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Abstract

Our results investigate mock theta functions and quantum modular forms via quantum
g-series identities. After Lovejoy, quantum g-series identities are such that they do not
hold as an equality between power series inside the unit disc in the classical sense, but
do hold at dense sets of roots of unity on the boundary. We establish several general
(multivariable) quantum g-series identities and apply them to various settings involving
(universal) mock theta functions. As a consequence, we surprisingly show that limiting,
finite, universal mock theta functions at roots of unity for which their infinite
counterparts do not converge are quantum modular. Moreover, we show that these
finite limiting universal mock theta functions play key roles in (generalized) Ramanujan
radial limits. A further corollary of our work reveals that the finite Kontsevich-Zagier
series is a kind of “universal quantum mock theta function,” in that it may be used to
evaluate odd-order Ramanujan mock theta functions at roots of unity. (We also offer a
similar result for even-order mock theta functions.) Finally, to complement the notion
of a quantum g-series identity and the results of this paper, we also define what we call
an “antiquantum g-series identity’ and offer motivating general results with
applications to third-order mock theta functions.

Keywords: Mock theta functions, Quantum modular form, g-series, g-hypergeometric
series, Basic hypergeometric series, Quantum g-series

Mathematics Subject Classification: 11F37, 11F99,33D15, 33D70, 33D99

1 Introduction

The universal mock theta functions g2(w; q) and g3(w; q) of Gordon and Mclntosh [25]
defined by

n(n+1) .

4 D

galwsq) = Z(w,qm(q/w,q)nﬂ
n+n

ga(wsq) = Z(w,qm(q/w,q)nﬂ

are generalizations of the original mock theta functions of Ramanujan appearing in his
notebooks and last letter to Hardy. The functions g2(w; g) and g3(w; g) are so-called “uni-
versal” due to the fact that all classical mock theta functions of Ramanujan and sub-
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sequent natural generalizations may be written in terms of either g»(w;q) or g3(w;q)
depending on the parity of their “order,” a number assigned to each mock theta func-
tion. Here and throughout, the g-Pochhammer symbol is defined for n € Ny U {oo} by

(@ q)n = ;’;01(1 — aq/). For example, Ramanujan’s popular third-order mock theta
function
00 qn2
flag):=) ——=
nz:;) (a9,

satisfies f (q) = 2 — 2g3(—1; g). Both classically and in their more modern generalizations,
mock theta functions have been objects of extensive research in the areas of number
theory, combinatorics, g-hypergeometric series, and other areas including mathematical
physics (see, e.g., [1,6,13,15,17,25]). One major question surrounding the mock theta
functions was resolved relatively recently nearly 90 years after Ramanujan’s death by
Zwegers, whose important work revealed how exactly the mock theta functions fit into
the theory of modular forms [39,40]. In particular, we now know that they are examples
of mock modular forms [37]. Mock modular forms are holomorphic parts of harmonic
Maass forms (see [6,9] for a precise definition and more information); the latter transform
like modular forms under the action of an appropriate subgroup of SLy(Z) on the upper
half of the complex plane H := {t € C | Im(z) > 0}, but are also annihilated by a certain
Laplacian operator and possess relaxed growth conditions at cusps.

Quantum modular forms, defined more recently by Zagier [38], transform similarly
under the action of an appropriate I' € SLy(Z) not on H, but rather on Q—and up to the
addition of suitably real analytic error functions. A priori mock and quantum modular
forms need not be related; however, connections between the two topics have emerged
and their study in tandem has been of interest to many [6,11,22,38]. For example, work of
the first author, Rhoades, and Ono [22] revealed how quantum modular forms play a part
in Ramanujan’s original “definition” of a mock theta function [4,6] in hindsight, e.g., we
have from [22, Theorem 1.1] the limit as g approaches even-order k roots of unity (;,f’ with
h/k reduced and k even) radially from within the unit disk for Ramaujan’s third-order f (¢)

lim (f(q) — (—=1)*/*b(q)) = —4U(-1;q), 1.1)

q—¢t

which we owe some further explanation. Here and throughout, we let ¢y := e2"//N, and
call a rational number r/s reduced if r € Z, s € N, and gecd(r, s) = 1. The function b(q) is
a certain modular form, up to minor normalizing factors, and when viewed as a function
of T € H, with ¢ = €2™*. The even-order k roots of unity ;lf‘ appearing are singularities
of both f(¢q) and b(g), while U(—1; {,f’) converges (to a finite sum). The function U(—1;¢q)
is a combinatorial generating function related to ranks of strongly unimodal sequences—
which, non-trivially, is also a quantum modular form (see [21]), after appropriate minor
normalizing factors and when viewed as a function of x € Q with g = e?"*, That is, (1.1)
asymptotically relates mock modular, modular, and quantum modular forms.

A quantum g-series identity plays an important role in establishing the quantum mod-
ularity of U(—1; q) as discussed above. That is, for roots of unity g = C,f with /1/k reduced,
we have that

o0

Uw;q) =Y q" W @) g @n =41 Y_ W' (was q)n = F(w; q) (1.2)
n=0 n=0
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for suitable w (see [16,21,26]). Here and throughout, we adopt Lovejoy’s [31] terminology

quantum q-series identity and notation “ :;’

_1» which we now explain: a quantum g-series
identity A(q) =,-1 B(q) is one between functions A(g) and B(q) such that as power series
inside the unit disc A(q) and B(g) are not equal there in the classical sense, but are equal to
one another on a dense set of roots of unity on the boundary of the disk, and with g > g~!
for one of the functions (A(g“,f’) = B(g, h ) for a dense set of {,ﬁ‘). As Lovejoy explains in
[31], quantum g-series identities have emerged not only in the context of identity (1.2)
just described and its extensions, but also in older work of Cohen related to Ramanujan’s
o and o* functions studied by Andrews—Dyson—Hickerson [2,12], and more, such as in
the newer results of [31,32].

