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Abstract

Empirical studies have emphasized that the equity implied volatility is characterized by a
negative skew inversely proportional to the square root of the time-to-maturity. We examine
the short-time-to-maturity behavior of the implied volatility smile for pure jump exponential
additive processes. An excellent calibration of the equity volatility surfaces has been achieved
by a class of these additive processes with power-law scaling. The two power-law scaling
parameters are S, related to the variance of jumps, and §, related to the smile asymmetry. It
has been observed, in option market data, that 8 = 1 and § = —1/2. In this paper, we prove
that the implied volatility of these additive processes is consistent, in the short-time, with the
equity market empirical characteristics if and only if 8 = 1 and § = —1/2.
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k Constant part of variance of jumps of ATS k;

K Option strike price

IF Quantity defined in Eq. (7)

N () Standard normal cumulative distribution function evaluated in *
N’ (%) Standard normal probability density function evaluated in *

p,B (Z:(y), y)) Black put option price

p:(Se, 1) Quantity inside the ATS put expected value

Py (x) Put option price at value date with maturity # and moneyness x
{St}i>0 Sequence of positive random variables

t Time-to-maturity

X Option moneyness, x = log %

y Moneyness degree, y := x [/t

o Tempered stable parameter of ATS

B Scaling parameter of k;

I'(%) Gamma function evaluated in *

8 Scaling parameter of 7,

Ul Skew parameter of ATS

n Constant part of the skew parameter of ATS

é, Implied volatility skew term

§0 Short-time skew term, i.e. limit for # that goes to zero of .§,
o Constant diffusion parameter of ATS

or ATM implied volatility, equal to Z; (0)

00 Short-time ATM implied volatility, i.e. limit for ¢ that goes to zero of &,
Ps, Probability density function of S;

Or Deterministic drift term of ATS

1 Introduction

Which characteristics of the implied volatility surface should be reproduced by an option
pricing model? A stylized fact that characterizes the equity market is a downward slope in
terms of strike, i.e. a negative skew, where the skew is the at-the-money (ATM) derivative
of the implied volatility w.r.t. the moneyness.! Specifically, the short-time? negative skew is
proportionally inverse to the square root of the time-to-maturity. The first empirical study of
the equity skew dates back to Carr and Wu (2003): they find that the S&P 500 short-time skew
is, on average, asymptotic to —0.25/+/. Fouque et al. (2004) arrive at a similar conclusion
considering only options with short-time-to-maturity (i.e. up to 3 months). In this paper, we
show that a pure jump additive process, which also calibrates accurately the whole equity
volatility surface, reproduces the power scaling market skew.

A vast literature on short-time implied volatility and skew is available for jump-diffusion
processes. Both the ATM (see e.g., Alos et al., 2007; Andersen & Lipton, 2013; Figueroa-
Lopez et al., 2016; Muhle-Karbe & Nutz, 2011; Roper, 2009) and the OTM implied volatility
(see e.g., Figueroa-Loépez & Forde, 2012; Figueroa-Lépez et al., 2018; Mijatovi¢ & Tankov,
2016; Tankov, 2011) are analyzed. For a jump-diffusion Lévy process, the ATM implied
volatility is determined uniquely by the diffusion term; it goes to zero as the time-to-maturity

! The moneyness is the logarithm of the strike price over the forward price. For a description of the equity
volatility surface and a definition of skew, see e.g., Gatheral (2011).

2 We refer to short-time-to-maturity.
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goes to zero if there is no diffusion term, i.e. for a pure-jump process. For this reason, pure
jumps Lévy processes are not suitable to reproduce the market short-time smile, because the
short-time implied volatility is strictly positive in all financial markets.

Muhle-Karbe and Nutz (2011) have shown that, for a relatively broad class of additive
models, the ATM behavior at small-time is the same as the corresponding Levy. In this paper,
we analyze the ATM implied volatility and skew for a class of pure jump additive processes
that is consistent with the equity market smile, differently from the Lévy case: this is the
main theoretical contribution of this study.

An additive process is a stochastic process with independent but non-stationary incre-
ments; a detailed description of the main features of additive processes is provided by Sato
(1999). In this paper, we focus on a pure jump additive extension of the well-known Lévy nor-
mal tempered stable process (for a comprehensive description of this set of Lévy processes,
see e.g., Cont & Tankov, 2003, Ch. 4).

Pure jump processes present a main advantage w.r.t. jump-diffusion models: they generally
describe underlying dynamics more parsimoniously. In a jump-diffusion, both small jumps
and the diffusion term describe little changes in the process (see e.g., Asmussen & Rosinski,
2001). Because both components of the jump-diffusion process are qualitatively similar, when
calibrating the model to the plain vanilla option market, it is rather difficult to disentangle the
two components and several sets of parameters achieve similar results. Moreover, it seems
that an infinite number of jumps describes more precisely equity option prices independently
of the stochastic volatility dynamics (see e.g., Zaevski et al., 2014, Fig. 1), specifically for
the short maturities.

Recently, it has been introduced a class of pure jump additive processes, the power-
law scaling additive normal tempered stable process (hereinafter ATS), where the two key
time-dependent parameters—the variance of jumps per unit of time, k;, and the asymmetry
parameter, n,—present a power scaling w.r.t. the time-to-maturity 7. The ATS is a process with
no diffusion term and infinite jumps (for an expression of its Lévy measure see e.g., Azzone &
Baviera, 2021a, p. 16). It has been shown the excellent calibrating performances of this class
of processes. On the one hand, this class of pure jump additive processes allows calibrating the
S&P 500 and EURO STOXX 50 implied volatility surfaces with great accuracy, reproducing
“exactly” the term structure of the equity market implied volatility surfaces. On the other
hand, the observed reproduction of the skew term structure appears remarkable.

Moreover, an interesting self-similar characteristic w.r.t. the time-to-maturity arises.
Specifically, among all allowed power laws, the power scaling of k;, B, is close to one,
while the power scaling of 7, 8, is statistically consistent with minus one half (see e.g.,
Azzone & Baviera, 2021a, pp. 9-10 and p. 11 for a robustness test).

In the literature, short-time implied volatility has been extensively studied also for stochas-
tic volatility models (see e.g., Gatheral, 2011, Ch. 7 and references therein). Alos et al. (2007)
show that the skew of a stochastic volatility process goes to a constant at short-time, inconsis-
tently with equity market data. More recently, the short-time behavior of the skew has been
one of the main justifications for introducing rough volatility models (see e.g. Frizetal., 2021;
Fukasawa, 2017, 2021; Gatheral et al., 2018). When the volatility is driven by a fractional
Brownian motion with Hurst coefficient H < 1/2 the short-time skew goes as 1/¢!/2~#
(Alos et al., 2007, p. 588). Unfortunately, rough volatility models, despite being able to
replicate the skew term structure for sufficiently large H, are computationally inefficient: no
close formula is available for European options and the existing simulation techniques are
“very slow” (see e.g., Bayer et al., 2016, p. 6). In this paper, we show that the ATS, a simple
and parsimonious additive process, replicates perfectly the market implied volatility skew.
Moreover, the ATS presents an explicit characteristic function, closed formulas for Euro-
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pean options, and fast simulation algorithms for path-dependent options (see e.g., Azzone &
Baviera, 2021).

Consider an option price with strike K and time-to-maturity . We define ;(x) the model
implied volatility, where x := log % is the moneyness and Fy () is the underlying forward
price with time-to-maturity 7. In particular, we consider the moneyness degree y, s.t. x =:
y+/t, introduced by Medvedev and Scaillet (2006). It has been observed that the moneyness
degree y can be interpreted as the distance of the option moneyness from the forward price in
terms of the Black Brownian motion standard deviation (see e.g., Carr & Wu, 2003; Medvedev
& Scaillet, 2006). The implied volatility w.r.t y is

T (y) = L (),
and its first order Taylor expansion w.r.t. y in y = 0 is

dZ;(y)
dy

Li(y) =L (0)+y

+o(y) =:61 +y& +o(y). (D
y=0
We call é, the skew term. We define 6 and éo as the limits for 7 that goes to zero of 6; and
£. Their financial interpretation is straightforward: 6y corresponds to the short-time ATM
implied volatility, while éo is related to the short-time skew, because it is possible to write
the skew as

dI;(x)
dx

_ &

x=0 \/E
In Fig. 1, we present an example of the short-time implied volatility and the skew for the
S&P 500 at a given date, the 22nd of June 2020 (the business day after a quadruple witching
Friday3). On the left, we plot the 1 month (blue circles), 2 months (red squares), 3 months
(orange stars), and 4 months (purple triangles) market implied volatility w.r.t. the moneyness
degree y: we observe a positive and bounded short-time 6;. On the right, we plot the market

skew w.r.t. the time 7: it appears to be well described by a fit O (\/; >

As already observed in some empirical studies (see e.g., Carr & Wu, 2003; Fouque et al.,
2004), equity market data are compatible with a positive and bounded 6 and a negative and
bounded &, that leads to a skew proportionally inverse to the square root of the time-to-
maturity. We aim to present a pure-jump model with these features.

