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Luu Hoang Duc ¥ Jiirgen Jost

Abstract

We develop a general mathematical framework, based on rough path theory, that can incor-
porate the empirically observed nonlinear mean-variance relation of the logarithmic return in a
systematic manner. This model offers the possibility of an additional noise hidden in the rough
path lift, hence supporting the idea of mixture of a Gaussian noise that is close to a standard
Brownian motion and another source of long memory noise (a fractional Brownian motion for
instance), that can account for the multi-scaling phenomenon in financial data. The no-arbitrage
principle is then satisfied under the assumption of transaction costs as long as the driving noise
is a sticky process. We also discuss the potential risk of model uncertainty where the ambiguity
comes from the rough path lifts, as well as the problem of cooperation. Our models are supported
by empirical evidence from financial data and in particular, can explain some stylized fact (a
parabolic lower bound of a mean-variance relation) that has not been explained before.

Keywords: stock price, expected return, volatility, noise, rough path theory, rough path lifts,
rough differential equations, no-arbitrage, risk.

1 Introduction
It is well-known that the original Samuelson stock model [44],

dSt = /J,Stdt + O'StdBt, (11)

for a stock price S; at time ¢ with growth factor u, volatility o and a stochastic integral in the sense
of It6 with respect to a standard Brownian motion B;, does not reproduce certain rather universal
features of empirical stock price data (the so-called stylized facts); hence many modifications have
been suggested ever since. First, the Hull & White model [28] suggests that the growth factor and
the volatility should be time-dependent and stochastic, leading to a model of the form

dS; = ppSedt + 045:d By, (12)

where p : [0,7] — R is assumed to be Lebesgue integrable and deterministic for simplicity, and oy
satisfies a stochastic differential equation

dlogoy = k(0 — log oy)dt + vdW, (1.3)
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with parameters k, 8,y and another Brownian motion W, with an instantaneous correlation d BydW; =
pdt with a parameter p € [0,1] between the two different Brownian motions. The Heston model
[26] proposes that oy = /vy where 14 follows a Cox-Ingersoll-Ross equation

dvy = k [9 - ut] dt + \/rrdW. (1.4)

Here k,0,\ > 0 are parameters, and the two Brownian motions again possess an instantaneous
correlation dB;dW; = pdt with p € [0, 1].

Still, the stock model (1.2) does not account for certain memory effects in log S;. This seems
to require a more radical solution than simply making the coefficients time dependent, but keeping
standard Brownian motion as the underlying stochastic process. This issue was raised already very
early in [32], which suggested that the standard Brownian motion in (1.2) should be generalized to
self similar processes, including fractional Brownian motions B i.e., a family of centered Gaussian
processes B = {BH (t)}, t € R or Ry with continuous sample paths and covariance function

Rp(s,t) = (T + 7 — |t — 5?1, Vt,s €R.

In [11], ordinary Brownian motion is replaced by fractional Brownian motion in the model (1.3) for
the variance oy, resulting in
dlog oy = k(0 — log oy)dt + ydB}. (1.5)

In order to obtain a process with long memory, a Hurst exponent H > % is needed. Recent

empirical studies [4], [21] however showed that if we assume the model (1.5), the log-volatility
behaves essentially as a fractional Brownian motion with Hurst exponent H of order 0.1 at any
reasonable time scale, and thus, we do not have a long memory process. (As we shall see below,
however, when the empirical data are fit to other models, larger Hurst exponents emerge. Thus,
this is a feature of the model and not of the data). This observation motivates a study in [5], in
which the authors suggest a more general dynamic model of the form

dS;

5, F(Ze)(pdWi 4 /1 — p2dWy)

¢ ¢ (1.6)
Zy=z+ / K(s,t)v(Zs)ds + / K(s,t)u(Zs)dWs,
0 0
where K is a kernel, W, W’ are independent Brownian motions and f,u,v are sufficiently smooth
functions.

Another important stylized fact is the multi-scaling phenomenon in financial data, and in par-
ticular that the generalized Hurst exponent varies depending on the time scale (see e.g. [3], [15],
2], [7], [8]). The multi-scaling issue can be explained either by considering a random time change
of the Brownian noise B; through the time change process Iy, i.e. X; = By, for all ¢ > 0 (see [2]);
or by assuming that the noise X; has the form

L£)
Xo(t) = Y e ™ (B, - B (1.7)

k=1

for some Hurst exponent H > 1, wy(-) ~ N(0,A\?log(%)) with the intermittency parameter A and
the autocorrelation length L, and the time scale h such that the wy(k) are correlated up to the
distance L, i.e.

for |]{71—]{72| S%—

L
Cov(w(k1),wn(k2)) = Npp(lky — kal),  pa(lky — ko) = § (F1—halTDh .
1 otherwise
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(see [3] and [8]).

Studies in [15] and [7] (see also our computations in Subsection 4.1) reveal that the log return
of stock indices (for instance Nasdaq, Dow Jones, SP500) or various exchange rates has the Hurst
exponents ranging from 0.45 to 0.7 in some period. This leaves it open whether or not the noise
should have long memory, and why the Hurst exponents often look smaller than % for data quoted
on timescales of minutes to hours but increase to values significantly larger than % for daily to
monthly quoted data. It is generally agreed, however, that the Hurst exponent for the log return
of the stock price is always bigger than %

Of course, one can introduce models with many parameters, in order to match the empirical data.
Our approach is different, because we want to develop a general mathematical framework within
which the observed phenomena find a conceptual explanation. In fact, the basic and robust relation
that emerges from our numerical investigation of a wide range of stocks and other indices is that
when we plot the daily mean-variance relation of the logarithmic return, we find a parabola shaped
curve as a lower envelope. In particular, the relation is not linear, as basic models suggest, and the
nonlinearity exhibits a clear structure. This asks for a systematic explanation. The mathematical
theory we shall draw upon for that purpose is rough path theory [31], [20], [19], a well-established
and very powerful mathematical approach to stochastic processes. The theory can handle rather
general driving noises in a systematic manner. The key idea consists in directly incorporating
higher order information about the noise to define certain integrals in an algebraic manner. While
we are not the first to apply rough path theory to model financial data, we should nevertheless
take this opportunity to point out some conceptual aspects. First, the theory provides a unified
and elegant treatment for all kinds of driving noises, whose effects can then be compared in an
efficient manner. A rough path can be defined solely on the basis of simple algebraic relations that
are naturally satisfied by all kinds of stochastic integrals. While the traditional stochastic view is
based on unpredictability or uncertainty, the rough path approach emphasizes the control of a path
by some underlying noise and its properties. Secondly, the noise naturally needs to operate only
along the considered or observed path, and no assumption about noise along unobserved paths is
required. The pathwise approach is therefore very well compatible with data oriented methods.

Thus, we propose a new model using rough path theory, which covers all well-known cases and
phenomena. That is, we do not interpret the stochastic system in (1.2) in the sense of It6, but
attempt to solve in the pathwise sense the general form

dSt = MtStdt + UtStht

for a certain Gaussian noise X, where the second integral [ ¢.SdX is understood as a rough integral
as defined by Gubinelli [24]. In that framework, the information from a realization z of X is not
enough and additional information of a rough path lift x = (z, [w, dx], [x, dx]) is required, where w is
a realization of another independent source of Gaussian noise W on which the volatility ¢ depends,
and [w,dz], [z, dx] are the corresponding Levy areas satisfying Chen’s relation. Our rough path
approach therefore needs more information than just a driving noise X and its truncated signature
(X, [X,dX]) as often seen in the literature on rough path theory. As proved in Theorem 2.5, the
equation can be solved to have an explicit pathwise solution

log S,() = log S,(-) + / rudhts — = / o2 (Vd[X]u() + / Fu(YdX (),

2

where [ 02d[X] is a pathwise Young integral with respect to the bracket process [X] defined in [19]
and [odX is a pathwise rough integral defined in the Gubinelli sense with respect to the rough
path lift X = (X, [W,dX], [X,dX]). The advantage of the model is that, while the price process
S itself is controlled in the pathwise sense by X and its realizations, ¢ is naturally driven in the
pathwise sense by both X and W, thus its driving noises are correlated with the noise X of the



price process S as suggested by the Hull & White model, and moreover its regularity can be as low
as that of W, which is captured by empirical evidence in [4, 21] (recall that we mentioned above
that a Hurst exponent can be as low as .1). For a class of such functions o we refer to Remark 2.6.
And in particular, without additional effort of detecting signatures of higher orders, this will allow
us to go below the Holder exponent 1/3 that naturally appears in rough path theory.

