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Preface

The purpose of this book is to provide a bridge between new research results
motivated by the financial crisis and classical literature on interest rate modeling.

Motivation. The traditional textbooks on interest rate modeling are no longer
adequate in a modern context as overviews of the techniques needed for the
valuation of interest rate derivatives. In the years following the crisis, the problem
of developing new models for interest rate derivatives has attracted significant
attention, both from researchers working in financial institutions, as well as
researchers working in academia. Various models are continually being proposed.
The aim of this book is therefore two-fold. On the one hand, it aims at providing an
overview of the state-of-the art techniques in modern interest rate modeling and, on
the other hand, it attempts to clarify the link between these models and the classical
literature. From the practical point of view, the importance of up-to-date interest
rate models can be best illustrated when viewing the fixed-income market as a part
of the global derivatives market. According to the yearly statistics provided by the
Bank for International Settlements, the notional amounts outstanding each year for
over-the-counter (OTC) interest rate derivatives sum up to 80 % of the total trade
volume in OTC derivatives ($505 trillion out of the total volume of $630 trillion
corresponded to interest rate derivatives in 2014).

Audience. The book is intended to serve as a guide for graduate students,
researchers, and practitioners interested in the paradigm change that affected all
fixed-income markets due to the financial crisis. More generally, we intend to
address people who are already quite knowledgeable of mathematical finance, who
have some familiarity with classical interest rate theory, but who have little or no
familiarity with issues on multi-curve modeling. As mathematical prerequisites we
expect the reader to have a basic knowledge of probability theory together with
notions from stochastic processes and stochastic calculus that are commonly used in
the mathematical finance literature.
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Approach. Our approach to multiple curves consists mainly in modeling for the
purpose of pricing interest derivatives, rather than in view of hedging and/or risk
management. It corresponds to what in the classical single-curve interest rate theory
is called “martingale modeling” in the sense that the models are defined under a
martingale measure Q that has as numéraire the money market account and has to
be calibrated to each specific basket of products, given that the market as such is
incomplete. From this measure Q, and using the discount curve, one can then derive
the various forward measures used for pricing of interest rate derivatives. After
calibration, this will lead to unique prices. We can and shall follow the same
procedure also in the multi-curve setup after justifying (see Sect. 1.3.1 below) the
choice of a single specific curve for discounting future cash flows and with it the
money market account and thus also a reference martingale measure Q.

For simplicity of exposition we limit ourselves to Wiener-driven models, but
extensions to jump-diffusions can in most cases be obtained in a relatively
straightforward manner. In each of the chapters, when it comes to pricing, we
consider only what according to some of the literature is called “clean valuation”
and in Sect. 1.2.3 of the introductory Chap. 1 we justify this choice. Even limiting
ourselves to clean valuation, there are various possible approaches that one can find
in the literature over the past years. Multi-curve modeling is very recent as a
research topic and it is still early to evaluate the advantages of one multi-curve
approach with respect to others; we therefore opted to limit ourselves to an
overview.

Structure. In the classical pre-crisis interest rate theory one considers various
models and model classes and there does not exist a single model that is uniformly
better than the others. Different model classes are in fact suited for different situ-
ations and products. Consequently, also when passing to multi-curve modeling, one
considers various model classes as well. The following major classical interest rate
model classes have so far found an extension to the multi-curve setting and form the
basis for this monograph: (i) short-rate and rational pricing kernel models; (ii) for-
ward rate models (Heath—Jarrow—Morton setup); (iii) Libor market models (more
generally, market forward rate models). In the pre-crisis setting there are also other
interest rate models that are briefly cited in Chap. 1. The above ordering of the three
classes reflects a “bottom-up” point of view and in our exposition we follow this
ordering. In fact, starting from the introductory Chap. 1 where we explain the main
notions and concepts related to the post-crisis fixed-income markets, we then
proceed with three chapters as follows:

Chapter 2: This chapter concerns mainly the classical, strict-sense short-rate
models, but also some wider sense short-rate models represented by the rational
pricing kernel models. For the strict-sense short-rate models, we consider for
each tenor a short-rate spread to be added to the short rate from the outset.
For the dynamics of the short rate and the spreads we consider factor models
that belong to the exponentially affine or the exponentially quadratic model
classes. We develop in detail the results for the exponentially affine class, for


http://dx.doi.org/10.1007/978-3-319-25385-5_1
http://dx.doi.org/10.1007/978-3-319-25385-5_1
http://dx.doi.org/10.1007/978-3-319-25385-5_1
http://dx.doi.org/10.1007/978-3-319-25385-5_1
http://dx.doi.org/10.1007/978-3-319-25385-5_1
http://dx.doi.org/10.1007/978-3-319-25385-5_2

Preface vii

which we are able to obtain closed or semi-closed formulas for the prices of
linear and optional interest rate derivatives. For linear derivatives we are able to
compare directly single curve (pre-crisis) and multiple curve (post-crisis)
derivative values by means of an adjustment factor. Finally, we summarize
recent multiple curve extensions of rational pricing kernel models.

Chapter 3: This chapter concerns forward rate models in a Heath—Jarrow—
Morton (HIM) setup. Similarly to the short rate and its additive spreads in
Chap. 2, here we consider the reference forward OIS rate and the corresponding
spreads. Major emphasis is put on obtaining arbitrage-free models by deriving
for them no-arbitrage conditions in the form of a “drift condition” analogous to
the classical HIM condition. Since the HIM framework is situated in between
the short-rate models and the Libor market models (LMMs), we proceed
essentially along two ways: (i) mimicking the LMMs by a hybrid LMM-HIM
approach, where we consider a linear transform of the Libor rate that is modeled
directly under the standard martingale measure, but by its definition has to be a
martingale under the forward measure; this then leads to no-arbitrage conditions.
We shall call these “real no-arbitrage conditions” in the sense that they represent
intrinsic no-arbitrage conditions in relation to the basic traded assets that are
FRA contracts; (ii) the other alternative consists in reproducing the pre-crisis
relationship between discretely compounding forward rates and bond prices also
for the forward Libor rates in the post-crisis setup, but replacing the standard
zero coupon bonds by fictitious ones that are supposed to be affected by the
same risk factors as the Libor rates. In this latter context we obtain no-arbitrage
conditions analogously to point (i) by imposing that the ratio of fictitious bond
prices in this relationship has to be a martingale under the forward measure.
In addition to this, we also discuss “pseudo no-arbitrage conditions” by
assigning different interpretations to the fictitious bond prices, in particular via a
credit risk and a foreign exchange analogy. The last part of the chapter concerns
interest rate derivative pricing in this HIM context.

Chapter 4: This chapter presents basically an overview of two major existing
approaches to obtain multi-curve models on a discrete tenor in the spirit of the
Libor market models. The first approach concerns a series of papers by Mercurio
and co-authors, as well as by authors related to them, in which multiple curve
extensions of the classical LMMs are developed. The other approach is
concerned with an affine Libor model for multiple curves. The spreads in the
above approaches are additive; we conclude the chapter by mentioning
approaches based on modeling multiplicative spreads.

The material presented in these chapters corresponds to a selection that we had to
make among the possible material to fit into the allowable size of the monograph
within the “SpringerBriefs” series. Among the topics that we were not able to
include we would like to mention the issues of numerical implementation and
calibration of the presented models, for which we shall always refer to corre-
sponding articles dealing with this, as well as the questions of hedging and risk
management in the multi-curve environment, which have currently been less well
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studied in a systematic way in the available literature, although they are of utmost
practical importance. In particular, in view of hedging, one might also raise the
issue of defining the price of a derivative as a cost of its hedging portfolio and a
related issue of possible non-uniqueness of prices. As mentioned above, here we
opt rather for the approach based on martingale modeling, where an existence of a
martingale measure is assumed, the models are developed under this measure, and
the prices defined as corresponding conditional expectations. This approach has the
advantage of allowing to compute various post-crisis valuation adjustments such as
CVA, which have to be computed for the whole aggregate portfolio of derivatives
between two counterparties, and thus require a unified pricing method for all
derivatives.

During the preparation of the manuscript, in the European markets we have
witnessed a continuous important decrease in the level of all interest rates, as well
as the appearance of negative interest rates, firstly only for the Swiss Franc, but
more recently also for the Euro. This phenomenon has been observed for several
months already and it has by now occurred not only at the shortest end of the
interest rate curve, but also in the midterm rates. Negative rates arise because of
frictions not addressed by the models, such as the “cost of carry” associated with
keeping large amounts of cash. Due to this current market situation we are
prompted to slowly readjust one of the long-standing modeling axioms that the
interest rates should be positive. This is an interesting modeling situation, where the
models in which the interest rates can become negative suddenly seem to be per-
fectly suited for the task at hand. One should still be cautious when addressing this
issue because, even though negative rates have been observed, the multiple curve
spreads still remain positive, so ideally one would need a model which combines
both of these features. In this book we present some models that ensure positive
interest rates and some models that do not have this property and, as mentioned
above, we do not evaluate the approaches based on this quality. However, we do
mention when discussing certain models providing positive interest rates that they
can be modified without increasing the level of their complexity to allow for the
rates to fall below zero. It is still left to be seen if the negative rate phenomenon will
persist in the future as well and will become a standing modeling requirement, such
as it was the case with the multiple interest rate curves.

Literature. The literature on interest rates is too vast to mention it all. Our
monograph concerns multiple curves. While we made an effort to cite the relevant
literature for interest rates in general, we found it most natural to concentrate mainly
on the literature that concerns models that so far have found an extension to the
multi-curve setting. We have tried to be as complete as possible and we apologize
for having possibly overlooked some relevant literature. It is also not an easy task to
keep track of all work, especially the more recent, since the subject is currently in
rapid evolution and some of the key work after the crisis has been made inside the
investment banks, and cannot be accessed as long as it remains inside the com-
panies. Furthermore, it would bring us too far if for each concept we would trace
back its evolution over time in the literature and thus we limited ourselves to
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references that in some sense summarize previous achievements. On the other hand,
given that one of our purposes is to provide an overview of the state-of-the-art of
multi-curve modeling, instead of taking the approach of addressing “who did what,”
it was natural to make repeated references since each reference does not treat only a
single topic, but touches upon various arguments.
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Chapter 1
Post-Crisis Fixed-Income Markets

The terminology fixed-income market designates a sector of the global financial
market on which various interest rate-sensitive instruments, such as bonds, forward
rate agreements, swaps, swaptions, caps/floors are traded. Zero coupon bonds are the
simplest fixed-income products, which deliver a constant payment (often set to one
unit of cash for simplicity) at a pre-specified future time called maturity. However,
their value at any time before maturity depends on the stochastic fluctuation of interest
rates. The same is true for other fixed-income derivatives. Fixed-income instruments
represent the largest portion of the global financial market, even larger than equities.
Developing realistic and analytically tractable models for the dynamics of the term
structure of interest rates is thus of utmost importance for the financial industry.
From the theoretical point of view, interest rate modeling presents a mathematically
challenging task, in particular due to the high-dimensionality (possibly even infinite)
of the modeling objects. In this sense interest rate models substantially differ from
equity price models.

The credit crisis in 2007-2008 and the Eurozone sovereign debt crisis in 2009—
2012 have impacted all financial markets and have irreversibly changed the way they
functioned in practice, as well as the way in which their theoretical models were
developed. One may thus distinguish between a pre-crisis and a post-crisis setting.
The key features that were put forward by the crises are counterparty risk, i.e. the risk
of a counterparty failing to fulfill its obligations in a financial contract, and liquidity
or funding risk, i.e. the risk of excessive costs of funding a position in a financial
contract due to the lack of liquidity in the market. The fixed-income market has been
particularly concerned by both of these issues. The reason for this is the following:
the underlying interest rates for most fixed-income instruments are the market rates
such as Libor or Euribor rates and the manner in which the market quotes for these
rates are constructed (see Sect. 1.1 for details) reflects both the counterparty and
the liquidity risk of the interbank market. Inspection of quoted prices for related
instruments reveals that the relationships between Libor rates of different maturities
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2 1 Post-Crisis Fixed-Income Markets

that were previously considered standard, and held reasonably well before the crisis,
have broken down and nowadays each of these rates has to be modeled as a separate
object. Moreover, significant spreads are also observed between Libor/Euribor rates
and the swap rates based on the so-called overnight indexed swaps (OIS), which were
following each other very closely before the crisis. Simultaneous presence of these
various interest rate curves is referred to in the current literature as the multiple curve
issue and the post-crisis interest rate models are often referred to as the multiple curve
models (multi-curve models). This book aims at providing a guide for development of
interest rate models in line with these changes, accompanied by a detailed overview
of some current research articles, in which, to the best of our knowledge, such a
development has been studied. The recent monograph by Henrard (2014) and the
article collection Bianchetti and Morini (2013) also concern post-crisis multiple
curve modeling, reflecting in particular the practitioners’ perspective.

Pre-crisis interest rate models can be divided into various classes, in particular
the following: the short-rate models, where the short interest rate is modeled, includ-
ing pricing kernel models; the Heath—Jarrow—Morton (HIM) framework, where the
zero coupon bond prices, or equivalently, the forward instantaneous continuously
compounded rates are modeled; the Libor market models, where the market for-
ward rates are modeled directly. The books by Bjork (2009), Brigo and Mercurio
(2006), Cairns (2004), Filipovi¢ (2009), Hunt and Kennedy (2004) and Musiela and
Rutkowski (2005) provide an excellent introduction to interest rate theory, as well
as an extensive overview of the existing modeling approaches in this field. The first
short-rate models were introduced in the seminal papers by Vasicek (1977), Cox et
al. (1985) and Hull and White (1990). The HIM framework was developed in Heath
et al. (1992). Furthermore, rational pricing models were pioneered by Flesaker and
Hughston (1996), models using potential approach were developed in Rogers (1997)
and Markov functional models in Hunt et al. (2000). Finally, Libor market models
were proposed by Brace et al. (1997) and Miltersen et al. (1997) and later developed
further especially by practitioners. Various extensions and generalizations of all these
model classes can be found in the literature, which is too vast to mention it all here.

In order to give a first flavor and illustrate the issues presented above, we shall
give a closer look at a prototypic interest rate derivative, a forward rate agreement,
which is a building block for all linear interest rate derivatives and is also related
to the underlying rate of nonlinear derivatives, as its price represents the market
expectation about the future value of the Libor rate. Precise definitions of all the
notions used below, as well as a more detailed treatment of the pricing of FRAs will
be presented in Sect. 1.4.1.

Let us firstly recall the classical, pre-crisis connections between zero coupon
bonds, FRA rates and Libor rates. As mentioned above, a zero coupon bond is a
financial contract which delivers one unit of cash at its maturity date 7 > 0. Its
price at time t+ < T, denoted by p(¢, T), represents therefore the expectation of the
market concerning the future value of money. Obviously, p(T, T) = 1. Traditionally,
interest rates are defined to be consistent with the zero coupon bond prices p(z, T).
For discretely compounding forward rates this leads to
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1 p, T)
S—-T (p(t, S)

Ft;T,S) = —1), t<T<S (1.1)

This formula can also be justified as representing the fair fixed rate at time ¢ of a
forward rate agreement (FRA), where the floating rate received at time S is

1 1
F(I;T.8) = (m - 1) (1.2)

The rate (1.1) is therefore also called the FRA rate. Note that we have assumed,
without loss of generality, the notional equal to 1 here, as we are interested only in

the rates. The arbitrage-free price at time ¢ of such an FRA is, using the forward
martingale measure Q5 (see Sect. 1.3.2),

PG T, S, R) = pt, S =DV EC (F(T3T,) =R | F}  (1.3)
where R denotes the fixed rate of the FRA. This price is zero for
R=EC ((F(T:T,5) | #)
_ S 1 (r.T) _ 1 @.7)
= E¢ {S—_T (Z(T,S) - 1) )521} = 5-T (ﬁ(z,S) - 1)
Therefore, one obtains the following key relation between the bond prices and the

forward rates thanks to the connection between the floating rate and the zero coupon
bond prices (1.2):

Definition 1.1 The discretely compounded forward rate at time t > 0 for the future
time interval [T, ST, where t < T < S, is the rate given by

F(t;T,S) = EC (F(T; T, S) | 7} = S_LT (1;({[ g)) —~ 1) (1.4)

Before the crisis, the Libor rate, which is an interest rate obtained as an arithmetic
average of submitted daily quotes from a panel of banks participating in the London
interbank market (see Sect. 1.1), was assumed to be equal to the floating rate defined
using zero coupon bond prices, i.e.

L(T;T,S) = F(T; T,S) = S—;T (p(Tl 5 - 1) (1.5)

where L(T; T, S) stands for the Libor rate at time 7T for the period [T, S]. This
was rightfully done so, since the Libor panel, which is refreshed on a regular basis
in such a way that the banks of deteriorating credit quality are replaced with the
banks of a better credit quality, contained virtually no counterparty and liquidity risk,
making thus plausible the assumption of risk-freeness, which is implicitly made when
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assuming (1.5). Consequently, the FRA rate F(z; T, S) was also called the forward
Libor rate (since it represented the market expectation of the future value of the
Libor rate) and often denoted by L(¢; T, S). Hence, the forward Libor rate was given
either as a conditional expectation of the spot Libor rate under the forward martingale
measure, or expressed using the quotient of the bond prices, cf. (1.4):

1 p,T)

Lt T,S) =EC (T T,S) | F}) = —— .

@ T.S) (wr:r.s) 1 7= (U

Due to the crisis and in view of the manner in which the spot Libor rate quotes

are produced, in the post-crisis market the assumption that the Libor rate is free of

various interbank risks is no longer sustainable and hence the connection (1.5) to the
zero coupon bonds, which are assumed risk-free, is lost:

1 1

The question what these zero coupon bonds are in the post-crisis setup is also far
from a trivial one and is tackled in Sect. 1.4.4; here for simplicity we do not enter into
it. Let us now consider again the same type of the forward rate agreement as above,
to exchange a payment based on a fixed interest rate R against the one based on the
spot Libor rate L(T; T, S), cf. Definition 1.3. The payoff of the FRA at maturity S
being equal to

1) =Ft:T,S) (1.6)

PRAS: T, S, R) = (S —T)(L(T;T,S) —R)

its value at time ¢ < T is calculated as the conditional expectation with respect to
the forward measure Q5 associated with zero coupon bond p(-, §) as numéraire and
is given by

PFRAGH T, S, R) = p(t, S)(S — TVEL {L(T; T, S) — R|.Z,}

We use the same symbol for the value of the FRA here as in (1.3) since it is basically
still the same contract, only the underlying rate L(T; T, S) does not satisfy (1.5)
anymore. Hence, the key quantity is the conditional expectation of the spot Libor
rate that we denote by L(¢; T, S) and define

Definition 1.2 The forward Libor rate at time ¢ > 0 for the future time interval
[T, S], where t < T < S, is the rate given by

L(t:T.S) :=E® (L(T:T.S)| .7}, 0<t<T<S
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The crucial difference with respect to the classical pre-crisis forward Libor rate is
the following one:

Lt T,S) =E2 [(L(T;T,S) | ] # — (f% -1

S-T
Typically, the former quantity will be greater than the latter and this provides the
very first example of the post-crisis spreads (or equivalently multiple curves):

) =F®T,S) (1.7)

S T,S)=L;T,S)—F(;T,S) (1.8)

This spread depends, moreover, also on the difference A := § — T, i.e. the length of
the period to which the Libor rate applies, also known as tenor. In practice, the tenor
A ranges from one day to several months (up to twelve months) and the observed
market spreads are typically increasing with respect to the tenor, i.e. the function
A+ S(t; T, T+ A) is an increasing function for fixed 7 and 7". This and other types
of spreads will be defined in Sect. 1.4.4.

1.1 Types of Interest Rates and Market Conventions

In this section we describe the most important market rates and their main char-
acteristics. Note that all these rates are quoted as annualized rates. This means for
example that a quote of 1 % for a 3-month interest rate corresponds to the following
interest: 1 unit of cash invested at this rate yields 1 + 13—20.01 = 1.0025 units of cash
in 3 months.

1.1.1 Basic Interest Rates: Libor/Euribor, Eonia/FF and OIS
Rates

The most widely known market rates are the Libor rates because they are reference
rates for a variety of fixed income products, but even a person without any experience
in the financial industry might have seen this rate as an underlying floating rate in
bank loans for example. Therefore, we begin this section by giving a description and
the main characteristics of the Libor rates. The LIBOR stands for London Interbank
Offered Rate and the description below is taken from the ICE Benchmark Admin-
istration (IBA) webpage https://www.theice.com/iba/libor, which is an independent
entity administering the Libor as of February 1st, 2014. The Financial Conduct Au-
thority (FCA) serves as a regulator, which supervises the panel banks and has a power
to take individuals to court for benchmark-related misconduct. We quote from the
ICE Benchmark Administration:

“ICE Libor is designed to reflect the short term funding costs of major banks
active in London, the world’s most important wholesale financial market. Like many
other financial benchmarks, ICE Libor (formerly known as BBA Libor) is a polled
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rate. This means that a panel of representative banks submits rates which are then
combined to give the ICE Libor rate. Panel banks are required to submit a rate in
answer to the ICE Libor question: At what rate could you borrow funds, were you
to do so by asking for and then accepting inter-bank offers in a reasonable market
size just prior to 11 a.m.? Although banks now use transaction data to anchor their
submissions, having a polled rate is crucial to ensure the continuous publication of
such a systemic benchmark, even in times when liquidity is low and there are few
transactions on which to base the rate. Currently only banks with a significant London
presence are on the ICE Libor panels, yet transactions with other non-bank financial
institutions can often inform panel banks’ submissions. Reasonable market size is
intentionally unquantified. The definition of an appropriate market size depends
on the currency and tenor in question, as well as supply and demand. The current
wording therefore avoids the need for frequent and confusing adjustments. 11 a.m.
was chosen because it falls in the most active part of the London business day. It is
also sufficiently early in the day to allow the users of ICE Libor to use each day’s rates
for valuation processes, which may take place in the afternoon. All ICE Libor rates
are quoted as annualized interest rates. This is a market convention. For example,
if an overnight Pound Sterling rate from a contributor bank is given as 0.5000 %,
this does not indicate that a contributing bank would expect to pay 0.5 % interest on
the value of an overnight loan. Instead, it means that it would expect to pay 0.5 %
divided by 365.”

Note that the ICE Libor rates are produced each business day for five different
currencies (US Dollar, Euro, British Pound Sterling, Japanese Yen, Swiss Franc)
and seven maturities (1 day, 1 week, 1, 2, 3, 6 and 12 months). For each currency, a
different panel of representative banks is selected, ranging from 11 to 18 banks. The
ICE Libor daily quote for each currency and each maturity is the “trimmed arithmetic
mean” of all of the panel banks’ submissions, i.e. the highest and lowest 25 % of the
submissions are removed and the rest is averaged.

In the Eurozone, an interest rate with very similar features to those of the Libor
is called the Euribor, see http://www.emmi-benchmarks.eu for details. The entity
administering the Euribor is the European Money Markets Institute (EMMI) as of
June 20th, 2014. Similarly to the Libor, the Euribor is also produced from quotes
submitted by a panel of banks from EU countries, as well as large international banks
from non EU-countries, participating in Eurozone financial operations. The choice of
banks quoting for Euribor is based on market criteria and the panel consists currently
of 26 contributing banks, which submit a rate at which they believe “Euro interbank
term deposits are offered by one prime bank to another prime bank within the EMU
zone”. The Euribor rates are quoted for eight different maturities (1 and 2 weeks, 1,
2,3,6,9, 12 months) and are “calculated at 11:00 a.m. (CET) for spot value (T+2)”
as a trimmed average of the quotes submitted by the panel banks. Figure 1.1 displays
the historical series of the Euribor rates for maturities 1, 2 and 3 months. The starting
month in the graph is January 2010 and the last month is September 2015."

I'The figure is taken from http://www.emmi-benchmarks.eu/euribor-org/about-euribor.html.
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Fig. 1.1 Historical series of the Euribor rates for maturities 1, 2 and 3 months. The starting month
in the graph is January 2010 and the last month is September 2015

The reference rate for the shortest maturity of one day in the Eurozone is the Eonia
(Euro OverNight Index Average) rate. The Eonia rate is computed as a “weighted
average of all overnight unsecured lending transactions in the interbank market,
undertaken in the European Union and European Free Trade Association (EFTA)
countries by the panel banks. It is reported on an act/360 day count convention and
is displayed to three decimal places”. The panel banks for the Eonia rate are the
same as the ones for the Euribor. Note that these banks contribute daily data on their
total volume of transactions in unsecured overnight money and the average interest
rate for this daily volume; the Eonia rate is then calculated from these contributions
as a weighted average interest rate, where the weighting is done according to the
transaction volumes of the contributors. In the left graph of Fig. 1.2 the yearly average
values of the Euribor rates with maturities 1, 2 and 3 months are displayed and in
the right graph the average Eonia rates.”

A corresponding overnight rate in the United States to the Eonia rate in the Euro-
zone is the Federal Funds (FF) effective rate, which is the weighted average across
all overnight transactions between depository institutions trading balances held at
the Federal Reserve, which are called federal funds. Similarly to the transactions
contributing to the Eonia rate, these transactions are also unsecured.

Finally, the name OIS rate refers to a market swap rate of an overnight indexed
swap (OIS), which is, as any interest rate swap, defined on a discrete tenor structure
and in which, at every tenor date, payments based on a fixed rate are exchanged
for payments based on a floating rate. This floating rate is a discretely compounded

2The figures are taken from http://www.emmi-benchmarks.eu/euribor-org/about-euribor.html and
http://www.emmi-benchmarks.eu/euribor-eonia-org/about-eonia.html.
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Fig. 1.2 Left Yearly average for Euribor rates with maturities 1, 2 and 3 months, 2009-2014. Right
Yearly average for Eonia rates, 2009-2014

rate obtained by compounding the overnight rates over the corresponding intervals
between two subsequent tenor dates (the reason why the swap is called overnight
indexed swap). The reference overnight rate in the Eurozone is the Eonia and in the
US the FF rate. Overnight indexed swaps and corresponding OIS rates are precisely
defined and studied in detail in Sect. 1.4.4.

1.2 TImplications of the Crisis

As already mentioned in the introduction to this chapter, a number of anomalies
that were not previously observed in the fixed income markets appeared due to the
financial crisis. The interest rates whose dynamics were very closely following each
other have started to diverge substantially, thus prompting the introduction of various
spreads measuring this divergence.

1.2.1 Spreads and Their Interpretation: Credit and Liquidity
Risk

The first type of post-crisis spreads, mentioned already at the beginning of the chapter,
concerns the spreads between the Libor rates and the OIS rates of the same maturity
(see Sect.1.4.4 and in particular, Eq.(1.33) for the precise definition), which have
been far from negligible since the crisis. Moreover, also the spreads between the
swap rates of the Libor-indexed interest rate swaps and the OIS rates (see Sect. 1.4.4,
Eq.(1.37) for definition) have appeared. The former type of spreads is known as
the Libor-OIS spread and the latter as the Libor-OIS swap spread. In Fig. 1.33 (left)

3The figure is taken from Crépey et al. (2012).
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Fig. 1.3 Left Historical Euribor-Eonia swap spreads 2005-2010. Right Discount curves boot-
strapped on September 2, 2010

the historical Euribor-Eonia swap spreads in the period 2005-2010 are plotted for
maturities ranging from 1 month to 12 months. As one can clearly see, before the
crisis these spreads were practically negligible, whereas at the peak of the crisis
they were greater than 200 basis points for some maturities. Furthermore, the Libor
rates of different maturities have exhibited notably diverse behavior, reflected in
basis swap spreads, which are appearing in connection to basis swaps (cf. Sect. 1.4.5
for definition of a basis swap and Eq.(1.40) for the related basis swap spread).
Figure 1.4* shows the evolution of the Euribor-OIS spread, as well as the 3-month
versus 6-month basis swap spread, for a time period from January 2004 until April
2014. As the graphs indicate, even after 2012 these spreads did not revert back to
their pre-crisis levels. This is why practitioners nowadays tend to produce different
yield curves for different tenors; compare Remark 1.2 and see Fig. 1.3 (right), which
displays discount curves related to the Eonia swap rates, the 3-month and the 6-month
Euribor rates.

The question that immediately comes to mind is if such observed large spreads
present arbitrage opportunities in the market. However, as pointed out by Chang
and Schlogl (2015), these spreads have persisted since the crisis, implying that such
opportunities have not been exploited. The reason is that the spreads are due to the
various risk levels, therefore Chang and Schlogl (2015) conclude that the expected
gains from a possible arbitrage have to be offset by the expected losses at the different
risk levels, which would imply that those arbitrage opportunities are only illusory
and hence cannot be exploited.

In the chapters below we shall present models for the dynamic evolution of the
spreads. Notice that the first approaches to spread modeling considered them as de-
terministic quantities (see Henrard 2007, 2010). The advantage of this deterministic
modeling is that it allows the pre-crisis single curve pricing formulas for both linear
and optional derivatives to be applied in the same form also to the multiple curve

4The figure is taken from Grbac et al. (2014).
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Fig. 1.4 Spread Development from January 2004 to April 2014

setup. In particular, for the case of optional derivatives, it suffices to modify the
strike by simple deterministic shifting or scaling (see also more detailed comments
in Sect.4.3). For this reason, this way of modeling seems to be still often used in
practice in spite of contrary evidence from empirical data (see Fig. 1.4), as well as of
possible anomalies introduced by these simplistic assumptions. One such anomaly
is mentioned e.g. in Mercurio and Xie (2012) (see also the last part of Sect.4.1.1)
who point out that a deterministic spread assumption would wrongly lead to a zero
price for out-of-the-money Libor-OIS swaptions.

The various risks driving the spreads are the risks related to the interbank market,
in particular to the banks participating in the Libor panel. Therefore, these risks are
sometimes jointly referred to as interbank risk. One important component of this risk
is default risk. The rolling construction of the Libor panel is intended to reduce the
possibility of actual defaults within the panel. However, the deterioration of the credit
quality of the Libor contributors during the length of a Libor-based loan is greater
with longer tenors. Moreover, interbank risk arises also from liquidity risk. Strategic
gaming can also play a role (Michaud and Upper 2008). Such considerations might
from time to time incite a bank to declare as its Libor contribution a number different
from its internal conviction regarding “The rate at which an individual Contributor
Panel bank could borrow funds, were it to do so by asking for and then accepting
interbank offers in reasonable market size, just prior to 11.00 London time” (the
definition of Libor). All this results in a spread between the Libor rates of different
tenors (OIS rates in the limiting case of an overnight tenor).

Filipovié¢ and Trolle (2013) analyze the decomposition of the interbank risk driving
spreads into default and liquidity risk components. Using a data set covering the
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period August 2007-January 2011, the authors show that the default component is
overall the main dominant driver of interbank risk, except for short-term contracts
in the first half of the sample (see Figs.3 and 4 in their paper). The remaining risk
is attributed to liquidity risk, an observation made in Morini (2009) as well. The
liquidity risk component driving the Libor-OIS spreads is studied and explicitly
modeled in Crépey and Douady (2013). A recent work by Gallitschke et al. (2014)
provides an endogenous explanation of spreads and constructs a structural model for
Libor rates, deriving them from fundamental risk factors, namely: interest rate risk,
credit risk and liquidity risk. The emphasis is on liquidity risk, which is shown to be
mainly induced by the tenor basis.

1.2.2 From Unsecured to Secured Transactions

Broadly speaking, in finance the term collateral refers to assets or cash posted by a
borrower to a lender in order to secure a loan. In other words, if for various reasons the
borrower fails to make the promised loan payments, the lender can cover (partially
or fully) the occurred losses using the collateral. If this has not been the case, the
collateral is returned to the borrower after the loan has been fully repaid, together
with the possibly accumulated interest. Collateral can be posted also in connection
with various other financial transactions which expose one or both counterparties to
the risk of non-payment (default risk). Since collateral thus provides certain security,
a financial transaction with posted collateral is called secured, as opposed to an
unsecured transaction which does not have collateral. The question of unsecured
versus secured transactions in financial markets gained extreme importance in view
of the previously discussed counterparty risk. Since it is by now generally understood
that no financial institution is “too big to default”, various mechanisms of reducing
the exposure to counterparty risk in OTC derivatives have been put forward.

In particular, a large number of OTC bilateral contracts is collateralized, i.e. the
value of the contract is periodically marked-to-market and the party whose position
has lost in value has to post collateral in the collateral account. The posted col-
lateral remains the property of the collateral payer and is remunerated. In case no
default occurs during the lifetime of the contract, the collateral provider receives it
back, together with the accumulated interest. The details regarding the frequency of
posting the collateral, eligible currencies and securities which can serve as collat-
eral, specifications of close-out cash flows are all described in CSA (Credit Support
Annex) agreements. The ISDA (International Swaps and Derivatives Association)
nowadays provides standard CSAs for OTC derivatives, which “is part of ISDA’s
continuing efforts to increase efficiency and improve standardization in the OTC
derivatives markets”. These standard CSAs in particular promote adoption of the
OIS discounting.

An alternative to collateral posting directly between two counterparties is “central
clearing” of a bilateral contract, which is done via central counterparties (CCPs) or
clearing houses. Nowadays many financial contracts are cleared in this way and a
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number of CCPs exist specializing in particular types of markets and products. For
example, some of the main CCPs for interest rate swaps and credit default swaps are
SwapClear, ICE Trust US and ICE Clear Europe. A short description of functioning
of a CCP given here is based on the article by Heller and Vause (2011).

The role of a CCP is to act as an intermediary between two counterparties in a
bilateral contract and to take on their own respective counterparty risks. The CCP thus
becomes the new counterparty for both parties in the contract, which are consequently
only exposed to the counterparty risk of the CCP. This risk should, however, be small
as the CCP is well capitalized and thus well equipped to face possible defaults of its
members. In order to manage the counterparty risk of the members, the CCP relies
on several mechanisms. The first one are participation constraints, which exclude
counterparties with default probability above a certain acceptable threshold from
dealing with the CCP. Upon initiation of a bilateral contract through the CCP, each
party is required to post an initial margin to the CCP, usually in form of cash or
highly liquid securities. This initial margin serves to cover most possible losses in
case of default of a counterparty, whose positions are then inherited by the CCP.
In particular, this concerns the period between the last time the defaulting party’s
position was valued and variation margins were paid and the close-out of the position.
Variation margins represent a third mechanism of protection and concern the changes
in the market value of counterparties’ positions in the contract. The counterparty
whose position has lost in value is obliged to post the variation margin to the CCP
(which is necessarily done in cash as opposed to collateral agreements). The CCP
typically passes this margin to the other counterparty. The variation margins are
usually calculated and collected daily. Finally, as the fourth line of defense against
losses due to defaults of its members, the CCP also disposes of a non-margin collateral
such as default funds which contain collateral posted by all members of the CCP.

Acknowledging the role of collateralization and central clearing in mitigation of
counterparty risk in OTC derivatives (we refer in particular to Cont et al. (2011)
who found significant differences in the values of cleared and uncleared interest rate
swaps), one still has to be aware of the remaining liquidity risk that might even get
more pronounced as a consequence of need to finance the collateral postings and
variation margin calls in adverse mark-to-markets conditions.

1.2.3 Clean Prices Versus Global Prices

The term ““clean price” was introduced in the post-crisis literature in Crépey (2015)
and Crépey et al. (2014) and refers to a price of an OTC derivative in a hypothetical
situation where default and liquidity risk of the two counterparties are assumed to be
negligible. In particular, in case of interest rate derivatives, this means that the coun-
terparty and liquidity risk of the two parties are ignored, whereas the counterparty
and liquidity risk of the interbank market, which directly influence the reference
rates in these contracts and create the multiple curve phenomenon, are still taken
into account. Hence, in this sense the interest rate derivative prices studied in this
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book are clean, multiple curve prices. This is also supported by the fact that most
market quotations of derivative prices reflect collateralized transactions, thus leading
to clean prices.

On the other side, a global price of a derivative is a price including also the
adjustments due to counterparty and liquidity risk. This can be done in two ways:
either by developing a pricing framework which takes these issues into account from
the beginning, or by computing firstly the clean prices and then “adjusting” them for
these risks by CVA (credit valuation adjustment), DVA (debt valuation adjustment)
and FVA (funding valuation adjustment), as well as other adjustments referred to
simply by XVA. The computation and the interplay of these adjustments in order to
obtain the global price of a derivative are far from trivial.

Even though both of these approaches have their advantages and disadvantages
for OTC pricing in general, in our view the second approach seems to be well suited
for the case of interest rate derivatives. Firstly, the “splitting” of the pricing proce-
dure into two parts corresponds in fact to common practice, where the clean prices
are computed on the case by case basis (derivative by derivative) and then used as
an underlying to produce the valuation adjustments, for which the whole portfo-
lio between two counterparties, and not only one specific derivative, plays a role.
Secondly, in contrast to credit derivatives, the wrong-way risk and the gap risk in
interest rate derivatives are rather small, hence disregarding counterparty risk when
computing clean interest rate derivative prices seems to be a reasonable assumption.
Finally, since already the clean pricing of interest rate derivatives requires com-
plex models due to the multiple curve issue, we feel that the two-step approach in
obtaining the global derivative prices should be preferred in this case. The treatment
in this book therefore concerns only the clean pricing of interest rate derivatives.
For a detailed overview of the global pricing of financial derivatives we refer the
interested reader to Brigo et al. (2013), Pallavicini and Brigo (2013), Crépey et al.
(2014) and the references therein.