We study the behavior of 6; and é, for the ATS process, deriving, in (5, 6), an extension
of the Hull and White (1987, p. 4, Eq. (7)) formula (see e.g., Alos et al., 2007, for another
application of this formula to the short-time case). This formula leads to two results: on the
one hand, we build some relevant bounds for 6;; on the other hand, we obtain an expression
for é‘, in (24) via the implicit function theorem (see e.g., Loomis & Sternberg, 1990, Th. 11,
p. 164).

This paper provides several contributions to the existing literature. First, we deduce for
a family of pure-jump additive processes, the ATS, the behavior of the short-time ATM
implied volatility 6; and skew term é, (see Propositions 3.1-3.4 and 4.2-4.3). Second, we
prove that only the scaling parameters observed in market data (8 = 1 and § = —1/2) are
compatible with a bounded short-time implied volatility and a short-time skew proportionally
inverse to the square root of the time-to-maturity (see Theorem 5.1). This last result implies

3A quadruple witching Friday is the third Friday of the months of March, June, September and December:
in this quarterly date, stock options, stock futures, equity index futures, and equity index options all expire on
the same day.
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Fig.1 Example of the S&P 500 short-time implied volatility and skew on the 22nd of June 2020. On the left,
we plot the 1 month (blue circles), 2 months (red squares), 3 months (orange stars), and 4 months (purple
triangles) market implied volatility w.r.t. the moneyness degree y. We observe a positive short-time 6;. On the

right, we plot the market skew w.r.t. the time ¢ and the fitted ~ (—) \/; . (Color figure online)

the existence of a pure-jump additive process (an exponential ATS) that presents the two
key features observed in market data: not only a bounded and positive short-time implied
volatility but also a power scaling skew.

The rest of the paper is organized as follows. Section 2 presents the ATS power scal-
ing process and the extension of the Hull and White formula. Section 3 defines the implied
volatility problem and analyzes the short-time ATM implied volatility ;. Section 4 com-
putes the short-time limit of the skew term é,. Section 5 presents the major result: the ATS
process is consistent with the equity market if and only if 8 = 1 and § = —1/2. Finally,
Sect. 6 concludes. In the appendices, we report some technical lemmas: on basic properties
in “Appendix A” and on short-time limits in “Appendix B”.

2 The ATS implied volatility

In this Section, we recall the characteristic function of the power-law scaling additive normal
tempered stable process (ATS) and the notation employed in the paper. We also introduce a
sequence of random variables (4) with the same distribution of the ATS for any fixed time 7;
we use these random variables to study the short-time implied volatility.

We discuss the volatility smile at small-maturity produced by this model; we also determine
the power laws of the ATS parameters that are consistent with market data, i.e. which choices
of B and § reproduce the market short-time features mentioned above.

We define a sequence of positive random variables S; via its Laplace transform. The
random variable S; appears in the definition of the random variable f;, that is used to model
a forward contract of the underlying of interest.
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Definition 2.1 (Definition of {S:};>0)
Let {S;},>0 be a sequence of positive random variables with a Laplace transform s.t.

tl—«a Mkf “ .
— 1—(14+ if0<a<
InL; (u; ki, o) := lnIE[ef”S’] =k «a (1 -t >0

t
——In 1+Q) if @=0
P ‘

t

where k, := kt# and k, B € RY.

Notice that, by the Laplace transform, we can compute any moment of S;. The first two
are

1. E[S]=1;
2. Var[8] = ki/t.

Definition 2.2 (Definition of { f1},>¢)
Let { f;},>0 be a sequence of random variables with characteristic function s.t.

' 1 2-2 X
E[e] =, (iut (§+nt> 5%%%; ki, oz) Juet =0 @

where
n =nt>and ¢, 1 ;= —In L, (t&zm; ki, ). 3

6,7 €eRTands € R.

Notice that the characteristic function is the same as the power-law scaling additive normal
tempered stable process (ATS) in Azzone and Baviera (2021a, Eq. 2); the notation has been
slightly simplified, we report it at the end of the paper. We also define Fy(t), the forward
contract at time 0 with maturity 7, and model the same forward contract at maturity as

F,(t) == Fo(t) e

We recall that the forward price F;(t), at maturity ¢, is equal to the underlying spot price. For
this reason, we can define European options on the forward price.

We report the known result on the existence of an additive process with characteristic
function (2), cf. Azzone and Baviera (2021a, Th. 2.3).

Theorem 2.3 (Power-law scaling ATS) There exists an additive process with the same char-
acteristic function of (2), where o € [0, 1) and B, 5§ € R with either $ = =0 or

where the second condition reduces to —8 < § < 0 for @ = 0.

The region of admissible values for the scaling parameters § and § is shown in Fig. 2.
Notice that this is the unique region of scaling parameters that satisfies the conditions of
Theorem 2.1 in Azzone and Baviera (2021a) for the existence of the ATS.

In particular, we mention that, Vo € [0, 1), the scaling parameters observed in the mar-
ket, {§ = —1/2, B = 1}, are always inside the ATS admissible region. In Fig. 2, we plot
the admissible region for the scaling parameters 8 and §. In this paper, we prove that the
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Case 1
Case 2
Case 3

m Case 4
« Case b

B

Fig.2 ATS admissible region for the scaling parameters. We separate the region in five Cases. (i) Case 1 (grey
area) with 69 = 0. (ii) Case 2 (orange area) with 6y = oo. (iii) Case 3 (light green area) with bounded 6y

and é‘o = 0. (iv) Case 4 (continuous dark green line) with bounded 6 and é‘o = —\/g . (v) Case 5 (red dot)

with bounded 6 and negative and bounded éo. Notice that Case 3 includes all its boundaries, identified by the
green circles, with the exception of the point {8 = 1, § = —1/2} (red), that corresponds to Case 5. Moreover,
Case 1 includes just its upper bound, identified by the grey squares. We emphasize that for all « in [0, 1) the
point { =1, § = —1/2} is inside the admissible region. (Color figure online)

ATS implied volatility at short-time is qualitatively different for different sets of scaling
parameters. We separate the admissible region into five Cases:
Case 1 (grey area):

{ﬂ<1, —min(%,ﬂ) <8§0}U{8:,B:0}.

Case 2 (orange area):

{—min (ﬂ, M) <8< —% max (B, 1)}.

o

Case 3 (light green area):

B 1
{/321, —55550}\:,3:1, 5=_,}.

Case 4 (continuous dark green line):

{ﬂ<1, 5:—%}.
1
{ﬂ:l, 5=—§].

Notice that Case 3 includes all its boundaries, identified by the green circles, with the
exception of the point {§ = 1, § = —1/2} (red); Case 1 includes just its upper boundary
(but it does not include its lower boundary), identified by the grey squares.

Case 5 (red dot):
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Table 1 Summary of ATS
short-time implied volatility
behavior in the five Cases. We Case 2 60 = 00
obse.rve thaF 9nly the last 3 Cases Case 3
admit a positive (and bounded)

implied volatility. Case 4 60> 0and &y = — z

Case 1 60=0

60 >0and & =0

Case 5 60> 0and &) <0

Table2 Summary of ATS

0 1 =1 1
short-time implied volatility <F= P >
behavior, w.r.t. the scaling 1 A £ _ £
parameters $ and § in the additive 8>=3 % =0 f0=0 =0
process admissible region. The 5= 7% fo=— 5 éo <0 £ =0
ATM implied volatility oy is . R N . A
positive (and bounded) when we 8 < —3 o) = 0 o) = 0 6p =00 orgy =0

report the value for §0

The main objective of this paper is to prove that the five different Cases correspond to
different behaviors of the implied volatility in the short-time and that Case 5 is the unique
choice of scaling parameters consistent with market characteristics. This is particularly inter-
esting because, by fixing § = 1, § = —1/2, on the one hand, we are able to replicate
the market short-time implied volatility and skew and, on the other hand, the model is very
parsimonious because we do not have to calibrate 8 and § from market data. A summary of
the ATS short-time behavior, and in particular of the ATM value 6¢ and of the skew term é‘o,
w.r.t. the different Cases is available in Table 1.

It is also useful to provide the same result dividing the region for the admissible values
of Theorem 2.3, in terms of B and §. A summary of the ATS short-time behavior, w.r.t. the
scaling parameters 8 and é in the additive process admissible region is reported in Table 2.

It can be proven that, for every time ¢, the random variable

1\ _ _
ft:—<'7t+§) G2 Sit+ 5ySitg + ot “

has the characteristic function in (2), where g is a standard normal random variable indepen-
dent from S;. The proof is the same as in the Lévy case, but with time dependent parameters,
and it is obtained by direct computation of E[ef® /1], conditioning w.r.t. S;. The f; in (4) is
then equivalent in law to the ATS process at maturity ¢; thus, we can use this expression of
[i to compute the price of European options.

