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Abstract

We consider a large market model of defaultable assets in which the asset price
processes are modelled as Heston-type stochastic volatility models with default upon
hitting a lower boundary. We assume that both the asset prices and their volatilities
are correlated through systemic Brownian motions. We are interested in the loss
process that arises in this setting and we prove the existence of a large portfolio limit
for the empirical measure process of this system. This limit evolves as a measure
valued process and we show that it will have a density given in terms of a solution
to a stochastic partial differential equation of filtering type in the two-dimensional
half-space, with a Dirichlet boundary condition. We employ Malliavin calculus to
establish the existence of a regular density for the volatility component, and an
approximation by models of piecewise constant volatilities combined with a kernel
smoothing technique to obtain existence and regularity for the full two-dimensional
filtering problem. We are able to establish good regularity properties for solutions,
however uniqueness remains an open problem.

1 Introduction

In the study of large portfolios of assets it is common to model correlation through
factor models. In this setting the random drivers of individual asset prices come from
two independent sources. Firstly there is an idiosyncratic component that reflects the
movements due to the asset’s individual circumstances. Secondly there are systemic
components that reflect the impact of macroscopic events at the whole market or sector
level. The motivations for this paper come from developing such models firstly for credit
derivatives such as CDOs which are functions of large portfolios of credit risky assets, but
also for the evolution of large portfolios which have exposure to a significant proportion of
the whole market. The financial crisis of 2008 showed that the correlation between credit
risky assets was not adequately modelled and in this work we will examine the behaviour
of a large market when all the individual assets follow classical stochastic volatility models
but are correlated through market factors.

Our starting point is a simple structural model for default in a large portfolio, studied
in [6]. In this setting there is a market of N credit risky assets in which the i-th asset price
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Al for i = 1,..., N is modelled by a geometric Brownian motion with a single systemic
risk factor, in that under a risk neutral measure

dAl = rAidt+ oAl (\/1 — AW + detO) L 0<t<T;
Al = bt > T,

Ay = a,

where T; = inf{t > 0 : A% = b’} for some constant default barrier b’ and the parameters
r,o,p,a’ are constants. Here the Brownian motions W9 W, ... are all independent and
we see that it is W° which captures the macroscopic effects felt by the whole market.
We note that the parameters of the geometric Brownian motions, are the same for each
asset, it is just the starting point and idiosyncratic noise which cause the differences in
asset prices. By rewriting this in terms of a distance to default process and considering
the empirical measure it was shown in [6] that the limit empirical measure process of
the model has a density which is the unique strong solution to an SPDE on the positive
half-line. The density takes values in a weighted Sobolev space as the derivatives of the
density may not be well behaved at the origin. The exact regularity of the density at the
origin was the subject of [19], where it was shown that the regularity is a function of the
parameter p.

This is a naive model and has the problems that would be expected from such a simple
structural default model. The short term credit spreads go to 0 and we see correlation
skew when using the model to price the tranches of CDOs. Thus we wish to investigate
a model which incorporates more realistic features. In particular we take stochastic
volatility models for the underlying assets and allow there to be global volatility factors
driving the market volatility as well as idiosyncratic factors for the volatilities of the
individual assets. It is also the case that we would like to allow the parameters that
describe the volatility and correlation between assets to vary.

In this paper we consider a large portfolio of N credit risky assets, where now stochas-
tic volatility models are used instead of Black-Scholes models to describe the evolution
of the asset values. The CIR process is used to model the volatility as it is non-negative

and mean reverting. We assume the i-th value process A; satisfies the following system
of SDEs

dA; = Alpdt+ Alh (o) (, /1= p3 ;WY + pl,ithO) ,0<t<T;
dO’% = kl(Hl - Jé)dt + fz’\/ O'ZL' (1 /1 — p%}Zng + ,027de?> 5 t Z 0 (11)
AL = VLt>T,
( 67 U(Z)) = (ai, O'i)7

for all i € {1,2,...,N}, where T; = inf{t > 0 : Al = b'}. Here, a', a?, ..., a" and
ol, o2, ..., o are the initial values of the asset prices and the volatilities respectively, b’
is the constant default barrier for the value of the i-th asset, C; = (ki, 0;, &, 7, p1is P2,i)
for i € {1, 2, ..., N} are vectors for the various parameters of the model, A is a function
with enough regularity, and W}, B}, ..., W/N, B are standard Brownian motions. We

will assume that (a’, o) and C; are drawn independently from some distribution and the
Brownian motions are independent from each other and from each a’, o’ and C;. Finally
(Wto, By ) is a pair of correlated Brownian motions, independent of both W* and B* for all
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i=1,...,N as well as a’, o* and C;, which represents the impact of macroscopic factors
on each asset and each volatility respectively.

As is usual in a credit setting we consider the distance to default, or the log asset
prices, by setting X} = (ln Al —1In bi) in (1.1). Applying Ito’s formula, our model becomes

dX} = (ri — @) dt + h(o}) (, [1—p} AW + pl,,-thO) , 0<t<T,

doj = ki(0; = o})dt + & /o7 /1 — p3 (dB + €\/oip2dBY, 20 (1.2)
th = 0,t>1T;
(Xé, O'(ZJ) - (xia Ui)a

fori € {1, 2, ..., N}, where ' = (lnai —lnbi) and T; = inf{t >0: X} =0},V1<i<N.

An important output from such large portfolio models is the loss process, which gives
the proportion of assets that have defaulted by any time ¢. This can be used to capture
some key quantities in risk management, such as the probability of loss from a portfolio
and the expected loss given default. In credit derivative pricing, the payoffs of CDO
tranches are piecewise linear functions of this loss process.

In our set up the loss process is given by the mass of the two-dimensional empirical
measure

L
N _ o
Y% TN ;:1 Oxi o> (1.3)

on {0} x R, while the restriction of v} to (0,00) x R for ¢ > 0 is given by

N
1
’U{\jt - N Z 5X§,U§H{Ti>t}' (1.4)
i=1

Section 2 establishes the following convergence result: almost surely and for all positive
t we have both

o » v =P((X},0f) e |W°, B, G)
and

’U{\,ft_>v1,t = ]P)((th’o—tl)€'7T1>t‘W~O7B'O’g)
— Efue ) |W0, B,

weakly as N — oo, for some o-algebra G containing the initial data, where we denote by
vy, ¢, (+) the measure-valued process P ((th, atl) e, Ty >t|W° BY C, Q). In Sections
3 and 4, we prove that v; ¢, - depending on the information contained in (W°, BY), G
and the coefficient vector C1 = (k1,61,&1,71, p1,1, p2,1) - has a density us ¢, in a weighted
Sobolev-Lebesgue space of the two-dimensional positive half-space, but with no differen-
tiability in the second spatial variable y. Moreover, it is shown in these sections that
given C1, ug, ¢, satisfies an SPDE in that function space, along with a Dirichlet boundary
condition at z = 0. In Section 5 we improve the regularity by obtaining (weak) differen-
tiability also in y, along with some good integrability for the derivative. Our SPDE for
u¢ ¢, has the form



werlen) = )= [ (n=300) (et ), ds

= [ 1101 =9) (o) ds+ 5 [ 1) (e @), ds

€2 t t
+3 ; (yus,cy (2, y)),, ds + E1p3p11p21 ; (h(Y)Vyus.c (2, Y)),, ds

t t
ot [ B0 (sl ), W0 = s [ (Vi o), B2 (1)

where ug is the initial density, ps is the correlation coefficient between I/Vt0 and B? (i.e
dWp - dBY = psdt), and the boundary condition u; ¢, (0,y) = 0 is satisfied for all y € R
and ¢ > 0. Our result for the case where each parameter vector C; is the same constant
vector for all ¢ will lead to a limiting empirical process whose density is precisely the
solution to the above initial-boundary value problem.

In order to implement the model we could solve the initial-boundary value problem
for the SPDE numerically for samples C; of the parameters. Then, we can approximate
the loss process from

lim v ({0} xR) = 1— lim v}, (R?) = 1—// u(z, y)drdy
N—oo N—oco 77 R2

= 1-FE {/ /Ut,Cl (z, y)dzdy, |W,O, B,O, g}
o JR

ln/oo/
1—— Ute; (x, y)dxdy 1.6
), fuetew (16)

where {c1, ca, ..., ¢,} is a random sample from the distribution of C;. As the SPDE
satisfied by each uy ., is driven by the two-dimensional Brownian path (W9, BY), we only
need to simulate (W°, BY) and solve the corresponding SPDEs. This approach is quite
efficient when the number of assets N is large, since we do not have to simulate the 2NV
idiosyncratic Brownian paths.

Q

There are other approaches to the modelling of credit risk in large portfolios which
lead to stochastic partial differential equations. For example in a reduced form setting,
see [8, 22, 23, 24]. However, this is the first structural large portfolio model to incorpo-
rate stochastic volatility and also the first to introduce random coefficients in the SDEs
describing the evolution of the asset prices. This provides a level of generality which
captures many features of asset prices, and by taking a large portfolio limit reduces the
complexity of the numerical calculations arising in risk management and in derivatives
pricing applications. Of course, a disadvantage of the model is the introduction of a large
number of parameters that need to be simulated or estimated in order to implement the
model. Moreover, the random coefficients need assumptions on their joint distributions
and, when we use Monte Carlo techniques to estimate expectations in (1.6), a very large
number of simulations may still be required due to the random parameters. The constant
coefficient case is just a special case of the model we have considered, in which the weak
limit vy of the empirical process coincides with the measure-valued process v ¢, whose
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density us ¢, satisfies our SPDE. Our main aim in this paper is to establish the theoretical
background for the general case.

The calibration of the model for its use in the pricing of CDOs would follow a similar
approach to that used in [6]. In its simplest form we take the version where the parameters
of the model are assumed to be constants. The initial condition would be fitted to the
CDS prices of the underlying constituents of the portfolio. The parameters of the model
are then determined from the market tranche prices of the CDOs with different maturities.
This is done by solving the model forward from different parameter settings to find model
tranche prices and then minimizing the least squares distance between model and market
to locate the best fit parameters.

The approach to solving the model forward must be done numerically. This type of
model is more computationally intensive than that considered in [6] as the SPDE is in
two dimensions. The technique is to generate the two dimensional Brownian path and
then solve the SPDE using a finite element approach. Speed up could be achieved by
extending the work of [7] where the multilevel Monte Carlo approach was used for the
model of [6]. We will not discuss the numerical analysis for the model as, even in the
one-dimensional case, this is challenging.

There are significant mathematical challenges in extending large portfolio models to
the stochastic volatility setting. A key point is to estimate the boundary behaviour
of the empirical measure and, with a non-constant volatility path, this needs a novel
approach. The kernel smoothing technique used by [6] also needs alteration to cope
with this volatility process, to enable us to obtain the best possible regularity for our
two-dimensional density.

In Section 2, we assume that the initial data satisfies some reasonable exchangeability
conditions in order to obtain the convergence result for the empirical measure process as
N — oo. This is not just a two-dimensional version of the corresponding result in [6], since
it gives the convergence of the restriction of the empirical measure process to (0,00) x R,
while it also gives the form of the limiting measure-valued process. It includes thus a law
of large numbers which is particularly important for dealing with this two-dimensional
version of the large portfolio analysis problem.

In Section 3 we extend some existing Malliavin calculus results and techniques, in
order to obtain a strong norm estimate for the density of a CIR process when a component
of the driving Brownian Motion (the market factor) is given. We are only able to do this
under a condition on the parameters which is stronger than the Feller condition for
the CIR process to not hit 0 at any positive time. This is due to the fact that the
CIR process does not have Lipschitz coefficients, which means that standard Malliavin
calculus techniques for proving the existence of a density of an Ito process are not directly
applicable and approximations with processes having better coefficients are needed. In
Section 4 we prove a convergence result for a sequence of stopped Ito processes when
the sequence of volatility paths decreases pointwise to a continuous and positive path,
in order to extend the results of [6] to the case when the volatility path is non-constant.
Combining this with the results of Section 3 in a divide-and-conquer approach, we obtain
the existence of a regular density for the measure-valued process v c,, for any good
enough value of C'1, and also the SPDE and the boundary condition satisfied by that
density.

In Section 5, we extend the kernel smoothing method developed in [6, 18, 9], by proving



that the standard heat kernel maintains its smoothing and convergence properties, when
it is composed with a square root function, and also in certain weighted L? spaces. This
allows us to obtain differentiability of our density in the y-direction, and also weighted
L? integrability of the derivative. This improved kernel smoothing method does not work
in distribution spaces for our SPDE and thus, the regularity results of the previous two
sections are crucial. Finally, in Section 6, we discuss the question of uniqueness of the
solution.

Remark 1.1. (1) We will not discuss the issue of asymptotic arbitrage which can arise
when there is a large portfolio limit of assets (see [12, 13]). As we are using the limiting
model as an approximation to a large finite model, which will not admit arbitrage, the
question is only of theoretical interest.

(2) When calibrating the model for pricing credit derivatives the drift term in the
asset’s value process is replaced by a known interest rate. Including more parameters
than that used in [6] should improve the calibration of the model and may allow observed
features such as correlation skew in CDOs to be captured. Though we should note that
even including jumps in the basic model of [6] still makes it difficult to capture all the
observed features of CDO tranche prices [5].

(3) One could view the empirical mean of such a model as a natural model for an
index, see [10] for the simple case. Here we would produce a stochastic volatility model
for the index and this could be used to price volatility dependent derivatives.

(4) It would be natural to develop central limit theorems and a large deviation analysis
in further work, potentially by adapting and extending appropriately the ideas of [25,
26]. For applications in systemic risk it would also be interesting to add a mean field
interaction.

(5) The popular Heston model is just a simple case of the model used to describe the
evolution of the asset values in our setting, which is obtained when the function A is just
a square root function.

2 Connection to the probabilistic solution of an SPDE

In order to study the asymptotic behaviour of our system of particles, some assumptions
have to be made. We assume that (2, F, {F;}1>0, P) is a filtered probability space with
a complete and right-continuous filtration {F;}+>o, {(X&, 0(1)) , (Xg7 0(2)) , } is an ex-
changeable sequence of Fp-measurable two-dimensional random vectors (see [1] for more
on exchangeability), and C; = (ki, 6, &, 7i, p1, p24) for i € N are i.i.d Fp-measurable
random vectors in RS, independent from each (Xg, 08), such that P- almost surely we
have both k;0; > %52»2 and p1, p2; € (—1,1). We note that the condition on k;, 6;,&; is
stronger than the usual Feller condition that ensures that 0 is not reached by a CIR pro-
cess in finite time. We also consider an infinite sequence {W?, By, W}!, B}, W2, B?, ...}
of F; - adapted standard Brownian motions, in which only W) and B are correlated
and their correlation coefficient is denoted by p3. Under these assumptions and for each
N € N, we consider the interacting particle system described by equations (1.2) and the
corresponding empirical measure processes v’ and U{Yt given by (1.3) and (1.4) respec-
tively. We also define vé\ft =o) — U{Yt, the restriction of v;¥ to {0} x R, for all ¢ > 0.

