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The COVID-19 pandemic has seriously affected world economies. In this regard, it is expected that infor-
mation level and sharing between equity, digital currency, and energy markets has been altered due to
the pandemic outbreak. Specifically, the resulting twisted risk among markets is presumed to rise during
the abnormal state of world economy. The purpose of the current study is twofold. First, by using Renyi
entropy, we analyze the multiscale entropy function in the return time series of Bitcoin, S&P500, WTI,
Brent, Gas, Gold, Silver, and investor fear index represented by VIX. Second, by estimating mutual infor-
mation, we analyze the information sharing between these markets. The analyses are conducted before
and during the COVID-19 pandemic. The empirical results from Renyi entropy indicate that for all market
indices, randomness and disorder are more concentrated in less probable events. The empirical results
from mutual information showed that the information sharing network between markets has changed
during the COVID-19 pandemic. From a managerial perspective, we conclude that during the pandemic
(i) portfolios composed of Bitcoin and Silver, Bitcoin and WTI, Bitcoin and Gold, Bitcoin and Brent, or
Bitcoin and S&P500 could be risky, (ii) diversification opportunities exist by investing in portfolios com-
posed of Gas and Silver, Gold and Silver, Gold and Gas, Brent and Silver, Brent and Gold, or Bitcoin and
Gas, and that (iii) the VIX exhibited the lowest level of information disorder at all scales before and dur-
ing the pandemic. Thus, it seems that the pandemic has not influenced the expectations of investors. Our
results provide an insight of the response of stocks, cryptocurrencies, energy, precious metal markets, to
expectations of investors in the aftermath of the COVID-19 pandemic in terms of information ordering
and sharing.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

increases in global markets due to the pandemic turmoil [4], exis-
tence of fractal contagion effect on the stock markets [5], evidence

There is no doubt that the COVID-19 pandemic has significantly
and negatively affected economies worldwide. In this regard, while
the pandemic outbreak is not over yet, a few studies has been
published to investigate its effect on international markets. For in-
stance, it was found that stock markets rapidly react to COVID-
19 pandemic and this reaction differs over time depending on the
stage of outbreak [1], COVID-19 outbreak has a bigger impact on
the US geopolitical risk and economic uncertainty than on the US
stock market [2], daily growth in total confirmed cases and in total
cases of death caused by COVID-19 significantly and negatively af-
fect stock returns of Chinese companies [3], volatility substantially
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of large effect on the cross-correlation of multifractal property be-
tween crude oil and agricultural future markets [G], and that cryp-
tocurrencies exhibit larger instability and irregularity compared to
stock market during the pandemic [7].

This paper aims to investigate the multiscale information order,
in one hand, and the information sharing, on the other hand, in
stocks, cryptocurrency, energy, and precious metal markets before
and during the COVID-19 pandemic. For this purpose, we examine
the behaviour of Renyi entropy [8] and mutual information [9] in
Bitcoin, S&P500, WTI, Brent, Gas, Gold, Silver, and VIX. Indeed, ana-
lyzing information disorder at different scales allows revealing the
level of information loss at rare and frequent events occurring in
the signal. Besides, scrutinizing mutual information helps finding
nonlinear dependencies between two different variables in terms
of information sharing. Indeed, mutual information is a symmetric
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metric used to gauge the mutual dependency between two signals
from the perspective of information theory.

In this work, we rely on the concept of entropy as it allows a
nonlinear analysis of the signal under study based on information
order and sharing in order to better understand the effect of the
COVID-19 on world major markets: equity (Bitcoin and S&P500),
energy (WTI, Brent, and Gas), and precious metals (Gold and Sil-
ver). In addition, we examine the Chicago Board Options Exchange
(CBOE) Volatility Index (VIX) used to gauge fear and expectations
of investors. Therefore, compared to the very few works on the
effect of the COVID-19 on world economies [1-7], the contribu-
tions of our study follow. First, we reveal the effect of the pan-
demic on the frequent events in a set composed of world major
markets. Second, we shed light on the effect of the pandemic on
information sharing between world major markets. Third, we an-
alyze the effect of the pandemic the market on investor’s expec-
tations, an important issue missing in existing studies. This would
help understanding how the pandemic shaped fear and expecta-
tions in investors worldwide. Fourth, the comparison analyses are
applied with and between market across time (before versus dur-
ing pandemic). Fifth, we rely on the concept of multiscale entropy
and mutual information since they have not been considered in in-
vestigating the response of economies to the pandemic, to the best
of our knowledge. Being the major topic in information theory, en-
tropy has been widely applied in plenty of fields in econophysics
[10-18], forecasting stock price forecasting [19], stock market earn-
ing [20], portfolio optimization [21], block chain evaluation [22],
and market clustering [23].