Consider a European call option discounted payoff B; (F() (1) el — Fo(t) ex)+ (and
B, (Fo (1) e® — Fy(1) et ")+ the discounted payoff for the corresponding put) where ¢ is option
maturity, K option strike price, x := In =5~ the asset moneyness and B; the deterministic

Fo()
discount factor between 0 and ¢. The European call and put option price at time zero are
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Ci(x) = B, Fo()E [(eff - ex)+:|

= B; Fo(?)
E[e¢tl_t62’]tS1N< +l S’t> _exN<__x +lrS’ . o Stt):|
Sit 2 o/ Sit 2
5
N
Pi(x) = B Fo(H) E |:(ex — ef’> ]
= By Fy(1)
x s, oSt 162,58, x s o/Sit
El|e'N — I+ — il lG?hrN( R )]’
[ (6@ ' 2 ) oSt ! 2
(6)
where i
Dt
=—anzl+ @)
vz

and N (e) is the standard normal cumulative distribution. In the rest of the paper, we will use
these expressions to investigate the short-time implied volatility.

Option prices (5) and (6) are obtained by taking the conditional expectation wrt. the r.v.
S; and computing the expected value wrt. the Gaussian r.v. g, that is independent from S; (cf.
(4)). It can be useful to mention that a similar result has been obtained by Hull and White
(1987) with the same technique for a stochastic volatility model. Equations (5) and (6) are
crucial in the deduction of paper’s key results: let us stop and comment. First, let us notice that
we can consider option prices with Fo(¢) = 1 and B; = 1 without any loss of generality: we
are interested in the implied volatility and these two quantities cancel out from both sides of
the implied volatility equation. Second, let us emphasize that the quantity inside the expected
values are, in both Egs. (5) and (6), positive.

We can re-write Egs. (5) and (6) w.r.t to the moneyness degree y (cf. Introduction)

— <Ptf*l’5zﬂrsr St _ v/t _ y St _ S[
c,(yﬁ)_E[e N( S:H Vz ) e N( af +1 Vz
I Y Y S NS et Y S g
P[(y\/;)_IE[e N((}«/E I +6 5 ) e N P I
and we can define ¢;(S;, y) and p;(S;, y) such that
Eler (Sr, )] = Ct()’«/;)
Elp: (Si. )] := P(yN/1).
Black (1976) option prices w.r.t. y are
y_ 4 It(y)ﬁ> _ iy <_ y Iz(y)«/?>
Zi(y) 2 i (y) 2
It(y)\/?) B N( y It(y)\/?)
Zi(y) 2 i (y) 2 '
where Z; (y) is the implied volatility w.r.t. the moneyness degree.

The implied volatility equation for the call options is

Elc: (Si, )1 = (T (), y) ®)

BT,y =N (—

pE (), y) =VIN (
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and the one for the put option is

Elp: (S, )] = pE (@ (), ). ©9)

In the following lemma, we prove that 6;+/f goes to zero at short-time following an
approach similar to Alos et al. (2007, Lemma 6.1, p. 580), who considered a generalization
of the Bates model. We recall that we have defined 6; = Z,(0) in (1).

Lemma 2.4 For the ATS, at short-time,
G4/t = o(1).

Proof For an ATM put (i.e. when y = 0), the left-hand side of Eq. (9) is equal to
E [(l —ef 'f)+]. In the region of admissible scaling parameters, f; goes to zero in distribution
because its characteristic function in (2) goes to one. Hence, by the dominated convergence
theorem, E [(1 —ef ")+] goes to zero at short-time. For y = 0, the right-hand side of Eq. (9)

becomes
. 6/t 6/t
pE6,0)=N <T> -N (‘T) :

that goes to zero if and only if 6,+/¢ goes to zero. O

Thanks to this lemma, ATM and for short-time, we can rewrite the right hand side of (8)

and (9) as
N n N t n
cf(o,,O)=p,B(ot,0>=o,,/E+o(am/t’), (10)

1

where the asymptotic expansion holds because N'(0) = ,/5-, with N’ the standard normal

probability density function.

3 Short-time ATM implied volatility

In this Section, we study the behavior of 6, at short-time for the ATS. The idea of the proofs
is simple. Equation (10) is the short-time asymptotic expansion of the ATM Black call and
put prices. We can study the short-time behavior of the ATS model price in (8) and (9).

1. If the model price (left-hand side in (8) and (9)) goes to zero faster than /7 , then 69 = 0
(Case 1).

2. If the model price goes to zero slower than /7, then &y = oo (Case 2).

3. If the model price goes to zero as /1, then & is bounded (Cases 3, 4, 5).

The idea of the proofs is the following. In Case 1 we bound the model price from above and
we prove that it is o (ﬁ) In Case 2 we bound the model price from below and we show
that it goes to zero slower than /7. Finally in the remaining Cases we build upper and lower
bounds for the model price and prove that both bounds are O (ﬁ) Furthermore, the proofs
are divided into some sub-cases that correspond to particular ranges of the parameters 8 and
8: we indicate with bold characters the range at the beginning of each sub-case.

p<1& —min(3,)<86<0 or

Proposition 3.1 For Case 1: ,
B=68=0
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the implied volatility is s.t.

Proof
1
B<1& —min(i,ﬁ><6§00rﬂ:5:0

We bound ¢; (S, 0) from above as follows.

Vit Vit -2 Vi
¢ (5,00 =N (zf' +5—2’ ) -N (zf' - a—z’ ) - (ew—“’ M _ 1) N (1,5’ +a—2’ )

t
5‘/—6\/S,+e“’"—1. (11)
2

In the equality we have just added and subtracted the quantity N (l ,S "+o @) The inequal-
ity holds because, by definition of standard normal cumulative distribution function,

St = /Sit
Sit JSit 1 I +o 5= f
N lf’+5ﬁ —N (-l ) = — S dze PP < | =55,
2 2 V2m Jif 550 2
(12)

and because we bound from above the product (e‘/’” —16%nS; _ 1) N (l,s "+6 ‘/57) with the

(positive) maxima of both factors.
We bound the expected value of ¢; (S;, 0) as

Ekm&ﬁnsE[J;ﬁJ§}+wﬂ—1=J;T6MJ§LH{¢Q=0(W)

The first equality holds because e?" —1 = O (¢;1) = 0 (ﬁ) and the last equality because
E[+/S;] converges to zero at short-time (see Lemma A.5).

Summarizing, the upper bound to the ATS ATM price in (8) is 0 (/). From (10) we have
that the Black price is O (6;+/7). Thus,

(}0:0. O

Proposition 3.2 For Case 2: — min (ﬁ, W) <8< -1 max(g, 1),
0o = 00.
Proof
We divide the proof in two sub-cases.
pel& —p<s<—

Consider the left-hand side of Eq. (8). We compute the derivative of ¢;(z, y) w.r.t. ziny = 0.

dci(z, 0) _ —152 _ Wzt
7’& = —1G2n ¥ TIOTMEN (Zf + o=
_ (pt\/; + \/ITO_'T], e‘/?rf*la'zﬂtZN’ lz + C_T@ _ N/ lz _ 5@
26732 2z ! 2 ! 2
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to = IV NZ4)
1+ Y10z Faa Y )y (-5, (13)
4.z 2 2
At short-time, for a given z € (0, 6‘;’;{), I = % (—Z _‘g'm) > (. We observe that

#1157z — 14+o0(1) andlim;_,¢ [ = oo dueto Lemma A.6 point 1; then, N (lf +0o @) =
1+ o(1). Thus,
3c, (Z 0)
0z
because the first term goes to zero as t7;,, while the second and the third terms go to zero as

N'(4/t ;) (i.e. as a negative exponential). Thus, for sufficiently small ¢, ¢; (z, 0) is decreasing
w.r.t. z in (0, 6‘” ). We emphasize that the right extreme of the interval is increasing to one
t

= —157n, + o(tny),

for sufficiently small ¢, see Lemma A.6 points 2 and 3.
Fix T > 0 and S* € (0, _2 ) foranyt <t

E[c:(S:,0)]
> ¢(S*, 0P (S < §%)

> {N (1,5* + a“/?) (lS* J?)
+ (o1t —15°0, S*) N (ls )}
SO e

The first inequality holds because ¢;(z, 0) is positive for any z > 0 and because we bound
from below the expected value with its minimum in the interval (0, $*) multiplied by the
probability of the interval, P (S; < S*). The second inequality is due to the fact thate® > x+1.
Finally, the last inequality holds because, by definition of the standard normal cumulative
distribution function,

t t
N(lf+&*/2;)—N(lf—6‘/2;>zo, zeRT. (14)

Recall that N (lts* + 6@) = 1 4 o(1); notice that P (S; < S*) is constant for 8 = 1 and
goes to one, by Lemma A.4 point 1, for 8 < 1. This proves the last equality.

