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1 Introduction

In the market microstructure literature, price discovery is a core topic of research. In

essence, price discovery is "the process through which financial prices respond to infor-

mation" (Osler, Mende, & Menkhoff, 2011). In the words of Dolatabadi, Nielsen, and

Xu (2015), it can also be described as "the process of revealing an asset’s permanent or

fundamental value." Similarly, Schreiber and Schwartz (1986) defined price discovery as

the chain of events where new information enters into a system, causing traders to re-

spond both to said information and to the consequent price changes, in the pursuit of a

"new equilibrium price." The price discovery literature thus aims to study how market

participants react to new information, such as news events or the actions of other mar-

ket participants. In particular, the goal is to assess these responses in terms of how the

information is internalized into a price.

A common way of studying price discovery for an asset is to analyze how it is traded

on multiple markets and attempting to extract some information about patterns in how

each market responds to the others. This could either be done by looking at a particular

asset that is traded on two or more exchanges (Baillie, Geoffrey Booth, Tse, & Zabotina,

2002; Poskitt, 2009) or by looking at asset derivatives, the prices of which are assumed to

(more or less) closely follow that of the underlying (Figuerola-Ferretti & Gonzalo, 2010;

Dolatabadi et al., 2015; Yan, Chen, Song, & Xu, 2022; Wu, Xu, Zheng, & Chen, 2021).

In this thesis, I take the latter approach to conducting a price discovery study by select-

ing spot and forward rates for the Euro-Sterling (EUR/GBP) exchange rate. In particu-

lar, I look at daily one-month and three-month forward rates and study them pairwise

with the corresponding day’s spot rate. I then use a method similar to prior literature on

price discovery in, e.g., commodity markets (Dolatabadi et al., 2015), bitcoin (Wu et al.,

2021), and the US Dollar-Canadian Dollar exchange rate (Yan et al., 2022) by employing a

fractionally cointegrated vector autoregressive (FCVAR) model from Johansen (2008) and

Johansen and Nielsen (2012). The parameter estimates in such a model include two matri-

ces (or vectors), â and b̂, which describe the long-term relationship between the spots and
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the forwards. Using the permanent-transitory decomposition method from Gonzalo and

Granger (1995), I transform â into its orthogonal component and find the price discovery

weights attributable to each respective asset. Meanwhile, being the cointegrating matrix

(or vector), b̂ tells us about the long-term equilibrium relation in the bivariate system.

The reason for using the FCVAR model to answer my research question is to allow for

long memory in the forward premium. Long memory is a statistical property where the

association between variables in a multivariate system stretches over significant periods

of time. This can then manifest itself in an order of cointegration that is more flexible than

the more standard restrictive approach of assuming a time series be either I(0), indicat-

ing stationarity, or I(1), indicating nonstationarity. A fractionally integrated series (or a

fractionally cointegrated multivariate series) is allowed to have an integration order of

I(d) (or I(d � b), where d and b need not take integer values. Recent literature on price

discovery in commodity and foreign exchange (FX) markets have started taking this ap-

proach, and Dolatabadi et al. (2015) and Yan et al. (2022) have been particularly important

in providing inspiration for the methodology in this thesis.

I obtain several interesting results. Firstly, my FCVAR estimation indicates that, when

considering spot rates and one-month forward rates, the origin of price discovery appears

to be rather evenly distributed between the two markets, with somewhat of a preference

for the former at 55.2%, leaving 44.8% for the latter. Secondly, when swapping out the

one-month forwards for three-month ones, price discovery appears substantially more

slanted towards the forward market, which contributes about 67.8% to price discovery,

leaving 32.2% of it attributable to spots. Hypothesis testing on these weights confirm that

price discovery is not completely one-sided, with both spots and forwards contributing

at least some information. I attribute these differences in part to the possibility that the

actors on the different markets are different, with traders of longer-term forwards poten-

tially being better-informed than other FX market participants. In part, I also attribute

them to my general finding that one-month forwards behave more similarly to spots than

three-month forwards do, which may indicate that three-month forwards supply more

unique information to the greater market. Other findings include that the order of frac-
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tional cointegration is lower for the system with one-month forwards than for the one

with three-month forwards, and that three-month forward rates appear to violate cov-

ered interest rate parity.

This thesis contributes to the literature in a number of ways. Firstly, I adapt a commonly-

used model of long memory in commodity forward premiums to the case of foreign ex-

change. Secondly, I present evidence of long memory characteristics in the EUR/GBP

forward premium, to my knowledge a novel finding. Thirdly, I provide insight into the

price discovery process for this exchange rate, which has not been of primary focus in

recent literature. Fourthly, I find evidence that the nature of price discovery may depend

on the tenor of the forward, with longer tenors leading to a higher weight being placed

on the forward market. Fifthly, I find evidence of deviations from covered interest rate

parity.

The remainder of the thesis is organized as follows. In section 2, I conduct a literature

review that gives an overview of the state of current research on price discovery in FX

markets, as well as of how the FCVAR methodology has been applied in such research

and beyond and of recent developments in the study of long memory in interest rates. In

section 3, I provide my theoretical framework, which serves as the foundation on which

the remainder of the thesis rests. In section 4, I introduce the empirical framework that

I use to analyze my research questions. In section 5, I go over the data that I use for the

analysis, provide summary statistics, and select the appropriate model. In section 6, I

present the results of the empirical analysis, including hypothesis tests and a discussion

of the results, before concluding the thesis in section 7.

2 Literature review

There is an existing body of literature on the issue of price discovery in FX markets, ex-

amining various currency pairs and with many different econometric models employed.

A frequently used method has been the vector error correction model (VECM) or coin-

tegrated vector autoregressive model (CVAR). The relationship between FX spots and
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forwards or futures has been studied in this manner by, e.g., Tse, Xiang, and Fung (2006)

in a study on the Euro and Japanse yen exchange rate, which found evidence that trading

frequency positively affects the information share of a particular market and that futures

traded electronically thus are more important for price discovery than floor-traded ones.

However, Cabrera, Wang, and Yang (2009) conducted a similar study on the same ex-

change rate, and found that the spot market leads price discovery.

Rosenberg and Traub (2009) found that the information share of spots had grown between

1996 and 2006, a result which they suggest can be attributed to increased transparency in

spot markets. Moreover, Chen and Gau (2010) found that FX spot markets contribute

more to price discovery than the respective futures markets, but that futures traders ap-

pear to be more well-informed and that the information share of futures tends to increase

around the time of macroeconomic news events. Chang, Chen, Chou, and Gau (2013)

investigated the impact that hedgers and speculators in foreign exchange markets had

on the price discovery weight given to the forward market. They found that widespread

hedging diminishes this weight, while widespread speculation—subject to speculators’

open interest being below some thresholds—actually improves the efficiency of the price

discovery process. These results were attributed to hedgers being less driven by informa-

tion than speculators are.

There are other related strands of literature concerning price discovery on FX markets

but not focusing on spot and forward prices. For example, Anderson, Bollerslev, Diebold,

and Vega (2003) studied FX spot rates how these react to announcement surprises, find-

ing that markets tend to react more negatively to bad news than they do positively to

good news. Covrig and Melvin (2002) found that that traders located in Tokyo appear to

be more informed about the Japanese Yen-US Dollar exchange rate, as the remainder of

the market tends to follow trends in their trading behavior, indicating that informational

asymmetry may impact the source of price discovery. Phylaktis and Chen (2009) studied

the USD/GBP exchange rate and found that out of 100 banks active on a particular elec-

tronic exchange, the ten most active banks stood for 70% of price discovery, which the

authors also attributed to information asymmetry, since those institutions that participate
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most also get a better idea of where the market is heading.

More recently, the fractionally cointegrated vector autoregressive model (FCVAR) has

been used for various purposes in research on financial markets. The FCVAR was de-

veloped by Johansen (2008) and Johansen and Nielsen (2012) as a generalization of the

older CVAR model, based on ideas already proposed by Granger (1986). The idea is to

allow the cointegration between two or more variables to take a non-integer order, with,

e.g., two I(1) processes cointegrating to I(0) simply being a special case of the FCVAR.

Often referred to as exhibiting "long memory", a fractionally integrated process has an

order of integration of d, where b may be a fraction. The technical details of fractional

integration will be further examined in the section on the theoretical framework.

This concept has been applied in studies on the volatility of individual stock prices using

daily high and low prices for stocks (Caporin, Ranaldo, & Santucci de Magistris, 2013;

Afzal & Sibbertsen, 2021) and commodities (Gunay, 2018), price discovery in systems

of exchange rate spot prices (Gil-Alana & Carcel, 2020), electricity price dynamics (Gil-

Alana, Mudida, & Carcel, 2017), the relationship between macroeconomic indicators and

stock returns (Quineche, 2021), and the integration of Eurozone bond markets (Stoupos

& Kiohos, 2021).

The FCVAR methodology has also been used to analyze research questions surrounding

price discovery. The purported long memory characteristics of the spot-forward relation-

ship has been exploited for price discovery research on commodities such as metals and

crude oil (Dolatabadi et al., 2015; Bravo Caro, Golpe, Iglesias, & Vides, 2020), cryptocur-

rency (Wu et al., 2021), and exchange rates (Yan et al., 2022). The findings are varied, but

tend to support that the information share of the forward or futures market is at least

somewhat greater than that of the spot market.

