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ANALYTIC SOLUTIONS AND COMPLETE MARKETS

Abstract

We study the Heston model for pricing European options on stocks with stochas-
tic volatility. This is a Black-Scholes-type equation whose spatial domain for the
logarithmic stock price € R and the variance v € (0,00) is the half-plane H =
R x (0,00). The wvolatility is then given by y/v. The diffusion equation for the price
of the European call option p = p(z,v,t) at time ¢ < T' is parabolic and degenerates
at the boundary 0H = R x {0} as v — 0+. The goal is to hedge with this option
against volatility fluctuations, i.e., the function v — p(w v,t) : (0,00) = R and its
(local) inverse are of particular 1nterest We prove that p P(z,v,t) # 0 holds almost
everywhere in H x (—o0,T') by establishing the analytlmty of p. To this end, we are
able to show that the Black-Scholes-type operator, which appears in the diffusion
equation, generates a holomorphic C’-semigroup in a suitable weighted L?-space
over H. We show that the C°-semigroup solution can be extended to a holomor-
phic function in a complex domain, by establishing some new a priori weighted
L?-estimates over certain complex “shifts” of H for the unique holomorphic exten-
sion. These estimates depend only on the weighted L?-norm of the terminal data
over H.

2010 Mathematics Subject Classification: Primary 91B25, 35B65;
Secondary 91G80, 35K65.

Key words: Heston model; stochastic volatility;
Black-Scholes equation; European call option;
degenerate parabolic equation; terminal value problem;
holomorphic extension; analytic solution
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1 Introduction

For several decades, simple market models have been very important and useful products
of numerous mathematical studies of financial markets. Several of them have become very
popular and are extensively used by the financial industry (F. BLACK and M. SCHOLES
[6], S. L. HESTON [23], and J.-P. FOUQUE, G. PapaNicoLAOU, and K. R. SIRCAR
[17] to mention only a few). These models are usually concerned with asset pricing in a
volatile market under clearly specified rules that are supposed to guarantee “fair pricing”
(e.g., arbitrage-free prices in T. BJORK []).

Assets are typically represented by stocks, securities (e.g., bonds), and their deriva-
tives (such as options on stocks and similar contracts). An important role of a derivative
is to assess, reduce or eliminate the volatile behavior of a particular asset (or an entire
portfolio). A common way to achieve this objective is to add a derivative on the volatile
asset to the portfolio containing this asset. This procedure, called hedging, is closely
connected with the problem of market completion (M. RoMANO and N. Touzr [12],
M. H. A. Davis [10]). There have been a number of successful attempts to obtain a
market completion by (call or put) options on stocks. The pricing of such options in-
volves various kinds of the Black-Scholes-type equations. These attempts are typically
based on probabilistic, analytic, and numerical techniques, some of them including even
explicit formulas, cf. Y. AcCHDOU and O. PIRONNEAU [, Chapt. 2]. The basic principle
behind all Black-Scholes-type models is that the model must be arbitrage-free, that
is, any arbitrage opportunity must be excluded which is possible only if the option price
is a stochastic process that is a martingale (T. BJORK [3]). Ito’s formula then yields
an equivalent linear parabolic equation which will be the object of our investigation, cf.
M. H. A. Davis [10]. Throughout our present work we study the Heston model of
pricing for Furopean call options on stocks with stochastic volatility (S. L. HESTON
[23]) by abstract analytic methods coming from partial differential equations (PDEs, for
short) and functional analysis.

In our simple market, described by the Heston stochastic volatility model
(Heston model, for short), market completion by a European call option on the stock
has the following meaning: The basic quantities are the maturity time T (called also
the exercise time), 0 < T < oo, at which the stock option matures; the real time t,
—oo0 < t < T the time to maturity T =T —t > 0, 0 < 7 < oo; the spot price of stock
S = 5; >0 at time t < T'; the (stochastic) variance of the stock market V' =V, > 0 at
time t < T; v/V is associated with the (stochastic) volatility of the stock market; the strike
price (exercise price) K = const > 0 of the stock option at maturity, a European call or
put option; a given (nonnegative) payoff function iL(S, V)= (S—K)" at timet =T (i.e.,
7 = 0) for a European call option; and the (call or put) option price U = U(S,V,t) > 0 at
time t, given the stock price S and the variance V. In the derivation of S. L. HESTON’s
model [23], which is a system of two stochastic differential equations for the pair (X, V),
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[to’s formula yields a diffusion equation for the unknown option price U = U(S,V,t) > 0
at time t which depends only on the stock price S; and the variance V; at time t. This
allows us to view the relative logarithmic stock price x = In(S;/K) € R, R = (—o0, 00),

and the variance v = V; € (0, 00) as a pair of independent variables in the open half-plane

H %< R x (0,00) C R2. Consequently, the option price p = p(x,v,t) = U(S,V,t) is a

function of (z,t) € R x (—00,T] and v € (0,400) with the terminal value at maturity
time t = T given by

(1.1) plx,v,T)=(S—K)" =K (" —1)" for (v,v) € H.

The option price p = p(z,v,t) = p.(z,v), where 7 =T —t > 0, is (uniquely) determined
by a unique, risk neutral martingale measure ([10, 12]), which yields a stochastic process
(pr)r>0- Applying [to’s formula to this process, one concludes that, equivalently to the
probabilistic expectation formula for p(z, v, t), this option price can be calculated directly
from a partial differential equation of parabolic type with the terminal value condition
(1.1). Thus, given the (relative logarithmic) stock price € R at a fixed time t € (—o0, T1,
the function p,; : v — p(x,v,t) yields the (unique) option price for every v € (0, +00).
According to I. BAJEUX-BESNAINOU and J.-CH. ROCHET [3, p. 12], the characteristic
property of a complete market is that p,, : (0,4+00) — R, is injective (i.e., one-to-one),
which means that any particular option value p = p,.(v) cannot be attained at two
different values of the variance v € (0, +0c). We take advantage of this property to give
an alternative definition of a complete market using differential calculus rather than
probability theory, see our Definition 5.3 in Section 5. This is a purely mathematical
problem that we solve in this article for the Heston model, with a help from [3, Sect. 5]
and the work by M. H. A. DAvIs and J. OBLOJ [11]; see Section 5 below, Theorem 5.2.

There are several other stochastic volatility models, see, e.g., those listed in [17,
Table 2.1, p. 42] and those treated in [17, 27, 36, 43, 48], that are already known to
allow or may allow market completion by a European call option. However, the rigorous
proofs of market completeness (and their methods) vary from model to model; cf. T.
BJORK [5]. Some of them are more probabilistic (R. M. ANDERSON and R. C. RAI-
MONDO [2] with “endogenous completeness” of a diffusion driven equilibrium market, I.
BAJEUX-BESNAINOU and J.-CH. ROCHET [3], J. HUGONNIER, S. MALAMUD, and E.
TrUBOWITZ [25], D. KRAMKOV and S. PREDOIU [31], and M. RoMANO and N. Touzl
[12]), others more analytic (PDEs), e.g., in M. H. A. Davis [10], M. H. A. Davis and
J. OBLOJ [11], and P. TAKAC [10].

In the derivation of S. L. HESTON’s model [23], Ito’s formula yields the following
diffusion equation

(1.2) (%+A)U(S,V,t)=0 for S>0,V>0,t<T.
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We call A the Black-Scholes-Ito operator for the Heston model; it is defined by
(AU)(S,V,t) &
0*U 0*U 1 ,0°U
2 t t)+ = 0? — t
V. (25 8SQ(SV)+p05858V(S’V’) o (SV))

ov?
) S OV + [(9—V>—A<S,v,t>1aU

ov
for S >0,V >0,and t < T,

(1.3)
(S,V,t) —rU(S,V,t)

with the following additional quantities (constants) as given data: the risk free rate of
interest r € R; the dividend yield ¢ € R; the instantaneous drift of the stock price returns
r—q= —q € R; the volatility o > 0 of the stochastic volatility v/V; the correlation
p € (—1,1) between the Brownian motions for the stock pricing and the volatility; the
rate of mean reversion r > 0 of the stochastic volatility v/V; the long term variance 6 > 0
(called also long-run variance or long-run mean level) of the stochastic variance V; the
price of volatility risk A(S,V,t) > 0, in [23] chosen to be linear, A\(S,V,t) = AV with a
constant A = const > 0.

We assume a constant risk free rate of interest r and a constant dividend yield g;
hence, r — ¢ = — q, is the instantaneous drift of the stock price returns. All three
quantities, r, ¢, and ¢,, may take any real values; but, typically, one has 0 < r < g < oo
whence also ¢, > 0. We refer the reader to the monograph by J. C. HuLL [26, Chapt. 26,
pp. 599-607] and to S. L. HESTON’s original article [23] for further description of all
these quantities.

The diffusion equation (1.2) is supplemented first by the following dynamic boundary
condition as 'V — 0+,

(1.4) (%+B>U(S,O,t>—0 for S>0,t<T.

The boundary operator B is the trace of the Black-Scholes-Ito operator A as V — 0+; it
corresponds to the Black-Scholes operator with zero volatility:

(BU)(S,0,¢) &
U oU
1.5 _ _
(1.5) (r =) S 55(5,0,1) +  =-(5,0,8) = U(S,0,)
for >0,V =0,and —co <t <T.

The original Heston boundary conditions in [23],

U,vV,t)=0 for V>0
(1.6) Sh_r){)lo % (U(S,V,t) —S)=0 forV>0
lim (U(S,V,t)—S)=0 for S >0

V—oo
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at all times ¢ € (—o0,T), seem to be “economically” motivated. Mathematically, one
may attempt to motivate them by the asymptotic behavior of the solution Ugg(S,t) =
Uss(S, Vp,t) to the Black-Scholes equation, for S > 0 and ¢t < T, where the variance
Vo = 02 > 0 is a given constant determined from the constant volatility oo > 0. What we
mean are the following boundary conditions,

Ups(0,V,t) =0 for V > 0;

, 0
(1.7) Sh_}rilo 35 (Ups(S,Vit) —S)=0 for V> 0;
Vlim (Ugs(S,V,t) = S)=0 for S >0,

at all times t € (—o0,T). Roughly speaking, the difference U(S,V,t) — Ugs(S,V,t) be-
comes asymptotically small near the boundary. The terminal condition as ¢ — T— for
both solutions, U and Ugs, is the payoff function h(S,V) = (S — K)* for S > 0,

U(S,V,T)=Ugs(S,V,T) = (S — K)*.

The solution Ugs(S,t) of the Black-Scholes equation has been calculated explicitly in
the original article by F. BLACK and M. SCHOLES [0]; see also J.-P. FOUQUE, G.
PapanicoLAou, and K. R. SIRCAR [17, §1.3.4, p. 16].

Finally, the diffusion equation (1.2) is supplemented also by the following terminal
condition as t — T'—, which is given by the payoff function A(S,V) = (S — K)T,

(1.8) US,V,T)=(S—K)" for S>>0,V >0.

The terminal-boundary value problem for eq. (1.2) with the boundary conditions (1.4)
and (1.6), as it stands, poses a mathematically challenging problem, in particular, due to
the degeneracies in the diffusion part of the operator A: Some or all of the coefficients
of the second partial derivatives tend to zero as S — 0+ and/or V' — 0+, making the
diffusion effects disappear on the boundary {(S,0) : S > 0}, cf. eq. (1.5).

This article is organized as follows. We begin with a rigorous mathematical formu-
lation of the Heston model in Section 2. We make use of weighted Lebesgue and Sobolev
spaces originally introduced in P. DASKALOPOULOS and P. M. N. FEEHAN [3] and [9,
Sect. 2, p. 5048] and P. M. N. FEEHAN and C. A. Pop [I5]. An extension of the
problem from the real to a complex domain is formulated in Section 3. Our main results,
Proposition 4.1 and Theorem 4.2, are stated in Section 4. Before giving the proofs of these
two results, in Section 5 we present an application of them to S. L. HESTON’s model [23]
for Buropean call options in Mathematical Finance. There we also provide an affirmative
answer (Theorem 5.2) to the problem of market completeness as described in M. H. A.
Davis and J. OBLOJ [11]. Our contribution to market completeness is also an alternative
definition for a market to be complete (Definition 5.3) which is based on classical concepts
of differential calculus (I. BAJEUX-BESNAINOU and J.-CH. ROCHET [3, p. 12]) rather
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than on probability theory. In addition, we discuss the important Feller condition in
Remark 5.4 and also mention another application to a related model in Remark 5.5. The
proofs of our main results from Section 4 are gradually developed in Sections 6 through
8 and completed in Section 9. Finally, Appendix A contains some technical asymptotic
results for functions from our weighted Sobolev spaces, whereas Appendix B is concerned
with the density of certain analytic functions in these spaces.

2 Formulation of the mathematical problem

In this section we introduce S. L. Heston’s model [23, Sect. 1, pp. 328-332] and formulate
the associated Cauchy problem as an evolutionary equation of (degenerate) parabolic

type.

2.1 Heston’s stochastic volatility model

We consider the HESTON model given under the risk neutral measure via equations
(1) — (4) in [23, pp. 328-329]. The model is defined on a filtered probability space
(Q,F, (Fi)i=0, P), where P is the risk neutral probability measure, and the filtration satis-
fies the usual conditions. Recalling that S; denotes the stock price and V; the (stochastic)
variance of the stock market at (the real) time ¢ > 0, the unknown pair (S, V;);>0 satisfies
the following system of stochastic differential equations,
1) %:_Qrdt+\/vtdwta
AV, = k(0 — V,) dt + o \/V, dZ,

where (W})=0 and (Z;)>0 are two Brownian motions with the correlation coefficient p €
(—1,1), a constant given by d(W, Z); = pdt. This is the original HESTON system in [23].

If X; = In(S;/K) denotes the (natural) logarithm of the scaled stock price Si/K
at time t > 0, relative to the strike price K > 0, then the pair (Xy, V;);>0 satisfies the
following system of stochastic differential equations,

22) dX, = — (¢ + 3Vi) dt + /VidWs,
' AV, =k (0 — V) dt + 0 \/V, dZ, .

Following [1 1, Sect. 4], let us consider a European call option written in this market
with payoff h(Sy,Vr) = h(Sr) > 0 at maturity T > 0, where A(S) = (S — K)* for all
S > 0. As usual, for z € R we abbreviate 2+ << max{z, 0} and z~ o max{—z, 0}. We set
WX, V)=h(X) =K (eX—1)* forall X = In(S/K) € R, so that h(X) = h(S) = h(Ke¥)
for X € R. Hence, if the instant values (Xy, V;) = (z,v) € H are known at time ¢ € (0, 7)),
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where H = R x (0,00) C R?, the arbitrage-free price A" of the European call option at
this time is given by the expectation formula (with respect to the risk neutral probability
measure P)

Al(w,v) = e T Ey [(Sr) | F| = e T By [h(X7) | Fi

(2.3)
= e "I Ep [W(Xy) | Xe =2, Vi=1] .

It is justified in [11] and [46] that A" = p(X, Vi, t) where p solves the (terminal value)
Cauchy problem

+gtp_7ﬂp O (ZE,U,t)GHX(O,T);
p(,0,T) = h(z), (z,v) €H,

(2.4) at

with G; being the (time-independent) infinitesimal generator of the time-homogeneous
Markov process (X;, V;); cf. A. FRIEDMAN [19, Chapt. 6] or B. @KSENDAL [39, Chapt. §|.
Indeed, first, eq. (1.2) is derived from eqs. (2.2) and (2.3) by Ito’s formula, then the
diffusion equation (2.4) is obtained from eq. (1.2) using

dr
0 ou
plr.v.t) = U(S.Vit), ggxgw: 55 (5.0.1).
p G U , 02U
o3 (.6:1) = S e (S.0,1) + 5 S (S, 0.1)
_Op , 02U
= ax(a:,f,t)—l—S 852(S v, t).

