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Abstract. The problem of pricing, hedging and calibrating equity derivatives in a fast and consistent fashion is
considered when the underlying asset does not follow the standard Black- Scholes model but instead the CEV or
SABR models. The underlying process in the CEV model has volatility as a deterministic function of the asset price
while in the SABR model the volatility as a stochastic function of the asset price. In such situations, trading desks
often resort to numerical methods to solve the pricing and hedging problem. This can be problematic for complex
models if real-time valuations, hedging and calibration are required. A more efficient and practical alternative is to
use a formula even if it is only an approximation. A systematic approach is presented, based on the WKB or ray
method, to derive asymptotic approximations yielding simple formulas for the pricing problem. For these models,
default may be possible and the original ray approximation is not valid near the default boundary so a modified
asymptotic approximation or boundary layer correction is derived. New results are also derived for the standard CEV
model and the SABR results. The applicability of the results is illustrated by deriving new analytical approximations
for vanilla options based on the CEV and SABR models. The accuracy of the results is demonstrated numerically.
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1. Introduction. Vanilla exchange-traded and Over-the-Counter (OTC) European op-
tions or European futures options are often priced and hedged using the Black-Scholes or
Black’s model [5, 6], respectively. The derivation of the Black-Scholes or Black’s pricing
formulas assumes that the asset prices have lognormal distributions and that the volatility is
constant, i.e. a pricing formula under Geometric Brownian Motion (GBM). In these models
there is a one-to-one relationship between the option prices and the volatility. Thus given
option prices across the strikes K and the time to maturity 7 = 1" — ¢, there is a unique value
of the volatility (implied volatility) that yields the prices when used in the pricing formulas.
However, this is rarely the case in practice since implied volatilities usually vary with K and
7. In other words, the markets depart from the constant volatility assumption by exhibiting
significant downward sloping volatility curves and in some markets the in-the-money (ITM)
and out-of-the-money (OTM) options trade at higher implied volatilities than at-the-money
(ATM) options. This is referred to as the volatility smile or skew. Typically, although not
always, the word skew is reserved for the slope of the volatility/strike function, and smile for
its curvature.

To price and hedging, traders and portfolio managers have been trying to address issues
such as volatility smiles and skews. One would like to have a consistent estimate of volatility
risk, across all the different strikes and maturities for a given option portfolio (e.g. trader’s
book). The variation of volatility with the strike K essentially means that a different model
is being used for each strike. This presents several difficulties when managing large books of
options. It is not clear that the delta and vega risks' calculated at a given strike are consistent
with the same risks across strikes. Also if volatility varies with K, it seems likely that volatil-
ity also varies systematically as the asset price changes [17, 18]. Any vega risk arising from
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the systematic change of volatility with the asset price could be hedged more properly (and
inexpensively) as delta risk. Finally, it is difficult to know which volatility to use in pricing
more exotic options. as observed in [24].

Due to these widely accepted stylized facts regarding volatility as described in [10] (e.g.
volatility is not constant), the pricing and the robust calibration of a model requires relaxing
of the GBM assumption. One approach to account for the skew/smile is to use a single
local volatility model that correctly prices options at different strikes without adjustments.
Commonly these local volatility models involve a stochastic differential equation (SDE) of
the form [17, 18]

(1.1) dF = o(F,t)FdW,

where F'(t) is the forward price of the underlying, o(F,t) is the local volatility that needs
to be determined and W (¢) is standard Brownian motion. Local volatility models are self-
consistent, arbitrage free and can be calibrated to precisely match observed market smiles
and skews. They are used in pricing by implementing tree models [18, 16] and are often
preferred to the more complicated models for computational reasons. However, there are
practical problems with these models.

For example one needs to recover a smooth volatility surface o (F,t) in the model from
market prices, i.e. the calibration problem. However, it is not easy to extract a continuous
local volatility surface from a few discrete option prices. One remarkable result, due to Dupire
[18], is that if call options prices corresponding to all possible strikes and maturities are
known in a consistent manner then the local volatility o(F, t) is uniquely determined by the
relation

B 0c/0T

Here ¢ = ¢(F, t) represents the price of a European call at time ¢ with strike X and expiration
T. In practice this approach has shortcomings since dc/dT and 9%c/9K? must be computed
using only a finite set of option prices available in the market. Hence interpolation is needed
in order to use Dupire’s formula and it is by no means obvious how to interpolate the data set
in such a way that the radicand remains positive and finite [37]. Further, the result is overly
sensitive to the (arbitrary) choice of the interpolation, especially for short maturities (7 < 1).
This results in poor robustness of the method. Moreover, it has recently been observed [22]
that the dynamics of the behavior of smiles and skews predicted by local volatility models is
the exact opposite of the behavior observed in the marketplace, i.e. local volatility models
predict that the skew moves in the opposite direction to the market level while in reality it
moves in the same direction. This leads to extremely poor hedging results and the hedges are
often worse than the ones obtained using Black’s model. The reason is that these hedges are
in fact consistent with the smile moving in the same direction as the market.

Another approach is to specify the form of the local volatility o (F, t). These models fall
in the category of level dependent volatility models [1, 2, 12], such as the Constant Elasticity
of Variance (CEV) model [12] or power law model [24] in which the volatility is a determin-
istic function of the underlying asset. Similarly, one can also introduce stochastic volatility
[20, 26, 28, 33, 34] such as the Stochastic Alpha Beta Rho (SABR) model [22] or stochastic
CEV model. These models can be viewed as extensions of Dupire’s local volatility model.
They are typically more robust about their set of assumptions, i.e. replacing the assumption
of constant volatility with deterministic or stochastic volatility.

The CEV process has the local volatility as a deterministic function of the underlying
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asset o(F,t) = VF” and is described by the following risk-neutral SDE
(1.3) dF = VFaw

where [ is the elasticity of the local volatility and V is the scale parameter. The CEV process
was first introduced in [13] for —1 < 3 < 0 and extended in [19] to the case 3 > 0. Note
that for 3 = 0 we recover the GBM case. It has received attention for several reasons. First,
the model is consistent with Black’s observation [5] that for 8 < 0 the volatility changes
are negatively correlated with stock returns often referred to as the leverage effect. Empirical
evidence supporting the inverse relationship between asset price and volatility is given in [8].
Second, the model is potentially consistent with capturing the observed implied volatility
skew within option data for both equity and index options [14]. Third, the model can be
calibrated to be consistent with market prices of European options prices using the known
analytic option formulas [24, 27, 29]. Thus the CEV process provides an improvement to the
traditional GBM model and is a viable model for consistent pricing and risk management of
options portfolios.

The SABR model is another interesting alternative model to GBM. It is an extension
of the CEV process but with stochastic volatility. It was developed in [22] to capture the
dynamics of smile in the interest rate derivatives markets. Here the dynamics of the price of a
single underlying F'(t) as well as the volatility scale parameter V' (¢) are stochastic satisfying
an SDE of the form

dF = VEPHLqw,

1.4
dV = vVdW,

where W, (t) and Wy(t) are correlated Brownian motions with E[dwl, dWs] = pdt and
p € [—1,1]. The model is characterized by a local volatility function similar to the one from
the CEV, o(F,t) = V F”, with stochastic scale parameter V, the parameter (3 restricted to
—1 < B < 1[22], v controls the level of the volatility of the scale parameter, and p governs
the correlation between the changes in the underlying asset and its scale V. This model
reduces to Black’s model with v = 0, 8 = 0 and hence o (F,t) = V. It also reduces to the
CEV model when p = gand v = 0.

A key property of the CEV and SABR models, that is often viewed as either a strength
or weakness, is the potential absorption of the processes [13] at the lower boundary F' = 0
(bankruptcy or default case). Although default case is possible for 5 < 0, it has undesir-
able economic implications, particularly for indices, since it is inconceivable that there is a
significant probability of default for indices. One can perhaps restrict 3 > —1 for indices
to highlight the very unlikely probability of a highly liquid index to default. Another rem-
edy is to modify the underlying asset process such that default is no longer possible. An
example is the CEV by including a minimum asset price level below which the volatility be-
comes constant [3, 14]. However, for equities, the CEV becomes an attractive model where
bankruptcy is more often than not a recurrent event (e.g. financial services or airline indus-
tries), although in practice the asset price never reaches zero in case of default but rather a
very small value. From a practical point of view we regard the default case as a strength of
the models [7, 15, 33]. Also it can play a role in pricing of derivatives. Another possibility
is the shifted CEV [1] and SABR models with default occurring when the asset price reaches
a small positive value instead of zero. This has been shown [30] to overcome some of the
above difficulties and provide a practical alternative to the CEV when default is possible.

The popularity of a pricing model is often due to the existence of an exact or approxi-
mate pricing formula making it possible to calibrate efficiently and rapidly price and hedge
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financial derivatives in a real time environment, e.g. Black’s pricing formulas. The more
complex the model the harder it is to derive a practical closed form solution that can be easily
implemented for pricing and risk management. To implement such models often requires
a numerical solution such as lattice methods, numerical integration routines or numerical
methods for partial differential equations, e.g. finite difference or element methods. Another
robust alternative is a Monte-Carlo simulation for valuation, analysis and risk management.
This may be slower to give a price in an intra-day high frequency trading environment for
which real time valuation and hedging is required. Therefore without a useful formula, the
practical issues of implementation can become problematic for a trader or portfolio manager.
The model’s lack of practicability hinders its usefulness despite its modeling strengths ver-
sus the standard GBM. Analytic formulas would certainly be practical and advisable to look
for. Whether they are exact or approximate, they can provide a very fast way to perform real
time option hedges obtained by analytically differentiating the pricing formulas. Moreover
it makes it possible to calibrate efficiently in a real time environment [44]. The formulas
are an improvement over numerical methods such as lattice, numerical integration, PDE or
Monte-Carlo methods.

Progress has been made in developing approximate pricing formulas especially with the
SABR [22, 23] and CEV model extensions [4, 24]. The SABR model [22], despite its lack
of an explicit or quasi-closed form solution [23, 25, 32], is popular among practitioners due
to the existence of an approximate or asymptotic formula [22, 38] to price European style
calls and puts giving good agreement between the theoretical and observed smiles for 7 < 1.
The model allows the market price and the market risks to be obtained immediately using
the asymptotic formula. It also provides good and sometimes spectacular fits to the implied
volatility curves observed in the marketplace. More importantly, the SABR model captures
the correct dynamics of the smile, and thus yields stable hedges. In [23] the authors refine
the results from [22] by using a more general asymptotic technique [43] as a method to price
derivatives using risk-neutral expectation.

