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ABSTRACT. A new transformation involving the error function erf(z), the imaginary error
function erfi(z), and an integral analogue of a partial theta function is given along with
its character analogues. Another complementary error function transformation is also ob-
tained which when combined with the first explains a transformation in Ramanujan’s Lost
Notebook termed by Berndt and Xu as the one for an integral analogue of theta function.
These transformations are used to obtain a variety of exact and approximate evaluations
of some non-elementary integrals involving hypergeometric functions. Several asymptotic
expansions, including the one for a non-elementary integral involving a product of the Rie-
mann =-function of two different arguments, are obtained, which generalize known results
due to Berndt and Evans, and Oloa.

1. INTRODUCTION

oo ax?+bx

Mordell initiated the study of the integral / wrd dx, Re(a) < 0, in his two influen-
€

tial papers [32, 33]. Prior to his work, special cases of this integral had been studied, for
example, by Riemann in his Nachlass [47] to derive the approximate functional equation for
the Riemann zeta function, by Kronecker [26, 27] to derive the reciprocity for Gauss sums,
and by Lerch [29, 30, 31]. Mordell showed that the above integral can be reduced to two
standard forms, namely,

00 e7ri7'a:2—27rzx
QO(Z,T) = T/OO W dl', (11)
00 671'7:712727sz
O'(Z,T) = /_Oerﬂ_Tl._ldlL',

for Im(7) > 0, and was the first to study the properties of these integrals with respect to
modular transformations. Bellmann [4, p. 52] coined the terminology ‘Mordell integrals’ for
these types of integrals.

Mordell integrals play a very important role in the groundbreaking Ph.D. thesis of Zwegers
[50] which sheds a clear light on Ramanujan’s mock theta functions. The definition of a
Mordell integral h(z;7), Im(7) > 0, employed by Zwegers [50, p. 6], and now standard in the

contemporary literature is,
) e7ri7':c2—27rzx
h(z;7) = / ——dx.

oo coshmx
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As remarked by Zwegers himself [50, p. 5], h(z;7) is essentially the function ¢(z;7) defined
in (1.1), i.e.,

h(z;1) = _Tzie_(ﬂTinrmz)ap (z+ 7). (1.2)
Kuznetsov [28] has recently used h(z; 7) to simplify Hiary’s algorithm [22] for computing the
truncated theta functionlzzzo exp(2mi(zk+7k?)), which in turn is used to compute ¢ ( + it)
to within +¢=* in O)(¢3(Int)") arithmetic operations [21]. We refer the reader to a more
recent article [9] and the references therein for further applications of Mordell integrals.

In [42] and [43], Ramanujan studied the integrals

bu(2) = /°° cos(mrz) T gy
0

cosh(mz)
(2 = /0°° sin(mxz) p—mwa? g

sinh(mz)

Of course, we require Re w > 0 for the integrals to converge. If we replace w by —iT with
Im(7) > 0 and z by 2iz, then the integral ¢ is nothing but the Mordell integral. That is,

h(z,7) = 2¢_ir(2iz).

Later, Ramanujan briefly worked on these two integrals in a two-page fragment transcribed
by G. N. Watson from Ramanujan’s loose papers and published along with Ramanujan’s Lost
Notebook [46, p. 221-222]. See also [3] for details.

A third integral of this kind studied by Ramanujan on page 198 of the Lost Notebook is

Fu(z) ::/ sin(rez) e ™
o tanh (7z)

As before, one needs Re w > 0 for convergence. One can easily rephrase this integral as

0o —mwz? 00 —mwrl2nT o
Fw(z):/ e sin(mxz) d:c:/ e sin(mxz) g (1.3)

2 2
oo e —1 oo e — 1

For Im(7) > 0, this integral F' is connected to the integral ¢(z,7) in (1.1) (and hence to the
Mordell integral h(z;T)) via

F—iT(ziZ) = i (90(27 T) - SO(_Z’T)) .

Thus Mordell integrals pervade Ramanujan’s papers and his Lost Notebook. In a further
support to this claim, we refer the readers to an interesting paper of Andrews [2].

Berndt and Xu [8] have proved all of the properties of F(z) claimed by Ramanujan in
the Lost Notebook. Following Ramanujan, we assume w > 0. Suppose a certain result holds
for w > 0, it is clear that by analytic continuation, one may be able to extend it to complex
values of w in a certain region containing the positive real line. Among the various properties
claimed by Ramanujan is the transformation

F,(z) = \;36"412 Fiy, (Z) . (1.4)

w

In view of this property, Berndt and Xu call F,(z) as an integral analogue of a theta function.
Assume a > 0, let w = o? and replace z by az//7 in (1.4). Using (1.3), one sees that the
above transformation translates into the following identity.
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For a, 8 > 0 such that af =1,

\/&eé /°° e~ gin(y/Tazz) dx:\/Be_§2 /°° g~mh smh(fﬂ:vz) . (15)

2 2
oo e —1 oo esm™ —1

Now consider the integral

627rx -1

/Ooo o—maa? Sm(\faxz) . (1.6)

In analogy with the partial theta function which is the same as a theta function but summed
over only half of the integer lattice, we call the above integral an integral analogue of partial
theta function. Note that unlike F,(z), this integral cannot be expressed solely in terms of
Mordell integrals. Also unlike how the transformation formula for the Jacobi theta function
trivially gives the transformation formula for the corresponding partial theta function [49,
p. 22, Equation (2.6.3)], the transformation in (1.5) does not give rise to a corresponding
transformation for the integral in (1.6). (It is easy to check that the integrands in (1.5) are
not even functions of x). Nevertheless, the primary goal of this paper is to prove a new and
interesting modular transformation for the integral in (1.6) which involves error functions.
The error function erf(z) and the complementary error function erfc(z), defined by [48,

p. 275]
erf(z \F/ (1.7)

erfc(z) =1 — erf(2) \f/

respectively, are two important special functions having a number of applications in prob-
ability theory, statistics, physics and partial differential equations. In probability, they are
related to the Gaussian normal distribution. Glashier [16] was the first person to coin the
term Error-function and then the term Error-function complement in the sequel [17]. How-
ever, his definitions are exactly opposite to the standard definitions given above and do not
involve the normalization factor 2//7.

The imaginary error function erfi(z) is defined by [23, p. 32]*

erfi(z f/ e dt. (1.8)

From (1.7) and (1.8), it is straightforward that
erf(iz) = derfi(z). (1.9)

We now give below the transformation linking the integrals of the type in (1.6) with the
error functions erf(z) and erfi(z). This transformation is of the form G(z,a) = G(iz, )
for a, 3 > 0, af = 1 and z € C. It is also related to an integral involving the Riemann
=Z-function, which is defined by

and

2(t) = &(5 +1it), (1.10)
where £(s) is Riemann’s &-function defined by [11, p. 60]
£(s) == %s(s ~1rr (3 ¢ls), (1.11)

I'(s) and ((s) being the Gamma function and the Riemann zeta function respectively.

IThis definition differs from a factor of —= from the definition in [23].
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Theorem 1.1. Let z € C,ax > 0 and let A (a z, H”) be defined by

Az, z,8) == w(x, z,8) +w(z, 2,1 —s), (1.12)
with
1y 22 s 3 22
= F; 1.1
w(z,z,s) :=x2" % 8 1< 275 4) (1.13)

where 1Fy(a;c;z) is Kummer’s confluent hypergeometric function. Let Z(t) be defined in
(1.10). Then for aff =1,

Vae (erf (g) -4 /0 h fmzi;in(_\/faxz) da:)
- VB <erﬁ () [T ) )

N L .
2 [T () p Y2 (DA (a2 201 (1.14)
872 J, 4 4 2 2

where erf(z) and erfi(z) are defined in (1.7) and (1.8) respectively.