Hence, the function p : (z,v,t) — p(x,v,T — t) verifies a linear Cauchy problem of the
following type, with the notation x = (z1,29) = (x,v) € H,

2 82— 2 az_) )
(2.5) Z:: ) 3z, 0m; ; by, 1) - = e(x.1)P
. :f(X,t) for (X,t) c H x (O,T);

P(x,0) = uo(x) for x € H,

with the function f(x,t) = 0 on the right-hand side, the initial data ug(x) = ug(z,v) =
p(z,v,T) = h(x) at t = 0, and the coefficients

deo =3 (b %) eRE2,

v

_ —qr — 3 2 _
b(x’v’t)_(ﬁ(ﬁ—v)—)\(x,v,T—t)>€R’ c(x,v,t) =-reR,
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where the variable x = (x1,23) € R? has been replaced by (x,v) € H C R% We have
also replaced the meaning of the temporal variable ¢ as real time (¢ < T) by the time
to maturity t (t > 0), so that the real time has become 7 = T — t. According to S. L.
HESTON [23, eq. (6), p. 329], the unspecified term A(z,v,T — t) in the vector b(x,v,t)
represents the price of volatility risk and is specifically chosen to be \(z,v, T —t) = A\v
with a constant A > 0.

Next, we eliminate the constants r € R and A > 0, respectively, from eq. (2.5) by
substituting

(2.6) pr(z,u,t) e T DU, V, T —t) for pla,v,t),

Which is the reduced option price, and replacing K by k* = k + A > 0 and 6 by 0* =

= +A > (. Hence, we may set r = A = 0. Finally, we introduce also the re-scaled variance

=wv/o > 0 for v € (0,00) and abbreviate 6, 'y /o € R. These substitutions will have
a simplifying effect on our calculations later. Eq. (2.5) then yields the following initial
value problem for the unknown function u(z, &, t) = p*(z, 0, t):
ou i
2.7) E—I—Au—f(w,&,t) in H x (0,7);
w(z,§,0) =uo(x,§)  for (z,§) € H,

with the function f(z,&,t) = 0 on the right-hand side and the initial data ug(x, &) = h(z)
at t = 0, where the (autonomous linear) Heston operator A, derived from eq. (2.5),
takes the following form,

def 1 0%u 0?u 0%u
by | AOE (55 <os 420 (0.6 + G5 (0.0
+ (4

+ UE) (iv §) — r(bs f)‘—(%f)

73
1
= — 5 & - (Ugy + 2P Uge + Uge)

+ (qr + %Uf) CUg — ’i(‘go - 5) "t Ug for (x7§) € H.

Recall 8, = 0/0. We prefer to use the following asymmetric “divergence” form of A,

1 0 (ou ou d%u
(2.9) 2 iam (6 35 2u 85 i
(¢r + Uf) ( ,§) — k(0 — ) a—g(% )

1
= -3 o - [(um +2pue), + Ugg]
+(qr+%0€) 'uz_ﬁ<ea_€)'u£ for <x7£) eH
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The boundary operator defined in eq. (1.5) transforms the left-hand side of
eq. (1.4) into the following (logarithmic) form on the boundary 0H = R x {0} of H:

(D (0
e ( —|—B)U(S,O,7)T:Tt— (at—l—B)u(x,O,t)

or
(2.10) _ Ou ~Ou du
= -3 (x,0,t) — gy ax(x, 0,t) + K0, o (x,0,1)

forx e Rand 0 <t < oo.

The remaining boundary conditions (1.6) become

( u(—00,&,t) ' lim (u(z, & t) — Kex_r(T_t)) =0 for¢& >0
T——00
: —z 9 xz—r(T—
(2.11) xl_lgloo e o (u(z,&,t) — Ke T t)) =0 for &> 0;
lim (u(x,g,t) — Ke”’_T(T_t)) =0 forzeR,
£—o00

\

at all times ¢ € (0, 00).

In the next paragraph we give a definition of A as a densely defined, closed linear
operator in a Hilbert space.

2.2 Weak formulation in a weighted L?-space

Now we formulate the initial-boundary value problem for eq. (1.2) with the boundary
conditions (1.4) and (1.6) in a weighted L?-space. In the context of the Heston model,
similar weighted Lebesgue and Sobolev spaces were used earlier in P. DASKALOPOULOS
and P. M. N. FEEHAN [¢] and [9, Sect. 2, p. 5048] and P. M. N. FEEHAN and C. A. Popr
[15]. To this end, we wish to consider the Heston operator A, defined in eq. (2.9) above,
as a densely defined, closed linear operator in the weighted Lebesgue space H = L*(H; tv),
where the weight to : H — (0, 00) is defined by

(2.12) w(z, &) & le Ml for (2,6) € H,
and H = L?(H;w) is the complex Hilbert space endowed with the inner product

ef
(2.13) (u,w)ar = (W) p2(i10) =

/uw-m(m,f)dxdf for u,w e H .

H

Here, 5,7, € (0,00) are suitable positive constants that will be specified later, in Sec-
tion 6 (see also Appendix A). However, it is already clear that if we want that the weight
(z,§) tends to zero as £ — 0+, we have to assume § > 1. Similarly, if we want that
the initial condition ug(x, &) = K(e* — 1) for (x,&) € H belongs to H, we must require
v > 2.
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We prove in Section 6, §6.1, that the sesquilinear form associated to A,
(U, ’U)) = (AU, w)H = (AU, w)L2(IHI;m) )

is bounded on V x V', where V denotes the complez Hilbert space H'(H; o) endowed with
the inner product

() = ()i ™ [ (00 + g )€l ) dn
(2.14) -

+/uw-m(:ﬁ,§)dxd§ for u,w € H'(H; ).
H

In particular, by Lemmas A.2 and A.3 in the Appendix (Appendix A), every function
u €V = H'(H;w) satisfies also the following (natural) zero boundary conditions,

(2.15) . /+OO lu(z,€))? - e *lde — 0 as € — 0+,
(2.16) ghemrs. /+Oo lu(z,&)> e lde — 0 as € = oo,
and

(2.17) e el /000 lu(x, E)> - P e d¢ — 0 as x — Foo.

(We are no longer using the letter V' for variance; it has been replaced by the re-scaled
variance ¢ = v/o > 0.) The following additional vanishing boundary conditions are
determined by our particular realization of the Heston operator A with the domain V =
H'(H; ), cf. (2.20) below:

8. /jooug(x,ﬁ) ~w(x, §) - e Mlde — 0 as € — 0+;

(2.18) e
EPemHe . / ue(2,€) - w(x, &) e de — 0 as € = oo,
(2.19) e el /Oo(ux +2pue) w(x, &) - P e dé — 0 as @ — Fo0,
0

for every function w € V. The validity of these boundary conditions on the boundary
OH = R x {0} of the half-plane H = R x (0,00) C R? (i.e., as £ — 0+) and as £ — oo
is discussed below, in §2.4. They guarantee that A is a closed, densely defined linear
operator in the Hilbert space H which possesses a unique extension to a bounded linear
operator V. — V' denoted by A : V — V' again, with the property that there is a
constant ¢ € R such that A + ¢ is coercive on V. Consequently, every function v € V'
from the domain D(A) C H of A, D(A) = {v € V : Av € H}, must satisfy not only
(2.15), (2.16), and (2.17) (thanks to v € V'), but also the boundary conditions (2.18) and
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(2.19) (owing to v € D(A)). A detailed discussion of all boundary conditions is provided
in §2.4 below. The coercivity of A+ ¢l on V will be proved in Section 6, §6.2.

The sesquilinear form (u, w) +— (Au, w)y is used in the Hilbert space definition of the
linear operator A by the following procedure. For any given u,w € H*(H; ) N W% (H),
we use eq. (2.9) to calculate the inner product

(AU,UJ)H = (Au,w)L2(H;m) =
o

§/H[(ux+2pw)'wz+ug«w§]~§~m(x,§)dmdg
(2.20) - %/H [(ue + 2pue) W - & - Opto(z, &) + ug - @ - (& - w(x,€))] dwdé

T=400

_%/0 (u + 2pue) @ - € - wo(w, ) dé

Tr=—00

=0

—%/+mu§~w-§-m(a:,§)dx’

0o §=0

—/H[—(qwgag)umm(ea—&)ug] @ o(2,€) d d

B % LETOO (e_m '/Ooo(ucC +2pug)w- 7 e df)
— lim (e”'x' . /Oo(ux +2pu§)w.§ﬁ o Hé dg)}
T——00 0

+oo +o0
+% ng& ({6 / ug - - el dx) —glirilo (£B e / ug - - el dx)]

—00

—/ (— qrug + Kby ug) - w -0 (z,§) dedé
H

+/ (%0% + /{Ug) w-€-w(x,&)drd,
H
where we now impose the vanishing boundary conditions (2.18) and (2.19).

Hence, the sesquilinear form (2.20) becomes

(Au,w)g = %/H(ux-wijqu&-wz—i—u&-wg) €z, &) ded

(2.21) +g/(1—fysign:c)uz~w~§~m(x,£)dxd§
2 Ju
+/(/€—7p0 Signx—%ua)w-@-ﬁ-m(x,ﬁ)dxd{
H

+qr/Hux-w-m(x,§)dxd§+(%Ba—/4:00)/Hu§-w-m(a:,§)dxd§.
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All integrals on the right-hand side converge absolutely for any pair u,w € V; see the
proof of our Proposition 6.1 below. In what follows we use the last formula, eq. (2.21),
to define the sesquilinear form (2.20) in V' x V. Of course, in the calculations above we
have assumed the boundary conditions in (2.18) and (2.19).

We make use of the Gel’fand triple V. — H = H' — V' i.e., we first identify the
Hilbert space H with its dual space H’, by the Riesz representation theorem, then use
the imbedding V' < H, which is dense and continuous, to construct its adjoint mapping
H' — V', a dense and continuous imbedding of H’ into the dual space V' of V' as well.
The (complex) inner product on H induces a sesquilinear duality between V' and V'; we
keep the notation (-, - )g also for this duality.

2.3 The Cauchy problem in the real domain

Let us return to the initial value problem (2.7). The letter 7" stands for an arbitrary
(finite) upper bound on time ¢. The latter, ¢, can still be regarded as time to maturity.

Definition 2.1 Let 0 < T < oo, f € L*((0,T) — V'), and uy € H. A function
w: Hx[0,T] = R is called a weak solution to the initial value problem (2.7) if it has the
following properties:

(i) the mapping t — u(t) = u(-,-,t) : [0,7] — H is a continuous function, i.e.,
uwe C(0,T] — H);

(i) the initial value u(0) = ug in H;

(iii) the mapping ¢t — u(t) : (0,7) — V is a Bochner square-integrable function, i.e.,
u e L*((0,T) — V); and

(iv) for every function
¢ € L*((0,T) = V)nW"((0,T) = V') = C([0,T] = H),

the following equation holds,

(2.22)

The following remarks are in order:

First, our definition of a weak solution is equivalent with that given in L. C. EVANS
[12, §7.1], p. 352. We are particularly interested in the solution with the initial value
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up(z,&) = K (e* — 1)" for (z,€) € H, cf. eq. (1.8). Clearly, we have uy € H if and only if
v>2,8>0,and pu > 0.

W12((0,T) — V') denotes the Sobolev space of all functions ¢ € L*((0,T) — V')
that possess a distributional time-derivative ¢/ € L*((0,7) — V’). The norm is defined
in the usual way; cf. L. C. EVANS [12, §5.9]. The properties of V = H'(H; o) justify the
notation V/ = H~!(H; tv).

The continuity of the imbedding
L*((0,T) = V) nW"((0,T) = V') = C([0,T] — H)

is proved, e.g., in L. C. EvANS [12, §5.9], Theorem 3 on p. 287.

2.4 The Heston operator and boundary conditions

We have seen in our definition of the sesquilinear form (2.21) in paragraph §2.2 that the
boundary conditions (2.18) and (2.19) are necessary for performing integration by parts
to obtain the sesquilinear form (2.21). They should be valid for every weak solution
w: H x [0,7] — R of the initial value problem (2.7) at a.e. time ¢ € (0,7'), and for every
test function w € V. A natural way to satisfy these conditions is to estimate the absolute
value of the integrals from above by Cauchy’s inequality and then impose or verify the
following boundary conditions,

“+o0o
I / |ug(x, ) - e 7" dz < const < 00 as € — 04

(2.23) e
ghemrs. / |ug(x,&)? - e da < const < 0o as € — oo+t
(2.24) e el / |y + 2puel? - €7 e d¢ < const < 0o as x — +oo,
0

together with (2.15), (2.16), i.e.,

—+o00
& / |w(x,§)|2-e_”’|””‘ dr — 0 as & — 0+;
(2.25) e

P emre / jw(z,&))* e ldz — 0 as € = o0,

o0

and (2.17) for w in place of w. In other words, we have
e (2.23) and (2.25) = (2.18)  whereas  (2.24) and (2.17) = (2.19).

Indeed, by Lemma A.2, the latter boundary conditions, (2.25), are satisfied for every test
function w € V. Similarly, (2.17) holds by Lemma A.3. We stress that only the boundary
conditions in (2.23) and (2.24) are imposed; they do not follow from u € V.
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Two of these boundary conditions on the boundary OH = R x {0} of the half-plane
H =R x (0,00) C R? limit from above the growth of the solution u(z,&) at an arbitrarily
low volatility level /€, i.e., as the variance & — 0+.

From now on, we use exclusively formula (2.21) to define the linear operator A :
V' — V' that appears in the sesquilinear form (2.20) obtained directly for the Heston
operator (2.9). This means that we no longer need the boundary conditions in (2.23) and
(2.24) (or in (2.18) and (2.19)) imposed on u € V.

We refer the reader to the recent work by P. M. N. FEEHAN [I3], Appendix B,
§B.1, pp. 57-58, for numerous interesting properties of A.

Remark 2.2 (Coercivity conditions.) It is important to remark at this stage of our
investigation of the Heston operator A that, in order to ensure the coercivity of A+ ¢l
on V', one has to assume the well-known Feller condition ([10, 20]),

(2.26) 1o — k0 <0.

However, Feller’s condition (2.26) is not sufficient for obtaining the desired coerciv-
ity. We need to guarantee also

K 2
4250R5—7M>—70+w]2m

cf. ineq. (6.15) in the proof of Proposition 6.2 below. That is, we need to assume

(2.27) 2o (71l +VATHED) (> orllpl+1)) .

