QUANTUM JACOBI FORMS AND FINITE EVALUATIONS OF UNIMODAL
RANK GENERATING FUNCTIONS

KATHRIN BRINGMANN AND AMANDA FOLSOM

In honor of Ernst-Ulrich Gekeler

ABSTRACT. In this paper, we introduce the notion of a quantum Jacobi form, and offer the two-
variable combinatorial generating function for ranks of strongly unimodal sequences as an example.
We then use its quantum Jacobi properties to establish a new, simpler expression for this function
as a two-variable Laurent polynomial when evaluated at pairs of rational numbers. Our results
also yield a new expression for radial limits associated to the partition rank and crank functions
previously studied by Ono, Rhoades, and the second author.

1. INTRODUCTIONS AND STATEMENT OF RESULTS

A sequence of integers {a;}7_;(s € N) is called a strongly unimodal sequence of size n if there
exists a positive integer k such that

O<ar<aa<...<ap>agy >...>as>0

and a1 + - - -+ as = n. The rank of a strongly unimodal sequence is equal to s — 2k + 1, the number
of terms after the maximal term minus the number of terms that precede it. Let u(m,n) denote
the number of such size n and rank m sequences. The two-variable generating function U (wj;q) for
ranks of strongly unimodal sequences can be expressed as a g-hypergeometric series as follows

Uwiq) =Y Y u(m,n)(—w)"q" = (wg; Q)n(w ™ g q)ng" ™, (1.1)
n=1m=—o00 n=0

where for n € Ng U {oo}, the ¢g-Pochhammer symbol is defined by (w;q), := H;L:_Ol(l —wg?).

Various specializations in the variable w of this function have been of interest. Namely, if w =1,
U(1;q) is related to a function originally studied by Kontsevich, later by Zagier, and also in [4],
which we recall in Section 2. In [4], U(1;q) is also written as a Hecke-type sum, which yields
congruences for its coefficients. Hecke-type sums for the general function U(w;¢q) may be found in
[9]. In the special case w = +i, U(=i;q) is the 3rd order mock theta function of Ramanujan

Ukizg) = W) == 3
n=1 ’ n

Specializing to w = —1 gives

U(g) :=U(-1;q9) =: Zu(n)q”,
n=0
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the generating function for u(n), the number of strongly unimodal sequences of n. Rhoades [11]
showed that U(q) is a mixed mock modular form (i.e., a linear combination of modular and mock
modular forms) and studied the asymptotic behavior of u(n), as n — oo. In general, U(w;q)
also nicely fits into a modular framework. To give the precise statement, let ¢ € Z and b € N
with ged(a,b) = 1, and set (y = e*™/N. Fix w = ¢ to be a root of unity, and consider the
function ¢q/4(7) = U((; e?™) . Tt is now known [4, 5] that the functions ¢, /» are essentially (up
to multiplication by g-powers) quantum modular forms. Quantum modular forms (see Section 2.2),
recently defined by Zagier, are complex valued functions whose domains are subsets of (9, and which
satisfy modular transformation properties there, up to the addition of an error term which extends
to a suitably analytic or continuous function in R.
As a two-variable function on C x H, the function

Y (z;7) = —2i sin(ﬂz)q*ib{(z; ),

where U (wy;ws) := Ule(w); e(ws)), and e(a) := €™ satisfies mock Jacobi transformation prop-
erties (see [1, Proposition 3.2|, and Theorem 2.1 below). We warn the reader that sometimes the
symbol YT is also used to denote the (Jacobi) raising operator. In this paper, we adopt the nota-
tion from [1] in defining the function Y above. Given the quantum modularity of the one-variable
specializations ¢, p, it is a natural question to investigate the Jacobi transformation properties of
the two-variable function Y on a subset of Q2. It is also natural to seek explicit evaluations of the
function Y. In this paper, we address both of these questions. To describe our results, we consider
the following subset Qs of Q2

Qy = {(Z Z) Q%:b,k €N, ged(a,b) = ged(h, k) = 1,b | /{:}

We also define the “error of modularity”

(2
H(z;1):= 19(z7)

2 n(7)
where 1 and ¢ are the modular and Jacobi forms, respectively, defined in (2.1), and the Mordell
integrals h and g are given in (2.2). Our first result establishes the mock Jacobi and transformation
properties of the two-variable combinatorial generating function Y.

h(2z;71) — g(z;71), (1.2)

Theorem 1.1. The following transformation properties hold.