The purpose of this paper is to present a general systematic approach to derive approxi-
mate analytic formulas for European type of derivatives based on the CEV and SABR models.
In particular, we use the ray method that was developed in the theory of wave propagation
[31]. It was applied to general diffusion equations in [9, 41]. The method consists of first con-
structing an asymptotic solution or ray solution for 7 < 1 valid away from the boundaries.
If necessary a boundary layer solution is constructed in the neighborhood of the boundaries.
The ray and boundary layer solutions are then matched to determine any unknown quantities
in them. The present method has a number of virtues. First it is general and can be applied
to any diffusion equation in any domain. Thus it does not depend upon separability or any
other special property of the equation. Second, it provides very useful and accurate quanti-
tative approximations to the probability density function that can be used to price financial
derivatives.

The approach taken in this paper differs from that of [4, 22, 23, 24] in several important
ways. First we present the ray method as a systematic approach to derive the asymptotic
behavior of the density function for 7 < 1 away from and near the boundaries. Next, we
present a general asymptotic method [39] to obtain a uniform approximation to the pricing
integral for call and put options and its corresponding deltas. This is illustrated using the CEV
and SABR model. Our approximations provide new analytic formulas for pricing European
derivative contracts. Finally, by introducing the ray method and the uniform expansion of in-
tegrals we present a practical recipe of three steps to derive approximate pricing formulas for
time to expiration 7 small: (1): define an exact risk-neutral expectation integral; (2): derive
the asymptotic formula for the probability density function p for small 7; (3): asymptotically
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expand the risk-neutral integral with the asymptotic formula for p. The recipe provides a prac-
tical set of tools needed for pricing and hedging of European contingent claims undertaken
with more sophisticated models in a high frequency trading environment.

This paper is organized as follows. In Section 2 we review the CEV process and derive
the ray and boundary layer solutions for the risk-neutral density function. We then derive
new uniform approximations for the prices of the European call and put options for 5 # 0.
In Section 3 we consider the SABR model and we derive and the ray solution and boundary
layer correction for the density function. Again we derive new uniform approximations for
the prices of the European call and put options for 3 # 0. In Section 4 we benchmark the
asymptotic formulas from Sections 2 and 3 to standard numerical methods as well to special
cases for which an exact solution is known. In addition, a simple calibration is performed
using the analytic formulas to illustrate their practicality and speed. Details of the derivations
are given in the Appendices and in [29].

2. The CEV Model. We assume that the dynamics of the forward price F(t) are de-
scribed by the CEV model [13] with the SDE

2.1 dF = VESHaw.

The local volatility is a deterministic function of the underlying asset o (F,t) = V F'® where
V' > 0 is the deterministic volatility scale parameter and —oo < 8 < oo is the elasticity
of the local volatility [1, 14]. The risk-neutral density function is defined as p(F, T, F\t) =

%Pr F(T) < ﬁ|F(t) = F} where ¢t € [0,T]. Here FF = F(t) and F = F(T) are the
backward and forward variables, respectively. The density function p is needed in our pricing
scheme and is a solution of

Op 1_, 9% [~ ~ ~
2) L= VA [Pl T Jim (PTG = 6(F - F).
@2 55 =3V m pl, T>t  limp(F, T Ft) =6 )
The boundary conditions for (2.2) are not arbitrary since the equation is singular at both
F = OAand F = oo [33, 34]. When § > (L the boundary at F' = 0 is a natural boundary
while F' = oo is an entrance. When 8 < 0, F' = oo is a natural boundary. If —1/2 < 3 < 0,
the boundary at /' = 0 is an exit and the process is absorbed, i.e. default is possible. On the
other hand when 5 < —1/2, the boundary at F' = 0 is regular and we impose an absorbing
boundary condition. Thus we use the following boundary conditions for (2.2) :

B3<0:p(0,T,F,t) =0 (absorbing boundary)
lim p(ﬁ,T, F,t) =0 (natural boundary)

(2.3) Fr=oo

6>0:p(0,T,F,t)=0 (natural boundary)

(
. [x0p
lim |F—| =0 (entrance boundary).
F OF

F—oo

We find the solution of (2.2) for 3 # 0 with the appropriate boundary conditions in (2.3) to
be [1, 33]

- [26-3/2p1/2 268 1 p—28
p(F, T, Ft) = p s

VEBIT —t) TP\ 2VEBA(T —¢)

2.4) P
“hyzs \ ageir =g
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where I,,(+) is the modified Bessel function. If § > 0, F = 0 is a natural boundary and is not
accessible and F' = oo is an entrance so that p(F', T, F, t) is a proper density function, i.e.

o0
2.5) / p(F,T,F,t)dF = 1.
0

It is known that for 3 > 0 there is no equivalent martingale measure for F'[14, 33]. If 3 < 0,
F = 0 is accessible (exit or regular boundary) and F' = oo is natural so that p(F, T, F,t)
does not integrate to one, i.e.

(2.6) / p(F,T,F,t)dF =1 — Py(F, T,t).
0

Here Py(F,T,t) = Pr[F(T) = 0|F(t) = F] is the absorption probability at F' = 0 which
we find to be [14, 33]

1 oo
2.7) Py(F,T,t) = 7/ st/ CIBN=1e=s g,
’ T [1/QIBN] Jr-20j2v252 (1)

For 8 < 0, F'is a martingale.

Risk-Neutral Pricing. We assume that the price u(F,t) of a European derivative with
payoff function A(F) is given by

w(F,t) =e (T~ / A(F)p(F,T,F,t)dF.
0

Here F' follows a CEV process so that p is given by (2.4) and r is the constant risk-free inter-
est rate. Unfortunately, computing the integral numerically often proves difficult and/or CPU
intensive especially in a trading environment requiring fast computations e.g. algorithmic
trading. The next step in our scheme is find an approximation to the density p. We could
asymptotically expand (2.4) directly for ¢ near 7" [30]. Instead we will develop an approxi-
mation directly from (2.2) using a perturbation method and then use it in the integral. This
approach will be particularly useful when the exact form of p is not available and will moti-
vate our later results on the SABR model. Finally, we obtain our approximation to the price
by expanding the above integral asymptotically.

Asymptotic Analysis. We now present our scheme for obtaining approximations to the
prices of European derivatives.

We seek an asymptotic solution to the density function p in (2.2) with (2.3) but with
7 =T — t in the form [41, 42]

oo
(28) p(F’ﬁ’T) ~ 674)2/47' Z ZnTnfl/Q’ 0.

n=0

Here ¢ and Z,, are unknown functions of F and F. The initial condition in (2.2) implies that
¢ = 0as ' — F. We now substitute (2.8) into (2.2), collect powers of 7 to find to leading
order

V2

(2.9) 2

ﬁ25+2¢%:1, ¢ —0if F— F
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where qﬁﬁ denotes partial differentiation with respect to F'. At the next order we obtain
2842 4 7 28+2 4 728+2 =
(2.10) 2297 o+ 7o {F ¢FF+2(F )fqﬁF} —0.

The solutions of (2.9) and (2.10) are

2 ~ ~
(2.11) ¢ = i (F—B _ F—ﬁ) and Z, = CF—3(8+1)/2
Vi
where C' is determined by normalization to be

oo 1
Ty EF-B+D) /2 /or]

RESULT 1. For 3 # O the leading term in the asymptotic solution for p away from the
boundaries is given by

2.12) B+ 0.

T—1t—0.

)

2.13) p(F,T,F,t) <F>(5+1)/2 o (F0 PPy v 2y
. p [ ] ﬁ3 V 271'(T — t)

To illustrate that the asymptotic solution (2.13) may not satisfy the boundary conditions,

which was not taken into account in [25], we set 3 = —1 in the exact solution (2.4) to find
1 _ <?2—F>2 _ <?2+F>2
2.14) p=——————|e 2VIT-t) —g 2V3(T-9)
V2r(T —1t)

On the other hand the asymptotic solution in (2.13) for this case is

o (;‘\—F)z
e 2V(T-t)
(2.15) pr~o——— T —t—0.
V2r(T —t)

Clearly the asymptotic solution does not satisfy the boundary condition in (2.3) for § = —1,
or in fact for other 5 < 0, and hence is not complete. The same conclusion applies for
the boundary condition in (2.3) for § > 0. This is characteristic of a singular perturbation
problem and a boundary layer solution is needed in order to satisfy the boundary conditions.
_ To construct the boundary layer solution, we introduce the change of variable Tz =
F~28/[V23?] into (2.2) leading to

op P D 1\ ]

where x = F~27/[V23%]. We first construct a boundary layer solution p;, for 3 < 0 near
Z = 0 (F = 0) with boundary conditions (2.3) of the form [40]

2.17) pr~pp(x,Z,7) = 7Ce?0/4Ty (E) , §A: 55/7'2.

The variable fA is called the stretched variable and we define ¢y = (;5;:0 with ¢ = /2 (Vz —
\/5) Substituting (2.17) into (2.16) we find the leading order boundary layer equation to be

(2.18) [2@1/} " <2 T ;) . gxp =0, ¥(0)=0
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with solution that satisfies the appropriate boundary conditions to be

(2.19) Py = ()17-1/(2/3)—1e¢3/4fgl/(4ﬂ)]1/(2w) (, /xg) )

Here (' is a constant to be determined by asymptotic matching, i.e. the boundary layer
solution must be consistent or match with the asymptotic solution valid away from 0. The
matching consists of comparing p; for §A — oo with (2.13), after the change of variable
leading to (2.16), as T — 0 and choosing the unknown constants so that the two expressions
agree.

We use the fact that I,,(z) ~ €*/v/2mz (1 + ...) for z > 1 which implies that as £— o0
that

21/4 A1/2
2.20 SR A G e g VG VA CL R I
(2200 pp=0C1 \/%(21')1/45 ( )
We re-write the boundary layer solution in terms of Z so that
21/4 \/7
221 —-C e A1/4p)-1/4 —z/27+V zx/T 1 ).
( ) Db 1 \/E(2$)1/4 x & ( + )

We then compare it with the leading term (2.13) written in terms of Z for Z < 1 which is

L e\
ITTT

yielding

1

(2.22) C) = 21/48"
Since the change of variables leading to (2.16) maps F = oointo & = 0 for 8 > 0, the
construction of the boundary layer for 5 > 0 follows from the analysis for the case 8 < 0.
We summarize the results for the boundary layer solution using (2.21) and (2.22) in terms of
the original variables.

