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Abstract
This article investigates the dynamic process of convergence among a set of real alternative
(art, fine wine, gold, residential real estate) and financial assets in the US context over
the period 2003–2019. The objective is to explore the time-varying behavior of their links
considering structural breaks coming from exogenous economic and financial shocks that
prevent market convergence from being a linear process. Using a procedure that determines
endogenouslymultiple structural breaks and a rolling co-integration framework,we show that
price co-movements depend on the global financial and economic environments. Our results
confirm the existence of a long-term co-integration relationship among price series but with
structural breaks. We find that exogenous shocks lead to a lower degree of convergence of
real alternative and conventional assets, and expansion phases promote market convergence
between them. Our results contribute to guiding investors in their efforts to diversify their
wealth and portfolio.

Keywords Real alternative assets · Art · Fine wine · Gold · Residential real estate; Price
co-movements; Rolling cointegration

JEL Classification G11 · G12 · C32

1 Introduction

A growing number of institutional and private investors and academics are interested in real
alternative assets, because they are a source of capital appreciation and a vehicle for portfolio
diversification (Knight Franck, 2018). According to Chambers et al. (2015), alternative assets
are often defined not by what they are but what they are not, that is, something other than
stocks and bonds. Financial alternative assets (e.g., private equity, venture capital, REITs)
and real alternative assets (commodities, residential real estate, collectibles) are included in
this asset class. The results of financialization and globalization since the new millennium
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has influenced the price dynamics of these assets, allowing investors to include them in
their portfolio. Indeed, recent reports highlight the high returns of real alternative assets in
recent years in a context of renewed global risk aversion.1 Within this framework, the main
question is whether the price dynamics of these assets have been coupled with a convergence
mechanism that could limit diversification opportunities for investors and collectors (Le Fur,
2021a). It is specifically in this context that our article focuses.

The concept of price convergence is based on the principle of the law of one price (LOOP),
which implies a perfect price equality for goods with same characteristics in different mar-
kets at the same time. From a theoretical point of view, the prices of goods can be subject to
arbitrage, which under certain assumptions leads to equal prices. However, these assumptions
are very difficult to assume, so that the LOOP is not often verified empirically (Crucini &
Shintani, 2008; Lutz, 2004). Nevertheless, in its weak version, the LOOP allows some degree
of price convergence or co-movements (Crucini & Smith, 2016). In this study, real alternative
and traditional financial assets, as investment vehicles for investors, offer a kind of substi-
tutability that leads, according to the weak version the LOOP, to a more or less strong price
convergence of these assets. This analysis of the degree of convergence, or co-movements,
between these different assets could guide future investment decisions of investors to achieve
more efficient portfolio diversification. In other words, the scope for diversification benefits
can be assessed through an analysis of the price co-movements of alternative and traditional
assets.More specifically, finding price co-movements among alternative assets alongwith tra-
ditional financial assets implies that portfolio diversification becomes less effective because
price series tend to exhibit the same behavior in the long run. In light of the price dynamics of
these assets, investors will be better able to rebalance their portfolios and shift their strategy
to take advantage of abnormal return or risk reduction opportunities, bymodifying the weight
of assets according to their degree of convergence with traditional financial assets. Even if
the question of convergence seems to be crucial, few studies have addressed this issue for
real alternative assets.

The academic literature is mainly interested in the relationship between one type of real
alternative asset (commodities, residential real estate, or collectibles) and a financial asset in
a linear framework over a period when shocks are not considered. To our knowledge, only the
articles byChan et al. (2011) andDimson and Spaenjers (2014) dealwith pricemovements for
various real alternative assets and financial assets, but always in a linear analysis framework.
However, the shocks that have occurred since the new millennium (global financial crisis
[GFC], sovereign debt crisis, Brexit, oil prices, etc.) have probably had an impact on asset
price dynamics, and it seems necessary tomodel them in a nonlinear framework. The purpose
of this article is therefore to question the existence of market convergence between the main
real alternative assets and conventional markets over a long period, including the possible
effects of exogenous shocks. This question thus contributes to shedding light for investors on
the conditions under which real alternative assets can participate in portfolio diversification
strategies.

To assess the degree of convergence of real alternative and financial assets in a nonlinear
context, we focus on four main real alternative assets (art, wine, gold, and residential real
estate) and a global stock market index (the MSCI index) for the US zone. The choice of the
geographic area and assets is based on purely quantitative criteria. On the one hand the US

1 An article in TheWall Street Journal (December 31, 2018) reports that art and wine outperformed stocks and
bonds in 2018 (https://www.wsj.com/articles/the-best-investments-of-2018-art-wine-and-cars-11546232460).
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area concentrates the largest population of UHNWI,2 that is, the investors most likely to be
interested in these types of real alternative assets. On the other hand, these four real alterna-
tive assets are among the most widely used in terms of allocation in investment portfolios
(Knight Franck, 2019). The dynamics of price series are analyzed usingmonthly data over the
period between 2003M05 and 2019M12.3 In this article, we track the ongoing price links of
alternative and financial assets, and we assess the regime-shifting impacts of exogenous eco-
nomic and financial shocks on these links. First, we explore the instability of the relationships
between the variables using a structural-breaking co-integration procedure that determines
structural breakpoints endogenously. In a next step, we use a rolling co-integration analysis
framework to examine the dynamic process of the co-integrating vectors to have a clearer
picture of the gradual convergence of real alternative and financial assets over time. Estimat-
ing the parameters of long-term relationships and adjustment speeds in a rolling framework
reflects the nonlinearity of the convergence process between assets. This procedure is also
very useful to account for multiple structural breaks in the underlying co-movements among
these assets. Our results tend to confirm the nonlinearity of the convergence process among
assets; that is, the degree of convergence evolves over time and seems to be strongly affected
by financial shocks and global risk aversion.