(i) For (z,7) € (C x H) U Qa, we have that

Y (z;7) —€%Y+(Z;T+1) =0, (1.3)
3miz? 1 z 1
Y (z7) +ie = (—iT)"2Y T (; —> =—H(z;7), (1.4)
T T
YH(z7)+ Y (24 1;7) =0, (1.5)
Y+(Z; 7_) + e—67riz—37riTY+ (Z + 7 7.)
— o Omiz— 251”2” (1 _ e4L71'z'er27ri7') o 2'19(2;’7') <672ﬂ‘i27%ﬁ _ 676771‘27%)' (16)
n(7)
(ii) In particular, for (z,7) € Qa, we have that
miz? 1
Y (z7) + i’ (—2‘7)_%YJr <Z; —> =g(z;7), (1.7)
T T
Y+(Z; 7_) + e—67riz—37ri7'y+(z + 7_;7_) — 6—5m‘2_ 2517r2ir (1 B 64m2+2m-7_) . (1.8)
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The function g on the right-hand side of (1.7) extends to a C* function on (R\ (£1/6+7Z)) x R*,
and the function on the right-hand-side of (1.8) extends to a C* function on R2.

Remarks.

(i) Theorem 1.1 shows that the function Y is a quantum Jacobi form of weight 1/2 and index
—3/2, a notion made more precise in Section 3.1. A direct calculation yields that Qy is invariant
under the action of the Jacobi group, so it is a natural “quantum Jacobi set.”

(ii) The transformation in (1.4) was established previously by Rhoades and the authors [6] (see
Section 2.1). For completeness, we have re-stated this result in Theorem 1.1.

It is not difficult to see, using its definition, that Y™ can be evaluated as a finite g-hypergeometric
sum at (z,7) € Qy by truncating the infinite g-hypergeometric series in (1.1). Our next result
provides a new, simpler expression for the strongly unimodal sequence rank generating functions
YT as a two-variable Laurent polynomial, when evaluated at pairs of rationals in Qy. As we see
below, the proof of Theorem 1.2 relies upon the quantum-Jacobi transformation properties on Qs
established in Theorem 1.1 (ii).

Theorem 1.2. Let 7 = h/k and z = a/b be such that (z,7) € Q2. Then we have that
L 54 —5hj a —3ja ~—3j°
y+ (z;7) = _§C2b5 o 5hz ]+1<2k5hg (1 (2 Ck 29+1))C 3j G 35%h.

As a corollary to Theorem 1.2, we obtain a new expression for radial limits involving the mock Jacobi
partition rank function R(wj;q) and the (meromorphic) Jacobi partition crank function C(w;q) (see
Section 3.2 for their definitions), as originally studied by Ono, Rhoades, and the second author [6].
Namely if w = (!, as ¢ tends to another suitable root of unity C,? radially from within the unit disk,
we have that

Jm (R(Gs0) - GO (Gi0) == (1= 6) (-G U (gih) (1.9)

Here, h' is defined by hh' = —1 (mod k). This result of [6] in (1.9) generalizes and refines a more
specific claim which pertains to the special case (f = —1, originally due to Ramanujan, and later
proved by Watson [12]. From (1.9) and Theorem 1.2, we immediately obtain the following new
evaluation of the radial limits (1.9).

Corollary 1.3. Let 1 < a < b, 1 < h < k with ged(a,b) = ged(h, k) = 1, blk and ' € Z with

hh' = —1 (mod k). Then, as ¢ — (I radially within the unit disc, we have that
lim (R (¢sa) — ™" (G5 q))
q—C
k—1
1 —2a ~— j —5hj a a 2
=3 (1 —ge Cb 2 G hZ(_l)]+1C2k5hj ( C2 Ch(2j+1 ) G 3j - 35%h
j=0

Alternative evaluations for U(wj;q) (and hence Y1 (z;7)) were also found in [5] for pairs of roots
of unity (w,q) = (¢%,¢}') with b|k, and also in [7] in the special case (w,q) = (—1,¢}') with k even.
In the latter special case (w = —1), an alternative proof of results from [6, 7] may also be found
in [16]. The methods of proof given in [5, 7, 16| are different than those used here to establish
Theorem 1.2. Moreover, the evaluations obtained in [5, 7] are g-hypergeometric in nature, again
different from our polynomial evaluations.