I
ot

We prove Theorem 1.1 by evaluating the integral on the extreme right of (1.14) to be equal
to the extreme left, and by exploiting the fact that it is invariant under the simultaneous
replacement of a by 8 and z by iz.

This transformation generalizes a formula of Ramanujan which he wrote in his first letter
to Hardy [44, p. XXVI] and which also appears in [40, Equation (13)]. This formula is
equivalent to the first equality in the following identity, valid for a8 = 1, and which is also
due to Ramanujan [41]:

2,2

[e'¢) —Tacx 00 —mB2x2
1 3 xre 1 3 xre
a? — 4 z/ dxzﬁ2—47rﬂz/ S dr
0o €T

627rm_1 p—

47rf/ ( ! +Zt> r (_14_ “) = (;) cos <;tloga> dt. (1.15)

Mordell [33, p. 331] rephrased the first equality in the above formula in the form 2

00 —mix? /T 00 —miTr?
/ - (—1'7)3/2/ s dr. (1.16)
oo €T —1 N |

That (1.15) is a special case of Theorem 1.1 is not difficult to derive: for z # 0, divide both
sides by z, let z — 0 and note that
erf(z) 2 . erfi(2)

lim = — = lim
z—0 z ﬁ z—0 z

A one-variable generalization of the integral on the extreme right-hand side in (1.15) was
given in [12, Theorem 1.5], which in turn gave a generalization of the extreme left side.
However, this general integral is not invariant under the simultaneous application of a« —
and z — iz, and so a transformation formula generalizing the first equality in (1.15) could
not be obtained there. This shortcoming is overcome in Theorem 1.1.

We also obtain another transformation involving error functions that is complementary to
the one in Theorem 1.1.

2There is a misprint in Mordell’s formulation of Equation (1.16), namely, there is an extra minus sign in
front of the right-hand side which should not be present.
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Theorem 1.2. For a,8 > 0,a8 =1,

2 0 —malx?
e (w(5) v [ T )

2 0 —7r523:2 :
Ve (wn(5) e [ T )

. —1

(1.17)

It is important to observe here that subtracting the corresponding sides of the first equality
in (1.14) from those of (1.17) results in (1.5), thus providing a new proof of (1.5), and hence
of (1.4).

Let x denote a primitive Dirichlet character modulo ¢. The character analogue Z(¢, x) of
E(t) is given by

E(t,x) :=¢ (; + it, x> ,

where £(s,x) = (n/q) CTY/2T (2£2) L(s,x), and a = 0 if x(—=1) =1 and a = 1 if x(—1) =
—1. The functional equation of £(s,x) is given by (1 — s,%) = €(x)&(s, x), where €(x) =
i%q"2/G(x) and G(x) = 3% _, x(m)e?™™/4 is the Gauss sum. See [11, p. 69-72]. For real
primitive characters, we have

q, for x even,
aho =4V
iy/q, for x odd.
Hence the functional equation in this case reduces to £(1 — s, x) = £(s, x), which also gives

We now give below the analogues of Theorem 1.1 for real primitive characters.

Theorem 1.3. Let z € C and let a and (8 be positive numbers such that aff = 1. Let x be a
real primitive Dirichlet character modulo q.

(i) If x is even,

_ 27mrz

42 [e%e] rala q—1 g
Vaes e 4 sin vmazz =i X(re dx
\/a 1 e—Qm:
0 _

0 52,2 q—1 —2arz
= 5652/ e x sinh vrprz =i X(r)e dx
0 \/a 1_6—27rx
2\/q [ 3+t 33—t t 1+t
= T r = = A —_ . 1.1
o [, T (357)2(a)a (s ) e
(ii) If x is odd,

2nre
oo 2.2 q—1 -
Ja 22 _ma?a? Vrarz fix(r)e e
oe’s e ¢ oS ;o dx
0 \/a l-e
2nrx

L2 [0 52,2 q—1 -
= \/Bes/ e K cosh <\/7fﬁ:m> ’":11 X(T_);m " dr
0 q —€

1 [ [1+it 1—it / 1+t
- 3/ F( H)r( Z)E(,X>v<a,z,“> dt. (1.19)
1672 Jo 4 4 2 2
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Note that the sums inside the integrals in the above theorem are Gauss sums of purely
imaginary arguments.

The first equality in (1.15) can be rewritten for a8 = 72 as
1 0 xe—axz 33‘6 —Bx?
In [45, Volume 2, p. 268], Ramanujan gives an elegant approximation to the above expressions.

Let a >0, B> 0, a3 = n%. Define
71 %) xe—awz

1 1 2

1/4
I(a) = <a + 3 + 3) , “nearly”. (1.21)

Then

As mentioned by Berndt and Evans in [7], Ramanujan frequently used the words “nearly”
or “very nearly” at the end of his asymptotic expansions and approximations. The above
approximation is very good for values of « that are either very small or very large. A proof
of the above fact was given in [7], where as an intermediate result, the following asymptotic
expansion for I(«) as a — 0 was first obtained:

Observe that for a3 = 72 and z # 0, the first equality in Theorem 1.1 can be rephrased
as follows:

oo —oz;r2 :
I(z,a) := ﬁafie%erf (%) + éaiefé / e sinh(y/axz) i
< 0

z e2mr _ 1

NZ ] 2y 4.1 2 [ e P gin(y/Baz)
= Tp e ot () + e [

dx =: 1(iz, 8), (1.22)

of which (1.20) is the special case when z — 0. The following general asymptotic expansion
holds for the two sides in the above identity as o — 0, or equivalently as [ — oo.

Theorem 1.4. Fiz z € C. Asa — 0,

2 s (—a\” 1 13 —22
That is,
VT 2 ~1/4 e # /3 3/4 (2% = 6)e "/ 7/4
I(z,a)w7 erf<2)a + —« —i—Ta

(60 - 202 + )=S0
15120
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Note that both sides of (1.22) are even functions of z. If we successively differentiate (1.22)
n times with respect to z and then let z — 0, we do not get anything interesting for odd n.
However for n even, two different behaviors are noted.

First, n = 0 (mod 4), i.e., n = 4k, k € N U {0}, gives the following transformation of the
form Hy(a) = Hi(5).

Theorem 1.5. Let a3 = w2. Then for a non-negative integer k,

7&%2

~1/4 3 34 [T we 3 2
0 —

3 % ye=he’ 3
=B Y —2k,1;552) +4 3/4/ 1 F | —2k; ;2827 ) da. 1.24
B 21( Y +4p ; czrr 1141 o Bz T (1.24)
Ramanujan’s approximation in (1.21) is a special case, when k = 0, of the following result:

Theorem 1.6. Let k be a non-negative integer. Both sides of (1.24) are approximated by

3 sy [
a Vi (—Qk, 1; 2;2) +4a3/4/ e
0

627ra: _

—Qoxr

’ 3
11F1 (—Qk; 2;20@2) dx

1/4
3 1 1 2
=oF [ =2k, 1;5:2) [ =+ > + , “nearly”. 1.25
2 1( 2 ><a 3 3.2F1(—2k,1;§;2)> nearty (1.25)

Again, the above right side is a very good approximation of the left side for the values of
« that are either very small or very large.