The no-arbitrage principle has been viewed as the fundamental requirement for a model to
satisfy the efficient market hypothesis (EMH). For models based on standard Brownian motion like
(1.1), (1.2) or (1.6), this is usually not a problem. When the stochastic noise in the asset price
model comes from fractional Brownian motions or in general Gaussian processes which display the
long rang dependence observed in empirical data, it has however been shown, e.g. in [43] or in
[9] that the model allows for arbitrage. But the model in [34] which uses the Skorohod-Wick-It6
integral shows that the existence of arbitrage can be avoided. Another solution to this arbitrage
problem comes from [10], [30], [33, Chapter 5, pp. 305-306] which assumes that the noise is the
mixture of a standard Brownian noise B and a fractional Brownian motion B for H € (%, 1).
Subsequently, the no simple arbitrage statement was proved in [6] for the wider class exp{Z; + 0B}
of geometric mixed noise, where (B, F) is a standard Brownian motion and Z is an F-adapted
process independent of B, although there might still exist arbitrage in the weak form if one does
not specify assumptions on available trading strategies.

In contrast to that approach, in this paper, we follow [22], [23] and assume transaction costs (see
also the related works [13] and the references therein in the context of fractional price processes).
The reason is that a sufficient condition for no-arbitrage only requires the log-price log S; to be a
sticky process. Also, it turns out that the class of sticky processes is very large, since it contains
strong Markov processes or any stochastic process with conditional full support (CEFS). The stickiness
has also been studied later in [42] for a larger class of stochastic processes. The CFS criterion was
extended in [37] for a class of mixed noise Z; + X;, where Z is an arbitrary continuous process, and
X is a process independent of Z that has CFS. This class includes also mixed forms of mutually
independent standard Brownian motions and fractional Brownian motions. In particular, in Section
3 we show in Theorem 3.1 that, in the presence of transaction costs, the condition on CFS of two
independent processes X, [X] leads to the CFS of the logarithm price process logS; when the
(stochastic) volatility has a positive lower bound. Consequently, the process S; is arbitrage-free.

The above model also shows that there is a freedom to first allow [X] to vary in a stochastic
way and then use X, [X] to define the Levy area [X, dX] through Chen’s relation, thus leading to a
mixture of noises. We thus proceed in Section 4 to explain empirical data within our framework. The
multi-scaling phenomenon can be explained by a rough model in Subsection 4.1, where the Hurst
exponent is computed from the linear regression method between the logarithms of the variance
and the duration. Moreover, our empirical analysis in Subsection 4.2 finds that there is a nonlinear
mean-variance relation, which could not be explained by using the classical model (1.1) or (1.2)
but naturally follows in the framework of the rough model with such an additional noise [X]. It is
important to note that the model works under the assumption on the stochasticity of the bracket
path [X], which turns out to match very well with Peng’s theory of G-Brownian motion B [38], which
has uncertainty in its quadratic variation process <B> (see Example 2.2). Also, it suggests to make
a connection to related work [14] on the pricing of contingent claims under volatility uncertainty.

Finally, we show in Section 5 by a simple example that the well-known negative effect of the
variance on the expected log-return can indeed come from the stochastic process [X]. Namely, the
appearance of the additional noise [X | does increase the variance of the log-return. We therefore raise
the problem of the model risk, in which the volatility increases from stock model ambiguity, and the
uncertainty comes from the rough path lifts. At the end, we also consider the cooperation problem
in ergodicity economics [40] for the rough model, and discuss the fact that different stochastic
formulations might result in different conclusions on cooperation effects. In particular, in one setting,
we can show that cooperation can mitigate the effects of volatility and is therefore beneficial.



2 Rough model of stock prices

2.1 Rough path theory

This section presents a brief introduction to rough path theory for Holder continuous paths. For a
compact time interval [a,b] C R, define A?([a,b]) := {(s,t) : a < s <t < b}. Let C([a, ], R) denote
the space of all continuous paths y : [a,b] — R equipped with the sup-norm | - || 5 given by
[Ylloo,a8) = SUPsefap) lYtll, where || - || is simply the absolute value.! We write ys; := y¢ — ys. For
0 < a < 1, we denote by C%([a, b],R) the space of Holder continuous functions with exponent a on
[a, b] equipped with the norm

0 = 1%all + 1Yl a0) = lvall +  sup ,
ol ¢ last] 1 s<t€la,b] (t - S)a

Snmlar to [31], [24] and [19], a path € C“([a, b], R) can be lifted to a tuple x = (z, [w, dx], [z, dz]) €
C([a,b],R) & CB([a,b]?,R @ R) @ C?*([a,b]?,R ® R) with respect to an additional path w €
C8([a,b],R) with 0 < o, B < %,where

[w,dz] € C“P([a, b2, RO R) := {E.y. € O([a,b]>, R@R):  sup HL,;H_% < oo},
s,t€la,b], s#t |t - S|
EX 2
[z,dz] € C**([a,b]*>,R®R) := {E{, € C([a,b]>, RQR) :  sup % < oo},
’ s,t€la,b], s#t |t - S|
are called Levy areas if they satisfy Chen’s relation
6[(*)7 daj]s,u,t = [W7 dx]s,t - [Wa d$]s,u - [W’ dl‘]u,t = Wsulu,t, (22)

O, dx)sus = [z, dx]sy — [, dx]sy — [, dT]ys = Tsu@uyr, Va<s<u<t<b

We shall call x a rough path lift. The set C*%([a,b],R @ (R ® R) @ (R ® R)) C C*([a,b],R) @
CP([a,b)?, R @ R) @ C?*([a, b2, R @ R) of all rough path lifts x on [a, b] is then a closed set (but
not a linear space), equipped with the rough path semi-norm

1
Ixlogan = lzllay + lw, da] H\aw app2 T s dzll, 1 e <00, where  (2.3)
[[[w, dz]s [z, dalsqll
ll[w, da]| = sup ——= ||z, da]|| = sup S
a+p,[a,b)? s,t€[a,b];s#£t |t - S|a+ﬁ 20, [ab]? s,t€a,b];s#t ’t - S‘Qa

In the absence of such an w, this simply reduces to the traditional rough path x = (z, [z, dx]) as in
[31].

Remark 2.1 One can view [w, dz| as postulating the value of the quantity

t
/ Wsrdzy 1= [w, dz]s (2.4)

where the right hand side is taken as a definition for the left hand side, so that [ wdz is written only
symbolically. For a non-trivial example, consider two independent centered Gaussian processes W
and X satisfying

E|W, > < Cwlt — s/, E|X,, L V0<s<t<T (2.5)

!The theory can be extended to vector-valued paths in C([a, b], R?) without undue difficulties, but for our purposes
the scalar-valued case suffices.



where 0 < H,H' < 1 < p,q such that pH,qH' > 1 and H + H > % Then one can follows [19,
Chapter 10] to prove that, given the condition on the regularity of the incremental covariances

t t
Rx <;/ t/> = EXs,th’,t’a Ry <§/ t/> = EWs,th’,t’a Vs <t, s <t

such that for all a < s <t <}

1
s t P\ p
1B xl,—var 52 = sup  |Rx |, < Mx|t — 5",
P P(st),P (s.t) st
1
S t q\ «q ,
IBW g var [s.02 = sup Rw |, < Myt — 5|7,
” P(s,£),P (5.1) st

where the suprema are taken over finite partitions P, P’ of [s, t], it is possible to define the stochastic
integral

t
W,dX|s: = WsndXy = i W+, Xt +; 2.6
[ Jsit /S : plm > 4 Xtiti (2.6)
tEP(s,t)
as the L2?-limit of the Stieltjes integrals on finite partitions P(s,t) = {s =tg < t; < --- < t, =t}
of [s,t] with [P(s,t)| := : r]n%g )\fu — u|. Moreover,
u,v|€P(s,t

t 2
E </ Ws,uqu> < CH,H’ H‘RX mpfvar,[s,tP ‘HRW ”|q7var,[s,t]2 < CH,H’,X,W‘t - S‘Q(HJ’_H)
s

holds. As a result, for any o € (0, H),3 € (0, H') such that « + 8 > 5 and pa,¢8 > 1, there
exists a version of W, X and [W,dX] such that a.s. all realizations w € Cﬂ2 z € C% w,dr] € Co8
respectively. Moreover, [w,dz] satisfies the Chen relation (2.2).

Below, let us review some specific examples for [z, dz].

Example 2.2 1. When z is a realization of a local martingale X, for instance X; = fg asdByg, we
define the stochastic integral [ ydX as the integral w.r.t. the local martingale X [18, Section
2.5]. We can then apply the It6 formula [18, Section 2.8, p.64]

F(X, /f dX+/f”

for any function f € C?, where (X); is the quadratic variance process, to compute explicitly
t 1., 1
X, dX]o = [ XoudXu = 5X2 = 5 (00 = (X)s).
S
In particular if X; = fot asdBs, then (X); = fot a2du. Hence, in the pathwise sense, it is easy
to check that [X, dX] satisfies Chen’s relation (2.2) a.s

2. When X = B is a fractional Brownian motion which is not a semi-martingale [43], we
cannot apply the classical It6 calculus, but define the stochastic integral [ ydBH in the sense
of Skorohod-Wick-It6 by using the Wick product as in [34, Chapter 5. Then by using the
Wick-It6 formula [34] for the Skorohod-Wick-1t6 integral

f(BE) - f(B) = / Hu* =1 (B du + / f(BEsBIH (2.7)
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for any function f € C?, we can compute explicitly

1
[BH aBH), / B sBH — (35)2 - §<t2H _ 2 )

In general, the 51gnatures [X, dX] can also be defined for a scalar centered Gaussian process of
the form X; = fo (t,s)dBs where B is a standard Brownian motion, and K (¢, s) is a square
integrable kernel. In particular, using the Ito-type formula

F(X, / F(X)6X0 + 2 / F(x (2.8)

for a function f € C?, where R, = E(X,)? = [ K*(u,s)ds and the stochastic integral [ X
can be computed as the limit of Riemann sums defined w.r.t. the Wick product [1]. Thus,
(X, dX]s = fst X5.40X, can be computed explicitly, which satisfies Chen’s relation (2.2) a.s.