The last inequality is an additional condition to Feller’s condition, %02 — kO <0,
both of them requiring the rate of mean reversion x > 0 of the stochastic volatility in
system (2.1) to be sufficiently large. This additional condition is caused by the fact that
W. FELLER [10] considers only an analogous problem in one space dimension ({ € R,),
so that the solution u = wu(§) is independent from x € R. In particular, if the initial
condition ug = u( -, -,0) € H for u(x, &, t) permits us to take v > 0 arbitrarily small, then
inequality (2.27) is easily satisfied, provided Feller’s condition %02 — kO < 0 is satisfied.
However, if we wish to accommodate also initial conditions of type ug(z,§) = K (e* —1)"

for (z,€) € H, then we are forced to take v > 2 to ensure that ug € H. O

We will see in Section 4 that the initial value problem (2.7) has a unique weak
solution u : H x [0,7] — R. Recall that, by eq. (1.8), we are particularly interested in the
solution with the initial value ug(x,&) = K (e — 1) for (x,£) € H. We are not able to
show that even this particular solution satisfies HESTON’s boundary conditions (1.4) and
(2.11). However, the asymptotic boundary conditions in (2.11) are taken into account by
the choice of function spaces H and V. HESTON’s boundary operator (2.10) assumes the
existence of traces of certain functions of (x, &) as & — 0+ which have to satisfy a partial
differential equation derived from (1.4). In conditions (2.17) and (2.25) we assume only
that some of the functions in the boundary operator (2.10) do not blow up too fast as
& — 0+.
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3 The complex domain: Preliminaries and notation

We complexify the real space-time domain H X (0, 00) as follows:

We denote by
(3.1) XL R pi(—r ) CC

the complex strip of width 2r, r € (0, 00), which consists of all (complex) numbers z =
x + iy € C whose imaginary part, y = Smz, is bounded by |y| < r, while the real
part, x = Re z, may take any value z € R (see Figure 1). This is the complexification
of the variable € R. The remaining two independent variables, &,t € (0,00), will be
complexified by angular domains with the vertex at zero. We denote by

(3.2) Ay & {C=0"€C: p>0andfc(-0,0)}

the complex angle of angular width 29, ¢ € (0,7/2) (Figure 2). Notice that the standard
logarithm ¢ — z = log( is a conformal mapping from the angle Ay onto the strip X,
Now, given any J¢, ¥, € (0,7/2), we complexify € as ( = {+in € Ay, , sothat £ = Re ( > 0,
and t as t = a+i7 € Ay,, whence a = Ret > 0, thus stressing that we allow for complex
time t € Ay, in accordance with the usual notation for holomorphic C%-semigroups. The
half-plane H = R x (0, 00) is naturally imbedded into the complex domain

(3.3) T 20 % Apretanr € C2, 7 € (0,00).

iy € iR

[r(a) reR

Figure 1. Strip X" =R +i(—r,r)) for r = r(a), a > 0.
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in €iR
I(a)
9(a) £ € (0,+00)
Figure 2. Angle Ay.
e
iT
T
5 :T’ T o Figure 3. X (1).
N
1y /,”/
ko - min{o, T}t _L y
0 %T' - o Figure 4. FC(FT/)(KJ(),I/Q).
—ko - min{a, T }+ i

In order to give a plausible lower estimate on the space-time domain of holomorphy
(i.e., the domain of complex analyticity) of a weak solution u to the homogeneous initial
value problem (2.7) with f = 0, we introduce a few more subsets of C* x C (cf. P. TAKAC
et al. [45, p. 428] or P. TAKAC [10, pp. 58-59]):
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The two constants kg, 1 € (0, 00) used below will be specified later (in Theorem 4.2);
0 < a < oo is an arbitrary number. First, we set

(34) %(nga) = %(noa) X Aarctan(/-cooz)
={(2,¢) = (z+ iy, +in) € C*:
|y| < Koo and | arctan(n/€)| < Ko, € >0},
(3.5) @) ={t=a+ir € C: ylr| <a} =a+i(-r5'a,vy'a)
(Figure 3), and for 0 < 7" < T < oo, we introduce the following complex parabolic
domain,
(36) F( /)</€07V0 U [m ko-min{a,T"}) X E(a)<1/0):| C (C2 x C

ae(0,T)

(Figure 4). Additional properties of this domain will be presented later, in Section 8,
eq. (8.1).

In order to get a better picture of the domain F( )(I{(), Vo) C C? x C, it is worth to
notice that the mapping (z,(,t) —— (z,log(,logt) maps F( )(/10, 1) diffeomorphically
onto the set of all complex triples

(2, ) = (x+iy, & +in, o +i7') = (2,&, ) +i(y,,7) € C* x C~R* x R?,
such that 0<a=Ret=e" -cos7 < T together with

ly| < koar, |1| < arctan(koar), and |7'| < arctan(1/vyp).

In particular, there is no restriction on x and £ in the plane (z,¢') € R?, while o/ =

i’

log |t| € R. These claims follow from simple calculations using ¢ = e’ -e!” and t = e* e

4 Main result

Our main result, Theorem 4.2, gives the analyticity (more precisely, a holomorphic ex-
tension to a complex domain) of a unique weak solution to the homogeneous initial value
problem (2.7) with f =0 in H x (0,7"). Such a weak solution exists and is unique by the
following classical result (Proposition 4.1) that summarizes a pair of standard theorems
for abstract parabolic problems due to J.-L. LioNs [37, Chapt. IV], Théoreme 1.1 (§1,
p. 46) and Théoreme 2.1 (§2, p. 52). For alternative proofs, see also e.g. L. C. EVANS [12,
Chapt. 7, §1.2(c)], Theorems 3 and 4, pp. 356-358, J.-L. LioNs [38, Chapt. III, §1.2],
Theorem 1.2 (p. 102) and remarks thereafter (p. 103), A. FRIEDMAN [18], Chapt. 10,
Theorem 17, p. 316, or H. TANABE [17, Chapt. 5, §5.5], Theorem 5.5.1, p. 150.



ANALYTIC SOLUTIONS AND COMPLETE MARKETS 19

Proposition 4.1 Let p, o, 0, q., and vy, be given constants in R, p € (—1,1), o > 0,
6 > 0, and v > 0. Assume that k € R is sufficiently large, such that both inequalities,
(2.26) (Feller’s condition) and (2.27) are satisfied. Next, let us choose B € R such that
1 < B <2k0/c% Set u=(k/o)—lp| (>0). Let 0 <T < oo, f e L*(0,T) — V),
and vy € H be arbitrary. Then the initial value problem (2.7) (with uy € H) possesses a
unique weak solution

u e C([0,T] = H)N L*(0,T) = V)

in the sense of Definition 2.1. Moreover, this solution satisfies alsou € WH2((0,T) — V')
and there exists a constant C = C(T') € (0,00), independent from f and uy, such that

T

wpwm%+l|wm@w+An%wmﬂt

te[0,T]
(4.1) .
SC@%%+A\WMW&)-

Finally, if up : H — R defined by ug(z,§) = K (e* — 1), for (x,§) € H, should
belong to H, one needs to take v > 2.

The proof of this proposition is given towards the end of Section 6. All what we
have to do in this proof is to verify the boundedness and coercivity hypotheses for the
sesquilinear form (2.21) in V' x V which are assumed in J.-L. Lions [37, Chapt. IV, §1],
inequalities (1.1) (p. 43) and (1.9) (p. 46), respectively.

Our main result is the following theorem which provides an analytic extension of
the weak solution u to the initial value problem (2.7) from the real domain H x [0, T] to

a complex domain F(TT/)(RO, 1) defined in (3.6).

Theorem 4.2 Let p, 0, 0, q,, and v, be given constants in R, p € (—=1,1), 0 >0, 0 > 0,
and v > 0. Assume that B, v, k, and p are chosen as specified in Proposition 4.1 above.
Then the constants kg,vy € (0,00) and T' € (0,T] can be chosen sufficiently small and
such that the (unique) weak solution

u € C([0,T] = H)NL*(0,T) = V)

of the homogeneous initial value problem (2.7) (with f = 0 and uy € H) possesses a
unique holomorphic extension

0 I‘EFT’)(F;O, vy) — C
to the complex domain F;T,)(ﬁo, vy) C C3 with the following properties: There are some
constants Cy, co € Ry such that

(e%e] 400
@2 [ [ Tl 0+ atinf (e, € dedg < oo ol
0 —00
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for every o € (0,T) and for all y,w, T € R satisfying
(4.3) max{|y|, | arctanw|} < Ko - min{a, 7'}  and wo|7| < .
Consequently, for any Ty € (0,T"], the domain FgFT/)(mo, V) contains the Cartesian

product
%(KOTO) X A"{0710 X |:<T0’ T) + 1 ( o & &)]

Vo’ 1o

and the estimate in (4.2) is valid for every a € [To, T] and for all y,w, T € R such that,
independently from a,

(4.4) max{|y|, |arctanw|} < keTy and vy|7| < Tp.

The proof of this theorem takes advantage of results from Sections 7 and 8, and
Appendix B. It is formally completed at the end of Section 9.

5 An application to Mathematical Finance

This section is concerned with an application of our main result, Theorem 4.2 (Section 4),
to S. L. HESTON’s stochastic volatility model [23] for European call options described in
Section 2. Our goal will be to provide an affirmative answer to the problem of market
completeness in Mathematical Finance as described in M. H. A. DAvIS and J. OBLOJ
[11]. We recall that the model is defined on a filtered probability space (2, F, (F;)i=0, P),
where P is the risk neutral probability measure. Since an equivalent martingale measure
P* is not unique, the market is incomplete. The reader is referred to M. H. A. DAvIs
[10], J. C. HurL [20], J. HULL and A. WHITE [27], A. L. LEw1s [30], E. M. STEIN
and J. C. STEIN [13], and J. B. WIGGINS [18] for additional important work on this
subject. We closely follow the approach in [I1, Sect. 3] labeled “martingale model” for
market completeness. Two more interesting papers on market completeness, written and
circulated independently and simultaneously, deserve to be mentioned: J. HUGONNIER,
S. MALAMUD, and E. TRuBOWITZ [20] and F. RIEDEL and F. HERZBERG [!1]. They
are based on the existence of an Arrow-Debreu equilibrium and its implementation as
a Radner equilibrium. It is shown or assumed that in this setup, allocation and prices
are analytic functions of the state and time variables. The remaining arguments taking
advantage of analytic entries in the parabolic problem are similar to ours; cf. [11, §2.3,
p. 403].

An extensive account of various stochastic volatility models for European call options
and possible market completion by such options is given in P. TAKAC [106, Sect. 8, pp.
74-83]. Therefore, we restrict the discussion below to the HESTON model [23, Sect. 1]
which seems to be very popular. An important basic feature of this model is the explicit
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form of its solution [23, pp. 330-331], eqgs. (10) — (18). We apply our main analyticity
result, Theorem 4.2, to the HESTON model. Another frequently used stochastic volatility

model is the so-called “3/2 model” investigated in S. L. HESTON [21], P. CARR and J.
SUN [7], A. ITKIN and P. CARR [28], and in the monographs by J. BALDEAUX and E.
PLATEN [1] and A. L. LEWIS [306]. After a suitable transformation of variables, it seems

to be possible to treat the 3/2 model by mathematical tools similar to those we use in
our present work.

We will answer the question of market completeness by investigating some qual-
itative properties (such as analyticity) of the (unique) weak solution

u € C([0,T] — H)NL*(0,T) = V)

to the initial value problem (2.7) obtained in our Theorem 4.2. Let us recall the Heston
operator A defined in formula (2.8).

The coefficients of the linear operator A are independent of time ¢ and z € R, and
their dependence on £ € (0,00) is very simple (linear). As a natural consequence, the
domain F(TT/)(F;O, 1) of the holomorphic extension @ of the weak solution u obtained in
our Theorem 4.2 is simpler than in the corresponding result obtained in P. TAKAC [10,

Theorem 3.3, pp. 58-59] for uniformly elliptic operators with variable analytic coefficients.

Remark 5.1 It seems to be likely that one may allow both, the correlation coefficient
p = p(x, &, t) and the volatility of volatility o = o(z,,t) to depend on the variables x,
&, and t, provided this dependence is analytic, with all partial derivatives bounded, and
both functions p and ¢ bounded below and above by some positive constants.

Last but not least, we would like to mention that negative values of the correlation
coefficient p € (—1, 1) are not unusual in a volatile market: asset prices tend to decrease
when volatility increases ([17, p. 41]).

O

The market completion by a European call option has been obtained in M. H. A.
Davis and J. OBEOJ [11, Proposition 5.1, p. 56] based on the wvalidity of a more general
analyticity result [ |, Theorem 4.1, p. 54]. However, the main hypothesis in this theorem
is the analyticity of the solution p(z,v,t) = p(x,v, T —t) of the parabolic problem (2.5) in
the domain H x (0,7). (Warning: We use the symbol p to denote the function (z,v,t) —
p(z,v,T —t), not the complex conjugate of p.) Of course, the initial condition h(x) =
K (e —1)*, z € R, is not analytic. Nevertheless, in our Theorem 4.2 we have established
the analyticity result missing in [11] (Theorem 4.1, p. 54). Consequently, all conclusions in
[11] on market completion, that are based on the validity of Theorem 4.1 ([1 1, p. 54]), are
valid for the Heston model. In Heston’s model with a European call option, the notion
of a complete market is rigorously defined in [!1, Definition 3.1, p. 52] as follows (in
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probabilistic and measure-theoretic terms): FEvery contingent claim can be replicated by a
self-financing trading strategy in the stock and bond (contingent claims can be perfectly
hedged against risks). This is the case for Heston’s model, by Corollary 4.2 (p. 54) and
Proposition 5.1 (p. 56) in [11]. We now briefly sketch how the analyticity of the solution
u(z,&,t) in H x (0,7T) facilitates market completion. We keep the notation u(x,&,t) for
a weak solution to problem (2.7) which is the specific form of problem (2.5) for Heston’s
model. The relation between the solution p(z,v,t) = p(x,v,T — t) of the parabolic
problem (2.5) and the weak solution u(x, &, t) to the initial value problem (2.7) is obvious,
e, p(z,v,t) = u(x, & t) = u(z,v/0,t), by means of the substitutions v = o€ with the
new independent variable £ € R, and 0, = /0 € R, and by replacing the constants
and 6, respectively, by k* =k + A > 0 and 6* = #9/\ > 0. Hence, we may set r = A =0
in eq. (2.5). Conversely, let p: H x (0,7) - R : (z,v,t) — p(z,v,t) denote the unique
solution of the (terminal value) Cauchy problem (2.4). We set u(x,&,t) = p(z,08,T —t)
for all (x,&) € H and t € (0,T), so that v : [0,7] — H is the (unique) weak solution
of the initial value problem (2.7) used in Section 4, Theorem 4.2. By the main result of
this article, Theorem 4.2 function u : H x (0,7) — R can be (uniquely) extended to a
holomorphic function in the domain F(TT/)(K;O, 1p) C C? x C. Consequently, the Jacobian

1, 0
G(z,8,t) = ( Qu(w, &), Fa(x,6,1) )

of the mapping (z,&) — (x,u(z,&,t)) : H C R* — R? possesses determinant det G(z, €, t)
= g—’g(:p, &,t) with a holomorphic extension to F(TT )(/io, ). The determinant det G being
(real) analytic in all of H x (0,7"), its set of zeros is either Lebesgue negligible (i.e., of
zero Lebesgue measure) or else it is the whole domain H x (0,7") (cf. S. G. KRANTZ
and H. R. PARKS [33, p. 83]). Hence, it suffices to examine det G in an arbitrarily small

neighborhood of a single “central” point.

matrix

Finally, we can apply Proposition 5.1 (and its proof) from [11, p. 56] to conclude
that a European call option in Heston’s model (2.1) completes the market:

Theorem 5.2 Assume that k > 0 is sufficiently large, such that at least the Feller condi-
tion (2.26) is satisfied; cf. Proposition 4.1. Assume that the payoff function h(x) = h(Ke®)
is not affine, that is, h"'(x) = 0 does not hold for every x € R. Then the stochastic volatil-
ity model (2.1) with a European call option yields a complete market.

Under quite different sufficient conditions, a related result on market completeness
is established in M. RoMaNO and N. Touzr [12, Theorem 3.1, p. 406): A single Eu-
ropean call option completes the market when there is stochastic volatility driven by one
extra Brownian motion (under some additional assumptions; see [12, pp. 404-407]). The
inequality det G(z,¢,t) = gig(x,f,t) # 0 (more precisely, g—?(x,f, t) > 0) plays also there
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a decisive role. An earlier result in P. TAKAC [16, Theorem 8.5, p. 82| covers an alter-
native stochastic volatility model from J.-P. FOUQUE, G. PApPANICOLAOU, and K. R.
SIRCAR [17, §2.5, p. 47], egs. (2.18) — (2.19). The parabolic partial differential operator
(i.e., the Ito operator) in this model is uniformly parabolic and, consequently, mathemat-
ically entirely different from the degenerate Ito operator in the Heston model. Our main
analyticity result, Theorem 4.2 (Section 4), is specialized to cover HESTON’s model and,
consequently, does not seem to be directly applicable to the stochastic volatility models

in [ ) Y ) Y ]'
Based on the result in Theorem 5.2 above, combined with those in I. BAJEUX-

BESNAINOU and J.-CH. ROCHET [3, p. 12], we suggest the following (alternative) ana-
lytic definition of a complete market, at least in the case of Heston’s model:

Definition 5.3 There is a set N C H x (0,00) C R? X R of zero Lebesgue measure such
that the mapping 7, : (z,v) — (x,p(z,v,t)) : H C R? — R? is a local diffeomorphism at
every point (zg,vo,t) € [H x (0,00)] \ V.