RESULT 2. For B # O the leading term in the boundary layer solution in terms of
original variables is given by

N 1 F1/2 —28 27,2
P _ — 28 232V (T —t)
po(F, T, F,t) V2|B|(T —t) <F2g+3/2> e

FF]#
X112 (VQ[ﬁQ(]],_t)) , t—T

validforﬁ% 0 for B < 0and F > 1for 3 > 0.

The boundary layer solution (2.23) is illustrated in Figure 2.1. The two figures contain
the boundary layer solution (2.23) for the density function p, the exact solution (2.4) and the
ray solution (2.13), for = =2,V =04, T -t =05and 6 =2,V =04,T —t = 0.5.
Result 2 provides a more robust approximation than the ray solution near the boundaries by
first satisfying the boundary conditions and secondly by being more accurate.

(2.23)
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©10° B=-20=04T t=05 X107 B=20=04Tt=05

FIG. 2.1. Illustration of the boundary layer solution (2.23), the exact solution (2.4) and (2.13), for 3 = —2,
V=04T—-t=05andB=2V=04T—t=0.5

Applications. The integral representation for the price u(F,t) of a European derivative

~

with payoff function A(F') where F' follows a CEV process for 3 > 0 is given by

(2.24) w(F,t) = e 7T / A F)p(F, T, F,t)dF
0

and for § < 0 by [33]
(2.25) w(F,t) = e "(T—Y / A(F)p(F, T, F,t)dF + A(0)Py(t, F).
0

Here p is the density function defined in (2.4) and Py is the absorption probability (2.7) at
F = 0. For a specific payoff function, (2.24) and (2.25) are not straightforward to evaluate
and numerical methods are often required. But this does not lead to a simple analytic formula
which we would prefer. We obtain a useful approximation to u by replacing p in (2.24) and
(2.25) with the approximation (2.13) to obtain

~

F ) (B+1)/2 —(F~P—F~F)2/2v25%(T~1)

2.26) u(F,t) ~e 7T /NAﬁ <A
(2.26) u(F,t) ~e i (F) 7 VT

where the absorption probability Py is omitted if 3 < 0 since it is exponentially small for
T—-t<1[7].

The approximate price of a European call option ¢(F,t) for 3 # 0 is given by (2.26)
which becomes

o0 (B+1)/2 —(F~P—F~#)2/2V?>(T—t)
~ F

Q27)c(F,t) ~ (T / (F - K) (A) ¢

K 3 V/2r(T — 1)

where the payoff function is A(F) = max(F — K,0). We now look at the 3 < 0 case and

introduce the change of variables x = (F~# — F'=8)/V| 3| in (2.27) to obtain

1 # 2 F*ﬁ — K*ﬁ
2.28 Fit)m ——— —a?/2(Tt) gy, o 0= KT
(2.28)  c(F,t) \/m/oo f(x)e z, 71
Here
fw) = e O [(F0 = avig)) T — K] PO
(2.29)

% (F—ﬁ _ $V|5D(1+1/6)/2
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where f(0) = e~"(T=Y)(F—K) and f(z) = 0. We now asymptotically expand the integral in

(2.28) for 7 = T'—t <« 1 using integration by parts to obtain a uniform asymptotic expansion
as derived and proven in [39]. We write f(x) =1 + [f(z) — 1] leading to

____f) .
o(=t) = V2r(T —t) /_oo

(2.30) _‘_\/T [f(O) ; f(z)] o= /2T—1)

The leading term in the asymptotic approximation of the call option price for the CEV model
for 3 < 0is

—(EQ/Q(T—t)dx

c(F,t) ~

f(0) : ~a?/[2(T 1)) g Tr—t {f(o) —f(Z)] o= /2AT-1)
\2m(T —t) [me 27 z

where z and f(x) are defined in (2.28) and (2.29), respectively, leading to

¢ ~ e—r(T—t)
(F,t) {\/27T(T—t) —00

(T~ OVIB|(F — K) e=(F "=k 222 -0ves }

F-K (F=P=K=P)/V|8|
e—zz/Q(T—t)dI+

(2.31)

F=h— K= 2m(T — t)

Performing the same calculations for the put option with § > 0 leads to the asymptotic
pricing formula

_ (F=2 =K ")/ V]3]
p(Ft) mer@n ) K / o7/ g | 4
2.32) 2n(T —t) |J-
| (T = O)V|B|(K — F) o= =P /20 ves?
F-F—K-P 2n(T —t)

We summarize the asymptotic pricing formulas for the call and put price for 3 # 0.
RESULT 3. For § < O and t — T the asymptotic approximation for the price of a
European call option using (2.31) is given by

(2.33) c(F,t) ~ e (Tt {(F — K)N(di,cev) + [F — K} n(chev)} )

dl,cev
where
F—B8_ K-8
(234) chev ey
VIBNT =1

and similarly the leading asymptotic approximation for the price of a European put option is
given by

p(F,t) Ner(Tt){(K - F) [N(dlcev) - N(dl,cev)]

K - F) [n<d2m> ) n(dl,w)} }

d2,cev dl ,cev

(2.35)
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Here
F=B
(2.36) dacev = -
VIBIVT —t
2
N(z)=["_* \/2%2 ds is the cumulative normal distribution and n(x) = djgi,x) is the nor-

mal density function. The asymptotic approximations for the put and call options for 3 > 0
and t — T can be obtained in a similar fashion by using (2.32) leading to,

(2.37) p(F,t) ~ e "T=Y) {(K — F)N(dy,ce0) + F; — F} n(dlm)} .
1,cev

and

C(Fv t) Neir(Tit) { (F - K) [N(dQ,cev) - N(dl,cev)]

(2.38)
HF — K) |:n(d2,cev) _ ”(dl,cev)] }

d2,cev dl,cev

We note that as dg e, — 00 or 8 — 0 (2.35) and (2.37) asymptotically satisfy the put-call
parity ¢(F,t)—p(F,t) ~ (F — K)e~"(T=Y)_ Figure 2.2 illustrates the convergence of the put-
call parity for 5 = —2, K = 100, V = 0.3, = 0.02 and T' — ¢ = 0.25. The relative error,
defined as the absolute value of the difference between c(F, ) —p(F,t) and (F — K )e~ (T~
divided by (F — K )e_T(T_f'), is less than 0.5%. The asymptotic approximation will become
even better for 7' — ¢t < 1.

0=030,3=-20,T—-t=0.25 x1075 o=030,=-20,T—-t=025
50 3.3624 :

40 3.3624 l
301 3.3624 :
20 3.3624 :
10F g 3.3624

&
ot £33624

-10+ = 3.3624 i

(F-K)e™

-201 3.3624

-30f 3.3624
———(Ft)~p(F.t)

-a0f (P K)erTn 3.3624

-50 . 3.3624
50 100 150 5
F

0 100 150
F

FIG. 2.2. [llustration of the put-call parity applying equations (2.33) and (2.35) such that c¢(F,t) — p(F,t) ~
(F — K)e‘T(T_t), with parameters 3 = —2, K =100, V = 0.3, r = 0.02and T — t = 0.25.

We compute the results for the deltas of the call and put prices for 5 # 0, by differen-
tiating (2.33), (2.35), (2.37) and (2.38), in Result 3. Figure 2.3 illustrates the results for the
delta of the call and put price for 3 < 0 in equations (2.39) and (2.41). Result 4 below pro-
vides the formulas needed to determine the sensitivity of the option price with respect to the
underlying asset price F' under the CEV model. The combination of Results 3 and 4 provide
a basic set of analytic formulas needed to quickly price and hedge option contracts under the
CEV model.

RESULT 4. For § < 0 and t — T, the asymptotic approximation for the delta of the
price of a European call option using (2.33) is given by

0
87;(F7 t) ~ 67T(T7t) {N(dl,cev) +

n(dl,cev)
dl,ce'u
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(2.39) ( )
F-K 6d1,cev
—m OF n(dl,cev)}
where
Od1 _cer 1 1
2.4 T - U — — (FP-K Py - —FF1!
(2.40) =or ~VF! )=y

and the leading asymptotic approximation for the delta of a European put option using (2.35)
is given by

3p (F, t) Nefr(Tft) N(d1 Cev) _ N(d2 Cev) + n(dl,cev)
oF ’ ’ dl cev
(2.41) :
n(d2 cev) (K - F) adl cev
- : : d cev
d2,cev * dicev oF n( B )

The asymptotic approximations for the delta of the put and call options for 3 > 0 andt — T
can be obtained in a similar fashion by using (2.37) leading to,

d cev
%(F, t) ~ efr(Tft) {_N(dl,cev) + %
(2.42) Leev
(K - F) 8dl cev
_777n(d1,cev)
d%,cev OF

and, using (2.38),

oc n(d1 cev)
—r(T—t 1,cev
(97F(F7 t) ~e (=) _N(dl,cev) + N(dQ,cev) - d77
(2.43) Leev
n(d2,cev) (F - K) 6dl,cev d
T Tz o "(deer)
2,cev 1,cev
K =100 f =20, 0 = 030, T — t = 0.67 K =100 8 =-20,0 = 030, T — t = 067
0.9F -0.1
0.8 -0.2
0.7f -0.3
0.6 -0.4 /57’}5
f§ 05 g\ -0.5 f
S < /
04} -0.6 ¢
)/
0.3f -0.7
0.2 -0.8
0.1 -0.9
o 20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160
F F

FI1G. 2.3. Illustration of the delta for the call and put price applying equations (2.39) and (2.41) with parame-
ters 3 =—2, K =100,V = 0.3, r = 0.0 and T — t = 3/4 versus the delta under Black’s model.
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3. SABR Model. We now consider the stochastic CEV or SABR model [22, 25] in
which the forward price of the asset F' = F'(t) as well as the volatility scale parameter
V = V (t) are stochastic and follow (1.4) or equivalently

dF= /1 — p2VFPYaw, + pV FPHLdw,
dV=vVdW,

where W1 = /1 — p2Wi(t) + pWa(t) and W7 (t) and W5(t) are uncorrelated standard
Brownian m0t10ns The local volatility function is o(F,t) = V F® where 3 is not restricted
to —1 < B < 1 as in [22]. The parameter v controls the level of the volatility of the scale
parameter V' and p governs the correlation between the changes in the underlying asset and
V. We now use our three step pricing scheme, as applied to the CEV model above. We first
concentrate on the density function

3.1

~ P,V T V0 = CpiR(T) < FV(D) < VIF(0) = EV() = V)

~

where F,V,t are the backward variables and F' = F(T),V = V(T).T are the forward
variables, that satisfies the following forward equation

ap 1/\2 a 2 1 82 = 82 AN AN
32) = =-V Frt2 v —— |V? ——— |V2FPH
(3-2) or 2 8F2[ }—’—21/ avz[ p}+pyapav[ p],
with ﬁ, V > 0 and initial condition
(3.3) L Lim Op(ﬁ, V,T,F,V,t) = 6(F — F)o(V — V).