3. When X = B is a G-Brownian motion together with its quadratic variation process <§> in

a sublinear expectation space (Q, %, E) with B LN ({0} x [¢2,5?]) [38], then one can prove
(see e.g. [39, Proposition 3.2]) that

A 1 A A~
1Bs.illps, < Cozlt — ]2, ||[BadB]s,t||L% < Cozlt — 5], Vg>2,
G

where [B , dB] st = fst Es,udBu. As a result, one has the GG-sublinear expectation version of

the Kolmogorov criterion [39, Theorem 3.1] that for all v € [0, — é), (B,|B,dB]) has a

q
continuous modification and there exists K, € LqG, K, € L¢ such that for any s,¢ € [0,7] one
has inequalities
|Bst| < Kolt —s|”, |[B,dBls:| <K,|t — s|2”.

3 % — %) one can then compute explicitly

In particular choosing ¢ > 6 and v € (
(B,dBlui = 5 (B2, — (B)s).
The definition is such that in general [w, dx] # [z, dw]. We also define {w,z} by
{w,x}sr = we sy — [w,dx]sr — [, dw]ss, Va<s<t<b. (2.9)
Then it is easy to check that {w,z} € C**8 with
{w,zst ={w, Ttsu +{w, Thut, Va<s<u<t <D,

so one can redefine {w,r}s; = {w,}ar — {w,2}as, Where {w,2},. € C*P([a,b],R) is a Holder
continuous path. In Remark 2.1, the integrals [ WdX and [ XdW are well-defined as in (2.6) for
two independent centered Gaussian processes and moreover satisfy

t t
/ W udXy +/ XoudWy = W1 Xy
s s

hence {W, X} =0 a.s.
In particular, for w = z, {x,z} coincides with the bracket path in [19]

[#]st == mit —2[x,dx]sy, Vs <t (2.10)

which satisfies Chen’s relation (2.2), hence [¥]s; = [*]at — [*]as Where [2]o. € C?*([a,b],R) is a
Holder continuous path. It is important to note that, using (2.10) one can use x and [z] as inputs
to define (uniquely) [z, dz]s; = %(x?t — [x]s1)-



Remark 2.3 In Example 2.2, we can compute [X] explicitly as follows

(t— s if X,=B
(X)) — (X)s if X, isa local martiangle
[X]op =< [T K (t,u)?du — [F K(s,u)?du if X;= [ K(t,5)dB; : (2.11)
0 if X.eC’v>1
(B); — (B)s if X,=B

We observe that [X] is non-random for the four first cases in (2.11). But the fifth case is special

since [X] = (B) is truly stochastic, and even of mean-uncertainty. In fact, (B) has stationary
increments and is independent of B with

B[(B): — (B),] = 7*(t — ) = ~B[- ({B): — (B), )] = (t = 5), ¥t =, (2.12)

where o2 := —E[—B?] < E[B?] =: @2, and E is the sub-linear expectation, see [38].

2.2 Rough integrals

For y € C?([a,b],R) and z € C¥([a,b],R) with 8+ v > 1, the Young integral f: yrdxy can be defined
as

b
sdrg == i E W, 2.13
/ay © 7 a0 Yut (2.13)
[u,v]€ll]a,b]

where the limit is taken over all finite partitions Il[a, b] of [a, b] (see [47, p. 264-265]). This integral
satisfies the additivity property by construction, as well as the so-called Young-Loeve estimate [20,
Theorem 6.8, p. 116]

t
H/ yudxu _ysxs,t
s

for all [s,t] C [a,b], where Kp,, := (1 —21=F=¥)~L,
Next, we introduce the construction of rough integrals in case 0 < 8, a < % such that

| < Kokt = 57 Wyl g B2y (2.14)

3> B+ 2a > 1. (2.15)

Following [24], a path y € C?([a, b],R) is said to be controlled by (w,z)T € C?([a,b], R)@C*([a, b],R)
if there exists a tube (d,y, 0.y, RY) with a path 9,y € C*([a,b], L(R,R)), 0,y € C8([a,b], L(R,R))
and a remainder RY € C°*P([a,b]?, R) such that

Yst = (0wy)swst + (02y)ss s + RY 4, Va <s<t<hbh. (2.16)

0wy, 0y are called the Gubinelli (partial) derivatives of y with respect to w,z respectively, which
are uniquely defined as long as w,x are truly rough [19, Proposition 6.4], i.e. w € C%([a,b],R) \
C?%([a,b],R) and = € C*([a, ], R) \ C?*([a, b], R).

Example 2.4 Consider y; = g(z¢)w; on [a,b] with g € C%(R), then it is easy to check that
st = ws(g(we) = 9(xs)) + 9(ws)wss + (9(w1) — 9(5) Jws 1
= wod ()Tt + 9(x5)wst + O|sp|lwst]) + O|ssl?)
= ng/(xs)xs,t + g('rs)ws,t + O(|t - 3|a+6)7
where g(z.),¢'(z.) € C*([a,b],R) and w.¢'(x.) € CP([a,b],R). Hence y = g(z)w is controlled by

(w,z)T in the sense of (2.16). This example shows that there is flexibility in the regularity of
Gubinelli partial derivatives of y, as long as (2.15) is satisfied.



Denote by D*#([a, b]) the space of all the tuple (y, d,y, d,y) controlled by (w,z)T, then D*?([a, b])
is a Banach space equipped with the norm

(v, Ouy, Ozy)|
I(y, Ouy, O2y)|

aglatl = Yall +110uv)all + 1Y, oy; Oey)llap oy »
apfat] = 10Yllafan +10:Yllsap + 1N aspan2 -

For a rough path lift x = (=, [w, dz], [z, dz]) and any controlled rough path (y, d,y, d.y) € D*?([a, b)),
one can easily check from Chen’s relation (2.2) that Fs; 1= ysxs s + (00y)s(w, dz]s ¢ + (0zy)s[z, dx]s
satisfies

5Fs,u,t = _ys,uxu,t - (a,uy)s,u[wy dx]u,t + (auy)sws,uxu,t - (a:cy)s,u[my dx]u,t + (&By)sxs,uwu,t
_Rguxu,t - (awy)s,u[wy dx]u,t - (&vy)s,u [x7 dx]u,t = O(’t - 3’2a+ﬁ)-

Because of condition (2.15), the integral fst Yudx, can be defined, thanks to the sewing lemma [24],
[12], for any a < s <t <b as

t t
ud u = ud u = li ubu,v 8w u 7d U,V 8:5 u 7d u,v 2.17
/sy z /Sy X lp[sl’g?%w;[sﬂ (v + Out)ulw, dalus + @)l ) (2.17)

where the limit is taken over all finite partitions P[s,t] of [s, ] and is thus independent of P. This
rough integral is additive, i.e. fst ydo = [T ydx + th ydx for any s < 7 < t. Moreover, there exists a
constant C,, > 1, such that

<Calt = 82 (ol g IR Nt p e + 10t o) N Ay s 0 (2.18)

t
H / yudxu - ys$s,t - (aw )s[wv dx]s,t - (8x )S[xa dw]s,t

008l s 11 Al g 2 )

Note that if d,,y = 0, then (2.16) implies that y € C%([a,b],R). In that case if § = « one goes back
to the Gubinelli rough integral [ ydz for controlled paths y by the driving rough path z (see [24]).
Obviously, when y is constant, (2.17) reduces to f; YudTy = yxsy. In addition, if x € C1, then the
rough integral (2.17) becomes the ordinary Riemann-Stieltjes integral.

