U). Let f,,, g be two sequences
of rational functions invertible on the rational subdomain U which converge to
fo, g0, respectively, with respect to the supremum norm on U. Then

{0 = Tim {(z — "o, (= @)'ga}p = lim (2~ )" s (2 — @)
(== @, (= )~ i {(z = @)\ guba - im {f (2 =)
= (=)™ lim gn(a)™" - lim f,(a)' = (-1)"go(a) " fo(a)' = {f.g}a- O

Proof of Theorem 3.2. In order to show that the rigid analytical regulator is well-
defined, we have to prove that:

(a) for each k € K5(U) there is an affinoid subdomain Y with the properties
required in Definition 3.1,

(b) the value of the rigid analytical regulator is independent of the choice of the
affinoid subdomain Y,

(¢) the value of the rigid analytical regulator is independent of the choice of the
presentation k = ). f; ® g;.

Let S C U be a finite set such that none of the functions f; and g; has a zero or a
pole on U — S. For each s € S take an open disk Dy C U containing s such that
these disks are pairwise disjoint. The set Y = U —J,c 4
subdomain which satisfies the properties required in Definition 3.1, so claim (a)
holds. Let Y’ be another such subdomain. It is clear that the set Y UY” is also a
connected rational subdomain which satisfies these properties. Lemma 3.4 applied
to the inclusions Y < YUY’ and Y’ — Y UY” implies that (b) is also true. Let
k=73, fi ® g; be another presentation of k. By definition

Zfi®gi*2f{®gézz7"j
i i j

in the free group generated by symbols f ® g, where f,g € M(U), and the ele-

Dy is a connected rational

ments r; are defining relations of the group Ko(M(U)), i.e. they are of the form:
fo@h—f@h—goh h®fg—h@f—-—h®g,or f@(l-f), f#L

It is possible to choose a connected rational subdomain Y C U which satisfies the
properties required in Definition 3.1 and it does not contain any of the zeros or
poles of the functions f;, g;, f/, g}, and the functions appearing in the relations r;.
By (ii) and (iv) of Theorem 2.2 the regulator {-,-}p evaluated on the relations r;
is equal to 1, so the products:

H{fz‘|y,gi|Y}D = H{fﬂngﬂY}D
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are equal. Therefore (c¢) holds, too. The same argument also shows that the map
{"}p : K2(M(U)) — C* is a homomorphism. Claim (ii) is obvious, if we choose
Y = U in the definition. We start the proof of claim (iii) by noting that

II ivio =TI &3 I {kbio

Deody DeoU DeoY —-0oU

by Lemma 3.4, where Y is a connected rational subdomain which satisfies the
properties required in Definition 3.1 with respect to some presentation of k. By
Lemma 3.5 the factors of the second product on the right hand side are all equal
to 1. On the other hand Lemma 3.3 applied to Y implies that the product on the
left hand side is equal to 1. Hence the first product on the right hand side is equal
to 1, too. We may assume that k = f ®g for some f,g € M(U) by bilinearity while
we prove claim (iv). There is a connected subdomain Z C U such that 0U C 97,
the intersection Y N Z is nonempty and f,g € O*(Z). Clearly D € 9(Y N Z), so it
will be sufficient to prove that

{flyvanz,9lvnztp = {flz,9lz}p.

We may even assume that f and g are in R*(Y) by approximation. But in this
case the claim is obviously true. O

Theorem 3.6. There is a unique set of homomorphisms degp, : M*(U) — Z
where U is any connected rational subdomain and D € OU is a boundary component
with the following properties:

(i) the homomorphism degp, is zero on O1(U),
(i) for every f € R*(U) the integer degp(f) is the quantity defined in 2.5,

(iii) for every f € M*(U) we have degp(fly) = degp(f) where Y C U is any
connected rational subdomain satisfying the property D € Y .

This map is equal to the integer-valued function introduced in [4], Proposition
1.3.1, page 19, in the limited context when the latter is defined.

Proof. By condition (i) it is clear that the homomorphism degj, restricted to
O*(U) must be continuous with respect to the supremum norm topology on O*(U)
and the discrete topology on Z, if it exists. For every f € M*(U) thereisaY C U
connected rational subdomain such that D € Y and fly € O*(Y), so the set of
homomorphisms degp, : M*(U) — Z should be unique. Pick an element ¢ € C
with |¢| > 1 and define degp(f) as

degp(f) =log.({c, f}nl)
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where log,, is the logarithm with base a for any positive real number a. This homo-
morphism is well-defined by Theorem 3.2. This function also satisfies condition (ii)
of the proclaim above by claim (iv) of Lemma 2.3. Hence the image of R*(Y) with
respect to this map lies in Z. But it is also dense in the image of O*(Y") via this
map, so the latter lies in Z, too. We may conclude that the homomorphisms deg,
take integral values. By (v) of Theorem 2.2 the element {c, f}p is a unit in C°
when f € O1(U), so condition (i) is also satisfied. Condition (iii) is a consequence
of claim (iv) of Theorem 3.2. O

Definition 3.7. For every U C P! connected rational subdomain let ZOU denote
the free abelian group with the elements of U as free generators. Let H1(U) denote
the quotient of ZOU by the Z-module generated by 5y D. For every D € 0U
we let D denote the class of D in H;(U) as well. Let Ab denote the category of
abelian groups. Let Crs denote the category whose objects are connected rational
subdomains of P! and whose morphisms are holomorphic maps between them.
Finally for every pair a < b of numbers in |C| let A(a,b) denote the closed annulus
P! — D(0,a) — D(oc0,1/b). Of course it is a connected rational subdomain.

Theorem 3.8. There is a unique functor Hy : Crs — Ab with the following
properties:

(i) for every U C P! connected rational subdomain Hy(U) is the group defined
mn 3.7,

(i) for every map U — Y which is the restriction of a projective linear transfor-
mation f and D € OU boundary component we have:

Hy(f)(D) = f(D) € Hi(Y),

(iii) for every f : U — D(a,b) holomorphic map and D € U boundary component
we have:
Hy(f)(D) = degp(f)D(0,a) € Hi(A(a,b)).