Again, the boundary conditions for (3.2) may not be arbitrary since the equation is singular at
both F' =0, oo and V= 0, co. We believe, based on the CEV model in (2.2), that F' = 0 is
absorbing and F oo is natural if 3 < 0, while F = 0is natural and F = oo is an entrance
if 6 > 0. Also V =0,V = oo are natural for all B. Thus we use the following boundary
conditions for (3.2) with (3.3) :

6<0: p(0, \7,T, F,V,t) =0 (absorbing), lim p(ﬁ, \7,T, F,V,t) =0 (natural)

F—o0
(3.4) p =0 (natural), V= 0, co (natural)
’ PN ~ 0
B>0:p0,V,T,F,V,t) =0 (natural), lim [Fg] =0 (entrance)
F—oco

p =0 (natural), V= 0, co (natural).

For 8 = 0 all the boundaries are natural.

We now present some special cases of the SABR model for which exact solutions are
available.

McKean Problem. McKean [35] considered the problem of diffusion on the Poincaré
plane (surface of negative curvature) which is a special case ( of the SABR model (3.2) W1th
p =0, 3 = —1 but in the right-half plane, i.e the domain of F is extended to be —00 < F <
co. fwedefiney = Fj=F, o= V/u Z=V/v,r =12(T —t)/2 in (3.2) then the
McKean density function, py,, = pmi(Z, y, x, y, 7) satisfies the problem in [35]

8pmk 82 ~92 82

35 == 77 [Z%pmi] + 5 (Z%pmk] » 1im pi = (& — 2)3(F — y)-
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McKean constructed the solution to (3.5) in the right half plane Z > 0 and —co < § < 00
with the boundary condition

3.6) Pmi = 0 on all boundaries,
as
—7/4\[ 2/47’
3.7 m dz,
3.7 Pk = (477)3/272 / \/cosh — cosh(¢)
where
_ 2 _ 2
6 = cosh! (1+($ )’ +(y—7) >
2xx

The function ¢ represents the geodesic distance from (Z, ) to (x,y) on the Poincaré plane.
However, the density function p,, in (3.7) is not a solution of the SABR problem (3.2)-(3.4),
written in terms of x, 7, y,y and 7 with p = 0, 3 = —1, since it is not on the proper domain
and does not satisfy the boundary condition for the SABR density p = 0if §y = 0 (F' = oo).
However, as noted in [23] one can construct p = p(Z, ¥y, x, y, T) using p,,, with the proper
boundary condition by means of the method of images

(38) p :pmk(§7 @\,x,y,T) _pmk(fa /y\,l', _yaT)'

Correlated McKean Problem. Another special case related to the McKean problem is
the SABR model with 3 = —1 and p # 0. Introducing the same change of variables to obtain
(3.5), (3.2) becomes

apcmk
or

=57 [Z%pemi] + 72 [Z°pemi] + 2p8§:\8§ [Z%pemk]

(3.9) ) N .
i pemr = 6(y = y)o(Z — )

where x,Z, v,y and 7 are defined above. The density function p.,, in the right half plane
satisfying the boundary conditions (3.6) was given in [23] as

677'/4\/5 00 26722/47'

3.10 emk = dz,
G40 Pemk (477)3/222,/1 — p2 Jy +/cosh(z) — cosh(e) :
with
el (z —2)* +2p(z — 2)(y = §) + (y — 9)°
¢ = cosh (1—|— 20— 2 Vax ) .

Similarly, we construct the SABR density function p by the method of images in (3.8) after
restricting the domain to the first quadrant and then using the boundary condition at y = 0. We
now summarize the results for the special SABR cases for which an exact integral solution is
known. These special cases will be used to illustrate the accuracy of our asymptotic solutions.

RESULT 5. The solution to the SABR model (3.2) with 3 = —1 and all p using (3.10)
and the method of images in (3.8), is

e~V (T—1)/8 0o =2 23 (T—1) J
p= — .
2m(T — 1)]3/202V2,/1 — p2 | Jg +/cosh(z) — cosh(¢)

oo 26—22/2u2(T—t)
dz »,
¢, +/cosh(z) — cosh(¢;)

(3.11)
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with
¢=cosh™! <1+(V“7> —2pVu(V - V)(fj F)+ Q(F—ﬁ)2>
(3.12) A 21— PV ]
o cosn (14 V=VP = 2VolV = V)(F + F) + (F + F)?
l 21— p2)VV -

Here ¢ and ¢; represent geodesic distances between (Z,Yy) and (x,y) in the Poincaré plane.

The absorbing boundary condition for the SABR model in (3.4) is related to the one in
the CEV model for 5 < 0in (2.6). Therefore, having an absorbing boundary condition results
in the total mass of the density function being less than one

/ / p(F,V,T,F,V,t)dVdF <1, B <0.

Similar to the CEV process in that we must define the absorption probability at F =0,
Py(F,T,V,t) =Pr[F(T) =0|F(t) = F].

Despite the existence of an exact solution for the density function for these special cases,
the integral in (3.11) must still be evaluated numerically to price derivatives. The value of
European options based on the SABR model in Result 5 requires integration of the payoff
function times the density function (3.11). A different view that reduces the number of inte-

grations in the pricing integral is to use the marginal density p*" = / D av.

0
Finally, we observe that the SABR solution in (3.11) with 3 = —1, p = 0 and v — 0 can
be simplified to the spemal case of the Bachelier model. Integrating (3.11) over V., to derive

the marginal distribution p* (F T, F,t), and taking the limit v — 0, leads to
3.13) pF = ;e—(E—F)Z/QVQ(T—t)'
V2m(T —1t)

Risk-Neutral Pricing. We illustrate the pricing of European style derivatives by consid-
ering the price u(F, t) with payoff function A(F") for 3 > 0 given by

(3.14) w(F,t) = Tt/ / A(F)pdVdF = e "(T— ”/ A(F)p™ dF
and for § < 0 by

(3.15) u(F,t) = e "T=Y / h A(F)pF dF + A(0)Py(t, F)
0

where p’" is the marginal density function and P, is the absorption probability at F =0. The
formulas in (3.14) and (3.15) are an exact integral representation for a variety of European
style derivatives such as the call option if A(F) = max(F — K,0). For a specific payoff
function (3.14) and (3.15) may be difficult to evaluate and numerical methods are often re-
quired. But this does not lead to a simple analytic formula which we would prefer. As in
Section 2 we develop analytic approximations directly from (3.2) with (3.3) and boundary
conditions in (3.4). The results are derived using the same systematic approach but now no
exact solution is available for p.
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Asymptotic Analysis. For the uncorrelated SABR model with p = 0, 8 # 0, and the
correlated SABR model with p # 0, 8 # 0, the exact solution for the density function p
in (3.2) is not known so we will construct approximations. Following our approach for the
CEV model, we seek an asymptotic solution of (3.2) for small 7 = T" — ¢. The form of a ray
solution [41, 42] is

(3.16) ppry=e TN 2, T
n=0

where ¢ and Z,, are to be determined. The initial condition in (3.3) implies that the leading
term in the seriesis 7' and ¢ = 0, Zy = 1 as F — Fand V — V. We now substitute
(3.16) into (3.2), collect powers of 7 and equate the coefficients of each power of 7 to zero.
After introducing

(3.17) 7=

< <)

F—B
, and yY=—
B
we obtain the following eikonal equation at O(7~3)
(3.18) 72 [¢3+ 62 — 2p¢;¢ﬂ — 1.
From the coefficients of 72 together with (3.18), we obtain the transport equation

2z {QSAZO PRIl i ¢EZ0,§}

(3.19) +Zo[ (¢M+¢M poms = po37)
(55 )% ;ﬂﬁJrl) (W pqy>+4x<¢% p%)_¢]:0'

We solve (3.18) and (3.19) by the method of characteristics, as sketched in Appendix A,
leading to the earlier result

(3.20) ¢ = cosh™* (1 +

(z—2)*+2p(x —2)(y —J) + (y — @2)
2(1 — p?)zx '

Given the solution to the eikonal equation, we now solve for the transport equation (3.19)
which can be written as a first order differential equation, along a ray or characteristic, as

%‘FZO [A“’(www pos — po5)
- (fg; Dy = (fg U (45— pz) +22 (63— p05) - %] 0.

The steps for finding Z are sketched in Appendix B. The ray solution, after a tedious calcu-
lation in Appendix B, can be expressed as

—¢2/21/27' (b ~\ (B+1)/(28)
Pray = 2777:1021/2\/1 — sinh(¢ ()

(3.21)
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where ¢ is defined in (3.20) and
(3.22) H(z) =

The negative sign in the ray solution in (3.21) arises from the change of variable § = F8 /8
leading to dj = —F~#~1dF. In addition, the solution to the integral f0¢ H(z)dz is sketched
in Appendix C. We now summarize the results.