The specialization F(1; g) (with F(w; q) as defined in (1.2)) is a function first introduced
by Kontsevich [29] and later studied by Zagier [36,38] who offered it as one of his first
pioneering examples of a quantum modular form (up to a minor normalization) when
viewed as a function of x € Q with ¢ = >, Further quantum modular properties of
F(w; q) have since been established as have connections to colored Jones polynomials for
torus knots in topology [16,21,26].

The radial limit (1.1) is generalized by [22, Theorem 1.2] of the first author with Ono
and Rhoades as follows:

lim, (R(ejsq) MR Ceg ) = —(1 = g - & U ) (1.3)
Sk
where /1/k and a/b are reduced, b | k, and i/’ = —1 (mod k), in which the partition rank
generating function R(w; q) replaces f(¢) in (1.1) (note that f(g) = R(—1; ¢)) and in which
the partition crank generating function

(45 D)oo
W @)oo (W™ @)oo
(multiplied by an additional constant) replaces (=1)k2b(g) (note that b(g) = C(—1;q)).
Asin (L.1), U(g; g“,f’) converges while R(¢'; ;,f’) and C(5}; g“/f’) do not. Subsequent follow-
up work by Bringmann—Rolen [8] and Jang—Lobrich [27] related to questions and work

Clw;q) ==

of Choi-Lim—-Rhoades [11] establishes radial limit results analogous to the work in [22]
for the universal mock theta functions g»(w; ¢) and g3(w; q), respectively (with g, and g3
assuming the role of the mock modular R (or f)). As a consequence, their works reveal the
quantum modularity of g»(w; ¢) and g3(w; q) for certain fixed roots of unity w as a function
of x € Q with g = e?™* where go(w; q) and g3(w; ¢) naturally converge (see [8] and [27] for
a precise statement of their results). Earlier work by others including [10,19,20,28] also
study universal mock theta functions in the context of quantum modular and quantum
Jacobi forms at (pairs of) roots of unity where the functions converge.

In particular, it can be shown that g3(¢;"; g“,f‘) converges (to an explicit value, see [27]),
where h/k and a/b are reduced rationals with b { k (the complementary set as in the
radial limit (1.3)), and as described above, is essentially quantum modular as a function of
h/k € Q for each fixed w = ¢; with b { k. Our first set of results (see Theorems 1.1, 1.2
and Corollary 1.3), rather surprisingly, shows how the limiting, finite universal mock theta
functions

ga(p) = lim (1 - e(yk))* (g3) iy (e); &)
b

Y

(where e(u) := e*™*) play three important roles in the above contexts, namely:
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(1) in Ramanujan’s radial limits,
(2) as quantum dual to the generalized Kontsevich—Zagier function,
(3) as quantum modular forms—yet at the complementary set of roots of unity

h
Qp = [% : h/k reduced, and b | k] cQ

on which g3(¢; {,f) (viewed as a function of x = h/k for fixed ¢;') does not converge.

Here and throughout, we use the notation Sy to stand for the truncation of a series
S:=Y " an as follows

Sik = Z Ay, (1.4)

0<n<k-1

so that limy_, o Sjxj = S. When S is a function of the form S(x) := ), ax(x), we will
write Spg(x) for (S(x)) (k) (for ease of notation). We extend the notation in the obvious way
to series of multiple variables.

To this end, our first result is as follows.

Theorem 1.1 Let h/k and a/b be reduced, with b | k, and let i’ be an integer such that
hh' = —1 (mod k). Then as q approaches {,f’ radially from within the complex unit disk,

we have
;azh’kfab
lim | g3(f59) — 5——Cfsq) | = lim (1 — wh)>(g3) g (w; ¢)- (1.5)
—h 1-¢ w—gy
q—>&; b b

Remark 1 We further explain this theorem as follows. Theorem 1.1 establishes a radial
limit result for the universal mock theta function gs3(w; q), highlighting separate limits in
both variables g and w, and in terms of the finite universal mock theta (g3) ) (w; ). On the
left-hand side of (1.5), we see the radial limit difference between g5(¢;; ¢) and the crank
function C(¢'; g) (up to multiplication by a constant) as g — ;,f radially from within the
disk, noting that for fixed w = ;Z with b | k, the universal mock theta function gg(gg’; g“]ﬁ‘)
and the crank function C(¢}; g‘,f’) have singularities. The right-hand side of (1.5) reveals
that the growth of the crank function compensates for the growth of the universal mock
theta function g3 at such singularities, and their radial limit difference (in the variable g)
may be realized again in terms of g3, namely the finite (g3)[x](w; g“]f‘) upon a limit in the
second variable w — ¢;'. Note also that the limit in w in (1.5) need not be radial, and
that the truncation is forced in the sense that its infinite counterpart does not converge at
these values. (See also Remark 2 (3).)

The following quantum g-series result for the finite universal mock theta function (g3)
shows that at (toward) suitable roots of unity it may be evaluated in terms of the generalized
Kontsevich—Zagier F(w; q) function.

Theorem 1.2 Letgq = g“,f’ with h/k reduced, and let a/b be reduced with b | k. Then

lim (1 — w*)2(g3) i (ws @) =1 &, 2“1 — ¢HF () — ¢, “

w— {;
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Combining our Theorem 1.2 with the aforementioned work on the quantum modular
properties of F(w; q) (see [21,38]) yields the following result.