The paper that holds perhaps the greatest similarities to this thesis is Yan et al. (2022),

which used an FCVAR model to study price discovery on the USD/CAD market using

spot and forward prices. The authors of that paper divided their sample period into sub-

samples, reflecting various periods of trade friction, and found evidence that the forward

market tends to supply relatively more information to the price discovery process than
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the spot market during all sample periods. They also performed a forecasting exercise,

where they were able to show that, for their set of data, an FCVAR model was more accu-

rate in generating predictions than a conventional CVAR model.

Long memory in spot-forward systems has also been studied through other means than

employing FCVAR models, and it has been a popular research topic in general. For ex-

ample, the univariate autoregressive fractionally integrated moving average (ARFIMA)

model has been used for research on spot-forward long memory characteristics in both

commodities (Coakley, Dollery, & Kellard, 2011) and exchange rates (Baillie & Bollerslev,

1994; Maynard & Phillips, 2001; Kellard & Sarantis, 2008; Hamzaoui & Regaieg, 2017).

Interest rates are of central importance for understanding and analyzing FX forwards, es-

pecially when considering them in the context of covered interest rate parity. The theoret-

ical framework allows fractionally integrated interest rates, for which previous literature

has found evidence. While a traditional approach has been to consider I(0) versus I(1) as

possible orders of integration, some researchers have questioned some of the implications

of interest rates being I(1), such as that they would be unbounded and that shocks would

have permanent effects. Tkacz (2001) addressed these concerns and further noted that, in

most cases and in the long run, interest rates are mean-reverting such that shocks appear

to have long-lasting, but not permanent, effects. Coleman and Sirichand (2012) found

evidence for nominal interest rates in the United Kingdom between 1997 and 2010 being

fractionally integrated. Caporale and Gil-Alana (2017) also found evidence of long mem-

ory in the Federal Funds rate. Couchman, Gounder, and Su (2006) studied real interest

rates in sixteen different countries using the ARFIMA approach and found that most were

likely fractionally integrated. Furthermore, Caporale and Gil-Alana (2019) studied frac-

tional cointegration between various European long-term interest rates, including those

from several major Eurozone countries and the UK, between 2001 and 2018. They found

mixed evidence of various country pairs, with some exhibiting fractional cointegration

and some being unit root processes.

Whereas Dolatabadi et al. (2015) used spot-forward parity in their theoretical framework

for studying price discovery in metals markets, I use covered interest rate parity (CIP), a
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foreign exchange version of the same concept, in this thesis. The same authors later pub-

lished another paper using the same data and the same FCVAR model, but instead focus-

ing on studying whether or not there exists backwardation or contango on the markets

for these metals. Mechanically somewhat similar occurrences exist in foreign exchange

market with deviations from CIP, and there is a large body of research on this topic. CIP

is a simple no-arbitrage condition that essentially ensures that depositing cash at home

yields the same expected payoff as buying a foreign currency, depositing that, and con-

verting it using a forward contract. This latter strategy can also be achieved using FX

swaps. Deviations from this property are referred to as cross-currency basis, which mea-

sures the extent to which a forward contract deviates from what CIP would suggest by

looking at spot rates and interest rates (Du, Tepper, & Verdelhan, 2018).

Many such deviations have been observed in the literature and by professionals in the FX

trading industry. For example, Du et al. (2018) showed that, since 2008, there have been

persistent and systematic violations of covered interest rate parity among the G10 curren-

cies1. This was done by measuring the difference between logarithmic forward premiums

and differentials in continuously compounded Libor rates. Leonhardt, Rathgeber, Stadler,

and Stöckl (2015) also studied CIP violations since the financial crisis by focusing on five

different currency pairs, including EUR/GBP, and taking a counterparty risk approach.

They also found systematic deviations from the CIP.

3 Theoretical framework

In this section, I provide the theoretical foundations for my research questions and method-

ology. I start by going over what spot and forward contracts are, and how they work, in

the context of exchange rates. I then move on to explain fractional integration and cointe-

gration, before combining the two concepts with the help of covered interest rate parity.

1These are the Australian dollar, Canadian dollar, Euro, Japanese yen, New Zealand dollar, Norwegian
krone, British pound sterling, Swedish krona, Swiss franc, and United States dollar (Du et al., 2018).
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3.1 Spots and forwards

A spot rate is the price at which one would buy an asset, in this case a currency, for

delivery as soon as possible. In the case of foreign exchange, this entails each party to the

transaction trading two currencies with each other at an agreed-upon rate of conversion,

with delivery typically occurring two days later. Purchasing a forward contract works

similarly, however with the distinction that the delivery of the asset is instead set to occur

at some date further into the future. In the foreign exchange market, these agreements are

often termed "outright forwards," and they are a tool for firms to lock in an exchange rate

and thus reduce their exposure to exchange rate risks. Making these hedging possibilities

possible constitutes one of the most important roles that forward (or futures) contracts

play in financial markets, along with their contributions to price discovery (Dolatabadi et

al., 2015).

Forward and futures contracts are similar instruments, with the distinction that the for-

mer are traded over-the-counter and the latter on centralized exchanges. The way, and

specifically the timing, that profits and losses are realized differ slightly between the two

contract types (Dolatabadi, Nielsen, & Xu, 2016) but Chow, McAleer, and Sequeira (2000)

argue that the resulting differences needed to account for are slim for the purposes of

empirical analysis, so futures and forward contracts may be considered essentially equiv-

alent.

3.2 Fractional integration

A process yt with a zero mean is fractionally integrated if

Ddyt = #t (1)

where D = (1 � L), with L being a lag operator, 0 < d < 1, and #t being an independent

and identically distributed (i.i.d.) variable (Parke, 1999). If d = 0, the expression would

reduce to yt = #t. If, instead, d > 0, yt is referred to as having "long memory". This is be-
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cause in such a scenario, observations across wide ranges of time are strongly associated

with each other (Gil-Alana, 2007).

Johansen (2008) and Johansen and Nielsen (2012) define the fractional difference operator

Dd,

Ddyt =
•

Â
n=0

pn(�d)yt�n. (2)

They define the fractional coefficients, pn(d), by way of the following binomial expansion:

(1 � z)�d =
•

Â
n=0

(�1)n

0

@�d

n

1

A zn =
•

Â
n=0

d(d + 1)...(d + n � 1)
n!

zn =
•

Â
n=0

pn(d)zn (3)

for |z| < 1 and d 2 R.

This infinite sum does not exist if d � 0.5, but if d < 0.5, then

D�d#t = (1 � L)�d. (4)

When a multivariate system of order d cointegrates to some lower order d � b, the system

is said to be fractionally cointegrated. In other words, b0Xt can be said to be cofractional.

If d = b, we again enter a scenario where a linear combination of the variables in the

system cointegrate to an I(0) process.

3.3 Covered interest rate parity and fractional cointegration

My theoretical foundation is based on a modified version of that provided by Figuerola-

Ferretti and Gonzalo (2010), who in turn built upon a model by Garbade and Silber (1983).

I have adjusted this model to accommodate for the differences between the spot-forward

relationship in the commodity and FX markets. Whereas Figuerola-Ferretti and Gonzalo

(2010) start from spot-forward parity, I use the notion of covered interest rate parity as a

starting point. Let St and Ft denote the spot and one-period forward prices, respectively,
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for a given exchange rate at time t. Further, let Rd
t and R f

t denote the domestic and foreign

risk-free interest rates, respectively, also at time t. Assume no other costs or taxes, and no

limitations on short sales or borrowing. In equilibrium, there is a no-arbitrage condition

which then implies the following:

Ft = St
1 + Rd

t

1 + R f
t

. (5)

This is one formulation of CIP, a fundamental relationship in theoretical finance and the

FX equivalent of spot-forward parity. It relies on the fact that an investor could choose

either to deposit cash on hand at a bank, and earn the domestic interest rate, or exchange

the cash for a foreign currency, deposit the money in the economy where that currency

originates, and earn the interest rate that prevails there while simultaneously investing

in a forward contract that will later convert that foreign currency into the domestic one.

If these two strategies were not equivalent in terms of expected payoff, assuming that

interest rates and forward contracts are risk-free, arbitrageurs would step in (Du et al.,

2018). One may also take natural logarithms of both sides of the CIP equation, which

yields the following:

ft = st + rd
t � r f

t (6)

or, equivalently, the forward premium

ft � st = rd
t � r f

t , (7)

where rd
t and r f

t are the continuously compounded risk-free interest rates in the domestic

and foreign economies at time t.

I now introduce some assumptions borrowed from the model by Figuerola-Ferretti and

Gonzalo (2010) related to some properties of these variables. Firstly, I assume that spot

and forward exchange rates are unit root processes. The second assumption pertains to
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the time series behavior of rd
t and r f

t , which I assume can be modeled as follows:

rd
t = r̄d + urtd (8)

and

r f
t = r̄ f + urt f (9)

where r̄d and r̄ f refer to the mean of rd
t and r f

t , respectively, and both urtd and urt f are

I(0) processes, both of which have means of zero and finite positive variances. Thirdly,

assume that Dst = st � st�1 also is an I(0) process with a mean of zero and a finite positive

variance.