When n = 2 (mod 4), i.e.,, n = 4k + 2,k € NU {0}, we get a transformation of the form
Ji(a) = —Ji(B) given below.

Theorem 1.7. Let a8 = 72 and let k be a non-negative integer. Then,

_ 3 : > xe
Jk(Oé) = 1/42F1 <—2]€ — 1, 17 2,2) + 4045/4/ m
0

—CXZZ

1 (—2k —1; g; 2aac2) dx

3 < ge P 3
=57 <—2k ~ 115 2) —4p%/t /0 ot <—2k — L5 25:1:2) da =: = Ji(B)-
(1.26)

In particular, Ji(w) = 0, which results in a beautiful exact evaluation of the integral in
(1.26).

Corollary 1.8. For any non-negative integer k,

00 —ma? 3 1 3
/ eiixillﬂ (—Zk ~ L 27rx2> do =~ Fy (—2k - 11 2;2> : (1.27)
; -

Results corresponding to the ones in Theorem 1.5 - Corollary 1.8 that can be obtained by
writing Theorem 1.2 in an alternate form (see (4.12) below) are collectively put in Theorem
5.1 at the end of Section 5. When we combine the results from Theorem 1.5-Corollary 1.8
with those in Theorem 5.1, we obtain the following interesting theorem.

Theorem 1.9. Let o, 8 be two positive numbers such that af = w2 and let k be any non-
negative integer. Then
2

%) —ax 3 [e'S) —Bx? 3
(i) o/ LlFl —2k; 2:2ax? | dx = B34 LlFl —2k; =: 2822 ) dz.
oo €27 — 1 2 oo €T — 1 2
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- oo xe—amQ 3
(11) C¥3/4 [m mlFl (—2k,272af]32) dzx

1/4
1 3 1 1 2
== 9 | =2k, 1;—; 2) -4+ =+ , “nearly”. (1.28)
2 < 2 (a B398 (- 2k,1,§,2)>
oo —OZIL'Z 3
—00
% ge—h? 3
—53/4/ S (—Qk— 1;2;2ﬁx2> dz. (1.29)
—00
In particular when o = 8 = 7w, we have
o0 —71'1’2
3
/ %la (—2k 1 2;277552) da = 0. (1.30)
—00 -

In [41], Ramanujan considered two integrals, one being that on the extreme right of (1.15),
and the second one given by

/OOI‘ pldityp (2ol g (tri) gt i) esatloga)dt
0 4 4 2 2 ) 2+ (z+1)?

Oloa [35, Equation 1.5] found the asymptotic expansion® of the special case of this integral
when z = 0, namely, as o« — o0,
1+ ¢2

. 2
1 0052 L) fp (22t
w3/2 2 4
2 4

1 log a 1 (log 2 )+ T s n
~Y 7'(_ J—
5 Va T 2ya BT VT 0k T 1080007

cos (%t log a) gt

In the following theorem, we obtain the asymptotic expansion of the general integral (1.31)
as a — 00.

Theorem 1.10. Fiz z such that —1 < Re z < 1. As a — o0,

1 /oor zo1+it o (2=1—it) _ (t4iz) _ (t—iz) cos(3tloga)dt
==y 4 4 -2 )7\ 2 2+ (24 1)2

L(2)¢(2)a’7 r(z+1)g(z+1)

(27T)Z 2a 2 (27‘()
f2aH Y m;‘)mz“r(zm+2+z)g(zm+2)<(2m+z+2)- (1.32)

This paper is organized as follows. In Section 2, we state preliminary theorems and lemmas
that are subsequently used. Section 3 contains proofs of Theorems 1.1 and 1.3. In Section 4,
we prove Theorems 1.2 and 1.4. The analogues of Theorem 1.4 corresponding to the second
error function transformation and to Ramanujan’s transformation (1.5) are also given in this
section. Section 5 is devoted to proofs of Theorem 1.5 - Corollary 1.8 and their analogues. We

3There is a misprint in this asymptotic expansion given in Oloa’s paper. The minus sign in front of the
second expression on the right should be a plus.
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prove Theorem 1.10 in Section 6. Finally, Section 7 is reserved for some concluding remarks
and open problems.

2. NUTS AND BOLTS

Let f be an even function of ¢ of the form f(t) = ¢(it)p(—it), where ¢ is analytic in ¢ as a
function of a real variable. Using the functional equation for {(s) in the form £(s) = £(1 —s),
where £(s) is defined in (1.11), it is easy to obtain the following line integral representation
for the integral on the left side below, of which the integral on the extreme right of (1.14) is
a special case

o i\ _ [t 1+ it 9 [aHid 1 1
fo(E)=G) e (o) =t e (mg) o () ot
(2.1)

whenever the integral on the left converges. Here A(xz,z,s) and w(x, z,s) are the same as
defined in (1.12) and (1.13). Analogous to these, define

Vi(z,z,8):=p(x,z,8) + plx,z,1 —s), (2.2)

22 1—s 1 22
plx,z,8) := 22 e 5y ( 5.2 )

where

2 274

Then for y, a real primitive character modulo ¢, the following formulas can be similarly

proved.
50 X T, i | =35 10) 5 8 s, x)pla, 2, 8)ds,

o0 t
I (2) :
00 i %Jrioo
[ (82 (o5 =2 770 3ol ot

2
(2.3)
whenever the integrals on the left-hand sides converge. Note that for a8 =1,

A(oz,z, 1;”> :A<B,i2,1_glt>,V<a,z,1_glt> (ﬁ,zz 1;”), (2.4)

both of which can be proved using Kummer’s first transformation for 1 F (a; ¢; w) [39, p. 125,
Equation (2)] given by

(1]

[1]

1F1(a; c;w) = e“1F1(c — a; ¢; —w). (2.5)

The formulas in (2.4) render the integrals on the left-hand sides of (2.1) and (2.3) invariant
under the simultaneous replacement of « by 8 and z by iz, and hence, as a by-product of
the evaluation of these integrals, we obtain identities of the form G(z,a) = G(iz, §) and

G(z, a,x) = G(iz, B, x).
In proving Theorem 1.3, we make use of the following special case [6, Theorem 2.1] of a
result due to Berndt [5, Theorem 10.1]:

Theorem 2.1. Let x > 0. If x is even with period ¢ and Re v > 0, then

gX(”)”VK”(%fU) 29:2%()(%)”1 ( >Zx (n? + 22) 3
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if x is odd with period k and Re v > —1, then

oo

glx(n)nwl[(y (27rqnx> 2:8;'75( )(qx)vH ( >Z n(n? + 235 (2.6)

The following two lemmas, given in [18, p. 503, Formula (3.952.7)] and [15, p. 318, 320,
Formulas (10), (30)] respectively, will also be employed in the proof of Theorem 1.3.

