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MNV: A Different Approach to the S&P 500 options rket efficiency

Abstract

Under the efficient market hypothesis, an optiorisgs implied volatility should be
the best possible forecast of the future realizadtility of the underlying asset. In spite
of this theoretical proposition, a vast numbertoflges in the financial literature found
that implied volatility is a biased estimator ofetliuture realized volatility. These
findings suggest that we are either in the preserican inefficient market or that
econometric models fail on that purpose.

In this thesis, by introducing the concept of Mardeutral Volatility and the derivation
of a theoretical model, we show what in fact thelied volatility forecasts and we
prove that the S&P 500 options market is efficiefhis property of the S&P 500
options market assures that the implied volatitgnnot be a biased forecast of its
future realized volatility. Thus, we conclude tliae bias of the implied volatility

estimator is due to the inadequacy of the commuoséd econometric approaches.

Abstract

Sob a hipétese de eficiéncia dos mercados, a hdate implicita de uma opc¢éo deve
ser a melhor previsdo possivel da futura volatledaealizada do activo subjacente.
Apesar deste argumento tedrico, um vasto numerestiglos realizados na literatura
financeira, concluem que a volatilidade implicitauén estimador enviesado da
volatilidade realizada futura. Estes resultado®serg que, ou estamos na presenca de
um mercado ineficiente, ou que a metodologia ec@tara utilizada € inadequada.
Através da introducédo do conceito de Market Neufi@htility e da derivacdo de um
modelo tedérico, é demonstrado, o que na realidadelailidade implicita estima, e
provamos que o mercado de opcdes sobre o S&P Hfiviénte. A eficiéncia do
mercado de opc¢des sobre o S&P 500, garante guatdidade implicita desse mercado
nao pode ser um estimador enviesado da volatilidealezada futura. Estes resultados
permitem concluir que o problema da obtencdo denasvas enviesadas, devera
resultar do uso de metodologias econométricas fueadias.

JEL Classification Code$310; G14
Keywords: Market Neutral Volatility, VIX, Market Efficiencylmplied Volatility.
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Executive Summary

Under the efficient market hypothesis, an optiongs implied volatility should be the
best possible forecast of the future realized ladf the underlying asset. In spite of
this theoretical proposition, a vast number of Esiéh the financial literature found that
implied volatility is a biased estimator of the dt# realized volatility. These findings
suggest that we are either in the presence of effiaent market or that the
econometric models fail on that purpose. In thissih we address this problem and
prove that the bias found in numerous studies coimes the use of an inadequate

econometric approach.

To demonstrate this we introduce the concept ofkitaleutral Volatility and derived a
theoretical model to show the relationship betwtenMarket Neutral Volatility, the

VIX and the future realized volatility.

Based on that relation, we show that in the longan agent cannot achieve abnormal
returns trading the S&P 500 options market. Thiplies that the VIX is correctly
forecasting the future realized volatility of th&FS 500 (measured by the Market
Neutral Volatility and not by the commonly used isator described by the equation
2.12) leading us to conclude that the S&P 500 optimarket is, in fact, efficient. This
also shows that no other source to forecast theduealized volatility will outperform

the forecast given directly by the market through VIX.
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1. Introduction

The implied volatility (hereafter 1V) in an optis’price can be seen as the market's
forecast of the future volatility for the underlgirasset over the option remaining life.
Under the rational expectations assumption that rttegket uses all the available
information and the market’s efficiency hypothesig 1V should be the best possible
forecast of the future volatility given the currdgnavailable information. If this is not
true, the option pricing theory tells us that if@gtion fails to embody optimal forecasts
of the underlying asset’s future volatility, a ptable trading strategy would be
available and its implementation would push theiamptprice to the best possible

forecast of future volatility.

Despite these theoretical arguments, a large nurobesmpirical financial studies
revealed several problems when the option pricésislused as the estimator of the
underlying asset’s future volatility. A common téstassess the forecasting ability of

the option’s prices IV, consists in running thdduling regression:

RVt,r =a + Iavt,r + M_'Vt—r,r + gt (11)

+T

where R\ is the realized volatility of the underlying aseger the period to t+z, IV,
Is the implied volatility at timet with time to maturityt, HV... is the historical
volatility over the preceding peridek to t, ande:.. iS a zero mean error uncorrelated

with the forecasting variables.

