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Abstract

We show that US financial shocks have an impact on the distribution of UK income and
consumption. Households with higher income and higher levels of consumption are a§ected more
by this shock than households located towards the lower end of these distributions. An estimated
multiple agent DSGE model suggests that the heterogeneity in the household responses can be
explained by the di§erent levels of access to financial markets. We find that this heterogeneity
magnifies the e§ect of this shock on aggregate output.
Key words: FAVAR, DSGE model, Financial Shock.
JEL codes: D31, E32, E44

1 Introduction

The UK economy is known to be fairly open and integrated with world economic developments.
In an early contribution, Mumtaz and Surico (2009) show that international monetary and supply
shocks can have important implications for real and financial variables in the UK.1 A more recent
investigation by Chowla et al. (2014) suggests that world shocks were responsible for the bulk of
the decline experienced by UK GDP in 2008/2009. Chowla et al. (2014) explicitly consider the role
of world financial shocks, a class of economic disturbances that has gained prominence since the
global financial crisis of 2007. The importance of these shocks is further highlighted by Abbate et al.
(2016) who show that US financial shocks explained about 20 percent of the forecast error variance
of UK GDP growth over the late 2000s. This supports the analysis in Eickmeier and Ng (2015) who
report that an unexpected deterioration in US credit supply has a statistically significant negative
e§ect on UK GDP, credit and equity prices.

It is, therefore, clear from this literature that international financial shocks have important
economic e§ects on the UK, on aggregate. However, this analysis largely ignores the possible re-
distribution e§ects of these fluctuations for UK households. This omission is surprising for two
reasons. First, the post-1985 period not only coincided with financial liberalisation in the UK and
financial globalisation across the industrial world (see Terrones et al. (2007)), it also saw one of
the largest increases in consumption and income inequality in the UK as documented in Mumtaz
and Theophilopoulou (2017) and Blundell and Etheridge (2010). If the UK became more sensitive
to global financial developments over this period, this then raises the possibility that these shocks

∗Email:h.mumtaz@qmul.ac.uk
†theodoridisk1@cardi§.ac.uk
1 In this paper, ‘international’ shocks and ‘world’ shocks are used interchangeably.
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may have contributed to the disparity in income and consumption across households. Second, if
the e§ect of these shocks di§ers in magnitude for households at di§erent points of the income
distribution, then this phenomenon may have aggregate consequences if the marginal propensity
to consume is heterogenous.

The aim of this paper is to fill this gap in the literature. We investigate the e§ect of US financial
shocks on the distribution UK real income and consumption. Our empirical results suggest that
the response of income and consumption growth of households at the top end of the income and
consumption distribution to these shocks is systematically larger than those towards the left tail
of the distribution. Moreover, the contribution of these disturbances to income and consumption
growth and their forecast error variance is larger when considering the top 80th percentile of the
respective distribution. Given the existing gap in the level of income and consumption in top
and bottom percentiles, these estimates suggest that adverse international financial shocks reduce
inequality by disproportionally reducing the growth rate of these variables at the right tail of the
distributions.

In order to explain the transmission of the shock, we build and estimate a multiple agent DSGE
model that tries to incorporate the features of households found at di§erent points of the consump-
tion and income distribution. The households in the model di§er in terms of home ownership,
employment status and access to financial markets. A one standard deviation adverse foreign fi-
nancial shock leads to a large reduction in domestic output, with GDP falling by about 1.5 percent
at the two year horizon. The shock induces a cut in lending by domestic banks which reduces
housing demand from the indebted home-owners. The resulting fall in house prices amplifies the
credit constraints faced by these households leading to a fall in their consumption and investment.
Falling aggregate demand leads to declining wages which adversely a§ects households classified as
employed and unemployed tenants. The reduction in rates by the monetary authority in response
to the shock benefits households that own their homes outright. However, the increase in consump-
tion of this group is not enough to ameliorate the negative impact of the shock. Counterfactual
experiments suggest that heterogeneity across households is a key factor driving the large e§ect of
this shock. If households are assumed to be more homogenous, then the negative financial shock
has a negligible impact. Intuitively, this occurs because with a more homogenous economy (where
agents have access to financial markets), the monetary authority can easily counter the adverse
shock via lower interest rates.

Our analysis is related to the growing empirical literature on the disaggregate e§ects of macro-
economic shocks in the UK. Papers such as Cloyne et al. (2016), Mumtaz and Theophilopoulou
(2017) and Cloyne and Surico (2017) investigate how the e§ects of domestic monetary and fiscal
policy shocks di§er across features of the household distribution. Our paper adds to this literature
in two ways: (a) We show that the e§ects of key non-policy shocks are also heterogenous across
households and (b) this heterogeneity has important implications for the aggregate impact of such
shocks. This latter result highlights the importance of modelling hetrogeneity within economic
models when attempting to measure the transmission of policy and non-policy shocks within a
DSGE framework. This insight is clearly in line with papers that employ heterogeneous agent
(HA) models (see for e.g. Kaplan and Violante (2014), Werning (2015), Kaplan et al. (2017) and
Auclert (2017)). While our paper employs a simpler approach than the HA literature, we are able
to take our model to the data.

From a policy perspective, our analysis highlights the importance of financial shocks, both for
aggregate outcomes and their e§ect on the distribution of income and consumption. Our results
suggest that the persistent impact of the recent financial crisis on the UK economy may be driven
by the e§ect of deleverging on the part of some households in the economy. In such circumstances
stimulus measures such as quantitative easing that works via their impact on long term interest
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rates may not be particularly e§ective. Policies designed to ease credit constraints directly may be
more e§ective in these conditions.

The paper is organised as follows: The empirical analysis in the paper is presented in section
2 with the model, data and results described in sections 2.1, 2.2 and 2.3 respectively. Section
3 introduces the theoretical model and considers the role of heterogeneity in driving aggregate
fluctuations.

2 Estimating the e§ects of US financial shocks

2.1 Empirical model

We adopt a simple approach to estimate the e§ects of US financial shocks on UK aggregate and dis-
aggregate variables. In particular, we employ a following factor augmented vector autoregression
model (FAVAR). The observation equation of the model is defined as:

(
XUS
t

XUK
t

)
=

(
1 0
0 Λ

)(
XUS
t

FUKt

)
+

(
0
vt

)
(1)

where XUS
t is a matrix of endogenous variables for the US economy chosen for the purpose of

identifying a US financial shock. We describe the data and shock identification in detail below.
XUK
t is a panel of variables for the UK covering both aggregate macroeconomic and financial data

and the distribution of real income growth and real consumption growth. FUKt denotes a set K
factors that summarise the information in XUK

t while vt captures the idiosyncratic components.
In the benchmark model, XUS

t contains GDP growth, CPI inflation, the three month treasury
bill rate and a measure of financial conditions for the US economy ft. In the benchmark case we
proxy ft using the excess bond premium (EBP) proposed in Gilchrist and Zakrajsek (2012). The
EBP measures the excess return required by bond investors over and above their compensation for
firms’ expected defaults. We also show that our results are robust to using alternative measures of
financial conditions. These include the Chicago Fed financial condition index (FCI) and the spread
between the BAA corporate bond-rate and ten year treasury bill rate. As discussed in Brave and
Butters (2011) the FCI is constructed as a factor from a set of 120 series that relate to money,
debt and equity markets as well as the leverage of financial intermediaries in the US. The BAA
spread provides a simpler non-parametric measure of financial stress. In the benchmark model, we
treat the US variables as ‘observed factors’ and assume a factor structure only for the UK block.
However, this assumption (which simplifies the model) is innocuous and a factor structure in the
US block does not change the key conclusions of the analysis.

The matrix XUK
t includes 29 aggregate variables for the UK covering real activity, inflation, the

yield curve, money and credit growth, exchange rates, stock and home prices and corporate bond
spreads. In addition, we include real income and real consumption growth in 5 percentile groups of
the household distribution. As described in detail in section 2.2.1 below, this household level data
is constructed using the Family Expenditure Survey (FES).

The set of factors Zt =
(
XUS
t

FUKt

)
follows a V AR (P ) :

Zt = c+

PX

p=1

BpZt−p +A0et (2)

where A0 denotes the contemporaneous impact matrix. We assume an AR(P ) structure for the
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idiosyncratic components vt = [v1t, v2t, .., vNt]. Note that the FAVAR model implies that the series
in XUK

t are driven by aggregate shocks et and idiosyncratic shocks vt. When the disaggregate
income and consumption series in XUK

t are considered, our model captures the impact of aggre-
gate shocks net of the e§ect of idiosyncratic disturbances that might proxy measurement error or
di§erences in characteristics specific to the particular percentile group (see Giorgi and Gambetti
(2017)).

2.1.1 Identification of US financial shocks

In the benchmark model, we assume that A0 has a recursive structure with the ordering: (1) US
GDP growth, (2) US CPI inflation, (3) US 3 month treasury bill rate, (4) ft and (5) FUKt . This
ordering implies that US financial shocks, i.e. shocks to ft have a lagged impact on US variables
while ft reacts immediately to the remaining US shocks. In contrast, shocks to the UK factors
are constrained to a§ect ft with a lag. This ordering reflects the simple idea that as ft represents
forward looking variables, it is unlikely that there is a one quarter lag between developments in the
US economy and changes in US financial conditions. In contrast, developments in the UK economy
might be of less immediate importance for US financial conditions given its small relative size. This
type of ordering is typically used in VARs to seperate real and financial shocks with macroeconomic
variables ordered before the financial variables for the country of interest (see for example Prieto
et al. (2016) and Alessandri and Mumtaz (2017)).

We estimate several variations of this benchmark model in order to show that our results are
robust (see section 2.3.1). First, as mentioned above, we consider three di§erent proxies for ft and
show that the key results remain relatively unchanged. Second, we consider an alternative ordering
by moving ft before the US treasury bill rate. Third, we assume a factor structure for the US
block which is expanded to incorporate a large panel of variables and identify the financial shock
using two methods: (a) via a recursive ordering and (b) by treating ft as an external instrument to
estimate the shock of interest. In all cases, we obtain results very similar to the benchmark case.