Lemma 2.2. For c = Re s > —1 and Re a > 0, we have

1 ctico p, . 2 1 3 b2
— fa_%—ie_?faf st 1F1 i 2% ds = e " sin bx.
27 i 9 2 2 2 4

Lemma 2.3. For c = Re s >0 and Re a > 0, we have

1 c+100 1 s 2 1— 1 bQ
5 §Q_§F (g) e a1 Fy ( 5 i 5 1a > 275 ds = %" cos bx. (2.7)
T Je—ico

We note that [12, Equation (2.10)]
1F1 ( -\ 5, o ) ~ e%°/8 cos (ﬁz) ,

as |A\| = oo and |arg(Az)| < 2w, and the Stirling’s formula for I'(s), s = o + it, in a vertical
strip a < o < 3 given by

T ()\—(2#)2]t|0 2e-2ml (1+0<‘1‘>) (2.8)

as |t| — oo give convergence of the integrals on the extreme right-hand sides of (1.14), (1.18)
and (1.19). If F(s) and G(s) denote the Mellin transforms of f(x) and g(z) respectively and
s with Re s = ¢ lies in a common strip where both F' and G are analytic, then a variant of
Parseval’s formula [38, p.83, Equation (3.1.13)] gives

LT )Gy ds = /0 b F@)g (%) %‘”. (2.9)

2m c—100
Watson’s lemma [36, p. 71] is given by

Lemma 2.4. If q(t) is a function of the positive real variable t such that

t) ~ > a1 0)
s=0

for positive constants A and u, then

/0‘” a ZF<S+A> siiw (z — 00), (2.10)

provided that this integral converges throughout its range for all sufficiently large x.

The above result also holds [48, p. 32] for complex A with Re A > 0, and for € C with
the integral being convergent for all sufficiently large values of Re x.
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3. THE FIRST ERROR FUNCTION TRANSFORMATION AND ITS CHARACTER ANALOGUES

We begin by proving the first error function transformation given in Theorem 1.1 and then
proceed to a proof of its character analogues given in Theorem 1.3.

Proof of Theorem 1.1. Let ¢(s) =T (% + £) and let

& -1+t —1—at\ [t 1+t
J(z,a)—/o F( 1 >F< 1 >H<2>A<a,z 5 )dt

Use (1.10), (1.11), (2.1), the functional equation for I'(s) and the reflection formula to see
that

J(z,a) = Q\/a:_z;[;j_ioolj (S—;1> F(—g)r <1+§> C(s)1F1 (1 - ;,2,1) (Vra) ™" ds

200

22 1.,
4/ae™§ [T T s+1 s 3 22 —s
L e () (1532

) 1
] 1_ico SIN (27'('8

Now in order to use the series representation for ((s), we shift the line of integration from Re
s = % to Re s =146, where 0 < § < 1. Consider a positively oriented rectangular contour
with sides [1 +4T, 3 —4T],[3 —iT,1+6 —iT],[1+6 —iT, 146 +4T] and [L+ 0 +iT, & +iT],
where T is any positive real number. We have to consider the contribution of the pole of
order 1 of the integrand (due to ((s)). Using the residue theorem, noting that by (2.8) the
integrals along the horizontal line segments tend to zero as T — oo, and then interchanging

the order of summation and integration we have

22 :
4\/ae™§ i/”““’o T <s+1>
— J14+6—ico Sin(%ﬂs)
2

!

J(20) = _,<n_1

7

where

L = lim(s — 1)¢(s)— )F<S—;1>1F1 (1-2;2;?)( wa)*

s—1 sin (§7Ts

It is easy to see that

Now using the fact [38, p. 98] that for 0 < ¢ = Re s < 2,

1 c+100 T )
/ — 2 Tds = ———x,
271 Je—iso sin (37s) (1+22)

combined with the special case when b = z # 0, a = 1 of Lemma 2.2, and (2.9), we see that

2 464 e sinzz dr 7 1 3 22
J(z,a) = —8my/ae 8( Z/ fom) - alFl(QQ 4>>
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Employ the change of variable z — /max and (2.5) to see that

2
L2 (4 . o () —molz? 3 _,2
J(z,0) = —87r\/a68< e: Z/o T sin (v/mawz) dr — \alel <1 55 Z))
n=1

n2 + x2
(3.1)
Now for t # 0 [10, p. 191],
=1 77 1 11
. —— 4. 2
;t2+n2 t (62”—1 27Tt+2> (3:2)

Thus, interchanging the order of summation and integration in (3.1) and then substituting
(3.2) and simplifying, we observe that

J(2,0) = —8my/aes (477 / X e sin(V7axz) 2 /°° e sin (vmawz)
0 0

z e2mr _ 1 z x

) 00 _ 2
i 7” 0 o—mata? g (ﬁaﬂz) dx — \{lel <1; g; 42> > (3.3)

However from [18, p. 488, formula 3.896, no. 3],

/0 et i (Vraaz) da = \F Py (1 5 _4“7’2> (3.4)

and by [18, p. 503, formula 3.952, no. 7] and [18, p. 889, formula 8.253, no. 1] (see also [17,
p. 421]),

/oo e~ gin (Taxz) do — Fort (f) . (3.5)
0 X 2 2
Thus, substituting (3.4) and (3.5) in (3.3) and simplifying, we finally arrive at
2
1 Jaoes z 00 g-mata? sm(faxz)

@J(z, a) = (erf <§> - 4/0 o dx | . (3.6)
Using (1.9), it is clear that simultaneously replacing o by 5 and z by iz in (3.6) and employing
(2.4) and (1.9) gives (1.14) since J(z,a) is invariant. O

Proof of Theorem 1.3. We prove the theorem only for odd real x. The case when Y is even
and real can be similarly proved. Let ¢(s) = ' (1 + 5) and let

> 1+t 11—t t 144t
P(z,a,x)—/ F< )F( )E(,X>V<a,z, )dt.
. 4 4 2 2

Using the first equality in (2.3), we see that

oo = ST [T () () (57 e

P 1—3;172 Ve ds
2 21 )\ /g

|
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Where in the last step, we used a different version of the reflection formula, namely, I ( + z) Tr (% — z) =

—T_ for 2 — £ ¢ Z. As before, shift the line of integration from Re s = 1 to Re s = 1+,
0<d<2, employ the residue theorem and take into account the contrlbutlon from the pole
of order 1 at s = 1 of the integrand (due to cos 5 7rs) This gives,

P(z,a,x) = 2\ﬁe : <Zx /HMOO ”)r (%)

1
14d—ico €OS (5Ts

where
. (s—=17m /s 1—s 1 22\ (Vma\ "’ 2,/q
L =1 71“( >L F VIE) 2V ). (38
T cos (%ws) 2 (s Fy 2 7274 V4 o (1,x) (3:8)
Also replacing s by (s + 1)/2, = by 2 in the formula [38, p. 91, Equation (3.3.10)]
1 c+1i00 =5 B 1
cico SINTS o= m(l+x)’

and simplifying, we see that for —1 < Re s < 1,

1 et oo 21
27 Jo_ino COS (§7T8) 1+z

Another application of the residue theorem yields for 0 < ¢ < 1,
14+d+ioc0 1— 1 2 —s
/ +F( >1F1( 51 z )(ﬁan) s
14+6—ico COS (5 ) 2 2 2 4 V4
_/C—H;OO 72 F<§) lFl (1_8,1’2 > <fan> Sds—;lﬂ—i\/a
c—ico COS (2775) 2 2 "2 4 V4 an

22 o _Tra2z2 2
= 2mi <4e4/ %e 7 CoS <\/7:r/a>:vz> dx — ﬂ) , (3.9)
0 r?+n q an

where in the last step we used Lemma 2.3 witha =1, 2 = \/j%m and b = z, and (2.9), followed

by a change of variable © — ‘(/‘i‘x Now substitute (3.9) and (3.8) in (3.7) and simplify to

obtain
. nx(n) | _za2s? Vroarz
P(z,a, x) = 16\/Tage s / ( o n2> e 4 cos NG dx. (3.10)

21

Now use (2.6) with x real and v = —1/2 to see that

= nx(n) T — _2mne
= — x(n)e ¢ . 3.11
Employing (3.11) in (3.10), we have

22 © raa? © T
P(z,a,x) = 16Vm3aes e 7 cos (\/77\/0?,2> Z X(n)e_2 @ dx. (3.12)
0 q
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Writing n = mqg+ 17,0 < m < 00,0 <r < ¢g— 1, noting that x is periodic with period ¢, we
have

> 2mnx q_l -
e YU xS
Z x(n)e ¢ ==L 10_ T (3.13)

Finally, (3.13) along with (3.12) gives

2nrx

1 2 [ _maZs? g-1 -
167> 0 V4 1 — e 2m@

This gives (1.19) as P(z,«, ) is invariant under the simultaneous application of the maps
a — [ and z — iz, which can be seen from (2.4). O

4. THE SECOND ERROR FUNCTION TRANSFORMATION AND AN ASYMPTOTIC EXPANSION

We first establish the second error function transformation given in Theorem 1.2 and then
the asymptotic expansion from Theorem 1.4.

