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Rough PDEs for local stochastic volatility models

Peter Bank, Christian Bayer, Peter K. Friz, Luca Pelizzari

Abstract

In this work, we introduce a novel pricing methodology in general, possibly non-Markovian
local stochastic volatility (LSV) models. We observe that by conditioning the LSV dynamics on the
Brownian motion that drives the volatility, one obtains a time-inhomogeneous Markov process.
Using tools from rough path theory, we describe how to precisely understand the conditional
LSV dynamics and reveal their Markovian nature. The latter allows us to connect the conditional
dynamics to so-called rough partial differential equations (RPDEs), through a Feynman-Kac type
of formula. In terms of European pricing, conditional on realizations of one Brownian motion,
we can compute conditional option prices by solving the corresponding linear RPDEs, and then
average over all samples to find unconditional prices. Our approach depends only minimally on
the specification of the volatility, making it applicable for a wide range of classical and rough LSV
models, and it establishes a PDE pricing method for non-Markovian models. Finally, we present
a first glimpse at numerical methods for RPDEs and apply them to price European options in
several rough LSV models.

1 Introduction

In mathematical finance, a large class of asset-price models can be described by dynamics of the form
X" =z, dXP" = f(s, X" 0 dW, + g(s, X0 wdB,, 0<t<s<T (1)

where W and B are independent Brownian motions on some filtered probability space (€2, (F3), P),
v is adapted to the smaller filtration (}"tW) generated just by W and where the functions f, g are
sufficiently regular for to have a unique strong solution for any starting point (¢, ). Let us also
write (F;?) for the filtration generated by B and assume for conciseness that F; = F;" V F2. We
view v as one’s preferred “backbone” stochastic volatility model. Throughout this work, we make

Assumption 1 The process (v; : 0 < t < T) is (F}")-progressive with bounded sample paths.

This includes all (F}")-adapted, continuous volatility specification, and thus includes virtually all clas-
sical SV models in use, Heston, Bergomi, Stein-Stein, as well as recent rough volatility variants thereof,
see [3] and references therein.

The function pair (f, g) is chosen to account for correlation, leverage effects and to calibrate to the
market’s implied volatility surface: the classical local stochastic volatility (LSV) specification f(t,z) =
o(t,z)p, g(t,z) = o(t,x)/1 — p?, with leverage function o and correlation parameter p, is not
only contained as special case, but it in fact equivalent upon allowing for local correlation p = p(t, z).
For more information on LSV modelling, see e.g. [18].

A typical pricing problem in such models then amounts to computing an expectation like

E[®(X%)] = B[®(X,":0<t<T)]
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P. Bank, C. Bayer, P.K. Friz, L. Pelizzari 2

for some sufficiently regular payoff functional & on path space C|0, 7], leaving aside here (for no-
tational simplicity only) the impact of interest rates and discounting future pay-flows. Monte Carlo
simulation yields the probably most flexible approach to this problem. It fails, however, to make use
of the specific structure of the dynamics (1): A key observation here is that the Brownian motion W
suffices to fully specify the possibly rather involved dynamics of v and so, conditioning on the full
evolution of W, one should be able to view the dynamics (1) as that of a time-inhomogeneous dif-
fusion driven by the independent Brownian motion B. As a result, the computation of prices such as
E[®(X%)] should be possible by generating Monte Carlo simulations of v and its integral against W/
and then exploit the (ftB)-Markov property of the conditional dynamics to efficiently compute for each
such realization a sample of the conditional expectation E[®(X%®)| F¥]; the desired unconditional
expectation E[®(X%*)] would then be obtained by averaging over these samples.

From a financial-engineering and modelling point of view, a conceptual appealing feature of this ap-
proach is that it allows one to disentangle the volatility model generating v (and its dIV -integral)
from the nonlinear local vol-functions f, g and the second Brownian motion B: As soon as we can
sample from our preferred stochastic volatility model, we will be able to work out the corresponding
conditional local-vol like prices, with all the advantages such a (conditionally) Markovian specifica-
tion affords. For vanilla options payoffs ®(X %) = ¢(X>") for instance, a Feynman-Kac-like PDE
description should be possible and even for some path-dependent options such as barriers the con-
ditional pricing-problem is easier to handle in such a conditional local-vol model. Moreover, merely
requiring the realizations of v and its d¥ -integral as an interface, the local-vol pricer can be imple-
mented using Markov techniques without any knowledge of the possibly highly non-Markovian volatility
model it is going to be connected to.

Obviously, the heuristic view of the dynamics given W is challenged immediately by the need to
interpret the dW/ -part in its dynamics in a mathematically rigorous way. The present paper explains
how Lyons’ rough path theory (e.g. [13] and references therein) can not only be used efficiently to
obtain such an interpretation, but also to give precise meaning to each step outlined in the previous
paragraphs and that goes hand in hand with numerical recipes, first implementations of which are
integral part of this work.

We should emphasize that the emergence of rough paths methods is not triggered by some rough
volatility specification and in fact our results are novel even in the classical situation with diffusive
SV dynamics. That said, we do cover local rough stochastic volatility models, even beyond Hurst
parameter H € (0,1/2), such as recent log-modulated SV models (think “H = 07). This is in
contrast to [4] where a robust view of [ F'(W, B, WH)dW , similarly against dB, is made possible
using regularity structures or, equivalently, generalized rough path considerations [12,[17]. The reason
we can do this is an important idea of this work: rather than viewing Brownian motion W, B (or W)
as Brownian (or Gaussian) rough path, we take a new perspective in recognizing the integral of d1; =
v;dW; as fundamental object, bypassing all difficulties coming from rigid controllednes{] assumptions
central to rough paths and regularity structures. More precisely, we lift [ (w) = (fO vsdW5)(w) to a
local martingale rough path given by

1(w) = (I(w),I(w)) = ( /0 0y dW,(w), /0 | /0 t vsvtdWSth(w)) € ¢\ as.

which is the key to turn the above heuristics into rigorous mathematics. In the language of rough path
theory, a.e. realization of I(w) constitutes a rough path which typically is non-geometric. To distinguish

"Leaving technical definitions to [13], this would require v, — v, ~ Cy(Wy — W), with precise Holder or p-variation
estimates.
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Rough PDEs for local stochastic volatility models 3

between random and analytical objects we will denote by Y = (Y, Y) any such deterministic rough
path. The rough path bracket [Y] := Y2 — 2V, if applied to I(w), agrees a.s. with the familiar bracket
process from stochastic analysis, given by d[I];, = vtgdt. A deterministic analogue of instantaneous
volatility v; is then given by the square-root of d[Y];/dt, whenever well-defined, denoted by vY. We
are thus led to study the rough stochastic differential equation (RSDE)

XY =z, dXPY = f(s, X0UY)AY, + g(s, X)WWYdB,, 0<t<s<T. (2
Our first main result is given as follows and a precise formulation can be found in Section (3.1

Theorem 1.1 Under Assumption |1, for sufficiently nice (f, g) and (deterministic) rough path Y =
(Y,Y), there exists a unique solution XY to the RSDE (2), which is a time-inhomogeneous Markov
process with respect to the filtration (F). Moreover, for the solution X' to (1) we have

Law(X"*|F" v FP) = Law(X " Fp v FP).

If we additionally assume thatv > 0, then X** and X“®! are indistinguishable.

By independence of I and B, Theorem makes rigorous what the heuristic conditioning on W
means for the dynamics in and it clarifies in what sense exactly they become Markovian when
conditioned on . The conditional dynamics X**Y provides an example of a rough semimartingale
as introduced in [16].

To delineate the usefulness of this conditional Markov property, we focus on a vanilla option and
discuss how to compute its price E[¢(X%")]. When X“* is Markovian, such an expectation can be
computed by solving the associated Feynman-Kac PDE. When, however, the dynamics of v in
are generated by a rough volatility model, say, this classical approach is no longer available. Yet, as
explained above, we still have that the conditioned dynamics are Markovian. We thus condition on a
realization of v and its dI¥-integral I as a rough path with Lipschitz bracket I(w) = Y and show that
for the associated Markov process X “*Y of (2) the function

u¥ (t,z) == Elop(X5"Y)] 3)

is a Feynman-Kac-like solution to the rough partial differential equation (RPDE)

{—dtuY = LJuY](vY¥)2dt + T [u¥]dY? “

u¥(T,z) = ()
where we call Y9 =Y + [Y]/2 := (Y, Y?/2) the geometrification of the rough path Y; the reader

may think of Y (resp. Y7) as deterministic counterparts of d/ (resp. od[) in the 1t (resp. Stratonovich)
sense in a semimartingale setting. Here, the spatial differential operators L; and I'; are given by

Lt = %QQ(ta x)aix + fo(t, x)@x and Ft o f(t’ x)@x

with fo(t,z) := —30,f(t, ) f(t, ), from the non-geometric/geometric conversion. Leaving a more
precise formulation to Sections [3.2and our second main result can be stated as follows.

Theorem 1.2 Under Assumption for sufficiently nice ( f, g) and continuous bounded terminal data
b, ¢ € CP(R,R,), we have a unique solutionu™ = u¥ (¢, z) to the RPDE () for a suitable class of
rough paths Y = (Y,Y). Forall (t,z) € [0,T] x R we have the a.s. identities

Elp(X7")|F)(w) =" (tx)  and  Blo(Xp")|F] = E[ul(t,2)|F"]|

z:XE’z
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where X%® denotes the unique strong solution to (1). In particular,

E[¢(X7")] = E[u'(0,2)].

It is natural to ask how the RPDE (4) is related to the SPDE when formally one replaces dY? by od/,
and we provide a short discussion at the end of Section [3.2]for the interested reader.

