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Abstract

We propose a semi-parametric coupled component GARCH model for intraday and overnight
volatility that allows the two periods to have different properties. To capture the very heavy
tails of overnight returns, we adopt a dynamic conditional score model with t innovations. We
propose a several step estimation procedure that captures the nonparametric slowly moving
components by kernel estimation and the dynamic parameters by t maximum likelihood. We
establish the consistency and asymptotic normality of our estimation procedures. We extend the
modelling to the multivariate case. We apply our model to the study of the component stocks of
the Dow Jones industrial average over the period 1991-2016. We show that actually overnight
volatility has increased in importance during this period. In addition, our model provides
better intraday volatility forecast since it takes account of the full dynamic consequences of the

overnight shock and previous ones.

1 Introduction

The balance between intraday and overnight returns is of considerable interest as it sheds light on
many issues in finance: the efficient markets hypothesis, the calendar time versus trading time mod-

els, the process by which information is impacted into stock prices, the relative merits of auction
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versus continuous trading, the effect of high frequency trading on market quality, and the globaliza-
tion and connectedness of international markets. We propose a time series model for intraday and
overnight returns that respects their temporal ordering and permits them to have different properties.
In particular, we propose a volatility model for each return series that has a long run component
that slowly evolves over time, and is treated nonparametrically, and a parametric dynamic volatility
component that allows for short run deviations from the long run process, which depend on previous
intraday and overnight shocks. We adopt a dynamic conditional score model, Harvey (2013) and
Harvey and Luati (2014), that links the news impact curves of the innovations to the shock distri-
butions, which we assume to be t-distributions with unknown degrees of freedom (which may differ
between day and night). In practice, the overnight return distribution is more heavy tailed than the
intraday return, and in fact very heavily tailed. Our model allows for a difference in tail thickness
in the conditional distributions. The short run dynamic process allows for leverage effects and sep-
arates the overnight shock from the intraday shock. Our model extends Blanc, Chicheportiche, and
Bouchaud (2014) who consider an asymmetric ARCH(oo) process with t shocks. We also introduce
a multivariate model that allows for time varying correlations.

We apply our model to the study of the component stocks of the Dow Jones industrial average
over the period 1991-2016, a period which saw several substantial institutional changes. There are
several purposes for our application. First, many authors have argued that the introduction of
computerized trading and the increased prevalence of high frequency trading strategies in the period
post 2005 has lead to an increase in volatility, see Linton, O'Hara, and Zigrand (2013). A direct
comparison of volatility before and after would be problematic here because of the Global Financial
Crisis (GFC), which raised volatility during the same period that High Frequency Trading (HFT)
was becoming more prevalent. However, this hypothesis would suggest that the ratio of intraday
to overnight volatility should have increased during this period because trading is not taking place
during the market close period. We would like to evaluate whether this has occurred. One could
just compare the daily return variance from the intraday segment with the daily return variance
from the overnight segment, as many studies such as French and Roll (1986) have done. However,
this would ignore both fast and slow variation in volatility through business cycle and other causal
factors. Also, overnight raw returns are very heavy tailed and so sample variances are not very
accurate. We use our dynamic two component model that allows for both fast and slow dynamic
components to volatility, as is now common practice. Our model also allows dynamic feedback
between overnight and intraday volatility, which is of interest in itself. Our model generates heavy
tails in observed returns and parameter estimates that are robust to this phenomenon. Our model

therefore allows us to compare the long run components of volatility over this period without over



reliance on Gaussian-type theory. We show that for the Dow Jones stocks actually the long run
component of overnight volatility has increased in importance during this period relative to the long
run component of intraday volatility. We provide a formal test statistic that quantifies the strength of
this effect. This seems to be hard to reconcile with the view that trading has increased volatility. We
also document the short run dynamic processes. Notably, we find, unlike Blanc, Chicheportiche, and
Bouchaud (2014), that overnight returns significantly affect future intraday volatility. We also find
overnight return shocks to have t-distributions with degrees of freedom roughly equal to three, which
emphasizes the potential fragility of Gaussian-based estimation routines that earlier work has been
based on. We also estimate the multivariate model and document that there has been an upward
trend in the long run component of contemporary overnight correlation between stocks as well as in
the long run component of contemporary intraday correlation between stocks. However, the trend
development for the overnight correlations started later than for intraday, and started happening
only after 2005, whereas the intraday correlations appear to be slowly increasing more or less from
the beginning of the period.

A second practical purpose for our model is to improve forecasts of intraday volatility or close
to close volatility. Our model allows us to condition on the opening price to forecast intraday
volatility or to update the close to close volatility forecast and also to take account of the full
dynamic consequences of the overnight shock and previous ones. We compare forecast performance
of our model with a procedure based only on close to close returns and find in most cases superior
performance.

Since the seminal work of Engle (1982) and Bollerslev (1986), there is a large literature on GARCH
models. Our work is closely related to the multiplicative GARCH literature, which decomposes the
volatility dynamic into short-run and long-run components; see, e.g., Engle and Lee (1999), Engle and
Rangel (2008), Hafner and Linton (2010), Rangel and Engle (2012), and Han and Kristensen (2015).
We are also related to the dynamic conditional score GARCH models, proposed by Creal, Koopman,
and Lucas (2012), Harvey (2013), and Harvey and Luati (2014), which allow for heavy tailed overnight
innovations. Furthermore, our proposed time varying correlation GARCH model contributes to the
literature on high-dimensional GARCH; see, e.g., Bollerslev (1990), Engle and Kroner (1995), Engle
(2002), Engle, Shephard, and Sheppard (2007), and Francq and Zakoian (2014).

Our work also adds to the study of overnight returns. A large number of studies have found
substantial differences between the overnight and intraday returns. Overnight returns are shown to
be higher than intraday returns in e.g., Cooper, Cliff, and Gulen (2008), Kelly and Clark (2011),
Berkman, Koch, Tuttle, and Zhang (2012), Lachance (2015), while lower in Harris (1986) and Aretz

and Bartram (2015). Overnight returns are in general less volatile than intraday returns ( Lockwood



and Linn, 1990, French and Roll, 1986, and Aretz and Bartram, 2015), but more leptokurtic (Ng and
Masulis, 1995 and Blanc, Chicheportiche, and Bouchaud, 2014). Several theoretical models have been
developed to explain these differences; see, e.g., Slezak (1994), and Hong and Wang (2000). Another
main stream in the literature focuses on the predictability of overnight information on future stock
returns or volatilities, including Lin, Engle, and Ito (1994), Gallo (2001), Branch and Ma (2006),
Tsiakas (2008), Kang and Babbs (2012), Blanc, Chicheportiche, and Bouchaud (2014), and Fuertes,
Kalotychou, and Todorovic (2015). We propose a time series model to better incorporate these

features of overnight returns, and to reinvestigate these empirical questions. !

2 Model and Properties

We let P denote intraday returns and 7" denote overnight returns on day t. We take the ordering
that night precedes day so that r” = In(PC/PP) and Y = In(PP/PF,), where PP denotes the
opening price on day t and P¢ denotes the closing price on day t. Our model allows intraday returns

to depend on overnight returns with the same ¢, but overnight returns just depend on lagged variables.

1 0 rb [ kD ey uy
(o) (F) =)o) () :

where uP and ul¥ are conditional mean zero shocks. Under the EMH, § = 0 and I = 0, but we

Suppose that

allow these coefficients to be nonzero to pick up small short run effects such as due to microstructure,
Scholes and Williams (1977).
We further suppose that the error process has conditional heteroskedasticity, both long run and

short run effects. Specifically, we suppose that

vy — exp(\) exp(a”(t/T)) 0 e (2)
0 exp(\Y) exp(a™ (t/T)) e )’

where: eP and e are i.i.d. mean zero shocks from t distributions with vp and vy degrees of freedom,
respectively, while o (+) and ¢ (-) are unknown but smooth functions that will represent the slowly
varying (long-run) scale of the process, and T is the number of observations. Suppose that for
Jj=D,N,

ol (s) =Y Ol(s), sel01] (3)

!Some other interesting works include, e.g., Longstaff (1995), Bollerslev, Li, and Todorov (2016), Hansen and Lunde
(2005), Dai, Li, Liu, and Wang (2015),Lou, Polk, and Skouras (2015), and Fong and Martens (2002).
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for some orthonormal basis {17 (5)}22, with fol Y! (s)ds = 0 and

o 1 iti=k
/wi(s)wk(s)ds_{o it i k.

We suppose that o”(-) and oV (+) integrate to zero to achieve identification. Note that we choose this
different normalization from Hafner and Linton (2010) and consequently we do not have to restrict
the parameters of the short run dynamic processes. In the following, j is always used to denote D, N
without mentioning.

Regarding the short run dynamic part of (2), we adopt a dynamic conditional score approach,
Creal, Koopman, and Lucas (2012) and Harvey and Luati (2014). Let e/ = exp(—c?(t/T))u!, and

the conditional score function is defined as

i (L))
L uexp(2M) + (¢])?

-1, Uj>0.

We suppose that AP and AN are linear combinations of past values of the shocks determined by the

conditional score function

A =wp(l = fBp) + BpAy +vpmy’y + ppmy’ (4)
+p(mi’ ) + Dsign(ef ) + pp(my’ + 1)sign(e;”)
A = wn(1 = By) + BuAY, +yvmi, + pym? (5)

+ P}kv(mij—l + 1)sign(etD_l) + 77\7(mi\i1 + 1)sign(eiv_1).

This gives two dynamic processes for the short run scale of the overnight and intraday return. We
allow the overnight shock to affect the intraday scale through the parameter pp, and we allow for

leverage effects through the parameters v}, ph, pi, and vx.? Let

¢ = (wD7ﬁDa7Da’7*D7pD7p*D7UD7WN7BN7/YN7’77V’pN7107V7UN)T S R14

be the finite dimensional parameters of interest and @ be the "parameters” in the functions o?()
and o (+), so that @ is infinite-dimensional.

Harvey (2013) argues that the quadratic innovations that feature in GARCH models naturally
fit with the Gaussian distribution for the shock, but once one allows heavier tail distributions like
the t-distribution, it is anomalous to focus on quadratic innovations, and indeed this focus leads

to a lack of robustness because large shocks are fed substantially into the volatility update. He

2The shock variable m] can be expressed as m] = (v; + 1)b] — 1, where b] has a beta distribution, beta (1/2,v;/2).
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argues it is more natural to link the shock to volatility to the distribution of the rescaled return
shock, which in the case of the t distribution has the advantage that large shocks are automatically
downweighted, and in such a way driven by the shape of the error distribution. This type of argument
is similar to the argument in limited dependent variable models such as binary choice where a linear
function of covariates is connected to the observed outcome by a link function determined by the
distributional assumption. The DCS model has the incidental advantage that there are analytic
expressions for moments, autocorrelation functions, multistep forecasts, and their mean square errors.
Our semiparametric model is also tractable in a number of dimensions. For example, we may obtain

the dynamic intraday value at risk conditional on overnight returns and past information as follows
VGRE( )= Nt +Stt (vp),

pp = pp — oY — Iy — Y,
sy = exp(A]) exp(a”(t/T)),

where t,(v) is the a quantile of the t-distribution with degrees of freedom v. Likewise, we can find

the overnight value at risk conditional on the closing price.

3 Estimation

We first outline our estimation strategy. Taking unconditional expectations of the absolute errors

we have for j = N, D,

E (|[u]]) = E(|el])E (exp (X)) exp(0?(t/T)) = ¢ (¢) x exp(c” (¢/T)),

where ¢/ is a constant that depends in a complicated way on the parameter vector ¢. Therefore,
we can estimate o¥(s),o”(s) as follows. Suppose that we know &, i, IT (in practice these can be
replaced by root-T consistent estimators). Although we define the sieve expansion of o, we use
kernel technology to estimate the nonparametric part. Let K(u) be a kernel with support [—1, 1]
and h a bandwidth, and let Kj(.) = K(./h)/h. Then let

5 (s) 10g< ZKhs—t/T ‘uﬂ) (6)

for any s € (0,1). In fact, we employ a boundary modification for s € [0, h] U[1 — h, 1], whereby K is

replaced by a boundary kernel, which is a function of two arguments K (u, ¢), where the parameter



¢ controls the support of the kernel; thus left boundary kernel K(u,c) with ¢ = s/h has support
[—1,¢] and satisfies [, K (u,c)du =1, [, uK (u,c)du =0, and [, u’K (u, ¢)du < oo. Similarly for
the right boundary. The purpose of the boundary modification is to ensure that the bias property
holds throughout [0, 1]. For identification, we rescale ¢7(t/T) as

T
. ) 1 )
o (t/T) =’ (t/T) - 7 > F /). (7)
t=1

Let eV = exp(—a™(t/T))ud and eP = exp(—&P(t/T))uP, and let 6 denote {57(s), s € [0,1],
j = N, D}. Define the global log-likelihood function for ¢ (apart from an unnecessary constant and

conditional on the estimated values of 0)

ir(6:0) = 72 > (17(6:8) + 1P(6:9))

S S 41 )2 41 1 :
H(on0) = —N(o:) = 2y (1 G +1nr(“3+ )——mj—lnr(ﬁ),
- vy exp(2X](6:6)) 2 ) 2 2
(8)
J
, SO -
unconditional mean, )‘]1|0 = w;. We estimate ¢ by maximizing I (¢; §) with respect to ¢. Let ¢ denote

where A (gb;g) are defined in (4) and (5). For practical purposes, A/, may be set equal to the

these estimates.

Given estimates of ¢ and the preliminary estimates of o?(-), o™ (-), we calculate

Y = exp(=A\)ul 5 7P = exp(—=AP)uP,

where X = M (¢;0). We then update the estimates of o (-), o (-) using the local likelihood function

in Severini and Wong (1992) given 7/ and vj, i.e., minimize the objective function

oyl ; L (1 | [ ep(=) eXIi(_’VW)] 9)

Uj

T

~ o~ 1

D35 ¥, 8) = = > Kols = t/T)
t=1

with respect to v € R, for j = D, N separately, where N = (X{, e ,X%)T. Likewise here we use a
boundary kernel for s € [0, h] U [1 — h, 1]. In practice we use Newton-Raphson iterations making use
of the derivatives of the objective functions, which are given in (19).

To summarize, the estimation algorithm is as follows.

Algorithm



STEP 1. Estimate 6, u/, IT by least squares and &7 (u), u € [0,1], j = N, D from (6) and (7)
STEP 2. Estimate ¢ by optimizing l7(¢; 0)w1th respect to ¢ (by Newton-Raphson) to give gzﬁ

STEP 3. Given the initial estimates 6 and ¢, we replace X with X = M (gg, 5) Then let
57 (s) optimize L3.(o7 (s); A, s) with respect to o7 (s) . For identification, we rescale 67 (t/T) =

GI(t)T) — 2S00, 69 (/7).

STEP 4. Repeat Steps 2-3 to update f and gg until convergence. We define convergence in terms of
the distance measure

T

.S / (697 () — 5911 )] du + (&J’"] - 5“‘”) (W - QAW_”) !

j=D,N

that is, we stop when A, < e for some prespecified small e.