Proof of Theorem 1.2. Note that from (3.4) and [18, p. 889, formula 8.253, no. 1],

/OO e T gin (ﬁamz) dr = ie_%elrﬁ (E) . (4.1)
. 2a 2
Also,
2 0 —malx?
Voes (erf( ) + 4/00 c 627sricn(_\/1%a$2) dx)

2 00 oo —mwalz? :
= aes [ erf z +4 e~ gin (ﬁamz) dr +4 € sin(y/ma2) dz |,
2 0 0 627”6 — 1

where in the first step, we replaced x by —x in the integral, and then simplified it using
e?™ /(€2 — 1) = 1+1/(e*™® —1). Now use (4.1) and the first error function transformation
in (1.14) to replace the second integral in the above equation to obtain

42 0 —malx?
Jaes (erf (z) +4 / ¢ ;ln(\/fom) dx)
e [e—

—0o0

22 1 22 —7r6 z2 h
= \FB? 2erf (E) 4+ Ze” = erﬁ + 6/ sin (\/>B:L‘Z)
2 (0 627r:p -1

-5t (o (3) ;eferf(2>+4 /0°° TR )

where we used the fact a8 = 1 to simplify the last step. Now replace a by £ and z by iz in
(4.1), and use (1.9) to obtain

> —mB2x2 - _ 2 E
/0 e sinh (ﬁﬁxz) dz Qﬁe erf<2> . (4.3)

Finally, use (4.3) to simplify the extreme right of (4.2), thereby obtaining (1.17) and thus
completing the proof. O
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Proof of Theorem 1.4. By a change of variable 22 = t,

/OO e~ 57" sin(y/Brz) dp — /OO e Pt sin(z\/Bt)
0 e2mr _ B 0 2\/7?(627“/2 -1)

dt.

Let

sin(z+/Bt)
T = s ey

First consider, for || < 1,

Bm(Qﬂ')mtm oo (_1)na2n+1t2n+1
m! (2n +1)!

oo
m=0 n=0
[e.9]

Bm(QW)m (_l)na2n+1 i
Z m! (2n+1)! f

27t sin(at)
e2nt _ 1

'Z Bj_1_(2m)i 17k (—1)k/2qk+1 ;
—~  (j-1-k) (k+1)!

I
NE

=
|

7,

[ - Bisemyih ()2
—t;o D I (]

k even

Replacing ¢ by v/t and a = z+/f, we have for |t| < 1,

sin(zv/B) 1 [ & Bjk@ry T (CDM2(yB)R ) i
iei—1) | & T G-h )

t

Thus, as t — 0+,

Lo [ b Bia2m)ih (“)R2EVBE )
w2\ 2 o )

k even

Hence by Watson’s lemma, as 5 — oo,

. ' '
> =Bt sin(2+/B1) p > F(%) 1\ Bi_p(2m)T kL (—1)R/2(zy/B)k+1 »
WP RTRAD D) Bl sy i N O
0 2Vit(e 1) = 85 = j—k)! !
k even
From (4.4) and the notation in (1.22), we find that
) N z >
I(iz,B) ~ 7ﬂ 1e” s erfl (§> + jz::Oij (4.5)
where
- ' .
P G e TN e
A )] CE
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We first evaluate I; . when j is odd, say j = 2n + 1. Since all of the odd-indexed Bernoulli
numbers except Bj are equal to zero and By = —1/2, only the last term, namely j = 2n + 1
and k = 2n, contributes to the sum giving

n+1
((_21)++1)”'Z2n zz/SB 1/4 (4.6)

Now let j be even, say j = 2n. Then using the fact [48, p. 5, Equation (1.14)] that

I2n+1,z =

(_1)m—122m—1ﬂ.2m
(2m)!

in the second step below, we see that

Bgm = §(2m)

i Ipy,, = zﬁieé i T (n+53) i Bon—am (2m)2—2m=1 (_1ym (5, /B)2m+1

o gty L (2n—2m) (@m +1)
B ()
- sostef Ry (o) 52 (z\/B)ngini)% 1)
- 2aheE 3 CURE (o ) (s 1)

(4.7)

From (4.5), (4.6) and (4.7), we obtain the asymptotic expansion of I(iz, 5) as f — oo as
) N z 2 = (—1)™mlz2m _
I(iz, B) ~ <Ze s erfi (5) —es mZ::O(QWHL ol p

2 1 22— m( (=1)™¢(2m) 1 13 —22

m=0

N

NG

Note that erf(z) has the following Taylor series expansion, which is valid for all z € C [37
p. 162, 7.6.1]:

) & n 2n+1
f(z — 7. 4.9
it = 2> L (49)
From (1.9),
2n+1
fi(z . 4.10
r f Z n!(2n + 1) (4.10)
It is now easy to see that
o0
|
Z "l = ﬁe_22/4erﬁ (E> . (4.11)
2m +1)! z 2

=0
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Substituting (4.11) in (4.8), we arrive at

L 2 X (1) .2
-2t 5 N ) (11335

Since a8 = 72, using (1.22), this also gives the asymptotic expansion of I(z,a) as a — 0 as
claimed in (1.23). O

The second error function transformation in Theorem 1.2 can be rephrased for a8 = 2

and z # 0 as follows:
4 22 0 705'732 1 h
K(z,a) := ﬁa—ie?erf (g) — *aie_? € sinh(y/axz) I

z z oo e2rr — 1

2/0 e~ 57" sin(y/Brz)

e de =: K(iz, ). (4.12)

—0o0
The analogue of Theorem 1.4 for the above identity is given below. The details are similar
to those in the proof of Theorem 1.4 and hence avoided.

Theorem 4.1. Fiz z € C. Asa — 0,
2 i gse (—a\" 1 13 —22
K(Z,O[) ~ %O[ ez Z ? C(2m)r m+§ 1F1 m+§,§,T .

m=0

Combining Theorems 1.4 and 4.1 leads us to the following asymptotic expansion of the
integral analogue of theta function.

Theorem 4.2. Fiz z€ C. Asa — 0,

/OO e~ ginh(y/azz) i

2
NS e — 1

N122/4oo ;am 2m)\T 1 r 13 =27
\/ﬂe mzo<772> ¢(2m) m+2 1F1 m+2,2, )

5. GENERALIZATION OF RAMANUJAN’S APPROXIMATION AND INTEGRAL IDENTITIES
INVOLVING HYPERGEOMETRIC FUNCTIONS

The results from this section follow from successively differentiating the first error function
transformation in the form (1.22) with respect to z. The presence of —z? in the exponential
term in the numerator of either sides justifies differentiation under the integral sign. As
mentioned in the introduction, differentiating (1.22) n times where n is odd just gives 0 = 0.
However when n is even, two different behaviors are observed accordingly as n = 0 (mod 4)
and as n = 2 (mod 4).