Corollary 1.3 For each reduced a/b with b # 1, up to suitable normalizations, the func-
tion
g;’% : Qb — C

is a weight 1/2 quantum modular form.

Remark2 (1) When b = 1 both sides of Theorem 1.2 evaluate to —1; moreover, work
of Zagier [38] establishes the quantum modularity of (a suitably normalized) F(1; q).

(2) Atfirstglance, our corollary shows that the infinite family g3 a (%) (indexed by reduced
rationals a/b) of finite limiting universal mock theta functions are imperfect quantum
modular forms (after suitable normalizations) due to separate dependence on the
denominators of rationals in Qy, i.e., the function (g3)«] is a sum up to k — 1. Despite
what the name might suggest, several families of such forms have been studied, e.g., in
[5,18] and in relation to the Riemann Hypothesis in [30], following Zagier’s original
elegant prototype example of such a form given by the Dedekind sum in [38]. On
the other hand, the identity of Theorem 1.2 reveals that this apparently separate
dependence on k may be ignored.

(3) As noted above, an interesting feature of this set of results is that it establishes the
quantum modularity of an infinite family of finite limiting universal mock theta
functions at the complementary set of roots of unity /1/k € Qy, for which the infinite
series defining g3(¢;'; {,f) is not defined; the analogous limits defining g3 , /b also do
not exist if one replaces the finite universal mock theta function (g3)[¢] by its infinite
counterpart gs. We emphasize that the truncations at k — 1 are “unnatural” (e.g., it
is not true that the nth summands for n > k of these g-hypergeometric series are all
equal to 0). See also the preprint [33] for related work.

We also obtain a similar set of results for the universal mock theta function g, in
Theorem 1.4 and Corollary 1.5, which are stated in terms of the finite limiting universal
mock theta function

851 = lim (1 — ek (@)1 (e0; (1)
b

the quantum set of rationals where g>(¢/; ¢ ,ﬁ‘ ) does not naturally converge

h
Q= {% : h/k reduced, k odd, and b | k} @

and the g-hypergeometric series

oo

Hwiq) = Z (wg; @)n wh
= (—wq;q)n
which was studied in the context of quantum modular forms in [16,23] and [34]; see also
the relevant quantum modular results in [8], noting that as a g-series (|g| < 1) [14],

(1—wHwq) =1+2> (—w?)'q".

n>1
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Theorem 1.4 Letq = ;“,f‘ with h/k reduced, k odd, and let a/b be reduced with b | k. Then

lim (1 — wh)X (@) Wi q) =g 1 =4 — (&% — & *VH (5, % q). (16)

W—){If

Corollary 1.5 For each reduced a/b with b # 1, up to suitable normalizations, the func-
tion

&a:Qy—C

9

S

is a weight 1/2 quantum modular form.

Remark 3 When b = 1, both sides of (1.6) evaluate to —1; moreover, quantum modular
properties of H(1; gq) are established in [34].

A further corollary of our work reveals that the finite Kontsevich—Zagier series
(F)xq(w; q) is a kind of “universal quantum mock theta function,” in that it may be used
to evaluate the odd-order Ramanujan mock theta functions at (suitable) roots of unity.
We also offer a similar result for even-order mock theta functions in terms of the finite
(H) 1) (w; q) function (see Proposition 4.1). We deduce these results from Proposition 3.1
(restated in Proposition 1.6) and Proposition 4.1 and the fact that g3(w; g) and g2 (w; g) are
universal mock theta functions (see e.g. [25] and [6, Appendix A]). Namely, the following
proposition reveals the quantum universal mock nature of the finite Kontsevich—Zagier

series:

Proposition 1.6 Let g = Ckh with h/k reduced. For |2 — w* — w=K| > 1, |[wk — w?k| > 1,
we have
1 —k—2 IL—w

Bw;q) = g33(w; q) =41 W —w m(lj)[k](W; q).

(The function gs 3 is defined in (3.1).) Explicitly, for the third-order mock theta functions,
our work reveals the following at suitable roots of unity ¢ (unless otherwise indicated,
q = e¥™"/k) See Table 1.

Our results in this paper extend beyond Theorems 1.1, 1.2 and 1.4, Corollaries 1.3 and
1.5, and the quantum mock universality (e.g. Proposition 1.6) all described above. In the
remainder of the paper, we state and prove these and several additional theorems and
corollaries relating the universal mock theta functions g3(w;q) and g2(w; q) along with

Table 1 Quantum g-series: third-order mock theta functions evaluated as finite Kontsevich-Zagier
series at suitable roots of unity (See Proposition 1.6)

@ - -2 Ou=1g™)

e = 1 Affﬁ_k — (Palig™)

v@ = —1—-q™" %(F)[k](q;q*“)/ (q" = ek,

x@ = —«—;ﬁ*”*34:?£%§§§%;Egi;0xﬂo—g;q*w

(@) - 0 = @), @ =2,

v(g) = /a‘4/2—rf*kq*“+fvzif:7yggg{§%§;zfjag<Fnﬂ<kf/Z;q**»

p@ - 5 - e —— T pynga ), @ = e

1— (639 — (g~
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their finite counterparts (g3)(x)(w; ) and (g2)x)(w; ) and other related g-hypergeometric
series to the generalized Kontsevich—Zagier quantum modular F(w; g) and the quantum
modular H(w; q), respectively (see Propositions 3.1, 3.4, 4.1, and 4.4 in Sects.3 and 4).
In Sect. 2, we state and prove three general quantum g-series identities in Propositions
2.1 and 2.2, which are both of independent interest and used to prove our subsequent
results on (universal) mock theta functions and quantum modular forms. Finally, in Sect. 5,
complementary to Lovejoy’s definition and study of quantum g-series identities in [31]
and our other results in this paper, we define the notion of an antiquantum q-series
identity and offer motivating general results in Propositions 5.1 and 5.2, with applications
to third-order mock theta functions in Corollary 5.3.