1.3 The New Paradigm: Multiple Curves at All Levels

Let us fix a finite time horizon for all market activities, denoted by 7* > 0. Having
seen in the previous sections that the key role in the post-crisis fixed-income markets
is played by the tenor of the underlying interest rate, let us now formalize these
discussions and introduce the notation and the needed probabilistic framework.

A discrete tenor structure J* with tenor x is a finite sequence of dates

T =0Ty <Ty <--- <Ty <T7} (1.9)
We denote ¢; := T; — T;_, the year fraction corresponding to the length of the

interval (T}_,, T;], for k = 1, ..., M,. Typically, the distance between the dates in
the tenor structure will be constant, i.e. d; = 6%, for all k.



14 1 Post-Crisis Fixed-Income Markets

1
T
To T T T3 Iy Ts Ts B v In

I ] ] ]
T T T 1

X1 X1 X1 . X1
Ty T n T,
f ; /

X2 X2 . X2
T T T,

Fig. 1.5 Illustration of different tenor structures

Remark 1.1 In this book, for sake of clarity of the exposition, we put aside the
practical issue of day count conventions. We acknowledge that in practice, however,
there is a variety of day count conventions that have to be taken into account and
refer to e.g. Ametrano and Bianchetti (2013) for more details on these conventions.

As already seen in the previous sections, in practice the tenor x ranges from one
day (0¥ = ﬁ) to twelve months (6 = 1). In the multi-curve setup one has to
consider different possible tenor structures simultaneously. We shall thus denote by
Z = {x; < x < -+ < x,} acollection of tenors and by 7% = {0 < T <

- < Tf,}v} the associated tenor structures for i = 1, ..., n, thereby assuming that
TowC Fht .. C TN C J,where 7 ={0<Ty<T) <--- < Ty <T*}
can be seen as a reference tenor structure containing all the others. Moreover, assume
that T;, = Ty, for all i, meaning that all tenor structures have a common terminal
date. Tyi)ically, we have 2" = {1, 3, 6,9, 12} months. As an example, Fig. 1.5, taken
from Grbac et al. (2014), illustrates the relation between different tenor dates in the
1-month, 3-month and 6-month tenor structures, assuming that the 1-month tenor
structure is the reference tenor structure.

Having in mind the discussion at the beginning of this chapter and the impact
of the underlying tenor on the values of the Libor rates, after the crisis, instead of
having Libor rates of different tenors connected by no-arbitrage relations, one has to
associate to each tenor x € 2" a different curve. In other words, at time ¢t = 0, for
each x the following rates are observable, where here and below by “observable” we
mean quantities that are either directly observable or can be computed from market
data as will be explained further in Remark 1.2:

LO: T . T)), k=1,....M, (1.10)

Hence, one can define the associated discount curve by imposing the following
classical relation:

PrO.TE)
— = =14+ &LO; T, T, k=1,....M (1.11)
PrO. ) e !

and deriving from it the x-bond prices p* (0, 7}), cf. Ametrano and Bianchetti (2013)
and Miglietta (2015). Note, as pointed out also by Miglietta (2015), that there is no
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unique inverse relationship between the initial Libor curve L(0; T;_,, T}) and the

PrO,TE ) . .
— =~ are uniquely determined.
p*(0.T¢)

Clearly, the simultaneous presence of several, mutually “disconnected” Libor curves
that cannot be associated to only one common discount curve 7 +— p(0, T'), as it was
the case in the pre-crisis setup, gives rise to the first obvious question of choice of the
discount curve (or curves), as well as to other questions related to the mathematically
sound and practically reasonable modeling of multiple curves.

initial x-bond term structure, only the quotients

Remark 1.2 (Tradable quantities and market data) Regarding the tradable quantities
and bootstrapping of the yield curves based on market quotes, we briefly summarize
the most important points from the paper by Ametrano and Bianchetti (2013), which
provides a very detailed overview of the procedure of calibration and yield curve
construction for the instruments traded in the European market. According to this
paper, in the European market the most important tenors that are considered are the
following ones: 1 day, 1, 3, 6 and 12 months and the most liquidly traded instru-
ments are based on these tenors as underlyings. Constructions of the yield curves
corresponding to the mentioned tenors is done by bootstrapping both from available
market prices of traded instruments, as well as from prices of synthetic instruments,
which are used for replacing the missing market quotes. These instruments include
deposits (depos), FRAs, interest rate swaps, overnight indexed swaps and basis
swaps based on various tenors. The most important yield curve is the one related
to the 1-day tenor. This curve is constructed on the basis of the market OIS rates for
overnight indexed swaps and is therefore usually called the OIS yield curve. More
precisely, analogously to what is done in the pre-crisis setting, starting from the mar-
ket OIS rates one can construct by bootstrapping the OIS bond prices (see Eq. (1.32)
and Remark 1.6 in Sect. 1.4.4). This gives the OIS discount curve that in turn leads in
the usual way to the OIS yield curve. The importance of the OIS discount curve (or
equivalently the OIS yield curve) lies in the fact that it is the most commonly used
discount curve for pricing of other interest rate derivatives. We recall, as mentioned
already at the end of Sect. 1.1, that the underlying overnight rate of overnight indexed
swaps in the European market is the Eonia rate.

The procedure of constructing the yield curves from market data is based in
general on two types of algorithms: the best-fir, where a functional form for the yield
curves, such as Nelson-Siegel or Svensson, is assumed and then the parameters are
calibrated, and the exact-fit, where a number of pre-selected market instruments is
repriced exactly by bootstrapping and then the interpolation is used to obtain the
remaining maturities. Ametrano and Bianchetti (2013) also provide details on the
baskets of instruments used in the construction of each of the yield curves.

In the subsequent sections we define various probability measures used for pricing
of interest rate derivatives in the sequel. In order to do so, we introduce a filtered
probability space (2, %, (F)o<i<1+, Q), where the filtration (.%,)o<,<r+ is assumed
to satisfy the usual conditions. All price processes introduced in the remainder of the
chapter are defined on this probability space and adapted to the filtration (.F;)g<;<7~
We shall use the notation X, (X;)o<,<7+ or simply X; to denote a stochastic process.
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1.3.1 Choice of the Discount Curve

In the presence of multiple curves, the choice of the curve for discounting of the
future cash flows, and a related choice of the standard martingale measure used
for pricing (in other words, the question of absence of arbitrage), becomes non-
trivial. One could possibly choose a different discounting curve depending on the
tenor of the underlying interest rate and consider each x-tenor market as a separate
market. However, note that this requires imposing in addition certain relations that
ensure the absence of arbitrage between these markets that are interconnected by
means of interest rate derivatives whose payments depend on more than one tenor
simultaneously. The other possibility is to choose a common discounting curve that
will apply to all future cash flows, regardless of their tenor. In fact, this is the choice
that has been widely accepted and became practically standard, with the OIS discount
curve (i.e. the discount curve stripped from the OIS rates) as the common discount
curve, cf. also the comments in Remark 1.2. One of the main arguments justifying
this choice, which is typically evoked, is the fact that in practice the majority of
traded interest rate derivatives are nowadays being collateralized and the rate used
for remuneration of the collateral is exactly the overnight rate, which is the rate
the OIS are based on. Moreover, the overnight rate bears very little risk due to its
short maturity and therefore can be considered relatively risk-free. For more detailed
discussions on this issue we refer to Ametrano and Bianchetti (2013), Filipovi¢ and
Trolle (2013) and Hull and White (2013).

A formal derivation of the OIS discount curve will be presented in Sect. 1.4.4. In
the remainder of the book we shall assume that the discount curve is the OIS discount
curve T — pPS(¢, T) for any ¢ and, in order to simplify the notation, we shall just
use p(t, T). We shall call OIS bonds the, in general hypothetical, bonds with price
p(t, T) = p?S(t, T). These bonds are not necessarily traded since they correspond
to OIS rates that are based on an averaging procedure.’ In the literature they are
however often assumed to be tradable assets as e.g. in Mercurio (2010a).

From the OIS bonds p(¢, T) we may formally derive corresponding instantaneous
forward rates via the classical relationship

0
t,T):=——1I0 t, T 1.12
f@T) a7 gp,T) (1.12)
and from here then obtain the spot rate r, = f(¢, ¢) that we shall call the OIS short
rate. In practice, this rate will be approximated by the overnight rate that corresponds
to the shortest available tenor.

SWe would like to thank Darrell Duffie for having clarified to us some issues pertaining to OIS
bonds in relation to the standard traded bonds.
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1.3.2 Standard Martingale Measure and Forward Measures
Related to OIS Bonds

Given the OIS short rate r;, we may define in the usual way the corresponding money

market account as .
B, = exp (/ rsds)
0

We consider as standard martingale measure a probability measure Q, equiva-
lent to the physical measure P, under which all traded assets, discounted by B as
numéraire, are (local) martingales.

By analogy to the classical bond price formula we now postulate for the OIS

bonds the relationship
T
y,I .y [exp [—/ rxds] ’32,] (1.13)
t

which implies that the process (’%) is, for each T', a Q-martingale. The mean-
! t<T

ingfulness of the above relationship between r; and p(¢, T') stems from the fact that,
whenever the OIS bonds are actually traded, their prices should be arbitrage-free.
Formula (1.13) for p(¢, T), viewed as discount curve, can also be found in Kijima
et al. (2009). Notice, furthermore, that formula (1.13) corresponds to formula (3),

namely P,(1, T) = EC {exp [— I rc(s)ds] | 347} in Filipovié and Trolle (2013),

t
which gives the price P.(¢, T) of a collateralized zero coupon bond when the collat-
eral rate r, is the overnight rate (see also Piterbarg 2010 and Fujii et al. 2011). This is
typically the case in practice as mentioned in Sect. 1.3.1. In this sense the OIS bonds
correspond to collateralized zero coupon bonds that may actually be traded.

Since the process (’M) is a O-martingale, we can use it as density process for
t<T

B,
t,T) =E2 |~
p.T) iBr

B;
an equivalent measure change. In fact, we may now introduce the standard forward
martingale measures defining, for a generic T € [0, T*], the T-forward measure Q7
as given by

<t<T (1.14)

dQT‘ _pe.T) By _ pt.T)
Z, B, p(,T) Bp®O,T) -

0

Note that the forward measure Q7 is associated to the OIS bond p(-, T) as numéraire,
hence the density process is a ratio of the two numéraires. Moreover, the link between
two forward measures associated to the dates T', S € [0, T*] is given by

do" | p(,T) p(,S)
dos |z~ p(t,S) p(0,T)’

0<t=<TAS (1.15)
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The forward martingale measures are particularly relevant in the context of interest
rate derivative pricing, but also for the direct modeling of the forward interest rates;
see the seminal paper by Geman et al. (1995), where the idea of changing a numéraire
(and thus changing a measure) has been first proposed in financial modeling as a tool
in asset pricing.

1.4 Interest Rate Derivatives

In this section an overview of the most standard interest rate derivatives is given
with precise definitions and connections between different derivatives. Moreover,
the quantities which may serve as building blocks for pricing models presented in
the sequel are identified.

A. Linear Derivatives

We begin by presenting the linear interest rate derivatives such as coupon bonds,
forward rate agreements and various types of interest rate swaps. A reader familiar
with the basics of the interest rate theory will know that before the crisis the prices
of these derivatives were given simply as linear combinations of zero coupon bond
prices. Now they are functions of both OIS bond prices and forward Libor rates.

1.4.1 Forward Rate Agreements

Definition 1.3 A forward rate agreement (FRA) is an OTC derivative that allows
the holder to lock in at any date 0 < ¢ < T the interest rate between the inception
date T and the maturity S > T at a fixed value R. At maturity S, a payment based on
R is made and the one based on the relevant floating rate (generally the spot Libor
rate L(T; T, S)) is received. The notional amount is denoted by N.

As discussed at the beginning of the chapter, before the crisis the FRA rate was
exactly the rate given by (1.4), where the last equality results from a no-arbitrage
argument in which one “locks-up” a rate between 7' and S by buying and selling
bonds of maturities 7 and S. Following a widely accepted practice in the post-crisis
literature, we now define the post-crisis forward OIS rate, based on the OIS bond
prices p(t, T), as the discretely compounded forward rate given by

e L (paT)
F(t,T,S)_—S_T(p(LS) 1) (1.16)

Notice that, although (1.16) coincides with the last expression in (1.4), the bonds there
are the pre-crisis zero coupon bonds, while here they are the OIS bonds. Sometimes,
the forward OIS rates F(t; T, S) are also denoted by LP(¢; T, S) to make explicit the
relation to the discount curve. In the pre-crisis framework, the forward Libor rate
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L(t; T, S) was assumed to be free of interbank risk and thus to coincide with the
forward OIS rate, namely the following equality was supposed to hold

L(t:T,S) =Lt T,8) =F(t; T,S)
Coming back to the FRA rates implied by FRA contracts on the spot Libor rate

L(T; T, S), recall that the spot Libor rate is no longer assumed to be free of various
interbank risks and thus is no longer connected to the OIS bonds, i.e.

1 1
OS2 57 (p(T S 1)

The payoff of the FRA with notional amount N at maturity S is equal to

PRAS: T,S,R,N) = N(S = T)(L(T; T,S) — R)

where L(T; T, S) is the T-spot Libor rate for the time interval [T, S]. Thus, the value
of the FRA at time ¢t < T is calculated as the conditional expectation with respect to
the forward measure Q° associated with the OIS bond with maturity S as numéraire
and is given by

PPRAGH T, S, R,N) = N(S — T)p(t, )EC {L(T: T,S) — R|.Z,} (1.17)

Hence, the key quantity is the conditional expectation of the spot Libor rate that we
denote by L(¢; T, S) and define by

Lt T,S):=EC (L(T:T,S)| %}, 0<t<T<S (1.18)

As stated in Definition 1.2 we call this quantity the forward Libor rate, but we
emphasize again the crucial difference with respect to the classical pre-crisis forward
Libor rate, namely the connection to the bond prices which is now lost:

Lt T,S) =EC (LT T,S) | 7} # S_LT (’;((tt g)) — 1) (1.19)

The value of the FRA at time 7 is then simply given by
P& T,8,R,N) = N(S — T)p(t, S) (L(1; T, S) — R) (1.20)

and the forward rate R, implied by this FRA at time r < T, i.e. the rate R such that
PFRA(+: T, S, R, N) =0, is obviously equal to L(t; T, S).

Remark 1.3 'We mention here that the traded FRA contracts are in fact defined in a
slightly different way. More precisely, the payoff of the market FRA (as opposed to
the standard, textbook FRA defined above) is given by
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(S—=T)L(T;T,S) —R)
14+ (S —TLT;T,S)
PFRA(S; T, S, R, N)

= (1.21)
1+ (S —T)L(T; T, S)

PMRA(T. T S, R,N) =

and is paid at the beginning of the reference interval, i.e. at time 7 (in contrast to the
payment at time S in the case of the standard FRA). Intuitively speaking, the payoff
of the market FRA equals the payoff of the standard FRA paid at T instead of S,
where the amount is discounted by a discount factor coming from the Libor curve
m (and not from the OIS curve). Obviously, in the pre-crisis setup the
market and the standard FRA definitions were equivalent, as it can be easily checked
by a simple calculation.

In the sequel, when writing only FRA, we shall always mean the standard FRA.
The difference in definitions should be kept in mind when calibrating a model to
market data, although it has been pointed out by e.g. Mercurio (2010b) that the
actual difference in value of the contract is small enough to be neglected.

Remark 1.4 The forward Libor rate together with the OIS bond prices are the build-
ing blocks for the prices of other linear interest rate derivatives such as various types
of swaps. Many models in the recent literature consider either directly the forward
Libor rate, or one of the related spreads, as a modeling object. These are the models in
the spirit of the classical Libor market models, which are treated in Chap. 4. Another
approach is to focus on the pre-crisis connection of the spot Libor rates and bond
prices and introduce the following relation:

1 1
L(T;T,S) = S——T ([_)(T, 5] — 1) (1.22)

and set according to Definition 1.2

L(t;T,S):EQsl;(_l —1)‘9‘,] (1.23)
S—T \Bp(T,S)

where p(T, S) can be interpreted as price of a fictitious risky bond that is supposed
to be affected by the same risk factors as the Libor rate. Here, we kept the classical
formal relationship between the Libor rates and the bond prices, but replaced the
prices p(T, S) in the classical relationship by the prices p(T, S) of the fictitious
bonds. Note that these fictitious bonds are not traded assets, but can be considered
as being issued by an average Libor bank, see Ametrano and Bianchetti (2013) and
Morini (2009). This is why these bonds are referred to as the Libor bonds by some
authors. In Gallitschke et al. (2014) they are called interbank bonds, since interbank
cash transactions can be represented as interbank bonds. The models for these bonds
are then specified by specifying the dynamics of the process (p(f, S))o</<s either
directly (HIM approach, see Chap.3), or via a suitable short-rate process (for the
short-rate approach see Chap. 2).


http://dx.doi.org/10.1007/978-3-319-25385-5_4
http://dx.doi.org/10.1007/978-3-319-25385-5_3
http://dx.doi.org/10.1007/978-3-319-25385-5_2

1.4 Interest Rate Derivatives 21

1.4.2 Fixed and Floating Rate Bonds

Definition 1.4 A fixed rate bond (fixed rate note) is a financial instrument offering
to its holder a stream of future payments called coupons. Denoting by 0 < Ty <
T) < --- < T, adiscrete tenor structure with ¢y = T;, — Ty_; and by N the notional
amount, the fixed rate bond pays out the amount Nd,c; at date Ty, for ¢, € (0, 1)
and k = 1, ...n. The notional amount N is paid in addition to the coupon payment
at maturity 7,. In a floating rate bond (floating rate note) the coupon payments
are based on a floating rate (generally the spot Libor rate for a given period), i.e.
the floating rate bond pays out the amount NoyL(Ty_1; Tr—1, Tx) at date Ty, where
L(Ty—1; Tx—1, Ty) is the spot Libor rate fixed at T;_; for the period [T;—1, T] with
k = 1,...n. In the sequel we shall use the shorthand notation Q¥ = Q' for the
forward measures.

The price at time ¢ < T of the fixed rate bond is given by
P Ty = iN&cp(h T)ex + Np(t, Ty) (1.24)
k=1
Similarly, the price of the floating rate bond at time ¢ < T; can be expressed as
e T, = Zn:N&P(L TOE® {L(Ty_1; Ty, TOIF} + Np(1, Ty)

k=1

n

= > Nowp(t, TOL(t; Tyr, Te) + Np(t, T,) (1.25)
k=1

We recall that, before the crisis, the price of the floating rate bond was simply

P, Ty = D NGup(t, TOL(: Tir, Te) + Np(, T,)

k=1
. 1 t, Tr
= > a1y (PR <) 7
— o \ p(t,Ty)
= Np(t, To) (1.26)

due to the pre-crisis connection between the forward Libor rates and the bond
prices as specified in (1.6). The third equality follows by cancellations in the tele-
scopic sum. This means that the spot starting floating rate bond was worth par,
ie. p'(T,, T,) = N.
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1.4.3 Interest Rate Swaps

In full generality, a swap is a financial contract between two parties to exchange one
stream of future payments for another one.

Definition 1.5 An interest rate swap is a financial contract in which a stream of
future interest rate payments linked to a pre-specified fixed rate denoted by R is
exchanged for another one linked to a floating interest rate, based on a specified
notional amount N. The floating rate is generally taken to be the Libor rate, with
various possible conventions concerning the fixing and the payment dates. The swap
is initiated at time 7o > O0and 7| < --- < T,, where T; > Ty, denote a collection of
the payment dates, with 0y := Ty — Ty, forallk =1,...,n.

Note that in this book we shall always use the convention where the floating rates
are fixed in advance and the payments are made in arrears. Moreover, note also that
there exist other possible choices for the floating rate besides the Libor rates. One
such example is treated below, namely the overnight indexed swap (OIS), in which
the floating rate is obtained by compounding the overnight rates. Further examples
include constant maturity swaps, in which the floating rates are market swap rates of
Libor-indexed swaps.

We recall that if the fixed rate is paid and the floating rate is received, the swap is
called a payer swap, as opposed to a receiver swap, where the fixed rate is received
and the floating rate is paid. If not specified otherwise, we shall always consider a
payer swap. The time-t value of the swap, where ¢t < T, is given as a difference of
the time-¢ values of the floating leg and the fixed leg and is equal to

n
k
P (1; To, T, R,N) = N D 6up(t, TOE? {L(Ti—1; Ty, Te) — RIF)
k=1

n
=N PG Ty, TR, 1)
k=1

=N D &pt, To) (L(t; Ty, Te) — R) (1.27)
k=1

where L(t; Ty, Ty) is given by (1.18), for every k = 1,...,n. The swap rate
R(t; Ty, T,,) is the rate that makes the time- value PS”(t; Ty, T,, R, N) of the swap
equal to zero and it is easily seen that it is given by

>i_y oep(t, TOL(t; Ti—1, Tk
Sl Sep(t, Tr)

n
= > wil(t; Ter, To)

k=1

R(t; To, Ty) = (1.28)

i.e. the swap rate is a convex combination of the forward Libor rates, with weights

wy = %, k =1, ..., n, which are functions of the OIS bond prices.
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Remark 1.5 In practice the floating rate payments and the fixed rate payments of
the swap defined above typically do not occur with the same frequency, as we have
assumed to simplify the notation. For example, in the European markets, the fixed
leg payments typically occur on a one-year tenor structure, whereas the floating rate
payments adopt the tenor of the underlying Libor rate (from one month to three
months and up to one year). In that case one has to work with two different tenor
structures and modify the above formulas accordingly. In particular, if we denote by
T* the tenor structure for the floating rate payments and by .77 the tenor structure
for the fixed rate payments, the time-¢ value of this interest rate swap is given, with
some abuse of notation concerning the symbol PS* for the swap value, by

P(6; 7, T, RN) =N | D 6ip(t, THL(: TS T — R Y 6p(t, T?)

i=1 j=1

which follows exactly by the same reasoning as (1.27). The corresponding swap rate
is given by
sy 07p(t, THL( T 1)

> 0@, T)

R, 7%, 7)) =

1.4.4 Overnight Indexed Swaps (OIS)

In an overnight indexed swap (OIS) the counterparties exchange a stream of fixed rate
payments for a stream of floating rate payments linked to a compounded overnight
rate. Let us assume the same tenor structure as in the previous subsection is given
and denote again the fixed rate by R. The time-¢ value P (1; Ty, T,,, R, N)j, of the
fixed leg payments is given by

n
PO (t; To, Ty, R, N)jiw = NR D 6xp(t, T,
k=1

whereas to compute the value of the floating leg PO (t: Ty, T, R, N )fioar WE Pro-
ceed as follows: the floating rate for each interval (Ty_, T}] is given by simply
compounding the overnight rates between these two dates, i.e.

Ny

1
RON(Tir, To = = [ TT[1 405, 4RV ah] -1
k J

J=1

where Ty = 1§ <t} < --- <t = T is the subdivision into dates of the fixings
of the overnight rate (i.e. working days) and Ju 4 = tf - t}il, with ROV (t;il, tf)
J=17
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denoting thus the overnight rate for the period (tJ’L], tj’f ]. The payment based on the
discretely compounded rate RON(Ty_,, T}) is made at T. In order to find the value at
time ¢ of this payment, we proceed with a calculation inspired by the one in Ametrano
and Bianchetti (2013). The overnight rate RV (1} |, 7f) is assumed to be linked to
the OIS bond prices via the classical pre-crisis forward rate formula

1 ()
ROVGE |, ) = o UL (1.29)
6/ p(t] 1° j)

We refer to Filipovi¢ and Trolle (2013, Sect.2.5) for a derivation of the above for-
mula based on continuous compounding of the instantaneous rate approximating the
overnight rate. Hence, the value of the floating leg is given by

n

POS(t; To, T, R, Ngoar = N D 8iep(t, TOR (8 T, Ty)
k=1

where

ROY(t; Ty, Ty) = E2% {ROV(Ty_y, Ti) | 7}

1
= 5—kEQn I1 [1 +0,, sROVALE, t;‘)] —1 )ﬁ,
j=1
op(tk Ltk
L o HW‘J@ 1
O o1 P 1)
1 t, Ty
o \ p(t, Ty)
The third equality follows from (1.29) and the fourth one is based on a sequence
of subsequent measure changes from Qr, to Qu, forj = ny — 1, ..., 0 (recall that

T, = t,’jk). To be more precise, in the first step, making use of the density between
the forward measures thk and Qux 1 given in (1.15) and applying the abstract Bayes
n, ny—

rule, we have

ny

sz7 me—1 P(T;ilv’jk—l) o
Hp(tkh - ‘ E Avl{l_[j:] Pt} ‘Jt}
Kk o=

p(t . 1) 0u [,M ik, ‘J,}

j=1 E et | Dnot)
(g —1+th 1)

-1 k k
p(t’tnk l) Qk o nlk—[p(tjflvtjfl))j

- k k
p(t’ nk) j=1 p(t]_]vtj)

Repeating the same procedure, we obtain the following telescopic product
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j=1 p(t]k—l’tjk) j=1 p(ts t]k) p(t’ Tk)

which concludes the derivation of (1.30). Consequently,

- I (p(t, Ti1)
POS(t: Ty, Ty, R, N 0a=N§6 6 T)— [ ———= -1
(t: To )float 2 w( k)é-k D To)

=N (p(t, To) — p(t, T,))

where the second equality follows by cancellations in the telescopic sum.
Therefore, the time-¢ value, for ¢ < Ty, of the payer OIS (i.e. the OIS in which
the floating rate is received and the fixed rate is paid) is given by

PO (t; To, Ty, R, N) = N(p(r, To) —p(t, T,) =R ) 6up(t, Tk)) (1.31)
k=1

The OIS rate RS (t; Ty, T,), for t < Ty, is the rate R such that the value of the OIS
at time 7 is equal to zero, i.e. PO’S(t; Ty, T,., R, N) = 0. It is given by

p(t’ TO) _p(tv Tl’l)

ROB(t; To, T,) = 7
Zkzl o (t, Ty)

(1.32)

and coincides with the classical pre-crisis swap rate, compare also Filipovi¢ and
Trolle (2013, Sect.2.5, Eq. 11).

Remark 1.6 Note that the OIS discount curve is obtained by stripping the OIS bond
prices based on the expression (1.32) for the OIS rate, see Remark 1.2. More precisely,
assuming a collection of market quotes for OIS rates of overnight indexed swaps with
various lengths is given, the relationship (1.32) allows to obtain the OIS bond prices
p(t, Ty) by solving a corresponding system of equations.

The additive spot Libor-OIS spread at time T, for the interval [T, T 4+ A], where
T > 0and A > 0, is thus given by

S(T; T, T+ A):=L(T; T, T+ A)—RB(T; T, T + A) (1.33)
1 1
=L T, T+A) — —(——— —1
( +4) A(p(T,T+A) )

where we have used (1.32) with a single payment date. Note that since a swap with a
single payment date is in fact an FRA, we have RO%(T; T, T+ A) = F(T; T, T+ A),
where F(T;T,T + A) is a discretely compounded forward rate from Eq.(1.16).
Even though it is not directly observable in the market, for modeling purposes, a
multiplicative spot Libor-OIS spread sometimes turns out to be more convenient:
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1+ AL(T: T, T + A)
1+ AROS(T; T, T + A)

S(T:T.T+A) = (1.34)

see Henrard (2014) and Cuchiero et al. (2015). Note here that the quantity in the nu-
merator above is exactly the inverse of the Libor discount factor mentioned in connec-
tion to market FRAs in Remark 1.3. Therefore, multiplying the payoff of the market
FRA P"RA(T;, T, S, R, N) by the multiplicative Libor-OIS spread X (T; T, T + A)
one can express it as a payoff of the standard FRA discounted with an OIS discount
factor.

Similarly, the additive forward Libor-OIS spread at time t < T, for the interval
[T, T + A], is given by

St; T, T+A):=Lt; T, T+ A) —ROBS@; T, T+ A) (1.35)
1 t, T
— L(t;T,T+A)——(L—1)
A\pi, T+ A)

and the multiplicative forward Libor-OIS spread is

1+ AL(t; T, T + A)

2t T, T+ A) =
( +4) 1+ AROS(t; T, T + A)

(1.36)

The Libor-OIS swap spread at time t € [0, Ty] is by definition the difference
between the swap rate (1.28) of the Libor-indexed interest rate swap and the OIS rate
(1.32) and is given by

D1 Okp(t, TOL(t; Ty—y, T) — p(t, To) + p(t, T,)

R(t; Ty, T,) —ROS (t; Ty, T,,) = ST o Th)
k=1 Y s Lk

(1.37)

Remark 1.7 Similarly to Remark 1.5, in practice the floating rate payments and the
fixed rate payments of the OIS take place on different tenor structures. Hence, if we
denote by 7" the tenor structure for the floating rate payments and by .77 the tenor
structure for the fixed rate payments, the time- value of this OIS is given by

POS(t; 7, 7R N) = N(p(r, To) - p(t. TS) =R 1p(t. Tb)

k=1

which follows exactly by the same reasoning as (1.31). The corresponding swap rate
is given by
p(t’ TO) _p(tv T;Z)

ROB(t; 7%, 7)) = —= :
o S, T))
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1.4.5 Basis Swaps

A basis swap is an interest rate swap, where two floating payments linked to the Libor
rates of different tenors are exchanged. For example, a buyer of such a swap receives
semiannually a 6m-Libor and pays quarterly a 3m-Libor, both set in advance and
paid in arrears. Note that there also exist other conventions regarding the payments
on the two legs of a basis swap. Below we give a definition of a generic basis swap.

Definition 1.6 A basis swap is a financial contract to exchange two streams of
payments based on the floating rates (typically Libor rates) linked to two different
tenor structures denoted by 7' ={Tj < --- < T, }and 7> ={T5 < --- < T, },

n

where T(; = Tg > 0, T,}l = T,%z, and ' ¢ 2. The notional amount is denoted
by N, T(} = Tg is called the initiation date, Tnl] = T,%z the maturity date of the basis
swap and the first payments are due at Tl1 and T12, respectively.

The time-¢ value of the basis swap is, for # < T¢ = T3, given by

P, 7', 72 N) = (Zé‘p(r THE {L(T) ; TL,. THIZ}

i=1

ny T.2
_ Z 5 p(t, THEC! {L(T} T} |, T} )
j=1

(1.38)
Thus, we have
n
PE (6, 7', 7% N) = N(Zé}pu, THL@ T, T
i=1
n
=D P THLM TE. Tf)) (1.39)

j=1

where L(t; Tj_,, T}}) is given by (1.18), for each tenor structure J* x=1,2and
k=1,...,n,

Note that in the classical one-curve setup the time-¢ value of such a swap is zero,
whereas since the crisis markets quote positive basis swap spreads that have to be
added to the payments made on the smaller tenor leg. More precisely, recalling that
the smaller tenor leg corresponds to .72, the floating interest rate L(T B TJ 1 sz)
at T2 is replaced by L( "5 j 1 T T?) + S, for every j = 1, , o, where S is the
bas1s swap spread. The value of the basis swap with the added spread S is denoted
by PBS¥(¢; 71, 72,8, N) and is given by an expression analogous to (1 39) which
follows from (1.38), where L(T2 s sz > Tz) is replaced by L( R j 1 T T7) + S,

for every j. The fair basis swap spread SBSw(t; 71, 7?) at the trme t when the swap
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is contracted is the spread S which makes the ¢-value of the swap equal to zero, i.e.
it results from solving PBS% (¢; 7', 72,5, N) = 0 and is given by

2
i

n 1 1 .7l 1 ny 2 2 .72
SBS“’(t- ﬂl 92) — Zi;l 51p(t7 Tl‘ )L(tv Tl‘_]s 711 ) - Z]':] 6jp(ts T )L(ts T}'_
22 0@, T?)

(1.40)

We may check that the value of the basis swap in a pre-crisis one-curve setup

is indeed zero. To this purpose recall first that in this setup the pre-crisis forward
Libor rates, which in (1.6) were defined using the risk-free zero coupon bonds as

(L(t; T,T+ A) = % (p(‘l’,(;?m — 1))05rgr’ are martingales under the correspond-

ing forward measures. We thus have

PEY(t; 71, gz,N) = N(Zéilp(t, Til)EQT' {L(Til_ﬁ Til_l, Til)|yz}

i=1

2 72
=2 0p. THES {L(T} s TR, Tf)L%})

j=1

n
= N(Z 5ip(t, THL(@t T, T))

i=1

— D P THL(: T, Tf))
j=1
= N((p(. T) = p(t. T1) = (0. T = p(t. T2))) =0

by the assumptions ) = Tj and T, = T,...

In the multiple curve setup we cannot use the same calculation, since now the Libor
rates are not connected to the bond prices as above. Hence, one ends up with formula
(1.39), which in general yields a non-zero value of the basis swap and produces a
non-zero basis swap spread (1.40). The market spreads are typically positive, hence
multiple curve models are usually constructed in such a way that ensures this property
of the model spreads (1.40).

Remark 1.8 Note that the price of a basis swap PE% (¢; 7!, 7?) with tenor struc-
tures .7 ! and .72 can be expressed as a difference of prices of two interest rate swaps
which share the same tenor structure .7 for the fixed rate payments and the same
fixed rate R, and the floating rate payments are made respectively on the two tenor
structures .7' and .72 of the basis swap. More precisely, we have

PESY (1 7V, 72 N) = P5%(1; 7', T3, R,N) — PS"(t: 7%, 73, R,N) (1.41)

where P5¥(t; 7', 73,R,N) and PS*(¢; 7', 73, R, N) are defined as in Remark
1.5. Clearly, one could take the tenor structure of the fixed leg to coincide with the
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tenor structure of one of the floating legs, but, as mentioned already, in practice the
fixed leg is often paid on a one-year tenor structure (at least in the European markets)
and is thus common for both interest rate swaps, but the floating payments are made
on two different tenor structures in general. Finally, we want to point out that, based on
the representation (1.41), we could follow a slightly different convention concerning
the basis swap spread (see Ametrano and Bianchetti 2013), namely by defining

SBY(t; 7V, 7 =R@t; T, T3 —R@t; T2, T

where R(t; T, .73),i = 1,2, is the swap rate as defined in Remark 1.5. Notice that
the difference with the definition in (1.40) consists in the denominator which, in the
new formulation, stems from the fixed leg with tenor .773.

B. Optional Derivatives

The most common nonlinear interest rate derivatives are caps, floors and swaptions.
All these derivatives are of optional nature, therefore we refer to them as optional
derivatives. Caps (floors) consist of a series of call (put) options on a floating interest
rate and swaptions are options which allow to enter into an underlying interest rate
swap of the various types described in the previous part A.

1.4.6 Caps and Floors

Recall that an interest rate cap, respectively floor, is a optional financial derivative
defined on a pre-specified discrete tenor structure. The buyer of a cap, respectively
floor, has a right to payments at the end of each sub-period in the tenor structure
in which the interest rate exceeds, respectively falls below, a mutually agreed strike
level K. These payments, made by the seller, are thus given as a positive part of
the difference between the interest rate and the strike K for the cap, respectively a
positive part of the difference between the strike K and the interest rate for the floor.
Every cap, respectively floor, can be decomposed into a series of options applying to
each sub-period, which are called caplets, respectively floorlets. Below we thus focus
on a single caplet with generic inception date and maturity, whereas the reasoning
for a floorlet is completely symmetric.

Definition 1.7 A caplet with strike K, inception date 7 > 0 and maturity date T+ A,
with A > 0, on a nominal N is a financial contract whose holder has the right to a
payoff at maturity given by NAL(T; T, T + A) — K)*, where (L(T; T, T + A) is
the spot Libor rate fixed at time T for the time interval [T, T + A].

Note that the caplet can be seen as a call option with maturity 7+ A and strike K on
the Libor rate, where the Libor rate is known already at time 7', i.e. the caplet is said to
be settled in arrears (again, similarly to Sect. 1.4.3, we adopt one of several possible
settlement conventions). In the sequel we shall assume without loss of generality that
the nominal is equal to one, i.e. N = 1.
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The time-t price, for t < T, of the caplet is given by
PP T+ AK) = Ap(t, T+ AEC ™ {(L(T;T. T+ 2A)-K)" |7}

In case of (1.22), we further have

. 1 \*
PPET+AK) =pt. T+ MVEC I (———— & ‘f
( + ) p( + A) HT.T+ A) t

(1.42)

where K = 1 + AK.

It is worthwhile mentioning that, when using the representation (1.22), the classi-
cal transformation of a caplet into a put option on a bond does not work in the multiple
curve setup. More precisely, the fact that the payoff ((l + AL(T; T, T + A) — K )+
attime T+ A is equivalent to the payoff p(T, T+ A) ((1 + AL(T; T, T + A)) — K) "
at time 7' is still valid, since the OIS discounting is used. However, this will not yield
the desired cancellation of discount factors. Since the Libor rate depends on the fic-
titious bonds p(T', T + A) and the OIS bonds p(T, T + A) are used for discounting,
we have

_ 1 AT
T.T+A) (1 + AL(T:T. T+ A —K) =p@. T4+ ( ——— — K
p(T. T+A) (1 + AL(T; T, T + A)) — K) p(’+)([7(T,T+A) )

which cannot be simplified further as in the one-curve case.

