A Service of

ECOMNZTOR pr

Make Your Publications Visible.

Leibniz-Informationszentrum
Wirtschaft

Leibniz Information Centre
for Economics

Gregnlund, Asger Munch; Jgrgensen, Kasper; Schupp, Fabian

Working Paper

Measuring market-based core inflation expectations

Danmarks Nationalbank Working Papers, No. 201

Provided in Cooperation with:
Danmarks Nationalbank, Copenhagen

Suggested Citation: Grenlund, Asger Munch; Jargensen, Kasper; Schupp, Fabian (2024) : Measuring
market-based core inflation expectations, Danmarks Nationalbank Working Papers, No. 201,

Danmarks Nationalbank, Copenhagen

This Version is available at:
https://hdl.handle.net/10419/297048

Standard-Nutzungsbedingungen:

Die Dokumente auf EconStor durfen zu eigenen wissenschaftlichen
Zwecken und zum Privatgebrauch gespeichert und kopiert werden.

Sie dirfen die Dokumente nicht fiir 6ffentliche oder kommerzielle
Zwecke vervielféltigen, 6ffentlich ausstellen, 6ffentlich zugénglich
machen, vertreiben oder anderweitig nutzen.

Sofern die Verfasser die Dokumente unter Open-Content-Lizenzen
(insbesondere CC-Lizenzen) zur Verfiigung gestellt haben sollten,
gelten abweichend von diesen Nutzungsbedingungen die in der dort
genannten Lizenz gewahrten Nutzungsrechte.

WWW.ECONSTOR.EU

Terms of use:

Documents in EconStor may be saved and copied for your personal
and scholarly purposes.

You are not to copy documents for public or commercial purposes, to
exhibit the documents publicly, to make them publicly available on the
internet, or to distribute or otherwise use the documents in public.

If the documents have been made available under an Open Content
Licence (especially Creative Commons Licences), you may exercise
further usage rights as specified in the indicated licence.

Mitglied der

Leibniz-Gemeinschaft ;


https://www.econstor.eu/
https://www.zbw.eu/
http://www.zbw.eu/
https://hdl.handle.net/10419/297048
https://www.econstor.eu/
https://www.leibniz-gemeinschaft.de/

DANMARKS
] NATIONALBANK

WORKING PAPER | Monetary policy
10 April 2024 | No. 201

Measuring market-based
core inflation expectations

We build a novel term-structure model for pricing synthetic euro
area core inflation-linked swaps (ILS). Our approach relies on a term-
structure model of traded headline ILS rates, assumed to span core
inflation. From these synthetic swaps, we can extract genuine euro
area core inflation expectations of market participants.

The Working Papers of Danmarks Nationalbank describe research and development, often still
ongoing, as a contribution to the professional debate. The viewpoints and conclusions stated are
the responsibility of the individual contributors, and do not necessarily reflect the views of
Danmarks Nationalbank.

Written by

Asger Munch Grgnlund
Danmarks Nationalbank

amg@nationalbanken.dk

Kasper Jgrgensen
European Central Bank

Kasper.Jorgensen@ecb.europa.eu

Fabian Schupp
European Central Bank

Fabian.Schupp@ecb.europa.eu



WORKING PAPER | No. 201 DANMARKS NATIONALBANK
Monetary policy

Keywords

Financial markets

Inflation and price development

Models

Monetary policy



Measuring Market-Based Core Inflation Expectations®

Asger Munch Grgnlund! Kasper Jgrgensen? Fabian Schupp®

February 23, 2024

Abstract

We build a novel term structure model for pricing synthetic euro area core inflation-linked
swaps, a hypothetical swap contract indexed to core inflation. Our approach relies on a term
structure model of traded headline inflation-linked swap rates, which we assume span core
inflation. The model provides estimates of market-based expectations for core inflation, as
well as core inflation risk premia, at daily frequency, whereas core inflation expectations from
surveys or macroeconomic projections are typically only available monthly or quarterly. We
find that core inflation-linked swap rates are generally less volatile than headline inflation-
linked swap rates and that market participants expected core inflation to be substantially
more persistent than headline inflation following the 2022 energy price spike. Using an
event-study methodology, we also find that monetary policy shocks significantly lower core

inflation expectations.
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Non-technical summary

Central banks are inherently interested in measuring inflation expectations. There are at least
two reasons for the focus on inflation expectations: (i) these expectations play a crucial role in
determining future actual inflation and (ii) long-term inflation expectations serve as an impor-
tant indicator of how much trust people have in the central banks’ ability to achieve its inflation
target. Not all inflation is the same, however. Given the time it takes for monetary policy to
filter through the economic system and have macroeconomic effects, policymakers prefer to
track underlying inflation, which excludes the inflation contributions from the most volatile
and typically temporary components of the basket of goods and services. For instance, the
European Central Bank’s Governing Council has recently emphasized that they will consider
the ”dynamics of underlying inflation” as a separate factor in making future decisions regarding
interest rates.

In this paper, we aim to infer market-based core inflation expectations, which are otherwise
not directly observable because no financial asset directly tied to core inflation exists. We do
so by estimating a model of traded headline inflation-linked swap (ILS) rates, which we use
for pricing synthetic euro area core ILS contracts, hypothetical contracts tied to core inflation.
Our approach relies on a set of assumptions. First, we assume that HICP inflation is a linear
combination of a small set of pricing factors that follow a simple vector-autoregressive process.
Second, we assume that core inflation is a linear combination of the same set of pricing factors.
We deem this second assumption reasonable because HICP inflation itself is a linear combination
of core as well as energy and food inflation. Third, we assume that there are no arbitrage
opportunities in the ILS market, such that headline and core ILS rates of any maturity are all
linear combinations of the aforementioned pricing factors. Based on these assumptions, we fit
the model to a monthly data set of inflation-linked swap rates linked to HICP inflation, realized
HICP and core inflation, as well as survey information on expectations of headline and core
inflation from the ECB’s Survey of Professional Forecasters (SPF). This data is available from
June 2005 until July 2023. The exception is survey expectations for core inflation, which are
available as of fall 2016 only.

Based on those assumptions and data, our model produces plausible estimates for both
headline and core inflation expectations. The expectations for headline as well as core inflation

are more volatile at near-term maturities than at long-term maturities. Long-maturity inflation



expectations hover around 2 percent. The level of 2 percent and relatively low volatility of
long-term inflation expectations suggests that inflation expectations are firmly anchored at the
ECB’s 2 percent inflation target.

One key advantage of our core inflation expectations measure is that it is based on finan-
cial market data, which means that it can be computed at, essentially, whatever frequency we
observe headline ILS rates. Other measures of core inflation expectations, such as from surveys
or projections based on macroeconomic models, are available at much lower frequency, usually
quarterly or monthly. Therefore, the high-frequency feature of our estimates makes them poten-
tially useful for at least two reasons: (i) it provides policymakers with a real-time read on core
inflation expectations, and (ii) it facilitates event-studies that can give valuable information on
the causal effects of, for example, monetary policy shocks on core inflation expectations.

To illustrate the usefulness of the high-frequency nature of our measure, we compute daily
core inflation expectations and estimate the causal impact of monetary policy shocks by ana-
lyzing their changes around specific monetary policy events. We find that a surprise monetary
policy tightening significantly lowers core inflation expectations at near-term horizons, whereas
the response at longer-term horizons is more muted. This effect does not die out after just a few
days, but is relatively persistent, which suggests that the impact on core inflation expectations

indeed may have an impact also on wider macroeconomic outcomes.



1 Introduction

In pursuit of fulfilling their price stability mandates, central bank policymakers are acutely
interested in inflation expectations. This is the case for at least two reasons: (i) these expec-
tations are viewed as a key determinant of future realized inflation, and (ii) long-run inflation
expectations are considered a useful gauge of central bank credibility. But all inflation is not
created equal. Because monetary policy works with considerable lags, policymakers like to fol-
low underlying inflation, stripping out the inflation contributions from the most volatile and
typically transitory components in the consumption basket. The ECB’s Governing Council has,
for example, in several recent policy statements said that ”the dynamics of underlying inflation”
will be a separate factor in its future interest rate decisions.