By combining these assumptions with the logarithmic version of the CIP condition (and

flipping the sign on urt f , without loss of generality), we obtain the following relationship:

ft � st = r̄d � r̄ f + urtd + urt f . (10)

We find that the logarithmic forward premium is a linear combination of domestic and

foreign logarithmic interest rates, which are made up of constants and I(0) processes. The

implication of this result is that both st and ft are I(1) processes which cointegrate to an

I(0) process, and that the cointegrating vector is [1,�1]0.

Fractional cointegration is introduced to the framework by, like Dolatabadi et al. (2016),

replacing the previous assumptions on the time series behavior of interest rates and spot

returns with new ones. First, I assume that rd
t and r f

t are processes that obey

rd
t = r̄d + vrtd (11)

and
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r f
t = r̄ f + vrt f . (12)

Essentially, I have replaced urtd and urt f with vrtd and vrt f . These new innovation terms

are I(1 � b) processes with means of zero and finite positive variances, and with b > 0.5.

The restrictive assumption on b ensures the stationarity of the system. Like Dolatabadi

et al. (2016), I use a common fractional integration order 1 � b for both processes for

purposes of notational simplification. As they point out, if b were different for the two

processes, I would just replace the larger b with the smaller one for the remainder of the

analysis. Second, I relax the assumption that Dst has a mean of zero by letting it instead

have a mean of µ, which allows for a drift. With these changes in assumptions, I arrive at

one version of my final theoretical model of long memory in FX forward premiums:

ft � st = r̄d � r̄ f + vrtd + vrt f . (13)

This model predicts that the forward premium ft � st is fractionally cointegrated to an

order of 1 � b. The restriction on b translates to this order being in the range [0, 0.5). The

cointegrating vector is still implied to be [1,�1]0.

4 Methodology

In this section, I start by developing the fractionally cointegrated vector autroregressive

(FCVAR) model and explain how it differs from the traditional CVAR model. I then in-

troduce my price discovery measure and define relevant hypothesis tests on it.

4.1 FCVAR

Mirroring, e.g., Dolatabadi et al. (2015), I introduce my econometric model by starting off

with the original CVAR model. Let Yt be a (2 ⇥ 1) vector and DYt := Yt � Yt�1.
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DYt = ab0Yt�1 +
k

Â
i=1

GiDYt�i + #t (14)

One can rewrite equation 14 using the lag operator L:

DYt = ab0LYt +
k

Â
i=1

GiLiDYt + #t (15)

This model is prevalent in the literature, and was used by Figuerola-Ferretti and Gonzalo

(2010) in their price discovery study on commodities. However, it is quite restrictive, as

it assumes that the two series in Yt cointegrate to I(0). Since my theoretical framework

allows for a cointegration order of I(1 � d), where d may or may not be equal to 1, it

is time to extend the framework to allow for fractional cointegration. At this point, the

fractional difference operator (see Equation 2) is introduced to the framework by Johansen

and Nielsen (2012). This fractional difference operator is used to extend the CVAR model

by inserting Db and Lb = 1 � Db in place of D and L, and obtain

DbYt = ab0LYt +
k

Â
i=1

GiLiDYt + #t. (16)

Finally, applying this result to Yt = Dd�bXt yields the FCVAR,

DdXt = ab0LbDd�bXt +
k

Â
i=1

GiLi
bXt + #t. (17)

Dolatabadi et al. (2016) extend the FCVAR framework by introducing paremeters allow-

ing for deterministic trends in the processes. In my case, I will allow for a linear trend

to exist in the data, which seems especially sound not to rule out in the case of three-

month forward premiums (Figure 2). In the terminology of Dolatabadi et al. (2015) and

Dolatabadi et al. (2016), this linear trend shows up in the model as a "restricted constant"

which changes equation 17 to becoming
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DdXt = aLbDd�b(b0Xt + r) +
k

Â
i=1

GiLi
bXt + #t. (18)

In my case, X0
t = [st, ft]. Many of the parameters of the FCVAR are interpreted in a man-

ner similar to those of the CVAR. We have a loading matrix a and a cointegration matrix

b, both of which are p ⇥ r where 0  r  p. Both of these parameters provide infor-

mation about long-run characteristics of the relationship between the variables contained

in Xt. More specifically, the loading (or adjustment) coefficients contained in a indicate

the speed with which the variables in Xt adjust towards the equilibrium. Meanwhile, the

columns in b indicate which linear combinations of the variables in Xt are stationary. In

other words, b is a parameter that tells us about the long-run equilibrium relationship

between spot and forward prices. The short-run relationship between these are captured

by Gi and k represents the number of lags. The #t represents a (2 ⇥ 1) innovation term

with mean zero and covariance matrix W.

There are two parameters in the FCVAR that do not appear in the more restrictive CVAR,

namely d and b. The former concerns the order of (potentially fractional) integration of

the individual variables contained in the bivariate system. Based on the theoretical frame-

work, d will be fixed at 1, meaning that logarithmic spot and forward prices are assumed

to be unit root processes. The plausibility of this assumption will be tested later using unit

root hypothesis testing procedures. Meanwhile, b is a parameter that describes the degree

of fractional cointegration. The magnitude of b can have important implications. Firstly,

as alluded to in the theoretical framework section, the side of 0.5 on which b is impacts

the statistical properties of the system. If b < 0.5, we have a case of weak cointegration.

In such a scenario, the fractional errors are non-stationary. However, they would still be

mean-reverting. If, instead, b > 0.5, the equilibrium errors are stationary. Secondly, the

larger the b parameter is (or more precisely, the closer the value of b is to the value of d),

the closer the system is to being "fully" cointegrated. This means that b can be interpreted

as a measure of how well two markets are integrated with each other (Stoupos & Kiohos,

2021). If b = 1, the FCVAR model simply reduces to the CVAR.
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Several hypothesis tests are to be made using likelihood ratio tests. Johansen and Nielsen

(2012) showed that, if b > 0, maximum likelihood estimators of parameters b, a, and

Gi, i 2 Nk, are asymptotically normally distributed. Furthermore, when the true value

of b, b0, is above 0.5, the maximum likelihood estimators of the b and r parameters are

asymptotically mixed normally distributed. If the true value is below 0.5, these estimators

are simply asymptotically Gaussian, which means that inference regarding the parame-

ter estimates, including the equilibrium relation between the components in Xt, may be

conducted in a standard asymptotic chi-squared fashion (Johansen & Nielsen, 2012).

As noted by Dolatabadi et al. (2016), the theoretical definition of a fractional difference

operator involves an infinite sum (see Equations 2 and 3), which is clearly not possible

in real-world scenarios which contain finite samples. Some researchers have thus opted

to make the assumption that Xt equaled zero before the first observation, which hardly

could be the case here, since we know that spots and forwards existed and were traded

before the start of my sample (which will be described in more detail in the following

section), with data availability being the sole reason for these prices being omitted in this

analysis. Johansen and Nielsen (2016) found that such assumptions introduce bias into

the maximum likelihood estimation, and suggested that researchers divide their samples

in two: one set to be included when calculating likelihoods and another set of "initial

values" on which the remainder can be conditioned. I will heed that advice.

4.2 Price discovery measure

My main parameter of interest, the price discovery vector, is derived from the loading

matrix a. Two methods of assessing price discovery within my type of empirical frame-

work are dominant in the literature (Figuerola-Ferretti & Gonzalo, 2010). The first is the

Information Share (IS) approach of Hasbrouck (1995), which has been applied to price

discovery research on spots and forwards or futures by, e.g., Tse et al. (2006), Chang et al.

(2013), Elder, Miao, and Ramchander (2014), and Kapar and Olmo (2019).

The second comes from Gonzalo and Granger (1995), who propose a permanent-transitory
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(PT) decomposition method, whereby a "common permanent component" of Xt = (st, ft)0

is identified. This common permanent component is Wt, a linear combination of the vari-

ables contained in Xt. It is defined as

Wt = a0?Xt (19)

with a0? being orthogonal to a such that

a0?a = a0a? = 0. (20)

Anticipating the loading matrix to be a (2 ⇥ 1) vector, the first and second values con-

tained in a? will provide the the price discovery weights for the spot price series and

for the forward price series, respectively. This method for calculating price discovery

has been more prevalent than the IS method in studies similar to mine, as it has been

employed by, e.g., Dolatabadi et al. (2015), Wu et al. (2021), and Yan et al. (2022). This is

because the IS approach does not allow for fractional cointegration between the variables,

making it unsuitable for my empirical method (Narayan & Smyth, 2015).

The transitory component of Xt in the PT decomposition method is derived from b, as it

is the cointegration relationship Zt = b0Xt. Xt thus decomposes into

Xt = A1Wt + A2Zt, (21)

where A1 = b?(a
0
?b?)

�1 and A2 = a(b0a)�1 (Figuerola-Ferretti & Gonzalo, 2010).

The interpretation of Wt that is commonly made in price discovery studies is that it repre-

sents a long-run dominant price or market. Information passed into the system through

other means than through Wt have no permanent effect on prices (Figuerola-Ferretti &

Gonzalo, 2010).