2.2 Data and model specification

2.2.1 Disaggregate data on income and consumption

As mentioned above, our data set for the UK contains real income and consumption growth at
di§erent points on the household distribution. The household level data on these variables is
obtained from the Family Expenditure Survey (FES) from 1975 to 2014. The FES is an annual
survey which provides detailed information on demographics, income, expenditure and consumption
for a representative sample of around 7,000 UK households per year. In 2001 FES merged with the
National Food Survey and became the Expenditure and Food Survey (EFS) and with the Living
Costs and Food Survey (LCFS) in 2008. The variable for income is defined as weekly household
income net of taxes and national insurance contributions for the entire household (reported under
code p399 to 1978 and then p389). The measure of total household consumption is based on
the O¢ce of National Statistics (ONS) definition of total expenditure. This is the sum of housing,
food, alcohol, tobacco, fuel, light and power, clothing and footwear, durable household goods, other
goods, transport, vehicles and services. In order to take into account family size, the income data is
equivalised by dividing the income of each household by the square root of the number of individuals
in the household. We use consumption per-capita by dividing total household expenditure by the
number of household members.

For each year in the sample, households are assigned to a quarter based on the date of their
survey interview. We then remove any households reporting zero or negative income and trim the
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top and bottom one percent of the distribution to remove possible outliers. This leaves us a sample
of about 2000 households per quarter. These households are then sorted into 5 percentile groups
by the level of income and consumption, respectively. The percentile groups are defined as: P1 =[
≤ 20th

]
, P2 =

[
> 20th& ≤ 40th

]
, P3 = [> 40th& ≤ 60th], P4 = [> 60th& ≤ 80th], P5 = [> 80th].

We calculate average income and consumption within these five groups. Repeating this procedure
from 1975 to 2014 provides us a time series for income and consumption in these 5 groups which is
deflated by CPI and seasonally adjusted.

5



Figure 1: Household characteristics within each percentile group. The top row presents the proportion of households where the head is
educated to university level. The last three rows present wages, social security and investments as a proportion of Gross income. The
estimates reported in the figure are averages over the years 1975, 1980, 1985, 1990, 1995, 2000, 2005 and 2010.
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Figure 1 presents some basic characteristics of households that fall within these percentile
groups. The bottom tail of both the income and consumption distribution is characterised by a
lower level of education, with households more likely to be renters rather than mortgagors, deriving
a large proportion of their income from social security benefits. In contrast, richer households and
those with a higher level of consumption are more likely to be home owners, better educated and
derive a larger part of their income from wages and investments.

Figure 2 provides information about the level of income and consumption in these groups. The
figure shows that inequality rose substantially during the mid-1980s, with the disparity in income
and consumption rising throughout the distribution. While the post-1990 period saw some declines
in the di§erence between the median and tenth percentile, the 90/50 measure remained broadly
stable suggesting a persistent di§erence between high income/consumption households and the
remaining population. Inequality in income is more acute than equality in consumption below the
median, while consumption inequality is higher towards the top of the distribution.

2.2.2 Aggregate data

The aggregate data series used in the FAVAR are fairly standard and listed in Table 3 in Appendix
A along with their source. For the benchmark model, data for EBP is obtained from the website of
Simon Gilchrist (http://people.bu.edu/sgilchri/Data/data.htm). All non-stationary series are log
di§erenced. The estimation sample runs from 1975Q1 to 2014Q1.

2.2.3 Model specification and estimation

One of the key choices with regards to specification of the model is the number of factors. We
follow the general approach used in Bernanke et al. (2005): i.e. the benchmark model is estimated
using K = 5. We then show that the main results do not change substantially if either a more
parsimonious model is used or the number of factors is increased to 7. The lag length P is set to 4.

The FAVAR is estimated using a Gibbs sampling algorithm. The priors and the conditional
posterior distributions are fairly standard and described in the technical appendix. The Gibbs
algorithm simply exploits the fact that given FUKt , the FAVAR collapses to a series of linear
regressions and a VAR model where the conditional posteriors are well known. Given the factor
loadings and the parameters of the transition equations, the moments of the conditional posterior
for FUKt can be obtained via the Kalman filter. We employ 200,000 iterations of the algorithm
setting a burn-in period of 100,000 iterations. Of the remaining draws, every 10th is retained for
inference. The technical appendix presents evidence in favour of convergence of the algorithm.
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Figure 2: The di§erence between the 90th and 50th percentile of log income and consumption. (left
panel). The di§erence between the 50th and 10th percentile of log income and consumption. (right
panel). The figures report 4 quarter moving averages.
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Figure 3: Cumulated response of key aggregate variables to a US financial shock
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Figure 4: Cumulated response of the distribution of income growth to a US financial shock.
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Figure 5: Cumulated response of the distribution of consumption growth to a US financial shock.
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2.3 Empirical results

2.3.1 Impulse response to US financial shocks

Figure 3 shows the response of key aggregate series to an adverse financial shock in the US nor-
malised to increase the EBP by one unit. The results are similar to those reported by Gilchrist
and Zakrajsek (2012) in their VAR analysis for the US economy. US GDP declines by about two
percent at the two year horizon with CPI falling more gradually by one percent. The short-term
interest rate declines, possible indicating the response of monetary policy. As far as the UK econ-
omy is concerned, this shock leads to a sharp deterioration in the financial outlook with large falls
in asset prices and a rise in the corporate bond spread. This is accompanied by a sharp-downturn
in real activity with consumption investment and GDP showing large declines. There is a fall in
the short-term interest rate accompanied by a depreciation of the real e§ective exchange rate.

Figure 4 presents the cumulated response of real income growth in the five percentile groups, P1
to P5. The top panel shows that real income declines across groups in response to the US financial
shock. It is clear from the comparison of the median responses in the bottom panel that this decline
is not uniform. The percentile group P1 displays the smallest decline with real income falling by
about −0.5 percent at the two year horizon. Groups P2 and P3 experience a much larger fall of
income of around 1.7 to 2 percent at the 8 quarter horizon. It is the top two groups, however, that
display the largest negative response to the shock with income falling by about 2.6 percent. When
the error bands are taken into account, the key systematic di§erence lies between the response
of groups P1 and the rest — as shown in Appendix B, over at least some of the horizon, we can
reject the hypothesis that zero lies within the 68 percent highest posterior density interval of the
di§erence of the response of P1 and the remaining groups.

Figure 5 shows that a similar pattern can be seen in the response of consumption growth to
this shock. The response of P1 is the smallest while consumption in P5 falls by about three times
as much as P1. When we consider the posterior distribution of the di§erence in the responses
(see Appendix B), there is evidence of a systematic di§erence between the response of P1 and P5
and that of the remaining groups. It is also interesting to note that in terms of magnitude, the
consumption responses are as large, if not larger than the income responses.

In terms of inequality, the income responses suggest that the financial shock does not have large
implications for the dispersion at the top of the dispersion as captured by measures such as the 90/50
di§erence shown in figure 2. However, the relatively small response of income in group P1 suggests
that this shock reduces inequality between low and medium/high income groups. The consumption
responses also suggest a fall in dispersion between these groups as consumption falls substantially
more at the middle and top of the distribution. However, as the decline in consumption of group
P5 is systematically larger than that of groups P3 and P4, there is some evidence that suggests that
consumption inequality also declines towards the top end of the distribution.

Before turning to a discussion of the implications of these results, we investigate the robustness
of these estimates. Figure 12 in Appendix C shows the estimate impulse responses of the income
and consumption percentile groups using five alternative methods of identifying the US financial
shock. The top two panels of the figure show impulse responses from FAVARs that replace the EBP
with the Chicago Fed FCI and the corporate bond spread, respectively. As in the benchmark case,
the response of income in group P1 is smaller than groups that fall towards the right tail of the
distribution. Similarly, the response of consumption rises in the top groups. As shown in the third
row of the figure, very similar results are obtained when the EBP is ordered before the interest rate
in the benchmark model. The fourth and the fifth rows of the figure presents results from FAVAR
models where we also assume a factor structure for the US block. In other words, we include a
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panel of 91 US series covering the real and financial sector. The factors extracted from these series
replace GDP growth, CPI inflation and the short-term interest rate. In the model labelled ‘FAVAR
1’, the financial shock is identified by ordering the EBP after the US factors but assuming that
EBP can contemporaneously a§ect ‘fast-moving’ US variables and all the UK variables in the data
set.2In contrast, ‘FAVAR 2’ follows the approach of Stock and Watson (2012) and uses the EBP as
an external instrument to identify the shock. Under this scheme, no restrictions are placed on the
contemporaneous impact of the shock. In both cases, the results support the benchmark results
— the income response in group P1 is the smaller than richer households, while the consumption
response increases in magnitude as one moves towards the right tail of the distribution. Note that
the technical appendix presents further sensitivity analysis which shows that the key results are
robust to the number of factors included in the benchmark model.

2The technical appendix provides a list of US data series used in this model.
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Figure 6: Contribution of the US financial shock to the FEV of income and consumption. The figure shows the posterior median estimate.
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Figure 7: Contribution of the US financial shock to income and consumption growth. The black line denotes income or consumption
growth less its idiosyncratic component. The red line shows the (posterior median) counterfactual estimate of this quantity assuming
only the US financial shock is active. In both the actual and counterfactual case, a four quarter moving sum (i.e. annual growth rates)
are shown. The shaded areas are recessions as indicated by the OECD.

15



2.3.2 Variance and historical decomposition

Figure 6 presents the percentage contribution of the financial shock to the forecast error variance
(FEV) of income and consumption in each of the percentile groups obtained using the benchmark
model.3 The contribution of the shock to the FEV of income below the 60th percentile is fairly
small, and estimated to be below six percent at the two year horizon. In contrast, the contribution
of the shock to the FEV of income in the top two percentile groups is estimated to be larger, with
the estimate for income in P5 close to ten percent. A similar pattern is observed for contributions
to the FEV of consumption — the contribution of the shock to consumption in the top group is
non-negligible.

Figure 7 presents the historical contribution of the shock to fluctuations in annual income and
consumption growth (net of the idiosyncratic error) in each percentile group. In particular, the
black lines in the figure display the four quarter moving average of XUK

it − vit where i = 1, 2, ...10
denote the ten variables of interest shown in Figure 7. The red lines display a counterfactual
estimate of this quantity obtained by generating data from the FAVAR assuming that only the
entry corresponding to the US financial shock is non-zero in et (see equation 2). Two features
of the estimates immediately stand out. First, the contribution of the shock to both income and
consumption growth was fairly small before the late 1980s. The US financial shock appears to be
important in post-2000 period, driving down income and consumption growth in the early part of
the decade, before making a positive contribution. The positive impact of the shock came to an
abrupt end in 2007, with the contribution pushing down on both variables. The second key feature
of the results is the fact that in terms of magnitude, the contribution of the shock is largest in higher
percentile groups. Taking the financial crisis period as an example, both income and consumption
growth in group P1 would have su§ered only a modest decline (relative to the actual data) if only
the US financial shock was active. In contrast, income and consumption growth in group P5 fall
by a substantial amount under this counter-factual scenario.