We start with the following convergence theorem, the proof of which is a simple mod-
ification of the convergence theorem for the one-dimensional empirical measure process



in [6] and can be found in the Appendix. It is stronger than a convergence result for the
empirical measure process v;' but we need it for proving Theorem 2.3, a crucial result for
establishing the convergence of the {0} x R - supported component vé\jt (Theorem 2.5).

Theorem 2.1. For each N € N and any t, s > 0, consider the random measure given by

N
N 1
’U3,t,s - N Z 5Xf,o’§,o‘§'
i=1
N

The sequence v3, ; of three-dimensional empirical measures converges weakly to some
measure v3ts for all t, s > 0, P-almost surely. Moreover, the measure-valued process
{v3ts: t, s> 0} is P-almost surely continuous in both t and s under the weak topology.

The convergence result for v}¥ is a direct consequence of the above theorem and it is

given in the following corollary.

Corollary 2.2. The sequence v} of two-dimensional empirical measures given by (1.3)
converges weakly to some measure v; for all t > 0, P-almost surely. Moreover, the path
{v¢ : t > 0} is P-almost surely continuous under the weak topology. The measure-valued
process vy s the restriction of vs s to the space of functions which are constant in the
third variable, for any t > 0.

Proof. Since v}" is the restriction of vé\ft’s to the space of functions which are constant in
the third variable, the result follows by testing the measure against such functions and
by taking N — oo. O

Next, we prove a theorem which gives us the form of the weak limits of the empirical
measures vs3 ¢ s.

Theorem 2.3. There exists an Qo C Q with P(Qy) = 1 such that for any w € Qy, we have
Jge fdvses = E[f (X}, of, 0b) |[WO, B%, G] for any t, s > 0 and any f € Cy(R%; R),
where G is some o-algebra contained in Fy.

Proof. By the exchangeability of the initial data, we know that there exists a o-algebra G
contained in Fp, such that the two-dimensional vectors: (X&, 03) , (Xg, 03) , ... are i.i.d
given G. Moreover, (B,k, Wk, Ck) for k € N are i.i.d and since they are also independent
from (B,O, w0, g), they are also i.i.d. under the probability measure P(-|W?°, BY G).
The same holds for the two-dimensional vectors (X&, aé) , (Xg, 0(2]) , ..., since they are
i.i.d given G and measurable with respect to the bigger o-algebra JFy, with (WO, B,O)
being independent from Fy. Thus, noting that there is a function g such that
(xF, ot ok) =g (t s, BE W B, WO, ¢y, X, of)
it follows that (th, Uf, af) for k € N are also i.i.d. random vectors under P( - |[W©°, B°, G).
Thus, for any f € Cp(R?R) we have

1 > P (/ fdvd, s = E[f (X}, of, ol) WP, B%, G| Vt, s € Q*)
R2
- E [1[» (/ fdvd, = E[f (X}, 0f,00) WP, B, G] Vt, s € Q+|W,0,B,O,g)]
]R2
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= B |1 P (Unseor { [ 1o, B[1 (X2 ok o) W0, 5.6) | 2. 5,6 |
RQ

v

El1- Y P(Azfdvgt,s+ﬁ[f(X§,a§,a;) W0, B9, ] rW.O,B.O,g> 1,

t,seQt

where, in the last expectation, by the strong law of large numbers, for each ¢,s the
probability that there is no convergence is zero. Hence, there is an Qf C Q (depending
on f) with P (/) = 1, such that

/ fdvd, s~ E[f (X}, of, 0b) |[WO, B, G] Vt, s QF
R2

as N — oo, for all w € Q.
If we denote by Qg the intersection of QF with the set of events for which the results

of Theorem 2.1 hold, we see that P <Q£ ) =1 and that for all w € Qg we have

/ fdvses =E[f (X}, o}, o1) [ WP, B, ] (2.1)
RQ

for any t, s € Q*. Since both quantities in (2.1) are continuous in (¢, s) (this follows
from Theorem 2.1 for the LHS, and by using the dominated convergence theorem for the
RHS) and since they coincide for any ¢, s € Q", we conclude that they coincide for all
t, s >0in Qg .

Finally, taking the intersection of all Qf for all p belonging to a countable and dense
subset D of Cj (]R3; ]R), we obtain the desired set {23. This follows from the fact that
both quantities in (2.1) are bounded functionals in Cy, (R?*; R) with the supremum norm,
where for the LHS this follows by taking limits in the obvious inequality, fR2 Jdvg, o <
[|f||loos V€ N. Our proof is now complete.

Corollary 2.4. Let {v; : t > 0} be the measure-valued process defined in Corollary 2.2.
There exists an Qo C Q with P(Qo) = 1 such that for any w € Qo, we have [g, fdv, =
E [f (th, atl) |WO, B g] for any t > 0 and for any f € Cy (R?’; ]R), where G is the
o-algebra defined in Theorem 2.3.

Proof. This result follows by testing the measure against functions which are constant in
the third variable and by recalling Corollary 2.2. O

The above corollary completes the convergence result for v which was given in
Corollary 2.2. However, what we need is a similar result for its restriction to {0} x R,
that is UéYt. This is given in the following Theorem, the proof of which is based on the
more general convergence result given in Theorem 2.1 and Theorem 2.3.

Theorem 2.5. There exists a measure-valued process {fuu :t >0} and an Q1 C Qo
with P(Q1) = 1, such that for any w € Qy we have that Ué\,[t — vay weakly for all t > 0.
Moreover, we have [z fdva; = E[f (X}, of) L7 <yl WO B° G] for allt > 0 and for
all f € Gy (RQ; R), where G s the o-algebra defined in Theorem 2.3.



Proof. First, observe that when (WO, BY, Q) is given, 71 has a continuous distribution,
since it is a stopping time for the Ito process X}. Moreover, observe that

N
UéYt = do Z 5afﬂ{Ti<t}
=1

and that
E[f (X}, 0f) Lz <y WO, BY, G] =E [£ (0, 0} ) Lipy <ty | WP, BY, G],

forany t > 0 and f € Cj (RQ; R), which means that we only need to work with functions
f which are constant in the first variable.

Let now v24(-) be the probability law P ((th, otl) €Ty <t|W° BY g) and fix a
function f in Cj (R; R) with positive values. Since T; is adapted to (X{, of) for any
i € N, by the independence obtained in the first paragraph of the proof of Theorem 2.3
and a Law of Large Numbers argument similar to the one in that proof, we have that the
desired convergence holds for the chosen f, for all ¢ € Q* and for all w in some 4 f C Q2
with P (€21 y) = 1. By intersecting with the full-probability set £y given in Theorem 2.3,
we can take 5 C Qp. Now for a ¢t > 0 and an w € {2y y, we pick any two rational
numbers t1, to > 0 such that ¢y <t < t5. Then we have

N
o1 i
lian inf N ; f (o) i<y

1 [N . N A .
= liminf [E (i) Yrany + 3 (f (1) = f (Ufl))H{Tia}]
i=1 =1

N—oo

N N
> lim inf% [Z F(ot) ey — > _ | (0F) = £ (oF,) !]
i=1 i=1

)

N N
.. 1 i o . 1 ) 7
= liminf ;;f (01,) Lry<eny — lim inf El £ (ot) = f (o))

where the first term equals E [f (atll) L <oy | wo BY, Q] for each rational time ¢;. Next,
by recalling Theorem 2.3 for f(z, vy, z) = |f(y) — f(2)|, and s = t; we find that the
second term equals E [|f (of) — f (o,) || WY, B, G]. Now taking ¢y — t and using
the Dominated Convergence Theorem and the fact that the random variable 7T} has a
continuous distribution, we obtain

N
| i
1}\1[1335 N 'E—1 flo) i<y 2 E [f(atl)]I{T1<t} WP, BY, g] . (2.2)

Similarly, we have

N
. 1 i
limsup = > f (07) Lz <1y

N—oo i—1

N—oo

N N
) 1 i i i
= lim sup N Z f (%) Lir <ty + Z (f (Ut) —f (Jtz)) Lir <ty
=1 =1
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N

1 .
<hmsupN Zf Ut2 ]I{T<t}+Z’f Ut (Jiz)‘

N—o0
1 & 4
<hmsup—2f O't2 ]I{T<t2}+hmsup—2‘f at f(azz)}
N—oo Nz 1 =1

and by the same argument for the rational number to — ¢, we find

lim sup — Zf Ut H{T <y <E [f (Uzel) Liry <oy | WP, BY, g] . (2.3)

N—oo

Hence, by (2.2) and (2.3), the desired convergence holds in §2; y C g for all £ > 0 and
any f in Cp(R; R) with positive values. By linearity, and since every continuous function
can be decomposed into its continuous positive part and its continuous negative part, we
can have our convergence result for any f € Cy(R; R). Let now S = {p; : i € N} be
a countable basis of Cy(R; R). Then, by linearity, the desired convergence holds for all
t>0,all pe[S]and all w € Q1 = NienQip,, with P(21) = 1. Now for any f € Cp(R; R)
and € > 0, we can pick p € [S] such that |[f — p|| < §, s0o we have

[ tiegiton - / o ()
'/ y))dvyy(z,y ‘ ’/ y)dvyy(z,y) — /RQp(y)dvzt(x,y)‘

+| [ o) - s >>dv2,t<x,y>]

<|[f = plloo + '/ y)dvyy(z,y) — /RQp(y)dvz,t(%y)‘ +[If = plloo

<3 X
- 3

for all N sufficiently large. Thus, we have our convergence result for all £ > 0 and all
w € Q1 = Nien p, with P(2;) =1, so we are done. O

Next, by Corollary 2.2 and Theorem 2.5, we have that v{\ft = va—vé\ft — VgV =1 U1
weakly, for all £ > 0, P-almost surely. Also, it follows from Corollary 2.4 and Theorem 2.5
that

v = E[f (X o) Loy | W, BY, G]
= E[E[f (X}, 0}) Lmysey [ W, B, C1, 6] [W?, B, G,

for any f € G (R2; ]R) and t > 0. It is therefore reasonable to study the behaviour of
the process of measures vy ¢, (+) defined as

Vt,Cy () =P [(thvazfl) € '7T1 >t |W0,B~Oaclag] ’

for a given value of C1 = (k1, 61, &1, 71, p11, p2,1). The behaviour of this process of
measures is given in the following Theorem.
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Theorem 2.6. Let A be the two-dimensional differential operator mapping any smooth
function f : RT xR — R to

h? (y)
2

A = (=" o)+ (0= )y (o) 4 02 0) For (00

1
+§£%yfyy (x, y) + &1p3p1,102,1M(Y) /U ey (T, Y)

for all (z,y) € RT x R. Then, the measure-valued stochastic process vy, satisfies the
following weak form SPDE

/ f (SC, y) dvt,Cl (CC, y) = / f (1:7 y) de,CI (SL‘, y)
R2
/ RQAf(x y) dvs e, (z, y)ds
pun / 9) fu (2, 1) dvs o, (2, ) AW

+§1ﬂ2,1/0 \/]R2 \/?jfy (xu y) dvs,C1 ($’ y) ng7

for allt >0 and any f € C{est = {g ECZRT"xR): g(0,y)=0,Vye R}.

Proof. By using Ito’s formula for the stopped two-dimensional process { (th, O'tl) ct> 0}
given by (1.2) and by recalling that f (0, y) = 0 for all y, we obtain

f (th/\Tla O-tl)
= f (Xg, 09)

! 1 1 h? (0;)
+/ fw (XS,US) Tl—T +l€1fy (X ) (01—0 ) ]I{T1>s}ds
0
1 t
+2/0 [fx:p (XSl’ O-;) h2 (G;) +£%fyy (X517 G;) O-;] H{T1>s}d3
t
+§1P391,1P2,1/ fay (X3, 02) h (o)) \/EH{T1>s}d5
/ fe (X5, 03) Lpysayh (0g) pradWy

"’51/ fy (XL, 00) Liryssy Vol p2,1d BY

/ fx H{T1>s}h( )\/ 1- p%,ldWsl
+£1/ fy ]I{T1>s} Vo \/ 1- P2, ldB1

and the desired result follows by taking conditional expectations given (Wo, B,O), C1 and
G, by noticing that Ito integrals with respect to B! and W vanish due to the pairwise
independence of the Brownian Motions, and by taking the given coefficients out of the
conditional expectations. ]
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3 Volatility Analysis - A Malliavin Calculus approach

Now that we have connected our problem to the study of the probabilistic solution of an
SPDE, we need to establish the best possible regularity result for that solution. Before
showing that the measure-valued process E [-(X}, o} )¢ | B, W, C1, G] does indeed
have a density for almost all paths of (B,O, WO) with some good regularity, it is natural
(and important as we will see) to ask whether the same holds for the 1-dimensional
measure-valued process describing the evolution of E [ f(oy) | BY, Q’], for suitable f, where
o is a CIR process driven by a combination of BY and B!, that is a process satisfying

doy = k(0 — op)dt + EJoyr/1 — p3dB} + &\/oyp2dBY, t > 0. (3.1)

We assume that the coefficients of equation (3.1) satisfy: k6 > %{2, which is stronger
than the standard Feller boundary condition for a CIR process, and also ps € (—1, 1).
Then, the answer to our question is given in the next theorem.

Theorem 3.1. Assume that og is a random variable in LP (2, Fo, P) for all p > py =
— 25%9, such that given G, oo has a continuous density po(-|G) which is supported in
[0,00) and which satisfies
E{llpo(- [9)|[2] < oo,
for all v € [—26—129, ] Then, for every path of B and t > 0, the conditional probability
measure P(o; € A| BY, G) posseses a continuous probability density p(-| B, G) which is
supported in [0,00). Moreover, for any T >0, any 1 < ¢ < % and any o« > 0, we have

Mpo o = sup (Sup (v°pi(y| BY, g))) € L1(Q)
t<T \ y>0

To prove this Theorem we need a few lemmas. First, we will need the following
finiteness result for the moments of the supremum of a CIR / Ornstein-Uhlenbeck process
up to some finite time. The proof of this technical lemma can be found in the Appendix.