Proof. We are going to prove first that this functor is unique. Let h : U — Y be a
holomorphic map between two connected rational subdomains. We need to show
that Hy(h) is uniquely determined by the conditions above. We may assume that
Y has at least two boundary components. Fix a boundary component F' € 0Y.
Then for every other boundary component F' # E € JY there is a projective linear
transformation jg of P! such that jg(E) = D(0,1) and oo € jg(F). Then jg o H
maps into A(a,b) for some a and b for every F # E € JY. By property (ii) and
(iii) we have:
H(m)D)= S degp(jsoh)E € Hy(Y)
F£EE0Y
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for every boundary component D € QU. In particular this class is uniquely deter-
mined. Let H!(U) denote the quotient

H'(U) = 0*(U)/(C*01(V)),

where C* C O*(U) is the subgroup of constant functions. For every f € O*(U) let
the same letter denote its class in H!(U) as well. The degree map of Theorem 3.6
induces a bilinear pairing:

deg : H'(U) x H,(U) — Z
characterized by the property:

deg(f, D) = degp(f)
for every f € O*(U) and D € 9U.

Proposition 3.9. The pairing deg is perfect.

Proof. We need to show the following two claims in order to prove the proposition:

(i) for every f € O*(U) if degp(f) = 0 for every D € 9U then f € C*O,(U),

(ii) for every homomorphism ! : H;(U) — Z there is a function f € O*(U) such
that I(h) = deg(f, h) for every h € Hy(U).

We may assume that f € R*(U) by approximation while we show the first claim.
Let Y, cp1 n(z)x be the divisor of f. Let g(z) be the product [, c5p 9p(2), where

gp() = I (2 = )"

xzeD
if co ¢ D, and o
1 1\"

gp(z) = wle_[D(z - :c) )
otherwise. The rational functions f and g have the same divisor, so their quotient
is constant. Therefore it will be enough to show that g € O;(U). We will prove
that the functions gp € R1(U) which is sufficient by Lemma 2.7. First consider
the case when oo ¢ D. In this case D = D(c,d) for some ¢ € C and d € |C|. By
assumption ) ., n(z) = degp(f) = 0, so the function gp(z) is the product of
factors of the form (z —a)/(z — b), where a,b € D. For any z ¢ D we have

zZ—a

z—0b

_Jz—ctc—al |z— _q

)

|z—cH+e—b Jz—c

so gp € R1(U) as we claimed. In the other case the argument is similar. We
may assume that QU has at least two elements while we show the second claim.
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Fix a boundary component F' € 9U. As I(F) = =3 p pcoy l(D), there is a
rational function f € R*(U) such that degp(f) = (D) for every other boundary
component F' # D € QU. Clearly the function f satisfies the property in the
second claim. O

The proof of the existence of the functor H; is now easy: we define it as
the Z-dual of the contravariant functor H'. Condition (i) is automatic via the
identification between H;(U) and Hom(H'(U),Z) furnished by Proposition 3.9.
Properties (ii) and (iii) can be verified by looking at appropriate test functions to
compute the effect of Hi(f). In the first case one considers rational functions, in
the second case the identity function. O

Definition 3.10. Let U C P! be a connected rational subdomain. For every class
¢ € Hi(U) and element k € K5(U) we define the regulator {k}. as

{kye= [I W57
DedUu
where » 5o ¢(D)D is a lift of ¢ in ZOU. By claim (iii) of Theorem 3.2 this
regulator is well-defined. For every holomorphic map h : U — Y between two
connected rational subdomains let h* : Ko(M(Y)) — Ka(M(U)) be the pull-

back homomorphism induced by h. By restriction it induces a homomorphism

Theorem 3.11. For any k € K2(Y) and ¢ € H1(U) we have:

{h*(k)}e = (kb () (o)

Proof. Let k =3, fi ® g; € Ko(M(Y')), where f;,9; € M(U). Let moreover Y’
be a connected rational subdomain of Y such that f;,g; € O*(Y) for all i and
dY C 9Y’. There is a connected rational subdomain U’ of U such that h(U’) C Y’
and OU C 9U’. The map H;(U’) — H;(U) induced by the inclusion is surjective,
so there is a ¢ € Hy(Y’) whose image is c¢. We claim that {h*(k)|y}o = {h*(K)}c.
We may write ¢’ as a sum ¢’ = ¢1 +co where ¢y, ¢3 can be represented as the linear
combination of boundary components lying in U and OU’ — U, respectively. We
have {h*(k)|v'}e, = {Rh*(k)}. by definition, on the other hand {h*(k)|y'}e, = 1 as
h*(k) is an element of K5(U). The same argument shows that {k|y-} g1 (n|,,) () =
{k} H1(h)(c)» 50 it Will be sufficient to prove the claim for U’, Y’, hly, ¢ and kl|y-
instead of U, Y, h, ¢ and k, respectively. In other words we may assume that
k= f®g for some f,g € O(Y). Let f, € R*(Y) and g, € R*(Y) be two
sequences such that f, — f and g, — g. Obviously ||f o h — f, o k|| < ||f — fall
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for all n € N, so f,, oh — f o h. The same holds for g, so
{h*(f ® g)}c = nh_)ngo{h*(fn ® gn)}c and {f ® g}Hl(h)(C) = nh_{rolo{fn ® gn}Hl(h)(C)

by Remark 2.3. Therefore it is sufficient to show the claim when f,g € R*(Y). We
may also assume that co ¢ U and oo ¢ Y by shrinking Y and U the same way as
above if necessary.

Lemma 3.12. For every f € O(U) the following holds: for every ¢ > 0 there is
a § >0 such that |f(x) — f(y)| < € for every z,y € U with |x —y| < 4.

Proof. Of course the claim above is just the analogue of the usual uniform conti-
nuity property. The reason why it is not completely obvious in this case is that C
is not locally compact. Let U(U) denote the set of all functions f € O(U) which
satisfy the property in the claim above. It is clear that U (U) is a C-subalgebra of
O(U). Moreover for every f € O*(U) we have the estimate:

RSN IS
flx)  f(y) f@) f(y)

so for every f € O*(U)NU(U) we have f~! € U(U), too. Obviously z — ¢ € U(U)
for every ¢ € C, so R(U) CU(U) by the above. On the other hand U(U) is closed

with respect to the supremum norm topology, so it must be equal to the whole
algebra O(U). O

< IF7HPL () = fw)l,

Let us return to the proof of Theorem 3.11. Since oo ¢ U there is a rational
€ > 0 such that for every x € U the disk D(z,¢) C U. Hence we may choose an
infinite sequence h,, € R(U) converging to h in the supremum norm topology such
that h,(U) CY for all n. By the lemma above foh,, — foh and goh, — goh in
the supremum norm topology. Therefore it is sufficient to prove the theorem when
h € R(U), too. We may also assume that ¢ = C for some boundary component
C € OU by linearity. Let F' € JY be the unique boundary component which
contains co. We may write H'(h)(C) uniquely in the form:

H'(h)(C)= Y n(D)D

F#DedY

for some n(D) € Z. There is a closed annulus A(a,b) such that h(z) — ¢ maps
U into A(a,b) for every F # D € JY and ¢ € D. Fix a boundary component
F # D € 9Y and for every ¢ € D let z(c) denote the number of zeros of the
rational function h(z) — ¢ lying in the open disk C' counted with multiplicities.
We claim that z(c) is independent of the choice of ¢. First note that the number
of poles of the rational function h(z) — ¢ lying in the open disk C' counted with
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multiplicities is independent of the choice of ¢. This number does not even depend
on D, and it will be denoted by p(C). By claim (iii) of Theorem 3.8 we have
z(c) = dega(h(2) — ¢) + p(D) = n(D) + p(C) which is clearly independent of the
choice of ¢. Let z(D) denote this number. We also claim that for every co # ¢ € F
the number z(c) of zeros of the rational function h(z) — ¢ lying in the open disk C
counted with multiplicities is equal to p(C). We have F = D(o0o,d) for some
rational number d > 0. Hence ||h(z)|| < 1/d, so we have

Hl_h(z)—c - ‘h(z)

C

<

so deg(h(z) —c) = 0. But z(c) = degp(h(z) —C)+p(C) = p(C) by definition. For
all ¥ € P! let v(x) € N denote the degree of ramification of the map h : P! — P!
at . Then

{foh.gohte={f g}
for all z € P!. Therefore

(K (feg)lc= l_I{th,goh}ac = H{f,g}zgg

zeC zeC

IT IT II {r.en®®

DedY yeD zeC

h(z)=y
= JI TI{ra:" - I[{f a0 @
F#£DEAY yeD yeF

I TI{ra:27 ={f@gtmmyc)

F#£DedY yeD

where we used Weil’s reciprocity law in the fifth equation. O

Remarks 3.13. The theorem above incorporates two fundamental properties of
the rigid analytic regulator which might be called biholomorphic invariance and
homotopy invariance based on the analogy explained in 1.1. The first claims that
every biholomorphic map h : U — U, where U is any connected rational subdo-
main of P!, which induces the identity map on H'(U) leaves the rigid-analytic
regulator invariant. The second claims that whenever we have two connected ra-
tional subdomains Y C U and a boundary component D € 09U such that there
is a unique boundary component D’ € JY containing D then the rigid analytic
regulators taken at D and D’ do not differ for elements of Ko(U). Of course the
best way to formulate these properties is the way we did, expressing them as a
functoriality property via the homology group H;. The latter has a more high-
brow definition using the étale cohomology of rigid analytic spaces, but for our
purposes our elementary definition was more suitable.
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4. Relation to the generalized tame symbol

Notation 4.1. Let R be a closed subfield of C: it is automatically complete with
respect to |- |. Let U be a connected rational subdomain of P! defined over R. This
means that

U={zeP'||fi(z)| <1 (Vi=1,...,n)}

for some natural number n and rational functions fi,..., f, € R((¢)). Let Or(U),
Rr(U), Ox(U), Ri(U) and Mg(U) denote the algebra of holomorphic functions,
the subalgebra of restrictions of R-rational functions, the groups of invertible ele-
ments of these algebras and the field of meromorphic functions on the rigid analytic
space U, respectively. Let U denote the underlying rational subdomain over C by
slight abuse of notation. An R-rational boundary component of U is a set D € U
such that D is of the form D(a,|p|) or D(oo,|p|) for some a,p € R. Let Ko(U)r
denote the largest subgroup of Ko(Mg(U)) which maps into Ko(U) under the
natural homomorphism Ky(Mg(U)) — Ko(Mc(U)).

Proposition 4.2. Let D be an R-rational boundary component of U, and let
ke Ko(Mgr(U)). Then {k}p € R*.

Proof. We may assume that k = f ® g for some f,g € Ox(U) by linearity. Since
Ri(U) is dense in Of(U) and R is complete, we may assume that f and g are
actually in R*(U) by approximation. We may also assume that co € D after an
R-linear change of coordinates. Then by bilinearity we may assume that f and g
are irreducible polynomials in R[¢]. Assume first that f and g are separable, too.
Clearly {f,g}. can be different from 1 only if z = oo or = is a zero of f or g.
In the latter case x is an element of the separable closure R hence {f,g}. € R,
too. Moreover if x € D then 27 € D, too, where v is any element of Gal(R|R).
Also {f,g}2 = {f,g}sr for any z € R and v € Gal(R|R). Therefore the product
[T.ep{f, 9}z is an element of R invariant under the action of Gal(R|R), so it is
in R. If f is not separable, then f = (f/)?" for some separable polynomial f’
whose coefficients are in a purely inseparable extension L of R such that L?" C R
where p is the characteristic of R. It is enough to show that {f’, g}p € L*, since
{f,9}p = {fﬂg}%n € R* in this case. The latter follows from applying the same
argument to g over I and what we have just proved above. O

Definition 4.3. Let f, O and m denote the residue field of R, the valuation ring
of R and the maximal proper ideal of O, respectively. A finite subset S C k is
called f-rational if it is the zero set of a polynomial with coefficients in f. If S C k
is f-rational then the set U(S) introduced in Definition 2.8 is a connected rational
subdomain defined over R.
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Lemma 4.4. Let S C k be an f-rational subset. Then

(i) for every f € Mr(U(S))* there is an f-rational subset S C S" C k such that
flucsy can be written in the form:

flusy = c(f)fo,

where c(f) € R and fo € O*(U(S")) with |fo(z)| =1 for all z € U(S"),

(i) the positive number |c(f)| does not depend on the choice of S" or fo,

(i) the map |- | : Mgr(U(S))* — |C| given by the rule f — |c(f)| is a non-
archimedean absolute value on the field Mg(U(S)).