RESULT 6. The leading term ray solution, for t — T, of the SABR model in its original
variables, based on (3.21) with (C.3), (C.6) and (C.7), is given by

. —¢% /203 (T 1) ¢ A
e
an (B, VT, F,V, 1) = a— . —
G 231; ol ) 2mv(T — t)V2EA+1/1 — p? | sinh(¢) <F>
. N

X exp [—p(%;)d)(F, V)] ,

where

¢ = cosh™! (1
(3.24)

_|_

B2V = V)24 208(V = V)(FF — FP) 4 12(FB — F~5)2
262(1 — p?)VV ’

~oy 2 1 (0 pan—l (=4 2
(325) (I)(F’ V) - m {tan (6 ) tan (e )} + QQ(l _ p2) _ ]_
(V/T=77 + p) tanh(T/2) = /1= 2
X < tan™
Q2(1-p%) -1
(3.26)
(VTR ) o 1)) - T
. 02(1-p?) -1
and
_ 1 FPlp v Lins ma| _Ves  mes
Q_Smh(d)){ﬁ[y(va(F )} ﬁ(F - )
(3.27) . ~
BV = V) — v (F P - FR)
- 23212 ’

Y = sinh ™" (1
/1 _ 52
(3.28) R L=r . N .
| POV 0 2(F O P - 2Bup(F P — FP 4 Bp)(V V)
26V[Bp(V — V) + v(F—F — F=5)]

) |



18 R.JORDAN AND C. TIER

We will now compare our result with the asymptotic approximation of the exact solution
to the McKean problem (3.10) away from the boundary. We follow [23] and use a change
of variables of the form w = [22 — ¢?]/[2v%(T — t)] in (3.10) and expand the integrand in
powers of (T" — t). Integrating over w leads to pyqy.cmi, the leading term ray solution of the
correlated McKean density function

2 2
— 2v°(T—t
e Bemn /20 ( ) ¢cmk

27TI/ —t V2\/ 1— Sll’lh (bcmk:

with @ermi = @|g=—1 defined in (3.24). Equation (3.29) corresponds to the ray solution (3.23)
by setting 3 = —1.

We note that the underlying asset in the SABR model follows a CEV type process where
the scale parameter V' is stochastic and correlated with the asset price F'. The scale parameter
goes from being deterministic in the CEV process to stochastic in the SABR model. In addi-
tion V is correlated with F' with correlation p. From a modeling point of view the leverage
effect relates the negative correlation between the changes of the asset price to its volatility.
As noted in [38] the leverage effect is related to the steepening effect of the implied volatility
curve capture by the parameters 8 < 0 and/or p < 0, so 3 and p play against each other. The
market practice is to fix either of the two parameters and optimize on the other. The variable
V operates as the scale parameter of the local volatility, o(F,t) = VF?, for 3 # 0. Thus
for p = 0 the change in the volatility scale parameter is uncorrelated to the change in the
underlying asset, however the local volatility o(F,t) = V F? is not uncorrelated with the
underlying asset. Given that the forward price is governed by the CEV process, the leverage
effect can still be captured by 3 for T — t < 1.

In order to show qualitatively that the correlation between V' and F' for T' — ¢ < 1 does
not necessarily enhance the modeling of the leverage effect, we perform Monte Carlo (MC)
experiment for the following cases: (1) p = 0.0, 8 = =2, (2) p = —0.9, 8 = —2, with
T —t = 1/12. The first step of the MC experiment consists of simulating 10,000 correlated
and uncorrelated outcomes for ' and V' drawn from (3.1) with (1) p = 0.0 and (2) p = —0.9,
respectively. The first two plots in Figure 3.1 illustrate the first step of the MC simulation for
both cases assuming 3 = —2 and v = 0.2. The next step consist of mapping the simulated
outcomes of F' against ¢ = V%, This is illustrated in the last two plots in Figure 3.1
(two right hand plots) for which the simulation in the 3rd and 4th plot provide a correlation
estimate of approximately —0.90 and —0.98 between F' and V/, respectively. It clearly shows
that the addition of the correlation p = —0.9 between V and F' increases the leverage effect
which can also be achieved by making the 3 more negative, for T' — ¢t < 1. We will focus
our attention on the uncorrelated SABR model, i.e. the case p = 0, in what follows. For
the remaining of the paper we do not set 3 = —1/2 and optimize p, but rather set p = 0,
optimize ( and relax the condition —1 < 8 < 1forT — ¢t < 1.

For completeness we also note that the asymptotic solution may not satisfy the boundary
conditions, which was not taken into account in [22, 23, 25]. If we set 8 = —1 in the leading
term ray solution (3.23) we find

Pray,cmk (ﬁ; ‘73 T7 F7 V; t) =

o~ 97 /207 (T—1) é
27r(T — )V2,/1 — sinh(¢

Taking the limit as F—o0 yields

(329) Pray =

e—®0”/2v*(T—1) bo

Pray =
Y 2m(T — t)V2y/1— p2 | sinh(¢o)’

QSO = ¢‘f:0'
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FIG. 3.1. Monte Carlo experiment for the SABR Model. Simulation of outcomes for FandV (two left hand

side plots) and corresponding outcomes ()fﬁ =VF» (two right hand side plots) for p = 0 and p = —0.9 assuming
B=—-2F=100,v=02andV =0.2.

Clearly the asymptotic solution does not satisfy the boundary condition in (3.4) for 5 = —1,
or in fact for other 3 < 0. Similarly, for 3 > 0 the boundary condition in (3.4) is not satisfied
for F' = oo.

To construct the boundary layer solution for the SABR model for the case § < 0 and
p = 0 we introduce

F—28
62

(3.30) r=T—1, j=

into (3.2) then the density p = p(y, V.y,V, 7) satisfies

(3.31) % - 83; 2725p] + a% {(2 + ;) f/%} - 88;2 ”22‘/2;7 =0,
The ray solution now becomes
(3.32) pray = L[ (g) S
AnrvV2,/7 | sinh(¢) \y
We introduce the stretched variable 2 = 7y/72 into (3.31) leading to
2 3 172 2 2172
(3.33) gf—jg [2‘/27_52 +a% (2+;) %p —% ”2‘/ p| =0,

along with the boundary condition (3.4) at E = 0 and a matching condition described in
Appendix D. We assume a boundary layer solution of the form

(3.34) p~py =1 ?VITH(E)

where 6 is a function of V and W is a function §A Substituting (3.34) into (3.31) we find the
leading order boundary layer equation is

~ 1 V20%; 0
(339 kw]é‘z‘{[(”zﬂ)]w}fl T o

=0, <0,p=0,
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with the condition ¥(0) = 0. The solution to (3.35), sketched in Appendix D, leads to the
boundary layer solution

67453/21/27 ¢O ~\ 1/48
Py = _ _ (- y
W2rr3/2V2 VT (Smh(qﬁo)) (y)
% (santan) v97)
xI —=\ T .
v (g (st ) Vo9

We now summarize the results for the boundary layer solution term in the original variables
using (3.36). In the transformed problem for 5 > 0 F' = oo maps into ¥ = 0 and the
construction of the boundary layer for 3 > 0 follows from the analysis for the case 3 < 0.

RESULT 7. The boundary layer solution for the uncorrelated SABR model with p = 0
and 3 # 0 in terms the original variables is

(3.36)

~

o F-26-1—3/[22(T—1)] <F> / ( & >
BIVER(T — 13272V VT \ F sinh(o)
><I1/(2|B|) ( (FF)iﬁ £ ( il >>
(T — )32V V \sinh(¢o)

(V=V)24,2F28/32
2V

(3.37)

where

¢ = cosh™? <1 +

forﬁ%Oforﬁ <0and F > 1 for 3 > O under the case T —t — 0.
We demonstrate the accuracy of the boundary layer solution near F' = 0, for § = —1.
Using the identity I, /5(2) = sinh(z)./2/7z, we find

R/ T b0 . (FF) ( Po )
(3.38) Db = (T — t)‘?2 Msmh ((T _ t)Vf} sinh(¢g)

where

)2 22
$o = cosh™* <1+ V-V j—y F )

2Vvv
for F — 0 and T —t — 0. Figure 3.2 compars a slice of the bivariate density in (3.29)
near the boundary ' = 0, the boundary layer approximation in (3.38) and the numerical
approximation to the exact integral solution for # = —1 in (3.7) in the original variables. The
integral was computed numerically with MATLAB\Y using the recursive adaptive Simpson
quadrature. The relative error uses the numerical approximation as the exact result. It is
important to note that the boundary layer solution will become even better for 7' — ¢t < 1.
The figure also illustrates the smooth transition between the boundary layer solution and the
ray solution.

Recall that the pricing formulas in (3.14) or (3.15) are expressed in terms of the marginal

distribution p¥" = p¥(F, T, F,t). We now derive an asymptotic formula for the marginal
density function using

p(EL = [ (P T RV,
0

o0
- / Dray(B VT, F,V,t)dV.
0
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FI1G. 3.2. Comparison between the boundary layer solution in (3.38), the ray solution in (3.23) and the numer-
ical approximation of the exact solution for 8 = —1 in (3.8) with o (F,t) = 0.30 with F = 100 and T — t = 1.0.

where prqy = pmy(ﬁ, XA/, T, F,V,t) is the leading term in the ray solution (3.23) with p = 0
which is

~\ —(B+1)/2
(339 Pray = ! ¢ <F> o8 /23 (T—t)

2mu(T — t)V2EFA+1 || sinh(¢) \ F

The derivation of the asymptotic marginal density function is sketched in Appendix E and is
given by

oF 1 1%
V27 (T = ) Vinax FAH1 | Viax
(3.40)
ﬁ —(B+1)/2 , ,
X (F) e Pmax/ 2 (T—1) T-t—0
where

B

The asymptotic approximation (3.40) of the marginal distribution function is illustrated in
Figure 3.3 with different values for 5. We now summarize the results for the asymptotic
approximation to the marginal density function p’” when 3 # 0 and p = 0.

RESULT 8. The asymptotic behavior of the marginal distribution for the SABR model
withp=0and 3 # 0 is

% v? -~ —1 ‘/}max
Vinax = | V2 + o (F~P — F=F)2 ¢y = cosh Tl

p" ~pl, = ! v
s " 20T = ) VinaxF O\ Vinax
(3.41) 7 —(B+1)/2
(F) e—dfmx/?l/Q(T—t), T—t—0,
where

?max =4/V2+ ﬁ(F_B — F\—ﬁ)Q Gmax = cosh™* Vimax )
B2 ’ Vv
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FIG. 3.3. The left plot illustrates the comparison between (3.40) with 8 = —2, o(F,t) = 0.2 andv = 1.0
and the following two limits: 1) v = 0 (CEV model) and 2) v = 0, 3 = 0 (Black’s model). The right plot illustrates
the asymptotic behavior of p¥' ~ pfay in (3.40) for different values of 8, for v = 1.0, F = 100, T — t = 1.0 and
o(F,t) = 0.2 in addition to lognormal case.

For the special case with 5 = —1 we find that

1 Vv
pfay = _ _ e*¢iax/2V2(T*t), T—t—0,

270(T — ) Vimax \| Vinax

with Vipax = \/ V24 v2(F — F )2. Computing the marginal density for this special case in
the limit v — 0 agrees with the marginal density given in (3.13).