2 Quantum g-series

In this section, we state and prove three general quantum g-series identities, which are
of independent interest and are also used to prove results in the following sections on
(universal) mock theta functions and quantum modular forms. To do so, we first recall
the basic hypergeometric series [24]

é ay a as "'“r~q't .:i (@ @)n - (@r;q)n <( 1) (n))l-‘rs rt"
"\byby--- by T = (b1 (bs; Dn(G5 D)
Using these series, we define forr € N
ayar - ar
gt
or (bl by b, q )

aqarg - aqq, (arg; Dn - @ q; Dn
_ £, 2.1)
i (blq byq -+ brq ) Z < (b1g; q)n g0

With the notation x = X, := (x1, %, - - -, %) (r € N), we define

(A—aD)---A—a) ,
(1= (1—5)
Sex(a b, ) = (1 — ugil(a b)),

urk(a’ b t)

and

ur,k(a, b, t)

,b, ) =346 , b, ) ————.
Cr,k(a ) r,k(a ) ur,l(a» b, t)

In what follows, when r = 1, we may write x as x for simplicity. Our first general quantum
q-series identity is the following.

Proposition 2.1 Letr,k € N, and q = ;lﬁ’ with h/k reduced. Then

a) a b1 by --- b _
¢r ( L2 b "4 >=q—1 cr,k(a,b,t)(qsr)[k](al 2 g 1). (22)

by by - 142 - a
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Remark 4 (1) It is possible for some or all of the parameters ¢ and a;, b; (1 <
j < r) appearing in Proposition 2.1 to depend on g; however, we emphasize

« »

that our notation “ =,-1” used above (which was first used by Lovejoy in [31])

should be read (in this case, and similar instances throughout the paper) as

by by - b
= cri(a, b, £)(Br) ik (ai az dr;q‘l;t‘1
e ay

(2) When r = 1, under the hypotheses given, Proposition 2.1 establishes a quantum
g-series identity for Fine’s basic hypergeometric series [14] F, (a1, b1;t) = ¢1 Zl 3 q; t)
1
as follows:
Fylay, bi;t) =41 ciulas, by, £)(Fpu(br, ars 1),

(3) Asis common with g-hypergeometric series identities in the literature (see, e.g., the
books [14] including p2 Sec. 3 and [24], and numerous related papers including the
recent [31] and [3]), we state Proposition 2.1 without enforced conditions on the
additional parameters a, b, and ¢ for maximum applicability, with the understanding
that the identity may be used with any values of these parameters such that both the
left- and right-hand sides simultaneously converge, or in other appropriate limiting
settings, e.g., when certain parameters tend to 0 or oo as is common in the subject.
We state other identities throughout the paper (including Proposition 2.2) similarly.
For example, the right-hand side of (2.2) is a rational function and will converge for
any complex a, b, and ¢ that do not produce poles; it will also converge with certain
poles after taking suitable limits. We illustrate some specific applications of interest
including limiting ones in Sects. 3—5.

(4) The proof techniques used to prove Propositions 2.1, 2.2 and related results below
are not limited to these settings; it would be of interest to use the techniques of
this paper to establish quantum-type identities for other g-hypergeometric series of
interest, including but not limited to mock modular and quantum modular forms.

Our second and third general quantum g-series identities are as follows.

Proposition 2.2 Letq = Ckh with h/k reduced. Then

k-1 (bz—l)nqn2+n k-1
-1 k k n

—z (1 -=-b0(1-12") =, (b; q)nz", (2.3)

,;0 g D1 (e L1 ¢ ,; o
and
}’12 n —_
e - h1 -2 S b (ceaz ) a A B,
1-ch) b S 717 PESCane Y ) PAS T AL
(2.4)

Proof of Proposition 2.1 We use that for g = {,f’ (where i1/k is reduced), we have
& @)stmr = (1 — %)™ (xq; q)s (s, m € No), and hence,

ay a - @g;n-(arg; D,
Or 3 q; t
(b1 b2 q ) Z (blq: : (br% Q)
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_ Z (@ Dsymk @G Qs ymk SHmk
015 D stk - - br@s @smk

0<s<k—1
m=>0
— m (@14;9)s - - (arq; q)s
= | X_w(abo) > t
m=>0 0<s<k—1 (blq’ q)S e (brq; q)s

Using the given hypotheses, as well as that (xg;q)x = (xq;q)s(xqg*T';q)k—s and
(xq' ™" q)n = (x;q1)s, we find that this equals

@S Drs - e Qs

8rk(a b, Hui(a, b, 1)
ok ok 2 (@t Pr—s -+ - (brg*+5 ks

0<s<k-1

= Sy(a b, Duylabl) Y
0<s<k—1

(big g7 Y5 (brg g7 Vs
(ag 597 Vs (argL971)s

(bl;q_l)k—s T (br;q_l)k—s s
(“1;q71)1<—s Tt (ﬂr;q71)1<—s

= ¢ k(a, b, t) Z

0<s<k-1

b1 by --- b _
=41 cri(@ b, t)(¢r)[k]< Lo St 1)

ay ay --- ar

as claimed. O

Proof of Proposition 2.2 To prove (2.3), we begin with [31, (2.3)] with N — k g = g“,? and
g+~ g~ so that

k=1 k=1
> (B3g u2" =B (big Vale T g g e/ g
n=0 n=0
This equals
b1 = 1 1. -1 24
_— E (bg; g nr1(z" 59 Inr1(z/b)'q" ™"
_ _ 1
(1 —=bg)(1 —z71) =~
b1 - 1 1 -1 k—n—1_n2+
= b g ienlz g Nkmnle/D) T
_ _ -1
(1 —bg)(1 —z71) —~
b1 - 12—k 1 ntl—k ken—1_n2+
= > " @ T T i/ D) T
_ _ -1
(1 —=bg)(1 —z71) —~
pk—1 k=1 n+n