Proof. The set Z C U(S) of zeros and poles of f is finite. Hence the reduction of
the elements of Z with respect to C% is a finite set, too. Since every finite subset
of k is contained in a finite f-rational subset, we may assume that f € O*(U(S5))
by enlarging S if necessary. Let ¢ € O*(U(S)) be another function such that
11— f/g|l < 1. We claim that it is sufficient to prove the claim (i) for g in order to
prove it for f. We may assume that g = ¢(g)go where ¢(g) € R and go € O*(U(5))
with |go(2)] = 1 for all z € U(S) by enlarging S if necessary. Write f as f = ¢(g) fo.
Then ||1 — fo/goll = |11 — f/gll <1 so |fo(z)] =1 for all z € U(S). Hence we may
assume that f € R*(U(S)) by approximation. Also note that the elements of
Mg (U(S))* satisfying claim (i) form a subgroup. Therefore we may assume that
f is in fact a polynomial. Then we may write f(z) as:

N
FE) =) anz"
n=0

with a, € O and max)_ |a,| = 1. There is a finite f-rational subset S’ of k
such that the reduction of the polynomial fy = Zg:o anz™ is nowhere zero on the
complement of S’. Clearly fo € O*(U(S’)) with |fo(2)] =1 for all z € U(S").
This proves claim (i). Assume that S C S” C k is another finite f-rational
subset such that fly(sry = c(f)'f§ where ¢(f) € R and f) € O*(U(S’)) with
|fi(z)] =1 for all z € U(S"). On the set U(S’ US") = U(S")NU(S") we have
c(f)fo=c(f) fo- As || foll = |Ifoll = 1 on this set we must have |c¢(f)| = |e(f)| as
claim (ii) says. Clearly the map v is a homomorphism, so we only have to show
that [e(f + g)| < max(e(f)],le(g)]) for any f,g € O*(U(S)) with f +g # 0 in
order to prove claim (iii). There is an f-rational subset S C S’ C k such that

(N = IflusHlls el = llgluesy |l and [e(f + g)l = I(f + g)lu(sll- The last
claim now follows from the strong triangle inequality for the spectral norm ||-||. O

Definition 4.5. For any pair S C S’ C k of finite f-rational subsets the inclusion
U(S) — U(S") induces an imbedding Mg(U(S)) — Mgr(U(S")). Under these in-
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clusions the fields Mg(U(S)) form an injective system: let M denote the inductive
limit of this system. By part (ii) of the lemma above the absolute value |- | of part
(iii) is well-defined on M and makes the latter a valued field. The residue field
of M is equal to the rational function field f(¢) where ¢ is the reduction of the
identity map z with respect to the maximal ideal in the valuation ring of M. We
are going to need a mild extension of the tame symbol. Let F' be a field equipped
with a valuation v : F* — Q and let O and r denote its valuation ring and its
residue field, respectively. Let moreover = : O — r denote the reduction modulo
the maximal ideal of O. For any pair of elements f,g € F* we are going to define
their generalized tame symbol T(f ® g) € r* ® Q as follows. There is an element
7 € F* such that f = for™(f) and g = gon™9) for some integers n(f),n(g) € Z
and elements fo, go € O*. We let

T(f®g)= (1) @v(f)rlg) foev(g) T & (-v(f) er" Q.

(We only included the first factor in the product above in order to resemble the
usual formula, but it is always equal to 1.) One may prove the usual way that this
symbol is well-defined and satisfies the Steinberg relation. In particular it induces a
homomorphism 7" : K5(F) — r*®Q which depends on the choice of normalization
of the valuation v linearly. Let v : M* — Q be a valuation corresponding to the
absolute value |- | and let T : Ky(M) — f(¢)* ® Q denote the corresponding
generalized tame symbol. For any k € Ko(M(U)) and s € SNf let Ts(k) € Q
denote the value of T(k) with respect to the unique Q-linear extension of the
normalized valuation at the closed point s € P§.

Proposition 4.6. We have

v({k}p(s,1y) = Ts(k)
for every k € Ko(Mg(U(S))).

Proof. The linear transformation z — z — s maps U(S) biholomorphically onto
U(U,eg *—s) and interchanges {-} p(,,1) and T with {-} p(o,1) and Ty, respectively.
Hence we may assume that s = 0. By linearity we may assume that k = f ® g
for some f,g € Mgr(U(S)). Since for every f-rational finite set S C S’ C k we
have {k}p,1) = {klus))}po,1) and To(k) = To(kly(s)) we may assume that
[ =c(f)fo and g = c(g)go where c(f),c(g) € R* and fo, go € O*(U(S)) with
|fo(2)| = |go(2)] = 1 for every z € U(S) by enlarging S if necessary. Assume that
|1 = f[ < 1. In this case T'(f ® g) = 1 by definition and [{f ® g}p(,1)| = 1 by
(v) of Theorem 2.2. Hence we may assume that f and ¢ are rational functions
by approximation. We may even assume that f and g are polynomials using the
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bilinearity of both sides of the equation we want to prove. In this case we may
assume by multiplying ¢(f) and ¢(g) by an element of O*, if necessary, such that

folz) = 2"D(1+ foo(z)) and  go(2) = 2™ (1 + goo(2)),

where n(f),n(g) € Z and foo(2),g00(z) € Olz] with ||fool] < 1 and ||gool] < 1.
Therefore we may assume that fy and gg are powers of z by applying the argument
we used above. In this case the claim is obvious. O

5. The rigid analytical regulator for Mumford curves

Definition 5.1. Let X be a Hausdorff topological space. For any R commutative
group let M(X, R) denote the set of R-valued finitely additive measures on the
open and compact subsets of X. When X is compact let Mo (%, R) denote the set of
measures of total volume zero, that is the subset of those u € M(X, R) such that
w(X) = 0. For every abelian topological group M let Co(X, M) denote the group
of compactly supported continuous functions f : X — M. If M is discrete then
every element of Co(X, M) is locally constant. In this case for every f € Co(X, M)
and p € M(X, R) we define the modulus p(f) of f with respect to p as the Z-
submodule of R generated by the elements u(f~*(g)), where 0 # g € M. We also
define the integral of f on X with respect to p as the sum:

/f Ydp(z) = > g@pu(f ' (g)) € M @ u(f).

gEM

Lemma 5.2. (a) If f,g € Co(X, M), then f x g € Co(X, M x M), u(f), u(g) and
u(f + g) are contained in u(f x g) and

@)+ a@ndnte) = [ 1) dn@) + [ s@yduta) indr o u(s o)

(b) Let f € Co(X, M) and m € N, where N is also a Z-module. Then m ® f is in

/m@f(x)du(x)zm@/f(a:)du(x) in N® M & u(f).
x x

(c) Let f € Co(X,M) and let ¢ : M — N be a homomorphism. Then ¢ o f is in
Co(X,N), u(¢o f) € u(f) and

/x bo f(z) dulz) = 6 ( /36 1) du(w)) in N @ u(f).