2.3 Time dependent rough models

The second equation in model (1.6) suggests that the volatility is time dependent and controlled
by another source of noise W which might be of low regularity. This leads to the question how to
understand the stochastic integral in the first equation of (1.6) when the It6 calculus may not be
applicable. This motivates us to extend the construction of rough integrals in the Gubinelli sense
in Subsection 2.2. Accordingly, given parameters % > « > (> 0 which also satisfy (2.15), let us
consider the time dependent model

dS; = utStdt + 04Sidxy (219)

where p : [0,7] — R is Lebesgue integrable and o € C?([0,T],R) is controlled by a realization
(w,z)T € CP([0,T],R) ® C*([0,T],R) in the sense (2.16). Equation (2.19) is understood in the
integral form

¢ t
S = Sy +/ oy Sudu + / OuSudy, (2.20)
0 0



where the second integral in (2.20) is well-defined as a rough integral (2.17). Indeed, one should
look for a solution S € C*([0,T],R) that is controlled by (w, )T in the sense of (2.16) such that
St = (0:5)rxr¢ + Rﬁt for some 9,8 € C?([0,T],R), R® € C**P([0,T],R), .S = 0. Since a > 3,

0S8y — 0,8, = (aT + (0,0)rwrt + (020) 72+ + Rit) <ST + (0:8)rxrt + Rit) — 0,57
= (Dw0)rSrwry + (07(8965)7 + (axa)TsT)xT,t +RY, (ST + (00 S)rars + Rﬁt) +
+ <UT + <8wU)TwT,t + (aIU)TxT,t> Rit + ((awU)TWT,t + (aaco')TxT,t> (a.Z’S)TxT,t

= (Ow0)rSrwry + <UT(8xS)T + (axU)TST)xﬂt + RS, (2.21)

for some RS € Ct5([0,T)?,R). Hence, oS € CP([0,T],R) is controlled by (w,z)T in the sense
(2.16). Therefore the rough integral f; oSdz is well-defined as

b
/ OuSudxy,

= |73((1117£I)1‘*>0u UE;(G ) (O'uSuCCu,U + (8w0')usu [W, d(E]u,’U + <Uu(8a;S)u + ((%;U)usu) [Q}, dw]u,’u>7

(2.22)

and in particular 9,8 = oS € C?([0,T],R). In other words, the rough differential equation (2.19)
or the rough integral equation (2.20) is well-posed. In the following result, we obtain an explicit
solution for equation (1.1) using rough path calculus.

Theorem 2.5 Given % > o > % > B > 0 satisfying (2.15), a coefficient path o € C5([0,T],R)
controlled by (w,z)T and a driving path x € C%([0,T],R), there exists a unique rough solution of
equation (2.19) on [0,T]. Moreover, the explicit pathwise solution of (2.19) is given by S; = et
where

2
and the path [x] € C?*([0,T],R) is defined in (2.10).

b 1 b b
Y},:Ya—k/ ,uudu—/ aZd[x]u—F/ OudTy (2.23)

Proof: The existence and uniqueness part is proved by following similar arguments in [24] or
[17]. For the benefit of the reader, we provide a sketch of the proof in the Appendix. To derive
formula (2.23), observe that zero is the trivial solution of (2.19), hence it follows from the existence
and uniqueness parts that S; # 0 for all ¢ > 7 whenever S; # 0. That implies Sy > 0 for all t > 7
whenever S; > 0. Note that 9,5 = ¢.5 while 9,5 = 0. Now applying the Taylor expansion for the
function Y; = log S;, we obtain from the fact S,Y € C*([0,7]) that

1

1
oSt 82, Ot — T>), (2.24)

log Sy = log S; + 2525t

for 0 <t—7 < hon [0,T], where 0 < h < 1 is small enough. The discretized scheme for equation
(2.19) using (2.18) and (2.22) yields

Srt = prSy(t—7)+ 0,572 + (0,0)7 5w, dx] 4
+(aT(azs>T + (aza)TsT) [z, dz]yy + O(Jt — 7[2+)
= St —7)+0:5:2r1 + (0u0) S [w, dx] ¢
—l—(azST + (@;a)TST) [, dx], s + O(|t — 7|25, (2.25)
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for all |t — 7| < h on [0,T]. Combining (2.24) and (2.25), and using the fact that z € C?, [w, dx] €
CotB [z, dx] € C**, we obtain

Ve = pr(t—7) 402+ (000)[w, dxlrs + (07 + (050)r) [2, dx]r s + O(|t — 7[20+5)
. 2
_5 (HT(t — 7') +orxrt + (awO')T[w7 dx]fr,t + (0'72_ + (8960')7_) [x7 dx]r,t + O(‘t _ T|2a+5)>
+O([t — 7**)

= :U’T(t — 7') +orTrt + (8w0')’r[w7 dx]T,t + (8x0')7[$7 dm]’r,t

1
—o2(5a%, — lw.dalre) + O(t = 7[°*7)
1
= p(t—=7)+0r2rt + (0,0)r|w, dz]r ¢ + (00) [z, dx]r s — 503[$]T7t + O(|t — 7]?**F)
for all [t—7| < hon [0,T]. Note that . (t—7), 072+t + (000)r[w, dz] st + (020) - [, dx] -+ and o2[x], 4

are respectively the discrete approximation of the integrals f: Ly du, th oyudx, and th o2d[x],. Hence
using (2.18) and (2.14), one finally obtains

t t 1 [t
Vo= [ mdu+ [ oude,— 5 [ otdlal, +0(1t = o) (226)
for all |t — 7| < h on [0,7]. Next for any 0 < a < b < T, we discretize the interval [a,b] into

sub-intervals of length h = b_Ta with end points @ = g < t1 < ... < ty = b for N large enough.

Then by using (2.26) and the additivity of the integrals, we obtain

N-1
Ya,b = E yti,ti+1
=0

N-1 tit1 tit1 1 tit1
= Z (/ s +/ oudr, — / old[z], + O(h2a+6))
. t; t: 2 ts
=0 4 T i
b b 1 b
= fydu + / Oy d, — 5 / oldz], + (b — a)O(h?* Py, (2.27)

Letting h — 0 in (2.27) and using the fact that 2a+ 8 > 1, one derives (2.23).
[

Remark 2.6 (i) Let us describe the solution formula (2.23). The first integral is of classical Rie-
mann type, the second is of Young type for 0% € C? with respect to the path [z] € C?* because of
(2.15). The third one is a rough integral (2.17) for ¢ controlled by (w,z)T.

(ii) It is important to note that the stochastic process o can be chosen as o = g(X)W for X, W
in Remark 2.1, so that it satisfies Example 2.4. In particular, its S-Holder continuity can be chosen
as small as possible provided that (2.15) is satisfied. This should capture the empirical evidence in
[4, 21] in which 8 < H’ < 0.1. The same conclusion holds if W has the form W = h(W') where
X, W' are independent Gaussian processes satisfying Remark 2.1 and h € C?(R) such that h and
its derivative h’ are bounded. In that case, one can formally write the equation for o as

doy = o/ (XWX, + g(Xo) ' (W{)dW. (2.28)

Equation (2.28) shows that there is a possible explanation for the fact that there is a correlation
between the noise (X, [W,dX], [X,dX]) that drives the log-price process Y and the noise (X, W’)
that drives o, as suggested in the Hull & White model [28]. For example, a choice of g(X) = e*X

and h(W') = < W o p € (0,1) will rewrite (2.28) in the form

eV1=p2W’ 1
/1 — p2
do = o(pdX + —de’),
eV1=PPW' 4 q
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which has a correlated noise to X and implies further that the log-volatility log ¢ has its very low
regularity from W’.

Due to (2.10), y is determined once we know the information on z, [z] and |w, dz]. In particular,
when o constant, (2.23) reduces to

b
1
Yp = Ya + / ,Uudu - 50—2[1'](1713 + OZqgb-
a

Example 2.7 Below we review several special cases.

e When X = B astandard Brownian motion B, then Example 2.2(1) shows that [Bl,;(-) = b—a
a.s. and we go back to solving the classical model (1.2) using It6 calculus, so that the log-price

has the form
t 0.2 t
Yor = / (uu - f)du +/ oudBy. (2.29)

e Also, if X = B is a fractional Brownian motion for H € (0,1), we go back to the model
dS; = uSidt + 0S;0B! with the Skorohod-Wick-Ité integral J y6BH proposed in [34] as
discussed in Example 2.2(2), hence [BH],;(-) := (b*# — a?/) a.s. and the solution is obtained
explicitly from [35] as

2
o
Yor=plt—s) = 5 ( 2 — M) + 0Bl (2.30)

e When X = B is the G-Brownian motion with respect to the sublinear expectation I@l, then it

follows from [38] that [B] = (B) and one can solve the stochastic differential equation

t t
S; =Sy +/ WSy du +/ 0S,dB, (2.31)
0 0

explicitly as
Yoo = plt = 8) + 0By — 50> ((B): - (B),). (2.32)

3 No arbitrage under transaction costs

3.1 Rough models in stochastic settings

Motivated by the G-Brownian motions in Remark 2.3 and Example 2.7, we propose additional
hypotheses in this section. The first one deals with stochastic processes X, [X], W of which z, [z],w
are realizations respectively.

Hypothesis A X, [X],W are mutually independent stochastic processes with stationary incre-
ments on a probability space (§2, F, (Ft).e(o,r), P) that are Fi-adapted, such that [X] € c?([0,T],R)
a.s. and that X, W are centered Gaussian satisfying condition (2.5) in Remark 2.1 for % > v >
a> 1> Bin (2.15), thus [W,dX] is well-defined. Tn addition, [X,dX],, = %(th - [X]s,t) for all
s,t € 0,77 as.

