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Abstract.  We state a conjecture (due to M. Duflo) analogous to the Kashiwara—
Vergne conjecture in the case of a characteristic p > 2, where the role of
the Campbell-Hausdorff series is played by the Jacobson element. We prove
a simpler version of this conjecture using Vergne’s explicit rational solution of
the Kashiwara—Vergne problem. Our result is related to the structure of the
Grothendieck—Teichmiiller Lie algebra grt in characteristic p: we conjecture ex-
istence of a generator of grt in degree p — 1, and we provide this generator for
p=3 and p=>5.
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1. Introduction

The Kashiwara—Vergne conjecture [§] (now a theorem [1]) is an important problem
of Lie theory which in particular implies the Duflo isomorphism [4] between the
center of the universal enveloping algebra and the ring of invariant polynomials.
The conjecture states the existence of two Lie series of two variables satisfying
equations (2) and (3). These equations use the exponential function and thus can
only be defined over a field of characteristic zero. Michel Duflo [5] suggested a
problem which resembles the Kashiwara—Vergne problem in the case of a positive
characteristic: to find a certain factorization of the Jacobson element (see e.g. [9]).
We state this conjecture and prove it in a simpler case using an explicit rational
solution of the Kashiwara—Vergne problem found by Michelle Vergne in [10].

The Kashiwara-Vergne problem is also related to the structure of the
Grothendieck—Teichmiiller Lie algebra grt (see [2]). The Deligne-Drinfeld con-
jecture [3] states that, over a field of characteristic zero, grt is a graded free Lie
algebra with generators in odd degrees starting from 3. We conjecture the exis-
tence of a generator of grt in degree p— 1 in the case of a positive characteristic p
(this generator is obtained from the solution of Duflo’s problem), and we provide
explicit generators of grt for p =3 and p = 5.
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2. Kashiwara-Vergne problem and the Jacobson element

Let lies be a completed free Lie algebra over a field K of characteristic zero with
generators x and y. It is a graded Lie algebra lie; = [[;-, [ieg, where [ieéC is
spanned by the Lie words consisting of k letters. We denote by z = loge”e? the
Campbell-Hausdorff series:

koo e
n=1 n=1 k=1 (4,9)
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where the internal sum is over all k—tuples of nonnegative integers ¢ = (i1, ..., ),
j = (J1,--,Jk), such that i, +j,, > 0 for all m and i;+---+ip+j1+---+jp = n.

Let Assocs be the completed free associative algebra with generators x
and y, and let 7 : l[ies — Assocy be the natural injection from the Lie algebra
to its universal enveloping algebra. Every element a of Assocy admits a unique
presentation a = ag + a1 + asy, where ag € Q and ay,as € Assocy,. We shall
denote a; = 0,a,a, = Jya.

We define the graded vector space of circular words try as the quotient

try = Assocy /{(ab — ba), a,b € Assocs),

where Assocy = [[r., Assocs and ((ab — ba), a,b € Assocy) is the subspace
of Assocj spanned by commutators. We denote by tr : Assoc; — tvy the
corresponding natural projection. Let g be a Lie algebra over K, and let p: g —
End(V) be a finite dimensional representation. Then, each element tr(a) € try
gives rise to a map p, : g x g — K defined by the formula p,(z,y) = Tr(p(a(zx,y))).

The Kashiwara—Vergne conjecture (now a theorem) states that there exist

elements F(z,y) and G(x,y) in liey such that

z +y —loge®e? = (¥ — 1)F(z,y) + (1 — e )G (z,y) (2)
and

- 1~ T Y z

tr(x@xF—i—y@yG)—étr <em—1 +ey—1 b —1) : (3)

Since the statement of the Kashiwara—Vergne conjecture uses the exponen-
tial function, it can only be defined over a field of characteristic zero. Michel Duflo
[5] suggested the following question which resembles the Kashiwara—Vergne con-
jecture in the case of a positive characteristic. Let p > 2 be a prime, and let K
be a field of characteristic p.

Conjecture 2.1.  There exist A(z,y) and B(x,y) in liey over K such that
[z, A(z,y)] + y, B(z,y)] = 2" + 4" — (x +y)" (4)

and
- 1~
tr(z0,A + yo,B) = §tr(a:p’1 + Pt — (z +y)Ph). (5)
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Note that 2P + y? — (z + y)? is the Jacobson element (see e.g. [9]) in [ies
over K.

We will prove a simplified version of Conjecture 2.1. For an arbitrary
element a = z;, ---x;, € Assocy, we put a’ = (—z;, )+ (—x;). Consider the
quotient of try by the relations tr(a) = tr(a’). We denote by tr the projection
from Assocy to the above quotient. We will prove the conjecture for the case when
equation (5) takes place in this quotient.

Let g be a Lie algebra over K and let p be a finite dimensional represen-
tation of g with the property p(x)' = —p(z) (here p(z)' stands for a transposed
matrix). Then the map p, only depends on tr(a). For instance, that is the case
of the adjoint representation of the quadratic Lie algebra (a Lie algebra equipped
with a non-degenerate invariant symmetric bilinear form). Hence, we refer to this
case as to the "quadratic” case of Conjecture 2.1.