(d) Assume that f € Co(X,R) is locally constant and p € M(X,R) is a Borel
measure on X, which is a positive measure on the Borel sets of X. Then the
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image of the integral of f on X with respect to p under the homomorphism
R® u(f) — R induced by the product is the usual Lebesgue integral of f on X
with respect to p. O

Definition 5.3. Let R be a closed subfield of C and let K C P!(R) be a non-
empty compact subset. For every p € GL2(R) and z € P}(C) let p(z) denote the
image of z under the Mobius transformation corresponding to p. Let moreover
D(p) denote the open disk

D(p) = {z € P'(C) | 1 < o~ (2)]}.

Let D denote the set of open disks of the form D(p) where p € GL2(R). For each
D € D let D(K) denote D N K. Let P(K) denote those subsets S of D such that
the sets D, D € S are pairwise disjoint and the union of the sets D(K), D € S
form a partition of K. For each S € P(K) let £2(S) denote the unique connected
rational subdomain defined over R with the property 9Q2(S) = S. Let Qx denote
the complement of K in P!(C). Then Qg is equipped naturally with the structure
of a rigid analytic space over R such that the open subsets §2(.5), S € P(K) form
an admissible cover by affinoid subdomains. In particular a function f : Qx — R is
holomorphic if the restriction of f onto ©(S) is holomorphic for every S € P(K).
Let O(Qk) and M(2k) denote the R-algebra of holomorphic functions and the
field of meromorphic functions on g, respectively. The latter is of course the
quotient field of the former. We define K5(Qx) as the intersection of the kernels of
all the tame symbols {-, -}, inside K2(M(Qk)) where x runs through the set Q.

Lemma 5.4. For each k € K2(Qk) there is a unique measure {k} € Mo(K,R*)
such that {k}(D(K)) = {klas)}p for every S € P(K) and D € S.

Proof. First we are going to show that every open cover U of K has a subordinate
cover of the form D(K), D € S where S € P(K). By the compactness of K there
is a finite cover V of the form D(K), D € I subordinate to i where I C D is a
finite set. We may assume that the union (J,; D is not equal to P!(C) by refining
the cover V further. Then any two disks in I are either disjoint or one contains the
other, hence the claim is now clear. The same argument works for any compact
and open subset L of K. When we apply it to the one element cover of L we get
that L can be written as the pairwise disjoint union of sets of the form D(K). In
particular the measure {k} is unique, if it exists. In order to prove that {k}(L) is
well-defined we have to show that the product

[ {*laes)to e R

Del
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is independent of the choice of I and S for every S € P(K) and I C S such
that L = Jpe; D(K). Let T € P(K) and J € T be another pair such that
L =pe; D(K). Then there is a V € P(K) and an M C V such that §) # Q(V)
contains Q(S) UQ(T) and L = Jpc,, D(K). Clearly we only have to show that

{Klon}p=[[ {kleonte
E(K)CD(K)
EeV

for every D € U where U is either S or T. By our assumptions we have either
E(K) C D(K) or E C Qg for every E C D with E € V. As {k|ow)}e = 1 for
disks of the latter type the equality above follows from the invariance theorem.
Finally note that the product {k}(K) = [[pcg{klacs)}p is equal to one for every
S € P(K) by (iii) of Theorem 3.2 hence {k} is indeed an element of Mo(K,R*).

O

Definition 5.5. Now let K and L be two non-empty compact subsets of P*(R)
and assume that a non-constant holomorphic map h : Qg — Qp of rigid ana-
lytic spaces over R are given. Let h* : Ko(M(Qr)) — Ka(M(Qk)) be the pull-
back homomorphism induced by h. By restriction it induces a homomorphism
K5(Qp) — K2(Q), also denoted by h*. For every abelian topological group M
and compact Hausdorff topological space X let 50(%, M) denote the quotient of
Co(X, M) by the group of M-valued constant functions. The integration introduced
in Definition 5.1 induces a canonical identification between Hom(Co (X, Z), R) and
My(%, R) for every R commutative group when Z is discrete. We are going to
define a homomorphism h, : 50(K7 Z) — 50(L,Z), where Z is equipped with the
discrete topology, as follows. Given an element fe 50(K ,Z) first choose one of its
representatives f € Co(K,Z). Then choose an S € P(K) such that f is equal to a
constant f(D) on the set D(K) for every D € S. Then there is a T' € P(L) such
that h(2(S)) € QT'). Choose a g = pcp 9(E) € ZOQUT) which represents

Hy(1)( Y- F(D)D) € Hy(Q(T)).

Des

Let g € Co(L,Z) be the function given by the rule g(z) = g(E) for every z € E(K)
and E € T. We define h.(f) as the class of g in Co(L,Z). One may see that h, is
a well-defined homomorphism in the same way we proved the lemma above. Let
he : Mo(L,R) — Mo(K, R) be the homomorphism induced by this 2* via the
duality described above. The following proposition is an immediate consequence
of the definitions and the invariance theorem:
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Proposition 5.6. We have
{h*(k)} = h*({k}) € Mo(K,R")
for every k € Ko(M(QL)). O

Definition 5.7. For any graph G let V(G) and £(G) denote its set of vertices
and edges, respectively. In this paper we will only consider such oriented graphs
G which are equipped with an involution - : £(G) — £(G) such that for each edge
e € £(G) the initial and terminal vertices of the edge € € £(G) are the terminal
and initial vertices of e, respectively. The edge € is called the edge e with reversed
orientation. Let R be a commutative group. A function ¢ : £(G) — R is called a
harmonic R-valued cochain if it satisfies the following conditions:

(i) We have:
o(e) + ¢o(e) =0 (Ve € £(G)).

(ii) If for an edge e we introduce the notation o(e) and t(e) for its initial and
terminal vertex respectively, then for all but finitely many e € £(G) with
o(e) = v we have ¢(e) = 0 and

Y #le) =0 (Vv eV(@)),
oo

where by our assumption the sum above is well-defined.

We denote by H(G, R) the group of R-valued harmonic cochains on G.
Definition 5.8. A path v on an oriented graph G is a sequence of edges
{e1,e2,...,en,...} CE(G)

indexed by the set I where I = N or I = {1,...,m} for some m € N such that
t(e;) = o(ei4+1) for every i,i + 1 € I. We say that v is an infinite path or a finite
path whether we are in the first or in the second case, respectively. We say that
a path {ej,...,e,,...} indexed by the set I on an oriented graph G is without
backtracking if €; # e;11 for every 4,4+ 1 € I. An oriented graph G is called a tree
if for every pair of different vertices v and w € V(G) there is a unique finite path
{e1,...,en} without backtracking such that o(e1) = v and t(e,) = w. Recall that
a half-line v on an oriented graph G is an infinite path without backtracking. We
say that two half-lines on an oriented graph are equivalent if they only differ in
a finite graph. We define the set Ends(G) of ends of a tree G as the equivalence
classes of half-lines of G. There is a natural topology on Ends(G) given by the
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sub-basis G, e € £(G) where G, consists of the equivalence classes of half-lines of
the form {ej,es,...,en,...} with the property e; = e.

