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ABSTRACT. Let N be a positive integer. In this paper we shall
study the special values of multiple polylogarithms at Nth roots of
unity, called multiple polylogarithm values (MPVs) of level N. Our
primary goal in this paper is to investigate the relations among the
MPVs of the same weight and level by using the regularized double
shuffle relations, regularized distribution relations, lifted versions of
such relations from lower weights, and weight one relations which are
produced by relations of weight one MPVs. We call relations from
the above four families standard. Let d(w, N') be the dimension of the
@Q-vector space generated by all MPVs of weight w and level N. Re-
cently Deligne and Goncharov were able to obtain some lower bound
of d(w, N') using the motivic mechanism. We call a level N standard
if N=1,2,3 0or N = p" for prime p > 5. Our computation suggests
the following dichotomy: If N is standard then the standard relations
should produce all the linear relations and if further N > 3 then the
bound of d(w, N) by Deligne and Goncharov can be improved; oth-
erwise there should be non-standard relations among MPVs for all
sufficiently large weights (depending only on N) and the bound by
Deligne and Goncharov may be sharp. We write down some of the
non-standard relations explicitly with good numerical verification. In
two instances (N = 4, w = 3,4) we can rigorously prove these relations
by using the octahedral symmetry of {0, 00,41, +y/—1}. Throughout
the paper we provide many conjectures which are strongly supported
by computational evidence.
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1 INTRODUCTION

In recent years, there is a revival of interest in multi-valued classical polyloga-
rithms (polylogs) and their generalizations. For any positive integers sq, ..., s¢,
multiple polylogs of complex variables are defined as follows (note that our in-
dex order is opposite to that of [19]):

k1 ke

. xl .. .xe
Lisyose(wn, v = 3, Tee @

k1>-->k¢>0 1 4
where |z1---2;] < 1forj = 1,...,¢. It can be analytically continued to a

multi-valued meromorhpic function on C* (see [29]). Conventionally ¢ is called
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RELATIONS OF MULTIPLE POLYLOGARITHM VALUES 3

the depth (or length) and s; + -+ + sp the weight. When the depth ¢ = 1 the
function is nothing but the classical polylog. When the weight is also 1 one
gets the MacLaurin series of —log(1 — x). Moreover, setting 1 = --- =2y =1
and s; > 1 one obtains the well-known multiple zeta values (MZVs). If one
allows x;’s to be £1 then one gets the so-called alternating Euler sums.

1.1 MULTIPLE POLYLOG VALUES AT ROOTS OF UNITY

In this paper, the primary objects of study are the multiple polylog values at
roots of unity (MPVs). These special values, MZVs and the alternating Euler
sums in particular, have attracted a lot attention in recent years after they were
found to be connected to many branches of mathematics and physics (see, for
e.g., [7, 8,10, 11, 15, 19, 28]). Results up to around year 2000 can be found in
the comprehensive survey paper [6].

Starting from early 1990s Hoffman [21, 22] has constructed some quasi-shuffle
(called stuffle in [6]) algebras reflecting the essential combinatorial properties of
MZVs. Later he [23] extends this to incorporate MPVs although his definition
of #-product is different from ours. This approach was then improved in [24] and
[26] to study MZVs and MPVs in general, respectively, where the regularized
double shuffle relations play prominent roles. One derives these relations by
comparing (1) with another expression of the multiple polylogs given by the
following iterated integral:

Lig, . s(x1,...,20) =

1 o(s1—1) o(s¢g—1)
dt dt dt dt
(71)6/ — o o--ro| — o , (2)
0 t t—aq t t—ayg

where a; = 1/(x1...x;) for 1 < i < {. Here, one defines the iterated integrals
recursively by fab ft)ow(t) = ff(faz w(t))f(x) for any 1-form w(t) and con-
catenation of 1-forms f(¢). One may think the path lies in C; however, it is
more revealing to use iterated integrals in C* to find the analytic continuation
of this function (see [29]).

The main feature of this paper is a quantitative comparison between the results
obtained by Racinet [26] who considers MPVs from the motivic viewpoint of
Drinfeld associators, and those by Deligne and Goncharov [17] who study the
motivic fundamental groups of P* — ({0, co} U ) by using the theory of mixed
Tate motives over S-integers of number fields, where p; is the group of Nth
roots of unity.

Fix an Nth root of unity u = ux = exp(2my/—1/N). An MPV of level N is a
number of the form

LN(Sl, . ,Sg|’L'17 . ,’ig) = L’L'sl,___7sé(ui1, . ,pi’z). (3)

We will always identify (i1, ...,4,) with (i1,...,4¢) (mod N). It is easy to see
from (1) that an MPV converges if and only if (s1,u%) # (1,1). Clearly, all
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4 JIANQIANG ZHAO

MPVs of level N are automatically of level Nk for every positive integer k.
For example when i; = --- =4y, =0 or N = 1 one gets the MZV ((s1,..., s¢).
When N = 2 one recovers the alternating Euler sums studied in [8, 31]. To
save space, if a string S repeats n times then {S}™ will be used. For example,
Ly({212{0}2) = ¢(2,2) = =1/120.

Standard conjectures in arithmetic geometry imply that Q-linear relations
among MVPs can only exist between those of the same weight. Let
MPV(w,N) be the Q-span of all the MPVs of weight w and level N.
Let d(w,N) denoted its dimension. In general, it is very difficult to de-
termine d(w, N) because any nontrivial lower bound would provide some
nontrivial irrational/transcendental result which is related to a variant of
Grothendieck’s period conjecture (see [16] or [17, 5.27(c)]). For example, one
can show easily that MPV(2,4) = (log® 2, 72, wlog 2v/—1, (K —1)y/—1), where
K =Y, o,(-1)"/(2n + 1)? is the Catalan’s constant. From a variant of
Grothendieck’s period conjecture we know d(2,4) = 4 (see [16]) but we don’t
have an unconditional proof yet. Namely, we cannot prove that the four num-
ber log? 2, 72, log 2v/—1, (K —1)y/—1 are linearly independent over Q. Thus,
nontrivial lower bound of d(w, N) is hard to come by.

On the other hand, one may obtain upper bound of d(w, N) by finding as
many linear relations in MPV(w, N) as possible. As in the cases of MZVs and
the alternating Euler sums the double shuffle relations play important roles in
revealing the relations among MPVs. In such a relation if all the MPVs involved
are convergent it is called a finite double shuffle relation (FDS). In general one
needs to use regularization to obtain regularized double shuffle relations (RDS)
involving divergent MPVs. We shall recall this theory in §2 building on the
results of [24, 26].

From the point of view of Lyndon words and quasi-symmetric functions Bigotte
et al. [3, 4] have studied MPVs (they call them colored MZVs) primarily by
using double shuffle relations and monodromy argument (cf. [4, Thm. 5.1]).
However, when the level N > 2, these double shuffle relations often are not
complete, as we shall see in this paper (for level two, see also [5]).

1.2 STANDARD RELATIONS OF MPVs

If the level N > 3 then there are many non-trivial linear relations in
MPV(1, N) of weight one whose structure is clear to us. Multiplied by MPVs
of weight w — 1 these relations can produce non-trivial linear relations among
MPVs of weight w which are called the weight one relations. Similar to these
relations one may produce new relations by multiplying MPVs on all of the
other types of relations among MPVs of lower weights. We call such relations
lifted relations.

It is well-known that among MPVs there are the so-called finite distribution
relations (FDT), see (14). Racinet [26] further considers the regularization of
these relations by regarding MPVs as the coefficients of some group-like element
in a suitably defined pro-Lie-algebra of motivic origin (see §4). Our computa-
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RELATIONS OF MULTIPLE POLYLOGARITHM VALUES 5

tion shows that the regularized distribution relations (RDT) do contribute to
new relations not covered by RDS and FDT. But they are not enough yet to
produce all the lifted RDS.

DEFINITION 1.1. We call a Q-linear relation between MPVs standard® if it can
be produced by some Q-linear combinations of the following four families of
relations: regularized double shuffle relations (RDS), regularized distribution
relations (RDT), weight one relations, and lifted relations from the above.
Otherwise, it is called a non-standard relation.

It is commonly believed that all linear relations among MPVs (i.e. levels one
MPVs) are consequences of RDS. When level N = 2 we believe that all lin-
ear relations among the alternating Euler sums are consequences of RDS and
RDT. Further, in this case, the RDT should correspond to the doubling and
generalized doubling relations of [5].

1.3 MAIN RESULTS

The main goal of this paper is to provide some extensive numerical evidence
concerning the (in)completeness of the standard relations. Namely, these re-
lations in general are not enough to produce all the QQ-linear relation between
MPVs (see Remark 8.2 and Conjecture 8.5); however, we have the following
result (see Thm. 8.6 and Thm. 8.3).

THEOREM 1.2. Let p > 5 be a prime. Then d(2,p) < (5bp+ 7)(p+1)/24 and
d(2,p?) < (p* — p+2)?/4. If a variant of Grothendieck’s period conjecture [17,
5.27(c)] is true then the equality holds for d(2,p) and the standard relations in
MPV(2,p) imply all the others.

If weight w = 2 and N = 52,72, 112,132 or 5, then our computation (see
Table 1) shows that the standard relations are very likely to be complete.
However, if N > 3 is a 2-power or 3-power or has at least two distinct prime
factors then the standard relations are often incomplete. Moreover, we don’t

know how to obtain the non-standard relations rigorously except that when
the level N =4 we get (see Thm. 9.1)

THEOREM 1.3. If the conjecture in [17, 5.27(c)] is true then all the linear
relations among MPVs of level four and weight three (resp. weight four) are the
consequences of the standard relations and the octahedral relation (53) (resp.
the five octahedral relations (54)-(58)).

Most of the MPV identities in this paper are discovered with the help of
MAPLE using symbolic computations. We have verified all relations numeri-
cally by GiNaC [27] with an error bound < 107%. Some results contained in
this paper were announced in [30].

IThis term was suggested by P. Deligne in a letter to Goncharov and Racinet dated Feb.
25, 2008.
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2 THE DOUBLE SHUFFLE RELATIONS AND THE ALGEBRA 2

In this section we recall the procedure to transform the shuffle relations among
MPVs into some pure algebra structures. This is a rather straight-forward
variation of a theme first studied by Hoffman for MZVs (see, for e.g., [22, 23])
and then further developed by Ihara et al. in [24] and by Racinet in [26].
Most of the results in this section are well-known but we include them for the
convenience of the reader.

It is Kontsevich [25] who first noticed that MZVs can be represented by iterated
integrals. One can easily extend this to MPVs [26]. Set

dt tdt
b M

a=—, i = - fori=0,1,...,N — 1.
1 — 't

For every positive integer n define the word of length n

nflb

Yn,i = a i

Then it is straight-forward to verify using (2) that if (si, u®) # (1,1) then
(cf. [26, (2.5)])

1
LN(517 . '7Sn|i1ai27 s ’in) = / Ysi,i1Ysa,irtiz * " Yspintiatotin - (4)
0

One can now define an algebra of words as follows:

DEFINITION 2.1. Set Ay = {1} to be the set of the empty word. Define
A = Q(A) to be the graded noncommutative polynomial Q-algebra generated
by letters a and b; for i = 0,...,N —1 (mod N), where A is a locally finite
set of generators whose degree n part A,, consists of words (i.e., a monomial in
the letters) of depth n. Let 2° be the subalgebra of 2 generated by words not
beginning with by and not ending with a. The words in 2 are called admissible
words.

DOCUMENTA MATHEMATICA 15 (2010) 1-34



RELATIONS OF MULTIPLE POLYLOGARITHM VALUES 7

Observe that every MPV can be expressed as an iterated integral over the
closed interval [0, 1] of an admissible word w in A°. This is denoted by

2= [ " (5)

We remark that the length lg(w) of w is equal to the weight of Z(w). Therefore
in general one has (cf. [26, (2.5) and (2.6)])

Ln(st, .y Snlits92, ooy in) =Z(Ysy iy Ysaistiz = Ysn,isizttin)s (6)
Z(ys1,i1y52,i2 o 'ysn,in) :LN(SI; sy Sn|i17i2 - ila cee 7in - in71)~ (7)

For example L3(1,2,2|1,0,2) = Z(y1,1¥2,1¥2,0)- On the other hand, during
1960s Chen developed a theory of iterated integral which can be applied in our
situation.

LEMMA 2.2. ([12, (1.5.1)]) Let w; (i > 1) be C-valued 1-forms on a manifold
M. For every path p,

/wl"'w’!‘/w’!‘-i-l"'wT-‘rs:/(wl"'wT)m(wT-‘rl”'w’!‘J’-S)
p p p

where m is the shuffie product defined by

(Wl e 'Wr)m(errl e 'WTJrs) = Z Wo(1) * " Wo(r+s)-
0ESts,0 H (1)< <o (r)
o7 Hr+1)< <o T (r+s)
For example, one has
Ln(11)Ln(2,31,2) = Z(y11)Z(y2,13,3) = Z(bim(abia’bs))
=Z(b1ab1a2bg + 2@()%@2()3 + (ab1)2ab3 + ab1a2b163 + ab1a2bgb1)

=Z(y1,1¥2,1Y3,3 + 2Y2,1Y1,1¥3,3 + y§,1y2,3 + Y2,193,191,3 + Y2,1¥3,3Y1,1)
=Ly (1,2,3|1,0,2) + 2Ln(2,1,3(1,0,2) + Ln(2,2,21,0,2)
+ Ln(2,3,11,0,2) + Ln(2,3,1]1,2, N — 2).

Let A be the algebra of 2 together with the multiplication defined by shuffle
product m. Denote the subalgebra 2A° by 2, when one considers the shuffle
product. Then one can easily prove

PROPOSITION 2.3. The map Z : 4%, — C is an algebra homomorphism.

On the other hand, MPVs are known to satisfy the series stuffle relations. For
example

LN(2|5)LN(3|4) = LN(Q, 3|5, 4) + LN(37 2|47 5) + LN(5|9)

To study such relations in general one has the following definition.
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8 JIANQIANG ZHAO

DEFINITION 2.4. Denote by 2! the subalgebra of 2 which is generated by
words ys; with s € N and i = 0,...,N — 1 (mod N). Equivalently, 2A! is
the subalgebra of 2 generated by words not ending with a. For any word
W= Ysy.i1Ysasin = Ysn,in € A and positive integer j one defines the exponent
shifting operator 7; by

T (W) = Yoy i Ysa,jtin = Ysnjtin-

For convenience, on the empty word we adopt the convention that 7;(1) = 1.
We then define another multiplication * on 2! by requiring that * distribute
over addition, that 1 xw = w * 1 = w for any word w, and that, for any words
w1, w2,

Ys,jW1 * Yt kW2 = Ys j (Tj (Tfj (w1) * yt,kWQ)) + Ytk (Tk (ys,jwl * Tfk(w2))>
stk (Tk (75 (@n) + Tr(w2) ). (8)
This multiplication is called the stuffle product in [6].

If one denotes by 2! the algebra (!, ) then it is not hard to show that

PROPOSITION 2.5. (cf. [22, Thm. 2.1]) The polynomial algebra AL is a commu-
tative graded Q-algebra.

Now one can define the subalgebra 2 similar to AY; by replacing the shuffle
product by the stuffle product. Then by induction on the lengths and using
the series definition one can quickly check that for any wy,ws € A°

Z(w1)Z(w2) = Z(w1 * wa).
This implies that
PROPOSITION 2.6. The map Z : A° — C is an algebra homomorphism.

DEFINITION 2.7. Let w be a positive integer such that w > 2. For nontrivial
wi,ws € A with lg(w;) + 1g(wa) = w one says that

Z(wimwe — wy * wa) =0 (9)
is a finite double shuffle relation (FDS) of weight w.

It is known that even in level one these relations are not enough to provide all
the relations among MZVs. However, it is believed that one can remedy this by
considering regularized double shuffle relation (RDS) produced by the following
mechanism. This is explained in detail in [24] when Thara, Kaneko and Zagier
consider MZVs where they call these extended double shuffle relations or EDS.
It is also contained in [26] with a different formulation.

To produce RDS, first, combining Propositions 2.6 and 2.3 one can easily prove
the following algebraic result (cf. [24, Prop. 1]):

DOCUMENTA MATHEMATICA 15 (2010) 1-34



RELATIONS OF MULTIPLE POLYLOGARITHM VALUES 9

PROPOSITION 2.8. One has two algebra homomorphisms:
Z* (UL, %) — C[T], and Z™: (AL, m) — C[T]

which are uniquely determined by the properties that they both extend the eval-
uation map Z : A° — C by sending by = y10 to T.

Second, in order to establish the crucial relation between Z* and Z™ one can
adopt the machinery in [24] as follows. For any (s|i) = (s1,...,8n|i1,...,n)
where 7;’s are integers and s;’s are positive integers, let the image of the corre-
sponding words in ' under Z* and Z™ be denoted by Z(;; (T) and Z{{; (T)
respectively.

THEOREM 2.9. (cf. [26, Cor. 2.24]) Define a C-linear map p : C[T] — C[T] by
Tuy _ = (_1)n n Tu
ple’™) =exp Z—n C(n)u™ | et™, lu] < 1.
n=2

Then for any index set (s|i) one has
Zijy(T) = p(Z{s(T))- (10)

DEFINITION 2.10. Let w be a positive integer such that w > 2. Let (s|i) be any
index set with the weight of s equal to w. Then every weight w MPYV relation
produced by (10) is called a regularized double shuffle relation (RDS) of weight
w. This is obtained by formally setting 7' = 0 in (10).

Theorem 2.9 is a generalization of [24, Thm. 1] to the higher level MPV cases.
The proof is essentially the same. The above steps can be easily transformed
to computer codes which are used in our MAPLE programs. For example, one
gets by stuffle product

TLn(2[3) :Z(*1|0) (T)Z(*2|3)(T) = Z"(y1,0 * Y2,3)
=Z(19003) (1) + Z{5113,3)(T) + Z{35)(T),

while using shuffle product one has

TLN(213) =Z{0)(T) Z{3)3)(T) = Z™ (y1,0mya,3) = Z™ (bomabs)
:Z(mm\o,s) (T) + Z(LH2,1|0,3)(T) + Z(LH2,1|3,0)(T)~

Hence one discovers the following RDS by comparing the above two expressions
using Thm. 2.9:

Ln(2,1]3,0) + Ly (3]3) = Ly (2,113, N — 3) + Ln(2,1]0,3).
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10 JIANQIANG ZHAO

3 WEIGHT ONE RELATIONS

When N > 4 there exist linear relations among MPVs of weight one by a
theorem of Bass [1]. These relations are important because by multiplying any
MPYV of weight w — 1 by such a relation one can get a relation between MPVs
of weight w which is called a weight one relation. This is one of the key ideas
in finding the formula in [17, 5.25] concerning d(w, N).

Clearly, there are N — 1 MPVs of weight 1 and level N:

Ly(1]j) = —log(1—p/),  0<j<N,

where 1 = py = exp(2my/—1/N) as before. Here one can take C — (—o0, 0]
as the principle branch of the logarithm. Further, it follows from the motivic
theory of classical polylogs developed by Beilinson and Deligne in [2] and the
Borel’s theorem (see [20, Thm. 2.1]) that the Q-dimension of MPV(1, N) is

d(1, N) = dim K1 (Z[pn][1/N]) ©Q + 1 = ¢(N)/2 + v(N),

where ¢ is the Euler’s totient function and v(N) is the number of distinct
prime factors of N. Hence there are many linear relations among Ly (1|j). For
instance, if j < N/2 then one has the symmetric relation

N —2j

N T —1.

—log(1—p) = —log(1—p" ) ~log(—p’) = ~log(1 —p" ) +
Thus for all 1 < j < N/2
(N =2)(Ln(1]7) = NN = 7)) = (N = 2j)(Ln(1]1) = Ly (1[N = 1)). (11)

Further, from [1, (B)] for any divisor d of N and 1 < a < N/d one has the
distribution relation

> Ln(lla+ jN/d) = Ly(1|ad). (12)
0<j<d

It follows from the main result of Bass [1] (corrected by Ennola [18]) that all
the linear relations between Ly (1]j) are consequences of (11) and (12). Hence
the weight one relations have the following forms in words: for all w € 2%

(N=2)Z(y1jxw —y1,—j*w) =(N —2§)Z(y1,1 xw — y1,—1 * w),

Z Z(Y1,a+jN/d * W) =Z(Y1,ad * W). (13)
0<j<d

4 REGULARIZED DISTRIBUTION RELATIONS

It is well-known that multiple polylogs satisfy the following distribution formula
(cf. [26, Prop. 2.25]):

Lic,, sy (@1, ymn) =d™ TN i (), (14)

yd=x;,1<j<n
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RELATIONS OF MULTIPLE POLYLOGARITHM VALUES 11

for all positive integer d. When s; = 1 one has to exclude the divergent case
x1 = 1. We call these finite distribution relations (FDT). Racinet further
considers the regularized version of these relations, which we now recall briefly.
Fix an embedding gy — C and denote by I' its image. Define two sets of
words

X:=Xr={r,:0€TU{0}}, and Y:=Yr= {2} 2,:neNoecl}

Then one may consider the coproduct A of Q(X) defined by Az, =1® z, +
1, ® 1 for all ¢ € T'U {0}. For every path v € P}(C) — ({0,00} UT) Racinet
defines the group-like element Z, € C{(X)) by

7, = E Iy(o1,. s 0p)To, -+ T,
pEN,o1,...,0,eTU{0}

where Z, (o1, ..., 0p) is the iterated integral fv w(o1) -+ -w(op) with

odt/(1—ot), if o #0;
w(o)(t) = { dt/t, if o = 0.

(One has to correct the obvious typo in the displayed formula just before Prop.
2.8 in [26] by changing a; to «;.) This I, is essentially the same element
denoted by dch in [17]. Note that Q(Y) is the sub-algebra of Q(X) generated
by words not ending with xg. Let my : Q(X) — Q(Y) be the projection. As
xo is a primitive element one quickly deduces that (Q(Y),A) has a graded
co-algebra structure.

Let Q(X),, be the sub-algebra of Q(X) not beginning with z; and not ending
with zg. Let 7, : Q(X) — Q(X)_, be the projection. Passing to the limit one
gets:

PROPOSITION 4.1. ([26, Prop.2.11]) The series Iy = lim,_o+ p—1- Tev(Zja b))
is group-like in (C{X)).,,A).

cv’

Remark 4.2. The algebras A, A° and ! in §2 are essentially equal to Q(X),
Q(X)., and Q(Y), respectively, after setting a = ¢ and b; = x,,,.

Let Z be the unique group-like element in (C{(X)), A) whose coefficients of x
and z are 0 such that 7o, (Z) = Zo,. In order to do the numerical computation
one needs to determine explicitly the coefficients for Z. Put

7= > C(01,. . 0p) Ty T, (15)

pEN,,01,...,0,€TU{0}
PROPOSITION 4.3. Let p, m and n be three non-negative integers. If p > 0 then
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12 JIANQIANG ZHAO
we assume o1 # 1 and o, #0. Set (o1,...,0p,{0}") = (01,...,04). Then

C{1y", o1,...,0p,{0}")

0, ifmn=p=0;
Z(’/ch(mal"'xcrp))y zfm:n:(),
_ 1 <
o 7_20({1}7”‘71,0-1,...,0-7;,1,0-1'4»1,...,0-(1), me>0, (16)
m .
) ’Lp—l
——20(01,...,Ui_l,O,Ui,...,op,{O}"_l), ifm=0,n>0.
n
i=1

Here Z is defined by (5) after using the identification given by Remark 4.2.

Remark 4.4. This proposition provides the recursive relations one may use to
compute all the coefficients of 7.

Proof. Since 7 is group-like one has
AT=I®T. (17)

The first case follows from this immediately since C(0) = C'(1) = 0. The second
case is essentially the definition (5) of Z. If m > 0 then one can compare the
coefficient of 21 ® z* ', - - T4, of the two sides of (17) and find the relation
(16). Finally, if m = 0 and n > 0 then one may similarly consider the coefficient
of Ty, - .xgpxg_l ® xg in (17). This finishes the proof of the proposition. [

For any divisor d of N let I'Y = {0? : 0 € T'}, iq : I'¥ < T the embedding, and
p? : T — I'? the dth power map. They induce two algebra homomorphisms:

pf : Q(Xr) — Q(Xra)

dxg, ifo=0,
LTy — .
Tya, ifoel,

and

i Q(Xr) — Q(Xrq)

Zo, if o = 0,

: d

To —  To, if o € 'Y,
0, otherwise.

It is easy to see that both ¢} and p? are A-coalgebra morphisms such that
i%(Z) and p?(Z) have the same image under the map m,. By the standard
Lie-algebra mechanism one has
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RELATIONS OF MULTIPLE POLYLOGARITHM VALUES 13

PROPOSITION 4.5. ([26, Prop.2.26]) For every divisor d of N

pAT) =exp | D Lir(o)z | i5(T). (18)

od=1,0#1

Combined with Proposition 4.3 the above result provides the so-called regular-
ized distribution relations (RDT) which of course include all the FDT of MPVs
given by (14).

However, sometimes FDT are not independent of the other relations. In the
next theorem one sees that when the weight w = 2 and level N is a prime, all
the distribution relations in (14), where x; = 1 for all j, are consequences of
RDS of MPVs of level N.

THEOREM 4.6. For any prime p write L(i,j) = Lp(1, 14, 5) and D(i) = L,(2]i).
Define for 1 <1i,5 < p:

FDT := —-D(0)+pY»_D(j),  RDS(i) := D(i) + L(i,0) — L(i, —i),

FDS(i, j) := D(i+ j) + L(i, ) + L(j,i) — L(i,j — i) = L(j, i = J).
Then one has
p—1
FDT = Y FDS(i,i)+2 Y  FDS(i,j)+2) RDS(i).  (19)
1<i<p 1<j<i<p i=1

Proof. When p = 2 the second term on the right hand side of (19) is vacuous.
Then it is easy to see that both sides of (19) are equal to D(0) 4+ 2D(1).
We now assume p > 3. Changing the order of summation yields that

p—1i-1 p—2 p—1
2 Z D(i+j) = ZZDer] +ZZD1+Q
1<]<z<p =2 j=1 j=1li=75+1
p—2 p—1
—ZZDHJ +> D(-1)+> D(i+1)
=2 i#j=1 J=1 =2
p—1 —2 p—1 p—2 p—1
=(p—3) ZD ZD()fZD(Zi)JrZD(j)+ZD(j)+2D(O)
i=2 i=1 =1 j=2
- J J
~(p— D)D) + (p—3) 3 D)
j=1

since Y70 D(i+j) =Y.'~y D(j) for all i and Y0~} D(2i) = -0 D(i). This

implies that the dilogarithms on the right hand side of (19) exactly add up to
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14 JIANQIANG ZHAO

FDT. Thus one only needs to show that all the double logarithms on the right
hand side of (19) cancel out.

First observe that L(i,0) in FDS(4,4) and RDS(i) cancel out each other. Now
let us consider the lattice points (i,j) of Z? corresponding to L(i,j). The
points (4, j) corresponding to L(i,j) with positive signs fill in exactly the area
inside the square [1,p — 1] x [1, p — 1] (including boundary): L(i,4) in FDS(3, 1)
provides the diagonal y = @, >, ;, L(i,7) (resp. >, i, L(j,7)) form
the lower right (resp. upper left) triangular region.

For the negative terms of the double logs, L(i,—i) in RDS(¢) provides the
diagonal = +y = p, D150 L(i,J — 1) = Zf;; Z?;;_H_i L(i,j) form the
upper right triangular region. Similarly, by changing the order of summation
Yoicjcicp LU i—3) = 302 T LG, g —i) = Y02 YT T LG, ) fills the
lower left region. O

To conclude this section we remark that numerical evidence up to level N = 169
supports the following

CONJECTURE 4.7. In weight two, all RDT are consequences of the weight one
relations, RDS and depth two FDT.

5 LIFTED RELATIONS FROM LOWER WEIGHTS

Note that when N = 3 there are no weight one relations nor (regularized)
distribution relations. When we deal with MZVs (resp. alternating Euler sums)
we expect that all the linear relations come from RDS (resp. RDS and RDT).
Since there is no weight one relation when level N < 3 it is natural to ask if
RDS and RDT are enough when N = 3. Surprisingly, the answer is no.

The first counterexample is in weight four, i.e., (w, N) = (4,3). Easy compu-
tation shows that there are 144 MPVs in this case among which there are 239
nontrivial RDS of weight four which include 191 FDS of weight four (see (9)
and (10)). Furthermore, it is easy to verify that all the seven RDT (including
four FDT) can be derived from RDS. Using these relations we get 127 indepen-
dent linear relations among the 144 MPVs. But we have d(4,3) < 16 by [17,
5.25], so there must be at least one more linearly independent relation. Where
else can we find it? The answer is the so-called lifted relations..

We know that a product of two weight two MPVs is of weight four. So on
each of the five RDS (including two FDS) of weight two in MPV(2,3) we can
multiply any one of the nine MPVs of (w,N) = (2,3) to get a relation in
MPYV(4,3). For instance, we have a FDS

Z(yl,l * Yia — y1,1H1y1,1) = L3(2|2) + 2[/3(17 1|17 1) — L3(1, 1|1, 0) =0.
Multiplying by Ls(1,1|1,1) = Z(y1,1¥1,2) we obtain a new relation which is
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RELATIONS OF MULTIPLE POLYLOGARITHM VALUES 15

linearly independent from RDS of weight four in MPV(4, 3):

Z(y1,1y1,2ﬂl(y2,o + 2y1191,2 — 2y171y170))
=L3(1,1,2|1,1,0) + 2L3(1,2,1]1,1,0) 4+ 2L3(2,1,1|1,1,0)
+L3(2,1,1(2,2,1) + 4L3({1}*1,1,2,1) + 8L3({1}*/1,0,1,0)
—6L3({1}*/1,0,0,1) — 4Ls({1}*|1,0,1,2) — 2L3({1}*1,1,2,0) = 0.

Such relations coming from the lower weights are called lifted relations. In
this way, when (w, N) = (4,3) we can produce 45 lifted RDS relations from
weight two, 58 from weight three. We may also lift RDT and obtain nine
and six relations from weight two and three, respectively. However, all the
lifted relations together only produce one new linearly independent relation, as
expected. Hence we find totally 128 linearly independent relations among the
144 MPVs with (w, N) = (4,3). This implies that d(4,3) < 16 which is the
same bound obtained by [17, 5.25] and is proved to be exact under a variant
of Grothendieck’s period conjecture by Deligne [16].

For levels N > 4 one may lift not only RDS and RDT but also the weight
one relations. But by a moment reflection one sees that the lifted weight one
relations are still weight one relations by themselves so one doesn’t really need
to consider them after all.

DEFINITION 5.1. We call a Q-linear relation among MPVs standard if it can
be produced by some Q-linear combinations of the following four families of
relations: regularized double shuffle relations, regularized distribution relations,
weight one relations, and lifted relations from the above. Otherwise, it is called
a non-standard relation.

In general, there are no inclusion relations among the four families of the stan-
dard relations.
Computation in small weight cases supports the following

CONJECTURE 5.2. Suppose N = 3 or 4. FEvery MPV of level N is a linear
combination of MPVs of the form L({1}"|t1,...,tw) with t; € {1,2}. Con-
sequently, the Q-dimension of the MPVs of weight w and level N is given by
d(w,N) =2" for all w > 1.

Remark 5.3. The data in Table 2 in §7 shows that one cannot produce enough
relations by using only the standard relations when (w, N) = (3,4). In fact,
even though one has d(3,4) < 8 and d(4,4) < 16 by [17, 5.25], one can only
show that d(3,4) < 9 and d(4,4) < 21 by using only the standard relations.
However, thanks to the octahedral symmetry of P! — ({0,000} U p,) one can find
(presumably all) the non-standard relations in these two cases (see Thm. 9.1).
Remark 5.4. Let N = 2,3,4 or 8. Assuming a variant of Grothendieck’s period
conjecture, Deligne [16] constructed explicitly a set of basis for MPV(w, N).
His results would also imply that d(w,2) is given by the Fibonacci numbers,
d(w,3) = d(w,4) = 2%, and d(w,8) = 3" under Grothendieck’s period conjec-
ture.
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16 JIANQIANG ZHAO

6 SOME CONJECTURES OF FDS AND RDS

Fix a level N. Let R be a commutative QQ-algebra with 1 and a homomorphism

Zr : A% — R such that the finite double shuffle (FDS) property holds:
ZR(wll_ng) = ZR(wl * wg) = ZR(wl)ZR(wg).

We then extend Zg to Zgl and Z}, as before. Define an R-module automor-
phism pg of R[T] by
pr(e"™) = Ag(u)e™

where

Ag(u) = exp <Z (=1) ZR(a”Ibo)u"> € R[u].
n=2 n

If a map Zg : A° — R satisfies the FDS and (ZB — pg o Z5)(w) = 0 for all

w € A then we say that Zg has the regularized double shuffle (RDS) property.

Let Rgps be the universal algebra (together with a map Zrps : A0 — Rrps)

such that for every Q-algebra R and a map Zp : A° — R satisfying RDS there

always exists a map ¢r to make the following diagram commutative:

ZRDs
A0 —> Rprps

R

When N = 2 computation by Bliimlein, Broadhurst and Vermaseren [5] shows
that the finite distribution relations and the regularized distribution relations
(18) contribute non-trivially when the weight w = 8 and w = 11, respectively.
When N = 3 computation shows that the lifted relations contribute non-
trivially when the weight w = 4 (see §5) and w = 5: we can only get d(5, 3) < 33
instead of the conjecturally correct dimension 32 without using the lifted re-
lations. Note that in this case there are 612 FDS of weight five, 191 RDS of
weight five, 8 FDT and 7 RDT.

One may use the fact that Zg is an algebra homomorphism to produce lifted
finite double shuffle and lifted reqularized double shuffle relations as follows: for
all wy € AL, wo, wh, wl € A with 1g(wr) +1g(wo) = lg(wo) +1g(wh) +1g(wl) = w

Zi (wimwg) — pro Zh(w1) Zi (wo) =0,  Zr((wo*wp)*wj — (womw}) xwp ) = 0.

In general, one can define the universal objects Zsr and Rggr corresponding
to the standard relations similar to Zrps and Rrpg such that for every Q-
algebra R and a map Zg : UA° — R satisfying the standard relations there
always exists a map ¢g to make the following diagram commutative:

Zsr
A0 —— Rgspr

A l (20)

R
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Recall that one has the evaluation map Z : A° — C by Prop. 2.8 which
extends (5).

CONJECTURE 6.1. Let (R,Zr) = (R,Z) if N =1, and (R,Zr) = (C,Z2) if
N =2,3 or N = p" with primep > 5. If N =1 (resp. N = 2) then the map
YR 1s injective, namely, the algebra of MPVs of level one or two is isomorphic
to Rrps (resp. Rsr). If N =3 or N = p™ (p > 5) then the map oc is injective
so the algebra of MPVs of level N is isomorphic to Rgg.

The above conjecture generalizes [24, Conjecture 1]. It means that all the
linear relations among MPVs can be produced by RDS when N =1 or 2, and
by the standard ones when N = 3 or p™ with prime p > 5. When N =p > 5,
p a prime, this is proved in Thm. 8.6 under the assumption of a variant of
Grothendieck’s period conjecture.

Computation in many cases such as those listed in Remark 8.2 and Conjec-
ture 8.5 show that MPVs must satisfy some other relations apart from the
standard ones when N has at least two distinct prime factors, so a naive gener-
alization of Conjecture 6.1 to all levels does not exist at present. However, when
N = 4 one can show that octahedral symmetry of P! — ({0, 00} U p,) provide
all the non-standard relations under the standard assumption (see Thm. 9.1).
But since we only have numerical evidence in weight three and weight four it
may be a little premature to form a conjecture for level four.

7 THE STRUCTURE OF MPVS AND SOME EXAMPLES

In this section we concentrate on RDS between MPVs of small weights. Most of
the computations in this section are carried out by MAPLE. We have checked
the consistency of these relations with many known ones and verified our results
numerically using GiNac [27] and EZ-face [9].

By considering all the admissible words we see easily that the number of distinct
MPVs of weight w > 2 and level N is N2(N + 1)“~2 and there are at most
N(N + 1)»=2 RDS (but not FDS). If w > 4 then the number of FDS is given
by

(N=-DN2 N+ ([F] ) Nt = (N2 ] -1 v v,

If w = 2 (resp. w = 3) then the number of FDS is (N — 1)? (resp. N?(N —1)).
Therefore, it is not hard to see that the number of standard relations grow
polynomially with the level N but exponentially with the weight w.

7.1 WEIGHT ONE

From §3 we know that all relations in weight one follow from (11) and (12), and
no RDS exists. The relations in weight one are crucial for higher level cases
because they provide the weight one relations considered in §3. Moreover, easy
computation by (11) and (12) shows that there is a hidden integral structure,
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namely, in each level there exists a Q-basis consisting of MPVs such that every
other MPV is a Z-linear combination of the basis elements. This fact is proved
by Conrad [13, Theorem 4.6]. Similar results should hold for higher weight
cases and we hope to return to this in a future publication [14].
7.2  WEIGHT TWO
There are N2 MPVs of weight two and level N:
Ly(1,10i,5), Ln(2lj), 1<i<N-1,0<j<N-1.

For 1 <i,j < N the FDS Z*(y1,; *y1,;) = Z™(y1,;my1 ;) yields

~(2li+7) + Ly (1,1, ) + Ly (1,15,4) = Ly (1, 1]i, j — @) + Ly (1, 1]5,4 = j).

(21)
Now from RDS p(Z*(y1,0 * y1.4)) = Z™(y1,0my1 ;) we get for 1 <i < N
LN(1a1|i70)+LN(2|i) = LN(171|Z‘a7i)' (22)
The FDT in (14) yields: for every divisor d of N, and 1 < a,b < d' := N/d
d—1
N (2lad) =d Y Ly(2|a+ jd), (23)
§=0
d—1
v(1,1]ad,bd) = Y Ly(1,1]a+ jd' b+ kd). (24)
4,k=0

To derive the RDT we can compare the coefficients of 12 .4 in (18) and use
Prop. 4.3 to get: for every divisor d of N, and 1 < a < d’

d— d—1d—
~(1lad) Z (1]5d') = Z ~(1,1]jd  a+ kd")
j=1 j=1 k=0
d—1
=Y Ln(la+kd',—a— kd) - Ly(1,1]ad, —ad). (25)
k=0

By definition, the weight one relations are obtained from (11) and (12). For
example, if N = p is a prime then (12) is trivial and (11) is equivalent to the
following: for all 1 < j <h (h:=(p—1)/2)

Ly(1j) = Ln(A] = j) = (p = 2j)(Ln(1|h) — L (12 +1)). (26)

Thus multiplying by Ly (1]i) (1 < 4 < p) and applying the shuffle relation
Ln(1la)Ln(1)b) = Ly (1%|a,b — a) + Ly (1%]b,a — b) (here we put Ly (1%|—) =
Ly(1,1]-) to save space) we get:
Ln(PP[i,§ — i) + Ln (1], — ) = L (1[4, =5 — i) — Ln(1%| = j,i + )
= (p—25)(Ln(1%i,h — i)+ Ln(1°|h,i — h) — Ly (1*|i, —i — h) — Ly (1°| = h,i+ h)).
(27)
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Computation shows that the following conjecture should hold.

CONJECTURE 7.1. The RDT (25) follows from the combination of the following
relations: the weight one relations, the RDS (21) and (22), and the FDT (23)
and (24).

7.3 WEIGHT THREE
Apparently there are N?(N + 1) MPVs of weight three and level N: for each
choice (4,7,k) with 1 <i < N—1,0< j,k < N — 1 we have four MPVs of level
N:
L1345, k) == Ly(1,1,1]4,5, k), Ln(1,2li,5), Ln(2,15,k), Ln(3|k).
For 1 < i,j,k < N the FDS Z* (yl,i * (yl,jyl,k)) = Zm(y17iﬂl(y17jy1,k)) ylelds
Ly (Vi j =i, k) + Ln(Plj,i = G,k + 5 — i) + Ly (1P|, k,i — k — j)
= Ln(2,1]i+j, k) + Ln(1,2]j,i + k)
+ Ln(13, 4, k) + Ly (135,14, k) + Ly (135, k, 1), (28)

For 1 <i,j < N the FDS Z*(y1,; * y2,;) = Z" (y1,imy2,;) yields

Lyn@3li+j)+ Ln (1,24, j) + Ln(2,1]5,9)
Moreover, there are three ways to produce RDS. Since p(T) = T the first
family of RDS come from Z* (yLO * (yl,iy17i+j)) = zm (yl,om(yl,iy17i+j)) for
1<i<N-1,0<j<N-1

Y1,0 * (Y1,iY1,i4+5) = Y1,091,iY1,i45 + Y17 (Y1,0 * Y1,5) + Y2,iY1,i+j
=Y1,0Y1,iY1,5+5 + Y1,iY1,Y1,i+5 T Y1,6Y1,i+5Y1,i+5 T Y1,5Y2,i+5 T Y2,iY1,i+5

On the other hand,
Y1,0I0Y1,3Y1,i+5 = Y1,091,iY1,i+5 + Y1,4Y1,0Y1,i+5 + Y1,iY1,i+5Y1,0-

Hence

Ln(1%[3,0,5) + Ly (1%[i, 4,0) + L (1,23, §) + L (2, 114, 5)
= Ly(1%i,—i i+ j) + L (1%]i, j,—i — 5).  (30)

The second family of RDS follow from p(Z*(y1,0 * y2,:)) = Z™(y1,0my2 ;)
Y1,0Y2,5 + Y2,i¥1,s + Y3,i = Y1,0Y2,i T Y2,0Y1,5 + Y2,iY1,0

DOCUMENTA MATHEMATICA 15 (2010) 1-34



20 JIANQIANG ZHAO

which implies that
LN(2a ]-7 ia 0) + LN(Sﬂ Z) = LN(2a ]-7 ia 72) + LN(27 ]-a 07 Z)

(31)

Now we consider the last family of RDS. By the definition of stuffle product:

Y10 % Y10 * Y1 =(20% o + Y2,0) * Y1
=2y1,0(y1,0 * Y1,0) + 205 ; + 2y2.3Y1,i + Y2,0 * Y16

=2yF oY1 + 21,093 + 2y1.092. + 205 + 202,91 + Y2,0 * Y-

Applying p o Z* and noticing that Z(2|0)( ) = ((2) we get

(T* + 4(2))Z(m1\i) (T) = 2Z(H113|0,0,z') (T) + 22(%\0,1‘,1) (T) + 2Z(LH1,2\0,1')(T)

+ 270515, (T) + 2285111.40)(T) + Z(510)(T) 2} (T).

On the other hand by the definition of shuffle product
Y1,0my1 01y i = 245 oMy = 245 oY1 + 21,01,91,0 + 2Y1,:Y1.0
Applying Z™ we get
T?Z{(T) = 2Z8s10.0.0)(T) + 22 {510,4.0)(T) + 2215100y (T)-
We further have

Z™(y1,0% i + Y1.0Y2,6 — Y1,0Y1,iY1,0)
=Z"(1%10,4,i)(T) + Z{ 90,0 (T) = Z{15)0.1.0)(T)

(32)

(33)

=2Z0511.0.0)(T) = Z(5114,0)(T) = Z(2110,i)(T) = Z{s1i.0.0)(T) = Z{35}44,0(T)

where we have used the facts that
Z(1 210,0)(T) = Z(2\'L)( ) = Zi3111.0)(T) = Z{5 10.6(T)
Z{510.4.5)(T) =T Z{ 15,0 (T) = Z{515.0,0)(T) = Z(3514,5.0)(T)
Z3510.4,0)(T) =T Z{ 1150 — 22 (15)4,0,0)(T)
) =Z{5iiy(T) + Z{F1}i.5(T).

Hence for 1 < i < N we have by subtracting (33) from (32)

Z{ 1160)(T

~(13]3,0,0) + Ln(2,1]i,0) + Ly (13]i, —i,0) =

Ln(2,1]i,—i) + Ln(2,1]0,4) + Ly (13]i, —i,q) + Ln(13]3,0, —).

Setting 7 = 0 in (30) and subtracting from (34) we get

Ln(1%]i, —i,0) = Ly (2,13, —i) + Ln (2,1]0,4) + L (1*[3,0,0) 4+ L (1, 2|7, 0).
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7.4 UPPER BOUND OF d(w, N) BY DELIGNE AND GONCHAROV

By using the theory of motivic fundamental groups of P! — ({0,00} U )
Deligne and Goncharov [17, 5.25] show that d(w, N) < D(w, N) where D(w, N)
are defined by the formal power series

o 1—t2 =)=, ifN=1
1+ D, Nt"=¢ (1—t—)7',  if N=2 (36)
w=1 (1 —at+bt2)"L if N >3,

where a = a(N) := p(N)/2 +v(N), b = b(N) := v(N) — 1, ¢ is the Euler’s
totient function and v(N) is the number of distinct prime factors of N. If
N > 2 then we have

oo
> D(w, N)t* = at + (a® = b)t* + (a® — 2ab)t* + (a* — 3ab+ V)" + - --
w=1

In particular, if p is a prime then for any positive integer n

nfl(

D) =apy = (== 1) (37)

We will compare the bound obtained by the standard relations to the bound
D(w, N) in the next two sections.

8 COMPUTATIONAL RESULTS IN WEIGHT TWO

In this section we combine the analysis in the previous sections and the theory
developed by Deligne and Goncharov [17] to present a detailed computation in
weight two and level N < 169.

Let G := «(LieU,,) be the motivic fundamental Lie algebra (see [17, (5.12.2)])
associated to the motivic fundamental group of P! — ({0, 00} Uy ). As pointed
out in §6.13 of op. cit. one may safely replace G(uy)® by G throughout [20].
Then it follows from the proof of [17, 5.25] that if conjecture [17, 5.27(c)] is
true, which we assume in the following, then

d(2,N) = D(2,N) — dimker(8yn), (38)

where By : A°G_1,_1 — G_o,_ is given by Ihara’s bracket Sy (aAb) = {a, b}
defined by (5.13.6) of op. cit. Here G, o is the associated graded of the weight
and depth gradings of G (see [20, §2.1]). Let k(N) := dimker(8y). Then

. 1, if N=1or2;
0N = dimG, 1 = { o(N)/2 +v(N) 1, if N >3, (39)
by [20, Thm. 2.1]. Thus
i(V) 1= dimTm(By) = 5 (N)(B1(N) — 1)/2 — K(N). (10)
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N 112|134 |5]|6 7 8 9 10 (11 | 12 | 13 | 14 | 15 | 16
01 111|122 3 2 3 3 5 3 6 4 5 4
i 0|0[O0O|0]0]1 1 1 3 3 5 3 8 6 10| 6
k 00O |O0O]1T]0O] 2 0 0 0 5 0 7 0 0 0
02 oO(O0f(1|1]2]|2 4 3 6 5 10 5 14 9 14 | 10
sr 0|01 |1]2]2 4 4 6 6 10 8 14 | 12 | 16 | 16
D 112141419816 9 16 | 15 | 36 | 15 | 49 | 24 | 35 | 25
SR|1|2|4|4|8 |8 |14 |10 |16 |16 | 31 |18 | 42 | 27 | 37 | 31
d 112|414 |88 14 9 16 | 15 | 31 | 15 | 42 | 24 | 35 | 25
N | 1718 | 19 | 20| 21| 22| 23 (24| 25 | 26| 27 |28 | 29
01 8 4 9 5 7 6 11 5 10 7 9 7 14
) 16 | 6 21 (10121 (15| 33 | 10| 40 |21 | 36 | 21 | 56
12| 0 15 0 0 0 22 0 5 0 0 0 35
0o | 24 ] 9 30 | 14 | 27 | 20| 44 | 14| 50 | 27 | 45 | 27 | 70
sr |24 18| 30 | 24|32 |30 | 44 (32| 50 |42 | 54 | 48 | 70
D | 8124|100 | 35|63 |48 | 144 | 35 | 121 | 63 | 100 | 63 | 225
SR |69 |33| 8 | 45|68 | 58 | 122 | 53 | 116 | 78 | 109 | 84 | 190
d |69 24| 8 | 35|63 |48 | 122 |35 | 116 | 63 | 100 | 63 | 190
N 30 | 31 32 33 34 35 36 37 38 39 40 41
01 6 15 8 11 9 13 7 18 10 13 9 20
) 15 65 28 55 36 78 21 96 45 78 36 120
0 40 0 0 0 0 0 57 0 0 0 70
02 19 | 80 36 65 44 90 27 | 114 | 54 90 44 140
sr 48 | 80 64 80 72 96 72 114 | 90 112 | 96 140
D 47 | 256 | 81 143 | 99 195 63 | 361 | 120 | 195 | 99 | 441
SR 76 | 216 | 109 | 158 | 127 | 201 | 108 | 304 | 156 | 217 | 151 | 371
d 47 | 216 | 81 143 | 99 195 63 | 304 | 120 | 195 | 99 | 371
N 42 43 44 45 46 47 48 49 121 125 169
01 8 21 11 13 12 23 9 21 55 50 78
i 28 | 133 | 55 78 66 | 161 | 36 | 175 | 1155 | 1200 | 2288
0 77 0 0 0 92 0 35 330 25 715
o) 34 | 154 | 65 90 77 | 184 | 44 | 196 | 1210 | 1250 | 2366
ST 96 | 154 | 120 | 144 | 132 | 184 | 128 | 196 | 1210 | 1250 | 2366
D 79 | 484 | 143 | 195 | 168 | 576 | 99 | 484 | 3136 | 2601 | 6241
SR | 141 | 407 | 198 | 249 | 223 | 484 | 183 | 449 | 2806 | 2576 | 5526
d 79 | 407 | 143 | 195 | 168 | 484 | 99 | 449 | 2806 | 2576 | 5526

Table 1: Upper bounds of d(2, N) by the standard relations and [17, 5.25].
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Since dimG_5 1 = ¢(N)/2 ift N > 2 and 0 otherwise the dimension of the
degree two part of G is

02(N):=dimG_ 5 _1+dimG_o_o = { g(N]\f))’/2 iV, i x N :13.0r 2;
(41)
Let sr(N) be the upper bound of d2(NN) obtained by the standard relations.
This can be computed by the method described in [30, §2]. Let SR(N) be the
upper bound of d(2, N) similarly obtained by the standard relations. In Table
1 we use MAPLE to provide the following data: k(N), sr(N), and SR(N).
Then we can calculate §1(N), i(N) and 62(N) by (39), (40) (41), respectively.

From (38) we can check the consistency by verifying
sr(N) —62(N)=SR(N)—d(2,N) =SR(N)—D(2,N) + k(N)

which gives the number of linearly independent non-standard relations (as-
suming the conjecture in [17, 5.27(c)]). In Table 1 we provide some computa-
tional data of the above quantities. To save space we write D = D(2, N) and
d=d(2,N).

DEFINITION 8.1. We call the level N standard if either (i) N = 1,2 or 3, or
(ii) N is a prime power p” (p > 5). Otherwise N is called non-standard.

Remark 8.2. We now make the following comments in the weight two case from
Table 1.

(a) When p > 11 the vector space ker 3, contains a subspace isomorphic to the
space of cusp forms of weight two on X (p) which has dimension (p—>5)(p—7)/24
(see [20, Lemma 2.3 & Theorem 7.8]). So it must contain another piece which
has dimension (p — 3)/2 since dim(ker 3,) = (p® —1)/24 by [30, (6)]. One may
wonder if this missing piece has any significance in geometry and/or number
theory.

(b) If N is a 2-power or a 3-power then D(2, N) should be sharp. See Re-
mark 5.4.

(c) If N has at least two distinct prime factors then D(2, N) seems to be sharp,
though we don’t have any theory to support it.

(d) Suppose the conjecture in [17, 5.27(c)] is true. Then by [17, 5.27], (b)
and (c) is equivalent to saying that the kernel of Gy is trivial if the level N is
non-standard. We believe this is also a necessary condition on N for Sy to be
trivial.

(e) If the level N > 3 is standard then Oy is unlikely to be injective. We con-
jecture that non-standard relation doesn’t exist (i.e., SR(N) is sharp), though
for prime power levels we only have verified this for the first four prime square
levels N = 52,72,112,132, and the first cubic power level N = 53.

The equation dim 8, = (p* — 1)/24 (see [30, (6)]) together with Theorem 8.6
confirms Remark 8.2(e) for prime levels if we assume a variant of Grothendieck’s
period conjecture [17, 5.27(c)]. The next result partially confirms Remark
8.2(e) in the case when the level is a prime square.
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THEOREM 8.3. If p > 5 is a prime then ker 8,2 # 0 and
d(2,p*) < D(2,p%) = (p* —p +2)*/4.

Proof. By the proof of Delign-Goncharov’s bound D(2,p?) in [17, 5.25] we only
need to show ker 8,2 # 0. In the following we adopt the same notation as in
[17] and [30].

Fix a primitive p?th root of unity u. Put e(a) = e,a for all integer a. Define

grj = e(pk + j) + e(p* — pk — j) + e(pj) + e(p* — pj)

for0<k<(p—-1)/2,1<j<p-—Tl,andfork=(p—1)/2,1<ji<(p—1)/2.
One only needs to prove the following

CLAIM. Let h = (p — 3)/2. Then one has

h  h p—2 h+1h+1
S Hokagib + D0 Aok gni1s}
k=0 1=k j=2 k=0 j=2
h h  p—2 h h+1

D gk 1905} + DD AGkp-1:9041,5)
k=0 l=k+1 j=2 k=0 j=2
ho h op— h h p-2
ZZ {gk,jaglp 1} — ZZZ{Qk;anH 1} =0.
k=0 1=k j= k=0 =k j=2

There are h(2h+ 3)? = hp2 distinct terms on the left, each with coefficient £1.

The proof of the claim is straight-forward by a little tedious change of indices
and regrouping.

h h p—2 h k p—2 h+1k—1p—2
=22 2 Ao grak =33 > Agwrrnguit =33 D {oea aush
k=0 l=k j=2 k=0 [=0 j=2 k=1 1=0 j=2

Then the expression in the claim becomes

h h p—2 h p—2 h p—2
S Hok gt + D00 fgo, 905t + D) Agnira95}
k=1 1=0 j=2 1=0 j=2 1=0 j=2
h+1h+1 h p—2 h h+1
+ 0 {gk1, 90115} +Zzz{gk,p 19+ DD AGkp—15 91,5}
k=0 j=2 k=0 1=0 j=2 k=0 j=2
h+1 h p—2 h+1h+1
= 3 > Ao gt + DD Agkiignt1,)
k=0 1=0 j=2 k=0 j=2
h h p—2 h h+1
+ZZ {gkp 1,91]}+ZZ{QM 1 Ght1,5}-
k=0 1=0 j= k=0 j=2

Let us write {a,b} = {e(a),e(b)}. By definition
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{gk,lagl,j}

={pk +1,pl +j} + {—pk — Lpl + j} +{p,pl + j} + {—p,pl + j}

+{pk+1,-pl = j} +{-pk = 1,—pl = j} + {p, —pl = j} + {—p, —pl - j}

+{pk+1,pj} + {—pk —1,pj} + {p.pj} + {-p,pj}

+pk+1,—pj} +{—pk —1,—pj} +{p, —pji} + {-p, —pj}

={pk+1,pl+j} +{p(p— k) — Lpl+ 5} + {p,pl + j} + {—p,pl + j}

+Hpk+1Lplp—1-0)+p—jt+{plp—k) - Lplp—1-1)+p—j}
+{p.pp—1-0+p—jt+{-pplp—1-1)+p—j}

+pk+1,pj} +{p(p— k) — 1,pj} + {p,pj} + {—p.pj}

+{pk+ 1,p(p —j)} +{p(p — k) = L,p(p — j) }+{p. p(p — 5)}+{-p,p(p — J) }-

Then
h+1 h p—2 h+1 h p—2
SN Hokngst =D Ak +1,pl+ i} + {plp — k) — 1,pl + j}
k=0 1=0 j=2 k=0 1=0 j5=2

Hpk+1Lplp—1-0)+j} +{plp—Fk) - Lplp—1-1)+j}
Hp,pl + 5y +{-p,pl + 4} +{p,plp—1 -1 +j} + {-p,p(p—1-1) +j}

+2{pk +1,pj} + 2{p(p* k) —1,pj} +2{p,pj} + 2{*p,pj}
h+1 p—1 —

=> > Z{pk+1pl+3}+z Z Z{pk—1p1+3}

k=01=0,l#h+1 j=2 k=h+21=0,l#h+1 j=2
h+1 p—1 — h+1p—2
+> ) Z({p7pl+3}+{ p,pl+3})+2 (h+1)> Y {pk+1,pj}
k=01=0,l#h+1 j=2 k=0 j=2
p p—2 _
+2(h+1) S S {pk - 1pj}+2(h +2)(h+1) Z({p,pj}+{—p7pj})-
k=h+2 j=2 j=2
Thus
h+1 h p—2 h+1 h+1
Z Z Z{gk,ugz,j} + Z Z{gk,179h+1,j}
k=0 1=0 j5=2 k=0 j=2
h+1p—1p-2 p—1p—2
D TSTETINED Sl 3) 9 SER
k=0 1=0 j=2 k=h+2 =0 j=2
p+1p—1 p—2 h+1p—2
— ; ({p,pl+j}+{—p7pl+j}>+p;;{pk+l,m’}

+p Z Z{pk—l pj} + 2 Z({pvpj}Jr{—p,pj})-

k=h+2 j=2 j=2
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Similarly,
h  h p—2 h k41
Zzz{gkp 190t YD Agkp-1.9ni15}
k=0 1=0 j= k=0 j=2
h+1p—1p— p—1 p—1p—2
= Z{pkfl pl4gt+ D Y > Apk+1,pl+j}
k=11=0 j=2 k=h+2 1=0 j=2
» [ polp=2 h41p—2
+ <{p pl+ 7} +{ p7pl+.7})+p22{pk—1m}
1=0 j= k=1 j=2
p—1 p-2 ( )p
> S ok 1piy+ B Z({pvpj}Jr{—p,pj})-
k=h+2 j=2 Jj=2
Altogether the expression in the claim is reduced to
p—lp—1p=2 p p—lp=2
Xi=3 > D Apk+Lpl+gb+> > > vk —Lpl+}
k=0 1=0 j=2 k=11=0 j=2
p—1p—2 p—1p—2
03 3 ({popl+ 3} + {=ppl+5}) +p 3 S {pk+1,pj)}
1=0 j=2 k=0 j=2
p p—2
+pY Y Apk—1 pJ}+pQZ ({pm]}‘f‘{ P, pJ})
k=1 j=2 Jj=2

To see this last expression can be reduced to 0 we recall that by definition [17,
(5.13.6)]

{aa b} = {eaa eb} = [eaa eb] + aa(eb) - ab(ea)a
where 0, is the derivation defined by J,(eg) = 0 and Ja(e¢) = [—[¢](ea), ec]
for any p%th root of unity ¢ (see [17, (5.13.4)]). Thus by abuse of notation
[z, 9] = [e(x), e(y)] we get

—1p—1p—2

X = kzogZQ(pk—i—lpl—i—]] p(k + 1)+ j +1,pl + ]
] +[p(k+l)+j+1,pk:+1]) (42)
+kzp:1i_:p_:([pk1,pl+j][p(k+l)+j1,pl+j]
o +lp(k+ 0+ - Lpk—1])  (43)
+p§§([pml+i]—[p(l+1)+j7pl+j]+[p(l+1)+j,p]
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Hepopl 4 5] = (L~ 1)+ 4.pl+ 3] + [~ 1) + 5, ~p)]) (44)

0> > (ke + 1,p] = [p( + k) + 1,pj] + [p(G + K) + 1pk +1])  (45)
k=0 j=2

0> (k= 9] = [p( + k) = 1,pj] + [p(G + k) — Lpk —1])  (46)
k=1j=2

723 ([p-ps) = [+ 1).p3) + [0 +1),2] + (2.7

~[pG = 1wl + G = 1), -p]). (47)

Now by skew-symmetry of Lie bracket

—
~

[N}
~

_|_
=~
~

w
=

p—1lp—1p—2 —1lp—1p—2
=3NS lpk o+ 1pl + ] +ZZZW€+J pl+j+1]
k=0 1=0 j=2 k=0 1=0 j=2
p—1p—1p—1 p p—1p—2
- ZZ[pk+1pl+g+ZZZ[pm1pl+g]
k=0 1=0 j=3 k=1 1=0 j=2
p p—1lp-3 p p—1p-3
DN e+ D)+ 4o+ AU+ DD pl+ G, pk— 1]
k=11=0 j=1 k=11=0 j=1
p—1p—1 p—1p—1
=) > k+1pl+2]+ > > [pk+p—2,pl+p—1]
k=0 1=0 k=0 1=0
p—1p—1 p p—1
> 3 k4 1,pl+p -1+ [pk—1,pl+p—2]
k=11=0

i)
|

I
(7= I1~]
o
Il
= O

p p—1
[Pk +1,pl+ 2]+ Y > [pl+1,pk — 1] = 0.
k=1 1=0

>
Il
=
~
Il
o

Similarly we can easily find that (44) = (45) = (46) = (47) = 0. This finishes
the proof of the theorem. O

Remark 8.4. The theorem corrects a misprint in the statement of [30, Thm. 2].