1.4.7 Swaptions

Definition 1.8 Consider a generic fixed-for-floating (payer) interest rate swap with
inception date T, maturity date 7, and nominal N. A swaption is an option to enter
the underlying swap at a pre-specified swap rate R, called the swaption strike rate,
and a pre-specified date 7 < T called the maturity of the swaption.

Let us consider the Libor-indexed interest rate swap from Sect. 1.4.3 and assume
that the notional amount is N = 1. Moreover, for simplicity we choose the maturity
of the swaption to coincide with the starting date of the swap, i.e. T = Ty. Therefore,
the payoff of the swaption at maturity is given by (P (Ty; T, Ty, R))+ and we
shall use the shorthand notation PS¥(Ty; T,, R) = PS“(Ty; Ty, T,, R). The value
PSv(t; Ty, Ty, R) of the swaption at time ¢ < T is
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PSY (1 To, T, R) = p(t T)E?" { (P (T0: T, R) 1 7,

= p(t. Tp)E?" I(Z okp(To, T)L(To; Ti—1, Ti)

k=1

n +
—R> ip(To, Tk)) ‘ﬁ‘} (1.43)

k=1

= p(t, T E®" IZ(Skp(To, T) (R(To; To, To) — R)™ ‘L%]
k=1
= p(t, To) D 6EC" {p(To, To) (R(To; Ty, T,) — RY™ .7}
k=1

The second equality follows from (1.27) and the third one from (1.28), where
R(Ty; Ty, T,) is the swap rate of the underlying swap at time 7,. Note that the last
equality allows to perceive a swaption as a sequence of payments
O (R(To; Ty, T,) —R)T, k = 1,...,n, fixed at time T, that are received at pay-
ment dates T, ..., T,. These payments are equivalent to the payments p(Ty, T)
S R(To; Ty, T,) —R)T, k = 1, ..., n, received at T, cf. Musiela and Rutkowski
(2005, Sect. 13.1.2, p. 482).
To price a swaption, it is convenient to introduce the following process

A=Y Gpt, T,  1<T
k=1

Because A, is a linear combination of OIS prices, the process (p(,A—’TO)) is a (pos-
: T

1<
itive) martingale with respect to the Q7°-forward measure, see Sect.1.3.2. Thus,
(As):<T1, can be used as a numéraire to define the following change of measure

dQ.ruJap
dQTo

_ A, p(0,Tp)
7z pt,Ty) A

(1.44)

Changing the measure to the swap measure in (1.43), the price of the swaption can
be expressed as a price of a call option with strike R on the swap rate R(Ty; Ty, T,):

PS"t; Ty, Ty, R) = AEC™" {(R(Ty: To, T,) — R " 1.7} (1.45)

Remark 1.9 Recalling the definition of the OIS from Sect.1.4.4, one could also
consider an option with maturity 7 = T to enter in an OIS as an underlying swap.
Assume again that the nominal of the underlying OIS is set to N = 1. In this case,
the price at time ¢ of the corresponding swaption is given by (see 1.31)
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P To, T, B) = p(t, TOES” { (PO (To: T, B) 1.7

n +
= p(t, TO)EQTO[(I—chp(TO, Tk)) ‘9}] (1.46)

k=1

where ¢, = Ry, fork =1,...,n— 1, and ¢, = 1 + R6,, which can be recognized
as a classical pre-crisis transformation of a swaption into a put option with strike
1 on a coupon bearing bond. Note that, as can be easily seen from Eqs. (1.27) and
(1.19), such a pre-crisis transformation is no longer available in the post-crisis setup
for Libor-indexed interest rate swaps. On the other hand, the expression for the OIS
swaption price similar to (1.43)

n
¥ +
P To, T R) = (e, To) D EC” {p(To, T (RS (Tos To, To) = R) 1.7
k=1
remains valid.

Remark 1.10 Similarly, a basis swaption is an option to enter into a basis swap.
Considering a basis swap defined in Sect. 1.4.5 with nominal N = 1 as an underlying
basis swap and Ty = 7 = T as a maturity date of the option, the price of the basis
swaption with strike basis spread S at time 7 is given by

PPt To, T, T2,5)
= p(t. TVE?" { (PP (T 7, 72,9))" 1.7,

n

-

= p(t, To)EQ 0 { (Z(SLIP(TO, Til)L(TO; Til_la Tll)
i=1

ny +
=6 p(To, TH(L(To: T}, T7) + S)) \3?
j=1

= p(t. TVE?" 13" 82p(Ty, T) (S (To: 7', 7% = 5) " | 7,1 (147)
j=1

by Eq.(1.40). Hence, we can define, analogously as for swaptions, a numéraire
process

n
Al =2 0p(.T})
j=1

and the corresponding (basis) swap measure
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dQ‘w“”*z‘ _ A} p(0.Tv)
doT 1z T p(t,Ty) A2

(1.48)

such that the price of the basis swaption can be expressed as a price of a call option
on the basis swap spread S5 (Ty; 7!, 72):

PBSw”(t; TO, 91’ y2, S) — AtzEQwap,Z {(SBsw(TO; yl, 92) . S)+ ‘yf}
(1.49)



Chapter 2
Short-Rate and Rational Pricing Kernel
Models for Multiple Curves

In this chapter we shall consider mainly strict-sense (classical) short-rate models
in view of constructing multiple curves. For this we shall base ourselves and partly
extend previous work in this setting, in particular Kijima et al. (2009), Kenyon (2010),
Filipovi¢ and Trolle (2013) and Morino and Runggaldier (2014). Because the pre-
crisis rational pricing kernel models can also be considered as short-rate models in a
wider sense, we shall furthermore present in this chapter some recent multiple curve
extensions of these models based on Crépey et al. (2015b) and Nguyen and Seifried
(2015).

The short rate will be given by the OIS short rate as it was introduced in Sect. 1.3.1
(see also the subsequent Sect. 1.3.2). We also recall here the relationship (1.13) that
expresses the OIS bond prices in terms of the OIS short rate via an expectation under
the martingale measure Q.

Starting from the strict-sense short-rate models, the setup which will be considered
is the one of exponentially affine and exponentially quadratic models with several
stochastic factors. These factors will be driven by Wiener processes, although the
extension to jump-diffusions can be obtained in a relatively straightforward manner
as will be briefly mentioned in Sect. 2.1.1. Such types of models have been developed
and well studied in the context of interest rate modeling before the crisis and have
been widely accepted and used because of their generality and flexibility coupled
with analytical tractability. More precisely, by exploiting also results from the theory
of affine processes we are able to obtain in this setting closed or semi-closed formulas
for the prices of linear and optional interest rate derivatives.

When extending the strict-sense short-rate models we profit from the well-
established pre-crisis exponentially affine and quadratic modeling approaches in
order to develop suitable short-rate models of multiple curves and to price inter-
est rate derivatives. In particular, in the case of linear derivatives, we shall directly
compare the pre-crisis and the post-crisis derivative values and obtain “adjustment
factors” allowing one to pass from one value to the other. For optional derivatives,
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we shall show how to learn from the pre-crisis valuation methods to derive the post-
crisis formulas for option prices. Therefore, the chapter will provide a full treatment
of multiple curve pricing techniques applicable in the given modeling framework,
with explicit formulas for each derivative type and model specification.

Moreover, we shall show that our exponentially affine model class includes the
short-rate multi-curve models that have been introduced previously in the multi-curve
literature (see Sect.2.6). One peculiarity of our model class is also that we allow for
correlation between the short rate and the spreads, which was not taken into account
in most short-rate multi-curve models having appeared so far in the literature.

We shall consider the short rate r; itself and a short-rate spread s, to be added
to the short rate from the outset. Since we may have one curve for each tenor A,
we may have to consider a spread s for each tenor. Without loss of generality and
in order to keep the presentation as simple as possible, we may consider just two
different tenors A; and A,. While r; does not necessarily need to be restricted to
take only positive values, this is however desirable for the spreads. In addition, also
the difference between the spreads for two tenors A; and A, such that A, > A;
should be positive as discussed in Sect. 1.2.1. Denoting then by s/ and sr2 the spreads
corresponding to the tenors A; and A, respectively, we let p, := s> — s! and since,
52 = s! + p,, in what follows we shall consider as spread only s! and simply denote
it by s,. Summarizing we shall use the notation

r; . short rate
s; : spread for tenor A
p: : difference between the spreads for tenors A, and A

To model the dynamics of (7, s;, p;) we shall introduce two classes of factor models
for the short rate and the spreads. The two classes correspond to what for single-
curve models may be called respectively exponentially affine (see Bjork 2009,
Brigo and Mercurio 2006, Filipovi¢ 2009) and Gaussian, exponentially quadratic
models (see El Karoui et al. 1992, Pelsser 1997, Gombani and Runggaldier 2001,
Leippold and Wu 2002, Chen et al. 2004, Gaspar 2004, Kijima et al. 2009). Note
that in both classes positivity of factors can be obtained: in the exponentially affine
class by choosing for example CIR processes as driving processes, where the posi-
tivity is ensured via the presence of the square-root in the defining SDE of the CIR
processes, and in the exponentially quadratic class by applying the quadratic func-
tion to a Gaussian process. For sake of brevity of exposition, we shall concentrate
mainly on the exponentially affine model class in the subsequent sections, refer-
ring for a more detailed treatment of the Gaussian, exponentially quadratic case to
Grbac et al. (2015).

In the last part of the chapter we shall synthesize the main ideas concerning
multi-curve extensions of rational pricing kernel models contained in Crépey et al.
(2015b) and Nguyen and Seifried (2015). Rational pricing kernel models in the pre-
crisis setting have been developed, among others, in Flesaker and Hughston (1996),
Rogers (1997) and, more recently, in Filipovi¢ et al. (2014).
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The chapter is organized as follows. The exponentially affine models are presented
in Sect.2.1, considering in particular the square-root and the Vasi¢ek-type model
classes. We emphasize that by Vasi¢ek-type models we mean the Vasic¢ek model itself,
as well as the Hull-White extension of the model to time-dependent coefficients.
For simplicity of presentation, the results will be given for the case of the Vasicek
model, noting however that they can be extended in a straightforward manner to the
Hull-White extension of this model. In Sect.2.1.1 we describe more specifically the
square-root and Vasicek-type exponentially affine models, Sect.2.1.2 summarizes
some technical preliminaries, and in Sect.2.1.3 we shall derive explicit represen-
tations for the bond prices and the Libor rate in the exponentially affine model
class. In Sect.2.2 we summarize some relevant features of the Gaussian, exponen-
tially quadratic model class. We shall then discuss pricing of linear and optional
derivatives for the models of Sect.2.1, following a same approach that applies to
both model classes, namely the square-root and the Vasicek-type model class. In
Sect. 2.3 the linear derivatives will be considered. We shall show that one can obtain
an “adjustment factor” allowing one to pass from pre-crisis values to the correspond-
ing post-crisis ones, in other words, from the one-curve to the multi-curve (two-curve)
setting. Section2.4 concerns the pricing of caps, while swaption pricing is studied
in Sect.2.5. Here it is also shown that the price of a swaption can be expressed as
a linear combination of “caplet prices” with random strikes. In Sect.2.6 we shall
show more explicitly how other models from the literature, in particular the model
of Filipovi¢ and Trolle (2013), can be obtained as special cases of our affine model
class. Finally, Sect.2.7 summarizes the main ideas on multiple curve rational pricing
kernel models contained in Crépey et al. (2015b) and Nguyen and Seifried (2015).

2.1 Exponentially Affine Factor Models

2.1.1 The Factor Model and Properties

We shall consider a number of factor processes ¥' and model their dynamics under
a martingale measure Q as mean-reverting square-root processes, namely

AW = (& — Bt + o' Jew + di v @.1)

with w' mutually independent Wiener processes so that also the factors are mutually
independent. Furthermore, the coefficients are supposed to be positive, except for ¢’
and d' that might also be zero (¢’ equal to zero reduces (2.1) to a Vasi¢ek model),
and satisfying @’ > < (g')z (such that in case ¢/ > 0 and d’ = 0 which yields a CIR
model, the solution ¥/’ is a.s. positive).

We shall next model the short rate and the spreads in terms of the above factors.
Although this has not been considered in the previous literature on multi-curve short-
rate models (see, however, Morino and Runggaldier 2014), we shall also allow for
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correlation between the short rate and the spreads. By analogy to the credit risk
setting, where the spread s; corresponds to a default intensity, we shall model the
correlation by considering a common factor driving the short rate, as well as the
spreads (see e.g. Example9.29 in McNeil et al. 2005). The other factors will be
considered as idiosyncratic factors and, always for the sake of keeping complexity
at a minimum, we shall have just one idiosyncratic factor for each of the quantities
Tts Sts Pt

Finally, to allow for the possibility to derive below an “adjustment factor” between
pre- and post-crisis prices of linear derivatives, the common factor is supposed to sat-
isfy a pure mean-reverting (Vasi¢ek or Hull-White) model. In this way short rate and
short-rate spreads might take negative values, although only with small probability. A
possibility to prevent this from happening for the spreads is to model their dynamics
with an additive jump process taking only positive values, see also Sect.2.6.2.

Considering, as discussed above, one common factor and one idiosyncratic factor
for the short rate and each of the spreads, we shall put

rn=w'+w?
se = KW+ w3 2.2)
pr =KW+ wz4
with x* and x” expressing the intensity of the correlation and with ¥, satisfying, for
i=1,2,
av! = (a' — b'wHdt + o' dw)

dw? = (a* — P*W2)dt + 0 \/ AW} + d? dw?

(2.3)

and, fori = 3, 4,

dW! = (d' — b'¥))dt + o' /W] + di dw' + &' i (dt, dz) (2.4)
with § > 0 (6" = 0 reduces the dynamics to those of a mean-reverting square-root

process). In (2.4) p(dt, dz) are jump measures where the compensators may be
chosen to be of the form

Vi(dt, dz) = Wjdt + 11 (dz) (2.5)

with 11/ (-) a probability measure over a given mark space, and with lI_/ti being additional
factors of the usual mean reverting square-root form

d¥! = (@ — b'¥))dt + 5\ & dw! i=3,4 (2.6)
where w' are independent Wiener processes, independent of those w' in (2.3) and

(2.4). Notice that, with some assumptions on the jump measure, also jump diffusion
models as in (2.4) lead to an affine term structure (see Bjork et al. 1997).
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Remark 2.1 The coefficients @’,i = 1,2, 3, 4, in (2.3) and (2.4) have, for simplicity
of presentation, been assumed to be constant parameters. They may more generally
be taken to be time varying and the results below can be extended without additional
conceptual difficulties to this more general case, for which only the computations
become more involved. Note that taking time-varying coefficients in the first SDE
in (2.3) yields the Hull-White extension of the Vasi¢ek model. With time varying o
in the factor dynamics one obtains time varying coefficients also in the dynamics,
induced by (2.2), for the short rate and the spreads. Time varying coefficients have
the advantage of allowing for a good fit to the initial term structure; on the other hand
they lead to more complex calculations. Alternatively to time varying a’ one may,
instead of (2.2), postulate for r; a relation of the form

r=v 4w+

with ¢, a deterministic time function (deterministic shift extension). This leads to
what is called a CIR2++ model, or, when ¥,', &2 both follow a Vasitek model (both
are Gaussian processes) a G2++ model, see Brigo and Mercurio (2006). The “2” in
CIR2++ and G2++ refers to the fact that there are two factors El/ll , 'Iftz, while the “++”
refers to the deterministic shift. A generalization of the deterministic shift extension
to the multi-curve setup has been developed in Grasselli and Miglietta (2014).

Remark 2.2 For what concerns the coefficients &' that, as a, are modeled as constant
parameters, below we shall occasionally end up with a time varying coefficient b>
due to the transformation from the martingale measure Q to the forward measure
QT4 in the CIR dynamics of ¥2. In particular, this happens in Sect.2.4 where in
(2.70) the parameters ¢> and A\> depend on 7.

Finally, notice that the coefficients may even be adapted stochastic processes,
which may be described by additional factors of the same form as the lf/li in (2.6);
this is e.g. the case with the dynamics (30) and (33) in Filipovi¢ and Trolle (2013).

In order not to overburden the treatment, from now on we shall consider only
affine factor models of the pure diffusion type and limit ourselves to the short rate
and the single spread s; defined as in (2.2) (the spread p; can be treated by full analogy
with s;).

2.1.2 Technical Preliminaries

In this subsection we recall some known facts for the affine model class (2.1) that
shall be used repeatedly below. We assume the processes to be given on a filtered
probability space (.Q F ()0, Q) with a martingale measure Q; we denote by
E the expectation under Q.

The lemma below applies to the Hull-White/Vasic¢ek version of the model class
(2.1), where, as explained in the introduction, in order to keep the formulas simpler,
we focus on the pure Vasi¢ek model.
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Lemma 2.1 Consider the Vasicek version of the model class (2.1), namely, setting
¢ =0, d' =1, for a generic process ¥ we assume

d¥, = (a — b¥,)dt + o dw, 2.7)

For any v, K € R we have the following

T
E [exp |:—/ YW ds — KWT:| ‘%] =exp[A(t, T) — B(t, T)¥;] (2.8)
t
where the coefficients satisfy

{ B/, T)—bBt,T)+v=0 ,B(T.T)=K 29

A1, T) = aB(t,T) — 5B*(t,T) , A(T, T) = 0

and are given by

B, T)=—3} [(—’% + 1) e PT=n _ 1]
— Ke—b(T-0 _ % (e—b(T—r) - 1) (2.10)
AW, T) = —a [ B(s, T)ds + % [ (B(s, T))%ds

In the last expression the integrals are easy to compute, but lead to lengthy expres-
sions. The proof can be found in most textbooks treating the affine term structure.

Lemma 2.2 Consider the CIR version of the model class (2.1), namely, setting
¢ =1, d" =0, for a generic process ¥ we assume

d¥, = (a — b¥)dt + o /¥, dw, (2.11)
For any T > 0 define the set
S = {u eR:E {e”%} < oo} (2.12)

i.e. the set of u € R for which the moment generating function of ¥r is well-defined.
Then for any v > 0 and any K € R such that —K € %1 we have the following

T
E [exp [—/ AW, ds — KII/T] ‘%] —exp[AG, T) — B, T)W]  (2.13)
t
where the coefficients satisfy

(2.14)

B,(t,T) — bB(1,T) — TB(t,T) +v =0 , B(T,T) =K
A(t,T) = aB(t,T) LA(T,T) =0
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and are given by

K (h4b+e"T=9 (h—b)) +27 ("7 —1 i
B, T) = 1502(eh(T—r)_1)+h_)b+eh((7—f)(h+b)) , where h:= \/b?+ 2yo?

(2.15)

(T—1)(h+b)
2

T
A(l‘, T) = —a ft B(S, T)ds = (27—? 10g (KUZ(eh(T’)—le)+h—b+e”(7’)(h+b)

The proof can also be found in many textbooks treating the affine term structure. The
explicit expressions reported here come from Lamberton and Lapeyre (2007). Note
that the result therein is provided for K > 0 (which obviously satisfies —K € .#7),
but it can be extended in a straightforward manner also to the case K < 0 satisfying
—K € fr.

Remark 2.3 Although A(¢, T) and B(¢, T) in Lemmas2.1 and 2.2 depend on the
constants v and K, we do not make this dependence explicit in order not overburden
the notation. The specific values of 7 and K to be used in the various applications of
the two lemmas in the sequel will become clear from the context.

Remark 2.4 The lemma above will be applied several times in this chapter, also
under different forward measures. If the expectation in (2.12) is given with respect
to the forward measure Q°, for any generic date S > 0, then we set:

I = {u eR:EY {e7} < oo} (2.16)

In view of the next lemma recall from (1.14) that the density process for a change
from Q to the forward measure Q74 is

aQ™4 t,T+A) 1
7 = 0 _peT+4) 1 2.17)
do |z pO, T+ A)B
leading to
1 B dp(t, T + A)
d¥=—-|(pat., T+ 2)dB ") + ————
’ p(o,T+A>(p( FAE Ty )
1 1, T+ A)Biridt dp(t, T + A
_ (_p( +2) mdt | dp(t. T + )) 2.18)
p(0, T+ A) B; B,

Lemma 2.3 Consider three factor processes W', W2 W3 satisfying, under Q, the
Jfollowing system related to (2.3),

dw! = (a' — b'wHdt + o' dw]
(2.19)
dllfti = (d — bilI/,i)dt +ol /ey +di dw;' , i=2,3
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Then under the (T + A)-forward measure the same processes satisfy

aw! = (a' = @' VBT +8) = 'y ) di + 0" dw T+
dv} = (a2 — (0BT + A) — W2(B* + *(0*) B, T + A))) dt
+02/AAYE + 2 dwr T
dv} = (a3 — b3lI/,3) dt + /3w + d3 dw> T4
(2.20)

where whTT4 i =1,2,3, are independent QT+A_Wiener processes and B'(t,T)
corresponds to the B(t, T) in Lemma?2.1, while B>(t, T) corresponds to the B(t, T)
in Lemma 2.2, in both cases with~y = 1 and K = 0.

Proof For the short rate r; expressed according to (2.2) in terms of the factors ¥/,
i = 1, 2, that satisfy the Q-dynamics (2.19), we have from Lemmas 2.1 and 2.2 with
v = 1and K = 0, as well as from (1.13), that the OIS bond prices can be expressed
as

pt,T)= EQ{exp[— /T(llfu1 + llfuz) du]

=exp[At, T) — B'(t, )W, — B*(t, )&} ] (2.21)

7
where A(t, T) := A'(t, T) + A%(t, T), for all T > 0 and ¢ < T. Under the measure

Q the dynamics of p(t, T + A) is then

dp(t, T+ A) = p(t, T + A)(r, dt — c'B'(t, T + A) dw!

— BX(t, T + M) AW + d? dwf) (2.22)

implying that

4%, = ,,sf;(_o—lBl(t, T+ A)ydw! — o®B2(t, T + M)/ W2 + d> dw,z) (2.23)

Let then
dW:’T+A :thl +O'lBl(t,T+A)dt
dwP T = dw? + o BX(t, T + AW + d2 di (2.24)
3,T+A 3
dw; = dw,

By the multidimensional Girsanov theorem the processes in (2.24) are Wiener
processes under the measure Q7+4 thus leading to the statement of the
lemma. 0
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Lemma 2.4 On a given filtered probability space with filtration (Z;);>¢ and an
(F,)-Wiener process w consider the equation

dX; = (a;X; + by) dt + ordw, (2.25)

with a;, by, o, bounded and adapted processes. Then the equation has a unique strong
solution given by

t t
X, =, (xo + / @ 'bds + / q>;1asdws), >0 (2.26)
0 0
where @, is the fundamental solution satisfying

d
_¢t = at(D,, > O, @0 =1
dt

The proof can be found in most textbooks on stochastic analysis. In the next lemma
we give explicit distributions for the three factors ¥/, j = 1, 2, 3. This is possible in
two cases: when ¢ = 1, d" = 0 (CIR case), or when ¢/ = 0, d’ = 1 (Vasiéek case),
fori =2, 3.

Lemma 2.5 Denote by N(«, 3) a Gaussian distribution with mean o and variance
B. Denote, furthermore, by x*(v, \) a non-central x*-distribution with v degrees of
freedom and non-centrality parameter .
The factor process W', with dynamics given by (2.19) under Q, has the following
distribution under QT4 :
vl ~ N, BH (2.27)

with the parameters given by

1 b1 a_l (c')? bt (c')? —bN(TH+A) , 2b't

al =e 12(4/0 +(b1 - (bl)z)(e =D+ ¢ @' - 1)
N CAp R PO AP

ﬁt - Z(bl)e (e 1)

(2.28)
Forci=1,d"=0,i=2,3, the two factor processes V/ZV/E satisfying, under Q,
the system (2.19), under QT2 have the following distributions

lI/z ~ XZ(Vza >\f2) ll/3 ~ XZ(VSa A?)
t 6‘2 ’ t 6‘3
t t

(2.29)
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with the parameters given by

s 4D+ (0B, T+ A))
T (02)2(1 — e PPHEBT+A)))
2
VZ — i
2 (;,—2)22 (B*+(0?)*B*(1,T+4))
_ —t o?)?B(t,
A - Vie (2.30)
po= L
(%)
4b3
¢ = | — b1
3 (g )3 (45 e
|\, =c/¥je

where B*(t, T) corresponds to the B(t, T) in Lemma?2.2.
Forc' =0,d = 1,i=2,3, the two factor processes W?*, W* satisfying, under Q,
the system (2.19), under QT2 have the following distributions

vr~N(;, B, ¥ ~N(,5) (2.31)

with the parameters given by

2

2 v yg2 a (0%)* p2t (0%)* —bX(T+A) ( 2b%
o =e (WO + (bz — —(bz)z)(e -+ —2(b2)ze (e — 1))
2 (U )? o= 26 (2%
| 6[ 2(172) ( 3 1)
a?—*%w+mwﬂ4ﬂ
3 = (0*)? e 1y
)

(2.32)

Proof For the factor process ¥/! the proof follows immediately from (2.20) using
Lemma?2.4, as well as for the processes ¥/, i = 2,3 in case ¢/ = 0, d’ = 1. For the
processes ¥/, i = 2, 3incasec’ = 1, d' = 0, we refer to Brigo and Mercurio (2006),
Sect.3.2.3, always using the dynamics in (2.20). (I

Remark 2.5 In defining the dynamics of the factor processes ¥, in (2.1) we followed
the traditional “martingale modeling” whereby the dynamics are assigned in the
standard martingale measure Q with numéraire B;. This leads to the standard way
of defining the OIS bond prices p(¢, T') according to (1.13) and, analogously, p(¢, T')
in (2.35). On the other hand, for the pricing of the interest rate derivatives we shall
use the forward measure that implies the more complex dynamics for the factors
as specified in (2.20) and this in turn induces more complex pricing formulas. One
might then expect that a direct modeling of the factor dynamics under the forward
measure might be computationally more advantageous. This is indeed true as long as
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one has to deal with only one forward measure Q74 as it would occur in the pricing
of FRAs and single caplets. However, for the majority of the derivatives, namely full
caps and floors, as well as swaps and swaptions, one has to consider different forward
measures, one for each interval of the tenor structure so that one cannot avoid the
more complex dynamics resulting from a measure transformation.

2.1.3 Explicit Representation of the Libor Rate

As discussed in detail in Sect. 1.4.1, in the post-crisis fixed-income markets multiple
yield curves have appeared. In the following description we may without loss of
generality consider just a single generic tenor A and set S = T + A. Recalling that
the Libor rates L(T; T, T + A) are determined by the Libor panel that takes into
account various factors such as credit risk, liquidity, etc., in the post-crisis framework
these rates have to be considered as risky and, as it is documented also empirically,
one has that in general

1 1

thus leading to a Libor-OIS spread, cf. Eq.(1.33).

In this chapter, we shall take the approach outlined in Remark 1.4. More pre-
cisely, we keep the classical formal relationship between discretely compounding
forward rates and bond prices also for the Libor rates, but replace the bond prices
p(t, T) by fictitious ones p(t, T') that are supposed to be affected by the same fac-
tors as the Libor rates. Recall that the fictitious bonds are not traded assets, but one
still assumes p(T, T) = 1. Actually, since discretely compounding forward rates are
usually given by FRA rates where at the maturity of the FRA a fixed rate payment
is made in exchange of the Libor rate L(T; T, T + A) payment, we postulate the
classical relationship only at the inception time ¢ = T. Since the various interest
derivatives concern the spot Libor rates, it is thus sufficient to define the Libor rates
in our context as being given by

1 1
LT:T.T+4) = — (m - 1) (2.33)

This implies that we need explicit expressions for p(T, T + A) and, more generally,
for p(¢, T). To this effect recall that, in a pure credit risk setting where 7 denotes the
default time of the counterparty, the price p?(z, T) of a defaultable bond with zero
recovery can be expressed as

T
pd(l‘, T) = E? [exp |:—/ rsdsjl 1{T>T}
t

%] (2.34)
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where ¥, = %, v 4, with () o<,<r- denoting the filtration generated by the default
indicator process 1;,<;. Using the intensity approach to credit risk, pl(t, T)in (2.34)
can be given the following form

P, T) = 1oy pt, T)

where

T
5, T) = E2 Iexp [—/ (re + su)du] ‘%] (2.35)

with s, representing the hazard rate (default intensity). In the present context we
assume the relation (2.35) also for our fictitious bonds thereby considering s; to
represent more generically a “short-rate spread” that incorporates not only credit
risk, but also the various other risks in the interbank sector that affect the Libor rates.
Since here we consider a single generic tenor A, we also consider only one spread
s;. Below we shall obtain explicit expressions for p(¢, ') and this will then allow us
to obtain explicit expressions also for derivative prices and adjustment factors.

Corresponding to (2.2) and basing ourselves on Morino and Runggaldier (2014),
we shall consider the model ol 1wl

:i = mtq/jlr + [11/,3 (2:36)

where  corresponds to +* in (2.2) and ¥,!, ¥? satisfy (2.3). To avoid more compli-
cated notation, we shall without loss of generality assume in this section, as well as in
the following analogous ones, that ¥ also satisfies just a mean-reverting square-root
model of the same form as ¥ instead of a jump-diffusion model as defined in (2.4).

In the sequel we shall study two affine model specifications: the common factor
! is always of the mean-reverting Vasi¢ek type, and the factors ¥2 and ¥? are
given in the first specification as CIR processes (d' = 0) and in the second one as
mean-reverting Vasi¢ek-type processes (¢’ = 0). The first specification corresponds
thus to a factor model with the three factors 11/[1, lI/,Z, lI/t3 that, under the measure Q,
are assumed to satisfy

av! = (@' —b'whHdt + o' dw!
dv? = (a® — PPWH)dt + o /W2 dw? (2.37)
av} = (@ - P’w)dt + o ¥} dw}

1

and the second one to the three factors IIIII, lI/tz, lI/,3 given, under the measure Q, by

av! = (@' —b'whHdt + o' dw!
dw? = (a* — P*¥2)dt + o* dw? (2.38)
d'1/t3 = (a® — b3'1/t3)dt +0° dwt3
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We first recall the expression for the OIS bond prices that is given by (see (2.21))

p(t,T) =exp[A(t,T) — B'(t, )&, — B*(t, T)¥/] (2.39)
From Lemma2.1 we obtain in particular

| .
B (1.T) = — - (e*b - _ 1) (2.40)

On the other hand, for the fictitious bond prices p(¢, T) we have according to (2.35),
T
pt,T) = EQ[ exp |:—/ (ry + su)dui| )ﬁ,]
t

T
= EQ[ exp [—/ (k+ D) + w2 + lI/L?)du:| (9‘,]
=exp[A(t,T) — B'(t, ¥ — B>(t, W} — B*(t, T)¥,'| (2.41)

where, analogously to A(z, T), B(t, T), the functions A(, T), B' (¢, T), B*(1, T) and
B3(t, T) are determined according to Lemmas 2.1 and 2.2 with A, T) = A' (¢, T) +
A%(t,T) + A3(t, T). In particular, for B' (¢, T) we have

K+ 1

» B
BI(1.T) =~ =

(e*”‘”*’) - 1) — (1+8)B'G,T) (2.42)
while B>(t, T) = B2(t, T). The linear relationship between B' (r, T) and B! (¢, T') will
be important below to derive an “adjustment factor”. For this reason in the model
class (2.37) we postulated a Vasi¢ek-type model for the common factor ¥,!, while
the other, idiosyncratic, factors are assumed to follow a mean-reverting CIR model.

Summarizing, from (2.39), (2.41) and taking (2.42) into account, we have the
following

Proposition 2.1 Assume that the OIS short rate r and the spread s are given by
(2.36) with the factor processes W/, i = 1,2, 3, evolving according to either (2.37)
or (2.38) under the standard martingale measure Q. The time-t price of the OIS bond
p(t, T), as given in (1.13), is obtained as

p(t,.T) =exp[A(t,T) — B'(t, )&, — B*(t, T)¥/}], (2.43)
and the time-t price of the fictitious bond p(t, T), as defined in (2.35), by
p(t, T) = exp [A(t, T)—B'(t, V¥, — B*(t, T)¥}
Bt T — kB, T)lI/,l]

— p(t,T) exp [A(z, T) — kB'(1, )W, — B(t, T)wf] (2.44)
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with A(t, T) := A(t, T) — A(t, T), where A(t,T) and A(t,T), as well as B*(t, T)
and B? (t, T), are expressed according to Lemmas 2.1 and 2.2 and where B'(t,T) is
explicitly given by (2.40). Moreover, for the Libor rate L(T; T, T 4+ A) in (2.33) we
have

. o exp[—A(T,T+A)+;<B‘(T,T+A)«1/T‘+B3(T,T+A)z1/;]
L(T;T, T+ 4) =+ ( T —1) @45

Notice that (2.44) allows one to express p(t, T) in terms of p(t, T). Based on this
relationship in Sect. 2.3.2 we shall derive an adjustment factor allowing to pass from
pre-crisis quantities to the corresponding post-crisis quantities.

2.2 Gaussian, Exponentially Quadratic Models

In the exponentially affine model class (2.37) we had postulated a CIR dynamics
for all the factors, except for the common factor lI/,' that satisfies a mean-reverting
Vasicek-type model. This guarantees sufficient tractability and, except for a small
probability, positivity of rates and spreads. The positivity implied by the CIR dynam-
ics comes at the expense of a chi-square distribution for the corresponding factors
(see (2.29), (2.30)), which is computationally more cumbersome to deal with than a
Gaussian distribution. An alternative that has similar advantages but leads to Gaus-
sianity for all the factors is to assume a Vasi¢ek or Hull-White dynamics for all the
factors but, instead of (2.2), postulating that

rn=v+WhH?
s = KW+ (P2)? (2.46)
Pt = K’ letl + (lp[4)2

Limiting ourselves for descriptive purposes to a single tenor A and thus to spot Libor
rates of the form L(T; T, T + A) asdone in Sect. 2.1.3, we may analogously to (2.36)
consider the simpler system

Tt

St

For the three factors ¥,', &2, ¥ we shall assume that, under the measure Q, they
satisfy a Gaussian model of the form (2.38), namely the following dynamics that for
simplicity we take as zero mean-reverting

th + (wr2)2
¥+ ()2

(2.47)

d¥) = —b'Wldi+o'dw,, i=1,23 (2.48)
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Using results from Gombani and Runggaldier (2001) it can be shown that, corre-
sponding to (2.39) and (2.41), the OIS bond prices p(¢, T) and the fictitious ones
p(t, T) satisfy the following relations

p(t,T) = EQ{e—fIT fudu|yt} — EQ{e_ .ﬁT(WJ+(WL?)2)du|%}
3 . . 3 .. L
— — _ J
= exp[A(t, T) E . B'(t, )&, 2 et Cl(s, T)zp;t]/,]
and
51, T) = EQ{e—j;T<ru+s,(>du| %} — E© {e— Q@)+ @2+ du %}
- 3 . . 3 — .. .
_ _ i i i i/
- exp[A(t, -3 BT - ey, wt]

respectively, where the coefficients satisfy suitable first order differential equations
that, for the second order coefficients C(¢, T), are given by a matrix Riccati equa-
tion, while the remaining coefficients satisfy ordinary first order differential equations
whereby, as in the exponentially affine case, B(¢, T) is determined on the basis of the
values of C(¢, T), and A(¢, T) on those of C(z, T) as well as B(t, T). Analogously
for C(t, T), B(t, T), A(t, T). It thus follows that, with the dynamics (2.48) and the
relations (2.47), one ends up with an exponentially quadratic term structure where all
the factors are Gaussian. This guarantees good computational tractability and, as for
the affine model class of Sect.2.1, positivity of short rates and spreads except for a
small probability (see Kijima and Muromachi (2015) for an alternative representation
guaranteeing positivity of s;).

Since the results that we shall derive below for the pricing of linear and nonlinear
derivatives for the case of the exponentially affine class can be extended to the
Gaussian exponentially quadratic class without additional conceptual difficulties,
we shall not report them here. For this, as well as other details concerning the subject
of this section, we refer to Grbac et al. (2015).

2.3 Pricing of FRAs and Other Linear Derivatives

We start by recalling the notion of an FRA as given in Definition 1.3. As we have
seen in Sect. 1.4, FRAs are prototypes of other linear derivatives such as interest rate
swaps and so we shall concentrate here mainly on the pricing of an FRA.