= (bg% —1g pyk—n—1 q
T AL D Dy o e s

k-1 qn2+n
== b)) —27) Y (e/p)
1 ,; / O Dn1(z7Y P
as claimed.
To prove (2.4), we begin with [31, (1.21)] with N + k — 1, with g = ;‘]ﬁ’ andg +— g~ !
to obtain

(b; q_l)n n
2 Ga

(4
0<n<k-1

41
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_ /B D s 3 (=1)"(bsq ne g g Yule/c)"q" D"
I i (bg=2/c;q™Dn

Now we proceed similarly to the above proof of (2.3) using that (xq;q)x = (xgq;9)s

(xq* Y @)r—s and (xq' 7" q)n = (%, ¢ 1)1, to eventually rewrite this as

(YL TR R (- R X -l Y ) VIR
- b
Ga i Ga a9
(—D*"(bg™ 1 /c; @k —nlc/2)k gk k=rtD)/2
x D

(bq; Dic—nz™Y Dic—n

0<n<k-1
(c/b;g Vi1 41 B e g5 e, =
=- b 1-b
(g i1 (bq2/c;q /ey 0 =bg™"/0)

Z (_1)n+1(b/c; q)n(c/z)n+1q(n+1)(n+2)/2
X .
i (bg; Dn+1Z7Y Qua

With a little more simplifying and using that (xg; ¢)r = (1 — 2%) and (xg; q)r—1 = (1 —
%K) /(1 — x), we obtain the result. O

3 The universal mock theta function g3(w; q) and the generalized
Kontsevich-Zagier quantum modular form F(w; q).

In this section, we state and prove, using in part our general results from the previous sec-
tion, several quantum g-series results relating the universal mock theta function g3(w; q)

and affiliate
S n,,—n
w
Bawig) =Y T (3.1)
n=0 (Wr q)n+1

studied in [7], to the generalized Kontsevich—Zagier quantum modular F(w; ). We begin
with a quantum g-series identity at roots of unity g = {,f and complex values of w for which
g3(w; q) and g33(w; q) naturally converge, in terms of the finite generalized Kontsevich—
Zagier (F)[x)(w; q), exhibiting a kind of universal quantum modularity of (F);(w; ). (Note
that Proposition 3.1 is also stated in Sect. 1 as Proposition 1.6 for convenience.) See also
Table 1.

Proposition 3.1 Letq = ;,f’ with h/k reduced. For |2 — w* — w=K| > 1, |[wk — w?k| > 1,
we have
1 —k—2 L—w

Bw;q) = g33(w; q) =41 W T —w m(ﬂ[k](% q).

In Fig. 1, we plot the set of complex w with —2 < Re(w), Im(w) < 2 satisfying the hypothe-
ses of Proposition 3.1 with k = 11.

We also establish a type of dual to the above proposition, trading the non-finite g3 and
g3,3 for the finite (g3) (4] and (g33)[x] and trading the finite (F)(z) with the non-finite F. That
is, in Theorem 3.2 (also stated as Theorem 1.2 in Sect. 1 for the function (g3)[x] only) we
establish a limiting quantum g-series identity for the finite (g3)[x] and (g3,3)[x] at roots of
unity g = C,ﬁ‘ as w approaches roots of unity {; with b | k in terms of the generalized
Kontsevich—Zagier F(¢}; q). We point out that unlike the previous proposition, for b | k,
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-1 0 1 2

Fig.1 {I2—w'" —w > 13N {w'" —w??| > 1} N {=2 < Re(w), Imw) < 2}

(¢ ;‘,f’) and g33(5;); ;‘,f’) do not converge, but their finite limiting expressions presented
below do—and may be evaluated in terms of the Kontsevich Zagier quantum modular
form F(¢; ;,‘,;h).

Theorem 3.2 Letq = {,ﬁ’ with h/k reduced, and let a/b be reduced with b | k. Then
lim (1= wh)*(gs)(wsq) = — lim (1 — w*)(g33) 1 (W q)
w—>{b w— ;b
=18, A= CHFEa) — 6"
As discussed in Sect. 1 (and as stated there as Corollary 1.3), we obtain

Corollary 3.3 For each reduced a/b with b # 1, up to suitable normalizations, the func-
tion
g.-;% : Qb —- C

is a weight 1/2 quantum modular form.

Remark 5 The quantum modularity of g3, (h/k) = limyq/s(1 — e(ky))(g33)ik)
(e); ;‘/ﬁ’) on Qy is similarly deduced from Theorem 3.2.

Next we offer a similar quantum g-series result to Theorem 3.2 for (g3 3)[x] for suitable w
in terms of the generalized Kontsevich—Zagier quantum modular F(w; g).