It is easy to check that X in Example 2.2 satisfies Hypothesis A. In this situation, for a stochastic
process o satisfying the conditions in Remark 2.6, the logarithm price process Y; := log Sy can be
written explicitly in the pathwise sense as

i)=Yy + [du= 5 [ 0,(PdX0 + [ a,0dXu), vstel0.T. (31

12



To handle the no arbitrage problem, as in [22] we consider a realistic assumption on transaction
costs. Namely, consider the model with a riskless asset price process A; and a risky asset price
process (St)yc[o,7) on a filtered probability space (§2, F, (Ft)ic(0,1], P), where the filtration F; satisfies
the usual assumptions of right continuity and saturatedness and S; is a continuous path, strictly
positive almost surely, adapted and quasi-left continuous w.r.t. F;. An investor trades in the risky
asset according to the strategy (Ht)te[O,T}a which represents the number of shares held at time ¢, and
each unit traded in the risky asset generates a transaction cost of £ > 0 units, which is charged to the
riskless asset account. Consider a simple strategy € which requires a finite number of transactions
at stopping times ()", then 6 = >, 0il)7,_, -, for some random variables (6;)i_,, where 6; is
Fr, - measurable, and 6y = 0 conventionally. The liquidation value of a portfolio with zero initial
capital is

= 0i(Srint = Sri_ynt) = £ Y Srl0i — 051 — K516 (3.2)

T <t

This discrete model is then proved to converge to the continuous model
Vi) = 0,9~ [ Sudlol—rsiio, (33)
0,t

where ||0]; is the total variation of 6 on [0,t] and (#,S); is a certain type of pathwise integral.
According to [22], a strategy 6 is admissible if V;(0) > —M a.s. for some M > 0 and for all
t > 0. It is called an arbitrage opportunity on [0,T] if it is admissible with Vp(0) > 0 a.s. and
P(Vp(0) > 0) > 0. A market is arbitrage free on [0,T] if, for all admissible strategies 6, Vp(0) > 0
a.s. only if Vp(f) = 0 a.s. The market is arbitrage free with transaction costs x if S; satisfies the
condition that for all stopping times 7 such that P(7 < T') > 0, we have

]P’( sup ‘—7—1’</1,7'<T)>0. (3.4)
te[r,T] St

Condition (3.4) is satisfied when the asset logarithm price process Y; is sticky w.r.t. the filtration
Fi, i.e., for all ,7 > 0 and all stopping times 7 such that P(7 < T') > 0, one has

P(sup |Y; —Yi <e,7<T)>0. (3.5)
te[r,T)

According to [22], any strong Markov process (i.e., for every finite F,-stopping time 7 under the
conditional law P(-|X; = y), the process (Xr4¢)¢>0 is independent of F, and has the law PP) is
sticky. Another sticky class consists of adapted stochastic processes w.r.t. a filtration (F)eo,7]
that have conditional full support (CFS), i.e

vt € [0,T), (P-as.) : supp(law[(xu)ue[mft}(-)) = Cx,([t: T], R) (3.6)

where C,([t,T],R) is the space of continuous functions f € C([t,T],R) taking values in R with
initial value f(t) = n, and we regard law[(Xu)ue[t,T”]:t] as a regular conditional law (a random
Borel probability measure) on C([t,T],I) [29, pp. 106-107]. Furthermore, any stochastic process
with CFS is proved in [23, Theorem 1.2] to admit an e-consistent pricing system for all € > 0, i.e.
there exists a pair (S P) where P is an equivalent probability w.r.t. P and S is a P-martingale
(adapted to F3) such that

1Jlr6 ggi< 1+e€ Vtel0,T].

We therefore need another assumption.
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Hypothesis B Either Xy, [X]; are strong Markov processes, or they have CFS in the sense of
(3.6).

One can easily check that all processes in Example 2.7 satisfy Hypothesis B. Our next main
result of this paper is formulated as follows.

Theorem 3.1 Under Hypotheses A, B and the situation of transaction costs k > 0, assume further
that o € CP([0,T],R) is controlled by (W, X)T a.s. such that
inf |o¢| >0 a.s. (3.7)
te[0,T]
Then the logarithm price process Yy in (3.1) is sticky. Consequently, Sy is arbitrage free under
transaction costs k on any interval [0, T).

Proof: 1In case X, [X] are strong Markov processes, the stickiness follows from [22, Proposition
3.1]. Assume now that X and [X| have CFS, we are going to prove that Y also has CFS. Since
o is controlled by W a.s. and X, [X],W are mutually independent, it then suffices to prove that:
If X has CFS on [0,T], then so does the stochastic process —3% [, 02d[X]y + [; 0udX,. Since the
proof is lengthy, we only sketch the ideas here. In any case, the proof will proceed by a repeated
application of Egorov’s theorem [25, Theorem A, p.88]. Due to [37, Lemma 2.1, Theorem 3.3] and
[23, Lemma 4.5], it suffices to prove an equivalent property to the CFS that, for every e > 0, B €
F,te€l0,T),9 € Co([t, T] R), the following inequality holds

Ry
t 00,[t,T]

Since C}([t, T],R) is dense in Cy([t,T],R), it is enough to prove (3.8) for g € CL([t,T],R). To do
that, one first needs to approximate the Young integral ftT o2d[X], )re[t 7] and the rough integral
(f; 0udXy) e 1) respectively by Riemann-Stieltjes integrals ( f,” ond[X 12 )repr) and (f; oudX? )relt 1)
where

<e |]-"t)(-) >0 as. on B. (3.8)

u—om u—om
5 [X]Em,é(m+1)v ij = Xom + TXgm’g(m+1), Yu € [dm,0(m + 1)]

(3.9)
are piecewise linear approximations of [X], X for sufficiently small § € (0, 1) (see e.g. [20, Prop. 5.5,
Lemma 5.19, Prop. 5.20, Theorem 5.23] for an approximation in the Hoélder norms). In this case,
[W,dX9) and [X,dX°] are well-defined as Riemann-Stieltjes integrals a.s., thus satisfying Chen’s
relation (2.2). In fact, since W and X are independent Gaussian processes satisfying Remark 2.1,
one can prove that, for any 0 < s < dm <Jl <t < T,

B(Xos = X007 < CpB(Xosm — X2g)% + B(Xs10 — X3,)%)

om—s ol
< G (E(Xs,sm - Xsmsms1)) " + B( X0 — TX‘” 5(z+1))2p)
< Cpx ((s —m)*H + (t — 51)2H)
< Cp’X52H—2V(t _ 5)211

for a generic constant Cp x and o < v < H such that pr > 1. In addition, X —X % ig also a Gaussian
process which is independent of W. Hence by following similar constructions in [19, Chapter 10]
(see also Remark 2.1), one can proves that the stochastic integral fst Wiud(X — X0%), is well defined
and satisfies

E (/t W ud(X — )(5)u>2

IN

C(H,H’62Hi2y H}-RXfX‘s ‘prvar,[s,t]Q ‘HRW |||q—var,[s,t]2

IN

2H—2v 2(v+H'
Crm xw? It — 5|2 HH)
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By choosing § = 2%,7“ € N (so that the approximation is dyadic) and applying the Borel-Catelli
lemma, one follows that for a < v < H and 8 < H' satisfying (2.15) the following limit holds a.s.

=0
2a,[0,T]2)

+ H)[W, dX] — [W, dX?]

X2 —(X0)?

lim <‘HX _x?

52%77‘4)00 OL,[O,T] CM—‘,—B,[O,T]Q H’

Similarly, one can use [20, Lemma 5.27] to prove that

lim [X] - [X]° =0 as.
1
0= ,r—00

20,[0,T

Now using inequalities (2.14) and (2.18), one obtains
sup

e /t ' (03 + (8za)u)d[x]u - /t ' (ag + (ama)u)d[X]z

< (2007 + Br0lloc o + KoL |l0® + Oro 0 ) | X = (XD

20,[0,7]
— 0 as. asd= % — 0. (3.10)
On the other hand, by assigning
Fuw = 0u(Xuw = X0,) + (0u0)u (W, dX ] = [W,dX 7))
#(0u) (XX = XX ur + 5(XL ). (311)
it is easy to check, due to Hypothesis A, that
OFsus = —RIu(Xuw = X0y) = (0u0)su (Wi dX ]y = (W, dX 70 )

)

(00 (1K 0L = X, 0Xu 4 (XL
= R (X — X0,) = (0u0)s (W2 dX]u — WX
(00 (02— (X)) - X - X000 ).
Hence

[0F ol < o= 812 (RRlls | X - X°

o+ (H[W, dX] — [W,dX]

a+p3
)

We are now in the position to apply the sewing lemma [24], so that by taking the Darboux sum
> [u,0]eP(s,t) Fuw for any finite partition P(s,t) of [s, ] and let [P(s, ¢)| tends to zero, the right hand
side of (3.11) converges in the pathwise sense, thanks to (2.13), (2.17) and the fact that X° € C*,

to
t t 1 t
/ oudXs — / XS+ / (050 )ud[X]u.