Consider an FRA with the inception date 7', the maturity 7 + A, the fixed rate R
and the notional N. Having just a single tenor, the no-arbitrage price of the FRA at
t < T is then given, as in (1.17), by


http://dx.doi.org/10.1007/978-3-319-25385-5_1
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PFRAG T, T+ A,R,N) = NAp(1, T + A)ET+4 {L(T; T.T+A) —R| ﬂ‘,}

1

=Np(t, T+ A ET+A{_7
P ) 5T.T+4)

—(1+ AR ’%}
(2.49)

having used the underlying relationship between Libor rates and the fictitious bond
prices as established in (2.33) and where for the pricing we have used the (7 + A)-
forward measure (see Sect.1.3.2). Notice also that the simultaneous presence of
p(t, T+ A)andp(t, T + A) does not allow for a convenient reduction of the formula
to a simpler form as in the one-curve setup. From (2.49) we see that the crucial
quantity to compute in order to obtain the value PI*4(¢; T, T + A, R, N) is

U= E”AI_; %] (2.50)

and it is crucial also for all other linear derivatives. It follows that the fixed rate to
make the FRA a fair contract at ¢, namely such that PFRAG; T, T+ A,R,N) =0, is
then

- 1
R, = Z(Dt,T -1 (2.51)

Notice also that this is exactly the forward Libor rate as defined in Definition 1.2,
hence we have

1
L@ T.T+48)= —(nr = 1) (2.52)

2.3.1 Computation of FRA Prices and FRA Rates

To compute now the value of 7, r in (2.50), notice that the expectation there is under
the (T + A)-forward measure, while the dynamics of the factors gl llltz, lI/t3 that
according to (2.41) drive the fictitious bond price process p(¢, T) are defined under
the standard martingale measure Q. We therefore perform a change from Q to the
forward measure Q7 4 recalling from (2.17) that the corresponding density process
is.% = %. We can thus write

%
_—’ga] _ ¢ e [_—T‘%]
p(T, T+ A) p(T, T+ A)

T
= ;EQ exp —/ rudu M’ﬁ, (2.53)
pt, T+ A) ' p(T, T+ A)

ﬁf,T — ET+A {
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Recalling the relationship (2.44) between p(¢, T) and p(t, T), one may write

P THA o [—A(T, T+ A)+ kB (T, T + AW, + B(T.T + A)qfﬁ]
p(T, T+ A)
(2.54)
With this last expression Eq. (2.53) becomes
1 T
U = —EQ[ exp [—/ rudui|
p, T+ A) ‘
- exp [ —A(T, T+ A) + kB (T, T + A&}
L BT, T+ A)wﬁ] | 347]
1 ~ n3 3
= ——exp [ AT, T+ )| EC [ F T T0 | 7|
T p|—A( ) | 7,
. E© {e’ ST @l w2 du mB (T.T+2)% | z%} (2.55)

Given the independence of the factors and the affine structure of their dynamics under
0O, namely (2.37) and (2.38), the two expectations in the second equality in (2.55)
can easily be calculated explicitly, see Lemmas?2.1 and 2.2, as exponentially affine
functions of ¥!, w? and ¥ . In particular, for the model (2.37) we have to assume that
B3 (T, T + A) € F7, so that Lemma 2.2 can be applied. From the expression for 7; 7
in (2.55), by (2.49) we obtain immediately the value of PFRA(¢; T, T + A, R, N) and,
by (2.51), also the FRA rate (fair fixed rate).

2.3.2 Adjustment Factors for FRAs

Next we want to compare the quantity 7, r in (2.50) with the analogous quantity

oy e ETHA [;‘ y] __ptD) (2.56)
p(T, T+ A) pt, T+ A)

in the single-curve case, where p(¢, T') are the prices of the OIS bonds and where
the second equality follows from the fact that % is a martingale under the
(T + A)-forward measure. The fair fixed rate in the single curve case is then

1 _ L p@T)
Ri=— (vr—1) = " (p—(t, TT 4 1) (2.57)

Notice that, since the OIS bonds can be considered as observable (they are stripped
from the OIS rates), contrary to what happens with R,, to compute R, no interest
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rate model is needed. Notice also that, before the crisis, the difference between the
standard zero coupon bonds and the OIS bonds was negligible. From a method-
ological point of view we may therefore consider the comparison of 7, 7 with v, r
also as a comparison between the multi-curve (post-crisis) 7, 7 and the single-curve
(pre-crisis) vy 1.

We shall now derive an “adjustment factor” allowing to pass from the single-curve
(pre-crisis) value of v, 7 to the corresponding multi-curve (post-crisis) 7, r that bears
some analogy with the “multiplicative forward basis” in Bianchetti (2010) and the
multiplicative spread defined in Sect.7.3.2 of Henrard (2014). Note that the idea of
an adjustment factor in the post-crisis setup has been considered also in Piterbarg
(2010), who introduces a convexity adjustment between CSA and non-CSA prices
of a forward contract. We shall in fact prove the following

Proposition 2.2 For the affine factor model classes (2.37) and (2.38), assuming in
addition that B3 (T, T + A) € 91 for the model class (2.37), we have

Uit = vir - Ad"? - Res]* (2.58)
where we shall call “adjustment factor” the second factor on the right given by

adgra =g [POTHD) 5
! p(T, T+ A)

— e—Z\(T,T+A)EQ {eriBl(T,T+A)WT‘+B3(T.T+A)lI/ﬁ|yt} (2.59)

and the “residual factor” the last factor on the right given by

A (01)2

Res,© = exp I:_KZ(b‘)3 (1 - e’blA) (1 - ebl(T’))2i| (2.60)

The residual factor drops out for the case when the correlation k between the short
rate and the spread reduces to zero.

Remark 2.6 Notice that the expectation in (2.59) can be explicitly computed on the
basis of Lemmas?2.1 and 2.2 as a function of the set § := (¢, b', o', i =1, 2,3) of
all parameters in the model, of the correlation coefficient x and of the current values
llltl, llftz, Wf of the factors. Recall that, for the model class (2.37), the parameters
have to be such that B3(T', T + A) € J7.

Remark 2.7 Here we want to remark that, in the case when all three factors satisfy
a Vasicek-type model (2.38), the adjustment factor can also be computed as an
unconditional expectation. We have in fact by (2.59) and the independence of the
factors
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AdDA = AT T+AEQ {exp(/iBl (T, T+ A)w})\,%} E2 {exp(B3(T, T+ A)WT3)|,%}
= o ATT+A EQ {exp(/{Bl (T.T + M)W} — W) exp(sB' (T, T + A)wtl)\%}
- E? {exp(é3(r, T+ AYW3 — w3)) exp(B3 (T, T + A)Wf)l%}
= e ATTHY) (kB (T, T + M)W} + BX(T, T + A)?)
E? {exp(RB] (T. T+ AW} — o)+ BXT. T + )@} — lI/f))lfi,} (2.61)

Letnow Vs > randj =1, 3, 7= lI/Sj — lIJ,j. Thus Z{ = 0 and we have
dZl = dWl = (d — VZ — VW))dt + o/ dw!
so that
Z = e‘”“(Z—j(ebis — &y — (s — Py + aj/ts ebj”dwfd)
=VI— /(1 —e )

where V! := %(1 — e V6D 4 glebs s e”"dwl, is independent of .%,. Conse-
quently

AdTT,A — e—;\(T,T—&-A)e(H,B‘(T,T+A)W,‘+B3(T,T+A)Wl3)
o HB T T+ M) (1= Tyl po {eﬂB‘ (T.T+8)V} }

e R (2.62)

Proof of Proposition2.2: Recalling from (2.55) that

1 ~ R3 3
r = ————exp|—A(T, T + A ]EQ{ BT.T+4)9] fé}
= e P [ AT T+ ) B2 e | 7,
. E© {ef_[,”' W2du | y’,} EQ {e*.f[r Wl du+kB (T, T+A)W;} | ﬁ‘,} (2.63)

let us compute the last term on the right-hand side. Note that, for the model class
(2.37), the first expectation on the right-hand side is finite thanks to
B¥T,T+ A) € 7. We have by Lemma2.1 (with K = —kB"(T, T + A) and
+ = 1 therein) and with B' (¢, T) as given in (2.40).

E© {e_ ST Wl duswB" (T, T+2)w} | gzt}

_ exp[—Bl(t, YW + kB (T, T + A)e ?' Ty

T T
—a / B'(u, T)du + a'wB'(T. T + A)/ e*bl(T*”du]
t t
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[(0")? (o 1)2

exp| / (B (u, T))du + 2 (kB"(T, T + A))* / 21— u)du]

cexp | —kBY T, T + A)(c!)? / B'(u, T)e ™' T gy

L t J

_ EQ {effl’r du | }EQ{ hBl(T,T+A)l1/Tl | yt}

_ ; -
exp | —k(0")?B (T, T + A) / B'(u, T)e ™' T gy (2.64)
Therefore,
1 . o :
% AT, T+ A ]EQ{ B(T.T+4)0 9‘}
B = exp[ AT, T+ 2)]| E2 e | 7,

EQ{e ﬁwdul } {e ﬁwdu| }EQ{ KB'(T, T+A)W} |<%}

-exp | —k(c")?BY(T, T+A)/ B'(u, T)e ™' T~ “)du

_ p(t T) £© [lf(T,T—l—A)‘g]
pit, T+ A) p(T, T+ A)

. -
cexp | —k(c)2BYT, T + A) / B'(u, T)e "' T gy (2.65)

by expression (2.39) for the OIS bond prices and Eq. (2.54), and we obtain
Uit = Ut 'AdrT’A 'RestT'A

where the pre-crisis value v, 7 is given by (2.56), AdtT 4 is defined in (2.59) and
Res!** in (2.60), noticing that

T 1 2
BI(T, T + A)/ Bl(M, T)e*bl(Tfu)du — W (1 _ e*blA) (1 _ e*bl(Tfl))
t

(2.66)
The following immediate corollary establishes a relation between the FRA rate R,
in an actual (post-crisis) FRA and the corresponding single-curve (pre-crisis) rate R;:

Corollary 2.1 The following relationship holds

_ 1 1
R, = ( ; + Z) -Ad"* . Res!* — = (2.67)

Notice that the residual factor is equal to 1 for zero correlation, i.e. for k = 0.

Remark 2.8 The adjustment factor Ad,T 4 allows also for some intuitive interpre-
tations. The easiest one is obtained for the case when x = 0 (independence of
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r; and s,): in this case we have r; + s; > r, implying p(T, T + A) < p(T, T + A) so
that Ad,T 4 > 1. Moreover, the residual factor in (2.58) is equal to 1. As expected,
from Proposition 2.2 and Corollary 2.1 it then follows that

vir > v, R >R, (2.68)

For some intuition in the cases when x # 0 we refer to Morino and Runggaldier
(2014).

2.3.2.1 Comments on Calibration to the Initial Term Structure

For what concerns calibration of the model to observed initial term structures of OIS
bond prices (stripped from the OIS rates) and FRA contracts notice that this procedure
can be decoupled in the following way. The coefficients a', a2, b', b?, o', o can be
calibrated in the usual way on the basis of the observations of OIS bond prices
p(t, T). To calibrate a’, b3, o3, notice that, contrary to p(¢, T), the fictitious bond
prices p(t, T) are not observable. Considering the special case of (1.32) for n = 1,

one can however observe the OIS FRA rates R, = % (1% — 1) , as well as the

FRA rates R,. Recalling then Corollary 2.1 and the fact that Ad,T 4 is, see Remark 2.6,
a function of the type A(0, k, ¥}, W) with 0 := (a', b', o', i = 1, 2, 3), notice that,
having calibrated o', b, o' (i = 1, 2), from the observations of R, and R, one could
thus calibrate ®, b*, o3, as well as the correlation parameter . Moreover, we mention
that if the adjustment factorAd,T 4 would be directly observable, then the relationship
between R, and R; as expressed in Corollary 2.1 would allow to easily recover x from
the residual factor RestT'A defined in (2.60).

As already mentioned in Remark?2.1, a perfect fit to the initial term structure
can be achieved in the model either by passing to time varying parameters, or by
introducing a deterministic shift. Finally we recall that, as pointed out in Crépey
et al. (2015a), calibration to clean prices is sufficient also when using the model to
compute possible CVA and other valuation adjustments.

2.4 Pricing of Caps and Floors

A cap is a first basic example for a nonlinear interest rate derivative, in particular of
an “optional derivative”. As recalled in Sect. 1.4.6 a cap consists of a series of caplets
and so we shall derive here the price for a generic caplet with strike K on the Libor
rate L(T; T, T + A), fixed at time T for the time interval [T, T + A].

In Proposition2.3 we shall derive an explicitly computable expression for the
price, at r < T, of a caplet for a generic interval [T, T 4+ A] and for the affine factor
model classes (2.37) and (2.38). The price will be computed under the forward
measure Q7 4, while the models are defined under the standard martingale measure
Q. We shall thus make use of Lemma2.5 that specifies the distribution under Q7+4
ata generic t < T + A, of each of the lI/tl, lI/lz, lI/f, defined by (2.37) and (2.38).
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For ease of reference, in the four points (i)—(iv) below we summarize the notation
that we shall use in this subsection and that, for the points (i)—(iii), follows from
Lemma?2.5. Thereby we shall assume that the processes start at a generic time t < T’
so that all distributions and corresponding expectations below will be conditional on
Z,. To alleviate notation, we shall count time from # onwards and, in particular, set
T:=T—1t.

(i) The factor llltl has, at time T and under Q7 4, a Gaussian density N (a;, ﬂi)
with
1 1,2 1,2
T A N N CAP R W e (07 —bl+r+a) 26" _
a, =e ('Ilt (bl (bl)z)(e )+ 2(b1)2€ (e 1))
gl = (Ul)ze—zblr(ezblr =0
T 2(b1) '

(2.69)
In the sequel we shall denote this density by fy1(-) = f1 ().

(ii) Inthe model class (2.37), the factors ¥ (i = 2, 3) have, see Brigo and Mercurio
(2006, Sect.3.2.3), at time T and under Q”+4 a density fyi(C) that can be
expressed as equal to ¢2g>(c2(¢) and ¢ g3(c2 () respectively, where g;(-) denotes
the density of a non-central chi-square distribution with v’ degrees of freedom
and non-centrality parameter \' . The parameter values are given by (see (2.30))

, _ 4O+ OPB T +4)
T T (1 = e T PHOPB AT Ay
4 2
Vo= 4
(02)?
)\3 — C72_‘plze_T(b2+<UZ)ZBZ(T’Z+T+A))
s (2.70)
Vo=
(0-3)2
3 43 0
C = >
T e
)\i = ci&ll,3e_b T

(iii) In the model class (2.38), the factors w' (i = 2,3) have at time T and under
QT4 a Gaussian density N (o', 4%), denoted by f;(-), i = 2, 3, with

2 2y2 2y2

2 B2 (4 O\ (@) —BR(+r+4) 207 _
ay =e (lI/t + (b2 (bZ)Z)(e )+ 2(b2)ze (e 1))
2 = (@) 2T (2T 1y

o200

3
3 3
043 = b T(Wf + %(eb T - 1))

32
B = (zfzb;)e—zh%(ez;;% 1

@2.71)
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(iv) Consider then the shorthand notations

A:=A(T,T + A), B' :=B(T, T+ A), B :=B*T,T + A),
B =B T, T+ A),K:=1+ AK

where A(-) and B/(-), j =1,2,3 correspond to those in (2.41) and are deter-
mined according to Lemmas 2.1 and 2.2. Finally let, fory € R and z € R,

log(K) + A — B?y — Bz

= (2.72)

)_C(yv Z) =

We can now state and prove the following

Proposition 2.3 Assume that the correlation intensity satisfies k > —1 and that,
for the case of the factor model class (2.37), B>, B> € /TT+ , for fTT'M defined in
(2.16). The price of a caplet for the interval [T, T + A)] with strike K on the Libor
rate L(T; T, T + A) can be expressed for both model classes (2.37) and (2.38) as

follows

AL R2vaR3
PPL T + A K) = p(t, T+A)/ e ATEYTE
2

oo leR B'%(r.2)
/_ (B — BR0D) ) oy | £ )2 (e
x(y,z) T T T
=pt. T+ A)

. AL Call(r, 51, R (5,2, T + A)fy 2 0)dif g3 ez

(2.73)
where Call(t, S;, K(y,2), T + A) is formally the time-t price of a call option with
(random) strike defined by K(y,z) = B'70.9), maturity T + A and underlying asset
S, =B and is given by

_ _ 1 nl gl = - 1 =
Call(t, S, K. T+ A) = B3B8 +alBy (07T B Fr =3} Blxoay (aT - x)
sl s}
(2.74)

where N (-) denotes the cumulative standard Gaussian distribution function.

Proof Using the forward measure Q74 as pricing measure, we have to compute
(see (1.42) and recall (2.41))


http://dx.doi.org/10.1007/978-3-319-25385-5_1
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1 _ +
PP LT+ AK)=pt. T+ ANE) (——— _ & ‘9
@ T+ )=pt, T+ A) ST T+ ) '

=p(t, T + AETH4 { (e*f”é‘“’v‘*éz“"?*é}“’f - I_<)+ | %}

—p(t, T+ A) (fmélxmzym% _ f<)+f%| Wiz M (@dxdydz — (2.75)
]RS

Consider next the function

glx, y,z) = e AHBlHBEE: (2.76)
Forany giveny € R, z € R, itis a monotonically increasing and continuous function
of x € R (notice that B' = B'(T, T + A) is, according to its expression given in
(2.42) together with (2.40), positive provided x > —1) and has the property that

lim g(x,y,z) =0, lim g(x,y,z) =400
X—>—00 xX——+00

There exists thus a unique x(y, z) such that g(x, y, z) = K and it is given by (2.72).
Furthermore,
x=Xx(y,2) < g, y,2) = g(x(y,2), ¥, 2)

Consequently, (2.75) becomes

PONET + A K) = p. T+ 4) | e 00
o R 2.77)
( / (€ — TN fy (X)dX) foz 0dyfy: (2)dz

,2)

where, for the model class (2.37), the assumption B2, B* € % ** ensures that the
integrals above are finite.

For the second equality in (2.73), note that the inner integral in the equation above
can be computed as

+00
nl plx B! B'x(y,z
/ (eB X _ B A(y,Z))fWTl x)dx = /(eB X _ B x(y,«-))-&-flprl (x)dx
) ®

= ETt8( B —R(y,2)" | F) = Call(t,S,, K(y,2), T+ A)  (2.78)

Notice that, since we deal with caplets, although the maturity is 7 + A, the underly-
ing /! is evaluated at r = T Taking into account that &} ~ N(al, 31) with (a!, 81)
given as in (2.69), Call(t, S;, I_<(y, z), T 4+ A) can be explicitly computed in the fol-
lowing way (using the shorthand notation x = x(y, z))



2.4 Pricing of Caps and Floors 59

i} +oo o oo o).
Call(t,S;, K, T + A) = / B () dx — / B (0)dx
X

X

c—aly2

+oo -1 1 1 (x— 07) _1 “+00 1 (—az)
:[ B e 2 A ax— [ B

x \/2mBL ‘/27rﬂ]
+o00 2 = 00 2
— 5BY Bl +arBY) e Tdc — BT el e~ TdC
G- <aT+Bl b / " 1ol A
Nl ol

_ (BB BHalBY y (rtBIB =X | By (0=
e N /T e N NG
0

Note that the assumptions in the above proposition put some restrictions on the
parameters of the CIR model (2.37) for the factors ¥? and ¥>. Inserting now the
density functions fy2(-) and fy; (-) for each model specification, we obtain

Corollary 2.2 Under the assumptions from Proposition 2.3, the price of a caplet for
the interval [T, T + A)] with strike K on the Libor rate L(T; T, T + A) in the factor
model (2.37) is given by

PPt T+ AK) =pt, T + A)

el / e_AJ”BZyJFB}ZCall(t, S, K(y,2), T + A)gz(cfy)dyg3(ciz)dz (2.79)

T T

R2

where g (-) and g3(-) are non-central chi-square densities as in (ii) with parameters
given by (2.70), and in the model (2.38) by

Pt T+ A K) = p(t, T + A)

/ AVl S, R (v, 2), T + A ()dyfs (2)dz (2.80)
RZ

where f>(-) and f5(-) are Gaussian densities as in (iii) with parameters given by
2.71).

@emark 2.9 Notice that, for both model classes (2.37) and (2.38), we have B> :=
B¥(T, T + A) > 0. More precisely, for model (2. 38) from (2.41) and Lemma?2.1

with v = 1 and K = 0, we have B3 (T, T + A) = ( A _ 1) ~ 0. For (2.37),
again from (2.41) and this time from Lemma?2.2, always with vy =1and K =0 so

that i = /(b3)2 4+ 2(03)2, we have

BT.T+A) = 20 -1 2(e" 1) 0 (281
@ )_h—b3+e"A(h+b3)_2h+(b3+h)(ehA—1)> 8D
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Consequently, the function g(x,y,z) in (2.76) is, for each fixed x e R,y e R,
monotonically increasing and continuous also in z € R with

lim g(x,y,2) =0, lim g(x,y,z) =+0o0
7—>—00 z—>+00

so that there exists a unique z(x, y) for which g(x, y, 7) = K and
222(x,y) & glx, y,2) = glx, v, 2(x, y))
Therefore, since g(x, y, z) is increasing with z, we have
(e—;\+le+BZ)v+B3z _ k)* _ o ABBYy ( B ezass)
for z > z(x, y) and zero otherwise. We may then rewrite (2.77) as
PP T + A K) =p(t, T + A) / o ATBHBY
]RZ
e B3 B37(x,y)
( [ @y, <z>dz) fo @y ()dy

(x,y)

=p(t, T+A)/ e—A-‘rt_}lx-‘rf_ﬂy
R2

Call(t, Si, K (x, y), T + A)fy ()dxfyz (v)dy

(2.82)

with K (x, y) = B2 and S, = B

In the model (2.38) an alternative expression for the price PPt T + A, K) of
the caplet can be derived, thereby exploiting the Gaussianity of the factor processes
W2 and ¥3. We have in fact

Proposition 2.4 The price of a caplet for the interval [T, T + A] with strike K on
the Liborrate L(T; T, T 4+ A) can be expressed, for the factor model (2.38) and with
T =T —t, as follows

PO T + A K) = p(t, T + A)[exp(% — ,uT)N(dT +Jo) — f(N(dT)]
(2.83)

where N () is the cumulative standard Gaussian distribution function and

i = _loe®) tpir
Jar
pr =AM, T+ A)—BYT, T+ Aal —BX(T, T+ A2 — BT, T + Ao
or =BT T+ )28l + BT T + 2))2 32 + (B3(T. T + 4))* 3}
K =1+ AK
(2.84)
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with ok, B as in (2.69) and o2, 32, o3, 3> as in (2.71)

T PT . T P oy M . .
Proof We may write

l _ +
PPl (t: T+ AK)=pt, T+ ADEH} | —————— —K ‘ﬁ
T+ ) =pt, T+ A) STTTA) :

_ T+A 1 _ | a

=pt, T+ A) (E ip—(T T4 1 - K})J,

—KQT4 [ﬁ(T, T+A) <1/K | ,%D
(2.85)

Notice now that, since p(T, T + A) is given by (2.41), by Lemmas 2.4 and 2.5, we
have that it is distributed as exp(Y) with ¥ ~ N(u,, 0,) where

pr =A(T, T+ A)— B (T, T+ A)a! —BXT,T + A)a? —BX(T, T + A)a?
0. = BYT, T+ A)?*BL+ (BX(T, T + A)*32 + (BXT, T + A)*32

(2.86)
For the second term on the right in (2.85) we then obtain
o7+ {ﬁ(T, T+A) <1/K| 52,} = P[Y < 1og(1/1'<)]

log(1/K) — i

:P|:N(O, 1) < Jo

] = N(d,).
(2.87)

On the other hand, for the first term on the right in (2.85) we obtain

1
ET+A —1 ‘y[ - ET+A{6_Y1{6—Y>I_<} | e%}
(T T+ A) p(T T+A)

d; 1 2
:/700 exp[— oTx—,uT]Ee T dx

et /dT L e = et E N, + /o) (2.88)
=e e x =e 1 - or .
—00 V 27T

Inserting (2.87) and (2.88) into (2.85) we obtain the result. ([l

2.5 Pricing of Swaptions

We first recall from Sects. 1.4.3 and 1.4.7 the most relevant aspects of a (payer)
swaption as we shall use them in this section. Given a collection of payment dates
T, <---<T,withd =0, ;=T — Ty—,, (k=1,...,n) and given a fixed rate R,
we first recall the price of a payer swap, initiated at Ty < 7' and evaluated att < Tj,.
It is given by (see (1.27))


http://dx.doi.org/10.1007/978-3-319-25385-5_1
http://dx.doi.org/10.1007/978-3-319-25385-5_1
http://dx.doi.org/10.1007/978-3-319-25385-5_1

62 2 Short-Rate and Rational Pricing Kernel Models for Multiple Curves

P (8 To, Ty, R) = 6 »_ p(t, TOE? {L(Ti—1; Te-1, Te) — RIF:)
k=1

=06 p(t. To) (L(t; Ty, Ti) — R) (2.89)
k=1

where, for simplicity, we have assumed the notional to be 1, i.e. N = 1. A swaption
is then the option to enter the swap at a pre-specified initiation date 7', which is thus
also the maturity of the swaption and that, for simplicity of notation we assume to
coincide with Ty, i.e. T = Ty, see Sect. 1.4.7. Its price at t < Ty can be computed as
(see the first equality in (1.43))

PS"(t: Ty, T,., R) = p(t, Ty E" {(PSW(To; T,.R)" I%} (2.90)

where we have used the shorthand notation PS"(Ty; T,, R) = P5"(Ty; To, T,, R) and
P (t; Ty, Ty, R) = PS"(t; Ty, To, Ty, R). Inthis section we shall compute this price
by first working out an explicit expression for PS" and then computing the expression
on the right in (2.90).

Here we consider simultaneously the model classes (2.37) and (2.38), and as a
preliminary, we shall prove Proposition 2.5, where the following shorthand notations
are being used:

(a) a shorthand for various coefficients determined in Lemmas?2.1 and 2.2 for the
representation of p(7Ty, Ty) according to (2.39) and p(Ty—, Tx) according to
(2.41), related to both systems (2.37) and (2.38)

Ay :=A(To, Te) %lg = %(kal, Ty)
B =BTy, Ty), B, =B (T}-1.Ty), j=1,2,3

(b) a series of coefficients &/ (¢, Ti_1), ﬁ_’ (¢, Tr—1) appearing in the representations
EQ P F) = BT iy 9 3
Furthermore
D* := e Mexpla! (To, Timr) + G2 (To, Tyy) + & (T, Timy)]
We have in both models (2.37) and (2.38)
Bt Tizy) = —Bje™? =0
Ty

al(t, Tey) = —(@' — ("B (1, Ty)) B (u, Ty—1)du

(o1)?

T

Tir
/ (B3, Teer))d


http://dx.doi.org/10.1007/978-3-319-25385-5_1
http://dx.doi.org/10.1007/978-3-319-25385-5_1
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For (2.37) we have, furthermore,

B2, Ter) — B2, T )b + (07)?B2 (1, Tl — 502 (521, Ti1)* = 0
B (Ti-1, Tee1) = —B; )
&1, Teon) = —a [ B (u, T pdu

2 —2b°B}
53(1‘, Tiy) = — 3 — 3 -
=B (032 (e Tk=17D — 1) 423" Th—170)

&, Teer) = —a® [ 3P (u, Te_1)du

and, for (2.38),

B (t, Tio1) = —Bie"ﬂ(nf!—’)
Ti—r _
0_42(1‘, Tiy) = —(a2 _ (02)232(1, 7)) ﬁZ(u7 Te1)du
t
(0°)?

T _
5 / (B*(u, Ty—1))*du

B, Tir) = —Bze*bz(Tk—lft)

S B Tiendu+ (”2)
t

+

&, To) = —a

T _
/ (B3 (u, Ty—1))?du

(c) finally N _ . ~ =
B, :=F(To.T) + B, j=1.2. B :=FTo.Tio)

‘We have now

Proposition 2.5 Consider both model classes (2.37) and (2.38) and, for the class
(2.37), assume that B2, B,f € ]7?;. , for JTZ;: defined in (2.16). The price of the swap
according to (2.89) is given at the inception time Ty by

P(To: T, R) =Y

' [DkeAke—‘”%oBi-w%oB?—“’?oéi ~ (RS + 1)eAke-W%oBi—WrzoBi] 2.91)

Proof Considering the first equality in (2.89), the crucial quantity to compute is

EQASL(Ti—1: T, Tl Fr,} = E?k{m gTo} -1

= exp(—Ao) [T E¢ fexpBYy, )T} —1
= DFexpl—3"' (To, Ti-)¥4, — B2 (To, Tie W7, — 32 (To, Tie W31 — 1
(2.92)

where the second equality follows by (2.41). For the third equality we first apply
Lemma?2.3 to express the factors W%k_l, j =1,2,3, under the forward measure Qk
and then we apply Lemmas2.1 and 2.2 with K = —B;{ (note that B?, Bz € JTTk ‘
by assumption), j = 1, 2, 3, to obtain the coefficients &/ (¢, T_), B’ (t, Ty—1) in the
affine representation of the conditional expectation. The shorthand notations in (a),
(b), (c) above have been used.
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Combining this with the representation of the bond price p(Ty, T}) givenin (2.39),
we obtain the result (2.91). (Il

Let us now derive the expressions for the swaption price. Denote

[g(x, v,2) = X D' expl—Bix — By — Bjz] (2.93)

h(x,y) = (R0 + 1) X}, e exp[—Blx — Bly]

Below, when mentioning a density, we shall mean the density conditional on .%,.

Proposition 2.6 Let the assumptions from Propositio;z 2.5 be satisfied and for the
model class (2.37) we assume in addition that b> > ”7 and —B,%, —B,f € JTTUO, for
JTTO" defined in (2.16). The value of PS""(t; Ty, T,, R) as defined in (2.90) is given
for both model classes (2.37) and (2.38) by

PS8 Ty, Ty, R) = p(t, To) Xy €MD / oxp | —Bix — By
too . R (2.94)
- ( [ [t ey, (Z)dZ)fuﬂ iy @y
o) " 0o
where Z(x,y) is the unique solution of the equation g(x,y,z) = h(x,y) for
x,y,z € R3.

Proof Notice that from (2.90) and (2.91) we have

P35 Ty, Ty, R) = p(t, To)

/R3 [kZ:DkeAk exp(—é,ﬁx — B,%y - BZz) (2.95)
=1
+
— S (RS + D exp(—Blx — BE) | fup @fuz 0 (ddadydz

where we have used t~he facE that the factor processes Pl j=1,2,3, are independent.
Notice next that B} = 3*(Ty, Ty—1) < 0, for each k = 1, ..., n, provided in the

model class (2.37) we have b > ‘773 In fact, from Remark 2.9, setting § = Ty — Ty_1,

we first have that Bi > 0 for both model classes. Now, for the model class (2.38) we
simply have (see point (b) above)

Bt Tyoy) = —Ble T <

On the other hand, for the model class (2.37) recall first from Remark 2.9 that, always
for =Ty — Tx—y and h = /(b3)2 + 2(03)2,
A3y _ 2 (eh‘s — 1)
CT2h B3 R (e — 1)

>0 (2.96)
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Furthermore, from point (b) above we have that, being B,f > (, the property
3 (t, Tr—1) < 0 is equivalent to requiring that (0°)2B; —2b> < 0 which, given
(2.96), becomes equivalent to

207 (" — 1) < 4b’h +2[(*)* + b*h] (" — 1) (2.97)
Now, if according to the assumption we have b > ‘73, it follows that

2

2

(b3)2 + b3h — (b3)2 +b3 /(b3)2 + 2(0—3)2 > (0_3)2 |:i + l l;" + 2:| — (0_3)2

implying that ~ ~
20072 (" — 1) < 2[@)* + bh] (" — 1)
and thus, a fortiori, (2.97).

It follows that, for each x, y € R, the function g(x, y, z) in (2.93) is monotonically
increasing and continuous in z € R with

Iim gx,y,z)=0 , lim g(x,y,z) =400
Z—>—00 Z—>+00

Analogously to Proposition 2.3 and Remark 2.9 there exists thus a unique z(x, y) for
which g(x, y, ) = h(x, y) and

222, y) < gx,y,2) = g(x, ¥, 2(x, y))
Here z corresponds to the factor ¥ and we have
nook Al 52 B3 n 1 AN
[Zkzl DF Ak exp(—B;x — Byy — Bpz) — zkzl(Ré + l)eAk exp(—B;x — Bky)]
= zzzl Dk Ak exp[—f?,lx — B]%y] (e_Biz — e_Biz(x’y))
for z > z(x, y). We may then continue (2.95) as

P (t: Ty, Ty, R) = p(t, Tp) fRZ [ZZZI Dkl exp [—B,lx - B/%)’]
( fc;y) [ Bz _ e—Bi%(m)] f%ao (Z)dz)ywrl (x)f.,,Tzo (y)dydx

0

(2.98)

which is exactly (2.94). Note that all the integrals above are finite; in the model class
(2.37) this is guaranteed by the assumptions. (I

Remark 2.10 Proposition2.6 is based on solving the equation g(x,y, z) = h(x, y)
with respect to z. For caps we had in Sect.2.4 a related equation, namely
gx,y,2) = K, that was solved with respect to x (see (2.72)). There, in line with
Remark 2.9, we could equivalently have chosen a z(x, y) to solve the same equation.
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Here we cannot choose by analogy to the caps an x(y, z) since we set g(x, y, z) not
equal to a constant, but to a function (x, y) of x, y. The reason why here we have
to consider the function %(x, y) comes from the fact that the fixed rate R is here
multiplied by >"}_, dp(z, Ty) and the p(z, Ty,) depend on ¥ and ¥ , see (2.89).

Let us now give more explicit representations of the swaption price for each model
class. We begin with the model class (2.37). Similarly as for caplets, note that the
assumptions from Propositions2.5 and 2.6 put some restrictions on the parameters
of the model (2.37) for what concerns the CIR equations for &2 and ¥?.

Corollary 2.3 Under the assumptions from Propositions2.5 and 2.6, the swaption
price PS""(t; Ty, T\, R) for the model class (2.37) is given by

PS(£: Ty, Ty, R) = p(t, To)e2 ¢ S0, eMDF / exp [—E;x - E:fy]

too = (2.99)
. (/ [e—Bkz _ e—B;z(x,,v)] g3 (cioz)dz) g2(c2 y)fi (x)dydx
Z

(x,y)

where Z(x, y) is the unique solution of the equation g(x, y, z) = h(x,y) forx,y,z € R
and f1(-), g2(-) and g3(-) are as in points (i) and (ii) of Sect. 2.4, with
2 40+ (0?)* B (10,1+70))

To:=To—1 ; Cn = (02)? (1_eTg(b2+(02)282(70.1+70))) ’

(2.100)
A2 = 2 Y=o +(0?) B (ro.1+m))
T0 TO 1

and czo and )\30 correspond to the above formulas for cio and )\30 by changing all
superscripts to 3 and setting the factor B*(ty, t + 7o) = 0.

By assuming now the Vasi¢ek model (2.38) for all three factors we do not have
to impose any restrictions on the parameters and also we can obtain a more explicit
formula for the swaption price due to the Gaussianity of the factors. We have

Corollary 2.4 For the model class (2.38), the swaption price P (t; Ty, Ty, R) is
given by

P (t; Ty, T, R) = p(t, To) 34, D*eM [, e BiBE

I:e%(éi)Z/%_aSBiN(a3—31ii;_732()c,y) ) _ e—BiZ(x,_\x)N(af‘:/z%y)):lfz fi (x)dydx
(2.101)

where N (-) is the cumulative standard Gaussian distribution function, al = aio,

Bl = ﬁiﬁ with 0407 ﬁiﬁ as given in Eq. (2.69) of (i) in Sect. 2.4. Furthermore, for j =
2,3, fi(-), are Gaussian densities with parameters o/ = o , 3/ = (3] with o , 3,
as given in (2.71).
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Proof Since the factors llf%n, Jj = 1,2, 3, have Gaussian distribution, the swaption
price given in (2.94) can be further computed as

P (1, Ty, Ty, R) = p(t, To) 3, & D* /R exp [—E,Lx — E,%y]

+oo B3 B3z
: ( / [e*BkZ - eBkZ(x’”]fs(z)dz)fz(y)f 1(x)dydx

()

(2.102)

wheref;(-) ~ N(¢/, (¥') is a Gaussian density with o/ = ol , (#/ = (3 where o/ , 3],
are given as in (2.69) and (2.71).