Lemma 3.2. Under the assumptions of Theorem 3.1, for any p > 0 and T > 0 we have

E

sup o} | < oo.
0<t<T

Moreover, if {uy : t > 0} is the Ornstein-Uhlenbeck process which solves the SDE

duy = —gutdt + g <\/ 1 — p3dB; + P2dB?> ,

under the initial condition ug = \/og, then we have also

E [ sup u?] < 00.

0<t<T

12



Next, we need a few results that involve the notion of Malliavin differentiability. The
Malliavin derivative of a random variable adapted to a Brownian path is a stochastic
process measuring, in some sense, the rate of change of the random variable when the
Brownian path changes at any time ¢. Extending this to random variables taking values
in Banach spaces, we can define the k-th Malliavin derivative as a random function of k
time variables (provided that it exists). The existence and behaviour of these derivatives
are inextricably connected to the existence of a regular density for the random variable.
We refer to [20] for the basics of Malliavin calculus and, as in [20], we denote by D™P (V)
the space of n-times Malliavin differentiable random variables taking values in the Banach
space V, whose k-th Malliavin derivative has an L? norm (as a function in k time variables
taking values in V') of a finite LP norm as a random variable, for all 0 < k < n.

In [2] and [3] it is proven that the CIR process has a Malliavin derivative under the
probability measure P, which is given by a quite similar formula. In [2] it is also proven
that under our strong assumption k6 > %52, a second Malliaving derivative with some
regularity also exists. The next two lemmas extend these results to the case where the
path of the market noise B. is given. This is exactly what we need in order to prove
Theorem 3.1. The proofs of these extensions are more or less based on the same ideas as
the corresponding initial results (except that Lemma 3.2 is also needed at some points)
and can be found in the Appendix.

Lemma 3.3. There exists an Q1 C Q with P(Q1) = 1, such that for all w € Qp the
random probability measure P(-| B, G) has the following property: Under P(-| B%, G),
the process {0 : t > 0} has a Malliavin derivative with respect to the Brownian Motion
B! which is given by

— (e 2\ 1k
2 t

Dyoy = €4/1— ple K”)”S“}“ﬁt, (3.2)

for allt >0 and 0 <t <t. This is a process in t' which belongs to LZBQ g ([0, t] x Q) for

any fized t > 0, where the notation L%O G is used for any LY space when the probability
measure P is replaced by P(-| BY, G).

Lemma 3.4. For any 1 < ¢ < % and T > 0, there exists an Qo C Q with P (Q2) =1,
such that for all w € Qo the random probability measure P(-| B, G) has the following
property: Under P(-| BY, G), the process {o;: 0 <t < T} belongs to the space D27 with

respect to the Brownian Motion B}, and the second order Malliavin derivative is given by

A SN 1
Dt%,tl/o—t = Dt/O—t X |:A <2 — 58) FDt//USdS + T%Dt//(jt 5 (33)
S

forall0 <t <T and 0 < ', t" <t, where the first order derivatives are given by Lemma
3.8. Furthermore we have

E

sup  |D3 t//Ut’q/] < 0. (3.4)
0t/ #<t<T ’

The same holds for the process vy = /oy, but this time the second Malliavin Derivative

s given by 2 Cike e 1
D/// :D/ - — — 7D// d . 35
141Vt tUtX[/tl<2 8)03 t"0s 3:| ( )
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Finally, we need a lemma that connects the existence of a regular density to the
existence of a regular non-vanishing Malliavin Derivative. There are many results of this
kind in the literature (many of them can be found in [20]), but in our case we need the
following.

Lemma 3.5. Let F' be a random variable in the space DY2NLP (Q) for allp > 1. Assume

that for some process {u; : 0 <t < T} of L?-integrable paths, we have (u,, D F);> # 0

almost surely and also wﬁ% c DL (L% ([0, T])) for some ¢ > 1. Then F has a
Ll . L

continuous density p(-) for which it holds

ql
< 00,
L2([0,71?)

for some C > 0 and for all a > 0 for which E [F;ql] s finite.

d-1 o ] 1 u
sup (y© <CE ¢ |Fd-1|Ed |||D—"o——ro
) = B [P 69 ||t

The proof of the above lemma has also been put in the Appendix, since it is almost
identical to that of Proposition 2.1.1 in [20] (page 78), except that in the end we need to
recall Meyer’s inequality in order to obtain the estimate for the supremum. We are now
ready to prove the main result of this section.

Proof of Theorem 3.1. Lemma 3.3 implies that for almost all w € Q, o; € DY? with re-
spect to B! under the probability measure P ( | B, g). We would like to apply Lemma 3.5
on o for an appropriate process {uy : 0 <t <t}. Let u, be the unique pathwise solution
to the linear integral equation

vt ﬁ,ﬁ)+ﬁ}7ds/
ut/:/ Uuge fSKQ 8) e Jowds, Vi < t.
0

ootk _€2 L kas
Then, uy = uoef(;5 ¢ [< ’ 8) 3 2] Vauds for any ¢ < t, which is almost surely a
differentiable and strictly increasing function on [0, ¢], always bounded by ugetvVet > 0.
Then it is easy to check that

e Wy
(w, Dot)ag g e —

for any ¢’ < t. Thus, we have that

v (u., D-Z;5>L2[O,t] € LT 12 (0, ). (3.6)

Next, we want to show that Uy is Malliavin differentiable and compute its derivative
for any 0 < ¢’ < t. By Lemma 3.3 we have that D o lies in the space

DY (L% [0, #]) c D (L2 ¢, 1]),

for any t/ <t and any 1 < ¢’ < %, which implies that
t t
D. | Dsoyds = | D2 oyds
t t

14



t
/ D? gyds € L (9; L*[0, 1))
0

forall 0 < ¢ <tandany 1 < ¢ < égg Since the LHS of the above is positive (follows

easily from Lemma 3.4 and our assumptions for the coefficients), the above implies also
that ft'i Dyods € DY for any ¢/ < ¢ and that

/t Dyoyds € DY (L2[0, 1)) . (3.7)

Consider now a smooth function F' satisfying

I
F(a:):{e e

0, r < —1,

and which has bounded derivatives. Then we can easily check that Uy = F' ( ftt, Dsatds>,

4k0

and by the standard Malliavin Chain rule we obtain Uy € DY for any 1 < ¢’ < 362

with : .
DUy =F' ( Dsotds> Dgwatds, (3.8)
t v

for all 0 < ¢/ < ¢. Finally, from (3.7) and (3.8) we have that D U. belongs to the space
L7 (Q L? ([0 t]2)> and thus, by (3.6) we deduce that U e D¢ (L2 10, t]).

Recall now that o has a finite expectation under P ( | B, Q), for any exponent p > 0
and any t < T, for all w € Qg with P (Q2) = 1 (this follows easily from Lemma 3.2 and the

law of total expectation). Thus, by Lemma 3.5, o, possesses for all w € Q9 a continuous
density py(-| B%, G) under P (-| B?, G), such that for all ¢ >0

supy®pe(y|B°,G) <
y=>0

1|BO:|

{
(HF [ Das) [ 92 s
=X

sup | (o¢) ) |B%,G
0<t<T

!

q
) 1B°,G
L2([0,t]%)

< C/Eq

1 t q/
YE¥ H | D2 ous 8.6, (3.9)
. L2([0,4)%)
for any a > 0.

It is not hard to see that the constant C’ > 0 does not depend on the fixed path B°
of the Market factor, since it depends on the maximum of the derivative of F' and the
universal constant of Proposition 1.5.4 in [20] (changing the measure here is the same as
changing the process oy by changing its Market factor, under the law of the idiosyncratic
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factor). Therefore, for any 1 < ¢ < ¢/, by Holder’s inequality, the estimate (3.9) and the
law of total expectation, we have

I q q'7q (q/,—l)q c,viq’ 0
sup Mpo < CIE < |E - | sup ((op)d1)|B, G
0<t<T 0<t<T

N T T T 2 3
xEd | sup / / < D?,, O'td8> dt' dt"
o<t<T \Jo Jo % ’

(3.10)

E

Since (qq/,_ilq)q > 1, by applying Holder’s inequality and the law of total expectation

once more, we find that the first factor on the RHS of (3.10) is bounded by

aqql
sup | (oy) -«
0<t<T

which is finite by Lemma 3.2. On the other hand, the second factor on the RHS of (3.10)
is bounded by

. T T T 2
E / / / sup DZ2,,0¢ | dsdt'dt”
o Jo Jv \o<t<T 7
. T T T 2
E / / / sup D200 | dsdt'dt’
o Jo Jo \o<st'<t<T 7

/

3q 4L 2 !
<T2Ed sup Dy oy

0<s,t"<t<T

q/_q
CiE o

/
q

2

IN

which is finite by Lemma 3.4 for any T > 0, so the desired result follows. O

4 Existence of a regular two-dimensional density

In this section, we combine the results we have obtained in the previous section for the
volatility process with the regularity results we have for the constant volatility model of
[6], in order to obtain a regular density for the probabilistic solution of the SPDE obtained
in Section 2, when the value of C is given. First, for any Hilbert space H, we denote
by L2 (Q x [0, T]; H) the space of H- valued stochastic processes, which are adapted to
the Brownian path (W?, B?). For our purpose we will need the following useful Theorem
which extends the results of [6] to the case where the volatility path is non-constant.

Theorem 4.1. Let {X; : t > 0} satisfy the stopped SDE

dX; = (r — %) dt + \Jor\/1 — p}dW}! + JaiprdW?, 0<t<r,
(4.1)
Xt = O, t Z 7-7
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for 7 = inf{t > 0 : X; = 0}, under the initial condition Xy = xo, where zy is a
continuous random variable with an L? density ug = ug(-|G) given G C o(zg), W° and
W1 are pairwise independent standard Brownian motions which are also independent of
xo, ¥ > 0 and p1 € (—1, 1) are given constants, and {o; : t > 0} is just a deterministic
path which is continuous and positive. Let {V; : t > 0} be the measure-valued process
given by

Vi(A) =P (X, € A, > t| W, G)

for any Borel set A C (0, c0). Then almost surely, the following are true for all T > 0;

1. Vi possesses a density u(t,-) = u (t, - WO, Q) for all 0 < t < T, which is the
unique solution to the SPDE

du(t, ) = — <r - %) g (t, z)dt + %um(t, )t — Joiprug(t, z)dW?  (4.2)
in L? (Q x [0, T]; HE (R*)) under the initial condition u(0,-) = ug, where ug is the
density of o given G.

2. For all0 <t < T, the following identity holds
t
[Ju(t, | Fegmsy + (1 - P%)/O osl[ua (s, NIF2syds = [luol 72w+ (4.3)

To prove the above theorem, we need the following convergence result for a sequence
of stopped Ito processes, when the corresponding sequence of volatility paths decreases
pointwise to some continuous and positive path.

Lemma 4.2. Let {0? : 0 <t < T} be a continuous and strictly positive path, which is
approximated from above by a pointwise decreasing sequence {{oj" : 0 <t < T}}nen of
positive and bounded paths. For any m € NU {0}, denote by X™ the stopped Ito process
given by
dxXm = (r—%) dt + /o7 dW,;, 0<t<7™,
(4.4)
X" =0, t>1",

where T = inf{t > 0: X}" = 0} and W. is a standard Brownian Motion, with the initial
condition

X' = max {:L’o —lm, %},

1/2
220 T}) . Then, for a sequence {my, : k € N} C

for o >0 and l,, = (HW_ \/(TQ‘

N, we have almost surely: X;"* — X} uniformly on any compact interval [0, T).

The proof of the above lemma is quite technical and can be found in the Appendix

Proof of Theorem 4.1. Without loss of generality we can assume p; € [0,1). We will prove
first that 2. holds for the unique solution  of (4.2) in the space L? (Q x [0, T]; H} (R™)).
Since the existence and uniqueness of this solution follows from the main results of [17]
(pages 18-20), for any fixed volatility path and any square integrable initial density, we
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do not need to use 1. The estimate (4.3) for that u is also obtained without using 1.,
which means that we can use 2. for proving 1. next. Indeed, applying Ito’s formula for
the L? norm (Theorem 3.2 in [17] for the triple Hi C L?> C H ') on (4.2) and observing
that fooo Upglh = — OOO u? (by the definition of the distributional second derivative, since
u € H& can be approximated by smooth and compactly supported functions in that

space), we obtain

t
Hu(t7 Y W07 g)HiQ(R+) + (1 - p%)/o Os Huw(s7 ) WO: g)HiQ(R+) ds = ‘|UUH%Q(R+)

forall 0 < t < T, for all w € QT with P (QT) = 1. The desired result follows since
P (Q%) = 1 for Q® = NyenQ”.

We proceed now to the proof of 1. which will be divided into 3 steps. In what
follows, we will be working on the set 2°° which is defined above and which is a set of
full probability.

1. The constant volatility case:

We assume first that the path oy is constant in ¢t > 0, i.e oy = 02 V¢ > 0. In that case,
V} is the limit empirical process studied in [6] and [9] (without the compactly supported
initial data restriction), scaled by o > 0, so it does have a density u(t, -) = u(t, -, W9)
which is the unique solution of the SPDE

2 2
du(t, r) = — <r - 02) Ug (t, x)dt + %um(t, x)dt — oprug(t, ©)dWy
in L2 (Q x [0, T7]; H& (R*)), under the initial condition (0, -) = wug, which is actually
(4.2). It holds also that xu,,(t, x) is square integrable.