Our contribution to the literature is threefold. First, we include in our analysis a sam-
ple of real alternative assets (commodities, residential real estate, and collectibles) that are
rarely considered together. Most studies consider only one type of real alternative asset and
investigate the relationship with conventional financial assets. Second, the previous literature
examines price co-movements of real assets without considering exogenous shocks, even
though economic and financial shocks have occurred since the new millennium. In this arti-
cle, we shed new light on the dynamics of convergence in the presence of these structural
ruptures. From a methodological point of view, rolling co-integration seems to be the most
appropriate method to ensure that the effects of regime shift are affected within a specific
event period and do not spread to the overall period. Third, by precisely analyzing the dynam-
ics of convergence of alternative assets, our results could have implications for investors. This
information can contribute to enlightening their diversification decisions in changing finan-
cial and economic contexts (periods of risk aversion or risk appetite, economic or financial
shocks, growing economic cycles, etc.).

The remainder of the article is organized as follows. Section 2 presents the literature
review. Section 3 provides the methodology. Section 4 displays the data. Section 5 presents
the results. Section 6 discusses the results. Section 7 concludes.

2 Literature review

The literature that underlies the concepts in our article meets at the crossroads of two areas
of research: price convergence and co-movements, and real alternative assets. While it is
difficult to find a formal definition of convergence (Clark&Qiao, 2021;Mylonidis &Kollias,
2010), it seems crucial to assess the degree of convergence of asset prices because it has
significant implications for the diversification potential of investors and portfolio managers.

2 UHNWI: Ultra-high-net-worth individuals are those whose net worth exceeds $30 million excluding their
primary residence. Almost 31% of UHNWI are located in the United States (Knight Franck 2019).
3 The availability of price series for residential real estate began in 2003. The beginning of the 2000s also
coincides with the acceleration of the process of financialization and globalization from which alternative real
assets such as art and wine became investable assets. This was not the case during prior periods.
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For example, European stock market integration4 implies reduced gains from intra-European
portfolio diversification after risk adjustments (Beine et al., 2010; Eun & Lee, 2010). There
are different methods used in the literature. Convergence is generally approached as a global
concept rather than as a gradual and discontinuous process.

The approach in this article uses co-integration techniques to calculate the number of com-
mon stochastic trends (Corhay et al., 1993; Demian, 2011; Engsted & Lund, 1997; Khan,
2011; Switzer & Tahaoglu, 2015; Yang et al., 2003). Other approaches focus on either the
dynamic process of convergence using a recursive and sliding co-integration analysis or the
Kalman filter model (Apergis et al., 2014; Chien et al., 2015; Gilmore et al., 2008; Pascual,
2003; Rangvid, 2001; Serletis & King, 1997; Yu et al., 2010). In general, these studies find
little or no evidence of increased convergence between financial markets. Another approach
is to focus on the volatility spillover using either a variant of the GARCHmodels (Fratzscher,
2002; Bartram et al., 2007) or regime-switching models with time-varying transition prob-
abilities for different regimes (Baele et al., 2004; Guesmi et al., 2013; Hardouvelis et al.,
2006; Morana & Beltratti, 2002). The results differ according to the timing and degree of
convergence.

The literature on the financial integration of real alternative assets, and more specifically
on their co-movement in price indices, is substantial but fragmented and limited to short
periods that were deemed homogeneous. There is also a considerable number of research
efforts on the relationship between real estate and the stock markets. Although some studies
find evidence of market segmentation between real estate and the stock markets (Geltner,
1990; Liu et al., 1990, 2015; Okunev and Wilson, 1997), others indicate that real estate and
the stock markets are integrated (Ambrose et al., 1992; Glascock et al., 2000; Gyourko &
Keim, 1992; Lin & Lin, 2011; Tsai, 2013). Studies exploring the link between real estate and
equity markets have mainly considered real estate securities (such as REITs), which have to
be viewed not as real alternative assets but rather as institutional alternative assets. Liu et al.
(1990) provided evidence of a relationship between stock returns and real assets returns but
reported significant effects of barriers, such as transaction costs and imperfect information.
Bouchouicha and Ftiti (2012) identified a common trend for the US market that drives all
real estate market components in the long run so that co-integrating relationships justify
the existence of a real estate class. More recently, Poshakwale and Mandal (2016) indicate
the evidence of co-movements between stocks and real estate with a significant effect of
inflation on these co-movements during economic contraction times, whereas risk aversion
significantly affects the return co-movements during the economic expansion times.

There are fewer studies analyzing the relationship between financial markets and com-
modity markets, mainly in gold and oil (Chan et al., 2011; Ftiti et al., 2016). The financial
literature on commodities is more recent, particularly rich, and complex. This complexity
derives from the great heterogeneity of products and operators in this category (see World
Bank Commodity Markets Outlook 2014). Gorton and Rouwenhorst (2006) showed that a
diversified investment in commodities is slightly safer than an investment in equities, and
commodity price series offer potential greater returns (e.g., Cuddington& Jerrett, 2008; Jacks
2019). However, price movements concerning agricultural, metal, and energy products are
only weakly linked to investor decisions. The role of world industrial and climatic shocks
and income growth are more crucial in explaining price movements (Baffes & Etienne, 2014;
Baffes & Savescu, 2014; Webster et al., 2008). Other authors have emphasized a contagion

4 Financial integration has received considerable attention in the literature (e.g.,Hamao et al., 1991;Giovannini
& Mayer, 1992; Lemmen & Eijffinger, 1996; Bayoumi, 1997; Story & Walter, 1997; Yuhn, 1997; Korajczyk,
1999; Adam et al., 2002; Hartmann et al., 2003; Baele et al., 2004; Gropp & Kashyap, 2010; Bekaert et al.,
2011; Ftiti et al., 2015; Zhu et al., 2018; Hoffmann et al., 2020; Miled et al., 2021).
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effect between gold and conventional assets. For example, Mensi et al. (2013) indicate that
past shocks and volatility of the S&P 500 strongly influenced the gold market. This link is
confirmed by Brooks and Prokopczuk (2013). Additionally, even if gold does not provide
cash flows, it is a very liquid asset with lower holding and transaction costs than other real
alternative assets.