Notice that ¢ 1, goes to zero slower than /7 (§ < —0.5), then the ATM call price goes to
zero slower than /7.

> (@it — t&zn,S*) N <lts* +o §*) = O(tny).

<6<—E

2
There exists ¢ such that (8 — 1)/2 < g < —8 — 1/2. We bound the ATM put price (6) from
below for a sufficiently small ¢

Elp: (S, 0)]
St JSt
= E[15121+tq <N (—ltsl +6'\/27> — N <_l;9z _6Tt>

1-B80—-a)
B>1& ———
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JSit )
+N <—lf’ —a ) (1 - e‘Pr’*"’z"fSr)H

VSit -
>E [1S,21+th (—ltsl -0 2’ ) (1 - e‘p”_mz”’s‘):l

1 _
= B(S = 14193 (1 - eW*’”z"f“”")) = M, ("9, + 1607k, 2)
> M, 11952y, (15)

The first inequality holds because p; (S, 0) is non negative and because we have added
and subtracted the term N —l,S "—o @ . The second because the difference between the
standard normal cumulative distribution functions is non negative, analogously to (14). The
third because, for S; € [1, 00), 1 — #1155t g positive and non decreasing in S;; moreover,
for a sufficiently small 7, N (—Z,S’ — 6@) > 1/3 because

2t
2

nmN(—z;—& )21/2, z € [1,00).
t—0

The quantity M, is defined in (15). At short-time M; = 1/640(1) because (i) by Lemma B.3,
P(S; > 14 17) goes to 1/2 as t goes to zero, and (ii) by Lemma A.6 point 1,
1 — ot = m D — (114452 542k, /2) (1 + o(1)) .

Notice that r' 9y, goes to zero slower than 4/7, then ATM put price goes to zero slower than

NG
1-81-— 1
Case2: —min | 8, M < § < —max E -
o 22
Summing up, for both sub-cases, 8 < 1 & —f <§ < —1/2and B > 1 & —W <8<
—B/2, the lower bounds on the ATM option prices in (8) and (9) go to zero slower than /7.
Moreover, from (10) we have that the Black price is O (&1 \ﬁ) Then,

5‘()=OO. O

Proposition 3.3 For Case 3: p > 1 & § > —pB/2, with the exception of the point
{B=1,6=-1/2},

0o is bounded.

Proof We split the proof in three sub-cases. For each sub-case we build an upper and a lower
bound, on the model price, and we demonstrate that both bounds are O (ﬁ) and then, that
0p is bounded.

B 1
1& — - <=8 <—=
B> 5 < <—3
Upper bound
Let us split the expected value of the ATS call in two parts
Elc; (81, 0)]

ISt VS JSi ;
—E [N (I,S’ +5 2’ ) -N (1;“ - UT’>] +E [N (1,51 + JT’) (eq),t_mz,,,s, - 1)]
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= A1(t) + As (D).

We prove that both parts are bounded from above by quantities O (\/f) The first expected

value is s.t.
Ala)s/;aE[ﬁt] =0 (7). (16)

where the inequality holds true because of (12) and /7 E[/S;] = O (+/7) because, by
Lemma A.5 point 1, E[{/S;] goes to one as t goes to zero.
Let us study the term A;(¢).

A1) <E [(6"’”7’&2'”5’ - 1) ]ls,<¢,/(62m)]

7 /@) e =2
— \/7/ dze % (e‘p”_w iz 1) (I7)
27Tk[ 0

0/ (&%) =12 2
—l—/ dz (Ps, (z) — e X ) (e“’f’_"’ me 1)
0 27Tk[

<0 <t8+(ﬂ+l>/2) ’ (18)

where Py, is the law of S;. The first inequality is true because the quantity inside the expected

value is positive on (0, (_7"2;’”) and negative elsewhere. The equality is obtained by adding and
1

subtrancting the same expected value for a Gaussian random variable. We prove the second
inequality in two steps, showing that both (17) and (18) are bounded by O (t5+(ﬂ +1/ 2).
First, we consider (17)

[ [e/@ ) 1) _
{ / ' ' dz e_[(~2k,l) (e‘/’rl—tﬂzmz _ 1)
27Tkt 0
1

2

= — dwe T (ewt*l?fzm(ﬂrw\/kz/l) _ 1) (19)
V2 Ja,

< L dw 67%267W62"'mw L / dw ef% (20)

T2 Ja, V2w J A,

= 72y (ietg S+ (2= 1) L
02771 k;
b ! S+(B+1)/2
-N —-1). /= t 21
<<6277t > kl>+0( ) @b

I 5 15* 07k s /2 s 12
=520 niv/ke + 4z +0<t+(ﬂ+)/>:0<t+(ﬂ+)/)’ (22)

where A, = {w eR : —\/% <w < (p/@n) — 1)\/%}. Equality (19) is due to a
change of the integration variable w := (z — 1)/+/k,/t, equality (20) to the fact that, by
Lemma A.6, et Equality (21) to a change of variable m := w + /1520, v/k;
and to the fact that both N (—\/%) and N (ﬁ&zn,\/kj — \/% go to zero faster that any

power of ¢. Finally, (22) holds true because of the Taylor expansion of N in zero.
Second, we consider (18)

@ /(G%n0) 7 1z=1)? =2
/ dz | Ps (z) — e % (ew,t—m Mmz _ 1)
0 ! Zﬂk[

@ Springer




Annals of Operations Research

t
5‘—<Pw,<0y—N<—/;>>(wﬂ—1w
t
@/@%n) 7 .
/i dz (PSS <2)=N{Gz—=1)[—))a%nter!—10mz
0 kt
< 2=« [k (' —1)=0 (,8+(ﬂ+1)/2) _
1l—aV t

The first inequality is due to integration by part and to the triangular inequality. The second
inequality is a consequence of Jensen inequality and of Lemma B.3.

+

Lower bound
As discussed in the proof of Proposition 3.2, for a sufficiently small ¢, ¢; (S;, 0) is decreas-

ing for S; € (O, o ) hence,

ooy

Elc/(S, 0] = E [CZ‘(Sl‘a 0)115,5%/(&2”,)]

t
ZQ(-? ,0)P<St§_(§l )Z\/T-FO(\/E):O(\[I?).
O~y O~y 8,

The first inequality is because c; (S;, 0) is non negative and the second is because we bound
the expected value from below with the minimum of ¢; (S;, 0) multiplied by the probability

of the interval (O, il ) The equality holds because, by Lemma B.3,

a2
1
EimP (S <2 ) ==,
1—0 on, 2

@t @t @t Ort
o) =n ()2 N (=22 | (ty
“ (0277, ) ( 4c”lt) ( \/4077t> \/27ror], o \[

with /2 = O (V7).

8ton T

and

1
1&5=—=
B> >

Upper bound
The upper bound on the ATS call price is the same to the one of the previous sub-case
-B/2<6<—-1/2, B> 1.

Lower bound
We bound the put price from below. It exist H > 1 such that for a sufficiently small ¢

E[p: (S, 0] = E[p; (5, 0) Ls,e(1,11]

St St
e[ (5 +00) ()]

0/ Sit
>E |:N, (—ltsl 4+ i ! )O_'\/ S;t ﬂStE[I,HJ]

2
>N <6ﬁ— wtf+ “,f) G/T (S, € [1, H]) =,/é&+o(ﬁ).
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The firstinequality holds because p; (S;, 0) is non negative. The second because e#!~* S <
1 in [1, H]. The third inequality is due to the fact that we bound from above the difference

)05

N(4§+5

with the standard normal law evaluated in the maximum between the two (positive) arguments
multiplied by the difference of the two arguments. Notice that /S, is a positive quantity
almost surely. The last inequality holds because, by Lemma B.4, it exists H > 1 s.t. the
quantity inside the expected value is increasing in [1, H] for a sufficiently small 7. The
equality is because, by Lemma B.3, P(S; € [1, H]) goes to 1/2 as ¢ goes to zero and

lim N’

t—0

1
ﬁzl&—5<8§0

Upper bound
We can bound ¢;(S;, 0) from above as in (11).
We bound the ATS option price as

1
E[c,(S,.0)] < E [\/7716 Stt] +e? —1<0 (Jt) .

The last inequality holds because, by Jensen inequality with concave function /*, E[y/S;] <
VE[S;] = 1 and because, by Lemma A.6 point 1, ¢#' — 1 =0 (\/;)

Lower bound
To bound ¢; (z, 0) from below, we study its derivative in (13). Notice that, at short-time,
I; = 0 (Vtn;) = o(1), due to Lemma A.6 point 1, and to the fact that § > —1/2. Moreover,

again due to Lemma A.6 point 1, e‘/"t_’&z’ifz =1+ O (tn;). Then, we have

(i) The negative first term at short-time is o (/)
- 13
_[62n16¢’t710277tzN <lt7 + 6'«/;;) =0 (@{ny)=o0 <\/1T> .