Applications. We now derive approximate pricing formulas for European call and put
option prices. The integral representation for the price of a European derivative with payoff

~

A(F) is given in (3.14) or (3.15) as
u(F,t) = e_r(T_t)/ A(F)pFdF.
0

Here we omitted the small default probability Py. We replace p’" by its asymptotic approxi-
mation pf,, to obtain

w(F,t) ~ e (T / A(F)pl, dF, T —t < 1.
0

The prices of European call and put, ¢(F,t) and p(F,t) are then given by the asymptotic
pricing formulas,

c(F,t)~ e (Tt / max(ﬁ - K, O)pfaydﬁ
(3.42) oo
p(F,t)~ e 7T / max(K — F,0)pf,, dF.
0
Using the asymptotic marginal density function (3.41) in (3.42), we find the price of the
call option to be
RPN 1 \%4

c(F,t Ne_T(T_t)/ F-K — —
(£1) K ( )\/271'(T—t)VmaxFﬁJrl Vinax

ﬁ —(B+1)/2
<> e_¢?)1ax/2V2(T_t)dF.

F
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We now repeat the analysis in Section 2 to obtain an asymptotic expansion of the integral for
T —t< 1. Welety = F~%/f to obtain

) M (CORTyp— 4
’ —o0 2m (T t)Vmax Vinax
=\ (B+1)/28
<y) ¢~ P 2P (T g5
Y

withy = ﬁ_ﬁ/ﬁ, Y= F—ﬂ/ﬁ’ ‘7max =/V2+ VQ(@/ - @\)2 and Pmax = cosh™" (ﬁmax/v)~
Omaz € [1,00). Pmax can be rewritten as

i _
Dmax = cosh ™! ( R AU m?) = (Vf;“ + - @) :

Now we define z = ¢pax /v to get IA/maX =Vecosh(vz),y=y — % sinh(vz) and

~

Vinax ‘A/H%ax —-V2 V cosh(vz)y/cosh?(vz) — 1

dy = — — dz = — dz = =V cosh(vz)d
Y o z Smh(v2) z cosh(vz)dz

leading to the formula

o(2,4) ~ e T [ OO ((g {y + ‘:smh(yx)} ) o K)

1 snh (B+1)/28 2 /2(T—t)
9 (1 N V sin (Vx)> e dx
cosh(vy) vy 2n(T —t)
where
(3.43) z= —coshfl(\/1+y2/V2(y—K‘ﬁ/ﬁ)Q)/u.
The above integral is in the same form as (2.28)
c(z,t) ~ b /Z f(x)e—wz/Q(T—t)dx
’ V2r0(T — 1) J oo
but with
Vv -1/8
Fo)=e "0 (ﬂ [y +— Sinh(vx)]) - K
v
(3.44)
" 1 (1 n V sinh(vy) > (B+1)/26
cosh(vy) vy 7
where f(0) = e~ 7T ((ﬂy) VB _ K) and f(z) = 0. As in Section 2, We use integration

by parts with f ( ) =1+ [f(z) — 1] to obtain a uniform asymptotic expansion, derived and
proven in [39], as

/2(T=0)] g,

e(z,t) = \/——t /
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f(0) — f(z)} o /2T —1)]

(3.45) /3 r-t
z
—t 1 )
s —2?/[2(T )]
2m / dx [ z ] dx.

Retaining only the leading term we find an asymptotic formula for the call option price with
(3 < 0tobe

c(z,t) ~ \/ﬁ/ —2® /[2(T=1)] g,
T—t {f(o) - f(Z)] o2/ 2(T—)]

2T z

Here 2 and f(z) are defined in (3.43) and (3.44), respectively. In terms of the original vari-
ables, we find the formula to be

\2m(T —t)

(=] 0 } |
z 2n(T —t)

C(F,t)Ner<Tt>{M TR0 gy
(3.46)

Repeating the same calculations for the put option with 5 > 0 leads to the asymptotic pricing
formula

p(F,t) ~ e {(K B [ wrpe-og,

V2m(T —t)

[y

(3.47)

The asymptotic formulas for ¢ with § > 0 and p with 3 < 0 are found in a similar fashion.
We summarize the asymptotic pricing formulas for the call and put price for 5 # 0 by using
(3.45), (3.46) and (3.47).

RESULT 9. For 8 < 0 and t — T, the leading term asymptotic formulas for the prices
of European call and put options using (3.46) are given by

(3.48) c(F,t) ~e 70 {(F — K)N(dy sabr) + {F — K} n(dl,sabr)}

1,sabr

where

(3.49)ds e = 0 <\/ 1+ (PP - K0 4 T F K‘ﬁ)> :

vWT —t V232
and

p(F7 t) ~ eT(Tt){(K - F) [N(dZ,sabr) - N(dl,sabr)]
(3.50)

(K — F) |:n(d2,sabr) _ n(dl,sabr):|}

d2,sabr dl,sabr
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where
sgn(/3) VEETI v g
o sapr = —202) 4y |4 [1 4 + 2F
e VTt VgV
S S e ; L _ dN(=z) .
Here N(z) = [*__ “75=ds is the cumulative normal distribution and n(x) = =5 is

normal density functions.
The asymptotic approximations for the put and call options for 3 > 0 and t — T can be
obtained in a similar manner leading to

(3.51) p(F,t) ~ e "(T=1 {(K — F)N(d1 sabr) + ﬁl{ — F} n(dl,sabr)} ;
1,sabr

and, using (3.45),

c(F,t) ~ e“T”{(F — K) [N (da,sabr) — N(d1 sapr)] +

(3.52)
[F — K] ”(d2,sabr) - [F — K} n(dl,sabr)}7

2,sabr dl,sabr

where sgn(3) represents the sign of 3, i.e. plus or minus sign.

We note that as do sq5r — 00 or 3 — 0 (3.48) and (3.50) asymptotically satisty the
put-call parity c(F,t) — p(F,t) = (F — K)e 7Tt Also (3.48), (3.50), (3.51) and (3.52)
in Result 9 have the same explicit form as the formulas (2.33), (2.35), (2.37) and (2.38) in
Result 3 for the CEV process. The difference between the SABR and CEV equations arise
from the form of the variables d; sqbr, d2,sabr a0d d1 cev, d2 cep. Taking the limit of dy sqpr
in (3.49) for v — 0 leads to dj ey in (2.34) as follows

. sgu(B) v? B _ - YV onB_ -8y _
l%ymln<\/l+V2ﬁ2(F B—K ﬁ)2+vﬁ(F K ))

F—B8 _ K8
sgn(3) W

Here sgn(3)5 = |0 so that (3.53) is equal to (2.34). In addition, for 5 = —1, i.e. the
Bachelier model, we recover the exact solution by substituting 3 with negative one in (3.53)
for (3.48).

In Result 10 below, we find formulas for the deltas of the call and put prices for 5 # 0 by
differentiating (3.48), (3.50), (3.51) and (3.52). Figure 3.4 illustrates the results for the deltas
of the call and put price for 5 < 0 in equations (3.54) and (3.56). The combination of Results
9 and 10 provide a basic set of analytical formulas needed to quickly price and hedge option
contracts in a stochastic volatility framework for 7' — ¢ < 1.

RESULT 10. For 8 < 0 and t — T, the asymptotic approximation for the delta of the
price of a European call option using (3.48) is given by

(3.53)

dc
87(};; t) -~ e—r(T—t) {N(dl,sabr) +

n(dlﬁsabr)

d1,sabr

(3.54) ( | Losab
F-K adl,sabr

- d2 oF n(dl,sabr)}

1,sabr
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where
8dl,sabr - V2(F7’8 — Kﬁﬁ)2 — VQFfﬁ(F*IB — K*ﬁ)
oF V26F\/1+V2(F*ﬁ — K-8)2)V2p32
v v
. _ F*ﬁ _ K*ﬁ _ 7F*[571
323 +VF( ) \%4

/sgn(ﬁ)u\/T —t Vg

\/1 + V—z(F*ff — K-P)2 + Vlﬂ(F‘ﬁ - K_ﬁ)l

and the leading asymptotic approximation for the delta of a European put option using (3.50)
is given by

19) o (T—
%Uﬂ t)~e oY {N(dlvsabr) — N(dz,sabr)
(3.56)
dsar dsar K-F 8d sabr
+’I’L( 1,sab ) — Tl( 2, b) ( 5 ) 1,sab n(dl,sab’r‘) .
dl,sabr d2,sab7’ dl,sabT oF

The asymptotic approximations for the delta of the put and call options for 3 > 0 andt — T
can be obtained in a similar fashion by using (3.51) leading to,

d saor
@(F, t) ~ e~ T(T—1) {N(dl,sabr) + M

oF d sabr
(3.57) Lsab
(K - F) adl sabr
- - n(dl,sabr)
d%,sabr oF

and, using (3.52),

dc o (T—
37(F’ t)~ e (T t){ — N(d1,sabr) + N(d2,sabr)

(3.58)

d sabr d sabr F-K ad sabr
7"( 1,sabr) Jrn( 2,sabr) ( . ) 0di sab n(dy sabr) ¢-
dl,sabr d27sabr dl,sabT OF

4. Numerical Comparisons and Calibration. We have derived approximate formulas
for the probability density function and for the prices of European call and put options under
the CEV and SABR models. When § < 0, our results for ¢(F,t) and p(F,t) are consistent
with the put-call parity as well as Black’s pricing formulas. For the CEV model, p(ﬁ ,T,F\t)
reduces to the result for the GBM if 3 — 0 and to the Bachelier model if 3 = —1. For
the SABR model, p” (F, T, F,t) also exhibits the same limiting behavior for 3 in addition
tov — 0and p = 0. Results 1,3,8 and 9 for the CEV and SABR models provide analytic
approximations for the density function and pricing exhibiting deterministic and stochastic
volatility. This demonstrates that it is possible to derive analytic approximations that can
incorporate more stylized facts [10] about the behavior of the underlying asset, thus providing
a more realistic view of the price of a derivative.
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FI1G. 3.4. Illustration of the delta for the call and put price using (3.54) and (3.56) with parameters 3 = —2,
K =100,V =0.3v=1.0,r=0.0and T — t = 3/4 versus the delta under Black’s model.

The asymptotic formulas for the price of European options under the CEV and SABR
process, in Results 3 and 9, illustrate the strengths of the asymptotic method. As we demon-
strate below these asymptotic approximations are very accurate so they can be used instead
of the standard numerical methods. Such analytical approximations become quite useful in
the exchange traded options world since the highest liquidity resides in contracts near expira-
tion with a maturity of at most one year. Finally, we note that perturbation methods have be
applied directly on the pricing PDEs in (2.2) and (3.2) [20, 22] though in different asymptotic
limits.