In this paper, we measure market-based euro area core inflation expectations. These core
expectations are not directly observable, but have to be inferred, because there is no financial
instrument directly tied to core inflation. Our approach relies on a novel Gaussian affine term
structure model of traded headline inflation-linked swap (ILS) rates, which we use for pricing
synthetic euro area core ILS contracts, hypothetical contracts tied to core inflation. The key
assumption underlying our approach is that the factors driving observable headline ILS rates
span the factors driving core inflation. This assumption appears reasonably uncontroversial,
as core inflation is a sub-component of headline inflation, which the observable headline ILS
rates are tied to. Our estimates of core ILS rates reflect both market participants’ genuine core
inflation expectations and a core inflation risk premium, but our model explicitly allows for
this decomposition. This means that our results give insights on both market participants’ core
inflation expectations as well as the perceived risks around the core inflation outlook.

We fit our model to three types of data: euro area ILS rates tied to the Harmonized Index
of Consumer Prices (HICP) excluding tobacco with maturities of 1, 2, 3, 5, 7, and 10 years;
realized month-on-month headline and core euro area HICP inflation; survey expectations from
the Survey of Professional Forecasters (SPF) for both headline and core inflation at horizons 1-,
2-, and 5-years ahead. We use ILS data from June 2005 to July 2023, restricting the remaining
data to this sample. The exception is the SPF, which did not ask respondent for their core
inflation expectations before the SPF 2016Q4. While we use the other data going back to
June 2005, the model does not have enough information to learn about how core inflation is
related to the factors driving headline ILS data before the 2016Q4 SPF. For this reason, our
core ILS estimates cover the period September 2016 through July 2023E| We estimate the model

1 As respondents are asked about their expectations around the start of the quarter, we attribute it to the
end-month of the proceeding quarter.



parameters by maximum likelihood using the Kalman filter, which can easily handle the fact
that the SPF data is quarterly whereas the rest of our data for the estimation is monthly.

The model fits these data well. In particular, the fitted headline ILS rates track the moves
in the observed series very closely, with an average root mean squared error (RMSE) of just a
couple of basis points. This also means that the model captures well the fact that near-term
headline ILS rates are more volatile than longer-term headline ILS rates and that ILS rates across
maturities are highly persistent. The RMSEs for the included survey-based expectations are
somewhat larger, but within a reasonable range of 5 to 30 bps, while the model also successfully
captures the broad fluctuations in observed headline and core inflation.

The model-implied estimates of core ILS rates appear reasonable along several dimensions:
(i) like realized core inflation is less volatile than headline inflation, the core ILS rates are less
volatile than headline ILS rates, (ii) core ILS rates comove less with oil prices than headline
ILS rates, (iii) the core inflation expectations, as reflected in core ILS rates, typically evolve
similarly as the core inflation projections by Eurosystem staff, and (iv) consistent with market
commentary at the time, core ILS rates suggest that market participants expected core inflation
to be substantially more persistent than headline inflation following the 2022 energy price spike.
Our model-implied decompositions of both headline and core ILS rates indicate a greater role
for fluctuations of genuine inflation expectations in near-term ILS rates, while inflation risk
premia dominate fluctuations in longer-dated ILS rates, such as the 5-year-in-5-years (5y5y)
forward rate. It also appears that headline inflation risk premia are more volatile than core
inflation risk premia, which may indicate that a substantial part of the headline inflation risk
premia is earned due to energy and food inflation risks. Genuine headline and core inflation
expectations are about equally volatile across different horizons. At the 5y5y horizon, both
headline and core inflation expectations are very stable, hovering close to the ECB’s 2 percent
target, in line with the expectations reported in surveys.

One key advantage of our core inflation expectations measure is that it is based on financial
market data, which means that it can be computed at, essentially, whatever frequency we
observe headline ILS rates. Other measures of core inflation expectations, such as from surveys
or projections based on macroeconomic models, are available at much lower frequency, usually
quarterly or monthly, at best. This relative infrequency means that these measures may at
times be of limited use for policymakers, as their signals can reflect stale information by the
time of a policy meeting. The relative infrequency also means that core inflation expectations
from surveys or macroeconomic models cannot be used to measure the immediate response

to events like monetary policy decisions. To illustrate the usefulness of the high-frequency



nature of our measure, we compute daily core inflation expectations and estimate the causal
impact of monetary policy shocks using the typical event-study methodology (see, for example,
Kuttner (2001) and (Gurkaynak et al.| (2005))). We find that a monetary policy tightening shock
significantly lowers core inflation expectations at near-term horizons, whereas the response at
longer-term horizons is more muted. The effect does not die out after just a few days, but is
relatively persistent, which suggests that the impact on core inflation expectations indeed has
the potential to impact wider macroeconomic outcomes. Based on lower frequency surveys or
macroeconomic models, similar inference would require different identifying restrictions, such
as sign-, short- or long-run restrictions in VARs, which may be harder to defend.

In addition to their relative infrequency, these other sources of core inflation expectations
typically focus on particular horizons, like the next one or two years. In contrast, we can
compute core inflation expectations at any horizon, including long-run horizons like the average
expectations over the 5yby horizons, which is often used to assess the perceived credibility of a
central banks’ inflation objective.

To the best of our knowledge, we are the first to price core ILS rates and decompose them into
market-based expectations for and risks around the core inflation outlook. But our approach is
related to several strands of literature. The term structure model that we use belongs to the
class of affine term structure models developed in Duffie and Kan| (1996]), Dai and Singleton
(2002)) and Duffee (2002), which are widely used for modelling the term structure of interest
rates (see Kim and Wright| (2005)), Christensen et al.| (2011)), \Joslin et al.|(2011]) and |Adrian et al.
(2013)), among many others). |Camba-Mendez and Werner| (2017) also use this class of models
for decomposing headline ILS rates into genuine inflation expectations and risk premia, while
Christensen et al.| (2010)), |Abrahams et al.| (2016)), and D’ Amico et al.| (2018]) use similar models
to extract headline inflation expectations and risk premia from nominal and real bonds, but
these studies do not explore core expectations and premia. Our approach to inferring core ILS
rates from headline ILS rates, realized headline and core inflation as well as survey expectations
for headline and core inflation is also related to |Ang et al.| (2008), Martin et al. (2021) and
Mouabbi et al.| (2021)) who use a similar methods to infer real interest rates from nominal bonds
and realized inflation and GDP-linked bond yields from dividend swaps and realized and survey
expectations for GDP growth, respectively. |Ajello et al. (2020)) is perhaps the study most closely
related to ours. They estimate a term structure model for nominal yields that allow for different
persistence of core, energy, and food inflation and use several other real activity data. Relative
to their study, we separately measure core inflation expectations and risk premia, we provide

core inflation expectations at a higher-frequency, and we provide evidence on the causal effects



of monetary policy shocks on core inflation expectations and risk premia.

The rest of the paper is structured as follows: Section [2| describes the synthetic core ILS
contracts in detail and provide intuition behind the information embedded in the swaps, Section
[3] presents term structure model for headline and core ILS rates, Section [] describes our data
and estimation procedure, Section [f] presents our empirical results, section [6] shows that a
monetary policy tightening shock leads to a decline in market-based core inflation expectations,

and Section [7] briefly summarizes our conclusions.

2 Core Inflation-Linked Swaps

In this section, we describe the synthetic core ILS contracts and provide some intuition behind
movements in associated swap rates. Specifically, we decompose the synthetic core ILS rates
into average expected core inflation over the lifetime of the swap contract and a core inflation
risk premium that compensates investors for core inflation risk. We then compare this swap
rate decomposition to that of the usual headline ILS contracts.

A zero-coupon core ILS contract, which we consider here, is a derivative product, where two
counterparties agree to exchange cash flows at a pre-determined date. The cash flows consist
of a fixed and a floating leg; the fixed leg is set when the swap contract is agreed, while the
floating leg is tied to a core inflation index that is only realized at settlement. In particular, the
protection buyer pays a fixed amount eh'ii(?’)L to the protection seller (assuming a notional amount

(c)

of 1), where 7, , is the agreed continuously compounded swap rate at time ¢ on the contract that

matures h years later. The protection seller pays a floating amount 7 /It(c) to the protection

t+h
buyer (again, assuming a notional amount of 1), where It(c) denotes the underlying core inflation

index at time t.

