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Abstract. We introduce factorial analogues of the ordinary Hall-Littlewood P- and
Q@-polynomials, which we call the factorial Hall-Littlewood P- and Q-polynomials. Using
the universal formal group law, we further generalize these polynomials to the universal
factorial Hall-Littlewood P- and Q-functions. We show that these functions satisfy the
vanishing property which the ordinary factorial Schur S-; P-, and Q-polynomials have.
By the vanishing property, we derive the Pieri-type formula and a certain generaliza-
tion of the classical hook formula. We then characterize our functions in terms of Gysin
maps from flag bundles in complex cobordism theory. Using this characterization and
Gysin formulas for flag bundles, we obtain generating functions for the universal facto-
rial Hall-Littlewood P- and Q-functions. Using our generating functions, we show that
our factorial Hall-Littlewood P- and Q-polynomials have a certain cancellation property.
Further applications such as Pfaffian formulas for K-theoretic factorial @-polynomials are
also given.

1. Introduction. Let x, = (z1,...,2,) and t be independent inde-
terminates over Z, and A = (A1,...,\,) a partition of length < n. Then
the ordinary Hall-Littlewood P- and Q-polynomials, denoted by Py(x,;t)
and Q\(xy;t) respectively, are symmetric polynomials with coefficients in
Z[t]. When t = 0, both Py\(xn;t) and Qx(xy;t) reduce to the ordinary
Schur S-polynomial sy(x,), and when ¢ = —1, to the ordinary Schur P-
polynomial Py (x,) and @Q-polynomial @ (x,,) respectively. Thus the polyno-
mials Py (x,;t), Qx(xn;t) serve to interpolate between the Schur polynomials
and the Schur P- and Q-polynomials, and play a crucial role in the symmet-
ric function theory, representation theory, and combinatorics. In the context
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of Schubert calculus, it is well-known that the ordinary Schur S-, P-, and Q-
polynomials appear as the Schubert classes in the ordinary cohomology rings
of the various Grassmannians (Fulton [7, §9.4|, Fulton-Pragacz [8, Chapters
IT and III], Pragacz [31], §6]). Moreover, their factorial analogues, the facto-
rial Schur S-, P-, and @-polynomials, play an analogous role in equivariant
Schubert calculus (Knutson-Tao [17], Ikeda [II], Ikeda—Naruse [13]).

As for the Hall-Littlewood polynomials, it is known that there are some ge-
ometric or representation-theoretic interpretations of them related to flag va-
rieties or flag bundles (the readers are referred to e.g. De Concini—Procesi [5],
Garsia—Procesi [9], Pragacz [32]). In the context of Schubert calculus, there
seems to be no obvious geometric meaning of the Hall-Littlewood poly-
nomials at present. In [35], Totaro considered the coinvariant ring F(e,n)
of the complex reflection group G(e,1,n) = Z/eZ 1 Sy, (the wreath prod-
uct) for e > 2, and suggested thinking of F(e,n) as the cohomology of
a certain “flag manifold”. He also considered a subring C(e,n) of F(e,n),
and described a basis for the ring C'(e,n) given by the Hall-Littlewood Q-
polynomials. For e = 2, C(2,n) C F(2,n) is the inclusion of the cohomology
of the Lagrangian Grassmannian in that of the isotropic flag manifold of
the symplectic group, and Totaro’s result is interpreted as a generalization
of the classical result in Schubert calculus for Lagrangian Grassmannians
(Jozefiak [16], Pragacz [31, §6]). It is natural to consider a generalization of
the above theory to the double coinvariant rings (or equivariant coinvariant
rings) of complex reflection groups (cf. recent work of McDaniel [20]). From
a geometric or topological point of view, one expects that these rings would
be related to torus-equivariant cohomology of certain “flag manifolds”, and
factorial versions of the Hall-Littlewood polynomials would play a crucial
role.

Moreover, we notice that all the results stated above are formulated in
the ordinary cohomology theory H*(—). In topology, it is classical that a
complez-oriented generalized cohomology theory h*(—) gives rise to a for-
mal group law F"(u,v) over the coefficient ring h* := h*(pt), where pt is
a single point. Three typical examples are the ordinary cohomology theory
H*(—), the (topological) complex K-theory K*(—), and the complex cobor-
dism theory MU*(—), which correspond to the additive formal group law
F,(u,v) = u + v, the multiplicative formal group law Fp,(u,v) = u® v =
u + v — Pfuv, and the universal formal group law Fp(u,v) = u +r v, re-
spectively. By the classical result of Quillen [34, Proposition 1.10], complex
cobordism theory is universal among all complex-oriented generalized coho-
mology theories. Therefore it is also quite natural to ask whether one can
generalize the above results formulated in the ordinary cohomology theory
to complex cobordism theory.
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Motivated by these facts and the preceding results, we introduce fac-
torial and universal analogues of the ordinary Hall-Littlewood P- and Q-
polynomials, which we call the universal factorial Hall-Littlewood P- and
Q-functions (for notation, see :

DEFINITION 1.1 (Definition cf. Naruse [28]). For a sequence A\ =
(A1,..., ) of positive integers with r < n, we define

R D S U 1§ e )i,

WESH/(S1)"XSp—r i=1j=i+1

HQY (: t|b) = > : { x; ¢} H H zit )]

T; +1 Xy
EGSn/(Sl)TXS’,L r i=1j=i+1 i L)

To the best of our knowledge, even a factorial version of the ordinary
Hall-Littlewood polynomials has not appeared in the literature. Here we
emphasize the importance of these factorial Hall-Littlewood polynomials.
In fact, they will be needed in describing the torus-equivariant cohomology
of the p-compact flag variety corresponding to G(e,1,n) (cf. recent work
of Ortiz [30]). In this context, the “deformation parameters” b are inter-
preted as the torus-equivariant parameters. We will discuss this new as-
pect of the Hall-Littlewood functions in more detail in our forthcoming
paper [27].

We will show that our factorial Hall-Littlewood P- and Q-functions have
the so-called vanishing property (see Propositions . This property will
be useful in the so-called GKM description of the torus-equivariant coho-
mology ring of the p-compact flag variety corresponding to G(e, 1,n) ([27]).
By the vanishing property, we can derive a Pieri-type formula for factorial
Hall-Littlewood P-polynomials (see Proposition. Moreover, by a simple
recursive argument based on the associativity of factorial Hall-Littlewood
P-polynomials, we can derive a certain generalization of the hook formula
(see Proposition . We then give a characterization of them in terms of
Gysin maps from full flag bundles in complex cobordism theory (Proposi-
tion . Using this characterization, we derive generating functions for the
universal factorial Hall-Littlewood P- and Q-functions. The idea of getting
our result is to apply the Gysin formula for a projective bundle repeatedly
to the full flag bundle since a full flag bundle is constructed as a sequence
of projective bundles. However, the existence of the deformation parameter
b = (b1,be,...) precludes a direct application of the Gysin formula. To cir-
cumvent this difficulty, we develop a specific modification in each step (for
details, see . Then, by a careful argument, we succeed in getting the
required result. To state it, we need some notation from §§2.1] and
For a sequence A = (A1,...,\;) of positive integers with r < n, we set
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—=L,(n) U;
HP; y, (u1,...,uib) = —
Vo) = s
271 i
u; 4 [t JL“J "‘Lb n—it+1
8 (H Us +]L x] H H - H ul)
Jj=1 3:1 Jj=1 j=1
——1L,(n ——L,(n
1" (b)) = HPY ™ (un, L |B) H?—LPM )(ul,...,ui\b).

=1

Then our main result is as follows:

THEOREM 1.2 (Theorem {4.3). For a sequence A = (A1,...,A,) of posi-
tive integers with r < n, the universal factorial Hall-Littlewood P-function
H P)(zx,,; t|b) is the coefficient ofu™* :ul_)‘l N Tl mHPA o )(ul, cooyup|b):

——L,(n)
HPy (;t[b) = [u™|(HP)" (uy|b)).

Using a similar, but simpler technique, we can also obtain a generating
function for HQY(x,;t|b) (see Theorem . Here we stress the usefulness
of the technique of generating functions. For instance, it is easy to derive
Pfaffian formulas for factorial K-theoretic @-polynomials in a simple and
uniform manner (see Theorem. Moreover, a certain cancellation property
(cf. Pragacz [31], §2|) of the factorial Hall-Littlewood P- and Q-polynomials
can be verified immediately (see Proposition . For further applications
of generating functions to obtain the so-called Pieri rule for K-theoretic P-
and @-polynomials, see also Naruse [2§].