By way of illustration, we first consider the pure SV case with constant f = pand g = /1 — p?, so
that the dynamics (1) amount to an additive stochastic volatility model in Bachelier form. In this case,
the explicit solution to (4) is given by

Y _ 1 ox _(y—x—pYLTV _ TVYQS
R = e i ) COM R AR

which precisely expresses the fact that the regular conditional distribution of X%E, given ]-'QW, is Gaus-

sian with mean p(Ir — I;) and variance (1 — p?) ftT v2dr. Similar formulae hold for multiplicative

stochastic volatility models in Black-Scholes form, when f(z) = pz and g(z) = /1 — p?z, in
this case the conditional distribution is log-normal, also with explicit mean and variance, known as
Romano-Touzi formula, [27]. We should also point out that our approach is not limited to 2-factor
models (i.e. built on two Brownian motions B, W), cf. the discussion in Section 3.5

The approach of this paper can be compared with an existing branch in the literature, related to
so-called backward stochastic partial differential equations (BSPDE), which have been studied ex-
tensively in [24, 25} 23] [22]. Put in our context, one can consider the random field

Elo(Xz")|F](w) = a(t, z;w)

and view it as part of the stochastic Feynman-Kac solution (i, 1) to the BSPDE

2

—dyi(t,z) = %(gz(t,x)+f2(t,a:))0§x&(t,x)—i—f(t,a:)vtaxw(t,x) dt — (t, )dW,,
a(T,z) = $(z).

In the classical SV case, that is for multiplicative fields f(z) = px and g(z) = /1 — p?z, this has
recently been studied in [6]. This approach has very mild requirements on the process v;(w), some-
what similar to our Assumption(i]

Another related pricing approach in non-Markovian frameworks comes from path-dependent PDEs
(PPDEs), with path-derivatives 0,, as in functional It6 calculus. The necessary extensions to treat sin-
gular Volterra dynamics, as relevant for rough volatility, were obtained in [28], to which we also refer
for selected pointers to the vast PPDE literature. In [20] the authors consider LSV-type dynamics of
the form

t
dX, = F(t, X, V) (det + /11— p2dBt> with V, = V0+/ K(t—s)(b(V,)dr+&(V,))dW,.
0
and see that P, = E[¢(X2")|F] is the unique solution to the terminal value PPDE problem

(0y 4 Lopg 4 Lo + Loy + L) P(t, X,,0) =0, P(T,2,0") = ¢(z),
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Rough PDEs for local stochastic volatility models 5

where, leaving all definitions and notations to the afore-mentioned papers,

Ly = pF(t, z, U)§<@§><ax,w7 Kt)? Loz = %F<t7 Z, @i)ag%?
1
Low = 55(@9%857 (Kt7 Kt))? L, = b(@i)@wa Kt>'

In a recent paper [7], such PPDEs were used to analyse weak discretization schemes for rough volatil-
ity models. A comparison of all these different approaches would be desirable, but this is not the pur-
pose of this paper. (To the best of our knowledge, even a systematic comparison between BSPDEs
and PPDEs, numerically and otherwise, is not available in the literature.)

As final contribution of this paper, we also give a first glimpse at a numerical approach useful in
the general setting. Specifically, we discuss both a first and a second order scheme towards approxi-
mating solutions to the RPDE. For the analytic benchmarks described in the previous paragraph, the
ensuing Monte Carlo simulation turn out to be very accurate.

For the goal of computing option prices, we have to compare our method with plain Monte Carlo
simulation, i.e., the direct approximation of E[¢(X")] vs. simulation of E[u'(t, x)]. By construction,
the variance of u'(¢, x) is smaller than the variance of gb(X%x), however, at the cost of increasing
computational time per sample. Apart from reducing the variance, taking conditional expectations also
increases regularity of the payoff ¢, making the use of efficient deterministic quadrature methods (such
as quasi Monte Carlo or sparse grids quadrature) possible, but even multi-level Monte Carlo. We refer
to [B, 1] in the context of a very different method. Along the same lines, we note that greeks such
as the Delta %E[qb(X%w)} can now be computed by differentiating inside the expectation, i.e., as
E[a%ul(t, x)], thanks to the increased regularity. Similarly, our approach may be useful for computing
the density of X:".

2 Rough preliminaries

We begin by introducing some fundamental concepts of rough path theory, which are essential to un-

derstand the techniques henceforth. The technical details will be discussed in Appendix [Alfor the inter-

ested reader, and for more details about rough path theory we refer to [13] and [15]. Unless stated oth-

erwise, we consider V' to be any Banach space. Consider the set A 77 := {(s,¢) € [0,T)*: 0 < s < ¢ < T},
and for any path Y : [0,7] — V/, we make use of the two increment notations (6Y)s; = Ys; :=

Y, — Y, fors <t.

Definition 2.1 Fora € (1/3,1/2], the pairY := (Y, Y) is called a-Hélder rough path on V', where
Y :[0,T] — VandY : Apr — V ® V such that

‘Y;f - }/S| |Ys t’
Y|o:= sup ——F <00, ||Y ‘= gsup — 2
H Ha ogs<1tD§T ’t - S’a H ||2a 0§5<P§T \t - 5120‘
and Chen’s relation holds true:
Ys,t = Ys,u + Yu,t + }/s,u ® Yu,tu 0<s<u<t<T. %)

We denote the space of a-Hélder rough paths by € ([0, T, V).

DOI 10.20347/WIAS.PREPRINT.3034 Berlin 2023
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Remark 2.2 IfY : [0,7] — V is smooth, one can check that for the choice Y ; := f; Y, ®dY,,
where the integral is defined in a Riemann-Stielties sense, Y = (Y,Y) defines an a-Hélder rough
path, and Chen'’s relation is a direct consequence of the additivity of the integral. If Y is only cc-Hélder
continuous, this integral might not have any meaning, but we can think of Y as postulating the value
of this integral. The additional structure Y added to the path Y, gives rise to a notion of integration
against dY for a large class of integrands, extending Riemann-Stieljes integration. This is one of the
key features of rough path theory.

For two a-Hélder rough paths Y = (Y, Y) and Z = (Z, Z), we introduce the rough path distance
0020V, Y Z,Z) = ||Y — Z||o + [|Y — Z||24-

It is not difficult to see that € ([0, 7], V') together with the map (Y, Z) — |Yo — Zo| + 0a.24(Y, Z)
defines a complete metric space.

Definition 2.3 For o« € (1/3,1/2], we call an elementY = (YY) € €*(][0,T],V) weakly
geometric rough path, if

1
Sym(Y,,) = §Yts,t RYse, 0<s<t<T. (6)

We denote the space of weakly geometric rough paths by ¢,*([0,T],V).

Remark 2.4 IfY : [0,7] — V is smooth, we can check that (6) is nothing else than integration by
parts for Y, ; = f; Y » ® dY,. If the latter has no initial meaning, we can think of the condition (6)
as imposing this important property for the postulated value Y.

When discussing rough partial differential equations in Section (3] a crucial technique involves ap-
proximating weakly geometric rough paths using rough path lifts of more regular paths. Consider

V = RY, and Lipschitz paths Y : [0, 7] — R?. As already mentioned in the remarks above, for all
a € (1/3,1/2] we have the canonical lift

€ € € € . € € a d
ve= 1) = (v [ g mare) e 0. 1R,
where the integration can be understood in a Riemann-Stieltjes sense. Now using so-called geodesic-

approximationsﬂ it is possible to prove the following result, see [13,, Proposition 2.8] or [15, Proposition
8.12].

Proposition 2.5 Leta € (1/3,1/2] andY = (Y,Y) € 6(0,T],R?). Then there exist Lipschitz
continuous paths Y¢ : [0, T] — RY, such that

Y€ .= (YG,/ Yo ® de) — Y = (Y, Y) uniformly on [0,T] ase — 0, 7)
0

and we have uniform estimates

sup (Y fla + [Y¢][20) < o0 (8)

2See [15] Chapter 5.2] for instance.
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Rough PDEs for local stochastic volatility models 7

Remark 2.6 Motivated by the last proposition, we say Y ¢ converges weakly to Y in €*([0,T], R?),
in symbols Y¢ — Y in €?, if and only if (7) and (8) hold true. Using an interpolation argument for
«-Hélder norms, see for instance [15, Proposition 5.5], Y¢ — Y in €* then implies that Y — Y in
€ foralla’ € (1/3,a), thatis 0o 20/ (Y, Y) — 0 ase — 0.

A crucial concept in rough path theory, particularly relevant for this paper, is the notion of rough brack-
ets. Rough brackets play a similar role for rough path lifts as quadratic variation does in stochastic
integration.

Definition 2.7 ForanyY € €([0,T],V) with o € (1/3,1/2], we define the rough brackets as

Y], =Y, ® Yo, — 2Sym(Yo,).

It is not difficult to check that ¢ — [Y]; € C?*([0,T], Sym(V ® V')). The main reason to introduce
rough brackets is the following result, which is discussed in more detail in Appendix[A.2]

Lemma 2.8 Let« € (1/3,1/2]. Then every a-Hélder rough pathY = (Y,Y) € €*([0,T],V) can
be identified uniquely with a pair (Y9,[Y]), where Y9 = (Y, YY) is a weakly geometric o-Hélder
rough path with second level Y9 =Y + %6 [Y]. In particular, we have the following bijection

¢°([0,T),V) +— €([0,T],V) & C3*(0,T], Sym(V @ V),
where C2* denotes the space of 2a-Hélder continuous paths starting from 0.

The weakly geometric rough path Y9 is sometimes called geometrification of the rough path Y. No-
tice that the expression Y9 =Y + %6[Y] is reminiscient of the It6-Stratonovich relation in stochastic
integration theory, and we will demonstrate how it generalizes this concept.

In the remaining part of this section, we focus on the case where V' = R?. There are certain cases
where the brackets of a rough path Y are Lipschitz continuous, rather than only 2a-Hoélder as in the
general case. This motivates to introduce the space of rough paths with Lipschitz brackets.

Definition 2.9 Leta € (1/3,1/2) and’Y € €*([0,T],R?). We say Y is a rough path with Lips-

chitz brackets, in symbols Y € €*([0,T],R?), ift — [Y]; is Lipschitz continuous. In this case, we

set

Yl
dt

for almost every t. Moreover, we say that Y has non-decreasing Lipschitz brackets, in symbols Y &
€11 ([0, T), R?), if additionally we have V¥ € S. In this case we denoted by v¥ the square-root
of VY, thatisvY (vY¥)T = VY,

VY = e s,

We refer the interested reader to Appendix [A.2]for more details about the spaces of rough paths with
Lipschitz brackets.

An important class of rough paths comes from enhancing stochastic processes. Consider a filtered
probability space (€2, F, (F;):>0, P) fulfilling the usual conditions. The most basic, but probably most
important examples are the following two lifts of standard Brownian motion, see for instance [13]
Chapter 3] for details.