Three hypotheses are typically tested in the litgeaconcerning this regression. First,
IV is informative about future volatility only if the estimate fgrs significantly greater
than zero. Second, IV is ambiased estimator if the joint hypothesis afequal to zero
andg equal to 1 is not rejected. Third, IViiformational efficient if no other variable

(e.g. historical volatility) is statistically sigmeant, that isy is equal to zero.

Most of the studies in the literature find evidertkhat IV forecasts of future volatility
areinformative’ but biased with 8 greater than zero but lower than one ardifferent
from zero (Feinstein (1989) and Ederington and Gi&99, 2002). The evidence on

1 An exception to this evidence can be found in Barand Figlewsky (1993) that find weak or no
correlation between IV and future realized volgtili
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informational efficiency is mixed. Day and Lewis (1992), Ederington and 1 (099,

2002) and Martens and Zein (2002) find evidencé &RCH models and average
historical volatility add incremental informatio@n the other hand, Blair, Poon and
Taylor (2001), Christensen and Prabhala (1998)niflg (1998), Fleming, Ostdiek and
Whaley (1995), Hol and Koopman (2001) and Szakm@ng and Davidson (2002)

find that IV dominates volatility forecasts.

The bias of the IV estimator that is consistendyrfd in the financial literature means
that options might be over (this is the conclusioa large number of studies) or under
priced which can only be the result of an incorrggtion price modé] an inefficient
market under study or an inadequate econometrimapbp (this can be due to the proxy
for the realized volatility, for example).

If the first two reasons mentioned above were totroe, this would have major
implications on the foundations of modern finantkus, the third reason seems to be

the more plausible one as we will see next.

As in general the VIX (see section 3.3 for VIX disfais used to quantify the IV in the
S&P 500 options market, we can exclude that biasesofrom an incorrect option
pricing model, due to the fact that VIX calculatidnes not rely on any option price
model; it is a model free variable. Moreover, tree wf VIX allows us to use an
estimate of future volatility that is directly tradl in the options market, as in 2004 the
Chicago Board Options Exchange introduced exchamgied VIX future contracts

which made the volatility a financial asset dirgdthdable.

Thus, the main purpose of this thesis is answéhéadollowing questionwhich one of

the two remaining potential sources of bias, an inefficient S&P 500 options market or

the inadequacy of econometric methods, is responsible for the results found on the
majority of the empirical literature? To achieve this we introduce the concept of Market
Neutral Volatility (hereafter MNV) and derive a tiretical model that shows the
relationship between this concept and the reahasdtility. By using this model we
show that the VIX is directly forecasting the Markéeutral Volatility and not the
realized volatility as it is computed in most ofdhcial studies (see equation 2.12).

Thus, we show that MNV is the correct proxy for thalized volatility

2 Like for instance the Black-Scholes model.
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Using the theoretical model presented in this thes find empirical evidence of the
S&P 500 options market efficiency. This finding pisi out the misapplication of the
econometric methods as the main source of bidser\t forecasts of future volatility.

The empirical findings of this thesis also allows to conclude that given a correct
estimation of future volatility (being this estinmt given directly by the market, like in
the VIX case) the Black-Scholes formula correcthcgs an at the money S&P 500
option.

The remainder of this paper is organized as folld®extion 2 introduces the concept of
Market Neutral Volatility and a theoretical modslderived to show the relationship of
Market Neutral Volatility and realized volatilit$gection 3 contains the data description
and the empirical analyses related with the apfptinaof section 2 theoretical results.

Section 4 summarizes our concluding remarks.

2. The Market Neutral Volatility

2.1 Model Assumptions
Let is assumed the following model assumptionsaftradable stock index:

* P is the market price of the stock index at the wlesf dayt.

* Vii=RuaP

* ru=(R.-R)/R.

e rw1~ N(O;0w1), beingoi. the realized market volatility &1 not know irt.

e t+1 minust equals one trading day.

« risk free rate (r) and dividend yield (q) equaD&b.

» tradable european calls and puts with one day tonmaturity available right
after the close of the markettat

« Straddle (g9 = call ATM? + put ATM.