In the three cases (w,N) = (2,8),(2,10) and (2,12) we see that SR(N) >
d(w; N) = D(w; N). By numerical computation we have

CONJECTURE 8.5. We have

d(2,8) =9, d(2,10) =d(2,12) = 15,
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and the following relations are the linearly independent non-standard relations:
let Ly(—) = Ly(1,1|=) and L (=) = Lx(2|-), then

37Ls(1,1) =34L7 (5) + 112Lg(3,1) + 11Lg(3,0) + 37LY (1) — 2Ls(2, 6)
+3Lg(7,3) — 111Lg(5,7) + 38Ls(7,7) — 8Ls(5,5), (48)
TL10(5,2) =72L'2) (1) + 265 L2 (7) — TL10(2,5) + 64L10(9,8) + 14L10(5, 6)
— 467L10(4,2) +467L10(8,6) — 164L10(9,4) + 166L10(7,9)
— 260L10(8,1) — 66L10(3,9) — 7L10(6,9) + TL10(6,5).  (49)
L12(8,7) =5L12) (5) + 8L15(8,10) — 6L12(10, 11) — 8L12(9, 11) + L12(10,9)
—15L15(8, 1) + 5L12(9,10) + 5L12(6,1) — L1o(1, 1)
+ 6L15(8,11) — 11L15(6,11) + 8L1(8,3) — L12(11,8),  (50)
60L12(8,11) =38L12(8,7) 4 348L12(10, 11) 4 502L15(9, 11)
— 492L15(10,9) + 600L12(8,1) — 552L15(9, 10)
— 154L15(11,10) + 20L12(6,1) 4+ 261L15(6, 11)
(8, ) )

— 502L12(8,3) + 221L;2(11,8) — 319L12(8, 10), (51)
221L12(1,1) =1854L15(8,10) + 562L12(8,7) — 1018L12(10, 11)

— 2416L12(9,11) + 319L15(10, 9) — 4270L12(8,1)

+2293L15(9,10) + 956 L12(11,10) + 1110L14(6,1)

+ 2416 L19(8, 11) — 3305L12(6, 11) + 2416 L12(8, 3). (52)

When N is a non-standard level we find that very often there are non-standard
relations among MPVs. For examples, the five relations in Conjecture 8.5 are
discovered only through numerical computation. On the other hand, we expect
that the standard relations are enough to produce all the linear relations when
N is standard. In weight two, when N is a prime the answer is confirmed by
the next theorem if one assumes a variant of Grothendieck’s period conjecture.
Computations above provided the primary motivation of this result at the
initial stage of this work.

THEOREM 8.6. ([30]) Let p > 5 be a prime. Then
Gp+7)p+1)
24 '

If the conjecture in [17, 5.27(c)] is true then the equality holds and the standard
relations in MPV(2,p) imply all the others.

Proof. See the proof of [30, Thm. 1]. O

d(2,p) <

It follows from [30, (6)] that the kernel 3, has dimension

2
p°—1
k(p) = 51

for all prime p > 5. From the data in Table 1 we have
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CONJECTURE 8.7. (a) For all prime p > 5 kernel 3,2 has dimension

k(p?) = p(p — 1)(1?2; 2)(p—3)

As a consequence, the upper bound of d(2, p?) produced by the standard relations
18

5p* — 6p® 4+ 19p% — 18p + 24
24 ’

(b) The standard relations produce all the linear relations and the upper bound
in (a) is sharp.

d(2,p*) <

CONJECTURE 8.8. (a) For all prime p > 5 kernel 3,5 has dimension

k(p) = -1 *;)L(p —3)—-4)

As a consequence, the upper bound of d(2, p®) produced by the standard relations

1S
5pS — 2p° — 29p* + 74p? — 48p? + 24

24

(b) The standard relations produce all the linear relations and the upper bound
in (a) is sharp.

d(2,p?) <

9 COMPUTATIONAL RESULTS IN WEIGHT THREE, FOUR AND FIVE

In this last section we briefly discuss our results in weight three, four and five.
Since the computational complexity increases exponentially with the weight we
cannot do as many cases as we have done in weight two.

Combining the FDS (28), (29), RDS (30)-(35), and the weight one relations (13)
and using MAPLE we have verified that d(3,1) = 1,d(3,2) < 3,d(3,3) <8....

N [1]2]3] 45 ] 6] 7
SRB) [ 1|3 8] 9 [22] 23] 50
DB) [ 1|38 8 |27 |20 64
SRA) [ 1 |5 |16 21 | 61 | 69
DA) [ 1|5 [16] 16 | 8L | 55 | 256
SRG) | 2 | 8 |32

D) | 2 | 8 [ 32| 32 | 243 | 144 | 1024
N [8]910] 11 ] 12| 13
SR(3) [ 38|67 |70 | 157 | 94 | 246
D(3) |27 |64 |56 | 216 | 56 | 343

Table 2: Upper bounds of d(w, N) by the standard relations and [17, 5.25].
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We have done similar computation in other small weight and low level cases
and listed the results in Table 2. The values of Deligne and Goncharov’s bound
D(w) = D(w,N) in Table 2 should be compared with the bound SR(w) =
SR(w, N) obtained by the standard relations.
Note that SR(3,4) = D(3,4) + 1. By numerical computation using EZface [9]
and GiNac [27] we find the following non-standard relation in weight 3:
5L4(1,2|2,3) =46L4(1,1,1|1,0,0) — 7L4(1,1,1]2,2,1) — 13L4(1,1,1|1,1,1)
+13L4(1,2]3,1) — L4(1,1,1)3,2,0) + 25L4(1,1,1]3,0,0)
—8L4(1,1,1]1,1,2) + 18L4(2,1]3,0), (53)
and five non-standard relations in weight 4:

0 = — 255608!; — 265360y — 21921613 — 1930617914 — 214008(5 + 455601¢

— 14829617 — 111728003 — 677152l + 86512119 — 239320111 — 5003212

— 121008113 — 96944114 + 202328115 — 117849916 + 9894417

+ 1565754115 4 23071580119 + 363568120 — 3310177121, (54)
0 =297521; + 2331215 + 1096013 + 612341314 + 1644015 — 12408l

+ 714417 + 5827213 + 8697619 — 15952110 + 41144111 + 13552112

+ 29552113 + 9840114 — 36696115 + 375805016 — 4176017

— 477366118 — 7196900019 — 62128]50 + 1048983121, (55)
0 =4774441; + 4313522 + 268168[3 + 9840471014 + 30896415 — 23314016

—+ 13002817 4+ 1563872lg 4+ 151603219 — 2966641109 + 702308111 + 190136112

+ 506440013 + 141592114 — 636468l15 + 6027441115 — 70160077

— 7683609115 — 115803282119 — 1063768120 + 16877562121, (56)
0 = — 59761y 4+ 177613 4+ 849615 — 213267114 + 317615 + 1752l

+ 383217 + 5097613 — 268819 + 2320119 — 1026411, — 5808!12

— 61281135 + 2320014 + 8120115 — 132307116 + 13856117

+ 162614115 + 2487604119 + 12720120 — 368485121, (57)
0 = — 4740641, — 4052481y — 24352013 — 5455637314 — 28395215 + 84368!¢

— 17064017 — 103305615 — 9947841y + 174880110 — 540432111 — 15654412

— 240512113 — 49344114 + 411152115 — 3357683116 + 292256117

+ 4291792115 4 64572648119 + 743136120 — 9470695121 (58)

where by setting L = Ly, 14 = {1}4, ..

11 = L(1%2,1,0,1), 12 = (14|2 12,0), 13 = L(1%2,0,3,1),
(14|2 o3 L(1%1,2,0,3), I = (14|32,0,3),
l7 - (1 |37173 2) ZS - (14|3 03)7 l9 - (1 |3707170)7
lip = (14|3 0,12), 111 =L(2,1%)0,3,0), 12 = L(3,1]0,3),
lis = L(1%2,2,3,0), l14 = L(2,1%3,1%), 115 = L(2,1%(3,0,3),
lig = L(12, 2|23 liy = L(1%2, 0,1 0), l1s = L(2,1%2%,0)
lig = L(1%{2,0}?), la0 = L(22|3, loy = L(14]2%).
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We now can prove this by using the octahedral symmetry of P! — ({0, 00} Up,)
(see Remark 5.3). This idea was suggested to the author by Deligne in a letter
dated Feb. 14, 2008.

THEOREM 9.1. ([30]) If the conjecture in [17, 5.27(c)] is true then all the linear
relations among MPVs of level four and weight three (resp. weight four) are the
consequences of the standard relations and the octahedral relation (53) (resp.
the five octahedral relations (54)-(58)).

Proof. For the proof please see[30, §3]. O
From the available data in Table 2 we can formulate the following conjecture.

CONJECTURE 9.2. Suppose the level N = p is a prime > 5. Then

P4’ +opt 14

d(3,p) < 3

Moreover, equality holds if standard relations produce all the linear relations.

We formulated this conjecture under the belief that the upper bound of d(3, p)
produced by the standard relations should be a polynomial of p of degree 3.
Then we find the coefficients by the bounds of d(3,p) for p = 5,7,11,13 in
Table 2.

When w > 2 it’s not too hard to improve the bound of d(w,p) given in [17,
5.25] by the same idea as used in the proof of [17, 5.24] (for example, decrease
the bound by (p? — 1)/24). But they are often not the best. We conclude our
paper with the following conjecture.

CONJECTURE 9.3. If N is a standard level then the standard relations always
provide the sharp bounds of d(w, N), namely, all linear relations can be derived
from the standard ones, if further N > 3 then the bound D(w, N) in (36) by
Deligne and Goncharov can be lowered. If N is a non-standard level then the
bound D(w,N) is sharp and there exists a positive integer wo(N) so that at
least one non-standard relation exists in MPV(w, N) for each w > wo(N).

It is likely that one can take wp(4) = wo(6) = wp(9) = 3 and wo(N) = 2 for all
the other non-standard levels V.
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ABSTRACT. Let G be an affine reductive algebraic group over an
algebraically closed field k. We determine the Picard group of the
moduli stacks of principal G-bundles on any smooth projective curve
over k.
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1. INTRODUCTION

As long as moduli spaces of bundles on a smooth projective algebraic curve
C have been studied, their Picard groups have attracted some interest. The
first case was the coarse moduli scheme of semistable vector bundles with fixed
determinant over a curve C' of genus go > 2. Seshadri proved that its Picard
group is infinite cyclic in the coprime case [28]; Drézet and Narasimhan showed
that this remains valid in the non—coprime case also [9].

The case of principal G-bundles over C' for simply connected, almost simple
groups G over the complex numbers has been studied intensively, motivated
also by the relation to conformal field theory and the Verlinde formula [1, 12,
20]. Here Kumar and Narasimhan [19] showed that the Picard group of the
coarse moduli scheme of semistable G—principal bundles over a curve C' of
genus go > 2 embeds as a subgroup of finite index into the Picard group of the
affine Grassmannian, which is canonically isomorphic to Z; this finite index
was determined recently in [6]. Concerning the Picard group of the moduli
stack Mg of principal G-bundles over a curve C' of any genus go > 0, Laszlo
and Sorger [23, 30] showed that its canonical map to the Picard group Z of the
affine Grassmannian is actually an isomorphism. Faltings [13] has generalised
this result to positive characteristic, and in fact to arbitrary noetherian base
scheme.

IThe second author gratefully acknowledges the support of the SFB/TR 45 ”Perioden,
Modulrdume und Arithmetik algebraischer Varietaten”
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If G is not simply connected, then the moduli stack Mg has several connected
components which are indexed by 71(G). For any d € m(G), let MZ be the
corresponding connected component of M. For semisimple, almost simple
groups G over C, the Picard group Pic(/\/ldG) has been determined case by case
by Beauville, Laszlo and Sorger [2, 22]. It is finitely generated, and its torsion
part is a direct sum of 2g¢ copies of 71 (G). Furthermore, its torsion—{ree part
again embeds as a subgroup of finite index into the Picard group Z of the affine
Grassmannian. Together with a general expression for this index, Teleman [31]
also proved these statements, using topological and analytic methods.

In this paper, we determine the Picard group Pic(/\/ldG) for any reductive group
G, working over an algebraically closed ground field k without any restriction
on the characteristic of k (for all g > 0). Endowing this group with a natural
scheme structure, we prove that the resulting group scheme E(Mdg) over k
contains, as an open subgroup, the scheme of homomorphisms from 71 (G) to
the Jacobian Jo, with the quotient being a finitely generated free abelian group
which we denote by NS(M%) and call it the Néron-Severi group (see Theorem
5.3.1). We introduce this Néron—Severi group combinatorially in § 5.2; in par-
ticular, Proposition 5.2.11 describes it as follows: the group NS(M$E,) contains
a subgroup NS(M gan) which depends only on the torus G*® = G/[G, G]; the
quotient is a group of Weyl-invariant symmetric bilinear forms on the root
system of the semisimple part [G, G], subject to certain integrality conditions
that generalise Teleman’s result in [31].

We also describe the maps of Picard groups induced by group homomorphisms
G — H. An interesting effect appears for the inclusion tg : Tg — G of a
maximal torus, say for semisimple G: Here the induced map NS(ME) —
NS(M$,,) for a lift 6 € m(Tq) of d involves contracting each bilinear form
in NS(M%) to a linear form by means of § (cf. Definition 4.3.5). In general,
the map of Picard groups induced by a group homomorphism G — H is
a combination of this effect and of more straightforward induced maps (cf.
Definition 5.2.7 and Theorem 5.3.1.iv). In particular, these induced maps are
different on different components of M, whereas the Picard groups Pic(/\/ldG)
themselves are essentially independent of d.

Our proof is based on Faltings’ result in the simply connected case. To deduce
the general case, the strategy of [2] and [22] is followed, meaning we “cover”
the moduli stack M% by a moduli stack of “twisted” bundles as in [2] under
the universal cover of GG, more precisely under an appropriate torus times the
universal cover of the semisimple part [G,G]. To this “covering”, we apply
Laszlo’s [22] method of descent for torsors under a group stack. To understand
the relevant descent data, it turns out that we may restrict to the maximal
torus Tz in G, roughly speaking because the pullback ¢, is injective on the
Picard groups of the moduli stacks.

We briefly describe the structure of this paper. In Section 2, we recall the
relevant moduli stacks and collect some basic facts. Section 3 deals with the
case that G = T is a torus. Section 4 treats the “twisted” simply connected
case as indicated above. In the final Section 5, we put everything together to
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prove our main theorem, namely Theorem 5.3.1. Each section begins with a
slightly more detailed description of its contents.

Our motivation for this work was to understand the existence of Poincaré fam-
ilies on the corresponding coarse moduli schemes, or in other words to decide
whether these moduli stacks are neutral as gerbes over their coarse moduli
schemes. The consequences for this question are spelled out in [4].

2. THE STACK OF G—BUNDLES AND ITS PICARD FUNCTOR

Here we introduce the basic objects of this paper, namely the moduli stack of
principal G-bundles on an algebraic curve and its Picard functor. The main
purpose of this section is to fix some notation and terminology; along the way,
we record a few basic facts for later use.

2.1. A PICARD FUNCTOR FOR ALGEBRAIC STACKS. Throughout this paper,
we work over an algebraically closed field k. There is no restriction on the
characteristic of k. We say that a stack X over k is algebraic if it is an Artin
stack and also locally of finite type over k. Every algebraic stack X # () admits
a point xg : Spec(k) — X according to Hilbert’s Nullstellensatz.

A 1-morphism & : X — Y of stacks is an equivalence if some 1-morphism
¥ : Y — X admits 2-isomorphisms ¥ o ® = idy and ® o ¥ = idy. A diagram

x —2= y

@l l@’

y _B. Y
of stacks and 1-morphisms is 2—-commautative if a 2—-isomorphism ®’0A = Bo® is
given. Such a 2-commutative diagram is 2—cartesian if the induced 1-morphism
from X to the fibre product of stacks X’ xy» ) is an equivalence.
Let X and ) be algebraic stacks over k. As usual, we denote by Pic(X) the
abelian group of isomorphism classes of line bundles £ on X. If X # (), then

pry : Pic(Y) — Pic(X x V)

is injective because ) : Pic(X x V) — Pic(}) is a left inverse of prj.
DEFINITION 2.1.1. The Picard functor Pic(X) is the functor from schemes S
of finite type over k to abelian groups that sends S to Pic(X x S)/ prj Pic(5).

If Pic(X) is representable, then we denote the representing scheme again by
Pic(X). If Pic(X) is the constant sheaf given by an abelian group A, then we
say that Pic(X) is discrete and simply write Pic(X') = A. (Since the constant
Zariski sheaf A is already an fppf sheaf, it is not necessary to specify the
topology here.)

LEMMA 2.1.2. Let X and Y be algebraic stacks over k with T'(X,0x) = k.

i) The canonical map

prs : [(Y,0y) — I'(X x Y, Oxxy)
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is an isomorphism.
ii) Let £ € Pic(X x V) be given. If there is an atlas u : U — Y for which
u*L € Pic(X x U) is trivial, then L € pri Pic(Y).

Proof. 1) Since the question is local in ), we may assume that ) = Spec(A4) is
an affine scheme over k. In this case, we have

L(X x Y, 0xxy) =T(X, (pry)Oxxy) =T(X, A®, Ox) = A=T(Y,0y).

ii) Choose a point z¢ : Spec(k) — X. We claim that £ is isomorphic to
pry Ly, for L, := z§ L € Pic()). More precisely there is a unique isomorphism
L = prs L., whose restriction to {zg} x Y = Y is the identity. To prove this,
due to the uniqueness involved, this claim is local in ). Hence we may assume
Y = U, which by assumption means that £ is trivial. In this case, statement
(i) implies the claim. O

COROLLARY 2.1.3. For v = 1,2, let X, be an algebraic stack over k with
I'(X,,0x,) = k. Let ® : Xy — Xy be a 1-morphism such that the induced
morphism of functors ®* : Pic(Xe) — Pic(Xy) is injective. Then

®* : Pic(Xe x V) — Pic(X; x Y)
1s ingjective for every algebraic stack Y over k.

Proof. Since ) is assumed to be locally of finite type over k, we can choose
an atlas u : U — Y such that U is a disjoint union of schemes of finite type
over k. Suppose that £ € Pic(X2 x )) has trivial pullback ®*£ € Pic(X; x ).
Then (® x u)*L € Pic(X; x U) is also trivial. Using the assumption on ®* it
follows that u*L € Pic(Xy x U) is trivial. Now apply Lemma 2.1.2(ii). O

We will also need the following stacky version of the standard see—saw principle.

LEMMA 2.1.4. Let X and Y be two nonempty algebraic stacks over k. If Pic(X)
is discrete, and T'(Y, Oy) =k, then

pri ® prj : Pic(X) @ Pic(Y) — Pic(X x V)
s an isomorphism of functors.
Proof. Choose points ¢ : Spec(k) — X and yp : Spec(k) — Y. The mor-
phism of functors pr] @ prj in question is injective, because

i ® w : Pie(X x ¥) — Pie(X) & Pic(¥)
is a left inverse of it. Therefore, to prove the lemma it suffices to show that
Yo D ) is also injective.
So let a scheme S of finite type over k be given, as well as a line bundle £ on
X x Y x S such that yiL is trivial in Pic(X). We claim that £ is isomorphic
to the pullback of a line bundle on ) x S.

To prove the claim, tensoring £ with an appropriate line bundle on S if nec-
essary, we may assume that yjL is trivial in Pic(X x S). By assumption,
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Pic(X) = A for some abelian group A. Sending any (y, s) : Spec(k) — Y x S
to the isomorphism class of

(y,8)"(£) € Pic(X)

we obtain a Zariski-locally constant map from the set of k—points in ) x S to
A. This map vanishes on {yp} x S, and hence it vanishes identically on Y x S
because Y is connected. This means that v*L € Pic(X x U) is trivial for any
atlas u: U — Y x S. Now Lemma 2.1.2(ii) completes the proof of the claim.
If moreover a3 L is trivial in Pic()), then L is even isomorphic to the pullback of
a line bundle on S, and hence trivial in Pic(X x )’). This proves the injectivity
of y5 @ x§, and hence the lemma follows. O

2.2. PRINCIPAL G—BUNDLES OVER A CURVE. We fix an irreducible smooth

projective curve C' over the algebraically closed base field k. The genus of C'

will be denoted by go. Given a linear algebraic group G — GL,,, we denote by
Mg

the moduli stack of principal G-bundles E on C'. More precisely, M¢ is given
by the groupoid M(S) of principal G-bundles on S x C' for every k—scheme S.
The stack M is known to be algebraic over k (see for example [23, Proposition
3.4], or [24, Théoreme 4.6.2.1] together with [29, Lemma 4.8.1]).

Given a morphism of linear algebraic groups ¢ : G — H, the extension of the
structure group by ¢ defines a canonical 1-morphism

Ys : Mg — My
which more precisely sends a principal G-bundle F to the principal H-bundle
0. E:=FEx%H:=(FExG)/H,
following the convention that principal bundles carry a right group action. One

has a canonical 2—isomorphism (¢ o @), = 1, o ¢, whenever ¢ : H — K is
another morphism of linear algebraic groups.

LEMMA 2.2.1. Suppose that the diagram of linear algebraic groups

H£>G2

—_—
G1 $1

is cartesian. Then the induced 2—commutative diagram of moduli stacks

h2)x
MHgMGQ

(wl)*l l(@z)*

Mg, — Mg

(1)«

is 2—cartesian.
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Proof. The above 2—commutative diagram defines a 1-morphism
My — ,/\/lG1 X Mg MGQ.

To construct an inverse, let E be a principal G-bundle on some k-scheme
X. For v = 1,2, let E, be a principal G,~bundle on X together with an
isomorphism E, x% G = E; note that the latter defines a map E, — E of
schemes over X. Then G1 x G5 acts on E7 X x E5, and the closed subgroup
H C (G x G4 preserves the closed subscheme

F2:E1 XEEggEl XXEQ.

This action turns F' into a principal H—bundle. Thus we obtain in particular
a 1-morphism
M01 X Mea M02 — MH.

It is easy to check that this is the required inverse. O

Let Z be a closed subgroup in the center of G. Then the multiplication Z x
G — (@ is a group homomorphism; we denote the induced 1-morphism by

R Mz x Mg — Mg

and call it tensor product. In particular, tensoring with a principal Z—bundle
& on C defines a 1-morphism which we denote by

(1) te : Mo — Me.

For commutative GG, this tensor product makes Mg a group stack.

Suppose now that G is reductive. We follow the convention that all reductive
groups are smooth and connected. In particular, M is also smooth [3, 4.5.1],
so its connected components and its irreducible components coincide; we denote
this set of components by mo(Mg). This set mo(M¢) can be described as
follows; cf. for example [15] or [16].

Let tg : T¢ — G be the inclusion of a maximal torus, with cocharacter group
A1, = Hom(G,,,, Ts). Let Acoroots © A1, be the subgroup generated by the
coroots of G. The Weyl group W of (G, T¢) acts on Ar,,. For every root a with
corresponding coroot oV, the reflection s, € W acts on A € Ar, by the formula
5a(A) = XA = {a, \)aV. As the s, generate W, this implies w(A) — A € Acoroots
for all w € W and all A € Ap,. Thus W acts trivially on Ar,, /Acoroots, S0 this
quotient is, up to a canonical isomorphism, independent of the choice of Tg.
We denote this quotient by 71 (G); if m1(G) is trivial, then G is called simply
connected. For k = C, these definitions coincide with the usual notions for the
topological space G(C).

Sending each line bundle on C to its degree we define an isomorphism
m0(Mg,,) — Z, which induces an isomorphism mo(Mr.,) — Ar,. Its in-

m

verse, composed with the map
(ta)s : To(Mrg) — mo(Ma),
is known to induce a canonical bijection

US! (G) = ATG /Acoroots e 7TO(-/\/IG);
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cf. [10] and [16]. We denote by M, the component of M given by d € 71 (G).

LEMMA 2.2.2. Let ¢ : G — H be an epimorphism of reductive groups over
k whose kernel is contained in the center of G. For each d € m(G), the 1-
morphism

©0rt ML — M, e:=@.(d) € m (H),
18 faithfully flat.
Proof. Let Ty C H be the image of the maximal torus T C G. Let B C G
be a Borel subgroup containing T; then

By := ¢(Bg) C H

is a Borel subgroup of H containing Ty;. For the moment, we denote

e by M%G C Mr, and MdBG C M p, the inverse images of Mé C Mg,
and
e by M7 C Mg, and MG, C Mg, the inverse images of M§ C Mpy.

Let mg : Bg - Tq and 7 : By — Ty denote the canonical surjections. Then
Mg, = (nc); (MF,)  and By = () (M4,),

because mo(Mr,) = mo(Mp,) and mo(Mr,) = m(Mp,) according to the

proof of [10, Proposition 5]. Applying Lemma 2.2.1 to the two cartesian squares

Te << Bs——~@

of groups, we get two 2—cartesian squares

d d d
MTG %MBG ﬁMG

(@T)*l l(@s)* l‘/’*

e € €
TH-<—MBH—>MH

of moduli stacks. Since (pr). is faithfully flat, its pullback (¢p). is so as well.
This implies that ¢, is also faithfully flat, as some open substack of M%
maps smoothly and surjectively onto MS$;, according to [10, Propositions 1
and 2]. O

3. THE CASE OF TORUS

This section deals with the Picard functor of the moduli stack MY in the
special case where G = T is a torus. We explain in the second subsection that
its description involves the character group Hom(7T, G,,,) and the Picard functor
of its coarse moduli scheme, which is isomorphic to a product of copies of the
Jacobian J¢. As a preparation, the first subsection deals with the Néron—Severi
group of such products of principally polarised abelian varieties. A little care

DOCUMENTA MATHEMATICA 15 (2010) 35-72



42 INDRANIL BISWAS AND NORBERT HOFFMANN

is required to keep everything functorial in T', since this functoriality will be
needed later.

3.1. ON PRINCIPALLY POLARISED ABELIAN VARIETIES. Let A be an abelian
variety over k, with dual abelian variety AY and Néron—Severi group
NS(A) := Pic(A)/AY (k).
For a line bundle L on A, the standard morphism
¢ A— AY

sends a € A(k) to 77(L) ® LY where 7, : A — A is the translation by a.
¢r, is a homomorphism by the theorem of the cube [27, §6]. Let a principal
polarisation
¢: A AY

be given. Let

¢? :NS(A) — End A
be the injective homomorphism that sends the class of L to ¢~ o ¢r. We
denote by 7 : End A — End A the Rosati involution associated to ¢; so by
definition, it sends a: A — A to af := ¢~ 0¥ 0 ¢.

LeEMMA 3.1.1. An endomorphism o € End(A) is in the image of ¢ if and only
if af = a.

Proof. If k = C, this is contained in [21, Chapter 5, Proposition 2.1]. For
polarisations of arbitrary degree, the analogous statement about End(A) ® Q
is shown in [27, p. 190]; its proof carries over to the situation of this lemma as
follows.

Let [ be a prime number, [ # char(k), and let

e; :Tl(A) X Tl(Av) — Zl(l)

be the standard pairing between the Tate modules of A and A, cf. [27, §20].
According to [27, §20, Theorem 2 and §23, Theorem 3|, a homomorphism
1 : A — AV is of the form ¥ = ¢, for some line bundle L on A if and only if

ez, .y) = —ei(y, Yex) forall z,y € Ti(A).
In particular, this holds for ¢. Hence the right hand side equals
—ei(y, Yux) = —ey(y, ‘b*‘b;ll/)*x) = ez(@lw*x, oxy) = ez, ¢X(¢71)¥¢*y) )

where the last equality follows from [27, p. 186, equation (I)]. Since the pairing
e; is nondegenerate, it follows that 1) = ¢ holds for some L if and only if

Yay = ¢X(¢71)¥¢*y for all ye Tl(A)7

hence if and only if 1) = ¢V o (¢~1)V 0 ¢. By definition of the Rosati involution
f, the latter is equivalent to (¢! o))l = ¢~ 0 9. O

Let A be a finitely generated free abelian group. Let A ® A denote the abelian
variety over k with group of S—valued points A ® A(S) for any k—scheme S.
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DEFINITION 3.1.2. The subgroup

Hom®(A ® A,End A) C Hom(A ® A, End A)
consists of all b : A ® A — End A with b(A\; ® \2)T = b(Ay ® A1) for all
A1, Ag € AL
COROLLARY 3.1.3. There is a unique isomorphism

¢} : NS(A ® A) =5 Hom®*(A ® A, End A)
which sends the class of each line bundle L on A ® A to the linear map
(L) A® A — End A

defined by sending A1 @ A for A1, Ao € A to the composition

AN Nl (ne )y LB qv 2 g

Proof. The uniqueness is clear. For the existence, we may then choose an
isomorphism A = Z"; it yields an isomorphism A ® A = A". Let
=g x - x g AT (AV)" = (A7)
[ —

r factors
be the diagonal principal polarisation on A". According to Lemma 3.1.1,

¢® :NS(A") — End(4")
is an isomorphism onto the Rosati—invariants. Under the standard isomor-
phisms

End(A") = Mat,,(End A) = Hom(Z" ® Z",End A),

the Rosati involution on End(A”) corresponds to the involution (c;;) — (a}i)
on Mat,,(End A), and hence the Rosati-invariant part of End(A”) corre-

sponds to Hom®*(Z" ® Z",End A). Thus we obtain an isomorphism

C¢7.

NS(A® A) 2 NS(A") — Hom*(Z" ® Z",End A) = Hom*(A ® A, End A).
By construction, it maps the class of each line bundle L on A ® A to the map

ci(L) : A ® A — End A prescribed above. O

3.2. LINE BUNDLES ON MY%. Let T' = G, be a torus over k. We will always
denote by
Ar = Hom(G,,,T)

the cocharacter lattice. We set in the previous subsection this finitely generated
free abelian group and the Jacobian variety Jo, endowed with the principal
polarisation ¢g : Jo — J& given by the autoduality of Jo. Recall that ¢g
comes from a line bundle O(©) on J¢ corresponding to a theta divisor © C Je.

DEFINITION 3.2.1. The finitely generated free abelian group
NS(Mr) := Hom(Ar,Z) @ Hom®(Ar ® Ar,End J¢)

is the Néron—Severi group of M.
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For each finitely generated abelian group A, we denote by Hom(A, J¢o) the k-
scheme of homomorphisms from A to Jo. If A 2 Z" x Z/ny X -+ X Z/ng,
then

Hom(A, Jo) & J& x Jo[na] x -+ x Jo[ns]
where Jo[n] denotes the kernel of the map Jo — Jeo defined by multiplication
with n.

PROPOSITION 3.2.2. i) The Picard functor Pic(MY) is representable by
a scheme locally of finite type over k.
ii) There is a canonical exact sequence of commutative group schemes

0 — Hom(Ar, Je) 25 Pie(M%) <% NS(My) — 0.
iii) Let & be a principal T—bundle of degree 0 € A on C. Then the diagram

0 — Hom(Ar, Jo) —>P10(/\/l%) — > NS(M7) —=0
| o]

0 —— Hom(Ar, J¢o) L>P1(:(/\/lo) > NS(M7p) —=0

commutes.

Proof. Let a line bundle £ on MY be given. Consider the point in MY, given
by a principal T—bundle £ on C of degree 0 € Ap. The fiber of L, at this point
is a 1-dimensional vector space L¢, endowed with a group homomorphism

w(L)e : T = Aut(§) — Aut(Le) =G,y

since £ is a line bundle on the stack. As M. is connected, the character w(L)¢
is independent of &; we denote it by

w(l): T — Gy,
and call it the weight w(L) of L. Let
q: Mg — M7

be the canonical morphism to the coarse moduli scheme 99, which is an
abelian variety canonically isomorphic to Hom(A7, J¢o). Line bundles of weight
0 on MY descend to 9., so the sequence

0 — Pic(M%) > Pie(M%) % Hom(Ar, Z)

is exact. This extends for families. Since Pic(A) is representable for any abelian
variety A, the proof of (i) is now complete.

Standard theory of abelian varieties and Corollary 3.1.3 together yield another
short exact sequence

0 — Hom(A7, Jo) — Pic(My) — Hom*(Ar ® Ar,End Jo) — 0.

Given a character x : T — Gy, and p € C(k), we denote by X*E;;“i" the line
bundle on MY that associates to each T-bundle L on C the G,,~bundle x. L,
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Clearly, X*E;;ni" has weight y; in particular, it follows that w is surjective, so
we get an exact sequence of discrete abelian groups

0 — Hom®*(Ar ® Ar,End Jo) — Pic(M%)/Hom(Ar, Jo) — Hom(Ar,Z) — 0.
Since C is connected, the algebraic equivalence class of X*E;;“i" does not

depend on the choice of p; sending x to the class of X*E;“i" thus defines a

canonical splitting of the latter exact sequence. This proves (ii).

Finally, it is standard that ¢; (see (1)) is the identity map on Pic®(MmY) =

Hom(A, Jc) (see [26, Proposition 9.2]), and ¢ induces the identity map on the

discrete quotient Pic(M$)/Pic” (919) because £ can be connected to the trivial
T-bundle in M. O

Remark 3.2.3. The exact sequence in Proposition 3.2.2(ii) is functorial in T
More precisely, each homomorphism of tori ¢ : T — T’ induces a morphism
of exact sequences

0 — Hom(Agv, Jo) —2> Pic(M3,) —2= NS(Mz/) —= 0

|- ok

0 — Hom(Ar, Jo) —== Pic(M%) —Z > NS(M7) —= 0.

COROLLARY 3.2.4. Let Ty and Ty be tori over k. Then

pry & prj : Pic(M,) & Pic(M,) — Pic(M7, «1,)
1s a closed immersion of commutative group schemes over k.
Proof. As before, let Ap,, Ap, and A «7, denote the cocharacter lattices.
Then

pry @ pry : Hom(Ar,, Jo) ® Hom(Ar,, Jo) — Hom(Ar, x1,, Jo)

is an isomorphism, and the homomorphism of discrete abelian groups

pri @ prs : NS(Mr, ) & NS(Mr,) — NS(Mr, x1,)
is injective by Definition 3.2.1. g

4. THE TWISTED SIMPLY CONNECTED CASE

Throughout most of this section, the reductive group G over k will be simply
connected. Using the work of Faltings [13] on the Picard functor of Mg, we
describe here the Picard functor of the twisted moduli stacks M o.L introduced
in [2]. In the case G = SL,, these are moduli stacks of vector bundles with
fixed determinant; their construction in general is recalled in Subsection 4.2
below.

The result, proved in that subsection as Proposition 4.2.3, is essentially the
same: for almost simple G, line bundles on Mg ; are classified by an integer,
their so—called central charge. The main tool for that are as usual algebraic
loop groups; what we need about them is collected in Subsection 4.1.
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For later use, we need to keep track of the functoriality in G, in particular
of the pullback to a maximal torus T in G. To state this more easily, we
translate the central charge into a Weyl-invariant symmetric bilinear form on
the cocharacter lattice of Tz, replacing each integer by the corresponding mul-
tiple of the basic inner product. This allows to describe the pullback to T
in Proposition 4.4.7(iii). Along the way, we also consider the pullback along
representations of G; these just correspond to the pullback of bilinear forms,
which reformulates — and generalises to arbitrary characteristic — the usual
multiplication by the Dynkin index [20]. Subsection 4.3 describes these pull-
back maps combinatorially in terms of the root system, and Subsection 4.4
proves that these combinatorial maps actually give the pullback of line bundles
on these moduli stacks.

4.1. Loopr GrROUPS. Let G be a reductive group over k. We denote

e by LG the algebraic loop group of G, meaning the group ind-scheme
over k whose group of A-valued points for any k-algebra A is G(A((t))),
e by LG C LG the subgroup with A-valued points G(A[[t]]) C
G(A((1))),
e and for n > 1, by L2"G C Lt@G the kernel of the reduction modulo ¢".
Note that LTG and L2"G are affine group schemes over k. The k-algebra
corresponding to LZ"@ is the inductive limit over all N > n of the k-algebras
corresponding to LZ"G/LZN. A similar statement holds for L*G.
If X is anything defined over k, let Xg denote its pullback to a k—scheme S.

LEMMA 4.1.1. Let S be a reduced scheme over k. For n > 1, every morphism
¢ : (LZ"G)s — (Gy)s of group schemes over S is trivial.

Proof. This follows from the fact that L="G is pro—unipotent; more precisely:
As S is reduced, the claim can be checked on geometric points Spec(k’) — S.
Replacing k by the larger algebraically closed field k" if necessary, we may thus
assume S = Spec(k); then ¢ is a morphism LZ"G — G,,.

Since the k—algebra corresponding to G, is finitely generated, it follows that ¢
factors through L="G/LZNG for some N > n. Denoting by g the Lie algebra
of G, [8, II, §4, Theorem 3.5] provides an exact sequence

1 — L2NG — L2V — g — 1.

Thus the restriction of ¢ to LZN~1G induces a character on the additive group
scheme underlying g. Hence this restriction has to vanish, so ¢ also factors
through L2"G/LZN~1G. Tterating this argument shows that ¢ is trivial. [0

LEMMA 4.1.2. Suppose that the reductive group G is simply connected, in par-
ticular semisimple. If a central extension of group schemes over k

(2) 1—Gp —H-SLTG—1

splits over LZ"G for some n > 1, then it splits over LTG.
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Proof. Let a splitting over L="G be given, i.e. a homomorphism of group
schemes o : LZ"G — H such that m o o = id. Given points h € H(S) and
g € L="G(S) for some k-scheme S, the two elements

h-o(g)-h~! and  o(m(h)-g-w(h)™")

in H(S) have the same image under m, so their difference is an element in
G (S), which we denote by ¢n(g). Sending h and g to h and ¢p(g) defines a
morphism
¢ (LZ"G)n — (G )nt

of group schemes over H. Since L*G/LZ'G = G and LZN~'G/LZN = g for
N > 2 are smooth, their successive extension LTG/LZN G is also smooth. Thus
the limit LTG is reduced, so H is reduced as well. Using the previous lemma,
it follows that ¢ is the constant map 1; in other words, ¢ commutes with
conjugation. o is a closed immersion because 7 o ¢ is, so ¢ is an isomorphism
onto a closed normal subgroup, and the quotient is a central extension

1— Gpn — H/o(L"G) — LTG/L="G — 1.

If n > 2, then this restricts to a central extension of LZ"~!G/LZ"G = g by
G- Tt can be shown that any such extension splits.

(Indeed, the unipotent radical of the extension projects isomorphically to the
quotient g. Note that the unipotent radical does not intersect the subgroup
G, and the quotient by the subgroup generated by the unipotent radical and
G, is reductive, so this this reductive quotient being a quotient of g is in fact
trivial.)

Therefore, the image of a section g — H / o(LZ"@G) has an inverse image in H
which 7 maps isomorphically onto L="~'G C L*G. Hence the given central
extension (2) splits over LZ"~!G as well. Repeating this argument, we get a
splitting over L='G, and finally also over L™ G, because every central extension
of LYG/LZ'G = G by G,, splits as well, G being simply connected.

(To prove the last assertion, for any extension G of G by G, consider the
commutator subgroup [é , é] of G. It projects surjectively to the commutator
subgroup of G which is G itself. Since [é , é] is connected and reduced, and G
is simply connected, this surjective morphism must be an isomorphism.) O

4.2. DESCENT FROM THE AFFINE GRASSMANNIAN. Let G be a reductive group
over k. We denote by Grg the affine Grassmannian of G, i.e. the quotient
LG/L™G in the category of fppf-sheaves. Let @c,p denote the completion of
the local ring O¢p, of the scheme C in a point p € C(k). Given a uniformising

element z € Oc¢ p, there is a standard 1-morphism
glue, . : Grg — Mg

that sends each coset f-LTG to the trivial G-bundles over C'\ {p} and over 6C,p,
glued by the automorphism f(z) of the trivial G-bundle over the intersection;
cf. for example [23, Section 3], [13, Corollary 16], or [14, Proposition 3].
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For the rest of this subsection, we assume that G is simply connected, hence
semisimple. In this case, Grg is known to be an ind-scheme over k. More
precisely, [13, Theorem 8] implies that Grg is an inductive limit of projec-
tive Schubert varieties over k, which are reduced and irreducible. Thus the
canonical map

(3) prs : I'(S,Og) — T'(Grg xS, Ogrg x5)

is an isomorphism for every scheme S of finite type over k.

Define the Picard functor Pic(Gr¢) from schemes of finite type over k to abelian
groups as in definition 2.1.1. The following theorem about it is proved in full
generality in [13]. Over k = C, the group Pic(Grg) is also determined in [25]
as well as in [20], and Pic(M) is determined in [23] together with [30].

THEOREM 4.2.1 (Faltings). Let G be simply connected and almost simple.
i) Pic(Grg) 7.
ii) glue, , : Pic(M¢g) — Pic(Grg) is an isomorphism of functors.
The purpose of this subsection is to carry part (ii) over to twisted moduli stacks

in the sense of [2]; cf. also the first remark on page 67 of [13]. More precisely,
let an exact sequence of reductive groups

(4) 1—G—G%G, —1
be given, and a line bundle L on C. We denote by Mg ; the moduli stack
of principal G-bundles E on C together with an isomorphism dt, F & L; cf.

section 2 of [2]. If for example the given exact sequence is

1—SL, — GL, 2% G,, — 1,

then Mgy, 1 is the moduli stack of vector bundles with fixed determinant L.
In general, the stack Mg ; comes with a 2—cartesian diagram

M@,L - ./\/l@
dt

Spec(k) L Mg

m

from which we see in particular that Mg ; is algebraic. It satisfies the following
variant of the Drinfeld-Simpson uniformisation theorem [10, Theorem 3].

LEMMA 4.2.2. Let a point p € C(k) and a principal G-bundle & on C x S
for some k—scheme S be given. FEvery trivialisation of the line bundle dt. &
over (C'\ {p}) x S can étale-locally in S be lifted to a trivialisation of € over

(C\{p}) x 5.

Proof. The proof in [10] carries over to this situation as follows. Choose a max-
imal torus Tz C G. Using [10, Theorem 1], we may assume that £ comes from
a principal Tgz-bundle; cf. the first paragraph in the proof of [10, Theorem 3].
Arguing as in the third paragraph of that proof, we may change this principal
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Tz-bundle by the extension of G,,~bundles along coroots G,, — Tg. Since
simple coroots freely generate the kernel T of Tz — Gy, we can thus achieve
that this Tz—bundle is trivial over (C'\ {p}) x S. Because G,, is a direct factor

of T, we can hence lift the given trivialisation to the Tz—bundle, and hence

also to £. O

Let d € Z be the degree of L. Since dt in (4) maps the (reduced) identity
component Z% = G,, of the center in G surjectively onto G,,, there is a Z%—
bundle & (of degree 0) on C with dt.(£) ® Oc(dp) = L; tensoring with it defines
an equivalence

te: Mg ocan — Mo,

Choose a homomorphism ¢ : G,, — G with dtod = d € Z = Hom(Gy,, Gy).
We denote by ¢ € LG(k) the image of the tautological loop t € LG, (k) under
04 : LG, — LG. The map

t6~_:Grg—>Gr@
sends, for each point f in LG, the coset f - LT G to the coset t0f - L*G. Its
composition Grg — Mg with glue, , factors naturally through a 1-morphism
glue, , 5 : Grg — Ma,oc(dp)’
because dt, o(t? - ) : LG — LG — LG,, is the constant map t?¢, which via

gluing yields the line bundle O¢(dp). Lemma 4.2.2 provides local sections of
glue, . 5. These show in particular that

glue;’Z’(S : F(M@,Oc(dp)’ OMé,oc(dm) — I'(Grg, Ocre)

is injective. Hence both spaces of sections contain only the constants, since
I'(Grg, Ocrg ) = k by equation (3). Using the above equivalence t¢, this implies

(5) (Mg 1, Omg ) =k

PROPOSITION 4.2.3. Let G be simply connected and almost simple. Then
glue;,z,é :E(M@,Oc(dp)) — Pic(Grg)

s an isomorphism of functors.

Proof. LG acts on Grg by multiplication from the left. Embedding the k-
algebra Ocy, := I'(C'\ {p}, Oc¢) into k((t)) via the Laurent development at p
in the variable t = z, we denote by Lcy,G C LG the subgroup with A-valued
points G(A ®x Ocv,) € G(A((t))) for any k-algebra A. Consider the stack
quotient LC\pG\ Grg. The map glue, , descends to an equivalence

LC\pG\ GrG ; MG

because the action of Lo\ ,G on Grg corresponds to changing trivialisations
over C'\ {p}; cf. for example [23, Theorem 1.3] or [13, Corollary 16].
More generally, consider the conjugate

L2,G=1t""Lc\,G - t° C LG,
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which is actually contained in LG since LG is normal in LG. Using Lemma
4.2.2, we see that the map glue,, ., 5 descends to an equivalence

Leny G\ Gre == Mg o, (ap)»
because the action of L‘sc pG on Grg again corresponds to changing trivialisa-
tions over C'\ {p}.
Let S be a scheme of finite type over k. Each line bundle on S X M@’ ; with
trivial pullback to S x Grg comes from a character (L‘Sc\pG)s — (Gp)s,
since the map (3) is bijective. But L‘SC\pG is isomorphic to Lcy,G, and every
character (LeypG)s — (G )s is trivial according to [13, p. 66f.]. This already
shows that the morphism of Picard functors glue;, , ; is injective.
The action of LG on Grg induces the trivial action on Pic(Grg) = Z, for
example because it preserves ampleness, or alternatively because LG is con-
nected. Let a line bundle £ on Grg be given. We denote by Mumpg (L) the
Mumford group. So Mumypg(L£) is the functor from schemes of finite type over
k to groups that sends S to the group of pairs (f,g) consisting of an element
f € LG(S) and an isomorphism g : f*Ls — Lg of line bundles on Grg xS.
If f =1, then g € G,,(S) due to the bijectivity of (3), while for arbitrary
f € LG(S), the line bundles Lg and f*Lg have the same image in Pic(Grg)(5),
implying that Lg and f*Lg are Zariski-locally in S isomorphic. Consequently,
we have a short exact sequence of sheaves in the Zariski topology

(6) 1— G, — Mumpg(£) G — 1.

This central extension splits over LTG C LG, because the restricted action
of LTG on Grg has a fixed point. We have to show that it also splits over
L‘Sc\pG C LG.

Note that L‘SC\pG = 7(Lc\pG) for the automorphism v of LG given by conju-

gation with ¢°. Hence it is equivalent to show that the central extension

(7) 1 — G,y — Mumpg(£) ARy e

splits over Ly, G. We know already that it splits over v~ YL*@Q), in particular
over LZ"G for some n > 1. Thus it also splits over LG, due to Lemma 4.1.2.
Hence it comes from a line bundle on LG/LTG = Grg (whose associated
G ~bundle has total space Mumpe(£)/LTG, where LG acts from the right
via the splitting). According to Theorem 4.2.1(ii), this line bundle admits a
Ly, G-linearisation, and hence the extension (7) splits indeed over Len,G.

Thus the extension (6) splits over L‘SC\pG7 so £ admits an L‘SC\prlinearisation
and consequently descends to Mé,oc( dp)* This proves that glue, , 5 is sur-
jective as a homomorphism of Picard groups. Hence it is also surjective as a
morphism of Picard functors, because Pic(Grg) = Z is discrete by Theorem
4.2.1(i). O
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Remark 4.2.4. Put G* := G/Z, where Z C G denotes the center. Given
a representation p : G® — SL(V), we denote its compositions with the
canonical epimorphisms G — G2 and G — G2 also by p. Then the diagram

gluey .

Pic(Msgrvy) Pic(Grsyv))
ﬂ*l lﬂ*
teoglue )"

Pic(Mg ;) — =20l pi(Grg)

commutes.

Proof. Let t*°° € LSL(V) denote the image of the canonical loop t € LG,,
under the composition pod : G, — SL(V'). Then the left part of the diagram

glue,, . t
Grg ’ Me o (ap) — Mz
S | |
glue,, . t
GrSL(V) Gr@ M@ < M@
Sk b
- glue,, .
GI"SL(V) MSL(V) — MSL(V)

commutes. The four remaining squares are 2—commutative by construction
of the 1-morphisms glue, , 5, glue, , and t¢. Applying Pic to the exterior
pentagon yields the required commutative square, as L SL(V') acts trivially on
Pic(Grsyv))- O

4.3. NERON—SEVERI GROUPS NS(M) FOR SIMPLY CONNECTED G. Let G be
a reductive group over k; later in this subsection, we will assume that G is
simply connected. Choose a maximal torus Tg C G, and let

(8) Hom(Az, ® Ay, Z)Y

denote the abelian group of bilinear forms b : Ar, ® Ar, — Z that are
invariant under the Weyl group W = Wg of (G, Tg).

Up to a canonical isomorphism, the group (8) does not depend on the choice of
T¢. More precisely, let TS, C G be another maximal torus; then the conjugation
vg : G — G with some g € G(k) provides an isomorphism from T¢ to T, and
the induced isomorphism from Hom(A7, ® Ary,, Z)W to Hom(Ar, ® A1y, Z)W
does not depend on the choice of g.

The group (8) is also functorial in G. More precisely, let ¢ : G — H be a
homomorphism of reductive groups over k. Choose a maximal torus Ty C H
containing ¢(T¢).

LEMMA 4.3.1. Let T{, € G be another mazimal torus, and let Ty; C H be a
mazimal torus containing ¢(T}). For every g € G(k) with T}, = v4(T¢), there

DOCUMENTA MATHEMATICA 15 (2010) 35-72



52 INDRANIL BISWAS AND NORBERT HOFFMANN

is an h € H(k) with T}; = yo(Tr) such that the following diagram commutes:

Vg /
Te ——T;

b

Ty —>T;{

Proof. The diagram

‘/W lw lw
—1 / ’Y%’(Q) /
Typ oo > Vo) (Ty) —=T}

allows us to assume T, = T and g = 1 without loss of generality. Then T and
T}, are maximal tori in the centraliser of ¢(7T¢), which is reductive according
to [17, 26.2. Corollary A]. Thus T}, = yn(Tgr) for an appropriate k—point h of
this centraliser, and 73, o ¢ = ¢ on T by definition of the centraliser. 0

Applying the lemma with T/, = Tg and T}, = Tx, we see that the pullback
along ¢, : Ar, — Ap, of a Wy—invariant form Ar, ® Ar, — Z is Wg—
invariant, so we get an induced map
(9) ©* : Hom(Ar, @ Ar,,,Z)V# — Hom(Az, @ A, Z)Ve
which does not depend on the choice of Tz and Ty by the above lemma again.
For the rest of this subsection, we assume that G and H are simply connected.
DEFINITION 4.3.2. i) The Néron—Severi group NS(Mg) is the subgroup
NS(M¢g) € Hom(Ar, ® Az, Z)V
of symmetric forms b : Ar, ® Ar, — Z with b(A ® A\) € 2Z for all
A€ ATG-
ii) Given a homomorphism ¢ : G — H, we denote by
©" :NS(Mpy) — NS(Mg)

the restriction of the induced map ¢* in (9).
Remarks 4.3.3. i) If G = G1 x Gy for simply connected groups G; and Gba,
then

NS(Mg) = NS(Mg,) & NS(Mg,),
since each element of Hom (A7, ® Az, Z)™¢ vanishes on Az, @ Az, + A, ®
Arg, .
ii) If on the other hand G is almost simple, then
NS(Mg) =7 b

where the basic inner product bg is the unique element of NS(M) that satisfies
be(aV,a) =2 for all short coroots av € Aq, of G.
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ili) Let G and H be almost simple. The Dynkin index d, € Z of a homo-
morphism ¢ : G — H is defined by ¢*(bg) = d, - ba, cf. [11, §2]. If ¢ is
nontrivial, then d, > 0, since bg and by are positive definite.

Let Z C G be the center. Then G*! := G/Z contains Tgea = Tg/Z as a
maximal torus, with cocharacter lattice ATGa s CA,. ®Q.
We say that a homomorphism [ : A — A’ between finitely generated free
abelian groups A and A’ is integral on a subgroup ACA® Q if its restriction
to AN A admits a linear extension  : A — A’ By abuse of language, we will
not distinguish between [ and its unique linear extension L.

LEMMA 4.3.4. Every element b: Ar, ® Ar, — Z of NS(Mg) is integral on
ATGM ® ATG and on ATG ® ATGad'

Proof. Let o : Ar, ® Q — Q be a root of G, with corresponding coroot
a € Ar,. Lemme 2 in [5, Chapitre VI, §1] implies the formula

b(A®aY) =a()) b ®aY)/2

for all A € Ar,. Thus b(-® ") : Ay, — Z is an integer multiple of «; hence
it is integral on Az, , the largest subgroup of Az, ® Q on which all roots are
integral. But the coroots oV generate Ar,, as G is simply connected. g

Now let g : Tg — G denote the inclusion of the chosen maximal torus.
DEFINITION 4.3.5. Given 0 € Ar_,,, the homomorphism

()0 : NS(Mg) — NS(Mr)
sends b: Ar, ® Ar, — Z to
b(—d®_.): A, — Z and idj, -b: Ar, ® A, — End Je.
This map ()5 is injective if gc > 1, because all multiples of id ;. are then
nonzero in End Jo. If go = 0, then End Jo = 0, but we still have the following

LEMMA 4.3.6. Every coset d € Ar,,,/Ar, = m1(G*) admits a lift § € A,
such that the map (1c)N° : NS(Mg) — NS(Mr,,) is injective.

Proof. Using Remark 4.3.3, we may assume that G is almost simple. In this
case, (1¢)VS? is injective whenever § # 0, because NS(Myg) is cyclic and its
generator bg : A, ® Ar, — Z is as a bilinear form nondegenerate. O

Remark 4.3.7. Given ¢ : G — H, let 1y : Ty — H be a maximal torus with
o(Tg) CTy. If 6 € Ar,, or if more generally 6 € Ar_,, is mapped to Apaa by
vs A, ® Q — Ap, ® Q, then the following diagram commutes:

(LH)NS,%J

NS(Mpu) NS(Mxy,)

C T
(ta)NS?

NS(Mg) ————— NS(M )
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4.4. THE PULLBACK TO TORUS BUNDLES. Let £ = £d°¢ be determinant of
cohomology line bundle [18] on Mar,,, whose fibre at a vector bundle E on C
is det H*(E) = det HO(E) ® det H (E)dual,

LEMMA 4.4.1. Let € be a line bundle of degree d on C'. Then the composition

”
Pic(Mg,,) —= Pic(M, ) % NS(Mg,,) = Z @ End s,
maps LY to 1 — gc +d € Z and —idy. € Endy,.

Proof. For any line bundle L on C and any point p € C'(k), we have a canonical
exact sequence

O—>L(—p)—>L—>Lp—>O

of coherent sheaves on C. Varying L and taking the determinant of cohomology,
we see that the two line bundles £9°t and t*o(_p)ﬁdet on M%m have the same
image in the second summand End Jo of NS(Mg,, ). Thus the image of ¢£*
in End Jo does not depend on &; this image is —id;, because the principal
polarisation ¢g : Jo — J is essentially given by the dual of the line bundle
Edet'

The weight of tgﬁd“ at a line bundle L of degree 0 on C' is the Euler charac-
teristic of L ® £, which is indeed 1 — g¢ 4+ d by Riemann—Roch theorem. |

Let ¢ : Tsr,, — SL, be the inclusion of the maximal torus Tgr,, := G}}, N SL,,
where G7, € GL,, as diagonal matrices. Then the cocharacter lattice Ary, =~ is
the group of all d = (dy,...,d,) € Z"™ with d; + --- 4+ d,, = 0. The basic inner
product bsr,,, : ATSL" ® ATSL" —— Z is the restriction of the standard scalar
product on Z".

COROLLARY 4.4.2. Let £ be a principal Tsy,, ~bundle of degree d € Aty —on C.
Then the composition

CTsL,,

Pic(Mst, )~ Pie(May,, ) ~ Pie(MS, ) —2 NS(Mry, )

maps L9 to bgy,, (d® -) : Ary, — Z and —idy, bsy, : Ay, ® Ay, —
End Je.