5.1. The case n =0 (mod 4).
Proof of Theorem 1.5. Let n = 4k for a non-negative integer k. Let

T2 2\ 4 1 2 [ e ginh(Vazz)
G(z,a) = - des erf<§> + Jades ; T dx (5.1)
and let
d4k
Hy(a) := dz4kG(z, a) . (5.2)
z=0
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Using (1.22) leads us to a transformation of the form Hy(«) = Hy(8) since
d4k

dz4k

d4k
= G(iz,p) = Hy(5). (5.3)
z=0 d(lz)4k z=0
Multiply the power series expansion of /8 with that of erf(z) given in (4.9) and extract the
coefficient of z** in the product. This gives

Hi(a) = G(z, )

z2
d* % erf(Z) _2(4k)! i’f: (—1)m
dz% 2 Rz ¢ 24k E2m L) (2k — m)!(4k — 2m + 1)
z=0 m=

(4k)! 1 1
= Fy [ —= — 2k, —2k; = — 2k; = | .
24k /r(2k)1(4k +1)2 1\ 2 Y "2
In [48, p. 113, Equation (5.12)], we find the following hypergeometric transformation, valid
for |arg(l — z)| < 7:

L'(e)l'(b—a) _ 1
Fi(a,b;c;2) = ——————=(1 — 2)"%F —ba—b+1;, —
2Fi(a,b;¢; 2) F(b)F(c—a)( z) % a + .
I'(c)I'(a—b) b 1
— (1 - F - 1, —— !
+F(a)F(c—b)( 2) "9Fy | bye—ajb—a+ TS (5.4)
Use this transformation with z = 1/2,a = —5 2k,b = —2k,c = 5 — 2k to obtain
1 1 1 (4k+1) 3
2 F (—2 — 2k, —2k; 3~ 2) 2% 2F1 <—2k, 1; 2,2) .
This gives
2
d% e% z (4k)! 3
——erf (= Fi| —2k,1;,-;2). .
Ak (2) = 96k /r(2k)12 ! < Y ) (5:5)

z=0

Similarly multiplying the power series expansion of e~*/® with that of sinh(y/azz) and
extracting the coefficient of z** in the product, we get

2

JAk 67% 2k (_1)m(\/ax)4k—2m+1

h = (4k)!

G, Snh(Varz) (4F) ZO 8mml(dk — 2m + 1)!
z=0 m=

_ (4k)lvax Z (=8)™(/aw)?™
(2

20k k—m)l(2m + 1)’

m=0
where we replaced m by 2k — m in the last step. It can be seen that

2k
(=8)"(Wax)*™ 1 3
2 2k —m)!(2m+1)! (2k)!1F1 (‘2]‘“’ 2’2‘”32) '

m=0
Thus
2
d% e~ % (4k)/ax 3
h = V0 R -2k 552007 ) . .
o sinh(Vow2) 260 (21 ! 1< ki 5 a:c> (5.6)

z=0
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Hence from (5.1), (5.2), (5.5) and (5.6), we obtain

(4k)! —1/4 3. s [ we o 3 o2
Hk(a) = W « / QFl —Qk, 1, 5,2 +4a / ) mlFl —2k, 5,20[1' dx y

which when combined with (5.3), proves Theorem 1.5. O
Next, we prove a generalization of Ramanujan’s approximation in (1.21).
Proof of Theorem 1.6. Let Hy (/) be as defined in (5.2) and consider the integral

% pe—hr? 3 9
0 —

Employing the change of variable = /t, using the series definition of 1 F} and interchanging
the order of summation and integration, it is seen that

) —Bx? 2k m poo  ,—fBtym
xe 3 1 (—2k)m(2P) e '
S R —2k;=:282% ) do = = E dt.
/0 e — 11 ! ( T2’ 61} ) ) 2 m=0 (%)m ! /D 627“/2 -1

Now use the generating function for Bernoulli numbers to obtain for |¢| < 1,

tm _ io: Bj(2?'r)j_1tj—1;-2m'
e2mVt — 1 = J!

Using Watson’s lemma from (2.10), we find that as § — oo,

Hy,(B) ~ B4 Fy < 2k, 1; = ) + 23%/4 Z B)m Z

m ! 7=0

)
J+2m+1 I 2

Bj(2m)i 1 <j—|—2m+ 1>
76
Since Hy(a) = Hi(B), using the fact 8 = 7%/« yields for a — 0,

1/4

2k [eS) ; ; .

oY 3 2 (—2k) 2™ = Bj27 1ad/2_ [(j+2m+1
H ~—oF | =2k,1;=;2 oA n J T
o)~ G (2 g >+ﬁ“ mzo Dot 5 7 2

o /4 = 2] J/2 i1 1

_ 2: o J+ ok, +j 372
VT 2 '2
J#l

N 1 3 3/4 a 1/4 BQW/2 i+ 1 1+‘ 3

We now find a simpler function, namely the one claimed on the right-hand side of (1.25), that
is “nearly” equal to Hy(«) when « is very small in the sense that the asymptotic expansion
of this simpler function as @ — 0 matches the first two terms in those of Hy(«). Note that
such a function should preserve the invariance under replacing a by 8 and vice-versa. In

order to match the leading term in the asymptotic expansion, we raise 1/« to the power 1/4

1 3
and have its coefficient as o F} (2, —2k; 5; 2), which is equal to o F ( 2k, 1; g, 2) by Pfaff’s

transformation [48, p. 110, Equation (5.5)]

2Fi(abyc2) = (1—2) "2y (C —a,bic i 1) :
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Since the approximating function has to be symmetric, we need to raise 1/3 along with 1/«
to the power 1/4. So the function we are seeking assumes the form

3 1 1 1/4
2F1 (_2k7 1a 5’ 2> (CY + B + C(k))) )

where ¢(k) is some constant depending on only k. Since « is very small, the main contribution
in the asymptotic expansion comes from 1/« and c(k) but not from 1/8. Thus, the next term
in the Taylor series of this function is

3/4
O‘TQF1 (—Zk, 1; g; 2) c(k).

aB/4

As we want this to be equal to “&—,

it is clear that c(k) = % Thus the required

39 Fy (—2k,1;3;2

3 1 1 2 A
Fi{ —2k,1;=;2 —+ =+ .
’ 1( 2 )(a B 3.9k (- 2k,1,§,2))

This completes the proof of Theorem 1.25. U

function is

5.2. The case n =2 (mod 4).
Proof of Theorem 1.7. Now let n = 4k + 2, where k is again any non-negative integer. Let

d4k+2

Ji(a) == G(z, )

z=0
where G(z,a) is defined in (5.1). This time (1.22) gives us a transformation of the form
Ji(a) = —Ji(B) since

dAk+2 dAk+2

WG(Z,O&) d ) (ZZ 5)

z=

dz4k+2

d4k+2

= — ————G(iz, ) = —Ji(B).

d(iz) 72 o

The proof is now similar to that of Theorem 1.5 and so we state only the important steps.
Let us start with the fact that