In summary, results based on impulse responses and decompositions suggest strongly that US
financial shocks have an asymmetric e§ect on the distribution of income and consumption in the
UK. The impact of the shock on these variables is larger when considering the right tail of the
distribution. We now turn to a consideration of the causes and consequences of this asymmetry.

3 Theoretical considerations

Why is the e§ect of the US financial shock larger at the right tail of the distribution? Possible
reasons for this heterogeniety can be discerned from the statistics presented in Figure 1 and the
responses of income and consumption discussed above. As discussed in section 2.2.1 above, the
right tail of the distribution is dominated by households that are mortgagors rather than renters
or outright owners. In an influential contribution, Cloyne et al. (2016) show that households with
mortgage debt are likely to be ‘wealthy hand to mouth’ households that are liquidity contrained.
In particular, using the British household panel survey, 40 percent to 50 percent of mortgagors are
classified in this category.4 This conclusion is supported by the fact that the consumption response
of the percentile groups above the median to the adverse financial shock is relatively large indicating
the possibility of a higher marginal propensity to consume. Figure 1 also suggests that the right
tail of the consumption and income distribution derive a larger (albeit, marginally) proportion of

3The contribution of the shock at the 2 year horizon to US GDP, EBP, UK GDP and UK stock price growth is
12 percent, 85 percent, 17 percent and 13 percent respectively.

4Cloyne et al. (2016) define wealthy hand to mouth households as those whose net liquid wealth is less than half
of their monthly labour income.
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their income in the form of investments and this may imply a larger exposure to the decline of the
interest rate in the face of the financial shock (see Figure 3). In contrast, households to the left
of the consumption and income distribution obtain a larger proportion of income in the form of
benefits and this may cushion the negative impact of the financial shock.

In order to explore the implications of this heterogeneity for aggregate dynamics, we consider
a DSGE model that incorporates the household characteristics evident in Figure 1. The model
features multiple agents and is therefore a compromise between a representative agent set up and
a fully fledged HA model. The main advantage of our simpler approach is that we are able to
estimate the model while still retaining a structure that reflects the key cross-sectional features of
the survey data considered in our study. Taking the model to the data is important in our context
as our interest centers on quantitative e§ects of the foreign financial shock.

3.1 DSGE model

The model developed in this section builds upon the work of Iacoviello (2005), Iacoviello and
Minetti (2006), Liu et al. (2013), Iacoviello (2015) and Liu et al. (2016). We extend these studies
along many dimensions: First, we include the financial frictions considered in these papers into one
model. We add two additional types of households (unemployed and employed tenants) that do not
own homes but rent housing services. The employed tenants have access to financial markets but
they use it to buy unemployment insurance. Domestic intermediate good value added producers
and importers are assumed to be price setters and this gives a role to monetary policy. All agents
operate in a small open economy setting and bankers (who also face a borrowing constraint) can
invest in both domestic and foreign assets.

The complete model equations are provided in the technical appendix. We describe the key
agents in the model below:

3.1.1 Unemployed Tenants

The model includes unemployed tenants who receive an unemployment benefit ξ (transfers from
outright home-owners) and work a small number of hours lutt (the labour income consists only 20%
of their consumption expenditure — wlut

cut = 0.20).

cutt + r
h
t h

ut
t−1 = ξ + wtl

ut
t (3)

Both the unemployment benefit and labour income wtlutt are used to finance consumption cutt and
housing rht h

ut
t−1. As in Gali et al. (2007) these households are “hand-to-mouth” consumers. This

class of agents in the model is a proxy for the households that fall in the left tails of the income
and consumption distributions estimated using the survey data.

3.1.2 Employed Tenants

Employed tenants receive utility from consumption
(
cett
)
, housing services

(
hett
)
and dis-utility from

working
(
lett
)

uett = Et

1X

i=0

(
βet
)i
(

log
(
cett+i − η

et
c c

et
t+i−1

)
+ jet log

(
hett+i − η

et
h h

et
t+i−1

)
−  et

(
lett+i
)1+σl

1 + σl

)

(4)

where ηetc and ηeth are the smoothing parameters for consumption and housing, respectively, jet

and  et are normalising constants and σl denotes the (inverse) Frisch elasticity. Employed tenants
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decide about cett , h
et
t , d

et
t and l

et
t subject to their budget constraint:

cett + r
h
t h

et
t−1 + d

et
t

 

1 +
κ

2

(
dett
c̃ett
−
det

c̃et

)2!

= wtl
et
t +

rt−1
πt
dett−1 (5)

These agents receive labour income wtlett and real interest rate
rt−1
πt
on deposits dett−1 where πt denotes

inflation. Both unemployed and employed tenants do not own part of the housing stock and rent
housing services from capital producers. Employed tenants have access to financial markets but they
face an adjustment cost when they use assets to smooth consumption across time. The logic behind
the adjustment cost is agents’ fear of becoming unemployed. They have no access to “unemployment
insurance” and their private savings are the only instrument they have for consumption smoothing.

The steady state value of the deposits to consumption ratio
(
det

c̃et

)
captures the desired level of

deposits (relative to consumption) that are used for precautionary reasons, while the quadratic

terms
(
κ
2

(
dett
c̃ett
− det

c̃et

)2)
indicates their reluctance to move away from this ratio.5 The adjustment

cost makes employed tenants’ consumption decisions less responsive to interest rate variations.

3.1.3 Indebted Home Owners

We model two types of agents to proxy home-owners observed in the survey data. The first type
are labelled “indebted home owners”. This group is a proxy for mortgagors found in the survey
data towards the right tail of the income and consumption distributions. These agents are the
impatient households whose preference are given by:

uihot = Et

1X

i=0

(
βiho

)i
(

log
(
cihot+i − η

iho
c cihot+i−1

)
+ jiho log

(
hihot+i − η

iho
h hihot+i−1

)
−  iho

(
lihot+i
)1+σl

1 + σl

)

(6)
Similar to employed tenants, they obtain utility from consumption

(
cihot
)
and housing services(

hihot+i
)
, while dislike working

(
lihot
)
. The parameter ηihoc and ηihoh captures the degree of consumption

and housing smoothing respectively, jiho and  iho are normalising constants. Employed tenants
own part of the housing stock qht h

iho
t where qht denotes the real house price. The purchase of the

housing stock is achieved via borrowing bihot and rbt
πt
is the real rate obtained on last period’s loan.

cihot + qht

(
hihot − hihot−1

)
+
rbt
πt
bihot−1 = wtl

iho
t + bihot (7)

Finally, borrowing is constrained and it cannot exceed a fraction
(
miho
t

)
of the value of the expected

value of the collateral

Etr
b
t+1b

iho
t ≤ ρihob rbtb

iho
t−1 + Et

n(
1− ρihob

)
miho
t qht+1h

iho
t πt+1

o
(8)

5Alternatively, dett could be viewed as savings paid in a pension account and the adjustment cost represents the
fact agents’ desire not to use pension saving for consumption smoothing over the business cycle.
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3.1.4 Outright Home Owners

The second category of home-owners are modelled as “outright home owners”. These are the patient
households with the following preferences:

uohot = Et

1X

i=0

(
βoho

)i
(

log
(
cohot+i − η

oho
c cohot+i−1

)
+ joho log

(
hohot+i − η

oho
h hohot+i−1

)
−  oho

(
lohot+i

)1+σl

1 + σl

)

(9)
They receive utility from consumption

(
cohot

)
and housing services

(
hohot

)
and dis-utility from

working
(
lohot

)
. The parameters ηohoc and ηohoh control the smoothing of consumption and housing

services across time respectively, while joho and  oho are normalising constants. Unlike employed
tenants, capital producers and bankers, they do not face a borrowing constraint. Instead, they have
savings, own part of the housing stock and all the firms in the economy that pay them dividends
(divt). Their budget constraint is therefore defined as:

cohot + qht

(
hohot − hohot−1

)
+ dohot + ξ = wtl

oho
t +

rt−1
πt
dohot−1 + divt (10)

3.1.5 Capital Producers

Capital producers are another continuum of impatient households, who only draw utility from
consuming (ccpt ):

ucpt = Et

1X

i=0

(βcp)i log
(
ccpt+i − η

cp
c c

cp
t+i−1

)
(11)

They borrow (bcpt ) from banks to (i) buy investment (it) for the production of capital stock (subject

to an adjustment cost, 2

(
it
it−1

− 1
)2
)

kt = (1− δ) kt−1 +

 

1−
 

2

(
it
it−1

− 1
)2!

it (12)

and (ii) to buy part of the housing stock, which they rent to employed tenants, unemployed tenants
and intermediate value added good producers. Their budget constraint is thus given as:

ccpt + it +
rbt
πt
bcpt−1 + q

h
t

(
hcpt − h

cp
t−1
)
= rht h

cp
t−1 + r

k
t kt−1 + b

cp
t (13)

where rht and r
k
t are the rental rate of housing and capital respectively. Their borrowing constraint

is given by:

Etr
b
t+1b

cp
t ≤ ρcpb r

b
tb
cp
t−1 + Et

(
1− ρcpb

)n
mcp
t

(
!kqt+1ktπt+1 + !hq

h
t+1h

cp
t πt+1

)o
(14)

Capital producers can use a fraction (mcp
t ) of both capital and land as collateral to obtain loans for

the bank, the parameters !k and !h control the weight of physical capital and land in the collateral
value. Similar to Liu et al. (2016) we proceed with the assumption that residential and commercial
land are perfect substitutes and, therefore, they have the same price. As explained by Liu et al.
(2016) this seems to be a reasonable assumption as residential and commercial land prices appear
to be highly correlated.
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3.1.6 Bankers

These agents consume
(
cbt+i

)
and act as an intermediary between lenders and borrowers. Their

utility function is given by

ubt = Et

1X

i=0

(
βb
)i
log
(
cbt+i − η

b
cc
b
t+i−1

)
(15)

which is maximised subject to their budget constraint. Banks receive deposits (dt) from employed
tenants and outright home owners and make loans (bt) to indebted home owners and capital pro-
ducers. Their budget constraint is defined as:

cbt +
rdt−1
πt
dt−1 + bt + stb

∗
t = dt +

rbt
πt
bt−1 +

str
∗
t−1b

∗
t−1

π∗t
(16)

Banks are allowed to invest on foreign assets b∗t , where st is the real exchange rate and r
∗
t and π

∗
t

denote foreign interest rates and inflation. Note that:

dt ≤ mb
tbt +

stb
∗
t

"∗t

Bankers face a borrowing constraint, the amount of deposits can issue cannot exceed the sum of a
fraction

(
mb
t

)
of domestic plus foreign assets. The term "∗t is a foreign financial shock that decreases

the value of the foreign assets exogenously:

log "∗t − 0.999 log "
∗
t−1 = ρ∗"

(
log "∗t−1 − 0.999 log "

∗
t−2
)
+ σ∗"!