2. The piecewise constant volatility case:

We assume now that the path o. is piecewise constant in 0 <t < T, i.e

or = a? > 0Vt € [ti, tiv1] (almost everywhere), where 0 =tg <t} < ... <t, =T isa
partition of [0, T]. We shall prove that 1. holds for T replaced by ¢;+1 for all i <n — 1,
by using induction on i. The base case (i = 0) follows directly from Step 1 for T = t;.
Assume that our desired result holds for i = j < n — 1 and thus, we have obtained the
desired density u(t, -) for 0 <t < t;1q. For i = j + 1 now, by starting our (Markovian)
processes at ¢ = t;41 and using Step 1 again, we have that

Vi(A) =P (Xy € A,7 > t|W?, G) has a density a(t, -) =a (¢, -; WP, G) for all

tj+1 <t < tjyo2, which is the unique solution of the SPDE

o2 o2
di(t, ) = — (r - ]2+1> U (t, z)dt + 92+ Lige (t, 2)dt — 0j 41 prie (t, 2)dWP

in L? (Q X [tj1, tj12]; H} (RT)), i.e an equivalent to (4.2) in [tj41, tj42], under the
initial condition

a(tj-‘rlv ) =u (tj-i-l? ‘)
Therefore, by defining w(t, -) = a(t, -) in (tj41, tj12], we see that u(t, -) is both the
density of V; (-) and the unique solution of (4.2) in L? (2 x [0, tj42]; Hj (RT)) under
the initial condition u(0,-) = up. Our induction is now complete.
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3. The general case:

We assume finally that the path . is any continuous and positive path. Recall

Lemma 4.2 for ¢° = o. and for a pointwise decreasing sequence of piecewise constant
paths {0 },,en approximating o. from above. This gives a sequence of drifted
Brownian Motions X™* converging P-almost surely to X., with corresponding volatility
paths {0 },nen. If we denote by u”(¢, -; WO, G) the density of X;"* for any t > 0, then
Step 2 shows that «* is the unique solution of (4.2) with o. replaced by ¢ and with
an initial density given by

uf () = up (min{2z, = + £y, }) .

Thus, by 2., which has been proven for the unique regular enough solution of (4.2)
(independently from 1. which we are now proving), we have that

Huk(t 5 WO Q)’ i + (1 pf) tam’“ ul(s, - WO g)’ i ds = Huk‘ ’
LA - L2(RT) P1 0 s z\2r A L2(RY) 0 L2(R+)7
where we can take expectations to obtain
k 0 2 o [ ||k 0 2 k||
|ttt w2, )|, + (1= ) o [ul s, 5 2, g) s =|ut|, @)

for all 0 <t < T, where L? stands for L? (Q x R*). Moreover, by the choice of the
approximating sequence, we can see that all the volatility paths are bounded below by

m = OgligT{as}, while the sequence of the norms of the ufs is bounded. Thus, we can
_s_

easily obtain from (4.5) that the sequence of L? (Q x [0, T]; H} (RT)) norms of the u”s
is bounded. Hence, there exists a u € L? (0 x [0, T]; Hg (RT)) such that u"* — u
weakly in that space, for a sequence {ny : k € N} of positive integers. Given now the
path W0 and given G, since convergence almost surely implies convergence in
distribution, for any smooth function f defined on [0, T, any open set A C R™ and any
Beo (WO, g) we have

T T
/ E[P(X, € A|WP, G)1p] f(t)dt = / E {lim P (X" e a|W?, g) HB} F(t)dt
0 0

k—o0

— m [ E [P (X{””k e AW, g) ]IB} f(t)dt

k—o0 0
T

= lim E []IB/ u (t, x, WO, g)dx} f(t)dt
A

k—o0
. 0
— / E []IB/ u(t, z, W2, g)dm} f(t)dt,
0 A

which implies that u € L? (2 x [0, T]; H} (R™)) is the density process of X; given W?
and G. By applying Ito’s formula on any smooth function computed at X; and taking
expectations given W9 and G, we find that u is also a solution of (4.2) which also
satisfies the initial condition u(0,-) = ug. Thus, u is the unique solution of (4.2) in

L? (2 x [0, T]; Hg (RT)), under the initial condition u(0,-) = ug. The proof is now
complete. O
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We are now ready to prove the first main result of this paper, that is the existence of
a regular density for v; ¢, .

Theorem 4.3. Suppose that the Fy-measurable random vector Cy is independent from

(XS, O'é), and for some q > 1 we have P- almost surely 4';;21 > q and p14, p2; € (—1, 1).
1

Suppose also that given G, X} has an L?-integrable density uo(-|G) in RY such that

E [||u0||iq2/(R+)} < oo for % + % = 1. Suppose finally that the initial value assumptions of

Theorem 3.1 are satisfied for oo = op and (k, 0, &, v, p1, p2) = (k1, 01, &1, 71, P11, P2.1),
for any possible value of Cv = (k1, 601, &1, 71, p1,1, p2,1). Then, for any value of Ci,
the measure-valued stochastic process vy ¢, obtained in Section 2 has a two-dimensional
density uc, (t, -, WO, BY, G) belonging to the spaces

Lo,c, = L™ ([0, T; L? (Q, F,P(-|C1)); Lza (RT xR™)))
and
Ho,cp = 12 (9 F, P(-1C1)) x [0, T); H (RY) x L, )0 (RY))
for any a > 0, where we write Lf](y) for the weighted L? space with the weight function
{9(y) : y = 0}, and hi(y) := min{A(y), 1} Vy = 0.

Proof. Let f be a smooth function, compactly supported in R?, such that f vanishes on
the y - axis. Then by Theorem 3.1 we have

viey (f) = E[f (X}, 0f) Limysy WP, BY,C1, 6]
= E [E [f (Xt17 Utl) ]I{let} ’W()?O'tl?B-O?Cl?g] |W0?B-O7C'17g]

= /R+ E [f (Xt17 y) ]I{let} |W070151 =Y, prclag] Dt (y|B07g) dy

(4.6)
Next we have
D [f (tha y) ]I{let}’WO,O'tl = y,B'O?Cbg]
=E[E[f (X}, ) Lnsy W0, 0,C1, G WP, 0} =y, B°,C1,G|
=2 | [ (02 W0.6.C1 o) W0t = 3,86
= /+ f(z, y)E [u (t,;g, wo g, C'l,h(a.)) \WO,Utl _ va.O,Cl,g] iz,
R (4.7)

where u (t,x,WO,Cl,Q,h(J‘)) is the L? (Q x [0, T); H} (R*)) density given by Theo-
rem 4.1, when the coefficient vector C; is given and the volatility path is h (0.). By (4.6)
and (4.7) we obtain that the desired density exists and is given by

uey (ta,y, WP, B, G) = pi (y| B, G) E [u (t,2,W?,G,C1,h(0)) W0, 0¢ =y, B’,C1,9]

which is obviously supported in R™ x R*. Now, recall the estimate from Theorem 3.1
and the Cauchy-Schwarz inequality to obtain

o [ Ouc, 0 10 ?
Yy (t7x7y7W~7B~ag)

ox

20



< MB,O,o(pt (y | B07 g)
xE? [ug (t, 2, W°, G, C1, h(0)) |W°, o} =y, B%, C1, G|
S MB,O,apt (y ’ Boa g) E [u?c (ta x, W07 g: Cl: h(U)) ’W()y 0—151 =Y, B07 017 g]

0<t<T \ y>0
Theorem 3.1). Multiplying the above by hq(y), integrating in y and using the law of total
expectation, we obtain

B 2
/ hl(y)ya< gcl (t, x, y, W, BY, Q)> dy
Ry Zz
< MB,O,a x E [h’ (0151) u?c (t7 €L, W07 g7 Cla h(J)) |W‘07 Boa Clv g]

where Mpo , = sup | sup (yo‘pt (y | BY, g))) for which we have E [M;ép’a} < oo (by

Thus, writing Ec, for the expectation given C}, we have

2
/ / / ha(y <8 ol (t, z, y, WO, B, g)> dydxdt]
R+ JRT Ox

< E¢, [MBO / /]R+ w2 (t,2, W°,G,C1,h(0)) W2, BY,Cy,G] d:vdt}

= Eg, [MBQ,QE [/ h(atl)/ u2 (t,2,W°,G,C1,h(0)) dxdt\W,O,Bp,Cl,QH
0 R+

by Tonelli’s Theorem. Then, by 2. of Theorem 4.1, the above quantity is bounded by a
multiple of

Ec, [MBO oE [/ ug(z)dx | WP, BY, 1, g” = Ec, |:MBO a/ ug(x)dx]
- R+ T JR+
< Ee, M} | E [lluol[34 <00
Cr [ po o UollL2(r+)

by our assumptions. This is the estimate for the z-derivative of uc,. To obtain an
estimate for the density itself, we follow the same steps without multiplying by hi(y) and
without integrating in ¢. In that case, when we recall 2. from Theorem 4.1, we drop the

integral term of the LHS and our upper bound is again E¢, [Mféo a} E [| |uo| |i‘§/(R+)] < 00
which is independent of ¢ € [0, T']. Thus we obtain

sup ]EC1 |:/ / yau%’l (t7 r, Yy, Wov Bov g) dydl‘:|
0<t<T R+ JR+

<Eo, [ M | E [lluol g | < o0
Adding our two estimates we can easily deduce that

2 2¢
ey, eynin, < CEoy Mo ] B ol g | < o0

for some C' > 0 (independent of C) and our proof is complete. O
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If O has a nice distribution such that E |E¢c, |M%, < 00, we can take expectations
1 B? .«

on the last estimate to deduce the existence of a regular density for the limiting empirical
measure process, justifying the validity of the approximate computation in (1.6). Sub-
stituting now [po f - dvgc, = [po f(@,y)uc, (t, @, y)dedy in the distributional SPDE of
Theorem 2.6 and integrating by parts, we obtain the SPDE for the density of v; ¢, :

t
uey(t. o y) = Vol y|G) = [ (uey(s, 2, ), ds
0
1 t t
45 [ 1) e (s, 2, ), ds — kb [ (e (s, 2, ), ds
0 0
t 1 t )
sy [ ey o) ds+ 5 [0 (e (), ds
t
€1p3p11p2 /0 (h () Viuc (s, @, y),, ds

€2 ¢
+21/0 (yuc, (s, @, y)),, ds — Pl,l/o h(y) (uc, (s, z, y)), AW

t
—E1pa /0 (Viue, (s, 7, ), dB, (4.8)

where the derivatives in y and the second derivative in x are considered in the distribu-
tional sense (over the test space C{®*" defined in Theorem 2.6), while Uy(z, y | G) stands
for the initial density with marginals up(x | G) and po(y | G).

5 Using the SPDE to improve the regularity

In this section we write L2 = ng (RT x RT). Observe that under this notation, the space
L., c, defined in Theorem 4.3 can be written as

Lo,y = L% (0. 7); 22 (@ F. B(-|C1)): L2)).

which means that the L, ¢, - norm of a function equals the supremum in ¢ € [0, T of
the L2 (Q, F, P(-|C})) norm of its L2 - norm. All the expectations in this chapter are
taken under the conditional probability measure P (- | Cy ). For any value of the coefficient
vector C1, we will write Q for (Q, F, P(-|C1)) and P for P (- |C} ) for simplicity.

In this section, we exploit the initial-boundary value problem satisfied by uc,, in
order to establish the best possible regularity for our density. First, we need to define
the initial-boundary value problem explicitly. We give the following definition of an a-
solution to our problem for o > 0, the properties of which are all satisfied by the density
function uc, for all @ > 0 as we have shown in the previous section.

Definition 5.1. For a given value of the coefficient vector Cj, let Uy € L? (Q; ii) be

a random function which is extended to be zero outside RT x R*, h a function having
polynomial growth in R*, and p a real number. Given C1, p and the functions Uy and h,
we say that u is an a-solution to our problem when the following are satisfied;
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1. u is adapted to the filtration {o (g, w, B?) : t > 0} and belongs to the space
H, c, N Ly, ¢y, where Ly ¢, and H,, ¢, are the spaces defined in Theorem 4.3.

2. w vanishes for negative y and satisfies the SPDE
t

utay) = Ualey) = [ (alsa0)),ds
0

+;/0 h2(y) (u(s,x,y))zdS—k191/0 (u(s, z,y)), ds

i [t o)y ds+ 5 [ 1) (uls,a.0)),. ds

+p /0 (h (y) Vyuls, , y)),, ds
2t .
—I—%/O (?JU(s,x,y))yyds—pl,l/O h(y) (u(s,z,y)), AW

—51,02,1/0 (Vyu(s, z,y)), dBY, (5.1)

for all x > 0 and y € R, where u,, u,, and uz, are considered in the distributional
sense over the space of test functions

Céest — {g c C’g(R+ X R) : g(O,y) - 07 vy € R}

Observe that for p = & p3p11p2.1, where ps is the correlation between WY and B
(i.e dW} - dBY = psdt), we obtain the SPDE obtained in the previous section. The main
result of this section is given in the following theorem.

Theorem 5.2. Fix the value of the coefficient vector Cy, the real number p and the initial
data function Uy. Let u be an a-solution to our problem, for all o > 0. Then, the weak
derivative u, of u exists and we have

uy € L2 ([o, T x Q; ig)

for all a > 2.

To prove the above Theorem, we need to modify appropriately the kernel smoothing
method which has been developed in [6, 18, 9]. The idea is to test our SPDE against

1 _wEw?

\/ﬁe 2¢ 7y)Z€R7

in order to obtain a smoothed version of it. Keep in mind that we do not have to integrate
over the negative numbers, where the square root is not defined, since by definition our
solution vanishes there. From the smoothed version of our SPDE, we can obtain for any
0 > 1, an identity involving some finite i%, IN/(%_l and IN/(%_Q norms and inner products
of smoothed quantities involving the solution and its derivatives (we shall refer to this
as the J-identity). The finiteness of the L? norms appearing in the é-identity for any 4,
follows from the good global regularity of our functions when they are smoothed with

¢6(Z7 y) =
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¢e(z, y). This good smoothing property of ¢.(z, y), which is not obvious and has to be
established concretely, follows from the fact that ¢.(z, y) is just the standard heat kernel
(used in the standard kernel smoothing method) composed with a square root function.
Then, we can obtain the desired result by manipulating appropriately the §-identity for
each § > 1 and by taking ¢ — 0T, provided that ¢(z, y) has the same convergence
properties as the standard heat kernel. The composition with the square root function
leads to the elimination of some bad terms in our d-identities (terms that could explode
as € — 07 under our weak regularity assumptions) which would appear if we used the
standard kernel smoothing method. The intuition behind the choice of this composition
is that our solution is expected to be the density of a law describing a CIR process in
the y-direction, while the mapping z — /z transforms a CIR process into a process of a
constant volatility (like the Brownian motion with drift in the constant volatility model,
where the standard kernel smoothing method works).

As we have already mentioned, we need to show that ¢.(z, y) introduced above pos-
sesses all the nice smoothing and convergence (as ¢ — 01) properties of the standard heat
kernel, and also for many different weighted L? norms. These natural extensions are given
in the following technical lemmas, the proofs of which have been put in the Appendix
since they are simple modifications of the proofs of the corresponding properties of the
standard heat kernel under the standard L? norm.