The rest of the study follows. Section 2 introduces Renyi en-
tropy and mutual information. Section 3 presents data and empir-
ical results. Finally, Section 4 concludes.

2. Methods

In information theory, the Rényi entropy [8] is a generalization
of Shannon entropy. Indeed, as a generalization of Shannon en-
tropy, the Rényi entropy exhibits an appealing property aimed to
estimate the signal complexity by incorporating an additional pa-
rameter used to capture rare and frequent events separately. For
instance, let X be a finite value of the random variable, and P be
a finite discrete probability distribution which is suppose P = {p;,
P2...., pn} and Y ; p; = 1. Then, the Rényi entropy (RE) of order g,
where ¢ > 0 and q # 0, is given by:

1
RE; = 17_(]108(2?:1 P?) (1)

where q is the order of the entropy. When q < 1, rare events
are privileged. In contrary, when q > 1, frequent events are priv-
ileged. Finally, when q — 1, Rq converges to the Shannon entropy.
In this regard, Rényi entropy is useful to quantify the diversity, un-
certainty or randomness of a given system [24]. In this study, the
Gaussian kernel function is adopted to estimate the probabilities in
Eq. (1) [25].

The mutual information (MI) between two random variables X
and Y is defined in bits as follows:

~ _PxY)
MIX.Y) =37 > P y>l°g<p(X)p(y)> -

where p(x) = Prob{X = x} and p(y) = Prob{Y = y} are respec-
tively the marginal probability density function (PDF) of X and Y.
The p(x,y) represents the joint PDF of X and Y. The higher is the
mutual information value, the stronger is the dependency between
the variables X and Y. If the mutual information value is zero, the
two variables are independent. In this work, the multivariate Gaus-
sian function density estimator is employed to approximate the
joint probabilities in Eq. (2) [9].

3. Data and results

We gathered daily closing prices of Bitcoin, S&P500, West Texas
Instrument (WTI), Brent, Gas, Gold, Silver, and Chicago Board Op-
tions Exchange (CBOE) Volatility Index (VIX) for the period from
1 August 2019 to 26 May 2020. Since the COVID-19 outbreak was
declared by the world health organization as pandemic on 30th
January 2020, the pre-pandemic period spans 1 August 2019 to 31
December 2019 and the pandemic period from 2 January 2020 to
26 May 2020. After removing missing data, the number of observa-
tions in the pre-pandemic period is 102 and the number of obser-
vations during the pandemic period is 96. The data was obtained
from Yahoo finance. All statistical analyses are applied to return
series, where the return is computed as the first logarithmic dif-
ferences of prices.

The plot of Renyi entropy (RE) as a function of scale q for Bit-
coin, S&P500, WTI, Brent, Gas, Gold, Silver, and VIX before and
during COVID-19 pandemic are shown in Figs. 1-8 respectively.
It is observed for all markets, except Gas, that at all scales, the
level of RE before the COVID-19 pandemic is higher than that dur-
ing the pandemic. These findings suggest that randomness in high
probability events has decreased during the COVID-19 pandemic
in Bitcoin, S&P500, WTI, Brent, Gold, Silver, and VIX. In contrary,
it has increased during COVID-19 pandemic in Gas market. In ad-
dition, the empirical results show that there is a strong increase
in RE at scales 2 and 3 followed by a decrease for all remaining
scales for all markets, except for Gas market. Hence, for Bitcoin,
S&P500, WTI, Brent, Gold, Silver, and VIX, randomness and disor-
der are more concentrated in less probability events. For Gas mar-
ket, the RE before COVID-19 pandemic is higher than that during
the pandemic at low scales (¢ = 2,3,4,5). On the contrary, RE be-
fore COVID-19 pandemic is lower than that during the pandemic
at high scales (q = 6 to 20). Thus, for Gas market, randomness
and disorder are more concentrated in less probability events, but
at longer spectrum (q = 2,3,4,5) compared to the other market
(q@ = 2,3). Finally, it is worth noticing that for the VIX, the level
of information disorder in frequent events has decreased during
the pandemic. This result suggest that the investors showed lower
level of fear and eventually higher level of future expectations re-
garding most frequent events.