DOI 10.20347/WIAS.PREPRINT.3034 Berlin 2023
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Example 2.10 Consider a d-dimensional standard Brownian motion B. It is well-known that we can
define the two rough path lifts B"° = (B, B'*°) and B*" = (B, BS"™), where

t t
8% = [ Bodb., B [ Buods.

where dB denotes the It6-, and od B the Stratonovich-integration. Using standard Ité-calculus, one
can check that for any a € (1/3,1/2) we have B"™(w) € €*([0,T],R%) and B®*(w) €
([0, T],R?) almost surely.

It is not difficult to extend the last example to continuous local martingales M of the form
t
Mt:MO+/ osdBs, 0<t<T,
0

where o € R4 s an (.EB)—progressiver measurable process such that almost surely

|0 ]|ocsfo,r) == sup |o¢| < oo.
0<t<T
Indeed, we can define M" = (M, M") and M5 = (M, M) py

t t
Mlst?t = / Ms,r ® dMT7 Mi};at = / MS,T ® OdMT'
S S
The proof of the following result can be found in Appendix [A.1]

Proposition 2.11 Foranya € (1/3,1/2), we have M" € ¢*((0,T], R?) and M € €2((0,T], R?)
almost surely.

Remark 2.12 Using It6-Stratonovich correction, we can notice that M, = M — 26[M],,, where
[M] denotes the matrix of covariations [M*, M7],<; j<4. From Lemma |2.§ we know that we can
uniquely identify M" with a pair (M?,[M")). By uniqueness it readily follows that MY = MS"a
and [M"),, = [M],; almost surely. This motivates to use the following notation M := M" and

M? := MS"™, Finally, since [M), = [, 0,07 ds, we have almost surely that the map t — [M],
d[M];
dt

is Lipschitz continuous, and = atatT is bounded almost surely, thus by Definition , we have

M € €+ ([0, 7], RY).

3 Pricing in local stochastic volatility models using RPDEs

In this section, we present the main results of this paper that establish a connection between general
local stochastic volatility models and rough partial differential equations (RPDEs).

3.1 Conditioning in local stochastic volatility dynamics

Consider two standard Brownian motions W and B, an (F}")-adapted volatility process (v¢)tejo.7,
such that Assumption 1] holds true, and set V' = v% For f,g € C3([0,T] x R,R) and I; :=
fot v,dW, we are interested in the local stochastic volatility model

X" =, dXP" = f(s, XP")dI, + g(s, X" vdB,, 0<t<s<T. 9)

DOI 10.20347/WIAS.PREPRINT.3034 Berlin 2023



Rough PDEs for local stochastic volatility models 9

Thanks to [26, Chapter 3 Theorem 7] it is clear that the SDE (9) has unique strong solutions for all
(t,z) € [0,T] x R. It should be noted that we focus on one-dimensional dynamics in this presenta-
tion for the sake of clarity. However, there is no obstacle in generalizing the approach to multivariate
dynamics, as discussed in Section 3.5

By conditioning on the Brownian motion 1/ in (9), we wish to disintegrate the randomness arising
from the (F}")-adapted pair (I, v), and obtain a Markovian nature in B for the conditional dynam-
ics. To make this rigorous, we use the notion of rough paths with non-decreasing Lipschitz brackets
introduced in Definition For such a rough path Y € €*!* ([0, T], R), with Lipschitz continuous
rough brackets ¢t — [Y;, see Definition[2.7} we introduced the notation

(19 0 30 - ([ vrasvr o).

Recall that the It6 rough path lift I = (I, [ §1dI) of the martingale I constitutes a (random) rough
path in €' ([0, T],R) with brackets [I] = [/] = [ V;dt, see Proposition and Remark
Thus we have the following consistency

t t
([I]t,%, %) = (/ Vsds,V},|vt|> = (/ ngs,vg,vg). (10)
0 0

Replacing the pair (1, v) in the SDE (g) with the deterministic pair (Y, vY) forsome Y € €% ([0, T], R)
yields the rough stochastic differential equation (RSDEﬂ

XPr¥ =, dXEY = f(s, XPP)AY o+ g(s, XPPY)WYdB,, t<s<T. (1)

At least formally, considering the consistency (T0), when choosing Y = I(w) one expects the solution
to equation to coincide in some sense with the solution to equation (9). In order to treat asa
genuine rough differential equation (RDE), we define the martingale MY := f vYdB and we want to
define a joint rough path lift of (MY (w), Y ff} The following definition explains how to lift (M (w), Y")
for any (F2)-local martingale M.

Definition 3.1 Leta € (1/3,1/2] and’Y = (Y,Y) € ([0, T],R). For any (FP)-local martin-
gale M, we define the joint lift Z (w) = (Z¥ (w), Z¥ (w)) by

"M, dM, [’ M,,dY,
2= r)y), 2= (e B Y e

where the first entry of ZY is the (canonical) Ité rough path lift of the local martingale M , see Proposi-
tion , fst Y -dM, is a well-defined Ité integral, and we set f; M, ,dY, .= MYy, — fst Y, -dM,,
imposing integration by parts.

The following theorem demonstrates that we can use the joint lift to ensure the well-posedness of
equation (T1). Furthermore, it establishes that the unique solution is an (F)-Markov process, and
when Y = I(w), the conditional distributions, given 7" Vv FPZ, of the solutions to (9) and
coincide. The proof of this result is discussed in Appendix|A.3]

3A comprehensive theory about more general RSDEs can be found in [14].
*The joint-lift method for RSDEs has been studied in [10] for the case of Brownian motion, that is vY =1linour setting,
and more recently for general cadlag and p-rough paths in [16].
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Theorem 3.2 Leta € (1/3,1/2] and assumethat f, g € C3([0, T|xR,R). ForanyY = (Y,Y) €
€1*([0,T],R) and MY = fot vYdB,, the joint lift ZY almost surely defines an o -Hélder rough
path for any o’ € (1/3, ). Moreover, there exists a unique solution to the rough differential equation

Xtt’x’Y =z, dXz’x’Y(w) = (g, f)(s,Xz’x’Y(w))dZZ(w), 0<t<s<T, (13)

for almost every w, and X “*'Y defines a time-inhomogeneous Markov process. Under Assumption
for the unique solution X' to (9) it holds that

Law (X"*| Fp' v FP) = Law (X" Fp v FP) .

If we additionally assume that v > 0, then we even have indistinguishability X (w) = X151 for
almost every w € ().

3.2 Feynman-Kac representation and rough stochastic differential equations

The goal of this section is to exploit the Markovian nature of the unique solution X**Y to the RDE
(13), by relating it to rough partial differential equations (RPDEs). As we will explore more detailed in
the next section, thinking of Y = I(w) for some fixed w, the (F)-Markov process X**Y can be
interpreted as the LSV price dynamics (9) conditioned on the Brownian motion WW. Thus, it is desirable
to characterize expected values of the form E[¢( XY )] for European payoff functions ¢, which for
simplicity we assume to be continuous and bounded. It turns out that (¢, z) — E[¢(X%5"Y )] can be
obtained from solutions to certain RPDEs, through a Feynman-Kac type of formula.

More specifically, let € CP(R,R) and fix Y = (V,Y) € €*!([0, T],R), and recall the unique
corresponding pair (Y9, [Y]) as described in Lemma We are interested in the linear second
order RPDE

—dwY = LfuY]VYdt + Ti[u¥)dY{, (t,z) € [0,T[xR
{uY(T, r) =¢(x), zeR, (14)
where
L)) = 5ot )0 () + folt, 7))
Difu¥](x) = f(t,2)0u(t,),
and fo(t,z) == —1f(t, )0, f(t,x). Let us quickly describe how we define solutions to (T4). By

Proposition[2.5, we can find Y € Lip([0, T, R), such that its (canonical) rough path lift Y9 — Y?¢
in ¢ as e — 0, see also Remark Replacing Y7 with dY,* = Y, dt in the RPDE (74), we obtain
a classical (backward) PDE of the form

(15)

—Ou = Lu]VY + Ty[u]Yy,
o

u(T, x) T).

From the Feynman-Kac theorem, we know that any bounded solution u¢ € C2([0,T] x R) to this
PDE has the unique representation

u(t,x) = Elp(X3™)], (16)
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where X%%€ is the unique strong solution to the SDE

XPP =, dXE = gls, XEVYdB, + (fols, XE2VY + f(s, XLV ) ds.

Remark 3.3 [t is worth to recall that there are situations where we cannot expect solutions to
to be in C'™2, and one needs a notion for weak-solutions. However, if u® defined in is bounded
and continuous on [0, T'] x R, then it still represents a weak-solution to the PDE (15), and it is in fact
the unique viscosity solution.We refer to [8] for an exposition of viscosity solutions, and details of the
stochastic representation of viscosity solutions can be found in [11].

For the purpose of this paper, it is enough to know that the Feynman-Kac representation in (16) is the
suitable notion for a general solution to the PDE (15). In the following theorem we prove that there
exists a unique limit of u as € — 0, which we define to be the unique solution to the RPDE (14).

Theorem 3.4 Leta € (1/3,1/2]andY € €'+ ([0, T],R). Consider asequenceY* € Lip(|0,T],R),
with (canonical) rough path lift Y9, such that Y 9 — Y9 in€’*. Moreover, let f, g € C3([0, T]| xR)

and ¢ € C,? (R,R). Let u be the unique bounded Feynman-Kac (viscosity) solution with respect

to Y. Then there exists a function u™® = u¥ (t,z) € CY([0,T] x R, R), only depending on'Y but

not on its approximation, such thatu¢ — u¥ pointwise, with Feynman-Kac representation

u¥ (t,x) = E[p(X5"Y)].
Moreover, the solution map

S CY(R,R) x €([0,T],R) — C2([0,T] x R,R)
(0,Y) — u¥

is continuous.