Equivalently, for every ¢ € (0,00), the set N; = {(z,v) € H: (z,v,t) € N} C R?
has zero Lebesgue measure and at the point (xg,vg) € H\ N, the Jacobian matrix

1, 0
J($07U07t> - < @(l’7v7t>’ %(x,v,t) )

o (2,0)=(x0,00)
of the mapping m; is regular which means that det J(xg, vo,t) = %(az, v, t)|(x o)=(20.20) #£0

The property %(:Uo, vo,t) # 0 allows us to apply the local implicit function theorem
to conclude that, by fixing (z¢,t), we obtain an open neighborhood (vg — §,vg + §) of
vy € (0,00) (0 < 0 < oo small enough) such that either g—f(xo, -,t) > 0 (which is the
case in [3, 12]), or else g—f(xo, -,t) < 0 holds throughout (vy — d,v9 + 0). Hence, the
function p(xg, -,t) : (vo — d,v9 + ) — R is either strictly monotone increasing or else
strictly monotone decreasing. This means that, in a small (open) neighborhood of vy, one
can perfectly hedge against small volatility fluctuations, expressed through the variance
v = (volatility)? satisfying |[v — vg| < &, by a European call option p(x,v,t) priced near
the value of p(xg, vo,t). Merely the local implicit function theorem has to be envoked.

Remark 5.4 (i) We stress that our Theorem 4.2 (Section 4) allows to consider any
payoff function h € H, h(z,v) = h(z) = h(Ke®) for € R, in particular. This is
a significant advantage over the corresponding result in P. TAKAC [10, Theorem 3.3,
p. 59] which allows only for a payoff function & € L?*(R). The hypothesis that the payoff
function h : R — R is not affine is technical and comes from the proof of Proposition
5.1 in [I1, Eq. (5.2), p. 57]. It excludes a solution u(x,&,t) with the partial derivative

%(z, €,t) = const(£,t) € R independent from x € R.



ANALYTIC SOLUTIONS AND COMPLETE MARKETS 24

(ii)) The Feller condition (2.26) (cf. [16, 20]) is needed to guarantee the unique
solvability and well-posedness of the initial value problem (2.7). This condition was
discovered in W. FELLER [16] for the corresponding parabolic problem in the variables
(&,t) € (0,00)% only. If this condition is violated, a suitable boundary condition on the
behavior of the solution wu(&,t) needs to be imposed as & — 0+. FELLER’s result [10]
explains why we are able to prove the well-posedness of problem (2.7) with practically no
boundary boundary conditions as & — 0+ or £ — oo, except for (2.23) and (2.25) and
the requirement that (-, -,t) € H together with (2.24) and (2.17) for every ¢t € [0, 7.
Notice that the last three conditions are easily satisfied by a regular solution, thanks to
8 > 1and v > 2. Our additional condition on the size of k > 0, i.e., k large enough,
comes from the facts that we have to deal with a solution u(z,§,t) depending also on the
additional space variable x € R and our underlying function space H is the Hilbert space
H = L*(H;tv) with a special weight to(z,§).

Remark 5.5 The “3/2 stochastic volatility model” [1, 7, 24, 28, 30] mentioned at the
beginning of this section requires some major changes in technical details used in our
present work, although we believe that similar mathematical tools can still be applied.
For instance, the weight function to(z,{) defined in (2.12) and the sesquilinear form
(Au,w)y defined in (2.21) will have to be changed significantly.

6 The Heston operator in the real domain

At the end of this section we prove Proposition 4.1 by verifying the boundedness and
coercivity hypotheses (in §6.1 and §6.2, respectively) for the sesquilinear form (2.21) in
V' x V assumed in J.-L. L1oNs [37, Chapt. IV, §1], inequalities (1.1) (p. 43) and (1.9)
(p. 46), respectively.

Our boundedness and coercivity results for the Heston operator A : V — V'’ make
use of five lemmas stated and proved in the Appendix (Appendix A). Recall that g > 0,
v >0, and p > 0 are constants in the weight t(z,£) which is defined in eq. (2.12).

6.1 Boundedness of the Heston operator

In this paragraph we verify the boundedness of the sesquilinear form (2.21) in V' x V.
This property is equivalent to A being bounded as a linear operator from V to V.

Proposition 6.1 (Boundedness.) Let 3, v, u, p, 0, 0, q-, and k be given constants in
R,6>1,v>0,u>0,-1<p<1,0>0, and 8 > 0. Then there exists a constant
C € (0,00), such that, for all pairs u,w € V, we have

(6.1) [((Auw, w) | < C - lullv - lwllv-
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Proof. For any given u,w € V', we apply Cauchy’s inequality to the right-hand side
of eq. (2.21) to estimate the inner product

|(-Au7 w)Hl <

5 el 2ol ) -] + g -l - - ol )

*’%Lﬁ;ﬂl‘%700|Uml+’ﬂ2ﬂ-no¢+—2vpa>|ud]-rw|-s-nwx75>dxdf
+1/i0%whu\+¢%ﬁa-—ﬁaﬁ!uA)-hDMtu@a&)dxdé.
H

(We abbreviate 6, o 8/oc € R.)
With the abbreviations of the five integrals below,

A= /H<|ux| 2ol Jugl)? - € - (e, ) dr e
&:AmﬁfwmQM%,
@:/mﬂam@GMM,&z/mﬁfw@aw%,
H H
J=/<|ux|+|u5\>2-5-m<x,5>dxdg
H
<2 [ (juaf + fucP) - € (o, €) do e,

we thus obtain

[(Aw, )] < 5 [(A1B)Y? + (A2B2)"’]

|9

1 1/2
+ 3 -max{(1+ 7)o, |2k — po| + 2vypo} - J? (/ lw]? - € - wo(x, ) dxdf)
H

w(z, O V2
sl |30 et} ([ FEEE g anae)
H
With the help of these abbreviations and the Cauchy-type elementary inequality
(AB)Y? + (AoB2)"/ < (A4 + A9)/2 - (By + By)'/?,

which is equivalent with [(A;Bs)'/? — (A2B1)1/2]2 >0,
the last inequality above yields

g
[(Au, w)g| < 5 (A1 + A2)'? - (B + By)'/?

1/2
Y (/H (lal? + uel?) - € - v0(s,€) dxdg)

y [/H (‘w(?f) ’

1/2
+ |wl2> & (€ do d§] :
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with the constant

def
M, = 2 - max {%(1 + 7)o, ‘:‘i — %,ua‘ + ypo, ¢, |%50 — /@90|} >0.
With the help of the Cauchy inequality
Alpl |z - [ug] < 4lugl* + o] [uel*,

whence

(lal + 20p] [ue])® + [uel* = [ual® + 4lp] |ua] - Juel + (1 + 4|p]*) Jue|
< Blugl* + (1+ 5p%)Jue|* < 6 (Jual” + [ue*)

by |p| < 1, this inequality yields
A+ A3 <6 [ (Juaf + Jugl) - € oo dodg
H

and, consequently, also
1/2
H

X {%VE (/H (lwal* + [wel?) - € - vo(2, ) d:vdf) -

(e

Applying the Sobolev and Hardy inequalities (A.11) and (A.16) to this estimate we deduce
that there exists a constant C' € (0, 00), such that the estimate in (6.1) holds for all pairs
u,w € V. Here, we recall that, by Remark A.6, the norm ||wl||}, defined in the Hilbert
space V' by eq. (A.20) is equivalent with the original norm ||w||y defined by eq. (2.14).

) 1/2
+ M, +|w|2> €z, ) da:df]

Proposition 6.1 is proved. W

6.2 Coercivity in the real domain

We wish to investigate the Heston operator A as a densely defined, closed linear operator
in the weighted Lebesgue space H = L*(H; tv).

We investigate the coercivity of the linear operator A in V = H!(H;w). In fact, we
will show that the coercivity property holds for A + 50’2 I in place of A, where ¢, > 0
is a suitable constant (large enough) specified at the end of this paragraph. As a trivial
consequence, the linear operator — (.A + %0’2 1 ) is dissipative in H. For establishing the
coercivity, hypotheses (2.26) and (2.27) described in Remark 2.2 are crucial.
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We use the sesquilinear form from eq. (2.21) to verify the coercivity of the linear
operator A in the Hilbert space V:

Q%Q(AU,U)H:LA—{—JQ—F—{—JE,E
U/[ux-ﬂx—l—p(%'ﬁz+ux~ﬁg)+u5~ﬂd'§~m(x,£)dxd§
H
(6.2) +%/(1—ysignx)(um~u+ug€-u)-§-m(x,§)dxd§
H
+/(/<c—’ypa signx—%/w) (ug - u+ e -u)-&-r(x,&)drd
H
+qr/(um~ﬂ+ﬂx-u)~m(x,§)dxd§
H
+ (48— w6,) [ a0+ ag-u) w(o,€) dede.
H

All integrals on the right-hand side converge absolutely for any u € V, by the proof of
Proposition 6.1 above.

Proposition 6.2 (Coercivity.) Let p, o, 0, q., and v be given constants in R, p €
(=1,1), 0 > 0,0 >0, and v > 0. Assume that 3, v, k, and p are chosen as specified in
Proposition 4.1. Then there exists a constant ¢, € (0,00) such that the following Garding
inequality

(6.3) 2 Re(Au, ) = 0 (1= |p]) - Julliy — ¢ - [lull

15 valid for all uw e V.

Proof. Let us consider eq. (6.2) with an arbitrary u € V. The first integral on the
right-hand side of eq. (6.2) is estimated from below by Cauchy’s inequality

Ug - Ty + Ug - Tg = 2 Re(ug - Uy) < 2ue| - |t] < Jug? + [ugl,

(6.4) > /H [[ual® = [p] (Jua|* + ue|*) + |ug|?] - € - vo(x, ) da d€

— (1 |p) / (ol + Jue?) - € - (2, €) dz de

= (L= o) (Ilully = llullz) -
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The second integral in eq. (6.2), J,, consists of two different parts that we treat by
integration-by-parts as follows, using the following simple formulas,

—w(r,6) = — €I signr =~y sign e (e, €)
T

(%m(x, =(pB-1) 55—2 e lel—nE _ Mfﬂ_l o lol—né

= (B =1 - p) e = (% —n

9 (e _ 9 (8 -
3¢ (& w(@,6) = 3¢ (€7 e7H)

) wie),

Consequently, the first part of the integral in 2J5/0 in eq. (6.2), becomes

=03- fﬁ—l e~ lEl—pE _ Mﬁﬁ e zl—nE — (B — pé) -ro(z,€).

/(Ux U+ Uy u) el gy = /(|U|2)x el qp
R R

= Ju(a, )

= 7/ lu(z, €)|* - signz - e el da
R

r=-400 9 .
—l—’y/ lu(z, €)|? - signz - el dz
T=—00 R

for almost every £ € (0,00), with a help from Lemma A.3. Integrating this equality with
respect to € € (0,00) and the measure ¢ e™#¢ d¢, we arrive at

(6.5)

[+ mu) € vl do
H

=7/ u(z, &) - signa - & - w(x, €) dz d .
H

Recall that to(z, &) = ¢°~t e ll=1¢ | Similarly, we get

= —lu(z, [ e

/(uz U+ Gy u) -signz - e dz
R

0 00
= —/ (uxﬂ—iruﬂx)ewdx—i—/ (up @+ uty,)e 7" de
0

—00

0 o)
= —/ (Jul?), - e d:(;—i—/ (|u?), - e 7" da
0

—00

0 0
Ty / (e, €)2 & da

—0o0

o0

+ fu(z, &)P e

T / (e, )2 e da
0 0

[e.e]

— 2u(0.6)P 4 / fu(z, )2 e da

—00
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Integrating this equality with respect to & € (0, 00) and the measure &7 e # d¢, we arrive
at

/(uxﬂ—i—uﬂx) -signzx - & - ro(x, &) ded
(6.6) H

- —2/ |u<o,s>r2fﬂe—ﬂfdg+v/!u(x,aﬁ-s-m(x,adxds.
0 H

Finally, we combine the identities in (6.5) and (6.6) to obtain
27,

g

(6.7) e / (0, ) €8 € de — 72 / (O - € - o(, €) da dé

E/(l—ysignaz) (Ug - U~ Uy - u) - € - 1o(x, &) dede
H

7 [ Jula P sign € w(a,&) da de.
H
In order to treat the third integral in eq. (6.2), we need to calculate
/ (ug -+t - u) - £ e dE = / (|u*)e - €7 e~ de
0

= Ju(z, &) €7 a4 5_°°— / [z, €)[2 - (8 — pé) € e e dg .
£=0 0

Integrating first this equality with respect to z € (—o0,00) and the measure el dg,
then applying the vanishing trace results (2.15) and (2.16), we arrive at

J3 = / (/{ — ypo signx — %;m) (ug - u+ue-u)-&-ro(x, &) dedé
H
(68) = — (= o) [l O (8 = )l ) g
+9p0 [ fute ) - signa - (5= i) (e ) do e

The fourth integral in eq. (6.2) is treated analogously to the second one. It suffices
to replace 5 by 8 — 1 in the equality (6.5) which then yields

b e i
(6.9) o

= [ lul, O -sign - (e, ) do de.
H
Finally, the last integral in eq. (6.2) is treated analogously to the third one,

ﬁ;/ e+ T 1) - (e, €) da de

_ /|ux§ <—_M) (. €) da e .

(6.10)
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We collect the second through fifth integrals, cf. eq. (6.2),
Jo+ ... Js = 70/00 [u(0,€)[2 &P e d¢
0
+ (=407 (s = o)) [ fuGo O € v ) dod
+ [hor = o] [ JutwOF -signa €l &) do g
= Bk — uo) +pu (LBo — 8,)] /H (e, €)2 - w (i, €) dar dé
#5907 790 [ Julw, OF -sign - wia.€) dodg
~ 0= 1) (360 — ) [ e arae,
I
whence
Jo+...J5 >
(6.11) {ln = o7 +42)) = v 5 = o} [ Julw, O € (o, €) ot

+{[Buo — k(B + )] — v Bpo + 4|} ullh

2
(51 (st~ o) [ P e g g
H
= ¢, /H fu(z, O - € - to(,€) de dE + ¢ - [[ull}y
2
rea [P0 o doag.
where the constants

a1 S [pk—s0(V¥ + )] — oy |3 —po|
¢y = [Buo — k(B + pby)] —v18po + g,
3 = (B—1) (K0, — 3p0) ,

are estimated from below as follows:

def
(6.12) a1 > = ps—so(V +p?) — oy (5 +ulol)
(6.13) cy > —00,

—1
(6.14) 3 = b - (k0 — $80%) >0

The constant c3 € R is nonnegative thanks to Feller’s condition, %02 — kb < 0, provided

we choose 3 € R such that 1 < 3 < 2k6/0?%. The sign of the constant ¢, does not matter
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as it stands as a coefficient with the norm ||u||y. Finally, in order to guarantee ¢; > 0,
we first choose p > 0 such that this value of g maximizes the function

pr ¢y = () = pr — 50(37 4+ 1) — oy (5 + plpl)
1 K 2 K 2
=50 {— (u——+7|p|) + (——MPD —7(1+7)] :
o o
that is, u = (k/0) — v |pl|, provided x > o7y|p|. With this value of i, we have to satisfy
/ 1 K 2
¢ = 30 [(;—VIPD —7(1+7)] >0,

that is, ineq. (2.27).