Proposition 3.4 Letq = {,ﬁ“ with h/k reduced. For |wk — w*| < 1, wK # 1, we have

_1-k (1- wk + WZk) _ w2k (1- wk + Wzk)(l —w)

F(w;q).
1—wk 1—wk (w;q)

(@3 wiq) =41 w

Remark 6 We also establish a non-limiting version of Theorem 3.2 for (g3)(«)(w; q) for
suitable w in the course of its proof (see equation (3.2)) similar to Proposition 3.4.
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3.1 Proof of Theorem 1.1, Proposition 3.1, Theorem 1.2 (Thm. 3.2), and Proposition 3.4
Proof of Theorem 1.1 We use [7, Theorem 3.1] by the first author with Bringmann and
Rhoades to write

R q) = ¢f—¢0) (8, +g3(8459))
for |g| < 1. We also use the quantum g-series identity (1.2) for the strongly unimodal
rank function and the generalized Kontsevich—Zagier function as well as our Theorem
3.2 (Thm. 1.2) to obtain
lim (1 - w)* (@) wiq) = ¢, (1 = gHUES9) — ¢,

w— ;l‘f

We use the above, together with the generalized Ramanujan radial limit [22, Theorem 1.2]
by work of the first author with Ono and Rhoades restated in (1.3), to obtain Theorem 1.1
after some algebra and simplifications. ]

Proof of Proposition 3.1 Using [7, Theorem 3.1] and [14, (2.4)], we find that

1—w w w2

1 0 . 1 1 0 1
g(w;q) = g33(wiq) = &1 ST =———-—=¢ STV

Applying Proposition 2.1 in the case that r = 1 (see Remark 2 (2)), we find after some
simplification that

0 _ _ w
¢1 (W;q;W 1) =41 c1k(Ow, w™) (d1) (0 i q; W>;

which is equivalent to
0 _ 1- w)w‘k

o1 (w;q; w 1) =4-1 W(F)[k](w$ q).
Combining the above results and simplifying completes the proof. ]
Proof of Theorem 3.2 (and Thm. 1.2) We begin with (2.3) from Proposition 2.2, with z =
b = w1, which reveals that

k—1

> whg ™ = w R = w g A = wh) (g (ws 9).

n=0
Now, we observe that (g3)(x)(w; q) is invariant under w gw~!. Using this, and the fact
that g% = 1, we find that

k—1
Y @ wig Dag W = g L = WO — W) (g3 (Wi ). (3.2)

n=0
that w = ¢/ with b | k then we have that the function on the left-hand side of (3.2) equals

P (Z;q‘l; wq_1> . Using [14, (2.4)], we see that this equals

W _ 1 w—1
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After some simple algebraic manipulations, the result follows for (g3)[x](w; q) after estab-
lishing that the claimed limits exists. To show this, it suffices to show that for each
0 < n < k — 1, the limits
. (1—wh?
lim
w—2f (W Qn+1(q /W5 @) nt1

exist, where g = C,f‘, a/b is reduced, and b | k. Indeed, we have that

(1 —wh)? _ _k (mak(a/wiak
W; Qn1(q/Ws Dnat W; @) n1(q/W; Dnaa
= _Wk(an+1;Q)k—n—l(w_lqn+2;q)k—n—1:

from which it follows that the limit pertaining to (g3)(x exists and equals the given expres-
sion in terms of F(w; g), along with the easy to verify fact that F(g;; ¢, "y converges.

To obtain the result and limiting expression pertaining to (g33)(x], we multiply the
identity of Proposition 3.4 by (1 — wk). As above, we similarly justify that the limit as
w— ¢ of(1— wk)(gg,g)[k] (w; q) exists under the hypotheses given, recall that F(¢;'; {k_h)
converges, and simplify to obtain the result. O

Proof of Proposition 3.4 We apply Proposition 2.1 withr = 1, a; = w,b; = 0and t =
wq . After some algebra and simplifying, this gives

e 1 (1= wk 4wk woo_ B
(@33) Wi q) = w' kg IT% 0’1 Lwg ).

Applying [14, (2.4)], after some simplifying, we find that this equals

_ w—l—k(l — wk + w) B w_2_k(1 —wk + w1 —w)
q k k
1—w 1—w
as claimed. O

F(w; q)

4 The universal mock theta function g,(w; q) and the quantum modular form
H(w; q).

Analogous to the results of the previous section gz(w; q) and F(w; g), in this section we
state and prove (using in part our general results from Sect. 2) several quantum g-series
results relating the universal mock theta function g»(w; ¢) and affiliate

1+w (g @y 1

2w & (wgiq)n 2w

93w q) =

studied in [7], to the quantum modular H (w; g). We begin with a quantum g-series identity
atroots of unity g = (;lf‘ and complex values of w for which g (w; ¢) and go 3(w; g) naturally
converge in terms of the finite H-function (H)y(w;q), which similar to the previous
section is, interestingly, unnaturally truncated, and analogously reveals a kind of quantum
universal mock property.

Proposition 4.1 Letg = §,ﬁ’ with h/k reduced. Por‘% <1, % <1,
wk £ 1, we have
1 (—D*1 4+ w)(1 — whyw—k-1
2(—w;q) = g23(—w;q) =41 + H)p (—w; q).

2w 21 — (—w)k + (=DK1 — wk))

41
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-1 0 1 2

. — (=11
Fig.2 || =5 | < 1) {5 | < 1} =2 = Retw) Imw) < 2)

Moreover, with k odd, and a/b reduced with b | k, we have

1 Q+wa—whw k1
2w 2wk + w—k)

2(=85q) = 823(=859) =4 wlim < (H) gy (—=w; 61))-

—>§g
In Fig. 2, we plot the set of complex w with —2 < Re(w), Im(w) < 2 satisfying the hypothe-
ses of Proposition 4.1 with k = 11.

The analogous dual-type result to the above proposition as seen in the previous section
for g3(w; q) is the following theorem (also stated as Theorem 1.4 in Sect. 1), a quantum
g-series identity for the limiting finite universal mock theta function (g2) ) (w; ) toward
pairs of roots of unity (w;q) = (¢ {,f‘) for which the (infinite) series go(w;q) does not
converge.