19s0lls || X2 - (x2)? X°

a0l || X - x°

2 «
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Moreover, one obtains from the sewing lemma that
sup

T T 1 T
/ oudX, — / oudXS + = / (920)ud[X]y
reft,1) 11/t ¢ 2 /i

= (TQHUHoo,[O,T] + Ta+6||aw0”oo,[0,T] + TM”axUHoo,[O,T] + CQT%H_'B (o, 0o, 0z0)|

a,ﬁ,[O,T]) X

(=l v - s

< - e
a+8,[0,T]2 ’ ’

20,[0,7]2

+ ]HX _x° X0

> — 0 as. asd — 0 exponentially fast.  (3.12)

R L W

Hence by Egorov’s theorem, there exists a measurable set By € F with P(B1) smaller but very close
to 1 such that the limits in (3.10) and (3.12) are uniform on By, thus the sum of the left hand sides

of both (3.10) and (3.12) are bounded by £ uniformly on B; by choosing a sufficiently small § = 2.

Next, assign Q(0) = o2 + d,0. By fixing this small § = 2%, one would like to approximate
o by a sequence of piecewise constant functions ¢(™ such that fOT |Q(oy) — Q(J&n))|du — 0 and

fOT |ow — aq(Ln)|du — 0 as n — oo almost surely. As a result, as n tends to infinity

T . 1 T N

sup | (@) = QNI < 25 X [ 1Q() = Qo ldu — 0

Tl ] ) . (3.13)
sup || [ (o = o)X < 5 WX lgory [ o o ldu > 0.
Telt,T] I/t 0

Again by Egorov’s theorem, one can choose a measurable set By € F with P(Bs) smaller than but
very close to 1, such that the left hand sides of the two inequalities in (3.13) tend to zero uniformly
on By, thus their sum can be bounded by § by choosing n > N (¢, B2) big enough. With that fixed

n, assume that the piecewise constant function o™ takes values a&?),i =1,...,k, on [t,T]. Then

=3 [ @totaxii+ [Copaxi-a,
t t

X m m X m m
- x|/ (3@t Himamy o Xomstoy g,
rort e M Femdnomsmin) \ 2 0 0
X X
s / <—1Q(0'7(.?))[]M6(m+1) T otm ZomAmt) gam,a(m+1)) s
e | mmganemsmen) \ 2 0 Y 0
+HT=t)  sup g, — gl
u,vE[t,T],|lu—v|<d
< 220 G sp | LU+ 0 X~ g
0 =1k ue[t,T40] || 2 ' '
+(T'—1) sup 190 = gul- (3.14)

w,v€[t,T],|lu—v|<o

Observe that the second term on the right hand side of (3.14) tends to zero a.s. as § = 2% — 0,

hence it can be bounded by § by changing § = 2—1T to small enough.

Meanwhile due to condition (3.7), for a fixed finite sequence of random variables agl),i =
1,...,k,, we construct for each random variable agl) and a fixed m € N a countable partition

(U dsaen = ({0 08 € [, 55, QoR) € [ 5Y) - On €,

] 1
’ <0’7(_?) - L)Xt’u < 5- sup || Xyul| =0 uniformly in j as m — oo
2m 2™ <u<v<T+é
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|5 (@t - 5 )x,

11
< —— sup  ||[X]upl| = 0 uniformly in [ as m — oc.
" 0<u<v<T+5

Due to Egorov’s theorem, one can choose a set By € F with P(B3) smaller than but very close to
1 and m > M (e) large enough, such that on Bs N Q!

m,j,0°

@) ¥ (o )

€d

< —. 1
- 8T (3:15)

sup
u€lt,T+7]

Since [X] has CFS, so does —1[X] (see [37, Remark 2.1]), hence it follows from the CFS of X
and —§[X ] on the interval [¢,T + 6] and the fact that X and —3[X] are independent that, for any

set ;1 with positive probability and the function 7% 229 € Cy([t, T + 6],R), one obtains the

followmg inequality a.s. on i

b (HQE,J—;[ L m) )

([ Y (T e o
(] H}{HH} 7)o
- <{ _%[X]tf - 2:LL;]HOO,[t,Tw] = 12; 27} m) b

e 2™M
X, — =2 < Fi ) () >0.
. ]2H s 16TJ}|t><>

By taking the refined partition P = {Nij=1,_ &, mjl}] IEN, then for every set ngl € P with

}P’(Qm,jJ) > 0 one can apply the CFS of X, [X] on Qmﬂ and 2 75, 75 € Co([t,T + ¢],R) to obtain

v

—ffm +7th —QH < |.7:t () >0, as. OHQm7‘7l. (3.16)
(H 22 2 T3] 8T !

Combining (3.15) and (3.16) and the triangle inequality, one can prove that for any set de,l epP
with P(Q ) > 0

2T —t 1
P <() sup  sup || =5 Q(ol)[X]eu + ol Xiw — g0

2

<SR () >0 as on Q.
0 =1,k w€[t, T+] 4
(3.17)
Finally, (3.10), (3.12), (3.13), (3.14), (3.17) and the triangle inequality proves (3.8) for a.s. all
w € BN By N BaN Bs. Since By, B, Bs can be chosen arbitrarily close to €2 of full probability, this
proves (3.8) for a.s. all w € B.

0

4 Some empirical evidence

Model (3.1) implies that one can not rule out the appearance of an additional source of noise [X]
in the log-price process. In this section, we would like to investigate the empirical facts that can be
explained easily if we assume the stochasticity of [X].
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4.1 Hurst exponents and the multi-scaling phenomenon

Table 1 shows how the Hurst exponents vary w.r.t. different time scales h, for h = 1 corresponding
to daily quotes, by using the rescale range test [R/S] with minimal size of 20 to avoid numerical
errors in estimating the linear regression [15]. As seen in Tables 1,2,3, the Hurst exponents for daily,

| | IM | 5M | 15M | 30M | 1H | 4H | Daily | Weekly | Monthly |
| Sp500 | 0.5158 | 0.5103 | 0.5234 | 0.5218 | 0.5201 | 0.5278 | 0.5613 | 0.5816 | 0.6105 |
| Dow Jones | 0.5199 | 0.5177 | 0.5301 | 0.5410 | 0.5437 | 0.5534 | 0.5764 | 0.5952 | 0.5990 |
| Nasdaq100 | 0.5177 | 0.5193 | 0.5245 | 0.5256 | 0.5324 | 0.5490 | 0.5694 | 0.6069 | 0.6305 |

Table 1: Hurst exponents for different time scales using [R/S] analysis. Data source: Dukascopy
Bank SA

| | IM | 5M | 15M | 30M | 1H | 4H | Daily | Weekly | Monthly |
| Sp500 | 0.4898 | 0.4911 | 0.4969 | 0.4879 | 0.4838 | 0.4818 | 0.5649 | 0.6006 | 0.5284 |
|
|

| Dow Jones | 0.4937 | 0.4952 | 0.5021 | 0.4909 | 0.4927 | 0.4951 | 0.5049 | 0.5386 | 0.5015
| Nasdaq100 | 0.4907 | 0.4964 | 0.5048 | 0.4974 | 0.5031 | 0.4755 | 0.5188 | 0.5651 | 0.4649

Table 2: Hurst exponents for different time scales using Spectral analysis. Data source: Dukascopy
Bank SA

| | IM | 5M | 15M | 30M | 1H | 4H | Daily | Weekly | Monthly |
| Sp500 | 0.5202 | 0.5202 | 0.5157 | 0.5197 | 0.5181 | 0.5149 | 0.5549 | 0.5410 | 0.5483 |
| Dow Jones | 0.5198 | 0.5208 | 0.5174 | 0.5127 | 0.5161 | 0.5081 | 0.5651 | 0.5734 | 0.5655 |
| Nasdaq100 | 0.5271 | 0.5294 | 0.5224 | 0.5185 | 0.5307 | 0.5288 | 0.6112 | 0.6490 | 0.6491 |

Table 3: Hurst exponents for different time scales using Higuchi method. Data source: Dukascopy
Bank SA

weekly and monthly data are significantly bigger than % On the other hand, the Hurst exponents
are very close to 0.5 for a time scale h < 1 (minute quotes), implying that the effect of standard
Brownian motion dominates, and thus X; is essentially B; which corresponds to H = %

Tables 2 and 3 show the results for the same data but for different methods of computing the fractal
dimension, namely using spectral analysis and the Higuchi method [27]. We see that quite often
the spectral method gives Hurst exponents smaller than % for smaller time-scales. In contrast, the

Higuchi method gives quite stable results which are comparable with the rescale range method in
Table 1.