1.1. Organization of the paper. The paper is organized as follows: In
Section [2| we prepare the notation and conventions concerning the universal
formal group law, a Gysin formula for a projective bundle, which will be used
throughout the paper. In Section [3] the universal factorial Hall-Littlewood
P- and Q-functions are introduced, and a characterization of them by means
of a Gysin map is given. The vanishing property of these functions is also
discussed. By the vanishing property, a Pieri-type formula and a generaliza-
tion of the hook formula are derived. Using Gysin formulas for flag bundles
and characterizations of the Hall-Littlewood functions by means of Gysin
maps, in Section [f] we obtain generating functions for these universal facto-
rial Hall-Littlewood functions. In Section |5 using the generating functions,
we show that the factorial Hall-Littlewood P- and @-polynomials satisfy a
certain cancellation property. Pfaffian formulas for factorial K-theoretic -
polynomials can be obtained as a by-product. In the Appendix (Section E[),
we deal with the topic closely related to the current work, namely, generat-
ing functions for the dual Grothendieck polynomials and the dual K -theoretic
Schur Q-polynomials.
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2. Notation, conventions, and preliminary results. For notation
and conventions, we shall follow our previous papers [24, 26]. However, to
make the exposition self-contained as much as possible, we collect some of
them below.

2.1. Lazard ring L and the universal formal group law Fj. Let

Fr(u,v) =u+v+ Z a%juivj € L[u, v]]
6,5 >1
be the universal formal group law, where IL is the Lazard ring. Namely,
FL(u v) is a formal power series in two indeterminates u, v with coefficients
j € IL which satisfies the axioms of the formal group law. For the universal
formal group law, we shall use the following notation:

u -+, v = F1,(u,v) (formal sum),
u=[—1]p(u) (formal inverse of u),
u—rv=u+y [-1]L(v) =u+L T (formal subtraction).

Furthermore, we define [0],(u):=0, and inductively, [n](v):=[n—1]1(u)+Lu
for a positive integer n > 1. We also define [—n]L(u) := [n|p([—1]L(u)) for
n > 1. We call [n]p(u) the n-series. Denote by f1(u) € L ® Q[[u]] the
logarithm of Fi,, i.e., the unique formal power series with leading term u
such that

E]L(u +1 ’U) = KL(U) + EL(U).

Using the logarithm /¢g,(u), one can rewrite the n-series [n](u) for a non-
negative integer n as ¢ *(n - £1,(u)), where £; ' (u) is the formal power series
inverse to £, (u). This formula allows us to define

[t(@) = [t)(z) = (£ (¢ - (@)

for an indeterminate ¢. This is a natural extension of ¢ - x as well as of the
n-series [n|L(x).

Next we shall introduce various generalizations of the ordinary power
of variables. Let @ = (z1,z2,...) be a countably infinite sequence of inde-
pendent variables. We also introduce another set of independent variables
b = (b1,b2,...). Then, for a positive integer k > 1, we define a generalization
of the ordinary kth power z* of one variable = by

k
2[o]f = [ [ (& 41 b)) = (@ 4L b1) -+ (z +1 by).
j=1
We set [z]b]? := 1. For a sequence A = (A1, ..., \,) of positive integers, we

set

@b} = H .

i=175=1
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Similarly, we define

[[el]]f := (2 +1 2)[z[blf ™! = (2 +r @) (@ +1b1) - (@ 41 b))

For a sequence A\ = (A1,...,\;) of positive integers, we set
)\i _ )\i_
[[[b]]2 := [ lx:l02 = [ [ (@i 41 o) il b
i=1 i=1

Moreover, for indeterminates x and t, we define
([ tB]IE = (x 41 [)(@))[[b)y

for a positive integer £ > 1. For a sequence A = (A1,...,\;) of positive
integers, we define
[ o)) o= [ [l o]y = [ [ (i +v [E(@:) s b
i=1 i=1

2.2. Gysin formula for a projective bundle in complex cobor-
dism. Recall from Quillen [33] Theorem 1| the Gysin formula for a pro-
jective bundle in complex cobordism. We shall state his result in a manner
suitable for our purpose (for more details, see Nakagawa—Naruse |26, §3.1|):
Let £ — X be a complex vector bundle of rank n. For any m € Z, denote
by ZL(E) = MU(E) the Segre class of E in complex cobordism, and

Y]L E;u) ZYL
meZ

its Segre series. The explicit expression of .7*(E;u) is

(2.1) .
1 2"
5” (E U) — ’
P s e e e
where 2L(2) =1+ a ;le , and x1,...,x, are the Chern roots of E in

complex cobordism.

Now consider the Grassmann bundle 7! : GY(E) — X of hyperplanes
in E. Denote by Q! the tautological quotient bundle on G!(E). Put x; :=
MU (QY) € MU?(GY(E)). For a monomial m of a formal Laurent series F,
we denote by [m](F) the coefficient of m in F. Note that the Grassmann
bundle G (E) of hyperplanes in E is canonically isomorphic to the projective
bundle P(EY) = G1(E"Y) of lines in the dual bundle EV. Then, by dualizing
the formula |26, (3.4)], we have the following form of Quillen’s Gysin formula:

PROPOSITION 2.1. For a polynomial f(u) € MU*(X)[u], the Gysin map
7l MU*(GY(E)) — MU*(X) is described by

(2.2) mi(f21)) = [ (f () - SH(Bs Lw)).
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This is the fundamental formula for establishing more general Gysin for-
mulas for general flag bundles.

Here we shall fix some notation concerning flag bundles @: Let E — X
be a complex vector bundle of rank n. For » = 1, ...,n, denote by 77" 11
Ferr—beU(B) = Fly—rn—ri1,. .n—1(E) — X the associated flag bundle.
Thus a point in F¢""~L1(E) is written as a pair (z, (Wa)z), where (W), is
aflag, i.e., nested subspaces of the form (W1), C --- C (W;)z, codim (W), =
r+ 1 —14, in the fiber F, of E over each point x € X. Following Darondeau—
Pragacz [4, §1.2|, we shall call the flag bundle of the form 7" 1=l .
Ferr=LY(E) — X the full flag bundle. When 7 = n, we call 7"~ bl .
Fern=bl(B) — X the complete flag bundle, and just write 7 : F(E) — X .
On F{(E), there is the universal flag of subbundles

0=UyCcU;C---CU,=71"(E),
where rank U; = ¢ (i = 0,1,...,n) and we put
(2.3) z; = MY(Uni1-i/Upy) € MU*(FUE)) (i=1,...,n),

which are the MU*-theory Chern roots of E. It is well-known (see e.g.,
Darondeau-Pragacz [4, §1.2]) that the full flag bundle F¢" —1L1(E) is
constructed as a sequence of Grassmann bundles of codimension 1 hyper-

planes @

(2.4)
rodl . =11 1 " 1 ™ 1 w!
T ar (E) =G (Up—yy1) = =G (Up-1) > G(E) = X.

3. Universal factorial Hall-Littlewood P- and @-functions. In
this section, we shall introduce our main object of study, the universal fac-
torial Hall-Littlewood P- and Q-functions, which are universal as well as
factorial analogues of the ordinary Hall-Littlewood polynomials.

3.1. Universal factorial Hall-Littlewood P- and (-functions

3.1.1. Definition of universal factorial Hall-Littlewood P- and Q-func-
tions. We shall use the notation introduced in §2.1} We consider the variables
x = (z1,22,...) and b = (b1, ba,...) with deg(z;) = deg(b;) = 1 for i =
1,2,.... Then we make the following definition:

DEFINITION 3.1 (Universal factorial Hall-Littlewood P- and @Q-func-
tions). For a sequence A = (A1,..., ;) of positive integers with r < n,

(*) The notation concerning flag bundles or flag manifolds varies depending on the
authors. We basically follow that used by Nakagawa—Naruse [24, §4.1] and Darondeau—
Pragacz [4, §1].

(?) Note that, in [4, §1.2], the full flag bundle is constructed as a sequence of projective
bundles of lines.
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we define

HP;(zaitp) = > w- [[w]b]ﬁn 11 xﬁt[ﬂ(%)]

T; X
wesn/(sl)rxsn—r ! +]L J

‘ L [t](z;)
3 w-[[[m,ﬂbHﬁHH 93+1L1‘J]

WESR/(S1)"XSn—r

HQHX(wn;ﬂb) :

where the symmetric group S, acts on the variables x, = (z1,...,x,) by
permuting them. We also define

HPY(x,;t) == HPyY(x,;t)0) and  HQ%(zn;t) := HQ%(z,;t|0).