4 Large Sample Properties of Estimators

In this section we give the asymptotic distribution theory of the estimators considered above. Let
h] =X +07(t/T), and let:
1 DN (BD + CLD?) 0

B, =
S R R R

a) = =2 (yp +vpsign(u’,)) (vp + 1) b2y (1-b2,)
ayN = =2 (pp + ppsign(w))) (vn + 1) b, (1—bN)
al ) = =2 (yv +vasign(u ) (oy + 1) b (1= 4)
a; ") = =2 (pn + pysign(u’,)) (vp +1 th L (1=02)
D _ (er)” . N _ (e")?
vpexp(2AP) +(ef)2 T " upexp(2AY) + (e)?
We use the maximum row sum matrix norm, |||, defined by

Al = max Z |aij] -

Assumptions A



1. HE (At (029 At)”oo < 00, HEBtEAtHoo < 1, HE (BtflAtfl & BtflAtfl)Hoo < HEBtEAt”oo ,and the
top-Lyapunov exponent of the sequence of A;By_1 is strictly negative. The top Lyapunov expo-
nent is defined as Theorem 4.26 of Douc, Moulines, and Stoffer (2014).

2. |B;] < 1.

3. h{ starts from infinite past. The parameter ¢q is an interior point of ® C R, where ® is the

parameter space of @q.
4. The function o’ is twice continuously differentiable on [0, 1].
5. Elul|>*? < oo for some § > 0.

6. The kernel function K is bounded, symmetric about zero with compact support, that is K(v) =0
for all |v| > Cy with some Cy < co. Moreover, it is Lipschitz, that is |K(v) — K (v')| < Ljv—1/|
for some L < oo and all v,v" € R.

7. h(T) = 0,as T — oo such that TY*>7°h — oo for some small § > 0.

Assumptions A3-A7 are used to derive the properties of 57(s), in line with Vogt and Linton
(2014) and Vogt et al. (2012). But we only require that F|u!|**® < oo, since we use 5/(s) =
log (% Zthl Kn(s—1t/T) ‘ui {) . This is in line with the fact that the fourth-order moment of overnight
returns often does not exist. The mixing condition in Vogt and Linton (2014) is replaced by Assump-
tion A2, because of our tight model structure. Assumption Al is required to derive the stationarity
of score functions, where |E (A; ® A;)||,, < oo can be verified easily, since b in A, follows a beta
distribution.

The first result gives the uniform convergence rate of the initial estimator &7 (s). The proof mainly
follows Theorem 3 in Vogt and Linton (2014).

Lemma 1 Suppose that Assumptions A2-A7 hold. Then,

~ [log T
sup |57(s) — o? = R4 —=—|.
s€[0,1] ’ ( O | < Th

Theorem 1 Suppose that Assumptions A1-Aj hold. Then, for each k and i, for k € {1,...,00} and

ie{l,..., 14}, we have
Ol (0o, do) Ol (0o, do) |
T ZE S i e

Proof. See 8.2.1.




The proof of Theorem 1 is provided in section 8.2.2. Theorem 1 implies that the score function
with respect to 6 and the score function with respect to ¢ are orthogonal. Therefore, the particular
form of the variance in Theorem 2 follows.

Let
Ol (0o, ¢o) 911 (6o, o)

0¢ o1
Theorem 2 Suppose that Assumptions AI1-A7 hold. Then

o = |

VT (6= 60) = N (0,1(90) 7).

Theorem 3 Suppose that Assumptions A1-A7 hold. Then

GO(/T)  of(t/T) N
\/ﬁ(aN(t/T) = N e/T) ) :>N<0,||K||2< iy )) (10)

2uN

Theorem 2 and Theorem 3 give the consistency and asymptotic normality of gg and 07(s). The
form of the limiting variance in (10) is consistent with the known Fisher information for the estimation
of scale parameter of a t-distribution with known location and degrees of freedom (these quantities
are estimated at a faster rate), which makes this part of the procedure also efficient in the sense
considered in Tibshirani (1984).

The proofs of Theorem 2 and 3 are provided in the Appendix. The information matrix, I(¢g), can
be computed explicitly, as in Appendix 2. We can conduct inference with Theorem 2 and Theorem

3 using plug-in estimates of the unknown quantities.

5 A Multivariate model

We next consider an extension to a multivariate model. We keep a similar structure to the univariate

model except that we allow the slowly moving component to be matrix valued. Suppose that

Ty = N ) = )
T UN
D D

where 7;°, r;” are n X 1 vectors containing all the intraday and overnight returns respectively, and let

Dr, = p+ IIriy +

10



where u” and u¥ are mean zero shocks, while

D — I, diag(A) ) I — diag(Ily;) diag(Il;2)
Lo I, ’ -\ diag(Ily) diag(Ily) |

and A, I, I11o, ITo7,and Iy, are n x 1 vectors. We further suppose that

o ( $P(4)zdiag (exp(AP)) 0 ) ( & >
t 0 SNV (L) rdiag (exp(AY)) ) \ e )

where: ¢/, is i.i.d. shocks from univariate t distributions with v;; degrees of freedom, while ] are
n x 1 vectors.
We assume that XP(.) and XV (.) are smooth matrix functions but are otherwise unknown. We

can write these covariance matrices in terms of the correlation matrices and the variances as follows

> (s) = diag (exp(o”(s))) R/ (s)diag (exp(c’(s))) , (11)

with diag (exp(c7(s))) being the volatility matrix and R’(s) being the correlation matrix. For iden-

tification, we still assume fol ol(s)ds =0, for i € {1,...n}.

As with the univariate model, define e = diag (exp(/\{ )) el and suppose that

S 7)Y
vi; exp(2X},) + (e7;)?

it )

A = wip(1 — Bip) + BipAL_| +vipm&_| + pipm?
+vip(mi_y + D)sign(uf_y) + pip(my + 1)sign(u)
MY = win(1 = Bin) + Bin AN+ vinmB | + pinmi_,

+ P:N<m571 + 1)Sign(u£71) + ’V:N(mgfl + 1)Sign(u£¥,1).

For each i define the parameter vector ¢; = (wip, Bip, ViDs Vip, PiDs Pips ViDs WiN s Bins ViN s Yins PiNs Pin s ’UZ-N)T c
R and let ¢ = (¢1,...,6,)" denote all the dynamic parameters.

Define ¢; the vector with the i element 1 and all others 0, so that €/, = T diag (exp(—)\{)) (29(%)) ~1/2 ul.
The global log-likelihood function is

1 T

lr(6:5() =7 ) (0 +17)

t=1

11



Uij

I (%)’—i—i (lnF (1}”2—4_1) — %lnvij —InT (%)) .

=1

n T i g i (L)) V202
(g () = (—Az—%’; “In (1+<“dlag(e)‘p“t_“WT))) ) ) ))

We first define an initial estimator for ¥7(%) and then obtain an estimator of ¢, and then we
update them. Suppose that we know A, Il and p. To give an estimator of X7 (%) robust to heavy

tails, we estimate the volatility parameter

& (s) 1og< ZKh s—t/T) ’%t‘)

Supposing that the heavy tails issue is less severe in the estimation of correlation, which seems

reasonable; we estimate the correlation parameter by standard procedures

Ejk( o Zt 1 Kh(s B t/T) zkuzk (12)
\/Zt 1 Ky (s ) ztu’zt t 1 Ki(s — )uituit

for s € (0,1), and boundary modification as before. For identification, we rescale ¢7(t/T') as

& t)T) = (t)T) ——Z (t/T),

and compute
3 (s) = diag (exp(d7(s))) R (s)diag (exp(57(s))) . (13)
Letting & = YJ(%)~"/?u], we obtain ¢; by maximizing the univariate log-likelihood function of
&, in (8) for each .
To update the estimator for each 37(%), denote © = %772 We first obtain © with the local

likelihood function given Xﬁ and v;,i.e., maximize the local objective function

(s]ding (exp(—X) ) Ou)?

Uz’j

T n ~
; ~ 1 vij + 1
L3.(0; ), 5) = ?;Kh(s —t/T) |log|O] = > —o |1+

=1

with respect to vech(©), and let S (t)T) = ©-2. The derivatives of the objective function are
given in (29) and (30). Then we rescale 37 (s) with the same procedure of %(s). Likewise, define

12



& = $9(s)""/2u} and obtain ¢; by maximizing the univariate log-likelihood function of e, One can
iterate this procedure by updating © with the local likelihood using the new ggz and N and so on.
Our multivariate model can be considered as a GARCH model with a slowly moving correlation
matrix. Assuming diagonality on the short run component )\{ enables us to estimate the model easily
and fast. Especially, the computation time of the initial estimator is only of order n, with n being
the number of assets considered; it is thus feasible even with quite large n. The extension to models

with non-diagonal short run components is possible, but only feasible with small n.

6 Application

We investigate 28 components of the Dow Jones industrial average index over the period 1991-
11-12 to 2016-04-13. The 28 stocks are: MMM, AXP, AAPL.O, BA, CAT, CVX, CSCO.O, KO,
DD, XOM, GE, HD, IBM, INTC.O, JNJ, JPM, MCD, MRK, MSFT.O, NKE, PFE, PG, TRV,
UNH, UTX, VZ, WMT, DIS. GS and V are excluded since they did not officially go public until
1999 and 2008, respectively. The data is obtained from Thompson Reuters Eikon, and has been
adjusted for corporate actions. We define overnight returns as the log price change between the close
of one trading day to the opening of the next trading day. We do not incorporate weekend and
holiday effects into our model, since they are not the focus of this paper, and our model is already
rather complicated in terms of both model specification and estimation. In addition, although the
weekend effect is documented by e.g. French (1980) and Rogalski (1984), and further supported by
Cho, Linton, and Whang (2007) with a stochastic dominance approach, many studies suggest the
disappearance of the weekend effect, e.g. Mehdian and Perry (2001) and Steeley (2001). Especially,

Sullivan, Timmermann, and White (2001) claim that calendar effects are the result of data-snooping.

6.1 Overnight Returns

Many studies find significant higher overnight returns, e.g. Cooper, Cliff, and Gulen (2008) and
Berkman, Koch, Tuttle, and Zhang (2012). Cooper, Cliff, and Gulen (2008) even suggest US equity
premium is solely due to overnight returns during the research period from 1993 to 2006. To inves-
tigate this, Fig. 1 plots the cumulative returns for these 28 stocks . For AAPL, CAT, CSCO, HD,
INTC, JPM, PFE, UTX and WMT, positive cumulative returns indeed mainly come from overnight
periods, but for MMM, KO, DD,XOM, JNJ, MCD, MRK, NKE, PG, TRV, VZ and DIS, positive
cumulative returns mainly come from intraday periods. There is no clear dominance of positive

overnight returns from this figure.

13



Furthermore, Berkman, Koch, Tuttle, and Zhang (2012) find significant positive mean overnight
returns of 410 basis points per day, along with -7 basis points for the intraday returns from 3000
largest U.S. stocks. With the same procedure of Berkman, Koch, Tuttle, and Zhang (2012), we first
compute the cross-sectional mean(or median) returns for each day, then compute the time series
mean and the standard derivation of these cross-sectional mean(or median). The mean intraday
return is 0.0218% with the standard deviation 0.0096, while the mean overnight return is 0.0164%
with the standard deviation 0.0060. The mean of the cross-sectional median for intraday return
is 0.0084% with the standard deviation 0.0092, and its overnight counterpart is 0.0113% with the
standard deviation 0.0054. Still, we do not observe this significant overnight anomaly from the 28
Dow Jones stocks.

Table 1 gives the summary statistics for intraday and overnight returns. Compared with intraday
returns, overnight returns exhibit more negative skewness and leptokurtosis. More specific, 10 of
those 28 stocks have negative intraday skewness, while 26 of 28 stocks have negative overnight
skewness. The largest sample kurtosis for overnight returns is extremely high, 884.7702, suggesting

the non-existence of the population kurtosis.

6.2 Univariate Model Estimates

We multiply returns by 100 to give more readable coefficients. Table 2 reports the estimates and
their robust standard errors in the mean equations. II;; refers to the element of the ith row jth
column in the coefficient matrix II. For the prediction of intraday returns, 12 of the 28 stocks have
significant IIy; which are all negative, 7 of 28 stocks have significant ¢ which are all positive. This
suggests that both overnight and intraday returns tend to have reversal effect in their subsequent
intraday return, in line with Branch and Ma, 2006 and Berkman et al., 2012. However, we do not
find clear patterns for predicting overnight returns. The constant terms, up and uy, are positive for
most Dow Jones stocks.

Table 3 gives the estimates of the variance equations. The parameters Sp and [y are significantly
different from 1, pp, vp, py and vy are positive and significant. In addition, we find significant
leverage effects, negative and significant p},, v}, py and vy, suggesting higher volatility after negative
returns.

We also concern about the difference between the overnight and intraday parameters. Table 4
reports the Wald tests with the null hypothesis that the intraday and overnight parameters are equal
within each stock. The parameter, wp, determining the unconditional short-run scale, is significantly

larger than wy. The overnight degree-of-freedom parameter is around 3, significantly smaller than
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the intraday one, around 8. Both are in line with the descriptive statistics in Table 1 and previous
studies that overnight returns are more leptokurtic but less volatile. With other pairs of intraday and
overnight parameters, 5;,, p;,7;, pj, the null hypothesis is seldom rejected. However, the joint null
hypothesis, (5p,7, pp:7h, P5) = (Bn, Y, PN, Vs Piv)s 1S rejected by many stocks. It is noteworthy
that the null hypothesis Hy : Yy = pp is not rejected by our data, which is inconsistent with Blanc,
Chicheportiche, and Bouchaud (2014). They suggest that past overnight returns affect weakly the
future intraday volatilities, except for the very next one, but impact substantially future overnight
volatilities. This inconsistency is probably because the dynamic conditional score model shrinks the
impact of extreme overnight observations. After this shrinkage, overnight innovations become closer
to the intraday innovations.

Fig. 2 displays the ratios of the overnight to intraday variances. The stocks all exhibit upward
trends over the 24-year period considered here, and many of them had peaks around August 2011,
corresponding to the August 2011 stock markets fall event. Fig. 3 depicts the long-run intraday and
overnight components, o”(¢/T) and o™¥(¢/T), and their 95% point-wise confidence intervals. Most
stocks arrived at their first peaks around 10 March 2000, corresponding to the Dot-com bubble event,
while some arrived around September 2011, the 9-11 attacks. The intraday components reached the
second peaks during the financial crisis in September 2008, while overnight components still went
up and reached their highest points during the 2010 Flash crash. Roughly speaking, the intraday
components were larger than the overnight ones before the first peaks, but smaller after financial
crisis in September 2008. But remember that the long-run components are constructed with rescaling
I ' 5(s)ds = 0. In general, the intraday variances are still larger.