The formula for computing the price discovery weight yi with i 2 {1, 2} can easily be

done by finding the following ratio:
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yi =
|aj|

|ai|+ |aj|
(22)

where j 2 {1, 2}, i 6= j, and a = (a1, a2).

After having found an estimate for a = (a1, a2) and thence inferred the price discovery

weights in a? = (y1, y2), it is of interest to perform hypothesis tests on this estimate.

We should like to know whether the price discovery process only occurs in one market,

with the other one being totally dependent on the first. For instance, if the spot market

is the sole source of price discovery, this would mean that a? = (y1, 0). In order to test

such a hypothesis, we may just as well test the equivalent hypothesis that a = (0, a2), due

to the orthogonality of the two vectors. This means that the two hypothesis tests to be

conducted on â are

H1
a : a = (0, a2), (23)

i.e., that price discovery occurs exclusively in the spot market, and

H2
a : a = (a1, 0), (24)

i.e., that price discovery occurs exclusively in the forward market. These hypotheses

will be tested using likelihood ratio tests, where critical values are retrieved from the

chi-squared distribution. As Dolatabadi et al. (2015) point out, a may be interpreted as

an adjustment matrix describing how movements in Xt relate to past disequilibrium er-

rors. If there is a zero in that adjustment matrix, then these errors do not impact one of

the variables, which would mean that this variable is long-run exogenous and that price

discovery originates in the market for this variable.
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5 Data

5.1 Data description

I use daily opening data on spot and forward rates, which have been fetched from Re-

finitiv Eikon. I am using one-month and three-month outright Euro-Sterling (EUR/GBP)

rates. Both spots and forwards are traded on regular weekdays. The data span July 27th,

2010 to October 17th, 2022, inclusive, for a total of 3,189 observations. This was the max-

imum range of days available at the time of data retrieval. Any prices for either series

that are logged on a day without trading for the other are dropped from the data set. I

transform the spot and forward price series to logarithmic versions st and ft. Figure 1

shows how st and ft have developed over time throughout my selected period, and ca-

sual visual inspection does not particularly indicate stationarity, a first piece of evidence

that the restriction d = 1 may be warranted. We do, however, see that spot and forward

prices tend to be moving along with each other quite closely, as it is difficult for the naked

eye to distinguish any significantly different curves.

I continue by constructing logarithmic forward premiums, defined as ft � st. It is un-

clear whether Figure 2 indicates that the forward premium is a stationary process. Some

considerable spikes are apparent on a handful of dates in both the positive and the neg-

ative direction, and it may be the case that there is an upward trend present in the data,

especially for the premium derived from the longer-dated forward.

In order to verify what visual analysis of Figures 1 and 2 indicates, I conduct three sep-

arate unit root tests on st, ft, ft � st, as well as on the log-spot and log-forward returns

Dst = st � st�1 and D ft = ft � ft�1. Specifically, I use the Augmented Dickey-Fuller

(ADF) test (Dickey & Fuller, 1979), the Elliott-Rothernberg-Stock (ERS or ADF-GLS) test

(Elliott, Rothenberg, & Stock, 1996), and the Ng-Perron test (Ng & Perron, 2001). The

ADF-GLS test used both an intercept and a trend, as well as a maximum lag length of 28,

as determined by the Schwert criterion (Schwert, 1989). The results of these tests all in-

dicate the same result, i.e., that spot and forward prices are non-stationary processes, but

that the forward premiums and the spot returns are stationary ones. This further justifies
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Figure 1: Daily logarithmic spot and one-month outright forward prices for the EUR/GBP exchange rate between July 27th, 2010 and October 17th, 2022, inclusive.
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Figure 2: Daily logarithmic one-month and three-month forward premiums for the EUR/GBP exchange rate between July 27th, 2010 and October 17th, 2022, inclusive.
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restricting d = 1 in the FCVAR model.

Variable ADF ERS Ng-Perron

st -2.1196 -2.153 -2.3488

ft,1 -2.1134 -2.1413 -2.3583

ft,3 -2.1105 -2.1418 -2.3586

ft,1 � st -9.1968*** -4.1558*** -60.419***

ft,3 � st -3.6768** -2.3193 -56.76***

Dst -15.5926*** -3.1035** -56.421***

D ft,1 -15.644*** -3.2002** -57.655***

D ft,3 -15.6576*** -3.1661** -57.722***

Table 1: ADF, ERS, and Ng-Perron test statistics. For forwards, the number in the subscript represents the tenor in months. Legend for p-values: ***: 0.01, **: 0.05.

Table 2 shows summary statistics of the time series. As can be seen, logarithmic spot

prices are, in means, generally lower than forward prices. We see the same in mean for-

ward premiums. Assuming that the theoretical framework holds, the fact that ft � st

is positive should mean that rd
t � r f

t , i.e., the difference between the continuously com-

pounded Eurozone interest rate and the continuously compounded UK interest rate, also

is positive. Mean spot and forward returns are small, but nonzero, which my theoretical

framework allowed for. The very largest positive forward returns are larger than those of

spots, but on the negative side, the situation looks more even.

st ft,1 ft,3 ft,1 � st ft,3 � st Dst D ft,1 D ft,3

Min. -0.36514 -0.3653 -0.36403 -0.0132780 -0.011964 -0.0218518 -0.0211687 -0.0211425

1st Qu. -0.19358 -0.1934 -0.19292 0.0001868 0.001017 -0.0028504 -0.0027734 -0.0028014

Median -0.15864 -0.1580 -0.15679 0.0005802 0.001745 0.0000000 -0.0000588 -0.0000514

Mean -0.17272 -0.1721 -0.17087 0.0006176 0.001843 0.0000097 0.0000107 0.0000119

3rd Qu. -0.13079 -0.1303 -0.12898 0.0010168 0.002733 0.0027035 0.0027298 0.0027537

Max. -0.06315 -0.0596 -0.05902 0.0143654 0.015724 0.0637707 0.0784157 0.0783000

Table 2: Summary statistics for logarithmic spot and forward EUR/GBP rates, along with the corresponding returns and forward premiums. For forwards, the number in the
subscript represents the tenor in months. N = 3,189, except for returns, where N = 3,188.

21



5.2 Model selection

In selecting the model, I follow the same procedure as, e.g., Dolatabadi et al. (2015),

Dolatabadi et al. (2016), and Yan et al. (2022). This entails first building an "unrestricted"

model with a minimal number of restrictions on its parameters, and then conducting

some relevant hypothesis tests to see whether restrictions are in order. The first step to

achieving this is to determine the number of initial values on which to condition the data

in likelihood ratio tests (Johansen & Nielsen, 2016). I use forty-two days in my main

analysis, reflecting two months of trading.

The second step is to select k, the number of lags. This is done by estimating the model

with full rank r = p = 2 for several different k and examining various resulting test statis-

tics. Like Dolatabadi et al. (2016), I first consider the Bayesian Information Criterion (BIC),

which roughly points towards a suitable lag length. From there, I select the nearest lag

length that has a significant likelihood ratio (LR) test statistic for Gk, produces a b allowed

by the theoretical framework (i.e., b 2 (0.5, 1]), and produces statistically insignificant test

statistics through the univariate Ljung-Box Q tests for serial correlation of residuals, for

which I use h = 12 lags. In the case of one-month forwards, I find that a model with k = 1

lags fits the data best. For three-month forwards, 0 is the only number of lags that fulfills

all of my specified criteria.

After k has been chosen, the third step is to select the cointegration rank of the model. The

model contains a long-run cointegration matrix P = ab0, and the rank of this matrix rep-

resents the number of cointegrating relationships present in the data. A rank of 0 would

mean that the two variables in the system do not have a cointegrating relationship, so

rejecting that hypothesis in favor of the alternative, that there is a cointegrating relation-

ship, is crucial in order for the framework to hold. This hypothesis test is conducted using

a likelihood ratio, or "trace", test, following calculations made by Johansen and Nielsen

(2012) and Dolatabadi et al. (2016).

Since I am assuming that the true value of b is above 0.5—in other words, that I am dealing

with cases of strong cointegration—asymptotic theory here is nonstandard. Testing the
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null hypothesis Hr : rank(P) = r against the alternative hypothesis Hp : rank(P) = p

involves maximizing profile likelihood functions L(q, r) and L(q, p), where q = (d, b).

The likelihood ratio test statistic is given by

LRT(p, r) = 2log
L(q̂p, p)
L(q̂r, r)

(25)

where each profile likelihood function has been maximized over q. Johansen and Nielsen

(2012) show that the asymptotic distribution of the trace test statistic is

LRT
D�! Tr

(Z 1

0
dW(s)F(s)F(s)0

✓Z 1

0
F(s)F(s)0ds

◆�1 Z 1

0
F(s)dW(s)0

)
. (26)

Here, dW is a vector process, defined as the increment of a q-dimensional standard Brow-

nian motion, where q = p � r. F is also a vector process, which is defined as

F(u) = (Wb0(u)
0, ub0�1)0 (27)

for the case where d is considered fixed and known at 1 and the model includes a re-

stricted constant (Dolatabadi et al., 2016). The critical values for the trace test have been

simulated following MacKinnon and Nielsen (2014), who provided a Fortran algorithm

for generating critical values dependent on the b estimate. The results of these trace tests

can be found in Table 3, which shows that for both one-month and three-month forwards,

rank(P) = 0 can be resoundingly rejected at the 1% confidence level. Meanwhile, for both

tenors, rank(P) = 1 can be rejected at the 10% confidence level. I choose to interpret this

result as indicating that rank(P) = 1 for both one-month and three-month forwards.