The swap rate ch}z is negotiated between the two counterparts such that the price of the
contract is zero at time t or, equivalently, that the prices of the fixed and floating legs are
equal. Under the assumption that arbitrage opportunities do not exist, the price of the fixed

. () () I(c) )
and floating legs are F; |:Mt’t+h€h %,h] = E; [My44) ein and E, [Mt7t+h§1], respectively,

t+
7
where My ¢ p = My i1 - M1 442+ .. Mygn—1,44n denotes the stochastic discount factor, which
discounts nominal cash flows from time ¢ + h back to time ¢, and E; [-] denotes the expectation

conditional on time t information. It then follows that the swap rate is given by
1 (o)
zgc})L =5 log E; [egf’”h"'”tﬁh] , (1)

where & 14, = log My 44 —log By [My 14p] and Wt(,ct)+h = log t(JCr)h —log It(c). Assuming that & ;4



(c)

and m, /., are both normally distributed, as will be the case in our model below, we have that

tt+
( RS0
(c) c
Yen = E [h Z T i1 | T C Z 7Tt+1 t14ir Stt+h | T Vt Z 7rt+z t+1+z] ) (2)
=0 =0
where C; [-, -] and V; [-] denotes covariance and variance conditional on time ¢ informationﬂ

The first term on the right-hand side of Equation is the average expected core inflation
rate over the lifetime of the swap contract. Intuitively, higher core inflation expectations increase
the swap rate (ceteris paribus). Higher expected core inflation over the lifetime of the swap
contract implies a higher expected cash flow on the floating leg of the contract. Thus, for higher
core inflation expectations, the protection seller requires (and the protection buyer is willing to
pay) a higher fixed leg rate to enter into the swap contract.

The second term on the right-hand side of Equation is a core inflation risk premium.
Suppose core inflation tends to be high when the stochastic discount factor is high (that is, in
"bad times”). In that case, the floating leg cash flows will be high when they are valued the
most. The protection seller requires, and the protection buyer is willing to pay, compensation
for that risk. This would result in the covariance term being positive and thus the swap rate
being above the average core inflation expectations over the lifetime of the swap contract. If
core inflation instead tends to be high when the stochastic discount factor is low, the intuition
is similar, but the risk premium is negative. The third and final term is a convexity term. In
our model below, this term is constant over time and relatively small, so we will simply refer
to the core inflation risk premium as the difference between the core ILS rate and the average
expected core inflation over the lifetime of the swap contract.

It is clear that the decomposition in Equation would equally apply to a swap contract

2To arrive at the expression in Equation (2), we wuse that E[ex] =  'T2°  when

c (e) (e)
X ~ N(po), which implies that E eﬁt,t+h+”§,f,)+h} = eE‘[Etaf+h+ﬂ-t,t+h}+%Vtktvﬂrh"'ﬂtiﬂrh] =

Bl ern] +E [ hen ] 3Ve [ ern]+ 5 Ve [m{ ] 4Ce €0 rpmom t)+h] Since Ei [€4,e4n] = E¢[log My rn] —
logE; [./\/lt t+n] = E¢[logMyiipn] — E[log Myiin] — 5% log My evn] = —%Vt [log My 4], and be-
cause fth [log My i4n] = f%Vt [&t,t4n] as log My ¢tn is the only random component of & 44p, it fol-

(e) (e) 1 (e) (e)
lows that E {eft’”’*“t,tﬂt} = e]Et[”erh]*?Vt [’rt,t+h]+ct [§t=‘+hr’”t,t+h}. Equation (2) then also uses that

7r§ tin = logI(C) logléc) = logIt(fr)h —logIt(JCr)h ) —‘,—logIt(Jcr)h 1= .—i—logI,Ei)l —logIt(C) = ﬂ§2h717t+h+. . .+W§?t)+l.



written on headline inflation. In that case, the decomposition would read

h—1 h—1
. 1 1 .
i p = Iy [h ; Teyitr1+i| +Cy 7 2-2; Tttit+1+i, St,t+h | + convexity
h—1
1 (c)
= why [h Z Topipriri| + (1 Z 7Tt+z t+ 14 (3)
i=0
h—1 =
1 .
wC n 15—61—)1 tr1ris Sttrn | (1 —w) Z +, t+1+z, &t 1+h | + convexity,
i=0 =0

where 4 j, denotes the swap rate on the contract that has headline inflation as the underlying

index, m 414 = wﬁgz_ (1 —w) 771:( ' +) 5, denotes headline inflation between time ¢ and ¢+ h, where
(fe)

t14p 18 food and energy inflation.

w is the weight on core inflation in the overall index and =
Thus, from Equation , it follows that an appropriately weighted difference between headline
and core ILS rates would recover food and energy ILS rates. It then also follows that estimates
of core ILS rates, as well as an expectation and risk premium decomposition of those rates,
would help shed light on the drivers of headline ILS rates.

Readers may be more familiar with the difference between a nominal and inflation-linked
bond as a measure market-based inflation compensation. Indeed, the decomposition of the
ILS rates into inflation expectations and an inflation risk premium is, in theory, identical to
that of the differential yield on a nominal and inflation-linked bond (see, among many other
examples, |D’Amico et al.| (2018])). In practice, however, the two may differ due to factors such
as liquidity or deflation protection options embedded in some inflation-linked bonds. In what

follows, we focus on swap rates as the universe of outstanding inflation-linked bonds tied to

euro area inflation is relatively small.

3 A Model of Headline and Core Inflation-Linked Swaps

In this section, we present a joint model for headline and core ILS rates. Our model belongs
to the class of Gaussian Affine Term Structure Models (ATSMs). We present the headline ILS

and core ILS parts of our model in sections [3.1] and respectively.

3.1 Headline ILS rates

We assume that headline inflation is a linear combination of n, factors X;. That is,

Tii41 = Y0 + YoXt+1 + Va1, (4)



where v and , are scalars, v, is a 1 x n, vector, and w1 ~ N (0,1). The factors follow a

first-order Gaussian vector autoregression (VAR), such that
Xip1 = p+ @Xy + Xegqa, (5)

where p is an n, X 1 vector, ® is an n, X n, matrix, X is an n,; X n, matrix, and g;.41 ~ N (0, 1)
is an n, X 1 vector of i.i.d. normal shocks. Finally, we assume that the stochastic discount
factor takes the form

1

. ’ —_\/
Metb1 By [ My ] = e~ 2NN TAEERL (6)

where \; is the n, x 1 vector with market prices of risks. These market prices of risks are affine
in the factors. That is,
A =571 00 + A Xe) (7)

where \g is an n, x 1 vector and A; is an n, X n, matrix.
The model assumptions in equations through @, together with the no-arbitrage restric-

tion in equation , implies that we can write headline ILS rates recursively as

¥ L1y, —1)-i
elvith — E, [eﬁz,t+h+7rt,t+h] =F, |:e7rt,t+1 MM —Aetp1+(h—1) 'Lt+1,h—1i| ) (8)

It then follows, by guess and verification, that headline ILS rates of all maturities are affine in

the factors. That is,

. 1
ith =3 (an +bpXy) , (9)

where the intercepts aj, and factor loadings by, are given by the recursions
bh = (bh—l + 'Yx) ((I) - )\x) (10)

1 1
ap, = ap—1+ (bp—1 +vz) (L — Xo) + 3 (bho1 +72) 2% (b1 + ) + 5%% + 70, (11)

with the initial conditions ap = 0 and by = O(1xp,). Appendix A provides details on the
necessary derivations.
This part of our model is fairly standard, in the sense that it has the structure of the popular

Gaussian ATSM developed in Dai and Singleton (2002) and (2002). These models are

often used to model the term structure of nominal interest rates, or the term structures of
nominal and real interest rates jointly. In joint nominal/real models, the inflation break-even
rates have the same structure as the model we present here (see, among others, m
(2008)), |Christensen et al.| (2010), Abrahams et al.| (2016), Ajello et al| (2020) and




et al.| (2018)).

