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Abstract

We obtain exact formulas for the cumulative distribution function of the variance-gamma distribution,
as infinite series involving the modified Bessel function of the second kind and the modified Lommel
function of the first kind. From these formulas, we deduce exact formulas for the cumulative distribution
function of the product of two correlated zero-mean normal random variables.
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1. Introduction

The variance-gamma (VG) distribution with parameters v > —1/2,0 < |8 < a, u € R,
denoted by VG(v, a, 8, i), has probability density function (PDF)

pO) = M — K (e — ), x€R, (1.1)
where the normalising constant is given by

(a,Z _ﬁZ)v+1/2
VAQRa)T(v +1/2)°

and K, (x) is a modified Bessel function of the second kind (see the Appendix for a
definition). The parameters have the following interpretation: v is a shape parameter,
« is a scale parameter, 3 is a skewness parameter and u is a location parameter. Other
names include the Bessel function distribution [14], the McKay Type II distribution [9]
and the generalised Laplace distribution [11, Section 4.1]. Alternative parametrisations
are given in [5, 11, 12]. Interest in the VG distribution dates as far back as 1929
when the VG PDF (1.1) arose as the PDF of the sample covariance for a random
sample drawn from a bivariate normal population [18]. The VG distribution was

M = Mv,ar,/} =
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introduced into the financial literature in the seminal works [12, 13], and has recently
found application in probability theory as a natural limit distribution [1, 5]. Further
application areas and distributional properties can be found in the survey [3] and the
book [11].

In this paper, we fill in an obvious gap in the literature by deriving exact formulas
for the cumulative distribution function (CDF) of the VG distribution that hold for the
full range of parameter values. Our formulas are expressed as infinite series involving
the modified Bessel function of the second kind and the modified Lommel function
of the first kind (defined in the Appendix). Despite being widely used in financial
modelling and other applications areas, exact formulas had only previously been given
for the symmetric case 8 = 0 [10] and for the case v € {1/2,3/2,5/2,...} [16], in which
case the modified Bessel function K, (x) in the PDF (1.1) takes an elementary form
(see Equation (A.3)).

As the product of two correlated zero-mean normal random variables, and more
generally the sum of n > 1 independent copies of such random variables, are VG
distributed [6], we immediately deduce exact formulas for the CDFs of these dis-
tributions. These distributions also have numerous applications, dating back to [2]
in 1936; for an overview of application areas and distributional properties, see [8].
Since the work in [2], the problem of finding the exact PDF of these distributions has
received much interest; see [15] for an overview of the contributions in the literature.
We thus contribute to the next natural problem of finding exact formulas for the CDF.
Formulas for the CDF for the case when n > 2 is an even integer have been obtained
by [8] (in this case the PDF takes an elementary form, which is again a consequence of
Equation (A.3)). In this paper, we obtain formulas for the CDF that hold for all n > 1,
which includes the important case n = 1 for the distribution of a single product of two
correlated zero-mean normal random variables.

2. Results and proofs

The following theorem is the main result of this paper. Let Fx(x) = P(X < x) denote
the CDF of X ~ VG(v, @, 8, u). Also, foru > v > —1/2, let

G/,l,V(x) = x(Kv(x)E,u—l,v—l(x) + Kv—l(x)f,u,v(x))a 2.1
Guy(¥) = 1= Gy (%), 2.2)

where 7,,(x) is a normalisation of the modified Lommel function of the first kind
t,,(x), defined in the Appendix. In interpreting the formulas in the theorem, it should
be noted that, for fixed u > v > -1/2, G,,,(x) ((N},,,V(x)) is an increasing (decreasing)
function of x on (0, co) satisfying 0 < G,,,(x) <1 and 0 < Gﬂ,x(x) < 1 for x > 0 (see
the Appendix). One of the formulas in the theorem is also expressed in terms of the
hypergeometric function, which is defined in the Appendix. We also let sgn(x) denote
the sign function: sgn(x) = 1 for x > 0, sgn(0) = 0, sgn(x) = —1 for x < 0.
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TABLE 1. P(Y < 0) for ¥ ~ VG(v, 1, 8,0).

gy 025 0 0.5 1 2 3 5

0.05 0.4905 0.4841 0.4750 0.4682 0.4576 0.4492 0.4356
0.1 0.4809 0.4681 04500 0.4364 0.4155 0.3990 0.3726
025 04516 0.4196 0.3750 0.3425 0.2944 0.2582 0.2050
0.5 03978 0.3333 0.2500 0.1955 0.1266 0.0852 0.0409
0.75 03271 0.2301 0.1250 0.0721 0.0261 0.0100 0.0016

THEOREM 2.1. Let X ~ VG(v, @, 8, ), where v > —1/2, 0 < |B| < a, u € R. Then, for
X 2> M,

(1 =2/ +1? & i(%)kr(]” 1)F(y+ k+1

Fy()=1-
x() VAT + 1/2) Sk 2 2

) eto(@(x = 1),
2.3)

and, for x < u,

e = S S B (S b+ 55

S e 2 7 e T3 i+ =5 Grsstmate =i,
2.4)

Moreover, the following formula is valid for all x € R:

1 3 p?
Fx(x) == 7 B )

2 Valv+1/2)a 2 a?

(=g )2 ¢ (Sz‘;n(x))’“'1 28\ (k+1 k+1
" 2VAl(v +1/2) 4 Z ( ) F(T)r(" + _)Gv+k,v(a/|x — ).