In what follows, HPY(x,;t) and HQY(x,;t) will be called the universal
Hall-Littlewood P- and Q-functions respectively.

In the above definition, the action of the subgroup (S1)" X Sy, of S, on
the first factors [x|b]? and [[;¢[b]] is trivial, and the second factor

=~ +1 [1](=;)
\<i<ricj<n Ui TLT;
is invariant under this action. Therefore, the action of the symmetric group
does not depend on the choice of a representative w of the coset w €
Sn/(S1)" X Sn—y. Note that for + = —1 in the definition, HPY(z,;—1|b)
(resp. HQ%(xy; —1|b)) coincides with the universal factorial Schur P-func-
tion Py (x,|b) (resp. Q-function Q% (x,|b)), for a strict partition A, which
have been introduced in our previous paper [23] Definition 4.1]. By con-
trast, for t = 0, both HPY(z,;0[b) and HQ%(x,;0|b) are different from
the universal factorial Schur functions s%(z,|b) [23, Definition 4.10] and
Sk(x,|b) [24, Definition 5.1].

3.1.2. Factorial Hall-Littlewood P- and Q-polynomials. The specializa-
tion from Fy,(u,v) = u 41, v to Fg(u,v) = u + v is of particular importance.
Under this specialization, the generalized powers [z|b]F, [[z;tb]]¥ reduce to

k
[]b)" = H(x +05),  llastfp]]* = (x — ta)[z[b]*,

and we obtain new symmetric polynomials denoted by H Py(x,;t|b) and
HQ)(x,;t|b) respectively. More explicitly, these are defined as follows:

DEFINITION 3.2 (Factorial Hall-Littlewood P- and @-polynomials). For
a sequence A = (A, ..., \,) of positive integers with r < n, we define
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HP(zn; t|b) := > v [x‘bAH H x::vg]

WESR/(S1)"XSn—r i=1j=i+1

=Y e e =TT 222

WESR/(S1)"XSn—r i=1j=1 i=1j= H—l

R w'[“rbknnﬁ‘@]

WESR/(S1)" X Sn—r i=1j=1i+1 Ti

=(1-t"x
r Ai—1
> w [T st DT 1T 222,

WESR/(S1)"XSn—r i=1 j=1 i=1j=i+1
We also define
HPy(xp;t) := HPy\(xn;t|0) and HQx(xn;t) := HQx\(xy;t]0),
and call them the Hall-Littlewood P- and Q-polynomials respectively.

Note that, by definition, HQx(xy,;t|b) = (1 — t)* M HPy(x,,;t|0,b). For
a strict partition A, if ¢t = —1, then HP)(x,; —1|b) and HQx(x,; —1|b) =
2N H Py (x,,; —1|0, b) coincide with the factorial Schur P- and Q-polyno-
mials (by replacing b with —b = (—by, —ba,...)) (for their definition, see
Ikeda—Mihalcea—Naruse [12] §4.2]). However, for any partition A, neither
HPy(x,;0|b) nor HQx(xy;0[b) coincides with the factorial Schur polyno-
mial (for its definition, see Molev—Sagan [21], §2, (3)]).

EXAMPLE 3.3. Direct computation using Definition gives some ex-
amples:

n

HPgy(xn;t|b) =21 + -+ 2n + ﬁbla
H P2y (xn; t|b)
1— ¢t Lt DA —t")
1—t"

H P9y (0;11b) = 5(2)(®n) — ts12) (@) + (b1 4 b2)s1y(zn) + b1b2 —

Here my(x,) and s)(x,) are respectively the monomial Symmetrlc polyno-
mials and Schur polynomials corresponding to A.

If X is a partition of length ¢(\) =r < mn,ie, Ay > --- > A\ > 0, our
factorial Hall-Littlewood P- and @-polynomials are related to Macdonald’s
Hall-Littlewood P- and @-polynomials in the following way: We rewrite A
as A= (nf'---nh?), where ny > -+ >ng =0, p; >0 for each i, pg =n —r,
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and Z?Zl pi = n. We put v(k) := Zlepi for k =1,...,d and v(0) :=
Denote by Sy, the symmetric group on py letters v(k —1) +1,...,v(k) for
k=1,...,d. Thus the stabilizer subgroup S, of A under the action of S,, on

\ is given by S = Hizl Sp,.- For an integer k > 0, let vi(t) := Hle 11:t;,
and for the above partition A, we define @

d—1
vAso(t) 1= H Upy, (1)
k=1

Using the identity

x; —tx;
wESy 1<i<j<n ! J

of [19, Chapter III, (1.4)], one can prove the following fact along the same
lines as for the usual Hall-Littlewood polynomials in [19, Chapter III, (1.5)]:

T, —tx;
32 HR@l) =oeo0x X wefwbp [ 22
WESn /S 1<i<j<n J
)\i>/\]'
Thus H Py (x,;t|b) is divisible by vy~ (t). Taking this fact into account, we
define

(3.3) Py(@n; tb) 1= ———— HPy(n; t|b),

vAso(t)
or equivalently

(34)  Py(anitlb) = Z -[m\b 11 ””‘“ﬂ

L ﬂjz - 1:]
€Sn/ I<i<j<n
)\1‘>>\]‘

It is this polynomial that can be considered as a factorial version of Mac-
donald’s Hall-Littlewood P-polynomial Py(x,;t). Putting b = 0 in , we
have HPy(xy;t) = vaso(t)P\(xyn;t). In particular, for A strict, H Py(xp;t)
coincides with Py(x,;t). On the other hand, by the argument in Macdon-
ald’s book [19, pp. 210-211], we see that HQx(xy,;t) equals the ordinary
Hall-Littlewood @Q-polynomial Q(xy;1).

REMARK 3.4. (1) The universal analogue of the left-hand side of (3.1)),

namely, B
S

wESy 1<i<j<n

(*) Do not confuse vx>o(t) with vx(t) := [[;5 vm, (t) in Macdonald [19, Chapter III,
§1], where m; = m;(\) means the multiplicity for each i > 0.



The universal factorial Hall-Littlewood P- and Q-functions 11

is no longer a polynomial in t alone (it contains the variables z1,...,zy).
Therefore a formula analogous to (3.2]) does not hold in this case.

(2) For a general sequence A of positive integers, H Py(x,;t|b) may not
be divisible by vysq(t).

3.2. Characterization of the universal factorial Hall-Littlewood
P- and @Q-functions. Geometrically, the universal factorial Hall-Little-
wood P- and @Q-functions are characterized by means of the Gysin map
for certain flag bundles. (We learned this idea from Pragacz’s work [32].)
Let ¥ — X be a complex vector bundle of rank n, and zi,...,x, the
MU*-theory Chern roots of E as in . Consider the associated full flag
bundle 7"~ b-l o Ferr=bewl(F) — X. Then the Gysin homomorphism
(b s MU*(Fe+Y(E)) — MU*(X) is described as the following type
of a symmetrizing operator (see Nakagawa—Naruse [24, Theorem 4.10], and
also Brion [3, Proposition 1.1] for cohomology): For an (S1)" X Sy,—,-invariant
polynomial f(X1,...,X,) € MU*(X)[Xy,...,X,]®)" S~ one has

@) = Y[ e

e icicn (@i FLTG) ]
WESn /(S1)" X Sn—r HISZST,Z<]§’H( t TL J)

Then it follows from Definition [3.I] and the above description of the Gysin
homomorphism (7"1), that the following formula holds:

PROPOSITION 3.5 (Characterization of the universal factorial Hall-Lit-
tlewood P- and @Q-functions).

(3.5) () ([@lb TT TT @+ [(@))) = HPY: (@ni D),

i=1 j=i+1

6o) et (et T I @+ @) = Hk(eailb)

i=1 j=i+1
Here b= (b1,ba,...) is a sequence of elements in MU*(X).

At first sight, this characterization seems to be merely a paraphrase of
Definition [3.1} However, this geometric interpretation will be crucial to our
current work. In fact, as shown in §4] a careful application of the fundamental
Gysin formula to the left hand sides of , enables us to obtain
the generating functions for the universal factorial Hall-Littlewood P- and
Q-functions.

