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Abstract

In this paper we model endogenous default in mortgages that can explain the main
features of the US macroeconomic time series. We explicitly model the housing sector,
mortgages, and endogenous default as well as nominal and real rigidities in a DSGE
setting. We use data for the period 1981-2006 to estimate our model using Bayesian
techniques. We analyze how an increase in the mortgage default rate can spread to the
rest of the economy and create a recession. Next we examine a mortgage modification

policy that mitigates the effects of an increase in mortgage default rate.
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1 Introduction

The latest financial crisis has its origins in the housing sector. There was an increase in the
mortgage delinquency rate that put many financial institutions under distress. The bursting of
the housing bubble in the United States made it difficult for borrowers to repay their loans. As
a results, the seriously delinquent mortgage rate (more than 90 days past due and in foreclo-
sure) increased from around 2% of total loans in 2006Q3 up to almost 10% in 2010Q1, as shown
in Figure [l Banks were forced to write down several hundred billions in bad loans. A credit
crunch followed that caused the failure of several financial institutions. There was a decrease
in the access to credit for households, house prices fell, and so did credit, consumption, and
housing investment. The turmoil in the housing sector spread over to the rest of the economy.

In this paper, we propose a model to analyze the transmission of an increase in mortgage
default to the rest of the economy, the quantitative effects of the transmission and spillovers,
and debt reduction policies that might mitigate these effects. First, we develop a comprehen-
sive DSGE model with the housing sector, mortgages, and endogenous default and we estimate
it using Bayesian techniques. Second, we use the estimated model to look at the effects of a
reduction in mortgage payments.

This is a medium-sized model which builds on the work of [lacoviello and Neri (2010) and
Forlati and Lambertini| (2011). There are two types of households that differ in terms of their
discount factor: patient households (lenders) save and lend to impatient ones (borrowers). Bor-
rowers can take a loan for a fraction of the expected discounted future value of their houses.
In [Tacoviello and Neris equilibrium, mortgages are always repaid. We assume instead, like in
Forlati and Lambertini, that the returns to housing are sensitive to both aggregate and idiosyn-
cratic risk. The housing investment is subject to a risk shock that determines the value of the
collateral. If the value of the collateral after the risky shock is lower than the repayment of the
loan, the borrower defaults on the mortgage. Lenders can observe the realized return only after
paying an auditing cost. The participation constraint implied by the financial contract makes
the rate of default on mortgages and the external finance premium countercyclical.

The entrance of subprime borrowers in the U.S. mortgage market between 2000 and 2006 is
captured with an increase in the standard deviation of idiosyncratic housing investment risk.

Because of this risk, some borrowers find themselves in a negative equity trap and default on
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Figure 1: Delinquency Rate in Percentage Points, United States, 1979Q4-2010Q1

their mortgages. The ensuing fall in house prices generates more mortgages that are underwater
and triggers a credit crunch that reduces aggregate demand for housing and non-durable goods
alike. The economy experiences a recession. We estimate the model with U.S. data for the time
period 1981Q1-2006Q4 using Bayesian techniques.

The Financial Stability Act of 2009 launched Making Home Affordable (MHA) in response to
the increase in the mortgage default rate. Among other programs the Home Affordable Modifi-
cation Program (HAMP) was launched. The objectives of this program are to help households
to avoid foreclosure, to stabilize the U.S. housing market, and to improve the economy. It con-
sists of loan modifications on the mortgage debt. The loan modifications are either permanent
reductions in the mortgage payments through lowering the monthly payments or a reduction
in the mortgage rate. So far, almost 1.3 million homeowners have modified their mortgages
permanently through HAMP. The MHA program has transformed 3.9 million private-sector
mortgages. The median reduction is 40%, which amounts to more than 520 U.S. dollars each
month. The program resulted in a total of 4.5 billion U.S. dollars saving for homeowners.

In line with recent events, we use the estimated model for policy evaluation. We study a re-
duction in the loan payment that writes off the underwater part of mortgages. We find that this
policy is effective on mitigating the macroeconomic effects of mortgage risk shocks. Moreover,

the policy makes all agents better off relative to the case of no intervention.