T e

2
(2.5)

REMARK 2.2. (1) Let X ~ VG(v,a, B, 1), where v > —1/2, 0 <|B] < @, u € R. The
probability P(X < ) takes a particularly simple form:

PX<uw=

1
2 VAl +1/2)a

a?

T+ 1) é(l P )v+1/2 [32)

F(l +1;
2 Ly 202

We used Mathematica to calculate this probability for the case @ = 1 and u = 0, for
a range of values of v and S; the results are reported in Table 1. We only considered
positive values of 8 due to the fact thatif ¥ ~ VG(v, 1, 3,0), then =Y ~ VG(v, 1, -8, 0)
(see [3, Section 2.1]). We observe from Table 1 that the probability P(Y < 0) decreases
as the skewness parameter 3 increases and as the shape parameter v increases.
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(2) The CDF takes a simpler form when 8 = 0. Suppose that X ~ VG(v, a, 0, p).
Then applying (A.4) to (2.5) yields the following formula for the CDF of X: for x € R,

Fx@ = 5 + K (ol )L Gl — ) + Lo~ DK, 1o~ i,

where Lv(x) is a modified Struve function of the first kind (see [17, Ch. 11] for a
definition and properties). Other formulas for the special case 5 = 0 are given by [10].

PROOF. To ease notation, we set u = 0; the general case follows from a simple
translation. Suppose first that x > 0. Using formula (1.1) for the VG PDF, the power
series expansion of the exponential function and interchanging the order of integration
and summation gives

00 L k 00
Fx(x)=1-M f PrK (at)dt=1-M Z % f K () dt.
x k=0 T VX

Evaluating the integrals using the integral formula (A.11) yields formula (2.3).
Now suppose x < 0. Arguing as before, we obtain

FX(x)—Mf L —t) K, (~ at)dt_MZ f(1)’< K (—at) dt

ok
_MZ( ) f VK (ay) dy, (2.6)

and evaluating the integrals in (2.6) using (A.11) yields formula (2.4).
We now derive formula (2.5). Let x € R. Proceeding as before,

Fx(x) = Fx(0) + Msgn(x) f ' PN K, (alt]) dt
= Fx(0) +Msgn(x)Z f (=DM K, (alt]) at

Ix]
= Fx(0) + MZ F(sgn(x))"“ j; K (at) dt. 2.7
k=0 "

The integrals in (2.7) can be evaluated using the integral formula (A.10) and it remains
to compute Fy(0).

Applying formula (2.4) with x = 0 and using lim,_,o Gy, (x) = 1 (readily obtained
by applying the limiting forms (A.5) and (A.7)) yields

e o )
(1 _ﬂZ/a,Z)v+l/2

= SEroT D) (S) + 52, 2.8)

Fx(0) =
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where

_ ; @(%)Zkr(m %)r(v yn %)

_g —(2/(1 1)!(%)2k+lk! Tv+k+1).

On calculating (2k)! = I'(2k + 1) using the formula T'(2x) = 7~ /222 IT()T(x + 1/2)
(see [17, Section 5.5(iii)]) and applying the standard formula (u), = I'(u + k)/T'(u),
we obtain

- 1/2 2k T 1/2
S1 = VAT + 1/2) k§ %(5) = % (2.9)
=0

where we evaluated the sum using the generalised binomial theorem. Using similar
considerations, we can express S, in the hypergeometric form (A.1), which yields

2
$= Lo om Ly + 155 (2.10)

a
Substituting formulas (2.9) and (2.10) into (2.8) now yields formula (2.5). O

We now let (U, V) be a bivariate normal random vector having zero mean vector,
variances (0'%], 0'%/) and correlation coefficient p. Let Z = UV be the product of these
correlated normal random variables, and let s = oyoy. We also introduce the mean
Z, =n'Z\+Z,+---+Z,), where Z,,2,, ..., Z, are independent copies of Z. It was
noted in [4] that Z is VG distributed, and more generally it was shown in [6] that

_ -1
7, ~ VG(" " P ) @2.11)

b 2 ’O
2 s(1-p?) s(1-p?)

On combining (2.11) with (2.3), (2.4) and (2.5), we obtain the following formulas for
the CDF of Z,,; formulas for the CDF of Z are obtained by letting n = 1.