Ji(a) =

2=0

d4k+2

_Jk(ﬁ) dz 1.4k+2 (7'2 ﬁ) (58)

z=0

Multiply the power series expansion of e~ */8 with that of erfi ( ) given in (4.10) and extract

the coefficient of z**2 in the product. Then identifying the coefﬁc1ent as a hypergeometric
functlon and using the transformation (5.4) with z = 1/2,a = —5 — 2k,b = —1 — 2k,c =
—5 — 2k to simplify this hypergeometric function results in
2
A2 e (4k + 2)! 3
4 ﬁ( ) - F(—2k-1,1,2:2).
dzk2 20k+3 /7 (2k + 1)1° ! < 2 )
z=0
Similarly,
dAk+2 eé 2k+1 (—1)m (/Bx)tk—2m+3
— sin(y/Bx2) = —(4k + 2)! Z
dz4k+2 4= 8mml(4k — 2m + 3)!
z=0 -

 (4k +2)1/Ba 2’“2*:1 fx)%
N 26k+3 (2k + 1 —m)!(2m + 1)!
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(4k + 2)\/Bx 3
= mlﬂ <—2k: -1 o 25:1:2> . (5.9)

From (5.8) and (5.9),

k !

[e'S) —Bax? 3
+ 453/4/ %11F1 <2k: —1; 2;25:B2> dx}.
0o e —
This proves Theorem 1.7. O

As remarked in the introduction, results corresponding to the ones in Theorem 1.5 - Corollary
1.8 can be obtained using similar techniques through (4.12). These results are collectively
put in the following theorem. We refrain from giving the proof since the details are similar
to those of Theorem 1.5 - Corollary 1.8.

Theorem 5.1. Let , B be two positive numbers such that aff = w2. Then
2
ax

n 3 O ze” 3
(l) (6] 1/42F1 (—2]{3, 1, 5, 2> — 40&3/4/ €2m7_11F1 <—2]€, 5, 20[1’2> dx
—0o0

3 0 peB2® 3
=BV (—2k,1;2;2> —453/4/ e (—2k;2;26x2> dz.

627rx _

2

(i) a Y4 R <—2k,1;2;2> — 408/ / S <—2k;2;2ax > dx
ooz _
— 00

1/4
3 1 1 2
= —ol | -2k, 1;=;2 4+ =+ ,“ .
2 1( 2 )(a B 3.,F (—2k,1;§;2)) nearty

2

3 0 —az 3
(iii) —a VR [ —2k—1,1;2;2 +4a3/4/ J;eilFl —2k —1;=:202? | dz
2 N 2

1/4 3 3/4 0 ge b7 3 2
=B8"V4% R <—2k— 1,1;2;2> —4p%/ / el (—2k— 1; 5528 ) dz.

In particular when o = B = 7w, we have
2

0 —TT
3 1 3
/ :2:1711}71 <—2k -1 5 27T$2> dr = o o <—2k - 1,1 5 2> . (5.10)
—o0 -

6. GENERALIZATION OF AN ASYMPTOTIC EXPANSION OF OLOA

We first explain how the integral in (1.31) is related to the one on the extreme right of
(1.15). Write the latter integral as

/000(1 T <—1: z’t> T (—14— it) 1EJ(r§t)2 cos <;t10g04> dt. (6.1)
=(5)

If we now square the expression 1225 in (6.1), then as discussed in [13], this amounts to
squaring the functional equation of the Riemann zeta function, and moreover the squared
expression admits a generalization
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This is what Ramanujan may have had at the back of his mind when he worked [41, Section
5] with the generalization

[ () () e (++1>)><:t(+ Z)— 1z o0 (3¢l ) a.

of (6.1), which upon simplification gives (1.31). Ramanujan [41] obtains a transformation
formula associated with this integral. In [13], Moll and one of the authors found the following
new representation of this transformation, which generalizes a transformation of Koshliakov
[24, Equation (6)] [25, Equations (21), (27)].

Assume —1 < Re z < 1. Let Q(x, z) be defined by
Qz,2) =2 Z o_.(n)n*? (e”iz/4KZ(47rem/4\/nx) + 677ri2/4KZ(47r67m/4\/na:)> ,
n=1

where o_.(n) = > g, d"* and Ky(z) denotes the modified Bessel function of order v. Then
fora,B> 0,08 =1,

a(z-i—l)/?/ 6—27ro¢x$z/2 (Q(x,z) _ 1((2)1,2/2—1) dr
0 2w

= 5(z+1)/2/ e~ 2Py 2/2 (Q(fn, z) — 1C(z)zz/2_1> dx
0 27T
1 © z—1+it z—1—3t\ _ [t+1iz
_27r(z+5)/2/() F( 4 >F< 4 )“( 2 )

Theorem 1.10 is now proved using (6.2).

[1]

t—iz cos(%t log a) dt
( 2 >(t2+(z+1)2)'
(6.2)

Proof of Theorem 1.10. We obtain the asymptotic expansion of the integral indirectly by
obtaining the same for the integral on the extreme left of (6.2). Let

1
glt.2) = 07 (90,2) = ool ).
27
We use the following identity established in [13, Proposition 6.1].
L(z)¢(z) =27~ 72 2L N o_s(n)

Q(t,z):—@ﬂ\/g)z-i- o ¢(2) 7((2—1—1)—1— T g 2

Since for |t| < 1,

n= n=1

Z:l Z;:ETZ - Z U_;én) ( 1 t)2>

- Z (=1)™¢@2m+2)¢(2m+2+ 2)t2m,

m=0
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we see that if

h(t,z) = g(t,z) + F((Zf)(f) + gc(z +1),
then
hit,2) = (_i)mC(Qm +2)C(2m + 2 + )Pt
m=0
so also as t — 0,
ht,2) ~ Y (_i)mC(Qm +2)C(2m 4 2 4 2)tmHL

m=0

We now apply Lemma 2.4 with A = (2 +2)/2 and p = 1/2. The condition —1 < Re z < 1
guarantees that Re A > 0 which is necessary as remarked after Lemma 2.4. Then as o — oo,

/OO e~ (t, 2) dt ~ i 7T(_1)mF(Qm +2+2)((2m+2)((2m+2+2). (6.3)

0 — (2ma)2mtet2
Note that
o0 o0 1—‘ oo
/ 6_27rath(t, Z) dt = / 6_27Tatg(t, Z) dt + (Z)C(Zz) / e—27rcxt dt
0 0 (2m)*  Jo
+ C(Z + 1) / 6—27rattz dt
2 0
© P()E) | (G DTG+ 1)
2mad
= t dt . 4
/0 c 9t z) dt + a(2r)*+l + 2(2ma)* L (6-4)
From (6.3) and (6.4) and (6.2), one now obtains (1.32) after simplification. O

7. CONCLUDING REMARKS AND SOME OPEN QUESTIONS

1. In this paper, we found two new transformations involving error functions, namely
the ones in Theorems 1.1 and 1.2, which when combined give Ramanujan’s transformation
(1.5) (or equivalently (1.4)) for an integral analogue of theta functions, thus giving a better
understanding of Ramanujan’s transformation. Also, the results in Theorem 1.9 could have
been obtained directly without having to resort to Theorems 1.5 - Corollary 1.8 and Theorem
5.1. However, obtaining Theorem 1.9 from these theorems is useful since they give us many
interesting results which otherwise would not have been revealed. For example, one could
have proved (1.30) directly through (1.29). However, proving it through (1.27) and (5.10)
gives those non-trivial integral evaluations in addition.