Due to the fact that f5(-) is the density of a Gaussian distribution N (a3, %), the
integral in the second line can be computed explicitly and we have straightforwardly

+00 _B) d LB A B 400 1 7£d
< — e2 >
) Sz = R UV, ¢
zx,y \/?
and
+00 I . oo | B
/ e_BkZ(X’})]%(Z)dZ — e—BkZ(x,y) / 3 e_TdC:
2(xy) % V2
thus leading to the conclusion. O

Remark 2.11 Tt is interesting to note that the price of a swaption can be obtained as
linear combination of expressions that may be interpreted, at least formally, as caplet
prices. In fact, for both model classes (2.37) and (2.38), starting from formula (2.94)
for the price of the swaption, we can express the inner integrals as

+oo too
/ e Bify (2)dz — / e BV (2)dz
2

(x,y) Z(x,y)
- —a + ~ _
= Ju (7P — e BE) i )z = B0 [ B — RAe " | 7
= Call(t, S¥, K*(x, y), To)
(2.103)

where, see also Proposition 2.3, Call(t, Sk Kk (x,y), Tp) is formally the price at 7 of a

Bky3
—Biw?

call option with maturity 7p, underlying S¥ = ¢~5:%" and (random) strike K (x, y) =

¢~Bi)) The second equality follows from the monotonicity of the exponential
function and the fact that B,3( < 0, as shown after Eq. (2.95).
Formula (2.94) then writes as follows

PS5 To, T, R) = pla, T[> De /R exp(~Blx — Biy)

Call(t, St K (v, ), To)fuy, ()fup, ()l |
(2.104)
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On the other hand, recall from Remark 2.9, Eq. (2.82), that the price of a caplet can
be written as

PO T + AK)=pt, T+ A) [ e BBy calir, S, K(x,y), T + A)
Rz

A w) (Jf)fwr2 (»)dxdy
= Cpl (A, B', B>, B*,Z2(x, ), 1, T + A) (2.105)

With the arguments in the function Call(-) given here by S; = BV K x,y) =
Bk> . . . . .
eB3%Y) formula (2.104) becomes the following expression as a linear combination

Pt Ty T R) = 3 D*Cpl (~Av. ~Bl. —B}. =Bl 2.3 1.Ty)  (2.106)
k=1

We conclude this subsection with an alternative swaption pricing formula that
exploits the Gaussianity of the factor processes and corresponds to Proposition 2.4
for the caplets.

Proposition 2.7 For the model class (2.38) the value PS""(t; Ty, T,, R) can also be
expressed as

P (t; Ty, Ty, R)

s s 1z . 3_R333 3
= p(t, Ty) E "ol DFe—Bix—Bly S BB —a'B p [ & B3 —z2(x,y)

\/@

Proof Starting from (2.102), and recalling the definition of zZ(x, y) in Proposition2.6
as well as that of A(x, y) in (2.93), we may alternatively write

—(RS + 1) exp(—Blx — Biy)N( ))fl W) (y)dxdy] (2.107)

PS(t; Ty, Ty, R)

=pt,To)) |:DkeA"/2 exp(—Bix — Bly)
R
k=1

+oo
(/ e Bfy (Z)dZ)fl (0f2(y)dxdy

(x.y)

+o0
— (RS + 1)e /R 2 exp(—Bjx — Bly) ( fg(z)dz) fi (x)fz(y)dxdy] (2.108)

z(x,y)

and from here one obtains the conclusion by computing the integrals with respect to
z on the right as was done in the proof of Corollary 2.4. (]
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2.6 Relationship with Models from the Literature

Here we briefly discuss some of the main short-rate models, which in the context
of multi-curves have appeared in the literature and show how they can be seen
as particular cases of our affine factor model of Sect.2.1, including the Gaussian,
exponentially quadratic model of Sect.2.2.

2.6.1 The Models of Kenyon (2010) and Kijima et al. (2009)

Kenyon (2010) considers for the short rate, called there rp(f), a G1++ type model
(these models are recalled in Remark 2.1) of the form

rp(t) =¥ () + ¢p(t)

where W () satisfies a VasiCek equation of the kind of the first equation in (2.3)
(equivalently (2.37)) with ' = 0. The author then considers a “fixing curve” rea(t)
that corresponds to r; + s; in our case and for this curve he also assumes a G1++
model. He points out how the short-rate modeling has a strong connection to intensity-
based credit risk modeling.

Kijima et al. (2009) consider three short rates associated to three “discounting
curves” characterized by the pedixes D (for discounting cash flows), L (relating to
Libor), G (relating to government bonds). They model separately the short rate rp (¢)
and the spreads hy (¢) := rp(t) — rp(t), hg(t) := rg(t) — rp(t). Their process rp(t)
may be considered to correspond to our 7y, 1y (¢) toour s, and rp (1) — rg(¢) = hp(t) —
hg(t) to our p; (see (2.2)). They consider two model setups: (i) a quadratic Gaussian
model for rp(f) (corresponds to what we call Gaussian exponentially quadratic, see
Sect.2.2) and a Vasicek model for h; (f) and hs(¢). To derive formulas in closed
form in this first setup, they have to assume short rate and spreads to be mutually
independent. To allow also for dependence they then consider the second setup (ii):
short rate and spreads all satisfy a Vasi¢ek model with correlated noises. Their model
can thus be fully included in our setup.

2.6.2 The Model of Filipovi¢ and Trolle (2013)

The short rate and the spread dynamics of the paper Filipovi¢ and Trolle (2013) are
described in their Sect. 3.2.

We start by showing that their short-rate model (26) can be obtained as particular
case of the affine factor model for the short rate presented in Sect.2.1.3. For this
purpose we start from a two-factor model where each of the factors satisfies a pure
mean-reverting Gaussian model as in (2.38) namely
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d¥! = (@' = b'¥)dt+o'dw,, i=1,2 (2.109)
with independent Wiener processes w!, w?. For 4!, v> € RT put

r=y"w! 4422 (2.110)

1

1 w?, define w! as

Given the two Wiener processes w

B Yloldw! +v*o?dw?
! \/(7101)2 + (1202)2

dw

2.111)

From (2.110) we can then write
dr, = [('Yla] + ’VZaz) - bl('Yllptl + ’Vzlpzz) +0' - bz)’yzll/tz] dt

+V (102 + (20)2d,
_ bl |:’yla1 +’}/2612 N bl _b2

7 - rz} di +/(y'0")? + (20?)2dw,

b! b!
(2.112)
Define next L . . s
Yya + vy a b'—b
o i +—5 a2 (2.113)
so that
b' — b?
dy = — ¥ [(@® = b*¥hydt + o* dw}]
_ bl _ bzryZ a2 N ble ’ylal + ,YZaZ B blb2 ., dt
bl A2 (b' — b?) bl V(b —b2)
bl _ b2
+ b v o? dw?
= k[0, — v ldt + o dw] (2.114)

with K, = b2, 0, = “Zﬁ’zb(lb;{bz) + WI“I;WZ“Z, oy = b];bz ~?02 while from (2.112)
and (2.113) we get
dr; = K[y — rildt + o,dw) (2.115)

with k, = b', 0, = /(Y1012 + (1202)2.

Relations (2.115) and (2.114) come close, but are not yet equal to (26) in Filipovi¢
and Trolle (2013), in particular w; and w? are not independent.

On the other hand we have independence between w; and the following process
w? defined as
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. VO P (WI ol -1) o116

. o SN e

In fact, both are Gaussian random processes and

11 1.1
_1-27_ 97 o
E {wl w,} = ey — _azfyz t=0
From (2.116) we may now write
2.2 1.1
w! = 77 W+ 77 ) 2.117)
VOIa? + (P07 T V(e + (P07
so that
11 11 1,1y2
T aw! 77 dw? @) dw! (2.118)

w, = wy +
o2y2 ! VAN + (202)? ! 272 /(1 oh)? + (1202)?

On the other hand, from (2.111) we have

1
dw; = —— (\/(7101)2 + (2o2)2dw, — o'y dwtl)
o=y
which, combined with (2.118), leads to

dw? = [V(Vl"l)z*(”"z”z)z _ (') :| dw! e M A7 )

Wi Wi
N (o) +(20%)?

2.2 _ 1 -
= 7y dw! — i} aw?
VG o2+ (3202)2 V(e +(202)?

t o022 th/zJ(7101)2+(7202)2

(2.119)
Concluding, with relation (2.119) the system (2.115) and (2.114) can be rewritten

as
dry = K|y — rildt + o dw]

(2.120)
dv = kyl0y — yldi + o [pdw] + T = pdw/]
where k,, k., 0,, 0., 0, are as before, while p := o’y . Furthermore,

w! =w/! and w/ = w? are independent Wiener processes, where w! and w? are in
turn related to the original w} and wt2 via (2.111) and (2.116). The system (2.120)
now corresponds exactly to (26) in Filipovi¢ and Trolle (2013).

We come now to the remaining affine processes in Sect.3.2 in Filipovi¢ and
Trolle (2013). One is the process v;, which represents the intensity of the jump
process driving the default intensity of the average bank (this takes into account the
default component in the actual Libor). It is defined in Filipovi¢ and Trolle (2013)

through the dynamics in (29) or, more generally, in (30), and can be obtained in our
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setting as follows. Consider two independent factor processes of the mean-reverting
square-root form in (2.6), call them ¥ and ¥;" and identify v, with ¥” and 1, with
/. Notice that, as mentioned after (2.6), the constant parameters @’ are here replaced
by stochastic processes.

The last process concerns (; defined in Filipovi¢ and Trolle (2013) in (32) or, more
generally, in (33). It represents the liquidity risk factor in the Libor rate. Again it can
be obtained in our setup by considering two further independent factor processes
of the form in (2.6), call them this time lI/f and ¥/ and identify ¢; with llf,( and ¢
with &,

2.7 Multiple Curve Rational Pricing Kernel Models

In this section we present a modeling approach which is different from the martingale
modeling discussed earlier in the chapter. The modeling is done directly under the
real-world measure P using a pricing kernel or state-price density (deflator) approach,
also referred to as potential approach in Rogers (1997). We refer to the book by Hunt
and Kennedy (2004) for more details on this approach and the related references.
Regarding the modeling under the real-world measure, we mention also the paper
by Platen and Tappe (2015) set in a single-curve HIM setup, where a so-called
benchmark approach, presented in Platen and Heath (2010), is exploited. The focus
in this section will be put on rational pricing models, which were introduced by
Flesaker and Hughston (1996). A particularly suitable specification of these models
is the one in which the bond prices and the short rate are expressed as rational
functions of one or a linear combination of several Markovian factors—this is why
these models are referred to as linear rational models. The factors are often given a
lognormal dynamics in which case the model is called rational lognormal model. The
appealing features of linear rational models is that they can easily ensure positive
interest rates and they allow for analytic pricing formulas for caps and swaptions;
see in particular Filipovi¢ et al. (2014) for a detailed analysis of the properties of
these models. Regarding further models in which the bond prices and interest rates
are expressed as functionals of Markovian factors we refer also to Hunt et al. (2000),
and among papers studying the pricing kernel approach, we mention Brody and
Hughston (2004) (pricing kernels based on the Wiener chaos expansion technique),
Hughston and Macrina (2012) and Akahori et al. (2014) (heat kernel approach for
pricing kernels, also referred to as information-based approach), as well as other
related studies cited in these papers.

The extensions of the rational pricing kernel approach to multiple curves have
very recently appeared in Crépey et al. (2015b) and Nguyen and Seifried (2015).
In particular, Nguyen and Seifried (2015) exploit the foreign exchange analogy to
construct their model using multiplicative spreads and Crépey et al. (2015b) provide
also the CVA computations in addition to the clean pricing model based on the direct
modeling of the forward Libor rate. As calibration examples, both papers study a
two-factor lognormal model specification, which is shown to provide very good fit
to swaption market data. Note that these models allow to establish a link between
a risk-neutral measure and the real-world measure—an important feature for
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analyzing and managing risk exposures required to comply with regulatory
obligations, especially in insurance.

Below we present the main ideas of the construction of multiple curve rational
pricing kernel models.

Let a probability space (2, %, (%)o<i<r+, P) be given, where T* is a finite time
horizon, the filtration (.%;)o<;<r+ is assumed to satisfy the usual conditions and P is
the real-world probability measure. The pricing kernel (7,)9<,<7+ is a semimartingale
such that for a given generic, non-dividend paying asset with cash flow Sy at a fixed
date 7, its arbitrage-free price at time ¢ < T, denoted by S,r, can be expressed as

1
Sq = —E"{nrSr| %) (2.121)
Uy

For a detailed account on the pricing kernel approach we refer to Hunt and Kennedy
(2004). Note that as soon as the pricing kernel 7 and the cash flow Sy are specified,
the above expression provides a pricing formula for the asset S at all times . In order
to apply now this setup to the multiple curves, one considers the OIS bonds and the
FRA contracts as the basic assets.

More precisely, denoting as earlier by p(z, T) the OIS bond price at time ¢,
Eq.(2.121) yields

pt.T) = L e (er1.7,) (2.122)
Tt

since the cash flow at maturity T is p(T, T) = 1. In general, it can be shown that
the term structure 7 +— p(t, T) is decreasing in 7T (i.e. the implied interest rates are
nonnegative) if and only if the pricing kernel 7 is a nonnegative supermartingale, see
e.g. Proposition 2.1 in Nguyen and Seifried (2015).

Next consider the FRA contracts. Recall that an FRA, as given in Definition 1.3,
with the inception date 7', maturity 7 + A, fixed rate R and notional N, provides the
following cash flow at maturity 7 + A

Hrin = NAWL(T;T, T + A) — R)

Applying again the general pricing equation (2.121) results in the price process for
the FRA given by

1
Hirip = ;EP{FT+ANA(L(T; T,T+ A) — R)|F)}
t

Thus, the fair FRA rate R, at time ¢ is

LEP(mr  aL(T5 T, T + A)LF)

R = 1P T
~E T al 71

1 1
=—  _EPlar LT, T, T + A\, 2.123
G Tt A {mr+al( )F1} ( )
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Based on this expression Crépey et al. (2015b) define the Libor process I:(t; T,
T + A) by

- 1 -
Lt;T, T+ A) := —Emp AL(T; T, T + A)|.%,) (2.124)
Tt

putting Z(T; T,T+ A) =L(T; T, T + A). Hence, the FRA rate can be written as

LT, T+ A)

= (2.125)
p(t, T+ A)

Note that the Libor process is not exactly the forward Libor rate as given in Def-
inition 1.2, but rather the forward Libor rate multiplied by the OIS discount factor
p(t, T 4+ A) for the corresponding maturity. We point out that Crépey et al. (2015b)
use the notation L(¢; T, T + A) to denote the Libor process, which in this section we
have replaced with Z,(t; T, T + A) to distinguish it from the notation L(¢t; T, T + A)
used in this monograph for the forward Libor rate. Nguyen and Seifried (2015) write
Hyripas

1
Hirin = ;E”{w(T, T+ ANAL(T; T, T + A) — R)|.F)
1

X(T;T, T+ A)

1
= —EP T,T + AN
[mp( T (p(T,T+A)

Tt

— 4+ AR)) ‘y‘,]
= BN (ST T T+ A) — p(T. T + A1+ AR) | F)) (2.126)
Tt

which follows by expressing the .#r-measurable cash flow Hr, at time T + A
as a cash flow p(T, T + A)Hp 4 at time T using the OIS discounting. Again we
have adjusted the notation used in Nguyen and Seifried (2015) to correspond to
the notation used in this monograph, in particular instead of S (7, T) therein we
use X(T; T, T + A) to denote the multiplicative spread as defined in (1.34). Note
moreover that 7, corresponds exactly to the state-price density D, in Nguyen and
Seifried (2015). Introducing now a process 74 such that 74 = m, X (t; 1, 1 + A), the
fair FRA rate R,, and thus also the forward Libor rate L(¢; T, T + A), is given by

Lt:T, T+ A) =R, =

1( p(t. T) EP{W?I%}_l) 2.127)

A\p(t. T + A) EP (|7

Summarizing, Eq. (2.124) together with (2.125) and Eq.(2.127) establish a link
between the forward Libor rate, denoted again by L(¢t; T, T + A), and the pricing
kernel 7 via the OIS bonds. In Crépey et al. (2015b) this means that in order to
construct the rational pricing kernel model one has to specify the spot Libor rate
L(T; T, T 4+ A) and in Nguyen and Seifried (2015) it means specifying the process
74 in addition to 7. Both papers suggest a linear rational pricing model, in which
the OIS bond prices p(t, T') and the forward Libor rates L(¢; T, T + A) are given as
rational functions of linear combinations of several Markovian factors. Skipping the
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details, whereby referring the interested reader to both papers, one obtains that the
OIS bond price p(t, T) is given by

_ p(0,T)+b" ()M}

P = p(0, 1) + b (1)M]

(2.128)

where ¢ — p(0, 1) is the initial term structure of the OIS bonds, b! is a deterministic
function and M' a Markovian factor, which is a positive martingale with M = 0 such
that the process p(0, t) + b' (r)M is a nonnegative supermartingale with respect to
P. The forward Libor rate is given by

LO: T, T+ A) + b*(T, T + M} + b*(T. T + AM;
p0, T+ A) + b (T + A)M]}

LT, T+ A) =

(2.129)
where b and b* are deterministic functions and M? and M? are Markovian factors,
which are martingales with respect to P. Moreover, from (2.128) it easily follows
that the short rate r, = —% logp(t, T)|r—, is given by

@O0+ g (' 0) M,
p(0,1) + b ()M}

Iy =

We emphasize that the approach presented in Crépey et al. (2015b) is slightly differ-
ent, using an auxiliary probability measure, equivalent to P, and assuming that the
pricing kernel 7 is given under this measure. Then Eq. (2.122) and the corresponding
measure change are used to infer the OIS bond prices and the forward Libor rates.
Therefore, the model presented above is only a special case of the more general
approach in Crépey et al. (2015b). Note that our Markovian factors M’, i = 1,2, 3,
are martingales with respect to the real-world measure P, whereby the Markovian
factors denoted A!, i = 1,2, 3, in their paper, are martingales with respect to the
auxiliary probability measure. On the other hand, Nguyen and Seifried (2015) define
the pricing kernel 7 and the process 72 as linear functions of the Markovian factors
directly under the real-world measure P.

Remark 2.12 The framework developed in Crépey et al. (2015b), where the model
is set up under an auxiliary probability measure, linked in a suitable way to the real-
world measure P, allows for quite substantial modeling freedom. In particular, the
joint dynamics of the factors under P may in general be quite complicated, capturing
some desirable statistical properties (for instance dependence, or a known law at
some fixed future time point). However, one may then begin by using an auxiliary
measure denoted by M, equivalent to P, with respect to which the factors may be
independent or have a joint law which allows for semi-closed-form pricing formulas.
Thus, one can do all the calculations thanks to the tractability of the model under the
measure M, while achieving the desired statistical properties under the real-world
measure P. This is particularly important in view of risk management which is done
under the real-world measure. This line of reasoning can be extended to the risk-
neutral measure Q, as pointed out in Sect.2.3 of Crépey et al. (2015b). The model
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presented above can thus also be developed under the risk-neutral measure Q, starting
by specifying the short rate r as it was done in the short-rate models presented earlier
in this chapter. More precisely, the short rate is constructed as a rational function of
the Markovian factor process M, under the auxiliary measure M, together with the
density process between this measure and the risk-neutral measure Q. The explicit
link between the measures Q and M allows in particular to calibrate the model to
option price data under Q, using the tractable pricing formulas under M. In this sense
the pricing kernel approach can be seen as a real-world measure modeling framework
which is a counterpart of the martingale modeling short-rate approach, as they are
both based on the bottom-up modeling idea.

Remark 2.13 (Lognormal driving factors) The martingales M, i=1,2,3, in
(2.128) and (2.129) can be specified in various ways. Often they are assumed to
be of the form M/ = M;(t, X), where X' are Markov processes under P and M;
some deterministic functions. The examples considered in Crépey et al. (2015b) and
Nguyen and Seifried (2015) are lognormal, i.e.

M = exp (a,-w;‘ - %a,?t) -1 (2.130)
where w' are Wiener processes and a; > 0 are the volatility parameters of the factors,
for i = 1,2, 3. In particular, Crépey et al. (2015b) assume w! = w* and w! and w?
are correlated with correlation parameter p. Nguyen and Seifried (2015) consider a
two-factor model driven by M' and M?, given as above, for both the OIS bond prices
and the forward Libor rates, while allowing the volatilities a; to be time-dependent.

Remark 2.14 (Pricing and calibration) Analogously to the previous parts of the
chapter, the next step is to derive the pricing formulas for linear and optional deriva-
tives in this setup. As shown in both Crépey et al. (2015b) and Nguyen and Seifried
(2015), the pricing formulas for linear derivatives are easily obtained by combining
the general formulas from Sect. 1.4, part A, with (2.128) and (2.129). For caps and
swaptions the pricing formulas are obtained by using the general pricing formulas
in Sect. 1.4, part B, Eqs. (2.128) and (2.129), as well as the log-normal distributions
of the factors, which allows to obtain semi-explicit (up to the numerical root finding
for the payoff function) pricing formulas as integrals over the Gaussian densities.
We refer to both papers for the explicit expressions in all cases. We emphasize, how-
ever, that thanks to the rational structure of the model, the pricing of swaptions is
especially convenient. In particular, the payoff function contains a sum of only three
exponential terms related to the two Markovian factors, hence the numerical com-
putation of the price is a very easy task. The swaption price formulas can be found
in Sect.3.3 in Crépey et al. (2015b) and Sect. 5.2 in Nguyen and Seifried (2015).

Concerning calibration, the examples provided in both papers show that a two-
factor lognormal rational model, despite the simple dynamics of the driving factors
in (2.130), provides a very good fit to the swaption market prices without need for
stochastic volatility or more general Lévy drivers. This property allows to profit from
the simple dynamics of the underlying processes, which are easy to simulate in an
exact and fast manner.


http://dx.doi.org/10.1007/978-3-319-25385-5_1
http://dx.doi.org/10.1007/978-3-319-25385-5_1

Chapter 3
Multiple Curve Heath—Jarrow—Morton
(HJM) Framework

This chapter concerns the HIM framework in a multi-curve setup and is mainly based
on the papers Fujii et al. (2011), Crépey et al. (2012), Moreni and Pallavicini (2014),
Crépey et al. (2015a), and the Ph.D. thesis by Miglietta (2015). As in Chap. 2, also
in this chapter we shall model a basic OIS rate and the various risky rates as spreads
over the OIS rate. While the rates modeled in Chap. 2 are short rates and short-rate
spreads, here we deal with forward rates and their spreads. Since the actual risky
rates are generally larger than the corresponding OIS rates, this can be obtained by
modeling the additive spreads possibly as positive processes.

The HIM framework is situated in between the pure “bottom-up” short-rate frame-
work and the pure “top-down” framework of the LMMs. With respect to the short-rate
framework, it has the advantage of allowing for an automatic fit to the initial Libor and
OIS term structures (as well as for convenient calibration of the model parameters to
derivative prices). With respect to the LMMs, depending on the volatility structure,
it allows for low-dimensional Markovian representations of the term structure and
this turns out to be beneficial in various contexts, in particular in CVA and other
valuation adjustment computations. In addition to the pure HIM approach, in this
chapter we shall also consider an approach that can be seen as a hybrid HIM-LMM
approach and which can be advantageous in the multiple curve setup.

Since the ultimate goal of interest rate theory is the pricing of interest rate deriv-
atives and the main underlying quantity in these derivatives are the Libor rates,
one of the first objectives is to derive models for the dynamics of the Libor rates
that are arbitrage-free. For simplicity of exposition, and analogously to Moreni and
Pallavicini (2014) and Miglietta (2015), we shall limit ourselves to Wiener driven
models, while Crépey et al. (2012) and Crépey et al. (2015a) consider Lévy driven
models although with deterministic coefficients. By allowing volatility to be sto-
chastic, one may still account for smile effects and thereby compensate for possible
shortcomings of Wiener modeling with respect to Lévy modeling in case of deter-
ministic coefficients.

In order to develop an arbitrage-free model in the multiple curve HIM setup, we
shall in the first step consider a model for the OIS prices, set up directly under the
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martingale measure Q. This model is developed in complete analogy to the standard
pre-crisis HIM model. In the second step, suitable quantities connected to the FRA
contracts will be chosen and also modeled in the spirit of the HIM framework in
such a way that the complete model is free of arbitrage. To identify those quantities,
we first recall the expressions for the spot and forward Libor rates as given by (see
Remark 1.4 with (2.33), as well as (1.18))

. _ 1
L(T:T.T + A) = (m—l
Lt; T, T+ A) =ETA{L(T; T, T + A) | F} (3.1

_ 1 T+A 1
= 567 (sertem = 1) | 7]

where, we recall, the symbol p(z, T') was introduced to denote generically fictitious
risky bond prices that are assumed to be affected by the same factors as the Libor
rates (can be seen as a bond issued by a representative bank from the Libor group) and
are such that the classical relationship between forward rates and bonds is preserved
also for the actual Libor rates, but only at the spot level (first equation above).

Since the HIM framework is situated in between the short-rate models and the
LMMs, the following two possible approaches may be considered:

|
N

(i) Mimicking the LMMs, model directly the forward Libor rates in a suitable way
thereby establishing also a link with Chap. 4. We shall call this the hybrid HIM-
LMM approach. We shall do this in Sect.3.2, where we consider the following
quantities, namely the forward Libor rates multiplied by the length of the interval
to which they apply

Gt;:T, T+ A) = AETTA{L(T: T, T + A) | %) (3.2)

that, by definition, are martingales under the forward measure. The no-arbitrage
conditions, therefore, translate directly into martingale conditions on the process
G(; T, T + A). Another possibility, which is more in the spirit of the HIM
approach, is to introduce the fictitious bonds as in (3.1), but to require that the
relationship between the forward rates and the bonds is preserved, not only at the
spot level, but at all levels ¢. Introducing a new notation p? (¢, T') to emphasize
this difference, we therefore have

LT, T+ A) = ETH{L(T; T, T + A) | 74)

_ 1pT+a 1 —. 1 2.T)
=zE'T {(pA(T,T+A) - 1) ‘%} A (pf(r,T+A) - 1)
3.

The modeling quantities are thus the pA (t, T)-bonds, whose dynamics are mod-

eled according to an HIM approach. The no-arbitrage conditions, hence, translate

into martingale conditions on the ratios % of fictitious bond prices.

(ii) The second HIM approachis to obtain, as in Chap. 2, the dynamicsof L(-; T, T +
A) viadynamics of p(-, T'), where the connection between the Libor rates and the

p(-, T)-bonds is established only at the spot level. The difference with Chap.2
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is the way in which the dynamics of p(-, T') are modeled. To this effect we shall
consider two specific ways to interpret these bond prices, which are inspired
by a credit risk analogy and a foreign exchange analogy, both situated in the
HIM setup. Regarding p(-, T')-bonds, each of these two interpretations will
yield specific conditions on their dynamics to exclude arbitrage possibilities in
the respective models. In line with the traditional HIM approach, we shall also
consider the instantaneous forward rates f @, T):=— % log p(t, T'), associated
to p(¢, T') and assume that they are given by

f@,T)=f@,T)+gT)

where f (¢, T) are the forward rates corresponding to the OIS bonds p(z, T),
while g(¢, T') are the forward rate spreads. This approach will be the subject
of Sect.3.3. In these models the crucial quantity for computations of derivative
prices is given by the following conditional expectation (see also (2.50))

I
=BT — |7, 3.4
T [ﬁ(T,T—{-A) t ( )

Summarizing the definitions introduced above, we get the following equivalent
representations for the forward Libor rate

%G t; T, T + A) (usedin Section 3.2)
Lt;T, T+ A) = % ( A”(t(’T?A) ) (used in Section 3.2) (3.5)
L(r—1) (used in Section 3.3)
from which it also follows that
A
_ p-,T)
=—— > =Gt;: T, T+ A 1 3.6
=t = O +A)+ (3.6)

and these relations will be useful in the pricing of linear interest rate derivatives.
Notice that the chosen ordering of (i) and (ii) reflects the fact that the models in
(i) lead to intrinsic no-arbitrage conditions in reference to the traded assets (FRA
contracts), while the models in (ii) lead to what one may call pseudo no-arbitrage
conditions since they stem from interpreting the fictitious bonds in a specific way,
rather than from absence of arbitrage with respect to the traded FRA contracts,
which is ensured already by model construction (note the martingale property of v, 7
resulting from (3.4)).

Regarding work from the literature mentioned at the beginning of this introduction,
Fujii et al. (2011), Moreni and Pallavicini (2014), Crépey et al. (2015a) and Miglietta
(2015) focus on the first HHM-LMM hybrid approach, whereas Crépey et al. (2012)
is based on the credit risk analogy and Miglietta (2015) briefly mentions a possible
foreign exchange analogy, however, without providing the details for the HIM setup.
The authors in Moreni and Pallavicini (2014) model instantaneous rates and forward
Libors under the forward measure and, to do so, they use a specific representation
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in terms of a Markovian factor process showing the efficiency of their modeling
approach for the purpose of model calibration. In the context of model calibration see
furthermore Pallavicini and Tarenghi (2010), where a hybrid HIM-LMM approach is
used as well. In addition to these references, we want to mention also Cuchiero et al.
(2015), who study a multiplicative spread approach in a general hybrid HHM-LMM
semimartingale setup, which is discussed in Sect.4.3.

The remaining part of this chapter is structured as follows. Section3.1 gives the
necessary preliminaries on the HIM approach and its adaptation to the multiple curve
setup. As already mentioned, in Sects.3.2 and 3.3 we shall describe the modeling
approaches corresponding to the above points (i) and (ii) respectively. For each
of these sections we shall derive, besides the models, the no-arbitrage conditions.
We shall also discuss possible volatility structures in view of obtaining Markovian
representations and, as in the standard HJM, short-rate models implied by the various
forward rate models. In Sect. 3.4 we shall consider derivative pricing for linear and
optional interest rate derivatives in the context of all model types, those in Sect. 3.2
and those in Sect. 3.3. Finally, in Sect. 3.5 we shall carry over (when applicable) also
to the HIM setting the idea of an adjustment factor as introduced in Chap.2 (see
Sect.2.3.2).

3.1 Adapting the Classical HJM Approach

In this section we first present the model for the OIS bonds p(-, T') and the generic
bonds related to the Libor rates that we denoted by p(-, 7). Later on we shall dis-
tinguish between the three possible interpretations of these bonds mentioned in the
introductory part of this chapter and introduce also the corresponding notation. The
HIJM drift conditions for the OIS bonds, as we shall see below, will be the classi-
cal ones, whereas for the p(-, T) they will depend on the specific model and the
interpretation of these bonds.

We begin with the modeling part. Corresponding to the short rate r, and the short-
rate spread s, of Chap. 2, here we start from the following quantities:

f(, T) : the instantaneous, continuously compounded forward OIS interest
rate
g(t, T) : the forward rate spread

at time ¢ with maturity 7 > ¢, where T € [0, T] and T is a finite time horizon. Recall
that f (¢, T') is related to the OIS bond prices p(t, T') via the usual relationship (1.12),
which in turn yields

T
p(t, T) =exp |:—/ ft, u)dui| (3.7)

For the continuously compounded forward rates f(z, T') we postulate that
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f@&,T)=f@,T)+gtT)

and similarly as above we define the fictitious bond prices p(¢, T') as follows (notice
the analogy with (2.35))

T T
p(t, T) = exp [—/ f(t,u)du:| = exp [—/ (f(t,u)—l—g(t,u))du] (3.8)

As in the traditional HIM approach we use martingale modeling assuming that,
on (2, %, (%)Oggf, Q) with Q a standard martingale measure related to the OIS
curve, the forward rates and spreads satisfy

df(t,T) =a(t, T)dt +o(t, T)dw,
dg(t,T) = a*(t, T)dt + o*(t, T) dw, (3.9)
df(t,T)=a(t, T)dt +&(t, T)dw,

with a(-) = a() +a*(-), o(-) = o(-) + o*(-), and where the coefficients may be
generic adapted processes satisfying the implicit integrability conditions. For sim-
plicity we assume here that the driving random process is a d-dimensional Wiener
process. Note that this means that we might not necessarily have the desired positivity
for the spreads. Below we shall however consider mean-reverting Gaussian models
for the short-term spreads g(z, t) which implies that they may become negative only
with a small probability. With Lévy driven models as in Crépey et al. (2012) positivity
of the spreads can be guaranteed under certain assumptions.

Letting all the required regularity assumptions, such as differentiation under the
integral sign, be satisfied, for the OIS and the fictitious bond prices we obtain

dp(t,T)=pt,T) |:(r, —A@, T)+ %|E(r, T)»dt — 3(t, T)th:| (3.10)

dp(t,T) = p@t,T) [(ft — A, T)+ %|§(z, ))dt — X (1, T)dwt:| (3.11)

where A(t, T) == [" a(t,u)du, £(t,T) = [" o(t,u)du, r, = f(t,1)and,analo-
gously for A, T), X(t,T), 7 aswellas A*(¢, T), £*(¢, T). Recall from Sect. 1.3.2
that the discounted OIS bond prices have to be martingales under Q, which leads to

the classical HIM drift condition for A(¢, T'), and thus also for a(¢, T'), namely
1 2
A, T) = §|E(t, T)| (3.12)

As far as the p(¢, T)-bonds are concerned, note that, since we are dealing with
bond prices stemming from different interpretations, we cannot derive the drift condi-
tions by requiring directly that the discounted values of p(¢, T') be martingales under
0 and so we proceed separately for each of the cases in the forthcoming sections.
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3.2 Hybrid HIM-LMM Models

In this section we shall discuss the modeling approach outlined in (i) of the introduc-
tory part of this chapter, where we assume an HIM model for the OIS bond prices
p(t, T) and in addition we consider two possible modeling quantities related to the
forward Libor rates. The first model is a model for the processes G(-; T, T + A),
which represent the Libor rates multiplied by the length of the interval to which they
apply, and the second one is a model for the p? (¢, T')-bonds.

3.2.1 HJM-LMM Model for the Forward Rates

Based on Crépey et al. (2015a), we shall model the OIS bond prices p(¢, T) as in
Sect. 3.1 together with the processes G(-; T, T + A) as defined in (3.2) that we recall
here, namely

Gt;T, T+ A) = AETTA(L(T; T, T + A) | F,} (3.13)

Notice that these processes correspond, modulo the factor A, to the forward Libor
rates in Definition 1.2 in Chap. 1 (see also 4.2 in the next chapter) and, by definition,
are martingales with respect to the corresponding forward measures. Modeling the
forward Libor rates multiplied by the length of the corresponding interval A is a
choice made for convenience reasons only; as pointed out in Crépey et al. (2015a)
it gives rise to slightly simpler formulas in this set-up. These quantities are, for
short maturities, directly observable on the market and, for longer maturities, can be
bootstrapped from observable Libor swap rates. Mercurio and co-authors derive the
dynamics of the forward Libor rates in the standard LMM framework. Here, based
on Crépey et al. (2015a), we follow instead an HIM approach that for forward Libor
rates appears to have been first applied by Moreni and Pallavicini (2014) and that
allows to have low-dimensional Markovian representations, as well as to access the
induced short-rate process r;, which are features that are relevant for practical CVA
computations. With respect to the previous chapter on short-rate models notice that,
by (3.6), we model here a quantity at the level of 7, 7.

3.2.1.1 Model and No-Arbitrage Conditions

As already mentioned, following Crépey et al. (2015a), we shall model here directly
the dynamics of the OIS bond prices p(¢, T'), as well as the processes G(¢; T, T + A)
in the form as they were recalled in (3.13).

We assume given a filtered probability space (2, .7, (%)<, <7, Q), Where & =
F7 with T a fixed finite horizon and Q is the OIS pricing measure related to B as a
numéraire. For the OIS bond prices we start from the representation (3.10), namely
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1
dp(t,T) =p(.T) [(n —A@T) + 7X@, )t — £, T)dwt} (3.14)

The coefficients have to satisfy the classical HIM drift condition (3.12). Contrary
to the HIM approach for the instantaneous forward rate model of Sect.3.1, the
coefficients A(z, T) and X' (¢, T') are here given directly and do not result from an
integration of the coefficients in the instantaneous forward rate dynamics.

Concerning G(t; T, T + A), following Crépey et al. (2015a) we impose the
dynamics

Gt;T,T+A)=GO; T, T + A) (3.15)

t t
exp |:/ als; T, T + A)ds —|—/ o(s; T, T+ A)dwx]
0 0

that guarantees their positivity. While in Crépey et al. (2015a) the driving process is a
Lévy process and the coefficients are deterministic time functions, here we consider
for simplicity a driving d-dimensional Wiener process. In exchange we may allow
for stochastic volatility that partly compensates the reduction from Lévy to Wiener
processes. To complete the model, it remains to impose conditions guaranteeing that
G(; T, T + A) are, as they should be according to their definition, martingales under
the corresponding forward measures. To this effect we have

Proposition 3.1 In the model for G(t; T, T + A) given by (3.15) we have the
no-arbitrage drift condition

1
at; T, T+ A) = —§|a(z‘; T.T4+ AP+ (ot: T, T+ A), 2(t, T + A))

(3.16)
which, replaced in the original model (3.15), leads to an arbitrage-free model for
the Libor rates under the measure Q.

Proof In order to derive the no-arbitrage condition, we first have to change the
measure from Q to Q7 4. Recall from (1.14) that the density process for the change
from Q to Q74 is given by

dOTHA | p(,T+4)

DipTJrA - —
’ dQ |z = Bp0.T + 4)

Using It&’s formula, from (3.10), the drift condition (3.12), as well as the fact that
B, = exp [fot rsds], we obtain
AL = LT3, T + A)dw,

By Girsanov’s theorem it follows that w! *4 as given by

dw!t? =dw, + X, T + A)dt (3.17)
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is a Wiener process under Q7 4.
Again by using Itd’s formula, from (3.15) together with (3.17) we obtain the
following Q7 *+4-dynamics for G(¢; T, T + A)

dGW T, T+4) =G T.T+4) - [(a: T. T+ 4) + 3o T.T + )
(o T, T + A), B(t, T + A))) dt
o T, T +A)dw,T+A]

(3.18)
In order that G(-; T, T + A) is a QT "4 -martingale, the drift term in (3.18) has to
vanish, which implies (3.16). O

Remark 3.1 Now we can see why the model (3.14)—(3.15) presented above can be
seen as a hybrid derived from the HIM and the LMM approaches. The modeling
objects are the OIS bond prices as in the HIM framework and the forward Libor
rates (modulo the factor A) as in the LMM framework. Moreover, the modeling
is done under the martingale measure Q and not under the forward measures, as
one would have done in the LMM spirit. The main reason for this is to profit from
the low-dimensional Markovian representations that can be obtained in the HIM
framework, as opposed to the LMM framework. More details on this can be found
in the introduction of Crépey et al. (2015a).