0
We test the constancy of the ratio of overnight to intraday variance through the null hypothesis

Hy s exp (o () = pexp (o)) (14)

for some p € R, versus the general alternative. By Theorem 3 and the delta method, exp(c?(s)) and
exp(a?(s)) converge jointly to a normal distribution, and are asymptotically mutually independent.
It follows that

7(s) = VTh (exp (6" (s)) — pexp (”(s))) = N (0,p’V," + V)
~ l Z exXp (EN(t/T))
"TT & e (GP/T))
where VJ = exp (206(3)) %HKH%, for j = D, N.
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Fig. 4 displays the test statistics 7(s) and the 95 % point-wise confidence intervals for s € [0, 1].
Consistent with the results above, the equal ratio null hypothesis is mostly rejected before the first
peaks (in 2000) and after the second peaks (in 2010).

The Ljung-Box tests on the absolute and the squared standardised residuals are used to ver-
ify whether the coupled component GARCH model is adequate to capture the heteroscedasticity,
shown in Table 6. With the absolute form, strong heteroskedasticity exists in both intraday and
overnight returns, but disappears in the standardised residuals, saying that our model captures the
heteroscedasticity well. On the other hand, we are sometimes unable to detect the heteroscedasticity
in overnight returns with squared values. In general, the use of the absolute form is more robust
when the distribution is heavy tailed.

Fig. 6 displays the quantile-quantile(Q-Q) plots of the intraday innovations, comparing with the
student t distribution with v/ degrees of freedom. The points in the Q-Q plots approximately lie on a
line, saying that the intraday innovations closely approximate the t distribution. Fig. 7 displays the
Q-Q plots of the overnight innovations. Many stocks have several outliers in the lower left corners.
Our model only partly captures the negative skewness and leptokurtosis of overnight innovations.

We also want to compare our coupled component GARCH model with its one component version
for the open to close return to see the improvement in volatility forecast from using overnight returns.
We construct 10 rolling windows, each containing 5652 in-sample and 50 out-of-sample observations.
In each rolling window, the parameters in the short-run variances are estimated with the in-sample
data once and stay the same during the one-step out-of-sample forecast. In the one-step ahead
forecast of the long-run covariance matrices, the single-side weight function is used. For instance, to
forecast the long-run covariance matrix of period 7 (s = 7/T), we set the two-side weight function
Kn(s —t/T) = 0, for t >= 7, and then rescale Kj(s — t/T) to get a sum of 1. Table 5 reports
Giacomini and White (2006) model pair-wise comparison tests with the out-of-sample quasi Gaussian
and student t log-likelihood loss functions. For most stocks, the coupled component GARCH model
dominates the one component model. Some dominances are statistically significant. We omit the
comparison for overnight variance forecast between the one component and the coupled component
model, since it is not plausible to estimate a GARCH model with overnight returns alone.

As a robustness check, we investigate the ratio of VIX to the Rogers and Satchell (1991)(RS)
volatility. The idea is that the VIX measures one month ahead volatility, total volatility including
presumably intraday and overnight, whereas the aggregated RS volatility only includes intraday
volatility. Therefore, the ratio reflects the variability of intraday to overnight to some extent, although
it is quite noisy. Fig. 5 presents: (1)the RS volatility on daily Dow Jones stocks, (2)one month ahead
volatility from RS, sqrt(Z?zl 2(volrs;y;.2)), (3)VIX, and (4) the ratio of VIX to the one month ahead
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RS volatility. The reported RS volatility is the average RS volatility across the 28 stocks. The ratio
of VIX to the one month ahead RS volatility shows a upward trend during the research period, in

line with our previous finding that the ratio of overnight to intraday volatility is increasing.

6.3 Multivariate Model

Fig. 9 and Fig. 8 present the long-run correlations between intraday returns and between overnight
returns, respectively. Each subplot presents the 27 time series of long-run correlations between that
stock and the rest of stocks. The correlations exhibited an obvious upward trend during our research
period of 1998-2014, and were typically high in 2008 financial crisis.

Fig. 10 displays the eigenvalues of the dynamic covariance matrices, as well as their proportions
(the eigenvalues divided by the sum of eigenvalues). The dynamic of eigenvalues reinforces the
previous remark that the stock markets had high risk in the 11 September attacks and in the 2008
financial crisis. The largest eigenvalue represents a strong common component, saying that a large
proportion of the market financial risk can be explained by one single factor. More specific, the
largest eigenvalue proportion increased substantially between 1998 and 2016. The second and third
largest eigenvalues still counted for a considerable amount of proportion in the volatile period from
2000 to 2002, but became rather insignificant in the volatile period from 2008 to 2011. The largest
intraday eigenvalue proportion reached the peak in 2008, while the largest overnight one remained
high until 2011. Remarkably, the largest eigenvalue explained nearly 50% of intraday risk in the 2008
financial crisis, and 70% of overnight risk in the August 2011 stock markets fall period.

Table 7 provides the estimates of the multivariate model. Compared to the univariate models,
the average Sp decreases to 0.8796 from 0.9515, and the average Sy decreases to 0.8926 from 0.9553.
Together with the increase of 7; and p;, it says that more weights are given to information in the
most recent days by considering correlations.

One concern is that our initial correlation estimator is based on the Pearson product moment
correlation. This Pearson estimator may perform poorly due to the heavy tails of overnight innova-
tions. So we now investigate the estimates by using a robust correlation estimator in the initial step.

More specific, we first compute the pairwise Kendall tau

h

Kn(s —i/T)Kn(s — 3/T) (I {(uwix — wjr) (wig — wjp) > 0} — I{(uip — wjp) (uig —ujy) < 0})

~

»
Tkl (8) = Z;

N|l<
,I_\@

Kn(s —i/T)Kn(s = 3/T) (I {(uig — wjp) (wig — uza) > 0} + I {(uip — wjn) (uig — uje) < 0})

J=1

Applying the relation between Kendall tau and the linear correlation coefficient for the elliptical
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distribution suggested by Lindskog, Mcneil, and Schmock (2003) and Battey and Linton (2014), we

obtain the robust linear correlation estimator,
N . T .
fra (5) = sin (57 (5) )

In some cases, the matrix of pairwise correlations must be adjusted to ensure that the resulting
matrix is positive definite, although we did not encounter this problem here.

Fig. 3 plots the largest eigenvalue proportions of the estimated covariance matrices to see the
difference of using robust (in black) and using non-robust (in red) correlation estimators in the initial
step. We use solid lines for the initial estimators, and dash lines for the updated estimators. The
updated estimators are obtained in the final estimation step, the one we report in previous parts.
Despite the large difference of the initial estimators, especially for the overnight returns, the updated
estimators are roughly the same. Like the eigenvalues, the updated covariances themselves also

remain unchanged for different initial estimators. To save space, we omit the plot of covariances.

7 Conclusion

We have introduced a new coupled component GARCH model for intraday and overnight volatility.
This model is able to capture the heavy tails of overnight returns. For each component, we fur-
ther specify a non-parametric long run smoothly evolving component with a parametric short term
fluctuates. The large sample properties of the estimators are provided for the univariate model.
The empirical results show that the ratio of overnight to intraday volatility has increased during
previous 20 years when accounting for slowly changing and rapidly changing components. This is
contrary to what is often argued with regard to the change in market structure and the predatory
practices of certain traders. The information in overnight returns is valuable for updating the forecast
of the close to close volatility. In the multivariate model we found that (slowly moving) correlations

between assets have increased during our sample period
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8 Appendix

8.1 Appendix 1: some further properties

We consider the prediction problem. Note that AP is not the conditional predictor given the day

before, but given the updated information set, and the linear predictor of AP given only JF;_; is
E [AP|Fia] = wp(1 = Bp) + Bl + ypmi’y +vp(mi, + D)sign(e) # AL
The expectation of exp(2A\P) given F;_; is
E [exp(2AD)|Fic1] = M E [exp(2opm) + 207 (m)" + D)sign(e))| Fioa] |

where Ay = exp(2wp(1 — Bp) + 2BpA2 | + 2ypmP | + 275 (mP | + 1)sign(e? ). We can express
E [exp(2ppmy’ + 20 (m¥ + )sign(e}'))|Fi-1] as

1
5 &P(=2pp) { E [exp((2pp + 20D) (vn + 1)b) + exp((2pp = 20p) (vn + Db [Fia] }
Since b} follows a beta (1/2,vx/2) distribution,

E [exp((2pp + 2p}) (v + 1)%\1)} = 1F1(1/2,1/2 +vn /2, (2pp + 2pp) (un + 1)),

where  F}] is the Kummer’s function

) k—1 L
1F1<a,5,c>:1+z(ngj;) % w850

Hence, we have

1
E [exp(2A)|Fia] = 5 xXP(=2pp) A1 F1(1/2,1/2 + on /2, (2pp + 2pp) (vn + 1))

1
+3 exp(—2pp)Ae 1 F1(1/2,1/2 + vn /2, (2pp — 2p)) (v + 1)).

Note that we have 2 different information sets, 7;_; and F;_;U{r" }, where F;_, is sigma field gen-

D ,.N ,D N NY i o N ,.D ,N .D N
erated by {1, 7 1,7 9, Tt o, - ..} and Fr_1U{r;" } is sigma field generated by {7\, 71, 77 1, T 0, 1 gy - - - }-
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intraday overnight

mean std.dev. skew kurt mean std.dev. skew

kurt

MMM  0.0003  0.0127 0.0040  7.1842 0.0000  0.0073  -0.6030
AXP 0.0003  0.0192 -0.0473  9.7455 0.0001  0.0109  -1.3220
AAPL -0.0004 0.0242 0.1903  6.3090 0.0010  0.0180  -7.2410
BA 0.0002  0.0159 -0.0091  6.3725 0.0001  0.0103  -2.4955
CAT  -0.0001  0.0174 0.0190  5.7938 0.0005  0.0110  -0.8610
CVX 0.0001  0.0137 0.0810 10.6472 0.0002  0.0074  -0.9206
CSCO -0.0001  0.0229 0.0227 10.6339 0.0008  0.0141  -0.6753
KO 0.0006  0.0126  0.0474  8.3962 -0.0003  0.0071  -0.3592
DD 0.0003  0.0157 0.0273  7.1028 -0.0002  0.0091  -0.3597
XOM  0.0004 0.0131 0.0861 10.8546 -0.0002  0.0071  -0.9341
GE -0.0001  0.0157 -0.0019 11.2698 0.0004  0.0101 0.1864
HD 0.0001  0.0172 0.2999  6.9232 0.0004  0.0108 -3.0134
IBM 0.0003  0.0150 0.0487  7.3880 -0.0001  0.0100  -0.7826
INTC  0.0001  0.0204 0.1913 7.2270 0.0005  0.0141  -2.6159
JNJ 0.0003  0.0120 0.0789  6.4480 0.0000  0.0071  -3.0637
JPM 0.0000  0.0210 0.4353 14.1952 0.0003  0.0124 0.1249
MCD 0.0005  0.0137 -0.0941  8.1253 -0.0001  0.0083  -0.4635
MRK  0.0004 0.0149 -0.0381  7.6085 -0.0002  0.0096  -6.2306
MSFT  0.0003  0.0171 0.1528  5.6204 0.0003  0.0109  -0.5826
NKE 0.0006  0.0177 0.1389  9.5287 -0.0001  0.0104 -2.0513
PFE -0.0001  0.0152 -0.0349  5.6494 0.0004  0.0097  -2.0215
PG 0.0009  0.0124 -0.0109  9.0587 -0.0006  0.0085 -18.5373
TRV 0.0002  0.0163 -0.1116 16.1477 0.0001  0.0087  -1.7067
UNH 0.0003  0.0203 -0.1451 13.8989 0.0004  0.0117  -2.9957
UTXx 0.0001  0.0145 -0.2758  9.4068 0.0004  0.0084 -1.6782
VZ 0.0001  0.0142 0.4456  7.6871 0.0000  0.0079  -0.4672
WMT -0.0000 0.0147 0.1238  7.9677 0.0003  0.0084  -0.7025
DIS 0.0004  0.0161 0.1634  7.1087 0.0000  0.0110  -1.0887

20.3340
30.8063
288.9583
59.8270
18.7038
13.1831
22.9465
12.6505
16.1463
14.7103
30.3115
81.4299
39.9142
51.1115
79.0347
19.7644
15.1683
172.5119
32.3796
50.5907
40.9346
884.7702
65.3085
64.2616
38.7102
15.4566
16.3198
47.8462

This table gives the summary statistics for the intraday and overnight returns.

Table 1: Summary statistics for intraday and overnight returns
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J KD KN Iy, M2 T2 J1PP)