(ii) The second term at short-time is o (/7)

</it«ﬁ i Jion, e¢,t—t62nsz/ IF —}—6@ N (- 6@
26732 2z 2 2

e—(lf)2/2762zt/8

=0 (ﬁﬂt) \/E

7= 7=
((1 +O0tn)) <1 - @ + o(fm)) - (1 + % + o(rm)))

=0 = o (V1)

because

t z = 1o t
N/ (ltz + 6'\/2;> — e*(ll )2/270-22”8 (] + i% +0(t77[)) .
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(iii) The positive third term at short-time is O (v/7)

4\/;6‘ oit—152nz /(g2 = \/ZT 1z — «/27 \/T _
%ﬁ<e N(Q+077)+N(ﬁ—04?>>_ §;20+005>

Summarizing, the leading term in (13), at short-time, is the third one, which is positive.
Hence, for a fixed z > 0 and for sufficiently small ¢, ¢;(z, 0) is increasing; thus, we can
bound the expected value from below

1 13
Ele: (S, )] > E [Cz S+, 0) 15,6[1/2,3/2]] > Ct (E» 0) P (St € |:§, §i|>
>[N(ﬁﬂ+6J§>—N(ﬁﬂ—6¢g>}P<&e[;3])
:MWGW+6JQ6 ﬁﬂge[;%D
=5,/ ) e(s et =o(vi
= |0 E‘i‘O( t) <t€[5,§i|)— ( l).

The first inequality holds because ¢;(S;, 0) is non negative. The second because, for
a sufficiently small ¢, ¢;(S;, 0) is increasing. The third is true because, for sufficiently
small ¢, e#'=17°1/2 = 1, by Lemma A.6 point 3. The forth is due to the fact that
the difference of the standard normal cumulative distribution functions can be bounded
from below by the (positive) maximum of the two arguments multiplied by the (positive)
difference of the two arguments. The equality is due to the fact that P (S, € [1, 3]) is
constant if 8 = 1 and goes to 1 at short-time if § > 1 because, by Lemma A.4 point 2,
S; goes to one in distribution at short-time.

1
Case 3 : ﬁzl&—§§6§0\ﬂ:1, {5:_5}

Summing up, in all sub-cases the upper bound and the lower bounds of the ATS option
pricesin (8) and (9) are O (+/f). Moreover, from (10) we have that the Black price is O (6, ﬁ) .
Thus,

0¢ is bounded. o

Proposition 3.4 For Cases4 and 5: B <1 &6 = —%,
60 is bounded.

Proof

1
1&8=—=
B = >

Upper bound
We can bound ¢;(S;, 0) from above as in (11).
We bound the ATS option price as

1
Ele, (S, 0)] < E [E(} S,t] v —1=0 ().
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The equality holds because, by Jensen inequality with concave function /%, E[/S;] <
VE[S;] = 1 and because, by Lemma A.6 point 1, e#! — 1 = O (\/?)

Lower bound
We bound ¢, (S, 0) from below as:

A/ St A/ St
¢ (81.0) = L, gy /52 (N (z,sf +6 ) ~N <15f CR

= L, g 57n,) (011 = 15°1:St) /2.

! 2

) + (‘Ptt - t627)15t) /2>

The first inequality is because ¢; (S;, 0) is non negative, because ¢* > x + 1, and because
the normal cumulative distribution function evaluated in a positive quantity is above 1/2.
The second holds because the difference between the two normal cumulative function is non
negative.

Elcr (S, 0] > E [1g, -y, /529 (@1t — 1670,51)/2]
= V162 /2 E [y, 52 (=St + 00/ n0)] = O (V1)
The last equality is due to the fact that

E (L5, g /200 (=St + @0/ G20 = 01/ @ 00)P(S: < @1/ 0)) — EISi L, 520
(23)

can be bounded from below with a positive constant for sufficiently small 7. This fact can be
deduced for B < 1. We prove it separately for the two cases B < 1 and 8 = 1.
For B < 1, let us observe that, at short-time,

0 < E[S; 15, I = E[Si1s,<1]1 = o(1),

<@1/(&2n1)

because, by point 2 of Lemma A.6, ¢,/(621,) < 1 and, by definition of convergence in
distribution, at short-time E[S; 15, <1] = o(1), because, by Lemma A.4 point 1, S; converges
in distribution to 0. Moreover, at short-time, (p,/(&zn,)]P’(S, < </>¢/(5277t)) =1+o0(1), by
point 1 of Lemma A.6 and by point 1 of Lemma A.4.

For B = 1, we remind that the law of S; does not depend from ¢ and we observe that the
limit of (23) for ¢ that goes to zero is positive

lim {g/ (&2 10P(S; < 91/(@%10)) = ELS, L, 2,620 1} = P(S: < 1) = EIS 15,411 > 0,
where the last inequality is due to the fact that S; has unitary mean and finite variance k.

Summarizing, as in Proposition 3.3 the upper and lower bounds of the ATM prices in (8)
are O (/7). From (10), we have that the Black price is O (6;+/7). Thus,

0p. is bounded. O

In the propositions above, we have proven that 6¢ is bounded only in Cases 3, 4 and 5.
Only for these Cases we study the short-time skew in the next Section.

4 Short-time skew

In this Section, we focus on the skew term é, for the ATS when 6¢ is bounded. We obtain an
expression of & in Lemma 4.1 and study its short-time limit.
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In the introduction, we have mentioned that the implied volatility skew observed in the
equity market is negative and it goes to zero as one over the square root of 7. This behavior
is equivalent to a negative and bounded é‘o. In this Section, we prove that éo is zero in Case 3
(Proposition 4.2) and is negative and bounded in Cases 4 and 5 (Proposition 4.3). Moreover,
Case 5 identifies the unique parameters’ set where £ canbea generic value that it is possible
to calibrate from market data.

Lemma 4.1 The skew term é‘, is

N (5) [ (- F)]
- 6N/
N (=)

(24)

Proof Applying the implicit function theorem to the implied volatility equation for the call
option (8) we obtain the derivative of the implied volatility w.r.t y

IEle (S 0] _ 3P Ty
dy dy

0Z;(y) _

dy IE T ).y
9Z; (y)

We prove the thesis by computing the three partial derivatives separately.

aE[a(S,,y)]:_ﬁeﬁy]E[N<_ y +lf’—&m)]

dy o+/S: 2
ac,B(L(y),w:_ﬁemN(_ y _L(y)ﬁ)
dy Z(y) 2
ocy L) _ proiy <_ y _L(wa)
0Z;(y) i (y) 2

Notice that it is possible to exchange the expected value w.r.t. S; and the derivative w.r.t. y
using the Leibniz rule because the law of S; does not depend from y. By substituting y = 0
and reminding that Z; (0) = o;, we get (24). m]

Notice that, because of Lemma 2.4, the denominator of é, in (24), N’ (—‘”Tﬁ> goes to

\/%7 at short-time. To study the short-time behavior of ét it is sufficient to consider only the

numerator of Eq. (24)
o S
V()= (o)

Proposition 4.2 For Case 3: f > 1 & —B/2 < & < 0, with the exception of the point
{8=1, §=—1/2}, the skew term is

£ =0.
Proof

We divide the proof in two sub-cases.

1
B=1& —5 <=0
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We study the numerator of 5, in (24).

i (557) e [v (2 -3 =0

We compute the limit thanks to the dominated convergence theorem because the law of S;
does not depend on 7 and I7 = o(1) in this sub-case.