To assess the usefulness of our formulas we will compare our results with available exact
solutions as well as to numerical approximations to the exact solutions. Therefore we also use
the numerical result as exact in determining the error. For the CEV model, the exact formula
in (2.4) provides the benchmark for comparing the accuracy of the asymptotic approximation
of the density in Result 1. The density function (2.13) is illustrated in Figure 4.1 where the
leading term asymptotic approximation (2.13) for the density function p is compared to the
exact solution in (2.4),forf = -2,V =04,T—t=05and 3 =2,V =04,T —t = 0.5.

B=20=04T—-t=05 B=20=04T—-t=05
0.016 0.025
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= 0.008 B

0.006
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FIG. 4.1. The two figures illustrate the leading term in (2.13) for the density function p and the exact solution
in(24), for3=—-2,V =04,T —t =0.5(left plot) and 3 = 2, V = 0.4, T — t = 0.5 (right plot).

We consider the ray solution (3.29) with 3 = —1 for the SABR model in Figure 4.2 in
which a slice of the density is compared with the integral form of the exact solution in (3.8)
in the original variables. The integral was performed numerically in MATLABY using the
recursive adaptive Simpson quadrature which tries to approximate the integral to within an
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error of 1075, Even with a time to expiry of 1 year, with V' = 0.33 and Fe [10, 190] the
maximum relative error is about 2.1%.
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FIG. 4.2. Comparison between the leading term ray solution for 3 = —1 in (3.29) and the numerical approx-

imation of the exact solution of the McKean problem in (3.8) at o (F,t) = 0.33 with F = 100 and T — t = 1.0.

Figure 4.3 illustrates the approximation of the marginal density p*" for the SABR model
and the exact solution in (3.13) with parameters § = —1, v = 0 and p = 0. Note that
marginal density consists of integrating the density with respect to the variable V. One would
expect from a second approximation the introduction of more residual error. However, since
this is an asymptotic approximation, the error does not necessarily increase. In this case, the
relative error actually decreases. Even with a time to expiry of 1 year, with V' = 0.33 and
F € [10,190] the maximum relative error is less than 1%. The marginal density is used in
the derivation of the pricing formulas in (3.48), (3.50), (3.51) and (3.52) in Result 9.

X107 o =033, F=1000,T—-t=10 x107° o =033, F=1000,T -t =10

°  Pray
IR
L 1

e
)

o
® S}

o o

o @

density

o

Relative Error

IS
1
=

0.2

N

£0 4‘0 5‘0 8‘0 160 12‘0 11‘10 léO 1§0 20 40 60 80 100 120 140 160 180
F F
FIG. 4.3. Comparison between the leading term ray solution for 3 = —1, p = 0 and v = 0 in (3.41) and the

exact solution (3.13) with o (F,t) = 0.33, F = 100 and T — t = 1.0.

We illustrate the new pricing formulas for pricing European call options based on the
CEV model for 3 < 0. Figure 4.4 compares the asymptotic approximation (2.33) from
Result 3 to a numerical calculation of the exact integral representation in (2.26) as well as to
the Black’s pricing formula [5]. We selected the following parameters: 3 = —2, V' = 0.3,
T —t = 0.5 and F = 100. For the numerical integration we use the adaptive Simpson
quadrature available in MATLAB®. With a maturity of half a year and K € [50, 150], the
maximum relative error is about 2.3%.

Similarly, we illustrate the pricing formulas for the SABR model in Result 9. Recall that
implied volatility are just “the wrong number to put in the wrong formula to get the right
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FIG. 4.4. Comparison between the asymptotic pricing formulas for call options in (2.33) to numerical estima-
tion of the exact integral representation in (2.25) and to Black’s pricing formula. The selected parameters for the
CEVmodelare 3 = —2,V = 0.3, T —t = 0.5 and F' = 100. The relative error uses the numerical approximation
as exact.

price” [37], so there is no great meaning in obtaining implied volatilities rather than prices
except for illustrating that a model captures some of the the stylized facts pertaining to im-
plied volatility. However, the wrong number has become a common metric in some market
places, such as the OTC market, to communicate the prices of options. In Figure 4.5 we
illustrate that the asymptotic pricing formulas (3.48), (3.50), (3.51) and (3.52) capture the
implied volatility smile or skew. Figure 4.5 illustrates the comparison between Black’s, the
CEV and the SABR implied volatilities. The CEV and SABR implied volatilities correspond
to their respective asymptotic pricing formulas from Results 3 and 9. The deterministic and
stochastic volatility models depart from the concept of constant implied volatility by exhibit-
ing significant downward sloping volatility curves. Furthermore, depending on the model
parameters the I'TM and OTM options exhibit higher implied volatilities than ATM options,
a common stylized fact in some markets.

B=-10,0=030, F=100.0,v=05,T -t =10 B=-1.0,0 =030, F=100.0,v = 1.5, T -t = 1.0
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FIG. 4.5. The two figures show a comparison of the implied volatility curves of Black’s, (8 = 0, v = 0), the
CEV (v = 0) and the uncorrelated SABR model. The implied volatility curves correspond to prices generated from
their respective models. The analytic pricing formulas in Result 3 and 9 were used for the CEV and SABR models,
respectively. The parameters used are as follows: 3 = —1withV = 0.3, T —t = 1, v = 0.5 (left plot) and
v = 1.5 (right plot).

We now illustrate the use of the new asymptotic formulas for the CEV and SABR models
in calibrating to actual market data. In order to use Results 3 and 9 we demonstrate the ease
of performing a simple calibration to liquid European option prices. The calibration consists
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of identifying the parameters of the models from a set of observations of call and/or put
option prices. In other words, finding the minimum of a function of one or more independent
variables. In order to obtain a practical solution to the calibration problem, many practitioners
minimize the function that represents the in-sample quadratic pricing error

N
- . ' om )
4.1) p—ngnZ\c,(F,t) M (Fyt)|

=1

where N represents the in-sample size with the parameters are defined as p = (V), p =
(V,8), and p = (V, 8, v) for the Black, CEV and SABR models, respectively. Note that
p represents the estimation of p for the model under consideration. ¢[*(F,t) is the market
price of a call option observed at time ¢ and ¢;(F\t) is the price of this option computed in
a Black, CEV or SABR model with parameters p for strike K; and maturity 7 = T' — ¢, for
1 = 1,...,N. The optimization problem (4.1) is usually solved numerically by a gradient-
based method. However the minimization function is non-convex so a gradient descent may
not succeed in locating the global minimum. In practice one needs to carefully take into
account the potential reduction of the quality of the calibration algorithm, see for example
[11].

In order to minimize the function (4.1) we use a Broyden-Fletcher-Goldfarb-Shanno
(BFGS) gradient descent method (also referred to as a Quasi-Newton method)[36]. The
essential step, beyond the determination of the initial guess pg, is the computation of the
gradient of the function to be minimized with respect to the calibrated parameters using the
analytical approximations in Result 3 and 9. The algorithm was written in C++ and all the
calculations were performed on a Windows Vista™ operating system with 2.00 Ghz dual core
CPU with 3.00 GB of memory.

TABLE 4.1
Calibration results given the simulated Call option prices with maturity T —t = 0.25 and given market option
prices with maturity of 26 and 54 days. The true parameters used for the simulation are p = (0.4), p = (0.4, —2),
and p = (0.4, —2,1.5) for the Black, CEV and SABR models, respectively.

Simulated Call Prices Market Call Prices
Calibrated Parameters T—-t=025 T —t=26days T —t=54days
BSMV 0.4000 0.1883 0.1847
BSM Minimization Score 0.0000 0.1514 0.3621
CEVV 0.4000 0.1914 0.1840
CEV g -2.0000 -4.3404 -4.5734
CEV Minimization Score 0.0000 0.0145 0.1340
SABR V 0.4000 0.1889 0.1795
SABR 3 -2.0000 -5.3446 -3.8098
SABR v 1.5000 2.0972 1.5701
SABR Minimization Score 0.0000 0.0011 0.0836

To verify the accuracy and numerical stability of the our simple calibration, we tested
it on simulated data sets of option prices generated using a Black, CEV and SABR model.
We generated 21 call option prices with strikes ranging from 40 to 140 based on the Black,
CEV and SABR models with a quarter of year to maturity. The spot price is set at 108.85
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with risk free interest rate of 1%. The parameters used for the simulated prices are as follows:
p = (0.4), p = (0.4,—-2), and p = (0.4, —2,1.5) for the Black, CEV and SABR models,
respectively. We used the following initial guesses pg = (0.1), po = (0.1,0.1), and pg =
(0.1,0.1,0.1). The calibration results from the simulation are available in Table 4.1. The
algorithm recovers the correct parameters of the model despite the bad initial guesses. Next,
we calibrated each of the models to one (26 days) and two (54 days) month European call
option mid prices of the mini S&P 500 index (XSP index) traded on the Chicago Board of
Option Exchange (CBOE). The result of the calibration are also available in Table 4.1. The
minimization score in Table 4.1 consists of the sum of the absolute squared deviations away
from the market prices, as suggested in equation (4.1). The closer the fit of the model to the
observed data, the lower the score. The score can only be compared within a given data set.
In other words, the minimization score for the shortest maturity cannot be compared to the
second set because the data set is different. However, the scores for each model given the
same data set are comparable. Note that all SABR calibrations are performed with elapsed
times of less than 0.1 seconds.

s F'=108.89, T -t =0.15 , F=108.87, T -t =0.10
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FI1G. 4.6. Implied volatility comparison using the leading term analytic pricing formula for the Black, CEV
and SABR models calibrated to option prices with 26 days (left) and 54 days (right) to maturity. The calibrated
parameters are available in Table 4.1.

The illustration of the calibration in Table 4.1 is shown in Figure 4.6. Table 4.1 and
Figure 4.6, show that the SABR model best fits the market prices compared to the Black and
CEV model. The calibration results suggest the superiority of the SABR analytic formulas
in capturing the smile or skew of the market implied volatility curve relative to the Black and
CEV model. As suggested by the minimization scores.

Appendix A. Solution to Eikonal Equation.
The eikonal equation is

72 [¢§+ 62 — 2p¢g<ﬂ — 1.