In addition, our numerical computations, in Table 4 and Figure 1 with data from the stock index
SP500 for different timescales, show a non-linear dependence of the variance on the time duration,

Var Yiger = 02720 & log (Var YLHT) —2Hlog T + 2log o, (4.1)
where 1 > H > 0 for all data of timescales from minute to monthly quotes. Moreover, H seems to

depend increasingly on the time scale h. Relation (4.1) is tested by choosing 7 = 2¥,k = 0,...,m
where m = logy % and N is the length of the data. The variance Var Y; ;4. can be computed
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based on the sequence {Y; (i11)-} with length no less than 100 to be able to neglect potential noises
from small data.

|| IM | 5M | 15M | 30M | 1H | 4H | Daily | Weekly | Monthly |
| o | 0.0003 | 0.0006 | 0.0010 | 0.0014 | 0.0020 | 0.0036 | 0.0121 | 0.0246 | 0.0417 |
| H | 0.4872 | 0.4841 | 0.4810 | 0.4832 | 0.4798 | 0.4673 | 0.5237 | 0.5663 | 0.6191 |

Table 4: Linear regression coefficients of relation (4.1) for SP500, from minute to monthly quotes.
Data source: Dukascopy Bank SA

Log-log plot between Duration and Variance of sp500m1.csv Log-log plot between Duration and Variance of sp500m15.csv
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Figure 1: Linear regression of relation (4.1) for SP500, with time scales: 1 minute, 15 minutes, 4
hours and daily. Data source: Dukascopy Bank SA

It is not clear how this nonlinearity can arise from the time dependent model (1.2) with additional
assumptions on the processes p; and oy. However, we can give a simple explanation for the numerical
results in Table 4 and Figure 1 by using model (2.23) for a constant process o. Indeed, we can

simply assume that [z] € C?“ is a realization of the stochastic process [X]. Then it follows from

(3.1) that

02

Yitrnh = ph+0Xp14n — 5

[X]t,t+h7 (42)
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where X and [X] are independent. As a result,

0'2 0'4
EY;,t—i—h = ,uh — EE[X]t,t-‘rh? Var Yt,t—i—h = 02Var Xt,t+h + ZV&I‘ [X]t,t-i-h' (43)

Since X, [X] have stationary increments, assume further that
Var Xy 41 = EX}yp = Ch, Var [X]p = Cgh®! (4.4)

for some H € (1,1) and constants C,Cy. The definition of [X] in (2.10) shows the advantage of
rough path lifts that we have some freedom to use the driving processes X and [X] as an input to
define [X,dX]. Therefore assumption (4.4) will be satisfied if we choose X = B and [X] = B (so
that one can define the Levy area [X,dX]s; = %(B;it — B, as presented in Section 2). Then it
follows from (4.3) that
2 .
lOg (V&I' Yl'ft—‘rh) — IOg (CO,Qh + @04}12}[) ~ {10g(h) + 10g(00' g lf h<l1 ‘ (45)
’ 4 2H log(h) + log(%o*) if h>1

Therefore for different time scales h ranging from lexo for minute quotes to 30 for monthly quotes,
the regression coefficient for the relation between log (Var Yt7t+h> and logh in (4.5) can increase

from smaller than (but also close to) % to H for H > %, as observed in Table 4. We emphasize here
that the Hurst index in Table 4 is in the range (0.46,0.62) does not rule out the rough model for
H € (%,1) with the rough path lift x = (z, [z, dz]) (which often requires [z] to have regularity of
C?% for 2v > % > 0.66), because it might happen that the maximal time-scale of monthly data is
not enough to avoid numerical problems of mixture between small and large time scales in (4.5) (we
expect that the yearly data would solve the problem). Another reason is that X and [X] might not
be independent in reality, which makes the equality in (4.3) for the variance an inequality, thereby
a creating numerical error in the approximation (4.5).

4.2 Upper-parabolic mean-variance relation of the logarithmic return
A drawback of model (1.1) is the fact that

o2
EYiin = h(u - ?)7 Var Yy, = 0°h,

which implies that the variance depends linearly and negatively on the expected return
Var Y pin = 2uh — 2EY; 14, (4.6)

This linear relation also occurs in the time dependent model (1.2). Our numerical computations
with empirical data show a different picture. We collect time series {Yj}é\]:1 of 1 minute logarithmic
quotes, so that the time step h is small. Then for any set Yk(h) = {Yim+i}it, of daily period

where k = 0...[&] — 1, we calculate the mean EYk(h) =

% Yoty Yimtikm+i+1 and its variance
2

Var Yk(h) = ﬁ 23:11 (Ykm+i’km+i+1 — EYk(h)> of the 1-minute logarithmic return during that

day. Figures 2 and 3 show that, for all types of financial asset prices from stocks to stock indices,

the set of daily mean-variances (EYk(h), Var Yk(h)) has a parabola-shaped left envelope, which cannot
be explained by model (4.6).

While it seems complicated to theoretically explain this parabolic relation using a time dependent
1t6 model, our rough model under Hypothesis A easily accounts for that. Indeed, consider again
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Figure 2: Upper-parabolic mean-variance relation (4.7) for 1-minute quotes of stock indices. Data:
Dax, Nasdaql100, Nikkei, SP500. Data source: Dukascopy Bank SA

model (4.2) with expectation and variance computed in (4.3). By solving for o2 in terms of EY; ¢4,
and p in the first equality and inserting it into the second equality we obtain a parabolic relation

Var Xt t+h Var [X]t t+h 2
Var Y, h:27’( h— EY, h>+7’( h— EY, h). 47
t,t+ E[X]t,t+h 1% t,t+ (E[X]t,t+h)2 M t,t+ ( )
In particular, since 02 = m (,uh — EK‘,,Hh) > 0, it follows that
Var [X, 2]t 14 2
Var Yipin > —< h— EY, ) 48
ar Yiiih 2 (E[X]t,t+h)2 2 tt+h ( )

Var [X]; 4
B =0}

which explains Figures 2 and 3, because in reality g might be time dependent. Since [X]| has
stationary increments, E[X]; ;1 and Var [X]; 4, are independent of ¢, thus the parabola P depends
only on the time step h. The symmetry axis of the parabola P is zg = ph ~ 0 since ph ~ 0 for
small time steps h (due to high frequency data of minute quotes). It is important to note that the
parameters of the parabola P depend only on the noise [ X, 2] and are independent of X. Moreover,
in case [X] is non-random, Var [X];+y, = 0 so the parabola reduces to the flat line

Var Xt,t+h
E[X]t,t-‘rh

& (EYii4n, Var Yy iqp) lies inside parabola P := {(x, y) €R?:y =

Var Y, pip =2 (1h — EYiiin)
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Figure 3: Upper-parabolic mean-variance relation (4.7) for 1-minute quotes of several stocks. Data:
Apple, AT&T, Coca-cola, Google. Data source: Dukascopy Bank SA

which includes the special case (4.6) by assigning X := B so that [Bls¢ :=t — s.

5 Uncertainty from rough path lifts

In this section, we are going to discuss open problems that arise as model risk when dealing with
the possible uncertainty coming from the rough path lifts. As there are many ways of modeling and
interpreting stochastic noises in a model, it might affect the final result and many aspects in the
evaluation process.

5.1 Stochastic stock model ambiguity

The rough model in Section 4 implies that there would be an additional source of noise coming from
[X] that affects the asset price. To show how negative the effect of the rough path signatures on
the expected log-return could be, let us consider again model (4.2) and assign h := 1 for simplicity

and denote by R; = log Sith = Y;_14 the log-return. It then follows from (4.2) that

2
o
Ry=Yi 14=p— ?[X]tq,t +oXi 14 (5.1)

Table 5.1 shows the expectation and variance of the log-return in the considered models. Observe
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‘ ‘ ERt ‘ Var Rt ‘
| It6 Model (1.1) | p—%o? | o? |
‘ Wick Model (2.30) \ p—2 [t2H (t — 1)2H} \ o2 \

G-Brownian Model (2.32) o*Var X;_1; + o'Var [X];_1,

Table 5: Comparison of expected value and variance among models.

that for model (5.1) we have additional nonlinear terms that are quadratic in o and which will be
important for our subsequent discussion. Observe from the classical model (1.1) that

1
ER, = p— §VarRt. (5.2)
For the Wick model we get

1
ER = p—3 [t”f (- 1)2H} VarR,

ER; > p— sVarR, if H <3
which implies that i M 2, (5.3)
ERy < p—sVarRy if H >3
In comparison, it follows that for the G-Brownian model
1 0'2 1 4 02
FER, < pu— §VarRt = ?Var thl,t + gO’ Var [X]tfl,t < ?E[X]tfl,t
2
< Var Xt—l,t + UZV&I' [X]t—l,t < E[X]t—l,t‘ (54)

In all three models, the expected return is decreasing when the variance is increasing, which matches
with classical results. The negative effect of the variance on the expected return is however very
different for all three models.
Indeed, the variance of R; in the classical model (1.1) is different from that of the rough model
(5.1); in fact,

Var {R{“)} = Var [RtWick} = 0% < Var {RSBM] (5.5)

Due to that reason, the information is somehow hidden in the rough path lift, which can increase
the uncertainty of the model and result in a bigger risk.