∗
t (17)

The parameters ρ∗" and σ
∗
" control the persistence of the growth rate of the shock and its size,

respectively.

3.1.7 Supply Side

Intermediate value good producers use commercial land
(
hft

)
, physical capital (kt) and labour (lt)

and the following technology:

yt =
((
hft−1

)χ
k1−χt−1

)α
l
(1−α)
t (18)

The parameter χ and α determine the share of the input components to the production of the
value added good (yt). Final good (zt) producers use the intermediate value good and imports (mt)
and the following technology:

zt =

[
υ
1
τ y

τ−1
τ

t + (1− υ)
1
τ m

τ−1
τ
t

] τ
τ−1

(19)

where υ is the value added production share. The price of the final good is given by:

pt = υ
(
pdt

)1−τ
+ (1− υ) (pmt )

1−τ (20)

where pdt and p
m
t are the price indices of the domestically produced and imported goods, respectively.

Both intermediate value added and importers are monopolistic good producers. A fraction of the
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monopolistic suppliers (1− ξd and 1− ξm) set prices based on a Calvo (1983) type pricing scheme,
while those firms that ‘miss’ the random signal to re-optimise profits set prices based on backward
indexation rules (i.e. pdt =

(
πdt−1

)ιd π̄1−idpdt−1 and p
m
t =

(
πmt−1

)ιm π̄1−impmt−1).

3.1.8 Monetary policy

The behaviour of the monetary authority is described by a simple Taylor rule:

rt
r
=
(r−1
r

)ρr
(
πt
π̄t

)γπ(1−ρr)(yt
y

)γy(1−ρr)
(21)

where ρr controls the policy inertia, γπ denotes the policy reaction to inflation deviation from its
target and γy to output gap.

6

3.2 Estimation

The model is estimated used limited information impulse response matching techniques (Smets
and Wouters (2002), Christiano et al. (2005), Altig et al. (2011)). However, as shown in Table
1, a number of parameters are calibrated prior to the estimation: As in Liu et al. (2016) the
time discount parameters for employed tenants and outright home owner is set equal to 0.9945(
βoho = βet = β = 0.9945

)
, and the preference parameters for indebted home owners and capital

producers to 0.940
(
βiho = βcp

)
. As explained in Liu et al. (2016) this calibration ensures that

borrowing constraints bind with equality away from the steady state. The value of the time discount
factor for bankers

(
βb = 0.975

)
has been selected to replicate the average value of the spread

between the borrowing and policy rates in the data. We again follow Liu et al. (2013) and Liu
et al. (2016) and set the leverage ratio for indebted home owners, capital producers and bankers to
0.75

(
miho = mcp = mb = 0.75

)
. The steady state value of hours has been set equal to 1/3

(
l = 1

3

)
,

while the hours share of unemployed is 0.250
(
φut = 0.025

)
, employed tenants 0.250

(
φet = 0.250

)
,

and indebted home owners 0.300
(
φiho = 0.300

)
. We assume that the share of consumption of

unemployed tenants to aggregate consumption
(
cut

c

)
is 0.100 close to the share of hand to mouth

consumers used in the literature (Gali et al. (2007), Burgess et al. (2013)). The capital share in
the production function (α) is 0.330 (as in Christiano et al. (2005), Trabandt and Uhlig (2011) and
Jermann and Quadrini (2012)). Similar to Iacoviello (2015), the share of land in the production
(χ) of the value added is 0.030. The value of the Frisch elasticity (σL) is equal to 2 (see Fernandez-
Villaverde et al. (2015), Swanson (2015)). The values selected for the policy parameters — ρr =
0.875, γπ = 1.5 and γy = 0.125 — are standard in the literature. Finally, the depreciation of capital
(δ = 0.068), the share of value added goods in the production of the final good (υ = 0.782) and the
steady state level of foreign debt (b∗ = 1.337) has been selected to match the consumption to final
output

(
c
z = 0.670

)
, investment to final output

(
i
z = 0.120

)
, exports to final output

(
x
z = 0.210

)

and import to final output
(
m
z = 0.220

)
shares in the UK data (see Burgess et al. (2013)).

The parameters that control the dynamics of the model are selected in order to replicated the
responses estimated via the empirical model to the foreign financial shock:

θ̂ = argmin
θ

n
R
(
θ; θ̃
)
− bRT

o0cW−1
T

n
R
(
θ|θ̃
)
− bRT

o
(22)

where R
(
θ; θ̃
)
is the column vector of the stacked DSGE responses for all selected variables and

6The full description of the models, the derivations of the steady states and the linearised first order conditions
and market clearing conditions can be found in the technical appendix
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Table 1: Calibrated Parameters

Mnemonic Description Value

β Time Discount Rate 0.995
βcp Capital Producers Time Discount Rate 0.940
βiho Indebted Home Owners Time Discount Rate 0.940
βb Bankers Time Discount Rate 0.975
κcp Capital Producers LTV Ratio 0.750
κb Bankers LTV Ratio 0.750
κiho Indebted Households LTV Ratio 0.750
l Steady State Value of Hours 0.333
φutl Unemployed Tenants Labour Share 0.025
φetl Employed Tenants Labour Share 0.250
φihol Indebted Home Owners Labour Share 0.300
b∗ Steady State Value of Foreign Debt 1.337
δ Capital Depreciation Rate 0.068
α Capital and Land Share in the Production Function 0.330
χ Land Share in the Production Function 0.030
σL Frisch Labour Elasticity 2.000
γπ Inflation Policy Reaction Coe¢cient 1.500
γy Output Gap Policy Reaction Coe¢cient 0.125
ρr Interest Rate Smoothing 0.875
ν Value Added Production Share 0.782
 ∗b Foreign Bond Adjustment Cost 0.001
cut

c Share of Unemployed Tenants Consumption 0.100
π̄ Inflation Target 1.000

time periods. This vector is function of both estimated (θ) and calibrated
(
θ̃
)
parameters. bRT

denotes its empirical counterpart. As the number of impulse responses employed in this estimation,
a weighting matrix is needed to summarise this information. Similar to Christiano et al. (2005)
and Altig et al. (2011) we use the diagonal element of the posterior variance covariance matrix of
bRT .7

Table 2 reports the results from this exercise and Figure 3 in the technical appendix displays
the fit of the model. At the optimised value of the objective function, we are able to match the
magnitude and dynamics of the empirical response of a range of real and financial variables.

The estimates !k = 0.024 and !h = 0.055 in Table 2 show the importance of the value of the
land (relative to the value of capital) in the collateral of capital producers which is in line with the
estimate of Liu et al. (2016). The indebted and outright home owners have strong estimated habit
formation

(
ηihoc = 0.944, ηohoc = 0.942

)
and a significant degree of smoothing is also estimated in

the consumption of bankers
(
ηbc = 0.719

)
. In contrast, smoothing is estimated to be low for capital

producers (ηcpc = 0.104). The high degree of smoothing for most agents is required to reproduce
the very persistent consumption responses seen in the empirical model. A large degree of habit

7The estimation and simulations of the model have been produced using Dynare 4.5.3. The model and replication
files can be downloaded from authors’ web pages
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Table 2: Estimated Parameters

Mnemonic Description Value

σ" Shock Standard Deviation 2.883
!k Collateral Share of Capital 0.024
!h Collateral Share of Land 0.055
ηcpc Capital Producers Consumption Smoothing 0.104
ηihoc Indebted Home Owners Consumption Smoothing 0.944
ηohoc Outright Home Owners Consumption Smoothing 0.942
ηbc Bankers Consumption Habit 0.719
ηetc Employed Tenants Consumption Smoothing 0.197
hiho Steady State Value of Housing of Indebted Home Owners 0.128
hoho Steady State Value of Housing of Outright Home Owners 0.546
hut Steady State Value of Housing Rented by Unemployed Tenants 0.197

I Investment Adjustment Cost 23.009
ιd Price Indexation 0.613
ιm Price Indexation: Importers 0.195
ηihoh Indebted Home Owners Housing Smoothing 0.933
ηohoh Outright Home Owners Housing Smoothing 0.782
ηeth Employed Tenants Housing Smoothing 0.941
ρihob Indebted Home owners Persistence Borrowing Constraint 0.804
ρcpb Capital Producers Persistence Borrowing Constraint 0.941
κ Deposits Adjustment Cost 2.307
φD Employed Tenants Deposit Share 0.606
θp Price Mark up 1.072
ξd Calvo Reset Price Probability 0.946
ξm Calvo Reset Price Probability: Importers 0.885
τ Elasticity of Substitution between Value Added and Imports 0.111

formation is also observed in terms of housing services (ηihoh = 0.933, ηohoh = 0.782 and ηeth = 0.941)
which is unsurprising since altering the level of housing services is a di¢cult task. Furthermore,
a high degree of smoothing of housing consumption is required by the model to reproduce the
responses of house prices and spreads. The high degree of inertia estimated in the borrowing
constraints (ρihob = 0.804 and ρcpb = 0.941) allows the adverse consequences of the shock to persist.
The investment adjustment cost estimate ( I = 23) suggests investment responds to variation to
Tobin’s Q only marginally, while the adjustment cost of employed tenants’ deposits (κ = 2.307)
indicates that agents have little desire to use their assets to smooth consumption variations during
the business cycle. The Phillips curve estimates (ιd = 0.613, ξd = 0.943, ιm = 0.195 and ξm = 0.885)
point to significant price stickiness. This is consistent with the discussion in Del Negro et al. (2015)
who argue that a flatter Phillips curve is needed in order for a model to be able to justify the lack
of disinflation during the Great Recession. Finally, the low trade elasticity estimates reduces the
sensitivity of exports to exchange rate variations. This feature keeps the contributions of the net
trade to GDP limited. This seems also to be consistent what we have observed during the crisis
when the pound depreciated by more than 20% but the net trade contributions to demand had
been very small (if not negative).
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Figure 8: Response to a foreign financial shock

3.3 Impulse responses

Figure 8 shows the estimated response to the foreign financial shock. The increase in the spread
4
(
Etr̂

b
t+1 − r̂t

)
indicates that the shadow price of bankers’ borrowing constraint

(
µ̂bt
)
increases.