3.2 Core ILS rates

To have a joint model for headline and core ILS rates, we need one further assumption on the
dynamics of realized core inflation. We assume, analogously to headline inflation, that core
inflation is a linear combination of the n, factors. That is,

WE,Ct)Jrl = 7(()6) + 99X + Yvrga, (12)

where 'y(gc) and -y, are scalars, 'yg(;c) is a 1 x n, vector, and vgr1 ~ N (0, 1).

The assumption that core inflation is driven by the same set of factors as headline inflation
should be relatively uncontroversial: since headline inflation is a weighted average of core and
food and energy inflation, it should reflect any factors driving core inflation. If there are factors
driving food and energy inflation, which do not show up in core inflation, then those factors
should still show up in headline inflation. Equation is consistent with this scenario when
the relevant entry in 'yg(gc) linking core inflation to those factors are set to zero, while the relevant
entries in Equation linking headline inflation to those factors would be non-zero.

Combining equation with the rest of the model structure from above, it follows that

core ILS rates must follow the recursions

:(c) (e) 1 -(c)
eh'lt,ch _ Et |:e7rt,ct+12)‘?"5A2€t+1+(h1)'zti1,h1:| . (13)

Using all the same arguments as before, it follows that core ILS rates of all maturities are affine
in the factors. That is,

-(C 1 C Cc
i =3 (af? +017%:) (14)

where the intercepts a,(f) and factor loadings béc) are given by the recursions

b = (B2, +14) (@ = X (15)

c c c c ]. c c C c 4 1 Cc
af? =y + (2, +24) (= 20) + 5 (82, +91) =% (62, +91) + 5924907, (16)

with the initial conditions a” = 0 and b’ = 01, ).



4 Identification, Data, and Estimation

In this section, we describe how we take our joint model for headline and core ILS rates to the
data, when core ILS rate data do not exist. Section discusses how we identify unobservable
core ILS rates using only data on headline ILS rates and realized core inflation. Section
provides details and a preliminary look at the data that we use. In section we outline our

estimation procedure.

4.1 Identification

If we observed core ILS rates over time, then we could simply estimate the model parameters
of the single-asset portion of our joint model in section [3.2] using standard approaches for
estimating ATSMs. This is the approach taken by many previous studies, such as, for example,
Kim and Wright| (2005), |Christensen et al.| (2009)), Joslin et al.| (2011)), |Adrian et al.| (2013]) for
the term structure of nominal bonds or (Camba-Mendez and Werner| (2017)) for headline ILS
rates. Alternatively, we could have estimated the entire joint model using a vector of both
headline and core ILS rates over time. This would be similar to, for example, |(Christensen et al.
(2010)), |Abrahams et al.| (2016]), D’Amico et al. (2018]) for nominal and real bonds or |Anderson
et al.| (2010), Meldrum et al. (2023]) for multi-country nominal bonds.

But the fact that we do not observe core ILS rates means that we need to consider a
different approach. In theory, we could identify all the parameters of our joint model using data
on headline ILS rates and realized core inflation. To see this, consider the following two-step
procedure. In step one, we would identify the latent factors and the parameters of the single-
asset model in section This would essentially be the approach and model estimated for
HICP ILS in |Camba-Mendez and Werner| (2017). In step two, to be able to infer the factor
loadings of core inflation, we would regress realized core inflation onto the estimated latent
factors to identify the additional parameters in equation . In practice, we estimate all the
model parameters in a single step, which should be more efficient. We also consider survey
expectations for both headline and core inflation. Adding these data has two advantages. First,
it helps identify the time series parameters for the factor dynamics because expected headline
and core inflation are linear combinations of the expected factors in the model (as explained in
Kim and Orphanides| (2012)) for nominal interest rates). Second, it gives additional observations
from which we can infer the parameters 7((]0), g(ﬁc). Our approach to infer core ILS rates is similar
to that used in, for example, Ang et al. (2008)) to infer real yields from nominal yields and
inflation or Martin et al. (2021) and |Mouabbi et al.| (2021)) to infer the prices of GDP-linked

bonds from dividend swaps and GDP growth.



The illustrative two-step procedure above makes it evident that the key assumption that we
are making is that headline ILS rates span the relevant information for pricing core ILS rates.
That is, headline ILS rates reveal all the relevant factors X;. This seems like a reasonable
assumption, because core inflation is a component of headline inflation. It is possible, however,
that there are unspanned (or "hidden”) factors. This could arise, for example, if there is a
factor that moves core ILS rates up, but energy ILS rates down, such that headline ILS rates
are exactly unchanged. In that case, we would not be able to infer this factor from headline ILS
rates alone and we would then not be able to infer how core ILS rates load on that factor. In
theory, these are "knife-edge” restrictions (Duffee (2011)): even a small non-zero loading would
allow us to infer relevant the factors. In practice, however, small non-zero loadings may make
identification difficult or imprecise.

Unfortunately, it is difficult to test the spanning assumption. Some previous tests of the
spanning assumption (such as |Joslin et al.| (2014])) have relied on a regression of the variable
that is assumed to be spanned on the variables that are supposed to span that variable. In our
case, a regression of core inflation onto headline ILS rates. The idea behind this test is that the
resulting R? will likely be very high, if the variable is indeed spanned. Bauer and Rudebusch
(2017)) show, however, that even if the variable of interest is fully spanned, we may get low
R?’s in these regressions if the spanning variables are observed with even tiny measurement
errors. It may also be that some short-run fluctuations in the variable that is assumed spanned
is unimportant for pricing the spanning variables. This would likewise lead to low R?’s in the
regression (Kim/ (2009)).

That said, there are some potential red flags to look for that may indicate issues related to
the spanning assumption. One such red flag is if the model fits core inflation using a factor that
does not explain much variation in headline ILS rates. That may indicate that a good portion
of the variation in core inflation is unrelated to that priced into headline ILS rates. Another red
flag is if the model provides a poor fit to either core inflation or headline ILS rates altogether.
This may indicate that the model struggles to fit both sets of data using the same underlying
factors and ”gives up” along one of the dimensions. It appears, however, that we are not in any

of these situations. We will elaborate on this claim in the empirical section below.

4.2 Data

We use three sets of data to estimate the model. The first set of data we consider is end-month

zero-coupon headline ILS rates tied to the euro area Harmonized Index of Consumer Prices
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Table 1: Sample moments of observable ILS rates

ly 2y 3y 5y Ty 10y

Mean 1.6 1.5 1.6 1.6 1.7 1.8
Standard deviation 1.0 0.7 0.7 0.6 0.5 0.5
Autocorrelation 093 094 095 096 0.97 0.97

Note: ILS rates tied to euro area HICP excluding tobacco. The
third row reports first order autocorrelation. Data are monthly
from June 2005 to July 2023.

(excluding Tobacco) with maturities of 1-, 2-, 3-) 5-, 7-, and 10—yearsE| These data are available
from June 2005 and our sample end in July 2023. Table [1| provides some summary statistics
for these variables: In our sample, the average headline ILS rates have been somewhat below
2 percent, but increasing with maturity. Longer maturity headline ILS rates are less volatile
than nearer-term ones, and all headline ILS rates are highly persistent with auto-correlations
close to oneff Figure [1] shows time series of the raw data for ILS rates. Headline ILS rates of
different maturities comove strongly and suggest a fairly low-dimensional factor structure. We
confirm this by principal component analysis, which suggest that three principal components
explain 99.96 percent of the variation in the cross section of headline ILS rates. We therefore,
as is typical in the literature on the nominal term structure of interest rates, consider a three
factor model (that is, ny = 3).

The second set of data we include are realized inflation data. For headline, we use month-to-
month changes in euro area HICP, while for core we use euro area HICP excluding food, energy
and tobacco. These data are also available monthly and cover the full June 2005 through
July 2023 sample. While it is not strictly necessary to include the realized headline inflation
measure in the estimation, we nevertheless choose to do so to treat headline and core inflation
symmetrically.