3 ATM stands for At the Money.
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According to the Black-Scholes model (Black and d&e$, 1973) the value of a

european call and put is given by the followingriaias:

call, =Se™ ™ a(d,) - Ke"Td(d,) (2.1)
and

put, = -Se " D(-d,) + Ke" VD (-d,) (2.2)
with

4 = In(S,/K)+(r—q+a?/2)(T -t)

' a|/(T-1) 2.3)

d2=dl_0}/(—r—t) (24)

and
- i X —u?/2
o(x) = m!_we du. (2.5

The stock price, strike, risk free rate, divideneld, time to maturity and volatility are

denoted bys K, r, g, (T-t),0, respectively.
By put-call parity

call, - put, = Se %™ —Ke(™Y 2.6)
which with g = 0%, r = 0% and S = K becomes

call, = put,. 2.7)

Assuming the rationality of the agents, the pricevlich an agent would be willing to

sell a straddle at the endtafith the information of the closure tf1l becomes
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0=l | Vi | 400 (2.8)

and likewise the price at which an agent would ldéng to buy a straddle in the same

period
0 =[0;| Vs |] (2.9)
it follows as the only possible equilibrium price

o =| Ve |- (2.10)

2.2 Market Neutral Volatility definition
Let Market Neutral Volatility be defined as the ifvt such that

g (MNV,) = | Vt+1| . (2.11)
That is, MNV is defined as the IV at the endtahat, with the information of the
closure oft+1, makes the value of a straddlet &qual to the absolute change in the
price of the stock index from the endtdb the closure aft+1.

2.3 Realized Volatility

Let the annualized realized volatility be defined a

I:)t+1_|:)t| 1

08 = Pt \/(T——t)

(2.12)

This method of calculating market volatility confesm the notion that the payout of a

european option at expiration only depends on tfierdnce betweenR and R and

10
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not on the prices observed in the market betweanitierval. This way of measuring

volatility also takes inspiration on former worlaihd in the literature.

Figlewski (1997) suggests that taking deviationsuad zero instead of the sample
mean typically increases volatility forecast aceyraDing, Granger and Engle (1993)
suggest measuring volatility directly from absoluéturns. Andersen and Bollerslev
(1998) refer to daily realized volatility as thewsof intraday squared returns.

2.4  The relationship between realized volgtdind the MNV
If we have the market value of an european call A& can get the IV of that option
using the Black-Scholes formula. Even though actlyeclose formula to calculate the

IV cannot be derived from equation (2.1), a goodragimation is given by Brenner

and Subrahmanyam (1988) in the following kay

oi = 2 callt (2.13)
\(T-1) R

Using equation (2.13) and replacisigoy the MNV defined in Section 2.2 we get

MNV, = (TZZ) CaIPIttE (2.14)
Using equation (2.10)

call,” + putf =|V,,,| 2.15)
and equation (2.7)

call,® = putf (2.16)

we get

* The derivation of this result jgesentedn Appendix A.

11
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call,® = |Vt2+1| . (2.17)

Replacing equation (2.17) in equation (2.14)

2 M2 (2.18)

(T-t) Pt

My, = |21 i (2.19)
T-1) 2 Pt

After some algebra, equation (2.12) can be wrigen

MNV, =

Mo - e 7D 20)
Replacing equation (2.20) in equation (2.19) we get

MNV, = o', /(T —1) (2.21)

(T

and after some algebra

MNV, :%\/Ermem. 12)

Based on this result we can conclude that the Matkeatral Volatility (MNV) in timet

is approximately equal to 1.25 times the realizeldity of t+1.

® We are assuming that both options and the dailyme of the stock index are annualized with theesa
number of days. If they are annualized using aediffit factor, then equation (2.22) becomes

1 JT, —t
oMNV, = E\/ 27 [be,,, ===, with r and c referring to the factor used on dhdly returns and

VTC _tC

options respectively.

12
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2.5 The MNV and the VIX

Since the VIX is arex-ante observable measure of the IV in the S&P 500 opgtion
market and the MNV is an IV in an option price céétedex-post, we can postulate the

argument that the VIX is directly estimating the MNT'hat is:
1 1
=Y MNV, ==>VIX, (2.23)
T T

which using equation (2.22) is equivalent to

Isvix, =2yt e (2.24)
TS 7Y TS2 e '

t=1

3. Empirical Analysis

3.1 Data

In this thesis we used the closing values of th& ¥hd S&P 500 from the period
September 23, 2003 to August 28, 2009, totallin@514laily observations. Three
reasons lead us to the choice of this period. ,Rinst methodology and the availability
of data as we have it today on VIX, were only idtroed on September 2003. Second,
only in 2004 the VIX futures were introduced whialould have contributed to the
elimination of any possible market inefficiencigsopto that date. Third, in this period
we have very low volatility periods and also extedyrhigh volatility periods (not seen
since the 1987 stock market crash) which allowousdke robust assessments about the
possibility of options market efficiency since thmarket was analysed in a large range

of values.