Finally, applying inequalities (6.12), (6.13), and (6.14) to the right-hand side of
eq. (6.11), and inequality (6.4) to eq. (6.2), we obtain

2 Re(Au, u)r = o (1= |pl) ([[ully — [lullz)

(6.15) e, /H fu(, ) - € - (. €) da dé + e Jull
2
va @ (e, €) dzde > o (1— pl) [l — & flull%

where ¢, = o (1 — |p|) + |c2] > 0 is a constant.

Consequently, the linear operator A + %0’2 I is coercive in V and — (A + %C’Q I ) is
dissipative in H. More precisely, ineq. (6.15), when combined with our definitions of
equivalent norms in V' = H'(H; tv), yields the Garding inequality in (6.3).

The proof of Proposition 6.2 is complete. W

Remark 6.3 (Feller’s condition.) Feller’s condition 30° — k0 < 0 and our choice of
$ € R such that 1 < 8 < 2kf/0? guarantee c3 > 0 in the proof of Proposition 6.2 above.

In addition, to guarantee also

K 2
6’12%0[<;—7\p\) —7(1+7)} >0,

we need to assume ineq. (2.27). O

Proof of Proposition 4.1. In Propositions 6.1 and 6.2 above we have verified the
boundedness and coercivity hypotheses for the linear operator A : V' — V' required in
J.-L. LioNs [37, Chapt. IV], Théoréeme 1.1 (§1, p. 46) and Théoreme 2.1 (§2, p. 52).
Consequently, these well-known results from [37, Chapt. IV] yield the desired conclusion
of Proposition 4.1 on the existence and uniqueness of a weak solution to the initial value
problem (2.7). Finally, the energy estimate (4.1) can be found in L. C. EVANS [12,
Chapt. 7, §1.2(b)], Theorem 2, p. 354. W
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7 The Heston operator in the complex domain

In the first paragraph of this section, §7.1, we apply the classical theory of sectorial opera-
tors as infinitesimal generators of holomorphic semigroups of bounded linear operators in
the complex Hilbert space H = L?*(H; o). This theory provides a (unique) holomorphic
extension of the unique weak solution w : H x [0,7] — R of the initial value problem
(2.7) with f = 0, obtained in Proposition 4.1, to the complex domain H x Ay that is
holomorphic in the time variable ¢ € Ay.. To obtain a holomorphic extension of u to the
complex domain U™ = X x A,ietanr C C? in the space variables (, &), that has been
defined in eq. (3.3) for r € (0,00), we first replace the (possibly nonsmooth) initial data
up € H by an entire function ug,, : C* = C; n=1,2,3,..., constructed in §7.2, such that
Uonlm € H, ineq. (7.6) is valid, and the sequence |[ug |z — wollg — 0 as n — co. Given
such initial data ug|g € H, where ug : C* — C is an entire function satisfying ineq. (7.6),
the main result of the entire section, Proposition 7.1 proved in §7.2, provides a (unique)
holomorphic extension of the solution u to the complex domain X X Agetans X Agr C C3;
hence, in all its variables (z, &, t), provided the initial values (at t = 0) are holomorphic in
the complex domain B = X" % Aetanr © C2. The case of general initial data ug € H
will be postponed until Section 9 where we let the analytic initial data ug,|m converge
to arbitrary initial data wy in H as n — oo. Finally, the convergence of the (unique)
holomorphic extensions to a smaller domain

F,‘(—FT/)(K)Q, VO) C Qj(r) X Aﬁ/

of the corresponding weak solutions w,, : H x [0, 7] — R of the initial value problem (2.7)
with f = 0 and the initial data ug,|m € H, obtained in Proposition 4.1, to a holomorphic
function u : F%T/)(lio, vp) : C will be established in the next section (Section 8). This
argument will help us to complete the proof of our main result (Theorem 4.2).

Next, we define a few function spaces for functions on ) C C2. We denote
by £>>(0™) the Banach space of all complex-valued, Lebesgue measurable functions
u : YT — C, such that, for each pair y,w € R with |y| < r and |w| < r, the following
integral converges,

00 “+o00
(7.1) /0 /_ 4+ iy, €01+ w) - w(, &) dz dé < oo,

and the norm

def
HUHCQvOO(‘ZT(T)) =

[e's) +oo 1/2
ess sup </ / lu (z + 1y, 5(1—I—iw))\2-m(x,§)dxd§> < 00.
0 —00

ly[<r, |w|<r

(7.2)

It is well-known that £>>(2)) is a vector space and || - || z2.00 )y defines a norm on it;
cf. P. TAKAC [46, Sect. 5. It is easy to verify that £2>°°(()) is a Banach space. We
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denote by H?(20)) the Hardy space of all holomorphic functions u : ) — C such that
u € L2®(PM). It is well-known that H2(U") is a closed vector subspace of £2%°(0(™).
We refer to E. M. STEIN and G. WEIsS [/, Chapt. III] for basic theory of Hardy spaces;
the most relevant results about H2(23(™) can be found in [44, Chapt. III], §2, pp. 91-101,
and §6.12, pp. 127-128.

The problem of analyticity (holomorphic extension) of a weak solution to the ho-
mogeneous Cauchy problem (2.7) (with f = 0) can be split into two parts, analyticity
in time and analyticity in space; see §7.1 and §7.2 below, respectively. Since the partial
differential operator A : V' — V' in eq. (2.7) is independent from time ¢, analyticity in the
time variable ¢ follows from the well-known theory of analytic C%-semigroups as described
below.

7.1 Analyticity in the complex time variable ¢

Our results from the previous section (Section 6) on the boundedness and coercivity of
the linear operator A : V — V' in eq. (2.7) show that A is a sectorial operator in the
complex Hilbert space H. More precisely, the linear operator — (A + %C,Q I ) in H possesses
a bounded inverse, by the Lax-Milgram theorem, and ineq. (6.3) implies that there are
constants ¥ € (0,7/2) and My € (0,00), such that

~1
(7.3) TN+ 3¢5 +A) llegr—m < My/||

holds for all A\ = pe € C with o >0 and 6 € (—%W—l‘}, %’N—l—ﬁ) )
Consequently, — (.A + %c’z I) is the infinitesimal generator of a holomorphic semigroup of
uniformly bounded linear operators {e*d?t/2 et e R+} in A, ie.,

(7.4) le™ | ey < M et/ holds for all ¢ € Ay,

where ¥ € (0,) is arbitrary and M}, € (0, 00) is a suitable constant depending on 9'; see,
e.g., Theorem 5.7.2 in H. TANABE [17], §5.7, p. 161, combined with [47, Theorem 5.7.6],
§5.7.4, p. 179. This means that the strongly continuous mapping t — e %2 e %A of R,
into the Banach algebra of all bounded linear operators on H (endowed with the operator
norm || - ||z(z—m)) can be extended uniquely to a holomorphic mapping in a complex angle
Ay of angular width 21, defined in (3.2), 9" € (0,7/2) small enough, 0 < ¢ < ¢ < 7/2.

Hence, the unique weak solution u : H x [0,7] — R of the initial value problem
(2.7) with f = 0, obtained in Proposition 4.1, extends uniquely to the complex domain
H x Ay and is holomorphic in the time variable t € Ay. Furthermore, by ineq. (7.4)
above, the following estimate holds for any initial condition uy € H,

(7.5) (-, - t)la = lle P uollg < Mj el@/DFet ||yg||y  forall t € Ay .
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7.2 The Cauchy problem in the complex domain

Given an initial condition uy € H, in the Appendix (Appendix B) there is a sequence of
entire functions wug, : C* — C; n=1,2,3,..., with ug,|m € H, constructed such that

lwonlm — uollg — 0 as n — co.

An important property of each function wug,, : C?* — C is the following decay inequality:
Given any numbers r € (0,00) and ¥ € (0,7/2), for each n = 1,2,3, ..., there exists a
constant A, = A,(r,9) € (0,00) such that

(7.6) [ug (@ + 1y, € + )| < Ay e” @O
whenever z =z +iy € X" and ¢ =& +ine Ay,

where the right-hand side is in H = L?(H ).

To begin with, let us fix an arbitrary index n € N; N o {1,2,3,...}, for which we

abbreviate uy = wug, with uglg € H. Hence, throughout this paragraph we assume that
either uy : C?> — C is an entire function or at least uy : X x Ay — C is a holomorphic
function that satisfies an analogue of (7.6) with a constant Ay = Ay(r,9) € (0, 00):

(7.7) luo(x + iy, & +1in)| < A e~ (@ +0)/4

whenever z =z +iy € X7 and ¢ =&+ine Ay.
To simplify our hypotheses and notation, we take r € (0, 00) arbitrary and ¥ = arctanr €
(0,7/2), so that X x Ay = U™ C C? is the complex domain V™ = X x A, epanr C C2

that has been defined in eq. (3.3). The general case of uy € H will be treated in the next
section (Section 8).

We formulate the corresponding analyticity result for such an initial condition ug as
the following special case of Theorem 4.2:

Proposition 7.1 Let p, o, 0, q,, and ~y be given constants in R, p € (=1,1), ¢ > 0,
0 >0, and v > 0. Assume that 3, v, k, and p are chosen as specified in Proposition 4.1.
Finally, let us assume that ug : B — C is a holomorphic function that satisfies a bound
similar to (7.7),
(7.8) [uo( + 1y, € + )] < Age” O

whenever z =x + iy € XM and (=€&+1n € Aurctans

where r € (0,00) is some number and Ay = Ao(r) € (0,00) is a constant.

Then the (unique) weak solution

u e C([0,T] — H)NL*((0,T) = V)
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of the homogeneous initial value problem (2.7) (with f = 0 and this ug) possesses a unique
holomorphic extension @ : B x Ay — C to the complex domain B x Ay C C3,
where v’ € (0,r] and 9" € (0,7/2) are some constants. Furthermore, there are additional
constants Cy, co € Ry such that

[e'e) +o0
[ e ), 0F - wie g drag
(7.9) 0 /= o oo
< Gyt / / g (2 + iy, £(1+ i) - (i, €) dar e
0 —00

for every t € Ay and for all y,w € R such that |y| <" and |w| < r'.

Before giving the proof of this proposition, we make a few important remarks: The
proof hinges upon the fact that if the holomorphic extension @ : B") x Ay — C of a

weak solution
u € C[0,T] — H)NL*((0,T) = V)

of the homogeneous initial value problem (2.7) exists, then it must satisfy the following
initial value problem with complex partial derivatives:

% + (Ad)(z,¢,t) =0 in B x Ay ;

(7.10)
i(z,¢,0) = up(2,¢)  for (2,¢) € B,

where the complex partial differential operator A is given by

0z \ 0z

1
2

il il

o +300) 5250 = slb: = )

= — %og (@ + 2ptc), + dce] + (ar + 30€) - Gz — K(0, — C) - Uc

for (2,¢) € V") =X X Agrotany -

Ai =——0(- 0 @ z @ z @ z
sy G050 = (50425 60) + 5560
(2.0

This operator has been obtained from the Heston operator (2.9) by the natural complex-
ification of the variables z and £ as z = x + iy and ( = & + in, respectively, with the
imaginary parts y,n € R. However, to establish the conclusion of Proposition 7.1, we
need to choose the imaginary parts y,n € R such that |y| < " and n = {w with |w| < 7/,
where y and w are fixed, while z and £ are the independent variables, (z,&) € H. Hence,
we have to investigate the function

v (z,6t) — v(z,&t) = UE;::;B)(x,ﬁ,t)
def

(7.12)
o ﬁ(:c—l—iy—i—z*, €1+ iw + w'), t) CH x Ay — C
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with the complexified space variables

242 =rx+iy+2z =+ +ily+y"),

(7.13) ) )
(+C=¢14iw)+ =1+ iw+w").

Here, 2*,w* € C are complex numbers with sufficiently small absolute values, such that
(7.14) iy+2-ex  and 14 iw+ w* € Apctans

which guarantees that the argument of the function @ in eq. (7.12) above stays in B x Ay
for all (x,&,t) € H x Agy. Small complex perturbations (2*,w*) € C? are needed to cal-
culate partial derivatives of the function @(z, (,t) with respect to the real and imaginary
parts of its arguments (z,¢) € B, The complex differentiability (yielding the holomor-
phy) with respect to the time variable ¢ € Ay has been treated in the previous paragraph

(57.1).

A simple application of the chain rule,

0 ot 0 ot
%(x,&,t)z%(z—i—z*,{%—(*,t) and a—Z:(l—l—iw—i—w*)a—z,
shows that the function v : H x Ay — C defined in eq. (7.12) must be a weak solution
to the following initial value problem with real partial derivatives:

0 S, .
(7 15) a_: + (A(IW'HU )U) (x7§7 t) =0 in H x Ag/ ;

v(z,€,0) =up (v +iy+ 2%, (1 +iw+w*)) for (z,§) € H,

where the real partial differential operator A1“++") is given by
0

1 . . ov 2p ov
—3 (1 +iw+w*)og: [@ (%(%5) + TTiwra 8—5(%5))
0%v
* (1+iw+w*)? 9¢

.6

+ for+ 304w+ 0)0g] - Do

. e 0
_ﬁ[ea—(l—i—wwkw )6]-8—2(%5)

1
= -3 o€ [(1+iw+ w v, + 2pve), + (1 4 iw + w*) " vge]
+ (g + 21 +iw+ w)ol] v, — K [(1+iw +w*) 1, — €] - v
for (x,&) € H.
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Consequently, recalling the definition of A in eq. (2.9), we have

(ATT0) (2,6) = (Av)(x,€)

g . * . S —
(7.16) = 5 (W +w)g - (vae = (141w +w) ge)
+%(iw+w*)£.vx+%ﬁga.vg for(x,g)EH.

It is important to note that the linear operator A“+«") : V' — V"’ does not depend on
y € Ror z* € C. However, it does depend on w € R and w* € C; more precisely, it

depends on the sum iw + w*.

To derive the sesquilinear form associated to AW*«")

(7.17) (v,w) = (AT )

H >

we apply the same methods as for obtaining eq. (2.21) associated to .A. We thus arrive at

(A(i“’+w*)v,w)H = (Av,w) g

—l—g(iw—l—w*)/(vz~wm—(1+iw+w*)1v5-w§)~§~m(x,£)dxd§
2 H
—%(iw%—w*)/ﬂ{[v signz - v, w - €
+ (14 iw+w*) (B — p&) v - w]w(x, &) dz de
—l—%(iw—l—w*)/}ﬂvxw-ﬁ-m(x,f)dxdf
iw -+ w* )
%m@o/ﬂvgw-m(aﬁ)dxdﬁ,

where we have taken advantage of the vanishing boundary conditions (2.18) and (2.19)
with the pair of functions (v, w) in place of (u,w), while performing integration-by-parts
on the second summand on the right-hand side of eq. (7.16); cf. also egs. (2.15), (2.16),
and (2.17).

Finally, the sesquilinear form (7.17) becomes
(A(iw-&—w*)vj w)H = (AU, w)H

(7.18) + — (lw+ w*)/ (vp - Wy — (141w + w*) vg - W) - € - ro(z, &) da d€
H

+ (icu—i—w*)/(1—7signaz‘)vx‘wf-m(x,f)dxd/f
H

iw 4+ w*
el £ dz d
2 1—ch+uf"'M/HUE @& - wofz, §) dwdg

W (%60—/4:00)/v§~w-m(x,§)dxd§.

_1+1w~|—w* H

[Q [Q o9
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All integrals on the right-hand side converge absolutely for any pair u,w € V, in anal-
ogy with eq. (2.21). In what follows we use the last formula, eq. (7.18), to define the
sesquilinear form (7.17) in V' x V.