Proof First denoted by XY unique solution to the RDE (13), see Theorem 3.2} It is discussed in
Appendix [A.3|Remark[A.9] that we can equivalently write the RSDE as

X0 =w, dXEY = g(s, XEUY )Y dBs + fo(s, XEUY)VYds + f (s, XE™Y) dY?

where fo(t,z) = —%f(t,a:)@xf(t,x). Denote by Y*¢ the rough path in €*!* such that Y¢ =
(Y, Y9 — 36[Y]) = (Y, Y9 — 15 [ VY dt), see Lemma|A.1] From the same lemma we know
that ||[Y — Y||o1+ — 0as e — 0. From [26, Chapter 3 Theorem 7] we know that the following
(classical) SDE

XPP =, dXE = gls, XEWVY B, + (fols, XEZOVY 4 f (5, X52) V) ds,

has a unique strong solution. Applying Lemma we have X»%¢ = X“*Y" almost surely, where
X2 Y is the unique solution to the RDE (T3), where we replace Y by Y¢, and we have

xXteYs ., xteY ucpase | 0. (17)

Since ¢ is bounded, the random variables ¢(X45"Y") and ¢(X4™Y) are integrable (uniformly in €),
and we can define
x,Y
u¥ =¥ (t,2) = Elp(XE).
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Combining this with (17), it readily follows that u¢ — uY pointwise.
Finally, consider the solution map S(¢,Y) = uY. Then for any sequence (¢", Y™) converging to
(¢,Y), we want to show that

u" = E[¢"(X7 V)] — u¥ = Elp(X7Y)]

with respect to the supremum norm on CP([0, 7] x R, R). But this follows from exactly the same
arguments as above, namely by constructing the RDE for both Y™ and Y, and using the same
stability arguments. ]

Remark 3.5 The pointwise convergence u¢ — uY in the last theorem may be improved to locally
uniform convergence. This could be achieved by applying an Arzela-Ascoli argument, together with
local Lipschitz estimates of (t,x,Y) — X tx.Y The latter, however, needs certain uniform integra-
bility estimates for the joint-lift ZY , appearing from the Lipschitz constants in RDE stability results. For
the joint-lift with Brownian motion (B,Y"), this was for instance done in [10, Theorem 8], see also [13,
Theorem 9].

We end this section with a brief discussion about the comparison of RPDEs and SPDEs for the inter-
ested reader.

Remark 3.6 Formally, replacing dY¥ in with od I, the Stratonovich differential of our local mar-
tingale 1, leads to (terminal value) SPDE of the form

—dpu = Lijulvidt + Tifu] odl,  u(T,r) = ¢(z). (18)

Remarkably, the SPDE is, to the best of our knowledge, beyond existing SPDEs theory — despite
the fact that the Markovian case, say v; = 1 (otherwise absorbv = v(t, ) into the coefficients of L)
is very well-understood. Indeed, in this case simplifies tcﬂ

—dyu = Lyuldt + Ti[u] o dW, (T, z) = ¢(x); (19)

Linear SPDEs of similar type (“Zakai equation”) have been studied for decades in non-linear filtering
theory. By using backward (Stratonovich) integration against W, one can give honest meaning to
(19), with backward adapted solution, meaning that u = u(t,z;w) is measurable w.r.t. .7-}% =
oW, =W, :t <u <wv <T). The issue with is, complications from forward adapted (v;)
aside, that there is no general backward integration against local martingalesﬂ rendering previous
approaches useless. Thus, to the best of our knowlede, the rough paths approach of is the only
way to make sense of this SPDE (18).

As is common in mathematical finance, the SDE dynamics of (9) is naturally given in It6, not in
Stratonovich, form. Yet, all SPDEs (resp. RPDEs) have been written with noise in Stratonovich (resp.
geometric rough path) type. At least when v = 1, the reason is easy to appreciate. If one rewrites
in backward It6 form,

—dou = Lofu)dt + TofuldW,  u(T,z) = é(x),

its well-posedness would require for L to satisfy a so-called stochastic parabolicity condition. Having
Stratonovich, resp. geometric rough path, noise in (19), resp. (14), bypasses such complications.

SStrictly speaking, one should write OdW in to emphasize the use of backward Stratonovich interpretation.
6... owing to the fact that the class of semimartingales is not stable under time-reversal ...
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3.3 European pricing with RPDEs

In this section we use the Feynman-Kac representation obtained in Theorem to price European
options in local stochastic volatility models. More precisely, for some (t,z) € [0,7] x R, let X**
be the unique strong solution to the SDE (9), and consider a bounded and continuous payoff function
¢ € Cp(R,R). Our goal is to compute the prices

(t, ) = Blo(X7")].

Since the (]-"tW)-adapted volatility process v is possibly non-Markovian, we consider the conditional
LSV-dynamics, conditioned on the Brownian motion W, to disentagle v from the dynamics X. In
Section we discussed how to rigorously do so, and we derived an (}"f)-Markov property for the
conditional dynamics, see Theorem To make use of the Markovian nature in B, that is to apply
the Feynman-Kac result Theorem [3.4] we study conditional prices

u(t,z,w) = Blo(Xz")|F7](w).

The following theorem is the main result of this section, and it shows that w is the pathwise solution to
the RPDE (14).

Theorem 3.7 Letg, f € C3([0,T] x R,R), ¢ € CY(R,R.) and let Assumption|1| hold. Moreover,
forany’Y = (Y,Y) € C¥'*([0,T],R), we denote by u¥ = uY (t, ) the solution to the RPDE (4),
given by Theorem Then we have u(t, z,w) = u¥ (t,x)|y—r () almost surely.

Proof From Theorem [3.2 we know that Law (X *|F}) = Law(X**|F}), where XY is the
unique solution to the RDE (T3). Thus we have u(t, z,w) = E[p(X%"")|FIV)(w) almost surely.
We know that X*®! is adapted to F = FWV v FP = F v FB. Therefore, there exists a Borel
measurable function

F:€*'"%([0,T],R) x C°([0,T],R) — R,

such that qﬁ(X%x’I) = F(I, B), and we can consider I, resp. B, as random variables with values in
€11 ([0,T],R), resp. C°([0, T], R). By independence of B and W, the law of B on C, denoted
by 1., defines a regular conditional distributiofor B given F}¥. Applying the disintegration formula
for conditional expectations, see for instance [21, Theorem 8.5], we have

BPALBIA] @) = | o, P Do)

= [ POl
C9([0,T],R)

Y=I(w)

= Elp(X5™Y)] ’Y:I(w) — 1) (1, ),

where the last equality follows from Theorem 3.4 ]

As a direct corollary of Theorem|3.7} we can now present a pricing formula for European claims, using
our pathwise solution to the RPDE (T4). Let ¢ = 0 and 7y € R, and denote by X := X% the
unique solution to the SDE (9), starting from z at time ¢ = 0.

Corollary 3.8 Under Assumption(i} for f, g € C3([0,T] x R,R) and ¢ € CP(R,R,.), we have

Yo 1= El¢(Xr)] = Elu' (0, z0)].

"See [21], Chapter 8 p.167] for the definition of regular conditional distributions.
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This suggests that to compute the price of the payoff ¢(Xr) at time ¢ = 0, we can take the expected
value of the evaluations at (0, z) of the pathwise solutions u! to the random RPDE withY = L.

Another natural question is whether we can utilize the pathwise solutions «! to the RPDE to char-
acterize the price at any time ¢ € [0, T'|. Specifically, we aim to compute the conditional expectation
E[¢(X7)|F;], where F represents the full filtration, defined as F; := FZ Vv FV. The following
lemma establishes the relationship between this conditional expectation and our RPDE solution u!.

Proposition 3.9 Under Assumption|i] for f, g € C3([0,T] x R,R) and ¢ € CP(R,R..) we have

El¢(X7)|F] = E[u'(t,2)|F"]] a.s. forallt € [0,T].

:E:Xt

0,z
. . t,x,"0 . .
Proof First, we can notice that X1 := X%‘ro = X;* almost surely. Indeed, using once again

[26 Chapter 3 Theorem 7], we know that X *? is the unique solution to the integral equation
S S
X =g +/ [ (u, XE%)v,dW, +/ g(u, X" v, dB,, t<s<T.
t t
Therefore, the process X = X"t is the unique solution to the integral equation
X, =X, —|—/ f(u,Xu)vuqu +/ g(u,Xu)vudBu, t<s<T.
t t
But on the other hand, for s € [t, T'], we have
Xs =Ty + / f(u7 Xu)vudvvu + / g(ua Xu)vudBu
0 0
=X, +/ fu, Xo) v, dW, + / g(u, X,,)v,dB,.
t t

By uniqueness, it follows that X = X on [t, 7] and in particular X, = X%Xt.
Next, we recall from Theorem [3.2] that

Law (X“*| Fp' v FP) = Law (X" Fp v FP) .

By continuity of the RDE solution map = — X**I we can find a well-defined version of =
E[p(XE"N|FI¥ v FP]. Applying the tower property and the Markov property for X %% yields

E[6(X1)|F] = E[p(X;)|F(w) = EED(Xp" N Fr VFPYF] = BEGX:DIFENF e=x.
From Theorem we know that E[p(X 5" | FIV)(w) = uX)(t, ), and thus we can conclude

El¢(Xy)|F] = Eld'(t,z)| 7)) almost surely.

QZZXt

3.4 Special case: stochastic volatility models

In this section, we discuss two choices of f and g, where we can solve the RPDE in Theorem (3.7
explicitly. These examples correspond to stochastic volatility models in two distinct forms.
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Example 1: Stochastic volatility models in Bachelier-form

First, let f(t,2) = pand g(t,z) = /1 — p? for some p € [—1, 1]. In this case we have a stochastic
volatility model of the form

X,f’”T =z, dej”” = vy (des + /1= deBS> , 0<t<s<T,

where B and W are two independent standard Brownian motions, and v satisfies Assmuption (1} The
goal now is to show that the pricing RPDE reduces to a classical heat-equation, and we can give
an explicit solution. Let ¢ : R — R, be a bounded and continuous function. Since f is constant, we
have f, = 0, and the RPDE reduces to

{_dtuY = 51— )22 uX VY dt + pOsuy dY (20)

uY(T,z) = ¢(x).

Choosing the pair Y9, resp. Y, as described in the proof of Theorem (3.4} we know the solution to
the RPDE is defined as the unique limit of the sequence of solutions u¢ to the PDEs

—owut = (1= p)VY 02 uf + pYid,us
u (T, x) = ¢(x).
But in this case, the PDE can actually be reduced to the heat-equation

{—&gv = 3(1=p*)VY 02,0

(21)

o(Toz) = olz). (22)

Indeed, assume v solves and define u(t,z) = v(t,x + pY ). Then clearly u(T,z) =
v(T,z) = ¢(z) and by the chain-rule,
=0 = —9p(t,y)ly= zpYey T PY dpv(t, y)’y:x+th‘,T

= S (1= )V + pYOsui.