Definition 5.9. By slightly extending the usual terminology we will call a
scheme C' defined over a field a curve if it is reduced, locally of finite type and of
dimension one. A curve C is said to have normal crossings if every singular point
of C'is an ordinary double point in the usual sense. For any curve C' with normal
crossings let C denote its normalization, and let S (C) denote the pre-image of the
set S(C) of singular points of C. We denote by I'(C) the oriented graph whose
set of vertices is the set of irreducible components of 5’, and its set of edges is
the set S(C) such that the initial vertex of any edge = € S(C) is the irreducible
component of C which contains z and the terminal vertex of z is the irreducible
component which contains the unique other element Z of S (C) which maps with
respect to the normalization map to the same singular point as . The map x — =
is an involution - : £(T'(C)) — E(T'(C)) of the type described in Definition 5.7.

Definition 5.10. Let O, f denote the valuation ring of R and its residue field,
respectively. Let {4 be an admissible formal scheme of dimension one over O and
let U denote the rigid analytic space we get from i by applying Raynaud’s functor
(for its definition see [2]). Let £y denote the special fiber of i and assume that
the curve iy over f is totally degenerate. The latter means that Ly has normal
crossings and its irreducible components are smooth projective rational curves
over f. Assume that U is biholomorphic to Qs for some non-empty OU C P1(R).
In this case the graph I'(8lp) is a tree and the topological space Ends(I'({lp)) is
canonically homeomorphic to OU (see [6]). We will use this identification without
further notice. For every element k € K3(U) let {k} denote the function {k} :
E(T'(Up)) — R* which is given by the rule {k}(e) = {k}(I'(Lly).) for every edge
e € E(T'(Mp)) where we use the notation of Definition 5.8 and the symbol {k} on
the right hand side of the equation above denotes the measure we introduced in
Lemma 5.4.

Lemma 5.11. The function {k} lies in H(T'(o), R*).

Proof. The claim is purely graph-theoretical in nature. In fact for every tree 7,
commutative group R and measure p € Mo(Ends(7), R) the function c(u) :
E(T) — R, given by the rule c¢(u)(e) = u(7Z.) for every edge e € £(7T), is an
R-valued harmonic cochain. Fix a vertex v € V(7): then every end of 7 has a
unique representative of the form {ey,es,...,e,,...} with the property o(e;) = v.
Now it is clear that the sets 7., o(e) = v form a pairwise disjoint partition of
Ends(7). Therefore ¢(u) satisfies property (ii) of Definition 5.7. Similarly prop-
erty (i) of Definition 5.7 follows from the fact that, given an edge e € £(T), every
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end of 7 has a unique representative of the form {ej,es,...,e,,...} such that
either ey = eore; =e. O

Definition 5.12. By the lemma above we have constructed a regulator
{-}: Ko(U) — H(I'(o), RY).

We are going to recall the definition of a similar invariant
Reg : K3(U) — H(I'(th), Q)

which is perhaps best called the tame regulator. Let v : R* — Q be a valuation
induced by the absolute value |- |. The normalization map identifies the irreducible
components of Yy and its normalization which we will use without further notice.
For every vertex v € V(T'(iy)) let tl,, denote the open affine subvariety of {y con-
sisting of irreducible component v with all singular points removed. Let i, denote
also the unique open affine formal subscheme of U whose fiber in g is equal to 4,.
Let U, denote the open affinoid of the rigid analytic space U we get by applying
Raynaud’s functor to the admissible formal scheme i,. Then U, is a connected
rational subdomain of P*(C) via the embedding of U into the latter which is iso-
morphic to U(S) for some finite subset S C f. As we saw in Definition 4.5 there is
a valuation on the field M(U, ), hence on the field M(U), whose restriction to R
is v. Let T, denote the corresponding generalized tame symbol from K5 (U) into
the multiplicative group of the function field of i, tensored with Q. For every
k € Ky(U) and every e € E(T'(g)) let Reg(k)(e) € Q denote the valuation of
Toe)(k) at the image of e with respect to the normalization map. It is not diffi-
cult to see that Reg(k) is a harmonic cochain but this fact also follows from the
following result:

Theorem 5.13. For every k € Ko(U) we have: Reg(k) = v({k}).
Proof. For every v € V(I'(lp)) there is a bijection b, from the set
B, ={e € &(T(U)) | ole) =v}

to the set OU, such that v({k};,)) = Reg(k)(e) by Proposition 4.6. Since for
every e € B, we have I'(ly) = b,(e)(0U) the claim is now obvious. O

Definition 5.14. Let X be a geometrically connected regular projective curve
defined over the field R and let R(X) denote the field of rational functions of
the curve X. For any z € X(C) and any two non-zero functions f,g € R(X) let
{f,9}= denote the tame symbol of the pair (f,g) at . We define K3(X) as the
intersection of the kernels of all the tame symbols {-, -}, inside K3(R(X)) where
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2 runs through the set X (C). By the usual abuse of notation let X denote also
the rigid analytic variety associated to the projective curve X as well.

Definition 5.15. Recall that X is called a Mumford curve if there is a flat, pro-
jective, regular and semistable scheme X over the spectrum of O whose generic
fiber over R is isomorphic to X and whose special fiber X over f is totally de-
generate. Let p : 44 — X be the universal cover of X in the category of admissible
formal schemes and let I denote the group of deck transformations of the cover p.
According to [6] the formal scheme 4l is of the type considered in Definition 5.10,
at least under some assumptions on the base field R. Let pg : g — Xy denote the
special fiber of p over f and let p: U — X denote the map of rigid analytic spaces
we get by applying Raynaud’s functor to p. The map pg induces a map of oriented
graphs I'(y) — T'(%p) which in turn induces a map:

pg c H(T(Xo),R*) — H(T(Lo), R

where the superscript I' denotes the subgroup of I'-invariant harmonic cochains.
The natural action of T" on the graph I'(8ly) is proper and free therefore p{ is in fact
an isomorphism. By the invariance theorem the regulator of the pull-back p*(k)
of any element k € Ko(X) with respect to p lies in H(T'(thy), R*)''. Hence we may
define the rigid analytic regulator for X as a map:

{}: Ko (X) — H(I(Xo), R7)
given by the rule {k} = (p§) "1 ({p*(k)}) for every k € K5(X).