3.2.1.2 Markovianity and Induced Short Rates (Vasic¢ek-Type Volatility
Structure)

In this subsection we want to show that, for specific volatility structures, which here
are the OIS bond price volatility X (¢, T') and the volatility o(¢t; T, T + A) of the
process G(-; T, T 4+ A), one obtains a Markovian factor representation for the OIS
bond prices and the process G(-; T, T + A). Thereby one obtains also an induced
dynamic model for the factors, one of which results to be the short rate r,. We limit
ourselves for illustration purposes to one of the most significant cases, namely that
of a Vasicek-type term structure.

Let us begin with the OIS bond price model, which is given via the instantaneous
forward rate f (¢, T'), whose dynamics is

t

f@&,T)=f@O,T) +/ (X(s,T),0(s,T))ds +/ o(s, T)dw; (3.19)
0 0

which follows from (3.9) by using the drift condition (3.12) for a(¢, T') in terms of
o(t, T). This representation is infinite-dimensional and, in complete analogy to the
classical HIM, we may investigate whether with a suitable choice of the volatilities
o(t, T) we may obtain a finitely parametrized representation and a Markovian model
for the induced short rate r; = f (¢, t).
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We start from a two-dimensional driving (Q, .%,)-Wiener process w, = (w,l, wf)
and, for given positive constants o, o, as well as non-zero b, b* € R, we let the
volatilities be given by

o, T) = (ae"’(T_’), O)
(3.20)
ot; T, T+ A) = (% eI (1 — e*bA) , Z—: e b T-1 (l — e*bm))

respectively, where X' (¢, T) = ftT o(t,u)du.
We consider first the forward rates f (¢, T') given above and the induced short rate
r;. From (3.20) we obtain

f@, T)= O, T)+ fot %2 (e7PT=9) — e 2T=9)) g 4 ge=PT fot e dw!

— f(o’ T) + Z_ie—bT (ebt — 1= %e—bT-f-th + %e—bT) + O.e—bT fof ebde;
= f0.T) + % (e7?T=0 — ¢707)
1

2
+o (e—ZhT _ e—Zb(T—t)) + O.e—hT/ ehsdwi

0
(3.21)
It follows that the short rate r, = f(, t) is given by
= fO0+5 (1=e™) + 55 (7 — 1) +oe™™ [T ePdw] (3.22)
= m(t) +oe ™ fot e dw! ’
This implies
dr, = (m/(t) — boe "t jg €bxdwi)dt + watl (3.23)
= (m'(t) — b(r, — m(2)))dt + o dw! ’
Defining
. 1
p(t) :=m(t) + ;m'(1) (3.24)

= O+ 12 F0, 0+ 2, (1—e )

we obtain that the induced short rate r, satisfies the following Hull-White extended
Vasic¢ek model
dr; = b(p(t) — r)dt + o dw, (3.25)

Since we have followed an HIM approach by which the model is automatically
calibrated to the initial term structure f(0,t), at least one of the coefficients in
the Vasicek-type model (3.25), namely p(#), is infinite-dimensional (Hull-White
extension).

Next we try to see whether in the present setting, where we model directly the
process G(-; T, T + A), we are able to obtain quantities that can be viewed as cor-
responding to a spread (forward or short-rate spread). We begin by deriving an
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explicit expression for G(¢; T, T + A), thereby using the shorthand notation G (¢, T)
for G(¢t; T, T + A) and, similarly, with a(z, T'). The starting point is (3.15), where
a(t, T) has to be chosen so that the no-arbitrage drift condition (3.16) is satisfied.
Given (3.20), this drift condition allows one to obtain an explicit expression for
a(t, T) as a function of (b, b*, o, 0*); for simplicity of notation, below we shall
keep this symbol «(¢, T') to represent the above function of (b, b*, o, o). Further-
more, we shall also use the function m (¢), implicitly defined in (3.22) so that, always
by (3.22), we may write

t
b bs 71
oe ’/ e’ dw; =r, —m(t)
0

Then we first have that the OIS bond price p(¢,T) can be expressed as an
exponentially affine function of the current level of the short rate r,. More precisely,
inserting the volatility (3.20) into the bond price expression (3.56) we have

p(t,T) =explat, T) + b(, T)r]

where

p0,T)
p(0,1)

a(t,T) =log ( ) +/ (A(s,t) — A(s, T))ds — b(t, T)m(t)
0

and |
b(t, T) — Z (efb(Tff) _ 1)

as in the classical HIM setup with Vasicek volatility. Moreover, for G (¢, T') we have

G, T)=G(,T) exp[fot als, T)ds + fot Ze T (1 — e24) dw)
o eI (1= e ) an?]

=G(,T) exp[fot als, T)ds + %eb’ (e‘bT — e‘b(T+A)) e bt fol e dw!
_I_Z_:eh*z (e—b*T _ e—b*(T+A)) e b ()teb*Adef]

=G(0,7T) exp[fo’ als, T)ds + et (7T — e ?TTD) (r, — m(1))
+c;_:eb*z (e—b*T _ e—*b(T+A)) o't f()t eb*sdwf]

=explm(t,T) +n(t, T)r, +n*(¢t, T) q;]
(3.26)

where
1
1
m(t, T) =1og(G(0, T)) +/ a(s, T)ds — Ee”' (e_bT — e_h(“'m) m(t)
0

and is thus completely specified by G (0, T') and (b, b*, o, c*). Furthermore,
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bt (ebe _ o b(T+4)
ol (efb*T _ e—b*(TJrA))

|
[aSi—

n(it,T) =
n*(t,T) =

*
S

S

which are also completely specified in terms of (b, b*, o, o). Finally

t
q: = eib*t/ eb*sdwf (3.27)
0

and satisfies thus
dg, = —b*q,dt +dw?, qo=0 (3.28)

Notice that all dynamics are under the standard martingale measure Q.

Remark 3.2 By (3.26), we have ended up with a two-factor exponentially affine
Markovian representation for G(t; T, T + A). Of the two Markovian factors that
drive G(t; T, T 4+ A), one is the short rate r,. The other factor would in a sense
correspond to the short-rate spread considered in Chap.2 (see also Sect.3.2.2.2,
where the second factor is s; that satisfies (3.43) and corresponds to a short-rate
spread). Here it has however no specific economic meaning. In fact, by deriving the
induced short-rate model, we follow a top-down approach and so not all resulting
quantities at the lower level need to have a clear economic meaning. The situation
is different when following instead a bottom-up approach as in Chap. 2, where we
start from the quantities at the lowest (lower) level.

3.2.2 HJM-LMM Model for the Fictitious Bond Prices

We recall that we shall use the symbol p (¢, T') for the fictitious bond prices that we
sometimes refer to also as Libor bonds, which are defined by the following implicit
relation with the forward Libor rates (see (3.1) and (3.3))

L(T;T,T-FA):%(m—l

LT T+8) = ET 4 (Gbes = 1) |7 = 5 (B2 1)
(3.29)
In words, the fictitious bonds p?(-, T + A) are bonds consistent with the forward
Libor curve L(-; T, T + A) in the sense of the second relation in (3.29). This is
done in order to reproduce the classical relationship between the Libor rates and the
bond prices not only at the level of the spot Libor rates L(T; T, T + A); compare
Eq.(1.11) in Sect. 1.3 where the same was done for the initial Libor curve at time

t = 0. Note that here the definition of the bond prices p2(-, T + A) implies the
4@, 1)
pAp(r,T+A)

QT+4 . These fictitious bonds in the form of p# (¢, T') were considered also in Kenyon
(2010) and correspond to what in Henrard (2014) are called pseudo-discount factor

martingale condition on the ratio with respect to the forward measure
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curves (see Chap. 3 there). Henrard (2014) also sees the relationship (3.29) as being
of the “wrong number used in the wrong formula to obtain the correct result” type
of approach.

3.2.2.1 Model and No-Arbitrage Condition for the p4(z, T)-Bonds

Recall that for the p2 (¢, T)-bonds we had assumed (3.29), where L(¢; T, T + A)
T

is a Q7 *4-martingale, implying that also the process v/ := AP(I(—’T)A) isa QT+4.

martingale. This martingale condition is directly implied by the absence of arbitrage

imposed on the FRA contracts. As usual, the no arbitrage condition can be derived

by determining the drift in the dynamics of v ~r under QT+4 and setting it equal to

Zero.

The model for the dynamics of the OIS bond prices p(#, T') and the fictitious bond
prices p#(t, T) is obtained following the HIM approach outlined in Sect. 3.1, which
is based on the modeling of the instantaneous forward rate f (¢, T') and the forward
spread g(¢, T'), which are given by their dynamics in (3.9), namely

df @, T) =a(t,T)dt +0o(t,T)dw;

dg(t,T) = a*(t, T)dt + o*(t, T) dw, (3.30)

As in Sect. 3.1, the dynamics of the OIS bond prices is thus given by
1
dp(t,T) = p(t,T) [(rt —A@,T)+ EIE(L T)Pdt — 2, T)sz} (3.31)

with the drift condition (3.12). Replacing all the quantities denoted by a “bar” in
Sect. 3.1 with a superscript A, we obtain the following dynamics for the p2 (¢, T)-
bond prices

dp®(t,T) = p*(t,T) [( — A%, T) + —|2A(z T)Hdt — Z4(t, T)dw,
(3.32)
We have now
Proposition 3.2 For the model (3.32), we have the following no-arbitrage drift con-
dition

AS, T +A) = A, T) = =244, T + 4)) — 244, T)|?
HEWA T+ A), D24, T+ A) — 234, T))
(3.33)

Proof On the basis of (3.32) we have



3.2 Hybrid HIM-LMM Models 89

dvl, = yfT[(AA(t, T+ A) =AY, T)+ 31224, T + A)) — 24, TP)dt
HEAWT + 4) = 24, T)dw ]
= fT[(AA(t, T+A)— A2, T)+ 35| Z44, T + A) — 241, T)|)?
—( X, T+ A), 22, T+ A) — X4, T))dt
H(ZAG T + A) — Z4a, T))dwt”A]

(3.34)
where w! T4 is a Wiener process under Q7 4 as given in (3.17) and so the condition
(3.33) follows immediately. O

Remark 3.3 Contrary to the standard HIM drift condition, condition (3.33) does
not define uniquely the coefficient A% (¢, T); in fact, we get a constraint only on
A4, T + A) — A(¢t, T). This is related to the non-unique definition of p2(z, T)
via the second relation in (3.29) in terms of a given forward Libor rate. More detail
on this can be found in Chap. 3 of Miglietta (2015).

Remark 3.4 The same drift condition as (3.33) is obtained in Theorem 3.3.3 of
Miglietta (2015) (see also Theorem 3.4.3 therein). Miglietta (2015) derives this con-
dition by using the fact that £ €.1+4) ABL(“T’T+A) is a martingale under the standard
martingale measure Q with numéraire B;. In fact, p(t, T4+ A) AL(t; T, T + A)
is the price process of a traded asset, namely the time-¢ price of the floating
leg in an FRA on the Libor that is setting at 7 and paying at T + A. The fact
that the two approaches lead to the same result is not surprising since, due to

dQl‘+A _ pt,T+A) . . pt,T+A) AL, T, T+A) - :
70 |z,= BpOT+4) the Q-martingality of B, is equivalent to

the QT4 -martingality of A L(t; T, T + A).

3.2.2.2 Markovianity and Induced Short Rates (Vasicek-Type Volatility
Structure)

The underlying quantities in the present Sect.3.2.2 are the forward rates f (¢, T)
and the spreads g(z, T'). Their dynamics are determined (see (3.30)) by their respec-
tive drifts a(¢, T), a*(¢t, T) and volatilities o (¢, T), o*(t, T). For the coefficients
a(t, T),o(t, T) of the forward rates we have the explicit condition (3.12), while for
a*(t,T),o*(t, T) we have a no-arbitrage condition implicitly contained in (3.33).
Note that this condition does not uniquely determine a*(¢, T) once o*(¢, T) and
o(t, T) have been chosen. We shall see below that we are nevertheless able to obtain
Markovianity and an induced model for the short-rate spread even without imposing
the no-arbitrage condition (3.33).

From (3.30) and using the drift condition (3.12) for a(¢, T') in terms of o (¢, T),
but leaving a* (¢, T') generic, we obtain

t

f@&.T)=f(0,T) +/ (X(s,T),0(s, T))ds +/ o(s, T)dw; (3.35)
0 0
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as well as .

g(t, T)=g(0,T) +/ a*(s, T)ds —|—/ o*(s, T)dwy (3.36)
0 0

Similarly to Sect.3.2.1.2, the representations in (3.35) and (3.36) are infinite-
dimensional and again we shall investigate whether with a suitable choice of the
volatilities o (¢, T)) and o*(¢, T') we may obtain finitely parametrized representations
and Markovian models for the induced short-rate r, = f (¢, t) and short rate spread
s, = g(t,t). Again we limit ourselves for illustration purposes to just one example
of Vasicek-type volatilities.

By analogy to the example in Sect.3.2.1.2 also here we consider a
two-dimensional Wiener process w, = (w!, w?) and, for given positive constants
o, 0%, as well as non-zero b*, b € R, assume the following volatility structures

O'(t, T) = ggib(T*t)’ 0
U*(l, T) = g()’ o* e_b*(T—)t)) (337)

so that f (¢, T) is driven only by w! and g (¢, T') only by w?. It also follows that

>, T) = f,: o(t,wydu = (¢ (1 —e’b(T”)z, 0) (3.38)
X*t, T) = ft o*(t,u)du = (O, » (1 —e? (T*”))

As in Sect.3.2.1.2, here too we consider first the forward rates f (¢, T) and the
induced short rate r, = f(t,t). Since X' (¢, T) has here the same structure as the
corresponding volatility in Sect.3.2.1.2 (see (3.20)), we obtain the same results also
here for f (¢, T') and r,, namely we have again a Hull-White extended Vasi¢ek model
for r, given by (3.25) thus leading to an affine Markovian term structure for the OIS
bonds.

Consider next the induced model for the short-rate spread s, = g(¢, ) without
imposing a drift condition on a*(¢, T'). From (3.36) and (3.37) it follows that

t t
g(t, T)=g(0,T) +/ a*(s, T)ds + a*e_b*T/ eb*sdwf (3.39)
0 0

From here we obtain for the short-rate spread s, = g(¢, t)

se = g(0,1) + [y a*(s, )ds + o*e™"" [ e dw?

« ; 3.40
=: p(t) + o*e b fot e sdw? (3-40)

It implies
ds; = (u’(t) — b*o*e™" foz eb*“dwf) dt + o*dw?
(3.41)
= (,LL/(Z) — b*(s; — u(t))) dt + o"“dwt2
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Defining then (under the assumption that a* (s, ¢) is differentiable in ¢)

pH(t) i= p(t) + 3 1 (1)
= g(0,1) + [y a*(s, t)ds (3.42)
+ [ 2800 +a @0+ [y Far(s,ds ]

we obtain that also the induced short-rate spread satisfies a Hull-White extended
Vasicek model, namely

ds; = b*(p*(t) — s,)dt + o™ dw? (3.43)

and this has been obtained without previously imposing a no-arbitrage drift condition
as we had done it for r,. Note that the short rate r is driven solely by the Wiener
process w' and the short-rate spread s solely by the Wiener process w?, which is
implied by the specific assumptions on the volatility structures and does not require
w! and w? to be independent.

Remark 3.5 Other volatility structures may lead to analogous results, among them
CIR models with stochastic volatility (see Crépey et al. 2012). In all these cases, both
the induced models for the short rate and the short-rate spread are Markov and affine
and so have all the benefits that are typical for affine term structure models when
determining the prices of various interest rate derivatives (see Sects.2.4 and 2.5).

3.3 Foreign Exchange and Credit Risk Analogy

In this section we shall elaborate on the approach mentioned in (ii) of the introduction
to this chapter, namely the modeling of the dynamics of the actual Libor rates via the
dynamics of fictitious bond prices that were generically denoted by p(¢, T'). Recall
that the forward Libor rates are then given by the third equality in (3.5), namely
L(t, T, T+ A) = L (77 — 1), with 7 7 given by (3.4).

3.3.1 Models and No-Arbitrage Conditions

In Chap.2 we had followed the classical short-rate approach to obtain arbitrage-
free prices p(t, T) by starting from the OIS short rate and adding to it a spread,
analogously to what is done in credit risk, where the spread corresponds to the
default intensity. Since here we are already at the higher level of the bond prices or,
equivalently, the instantaneous forward rates, we have to derive conditions directly
on the dynamics of p(¢, T) or, equivalently, on f (t, T). To this effect, we describe
below two possible specific interpretations of these fictitious bonds recalling that
we had postulated (3.1). As mentioned in the introduction to this chapter, these
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interpretations lead to pseudo no-arbitrage conditions since they are not implied by
absence of arbitrage in reference to the traded FRA contracts, which is ensured here
directly by model construction, due to the martingale property of the process v; r
resulting from (3.4). This is why we shall refer to these conditions as pseudo no-
arbitrage conditions—in contrast to the previous section where the drift conditions
(3.16) and (3.33) were needed to ensure the martingale property of the processes

A
G(,T,T + A) and % in order to guarantee absence of arbitrage in reference

to the FRA contracts.

(a) Interpretation of the p(-, T)-bonds as pre-default values of credit risky bonds.

This interpretation results from viewing the fictitious bonds p(z, T') as issued by
an average Libor bank (see also Ametrano and Bianchetti 2013, Morini 2009,
and Filipovi¢ and Trolle 2013) defaulting at a random time 7*. In this sense
in Crépey et al. (2012) no-arbitrage conditions are introduced using a credit-
risk analogy. This interpretation was also already implicit in the previous use of
p(-, T) above and corresponds in some sense also to the interpretation given in
Chapter 2, where the short-rate spread was introduced by analogy to the default
intensity in credit risk. For this reason, we shall keep the symbol p(¢, T') for this
first interpretation.
(b) Interpretation based on a foreign exchange analogy.

In this case we shall use the symbol p/ (¢, T) and interpret these bonds as de-
nominated in a foreign currency. The relationships are the same as in (3.1) by
replacing p(t, T) with p/ (¢, T). This approach has been suggested firstly by
Bianchetti (2010) in the Libor market model setup (see also Miglietta 2015) and
here we shall develop the same analogy for the HIM setup.

Both models for p(-, T) and for p/(-, T) can be obtained by proceeding as in
Sect.3.1, where we used the “bar-notation”. By analogy to the classical HIM ap-
proach, we shall again start by modeling directly the forward rates f(¢,7T) :=
—0% log p(t, T) via the spread g(¢, T). This yields the following model for the
OIS bond prices p(¢, T) and the p(¢, T')-bonds:

dp(t. T) = p(t,T)[(r, — A(t, T) + 3| Z(t, T)P)dt — Z(t, T)dw |
(3.44)
dp(t,T) = p(t, T)[(F — A(t, T) + 312, T)P)dt — Z(t, T)dw, |

with A(t, T) satisfying the drift condition (3.12).

For the p/ (-, T)-bonds we proceed in perfect analogy simply by replacing the
quantities denoted by a “bar” with respective quantities with superscript “f”. It
means that, e.g., the volatility of the pf (-, T)-bond will be denoted X/ (-, T') and so
forth.

We shall continue this section with the no-arbitrage drift conditions, separately for
each of the variants p(-, T) and p/ (-, T). Note that these conditions are implied by
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different interpretations of the bonds and are not directly implied by the no-arbitrage
condition for the FRA contracts, as it was the case in Sect. 3.2.

3.3.1.1 No-Arbitrage Condition for the p(¢, T')-Bonds.

In order to deal with the bonds p(¢, T'), we view them as pre-default values of credit
risky bonds p® (¢, T) with recovery R € [0, 1], following the approach suggested in
Crépey et al. (2012). To arrive at a particularly convenient form of the no-arbitrage
condition on p(t, T'), Crépey et al. (2012) assume in fact the fractional recovery of
a market value scheme for the risky bonds, which specifies that in case of default of
the bond issuer, the fraction of the pre-default value of the bond is paid at default
time 7*. We obtain the following drift condition for the coefficients in the dynamics
of p(t,T):

A, T) = %|2(;, ) (3.45)

The derivation of this no-arbitrage condition is not straightforward without entering
into a detailed analysis of the credit risk setup which is used in Crépey et al. (2012)
and is thus omitted in order not to overburden the treatment. Very concisely, the value
at maturity 7 of the risky bond in case of the fractional recovery of a market value
scheme is given by

PR(T, T) = 1peory + Loy R p(7*—, T p(7*, T)™!

since receiving the amount 1(«<7}R p(7*—, T') at time 7* is equivalent to receiving
1< R p(7*—, T)p(7¥, T)~! at time T. Hence, the time-¢ price of the pR(¢, T)
bond can be shown to be expressed as

PR, T) = 1oy pt, T) + 1pecy R (7, T)p(7*, T) ' p(t, T)

under some standard assumptions from the intensity-based credit risk modeling. The
above drift condition is then obtained by using some classical techniques from credit
risk theory, where the details can be found in Sect.2.3.2 of Crépey et al. (2012) for
the case of a Lévy driving process, which in turn relies on Sect. 13.1.9 in Bielecki
and Rutkowski (2001).

3.3.1.2 No-Arbitrage Condition for the p/ (¢, T)-Bonds
Here we derive no-arbitrage conditions on the basis of a foreign exchange analogy
developed in the HIM setup.

We start from the forward Libor rate, namely (see (3.1))

L@t; T, T+ 4)=E"™{L(T; T, T + A) | #)
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but instead of L(T; T, T + A) expressed as in (3.1) in terms of p(¢, T'), we replace
here p(t, T) with pf(t, T), namely

LT T+ 4) = — (m 1) (3.46)

where the pf (t, T) are now interpreted as bonds denominated in a different, foreign
currency. They can then be considered as traded assets in the foreign economy and
this requires to impose no-arbitrage conditions on them.

In order to derive conditions for absence of arbitrage in the domestic and the for-
eign economies, we have to link the two markets. To this effect let a wealth X 7 in the
foreign currency be denoted by X when expressed in the domestic currency. It fol-
lows that )_(,f =S X,f where S, is the spot exchange rate. In particular, S, p/ (¢, T) is
the price of a foreign bond in the domestic currency and can be considered as tradable
asset in the domestic economy, which means that the discounted price process

(Szpf(t, T))
Bt t<T

must be a Q-martingale. This will give us the required no-arbitrage conditions on the
bonds p/ (¢, T). Letus now define a model for the bonds p/ (¢, T). Since the p/ (¢, T)
now play the role that was previously played by p(¢, T), we assume for p/ (¢, T)
a model completely analogous to that for j (¢, T), having coefficients A/ (¢, T) and
27 (t, T) in the dynamics of pf(t, T) under Q as given in (3.44). Having now the
dynamics for p(¢, T) and p/ (¢, T), we have to postulate a dynamics for the spot
exchange rate S;, always under Q and so we make

Assumption 3.1 The spot exchange rate S; satisfies

ds, = Si(a,dt + B, dwy) (3.47)
with the drift « = r — r/, where r/ is the foreign short rate, and the volatility 3 an
adapted processes satisfying the implicit integrability conditions.

The specific form of the drift above is needed to ensure the absence of arbitrage
between the two markets, cf. for example Musiela and Rutkowski (2005, Sect. 14.1).
We can now state and prove

Proposition 3.3 For the model (3.9), where a(t, T), (¢, T) and, correspondingly
A, T), X(t,T) are replaced by al @, T), 0@, T), AT, T), X/, T) respec-
tively, we have the no-arbitrage drift condition

AV, T) = 3127, T = (B, Z/(t,T)) (3.48)

Proof Writing down the dynamics of sple1) (’ D with p/ (¢, T) as given in (3.44) and
simplifying some terms in the drift, it follows
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J(SPT DY _ S’ 1)
B, N B,

1
(o +rf —aT@. D) =+ 512 @D

— (B, 2/t T)))dt + (B, — ' (, T))dwt) (3.49)

Condition (3.48) then follows by setting the drift in (3.49) equal to zero and using
Assumption 3.1. ]

Remark 3.6 Note that condition (3.48) on the drift term A/ (¢, T) contains an
additional term in comparison to the standard HJM drift condition, which depends
on the volatility 3, of the exchange rate S, and which is due to the transformation of
the foreign bond price (i.e. fictitious bond price in the multiple curve setup) to the
domestic economy (i.e. OIS-based economy in the multiple curve setup) via S;.

Moreover, the condition from Assumption 3.1 imposes in addition a special form
of the drift for the exchange rate, which has to be linked to the short domestic and
foreign rates r and r/ (i.e. the short OIS and the short fictitious Libor rate).

Remark 3.7 Introducing now a foreign bank account

. t .
B,f = exp (/ rsfds)
0

related to the short rate 7/, one can easily verify that the discounted foreign bond price

process % is a martingale with respect to a foreign martingale measure Q/ with

numéraire B/, which is linked to the measure Q via the following Radon-Nikodym
density

o’ sB/ -

Remark 3.8 The forward exchange rate fixed at time ¢ for date T > ¢ and denoted by
S(t, T) can be defined as the T-forward domestic price of a unit of foreign currency,
given by

Sip! (t,T)
S, T) =222 3.51
(¢, 1) oG T) (3.51)

Note that the spot exchange rate is then expressed as S, = S(, t). The process S(z, T)
is a QT -martingale and it represents the price of a traded asset S, p/ (t, T) in the
domestic economy using the p(¢, T')-bond as numéraire. We can then introduce the
foreign forward measure Q-7+ by its Radon-Nikodym density

dQITH S@,T+24) pl(t, T + A)

a9~ "7 _ _ S 3.52
40T |z, s, T+ e THA) (3-52)
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By straightforward calculations one finds that the foreign forward price process

e, T
na )= LD
pl, T+ 4)
is a O/ T4 martingale as expected. We mention that in the LMM foreign exchange
analogy presented in Bianchetti (2010) the forward exchange rate S(¢, T') is modeled
directly under the forward measure Q7.

3.4 Pricing of Interest Rate Derivatives

The interest rate derivatives that we are considering here are, as in the previous chap-
ters, essentially derivatives whose underlying is the Libor rate. Based on Crépey
et al. (2012) and Crépey et al. (2015a), we shall consider the pricing of such deriva-
tives, limiting ourselves to clean prices that correspond to collateralized transactions
with funding at the OIS rate (see the discussion in Chap. 1, in particular Sect. 1.2.3).
We shall distinguish between linear derivatives, namely interest rate swaps and their
variants, and nonlinear (optional) derivatives, in particular caps/floors and swaptions.
For the linear derivatives we shall determine, in addition to their clean prices, also
various associated spreads, in particular Libor-OIS swap spreads and basis swap
spreads (see the definitions in Sects. 1.4.4 and 1.4.5). We shall see that the relation-
ship (3.6) will allow us to set up the pricing of linear derivatives on a common basis
for both modeling approaches described in Sects. 3.2 and 3.3 respectively. The spe-
cific calculations will however differ for each specific model and we shall show the
resulting values next to one another. More precisely, we shall present the results for
the HIM-LMM hybrid model for the process G (¢, T, T + A) described in Sect.3.2.1,
for the HIM-LMM p“ (¢, T)-bond price model described in Sect.3.2.2 and for the
two models described in Sect. 3.3. The treatment of the last two models is, from the
mathematical point of view, completely unified, hence, we shall in the sequel always
treat these two models as one model type, i.e. the p(z, T')-model. In order to obtain
the corresponding results for the p/ (¢, T)-model, all quantities denoted by a “bar”
in the p(¢, T))-model have to be replaced with respective quantities with superscript
f. The only difference between the two models is in the drift conditions, (3.45) for
the p(¢, T)-model and (3.48) for the p/ (¢, T)-model. Hence, in the remainder of
the chapter we distinguish between three model types: the G(z, T, T + A)-model
from Sect.3.2.1, the p? (¢, T)-model from Sect.3.2.2 and the p(¢, T)-model type
applying to both models in Sect.3.3.

Before coming to the pricing of the individual derivatives, let us start with some
preliminaries related to the p (¢, T')-model type that will be useful below. In particular,
we shall derive an explicit expression for the quantity
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which is the crucial quantity for derivative pricing in this model type, cf. (3.4). We
first derive a more convenient expression for the bond prices as defined in (3.10) and
(3.11). A direct integration leads to

p,T)= p(0,T)exp |:/ (rg — A(s, T))ds —/ X(s, T) dws:| (3.53)
0 0
and
p, T)= p,T)exp |:/ (Fs — A(s, T))ds —/ (s, T)dws] (3.54)
0 0

Setting T = ¢ in these two relations one obtains

B, :=exp [/ rsds:| = ! exp [/ A(s, t)ds +/ X(s, 1) a’ws] (3.55)
0 p0,1) 0 0

with an analogous expression for B; := exp [ f(; fsds]. Substituting the latter expres-
sions back into (3.53) and (3.54) one obtains

Pt T) = 2GE exp[ [ (A, 1) = A, THds + [§(5(5.1) = S(s, T)dws |

p©.0)
= 201 exp [% It (|>:(s, HI2 =5, T)|2) ds] + [H(Z s, 1) = (s, T))dws
(3.56)

where the second equality follows from the no-arbitrage drift condition (3.12), and

p0,T)

50Ty = L
p(,T) 50,0

exp [/ (A(s, t) — A(s, T))ds +/ (X (s, 1) — X (s, T))dwx}
0 0

(3.57)
The expressions in (3.56) and (3.57) are under the martingale measure Q with the
Wiener process w;. Below we shall also need these expressions under various forward
measures, in particular under Q7 ™4 with the Wiener process w! ™4 that is obtained
from w; by the translation specified in (3.17).

For their use in the sequel, we can now derive more explicit expressions for v, 7 and
;.7 that were first introduced in (2.56) and (2.50) and where 7; 7 is also recalled in
(3.4). We do it here explicitly for the model expressed by A(t, T), A(t, T), X, T)
and X (z, T). For the alternative model expressed by Al (t,T) and X7 (¢, T), the
results are completely analogous.

For v, r the expression under Q is given by

U= P _pO.T)
t,T p(t. T+ A) p(0.T+A)
exp |3 o (156, T+ AP =156, DP) ds + [;(S6, T +4) (.58)

=X (s, T))dwy]
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and, under Q7*4, one obtains it immediately by applying (3.17).
For what concerns 7, 7, let us for convenience of notation introduce a process wT
satisfying, under Q,

avl = (2, T+ A) — X(t, T))dw, (3.59)
From the definition of 7, 7 and (3.57), as well as (3.17), we now have

-~ _ pT+A 1
v, T =E {ﬁ(T,T+A) |gl}

= 555 exo [ Jo (A6, T+ 4) = A6, 1)) ds]

exp[J§ (6.7 +4) = 65, 7)) dw |

ET A e[ [T (£6. T+ 2) = £6. 1) dws | | 74

=cre? exp [— JT(E6, T+ 4), £65,T + 4) — £, T))dx}

pT+4 {exp [ﬁT (Z6,T+2)— 2, 7)) dWsT+A] | %}

= cre¥ exp [— JT(E6, T+ 4), £6,T + 4) — £, T))ds}

-exp B JTIEG, T+ 24) = 5, T)|2ds]

T — _
=cre? exp[§ T (156,T 4+ ) = 565, 7) = 56, T+ HP =156, T + M)P) ds

(3.60)
where we have used the shorthand notation
cr = M exp [/T (A(s T+ A)— A(s T))ds] 3.61)
"0 T+ 4 0o ’ ‘
In this expression the factor ﬁ(%f(;il\) has to be considered as a parameter to be

calibrated and A(z, T') has to satisfy the no-arbitrage drift conditions for the model
under consideration ((3.45), respectively (3.48)).

In contrast to this, in the model for p# (-, T)-bonds, we directly obtain (see (3.29))
by using (3.54) and replacing all the quantities therein with the corresponding ones
with superscript A

pA@, T) _ p2(0,T)
pAt, T+4) p20,T+A4)

-exp [/ (24, T+ A)— 24, T)) dws]
0
=y 2 (3.62)

exp [/ (A%(s, T 4+ A) — A%(s, 7)) ds}
0

with

p20.7) !
ek = POTTH exp [/0 (A%, T+ A) — A%s. T)) ds]
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and (compare also (3.59))

dwl4 = (D4, T+ A) — D4, T))dw,
p2(0,7)

PAO.T+4)
that have to be considered as parameters to be

Here we emphasize that the initial ratio

p©.7) p’(0.7)
as opposed to FIONEYY and TOT D

calibrated to the market.

is a market observable quantity,

3.4.1 Linear Derivatives: Interest Rate Swaps

From (1.27), the price of a Libor indexed payer swap can be expressed as follows
(the various d; correspond to what for the single tenor case we had denoted by A)

PS*(t: Ty, To. R, N) = N 30, up(t. TOE? {L(Ter; Timr, To) — RIF)
N> P, To) (G(t; Timr, Ti) — 0 R)
= 1N pt, Th) (% - Rk)
N> p@ T (rn, — Re)
(3.63)
with Ry := 1 + &R, for the three model classes of Sects.3.2.1, 3.2.2 and 3.3,
respectively.
For the two models of Sects.3.2.1 and 3.2.2 we can directly determine the various
G(t; Ty—1, Ty), respectively ppAA(’(tTkT;)‘) (see e.g. the Vasicek example in Sects.3.2.1.2
and 3.2.2.2) and thus also the price of the swap. For the models described in Sect. 3.3,

we first determine 7, 7, , = E2" {m | %, {,justas it was the case in the short-

rate approach of Chap. 2, and then follow the third alternative in (3.63) to determine
the price of the swap (recall that in (3.60) we have derived an explicit expression for
V;.1,_,)- For each model type we can, therefore, obtain the expressions for the price
of the Libor indexed swap and the corresponding swap rate R(¢; Ty, T,,), namely the
rate R that makes equal to zero the time-r value PS(t: Ty, T,, R, N) as it results
from (3.63). Corresponding to the three equivalent alternative expressions in (3.63),

we obtain in fact :
D PTG Ti1. )
Dot 0ep(t.Tx)

A
’ T(? (:.T,H)_l)
R([; Ty, Tn) — D1 Pl k)( AT (364)
Doiet Ok p(t.T1)
S T (g —1)
PN
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3.4.2 Linear Derivatives: Specific Swaps and Ensuing
Spreads

While in the previous subsection we considered the standard interest rate swap in
the multi-curve HIM models, here we consider some specific swaps, some of which,
such as the basis swaps, were motivated by the crisis itself. We consider also the
related spreads that before the crisis would have been negligible.

3.4.2.1 FRA Rates

We start, for completeness, from the simplest swap, namely the standard forward
rate agreement (FRA) (see Sects. 1.4.1 and 2.3) that can be seen as a particular case
of the standard interest rate swap for n = 1. Its price can thus be expressed as

Np(t, T+ A) (G, T, T +A) — AR)
PFRAG T T + A, R,N) = | Np(t, T + A) (lf(f—;?m —(+A R)) (3.65)
Np(t, T+ A) (i — (1+ AR))

for the two model types in Sects.3.2.1, 3.2.2 and that of Sect.3.3 respectively. It
follows that the FRA rate RFR4(¢; T, T + A), namely the rate R that makes the
time-¢ value PFRA(t; T, T + A, R, N) equal to zero, is given by

LGt T, T+ A)
RFRAG T, T+ 4) = | & ( b —1) (3.66)
3 (o —1)

Note that RFRA(t; T, T + A) = L(t; T, T + A), cf. Definition 1.2. Recalling that
the forward OIS rate as defined in (1.16) is given by

F(:T, T+ A) = 1(% 1), t<T (3.67)

we have that the spread of the FRA rate R ®4 over the forward OIS rate, which was
defined in (1.35) and referred to as the forward Libor-OIS spread, is

. @,T)
G;T,T+A)+1— p(fjﬂm)

S T, T+ A) = U D) (3.68)

pAt,T+A) pt, T+A)

= p(.T)
vt = p(t,T+A))

NN N
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3.4.2.2 OIS Swaps and Spreads
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These swaps have been discussed in Sect. 1.4.4, from where it also follows that the
OIS rate, namely the rate R such that the value of the OIS at time ¢ is equal to zero,

is given by (see (1.32))

p(ta TO) - p(t’ Tn)
Dt Okp(t, Ti)

RO To, T,) =
We can now obtain the Libor-OIS swap spread at time ¢ (see (1.37)) as

D PTG Tiet  T)—p (. To)+p . T,)
Dot Ok p(t.Te)

n P20 T )
RG: Ty, Ty) — RO T, Ty = | oot (1) ey

it S p(t.Ti)
Sie P T (D —1)—p.To)+p(t.T,)
Dt Okp(, i)

for the three model types respectively.