The following two results, respectively, are analogues of Propositions 6.1 and 6.2 with
similar proofs. Here, the sesquilinear form from eq. (7.18) replaces that from (2.21). We
use the former to verify the boundedness and coercivity of the linear operator A«+«”)
V' — V' in the Hilbert space V' = H'(H;t). The details of these proofs are left to an
interested reader.

Proposition 7.2 (Boundedness.) Let 3, v, u, p, 0, 0, q., and k be given constants in
R,8>1,v>0,u>0 -1<p<1, 0>0, and 0 > 0. Then, given any number
r € (0,00), there exists a constant C* € (0,00), such that, for all numbers w € (—r,r)
and w* € C with |w*| < 1/2, and for all pairs u,w € V', we have

(7.19) | (A0, w) | < ully - [lw]ly -

In our next proposition, the number r € (0, 00) has to be sufficiently small, unlike
in the analogous Proposition 6.2 where it is arbitrary.

Proposition 7.3 (Coercivity.) Let p, o, 0, q., and 7 be given constants in R, p €
(=1,1), 0 >0, 0 >0, and v > 0. Assume that 3, vy, Kk, and p are chosen as specified

1] and ¢ € (0,00) such that the

in Proposition 4.1. Then there exist constants r € (0, 3

following Garding inequality

Q

(7.20) 2 Re (AW y, u) > 5 (L=1pl)- lully — 5 - llullf

is valid for all w € (—r,r) and w* € C with |w*| < r, and for all u € V.

Now we are ready to prove Proposition 7.1.

Proof of Proposition 7.1. It is obvious that we must find a method how to solve
the initial value problem (7.15) with a conclusion similar to that provided in paragraph
§7.1 for the initial value problem (2.7) with f = 0, thanks to Propositions 6.1 and 6.2 for
the linear operator A : V' — V’. Notice that the initial condition in problem (7.15) reads

(7.21) v(z,&,0) = vo(x, ) LA (r+iy+ 2 (1 +iw+w")) for (z,§) € H.

Thus, we must first adapt these two propositions to the linear operator A0«+«") . /' — V7
for any fixed numbers y,w € R with |y| < v’ and |w| < 77/, and for any fixed complex
numbers z*,w* € C with sufficiently small absolute values, such that (7.14) holds. It
suffices to do this for some 7’ € (0,7 small enough. Hence, the couple (z + z*, { + (*)
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from eq. (7.13) that appears also as the argument of the function ug in eq. (7.21) above
stays in B0 ¢ PO for all (z,€) € H, thanks to 0 < ' < 7.

In analogy with Propositions 6.1 and 6.2 (boundedness and coercivity, respectively)
for the operator A : V' — V', Propositions 7.2 and 7.3 (Appendix A) for the operator
Alwte™) -/ 5V guarantee that AH") is a sectorial operator in the Hilbert space
H, provided |w| < " and |w*| is small enough. Hence, — A(“+%") is the infinitesimal
generator of a holomorphic semigroup of bounded linear operators {e‘tA(iWw*) tt e R+}

in H, ie.,
(7.22) ||e’t’4(m+w*) (o < My, 2Rt holds for all t € Ay,

where ¥ € (0,7) is arbitrary and My, ¢ € (0,00) are suitable constants depending on
¥, but independent from the particular choice of w € R or w* € C such that |w| < 7’
and |w*| is small enough. This semigroup provides the (unique) holomorphic extension
v: Ayr — H of the (unique) weak solution

i) € C((0,T) = H) N L*((0,T) — V)

v iy42z*)

to the initial value problem (7.15). The uniqueness guarantees that this solution depends
on the fixed data y,w € R and z*,w* € C only through the sums iy + 2* and iw + w*, as
so do the operator A+ (which, in fact, is independent from y and z*) and the initial
condition (7.21). Indeed, let y;,w; € R and z},wj € C satisty (7.14) for both j = 1,2,
ie.,

(7.23) ly; + z; € x and 1+ w; +w; € Aarctans -

Consider the corresponding (unique) weak solution

. (iijrw;‘)
o) = 2 € C([0,T] = H)n L*((0,T) - V)

= Y(iy+2;

to the initial value problem (7.15) together with its (unique) holomorphic extension v/ :
Ayr — H; j = 1,2. The initial condition (7.21) is given by

(7.24) v(@,€,0) = o (2,6) = uo (z +iy; + 2}, £(1 +iw; + )
for (z,&) € H.

Consequently, if

iy + 27 =iys + 25  and  iwy + Wi = iws + w5,

then v(()l) = v((f) in H and, therefore, the uniqueness for problem (7.15) forces vV (z, &, ) =

v® (x,€,t) for (z,€,t) € H x Aygr. This uniqueness result allows us to give the following
(correct) definition of a function @ : 6" x Ayr — C by the formula
. : . : . def (iw+tw*
(7.25) u(x +iy + 2", (1 +iw + w™), t) = véiy;*))(x,f,t)
for all (z,¢&) € H and for all ¢t € Ayn .
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Notice that it suffices to take z* = w* = 0 and arbitrary numbers y,w € R with |y| <
and |w| < r’ to define 4.

The function

t— U((ll;u::i))(x,f, t) : Aﬂ” —C

being holomorphic, by §7.1, it is obvious that also @ : B x Ays — C is holomorphic in

the time variable ¢ € Ays. Furthermore, the estimate in (7.9) follows immediately from
inequality (7.22) by taking Cy = M}, > 0 and ¢q = ¢4 /2 > 0.

Taking advantage of the differentiability of the coefficients of the partial differential
operator A1) in eq. (7.16), we observe that if the initial data ug € £2°°(0")) are C>-
smooth (in the real-variable sense) then also the (unique) solution (-, -t) : B — C
to the initial value problem (7.15) is C*°-smooth in H, by Theorem 19 and Corollary (to
Theorem 19) in A. FRIEDMAN [18, Chapt. 10], on p. 321 and p. 322, respectively.

Now we take advantage of the holomorphic data vy in the initial condition (7.21)
with respect to the small complex parameters (2*,w*) € C? in order to show that, for
each fixed t € Ay, the function (-, -t) : V) — C is holomorphic. To this end we first
realize that the initial data vy in (7.21), which depend on the real parameters z* = e 2*,
y* = Qmz*, of = Rew*, and f* = Imw*, are continuously differentiable (i.e., C''-smooth
in the real-variable sense) with respect to these parameters. We wish to prove that the

(iw+w*)

same is true of each function Uiyt 2)

with respect to the parameters z*, y*, o*, * € R.
In order to be able to apply well-known results from D. HENRY [22, Chapt. 3, §4]
(iw4w*)
(iy+2z*)
parameters, we rewrite the initial value problem (7.15) equivalently as

on the continuous dependence and differentiability of the solution v with respect to

ow _— - .
(7.26) e + (A(Wrw )w) (x,&,t) = — (.A(l“’J”“ )vo) (x,€) in Hx Ay
w(z,£,0)=0 for (z,&) € H,
where
(7.27) w(, & 1) = wie ) (2,6, 4) F o) (w6, 1) — v, €, 1) =

il(a: +iy + 2%, (1 + iw + W), t> — u0<x +iy + 2" (1 +iw + w*))
is the new unknown function of (x,&,t) € H x Ay. It is easy to see that the function
— (AG0y) (2,6) = — (Aug) (= +iy + 27, §(1 +iw +w")

of (z*,w*) € C is holomorphic, for |z*| and |(*| small enough; hence, C''-smooth with
respect to the real parameters z* = Re z*, y* = Sm z*, o = Rew*, and f* = Smw*. By

HENRY’s theorem [22, Theorem 3.4.4, pp. 64-65], the unknown function wg;}::)) (w,&,t)
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possesses the same C''-smoothness property, for every fixed t € Ay. Next, we apply the
Cauchy-Riemann operators

0 arl(d 0 9 awtl/ 0 0
9z 2 (&r* +10y*> e <8a* +165*)

to both sides of eq. (7.26) (differentiation with respect to parameters), thus concluding
that both derivatives,

0 fw—4-w* 0 iw4w*
BET wéiy:z*)) (ZL’, &, t) and B wéiyiz*)) (gj, &, t) ,

are the (unique) weak solutions of the initial value problem (7.26) with the zero initial
data. Thus, both derivatives must vanish identically for all (z*, w*) € C with |2*| and [*|
small enough. Consequently, the difference @( -, -t) — ug : B — C is holomorphic, and
so is the function (-, -t) : V) — C, as claimed. D. HENRY provides an alternative
proof of analyticity in his [22, Corollary 3.4.5, p. 65] that employs an analytic implicit
function theorem via Lemmas 3.4.2 and 3.4.3 in [22, pp. 63-64].

To complete our proof of Proposition 7.1, we apply the classical Hartogs’s theorem
on separate analyticity (see, e.g., S. G. KRANTZ [32, Theorem 1.2.5, p. 32| and remarks
around) to conclude that the function @ : U™ x Ags — C, defined by the formula in
eq. (7.25), is holomorphic not only separately in the variables (z,¢) € B and t € Ayr,
but also jointly in (z,(,t) in its entire domain. W

8 L?-bounds in the complex domain

In order to give a plausible lower estimate on the space-time domain of holomorphy (i.e.,
the domain of complex analyticity) of a weak solution u to the homogeneous initial value
problem (2.7) with f = 0, we introduce a few more subsets of C? x C (cf. P. TAKAC et
al. [15, p. 428] or P. TAKAC [16, pp. 58-59]):

The two constants kg, v € (0,00) used below will be specified later (in the proof of
Theorem 4.2); 0 < a < oo is an arbitrary number. First, we recall the definitions of the
complex sets Yo ¢ C?, (@ (yy) C C, and P%T/)(K}O, 1p) C C? x C given in Section 3,
egs. (3.4), (3.5), and (3.6), respectively.

Let us introduce the function x(s) o min{s, 1} for s € R, o [0, 00); hence, it’s

derivative is given by x/(s) = 1 for 0 < s < 1 and x/(s) = 0 for 1 < s < co. Since the
x-section of FEFT )(/10, 1) is independent from x € R, if koT" < 7/2, setting

B (k0 10) © { (¢, 1) = (9,€ +ima+i7) ERx Cx C:

(8.1) 0<a<T together with |y| < roT'x (%), £>0,

Javetan(n/€)] < ko T'x(2) . and w7l < Tx(2)}.
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we may identify F(TT/)(K;O, V) ~ R x f(TT/)(HO, ).

The most important part of the proof of Theorem 4.2 is the a priori estimate in
(4.2). It is proved in the following proposition. An example of a holomorphic extension
@ V" x Ay — C to a complex domain containing F(TT)(KO,I/O) C C3 is given in

Proposition 7.1, provided ko, v, ! and T" € (0, T] are small enough.

Proposition 8.1 Let p, o, 0, q., and v be given constants in R, p € (—=1,1), o > 0,
0 >0, and v > 0. Assume that 5, v, k, and | are chosen as specified in Proposition 4.1.
Then, given any numbers r € (0,00) and ¥ € (0,7/2), the constants kg,vy* € (0,00)
and T" € (0,T] can be chosen sufficiently small, such that

FgﬂT/)(Ho, Vo) C ’U(T) X Aﬁ/

and there exist some constants Cy, co € Ry with the following property:

If ug : V") — C is a holomorphic function that satisfies the bound (7.8) in Propo-
sition 7.1 and if @ : BT x Ay — C is the holomorphic extension of the (unique) weak
solution

u € C([0,T] — H)NL*((0,T) = V)

of the homogeneous initial value problem (2.7) (with f = 0 and this ug) that has been
obtained in Proposition 7.1, then the estimate in (4.2) holds with the constants Cy = 1
and co = dy € Ry from Proposition 6.2, for every a € (0,T] and for all y,w,7 € R
satisfying (4.3), depending on a. depending on .

Before giving the proof of this proposition, we first observe that the holomorphic
extension @(z,(,t) must be unique, by uniqueness of the holomorphic extension in each
of the variables z,(,t € C. Consequently, the remarks following the statement of Propo-
sition 7.1 apply also in the setting of our Proposition 8.1. The holomorphic extension

(% F(TTI)(RO, vp) — C of a weak solution
u € C([0,T] = H)NL*(0,T) = V)

of the homogeneous initial value problem (2.7) must satisfy the following initial value
problem with complex partial derivatives; cf. (7.10):

% + (Aﬂ)(z, ¢,t)=0 in F;T/)Oio, ) ;

u(z,¢,0) =uo(z,¢) for (z,¢) = (z,§) € H,

(8.2)

where the complex partial differential operator A is given by eq. (7.11) and @ € H2(0™)).
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Proof of Proposition 8.1. In order to establish the estimate in (4.2), we need to
control the behavior of the holomorphic extension (z,(,t) of the solution w(z,§,t) at
every point

(2,¢,8) = (x + iy, £(1 + w), a +ir) € TY ) (ko, 1)
by the initial condition ug : H — C defined only at points (z,&,0) € Hx{0} = Rx (0, 00) X
{0}. Given any such two points, (z,£,0) and (z,(,t), we connect them by the following
piecewise linear path parametrized by the real time s € [0, Ret], i.e., by 0 < s < o

Given any point
(2,¢,8) = (x + iy, £(1+ iw), a+ir) € TY ) (ko, 1),

we set

/

TI

-
Yo min{«, T'} Yo wo=tal (min{a, T'} are anw) , and ¢ a

Thus, conditions (4.3) are equivalent with

(8.3) max{|yo|, | arctanwp|} < koT' and |¢| < vyt

def

Fixing (yo,wo, @) € R? as in (8.3) above, we recall x(s) o min{s, 1} for s € R, = [0, 00)

and define the path
¢ =oe: [0,T] = {(,6,0)} UTY ) (ko, 10) :

(8.4) s (w0 ix(s/T o, € (1+ix(s/T')wo) , (1+i6)s)
= (x,&,8) + i(X(s/T')yO, X(s/T")w, gzﬁs) .

The numbers y,w, ¢ € R are related to (2,(,t) by ¢ = 7, y = Smz, and w = C‘;ETCC For

s =0and s = o = Ret we get the points (x,&,0) and (z,(, ), respectively.

Next, we define the function v : H x [0,7] — C by the values of @ on the image of
the path ¢,

(8.5) v(x,&,5) u(:l: +ix () vo, € (1+ix(2)wo) , (1+ igb)s) . (2,6,8) € H x [0,7].

We calculate

9 Lon i, (0.  Oa

(8.6) a_z<x7§as):(1+1¢)a_’lz+%'><(ﬁ) (a—:ZJOﬂLa—szo) ;
ov ou

(87) %<Qf,f, S) = %7 )

(5.8) D, 5) = (1+ ix(3)wo) 2.

o€ ¢
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We prefer to use the complex form (7.11) of the (time-independent) Heston operator
(2.9). Hence, according to the initial value problem (8.2),

ve C([0,T] = H)n L*((0,T) = V)
is a weak solution of the following initial value problem,
2 (A Es) =0 i Hx(0,7)
= in ;
(8.9) Bs 06 s s
v(x,&,0) =up(x,&) for (z,6) e H

where the (time-dependent) partial differential operator A(s) is given by

(A6 = (1+16) (A0) (10 - 75X ) (G + g )

0%v 0%

1
-5 (1+ig)at: {(1 + ix (&) wo) 5.z T2 891:85(3:’5)

+ (1 +ix(Z)wo) ggg( 5)}

+ (1+i¢) [¢ + 5 (L +ix(&)wo) o€] —(x £)

— (L+i9)r |0, (14 ix()wo) " —¢] aZ(x £)

~ X [ g+ (1 i) oo g
= (1 +i9) - (Av)(z, &)

i) x() {% (U ix()en) g—g}
+ % (14i¢) - x(%)wo {af Ov (2,8) 4 260, (1 +ix(%)wo) - az(:v f)}

ov , 0
~ 5 X | 5+ (1 en) " o |

which yields the following formula,

<A@m@£rer@<Amwa
(8.10) — i 2 (Lals)0)(@,§) — i+ 7 - (Lals)o)(a,§)

+ 5 (1+ig)owo - (53(8)0)(% §) +i(1 +1i9)rbly wo - (La(s)v)(2,€),
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where we have abbreviated

(1) (L)) V() o (a,6),

(812)  (La(s)0)(, ) () (1 + ix(2)wn) "€ 2—5 )

(8.13) (L3(s)v)(x, &) def X(%)f % — (1 + ix(%)wo)_l g—é) - % . and
10

(8.14)  (Lals)v)(x, &) € v (2) (1+ix(5)wo) a_z for (z,£) € H.