13
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3.2 The S&P 500 index

The S&P 500 index is a price index of stock pricéshe 500 largest companies
actively traded and quoted in the United States.

In Figure 1 we have the evolution of the daily algsprices of the S&P 500 from
September 2003 to August 2009. We can clearly lsedbtill market rally that lasted
from 2003 until the middle of 2007 and the sharglide started then until the
beginning of 2009 (the market lost more than 50%so¥alue in this period), originated

by the global financial crisis.

Figure 1: Evolution of S&P 500 daily closing prices
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3.3 TheVIX

“VIX measures 30-day expected volatility of the S&B0 Index.” (Chicago Board
Options Exchange (2009)).
In 2003, the Chicago Board Options Exchange (CBOHatgul the VIX to reflect a

new way to measure expected volatility. The new YdX»ased on the S&P 500 Index

14
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and estimates expected volatility by averagingabeghted prices of SPX puts and calls
over a wide range of strike prices. By supplyingsaipt for replicating volatility
exposure with a portfolio of SPX options, this newthodology transformed VIX from

an abstract concept into a practical standardréalirig and hedging volatility.

The VIX is calculated from the transaction valueslbfcalls and puts on the S&P 500

that have a bid price different from zero usingftiowing formuld

2 29 BK o 1 F Y
o _TZK_fe Q(K,) T(KO 1}, (3.1)

where

« Piis the market price of the stock index at the wlef dayt.

* ¢ = VIX/100.

e T = Time to expiration in calendar days. The VIXesis365 days in all its
calculations.

* F = Forward index level derived from index optiamcps.

» KO = First strike below the forward index level, F.

» Ki = Strike price of ith out-of-the-money optiongall if Ki>K0 and a put if Ki<
KO; both put and call if Ki=KO.

* AKi = Interval between strike prices — half the diffnce between the strike on

either side of Ki:

(3.2)

* R =Risk-free interest rate to expiration.

* Q (Ki) = The midpoint of the bid-ask spread for lr@ption with strike Ki.

® For a practical example how the VIX is calculatésit http://www.cboe.com/micro/vix/vixwhite.pdf

15



MNV: A Different Approach to the S&P 500 options rket efficiency

The formula in equation (3.1) only uses out-of-theney options. Thus, Q(Ki,T)
represents the call option price when Ki > F anel plaut option price when Ki < F.
When Ki = KO, CBOE uses the average of the call gutdoption prices at this strike as
the input for Q(KO,T). Since K8 F, the average at KO implies that the CBOE uses on
unit of the in-the-money call at KO. The last tetmequation (3.1) represents the
adjustment term via the put-call parity to conuérs in-the-money call into an out-of-

money put.

The calculation involves all available call optioatsstrikes greater than F and all put
options at strikes lower than F. The bids of thesgons must be strictly positive to be
included. When at the boundary of the availableongt the definition for the interval
AK modifies as followsAK for the lowest strike is the difference betweka towest
strike and the next higher strike. LikewigeK for the highest strike is the difference

between the highest strike and the next lowerestrik

To determine the forward index level F, CBOE chease pair of put and call options
whose prices are the closest to each other. Theriptward price is derived via the put-

call parity relation.

The CBOE uses equation (3.1) to calculsteat two of the shortest maturities of the
available options, T1 and T2. Then, the CBOE lileimterpolates between the tves

to obtain as” at 30-day maturity. The VIX represents the anmealipercentage of this
30-dayo,

N,, - N, N;, — N

2

N, -30 30- N
VIX =100 \/33—%5|le0125—+@022—“ (3.3)

where N; and N» denote the number of actual days to expirationstiie two
maturities. When the shortest maturity falls witleight days, the CBOE switches to
another maturity to avoid microstructure effectsety short option maturities.

16
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In Figure 2 we have the evolution of the VIX dailpsing values from September 2003
to August 2009. From 2003 to the beginning of 2@@7see a steady decline in the VIX
from values around 20 to values around 10. In #giriming of 2007 we start to see a
rapid increase in the VIX until the middle of 20@8d then an explosive move up
achieving values above 80 at the end of 2008. Simee, with the global response to

the financial crisis, VIX values return to valuesthe middle 20's.