Bankers respond to this adverse situation by decreasing leverage and reducing lending to indebted
home owners and capital producers. In response to higher borrowing cost, the latter agents also
try to reduce their leverage by reducing land ownership. This causes house prices to fall and these
agents become more financially constrained. To escape this situation they postpone consumption
and investment, triggering the reduction in GDP. Lower aggregate demand implies reduced demand
for labour and a lower wage. The fall in labour income reduces consumption for employed and
unemployed tenants. The decline in the consumption of the latter is slower and smaller in magnitude
than that of indebted home owners (over the first year of the horizon) as they are not a§ected
directly by higher borrowing costs. However, their desire to maintain their savings implies that
eventually their consumption declines. The decline in consumption for unemployed tenants is
substantially smaller as they are not directly a§ected by the decline in asset prices and benefit
income does not depend on the state of the economy. The consumption of outright home owners
increases in response to lower policy rate, but this does not seem to be enough to drastically reduce
the adverse aggregate e§ects of the shock.

24



Figure 9: The Role of Heterogeneity: The red dashed-circle line represents the response derived by
the estimated model. The blue dashed-cross line illustrates agents’ responses when the degree of
impatience is (almost) the same across all types of households. The green dashed line shows the
case where the size of households — except the outright home owners — has been decreased to a
large extent.

The muted e§ect on CPI inflation is generated by (i) the o§setting e§ect between domestic
and import prices and (ii) relative flat Phillips curve, leads to an exchange rate depreciation.
Interestingly, the valuation e§ects generated by the exchange rate depreciation contribute to the
severity of the downturn caused by this shock. To be precise, the value of foreign assets in domestic
units increases despite the price fall caused by the foreign financial shock. The banks in their
attempt to return to their steady state, find it optimal to divert funding from domestic households
and capital producers to foreign assets (financed by outright home owners deposits). However, the
reduced production is now diverted to exports due to the exchange rate depreciation.

Does heterogeneity matter in this model economy? Figure 9 illustrates the role of heterogeneity
both in terms of the severity of financial constraints and the existence of multiple agents. In the
first exercise we retain all estimated parameters but we set the time discount rate for indebted
house owners, capital producers and bankers to the same value

(
βiho = βcp = βb = 0.994

)
. In other

words, we attempt to simulate a situation where financial constraints are less important. The blue
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dashed-cross line illustrates agents’ optimal responses in this economy for the foreign financial shock.
Clearly, the e§ects of the shock decrease dramatically and its economic impact seems negligible.
In the next exercise we decrease the size of all households in the economy except the size of the
outright home owners (green dashed lines). Implicitly, in this counterfactual case, we revert back
to a representative agent New Keynesian model. In other words, heterogeneity across financial
frictions is still present but it is too small to matter for aggregate demand. Again the impact of
the shock is small in this scenario.

These simulations suggest that heterogeneity across households and financial frictions drive
the e§ects of foreign financial shocks. In their absence, the e§ects of the shock are small and it
is unlikely that the model can explain the severity of the recessions following events such as the
recent global financial crisis. Without heterogeneity, the foreign financial disturbance resembles a
demand shock. Decision makers respond to its adverse consequences by lowering the policy rate. If
households are alike in ther access to financial markets, then the substitution e§ect can eliminate
all negative e§ects via higher consumption and investment demand financed by lower policy rates.

4 Conclusions

We show that US financial shocks have a large aggregate e§ect on the UK economy. However, the
e§ect is heterogenous when considering the distribution of households — the income and consumption
of households towards the right tail of the distribution is a§ected by a larger amount than households
on the left tail. High income and consumption households are likely to be ‘wealthy hand to mouth’
consumers and more exposed to financial conditions via credit constraints. Using a multiple agent
DSGE model, we show that these distributional e§ects are crucial for the transmission mechanism.
In particular, if all agents have access to financial markets then monetary authorities can easily
counter the e§ects of foreign financial shocks by reducing the interest rate. This policy is less
e§ective when some agents face credit constraints. As the importance of such households increases,
the aggregate e§ects of this shock rise substantially.

It can be argued that the recent financial crisis is a prominent example of a financial shock which
was then followed by a protracted recession. Our analysis shows that estimating and modelling the
distributional consequences of such shocks is key to understanding the magnitude and persistence
of its e§ects.
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No. Variable Country Source Transformation
1 Industrial Production UK GFD LD
2 UK FT-Actuaries 500 index (Non-Financials) UK GFD LD
3 Retail Price Index UK GFD LD
4 Composite Leading Indicator UK GFD N
5 Real Exports UK GFD LD
6 Real Imports UK GFD LD
7 Government Spending UK ONS LD
8 Government Consumption UK ONS LD
9 Gross Capital Formation UK GFD LD
10 Consumption Expenditure UK GFD LD
11 GDP Deflator UK GFD LD
12 Wage UK GFD LD
13 20 year Govt Bond Yield minus 3 mth yield UK GFD N
14 10 year Govt Bond Yield minus 3 mth yield UK GFD N
15 5 year Govt Bond Yield minus 3 mth yield UK GFD N
16 Brent Oil Price UK GFD N
17 Corporate Bond Spread UK GFD N
18 Real House Prices UK GFD N
19 Dividend Yield UK GFD N
20 FT Actuaries P/E Ratio UK GFD N
21 Pounds to DollarExchange Rate UK GFD LD
22 Pounds to Euro Exchange Rate UK GFD LD
23 Pounds to Yen Exchange Rate UK GFD LD
24 Nominal E§ective Exchange Rate UK GFD LD
25 Real E§ective Exchange Rate UK GFD LD
26 Real GDP UK GFD LD
27 CPI UK GFD LD
28 3 month T-Bill rate UK GFD N
29 FTSE All share Index UK GFD LD
30 Real GDP USA FRED LD
31 CPI USA FRED LD
32 3 month T-Bill rate USA FRED N
33 EBP USA http://people.bu.edu/sgilchri/Data/data.htm N
34 FCI USA FRED N
35 BAA Yield USA FRED N
36 Ten Year Bond yield USA FRED N

Table 3: Data series and transformations. GFD is global financial data. ONS is o¢ce of national statistics and FRED is the St Louis
FED database. LD denotes log di§erences times a 100 while N denotes no transformation
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B Di§erence in impulse responses across groups

Figures 10 and 11 present the posterior distribution of the di§erence in income and consumption
responses across groups (see section 2.3.1). Note that the percentile groups are defined as: P1 =[
≤ 20th

]
, P2 =

[
> 20th& ≤ 40th

]
, P3 = [> 40

th& ≤ 60th], P4 = [> 60th& ≤ 80th], P5 = [> 80th].
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Figure 10: The posterior distribution of the di§erence in the income response across groups. The solid line is the median and the shaded
area is the 68 percent error band.
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Figure 11: The posterior distribution of the di§erence in the consumption response across groups. The solid line is the median and the
shaded area is the 68 percent error band.
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C Robustness

Figure 12 presents the results of the robustness analysis discussed in section 2.3.1.
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Figure 12: Sensitivity Analysis
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1 Gibbs Sampling algorithm

Recall that the model is defined as
(
XUS
t

XUK
t

)
=

(
1 0
0 Λ

)(
XUS
t

FUKt

)
+

(
0
vt

)

Zt = c+

PX

p=1

BpZt−p + "t, var("t) = Q

vit =

PX

p=1

ρpvit−p + eit, var(eit) = ri, R = diag ([r1, r2, .., rM ])

where Zt =
(
XUS
t

FUKt

)
and vit denotes the ith residual, i.e. the ith column of vt. FUKt is the

matrix of K factors with FUKkt denoting the kth column. The prior for the factor loadings Λ is
normal N (Λi0,Σ0) where Λ0 is set to zero and Σ0 is a diagonal matrix with diagonal elements equal
to 100. The prior for b = [ρ1, ρ2, ..ρP ] is normal N (b0,Σb0) where b0 = 0 and Σb0 is an identity
matrix. The prior for ri is inverse Gamma IG (T0, D0) where T0 = 1 and D0 = 1e − 5. We use
a natural conjugate prior for the VAR parameters B = vec

(h
β̃j , α̃

i)
, Q implemented via dummy

observations (see Banbura et al. (2010)):

YD,1 =

0

BBBBBB
@

diag(γ1σ1...γNσN )
τ

0N×(P−1)×N
..............

diag (σ1...σN )
..............
01×N

1

CCCCCC
A

, and XD,1 =

0

BB
@

JP⊗diag(σ1...σN )
τ 0NP×1

0N×NP+1
..............

01×NP I1 × c

1

CC
A (1)
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where γ1 to γN denotes the prior mean for the coe¢cients on the first lag, τ is the tightness of
the prior on the VAR coe¢cients, c is the tightness of the prior on the constant terms and N is
the number of endogenous variables, i.e. the columns of Zt. In our application, the prior means
are chosen as the OLS estimates of the coe¢cients of an AR(1) regression estimated for each
endogenous variable. We use principal component estimates of the factors Ft for this purpose. We
set τ = 0.2. The scaling factors σi are set using the standard deviation of the error terms from
these preliminary AR(1) regressions. Finally we set c = 1/1000 in our implementation indicating a
flat prior on the constant. We also introduce a prior on the sum of the lagged dependent variables
by adding the following dummy observations:

YD,2 =
diag (γ1µ1...γNµN )

λ
, XD,2 =

(
(11×P )⊗diag(γ1µ1...γNµN )

λ 0N×1

)
(2)

where µi denotes the sample means of the endogenous variables calculated using Ft.
The Gibbs sampling algorithm for this model is now standard in the literature and involves

sampling from the following conditional posterior distributions:

1. H (Λ|Ft, R, b, B,Q). Given the factors Ft, the observation equation is set of M independent
linear regressions with serial correlation

XUK
it = FtΛ

0
i + vit

where Λi denotes the ith row of the factor loading matrix. The serial correlaton can be dealt
with via a GLS transformation of the variables:

X̃UK
it = F̃tΛ

0
i + eit

where X̃UK
it = XUK

it −
PP
p=1 ρpX

UK
it−p and F̃kt = Fkt−

PP
p=1 ρpFkt−p. The conditional posterior

is normal N (M,V ) :

V =

(
Σ−10 +

1

ri
F̃ 0t F̃t

)−1

M = V

(
Σ−10 Λi0 +

1

ri
F̃ 0tX̃it

)

2. H (ri|Λ, Ft, b, B,Q). The conditional posterior for ri is IG (T0 + T, e0iteit +D0) where T is the
sample size.

3. H (b|Λ, Ft, R,B,Q). Given a draw of the factors, the AR coe¢cients are drawn for each i
independently. The conditional posterior is normal N (m, v)

v =

(
Σ−1b0 +

1

ri
x0itxit

)−1

m = V

(
Σ−1b0 b0 +

1

ri
x0ityit

)

where yit = vit and xit = [vit−1, .., vit−P ]

4. H (B|Λ, b, Ft, R,Q) . The conditional posterior of the VAR coe¢cients is normal and given
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Figure 1: Ine¢ciency factors

by:

N(B∗, Q⊗
(
X∗0X∗)−1)

B∗ =
(
X∗0X∗)−1 (X∗0Y ∗)

where Y ∗ = [Zt;YD,1;YD,2] and X∗ = [Xt;XD,1;XD,2] with Xt = [Zt−1, .., Zt−P , 1].