The remainder of the paper is organized as follows: in Section 2 we review various properties of
U(w; ¢q), in Section 3 we recall properties of partition ranks and cranks and prove Theorem 1.1, and
in Section 4 we establish Theorem 1.2.
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2. PROPERTIES OF THE UNIMODAL RANK GENERATING FUNCTION

2.1. Modular transformations. In this section, we recall the modular Jacobi transformation
properties of the normalized unimodal rank generating function Y+ on C x H. To describe this, we
require the function H from (1.2), which is defined in terms of the modular and Jacobi forms (with
q:= 627”7')
[e.e]
L 2m’n(z+l) n2
4H 1—-4") Wz 7) := Z e 2)q'7, (2.1)
n=1 nE%-}-Z
and the Mordell integrals
eTFiTt2—27FZt Trth sinh (27rt)
h(z;7):= | —————dt = —2mat dt. 2.2
(z7) /]R cosh(wt) 9(:7) V3 / cosh(mt) (22)

Note that n is a weight 1/2 modular form (with multiplier) on SLy(Z) wheras ¢ is a weight 1/2,
index 1/2 Jacobi form. In particular, ¢ satisfies the following elliptic transformation law (where we
have let w := €2™%#), which we make use of below:

Wz +7157) = —q_%w_lﬁ(z; T). (2.3)

In terms of the function H in (1.2), we have the following Jacobi modular transformation properties;
the transformation in (2.4) follows easily using the definition of Y, and the transformation in (2.5)
was established in [1, Proposition 3.2].

Theorem 2.1. For (z,7) € C x H, we have that

YH(zi7) —el2Y (27 +1) =0, (2.4)
3miz? ].

YH(z;7) + ie” (—it)” 2y < —) =—H(z; 7). (2.5)
T

2.2. Quantum transformations. Quantum modular forms were originally introduced by Zagier
[15] as follows.

Definition. A weight k € %Z quantum modular form is a complex-valued function f on Q, such
that for all v = (¢ %) € SLa(Z), the functions hy : Q \ v !(ico) — C defined by

hnla) = flo) — e+ )b (2250 (2.6

satisfy a “suitable” property of continuity or analyticity in (a subset of) R

Remark. We have modified Zagier’s original definition in [15] to allow multipliers e(vy) in (2.6), i.e
suitable complex numbers such as those appearing in the theory of half-integral weight modular
forms if k € %Z \ Z. We may also allow quantum modular forms to transform on subgroups of
SLy(Z), and on appropriate subsets of Q.

A particular quantum modular form is given by a special value of the unimodal rank generating
function. Namely, Bryson, Ono, Pitman, and Rhodes [4] studied

D=5 3 (“D)"ulm,n)g" = 3 (ue(n) — uo(n)) ",
n=1

n=1m=—oo
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where wuc(n) (resp. uo(n)) denotes the number of unimodal sequences of size n with even (resp.
odd) rank. They showed that for every root of unity ¢,

UL;¢Q)=F (), (2.7)
where Kontsevich’s “strange” function is defined by
F(q) =Y (¢ )n-
n=0

Prior to this, Zagier [13] proved that F' satisfies the “identity”

F(q) = —% don (f) i (2.8)

where (—) is the Kronecker symbol. Neither side of (2.8) makes sense simultaneously. Indeed, the
right-hand side of (2.8) converges in the unit disk |¢| < 1, but nowhere on the unit circle. The
identity (2.8) means that at roots of unity ¢, F(¢) (which is a finite sum) agrees with the limit as ¢
approaches ( radially within the unit disk of the function on the right-hand side of (2.8). Moreover,
Zagier proved that for z € Q*

$(x) + (—iz) "2 (—1> = \f Om (p"j’z)gdp, (2.9)

x
where ¢(z) := e~ 12 F(e~27%). Note that the constant v/3i/2m in (2.9) is obtained explicitly in [4].
There, the authors also gave a new proof of (2.9), using the fact that U(1;q) is a (weak) mixed
mock modular form for |g| < 1.

By [8, 9], equation (2.7) can also be interpreted in terms of quantum topology. In particular,
based on the colored Jones polynomial for certain torus knots at roots of unity, the authors in
[8, 9] introduced infinite families of quantum modular forms, including F'(¢) and U(1;¢). In [5], the
authors also generalized this picture to roots of unity other than w = 1. That is, they defined a
generalization F'(w;q) of Kontsevich’s function, with the property that F(1;q) = F(q), and showed
that U(¢%;¢) = F(¢& ¢ 1), where ¢f is any admissible root of unity (depending on (), generalizing
(2.7). The authors also produced quantum modular forms of weight 1/2 from F(w;q), extending
(2.9).