Proof. Since the determinant of cohomology takes direct sums to tensor prod-
ucts, the pullback of £3°° to Mgn is isomorphic to prj LI @ --- @ pr}; £,
where pr, : G, - G,, is the projection onto the vth factor. Now use the
previous lemma to compute the image of £3¢ in NS(Mgn ) and then restrict
to NS(MTSLW ) O

COROLLARY 4.4.3. If p : SLy — SL(V') has Dynkin index d,, then the pullback
p* : Pic(Mgr,vy) — Pic(Msy,) maps LI to (L£3°F)®4e.
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Proof. Let ¢ : Tgr,cvy = SL(V) be the inclusion of a maximal torus that con-
tains the image of the standard torus Tgy,, — SLa. The diagram

CTsp(v)
TSL(V)) > NS(MTSL(V))

p* lﬂ* \Lﬂ* ‘(ﬂ*
tr CT,

PiC(MSLQ) Lﬁ* PiC(MTSL2) % PiC(M(T)—'SLQ) e NS(MTSL2)

* t*
PiC(MSL(V)) s PiC(./\/lTSL(V)) AN PiC(MO

commutes for each principal Tgr,—bundle £ on C. We choose ¢ in such a way
that deg(§) € Ay, = Z is nonzero if go = 0. Then the composition

CTyy,, © tz o : Pic(Msgr,) — NS(MTSLQ)

of the lower row is injective according to Theorem 4.2.1 and Corollary 4.4.2.
The latter moreover implies that the two elements p*(£9%) and (£3°%)®% in
Pic(Mst,) have the same image in NS(Mry, ). a

Now suppose that the reductive group G is simply connected and almost simple.
We denote by Og;,, (1) the unique generator of Pic(Gr¢) that is ample on every
closed subscheme, and by Og;. (n) its nth tensor power for n € Z.

Over k = C, the following is proved by a different method in section 5 of [20].

PROPOSITION 4.4.4 (Kumar-Narasimhan-Ramanathan). If p : G — SL(V)
has Dynkin index d,, then p* : Pic(Grgy)) — Pic(Grg) maps O(1) to
OGYG (dﬂ)'

Proof. Let ¢ : SLy — G be given by a short coroot. Then d, = 1 by
definition, and [13] implies that ¢* : Pic(Grg) — Pic(Grsr,) maps O(1) to
O(1), for example because ¢* : Pic(M¢g) — Pic(Mgr,) preserves central
charges according to their definition [13, p. 59]. Hence it suffices to prove
the claim for p o ¢ instead of p. This case follows from Corollary 4.4.3, since
glue;,z(ﬁg“) = OGrSLn (-1). O

As in Subsection 4.2, we assume given an exact sequence of reductive groups
1—G—0% G, — 1
with G simply connected, and a line bundle L on C.
COROLLARY 4.4.5. Suppose that G is almost simple. Then the isomorphism
(te o glue,, . 5)" : Pic(Mg ) — Pic(Grg)
constructed in Subsection 4.2 does not depend on the choice of p, z, £ or 4.

We say that a line bundle on M5 ; has central charge n € Z if this isomorphism
maps it to Oy, (n); this is consistent with the standard central charge of line
bundles on Mg, as defined for example in [13].

DOCUMENTA MATHEMATICA 15 (2010) 35-72



56 INDRANIL BISWAS AND NORBERT HOFFMANN

Proof. If p : G — SL(V) is a nontrivial representation, then d, > 0, as
explained in Remark 4.3.3(iii). Using Proposition 4.4.4, this implies that

P Pic(GrSL(V)) — Pic(Grg)
is injective. Due to Remark 4.2.4, it thus suffices to check that
gluey, . : Pic(Mgy,v)) — Pic(Grspvy)
does not depend on p or z. This is clear, since it maps £t to OGrap vy (-1). O
The chosen maximal torus (g : Tg — G induces maximal tori g : Tg — G and
Liaa : Tgaa — G® compatible with the canonical maps G — G — G Given
a principal Tz—bundle § on C' and an isomorphism dt. £ = L, the composition
tg A )
M, S My, 2w
factors naturally through a 1-morphism
(10) lg: M(T)"c — M@,L'

Remark 4.4.6. Given a representation p : G* — SL(V), let ¢ : Tspv) —
SL(V) be a maximal torus containing p(Tzaa). Then the diagram

L~

0 ¢ -
M, Mz,

233 Lx
e MTSL(V) e MSL(V)

0
TsLv)

is 2-commutative, by construction of Lg-

PROPOSITION 4.4.7. i) I Mg ;,0m, ,) = k.

G,L
ii) There is a canonical isomorphism

Ca - m(M@,L) AN NS(MG).
iii) For all choices of 1 : T — G and on, the diagram

‘e

lCG lCTG
L)V

NS(Me) — " L NS(Ma,)

commutes; here 6 € Ar,,, denotes the image ofg:: degge Arg.

Proof. We start with the special case that G is almost simple. Here part (i) of
the proposition is just equation (5) from Subsection 4.2.

We let cg send the line bundle of central charge 1 to the basic inner product
bg € NS(M¢). Due to Theorem 4.2.1(i), Proposition 4.2.3, Corollary 4.4.5
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and Remark 4.3.3(ii), this defines a canonical isomorphism, and hence proves
(ii).

To see that the diagram in (iii) then commutes, we choose a nontrivial repre-
sentation p : G* — SL(V). We note the functorialities, with respect to p,
according to Remark 4.4.6, Remark 4.2.4, Proposition 4.4.4, Remark 4.3.7 and
Remark 3.2.3. In view of these, comparing Corollary 4.4.2 and Definition 4.3.5
shows that the two images of p*£9°* € Pic(Mg ;) in NS(Mr,) coincide. Since
the former generates a subgroup of finite index and the latter is torsionfree,
the diagram in (iii) commutes.

For the general case, we use the unique decomposition

G=G; x---xG,
into simply connected and almost simple factors G;. As G is generated by its

center and G, every normal subgroup in G is still normal in G. Let G; denote
the quotient of G modulo the closed normal subgroup [] ki Gj; then

0 G G Gm 0
~ dt;
0 G'L’ Gz Gm 0
is a morphism of short exact sequences. Since the resulting diagram
G—=11LG;
dt H dt;
Gm diag G;n

is cartesian, it induces an equivalence of moduli stacks
(11) M@,LHMél,L X~'~XM@7.’L

due to Lemma 2.2.1. We note that equation (5), Lemma 2.1.2(i), Lemma
2.1.4, Remark 4.3.3(i) and Corollary 3.2.4 ensure that various constructions
are compatible with the products in (11). Therefore, the general case follows
from the already treated almost simple case. O

5. THE REDUCTIVE CASE
In this section, we finally describe the Picard functor E(Mdc) for any reductive
group G over k and any d € 71(G). We denote

e by ¢ : Z% < G the (reduced) identity component of the center Z C G,
and
e by m: G — G the universal cover of G’ :== [G,G] C G.

Our strategy is to descend along the central isogeny

C-ﬂ':ZOxé—>G,
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applying the previous two sections to Z° and to G , respectively. The 1-
morphism of moduli stacks given by such a central isogeny is a torsor under a
group stack; Subsection 5.1 explains descent of line bundles along such torsors,
generalising the method introduced by Laszlo [22] for quotients of SL,. In
Subsection 5.2, we define combinatorially what will be the discrete torsionfree
part of E(Mdc); finally, these Picard functors and their functoriality in G are
described in Subsection 5.3.

The following notation is used throughout this section. The reductive group G
yields semisimple groups and central isogenies

GG —G:=G/2° -G .=G/z.
We denote by d € 71(G) C m1(G*!) the image of d € 71 (G). The choice of a
maximal torus tg : T — G induces maximal tori and isogenies
Ts —» Tg — Tg —» Tgaa.
Their cocharacter lattices are hence subgroups of finite index
Ar, — Az, — Arg — Ar,,
The central isogeny ¢ - m makes Azo © A, a subgroup of finite index in Ar,.

5.1. TORSORS UNDER A GROUP STACK. All stacks in this subsection are stacks
over k, and all morphisms are over k. Following [7, 22], we recall the notion of
a torsor under a group stack.

Let G be a group stack. We denote by 1 the unit object in G, and by g; - g2 the
image of two objects g1 and g2 under the multiplication 1-morphism G x G —

g.

DEFINITION 5.1.1. An action of G on a 1-morphism of stacks ® : X — )
consists of a 1-morphism

GxX— X, (ga)—g-w,
and of three 2-morphisms, which assign to each k—scheme S and each object
x in X(S) an isomorphism 1 -z — x in X(S),

(g,z) in (G x X)(S5) an isomorphism ®(g - ) — ®(z) in Y(S),
(91,92,7) in (G X G x X)(S) an isomorphism (g1 - g2) -z — g1 - (g2 - ) in X(S).

These morphisms are required to satisfy the following five compatibility con-
ditions: the two resulting isomorphisms

(g-1)-2 = g-xin X(9),
(1-9)-x—>g-zin X(S),
O(1-2) — ®(x) in Y(S
®((g1 - g2) - @) — @(2) in 37(5
and (91-92-93) - * — g1+ (92 (g3 - 2)) in X(S),
coincide for all k—schemes S and all objects g, g1, g2, g3 in G(S) and z in X(S).

~

))
)

)
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Ezample 5.1.2. Let ¢ : G — H be a homomorphism of linear algebraic groups
over k, and let Z be a closed subgroup in the center of G with Z C ker(yp).
Then the group stack Mz acts on the 1-morphism ¢, : Mg — My via the
tensor product - ® _: Mz X Mg — Mg.

From now on, we assume that the group stack G is algebraic.

DEFINITION 5.1.3. A G-torsor is a faithfully flat 1-morphism of algebraic
stacks ® : X — ) together with an action of G on ® such that the resulting
1-morphism

GxX— X xyX, (9,2)— (g-2,2)
is an isomorphism.

Ezxample 5.1.4. Suppose that ¢ : G — H is a central isogeny of reductive
groups with kernel u. For each d € m1(G), the 1-morphism

(12) Ot ME — MG e:=@.(d) e m(H)

is a torsor under the group stack M, for the action described in example 5.1.2.

Proof. The 1-morphism ¢, is faithfully flat by Lemma 2.2.2. The 1-morphism
M, x Mg — Mg xpmy Mg, (L,E)— (L® E,E)

is an isomorphism due to Lemma 2.2.1. Since ¢, : m1(G) — w1 (H) is injective,
M‘é C Mg is the inverse image of M$; C My under ¢, hence the restriction

d d d
M;LXMG—>MG XM%MG
is an isomorphism as well. O

DEFINITION 5.1.5. Let @, : X, — ), be a G—torsor for v = 1,2. A morphism
of G—torsors from ¥, to ®5 consists of two 1-morphisms

A X — X and  B:YVi — s
and of two 2—morphisms, which assign to each k—scheme S and each object
x in X1(S) an isomorphism ®oA(z) — B®q(x) in Ya(S),
(g,7) in (G x &1)(S)  an isomorphism A(g-x) — g- A(x) in X2(S).

These morphisms are required to satisfy the following three compatibility con-
ditions: the two resulting isomorphisms

A(l-x) = A(x) in X2(9),
Py A(g - 1) — B®i(z) in Va(S)
and A((g1 - g2) - ) — g1~ (g2 - A(2)) in Xa(S)

coincide for all k—schemes S and all objects g, g1, g2 in G(S) and x in X;(5).

DOCUMENTA MATHEMATICA 15 (2010) 35-72



60 INDRANIL BISWAS AND NORBERT HOFFMANN

Ezample 5.1.6. Let a cartesian square of reductive groups over k
G . Go
B
H1 E—— H2

be given. Suppose that ¢; and @9 are central isogenies, and denote their
common kernel by u. For each d; € 71(G1), the diagram

_/\/ldGl1 LM%Z dy = Oz*(dl) € 7T1(G2)
(tPl)*l l(%)*
el B €2
Mg, o M3 s i= (p).(dy) € mi(IL)

is then a morphism of torsors under the group stack M,,.

PROPOSITION 5.1.7. Let a G-torsor ®, : X, — Y, with T'(X,,0x,) = k be
giwen for v =1,2, together with a morphism of G—torsors

X1—A>X2

@ll ) l%

Vi ——=s
such that the induced morphism of Picard functors A* : Pic(Xe) — Pic(Xy) is
injective. Then the diagram of Picard functors

*

Pic(X;) <— Pic(X,)

T | T
(

Pic()1) <2— Pic(2)
is a pullback square.

Proof. The proof of [22, Theorem 5.7] generalises to this situation as follows.
Let S be a scheme of finite type over k. For a line bundle £ on S x X,,, we denote
by Lin?(L) the set of its G-linearisations, cf. [22, Definition 2.8]. According
to Lemma 2.1.2(i), each automorphism of £ comes from I'(S, O%) and hence
respects each linearisation of £. Thus [22, Theorem 4.1] provides a canonical
bijection between the set LinY(£) and the fibre of

O : Pic(S x V) — Pic(S x X,)

over the isomorphism class of L.

Let 7 be an algebraic stack over k. We denote for the moment by Pic(7) the
groupoid of line bundles on 7 and their isomorphisms. Lemma 2.1.2(i) and
Corollary 2.1.3 show that the functor

A* PZC(T X Xg) — PZC(T X Xl)
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is fully faithful for every 7. We recall that an element in LinY (£) is an iso-
morphism in Pic(G x S x X,) between two pullbacks of £ such that certain
induced diagrams in Pic(S x &) and in Pic(G x G x S x X,) commute. Thus
it follows for all £ € Pic(S x X») that the canonical map

A* - LinY(L£) — LinY(A*L)
is bijective. Hence the diagram of abelian groups
Pic(S x X;) <2— Pic(S x X»)
A
Pic(S x Vi) <2— Pic(S x Vs)
is a pullback square, as required. O

5.2. NERON-SEVERI GROUPS NS(M$%) FOR REDUCTIVE G.
DEFINITION 5.2.1. The Néron-Severi group NS(M$%) is the subgroup
NS(ME) € NS(Mz0) & NS(Mgz)

of all tripleslz : Azo — Z, bz : Azo®Azo — End Jo and b : AT@®ATé — 7
with the following properties:

(1) For every lift 6 € Az, of d € 71 (@), the direct sum
lz@b(=0® ) : Ago & Ap, — Z

is integral on Ar,.
(2) The orthogonal direct sum

by L (idJc -b) : (AZO &) ATé) ® (AZO D ATé) — End Jo
is integral on Az, ® Ar..

LEMMA 5.2.2. If condition 1 above holds for one lift § € Ar, of d € m(G),
then it holds for every lift 6 € At of the same element dem(Q).

Proof. Any two lifts 6 of d differ by some element \ € Ar.. Lemma 4.3.4 states
in particular that

b(*)\ ® _) . AT@ e Z
is integral on AT@7 and hence admits an extension A7, — Z that vanishes on
Ago. O

Remark 5.2.3. If G is simply connected, then NS(MY,) coincides with the group
NS(Mg) of definition 4.3.2. If G = T is a torus, then NS(M%) coincides for
all d € m1(T") with the group NS(Mr) of definition 3.2.1.

Remark 5.2.4. The Weyl group W of (G, T) acts trivially on NS(M%). Hence
the group NS(M%) does not depend on the choice of T; cf. Subsection 4.3.
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DEFINITION 5.2.5. Given a lift § € Ar,, of d € m1(G), the homomorphism
()" : NS(ME) — NS(My)
sends (Iz,bz) € NS(Mzo) and b € NS(Mg) to the pair
ly®b(—0®_):Ag — Z and by L (idy, b) : Ar, ® Ay, — EndJe
where § € At denotes the image of 4.

Note that this definition agrees with the earlier definition 4.3.5 in the cases
covered by both, namely G simply connected and § € Ar,.
LEMMA 5.2.6. Given a lift § € Ar,, of d € m(G), the diagram

NS,§
(ta)™™

NS(ME) NS(Mx,,)

(¢m*
id@(Lé)NS,E l

NS(Mz0) & NS(M g) ——————— NS(M o) & NS(Mr, )— NS(Mzoy )
is a pullback square; here § € ATGad again denotes the image of 6.
Proof. This follows directly from the definitions. O

Let e € m1(H) be the image of d € m1(G) under a homomorphism of reductive
groups ¢ : G — H. ¢ induces a map ¢ : G —> H between the universal
covers of their commutator subgroups. If ¢ maps the identity component Zg
in the center Zg of G to the center Zp of H, then it induces an obvious pullback
map
¢ NS(Mf;) — NS(ME)

which sends Iz, bz and b simply to p*lz, ¢*bz and ¢*b. This is a special
case of the following map, which ¢ induces even without the hypothesis on the
centers, and which also generalises the previous definition 5.2.5.

DEFINITION 5.2.7. Choose a maximal torus ¢y : Ty — H containing ¢(T¢),
and a lift 6 € Ag, of d € m1(G); let n € A, be the image of 6. Then the map

PN NS(Mgy) — NS(ME)
sends (Iz,bz) € NS(Mzo ) and b € NS(Mp) to the pullback along ¢ : zy —
Ty of (ir)¥5"(1z,bz,b) € NS(Mgy, ), together with ¢*b € NS(Mgz).
LEMMA 5.2.8. The map ©N5? does not depend on the choice of T, Ty or 6.
Proof. Let W¢ denote the Weyl group of (G, T¢). It acts trivially on A 29,5 and

without nontrivial coinvariants on ATé; these two observations imply
(13) HOI’H(ATCN; X AZ%,Z)WG =0.

Lemma 4.3.4 states that b is integral on AT}L7 ® Ar,,; its composition with the
canonical projection Ap, — A, is a Weyl-invariant map b, : ATE ® Ap, —
Z. As explained in Subsection 4.3, Lemma 4.3.1 implies that ¢*b, : A1, ®
A7, — Z is still Weyl-invariant; hence it vanishes on Ar, ® Azo by (13).
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Any two lifts § of d differ by some element A € Ar.; then the two im-
ages of (Iz,bz,b) € NS(M%) in NS(Mrp, ) differ, according to the proof of
Lemma 5.2.2, only by b.(—A ® ) : Ay, — Z. Thus their compositions with
Y Azg — Ap, coincide by the previous paragraph. This shows that the
two images of (Iz,bz,b) have the same component in the direct summand
Hom(A 2o, Z) of NS(M$,); since the other two components do not involve § at
all, the independence on ¢ follows.

The independence on T and T is then a consequence of Lemma 4.3.1, since
the Weyl groups W and Wy act trivially on NS(MZ) and on NS(M$). O

LEMMA 5.2.9. For all mazximal tori 1qg : Tg — G and g : Ty — H with
o(Te) C Ty, and all lifts 6 € Ar, of d € m(G), the diagram

LE NS,n
NS(M) — L NS(M,)
\L(pNS,d lgo*
d (ta)NS?
NS(ME) —= > NS(My,)

commutes, with 1 := @0 € A, and e := p.d € m1(H) as in definition 5.2.7.

Proof. Given an element in NS(M$,), we have to compare its two images in
NS(Mr,). The definition 5.2.7 of ™54 directly implies that both have the
same pullback to NS(Mzo,) and to NS(Mr, ). Moreover, their components in
the direct summand Hom®(Ar, ® Ar,,End Jo) of NS(Mr,,) are both Weyl—
invariant due to Lemma 4.3.1; thus equation (13) above shows that these com-
ponents vanish on Ar, ® A 70, and on A 29, ®Ar,. Hence two images in question
even have the same pullback to NS(M 70, XTé). But A 70, ® At has finite index
in ATG. O

COROLLARY 5.2.10. Let ¢ : H — K be another homomorphism of reductive
groups, and put [ :=.e € m(K). Then

NS o pNSe = (3 o p)NS NS(Mf() — NS(M).

Proof. According to the previous lemma, this equality holds after composition
with (1g)N5? : NS(MZ) — NS(Mry,) for any lift § € A, of d. Due to
the Lemma 4.3.6 and Lemma 5.2.6, there is a lift § of d such that (1g)N5? is
injective. U

We conclude this subsection with a more explicit description of NS(M&). Tt
turns out that genus go = 0 is special. This generalises the description obtained
for k = C and G semisimple by different methods in [31, Section V].

PROPOSITION 5.2.11. Let ¢ : G — G/G' =: G denote the mazimal abelian
quotient of G. Then the sequence of abelian groups

0 — NS(Mguw) - NS(ME) 22 NS(Mg)
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is exact, and the image of the map pry in it consists of all forms b : Ar. ®
Ar, — Z in NS(Mg) that are integral

o on Ar, ® Ar,,, if go > 1;
e on (Z8) ® Az, for alift 6 € Az, of d € m(G), if gc = 0.

The condition does not depend on the choice of this lift §, due to Lemma 4.3.4.

*

Proof. Since q : Z° — G®P is an isogeny, ¢* is injective; it clearly maps into
the kernel of pry. Conversely, let (Iz,bz,b) € NS(MZ) be in the kernel of pr,;
this means b = 0. Then condition 1 in the definition 5.2.1 of NS(M$) provides
a map

ZZ@OZATG—>Z

which vanishes on Az, and hence also on Az, ; thus it is induced from a map
on A, /Ar,, = Age». Similarly, condition 2 in the same definition provides a
map bz L 0 on Ar, ® Ar, which vanishes on AT@ & A, + A, ® ATé, and
hence also on ATG, QA7 + A1, ® ATG,; thus it is induced from a map on the
quotient Agar ® Agan. This proves the exactness.

Now let b € NS(MZ) be in the image of pry. Then b is integral on (Z&) ® Agr
by condition 1 in definition 5.2.1. If go > 1, then

_-idy, : Z — End Jo

is injective with torsionfree cokernel; thus condition 2 in definition 5.2.1 implies
that

O@bl(Azo@ATé)(@ATé —>Z

is integral on Ar, ® ATG’ and hence, vanishing on Azo C Ar,, comes from
a map on the quotient A7, ® Ar,,. This shows that b satisfies the stated
condition.

Conversely, suppose that b € NS(M,) satisfies the stated condition. Then b is
integral on (ZJ) ® Ar,,; since A1, C Ar, is a direct summand,

b(—g ® _) : ATG’ — Z

can thus be extended to Ar,. We restrict it to a map lz : Azo — Z. In the
case gc = 0, the triple (Iz,0,b) is in NS(M%) and hence an inverse image of b.
It remains to consider gc > 1. Then b is by assumption integral on A1, ® Ar,,,
so composing it with the canonical subjection A, — Ar, defines a linear map
A1, ®A1,, — 7Z. Since b is symmetric, this extends canonically to a symmetric
linear map from

Arg @ A1, + A1, @ A1, © A, ® Ay

to Z. It can be extended further to a symmetric linear map from Ar, ® Ar,
to Z, because Ar,, C Ar, is a direct summand. Multiplying it with id,.
and restricting to Azo defines an element bz € Hom®(Azo ® Azo,End Jo). By
construction, the triple (Iz,bz,b) is in NS(M%) and hence an inverse image of
b. O
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In particular, the free abelian group NS(MZ) has rank
d r(r—1)
rkNS(M¢g) =r +1r-1tkNS(Je) + — rkEnd(J¢) + s
if G2 = G is a torus of rank 7, and G?? contains s simple factors.

5.3. PROOF OF THE MAIN RESULT.

THEOREM 5.3.1. i) T(ME,0p) = k.
ii) The functor @(Mdc) is representable by a k—scheme locally of finite
type.

iii) There is a canonical exact sequence
0 — Hom(m1(G), Je) 2% Pic(M%) <% NS(MZ) — 0

of commutative group schemes over k.
iv) For every homomorphism of reductive groups ¢ : G — H, the diagram

0 —— Hom(m (H), Jo) —> Pic(Ms;) —2> NS(MS;) —= 0
0 — Hom(m1 (G), Jo) —%= Pie(ME) —S= NS(MZ) —= 0
commutes; here e := ¢, (d) € m1(H).
Proof. We record for later use the commutative square of abelian groups

T (G) P ATG

TC* T(C'W)*

pry
AZO I S— AZOXTG'

The mapping cone of this commutative square
(14) 0—>AZ0 @ATé —>AZ0 @ATG —>771(G)—>0

is exact, because its subsequence 0 — ATé — Ap, — 71 (G) — 0 is exact,
and the resulting sequence of quotients 0 — Azo = Azo — 0 — 0 is also
exact.

LEMMA 5.3.2. There is an exact sequence of reductive groups
(15) 1—G—G2%G, —1

and an estension 7 : G — G of m: G — G such that 7, : 71 (G) — m1(G)

~

maps 1 € Z = m(Gp,) = 71(G) to the given element d € m1(G).
Proof. We view the given d € 71 (G) as a coset d C Ar, modulo Acoroots. Let
Ar, CAr, ®Z
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be generated by Acoroots ® 0 and (d, 1), and let
(7,dt): G — G x G,

be the reductive group with the same root system as G, whose maximal torus
Tg =7 (Tg) has cocharacter lattice Hom(Gy,, Tg) = Ar.. As m. maps Az,
isomorphically onto Acoroots, We Obtain an exact sequence

O%ATélATé&)Z—)O,

which yields the required exact sequence (15) of groups. By its construction,

~

7, maps the canonical generator 1 € m1(G,,) = m1(G) to d € 11 (G). O

Let i denote the kernel of the central isogeny ¢ -7 : Z° x G — G. Then
V:Z°%x G — G %G, (%) — () 7(@), dt(7))
is by construction a central isogeny with kernel pu. Hence the induced 1-
morphism
Pu s MGo X MG — ME x Mg,

is faithfully flat by Lemma 2.2.2. Restricting to the point Spec(k) — Mg
given by a line bundle L of degree 1 on C', we get a faithfully flat 1-morphism

()L : M%U x M@L - MdG'

Since I'(M$, x Mg 1, O) = k by Proposition 4.4.7(i) and Lemma 2.1.2(i), part
(i) of the theorem follows. The group stack M,, acts by tensor product on these
two l-morphisms ¥, and (), turning both into M, —torsors; cf. Example
5.1.4. The idea is to descend line bundles along the torsor (¢.)r.

We choose a principal Tz—bundle E on C together with an isomorphism of line
bundles dt*g >~ [. Then & := 7. (E) is a principal Tg—bundle on C; their
degrees 0 = deg(g) € Ar, and § := deg(§) € Az, are lifts of d € m1(G). The
diagram

id Xtg

(16) ZOXT64>ZOXG\
| |
Te X G — Y G % G

of groups induces the right square in the 2-commutative diagram

id th (id XL@)*

(17) Mo x MG MGy x MG, Mo x ML,
lw* lw* lw*
te xid L id) «
M, x M, — e M MY, — 0 M M
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of moduli stacks; note that te and t¢ are equivalences. Restricting the outer

rectangle again to the point Spec(k) — Mém given by L, we get the diagram

id Xz

(18) M%UXT@ =— MY, x M%é e MG, % Mz,
« QT4 *
m Jf y lw )L
La)sot
MY AR M,

containing an instance ¢z of the 1-morphism (10) defined in Subsection 4.4.
According to the Proposition 3.2.2 and Proposition 4.4.7,

12 Pie(Mg, ) — Pic(M,)

is a morphism of group schemes over k. This morphism is a closed immersion,
according to Proposition 4.4.7(iii), if g¢ > 1 or if gis chosen appropriately, as
explained in Lemma 4.3.6; we assume this in the sequel. Using Lemma 2.1.4
and Corollary 3.2.4, it follows that

(id xtg)" : Pie(M%) @ Pic(Mg ) = Pie(M%o x Mg ;) — Pic(M%o, 1. )

is a closed immersion of group schemes over k as well.

The group stack M, still acts by tensor product on the vertical 1-morphisms
in (17) and in (18). Since the diagram (16) of groups is cartesian, (17) and
(18) are morphisms of G—torsors; cf. Example 5.1.6. Proposition 5.1.7 applies
to the latter morphism of torsors, yielding a cartesian square

) d tzOsz P 0
(19) Pic(Mg) i(MTG)
lwz J{(c«)*
. o . (id ng)* . 0
Pic(My,) & Pic(Mg 1) Pic(Mzo.r,,)

of Picard functors. Thus @(M‘é) is representable, and ¢f o, is a closed
immersion; this proves part (ii) of the theorem.

The image of the mapping cone (14) under the exact functor Hom(-, J&), and
the mapping cones of the two cartesian squares given by diagram (19) and
Lemma 5.2.6, are the columns of the commutative diagram
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0 0 0
Hom(mi(G), Jo) Pic(ME) NS(ME)
Pic(MY%0) NS(Mzo)
M(AZW JC) j j D c cx®c S
0— o & %&(M@,L)MNS(M@)%O
Hom(Arg, Jo) & &
Pic(M7,) NS(Mrg)
jZOXTé . 0 €20x Ty l
0—>_H0m(AzoxT67JC)—>E(MzoxTé)4>NS(MzoxT~ 0
0

whose two rows are exact due to Proposition 3.2.2(ii) and Proposition 4.4.7(ii).
Applying the snake lemma to this diagram, we get an exact sequence

0 — Hom(m (G), Jo) 224, pie(md) ¢tV N§(ME) — 0.

The image of ja(tq,d) and the kernel of cg(tg,d) are a priori independent
of the choices made, since both are the largest quasicompact open subgroup
in @(MdG) If G is a torus and d = 0, then this is the exact sequence of
Proposition 3.2.2; in general, the construction provides a morphism of exact
sequences

(20)

0 — Hom(m (G), Jc) Pic(ME)

lpr* lt’é% l(m)N“
j c

0 ——= Hom(Ary, Jo) ——— S Pie(M§,) —— = NS(Mr,) —=0

Jjc(tG,9) cg(LG,9)

NS(ME) ——0

whose three vertical maps are all injective. Using Proposition 3.2.2(iii), this
implies that jz (i, d) and ca (i@, d) depend at most on the choice of v : T —
G and of §, but not on the choice of é, L or §A, thus the notation. Together
with the following two lemmas, this proves the remaining parts (iii) and (iv)
of the theorem. O

LEMMA 5.3.3. The above map jg(ic,d) : Hom(mi(G), Jo) — Pic(ME,)

i) does not depend on the lift § € A, of d € m(G),
ii) does not depend on the mazimal torus vq : Ta — G, and
iii) satisfies ¢* o jy = jg o ¢* : Hom(m (H), Jo) — Pic(ME) for all
p:G— H.
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Proof. If G is a torus, then § and ¢ are unique, so (i) and (ii) hold trivially.
The claim is empty for go = 0, so we assume go > 1. Then the above con-
struction works for all lifts § of d, because LZ:L is a closed immersion for all

E.
Given ¢ : G — H and a maximal torus ty : Ty — H with p(Tg) C Ty, we
again put e := ¢,d € m(H) and 1 := 9,0 € Ar,,. Then the diagram

Ju(tH,m)

(21) Howm(m, (H), Jo) Pic(Mf)

l@* ltp*
Hom(m1(G), Jo) jc(tG,0) Pic(ML,)
commutes, because it commutes after composition with the closed immersion
t; 015 : Pic(ME) — Pic(M7,,)

from diagram (20), using Remark 3.2.3. In particular, (iii) follows from (i) and
(ii).

i) For G = GLg, it suffices to take ¢ = det : GLy — G, in the above diagram
(21), since det, : m1(GLg) — m1(Gyy,) is an isomorphism.

For G = PGLy, it then suffices to take ¢ = pr : GLy — PGLy in the same
diagram (21), since pr,, : m1(GL2) — 1 (PGLg) is surjective.

As (i) holds trivially for G = SLg, and clearly holds for G x G,,, if it holds for
G, this proves (i) for all groups G of semisimple rank one.

In the general case, let @ € Ar, be a coroot, and let ¢ : G, — G be the
corresponding subgroup of semisimple rank one. Then the diagram (21) shows
Jja(ta,0) = ja(ig,d + aY), since . : T (Go) — m1(G) is surjective. This
completes the proof of i, because any two lifts ¢ of d differ by a sum of coroots.
ii) now follows from Weyl-invariance; cf. Subsection 4.3. O

LEMMA 5.3.4. The above map cg(tg,d) : Pic(ME) — NS(ME)

i) does not depend on the lift § € A, of d € m(G),
ii) does not depend on the mazximal torus v¢ : Tg — G, and
i) satisfies pN>%ocy = cgop* : Pic(M$) — NS(MEL) forall p : G —
H.

Proof. If G is a torus, then ¢ and (g are unique; if G is simply connected, then
cg(t@,0) coincides by construction with the isomorphism cg of Proposition
4.4.7(ii). In both cases, (i) and (ii) follow, and we can use the notation cg
without ambiguity.

Given a representation p : G — SL(V), the diagram

CSL(V)

(22) Pic(Mgrv)) NS(Msrvy)
lp* leS,d
. d cG(ta,0) d
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commutes, because it commutes after composition with the injective map
(1) NS(ME) — NS(M1)

from diagram (20), using Lemma 5.2.9, Corollary 4.4.2, Remark 3.2.3, and the
2—commutative squares

t (ta)«
0 § 5 ¢ d
M. M., ME
lp* lp* lp*
t
0 PxE P« Lx
MTSL(V) MTSL(V) > MSL(V))

in which ¢ : Tgy,(vy = SL(V) is a maximal torus containing p(7c).
Similarly, given a homomorphism x : G — T to a torus 7', the diagram

(23) Pic(M¥) CT NS(Mr)
J I
Pie(Mg) — Y NS(ME)

commutes, again because it commutes after composition with the same injective
map (1) from diagram (20), using Lemma 5.2.9, Remark 3.2.3, and the
2—commutative squares

(ta)«

t
0 £ ) d
MTG MTG MG

lx* J{x* lx*

MG —55 M —— M.
The two commutative diagrams (22) and (23) show that the restriction of
cc (@, 6) to the images of all p* and all x* in Pic(M%) modulo Hom(m (G), J¢)
does not depend on the choice of § or 1. But these images generate a subgroup
of finite index, according to Proposition 5.2.11 and Remark 4.3.3. Thus (i) and
(ii) follow. The functoriality in (iii) is proved similarly; it suffices to apply
these arguments to homomorphisms p : H — SL(V'), x : H — T and their
compositions with ¢ : G — H, using Corollary 5.2.10. 0
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ABSTRACT. We study the singular Bott-Chern classes introduced by
Bismut, Gillet and Soulé. Singular Bott-Chern classes are the main
ingredient to define direct images for closed immersions in arithmetic
K-theory. In this paper we give an axiomatic definition of a theory
of singular Bott-Chern classes, study their properties, and classify
all possible theories of this kind. We identify the theory defined by
Bismut, Gillet and Soulé as the only one that satisfies the additional
condition of being homogeneous. We include a proof of the arithmetic
Grothendieck-Riemann-Roch theorem for closed immersions that gen-
eralizes a result of Bismut, Gillet and Soulé and was already proved by
Zha. This result can be combined with the arithmetic Grothendieck-
Riemann-Roch theorem for submersions to extend this theorem to ar-
bitrary projective morphisms. As a byproduct of this study we obtain
two results of independent interest. First, we prove a Poincaré lemma
for the complex of currents with fixed wave front set, and second we
prove that certain direct images of Bott-Chern classes are closed.

2010 Mathematics Subject Classification: 14G40 32U40

Keywords and Phrases: Arakelov Geometry, Closed immersions, Bott-
Chern classes, Arithmetic Riemann-Roch theorem, currents, wave
front sets.

IPartially supported by Grant DGI MTM2006-14234-C02-01.
2Partially supported by CNCSIS Grant 1338/2007 and PN IT Grant ID_2228 (502/2009)

DOCUMENTA MATHEMATICA 15 (2010) 73-176



74 Jost 1. BURGOS GIL AND RAZVAN LITCANU

CONTENTS

0 INTRODUCTION 74
[l CHARACTERISTIC CLASSES IN ANALYTIC DELIGNE COHOMOLOGY 79
2 BoTT-CHERN CLASSE] 87
B__DIRECT IMAGES OF BOTT-CHERN CLASSE] 102
4 COHOMOLOGY OF CURRENTS AND WAVE FRONT SETY 107
l5__DEFORMATION OF RESOLUTIONY 111
6__SiNGULAR BOTT-CHERN CLASSEY 116

I_CTLASSIFICATION OF THEORIES OF SINGULAR BOTT-CHERN CLASSE] 122

8 TRANSITIVITY AND PROIECTION FORMULA 127

9 HOMOGENEOUS SINGULAR BOTT-CHERN CLASSES] 145

10 THE ARITHMETIC RIEMANN-ROCH THEOREM FOR REGULAR CLOSED
IMMERSIONS 158

0 INTRODUCTION

Chern-Weil theory associates to each hermitian vector bundle a family of closed
characteristic forms that represent the characteristic classes of the vector bun-
dle. The characteristic classes are compatible with exact sequences. But this
is not true for the characteristic forms. The Bott-Chern classes measure the
lack of compatibility of the characteristic forms with exact sequences.

The Grothendieck-Riemann-Roch theorem gives a formula that relates direct
images and characteristic classes. In general this formula is not valid for the
characteristic forms. The singular Bott-Chern classes measure, in a functorial
way, the failure of an exact Grothendieck-Riemann-Roch theorem for closed
immersions at the level of characteristic forms. In the same spirit, the analytic
torsion forms measure the failure of an exact Grothendieck-Riemann-Roch the-
orem for submersions at the level of characteristic forms. Hence singular Bott-
Chern classes and analytic torsion forms are analogous objects, the first for
closed immersions and the second for submersions.

Let us give a more precise description of Bott-Chern classes and singular Bott-
Chern classes. Let X be a complex manifold and let ¢ be a symmetric power
series in 7 variables with real coefficients. Let £ = (FE,h) be a rank r holo-
morphic vector bundle provided with a hermitian metric. Using Chern-Weil
theory, we can associate to E a differential form p(E) = ¢(—K), where K is
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the curvature tensor of F viewed as a matrix of 2-forms. The differential form

©(F) is closed and is a sum of components of bidegree (p, p) for p > 0.
If

E: 0—F —E-—E —0
is a short exact sequence of holomorphic vector bundles provided with hermitian
metrics, then the differential forms o(F) and cp(F/ @ E/) may be different, but
they represent the same cohomology class.
The Bott-Chern form associated to ¢ is a solution of the differential equation

~2000(€) = p(E @ ') — o(E) (0.1)

obtained in a functorial way. The class of a Bott-Chern form modulo the image
of @ and 0 is called a Bott-Chern class and is denoted by $(&).

There are three ways of defining the Bott-Chern classes. The first one is the
original definition of Bott and Chern [7]. It is based on a deformation between
the connection associated to E and the connection associated to E & E . This
deformation is parameterized by a real variable.

In [T7 Gillet and Soulé introduced a second definition of Bott-Chern classes
that is based on a deformation between E and E @ E parameterized by a
projective line. This second definition is used in [ to prove that the Bott-
Chern classes are characterized by three properties

(i) The differential equation ({LTI).
(ii) Functoriality (i.e. compatibility with pull-backs via holomorphic maps).

(iii) The vanishing of the Bott-Chern class of a orthogonally split exact se-
quence.

In @] Bismut, Gillet and Soulé have a third definition of Bott-Chern classes
based on the theory of superconnections. This definition is useful to link Bott-
Chern classes with analytic torsion forms.

The definition of Bott-Chern classes can be generalized to any bounded exact
sequence of hermitian vector bundles (see section B for details). Let

£:0 — (Ep,hy) — ... — (E1,h) — (Eg, ho) — 0

be a bounded acyclic complex of hermitian vector bundles; by this we mean
a bounded acyclic complex of vector bundles, where each vector bundle is
equipped with an arbitrarily chosen hermitian metric. Let

r= > tk(E) =Y rk(E).

7 even i odd

As before, let ¢ be a symmetric power series in r variables. A Bott-Chern class
associated to & satisfies the differential equation

~2000(8) = p(ED Ear) — ¢(ED Fors)-
! K
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In particular, let “ch” denote the power series associated to the Chern character
class. The Chern character class has the advantage of being additive for direct
sums. Then, the Bott-Chern class associated to the long exact sequence & and
to the Chern character class satisfies the differential equation

n

~200ch(2) = =Y " (~1)" ch(Ey).

k=0

Let now i: Y — X be a closed immersion of complex manifolds. Let F_be a
holomorphic vector bundle on Y provided with a hermitian metric. Let N be
the normal bundle to Y in X provided also with a hermitian metric. Let

0—FE,—E,1—...— Ey—i,F—0

be a resolution of the coherent sheaf i, F' by locally free sheaves, provided with
hermitian metrics (following Zha [32] we shall call such a sequence a metric on
the coherent sheaf i, F'). Let Td denote the Todd characteristic class. Then
the Grothendieck-Riemann-Roch theorem for the closed immersion ¢ implies
that the current i, (Td(N)~! ch(F)) and the differential form Y, (—1)¥ ch(E})
represent the same class in cohomology. We denote & the data consisting in the
closed embedding 4, the hermitian bundle N, the hermitian bundle F' and the
resolution B, — i, F.

In the paper [, Bismut, Gillet and Soulé introduced a current associated to
the above situation. These currents are called singular Bott-Chern currents and
denoted in [B] by T'(£). When the hermitian metrics satisfy a certain technical
condition (condition A of Bismut) then the singular Bott-Chern current T'(€)
satisfies the differential equation

—200T(€) = i.(Td(N) "t ch(F)) — Z(_w‘ ch(E}).

3

These singular Bott-Chern currents are among the main ingredients of the
proof of Gillet and Soulé’s arithmetic Riemann-Roch theorem. In fact it is the
main ingredient of the arithmetic Riemann-Roch theorem for closed immersions
[6]. This definition of singular Bott-Chern classes is based on the formalism of
superconnections, like the third definition of ordinary Bott-Chern classes.

In his thesis [32], Zha gave another definition of singular Bott-Chern currents
and used it to give a proof of a different version of the arithmetic Riemann-Roch
theorem. This second definition is analogous to Bott and Chern’s original defi-
nition. Nevertheless there is no explicit comparison between the two definitions
of singular Bott-Chern currents.

One of the purposes of this note is to give a third construction of singular Bott-
Chern currents, in fact of their classes modulo the image of d and 0, which could
be seen as analogous to the second definition of Bott-Chern classes. Moreover
we will use this third construction to give an axiomatic definition of a theory
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of singular Bott-Chern classes. A theory of singular Bott-Chern classes is an
assignment that, to each data & as above, associates a class of currents T(€),
that satisfies the analogue of conditions and The main technical
point of this axiomatic definition is that the conditions analogous to
and above are not enough to characterize the singular Bott-Chern classes.
Thus we are led to the problem of classifying the possible theories of Bott-Chern
classes, which is the other purpose of this paper.

We fix a theory T of singular Bott-Chern classes. Let Y be a complex manifold
and let N and F be two hermitian holomorphic vector bundles on Y. We write
P = P(N & 1) for the projective completion of N. Let s: Y — P be the
inclusion as the zero section and let 7p: P — Y be the projection. Let K, be
the Koszul resolution of 5,0y endowed with the metric induced by N. Then
we have a resolution by hermitian vector bundles

K(F,N): K, @ npF — s,F.

To these data we associate a singular Bott-Chern class T'(K (F, N)). It turns
out that the current

1 - -
e || TUSCEN) = (o). TUS(F )
is closed (see section B for general properties of the Bott-Chern classes that
imply this property) and determines a characteristic class Cp(F, N) on Y for
the vector bundles N and F. Conversely, any arbitrary characteristic class for
pairs of vector bundles can be obtained in this way. This allows us to classify
the possible theories of singular Bott-Chern classes:

CLAIM (theorem [T]). The assignment that sends a singular Bott-Chern class
T to the characteristic class Cr is a bijection between the set of theories of
singular Bott-Chern classes and the set of characteristic classes.

The next objective of this note is to study the properties of the different theories
of singular Bott-Chern classes and of the corresponding characteristic classes.
We mention, in the first place, that for the functoriality condition to make sense,
we have to study the wave front sets of the currents representing the singular
Bott-Chern classes. In particular we use a Poincaré Lemma for currents with
fixed wave front set. This result implies that, in each singular Bott-Chern class,
we can find a representative with controlled wave front set that can be pulled
back with respect certain morphisms.

We also investigate how different properties of the singular Bott-Chern classes
T are reflected in properties of the characteristic classes C'r. We thus charac-
terize the compatibility of the singular Bott-Chern classes with the projection
formula, by the property of Cr of being compatible with the projection for-
mula. We also relate the compatibility of the singular Bott-Chern classes with
the composition of successive closed immersions to an additivity property of
the associated characteristic class.
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Furthermore, we show that we can add a natural fourth axiom to the conditions

analogue to and namely the condition of being homogeneous (see
section [ for the precise definition).

CramM (theorem [LTT]). There exists a unique homogeneous theory of singular
Bott-Chern classes.

Thanks to this axiomatic characterization, we prove that this theory agrees
with the theories of singular Bott-Chern classes introduced by Bismut, Gillet
and Soulé [6], and by Zha [32]. In particular this provides us a comparison
between the two definitions. We will also characterize the characteristic class
Crpr for the theory of homogeneous singular Bott-Chern classes.

The last objective of this paper is to give a proof of the arithmetic Riemann-
Roch theorem for closed immersions. A version of this theorem was proved by
Bismut, Gillet and Soulé and by Zha.

Next we will discuss the contents of the different sections of this paper. In
section §1 we recall the properties of characteristic classes in analytic Deligne
cohomology. A characteristic class is just a functorial assignment that asso-
ciates a cohomology class to each vector bundle. The main result of this section
is that any characteristic class is given by a power series on the Chern classes,
with appropriate coefficients.

In section §2 we recall the theory of Bott-Chern forms and its main properties.
The contents of this section are standard although the presentation is slightly
different to the ones published in the literature.

In section §3 we study certain direct images of Bott-Chern forms. The main
result of this section is that, even if the Bott-Chern classes are not closed,
certain direct images of Bott-Chern classes are closed. This result generalizes
previous results of Bismut, Gillet and Soulé and of Mourougane. This result is
used to prove that the class Cr mentioned previously is indeed a cohomology
class, but it can be of independent interest because it implies that several
identities in characteristic classes are valid at the level of differential forms.
In section §4 we study the cohomology of the complex of currents with a fixed
wave front set. The main result of this section is a Poincaré lemma for currents
of this kind. This implies in particular a d0-lemma. The results of this section
are necessary to state the functorial properties of singular Bott-Chern classes.
In section §5 we recall the deformation of resolutions, that is a generalization of
the deformation to the normal cone, and we also recall the construction of the
Koszul resolution. These are the main geometric tools used to study singular
Bott-Chern classes.

Sections §6 to §9 are devoted to the definition and study of the theories of sin-
gular Bott-Chern classes. Section §6 contains the definition and first properties.
Section §7 is devoted to the classification theorem of such theories. In section
88 we study how properties of the theory of singular Bott-Chern classes and of
the associated characteristic class are related. And in section §9 we define the
theory of homogeneous singular Bott-Chern classes and we prove that it agrees
with the theories defined by Bismut, Gillet and Soulé and by Zha.
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Finally in section §10 we define arithmetic K-groups associated to a Digg-
arithmetic variety (X, C) (in the sense of [I3]) and push-forward maps for closed
immersions of metrized arithmetic varieties, at the level of the arithmetic K-
groups. After studying the compatibility of these maps with the projection
formula and with the push-forward map at the level of currents, we prove
a general Riemann-Roch theorem for closed immersions (theorem [MLZY) that
compares the direct images in the arithmetic K-groups with the direct images in
the arithmetic Chow groups. This theorem is compatible, if we choose the the-
ory of homogeneous singular Bott-Chern classes, with the arithmetic Riemann-
Roch theorem for closed immersions proved by Bismut, Gillet and Soulé [6] and
it agrees with the theorem proved by Zha [32]. Theorem [ML28 together with
the arithmetic Grothendieck-Riemann-Roch theorem for submersions proved in
[16], can be used to obtain an arithmetic Grothendieck-Riemann-Roch theorem
for projective morphisms of regular arithmetic varieties.
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1 CHARACTERISTIC CLASSES IN ANALYTIC DELIGNE COHOMOLOGY

A characteristic class for complex vector bundles is a functorial assignment
which, to each complex continuous vector bundle on a paracompact topological
space X, assigns a class in a suitable cohomology theory of X. For example,
if the cohomology theory is singular cohomology, it is well known that each
characteristic class can be expressed as a power series in the Chern classes.
This can be seen for instance, showing that continuous complex vector bundles
on a paracompact space X can be classified by homotopy classes of maps from
X to the classifying space BGLo(C) and that the cohomology of BG L (C)
is generated by the Chern classes (see for instance [28]).

The aim of this section is to show that a similar result is true if we restrict the
class of spaces to the class of quasi-projective smooth complex manifolds, the
class of maps to the class of algebraic maps and the class of vector bundles to
the class of algebraic vector bundles and we choose analytic Deligne cohomology
as our cohomology theory.

This result and the techniques used to prove it are standard. We will use the
splitting principle to reduce to the case of line bundles and will then use the
projective spaces as a model of the classifying space BGL1(C). In this section
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we also recall the definition of Chern classes in analytic Deligne cohomology
and we fix some notations that will be used through the paper.
DEFINITION 1.1. Let X be a complex manifold. For each integer p, the analytic
real Deligne complex of X is
Rxp(p) = R(p) — Ox — O — ... — O
=s(R(p) & FPQy — O%),

where R(p) is the constant sheaf (27i)PR C C. The analytic real Deligne
cohomology of X, denoted H.. (X, R(p)), is the hyper-cohomology of the above
complex.

Analytic Deligne cohomology satisfies the following result.

THEOREM 1.2. The assignment X —— Hpuu (X, R(x)) = D, Hpan (X, R(p)) is
a contravariant functor between the category of complex manifolds and holo-
morphic maps and the category of unitary bigraded rings that are graded com-
mutative (with respect to the first degree) and associative. Moreover there exists
a functorial map

c: Pic(X) = HY(X, 0%) — Hpu(X,R(1))

and, for each closed immersion of compler manifolds i: Y — X of codimen-
sion p, there exists a morphism

it Hpun (Y, R(x)) — Hpt? (X, R(x + p))
satisfying the properties

Al Let X be a complex manifold and let E be a holomorphic vector bundle
of rank r. Let P(E) be the associated projective bundle and let O(—1) the
tautological line bundle. The map

T Hyan (X, R()) — Hpen (P(E), R(x))

induced by the projection w: P(E) — X gives to the second ring a
structure of left module over the first. Then the elements c(cl(O(—1))),
1=0,...,7—1 form a basis of this module.

A2 If X is a complex manifold, L a line bundle, s a holomorphic section
of L that is transverse to the zero section, Y is the zero locus of s and
1:Y — X the inclusion, then

c(cl(L)) = ir(1y).

A3 Ifj: Z — Y and i: Y — X are closed immersions of complex mani-
folds then (ij)s = ixjx.
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A4 Ifi: Y — X is a closed immersion of complex manifolds then, for every
a € Hfan (X, R(x)) and b € Hyyan (Y, R(x))

i (bi*a) = (i.b)a.

Proof. The functoriality is clear. The product structure is described, for in-
stance, in [I5]. The morphism c¢ is defined by the morphism in the derived
category

O%[1] < s(Z(1) — Ox) — s(R(1) — Ox) = Rp(1).

The morphism 4, can be constructed by resolving the sheaves Rp(p) by means
of currents (see [20] for a related construction). Properties A3 and A4 follow
easily from this construction.

By abuse of notation, we will denote by ¢1(O(—1)) the first Chern class of
O(—1) with the algebro-geometric twist, in any of the groups H?(P(E),R(1)),
H*(P(E),C), H'(P(E), Q). Then, we have sheaf isomorphisms (see for
instance [22] for a related result),

P Rx(p — i)[~2i] — Rm.Rp(z(p)
1=0

r—1

P ax[-2i] — Rr.Qp
=0
r—1
P P52 — R P
=0

given, all of them, by (ag,...,a,_1) — >_a;c1(O(—1))". Hence we obtain a
sheaf isomorphism

r—1
@ Ry p(p —4)[-2i] — RT"*RP(E),D(]?)
i=0

from which property Al follows. Finally property A2 in this context is given
by the Poincare-Lelong formula (see [I3] proposition 5.64). O

NoTATION 1.3. For the convenience of the reader, we gather here together
several notations and conventions regarding the differential forms, currents and
Deligne cohomology that will be used through the paper.

Throughout this paper we will use consistently the algebro-geometric twist.
In particular the Chern classes ¢;, i = 0,... in Betti cohomology will live in
¢; € H*(X,R(4)); hence our normalizations differ from the ones in [I8] where
real forms and currents are used.

Moreover we will use the following notations. We will denote by &y the sheaf of
Dolbeault algebras of differential forms on X and by Z% the sheaf of Dolbeault
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complexes of currents on X (see [I3] §5.4 for the structure of Dolbeault complex
of 7%). We will denote by E*(X) and by D*(X) the complexes of global
sections of &% and Z% respectively. Following [9] and [I3] definition 5.10, we
denote by (D*(_,*),dp) the functor that associates to a Dolbeault complex
its corresponding Deligne complex. For shorthand, we will denote

D*(X,p) = D*(E*(X),p),
Dp(X,p) = D*(D"(X),p)-

To keep track of the algebro-geometric twist we will use the conventions of [I3]
85.4 regarding the current associated to a locally integrable differential form

[“’“")W/X““

and the current associated with a subvariety Y

1
oy (1) = (2mi)dimY /Y"'

With these conventions, we have a bigraded morphism D*(X, %) — Dp (X, )
and, if Y has codimension p, the current dy belongs to D%’(X,p). Then
D*(X,p) and D}, (X,p) are the complex of global sections of an acyclic res-
olution of Rx p(p). Therefore

Hpan (X, R(p)) = H*(D(X, p)) = H*(Dp (X, p)).

If f: X — Y is a proper smooth morphism of complex manifolds of relative
dimension e, then the integral along the fibre morphism

f* : Dk(Xap) I Dk72e(X7pfe)

is given by

1

If (D*(x),dp) is a Deligne complex associated to a Dolbeault complex, we will
write

D*(X,p) := D*(X,p)/ dp D L(X, p).

Finally, following [I3] 5.14 we denote by e the product in the Deligne complex
that induces the usual product in Deligne cohomology. Note that, if w €
GBPDQI’(X,p)7 then for any n € D*(X,*) we have wen = new = n A w.
Sometimes, in this case we will just write nw :=n e w.

We denote by * the complex manifold consisting on one single point. Then

R(p) := (2R, ifn=0, p<o0,
Hiuwn(x,p) =< R(p— 1) := 2mi)P7IR, ifn=1, p>0.
{0}, otherwise.
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The product structure in this case is the bigraded product that is given by
complex number multiplication when the degrees allow the product to be non
zero. We will denote by D this ring. This is the base ring for analytic Deligne
cohomology. Note that, in particular, Hb..(x,1) = R = C/R(1). We will
denote by 1; the image of 1 in H..(x,1).

Following [23], theorem implies the existence of a theory of Chern classes
for holomorphic vector bundles in analytic Deligne cohomology. That is, to
every vector bundle F, we can associate a collection of Chern classes ¢;(E) €
HZ..(X,R(3)), i > 1 in a functorial way.

We want to see that all possible characteristic classes in analytic Deligne coho-
mology can be derived from the Chern classes.

DEFINITION 1.5. Let n > 1 be an integer and let r1 > 1,...,7r, > 1 be a collec-
tion of integers. A theory of characteristic classes for n-tuples of vector bundles
of rank r1,...,ry, is an assignment that, to each n-tuple of isomorphism classes
of vector bundles (E1,..., E,) over a complex manifold X, with rk(E;) = r;,
assigns a class

Cl(Ela ] En) € @ H%M’(Xv R(p))
k,p

in a functorial way. That is, for every morphism f: X — Y of complex
manifolds, the equality

(B, ..., En) =cl(f*Er,..., ["Ey)
holds

The first consequence of the functoriality and certain homotopy property of
analytic Deligne cohomology classes is the following.

PROPOSITION 1.6. Let cl be a theory of characteristic classes for n-tuples of vec-
tor bundles of rank 1, ..., r,. Let X be a complex manifold and let (E, ..., E,)
be a n-tuple of vector bundles over X with tk(E;) = r; for alli. Let 1 < j<n
and let

O—>E}—>Ej—>E}’—>O,
be a short exact sequence. Then the equality
cl(Ey,...,Ej,...,Ey) = cl(El,...,E§ @Eé’,...,En)
holds.

Proof. Let tg,t00: X — X x P! be the inclusion as the fiber over 0 and
the fiber over oo respectively. Then there exists a vector bundle £; on
X x P! (see for instance [I9] (1.2.3.1) or definition below) such that
WE; = Ej and i E; = E; @ EY. Let pi: X x P! — X be the first
projection. Let w € @k’p Dk(X,p) be any dp-closed form that represents

DOCUMENTA MATHEMATICA 15 (2010) 73-176



84 Jost 1. BURGOS GIL AND RAZVAN LITCANU

cl(piEn, .. .,E'j, ...,PiEy). Then, by functoriality we know that ifw repre-
sents cl(E1,..., Ej,..., E,) and (5w represents cl(E1,..., E; @ EY,... Ey,).
We write

1 -1
= [ “oogt
F=omi Jo o losttew,

where ¢ is the absolute coordinate of P'. Then
dp f =5 w— tjw
which implies the result. O

A standard method to produce characteristic classes for vector bundles is to
choose hermitian metrics on the vector bundles and to construct closed differ-
ential forms out of them. The following result shows that functoriality implies
that the cohomology classes represented by these forms are independent from
the hermitian metrics and therefore are characteristic classes. When working
with hermitian vector bundles we will use the convention that, if £ denotes the
vector bundle, then E = (E, h) will denote the vector bundle together with the
hermitian metric.

PrOPOSITION 1.7. Let n > 1 be an integer and let m > 1,...,r, > 1
be a collection of integers. Let cl be an assignment that, to each n-tuple
(Ev,...,E,) = ((E1,h1),...,(En, hy)) of isometry classes of hermitian vector
bundles of rank rq,...,r, over a complex manifold X, associates a cohomology

class o o
A(Ey, ..., En) € @ HE(X,R(p))
k,p

such that, for each morphism f:Y — X,
Cl(f*Ela RN f*En) - f* Cl(Ela s aEn)

Then the cohomology class cl(E1, ..., E,) is independent from the hermitian
metrics. Therefore it is a well defined characteristic class.

Proof. Let 1 < j <n be an integer and let E; = (&j, h};) be the vector bundle

underlying E; with a different choice of metric. Let tg, too and p; be as in the
proof of proposition Then we can choose a hermitian metric h on pj L},
such that f(p; E;, h) = E; and ¢ (piEj, h) = F; Let w be any smooth closed
differential form on X x P! that represents cl(piE1, ..., (p{E1,h),...,piE,).
Then,

1 -1 _
B=— — logttew
2m Jp1 2
satisfies
dp B =15 w— 1w
which implies the result. O
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We are interested in vector bundles that can be extended to a projective variety.
Therefore we will restrict ourselves to the algebraic category. So, by a complex
algebraic manifold we will mean the complex manifold associated to a smooth
quasi-projective variety over C. When working with an algebraic manifold, by
a vector bundle we will mean the holomorphic vector bundle associated to an
algebraic vector bundle.