There is little research on the co-integration of art5 and capital markets (Chanel, 1995;
Ginsburgh & Jeanfils, 1995; Worthington & Higgs, 2003), but these items show a high
level of integration. However, most studies test the integration between different art markets
(Bakhouche, 2013; Ballesteros, 2011; Chanel et al., 1994; Erdos and Ormos 2010; Le Fur,
2020) and indicate that art markets are weakly to moderately integrated. The question of
price transmission (returns and volatility) in the art market has been discussed since the
1990s (e.g., Chanel, 1995; Ginsburgh & Jeanfils, 1995; Goetzmann, 1995). Worthington and
Higgs (2003) used the co-integration method or ECM model to identify short- and long-run
co-movements among major art and equity markets over the period between 1976 and 2001.
Finally, Worthington and Higgs (2004) indicated a volatility transmission effect between
financial markets and different segments of the art market by using MGARCHmethodology.

There is a controversial interpretation of the co-integration between the financial markets
and the fine wine markets (Le Fur & Outreville, 2019). For example, Bouri (2014) measured
the impact of negative shocks on fine wines and showed that there is an asymmetric inverse
volatility in this market. On the one hand, there is a high impact of financial markets on wine
prices and short-term causality for some fine wines (Faye et al., 2015). On the other hand,
there is a possible diversification advantage due to the lack of co-integration between fine
wines and normal wine, and the MSCI index world (Introvigne et al., 2017). The different
wine indices are not affected in the same way by the volatility of the financial markets. Thus,
there is a proximity or regional effect that favors the transmission by contagion of financial
market volatility to finewine indices (LeFur et al., 2016a).Moreover, Bordeauxwines present
the greatest systematic risk among the world’s greatest wines (Le Fur et al., 2016b). In the
short term, volatility is transmitted to the wine market with a negative effect via the financial
and commoditymarkets andwith a positive effect via the art, residential real estate, and credit
markets. In the long term, the wine market is affected by all other markets (Ben Ameur &
Le Fur, 2020). For an in-depth study of the potential of wine as a financial investment, see
Fogarty (2006) and Storchmann (2012). See also Burton and Jacobsen (2001), Sanning et al.
(2008), and Masset and Weisskopf (2010) for an estimation of the rate of return of wines
during average conditions and in conditional volatility or covariance. Other articles consider
links of fine wines with conventional assets using correlations (Kourtis et al., 2012), CAPM
models (Baldi et al., 2013; Masset & Weisskopf, 2010) and co-integrating or ECM models
(Faye et al., 2015). Recent academic literature indicates that returns of fine wines and their
links to conventional asset indices depend on the wine liquidity market (Masset et al., 2016)
transaction and holding costs and buyer profiles (Cardebat et al., 2017).

However, these studies remain partial considering only the link between a type of real alter-
native asset and conventional assets (generally apprehended by theMSCI) or the links among
a reduced number of real alternative assets. Moreover, these studies of the co-movements
of asset price indices cover a single period considered homogeneous, without considering
exogenous shocks that could modify investors’ diversification strategies.

5 See Le Fur (2021b) for details of the contagion effect between financial markets and collectibles markets.
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3 Methodology

In order to analyze the convergence process of the price series of alternative assets andmarket
variables, we implement the methodology that enables us to take into account possible breaks
in the process. These breaks are inherent in the exogenous shocks that regularly hit economies
and financial markets and that prevent the relationships between financial variables from
fitting into a linear analytical framework. This results in nonlinear co-movements between
traditional financial and alternative asset prices.

To explore the time-varying behavior of the links between those alternative asset markets,
we first apply the Gregory-Hansen (1996) method to test for co-integration relationships
with possible structural breaks among price series in the model. The testing procedure sets
up the null hypothesis of no co-integration against the alternative hypothesis of co-integration,
allowing for a regime shift in the deterministic component of the series at some unknown date.
The authors develop residual-based tests for co-integration with three alternative hypotheses
concerning the structural change. As the authors describe, model C considers a level shift
in the co-integrating relationship (level shift), modeled as a change in the intercept; model
C/T introduces a time trend into the level shift model (Level shift with trend), and model
C/S is a regime-shift model that enables the slope vector to change as well (regime shift).
Gregory and Hansen (1996) presented three tests designed to identify co-integration with the
presence of structural breaks: Z∗

α = in fτ∈T Zα and Z∗
t = in fτ∈T Zt of Phillips (1987) and

the ADF∗ = in fτ∈T ADF . These three tests are modified versions of the standard Phillips
and ADF tests that are designed to analyze co-integration relationships without regime shifts.

In a second step, the Kejriwal and Perron (2010) analysis framework is used to determine
and test for multiple structural changes occurring at unknown dates in a co-integration system
with nonstationary variables. This step is crucial to determining the true date of breaks.
Indeed, the Gregory and Hansen (1996) procedure does not provide a consistent estimate of
the breakpoint because it is determined to minimize the described test statistics to increase
the power of the tests. In particular, the Kejriwal and Perron (2010) procedure considers
three types of test statistics: (1) the sup-Wald test defined as sup FT (k) applies when testing
H0 = nobreak against the alternative hypothesis of H1 = f i xedvaluem = k changes; (2)
a double-maximum testUDmaxFT (M) involving an unknown number of breaks between 1
and some upper bound M , based on the maximum individual tests for H0 = nobreak against
the alternative hypothesis H1 = mbreaks(m = 1, . . . ., M);6 and (3) a sequential procedure
SEQT (k + 1|k) that tests H0 = kbreaks against H1 = k+1breaks. All these test statistics
derive from the global minimization program developed by Bai and Perron (1998, 2003)
that used a dynamic programming algorithm in a stationary context. However, because the
asymptotic distribution of the test statistics are nonstandard in a context of nonstationary
variables, we refer to critical values reported by Kejriwal and Perron (2010) assuming a
maximum of five breaks with a trimming value of 0.15.