3.4.2.3 Basis Swaps and Spreads

(3.69)

(3.70)

These swaps were discussed in Sect. 1.4.5. Calculating the swap spread as defined

in (1.40) in the three specific model types, one obtains

i p@ THGW T TH =32, pt. THG (TR | TR

R
,'2:1 O?P(t’T_,z)

pA(LT.L

an] P(thxl)( A . 11)71)72?2:1 17(I’T/'2)(pAA(rVT/2;I)71)
pEWT) 14 (l,Tj)
> 6P T})
> p(r,Til)(D”.iL ] —1)72’;11 P(qu,vz)(l_/,vazil —1)
S, 2 pT)) '

SBSW(I; 91’ <?2) —

3.4.3 Caps and Floors

3.71)

We shall concentrate here on the pricing of a caplet, from where the pricing of an
entire cap, respectively floor, can be easily deduced. We derive the price of a generic
caplet in parallel for the case of the models of Sects.3.2.1 and 3.2.2 and the model

type of Sect. 3.3, namely
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PCPL(t: T + A, K)

Ap(t,T + A)EQ"" {(L(T; T. T + A) — K)" |.7,}

(. T+ HEC (G 1.7 + ) - KY) 1.7,
— +
| pe. T+ HEC ) (5 - KY) (ﬁ]
-\t
p(t, T+ A)EQ™ (ﬁ(T,;-&-A) - Kz) ‘%}

(3.72)
where K! := AK, K?:=1+ AK.

Noting that in the above equation, the payoff of the caplet takes exactly the same
form for the model of Sect.3.2.2, as well as for the models in Sect. 3.3, we proceed
below only with the treatment of the first two cases; the third one is then completely
analogous to the second one.

In the three subsections below we shall discuss three possible approaches for the
Wiener driven models, namely one leading to a Black-Scholes-type formula, one
based on Fourier transform methods and finally one for the special structures of the
volatility for which one can derive a corresponding short-rate model (see e.g. the
Vasicek-type structures in Sects. 3.2.1.2 and 3.2.2.2); the approach in this latter case
becomes then analogous to that in Chap. 2.

3.4.3.1 Black-Scholes-Type Approach

We shall now evaluate the right-hand side of (3.72) for which, in order to avoid
needless formal complication, we shall set + = 0. Furthermore, for this subsection
and the next one it is convenient to introduce two random variables X; and X,

defined via 1
YN =G T, T+ 4 ; = ——"— 3.73

so that, for t = 0, (3.72) becomes

PO, T +A)EC™ { (X — K"

PCPYO; T+ A, K) = -
p(O, T + A)EQ™™" }(eX> — K?)T

(3.74)

for the models of Sects.3.2.1 and 3.2.2 respectively.

To evaluate the right-hand side of (3.74) we need the distributions of X; and X,
under Q74 that, for our models, turn out to be Gaussian. The evaluation in (3.74)
can thus be obtained via a Black-Scholes-type formula as shown in Proposition 3.4
below.

We start from X, where the underlying model is (3.15). Using the transformation
of the Wiener process when passing from Q to Q74 (see (3.17)), we obtain the
following expression under Q74
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X, :=logG(T;T,T + A)

3.75
= 10gGO: T, T+ 2A)— } [T o T. T + 2)Pds + [} o(s: T, T + 2)aw! +2 (3.75)

where we have already taken into account the no-arbitrage condition expressed by
the drift condition (3.16). Defining

T
r} ::/ lo(s; T, T + A)|*ds
0
v =1logG(0; T, T + A) — %FTl

(3.76)

we may rewrite (3.75) as
X =~ +v) (3.77)

with YTl ~ N(O, FT‘), namely a Gaussian random variable with mean zero and co-
variance I}

Coming to X5, the underlying model is (3.32). Using again the transformation of
the Wiener process when passing from Q to Q74 and re-writing (3.32) in a form

analogous to the representation in (3.57), we obtain the following expression under
QT+A

e 1
X, :=log RN EY)

40,T T
= log % + fy (A%(s, T + A) — A%(s, T)) ds 378)

— [AZ G, T+ A), 2, T + A) — 245, T))ds
+ [T (B4, T + 8) — B3, T)) dwl 4

The coefficients A% (s, T) have to satisfy the no-arbitrage drift condition (3.33).
Recall that, when a similar expression is derived for the case of p(t, T)-bonds,
respectively p/(z, T)-bonds, the drift conditions on the coefficients A(t,T) and
A/ (t, T) are expressed in (3.45) and (3.48) respectively.

Define, analogously to (3.76)

T
r? :=/ |24, T + A) — X4, T)|*ds
0

3.79
72 i=log 2e%D 4 [T (AA(s, T + A) — A%(s. T)) ds 379)
— (2, T+ A), 22, T + A) — Z4(s, T))ds
we can rewrite (3.78) as
Xy =7F + Y7 (3.80)

with Y7 ~ N(0, I'?).

In this way we have the same expression X; = v, + Y5 (i = 1, 2) for the two
cases, which allows us to state the following Proposition in a unified form for all
models. We have in fact the following analog of Proposition 2.4, namely
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Proposition 3.4 The price, at t =0, of a caplet for the interval [T, T + A] with
strike K on the Libor rate L(T; T, T + A) can be computed as

PCPLO: T + A, K) = p(0, T + A)er [e% (ﬁ (1og (KL) + F;))
RN (# log (%))]

where, depending onthe model, we seti = 1ori = 2, N(-) is the cumulative standard
Gaussian distribution function and K' := K'e™ 7 with K' as in (3.72).

(3.81)

Proof (analogous to the proof of Proposition 2.4). With the above notations we have

PEPNO; T + A, K)

= p(O. T+ MET+ { (% — K]

=pO.T+4ET {ewireyh{a"re%m} - KT {1{e<v9ey%>zzf}} -
= p(O, T + A)efr [ET+A {eY}l{Y}>]0g(ki)}} _ KIETHA {I{Y}>]0g(ki)}}_
=p(0, T + A)er

o0 i 1 2 ~ 1 ~ .
/wg(k,) N e ax— R P{NO. 1) > log (K)

v r

= p(0, T + A)er

0o 00 amy/rj? = 1 1

. ezﬁﬁ,g(ki)e 7 dx—K'N \/»ilog(z)
L r

_ T PR
= p(0, T + A)e? I:ezN(\/r_; (log(k,.)+FT))

_RiN (ﬁlog (%))] (3.83

Remark 3.9 Note that the expression for the caplet price (3.81) in case of the model
(3.15) (which corresponds to setting i = 1 in the formula) is almost exactly Black’s
formula for caplet prices in the log-normal Libor market model. This is obvious since
in this case, the modeling object is the process G(-; T, T + A), which is the forward
Libor rate multiplied by the length of the interval A. Hence, the caplet corresponds
to a call option on the underlying G(T'; T, T + A), which, according to (3.75), has
log-normal distribution under the forward measure Q7+4.


http://dx.doi.org/10.1007/978-3-319-25385-5_2

3.4 Pricing of Interest Rate Derivatives 105
3.4.3.2 Fourier Transform-Based Approach

To evaluate the right-hand sides in (3.74), following Crépey et al. (2012) and Crépey
et al. (2015a), one may also use the Fourier transform method (see Carr and Madan
1999 or Eberlein et al. 2010). To this effect notice that the generic payoff of the
caplet, namely g(x) := (e* — K)*, has the generalized Fourier transform

o 1+iz

gx) = /Re’”g(x)dx = Ta1o (3.83)

for z € C with Im(z) > 1. We have now the following result that applies to both
situations considered in (3.74) above, namely

Proposition 3.5 The price, at t =0, of a caplet for the interval [T, T + A] with
strike K on the Libor rate L(T; T, T + A) can be computed as

PEPLO; T + A, K) = LOTED [0 8% — v) My ™ (% + iv)dv
_ pOT+a) [ REME G iy (3.84)
= T R~ (%+iv) (%+iv—1) v

where M;'M (z) is the moment generating function M;+A (2) == EQ"™ {eZX} with
X = X, or X = X; respectively and where % > 1.

Remark 3.10 Although the right-hand side in (3.84) depends formally on %, it is
actually independent of the particular choice of a value for &%. On the other hand,
this value affects however the complexity of a numerical evaluation of the integral.

It remains thus to determine M ;JFA (z) for X = X and X = X, respectively.

We start from the case X;. We have from (3.75) and performing the measure
transformation from Q7+ to Q

go’ {ele} —E©Q {:fT”Aerl}
= exp [z (log GO T, T+ )+ [l als; T, T + A)dx)}
.EQ{exp[fOT — (s, T + Ndws — 5 [T 126, T + 2)2ds

+z foT o(s; T, T + A)dws“

= exp |:z (log GO; T, T+ A)
+/ (filo(s;T,TJrA)\z+(0(s;T,T+A)E(s,T+A)))ds)
0
T 1 T
+%/ lzo(s; T, T + A) — Z(s, T + A)|?ds — 5/ \E(‘V,T+A)|2dsi|
JO 0

T
=exp [z(logG(o; T,T+A)+%(z—1)/ lo(s; T, T + A)|%ds
0

(3.85)
where the right-hand side can be computed explicitly.
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Coming next to the case X = X», we have from the expression for X, in (3.78)
and performing the same measure transformation as before from Q74 to Q

EQT+A {ezxz} — EQ {fTTJrAez)Q}
T
= exp [Z (log % +/0 (AA(S, T+ A)— A%, T)) ds)]
1 /7 2
-E? lexp -2, T + A)dw, — 5 | X (s, T + A)|*ds
0

T
+z/ EA(S T+A) - EA(S,T))dwsiH
0

T
= exp [z (log f(o((;i)ﬁ\) +/ (A%(s, T + A) — A%(s, 1)) ds)
0
1 A 2
+5/ 12 (Z4s, T+ A)— X4, T)) — Z(s, T + A)|’ds
0

T
—%/0 | Z(s, T +A)|2dsi|

(3.86)
where the right-hand side can be computed explicitly. Further simplifications can be
obtained by inserting the no-arbitrage condition (3.33).

3.4.3.3 Exponentially Affine Structure

Here we recall that, for the model of Sect. 3.2 with Vasicek-type volatilities, we had
in Sect. 3.2.1.2 derived the following expression for the process G(-; T, T + A) (see
(3.26) and the shorthand notations used there)

Gt: T, T + A) = explm(t, T) + n(t, T)r, +n*(t, T)q;] (3.87)

given in terms of the Markovian factors r, and g; which, under Q, satisfy (see (3.25)
and (3.28))

_ _ |

[ dr, =b(p(t) —r;)dt +odw, (3.88)

dg; = —b*qdt +dw?, qo=0

This allows for an alternative derivation of the price of a caplet as specified in the first
equivalent representation in (3.72), which thus becomes analogous to the pricing of
a call option on a bond for the case of an exponentially affine term structure. This
is in line with the fact that, since for Vasicek-type volatilities one obtains a model
for a corresponding short rate and an additional Markovian factor that may be seen
as playing the role of a short-rate spread, we can proceed as in the affine short-rate
models of Chap. 2.
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3.4.4 Swaptions

Recall from Sect. 1.4.7 that the price, at + < T, of a payer swaption with maturity
T, which we assume in the sequel to coincide with the inception time Tj, can be
expressed as

P (t; Ty, T, R) = p(t. To) D & E2" {p(To. Ti) (R(To: Ty, T,) — R)* |7}
k=1
(3.89)

where R(Ty; Ty, T,,) is the swap rate, evaluated at Ty, which for the three model
types of this chapter is given by (3.64) when setting t = Tj. Since the expression
for R(Ty; To, T,) is essentially equivalent in the three types of models, namely those
in Sect.3.2 and that in Sect. 3.3 (where we treat in fact two models together as one
type), only the dynamics of G (¢; Ty, T), ”;A('(ZT‘T;;) and 7; 7, , vary according to the
chosen model type, we shall derive the various details for the pricing in the case of
the model for G (¢; T—;, T}) and at the end of the section point out the changes when
passing to the other models. Assuming in the sequel §; = 9, for all k, and substituting
the first of the relations (3.64) into (3.89), we obtain

n

Pt Ty, T, K) = p(t. Ty E2” [(Z p(To, TOG (Ty; Ty, Te)
k=1

n +
—R5 > p(Ty, Tk)) ’%] (3.90)

k=1

Recall now that G(t; Ty_1, T;) is a Q'-martingale and its dynamics is given under

the measure Q by (3.15), while p(¢, T}) corresponds to (3.56).
Since the swaption price has to be computed as an expectation under the forward

measure Q7°, we rewrite (3.56) and (3.15) in terms of the Q7°-Wiener process w0
(see (3.17)), thus obtaining

p(To, To) = B0T exp| Jy O (AGs. To) = AGs. To) = (56, To). £, To) = s, T)ds
+ 0o (2. To) = 2G5, Tindw?|
G(To; Ti—1, Ti) = G(0; T—1, Tie)
exp[ o (@ls: T, i) = (2G5, To), (s Tt T)ds

T T
+ o0 os: Tt Todw, |

(3.91)
where A(s, Tp) and A(s, T;) have to satisfy the drift condition (3.12) and
a(s; Tr—1, T) that in (3.16). To proceed, we make now an additional assumption
on the volatilities X' (s, T') and o(s; Ty_1, Ty).
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108 3 Multiple Curve Heath—Jarrow—Morton (HIM) Framework

Assumption 3.2 Assume that the volatilities have the following structure:

1. Firstly, let
¢, T) =[2'¢, 1), 2%, T
@ T) [ 1 @, T) g )] (3.92)
o(t,T,S) = [0't, T, ), 0>(t, T, 5)]
with X' (¢, T), o' (¢, T, S) being d; —subvectors, and (¢, T), o%(¢t, T, S) cor-
responding to d, —subvectors, where d; + d, = d. Furthermore, we assume that
2%(t,T)=0ando'(t,T,S) = Z'(t,S) — 2'(+, T).
2. Moreover, the volatilities are separable, i.e.

e, Ty =AWMET),
(1, T, S) = OET, $) (3:99)
where A : [()_,T] —RY and £:[0,T] - Ry, and ¢ : [0, T] - R? and ¢ :
[0, 7] x [0,T] — R,.

Note that both assumptions are satisfied for the Vasi¢ek-type volatility structures
described in Sect.3.2.1.2. As we shall see in the sequel, the first assumption will
enable us to express the swaption price as an expectation of a function of independent
Gaussian variables, similarly to what was done in Sect. 2.5, Corollary 2.4. The second
assumption will reduce the total number of variables to two and is often made in HIM
models for swaption pricing purposes (cf. Crépey et al. 2015a).

Let now

T() TO
Zr, = (Z;O’ Z%O) = (/ A(S)dWXTO,dl’/ g(s)dwao,dz)
0

0

where w04t denotes the first d; components and w’® the last d, components of
the Q"°-Wiener process w*. Then

T() _
Zy ~N (0,/0 | A(s) |? ds) =:N(0,T7)

and

Ty B
Zg, ~ N (0, / NOE ds) =N, I})
0

with Z7, and Z %0 independent. Moreover, we have

p(To, Tx) e '

. ak+pklzy +h*2 73
G(Top; Tr—1, Ty) = € To To

(3.94)

where
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k_ 1og PO T0)
=10

p(0, Tp)

bk = E(Ty) — 2(T))

Tt
a +/() O(A(s, Ty) — A(s, Ty) — (X (s, To), X' (s, Ty) — X (s, Ty)))ds

Ty
ak =10g G(0; Ty_1, Ty) +/0 (a(s; Tp—1, Tp) — (X (s, Tp), o (s; T—1, Tp)))ds

=2 - B
b2 = €(Ty—1, Ty)

are deterministic constants, and the swaption price in (3.90) can be expressed as (for
simplicity we shall treat the case t = 0)

PS"(0; Ty, Ty, K) = p(0, Tp)
.EQD ZZ=1 eak+ak+(bk+5kv‘)z.},o+5“z§.0

. n ak+kaIT0 +
RO Xjre ) ] (3.95)

= p(0, TO)EQTU I(ZZ_1 e/ik+é,jz;0+égz;0

—Ré Y, eAﬁBk]ZlTn)Jr]

with Ay = a +a*, Bl = b* +b*', B} = b2, Ay = d* and B} = b*. This allows
us to derive an expression for the swaption price in a completely similar way as in
Proposition 2.6 and Corollary 2.4. In order to do so, let us denote

[g(Zl, 22) = Xy e explBlzi + Bzl (3.96)

h(z1) = RO Y, _, e exp[Blz1]

We have the following analog of Proposition 2.6 together with Corollary 2.4.

Proposition 3.6 The price at time t = 0 of the swaption described above with
maturity Ty can be computed as

PS™(0; Ty, Ty, K) = p(0, To) X4, e / eBla
R

.(/+°° [eéfzz — eéfzz(m] fz(zz)dZQ) fi(z)dz

22(z1) _ _
= PO, Ty) X, e fy e
L(B2)2 2 BRI} —7a(21) 523 —%
[ez(Bk) FloN(—k o 2 ) — eBkZZZ(Z')N(—““I_E?))]fl (z1)dz
A}

(3.97)

where Z5(z1) is the unique solution of the equation g(z1, z0) = h(z1) for z1,z2 € R,
fi denotes the density function of the normal variable Zz,, fori =1, 2, and N is the
cumulative standard Gaussian distribution function.


http://dx.doi.org/10.1007/978-3-319-25385-5_2
http://dx.doi.org/10.1007/978-3-319-25385-5_2
http://dx.doi.org/10.1007/978-3-319-25385-5_2
http://dx.doi.org/10.1007/978-3-319-25385-5_2

110 3 Multiple Curve Heath—Jarrow—Morton (HIM) Framework

Proof From the swaption price expression (3.95), it immediately follows that

n n +
PSWW(O; TOs Tn, K) = p(O, T())/ (Z eﬁk-&-éﬁlﬁéf& — RS ZeAk+B"lzl)
R N k=1 k=1
x f1(z1) f2(z2)dz1d 22,

due to the independence of the random variables Z ITO and Z %0. Now, in complete anal-
ogy to the proof of Proposition 2.6, and noticing that E’,f > 0, foreveryk=1,...,n
by Assumption 3.2, it follows that for each z; € R, the function g(z;, z2) in (3.96) is
monotonically increasing and continuous in z; € R with lim,,_,_~ g(z1,22) =0
and lim;, .~ (21, 22) = +00. Hence, there exists a unique z»(z;) for which
8(z1,22) = h(zy) and 2 > 22(z1) < g(z1, 22) = g(z1, 22(21)), hence we obtain

PS(0: Ty, Ty, K) = p(0, To) 30, &M / oAl
R

( / - [efie2 = B2 f(2)dz) fidz,

2(21)

(3.98)

where f; denotes the density function of the Gaussian variable Z io, fori =1, 2. The
second equality in (3.97) now follows in a straightforward manner, just as in the
proof of Corollary 2.4. (]

Remark 3.11 Note that for the p? (¢, T)-model of Sect.3.2.2 the same reasoning
as above leads to an analogous result as in Proposition 3.6, taking into account the
dynamics of the ratios % and making a corresponding assumption on the
volatility of these bond prices. By doing so, one ends up again with a swaption price
expression of exactly the same form (3.95) (with different coefficients) and therefore,
an analog of Proposition 3.6 can be derived. The same comment applies also to the

models of Sect. 3.3, in which the dynamics of 7; 7, , plays the crucial role.

Remark 3.12 By analogy to Remark 3.9 for caplets, one may wonder if a Black-type
formula for the swaption price could be obtained. This would indeed be possible in a
multiple curve version of the swap market model, where the modeling object would
be the swap rate R(¢; Ty, T,) itself and the swaption could then be seen as a call
option on the swap rate, priced under the swap measure, see (1.45). The swaption
price (3.97) obtained in Proposition 3.6 is obviously not of Black-type, since it is
implied by the log-normal dynamics of individual forward Libor rates and the swap
rate is a convex combination of those, with coefficients which are functions of the
OIS rates, see (1.28). This does not yield log-normal dynamics for the swap rate
under the swap measure (similarly as in the log-normal Libor market model versus
the swap market model).
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3.5 Adjustment Factors

It was mentioned at the beginning of this chapter that the quantity 7, y recalled in
(3.4) plays a basic role in the multi-curve framework: it is crucial for linear deriva-
tive pricing in short-rate models (see Sect.2.3) and HIM instantaneous forward rate
models such as those of Sect. 3.3; furthermore, we also have the relation (3.6) linking
this quantity with G(¢; T, T + A). An analogous role is played in the single-curve
framework by the corresponding quantity v, y given by v, 7 = p(l;,(;-?A) (see (2.56)).
It may thus be very convenient to have an easy way to pass from v, 7 to v, 7 by means
of an “adjustment factor”. Such a factor has already been derived in Sect.2.3.2 for
the short-rate setup of Chap. 2. Always in Sect. 2.3.2 it was shown that the adjustment
factor can also be used as a factor to pass directly from a single-curve FRA rate to
a corresponding multi-curve FRA rate. The basic relationship, derived in Chap.2, is
of the form (see (2.58))

Uit = v Ad]® - Res]* (3.99)

and here we shall derive an analogous relationship also in the context of the models

of this chapter, more precisely those of Sect. 3.3, as well as the p2(t, T)-model of

pA.T)

Sect.3.2.2, where 1, 7 is simply given by v, 7 = FEETE

3.5.1 Adjustment Factor for the Instantaneous Forward Rate
Models

In the following proposition we present now a result, completely analogous to Propo-
sition 2.2 in Chap. 2, which serves our original purpose here. The result is stated for
themodel A(¢, T), X'(¢t, T), A(t, T), Z_'(t, T), but it can be derived in the exact same
manner also for the models A (¢, T), X7 (¢t, T) and A2(t, T), Z2(t, T). We have
in fact

Proposition 3.7 The following relation holds

Dy =vir - Adl? - Res!4 (3.100)

t

where Ad,T A will be called “adjustment factor” (see also (2.59)) and it is given by

r.A . _ (T, T+A)
Ad; " = E° {g(T,T+A) | ‘%}
— Crranexp [fo’():*(s, T+ A) — 5%, T))dws] (3.101)

exp[ 4 [T 17 T + &) — Z%(s, T) s |

with
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 pO.T+4) HO.T)
CT.T+A = Tp0.1) 50, T+4)

- exp T(A*(s, T+ A)— A*(s, T))ds
i

(3.102)

The factor Res,T‘A is a residual factor that in some cases is equal to 1 (see e.g.
Sect. 3.5.1.1 below). It is given by

ResT4 .= exp[% ftT(|2*(s, T+ A)— 5%, T) — 5(s, T)

IS5, T+ A) = T, DF = 156, TP) ds (3.103)

— exp [— JTE (s, T), 555, T + A) — Z*(s, T)) ds]

The proof of this proposition consists in a simple verification that, with the
expressions for v, 7 and 7, 7 in (3.58) and (3.60) respectively and that of Ad,T =
given by the rightmost term in (3.101) one obtains for Res,T’A = Z’—';(AaI,T‘A)’1
the expression on the right-hand side of (3.103). For this purpose one has also to
use the drift condition on A(#, T') expressed by (3.12) noticing that, by definition,
wehave A*(t,T) = A(t, T) — A(t, T)and Z*(t, T) = X (¢, T) — X(t, T). Always
with these meanings of A*(¢, T) and X*(¢, T'), the rightmost expression in (3.101)

follows from the definition of Ad,"* as Ad* := E? {ig;iﬁ; | ﬁ,} by standard

1t6 calculus.

3.5.1.1 Vasicek-Type Volatility Structure

We show here that for the Vasicek example of Sect.3.2.2.2, the adjustment factor
can be given an explicit expression in terms of the model parameters and that the
corresponding residual factor is Res,T A=,

With o(¢z, T) and o*(¢, T) as in (3.37) we have in fact, (see (3.38))

24, T) = (% (1=eT), 0) (3.104)

and, analogously,
*

>, T) = (o, = (1 —e”*”")) (3.105)

which implies that, on the basis of (3.101),

AdTA = CT 7o €XD [fot Z_: (efb*(T—s) _ efb*(TJrAfs)) dwf]

o* 2 —b* —g ¥ e (3.106)
- exp [% ftT (h_) (e b (T—s) _ =0 (T+4 3))2 ds]
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where, in the expression (3.102) for ¢ 744, the function A*(¢, T') := ftT a*(t,u)du
is a function such that

A*t, T+ A) — A*(t,T) = A(t, T+ A) — A, T) — (A(t, T + A) — A, T))
(3.107)
where A(#, T) has to satisfy the drift condition in (3.12) and A(t, T) has to be
compatible with the no-arbitrage condition (3.45) (condition (3.48) for A/ (t, T),
respectively condition (3.33) for A4 (¢, T)).
Concerning, finally, the residual factor Res,T 4 notice that the structure of X (¢, T)
and X* (¢, T') according to (3.104) and (3.105) implies that

(X, T+ A), 2"t T+A)—X"t,T)=0

so that, by (3.103), Res|"* = 1.

3.5.2 Adjustment Factor for the HIM-LMM Forward Rate
Model

Recall that the adjustment factor was intended to be a factor to pass directly from
V.1 to Uy 7. As in the previous Sect. 3.5.1, we shall start also here by deriving explicit
expressions for v; r and i, r, this time in the context of the HIM-LMM forward rate
model, namely the model (3.15) for the processes G(-; T, T + A). Recall that in this
model we still consider, as before, the OIS bonds, defined according to (3.14) and
having the explicit expression in (3.56), where A (¢, T') is supposed to satisfy the drift
condition (3.12). On the other hand, instead of the fictitious bonds, we consider here
directly the processes G(-; T, T + A) satistying (3.15) with a(t; T, T + A) subject
to the drift condition (3.16).

It follows that for v/, 7 we have the same expression as in the instantaneous forward
rate model, namely (3.58) that we reproduce here for convenience

_ _paT)
VT = a1+

= 20D exp [fo’qz(s, T+ A2 =S, T)P)ds + [[(Z(s, T + A)

=X (s, T))dw;]

(3.108)
On the other hand, for 7; 7 we simply have the relation (see (3.6))

vir =G T, T+ A)+1 (3.109)

To obtain also here an adjustment factor, we start from working out the ratio :—;
on the basis of the above expressions for 7, 7 and v, 7. It turns out that, for this
purpose, the direct relation (3.109) is not very convenient but that a more convenient
form can be obtained by first differentiating (3.109) thereby taking into account the
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drift condition (3.16) and then integrating. Defining the shorthand symbol

Gt; T, T+ A)
Gt; T, T+ A)+1

glt) =

this leads to (see also (3.18) with (3.17))

diny =dGt; T, T + A)
=G T.T+M)[(t; T.T+A) + 5o@t; T, T + A)|Pdt +o(t; T, T + A)dw |
=i [(gOat; T, T+ A) + 38)|o(t; T, T + A)*)dt + g)o(t; T, T + A)dw,]
=07 g T, T+ A), 2, T + A)di + gO)o; T, T + Adw,]

(3.110)
where in the last equality we have taken the drift condition (3.16) into account.

Integration now leads to

v =0, exp[Jo (8) (i T, T + ), £6, T + 2)) = Jg(0)2lo(s: T. T + A7) ds

+[58)o(s: T. T + A)dws]
G3.111)
which, together with (3.108), gives us in turn the adjustment factor in the form

B = BPOLE exp [ o (8(5) 00, B, T + A)) = Sg()2lo ()
+3 (12 D = 126, T + A)J?)) ds] (3.112)

exp [fo’ (2()0() + (5, T) — (5, T + A)) dwx]

where (-) stands for (s; 7, T + A). Note that this corresponds to the multiplicative
spread in Sect.7.3.2 of Henrard (2014).



Chapter 4
Multiple Curve Extensions of Libor Market

Models (LMM)

This chapter deals with multiple curve models on a discrete tenor in the spirit of
the Libor market models (LMM) and, somewhat differently from the previous two
Chaps.2 and 3, we present here basically just an overview of the major existing
approaches.

The Libor market models that were originated by Miltersen et al. (1997) and
Brace et al. (1997), were later further developed in several works by Mercurio and
co-authors, as well as authors related to them. Consequently these authors were also
among the first ones to extend the LMMs to a multi-curve setting. Starting from
papers like Morini (2009) and Bianchetti (2010), where the latter uses the analogy
with cross-currency modeling to develop a two-curve interest rate model, a series
of papers have appeared extending the LMMs to a multi-curve setting, among them
Mercurio (2009, 2010a, b, ¢), Mercurio and Xie (2012) and Ametrano and Bianchetti
(2013). This series of papers, in particular Mercurio (2010a) and Mercurio and Xie
(2012), which include the developments contained in previous papers authored/
co-authored by Mercurio, form the first approach of which we give an overview
in Sect.4.1. We do not, however, enter into the details of the pricing formulas and the
calibration examples, for which we therefore refer to the original papers. Related to
the papers by Mercurio (2010a) and Mercurio and Xie (2012) is the paper Ametrano
and Bianchetti (2013), where the authors deal in particular with the bootstrapping
of various multiple-tenor yield curves, thereby considering essentially only linear
interest rate derivatives; here too we simply refer to the original paper.

The other approach, that is alternative to the one just mentioned and that proposes
a further theoretical development, is the one in Grbac et al. (2014) which concerns
an affine Libor model with multiple curves. A description of this further approach is
presented in Sect.4.2.

The above papers concern mainly “clean valuation” approaches. A more compre-
hensive, multi-currency, multi-curve approach has been initiated in Fujii et al. (2010,
2011), see also Piterbarg (2010). In parallel, Henrard has developed a more practi-
cally oriented approach, for which we refer to his recent book Henrard (2014) that
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synthesizes his previous production, but it is not exactly in the context of an LMM
that is our main concern in this chapter. On the other hand Henrard has considered,
see e.g. Henrard (2010), multiplicative spreads as example of a form of spreads that
are alternative to the additive spreads considered in the above papers and that may
turn out to be advantageous in some situations. Multiplicative spreads form also the
basis of the approach presented in the paper Cuchiero et al. (2015). Section4.3 con-
tains a brief overview of the approach in Henrard (2010), as well as that in Cuchiero
etal. (2015).

4.1 Multi-curve Extended LMM

As mentioned above, this section is essentially a synthesis of work done by Mercurio
and related authors and partly also by Ametrano and Bianchetti (2013).

The classical Libor market models are based on the joint evolution of consecutive
forward Libor rates corresponding to a given tenor structure. We recall from the
discussion in Chap. I that in the classical setup the Libor rate L(¢; T, S) was assumed
to coincide with the corresponding forward OIS rate F(¢; T, S), but this assumption
is no longer valid after the crisis.

Recalling the definition of the forward OIS rate in (1.16),

F(:T,S) = EC [F(T;T,S) | Z,) = S_LT (i’)((tt g - 1) A.1)

notice that this rate is directly related to the OIS bond prices p(z, T'), namely to the
discount curve and so the first issue concerns the proper modeling of the discount
curve, which occasionally we shall also denote by pp (¢, T). Notice, furthermore, that
the discount curve intervenes also in other situations, for example we have that

(1) Swap rates can be represented as linear combinations of forward Libor rates,
which are referred to as FRA rates in Mercurio (2010a), with coefficients that
depend solely on the discount curve (cf. 1.28).

(ii) Pricing measures correspond to numéraires given by portfolios of OIS bonds
and affect thus the drift correction in a measure change.

As already discussed in Chap. 1, a general choice of the discount curve is the OIS
curve and we shall do so here as well. This choice is supported by various arguments
(recall also Sect. 1.3.1). In particular, collaterals in cash are revalued daily at a rate
equal or close to the overnight rate. Note, however, that collaterals can be based
also on bonds or other assets, such as foreign currency. In the latter case appropriate
adjustments have to be performed for the remuneration rate (see Fujii et al. 2010).
The OIS curve is commonly accepted as discount curve and for possible situations,
such as in exotics or different currencies, where different discounting is adopted, it
can still be considered as a good proxy of the risk-free rate.
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Remark 4.1 In this chapter the standing assumption will be that the OIS bonds are
tradable assets, see for example Mercurio (2010a) and the comments in Sect. 1.3.1.
Note that in the spirit of the Libor market models we do not assume the existence
of the OIS short rate r derived from the OIS bond prices and the related martingale
measure Q as in the previous chapters, but instead we work directly under the forward
measures using the OIS bonds as numéraires.

Since the forward rate F(¢t; T, S) can also be considered as the fair fixed rate
at time t < T of a forward rate agreement, where the floating rate received at S is
F(T;T,S), weshall call F(t; T, S) the forward OIS curve (recall that in practice it
can be stripped from OIS swap rates; see also the middle part of Remark 1.2).

Concerning the Libor rates, in the work by Mercurio and related authors an FRA
rate is considered that is given as the fair fixed rate at # < T to be exchanged at time
S for the Libor rate L(T; T, S), namely such that this swap has zero value at t < T.
Denoting by 0° the S-forward measure with numéraire p(t, S), the FRA rate is then
given by

FRA(; T, S) = EQS{L(T; T,8) | Z} 4.2)

where E2’ denotes expectation with respect to Q5. This definition, that corresponds
to the forward Libor rate L(¢; T', S) as in Definition 1.2, has the following advantages

(1) The rates FRA(t; T, S) coincide with the corresponding spot Libor rates at their
reset times; they can thus generate any payoff depending on the Libor rates.
(i1) The rates FRA(t; T, S) are martingales under the corresponding forward mea-
sures.
(iii) The fact that swap rates can be written as linear combinations of FRA rates with
coefficients depending solely on the discount curve is convenient for bootstrap-
ping purposes (see Mercurio 2010a).

In the sequel we shall continue consistently using the name forward Libor rates,
keeping in mind that these are by definition the same as the FRA rates from Mercurio
(2010a).

4.1.1 Description of the Model

According to a practice followed in the post-crisis setting, the forward Libor rate is
mostly viewed as a sum of the forward OIS rate plus a basis/spread (thereby thinking
of this basis as a factor driving the Libors in conjunction with the OIS curve). In
line with this practice, in the more recent work of Mercurio and related authors an
additive spread between the Libor and the OIS curves is considered.

We start with some notation keeping it in line with the above-mentioned papers. As
in Sect. 1.3, for given atenor x,let 7* = {0 < Tj < --- < TA)ilv} be a tenor structure
compatible with x and denote by 47 the year fraction of the length of the generic
kth interval (T}_,, T}’ 1. Denote by p(t, T}) the price of the OIS bond maturing at 77
(discount curve) and set (see (1.16) or (4.1))
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1 [p(t, T
Fi(t):=F(t; T, T)) = = [% - 1} (4.3)
k > Tk

Furthermore, as mentioned at the end of the previous subsection, since the FRA rates,
as given in (4.2), were introduced in relation to the FRAs with the underlying Libor
rates, set

L;(t) ;= FRA(t; T;_,. T},) 4.4)

and call L; (¢) the forward Libor rate.

Notice that the FRA rates as introduced in (4.2) correspond to what is called a
standard (or text-book) FRA. This has to be contrasted with the so-called “market
FRA”, cf. Remark 1.3, which differ from the standard ones in that the payment is
made at the beginning of the reference interval, discounted by the corresponding
Libor rate. Hence, taking T = T,f_l , S = T,f for a generic k, one has

G LT T TH - B

PHRATE S TE L TE R, 1) = 4.5
Ty Ty T R = = LT s TE |, TY) (4-)
implying that (see Appendix A in Mercurio 2010b), at ¢ < 7;_, one has,
mFRA X X 1 1
R T, TY) = 5 T’ki] , - 1 (4.6)
L LEC {HJ;L(TLI:TL,,T;) |7 ’}

As recalled in Remark 1.3, Mercurio (2010b) (see also Ametrano and Bianchetti
2013) points out that the difference in the values P™®A(TY ;7> | T{, R, 1) and
PFRA(TY | TF |, TY, R, 1) is generally small, so that one can limit oneself to standard
FRA rates also for what concerns a possible bootstrapping from market FRA rates.
As already mentioned, following the practice to build Libor curves at a spread
over the OIS curve, Mercurio and the related authors consider additive spreads that

can now be defined as
Sp@) =L (t) — F(1) 4.7

Additive spreads have the advantage that, since L and Fj, are martingales under o'x,

so is also S]f. To model their dynamics under Q”+ one thus needs to specify only the
volatility and correlation structure.