After having selected the appropriate lag and rank, "unrestricted" models are run for each

forward tenor, in accordance with precedent set by the papers most similar to mine, i.e.,

Dolatabadi et al. (2015), Dolatabadi et al. (2016), and Yan et al. (2022). This terminology

may be considered somewhat of a misnomer, however, since restrictions have already

been put in place. More specifically, I have imposed an assumption of reduced rank on
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Rank b LR statistic 1% CV 5% CV 10% CV

1-month forwards r = 0 b = 0.500 517.100 17.23 12.96 10.98

r = 1 b = 0.667 5.844 10.88 7.342 5.779

3-month forwards r = 0 b = 0.800 1752.365 22.48 17.71 15.45

r = 1 b = 0.519 6.005 9.593 6.265 4.799

Table 3: Trace tests for cointegrating rank. For both forward term lengths, models were estimated with rank zero and rank one, after which likelihood ratios were calculated.
Critical values, which are dependent on both the rank and b̂, were simulated for each model.

P = ab0 and an assumption of d = 1, both of which show up as restrictions in the

model. Nevertheless, I will continue using that terminology for consistency with prior

research. Upon having retrieved estimates for the unrestricted models, hypothesis tests

are conducted in order to assess whether or not further restrictions on the model should

be imposed. The first two are

Hb : b = 1 (28)

against the alternative where b̂ has been allowed to be anywhere in (0.5, 1] and

Hb : b0 = [1,�1] (29)

against the alternative where the cells in b̂ have been allowed to take any value. My

theoretical framework suggests that the first of these hypotheses ought to be rejected,

since the it should only hold if interest rate differentials are I(0), while the second should

not be rejected, since it would violate covered interest rate parity. Any deviations from

my given hypotheses will be discussed towards the end of the thesis.

At this stage, I also conduct the two hypotheses on a, as defined by Equations 23 and 24.

If any of these four hypotheses cannot be rejected, I continue by imposing the respective

restrictions on the model, which would then yield a "restricted" model, and run it again

before providing an equilibrium spot-forward relation under the appropriate model re-

strictions. Price discovery estimates are however, like in Dolatabadi et al. (2015) and Yan
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et al. (2022), derived from the unrestricted model estimates. I make no particular pre-

specified hypotheses, assumptions, or claims about a or a?, since neither my theoretical

framework nor prior literature has any conclusive results to guide such remarks.

6 Results

In this section, I first present the FCVAR estimation results for the model that incorporates

one-month forward rates. I also present the results of the four relevant hypothesis tests,

before showing results for a restricted model Then, I go through the same process for the

model using three-month forward rates. Finally, I provide a discussion of these results,

comparing and contrasting them both to each other and to prior literature on the topic and

providing some economic intuition. I then round off with a few comments on relevance

and suggestions for future research.

6.1 One-month forwards

As can be seen in Table 4, the unrestricted FCVAR model that fits the data best conditional

on my specified requirements has a b̂ equal to 0.667. This would put the system squarely

in stationary territory, with the cointegration order being equal to d � b = 1 � 0.667 =

0.333, well below the 0.5 cutoff. I extract price discovery weights from this unrestricted

model estimate using Equation 22 and find that spots and forwards appear to make a

nearly equal contribution to price discovery. More specifically, spot rates stand for about

55.2% of price discovery, with the remaining 44.8% being derived from the forward mar-

ket. The b̂0 was rounded to three decimal points and found to be [1.000,�1.000], and

thus I have simply dropped this from the equilibrium relation, which fits with CIP. The

restricted constant was found to be very small and rounded to -0.001 in the equilibrium

relation. The value of this constant is not the focus of this analysis, though. Univari-

ate Ljung-Box Q tests have been conducted, with the null hypothesis of independently

distributed residuals and the alternative hypothesis of serial correlation in the residuals.
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FCVAR results for EUR/GBP one-month forward rates

Unrestricted model: D

2

4st

ft

3

5= D1�b̂

2

4�0.749

0.921

3

5 Zt + Â1
i=1 GiLi

b̂
D

2

4st

ft

3

5 +#̂

Fractional cointegration parameter: b̂ = 0.667 (0.030)

White noise tests: Q#̂1 = 7.814 (0.800), Q#̂2 = 8.542 (0.741)

Log-likelihood: log(L) = 30034.654

Price discovery weights: â? = [0.552, 0.448]

Equilibrium relation: st = �0.001 + ft + Zt

Hypothesis tests:

Hb : b = 1 Hb : b0 = [1,�1] H1
a : a = [0, a] H2

a : a = [a, 0]

df 1 1 1 1

LR 296.923 0.164 6.072 8.803

p-value <0.000 0.686 0.014 0.003

Restricted model: D

2

4st

ft

3

5= D1�b̂

2

4�1.513

1.821

3

5 Zt + Â1
i=1 GiLi

b̂
D

2

4st

ft

3

5 +#̂

Fractional cointegration parameter: b̂ = 0.668 (0.030)

White noise tests: Q#̂1 = 7.760 (0.804), Q#̂2 = 8.589 (0.738)

Log-likelihood: log(L) = 30034.572

Equilibrium relation: st = �0.001 + ft + Zt

Table 4: Table showing FCVAR estimation results using EUR/GBP spots and one-month forwards. For the fractional cointegration parameter estimate b̂, the standard error is
given in parentheses. For the white noise tests, which are univariate Ljung-Box Q tests, 12 lags were used, and p-values are given in parentheses. Loading matrix estimate ˆalpha
is given in the unrestricted and restricted model reports, with its orthogonal price vector being calculated using Equation 22 and reported separately. All numbers have been
rounded to three decimals.

These tests, which used 12 lags, have high p-values, which means that the tests failed

to reject the null and the residuals are concluded to likely be independently distributed.

Rejection would have indicated model misspecification.

The first of my four hypothesis tests, which tested the hypothesis that the model would

have been better off as a CVAR with b restricted to be equal to d at 1, was soundly rejected.

However, I was not able to reject the hypothesis that b0 = [1,�1], which does not come
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as a surprise given that this was also the estimate for b. As for the hypothesis tests on a, I

can comfortably reject both the hypothesis that price discovery occurs exclusively in the

spot market and the equivalent hypothesis for the forward market.

As a result of these hypothesis tests, I continue by estimating a model that restricts b to

be [1,�1], the results of which are found at the bottom of the table. Rounding to three

decimals, this restriction has no effect on the equilibrium relationship between spots and

forwards. It does increase the magnitude of the values contained in â, but their relative

sizes are not affected much. The fractional cointegration parameter estimate b̂ likewise

does not change by any large margin.

6.2 Three-month forwards

FCVAR results for EUR/GBP three-month forward rates

Unrestricted model: D

2

4st

ft

3

5= D1�b̂

2

4�1.103

0.523

3

5 Zt + #̂

Fractional cointegration parameter: b̂ = 0.519 (0.019)

White noise tests: Q#̂1 = 7.626 (0.814), Q#̂2 = 8.737 (0.725)

Log-likelihood: log(L) = 29898.427

Price discovery weights: â? = [0.322, 0.678]

Equilibrium relation: st = �0.001 + 1.005 ft + Zt

Hypothesis tests:

Hb : b = 1 Hb : b0 = [1,�1] H1
a : a = [0, a] H2

a : a = [a, 0]

df 1 1 1 1

LR 1195.396 11.801 32.051 6.923

p-value <0.001 0.001 <0.001 0.009

Table 5: Table showing FCVAR estimation results using EUR/GBP spots and three-month forwards. For the fractional cointegration parameter estimate b̂, the standard error is
given in parentheses. For the white noise tests, which are univariate Ljung-Box Q tests, 12 lags were used, and p-values are given in parentheses. Loading matrix estimate ˆalpha
is given in the unrestricted and restricted model reports, with its orthogonal price vector being calculated using Equation 22 and reported separately. All numbers have been
rounded to three decimals.

In Table 5, we see the results of the FCVAR model using three-month forward rates. One
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of the most notable differences between this unrestricted model and the one for one-

month forward rates is that the portion with lags is omitted in this one, due to the conclu-

sion that k = 0 lags fit the data best given my requirements. The fractional cointegration

parameter b is estimated at 0.519, which only just puts the cointegration order below 0.5

at d � b = 1 � 0.519 = 0.481. In other words, the linear combination of spot and forward

prices just barely on the stationary side.

The price discovery weight of spots is found to be at roughly 32.2%, with the remaining

67.8% left for the three-month forwards, a sizeable positive shift in the relative impor-

tance of forwards compared to the case with one-month forwards. Interestingly, the b

parameter was estimated, with rounding to three decimals, to be [1,�1.005]0. Possible im-

plications of this will be discussed in the next subsection. Like in the one-month forward

model, the restricted constant is small at -0.001 in the equilibrium relation. The Ljung-Box

Q tests have high p-values, suggesting that the residuals are distributed independently.