In a third step, to shed some light on the co-movement process of real alternative and
financial assets and the convergence dynamics between them over the period under review,
we implement a rolling co-integration analysis. This method seems to be relevant to ana-
lyzing whether the degree of convergence of the real alternative and financial assets has
strengthened or, on the contrary, has weakened during the period of study marked by the
occurrence of economic and financial crises. Intuitively, these shocks should affect the long-
term relationship between assets, which will no longer be stable. Our choice to consider

6 According to the authors, the second test seems to be the most useful to determine structural breaks.
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time-varying co-integration relationships seems all the more relevant in this context. Techni-
cally, the rolling co-integration analysis considers a unique sample size, that is, the number
of observations does not change, but with a sample period that varies over time by shifting
the sample by one observation at a time. At every stage, an analysis of the statistical tests of
the co-integration model is carried out and enables clearly drawing out over the study period
the degree of convergence of alternative real assets with stocks.

In a co-integration framework, in which the series are integrated of order 1 I (1), the model
can be written in the form of VECM as follows:

�Yt = αβ ′Yt−1 +
p−1∑

i=1

�i�Yt−i + εt (1)

where Y is the vector of a log-transformed price series of real alternative and financial assets:
gold, wine, art, residential real estate, and equity. α is a loading matrix that indicates the rate
of adjustment of the endogenous variables toward the equilibrium; and β are the parameters
in the co-integrating equation.

The rank of the matrix αβ ′ determines the number of co-integrating vectors. Two types
of statistics can determine the rank of αβ ′: the trace test and the maximum eigenvalue test
(Johansen, 1988, 1991). Both tests are based on the maximum likelihood ratio, as follows:

Trace(r/n) = −T ×
∑n

i=r+1
log(1 − λ̂i ) (2)

Eigenvalue(r/r + 1) = −T × log
(
1 − λ̂r+1

)
(3)

where λ̂i is the estimated value for the ith-ordered eigenvalues from the matrix 	. The trace
statistic tests the null hypothesis of r co-integrating relations against the alternative of n co-
integrating relations, with n the number of endogenous variables, for r = 0, 1, . . . , n−1. The
maximum eigenvalue statistic instead tests the null hypothesis showing that there are r co-
integrating relations against the alternative of r + 1 co-integrating relations. The asymptotic
distributions of the tests are presented in Johansen and Juselius (1990) and MacKinnon et al.
(1999), who provide critical values for these two tests.

In our rolling co-integrating framework, the trace test statistics are calculated over a fixed
window of 120 observations, that is, a period of 10 years, but this sample period varies over
time by shifting it by one observation at a time. In this way, the first study period begins in
2003M05 and ends in 2013M04 (120 obs.). The second study period begins one observation
later and also ends one observation later; it corresponds to the period 2003M06–2013M05
(also 120 obs.). The last study window begins in 2010M01 and ends in 2019M12. The rolling
methodology and our sample enable us to work onmore than 80 estimations of statistical tests
of the co-integration model of real alternative asset and stock prices. Each trace test statistic,
computed for the 1–120 observations, then for the 2–121 observations, 3–122 observations,
and so on, is scaled by its 5% critical value to facilitate its interpretation. If the scaled test
statistics is above 1, then the concerning null hypothesis r ≤ i for each i = 0, 1, 2, 3, . . . , 4
can be rejected at the 5% level for the sample period considered, and there is at least r +1 co-
integration relations.We rely on the Schwarz information criteria to determine the optimal lag
length of the model that also avoid serial correlation of the error terms. Following Mylonidis
and Kollias (2010), we report the trace test statistics on the last day of the subsample period
from which they are computed.

This methodology enables us to assess the number of co-integrating relationships among
the variables in our model over time and to identify, over our study period, the structure of
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convergence of real alternative asset and equity prices. In particular, the more co-integrating
relationships there are, the closer the links among the variables.

The other steps of the co-integration model are to estimate the VEC model to determine
the value of the coefficients in the long-term relationship. In particular, the adjustment param-
eters α captures the dynamics of the system and its convergence to the long-term equilibrium
after a variable has been perturbed by a shock. In a rolling analysis framework, the adjust-
ment coefficients α, which are computed for each subperiod comprising 120 observations,
probably provide a more precise picture of the transitional dynamics of real asset and equity
prices over the entire period and take more into account the fact that the convergence mech-
anism is an ongoing process. The time-varying coefficients α of the error-correction term
are also interpreted as the speed of adjustment over time of the price series to their long-run
equilibrium. The higher the coefficients, the higher the long-run price convergence. Techni-
cally, the convergence mechanism therefore operates on the one hand through the number of
co-integration relations in the model and on the other hand through the long-term adjustment
coefficients of the variables.

Finally, in a last step, we impose restrictions on the coefficients α to test the rolling weak
exogeneity of the variables, which can be interpreted as the dynamics of causality among
the variables in the system. Imposing constraints on the coefficients α to be equal to zero
in the long-term relationship is equivalent to testing the null hypothesis of long-term non-
causality. If the parameter α is not significantly different from zero, the concerned variables
are weakly exogenous, which means that they are not constrained by the system. In this
case, the weakly exogenous variables guide the other variables of the system in terms of
unidirectional causality in the long run. On the contrary, when the null hypothesis of weak
exogeneity of the variables is rejected, the variables will be forced by the system to return to
their long-term equilibrium andwill ultimately allow the correction of the system’s deviations
in a dynamic process.