3. PROOF OF THEOREM 1.1 AND QUANTUM JACOBI FORMS

3.1. Quantum Jacobi forms. We start by introducing the notion of quantum Jacobi forms.

Definition. A weight k € %Z and index m € %Z quantum Jacobi form is a complex valued function
on Q x Q such that for all v = (¢ %) € SLy(Z) and (A, u) € Z* the functions

PN e (2 ardb
by (1) = 0 si7) = 1) Cer ) H e o (2 T

I (7)== d(2;7) — &2 (A, 1)) 627rim()\27-+2)\z)¢ (24 A+ 457)

satisfy a “suitable” property of continuity or analyticity in (a subset of) R2.

Remark. The €1, €2 are appropriate complex numbers, such as those appearing in the theory of half-
integral weight modular (Jacobi) forms. We may also allow quantum Jacobi forms to transform on
subgroups of SLg(Z), and on appropriate subsets of Q x Q, which are in particular required to be
closed under the action of the Jacobi group.

This definition is analogous to the definition of a quantum modular form in [15], just as the definition
of a (holomorphic) Jacobi form is analogous to the definition of a (holomorphic) modular form.
5



3.2. Partition ranks and cranks. In this section, we review the definitions of and basic properties
of partition ranks and cranks. Both appear in (1.9) and Corollary 1.3, and ranks are used in our
proof of Theorem 1.1 in Section 3.3.

The rank of an integer partition is defined to be its largest part minus the number of its parts.
Partition cranks are given in terms of o()\), the number of ones in a partition A, and u(A), the

number of parts strictly larger than o()). That is, the crank of a partition A is
crank(}) = largest part of A %f o(A) =0,
() —o(A) if o(A\) > 0.

Let N(m,n) := p(n | rank m), and M (m,n) := p(n | crank m), where p(n) := #{partitions of n}.
The well-known two-variable generating functions for partition ranks and cranks are

) n2
q
R(w;q) =Y N(m,n)u™q" =>_ _ 7
mg% n=0 (wq7 q)n(w 4q; Q)n
nz

oo

1—4q"

C(w; q) = Z M(m,n)w™q" = H —

et o (L= wg)(1—wlg)
n>0

the first of which is a mock Jacobi form [2, 10, 14], and the second of which is a meromorphic Jacobi

form, using (3.1) below.

3.3. Proof of Theorem 1.1. In this section, we prove Theorem 1.1. We first point out that the
transformation given in (1.5) follows easily from the definition of the function Y. Moreover, the
Jacobi modular transformations (1.3) and (1.4) are given in Theorem 2.1. Thus, we are left to
establish (1.6), (1.7), and (1.8), and the analytic properties claimed in Theorem 1.1.

For ease of notation, in this section we let w := e(z) and recall ¢ = e(7). From (1.4), the
transformation in (1.7) follows, noting that by the Jacobi triple product identity
9 (z; -
(27) = —iqﬁw_% H (1 - wq”_l) (1 — w_lq") ) (3.1)
n(r) ookt

so that if (z,7) € Qg, then the second summand on the right-hand side of (1.4) vanishes.
To prove the elliptic transformations given in (1.6) and (1.8), we first decompose U similarly as
in the proof of [1, Lemma 3.1|. This gives that

19 .
YT(z;7) = w%q_iR*(w; q) + (? ;—)u(z, —2;7), where (3.2)
n(r
R* R(w; q) emi (—1)rerminag s
(wa(D T _w’ N(2172277-) = 19(22;7_) 1 627ri22qn

nez
By [3, (3.1)], we obtain

n’(37)
n(7)0(32;37)
We point out that due to work of Zwegers [17], the p-function is essentially a mock Jacobi form,

upon suitable choices of parameters. In particular, we have the following elliptic transformation law
from |17, Proposition 1.3 (2)]:

w%qfiR*(w; q) = iwiqué,u(?)z, —7;3T) — iwqié,u(?)z,T; 31)—1 (3.3)

iz, 20 ) 4 € BRI () ) = eI (3.4)
6




Thus
g T .9 4 .3 1
iw™ " q (32 + 31, —7;37) = —iw g3 (,u(?;z, —7;37) +iw” 2¢q 8) )
Similarly
- 44 .31
—iwqs u(3z + 37, 7;37) = iw"q3 (u(3z, 7;37) + fw 2q8) .
Thus (using (2.3) for the final term in (3.3)), we obtain

25 1

wiq B R (wiq) +w g (wg)2 q MR (wgsq) = w g —w g,
We next turn to the second summand in (3.2), using that p(z1 + 7,20 +7;7) = p(z1,292;7) |17,
Proposition 1.4 (4)], again (2.3), and twice (3.4), we obtain
e+ 1m)u(z+7,—2 —7;7) = —wgq%ﬁ(z; ) (,u(z, —2;7) + iw s — z'w_?’q_%) .