Following the work of [Kiyotaki and Moore (1997), Tacoviello, (2005) and [Tacoviello and Neri
(2010) introduce collateral constraints in a model with housing to analyze sources and con-
sequences of fluctuations in the U.S. housing sector. In particular, lacoviello| (2005) develops
and estimates a monetary business cycle model with nominal loans and durable goods used as
collateral. The main features of this framework are: (1) collateral constraint tied to real estate
values (as in Kiyotaki and Moore| (1997))); (2) nominal debt. These features result in a financial
accelerator mechanism. |lacoviello| (2005) estimates this model using U.S. data from 1974Q1 to
2003Q2. He finds that there are feedback effects from shocks on housing preferences to non-
housing consumption. This effect is positive because of the collateral constraint; otherwise it
would be negative.

lacoviello and Neri| (2010) develop a DSGE model of the U.S. economy that includes the
housing sector and estimate their model using Bayesian techniques. The core of [lacoviello
and Neri/s framework, and that of ours, is a dynamic equilibrium model with neoclassical as-
sumption and nominal and real rigidities, as the seminal works of |(Christiano, Eichenbaum and
Evans| (2005) and [Smets and Wouters| (2007). These papers do not model the housing sector
explicitly but they fit the U.S. data well. The housing features in [lacoviello and Neri/s work
builds on [lacoviello (2005]). Their model is characterized by sectorial heterogeneity, as in |Davis
and Heathcote (2005). It features the housing sector which produces new homes using cap-
ital, labor, and land, and the non-housing sector produces consumption goods and business
investment using capital and labor. On the demand side, housing can be used as collateral
for borrowing, as in lacoviello| (2005). lacoviello and Neri find that housing demand and sup-
ply shocks explain about one-quarter of the volatility of both housing investment and housing
prices. They show that housing market spillovers to consumption and business investment have
become more important over time.

The chapter is organized as follows. Section [2] describes the model. Section |3| discusses the
methodology. Section [4] documents the characteristics of the model with the estimated param-
eters. In Section [5] we look at the sources of business cycle fluctuation. Section [ we study the

effects of debt reduction. Section [7] concludes.



2 Model

Our model has two sectors, durable and non-durable goods; two types of households, patient
(lender) and impatient (borrower); and endogenous default on mortgage contracts. In equi-
librium, some mortgages are defaulted. We assume that the returns to housing are sensitive
to both aggregate and idiosyncratic risk and that lenders can observe the realized return only
after paying an auditing cost. The participation constraint implied by the financial contract

makes the rate of default on mortgages and the external finance premium countercyclical.

2.1 Households

There is a continuum of measure 1 of households. Households differ in terms of their discount

factor: patient households (lenders) save and lend to impatient ones (borrowers).

2.1.1 Lenders

Lenders maximize their lifetime utility function:

00 1+n
max F Z(ﬁGC)tzt [Fc In(c; — ec;—1) + jiInhy — ] z p (nf{g + n,llJf) Hg} , (1)
t=0

where [ is the discount factor, ¢; is consumption of non-durable goods, h; is consumption
of housing services, n.; and n,, are hours in the durable goods sector and housing sector,
respectively. The variables z;, j;, and 7; denote the shocks to intertemporal preferences, housing
preferences, and to labor supply.E] The parameter € measures habit persistence, 7 is the inverse
of the Frisch labor supply elasticity, and & accounts for the imperfect substitution of hours
in the non-durable and housing sectors. Consumption grows at the rate G. on the balanced
growth path and I'. = (G, —¢€)/(G. — BeG,) allows marginal utility of consumption to be equal
to 1/c in the steady state.

'Please see Appendix ?? for the functional forms of these and the following shocks that are not specified in
the main text.



Lenders maximize their utility subject to their budget constraint:
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Lenders choose non-durable goods ¢;, housing services h;, hours n.; and ny,, land [;, capital
in the consumption sector k.., capital £k, and intermediate inputs A, in the housing sector,
lending b; (borrowing if positive), and capital utilization rates z.; and z, . The price of housing
is g, price for intermediate inputs is py+, and the price of land is p;;. A, could be interpreted
as the investment-specific technology shock. R; ; is the nominal return on the riskless bond
and m; = P;/P,_; is the money inflation rate in the non-durable sector. Real wages are w,;
and wy,, real rental rates are R.; and Rj,, and depreciation rates are 0y, and dy 5. There
is monopolistic competition in the labor market, and X,.; and X, represent the markup
between the wage paid by the wholesale firm and the wage paid to the households. Final goods
firms and labor unions pay lump-sum profits Div, ¢; is the convex adjustment cost, and a(z; )

is the convex cost of setting capital utilization rate to z;;, which are specified in Appendix ?7.