ﬂ>1&—§§6§0

We want to prove that

]E[N(lf’—a*/;?ﬂzém(l). (25)

The equality holds because

P
2

r e . _ Azt
dz [P %o )N (F -6, 27
+/0 z(s,(Z) TN (-6 @n

where Py, is the distribution of S;. We study the quantities in (26) and (27) separately.
First, we consider (26)

,/ 1+ wk /i

+w k[

(/i (1= wyki/e/2) = ani/i (1+ wy/ki/i/2) + 0 (V7))

1 11,'2 - 1 1 1
= li dwe 2 N(—" ke tPPw) — — 4 1 = .
ﬁtlr% we { an\[ w) ) >

The first equality is obtained via a change of the integration variable (w := +/f(z —
1)/+/k:). The second equality is due to the asymptotic of ¢,¢ in Lemma A.6 point 1. The
third equality holds because of the dominated convergence theorem. The last is trivial because

[N (—ﬁ\/zt8+ﬂ/2w) — 1/2] is odd w.r.t. w.
Second, we consider (27)

[ee} 2
r _GD Szt
d - )N (17— YL
[ (P = gy ) (5= 25)
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(s o-v(7)
+ /OOO dz (P(St <2 —N ((z - 1)\/z)> N’ (lf - a?)

o i oiy
26 23/2 27 '
The first equality is due to integration by part. The second to the fact that (i) P(S; < 0) =0,

>ii)) N (—\/@ g0 to zero as ¢t goes to zero, and (iii)

> i e N\ ([ i e+
Ji o (v (o) s <o) (-0 (= 25 25)
2—a [k [ e N ot Gt +aN1)2

1—a\/;/0 dzN (l’_07> (2513/2+ 277 )
zz—a\/k’r:()(ﬁ),

1—aV ¢t t

where the inequality is due to Lemma B.3 and the first equality is due the fact that

* lf—éﬁ o1 +6ﬁn,+6ﬁ/2 o 15—5@
o (a5 )= (i-o)

2 ) \25 732 22 2

=<

)
=1.
0

This proves (25).
It is now possible to compute the short-time limit of the skew term

(4 (5) o [s -2 )| o |

Proposition 4.3 For Case 4: B < 1 and § = —1/2, the skew term is
A T
& =— R

For Case 5: B =1 and § = —1/2 the skew term is
k= —\/g Elerf @7 r(S)], (28)
where r(S;) 1= v/2(1/y/S; — /Sp).

Proof
We prove separately the two Cases.

1

Thanks to Lemma B.2, the limit of the numerator of ét in (24) can be computed simply,

(s (45) o ()

Thus,
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1
s=—&B=1
2 B
We compute the limit in # = 0 of the numerator of & in (24)
GrA/t St
lim <N (—0’2[) _E [N (I,S’ -5 )]) —E [1/2 N (af; (1/,/5, - \/S,))] .
t—

We obtain the equality thanks to the dominated convergence theorem, because the law of S;
is constant in time. We recall that er f(z) = 2N (z/ \fZ) — 1, substituting in (24), we obtain
(28). O

Equation (28) is one of the major results of the paper. Let us stop and comment.

First, let us notice that éo in (28), is a generic function of the couple of positive parameters
&7 and k; in particular the er f function is odd in its argument and r : R — R. Moreover
& depends on the parameter @ € [0, 1) that selects the truncated additive process of interest.

Second,
s ~
— =< <0
V7 = & <

i.e. the minimum value for the skew term is —+/7 /2, its value in Case 4. Let us emphasize that
the possibility to choose éo is the key difference between Case 4 and Case 5. A éo function
of model parameters is more relevant, from a practitioner’s perspective, because it allows
calibrating £o on market data rather than selecting a fixed value & = —J/7/2.

To show the upper bound, we can rewrite

Elerf (67 d(S5)))] 2/0 dz Ps,(z)erf (a1 r(2))

! P
:Adzﬁwo—ifdwﬂﬁmm,

where the second equality is due to the change of variable w = 1/z, and second to r(1/w) =
—r(w) and to the fact that er f (z) is odd. We also observe that er f (o7 r(z)) > 0in (0, 1).
For the two cases where the distribution of S; is known analytically « = 0 (VG) and
o = 1/2 (NIG), we can prove that the skew term éo in (28) is negative for non zero o7 and k
(for the expression of the Gamma and Inverse Gaussian laws see e.g., Cont & Tankov, 2003,

w> > 0in (0, 1); recall that

Ch. 4, p. 128). In both cases we can prove that (Ps, (2) —

Ps, (z) does not depend from time because § = 1.
In the @ = O case, S; has the law of a Gamma random variable

T 1LV RV e PR B
’ z? KUk (1/k) 22k ’

e 1/k(1/z=2)
27k
21Inz > 0. The last inequality is trivial Yz € (0, 1), because it is equal to zero for z = 1 and

its derivative is negative.
In the « = 1/2 case, S; has the law of an Inverse Gaussian random variable

Ps, (1/z 1 _ 7 1 1
P o) - 5D f”mmﬁm—‘)>a
z 2k z Vz

where the inequality is true because 23% — %ﬁ > 0,Vz € (0, 1).

where the inequality is true in (0, 1) because 1 — > 0 or equivalently 1/z — z +
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Fig.3 ATS skew term éo for {8 =1, 6 = —1/2}. We report é() for four values of «: @ = 0 in the upper left
corner, « = 1/4 in the upper right corner, « = 1/2 in the lower left corner and « = 3/4 in the lower right
corner. We plot the skew for k, a1 € [0, 3]. In all cases the skew is negative and decreasing w.r.t. k and o7.
(Color figure online)

In all other cases, we compute numerically the skew term & for different admissible values
of k,57 € Rt and « € [0, 1), by means of inversion of the characteristic function of S,
showing that it is either negative or equal to zero. In Fig. 3, we plot the numerical estimation
of the skew term for & ij and k below 3 (an interval in line with the situation generally observed
in market data) and for a grid of four values of & (¢ = 0, 1/4, 1/2, 3/4); in all cases the skew
term &y looks rather similar: equal to zero on the boundaries (k = 0 and 57 = 0), a negative
quantity in all other cases and a decreasing function w.r.t. both k and &7j. In Fig. 4, we plot
also the skew term for the same four values of «, varying k with 677 = 1 (on the left) and
varying &j for k = 1 (on the right): all plots look rather similar with a decreasing £.

Finally, let us emphasize that the limits of £ are zero for &7 and k that 20 to zero.

On the one hand, recall that the law of S;, Ps,, does not depend of 67. By the dominated
convergence theorem with bound Pg,, we have that

lim Eferf iir(5))]=0.
on—

On the other hand, by Kijima (1997, Th. B.9, p. 308), we have that S; converges in
distribution to 1 as k goes to zero because

1l-a wk \*
. L dlely (g wk _
lim £, (u; k;, ) = lim e { (+(1—‘1)) ] —e ¥,
k—0 t—0

We are computing the expected value of a bounded function of S; that does not depend of k.
Thus, by definition of convergence in distribution,

lim E [erf (&ﬁﬁ (1/\/57 - J?,))] —0.

k—0
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0.1 w w 0.1

— -a=0 ‘ "F -a=0
—+-a=1/4 »>-a=1/4

E 5]
Fig. 4 ATS skew term éo for = 1 and 6 = —1/2 for o = 0 (dashed blue line), « = 1/4 (red triangles),
a = 1/2 (orange circles) and, @ = 3/4 (continuous violet line). We plot the skew for k € [0, 3] withon = 1
(on the left) and for o1 € [0, 3] for k = 1 (on the right). In all cases the skew is decreasing w.r.t. k and o1).
(color figure online)

5 Main result

In the following theorem, we present the main results of this paper. We prove that if and only
if B =1and § = —1/2 the ATS has a positive and constant short-time implied volatility 6¢
and a negative and constant short-time skew term éo. We point out that a bounded skew term
w.r.t. y corresponds to a skew that goes as % at short-time w.r.t. the moneyness x. We also
prove that the ATS short-time implied volatility behaves as described in Table 1. The proof
is based on the propositions of Sects. 3 and 4.

Theorem 5.1 The ATS has a positive and constant short-time implied volatility 6y and a
negative and constant short-time skew term é‘o, that can be calibrated from market data, if
andonlyif B =1and § = —1/2.

Moreover, the following hold true:

1. In Case 1, the short-time implied volatility 6o = 0 and, in Case 2, 6o = 0.

2. In Case 3, the short-time implied volatility 6 is constant and the short-time skew éo =0.

3. In Case 4, the short-time implied volatility 6 is constant and the short-time skew é‘o =
—«/7/2 cannot be calibrated from market data.

Proof We prove that, for Case 1, 69 = 0 in Proposition 3.1. We prove that, for Case 2, 69 = 0o
in Proposition 3.2. We prove that, for Cases 3, 4 and 5, 69 is bounded in Propositions 3.3 and
3.4.

Moreover, in Proposition 4.2 we demonstrate that, for Case 3, é—‘o = 0 and in Proposition 4.3
we show that, for Case 4, &y = —+/7/2 and that, for Case 5, & is negative and bounded. O

6 Conclusions

In this paper, we have analyzed the short-time behavior of the implied volatility of a class of
pure jumps additive processes, the ATS family.
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An excellent calibration of the equity implied volatility surface has been achieved by the
ATS, a class of power-law scaling additive processes (see e.g., Azzone & Baviera, 2021a).
This class of processes builds upon the power-law scaling parameters $, related to the variance
of jumps, and § related to the smile asymmetry.

First, for this family of pure-jump additive processes we have obtained the behavior of
the short-time ATM implied volatility 6, and the skew term & over the region of admissible
parameters (cf. Theorem 2.3). We get this result by constructing some relevant bounds for 6;
and obtaining the expression of é,, cf. Eq. (24), via the implicit function theorem.