Lemma 5.3. Suppose that (A, ) is a measure space. For any function u supported in
A x RT we define the functions

Tucw) = [ u(h 2oz )iz
and
Ju(\, y) = 2yu(X, y?).
Suppose that for all & > —1 we have J, € L? (A; Lié, (R+)>. Then for all & > —1 we

have the following reqularity and convergence results;

1. Jue(-, -) is smooth and for all n € N it holds that %Ju@(-, )elL? (A; Lié, (R+)>.

2. Jue(y ) = Ju(s, ) strongly in L? (A; Lfﬂ’ (RJF)); as € — 0T,

Lemma 5.4. In the notation of lemma 5.3, assume that for some §' > 0, there exists a
constant C > 0 and an n € N such that for any ¢ > 0 we have

8l
|5

2

Jue (s, ) <C (5.2)

L2 (A; Lia, (R+))

for some function u supported in A x RT and alll € {1, 2, ..., n}. Then we have %Ju €
L? (A; Lza/ (R+)> and also (%,Ju,e — %Ju strongly in L? (A; Lié, (R+)) as e — 0%, for
alll € {1, 2, ..., n}.

We will use these two lemmas for A = Q x R and A = [0, t] x Q x RT for ¢t > 0,
with the corresponding product of measures (where Q is equipped with the measure
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P(-|C1) and both [0, t] and R* are equipped with the standard Lebesgue measure).
This means that, in the notation we introduced at the beginning of this section, the two

lemmas will be used for functions in the spaces L? (Q x Rt; Lzé, (Rﬂ) =12 (Q; E?;,)

and L2 ([0, 1] x © x RY; L2, (R%)) = L2 ([0, ] x ©; 13)).
We fix now a function u which is an a-solution to our problem for all @ > 0 and we
set:

Ly (s, o y) = /R g(2uls, o, 2)belz, y)dz

for any function g of z and € > 0. Under this notation, the d-identity (for any 6 > 1) for
our solution w is given in the following lemma:

Lemma 5.5 (the d-identity). The following estimate holds for any § > 1,

/ Vo, 2)e(z, Ydz|
R 12(0;12)
t/ 9
+/0 <axle,h2(z)(s, ) Leals, '>>L2(9;L§) "

+6 (k191 il)/o (1__3(5), L, .)>L2(Q .

6—1

2

[ea(t, Miaoizzy =

L2(9;L2)
51
HIel ||L2 QL% L) ds

2
61 (1 p%}l) ds.

L2(9;L3)
= mpanas) [ (gl (o) poluals)) s
1P3P1,1P2,1 ) Oz eh(2)\5) "), Ay 6,1\ L2(Q;L§) :

(5.3)

Ie,l(sa )

zTy

All the terms in the above identity are finite.
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Proof. Notice first that the finiteness of each term in the identity we need to prove is a
consequence of 1. of Lemma 5.3. Next, we observe that by definition of ¢, we have

0 1 0
/Rg(z)u(s, T, z)agf)e(z, y)dz = —;/Rz2g(z)u(s, T, z)a—yqbe(z, y)dz
10
= _iaiyleﬁg(z)z %(s, x, y) (5.4)
and also
0?2
[ s, . 2) 500z )
8 0 1
== [ st (ay@“’ %f) .
0 0 1
/Rg(z u(s, z, z c‘Ty@@( dz+/ u(s, z, z) 3y qbe(z, y)4z\[dz
1 1 0
(5 Lot buts 2 Lt y)dz>y+4 [ 0= uts, . 2) (6l ) s
1
Z (I g(z)z~ 1(3 €, y))yy+ 4 (Ie,g(z)zfg(s’ €, y))y’ (55)

for any € > 0 and o € R. Thus, after testing (5.1) against ¢, by substituting from (5.4)
and (5.5), and by interchanging the z-derivatives with the integrals, we obtain

t
0
Iﬁ,l(tv €, y) = /]R Uo(.’E, z)¢€(zv y)dz - TI/O %16,1(57 T, y>d8

1 [t k16, [t O
+§ 8 ehQ(z)(Sv €T, y)ds - T 67y[ez 2(8 €, y)d
k1 8 82
—I—/ — (s x, y)ds —|— 5 len2(x) (s, T, y)ds
8 0 Or
§1 !

8 21-671(87 z, y)ds + 581/0 (973/[6 Z—%(Sa z, y)dS

t 2 t
p 0 0 0
ds — —1I dw.
8 Ay e (z)(sa x, y) $ ,01,1/0 O e,h(z)(sv x, y) s
—p21/ 8 Ic1(s, z, y)dBO (5.6)

By applying Ito’s formula for the L?(R*) norm on (5.6) (Theorem 3.1 from [17] for the
triple H} ¢ L? ¢ H™'), multiplying by y° for § > 1 and integrating in y over R*, we
obtain the equality

Mea(t, 2, = H/ Uo(-, 2)be (2
t/ 9
—27“1/0 <8xI€ 1( ) IE 1( )>L2 dS+A <&U167h2(z)(87-),Ie,l(s,‘)>i/§ ds

t/ o t70
_klel/o <ayle,z%(8’.)’Ie’l(s")>[~/2ds+k1/ <ayI€Z%(sv')716,1(37')>Z%d8

)
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t /92 g% t /o2
+ [ (Gt Lt ‘)>Eg ti [ (Gt dat) ds

t 82
+pA <8$8y-[e,h(z)(57')7 1571(57')>~2 ds
5
0
0

t
0
+§1P301,102,1/0 <axle,h(z)(sa )y A

& /o > [ ’
4= —1 _1(s,-), 1 s,-> ds + / — I i (s,- ds
L [l (s ) o [ gt

e :
S1 ZI.1(s,- d
i [ | Fteats.) L
t
_Qpl,l/ <6 e,h(z)(sv ) 16,1(37')>~ de
L3
t/o
—§1P2,1/ <8IE,1(87 ')716,1(5»')>~ dBy. (5.7)
0 Y L2

Observe now that by the definition of u,, in our SPDE, we have
[ [ents o 2o ) f@pdzds = [ [ uts, . 216z, ) fn(o)dds
R+ JR R+ JR
= —/ / Uz (8, &, 2)be(2, Y) fr(x)dzdx (5.8)
R+ JR

for any smooth f vanishing at zero. Since u € H}, this mapping over all such functions
f defines a distribution in H~!, and since those test functions are dense in HS, we have
that (5.8) holds for any f € H}. In particular, for f = I. (s, -, y), multiplying (5.8) by
y® and then integrating in y and ¢ over R*, we obtain

t 82 t 8 8
iy Y, Tea(s, - - _ T2 (s,2), =—1Icq(s, - )
/0<3x2 en2(2)(8, ), Tea(s )>E§ds /0<ax w228 )y 5 lea(s )>zgd8

(5.9)
Next, integration by parts implies
t 82
71&,1(37 ')a Ie,l(s> )> ds
/0 <5y2 iz
1/t ) t o 2
=0(0—1)= Iei(s, )72 ds— —Ia(s, - d
6=1)5 [ Marls Mg ds= [ Srats )%
(5.10)

and
t 82
A 3, La(s, )Y d
/0<8.1‘8y e,h(z)(sa )7 ,1(5 )>[~,§ S

—/t<8I (s,°) 2I (5)> dsé/t<8l (s,4), 1. (s)> ds
= ; O e,h(2)\ 9> 7ay €,1(9, Zg 0 Oz eh(2)\3 ") Le, 15, 7o



(5.11)

and also

£/
— I ,a(s, ), Ic1(s, ds
[ (e o eats )

t t
= —(5/ <Ie,za(87 -)’ Ie,1(37 ))EQ ds —/ <I€7za(5, -)’ agje’l(& )> dS,
0 5—1 0 y 2
(5.12)

for any « for which the above quantities are regular enough. Note that integrating
by parts in the y-direction is possible without leaving any boundary term at infinity,
since all the terms inside the inner products are rapidly decreasing in y. This is also a
consequence of 1. of Lemma 5.3, since for any n € N and any function f having derivatives
in polynomially weighted L? spaces, by Morrey’s inequality we have:

Y f(y) < sup |7 (2)]
Y 2eR

S 31/ (/R 22(n+1)f2(2)d2+/RZQRJCZ(Z)dZ+/RZQ(TL+1)(f/(Z))2dZ> 2 — O

as y — o0o. Of course, we do not have boundary terms at zero either, due to the weight
function 3.

We will use (5.9) - (5.11) to get rid of second order derivative terms in our estimate.
Here, it becomes clear why we have chosen to compose the standard heat kernel with
Vvz: In (5.7), substituting the second term in the fourth row from (5.10) gives again the
term of the eighth row but with a negative coefficient of a bigger absolute value, which
allows us to control y-derivative terms. It is not hard to check that that this wouldn’t
have been the case if we had composed the standard heat kernel with another function,
when the existence of u, is not assumed (as in our case). By observing now that the first
inner product of the RHS of (5.7) is zero, substituting also (5.9), (5.11) and (5.12) for
o= £1 in (5.7) and taking expectations, we obtain the desired. O

Now that we have obtained the d-identity for all § > 1, we can proceed to the proof
of our main Theorem. Our strategy is to establish the regularity result by controlling the
derivative terms in the d-identity for all § > 1, by taking ¢ — 0™ and by using Lemma 5.3
and Lemma 5.4 (which gives the regularity of the limits).

Proof of Theorem 5.2. For all the inner products in the J-identity except the first and
the seventh, we can use the Cauchy-Schwartz inequality in the form

(ur, ug)jz < HU1HL§51 luzllz,,,

for § = 1 + 02, and then the AM-GM inequality (ab < % + Cb?) for the products of
norms to obtain
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2
M (2, (o 22)
2

< ‘/Uo(-, (2, )z
R L2(9;12)
‘7o
97, ), Iy (s, - d
# [ (Gutean o) eae )>L2<mz> .

t/ o
5[)/ <8Ie,h(z)(5a s 1671(8, )> ds
0 £z L2(9;L%_))

6—1

k16 5% tC’ I ’
+ |k101 — 1 /0 1 €7Z_%(37 )’ 12(0 12)
& / L |9 ’
+ | k10 — I (s, - ds
= 0 40, oy (s ) £2(9;12)
5|0 - & /tc2 I (s -)‘2 ds
4 0 €,z 2 LQ(Q;E%)
& 1
#8 it | [ Mo Moz

ke [ i d L2, 2 d
+hi 1/0 o:3 (5 ')HLz(Q;ig) S+401/0 gy’ ) (o)
t 2 1 ¢
ok 02/0 Ie,z%(s’ )’L2(Q L3 ) d8+@ 0 Hea (s )HL2(Q I3.1) s
t /9 0 >
— —Ig 285 7))y 7I€ S, - ds
[ (G tancats, ) gteats ) o
+ /t D lonos )2 d
P11 oz ()8 L2(0;12) ’
5
2L / [[£e1(s ”L2 0.72_,) 48
2
-4 %< ) ds
" Jo |19y L2(9;13)
2
+01 Len (s, )| ds
L2(9;L2)
, 2
+L - 1(s, %) ds (5.13)
401 LQ(Qiiﬁ)

and this for any C7, Cy > 0. If we choose Cy = 1 and a large enough C7 to have

(

k1601 —

1 &
+|p—&ipapiip21] + kl) — < *1 (1—-p31),

2
St
4 4Cy
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then from (5.13) we can obtain the following estimate

t 8 2
Ie N2 _ M 7]6 ,
et Moz + Mo | gy o) o
2
[o o] wan S e s
R LQ(Q;L[;) 6{0,—5,5
+5M2 / HIEZ"‘ ||L2(Q L2 1) ds
aE{O,Q}
2 ! a ’
OMy | Aex(s, Mia(oz ) ds +Ma | |Io-denes)(s, - I
* /0 (o, Moy gy s+ || Gtenca s MNergenzz) ™

/o
+/ <Ie,h2(z)(57 ')v Ie,l(sa )> ds
0o \0z £2(9;2)
s
/o
_6:0/ <ale,h(z) (Sa ')7 Ie,l(sa )> ~ ds
0\ LA 13,)

/t< 0 I (s, ) 0 Icq(s )> ds (5.14)
- A _ Leh2(z y ")y o Le, y ) .
o \dz " oz £2(9; 12)

for some positive constants My and Ms. Now, for any function g, it is easy to check that
with the notation of Lemma 5.3 we have I, j(,) = Jy.ue and {;%Ie,g(z) = Jguy,e- Then, for
any ¢’ € {6, 0 — 1, 6 — 2} (since 6 —2 > —1), by 2. of Lemma 5.3 we can compute the

limits of these quantities in L? ([O, t] x Q; i)g), which are equal to

Jg~u(37 Z, 1)) = 2vg(v2)u(s, z, UQ)

and
Jgu, (s, x, v) = 21}g(v2)ux(s, x, vz)

respectively, provided that they belong to L2 ([O, t] x €; E%) This can be verified by

computing their norms in that space. For g(z) = g1(2) = 2% and g(2) = g2(2) = h?(2)
and for all 0 <t < T, this computation gives

t
”ngvuniz (0, xQXRFxRH) = 4/ E [/ / T2 (s vz)dvda:] ds
yo 0 R+ JR+
t /
= 2/ E [/ / y2a+%u2(s, T, y)dydx] ds (5.15)
0 R+ JR+
and

t
HJ92 uxHLQ ([0, | xOxR+ xR+)  — 4/ E |:/ / 02-&-5 hzﬁ )u2(37 x, UQ)dvda:] ds
0 R+ JR+

t
= 2/ E [/ / ylH B (y) u?(s, x, y)dyd:):] ds,
0 R+ JR+

(5.16)
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which are both finite for all the combinations of «, 3 and ¢’ appearing in the norm terms
of the RHS of (5.14), since it is easy to verify then that the exponent of y in the RHS
of both (5.15) and (5.16) is positive, and since h has polynomial growth. Hence, 2. of
Lemma 5.3 and the continuity of the inner products imply that all the terms in the RHS
of (5.14) are convergent as ¢ — 01. Therefore, the RHS of (5.14) is also bounded in € and
thus, Lemma 5.4 applied on the y-derivative term in the LHS of that estimate implies

that B%JU = (2vu(s, =, 02))v exists in L? <[O, t] x € E%) and that in this space we have
DIy =EJue— 2y ase— 0t

From the above we can easily deduce that (u (s, x, 02))v exists, which implies that

1 0
25 00
the standard inequality (a — b)? < 2(a? + b?) we have

t
/ E [/ / yé%gu?/(s, T, y)dydx] ds
0 R+ JR+

:;/OtE UM [ (s UQ))U)dedac} ds

the weak derivative uy(s, z, y) = U (s, T, vz) lv=\/7 also exists. Moreover, by using

t
:1/ E [/ / v? ((UU (s, T, v2)) —u(s, T, UQ))2dUd{L‘:| ds
2 Jo R+ JR+ v
t 2
< 1/ ge]u(s, ) ds
2 Jo 110y 12, (QX R+ xRF)

I -
—l—/ E [/ / yéTlu2 (s, z, y) dydx] ds, (5.17)
2Jo R+ JR+

which is clearly finite since ,%Ju € L? ([O, t] x Q; I:g) This gives the regularity result

for weight exponents v = 252 € (2,400). Observe however that the limit of the RHS of
(5.14) as € — 0T gives a bound for the first summand of the RHS of (5.17) consisting
of weighted L? norms of u with weights ¢°, 4°~! and y°~2 for 6 > 1. Then, by our
regularity assumptions for u, we see that each of these norms is also finite for § = 1,
and the same holds for the second summand of the RHS of (5.17). Hence, by using the
Dominated Convergence Theorem, we see that the LHS of (5.17) is bounded as § — 1T
and thus, it is also finite for § = 1 (by Fatou’s lemma for example), which implies the
desired regularity result also for @ = 2. O

Remark 5.6. Observe that the smoothed quantities J, (A, y) do not have to vanish as
y — 0, even though their limits J,(\, y) decay linearly in y near zero, so the integral of
Jue(A, y) against y? can explode at zero for & < —1. It follows that Lemma 5.3 does not
work for & = —1, since the weighted norms of the smoothed quantities can be infinite,
while those of their limits are finite. This is why we had to work with the J-identity for
§ > 1 (implying &' > 6 — 2 > —1 wherever Lemma 5.3 is used) and take § — 1" only
after taking ¢ — 0.