2.1.2 Borrowers

Borrowers maximize their lifetime utility function:

/
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subject to their budget constraint:
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Variables and parameters with a prime refer to the borrowers who have a lower discount rate
than lenders (8’ < ). R, is the state-contingent interest rate that non-defaulting borrowers

pay at time t on the loans b,_; taken at time ¢ — 1; it is an adjustable interest rate determined



after the realization of the shocks and satisfies the participation constraint of the lenders. A
fraction of borrowers default on their mortgages and, as a result, lenders seize a fraction Gy ()
of the borrowers’ housing stock by paying a monitoring cost p. The fraction of loans that is
repaid to the lenders is denoted by [1 — Fi(w;)]. Div, are specified in Appendix ?7?.

Each household consists of many members who are ex-ante identical. The household decides
how much to invest in housing and the state-contingent mortgage rate to be paid in the next
period, specified in the contract signed this period. Total housing investment is equally as-
signed across the members of the household. Each household signs a contract with the lender
and then the idiosyncratic shock wj,, is realized. The shock defines the ex-post value of the
house wj, gi+1h;. This captures the idea that housing investment is risky. The idiosyncratic
shock is i.i.d. across the household members and log-normally distributed with the cumulative
distribution function Fyi(wi, ;). The expected value of the wi,, is equal to 1 in every period,
there is no shock at the household level. We assume that housing investment riskiness can
change over time: the standard deviation o, ; of Inw! is subject to an exogenous shock.

Once the idiosyncratic shock is realized, the borrower decides whether to default on the mort-
gage or not. The borrower defaults if the idiosyncratic shock is below the threshold level w;

which is determined by
Or41(1 — Op)qer1himesr = R by (5)

Loans greater than this threshold value are repaid at the contractual rate R.;;; and loans
less than the threshold value are defaulted on. The random variable wj_, is observed by the
members of the household but lenders can only observe it after paying a cost. Then, lenders pay
the monitoring cost p and seize the collateral on the loan. This makes the borrowers truthfully
reveal their idiosyncratic shock. (Townsend, [1979) Borrowers that default lose their housing
stocks. There is perfect consumption insurance among household members so that non-durable
consumption and housing investment are ex post equal across members of the household.

We assume a one-period mortgage contract as in Bernanke, Gertler and Gilchrist| (1999).
Lenders demand the gross rate of return R; which is predetermined and not state contingent.

The participation constraint of the lenders is

[e.e]

Wt+1
Riby = / wt+1(1 - N)(l - 5h>Qt+1hz/g7Tt+1ft+1(w>dW +/ Rz,t+1btft+1<w)dwa (6)
0 @

t+1



where f(w) is the probability density function of w. Remember that w is subject to an exogenous
shock to its standard deviation, making it time variant. The return on total loans consists of two
parts: the housing stock net of monitoring costs and depreciation of the defaulting borrowers
(first-term on the right-hand side of @, and the repayment by the non-defaulting borrowers
(second-term on the right-hand side of @ After the idiosyncratic and aggregate shocks are
realized, the threshold value @w; and the state-contingent mortgage rate R, are determined.
The participation constraint holds state by state.

As in |Forlati and Lambertini| (2011) we define the expected value of the idiosyncratic shock
for those who default multiplied by the probability of default as

W41
Gt (@rs1) = / et forr (0)des (7)
0

and the expected share of housing value, gross of monitoring costs that goes to lenders as

[ip1(@r1) = O Jer1(W)dw + Giy1 (@p41). (8)

W1

Then, the participation constraint, Equation @ is

Riby = [T (@p41) — 1Gis1(©0r11)] (1 — 0n)qegr hymega s (9)

where the loan-to-value ratio is

L1 (@r1) — pGrpr (@i41)] - (10)

We derive Equation @D in Appendix ?77. We also show another way of writing the borrowers’
budget constraint, Equation . Equation @ states that the borrower can borrow b; up to the
amount of his expected present value of his house times the loan-to-value ratio.

Borrowers maximize their utility subject to the budget constraint and the borrowing
constraint ([9). They choose ¢}, hy, by, nj, ,, 1, and Gy

We follow |[Bernanke et al.| (1999)) and [Forlati and Lambertini (2011]) to specify the idiosyncratic



risk in the housing sector. The shock w is distributed log-normally:

T 3
Inw~N 50 (11)

2.2 Firms

There are competitive flexible price wholesale firms that produce non-durable goods and hous-
ing using two technologies. There is also a final good firm in the non-durable sector which
operates under monopolistic competition.