Theorem 4.2 Letq = ;‘,f‘ with h/k reduced, k odd, and let a/b be reduced with b | k. Then

lim (1 — w*)2(g2)i(w; q) =41 =&, * — (&, = ¢, *VH(g, % q).

w—>§g

As discussed in Sect.1, the above theorem leads to the quantum modularity of the
limiting finite universal mock theta functions gy for roots of unity at which g»(¢;’; {,f) does
not converge (see also Corollary 1.5).

Corollary 4.3 For each reduced a/b with b # 1, up to suitable normalizations, the func-
tion

&a:Qy—C

a
D

is a weight 1/2 quantum modular form.

Next we offer a similar quantum g-series result to Theorem 4.2 for (g3 3)[x] for suitable
w in terms of the quantum modular H (w; q).
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Proposition 4.4 Letq = {,f’ with h/k reduced. For ’ IW_k(__”‘f)]; < 1, wk £ 1, we have
1 1 (1—w—(—wf —wk 4 w)
©@3)iwsq) =g~ — g =0 H(w;q).  (4.1)

Moreover, for k odd and a/b reduced with b | k, we have

lim (1 — wh)(g2,3)p(w; @) =41 (1 — ¢, “)H(w; q). (4.2)

w— {1;’

Remark 7 We also establish a non-limiting version of Theorem 4.2 for (g2)[k](w; q) for
suitable w in the course of its proof (see equation (4.3)) similar to Proposition 4.4.

4.1 Proof of Proposition 4.1, Theorem 4.2 (Thm. 1.4), and Proposition 4.4
Proof of Proposition 4.1 We begin with the fact that

22 1 w _
1 (g2,3(—w; q) — —) =¢ ( g —w 1>'
—-w 2w —w

To this, we apply Proposition 2.1, also using that

(H)x(=w; q) = (1)1 (_Ww;q; —w) .

The proposition follows after simplifying c; s (w, —w, —w™!) and some straightforward
algebraic manipulations, along with [7, Theorem 4.1]. m]

Proof of Theorem 4.2 (Thm. 1.4) Wesethb =z =w~!andc = —w~ g~ in equation (2.4)
from Proposition 2.2 to obtain after some algebra and simplifying

=101 _ (_1yky—k -1
(1= wh) (@) Wi ) = —2 8%(4,711)) - )(¢1)[k] (iqul;ql;wl)' (4.3)

Now, for k odd and w = ¢} (a/b reduced) with b | k, we have that

—1 -1
wq, _1. - wq 5 _
(¢1)[k]< g hw 1) =¢1< ahw 1)
—w —w

CQ+wh)  a-whHa4+wh
- 2 + 2

Hw g7,

where we have also used [14, (4.5)], and thus, the right-hand side of (4.3) with w = ¢}/,
b | k, and k odd becomes

=, = o= ¢ H G S M. (4.4)
Similar to the proof of Theorem 3.2 (Thm. 1.2), it is not difficult to check (with k odd,

b | k and a/b reduced) that the limit as w — ¢; of the left-hand side of (4.3) exists and
thus equals (4.4). O
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Proof of Proposition 4.4 Proposition 4.4 (4.1) follows from Proposition 2.1 with r =
l,ai = w,b1 = —w, and ¢t = w, after some algebra and simplifications. Next we
prove (4.2). It is not difficult to verify that (1 — wX) multiplied the right-hand side of
(4.1) evaluated at (w,q) = (g}, {,f‘) for k odd and b | k (and a/b, h/k reduced) exists
and equals (1 — {;“)H(;Z; g“k_h). Moreover, it can be shown as in the proofs of The-
orem 3.2 (Thm. 1.2) and Theorem 4.2 (Thm. 1.4) that (for the same a/b, h/k) the limit
lim,,_, ¢ (1—wk )(€2,3) k] (W; q) exists, and thus via (4.1) and the above equals the right-hand
side of (4.2) as claimed. O

5 Antiquantum g-series

In this section, we define and investigate what we call antiquantum q-series identities,
again inspired by Lovejoy [31], to complement his notion of a quantum g-series and our
results in the previous sections. Our antiquantum g-series identities are between series
which converge and are equal to one another inside the disk |g| < 1, but our identities
hold at (dense) sets of roots of unity on the boundary for which one of the series diverges
and is “unnaturally” truncated. To illustrate this more precisely, we first define the g-series

L (=wrg”
i) = HX:(:, WG; Dn(—45 @)
and
mw;q) ==Y _w'q%q*)u(wq)".
n=0

Specializations of these functions are related to Ramanujan’s 3rd-order mock theta func-

tions
2 o0 nZ

1@ —Z( o V@ —Z( , and ‘Z’("):Z(—;W‘
n=0

For example, we have

-1,q) =f(q),
—qM(—l;q) = ¥(—q)
gii(—q;q) =1 — $(—q),

where

o0
V(—q) =Y (g% q")u(—q)""" and ¢(—q) :=1-) (-g;q*)u(-1)"q*"""
n=0 n>0
are g-series which are equal to the mock theta functions ¥ (—¢g) and ¢(—g), respectively,
inside the disk |g| < 1, i.e., there,

¥ (—q) = ¥(—¢q) and ¢(—q) = p(—q).

However, these identities do not in general hold at roots of unity on the boundary (see

Remark 8 for more).

2 Wk qkfl
1 e We first give a general result (proved in part from our
—w

results in the previous sections) from which we deduce antiquantum g-series identities

Let ky gk =

for mock theta functions.
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Proposition 5.1 We have that
m(w;q) = K;,,;,k - g (w; q).