MMM -0.0094 0.0304 0.0035 -0.0201 -0.0079 -0.0245 -0.0186
(0.0331) (0.0163) (0.0093) (0.0180) (0.0297) (0.0108) (0.0201)
AXP -0.0482 0.0302 0.0112 -0.0530 0.0055 -0.0112 -0.0463
(0.0449) (0.0245) (0.0139) (0.0218) (0.0444) (0.0141) (0.0259)
AAPL 0.0473 -0.0468 0.1009 -0.0609 0.0794 -0.0137 0.0113
(0.0433) (0.0310) (0.0233) (0.0172) (0.0262) (0.0188) (0.0220)
BA -0.0284 0.0149 0.0120 -0.0048 0.0162 -0.0100 0.0239
(0.0313) (0.0203) (0.0132) (0.0197) (0.0413) (0.0144) (0.0184)
CAT 0.0142 -0.0095 0.0531 -0.0013 -0.0159 0.0155 -0.0132
(0.0342) (0.0223) (0.0140) (0.0185) (0.0260) (0.0113) (0.0179)
CVX -0.0847 0.0130 0.0163 -0.0515 -0.0449 -0.0059 -0.0316
(0.0435) (0.0176) (0.0095) (0.0211) (0.0452) (0.0137) (0.0226)
CSCO 0.0319 -0.0120 0.0832 -0.0615 0.0081 0.0268 -0.0205
(0.0322) (0.0294) (0.0181) (0.0203) (0.0303) (0.0105) (0.0181)
KO 0.0516 0.0571 -0.0250 -0.0188 0.0354 -0.0134 0.0537
(0.0372) (0.0162) (0.0091) (0.0193) (0.0353) (0.0123) (0.0171)
DD 0.0627 0.0343 -0.0174 0.0025 -0.0230 -0.0094 -0.0083
(0.0370) (0.0201) (0.0117) (0.0204) (0.0315) (0.0114) (0.0172)
XOM -0.0482 0.0475 -0.0148 -0.0898 -0.0144 -0.0287 -0.0222
(0.0465) (0.0166) (0.0090) (0.0220) (0.0447) (0.0147) (0.0236)
GE 0.1066 -0.0125 0.0382 -0.0276 0.0234 -0.0020 0.0159
(0.0493) (0.0201) (0.0130) (0.0283) (0.0429) (0.0173) (0.0289)
HD 0.0306 0.0143 0.0362 0.0217 -0.0563 0.0208 -0.0054
(0.0414) (0.0220) (0.0139) (0.0191) (0.0288) (0.0120) (0.0197)
IBM -0.0067 0.0365 -0.0061 -0.0375 0.0609 0.0070 -0.0477
(0.0297) (0.0191) (0.0127) (0.0177) (0.0254) (0.0112) (0.0190)
INTC 0.0335 0.0034 0.0475 -0.0542 0.0742 0.0061 -0.0515
(0.0277) (0.0260) (0.0180) (0.0180) (0.0307) (0.0121) (0.0192)
INJ 0.0866 0.0346 0.0013 -0.0327 0.0016 0.0254 0.0271
(0.0309) (0.0154) (0.0092) (0.0181) (0.0334) (0.0122) (0.0200)
JPM -0.0020 0.0037 0.0308 -0.0701 0.0065 0.0195 -0.0601
(0.0493) (0.0268) (0.0158) (0.0288) (0.0462) (0.0161) (0.0237)
MCD 0.1500 0.0546 -0.0089 -0.0169 0.0221 -0.0216 0.0235
(0.0329) (0.0175) (0.0106) (0.0200) (0.0305) (0.0112) (0.0177)
MRK 0.0032 0.0352 -0.0202 -0.0084 -0.0151 0.0165 -0.0022
(0.0292) (0.0190) (0.0123) (0.0197) (0.0271) (0.0114) (0.0187)
MSFT -0.0200 0.0268 0.0277 -0.0536 0.0461 0.0033 -0.0247
(0.0322) (0.0218) (0.0139) (0.0182) (0.0265) (0.0107) (0.0153)
NKE 0.0226 0.0616 -0.0059 0.0153 -0.0228 -0.0081 -0.0132
(0.0339) (0.0227) (0.0133) (0.0197) (0.0287) (0.0127) (0.0160)
PFE 0.1283 -0.0078 0.0355 0.0014 -0.0094 -0.0024 0.0222
(0.0285) (0.0195) (0.0124) (0.0168) (0.0283) (0.0114) (0.0187)
PG 0.0929 0.0986 -0.0530 -0.0612 0.0729 -0.0268 -0.0029
(0.0275) (0.0160) (0.0112) (0.0216) (0.0289) (0.0134) (0.0121)
TRV 0.1594 0.0264 0.0070 -0.0423 -0.0529 -0.0194 -0.0312
(0.0686) (0.0208) (0.0111) (0.0299) (0.0460) (0.0191) (0.0220)
UNH -0.0305 0.0332 0.0353 0.0229 -0.0370 0.0058 -0.0084
(0.0593) (0.0261) (0.0150) (0.0205) (0.0400) (0.0145) (0.0214)
UTXx -0.0565 0.0096 0.0395 -0.0216 -0.0386 0.0032 -0.0458
(0.0698) (0.0186) (0.0107) (0.0197) (0.0323) (0.0105) (0.0181)
VZ 0.0621 0.0143 0.0012 -0.0405 -0.0316 -0.0129 0.0012
(0.0429) (0.0181) (0.0101) (0.0202) (0.0376) (0.0119) (0.0188)
WMT 0.0852 -0.0054 0.0310 -0.0436 0.0315 -0.0053 0.0361
(0.0347) (0.0188) (0.0107) (0.0185) (0.0341) (0.0100) (0.0175)
DIS 0.0376 0.0373 0.0024 -0.0236 0.0026 -0.0155 -0.0019
(0.0290) (0.0205) (0.0140) (0.0197) (0.0369) (0.0132) (0.0234)
DJI -0.0549 0.0328 -0.0020 -0.0615 0.1050 0.0034 -0.0282
(0.0393) (0.0208) (0.0128) (0.0205) (0.0342) (0.0130) (0.0198)
average 0.0311 0.0223 0.0165 -0.0297 0.0042 -0.0029 -0.0086
pool est. 0.0299 0.0223 0.0162 -0.0313 0.0121 -0.0011 -0.0103
pool s.e. (0.0034) (0.0023) (0.0015) (0.0018) (0.0032) (0.0012) (0.0019)
num of + 18 22 20 5 15 11 9
num of — 10 6 8 23 13 17 19
num of signi + 7 6 11 0 4 2 2
num of signi — 0 0 2 12 0 2 4

This table gives the estimates of the mean equations in the univariate coupled component models, and
their asymptotic standard errors in parenthesis. ’pool est.” and ’pool s.e.” represent the MLE pool

estimates and their standard errors. 26

Table 2: Estimates of the mean equations



BD YD PD D D VD wp

MMM 0.9716 0.0213 0.0273 -0.0189 -0.0107 6.8817 -0.0611
(0.0055)  (0.0036)  (0.0042)  (0.0025)  (0.0025)  (0.5291)  (0.0266)
AXP 0.9710 0.0348 0.0298 -0.0162 -0.0112 9.6898 0.3035
(0.0052)  (0.0040)  (0.0041)  (0.0025)  (0.0027)  (1.0451)  (0.0336)
AAPL 0.9177 0.0394 0.0381 -0.0157  -0.0109 8.9059 0.6216
(0.0166)  (0.0056)  (0.0068)  (0.0032)  (0.0035)  (0.8917)  (0.0213)
BA 0.9587 0.0340 0.0261 -0.0110 -0.0116 8.6091 0.2315
(0.0087)  (0.0045)  (0.0050)  (0.0026)  (0.0027)  (0.8269)  (0.0263)
CAT 0.9752 0.0236 0.0239 -0.0157  -0.0105 8.1879 0.3253
(0.0050)  (0.0038)  (0.0042)  (0.0021)  (0.0022)  (0.7801)  (0.0298)
cVX 0.9626 0.0309 0.0256 -0.0177  -0.0137 14.2545  0.1014
(0.0066)  (0.0039)  (0.0040)  (0.0025)  (0.0027)  (2.1566)  (0.0268)
Csco 0.9527 0.0305 0.0314 -0.0187  -0.0183 11.8282  0.5052
(0.0080)  (0.0041)  (0.0046)  (0.0029)  (0.0028)  (1.4338)  (0.0239)
KO 0.9616 0.0279 0.0262 -0.0163 -0.0143 8.9666 -0.0507
(0.0082)  (0.0041)  (0.0048)  (0.0027)  (0.0026)  (0.9389)  (0.0258)
DD 0.9541 0.0351 0.0302 -0.0130 -0.0144 8.8106 0.1858
(0.0102)  (0.0050)  (0.0053)  (0.0028)  (0.0029)  (0.8545)  (0.0258)
XOM 0.9605 0.0382 0.0263 -0.0095 -0.0157 12.8135  0.0350
(0.0068)  (0.0043)  (0.0040)  (0.0026)  (0.0028)  (1.6619)  (0.0287)
GE 0.9590 0.0351 0.0351 -0.0182 -0.0152 11.7415  0.1273
(0.0065)  (0.0041)  (0.0045)  (0.0025)  (0.0027)  (1.4348)  (0.0284)
HD 0.9559 0.0326 0.0345 -0.0245 -0.0176 8.7982 0.2666
(0.0071)  (0.0041)  (0.0049)  (0.0030)  (0.0030)  (0.8661)  (0.0260)
IBM 0.9614 0.0331 0.0311 -0.0195 -0.0096 8.0274 0.1107
(0.0076)  (0.0046)  (0.0051)  (0.0028)  (0.0027)  (0.7189)  (0.0276)
INTC 0.9638 0.0263 0.0221 -0.0116 -0.0125 13.8716  0.4828
(0.0072)  (0.0034)  (0.0043)  (0.0023)  (0.0027)  (1.9630)  (0.0250)
INJ 0.9440 0.0399 0.0394 -0.0226 -0.0131 9.2874 -0.1001
(0.0084)  (0.0045)  (0.0051)  (0.0032)  (0.0032)  (0.9551)  (0.0255)
JPM 0.9739 0.0386 0.0370 -0.0187  -0.0102 8.9114 0.3347
(0.0042)  (0.0042)  (0.0043)  (0.0025)  (0.0026)  (0.8937)  (0.0394)
MCD 0.7771 0.0677 0.0622 0.0017 0.0017 9.0474 0.2359
(0.1108)  (0.0393)  (0.0097)  (0.0111)  (0.0102)  (1.0475)  (0.0945)
MRK 0.9391 0.0397 0.0400 -0.0153 -0.0105 7.6928 0.1438
(0.0132)  (0.0054)  (0.0066)  (0.0032)  (0.0032)  (0.6331)  (0.0239)
MSFT 0.9366 0.0437 0.0495 -0.0111 -0.0073 11.3473  0.2991
(0.0108)  (0.0047)  (0.0063)  (0.0030)  (0.0034)  (1.3919)  (0.0253)
NKE 0.9670 0.0315 0.0290 -0.0171 -0.0067 6.9838 0.2606
(0.0069)  (0.0044)  (0.0051)  (0.0028)  (0.0026)  (0.5738)  (0.0292)
PFE 0.9640 0.0275 0.0322 -0.0144 -0.0077 11.3019  0.2051
(0.0071)  (0.0038)  (0.0046)  (0.0025)  (0.0025)  (1.3785)  (0.0270)
PG 0.9480 0.0356 0.0332 -0.0163 -0.0108 8.7109 -0.0845
(0.0096)  (0.0045)  (0.0051)  (0.0030)  (0.0032)  (0.8227)  (0.0246)
TRV 0.9660 0.0413 0.0333 -0.0119 -0.0101 8.2381 0.1086
(0.0067)  (0.0050)  (0.0050)  (0.0028)  (0.0028)  (0.7880)  (0.0331)
UNH 0.9470 0.0405 0.0344 -0.0210 -0.0110 7.4073 0.3985
(0.0099)  (0.0048)  (0.0058)  (0.0033)  (0.0033)  (0.6330)  (0.0254)
UTX 0.9596 0.0288 0.0336 -0.0182 -0.0163 9.3467 0.0982
(0.0075)  (0.0044)  (0.0048)  (0.0027)  (0.0028)  (1.0045)  (0.0261)
VZ 0.9676 0.0278 0.0279 -0.0070 -0.0146 11.3300  0.0931
(0.0062)  (0.0037)  (0.0042)  (0.0023)  (0.0026)  (1.3386)  (0.0280)
WMT 0.9742 0.0270 0.0238 -0.0097  -0.0085 8.0639 0.0663
(0.0062)  (0.0037)  (0.0042)  (0.0023)  (0.0025)  (0.7403)  (0.0308)
DIS 0.9516 0.0344 0.0329 -0.0151 -0.0115 9.6181 0.1953
(0.0116)  (0.0056)  (0.0051)  (0.0030)  (0.0031)  (1.0518)  (0.0298)
average 0.9515 0.0345 0.0327 -0.0151 -0.0115 9.5955 0.1943
pool est.  0.9861 0.0316 0.0314 -0.0059 -0.0022 8.0103 -0.8937

pool s.e.  (0.0004)  (0.0009)  (0.0006)  (0.0003)  (0.0003)  (0.1339)  (0.0374)

Continued on the next page.
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BN YN PN N PN VN wN

MMM 0.9683 0.0344 0.0322 -0.0127  -0.0235 2.9893 -0.9498
(0.0063)  (0.0054)  (0.0049)  (0.0033)  (0.0032)  (0.1333)  (0.0325)
AXP 0.9722 0.0387 0.0379 -0.0188 -0.0229 3.7613 -0.5535
(0.0046)  (0.0055)  (0.0042)  (0.0032)  (0.0029)  (0.1895)  (0.0385)
AAPL 0.9234 0.0619 0.0629 -0.0154 -0.0146 2.6745 -0.3351
(0.0117)  (0.0081)  (0.0064)  (0.0045)  (0.0040)  (0.0977)  (0.0278)
BA 0.9710 0.0206 0.0327 -0.0120 -0.0168 3.0865 -0.6114
(0.0062)  (0.0051)  (0.0043)  (0.0026)  (0.0026)  (0.1367)  (0.0298)
CAT 0.9708 0.0305 0.0393 -0.0103 -0.0197 2.8998 -0.5496
(0.0057)  (0.0058)  (0.0049)  (0.0030)  (0.0029)  (0.1229)  (0.0350)
cVX 0.9778 0.0197 0.0264 -0.0110 -0.0157 4.1452 -0.7624
(0.0039)  (0.0039)  (0.0031)  (0.0023)  (0.0024)  (0.2379)  (0.0324)
Csco 0.9631 0.0368 0.0344 -0.0140 -0.0212 3.5092 -0.3252
(0.0065)  (0.0058)  (0.0044)  (0.0029)  (0.0030)  (0.1532)  (0.0306)
KO 0.9658 0.0409 0.0275 -0.0189 -0.0201 3.7388 -0.8462
(0.0058)  (0.0053)  (0.0042)  (0.0031)  (0.0029)  (0.1821)  (0.0319)
DD 0.9566 0.0337 0.0425 -0.0175 -0.0159 3.5630 -0.6296
(0.0084)  (0.0060)  (0.0050)  (0.0035)  (0.0030)  (0.1734)  (0.0290)
XOM 0.9729 0.0258 0.0310 -0.0122 -0.0140 5.0318 -0.7701
(0.0052)  (0.0043)  (0.0037)  (0.0026)  (0.0025)  (0.3115)  (0.0322)
GE 0.9614 0.0401 0.0463 -0.0204  -0.0221 4.7818 -0.6118
(0.0062)  (0.0056)  (0.0046)  (0.0031)  (0.0030)  (0.2773)  (0.0340)
HD 0.9537 0.0452 0.0373 -0.0220 -0.0259 3.1685 -0.6014
(0.0076)  (0.0062)  (0.0048)  (0.0039)  (0.0036)  (0.1418)  (0.0299)
IBM 0.9632 0.0414 0.0389 -0.0121 -0.0218 2.7722 -0.7656
(0.0064)  (0.0062)  (0.0048)  (0.0033)  (0.0030)  (0.1088)  (0.0330)
INTC 0.9662 0.0300 0.0305 -0.0131 -0.0155 2.8768 -0.4046
(0.0083)  (0.0064)  (0.0047)  (0.0033)  (0.0027)  (0.1116)  (0.0295)
INJ 0.9596 0.0323 0.0348 -0.0166 -0.0262 4.0828 -0.8547
(0.0063)  (0.0050)  (0.0043)  (0.0030)  (0.0030)  (0.2189)  (0.0281)
JPM 0.9754 0.0350 0.0366 -0.0198 -0.0226 4.0152 -0.4103
(0.0038)  (0.0046)  (0.0040)  (0.0027)  (0.0026)  (0.2098)  (0.0397)
MCD 0.8012 0.0488 0.0800 -0.0018 -0.0000 4.0211 -0.2824
(0.0159)  (0.0477)  (0.0787)  (0.0082)  (0.0069)  (0.1751)  (0.0458)
MRK 0.9458 0.0398 0.0435 -0.0135 -0.0209 3.2409 -0.6822
(0.0111)  (0.0064)  (0.0062)  (0.0036)  (0.0035)  (0.1456)  (0.0271)
MSFT 0.9433 0.0543 0.0452 -0.0098 -0.0115 2.8706 -0.6569
(0.0102)  (0.0076)  (0.0053)  (0.0038)  (0.0035)  (0.1101)  (0.0293)
NKE 0.9543 0.0396 0.0456 -0.0147  -0.0177 2.3998 -0.8391
(0.0095)  (0.0068)  (0.0061)  (0.0037)  (0.0038)  (0.0876)  (0.0301)
PFE 0.9619 0.0424 0.0364 -0.0112 -0.0118 3.4040 -0.6243
(0.0074)  (0.0058)  (0.0045)  (0.0032)  (0.0031)  (0.1577)  (0.0324)
PG 0.9445 0.0292 0.0370 -0.0206 -0.0235 3.6016 -0.9050
(0.0097)  (0.0058)  (0.0050)  (0.0035)  (0.0033)  (0.1717)  (0.0240)
TRV 0.9740 0.0398 0.0347 -0.0125 -0.0170 2.9686 -0.9225
(0.0049)  (0.0060)  (0.0044)  (0.0031)  (0.0029)  (0.1268)  (0.0393)
UNH 0.9354 0.0521 0.0547 -0.0076 -0.0202 2.2533 -0.7491
(0.0109)  (0.0077)  (0.0066)  (0.0045)  (0.0042)  (0.0836)  (0.0293)
UTX 0.9708 0.0303 0.0324 -0.0202 -0.0195 3.3906 -0.7534
(0.0048)  (0.0048)  (0.0041)  (0.0030)  (0.0027)  (0.1623)  (0.0332)
VZ 0.9661 0.0302 0.0325 -0.0224  -0.0138 3.7265 -0.7555
(0.0057)  (0.0052)  (0.0040)  (0.0031)  (0.0028)  (0.1886)  (0.0300)
WMT 0.9756 0.0240 0.0302 -0.0111 -0.0126 3.4965 -0.7485
(0.0052)  (0.0047)  (0.0038)  (0.0026)  (0.0026)  (0.1641)  (0.0328)
DIS 0.9552 0.0369 0.0396 -0.0147  -0.0183 3.4211 -0.6600
(0.0074)  (0.0073)  (0.0074)  (0.0034)  (0.0032)  (0.1618)  (0.0320)
Average  0.9553 0.0369 0.0394 -0.0145 -0.0180 3.4247 -0.6629
pool est.  0.9823 0.0426 0.0307 -0.0086 -0.0130 3.2019 -1.5104