REMARK 3.6. As a special case of the above result, the factorial Hall-
Littlewood P-polynomial H Py(x,;t|b) is characterized by the cohomology
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Gysin map:

(n" (m]b H H — tx;) ) — HP\(n; {|b).
i=1j=1+1
A factorial version of Macdonald’s Hall-Littlewood P-polynomial Py (x,;t|b)
can also be characterized by the Gysin map: Consider the partial ﬂag bundle

™ FONE) := Ferld=Dx(d=2)v()(F) 5 X Here we write A = (n}* - --nh?)
and v(k) =" p; as in &. Then

(a:|b H H — tx, ) = Py\(2n;t|b).

i=1j=1i+1

3.3. Vanishing properties of factorial Hall-Littlewood P- and
@-polynomials. It is known that the factorial Schur S-, P-, and @-polyno-
mials have a remarkable property called the vanishing property (see Molev—
Sagan |21 Theorem 2.1], Ivanov [I5] Theorem 5.3]). In this subsection, we
shall show that our factorial Hall-Littlewood P- and @-polynomials also
have this property. Let b = (b1, be, .. .) be a sequence of indeterminates, and
t be an indeterminate. For a partition u = (u1, po,...), let m; = m;(u) be
the multiplicity of ¢ (1 < i < ), i.e., the number of components in p of
size 1. We define

—bu(t) = (b (1), ..., —by (1), b (1)),
where —b¥(t) == (=b;, —tb;, ..., —tF"1b;) (we set —bY(t) = (), the empty
sequence). Let us consider substituting the variables x,, = (z1,...,z,) with

the sequence —b,,(t) for a partition g of length ¢() < n. We sometimes
write &, — —by,(t), or more specifically, say, 1 — —b,, when we make
such a substitution. After the substitution «,, — —b,(t), denote by ev,(x;)
(¢ =1,...,n) the ith entry of —b,(t). Then we have

(evll«(‘rl)) s 7evﬂ($n)) = _bu(t)

We also use the notation ev,(f(z1,...,2,)) = f(evu(x1),...,ev,(zy)). For
example, if p = (5,5,5,4,1,1), then my(u) = 2, ma(u) = 0, ms(u) = 0,
m4(,u) = 1, mg,(u) = 3, and _bM() ( b5, tb5, t2b5,—b4,—b1,—tb1),
evu(azl) = —bs, evu(azg) = —tbs, evu( 9 — tl’l) = —tbs — t - (—b5) = 0, etc.
With these notations, we can prove the following:

PROPOSITION 3.7 (Vanishing property). Let A\, u be partitions of length
at most n and set i ;== p+ (1") = (1 +1,..., un + 1). Then the factorial
Hall-Littlewood P- and Q-polynomials have the following vanishing property:

(1) If pw 2 A, then
HQ)\(_b/l(t)707---a0;t|b) :07 HP)\( ( ) t‘b)_o

n—€(u)
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(2) If w= A, then

A1 mgq(A) q

HOQA(—br(1),0,...,0;¢8) = [] T] (H —thLpy 4 tme M ))

n—t()) q=1 k=1 p=1

)\1 mq —1

HP\(~by (£):1b) = vas0(t) [ [ H (H tk_lbq—l—tmf’(;\)bp)).

q=2 k=1 p=1

Proof. We only handle the case of H Py(xy;t|b); the case of HQx(xy;t|)
can be proved similarly.

Assuming A ¢ pu, we can find the minimal k& such that A > puy
(1 <k <{4(\) =r). For each choice w of w € S,,/(S1)" X Sp—r, we will show
that the corresponding summand in (3.2]) vanishes, i.e.,

x; —tx;
R e Vi I .0
? J Tn——bp (¢

1<i<r, i<j<n

For the permutation w, take the minimal d (1 < d < k) such that w(d) > k.
Then we divide the discussion into two cases:

Cast 1: w(d) = 1 or [w(d) > 1 and py(g)—1 > fw(a)]- In this case,

A _
([xw(d)|b] d)ﬂﬁw(d)—mVﬁ(xw(d)) =0

because vy (Ty(d)) = —bp,gy+1 a0d Ag > A > i > fyy(a)-
Case 2: w(d) > 1 and fiy(g)—1 = pw(d)- In this case, we claim that

w( —1 w(j
evﬂ( 11 M)—O-

X X
1<i<r, i<j<n “w(@) — Lw(j)

First note that, by the minimality of k, we have w(d) > k. Let p (1 < p <n)
be an integer such that w(p) = w(d) — 1. Then, by the minimality of d,
we have d < p < n. Since fi,yp) = @) and w(d) = w(p) + 1, we have
evi(Ty@) = t - eva(Tup) As 1 < d < rand d < p < n, the factor
eV (Tw(d) — tTw(p)) vanishes, and our claim follows.

When p = A, we first show that each summand corresponding to
w € S,/(S1)" X Sp—, vanishes under the evaluation evy, except for w =€
(where e is the identity element). In fact, if w # €, we can find minimal d
such that 1 < d < r and w(d) > d. Then, by dividing the argument into
the cases of Ay@)—1 > Aw(@) and of Ay(g)—1 = Ay(q), we can show that the
corresponding summand vanishes under evy.

For w = e, we can evaluate the term as follows. For each ¢ (1 < i <),
we can write evA( z;) = t*"1b, (k > 1, ¢ = X\ + 1 > 2). Then the direct
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computation yields

Crom—tx 1 — gma(M)—k+1 1 N
ev;\([mﬂb])‘z 12 xﬂ) = [Tt "o, + 7P,

Ti— Tj 1-t¢
j=it1 Tt p=1

We then take the product of all these evaluations for 1 < i < r. Since

51 ma) | (ks

1T 11 — - = vaso(t),

q=2 k=1

we get the desired formula. =

More generally, we can prove the vanishing property of the universal
factorial Hall-Littlewood P- and Q-functions in a similar way. We only state
the result, for which we need some notations. For a partition p, we define

Bﬂ[t] = (E:ZM [t]v EZLlu—ll_l [t]v s 75312 [t]v Egnl [t])v
where Bf[t] = (by, [t](by), ..., [t*1](B;)) (we set E?[t] = (), the empty se-
quence).
PROPOSITION 3.8 (Vanishing property). Let A\, u be partitions of length
at most n and set i = p+ (1") = (p1 +1,..., un +1). Then the universal
factorial Hall-Littlewood P- and Q-functions have the following vanishing

property:
(1) If pw p A, then
HQX(Bu[t],0,...,0:t[b) =0,  HPy(by[t];t|b) = 0.

n—(u)
(2) If p =\, then
A1 mq(A) q
HQx®:0... ost) =TT 11 (H (E1(Bg) +2 [N (0)) )
n— a) e=1 k=1 p=l
A mq .
Py e0) = oo T 1T (H (125 1)(B) -+ [ D)0y ).
q=2 k=1 p=1

3.4. Pieri-type formula and hook formula. The vanishing property
established in the previous section is useful in that one can derive from it
several interesting results on factorial Hall-Littlewood polynomials. Denote
by A(x,) = Z[z1, ..., x,)°" the ring of symmetric polynomials of n variables,
and by P, the set of partitions of length < m. Then it is known that the
usual Hall-Littlewood P-polynomials Py(xn;t) (A € P,) form a Z[t]-basis
of A(z,,)[t] = Z[t] ®z A(zx,) (cf. Macdonald [19] III, (2.7)]). Therefore there
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exist polynomials ¢ (t) = C)\EL )( t) € Z[t] such that

Pr(@n; t)Pu(@nst) = Y K () P(@n;t) (A p,v € Pr)
It is known (see Macdonald [19, III, (5.7)]) that the following Pieri-type
formula holds:

(3.7) P(l)(mm t)Pu(mm t) = Z au/u(t)PV(mnS t),
nCv, |v/ul=1

where the polynomial a,/,(t) = al(j%( ) is given by

box in the jth column. As for the factorial version of Macdonald s Hall-
Littlewood P-polynomials Py(x,;t|b) (see (3.3)), one can consider a simi-
lar problem: First we see that the factorial Hall-Littlewood P-polynomials
Py\(zy,;t|b) (A € Py,) form a Z[t] @7 Z[b]-basis of A(x,|b)[t] := Z[t] 7 Z]b] Rz,
A(xy,), where Z[b] = Z[by, ba,...] is the polynomial ring in indeterminates
b = (b1,by,...). Therefore there exist polynomials c§  (¢|b) = c; () (t|b) €
Z[t] ® Z[b] such that

(38)  Pa(@n;t|b)Pu(zn;th) = > &5, (t1b) Py (@ tb) (A, v € Pr).