Therefore, u is indeed the solution to (21).
Focusing on the PDE (22), we define the heat-kernel

V2 —1 Moo 5 {_2(1(g ;2;[);]1&1} '

Then one can check that the function

v(t, x) /¢ f(t,z,y)d

is the unique solution to the heat-equation (22). Therefore, the solution to the PDE is given by

1 (y — 2 — pYip)?
—)[Ylir P {_ 2(1 = p?)[Y]er } !

Using dominated convergence, we finally find the solution to the RPDE is explicitely given by

1 (y —x —pYir)®
Y K
u” (t,x —hmut:c /(b xp{— dy.
() N 21— A | ¥
By a direct application of Theorem[3.7] we find the foIIowmg formulas in the case of stochastic volatility
models.

ftz,y) =
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Theorem 3.10 Under Assumption(i] for g € CP (R, R), the unique solution to the RPDE (20) is given

by
Yt o) = ! exp q — b=z pYir)”
ut (t,x) = /Rﬁb(y) \/27r(1 = Ys p{ 2(1 — p2)[Ysr }dy.

Moreover, recalling that u(t, z,w) = F [¢(X}x)|}"¥v} (w), we have

- 1 o ] (y — 2 — plir(w))?
u(t, r,w) = /Rﬁﬁ(y) V2= ) p{ 2(1 — p2) 1.7 (w) }dy.

Example 2: Stochastic volatility models in Black-Scholes form

A second example comes from choosing f(¢,z) = xp and g(t,z) = x/1 — p?, which leads to the
more common form of stochastic volatility models

XM =z, dXbT = X, <des /1o p2st) , 0<t<s<T.

In this case we have fy(t,z) = —%p%, and thus the RPDE reads
—dwY = (32%(1 = pHoZ )y — 170w V¥ dt + prouf dY? 23)
u¥(T,z) = ().

Similar as before, the classical PDE with respect to the approximating rough path Y9 as described
in the proof of Theorem is given by

{—atue — L1 = VYO i+ (¥ — L0V ) Do o4
u (T,z) = ¢(x).
We can reduce that PDE to
—0w = 32*(1 - p)VY2,u (25)
o(T,z) = ¢(x).

Indeed, define ¢<(t) := pY, ' —3p*[ Y] rand us(t, ) := v(t, ze?* M), Clearly we have u (T, z) =
v(T,xz) = ¢(x), and by the chain-rule

_atue = —aﬂ)(t, y)’y:azewe“) - ar’U(t, y)‘y:xewe(t>xe¢€(t)¢e (t)

1 . .
= (0= Peen))| VY @) ) (0

y:xe"l’e (t)

1 . 1
= L VISt o (- VY ) o

and therefore u* is the solution to (24).
Looking directly at the PDE (25), we can again directly find a solution, which in this case is given by

| (In(y/2) — 11 — ) [Y}s)?
e {‘ 20— ) X or } ks

U(t,l’) = - ¢(y)y\/271'(1 — pQ)[Y]t,T
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Using dominated convergence, and applying Theorem we find in this case

uY (t, ) = limo(t, ze? V)
e—0

_ 1 o {(n(y/z) = pYor + 5[¥]ur)?
_/Rf(y)yﬂw(l—p?)w]tj p{ 21— p?)[Y]ir }dy'

We summarize the results in the following theorem.

Theorem 3.11 Under Assumption[1] for ¢ € C,(R,RR.), the unique solution to the RPDE is
given by

Yoo | (/) Vi + 3[Yr)?
ulha) = T p{ }dy'

N e 21— )V
Moreover, recalling that u(t, z,w) = F [¢(X;x)|]:¥v} (w), we have

_ 1 [ lyf) = plir() + 3Tl ()
R Rt o v e T e e

Remark 3.12 The formulas for v in Theorems[3.10 and can also be deduced from the so-called
Romano-Touzi formula [27], and are already well-known. In the case where f and g are constant, one
can observe that conditional on W, we have

T

T
Xé“’x =T+ p/ Udes + V 1— p2/ Usst ~ N(l’ + pIt,Tu (1 - pZ)[I]t,T)a
t t

which readily gives the representation for w in Theorem[3.10, Similarly, in the second example, one can
notice that conditional on W, the random variable X%"” has a log-normal distribution, which leads to
the latter formula of u. The approach presented in this paper therefore generalizes the understanding
of the condiitional process X given W in generic local stochastic volatility models, and relates them to
pathwise PDEs.

3.5 Multivariate dynamics

We end this section by describing how our approach generalizes for multidimensional dynamics of
the underlying process X. Let W = (W°, ... W*)T be a (k + 1)-dimensional Brownian motion,
and assume v is an R-valued, fWO-progressive process with bounded sample paths. Now for any
F R — R ‘guch that F € CP (R R *+1) the local stochastic volatility SDE (9)
generalizes to

X" =2 eRY dXP = F(s, X", dW,, t<s<T. (26)

In particular, we have X%* € R?, andforanyi = 1,...,d, we have
k s
(XP") = o' + Z/ F (u, X520, dW
n=0"1t
S k S
=zl + / F*0(u, X5 Yo, dW0 + > / Fo™ (u, X5 o, dWy
t 1 Jt

s k S
= ot [P+ Y [,
t n=1"1t
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where [ is the local martingale given by I; := fot vdeSO. Now define the Brownian motion B :=
(W1, ..., Wk), and the vector field G : Rt — R™k with G4 (¢, x) := F4(t,x) fori =
1,...,dand j = 1,...,k. Then we can write the SDE in the generalized form of the one-
dimensional local stochastic volatility model (9), that is

X" =z, dXP" = Fs, X00)dI, + G(s, X" vdB,, t<s<T, (27)

where F'° denotes the first column of F'. Existence and uniqueness of a strong unique solution to
can again be deduced from [26, Chapter 3 Theorem 7].

From here we can proceed exactly the same way as we did in the one-dimensional case. The main
result from Section which is Theorem 3.2} is already formulated in the multivariate framework in
Appendix[A.3] see Theorem|[A.4] Using similar arguments as in Section[3.2] for any bounded and con-
tinuous function ¢ : R — R, similar as in Theoremwe can find a unique Feynman-Kac type of
solution to the RPDE

—dyu = Liu]VYdt + Ty[uldY] te[0,T[xR? 28)
U(T,JZ, ) = ¢(I)7 S Rd7
where
Liful(z) = %Tr (G(t, )Gt )TV, u(t,2)] + (H(t2), Vou(t, o))
Diful(z) = (F°(t,x), Vou(t, ),
where we define H (t,z) := —3V,F°(t,z)F°(t,z), and V,F°(t,z) is the Jacobi-matrix of F°.

Moreover we can also generalize Theorem to see that the unique solution to the RPDE above,
denoted by u = uY (¢, x), fulfills

0
W't 2) = B |\o(X7")|Fr | (),
almost surely.
Example 3.13 In this example we generalize the first special case of a stochastic volatility model from

Section|3.4, by choosing F(t,z) = p = [po, . . ., pr] € R>*E+D) such thatforalli = 1, ..., d, we

have Y pi; < 1. In view of [27), we can then write the dynamics as

Xﬁ’”” =x+ po/ vudWB + [5/ VudBy,
t t

where p, denotes the first column of p, and p = [p1, ..., px|. By the Romano-Touzi formula [27]

one can notice that conditional on W°, the random vector X?z is multivariate Gaussian, that is
t, ,

XTI|I¥V0 ~ N (p, X) with

p=x+plir €RY and X := pp’[I],r € R

The same results can be achieved by explicitly solving the RPDE (28), which again reduces to a
heat-equation as in Theorem but in R%.
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4 Numerical examples

This section is devoted to present first ideas for numerical methods to price Europeans options in gen-
eral local stochastic volatility models, using the theory developed in the last sections. More precisely,
recall the general price dynamics

X" =2, dXP" = f(s, X0")u,dW, + g(s, X2 )vedBs, t<s<T,

for (t,z) € [0,T] x R, where v satisfies Assumption [1, and B and W are independent Brow-
nian motions. For some bounded payoff function ¢ € C,(R,R), we further recall u(t,r,w) =
E[p(X3")|F¥](w), and we know from Theorem [3.7| that u(t, 7,w) = u'“)(t, ) almost surely.
Here 1 denotes the Itd6 rough path lift of I, = fo vsdWs, and uY is the solution to the RPDE
(14). To construct numerical methods for the RPDE, let us first replace the domain R by some
bounded interval [a, b], for some a < b, and consider a (for simplicity) uniform space-grid S :=
{a =29 <21 < -+ < ay = b} with Az := (b — a)/N, and similarly a uniform time-grid
T ={0=1ty <ty <--- <ty=T}with At := T/.J. Moreover, when replacing R with [a, b]
in the RPDE, we need to add appropriate boundary conditions. We choose Dirichlet boundary condi-
tions, i.e., ¥a, Yy : [0,T] — R and set u(t,a) = 1,(t) and u(t,b) = 1(t). The RPDE we want
to solve numerically is then of the form

—dw¥ = Lu¥|VYdt + T u¥]dY?, (t,2) € [0,T[x]a,b] (29a)
u¥ (t,a) = a(t), te[0,T] (29b)
u¥ (t,0) = y(t), t€0,T] (29¢)
uw¥(T,x) = ¢(x), z € [a,b]. (29d)

First-order finite-difference scheme

Recall from Section Theorem that the unique solution u¥ to the RPDE is the unique
limit of the solution u° to the classical PDE (15). Our first approach is to numerically approximate u,
leaving a detailed error-analysis for |u — uY| aside here. Then we proceed by using a finite-difference

scheme to solve the classical PDE (15). In particular, we set u/} := u‘(t;, z,), and recall the notation
d[Y]:

-+ := VY. Integrating over the time interval [¢;, t;.1] leads to

tit1 ti+1
ul =l + / L] () d[Y], + / D\ [u) ()Y, (30)
t t

J J

We Replace the space derivatives in the differential operators L and I by finite difference quotients

I B L -
Ly [u)(xn) = LY = 59 (t;, ) L + fo(t;, xn) Ax
o
Ly [u](2,) = T := [, z,)L———L.