In light of existence of the integral on the extreme right of (1.14) which equals two sides
of the first error function transformation, it is natural to ask if similar such integral exists for
the second error function transformation in (1.2). We were unable to find such an integral
and so we leave it as an open problem. However, it is important to state here the difficulty
in finding this integral, if it exists.

If we reverse the steps used in proving the equality of the extreme sides of the transforma-
tion (1.14) in Theorem 1.1, we notice that a crucial step was to use the integral representation
for the error function given in (3.5). However, employing the same method to the left-hand
side of (1.2) does not help as the error function there does not cancel with the integral

2 /°° e~ iy ([T z) p
0

x. Another reason why this is a difficult problem is that
7r x
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—a2® gin by is essentially just a 1 F} (see Lemma 2.2), that of

while the Mellin transform of e
e~9%° =€ iy bz involves parabolic cylinder functions [18, p. 503, formula 3.953, no. 1].

We now explain the significance of this integral, provided it exists. As remarked in the
introduction, subtracting the first error function transformation in (1.14) from the second
given in (1.17) leads to Ramanujan’s transformation (1.5) for, what is called, an integral
analogue of the Jacobi theta function. The corresponding transformation for the Jacobi

theta function, which has an integral involving Z(t) equal to it [12, Theorem 1.2] as well, is

(o S %mwaw>:ﬂ(?ﬂz o)

1 [~ E(t/2) 1+ it
= — dt 1
77/0 1+t2v<a,z, 2 > ’ (7.1)

where the V function is defined in (2.2).

The equality of the extreme left and right sides of the special case z = 0 of the above
identity was used by Hardy [19, Eqn.(2)] to prove that infinitely many non-trivial zeros of
¢(s) lie on the critical line Re s = 1. Thus if an integral involving () equal to both sides
of (1.5) is found, then this integral analogue of Hardy’s formula may be used to obtain more
information on the non-trivial zeros of ((s). However, this requires us to first obtain an
integral involving =(¢) equal to the two sides of (1.17).

Further, since our results involve an extra parameter z, it may be important to see what
else about ((s), or some generalization of it, could be extracted from them. It would also
be worth further studying these two error function transformations from the point of view of
further applications in analytic number theory.

Remark. Hardy [20] conjectured that Ramanujan’s formula (1.15) may also be used for
proving the infinitude of the zeros of ((s) on the critical line. However, we believe that it
is not this formula but rather the special case z = 0 of the identity which has an integral
involving Z(t) equal to both sides of (1.5) which leads to the existence of infinitely many zeros.

2. Consider the transformation in (1.15) and its equivalent version (1.16) given by Mordell.
Let g = ™ and let

=Y F(n)d", (7.2)
n=1

where F(D) denotes the number of classes of positive definite binary quadratic forms ax? +
2hzy +by? with a, b not both even, and determinant —D. Then Mordell [33, Equation (2.18)]
proved that

, 3
o0 pemiw’® i V—iw 1\ 1 & e
——dx = — —A Al —— - prnew 7.3
/0 e 1" drw (w) + w? ( w>+8<ze ’ (7:3)
n=—oo
so that with o? = —iw, we have for Re o > 0,
3
© xe‘”o‘2$2 —1 > _ _ 1 > 2.2
e WAL SEUS LR DO

n=1 n=-—oo
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It will be interesting whether the above result admits a generalization when we work with
the integral in (1.14).

3. For a fixed z € C, consider the integral

0 ge—oa? 3 9

Using the asymptotic expansion of the confluent hypergeometric function [1, p. 508, Equa-
tion 13.5.1], it can be seen that as |z| — oo,

) 2’ 2 I (% — z) F(Z)

Note that because of the presence of e220” in the second expression of the asymptotic expan-

sion, and since a > 0, the only way the integral in (7.5) can converge is if this expression is
annihilated by I'(z). This happens only when z is a non-positive integer. This leads us to
consider two cases based on the parity of such z.

Case 1: z is a non-positive even integer. Note that for « either very small or very
large, the integral in (1.28) is nicely approximated by the expression on its right side, as in
this case 3 is respectively very large or very small. However, the case a = § = 7 is the worst
in terms of approximating this integral, i.e., the integral

o0 —7'|'$2
3
/ %1&71 <—2k; 2;27Tx2> dx,
0o €7 —

since then « and [ are not only of the same order of magnitude but in fact equal. Table 1
below shows how the integral in (1.28) is approximated by the right side of (1.28) for some
small values of a. (The calculations in this table are done for the identity obtained by divid-
ing both sides of (1.28) by /4. They are performed in Mathematica.)

Case 2: z is a non-positive odd integer. When o = 7 in the integral (7.5), we have
shown in (1.30) that it is equal to zero.

Thus there is a trade-off in that (1.28) has no restriction on « (except o > 0) but is an
approximation, where as we can exactly evaluate the integral (7.5), but only for a specific
value of «, i.e., when a = 7. This leads us to two open questions:

2
xe

—TTx 3
11F1 <—2k;2;27rzv2> dx for k €

o
Question 1: Find an exact evaluation of / T
o e

Z+ u{0}.

Question 2: Find an exact evaluation of, or at least an approximation to, the inte-

70&&52

& 3
gral / ;2;7115 <—2l<: -1 2;2@1‘2) dr when o # m is a positive real number and
0 _

k ezt u{0}.
It is interesting to note that in Theorem 1.3, the integral involving Z(¢,x) involves the

A function when y is even and the V function when y is odd, which is exactly opposite of
what happens in Theorems 1.3, 1.4 and 1.5 in [14]. Besides the fact that, in doing so, one
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can explicitly evaluate the Mellin transforms and that one does get what one is looking for,
is there some intrinsic reason behind this reversal?

TABLE 1. Both side of (1.28) (after dividing throughout by a®/4)

a .0000009 .000007 1.5 2.378 9361.79

k LHS RHS LHS RHS LHS RHS LHS RHS LHS RHS

1 259259 259259 | 33333.4 | 33333.4 | .212975 .210775 | 0.1483410 | 0.1465060 0.00136109 | 0.001361096
2 188713 188713 | 24263.1 | 24263.1 .162014 .161821 0.112982 0.112883 0.000990862 | 0.000990862
3 154475 154475 | 19861.2 | 19861.2 .135921 .137363 | 0.0948065 | 0.0960151 | 0.000811187 | 0.000811187
4 133517 133517 | 17166.6 | 17166.6 .11939 .122057 | 0.0832805 0.085431 0.000701201 | 0.000701201
5 119074 119074 | 15309.6 | 15309.6 .107718 .111318 | 0.0751402 | 0.07799044 | 0.000625405 | 0.000625405
6 108375 108375 13934 13934 .0989131 .103239 | 0.0689983 | 0.0723852 | 0.000569256 | 0.000569256
7 100053 100053 12864 12864 .091965 .096872 | 0.0641517 | 0.0679618 | 0.000525582 | 0.000525583
8 | 93348.4 | 93348.4 12002 12002 .0863014 | .0916811 0.060201 0.0643522 | 0.000490396 | 0.000490397
9 | 87801.4 | 87801.4 | 11288.8 | 11288.8 | .0815698 | .0873407 | 0.0569004 | 0.0613316 | 0.000461286 | 0.000461287
10 | 83116.1 | 83116.1 | 10686.4 | 10686.4 | .0775398 | .0836389 | 0.0540892 | 0.0587534 | 0.000436698 | 0.000436698
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