v

1tj()

if v/u has a

By definition, the “structure constant” c§ ,(¢[b) is a homogeneous polyno-
mial of degree |A| + || — |v| in the indeterminates b = (by, ba, . ..) with co-
efficients in Z[t]. Comparing the highest homogeneous components in x,, =
(z1,...,2yn) on both sides of (3.8)), we see that

) {cx,,xt) it 1A+l = v
’ 0 if (A + |p] < v
From the commutativity of the product on the left hand side of , the
symmetry cf (t|b) = ¢, A(t|b) holds obviously. Furthermore, using the van-
ishing property |( Proposmon we claim that c)\ (t|b) is zero unless
A C vand p C v. The proof proceedb as follows (Cf Molev—Sagan [21],
p. 4434]): Fix A\, p and let v be a minimal partltlon with respect to the con-
tainment relatlon such that c§ ,(t[b) # 0 in ). Suppose that p ¢ v. We
set &, = —by(t) in (3.§). Then), by Pr0p081t10n 13.7(1), we have
0 =X u(tb) P (=by(1); t[b).
By Proposition (2), we have P,(—b,(t); t|b) # 0, and hence c§_(¢|b) = 0.
However, this contradicts cf ,(t[b) # 0, and hence p C v holds. From this
and the symmetry relation ¢ ,(t|b) = ¢}, (t[b), our claim follows.
Now we consider the case where A = (1) in . Then, by the known
properties of the structure constants, we only need to consider those v with

(*) By the definition 1) Py (x,;t|b)’s also satisfy the vanishing property.
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p C vand |v| < |u|+ 1, Thus (3.8) takes the following form:
Py (xn; t|b) Pu(2n; t)b) = cé)’u(t\b)Py(:vn;t]b)

S (B P tlb).
uCv, lv/pl=1
Setting x, = —by,(t) and using the vanishing property, we see that c’é (t|b)
= P1)(—by(t); t|b). On the other hand, for degree reasons, we have =0 (t|b)
= 0(1)7“( ) = a,,/,(t) when p C v and |v/p| = 1. Thus we obtain the followmg

formula:

PROPOSITION 3.9 (Pieri-type formula for factorial Hall-Littlewood P-
polynomials).

Py (@n; tb) Pu(n; t[b) = Py (—bp(t); £[b) Pu(@n; t|b)
+ Z au/u (CL‘n,ﬂb)

wCu, |v/pul=1
Using Proposition [3.9] we can derive a generalization of the so-called hook
(length) formula. We argue as follows (the following argument is essentially
the same as that given in Molev—Sagan [2I], Proposition 3.2] for factorial
Schur polynomials, although they did not mention the relation to the hook
formula; for this type of argument, see also Naruse-Okada [29, Lemma 4.5]).
For simplicity, we shall use the abbreviated notation P, CK, W and a,/, for

Py (xn;tlb), cA’Zl (t|b), and a&”}iﬁ(t) respectively. Then our hook formula can
be stated as follows:
PROPOSITION 3.10 (Hook formula for factorial Hall-Littlewood P-poly-

nomials). Let p be a partition of length () < n and size |u| = k, a positive
integer. Then

(3.9)
Z Que—v /) Q@ Q) /)
(k) (2) (1)
wo_ N w o
=@ 2pM 2 2p® =0 €(1).p T Cyu® W T )@ W T 1)

1
 Pu(=ba(t);tlb)”
Proof. We use the associativity of the product
(PyPx) Py = Py (PaPy),
and take the coefficient of P, on both sides. Using the fact that ¢ 5 is zero
unless a C v and 8 C ~, and Proposition we have
o

A M YR
Qi t DL =y,
uDVA, [v/A|=1
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and therefore

A
(Cll(Ll)vN N C(1)=>‘)Cl/\inu = Z OZV/)\ Cﬁ,p‘
uOUVN, |v/A|=1
By definition and Example we know that P(l)(mn; to) =1+ +x, +

11__15: b1. Therefore, if ;4 2 A, we see that

1y~ i = Py (=ba(t); t[b) — Py (=bs (1):]b) # 0.
Thus we have the following recurrence formula:
Ay /X
Cf{,u = Z Wcﬁu'
pDr2N w/Al=1 (e T(1),A

Using this recurrence formula repeatedly, we obtain

C'u — Z a'u,(k_l)/u(k) . a“(o)/u(l) cu’
0,# i /L(k> W H’<1) [y
(& —C C — C
p=p0 2p M 2 2R =0 =(1),u "~ “(1),u(R) (D 7(@),p®

The fact that C'g p = 1 is obvious from the definition of structure constants.
The value of ¢}, equals P,(—bj(t);t|b) by the vanishing property, Proposi-
tion [3.7] Therefore, we have the desired formula. =

As mentioned before the proposition, one can obtain a similar hook for-
mula from [2I] Proposition 3.2]. More concretely, in their notation,

(310) 2 1 =

@:p(0>—>p<1)—>—>p(l>iu (‘CLV‘ - ’ap(o)’) ... (’ay| - ‘ap(lfl)‘)

We remark that this formula can be interpreted as a special case of Nakada’s
colored hook formula [22 Corollary 7.2], which is a generalization of the
famous hook formula due to Frame-Robinson-Thrall [6]. As an example,
let us take v = (2,2) and n = 2, the number of variables. Then the above
formula leads to

1
(a3 —az)(a3 — a1)(as — ar)(as + az —az — a1)

1

(a3 — az)(as — a2)(as — a1)(as + a3 — az — ay)
1

(ag —az)(az — a1)(as — a2)(as — a1)

+

Now consider the simple root system {aq, g, ag} of type As. If one represents
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the simple root a; as a; —a; 41 for i = 1,2, 3, then the above identity becomes

1
sy + ag)(on + az + az)(a1 + 202 + a3)
N 1
ag(ae + a3)(ag + ag + ag)(ag + 2a9 + as)
1
B az(oq + a2) (g + az) (a1 + a2 + a3)’

which agrees with the example given in [22] p. 1088]. When we specialize t to
be 0, our factorial Hall-Littlewood P-polynomial H Py(xy;0[b) = Py(x,;0/b)
does not coincide with the factorial Schur polynomial sy (x,|b) @ Thus the
t = 0 specialization of our hook formula yields another colored hook
formula (see the example below). It is well-known that the classical hook
formula and its shifted analogue have geometric background known as Schu-
bert calculus, and are closely related to the combinatorics of Grassmannians,
root systems, and Weyl groups (see, e.g., Hiller [10]). In our forthcoming pa-
per [27], we shall discuss the geometric or topological background of our hook
formula, in relation to the complex reflection groups G(e, 1,n) and G(e, e, n)
(for the root systems of these groups, see Bremke-Malle [T}, 2]).

(3.11)

ExXAMPLE 3.11. For the partition p = (2,2), the explicit form of our
hook length formula is as follows: First note that there exist two “paths”
from p=(2,2) to 0 = ():

)
From the fact that iy = € m(tb) = P((S)(

ing result directly:

—by(t);t|b), we get the follow-

0 _
), = O

(1) _ n—1
c(l),(l) = —by+t by,

B 1y = (L4 £)(=ba + £72by),

(2) _ n—

C1),(2) = —bs +1t 151,

(271) _ n—2
C(l),(Z,l) - _b3 - b2 + (1 + t)t bl,
2B = (14 1)(—bs + " 2by)

(1),(2,2) — & 1

(°) In the definition of the factorial Schur polynomial s (x|a) given by Molev-Sagan [2T}
§2, (3)], we replaced a doubly-infinite variable sequence a = (a;), i € Z, by b = (b1,b2,...).
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Similarly, o,/ = ozg;))\ (t) can be computed directly from the definition, and

we get
ae/en =1+t aeye =1 acyan=L ogm=1L
aan/m =1+t oo =1
By Proposition we have, for p = (2,2),
P (—bp(t);t|b) = (—bs + " 2by ) (—tbs + t"2b1)(—bs + ba)(—tbs + ba).
Therefore our hook formula gives the following identity:

1+t 1 1
—thy + by <—tb3 +#1=2h;  —bs — thy + by + t"—2b;
1 1+t
b by ths + by 4 thy  —bs — thy & by + t"—2b1>
1

% —bg — tbg + tn72bl + t"flbl
1
(—bg + tn_2bl)(—tbg + t”_le)(—bg + bg)(—tbg -+ bg).