Remark 5.7. The flexibility in the choice of p allows us to extend our results to the case
where the idiosyncratic noises have nonzero correlation. Indeed, suppose that for any

i > 1 we have W} = w;W} + /1 —w?Z} and B} = b;B} + /1 — b?Z}, where W!, B!
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and Z¢ are pairwise independent standard Brownian Motions, and w;, b; € [—1,0)U (0, 1].
Then, we can obtain the convergence results of section 2 in exactly the same way, and
the SPDE we obtain is the one treated in the previous section with

p=E1p3p11021 + &1 \/1 —ria \/1 ~ P34 \/1 — W%\/l — b (5.18)

The extension will be complete if we manage to embed the measure-valued process v ¢,
in Lo, ¢, N Hy, ¢ for all > 0 and for a given value of C1, as we have done in Section 4
for the zero correlation case. Since v ¢, can be expressed as a conditional law of the pair
(X!, ol) as in the zero correlation case, this embedding can be done by conditioning on

Z! to reduce the problem to the zero correlation case, with ,/1 — p%lT/V_l, (/1= pgle.l,
p1aW?P and po1BY replaced by wi/1 — P%,1W17 biy/1— P%JBI, p1aW0 + /1 —wiZ!
and p27pr + /11— b%Z,1 respectively. This approach obviously fails when w; = 0 or
b1 =0.

6 Discussion of Uniqueness

The previous sections have established existence and regularity results for this class of
stochastic volatility models arising from large portfolios. We would also like to prove
that our problem has always a unique solution for a fixed coefficient vector C; and a
fixed initial data function Uy. However the bad behaviour of the coefficients of the SPDE
near zero render all the standard approaches to the question of uniqueness inapplicable.

Indeed, by following the same steps as in the proof of the d-identity but for § = 0,
without integrating in y, and by using the product rule instead of integrating by parts,
we can obtain L(t, y) = R¢(t, y) where

Le(t, y)
_ & t”[ ( 2 d
=3 e1(s, - ?J)HL2(QxR+) §
0 vy

t
+p / <ale,h(2)(37 5 y) dea(s, - ?/)> ds
o \0x L2(QxRT) y
2 t
- <k191 - i) </0 (1w deats, y)>L2(QxR+)dS>
b y

t
k I ), Lea(s, - d 6.1
e (/o < e,z%(s o) Leals y)>L2(QxR+) S>y o1

and
Rc(t, y)

2
= Fealt s ) cre ~ | [ Dol 210005,

L2(QxRT)

t7 0
_/ <aI€,h2(Z)(S7 o) y),[€71(87 " y)> ds
0 x L2(QxRT)
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2 t o
- k191 - 1> / <I 7l(57 “y y)a 716,1(5) y y)> ds
( 4 ) Jo \ =2 dy L2(QxR)
t 0
th (14 g Tals ) ds
0 €22 6y L2(QxRH)

+/t<aI (s, ,y) 8[ (s y)> ds
eh2()\Sy »Y)y - 1e1\Ss
o \ox " Oz L2(QxR)

t/ o 0
- 5103/3 1021 — P / <Ie, 2)\S, 5 Y), 7'[6, S Y > ds
( 1,102,1 = P) o\ B lont )( ) ay 1( ) .
2 e ?
—p / 7167 O\S8 5 Y ds
11 [ || g Ten )( ) .
&, /f 0 ’
—==(p31—1 —Ic1(s, -y ds. 6.2
4 ( 2,1 ) 0 ay 1( ) L2 (xR ( )

where we can use our regularity result to compute the limit of each term in R(¢, y),
in an LlloC sense as a function of y and for any ¢ > 0. Using this, we can deduce the
convergence of each term in L (¢, y) in the same sense, which implies that the function

E(t, y) := fot |2yu(s, -, y2)Hiz(QxR+) ds also has a locally integrable second derivative in

y. Then, we can take ¢ — 07 on L(t, y) = R(t, y) and substitute the limit of each term
to obtain

> . & &\ 1 k1y
(t,y) = E(O, y)+§Eyy(t, y) — kb = = @Ey(t, y)+7Ey(t7 Y)

ko — ) LBt )+ kB y)
+ 101 = " »Y) +R1L(t, Y
tl o
(=) [, Gt )
+ (E1p3pr1p21 — p) h(Y?)
t o 0
X/o <(‘3x (2yu(s, . y2)) ¥ (QyU(S, g 3/2))> ds

L2(QxRT)
52 t
E
0

where we can assume that |p — &1p3p1,1p21] < &1 \/1 - pil 1— p%l, a condition obvi-

ously satisfied when p = &1p3p1,1p2,1, and then apply the Cauchy-Schwarz and AM-GM
inequalities to show that the sum of the last three terms is negative. This implies that
E(t, y) satisfies:

2

ds
L2(QxRt)

2

aay (2yu(s, “ yz)) ds (6.3)

L2(QxR+)

3% &\ 1 k1y
Et(t7 y) S Et(ov y) =+ ?Eyy(ta y) - (klel - 4> ?Ey(ta y) + Ey(tv y)
Y 2
&Y 1
+ (01 = ) B, 0) + B ) (6.4

under the boundary condition E(¢, 0) = 0 for all ¢ > 0, with the first order derivatives in
y being continuous classical derivatives (this follows from standard 1-dimensional Sobolev
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embeddings). This seems to be the best possible result we can have for the energy of a
solution to our initial-boundary value problem, since all the norm estimates that can be
obtained from Theorem 5.2 can also be obtained by integrating (6.4) against some power
of y. Since the problem is linear, uniqueness follows if we can show that E must vanish
everywhere when we have zero initial data (which is equivalent to E;(0, y) = 0 for all
y > 0). However, this is an open problem as standard approaches to problems of this
kind fail due to the unboundedness of the coefficient of the non-derivative term.

A possible approach to the above problem would be to multiply (6.4) (for E¢(0, -) = 0)
by some positive function of y and integrate in [0, +00), hoping to obtain an estimate
where Gronwall’s Lemma can be applied to give the desired result. This seems to fail
since it leads to estimates involving different weighted norms of F, which are always
non-equivalent due to the unboundedness of y% near zero.

Another approach would be to try to use an argument like the standard parabolic
maximum principle, i.e to obtain a zero maximum for the positive function e9W!E(t, 1)
by choosing a function g that helps in the elimination of non-derivative terms in (6.4),
and by recalling that when the maximum of a function is not attained at the boundary,
the first order derivatives vanish and the second order ones are non-positive. Once more,
the unboundedness of -5 near zero does not allow for g to be bounded, which causes extra
problems as one can easily check.

Finally, if we try to implement either of the above approaches in the domain [e, +00)
for small e > 0, where the coefficient of the non-derivative term in (6.4) is bounded, and

then try to take e — 07, we will see that the desired result can be obtained only when
L
E(t,y) = O(e ¥*) near zero. Of course, this is something we cannot expect since our
26101 4
CIR density does not vanish faster than y & asy — 0%,

Remark 6.1. The estimate (6.4) can also be obtained in the case where the idiosyncratic
Brownian Motions have correlation as in Remark 5.7, since by (5.18) we have

= &psprammal = &\/1-g1\/1- i1 -wiy/1-13

<&y/1-ph/1- A

a condition necessary for obtaining that estimate.
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A APPENDIX: Proofs of standard and technical results

Proof of Theorem 2.1. First, we consider each pair (X_i, a?) as a random variable
taking values in the probability space (C ( [0, T; ]R2) , 00> B), which is the space of
continuous R2-valued functions defined on [0, 7], equipped with the supremum norm ||.||
and the appropriate o-algebra B.
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Since [0, T] is a compact subinterval of R, B coincides with the usual o-algebra for
the law of the F;-adapted process (X : a?). Moreover, there is a function S such that for
each w € () we can write

(X!(w), 0!(w)) = 8 (B'(w), W!(w), BY(w), W'(w), 2'(w), oh(w), Ci(w)) ,

since (X, o) is obviously a strong solution to (1.2).
For a permutation 7 : {1,2,..., N} — {1,2,..., N} and a collection {G1, Go, ..., Gn} of
B-measurable sets, the event

{(Bﬂi), W@, BO WO, x5, cﬂ(i)) e SYGy), V1<i< N}
has a probability which is equal to
P (w cQ: (Xﬁf@')(w), aﬂi)(w)) G, V1<i< N) .
We claim that the law
P (w eq: (xr0(w), aﬁf(i)(w)) €Gi, V1 <i < N)
—Pp ((B_’f@, W BO WO, 570 5@ cﬂ(i)) e SH(G), V1<i< N)

is independent of the permutation w. Indeed, by a linear inversion it is enough to show
that the joint law of {B_’r("), W) (@), 03(1)7 Cripy: 1 <0 < N} U {B_O, W.O} is inde-
pendent of the permutation 7 (-), which is a consequence of our exchangeability assump-
tions. As a result the set { (X, 0%) : 1 <i < N} is an exchangeable set of C ([0, T ; R?)-
valued random variables. Hence, by de Finetti’s Theorem (see Theorem 4.1 in [15], but
it can also be found in [1]), we obtain that the sequence of measure-valued processes

1 N
1=

converges weakly to some probability measure v, (which is defined on B), P-almost surely.
Thus there is a set Q' C Q where the convergence is valid for any w € €', where P(Y) = 1.

Let Ps : (C([0, T]; R?), ||+]|sc, B) —> R3 be an evaluation functional at some
(t, s) € [0, T)?, which maps (f(-), g(-)) to (f(t), g(t), g(s)) and which is obviously con-
tinuous. We fix an w € ' and we define v3; s = v, 0 Pt’_; for all (¢, s) € [0, T]?. Then,
for this w and for any Borel set A C R3 we have

vé\,ft,s(A) = %#{1 <i<N:(X], o} 0l) €A}
= %#{gigN; Py (X', 0') € A}

_ %# (1<i<N: (X', 0') € PEA)} = o (PL1(A))

for all N € N and all (¢, s) € [0, T]2. This means that for this w and for any f €
Cy (R3; R) we have
/ fdvévts = / f o Pt,sdviva (Al)
R Jo(, T R?)
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since we can easily show this for a sequence of simple functions approximating f from
below and conclude then by the Monotone Convergence Theorem. Taking now N — oo

we find
/ fdvl, . — / foP, dv. = / fdvsss, (A.2)
R2 ” C([0, T); R?) R2

for any f € C, (R% R), where the last equality in (A.2) is obtained exactly as (A.1).
Since this holds for any f € C} (RS; R), we have the desired convergence.

Finally, to show continuity under the weak topology for a given w € €, we shall
invoke the Portmanteau Theorem, according to which we only need to show that

liminfuzy, . (A) > v344(A)
n—oo

whenever (t,, s,) — (¢, s) € [0, T]?> and for any open A C R3. This is obtained by
observing that

v3rs(A) = v (P{;(A))
= w.({(Y,Z2)eC(0,T];R?) : (Y, Z, Z,) € A})
= o (U2 e, {(Y, Z2)eC (0, T); R?) : (Yi,, Zi,, Zs,) € A}),

which holds because (Y3, , Z;,, Zs,) — (Yi, Zy, Zs) by the continuity of the path (Y., Z)),
and hence (Y, Zt,, Zs,) is finally contained in any open set containing (Y, Z;, Zs).
Then, the last quantity is equal to

lim v, (N2, {(Y,, 2) € C ([0, T]; R?) : (Y, Zi,., Zs,) € A})

k—o00

< lim inf v, (v, z)ec(0,T);R?) : (V. Zu,, Zs,) € A})

T k—oon

= liminf o, (P} (A))

n—oo n>Sn

= liminf vy, 5, (A)

and the desired continuity has been proven. Since this continuous limit process of mea-
sures is obtained almost surely for (¢, s) € [0, n]?, for any n € N, with N being countable,
it is actually obtained almost surely for all ¢, s > 0. The proof of the Theorem is now
complete. O

Proof of Lemma 3.2. Observe that we only need to prove our claim for p = n € N.
By Ito’s formula we have

2

t
eng [Car i (V1= ggpl e it
0
t
< og+CiT+ nf/ o2 <,/1 — 3B+ sz2>
0

for some C; > 0 when t < T, since the quantity within the Riemann integral is a
polynomial of a negative leading coefficient (thus upper bounded in the positive reals),

t 2
o = o) +/0 n (J?_lk (0 —os) + & (n—1) 0'?_1) ds
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computed at the CIR process os which is always non-negative (as we pointed out before
introducing our model). Taking supremum for ¢t < T, then taking expectations and finally
using Cauchy-Schwartz and Doob’s inequalities, we obtain:

1 t 2
E[M}] < Elof]+CiT +n€E2 | sup (/ U?lmd(\/l—sz;—l—p BQ))
[M7] [o5] 1 [ 0 2 2

0<t<T

T
< Elo§]+ CiT + néE> [/ J?"_lds]
0

T
< Elog]+CiT + CQ/ E2 (021 ds,
0

for some Cy > 0, where we have set M7 = sup o;'. The first expectation of the RHS of the
t<T

last equation is finite by our assumptions for the initial data. To obtain the desired result

for the CIR process, it suffices to show that the expectation within the last Riemann

integral is bounded for 0 < s < T. For this, we recall Theorem 3.1 and Remark 2 from

pages 8-9 in [11], from which we can easily obtain (after conditioning on the initial value)

2n—1

E [agn—q <Oy Z ’Yf_anE [O_IS} 7
k=0

for all 0 < s < T and some C3 > 0, where vs = g—’g (1 —e‘ks)_l. The RHS of the
above inequality is bounded for 0 < s < T, since oy has bounded moments and since
’ys>§—§>0f0ra110<3§T.