5. H (Q|Λ, Ft, b, R,B) . This conditional posterior is Inverse Wishart:

IW (S∗, T ∗)

S∗ = (Y ∗ −X∗)B̃0(Y ∗ −X∗B̃)

where B̃ is the draw of the VAR coe¢cients B reshaped to be conformable with X∗ and T ∗

denotes the number of rows of Y ∗.

6. H (Ft|Λ, R,B, b,Q). Given the model parameters, the model can be written in state-space
form and the factors can be drawn using the Carter and Kohn (1994) algorithm.

We employ 200,000 iterations with a burn-in of 100,000 and save every 10th draw, leaving 10,000
draws for inference. Figure 1 shows that for most parameters the estimated ine¢ciency factors are
fairly low. Given the heavily parameterised nature of the model, this constitutes strong evidence
in favour of convergence of the algorithm.
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Figure 2: Sensitivity Analysis

2 Additional robustness checks

In this section we present results from the benchmark FAVAR using 7 factors and 3 factors, respec-
tively. The estimated income and consumption impulse responses are shown in figure 2. The first
column shows that the key results regarding the income response are preserved. The US financial
shock has a smaller impact on the left tail of the income and consumption distribution. The second
column of the figure shows that as in the benchmark case, the financial shock has a large impact
on the top consumption groups, while its impact on group P1 is fairly small in comparison.

3 Data

The extended FAVAR model that uses a factor structure for the US economy includes 91 Macro-
economic and Financial time-series. The table below lists the 91 Macroeconomic and Financial
time-series. In terms of the data sources GFD refers to Global Financial Database, FRED is the
Federal Reserve Bank of St Louis database. D denotes the log di§erence transformation (times
100), while N denotes no transformation.
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Table 1: Data for the factor model.

Variable Description Source Transformation
1 Industrial Production FRED D
2 Industrial Production: Business Equip-

ment
FRED D

3 Industrial Production: Consumer
Goods

FRED D

4 Industrial Production: Durable Con-
sumer Goods

FRED D

5 Industrial Production: Durable Materi-
als

FRED D

6 Industrial Production: Final Products
(Market Group)

FRED D

7 Industrial Production: Final Products
and Nonindustrial Supplies

FRED D

8 Industrial Production: Manufacturing FRED D
9 Industrial Production: Materials FRED D
10 Industrial Production: Nondurable

Consumer Goods
FRED D

11 Dow Jones Industrial Index GFD D
12 GDP Deflator FRED N
13 ISM Manufacturing: New Orders Index FRED N
14 ISM Manufacturing: Inventories Index FRED N
15 ISM Manufacturing: Supplier Deliveries

Index
FRED N

16 ISM Manufacturing: PMI Composite
Index

FRED N

17 ISM Manufacturing: Employment In-
dex

FRED N

18 ISM Manufacturing: Production Index FRED N
19 ISM Manufacturing: Prices Index FRED N
20 Employment FRED D
21 All Employees: Construction FRED D
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Table 1: Data for the factor model.

22 All Employees: Financial Activities FRED D
23 All Employees: Goods-Producing In-

dustries
FRED D

24 All Employees: Government FRED D
25 All Employees: Trade, Transportation

and Utilities
FRED D

26 All Employees: Retail Trade FRED D
27 All Employees: Wholesale Trade FRED D
28 All Employees: Durable goods FRED D
29 All Employees: Manufacturing FRED D
30 All Employees: Nondurable goods FRED D
31 All Employees: Service-Providing In-

dustries
FRED D

32 All Employees: Total Nonfarm Payrolls FRED D
33 Real personal income excluding current

transfer receipts
FRED D

34 Business Conditions Index GFD N
35 Imports Fred D
36 Exports Fred D
37 Real Government Spending Fred D
38 Real Tax revenues Fred D
39 Business Investment Fred D
40 Real Consumption Expenditure Fred D
41 Real GDP Fred D
42 Unemployment Rate Fred N
43 Number of Civilians Unemployed for 15

Weeks and Over
Fred D

44 Number of Civilians Unemployed for 15
to 26 Weeks

Fred D

45 Number of Civilians Unemployed for 27
Weeks and Over

Fred D

46 Number of Civilians Unemployed for 5
to 14 Weeks

Fred D
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Table 1: Data for the factor model.

47 Number of Civilians Unemployed for
Less Than 5 Weeks

Fred D

48 Average (Mean) Duration of Unemploy-
ment

Fred D

49 Average Weekly Hours Fred D
50 Average Weekly Hours of Production

and Nonsupervisory Employees: Goods-
Producing

Fred D

51 Average Hourly Earnings of Production
and Nonsupervisory Employees: Goods-
Producing

Fred D

52 Average Hourly Earnings of Production
and Nonsupervisory Employees: Con-
struction

Fred D

53 Average Hourly Earnings of Production
and Nonsupervisory Employees: Manu-
facturing

Fred D

54 Average Weekly Hours of Production
and Nonsupervisory Employees: Man-
ufacturing

Fred D

55 Civilian Labour Force Fred D
56 Civilian Participation Rate Fred D
57 Unit Labour Cost Fred D
58 Nonfarm Business Sector: Real Com-

pensation Per Hour
Fred D

59 M2 Money Fred D
60 Total Consumer Credit Owned and Se-

curitized, Outstanding
Fred D

61 Commercial and Industrial Loans, All
Commercial Banks

Fred D

62 Real Estate Loans, All Commercial
Banks

Fred D
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Table 1: Data for the factor model.

63 Producer Price Index for All Commodi-
ties

Fred D

64 Producer Price Index by Commodity
Metals and metal products: Primary
nonferrous metals

Fred D

65 Producer Price Index by Commodity for
Crude Materials for Further Processing

Fred D

66 Producer Price Index by Commodity for
Finished Consumer Goods

Fred D

67 Producer Price Index by Commodity for
Finished Goods

Fred D

68 Producer Price Index by Commodity
Intermediate Materials: Supplies and
Components

Fred D

69 Consumer Price Index Fred D
70 Consumer Price Index for All Urban

Consumers: Apparel
Fred D

71 Consumer Price Index for All Urban
Consumers: Medical Care

Fred D

72 Consumer Price Index for All Urban
Consumers: All items less shelter

Fred D

73 Personal Consumption Expenditures:
Chain-type Price Index

Fred D

74 3 Month Treasury Bill Rate Fred N
75 10 year Govt Bond Yield minus 3mth

T-bill rate
GFD N

76 6mth T-Bill rate minus 3mth T-bill rate GFD N
77 1 year Govt Bond Yield minus 3mth T-

bill rate
GFD N

78 5 year Govt Bond Yield minus 3mth T-
bill rate

GFD N

79 Commodity Price Index GFD D
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Table 1: Data for the factor model.

80 West Texas Intermediate Oil Price GFD D
81 BAA Corporate Spread GFD N
82 AAA Corporate Bond Spread GFD N
83 S&P500 Total Return Index GFD D
84 NYSE Stock Market Capitalization GFD D
85 S&P500 P/E Ratio GFD N
86 Pound dollar Exchange Rate GFD D
87 US and Canadian Dollar exchange rate GFD D
88 US dollar and German Mark exchange

rate
GFD D

89 Us Dollar and Japanese Yen Exchange
Rate

GFD D

90 Nasdaq Composite GFD D
91 NYSE Composite GFD D
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4 DSGE Model Fit

Figure 3 displays the fit of the model. Starting from the fit of the model, it is hard to argue
against of its ability to reproduce the dynamics observed in the data. If we take into account: (i)
the model replicates the responses of 11 variables (not just few series) and (ii) this set contains
real economy, financial and survey variables then the ability of the DSGE model to reproduce the
empirical responses is satisfactory.

5 DSGE Model equations

5.1 Unemployed Tenants

Budget constraint
cutt + q

x
t x
ut
t + r

h
t h

ut
t−1 = ξ + wtl

ut
t (3)

5.2 Employed Tenants

Utility function

uett = Et

1X

i=0

(
βet
)i
(

log
(
cett+i − η

et
c c

et
t+i−1

)
+ jet log

(
hett+i − η

et
h h

et
t+i−1

)
−  et

(
lett+i
)1+σl

1 + σl

)

(4)

Budget constraint

0 = wtl
et
t +

rt−1
πt
dett−1 − c

et
t − r

h
t h

et
t−1 − d

et
t

 

1 +
κ

2

(
dett
c̃ett
−
det

c̃et

)2!

(5)

Marginal utility of consumption

1

cett − ηetc cett−1
=

βetηetc
Etcett+1 − ηetc c

et
t

+ λett (6)

Marginal utility of housing

jet

hett − ηeth h
et
t−1

=
βetjetηeth

hett+1 − η
et
h h

et
t

+ Etβ
etλett+1r

h
t+1

Labour supply
 et
(
lett
)σl = λett wt (7)

Euler equation

λett

 

1 +
κ

2

(
dett
c̃ett
−
det

c̃et

)2!