Ax

Note that the usual stability analysis for finite difference schemes would lead to path-dependent con-
ditions for At and Ax in the fully explicit case. Indeed, the corresponding explicit scheme was ob-
served to be unstable unless very small time-steps were chosen. To improve stability, we instead use
a implicit-explicit (IMEX) scheme. More precisely, we apply a left-point approximation for the middle
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integral, and a right-point approximation for the last integral in (30), which leads to the mixed implicit-
explicit, backward finite-difference scheme

U;L = U?H + L?[Y]tj:tﬂl + P?HYt;’th’
for0 <j7<J—-1,1<n <N — 1, with boundary conditions
ul = da(ty), ul =wlty), ul) = o(wn). S

Second-order finite-difference scheme

The first order approach appears to be very natural considering our definition of solutions to the RPDE.
Indeed, we gave the RPDE only a formal meaning by defining solutions as limits of classical PDE
solutions. A more direct interpretation of RPDEs in a slightly different setting is given in [9]. Extending
the notion of regular solutions in [9, Definition 7] to our setting, we say a function u = uY(t, x) € 02
is a regular solution to the RPDE (14), if

T T
u¥ (t,x) = ¢(x) + / Lu¥|VYds + / D [u¥]dY? (32)
t t

and (D[u¥], T"[uY]) := (T[u¥], - [[[u¥]]) € 25%([0,T],R), where 235, is the space of con-
trolled rough paths. The latter is now a well-defined, rough integral given by

T
[ ndaays = b 37 (O Yo - T [P ¥2,).
t | —> )
[v,w]Cm

Remark 4.1 While we firmly believe that our RPDEs can be treated in a similar manner as done in
[9], addressing this goes beyond the scope of this paper. Therefore, we intentionally keep this task, as
well as a full numerical analysis for both finite-difference schemes, open for future research.

Recalling that Yit = %(Y;,t)Q in the one-dimensional setting, the rough integral can be formulated in
a backward representation, see [13 Chapter 5.4], given by

T
1
Y : § Y Y Y

By definition of I', we have

Ly [T[uY]] (2) = f(t,2)0, f(t, 2)0,u (t,x) + f2(t, 2)Dpau™ (¢, x)
= —2fo(t, 2)0,u¥ (t,2) + f2(t,2)0peu (t, 2).

Now with exactly the same idea as before, by integrating over [tj, th] we have

i+l i1
uY (tj,2,) = u” (tjr1, n) + / Lyu¥)(z,)VYds +/ D [u¥](z,)dY?Y.
tj tj
Denoting u;l = uY(tj, x,) for0 < j < Jand0 < n < N, we use the same approximations for L
and I" given in the last section, and define

utt — w4y — 2y
(Az)?

Iy [ul(2n) = ()] = =2fo(t;, 20) o
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Similar as in the first-order scheme, we apply a left-point approximation for the middle integral, and
a right-point approximation for the rough integral in (32), which leads to the mixed implicit-explicit,
second order finite-difference scheme

n n n n 1 n
ui =iy + L (Y4, 000 + | §(F/>j+1ytf,tj+l7

for0<j<J—1,1 <n < N — 1, with the same boundary conditions as in (37).
We test the two finite-difference schemes in the following two examples.

Example 4.2 (Bachelier stochastic volatility model) Recall from Section that for the choice
f =pandg=+/1— p?, we find the stochastic volatility model of the form

X0 = dX = o, (deS +1— p2st) L t<s<T. (33)

As already mentioned in Remark[3.12, conditional on W, the price has a normal distribution. Applying
similar techniques as in the derivation of the Black-Scholes formula, one can find an explicit expression
ofu(t, z,w).

Example 4.3 (SABR local stochastic volatility model) /n a second example we consider a model
leaving the classical stochastic volatility framework, namely we have the SABR dynamics f(t,x) =
pxP and g(t,x) = \/1 — p2a” for some 3 € (1/2, 1], see [19]. More precisely, we have

X?x =, ngx = (X?I)Bvs (des + V 1 - P2st> ) t<s S T.

Notice that this in particular includes the case of classical stochastic volatility models in Black-Scholes
form for 3 = 1, as described in Section For 3 # 1, we no longer have an exact reference solution
foru(t, x,w), and we use a full Monte-Carlo simulation for comparison.

We are interested in a European put option written on the asset X, that is we consider the payoff
function ¢(x) := max(K — x,0). For all the examples in this section, we choose the rough volatility
process as given in the rough Bergomi model [2], that is

o= &oE <n / (- s>H—%dWS) |

where £ denotes the stochastic exponential. We choose 7" = 1, K = 5,& = 0.235%,n = 1.9
and H = 0.07, where we recall that the Hurst parameter H determines the roughness of the volatil-
ity, that is the Holder regularity of v. Then we simulate M = 10000 paths of the pair (1, [I]) =
([ vedWy, [ Vidt), with each N = 10 000 uniform time-steps in [0, 1], we refer to [2, Section 4] for
details about simulation in the rough Bergomi model.

Now having the samples (1™, [I](™)) in hand, we can in particular construct samples of the Ito
rough path lift 1™ for m = 1,..., M. Along every such sample path I™), we solve the RPDE
with our finite-difference schemes, and denote by w1 the exact solution along the m-th sam-
ple. Recalling the identity u*™ (¢, z) = E[¢(Xfp’x’1<m>)], see Theorem (3.4} it is tempting to think of

u™™ as the put option price written on the (F)-price dynamics X**I™ It is however important to
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Figure 1: Strong relativ errors for fixed time step-size At = 1/30 and increasing number of space-
steps, for both finite-difference scheme. In (a): Bachelier SV-model Example and in (b): SABR
SV-model Examplewith 8 =0.6.

note that the latter process is typically not an (EB)-martingaIe, and thus u1"™ could lead to arbitrage
opportunities in this model. On the other hand, we can consider the Monte-Carlo approximation

LM
(m)
i Z (0, 1) =y (z).

m=1

yo(z) = E[u(0, )] ~

The right-hand side then clearly converges to the (arbitrage-free) price v, in the corresponding LSV
model, as M goes to infinity.

In both Examples[4.2|and [4.3] we apply the finite-difference schemes for the RPDEs along all samples
m =1,..., M, for simplicity we denote both by u£5". In Figurewe plot the following strong relative

error with respect to the 2-norm ||Al|y := /SN h(z;)? on the space-grid, that is

M (m) (m)
M .— i HUI (07 ) - uII:D (Oa ')H27

M [ (0, )12

m=1

for both examples and finite-difference schemes. The reference solution in Example [4.2] corresponds
to the exact Romano-Touzi solution, and in Example [4.3|we consider a Monte-Carlo solution, obtained
along 10 000 samples of (W, B). Moreover, we use the reference solutions to specify the boundary
conditions in (29a)-(29d). It should not come as a surprise that the first-order scheme does not con-
verge to the exact solution u, as we recall that this scheme approximates u° for some fixed €, that
is the solution to the classical PDE ({5). Therefore, even if the finite-difference scheme were exact,
we would still encounter a fixed error |u — uf|, which is related to accuracy of the piecewise linear
approximation 7€. In Figure along several samples of (I, [I]), we consider the Monte-Carlo solution
u(0, z,w), obtained via M = 10 000 samples with each N = 10 000 time-steps, together with both
finite-difference solutions along each samples. Moreover, we plot the mean yé” , Which represents an
approximation for the price yo.
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Figure 2: European put option in SABR local stochastic volatility model: Monte-Carlo values of
u1<m)(0,x) vs. finite-difference solutions to the RPDE with first-order (x) and second-order (-)
schemes, along several sample paths of (I, [I]). The black line corresponds to the mean along all
M = 10’000 samples. We choose At = 1/120, Az = (b —a)/90, p = —0.4and S = 0.6.

A Rough path Appendix

In this section we discuss some technical details from rough path theory that we used in the main
results of this paper. For any path Y : [0, 7] — V/, recall the increment notations

(5Y)s,t = Ys,t =YY, s<t

A.1 Proofs of Section 2
Proof of Lemma|2.8] Consider the map
T 6,([0,T],V) & C5°((0, 7], Sym(V @ V) — (0, 7], V),

such that 7((Y, Y9), H) := (Y, Y9 — 16H). Itis straightforward to check that

1 Y9, — 50(H) |
Y9 — Z§Hl|s, = su 5L 2 :
| 2 2a 0§s<$§T |t — s]2
Moreover, for any s < u < t, we have
1

1 1
Ys,t = Yit - 5(5H)s,t = Ygu + YZJ + sz,u & Yu,t - §5Hs,u - §5Hu,t

= Ys,u + Ymt + Yts,u X Yu,t7

where we used the additivity of /H and Chen’s relation (5). Thus it follows that 7 ((Y, Y9), H) € €.
Now to see that 7 is injective, consider two elements ((Y, Y9), H), ((Y”, YY), H') and assume

T (Y, Y9),H) =T ((Y',Y"),H).
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By definition it follows that Y = Y, and using the geometricity (6), it follows that two rough path lifts
of Y, Y9 and Y'Y, can only differ by some 0F' : A — V, where §F has trivial symmetric part.
Therefore, write Y9 = Y9 + 0 F', we find

1 1
_0H = —=§(H' — 2F
Z0H = —Z0(H — 2F)

taking the antisymmetric part, it follows that I is constant, hence Y9 = Y'9. Similarly, from §H = 6H,
it follows that H = H'.

On the other hand, let Y € ', we want to show that there exists a pair (Y, H) € ¢,*([0, 7], V) @
C22([0,T],Sym(V @ V), such that T'(Y¥, H) = Y. But we know that

Y] :== Yo ® Yo, —2Sym(Yo,) € C3*([0,T], Sym(V @ V)).

Define Y9 := Y + %5[Y], by the same argument as above (Y, YY) defines a rough path, and since

1 1
Sym(Y7,) = Sym(Y ;) + 5V ®@ Yy — Sym(Y,,) = (Ve ® Yay),
2 2

it is weakly geometric, and therefore the claim follows. d

Proof of Proposition [2.11] From the additivity of the It6-integral, it is straightforward to check Chen’s
relation, see (5), for both M"® and M "™ Moreover, applying Ité’s formula to M © M, one can notice

that Sym (M?f;‘“) = %Ms,t ® Ms,.