pool s.e.  (0.0006)  (0.0010)  (0.0009)  (0.0005)  (0.0005)  (0.0265)  (0.0322)

This table presents the estimates of the variance equations in the univariate coupled component models,
and their asymptotic standard errors in parenthesis. 'pool est.” and ’pool s.e.” represent the MLE pool

estimates and their standard errors.
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This figure shows the cumulative intraday (in red) and the cumulative overnight (in black) returns: one

subplot for each stock.

Figure 1: Cumulative int?é?day and overnight returns
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Ficure 2: Ratios of overnicht to intradav variance: univariate model
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Figure 3: Long run component o: univariate model
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The red lines represent the statistics of the ratio tests, with the null hypothesis Hy : exp (aév (t/T)) =

pexp (o (¢/T)). The black lines indicate the 95% confidence intervals of the statistics under the null.
The five dash vertical lines from left to right represent the dates: 10 March 2000(dot-com bubble),
11 September 2001(the September 11 attacks), 16 September 2008(financial crisis), 06 May 2010 (flash
crash) and 01 August 2011 (August 2011 stock markets fall), respectively.
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The figure shows the Rogers and Satschell(RS) volatility, the one-month ahead monthly RS volatility,
VIX, and the ratio of VIX to the one-month ahead @3nthly RS volatility. The RS volatility is the average
RS volatility across the 28 stocks.

Figure 5: RS, VIX and their ratio
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This figure displays Q-Q plots of the quantiles of the intraday innovations (X axis), versus the theoretical

quantiles of the student t distribution with the 7, ddgrees of freedom (Y axis): one panel for each stock.

Figure 6: QQ plot of the intraday innovations
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This figure displays Q-Q plots of the quantiles of the overnight innovations (X axis), versus the theoretical

quantiles of the student t distribution with the 7, ddgrees of freedom (Y axis): one panel for each stock.

Figure 7: QQ plot of the overnight innovations
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Each panel presents the long-run intraday correlations between that stock and the rest of stocks, implied
by the multivariate coupled component model. The five dash vertical lines from left to right indicate the
dates: 10 March 2000(dot-com bubble), 11 September 2001(the September 11 attacks), 16 September
2008(financial crisis), 06 May 2010 (flash crash) and 01 August 2011 (August 2011 stock markets fall),
respectively. 36

Figure 8: Long-run overnight correlations
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Each panel presents the 27 time series of long-run overnight correlations between that stock and the rest
of stocks, implied by the multivariate coupled component model. The five dash vertical lines from left to
right indicate the dates: 10 March 2000(dot-com bubble), 11 September 2001 (the September 11 attacks),
16 September 2008(financial crisis), 06 May 2010 (4lash crash) and 01 August 2011 (August 2011 stock

markets fall), respectively.

Figure 9: Long-run intraday correlations
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The upper panel plots the eigenvalues of the covariance matrices, and the lower panel plots the eigenvalues
divided by the sum of eigenvalues. The five dash ‘g%tical lines from left to right indicate the dates: 10
March 2000(dot-com bubble), 11 September 2001 (the September 11 attacks), 16 September 2008(financial
crisis), 06 May 2010 (flash crash) and 01 August 2011 (August 2011 stock markets fall), respectively.

Figure 10: Eigenvalues of covariance matrices



(BDs7¥D»>PDsYDs PD)

Bp=BN YD =N _PD=PN_ YD =IN __PD=PN VD=VN Wp=WN IN=pD = (BN,IN:PN:YVN>PN)
MMM 0.4463 0.0404 0.4074 0.1300 0.0015 0.0000 0.0000 0.1158 0.0015
AXP 0.7387 0.5529 0.1337 0.5090 0.0031 0.0000 0.0000 0.0587 0.0004
AAPL 0.6655 0.0175 0.0047 0.9604 0.5031 0.0000 0.0000 0.0016 0.0000
BA 0.0412 0.0357 0.2624 0.7881 0.1553 0.0000 0.0000 0.2269 0.0222
CAT 0.2142 0.2870 0.0058 0.1250 0.0090 0.0000 0.0000 0.1444 0.0015
CVX 0.0010 0.0332 0.8557 0.0381 0.5759 0.0000 0.0000 0.1356 0.0106
csco 0.0811 0.3699 0.6042 0.2516 0.4850 0.0000 0.0000 0.3166 0.0169
KO 0.5108 0.0408 0.8287 0.5255 0.1401 0.0000 0.0000 0.0035 0.0122
DD 0.7178 0.8493 0.0533 0.2979 0.7134 0.0000 0.0000 0.5036 0.0953
XOM 0.0113 0.0358 0.3672 0.4597 0.6693 0.0000 0.0000 0.9082 0.0377
GE 0.5704 0.4586 0.0643 0.5741 0.0904 0.0000 0.0000 0.2692 0.0004
HD 0.7339 0.0834 0.6725 0.6071 0.0790 0.0000 0.0000 0.0616 0.1236
IBM 0.7507 0.2660 0.2244 0.0799 0.0027 0.0000 0.0000 0.0597 0.0032
INTC 0.7053 0.6005 0.1628 0.7053 0.4233 0.0000 0.0000 0.1713 0.1426
INJ 0.0149 0.2568 0.4710 0.1707 0.0027 0.0000 0.0000 0.1627 0.0049
JPM 0.5514 0.5603 0.9484 0.7509 0.0008 0.0000 0.0000 0.6026 0.0012
MCD 0.8264 0.8265 0.8190 0.8200 0.8627 0.0000 0.0001 0.7875 0.9999
MRK 0.4594 0.9906 0.6508 0.7012 0.0283 0.0000 0.0000 0.9729 0.1458
MSFT 0.4468 0.2405 0.5895 0.7901 0.3990 0.0000 0.0000 0.5058 0.3634
NKE 0.0625 0.2967 0.0206 0.5988 0.0159 0.0000 0.0000 0.0646 0.0362
PFE 0.7098 0.0303 0.4915 0.4023 0.2893 0.0000 0.0000 0.0508 0.0377
PG 0.6715 0.3739 0.5645 0.3481 0.0069 0.0000 0.0000 0.4775 0.0481
TRV 0.0957 0.8364 0.8171 0.8814 0.0976 0.0000 0.0000 0.2369 0.0499
UNH 0.2059 0.1949 0.0139 0.0167 0.0901 0.0000 0.0000 0.0113 0.0028
uTx 0.0310 0.8085 0.8380 0.6094 0.4181 0.0000 0.0000 0.4670 0.0098
VZ 0.7429 0.6957 0.3921 0.0001 0.8273 0.0000 0.0000 0.6222 0.0015
WMT 0.7214 0.5910 0.2347 0.6712 0.2528 0.0000 0.0000 0.9611 0.4234
DIS 0.5415 0.7408 0.2892 0.9213 0.1324 0.0000 0.0000 0.4689 0.0731
This table presents the p-values of the Wald tests for several sets of null hypothesis: Hy : p = B,
Hy : vp = y~, Ho : pp = pn, Ho = vp = n: Ho : pp = pN - Ho : vb = v~ , Ho : wp = wn,

Hy :yn = pp, and Hy : (Bp,YD: D VD> PD) = (BN YN+ PN YN PN)-

0.8

intraday

Table 4: Wald tests

IRNS

i
1952

1995

2004

2010

2018

08

01

0
1992

overnight

1998 2004

2010

2016

Left(right) panel plots the largest eigenvalue proportion of estimated intraday(overnight) covariance

matrix: red(black) lines for using non-robust(robust) correlation in the initial step. Solid(dash) lines are

further used to indicate the initial(updated) estimators,
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Figure 11: comparison of robust and non-robust initial correlation estimator



student t log-likelihood quasi Gaussian log-likelihood

leogareh  lgaren GW stat.  p-val. leogareh  lgaren GW stat.  p-val.
MMM 1.1832 1.1963 6.3242 0.0119 1.1901 1.2092 6.2041 0.0127
AXP  1.3335 1.3473 2.7307 0.0984 1.3727 1.3974 2.2438 0.1342
AAPL 1.6569 1.6701 2.5099 0.1131 1.6642 1.6854 2.0921 0.1481
BA 1.4584 1.4715 4.7922 0.0286 1.4830 1.5048 5.5787 0.0182
CAT 1.5693 1.5761 1.9846 0.1589 1.5834 1.5915 1.4751 0.2245
CVX  1.6026 1.6058 0.2129 0.6445 1.6135 1.6178 0.2728 0.6015
CSCO  1.3807 1.3936 3.5761 0.0586 1.3832  1.4027 3.4340 0.0639
KO 1.1211 1.1347 2.3200 0.1277 1.1281 1.1483 2.6316 0.1048
DD 1.4821 1.4956 2.8619 0.0907 1.4996 1.5218 3.2895 0.0697
XOM  1.4198 1.4284 1.9184 0.1660 1.4304 1.4448 3.1887 0.0742
GE 1.3125 1.3328 1.8666 0.1719 1.3371 1.3638 0.7425 0.3889
HD 1.4018 1.4148 3.1614 0.0754 1.4179 1.4408 2.4230 0.1196
IBM 1.3442 1.3538 3.0191 0.0823 1.3586 1.3730 2.1378 0.1437
INTC 1.5674 1.5736 0.6431 0.4226 1.5913 1.6025 1.4440 0.2295
JNJ 1.1759 1.1807 0.2140 0.6436 1.1863 1.2141 1.0331 0.3094
JPM 1.3844 1.3902 0.4479 0.5033 1.3933 1.4047 0.5767 0.4476
MCD  1.1675 1.1772 0.6391 0.4240 1.2151 1.2332 0.6079 0.4356
MRK  1.4255 1.4298 0.4247 0.5146 1.4483 1.4694 1.0146 0.3138
MSFT 1.5373 1.5511 3.8529 0.0497 1.5612 1.5889 4.4249 0.0354
NKE  1.4760 1.4811 0.6902 0.4061 1.4872 1.5010 1.2014 0.2730
PFE 1.3581 1.3701 1.4091 0.2352 1.3698 1.3924 1.0637 0.3024
PG 1.0967 1.0992 0.1259 0.7227 1.1153 1.1345 1.0687 0.3012
TRV 1.1117 1.1185 0.5408 0.4621 1.1186 1.1280 0.8314 0.3619
UNH  1.6005 1.6018 0.1291 0.7193 1.5949 1.5961 0.0506 0.8219
UTX  1.3216 1.3336 2.1103 0.1463 1.3437 1.3566 0.7855 0.3755
VZ 1.1679 1.1791 3.5395 0.0599 1.1797 1.2149 1.9419 0.1635
WMT 1.2735 1.2720 0.0452 0.8316 1.4252  1.4429 1.3135 0.2518
DIS 1.3163 1.3222 0.4560 0.4995 1.3300 1.3439 0.9672 0.3254

The table presents the GW test of the null that the one-component and the coupled component model have equal
expected loss, with minus the out-of-sample t log-likelihood or quasi Gaussian log-likelihood as the loss function.
leogarch TEPresents the average loss value of the coupled component model, and l4q4c;, Tepresents the average loss value

of the one component BETA-T-EGARCH model with open-close returns.

Table 5: GW tests: univariate model
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2 2 2 2

el Tenl  Tral  Iral 3 < 2 Z

MMM 0.7102 0.2692 0.0000 0.0000 0.9611 0.9923 0.0000 0.0000
AXP 0.3953 0.1358 0.0000 0.0000 0.1828 0.9900 0.0000 0.0000
AAPL 0.7447 0.4793 0.0000 0.0000 0.0757 0.9997 0.0000 0.9558
BA 0.1846 0.2596 0.0000 0.0000 0.2914 0.9962 0.0000 0.0000
CAT 0.9292 0.2899 0.0000 0.0000 0.7909 0.9988 0.0000 0.0000
CVX 0.3064 0.5760 0.0000 0.0000 0.0637 0.5412 0.0000 0.0000
CSCO 0.0739 0.7701 0.0000 0.0000 0.0170 1.0000 0.0000 0.0000
KO 0.5040 0.7539 0.0000 0.0000 0.5222 0.9752 0.0000 0.0000
DD 0.6311 0.7901 0.0000 0.0000 0.0710 0.2432 0.0000 0.0000
XOM 0.4986 0.1337 0.0000 0.0000 0.3109 0.7145 0.0000 0.0000
GE 0.1884 0.8045 0.0000 0.0000 0.0138 0.9978 0.0000 0.0000
HD 0.3390 0.4095 0.0000 0.0000 0.1141 0.9977 0.0000 0.0120
IBM 0.4555 0.2208 0.0000 0.0000 0.7846 0.9603 0.0000 0.0000
INTC 0.3869 0.0606 0.0000 0.0000 0.8838 0.9853 0.0000 0.0003
JNJ 0.2579 0.4742 0.0000 0.0000 0.5205 0.9366 0.0000 0.0286
JPM 0.2962 0.4567 0.0000 0.0000 0.3807 1.0000 0.0000 0.0000
MCD 0.1996 0.3503 0.0000 0.0000 0.3556 0.9685 0.0000 0.0000
MRK 0.2003 0.7233 0.0000 0.0000 0.0000 1.0000 0.0000 1.0000
MSFT 0.5201 0.8494 0.0000 0.0000 0.7620 1.0000 0.0000 0.0000
NKE 0.0407 0.8972 0.0000 0.0000 0.0924 0.9980 0.0000 0.9857
PFE 0.1066 0.6689 0.0000 0.0000 0.0957 1.0000 0.0000 0.0025
PG 0.8185 0.8830 0.0000 0.0000 0.9378 1.0000 0.0000 1.0000
TRV 0.4188 0.3676 0.0000 0.0000 0.1089 0.9992 0.0000 0.0000
UNH 0.0045 0.4844 0.0000 0.0000 0.2356 0.9829 0.0000 0.0000
UTXx 0.0096 0.1683 0.0000 0.0000 0.0018 0.9999 0.0000 0.0017
A\ 0.1302 0.2894 0.0000 0.0000 0.5510 0.0343 0.0000 0.0000
WMT 0.1704 0.5944 0.0000 0.0000 0.9867 0.9023 0.0000 0.0000
DIS 0.9257 0.1840 0.0000 0.0000 0.7475 1.0000 0.0000 0.0000

This table gives the p-values of the Ljung-Box Q-tests for absolute(squared) residuals and returns.