Wholesale firms hire labor and capital services and buy intermediate goods to produce whole-

sale goods Y; and new houses I H; to maximize their profits

Y,
Yt +qlH, — [Z (winie + wé,tnat + Ritzitkir—1) + Riglioa + poikos| (12)
t i=c,h

where the production technologies are:

’ 1—pe
Y;t = |:Act (ngétnciia>:| <ZCtkct71)uC> <13)
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X, is the markup of final good relative to wholesale non-durable good. Non-durable goods are
produced with labor and capital as in . New houses are produced with labor, capital, land,
and intermediate input k, as in . A and Ay denote the productivities in the non-durable

and housing sectors.

2.3 Nominal Rigidities and Monetary Policy

There is price rigidity in the non-durable good sector and wage rigidities in the non-durable good
and housing sectors. We assume monopolistic competition at the retail level and adjustment
costs of changing nominal prices a la Calvo to introduce price stickiness (7). Retailers buy
wholesale goods Y; from wholesale firms at the price P,* in a competitive market, differentiate
the goods at no cost, and sell them at a markup X; = P,/ P} over the marginal cost. The CES

aggregates of these goods are converted back into homogeneous consumption and investment



goods by households. Each period, a fraction 1 — 07 of retailers set prices optimally, while a
fraction O cannot do so, and index prices to the previous period inflation rate with an elasticity

equal to ¢ . These assumptions deliver the following consumption sector Phillips curve:
Xy
Inm —tpyInm_y = PG, (EyInmyy — tpInm) —erIn e + Uy, (15)

where e, = (1 — 6,)(1 — 8G.0,)/0, and u,, is a cost shock.

Wage setting is similar to the price setting. Unions receive homogeneous labor supply from
borrowers and lenders. Then they differentiate the labor services and set wages a la Calvo.
Wholesale labor packers buy these labor services and assemble them into n., ns, n., and nj.
Wholesale firms hire labor from these packers. Under Calvo pricing with partial indexation
to past inflation, the pricing rules set by the union imply four wage Phillips curves that are
isomorphic to the price Phillips curve. These equations are in Appendix 77.

To close the model, we assume that the central bank sets the interest rate R; according to a

Taylor rule that responds to past interest rate, inflation, and GDP growth:

GDP, \'" 1"

where 77 is the steady-state interest rate, ug; is i.i.d. monetary policy shock, and s; is persistent

inflation objective shock.

2.4 Equilibrium

The equilibrium in the goods market is as follows:

IK,
Cit L Ty + k=Y, — ¢y (17)
k.t

where C; = ¢, + ¢, is the aggregate consumption, IK.; = ker — (1 = Spe)kep, IKps =
knt — (1 — 6gn)kni—1, and ¢ is described in Appendix 77.

New houses are produced in the housing market:

he + 1, — (1= 8) [hH YR (1= uGi(@)] = [H,. (18)

10



Loan market also clears. Total land is fixed and normalized to one.

2.5 Trends and Balances Growth

To complete the model, we allow for different trends in productivity in the consumption, busi-

ness, and residential sector. The processes that they follow are:

InA; =tln(1+7y4c)+InZ.;, where InZ. ;=paclnZ., 1+ ucy;
InAp; =tln(1+vyap)+InZypy, where InZyi=pagInZpiq+ upy;

InAgy =tIn (1 +vax) + In Zyy, where  InZp; = paxInZy 1 + uky;

The innovations are ucy, um,, and ug; and they have mean zero and standard deviations o 4¢,
oang, and oax. The shocks are serially uncorrelated. The parameters vac, vag, and v4x are
the net growth rates of technology for each of the sectors. We estimate the last six parameters.

A balance growth path exists. We follow lacoviello and Neri (2010) to define the growth rates

for the real variables; they are defined as

Go = Grxn = Gogxiag = 1+ yac + ] fe YAK; (19)
— Hc

Gixe=1+v4c + 1 VAK; (20)

— Hc
B pe (pn + i) :

Gra =1+ (ptn + ) vac + T, + (1= pn = — o) vam; (21)
c 1— -

Gy=1+(1 = — )yac + 2 : 1 _MZ Mb)%m — (L= — = pp)vam- (22)

3 Parameter Estimates

3.1 Methods and Data

We take the linearized version of the equations around the balanced growth path and estimate
the model with Bayesian methods. The chosen prior distributions will be discussed in the
next sub-section, and we estimate the posterior distributions using the Metropolis-Hastings
algorithm. We have eleven observables: loan-to-value ratio, real consumption, real residential

investment, real business investment, real house prices, nominal interest rates, inflation, hours

11



and wage inflation in the consumption sector, hours and wage inflation in the housing sector.
The variables are explained in Appendix [A] We measure the loan-to-value ratio following Boz
and Mendoza| (2014)) and define it as net credit market assets of households divided by the value
of residential land from |Davis and Heathcote| (2007)).