The results from mutual information (MI) estimations prior to
and during the COVID-19 pandemic are provided in Tables 1 and
2 respectively. The changes in MI are shown in Table 3. Accord-
ing to Table 1, the noticeable large values of MI are between Gold
and Silver (0.6429), Brent and WTI (0.4568), and VIX and S&P500
(0.7534). Therefore, the mutual information transferred between
Gold and Silver, between Brent and WTI, and between VIX and
S&P500 is large prior to the COVID-19 pandemic compared to the
other pairs of markets. Instead, the noticeable low values of MI are
observed between Gas and WTI (0.0722), Bitcoin and Gas (0.0878),
and Bitcoin and WTI (0.0946). Therefore, the mutual information
transferred between Gas and WTI, Bitcoin and Gas, and Bitcoin and
WTI is low prior to the COVID-19 pandemic compared to the other
pairs of markets. Accordingly, the Bitcoin market shared low in-
formation with WTI and Gas markets prior to the COVID-19 pan-
demic. This finding suggests a potential diversification opportunity
between Bitcoin market and these two energy markets.

According to Table 2, the obvious large values of MI are shown
between Gold and Silver (0.6274), Brent and WTI (0.5891), and
VIX and S&P500 (0.6392). Therefore, the mutual information trans-
ferred between Gold and Silver, between Brent and WTI, and be-
tween VIX and S&P500 is large prior to the COVID-19 pandemic
compared to the other pairs of markets during the same period.
As a result, these pairs of markets showed the highest information
sharing. On the contrary, the visible low values of MI are between
Gas and Silver (0.0736), Gold and Gas (0.0823), Bitcoin and Gas
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Fig. 1. Plot of Renyi entropy (RE) as a function of scale q for Bitcoin.
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Fig. 2. Plot of Renyi entropy (RE) as a function of scale q for S&P500.
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Table 1
Values of mutual information before COVID-19 pandemic.
Silver  WTI Gas Gold Brent S&P500 VIX Bitcoin
Silver 0.1047 0.1027 0.6429 0.1336 0.1048 0.1016 0.1367
WTI 0.0722 0.1074 0.4568 0.123 0.1312 0.0946
Gas 0.1091 0.1019 0.1004 0.1241 0.0878
Gold 0.1366 0.1205 0.1329 0.1067
Brent 0.2005 0.1815 0.1042
S&P500 0.7534 0.1205
VIX 0.1571
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Fig. 3. Plot of Renyi entropy (RE) as a function of scale g for WTI.
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Fig. 4. Plot of Renyi entropy (RE) as a function of scale q for Brent.
Table 2
Values of mutual information during COVID-19 pandemic.
Silver  WTI Gas Gold Brent S&P500 VIX Bitcoin
Silver 0.1056 0.0736 0.6274 0.0932 0.2172 0.0933 0.1392
WTI 0.1623 0.1221 0.5891 0.1902 0.1397 0.1162
Gas 0.0823 0.1712  0.1151 0.0788  0.0837
Gold 0.1067 0.2106 0.1192 0.1225
Brent 0.2439 0.1662 0.1219
S&P500 0.6392 0.1868
VIX 0.1563
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Fig. 5. Plot of Renyi entropy (RE) as a function of scale q for Gas.
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Fig. 6. Plot of Renyi entropy (RE) as a function of scale q for Gold.

Table 3
Changes in mutual information.
An increase (decrease) in mutual information is indicated by 1 (0).

Silver WTI Gas Gold Brent S&P500 VI

X  Bitcoin

Silver 1 0 0 0 1 0 1
WTI 1 1 1 1 1 1
Gas 0 1 1 0 0
Gold 0 1 0 1
Brent 1 0 1
S&P500 0 1
VIX 0
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Fig. 7. Plot of Renyi entropy (RE) as a function of scale q for Silver.
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Fig. 8. Plot of Renyi entropy (RE) as a function of scale q for VIX.

(0.0837), VIX and Gas (0.0788), and VIX and Silver (0.0933). There-
fore, the mutual information transferred between Gold and Silver,
Brent and WTI, and VIX and S&P500 is low during the COVID-19
pandemic compared to the other pairs of markets. Consequently,
these pairs of markets showed the lowest level of information
sharing during the COVID-19 pandemic.