Y

The characteristics, called rays, satisfy the differential equations

dy . dz
g =T (] =7 [en e,
(A.1) " g
dy o de 1 o
dn 7 dyp T dn

with initial conditions

(A2) y(0) =y, 2(0)==z, ¢0)=p, ¢;(0)=q ¢0)=0.
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Since the initial condition for the density is § (z — Z)d(y — y), we require the rays to emanate
from this point parameterized by p and ¢ such that

1
B x\/l — 2pcos(7) sin(v).

The value 6 is chosen so that ¢ will be increasing with 7 and (3.18) holds at 7 = 0. Therefore,

for each angle  we have a unique solution to (A.1) with (A.2) and (A.3), e.g. ¥ = y(n, 7).
From (A.1) and (A.2) we solve (3.18). Since T > 0, we use (3.18) to express Z with

qb; = p. Then we substitute 7 into (A.1) and solve, in this order, for ¢~, 7, ¥ and . From

(A3)  p=0Osn(), q=0Ocos(y), 0

the solution of Z we use (A.3) and a little algebra, to find the solution to the ray equations in
(A.1) with initial conditions in (A.2) are given by

~ 1 N 1 g

xr\n)= ) = —tanh(n —¥) — pZT + ~x +
(A4) g py/1 — p?cosh(n — ¥) o) D ( )= p P Y

¢z(m)=p [p — /1= p?sinh(n — \1;)} . o) =p, n)=n,
with

¥ = sinh _a-rp , >0, n>0,
pyV/1—p?
so that
— 2249 A o ™2
(A.5) ¢ =n—cosh™" Ly @@ 2@ B —F) + (v =9
2(1 — p?)zx

One can easily check that ¢ satisfies (3.18) and a special case appears in (3.10).

Appendix B. Solution to Transport Equation.
The transport equation is
dZy 1 4
%+ZO |:2.’£ (%‘Z’/\-i- Qﬁ;\'x\ — p(i);\_/y\— pd);:) _
2 (B+1) B 2 (B+1) (
2y Y yp

From (A.1) we use the following relationship

LdJ |[(dz n dy
Jdn do )~ do "
where J is the Jacobian of the transformation from ray coordinates (7, ) to space coordinates

(z,y). Let |a| represents the determinant of the infinitesimal covariance matrix a from the
system in (3.1) times a factor of 1/2 defined as

B 1 V2F2[3+2 pyv2Fﬂ+1
T 2| prV2ZFAEL L2y2 ’

¢§—p%§+2§@@—py)—l}=a

We also have the following relationship

Ldla| 4dZ 2B+1)dg

la] dn — Zdn 98 dn
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with respect to the transformed variables y and Z. Here the determinant |a| > 0. Thus (3.19)
can be written is terms of the ray variables as

dZy
dn
(B.1) R R -
vz | L4 _1de (B+)dyg 1 dla] 1 pE(E+D)
Ol27dn  Zdyn 298 dy ' 2)a| dy 27 258 -

After solving (B.1), the general solution of the ray solution can be expressed as

_ —772/21/27 n L
Pray = ZQ(O,’Y)@ ‘a|J (@\_(34‘1)/(25)

o231 T8

(B.2)

where

la| =

V574 (1 — p?) d T [1—2psin(y)cos(y)
4(yp)2a+1/p) o Noa (1 = p?)sinh(n)

We carefully determine Z;(0,~) by normalizing p,, such that the initial condition is satis-
fied, i.e. lim, g pray = 0(Z — x)6(¥ — y). We find after a short calculation that

v
- 4m\/1 = 2psin(y) cos(y)’

ZO(07’7) =

using the Taylor expansion around the points § = y and 7 = x

o BT 2E-0G-y) | G | sib()
N (R L (RO "

Appendix C. Calculation of [” H(z)dz.
The leading term of the ray solution is

—¢? /2027 ~\ (B+1)/(28) [
¢ é (y> exp [_p(ﬁ+ 1)/ H(Z)dzl ,
0

Proy == o2n7r2202,/1 — p? || sinh(¢) \y 20

where ¢ is defined in (A.4) and

7%(2)95(2)

(C.1) H(z)= "=

=50
We find that H (z) can be decomposed into

1
(C2) H(z) = +
/1= p?cosh(z — )
qx + py

p —sinh(z — ¥) — (qz + py)y/1 — p? cosh(z — ¥)
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by using (A.4) in (C.2). Integrating (C.2) from zero to ¢ leads to

’ z 2—72 an~! (e¥) — tan~! (e ?tY 2
/0 H(z)dz = V1=p? t () = ( )}+\/(qw+py)2(1—p2)—1

((Qx +py)/1—p%+ p) tanh(W/2) — /1 — p?
V(gz +py)?(1—p?) — 1

((qz +py)ﬂ+ p) tanh([—¢ + ¥]/2) — /1 — p?

Vigz +py)2(1—p?) - 1

(C.3) x { tan~!

tan

(C4)
Converting back to the (x, y) variables we use the identity

g 2*—-2%—(y—19)*+22p(y — 7)
Cs5 2= R —
. p 2z[p(r — ) + (y — )]

in combination with (A.4) and find

1 . ~
<6 qr +py = W{y[ﬁ’(m—x) +(y = )]
' N R ?—7° - (y—79)°

—Zp(y —Y) — [ 5 } }
and
¥ sinn (Hp)
1—p?
(C.7

e {wQ B (y—9)? 20y — G+ p)(x — a)}
L—p? 2z[p(x — ) + (y — )]

with ¢ defined in (A.4) using (3.20).

Appendix D. Boundary Layer Solution.
Substituting (3.34) into (3.31) we find the leading order boundary layer equation to be

—~ 1 V292\ 9
®-D [“’}zz‘{[(”zﬁ)]‘l’}gﬂ T

with initial condition ¥(0) = 0. The general solution is

(D.2) U (&) = CL =P8 g (o, ﬁ 2,/(20/V?2 — u292§)\/§>

where M = M(-,, z) is the Whittaker hypergeometric function and C; is a constant. The
leading term of the boundary layer solution is of the form

(D.3)  py = Oyrt/2PH1/2g0=R) 18l =0/7 ) (o, ﬁ 2,/(20/V2 — u292§)\/§)

=0, p<0,p=0,
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where (] is the normalization constant to be determined from matching. The matching con-
sists of comparing p;, for E — 00 With prq,y given ¥ — 0 and choosing the unknown constants
so that the two expressions are the same.

From [21], we know that M (v, 1, 2) ~ T'\(2u+1)277e*/2 /T (u — v+ 1/2)(1 +...) for
z > 1 which implies that as E — o0 that

We re-write the boundary layer solution in terms of

1 7(1-0)/48
Cy r (\ﬁl + 1) Yy

Pov= —
T op(L 1
(D4) (afa 2>
M 2
xexp(—e—l—\/g :9—1/29%])(1—1—...)7 T — 0.
T T V2 \4

We then compare (D.4) to the leading term (3.32) for y — 0

=

e*¢g/2l’27+l/f\£(sh+&>o)) o (@\) (B+1)/(48)
ArTvV2.\/5 sinh(o)

(D.5) Pray ~

)

y

for which we find, after matching

0= %2)2, and  Og = (bof;),\?’
where
(D-6) ¢ = cosh™* (1 + V- ‘7)2 + V2(£/1/2 _ @\1/2)2)
2VvV
and
b0 =Pl = cosh™ (1 + W) .

In addition we have

¢2~¢8—2u272\/§7§< b0 >

\7a% sinh(¢o)

and

, [ 1 ) B T22%¢ ®o ?
(D.7) b0 (‘72 d)o,?) (VY2 (Sinh(%)) '
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This leads to solving for C
C, = gy~ (B+1)/148] (p(1/2|5| + 1/2)) bo .
4TV L(1/181+1) sinh(¢o)
Substituting C7 back in (D.3) leads to
Py = (gy) 1/ (F(1/2|ﬁ| + 1/2)> o <§> v o903/
AT V2 (/1B + 1) sinh(¢o) \y

oty () )

(D.8)

"2[8]” 7V \sinh(¢o)

We use the following relationship? between the modified Bessel function I,,(z) and the spe-
cial Whittaker hypergeometric function M (0, -, 2)

M0, 1, 2) = 4"z (i + 1)1, (g) .

leading to
_ 2VlBledi/zt (F(1/2|6| + 1DI(1/2/8] + 1/2))
Py 2\@7”_3/2‘72”% L(1/|8l+1)
(D.9) .\ 1/48
% & Yy I L & \/7’\
sinh (o) y 17218 VvV sinh(¢o) v
and

L(1/218+ DI(1/28]+1/2) _ V7

F(L/6]+ 1) 7

where we used the identities I'(x + 1) = 2T'(x) and Legendre duplication formula® I'(2x) =
222=1/27(2)['(« + 1/2) /+/27. As such (D.9) simplifies to

e~ /2077 ~\ 1/48 1 ~
e i () () e (s () V9):
227732V 20V VY sinh(¢o) Y +VV \sinh(¢p)

Appendix E. Marginal Density Function. R
The asymptotic formula for the marginal density function pf,, = pf,,(F,T, F,t) can
be represented as

~\ —B+D/2 R
P S / L0 @0,y
Y omu(T — t)FA+1 \ F o V2\ sinh(¢)

where g(f/) = —¢?/2v% and ¢ defined in (3.24). The integral in pf,, is a Laplace type

~

integral so we will expand it for 7' — ¢ < 1. We find that g(V") has an interior maximum point
at

~ V2 ~
‘/IIlaX = \/V2+ @(F_’g —}7_[3)2

2http:\\functions.wolfram.com: 07.44.03.0010.01
3http:\\functions.wolfram.com: 06.05.16.0006.01
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0%g

) ~
for which % =0, PO < 0and g(V) # 0. We can approximate p’” in the neighborhood

of \A/max by the following leading term

=\ —(B+1)/2 =
P 1 (F V/2red(Tmax)/(T—t) 1 9 Tt 0
27(T — t)FA+1 \ F V=9 (Zmax) /(T — t) V2 || sinh(¢)’ ’
where
2
o~ _ max
9(Tmax) = — 9,2
with ¢yax = cosh ™! (?max /V). We also find that
g/,(f}max) - T QS/I\naX
Vmax Vn21ax - V2
where sinh(cosh™!(z)) = v/22 — 1, leading to
. e*d’fnax/zVQ(T*t) v ﬁ —(B+1)/2
pr o~ — — — , T—-t—0.
V 27T(T - t)vvmax-FﬁJrl V;nax F
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