We use quarterly data for the United States from 1981Q1 until 2006Q4, to exclude the financial
crisis period. However, we also experiment with the data until 2008Q4, before the nominal
interest rate reached the zero lower bound. We plot the data that we use in the estimation in

Figure 7?7 on page ?7.

3.2 Calibrated Parameters

We present the parameters we calibrate in Table |1f and we follow [lacoviello and Neri (2010).E]
The discount rate for borrowers is § = 0.9925, and the discount rate for lenders is 5’ = 0.9700.
The weight on housing in the utility function j is equal to 0.12. The share of capital in the
non-durable goods production g, is set to 0.35. In the housing production capital share p, the
share of land y;, and the share of intermediate goods p; are all set to 0.1.

We set the depreciation rates for capital in the non-durable goods sector d;. = 0.025, capital in
the housing sector d;, = 0.03, and the depreciation in the housing sector ¢, = 0.01. The steady
state markups are equal to 15 percent, so we fix X, Xy, and X, at 1.15. The autocorrelation
parameter for the cost shock py is fixed at 0.975. Finally, we set the monitoring cost p equal

to 0.12 as in [Forlati and Lambertini (2011]).

3.3 Prior Distributions

We present our prior distributions in Tables [2] and [3] Most of the priors have the same distri-
butions as in lacoviello and Neri (2010). The only difference is the parameters that specify the
autoregressive part of the shocks i.e. p’s. We set the prior mean of these parameters to 0.5.
We specify a normal distribution for the mean of standard deviation of idiosyncratic shocks in
the housing sector . The idiosyncratic shock itself is specified similar to the other shocks in
the model, i.e. the autoregressive parameter has a beta distribution with mean equal to 0.5 and

standard deviation equal to 0.1, and the standard deviation has an inverse gamma distribution

2Please see [lacoviello and Neri (2010) for the details of the calibration.
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Parameter Value

B8 0.9925
8 0.9700
j 0.1200
e 0.3500
[t 0.1000
" 0.1000
n 0.1000
Ske 0.0250
Sk 0.0300
S 0.0100
Xys 1.1500
Xuves Xon 11500
Ps 0.9750
" 0.1200

Table 1: Calibrated Parameters

with mean 0.001 and a standard deviation of 0.01.
Tables 2| and |3 also show the posterior distribution of the parameters and the shock processes,
respectively. Figures 7?7 to 7?7 in Appendix ?7 present the plots of the prior and the posterior

distributions.

4 Properties of the Estimated Model

4.1 Steady-State Analysis

In this section we analyze the steady state properties of the estimated model for the different
time periods. Table [4] presents the results for the estimation until 2006Q4 in the first column
and for the whole time period in the second column. The estimated risk shock o, is higher
when we include the crisis period, which is not surprising. Also, the annual default rate on
the mortgages is higher. However, the loan-to-value ratio is not so different in the two time
periods. Housing prices are higher if we include the crisis period, and both the borrowers and
lenders have lower housing services. Housing prices are higher because the prices from 2007Q1
until 2008Q4 are higher than the mean of the time series, but clearly, as we show in Figure 77,
Appendix ??, there is a drop in house prices. Both lenders and savers also have lower non-

durable good consumption which leads to a lower aggregate consumption. Loans are also lower,
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Prior Distribution

Posterior Distribution

Parameter Distribution Mean St. Dev. Mean 2.5% 97.5%

o beta 0.65 0.05 0.7440 0.6826  0.8014
€ beta 0.5 0.075 0.4001 0.3182  0.4841
e beta 0.5 0.075 0.5846  0.4764  0.6897
n gamma 0.5 0.1 0.5434 0.3819  0.7166
n' gamma 0.5 0.1 0.5024 0.3485  0.6563
£ normal -1 0.1 -0.7343 -0.9816 -0.5067
& normal -1 0.1 -0.9747 -1.1416 -0.8023
Dk gamma 10 2.5 14.3053 11.3023 17.6198
Ok,h gamma 10 2.5 10.9936  7.0095 14.9590
T normal 1.5 0.1 1.6608  1.5369  1.7787
TR beta 0.75 0.1 0.6828  0.6308  0.7377
ry normal 0 0.1 0.3739  0.2827  0.4665
0 beta 0.667 0.05 0.8692  0.8421  0.8967
Ly beta 0.5 0.2 0.5039  0.3090 0.6910
Ow,c beta 0.667 0.05 0.8645 0.8351  0.8999
Lw,c beta 0.5 0.2 0.2381  0.1109  0.3583
Ow.h beta 0.667 0.05 0.8867 0.8516  0.9205
L, beta 0.5 0.2 0.4491  0.1810 0.7061
YAC normal 0.005 0.01 0.0048  0.0045  0.0051
YAH normal 0.005 0.01 0.0048  0.0041  0.0054
YAK normal 0.005 0.01 0.0011  0.0007  0.0016
¢ beta 0.5 0.2 0.8759  0.7818  0.9774
0w normal 0.1 0.005 0.1012 0.0934  0.1093