Next we consider a sequence of stopping times (7, )nen, given by
T, = inf {t >0 |o]looo,g > n} )

Since M is continuous, and ¢ € L™ almost surely, we have 7,, — 00 as n — 00. Define the
localization M"™ := M, A. and similarly M"®" and MS"a-"  Applying the Burkholder-Davis-Gundy
(BDG) inequalities, see for instance [21), Theorem 18.7], for all ¢ > 2 we have

tATh CI/2
(/ |au\2du) < nd|t — 5|72 (34)

NTn
From a classical Kolmogorov continuity criterion, see [21, Theorem 4.23], it readily follows that A"
has a Holder continuous modification for every exponent o < 1/2, which for all ¢ > 2 satisfies

n __ n q
E [( sup M) } < Q. (35)

o<s<i<r |t — s]°
tATH ‘I/4
( / (Mw)zdu) .
SA\Th,

( My — M:\)‘”Q
sup ——— )
o<s<t<r [t —5|*

E [[MS"|*?] < Coft — 5. (36)

E[IML) S E

Next, applying again BDG, we have

tATh ‘1/4
(/ (Ms7u)2|au|2du) < ni?E

NTn
But using (35), for all & < 1/2 we have

tATh q/4 1
/ (M u)Qdu < It — S|q/4(2a+1)E
SATn ’ 200+ 1

Since a < 1/2, we can conclude that

E M) S E

E
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Finally, using the It6-Stratonovich correction, we find

tATh q/2
( / low |2du)
SATp,

Combining (34),(36) and (37), we have for all aw < 1/2
1M lze < Clt = 5|, IMCE | a2 < Ol = s, My [l < CJt — s>,

E UM?}?‘”P/Q} < 02|t _ S|qoc +E < C3|t — slqo‘. (37)

for all ¢ > 2 and some constant C'. Applying the Kolmogorov criterion for rough paths, see [13]
Theorem 3.1], it follows that for all & € (1/3,1/2), there exist random variables K € L%, K" ¢
L2 and KS"m ¢ L4/2 for all ¢ > 2, such that for all s,¢ € [0, T] we have

5, Strat,
|M Mn’ Kn | ISt?tn Ité,n | St;atn| KStratn
t—sl* — [t — s> = T =P T

Finally, for any ¢ > 0, we can use the localization to conclude that for all « € (1/3,1/2), and R, n
large enough, we have

M, — M, 1
P { sup M = M| R} —E[K" + P[r, > T] <
o<s<i<r |t — 8| R
In the same way we can show that
|Mlto ’MStrat
P{sup —’2>R SeandPlsup —2>R <e
o<s<i<r [t — s[> o<s<i<r [t — s[>

Therefore, by definition of the spaces ¢’* and CKQQ, the claim follows. O

A.2 Rough paths with Lipschitz brackets

In this section we discuss some details about rough paths with Lipschitz brackets, which were intro-
duced in Section |2 Definition For V = RY, the correspondence from Lemmafor the space
€1t reads
d . d
%a,lJr([O’ T]7 Rd) — (gga([(L T]7 R ) D LlpO([Ov T]7 S+)7

where Lip, denotes the space of Lipschitz continuous paths starting from 0. The right hand-side can
be seen as a closed subspace of C“ & 0220‘ @ Lip,, and is thus complete with respect to the norm

Y 14 = 1Y Nl 4 1?20 + I TY T lLip-

Moreover, we may identify Lip, ([0, 7], S% ) with Lg° ([0, T'], S©), with the Banach isometry ||[Y]||ip =
VY| The following lemma sums up the bijective relations and equivalent norms on the space of
rough paths with non-decreasing Lipschitz-brackets.

Lemma A1 Leta € (1/3,1/2) andY € €1 ([0, T],RY). Then we have bijections €'+ +—
¢, @ Lipy +— €,* © Lg°, with
=YY =0[Y]

¥ = 0) = (5 K0+ V)22 4 (V)7 + 2sym(0) = (v - 35 [ v¥an,

Moreover, we have
Y llais = 1Y lla + 1Y9]]20 + (0¥ ]lLip = 1Y lla + [1¥9]l2a + [0V [|oc,
and the embedding (€', || - |la1+) = (€% | - ||a) is continuous.
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Proof The bijection €*'* <— %* @ Lip, follows from Lemma where we replace C2“ by
Lip,, which follows directly by definition of the space ©*'*. The second bijection, ¢, @ Lipy «—
6. @ Ly follows from the fact that L> = Lip. This and the fact that ||[Y]||Lip = [[VY [l can for
instance be found in [15, Proposition 1.37]. Finally, for all Y € € *!*, we have

1
“YHa = [[Y]|a + HY”Qa = HY“a + ”Yg - 55[Y”|2a
<Y lla + IY?ll20 + ClS[Y ]| Lip
< O Yla14

where the constant C' changed from the second to the last line. ]

As discussed in Remark [2.12] the motivation to study the space 6’*!" comes from the fact that the
Ité rough path lifts of local martingales, see Proposition [2.11] constitute examples of (random) rough
paths with non-decreasing Lipschitz brackets. This can also be deduced from the following general
result.

Lemma A.2 Leta € (1/3,1/2) and Y9 = (Y, YY) € €2([0,T],R?). Foranyv € L*>([0, T], R*%),

setV :=vv' and
1 t
Y, = (Yt,Ygt — —/ V5d8> )
) 2 0

ThenY € €*'*([0,T],R%) and VY = V.

Proof Defining H,; := —% f; V., du, it follows from Lemmathat Y € %“. Now by Definition
[2.7) we have

t
(Y] := Yo, ® Yo, — 2Sym(Yo,) = Yo, ® Yo, — 2Sym(Y(,) + / V.ds
0

t
= / V.ds,
0

where we used that H ; is symmetric, and V := vv! € SZ, and the fact that Y9 is a geometric
rough path. But since V € L>([0, T], S%), it readily follows that fot V.ds is Lipschitz with

d[Y]:

V=g

:Vt ESi,

which finishs the proof. d

Remark A.3 In the case of scalar rough path spaces, that is d = 1, it is not hard to see that every
-Hélder continuous path Y : [0,T] — R has a trivial geometric lift given by Y, = 3(Vs,)?.
Thus, one can simply identify € ([0, T, R) with C*([0, T, R), and in view of the one-to-one corre-
spondences above, we have €' +— C([0,T],R) @ Lip,([0, T],R;) «— C*([0,T],R) &

Ly ([0,T],R,), and the norms can be reduced to

Y llaas =Y lla + ITY]lLip = 1Y lla + [V [lo-

DOI 10.20347/WIAS.PREPRINT.3034 Berlin 2023



Rough PDEs for local stochastic volatility models 27

A.3 Proof of Theorem

In this section we prove a multivariate generalization of Theorem[3.2] Let Y € €’*!*([0, T], R), and
recall the notation in Definition [2.9]

(19 B0 1) - ([ vrasvr o).

Let f : [0,7] x R — R%and g : [0,T] x R — R¥>* in C3, and let B be a k-dimensional
Brownian motion. We consider the following d-dimensional version of

XY =z, dXEY = f(s, XPY)dY, + g(s, XY )WYdB,, t<s<T. (38)

Now consider the k-dimensional local martingale
t
MY = / vYdB,. (39)
0

The general version of the joint-lift of (1Y (w), Y") from Definition[3.1]is given by

Jo MY, @dMY  [MY, @ adY,

Z¥ = (M¥(w),Y), ZY :=

), 0<s<t<T,

(40)
where the first entry is the (canonical) Itd rough path lift of the local martingale M Y, see Proposition
2.11) [1Y,, ®dMY is a well-defined Itd integral, and set [\ MY, @ dY, .= MY, ®Y,,— [ Y,, ®
dMY , imposing integration by parts. A general version of Theorem can be stated as follows.

r

Theorem A4 Leta € (1/3,1/2)andY € €*'*([0,T],R), and M'¥ givenin (@39). Then Z* (w) =
(Z¥ (w), ZY (w)) defines an o -Hélder rough path for any o/ € (1/3,«), and for f,g € C?, there
exists a unique solution to the rough differential equation

XPY = dXUY () = (g, )(s, XY @)AZY (W), t<s<T, @)

for almost every w, and X**'Y defines a time-inhomogeneous Markov process. Moreover, let W be
a one-dimensional Brownian motion independent of B, and assume v is (F,}")-adapted such that
Assumption holds true. For I, = fg vsdWs, if we choose Y = I(w) the It6 rough path lift of I,
then it holds that
Law (X"*| F)Y v FP) = Law (X"* F}Y v Ff),

where X%% s the unique strong solution to

X" =x, dXP" = f(s, X)) dW, + g(s, X0 vdB,, t<s<T. (42)
Finally, ifv > 0, then we even have indistinguishability X**(w) = X**1) for a.e.w € Q.

We split the proof of Theorem[A.4]into the following three lemmas.

Lemma A.5 Consider a k-dimensional local martingale of the form

t
Mt = / Usst,
0

where o is progressively measurable and in L*°([0, T|) almost surely. Then

DOI 10.20347/WIAS.PREPRINT.3034 Berlin 2023



P. Bank, C. Bayer, P.K. Friz, L. Pelizzari 28

1 The lift Z Y(w), similarly constructed as in [&0) with M, defines an o -Hélder rough path for
anyo’ € (1/3, ).

2 Consider a pathwise controlled rough path (A(w), A'(w)) € .@%%‘(' (w) S€€ [13, Chapter 4] for
the definition of the space of controlled rough paths &. Then, the rough integral

J(T,w,Y) ;:/O Ay (w)dZY (w) = lim Z Au( (W) + A (W) Zyp (w)

|7r\~>0
exists on a set )y C 2 with full measure.

Proof First we show that Z (w) indeed defines a (random) a’-Hélder rough path for any o/ €
(1/3, «). Notice that the proof uses similar techniques as in Proposition Define the stopping
time

T i=1nf {t > 0: ||o|scsjo.y = 1} -

For any ¢ > 2, we can apply the Burkholder-Davis-Gundy inequality, see [21, Theorem 18.7], to find

t
E{/ o,"dB,

for some constants C,, and C. Moreover, we clearly have || Y, | ;o2 < Ci|t — s|** forall ¢ > 2.
From Proposition [2.11] we already know that

t
/ Yo ® M

a9 1/q
} < COyn(t —s)Y%and |Ya,| < C|t — s/,

S CQ‘t - S’2a7
La/2

t
/ M7 @ dM

Similarly, we find

S Y fla(t — s)7 12
La/2

and

< HMST? & Ys,tHLq/z +
La/2

su @ dM" < (t—s)*.