The first hypothesis Hb was rejected, which means that for three-month forwards, a CVAR

model would not have been a better fit for the data. Also Hb was rejected, which means

that the long-run equilibrium relationship appears to contain a scalar. This does not fit

with the theoretical framework that I have provided. Looking back at Equation 7 we

know that covered interest rate parity suggests that the forward premium should only

equal the interest rate differential between the domestic and foreign interest rate. In other

words, a cointegrating vector of [1,�1] was presumed to exist, since that would mean that

covered interest rate parity holds, and the results show that this property in fact does not

hold. Since the spot and forward rates are always under 1 in my sample, the logarithmic

spots and forwards are always negative numbers. This translates to a positive (after some

rearranging) scalar on ft leading spots to be priced systematically lower than forwards,

even if the constant were to be disregarded. Further discussion on this will be provided

in the next subsection. Finally, both hypotheses on a are rejected, which means that both

spots and forwards contribute to price discovery. Since all four of my core hypothesis

tests were summarily rejected, there is no need to further restrict the model, and therefore

only the unrestricted model estimates were reported.

28



6.3 Discussion

What perhaps stands out most in the results of the empirical analysis is the fact that the

influence of the forward market appears to shift in a quite dramatic fashion depending on

the length of the forward contract. When looking at one-month forward rates, it appears

that the price discovery weights of spots and forwards are close to even, with a slight

preference for the spot market. However, when looking at three-month forwards, about

two-thirds of the price discovery appears to occur in the forward market. In other words,

the results indicate that the forward market tends to incorporate new information into

the price faster than the spot market when the term length is longer. These results may

be caused by a few different things.

First of all, the theoretical framework made no mention of risk. In reality, however, the

length of a forward contract may impact the risk it carries for investors if they hold it un-

til maturity. Comparing a one-month period to a three-month one, there is significantly

more uncertainty that needs to be considered for the latter. This could lead to forward

premiums with longer tenors—which we may be seeing from b̂—as investors are less cer-

tain of what will happen in the economy over a longer period and thus demand higher

risk premiums. Conversely, this could be seen as forward contracts converging with spot

contracts with decreasing tenors, which we see support for in Figure 2. This could have

implications for how information is collected and internalized into the market for a cur-

rency pair, as investors may consider short-term forwards to be more "similar" to spots

than longer-term forwards are, leading to differences in the kind of macroeconomic news

that investors have to consider before engaging in the different markets. It would also

mean that news concerning longer-term forwards are comparatively more interesting to

spot traders and other market participants than news concerning shorter-term ones, pre-

cisely because the short-term forward is not all that different from a spot in comparative

terms.

It could also mean that, to some extent, the investors acting on the two forward markets

could be different. Longer-term forwards acting somewhat differently and being less

connected to spots than shorter-term forwards could lead to the two derivatives attracting
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different types of investors, who may be informed to different extents. This argument

is similar to that of Covrig and Melvin (2002), in that there may be one set of market

participants (three-month forward traders) that is generally more informed than another

(spot traders), and thus is first to (accurately or not) respond to news about the exchange

rate with the remaining participants following. This also goes back to Phylaktis and Chen

(2009), in that information asymmetry likely drives the results in who—here, three-month

forward traders—determine the fundamental price. Also, as Chang et al. (2013) pointed

out, a forward market being dominated by hedgers diminishes its importance for price

discovery. It could well be the case that one-month forwards are relatively more popular

with hedgers, while three-month forwards are more popular with speculators. If so, these

speculators are likely more informed than the hedgers, leading the three-month forward

market to this greater price discovery weight.

Another reason for why the result that different types of forward contracts contribute

differently to price discovery makes sense is that, in actuality, the price discovery process

likely occurs in many different markets at once. Traders of spots, overnight forwards,

short-to-medium term forwards (which, arguably, this thesis has focused on), and long-

term forwards probably all contribute to the price discovery process in some way. My

findings do suggest this—especially given that all hypotheses on a were rejected—but in

order to confirm it, future research should examine larger dynamic systems of spot rates

and multiple forward rates. I chose to follow previous literature on this topic and study

price discovery pairwise in order to better provide context and more seamlessly compare

my results to these, but other methods could certainly be employed.

Another result of note is the difference in the magnitude of the b̂ parameter estimate be-

tween the two FCVAR models. The fact that b was estimated to be larger for longer-term

forwards than for shorter-term ones appears logical. Firstly, the evidence in favor of the

one-month forward premium being stationary, in the form of both visual analysis and

unit root tests, was stronger than the same was for three-month forward premiums. Since

these suggested that three-month forward premiums are slightly more likely to be unit-

root processes, it also makes sense that the order of fractional cointegration is relatively
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higher. Furthermore, it also makes economic sense. Previous literature, such as Stoupos

and Kiohos (2021), has used fractional cointegration order estimates as a measure of how

well-integrated financial markets are with each other. In other words, b̂ could give an

indication about how closely linked two markets are with each other. This goes hand-

in-hand with the previous discussion on how shorter-term forward contracts are more

"similar" to spots than longer-term forwards are. It should be noted that asymptotic infer-

ence for likelihood ratio tests depends on the side of 0.5 on which the true value of b falls

(Johansen & Nielsen, 2012). The distributions used in this thesis rely on it being above 0.5,

which theoretically could be wrong. The fact that b̂ was very close to 0.5 for three-month

forwards might be a cause of concern. Here, I rely on my theoretical framework being

sound and on that my over 3,000 observations are plenty enough to produce sufficiently

accurate estimates.

My findings, in part, call into question the findings of some previous literature, or at least

gives them further context. Dolatabadi et al. (2015), a study which has been greatly influ-

ential in the construction of this thesis, found evidence for the importance of the futures

market in price discovery varies depending on the particular commodity in question. In

general, they found that applying an FCVAR model to the data led to a greater weight

being placed on spot prices compared to what was found in Figuerola-Ferretti and Gon-

zalo (2010). However, it should be underlined that these papers studied 15-month metals

futures, and it could be the case that there are fundamentally different dynamics at play

compared to my shorter-term FX forwards. For example, the FX market does not gener-

ally have to concern itself with the same types of issues surrounding, e.g., storage space.

A paper to which it may be more appropriate to compare my results is Yan et al. (2022),

which looked at daily spot and forward prices for the USD/CAD exchange rate. This

paper divided the data set into three periods, each of which was associated with some

event assumed to be related to trade friction in Canadian international trade. They also

found that the forward market incorporates information faster into the price than the spot

market does, which contrasts somewhat with my results. A weakness with their results,

however, is that the tenor of the forward is not reported. Thus, it cannot certainly be
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said which of my two forward price series is more comparable to the one that they use.

Nevertheless, my findings that the forward market’s importance in price discovery may

depend on the forward tenor selected brings additional nuance into their findings.

A key difference between Figuerola-Ferretti and Gonzalo (2010), Dolatabadi et al. (2015),

and Dolatabadi et al. (2016) on the one hand and this thesis and Yan et al. (2022) is that

the former three include an important element in their models that the latter two have

omitted. These papers allow for long-run backwardation or contango in the equilibrium

relationship between metals futures and spots. Backwardation is a scenario when futures

or forward prices are lower than the spot price is expected to be at maturity. Contango is

the opposite scenario, where futures or forwards are priced higher than the correspond-

ing expected future spot price. These papers introduce the possibility of backwardation

or contango by allowing for a finite supply of arbitrage services, and in particular, by in-

troducing a convenience yield to the spot-forward parity relationship. The convenience

yield refers to advantages (or disadvantages) from which holders of a physical commod-

ity benefit compared to if they had held a forward or futures contract for that commodity

(Kaldor, 1939). The convenience yield will, if it exists, alter the long-term equilibrium re-

lationship between spots and forwards or futures so that it does not perfectly match what

spot-forward parity would imply. Figuerola-Ferretti and Gonzalo (2010) make the inter-

pretation that backwardation can be considered as the present value of the convenience

yield, with contango arising when this present value is negative.

In a recent paper, Robe (2022) introduced the idea of currencies having a convenience

yield, of sorts, of their own. This stems from an argument that a currency can be thought

of as a type of commodity in its own right, and that the convenience yield largely depends

on the scarcity of the commodity. Meanwhile, Figuerola-Ferretti and Gonzalo (2010) com-

ment that the extra risk that convenience yields introduce into the equation limits the

supply elasticity of arbitrage services. Robe (2022) posits that the cross-currency basis can

act in an analogous manner for exchange rates as convenience yields do for commodities

if actors on the market who hold a currency do not want to lend it. As explained in the lit-

erature review, cross-currency basis is a violation of of covered interest rate parity where
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the forward price does not equate what the spot price and relative interest rates would

indicate (Du et al., 2018). Robe (2022) proposes that the basis can be modeled within the

covered interest parity framework similarly to how convenience yields are modeled in

the spot-parity framework, which Figuerola-Ferretti and Gonzalo (2010), Dolatabadi et

al. (2015), and Dolatabadi et al. (2016) did. If I were to do the same thing, there may be an

argument to be made that we see some version of contango on the three-month EUR/GBP

forward market, which then would reflect the existence of cross-currency basis.