Finally, the third set of data we include are survey-based inflation forecasts. We use expected
headline and core inflation reported in the ECB’s Survey of Professional Forecasters (SPF). The
SPF has been conducted since 1999 and asks a number of experts employed at financial and
non-financial institutions (for instance research institutes) about - inter alia - their point forecast

of euro area headline and core inflation over a range of horizons. We use the mean of survey-

3Note that ILS rates are subject to an indexation lag of three months. Following|Camba-Mendez and Werner
(2017), we adjust ILS rates for this indexation lag by interpolating the ILS-implied projection of the overall price
index and computing purely forward-looking implied ILS rates from this price index projection.

4Given the relatively short sample, it is well-known that auto-correlations may have a downward bias in
highly persistent data. In our case, we incorporate information from surveys, following Kim and Orphanides
(2012)), to alleviate this issue. Alternatively, one could apply a statistical bias correction as in |Bauer et al.| (2012)
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Figure 1: Time series of observable ILS rates
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Note: ILS rates tied to euro area HICP excluding tobacco. Data are monthly from June 2005 to July 2023.

respondents’ expectations to headline and core inflation at the 1-, 2-, and 5-year horizons. The
survey has quarterly frequency and is typically conducted at the beginning of each quarter,
so we align it with the last end-month observation in the previous quarter. Before the fourth
quarter of 2016, the SPF did not ask respondents for their core inflation expectations, so we

are not able to use survey-based information about core inflation before then.

4.3 Estimation

Our model can be written as a linear-Gaussian state space system. The measurement equation

reads - o o ) )
1 a b oW ¢
T 0 u
t]_ Y " Ve X, + YuUt ’ (17)
7r(C) (e) (¢)
t Yo Yz Yot
L St ] i d}O ] i Q;bx ] _Usws,t_

where 4; is a vector collecting headline ILS rates, a and b are given from the equations
and , s¢ is a vector collecting headline and core survey expectations, and vy and 1, are
survey loadings which follow from equations , , and . The variables w;+ ~ N (0, 1)
and ws; ~ N (0,]) are measurement errors on headline ILS rates and survey expectations,
respectively, where o; and o denotes their standard deviations. The transition equation of the
state space system is given by equation . We can then estimate the model parameters by
maximum likelihood, using the Kalman filter to evaluate the likelihood function. Using the

estimated model parameters and latent factors, we can then infer core ILS rates using equation
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().

As the factors are treated as latent, we must impose identifying restrictions on the parame-
ters of the ATSM (see, for example, Dai and Singleton| (2002), Joslin et al.[(2011), and Hamilton
and Wul (2012)). We impose the restrictions that u = 0, 1), that ® is lower triangular, and
that X is the identity matrix. We choose to estimate the standard deviation of headline ILS
measurement errors (assuming it is the same across maturities) within the estimation procedure,
but, as in |Kim and Orphanides (2012), calibrate the standard deviation of survey measurement
errors. We set the standard deviations at 10, 15, and 25 basis points for the 1-, 2-, and 5-year
ahead expectations, respectively. Because we are interested in measuring market-based mea-
sures of core inflation, we calibrate them to somewhat higher values than the standard deviation
on headline ILS rate measurement errors will turn out to be. In this way, we ensure that the
estimation does not overemphasize survey information but rather track its broad movements

over time.

5 Empirical Results

In this section, we report our main empirical findings. We report parameter estimates, im-
plied factor loadings, and in-sample fit to both headline ILS rates, headline and core inflation
expectations from surveys as well as realized headline and core inflation. We attempt to evalu-
ate the validity of our spanning assumption (that core inflation is spanned by the three latent
factors summarizing headline inflation dynamics). Then we compute synthetic core ILS rates
implied by our model and decompose both headline and core ILS rates into genuine inflation
expectations and inflation risk premia. Finally, to verify that our synthetic core ILS rates be-
have reasonably, we conduct two ”out-of-sample” exercises. First, we show that genuine core
inflation expectations from our model are broadly similar to forecasts of core inflation from the
Eurosystem staff projections, and that revisions to expectations for a given calendar year co-
move positively. Second, we show the rather intuitive results that, while spot oil prices explain
part of the variation in headline ILS rates, it explains much less of the variation in core ILS

rates.

5.1 Parameter Estimates

Table [2] shows the estimated and calibrated parameters characterizing the dynamics of our
three pricing factors (X;) under the physical (P) and risk-neutral (Q) measures. Under both
measures, shocks to the first and third factor display very high auto-correlation, while shocks

to the second factor die out more quickly. The high persistence of the first and third factor

13



under the physical measure captures the high auto-correlation of the observable headline ILS
rates reported in Table [T}

Turning to the model-implied factor loadings, headline ILS rates across maturities load about
equally on the third factor (see Figure . The model-implied synthetic core ILS rates also load
about equally on the third factor across the term structure, but the loadings are somewhat
smaller compared to the loadings for headline ILS rates. Overall, the third factor appears to
have the classic "level”-factor interpretation, moving both headline and core ILS rates up or
down about equally across the term structure.

Headline ILS rates load more heavily on the second factor compared to core ILS rates. This
is particularly pronounced for nearer-term maturities, as the loadings for both headline and
core ILS rates decrease as a function of the maturity of the swap contract. As the second factor
is also estimated to be the least persistent factor, the factor - although it is a purely latent and
statistical factor - could be capturing effects of temporary energy price shocks. A temporary
energy price shock should be expected to primarily affect relatively short-horizon headline 1LS
rates, while eventually dying out as the horizon increases. The effect on core ILS rates should
be muted relative to the effect on headline ILS rates, as the energy shock is only expected to
partially spill over to underlying inflation.

The first factor allows for somewhat interesting dynamics between headline and core ILS
rates. Core ILS rates load positively on the first factor, while headline ILS rates load negatively
on the first factor. This pattern allows a shock to the first factor to move headline and core ILS

rate in opposite directions on impact.

5.2 Model fit to headline ILS rates, survey data and realized inflation

Overall, the model fits all of the input data quite well. Model-implied headline ILS rates are,
across the maturity spectrum, virtually indistinguishable from the observed swap rates, with
RMSEs in the order of just a few basis points (see Figure [3). This also means that the model
captures well the fact that near-term ILS rates are more volatile than longer-term ILS.

The model also fits headline and core inflation expectations as reported in surveys quite well,
although the fit is not as tight as for ILS rates (see Figure [4). The RMSEs range between 5
and 30 basis points, with nearer-term forecast fitting errors generally larger than longer-horizon
fitting errors. Again, the model successfully captures the pattern that more near-term survey
forecasts show higher volatility than longer-term forecasts. In particular, the model captures
well that 1-year ahead survey forecasts increased substantially in 2022, while 5-year ahead

forecasts only edged higher.
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Table 2: Estimated and calibrated parameters from the model

uf 0 0 0 p®  0.06 0.15 -0.03
o 0.98 ®@  0.98 -0.03 0.00
-0.04 0.76 -0.05 0.84 0.02
0.02 0.11 0.98 0.02 0.00 0.99
) 1 0 0
0 1 0
0 0 1
v 171 e 167

v 010 072 005 A 022 032 0.04

Note: pf is calibrated to zero, while ¥ is calibrated to be an

identity matrix. ®7 is restricted to be lower triangular. The

remaining parameters are estimated. o, Ve, 'y(()c) and %(f) are

multiplied by a factor 1.000 to show granularity.

Figure 2: Factor loadings for headline and core inflation
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Note: Estimated factor loadings for headline ILS rates and synthetic core ILS rates (equation @D and )
The x-axis represents the maturity of ILS rates in months.
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In terms of realized headline and core inflation, the model also shows a reasonable fit (see
Figure . While the model does not fit all of the seasonal variation of the month-to-month
inflation series, it captures the overall trend in headline and core inflation very well. Before
2016, the fitted core inflation series is somewhat above the realized one, potentially reflecting
that the model has limited information about core inflation over this early period due to the

lack of information about core inflation from surveys.

5.3 The spanning assumption

One key assumption in our model is that core inflation is a linear combination of the pricing
factors spanning headline ILS rates. As discussed in section [4.1] validating this assumption is
not straightforward, but there are some promising indications from the model output.