Second, we have proven that only the scaling parameters observed in empirical analysis
(B = 1and § = —1/2) are compatible with the implied volatility observed in the equity
market (cf. Theorem 5.1). Hence, we have demonstrated that it exists a pure-jump additive
process (an exponential ATS) that, differently from the Lévy case, presents the two features
observed in market data: not only a bounded and positive short-time implied volatility but
also a short-time skew proportionally inverse to the square root of the time-to-maturity.
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Appendices
A Basic properties

We report some useful results for the proofs in Sect. 3. In the following lemmas we consider
S; of Definition 2.1 with Laplace transform £, (u; k;; «), at a given time ¢ > 0. The proofs
that follow are for the @ € (0, 1) case. Similar proofs hold in the « = 0 case.

LemmaA.1 Lets € (0, 1), then

5 © Li(u; k) — 1
E[S}] =f0 Wdu, (29)

where T is the Gamma function.

Proof By elementary calculus and Fubini’s Theorem (see e.g., Urbanik, 1993, Lemma 4, p.
325). m]

Lemma A.2 Let n be a positive integer, then
o0
E[S "] = F(n)_lf WL (s ke )du.
0

Proof By elementary calculus and Fubini’s Theorem (see e.g.,Cressie et al., 1981, Ch. 2, p.
148). ]
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LemmaA.3 1. The following two properties for the Laplace trasform L; hold:
Forallt >0,¢c>1andu >0

1= Lo(u; key o) <1 —e™ .
2. IfB =1, Li(u; k;, ) is non decreasing in t.

Proof Let us observe that

L—Li(u; ke, @) <1 —e™ "

tl—« Mkt «
— l+—) — 17 —cu <0.
kr o (1 —a)t

The last inequality is true for any ¢ > 1 and u > 0 because the left hand side isnullinu = 0
and its first order derivative w.r.t. u is negative:

1

11—«
ke
(1 + ua))
This proves the first point.
We demonstrate that the logarithm of £, (u; k;, «) is not decreasing. Consider a positive
t,s € (0,¢) and

h(u; t)~—i{ (1+k’)a} i{l (1+M>a}
s U= d—oi) | |~ d—as) |

We observe that 2(0; s, ) = 0 and the first order derivative
oh(u; s, t) _ 1 1

du - kot l—a o l—a
(1 + s(l—ot)) (1 + I(lt—ot))
is non negative Yu > 0 because k; /¢t is non decreasing in ¢, if § > 1, and is constant in ¢,

if 8 = 1. Thus, h(u; s, t) > 0,Vu > 0, and £;(u; k;, «) is non decreasing w.r.t. t. This
proves point 2. O

—c<0.

Lemma A.4 The following three properties for S; hold:

1. If B < 1 S; goes to zero in distribution as t goes to zero.
2. If B > 1 8; goes to one in distribution as t goes to zero.
3. If B = 1 the distribution of S; does not depend from t.

Proof Recall that convergence in the Laplace transform implies convergence in distribution
(see e.g., Kijima, 1997, Th. B.9, p. 308).
We compute the limit of S; Laplace transform for 8 < 1. By using the fact that k; /¢ goes to
infinity as 7 goes to zero we obtain

e f-( )

Thus, S; converges in distribution to the constant zero. This proves point 1.
We compute the limit of S; Laplace transform for 8 > 1. By using the fact that k; /t goes
to zero as t goes to zero we obtain

Z~

11m Li(u; kyy a) = lm(l)e

. . t l-a 1+ u ky
lim £; (u; k;, ) = lim ekt @ { ( (T— a)l> l — 4
t—0 t—0
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Thus, S; converges in distribution to the constant one. This proves point 2.

Point 3 follows from the fact that, if 8 = 1, £;(u; k;, «) is constant in . ]
LemmaA.5
0 ifp<l1
1ing)E[\/§] =11 ifg>1, (30)
—
D ifp=1

where D is a positive constant.

Proof Recall that S; is a positive r.v. and E[S;] = 1. Then, its moment of order 1/2 is finite.
By Lemma A.1

E[ﬁ]:/OOEt(u; ki, a)_ldu,
0

[(—1/2)u3/?
where l"(—_ill/Z) ~ 3.45. By Lemma A.3 point 1 with ¢ = 2, the positive quantity (1 —
L:(u; ke, oz))/u3/2 is lower or equal than (1 — e_Z”)/u3/2. Thus,
-1 1 _ e—2u —4 [e¢) 6_2"
0<E[VS] = du = / du=+2, (1
<E[VS]= r—12 )y &2 “Trci) )y o2 G

where the first equality is obtained from integration by parts and the second from the definition
of I'. Inequality (31) has two consequences. First, if 8 = 1,

lim E[/S,] = E[/S] := D < V2, (32)

because, by Lemma A.4 point 3, E[/S;] is constant w.r.t. to time. Second, we can apply
the dominated convergence theorem to (30) for all values of 8. Recall that the limits for ¢
that goes to zero of £;(u; k;, «) for B < 1 and for B > 1 are computed in the proof of
Lemma A 4.

Ifg <1

. . -1 1= Li(u; ke, o)
lim E[\/S,] = 1 du=0. 33
AmELVSA =l =75 ), w32 " (33)

Ifg>1

lim E[/S,] = lim Lo(u; ke, o)
t—0 =0 T(—=1/2) Jo T(—1/2)u3?

S S A e P /ooe_ud =1, (4
Ty w2 Ty )y artt T

where the third equality is obtained from integration by parts and the third by the definition
of I'. Equalities (32), (33) and (34) prove the thesis. ]

Lemma A.6 Consider ¢; in (3). For every  and § in the additive process boundaries of
Theorem 2.3

1.
ot = 1620 — 165402k /2 + O (1nk?) (35)

where the second term t64nt2k, /2 goes to zero faster than t&2n; as t goes to zero.
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2.
Pr
<1
627% o
3.
. (%3 .
lim —5— = 1, for 8 > —min(l, B).
t—=0 0Ny

Proof We prove the asymptotic expansion (35). In the additive process boundaries of Theo-
rem 2.3 at least either 8 = § = 0 or § > — min(1, B). In the former case (35) is trivial. In
the latter, thanks to (3), both 1, = 77 and n,k; = tP+oqk g0 to zero as t goes to zero.
Using the Taylor series expansion

t(l—a) (2 k40P k>
@it =

B 3.3
ks | —« 2(1—a)+0(”fk’)}

=1527h—1547}t2kz/2+0(”7,3/<,2)

This proves point 1.
We prove that ¢,/ (5271,) < 1. We substitute the definition of ¢; in (3), for @ > 0, in (35)

and we get
— 52 o
01/ (@%n,) = 1o ((1 +Z mkt) - 1) <1 (36)

ao?nk; 11—«

We define z := % Then, (36) is equivalent to
(1+2* <1+az,

which is a well known inequality. This proves point 2.
Point 3 is straightforward, given point 1, because, if § > —min(1, 8), n;k; goes to zero
as t goes to zero. m}

B Short-time limits

LemmaB.1 Consider a family of positive random variables {X;};>0 s.t. lim;0 X; = X in
distribution and a sequence of functions g;(z) > 0 and uniformly bounded s.t. 1im;_,o g;(z) =

2(2).
If3t > 0s.t fort € (0, 7)

(1) g:(z) is Lipschitz continuous with bounded Lipschitz constant,
(i) |g:(2) — g(2)| < h(z) withlim;— o0 h(z) = 0,

then

lim Efg: (X1)] = E[g(X)].

Proof Tt is possible to apply the Ascoli-Arzeld theorem (see e.g., Rudin, 1976, Th. 7.25,
p- 158) on every compact set [0, K], K > 0, because a sequence of Lipschitz continuous
functions with bounded Lipschitz constant is equicontinous on any compact set. Thus, a
sub-sequence of g;(z) converges uniformly to g(z) in any [0, K]. For every € > 0, 3K s.t.
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lim E[|g; (X) — g(X»)|] = lim E [lgt(Xt) —g(Xy)l ﬂx,<1<]
t—0 t—0
+ lim E g (X;) — g(X)| 1x,-x] < €.
t—0

The first expected value goes to zero because g;(z) converges uniformly to g(z) on [0, K],
as proven above via Ascoli-Arzeld theorem. It exists K s.t. it is possible to bound the second
with € because h(z) goes to zero as z goes to infinity.

Moreover, g(z) is bounded because it is the limit of a uniformly bounded sequence and

lim E[[g(X,) —g(X)[1 =0.
t—0
by definition of convergence in distribution, because g(z) is bounded. We have that

0 = lim Ef[g/(X,) — ¢(X)|] = lim {Ellg:(X1) — g(Xnll + E[lg(Xy) — g(X)I1} =0,

this proves the thesis. O
LemmaB.2 Ford = —1/2, let {X;};>0 be a sequence of positive random variable s.t. X; —
X in distribution for t that goes to zero.