4. Generating functions for the universal factorial Hall-Little-
wood P- and @Q-functions. In this section, by utilizing a Gysin formula in
complex cobordism (Proposition we shall derive the generating functions
for the universal factorial Hall-Littlewood P- and @-functions.

4.1. Generating function for H P} (z,;t|b). The basic idea is to apply
the fundamental formula repeatedly to the characterization (3.5 to
obtain the generating function. Here we remark that formula still holds
for a formal power series f(u) € MU*(X)|[[u]], and we shall use such an
extended form of . However, we will be confronted with some difficulty
when we apply the formula to . In order to clarify the difficulty, let us
consider the simplest case A\ = ()\1) with A; > 1 (and hence r = 1) of (3.5).
We wish to push forward the expression [z ]b] [Tj—o(z1 +L (= )) via the

Gysin map 7} : MU*(GY(E)) — MU*(X). Naively, setting
Fu) = [u]blp" - H u -+, [t

we wish to compute m}(f(x1)). However, one cannot regard f(u) as an el-
ement of MU*(X)[[u]]. Therefore we consider the following expression in-
stead:

u|b M

filu) := " H u+r, [t)(Z5))

Jj=1



20 M. Nakagawa and H. Naruse

Since symmetric functions in xi,...,x, can be regarded as elements of
MU*(X) (x1,...,z, are the Chern roots of E), the coefficients of f;(u) with
respect to u are actually in MU*(X). Moreover, obviously f(z1) = fi(z1).
However, it is not a formal power series in u because of the constant term
b1 ---by, in the numerator, and therefore formula does not apply di-
rectly. We further modify f;(u) to

u|b M -
an  fw) = [T+ ) = ) (CICETE)

7j=1 7=1

The effect of subtracting [ j:l[ (w41 Z;) (we call it the “correction term”)
is two-fold: Firstly, the expression [[7_, (u +v [t](Z;)) — [[j=; [t](u +1 7;) is
divisible by wu, and therefore fo(u) becomes indeed a formal power series in u
with coefficients in M U*(X). Secondly, when we substitute x; for u, we have
f(z1) = fa(z1) by the obv1ou5 1dent1ty [T;=:[t](z1 +L7;) = 0. Therefore the
fundamental Gysin formula (2.2)) does apply to fa(u), and the result is

HPJ, (2 1b) = o) = 0w B
— [unl][ [u‘b]lil
wo, f(a)
ATl @) - Tz} #5170
j=1 j=1
on 1 U
- S

Cut @) )|y uub
X{H U+ T ]1_{ U+, T }H U :|

J=1 J=1

EXAMPLE 4.1. As a special case of the above formula, the ordinary fac-
torial Hall-Littlewood P-polynomial corresponding to the one-row (A1) is
given by

1 nou—tx )\lu—l-b
. = — Wy n J
e e ([ ) 0]

j=1 j=1

In particular,

_ 1 Su—tx; u+b
HP)(2n;t[b) = [u™] [H<H -t ) x 1}

! uU—x; u
Jj=1

1 1-—1t"

1_tQ1($na )+ 1_+¢ 1

:xl+x2+"'+CEn+(1+t+t2—|—...+tn*1)bl‘
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Here g, (xn;t) (r =0,1,...) are given by the following generating functions:
n
z —tx; 1- ta:]
= i
[ -T2 -Sa

j=1
For a general sequence A = (\q,...,\,) of positive integers with r < n,
we need to compute the image of

lt [T T1 (=i + (@)

i=1j=i+1

z=u~1

under the Gysin map

(7Ll MU (FE-H(E)) — MU*(X).
This image can be computed by applying «7, 7=, ..., 7} successively. In
each step, we use the modification such as (4.1)), i.e., subtracting the “cor-
rection term”. This technique enables us to apply the fundamental Gysin

formula ([2.2]), and we are able to show the following result:

LEMMA 4.2. For a sequence X = (\1,...,\.) of positive integers with
r <n, we have

T n

(42) @b (B IT IT it )

Uu; 1
[Hu } [H wi 1 [t(@)  PL(u;)

o w T e e ) S w
A
Uj +1L Uj 4 U; +1L bj:|
X ; X :
1<icjr 4 L @) j=1 W
Proof. To find the desired push-forward under the Gysin map
(WT’T_L“"I)* = 7Ti 0:++0 7rT Lo 71'*’
as explained above, we proceed inductively. For a = 1,...,r — 1 we assume

that

(4.3) (7?7"_“+1o...07rr_1owr)*<[x|b]ﬁH IT i+ [t](@-)))

i=1j=i+1
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= [ur=)
[T_a[wi!b]A" ﬁ (z; +1 [t)(T5)) - f[ il
i=1 - j=i+1 ’ imraq1 Wi +r [t](w;)
- T Towt @) T -
u; 1 [E(T5)) — L t)(u; +1 T;
X{FEH< wl@) = 11 gy 11 e >}
< M Moz T ot 11 @)
i=r—a+1j=1 r—a+1<i<j<r Uj a1

We would like to push forward this formula via the Gysin map
I MU*(GI(Un,T+a+1)) - MU*(GI(UnfT+a+2))~
Taking (4.1) into account, we modify the right-hand side of (4.3]) as

S | QRS ER I |
(Tr—q +1 [t](T; B Lr—q ]LCCJ)}

Tr—q TL [ ](xr a

j=r-a j=r—a
- [ui b]2 1 n
< M {u @) H (ui 1. ()
ot [t](w;) 1 n .
) j=rl—£+1 [t (ui +L ;) [t)(uwi +1 Zr—a) j:]-:[a[t] (ui +1 xa)}
T r—a—1 r
X H H (Uz “+L Tj) X H (Uz +L frfa)
i=r—a+1 j=1 i—r—at1

S | B R LA | ﬂH‘(E;l/ui)}

r—a+1<i<j<r U L [t] (Uz) i=r—a+1

Then, we apply (2.2). In the above modification, we divide both the denom-

inator and the numerator of ——+—— by u;, and consider it as a formal
ui+L[t](Tr—a)

power series in x,_,. We also treat al y in the same manner. With

1
Ui+ LTr—a
this remark, the result is just replacing x,_, by the formal variable u,_g,
and multiplying by #“(U,_r1a11;1/ur_q). Then, we extract the coefficient
of up'~7 . Since we know from (2.1)) that

r—a—1
yl(Un—r+a+1; 1/ur—a) = uffz_a_l) (ur—a +L fj) X yL(E§ 1/ur—zz)>

j=1
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we see directly that formula (4.3]) holds for a 4+ 1. Therefore, when a = r,

() ([l TT TT G+ (@)

i=1j=i+1
_ n—1 n—1
=[u]" . our
s n - — n
[H [“1"’ {Hu [tz H CREAUICN g (IS }
% j — i 7
wi +1 [t] (ui) i1 il J (i +1L uj) a=1

— T
Uj +1L Us H L
X — = x| | S(E; 1/uz)]
1<idj<r W TL [t](wi) i=1
Then, using the Segre series (2.1]), we obtain the required formula. m

By (3.5), the left-hand side of (4.2) is HPy(xy;t|b), and hence the right-

hand side gives a generating function for H Py (z,;t|b). Let us simplify this
generating function in the following way: First note that

Uj +1L U o U; ‘l’]L U] i Uq ‘HL u]
- Tt =T

1<idjer Wi TL [#](wi) 1<j<i<r &

Therefore if we put

HP (ur, ... uglb) =

HPY ™ (u,b) = HPY " (urs o b) o= [T HP (s i),

then
(4.4) HPY (@0:t)b) = [u | (HPY ™ (u, |b)).

Moreover, observe that:

* LRGPy @ formal power series in u;.

[t ul-i—]LxJ) i—1 Ui+ Uy . . .
[ ] —_— . —_—_— .
[T i=1 utia; [ j=1 (it o15) is regarded as a formal power series in u;
with cons‘gant term "t
o I[GL, L:L L is a formal Laurent series in u; whose lowest degree term is
T

N . Ai
u; "~ with coefficient [}, b;
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Taking the above observation into account, we put

——1L,(n
HPZ,)S, )(u17 v 7uz‘b) =

g 1

ui +r [t (W) PC(ug)

_y i—1 _ Ag Ai
(I T s T e e T )
u; +1 T ot u; 41, [t] (ﬂ]) U; e u; )’

j=1 !

1P "™ () = HPY ™ (s ) - H%Pif)(ul,...,uﬂb).