First, both headline and core inflation have non-zero loadings on all three pricing factors
(see Figure . In fact, the fit of all information about core inflation — both the realized series
and survey expectations — appear to be fitted about as well as the headline counterparts. This
means that all of the factors driving headline ILS rates also appear important for core inflation,
which means that we can indeed infer something about core inflation from headline ILS rates.

Second, none of the three factors appear unimportant for fitting headline ILS rates, as
loadings are all reasonable away from zero (again, see Figure . That means that we are
unlikely to be in the case where the model uses one factor to fit core inflation expectations and
that factor is unimportant for headline ILS rates. This would be unfortunate because if there
was a factor in core inflation that did not show up in headline ILS rates, we would not have
been able to infer anything about its market price of risk parameters. This could have been the
case if one of the factors moved core inflation and energy and food inflation in exactly offsetting

direction, so the overall impact on headline inflation was exactly zero.

5.4 Implied core ILS rates

Based on our estimated model, we can calculate model-implied synthetic core ILS rates using
the estimated factor time series and the model parameters. Figure [6] shows the time series of
the model-implied core ILS rates along with the model-implied headline ILS rates. We report
core ILS rates since 2016Q4, as the model does not have much information to estimate these
prior to core survey expectations becoming available.

In the early parts of the overlapping sample, core ILS rates moved broadly in tandem
with headline ILS rates, with both falling short of the ECB’s 2 percent inflation target across

maturities. This reflects that realized inflation had been running relatively low for some time.
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Figure 3: Model fit to ILS rates
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Note: Model-based headline ILS rates compared to raw data. Monthly data from June 2005 to July 2023.
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Figure 4: Model fit to survey data
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measure. Monthly ILS data from June 2005 to July 2023. Headline and core inflation expectations from
the Survey of Professional Forecasters at quarterly frequency.



Figure 5: Model fit realized headline and core inflation
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Note: Month-on-month inflation for the euro area HICP (headline) and HICP less food and energy (core),
June 2005 to July 2023.

Later in the sample, the two series differ more substantially. In particular, in early 2020, as
the COVID-19 pandemic spread across Europe and the rest of the world, headline ILS rates fell
markedly. Core ILS rates also declined, but less than headline ILS rates. The difference was
more pronounced for the longest maturities, where the drop in core ILS rates was rather small.
Over 2021 and 2022, both headline and core ILS rates trended up as inflationary pressures built.
Headline ILS rates peaked substantially above core ILS rates in late 2022, as energy inflation
shot up dramatically. As energy inflation eased, headline ILS rates came off their peak in early-
to mid-2023 and even fell below core ILS rates for maturities of two years and above, consistent
with the narrative that underlying inflation was proving stickier than headline inflation.
Tables [3] and [ report selected moments for model-implied core and headline ILS rates,
respectively. The unconditional moments are generally in line with standard intuition from
above. Headline and core ILS rates roughly share unconditional means, which come out a touch
below two percent, consistent with realized headline and core inflation trends over the sample.
At near-term maturities, core ILS rates are less volatile than headline ILS rates, which seems
intuitive as realized core inflation is also less volatile than headline. The difference in volatility
narrows as the maturity of the contracts grows, however. As explained in detail in section
above, these unconditional moments may hide details about the volatility of genuine inflation
expectations and inflation risk premia. Therefore, we next decompose both headline and core

ILS rates into those components.
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Figure 6: Model-implied core ILS rates
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Note: Synthetic core ILS rates and fitted headline ILS rates from the model. Monthly data from June 2005
to July 2023. Synthetic core ILS only shown in the period, where SPF core expectations are available.
The black line represents the ECB’s current medium-term inflation target.
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Table 3: Moments for model-implied core ILS rates

ly 2y 3y oy 7y 10y

Mean 16 15 16 16 1.7 1.9
Standard deviation 09 07 07 06 05 05
Autocorrelation (1 lag) 0.96 0.96 0.96 0.96 0.96 0.95

Note: Selected moments of the sample of core ILS rates from September
2016 to July 2023 (due to availability of SPF core inflation expectations).

Table 4: Moments for fitted headline ILS rates

ly 2y 3y 5y 7y 10y

Mean 1.7 15 15 15 15 16
Standard deviation 1.3 09 08 07 06 05
Autocorrelation (1 lag) 0.95 0.96 0.96 0.97 0.97 0.98

Note: Selected moments of the sample of headline ILS rates from
September 2016 to July 2023 (due to availability of SPF core inflation
expectations).

5.5 Decomposing headline and core ILS rates

In order to decompose headline and ILS rates, we calculate model-implied average headline
and core inflation over the same term structure as we have ILS rates. This is done using the
expressions for headline and core inflation in equations and combined with the estimated
factors and the factor dynamics in equation . The headline and core inflation risk premia
are then the difference between the ILS rates and the genuine expectations.

Figures [7] and [§] show the model-implied time series of the decompositions into genuine
expectations and risk premia for selected maturities for headline and core ILS rates, respectively.
In both cases, we find that nearer-term ILS rates display more volatility in the genuine inflation
expectations component relative to longer-term ILS rates. Further out the term structure, at
the 5ydy forward horizon for example, the expectations component is rather stable, as most of
the fluctuations in ILS rates are estimated to reflect risk premia. That said, genuine inflation
expectations at the 5ydy horizon did increase from 1.9 percent in end 2020 and reached its peak
of 2.1 percent in April 2022@

The headline inflation risk premium generally fluctuates quite a bit more than the core

5The fact that long-term core inflation expectations were slightly below 2 percent before the pandemic could
reflect that the ECB’s quantitative inflation target was to keep inflation close to, but below 2 percent before its
strategy review in September 2021.
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inflation risk premium. The headline inflation risk premium was initially positive, but turned
negative for a number of years in the early 2010’s, before becoming positive again following the
inflationary pressures in 2021. In contrast, the core inflation risk premium was rather stable
around zero, until it increased amid the inflation surge in 2021 and 2022. As inflation risk
premia are generally thought to be positive if inflation is expected to be high when marginal
utility is high, for example in stagflationary environments, this suggests that core inflation risks
had been reasonably balanced, although at a mean somewhat below the ECB’s 2 percent target,
before core inflation risks starting moving to the upside in 2021 following prolonged inflationary
pressures.

Figure [ compares the unconditional properties of these components more explicitly. Con-
sistent with the sample considered, we find that genuine core inflation expectations fall a touch
below genuine headline inflation expectations, on average, but the difference shrinks as the
horizon considered increases. Likewise, the core inflation risk premium falls a touch below the
headline inflation risk premium.

In terms of variation, headline and core inflation expectations are broadly equally variable
and the variability declines with time to maturity, consistent with long-horizon inflation ex-
pectations being well anchored close to the ECB’s 2 percent inflation target. In contrast, the
headline inflation risk premium has been more volatile than the core inflation risk premium.
This is consistent with the relatively big swings in the headline inflation risk premium, which
was initially generally positive, then negative for several years, before turning positive again in
recent years, while the core inflation risk premium was rather stable around zero, before trend-
ing up over 2021, 2022, and 2023. This pattern suggests that headline inflation risk premia
are generally primarily fluctuating due to inflation risk associated with the food and energy

components of the consumption basket.