Having now the three quantities L; (1), F} (¢), S (¢), we need to introduce dynamics
for them. Given the relationship (4.7), we need only the joint dynamics of two of
the three quantities, which then induces the dynamics also for the third one. The aim
thereby should be to achieve model tractability in view of interest rate derivative
pricing, as well as a convenient setup for calibration and bootstrapping. In Mercurio
(2010a, b) the author chooses to jointly model Fj(¢) and S;(#) that has as main
advantage the direct modeling of the spread allowing thus to model its dynamics
so that it remains positive. Such a choice is made also in Fujii et al. (2011). Notice
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furthermore that when, as required for a multi-curve setup, one has to model multiple
tenors simultaneously, i.e. F,f’ (¢) and S,f’ (¢) for different values x; of the tenor x, one
has to properly account for possible no-arbitrage relations that have to hold across
different time intervals. To this effect notice that only forward OIS rates with different
tenors are constrained by no-arbitrage relations; the associated spreads are relatively
free to move independently from one another. Given this freedom, one may try to
derive models that preserve the tractability of the single tenor case, especially in view
of pricing optional derivatives in closed form. In this sense, in Mercurio (2010a, b)
an approach is presented by choosing the dynamics of the OIS rates and related
spreads so that they are similar for all considered tenors. Furthermore, as the title in
Mercurio and Xie (2012) puts it, the spread should by all means be stochastic. In fact,
arelatively simple approach would be to elect a given forward OIS curve as reference
curve and model all other curves at a deterministic spread over the reference curve.
However, this is in contrast with the empirical evidence (see Figs. 1.3 (left) and 1.4)
and furthermore, with a deterministic basis, the Libor-OIS swaption price would in
some situations, e.g. OTM swaptions, turn out to be zero. Although the impact of
a stochastic basis on the pricing of exotic products is difficult to assess a priori, in
Mercurio and Xie (2012) it is shown that also with a suitably modeled stochastic
basis one may achieve very good tractability.

4.1.2 Model Specifications

We mention here specific models considered in Mercurio (2010b) and Mercurio and
Xie (2012) where, in line with the classical LMMs, log-normal and shifted log-
normal models are considered, but with stochastic volatility in form of Heston or
SABR.

For the multi-curve setup consider now, as in Sect. 1.3, different possible tenor val-
ues x; < x» < --- < x, and the associated tenor structures 7 = {0 < Tg' <-e<
T,ﬁr}, thereby assuming that % ¢ %' C ... Cc I C 7.

Denote then by L,/ (1), F' (1), S; (t) the corresponding relevant quantities and let
8, be the year fraction of T} — T} .

Starting from the forward OIS rates, in Mercurio (2010b) these are modeled
according to the following shifted-type dynamics

¢ Xi 1 Xi Xi

dr;(t) = o}/ OVE@) |:6_X +F (t)} dZ,f’ (1) (4.8)
k

where o} are deterministic functions and Z,f’x" are Wiener processes under the for-

ward measures QTkX', forallk =1, ..., M, The process VF(¢) is a common factor

process with V¥ (0) = 1 and independent of all Z,f . As mentioned previously, the

F;" have to satisfy no-arbitrage consistency conditions and in Mercurio (2010b) it is
shown that they are given by
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g = > o0 4.9)

J=ik-1+1

namely the volatility coefficient o of F;' has to be equal to the sum of the volatility
coefficients af‘ of the rates F;-C‘ forj € {ir_1 + 1,ir—1 +2,...,i}. Herej correspond
tothe indices of the tenor dates T, | = 7;' < T;' || <--- < T;' =T of the tenor
structure .7 falling between the dates 7, | and T} of the tenor structure .7,

Coming now to the Libor-OIS spreads, Mercurio and Xie (2012) start from the
following general model

SE(1) = o (F (). X7 (1) (4.10)

where X, are factor processes and the functions ¢’ have to be chosen so that S;’ are
martingales under QT:i. In particular, in Mercurio and Xie (2012) the functions ¢’
are chosen to be affine functions with the advantage that the parameters in the affine
specification can be explained in terms of correlations between OIS rates and basis
spreads, as well as in terms of their variances. If also the forward OIS rates follow a
convenient model, then caplets and swaptions can be priced in semi-closed form.

As for the factor processes X;', things can be simplified without too much loss of
flexibility by taking them to be independent of k, i.e. X;' (1) = X" (¢), for all k, with
X7 (t) following a log-normal model. If, then, the OIS rate is, say, of the G1** form
(i.e. one-factor Hull and White (1990) model with deterministic shift to be calibrated
to the initial term structure), with the affine model choice for QS",E" one obtains semi-
analytic pricing formulas for caplets and swaptions in the sense that what is required
is a one-dimensional integration of a closed-form function of the Black-Scholes type
(see Mercurio and Xie 2012 for the case of a swaption).

Remaining always with the Libor-OIS spreads, Mercurio (2010b) assumes more
specifically a model of the form

SE() = SHO)MY(r), k=1,..., M, (4.11)

where, analogously to the previous case where X (1) = X" (¢), also M* remains the
same for all k£ and is defined by the following SABR-type process

dAMi (1) = (M* (1)) V¥ (1) dZ* (1)
4.12)
dVi(t) = 5V (1) dW (1)

with % € (0, 1], €% > 0 and where Z* and W* are Wiener processes with respect
to each forward measure QT:‘, independent of the Wiener processes Z,f i in (4.8),
but which may be correlated, i.e. dZ%dW* = p*idt with p“ € [—1, 1]. This model
allows for convenient caplet and, in some particular cases, swaption pricing (see
Mercurio 2010b). The fact that the rates and the spreads with different tenors x;
follow the same type of dynamics, leads to similar pricing formulas for caps and
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swaptions even if they are based on different tenors. This is particularly convenient
for simultaneous option pricing across different tenors, as well as for calibration.

4.2 Affine Libor Models with Multiple Curves

In this section we present the model developed in Grbac et al. (2014), which is
also a discrete-tenor model and is based on affine driving processes. This modeling
approach has first been proposed in Keller-Ressel et al. (2013) in the single-curve
case and further extended in Grbac et al. (2014) to the multiple curve setup. The main
advantage of this framework is its ability to ensure positive interest rates and spreads
by construction, and at the same time, produce semi-analytic caplet and swaption
pricing formulas. In contrast to Mercurio (2010b), the OIS rates F; and the Libor
rates L; are chosen as modeling quantities, which ensures straightforward pricing
of caplets and at the same time the positivity of spreads S; can be easily obtained.
These features are due to a specific model construction, which relies on a family
of parametrized martingales greater or equal to one and increasing with respect to
the parameter. When such martingales are taken as building blocks of the model,
as we shall see below, the positivity of interest rates and spreads follows simply by
construction. The second important point is that affine processes are chosen as driving
processes for this family of martingales, thus guaranteeing analytic tractability of the
model and, consequently, semi-analytic pricing formulas for non-linear derivatives
based on Fourier transform methods.

4.2.1 The Driving Process and Its Properties

In this section we shall fix the probability space and the driving process that we are
going to work with. For sake of simplicity, we choose to work with affine diffusions
in order to present the model in a concise and simple manner. Another reason is
that affine diffusions were already used as driving processes in Chap. 2 and, hence,
we can rely on the technical preliminaries from that chapter. Since the model con-
struction requires a positive affine process as a driving process, this boils down to
multidimensional CIR processes. However, we emphasize that the original paper of
Grbac et al. (2014) is not limited to this class and the model is based on general
positive affine processes allowing for jumps as well. This is especially important in
view of model calibration, where the additional flexibility coming from the jumps is
exploited to ensure a better fit to market data.

Let (§2, .#,F, P) denote a complete stochastic basis, where ' = (.%;),¢0.1] and
T denotes some finite time horizon. Consider a stochastic process X = (X Lo X,
where each component X’ solves the SDE
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dX,’ = (d — lel’)dt + o'/ X} dw; 4.13)

withw' a Wiener process such that all Wiener processes wi,i=1,...,d,are mutually
. . H : - .. . 2
independent. The coefficients a', b' and ¢’ are positive and a' > (UT)

Denote
jT = {u - (ulv M) ud) € Rd : Ex {e<u’XT)} < OO}

where E, denotes the expectation conditional on X, = x. Note that this is a multi-
dimensional analog of the set .#7 defined in (2.12). Then according to Lemma 2.2,
the conditional moment generating function of X7 has the following exponentially
affine form:

E{exp(u, X7)| .7} = exp (A“(T — 1) + (BY(T — 1), X)) 4.14)

forallu € Ri N Srand 0 <t <T.Here A(T —t) and B*(T — t) are obtained by
applying Lemma 2.2 to each component X’ of X and using independence. This yields

d
AT -1 = ZA”’i(T —1), BYT —1) = (B“(T —1),...,B“Y(T — 1))

i=1

where, for each i =1,...,d, A% (T —t) and B“(T — 1) correspond to A(t, T) =
A(T —t) and —B(t, T) = —B(T — 1) in Lemma 2.2 applied to the process X’ with
v =0and K = —u. In Eq.(4.14) (-, -) denotes the inner product on R.

An essential ingredient in affine Libor models, as we shall see in the next sub-
section, is the construction of parametrized martingales which are greater than or
equal to one and increasing in this parameter, see the review paper by Papapantoleon
(2010). The following two lemmas, taken from Grbac et al. (2014) and Keller-Ressel
et al. (2013), summarize the main ideas and properties on which the construction
will be based.

Lemma 4.1 Consider the affine process X defined above and letu € Rﬂ N 1. Then
the process M" = (M}"):cj0,7] With

M} = E{e"*" | F,} = exp (AT — 1) + (B“(T — 1), X,)) (4.15)
is a P-martingale, greater than or equal to one, and the mapping u — M} is increas-
ing, for every t € [0, T].

In the lemma below inequalities involving vectors are interpreted componentwise.

Lemma 4.2 The functions A"(t) and B*(t) in (4.14) satisfy the following:

1. A°#) =B%(t) =0forallt €0, T].
2. For each t € [0, T), the functions It > u+> A"(t) and Ir > u+—> B"(t) are
(componentwise) convex.


http://dx.doi.org/10.1007/978-3-319-25385-5_2
http://dx.doi.org/10.1007/978-3-319-25385-5_2
http://dx.doi.org/10.1007/978-3-319-25385-5_2
http://dx.doi.org/10.1007/978-3-319-25385-5_2

4.2 Affine Libor Models with Multiple Curves 123

3. ur> A“(t) and u — B"(t) are order-preserving: let (t,u), (¢t,v) € [0, T] x Y7,
withu < v. Then

A“(t) <A'() and B"(t) < B"(t) (4.16)

4. u+> B“(t)isstrictly order-preserving: let (t, u), (t,v) € [0, T] X 7, withu < v.
Then B"(t) < BY(?).

4.2.2 The Model

Consider again the tenor structures introduced in Sect. 1.3 and used in Sect.4.1.2,
T C T C--C TN C T, where T ={0<Tj <-- < T;f,,”x‘}, for each
i=1,...,n, and where &, denotes the year fraction of 7, — T;" . Recall that we
assume that all ij,; coincide and denote by T, the common terminal date for all
tenor structures. Aslearlier, denote by 2" := {x1, ..., x,} the set of all tenors and for
each tenor x € 27, let £~ := {1, 2, ..., M.} denote the collection of all subscripts
related to the tenor structure .7*. In the sequel we shall assume for ease of notation
that each tenor structure is equidistant, i.e. 6;' = 6".

As earlier, we consider the OIS curve as discount curve. We denote by p(¢, T) the
discount factor, i.e. the price of the OIS bond at time ¢ for maturity 7.

Moreover, let Q™ denote the terminal forward measure, i.e. the martingale mea-
sure associated with the numéraire p(-, Tjs), which is supposed to be given. The
corresponding expectation is denoted by E*. Then, we introduce forward measures
Qi associated to the numéraires p(-, T;) for every tenor x and k € %Z*. The corre-

sponding expectation is denoted by Ei. The forward measures Q' are equivalent
to Q' and defined in the usual way via

o™t _ p©.Tw) p(t, Tp)
dQ™ 17— p(0. T}) p(t. Tu)

4.17)

As seen in Sect. 4.1, the main modeling objects in the multiple curve LMM setting
are the forward OIS rates F7, the forward Libor rates L and the spreads S;. Recalling
again Mercurio (2010b), a good model for the dynamic evolution of the forward OIS
and forward Libor rates, and thus also of their spread, should satisfy certain conditions
which stem from economic reasoning, arbitrage requirements and the definitions of
these rates. Grbac et al. (2014) formulate these conditions as model requirements:

(M1) Fi(t) > 0 and F} € .(Q™), forallx € 27,k € #*, 1 € [0, TL_,].
(M2) L¥(1) > Oand L} € .#(Q%), forallx € 2,k € %, 1 € [0,TF_,].
(M3) S¥(t) > 0and S} € .#(Q%), forallx € 2,k € #*, 1 €[0,TF_,].

Here .# (Q"¢) denotes the set of Q7 -martingales.
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The model presented in the sequel satisfies the above conditions by construc-
tion, while producing tractable dynamics for all three processes under all forward
measures. The approach was first introduced by Keller-Ressel et al. (2013) and then
extended to the multiple curve setup by Grbac et al. (2014). The first step is the
construction of two families of parametrized Q7*-martingales driven by the process
X defined in the previous subsection, which is assumed to be affine under the mea-
sure Qv

More precisely, assume that the process X starts at the canonical value
1=(,...,1) and assume that two sequences of vectors (uy)reny and (Vi)ren
in Ri N .#r are given. Then one constructs two families of parametrized Q-
martingales following the method described in Lemma 4.1 by setting

M = exp (A% (Ty — 1) + (B*“(Ty — 1), X,)) (4.18)

and
M}* = exp (A" (Ty — 1) + (B*(Ty — 1), X)) (4.19)

By Lemma 4.1, M;* > 1 and M;* > 1, for all k. Note, moreover, that the ordering
of parameters u; and vy carries over to the martingales related to them; for example,
if ug_; > uy, then M,“ “' > M;* for all t > 0. Such families of martingales are then
used to model the forward OIS and Libor rates.

Let us fix an arbitrary tenor x and the associated tenor structure .7*. We begin by
presenting the model for the OIS rates. This model is completely analogous to the
single-curve model introduced by Keller-Ressel et al. (2013). In the first step, one

notices that
P, T )
Pt T ) _ Hatw

t T* - p,TH
P T9) P T

1+ 8Fi (1) =

(4.20)

where the forward price process 2 ((TTL )) is a Q™ -martingale for any k € #*. There-
fore, to model the OIS rates F}, one begins by postulating the dynamics of each
pCTY) .
pCTv) "

forward price process

[T
%:Mﬁ, ket t<T¢ 421)
pl, Iy

where u; € Ri N 7 is some vector. The second step follows from (4.20) and (4.21),
namely

X
Uy

14 6'Fi (1) = (4.22)

X
L(k
t
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and we note that this process is a Q' -martingale since M%-1 is a Q"*-martingale
and M" = % is the density process for the measure change from Q" to Q¢
up to a normalizing constant; compare with (4.17). Finally, the third step relies on the
observation that, if the vectors u; are chosen to be (componentwise) decreasing with
respect to k, i.e. uf_, > u}, it follows M"-1 > M"“ and therefore 1 + 0*F}(t) > 1,
or equivalently F; (¢) > 0.

Now on top of the model for the OIS rates, it remains to suitably specify the
dynamics of the Libor rates Lj in order to completely specify the multiple curve

model. To do so, a similar idea can be used. More precisely, one postulates that

MV'I:—I
1+ L) = —— (4.23)
M*

t

forevery k =2,...,M,and t € [0, T}_,] and where v;_, € R‘i N Zr is some vec-
tor. Hence, the process 1 + §*L} is a Q" -martingale by exactly the same arguments
as above. In addition, if v;_, > ug, then M Vit > MY and 1 + 0*Li(t) > 1, or equiv-
alently L; (1) > 0.

This procedure presents the main modeling idea. The questions that still have to
be answered are, if such sequences of vectors (u;) and (v;) can be found for any given
initial term structure of the forward OIS and the forward Libor rates. Moreover, in
case of an affirmative answer, do these sequences possess the desired monotonicity
properties? The following proposition, which summarizes the results shown by Grbac
etal. (2014), describes the main properties of the model and explains how to construct
it from a given initial term structure of OIS and Libor rates.

Proposition 4.1 Consider the finest tenor structure 7, let p(0, T)), | € &, be the
initial term structure of non-negative OIS bond prices and assume that

Moreover, for a fixed tenor x and the corresponding tenor structure 7, let L;(0),
k € ', be the initial term structure of non-negative forward Libor rates and assume
that for every k € &~

LI0) = ~ (”—(0’ Teo)

= o1 —1)=F]f(0) (4.24)

Then the following statements are true:

1. There exists a decreasing sequence ug > u; > --- > uy = 0 in Ri N Ay, such

that
u __ p(O, Tl)

0 = p(Q—Tm for all l e X 4.25)

Furthermore, for each k € ™, we set
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U = u (4.26)

where | € X is such that T) = T}.
2. There exists a sequence v, V;, . .., vj{{r =0in Ri N S, such that v, > u; and

M) = (1 +8LE,  (O)My™, forall k=0,1,..., M, — 1 (4.27)

3. If X is one-dimensional, the sequences (u;)re ¢~ and (V) rer~ are unique.
4. If all initial forward OIS rates and initial spreads are positive, then the sequence
(uy) is strictly decreasing and v;, > uy, forallk = 0,1, ..., M, — 1.

Therefore, from the model construction it follows immediately:

1. F} and L; are Q"¢ -martingales, for every k € J#~.
2. Li(t) = Fi(t) = 0, forevery k € Z* and t € [0, T_,].

Remark 4.2 The results of Proposition 4.1 confirm that, for given initial term struc-
tures, the affine Libor model with multiple curves can theoretically be constructed
by choosing sequences (u;) and (v;) as described above. Regarding the practical
implementation of the model, one notices that when the driving process is multidi-
mensional (which will typically be the case in applications), the vector parameters
(1) and (vy) are not unique and it seems that there is no canonical choice for them.
This in turn gives a freedom to devise special cases of the model by pre-choosing
various suitable structures for these sequences and then fitting the initial structures.
One such example is a factor model with common and idiosyncratic components
for each OIS and Libor rate, which is presented in Sect.8 of Grbac et al. (2014)
and where this is achieved by setting some components of () and (v;) to zero or
mutually equal in order to exclude the effect of certain components of the driving
process on each specific rate.

Remark 4.3 The multiple curve affine Libor model is constructed under the terminal
forward measure Q7. Grbac et al. (2014) show that the model structure is preserved
under different forward measures. More precisely, the process X remains an affine
process, although its ‘characteristics’ become time-dependent, under any forward
measure other than Q. The affine property plays a crucial role in the derivation of
tractable pricing formulas for interest rate derivatives in the next subsection. Note,
furthermore, that the multiple curve affine LIBOR model fulfills requirements (M 1)—
(M3), which are consistent with the typical market observations of nonnegative inter-
est rates and spreads. However, a phenomenon of negative values of various interest
rates has been continually observed in the European markets starting from the second
half of 2014 and thus, it is worthwhile mentioning that also negative interest rates can
be easily accommodated in this setup by considering, for example, affine processes
on R? instead of R‘i or ‘shifted’ positive affine processes where supp(X) € [a, 00)?
with a < 0. A specification of the multiple curve affine Libor model allowing for
negative rates and positive spreads is presented in Sect. 4.1 of that paper.
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Remark 4.4 (Connection to Libor market models) Having a model of this Sect. 4.2 in
which the dynamics of the OIS and the Libor rates are given by (4.22) and (4.23), itis
natural to look for a possible relationship between this model and the multiple curve
Libor market models of Sect.4.1. This relationship has been established in Grbac
etal. (2014). More precisely, starting from (4.22) and the definition of the martingales
M given in (4.18), as well as the definition of the process X in (4.13), and using
Itd’s formula and some algebraic manipulations, one arrives at the dynamics of the
OIS rate F} under the forward measure oT¢

dF; (1) .
T = 0 429
k
with the volatility structure I, = (I x{ PR x‘fk) € Ri provided by

1+ 6°F3 (1)

Il = ST (BYr!(Tyy — 1) — B/ (Ty — 1)) \/;, o' (4.29)
T ()

and the Q"¢ -Wiener process w™* = (w*k1 . wokd) given by

M,

) . ‘ Y FN(t .
woki = i — Z / To 5 @ 5;15’“) Iy (o) dt
o T 10

M, .
=w'= > /0 (B /(Ty — 1) — BV (Ty — 1)) \/;t o dt. (4.30)

I=k+1

Note from (4.29) that the volatility structure is determined by o' and by the driving
process itself via BYi-vi(Tyy — 1) and B“(Ty; — 1), and also that there is a built-in
shift in the model by construction. Furthermore, we notice that the dynamics of the
OIS rates in Eq. (4.28) correspond to (4.8) in the Libor market model of Sect.4.1.

In complete analogy, starting from the dynamics of the Libor rates in (4.23) and
introducing the volatility structure A,y = (A} . ..., AY) e R{

1+ 6*Li(1)

i ._ Vi o pui _ i i
AL (1) == S0 (B! (Ty — t)—B"“ (Ty z))\/;,a 4.31)

one obtains for L;; the following Q' -dynamics in the spirit of the Libor market model

dL (1)

= A", (t) dw™* 432
L;{((l) X,k(t) Wt ( 3)

where w*¥ is the Qi -Wiener process given above.
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4.2.3 Pricing in the Multiple Curve Affine Libor Model

Thanks to its tractability under all forward measures, the multiple curve affine Libor
model allows for semi-analytical pricing of interest rate derivatives. Below we present
the main results from Grbac et al. (2014) and refer to the paper for details. In particular,
the valuation of caplets based on Fourier transform methods is of the same complexity
as the valuation of caplets in the single-curve affine Libor model. In order to obtain
semi-closed pricing formulas for swaptions, Grbac et al. (2014) make use of the linear
boundary approximation proposed by Singleton and Umantsev (2002) combined with
Fourier transform methods.

Let us begin by considering linear derivatives, namely interest rate swaps and basis
swaps. We use the definitions and the notation from Sects. 1.4.3 and 1.4.5, assuming
for simplicity that the nominal is N = 1. Since the modeling objects in the multiple
curve affine Libor model are directly the forward Libor rates, it is straightforward
to conclude that the time-¢ value of the interest rate swap on the tenor structure .7*
with fixed rate denoted by R is given by

Mx
P (5; 7%, R) = 8" D p(t, T) (Li(1) — R)
k=1

and the fair swap rate R(¢; .7%) is therefore

S pe, THLE (1)
S p, T

R(t, T = (4.33)

Similarly, the time-# value of the basis swap defined on the tenor structures .7 and
T* with spread S is expressed as

M, M,
P (e 70, T = D 8 TIOLY () = D 6°p(. T (L () + ) (434)
i=1 j=1

The fair basis swap spread S5 (¢; 7%, 7*) is thus given by

S (e TILP (1) — X005 8°p(e, TP (1)

M, X
> sup, T

SBSW(I; gn’ <7xz) — (4.35)

Passing now to non-linear derivatives, their pricing is based on the affine property
of the driving process under all forward measures and an application of Fourier
transform methods for option pricing. The Fourier transform methods for option
pricing were discussed already in Chap. 3.
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Let us first consider a caplet, as defined in Sect. 1.4.6. A straightforward applica-
tion of the Fourier transform method yields the following pricing formula, which is
proved in Proposition 6.1 in Grbac et al. (2014).

Proposition 4.2 Consider a tenor x and a caplet with strike K and with payoff
S (L(TE_ ) — K)*T at time T. Its time-0 price is given by

@7/;71 (% —iw)
(Z — iw)(Z —1—iw)

0, T i
perl(o; 77, k) = PO T / Ky dw  (4.36)
2w R

forany Z € (1,00) N IS, K, := 1 + 6K and where
i ={ee R (1 =BTy — T{ ) + 2B (T — Ti_p) € Sr} (437)

The random variable W;* | is defined as

Py =tog (M /M)
= A% (Ty — T ) — A%(Ty — TE)
+ (Bvi'“ (T — Ti_y) — B (Ty — Tin)s XTLI)
=:A+ (B, Xr; ) (*-38)

with the moment generating function ©y;x under the measure Q"¢ given by

Oy (2) = E"{e”"1} = E" exp (z(A + (B. X12 )}

which is known explicitly thanks to the affine property of the model.

Note that the pricing formula (4.36) has an arbitrary Z € (1, o) N . on the right-
hand side. Theoretically, the value of the right-hand side does not depend on the
specific choice of %Z. However, different choices of % may affect the efficiency of
the numerical implementation.

Regarding swaption pricing in the affine multiple curve Libor model, let us con-
sider a swaption as defined in Sect. 1.4.7. The time-0 price of a swaption with exercise
date T and swap rate R, written on an underlying swap with tenor structure 7%, is
given by

PSwn(O; Tx’ yx’ R) =p(0, Tg) EQT(f {(PSW(TX; yx’ R))+}

where PSV(T}; 7%, R) is the price of the underlying swap at time 7 which can be
expressed as follows
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M M Vioy M, g

v x X MTX MT‘
P(Ty: T R) = 6° " p(Ty. THWL(TH) —R) = > | Zg Z

k=1 k=1 Ty T‘

where R, := 1 + §*R. Here we have used (4.20), (4.22) and the telescopic product
to obtain

p(T. T p(T3.TH Mg
TS T p(T3.Tg) Mo
0

(T, TY) = (4.39)

and Eq. (4.23) for L; (Tj;). Therefore, for the swaption price we have

M, Vkl “k +
Swn c(y. TX X — X QTS T)
PO T 7R = pO T EY (ST -~ RN
k=1 TJ k=1 T*

= p(0, Ty) E2™ (Z M‘k ! ZR M”k) (4.40)

where the second equality follows by a measure change from Q70 to Q™ cf. (4.17).

Evaluating the above expectation is a computationally demanding task, due to
the high-dimensionality of the problem. However, in order to arrive at semi-closed
pricing formulas based on the affine property of the model and the Fourier transform
methods, an efficient and accurate linear boundary approximation developed in Sin-
gleton and Umantsev (2002) can be used. Numerical results for this approximation
are reported in Grbac et al. (2014) and below we describe the method and cite the
main result. .

Firstly, one defines the probability measures @Tk, for every k € #*, by the
Radon-Nikodym density

" _ M
dQTM F - M(‘)/;‘

4.41)

The process X, defined by its components in (4.13), is a time-inhomogeneous affine
process under every Q , which can be shown exactly in the same way as for the
forward measures Q7¢. The expectation with respect to the measure @Ti will be
denoted by E'* below.

Next, starting from the second equality in (4.40) and using the definitions of

martingales M" and M"-1 given in (4.18) and (4.19), one defines the function f :
Rﬁ — R by
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M,
FO) =2 exp (A (Ty = Tg) + (B (T = T3), )
i=1

M,
— D Reexp (A“(Ty — T}) + (B (Ty — T}). y)) (4.42)

i=1

This function determines the exercise boundary for the price of the swaption. Since
the characteristic function of f(X7;) cannot be computed explicitly, the method of
Singleton and Umantsev (2002) is used and f is approximated by a linear function.
More precisely, one has

fXry) ~ f(Xry) == C+ (D, Xr3) (4.43)

where the constants € and D are determined according to the linear regression proce-
dure described in Singleton and Umantsev (2002, pp. 432-434). The line (D, XTS'> =
—C approximates the exercise boundary, hence C, D are strike-dependent. Let J(z)
denote the imaginary part of a complex number z € C. Now, we have the following
result.

Proposition 4.3 Assume that C, D are determined by the approximation (4.43). The
price of the swaption with swap rate R, option maturity Tg, on a swap with tenor
structure T, is approximated by

M, X
z* w11 e

PSWH(O; TX’ gx7 K) ~ p(o’ TM) MO,—I [_ + _/ Y(é- I(Z)) dz]
i=1

2 ™ Jo Z

Z

M ~
: 11 3¢ @)
—R 0,7 | =+ — —d 4.44
x;:lp( ,)[2+W/0 z (4.44)
where Zj‘ and gj‘ approximate the characteristic functions

¢'@ = E" {exp (igf X))} and &) = ET"X{ exp (izf X))}
and are given by
CF(2) == ET {exp (izf (Xrp) )
=exp (iz@ + ABY (Tu=T§)+izD (Ty) — ABTu=T}) (T)
+ (BB TuTo+ieD iy _ pBT T (), Xo)) (4.45)
§@ =E" {exp (i 1))
= exp (i2€ + AT T THED (7 — ABT 0T (73

el X\ g el X
+ (BB i (TM*T())‘HZ'D (Tér) _ BB i (TM*To)(Tg)’ X0>) (446)
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Remark 4.5 Note that an approximate pricing formula for the price of a basis swap-
tion defined in Remark 1.10 can be derived as well. For details we refer to Grbac
et al. (2014).

Remark 4.6 (Calibration) Another important remark regarding the multiple curve
affine model is its flexibility to calibrate to option market data. A specification of
the model based on the CIR driving processes with jumps proves to fit very well the
caplet data, simultaneously for multiple tenors. Since this issue is beyond the scope
of this book, we refer the interested reader to Grbac et al. (2014) for all the details.

4.3 Multiplicative Spread Models

In this section we give an overview of the modeling approaches based on multiplica-
tive spreads. The idea to consider the multiplicative spreads has been first proposed in
Henrard (2007, 2010), see also the recent book Henrard (2014). The same choice for
the modeling quantities has been made in the recent paper by Cuchiero et al. (2015).
Recall from (1.36) of Sect. 1.4.4 (noting that F(t; T, T + A) = ROS(t; T, T + A))
that the multiplicative forward Libor-OIS spreads are defined as

1+ ALt T, T+ A)

ST, T+ A) = 4.47
( +4) 1+ AF(t T, T + A) (447)

where as usual
Le:T, T+ A) =EC " (L(T; T, T+ A) | Z)

denotes the forward Libor rate (FRA rate) and the forward OIS rates are defined via
relation (see (1.16))

1+AF (T, T+ A) = _pt.T)
p, T+ A)

Note that the notation X' (t; T, T + A) in (4.47) corresponds to the notation S (¢, T)
in Cuchiero et al. (2015). As Henrard (2014) and Cuchiero et al. (2015) point out, the
choice of multiplicative spreads as modeling quantities instead of the forward Libor
rates is made for the convenience of modeling. Empirical findings on the positivity
and monotonicity of the additive spreads with respect to the tenor A motivate one
to model directly the spreads instead of the forward Libor rates in order to access
more easily those two features, cf. also the comments in Sect.4.1. Passing from the
additive to the multiplicative spreads still serves the same purpose, while allowing
for more analytical tractability in the model. Moreover, as noticed by Cuchiero et al.
(2015), the multiplicative spreads are related to the forward exchange rates when the
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multiple curve market is considered in a foreign exchange analogy (see Sect.3.3.1.2,
Remark 3.8).

In the work of Henrard, expressions for the prices of various interest rate deriva-
tives in terms of the multiplicative spreads have been developed. For the dynamics
of the spreads, Henrard introduces some assumptions that, from a modeling point of
view, appear to be rather restrictive. The assumptions are, in particular: the spreads
are supposed to be independent from the forward OIS rates F(¢t; T, T + A), and for
tractable pricing of optional derivatives, an assumption of the spreads being constant
for each maturity is introduced in addition. As stated in Sect. 7.3 of Henrard (2014),
this has the advantage of allowing to determine the price of any instrument in the
post-crisis setting by directly applying the corresponding pre-crisis formula (in the
case of optional derivatives one has only to scale the strike). To model the OIS bond
price dynamics Henrard (2010) considers an HIM 1-factor Gaussian framework; cf.
Sect. 2 therein.

The framework proposed in Cuchiero et al. (2015), that we shall describe in more
detail below, allows for more modeling flexibility and, in fact, it can be shown that
many of the existing modeling approaches can be recovered from their setting. To
this effect the authors develop a general semimartingale HIM framework for the
multiple curve term structure, which is inspired by Kallsen and Kriihner (2013).
Their approach is situated in between the HIM and the LMM approaches and in this
sense is similar to the approach taken in Sect.3.2. Concerning the model choice for
the dynamics of the spreads, the affine specification of the framework by Cuchiero
et al. (2015) can also be seen as a possible extension to continuous tenors of the
model from Sect.4.2 (see Remark 4.8).

Let us now give an overview of the framework proposed by Cuchiero et al. (2015).
The modeling quantities are the OIS bonds p(¢, T) and the multiplicative spreads
X(t; T, T + A). They consider a finite number of tenors denoted by Ay, ..., A,
(corresponding to tenors from 1day to 12 months). The framework allows to repro-
duce main features of the multiplicative spreads observed in the market (see (4.49)):

ST, T+4A)>1 and S@T,T+A) > 2T, T+ 4;), for A > 4

The first property is equivalent to the positivity of additive spreads and the second one
is the monotonicity with respect to the tenor. Moreover, the definition (4.47) of the
spread X' (t; T, T + A;) implies that it has to be a Q7 -martingale because the forward
Liborrate 1 + AL(-; T, T + A)isa QT "4 -martingale and dg%; |z,= fjﬁgf&;ﬁr%
by (1.15) and (1.16).

As stated above, to develop their framework, Cuchiero et al. (2015) make use of
the classical HIM setup presented in the philosophy of Kallsen and Kriihner (2013).
The main idea behind this approach is to identify “canonical” assets which are the
underlyings for the assets of interest and then obtain a convenient parametrization (a
“codebook” as referred to in Kallsen and Kriihner 2013) of the related term structures.
In order to do so, one first specifies simple elementary models for the term structure of
the canonical assets to understand the general relations that have to hold between the
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fundamental modeling quantities and thus obtains the codebooks; then one prescribes
a stochastic evolution for the codebooks, which has to satisfy certain consistency
conditions. Let us illustrate this approach on the first fundamental quantities in the
framework of Cuchiero et al. (2015), which are the OIS bonds p(z, T) (a similar
procedure is then repeated for the second fundamental modeling quantities, i.e. the
multiplicative spreads). The underlying canonical asset for the OIS bonds is the OIS
short rate r. The idea is thus to exploit the connection of the OIS bond prices and the
OIS bank account B; = exp( fot ryds), supposing firstly that r is a deterministic short
rate. This yields the relation r; = —a% log(p(t, T)), which is the codebook for the
bond prices. Now, since market data indicate that — % log(p(t, T)) evolves randomly
over time, this leads to instantaneous forward rates f,(T) = —% log(p(t, T)), for
which then a stochastic model is specified. Setting for the instantaneous forward rate
fi(1) = —Z log(p(t, T)) = —n,(T) and Z, = —log B, = — [, ryds for the short rate
r, Cuchiero et al. (2015) specify an HIM OIS bond price model given by a quintuple
(Z, 1o, @, o, X) such that
p(t’ T) — eZ,JrfIT 1 (u)du
B,

with .

n(T) = mo(T) + / oy (T)ds + / o,(T)dX, (4.48)
0 0

where (X, Z) is a general multidimensional semimartingale with absolutely con-

tinuous characteristics (Itd semimartingale) and the processes a and o satisfy the

implicit measurability and integrability conditions, together with a suitable HIM

drift condition to ensure absence of arbitrage in the OIS bonds. This in particular
yields

pa.T)

B,

E {eZT | ﬁ,}

Similarly, for the multiplicative spread X' (¢; T, T + A;), passing via a suitable code-
book, Cuchiero et al. (2015) again obtain an HIM-type model given by a quintuple
(Z', mi, o, o', X) such that

E(t; Ta T + A,) = eZtI+J;T T],i(u)du

with ' having a dynamics similar to (4.48) with corresponding o' and o', which
satisfy a drift condition ensuring the Q7 -martingale property of X' (-; T, T + A;). The
quantity Z' = log(X(t; 1, + A;)) can be seen as the log-spot spread and —n/(T) =
—% log(X(t; T, T + A;)) as the forward spread rate, by analogy to the OIS bond
price model. The martingale property of X' (-; T, T + A;) yields

ST.T+ ) =E {4 | 7]
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In order to specify the model further, the semimartingales Z' are assumed to be
of the following form
Z; — e(”i»y 1)

with a common n-dimensional Itd semimartingale Y for all i, and uy, ..., u,, given
vectors in R”. A common driving process Y for all tenors A; is a choice which allows
to capture the interdependencies between the spreads associated to different tenors.
The vectors u; enable one to implement easily the ordered spreads 1 < X' (t; T, T +
A <---<X(@t; T, T + A,).More precisely, one would have to consider a process
Y taking values in some cone C C R" and vectors u; € C* such thatO0 < u; < -+ <
u,,, where C* denotes the dual cone of C with the order relation <. This then easily
implies

1<XT, T+ A) = EQT {e<“"’Y7)

7] = £ fan

32,} = St T.T + A))
(4.49)
for Ai < A]

Remark 4.7 Making use of relation (4.47), the payoffs of all linear and optional
interest rate derivatives can be expressed as functions of the OIS bond prices p(z, T)
and the multiplicative spreads X' (¢; T, T + A;), cf. Cuchiero et al. (2015) for explicit
expressions in the general framework. The prices of linear derivatives can thus easily
be expressed in terms of these modeling quantities.

Regarding optional derivatives, to obtain a tractable specification of the general
framework, Cuchiero et al. (2015) suggest the class of affine processes as driving
processes, which allows convenient pricing by standard techniques resorting to the
Fourier transform.

Remark 4.8 Even though the approach proposed by Cuchiero et al. (2015) can be
situated in the HIM framework, its affine specification can also be regarded as a
continuous tenor extension of the affine Libor model from Sect. 4.2 with the differ-
ence that the quantities modeled here are not the forward Libor rates, but rather the
multiplicative spreads which in this case are given by

v(T,A;)

SGT.T+A) = ———
M[M(T)

where u(-) and v(-, A;) are mappings from [0, T'] to R?. Similarly to Sect. 4.2, impos-
ing conditions on these mappings allows to ensure positivity and monotonicity of
the spreads in the model.
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