We will denote by D[[x1,...,x,]] the ring of commutative formal power se-
ries. That is, the unknowns z1,...,z, commute with each other and with
D. We turn it into a commutative bigraded ring by declaring that the un-
knowns x; have bidegree (2,1). The symmetric group in r elements, &, acts
on D[[x1,...,x.]]. The subalgebra of invariant elements is generated over D
by the elementary symmetric functions. The main result of this section is the
following

THEOREM 1.8. Let cl be a theory of characteristic classes for n-tuples of vector
bundles of rank ri,...,r,. Then, there is a power series ¢ € D[[x1,...,z,]]
mr =ry+ -+ r, variables with coefficients in the ring D, such that, for
each complex algebraic manifold X and each n-tuple of algebraic vector bundles
(E1,...,E,) over X with tk(E;) = r; this equality holds:

A(Er, ..., Bn) = p(er (B, () ser(En), ooy n (Ba). (L9)

Conversely, any power series ¢ as before determines a theory of characteristic
classes for n-tuples of vector bundles of rank ri,...,ry, by equation ([LCJ).

Proof. The second statement is obvious from the properties of Chern classes.
Since we are assuming X quasi-projective, given n algebraic vector bundles
Ey,..., B, on X, there is a smooth projective compactification X and vector
bundles F, ..., E, on X, such that F; = E;|x (see for instance [I4] proposition
2.2), we are reduced to the case when X is projective. In this case, analytic
Deligne cohomology agrees with ordinary Deligne cohomology.

Let us assume first that r; = --- = r,, = 1 and that we have a characteristic
class cl for n line bundles. Then, for each n-tuple of positive integers my, ..., my,
we consider the space P™1™Mn = P x ... x P& and we denote by p; the

projection over the i-th factor. Then

& HL (P R(p)) :D[xl,...,xn]/(anl,...,x,?n)

k,p

is a quotient of the polynomial ring generated by the classes z; = ¢1(pfO(1))
with coefficients in the ring ID. Therefore, there is a polynomial ¢, ... m, in n
variables such that

cd(piOQ),...,p1O01)) = Omq....omp (X1, Tp).

If my <mi, ..., my, <m) then, by functoriality, the polynomial ¢, .. m, is
the truncation of the polynomial Omi,...,m!, - Therefore there is a power series
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in n variables, ¢ such that ¢, ... m, is the truncation of ¢ in the appropriate
quotient of the polynomial ring.

Let Li,...,L, be line bundles on a projective algebraic manifold that are
generated by global sections. Then they determine a morphism f: X —
Pmasomnoguch that L; = f*pfO(1). Therefore, again by functoriality, we
obtain

n

Cl(Ll, e ,Ln) = gD(Cl (Ll), ceey Cl(Ln))

From the class cl we can define a new characteristic class for n + 1 line bundles
by the formula

l'(Ly,..., Ly, M) =cl(Ly @ MY,... L, ® MV).

When Lq,...,L, and M are generated by global sections we have that there
is a power series 1 such that

(L. oy Ly M) = 9(cr(La), - - -, e1(Ln), e1 (M)).

Moreover, when the line bundles L; ® MY are also generated by global sections
the following holds

Pler(Ly), .. ei(Ln),cr(M)) = (e (L @ MY), ... ei(Ln @ MY))
= (,0(01([41) — Cl(M), .. .,Cl(Ln) — Cl(M))

Considering the system of spaces P™1» - "n+1 with line bundles
Li=p;O(1)®@p;,,0(1), i=1,....,n, M=p; ,0(1),
we see that there is an identity of power series

cp(acl 7y7"'a1'n7y):w(zla"'axnay)'

Now let X be a projective complex manifold and let L4, ..., L, be arbitrary
line bundles. Then there is a line bundle M such that M and L; = L; ® M,
1 =1,...,n are generated by global sections. Then we have

c(Ly,...,Ly)=c(Liye@MY,...,Ll, @ M)
=c'(L},..., L, M)
= w(cl(Lll)a v 701([’;1)) Cl(M))
= @((c1(Ly) = er(M), ..., e1(Ly,) — e1(M)))
=p(c1(L), ..., c1(Ln)).
The case of arbitrary rank vector bundles follows from the case of rank one
vector bundles by proposition and the splitting principle. We next recall
the argument. Given a projective complex manifold X and vector bundles

Ey,..., B, of rank 71,...,7r,, we can find a proper morphism 7: X — X,
with X a complex projective manifold, and such that the induced morphism

7 Hi (X, R(%)) — Hib (X, R(x))
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is injective and every bundle 7*(E;) admits a holomorphic filtration
0=K;oCKij1C- CKjp,—1CKjp, =7"(Ey),

with L; ; = K, ;/K;j—1 a line bundle. If cl is a characteristic class for n-
tuples of vector bundles of rank rq,...,r,, we define a characteristic class for
r1 + -+ + rp-tuples of line bundles by the formula

Cll(Ll,l, e 7L1,T17 .. ~7Ln,1; e 7Ln,rn) =
(L1 ® - @®Liyy,. s Lp1 @D, Lny,)-

By the case of line bundles we know that there is a power series in r{ +-- -+ 17,
variables 1) such that

Cll(LLl, ey Ll,m; . 7Ln,17 ey Ln,rn) = w(cl(L1,1)7 ey Cl(Ln,'rn))-

Since the class cl’ is symmetric under the group &,, x --- x &, , the same is
true for the power series ¥. Therefore ¥ can be written in terms of symmetric
elementary functions. That is, there is another power series in r1 + --- + r,
variables ¢, such that

1/)(51”1,17 s 7337177%) - 90(81(1'1,17 oo 7331,7“1)7 .. ~75r1(931,1; cee 71'1,7“1); s
ces 81 (T T )y s S (T o T ),

where s; is the i-th elementary symmetric function of the appropriate number
of variables. Then

7 (l(Ey,y ..., En)) =c(n*Eq, ..., 7" Ey))
- Cl/(Ll,la ceey Ln,rn)

- 1/)(61 (Ll,l)a -0 (Ln,rn))
=1 (7" Er),...,er (T°Ey),...,c1 (T Ey),...,cp, (77 Ey))
=1"p(c1(Er),...,cr (B1),...c1(En),y ..., cr, (Bn)).

Therefore, the result follows from the injectivity of 7*. O

REMARK 1.10. It would be interesting to know if the functoriality of a charac-
teristic class in enough to imply that it is a power series in the Chern classes
for arbitrary complex manifolds and holomorphic vector bundles.

2 BoOTT-CHERN CLASSES

The aim of this section is to recall the theory of Bott-Chern classes. For more
details we refer the reader to [, ], [T9], BT, [I4], [[0] and [T2]. Note however
that the theory we present here is equivalent, although not identical, to the
different versions that appear in the literature.

DOCUMENTA MATHEMATICA 15 (2010) 73-176



88 Jost 1. BURGOS GIL AND RAZVAN LITCANU

Let X be a complex manifold and let £ = (FE,h) be a rank r holomorphic
vector bundle provided with a hermitian metric. Let ¢ € D[[z1,...,2,]] be a
formal power series in r variables that is symmetric under the action of &,..
Let s;, 2 =1,...,r be the elementary symmetric functions in r variables. Then
o(x1, ..., ) = @(s1,...,8:) for certain power series ¢. By Chern-Weil theory
we can obtain a representative of the class

O(E) = p(cr(B),...,c;(E)) € @D Hbu (X R(p))
k,p

as follows.

We denote also by ¢ the invariant power series in 7 X r matrices defined by
¢. Let K be the curvature matrix of the hermitian holomorphic connection of
(E, h). The entries of K in a particular trivialization of E are local sections of
D?(X,1). Then we write

$(E.h) = ¢(—-K) € DD X, p).
k.p

The form ¢(E, h) is well defined, closed, and it represents the class ¢(F).
Now let

E.=(."E, ~F, "=

be a bounded acyclic complex of hermitian vector bundles; by this we mean
a bounded acyclic complex of vector bundles, where each vector bundle is
equipped with an arbitrarily chosen hermitian metric.

Write
r= Y rk(E) =Y rk(E;).

i even i odd

and let ¢ be a symmetric power series in r variables.
As before, we can define the Chern forms

¢( P (Ei,hi) and ¢(ED (B, b)),

7 even i odd

that represent the Chern classes ¢(€D, .yon £i) and ¢(ED, ,qq £i)- The Chern
classes are compatible with respect to exact sequences, that is,

( @ E;) = éf’(@ E;).
i even i odd

But, in general, this is not true for the Chern forms. This lack of compatibility
with exact sequences on the level of Chern forms is measured by the Bott-Chern
classes.

DEFINITION 2.1. Let

E.=(."E, ~F, "=
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be an acyclic complex of hermitian vector bundles, we will say that E, is an
orthogonally split complex of vector bundles if, for any integer n, the exact
sequence
0—Kerf, —E, —Kerf,,—0

is split, there is a splitting section s, : Ker f,_1, — FE, such that E,, is the
orthogonal direct sum of Ker f;, and Ims, and the metrics induced in the
subbundle Ker f,,_; by the inclusion Ker f,_; C E,_; and by the section s,
agree.

NOTATION 2.2. Let (z : y) be homogeneous coordinates of P! and let t = z/y
be the absolute coordinate. In order to make certain choices of metrics
in a functorial way, we fix once and for all a partition of unity {09,000},
over P! subordinated to the open cover of P! given by the open subsets
Hlyl > 1/72|z|}, {|=| > 1/2]y|}}. As usual we will write co = (1:0),0=(0:1).

The fundamental result of the theory of Bott-Chern classes is the following
theorem (see [, [, [I9]).

THEOREM 2.3. There is a unique way to attach to each bounded exact complex

E. as above, a class ¢(E.) in
P D1 (X, k) = P D* (X, k)/Im(dp)
k k

satisfying the following properties
(i) (Differential equation)

dp ¢(E.) = ¢( P (Bi b)) — 6(EP (B, hy)). (2.4)

i even i odd

(i) (Functoriality) f*qz(F*) = ¢(f*E.), for every holomorphic map
f: X — X.

(iii) (Normalization) If E. is orthogonally split, then qz(F*) =0.

Proof. We first recall how to prove the uniqueness.

Let K; = (K;,g:), where K; = Ker f; and g; is the metric induced by the
inclusion K; C F;. Consider the complex manifold X x P! with projections p;
and py. For every vector bundle F' on X we will denote F(i) = p;iF @ p5Op (i).
Let 5* = G(E*)* be the complex of vector bundles on X x P! given by 51 =
Ei(i) @ E;_1(i — 1) with differential d(s, ) = (,0). Let D, = D(E,). be the
complex of vector bundles with 51 = E;_1(i) @ E;—2(i — 1) and differential
d(s,t) = (t,0). Using notation I we define the map ¢: C(E,); — D(E,);
given by ¥(s,t) = (fi(s) =t @y, fi—1(t)). It is a morphism of complexes.

DEFINITION 2.5. The first transgression exact sequence of E, is given by

tr1(Ey). = Ker .
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On X x Al the map piE; — C(E,); given by s — (s @ ¢, fi(s) @ y*~ 1)
induces an isomorphism of complexes

pTE* —)trl(E*)*|X><A17 (26)

and in particular isomorphisms

trl(E*)i|X><{O} = Ez (27)

Moreover, we have isomorphisms
tr1 (B )il X xfooy = K @ K1 (2.8)

DEFINITION 2.9. We will denote by tri(E.). the complex tri(E,). provided
with any hermitian metric such that the isomorphisms ) and X)) are
isometries. If we need a functorial choice of metric, we proceed as follows.
On X x (P! \ {0}) we consider the metric induced by C on tri(E.).. On
X x (P'\ {oc}) we consider the metric induced by the isomorphism EH). We
glue both metrics by means of the partition of unity of notation

In particular, we have that try(E.)| Xx{oc} 18 orthogonally split. We assume
that there exists a theory of Bott-Chern classes satisfying the above properties.
Thus, there exists a class of differential forms ¢(tr1(E.).) with the following
properties. By |(1)| this class satisfies

d'D d)(trl @ tI‘l E — (725( @ tI‘l (E

1 even i odd
By it satisfies
3(t11(E.)x) |xxgoy= St (Ea)x [xx(0y) = &(E.).
Finally, by [(i1)] and it satisfies
S(tr1(B.)) [x xgoor= O(tr1 (B |xx o)) = 0.
Let ¢(tr1(E.),) be any representative of the class ¢(tr1(E,).).
Then, in the group 0, D?*~1 (X, k), we have

0= / S I0g(1) # 9(tr (B).)

2m
1
21

(dD %1 log(tt) ® ¢(tr1(E.).) — %1 log(tt) e dp ¢(tr1(E*)*))

¢(tr1 ) )| X x {00} — ¢(t1"1( )|X><{O}

2m/ —log (tt) ® @ tr (E @ tr (E

i even i odd

= —qb (E.) 2m/ —log (tt) ® @ tr (E @ tr(E.)

i even i odd
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Hence, if such a theory exists, it should satisfy the formula

W) = 5 [ 5 1o8) ¢ (@D (B — o B (B (210

i odd i even

Therefore ¢(E,) is determined by properties (i), (i) and (iii).

In order to prove the existence of a theory of functorial Bott-Chern forms, we
have to see that the right hand side of equation ([I0) is independent from the
choice of the metric on try(E.). and that it satisfies the properties (i), (i) and
(iii). For this the reader can follow the proof of [] theorem 1.29.

O

In view of the proof of theorem Z3 we can define the Bott-Chern classes as
follows.

DEFINITION 2.11. Let
E.:0— (B, hy) — ... — (E1,h1) — (Eg, ho) — 0

be a bounded acyclic complex of hermitian vector bundles. Let

r= > tk(E) =Y rk(E).

7 even i odd

Let ¢ € D[[x1,...,2,]]%" be a symmetric power series in r variables. Then
the Bott-Chern class associated to ¢ and E, is the element of B, » DF(Ex,p)
given by

A = 5 [ 51080« @D tr1(B)) ~ o ) tri(F)o)

i odd 7 even

The following property is obvious from the definition.

LEMMA 2.12. Let E., be an acyclic complex of hermitian vector bundles. Then,
for any integer k, _ B
S(EL[E]) = (=1)"o(E.).

O
Particular cases of Bott-Chern classes are obtained when we consider a single
vector bundle with two different hermitian metrics or a short exact sequence of
vector bundles. Note however that, in order to fix the sign of the Bott-Chern
classes on these cases, one has to choose the degree of the vector bundles
involved, for instance as in the next definition.

DEFINITION 2.13. Let E be a holomorphic vector bundle of rank r, let hg
and h; be two hermitian metrics and let ¢ be an invariant power series of r
variables. We will denote by ¢(F, hg, h1) the Bott-Chern class associated to
the complex

Z: 0— (Ea hl) - (E,ho) — 0,

where (E, ho) sits in degree zero.
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Therefore, this class satisfies
dp §(E, ho, 1) = $(E, ho) — ¢(E, hn).
In fact we can characterize 5(E, hg, h1) axiomatically as follows.

PROPOSITION 2.14. Given ¢, a symmetric power series in r variables, there is
a unique way to attach, to each rank r vector bundle £ on a complex manifold
X and metrics hg and hy, a class ¢(E, ho, hy) satisfying

(i) dp G(E, ho, 1) = (B, ho) — ¢(E, ).
(i) f*%(E, ho,h1) = 5(f*(E, ho,h1)) for every holomorphic map f: Y —
X.

(iii) ¢(E,h,h)=0.
Moreover, if we denote E := tri(€)1, then it satisfies

Elxxioo} = (Byho),  Elxxioy & (B, hi)

and

BB, ho, ) = 5 3 S log(i) « 6(B). (2.15)

Proof. The axiomatic characterization is proved as in theorem In order
to prove equation ([ZIH), if we follow the notations of the proof of theorem

B3 we have Ky = (E, ho) and K; = 0. Therefore tr1(§)o = pi(FE, ho), while
E := tr (), satisfies Elxxqoy = (E,h1) and E|x (o0} = (£, ho). Using the
antisymmetry of logtf under the involution ¢ +— 1/t we obtain

55(E, ho,h1) = 5@) = ﬁ /Pl _71 log(tt) e ¢(E)

We can also treat the case of short exact sequences. If
g: 0—>F2 —>E1 —>F0 — 0

is a short exact sequence of hermitian vector bundles, by convention, we will
assume that Eq sits in degree zero. This fixs the sign of ¢(2).

PROPOSITION 2.16. Given ¢, a symmetric power series in r variables, there
is a unique way to attach, to each short exact sequence of hermitian vector
bundles on a compler manifold X

£:0—Fy— F, — E — 0,
where Ey has rank r, a class 5(?) satisfying
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(i) dp $(Z) = ¢(Eo & Ea) — ¢(En).
(ii) f*(?b(?) = (E(f*(?)) for every holomorphic map f: Y — X.

(iii) ¢(Z) =0 whenever £ is orthogonally split.

The following additivity result of Bott-Chern classes will be useful later.

LEMMA 2.17. Let Z*,* be a bounded exact sequence of bounded exact sequences
of hermitian vector bundles. Let

r= 3 k(Ag) = Y rk(A) = > k(i) = Y tk(Aiy).

i,j even 4,j odd i odd i even
Jj even j odd

Let ¢ be a symmetric power series in r variables. Then
P Ar) = (P Are) = P Ak) — o(EP Aur)-
k even k odd k even k odd

Proof. The proof is analogous to the proof of proposition and is left to the
reader. O

COROLLARY 2.18. Let A, . be a bounded double complex of hermitian vector
bundles with exact rows, let

r= Z rk(4,; ;) = Z rk(4; ;)

i+j even i+j odd

and let ¢ be a symmetric power series in r variables. Then

#(Tot A, .) = o(P A k[-k)).
k

Proof. Let kg be an integer such that Zk,l = 0 for £k < ky. For any in-
teger n we denote by Tot,, = Tot((Ag,)k>n) the total complex of the ex-
act complex formed by the rows with index greater or equal than n. Then

Toty, = Tot(A. ). For each k there is an exact sequence of complexes

0 — Totgy+1 — Toty & @Zl’*[fl] — @Zl’*[fl] — 0,
1<k 1<k

which is orthogonally split in each degree. Therefore by lemma EZT7 we obtain

(Toty, & DAy .[~1]) = ¢(Toty_1 & @) A [-1).

I<k 1<k

Hence the result follows by induction. |
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A particularly important characteristic class is the Chern character. This class
is additive for exact sequences. Specializing lemma BT and corollary to
the Chern character we obtain

COROLLARY 2.19. With the hypothesis of lemma [Z-17 the following equality
holds:

Y (—DFch(Ag.) = Y (—1)Fch(A. ) = ch(Tot 4. .).

k k

O

Our next aim is to extend the Bott-Chern classes associated to the Chern
character to metrized coherent sheaves. This extension is due to Zha [32,
although it is still unpublished.

DEFINITION 2.20. A metrized coherent sheaf F on X is a pair (F,E. — F)
where F is a coherent sheaf on X and

0—-FE,—E, 1— —Fy—F—0

is a finite resolution by hermitian vector bundles of the coherent sheaf 7. This
resolution is also called the metric of F.
If E is a hermitian vector bundle, we will also denote by E the metrized coherent

sheaf (E,E - E).

Note that the coherent sheaf 0 may have non trivial metrics. In fact, any exact
sequence of hermitian vector bundles

0—A,— - —A4g—0—0

can be seen as a metric on 0. It will be denoted 6,4*. A metric on 0 is said to
be orthogonally split if the exact sequence is orthogonally split.

A morphism of metrized coherent sheaves F1 — Fois just a morphism of
sheaves F; — F5. A sequence of metrized coherent sheaves

g: ---—)]:n-l—l—’}—n—)]:n—l—)---
is said to be exact if it is exact as a sequence of coherent sheaves.

DEFINITION 2.21. Let F = (F,E, — F) be a metrized coherent sheaf. Then
the Chern character form associated to F is given by

ch(F) = Z(—Uich@).

DEFINITION 2.22. An exact sequence of metrized coherent sheaves with com-
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patible metrics is a commutative diagram

I

— e
«—

0 — E,1 — — Eo1 — 0
1l L
0 — Fn,o — ... — FEoo — 0 (2.23)
! ! !
0o — F, - ... — Fo — 0
! ! !
0 0 0

where all the rows and columns are exact. The columns of this diagram are the
individual metrics of each coherent sheaf. We will say that an exact sequence
with compatible metrics is orthogonally split if each row of vector bundles is
an orthogonally split exact sequence of hermitian vector bundles.

As in the case of exact sequences of hermitian vector bundles, the Chern char-
acter form is not compatible with exact sequences of metrized coherent sheaves
and we can define a secondary Bott-Chern character which measures the lack
of compatibility between the metrics.

THEOREM 2.24. 1) There is a unique way to attach to every finite exact
sequence of metrized coherent sheaves with compatible metrics

g: 0—Fp,——Fg—0

on a complex manifold X a Bott-Chern secondary character
h(E) € D7 (X.p)
P

such that the following axioms are satisfied:

(i) (Differential equation)

dpch(z) =Y (—1)* ch(F).
k

(ii) (Functoriality) If f: X' — X is a morphism of complex manifolds,
that is tor-independent from the coherent sheaves Fy,, then

f*(ch)(z) = ch(f*3),

where the exact sequence f*E exists thanks to the tor-independence.

(iii) (Horizontal normalization) If € is orthogonally split then

ch(z) = 0.
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2) There is a unique way to attach to every finite exact sequence of metrized
coherent sheaves

g: 0—Fp,——Fg—0

on a complex manifold X a Bott-Chern secondary character

ch(e) e P DX, p)

such that the axzioms (i), (ii) and (iii) above and the axiom (iv) below are
satisfied:

(iv) (Vertical normalization) For every bounded complex of hermitian
vector bundles _ B
= A — - — Ay —0
that is orthogonally split, and every bounded complex of metrized
coherent sheaves

B 0T Ty 0

where the metrics are given by Fi,* — Fi, if, for some iy we denote
— _ _

]:io = (fioinm* & As — fio)

and - -, -

g 0—>Fp— > F;, —-— Fog—0,

then ch(z') = ch(z).
Proof. 1) The uniqueness is proved using the standard deformation argument.
By definition, the metrics of the coherent sheaves form a diagram like [Z23]).
On X x P!, for each j > 0 we consider the exact sequences F, ; = tr1(E, ;)
associated to the rows of the diagram with the hermitian metrics of definition
Then, for each 4, j there are maps d: E; ; — E;—1 4, and 6: E; j — E; j_1.
We denote _ _ _

fi = Coker(5: Ei71 — Ei,0)~

Using the definition of tr; and diagram chasing one can prove that there is a
commutative diagram

0 — En,l — — FEy1 — 0
R i |
0 — FEpo — ... — Eypo — O (2.25)
o
0O — F - ... - Fo — 0
! ! !
0 0 0
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where all the rows and columns are exact. In particular this implies that the
inclusions ig: X — X x {0} — X x P! and ino: X — X X {00} — X x P!
are tor-independent from the sheaves fz But z(”jf* is isometric with F, and
zgof* is orthogonally split. Hence, by the standard argument, axioms (i), (ii)
and (iii) imply that

ch(®) = > (~1)ch(E. ;). (2.26)

J

To prove the existence we use equation [ZZ0) as definition. Then the properties
of the Bott-Chern classes of exact sequences of hermitian vector bundles imply
that axioms (i), (i) and (iii) are satisfied.
Proof of 2). We first assume that such theory exists. Let

'sz—)“'—)ZOHO
be a bounded complex of hermitian vector bundles, non necessarily orthogo-
nally split, and
E: 0—Fy,—-—Fg—0
a bounded complex of metrized coherent sheaves where the metrics are given
by E; . — F;. Asin axiom (iv), for some iy we denote
—/

‘7:1'0 = (]:io’Eiﬂ‘ @Z* - ]:’io)

and

G 0—>.7'n—>---—>.7—;0—>---—>.?0—>0.

By axioms (i), (ii) and (iv), the class (—1)(ch(z’) — ch(g)) satisfies the prop-
erties that characterize ch(A,). Therefore ch(z') = ch(g) + (—1)%ch(A.).
Fix again a number 75 and assume that there is an exact sequence of resolutions

Bipe —>0 (2.27)

Let now & denote the exact sequence € but with the metric E;O’* in the position
io- Let 7; denote the j-th row of the diagram [ZZ1)). Again using a deformation
argument one sees that

ch(&) = ch(E) = (-1 {h(@) = Y (-1 i) | (229)
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Choose now a compatible system of metrics

1l [
0 - Dp1 — ... — Dg1 — 0
|l ! 1l
0 — Dpo — — Doy — 0 (2.29)
! ! !
0o — F, — - Fo — 0
! ! !
0 0 0

we denote by Xj each row of the above diagram. For each 7, choose a resolution
F;* —— F; such that there exist exact sequences of resolutions

/

0——F,———F;
and
0 B; . E, D;. 0 (2.31)

We denote by 7, ; each row of the diagram E30) and by H; ; each row of the
diagram (ZZ)). Then, by Z23) and [ZZH), we have

ch() = 3 (~1)7 ch(Ry) + 3 (~1)'(ch(Bi) — ch(A;.))

+ Z(*l)iﬂ(&l(ﬁm) - &1@1;)) (2.32)

Thus, ch(z) is uniquely determined by axioms (i) to (iv). To prove the existence
we use equation ([Z3Z) as definition. We have to show that this definition is
independent of the choices of the new resolutions. This independence follows
from corollary ZT@ Once we know that the Bott-Chern classes are well defined,
it is clear that they satisfy axioms (i), (ii), (iii) and (iv). O
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PROPOSITION 2.33. (Compatibility with exact squares) If

!

!
- fn+1,m+1 - fn+1,m - fn+1,m—1 -
o 1l o
- fn,erl - fn,m - fn,mfl -
o o o
- fn—l,m+1 - fn—l,m - ]:n—l,m—l -

l l l

s a bounded commutative diagram of metrized coherent sheaves, where all the

rows ... (En-1), (En), Ent1), - .. and all the columns (7, _1), (Mn)s (Tny1) are
exact, then

Y (=) eh(E,) = D (—1)"ch(®,,)-

n m

Proof. This follows from equation (32)) and corollary EZT9 O

We will use the notation of definition also in the case of metrized coherent
sheaves.
It is easy to verify the following result.

PROPOSITION 2.34. Let
() vi.— Epy1 — Ey — Ep_ — ...

be a finite exact sequence of hermitian vector bundles. Then the Bott-Chern
classes obtained by theorem [Z.24 and by theorem [Z3 agree. O

PROPOSITION 2.35. Let F = (F,E. — F) be a metrized coherent sheaf. We
consider the exact sequence of metrized coherent sheaves

g: 0—FE,— - —FEy—F—0,

Proof. Define K; = Ker(E; — E;—1), i = 1,...,n and Ky = Ker(Ey — F).
Write
E:(K“O"EnHHEHrlHKl), i:O,...,n,

and K_; = F. If we prove that
ch(0 = K; = E; — Ki_1 — 0) =0, (2.36)
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then we obtain the result by induction using proposition 2233l In order to prove
equation ([Z30) we apply equation Z32). To this end consider resolutions

Do — Ki-1, Doy = Eryy
D, . — Ej, D= FEpyiv1 D Eryq
Ds . — Ky, Dy = Eryita

with the map Da j 4 Dy i, given by s — (s,ds) and the map Dy 4 AA Dy
given by (s,t) — ¢t —ds. The differential of the complex D j is given by
(s,t) — (t,0). Using equations ([Z32) and [Z2H) we write the left hand side of
equation (22320) in terms of Bott-Chern classes of vector bundles. All the exact
sequences involved are orthogonally split except maybe the sequences

pYS: 0— Doy — D1 — Do — 0.

But now we consider the diagrams

- i1 = - P2 =
Eiyiv1 —= Epriv1 © By — Eiyy

VTR

— A — — v =
Eiyiv1 —= Erriv1 © By — Eiyy

and

— (o — P11 —=
Eyyi —= Epyit1 © Eppi — Epyig1

A

= 2 = = p1 —
Eiyi —= Epiit1 ® Eppi — Eiyi

where 4;, iz are the natural inclusions, p; and po are the projections and
f(s,t) = (s,t+ f(s)). These diagrams and corollary EZT3 imply that ch(\;) =
0. O

REMARK 2.37. In [B2], Zha shows that the Bott-Chern classes associated to
exact sequences of metrized coherent sheaves are characterized by proposition
B34 proposition 230 and proposition We prefer the characterization in
terms of the differential equation, the functoriality and the normalization, be-
cause it relies on natural extensions of the corresponding axioms that define the
Bott-Chern classes for exact sequences of hermitian vector bundles. Moreover,
this approach will be used in a subsequent paper where we will study singular
Bott-Chern classes associated to arbitrary proper morphisms.

The following generalization of proposition Z3H will be useful later. Let
c:0—-G,—Gp1——G—F—=0
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be a finite resolution of a coherent sheaf by coherent sheaves. Assume that we
have a commutative diagram

1,n — — El,O
| ! N
EO,n — ... T E0,0
E ! E
O — G, — ... > Gy — F — 0
! ! !
0 0 0

where the columns are exact, the rows are complexes and the Ei,j are her-
mitian vector bundles. The columns of this diagram define metrized coherent
sheaves G;. Let F be the metrized coherent sheaf defined by the resolution

Tot(E, ) — F.

ProprOSITION 2.38. With the notations above, let € be the exact sequence of
metrized coherent sheaves

200y Tur = To = F 0
Then ch(z) = 0.

Proof. For each k, let Toty, = Tot((Ex ;);j>k). There are inclusions Tot, —
Totg—1. Let D.; = s(Tot;+1 — Tot;) with the hermitian metric induced by
I, .. There are exact sequences of complexes

0— F*,j — 5*,]‘ — S(TOtj_H — TOtj+1) — 0 (239)

that are orthogonally split at each degree. The third complex is orthogonally
split. Therefore, if we denote by hg and hp the metric structures of G; induced
respectively by the first and second column of diagram [Z3d), then

ch(G;, hg, hp) = 0. (2.40)

There is a commutative diagram of resolutions

! ! | !

0 — 517n — .. — 51,0 — (Totg)y — O
1 L !

0 —- Doy — ... — Dgoog — (Totg)g — O
! ! ! !

O — G, — ... — Gy — F — 0
! ! ! !
0 0 0 0
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where the rows of degree greater or equal than zero are orthogonally split.
Hence the result follows from equation ([Z20]), equation (Z0) and proposition
U

REMARK 2.41. We have only defined the Bott-Chern classes associated to the
Chern character. Everything applies without change to any additive charac-
teristic class. The reader will find no difficulty to adapt the previous results to
any multiplicative characteristic class like the Todd genus or the total Chern
class.

3 DIRECT IMAGES OF BOTT-CHERN CLASSES

The aim of this section is to show that certain direct images of Bott-Chern
classes are closed. This result is a generalization of results of Bismut, Gillet and
Soulé [0] page 325 and of Mourougane [29] proposition 6. The fact that these
direct images of Bott-Chern classes are closed implies that certain relations
between characteristic classes are true at the level of differential forms (see
corollary Bl and corollary BX).

In the first part of this section we deal with differential geometry. Thus all the
varieties will be differentiable manifolds.

Let G1 be a Lie group and let m: N, — M>s be a principal bundle with
structure group G and connection ws. Assume that there is a left action of Gy
over Ny that commutes with the right action of G5 and such that the connection
wsg is Gi-invariant.

Let g1 and gs be the Lie algebras of G; and G5. Every element v € g; defines
a tangent vector field v* over Ny given by

Y= | exp(ty)p.

Let (7*)V be the vertical component of v* with respect to the connection ws.

For every point p € Na, we denote by ¢(vy,p) € g2 the element characterized

by (7*)X = ¢(7,p),, where p(v,p)* is the fundamental vector field associated
to (7,p).

The commutativity of the actions of G; and G2 and the invariance of the

connection wo implies that, for g € G and v € g1, the following equalities hold

Lg(v") = (ad(g)y" (3.1)

Lg:(v)" = (ad(9)7 3.2

p(ad(g)7.p) = ©(7,9

),
*)V,
“'p).

Let G2 be the vector bundle over Ms associated to No and the adjoint repre-
sentation of GGo. That is,

Go = N2 x g2 /{(pg,v) ~ (p,ad(g)v)) .
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Thus, we can identify smooth sections of Go with go-valued functions on Ny
that are invariant under the action of Go. In this way, ¢(v,p) determines a
section

p(7) € C®(N2,92)%* = C®(M>, Go).
Equation B3) implies that, for g € Gy and v € gy,

p(ad(g)y) = Ly-1¢(7).

We denote by Q2 the curvature of the connection we. Let P be an invariant
function on go, then P(Q“2 + ()) is a well defined differential form on M.

PROPOSITION 3.4. Let P be an invariant function on g and let i be a current
on My invariant under the action of G1. Then pu(P(Q“24¢(v))) is an invariant
Sfunction on g1.

Proof. Let g € G1. Then,

p(P(2 + p(ad(g)y))) = p(P(Q + Ly-10(7)))
= u(P(Ly-1 Q2 + Ly-10(7)))
= Ly-1.(0) (P2 +¢(7)))
= p(P(Q + ¢(7)))

O

Let now N7 — M be a principal bundle with structure group G and provided
with a connection wy. Then we can form the diagram

N1XN2 L N1><N2
G1

M,y

Then 7 is a principal bundle with structure group G2. The connections w; and
wo induce a connection on the principal bundle 7. The subbundle of horizontal
vectors with respect to this connection is given by 71, (TH NypTH N3). We will
denote this connection by wq 2. We are interested in computing the curvature
wi,2-

In fact, all the maps in the above diagram are fiber bundles provided with a
connection. When applicable, given a vector field U in any of these spaces, we
will denote by U the horizontal lifting to N1 x No, by U2 the horizontal
lifting to Ny Gx N, and by UH3 the horizontal lifting to N; g M.

1 1
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The tangent space T'(IN1 X N3) can be decomposed as direct sum in the following
ways

T(Ny x No) =THEN, @ TYN, @ TEN, & TV N,
=THN, o TYN, @ TH N, @ Ker 7y, (3.5)

For every point (z,y) € Ny x Ny we have that (Ker m,)(,,y) C Ty N1 & Ty N,
Moreover, there is an isomorphism g; — (Ker m1.)(,,,) that sends an element
Y € g1 to the element (v}, —v;) € T N1 & Ty No.

The tangent space to N1 X Ms can be decomposed as the sum of the subbundle
G

of vertical vectors with respect to ¢ and the subbundle of horizontal vectors
defined by the connection w;. The horizontal lifting to N7 x Ns of a vertical
vector lies in TH Ny and the horizontal lifting of a horizontal vector lies in
THN;.
Let U, V be two vector fields on M; and let UH3, V3 be the horizontal
liftings to Ny G>< M. Then

1

Qw12 (UH’B,VH’S) _ [UH,?;’ VH,B]H,2 o [UH,27 VH,Q]
_ 7T1*([UH’3,VH’3]H’1 o [UH’I, VH,I])
_ 7_‘_1*([UvH,37VvH,B]H,l _ [U, V]H,l + [U, V]H,l _ [UH’I,VH’l])
= Wl,*([UH’Ba VH’B]HJ - [Uv V]HJ + Q¥ (Ua V))

But, we have

Qw12 (U'H,37 VH’3) c TVNQ,
QU (U, V) e TV Ny,
[UH’3, VH,B]H,I _ [U, V]H,l c THN2

Therefore, by the direct sum decomposition (B3 we obtain that
Qo2 (U2, VIS = ((m. 0 (U, V)Y,

where the vertical part is taken with respect to the fib re bundle 7.

If U is a horizontal vector field over N1 x My and V is a vertical vector field,

a similar argument shows that Q«2(U, V) = 0. Finally, if U and V are vector
fields on Ms, they determine vertical vector fields on N7 x Ms,. Then the

horizontal liftings U1 and V1 are induced by horizontal liftings of U and
V to Ny. Therefore, reasoning as before we see that

Q“12(U, V) = Q92 (U, V).

PROPOSITION 3.6. Let Gy and G2 be Lie groups, with Lie algebras g, and
g2. Fori = 1,2, let N; — M; be a principal bundle with structure group
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G, provided with a connection w;. Assume that there is a left action of G
over Na that commutes with the right action of Go and that the connection wo
1s invariant under the Gy-action. We form the Ga-principal bundle m: N1 X

1
Ny — Ny x My with the induced connection w2 and curvature 0“2, Let
1

P be any invariant function on gao. Thus P(Q“12) is a well defined closed
differential form on Ny x Ms. Let pu be a current on Ms invariant under the
Gy

G1-action. Being Gy invariant, the current p induces a current on N1 X Ms,
1
that we denote also by p. Let q: Ny x My — My be the projection. Then
Gy
g« (P(Q“12) A ) is a closed differential form on M.

Proof. Let U C M; be a trivializing open subset for N; and choose a trivial-
ization of Ny |p= U x G1. With this trivialization, we can identify Q“! |y with
a 2-form on U with values in g;.

For v € g1, we denote by

Yu(v) = u(P(Q? + ¢(7)))

the invariant function provided by proposition B2l
Then

G (P(Q212) A ) = 0 (21).
Therefore, the result follows from the usual Chern-Weil theory. O

We go back now to complex geometry and analytic real Deligne cohomology
and to the notations [3, in particular ().

COROLLARY 3.7. Let X be a complex manifold and let E = (E,hF) be a
rank v hermitian holomorphic vector bundle on X. Let w: P(E) — X be
the associated projective bundle. On P(E) we consider the tautological exact
sequence

£:0—0(-1) —71E—Q —0

where all the vector bundles have the induced metric. Let Py, P> and Ps be
invariant power series in 1, r — 1 and r variables respectively with coefficients
in D. Let PL(O(—1)) and Py(Q) be the associated Chern forms and let P3(€)
the associated Bott-Chern class. Then

m.(P1(O(~1)) o P2(Q) » P5(€)) € @ D* (X, k)
k

1s closed. Hence it defines a class in analytic real Deligne cohomology. This
class does mot depend on the hermitian metric of E.

Proof. We consider C” with the standard hermitian metric. On the space P(C")
we have the tautological exact sequence

0— OP(@~)(—1) 4, C"—Q —0.
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Let (z : y) be homogeneous coordinates on P! and let t = z/y be the absolute
coordinate. Let p; and ps be the two projections of My = P(C") x PL. Let £
be the cokernel of the map

piOpcry(—=1) — piOper)(=1) ® p50p1 (1) ® piC" @ p5O0p:1 (1)
5 — s@y+ f(s)@a

with the metric induced by the standard metric of C” and the Fubini-Study
metric of Op(1)(1).

Let N3 be the principal bundle over My formed by the triples (eq, e2, e3), where
e1, ez and eg are unitary frames of p}Opcr)(—1), p7@ and E respectively. The
structure group of this principal bundle is Go = U(1) x U(r — 1) x U(r). Let
wa be the connection induced by the hermitian holomorphic connections on the
vector bundles p}Opcr)(—1), pi@Q and E.

Now we denote M7 = X, and let N7 be the bundle of unitary frames of E.
This is a principal bundle over M7 with structure group Gy = U(r).

The group G acts on the left on N,. This action commutes with the right
action of G5 and the connection ws is invariant under this action.

Let u = [—1log(|t|)] be the current on M, associated to the locally integrable
function —log(|¢]). This current is invariant under the action of Gy because
this group acts trivially on the factor P*.

The invariant power series Py, P, and P3 determine an invariant function P on
g2, the Lie algebra of Gs.

Let w; be the connection induced in N7 by the holomorphic hermitian con-
nection on E. As before let wi,2 be the connection on N; x Np induced

1
by wi and wy and let g: N1 x My — M; be the projection. Observe that
Gy
N1 x My =P(E) x P! and q = 7o p.
G1

By the projection formula and the definition of Bott-Chern classes we have
W*(PI(O(*].)) A PQ(@) A ]SS(Z)) — Q*(N ° P(Qw1*2))’

Therefore the fact that it is closed follows from B Since, for fixed P, P> and
P3, the construction is functorial on (X.E), the fact that the class in analytic
real Deligne cohomology does not depend on the choice of the hermitian metric
follows from proposition [C71 O

COROLLARY 3.8. Let E = (E,h¥) be a hermitian holomorphic vector bundle on
a complex manifold X. We consider the projective bundle n: P(E ®C) — X.
Let Q be the universal quotient bundle on the space P(E @ C) with the induced
metric. Then the following equality of differential forms holds

m 3 (1 (AT = 7l (@) TATN(@) = TA (B

7
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Proof. Let € be the tautological exact sequence with induced metrics. We first
prove that o

Te(er(Q) TA(O(-1))) = 1.

We can write Td(O(—1)) = 1+¢1(O(—1))$p(O(—1)) for certain power series ¢.
Since ¢,4+1(F @ C) = 0 we have

¢ (@)er(0(=1)) = dp ¢r41(8).
Therefore, by corollary Bl we have
T (er(Q) TA(O(-1))) = mu(er(Q)) + meler (@)1 (O(=1))(O(-1)))

=1+ dp mu(Cr41(§)P(O(-1)))
= 1.

Then the corollary follows from corollary B by using the identity

(e (@) Td™H(Q)) = m(er (Q) TA(O(=1))n" Td™H(E))
+dp m(er (@) TA(O(~1))Td ™ (¢)).
O

The following generalization of corollary B provides many relations between
integrals of Bott-Chern classes and is left to the reader.

COROLLARY 3.9. Let X be a complexr manifold and let E = (E,h¥) be a
rank r hermitian holomorphic vector bundle on X. Let n: P(E) — X be
the associated projective bundle. On P(E) we consider the tautological exact
sequence
£&:0—0(-1) —71E—Q—0

where all the vector bundles have the induced metric. Let Py and Py be invariant
power series in 1 and r — 1 variables respectively with coefficients in D and let
Ps, ..., By be invariant power series in v variables with coefficients in D. Let
Pi(O(—1)) and Py(Q) be the associated Chern forms and let P3(€), ..., Py(€)
be the associated Bott-Chern classes. Then

T (PL(O(~1)) » P2(Q) » P3(€) o --- @ Pi(€))

s a closed differential form on X for any choice of the ordering in computing
the non associative product under the integral.

4  COHOMOLOGY OF CURRENTS AND WAVE FRONT SETS

The aim of this section is to prove the Poincaré lemma for the complex of
currents with fixed wave front set. This implies in particular a certain 90-
lemma (corollary EE7)) that will allow us to control the singularities of singular
Bott-Chern classes.

DOCUMENTA MATHEMATICA 15 (2010) 73-176



108 Jost 1. BURGOS GIL AND RAZVAN LITCANU

Let X be a complex manifold of dimension n. Following notation recall
that there is a canonical isomorphism

Hpan (X, R(p)) = H*(Dp (X, p))-

A current i can be viewed as a generalized section of a vector bundle and, as
such, has a wave front set that is denoted by WF (7). The theory of wave front
sets of distributions is developed in [25] chap. VIII. For the theory of wave front
sets of generalized sections, the reader can consult [24] chap. VI. Although we
will work with currents and hence with generalized sections of vector bundles,
we will follow [25].

The wave front set of 1 is a closed conical subset of the cotangent bundle of X
minus the zero section T* Xy = T*X \ {0}. This set describes the points and
directions of the singularities of 1 and it allows us to define certain products
and inverse images of currents.

Let S C T™ X, be a closed conical subset, we will denote by Z% 4 the subsheaf
of currents whose wave front set is contained in S. We will denote by D*(X, S)
its complex of global sections.

For every open set U C X there is an appropriate notion of convergence in
D% 5(U) (see [25] VIII Definition 8.2.2). All references to continuity below are
with respect to this notion of convergence.

We next summarize the basic properties of wave front sets.

PROPOSITION 4.1. Let u be a generalized section of a vector bundle and let P
be a differential operator with smooth coefficients. Then

WF(Pu) C WF(u).
Proof. This is [25] VIIT (8.1.11). O

COROLLARY 4.2. The sheaf 7% g is closed under 0 and 0. Therefore it is a
sheaf of Dolbeault complexes.

Let f: X — Y be a morphism of complex manifolds. The set of normal
directions of f is

Ny ={(f(2),v) € T"Y | df (z)'v = 0}

This set measures the singularities of f. For instance, if f is a smooth map
then Ny = 0 whereas, if f is a closed immersion, Ny is the conormal bundle of
f(X). Let S C T*Y} be a closed conical subset. We will say that f is transverse
to S'if Ny NS = 0. We will denote

f78 = {(z,df (x)"'v) € T*Xo | (f(x),v) € S}.

THEOREM 4.3. Let f: X — Y be a morphism of complex manifolds that is
transverse to S. Then there exists one and only one extension of the pull-back
morphism f*: & — &% to a continuous morphism

o -@1*/,5 - 9)*(,)0*3-
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In particular there is a continuous morphism of complexes
D*(Y,S) — D*(X, f*S).
Proof. This follows from [25] theorem 8.2.4. O

We now recall the effect of correspondences on the wave front sets.
Let K € D*(X xY), and let S be a conical subset of 7*Y,. We will write

WF(K)x ={(2,§) € T"Xo |y €Y, (z,9,£,0) € WF(K)}
WF/(K)Y = {(%77) € T*YO | dz € X’ (mayaoa 777) € WF(K)}
WEF'(K)o S = {(x,§) € T"Xo | 3(y,n) € S, (x,y,& —n) € WF(K)}.
THEOREM 4.4. The image of the correspondence map

EXY) — D*(X)

n o pu(K Ap5(n))

*
c

is contained in D*(X,WF(K)x). Moreover, if SNWF'(K)y = 0, then there
exists one and only one extension to a continuous map

Di(Y,S) — D*(X,9'),
where S = WF(K)x UWF' (K)o S.
Proof. This is [25] theorem 8.2.13. O

We are now in a position to state and prove the Poincaré lemma for currents
with fixed wave front set. As usual, we will denote by F' the Hodge filtration
of any Dolbeault complex.

THEOREM 4.5 (Poincaré lemma). Let S be any conical subset of T*Xo. Then
the natural morphism

v (E*(X),F) — (D*(X,9),F)
s a filtered quasi-isomorphism.

Proof. Let K be the Bochner-Martinelli integral operator on C™ x C". It is the
operator

Bpa@) —  EPe(C)
k(z,w) A p(w),

¥ weCn

where k is the Bochner-Martinelli kernel ([21] pag. 383). Thus k is a differential
form on C™ x C™ with singularities only along the diagonal.

Using the explicit description of k in [21], it can be seen that W F(k) = N*Ao,
the conormal bundle of the diagonal. By theorem EE4], the operator K defines
a continuous linear map from I'c(C", Z¢. g) to I'(C", Z¢. ). This is the key
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fact that allows us to adapt the proof of the Poincaré Lemma for arbitrary
currents to the case of currents with fixed wave front set.
We will prove that the sheaf inclusion

(&x,F) — (Zx.s,F)

is a filtered quasi-isomorphism. Then the theorem will follow from the fact
that both are fine sheaves.
The previous statement is equivalent to the fact that, for any integer p > 0,
the inclusion
is a quasi-isomorphism.
Let x € X, since exactness can be checked at the level of stalks, we need to
show that

b ‘9@)%,1 -@X S,z

is a quasi-isomorphism. let U be a coordinate neighborhood around x and let
x € V C U be a relatively compact open subset.

Let p € C(U) be a function with compact support such that p |[y= 1. We
define an operator

Kp: 7% (U) — 285 (V).
IfT € 7%%(U) and ¢ € E(V) is a test form, then
Ep(T)(p) = (=)PT(pK (p))-
Hence, using that 0K (¢) + K (dp) = ¢, and that ¢ = py, we have
(OKpT + KpdT +T)(p) = =T(3(p) N K ().

Observe that, even if the support of ¢ is contained in V', the support of K(¢)
can be C"; therefore the right hand side of the above equation may be non

Wo compute
(90611 /w k) new)
=1 ([ 30 Akt o).

Since supp(p) C V and d(p)ly = 0, we can find a number e > 0 such that,
if |2 — w| < € then d(p) A k(w,z) A p(w) = 0. Since the singularities of
k(w, z) are concentrated on the diagonal, it follows that the differential form
(p) A k(w, 2) A p(w) is smooth. Therefore, the current in V given by

T(9(p) N K ()

ot ([ ) kw2 new).
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is the current associated to the smooth differential form T, (0(p) A k(w, 2)),
where the subindex z means that T only acts on the z variable, being w € V
a parameter. This smooth form will be denoted by ¥(T').

Summing up, we have shown that, for any current T € @Q?S(U ) there exists a
smooth differential form ¥(T') € &¥9(V') such that

T |v=—0KpT — KpdT — ¥(T).

Observe that we can not say that ¥ is a quasi-inverse of ¢, because it depends
on the choice of p and it is not possible to choose a single p that can be applied
to all T. Hence it is not a well defined operator at the level of stalks. Let
now 1" € @f(’*S’z be closed. It is defined in some neighborhood of z, say U’.
Applying the above procedure we find a smooth differential form ¥ (7") defined
on a relatively compact subset of U’, say V', that is cohomologous to T'. Hence
the map induced by ¢, in cohomology is surjective. Let w € & )’;Z be closed

and such that 1,w = 9T for some T € @f(*sj . We may assume that w and T'
are defined is some neighborhood U” of x. Then, on some relatively compact
subset V" C U”, we have

w |V”: 5T |V”: —5Kpu} — 5‘1’(T)

Since Kpw and ¥(T') are smooth differential forms we conclude that the map
induced by ¢, in cohomology is injective. O

We will denote by D7, (X, S, p) the Deligne complex associated to D* (X, S).
The following two results are direct consequences of theorem ELH

COROLLARY 4.6. The inclusion D}, (X, S,p) — D5 (X,p) induces an isomor-
phism
H*(Dp(X, S, p)) = Hpan (X, R(p)).

COROLLARY 4.7. (i) Let n € D} (X,p) be a current such that
dD Ui € D%—‘rl(X) Sap)7
then there is a current a € Dg_I(X,p) such that n+dp a € D}(X, S, p).

(i) Let n € D}H(X,S,p) be a current such that there is a current a €
DY X,p) with n = dpa, then there is a current b € D (X, S,p)
such that n = dp b.

O

5 DEFORMATION OF RESOLUTIONS
In this section we will recall the deformation of resolutions based on the Grass-

mannian graph construction of [I]. We will also recall the Koszul resolution
associated to a section of a vector bundle.
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The main theme is that given a bounded complex FE, of locally free sheaves
(with some properties) on a complex manifold X, one can construct a bounded
complex tr1(E,). over a certain manifold W. This new manifold has a bira-
tional map m: W — X x P!, that is an isomorphism over X x P!\ {co}. The
complex trq (Fy ). agrees with the original complex over X x {0} and is particu-
larly simple over 7~1(X x {oo}). Thus tri(E, )« is a deformation of the original
complex to a simpler one. The two examples we are interested in are: first,
when the original complex is exact, then W agrees with X x P! and try (B«
was defined in Its restriction to 7~ (X x {oo}) is split; second, when
1: Y — X is a closed immersion of complex manifolds, and F, is a bounded
resolution of 7,0y, then W agrees with the deformation to the normal cone of
Y and the restriction of tri(E,). to 7~ 1(X x {oo}) is an extension of a Koszul
resolution by a split complex. Note that, if we allow singularities, then the
Grassmannian graph construction is much more general.

The deformation of resolutions is based on the Grassmannian graph construc-
tion of [1], and, in the form that we present here, has been developed in [6] and
[20].

In order to fix notations we first recall the deformation to the normal cone and
the Koszul resolution associated to the zero section of a vector bundle.

Let Y — X be a closed immersion of complex manifolds, with Y of pure
codimension n. In the sequel we will use notation Z2 Let W = Wy, x be the
blow-up of X x P! along Y x {co}. Since Y and X x P! are manifolds, W
is also a manifold. The map m: W — X x P! is an isomorphism away from
Y x {oo}; we will write P for the exceptional divisor of the blow-up. Then

P =P(Ny;x ® N_jp ®C).

Thus P can be seen as the projective completion of the vector bundle
Ny,;x ® No_olml. Note that N /p1 is trivial although not canonically trivial.
Nevertheless we can choose to trivialize it by means of the section y € Op:1(1).
Sometimes we will tacitly assume this trivialization and omit N p1 from the
formulae.

The map qw : W — P!, obtained by composing 7 with the projection ¢: X x
P! — P! is flat and, for ¢t € P!, we have

1) X x {t}, 1if t# oo,
w PUX, ift=oo,

where X is the blow-up of X along Y, and P QX is, at the same time, the
divisor at co of P and the exceptional divisor of X.
Following [6] we will use the following notations

P————W

Y x {oo} === X x P!

DOCUMENTA MATHEMATICA 15 (2010) 73-176



SINGULAR BOTT-CHERN CLASSES 113

Y — X,
Woo =7 1(c0) = PUX,
q: X xP' — P!, the projection,
p: X x P! — X, the projection,
qw =qoT
bw =pom
qgy: Y x P! — P!, the projection,
py:Y x Pl — Y, the projection,
jrY x P — W the induced map,

Joo: Y X {0} — P.

Given any map ¢g: Z — X x P!, we will denote pz = pog and qz = qog. For
instance pp = porwo f = pw o f =iomwp, where, in the last equality, we are
identifying Y with Y x {oc}.

We next recall the construction of the Koszul resolution. Let Y be a complex
manifold and let N be a rank n vector bundle. Let P = P(N @ C) be the
projective bundle of lines in N & C. It is obtained by completing N with the
divisor at infinity. Let mp: P — Y be the projection and let s: Y — P be
the zero section. On P there is a tautological short exact sequence

0— O(-1) —1p(NeC) — Q — 0. (5.1)

The above exact sequence and the inclusion C — 7} (N & C) induce a section
o: Op — @ that vanishes along the zero section s(Y'). By duality we obtain
a morphism QY — Op that induces a long exact sequence

n 1
0—»/\QV*>...—>/\QV—>OP*>S*O3/—>O.

If F' is another vector bundle over Y, we obtain an exact sequence,

n 1
0—>/\QV®TF;SF—>...—>/\QV®7T;SF—>7T;SF—>5*F—>O, (5,2)

DEFINITION 5.3. The Koszul resolution of s.(F) is the resolution (&2). The
complex

n 1
0—>/\QV®W;F—>...—>/\QV®W}SF—>’/T};F*>O

will be denoted by K(F,N). When N is a hermitian vector bundle, the ex-
act sequence (B]) induces a hermitian metric on Q. If, moreover, F is also
a hermitian vector bundle, all the vector bundles that appear in the Koszul
resolution have an induced hermitian metric. We will denote by K (F, N) the
corresponding complex of hermitian vector bundles.

In particular, we shall write K (Oy, N) if F = Oy is endowed with the trivial
metric ||1]| = 1, unless expressly stated otherwise.
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We finish this section by recalling the results about deformation of resolutions
that will be used in the sequel. For more details see [I] II.1, [6] Section 4 (c)
and [20] Section 1.

THEOREM 5.4. Let i : Y — X be a closed immersion of compler manifolds,
where Y may be empty. Let U = X \Y. Let F be a vector bundle over Y and
E, — i, F — 0 be a resolution of i.F'. Then there exists a complex manifold
W = W(E,), called the Grassmannian graph construction, with a birational
map ©: W — X x P! and a complex of vector bundles, tr1(Ey)«, over W such
that

(i) The map 7 is an isomorphism away from Y x {oo}. The restriction of
tri(Ey)« to X x (P\ {o0}) is isomorphic to py, E. restricted to X x
(P1\ {oo}). Moreover, If X is the Zariski closure of U x {oo} inside W,
the restriction of tri(Ey). to X is split acyclic. In particular, if Y is
empty or F is the zero vector bundle, hence E, is acyclic in the whole X,

then W = X x P! and tri(FE.). is the first transgression exact sequence
introduced in [Z21.

(ii) When'Y is non-empty and F is a non-zero vector bundle over Y, then

W(E.) agrees with Wy, x, the deformation to the normal cone of Y.
Moreover, there is an exact sequence of resolutions on P

0—= A, —>try(E,). |p —= K(F, Ny;x @ N_0) —=0,

| |

0 —— (Joo)u F' (Joo ) F

where A, is split acyclic and K(F, Ny, x ® N;Ol/Pl) s the Koszul resolu-
tion.

(iii) Let f: X' — X be a morphism of complex manifolds and assume that
we are in one of the following cases:

(a) The map f is smooth.
(b) The map f is arbitrary and E, is acyclic.

(¢) [ is transverse to Y.
Then E. := f*(E,) is evact over f~1(U),

W' =W(E.) =W x X,
X

with fw: W' — W the induced map, and we have f3,(tr1(Ey).) =
try (f*(Ey))«.
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(iv) If the vector bundles E; are provided with hermitian metrics, then one
can choose a hermitian metric on tri(Ey)s such that its restriction to
X x {0} is isometric to E, and the restriction to U x {oo} is orthogo-
nally split. We will denote by tri(E.). the complex tri(E.). with such
a choice of hermitian metrics. Moreover, this choice of metrics can be

made functorial. That is, if f is a map as in item then

Fiv (tr1(Ey) ) = tra (f7(Ex))»

Proof. The case when FE, is acyclic has already been treated. For the case
when Y is non-empty and F' is non zero, we first recall the construction of the
Grassmannian graph of an arbitrary complex from [20], which is more general
than what we need here. If E is a vector bundle over X we will denote by E(i)
the vector bundle over X x P! given by E(i) = p*E ® ¢*O(i).

Let C, be the complex of locally free sheaves given by C; = E;(i) & E;_1 (i — 1)
with differential given by d(a,b) = (b,0). On X x (P'\ {co}) we consider,
for each ¢, the inclusion of vector bundles ~;: E; — 51 given by s — (s ®
yi,ds ® y"~!). Let G be the product of the Grassmann bundles Gr(n;,C;)
that parametrize rank n; = rk E; subbundles of @ over X x P'. The inclusion
Ye: @ E; — @ C; induces a section s of G over X x Al

Then W (E.) is defined to be the closure of s(X x A') in G. Since the projection
from G to X x P! is proper, the same is true for the induced map 7: W —
X x PL. For each i, the induced map W — Gr(n;,C;) defines a subbundle
try (E,); of 7*C;. This subbundle agrees with E; over X x A'. The differential
of C, induces a differential on try (E,)..

Assume now that the bundles F; are provided with hermitian metrics. Us-
ing the Fubini-Study metric of O(1) we obtain induced metrics on C;. Over
771X x (P!\ {o0})) we induce a metric on try(E.); by means of the identifi-
cation with E;. Over 7=1(X x (P! \ {0})) we consider on tr;(F,); the metric
induced by 51 We glue together both metrics with the partition of unity
{00, 0} of notation

In the case we are interested there is a more explicit description of try(Ey ).
given in [6] Section 4 (c¢). Namely, trq(E.); is the kernel of the morphism

¢: P*Wéz =pwEi(i) ©pwEi—1(i — 1) — py Ei1(i) © pyy Ei—2(i — 1) (5.5)

given by ¢(s,t) = (ds —t @y, dt).

The only statements that are not explicitly proved in [6] Section 4 (c) or [20)]
Section 1 are the functoriality when f is not smooth and the properties of the
explicit choice of metrics.