Table 2: Prior and Posterior Distribution of the Structural Parameters
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Prior Distribution Posterior Distribution

Parameter Distribution Mean St. Dev. Mean 2.5%  97.5%

PAC beta 0.5 0.1 0.8648 0.8165 0.9123
PAH beta 0.5 0.1 0.9418 0.9026 0.9862
PAK beta 0.5 0.1 0.8840 0.8473 0.9177
p; beta 0.5 0.1 0.9121 0.8826 0.9435
Po, beta 0.5 0.1 0.8965 0.8657 0.9264
Pr beta 0.5 0.1 0.7884 0.7053 0.8671
Pz beta 0.5 0.1 0.9434 0.9230 0.9642
oAC inv.gamma  0.001 0.01 0.0089 0.0076 0.0103
OAH inv.gamma  0.001 0.01 0.0168 0.0148 0.0189
OAK inv.gamma  0.001 0.01 0.0123 0.0095 0.0150
oj inv.gamma  0.001 0.01 0.0888 0.0607 0.1149
OR inv.gamma  0.001 0.01 0.0017 0.0014 0.0021
o inv.gamma  0.001 0.01 0.0162 0.0121 0.0200
0w inv.gamma  0.001 0.01 0.2006 0.1692 0.2313
or inv.gamma  0.001 0.01 0.0412 0.0212 0.0641
op inv.gamma  0.001 0.01 0.0031 0.0025 0.0036
Os inv.gamma  0.001 0.01 0.0002 0.0002 0.0003
On.h inv.gamma  0.001 0.01 0.0948 0.0830 0.1058
Tw,h inv.gamma  0.001 0.01 0.0055 0.0047 0.0063

Table 3: Prior and Posterior Distribution of Shock Processes

housing investment is half the value of 2006QQ4 when we include the financial crisis. Business

investment drops.

4.2 Impulse Responses

Mortgage Risk Shock.- Figure [2] plots impulse responses to the estimated mortgage risk shock [’
The magnitude of the shock is equal to the mode of the estimated distribution, o, = 0.1927.
The mortgage risk shock is captured by an unanticipated increase in o, ;, the standard devia-
tion of the distribution of the idiosyncratic housing investment risk. An increase in mortgage
risk implies an increase in the default rate of borrowers and an increase in the monitoring
costs. Lenders require a higher interest rate from the borrowers who do not default on their
loans, because the participation constraint needs to be satisfied, and external finance premium
increases. Additionally, the loan-to-value of the borrowers decreases which in turn leads to

a tightening of the borrowing constraint of the borrowers. The worsening of financial condi-

3Figure ?7? in Appendix ?? plots additional variables.
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2006 2008

Loans 1.5690 1.3315
Consumption Savers 1.4650 1.4273
Consumption Borrowers 0.3792  0.3192
Aggregate Consumption 1.8442  1.7465
Housing Investment 0.1426  0.0765
Business Investment 0.6123  0.5633
Housing Consumption Savers 11.9518 6.5545
Housing Consumption Borrowers | 2.3057  1.0907
House prices 0.8936 1.6016
Default rate 2.7196  2.7280
Ow,t 0.2006  0.2225
Loan-to-value Ratio 0.7523  0.7529

Table 4: Steady States Comparison

tions leads borrowers to cut back on non-durable consumption, housing investment, and loans.
The housing demand of borrowers falls substantially; this drives the large fall in house prices.
Savers, who are consumption smoothers, can take advantage of the lower prices and increase
housing demand. Nevertheless, the large drop in the housing demand of borrowers dominates.
The consumption of lenders falls less than the consumption of borrowers because the borrowers
bear all the risk in this type of contract. Savers also reduce lending due to lower interest rates.
Overall, total consumption and output fall.

The wages in both sectors are lower both for borrowers and lenders. Wages for borrowers fall

more than lenders. Savers and borrowers work less.