Finally, the desired result for {uf tt > 0} can be obtained in a much easier way, since
we have an explicit formula for the Ornstein-Uhlenbeck process. Indeed, by using this
formula we can control the maximum of the process by Vo9 an by the maximum of a
Brownian Motion in [0, 7] (up to a constant factor), where the last is normally distributed
and thus it has a finite second moment. The proof of the Lemma is now complete. ]

Proof of Lemma 3.3. First we set v; = /0y and, as our assumptions ensure that o
does not hit 0, we can apply Ito’s formula to equation (3.1) to obtain

(k0 N1k ¢

where By := /1 — p2B} + p2 B} is a standard Brownian Motion. Since the CIR process
is an L!-integrable process (this follows from Lemma 3.2), v; is an L2-integrable process.
Consider now for any ¢ > 0, a twice continuously differentiable and increasing cut-off

function ®(z) satisfying
(c) = 1 %f x> 2,
0 ifr<e

Then the derivative satisfies

0 0 if x> 2¢
o€ — =5
Ox (=) {0 if v <e.
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Moreover, we define: J(z) = @iEI) for x > 0 and J¢(0) = 0, and we observe that this
function is bounded and continuously differentiable with

o .. —I% x > 2e,

T < €,

which is also bounded and non-positive for any ¢ > 0.
Let {v§ : t > 0} be the unique solution to the SDE

2
dvy = [(kf - £8> JE(vg) — I;Uf] dt + gdBt (A.4)

for an arbitrary € > 0, where B. is the same Brownian motion as in (A.3). For any
e > 0, Theorem 2.2.1 from page 102 of [20] implies that vf is Malliavin differentiable
with respect to the Brownian motion B!. By looking at the proof of that Theorem,
we can see that the underlying probability measure does not play any role, as long as
we are differentiating with respect to the path of a Brownian motion, which means that
here we always have Malliavin differentiability under the probability measure P(- | B?, G).
Under that conditional probability measure, by the same Theorem and the remark after
its proof we have that the Malliavin derivative of v (with respect to B!) satisfies the
integral equation

\/ — k6 2 k
Dyvi = 3 p2 [( - 5) —J(vs) — ] Dyvids, Yt >t >0,
t aﬂf 2
This can be solved in ¢ to give

Dyl = f\/ 1—pj ft’[(% %)* e(vg)fg}ds, V>t > 0. (A.5)

As mentioned in [3], the stopping time 7. = inf{t > 0: v; < €} tends to co as € — 0
and we also have vf = v/* = v, > 2¢, Vit < 7'26 (this can be seen by observing that when
we stop (A.3) at 7o, we can substitute the 72 term by the equal J¢(v/**) and obtain

exactly (A.4) stopped at 7o, but for v 1nstead of v§, so since this stopped SDE has a
pathwise unique solution, vy and vt must coincide up to time 7o), P-almost surely. It
follows then that v§ — v; and also ft, 2 = J(vS)ds — — f; %ds forallt >t >0ase— 0T,
P-almost surely. Hence we have ’

E [P (vf = v, V¢ >0|B% G)] =P (vf — v, ¥Vt >0) =1,

which implies that

P(vf —» v, Vt>0|B G) =1 (A.6)
P-almost surely. Similarly, we can deduce that
b1

( —JE $)ds — — [ —ds, YVt > 0| B, g) =1 (A7)
t/ v Vs

P-almost surely.
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Furthermore, it is shown in [3] that
E [P (Jvf] < |ue| + o], V> 0| B, G)] =P (Jvg| < o] + we], V¢ > 0) =1,

where u; is the Ornstein - Uhlenbeck process of Lemma 3.2, while we also have

E| sup E [(Jve] + |we))® | BY, G]
0<t<

< E

sup (|ve| + |Ut)2]

0<t<T

< 2(| sup Ut”%%m"‘” sup Ut”?ﬂ(n))a
0<t<T 0<t<T

which is finite by the two results of Lemma 3.2. This means that P-almost surely we have
also
IP’(|U§| < |ug| + |ve| ¥t > 0] BY, g) =1 (A.8)

and
E [(Jve| + [ue])?| BY, G] < o0 (A.9)

forall 0 <t <T. By (A.6), (A.7), (A.8) and (A.9), we have that there exists an Qg of full
probability such that for all w € Qp and all 0 < ¢’ <t < T, both vf and Dyv§ converge
P(-| BY, G)-almost surely to v; and

s = ST (3-8

respectively as € — 0, while {v : ¢ > 0} is dominated by an L2 B0, —integrable process and

Dyv; < SVART for all e > 0 and all 0 < ¢ <t <T. Thus, we can apply the Dominated

Convergence Theorem to deduce that the last two convergences hold also in L 0.g and
LZB0 G ([0, t] x Q) respectively, for all 0 < ¢ < T and all w € Qy. Then, by Lemma 1.2.3

from [20] (page 30) we obtain that Dyv; exists and is equal to V; ¢,
=3, 5](5-) 52
Dt/’l}t = %6 ft ‘7% 2 s (Alo)

forall 0 <¢ <t <T and all w € Q.
Finally, for any n € N, let f, be a smooth and compactly supported function such
that f,,(z) =z for all z <n and H%anoo = 1. By Lemma 3.2, we have

E[sup E[o} B, G]| <E

0<t<T

sup o*f < 00,
0<t<T

which implies that o, € L? BO.G for all w € Q1 and all 0 < ¢ < T, where Q1 C Qo
is a set of full probability. Then for all w € Q7 and all 0 < ¢t < T, the Dominated
Convergence Theorem implies that f2(v;) — oy in L2 B0 a5 M — 00 (smce we obviously

have P(- | B, G)-almost sure convergence and domination by v? = o). Moreover, for all
we€ N and all 0 < ¢ <t < T, the standard Malliavin chain rule implies that

Dt/fg(vt) = 2fn(vt)fé(vt)Dt/vt — 2Ut_Dt/’Ut
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P(- | BY, G) - almost surely as n — oo, while we have also domination by 2v,Dyvy <
Epouy € L2BO G Thus, we can use the Dominated Convergence Theorem once more to

see that the last convergence holds also in L%p G ([0, t] x ), for all w € Q; and all

0 <t <T. Recalling now Lemma 1.2.3 from [20] again, we deduce that Dyo; exists in
LQBp g ([0, t] x ) and it is equal to 2v; Dy vy, thus

#[(5-€)3)
Dyoy=&\/1—p3e ""L\2 FJos 210 /oy

which is exactly (3.2). The proof is now complete. O

Proof of Lemma 3.4. Fix t > 0. Consider the sequence of stochastic processes (in

t' €10, t])
—Jy ﬁ—ﬁ) L +E}d / 1
(U?Jt/:g 1—[)%6 ft |:(2 8 os+% 2 Sgn O't—i-ﬁ 5 VTLEN,

where the smooth and increasing cut-off function g, satisfies

x, 0< 2 <n,
gn(z) = ¢ —1, <=2,
n+1l, x>n+2,

and has a derivative which is bounded by 1. This process is uniformly bounded by

V1 —psvos+1€ LP(Q), Vp > 1, since
1
Vos+1< 5, Sup (0s+2),

0<s<T
which has finite moments by Lemma 3.2. Thus we have also {1/1 — p3y/os + 1 € L%_O’g (Q)
for all p > 1, P-almost surely. Moreover, by the Monotone Convergence Theorem,
vy, converges pointwise to Dyo; as n — o0, so by the Dominated Convergence The-
orem we see that this convergence holds also in L%O g () for any ¢’ < t, and also in

LI]_;O G (Q; L* ([0, t])), for any p > 1, P-almost surely.

Next, observe that
! [ 1
Ugt’ =f (/ I, (Us) dS) dn ot + E , (A.ll)
t/

where f, h, are sufficiently smooth functions with bounded first derivatives, such that
f(@) = /1 —pdte™ and hy,(z) = § + (%9 - %) L forz>0and n €N, and f(z) =

CC+%
hn(z) = 0 for x < —1 and n € N. Now we recall the standard Malliavin chain rule, so
almost surely, under the probability measure P(-| B, G), we have

Dyihy, (0s) = hl, (05) Dyios,

which is bounded for any n € N, so we can integrate in s and intechange the integral
with the derivative to obtain

t t
Dy / hy (0s) ds = / hl (cos) Dyosds. (A.12)
% %
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Next, observe that all the arguments in (A.11) are positive, so by applying the same
Malliavin chain rule and by substituting from (A.12) we obtain

t t 1
Dyvpy = f </ hn(as)ds>/ h! (os) Dyosdsgy (\/E)
t’ t/
' 1\ Dy
I e
v ") o fors d
ko _ &
_ tt’ L ko €2 1 ds t(*—* Dt//O'SdS 1
= /1 - pice (%)) / £-%) —gn | \[ot+ =
¢ ot "
I (5 (45 iy ) 1\ _Duoy
+y/1 = p3ée wotw) gn o+ = :
n 24/o + 1
t n

(A.13)

Now we want to bound the above quantity by some process in Lgo’ g (Q; L? {[0, t]ﬂ ),
uniformly in n € N, so we can apply again the Dominated Convergence Theorem, for some
¢’ > 1. Observe that Dyos < &y/1 — p3\/os (by (3.2)) and that 0 < dgn( )< 1=
gn(x) < z for all n € N, so if we drop the summand— ft, from the exponents in (A.13)
we obtain

—J k—"—ﬁ> Lrds [t /osds 1
Dt””Zﬂ < &64/1— ple ft(2 2 ) osti 8/52 o+ —
t (os+ 1) n

2
+E4/1 - ple Ji (%_%) e SV
2 / 1
2 Ut+ﬁ
< &1 — po? [/ — sup Vos+1+1

2 0<s<T

whose Lq (Q L? [ [0, #]%| ) norm is bounded by

/

Ty q
1 —p%t E ;j sup Vo, +1| | +1
0.2 0<s<T
_ - 1
Tds\" < ’ !
< &\/1—pat EP / — E# sup Vos+1 +1
0 o2 0<s<T
S i
_ - 1
., T 1, P’ rd
5 d 4 ds
<&\ 1—pst | TP E» i E» sup Vos +1 ,
0 52 0<s<T
s - . -
(A.14)
1 1 1
Where 5 + 17 ?
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The second expectation of (A.14) is finite for all p’ < oo < p > ¢’ because of the

estimate (og + 1)% <y (0? + 1) for some C7 > 0 and Lemma 3.2. On the other hand,
if 2k0 %p, the first expectation of (A.14) can be computed by recalling Theorem 3.1
from [11] as follows

T q T _3p T 3p
/ fp =E [/ E [as > |Uo} ds] =\E [/ ’yssz (—%age—ks) ds} (A.15)
0 .2 0 0

Os
where A\; > 0, 75 = 2—]5 (1 —e‘ks)_l > 2—’; for all s > 0, and H is a hypergeometric
function for which we have the asymptotic estimate of page 17 in [11]. That estimate (for

N = 0) easily gives H(—z) < A\a|z|” ¥ for some A2 > 0 and all z > 0. Thus, by (A.15)

we find
T dS T Skps _ =P T 3kps 317
/ 5 | < MK / e 2 dS—)\l)\g/ e s dsE
0 2 0 0

Os

E

E

which is finite by our initial data assumptions if and only if le > 32 Thus, the RHS

2
of (A.14) if finite iff 2k9 > 3p This can be achieved by maklng p sufficiently close to ¢/,
provided that: 251“29 > wh1ch is equivalent to ¢’ < % We can choose such a ¢/ > 1

since we have 4%9 > 1. Observe that the same condition is assumed in [2] to obtain L!

regularity, but for our purpose, we are going to need this L4 regularity for some ¢ strictly
bigger than 1. Moreover, we need to have a finite L;go g <Q; L? {[0, t]z}) norm, P-almost

surely, and this is obtained by the law of total expectation as follows

/ !

q
d d
E |E / —f, sup Vos+ +1|B%G|| =E / —f, sup Vo + +1],
0 0.2 0<s<T 0 0.2 0<s<T

so we have )

T q
d
E </ —i sup \/05—1—1) +1/B% G| <
0

o2 0<s<T

for all w in some ' C Q of full probability. Thus, the pointwise convergence of Dt//vtrft,
to the RHS of (3.3) and the Dominated Convergence Theorem imply that we have the
same convergence in L BO.G (Q; L? {[O, t]z}) for all w € €. Then, since v}, converges
to Dyoy in LB,O,g (Q) for any ¢’ < ¢t and also in LqB!'O’g (9; L2 ([0, ¢])), for any p > 1 and

any w € Qy C ', we deduce that oy € D¢ under the probability measure P(-| B, G))
with respect to B}, with the second Malliavin Derivative being given by (3.3), P-almost
surely. It follows also that (3.4) holds, since the sequence converging pointwise to the
RHS of (3.3) is dominated by a random quantity of finite positive moments, uniformly
int, t', ¢t € [0, T]. The proof for v; = /oy is similar, the only difference is the absence
of the functions g, and the terminal value term. O

Proof of Lemma 3.5. For any a > b, we define 1 (y) = I} 4)(y) and ¢(y fy
The standard Malliavin Chain rule implies that ¢(F) € D2 and moreover

(u, D-¢(F))p> = (u, $(F)D.F)p
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= P(F)(u, DF)p2

and dividing by < u,, D F >2 yields

0= (Gpm PAR), o

Next, by Proposition 1.5.4 of [20] (page 69), @Duit}&p belongs to the domain of 4,

the adjoint of the Malliavin derivative operator, and there exists a constant C' > 0 such

that
¢ (wom)

Hence (A.16) implies

q u ¢
) < 00. (A.17)
L2([0,T1?)