We insert eq. (8.10) into (8.9), thus arriving at

%@: €)= = (L4i0)- (e
615) i L))+ (Lol )

_é(l‘i‘i(b)awo'(ﬁ?,( )0)(2,8) —i(1 +i6) A, wo - (La(s)v)(x, )

for (z,&,s) € H x (0,7).

In Propositions 6.1 and 6.2 above we have verified the boundedness and coercivity
hypotheses for the linear operator A : V' — V' defined by sesquilinear form in eq. (2.21).
Estimates analogous to those used in the proof of Proposition 6.1 show that all linear
operators L;(s): V — V’; j =1,2,3,4, are uniformly bounded for s € [0,7] and wy € R,
i.e., there is a constant L € (0,00) such that

(8.16) |(Lj(s)v,w) | < L-|jv|ly[Jw|ly  holds for all v,w € V

and for all s € [0,7] and all wy € R; 7 = 1,2,3,4. Here, we have used the definition of
x(s) = min{s, 1} and |1 +ix(Z)wo| > 1.

In order to obtain the upper bound (4.2) for the integral on the left-hand side,
o0 —+o00
| e g i) asin e dods
0 —00
[e’¢) “+oo
— [ b g oPrw g deds = ot -9l
0 —0o0

cf. eq. (8.5), we first take the time derivative of the second integral above, then apply
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eq. (8.15):

%Hv(»-,s>uz:/ﬂ<%a+v%) o, €) d e

= /((Av)(x f)v+v(Av)(x,£)> w(z, €) dz dé
1¢/ v)(2,€) v — v (Av)(z,8) ) w(2,€) dw dg

i [ (€)oo~ o TETIIE6) i, dodg

i T’ (“ﬂs)vﬂx,fﬁ—vm) w(z, €) dz dé

i

-3 awo/H ((1 +1i¢)(L3(s)v) (7, &) v — (1 —ip)v (L3(s)v)(, 5)) ro(z,§) dz dg
—ikf,w, /H ((1 Fi0)(La(s)0) (2, €) T — (1 — i)v <c4<s)v)(x,g>) w(z, €) dz e .

We estimate the integrals on the right-hand side above as follows. First, we take advantage
of the coercivity of A : V — V' expressed in terms of the Garding inequality (6.3). Second,
we employ the boundedness of A, i.e., ineq. (6.1). Third, we employ the boundedness of
L;(s), i.e., ineq. (8.16). Consequently, we arrive at

d 2 ov _ ov
Sl = [ (Fro+ o5 ) madads
(8.17) < o (1= Jol) - ol + ¢ - ol

\yo! |wol

+ 20191 Jvlly + 2L = ol + 2L = (oIl
+ L |1 +19] olw| ||v||v +2L |1 +i¢| K |wol [[0]f5 -

To estimate the coefficients on the right-hand side above, we recall the conditions on
(Yo, wo, #) € R3 required in (8.3). In order to estimate the ratio wy/7T” in a simple way,
let us take the constants k¢ € (0,00) and 7" € (0,7 small enough, such that k1" < /4.
The function z — z~! tan z being strictly monotone increasing on (0, 00), with the limit
equal to 1 as = — 0+, we employ condtition (8.3) to obtain

tan(m/4)  4ko

!
. < - = =
tan(fioT) Ko /4 < 2Kg

|wol Ko
T IioT/

Then ineq. (8.17) yields

% lo(- - 9)llE < —o (X =lp) - lIF + ¢ - vl
(8.18) + (2Cvy " + 2Lko + 4Lko) |Jv][}

+ (L(1 4 vy "o - 260T" + 2L(1 + vy kb, - 26017 ||0]|3-

= — o (L=|pl) - oll¥ + - lvllf + C loll? .
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where C' € (0,00) is a constant,

C Y (215" + 2L#kg + 4Lk

+ (L(1 4 vy "o - 260T" + 2L(1 4 vy ") kb, - 260T")
= 2Cv; "' 4+ 6Lkg + 2L(1 + v5 ) (0 + 2K0,) - KkoT" .
Here, the constants kg, v, € (0,00) and 7" € (0, T] can be chosen sufficiently small, such

that
Fng )(Iig, Vo) C %(T) X Aﬁ/

holds together with 0 < C' < o (1 — |p|).
Then ineq. (8.18) yields

d
oG ol < - lloll - for s €(0,7).

The desired inequality (4.2) now follows by taking Cy =1, ¢y = ¢, and s = a.
The proof of Proposition 8.1 is complete. W

9 End of the proof of the main result

In this section we finally finish the proof of Theorem 4.2. We will make use of the
holomorphic approximation and the a priori estimates established in the previous two
sections, Sections 7 and 8.

For a given function uy € H = L?*(H;tv), a sequence of entire (holomorphic) func-

tions
lon: C*P—=C; n=1,22,...,

is constructed in Appendix B (§ B.2), whose restrictions to the complex domain X x Ay,
belong to H?(X() x Ay,) and satify

|ltonlm — wllg — 0 as n— oco;

cf. § B.2, properties (i), (ii), and (iii). In paragraph §7.2, for every fixed n = 1,2,3, ...,
we have used the function 7, as the initial data for the initial value problem (7.10),
Oin | Jip =0t (z,€,5) € Hx (0,T)
., Up = or (r,q,s ) )
(9.1) ot
(2 + iy, £(1 +1iw), 0) = dg, (z + iy, (1 +iw))  for (z,€) € H.

Recall that A stands for the natural complexification of the Heston operator A defined in
eq. (7.11). More precisely, this initial value problem has been solved by general theory of
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holomorphic semigroups for fixed values of y,w € R such that |y| < r and | arctan w| < ¥,,.
In paragraph §7.1 we have proved that the unique weak solution

t— [(2,8) = tn(z+iy, 1 +iw), t)] : [0,T] = H

to problem (9.1) possesses a holomorphic extension with respect to time ¢ to an angle Ay, ,
for some ¥, € (0,7/2). Furthermore, in paragraph §7.2 (Proposition 7.1) we have proved
that, for every ¢t € Ay,, the solution @,(-, -,t) : X" x Ay, — C is a holomorphic
function that belongs to H?(X( x Ay,). Consequently, the function @, : X x Ay, x
Ay, —> C is holomorphic in all its variables.

t

Now let us recall the time-dependent path ¢ from (8.4),
S=Gpe: [0,T] = {(z,¢, O)}UF (HO,VO) :
5 —> <x +ix(s/T)yo, & (1 +ix(s/T wo), (1 + igb)s) :
= (z,&,5) + i(X(s/T’)yo, X(s/T")w, gbs) ,
where the numbers yg, wp, ® € R obey conditions (8.3),
max{|yo|, |arctanwy|} < keT' and |¢| < vy,
with some constants kg, 7, € (0,00) and 7" € (0,T] small enough, such that also
koT' < min{r, ¥,} and 1/51 < tan, .

Here, 0 < 4,,9; < /2 are some given numbers. In the previous section (Section 8),
Proposition 8.1, we have shown that along this path, ¢ = ¢, ¢, whose value at each
s € [0,7T] is viewed as a function of the pair (z,&) € H, the H-norm of the function
(,8) — vy(2,€,s): Hx[0,T] — C, defined by (8.5),

vn(z, €, 5) o (m +ix(%)yo, £ (1 +ix()wo), (14 i(b)s) :
(x,&,8) e Hx [0,T7],

is uniformly bounded with the bound depending solely on the norm ||, ||z, the time
interval length 7' > 0, and the constant ¢}, > 0 in inequality (6.3).

Next, we take advantage of the fact that we treat homogeneous linear parabolic
problems, (2.7) (with f = 0) in the real domain Hx (0,7"), and its natural complexification
(7.10) in the complex domain 6" x Ay. Consequently, given any indices m,n € N, the
difference @, — @y, : V) x Ay — C is a holomorphic function that obeys the parabolic
equation in problem (7.10). Hence, we may apply our crucial a priori estimate (4.2) in
Proposition 8.1 to the difference ,, — ,,, thus obtaining

[ g0+, 0t
0 —00
(9.2) — iy (2 + iy, E(1 +1w), a +i7))* - w(z, &) dz dé
+00
< 2% . / / |t (2, €,0) — T (2, €, 0)[* - v0(2, &) dow A€

= e HuOn uOmHH
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for every a € (0,7 and for all y,w, T € R satisfying conditions (4.3),
max{|y|, | arctanw|} < ko - min{a, 7'} and K|7| <

depending on «.

It follows from g, |m — uo in H as n — oo, that {Ugn|u},., is a Cauchy sequence

1
in H. By ineq. (9.2), also the functions

(9.3) wn(z,€) ¥ 4, (w iy, (14 iw), a+ iT) . (2,6) € H

form a Cauchy sequence {w, }°°, in H, uniformly for all choices of a+ir € C and y,w € R
satisfying 0 < o < T and conditions (4.3), that is to say, for

(9.4) max{|y|, | arctanw|} < ko -min{a, 7'}  and |7 <a <T.

Such numbers a+ir € C and y,w € R being fixed, let w dof lim,,_, w,, be the limit in H
of this Cauchy sequence. In analogy with eq. (9.3), we set

(9.5) u(x +iy, €1 +iw), o+ ir) oz, €), (2,6) eH

Then @ : F(TT/)(F;O,VO) — C is a complex-valued, Lebesgue measurable function that
satisfies the following inequality, by letting m — oo in ineq. (9.2),

[ee] +oo
/ / @ (& + iy, €(1+ i), a+ir)
0 —00
(9.6) (z +iy, (1 +1iw), a +i7)[* - wo(z, &) do dE
+00
< e / |l 0) = O (o, €) o
= % o — uoll
for all choices of o 4+ it € C and y,w € R satisfying conditions (9.4) above.

A trivial consequence of (9.6) and (9.4) is that the sequence of functions , :
F(TT)(KO, 1) — C;n=1,2,3,..., converges in the complex domain FFEFT)(,%O, 1) to the
function @ : FEFT)(F;O?VO) — C locally in the L2-topology. Since i, is holomorphic in
F(TT)(/%, p), it can be expressed by the Cauchy integral formula for polydiscs (S. G.
KRANTZ [32], Theorem 1.2.2 (p. 24), or F. JoHN [29], Chapt. 3, Sect. 3(c), eq. (3.22¢),
p. 71). From this formula we deduce by standard limiting arguments using ineq. (9.6) that
also the limit function @ is expressed by the same Cauchy integral formula for polydiscs.

It follows that also u is holomorphic in F;T/) (Ko, o), as desired. Obviously, Proposition 8.1
guarantees that @ satisfies ineq. (4.2).

To derive the relation of @ to problem (2.7) (with f = 0) in the real domain Hx (0, T),
let us take y = w = 7 = 0 in ineq. (9.6). Letting n — oo we observe that the function

(9.7) i (2,6,1) — iz, 6,1) : Hx (0,T) — C
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is a weak solution to the Cauchy problem (2.7) (with f = 0). However, the initial value
problem (2.7) (with f = 0) possesses a unique weak solution

we C([0,T] - H)nL*(0,T) = V),

by a pair of standard theorems for abstract parabolic problems due to J.-L. LIONS [37,
Chapt. IV], Théoreme 1.1 (§1, p. 46) and Théoreme 2.1 (§2, p. 52) (for alternative proofs,
see also e.g. L. C. EvANs [12, Chapt. 7, §1.2(c)|, Theorems 3 and 4, pp. 356-358, J.-L.
Lions [38, Chapt. III, §1.2], Theorem 1.2 (p. 102) and remarks thereafter (p. 103), A.
FRIEDMAN [15], Chapt. 10, Theorem 17, p. 316, or H. TANABE [17, Chapt. 5, §5.5],
Theorem 5.5.1, p. 150).

Hence, we have & = w in H x (0,7"), thus proving that @ : F%T/)(FLO, 1) — Cis a
holomorphic extension of .

The proof of Theorem 4.2 is complete. W

A Appendix: Trace, Sobolev’s, and
Hardy’s inequalities

Our boundedness and coercivity results for the Heston operator A : V' — V’ make use of
the following five lemmas: Recall that V = H'(H;w) and 3 > 0, v > 0, and u > 0 are
constants in the weight t(z, £) which is defined in eq. (2.12).

Lemma A.1 (A pointwise trace inequality.) Let § > 0, v > 0, and u > 0. Then the
following inequality holds for every function w € V' and at almost every point x € R,

0

(A1) 5

(56 e HE |u(x,§)|2) < % |u§(93,€)|2 -fﬂ e HE + 8 |u(:v,§)|2 . 5/3—1 e HE

for almost every & € (0,00).

Furthermore, for a.e. x € R we have the limaits

(A.2) JL%L (5/3 Nu(z, &)F) =0 and
(A.3) {lim (&P e Ju(z,€)?) = 0.

Proof. The following partial derivatives exist almost everywhere in H; we first
calculate

(&7 e e Ju(a, &)%)
(ue @+ ute) - €7 e + Blu(z, €)* - €77 e ™ — plu(z, &)* - P e

I Rl
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then apply the Cauchy inequality
ued +utic = 2 Re(ug @) < 2uel - [u] < " Juel? + puf?

to estimate

9
3
This proves ineq. (A.1).

(55 e HE |u(x,f)|2) < % |u§|2 . fﬂ e—u& + 5 |u(m,§)|2 . 55—1 e_’té-

Recall that u € V. Integrating the right-hand side of the last inequality with respect
to the measure e *I=#¢ dz d¢ over H = R x (0,00) we infer that, for a.e. # € R, both
integrals below converge,

At [T of Cerag oo and [ luln ¢ e g < oo,

Let € R be such a point. The right-hand side of ineq. (A.1) is integrable with respect to
the Lebesgue measure d¢ over (0,00), and so is the positive part ¢*(£) = max{4(§), 0}
of the partial derivative

ef O _
§ 9O % g (e Jul@.P)
Thus, the existence of the limit in (A.2),

1 B . 2 =
513& (&7 - |u(z,&)°) = Lo(z) for ae. z€R,

is deduced from
def ;. .
(A.5) Lo(w) = liminf (€7 - [u(z, I)

and the following inequality, obtained by integrating ineq. (A.1) and valid for all 0 < £’ <
é’// < OO,

(A.6) (€7 " Ju(z, €)= (€)% e lu(w, &) L [67 e Ju(z, &) P 5,
¢ ¢
siL\wmaﬁﬁe%%+ﬁg\wnm”ﬁle%%-

By similar reasoning, one derives the existence of the limit in (A.3),

lim (7™ - |u(z,€)]?) = Loo(z) for ae. z €R,
E—o0

from

(A7) Loo(z) & liminf (% e - u(z, €)[?) .

£—o0

Finally, both limits, Ly(z) and L. (z), are nonnegative and finite, by the integrability
properties of ug(x, -) and u(zx, - ) stated in (A.4). Moreover, the second integral in (A.4)
forces Lo(x) = Loo(x) = 0, thanks to f05 Ehde = fi{s ¢1dé =0 forany 6 > 0. W

Lemma A.1 has the following global analogue with a similar proof.
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Lemma A.2 (A trace inequality.) Let 5 > 0, v > 0, and pu > 0. Then the following
inequality holds for every function u € V,

(A.8) %(fﬁe_“g/R|u($,§)]2-e_7x| dyc)
1 2 B - 2 ¢oB-1 —lw|-pg
<o el OF e 5 [ fula P € A

for almost every & € (0,00).