Proof. (in the quadratic case) We use the following simple facts from number
theory.

Lemma 2.2.  (Wilson’s Theorem) (p —1)! = —1 mod p.
Let B,, be the m-th Bernoulli number.

Lemma 2.3.  Let p be a prime and m be an even number. If (p — 1)1 m, then
By, is a p-integer. If (p—1)|m, then pB,, is a p-integer and pB,, = —1 mod p.

See [7] for the proofs of these lemmas.
In [10] Vergne gave the following explicit solution of the Kashiwara—Vergne
problem (in the quadratic case). Consider the functions

_1—e_t el —e t —2t

o) = ——.  RH)= "5

Let R be the derivation of lie; such that R[sp = nld|sy. The solutions of the
Kashiwara—Vergne problem are given by

F(z,y) = =6(-adz)"'U(z,y), G(z,y) =—-6(-ady) 'V (z,y),
where U and V' are defined by the equations
(R+1DU(z,y) =
—%@(adx)@(adz)_lR(adz)(@(—adz)_lx + O(adz)'y) + é@(—adx)y,

(R+1V(z,y) =
—%@(—ady)@(—adz)1R(adz)(@(—adz)1x + O(adz) 1y) — %@(ady)x.

Let p > 2 be a prime. It is easy to show that the lowest homogeneous degree in x
and y of a term of F' with non-p-integer coefficient is p—1. We expand the (p—1)-
st homogeneous component F,_; of F in powers of p: F,_y =Y > _ f,p". It
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is easy to see that the lowest power of p in this expansion is —2: the % coming

from R(adz) = 2(%F + (a(;_!z)?» + (ai—f)r) +--+) is multiplied by the % coming from the

inverse of R + 1 . However, the following computation shows that the coefficient
f—2 is actually equal to zero. By the definition of the Campbell-Hausdorff series
(1) we see that z; =z +y. We have

22y (z +y),
and so
1 (adz P2 1 (ad(x +y))P2
f—zz—é'm($+y):—§' p—1) (x+y)=0.

Thus, the p-adic expansion of F,_; has the form F, ; = f;% + > o faD™
The same calculation for G gives G, = gjl + > o 9np". Consider the p-th
homogeneous part of equation (2). The right-hand side yields

adz (adx)? (adx)Pt

Bt gy Bt = P
—ady (—ady) (—ady)"™!
— 1! Gp_l_TGp_2—---—WG17

and the left-hand side is of the form

p k—1 i ] A )
(_1) mlyjl ...:L'kyjk
2 7
k=1

— iyl !
(4,5)

where the internal sum is over all k—tuples of nonnegative integers ¢ = (i, - , i),
j=(j1,---,Jk) ,such that ¢,,+ 7, > 0 for all m and i1+ -+irp+j1+---+jx = p.

Expanding the above expressions in powers of p and comparing the coefficients at
1
p )

we have
P +yP

(p—1)!

adr- f1+ady-g.1 =— —(z+y)” mod p.

Using Lemma (2.2), we obtain
ade- f1+ady-g1 =24y — (r+y)’ mod p.

Next, consider equation (3). It is easy to see that the lowest homogeneous
degree in z and y with non-p-integer coefficient is p — 1. Consider the (p — 1)-st
homogeneous part of the equation and expand it in powers of p. Comparing the
coefficients at i, we obtain

B,
P22 (27 4y — (w4 y)P7Y) mod p.

tr(z0, f-1 + y0yg-1) = 2p— 1)

Using Lemma (2.3) we obtain
1
tr(ed, fr + y0y0-1) = 3@ 4y — (™) mod p

We put A(z,y) = f_1(x,y) and B(z,y) = g_1(x,y). [
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Remark. In order to use a similar strategy for proving Conjecture 2.1 in the
general case we need a control of the 1/p behavior of coefficients of a rational
solution of the Kashiwara—Vergne conjecture. The solution of [1] uses Kontsevich
integrals over configuration spaces, and a priori it is defined over R. The existence
of rational solution follows by linearity, but there is no control over coefficients.

3. Grothendieck—Teichmiiller Lie algebra

In [2], the Kashiwara—Vergne problem was related to the theory of Drinfeld’s
associators. By analogy, this relation suggests a link between Conjecture 2.1
and the structure of the Grothendieck—Teichmiiller Lie algebra over a field of
characteristic p.

Definition 3.1. The algebra t, is the quotient of the free Lie algebra with
n(n — 1)/2 generators t*/ = t* by the following relations

189 b — (6)
if all indices 1, j, k, and [ are distinct, and

[t + 7k 7K =0 (7)
for all triples of distinct indices 4,5, and k.

Below we will use the following statement (see [3]).