Figure 2: Evolution of VIX daily closing values
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3.4 Descriptive statistics
In Table 1 we present the descriptive statisticthefVIX and the daily returns of the

S&P 500. The ; variable is the daily return of the S&P 500 cadtetl as
r., = (P,, —P)/ P where Ris the close value &bf the S&P 500.

17



MNV: A Different Approach to the S&P 500 options rket efficiency

It is evident from Table 1 the large amplitudehie VIX values (ranging from 9 to 80)
with the average near the minimum value of the eai@ assess if any of the variables
follow a normal distribution we run the JB testlmoth of them. We reject normality on
both with p-values of 0.00 with the distribution thfe daily returns of the S&P 500
skewed to the left and leptokurtic which is coresistwith the literature.

Table: 1 VIX and daily returns of the S&P 500 dgstore statistics

Average X Minimum  Maximum Skewness Kurtosis  p-value JB
VIX 20.18 11.68 9.89 80.86 2.24 5.37 0.00
M1 -0.00 0.014 -0.95 0.11 -0.26 11.78 0.00

3.5 VIX Unit Root

Although the VIX is not directly tradable in the rkat, the existence of VIX futurés
contracts and options on the VIX, should lead t¥IK{.;) = VIX.. To verify this
hypothesis we tested the existence of a unit nodhé VIX time series. For that we

performed the ADF test on the VIX time series amaresults are presented in Table 2.

Since we cannot reject the existence of a unit (@ot 1) at the 1% significance level in
all three models tested the results obtained aorifiat E(VI1X.1) = VIXy,.

Table 2: ADF test on VIX time series

Model (@-1) ADF test | Asymptotic p-value
(1-L)VIX = @-1)*VIX p1te -0.00261745 -1.27053 0.1883
(1-L)VIX; =b0+@-1)*VIX 1.1te -0.0109104| -2.65105 0.08281
(1-DVIX =b0+b1*t(@-1)*VIX 1te; | -0.0181447| -3.48271 0.04119

" Brenner, Shu e Zhang (2007) estimates that theelation between the VIX and the 30-day VIX
Futures to be 0.8140.

18
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3.6 The relationship between the VIX and thePSZ0
To analyze the relationship between the VIX and S&B at timdg we run a regression
of the daily rate of change of the VIX (rV{)Xover the daily returns of the S&P 500

(rSP500) in the following form:

(VIX, = B, + BrSP500, + &, (3.4)

The results obtained are presented in Table 3. @®niy significantly different from 0
and takes a negative value pointing to an inveztgionship between the VIX and the
S&P 500.

Table 3: The relationship between the VIX and t&# S00

Coefficient S.E. p-value
B, 0.000160665 0.00112388 0.8863
B -3.29971 0.0797426 6.45e-250
R*=0.53
T = 1494

3.7 Testing the market efficiency in the S&R® Bptions market

In sections 3.5 and 3.6 we showed two importantltesFirst, for the same periadve
have a direct relationship between the change Xivalues and the change in S&P 500
prices. Second, the best estimate for the valubeo¥/1X att+1 is its value at. These
findings assure us that the VIX market is efficiehhese findings also allow us to
conclude that: if E(VIX1) # VIX; (in opposition to what was shown in section 31 a
having VIX value changes atirectly related with S&P price changed,atome part of
the biased forecasts of the future realized vahatgiven by the IV found in the
literature, could be explained by the fact that ¥H¥ in periodt was already a biased
forecast estimator of VIX for+1l. As we showed that E(VIX) # VIX; we can discard
that possibility.

19
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Given the definition introduced in section 2.2, &IV is the ex-post IV that assures
the efficiency in an options market. By using thefimition of the realized volatility

given by equation (2.12) and the model derived entisn 2, we showed that the
relationship between MNV and future realized vdilatiis illustrated by the equation
(2.22). Since MNV is an ex-post IV and being theX\dn ex-ante IV we postulate that
VIX is in fact the market forecast for the MNV. T$ 1uo prove empirically that the S&P

500 option’s market is efficient we need to shoat thquation (2.24) holds.

We then have to test the following hypothesis:
Ho @ tax =ty =0

based on the sample means difference:

14 1G-1 _
=Y VIX, —-=> =V2ribe, =0. (3.5)
TS T42

t=1

To assess the validity of this hypothesis, we perém a two independent samptdsst

which allows to compare the means of two varidbleke results are shown in Table 4.