4 Data

Our empirical model includes a sample of real alternative assets and stock prices for the
United States.We examine the time-varying behavior of the links among these types of assets
in order to better understand the complex dynamics of the convergence process. Gold data
(hereafter GOLD) and theMSCIUSEquity Index (hereafterMSCI) are fromDatastream. For
art market, we use the Artprice USA index (hereafter ART) from the Artprice database. The
Artprice company is considered the world leader in art market information. We also use the
FineWine 1000 (hereafter LIV-EX) for finewinemarket. TheLiv-ex is the globalmarketplace
for the wine trade. The FineWine 1000 tracks 1,000wines from across the world. Seven price
weighted sub-indices are included in this index representing regions from around the world.7

Finally, US residential real estate market is highlighting by the apartment RCA CPPI US
(hereafter APART) from Real Capital Analytics. Although the RCA Commercial Property
Price indices have been developed for traditional commercial property types such as office,

7 Bordeaux 500 (33%—the ten most recently physical vintages for 50 top Bordeaux chateaux); Burgundy
150 (28%—the ten most recently physical vintages for 15 red and white Burgundy); Rest of the World 60
(12%—the ten most recently physical vintages for six wines from Australia, Portugal, Spain and the USA);
Bordeaux Legends 40 (10%—40 Bordeaux wines from exceptional older vintages from 1989); Italy 100
(9%—the ten most recently physical vintages for the five Super Tuscan and five other leading Italian wines);
Rhone 100 (4%—the ten most recently physical vintages for five Northern and five Southern Rhone wines);
Champagne 50 (3%—the most recently physical vintages for 12 champagnes).
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Table 1 Descriptive statistics

APART ART GOLD LIV-EX MSCI

Min 96.383 139.269 345.150 96.490 700.710

Max 255.036 214.082 1826.000 369.814 3076.489

Mean 145.646 167.912 1046.730 243.321 1579.445

Median 133.622 168.053 1122.850 248.000 1342.955

Standard deviation 42.896 16.675 392.662 83.175 580.682

Kurtosis − 0.084 0.342 − 0.912 − 0.857 − 0.522

Skewness 0.997 0.554 − 0.225 − 0.449 0.790

Variation coefficient 0.295 0.099 0.375 0.342 0.368

industrial, hotels and retail, RCA CPPI also covers residential types, notably apartments.
Table 1 reports the major descriptive statistics.

We transformall series using a natural logarithm.The sample period runs from2003M05 to
2019M12 (200 observations). By focusing on this period, we take into account the deepening
of the financial globalization process over the early 2000s, which resulted in real assets
becoming investment assets and therefore attractive to investors. The period also includes
financial shocks (bankruptcy of Lehman Brothers and the subprime crisis, sovereign debt
crisis in the euro zone, Brexit, etc.), which were accompanied by an increase in overall risk
aversion from investors.

In a number of academic studies on dynamics of asset convergence (Chien et al., 2015;
Chien et al., 2015; Kahan, 2011; Switzer & Tahaoglu, 2015; Gilmore et al., 2008 among
others), the methodological framework of recursive cointegration was selected. However,
although this technique allows for some form of dynamics to be introduced into the model, it
only imperfectly accounts for breaks because the estimation process could not differentiate
if the varying test statistics are due to a structural break or to an increase in power of tests
resulting from adding one observation. The rolling cointegration framework allows on the
contrary to assess the convergence process in terms of degree and timing all over the period.

5 Empirical results and discussion

5.1 Unit root tests and co-integration in a nonlinear framework

The first step in our empirical analysis is to estimate the order of integration of the variables
and ensure that they are I (1), that is, stationary in first differences. We first run the DF-GLS
test (Elliot et al., 1996) to examine the stationarity of the variables, which is an augmented
Dickey-Fuller test with a prior GLS transformation of the time series to obtain detrended data.
Elliot et al. (1996) have shown that the DF-GLS test has a greater power than the standard
augmented Dickey-Fuller test, even if these tests do not assume structural breaks in the data.
We then run the Zivot-Andrews (1992) unit root tests, which allow for one endogenous-
determined structural break. Three models are proposed by the authors to test for the unit
root: (1) model A allows for a break in the level of the series, (2) model B permits a break in
the slope of the trend function, and (3) model C combines one time shift in the level and the
slope of the trend function. Table 2 reports the results of the two unit root tests.
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Table 2 Unit root-tests

Levels DF-GLS Zivot-Andrews

With trend Without trend A B C

Apart − 1.455 1.196 − 4.193 − 5.311*** − 6.956***

(10) (10) 2007m04 2011m11 2008m06

Gold − 0.994 0.761 − 3.560 − 2.918 − 3.786

(0) (0) 2013m03 2010m11 2013m03

Art − 2.001 − 1.638 − 3.865 − 2.188 − 2.806

(4) (4) 2015m02 2011m04 2010m11

Liv-ex − 1.286 0.425 − 3.483 − 3.324 − 3.583

(1) (1) 2006m01 2007m05 2011m07

MSCI − 1.462 − 1.556 − 5.269** − 3.262 − 5.739***

(0) (0) 2008m06 2009m02 2008m06

First differences

apart − 2.686* − 2.528** − 3.942 − 3.461 − 5.666***

(9) (9) 2007m04 2007m10 2009m07

gold − 2.772* − 1.632* − 16.712*** − 16.196*** − 16.710***

(5) (5) 2011m10 2015m09 2011m10

art − 4.981*** − 4.958*** − 5.216** − 5.099*** − 5.368**

(3) (3) 2009m11 2015m08 2009m05

Liv-ex − 6.450*** − 6.296*** − 7.085*** − 6.558*** − 7.571***

(0) (0) 2011m03 2006m02 2007m07

MSCI − 12.647*** − 12.585*** − 13.430*** − 12.809*** − 14.190***

(0) (0) 2009m03 2008m02 2009m03

Elliot et al. (1996)DF-GLSunit-root tests: the lag order selected is elected bySIC and reported in in parenthesis.
The critical values are (MacKinnon, 1999) − 1.61, − 1.94, − 2.57 at 10%, 5% and 1% level respectively
*, **, *** indicate significance at the 10%, 5% and 1% level respectively. Zivot-Andrews (1992) propose 3
types models to determine endogenously breakpoint: model A, B and C. The 5% critical values for each model
are − 4.80, − 4.42 and − 5.08 respectively

The results of the unit root tests show that the series are I (1) at the 5% significant level.
The Zivot-Andrews tests also detect breakpoints that differ across considered asset price
series and estimated models.8