Furthermore, the limits in (2.15) and (2.16) are valid.

Proof. We integrate both sides of ineq. (A.1) with respect to the measure e~71#l dz
over R to obtain ineq. (A.8).

Since u € V, the right-hand side of ineq. (A.8) is integrable with respect to the
Lebesgue measure d¢ over (0,00), and so is the positive part ¢*(§) = max{¢(&), 0} of
the partial derivative

— défa% (65 o he /R uz, ) - ¢ dx) .

Thus, the existence of the limit in (2.15),
. +oo 2
ﬁyga>(€ﬁ-h/;m u(a,€)] -e-vw'dx) L.
is deduced from

(A.9) Lo & liminf (fﬁ : /+°° lu(x, &)|? - el dx)

£—=0+ 00

and the following inequality, obtained by integrating ineq. (A.8) and valid for all 0 < £’ <
§" < o0, cf. (A.6):

€V [ Juteg )P e e = €0 [ Juw ) e do
R R
="

def | o8 —pug 2, a7zl
<o e [ fumg e ad]

R &=¢’
1 é‘//
<o [ [t - e aag
K Je Jr

5//
iy / (e, )7 - €81 e e 4 e
& R

By similar reasoning, one derives the existence of the limit in (2.16),

“+oo
lim <§5 eﬂf./ lu(z, €)|? - el dx) = Lo,

E—o0 00
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from

+o0o
(A.10) Lo & liminf (gﬁ e /
£—o0

—00

lu(x, &) - el d$> :

Again, as in our proof of Lemma A.1 above, both limits, Ly and L., are nonnegative
and finite, by the integrability properties of u € V. Moreover, u € H forces Lo = Lo, = 0,
thanks to f05 E71de = flo/% §1dé =ocoforany 6 >0. l

Our second trace result, Lemma A.3 below, is a simple analogue in the z-direction
of Lemma A.2 above. Its proof is analogous to that of Lemma A.2 and is left to the
reader; cf. A. KUFNER [31].

Lemma A.3 (Another trace inequality.) Let 5 >0, v >0, and p > 0. Then the limits
in (2.17) hold for every function u € V.

We take advantage of the trace results in Lemmas A.1 and A.2 to derive the following
embedding lemma.

Lemma A.4 (A Sobolev-type inequality.) Let f > 0, v > 0, and p > 0. Then the
following Sobolev-type inequality holds for every function u € V,

2
/ |u(:c,§)\2 : 5’8 e Pl=HE Qg d¢ < (z) / |u£(x’€)’2 ,55 e El=1E g d¢
i 2 H

(A11)
% 2 ¢B-1 g —lzl—pg
+2 /H|u<x,£>r €91 e K g de

Proof. Tt suffices to verify the following inequality:

00 2 S
/0 |u<§>|2-§ﬂe—ﬂfdgs(§) / g€ - €7 e H de

(A.12) b o
+75 / (&) - €71 e v de

holds for an arbitrary function u € W,-?(0, 0o) such that

loc

(A.13) /OO lug(&)? - P e d¢ < 0o and
0
(A.14) Jim (€7 Ju(©)) = Jim (e fu()[*) = 0.

The boundary conditions in (A.14) are justified by Lemma A.1.
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Indeed, we begin with the identities

i [ WOF & erae = — [T ¢ (e

=00 [ )

T [T uter ) e

= [P ersas s [T ugp ¢ e
0 0

= /OO (ue @+ u ) ~£ﬁe“§d§+ﬁ/w lu(€)- P tem e de
0 0

(A.15) = —Ju©P - & e7¢

by the zero trace conditions (A.14). We apply Cauchy’s inequality,
U{ﬁ‘FUﬂg =2 §Re(u§ﬁ) S 2. ‘U§ﬂ| S l% ’Ug‘Q + % \u]Q,

to the integral
/ (ue @+ ute) - €7 e d¢
0
2 [ B o0 )
<2 [Tutor - ercac+ b [Thu@p ¢ erac.
0

0

We estimate the last line in (A.15) by this inequality, thus arriving at

p [ R ¢ erag
0
2 (e e] B oo B

<2 [ le@F e b [P ¢ e,

HJo 0

48 [P e,

0

The desired inequality (A.12) follows.

Finally, we integrate ineq. (A.12) with u replaced by @ = u(z, -) € W,22(0, 00)
(for almost every fixed # € R) with respect to the measure e #/dz over R to obtain
ineq. (A.11). W

Now we are ready to prove the following Hardy inequality.

Lemma A.5 (A Hardy-type inequality.) Let 5 > 1, v > 0, and p > 0. Then the
following Hardy-type inequality holds for every function u € V,

u(z, §)
o

2
: .55 e zl=HE 44 d¢ < ﬁ /H \ug(x,g)P ) 55 e Mzl=kE 44 d¢

212 o
+ﬁ/}ﬂyu(:¢,§)12.gﬁe el g de
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Proof. 1t suffices to verify the following inequality:

b

8

o [ e
24

(B—1)2 /0 u(€)* - ¢’ e dg

(0, 00) such that

k24 _gﬁ,e*uﬁdgg

2

+

holds for an arbitrary function u € W,

(A.18) /OOO lug(&)? - P e d¢ < 0o and /OOO lu(&)? - e d¢ < 0.

The integrability hypotheses in (A.18) are valid for u replaced by the restricted function
i = u(x, -) € W,22(0,00) for a.e. fixed z € R; the first one by u € V and the second one

loc
by the previous lemma, Lemma A .4.

Inequality (A.17) is obtained easily from the standard weighted Hardy inequality
([21, Theorem 330, pp. 245-246)),

s (725) [ fad
s () [l

where 8 > 1 and f € W,22(0, 00) satisfies lime o f(§) = 0, as follows: We first replace

loc

the function f by the product f(&) = u(x, &) - e #/2, then estimate the partial derivative

(A.19) /0 N '@ e

FQ) = g () - €)= (o, €) - e = Dl ) 40

= (u§(x,§) + gu(x,§)> L eTHE/2
0

73 <2 [!ug(:c,ﬁ)\2 + (g) ]u(x,§)|2] CeHE

and insert it into ineq. (A.19), thus arriving at ineq. (A.17). Here, the hypothesis f €
Wie2 (0, 00) is satisfied, thanks to u € V, whence even [°|f/(£)> - £€°d¢ < oo, with a

by

PO = \ (ular & - )

loc

help from (A.18). Hypothesis limg o f(§) = 0 follows from the trace result (A.3) in
Lemma A.1.

The proof is completed by integrating ineq. (A.17) with u replaced by @ = u(z, ) €
wh

12(0,00) (for a.e. x € R) with respect to the measure e "*Idz over R to obtain

ineq. (A.16). W

Recall that any function v € V' = H!(H; o) satisfies the hypotheses of Lemmas A.4
and A.5 above.
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Remark A.6 Owing to the Sobolev- and Hardy-type inequalities (A.11) and (A.16)
proved in Lemmas A.4 and A.5, with 1 < 8 < oo, the following inner product defines an
equivalent norm on the Hilbert space V:

(A.20) (u, w), o (u,w)y + (u,w)}, for u,w €V,
where

() [0S D) gy ) drag
(A.21) B & ¢

+ / uw-&-w(z,§)drd
H
= / Uw (§+ %) w(z,§)ded¢  for u,we V.
H

This fact is used in paragraphs §6.1 and §6.2. ad

B Appendix: Density of entire functions
in H = L*(H; w)

As we have already suggested in paragraph §7.2, we wish to approximate an arbitrary
initial condition ug € H = L*(H;w) by a sequence of entire functions, ug, : C* — C;
n=1,2,3,..., such that their restrictions ug,|m to H = R x (0, c0) satisfy

lwonlm — uollg — 0 as n — .

Below, we construct rather simple entire (holomorphic) functions ug, : C* — C; n =
1,2,3,..., with this property, by using standard results about Hermite and Laguerre
functions. The reader is referred to the monographs by A. N. KOLMOGOROV and S. V.
Fowmin [30, Chapt. VII, §3.7, pp. 395-396] and N. N. LEBEDEV [35, Chapt. 4], §4.9, pp.
60-61 and §4.17, pp. 76-78, for details and proofs.

B.1 Hermite and Laguerre functions in the complex domain

In our approximation procedure below, we first take advantage of the (complex) Hilbert
space H = L*(H; ) being the tensor product of the Hilbert spaces $; = L?(R;to;) and
9y = L*(R, ;t0y), with the weights

(B.1) oy (x) et olel and 102(&) et P te ™ for (x,€) € H,

ie, H= 9 ® 9Ny, as defined in M. REED and B. Simon [10, Chapt. II, §4], pp. 49-54.
All general properties of a tensor product of two Hilbert spaces that we use below can be
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found there. Thus, both $; and §), are weighted Lebesgue L?-spaces with the weighted
Lebesgue measures vy (z) dz and wq(z) d€, respectively.

In order to keep our approximation procedure simple, we take advantage of the
density of the weighted Lebesgue L2-spaces as follows: L*(H) is densely and continuously
imbedded into H, L*(R) into $;, and L*(R,) into $,. This claim is an easy consequence
of the fact that all weights, to(z, ) = w;(x) - w2(&), w;(x), and 1y(§) are bounded.

We use a standard approximation method in $; by Hermite functions, h(z) =
p(z) exp ( — $2?) , where p() is a polynomial obtained by a linear combination of Hermite
polynomials H (x); n =0,1,2,.... We refer to N. N. LEBEDEV [3), §4.9, pp. 60-61]
for a common definition of Hermite polynomials and their basic properties. In particular,
H,(z) is a polynomial of degree n > 0 and the Hermite functions

ho(z) = Ho(z) exp (— 12°)  of z€R; n=0,1,2,...,

form an orthonormal basis in L?*(R), by N. N. LEBEDEV [35, §4.13, pp. 65-66]. Fur-
thermore, an arbitrary linear combination of these functions, h(z) = p(z) exp ( — 12?),
where p(z) is a polynomial, can be extended uniquely to an entire function h(z) =
p(2) exp ( — 22%) of the complex variable = = z + iy € C. Finally, given any r > 0
and d > 0, there is a constant C, s, € (0,00), depending only on r, , and the polynomial
p, such that the following inequalities hold for all z = = + iy, z* € C with |y| < r and

|z < §:

\h(z + iy + 2%)| = |p(z + iy + 2% -exp (— 1 Re[(z + iy + 2*)?))

(B.2) = [p(z+iy+2")| -exp (— 5 - Re [(:c —|— iy)® + 2 (z +iy)z* + (2%)*])
< Ip(z + iy + 27| - eXp(— 3o [ =y =2 (=l + ) 7] = 127 )
< Crsp-exp(— 227 +20z|) .

Consequently, the square of the L?(R)-norm of the function x iL(iII +iy+2z): R—-C
is uniformly bounded, provided |y| < r and |z*| < § are satisfied:

+oo 400
/ \h(z 41y + 2°)[*dx < 6’3754) - / exp (— 2+ 46 |z|) do = consti&p < 0.

o0 o)

A Hermite polynomial based expansion has already been applied to Black-Scholes and
Merton type models for European option prices, e.g., in the recent work by D. Xr1u [19].

Analogously, in $2 we use Laguerre functions, ¢(§) = q(§) exp ( — %5) , where ¢(&)
is a polynomial obtained by a linear combination of Laguerre polynomials L,(£); n =
0,1,2,.... We refer to N. N. LEBEDEV [35, §4.17, pp. 76-78| for a common definition of
Laguerre polynomials and their basic properties. In particular, L, () is a polynomial of
degree n > 0 and the Laguerre functions

gn(f):Ln(S)exp(_%g) OfSER—i-; n:Oa172>"'7
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form an orthonormal basis in L?(R,), by N. N. LEBEDEV [35, §4.21, pp. 83-84]. Fur-
thermore, an arbitrary linear combination of these functions, £(§) = ¢(§) exp ( — % ) ,
where ¢(¢) is a polynomial, can be extended uniquely to an entire function ¢(¢) =
q(¢) exp (— 3¢) of the complex variable ¢ = £(1+iw) € C. Finally, given any ¢, > 0 and
d > 0, there is a constant Cy, 5, € (0,00), depending only on ¥,, d, and the polynomial
q, such that the following inequalities hold for all ( = £(1 + iw),(* € C with £ € Ry,
|arctan w| < ¥, and |¢*| < ¢:

(B.3) €L +iw) + ¢ = Jg(€(L +iw) + )] - exp (= 5 - Re[€(1 + iw) + ¢7])
< lg(€(1 +iw) + ¢ -exp (=5 (€= ¢7]) < Co, 60 exp (= 58) -

Consequently, the square of the L?>(Ry)-norm of the function & — £(£(1 + iw) 4 ¢*)
R} — C is uniformly bounded, provided |arctanw| < ¥, and |(*| < § are satisfied:

oo +oo
/0 [0(E(1 +iw) + ¢H)2de < C,%M;,q . /o exp ( — %5) d¢ = 2031“5’(] < 00.

Summarizing the properties of the Hermite and Laguerre functions, we observe that
the product functions

e (,8) & h(2) £,(€)  of (2,6) €H; myn=0,1,2,...,

form an orthonormal basis in L*(H) ([40, Chapt. II, §4]).

B.2 Approximation of the initial conditions
(Galérkin’s method)

We have just shown that, given any initial condition uy € H = L*(H;w), there is a
sequence of entire (holomorphic) functions

uovn(z,C):Pn(z,C)exp(—%(zQ—i—C)), (2,0)eC?; n=123,...,

with the restrictions ug ,|g in the tensor product L*(H) = L*(R)®L*(R,) — H = 109,
such that:

(i) P,: C*— C is a polynomial with complex coefficients.
(ii) The restrictions g, |m of ug, to H =R x (0, 00) satisfy

|lwonlm — wllg — 0 as n— .
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(iii) There is a constant K,, = Kp, € (0,00), depending on P,, r, and 9J,, 0 < r < oo
and 0 < ¥, < /2, but independent from y,w € Rin z =z +1iy, ( =&(1 +iw) € C
and z*,(* € C with |y| < r, |arctanw| < ¥,, and max{|z*|, |(*|} < ¢, such that

/ o (x + iy + 2%, £(1 +iw) + ¢)|* dedé < K, = const < oo
H
whenever |y| <r, |arctanw|<d,, and max{|z"|, |(*|]} <.

An analogous estimate remains valid in the weighted Lebesgue space H if the
standard Lebesgue measure dx dv is replaced by the weighted Lebesgue measure
to(z,v) de dv, thanks to 0 < to(x,v) < const < co.

Notice that the estimate in (iii) above follows from
/H|u0,n (@ +iy + 2%, §(1+iw) + ¢)° dodg
:/000/00 P, (z +1iy + 2%, £(1 +1iw) + ¢)[?
- x exp (— Re[(z +1iy + 2%)* + £(1 + iw) + ¢*]) dzwd¢
S/ODO/OO | P, (x + 1y + 27, §(1+iw)+C*)|2-exp(—(932—y2)—§)
- x exp (2|z + iy - |2*| + [*]* 4+ [¢*]) dawd
S/Ooo/oo | P, (x + 1y + 27, 5(1—|—iw)+C*)|2-exp(—x2—§)

x exp (r? 4+ 2(|z| + r)d + 6° + §) dzdg
< K,, = const < 00

(B.4)

whenever |y| <r, |arctanw| <v,, and max{|z*|, |(*|} < 0.

As an obvious consequence of properties (i), (ii), and (ili) we obtain that wug,, :
X x Ay, — C is a holomorphic function in both its variables (z, () and belongs to the
Hardy space H2(X") x Ay,).
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