=1

Then we can reduce ’HP)\ ) (u,|b) to HPA7( )(ur|b), and obtain from 1j
the following result:

THEOREM 4.3 (Generating function for H Py (z,,;t|b)). For a sequence

A= (A1,...,\) of positive integers with r < n, the universal factorial Hall-
Littlewood P-function H Py (x,;t|b) is the coefficient of u™ = uf)‘l ey
L,(n)

in HPy" " (ui,. .., up|b):

HPE (0 1b) = [ (HPy ™ (b)),

If we specialize the universal formal group law Fp(u,v) = u 4+ v to
F,(u,v) = u + v, the above generating function takes a relatively simple
form:

HP (ua,... i)

1 u; — tx; U; — ul—l—b gnitl
1—t<1:[ uz—x]jl:‘[ —tu U ]-_[uZ

7 j=1 =

1P\ (ur|b) = HP (un, .y |B) = H%Ef}l(ul, L wlb).

=1

Thus we have the following corollary:

COROLLARY 4.4 (Generating function for H Py(x,;t|b)). For a sequence
A= (A1,...,\) of positive integers with r < n, the factorial Hall-Littlewood
P-polynomial HPy(x,;t|b) is the coefficient of u™> = ul_)‘l coeu A n

()

HP)\ (Ul, PN 7U7=|b).'

HPy (3 ]b) = [u™(HPY" (ur|b)).

4.2. Generating function for HQY%(z,;t|b). Next we shall derive the
generating function for HQ%(x,;t|b). In the one-row case A = (A1) of (3.6),
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we push forward the expression

(21 4o [t)(@1) [z B} 1 -
prrmar el | (CRCAGICR)

j=1

9017t|b H x1 L [t)(T))) =
7j=2

n
= a0 [ [ (a4 [8)(z5)),
j=1
which is a formal power series in x1, and so we can apply (2.2)) to obtain
HQY (@, 116) = [ -y
Ai—1

[H HUZ_HLH( ) H U]‘HLUz g uz‘-l-]Lb]}
a@ﬂ" , ]—l-]L U; )

U X;
i TLT o, i=1 j=1

For each non-negatlve integer k, we set

n _ k
L,(n) 1 u . [t)(7;) u 1 b,
1O (ulb) = QL(U)H it xg —

For a sequence A = (A1,..., ) of positive integers with r < n, we set

1™ (u,|b) = HQ”;(’” (u1, ..., up|b)

—HHQH;E”I (wilp) J] 4

1<idj<r W L [#)(za)
Thus we have the following result:

THEOREM 4.5 (Generating function for HQ%(z,;t|b)). For a sequence
A= (A1,...,\) of positive integers with r < n, the universal factorial Hall-
Littlewood Q-function HQ(x,;|b) is the coefficient of u™> = ul_)‘1 R ey

in HQI/[\"(n)(ul, . up|b):
HQX (; 1]b) = [u | (HQY™ (u,[b)).

5. Application of generating functions

5.1. e-Cancellation property. A symmetric polynomial f(z1,...,x,)
with coefficients in Z has the Q-cancellation property if whenever the sub-
stitution z1 = a, x9 = —a, a an indeterminate, is made in f, the resulting
polynomial is independent of a (Pragacz [31, §2]). It is known that the Schur
P- and Q-polynomials satisfy this cancellation property. The notion of the Q-
cancellation property is generalized in the following way: Let e > 2 be a fixed
integer, and ¢ = (. be a primitive eth root of unity. We define a®(¢) to be the
sequence (a, a, (2a,...,(* 1a). Suppose that e < n. Then a symmetric poly-
nomial f(z1,...,z,) with coefficients in Z[(] has the e-cancellation property
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if f(a®(¢),Zet1,-.. o) = f(a,Ca,%a,. .., ¢ a,zert,. .., 1,) does not de-
pend on a. In the case e = 2, this property is nothing but the Q-cancellation
property. By specializing ¢ to be (, the factorial Hall-Littlewood polynomials
H Py(xy; ¢|b) and HQx(xy; (|b) are symmetric polynomials with coefficients
in Z[¢] ® Z]b] = Z[(] ® Z[b1,ba,...]. Thus one can ask if these symmet-
ric polynomials have the e-cancellation property or not. In this subsection,
as the first application of our generating functions, we shall establish the e-
cancellation property of the factorial Hall-Littlewood P- and @-polynomials.

PROPOSITION 5.1 (e-Cancellation property). Assume that e < n. The
factorial Hall-Littlewood polynomials H Py(xy; (|b) and HQx(xy; (|b) have
the e-cancellation property.

Proof. Let r be the length of A\. By Corollary HP)(x,;C|b) is the
coefficient of w~* in the generating function

1 7 C 1 Al z+b n—i A b;
(5.1) 7(1_0 H(HZ _;]1;[ U UW i_¢ +1HuJi>.

i=1 “j=1 j= —
Substituting (z1,...,2.) with a®(¢) in each factor [];_ u__a , we have
J
€ y n n
H u; —¢’a % H u; — Cxj H uj — Cx;
1 S PO
o1 Ui ¢~ ta e WiTT T Wi T

since (¢ = 1. Therefore, (5.1)) depends neither on a nor on x1,...,x. after
substitution. From this, the e-cancellation property of H Py (:Bn, C|b) follows.
By Theorem (4.5, HQ (mm C|b) is given as the coefficient of w™> in the gen-
erating functlon
u—Cm] i u+ bj uj — U
— X —

H H U — T, H U H u; — Qu;

1=1j=1 j=1 1<i<y<r
From this, the e-cancellation property of HQy(xy;(|b) follows just as for
HP)\(wn; C‘b) .

REMARK 5.2. For the universal factorial Hall-Littlewood P- and Q-
functions, we substitute (z1,...,x.) with

a®l¢] = (a,[¢)(a), [¢*)(a), - . [¢*7M](a))-
Using Theorems and one can then verify easily that H Py (x,;(|b)
and H Qﬂx(mn; ¢|b) satisfy the e-cancellation property too.

5.2. Pfaffian formula for GQ,(x,|b). As another application of our
generating functions, we shall derive the Pfaffian formulas for the K-the-
oretic factorial @-polynomial GQ,(x,|b), which seems to be new. In what
follows, we assume that the length ¢(v) of a strict partition v is 2m (even). We
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consider the specialization from Fi,(u,v) = u+g v to Fp,(u,v) = v @ v with
t = —1. Then HQ%(x,;t|b) specializes to GQ,(x,|b), and the generating
function H QL™ (uam|b) reduces to

Uj O Uy
)
Uj; D u;

(5_2) QQ( ’u,2m|b Hng(,n)_l uz|b H

1<i<j<2m

where, for each non-negative integer k, we define

n k
(™) (b 1 ud x; u® b
Q" (ulb) - HBUHU%XH :

1 rl4(u .
_1+ﬂuj111+(—1+5 XH{1+ A}

This is a generating function for the factorial K-theoretic Q-polynomials
GQ,(x,|b). Here we recall from Tkeda—Naruse [14, Lemma 2.4| the formula

p (x] {L‘Z> _ T — T
Tj D Ti ) 1<ici<om 1<i<;<2m Tj Dz

Thus we can compute @

gQ( u2m‘b HgQu -1 u2|b H M

1<i<j<om
HQQ (us|b) ﬁ I S Pf Uj — Ui
= v;—1\% i (1 + Bui)%‘_i u;j D u;

Pl (gQle(mlb) GOl (u;1b)

>1<i<j<2m

o 1 1 Uj — U
(14 Bug)>™" (1+ Buy)*™ 7 uj @ u;

= Pfy,, ((1 + ,B’U/i)i+172m(1 + ﬁu]‘)jizm

n n Uj O Uy
€GO (1) 60U, (o) - ).