If the complex E, is acyclic, then the same is true for £/, = f*FE,. In this
case W = X x P! and W’ = X’ x P. Then the functoriality follows from the
definition of trq(E\)..
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Assume now that we are in case [(iii))d We can form the Cartesian square

YI # X/
|l
Yy ——>X
where 7’ is also a closed immersion of complex manifolds. Then we have that

E! is a resolution of i,¢*F. Hence W’ = W(E’) is the deformation to the
normal cone of Y’ and therefore W/ = W x X’. Again the functoriality of
X

tr1(Ey )+« can be checked using the explicit construction of [20] Section 1 that
we have recalled above. O

REMARK 5.6. (i) The definition of tr; (E.) can be extended to any bounded
chain complex over a integral scheme (see [20]]).

(ii) There is a sign difference in the definition of the inclusion ~y used in [20)
and the one used in [6]. We have followed the signs of the first reference.

6 SINGULAR BOTT-CHERN CLASSES
Throughout this section we will use notation In particular we will write

Dy (X,p) = D
D} (X,S,p) =D

(X,p)/ dp D5 H(X,p),
(X, S,p)/dp D} H(X, S, p).

SERISE

A particularly important current is Wy € DL (P!, 1) given by
-1 )
Wi = [ log ¢ (6.1)

With the above convention, this means that

1 —1
Win) = =— | —log||t|> en. 6.2
(o) = 5 [ el e (62)
By the Poincaré-Lelong equation
dp Wi = 6o — 0. (6.3)

Note that the current W; was used in the construction of Bott-Chern classes
(definition EZTTl) and will also have a role in the definition of singular Bott-
Chern classes.

Before defining singular Bott-Chern classes we need to define the objects that
give rise to them.
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DEFINITION 6.4. Let i: Y — X be a closed immersion of complex manifolds.
Let N be the normal bundle of Y and let hAxy be a hermitian metric on N.
We denote N = (N,hy). Let ry be the rank of N, that agrees with the
codimension of Y in X. Let F' = (F, hr) be a hermitian vector bundle on Y of
rank rp. Let E, — i,F be a metric on the coherent sheaf i, F. The four-tuple

€= (i, N,F,F.). (6.5)

is called a hermitian embedded vector bundle. The number rr will be called
the rank of € and the number rx will be called the codimension of €.

By convention, any exact complex of hermitian vector bundles on X will be
considered a hermitian embedded vector bundle of any rank and codimension.

Obviously, to any hermitian embedded vector bundle we can associate the
metrized coherent sheaf (i, F, E, — i, F).

DEFINITION 6.6. A singular Bott-Chern class for a hermitian embedded vector
bundle £ is a class 7] € €D, D71 (X,p) such that

n

dpn =3 (~1)[ch(By)] — i ([Td" (V) ch(F))) (6.7)
i=0

for any current n € 7.
The existence of this class is guaranteed by the Grothendieck-Riemann-Roch
theorem, which implies that the two currents in the right hand side of equation
E™D) are cohomologous.
Even if we have defined singular Bott-Chern classes as classes of currents with
arbitrary singularities, it is an important observation that in each singular
Bott-Chern class we can find representatives with controlled singularities. Let

Ny, be the conormal bundle of Y with the zero section deleted. It is a closed
conical subset of 75 (X). Since the current

n

Z(—l)i[ch@)] —ix([Td™'(N) ch(F)))

= Z(—l)i[ch@)] — Td™'(N) ch(F)dy

belongs to D}, (X, Ny o, p), by corollary ], we obtain

PROPOSITION 6.8. Let & = (i, N, F,E.) be a hermitian embedded vector bundle
as before. Then any singular Bott-Chern class for & belongs to the subset

P D (X, Nyo.p) c PDE (X p).
p P
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This result will allow us to define inverse images of singular Bott-Chern classes
for certain maps.

Let f: X’ — X be a morphism of complex manifolds that is transverse to Y.
We form the Cartesian square

Y/%X/ .

Pl

Observe that, by the transversality hypothesis, the normal bundle to Y’ on X’
is the inverse image of the normal bundle to Y on X and f*FE, is a resolution
of i,g*F. Thus we write f*¢ = (i, f*N,g*F, f*E.), which is a hermitian
embedded vector bundle.

By proposition B8 given any singular Bott-Chern class 7 for &, we can find
a representative 1 € P, Df)p*l(X, Ny o,p). By theorem EEJ there is a well
defined current f*n anii’g/is a singular Bott-Chern current for f*¢. Therefore
we can define f*(77) = f*(n). Again by theorem B3 this class does not depend
on the choice of the representative 7).

Our next objective is to study the possible definitions of functorial singular
Bott-Chern classes.

DEFINITION 6.9. Let rp and ry be two integers. A theory of singular Bott-

Chern classes of rank rp and codimension ry is an assignment which, to each
hermitian embedded vector bundle £ = (i: Y — X, N, F, E,) of rank rr and
codimension 7y, assigns a class of currents

T e DY (X, p)

satisfying the following properties
(i) (Differential equation) The following equality holds
dp T(€) = Y (~1)[ch(E})] — ix([Td ™ (W) ch(F))). (6.10)

(ii) (Functoriality) For every morphism f: X’ — X of complex manifolds
that is transverse to Y, then

F 1) =T(f¢).

(iii) (Normalization) Let A = (A.,g.) be a non-negatively graded orthog-
onally split complex of vector bundles. Write { & A = (i:Y —

X,N,F,E, & A,). Then T(E) = T(E @_Z). Moreover, if X = SpecC
is one point, Y = ) and E, = 0, then T'(§) = 0.
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A theory of singular Bott-Chern classes is an assignment as before, for all
positive integers rr and rj;. When the inclusion ¢ and the bundles F' and N
are clear from the context, we will denote T'(€) by T'(E.). Sometimes we will
have to restrict ourselves to complex algebraic manifolds and algebraic vector
bundles. In this case we will talk of theory of singular Bott-Chern classes for
algebraic vector bundles.

REMARK 6.11. (i) Recall that the case when Y = ) and E. is any bounded
exact sequence of hermitian vector bundles is considered a hermitian em-
bedded vector bundle of arbitrary rank. In this case, the properties above
imply that

T (&) = [ch(E.)],

where ch is the Bott-Chern class associated to the Chern character. That
is, for acyclic complexes, any theory of singular Bott-Chern classes agrees
with the Bott-Chern classes associated to the Chern character.

(i) If the map f is transverse to Y, then either f~1(Y') is empty or it has the
same codimension as Y. Moreover, it is clear that f*F has the same rank
as F'. Therefore, the properties of singular Bott-Chern classes do not mix
rank or codimension. This is why we have defined singular Bott-Chern
classes for a particular rank and codimension.

(iii) By contrast with the case of Bott-Chern classes, the properties above are
not enough to characterize singular Bott-Chern classes.

For the rest of this section we will assume the existence of a theory of singular
Bott-Chern classes and we will obtain some consequences of the definition.
We start with the compatibility of singular Bott-Chern classes with exact se-
quences and Bott-Chern classes.
Let

X:O—>Fn—>...—>F1—>FO—>O (6.12)

be a bounded exact sequence of hermitian vector bundles on Y. For j =
0,...,n, let Ej . — 1, F; be a resolution, and assume that they fit in a com-
mutative diagram

0 En,* e El,* EO,* 0 )

with exact rows. We write & = (i: Y — X,N,F;, E;.). For each k, we
denote by 7, the exact sequence

O—>Fn7k—>...—>F1,k —>F07k—>0.
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ProprosITION 6.13. With the above notations, the following equation holds:

(P &) -1(P & Z (=1)*ch(T,)] - i ([Td ™ (N)eh(x))).

j even j odd

Here the direct sum of hermitian embedded vector bundles, involving the same
embedding and the same hermitian normal bundle, is defined in the obvious
manner.

Proof. We consider the construction of theorem Bl for each of the exact se-
quences 7, and the exact sequence X. For each k, we have Wx = W(7,) =
X x P! and we denote Wy := W(Y) = Y x P.. On Wy we consider the
transgression exact sequence try(X). and on Wx we consider the transgression
exact sequences try (7 ).. We denote by j: Wy — Wx the induced morphism.
Then there is an exact sequence (of exact sequences)

c— (1) — 11 (7o) — Ju tri(X)« — 0.

We denote
tI‘l Jr = @ tI‘l js tI‘l @ tI‘l
J even 7 odd
try (75)+ = @ tr1 (M), tri(m)- @ try (T )55
j even j odd
and

trl(g) ( WY — WXap;'N trl(_)Jratrl(ﬁ*)Jr)a
tri(€)- = (j: Wy — Wx,py- N, tr1(X) -, tr1 (7,) - ),

where here py : Wy — Y denotes the projection.

We consider the current on X x P! given by Wy e (T(try(£)4) — T'(tr1(€)-)).
This current is well defined because the wave front set of W is the conormal
bundle of (X x {0}) U (X x {oc0}), whereas the wave front set of T'(tr;(£)4) is
the conormal bundle of Y x P*.

By the functoriality of the transgression exact sequences, we obtain that

1)+ [xxoy= P &5 @) - [xxip= P &-

j even J odd

Moreover, using the fact that, for any bounded acyclic complex of hermitian
vector bundles E,, the exact sequence trl( ) X x{oo} 18 orthogonally split, we
have an isometry

tr1 ()4 [xx {0} t11(E) = [xx {00} -

We now denote by px: Wx — X the projection. Using the properties that de-
fine a theory of singular Bott-Chern classes, in the group @p D2Dp_1 (X, Ny o D),
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the following holds

0=dp(px)« (Wi e T(tr1(€)+) — Wi e T(tr1(§)-))
(T(tr1(©)+) = T(tr1(€)-)) [xxqooy — (T(tr1(€)+) = T(tr1(€)-)) |x {0}

— (px)« >_ (1)W1 o (ch(try (7;,) +) — ch(try (7))
k

+ (px)s (W1 e ji [Td™ (py N) ch(tri(x)+) — Td ™ (p3-N) ch(try (X)-)])
=-T(P ) +17(P &)+ D _ (1) [ch(@)] — i.[Td (V) o ch(¥)],

j even j odd

which implies the proposition. O
The following result is a consequence of proposition and theorem

COROLLARY 6.14. Let Y — X be a closed immersion of complex manifolds.
Letx be an ezact sequence of hermitian vector bundles on'Y as [EI12). For each
g, let & = (i: Y — X,N,F;,E;.) be a hermitian embedded vector bundle.
We denote by € the induced exact sequence of metrized coherent sheaves. Then

T(P &) -T(P &) = [ch(E)] - i.((Td" (WN)ch(x)]).
j even j odd
O
We now study the effect of changing the metric of the normal bundle N.

PROPOSITION 6.15. Let & = (i,No, F,E.) be a hermitian embedded vector
bundle, where No = (N, ho). Let hy be another metric in the vector bundle N
and write Ny = (N, h1), & = (i, N1, F,E,). Then

—~

T(&) = T(&;) = —i.[Td™ (N, ho, hn) ch(F))].
Proof. The proof is completely analogous to the proof of proposition O

We now study the case when Y is the zero section of a completed vector bundle.
Let F' and N be hermitian vector bundles over Y. We denote P = P(N @ C),
the projective bundle of lines in N & Oy. Let s: Y — P denote the zero
section and let mp: P — Y denote the projection. Let K (F, N) be the Koszul
resolution of definition We will use the notations before this definition.
The following result is due to Bismut, Gillet and Soulé for the particular choice
of singular Bott-Chern classes defined in [6].

THEOREM 6.16. Let T be a theory of singular Bott-Chern classes of rank
rr and codimension ry. Let Y be a compler manifold and let F and N be
hermitian vector bundles of rank rr and ry respectively. Then the current
(7p)«(T(K(F, N))) is closed. Moreover the cohomology class that it represents
does not depend on the metric of N and F and determines a characteristic
class for pairs of vector bundles of rank rp and ry. We denote this class by
Cr(F,N).
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Proof. We have that
dp(mp)«(T(K(F,N)))
= (mp)«(dp T(K(F,N)))

T k
= (7p)« <Z /\ Yk ch(F)] — s,[Td" (N )ch(F)])

k=0
= ((7p)u[er(@) Td™H(@Q)] — [T (N)]) ch(F)).

Therefore, the fact that the current (7p).(T(K(F,N))) is closed follows from
corollary I8 The fact that this class is functorial on (Y, N, F) is clear from the
constructlon Thus, the fact that it does not depend on the hermitian metrics
of N and F follows from proposition [’ O

REMARK 6.17. By theorem we know that, if we restrict ourselves to the
algebraic category, Cr(F, N) is given by a power series on the Chern classes
with coefficients in . By degree reasons

Cr(F,N) € D Hp (Y, R(p)).

Let 1; € Hj(*,R(1)) be the element determined by the constant function with
value 1 in D'(*,1). Then Cr(F,N)/1; is a power series in the Chern classes
of N and [ with real coefficients.

7 CLASSIFICATION OF THEORIES OF SINGULAR BOTT-CHERN CLASSES

The aim of this section is to give a complete classification of the possible theories
of singular Bott-Chern classes. This classification is given in terms of the
characteristic class Cr introduced in the previous section.

THEOREM 7.1. Let rg andry be two positive integers. Let C be a characteristic
class for pairs of vector bundles of rank rr and rn. Then there exists a unique
theory Tc of singular Bott-Chern classes of rank rp and codimension vy such
that CTc =C.

Proof. We first prove the uniqueness. Assume that 7' is a theory of singular
Bott-Chern classes such that Cp = C. Let £ = (i: Y — X,N,F,E.) be a
hermitian embedded vector bundle as in section@ Let W be the deformation to
the normal cone of Y. We will use all the notations of section[Bl In particular,
we will denote by pg: X — X and pp: P — X the morphisms induced by

restricting py . Recall that pp can be factored as
PIEyYy X,

The normal vector bundle to the inclusion j: Y x P! — W is isomorphic
to py N ® ¢3-O(—1). We provide it with the hermitian metric induced by the

metric of N and the Fubini-Study metric of O(—1) and we denote it by N
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By theorem B4l we have a complex of hermitian vector bundles, tri(E. ). such
that the restriction try (Ey )« |X><{0} is isometric to E,, the restriction try (Ey )«|
is orthogonally split and there is an exact sequence on P

0— A, — tr1(E)«|p — K(F,N) — 0,

where A, is split acyclic and K(F, N) is the Koszul resolution. Recall that
we have trivialized N;O}Pl by means of the section y of Opi(1). We choose a
hermitian metric in every bundle of A, such that it becomes orthogonally split.
For each k we will denote by 7, the exact sequence of hermitian vector bundles

0—>Zk Htrl(E*)Hp HK(F,N)]C — 0. (72)

Observe that the current W is defined as the current associated to a locally
integrable differential form. The pull-back of this form to W is also locally
integrable. Therefore it defines a current on W that we also denote by Wj.

Moreover, since the wave front sets of W; and of T'(tr1(F.).) are disjoint,

there is a well defined current Wy e T'(tr;(E.).). Then, using the properties of
singular Bott-Chern classes in definition 29, the equality

0= d'D(pW)* (Wl L T(trl(F*)*))

= (px)«(T(tr1(B2).)|5) + ()« (T(tr1(EL))|p) — T(€)

— (pw )« <W1 . <Z(1)kch(tr1(F*)*) — (Jju(ch(p5 F) Td_l(ﬁl))»

k

holds in the group &P, ZSQk*l(X,k). By properties and

T(tr1(E4)«)| g = T(tr1(Ev)«| ) = 0.
By proposition B3 we have

T(tr1(EL)|p) = T(K(F.N)) = Y (~1)*[ch(7,)].
k

Moreover, we have
(pP)+(T(K(F,N))) = iv(mp)«(T(K(F,N))) = i.Cr(F,N).

By the definition of N’ and the choice of its metric, there are two differential
forms a,b on Y, such that

ch(pyF) Td (V') = py-(a) +p3- () A 65 (e1 (O(=1))).

We denote w = —¢1(O(—1)). By the properties of the Fubini-Study metric, w
is invariant under the involution of P! that sends ¢ to 1/t. Then

(). (W1 o Guleh(py F) TA™ (V) ) = oy )+ (Wi o (90 + b)) = 0
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because the current Wi changes sign under the involution ¢ —— 1/t.
Summing up, we have obtained the equation

T(E) = —(pw)« (Z(—l)le ° ch(trl(E*)k)>

- Z )«[ch(@y)] + i.Cr(F,N).  (7.3)

Hence the singular Bott-Chern class is characterized by the properties of defi-
nition and the characteristic class Crp.

In order to prove the existence of a theory of singular Bott-Chern classes, we
use equation ([Z3) to define a class T (&) as follows.

DEFINITION 7.4. Let C be a characteristic class for pairs of vector bundles of

rank rp and ry as in theorem [Tl Let §=(i:Y — X,N,F,E,) be as in
definition B0 Let A, tri(E.). and 7, be as in [Z2). Then we define

Te(€) = —(pw)- (Z(—l)le J Ch(th(F*)k))

k
— Z )«[ch(m,)] + i C(F,N). (7.5)

We have to prove that this definition does not depend on the choice of the metric
of tr1(E,). or the metric of A,, that T satisfies the properties of definition
and that the characteristic class C'r, agrees with C.

First we prove the independence from the metrics. We denote by hjy the her-
mitian metric on tr;(E.)x and by gi the hermitian metric on Ay. Let k), and
g, be another choice of metrics satistying also that (A.,g}) is orthogonally
split, that (tr1(Ey )k, h},)|xx {0} is isometric to Ej and that (tri(Ey ), hj)| 5 is
orthogonally split. We denote by 7). the exact sequence 7, provided with the
metrics ¢’ and h'. Then, in the group @p 752”’1(X,p), we have

S (=DF(pe).lch@)] = > (1) (pp).[ch(T)] =

k k
> (D 0r)- [ch(Ar, gesgh)| = So(=1F () [chltrs (B )il s )|
k k

(7.6)

Observe that the first term of the right hand side vanishes due to the hypothesis
of A, being orthogonally split for both metrics.
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Moreover, we also have,

(pw )« (Z(—l)kwl ° Ch(trl(E*)k,hk)> —

k

(pw )+ <Z(1)kW1 'Ch(tfl(E*)kvh2)> =

k

(pw )« (Z(n’fwl o dp ch(try (E. ), by, hp) . (77

k

But, in the group @, D21 (X, p),

(pw)* (Z(—l)kwl edp CNh(tl“l(E*)k,hk,h%)> =

k

Z(*l)k( )=[ch(er1 (B )x, b, b)) 5
+Z Ch(trl( *)kahkvh;g)”P)

—Z Fleh(tr1 (B, by hi)]lx x oy (7.8)

The last term of the right hand side vanishes because the metrics hy and hj,
agree when restricted to X x {0} and the first term vanishes by the hypothesis
that tri(E,)«| g is orthogonally split with both metrics. Combining equations
(Zd), (1) and [ZF) we obtain that the right hand side of equation (X)) does
not depend on the choice of metrics.

We next prove the property |(1)] of definition We compute

dp To(€) = = > (=1)F ((pg)« ch(tr1(E)klg) + (pp)« ch(try(Ea)k|p))

k

+Z( 1)F ch(tri(Ea)k|xx foy)
k
fz « (ch(Ay) + ch(K (F,N)i) — ch(tri(E.)k|p)) -

Using that A, and that tri(E.)«| 5 are orthogonally split and corollary 8 we
obtain

Ao To(®) = 3(-1)* ch(B) = 1" (op)- bl (PR
k

_ Fleh(Er)] — (pp)«]er (Q) TA™H(Q))

:Z Fch(Ey)] — ix[ch(F) Td™' (N)].
k

DOCUMENTA MATHEMATICA 15 (2010) 73-176



126 Jost 1. BURGOS GIL AND RAZVAN LITCANU

We now prove the normalization property. We consider first the case when
Y = () and E, is a non-negatively graded orthogonally split complex. We
denote by

?i = Ker(di: Ez I Ei—l)
with the induced metric. By hypothesis there are isometries
E;=K;® K.

Under these isometries, the differential is d(s,t) = (¢,0). Following the explicit
construction of try(E,) given in [20], recalled in definition B2 we see that

Moreover, we can induce a metric on try(F,). satisfying the hypothesis of
definition EZ9 by means of the metric of the bundles K; and the Fubini-Study
metric on the bundles O(i). It is clear that the second and third terms of the
right hand side of equation (Z3J) are zero. For the first term we have

> (=1)*(pw ). W1 o (ch(try(E.)x))

k

= (pw )« (Z(l)’“Wl o ch(Ky(k) & Ky 1(k— 1)))

k
= (pw)s Wi e(a+bAw)),

where w is the Fubini-Study (1,1)-form on P! and a,b are inverse images of

differential forms on X. Therefore we obtain that T (E.) = 0.
Now let £ = (i: Y — X,N,F,E,) and let B, be a non-negatively graded
orthogonally split complex of vector bundles. By [20] section 1.1, we have that
W(E. ® B,) = W(E,) and that

tI‘l (E* (&) B*) = trl(E*) (&%) ’/T* tI‘l(B*).

In order to compute T¢(€), we have to consider the exact sequences of hermitian
vector bundles over P

M 0 —>Zk — tI‘l(E*)klp — K(F,N)k — 0,

whereas, in order to compute T (€ @ B.), we consider the sequences

—
M-
0— Zk@ﬂ'*(trl(ﬁ)kﬂp — tI‘l(F*)k@ﬂ'*(tI‘l(E)k)lp — K(F,N)k — 0.
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By the additivity of Bott-Chern classes, we have that ch(7,) = (;B(ﬁ;c) There-
fore

Tc(g@ B*) — Tc(Z) = —(pw)* (Z(—l)kwl ° Ch(trl(E* @E*)k)>

k

k

+ (pw )« <Z(—1)le ° ch(trl(F*)k)>

= 7(pw)* <Z(1)kW1 o Ch(trl(E*)k)>

k
=0.

The proof of the functoriality is left to the reader.

Finally we prove that Cr. = C. Let Y be a complex manifold and let F' and N
be two hermitian vector bundles. We write X = P(N & C). Let i: Y — X be
the inclusion given by the zero section and let mx : X — Y be the projection.
On X we have the tautological exact sequence

0—0(1) —mx(NoC) —Q —0
and the Koszul resolution, denoted K (F, N). We denote
=Y — X,N,F,K(F,N)).

Using the definition of T, that is, equation ([ZH), and the fact that T satisfies
the properties of definition B3 hence equation ([Z3) is satisfied, we obtain that

i.C(F,N) = i,Cr.(F, N)

Applying (7x). we obtain that C'(F, N) = Cr, (F, N) which finishes the proof
of theorem [ZT1 O

8 TRANSITIVITY AND PROJECTION FORMULA

We now investigate how different properties of the characteristic class Cr are
reflected in the corresponding theory of singular Bott-Chern classes.

PROPOSITION 8.1. Leti: Y — X be a closed immersion of compler manifolds.
Let F be a hermitian vector bundle on'Y and G a hermitian vector bundle on
X. Let N denote the normal bundle to Y provided with a hermitian metric.
Let E, be a finite resolution of i.F by hermitian vector bundles. We denote
= (Y — X,N,F,E,) and €0 G = (i:Y — X, N,F2i"G, B, ® G).
Then

T(E®G) —T(&) o ch(G) = is(Cr(F @ i"G, N)) — i(Cr(F,N)) o ch(G).
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Proof. Since the construction of try(Ey). is local on X and Y and compatible
with finite sums, we have that

W(E,) =W(E.®QG), tr1(E. ® GQ)s = tr1(E.)« @ piy G-
We first compute

(pw )« (Z(—l)le e ch(tr(E. ® é)ﬁ)

k

= (pw )« <Z(1)kW1 o ch(try (B.).)piy Ch(5)>

k

= (pw)+ (Z(l)kW& . ch(trl(F*)*)> ch(G). (8.2)

k
The Koszul resolution of i, (F ® i*G) is given by
K(F®i"G,N)=K(F,N)® ppG.
For each k > 0, we will denote by 7, ® piG the exact sequence
0 — Ax @ ppG — tr1(E. @ G)ilp — K(F,N)i @ ppG — 0.
Then, we have
(0P [0, ® pp0)] = (9« [0, 0 P h(@)] = (pp)a[ch(7,)] 0 ch(G) (8.3)

Thus the proposition follows from equation ([&Z), equation [B3J) and formula

3. O

DEFINITION 8.4. We will say that a theory of singular Bott-Chern classes is
compatible with the projection formula if, whenever we are in the situation of
proposition Bl the following equality holds:

T(E®G) =T(E) ech(G).

We will say that a characteristic class C' (of pairs of vector bundles) is compatible
with the projection formula if it satisfies

C(F,N) =C(Oy,N)ech(F).
COROLLARY 8.5. A theory of singular Bott-Chern classes T is compatible with

the projection formula if and only if it is the case for the associated character-
istic class Cr.
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Proof. Assume that Cp is compatible with the projection formula and that we
are in the situation of proposition Then

Thus, by proposition Bl 7" is compatible with the projection formula.
Assume that T is compatible with the projection formula. Let F and N be
hermitian vector bundles over a complex manifold Y. Let s: Y — P :=P(N &
C) be the zero section and let 7: P — Y be the projection. Then

Cr(F, N) = m.(T(K (F, V)))
= 7m.(T(K(Oy,N) @ m*F))
= m.(T(K(Oy,N)) e 7* ch(F))
— m (T(K @y, N))) » ch(F)

O

We will next investigate the relationship between singular Bott-Chern classes
and compositions of closed immersions. Thus, let

ly/x X/ M

Y &——= X “—= M

“~_

iy /M

be a composition of closed immersions. Assume that the normal bundles Ny, x,
Nx/nm and Nyjpr are provided with hermitian metrics. We will denote by €
the exact sequence

g: Oﬂﬁy/x Hﬁy/M Hi;//XNX/M — 0. (86)

Let Py = P(Nx/a @ C) be the projective completion of the normal cone to
X in M. Then there is an isomorphism

Ny;py, = Ny/x ® iy x Nx/ar- (8.7)
We denote by Ny/ Px/u the vector bundle on the left hand side with the her-

mitian metric induced by the isomorphism (&).
Let F be a hermitian vector bundle over Y, let E, — (iy/X)*F be a resolution

by hermitian vector bundles. Let E;* be a complex of complexes of vector
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bundles over M, such that, for each k > 0, E;H — (ix/am)«Ex is a resolution,
and there is a commutative diagram of resolutions

! ! !
H Ek+1,* Ek,* Ek—l,* —_—

l | l

o —— (ix/m)+ Bry1 —— (ix/m )« By —— (ix/n )« Bp1 —— - -

It follows that we have a resolution Tot(EIM) — (fyam)«F of (iy/nr)«F by
hermitian vector bundles.

NoTATION 8.8. We will denote

ZYHX - (iY/X7NY/X7F7F*)a
= . — = —
Eynr = (yyn, Nyar, F Tot(E L)),

s : ~ = =
gXHM,k = (ZX/MaNX/M;Ek,Ek,*).

We will also denote by &y Px/u the hermitian embedded vector bundle

(Y — PX/M7NY/P)(/M7F’ TOt(ﬂ'j:)X/MF* ® K(OX,N)(/M))> .

Let T' be a theory of singular Bott-Chern classes, and let Cr be its associ-
ated characteristic class. Our aim now is to relate T'(Ey, x), T(§y, ) and

T(EXf—»M,k)'

Let Wx be the deformation to the normal cone of X in M. As before we denote
by jx: X x P! — W the inclusion.

We denote by W the deformation to the normal cone of jx (Y x P) in Wy.
This double deformation is represented in figure [l There is a proper map
qw: W — P! x P1. The fibers of gy over the corners of P! x P! are as
follows:

Gy (O 0) =M,
g (00,0) = Mx x {0} U Px/ar,
w (0,00) = MYUPY/Ma
aw (oo o0) = MXx{oo}U]SX/M UPy/pX/M,

where M- x and My are the blow-up of M along X and Y respectively, Py y; =
P(Ny/n @ C) is the projective completion of the normal cone to Y in M,

Py/pyar of the normal cone to Y in Px/j; and ﬁX/M is the blow-up of Px/n
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Pl x P!

(0,0) (00,0)

Figure 1: Double deformation

along Y. The preimages by 7 of the different faces of P! x P! are as follows:

w (B! x {0}) = W,
aw ({0} x P') = Wy,
w (P! x {00}) = Wx U Pyyp1,
gt ({0} x PY) = My x P1U Wy p,

where Wy is the deformation to the normal cone of Y in M, the component
W is the blow-up of Wx along jx (Y x P'), while Py . p1 = P(Ny xp1 /i &C)
is the projective completion of the normal cone to jx(Y x P!) in Wx and
Wy, p is the deformation to the normal cone of Y inside Px /5. All the above
subvarieties will be called boundary components of .
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px: X xP! — X

pyxpr: Y xPLx Pl — YV x P!
Wy, p: Wy p — M
pwy: Wx — M

pWX:WX — M

PPyt Pxyy — M
PPyt Pyyr — M
jy:YxP1—>Wy
Jyxpr: Y x P x Pt — W

We will use the following notations for the different maps.

py: Y xPl — Y
Pifyxpr - Mx xP' — M
pwy: Wy — M

ppy .t Pyxpr — M

PPypy oyt By /P — M

PBy Py — M
pw: W — M
Gy Y x Pt — Wy

iY/PX/AI Y — PX/M

’/TPX/MS PX/M — X 7pr/MZ Py/M —>Y

. . 1
TPyp* Py/PX/M — Y TPy p1t PYXHM — Y xP
ﬂ-J\A/fX:MX—>M WMY:MY—)M

Note that the map DTy xpt factors through the blow-up MX — M and the
map Py factors through the blow-up My — M, whereas the maps pw, .,
PPy, and PPy /ar factor through the inclusion X <— M and the maps PPy 41>
PPy, and ppy, P ar factor through the inclusion ¥ — M.

The normal bundle to X x P* in W is isomorphic to p%x Nx/n ® ¢ O(—1) and
we consider on it the metric induced by the metric on N y /s and the Fubini-

Study metric on O(—1). We denote it by NXXHM/WX. The normal bundle to
Y x P! in Wy satisfies

Ny xpt/wx |y g0y = Ny ur
Ny wpt/wi [y x oo} = Nyyx @43 x Nx/ur-
On Ny p1/w, we choose a hermitian metric such that the above isomorphisms

are isometries. Finally, on the normal bundle to Y x P! x P! in W, we define a
metric using the same procedure as the definition of the metric of N x . p1 /-

On Wx we obtain a sequence of resolutions trl(El)n,* — (Jx)«p%x En. They
form a complex of complexes trl(F/)*,* and the associated total complex
Tot(trl(FI)*y*) provides us with a resolution

Tot(t11(E)u)s — (3% )ep} F. (8.9)
The restriction of Tot(try (E/)**) to M is Tot(E;,*). The restriction of each
complex trl(El)n,,F to My x {0} is orthogonally split. Therefore the restriction
of Tot(try (E/)) to Mx x {0} is the total complex of a complex of orthogonally

DOCUMENTA MATHEMATICA 15 (2010) 73-176



SINGULAR BOTT-CHERN CLASSES 133

split complexes. So it is acyclic although not necessarily orthogonally split.

The restriction of each complex trl(El)n,* to Px/p fits in an exact sequence
_ — — _
0— A"a* - trl(E )n7*|PX/]W — TrPX/MEn ® K(0X7 NX/M)* — 0.
These exact sequences glue together giving a commutative diagram

Tot(A. . ) Tot(tr1 (E ).« | py 0, ) —= Tot(mhy , Bx @ K(Ox, Nxn)s)

| | |

0— (iY/PX/J\l)*F (iY/PX/J\l)*F

where the rows are short exact sequences. Even if the complexes (4,,). are

orthogonally split, this is not necessarily the case for Tot (A, ). To ease the
notation we will denote A, = Tot(A. ).
Applying theorem Bl to the resolution (), we obtain a complex of hermitian

vector bundles E/, = tr; (Tot(trl(F/)*,*)) which is a resolution of the coherent
sheaf (jy xp1)«py o p1Py F
We now study the restriction of E’ to each of the boundary components of W.

e The restriction of E/ to Wy is just Tot(trl(E/)) which has already been
described. For each k > 0, we will denote by n; the short exact sequence
of hermitian vector bundles on P/

Zk(—> TOt(tI'l (EI)*,*|PX/M)IC — TOt(?T}SX/ME (9 K(OX;NX/M))k ,
whereas, for each n, k > 0 we will denote by 777117 . the short exact sequence

Zn,k try (F/)n,klPX/M - ﬂ-}kDX/J\lEn ® K(OX’NX/M)’“ :

o Its restriction to Wy is trl(Tot(FI)). It is a resolution of (jy ).py F. Its

restriction to My is orthogonally split, whereas its restriction to Py,
fits in an exact sequence

0 — B, — try(Tot(E))ulpy,0, — 7,0, F @ K(Oy, Ny/nr) — 0.

For each k > 0 we will denote by ni the degree k piece of the above exact
sequence.

e Its restriction to M x x P! is an acyclic complex, such that its further
restriction to Mx x {0} is acyclic and its restriction to Mx x {oo} is
orthogonally split.
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e Its restriction to Wy, p fits in a short exact sequence

0— tI‘l(Z*) — E“WY/P — tI‘l (Tot(w}’}x/ME(EQ K(5X;NX/M))) — 0.

For each k > 0, we will denote by pj the exact sequence of hermitian
vector bundles over Wy, p given by the piece of degree k of this exact
sequence. The three terms of the above exact sequence become orthog-
onally split when restricted to Px/p;. By contrast, when restricted to
Pyp, y they fit in a commutative diagram

o - c°

C
Il
PY/PX/MC—> E*'PY/PX/M —>D

;

*

try (A).|

—=1 —=1
*

O(
where the complexes Ui are orthogonally split, and

—1 N — — =

D, =mnp, . F' @ K(Oy,Ny/py,\ ),

—2 * - 7 T

D, = tri(Tot(np, ,, E® K(Ox, Nx/n)))

|PY/PX/]\/I ’

For each k > 0, we will denote by 73 the exact sequence corresponding
to the piece of degree k of the second row of the above diagram, by 77%
that of the second column and by 77 that of the third column. Notice
that the map in the third row is an isometry. We assume that the metric
on C! is chosen in such a way that the first column is an isometry. Since

the complexes Ui are orthogonally split, by lemma EZT7 we obtain

> (1) (eh(n) — ch) + ch(ng) ) =o. (8.10)
k

Note that the restriction of ,ui to Px/n agrees with n,ﬁ, whereas its re-
striction to Py, p, ,, agrees with .

e [ts restriction to WX is orthogonally split.

e Finally its restriction to Py yp1 fits in an exact sequence

D.—El|p

* * Fnl N
ot —> 0, Py up B @ K(Oypr, Ny sprjwy )
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where D, is orthogonally split. For each k > 0 we will denote by ui the
piece of degree k of this exact sequence. Note that the restriction of u%
to Py yr agrees with ni and the restriction of ui to Py p, /s Agrees with

M-
On P! x P! we denote the two projections by p; and p,. Since the currents

piWi and p5sW; have disjoint wave front sets we can define the current Wy =
piW1 e psWy € D% (P! x P1,2) which satisfies

dp Wo = (01ocxpt — 00y xpt) @ P Wi — pT Wi @ (Op1yfoc) — Opixcioy). (8.11)

The key point in order to study the compatibility of singular Bott-Chern classes
and composition of closed immersions is that, in the group @, D21 (M, p),
we have

dD@wq*<§:(nkwa.de@> =0.
k

We compute this class using the equation ([II). It can be decomposed as
follows.

dp (pw )« <Z(—1)’€W2 .ch(E,;)> -

k

(P37 xpr)s (Z(l)’“wl . ch(E;;mXxPl)) (a)

k

+ (Pwy,p ) <Z(—1)kW1 . Ch(EIQ|WY/P)> (b)

k

— (pwy )+ <Z(—1)le . Ch(EzHWy)) ()

k

= (P ) (Z(U’“Wl . Ch(EI/c|WX)> (d)

k

— PPy 1 ) (Z(—l)kwl o ch(Ejlp, ., )) ()

k

+ (Pwx )« <Z(—1)kW1 .Ch(Ellch/Vx)) (f)
k
Lot Dy~ Iy~ L+ I

We compute each of the above terms.
(@) Since the restriction E'[57 (o0} 18 orthogonally split, we have

Ia = _(ﬂ-Mx)*Ch(E/'MXX{O})'
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But, using lemma EZT1 and the fact, for each k, the complexes trl(El)
are orthogonally split, we obtain that I, = 0.

[@) We compute

.

I :(pWy/p)* <Z(1)kW1 i Ch(Ellc|Wy/P))

k

:(pWY/P)* (Wl ® Z(_l)k(_ dD CAh(MIIQ) + Ch(trl(z*)k)
k

+ ch(try (Tot(np, , F ® K(Ox, NX/M)))k))>

= D wry iy ) 0) — (0, )il )+ Dy ) i)
k

—ch(A4)
- (iX/M)*(TrPX/M)*T(ZYHPX/M) + (iy/m)«Cr(F, Ny py )
=Y D pry s, b)),

3

where ‘EYHPX/M is as in notation

By corollary and the fact that the exact sequences Ay . are orthogonally
split, the term ch(A) vanishes.
Also by corollary ZTd we can see that

> D wp,,, )eh(uilp, )

k

vanishes.
Therefore we conclude

Ib = Z(il)k(i(pPY/PX/M )*&1(7’2) + (pPX/M)*C,B(nIi)) - (pPy/PX/M )&1(7’2)
k

- (iX/M)*(ﬂ-Px/M)*T(ZYV—»PX/M) + (ZY/M)*CT(Fa NY/PX/M)'

@) By the definition of singular Bott-Chern forms we have

IC = _T(EY@M) + (iY/M)*CT(Fa NY/M) - Z(_l)k(pPY/M)*CNh(WI%),
k

) Since the restriction of E; to WX is orthogonally split, we have I; = 0.
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@ We compute

le = qu»l (Z W1 .Ch Ek|wal ))

k

=(pPy o )+ <W1 o Z(—l)k( —dp ch(p}) + ch(Dy)
2

+ch(7p pYF®K(OY><IP1 Ny wptjwy )k ))) :

The term > (—1)¥ch(D},) vanishes because the complex D, is orthogonally
split. We have

Z(*l)k(PPyxpl )«(Wy e Ch(WJ*DYXWP;F & K(5Yxpl ) NYXIP’l/WX k)
k

= (ZY/M)* Ch(F). (py)* <W1 L] ﬂ;yXu»l Z(fl)k Ch(K(@Ylel,NYxpl/Wx)k)>

k
= (ZY/M)* Ch(F) [ ] (py)* (W1 [ ] Td_l(wyxpl/wx))
= (iy/m )« ch(F) @ Td '(zn), (8.12)

where £ is the exact sequence (E).
Therefore we obtain

Io=— Z(il)k(pPY/PX/M )*&1(77%) + Z(fl)k(ppy/M)*(;h(ni)
k k

—_—~—

+ (iyar)« ch(F) o Td™' (Zw).
@) Finally we have

Iy :72(* )k (EXf—»M,k)+Z(*l)k(ix/M)*CT(Ek,NX/M)

k
- Z D ™ (ppy 0y )ech(n ).

By corollary ZT9 we have that

Z(il)m—kl(pPX/M)*&l(nrln,l) - Z(fl)k(ppx/wf)*&l(nli)'
k

m,l

Thus
Iy =~ Z(_ VT (Exnrp) + Z(_l)k(iX/M)*CT(Ek’NX/M)

k

- Z pPX/M Ch(nli)'

DOCUMENTA MATHEMATICA 15 (2010) 73-176



138 Jost 1. BURGOS GIL AND RAZVAN LITCANU

Summing up all the terms we have computed, and taking into account equation
(BI0) and the fact that

CT(F; NY/M) = CT(F7 NY/PX/]\/I)
we have obtained the following partial result.

LEMMA 8.13. Let iy nr = ix/n © ty/x be a composition of closed immersions
of complex manifolds. Let T' be a theory of singular Bott-Chern classes with
Cr its associated characteristic class. Let Ey-pr, §x o prp and EYQPX/M be as

in notation 83, and let € be as in @H). Then, in the group P, 52”*1(M,p),
the equation

T(Eyen) = Z(—l)k Exnk) Z *(ix/a)«Cr(Er, Nx/ar)
K k

+ (ix/an) (TP 0 )« T(Eypy o) + (ivyna)« ch(F) @ EE/( N) (8.14)
holds.

In order to compute the third term of the right hand side of equation (EId)
we consider the following situation

Y : X

To ease the notation, we denote Px /s by P, Y x Px/y by X" and we denote by
X

P’ the projective completion of the normal cone to X’ in P and by wp/: P’ —
X', 7xy: X' — Y and 7wp/jy: P’ — Y the projections. Observe that
X and X'’ intersect transversely along Y. Moreover, Ny, x = i;‘//XNX/M,
Nxijp = w},/YNy/X and Ny,p = Ny, x & Ny, x:. We use these identifications
to define metrics on Ny, x/, Nx//p and Ny, p. Therefore the exact sequence

0 —)NY/X’ —>Ny/p — i;/X'NX’/P —0

is orthogonally split.
We apply the previous lemma to the composition of closed inclusions

Y — X' — P,
the vector bundle F over Y and the resolutions

TE. @ K(Ox,Nx/m)k — js(7°F @ j*K(Ox, Nx/ar k).
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We denote by &y, p and €/, px, the hermitian embedded vector bundles cor-
responding to the above resolutions. If iy p/: Y < P’ is the induced inclusion,

we denote by &y . p the hermitian embedded vector bundle
(ZY/P’ NY/P’ F TOt(TrP/ (OX,Nx/M)®K(OX/ NX’/P) (TFPI/Y)*F)) .

Note that the hermitian embedded vector bundle &y p agrees with the her-
mitian embedded vector bundle denoted £y .p ,  in lemma Moreover,
we have that

EX/<—>P,k = 7T*EY<—>X ® K(aXaNX/M)k'
Applying lemma RT3 we obtain

T(EYf—»PX/M) = Z(i )k (EX/‘_’PX/]va)

Z )¥5.Cr(n*F @ *K(Ox, Nx/ar )k, Nx/p)
k

+ Ju(mp ) T(Eypr)  (815)

By proposition BT,

Z(*l)kT(EXL»PX/M,k) = Z(*l)kT(W*Ey%X ® K(6XaNX/M)k)

k k

=T(r" ¢y . x)® Z(_l)k Ch(K(6X7NX/M)k)

k
+ Z(_ )¥§+Cr(n*F @ j*K(Ox, Nx )k, Nx1/p)

— Z )" Cp(n* F, Nx/p) ® ch(K (Ox, Nx/nr)k)  (8.16)

We now want to compute the term (ix/ns)«(Tpy,,, )« J (mp)T(Ey . pr).
Observe that we can identify

P'=P(iy,xNx/m & C) X P(s"Nx/p © C),

where s*Nx/,p is canonically isomorphic to Ny, x.
Moreover

(iX/M)* (TrPX/]W )udx (TP )*T(ZYHP') = (iY/M)* (WP’/Y)*T(ZYHP’)'

DEFINITION 8.17. We denote

C#(F, Ny x iy x Nxjar) = (mpr v )T (Ey . p)

and we define

p(F, Ny x iy, xNx/m) = Cr(F, Ny ) — C3(F, Ny/x, iy xNx/nr). (8.18)
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LEMMA 8.19. The current C33(F, Ny;x,1y,xNx/u) is closed and defines a
characteristic class of triples of vector bundles. Therefore p is also a charac-
teristic class. Moreover the class p does mot depend on the theory of singular
Bott-Chern classes T'.

Proof. The fact that C24(F, Ny, x, 13,5 Nx/n) is closed and determines a char-
acteristic class is proved as in he independence of p from to T is seen
as follows. We denote by ?; the complex

TOt('TF}kazj*K(@X,Nx/M) (9 K(@XI7NXI/p)) (9 (Wpl/y)*F.
This complex is a resolution of (iy/p/)F

Let W be the blow-up of P’ x P! along ¥ x oo, and let try (K ), be the defor-
mation of complexes on W given by theorem Ell Just by looking at the rank
of the different vector bundles we see that the restriction of tr; (FI)* to Py/pr,
the exceptional divisor of this blow-up, is isomorphic (although not necessarily
isometric) to the Koszul complex K (F, NX/M)*. Then, by equation ([Z3)

T(Ey.pr) — (iy;p)«Cr(F, Ny ) =

— (pW)* <W1 [ ] Z(—l)k Ch(tI‘l (?/)k)>

k

> (=1 pp)ech(trs (K il py . K (F, Nxjar)k)-
k

Since the right hand side of this equation does not depend on the theory T,
the result is proved. O

Using equations ([EIH), [EIG), lemma and the projection formula, we
obtain

(WPX/J\/I)*T(EY‘—JDX/JM) =(T(y.x) — (iy/x)«Cr(F, Ny,x))
® (TPy 0 ) Z(*l)k ch(K(Ox,Nx/um)k)

k
Tp )T(EY%P’)

+ (WPX/M)*j*
(T(& ) = (iy)x)«Cr(F, Ny;x)) « Td" (N x/ar)
+ (ly)x )«
( ) -

(
=(T(€yex) —(
C5'(F, Ny;x, 1%, x Nx/ar)
T(Ey.x) = (iy;x)+Cr(F,Ny,x)) « Td"" (N x/ns)
+ (iy/x)«Cr(F, Ny ar) — p(F, Ny x, iy x Nx /)
(8.20)

Joining this equation and lemma BTI3 we obtain the main relationship between
singular Bott-Chern classes and composition of closed immersions.
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PROPOSITION 8.21. Let iy/y = ix/m © iy/x be a composition of closed im-
mersions of complex manifolds. Let T' be a theory of singular Bott-Chern
classes with Cr ils associated characteristic class. Let &y, §xcpp and

EYQPX/M be as in notation [E8 and let € be as in H). Then, in the group
D, D2~ (M, p), we have the equation

T(EYf—»M) = Z(—l)kT(Exf—»M,k) + (iX/M)*(T(EYwX) ° Tdil(NX/M))
k

+ (iy/ar)« ch(F) o Td™ ' (Ex)
+ (iy/a0)«C5 (F, Ny x, iy x Nx/ur)
— (ix/n)+((iy)x)«Cr(F, Ny x ) Tdil(NX/M))

— (ix/a0)» Y_(=1)*Cr(Ex, Nx/n)
k

We can simplify the formula of proposition if we assume that our theory
of singular Bott-Chern classes is compatible with the projection formula.

COROLLARY 8.22. With the hypothesis of proposition[BZ1, assume furthermore
that T is compatible with the projection formula. Then

T(Eyon) = Z(fl)kT(EX%M,k) + (ix/m)«(T(Ey . x) e Td" (N x/01))
e

—~—

+ (iy/n)« ch(F) o Td ™' (E)
+ (iy/nr)« {C%d(Fa Ny)x,iy/xNx/m) — Cr(F, Ny;x) @ Td™ iy x Nx/ar))

—C'T(}:‘7 Z;’/XNX/M) ° Tdil(Ny/X):|

Proof. Since T is compatible with the projection formula, then C7p is also.
Therefore, using the Grothendieck-Riemann-Roch theorem for closed immer-
sions at the level of analytic Deligne cohomology classes, we have

Z(_l)kCT(EkaX/M) =Cr(Ox, Nx/m) ® Z(—l)kch(Ek)
k k
= Cr(Ox, Nx/nr) ® (iyx)«(ch(F) @ Td™(Ny,x))
= (iy/x)« (i3 x Cr(Ox, Nx/pr) @ ch(F) @ Td™(Ny,x))
= (iy/X)*(CT(F, i;'/XNX/M) OTd_l(Ny/X)),

which implies the result. O

DEFINITION 8.23. Let T be a theory of singular Bott-Chern classes. We will
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say that T is transitive if the equation

TEyens) = D (DT Exnrge) + (ixnn)«(TEyx) e Td™ (N xnr))
k

—~

+ (iy/n)« ch(F) e T (Ey)  (8.24)

holds. When equation ([&2Z4) is satisfied for a particular choice of complex
immersions and resolutions, we say that the theory T is transitive with respect
to this particular choice.

We now introduce an abstract version of definition BT7

DEFINITION 8.25. Given any characteristic class C of pairs of vector bundles,
we will denote

CP(F7 N17N2) = C(F, N1 @ NQ) — p(F‘7 Nl,Ng),
where p is the characteristic class of definition

Note that, when T is a theory of singular Bott-Chern classes we have
Cp(F, N1, Na) = CF (F, N1, Na).

DEFINITION 8.26. We will say that a characteristic class C' (of pairs of vector
bundles) is p-Todd additive (in the second variable) if it satisfies

C(F,N1 & N3) = C(F,N;) « Td™"(N2) + C(F, N2)  Td~ ' (Ny) + p(F, N1, N2)
or, equivalently,

CP(F, Ny, Ny) = C(F,N;) e Td"*(Ny) + C(F, No) ¢ Td ' (NNy).
A direct consequence of corollary R22] is

COROLLARY 8.27. Let T be a theory of singular Bott-Chern classes that is
compatible with the projection formula. Then it is transitive if and only if the
associated characteristic class Cp is p-Todd additive.

Since we are mainly interested in singular Bott-Chern classes that are transitive
and compatible with the projection formula, we will study characteristic classes
that are compatible with the projection formula and p-Todd-additive in the
second variable. Since we want to express any characteristic class in terms of
a power series we will restrict ourselves to the algebraic category.

PROPOSITION 8.28. Let C' be a class that is compatible with the projection
formula and p-Todd additive in the second variable. Then C' determines a
power series ¢c(x) given by

C(Oy,L) = dc(ai(L)), (8.29)
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for every complex algebraic manifold Y and algebraic line bundle Y. Con-
versely, given any power series in one variable ¢(x), there exists a unique
characteristic class for algebraic vector bundles that is compatible with the pro-
jection formula and p-Todd additive in the second variable such that equation

&29) holds.

Proof. This result follows directly from the splitting principle and theorem
1R O

REMARK 8.30. The utility of corollary and proposition is limited by
the fact that we do not know an explicit formula for the class p(Oy, N1, Na).
This class is related with the arithmetic difference between Py (N; @ Ny @ C)
and Py (N, & C) é Py (N3 @ C), the second space being simpler than the first.

The main ingredients needed to compute this class are the Bott-Chern classes
of the tautological exact sequence. Therefore the work of Mourougane [29)
might be useful for computing this class.

Recall that an additive genus is a characteristic class for algebraic vector bun-
dles S such that
S(N1 @ N3) = S(Ny) + S(N3).

Let ¢(x) = >, a;x’ be a power series in one variable. There is a one to one
correspondence between additive genus and power series characterized by the
condition that S(L) = ¢(c1(L)), for each line bundle L.

Since the class p does not depend on the theory T it cancels out when con-
sidering the difference between two different theories of singular Bott-Chern
classes.

ProrosiTiON 8.31. Let C; and Cy be two characteristic classes for pairs of
algebraic vector bundles that are compatible with the projection formula and

p-Todd-additive in the second variable. Then there is a unique additive genus
S12 such that

C1(F,N) — Cy(F,N) = ch(F) e Td(N)~! & Sj5(N). (8.32)
We can summarize the results of this section in the following theorem.

THEOREM 8.33. There is a one to one correspondence between theories of sin-
gular Bott-Chern classes for complex algebraic manifolds that are transitive and
compatible with the projection formula, and formal power series ¢(z) € R[[z]].
To each theory of singular Bott-Chern classes corresponds the power series ¢
such that

Cr(Oy,L) =11 e ¢(c1(L)), (8.34)
for every complex algebraic manifold Y and every algebraic line bundle L. To
each power series ¢ it corresponds a unique class C', compatible with the pro-

jection formula and p-Todd-additive in the second wvariable, characterized by
equation &3 and a theory of singular Bott-Chern given by definition [T}
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Even if we do not know the exact value of the class p another consequence of
corollary is that, in order to prove the transitivity of a theory of singular
Bott-Chern classes it is enough to check it for a particular class of compositions.

COROLLARY 8.35. Let T be a theory of singular Bott-Chern classes compatible
with the projection formula. Then T is transitive if and only if for any compact
complex manifold Y and vector bundles N1, No, the theory T is transitive with
respect to the composition of inclusions

Y =Py (N, &C) = Py(N; @ C) xy Py (Ny @ C)
and the Koszul resolutions. O

We can make the previous corollary a little more explicit. Let 71 and 72 be the
projections from P := Py (N; @ C) xy Py (Na ® C) to Py := Py (N; & C) and
Py := Py (N2 @ C) respectively. Let K, = K(Oy,N;) and Ky = K(Oy, N>)
be the Koszul resolutions in P; and P» respectively. Then,

K = ’/TI K1 X ’/T;KQ
is a resolution of Oy in P. Then the theory T is transitive in this case if

T(K) = m3T(K2) o 7y (¢, (Q1) @ TA™H(Q1)) + (i1)(T(K1) # p; Td™' (N2)),

where rp is the rank of Ny, @)y is the tautological quotient bundle in P, with
the induced metric, i1: P — P is the inclusion and p;: P, — Y is the
projection.

The singular Bott-Chern classes that we have defined depend on the choice of
a hermitian metric on the normal bundle and behave well with respect inverse
images. Nevertheless, when one is interested in covariant functorial properties
and, in particular, in a composition of closed immersions, it might be interesting
to consider a variant of singular Bott-Chern classes that depend on the choice
of metrics on the tangent bundles to Y and X.

NOTATION 8.36. Let £ = (i: Y — X,N,F,E, — i,F) be a hermitian em-
bedded vector bundle. Let Tx and Ty be the tangent bundles to X and Y
provided with hermitian metrics. As usual we write Td(Y) = Td(Ty) and
Td(X) = Td(Tx). We put

Ec = (7’ Y _>X77X77Y;F,E* HZ*F)

By abuse of notation we will also say that Ec is a hermitian embedded vector
bundle. In this situation we denote by &y, x the exact sequence of hermitian
vector bundles

ENy/x: 0—Ty — i*Tx —»NY/X — 0.

If there is no danger of confusion we will denote N = Ny/ x and therefore

EN :ENy/X-
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DEFINITION 8.37. Let T be a theory of singular Bott-Chern classes. Then the
covariant singular Bott-Chern class associated to T is given by

—_~—

T.(E,) = 7€) + i.(ch(F) e Td €y, ) TA(Y)) (8.38)

PROPOSITION 8.39. The covariant singular Bott-Chern classes satisfy the fol-
lowing properties

(i) The class T.(§,.) does not depend on the choice of the metric on Ny, x.

(ii) The differential equation

dp Te(€,) = > (1) ch(Ex) — i.(ch(F) e TA(Y)) e Td™'(X)  (8.40)
k

holds.

(iii) If the theory T is compatible with the projection formula, then
TC(EC ® 6) = TC(EC) ° Ch(a)

(iv) If, moreover, the theory T is transitive, then, using notation B8 adapted
to the current setting, we have

TC(EY<—>M,C) = Z(fl)ch(gX%M,k,c)

k
+ (ixym)« (Te(€y . x.0) e TA(X)) ¢ TA™' (M).  (8.41)

(v) With the hypothesis of corollary[0-14), we have

TP E) - TP E.) = ()] — iu([ch(X) s TAY))) o Td " (X).

J even j odd

(8.42)

Proof. All the statements follow from straightforward computations. O

9 HOMOGENEOUS SINGULAR BOTT-CHERN CLASSES

In this section we will show that, by adding a natural fourth axiom to definition
B3 we obtain a unique theory of singular Bott-Chern classes that we call
homogeneous singular Bott-Chern classes, and we will compare it with the
classes previously defined by Bismut, Gillet and Soulé and by Zha.

In the paper [6], Bismut, Gillet and Soulé introduced a theory of singular Bott-
Chern classes that is the main ingredient in their construction of direct images
for closed immersions.

Strictly speaking, the construction of [6] only produces a theory of singular
Bott-Chern classes in the sense of this paper when the metrics involved satisfy
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a technical condition, called Condition (A) of Bismut. Nevertheless, there is
a unique way to extend the definition of [6] from metrics satisfying Bismut’s
condition (A) to general metrics in such a way that one obtains a theory of
singular Bott-Chern classes in the sense of this paper.

In his thesis [B2], Zha gave another definition of singular Bott-Chern classes,
and he also used them to define direct images for closed immersions in Arakelov
theory.

We will recall the construction of both theories of singular Bott-Chern classes
and we will show that they agree with the theory of homogeneous singular
Bott-Chern classes.

We warn the reader that the normalizations we use differ from the normal-
izations in [6] and [32]. The main difference is that we insist on using the
algebro-geometric twist in cohomology, whereas in the other two papers the
authors use cohomology with real coefficients.

Let rp and rny be two positive integers. Let Y be a complex manifold and let
F and N be two hermitian vector bundles of rank 7 and 7y respectively. Let
P =P(N @C) and let s be the zero section. We will follow the notations of
definition Then T(K (F, N)) satisfies the differential equation

dp T(K(F,N)) = ¢y (Q) Td™ (@) ch(np F) — s.(ch(F) Td™'(N)).
Therefore, the class
er(F,N):=T(K(F,N)) e Td(Q) e ch (x5 F)
satisfies the simpler equation
dp er(F,N) = [ery (Q)] — v (9-1)

Observe that the right hand side of this equation belongs to Dg“’ (P,rn). Thus
it seems natural to introduce the following definition.

DEFINITION 9.2. Let T be a theory of singular Bott-Chern classes of rank
rrp > 0 and codimension rn. Then the class

er(F,N)=T(K(F,N)) e Td(Q) ech ' (7} F)

is called the Euler-Green class associated to T. The class T(K(F, N)) is said
to be homogeneous if

er(F,N) e DENYPry).

A theory of singular Bott-Chern classes of rank 0 is said to be homogeneous if it
agrees with the theory of Bott-Chern classes associated to the Chern character.
Finally, a theory of singular Bott-Chern classes is said to be homogeneous if its
restrictions to all ranks and codimensions are homogeneous.

The main interest of the above definition is the following result.

DOCUMENTA MATHEMATICA 15 (2010) 73-176



SINGULAR BOTT-CHERN CLASSES 147

THEOREM 9.3. Given two positive integers rp and ry there exists a unique
theory of homogeneous singular Bott-Chern classes of rank rgp and codimen-
ston ry .

Proof. The proof of this result is based on the theory of Euler-Green classes.
Let P = P(N & C) be as before, and let s denote the zero section of P. Let
D be the subvariety of P that parametrizes the lines contained in N. Then
Do, =P(N).

LEMMA 9.4. There exists a unique class €(P,Q,s) € Dy~ "' (P,ry) such that

(i) It satisfies
dp e(P,Q,s) = ey (Q)] — by (9.5)

(ii) The restriction €(P,Q,s)|p.. = 0.