Lemma 3.2.  t; X Kt'2 @ lie(t!3, 123) @ lie(¢h, ¢34, 131), where le(tH*, 124, ¢31)
is an ideal which is acted on by Kt'? @ lie(t?,t%), and le(t'3,t*3) is an ideal in
Kth2 @ le(t'3,t%3) acted on by K2,

Definition 3.3.  The Grothendieck—Teichmiiller Lie algebra grt is the Lie alge-
bra spanned by the elements ¢ € liey satisfying the following relations:

Uz, y) + ¥y, 2) + ¥(z,2) =0, (9)
where z = —x — v,
w(tl’Q, t2’34) + w(t12,37 t3’4) — w(t2,3’ t3’4) + w(t1,237 t23’4) + ¢(tl’2, t2’3), (10)

where the latter takes place in t; and t"7* = 7 4 ¢k

The Deligne-Drinfeld conjecture [3] states that, over a field of characteristic
zero, grt is a graded free Lie algebra with generators oy, 1,n = 2,3,... of degree
deg(o9n,—1) = 2n — 1 . This conjecture is numerically verified up to degree 16.
Consider the algebra grt over a field of characteristic p > 2. Conjecture 3.5 (see
below) suggests existence of a generator of grt in the degree p — 1.



76 PODKOPAEVA

Consider the function ¥ (z,y) such that Y(—zx—y,x) = A(z,y) and Y(—zx—y,y) =
B(z,y), where A and B are solutions of (4,5). Such a function exists because the
solutions of (4,5) can always be chosen symmetric: A(z,y) = B(y, ).

We define another grading on [ies. The depth of a Lie monomial is defined
as the number of y’s entering this monomial. The depth of a Lie polynomial is
the smallest depth of its monomials.

Lemma 3.4.  The polynomial ¥(x,y) is of depth one.

Proof. By definition, we have ¢(z,y) = A(y, —x — y), so we must prove that
Ay, —x — y) is of depth one, i.e., that A(x,y) = cadZ*Qx + -+, where ¢ #0. In
equation (4), we consider the homogeneous part of degree p — 2 in y:

[, Agyo—2] + [y, Bazyo—s] = (27 + ¢y — (2 4+ y)P)azyr-2,

where the indices z'y? denote the corresponding homogeneous degree parts of
the expressions. By the definition (1) of the Campbell-Hausdorff series, we have
Apyp—2 =c- adz_%.

Suppose ¢ = 0. Then (2 + y* — (x + y)P)u2pp—2 = [y, By2yo—s]. Consider the
injection 7 to the universal enveloping algebra. The image under 7 of the right-
hand side of the above equation is a sum of monomials either beginning or ending
with ¥, so it does not contain the monomial zy?~2x, whereas the left-hand side of
this equation does contain such a monomial. Thus, ¢ # 0, and so ¥ is of depth

one. |

Conjecture 3.5.  The function ¢(z,y) belongs to grt.

We verify this conjecture for p =3 and p = 5.

The case p = 3.
The solution of (4,5) is given by A(z,y) = —[z,y] and B(z,y) = [z,y]. Then
Y(z,y) = —[z,y]. We verify conditions (8-10).

Condition (8). We have —¢(y,z) = [y, x] = —[z,y] = ¥(z,y).

Condition (9). We have ¢(z,y) + ¢(y,—z — y) + ¥(—z — y,x) =
_['Tvy] - [y7 _x_y] - [_x_yvx] = _[xay] + [y,m] +[y7 ] =-3

Condition (10). We write (ij) for ¢ and have ¥((12), (23) + (24))+
D((13)+(23), (34)) — 9((23), (34)) — ¥((12)+(13), (24)+(34)) — 9((12), (23))=
[([( 2), (2 )])Jr( 4] = [(13) +(23), 34)] + [(23), (34)] + [(12) + (13), (24) + (34)]

12),(23)] =

The case p =5.
The solution of (4,5) is given by A(x,y)=|x, [z, [z, y]]|+[y, [z, [z, y]]]+2]y, [y, [z, y]]]
and B(z,y) = [y, [y, [y, 2] + [z, [y, [y, 2]]] + 2[z,[z,[y,2]]]. Then ¢(z,y)

2[z, [z, [z, y]]] + 2[y, [v, [z, y]]] + 3|y, [z, [z, y]]. Let us verify the conditions (8- 10;
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Condition (8) We have —@D(?L 1’) = _Q[yv [y> [y> ‘(EH]_2[‘(L" [$7 [y7 JTH]—g[QT, [yv [yv ZL‘]H =
2y, ly, [z, yl]] + 2z, [z, [z, y]]] + 3z, [y, [z, y]]] = ¥(z,y).

By direct calculation, we obtain that ¢[z,y] + Y[y, —x — y] + Y[—x — y,z] = 0
mod 5, which gives (9).

A lengthy calculation using Lemma (3.2) gives equation (10) modulo 5. O

The kernel of the projection 7 : get — grt/[get, grt] contains only the
elements of depth greater or equal to 2 (see [6] for details). Thus, Conjecture 3.5
together with Lemma 3.4 would give a generator of grt in degree p — 1.
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