For comparison purposes between markets and fear index VIX,
we depict Fig. 9 and Fig. 10 plots of all Renyi entropies as a
function of scale g respectively prior and during the COVID-19

pandemic. Following Fig. 9, before the COVID-19 pandemic, at all
scales, Gold market showed the highest Renyi entropy followed by
S&P500, Silver, Brent, WTI, Gas, Bitcoin, and fear index VIX. There-
fore, Gold, S&P500, and Silver markets showed higher level of in-
formational disorder, whilst Bitcoin market showed a lower level.
Accordingly, the Bitcoin market was a safe investment before the
COVID-19 outbreak. Following Fig. 10, during the COVID-19 pan-
demic, at all scales, Gold market showed the highest Renyi entropy
followed by S&P500, Gas, Silver, Bitcoin, Brent, WTI, and fear in-
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Fig. 9. Plot of all Renyi entropies as a function of scale g prior to the COVID-19 pandemic.
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Fig. 10. Plot of all Renyi entropies as a function of scale g during the COVID-19 pandemic.

dex VIX. For that reason, Gold, S&P500, Gas, and Silver market are
considered the risky markets during the COVID-19 pandemic com-
pared to WTI and Brent, and Bitcoin market. Lastly, it is interesting
to observe that VIX showed the lowest level of information disor-
der both before and during the pandemic. This could indicate that

information perceived by investors has not influenced their level of
fear during the COVID-19 pandemic.

Finally, according to Table 3, compared to the period prior to
the COVID-19 pandemic, the most salient findings during the pan-
demic period are that (i) information shared by S&P500 with all
other markets has increased, (ii) information shared by fear index
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VIX with all other markets (except WTI) has decreased (increased),
and (iii) information shared by Bitcoin with all other markets (ex-
cept Gas and fear index VIX) has increased (decreased). The in-
crease in mutual information between WTI market and fear index
VIX during the pandemic period could be explained by the serious
fall in oil prices due to the 2020 Russia-Saudi Arabia oil price war.
Another interesting finding is that investing in portfolios composed
of Bitcoin and Silver, Bitcoin and WTI, Bitcoin and Gold, Bitcoin and
Brent, or Bitcoin and S&P500 could be risky due to the increased
level of mutual information between these pair of markets during
the pandemic period. Besides, safe investment portfolios could be
constructed by investing in Gas and Silver, Gold and Silver, Gold
and Gas, Brent and Silver, Brent and Gold, or in Bitcoin and Gas.
Hence our findings are summarized as follows:

For all market indices, randomness and disorder are more con-
centrated on low probability events rather than on high proba-
bility events.

Portfolios composed of Bitcoin and Silver, Bitcoin and WTI, Bit-
coin and Gold, Bitcoin and Brent, or Bitcoin and S&P500 could
be risky.

Diversification opportunities exist during the COVID-19 pan-
demic by investing in balanced portfolios between Gas and Sil-
ver, Gold and Silver, Gold and Gas, Brent and Silver, Brent and
Gold, or in Bitcoin and Gas.

VIX has the lowest level of information disorder both before
and during the pandemic period. This could indicate that in-
formation perceived by investors has not influenced their level
of fear during the COVID-19 pandemic.

4. Conclusions

The purpose of this study was to investigate the multiscale en-
tropy behaviour and mutual information in Bitcoin, S&P500, WTI,
Brent, Gas, Gold, Silver markets and VIX prior to and during the
COVID-19 pandemic. Indeed, the goal was to reveal the informa-
tion disorder at high probability events and information sharing in
all markets and investors’ expectations with respect to the two pe-
riods.

Our obtained results showed that for all markets and VIX, ran-
domness and disorder are more (less) concentrated in low (high)
probability events. Specifically, VIX showed the lowest level of in-
formation disorder both before and during the pandemic. From a
managerial perspective, our findings suggest that portfolios com-
posed of Bitcoin and Silver, Bitcoin and WTI, Bitcoin and Gold, Bit-
coin and Brent, or Bitcoin and S&P500 could be highly risky. In ad-
dition, diversification opportunities exist during the COVID-19 pan-
demic by investing in balanced portfolios between Gas and Silver,
Gold and Silver, Gold and Gas, Brent and Silver, Brent and Gold,
or in Bitcoin and Gas. Furthermore, the pandemic has not influ-
enced seriously the expectations of investors. These findings offer
a valuable insight vis-a-vis the response of stocks, cryptocurrency,
energy, precious metal markets, as well as regarding market agent
expectations as an after-effect of the COVID-19 pandemic in terms
of information ordering and sharing.
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