To see how this leads to a model risk, let us now review the strategy for selling an asset in
the portfolio, which is discussed in [45] and [46]. Assume that the growth rate p, which depends
mainly on the intrinsic (fundamental) value, is a piecewise constant function, and that the volatility
parameter o is unknown. According to [46], the criterion of the trading strategy is to sell the asset
when its expected value is negative. When we follow (5.2), this would mean in practice that we sell
when the variance crosses the threshold 2u

ER; <0< 2u < VarRy. (5.6)

When we applied the criterion (5.6) also for the Wick model for H < % or for the G-Brownian

model with Var X;_;; + %QVar [X)i—14 > E[X]t—1,4, then because the effect of the variance on the
expected return in (5.3) and (5.4) is less negative, we would sell too early. On the other hand, in
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the case of H > 1 in (5.3) for the Wick model or in the case of (5.4) for the G-Brownian model, the
criterion is not optimal, because it underestimates the larger effect of the variance on the expected
return in (5.3) as well as in (5.4), thus we would sell too late. Failure to use the right model can
therefore create a model risk of mis-calculating the expected value, which then affects the trading
strategies.

5.2 Cooperation game via rough path lifts

Following [40, Section 4.1], we consider the cooperation problem in the simplest form. Namely,
consider two individuals who meet at every time step to sum up their total wealth and then to split
the whole in ratio (p,1 — p) for some p € (0,1), before going back to their business. Each individual
asset grows according to a discrete geometric rough model

ASi = S (um + oAXz), Sion =Si+AS, i=1,2, (5.7)

where X' are two independent scalar Gaussian processes that belongs to C for some v € (%, %)

Meanwhile the cooperation model, assigned by S'®2, grows according to the average rough model

ASIE0 = S10 (uAL+ o AX[ ), SR = 514 ASIE =1, (5.8)

where X1®2f = pX! + (1 — p)X2. The limiting equations for (5.7) and (5.8) are, respectively

dsi = Si (udt + ang);

(5.9)
aS{EH = S1E (pdt + 0d X} 5).
As such, one can solve (5.9) explicitly using the rough model (2.23)
i j o’ i i
Si = Siexp {u(b —a) = T (X7ap + axmb}; (5.10)
2
51720 = 12 {u(b— a) - X192, 4 0X1520), .11)

To evaluate the effectiveness of the cooperation strategy, we consider the continuous versions of
(5.7) and (5.8) in the rough form to rough paths (X¢ [X? dX?]) and (X'®2r [X102r qx1020])
where

t
/ XlEB?,deléaZ,p _ [X1®2’p,dX1€B2’p]st
s

t t
= XL dX Yo+ (1= p)2[X2,dX%ss + p(1 — p) (/ X, ,dX; +/ Xfyudxi) (5.12)

and the two integrals on the right hand side of (5.12) are understood as realizations of two stochastic
integrals fst X ;’udXZ and f; X iudX; of two independent Gaussian processes X!, X2, as presented

in Remark 2.1. Since fst X;}ung + fst XiudXi = Xsl,tXSQ,w it is easy to show that
[X1@2,p] — pQ[Xl] + (1 — p)Q[X2]. (5.13)

As a result, even in the case of independent identical Gaussian processes with the same form of
Levy areas [X*,dX] so that the [X?] are the same, the solution (5.11) of the cooperation scheme
would grow at a rate that is different from that of the solution (5.10) of the individual scheme,
because in general

(X = [X2 # (PP[XT]+ (1= p)?[X7]).
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In particular, in the specific scenarios of Remark 2.3, it holds that
[Xl]a,b = [X2]a,b > (p2[X1]a,b + (1 - p)2[X2]a,b) = (P2 + (1 - 0)2) [Xl]a,b V0 <a< b’ (5'14)

thus the solution (5.11) of the cooperation scheme would grow at a higher exponential rate than
the solution (5.10) of the individual scheme.

It is important to note that this cooperation game discussed in [40, Section 4.1] is a direct result
of Shannon’s Demon phenomenon [41, p. 201] or Kelly’s fractional betting strategy (see e.g. [36,
Example 11.2.5, p. 254] for a continuous version of the optimal portfolio selection problem). It
works under the assumption that (X%);—; o are independent Brownian motions and system (5.9) is
solved via Ito calculus (which is the first case of (2.11)). In this situation, the inequality (5.14)
is strict, which indicates that the individuals really benefit from cooperation. In the rough path
setting, cooperation can mitigate the effect of volatility.
However, in general the inequality (5.14) can become an equality, for instance if [X? dX%s; =
f; X;u odX where the stochastic integral is understood in the Stratonovich form for two standard
Brownian motions X7, because [X?] = 0 in this case. It can also happen if [X?, dX]s; = fst X;yudX};
where the stochastic integral is understood in the Young sense for two fractional Brownian motion
X} with the same Hurst index H > 3 (which is the fourth case of (2.11)). That being said, it might
be premature to claim that cooperation leads to a better result, since the answer depends on how
we model the different stochastic fluctuations and interpret the stochastic system (5.9).
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6 Appendix: proof of Theorem 2.5

Existence. To prove the existence part, we first look for a solution (S, 0,9,5) € D*?(]0,7]) that
is controlled by (w,z)T such that 9,,5 = 0 (and will be neglected) for a small enough 7 € (0, 1) that

25



will be specified later. Consider the solution mapping
t t
M(S):=So+ [ f(u,Sy)du +/ ouSudry, Yt e |[0,7].
0 0

Since the rough integral and the Riemann integral are both additive, it follows from (2.18) and
(2.22) that M(S) is controlled by (w,x)T with (9, M(S)), = 0,-S, and (9,M(S)), = 0. In addition
a direct computation shows that

I(M(S), B M ()l 5,101
< C, (7_1—2a

ator] 1002l 0. + W2 d2llg o) X (61)

% (11, 80, 00 o f0.71 + Itlloe 071 ) (IS0l + 1@ Yoll + (S, 029 5,07 )

for some generic constant C, > 1. Note that M(S)y = Sp, 9z M(S)o = 00S5p. Choose 7 € (0,1)
small enough such that

T2 wllg oy + Ballajo,r + Mlw, d2lll g0, + N, dlllog, o

— %[Hca(n(a,awa,axa) ,]+HuHoo,[o,T1ﬂ )

and consider the subset of the Banach space D*#([0, 7])

DQ’B(S[% 0-05077—) = {(Sa 8UJS’ 8x§) € Da7ﬁ([077—]) : 80.75 = 07 510 = SO7 (8xg)0 = UOSO

and [|(S,0.9)|

asjon < IS0l + llooSol .

then Da’ﬁ(So, 0050, T) is a compact set in a Banach space with respect to the metric
1 @2 1 2 1 2
d(S,S):H}(S — 5%,0,5" — 0;57) H} A0

It also follows from (6.1) that M : D*P(Sy,0050,7) — D*?(Sp,0050,7). Moreover, from the
linearity of M w.r.t. S and similar estimates to (6.1), it is easy to check that on D*#(Sp, 0050, 7)

l(m ), 0aM(S = N .01
Ca ( Ul o) + Nl oy + 1w Aol g o,y + 11 Al oy )
% (1162, 80, 020l 5.0.7) + Itllow 01 ) 1165 = 5,008 = SNl s 1o

< s s.as- 9|

IN

«,B,[0,7] (62)

Hence M is a contraction mapping on D®?(Sy, 09Sp, 7) and by the Banach fixed point theorem,
there exists a unique solution on D*?(Sy, 09 Sy, 7).

Uniqueness. Assume that there exist two solutions S and S starting from the same initial values
So and 09Sp, then 9,5 = 9,5 = 0. By taking the difference (S — S) and repeat the same arguments
as above with noting that M(S —S)=5-S,0 M(S —S) = 9,(S — S), we obtain from (6.2) that

ll(s = 5,0:(5 = )| > lls = 8.0.(5 - )],

a767[07 - ,ﬁ [OT

or § —S =0on [0,7]. This proves the uniqueness of the solution with given initial values.
Concatenation. Next, for a given interval [0, 7] we construct a sequence of stopping times {7y }ren
such that 7p = 0 and

)172(1

(Tk+1 — Tk Tht1) + ml’|||a,[rk,rk+1} + m [wﬂ d{E] |||O{+6,[Tk,7k+1] + |” [IE, dx] |||2a,[’rk,7'k+1]

1 -1
= 5|1+ Ca(110:00, 00w o + Mllocom) |- (6.3)
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It is easy to check (see e.g. [17]) that 7, — 0o as kK — oo, and there exists a unique solution on
each interval |7, 7k+1]. The unique solution on [0,7] is then constructed by concatenation. The
conclusion also holds for the backward equation by the same arguments.
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