COROLLARY 2.3. Let the previous notations prevail. Then, for x > 0,

F5 (x)
(1 =p2)""? G 2p)F (k+1)(n+k) ( nx )
- I G- e >0,
2NAL(1)2) ;g k! 2 N\ JPebskeeb\ G oy f
F7,(x)
(1 =pH"? K (- 2p)k (k+l)(n+k)~ ( nx )
= G- 12| — —— ) 0,
A /2)2 2 (n=1)/2)+k(n—1)/2 s(1=p?) X<
and, for x € R,
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Fy ()
ey
S b 12 )
In particular,
P(Z, <0) = % % ( —pz)"/zzFl(l, "er L ;,pz) 2.12)

REMARK 2.4. On setting n = 1 in (2.12) and using formula (A.2), we obtain
1 1.
P(Z<0)= = - —sin" (p),
2 o«
which can also be deduced from the standard result that

1 1
P(U<0,V>0=PU>0,V<0)= ——2—s1n-‘(p)

for (U, V) a bivariate normal random vector as defined above.

Appendix. Special functions

In this appendix, we define the modified Bessel function of the second kind, the
modified Lommel function of the first kind and the hypergeometric function, and
present some basic properties that are used in this paper. Unless otherwise stated, the
properties listed below can be found in [17]. For the modified Lommel function of the
first kind, formulas (A.4), (A.7) and (A.8) are given in [7], the integral formula (A.9)
can be found in [19], while the results in (A.10)—(A.12) are simple deductions from
other properties listed in this appendix.

The modified Bessel function of the second kind K,(x) is defined, for v € R and
x>0, by

K,(x) = f €7D cosh(vr) dt.
0

The generalised hypergeometric function is defined by the power series

(ay); -~ (ap); ¥

Al
(bl)] (bq)j ]‘ ( )

pFglar,....ap;by, ..., by x) = Z

for |x| < 1, and by analytic continuation elsewhere. Here (u); =u(u+1)---(u+k—1)
is the ascending factorial. The function ,F(a, b;c;x) is known as the (Gaussian)
hypergeometric function. We have the special case
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sin”! (V)
Vx(1 —x)
(see http://functions.wolfram.com/07.23.03.3098.01).

The modified Lommel function of the first kind is defined by the hypergeometric
series

sin,F(a,b;c;x) = (A.2)

X! F(‘,u—v+3 u+v+3‘x2)
w—v+DE+v+ D2 2 2 4
(1x);4+2k+]
2

= 2H_1F(ﬂ = 12/ - 1)F(# - ; - I)Z ,u—;+3 pHv+3y 7
oo Dk + ===)I'(k + ==5—)

In this paper, it will be convenient to work with the following normalisation of the
modified Lommel function of the first kind that was introduced in [7]:

ty,v(x) =

? ,V(x) = l ,v(x)
H lr(# V+1)F(ﬂ+;+l) H
1 ( u—v+3 u+v+3 x2)
= 142 13 > Nl B
2’U+1r(y—12/+3 )F(H+;+3 ) 2 2 4

Forv=m+1/2,m=0,1,2,..., the modified Bessel function of the second kind
takes an elementary form:

Kin1/2(x) = \/72 (’(nm 4_];? ,(Zx)_-ie_x. (A.3)

The modified Struve function of the first kind L, (x) is a special case of the function
1,y(x):

Tyy(x) = Ly(x). (A.4)

The functions K,(x) and 7,,,(x) have the following asymptotic behaviour:

M-Iy 0, v 0,
K, (x) ~ (Mhx™, x10,v# (AS5)
—logx, x10,v=0,
T
K,(x) ~ \[—e™*, x> o0, vER, (A.6)
2x
(Lo
= 2t
Tuy(x) ~ W x10, u>=3 v <pu+3, (A7)
T (x) ~ X — oo, u,vER, (A.8)

V27rx’
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The functions K, (x) and 7, (x) are linked through the indefinite integral formula
- 1 1
f W) dv = -2 (A ()G 0 (A9)

where G, ,(x) is defined as in (2.1). With this indefinite integral formula and the
limiting forms (A.5)—(A.8), we deduce the following integral formulas. For y > v >
—1/2,a>0and x > 0,

x 2 -yt 1

PR andi = = r(“ ;J’ )r(’”;+ )G,,,V(ax), (A.10)
0

- ¥yt I,
f PR andi = = r(“ = )r(“+;+ )G,,,V(ax), (A1)

where Gﬂ,v(x) is defined as in (2.2).

Since K,(x) > 0 for all v € R, x > 0 and the gamma functions in (A.10) and (A.11)
are positive for g > v > —1/2, it follows that, for fixed u > v > -1/2, G,,(x) is an
increasing function of x on (0, co) with G,,,,(x) > 0, and (N}#,V(x) is a decreasing function
of x on (0, c0) with Gw(x) > 0. Therefore, since Gﬂ,v(x) =1 - G,,(x), we deduce that,
foru>v>-1/2,x>0,

0<Guy(x)<1, 0<G,(x)<l. (A.12)
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