Combining gives (1.6). The transformation (1.8) follows by again using (3.1).

It remains to show that the functions on the right-hand-sides of (1.7) and (1.8) are C*° on
(R\ (£1/6 + Z)) x R* and R?, respectively. The result pertaining to (1.8) is clear. To show the
claim for g from (1.7), we re-write g as

1 1 7
zZ;T) = +thl{z+-;=-],

which was established in the proof of [1, Proposition 3.2]. We next restrict the domain in the
variable z by using that for r € Z, we have that

r|-1

2 Z j =t (z4segn(r) (j+3 ))27 (3.5)

T Vo &

which is not hard to see by induction, using [17, Proposition 1.2 (1)] for » = 1. Note that the
right-hand side of (3.5) is analytic in R x R*. Because we exclude £1/6 4+ Z in the statement of
the theorem, and the function z — h(z;7) is even, it suffices to study it in [0,1/2) x R*. For this,
we apply [17, Theorem 1.16 (2)] with @ = 0 and b = —z, to re-write

h(z) 4+ (- )T'Hh(z +7)

T . .
z+ where gaﬂ(T) — Z neﬂzn27+2mn5' (36)

o V-ilp+T) n€a+l

We make the change of variables p = it and then split the integral in (3.6) into a sum of two
integrals, one over the interval (0,1) and one over (1,00). In the first interval, we make the change
of variables ¢t — 1/t and use the modular inversion property from [17, Proposition 1.15 (5)]

1 Cmi(—atl), . N3
g%,—z—i—% <_> = je l( Z+2)(—’LT)2g_Z+%’_%(T),

—h(z7)=

T

which yields

g 411 75) g1, 1(it)
ih(z;T): i T /2’ s

Tl'l
VT / Vit+t
Since we exclude 7 = 0, we thus have to show that

o 921,22 (Zt) dt

1 Vt—ir

7

F(z,7):=



with (z1,22) € {(1/2,—2+1/2),(—2z+1/2,-1/2)} is C*° in [0,1/2] x R*. For this, we establish
the following bounds (¢ € N,v := Im(7)) using that the n = 0 terms are the dominant terms

192125 (T)] < [21]e™ ™0,

041
1 () = (2 Y (” * §> eriln ) et ) (-43)  enlntd),
z 27 2
neZ
/+1 j
;g9z+1 () =) Pi(m)Y <n —z+ ;) griln—s+3) r-mi(n—2+3) IT\ée_”<Z_%)2”7
VA 27 2
j=0 ne”l

where the P; are polynomials of degree at most ¢. This easily yields uniform bounds in 7 and z,
and we may apply the Leibnitz rule for indefinite integrals to prove the claim.

4. PROOF OF THEOREM 1.2
We are now ready to prove Theorem 1.2. As in Section 3, we let w = e(z) and ¢ = e(7).

Proof of Theorem 1.2. Suppose a function f(z;7) transforms in the elliptic variable as

[z +7i7) = —0Pq2 f(z7) +wPerr(zi7) (4.1)
for some function r(z; 7). By induction on m € Ny, it is not difficult to show that for all m € Ny
Flz+mr 1) =(—1)™w¥mg2™ f(z; 1) + Gma(2:7), where (4.2)

m—1
Ginr(2;7) i=(—1)™ ! Z (=1)7r(z + jT;T)w?’(m*j)q%(ijQ).
j=0

By (1.8), the function Y (z; 1) transforms for (z,7) € (a/b,h/k) € Qs as in (4.1) with
_5 _25 2
r(z;7)i=w 2q" 2 (1 —w’q) .
Thus, from (4.2) with m = k, we have

V¥ G+ min)] g ny = [(CD 03 YH e 7) + e (i) |

n=(3:4)

On the other hand, using (1.5), we have for any h € Z
Y (24 h;7) = (=1D)"Y (2 7).

We obtain
_h__k3k§k2)+.} _ )
|:<( ]-) ( ]-) w q2 Y (Z7T) (317—):(%’%) [gk’r(/z,T)](zﬂ_):(%,%) . (4.3)
The factor in front of Y+ in (4.3) evaluates as 2(—1)", using the fact that if & is even, then k must
be odd. This proves the theorem. ]
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