5.6 Two ”reasonability” exercises

As neither the core ILS rates nor genuine core inflation expectations from our model has an
observable counterpart for comparison, we conduct two reasonability exercises to be comfortable
about the reliability of our estimates. First, we compare our genuine core inflation expectations
to the outcomes of the ECB and the Eurosystem’s Macroeconomic Projection Exercise (MPE)H
As the MPE provides calendar-year based forecasts for core inflation, we calculate the same
object from our model by constructing core inflation expectations for a given calendar year as

the average expected change in the price level compared to the previous year. The genuine

5As we do not re-estimate the model for each forecasts, this constitutes a pseudo out-of-sample forecast
exercise.
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Figure 7: Decomposition of synthetic core ILS rates
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Note: Synthetic core ILS rates decomposed into genuine core inflation expectations and core inflation risk
premia. Monthly data from September 2016 to July 2023.
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Figure 8: Decomposition of ILS rates
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Figure 9: Moments for genuine inflation expectations and inflation risk premia
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Table 5: Percent of variation explained by spot oil prices

ly 2y 3y oy 7y 10y
Inflation-linked swap Headline 17 21 21 20 17 13

Core 0O 0 0 0 o0 1
Genuine expectations  Headline 9 10 10 10 10 11
Core 0O 0 0 0 o0 0
Inflation risk premium Headline 23 21 19 16 13 8
Core 8 7 2 0 O 1

Note: Adjusted R?’ from regressing monthly changes in (core) ILS rates,
genuine inflation expectations, and the inflation risk premium on monthly
changes in the spot price of Brent oil. Monthly data from June 2005 to
July 2023.

core inflation expectations from our model turns out to be broadly similar to core inflation
expectations from the MPE and revisions to expectations implied by our model and the MPE
tend to move in the same direction (see Figure . During 2021, for example, there were
big upward revisions for 2022 inflation expectations from both our model and the MPE. In a
similar vein, both our model and the MPE forecasts for the calendar year 2020 were revised
down during 2019 and 2020. Hence, our model seems to pick up similar information about the
core inflation outlook as the projections conducted by the ECB and the Eurosystem based on
macroeconomic information.

As a second reasonability check, we regress monthly changes in our core ILS rates on monthly
changes in the spot price of Brent oil. Table [5| reports R?’s from such regressions for selected
maturities. Across maturities, movements in the oil price explain very little or even none of the
variation in our core ILS rates, while spot oil prices explain about 10-20 percent for headline
ILS rates, depending on maturity. For the individual components of ILS rates, we also find
that oil price fluctuations co-move more strongly with headline inflation expectations and risk
premia compared to the counterparts for core inflation. These findings appear rather intuitively
appealing. Unreported results suggest that the results are robust to using various maturities of

futures prices on Brent oil rather than the spot price.
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Figure 10: Evolution in fixed calendar-year expectations to core inflation

2017 2018 2019
5 51 5r
Model Model Model
4 MPE al MPE 4 MPE
3 3r 3

0 — 0 — 0 —
Jan 2015 Jul2016 Jan2018 Jan?2016 Jul2017 Jan2019 Jan2017 Jul2018 Jan 2020

2020 2021 2022
5r 5r 5r
Model Model Model
4 MPE al MPE 4 MPE
3 3r 3
2 2r 2
" i W d
0 — — 0 — —_— 0 * —_—
Jul 2018  Jan 2020 Jan 2020  Jul 2021 Jan 2020  Jul 2021 Jan 2023

Note: ”Model” is market participants genuine expectations to core inflation implied from our model. MPE
refers to the Eurosystem’s staff projections of core inflation. The frequency is quarterly to match that of the
Eurosystem staff projections.
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6 Monetary Policy Transmission to Headline and Core Inflation

Expectations

One key advantage of our measure of core inflation expectations is that they can be computed
at, essentially, whatever frequency that we observe headline ILS rates. In particular, we can
compute our measure on a daily basis[] In contrast, other measures are usually only available
at much lower frequency. The SPF and the ECB staff projections, for example, are available
only four times a year. Other surveys or macroeconomic projections may be available at a
monthly frequency, but typically not more frequently than that. This high-frequency feature
of our estimates make them useful for at least two reasons: (i) it provides policymakers with
a real-time read on core inflation expectations, and (ii) it facilitates event-studies that can
give valuable information on the causal effects of, for example, monetary policy shocks on core
inflation expectations.

In this section, we make use of the high-frequency feature to measure the causal effects of
monetary policy shocks on inflation expectations based on the event-study methodology. To
measure monetary policy shocks mps;, we use an updated version of the data from |[Altavilla
et al.|(2019). We identify monetary policy shocks as the first principal component of changes in
the 1-, 3-, 6-month, and 1- through 10-year OIS rates tied to the €STR around ECB Governing
Council monetary policy decisions. The changes in OIS rates are measured as the median
quotes 10-20 minutes before the ECB press release and 10-20 minutes after the end of the press
conference that follows the press release. We exclude events where the monetary policy shock
and the Eurostoxx 50 index moves in opposite direction, because this likely signals that the
event contained a central bank information shock (see |Jarocinski and Karadi (2020])). This
could happen if the ECB Governing Council signalled that they judge the economy may be
stronger /weaker than market participants expected. This may interfere with our inference
for inflation expectations, as higher rates would be expected to lower inflation but a stronger
economy would be expected to boost inflation. Our interest is not in these information shocks,
but rather pure monetary policy shocks.

To measure the effect on core inflation expectations, we then run the standard event-study
regressions

Ayirn = a+ B-mps; + Uy, (18)

" Although we have estimated our model on monthly data above, we can re-formulate the model in daily
terms by redefining the transition equation of our model. When implementing this, we fix the model parameters
and add the daily observable headline ILS rates to our data set. We then re-run the Kalman filter and infer the
state variables and core ILS rates day-by-day. The Kalman filter easily handles the fact that there are missing
observations because the realized inflation series and SPF responses only are available at monthly and quarterly
frequency, respectively.
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where Ay;yp, measures the change in the outcome variable between time ¢ — 1 (i.e. the closing
price the day before the Governing Council meeting) and ¢ + h. In our baseline specification,
we consider the change in headline and core ILS rates for different maturities, but we also
run the regressions for the genuine inflation expectations and inflation risk premia components
separately. Our sample is limited by the availability of core ILS rates; while the sample is short,
it is one with interesting ECB policy events, as it covers the pandemic period and the 2021-2023
bout of inflation and associated policy response. When implementing equation , we set h to
be 3 days. That is, we measure the change in the relevant outcome variables as the difference in
the value on the day before the ECB policy event and three days later. The choice of h involves
a trade-off. On the one hand, picking A to be small runs the risk that the new information is
not yet fully reflected in the ILS outcome variable. For example, Bahaj et al.| (2023)) report that
fundamental shocks to UK ILS rates are incorporated in the pricing after 2-3 trading days. On
the other hand, picking h to be too large runs the risk that inference is unnecessarily noisy due
to other non-monetary news. We judge that 3 days is a reasonable compromise, but also report
results for other choices below for robustness.

Table [6] reports the results for both headline and core ILS rate for maturities of 1-, 5-, and
10-year maturities. It also reports the results for the genuine expectations and risk premia
components. We find that a one standard deviation monetary policy shock reduces 1-year
headline ILS rates by 7 basis points, while it reduces 1-year core ILS rates by close to 3 basis
pointsﬁ Both effects are statistically different from zero, despite the relatively small sample.
The fact that a monetary policy shock affects headline ILS rates more than core ILS rates
suggest that monetary policy have larger effects on food and energy inflation expectations (or
risk premia) than on core inflation expectations, for example because it is expected to affect
commodity prices in the relatively near-term by dampening demand in the economy. That
said, monetary policy shocks do also affect core ILS rates. At longer horizons, such as the 5-
and 10-year maturities, the differences between the effect on headline and core ILS rates are
smaller: we estimate that a monetary policy tightening shock of one standard deviation leads
to a decline in 5-year headline and core ILS rates of about 3 and 1 basis points, respectively.
For 10-year ILS rates, the same numbers are 2 and 1/2 basis points for headline and core. That
the difference in the effect decreases with the horizon may indicate that the effect on food and
energy inflation may die out more quickly than the effect on underlying inflation.

The effects of monetary policy shocks on headline and core ILS rates may reflect either

genuine expectations or inflation risk premia. It could be that the response of headline ILS

8 A one standard deviation shock correspond to OIS rates increasing by about 3 basis points across the term
structure.
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rates mostly reflects headline inflation risk premia, while the response of core ILS rates mostly
reflects genuine core expectations. The two lower panels of table [f] separate out the effects into
the expectation and risk premia components. We find that the headline inflation risk premium
indeed does responds more strongly than the core inflation risk premium. This is particularly
the case for the shortest maturities, but it is also true for the medium- and long horizons. That
said, this does not fully explain the difference in the response of headline and core ILS rates. We
still find that genuine headline inflation expectations responds more than genuine core inflation
expectations for the 1-year horizon, while the difference is negligible at the medium- and long
horizons.