+ λett κ

(
dett
c̃ett
−
det

c̃et

)
dett
c̃ett

= βetλett+1
rt

Etπt+1
(8)
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Figure 3: DSGE Model Fit: The blue thick and shadow area illustrate the median and the
16%-84% percentiles of the posterior distribution of the responses derived by the empirical model.
The red dashed-cycle line represents the responsed derived by the estimated DSGE model
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5.3 Indebted Home Owners

Utility function

uihot = Et

1X

i=0

(
βiho

)i
(

log
(
cihot+i − η

iho
c cihot+i−1

)
+ jiho log

(
hihot+i − η

iho
h hihot+i−1

)
−  iho

(
lihot+i
)1+σl

1 + σl

)

(9)
Budget constraint

0 = wtl
iho
t + bihot − cihot − qht

(
hihot − hihot−1

)
−
rbt
πt
bihot−1 (10)

Borrowing constraint

rbt+1b
iho
t ≤ ρihob rbtb

iho
t−1 +

(
1− ρihob

)
miho
t qht+1h

iho
t πt+1 (11)

Lagrange equation

Lihot = Et

1X

i=0

(
βiho

)i

2

666
4

{
log
(
cihot+i − ηcc

iho
t+i−1

)
+ jiho log

(
hihot+i − η

iho
h hihot+i−1

)
−  iho (

lihot+i)
1+σl

1+σl

}

+λihot+i

n
wtl

iho
t + bihot − cihot − qht

(
hihot − hihot−1

)
− rbt

πt
bihot−1

o

+µihot+i
{
ρihob rbt+ib

iho
t+i−1 +

(
1− ρihob

)
miho
t+iq

h
t+i+1h

iho
t+iπt+i+1 − r

b
t+i+1b

iho
t+i

}

3

777
5

(12)
Marginal utility of consumption

1

cihot − ηihoc cihot−1
=

βihoηihoc
Etcihot+1 − ηihoc cihot

+ λihot (13)

Euler equation

λihot = βihoλihot+1
rbt+1
Etπt+1

+ µihot rbt+1 − β
ihoµihot+1ρ

iho
b rbt+1

Marginal utility of housing

λihot qht +
βjihoηihoh

hihot+1 − η
iho
h hihot

=
jiho

hihot − ηihoh hihot−1
+µihot

(
1− ρihob

)
mtEt

(
qht+1πt+1

)
+βihoλihot+1q

h
t+1 (14)

Labour supply
 iho

(
lihot

)σl
= λihot wt (15)

5.4 Outright Home Owners

Utility function

uohot = Et

1X

i=0

(
βoho

)i
(

log
(
cohot+i − η

oho
c cohot+i−1

)
+ joho log

(
hohot+i − η

oho
h hohot+i−1

)
−  oho

(
lohot+i

)1+σl

1 + σl

)

(16)
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Budget constraint

0 = wtl
oho
t +

rt−1
πt
dohot−1 + divt − c

oho
t − qht

(
hohot − hohot−1

)
− dohot − τ (17)

Lagrange equation

Lohot = Et

1X

i=0

(
βoho

)i
2

6
4

{
log
(
cohot+i − η

oho
c cohot+i−1

)
+ joho log

(
hohot+i − η

oho
h hohot+i−1

)
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lohot+i)
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}

+λihot+i

n
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t + rt−1

πt
dohot−1 + divt − c

oho
t − qht

(
hohot − hohot−1

)
− dohot

o

3

7
5

(18)
Marginal utility of consumption

1

cohot − ηohoc cohot−1
=

βohoηohoc

Etcohot+1 − ηohoc cohot

+ λohot (19)

Euler equation
λohot = βohoλohot+1

rt
Etπt+1

(20)

Marginal utility of housing

λohot qht +
βohojohoηohoh

hohot+1 − η
oho
h hohot

=
joho

hohot − ηohoh hohot−1
+ βohoλihot+1q

h
t+1 (21)

5.5 Capital Producers

Utility function

ucpt = Et

1X

i=0

(βcp)i log
(
ccpt+i − η

cp
c c

cp
t+i−1

)
(22)

Budget constraint

0 = rht h
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t−1 + r

k
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cp
t − c
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t − it −

rbt
πt
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h
t

(
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t−1
)

Capital accumulation

kt = (1− δ) kt−1 +
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2

(
it
it−1

− 1
)2!

it (23)

Borrowing constraint

rbt+1b
cp
t ≤ ρcpb r

b
tb
cp
t−1 +

(
1− ρcpb

)
mcp
t

(
!kqt+1ktπt+1 + !hq

h
t+1h

cp
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)
(24)
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Lagrange equation

Lcpt = Et

1X

i=0

(βcp)i

2
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Marginal utility of consumption

1
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t−1

−
βcpηcpc

Etc
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Euler equation

λcpt = βcpλcpt+1
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Etπt+1

+ µcpt r
b
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cpµcpt+1ρ
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b
t+1

Tobin’s Q equation
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(
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(
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)
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Housing Q equation

qht = βcp
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5.6 Banks

Utility function
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1X
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b
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Borrowing constraint
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Lagrange equation
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Marginal utility of consumption

1
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−

βbηbc
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b
t
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Euler equations

λbt = βbEtλ
b
t+1

rt
πt+1

(33)

λbt = βbEtλ
b
t+1

rbt+1
πt+1

+ µbtm
b
t (34)
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5.7 Intermediate Good Producers

Production function
yt =

((
hft−1

)χ
k1−χt−1

)α
l
(1−α)
t (37)

Profit function

divt = yt − wllt − rkt kt−1 − r
h
t h

f
t−1 +mct

nh(
hft−1

)χ
k1−χt−1

iα
l
(1−α)
t − yt

o
(38)

Demand for labour

mct =

wt
p̄t

(1−α)yt
lt

(39)

Demand for capital

mct =
rkt

α(1−χ)yt
kt−1

(40)

Demand for comercial property

mct =
rht
αχyt
hft−1
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Phillips Curve

f1,t = λtmcty
d
t + βξyEt

 
πidt π̄

1−id
t+1

πt+1

!− θp
θp−1

f1,t+1 (41)

f2,t = λtπ̆ty
d
t + βξdEt

 
π
iy
t π̄

1−iy
t+1

πt+1

!− 1
θp−1 ( π̆t

π̆t+1

)
f2,t+1 (42)

0 = θpf1,t − f2,t (43)

1 = ξd

 
πidt−1π̄

1−id
t+1

πt

!− 1
θp−1

+ (1− ξd) π̆
− 1
θp−1

t (44)

where π̆t ≡
pnewt
pt
.

Price dispersion

υpt = ξd

 
π
iy
t−1π

1−iy

πt

!− θp
θp−1

υpt−1 + (1− ξd) π̄
− θp
θp−1

t (45)

5.8 Final Good Producers

Production function

zt =

[
υ
1
τ y

τ−1
τ

t + (1− υ)
1
τ m

τ−1
τ
t

] τ
τ−1

(46)

CPI Price Index
pt = υ

(
pdt

)1−τ
+ (1− υ) (pmt )

1−τ (47)

Demand for imports
mt = (1− υ) zt (p̄mt )

−τ (48)

Demand for value added
yt = υzt

(
p̄dt

)−τ
(49)

5.9 Importers

Marginal Cost

mcmt ≡
stp

∗
t

pmt
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Phillips Curve

g1,t = λtmc
m
t c

m
t+j + βξmEt

 
(πmt )

ιm π̄1−ιmt+1

πmt+1

!− θm
θm−1

g1,t+1 (50)

g2,t = λtπ̆
m
t c

m
t+j + βξmEt

 
(πmt )

ιm π̄1−ιmt+1

πmt+1

!− 1
θm−1 ( π̆mt

π̆mt+1

)
g2,t+1 (51)

0 = θmg1,t − g2,t (52)

1 = ξm

 (
πmt−1

)ιm π̄1−ιmt

πmt

!− 1
θm−1

+ (1− ξm) (π̆
m
t )

− 1
λm−1 (53)

where π̆mt =
pm,newt
pmt

Price dispersion

υmt = ξm

 (
πmt−1

)ιm π̄1−ιmt

πmt

!− θm
θm−1

υmt−1 + (1− ξm) (π̆
m
t )

− θm
θm−1 (54)

5.10 Government

Budget constraint

bgt + ξ =
rt−1b

g
t−1

πt
+ ξ (55)

Balanced budget
bgt = 0 (56)

5.11 Monetary policy

Reaction function
rt
r
=
(r−1
r

)ρr
(
πt
π̄t

)γπ(1−ρr)(yt
y

)γy(1−ρr)
(57)

5.12 Market Clearing

Labour
lt = l

ut
t + l

et
t + l

iho
t + lohot (58)

Debt

bt = b
iho
t + bcpt (59)

Deposits
dt = d

et
t + d

oho
t (60)

hcpt = h
ut
t + h

et
t + h

f
t (61)

ht = h
iho
t + hohot + hcpt = 1 (62)
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5.13 Steady States

Steady-state hours are calibrated (l = 1/3), we proceed by calibrating the following ratios with
respect to the labour supplied by the households

1 =
lut

l
+
let

l
+
liho

l
+
loho

l
(63)

lut

l
= 0.1 (64)

let

l
=
liho

l
=
loho

l
= 0.3 (65)

and this pins down the level of labour supply of each household. Similarly the supply of housing
is fixed ht = 1, meaning that h = 1. As with hours, we calibrate the ratios of rental housing and
housing owned by households.

h = hiho + hoho + hcp = 1 (66)

hiho = 0.25 (67)

hiho = 0.25 (68)

hcp = 0.50 (69)

(1− &)hoho = hut + het (70)

The value of the interest rate is given by

r =
π̄

βoho
(71)

r =
π̄

βet
(72)

The model pins down the value of the time discount factor for employed tenants

βoho = βet = β (73)

Steady state value of the borrowing rate is give by bankers’ first order conditions

rb =
1−

(
1− βb

β

)
mbπ̄

βb

The euler equation of the indebted home owners can be used to obtain the steady state value of
the Lagrange multiplier associated with her borrowing constraint

µiho

λiho
=

1− βiho

π̄ rb

rb
(
1− βihoρihob

) (74)
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and the same steps are applied to calculate the steady state value of the Lagrange multiplier
associated with capital producers’ borrowing constraint

µcp

λcp
=

1− βcp

π̄ r
b

rb
(
1− βcpρcpb

) (75)

The combination of the investment and Tobin’s Q equations delivers the steady state value of the
rental rate of capital

rk =

1−
(

1−βcp

π̄
rb

rb(1−βcpρcpb )

)(
1− ρcpb

)
mcp!kπ̄ − (1− δ)βcp

βcp
(76)

Using the demand for capital and Philips curve pricing equations we obtain the steady state value
of capital

y

k
=

1

α (1− χ)
rk

mc

y

k
= (hcp)αχ k(1−χ)α−1l(1−α)

k =

0

@
1

α(1−χ)
rk

mc

(hcp)αχ l
(1−α)
t

1

A

1
(1−χ)α−1

(77)

which can be used to calculate the steady state value of investment, output

i = δk (78)

y = (hcp)αχ k(1−χ)αl(1−α) (79)

and, consequently, aggregated consumption

c = y − i (80)

The demand for residential housing is used to find out the steady state value of the rental rate of
housing

rh = mc
αχy

hcp
(81)

The steady state value of housing prices is given by

qh =
βcprh

1− βcp −
(

1−βcp

π̄
rb

rb(1−βcpρcpb )

)(
1− ρcpb

)
mcp!hπ̄

(82)

The steady state value of capital producers’ borrowing is given by the borrowing constraint

bcp =
mcp

(
!kk + !hq

hhcp
)

rb
(83)
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while their consumption can be calculated by the budget constraint

ccp = rhhcp + rkk +

(
1−

rb

π

)
bcp − i (84)

and this pins down the value of their marginal utility to consume

λcp =
1− βcpηcpc
(1− ηcp) ccp

(85)

From the borrowing constraint of the indebted home owners we obtain their total amount of bor-
rowing

biho =
mihoqhhihoπ̄

rb
(86)

From their budget constraint we calculate the steady state value of their consumption level

ciho = wliho +

(
1−

rb

π̄

)
biho (87)

The steady state value of their marginal utility is

λiho =
1− βihoηihoc
(1− ηiho) ciho

(88)

The steady state value of depositis is given by bankers’ borrowing constraint

d = mbb+ b∗ (89)

Which can be used to calculate the steady state value of bankers’ consumption

cb =

((
1−

r

π̄

)
mb +

rb

π̄
− 1
)
b (90)

And their maginal utility of consumption

λb =
1− βbηbc
(1− ηb) cb

(91)

While the Lagrange multiplier associated with the bankers’ borrowing constraint is given by

µb = λb

 

1−
βb

β

!