From this, we obtain the following antiquantum g-series identities for the third-order
mock theta functions ¢ and .

Corollary 5.2 For odd-order roots of unity g = {,f’ (h/k reduced and k odd), we have

-1+ ¢(—q)=%(—1 + oy (=), (5.1)
and
V0 = 3w (5.2)

Remark 8 We explicitly point out the antiquantum nature of the identities in Corollary
5.2 as follows. We have the mock theta identity ¢(—¢q) = ;ﬁ(—q) inside the disk |g| < 1;
the function ¢(—q) converges at odd-order roots of unity (g = g‘,f‘ with /1/k reduced and
k odd) while ¢(—q) diverges at odd-order roots of unity. Corollary 5.2 (5.1) shows that
a forced truncation of 5(—&]) indeed equals ¢(—¢) at odd-order roots of unity, after a
modest normalization (subtracting a constant and multiplying by a constant). A similar

explanation of the antiquantum nature of (5.2) for the mock theta function ¥ also holds.
The proof of Proposition 5.1 uses Proposition 2.1 as well as the following general identity.

Proposition 5.3 Forq = {,f’ with h/k reduced and k odd, we have that

k=1 k—1
Y aFwighas =W Y (=1 (wig)s.
s=0 s=0

Proof of Proposition 5.1 From [31, (2.3)] (with ¢ — ¢, b = w™'4?%, z = wq), we have that

N

~ 7> ! 2 2 2 w? —252—2s
m[k](w;m:(;) > (@ /wiaDsla/wig)s <7> q

0<s<k—1
q2 k—1
= (;) > wa g )wg g Dsg
0<s<k-—1

q2 k—1
= (;) > wg g g

0<s<k-—1

1

Applying Proposition 5.3 (with ¢ — g1, w — wgq 1), we find that this equals

Page 17 of 21
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2\ k-1
(%) wg 1Y (=1 wg g

0<s<k—1

qz k—1 w
= <;> (wg D 1) (O;ql;—1>,

Applying Proposition 2.1, we see that this equals

2\ k-1 k
k] 2—wW 0
(—q ) (wg )<L ¢>1< ;q;—l).
w 1-—w w

Using [14, (12.3)], this is

2\ k-1 k
q g 2—=—wt 1
(W) (wg™ 1)1 LMW q) = Kugi - MW q).

O

Proof of Corollary 5.2 We first prove (5.1). We apply Proposition 5.1 with w = —gq and
q= §,f’, h/k reduced and k odd, which establishes that

201+ g)gs(~1:) = 2 (1 + 9)(1 ~ F(~)

or equivalently

1 ofla) = %(1 ~3(-q). (5.3)

Now we apply the Ramanujan—Watson identity [35, p63] between the third-order mock
theta functions ¢ and f, which is equivalent to

29(~q) () = (LD 64
(=4 9)%
We verify that the product on the right-hand side of (5.4) vanishes at odd-order roots of
unity g = g‘,f‘ (and that ¢(—q) and f(g) converge for such g). The result follows from this
and (5.3).
Next we prove (5.2). We let w = —1 in Proposition 5.1 to obtain

f@) =~ 5T 65)

atodd-order k roots of unityg = ¢ /ﬁ’ .Now we employ another Ramanujan-Watson identity
[35, p63] between the third-order mock theta functions v and f, which is equivalent to

(4 @)
9%
Using this, similar to the proof of (5.1), we find that f(g) = —4¢(—q) at odd-order roots
of unity g = ;,f’; the result follows from this and (5.5). O

f@)+4v(—q) =
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Proof of Proposition 5.3 Let q = {,ﬁ’, a primitive odd-order k root of unity. We have that

k—1 % k%3
Y wig)s =Y wig)as — Y (Wig)ast
s=0 s=0 s=0

>~

-3

=W @r-1+ ) (Wiq)as — (W;q)2s11)

[+

“
Il

0
3

>~

(w3 q)2s(1 — (1 — wg™))

s=0
k=3

[+

= (w; Q-1 +

2
=W k-1 +w Y g Wi q)as

s=0
On the other hand,
k-1 k%l k—1
YW@k =Y a Wighas+ Y a7 wiq)
s=0 s=0 s=k%]

>~

-1

>
w

N‘

k+2s+1(

=W+ Y q W; @) k42541

=0

I
[+

~ @
ol

- o
%)

k=3
2

N‘

B w; @)as + 1 — w)Y " g w; q)as

s=0 s=0
k=3 k=3
2 2
=T W1 + Y aFwiq)as + (1 —w)Y g Wi q)asi
s=0 s=0
k=3 k=3
2 2
=g W1+ Y aF W + 1 —wh)D T g wig)asi1
s=0 s=0
Thus, to prove the result, it suffices to show that
k—2
W =1 Fwigs =g —w Wk, (5.6)
s=0

which we now establish. From [31, (2.3)], we deduce that

k—1

> wigg" =w!

n=0

or equivalently that

k—2
Y Wi =w = wighq!
n=0

so that the left-hand side of (5.6) equals

_ k2
W =D = Wi gkag) =W - %q‘l‘ (5.7)

41
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The right-hand side of (5.6) equals

_ L, @ =wh
(q 1 _ Wk l)m. (5.8)
Subtracting (5.8) from (5.7), we obtain
k\2 k
k-1 _ -1, (L=wHT o kery (=)
O p K iy
(1- wk) k_—1 k—1 2k—1 k—1
= m(—w q +w ) +w —w
= (1= whywk=1 4 w21 _ k1
=0
as wanted. O
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