Housing Preference Shock.- Next, we analyze impulse responses to a housing preference shock
in Figure E| It is, as lacoviello and Neri| (2010) call it, a housing demand shock. A higher
housing demand leads to an increase in housing prices and in housing investment. The collateral
capacity of the borrowers increases, and also the wages for borrowers in both sectors increase
and they work more. These together allow the borrowers to consume more. The default rate
of the borrowers and the monitoring costs of the lenders are lower. Lenders require a lower
external finance premium. The nominal interest rate is higher and lenders give out more loans.

Savers decrease housing demand and consumption. The decrease in housing is too small to

4Figure ?? in Appendix ?? plots additional variables.
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Figure 2: Impulse Responses to Mortgage Risk Shock
Dashed lines represent the mean of the posterior impulse responses; dotted lines indicate the 2

standard deviations confidence intervals.

change the sign of the total demand. Aggregate consumption increases because it is driven

mainly by the borrowers’ non-durable consumption.

Housing Technology Shock.- Impulse responses to a housing technology shock are presented in
Figure E| A positive shock to housing technology results in higher housing investment and
lower housing prices. The fall in house prices decreases the collateral capacity of the borrowers.
The default rate is higher, so are the monitoring costs and the external finance premium (not on
impact because the risk free rate of return is predetermined). Lenders cut back their loans. They
increase their housing demand and decrease their non-durable good consumption. Borrowers
consume less non-durable goods.

Savers’ wages in the housing sector go up and they work more; their wages in the non-durable
goods sector decrease and they work less (on impact). Borrowers’ wages in the housing sector
also go up and so do hours; in the consumption sector they move on different direction. Total

hours of savers and borrowers increase in the housing sector and decrease in the non-durable

5Figure ?7? in Appendix ?? plots additional variables.
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Figure 3: Impulse Responses to Housing Preference Shock
Dashed lines represent the mean of the posterior impulse responses; dotted lines indicate the 2

standard deviations confidence intervals.

sector; investment in the different sectors co-moves with total hours. More resources go into the
durable sector. Aggregate output in the non-durable sector falls. Overall there is an increase
in housing and real GDP goes up.

An interesting characteristic of the impulse responses is the high persistence of the housing
prices to the estimated shock; this is due to the high posterior mean of the autocorrelation

parameter of the housing technology shock, pay = 0.9474. However, our estimated value is

lower than [lacoviello and Neris, pay = 0.997, prompting a faster return to the steady state.

Monetary Policy Shock.- Figure [5| plots the impulse responses to an adverse i.i.d. monetary
policy ShOCkH The nominal interest rate goes up. Non-durable good consumption, real business

and housing investment fall. Housing investment falls the most and is followed by business

investment and consumption, as in lacoviello and Neri (2010). The consumption of savers falls

because they are consumption smoothers. Consumption of borrowers drops due to two reasons.
First, credit is more expensive. Second, the price of consumption goods falls and real debt is

higher. Borrowers also have to reduce housing demand and hours worked. There is a negative

SFigure ?? in Appendix ?? plots additional variables.
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Figure 4: Impulse Responses to Housing Technology Shock
Dashed lines represent the mean of the posterior impulse responses; dotted lines indicate the 2

standard deviations confidence intervals.

wealth effect for the borrowers.

Total demand in the housing sector falls and housing prices drop, too. More borrowers default:
for a larger fraction of members of the households the value of their house is lower than the
value of their debt. Monitoring costs increase and so does the interest rate that borrowers pay.
Lenders substitute loans with housing demand. The loan-to-value rate increases, as expected.

As aggregate demand falls, the wages in all sectors go down and both borrowers and lenders

work less.

4.3 Business Cycle Properties

In Table [f] we present the business cycle statistics of our estimated model. Panel A reports
the standard deviations, and Panel B reports the correlations. All of the standard deviations
of the data are within the 95% of the probability interval computed from the model. The

comovements of the variables are also well-replicated with our model.
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Figure 5: Impulse Responses to Monetary Policy Shock
Dashed lines represent the mean of the posterior impulse responses; dotted lines indicate the 2

standard deviations confidence intervals.

5 Sources of Business Cycle Fluctuations

In Table [6] we present results from the forecast error variance decomposition. We find that
housing demand (housing preference) shocks explain more than half of the variance in house
prices. However, housing supply (housing technology) does not explain much of the variation
in house prices. Each of these shocks explains more than a third of housing investment. Tech-
nology shocks in the non-durable sector explain investment in that sector.