Example 5.16. A case of particular interest is when X = FE is a Tate elliptic
curve. In this case the regulator is uniquely determined by its value on any of
the edges of the reduction graph of a minimal model of the elliptic curve E over
Spec(C) so it is really a homomorphism {-} : K3(FE) — C*, well-defined up to
sign. It is very easy to give an explicit description of this homomorphism in general
using the Tate uniformization of the elliptic curve. Recall that an elliptic curve E
defined over C is a Tate curve if its j invariant j(E) is not an element of CO.
Under this assumption there is a rigid analytic Tate uniformization v : C* — E.
The pull-back u*(k) of every k € K5(F) as an element of Ko(R(FE)) in Ko(M(U))
for any U C C* connected rational subdomain lies in K5(U) hence the regulator
{u*(k)}p € C* is well-defined for every D € OU. The value of this regulator
{u*(k)}p € C* does not depend on the choice of U or D if the disk D contains 0
by the homotopy invariance of the regulator. This value is the regulator {k} of the
element k € Ko(E).
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Next we present a purely analytical proof of Weil’s Reciprocity Law for Tate
elliptic curves.

Theorem 5.17. Let E be an elliptic curve defined over C such that its j-invariant
J(E) ¢ C° and let f,g be two non-zero rational functions on E. Then the product
of all tame symbols of the pair (f,g) is equal to 1:

z€E(C)

Proof. This argument can be generalized to Mumford curves using the concept
of a fundamental domain for a Schottky group, but for the sake of simplicity we
present the argument for Tate curves only. As we already noted there is a rigid
analytic Tate uniformization v : C* — E with Tate period ¢ € C such that |¢| > 1.
Let f and g also denote the pull-back of these functions to C* via u by abuse of
notation. Then the restriction of f, g to the annulus A(1,|¢|) is meromorphic. Let
S C A(1, |t]) be a finite set such that the functions f and g do not have a zero or a
pole on A(1,|t|) — S. For each s € S take an open disk Dy C A(1, |t|) containing s
such that these disks are pairwise disjoint. The set Y = A(L, [t]) — U,cg Ds is a
connected rational subdomain. If these disks are sufficiently small claim (iii) of
Theorem 3.2 reads as follows:

{f,9}p0,1) {f 9} D(oo, )1 - H{ﬁ gts =1.

ses
But the functions f, g are periodic with multiplicative period ¢, so the regulators
{f,9}p(0,1) and {f,g}fﬁoo,m—l) = {f,9}D(o,)¢)) are equal, because they only de-
pend on the restrictions of f and g to the sets 9D(0, 1) and dD(0, [t|), respectively.
Hence the product of the first two terms in the equation above is one, and the claim
follows. 0

6. The rigid analytic regulator on Drinfeld’s upper half plane

Example 6.1. Let R denote again a closed subfield of C and assume that the
valuation on R induced by | - | is discrete. Also assume that the residue field
of R is a finite field I, and let O denote the valuation ring of R. Let £} denote
the rigid analytic upper half plane, or Drinfeld’s upper half plane over R. It is
the rigid analytic space Qk introduced in Definition 5.3 in the special case when
K = PY(R). In particular the set of points of Q is P1(C) —P!(R), denoted also by Q
by abuse of notation. We can give a very simple description of the regulator of every
k € K»(Q) as follows. By the invariance theorem the value {k}(p) = {k|a(s)}p(p)
where p € GL2(R) and D(p) € S € P, is independent of the choice of S. We define
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the regulator {k} : GL2(R) — C* of k as the function given by this rule. The
assignment k +— {k} is GL2(R)-equivariant by the invariance theorem.

Definition 6.2. We say that an additive submodule A C R is a lattice if it is
discrete and the quotient A\R is compact. Let I'(4) denote the following subgroup:

aeA}.

The subgroup I'(A) stabilizes the point oo on the projective line via the Mdbius
action. Also note that I'(A) leaves the set

[(A) = {(é ‘f) € GLy(R)

Qe={z€Q]c<|z|i}

invariant for any positive ¢ € |C| where |z|; = inf,egr |2 — 2| is the imaginary abso-
lute value. Let u be a Haar measure on the additive group of the non-archimedean
field R. This measure induces another measure on the quotient group A\R which
will be denoted by the same symbol. We may normalize p such that u(A\R) = 1.
In this case p will take only rational values. We may and we will assume that the
absolute value |-| on R is normalized such that p(yO) = |y|u(O) for every y € R*.
If k € K5(Q) is a I'(A)-invariant element then the regulator {k} : GLy(R) — C* is
also invariant with respect to the left regular action of I'(A). Moreover the regula-
tor {k} is left invariant by multiplication on the right by a compact, open subgroup
of GLy(R) hence the integrand of the integral

k}oo = /A\R{k} ((1) f) dulz) € R ®M({k}(<(1) 1)>

is locally constant and the integral itself is well-defined. The modulus above is a
subset of Q as we already remarked.

Definition 6.3. Let Aj denote the intersection AN O and let p denote the char-
acteristic of the residue field F,. The set Ay is finite and it is also a vector space
over [F,, so its cardinality is a power of p. Let e4(z) : @ — C* denote the classical

ealz)== [] <1i>

0£AEA

Carlitz-exponential:

It is well known (see for example 2.7 of [5], pages 44-45) that the function e’
is I'(A)-invariant and it is a biholomorphic map between the quotient I'(A)\Q.
and a small open disk around 0 punctured at O for a sufficiently large c. We say
that a I'(A)-invariant meromorphic function u on € is meromorphic at oo if the
composition of u and the inverse of the biholomorphic map e;ll is meromorphic
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at 0 for some (and hence all) such numbers c¢. In this case we can speak about its
value, order of zero or order of pole at co. Let M4(£) denote the field of T'(A)-
invariant meromorphic functions on € meromorphic at co. Let K3'(Q) denote the
intersection K5 (Q)N Ko (MA(Q)). For every k € K(MA(Q)) we may speak about
its tame symbol at oo in the sense introduced above.

Theorem 6.4. For each element k € K3'(2) we have n({k}(($i))) € Z and
the integral {k}~ is equal to the tame symbol of k at co multiplied by |Ao|.