Figure|l1|reports the results for varying choices of h. The main take away is that the results
remain robust to different choices and that the baseline choice of h = 3 remains reasonable.
The figure is also useful for judging the persistence of the effects of monetary policy shocks on
inflation expectations. If the effects on inflation expectations died out quickly, over the course
of a couple of days, say, it would be unlikely to ultimately have much significance for wider
macroeconomic outcomes. But the figure suggests that the effects on inflation expectations,
both headline and core, are rather persistent and still appear to last at least 10 business days
after the initial shock. Although the signal gets noisier the wider the h-window becomes, this
does provide suggestive evidence that monetary policy shocks have lasting effects on inflation

expectations.
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Table 6: Estimated effect of a one standard deviation monetary policy shock

Headline Core

1Y 5Y 10Y | 1Y 5Y 10Y

ILS A -7.41 285 -1.72 | -2.70 -0.68 -0.28
t-stat | -4.13 -3.66 -3.58 | -3.70 -1.79 -0.78

R? 0.35 0.30 0.29 | 0.30 0.09 0.02

Expectations B -4.86 -1.48 -0.87 | -2.03 -0.64 -0.39
t-stat | -4.08 422 -417 | -2.83 -1.93 -1.99

R? 0.35 0.36  0.36 | 0.19 0.09 0.10

Risk premia 3 -2.55 -1.37  -0.85 | -0.67 -0.04 0.12
t-stat | -3.75 2.81 -2.70 | -3.25 -0.21  0.53

R? 0.31 020 019 | 0.26 0.00 0.01

Note: Monetary policy shocks are the first principal component spanning
changes in 1-, 3-, and 6-months as well as 1-10 year OIS rates during policy
events. The series of shocks are normalised to have a unit standard deviation.
The sample spans monetary policy events from September 2016 to June 2023,
excluding information shocks (yields and stock prices moving in the same di-
rection). The final number of events is 32. The responses are estimates of 5 in

equation [I8| with h = 3.
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Figure 11: Estimated effects of a monetary policy shock on expectations and risk premia
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Note: Monetary policy shocks are the first principal component spanning changes in 1-, 3-, and 6-months
as well as 1-10 year OIS rates during policy events. The series of shocks are normalised to have a unit
standard deviation. The sample spans monetary policy events from September 2016 to June 2023, excluding
information shocks (yields and stock prices moving in the same direction). The final number of events is

32. The responses are estimates of 8 in equation [18|up to 10 trading days after the monetary policy event.

7 Conclusions

This paper proposes a no-arbitrage term structure model of observable headline ILS rates,
which we use to estimate the swap rates on hypothetical euro area core ILS contracts. The key

assumption underlying our approach is that traded headline ILS rates span core inflation, which
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should be reasonably uncontroversial as core inflation is a sub-component of headline inflation.

We fit the model to euro area headline ILS rates, realized headline and core inflation, and
both headline and core inflation expectations reported in the SPF. It generally achieves a good fit
to all three types of input data. Likewise, the model produces plausible estimates for the level of
both long-term forward headline and core inflation expectations. Both inflation measures hover
around levels close to 2 percent, in line with the ECB’s inflation target. Our model-implied
core ILS rates have mostly evolved in the same direction as headline ILS rates, but exhibit
lower volatility. Historically, our core ILS rates were below 2 percent before and during the
early stages of the pandemic, before increasing to above 2 percent during 2021, when inflation
pressures built. During 2023, core ILS rates have declined only slowly and less than headline
ILS rates. Decomposing our core ILS rates into genuine core inflation expectations and core
inflation risk premia shows that shorter maturities mainly reflect core inflation expectations,
while the core inflation risk premium matters relatively more for longer maturities.

One key advantage of our core inflation expectations measure is that it is available at a daily
frequency. In contrast, other measures of core inflation expectations, such as from surveys or
macroeconomic projections, are only available monthly or even quarterly. The high-frequency
nature of our measure is useful to, for example, policymakers that follow the economy in real-
time. The high-frequency nature is also useful because if facilitates event-studies. We conduct
an event-study, estimating the causal effect of monetary policy shocks on core inflation ex-
pectations. Our results suggest that a monetary policy tightening surprise significantly lowers
near-term core inflation expectations, although less so than it lowers headline inflation expec-

tations.
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Appendix A. Deriving Pricing Recursions

Starting from equation (1|, we have that
; 1 '3 +7
ith = ; logEt [e tyt+h t,t+h] o

eh'it,h =E, |:e§t,t+h+7rt,t+hi| .

Because & ;p, and 7z, are both 7additive”, in the sense that &y = & p41 + E1,04n and
T t+h = Tt44+1 + Te41,0+h, We can then write the pricing equation as

elvith — E, |:e'£t,t+1+7Tt,t+1+§t+1,t+h+7rt+l,t+hi| )

We can then use the law of iterated expectations to write
ehitn — E, [Et+1 |:e§t,t+1+7rt,t+l+§t+1,t+h+7rt+1,t+h:|]

=, [eﬁt,t+1+ﬂt,t+1]Et+1 [€£t+1,t+h+ﬂt+1,t+h”

=F, [eft,t+1+7rt,t+1e(h—l)'it+1,h—1:| = E, |:e£t,t+1+Wt,t+1+(h—1)'it+1,h—1] ]

Then, we can plug in equations and @, to have

ehith — E, |:e’70+'¥:cXt+1+'Yuut+1—%>\é)\t_)\Qet+l+(h—1)'it+1,h71:| ]

Using equation , we have
ehith — |, |:670+71N+71¢Xt+7125t+1+7u“t+1_%)‘;&/\i_/\ieﬂrl+(h_1)'it+1,h71:|
_ e’yo-l—’YzM-‘rqu’Xt—%)\Q\tEt |:6’Y128t+1+’yuut+1—A28t+1+(h—1)'it+1,h—1] )
Now, assume that (h — 1) 4,1 = ap—1 + bp—1X;. Plug this in to show that A - i, is then also
affine in the factors X;. It follows that
el — e’Yo-&-’Ya:M-&-%q)Xt—%)\Q\t]Et |:€’Ya:2€t+1+"/uut+1—>\2€t+1+ah—1+bh—1xt+l:|
— e’Yo+’YzM+’Yz<I>Xt*%>\P\tEt |:e’7125t+1+7uut+1*/\;5t+1JFah—1+bh—1/14+bh—1q>Xt+bh—125t+1]

— eah71+(’7m+bh71)#+70+(7x+bh71)¢’xt_%)\{fAtEt |:6’Yw25t+1+'7uut+1—>\2€t+1+bh7125t+1i| ]

As €411 and uyy1 are both standard normal and independent, we get that
it — pan—1+(e+bn—1) a0+ (e tbn—1) @ Xe— g XA+ 570+ 5 (Yo +br—1) E=A) (2 +bp—1)E=X})’
_ eah—1+(’Yz+bh—1)N+70+(’Yr+bh—l)q)xt+%73+%('Yz+bh—1)ZE/('Yz'f‘bh—1),_(’Yz+bh—l)2>‘t.
Then, using equation , we have
ehith — eahfl+('Yz+bhfl)ﬂ+'¥0+(’}’z+bh—1)‘I)Xt+%73+%('Yz+bh71)22/('Yz+bh71)l*(’71+bh71)(/\0+)‘th)

_ eah71+(’Yz+bhf1)(#*/\0)+"/0+%'Yz%+%('Y:E+bh71)EZ/('Yz+bh71)IJF(’YZJthfl)(‘I)*)‘I)Xt_

36



Hence, matching coefficient on the right- and left-hand sides of the equality, we have that
h- iy p = ap + bp Xy, where
bn = (Y2 + br-1) (2 — Az)
1 1
ap = ap—1 + (Yo +ba—1) (L — Xo) + 70 + 575 t5 (Ve + bh-1) B (o + bu—1)’.

That is, the swap rate for maturity h is affine in the factors if the swap rate for maturity h—1 is
affine in the factors. This is the case, because the swap rate with A = 0 is affine in the factors:
it must have ap = 0 and by = 0(;xy,), since h -4z, = 0 for all Xy when h = 0.
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