5.2 Co-integration tests in a context of structural breaks

Once we have ensured that all the price series are I (1), the next step is to test for long-
term relationships among the variables. Given the results in Table 2, which confirm the
existence of breaks linked to economic and financial shocks on the variables throughout the
period, it seems relevant to applyGregory-Hansen’s (1996) co-integration testswith structural

8 Other econometric techniques could have complemented the unit root tests with structural breaks, in partic-
ular those concerning long memory process tests. In particular, the Geweke and Porter-Hudak (1983) (GPH)
test, the Phillips’ Modified Log Periodogram Regression estimator or the ARFIMA models are particularly
suitable in this case. We leave this alternative for future research.
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Table 3 Gregory-Hansen
cointegration tests Test statistic A (level shift) B (trend shift) C (regime shift)

ADF∗ − 5.92** − 6.90*** − 7.12***

[2009m07] [2013m04] [2009m01]

Z∗
α − 55.32* − 66.05*** − 64.74

[2009m06] [2013m05] [2009m11]

Z∗
t − 5.94** − 6.81*** − 6.50**

[2009m06] [2013m05] [2009m11]

*, **, *** indicates significance at the 10%, 5% and 1% level respec-
tively. A, B and C refers to the three models of Gregory-Hansen (1996).
The critical value are provided in Table 1 of Gregory-Hansen (1996).
The numbers in brackets are the estimated structural break dates

breaks. The procedure consists of testing the null hypothesis of no co-integration against the
alternative hypothesis of co-integration with a regime shift at an unknown date. The regime
shift is based on three different assumptions (see the preceding section). The results of the
Gregory-Hansen (1996) tests based on the equation with gold prices as a dependent variable
are presented in Table 3. The ADF∗, Z∗

α,andZ
∗
t tests statistics reject the null hypothesis

at the 5% level, implying the existence of a long-term co-integrating relationship with a
structural break between alternative and traditional financial assets.9

As previously described, Gregory andHansen’smethodology does not enable determining
the exact break date because the procedure seeks to minimize the ADF, Zα,andZt statis-
tics. Following Mylonidis and Kollias (2010), we use the Kejriwal and Perron (2008, 2010)
analysis framework to determine multiple structural breaks for our co-integrated variables at
an unknown time. Three statistical tests derived from Bai and Perron (1998, 2003) are devel-
oped, and these critical values are derived from the work of Kejriwal and Perron (2010) in a
context of non-stationary variables. Results are presented in Table 4 assuming a maximum
of five breaks and under 15% trimming. The ART price series is assumed to be a dependent
variable.

Regardless of the procedures used, all tests are highly significant. In particular, the supF
tests reject the null hypothesis of no co-integration against a fixed number of breaks, as well
as the double-maximum test (UDmax) of no co-integration against an unknown number
of breaks. The sequential procedure estimated the number of breaks at three over the study
period. This result is confirmed by the information criterion (BIC) applied to the global opti-
mization procedure.10 According toKejriwal and Perron (2010), if the system is co-integrated
with fewer than M breaks, the sequential testing procedure can be used to consistently esti-
mate the number of breaks. We also report the break dates with their 90% lower and upper
bounds estimated by the procedure.

9 We also run the Gregory-Hansen (1996) co-integration tests with ART, LIV-EX, APART, or MSCI as
the dependent variables. The results confirm the long-term co-integration links of the variables. Results are
available on request from the authors.
10 The Matlab codes for the testing procedure can be found on Pierre Perron’s website at http://blogs.bu.edu/
perron/codes/.
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Table 4 Kejriwal-Perron multiple structural break tests and estimated break dates

supFT(1) supFT(2) supFT(3) supFT(4) supFT(5)

Sup-Wald tests

325.54* 415.32* 1122.10* 889.51* 765.54*

UDmax

Double-maximum test

1122.1048*

supFT(1\0) supFT(2\1) supFT(3\2) supFT(4\3) supFT(5\4)

Sequential process

325.54* 65.70* 14.14 14.14 0

Dates 90% lower bound 90% upper bound

Break dates

30/09/2008 30/09/2008 31/08/2009

31/12/2011 30/11/2011 31/12/2014

31/01/2015 31/10/2014 28/02/2015

The critical symptotic values at 5% level for the supFT(i) are 19.08, 15.90, 14.15, 12.68 and 10.72 for i = 1,
2, 3, 4, 5 respectively (under 15% trimming, non-trending case). The critical symptotic values at 5% level for
the UDmax test is 19.16. The corresponding 5% critical value for the supFT(i + 1/ i) are 20.80, 21.59, 22.36
and 22.58 for i = 1, 2, 3 and 4 respectively. * is the rejection of H0 at the 5% level

5.3 Rolling co-integration analysis

As previously discussed, we employ a rolling co-integration framework to examine the
dynamics of price co-movements between alternative and financial assets. This methodology
enables evaluating the degree of convergence between them by testing over each subperiod
the stability of the co-integrating relations and also the parameters of interest. Estimates of
the trace statistic, as well as the adjustment coefficients for the long-term relationships (α)

and weak exogeneity tests, are performed for more than 80 subperiods, during which the
number of observations remains fixed (120 obs.) but in which the sample period is shifted
by one observation each time.

5.3.1 Rolling trace tests

The trace test traditionally specifies the number of co-integrating vectors that link the variables
in the sample over the study period. We compile the results of the rolling trace tests in a
continuous graph, which enables us to represent the dynamics of the relationships between
the alternative and financial assets over all the subperiods. As mentioned, the trace statistics
are standardized by their 5% critical value to facilitate their interpretation. A value of the
standardized statistic above 1 indicates that the corresponding null hypothesis can be rejected
at the 5% level for the considered subperiod. Figure 2 represents the scaled trace statistics
for the null hypotheses r = 0, r ≤ 1, r ≤ 2, r ≤ 3, andr ≤ 4, respectively.
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Figure 2 indicates some major facts about co-movements between alternative and tra-
ditional assets. Indeed, the variables are linked over the entire period by at least two
co-integrating vectors (the line corresponding to H0 : r ≤ 1 is always above 1 indicating that
there at least two co-integrating relationships). It can also be noted that the links among the
variables intensify over the period from 2013 to mid-2015 and then again between mid-2016
and mid-2018, for which the trace statistics indicate three co-integration relationships (the
line H0 : r ≤ 2 is above 1). However, we note a weakening of the links at the end of the
period.