Proof. We first show the uniqueness. Assume that ¢ and ¢ are two classes
that satisfy the hypothesis of the theorem. Then ¢’ — ¢ is closed. Hence it
determines a cohomology class in H%’;]X (P, ry). Since, by theorem [ the
restriction

HEX Y (Pyrn) — HZN Y(Doo, ) (9.6)

is an isomorphism, condition implies that ¢ = €. Now we prove the exis-
tence. Since Y is the zero locus of the section s, that is transversal to the zero
section of @), we know that the currents [c,, ] and dy are cohomologous. There-
fore there exists an element a € DI~ ~Y(P,ry) such that dp @ = [c, (Q)] — dy-.
Since @ restricted to Do, splits as an orthogonal direct sum

Qlp. =SaCT (9.7)

where the metric on the factor C is trivial, and the section s restricts to the
constant section 1, we obtain that ([c, (Q)] — dy)|p. = 0. Therefore a deter-
mines a class in H%’;JX (P, ry). Using again that ([LH) is an isomorphism, we
find an element b € H%’;ﬁfl(P, rN), such that € =@ — b satisfies the conditions
of the lemma. O

We continue with the proof of theorem We first prove the uniqueness.
Let T be a theory of homogeneous singular Bott-Chern classes. The splitting
@) implies easily that the restriction of the Koszul resolution K(F,N) to
D is orthogonally split. By the functoriality of singular Bott-Chern classes,
T(K(F,N))|p.. =0. Thus the class

er(F,N) :=T(K(F,N)) e Td(Q) e ch *(xpF) € DA¥"1(P,ry)
satisfies the two conditions of lemma L4l Therefore é7(F, N) = (P, Q, s) and
T(K(F,N)) = &(P,Q,5) « Td" (@) » ch(n}. F), (9.8)
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where the right hand side does not depend on the theory T'. In consequence
we have that o
Cr(F,N) = (np).T(K (F, V) (0.9)

does not depend on the theory 7. Thus by the uniqueness in theorem [Tl we
obtain the uniqueness here.
For the existence we observe

LEMMA 9.10. The current
C(F,N) = (mp).(€(P,Q,s) e Td~'(Q)) ® ch(F)
s a characteristic class for pairs of vector bundles of rank rr and ry.
Proof. We first compute, using equation ([@H) and corollary BR,
dp C(F,N) = (7p)« (dp &(P,Q,5)  TA"'(Q)) » ch(F)

= (7p)s (([ery (@)] — 0y) « TA™'(Q)) o ch(F)

= (mp)« (¢cry (Q) @ Td™ L@ Q)) e ch(F) —Td~ L(N) e ch(F)
=0.

Thus C(F, N) determines a cohomology class. This class is functorial by con-
struction. By proposition [C7 this class does not depend on the metric and
defines a characteristic class. O

By the existence in theorem [l we obtain a theory of singular Bott-Chern
classes T¢ that is easily seen to be homogeneous. O

A reformulation of theorem is

THEOREM 9.11. There exists a unique way to associate to each hermitian em-

bedded vector bundle € = (i: Y — X, N, F,E.) a class of currents
(&) € DY (X, Ny 0.p)
P

that we call homogeneous singular Bott-Chern class, satisfying the following
properties

(i) (Differential equation) The equality

dp T"(€) =) (=1)'[ch(E))] — i ([Td ™ (N) ch(F)]) (9-12)

holds.

(i) (Functoriality) For every morphism f: X' — X of complex manifolds
that is transverse to 'Y,

FrrE) =1(f9).
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(iii) (Normalization) Let A = (A, g.) be a non-negatively graded orthogonally

split complex of vector bundles. Write E@A=(i:Y — X,N,F,E.®
A). ThenIh(g) =Th¢ @ A). Moreover, if X = SpecC is one point,
Y =0 and E. =0, then T"(£) = 0.

(iwv) (Homogeneity) If rp = rk(F) > 0 and ry = rk(N) > 0, then, with the
notations of definition [Z3,

T"(K(F,N)) e Td(Q) e ch ' (xpF) € DN 1P, ry).

O

The class é(P, Q, s) of lemma [IAis a particular case of the Euler-Green classes
introduced by Bismut, Gillet and Soulé in [6]. The basic properties of the
Euler-Green classes are summarized in the following results.

PROPOSITION 9.13. Let X be a complex manifold, let E be a hermitian holo-
morphic vector bundle of rank r and let s be a holomorphic section of E that
s transverse to the zero section. Denote by Y the zero locus of s. There is a
unique way to assign to each (X, E,s) as before a class of currents

e(X,E,5) € DY (X, Ny g, 7)
satisfying the following properties
(i) (Differential equation)

dpe(X,E,s) = c.(E) — 6y. (9.14)

(ii) (Functoriality) If f: X' — X is a morphism transverse to'Y then
8X, f°E, f*s) = fE(X, B, s). (9.15)

(iii) (Multiplicativity) Let E1 and Eo be hermitian holomorphic vector bun-
dles, and let s, and sy be holomorphic sections of E1 and E respectively
that are transverse to the zero section and with zero locus Y1 and Yo. We
write E = El b Eg and s = s1 @ so. Assume that s is transverse to the
zero section; hence Y1 and Yo meet transversely. With this hypothesis we
have

g(X, E, S) = g(X, El, 51) N Cpy (Eg) + 6Y1 A\ g(X, EQ, 82)
= g(X, El, 81) A\ 5Y2 + ¢y (El) A g(X, Fg, 82).

(iv) (Line bundles) If L is a hermitian line bundle and s is a section of L,
then B
e(X,L,s)=—log|s] (9.16)
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Proof. Bismut, Gillet and Soulé prove the existence by constructing explicitly
an Euler-Green current in the total space of E and pulling it back to X by the
section s. For the uniqueness, first we see that properties and imply
that, if hg and h; are two hermitian metrics in F, then

g(Xa (Ea hO), 5) - g(Xa (Ea hl)a 5) - ET(Ea ho, hl) (917)
We now consider 7: P = P(E®C) — X, with the tautological exact sequence
0—O0(-1) —71m"FaC—Q—0

On @Q we consider the metric induced by the metric of £ and the trivial met-
ric on the factor C, and let sg the section of @ induced by the section 1
of C. Let Dy be as in lemma L4 Then properties to imply that
e(P,Q,sq)|p.. = 0. Hence by lemma @4l € is uniquely determined. Finally, let
f: X — P be the map given by x —— (s(z) : —1). Then f*Q = FE, although
they are not necessarily isometric, and f*sg = s. Therefore, the functoriality
and equation [LIT) determine €(X, E, s).

To prove the existence, we use lemma [l functoriality and equation (Id) to
define the Euler-Green classes. It is easy to show that they are well defined

and satisfy properties to O

Equation (X)) relating homogeneous singular Bott-Chern classes and Euler-
Green classes in a particular case can be generalized to arbitrary vector bundles.

PROPOSITION 9.18. Let X be a complex manifold, E a hermitian vector bundle
over X, s a section of E transversal to the zero section and i:' Y — X the
zero locus of s. Let K(E) be the Koszul resolution of i.Oy determined by E
and s. We can identify Ny,x with i*E. We denote by Ny/X the vector bundle
with the metric induced by the above identification. Then

Th(iaEY;NY/Xa K(F)) = g(Xa Ea S) b Td_l(E)

Proof. Let P = P(E @ C). We follow the notation of proposition We
denote by hg the original metric of E and by h; the metric induced by the
isomorphism F = f*@Q. Observe that hy and h; agree when restricted to Y,
because the preimage of @ by the zero section agrees with E. Hence there is
an isometry Ny/x =~ j* f*Q. We denote T"(K(E)) = Th(i,ﬁy,ﬁy/x, K(E)).
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Then we have

T"K(E)) = f*T"K(Ox,E +Z ch/\E oy hi)

= [P Q,s )-Td (Q))+cr(E,ho,h1)-Td‘1(E,h1)

+ ¢ (E, ho)on Y(E, ho, hy)
=¢(X,E,s) e Td Y (E, hi) — ¢.(E, ho,hy) e Td"*(E, hy)
+¢.(E, ho,h1) @ Td™ (E,hl)+cT(E,h0)o¥c}/1(E,ho,h1)
=2(X,E,s)eTd ' (E, hy) — &(X, E, s)odD;cI/(E,ho,hl)
+ e (B, ho)‘/(;/l(E, ho, h1)
=8(X,E,s)e Td ' (E, hy) — dp 'é(X,F,s)oiI_/l(E,ho,hl)
+ecr (B, ho) e /E_/l( ho, h1)
=2(X,E,s)e Td " (E, hy) + z*ﬁ/(E,ho,hlﬂy
=¢(X,E, s)on Y(E),
which concludes the proof. O

THEOREM 9.19. The theory of homogeneous singular Bott-Chern classes is
compatible with the projection formula and transitive.

Proof. We have
Crn(F,N) = (np). T"(K(F,N))
= (7p)«(e(P. Q. 5)  TA™'(Q) » ch(mp F))
— (wp).(E(P, Q. ) « T (Q)) » ch(F)
= C7n(Oy,N) e ch(F).

Thus Cpr is compatible with the projection formula.

We now prove the transitivity. Let Y, N1 and Ny be as in corollary
We follow the notation after this corollary. Then applying proposition T8 we
obtain

TMEK) =e(P,miQ, ® 15Qy, 51 + s2) e Td  (77Q, ® 73Q,), (9.20)

where s; denote the tautological section of @, or its preimage by m;.
Then, by proposition taking into account that Y; = P,

T"EK) =7} (cr, (@) TAH(Q))) @ 73 (e(Py, @y 52) Td™H(Qy))
+ (i)« (E(P1, Qy, 1) TdH(@,) o p; Td 1 (N2)).  (9.21)
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Applying again proposition we obtain

TM(K) = 71 (e, (@) Td™(@1)) @ w3 (T" (K2)) + (ia)« (T" (K1) e py Td ™ (N2)).

(9.22)
Thus, by corollary B3H the theory of homogeneous singular Bott-Chern classes
is transitive. O

We next recall the construction of singular Bott-Chern classes of Bismut, Gillet
and Soulé. Let i: Y — X be a closed immersion of complex manifolds and
let £ = (i, N, F, E,) be a hermitian embedded vector bundle. We consider the
associated complex of sheaves

O—>Enl>...l>E0—>O,

where we denote by v the differential of this complex.
This complex is exact for all x € X \ Y. The cohomology sheaves of this
complex are holomorphic vector bundles on Y which we denote by

Hy =MHu(Esly), H=@DH,.

For each z € Y and U € T, X we denote by dyv(z) the derivative of the map v
calculated in any holomorphic trivialization of E near x. Then dyv(z) acts on
H,. Moreover, this action only depends on the class y of U in N,. We denote
it by d,v(x). Moreover (9,v(z))? = 0; therefore the pull-back of H to the total
space of N together with 0,v is a complex that we denote by (H, dyv).

On the total space of N, the interior multiplication by y € N turns A NV into a
Koszul complex. By abuse of notation we denote also by ¢, the operator ¢, ®1
acting on A NV @ F. There is a canonical isomorphism between the complexes
(H,9,v) and (AN ® F,1,). An explicit description of this isomorphism can
be found in [B] §1.

Let v* be the adjoint of the operator v with respect to the metrics of E,. Then
we have an identification of vector bundles over Y

Hy={feE;|vf=v"f=0}

This identification induces a hermitian metric on Hy, and hence on H. Note
that the metrics on N and F also induce a hermitian metric on A NV ® F.

DEFINITION 9.23. We say that £ = (i, N, F, E,) satisfies Bismut assumption
(A) if the canonical isomorphism between (H,dyv) and (A NY @ F,,) is an
isometry.

PROPOSITION 9.24. Let &= (i,N,F,E,) be as before, with N = (N, hy) and
F = (F,hr). Then there exist metrics h'y, over Ey such that the hermitian

embedded vector bundle EI = (i,N, F, (E«, Wy, )) satisfies Bismut assumption

(A)-
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Proof. This is [3] proposition 1.6. O

Let VE be the canonical hermitian holomorphic connection on E and let V =
v+ v*. Then
Ay =VE + v

is a superconnection on FE.
Let V# be the canonical hermitian connection on H. Then

B =V 4+ 9,0+ (9,v)*

is a superconnection on H.

Let Ny be the number operator on the complex (F,v), that is, Ny acts on Ej,
by multiplication by k, and let Trs denote the supertrace. Recall that here we
are using the symbol [ ] to denote the current associated to a locally integrable
differential form and the symbol dy to denote the current integration along a
subvariety, both with the normalizations of notation

For 0 < Re(s) < 1/2 let (g(s) be the current on X given by the formula

Cr(s) = ﬁ /OOO uSI{ [Trs (Ngexp(—A2))]

— iy U Trs (Ny exp(—B2))] } du. (9.25)
N
This current is well defined and extends to a current that depends holomorphi-
cally on s near 0.

DEFINITION 9.26. Assume that & = (i, N, F', E.) satisfies Bismut assumption
(A). Then we denote

- 1
TPE(E) = =5 C(0).
By abuse of mnotation we will denote also by TBE5(€) its class in
®,05 " (X.p)-
Let now € = (i, N, F, (E., hg,)) be general and let El = (i,N, F, (E,, h'z.)) be

any hermitian embedded vector bundle satisfying assumption (A) provided by
proposition Then we denote

TPC5(€) = TPCS(€) + 3 (—1)'ch(E;, hi,, Wy,

where ch(E;, hg,, h';,) is as in definition

REMARK 9.27. This definition only agrees (up to a normalization factor) with
the definition in [6] for hermitian embedded vector bundles that satisfy assump-
tion (A).
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THEOREM 9.28. The assignment that, to each hermitian embedded vector bun-
dle &, associates the current TBES(€), is a theory of singular Bott-Chern classes
that agrees with T™.

Proof. First we have to show that, when ¢ does not satisfy assumption (A)
then TBG5(€) is well defined. Assume that &= (i, N, F,(E., hly )) is another
choice of hermitian embedded vector bundle satisfying assumption (A). By
lemma 2T we have that

CAB(E’L'; hia h;) + CTI(E’U h'lm h'ILI) + CAB(E’L') hgl7 h’L) =0.
By [6] theorem 2.5 we have that

TBES () — TPES(E") = N " (—1)'ch(Ey, by, hip,).

%

Summing up we obtain that 75%9(€) is well defined.

If the hermitian embedded vector bundle ¢ satisfies Bismut assumption (A)
then, by [6] theorem 1.9, TBES(¢) satisfies equation EIM). If £ does not
satisfy assumption (A) then, combining [6] theorem 1.9 and equation (), we
also obtain that TB%9(¢) satisfies equation ().

The functoriality property is [6] theorem 1.10.

In order to prove the normalization property, let & = (i:Y — X,N,F,E,)
be a hermitian embedded vector bundle that satisfies assumption (A) and let
A be a non-negatively graded orthogonally split complex of vector bundles on
X. Observe that A is also a (trivial) hermitian embedded vector bundle. Then
A and € @ A also satisfy assumption (A). By [6] theorem 2.9

TBGS(E ® Z) _ TBGS(E) + TBGS(Z).

But by [ remark 2.3, TPES(A) agrees with the Bott-Chern class associated
to the Chern character and the exact complex A. Since A is orthogonally split
we have TPE9(A) = 0. Now the case when ¢ does not satisfy assumption (A)
follows from the definition.

By [6] theorem 3.17, with the hypothesis of proposition I8 we have that

TBGS(iaEY;NY/Xa K(F)) - g(Xa Ea S) ° Td_l(E)
= Th(i76Y;NY/Xa K(E))

From this it follows that Cpses = Cpn and by theorem [, T84S = Th. O

We now recall Zha’s construction. Note that, in order to obtain a theory of
singular Bott-Chern classes, we have changed the normalization convention
from the one used by Zha. Note also that Zha does not define explicitly a
singular Bott-Chern class, but such a definition is implicit in his definition of
direct images for closed immersions. Let Y be a complex manifold and let

N = (N, h) be a hermitian vector bundle. We denote P = P(N ¢ C). Let
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m: P — Y denote the projection and let t: Y — P denote the inclusion as
the zero section. On P we consider the tautological exact sequence

0—O(-1) —7"NaeOp — Q — 0.

Let hy denote the hermitian metric on @V induced by the metric of N and the
trivial metric on Op and let hy denote the semi-definite hermitian form on Qv
induced by the map Q¥ — Op obtained from the above exact sequence and
the trivial metric on Op. Let hy = (1 — t?)hg + t?hy. It is a hermitian metric
on QY. We will denote @;/ = (QV,ht). Let V; be the associated hermitian
holomorphic connection and let N; denote the endomorphism defined by

d
I (v,w), = (Nyv,w) .

For each n > 1, let Det denote the alternate n-linear form on the space of n by
n matrices such that
det(A) = Det(4,..., A).

We denote det(B; A) = Det(B, A, ..., A).
Zha introduced the differential form

L= ~1 !

e2(Q") = - lim [ det(N, V) di (9.29)
which is a smooth form on P\ ((Y'), locally integrable on P. Hence it defines a

current, also denoted by €z (@V) on P. The important property of this current
is that it satisfies

dpez(QY) = cn(Qy) — dy. (9.30)

In [32], Zha denotes by C' (@V) a form that differs from €z by the normalization
factor and the sign. We denote it by ez because it agrees with the Euler-Green
current introduced in [6].

ProproOSITION 9.31. The equality
€z(Q") = e(P,Qy,5q)
holds.

Proof. With the notations of lemma ] both classes satisfy equation (@30)
and their restriction to D is zero. By lemma [Tl they agree. O

DEFINITION 9.32. Let §=(i:Y — X,N,F,E.,) be as in definition E3 Let

A, tri(E). and 7, be as in ([L2). Then we define

T7(&) = ~(pw)s (Z(—l)le . Ch(trl(E)k)>

k

S 1R pp)ulch(@)] + (pp)«(ch(xiF) TA™H(@)e2(Q1 ). (9.33)

k
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It follows directly from the definition that 7% is the theory of singular Bott-
Chern classes associated to the class

Cz(F.N) = (pp).(ch(m; F) Td " (@1)2(Q))). (9:34)

THEOREM 9.35. The theory of singular Bott-Chern classes T# agrees with the
theory of homogeneous singular Bott-Chern classes T".

Proof. The result follows directly from theorem [l equation (@34]) and propo-
sition 0

Next we want to use to give another characterization of T". To this end
we only need to compute the characteristic class Cpn (Oy, L) for a line bundle
L as a power series in ¢;(L).

THEOREM 9.36. The theory of homogeneous singular Bott-Chern classes of
algebraic vector bundles is the unique theory of singular Bott-Chern classes
of algebraic vector bundles that is compatible with the projection formula and
transitive and that satisfies

Crn(Oy, L) =11 0 ¢(c1(L)),

where ¢ is the power series

and where H, =1 + % + % 4+t %, n > 1 are the harmonic numbers.

We already know that T" is compatible with the projection formula and tran-
sitive. Thus it only remains to compute the power series ¢.

Let L = (L,hr) be a hermitian line bundle over a complex manifold Y. Let
z be a system of holomorphic coordinates of Y. Let e be a local section of L
and let h(z) = h(ey,e;). Let P =P(L & C), with 7: P — Y the projection
and ¢: Y — P the zero section. We choose homogeneous coordinates on P
given by (z,(z : y)), here (z : y) represents the line of L, ® C generated by
xe(z) + y1, where 1 is a generator of C of norm 1. On the open set y # 0 we
will use the absolute coordinate ¢ = z/y. Let

0—O0(-1) —7"(LeC)— Q —0

be the tautological exact sequence. The section s = {1} is a global section of
@ that vanishes along the zero section. Moreover we have
15|12 xzh(z) tth
S )y = = — .
G @) ™ g+ azh(z) 1+ tth

DOCUMENTA MATHEMATICA 15 (2010) 73-176



SINGULAR BOTT-CHERN CLASSES

Then (recall that we are using the algebro-geometric normalization)

c1(Q) = 90 log ||s||*

= tth
= 90log 7=
_s 1+ tth to(th)(1 + tth) — t>thd(th)
B tth (14 tth)?

to(th
=9 <tt‘h(1(+ th)>
i (a(fh)) L ) A (i)
th ) 1+tth  th(l+ th)?
~ wei(L)  O(th) AO(th)

1+ tth h(1 + tth)?

‘We now consider the Koszul resolution

?:0—>Qvi>(’)p—>b*(’)x—>0.

157

(9.37)

(9.38)

(9.39)
(9.40)
(9.41)

(9.42)

We denote by T"(K) the singular Bott-Chern class associated to this Koszul

complex. Then, by proposition and proposition [LT8,

THER) = —3 Td ™ @) los ]

In order to compute 7, T"(K) we have to compute first m.c;(Q)" log ||s||?. But

W@y~ Ta@r ( e (T) > Oth) 1 (th)

(1 + tth)" (1+ tth) h(1 + tth)?

Therefore

mec1(Q)" log [s]* = —nes (L)

21

1 / oth) N O(ih) | tih
(1 + tth)+L 8 1+ tih

N /2”/ r?  —2irdfdr
2mi

1 + 72 (14 r2)ntl

=ncy (L) /0 log(1 — w)w" ' dw

= —C1 (f)nlen,

where H,,, n > 1 are the harmonic numbers. Since

= l—exp(—ca1(Q) & °
Td (@) = c1 Q Z ’

DOCUMENTA MATHEMATICA 15 (2010) 73-176



158 Jost 1. BURGOS GIL AND RAZVAN LITCANU

we obtain

n+1 Hn+1

"1
n+2 er(L)

1 o0
CTh,(Oy, )_W*Th —52

Then, a reformulation of proposition is

COROLLARY 9.43. LetT be a theory of singular Bott-Chern classes for algebraic
vector bundles that is compatible with the projection formula and transitive.
Then there is a unique additive genus St such that

Cr(F,N) — Cpu(F,N) = ch(F) e Td(N)"! e Sp(N). (9.44)

Conversely, any additive genus determines a theory of singular Bott-Chern

classes by the formula (I2Z).

10 THE ARITHMETIC RIEMANN-ROCH THEOREM FOR REGULAR CLOSED IM-
MERSIONS

In this section we recall the definition of arithmetic Chow groups and arithmetic
K-groups. We see that each choice of an additive theory of singular Bott-Chern
classes allows us to define direct images for closed immersions in arithmetic K-
theory. Once the direct images for closed immersions are defined, we prove
the arithmetic Grothendieck-Riemann-Roch theorem for closed immersions. A
version of this theorem was proved earlier by Bismut, Gillet and Soulé [6] when
there is a commutative diagram

yéx7

N

where i is a closed immersion and f and g are smooth over C. The version
of this theorem given in this paper is due to Zha [32], but still unpublished
The theorem of Bismut, Gillet and Soulé compares g. Ch(z E) with f, Ch( )s
whereas the theorem of Zha compares directly ch(i, E) with i, ch(E). The main
difference between the theorem of Bismut, Gillet and Soulé and that of Zha is
the kind of arithmetic Chow groups they use. In the first case these groups
are only covariant for proper morphisms that are smooth over C; thus the
Grothendieck-Riemann-Roch can only be stated for a diagram as above, while
in the second case a version of these groups that are covariant for arbitrary
proper morphisms is used.

Since each choice of a theory of singular Bott-Chern classes gives rise to
a different definition of direct images for closed immersions, the arithmetic
Grothendieck-Riemann-Roch theorem will have a correction term that depends
on the theory of singular Bott-Chern classes used. In the particular case of the
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homogeneous singular Bott-Chern classes, which are the theories used by Bis-
mut, Gillet and Soulé and by Zha, this correction term vanishes and we obtain
the simplest formula. In this case the arithmetic Grothendieck-Riemann-Roch
theorem is formally identical to the classical one.

Let (A, X, F) be an arithmetic ring [I]. Since we will allow the arithmetic
varieties to be non regular and we will use Chow groups indexed by dimension,
following [20] we will assume that the ring A is equidimensional and Jacobson.
Let F be the field of fractions of A. An arithmetic variety X is a scheme flat and
quasi-projective over A such that Xr = X x Spec F' is smooth. Then X := X5,
is a complex algebraic manifold, which is endowed with an anti-holomorphic
automorphism F,. One also associates to X' the real variety Xp = (X, Fixo).
Following [I3], to each regular arithmetic variety we can associate different
kinds of arithmetic Chow groups. Concerning arithmetic Chow groups, we
shall use the terminology and notation in op. cit. §4 and §6.

Let Diog be the Deligne complex of sheaves defined in [I3] section 5.3; we refer
to op. cit. for the precise definition and properties. A Diog-arithmetic variety
is a pair (X, C) consisting of an arithmetic variety X and a complex of sheaves
C on X which is a Dipg-complex (see op. cit. section 3.1).

We are interested in the following Djoe-complexes of sheaves:

(i) The Deligne complex D , x of differential forms on X with logarithmic
and arbitrary singularities. That is, for every Zariski open subset U of
X, we write

Elfa,X(U) - thF(U, 5%(10g B))a
U

where the limit is taken over all diagrams

U—>T7

N

such that 7 is an open immersion, 3 is a proper morphism, B = U \ U,
is a normal crossing divisor and &*(log B) denotes the sheaf of smooth
differential forms on U with logarithmic singularities along B introduced

in [§] .

For any Zariski open subset U C X, we put
Do x(U,p) = (Dia x(U,p),dp) = (D" (Era,x (U), p),dp).
If U is now a Zariski open subset of Xg, then we write
Dl*,a,X(Uap) = (Dl*,a,X(Uap)vdD) = (Dia,X(UC’p)U7dD)’
where o is the involution o(n) = F n as in [I3] notation 5.65.
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Note that the sections of Df,  over an open set U C X are differential
forms on U with 1ogar1thm1c Smgularltles along X \ U and arbitrary sin-
gularities along X \ X, where X is an arbitrary compactification of X.
Therefore the complex of global sections satisfy

D, x(X, %) = D" (X, %),

where the right hand side complex has been introduced in section §1. The
complex Dy, y is a particular case of the construction of [[2] section 3.6.

The Deligne complex Dcyr,x of currents on X. This is the complex in-
troduced in [I3] definition 6.30.

When X is regular, applying the theory of [I3] we can define the arithmetic
Chow groups CH (X, Dy, x) and CH (X, Deyr,x). These groups satisty the
following properties

(i)

There are natural morphisms

6ﬁ* (Xa Dl,a,X) I éﬁ* (X, Dcur,X)

and, when applicable, all properties below will be compatible with these
morphisms.

There is a product structure that turns CH (X,Dya X)Q into an associa-
tive and commutative algebra. Moreover, it turns CH (X, Deur, x ) into
aCH (X, D1.a,x )g-module.

If f: Y — X is a map of regular arithmetic varieties, there are pull-back
morphisms

f*: CH (X, Diax) — CH (Y, Dra,y).

If moreover, f is smooth over F', there are pull-back morphisms
f* : éﬁ (XaDcur,X) — éﬁ (yvpcur,Y)-

The inverse image is compatible with the product structure.

If f: Y — X is a proper map of regular arithmetic varieties of relative
dimension d, there are push-forward morphisms

—% ———%—d
f*5 CH (yvpcur,Y) — CH (XaDcur,X)-
If moreover, f is smooth over F', there are push-forward morphisms

— —x—d
f*: CH (y7D1,a,Y) — CH (Xapl,a,,X)-

The push-forward morphism satisfies the projection formula and is com-
patible with base change.
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(v) The groups CH (X, Dy, x ) are naturally isomorphic to the groups defined
by Gillet and Soulé in [I8] (see [I2] theorem 3.33). When X is generi-

cally projective, the groups éﬁ*(é\f , Deur, x ) are isomorphic to analogous
groups introduced by Kawaguchi and Moriwaki [27] and are very similar
to the weak arithmetic Chow groups introduced by Zha (see [I]).

(vi) There are well-defined maps
¢: CH'(X,C) — CHP(X),
a: C~Y(Xg,p) — aﬁp(X,C),
w: CH (X,C) — ZC%(Xg, p),

where C is either Dy, x or Deyr,x. For the precise definition of these
maps see [[3] notation 4.12.

When X is not necessarily regular, following [20] and combining with the defi-
nition of [I3] we can define the arithmetic Chow groups indexed by dimension
Eﬁ*(x,pl,a,x) and @*(X,Dcunx) (see [I2] section 5.3).

They have the following properties (see [20]).

(i) If X is regular and equidimensional of dimension n then there are iso-
morphisms

— %

éﬁ* (XaDl,a,X) = éﬁn (X’Dl’avx)’

T — %

aﬁ*(xapcur,X) = éﬁ (XaDcur,X)-

(ii) If f: Y — X is a proper map between arithmetic varieties then there is
a push-forward map

f* : éﬁ* (y7 Dcur,Y) — éﬁ* (X, Dcur,X)-
If f is smooth over F' then there is a push-forward map

f* : éﬁ* (y; Dl,a,Y) — éﬁ* (X7 Dl,a,X)-

(iii) If f: Y — X is a flat map or, more generally, a local complete intersec-
tion (l.c.i) map of relative dimension d, there are pull-back morphisms

f*: CHL(X, Dy x) — CHopa(Y, Diay).
If moreover, f is smooth over F', there are pull-back morphisms

f* . éﬁ* (X7 Dcur,X) — éﬁ*—i-d(y; Dcur,Y)-
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(iv) If f: ¥ — X is a morphism of arithmetic varieties with X regular, then
there is a cap product

/\p — —
CH (X,D1a,x) @ CHy(V,D1ay) — CHi—p(Y, Diay)o,

and a similar cap-product with the groups éﬁd()}, Deur,y ). This product
is denoted by y ® x +— y. sz,

For more properties of these groups see [20].

We will define now the arithmetic K-groups in this context. As a matter of
convention, in the sequel we will use slanted letters to denote a object defined
over A and the same letter in roman type for the corresponding object defined
over C. For instance we will denote a vector bundle over X by £ and the
corresponding vector bundle over X by F.

DEFINITION 10.1. A hermitian vector bundle on an arithmetic variety X, &,
is a locally free sheaf £ with a hermitian metric Ap on the vector bundle F
induced on X, that is invariant under F,,. A sequence of hermitian vector
bundles on X

() cii— &1 — Ep — En1 — ...

is said to be exact if it is exact as a sequence of vector bundles.

A metrized coherent sheaf is a pair F = (F, E. — F), where F is a coherent
sheaf on X and E, — F is a resolution of the coherent sheaf F = F¢ by
hermitian vector bundles, that is defined over R, hence is invariant under F.
We assume that the hermitian metrics are also invariant under Fi.

Recall that to every hermitian vector bundle we can associate a collection of
Chern forms, denoted by c,. Moreover, the invariance of the hermitian metric
under F, implies that the Chern forms will be invariant under the involution
o. Thus

cp(€) € DI (Xr,p) = D*(X,p)°.

We will denote also by ¢,(€) its image in Dgﬁr, «(Xgr,p). In particular we have
defined the Chern character ch(€) in either of the groups ®D, DIQ, b x(Xg,p) or
@p Dfﬁ’n +(Xr,p). Moreover, to each finite exact sequence (Z) of hermitian

vector bundles on X we can attach a secondary Bott-Chern class c~h(E) Again,
the fact that the sequence is defined over A and the invariance of the metrics
with respect to F., imply that

ch(z) € P D (Xr.p) = P D (X, p)".
P p

We will denote also by ch(g) its image in ®D, 2535;)1( (Xgr,p). The Bott-Chern
classes associated to exact sequences of metrized coherent sheaves enjoy the

same properties.
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DEFINITION 10.2. Let X be an arithmetic variety and let C*(x) be one of the
two Digg-complexes Dy o x OF Deur, x. The arithmetic K -group associated to the

Diog-arithmetic variety (X, C) is the abelian group K (X,C) generated by pairs

(€,m), where & is a hermitian vector bundle on X and 7 € ®D,>0 C~1(Xg, p),
modulo relations

(E1,m) + (E2,m2) = (€,¢h(E) +m + n2) (10.3)
for each short exact sequence

() 0—& —E—E —0.

The arithmetic K'-group associated to the Djgg-arithmetic variety (X,C) is
the abelian group K'(X,C) generated by pairs (F,n), where F is a metrized
coherent sheaf on X and n € P, C*~1(Xg, p), modulo relations

(From) + (Fz,m2) = (F,ch@) +m +m2) (10.4)
for each short exact sequence of metrized coherent sheaves
(E) O—>.T1—>.T—>.T2—>O.

We now give some properties of the arithmetic K-groups. As their proofs are
similar, in the essential points, to those of analogous statements in, for example,
18] in the regular case and [20)] in the singular case, we omit them.

(i) We have natural morphisms
I?(Xa Dl,a,X) — I?(X; Dcur,X) and I?I(Xa Dl,a,X) — I?I(Xa Dcur,X)-

When applicable, all properties below will be compatible with these mor-
phisms.

~

(ii) K(X,Dia x) is a ring. The product structure is given by
(Fi,m)-(Fa,m2) = (F1®F2, ch(F1)enz+niech(Fz)+dpnien) (10.5)
(iii) K (X, Deur.x) is a K (X, D), x )-module.
(iv) There are natural maps
K(Xx,C) — K'(X.C)
that, when X is regular, are isomorphisms.
(v) The groups I?'(X,Dl,a,x) and I?'(X,Dcur,x) are I?(X,D1737X)—modules.
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(vi) There are natural maps

w: K'(X,C) — @ZCQP(]))

that send the class of a pair (F,n) with F = (F, E. — F¢) to the form
(or current)

w(F,n) = Z(*l)iCh(Fi) +dpn.

(vii) When X is regular, there exists a Chern character,

ch: K(X,C)g — @@p(X,C)Q,
P

that is an isomorphism. Moreover, if C = D, x this isomorphism is
compatible with the product structure. If X is not regular, there is a
biadditive pairing

K(X, Diax)® aﬁ*(?\ﬂ Diax) — éﬁ*(é\ﬁ Diax)0s

and a similar pairing with the groups éﬁ*(ﬁc’ » Deur,x ), which is denoted
in both cases by a ® x — ch(a) N z. For the properties of this product
see [20] pg. 496.

(viii) If ¥ and X are arithmetic varieties and f: )Y — X is a morphism of
arithmetic varieties, f induces a morphism of rings:

f* i K(X,Diax) — K, Diay).

When f is flat, the inverse image is also defined for the groups
K'(X,D; . x). Moreover, if fc is smooth, the inverse image can be de-
fined for the groups K (X, Deur,x) and, when in addition f is flat, for the
groups I?’(X, Deur, x )-

In what follows we will be interested in direct images for closed immersions.
Since the direct images in arithmetic K-theory will depend on the choice of a
metric, we have the following

DEFINITION 10.6. A metrized arithmetic variety is a pair (X, hx) consisting of
an arithmetic variety X and a hermitian metric on the complex tangent bundle
Tx that is invariant under F.

Let (X,hx) and (Y, hy) be metrized arithmetic varieties and let i: Y — X
be a closed immersion. Over the complex numbers, we are in the situation of
notation In particular we have a canonical exact sequence of hermitian
vector bundles

En:0—Ty — i*Tx — Ny/x —0 (10.7)

DOCUMENTA MATHEMATICA 15 (2010) 73-176



SINGULAR BOTT-CHERN CLASSES 165

where the tangent bundles Ty, T'x are endowed with the hermitian metrics hy,
hx respectively and the normal bundle Ny,y is endowed with an arbitrary
hermitian metric hy. We will follow the conventions of notation

We next define push-forward maps, via a closed immersion, for the elements
of the arithmetic K-group of a metrized arithmetic variety. We will define two
kinds of push-forward maps. One will depend only on a metric on the complex
normal bundle Ny,x. By contrast, the second will depend on the choice of
metrics on the complex tangent bundles Tx and Ty. The second definition
allows us to see K'(__, Deur,y) as a functor from the category whose objects are
metrized arithmetic varieties and whose morphisms are closed immersions to
the category of abelian groups.

As we deal with hermitian vector bundles and metrized coherent sheaves, both
definitions will involve the choice of a theory of singular Bott-Chern classes. In
order for the push forward to be well defined in K-theory we need a minimal
additivity property for the singular Bott-Chern classes.

DEFINITION 10.8. A theory of singular Bott-Chern classes T is called additive
if for any closed embedding of complex manifolds 7: ¥ < X and any hermi-
tian embedded vector bundles &; = (i, N, F1, E1.), & = (i, N, Fa, Eo..) the
equation

T(& ®&) =T(&) +T(&)
is satisfied.
Let C be a characteristic class for pairs of vector bundles. We say that it is
additive (in the first variable) if

C(FA @ F,N)=C(F,N)+ C(F3,N)
for any vector bundles Fi, F5, N on a complex manifold X.
The following statement follows directly from equation [LH}

PROPOSITION 10.9. A theory of singular Bott-Chern classes T is additive if
and only if the corresponding characteristic class Cr is additive in the first
variable.

Note that a theory of singular Bott-Chern classes consists in joining theories
of singular Bott-Chern classes in arbitrary rank and codimension (definition
BE3). The property of being additive gives a compatibility condition for these
theories, by respect to the hermitian vector bundles F' (with the notation used
in definition ). Note also that if a theory of singular Bott-Chern classes is
compatible with the projection formula then it is additive.

DEFINITION 10.10. Let T" be an additive theory of singular Bott-Chern classes,
and let T, be the associated covariant class as in definition Let
i: (V,hy) — (X, hx) be a closed immersion of metrized arithmetic varieties
and let N = Ny/X = (Ny/x,hn) be a choice of a hermitian metric on the
complex normal bundle. The push-forward maps

iTC iT: I?(yvpcur,Y) — I?I(vacur,X)

* ) Y%
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are defined by
e (Fon) = [((0F, Ex — (ixF)c), 0)] = [(0, Te(E,))]

+ (0,34 (n Td(Y)i* Td™H(X)))] (10.11)
it (Fyn) = [((iuF, Ex = (i2F)e), 0)] = [(0, T (€))]
+[(0,ix(n Td™" (Ny,x)))]. (10.12)

Here

0= FE,—...—FE —Ey— (i.F)c — 0
is a finite resolution of the coherent sheaf (i,F)c by hermitian vector bundles,
£= (i, Nx /Y5 Fc, E,) is the induced hermitian embedded vector bundle on X,
and ¢, = (i, Tx, Ty, Fc, E.) as in definition
We can extend this definition to push-forward maps

iTC iT: R/(yaDCuT,Y) — I?/(XaDCuT,X)

* 9 Uk

by the rule
i (F o) = [((6:F, Tot(EL ) — (i.F)e),0)] = > (=1)'[(0, Tu(&; )]

%

+1(0,4.(n TA(Y )i Td™ (X)), (10.13)
il (Fon) = [((i.F, Tot(EL ) — (ieF)c),0)] = D (1[0, T(E,))]

%

+[(0,4(n Td_l(NY/X)))]v (10.14)

where 0 — E,, — --- — FE¢ — Fc — 0 is a resolution of F¢ by hermitian vector
bundles, F*,* is a complex of complexes of vector bundles over X, such that,
for each i > 0, Ei,* — 1, I is also a resolution by hermitian vector bundles and
& = (i,Nx)y, E;, E; ) is the induced hermitian embedded vector bundle and
Ei,c is as in definition We suppose that there is a commutative diagram
of resolutions

> EkJrl,* Ek,* Ekfl,* — .
o ——> i Fgi 1. By B —— -

hence a resolution Tot(E, .) — (i+F)c by hermitian vector bundles.

Note that, whenever the push-forward i! appears, we will assume that we have
chosen a metric on Ny, x.
The two push-forward maps are related by the equation

1Fo) = F) - [ (010 (wF T € Tam) )| 019
where € is the exact sequence (7).
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PROPOSITION 10.16. The push-forward maps i’ ile are well defined. That is,
they do not depend on the choice of a representative of a class in IA{, nor on the
choice of metrics on the coherent sheaf (i.JF)c. The first one does not depend
on the choice of metrics on Tx mor on Ty, whereas the second one does not
depend on the choice of a metric on the normal bundle Ny, x . Moreover, if i is
a regular closed immersion or X is a reqular arithmetic variety, then ilc and

il can be lifted to maps

iTC ) Z’f I?(y; Dcur,Y) — I?(X; Dcur,Y)-

*

Proof. The fact that i7 only depends on the metric on N and not on the
metrics on Tx and Ty and that for il is the opposite, follows directly from
the definition in the first case and from proposition in the second.

We will only prove the other statements for 7., as the other case is analogous.
We first prove the independence from the metric chosen on the coherent sheaf

(i.F)c. If E. — (i.F)c, E; — (i.F)c are two such metrics, inducing the
hermitian embedded vector bundles € respectively ZI, then, using corollary [ET4]

T.€) - T.€) =T(€) ~ T(€) = ch(&).
where Z is the exact complex of hermitian embedded vector bundles
£0—E—8 —0,
where EI sits in degree zero.
Therefore, by equation [L4]

(6. F, B — (i.F)c), 0)] — [(0, To(€2))]
= [((ixF, B, — (i.F)c),0)] — [(0, Te(.))].

Since the last term of equation [MLTT] does not depend on the metric on (i.F)c,
we obtain that i’ does not depend on this metric.

For proving that the push-forward map iZ¢ is well defined it remains to show
the independence from the choice of a representative of a class in K (Y, Deur,y)-
We consider an exact sequence of hermitian vector bundles on )

20— F —F —Fy—0

and two classes 11,12 € @p>0 D2p-1 (Y, p). We also denote z the induced exact

cur
sequence of hermitian vector bundles on Y. We have to prove

e (Fom 4 e+ @) = i (Fon)) + i (Fan))). (107)

Since it is clear that %< (0, 9y +12) = i1¢(0,1m1) +1i1<(0,72), we are led to prove

i ([(F, ch(@)]) = i ([(F1,0)]) + i ([(F2, 0)]). (10.18)
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We choose metrics on the coherent sheaves (i.F1)c, (ixF2)c and (i.F)c re-
spectively:

El,* — (i*fl)(C s E2,* — (i*f2)C s E* — (Z*f)(c

We denote &, &, & the induced hermitian embedded vector bundles. We obtain
an exact sequence of metrized coherent sheaves on X':

T:0 — 1. F] — i F — ixFa — 0.
Then, using the fact that the theory T is additive and equation ([BZ2) we have
Tu(€)0) + To(Er) = TulE,) = [ch(P)] — i ([6B(E) » TA(Y)]) 0 Td 1 (X). (10.19)
Moreover, by the relation ([ILZ),

(71, 0)] + [(1xF2, 0)] = [(iu F, ch(P))]. (10.20)

Hence, we compute,

=0.

The proof that il for metrized coherent sheaves is well defined is similar. The
proof of its independence from choice of a metric on Ny,x or from the choice
of the resolutions and metrics in X is the same as before. Now let

0—F —F—F —0
be a short exact sequence of metrized coherent sheaves on ). This means that
we have resolutions FI* — Ft, E. — Fc and EZ — F¢. Using theorem 2241
we can suppose that there is a commutative diagram of resolutions
OHFLHE*HF:HO
1 l 1 (10.21)
0 — F& — Fc — F¢ — 0,

with exact rows. Moreover, we can assume that the complexes of complexes

I B, E' . used in definition [II0 are chosen compatible with diagram
([@ZT). Thus we obtain a commutative diagram

*,%0 *, %

0 — TotF;* — TotE., — TotE:’* - 0
! | | (10.22)

0 —  .FL —  iJc - @F¢ - 0
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We denote by 7 the exact sequence of metrized coherent sheaves on X defined
by diagram ([[IL22). We denote ; the exact sequence of hermitian vector
bundles on Y

X;: O—>Fi — E; —>E;I — 0,
and by Z the exact sequence of metrized coherent sheaves on X
g;: OHZ*—E; — 0. E; —»i*E;/ — 0.

Moreover, let Ei, Ei and E;/ denote the hermitian embedded vector bundles
defined by the above resolutions and Fj, F; and F;/ respectively and let Ei, o
-/ =/

§ic and &; . be as in definition 37 Then, using proposition 2238 and equation

EZI) we obtain
ch(v) = Z(— 1)’ch(e)
= Z )+ Tl ~ T.E,,) (10.23)
+ Z )i, (ch(x;) ® TA(Y))  Td™(X)

Now the proof follows as before, but using equation ([[ILZ3)) instead of equation
().

If X is a regular arithmetic variety, the lifting property follows from the iso-
morphism between the K -groups and the K’ -groups.

Suppose now that i: JJ — X is a regular closed immersion and let [F,n] €
IA{()J, Deur,y). Then it follows from [2] IIT that the coherent sheaf i, F can be
resolved

0—&, —...— & — i.F —0

with &; locally free sheaves on X. Moreover we endow the vector bundles
FE; induced on X with hermitian metrics and so we obtain a metric on the
coherent sheaf i, F and the corresponding hermitian embedded vector bundle
€. Using the independence from the resolutions and on the metrics we see that
the equation [Tl defines an element in K (X, Deyr, x)- O

PROPOSITION 10.24. For any element o € IA{’()),Dcuryy) we have
w(it* (@) TA(X) = i (w(a) Td(Y)) (10.25)
w(il () = i(w(a) Td™ (Ny/x)) (10.26)

Proof. We will prove the statement only for ile. We consider first a class
of the form [F,0]. Using equation ([E38) we obtain, after choosing a metric

E; — (i+F)c, and considering the induced hermitian embedded vector bundle
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w(iT([F,0) TA(X) = (D (1) eh(Ex) - dp T. (&) ) Td(X)

=i, (ch(F) e Td(Y) ei* Td™ ' (X)i*(Td(X)))
= i,(ch(F) e Td(Y))
(w([F,
[

= iy (w(

0]) Td(Y))

Taking now a class of the form [0, 7] we obtain:
w(il*([0,7])) TA(X) = dp (i (n TA(Y)i* Td™(X))) Td(X)
=i, dp(nTd(Y))
= ix(w([0,7]) Td(Y))
and hence the equality T0I2H is proved. O

The next proposition explains the terminology “compatible with the projection
formula” and “transitive” that we used for theories of singular Bott-Chern
classes. The second statement is the main reason to introduce the push-forward
T,

(A

PROPOSITION 10.27. If the theory of singular Bott-Chern classes is compatible
with the projection formula, we have that, for a € K'(Y,Deury) and €
K(X,Dya x) the following equalities hold

i (ai*f) = i (o),
il (ai*B) =il (a)p.

If moreover the theory of singular Bott-Chern classes is transitive and
J: (Z,hz) — (Y, hy) is another closed immersion of metrized arithmetic

varieties, then

(i0§)T = iT o jT-.
Proof. We prove first the projection formula. For simplicity we will treat the
case when o € K(y Deur,y ). Let a = (F.m),let & = (i, Tx, Ty, Fc, Ex) be a
hermitian embedded vector bundle and let 3 = (€, x). Using equations ([ILLT))
and (), we obtain

il (ai*B) — il (@) = =Y _(=1)"ch(E) o x + dp(Te(E.)) @ X
+ i (ch((F)c) e Td(Y))) e Td ' (X) » x
+Te(€.) ® ch(Ec) — To(€, ® Ec)
=Te(€, ®Ec) — Tu(E,) o ch(Eg).
Therefore, if T' is compatible with the projection formula, then the projection
formula holds.

The fact that, if moreover T is transitive then (i o j)Ic = ilc o jT¢ follows
directly from the definition and equation (BZTI). O
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If i: Y — X is a regular closed immersion between arithmetic varieties, then
the normal cone Ny, is a locally free sheaf. The choice of a hermitian metric
on Ny, x determines a hermitian vector bundle Ny/;(. If now i: (Y, hy) —
(X,hx) is a closed immersion between regular metrized arithmetic varieties,
then the tangent bundles 7y and 7y are virtual vector bundles. Since over C
they define vector bundles, we can provide them with hermitian metrics and
denote the hermitian virtual vector bundles by 7 x and 7y. There are well
defined clases 'fa(y) = ﬁ(?y) and 'fa()(') = 'fa(TX).

The arithmetic Grothendieck-Riemann-Roch theorem for closed immersions
compares the direct images in the arithmetic K-groups with the direct images
in the arithmetic Chow groups.

THEOREM 10.28 ([6], B2]). Let T be a theory of singular Bott-Chern classes
and let St be the additive genus of corollary [J43

(i) Let i: Y — X be a regular closed immersion between arithmetic vari-
eties. Assume that we have chosen_a hermitian metric on the complex
bundle Ny,x. Then, for any o = (F,n) € K(Y, Deur,y) the equation

(T (@) = i (ch(0)Td " (W) — ali(ch(Fe) Td™ (Nyx)Sz(N))
(10.29)
holds.

(i) Let i: (Y,hy) — (X,hx) be a closed immersion between reqular
metrized arithmetic varieties. Then, for any o = (F,n) € K(Y,Deur,y)
the equation

ch(iT* () Td(X) = i.(ch(a)Td(Y)) — ali.(ch(Fc) TA(Y)ST(N)))
(10.30)
holds.

Proof. The proof follows the classical pattern of the deformation to the normal
cone as in [6] and [32].

Let W be the deformation to the normal cone to Y in X. We will follow the
notation of section Since ¢ is a regular closed immersion, there is a finite
resolution by locally free sheaves

0—=& — =& =& —i.F—0.
We choose hermitian metrics on the complex bundles E; = (&;)c. The im-
mersion j: Y x P! — W is also a regular immersion. The construction of
theorem B4l is valid over the arithmetic ring A. Therefore we have a resolution
by hermitian vector bundles

0= Gy — - — G — Go — i — 0.
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such that its restriction to X x {0} is isometric to £.. Its restriction to X is
orthogonally split, and its restriction to P = P(Ny,x © Oy) fits in a short
exact sequence

0— A, —>§*|7> — K(.T,./T/'y/;() — 0,

where A, is orthogonally split and K (.7', N v/ x) is the Koszul resolution. We
denote by 7, the piece of degree k of this exact sequence. Let ¢ be the absolute
coordinate of P'. It defines a rational function in W and

div(t) = (Xo + P + X, (0, f% log t7))

The key point of the proof of the theorem is that, in the group CH (X, Deur,x )
we have

(pw)« (ch(E,)div(t)) = 0.

Using the definition of the product in the arithmetic Chow rings we obtain

(pw)-(ch(E)div(t)) = h(E.) = (p)-ch(E.| 5) — (pp)-ch(Elp)
+ a((pw )« (ch((E:)c) e W1)).  (10.31)

But we have

ch(€,) = ch(i¥ (F)) + a(T(€)), (10.32)
(px)+ch(El5) =0, (10.33)
(pp)«ch(Eulp) = in(mp)s (ch (K (F, Ny x)) — 3 _(—=1)*a(ch(7))). (10.34)

k

Moreover, by equation ([Z3),

a((pw)«(ch((E.)c) e Wh)) = —a(T(€)) = Y _(~1)" a(ch(7,)))
k
+ a(i.Cr(Fe, Ng)).  (10.35)

Thus we are led to compute i*(wp)*cAh(K(.T,./T/'y/X)). This is done in the
following two lemmas.

LEMMA 10.36. Let Y be an arithmetic variety, JT/'_a rank r hermitian vector
bundle over Y and denote P = PY (N @& Oy), and O the tautological quotient
bundle. Let )Yy be the cycle defined by the zero section of P. Then

E’!(@) - (yO; (C’!‘(@C);g(PC;@Ca S)))a (1037)

where €(Pc, Oc, s) is the Buler-Green current of lemma[J2
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Proof. We know that ¢.(Q) = (), (¢+(Qc), €)) for certain Green current €. By
definition this Green current satisfies

dpg: Cr(gc) — 53;C.

Moreover, since the restriction of Q¢ to Ds has a global section of constant
norm we have that €|p_ = 0. Therefore, by lemma [

¢ =¢é(Pc, Oc, 3).

LEMMA 10.38. The following equality hold:

(WP)*(;B(K(?aN)*) =
h(F)Td " (N) + a(Cp(F,N) — ch(Fe) Td~ (Ny,x)Sr(N)).  (10.39)

Proof. We just compute, using lemma [L30]

(7p)ch(K(F, N).) = (p)- ;uﬁc“h(/k\ Q" )ch(rp F)
— (7p).(&(Q)Td " (Q))ch(F)
— T (N)h(F) + a((rp).(€Td""(@)) ch(F))
— T (N)h(F) + al(mp). (T" (K (F, N))) ch(F))
— Td Y(N)&(F) + a(Cp (F, N))
— Td Y (W)(F) + Cr(F, N) — a(Td"} (V) ch(F) Sy (V).

O

The equation ([[ILZY) follows by combining equations ([ILZ), [(32), (IL33),

(34, ((I33) and ([I39).
The equation ([IL30) follows from equation ([([I2J) by a straightforward com-

putation. 0

Since T is homogeneous if and only if ST = 0, in view of this result, the the-
ory of homogeneous singular Bott-Chern classes is characterized for being the
unique theory of singular Bott-Chern classes that provides an exact arithmetic
Grothendieck-Riemann-Roch theorem for closed immersions. By contrast, if
one uses a theory of singular Bott-Chern classes that is not homogeneous,
there is an analogy between the genus St and the R-genus that appears in the
arithmetic Grothendieck-Riemann-Roch theorem for submersions.

Since there is a unique theory of homogeneous singular Bott-Chern classes, the
following definition is natural.
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DEFINITION 10.40. Let i: (Y, hy) — (X,hx) be a closed immersion of
metrized arithmetic varieties, the push-forward map

Tyt I?/(y; Dcur,Y) — I?/(X; Dcur,Y)

h
is defined as i, = 7.°.
COROLLARY 10.41. The push-forward map makes I?/(_,Dcuryy) and

K (_, Deur,y) functors from the category of reqular metrized arithmetic varieties
and closed immersions to the category of abelian groups.

COROLLARY 10.42. Leti: (Y, hy) — (X, hx) be a closed immersion of reqular
metrized arithmetic varieties, then

ch(i () Td(X) = i.(ch(a)Td(D)). (10.43)

REMARK 10.44. Combining theorem with [I6] we can obtain an arith-
metic Grothendieck-Riemann-Roch theorem for projective morphisms of regu-
lar arithmetic varieties.

In a forthcoming paper we will show that the higher torsion forms used to define
the direct images for submersions can also be characterized axiomatically.
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ABSTRACT. A hica is a highest weight, homogeneous, indecompos-
able, Calabi-Yau category of dimension 0. A hica has length [ if its
objects have Loewy length [ and smaller. We classify hicas of length
< 4, up to equivalence, and study their properties. Over a fixed field
F', we prove that hicas of length 4 are in one-one correspondence with
bipartite graphs. We prove that an algebra Ar controlling the hica
associated to a bipartite graph I' is Koszul, if and only if T" is not a
simply laced Dynkin graph, if and only if the quadratic dual of Ar is
Calabi-Yau of dimension 3.

2010 Mathematics Subject Classification: 05. Combinatorics, 14. Al-
gebraic geometry, 16. Associative rings and algebras, 18. Category
theory, homological algebra

1. INTRODUCTION

Once a mathematical definition has been made, the theory surrounding that
definition usually begins with a study of small examples. A striking violation
of this principle occurred at the birth of category theory, where early theory
was concerned with establishing results valid for large and floppy mathematical
structures like the category of sets, or the category of groups, or the category
of topological spaces. But time has passed, categories have begun to be taken
seriously, and they are now objects of detailed study. Since categories are
often large and floppy, the 2-category of all categories is very large and very
floppy. To prove theorems about categories, it is necessary to make strong
restrictions on their structure. To prove classification theorems for categories,
it is necessary to make very strong restrictions on their structure.

There is by now an extensive collection of categorical classification theorems.
A category with one object and invertible morphisms is a group, and there are
many examples of classification theorems in group theory. Rings are endowed
with various categories, like their module categories. Classification theorems
for commutative rings can be thought of as classification theorems in algebraic
geometry. There are a number of classification theorems for rings of finite
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homological dimension, to which the term noncommutative geometry is ap-
plied. For example, hereditary algebras over an algebraically closed field can
be parametrised by quivers. Calabi-Yau algebras of dimensions 2 and 3 can
be loosely parametrised by quivers with a superpotential [2], [5], [8]. Cate-
gorical classification theorems also appear in the representation theory of 2-
categories: irreducible integrable representations of 2-Kac-Moody Lie algebras
can be parametrised by integral dominant weights [18].

Our paper runs in this vein. A hica is a highest weight, homogeneous,
indecomposable, Calabi-Yau category of dimension 0. Here, we say a high-
est weight category is homogeneous if its standard objects all have the same
Loewy length, and its costandard objects all have the same Loewy length. We
say a hica has length [ if its projective objects have Loewy length [ and smaller.
We classify hicas of length < 4 up to equivalence.

Hicas show up naturally in group representation theory and in the theory of
tilings [20, 3, 14, 15]. A multitude of examples of hicas were constructed by
Mazorchuk and Miemietz [13]. Every hica can be realised as the module cate-
gory of some symmetric quasi-hereditary algebra. If the hica is not semisimple,
the corresponding algebra is necessarily infinite dimensional, noncommutative,
of infinite homological dimension.

Let us fix a field F', and consider hicas over F', up to equivalence. The only
hica of length 1 is the category of vector spaces over F'. There are no hicas of
length 2. There is a unique hica of length 3, which is the module category of
the Brauer tree algebra on a bi-infinite line. Our first main result is

THEOREM 1. There is a natural one-one correspondence
{bipartite graphs} < {hicas of length 4}.

Here, and throughout this paper, a bipartite graph will by definition be con-
nected.

The one-one correspondence of Theorem 1 is obtained from a sequence of three
one-one correspondences: a one-one correspondence between bipartite graphs
and topsy-turvy quivers; a one-one correspondence between topsy-turvy quivers
and basic indecomposable self-injective directed algebras of Loewy length 3;
and a one-one correspondence between basic self-injective directed algebras of
Loewy length 3 and hicas of length 4.

Let us describe here the construction of a hica Cr of length 4 from the following
bipartite graph I':
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First, we construct a quiver Qr, by consecutively gluing together opposite
orientations of this bipartite graph, one next to the other:

[} [ ] [ ] [} [} [ ] [ ]

[} [ ] [ ] [} [} [ ] [ ]
This quiver has an automorphism ¢ which shifts a vertex to a vertex which is
two steps horizontally to its right. We take the path algebra of this quiver. We
now construct a self-injective directed algebra Br of Loewy length 3, factoring
the path algebra by relations which insist that all squares commute, and that
paths u — v — w of length 2 are zero, unless w = ¢(u). We define Ar to be

the trivial extension Br @ By of Br by its dual. The module category Cr of
Ar is a hica of length 4. Its quiver is

The relations for Ar are those for Br, along with relations which insist that
the product of two leftwards pointing arrows is zero whilst squares involving a
pair of parallel leftwards pointing arrows commute. The algebra Ar has some
pleasing properties. It admits a derived self-equivalence 1) for every vertex ~y
of I'. It also admits a number of Zﬁ_—gradings, one for each orientation of the
graph T. Tt is Koszul and its quadratic dual AL is Calabi-Yau of dimension 3.
More generally, we have the following theorem.