La/2

t
[z war,

S

Applying Kolomogorov for rough paths, that is [13, Theorem 3.1], it follows that Zzl/\,(w) indeed
defines a «’-Hélder rough path for any o’ € (1/3, ). Using exactly the same localization argument
as in Proposition we can conlude that ZY defines a o/-Hélder rough path. By [13, Theorem
4.10], the rough integral J (T, w, Y") is therefore well-defined on a set with full measure. O

Lemma A.6 Let M be the k-dimensional local martingale from LemmalA.5, and let N be another
one-dimensional local martingale, such that [M, N| = 0. Consider two paths A [0, 7] — R+
and A" : [0,T] — R+ @ RF+1 £ (A, A") is an adapted and continuous controlled rough path
(A A) € %;(w) forany o € (1/3, «), then almost surely

0¥y = ([ 4z} @) = ([ At ) @ ([ o) @ ew
(43)

where A7 denotes the j-th row of A, and A¥* = [A!, ... A¥], and J is defined in LemmalA.5 The
integrals on the right-hand side are It6 integrals, and IN is the It6 rough path lift of N .
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Remark A.7 Let us quickly describe how to understand the two different notions of integration in
in the sense of dimension. First, since Z := Z™N = (M, N) is a (k+1)-dimensional local martingale,
the stochastic integration in can be understood for each component j € {1,...,d} as

T R T T
( / AstS> => / Alqzi = / APFFLIN, 4 / APEEGM
0 =1 70 0 0

On the other hand, by the definition of the rough integral [ in (ii) of Lemma|A.5, we encounter the
second order term A'Z, where A’ is the Gubinelli derivative®, Here A’ takes values in R™**+1) g
RFH! o RIXFHD? | gng gince 7, := ZN € REFDx(E+1) o RE+D? the product A'Z, lies again in
R?, such that the left hand side of is also R?-valued. In the simple case d = k = 1, which is
of main interested in this paper, we simply have A : [0,T] — R? and A’ : [0,T] — R?*2, and the
meaning of aboves terms should be clear.

Proof Set Z = ZN and Z = ZN. Since A is continuous and adapted, the stochastic integral on the
right-hand side of is well-defined and it is given as limit in probability

T
/ AydZs = (p) lim AuZy .
0

|7|—0
[u,v]Cr

Moreover, there exists a subsequence of subdivisions 7", such that the convergence holds almost
surely. By definition of the rough integral, we find

Along the subsequence 7™ we find
T T
/ A dzZN — / AdZ = lim Y A Z,,.
0 0 nee [u,v]C™

Assume for the moment that the processes A’, N and M are bounded by some K. Changing the
notationto 7 = {0 =ty < t; < --- <t, =T} andforanyr € {1,...,d}, denote by A'") the
i

7-th row of the Gubinelli derivative A’ € R¥(*+1)* see also Remark Then
2
n—1
Bl D AV Zuo| | =D ElA Zi 4,00 )
[u,v]Com Jj=0

+2 Z E[(A;(JT)ZM i1 ) (A;Er)Zti,ti+l )] :

i<j
Now by definition of Z, see (40), and the assumption [M, N| = 0, we have

7 ( Je My ®dM,  [{M,, ®dN,
\ [N, ®@dM,  []N,,dN,

Since A’ is adapted, we can apply the tower-poperty to see that for any t; < t;11 < t; < tj41 we
have
(r I(r /(r I(r
E[(At( )th7tj+l)(AtE )Zti7ti+1)] = E[<At( )Zti7ti+1)At5- )E[thvtj-»—l |‘7:t7H = 07

J 7

8¢.f. [13] Definition 4.6].
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where we use the martingale property for all the stochastic integral entries of Z, to see that E[Z;, ., , |.F¢,] =
0. Thus we have

2

(k’+1)2 n—1
e|( ¥ avn) |<w X (Selat.).

[u,v]C™ =1 j=0
Using standard stochastic integral properties, we have for all i; € {1,...,k}

nl ti+1 A ? il A ?
Ny udM) ) < () / N, dM — Ny, (M,,,, — My,)
0 t =0/t

i .

T n—1 2
< (/ Nuszil - Z th(MtH-l - Mtj))
0 Jay

n—00

220 in L

<

since both M and N are bounded. The same holds true when we exchange the positions of M and N,
and also if M = N. Therefore, under the boundedness assumption, we have

2

E > ANZ, | | 0,

[up]Crm

and in this case, the stochastic and rough integral coincide almost surely.
Define now 7% = inf {t > 0 : || M;]| > K or ||A}|| > K or || N¢|| > K}. Since all processes are
continuous, we clearly have 7% — 0o as K — oo. Therefore, we find

I(r I(r
P> Az, > e] <P|| Y AVZy,.|>e€| +P<T)
J j;t‘7'+1<TK
2
1 "
S 6—2E Z Atg )th’t].Jrl + P[TK S T]
Jitjr1<tE
n—0o0

where A(K) — 0 as K — oo. This shows that Z[ e Al Zy,,» — 0 in probability, hence we can
find another subsequence 7"™*, such that the convergence holds almost surely. It follows that almost

surely
T T
/ A dZYN = / A dZ,.
0 0

To establish a Markovian structure for the process X “*'Y, we need the following lemma, which tells
us that X»®Y is the limit of time-inhomogeneous Markov processes. This is the key ingredient to
establish a Feynman-Kac type of result for the dynamics X**Y in Section

|

Lemma A8 Leta € (1/3,1/2) andY € €*'*(]0,T],R), and consider MY as defined in [39).
Let Y€ be the rough path lift of a piecewise linear approximatiorﬂ Y€ ofY, suchthatY¢ — Y, see

9See [15] Chapter 5.2] for instance.
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Proposition|2.5. For (t,x) € [0,T] x R assume that X"*Y , resp. X®Y" is the unique solution to
with respect to ZY , resp. ZY". Then we have

e—0
Xt,:E,Y Xt z,Y ucp.

Moreover, we have XY = Xb%€ almost surely, where X% denotes the unique strong solution
to the SDE

X =, dXE = gls, XEVYdB, 4 (fols, XEZ)VY o+ ] (5, XL7) V) ds.

Proof For any o/ < « , assume for the moment that the rough path norms of ZY and ZY" are
bounded by some constant K. Then we can apply standard RDE estimates, e.g. [13, Theorem 8.5],

to see that
sup |X§’x’YE — Xst’z’Y‘ < Cowoa(ZY,ZY), (44)
t<s<T
where C' = C(K, o/, a, f, g) is constant. Now since MY" = MY ,foranyq > landt < s < s’ <
T we have
BlZY5 = ZX N =Yy = Yeul < (5 = 9)" Y = Yllar 14

In order to estimate E[|ZY,, — ZY,|*/?], we use similar techniques as in the proof of Lemma by
applying BDG-inequalities

o q/27 2/
|| (=Y odaY| | <Gl IV oY~ Yo
s’ 2
Applying similar estimates for ‘fs M;f;dY,F — , we find
Y Y a/21%9 _ = 20 ||ve Y
B ||2Y = 22X < Copls = 1 1Y = Ylaras BIVY llociorrs + 1)

Applying a Kolmogorov criterion for rough path distances, see [13, Theorem 3.3], it follows that

1/q
E{S“p \Xﬁ“’“—xz’”\q} < E[0w 20(ZY, Z)N S Y=Y any S50, Vg>1.

t<s<T

Now for the general case, that is where the rough path norms of Z¥ and ZY" might be unbounded,
we apply once again a standard localization argument, to conclude that the convergence holds in

probability.
Finally, the claim X“®Y" = X%®¢ follows with a standard consistency argument, similar as in the
proof of Lemma[A.5|but with Riemann-Stieltjes integration instead of stochastic integration. |

Proof of Theorem [A.4] The existence and uniqueness of a solution to (1) follows from the main
well-posedness result for rough differential equations, see [13, Theorem 8.4], where we only need to
define the augmented path X = (s, X;) and the augmented lift VAS by including the missing cross-
integrals as Riemann-Stieltjes integrals. The Markov property for the unique solution X“*Y follows
directly from the fact that X»*Y is the ucp limit of the time-inhomogeneous Markov process X >%*,
see Lemma Moreover, by continuity of the It6-Lyons map, it follows that X;*‘“I is the continuous
image of the joint rough path Z”, and hence measurable with respect to o({Z® : u < s}) = F,,
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and thus adapted. In Remark we saw that [I] = [I] = [ Vjdt almost surely, and therefore we

d[I]¢
dt

= |vy| and

t t
Zt = (MtI7[t> = (/ ’Us’sta/ 'USdWs> .
0 0

Define the controlled rough path (A, A’) € 2%* as

have vi :=

A= (g, (s, Xy™0), A= (D(g, [)(s, X5"D) - (g, F)(s5, X™T).

It follows that (A, A’) is adapted and continuous, and therefore we have almost surely

=z+ (/ AudZu) (w),
Y=I(w) t

where we used Lemmaand Lemma and the fact that [M?, I] = 0 for the last equality. This
shows that X “*! is indistinguishable from the unique solution to the SDE

R LA™
t

AXP" =z, dXY® = f(s, X" 0, dW, + g(s, X0 |vs|dB,, t<s<T.

But by independence of ¥ and B, one can notice that the conditional distributions of ft v,dB, and
J; |vs|dBs, given F}¥' v F, are Gaussian with covariance [, vZds, and thus coincide. In particular,

it holds that
nyEB) = Law (/ Udes>/ v,d B
t t

Law (/ vdeS,/ |vs|dBs
t t

By strong uniqueness of the SDE (42), see [26, Chapter 3 Theorem 7], we can conclude that

Fv J—“f) .

Law (Xt FWV v FP) = Law (X" | FVY v FP) = Law (X" | F)Y v FP).

Moreover, if we additionally assume that v > 0, then clearly X**! = X% = X% aimost surely. O

Remark A.9 Finally, notice that for the geometric rough path Y9, we have Y9 = Y + %(5 Y], and
hence

)

7o (S MepdM, [M Y\ ([0 ModM, [ M,dY,
N YadM, Y, [ YedM,. Y, — 0[Y,,

0 0
_ 79
- Zs,t + ( 0 —%5[Y]S7t ) .

Now by standard properties of rough integration, see [13, Chapter 4 Example 4.14], it follows that
AX ;™Y = (g, ) (s, Xo"Y)dZYE = (g, f) (s, Xe®Y)dZT" + fols, Xg®Y)d[Y]s,

where fo(s,x) = =3V, f(s,2)" (s, z).
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