Proof. For every positive ¢ € |C| let D, denote the set of those disks D € D such
that there is an element S € P such that D € S and Q(S) C Q.. The set Q.
has the structure of a rigid analytic space such that a function f : Q. — C is
holomorphic if and only if the restriction of f onto £2(S) is holomorphic for every
S € P whenever Q(S) C Q.. Let M(Q,) denote the field of meromorphic functions
on Q. For each k € K3(M(Q)) the value {k}(D) = {k|os)}p, where D € D,
D e S e PandQS) C Q,,is independent of the choice of S and defines a function
{k}:D. — C*. For every y € R* and x € R we have

(Y 7)) =tecll—al> .

so D((§7)) € D, if |y| > c. In particular the integral

we= [ w(p((y 1)) w e erenum(() )

is well-defined for every y € R* and k € Ky(M(Q)) when |y| > ¢ and k can
be represented as a linear combination of symbols of I'(A)-invariant meromorphic
functions on Q.. Under this notation we have {k}o, = {k} . We say that the
I'(A)-invariant meromorphic function u on 2. is meromorphic at oo if it satisfies
the same condition as we demanded for the elements of M#A(Q) in Definition
6.3. Let MA(Q.) denote the field of I'(A)-invariant meromorphic functions on €.
meromorphic at co. Let K3'(€Q.) denote the intersection Ko(.) N Ko(MA()).

Lemma 6.5. For each element k € K3'(Q.) we have |y|~*u({k}((¥;))) € Z and
{k}Y, does not depend on the choice of y € R* where |y| > c.

Proof. Fix a uniformizer 7 € R. As
ol (Y =\\_p((v *). (v v
0 1 0 1 0 1

for every u € O* and v € O, we may assume that y = 7™ for some integer m using
this identity when v = 0. On the other hand the identity above also implies when
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v = 1 that the integrand of the integral {k}¥  is translation-invariant with respect
to the group yO. Since the measure of the projection of this group into A\O with
respect to the measure |y| ™'y is an integer we get that |y|~'pu({k}((¥1))) C Z as
claimed. The function {k} satisfies the identity:

o(( 1) =»(( 1) 1))

for all g € GL2(R) because the disks D(g(§ {)), € € F, give a pairwise disjoint
partition of the disk D(g). An immediate consequence of this identity is the for-
mula:

(ol s

=Sk} <D<(Wﬂ;+l x+17Tm6)>)qm“u(ac+7rme+7rm“0),

eclF,

which holds for every « € R. Hence by the translation-invariance of the measure
g™t we have:

G (2(( 1)) damwie)
:/A\R{k}<D<(W’;H glg>)>d(qm+1u)(m)

for every sufficiently small integer m as claimed. O

Let us return to the proof of the theorem. Choose a presentation k = ), fi®g;
where fi, g; € MA(Q). There is a positive ¢ € R such that the restrictions of the
functions f; and g; onto the rigid analytic space {2, are invertible. For every element
of K5(M#A(.)) we may speak about its tame symbol at oo in the sense introduced
above. By Lemma 6.5 it will be sufficient to prove that the tame symbol of k|,
at oo is equal to the integral {k}¥ for some y € R* with the property |y| > c.
Therefore by bilinearity it will be sufficient to prove that the tame symbol of f® g
at infinity is equal to {f ® g}¥, for every pair of functions f, g € O*(£2.) because of
our assumption on c. In fact it will be sufficient to prove this claim in the following
three cases:

(i) the functions f, g are non-zero at oo,
(ii) the function f is non-zero at oo and g = e,

(iii) both f and g are equal to e4.
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In the first case we need to show that {f ® g}% = 1. We are going to show
that for every positive € there is an y € R* with the property |y| > ¢ such that
{f ® g}¥, € U.. This is sufficient to prove the claim in the first case by Lemma
6.5. Let f(o0) and g(co) € R* denote the value of the functions f and g at oo,
respectively. Then the values of the functions f(z)/f(c0) and g(z)/g(cc) on the
rigid space )4 are in the set U, for a sufficiently large d > 0 as the set {2; maps to a
small neighborhood of 0 with respect to ezl. Choose an element y € R* such that
ly| > d. For every x € R let S(z) € P be a set such that D((§ 7)) € Q(S(x)) and
Q(S(z)) C Qq. By our assumptions the holomorphic functions f/f(c0), g/g(o0)
are in O(Qg(y)) for any x € R hence by Theorem 2.2 we have:

wea((5 1)~ {2a} (6 1) freaestsh (G 1)

o (() 1)) e

where we also used that the third factor on the right hand side is equal to 1. Hence
the integral {k}¥ is an element of U, too, since the corresponding modulus is a
subset of Z.

In the second case we need to show that {f ®e4}L = f(oo)~ |4l where f(c0)
denotes again the value of the function f at co. It is clear that {(f/f(c0)) ®ea}¥
= 1 by repeating the argument used in the proof of the claim in the first case,
therefore we may assume that f = f(co) is constant. By the definition of the
degree homomorphism we have

{f(c0) ® es}(D) = f(oo)deg(eAlms))(D)’

where D € D.,, D € S € P and Q(S) C Q.. In fact for any u € O*(£,) the
expression deg(u|q(s))(D) is independent of the choice of S and defines a function
deg(u) : D, — Z. (It is not difficult see that this is the van der Put logarithmic
differential when the domain of definition of u is €2.) Hence it will be sufficient to
prove that

/ deg(ea) du(z) = —|Aog| €EZQRZ =Z.
A\R

By (ii) of Theorem 3.6 we have:

deg(ea)(D(9)) = —{A € A A ¢ D(g)}]

for every g € GL2(R) such that co € D(g). As

ooeD((é f)) — (2 eP(C)|1< |z —a|}
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for any = € R, we get:

1 =z —|Ap|, ifxze A+0O,
deg(eA)<< )>|{)\€A)\x|§1}| O| ! otherwise

so the claim is now clear in the second case. In the last case we need to show that
{ea®eall, = (—1)~!4l Note that

{f® fip = (=1)dsN®)

for every U C P! rational subdomain, D € 9U boundary component and f €
O*(U) function. This is obviously true for rational functions and the general case
follows from this one by approximation. Therefore we only have to show that

/ (~1)%e8Ca) dpu(z) = (~1)" %] € R* © Z = R*,
A\R

It is clear from the calculations above that the integrand on the left hand side

—|Alo

above is equal to (—1) ,if x € A4+ O, and it is equal to 0, otherwise, hence

the required identity obviously holds. O
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