(5) Below we use Pfa, (ai,;) as an abbreviation of Pf (a;,;)1<i<;<2m when the expres-
sion is too long.
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For non-negative integers p,q > 0 and positive integers k,I > 1, we define
polynomials GQE%(ZI))(:B”M) to be

_ n n ©
GQU) (@ |b) = [uy ] (gQi—)l(“lb) GO (wa]b) M)

Note that, by Theorem we have GQ ) (Tn|b) = Gngﬁg(a:n\b) for pos-
itive integers k > [ > 0. Then, by Theorem one obtains

GQu (ab) = [Hu—ﬂ (Pt (14 B 1-2m1 4 gy
‘ Uj © Uj
< G0, (i) 007 gl x ) )

_ pt ([ui”iuj”f] ((1 + Bug) 21 4 By

x GQUL (uslb) GQU (uyb) W))
Ui 1<i<j<2m

:pf< (Zz(”l‘?m) (J l2m>ﬁk+lufu§‘
=0 =0

< GO, (ulb) 60 y(uslh)- ) )
1<i<j<2m

_ X i+ 1—2m)\ [j— kGO )
=M <Z 2 ( k > ( >B CQUubs4@nlP) 1<icj<om

k=0 =0
Thus we have obtained the following:

THEOREM 5.3 (Pfaffian formula for GQ, (x,|b)). For a strict partition v
of length 2m, we have

GQy(zn|b)
i i+1—2m ] ViU
= Pfy,, ( < L > <] >5k+lGQEW’+;€ vi+l) (wn|b)> .
k=0 [=0

REMARK 5.4.

(1) Putting b = 0 in (5.2)), we obtain a generating function for the (non-
factorial) K-theoretic @-polynomials GQ, (x,). On the other hand, dual
K-theoretic P- and Q-polynomials were introduced in our previous pa-
pers [23] §5], [25]. We have a conjecture on a generating function for the
dual K-theoretic @-polynomials, and their Pfaffian formula (see .
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(2) The generating function technique can also be applied to derive the de-
terminantal formula for factorial Grothendieck polynomials G (x,|b).
On the other hand, a generating function for the dual Grothendieck
polynomials gy(x,) (for their definition, see Lascoux—Naruse [18]) can
be obtained in a purely algebraic manner. We shall give the details

in §6.1]

6. Appendix

6.1. Generating function for the dual Grothendieck polynomi-
als. As mentioned in Remark[5.4] we give a generating function for the dual
Grothendieck polynomials. Following Lascoux—Naruse [I§], let us introduce
the dual Grothendieck polynomials gy(y,,), where y,, = (y1,...,yn) is a set
of independent variables and A € P,. First we need some notation: Given
two sets A, B of variables (called alphabets as usual), the complete functions
sk(A —B)(k=0,1,...) are given by the following generating function:

Zsk(A —B)2f = H N —la,z H(l — bz).
k=0

acA beB

In particular, when we add r letters specialized to 1, that is, the sequence
{1,...,1} (r times), to one of the alphabets A or B, we have

e}

1
k _ r
Y si(A-Bxr)=(1-2)7 ] — []@-02).
k=0 ac€A beB
Then, for the variables y,, = (y1,...,¥yn) and any integer r, we have
o0 n 1
k _ —r
silun + 1) = (1= 27 [[ 7=
k=0 i=1
— o — )¢ J
— (2 (7)) (X mtw)
1=0 7=0
> fr+i—1 i >
(S (T e ) (X mtwa)
i=0 §=0
00 k .
r+i—1
S (2 (T et )
k=0 *i=0

and hence
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Using (6.1)), the dual Grothendieck polynomial gy(y,,) for A € P, of length
r is given by (see Lascoux—Naruse [I8] (3)])

(6.2) any,) =Y,y +1,...,y, +n—1)
= det (sx;—i+j(Yp + 1 — 1))1<ij<r

Ni—i+7 .
i— 1) +k—-1
= det < Z <( )k: )h,\i—iﬂ—k(yn))
1<i,j<r

k=0
i+ k—2
= det (Z < A )hAi—i+j—k(yn)>l<. o
We set
n 1 oo
1) = HOE) =[] 1=, = 2 mw)?
j=1 k=0
- 2 © %25
9(zr) =g(z1,...,20) = | | H(2z) H 73
i=1 1<i<j<r “i

We shall show that g(z,) is the generating function for the dual Grothendieck
polynomials:

THEOREM 6.1 (Generating function for gx(y,,)). For a partition A =
(A, ..y Ar) of length £(X) = r < n, the dual Grothendieck polynomial g(y,,)
; ; A _ A\ Ar g .
is the coefficient of 2" = 21" -+ 27 in g(z1,...,2):

a(yn) = [2*(g(20))-

Proof. By the Vandermonde determinant formula, we have

H 2i©zj H H 1 2 — Zj
1<icj<r =1 j—it1 1+ Bz Zi
r—1 r—1
1 1
- H H r H (Z _Z])
(1+ Bziy1)--- (14 B2) i1 %i ' 1<i<j<r
T T
1 1 ;
= . _.det (2777 .
L - 1:[1 e (2 h<ij<r
= det ((1+ B2)" "2 Ni<ij<r.
Therefore

T

gtz = [THGE) ] 222 = det (1482)' 72 Hz))<ijer-

=1 1<i<yj<r
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Extracting the coefficient of the monomial z* = 1T, zi’\i, we obtain

aerre.o) = (11 zfi} (det ((1+ ﬁz»l—izfﬂ'ff(zn>1§m)
1

o) k<yn>)
1<ij<r

(e
= det (i:: (2 * IZ B 2> (—ﬂ)khAi—i—i—j—k(yn))

Here we have used the identity

(2)- ()= 71

for integers ¢ > 1, k > 0. This last determinant is the dual Grothendieck
polynomial g,(y,,) introduced in (6.2) with § = —1. =

6.2. Conjecture on a generating function for gq,(y,,). In [14], §3.4],
Ikeda—Naruse introduced the K-theoretic P- and Q-functions GP,(x) and
GQ,(x) in countably many variables @ = (z1,x2,...). Let GI'(x) denote
the ring of symmetric functions satisfying the K-theoretic (J-cancellation
property (see |14, Definition 1.1]). Similarly, let GI'(x) denote the subring
of GI''(x) consisting of all functions f such that f(t,z2,...) — f(0,22,...)
is divisible by t & ¢ m Ikeda—Naruse showed that GP,(x)’s and GQ,(x)’s
(v strict) form a formal Z[(]-basis of GI"'(x) and GI'(x) respectively. Using
this “basis theorem” and the “Cauchy kernel”

H H 1- 37@3/]
1-— xzy]

i=1j5=1

1<i j<r

where y = (y1, 92, ...) is another set of independent variables, we can define
the dual K-theoretic P- and Q-functions, denoted by gp,(y) and gq,(y), as
follows (see also Nakagawa—Naruse [23, Definition 5.3, Remark 5.4]):

DEFINITION 6.2 (Dual K-theoretic Schur P- and Q-functions). Let SP
denote the set of all strict partitions. We define gp,(y) and gq,(y) for a

(") We have slightly changed the notation of [T4], where GI”(z) and GI'(x) are
written as GI' and GIy respectively.
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strict partition v € SP by the identities
(6.3)

Az; y) HHl_IlyJ_ZGP )9 (y) = > GQu(x)gpy(y)-

i=15=1 veSP veSP

One can check that gp,(y) and gq,(y) are actually symmetric functions,
i.e., they are elements of A(y) ® Z[B], where A(y) is the ring of symmetric
functions in the variables y = (y1, y2, . ..) over Z. For each positive integer n,
one can define a surjective ring homomorphism p(™ : A(y) — A(y,) by
putting Yn41 = Ynio = --- = 0. Here A(y,,) = Z[y1, ..., yn]"" is the ring of
symmetric polynomials in y,, = (y1,...,y,) under the usual action of the
symmetric group S,,. We also denote by p(™ its extension over Z[5]. Then we
define the dual K -theoretic Schur P- and Q-polynomials, denoted by gp,(y,,)
and gq, (y,,) for a strict partition v of length < n, by gp,(y,,) = p™ (gp.(y))
and g4, (y,) = p™ (9q,(y)) respectively.

Next we set
L -
2) = H1 — ZQQk Y,)2",
]:

94(z) = gq(z1,. ., 20) = HQQ(%) [1 22
=1

Zi 2
1<i<j<r i D2

N \

N

We make the following conjectures:

CONJECTURE 6.3 (Generating function for ¢q,(y,,)). For a strict par-
tition v = (v1,...,1,) of length ¢(v) = r < n, the dual K-theoretic Q-

polynomial gq,(y,,) is the coefficient of z, = 27" 25% - -- 2/ in gq(z1, ..., 2):

99 (y,) = [2"1(9q(zr))-

We have checked that the above conjecture holds for » < 2. As a corollary
to the above conjecture, we immediately obtain the following formula:

COROLLARY 6.4 (Pfaffian formula for gq,(y,,)). For a strict partition v
of length 2m, we have

1 7
Z/BkJrl( > < >QQ(1/1 kwj— )(yn)> :
01=0 1<i<j<2m
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