Table 6: Diagnostic checking for GARCH effects
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Bp YD P D D °D YD “D

MMM 0.8504 0.0350 0.0788 -0.0094 0.0001 5.1024 -0.1047
(0.0811)  (0.0097)  (0.0226)  (0.0053)  (0.0047)  (0.3138) (0.0196)
AXP 0.9332 0.0442 0.0466 -0.0138  -0.0082 8.5370 -0.0540
(0.0132)  (0.0054)  (0.0066)  (0.0033)  (0.0035)  (0.8093) (0.0247)
AAPL 0.8056 0.0587 0.0646 -0.0169 0.0026 7.4693 -0.0421
(0.0419)  (0.0080)  (0.0100)  (0.0047)  (0.0049)  (-0.6579)  (0.0190)
BA 0.7165 0.0636 0.0721 0.0000 0.0089 7.8943 -0.0268
(0.0519)  (0.0079)  (0.0098)  (0.0050)  (0.0059)  (0.7117) (0.0176)
CAT 0.9447 0.0271 0.0311 -0.0098  -0.0004 7.3387 -0.0276
(0.0158)  (0.0047)  (0.0072)  (0.0026)  (0.0028)  (0.6330) (0.0221)
cvX 0.9475 0.0331 0.0285 -0.0116  -0.0038 9.7347 -0.0069
(0.0139)  (0.0050)  (0.0056)  (0.0029)  (0.0030)  (1.1058) (0.0238)
csco 0.9282 0.0412 0.0412 -0.0152  -0.0134 8.3211 -0.0515
(0.0154)  (0.0057)  (0.0067)  (0.0035)  (0.0031)  (0.7676) (0.0229)
KO 0.8383 0.0477 0.0567 -0.0139 0.0001 8.9520 -0.0161
(0.0471)  (0.0078)  (0.0101)  (0.0042)  (0.0049)  (0.9210) (0.0189)
DD 0.7722 0.0523 0.0792 -0.0018  -0.0009 7.0406 -0.0625
(0.0409)  (0.0072)  (0.0093)  (0.0049)  (0.0050)  (0.5741) (0.0180)
XOM 0.9316 0.0417 0.0334 0.0029 -0.0031 11.2320 0.0081
(0.0188)  (0.0063)  (0.0065)  (0.0032)  (0.0033)  (1.3386) (0.0229)
GE 0.9905 0.0307 0.0366 -0.0093  -0.0065 7.4505 -0.1456
(0.0015)  (0.0029)  (0.0048)  (0.0023)  (0.0021)  (1.0314) (0.0300)
HD 0.8657 0.0573 0.0591 -0.0155  -0.0081 7.8864 -0.0342
(0.0430)  (0.0098)  (0.0114)  (0.0042)  (0.0044)  (0.7215) (0.0208)
IBM 0.9459 0.0324 0.0186 -0.0097  -0.0066 6.3196 -0.0476
(0.0279)  (0.0046)  (0.0049)  (0.0021)  (0.0023)  (0.4762) (0.0903)
INTC 0.9108 0.0322 0.0294 -0.0062  -0.0046 8.7912 -0.0289
(0.0264)  (0.0059)  (0.0077)  (0.0032)  (0.0033)  (0.8483) (0.0192)
INJ 0.7695 0.0648 0.0760 -0.0137 0.0043 7.3108 -0.0319
(0.0555)  (0.0087)  (0.0109)  (0.0051)  (0.0063)  (0.6096) (0.0185)
JPM 0.9661 0.0407 0.0367 -0.0108  -0.0026 7.1034 -0.0644
(0.0065)  (0.0047)  (0.0051)  (0.0027)  (0.0027)  (0.5958) (0.0333)
MCD 0.7385 0.0545 0.0691 -0.0059 0.0033 7.1915 -0.0341
(0.0757)  (0.0089)  (0.0121)  (0.0054)  (0.0057)  (0.5940) (0.0174)
MRK 0.7964 0.0649 0.0799 -0.0090  -0.0066 6.8163 -0.0495
(0.0443)  (0.0082)  (0.0110)  (0.0051)  (0.0052)  (0.5228) (0.0190)
MSFT 0.8637 0.0554 0.0675 0.0003 0.0042 8.8889 -0.0320
(0.0247)  (0.0063)  (0.0085)  (0.0040)  (0.0044)  (0.8994) (0.0205)
NKE 0.9706 0.0200 0.0187 -0.0062 0.0005 5.8409 -0.0863
(0.0069)  (0.0023)  (0.0037)  (0.0021)  (0.0016)  (-0.3850)  (0.0303)
PFE 0.9422 0.0316 0.0375 -0.0049 0.0014 8.5675 -0.0273
(0.0147)  (0.0049)  (0.0064)  (0.0030)  (0.0032)  (0.8417) (0.0230)
PG 0.7537 0.0369 0.0639 -0.0130  -0.0092 10.1869 0.0162
(0.0910)  (0.0037)  (0.0080)  (0.0026)  (0.0025)  (1.4107) (0.0305)
TRV 0.9248 0.0517 0.0502 -0.0078  -0.0002 7.3641 -0.0564
(0.0154)  (0.0060)  (0.0075)  (0.0035)  (0.0035)  (0.6169) (0.0248)
UNH 0.9465 0.0178 -0.0073 -0.0275  -0.0209 13.3228 0.2249
(0.0098)  (0.0071)  (0.0091)  (0.0032)  (0.0036)  (3.6346) (0.0761)
UTX 0.8583 0.0511 0.0591 -0.0072  -0.0071 8.4000 -0.0176
(0.0331)  (0.0070)  (0.0092)  (0.0041)  (0.0042)  (0.8074) (0.0201)
vz 0.9098 0.0350 0.0528 0.0000 -0.0085 8.9866 -0.0281
(0.0222)  (0.0059)  (0.0077)  (0.0034)  (0.0035)  (0.8905) (0.0206)
WMT 0.9397 0.0355 0.0291 -0.0031 -0.0034 7.1862 -0.0342
(0.0222)  (0.0063)  (0.0081)  (0.0031)  (0.0032)  (0.5837) (0.0227)
DIS 0.8600 0.0279 0.0593 -0.0066  -0.0017 7.2250 -0.0372
(0.0350)  (0.0050)  (0.0087)  (0.0040)  (0.0039)  (0.5754) (0.0175)
Average  0.8793 0.0423 0.0489 -0.0088  -0.0032 8.0879 -0.0321

Continued on the next page.

Table 7: Estimates of variance equations in the multivariate coupled component model
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>

BN YN PN TN PN VN wN

MMM 0.8804 0.0483 0.0383 0.0039 -0.0076 2.9933 -1.0124
(0.0339)  (0.0076)  (0.0073)  (0.0046)  (0.0050)  (0.1300)  (0.0228)
AXP 0.9295 0.0595 0.0444 -0.0066 -0.0102 3.2091 -0.9629
(0.0138)  (0.0081)  (0.0060)  (0.0042)  (0.0039)  (0.1363)  (0.0271)
AAPL 0.8619 0.0800 0.0798 -0.0005 -0.0141 2.3334 -1.2202
(0.0196)  (0.0098)  (0.0081)  (0.0055)  (0.0051)  (0.0781)  (0.0241)
BA 0.7390 0.0558 0.0706 -0.0001 -0.0039 2.5584 -1.0268
(0.0478)  (0.0111)  (0.0095)  (0.0064)  (0.0063)  (0.0950)  (0.0194)
CAT 0.9330 0.0449 0.0496 0.0055 -0.0104 2.4952 -1.0838
(0.0157)  (0.0084)  (0.0071)  (0.0041)  (0.0039)  (0.0918)  (0.0267)
VX 0.9692 0.0139 0.0232 -0.0016 -0.0069 3.4551 -0.8353
(0.0080)  (0.0043)  (0.0038)  (0.0024)  (0.0024)  (0.1676)  (0.0244)
asco 0.9394 0.0547 0.0444 0.0003 -0.0138 2.7603 -1.1515
(0.0137)  (0.0086)  (0.0062)  (0.0037)  (0.0039)  (0.1023)  (0.0283)
KO 0.8793 0.0422 0.0404 -0.0074 -0.0141 3.1641 -0.9414
(0.0330)  (0.0077)  (0.0079)  (0.0045)  (0.0047)  (0.1354)  (0.0205)
DD 0.8112 0.0585 0.0546 -0.0072 0.0021 3.0657 -0.9734
(0.0406)  (0.0098)  (0.0083)  (0.0055)  (0.0055)  (0.1278)  (0.0199)
XOM 0.9375 0.0329 0.0330 -0.0023 0.0007 4.0204 -0.8168
(0.0158)  (0.0065)  (0.0051)  (0.0034)  (0.0034)  (0.2057)  (0.0228)
GE 0.9930 0.0345 0.0393 -0.0055 -0.0079 3.4604 -1.0347
(0.0009)  (0.0046)  (0.0032)  (0.0023)  (0.0022)  (0.1365)  (0.0408)
HD 0.9001 0.0420 0.0540 -0.0070 -0.0183 2.7342 -1.0060
(0.0231)  (0.0080)  (0.0080)  (0.0044)  (0.0045)  (0.1052)  (0.0225)
IBM 0.8994 0.0474 0.0490 -0.0028 -0.0150 2.3921 -1.1149
(0.0642)  (0.0089)  (0.0067)  (0.0037)  (0.0038)  (0.0844)  (0.0833)
INTC 0.8185 0.0799 0.0611 0.0005 -0.0028 2.2863 -1.1842
(0.0341)  (0.0112)  (0.0089)  (0.0061)  (0.0055)  (0.0772)  (0.0219)
INJ 0.9383 0.0284 0.0334 -0.0031 -0.0172 3.3619 -0.8759
(0.0158)  (0.0072)  (0.0066)  (0.0034)  (0.0035)  (0.1521)  (0.0226)
JPM 0.9683 0.0387 0.0391 -0.0103 -0.0093 3.3407 -0.9096
(0.0063)  (0.0059)  (0.0048)  (0.0029)  (0.0028)  (0.1506)  (0.0350)
MCD 0.8857 0.0353 0.0441 -0.0046 -0.0117 2.9313 -0.9419
(0.0349)  (0.0093)  (0.0088)  (0.0043)  (0.0043)  (0.1162)  (0.0201)
MRK 0.9148 0.0484 0.0430 -0.0056 -0.0100 2.7916 -1.0097
(0.0205)  (0.0094)  (0.0081)  (0.0042)  (0.0042)  (0.1113)  (0.0240)
MSFT 0.8783 0.0725 0.0494 0.0040 -0.0022 2.4788 -1.1938
(0.0251)  (0.0100)  (0.0075)  (0.0049)  (0.0047)  (0.0850)  (0.0233)
NKE 0.8054 0.0584 0.0628 -0.0084 -0.0159 2.2388 -1.1941
(0.0842)  (0.0122)  (0.0128)  (0.0046)  (0.0062)  (0.0766)  (0.0240)
PFE 0.9505 0.0434 0.0375 -0.0001 0.0008 2.9088 -0.9905
(0.0113)  (0.0068)  (0.0053)  (0.0036)  (0.0034)  (0.1175)  (0.0285)
PG 0.7464 0.0492 0.0486 -0.0188 -0.0070 3.1622 -0.9233
(0.0823)  (0.0066)  (0.0060)  (0.0037)  (0.0032)  (0.1351)  (0.0259)
TRV 0.9478 0.0548 0.0408 -0.0060 -0.0065 2.7246 -0.9799
(0.0105)  (0.0072)  (0.0060)  (0.0036)  (0.0037)  (0.1042)  (0.0300)
UNH 0.8028 0.0429 0.0800 0.0013 -0.0132 3.4955 -0.5698
(0.0158)  (0.0480)  (0.0489)  (0.0079)  (0.0067)  (0.1653)  (0.0722)
UTX 0.9419 0.0323 0.0361 -0.0080 -0.0104 2.9737 -0.9300
(0.0131)  (0.0058)  (0.0058)  (0.0033)  (0.0035)  (0.1238)  (0.0246)
VZ 0.9333 0.0429 0.0364 -0.0104 -0.0027  3.1833 -0.8965
(0.0133)  (0.0071)  (0.0055)  (0.0035)  (0.0035)  (0.1345)  (0.0244)
WMT 0.9604 0.0249 0.0294 -0.0005 -0.0061 2.9159 -0.9766
(0.0127)  (0.0054)  (0.0055)  (0.0028)  (0.0029)  (0.1159)  (0.0254)
DIS 0.8282 0.0800 0.0708 0.0010 0.0010 2.8703 -1.0500
(0.0322)  (0.0108)  (0.0094)  (0.0056)  (0.0056)  (0.1147)  (0.0223)
Average  0.8926 0.0481 0.0476 -0.0036 -0.0083 2.9395 -0.9931

This table gives the estimates of the variance equations in the multivariate coupled component model,

and their asymptotic standard errors in parenthesis. The last row shows the average estimated values.