5.3.2 Rolling adjustment coefficients

Thenext step of the co-integrationmodel is to focus on the adjustment coefficients (matrixα of
the VEC model) of the variables to deviations from their long-term equilibrium relationship.
As mentioned previously, larger values of α coefficients imply a faster return to long-term
equilibrium of the variables that deviated from the co-integration relation in the previous
period. This can also be interpreted in terms of convergence among assets, as explained pre-
viously. Applied in a rolling analysis framework, the computation of the loading coefficients
will provide detailed information about the transitional dynamics of real asset and equity
prices.

Figures 3a–e, show the estimated rolling adjustment coefficients (α) for more than 80
subperiods. Given the results of the previous section, we present in this section the graphs of
the coefficients for each variable associated with the first co-integrating vector. The rolling
coefficients of the other co-integrating vectors are presented in Appendices Fig. 5a to e.

5.3.3 Rolling weak exogeneity

In a last step, we conduct weak exogeneity tests by imposing constraints on the adjustment
coefficients to determine the dynamics of causality among the variables in the system. This
enables us to test empirically the long-run causality among our variables of interest. The
corresponding null hypothesis is H0 : αi = 0. If the null hypothesis is rejected, the concerned
variables are constrained by the system to adjust to their long-run relationship in a dynamic
process. On the contrary, if the loading coefficients are not statistically different from zero,
the concerned variables are said to be weakly exogenous and guide the other variables of the
system in terms of unidirectional causality in the long run. As for the other co-integration
tests, we normalize the LR statistics by its 5% critical value to facilitate the interpretation.
A value greater than 1 indicates rejection of the null hypothesis.11 Results are presented in
Figs. 4a to e.

6 Discussion

Our results indicate that the first break date, which corresponds to the period when the GFC
was triggered following the bankruptcy of Lehman Brothers. As a result of the GFC, some
euro zone countries found themselves confronted with a sovereign debt crisis, leading to
an increase in global risk aversion at the end of 2011 (second break date), which severely
disrupted financial markets. The third break date, at the beginning of 2015, could be in line

11 The long-run causality tests are performed on the basis of the first co-integrating vector.
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Fig. 1 Alternative and financial asset prices: estimated break dates

with the downward momentum recorded in global markets by the prices of raw materials, in
particular oil, and that US stock markets were at their highest since the GFC. Price series and
estimated break dates are represented in Fig. 1. Following this step, it becomes quite clear
that disruptions have disrupted the markets throughout the period, which justifies the use of
a nonlinear analysis of the co-integration relationships among the variables.

As indicated inFig. 2, thefirstmain result derived from the rolling co-integration analysis is
that real alternative and financial assets display strong relationships, which can be interpreted
in terms of convergence mechanisms. If we look at the first part of the sample in more
detail, the variables are strongly related. By contrast, the links seem to weaken from 2015
onward, which could correspond to the turnaround in residential real estate prices heralding
the subprime crisis.12 The end of the period is also marked by a declining convergence
process because the variables are now linked by only two long-term relationships. Indeed,
this period was marked by tighter financial conditions linked to the Fed’s monetary policy
decisions, which led to several consecutive increases in themain policy rate and consequently
a sharp drop in US equity markets. The rise in the global risk aversion index (VIX) at the
end of 2018 linked to the strong protectionist measures initiated by the US government is
probably an explanatory factor for the lesser convergence of alternative and financial assets.
This first part of the analysis on the co-integration between alternative and financial assets
interestingly reveals a dynamic process of convergence that is nonlinear over the period
and subject to global financial conditions, including exogenous shocks. Long-term investors
and portfolio managers should therefore be careful in building and holding portfolios that
include real alternative assets and financial assets, especially during periods of strong asset
price convergence where financial contagion makes portfolio diversification strategies less
effective.

12 We report the trace test statistics on the last day of the subsample period from which they are computed.
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Fig. 2 The vertical axis represents the standardized values of the trace statistics. Values greater than 1 indicate
rejection of the corresponding null hypothesis

Several observations emerge from figures of Rolling adjustment coefficients (from Fig. 3a
to e). First, the coefficient estimates display a clear nonlinearity over the sample period. They
are sometimes statistically insignificant when the confidence interval includes the value of
zero, but they become statistically significant at other subperiods. This is the case, globally,
throughout the sample period for ART, except for a short period mid-2019. This is also the
case for GOLD and MSCI over two-thirds of the period, from 2015 to 2019. This result
suggests that for these variables, the error-correction mechanism did not bring the variables
back to their long-term equilibrium in the event of a deviation from the previous period.
Second, it is interesting to note that the adjustment coefficients are statistically significant,
individually and jointly, for GOLD and MSCI at the beginning of the sample (from 2013
to 2015), implying that both assets adjusted toward their long-term equilibrium in case of
shocks. The pattern is clearer for the variables APART and to a lesser extent for LIV-EX,
which display a statistically significant coefficient α over almost the entire sample. For these
two variables, the error-correction term is an important component of adjustment to their
long-term equilibrium. A final comment can be done about the speed of adjustment of the
price series. The value of the coefficients is the highest for GOLD and MSCI, and they are
comparable for ART and LIV-EX at a lower level. The values of α for APART are extremely
low. The magnitude of the loading coefficients is another way to analyze the process of
convergence among our price series. The higher the coefficients, the faster the return to
long-term equilibrium, which can be interpreted in terms of greater convergence among
assets (Dolado et al., 2001; Mylonidis & Kollias, 2010) because they are considered in the
same way by investors. These results can also be interpreted in terms of financial contagion
in the short run for investors and portfolio managers who should consider rebalancing their
portfolios to still benefit fully from the effects of diversification. However, this analysis needs
to be deepened by an analysis of the weak exogeneity of the variables in order to determine
the markets from which possible spillover effects may emerge and those that would be less
immunized to external shocks.
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Fig. 3 a �Art α1 with its
confidence interval, b �Livex α1
with its confidence interval,
c �Gold α1 with its confidence
interval, d �Appart α1 with its
confidence interval, e �Msci α1
with its confidence interval
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Several considerations can be drawn from Figs. 4. A first comment concerns the nonlinear
behavior of the variables in terms of (weak) exogeneity. Over the period 2013–2016, the
two collectible assets, ART and LIV-EX, fail generally to reject the null hypothesis of weak
exogeneity. That implies that they do not adjust to their long-run equilibrium in cases of devi-
ations, that is, they are weakly exogenous during the considered period. This may correspond
to the process of financial globalization that has intensified over the period, pushing investors
to target assets other than traditional financial assets. However, over the same period, GOLD
and MSCI clearly reject the null hypothesis, indicating that these variables tend to adjust in
the short run to restore the long-run equilibrium of the system. These findings provide support
for a contagion effect from the collectible assets, forcing the other assets—GOLD, APPART
and MSCI, to adjust in the long run to short-term deviations. From 2016 onward, the results
are reversed, with collectible assets adjusting to the long-term equilibrium, and GOLD and
MSCI becoming weakly exogenous. The variable APART appears to be a pulling variable
of the system, that is, it responds to short-term deviations to return to long-term equilibrium.
Over this last period, investors and portfolio managers should be aware of shocks originating
from GOLD and MSCI that would have affected other markets. Indeed, in a period marked
by higher global risk aversion, traditional assets are once again preferred by investors, this
time affecting other alternative assets.