There are some potential weak points in my analysis that are worth keeping in mind.

While I do follow generally-accepted steps in my approach to methodology, there is al-

ways a risk of misspecification. Especially the fact that the optimal lag length for model

incorporating three-month forward prices was found to be zero might raise eyebrows.

Essentially, I found that the short-run dynamics between spot and forward prices are

negligible, which perhaps does not seem immediately reasonable. In the interest of trans-

parency, however, I chose to fully report the results of this model anyway. It should,

however, be stated that papers like Dolatabadi et al. (2015) and Yan et al. (2022) found

that allowing for fractional cointegration tends to reduce the number of lags needed in an

empirical model.

Fundamentally, the main reason for why my results should be of interest for economists

is that they may provide an increased understanding of how prices are formed in for-

eign exchange markets, which is a research topic relevant in both macroeconomics and

financial economics. Future research should continue to study fractional cointegration

between spot and forward exchange rates for different currency pairs, different frequen-

cies, different time periods, and different tenors. Combining these four choices, there are

thousands of possible data sets to examine. It is not entirely unreasonable to suspect that

the dynamics may differ depending on the choices that researchers make in this regard,

as evidenced by my results being conditional on the forward tenor and sometimes differ-

ing from those of Yan et al. (2022). This means that this thesis has provided but a small

glimpse into a vast world of potential research. However, I still posit that this glimpse is

valuable. In part, this is because, as previously mentioned, it sheds light on some poten-
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tial complexities of spot-forward relationships in foreign exchange and puts the results of

Yan et al. (2022) in further context. In part, it is also because I help provide a theoretical

and empirical basis that future researchers may consult and from which they may draw

inspiration.

Aside from adding to the academic literature by shedding light on the dynamics of spot

and forward markets for the EUR/GBP market, my findings also have a couple of prac-

tical implications for policymakers and for professionals. Firstly, policymakers may find

my finding that longer-term forward rates carry relatively more informational weight

in the price discovery process than shorter-term ones useful, since exchange rates are

important in, e.g., international trade and tourism. Given the close ties between the

United Kingdom and the Eurozone, both culturally and economically, understanding

what drives a potentially core determinant of trade flows and traveling can be vital to

forecasting and influencing these.

Secondly, algorithmic traders active in FX markets may use findings like mine to help

form trading strategies. Knowing that three-month forward rates contribute about two-

thirds of the information to price discovery when paired with spot rates may inform pro-

fessionals to respond, e.g., by purchasing or selling a spot contract when the price of the

forward contract moves. Furthermore, if three-month forward contracts are believed to

contribute more to price discovery than spots, traders’ interest in three-month forward

price movements and news concerning these may increase. This mere belief could thus

further impact price discovery dynamics, since more focus might be directed to these con-

tracts, possibly causing them to become even more important in determining spot rates.

7 Conclusion

In this thesis, I have sought to answer a set of research questions related to how spot and

forward prices of an exchange rate relate to each other in the long term. More specifically,

the main area of focus was to assess the nature of the price discovery mechanics in the

EUR/GBP market. This was done by applying fractionally cointegrated vector autore-
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gressive (FCVAR) models to two time series vectors, both of which consisted of a daily

spot rate and then a corresponding one-month and three-month forward rate, respec-

tively, and then applying permanent-transitory decomposition to extract price discovery

weights. The FCVAR framework has been used before in similar studies on, among other

things, commodities and exchange rates, with mixed results. Just like in the broader liter-

ature, the answer to whether price discovery primarily generally happens in the spot or

forward market can best be described as inconclusive.

My findings indicate that the relative importance of forward markets for price discovery

may depend on the tenor of the forward contract in question. When considering one-

month forwards, the results show that the spot market appear to have a slightly more

important role in this context. However, three-month forwards appear to be playing a

considerably more impactful role. In either case, I was able to rule out that only one mar-

ket leads the entire price discovery process through hypothesis testing. As a secondary

finding, I also see evidence of deviations from covered interest rate parity for three-month

forwards, while I did not find any such evidence for one-month ones. This was done by

conducting likelihood tests on the long-term equilibrium relations between the spot and

forward rates. Finally, the models that fit the data best, subject to some prespecified condi-

tions, indicated that the order of fractional cointegration is lower for spots and one-month

forwards than it is for spots and three-month forwards, suggesting that the spot market

is relatively more closely linked to markets for shorter forwards.

Going forward, I suggest future research continue studying these dynamics using similar

methodologies but on alternative assets, time periods, and frequencies. Given that the

current state of the literature on the topic has shown, to some extent, inconsistent results,

there is ample room for further investigation. While this thesis has contributed to the

narrowing of our gap in knowledge, there certainly remains plenty more to be discovered.

35



References

Afzal, A., & Sibbertsen, P. (2021, 2). Modeling fractional cointegration between high

and low stock prices in Asian countries. Empirical Economics, 60(2), 661–682. doi:

10.1007/s00181-019-01784-4

Anderson, T. G., Bollerslev, T., Diebold, F. X., & Vega, C. (2003, 2). Micro Effects of

Macro Announcements: Real-Time Price Discovery in Foreign Exchange. American

Economic Review, 93(1), 38–62. doi: 10.1257/000282803321455151

Baillie, R. T., & Bollerslev, T. (1994, 10). The long memory of the forward premium. Journal

of International Money and Finance, 13(5), 565–571. doi: 10.1016/0261-5606(94)90005

-1

Baillie, R. T., Geoffrey Booth, G., Tse, Y., & Zabotina, T. (2002, 7). Price discovery and

common factor models. Journal of Financial Markets, 5(3), 309–321. doi: 10.1016/

S1386-4181(02)00027-7

Bravo Caro, J. M., Golpe, A. A., Iglesias, J., & Vides, J. C. (2020, 1). A new way of

measuring the WTI – Brent spread. Globalization, shock persistence and common

trends. Energy Economics, 85, 104546. doi: 10.1016/j.eneco.2019.104546

Cabrera, J., Wang, T., & Yang, J. (2009, 2). Do futures lead price discovery in electronic

foreign exchange markets? Journal of Futures Markets, 29(2), 137–156. doi: 10.1002/

fut.20352

Caporale, G. M., & Gil-Alana, L. A. (2017, 7). Persistence and cycles in the us federal funds

rate. International Review of Financial Analysis, 52, 1–8. doi: 10.1016/j.irfa.2017.04.007

Caporale, G. M., & Gil-Alana, L. A. (2019, 5). Long-term interest rates in Europe: A

fractional cointegration analysis. International Review of Economics & Finance, 61,

170–178. doi: 10.1016/j.iref.2019.02.004

Caporin, M., Ranaldo, A., & Santucci de Magistris, P. (2013, 12). On the predictability

of stock prices: A case for high and low prices. Journal of Banking & Finance, 37(12),

5132–5146. doi: 10.1016/j.jbankfin.2013.05.024

Chang, Y.-K., Chen, Y.-L., Chou, R. K., & Gau, Y.-F. (2013, 11). The effectiveness of posi-

tion limits: Evidence from the foreign exchange futures markets. Journal of Banking

36



& Finance, 37(11), 4501–4509. doi: 10.1016/j.jbankfin.2013.02.033

Chen, Y.-L., & Gau, Y.-F. (2010, 7). News announcements and price discovery in foreign

exchange spot and futures markets. Journal of Banking & Finance, 34(7), 1628–1636.

doi: 10.1016/j.jbankfin.2010.03.009

Chow, Y.-F., McAleer, M., & Sequeira, J. (2000, 4). Pricing of Forward and Futures Con-

tracts. Journal of Economic Surveys, 14(2), 215–253. doi: 10.1111/1467-6419.00110

Coakley, J., Dollery, J., & Kellard, N. (2011, 11). Long memory and structural breaks

in commodity futures markets. Journal of Futures Markets, 31(11), 1076–1113. doi:

10.1002/fut.20502

Coleman, S., & Sirichand, K. (2012, 9). Fractional integration and the volatility of UK

interest rates. Economics Letters, 116(3), 381–384. doi: 10.1016/j.econlet.2012.04.015

Couchman, J., Gounder, R., & Su, J.-J. (2006, 1). Long memory properties of real interest

rates for 16 countries. Applied Financial Economics Letters, 2(1), 25–30. doi: 10.1080/

17446540500396990

Covrig, V., & Melvin, M. (2002, 8). Asymmetric information and price discovery in the

FX market: does Tokyo know more about the yen? Journal of Empirical Finance, 9(3),

271–285. doi: 10.1016/S0927-5398(01)00056-1

Dickey, D. A., & Fuller, W. A. (1979, 6). Distribution of the Estimators for Autoregressive

Time Series with a Unit Root. Journal of the American Statistical Association, 74(366a),

427–431. doi: 10.1080/01621459.1979.10482531

Dolatabadi, S., Nielsen, M. , & Xu, K. (2015, 4). A Fractionally Cointegrated VAR Analysis

of Price Discovery in Commodity Futures Markets. Journal of Futures Markets, 35(4),

339–356. doi: 10.1002/fut.21693

Dolatabadi, S., Nielsen, M. , & Xu, K. (2016, 9). A fractionally cointegrated VAR model

with deterministic trends and application to commodity futures markets. Journal of

Empirical Finance, 38, 623–639. doi: 10.1016/j.jempfin.2015.11.005

Du, W., Tepper, A., & Verdelhan, A. (2018, 6). Deviations from Covered Interest Rate

Parity. The Journal of Finance, 73(3), 915–957. doi: 10.1111/jofi.12620

Elder, J., Miao, H., & Ramchander, S. (2014, 12). Price discovery in crude oil futures.