(92)

We calibrate the steady state of deposits made by employed tenants
(
det

d

)
and outright home

owners
(
doho

d

)
to be 30% and 70%, respectively. We this information we can calculate the steady

state value of the consumption of the employed tenants and outright home owners

cet = wlet +

(
1

β
− 1
)
det − rhhet (93)
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joho = λohoqh
(
1− βoho

) (1− ηohoh

)
hoho

1− βohoηohoh

(94)

jiho = λihoqh
(
1−

µiho

λiho

(
1− ρihob

)
mπ̄ − βiho

) (
1− ηihoh

)
hiho

1− βηihoh
(95)
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5.14 Linearised Equations

ĉutt +
rhhut

cut

(
r̂ht + h

ut
t−1

)
=
wlut

cut
(
ŵt + l

ut
t

)
(96)

r̂bt+1 + b̂
iho
t = ρiho

(
r̂bt + b̂

iho
t−1

)
+
(
1− ρiho

)
miho

(
q̂ht+1 + ĥ

iho
t + π̂t+1

)
(97)

λ̂
iho

t

(
1− βihoηihoc

)(
1− ηihoc

)
= −

(
1 + βiho

(
ηihoc

)2)
ĉihot + ηihoc ĉihot−1 + β

ihoηihoc ĉihot+1 (98)

λ̂
iho

t =
βihorb

π̄

(
λ̂
iho

t+1 + r̂
b
t+1 + π̂t+1

)
+

1− βihorb

π̄

1− βihoρiho

(
µ̂ihot + r̂bt+1

)

−
βihoρiho

(
1− βihorb

π̄

)

1− βihoρiho

(
µ̂ihot+1 + r̂

b
t+1

)
(99)

Set
jiho = λihoqh

(
1− ηihoh

)2
hiho

[
1 + βiho

(
ηihoh

)2]
ĥihot = ηihoh ĥihot−1 + β

ihoηihoh ĥihot+1 +

(
1− βiho

π̄ rb
) (
1− ρihob

)
mπ̄

rb
(
1− βihoρihob

)
(
µ̂ihot + q̂ht+1 + π̂t+1

)

−
(
λ̂
iho

t + q̂ht

)
+ βiho

(
λ̂
iho

t+1 + q̂
h
t+1

)
(100)

l̂ihot =
1

σl

(
λ̂
iho

t + ŵt

)
(101)

λ̂
oho

t

(
1− βohoηohoc

)(
1− ηohoc

)
= −

(
1 + βoho

(
ηohoc

)2)
ĉohot + ηohoc ĉohot−1 + β

ohoηohoc ĉohot+1 (102)

λ̂
oho

t = λ̂
oho

t+1 + r̂t + π̂t+1 (103)

Set
joho = λohoqh

(
1− ηohoh

)2
hoho

[
1 + βoho

(
ηohoh

)2]
ĥohot = ηohoh ĥohot−1 + β

ohoηohoh ĥohot+1 −
(
λ̂
oho

t + q̂ht

)
+ βoho

(
λ̂
iho

t+1 + q̂
h
t+1

)
(104)

ĉcpt =
rhhcp

ccp

(
r̂ht + ĥ

cp
t−1

)
+
rkk

ccp

(
r̂kt + k̂t−1

)
+
bcp

ccp
b̂cpt −

i

ccp
ı̂t −

rb

π̄

bcp

ccp

(
b̂cpt−1 + r̂

b
t − π̂t

)

−
qhhcp

ccp

(
ĥcpt − ĥ

cp
t−1

)
(105)

k̂t = (1− δ) k̂t−1 + δı̂t (106)
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r̂bt+1 + b̂
cp
t = ρcpb

(
r̂bt + b̂

cp
t−1

)
+
(
1− ρcpb

)
mcp

h
!k

(
q̂t+1 + k̂t + π̂t+1

)
+ !h

(
q̂ht+1 + ĥ

cp
t + π̂t+1

)i

(107)

λ̂
cp

t (1− β
cpηcpc ) (1− η

cp
c ) = −

(
1 + βcp (ηcpc )

2
)
ĉcpt + η

cp
c ĉ

cp
t−1 + β

cpηcpc ĉ
cp
t+1 (108)

λ̂
cp

t =
βcprb

π̄

(
λ̂
cp

t+1 + r̂
b
t+1 + π̂t+1

)
+

1− βcprb

π̄

1− βcpρcp
(
µ̂cpt + r̂

b
t+1

)
−
βcpρcp

(
1− βcprb

π̄

)

1− βcpρcp
(
µ̂cpt+1 + r̂

b
t+1

)
(109)

q̂t = βcp
(
rk + (1− δ)

)(
λ̂
cp

t+1 − λ̂
cp

t

)
+ βcp

(
rkr̂kt+1 + (1− δ)q̂t+1

)

+
µcp

λcp
(1− ρcp)mcp!kπ̄ (µ̂

cp
t − λ

cp
t + q̂t+1 + π̂t+1) (110)

q̂ht =
βcp
(
qh + rh

)

qh

(
λ̂
cp

t+1 − λ̂
cp

t

)
+
βcp

qh

(
qhq̂ht+1 + r

hr̂ht+1

)

+
µcp

λcp
(1− ρcp)mcp!hπ̄

(
µ̂cpt − λ

cp
t + q̂

h
t+1 + π̂t+1

)
(111)

ĉbt =
d

cb
d̂t +

rbb

π̄cb

(
b̂t−1 + r̂

b
t − π̂t

)
+
r∗b∗

π̄∗cb

(
ŝt + b̂

∗
t−1 + r̂

∗
t−1 − π̂

∗
t

)
−
rd

π̄cb

(
d̂t−1 + r̂t−1 − π̂t

)

−
b

cb
b̂t −

b∗

cb

(
ŝt + b̂

∗
t − ϵ̂

∗
t

)
(112)

d̂t =
mbb

d
b̂t +

b∗

d

(
ŝt + b̂

∗
t − ϵ̂

∗
t

)
(113)

λ̂
b

t

(
1− βbηbc

)(
1− ηbc

)
= −

(
1 + βb

(
ηbc

)2)
ĉbt + η

b
cĉ
b
t−1 + β

bηbcĉ
b
t+1 (114)

λ̂
b

t =
βb

β

(
λ̂
b

t+1 + r̂t−1 − π̂t
)
+
µb

λb
µ̂bt (115)

λ̂
b

t =
βbrb

π̄

(
λ̂
b

t+1 + r̂t−1 − π̂t
)
+
µbmb

λb
µ̂bt (116)

ŝt − ŝt+1 =
(
r̂∗t − π̂

∗
t+1

)
− (r̂t − π̂t+1)−  nfadnfat (117)

ŷt = α
(
χĥft−1 + (1− χ)k̂t−1

)
+ (1− α) l̂t (118)
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cmct = ŵt −
(
ŷt − l̂t

)
− ˆ̄pt (119)

cmct = r̂kt −
(
ŷt − k̂t−1

)
(120)

cmct = r̂ht −
(
ŷt − ĥ

f
t−1

)
(121)

π̂dt =
β

1 + βκy
π̂dt+1 +

κy
1 + βκy

π̂dt−1 +

(
1− ξy

) (
1− βξy

)

ξy (1 + βκy)
cmct (122)

dnfat =
1−  nfa

β
dnfat−1 +

1

β

(
∆ŝt + r̂

∗
t−1 − π̂

∗
t

)
+

x

nfa
(ŝt + x̂t)−

m

nfa
(ŝt + m̂t) (123)

l̂t =
lut

l
l̂utt +

let

l
l̂ett +

liho

l
l̂ihot +

loho

l
l̂ohot (124)

b̂t =
biho

b
b̂ihot +

bcp

b
b̂cpt (125)

d̂t =
det

d
d̂ett +

doho

d
d̂ohot (126)

0 = hihoĥihot + hohoĥohot + hcpĥcpt (127)

ẑt =
c

z
ĉt +

i

z
ît +

x

z
x̂t (128)

ĥcp =
hut

hcp
ĥutt +

het

hcp
ĥett +

hf

hcp
ĥft (129)

ŷt = ẑt − τ ˆ̄pt (130)
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m̂t = ẑt − τ ˆ̄pmt (131)

π̂ = νπ̂dt + (1− ν) π̂
m
t (132)

π̂mt =
β

1 + βκm
π̂mt+1 +

κm
1 + βκm

π̂mt−1 +
(1− ξm) (1− βξm)
ξm (1 + βκm)

(
q̂t − ˆ̃pmt

)
(133)

ĉett =
wlet

cet

(
ŵt + l̂

et
t

)
+
rdet

cet

(
d̂ett + r̂t−1 − π̂t

)
−
rhhet

cet

(
r̂ht + ĥ

et
t−1

)
−
det

cet
d̂ett (134)

λ̂
et

t

(
1− βetηetc

) (
1− ηetc

)
= −

(
1 + βet

(
ηetc
)2)

ĉett + η
et
c ĉ

et
t−1 + β

etηetc ĉ
et
t+1 (135)

h
1 + βet

(
ηeth
)2i

ĥett = ηeth ĥ
et
t−1 + β

etηeth ĥ
et
t+1 − β

et
(
λ̂
et

t+1 + r̂
h
t+1

)
(136)

λ̂
et

t = λ̂
et

t+1 + r̂t − π̂t+1 + κ
(
d̂ett − ĉ

et
t

)
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