THEOREM 2. Suppose I' is a connected bipartite graph, and Cr = Ar-mod the
associated hica of length 4. The following are equivalent:

1. T is not a simply laced Dynkin graph.
2. Ar is Koszul.
3. The quadratic dual of Ar is Calabi-Yau of dimension 3.

The way this paper evolved was surprising to us. We began with the problem
of classifying small hicas, categories whose structural features (Calabi-Yau 0,
highest weight) were motivated by exposure to group representation theory.
We ended having made contact with mathematics of different kin: bipartite
graphs, Calabi-Yau 3s, and Dynkin classifications. The hica restrictions in-
deed capture some features of Lie theoretic representation theory, but they can
also be thought of as noncommutative geometric restrictions: highest weight
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categories were invented to capture stratification properties appearing in al-
gebraic geometry, whilst 0-Calabi-Yau categories are categories possessing a
homological duality with trivial Serre functor.

2. PRELIMINARIES

Our main objects of study, hicas, are a species of abelian categories. As we
study them, we will use freely the languages of abelian categories, algebras, and
triangulated categories. Here we give a short phrasebook for these languages.
Let F be a field. The collection of F-algebras is a 2-category, whose arrows
are bimodules 4 Mp which are flat on the right, and 2-arrows are bimodule
homomorphisms. We have a 2-functor

Algebra — Abelian

from the 2-category Algebra of F-algebras to the 2-category 2belian of abelian
categories. This 2-functor takes an algebra A to its module category, a bimodule
AMp to the functor M ®p —, and a bimodule homomorphism to a natural
transformation. We have a 2-functor

Abelian — Triangulated

taking values in the 2-category of triangulated categories, which takes an
abelian category A to its derived category D(A).

If X is an object of an abelian category of finite composition length, we define
the Loewy length of X (or length of X, or [(X)) to be the smallest number [
for which there exists a filtration of X with [ nonzero sections, all of which are
semisimple. We define the head, or top of X to be the maximal semisimple
quotient of X, and the socle of X to be the maximal semisimple submodule.
If A is an abelian category, we define the length of A to be the supremum over
all lengths of objects in A. If A is an algebra, we define the length of A to be
the length of the abelian category A-mod of A-modules.

Given a finite dimensional F-vector space V, we denote by V* the dual
Homp(V,F) of V. We call an object X of a triangulated category compact
if Hom(X, —) commutes with infinite direct sums. We say an F-linear tri-
angulated category 7 is Calabi-Yau of dimension d if Homyz (P, X) is finite
dimensional for objects X € 7, and compact objects P € 7, and

Hom7 (P, X) = Hom7 (X, P[d])*

naturally in objects X € 7, and compact objects P € 7. For background, we
recommend a survey article of B. Keller concerning Calabi-Yau triangulated
categories [8]. To avoid confusion here, let us emphasise that the definition of a
Calabi-Yau triangulated category Keller uses is slightly different from this one
since he makes no compactness assumption on P.

We say an F-linear abelian category A is Calabi-Yau of dimension d if its
derived category D(A) is Calabi-Yau of dimension d. We say an F-algebra A
is Calabi-Yau of dimension d if its module category A-mod is Calabi-Yau of
dimension d.
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Suppose A is a basic (not necessarily unital) F-algebra satisfying the following
assumptions:

(i) A hasa countable set {e, | z € A} of orthogonal primitive idempotents,
such that A = @, e, Aey;
(ii) for any z,y € A the F-vector space e, Ae, is finite dimensional;
(ili) for any @ € A there exist only finitely many y € A such that e, Ae, # 0;
(iv) for any = € A there exist only finitely many y € A such that e, Ae, # 0.

Under these assumptions all indecomposable projective A-modules Ae, and
all injective A-modules Homp(e; A, F') are finite-dimensional. ~A-modules
M = 4,M will be left A-modules unless they carry a right subscript as in
My in which case they will be right A-modules. We denote by A-mod the
collection of all finite-dimensional left A-modules and by mod- A the collection
of all finite-dimensional right A-modules. We denote by A-perf the subcate-
gory of the derived category of A-mod consisting of perfect complexes, that
is the smallest thick subcategory of the derived category of A-mod containing
all projective objects of A-mod, or equivalently the subcategory of compact
objects in the derived category of A. We define A* to be the A-A-bimodule
@, Homp(Ae,, F).

We say A is a symmetric algebra if A = A* as A-A-bimodules. Then A is
symmetric if and only if A-mod is Calabi-Yau of dimension 0 (cf. [17], Theorem
3.1).

Suppose A is an algebra satisfying the above conditions, and A is ordered. For
A €A let Jxy = Z#ZAA%A and Js, = Zu>>\ Ae, A, Let Jy = J>a/J>x.
We say A is quasi-hereditary if the product map Jyey ®p exJy — Jy is an
isomorphism for every A € A [4].

Now suppose A is an abelian category over F', with enough projective ob-
jects, enough injective objects, and a countable set A indexing the isomor-
phism classes of simple objects of A, such that all objects of A have a finite
composition series with sections in A. Abusing notation, an element A of A
we sometimes take to represent an index, sometimes an isomorphism class of
irreducible object, and sometimes a representative of the latter. We denote by
P(\) a minimal projective cover of A in A. Such exist, since we have enough
projectives, and finite composition series.

We call A a highest weight category [4] if there is an ordering < on A, and a
collection of objects A(A), for A € A, such that

(i) there is an epimorphism A(\) — A whose kernel X (\) has composition
factors p < A;

(ii) P(A) has a filtration with a single section isomorphic to A(X) and every
other section isomorphic to A(u), for g > A.

If A is quasi-hereditary, then A-mod is a highest weight category, with standard
objects 4A(A) = Jxey, and mod- A is a highest weight category with standard
modules A4(A) = exJy. Thus A has a filtration by ideals, whose sections are
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isomorphic to

AA()\) XRp AA(A).
Conversely, if A is a highest weight category, then A =
@ ueaHom(P(N), P(r)) is a quasi-hereditary algebra.
The left and right costandard modules 4V(\), V(A)a of A are defined to be
the duals of the right and left standard modules V(A) 4, AV()A) of A. We write
A =@ A(\) and V = @, V(N).

LEMMA 3. Let A be a selfinjective quasi-hereditary algebra. If A is not semisim-
ple, then A is infinite dimensional.

Proof. Nonsemisimple selfinjective algebras have infinite homological dimen-
sion, since Heller translation is invertible. Finite dimensional quasi-hereditary
algebras have finite homological dimension. O

We say a highest weight category C is homogeneous if its standard objects
all have the same Loewy length, and its costandard objects all have the same
Loewy length. Equivalently, C = A-mod, where A is a quasi-hereditary algebra
whose left standard modules all have the same Loewy length, and whose right
standard modules all have the same Loewy length.

DEFINITION 4. A hica is is a highest weight, homogeneous, indecomposable
Calabi-Yau category of dimension 0.

The collection $ica of hicas forms a 2-category (arrows are exact functors, 2-
arrows are natural transformations). We denote by $ica; the 2-category of
hicas of length [.

LEMMA 5. The 2-functor
{symmetric, homogeneous, quasihereditary basic algebras } — $Hica

which takes an algebra to its module category is essentially bijective on objects.

Proof. We must define a correspondence between objects of our 2-categories,
under which isomorphic algebras correspond to equivalent categories, and
vice versa. If A is a symmetric, A-homogeneous quasihereditary algebra
then A-mod is a hica ([4], [17], Theorem 3.1). If C is a hica, then A =
®rear Hom(P(N), P(u)) is an algebra such that A-mod = C. O

A highest weight category C has a collection of indecomposable tilting modules
T'(\) indexed by A, characterised as indecomposable objects with a A-filtration
and a V-filtration. The Ringel dual C’' of C is the module category A’-mod of
the algebra

A = &y, Home (T(N), T(1)).
The Ringel dual C’ of C is a highest weight category. If C = A-mod, we call A’
the Ringel dual of A. If C = C’ then we say C and A are Ringel self-dual.

LEMMA 6. Suppose C = A-mod is a hica. Then
I(A) =1(aA) +1(Ay) — 1.
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Proof. The length of A is the least number [ such that the product of any
[ elements of the radical of A is zero. This can be otherwise defined as the
radical length of the A ® A°?-module A. Since A is quasi-hereditary, 4 A4
has a bimodule filtration with sections 4A(X) @ p A4 (\). These sections have
radical length [(4A) +1(Aa) — 1, as A ® A°P-modules. Therefore the Loewy
length of A is at least [(4A) +1(A4) — 1.

The tops of all of these sections lie in the top of 4A4. Since A is symmetric,
every irreducible lies in the socle of A. Since A is also quasi-hereditary, every
irreducible lies in the socle of some standard object A. Given A € A, the
socle Fzy of Aey is generated by soc(4A(v)) ®F soc(A(v)), for suitable v,
modulo lower terms in the filtration. The lower terms in the filtration have zero
intersection with Fx), since this space is one dimensional. Therefore, lifting an
element of soc(4A(v)) ® soc(A4(v)) to an element of radical length I(4A) +
I(A4)—1in A, we obtain an element of Fz of radical length [(4A)+1(A4)—1.
It follows that the Loewy length of A is at most [(4A) +1(A4) — 1. O

We also wish to consider graded algebras, which may satisfy weaker assump-
tions than those given above. If G is a group, and A an algebra, then a
G-grading of A is a decomposition A = @,eqAY, such that A9. A" C A%, A
graded A-module is an A module with a decomposition M = ®4caM?, such
that A9.M" ¢ M9"; a homomorphism ¢ : M — N of graded modules is an
A-module homomorphism sending M9 to N9, for g € G.

We say A is Z,-graded if it is Z-graded, with A* = 0 for ¢ < 0. Suppose
A a Z-graded algebra, whose degree 0 part A° satisfies the conditions (i)-(iv)
above. Then we denote by A-mod the abelian subcategory of the category of
all A-modules generated by A®-mod, and by A-gr the abelian subcategory of
the category of all graded A-modules generated by the category of finite di-
mensional A°-mod(i), for i € Z. We denote by A-grperf the thick subcategory
of the the derived category of graded A-modules generated by objects of the
form A ® 40 X (i), where X € A°-mod and i € Z.

3. ELEMENTARY CONSTRUCTIONS

Let us give some elementary constructions of symmetric algebras.

Suppose B is an algebra. Let A = T'(B) denote the trivial extension of B by
B*. Then A is symmetric, and A-mod is Calabi-Yau of dimension 0.

Suppose B is an algebra and M is a B-B-bimodule such that exMe, is finite-
dimensional for every A\, € A and such that for every A only finitely many
of exMe, and e, Mey are non-zero. Define M* := @/\eA Homp(Mey, F) and
assume we have a fixed bimodule isomorphism M = M?*. Then we have a
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sequence of bimodule homomorphisms

B — Homp(M, M) = Homp (M, M*) = Homp (M, @ Hom(Me,, F))
AEA

& @HomB(M, Hom(Mey, F))
AEA

o @HomF(M ®p Mey, F)
AEA

= @HomF((M ®p M)ey, F)
AEA
= (M ep M)",

noting that M ®p M satisfies that exM ®p Me, = @VGA exMe, @p e, Me,,
is finite-dimensional (finitely many finite-dimensional direct summands) for all
A, i1, and for every A only finitely many of exM ®p Me, and e, M ®p Me, are
nonzero. The obtained bimodule homomorphisms compose to give a bimodule
homomorphism B — (M ®p M)*. Let u : M ® g M — B* denote the dual
map.

Associated to the data (B, M), we have a Z-graded algebra U = U(B, M) con-
centrated in degrees 0,1, and 2 whose degree 0,1,2 part is B,M , B* respectively.
The product map U° ® U? — U’ is given by the left action of B on the bimod-
ule U?, for i = 0,1,2. The product map U’ ® U® — U’ is given by the right
action of B on the bimodule U?. We define the product U' @y o U' — U? to be
given by p. The product is associative since the product of three components
Ut®@U? @ U is non-zero if and only if i + j + k < 2, in which case associativity
is clearly visible.

LEMMA 7. U(B, M)-mod is Calabi- Yau of dimension zero.

Proof. We have a bimodule isomorphism U 22 U* which exchanges U° and U?,
and sends U to U'* via the fixed isomorphism M = M*. O

4. TOPSY-TURVY QUIVERS

Given a vertex w in a quiver @, let P(w) denote the collection of vertices v of Q
for which there is an arrow pointing from v to w (the past of w), counted with
multiplicity. Let F(u) denote the collection of vertices v of @ for which there
is an arrow pointing from u to v (the future of u), counted with multiplicity.

DEFINITION 8. A connected quiver is topsy-turvy if it contains at least one
arrow, and there is an automorphism ¢ of the vertices of Q such that F(u) =
P(u®) for every vertex u of Q.

For any topsy-turvy quiver, the automorphism ¢ extends to a quiver automor-
phism, since arrows from x to y can be placed in bijection with arrows from y
to %, which can be placed in bijection with arrows from z? to y®.

LEMMA 9. If Q is a topsy-turvy quiver, then PF(w) = FP(w) for all vertices
w of Q.
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Proof. Any z in FP(w) lies in the future of some u in the past of w, and
therefore lies in the past of u?; since @ is topsy-turvy, u® also lies in the future
of w and z lies in PF(w). By symmetry, if z lies in PF(w) then z also lies in

FP(w). O

A directed topsy-turvy quiver ) can be Z-graded in the following way: take
an arbitrary vertex uw of Q and place it in degree 0. We say another vertex
v in @ is in degree k if there exist i1,...,%, and ji,...,J, such that v €
PaFin ... PrFir(u) and Y cocrjs — 2oycsepbs = k. This is well-defined
since PF(w) = FP(w). It follows that all arrows in Q point from degree i to
degree 7 + 1 and that ¢ has degree 2.

A bipartite graph is a countable connected graph I" whose set V' of vertices
decomposes into two nonempty subsets V' = V; U T, such that no edges of T’
connect V; to Vj, or V. to V.. Note that we do not call the graph with one
vertex and no arrows bipartite.

Given a graph I' with a bipartite decomposition of vertices V.= V;UV,., we have
an associated directed topsy-turvy quiver Qr, obtained by orienting Z copies
of T, identifying, for i even, the r-vertices of i*" copy of I with the r-vertices
of the i + 1** copy of T, the I-vertices of i*" copy of I' with the I-vertices of
the i — 1% copy of T, and insisting that arrows in the i*" copy of I' point
from the ¢ — 1** copy to the i + 1** copy, for i € Z. Note that if we label our
bipartite decomposition with the opposite orientation, we obtain an isomorphic
topsy-turvy quiver.

LEMMA 10. We have a one-one correspondence I' <« Qr between bipartite
graphs and directed topsy-turvy quivers.

Proof. Given a directed topsy-turvy quiver, we have a Z-grading of the set of
vertices V' = Il;cz Vi, see above. Let A; denote the set of arrows from V; to V1.
The set of arrows of our quiver is graded A = II;czA;. The automorphism ¢
defines isomorphisms between V; and V; and between A; and A; when 4 and j
are both even, or when ¢ and j are both odd. We can thus identify the V; for
1 even with a single vertex set Veyen, the V; for i odd with a single vertex set
Voad, the A; for ¢ even with a single arrow set A¢, from Veyen to Viogq, the A;
for ¢ odd with a single arrow set Aye from Vg4 to Veyen. The topsy-turviness
of the quiver means precisely that A, is the opposite of A,.. We thus obtain a
graph with vertices Veyen U Voad, and with edges between Veyen, and V44, such
that directing edges from Veyen to Vogq gives us Ae, and directing edges from
Vodd 10 Veyen gives us Aye. This is a bipartite graph, by definition.

Reversing the above argument, from any bipartite quiver, we obtain a directed
topsy-turvy quiver. O

ExAMPLE 11 The bipartite graph e e with two vertices and a single
edge results in a topsy-turvy quiver which can be depicted as an oriented line:
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The bipartite graph

results in a topsy-turvy quiver which can be depicted as a directed square

lattice in R?:
[ ] [} [ ]
[ ] L]
[ ] L] [ ]
The bipartite graph whose vertices are elements of the square lattice lattice

in R? results in a topsy-turvy quiver whose arrows can be thought of as the
diagonals of a face-centred cubic lattice in R3.

5. SELF-INJECTIVE DIRECTED ALGEBRAS OF LENGTH < 3

Throughout the following, let B be an indecomposable self-injective directed
algebra. Here self-injective means that B = @ ., Homp(Ae,, F) as left B-
modules or, equivalently, that all projective B-modules are also injective, and
vice versa. Directed is understood to mean that the Ext!-quiver of B is a
directed quiver.

Note that such an algebra is necessarily infinite-dimensional, since directed
implies quasi-hereditary which, in the finite-dimensional case, implies finite
global dimension, contradicting self-injectivity.

LEMMA 12. If B is radical-graded, all projective B-modules have the same
Loewy length.

Proof. For finite-dimensional algebras, this was shown in [12, Theorem 3.3]. We
remark that the same proof holds for algebras in our setup, as the comparisons
of Loewy length only need to be done using neighbouring projectives in the
Ext-quiver. O

Let us now assume that B be an indecomposable self-injective algebra of Loewy
length < 3.

LEMMA 13. B is radical-graded.

Proof. Set Ag := @ Fe, = A/ Rad A realized by the semisimple algebra gen-
zeEA
erated by the idempotents, this is obviously a subalgebra. It acts naturally on

the bimodule 4; = Rad A/ Rad? A given by the arrows in the Ext-quiver and
on Ay := Rad® A. Obviously the multiplication maps A; ® A; to Aa, so A is
radical-graded. O

COROLLARY 14. All projectives of B have the same Loewy length.
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LEMMA 15. The quiver of B is a topsy-turvy quiver.

Proof. A projective indecomposable B-module P()\) can be identified with an
injective indecomposable B-module [ ()\d’). Here ¢ is a quiver isomorphism,
corresponding to the Nakayama automorphism of B. Since B is selfinjective
Loewy length 3, elements of F(\) correspond to composition factors in the
heart of P(\) =p Be). Switching from left action to right action, we find
elements of P(\?) correspond to composition factors in the heart of e)Bp.
Taking duals, we find elements of P(A\?) correspond to composition factors in
the heart of I(A?). Since P(\) = I(A\?), we conclude F()\) = P(A?). Thus B
has a topsy-turvy quiver, as required. O

To any topsy-turvy quiver ), we can associate a self-injective algebra R(Q)
of Loewy length 3 by factoring out relations from the path algebra as follows:
make products of arrows of @ which do not lie in some F(u) U P(u®) equal to
zero; make squares in F(u) U P(u®) commute.

Let us now assume B is directed.

LEMMA 16. (a) If B has Loewy length 2, it is isomorphic to the FQ/I,
where @Q is the infinite quiver

and I is the quadratic ideal generated by all paths of length two.
(b) If B has Loewy length 3, it is given by R(Q), where Q is a directed,
topsy-turvy quiver.

Proof. (a) Obvious.
(b) Since projectives are injectives, both have irreducible head and socle. Since
B is directed, projectives have structure

A

H1 @ ... 6 pun
I/’

where v < p; < A all i. We only have to worry about the nonzero relations.
These take the form ac = &bd, for £ € F*, where a,b are arrows in F(u) and
¢,d are arrows in P(u?) for some u. We want to remove the scalars ¢ from this
description.

Let us write B = FQ/I. Then Q is topsy-turvy with ¢ described by the
Nakayama automorphism of B. Since @ is directed as well, we can give the
collection of vertices of our quiver a Z-grading, so that arrows have degree 1,
and ¢ has degree 2. We now alter scalars inductively. Arrows from vertices of
degree 0 to vertices of degree 1 we leave alone. An arrow a from degree 1 to
degree 2 lies in P(t(a)), and in no other P(w). Therefore, multiplying arrows
between vertices of degree 1 and degree 2 by nonzero scalars if necessary, we
can force squares in quiver degree 0,1,2 to commute. Similarly, multiplying
arrows in degree 2,3 by scalars, we can force squares in quiver degree 1,23
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to commute. And so on. Working backwards, make squares in degree —1,0,1
commute and so on. g

Suppose I is a bipartite graph. The double quiver of I" is the quiver which has
vertices as I and a pair of opposing arrows running along each edge of T

DEFINITION 17. Let Br denote the self-injective directed algebra R(Qr). Let Ar
denote the trivial extension T (Br) of Br. Let Cr denote the category Ar-mod.

We define Zr to be the zigzag algebra associated to I' [7]. It is the path algebra
of the double quiver associated to I' modulo relations insisting that all quadratic
paths based at a single vertex are equal, whilst all other quadratic relations
are zero. Since the relations are homogeneous, Zr is a Z-graded algebra with
homogeneous elements graded by path length.

LEMMA 18. The category Zr-mod s Calabi- Yau of dimension 0. We have an
equivalence

Zr-gr ~ Bp -mod®?
between the category Zr-gr of graded modules of Zr, taken with respect to the
Z4 -grading by path length, and the direct sum of two copies of Br-mod.
Under this equivalence, twisting by the automorphism ¢ of Qr corresponds to

a degree shift by 2 in Zr -gr.

Proof. The irreducible objects of Zr -gr are S(i), where S is an irreducible Zp-
module concentrated in degree 0. There are homomorphisms in Zr -gr between
S(i) and T'(j) precisely when S = T and ¢ = j. There is an extension in Zr -gr
of S(i) by T'(j) precisely when there is an extension between .S by T' in Zr -mod
and j = ¢+ 1. In particular when there exists such an extension, S corresponds
to a vertex in V; and T corresponds to a vertex in V,.. We thus have two blocks
in Zr-gr: one block is generated by S(i) where S lies in V; and i is even or S
lies in V,. and i is odd; the other block is generated by S(i) where S lies in V,
and 7 is even or S lies in V; and 7 is odd. It is not difficult to see that each
block is isomorphic to Br-mod so that the automorphism ¢ corresponds to a
degree shift (2). O

For a quiver @, we define Py to be the path algebra of @), modulo the ideal of
all paths of length > 2.

LEMMA 19. For every orientation I' of the bipartite graph T, we have an iso-
morphism
between Zr and the trivial extension algebra T(PF) of PF by its dual.

Proof. Projectives for Pf take two shapes: they are either of Loewy length
two, hence have a simple top with a certain number of extensions, or they are
simple. Similarly injectives are simple in the first case or of length two with
a simple socle and a certain number of simples in the top in the second case.
Projectives for T(Pf) are extensions of projectives for Pf by injectives for the
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same algebra, hence either of a module of Loewy length two with a certain
number of simples in the socle by a simple or of a simple by a module of Loewy
length two with a simple socle and some composition factors in the top. In both
cases top and socle of the resulting extension have to be simple which forces,
in the first case, all of the simples in the socle of the PF—projective to extend
the simple PF—injective, and in the second case, the simple PF—projective to
extend all the simples in the top of the PF—injective. This is the same as saying

that for every arrow in T' the quiver for T'(P-) has an arrow in the opposite
direction as well, and that all quadratic paths based at a single vertex are the
same (we can easily get rid of scalars by rescaling the arrows) while all other
quadratic relations are zero. This exactly describes the algebra Zp. O
In this way, every orientation I' of the graph I' defines a Zif ’a}-grading on Zr,
whose f component corresponds to the Z,-grading of Pf by path length, and

whose a component corresponds to the Z,-grading of T(PF) which puts PF in
degree 0 and its dual in degree 1.

Correspondingly, the orientation I' of I' gives rise to a Zif ’a}—grading of the
associated selfinjective directed algebra Br as follows: define a bigrading of the
corresponding topsy-turvy quiver by grading arrows with an f if they run with

the orientation I' of I', and grading them « if they run against the orientation.
This grading extends to a Zif’a}—grading of Br.

6. HICAS OF LENGTH < 4

The following is a classical statement which holds for any quasi-hereditary
algebra:

LEMMA 20. (a) A= (Va)*
(b) AV =(Aa)

LEMMA 21. Suppose C = A-mod is a highest weight category which is Calabi-
Yau of dimension 0, and Ringel self-dual. Then A is quasi-hereditary with
respect to two orders, denoted A and V¥, and we have

(a) PYACE=AVAS

(b) AAY = 4 VA

Proof. Let us suppose the quasi-hereditary structure on A is given by the partial
order A, and the one induced by Ringel duality is ¥. Since A is Ringel self-
dual, we have an isomorphism A = A’. Say that under this homomorphism
the right projective e, A corresponding to = € A goes to the right projective
ey A" for some y € A. Then by Homy (Aes, A) = e, A= ey A" = Homu (T(y), A)
for T(y) the tilting module for y and the fact that any projective for A is
also injective and therefore tilting, it follows that T'(y) = P(z). So all tilting
modules are projective A-modules. So, there is a 1-1-correspondence between
tilting modules and projective modules for A, say it is, in the above scenario
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given by y = fx. In particular this gives a one-to-one correspondence between
standard modules and their socles z = soc A*(fz). This makes the definition
AY(z) := VA(4z) well-defined. Filtrations of projectives by AVs as well as the
respective ordering conditions follow immediately from the dual statments for
injectives (=projectives) and V4s. O

We wish to classify hicas of length < 4. To warm up, let us classify hicas of
length < 3.

LEMMA 22. Hicas of length 1 are semisimple. There are no hicas of length 2.
There is a unique hica of length 3, which is the module category of the Brauer
tree algebra associated to a bi-infinite line.

Proof. Length 1 hicas are trivially semisimple.

Suppose C = A-mod is a hica of length 2. Standard objects in C must have
length 2, since C is indecomposable, but not semisimple. Since C itself has
length 2, all projective objects in C also have length 2. Thus standard objects
are projective, and the socle of a projective indecomposable object Ae, has
irreducible summands indexed by elements y of A with y < z. Since A is a
symmetric algebra, the top and socle of Ae, are equal, which is a contradiction.
Therefore there are no hicas of length 2.

Suppose C = A-mod is a hica of length 3. Then I(4A)+1(A4) = 4, by Lemma
6. We have 1 < I1(4A),l(A4) < 3 since C has length 3. Tt is impossible that
1(4A) = 3, since this would imply standard objects are projective, leading to a
contradiction as in the case when C is a hica of length 2. It is dually impossible
that [(A4) = 3. Therefore [(4A) = I(A4) = 2. The next step is to show our
hica C of length 3 is Ringel self-dual. This follows just in the proof of Ringel
duality for hicas of length 4 in Lemma 25 below: it is only necessary to replace
the numbers 4 and 3 by the numbers 3 and 2. Since a standard object A(z)
is a costandard object for some other ordering, by Lemma 21, A(x) must have
an irreducible socle x_1, as well as an irreducible top * = x¢. Likewise, x is
the socle of some standard object A(xy), for some x1 > x. The projective Ae,
has a filtration whose sections are A(z1) and A(zp); it is not possible there are
any other standard objects in a A-filtration since the existence of such would
imply either the socle or top of Ae, was not irreducible. We conclude Ae, has
top and socle isomorphic to x;, and top modulo socle isomorphic to z_1 @ x1.
Inductively, we find x; € A, for ¢ € Z, such that Ae,, has a filtration whose top
and socle are isomorphic to x;, and top modulo socle isomorphic to ;1 Bx;4;.
It follows A is isomorphic to the path algebra of the quiver

Qg1 g Qi1
[} [ ]
Bi-1 Bi Bit+1

modulo relations o410 = G;8;41 = 0, and relations a;0; — \ifBit1ai41 = 0,
for some nonzero \; € k. Rescaling the generators if necessary, we may take
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all A; = 0. Thus A is isomorphic to the Brauer tree algebra associated to a
bi-infinite line. g

Let us now assume C is a hica of length 4. Thus C = A-mod for a symmetric
quasi-hereditary A-homogeneous algebra A of Loewy length 4.

LEMMA 23. The endomorphism ring of a projective indecomposable object in C
is isomorphic to F[d]/d?.

Proof. The top and socle of a projective indecomposable are isomorphic, and
such a simple cannot appear in either of the middle radical layers as this would
imply a self-extension of the simple, contradicting quasi-heredity. O

LEMMA 24. FEither oA has length 3 and A 4o has length 2, or else 4\ has length
2 and A4 has length 3.

Proof. Since A is a hica, we have
I(aA) +1(A4) =5.

It is impossible that {(4A) = 1 since this would imply that A4 = A4, which
contradicts Lemma 23. Likewise it is impossible that [(A4) = 1. It follows
that {I(aA),l1(A4)} = {2, 3}, as required. O

We use < to mean “less than, in the order A”.
LEMMA 25. C is Ringel self-dual.

Proof. To say that C is Ringel self-dual is to say that 4 A is a full tilting module
for A. This is equivalent to saying that A, is a full tilting module for A
(consider finite dimensional quotients/subalgebras, and pass to a limit). In
other words, A is left Ringel self-dual if and only if A is right Ringel self-dual.
To establish the Ringel self-duality of C, we may therefore assume that 4A has
length 3, by Lemma 24.

Suppose C is not Ringel self-dual. Then we have a nonprojective indecompos-
able tilting module T'(\), which has a filtration with sections

AN), A(A2)y ey A(Ap)-

Note that A(XA) is the bottom section, and up to scalar we have a unique
homomorphism from P()\) to T whose image is A(\) (reference Ringel). Since
T is nonprojective, it has length < 4. Since the sections all have length 3,
the tilting module has length 3, and the tops of the sections all lie in the top
of T. The module T also has a V-filtration since it is tilting. Any simple in
the top of 1" must lie in the top of some V of length 2. In particular, A itself
must lie in the top of some V(u) of length 2. The resulting homomorphism
P(\) — V(p) must lift to a homomorphism P(A) — T'. Up to scalar, there is a
unique such homomorphism whose image is A()), implying that p is a factor
of A(X). Thus, A is a factor of V(i) and p is a factor of A(A). Thus A > p > A
which is a contradiction. g

LEMMA 26. Standard modules for A have irreducible head and socle.
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Proof. A standard module in one ordering is isomorphic to a costandard module
in another ordering, by Lemmas 21 and 25. g

If there is a nonsplit extension of A by p then either A > p or A < u. We define
Rel to be the set of relations A > p or A < p of this kind. We define T to be
the partial order on A generated by Rel. The order A is a refinement of 1.
We define | to be the ordering on A which is Ringel dual to T.

LEMMA 27. C is a highest weight category with respect to the partial order T
on A.

Proof. C has length 4, which implies that either left or right standard mod-
ules have length two and, by Lemma 26, are therefore uniserial. The quasi-
hereditary structure induced by A is already determined by these non-split
extensions and therefore the order | already induces the same quasi-hereditary
structure as its refinement A. g

From now on, whenever we refer to standard or costandard modules, or to
orderings, without specifying the order, we mean the order 7.

We say an A-module M is directed, if given a subquotient of M which is a
non-split extension of a simple module A by a simple module u, A is greater
than p.

LEMMA 28. Standard A-modules are directed.

Proof. We want that all standard modules are directed, which means for any
subquotient of a standard module which is a non-split extension of simple
modules A by pu, A is greater than p. This is trivial for a standard module of
Loewy length 2.

Let A(z) be a standard module of Loewy length 3. It must have an irreducible
socle y by Lemma 26. Thus A(x) appears in a A-filtration of P(y). A(y)
appears as the top factor of a A-filtration of P(y). Indeed, since P(y) has
length 4 with irreducible top and socle, a A-filtration of P(y) has precisely two
factors, namely A(z) and A(y).

The module A(y) must have irreducible socle z, where y > z, by Lemma
26. Since P(y) has length 4 and A(y) has length 3, we conclude there is an
extension of z by y. Since V(y) is dual to a A which has length 2, V(y) itself
has length 2, and it must in fact be this extension of z by y.

For any other nonsplit extension of an irreducible modules w by y, we must have
w > y by Lemma 27. These are precisely the extensions of w by y contained in
A(z). The extensions of z by w contained in A(x) imply > w by definition
of a standard module. Thus any extension of A by p in A(x) implies A > u as
required. O

COROLLARY 29. The orders T and | on A are opposite.

Proof. Just as standard modules are directed in the 1 ordering, costandard
modules are directed in the | ordering. But standard modules in the T ordering
are equal to costandard modules in the | ordering by Lemmas 21 and 25.
Therefore T and | orderings are opposite, as required. O
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REMARK 30 If a finite-dimensional algebra is quasi-hereditary with respect
to two opposing orders then it must be directed, in which case the standard
modules are projectives in one ordering, and simples in the opposite order-
ing. This can easily be proved by induction on the size of the indexing set.
Symmetric quasi-hereditary algebras are never directed, since their projective
indecomposable objects have isomorphic head and socle.

REMARK 31 It is not necessarily the case that a Ringel self-dual hica is a
highest weight category with respect to two opposing orderings. Examples of
length 5 are found amongst module categories of rhombal algebras [3].

Let X () denote the kernel of the surjective homomorphism A(X) — A, for
A €A

DEFINITION 32. The A-quiver of A is the quiver with vertices indexed by A,
and with arrows A — u corresponding to simple composition factors u in the

top of X (M).

LEMMA 33. Components of the A-quiver of length 2 are directed lines. Com-
ponents of the A-quiver of length 3 are directed topsy-turvy quivers.

Proof. The length 2 case is easy.

In length 3, we have a permutation ¢ © A which takes A to the socle of
A()). We prove that F(\) = P(A\?) via a sequence of correspondences: arrows
emanating from A in the A-quiver are in correspondence with simple compo-
sition factors p in the top of X (\); simple composition factors p in the top of
X (M) are in correspondence with extensions of A\ by p such that A > p; since
AT(\) = VH(\?), whilst T and | are opposites, extensions of A by u such that
A > 4 are in one-one correspondence with extensions of 1 by A? such that
i > A?; extensions of pu by A? such that g > A? are in correspondence with
simple composition factors A? in the top of X (u); simple composition factors
A% in the top of X (u) are in one-one correspondence with arrows into A? in the
A-quiver.

Since standard modules are directed, the A-quivers are also directed (ie they
generate a poset). O

We next find A-subalgebra of A, in the sense of S. Koenig [10].
LEMMA 34. A has a A-subalgebra B.

Proof. We want to find B such that pA = pB. Let us write A = FQ/I
as the path algebra of @ modulo relations, where Q is the Ext'-quiver of A.
If there is a positive arrow x — y in @, that is to say an arrow z — y in
Q@ such that x > y, then x and y lie in the same component of the A-quiver.
Since all standard modules are directed, the connected component of the quiver
generated by these arrows are the components of the A-quiver.

Let B be the subalgebra of A generated by arrows z — y in @ such that
x > y. Since all standard modules are directed, composing the natural maps
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Beyx — Aex — A(X) gives us a surjection Bey — A(A). To establish this
composition map is an isomorphism, we have to worry about its kernel, which
must lie in RaudQ(B)eA7 which is the socle of B since A has length 4. Assume
there is a simple S in the kernel. Then S would have to be a factor of A(u) in
a A-filtration of Aey; restrictions imply S would lie in the socle of some A(u)
of length 2, where pr > X (otherwise if A(p) has length 3 then X lies in the
socle of A(p) so S > A\, A > S since S appears in Bey, contradiction). Since S
lies in Rad? (B)ex, we have positive arrows A — v — S, for some v, so S must
lie in A(v), and there is an arrow A — v in the A-component of A. There are
now two possibilities. Either A(\) has length 3, implying S lies in a A-quiver
component of length 2 (for u), and a A-quiver component of length 3 (for
A)- contradiction. Else A(A) has length 2, which implies we have a A-quiver
component of length 2 containing the quiver 4 — S < v - contradiction (the
structure of any length 2 A-quiver component is an oriented line by Lemma
33). We conclude that the map B — A must in fact have zero kernel, ie B is
a A-subalgebra.

O

Let B be the A-subalgebra of A.

LEMMA 35. Suppose B has length 3. Then the algebra homomorphism B — A
splits.

Proof. Let I denote the ideal of A which is a sum of spaces AaA where a is
a megative arrow in the quiver () of A. Then the kernel J of the A-module
homomorphism A — 4A is contained in I, since A has length 4 and As have
length 3, implying J is generated in the top of the radical of A. Also, J
contains [ since I is generated as a vector space by products of 1, 2, or 3
arrows in the quiver, at least one of which lies in I, and these products all lie
in J since all As are directed. Thus the kernel of A — A A is equal to I. By
symmetry, the homomorphism of right A-modules A — A4 also has kernel 1.
Therefore B & I — A is an isomorphism of B-B-bimodules, and the algebra
homomorphisms
B—A— A/l

compose to give an algebra isomorphism B =2 A/I. Therefore the homomor-
phism B — A splits as required. O
LEMMA 36. B is self-injective.

Proof. We write ' B for the 4 A-subalgebra taken with respect to the T ordering,
and B' the A 4-subalgebra taken with respect to the | ordering. We know that

B="Bx@PiA(z) = PaV'(x) = PAL@) = (BY,
zEA TEA TEA

where B! is also a A-subalgebra of A. Thus 'B = (BY)* as A-modules, and
therefore as ! B-modules. To prove !B is self-injective we must show that
B = B!, Indeed, ' B is defined to be the subalgebra generated by left positive
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T-arrows, whilst B! is defined to be the subalgebra generated by right positive
|-arrows. Passing from the left regular action of an algebra on itself to the
right regular action reverses arrow orientation. Therefore left positive T-arrows
are equal to right negative T-arrows which are equal to right positive |-arrows.
Thus 'B = B! as required. (|

LEMMA 37. If B has Loewy length 3, then A is isomorphic to T(B), the trivial
extension algebra of B by its dual.

If B has Loewy length 2, then A is isomorphic to U(B, M) where M is a self-
dual B-B-bimodule.

Proof. We may assume B = B! has Loewy length 3, in which case B! has
Loewy length 2. We have a surjection of algebras A — B which splits, via an
algebra embedding B — A. Dually, we have an embedding of A-A-bimodules
B* — A*. Since A =& A* as bimodules, we have a homomorphism of A-
A-bimodules B* — A. Taking the sum of our two embeddings gives us a
homomorphism of B-B-bimodules,

B& B* — A.

This homomorphism is a bimodule isomorphism, because every projective in-
decomposable A-module has a canonical A-filtration featuring precisely two
A(M)s, one of which is a summand of B, and the other of which is a summand
of B*. We can thus identify the image of B* in A with the kernel of the algebra
homomorphism A — B. The image of B* in A multiplies to zero, because the
map B* — A is a homomorphism of A-A-bimodules, on which the kernel of the
surjection A — B acts trivially. The image of B in A multiplies via according
to multiplication in B. In other words, the map T'(B) = B ® B* — A is an
algebra isomorphism, as required.

The algebra A has a Zi—grading whose first component comes from the radical
grading on B', and whose second component comes from the trivial extension
grading, with BT in degree 0 and its dual in degree 1. In other words, the
degree (x,0) part of A is B'. We can then identify the degree (0,*) part of
A with B, which is self-injective of Loewy length 2. The degree (2,*) part
of A is then isomorphic to B'*, and we define M to be the degree (1,*) part
of A. The isomorphism A 22 A* exchanges the B!-Bl-bimodules B! and B'*,
whilst it defines an isomorphism M = M*. This way, we obtain the algebra
isomorphism A = U(B', M). O

Let Bip denote the 2-category whose objects are bipartite graphs; whose ar-
rows I' — TV are given by sequences (71, ...,7v,) of distinct vertices of T', such
that TV = I'\{71, ..., 7n}; whose 2-arrows are given by permutations of such
sequences.

The following result is a refinement of Theorem 1.

THEOREM 38. The correspondence I' — Cr extends to a 2-functor
Bip — Hicay

which is essentially bijective on objects.
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Proof. The correspondence I' — Ar -mod is essentially bijective on objects, by
Lemmas 16, 34, 36, and 37.

We have to associate functors and natural transformations in $)icay to arrows
and 2-arrows in Bip. Suppose v € I' is a vertex of a bipartite graph, and
I = T'\y. We have an isomorphism Ar: 2 ersArers, and therefore an exact
functor

F‘7 = eF/AF®AF : Ar-mod — Arp/ -mod

which sends the irreducible corresponding to a vertex v to the irreducible cor-
responding to a vertex v, if v # 4 and to zero if v = 7. To a sequence
(715 -, Yn) we associate the composition functor F, ...F,,. There are natu-

ral isomorphisms between various functors corresponding to isomorphisms of
bimodules. O

Let B! = FQ'/R', B! = FQ'/R' be minimal presentations of B! and B! by
quiver and relations.

Let @ be the union of @' and Q! in which we identify the vertices of these
quivers if they represent the same irreducible A-module. Let R be the union
of R', R} and R!. Let R! denote the set of relations which insist that squares
in @ involving two arrows of Q! and two arrows of Q! commute.

LEMMA 39. A = FQ/R is a minimal presentation of A by quiver and relations.

Proof. We have a surjective map F@Q — A. It is not difficult to see this must
factor through a map FQ/R — A. We now want to bound the dimension
of a projective of FQ/R. Without loss of generality assum that B = B' has
Loewy length 3 and B! therefore has Loewy length 2. So Q' is a topsy-turvy
quiver and Q' is linear. We claim that a spanning set of (FQ/R)e, is given
by abe, where b € B and a is either an idempotent or an arrow from Q.
Without a doubt a spanning set is given by the union of all elements of the
form a1 by - - - a,bre; where a; are either idempotents or arrows in Q! and b; € B.
However, if we have an arrow a in Q! (say with source y and target ¢—'(y))
and and arrow b € Q' starting in ¢! (y) , the product bae, = beg-1,ae, equals
a'bt’ey where V' = ¢(b) and a’ is the unique arrow starting at the end vertex of
b'ey. Indeed, Q" being topsy turvy implies the existence of ¥’ and in Q' there
is an arrow from z to ¢~ 'z for every x. So denoting by z the end vertex of b,
there is a square

y—>0"1(y) -

Lqﬁ(b) lb

2 —>¢"1(2)
By the required relations this has to commute and we obtain bae, =
a'b'e,. Hence the path a1b;---a,bre; is equivalent modulo R to a path
aj---alby---b. = a}---alb/. However, by the relations in B!, any product
of arrows in Q! is zero, so we obtain the claim that (FQ/R)e, is spanned
by abe, where b € B and a is either an idempotent or an arrow from Q.
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This implies that dim(FQ/R)e, < 2dim Be, = dim(B + B*)e, = dim Ae,,
the equality dim Be, = dim(B + B*)e, coming from the fact that B is self-
injective. Combining the above surjection F'QQ/R — A and this inequality, we
obtain the statment of the lemma. O

7. KoszuLiTy
For an algebra C' we denote by C"' the quadratic dual of C.

THEOREM 40. The following are equivalent:

1. T is not a simply laced Dynkin graph.
2. Zr is Koszul.

3. Br is Koszul.

4. Ar is Koszul.

5. Al -mod is Calabi-Yau of dimension 3.

The length of the proof of this result is the length of the section.
1 is equivalent to 2, by a theorem of Martinez-Villa [11].

2 is equivalent to 3, since Br-mod®? is equivalent to Zp -gr by Lemma 18.
The implication 3 = 4 follows from the following lemma, in case A = Ar, and
B = Br.

LEMMA 41. If B is a self-injective Koszul algebra of length n, the trivial ex-
tension algebra A = B ® B*(n) is Koszul.

Proof. Since B is selfinjective, we have an isomorphism B = B* of B-modules.
The algebra A is a trivial extension A = B @ B*, and we thus have a map
A — A of B-modules extending to a map of A-modules whose kernel is B* and
whose cokernel is B. Stringing these together gives us a projective resolution

.—-A—A—B

of B as a left A-module. Since B is self-injective and radical graded, every
injective B-module has length n, and consequently this is a linear resolution
of B as a left A-module. Taking summands, we find that every projective
B-module has a linear resolution as a left A-module.

If B is Koszul, then B has a linear resolution by projective B-modules. Thus
BY is quasi-isomorphic to a linear complex of projective B-modules. Since
projective B-modules are quasi-isomorphic to a linear complex of projective
A-modules, we deduce B° is isomorphic to a linear complex of projective A-
modules. That is to say, A° = B° has a linear resolution by projective A-
modules. In other words, A is Koszul. O

The implication 4 = 3 follows from the following lemma, in case A = Ar, and
B = Br.

LEMMA 42. If B is a radical-graded selfinjective algebra of length n, such that
A = B ® B*(n) is Koszul, then B is Koszul.
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Proof. We have a Z; x Z,-grading on A in which B lies in degree (?,0), the
dual of B lies in degree (?7,1), and in which the inherent Z,-grading on B is
the radical grading. This corresponds to the action of a two-dimensional torus
T on A. Thus T acts on A and we have an exact sequence

0—R— Al ®40 Al — A% 50

of T-modules, where R denotes the relations for A and A’ refers to the jth
component in the total grading, whose dual

0— A2 —A' @40 AT — R —0

is also an exact sequence of T-modules. Since A' is quadratic by definition,
with relations R', we have an action of T on A', which gives a Z x Z, -grading
on A'. We have a linear resolution of W = A(%:9) given by the Koszul complex

Ay A

of A ([1], 2.8). Here A" denotes the graded dual of A'. The differential on
the Koszul complex respects the Z, x Z,-grading on A and A' (see [1], 2.6).
In other words, it sends terms involving arrows in A% or A'OD* to terms
involving arrows in A% or A'%D* and terms not involving arrows in A1)
or A'OD* to terms not involving arrows in A1 or A'0D*  Consequently
the subcomplex A0 @ A'(—0*) is a direct summand of the Koszul complex
regarded as a complex of B-modules. Taking this component gives us a linear
resolution of R = BY as a B-module. Therefore B is Koszul. g

If C' is a graded algebra and C'-mod is Calabi-Yau of dimension n, then
Ext} (CY C) is a super-symmetric algebra concentrated in degrees 0,1, ..., n,
by Van den Bergh A.5.2 [2]. We have a converse which applies for Koszul
algebras:

THEOREM 43. Suppose K is a Koszul algebra such that K' is super-symmetric
of length n + 1, then K -mod s Calabi-Yau of dimension n.

Proof. There is an equivalence between derived categories of graded modules
for K' and K via the Koszul complex. Since K' is locally finite dimensional,
this restricts an equivalence of bounded derived categories, by a theorem of
Beilinson, Ginzburg, and Soergel ([1], Theorem 2.12.6). Under this equiva-
lence, simple K'-modules correspond to projective indecomposable K-modules.
Since K' is locally finite-dimensional The equivalence therefore restricts to an
equivalence between DY(K'-gr) and DP?(K -grperf). Also under this equiva-
lence, injective K'-modules correspond to simple K-modules, whilst shifts (1)
in DY(K'-gr) correspond to shifts in degree (—i)[—i] in D®(K -grperf). This
homological shift in degree means that the Calabi-Yau-n property for K -mod
is equivalent to the super-Calabi-Yau-0 property for K'-perf, thanks to Van
den Bergh’s calculation A.5.2 [2]. To prove the super-Calabi-Yau-0 property
for K'-perf, it is enough to check that K" is a super-symmetric algebra (cf [17],
Theorem 3.1). O

DOCUMENTA MATHEMATICA 15 (2010) 177-205



Hicas oF LENGTH < 4 199

Assume 4. Then the Koszul dual A' of A is Calabi-Yau of dimension 3. The
Koszul dual of a supersymmetric algebra of length n + 1 is Calabi-Yau of di-
menion n by Theorem 43. The trivial extension algebra A = B + B*(3) is
super-symmetric with B concentrated in degrees 0, 1,2, with B*(3) concen-
trated in degrees 3,2, 1, and with bilinear form pairing B* and (B")*(3) via

<Bb>=p0)  <bf>=(-1)CIB(),
for b € BY, 3 € (B)*. Thus 4 implies 5.

Assume 5. Since A' is Calabi-Yau of dimension 3, its relations are the deriva-
tives of a superpotential, and its degree 0 part has a 4-term resolution, its
Jacobi resolution [2]. The superpotential must be cubic, since A' is quadratic.
This implies further that the Jacobi resolution of A'C is linear, so A' must be
Koszul. Thus 5 implies 4.

We have now shown that 1 & 2 & 3 < 4 & 5, completing the proof of
Theorem 40.

REMARK 44 If T is a bipartite graph, then an orientation of I' gives rise to
a Zi—grading on Ar. If every vertex of I' is attached to at least two vertices,
then this leads to a Zi—grading of the Calabi-Yau algebra A' of dimension 3,
which can otherwise be thought of as the action of a 3-dimensional torus on
A'. The algebra A' has homological dimension 3, and admits the action of a
3-dimensional torus. It thus belongs to the realm of 3-dimensional noncommu-
tative toric geometry.

ExaMPLE 45 If I' is given by tiling of a bi-infinite line

then the Calabi-Yau algebra of dimension 3 we obtain is familiar from toric
geometry. It is the algebra associated to the brane tiling of the plane by
hexagons [6]. Its quiver can be thought of as an orientation of the As-lattice (for
a picture, see section 8, assumption 3). If we give I an alternating orientation,

then in the resulting grading on A', the three copies of Z, correspond to the
three directions of arrows in the As-lattice.

8. RELAXING THE ASSUMPTIONS

We have given a combinatorial classification of hicas of length < 4 by bipartite
graphs. Here we show that the relaxation of any of the homological assumptions
on our categories would necessarily introduce further combinatorial complexity
into the classification.

Assumption 1: highest weight structure.
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The existence of a highest weight structure on a category is a strong assump-
tion, and the assumptions of Ringel self-duality and homogeneity of standard
modules require the existence of a highest weight structure on the category. It
is a cinch to give examples of indecomposable Calabi-Yau 0 categories of length
4 which are not highest weight categories, such as the module category of the
local symmetric algebra F[z]/z*.

Assumption 2: Calabi-Yau O property.

The Calabi-Yau property is another strong homological restriction on a cate-
gory. An example of a length 4 highest weight category which is indecompos-
able and Ringel self-dual, and whose standard modules are homogeneous, is
the path algebra of the linear quiver

modulo all relations of degree > 4.

Assumption 3: homogeneity.

The homogeneity restriction on a hica is fairly natural, since the known exam-
ples of highest weight Calabi-Yau 0 categories arising in group representation
theory and the theory of tilings satisfy this restriction. However, some inter-
esting combinatorics arise in length 4 if the condition is dropped.

For example, let Cr be the hica associated to a bi-infinite line I', whose quiver

PAVAN
NN

of the A lattice, by example 45, and by construction comes with a (horizontal)
projection 7 onto I'.

There are two natural ways to obtain highest weight indecomposable Calabi-
Yau 0 categories which are not homogeneous from Cr. The first is by choosing
a section of , that is a path in the As lattice which projects homeomorphically
onto I' via 7. The elements of A to the right of the path form a coideal in the
poset. Truncating Cr at this coideal gives us a highest weight category of length
4 which is CY-0, but not homogeneous (cf. [4], 3.5(b)). Such a truncation is
not Ringel self-dual. Beneath is a portion of such a truncated poset, whose left
edge defines an orientation of I'. We use dotted arrows to represent directions
in a partial order on the vertices of the lattice, rather than solid arrows which
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represent arrows in a quiver:

[ ] [ ) [ ] [ ]
7 7 7
9 Y Q A
[ ] [ ] [ ) [ ]
7 4 7
N R 4
[ ) [ ] [ ]
7 EaR 7
2N RN 2N
[ ] [ ] [ ) [ ]
7 I 7
Q N Q
[ ) [ ] [ ]

The second way to obtain an inhomogeneous highest weight indecomposable

Calabi-Yau 0 category from Cr is by merely altering the ordering of the ver-
tices. Certain orderings of the vertices of the A lattice give Ar-mod is an
inhomogeneous highest weight category, which is Ringel self-dual. Here is an
example of a portion of such a partial ordering:

° @ e > @ @ e > @ °
7 % ' EAR 7
A R N
) @ e > @ @ e > @
7w ' 7w
N ' N N
. ........................ > . . ........................ > . . ........................ > .
* 7 % 7 %
N N
@ e > @ @ e > @ °

Assumption 4: length < 4.

We have studied hicas of length 4, since 4 is the shortest length in which a
nontrivial classification is possible. There are two kinds of hicas of length 5:
those whose left and right standard modules have length 4 and 2, and those
whose left and right standard modules have length 3 and 3.

The category of graded modules over a radical-graded symmetric algebra of
length 4 is equivalent to the category of modules over a directed self-injective
algebras of length 4. Trivial extensions of directed self-injective algebras of
length 4 by their duals give examples of hicas of length 5 whose left and right
standard modules have length 4 and 2.

Michael Peach’s rhombal algebras give examples of hicas of length 5 associated
to rhombic tilings of the plane whose left and right standard modules have
length 3 and 3.

We would be interested to learn more about hicas of length 5.
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9. TILTING

There are natural self-equivalences of the derived categories of Cr, which are
obtained from a standard tilting procedure for symmetric algebras:

LEMMA 46. Suppose A is a symmetric algebra, and suppose that the endomor-
phism ring exAey is isomorphic to the dual numbers F[d]/d?. Then we have an
exact self-equivalence ¥y of the derived category of A given by tensoring with
the two-term complex

Aey Qp exA — A,
whose arrow is the multiplication map.

Proof. This functor is obviously exact. It fixes all simple modules with the
exception of the simple top A of Aey, which it sends to ©2(A). The module
Q(A) has simple socle A since A is symmetric, and other composition factors
different from A since eyAey is isomorphic to the dual numbers. Therefore
collection of simples p # A, along with Q generate D’(A-mod), and 1 is an
equivalence. O

The self-equivalence 1, is called a spherical twist, because the cohomology ring
of the sphere can be identified with the dual numbers (cf. [19]).

One way to obtain self-equivalences of D°(Cr) from spherical twists is by lift-
ing self-equivalences of the derived category of the zigzag algebra Zr, whose
projective indecomposable modules for the algebra Zr all have an endomor-
phism ring isomorphic to the algebra of dual numbers. A second way to obtain
self-equivalences of D®(Cr) is to apply spherical twists directly to Cr, whose
projective indecomposable objects also have endomorphism rings isomorphic
to the dual numbers.

Let us consider the first case. The projective indecomposable modules for the
algebra Zr all have an endomorphism ring isomorphic to the algebra of dual
numbers. Standard tilts generate an action of a 2-category 7r on D®(Zr -gr)
which lifts to an action of 7r on D®(Cr), by a result of Rickard [16, Thm 3.1].
A second way to obtain self-equivalences of D®(Cr) is to apply Seidel-Thomas
twists directly to Ar, whose projective indecomposable modules have endo-
morphism rings isomorphic to the dual numbers. Standard tilts generate the
action of a 2-category Ur on Db(CF)7 whose combinatorics is rather different
from that of 7r.

EXAMPLE 47 When T is a bi-infinite line, we have an action of the braid 2-
category BC, on a bi-infinite line on the derived category of Zr, by a theorem
of Seidel and Thomas [9]. The action of BCs on D°(Zr-mod) lifts to an action
of BCy on Cr. Arrows in BC., are braids with an infinite number of strands,
and 2-arrows are braid cobordisms, such as Reidemeister moves pictured as
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LN SN,
N\ N/

In this picture, a rhombus represents a pair of braids running parallel to the
two sides and crossing in the middle.

We have a natural 2-functor BCo, — 7r. The Reidemeister move depicted
above therefore corresponds in a natural way to a 2-arrow in 7r. However,
this Reidemeister move also corresponds naturally to an arrow in Sp. Let us
explain how. Suppose we remove edges of the As-lattice to give a rhombic
tiling T" of the plane, whose edges lie in the quiver @ of Ar. We have a grading
of Ar which places arrows in ) which are edges of T" in degree 0 and arrows in
@ which are not edges of T' in degree 1. Let us denote by Dr the degree 0 part
of A taken with respect to this tiling. The algebra Ar is a trivial extension of
Dy by D. If T' is obtained from T by a Reidemeister move centred on the
vertex A,

NG N\
N\ NS

then Dy is derived equivalent to D, because the complex of Dp-modules given
by the sum of Drey ® exDr — Dp and Dpey — 0 is a tilting complex whose
derived endomorphism ring is isomorphic to D7.,. This derived equivalence
between D and Dy lifts to an equivalence of trivial extensions, that is to say
a self-equivalence of D°(Ar-mod) = D®(Cr); this self-equivalence of D®(Cr) is
precisely the spherical twist 1)y.
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ABSTRACT. We propose a new method to derive certain higher order
estimates in quantum electrodynamics. Our method is particularly
convenient in the application to the non-local semi-relativistic models
of quantum electrodynamics as it avoids the use of iterated commuta-
tor expansions. We re-derive higher order estimates obtained earlier
by Frohlich, Griesemer, and Schlein and prove new estimates for a
non-local molecular no-pair operator.
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1. INTRODUCTION

The main objective of this paper is to present a new method to derive higher
order estimates in quantum electrodynamics (QED) of the form

(1.1) HHf"/2 (H+C)™"/?|| < const < oo,
(1.2) | [an/2, H](H +C)™/?|| < const < oo,

for all n € N, where C' > 0 is sufficiently large. In these bounds H denotes the
radiation field energy of the quantized photon field and H is the full Hamil-
tonian generating the time evolution of an interacting electron-photon system.
For instance, estimates of this type serve as one of the main technical ingredi-
ents in the mathematical analysis of Rayleigh scattering. In this context, (1.1)
has been proven by Frohlich et al. in the case where H is the non- or semi-
relativistic Pauli-Fierz Hamiltonian [4]; a slightly weaker version of (1.2) has
been obtained in [4] for all even values of n. Higher order estimates of the form
(1.1) also turn out to be useful in the study of the existence of ground states
in a no-pair model of QED [8]. In fact, they imply that every eigenvector of
the Hamiltonian H or spectral subspaces of H corresponding to some bounded
interval are contained in the domains of higher powers of H¢. This information
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is very helpful in order to overcome numerous technical difficulties which are
caused by the non-locality of the no-pair operator. In these applications it is
actually necessary to have some control on the norms in (1.1) and (1.2) when
the operator H gets modified. To this end we shall give rough bounds on the
right hand sides of (1.1) and (1.2) in terms of the ground state energy and
integrals involving the form factor and the dispersion relation.

Various types of higher order estimates have actually been employed in the
mathematical analysis of quantum field theories since a very long time. Here
we only mention the classical works [5, 11] on P(¢)2 models and the more
recent articles [2] again on a P(¢)s model and [1] on the Nelson model.