In such a context, the results support the hypothesis of a nonlinear convergence of real
alternative and traditional financial assets, which may depend on global financial conditions,
global risk aversion, and possible exogenous shocks that alter the links and contagion effects
among assets.

7 Concluding remarks

Our article questions the market convergence of the main real alternative (gold, art, wine,
residential real estate) assets and conventional assets (MSCI) as a result of several decades
of global capitalization. It is hoped that such a questioning result in a better understanding
of investors’ strategies, notably in terms of wealth management and portfolio diversification.
Studying the time-varying, long-run relationships among the asset price indexes from 2003
to 2019 in the US economy has resulted in three major contributions.

First, in regard to the existing literature, we examine a larger set of main real alternative
assets for a broader period. Our results confirm the existence of a long-term co-integration
relationship but with structural breaks that previous studies did not test. As expected, the
three breaks match with the bankruptcy of Lehman Brothers (2008), the sovereign debt crisis
(2011), and the raw material crisis (2015). This first result justifies the use of a rolling co-
integration method to explore the nonlinear relationships among assets and discusses the
effects of financial shocks on their convergence.

Second, we observe a nonlinear dynamic process of convergence. The number of co-
integration relationships changes over time and indicates that shocks in the rolling observation
period lead to a lesser convergence of assets. In other words, investment strategies during
expansion phases lead to a convergence of real alternative assets and conventional assets,
whereas shocks alter the co-movements of price indexes.

Third, the rolling adjustment coefficients identify the asset profile according to their error-
correction mechanism (and speed of adjustment) to bring back their long-term equilibrium in
the event of a deviation from the previous period. Following a shock, gold and theMSCI adjust
to their long-run equilibrium (converge) with a high speed, whereas art and fine wines have
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Fig. 4 a H0: Art is exogenous
Normalized LR statistics, b H0:
Livex is exogenous normalized
LR statistics, c H0: Gold is
exogenous normalized LR
statistics, d H0: Apart is
exogenous normalized LR
statistics, e H0: Msci is
exogenous normalized LR
statistics
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a much slower speed, and residential real estate has an extremely low speed of adjustment.
Weak exogeneity tests confirm the investor preference for gold andMSCI in cases of a higher
risk aversion, far higher than wine and art, and residential real estate appears to be the pulling
variable of the system.

This differentiated response of real alternative assets to shocks is probably in linewith their
specificities (Baumol, 1986). For residential real estate, the existence of a fundamental value
based on discounted rent flows and weak financialization provides a strong independence
based onmacroeconomic andmonetary variables (Bouchouicha& Ftiti, 2012; Kydland et al.,
2016; seeMinetti, 2015 for a discussion). The slow convergence of art and fine wines after an
exogeneous shock seems to be explained by the increasing financialization of these markets
(Ashenfelter et al., 2018; Bocart & Hafner, 2015), but this market’s liquidity degree remains
very moderate (Masset et al., 2021; Penasse & Renneboog, 2018). In comparison, the strong
convergence of gold with conventional assets matches with its high degree of financialization
and liquidity (Zang et al. 2019). The well-known asymmetry of information in the art and
fine wine markets undoubtedly accentuates the slow convergence of price indices following
the shocks.

These results have important implications for investors and portfolio managers. On the
one hand, portfolio arbitrage opportunities should be considered by investors and portfolio
managers in the short run by using the information content of the long-run relationship, which
reflects complex convergence dynamics, to develop more effective portfolio reallocation
strategies. In particular, collectibles appear to be a relevant source of portfolio diversification.
On the other hand, traditional financial and real estate assets seem to be long-run leading
indicators of other real alternative assets, especially at the end of the study period. Hence
investors and portfolio managers can use gold and stock prices as a leading signal to adjust
their holding positions or to implement hedging strategies in case of a shock on these markets
(for example a rise in the FED’s key interest rates).

Future research avenues should build on recent papers on the liquidity of alternative assets
to better understand and measure the effect of financial shocks on the convergence of these
markets. Furthermore, a better insight into the data-generating process and the analysis of
long-memory processes could also enrich the understanding of the mechanisms of price
convergence between assets.

Appendix: rolling adjustment coefficients

See Fig. 5
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Fig. 5 a �Art α2 with its
confidence interval, b �Livex α2
with its confidence interval,
c �Gold α2 with its confidence
interval, d �Appart α2 with its
confidence interval, e �Msci α2
with its confidence interval
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