Energy Economics, 46, S18-S27. doi: 10.1016/j.eneco.2014.09.012

37



Elliott, G., Rothenberg, T. J., & Stock, J. H. (1996, 7). Efficient Tests for an Autoregressive

Unit Root. Econometrica, 64(4), 813. doi: 10.2307/2171846

Figuerola-Ferretti, I., & Gonzalo, J. (2010, 9). Modelling and measuring price discovery in

commodity markets. Journal of Econometrics, 158(1), 95–107. doi: 10.1016/j.jeconom

.2010.03.013

Garbade, K. D., & Silber, W. L. (1983, 5). Price Movements and Price Discovery in Futures

and Cash Markets. The Review of Economics and Statistics, 65(2), 289. doi: 10.2307/

1924495

Gil-Alana, L. A. (2007, 12). Fractional integration and structural breaks at unknown

periods of time. Journal of Time Series Analysis, 29(1), 163–185. doi: 10.1111/j.1467

-9892.2007.00550.x

Gil-Alana, L. A., & Carcel, H. (2020, 1). A fractional cointegration var analysis of exchange

rate dynamics. The North American Journal of Economics and Finance, 51, 100848. doi:

10.1016/j.najef.2018.09.006

Gil-Alana, L. A., Mudida, R., & Carcel, H. (2017, 4). Shocks affecting electricity prices in

Kenya, a fractional integration study. Energy, 124, 521–530. doi: 10.1016/j.energy

.2017.02.092

Gonzalo, J., & Granger, C. (1995, 1). Estimation of Common Long-Memory Components

in Cointegrated Systems. Journal of Business & Economic Statistics, 13(1), 27. doi:

10.2307/1392518

Granger, C. W. J. (1986, 5). DEVELOPMENTS IN THE STUDY OF COINTEGRATED

ECONOMIC VARIABLES. Oxford Bulletin of Economics and Statistics, 48(3), 213–228.

doi: 10.1111/j.1468-0084.1986.mp48003002.x

Gunay, S. (2018, 10). Fractionally Cointegrated Vector Autoregression Model: Evalua-

tion of High/Low and Close/Open Spreads for Precious Metals. SAGE Open, 8(4),

215824401881264. doi: 10.1177/2158244018812649

Hamzaoui, N., & Regaieg, B. (2017). International Journal of Economics and Finan-

cial Issues The Long Memory Behavior of the EUR/USD Forward Premium. In-

ternational Journal of Economics and Financial Issues, 7(3), 437–443. Retrieved from

http:www.econjournals.com

38

http:www.econjournals.com


Hasbrouck, J. (1995, 9). One Security, Many Markets: Determining the Contributions to

Price Discovery. The Journal of Finance, 50(4), 1175. doi: 10.2307/2329348

Johansen, S. (2008, 6). A REPRESENTATION THEORY FOR A CLASS OF VECTOR AU-

TOREGRESSIVE MODELS FOR FRACTIONAL PROCESSES. Econometric Theory,

24(3), 651–676. doi: 10.1017/S0266466608080274

Johansen, S., & Nielsen, M. (2012). Likelihood Inference for a Fractionally Cointe-

grated Vector Autoregressive Model. Econometrica, 80(6), 2667–2732. doi: 10.3982/

ecta9299

Johansen, S., & Nielsen, M. (2016, 10). THE ROLE OF INITIAL VALUES IN CON-

DITIONAL SUM-OF-SQUARES ESTIMATION OF NONSTATIONARY FRAC-

TIONAL TIME SERIES MODELS. Econometric Theory, 32(5), 1095–1139. doi:

10.1017/S0266466615000110

Kaldor, N. (1939, 10). Speculation and Economic Stability. The Review of Economic Studies,

7(1), 1. doi: 10.2307/2967593

Kapar, B., & Olmo, J. (2019, 1). An analysis of price discovery between Bitcoin futures

and spot markets. Economics Letters, 174, 62–64. doi: 10.1016/j.econlet.2018.10.031

Kellard, N., & Sarantis, N. (2008, 9). Can exchange rate volatility explain persistence in

the forward premium? Journal of Empirical Finance, 15(4), 714–728. doi: 10.1016/

j.jempfin.2007.10.002

Leonhardt, A., Rathgeber, A. W., Stadler, J., & Stöckl, S. (2015, 6). Pricing fx forwards in

OTC markets – new evidence for the pricing mechanism when faced with coun-

terparty risk. Applied Economics, 47(27), 2860–2877. doi: 10.1080/00036846.2015

.1011309

MacKinnon, J. G., & Nielsen, M. (2014, 1). NUMERICAL DISTRIBUTION FUNCTIONS

OF FRACTIONAL UNIT ROOT AND COINTEGRATION TESTS. Journal of Applied

Econometrics, 29(1), 161–171. doi: 10.1002/jae.2295

Maynard, A., & Phillips, P. C. B. (2001, 11). Rethinking an old empirical puzzle: econo-

metric evidence on the forward discount anomaly. Journal of Applied Econometrics,

16(6), 671–708. doi: 10.1002/jae.624

Narayan, S., & Smyth, R. (2015, 12). The financial econometrics of price discovery and

39



predictability. International Review of Financial Analysis, 42, 380–393. doi: 10.1016/

j.irfa.2015.09.003

Ng, S., & Perron, P. (2001, 11). LAG Length Selection and the Construction of Unit Root

Tests with Good Size and Power. Econometrica, 69(6), 1519–1554. doi: 10.1111/

1468-0262.00256

Osler, C. L., Mende, A., & Menkhoff, L. (2011, 12). Price discovery in currency markets.

Journal of International Money and Finance, 30(8), 1696–1718. doi: 10.1016/j.jimonfin

.2011.08.004

Parke, W. R. (1999, 11). What is Fractional Integration? Review of Economics and Statistics,

81(4), 632–638. doi: 10.1162/003465399558490

Phylaktis, K., & Chen, L. (2009). Asymmetric information, price discovery and macroeco-

nomic announcements in FX market: do top trading banks know more? International

Journal of Finance & Economics, n/a-n/a. doi: 10.1002/ijfe.391

Poskitt, R. (2009). Price discovery in electronic foreign exchange markets: The ster-

ling/dollar market. Journal of Futures Markets, n/a-n/a. doi: 10.1002/fut.20433

Quineche, R. (2021, 1). Consumption, Aggregate Wealth and Expected Stock Returns: An

FCVAR Approach. Journal of Time Series Econometrics, 13(1), 21–42. doi: 10.1515/

jtse-2020-0029

Robe, M. A. (2022, 8). The dollar’s ”Convenience Yield”. Finance Research Letters, 48,

102858. doi: 10.1016/j.frl.2022.102858

Rosenberg, J. V., & Traub, L. G. (2009, 11). Price Discovery in the Foreign Currency Futures

and Spot Market. The Journal of Derivatives, 17(2), 7–25. doi: 10.3905/JOD.2009.17.2

.007

Schreiber, P. S., & Schwartz, R. A. (1986, 7). Price discovery in securities markets. The

Journal of Portfolio Management, 12(4), 43–48. doi: 10.3905/jpm.1986.409071

Schwert, G. W. (1989, 4). Tests for Unit Roots: A Monte Carlo Investigation. Journal of

Business & Economic Statistics, 7(2), 147. doi: 10.2307/1391432

Stoupos, N., & Kiohos, A. (2021, 12). Euro Area: Towards a European Common Bond?

– Empirical Evidence from the Sovereign Debt Markets. JCMS: Journal of Common

Market Studies. doi: 10.1111/jcms.13297

40



Tkacz, G. (2001, 1). Estimating the Fractional Order of Integration of Interest Rates Using

a Wavelet OLS Estimator. Studies in Nonlinear Dynamics & Econometrics, 5(1). doi:

10.2202/1558-3708.1068

Tse, Y., Xiang, J., & Fung, J. K. W. (2006, 11). Price discovery in the foreign exchange

futures market. Journal of Futures Markets, 26(11), 1131–1143. doi: 10.1002/fut.20229

Wu, J., Xu, K., Zheng, X., & Chen, J. (2021, 9). Fractional cointegration in bitcoin spot and

futures markets. Journal of Futures Markets, 41(9), 1478–1494. doi: 10.1002/fut.22216

Yan, M., Chen, J., Song, V., & Xu, K. (2022, 1). Trade friction and price discovery in the

USD–CAD spot and forward markets. The North American Journal of Economics and

Finance, 59, 101628. doi: 10.1016/j.najef.2021.101628

41


	Introduction
	Literature review
	Theoretical framework
	Spots and forwards
	Fractional integration
	Covered interest rate parity and fractional cointegration

	Methodology
	FCVAR
	Price discovery measure

	Data
	Data description
	Model selection

	Results
	One-month forwards
	Three-month forwards
	Discussion

	Conclusion
	References