1 1
Ed < CEY D————
N <H .<u~v D~F>L2

u

PO<F<a) = EWE)=E[ (g ) o)

- 1[[ naon( e )]

U

N PRI P e

Now, by Holder’s inequality and (A.17) we have that the quantity

p(z) =E {H{ng}cs <<ul?;F>L2>}

is bounded, thus by Fubini’s Theorem and (A.18) we obtain

P(h<F<a)= /baE []I{Z<F}5 (W;‘Fmﬂ dz

Therefore, the probability density exists and is equal to p(z), which is bounded as men-
tioned above. Moreover, since the quantity within the expectation is dominated by
0 (@DuiF)Lg)’ which is in L? by (A.17), the Dominated Convergence Theorem implies

that the density is also continuous. Furthermore, for a > 0, by Holder’s inequality and
(A.17), we have

yply) = E[yaﬂ{y“}é ((ug%ﬂ

!

q

/

< EV [yfq/lﬂyg} E¥ '5 <“ )
(u, DF)
’ q/
< CE [anil] E7 <HD‘U' ) < o0,
(u, D F)po 12([0,7)2)
for any y > 0 and the desired estimate follows. ]
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Proof of Lemma 4.2. By using the bounded convergence theorem we can easily obtain
o™ — ¢% and a.m—>\/ai.oinL2, as m — o0.

To prove our claim, we consider the process Y satisfying the same SDE and initial
condition as X™ for any m € N U {0}, but without being stopped when it hits zero.
We will show first that for a subsequence {mj : k € N} C N, we have almost surely:
Y™ — Y? uniformly on any compact interval [0, T, and there exists a ko € N such that
Ym’c < YO Vk > ko and all t < T'. Indeed, we have

t t
xp—x§ =5 [ =t)as+ [ (vVor - var)aw,

sup [Y," — V| = sup
t<T ¢<T

Y

This is bounded by

‘X(’)”—Xg‘—i-l/ |t — 0| ds + sup
2 t<T

[, (v v
[ (ver vt aw.

where the first two terms tend obviously to zero, while the last term tends to zero in
probability due to Doob’s Martingale inequality for p = 2 and Ito’s isometry, so along a
subsequence, the whole quantity tends almost surely to zero. Next, we have

vre? = {53 [ or - ofas+ [ (yom - Vo) aw
AY%@—¢@ymg

)

2

. X
= i {52 1} + 5 0 = %) 1 0+ sup

IN

— min {%, lm} + sup (A.19)

t<T

)

inf 20
and once more, by Doob’s Martingale inequality for p = 2 and 10, = M, we have

e (ap [ (vor - vet) aw] - 8,17
. l12E<</OT<@_\/;g)dWS)2\fo>

where [0, = lm — 0 for large m. Thus, there exists a subsequence {my : k € N} C N
such that - .
l
Z (mk) < 00
0.)°
k=1 \"my

which implies that almost surely, sup,<r ‘ fot (\/UT’“ — \/ag) dWS‘ <1, = lmT’“ for all
large k (by the Borel-Cantelli lemma). Therefore, by (A.19) we obtain

l l
sup (Y™ = V) <l + 25 = —7E <0 (A.20)
t<T 2 2



almost surely for all large k.

We are ready now to prove the uniform convergence of the stopped processes. For a
fixed event, the stopping times 7, 70 are given and (A.20) implies that 7™ < 79 for
all large k. Moreover, we have 7™ — 79 as k — oo. Indeed, for any € > 0, Y™ is lower
bounded by a positive constant in [0, 70 — €] for all k& bigger than some k°(e) (since the
same holds for the continuous process Y.° by the definition of 7°, and since Y.** tends
uniformly to Y), which implies that 70 — ¢ < 7 < 70 for all k£ > k(¢). Now, if we
have 70 > T, then we have also 7 > T for all big enough k, which gives

lim sup |X;™ —X7|= lim sup |Y;™ —Y?|=0.
k=00 0<t<T k—00 0<t<T

On the other hand, if 70 < T we have

sup | X} — XP| = max{ sup  |X{™ —XP|, sup |X[™—X]|, sup |X[™ —Xto‘}
t<T 0<t<r™k TME <t <70 T0<Ki<T
(A.21)
The first supremum of the RHS of the above is equal to the supremum of !th’“ — Y,'fo‘
for ¢ < 7 which tends to zero since Y.""* — Y9 uniformly in [0, T, while the third one
is always equal to 0. Hence, we only need to show that the second supremum of the RHS
of (A.21) tends also to 0 as k — co. Indeed, for some 7 < ¢, < 70, we have

sup X7 - X0| = Y2 > [¥h] =

TME <t<70
as k — oo (by the continuity of Y.°) so the desired result follows. O

Proof of Lemma 5.3. Observe that by setting z = v?,v € R, any integration against
¢ can be written as an integration against the standard heat kernel, i.e

1 _E-w?
e 2¢ dz

[N}
§‘
@)}

Tue\y) = / u(h, 2)
R+
1 7(v*y)2

= 20u (A, v2 e 2 dv
/]R ( \V2Te

We are going to prove 1. first. Observe that by our regularity assumptions and the
properties of the standard heat kernel, J, (A, y) is smooth and it’s n-th derivative in y
equals

~—

g+ (v)

1 (v=y)?
20u (N, v? Pv—y)e” 2 dv
/R+ ( ) V2me ( y)

where P is some polynomial of degree n. Thus we need to show that for any § > 0 and
n € N we have

_ (v—y)? 2

& 2 n€ 2e
2uu (A, v*) (v — ——dv | dydu(\) < oo
J Lo 2oy @ o | dyauy

By Cauchy-Schwartz, the above quantity is bounded by:
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(v—y)? _ (v=y)?

5 2.2 2 m€ % /6 2
v u” (A, v*) (v — ——dv ——dv | dydu(A
/A/R+ Y /1R+ ( ) ( v) 2me R V2me ydu(A)

_ (v—y)?

8 f.2,2 2 2n € e
= 4v°u )\, v — v 7d'l) d dﬂ A
/{\ /R+ /R+ Y ( ) (y ) V 2me 4 ( )

(A.22)

and thus, by Fubini’s Theorem, we only need to show that

_ (v=y)?

40%u? (N, v? / o —UQ”gd dvdp(A) < 0o
/A/]R+ (A v?) R+y(y ) N 11(A)

for which it suffices to show that
_ (v—9)?

& \2n€ 2e _ !
/Rer (y —v) Voo dy—(’)(v —|—1)

TE

due to our integrability assumptions for J, (A, v) = 2vu ()\, 1)2).
For &' > 0, we use the well known estimate (a + b)° < C(|a|® + |b|*) to obtain

_ (v—y)?

/ W (y— v dy
R+ V2Te

_ (v=y)? _ (v=y)?
2¢

<C 5’/ o 2n € e d +C/ o 2n+5/6 d
<Cv R(y v) Vo R(Iy v|) Vo
2

’ 6_“)T s /6_1le
< Ce™® / w" dw+ Ce" "z / w])? " dw
< A oo R(! ) ors
(A.23)
which is exactly what we wanted.
On the other hand, for §’ € (—1,0], we have
_(u;m?
&’ on € €
— )" ——d
/R Y (y —v) e W
v _w? +oo _—w)?
2 ’ e 2e ’ e 2¢
- [ -y dy+ [ -y dy
0 2me 2 2me
v 1 (v—y)? (w—y)?
200" (3 o ((v—y)2\"TZe = v\ [T e 2
< ( ) / y6 (( y) ) dy+ (7) / (’U _ y)Qn dy
VT Jo 2¢ |lv —y] 2 y 2me
3 1 v\ 9 e_(v;y)Q
< C(n 26”/ '~ q —i—(f) /v— m-— g
(n)(2€) el AN R( Y) 5 W
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v w

< C(n)(2¢)" (g) o /02 Yy dy + <12))6,e”/Rw2”6\/%dy

(A.24)

which is again what we needed and thus the proof of 1. is complete. We proceed now to
the proof of 2..
By the Cauchy-Schwarz inquality and Fubini’s Theorem we have

||Ju,e('7 ')Hi?(A; Z?,)

(v—y)? (v—y)?

= // y” / 2uu ()\, 02) € " - ¢ " “ dydu(N)
A JR+ R+ 2me 2me
e,(v;iy)Q 67<v;y)2
< & / 40?2 (N, v? "~ dv / ~dv | dydu(\
o /A/R+y R+ ( ) vV 2me R V2me ydu(Y)

(w—y)?

_ a2 (A, 02 / €2 dvdp()
/A/R+ ( )R+y\/ﬁy ()

(A.25)

Next, we see that

_w-p)?
4o ()\, v2) / yy%dy — 4?02 ()\, v2)
R+ Te

as € — 07 for v > 0, and it can also be bounded by something integrable, uniformly in
€ > 0 (this can be seen by recalling (A.23) and (A.24) for n = 0). Thus, by the Dominated
Convergence Theorem, the RHS of (A.25) converges to

46/+22)\,2dd )\:Ju','Q
a2 ) dodu) = 1, (ot )
Yy

as € — 0. Therefore, we obtain

lim sup || Juc (-, || < 1 Ju, )P

e—0t 2 (A; 12 (R+)) L2 (A; 2, (R+)) . (A.26)

Next, fix a measurable A C A with u(A) < 400 and a smooth function f: RT — R
supported in some interval [M7, Ms], where 0 < M; < Ms. Then it holds that

_(v=y)?

/R+ f(y)ﬁdy — f(v)
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pointwise as € — 0. Furthermore we have

B v)? 1, v < 2M>s
e “km
fly)—=——=dy < Csup|f(
fo A0 ity < Coplsaly
[o—Ma] ’ v > 2My

for all m € N and for some constant C' > 0 and thus, by applying Cauchy-Schwartz we

obtain
2M5
A)2vu(, v dodp (A
// )’U*M2| 2%

1 1/2
< OMy || (-, - A/ ,du>
M5 ) ([ s

which is finite. This means that we can apply the Dominated Convergence Theorem to
obtain

lim / / a0 9SOy ()

e—=0t JA JR

€,<ﬁ2—y)2
~ lim 1) | [0 2= Ta 0z | dydn)
e—=0t JA JR+ R 2me

<v2y>2
= lim 2u/\v Ta(AN)dv | dydp( X
L Y L N B NEVE ) RN
e_(vgy)Q

— I T4(\)20u(), v2 =y | dvdu()
dm [ ) | [ Sy | dvauy
:// Ta(A)2vu(A, vz)f(v)dvd,u()\) (A.27)
A JR+

so we deduce that J, (-, -) — Ju(, -) weakly in the Hilbert space L? (A; Lié, (R*))
(since A and f are arbitrary). Since a Hilbert space is always a uniformly convex space,
by recalling (A.26) and Proposition II1.30 from [4] (page 75), we deduce that J, (-, -) —

I,(, ) strongly in L? (A; L2, (R*)), which implies 2. O

Proof of Lemma 5.4. First, by our boundedness assumption we have that for any
sequence {ey}; oy converging to 07, there exists a decreasing subsequence {ey,, },,cn and

an element J. € L2 (A; Lzy (R*)) for all I € {1, 2, ..., n}, such that

al
@kam — J,

for all [ € {1, 2, ..., n}, weakly in L? <A; Lié, (R*)) as m — +o0o. Then, for any measur-
able A C A with p(A) < 400 and any smooth and compactly supported function f(z),
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we have

pointwise as € — 0. Hence, we can use Fubini’s Theorem and the Dominated Conver-
gence Theorem as we did in the proof of Lemma 5.3 (but for a partial derivative of f) to
obtain

al
i /A /R La(N) e, A 9) o f (W) dydpa()

_(/E—y)?

) o' e Zkm
= Jim [ [z | [ e 5= | dydu()

m

(w-y)?

al e QEkm
= li Ia(\)— 20u(N, v? dv | dydu(\
Jim [ gz | [ 200t S | vy

_ (v=y)?

) L 2hm
~ lim_ /A /R RO ) | [ S0 Sy | dvau(y

8l
- /A /R LA ) o (@)dvdi()

and thus we have

/ / La(\)JL(A, o) £ () dydp(N)
A JRT
[
= lim / /R +}IA(A)aaylJu,E,W(A, y) [ (y)dydu(N)

m—r00 A
z o'
= lim (-1 Ta(N)Juer (A y) 5 dydp (A
Jim (1) //R Ay O ) 5 ()Y
V' [ [ 1L 0 D popdodu(v),
which means that J!, is the I-th weak derivative of .J,. Next, for any [ < n we have
o' ’
iy S
Hay’ o)

L2 (A; L2, (R+))
(v—y) 2
’ 8l e 2e
5 2
= — 20u (A, v°) ———dv | dydu(A
/A/R+y (8yl/R+ (N v%) —= ) ydp(\)

1J—y2 2
:// y” / 2vu (A, v) o (o3t dv | dydu(N)
A Jr+ R+ oyt \ V2me
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Cw-w?  (-p)? 2

6/ 1 e de [ de
— JLO\ v dv | dydu(\
/A /R+ Y /R+ ul ) V2me  2me ydu(A)

_(v—y)? _ (v=y)?
<// & / (Jl (A v))Qidv /Mdv dydp(\)
A R+y R+ N 2me R V2me yaH
(v—y)?

- /A /R ) (L v)>2 /R . y‘s'e\/%dydvdu(k)
(A.28)

which converges (by the same argument as in (A.25) in the proof of Lemma 5.3) to

/A/R+ v” (qu (A, v))dedﬂ()\) — ‘

and thus we have

2

L2 (A; L2, (R+)>

L)

2
L2 (A; 12, (Rﬂ)

<]

T )|

!
lim sup H(?aylju’ﬁ(.7 ) (A.29)

e—0t

L2 (A; 25 (R+)>

Hence, by recalling Proposition I11.30 from [4] (as we did in the proof of Lemma 5.3),
we can conclude that %Ju,ekm — J. as m — 400, strongly in the uniformly convex space

L? (A; Lié, (R*)), for all I € {1, 2, ..., n}. The desired result follows since the sequence

{€m}men is arbitrary and since a weak derivative is always unique. O
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