Table 7: Estimates of variance equations in the multivariate coupled component model(cont.)
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The conditional second order moments conditioning on different information sets are

Up

exp(2A + 207 (/1))
Up — 2
UN

]

)=

var [rP|Fi1] = 62 . 2 exp(2\) + 20" (t/T)) +
)

exp(2A) + 20N (¢/T))

- li 5 exp(20” (t/T))E [eXp(2)\?)]]—},1}

=5

exp(2AY + 20N (¢/T))
UN — 2
—0, /725 exp(AY + oM (t/T))
corr (rtD, riv|]-}_1) =

Vg exp(2AY + ZJN(t/T)) + 5225 exp(202(t/T))E [exp(2AP )| Foi]

UN(l — 5)2

var (r£+7“iv|~7:t—1) = o —

exp(2AY + 20N (t/T)) +

v
D exp(20”(1/T)E [exp(2AP)|Fi 1]
For the unconditional second order moments, we first write the dynamic function of )\{ as
=1, =1
=B twp(l—B0) Y B Y B mPtop Y By MY
- tfl
+7p Zk lﬂk_l (miy + 1)Slgn(€?k +PTDZ B (mp e + Dsign(ef )
-y t—1
)‘iv—ﬂfvl)‘N‘FwN(l_ﬁNZ +’YNZ L M- kﬁ +pNZ 5 mtk
+ P Zk:l By H(mf, + Dsign(e,) +vx Zk:l N (misy + Dsign(e”))
When A starts from infinite past,
)‘D:wD+7DZ 6 mtk+PDZk 16 tk+1 (15)
+ D Zk 15 (m{y + Dsign(e ) + pp Zk 15 Hmp o + Dsign(ef 1)
A :WN‘{"YNZ,C my B +PNZk 15 myy

+ Py Zk:l Ayt (mi ), + V)sign(er”, +’7NZ By H(mi g, + D)sign(ef’ ).

The unconditional second order moments var (u? ) and var (uiv ) are

var (ug) = U—iQE exp(2X)) E exp (207 (¢/T))
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with with

= 1eXp (QwN 2 O + pN))

4 1—fn
{HZOZO 1Fh (%, UN2——|-1, 2(Yyv +N) (UN + 1) 6]’%) + H:;O 1By (%, UN%, 2(vyw —YN) (UN + 1) ﬁ]’ﬁ])}
{HZOO 1F1 (%, UDTle, 2 (pn + piy) (0P + 1),35%) + H:O:O v (%, UDT_I_l, 2 (pn — piy) (VP + 1)65‘{,)}
Eexp (2)\?)
v (0 20252)
[H:;O 1Fy (% UDTJFI 2 (yp +7p) (v° +1) ﬁﬁ) +I1 A (% L;l 2(vp —7p) (v7 +1) ﬁ’g)}
T1 00 (35 204 ) (40 85 ) + TT o (55 2000 = ) (0 + 1) 35 ).

8.2 Appendix 2: proof of asymptotics
8.2.1 Proof of Lemma 1

Denote H(s) = exp(c?(s)). We drop the subscribe j here and have

ul _ HOT)
E|€t|_H(t/T>+ E’€t| (’ t’ E|t‘)
— H/T) + &

where E& = 0. Suppose we know E |e;| . This gives a non-parametric regression function, so we can

invoke Nadaraya-Waston estimator

sy zflT Kils = t/T) e
Sy Kn(s —t/T)

From Lemma 2, {e;} is a 8 mixing process with exponential decay, and & thereby is also a (3

mixing process with exponential decay. Invoking Theorem 3 in Vogt and Linton (2014), Theorem
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4.1 in Vogt et al. (2012) or Kristensen (2009) yields

i * 10 T
sup ‘H(s) - Ho(s)‘ =0, ( T%h + h2> :
s€[C1h,1—C1h]

Denote 6(s)” = log(H(s)"). Taylor expansion at Hy(s) gives

5(s)" = o(s) + (H(s)" — H(s)) log H(s) + % (i) - H(s)>2 log” H(s)",

with H(s)"™ between H(s)™ and Hy(s). Therefore,

JOP [log T
sup 5(s)" — oo(s)| = 0O, <h2 + %) .
SE[Clh,l—Clh]

For s € [0,h] U[1 — h, 1], we use a boundary kernel to ensure the bias property holds through [0, 1].

Until now we have obtained the property for the un-rescaled estimator &(s) . Next, we are going

to show the convergence rate of the rescaled estimator o (s). Recall that

.t
Z U(T)v

t=1

N[ =

a(s)=a(s) —

and we can rewrite o(s) as

5s) = (s — 5 D ()

t=1
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as Eey| in 3(s)" vanished by the rescaling. Plugging this into supyc(c,p.1-c,n [0(5) — 00(s)| gives

sup |o(s) — oo(s)]

s€[0,1]

1<~ t
= sup |o(s) — = (=) — oo(s
L GO DICOUREIE

= sup |o(s) —%25(%)* —op(s) — % Uo(t)ﬂL%ZUO(%)

s€[0,1] 1 =1 T t=1
< sup (76— aofe)] + %Xij (35 = out) )| + %gm%)
=0, (h? + 1‘;%5) +0, <h2 + @) + %gao(%)
~0, <h2 + k;%hT) + %g%(%)

. According to Theorem 1.3 in Tasaki

We only have to work out the second term ‘% Zthl oo(%)
(2009).

T 7 ( / 70(s)ds — o Zl‘”(%) - ;m%)) = 5 (ob(1) ~ 04(0)

1 T " 1 ! t -2
ﬁgadfwﬁg o(z)| = O(T?)
and
A I A = S AASIE I < Y
?;ao(f) < ﬁtzloo(f)—i-ﬁZOo(f) + ﬁ;ao(f)_2T ZUO(T)
=O(T™?) + % lo0(1) — 00(0)]
=0(T™h).
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Therefore, the uniform convergence rate is

sup |a(s) — oo(s)| = O, <h2 " logT> +O(T*1)

s€[0,1]

8.2.2 Proof of Theorem 1

Let ¢; = Bp and 6 be an element in function o”(-) (for simplicity, the subscript k is omitted in
what follows). Recall that h] = A + ¢7(t/T), and the log-likelihood function, without unnecessary

constant, can be rewritten as a function of h}

; v+ 1 (u])? v+ 1 1 v,
V=-h-2 " h(1l+——2 |+l ({L—)=Zlnv,—InT (2
t ¢ 2 ( v; exp(th) 2 2 J (2)

with the score functions

o, o onP  aIN OhP  ,ohP L ohP
96 onP 06 onP os " as M og
O _ 0P 0N pORD < ORP
(?BD 8ht 861) aﬁD aﬁD

Recall that m! = (v; + 1)1){ — 1,with b independent and identically beta distributed, we have

N2 .. . . i\ 2 .
E(mmP) =0, E(m])” is time invariant, and E (m])” < oo. Therefore, we can write

T T
hm—g E%aﬁD_YlgloloTE(mt) ;1

T
+ i 7B () 2 P g,

To prove the theorem, it then suffices to show that

1L [ b N

= p) dh oh

T Z B ol <agtD 65; )
t=1

0
00

lim
T—o0

e}
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. . . J
By expressing A as a function of ¢ and { (07(=2), 4! ) ,i >0}, we can write 2% as
y g Ay 2 T t—1 o0

onP T
30 :E: doD (L) 99
ohyY anN 9ol (1ZE)
k=0
T

o0

t=1 96
1 o t
_ - 9o P (“77) onP onM\ D (LT
e SE | T | (3 ) e ()
k=0 t=1 o D(t— )
1 < ghf 5 d t—k
_ o+ oD (=2 onP  onl D —
_TZE ahé\? <a,3D 85D>Z¢Z ( T )
k=0 \ 90D (E) t=1
ohP
i(t—k
The second equality follows since 80;27) (ggi ggg) is invariant across time ¢ by Lemma 4.
00 (177)

Taylor expansion of >, P (%) around ST WP (LE) gives
1 p(t—k\ 1 L[t 1k o [t Y\’
T;djﬁ ( T >_T;wi (T) TT;% 7) TO\T

ERIORIO)

ohP
t—k
Hence, it suffices to show S°,_, ||k | E 80;,5? <ggtz gﬁ%) < 00, which is obtained by
t
9o () %

Lemma 3.

The proof with respect to vp is similar, but the score function is slightly different. The score



functions of [P and ¥ with respect to vp are

o 1 (ul)? s, vp + 1 up 1
S (1 InT —r (¥2)) - —
dvp 2 ( * vp exp(2hP) o " 2 " ( 2 ) 20p

D
1 P)? OhP\ ~ onp
Up + . Q(Ut) - <1+2D t) t (16)
2 ( _ (P)? ) ) vf exp(2hy) Jup Ovp
Vp exp
N 1 N\2 N N
8[ uN + i (uy') _ <1+2vNaht ) oh; |
2 < _ ) ) v exp(2hiY) dvp dup
v exp(2h;
Then we can have
1 oLp P
lim — E—
oo T Z 90 dup
t=1
T
1 onP TonP 1 (ul)?
= lim = Y EmP— t In(14+—4t——
T%T; Y [(%D 2 n( +UD€Xp(2htD)>}
T vp+1 1 v
1 onP oI (5 — Hnvp — T (%)
+ i D Bmd dup
T
1 onP vp +1 (uP)? onP
1' = E D t t 1 2 t
+T1—I>EOTZ ST 2<1+ (uP)? >v%exp(2hf’)( * UD(%D)
vp exp(2hP)
.1 (eP)? vp+1 (eP)? OhP
= lim —E (mP(—-In|(1 : : —
o300 2 (mt ( n( i Up +20D+(€?)2 Up thl 06
+1) Ohy ohP
tim £ (m? (142
o (mt ( * 2up + (e Z dup 00
The first term vanishes by lemma 5. Then we can use the same procedure above to obtain

D D
limy oo % ZL E';Z—Zagé = 0, and to finish the proof for vp.

8.2.3 Proof of Theorem 2

Harvey (2013) gives the consistency and asymptotic normality of the MLE estimator in the beta-t-
egarch model. The key point is the first three derivatives of [, with respect to ¢ (except v;) are linear
combinations of b(1 — b,)*, h, k = 0,1,2,..., with b, = % Since b, is beta distributed,
these first three derivatives are all bounded. It is then straightforward to show that the score function

satisfies a CLT, and its derivative converges to the information matrix by the ergodic theorem.
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In the information matrix, we only provide the result for F37- 8” 6%“ , and without leverage effects

(V5N Py Piv = 0) . The generalization to other elements or to the case with leverage effects is

straightforward. We have

aly 0l o2 OhP OnP a2 OhY OrN
=F +F ,

95008y ~ 2 ") Eogpomy T E M) Eos. 5y

) hP i-1 D _
(8% ) Zf“( R (17)
0B8p i=1 k 0

=1
2] hD 00 Jj—1 0
98N A, B 1Ak . (18)
(6/8N t ) Z k=1 )\1{/\11 —WN

We can write A\ ; —wp and A ; —

with

i j—i i . .
)‘gi —Wp =D Zk:l i mt k—i T PD Z mt kil T ﬁj ()\D wD) , when ¢ < j
= - - i—j . .
)‘ﬁj —WN =N Zk:l my BN+ o Zk:l BEtmP, + By ()\iv_l — WN) , when ¢ > j.

When i < j, taking the expectation of the cross product of the ith term in (17) and the jth term in
(18) gives

i—1 j—1 T
AP —
vecE A, HBt,kAt,k ( t_zo wD) (O )\ﬁj — wN) <At HBtkAtk)

k=1 k=1

. /\tD—z — Wp N e
E(A®A) g *vec | E 0 (O Ay — wN) Ay H By p Ak )

k=i

with g = (E (Bi—1 ® Bi—1) (A44-1 ® A¢—1)) , and

D i-1
P> (/\t—i ; WD) (O )\i\ij _ WN) (At H Bt—kAt—k>

:E <7D ?ﬂ;ll glmt k— 7,+pDZ i lm;ka’-i-l Z+BJ Z()\D wD))

j—1
X (0 )\i\i] —wN> (AtHBt—kAt—k>
k=i
i Jj—1
=F < JD ()\DO CUD)) (O )\i\ij —CL)N) <AtHBtkAtk> .

k=i
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The second equality follows since A is independent of {(Ai_, Bi_s,m ,my ), s <j}, and
E\Y

t—; — wn) = 0. Therefore,

i—1 AL —wp j—1 T

VeCEAt H Bt—kAt—k ( b= 0 ) (0 )\i\i] — CUN) <At H Bt—kAt—k‘>
k=1 k=1

0 B, —wp) (A, - WN)D

= E(A®A) g B85 (EABy) @ 1) vec < X .

Similarly, when ¢ > j,

i—1 \D w Jj—1 T
—i WD
VeCEAt H Bt—kAt—k < ¢ 0 ) (0 Ai\i] — CUN> (At H Bt—kAt—k>

k=1 k=1
j i—3j i—j 0 EmN.m.
= (4 ®A) g7 Bx' " wpn (1@ (BB A)) ™ vee | 0 ]
j i—j - 0 E(\Y. — AP
+ E (At ® At) gjilﬁN’LiJ ([ &® (EBtAt))l_J vec 0 ( t—1 ng ( t—1 (-“-)D)] :

as for any t, AP, is independent of {(At,s, Bt,s,mf’_s) , s < 2} and {mi\isﬂ, s < z} Finally, we

obtain

o _pp\ [_o_pp\T

dpp "t BNt
veck (ihl\f) (LN}LN>

98p"t ) \opy 't

=> D E(A®A) g '8y (EAB) @ I)' ™" vec (

i=1 j=i

oo i—1
+ Z Z E(A @A) @ By ynpp (I @ EAB,) ™ vec (

i=1 j=1 0 0
oo 1—1
. . i 0 FE /\NZ_W >\D_Z-—w
+;;E(At®At)gﬂ—1ﬁN@—y (I ® EAB,) Jvec( ; (A NO( : D)D
D __ N _
—E(A4®A)I -9 (I-8p(EAB,) ®I)) " vec 8 E (N ng (Al WN)]
- - 0 EmN¥mN
+VZPDE(At®At)(I_g) (I =By (I @ EAB,)) ™ — 1) vec 0 mBmt]
N

+EA®A)I—9) ' (I -Bv(I®EAB,)) " — 1) vec 0
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2y D N _ Bpynpp 2v Ypp 2v
with Emt mt = +3’ and F ()\ — wD) (/\ — wN) = 15,&,35 UN'I;‘]?) + 1_2}\}%}3 va:S'

The consmtency and asymptotic normality also hold for v following Harvey (2013).

8.2.4 Proof of Theorem 3

Consider the local likelihood function given 77{ and vj, i.e., minimize the objective function

L, (1 L exp;j—aw)?)]

with respect to w, for j = D, N separately. The first order and second order derivatives are

T
Li(o7:s —?Z n(s—t/T) |o

OLy(o’ss) _ 1 > Kuls = /T) [~ (v + Dbi(o7) +1]

do’ T —
PEHEED) oy + )7 3 Kals —1/7) (o) (1 = ()] (19)
| (n})?
bi(o?) = =

We have -
1 Ly (0p;9)
Th 0o i?