As the results presented in Table 4 suggest, waotaeject the null hypotheses that
both means are equal with high confidence levéwahg us to confirm that equation

(2.24) holds not only theoretical but also empihica

By proving empirically equation (2.24) we can stiitat the S&P 500 options market is
in fact efficient. If this is true, the IV of itsptions market cannot be a biased estimator
of the future realized volatility. The direct imgdition of this statement is that the
source of the findings, in a large number of finahstudies that implied volatility is a
biased estimator of the future realized volatilityust be the inadequate econometric
approach that is commonly used. This inadequacyesgmobably from a poor selection
of the proxy for the realized volatility, because we demonstrate before, implied

1o directly make this comparison the S&P 500 dadatility was annualized using/ 365 since the

VIX uses 365 days in all its calculations.

20
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volatility (through the VIX) is directly forecastinthe MNV which is not the same as
the future realized volatility computed by the etipa(2.12).

Table 4: Test for the different in averages

T T Z -value two sideg -value one side
1wat 151 on [be., P P
T= T2
0.201789 0.206653 -0.646227 0.5181 0.2591

4. Conclusion

From a theoretical point of view, if one markeefficient the implied volatility on that
market options prices is the best possible foreoh#ie future realized volatility given
the currently available information. The existentenarket efficiency would imply that
the implied volatility on options prices is an uakéd estimator of the future realized
volatility of the underlying asset.

In spite of these theoretical arguments, a vast baunof studies in the financial
literature found that implied volatility is a biabeestimator of the future realized
volatility. This bias can only be the result of arcorrect option price model, an
inefficient market under study or an inadequateneatetric estimation approach. If the
first two reasons were to be true, this would hansgor implications on the foundations
of modern finance. Thus, the third reason seen tine more plausible one as we will

see next.

The use of VIX as the implied volatility in the S&®D0 options market allow us to
discard that the source of bias comes from an recboption price model, since VIX
calculations results from a free model approaclis Téd us for two possible sources of

bias: an inefficient market or the use of an inae econometric approach.

By introducing the concept of Market Neutral Vdiagi (MNV), its relation with the
future realized volatility and by using the VIX e forecasting estimator of the MNV,
this thesis firstly demonstrates that the S&P 5pfloms market is efficient. By this, we
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can conclude that the implied volatility cannot &éiased estimator of the realized
volatility, leaving the source of bias for the ieadiacy of the econometric approach.
This econometric issue is probably due to the seleof the realized volatility proxy,
because as this thesis demonstrates, implied Nylgtihrough the VIX) is directly
forecasting the MNV which is not the same as ttaized volatility estimated by the

traditional method given by the equation (2.12).

The proof that the S&P 500 options market is effitiand considering the VIX as the
MNV estimator, allow us to point another importardnclusion: since the VIX is
available at any time during the New York Stock Eamgge trading hours, the best
forecast of the future S&P 500 realized volatilkitlyring that period, is the VIX value.
Any other applied estimator to forecast the futvealized volatility is set to be
outperformed, at least in the long run, by thenestes given directly by the market, i.e.
the VIX.

The introduction in recent years of the VIX methlodyy in several other markets like
European stock indices, gold, oil and Forex revédasincreased demand for this kind
of information from the market agents. As the ViXettmodology expands to other
markets and to individual stocks, the use of fosgng volatility models based on

historical volatility information, will probably beompletely replaced by IV models.

For the next steps, following the results obtaimethis thesis, it would be interesting to
assess if the empirical findings on this thesisadse observed in other markets, where

model free implied volatility data, following VIX gthodology, is already available.
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Appendix A

Given the Black-Scholes formula for the price @usopean call:

C = S0(d,)-Ke™ " ®(d,)

with
In( S_ j+102r
q. = Ke™* 2
1 0_\/?
and
d,=d,-oVT
For an ATM callS = Ke™ we have
dl :10'\/?
and
d, = =0T
with

1. 1 d’  d;
old,)==+—|d, -2+ L .
(@) 2 ,/2;7(1 6 22°0% J

Ignoring all the terms after; dor small values of gdin equation (A.6) we get

and

(A.1)

(A.2)

(A.3)

(A.4)

(A.5)

(A.6)

(A.7)
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1 1
o(d,)=1-0(d,)==-—=—0or A.8
( 2) ( 1) 2 2J2r (A.8)
The value of an ATM call can now be written as
C=—1 soJr (A.10)
N 2T '

and finally solving fofs

o= 27C (A.11)
T S
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