Then,

tim B[ (57 (—v/X; + @1/ @G*V/Xim)) = 5v/1X/2) | = E[N@i(—/X + 1/V%0)].
Proof Define
2(2) = N (571 (—vZ + 0/ G2 /an) — 6/12/2) and g(2) == NGil(—v/Z + 1/32)).

We emphasize that g, (z) is uniformly bounded by one and g, (z) converges point-wise to g(z)
because, thanks to Lemma A.6 point 3, lim;_, ¢ ¢,/(62n,) =1.

We prove that 3t € (0, 1) s.t. the derivative of g;(z) is uniformly bounded, if # € (0, 7). Fix
T €(0,1)s.t.

Q
=
+
Q
S
~
[\
N[N

The following hold for ¢ < 7,

3 t 7 (= = - -
ng = N' (57 (—vz + 0/ V2)) — 53/71/2)

57 (<1/@V7) = g1/ @5 2%) = 61/ 43|
= N (&0 (~V7 + 01/ @20 VD) = 571/2) (14 00/ G2ni2) + V1) 2D) 511/ (2V7)
N' (57 (—vz + /@0 2) = 33/2/2) A+ 1z + 1)@ i/ (2vz) (BT
\/%—n]lm N (57 (~VE +2/GVE) — 1) 1,
+N' (G (—vzZ+1/v7)) Ipy] - A+ 1/z 4+ 1/Q0) 671/ (24/7) i= M(2). (38)

Inequality (37) holds because, by Lemma A.6 point 2, <p,/(62n,) < landt € (0, 1). Letus
observe that (37) is the product of positive quantities. In (38) we bound from above only the
first factor, the only one that still depends from 7. Inequality (38) is deduced by dividing the
domain of z € R™ in the three sets D; = (0, 1/2], D> = (1/2,3/2] and D3 = (3/2, o0).

=
=
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For z € D», we bound the first factor with its maximum ——.

V2
For z € Dy, we observe that fort < 7

G (—vZ+ @ /@0 VD)) — 3212 > 371 (=7 +2/(B3)) — 1G+/2/2 > 0.

Hence, because N’ is a decreasing function of its argument in R™,

N (571 (—vZ + /@2 V2)) —6/71/2) < N' (571 (—vZ +2/(3V2) —16/7/2), z € Dy
Finally, for z € D3

il (—VZ + @/ @ D) — 53/12/2 < 571 (—/Z + 1/Vz) < 0. (39)

Thus, because N’ is an increasing function of its argument in R~

N' (671 (—vZ + ¢/ nv/2)) —6+/12/2) < N' (671 (—vZ +1/7)). z € Ds.

Notice that M(z) is positive and bounded on R*; this implies that the derivatives of g;(z)
is uniformly bounded. Thus, the sequence g;(z) is Lipschitz continuous in z with bounded
Lipschitz constant on (0, 7).

Moreover, for t < T < 1 we have that

lg: (@) — g@)| < Loeo + N (677 (—vz + 1/3/2)) Gzt /2 + i1 — 0/ @2 00))/ VD) Lze(1,00)
<L+ N (67 (—vz + 1/3/2)) (62/2 4+ 571/vD) Lze,00) := h(2).

In the first inequality we divide the domain of z € R™ in two sets, D; = (0, 1] and D, =
(1, 00). In the first domain the difference is bounded by one. In the second set, notice that
(39) is still valid for z > 1; then, the difference is lower than N’ computed on the max of
the arguments of N multiplied by the positive difference of the arguments of N. The second
inequality holds because ¢,/ (&2, is positive and ¢ < 1. We observe that /(z) goes to zero
as z goes to infinity.

Notice that X; converges to X in distribution, g;(z) is a sequence of positive function
uniformly bounded, Lipschitz continuous with bounded Lipschitz constant on (0, t), and
lim,_, s 1(z)=0. Thus, we prove the thesis via Lemma B.1. ]

t 2—a k[
P(Si <z2) = N((—-1) ST VT (40)
' —

where S; is the random variable of Definition 2.1 with Laplace transform L; (u; k;, o).
Moreover, if B > 1,

LemmaB.3 Fort > 0,

sup
Z

1.
lim P(S, < 1) = lim (S, > 1) = im P (5 < -2 ) = %
t—0 ! T >0 =50 t_5277t T
2.
1/2 if ¢ >E7
lim P(S; < 1 —1%) = N1V if g =51
0 if g < 5
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3.
1/2 if ¢ > L7
limP(S; < 1+19) = {N(1/Nb) if =21
t—0 . -1
1 ifa<=5

Proof We use an approach similar to Kiichler and Tappe (2013, Th. 4.7, p. 4271). Given
t > 0,n € N we define X; = Sti —1fori =1,2,...,n with Sti independent positive
random variables with Laplace transform £; (u; k; n, «). The standard deviation of S,i is
1 = Jkmn/t. We define Q7 := Y'_, X! /(/nZP). Notice that Q" + /n/ X! has the
same law of \/t/k;S; by identity in Laplace transform because

n i n n o — w/l )
E I:efu(P,”+\/E/2,”):| —F [eﬂ,z,.:l s,/(ﬁz,)] — Xl ff,an)(l (1 ﬁ(,f’a)) )

=E |:eiu és[] .

Thus, k;/t Q} + 1 is equal in distribution to S;. Moreover, for any ¢ > 0

E[IX] e[+
Sl;plP(Qt <) -N@| < ) v < v

ken , Q—a)kin?
_ 3/22+3t7+ (1—a)t? _2—0[ k[ 0 1
=1 PRI TV TG
: n

The first inequality holds thanks to the Berry-Esseen theorem (see e.g., Durrett, 2019, Th.
3.4.17, p. 136). The first equality is obtained by substituting the third moment of S; and in
the last equality we emphasize the leading term in 1/n. Thus, V € > 0 it exists n such that

n 2—«a kt
sup |P(Q} <2) — N(@2)| < . ~ te
z —alVt

By definition of cumulative distribution function, we get (40).
Equation (40) allow us to prove the limits of the probability.

PGS =)= NO)+0 (1P72) =124 0 (1#-72),

where the first equality is due to (40) and second term goes to zero because 8 > 1.

Moreover,
-2
— t
P (S, < _‘g” ) =N (W L) +0 (,(ﬂ—l)/Z)!
a2n, a2n; ky

where lim; .o N (“”_27&2”' / kL,) = 1 thanks to Lemma A.6 point 3 observing that

oo

[t -
_<§z 1 L Vet Jk+0 (t25+(3ﬁ+1)/2) = o(1),
/i k;

because, in the additive process boundaries, for 8 > 1, + (8 +1)/2 > 6+ 1 > 0.
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oy — g B2
P(S; < 1—19) N(t\/;t>+0<t )

where N (_,q\/kZ) goesto 1/2ifg > (B—1)/2,t0 N(—1/(Vk) if g = (8 —1)/2, and
to 0if ¢ < (B — 1)/2. We emphasize that the second term goes to zero as O (t#=1/2).

t
P(S, <1419 =N (ﬂ ,7) +0 (177072,
ki

where N (rq\/%) goesto 1/2if g > (B — 1)/2,to N(1/(vK) if ¢ = (B — 1)/2, and to
lif ¢ < (B — 1)/2. We emphasize that the second term goes to zero as O (t(ﬂ")ﬂ). O

LemmaB.4 [f§ = —1/2,3H > 1 s.t.
oAzt

m(z) =N’ (—l,Z )aﬁ, 7> 0,

is increasing for z € [1, H] for sufficiently small t, where I} is the quantity defined in Eq. (7).

Proof We compute the derivative w.r.t. z of m(z) and study its sign at short-time.

a1v’(—l;"+"’7ﬁ)&ﬁ

Bm(z): 7z
ad 157 t a1z =
o v (en(Vi- ag) £ 7)o
_ 1 . g . Pt 5\/5 __(1 Dt 5\5
_Tﬁ 2(6”](«& 52«/2%)—'_ 2 ><Gn<E 20 ﬂtl> 4

2
1 [z 2=-, N1 2 &
=5 (2 Z (crn+02 +cr77(_74m2 .

The derivative is positive if

/N
+
Qi

s

N—"

[\ )
Qi
[y}
=
(3]
s

1/2+\/1/4+4 &7
2
2(5ﬁ+&4)

Notice that 3 r and H > 1 such that for every ¢t < t the derivative is positive if z < H
because for sufficiently small time

0<z<

1/2+\/1/4+4(&ﬁ+6§) 02;72_% 12 ; 0

+ > H > 1,
2 R -
2(67’;4—6*/77) 2(017—1—0\5/2) i+ 1/2 620,

where the first inequality is obtained by bounding from below 1/4 with 0 inside the square
root and the second holds because, by Lemma A.6 point 3,

V2 e 1
0260 +0Vi2) | N2 T A5

Thus, m(z) is increasing in [1,H] for sufficiently small 7. ]

+ 1.
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