1 0Ly (a3 5)
, 1
\/Th 80'3 + Op( )7

when the t distribution is correct (likelihood theory). This is asymptotically normal with mean zero

VTh (a?(s) - ag(s)) -

and variance o
T e | = WEIBE (= G+ DR @)

var

This follows because

B (1= (v + DE(0h())°] = £(¢/T)
for some smooth function f, and recall 7/ = exp(o?(t/T))e]. Denote ||K|} = [ K(s)?ds, since
S KA s [ K (s)2ds, h2 Y01, K2 (s — t/T) 2 = ||K|[3. It follows that

R~ L, )
ST KR s — t/T)(/T) = KIS (9),

t=1
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Therefore,
|IK[3
E [(1 — (v; + 1)b{)2}

VTh (Jj(s) - ag<s)) — N o,
t/T=s

Further, since b/ is distributed as beta(s, ), with

E [(1 — (v; + 1)%)2} sT=s (U].Qij 3)

It thus follows that

2v

J

VTh (Ea(s - o—g(s)) — N (0, MHKH%) .

when the t distribution is correct (likelihood theory). This is asymptotically normal with mean zero

and variance

8.2.5 Other Lemmas

Lemma 2 If |fp| < 1 and |Bn| < 1, €] and X are B-mizing with exponential decay.
Proof. For simplicity, we consider the model without leverage effects

A = wp(l = Bp) + BoALy +vomi + ppmy
A= wn (1= Br) + By vty + pymy .

Let us write it as

AP Bp 0 o O AP ppmY +wp(1 — Bp)
Ml 10 By pv By AN wn (1 — By)
D - D + D
mi 0 0 0 0]|]|mP, m!
my’ 0 0 0 0 mi¥, m

Since m}¥ and m! are i.i.d random variables and follow a beta distribution, we can easily find
pom;’ +wp(1 = fp)

wn(1 = Bn)

D
my

N
my

an integer s > 1 to satisfy E < oo (Condition Ay in Carrasco and Chen

o4



Bp 0 ~p O

(2002)). The largest eigenvalue of the matrix 5(;\7 p(J]v Pw is smaller than 1 by assumption.
0O 0 0 0

Define X; = ()\f MV mP mf)T. According to Proposition 2 in Carrasco and Chen (2002), the
process X; is Markov geometrically ergodic and E'|X;|° < oo. Moreover, if X, is initialized from
the invariant distribution, it is then strictly stationary and g-mixing with exponential decay. The
process {e{} is a generalized hidden Markov model and S-mixing with a decay rate at least as fast
as that of {\} by Proposition 4 in Carrasco and Chen (2002). The extension to the model with

v
leverage effects is straightforward, by defining X, = ()\f’ AV mP m)Y sign(ef) sign (el )) . m

Lemma 3 Under Assumption A1-A4, it holds that

ohP
9P (t—k/T) o 1.D 9 LN
k Oo P (t—k/T) 00
Proof. By (22) and (23), we have
DahtD+1 aPD
BP0 | (GohPy pohiy) = EAu e (WP —wp 0) ALk =1
90D (t+k/T) t
ahtl-)‘-l 1
oD
BT | (kb ghshia) = B (0) (W —wn o) Alu =0k =0

90D (t4+k/T)
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When k£ > 1, it holds

ohP

Oa P (t—k/T) 9 1D o N

vec ( (9hiv ) (%ht %ht )
9P (t—k/T)

k—1
= VeCAt (H BtiAti> Atfk </\£1 — Wp 0) A?
=1
k—1

+ vecA, (H Bt—iAt—i> Aig <A£2 —Wwp 0) Al B AT

i=1

HBtiAtz’) Ni_g <)\f)_k+1 Wp 0> Al k+QBtT 420 Al BEAT

= z_: (A ® Ay) (J_ (Bi—; ® Bi—;) (A= ® At—i)) vec ((1:[ Bt—iAt—i) Ay (AtD_j —Wwp 0)) .

=7

Since (B;—1 ® By_1) (A—1 ® Ay_q) and ByA; are i.i.d, and EB;A; = EB,EA;, we obtain

OnP
Evec (6‘7]3(%2{\71@/@) (%%h? F=hy ) (20)
00D (t—k/T)
k— . k—1
Z At ® At (Bt—i ® Bt—i) (At—i ® At—i)ﬁl Evec ((H Bt—iAt—i) A¢ i <)\tD_j — Wp 0)) .
j=1 i=j

By (15), we can express A’ as a function of {(m{,;,,m{, ,),i > 1}. Note that By, A;,and A, are
independent of {(m?,mY) s # t} . Therefore, we have

E ( (ﬁ BtiA“) Aw (A2 — a@))

=vpFE (H B, ;A z> Avi, Z . mt i T (mtqz + 1) Sign(eﬁi))

k-1
+ppE (H B A_ z) Ay, Z in b (m i+ (mi oy + Dsign(e ),

=7
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with the first term

(H B A z) Avi, Z it mt it (mtD—i + 1) sign(ef)_i))

k—1
< (3 B B (B (mf + (mf + Dsien(e)) A) |, IEBEANL ™ | EA,

- i=j+1
+ 05 [ B (mf )+ (m 4+ Dsign(el ) || IEBEAL

o0

)
< fD |E (B; (m + (mP + Dsign(el)) Ar)|| 1Al |EBE AL
+5D 7 HEAt k(mt .+ (mP, + Dsign(e? )|| ]EBtEAtHI;_]

and the second term

(H By A z) Aey, Z mt i1+ (Mg + Dsign(el i1)

[e.o]

<7 fDﬁD |E (B: (m + (m) + )sign(e])) A¢) || 1EAl o IEBEA|S 7.

According to the definition of ||| _,

k—1 k—1
Evec ((H Bt—iAt—i) At—k <)‘tD—] — Wp O)) S E ((H Bt—iAt—i> At—k: (/\tD_j — Wp 0))
Therefore,
k—1 ‘
Evec ((H Btz’Ati> Atfk (}\72] — Wp 0)) <cpr HEBtEAtHk—j—l (21)
i=j -
with
s :
or =1 > !’VD! |E (B, (m¢ + (mtD + Dsign(e;”)) Ao) || I1EA
s
+ - & |pD| |E (B (m)" + (m]’ + 1)sign(e,’)) A;) H ||EAtHOO.
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Substituting (21) into (20) gives

8htD
0o (t—k/T &) o

90D (t—k/T)

e o]

N

-1
<Y NE(A®@ Al 1E (Bioi ® Bey) (Arei @ A )| er |EBEA|57™

1

<.
Il

k—1
<er|[E(A @ Al Y IE (B @ Bioi) (A ® A [0 (IEBEA7™
j=1
|EB,EA,|%°
<ecr||E (A ® Al [E(B:_i®B; 1) (Ar_i®Ar_ )]l
o IEBLEA|

provided that ||EB,EA;||, < 1and ||E (B;_141-1 ® Bi_1Ai1)]|, < |[EB.EA;||, It is then straight-
forward to show

OhP
O'D
S (TR (ot )| <
30D (—%/T) 0
and thereby
8hD
t ~F/T) o 1D _9 pN
Zk ( ) <a/3Dh aﬁnht> < 0.
9o (t T o0

Lemma 4 The score functions of hl with respect to fp,vp and o?(t/T) are

o) hD )\D_ — wp 2] hD
<6gD By =A (" 10 + A By agD 0_pN (22)
98D 8/BD

0o 7j—1 D
Sl (%)

7j=1 =1
dhP OhP |
oD (t—k 90D (t—k
( S T>> = AByy | 2 g (23)
oD (t—k/T) 8o D (t—k/T)

k—1
= A <H BtiAti> A gk >1

=1
gh 1 D@h? CZDD
Baaét/T) 7 and 0o E();E\rl/T) _ At 5\7[1) :
3D (L/T) 0 95D (t—1/T) Q1

58



ND
ay

onP onp

a D+ _L/T) S D+ _L/T) D N

<8aDg;l—Nk/T)> and (%Dgﬁk/ﬂ) (g’ﬁ‘; ggg ) are strictly stationary.

t t
80P (t—k/T) 0o P (t—k/T)

DD
ay
with Ay = ( > Af the top-Lyapunov exponent of the sequence of Ay B;_1 is strictly negative, (

Proof. Since h] = A + 07(t/T), we can write h] in a recursive formula as

—1
) +wn(1 = Bp) + Bph’y +vpm

P = oP(4/T) = (!
+ppmg +p(mly + Dsign(uy) + pp(my’ + Dsign(u;’)
Y = oN(t/T) — BNUN(%) +wn (1= By) + Brhily +vmi
+pvmily + pi(miy + D)sign(ug 1) + i (mply + Dsign(uy’ ).
and m? and m;’ can be expressed as

b (L4 vp)(uP)? exp(—2hP)
= op + (uP ) exp(—2hP)
w (L4 o) ()2 exp(~202)
T o+ (] )2 exp(—20)

-1

, vp >0

—1, vy > 0.

Taking the first order derivative of equation (24) and (25) with respect to fp gives

ony -1 0

0 N
0 0 . .
+ 5 bme + 1>s1gn<u? D+ %pD(miV + 1)sign(ud)
0hN =f hN mY .+ mP
98 N 96 o1 T 85 aa N4 85 aa PNy 4
aﬁ PN(mt 1+ 1)81gn(utD 1)+ %’Yﬁ/(mﬁl + l)sign(ui\il)

and the derivatives of m , and ml¥, are

0 b om0,
d8p ' OnP, app !
9 N omiL, 9
— — —h

9Bp T ORY, 0By

5,
—2(vp +1)b7, (1 =02)) T —hP,
0
0Bp

N
htl

—2(on+1)8, (1 -0 )
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Substituting them back into (26) and (27) gives

OhD
9B
OhN
96

d 1D D d 1D

==—h AN —w ==—h

) t _ t—1 D ) t—1
(gDhN>_At< 0 >+AtBt—1<gDhN)'

9Bp "t 98p "t-1

D
Ai1 —Wp

0 0
= AP —wp+ (5D—|—a£Dl) —hP | +aPN =Y

96 96

0 0
=0+ (By + ) 8—¢hiv_1 +a,{i€a_¢h£1

with the matrix form

Note that A;B; 1 and A are strictly stationary and ergodic, by Theorem 4.27 in

Douc et al. (2014), when the top-Lyapunov exponent of the sequence of A;B,;_; is strictly negative,

_9_pD
(agD jv) converges and is strictly stationary.
ap |

Likewise, taking the first order derivative of hj with respect to o (£) yields

Ohy = (5D + aDD) Oz, al’™ Ohi’ E>1
JoP((t —k)/T) = 90D ((t — k) /T) b 9oP((t—k)/T)
ohP onP
=1 e = P+
daP(t/T) doP((t—1)/T)
ohy’ NN oh¥, ND oh{,
= E>1
Dot — k) /T) ~ N ) G — iy 1) T D (= k) T
OaP(t/T) " OoP((t—1)/T) =1
onP
and (23) follows. Similarly, (‘9"]3%’;—%\,"”)/ T)> is strictly stationary across time t¢.
90D ((t—k)/T)
Finally, we can write
ohP Ohy
OUD%Z\’M/T) 80Dé(if§\’i]?/T) /\31 —wp
ooD(t=K)T) | _ AiBiy 0 90D ((t=k)/T) | L Ay 0
ohp 0 ABi_4 O,
i :
0Bp 9B
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OhP

9o D ((t—k)/T)
onY¥ onpP 5 N
Both a"D(E()%}’“)/ | and <8UD(§2NR)/ T>> g% g%) are strictly stationary, since the top-Lyapunov
t t
9Bp 9o P ((t—k)/T)
Oh!
9Bp

ABi 4 0

, same as that of A;B;_q, is strictly negative by as-
0 AiBy

exponent of the sequence (

sumption. =

Lemma 5 When Assumption A1-A4 holds, we have %Zle EE%D =0.

Proof. Similar to the proof of Theorem 1, we only need to show Zthl k <

o0

ohP
0N ((t—k)/T
E( o) >>
N (t—k)T)
OhP
oo . Note that F <8°N(§)§L£Vk)/T)) = FAB 1A 1By 0. Ay kro B k1 AvppaiNi— = A(BA)k_lA;

o N ((t—k)/T)
ohP
OoN ((t—k)/T
E( (c’(?h{\’ )/ ))
AN ((t—k)/T)

8.3 Appendix 3: Derivatives in the multivariate model

when k& > 1. Obviously, Zthl k <00. W

o

We now give the first and second order derivatives of the global log-likelihood function in the mul-
tivariate model, given A\, and v. Without subscripts 7, the log-likelihood function, ignoring some

unnecessary parts, is

= log 6] - i (vi ;— L (1 | (ddiag (exp(=A,)) @Ut)2>> '

U.
i=1 v
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Then

n

. Tdi — —\;
dl; = dlog|6] Z (v; + 1) (] diag (exp(—X;)) Ouy) exg)( )\Zt)trutLZTd@
+ (] diag (exp(—At)) Ouy)

=1

— tr (67'dO) — tr (Z (vi + 1) exp(—=2Air) 1] Ouy Td@)

— v +exp(—2Xir) (¢ T@ut)2 Uths

(@—1 o Z (Uz + 1) eXp( 2>\zt)L,L Gutu LT> d@

—/ vi +exp(—2Ay) (L}@ut)Q i

a7

' - i+ 1) exp(—2))u]
= |vec O — Z Liu] (vi + 1) exp(=2A )1 @u; dvec©
L i=1 vi + exp(—2Ait) (¢] Ouy)

T

| - 1 —on) ]
= |vec [O7 — Z Liu] (v 1 1) exp(=2h ) @u; D, dvech®, (28)
L =1 v; + exp(—2Ai) (¢] Ouy) |

where D,, is the duplication matrix so that vec© = D,vech®. Therefore, the first order derivative of

the global log-likelihood function is

OL7(0;\ SN i+ 1) exp(—2\;)e]
—T( ! t78) = ——DTVQCZ Lzz (Kh S — t/T (U * )exp( t)LZ ®u2t>
Ovech© — — v; + exp(—2Xy) (1] Ouy)

+ Dlvec (671). (29)
To compute the Hessian matrix, we evaluate the differential of the Jacobian matrix in (28)

i+ 1 —\: )T
dvecDI (©7! — Z Ll (v + 1) exp(—2Xi)¢; @u; D,
= Vit (exp(—2Ai)i Ouy)

= DldvecO™* DTvecZ ( vit 1) eXp(_QAit)LI@ut) Ly
'\ v+ exp(—2Ay) (JJOu,)*

n_ (5 — exp(~2Xu) (70u,)?) (v + 1) exp(~2))

= DldvecO' — DI Z 5

i=1 (vi + exp(—2\it) (LIG)ut)2>

=Dl (67'®©0!) D,dvech®

" (vi — exp(—2)\) (Lg@utf) (v + 1) exp(—2\i)

— DI Z .
=1 (Ui + exp(—2A\ir) (%T@Ut)Q)

vec (0] dOuuf)

(ugul) @ (150]) Dypdvech®.
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The Hessian matrix of the global log-likelihood function is thus

azLT(Gu At7 S)
Ovech©0d (vech®)'

n (1 Ku(s—t)T) (vi — exp(—2)ar) (Lg@utf) (v + 1)

= —DI Z

2
i=1 \ =1 T (UZ' + exp(—2\;) (LZ-T@Ut)2> exp(2Xit)
-DI(©6'®w0™ "D,
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