In what follows we briefly describe the organization and the content of the
present article. In Section 2 we develop the main idea behind our techniques in
a general setting. By the criterion established there the proof of the higher order
estimates is essentially boiled down to the verification of certain form bounds
on the commutator between H and a regularized version of Hf" /2 After that,
in Section 3, we introduce some of the most important operators appearing in
QED and establish some useful norm bounds on certain commutators involving
them. These commutator estimates provide the main ingredients necessary to
apply the general criterion of Section 2 to the QED models treated in this
article. Their derivation is essentially based on the pull-through formula which
is always employed either way to derive higher order estimates in quantum
field theories [1, 2, 4, 5, 11]; compare Lemma 3.2 below. In Sections 4, 5, and 6
the general strategy from Section 2 is applied to the non- and semi-relativistic
Pauli-Fierz operators and to the no-pair operator, respectively. The latter
operators are introduced in detail in these sections. Apart from the fact that our
estimate (1.2) is slightly stronger than the corresponding one of [4] the results
of Sections 4 and 5 are not new and have been obtained earlier in [4]. However,
in order to prove the higher order estimate (1.1) for the no-pair operator we
virtually have to re-derive it for the semi-relativistic Pauli-Fierz operator by
our own method anyway. Moreover, we think that the arguments employed
in Sections 4 and 5 are more convenient and less involved than the procedure
carried through in [4]. The main text is followed by an appendix where we show
that the semi-relativistic Pauli-Fierz operator for a molecular system with static
nuclei is semi-bounded below, provided that all Coulomb coupling constants are
less than or equal to 2/7. Moreover, we prove the same result for a molecular
no-pair operator assuming that all Coulomb coupling constants are strictly less
than the critical coupling constant of the Brown-Ravenhall model [3]. The
results of the appendix are based on corresponding estimates for hydrogen-like
atoms obtained in [10]. (We remark that the considerably stronger stability of
matter of the second kind has been proven for a molecular no-pair operator in
[9] under more restrictive assumptions on the involved physical parameters.)
No restrictions on the values of the fine-structure constant or on the ultra-violet
cut-off are imposed in the present article.
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The main new results of this paper are Theorem 2.1 and its corollaries which
provide general criteria for the validity of higher order estimates and Theo-
rem 6.1 where higher order estimates for the no-pair operator are established.

Some frequently used notation. For a,b € R, we write a A b := min{a, b}
and a V b := max{a,b}. D(T) denotes the domain of some operator T' acting
in some Hilbert space and Q(T) its form domain, when T is semi-bounded
below. C(a,b,...),C'(a,b,...), etc. denote constants that depend only on the
quantities a, b, . .. and whose value might change from one estimate to another.

2. HIGHER ORDER ESTIMATES: A GENERAL CRITERION

The following theorem and its succeeding corollaries present the key idea behind
of our method. They essentially reduce the derivation of the higher order
estimates to the verification of a certain sequence of form bounds. These form
bounds can be verified easily without any further induction argument in the
QED models treated in this paper.

THEOREM 2.1. Let H and F, € > 0, be self-adjoint operators in some Hilbert
space K such that H > 1, F. > 0, and each F_ is bounded. Letm € NU{oco}, let
2 be a form core for H, and assume that the following conditions are fulfilled:

(a) For every e >0, F. maps & into Q(H) and there is some c. € (0,00)
such that

(Fev|HF:¢) < c:(¢|HY),  ¢€9.
(b) There is some c € [1,00) such that, for all € > 0,

(V| F2) < E(p|HY), ¢eD.

(c) For every n € N, n < m, there is some ¢, € [1,00) such that, for all

€ >0,
[(H 1| Fl'p2) — (F o1 | Hopa)|
Sen{lpi[Ho) +(FI o [HF Vo)), w2 € 2.
Then it follows that, for everyn e N, n <m +1,
n—1
(2.1) |FPH 2| < Cpo= 4" [] e
=1

(An empty product equals 1 by definition.)
Proof. We define
T.(n):= HY2[FP=t HYH-"2/2 pne{2,3,4,..}.
T.(n) is well-defined and bounded because of the closed graph theorem and
Condition (a), which implies that F. € Z(Q(H)), where Q(H) = D(H'/?)

DOCUMENTA MATHEMATICA 15 (2010) 207-234



210 OLIVER MATTE

is equipped with the form norm. We shall prove the following sequence of
assertions by induction on n € N, n < m + 1.

An) & The bound (2.1) holds true and, if n > 3, we have
(2.2) Ve>0: |[Tu(n)] < Cn/4c%.

For n = 1, the bound (2.1) is fulfilled with C; = ¢ on account of Condition (b).
Next, assume that n € N, n < m, and that A(1),..., A(n) hold true. To find
a bound on ||[F* ! H=(+D/2|| we write

(2.3) FrrE= D2 = Q) + @
with

Qi := F.H 'FrH (»1/2
By the induction hypothesis we have

)

Qe = F.[Fr, H g ("1/2,

(2.4) Q| < | Fe HY2| [ H 2 R |[F2~ H D2 < P O
where Cy := 1. Moreover, we observe that
(2.5) Q2] = |[F- HTV2 To(n +1)|| < ¢||Te(n + 1)

To find a bound on ||T-(n + 1)|| we recall that F, maps the form domain of
H continuously into itself. In particular, since & is a form core for H the
form bound appearing in Condition (c) is available, for all ¢1, 2 € Q(H). Let
¢, € 9. Applying Condition (c), extended in this way, with

o1 = §1/2 H*1/2¢) € Q(H), P2 = §5-1/2 H*(n+1)/2¢ € Q(H),
for some d > 0, we obtain
(@] Te(n+1)9)
(B2 6| B2 002 ) — (2 V2 | B2 )|
en Jnf {8 [61° + 671 |[{H2 E TRy R )

N

< 2 [{H2 EZTVHPY ol 1]

The operator {- - - } is just the identity when n = 1. For n > 1, it can be written
as

(2.6) HYPFrtH "2 = {(HPFYFF2H 22 4 T (n).

Applying the induction hypothesis and ¢,c, > 1, we thus get || T:(2)|| < 2¢1,
|T-(3)|| < 6ceica, || T-(4)| < 14 cPcreacs < Cy/4c?, and

cITe(n+ 1) = esup { (D Te(n+1) )| : o€ 2, |¢l = ¢l =1}
< 2¢,(PCpo+Cp/4c) < ¢, Cp = Cpyy/4c, n>3,

since ¢? C,_2 < C,, /16, for n > 3. Taking (2.3)—(2.5) into account we arrive at
|F2H Y| < 2+ 2cep < Co, ||[F2 H3/2|| < ¢+ 6c%cica < O3, and

|Frrt H= D2 < 2O+ Crg1/de < Cryr,  m> 3,

which concludes the induction step. O
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COROLLARY 2.2. Assume that H and F., € > 0, are self-adjoint operators
in some Hilbert space J¢ that fulfill the assumptions of Theorem 2.1 with (c)
replaced by the stronger condition

(¢’) For every n € N, n < m, there is some ¢, € [1,00) such that, for all

€ >0,
|<H¢1|F£¢2>—<F£¢1|ng2>‘
Sen{lloll® + (F oo |[HF o)}, 1,02 € 9.

Then, in addition to (2.1), it follows that, for n € N, n < m, [F™, H| H™"/?

defines a bounded sesquilinear form with domain Q(H) x Q(H) and
(2.7) |[Fr, HHE 2| < Cp = 4" ] e
=1

Proof. Again, the form bound in (c¢’) is available, for all ¢1, w2 € Q(H), whence

((Ho|FH™™2¢) — (F'¢|HH ")

< o inf {Sllg]> + 671 | HV2E2THT |y < 2 |V EZTVHT,
>

for all normalized ¢,v € Q(H). The assertion now follows from (2.1), (2.6),
and the bounds on ||T:(n)|| given in the proof of Theorem 2.1. O

COROLLARY 2.3. Let H > 1 and A > 0 be two self-adjoint operators in some
Hilbert space . Let k > 0, define

Fo(t) = t/(L+et), t=0,  F.:=f5(4),

for all ¢ > 0, and assume that H and F., € > 0, fulfill the hypotheses of
Theorem 2.1, for some m € NU{oo}. Then Ran(H™/?) C D(A*™), for every
neN, n<m+1, and

n—1

HAHTL H—n/2 || < 471—1 o H .

=1
If H and F., € > 0, fulfill the hypotheses of Corollary 2.2, then, for every
n € N, n < m, it additionally follows that A*™ H="/? maps D(H) into itself
so that [A®™ , H] H="/? is well-defined on D(H), and

n
|| [AI{’n7 H] an/Q || < 4n 1 ]:[Cé )
r=1
Proof. Let U : # — L?*(Q,p) be a unitary transformation such that a =
U AU* is a maximal operator of multiplication with some non-negative mea-
surable function — again called a — on some measure space (2,2, ). We pick
some ¢ € K, set ¢, := UH ™21, and apply the monotone convergence
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theorem to conclude that
[ a@l on@)P du(w) = tim [ £2(a()" 60 (@) due)
Q eNO Jo
— 1 n rr—mn/2 2 < 2
lim |2 H 2 )12 < G,

for every n € N, n < m+1, which implies the first assertion. Now, assume that
H and F, ¢ > 0, fulfill Condition (c’) of Corollary 2.2. Applying the dominated
convergence theorem in the spectral representation introduced above we see
that F* 1) — A®"ap, for every ¢ € D(A®™). Hence, (2.7) and Ran(H"/?) C
D(A*™) imply, for n < m and ¢,v € D(H),

‘<¢|AnnH—n/2H,¢>_<H¢|AnnH—n/2w>|
= lm [(F ¢ |HH™"?¢) = (Ho| F H™"?y)
< 1imfélpll [F2, HIH 2|l ] < CrllglH 1] -

Thus, [(H ¢ A=" H=/2 )| < [|g|| | A" H="2|| |H ¢|| + C; [|¢]| [[v], for all

¢, € D(H). In particular, A*™ H="/2+ € D(H*) = D(H), for all ¢ € D(H),
and the second asserted bound holds true. O

3. COMMUTATOR ESTIMATES

In this section we derive operator norm bounds on commutators involving the
quantized vector potential, A, the radiation field energy, H¢, and the Dirac
operator, Da. The underlying Hilbert space is

®
H o= LR x Zy) @ F, = C'® #, d*x,
R3
where the bosonic Fock space, %}, is modeled over the one-photon Hilbert

space
F = LA X Zy,dk), /dk: =y / Pk
A

AEZ>

With regards to the applications in [8] we define A := {k € R?: k| > m}, for
some m > 0. We thus have

7 =@P7",  FV:=c, FV =8, L((AxZL)"), neN,

where S, = S82 = S is given by

n

1
Sn w(n))(kla . 7kn) = E EZG z/}(n)(kﬂ'(l)a . '7k7r(n))7

—

for every (™ e LQ((A X Zg)”), G,, denoting the group of permutations of
{1,...,n}. The vector potential is determined by a certain vector-valued func-
tion, G, called the form factor.
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HypoTHESIS 3.1. The dispersion relation, w : A — [0,00), is a measurable
function such that 0 < w(k) = w(k) < ||, for k = (k,\) € Ax Zy with k # 0.
For every k € (A\{0})xZ5 and j € {1,2,3}, GY)(k) is a bounded continuously
differentiable function, RS > x s G;j)(k), such that the map (x,k) — G;j)(k)

is measurable and G,((j)(—k7 A) = G;j) (k, \), for almost every k and all x € R®
and \ € Zy. Finally, there exist d_1,dy,dy,... € (0,00) such that

(3.1) 2/w(k)f IGRIZ dk < 2, fe{-1,0,1,2,..},
(3.2) Q/w(k:)_l IV A GRS dk < &2,

where G = (G, G?) GO)) and |G (k)||o := sup, |Gx(k)], etc.
Ezample. In the physical applications the form factor is often given as

L{ik<A} ik

3.3 GeA (k) = —
(3.3) (k) K]

e(k),

for (x,k) € R3 x (R® x Z3) with k # 0. Here the physical units are chosen such
that energies are measured in units of the rest energy of the electron. Length are
measured in units of one Compton wave length divided by 27. The parameter
A > 0 is an ultraviolet cut-off and the square of the elementary charge, e > 0,
equals Sommerfeld’s fine-structure constant in these units; we have e? ~ 1/137
in nature. The polarization vectors, e(k, ), A € Zs, are homogeneous of degree
zero in k such that {k, e(k,0),e(k,1)} is an orthonormal basis of R, for every
k € S2. This corresponds to the Coulomb gauge for Vy - G®* = 0. We remark
that the vector fields S2 5 k — E(f{, A) are necessarily discontinuous. o

It is useful to work with more general form factors fulfilling Hypothesis 3.1
since in the study of the existence of ground states in QED one usually en-
counters truncated and discretized versions of the physical choice G®*. For
the applications in [8] it is necessary to know that the higher order estimates
established here hold true uniformly in the involved parameters and Hypothe-
sis 3.1 is convenient way to handle this.

We recall the definition of the creation and the annihilation operators of a

photon state f € ﬁél),

(aT(f)w)(")(k.l, . —n_1/2Zf w(n 1) ;kj—lakj+17---)7 neD\l,

(@(F) )P (v, ) = (m+ 1)1/2/7(k)¢<n+1>(k,k1,...,kn)dk, n € No,

and (at(f))© =0, a(f) ®®,0,0,...) =0, for all ¢ = (™), € .F, such
that the right hand sides again define elements of %,. af(f) and a(f) are
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formal adjoints of each other on the dense domain

(o)

¢ =Co @ Sn Loup (A X Z)™) . (Algebraic direct sum.)
n=1

For a three-vector of functions f = (f(1), f2) f(®)) ¢ (ﬂél))S, we write a¥(f) :=

(a*(f M), at(f®),at(£®))), where a! is af or a. Then the quantized vector

potential is the triplet of operators given by

53]
A = AG) =d'(G)+a(G), d(G) := /[R les ® a(Gy) d®x.

3

The radiation field energy is the direct sum Hy = @50, dl'™(w) : D(Hy) C
P, — F,, where dI'?) (w) := 0, and dI"™ (w) denotes the maximal multiplica-

tion operator in fé") associated with the symmetric function (k1,...,k,) —
w(k1) + -+ + w(k,). By the permutation symmetry and Fubini’s theorem we
thus have

34) (Y20 HY?0) = [w) (k) olakyw)db, o0 € D),
where we use the notation
(a(k) )™ ki, ... kn) = (n+D)Y2p0 Dk ky oo k), neNg,
almost everywhere, and a(k) (/(?,0,0,...) = 0. For a measurable function
f:R—Rand ¢ € D(f(Ht)), the following identity in 91571),
(a(k) f(H) )™ = f(w(k)+dT™ (W) (a(k) )™,  neNg,

valid for almost every k, is called the pull-through formula. Finally, we let
aq, a9, a3, and f := ag denote hermitian four times four matrices that fulfill
the Clifford algebra relations

(35) oo + oo =261, 1,] € {071,2,3}.

They act on the second tensor factor in L?(RS x Z,) = L?*(R3) @ C*. As a
consequence of (3.5) and the C*-equality we have

(36) lla-vigey=Ivl, veR', la-zlses <V2lal, zeC?,

where a -z := a1 2 + ap2®) + 3208, for z = (2D, 22 20)) € €3. A
standard exercise using the inequality in (3.6), the Cauchy-Schwarz inequality,
and the canonical commutation relations,

[@f(f), a¥(g)) =0,  [a(f).al (@)= (flg)L,  fgeZD",

reveals that every ¢ € D(Hfl/Q) belongs to the domain of a - a*(G) and
(3.7)
1/2 1/2
e a(Gwll < doy [Hy Pl fle-a (G < &y [ H 2 > + df [l
(Here and in the following we identify Hr = 1® Hy, etc.) These relative bounds
imply that « - A is symmetric on the domain D(Hfl/Q).
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The operators whose norms are estimated in (3.9) and the following lemmata
are always well-defined a priori on the following dense subspace of J#,

P = CP(R* X 74) 2% . (Algebraic tensor product.)

Given some E > 1 we set

(38) Hi .= Hi+ F

in the sequel. We already know from [10] that, for every v > 0, there is some
constant, C,, € (0,00), such that

(3.9) |lee- A, BV HY || < C,/EY?, E>1.

In our first lemma we derive a generalization of (3.9). Its proof resembles
the one of (3.9) given in [10]. Since we shall encounter many similar but
slightly different commutators in the applications it makes sense to introduce
the numerous parameters that obscure its statement (but simplify its proof).

LEMMA 3.2. Assume that w and G fulfill Hypothesis 3.1. Lete > 0, E > 1,
kv ER, v,0,0,7 20, such that v+ + o+ 7 < 1/2, and define

t+F

(3.10) fe(t) = [y

te[0,00).
Then the operator HY ™Y f7(Hy) e - A, f5(Hy)] Hy V0 f=547(Hy), defined a

priori on 9, extends to a bounded operator on € and

| By P £2(Hy) loc A F2(H)) Hy V40 f5 (Hy) |
(3.11) < |k 20HD/2 (dy 4 d,) EVHOotT1/2

where p is the smallest integer greater or equal to 3 + 2|k| + 2|v|.

Proof. We notice that all operators Hf and f2(H;) leave the dense subspace
@ invariant and that « - af(G) maps 2 into D(H{), for every s € R. Now, let
v, € 9. Then

(@[ H{™ J2(H) - A, fE(H) Hp V0 f25T (He) )
2) = (e|H T fE(Hy) [oc a(G), fEH)] HE ™0 f250T (Hy) )
3) — (ST (H) Hy Y e a(G), fE(H)) f2(H) B o |9)

(
(

For almost every k, the pull-through formula yields the following representa-
tion,

3.1
3.1

HYYY £ (He) [a(k) , f2(He)| H V00 f2507 (Hy) o = F (ks He) a(k) Hy 2,
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where

F(k;t) == (t+ E)""7 f2(t) (f£(t+w(k) — f£(1)
(B w(k) VR LT (4 w(k)

= ( t+E(k))V(t+E)7 (t+ B + w(k))*+1/2

t+EF+w
N AN i OF A 2 D)
f} s setmas s g,

for t > 0. We compute

kw(k) fo(t+sw(k))
(t+swk)+E)(1+et+eswk)+eE)’

(3.14) %ff(tJrsw(k)) =
Using that f. is increasing in ¢ > 0 and that
t+wk)+E)/(t+swk)+E) <1+wk), s€0,1],
thus
FE(+ sw(R)/fE(E+w(k) < (L+w(k)™ O, seo,1],
it is elementary to verify that
\F.(k; )| < |K|wk) (1 + w(k))THT—OAR=(O0A)+1/2 prdtotr—1/2
for all ¢ > 0 and k. We deduce that the term in (3.12) can be estimated as
[Co | HY™ f2(He) - a(G), fE(H)] He "0 24 (Hy) )|

< [lelllov- Gl 7 g2 2t k) 2 CHO)) 40 1247 o1 o
< VB [ ol 1@ |1 s 10 o) 1,
<R VE( [ o) L+ wrporn- @m0 w2, ar)

([t i 2P ) s

(3.15)
< 6| 20702 (dy + d,) o || P By P || BYOtotToL2,

In the last step we used 0 + 7 < 1/2 and applied (3.4). (3.15) immediately
gives a bound on the term in (3.13), too. For we have

JoT(He) BV (o oG, fE(He)) £2(He) HY P
= Hy "™ fI(He) [f2"(Hy), o a(G) HY ™YY f57(Hy) o,

which after the replacements (v, k,7,d,0,7) — (—v,—k,d,7,7,0) and @ — —1)
is precisely the term we just have treated. O
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Lemma 3.2 provides all the information needed to apply Corollary 2.3 to non-
relativistic QED. For the application of Corollary 2.3 to the non-local semi-
relativistic models of QED it is necessary to study commutators that involve
resolvents and sign functions of the Dirac operator,

Da = a-(—iVx+A)+ (.

An application of Nelson’s commutator theorem with test operator —A+H¢+1
shows that Da is essentially self-adjoint on 2. The spectrum of its unique
closed extension, again denoted by the same symbol, is contained in the union
of two half-lines, 6[Da] C (—o0,—1] U [1,00). In particular, it makes sense to
define
RA(Zy) = (DA*iy)ila yG[R,
and the spectral calculus yields
IRati)l < @+3?)7% [ 1DAl Rain) o 2

= |vl?, ve .

The next lemma is a straightforward extension of [10, Corollary 3.1] where it
is also shown that Ra (iy) maps D(HY) into itself, for every v > 0.

LEMMA 3.3. Assume that w and G fulfill Hypothesis 3.1. Then, for all k,v € R,
we find k; = ki(k,v,d1,d,) € [1,00), © = 1,2, such that, for ally € R, € > 0,

and E > ky, there exist Yy, (1y), Tr o (iy) € L () satisfying

(3.16) Ra(iy) Hy " fZ"(Hy) = Hy " f7"(He) Ra(iy) Tr (i)

(317) = Hy" f"(Hr) T o (i) Ra(iy)

on D(H; "), and || T, (iv) |, ||T,W(zy)|| < ko, where p is defined in Lemma 3.2.

Proof. Without loss of generality we may assume that € > 0 for otherwise we
could simply replace v by v+ & and f§ by f§ = 1. First, we assume in addition
that v > 0. We observe that

To == [H{" f25(Hy), oo Al HY fE(He) = T1 + T
on 2, where
Ty = [H", a-AlHY, Ty := H;"[f7"(H;), o~ A] f2(Hg) Hy .

Due to (3.9) (or (3.11) with ¢ = 0) the operator T extends to a bounded
operator on # and ||Ty| < C,/EY?. According to (3.11) we further have
| T3] € Cw.(dy +d,)/EY?. We pick some ¢ € 2 and compute

[Raliy), Hy ¥ f="(Hr) | (Da —iy) ¢ = Ra(iy) [Hy " f75(Hi), Da] ¢
= Ral(iy) To Hy” f2"(Hy) ¢
(3.18) Ra(iy)To H Y fZ"(Hy) Ra(iy) (Da —iy) ¢.

Since (Da —iy) 2 is dense in # and since H; ¥ and f(Hy) are bounded (here
we use that v > 0 and € > 0), this identity implies

Ra(iy) HiV f2"(Hs) = (1+ Ra(iy) To) Hy ¥ f7"(Hr) Ra(iy) .
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Taking the adjoint of the previous identity and replacing y by —y we obtain
H{V f2%(Hy) Ra(iy) = Ra(iy) Hy ¥ f2"(Hr) (1 + Ty Ra(iy)) -

In view of the norm bounds on 77 and T, we see that (3.16) and (3.17) are valid

with T, (iy) = 32720 {~T5 Ra(iy)}* and Y, (iy) == 3272 0{—Ral(iy) Tg},
provided that E is sufficiently large, depending only on &,v,d;, and d,, such
that the Neumann series converge.

Now, let ¥ < 0. Then we write Ty on the domain Z as

To = HyV fZ"(He) [a- A, HY f(Hy)],
and deduce that
Ra(iy) HY f£(Hy) (1+To Ra(iy)) = HY f£(Hr) Ra(iy)

by a computation analogous to (3.18). Taking the adjoint of this identity with
y replaced by —y we get

(1+ Ra(iy) Ty) HY f£ Ra(iy) = Ral(iy) HY f5(Hy).

Next, we invert 1+ Ra (iy) T by means of the same Neumann series as above.
As a result we obtain

HY f5(Hy) Ra(iy) = Ra(iy) T, (iy) HY f2(Hr) = T (iy) Ra(iy) HY f2(Hy),

where the definition of T, , and TK,V has been extended to negative
v. It follows that Ra(iy) Tk .(iy) = Y’,{yy(iy) Ra(iy) maps D(H;") =
D(H; " f=*(Hy)) = Ran(HY f£(Hy)) into itself and that (3.16) and (3.17) still
hold true when v is negative. O

In order to control the Coulomb singularity 1/|x| in terms of |Da | and Hy in the
proof of the following corollary, we shall employ the bound [10, Theorem 2.3]

(3.19) 21 < |Da| 4 Hy + kd?
™ |x|
which holds true in sense of quadratic forms on Q(|Dal) N Q(Ht). Here k €
(0, 00) is some universal constant. We abbreviate the sign function of the Dirac
operator, which can be represented as a strongly convergent principal value [6,
Lemma VI.5.6], by

T

. . d
(3.20) Sav i= Da|Dal™" ¢ = lim RA(zy)w?y.

-7

We recall from [10, Lemma 3.3] that Sa maps D(HY) into itself, for every
v > 0. This can also be read off from the proof of the next corollary.

COROLLARY 3.4. Assume that w and G fulfill Hypothesis 3.1. Let k,v € R.
Then we find some C = C(k,v,d1,d,) € (0,00) such that, for all v,6,0,7 >0
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withy+0+oc+7<1/2and alle 20, E > ki,

(3.21) | HY f2(Hs) Sa HiY f25(Hy) || < C,
(3:22)  |[[Dal"* HY™Y 2 (Hy) [Sa s f2(HO H " f2 7 (H) || < G
(323)  |[[x7VR Y f2(H) [Sa, fE(HOVH 0T [ (H | < ©
(ki is the constant appearing in Lemma 3.3, Hy is given by (3.8), f. by (3.10).)

Proof. First, we prove (3.22). Using (3.20), writing
(Ra(iy), f£(Hs)] = Ra(iy) [f£(Hr), o - A] Ra(iy)

on 2 and employing (3.16), (3.17), and (3.11) we obtain the following estimate,
for all p,v € 2, and E > k1,

(DAl @ | HYTY f2(Hr) [Sa, fE(H) H "0 fo(Hy) 7 00)|
s /KHfM'DA'”Q‘P f2(Hy) [f£(Hy) , Ra(iy)] x
R

B gy )| &

N 1A= Rt T i) 7 g2 ) L2 - A

X H{”*‘S fE_RJ’_T(Hf)TR rw—s(1y) Ra(iy) ¢ >} .

< Oy (di +dp) pytototT1/2 Sup{HTmHy(zy)H HT,{,TW,,;(iy)H}
2 dy 2 dy
([ Noal rator o ) ([ ratino 2 2)"
< Crdy g, EYFOTTTT12 g ||¢|\~

This estimate shows that the vector in the right entry of the scalar prod-
uct in the first line belongs to D((|Da|'/?)*) = D(|Dal|'/?) and that
(3.22) holds true. Next, we observe that (3.23) follows from (3.22) and
(3.19). Finally, (3.21) follows from | X| < const(v,k,di,d,), where X :=
HY f5(Hg)[Sa, Hi” f="(H¢)]. Such a bound on || X| is, however, an imme-
diate consequence of (3.22) (where we can choose £ = 0) because

X = [HY, SalHy " + HY [fF(Hr), Sa] f2"(He) Hi "

on the domain 2. O

4. NON-RELATIVISTIC QED

The Pauli-Fierz operator for a molecular system with static nuclei and N € N
electrons interacting with the quantized radiation field is acting in the Hilbert
space

(4.1) = AN ((R® x Z4)N) @ By,
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where Ay = A% = A} denotes anti-symmetrization,

1 T
(AN \Il)(X) = ﬁ Z (71) \p(xﬂ'(l)agw(l)a"'7X7T(N)a§7r(N))7

’ TEGSN
for U € L2((R® x Z4)V) and a.e. X = (x;,5)Y, € (R® x Z4)N. a priori it is
defined on the dense domain
DN = ANCSO(([R3 X Z4)N) (24 Cgo,

the tensor product understood in the algebraic sense, by

N
(42) HY = H}(G) = Y (DY)’ + V + Hy.

i=1
A superscript () indicates that the operator below is acting on the pair of
variables (x;,¢;). In fact, the operator defined in (4.2) is a two-fold copy of the

usual Pauli-Fierz operator which acts on two-spinors and the energy has been
shifted by N in (4.2). For (3.5) implies

(4.3) Di=Ta®Ta, Ta:= (o (—iVx+A))®

Here o = (01,02,03) is a vector containing the Pauli matrices (when ¢, j €
{0,1,2,3}, are given in Dirac’s standard representation). We write HY. in the

form (4.2) to maintain a unified notation throughout this paper.
We shall only make use of the following properties of the potential V.

HypPOTHESIS 4.1. V' can be written as V. = Vi — V_, where Vo > 0 is a
symmetric operator acting in Ay L?((R®xZ4)*) such that Zn C D(Vy). There
ezista € (0,1) and b € (0, 00) such that V_ < a H2,+b in the sense of quadratic
forms on Dy

Ezxample. The Coulomb potential generated by K € N fixed nuclei located at
the positions {Ry,...,Rxg} C R? is given as

(4.4) Vo(X) = *ZZ |Xz Rk| +

e2

Z |X1_X]|

i,j=1
i<j

for some e, Z1,...,Zx > 0 and a.e. X = (x;,6)Y, € (R® x Z)N. Tt is
well-known that Vg is infinitesimally H? -bounded and that V¢ fulfills Hypoth-
esis 4.1. o

It follows immediately from Hypothesis 4.1 that H". has a self-adjoint Friedrichs

extension — henceforth denoted by the same symbol HY. — and that Zy is a
form core for HY.. Moreover, we have

(4.5) (D)%, (DY), Vi, Hy < HY: < (1—a)™ (HY +b)
on Zy. In [4] it is shown that D((HY.)™?) C D(H; HM?), for every n € N. We

nr

re-derive this result by means of Corollary 2.3 in the next theorem where
Ey = info[HY], H., :=H) —FEy,+1.
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THEOREM 4.2. Assume that w and G fulfill Hypothesis 3.1 and that V' fulfills
Hypothesis 4.1. Assume in addition that

(46) 2 [[wlb) Vo n GO dh < .
(4.7) Jo®f V2 G dk < &,

for all £ € {—1,0,1,2,...}. Then, for every n € N, we have D((HI‘]/;)”/Q) C
D(an/Q); an/2 (H'! )~™'% maps D(HY.) into itself, and

|| an/2 (Hrllr —n/2 C(N7 n,a, ba d*la dla d5+n) (|EUY| + 1)(3n—2)/2 s

)72 <
H [an/Q ) Hr‘l/r] (Hrllr)_n/2 || < Cl(Nanaaaba d*lad17d5+n) (|Enr| + 1)(3n—1)/2'

Proof. We pick the function f. defined in (3.10) with £ = 1 and verify that
the operators F* := 5"/2(Hf)7 e >0,n €N, and H/ fulfill the conditions
(a), (b), and (¢’) of Theorem 2.1 and Corollary 2.2 with m = oco. Then the
assertion follows from Corollary 2.3. We set H¢ := H + E in what follows. By
means of (4.5) we find

Eyn+b+FE
1

(4.8) (W[F2W) <(V[H V) < —

(V[H,¥),

for all ¥ € 9y, which is Condition (b). Next, we observe that F. maps 2y
into itself. Employing (4.5) once more and using —V_ < 0 and the fact that
Vi > 0 and F; act on different tensor factors we deduce that

(R |[(V+H)F. ) < lfelloo (W] (Vi + Hp) W)
Enr+b+E
1—
for every U € Zy. Thanks to (3.11) with k = 1/2, v =y=d=0=7=0,

and (4.5) we further find some C € (0, 00) such that

(4.9) < [ felloo (W[ H, W),

7 _ 2
2 felloo DY W2 + 2| folloo || F - A, B | (19
C |l felloo (¥ | HL, W),

| DY R <
(4.10) <

for all U € Zy. (4.9) and (4.10) together show that Condition (a) is fulfilled,
too. Finally, we verify the bound in (¢’). We use

[a- (—iVx),a-Al = 2-B —i(Vy-A),

where B := af(Vx A G) + a(Vx A G) is the magnetic field and the j-th entry
of the formal vector X is —i €;,¢ o e, j, k, € € {1,2,3}, to write the square of
the Dirac operator on the domain & as

Di =DE+3-B—i(Vx-A)+(a-A?+2a-Aa-(—iVy).
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This yields
N N
H, Fr =Y (D)2 F] =Y {2 BO, ) —i[(Vy AD), F7
=1

i=1
+a-AD[a-AD F+[a-AD F2DY —a-AD —25)}
on Pn. For every i € {1,..., N}, we further write
o AD, F2 DY) = QU (DY) Pt - QL)
on 9y, where

(4.11) QY =l AV FMF neN, QY =

e,n €

Fn 2)

e,n—1

According to (3.11) we have [|QU| < n20D/2(dy + dsi),
1H2 QY B 2| < n2+3/2(dy + dyy,). Likewise, we write
[a- A FMa- AW = QS% ({e- A®) Hf—l/Q}Hflﬂ Fnl_ Q(z) e 2)

e,n—1

on Zn, where |\a-AH;1/2||2 < 2d%+4d?, by (3.7). Furthermore, we observe
that Lemma 3.2 is applicable to X - B as well instead of a - A; we simply have
to replace the form factor G by Vi A G and to notice that ||X - v|| ¢ (cs) = ||,
v € R3, in analogy to (3.6). Note that the indices of dy are shifted by 2 because
of (4.6). Finally, we observe that Lemma 3.2 is applicable to Vx - A, too.
To this end we have to replace G by (Vx - G,0,0) and dy by some universal
constant times da4, because of (4.7). Taking all these remarks into account we
arrive at

N
F )| < S {Iwll|[ (= BO, B R || F ot

i=1
+ || [div A, FRYES | FET |

T—=1/20 11 771/2 AG) 77—1/2 || | £71/2 pn—

1| o A2 | B2 QU FR |1
L QUL (21DR) Fr " Woll + [l A 2 |11 F2 7 W)

+ 312 [QULINQE, i1 1F2=2 o]l + 2@ | [QULIN 1] | F2~ s } ,

for all ¥1, Uy € Pn. From this estimate, Lemma 3.2, and (4.5) we readily infer
that Condition (¢’) is valid with ¢, = (|Ene| +1)C"(N,n,a,b,d_1,...,ds4n).
O

(o | 1A

nr

5. THE SEMI-RELATIVISTIC PAULI-FIERZ OPERATOR

The semi-relativistic Pauli-Fierz operator is also acting in the Hilbert space
A introduced in (4.1). It is obtained by substituting the non-local operator
|Da| for D% in HY.. We thus define, a priori on the dense domain Zy,

N
HY = HY(G) =Y _|D{| + V + H,

sr —
=1
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where V is assumed to fulfill Hypothesis 4.1 with H? replaced by HC. To
ensure that in the case of the Coulomb potential Vo defined in (4.4) this yields
a well-defined self-adjoint operator we have to impose appropriate restrictions
on the nuclear charges.

Ezample. In Proposition A.1 we show that HY¢ is semi-bounded below on %y
provided that Z; € (0,2/me?], for all k € {1,...,K}. Its proof is actually a
straightforward consequence of (3.19) and a commutator estimate obtained in
[10]. If all atomic numbers Z, are strictly less than 2/me? we thus find a € (0, 1)
and b € (0, 00) such that

(5.1) ZZ Ixz Rk| < aHS+b

i=1 k=1

in the sense of quadratic forms on 2. In particular, Vi fulfills Hypothesis 4.1
with H?. replaced by HY. as long as Z, € (0,2/me?), for k € {1,...,K}. o

For potentials V as above HY has a self-adjoint Friedrichs extension which we
denote again by the same symbol HY . Moreover, Zy is a form core for HY
and we have the following analogue of (4.5),

52) DY DM, Ve Hy < HY < (1—a)  (HY +b)

on Zy. In order to apply Corollary 2.3 to the semi-relativistic Pauli-Fierz
operator we recall the following special case of [7, Corollary 3.7]:

LEMMA 5.1. Assume that w and G fulfill Hypothesis 3.1. Let 7 € (0,1]. Then
there exist 6 > 0 and C = C(4,7,dy1) € (0,00) such that
(5.3) C +|Da|+7H; > 6(|Do|+ Ht) =6 (|Do| + 71 Hy) > 6*|Da| —6C

in the sense of quadratic forms on 2.

In the next theorem we re-derive the higher order estimates obtained in [4] for
the semi-relativistic Pauli-Fierz operator by means of Corollary 2.3. (The sec-
ond estimate of Theorem 5.2 is actually slightly stronger than the corresponding
one stated in [4].) The estimates of the following proof are also employed in
Section 6 where we treat the no-pair operator. We set

E, = info[Hy], H =HY - FE,+1.

THEOREM 5.2. Assume that w and G fulfill Hypothesis 3.1 and that V fulfills
Hypothesis 4.1 with HC, replaced by HY. Then, for every m € N, it follows

that D((HY)™/?) D(Hm/Q), Hm/2 (H.)=™/2 maps D(HY) into itself, and
|| H’”/2 (HL,)~™/? | (N,m,a,b,dy, dssm) (| Es| +1)372/2
| [H?, DT < YN mya,b,dy, dy) (| Be | + 1) G712

Proof. Let m € N. We pick the function f. defined in (3.10) with £ = k; vV C.
(k1 is the constant appearing in Lemma 3.3 with k = m/2, v = 0, and depends
on m, di, and dsip,; C is the one in (5.3).) We fix some n € N, n < m,

|<C
| <
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and verify Conditions (a), (b), and (¢’) of Theorem 2.1 and Corollary 2.2 with

F, = 1/2(Hf) e > 0. The estimates (4.8) and (4.9) are still valid without any
further change when the subscript nr is replaced by sr. Employing (5.3) twice
and using (5.2) we obtain the following substitute of (4.10),

(F-U||Dal F. W) <67V [Do| V2 oW | + 67" |} F.w|?
< O | felloo (Il Dol W) + | H 2 W)?) < C' || felloo (@ | HL W),

for all U € Pn. Altogether we see that Conditions (a) and (b) are satisfied. In
order to verify (c¢’) we set

(5.4) U9 =8O, FrFlr = priEsr, SV F, ie{l,..., N},

61

By virtue of (3.22) we know that the norms of Ue(lr)l and Ue(lr)l |DX)|1/2 are
bounded uniformly in € > 0 by some constant, C' € (0, 00), that depends only
on n, dy, and ds;n,. We employ the notation (4.11) and (5.4) to write

N
H.,., F! Z (DY), Fr] = > [sY DY, k]

=1 =1

N

Z{ U(z) |D(z 1/2}5 (i) |D z)|1/2 s 1
i=1

UL QU P2+ 50 QU Fr .

The previous identity, (5.2), and |Da| > 1 permit to get

N
(0| [HY, F2100 )| < S [0l {C|[IDY]2 F2 =t wy

sro e
i=1

+ CIQULINFr =2 Wo|| + |QULI | Fr— Tyl[}
< e {0 |? + (FEr 1 |HL P H 0, )

for all ¥1, ¥y € Py and some constant ¢,, = C”(n, a,b,dy, ds+n) (|Es| +1). So
(¢’) is fulfilled also and the assertion follows from Corollary 2.3. g

6. THE NO-PAIR OPERATOR

We introduce the spectral projections
1 1 _
(6.1) Py = Ejg,0)(Da) = sl+35,  Py=1 - Pf.

The no-pair operator acts in the projected Hilbert space

N
Ky = H(G) = PLy My, Ply = HPZ’(’),

=1
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and is a priori defined on the dense domain PZ N 9N by

np

N
1Y, = HY,(G) == P{y {308 + v+ b Ly

i=1
Notice that all operators DS), ceey DXV) and PZ’(l), ceey PX’(N) commute in
pairs owing to the fact that the components of the vector potential A(*) (x),
AU (y), x,y € R%, i,j € {1,2,3}, commute in the sense that all their spectral
projections commute; see the appendix to [9] for more details. (Here we use
the assumption that Gx(—k, A\) = Gk(k, A).) So the order of the application of

the projections PX’(“ is immaterial. In this section we restrict the discussion
to the case where V is given by the Coulomb potential Vi defined in (4.4). To
have a handy notation we set

Z GQZk 62
V= -y ——— wij = ————
’ Ixi — Ry|’ Y Ixi — x|’

foralli e {1,...,N} and 1 < i < j < N, respectively. Thanks to [10, Proof
of Lemma 3.4(ii)], which implies that P{ maps 2 into D(|Do|) N D(HY), for
every v > 0, and Hardy’s inequality, we actually know that Hr‘l/ff is well-defined

on Zy. In order to apply Corollary 2.3 to Hr‘l/ff we extend HXE to a continu-

ously invertible operator on the whole space 7% : We pick the complementary
projection,

Pyy =1-Pf,
abbreviate

Pzﬁ(ivj) — P;ry(i) PZ’(J) _ P;Fv(]) P;Fv(i)’ 1<i<j<N,

and define the operator ﬁnp a priori on the domain 2y by

N N
d i +,(2 +,(2 +,(2,5 +,(2,7
HI]P::Z{|D,(A)|+PA()UiPA()}+ZPA(j)wijPA(])
=1 i,j=1
i<j

(6.2) + P§ y He P{ 4+ Py He Pa y -

Evidently, we have [ﬁnp, P;;N] = 0 and IAi:np P;;N = Hr‘l/g PX’N on Zy. In
Proposition A.2 we show that the quadratic forms of the no-pair operator Hr‘l/g

and of ﬁnp are semi-bounded below on 2y provided that the atomic numbers

Z1,...,Zx = 0 are less than the critical one of the Brown-Ravenhall model
determined in [3],
(6.3) Znp = (2/€3)/2/7 +7/2).

Therefore, both Hl"l/g and ﬁnp possess self-adjoint Friedrichs extensions which
are again denoted by the same symbols in the sequel. 2y is a form core for

DOCUMENTA MATHEMATICA 15 (2010) 207-234



226 OLIVER MATTE

ﬁnp and we have the bound

N

7 +.G), k() Zop + 12|
(6.4) an*;PA vi P70 < Zon — 17| (Hup+C(N, Z,%,d_1,d1,ds))
on Iy, where | Z| := max{Zi,...,Zx} < Znp,. Moreover, it makes sense to
define
E,p = inf J[Hr‘l/g],
so that

Hl, = Hup — Enp Py +1 > 1.

THEOREM 6.1. Assume that w and G fulfill Hypothesis 3.1 and let N, K € N,
e>0, 2 =(Z1,...,ZK) €[0,Znp)X, and Z = {R1,...,Rg} C R3, where
Znp 1s defined in (6.3). Then D((Hflp)m/Q) C D(HEW/Q), for every m € N, and

/2 —m/2 /2 —m/2
H Hi" [920; (Hnp = (Enp — 1) ]1920;) / Hg(jfg,jﬁv) < H H" (Hrllp) / H
< C(Nama D@paﬁaead*hdladSJﬂn) (1 + |Enp|)(3m72)/2 < 00.

Proof. Let m € N. Again we pick the function f. defined in (3.10) and set
F, = ;/Q(Hf), e > 0. This time we choose E = max{kd3, k1, C} where k is
the constant appearing in (3.19), C' = C(d;) is the one in (5.3), and k; the one
appearing in Lemma 3.3 with || = (m + 1)/2, |v| = 1/2. Thus k; depends
only on m, di, and ds4.,,. On account of Corollary 2.3 it suffices to show that
the conditions (a)—(c) of Theorem 2.1 are fulfilled. To this end we observe that
on 7y the extended no-pair operator can be written as H,, = HS +1+4+W,

where

N N

W = ZPZ,(Z) Vi PZ,(Z) + Z PZa(%J) wi PX7(1,])
=1 i,j=1
i<j

— Enp PX v —2Re [P{ y Hy Py x| -

The semi-relativistic Pauli-Fierz operator HY. has already been treated in the
previous section and the bound

(6.5) Hy < 2Pg y Hi Py v +2Px y Hy Py y
together with (6.4) implies

N
(6.6) HY < 2Ho, —2) PP o PUY < O (1+ | Bupl) HY,

i=1

on 9y, for some C' = C'(N, % ,#,d_1,d1,ds) € (0,00). Hence, it only remains
to consider the operator W.
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We fix some n € N, n < m. When we verify (a) we can ignore the potentials

v; since they are negative. Using [F, Pj;N] = [PX,N, F!'] we obtain
2Re ( P v F- U | Hy Py y F. V)|

<|HPPLyE |+ ||H PAy FO

2||fa||ooHH1/2P+ |+ 2| felloo || H 2 PRy @)

+ 4| B2 (P, BV HY || 0,

for every U € 2y, where, for all n € N and v € R,

>y r—v — = v pt,(J) r7—v
Ay [Py F Y E = ST 9 i)

=1 j=1
. N
x {Hfu [P;KQ’F;] Hf—z/ Falfn}{ H Hfu Fanfl Pza(k) Hf—z/ Falfn}
k=i+1
on Pn. On account of Corollary 3.4 we thus have, for |v| < 1/2,

(6.7) sup || HY [PX v, FI'H Y FX7" || < C(N,n,dy, dayn) .

e>0 €
Likewise we have
(EW | PR g PR )] < 2 ulf? PR w
(6.8) +d|wl/? (P F AR )

where the first norm in the second line of (6.8) is bounded (uniformly in & > 0)
due to Lemma 6.2. Taking these remarks, v; <0, (6.4), and (6.5) into account
we infer that

(F.U|H L F.U) < cee(V|H,V), Ve,

showing that (a) is fulfilled. The condition (b) with some constant ¢ =
C(N,Z,%,d_1,dy,ds)(1+]|Epp|) follows immediately from F2 < Hy < HL+E
on 2y and (6.6). Finally, we turn to Condition (c). To this end let PKN and
PKN be PX’N or PiN. On 2y we clearly have

(6.9)
[PK,NHfPK,NaFEn] = i[PANvF ]HfPAN + PANHf[PAN7Fn]

For ¥, ¥, € Yy, we thus obtain
(W1 | [Pa yHi Paw, FI'] 02)|

< P | || B2 P
(6.10) +|\Hl/2pﬁ U | [|H [P{ y, FH; H PR A F

F P E R

€
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where we can further estimate
||Hf1/2 Fnt Pb N‘I’2H
< {1+ ||HPFEV P B EST Y IEP FE
(6.11) < {1+ || H 2 R P S BN HP ER W
and, of course,
(6.12) | H? F2 || < B PLy F2N ||+ || HY? PRy PPN
The operator norms in (6.10) can be estimated by means of (6.7) with v =
+1/2, the one in the last line of (6.11) is bounded by some C(n,dy,ds4n) €
(0,00) due to (3.21). In a similar fashion we obtain, for all i,57 € {1,..., N},
1< j,and ¥y, ¥y € Dy,
‘<\Ill | [PX7(i,j) "P+7(i’j) Fn] T, >|
_n 1 2 1 n , —-1/2 1/2 n— 1/2 (4,5
< HFal / [Fr, P+(u)] / H”H/ 0| HF 1 ij/ PX(M)\I,QH
(6.13)
+ H 1/2 PJF ) U, || ||w1/2 P+ 2 (3,9) Fn] Fl nH 1/2H ||Hf1/2ng—1 ‘112”
Here we can further estimate
Hw1/2 - 1P+ :(4,7) W, H < Hw1/2 P+ (6,9) Frly, H

(6.14) N (Rl S R U el S (N V- A S 2
Lemma 6.2 below ensures that all operator norms in (6.13) and (6.14) that
involve wilj/ % are bounded uniformly in € > 0 by constants depending only

on e,n,d;, and ds4,. Furthermore, it is now clear how to treat the terms
involving vl or E,p. (In order to treat v; just replace PX’(i’j) by PX’(i), wj; by
v;, and w /2 by |v;|*/2 in (6.13) and (6.14).) Combining (6.9)(6.14) and their
analogues for the remaining operators in W we arrive at

‘<‘111‘[W7Fan]‘112>|

SO Y {(U| PRy He Py W) 4 (B2 | PR Hi PR P21 )
fe{+,L1}

N
+C Y {(0] Py P )
ij=1

i<j

+ <F£71\I/2 |PZ’(ZJ)'LU”PZ’(ZJ)ngl\I/Q >}

N

+ O {0 [ PO | PO w0 )+ (FP 0 | PR | P FP T, )
i=1

+C (14 | Enp) {1911 + | 271 022}

for all U1, Uy € 2y and some e-independent C' = C(N,n, e, dy,dsn) € (0,00).

Employing successively (3.19), which implies |v;| < (7762|Qp|/2)(|DX)| + Hy),
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after that (3.21), which yields || /> Py W|[2 < O(dy, da) (| H{ " PL W) +
||Hf1/2 Px n ¥|1?), and finally (6.4) we conclude that Condition (c) is fulfilled
with Cn:C(N,Tl,D@p,%,e,dfl,dl,dgprn)(l+|Enp|). O
LEMMA 6.2. Foralli,j€{l,...,N},i<j,n€Z, ando,7 > 0 witho+7 <
supl|F7 ™" w2 [, P H P |
€

= sup H w1/2 F° [p+ (5.7) , Fo7) Hf_l/Q FT H < eC(n,d1,dsyn) < 0.
e>0
Proof. We write
wilj/Q FEU [Pza(l) sz(j) ’ an] Hf—1/2ng+‘r =Y+ wilj/2 Yy + Y,
where
Yii={w)/* B2 [P{Y ) Fom AR R WA R Y AR R,

Yy = PZ ,(2) Facr [PZ,(J) 7 an] Hf—l/Q FEnJrT,

€

1/2 o +.(2 +,(J —n1 17— 1/2 pmtr
YS::wij/ [F? ﬂPA(z)][PA(])aF | Hy /Fe+-

€

Applying Corollary 3.4 we immediately see that ||Yi|| < eC(n,d1,ds+,) and
that

sl < || wi/? [FS, Po O EC|||| B2 1PEY) F27 2T || < e Clny di, dygn)

uniformly in € > 0. Employing (3.19) (with respect to the variable x; for each
fixed x;) and using [|DX)|1/2, PX’(I)] = 0, we further get

i/ v v
< (71'62/2 ||P+7(1) |2 || |D(j)|1/2 F? [P+7(]') F—n Fn+TH2 HH;I/QHQ
+ (me2/2) ||/ 1/2 P+ (i) H—1/2|| 1/2 [P+ (z) _ ]Hf—1/2 F8”+7||2.

E
By Corollary 3.4 all norms on the right hand side are bounded uniformly in
€ > 0 by constants depending only on n,dy, and dgqy,. ]

APPENDIX A. SEMI-BOUNDEDNESS OF HY° AND H[¢

In this appendix we verify that the semi-relativistic Pauli-Fierz and no-pair op-
erators with Coulomb potential are semi-bounded below for all nuclear charges
less than the critical charges without radiation fields. We do not attempt to
give good lower bounds on their spectra since this is not the topic addressed
in this paper. Our aim here is essentially only to ensure that these operators
possess self-adjoint Friedrichs extensions. We recall that the stability of matter
of the second kind has been proven for the no-pair operator in [9] under cer-
tain restrictions on the fine-structure constant, the ultra-violet cut-off, and the
nuclear charges. The stability of matter of the second kind is a much stronger
property than mere semi-boundedness. It says that the operator is bounded
below by some constant which is proportional to the total number of nuclei
and electrons and uniform in the nuclear positions. The restrictions imposed
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on the physical parameters in [9] do, however, not allow for all atomic numbers
less than Z,,p.

First, we consider the semi-relativistic Pauli-Fierz operator. The following
proposition is a simple generalization of the bound (3.19) proven in [10] to the
case of N € N electrons and K € N nuclei.

PRrROPOSITION A.1. Assume that w and G fulfill Hypothesis 3.1 and let N, K €
N, e >0, Z = (Zy,...,ZK) € (0,2/7e?]X, and # = {R4,...,Rg} C R3.
Then

N
(A1) STIDY| + Vo + 0Hy > —C(5,N, Z,%,dy) > —o0,
=1

for every § > 0 in the sense of quadratic forms on Py .

Proof. In view of (3.19) we only have to explain how to localize the non-local
kinetic energy terms. To begin with we recall the following bounds proven in
[10, Lemmata 3.5 and 3.6]: For every x € C*(R2,[0,1]),

(A.2) I Salll < [IVxlloos || Pa [x5 Do Sal]l] < 21Vxll% -

Now, let B,(z) denote the open ball of radius r > 0 centered at z € R3 in R3.
We set g := min{|R; — Ry| : k¥ # ¢}/2 and pick a smooth partition of unity
on R3, {Xk}kK:oa such that xx = 1 on B,/2(Ry) and supp(xx) C By(Rx), for

k=1,...,K, and such that Z?:o X% = 1. Then we have the following IMS
type localization formula,

K

(A.3) |Dal| = Z{Xk |Dal|xr + % [Xk > Xk [ Dal]] }
k=0

on 9, for every i € {1,..., N}. A direct calculation shows that

(A4) [Xk» [Xk, |DAl]] = 2ia- (Vxk) [Xk: Sa] + Da [xk > [xks Sal]
on 2. By virtue of (3.6) and (A.2) we thus get

(A.5) | Dk > Dxes DAl || < 41VxI1%

for all k € {0,..., K}. Since we are able to localize the kinetic energy terms
and since, by the choice of the partition of unity, the functions R® 3 x —
|x — Ry|7! x?(x) are bounded, for k € {1,...,K}, £ € {0,....,K}, k # ¢,
the bound (A.1) is now an immediate consequence of (3.19) (with § replaced
by d/N). (Here we also make use of the fact that the hypotheses on G are
translation invariant.) O

Next, we turn to the no-pair operator discussed in Section 6. The semi-
boundedness of the molecular N-electron no-pair operator is essentially a con-
sequence of the following inequality [10, Equation (2.14)], valid for all w and
G fulfilling Hypothesis 3.1, v € (0,2/(2/7 + 7/2)), and § > 0,

(A6)  Pr (DY —~/Ix|+0H) P > PY (c(7) |Do| - C) P,
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in the sense of quadratic forms on PZ 2. Here C = C(6,v,d-1,do,d1) € (0,00)
and ¢(y) € (0,00) depends only on .

PROPOSITION A.2. Assume that w and G fulfill Hypothesis 3.1 and let N, K €
N,e>0, Z=(Z1,...,2x) € (0, Znp)X, and Z = {R4,..., Rk} C R3, where
Znp is defined in (6.3). Then the quadratic form associated with the operator
I;'np defined in (6.2) is semi-bounded below,

ﬁnp 2 7C(N7Kﬂ g?'%;dfl;dl;df)) > —00,
in the sense of quadratic forms on ZDy.

Proof. We again employ the parameter ¢ > 0 and the partition of unity
introduced in the paragraph succeeding (A.2). Thanks to [10, Proof of
Lemma 3.4(ii)] we know that P{ maps D(Do ® HY) into D(Do ® H{ ™), for
every v > 1. The IMS localization formula thus yields

P;ry(i) vi P;ﬁ(l)

K
{ () ) o, pr) ()
k=0

1. @ +,6 +,(
2 [X]i)a [XS),PA (1)”iPA()H}

on D(Dg ® Ht), where a superscript (i) indicates that y; = X depends on
the variable x;. Using v; < 0, we observe that

7 1 +,(2 +,(2
[X;c)a [X]E;)7PA()UiPA()]:|
= =2, P o [P{Y )
v2re { PE 0w [ 1, PEO)])
(A.7) > 2Re { P W o [, Y, PR Y

We recall the following estimate proven in [10, Lemma 3.6], for every x €

C*>(R%, [0,1]),
o —1/2
I Do s BT EY2 | < 8%2 |V
where Hy = Hf + E with E > 1V (4d1)?. Together with (A.7) it implies

(U] s PR e PO W)
> —0(W[H V) — (8[| Vxnlls/0) 9]
forall k € {0,...,K},ie{l,...,N}, 0 >0, and ¥ € D(Do ® H¢). Next, we
pick cut-off functions, (1, ..., x € C(R2,[0,1]), such that ¢ = 1 in a neigh-

borhood of Ry, and supp(¢x) C 89/4(Rk), for k € {1,..., K'}. By construction,
supp(Ck) Nsupp(xe) = &, forall k € {1,..., K} and £ € {0, ..., K} with k # €

Denoting ¢, := 1 — (x and using the superscrlpt (¢) to indicate that ¢ = Ck
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is a function of the variable x;, we obtain
<\I/ ‘ X](;) PZ’(l) v; PJFv(i) X(l) \I/>

2y X )
<\I/ ‘ (4) P+ (i) €Lk PZ,(Z) th) \I/>

Ix; — Ri|
; Ze¢ e g
A. _ <\11‘ ’P*‘”eifp \11>
(A-8) Z R
Z#k
B (6) pi(i) € ZeCz (1) ()
(A.9) Z< X i o LR w),
l;tk

for all ¥ € D(Dg ® H¢). The operators appearing in the scalar products in
(A.9) are bounded by definition of ¢,. Their norms depend only on Z since
e?Z; < 1. Furthermore, by virtue of Lemma A.3 below the term in (A.8)
is bounded from below by —§ (¥ |H; ¥) — Cs || ¥||?, for all § > 0 and some
Cs = C5(Z#,d1,ds) € (0,00); see (A.11).

Taking all the previous remarks into account, using (A.3)—(A.5), w;; > 0,
|DX)| > PZ’(i) D(i) P+’(i) and Writing

Z 1) P+ ,(2) —|—P ’(Z))fo()

we deduce that
Hup
> (1-30) P4 v He P{ v + (1—35) Py y Hs Py

i 2Z 5 i i
S S RS (08 e S
e {+, L} k=0 i _R’“l

Z( 0 e P\ +ZX PR PO ) VP

— const(N, %, dy,dy)

on 9, for every § > 0. Thanks to Corollary 3.4 (with e = 0) we know that

[P&(i)7 Hy] H{UQ extends to an element of £ (/%) whose norm is bounded by
some constant depending only on d; and ds, whence

NZZ I)P};N‘I"Pb(z b’(i)7Hf]X§:)P1§,N‘I’>
=1 k=0

—(8/2) | H? Py )2 — (5/2) (PR, Hi H VPP w3,

for every ¥ € 9y, # € {4+, L}, and b = +. For a sufficiently small choice of
6 > 0, the assertion of the proposition now follows from the semi-boundedness
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of PX’(“ (DX) —e2Zy/|x; — Ri| + (6/N) Hy) PX’(“ ensured by (A.6) and the
condition Zj, < Zyp. O

LeEMMA A.3. Let ¢ € C§°(R3, 0, 1)), x € C>=(R3,[0,1]), such that 0 € supp(()
and supp(¢) Nsupp(x) = @. Set Hy := Hy + E, where E > ki V d?. Then

(A.10) | Da H{? ¢PLx VP < C(¢x0da,da),
(A.11) |5 PAxH 2| < C'(Coxoda,da).

Proof. We pick some X € C*°(R3,[0,1]) such that supp(¥) Nsupp(¢) = @ and
X = 1 on supp(Vy). Using ¢ x = 0 = { X we infer that, for all ,v € 2,

(Dag|H2CPExH?0) = [(Dag| HY? C[PE A B 0))|
r— d
g/‘ DAV"Hfl/ C[Ra(iy), X]ia - Vx Ra(iy) H; ”%M%
dy

/‘ DAQO‘H ¢ Ra(iy)ia - VX Ra(iy)ia - Vx Ra(iy) H 1/2¢>‘27r

= /‘ CDA(P‘RA(iy)TO,l/Q(iy)ia'v)zRA(iy)TO,l/Q(iy)X
R

X jo - VxRA(Zy)To 1/2 (iy) >‘2

In the last step we repeatedly applied (3 16). Commuting ¢ and Da and using
IDa Ra(iy)ll < 1, [[Ra(iy)lI> < (1 +y*)~", and the fact that ||Yo,1/2(iy)]| is
uniformly bounded in y € R, we readily deduce that

[(Da| H? CPExH 2 0)] < OGx Xodiyda) ] 1],
which implies (A.10). The bound (A.11) follows from (A.10) and the inequality

_ 2 2
x|t |2 < 4| Da|®> +4||H ¢, e D(DowH'),

which is a simple consequence of standard arguments (see, e.g., [10, Equa-
tion (4.7)]). O
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