Mortgage risk shocks explain about 88% of the variation in loan-to-value ratio, however it
does not explain most of the other variables. This result is a limitation of our estimation. We
are adding one observed variable and one shock, and the shock explains the variables. However,
this result is not very surprising because the mortgage default rate does not really fluctuate at
the business cycle frequency.

Consumption is mainly driven by inter-temporal preference and cost-push shocks; output is
driven by technology shocks in the non-durable sector and cost-push shocks.

Figure [6] provides a visual representation of the forecast error variance decomposition for
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Model

Median 2.5% 97.5% Data

Panel A. Standard deviations

0.82 1.65 0.90
9.95 10.03 7.16
3.12 491 451
3.13 5.01 1.36
142 258 1.59
0.24 038 0.26
0.18 031 0.27
1.19 236 1.63

037 085 0.83
027 077 0.64
0.75 094 0.80
018 083 045
-0.08 0.69 0.43

C 1.13
IH 7.52
IK 4.00
LTV 3.86
q 1.88
T 0.31
R 0.24
GDP 1.79
Panel B. Correlations
C,GDP 0.73
IH,GDP 0.57
IK,GDP 0.87
q,GDP 0.57
q,C 0.34
q,1TH 0.64

0.34 0.1 0.49

Table 5: Business Cycle Properties of the Model

Ue Up U Uj UR
C tech. H tech. 1K tech. H pref. i.i.d. monetary
C 12.41 0.16 1.56 0.38 12.35
IH 1.15 38.70 0.27 43.40 4.53
IK 5.07 0.05 57.76 0.05 8.09
LTV 0.16 0.51 0.04 8.21 1.05
q 4.43 3.18 0.58 66.04 5.51
T 5.01 0.06 1.13 0.25 1.94
R 4.68 1.91 15.31 3.79 20.59
GDP 10.78 3.67 21.85 5.90 15.31
Uy Ur Up Usg Ug
Intert. Pref. L supply Cost-push Infl. Objt. Default
C 30.07 12.90 19.74 6.01 4.42
IH 3.82 4.57 1.95 1.41 0.20
IK 7.98 4.16 13.06 3.75 0.03
LTV 0.45 0.05 0.23 0.44 88.86
q 7.45 2.50 8.13 1.84 0.33
s 4.37 1.98 69.42 15.43 0.42
R 8.87 3.42 26.32 13.33 1.80
GDP 0.91 12.68 21.08 6.84 0.98

Table 6: Asymptotic Variance Forecast Error Decomposition
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loan-to-value ratio. The solid black line represents the detrended historical data, the other
lines show the historical decomposition under our estimated parameters. We see that the loan-
to-value ratio was in decline since the beginning of the 1980s until the beginning of the 1990s.
This was followed by an increase in loan-to-value ratios until 2003.

As we expressed in Equations to , business investment, residential investment, and

Loan-to-Value Ratio

AN v\ ‘
o 4 /__X;:}\\/— ,//\\ ¥ «7\\)—’3&[\,/\}}\'}/4/’\\/7"5/” /:\/l—\‘::ﬁl’,_/_\\&[ P
s VANV
‘ v
T " v
N
198qu1 198X6q1 199X1q1 19§6q1 200qu1 200X6q1
’ :  Monetary shocks-——— Technology — — Housing preference—— Data Sigm#

Figure 6: Historical Decomposition of Loan-To-Value Ratio

consumption have different trends. We estimate these trends and we compare them with the
data. Figure [7] shows the results. In line with the data, we find that real business investment
has a faster technological progress than real consumption and real residential investment. The
lower rate in the construction sector can be explained by the trend in real house prices. One of
the reasons for the increase in house prices is the price of land which is a factor that limits the
construction of new homes.

Finally, we do two robustness checks. First, we estimate the model for two different sub-
samples: including and excluding the financial crisis; the two subsamples are 1981Q1-2006Q4
and 1981Q1-2008Q4. We stop at the end of 2008 because in December the monetary policy
rate reached the zero lower bound. As Table [7] shows, the estimation is robust to the different
periods. We note that the standard deviation of the mortgage risk shock, o,,, increases and the

standard deviation of the labor supply shock, o,, falls. These two shocks are important when
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Figure 7: Estimated Trends
Dashed lines represent the median, 2.5 percentiles, and 97.5 percentile of the posterior distri-

bution of the estimated trends. The solid line is the data.

explaining the financial crisis. Second, we estimate the model without including the housing
preference shock in the estimation. We do this because this shock gains relevance in comparison
to the results presented by lacoviello and Neri (2010), and because the mortgage risk shock has
similar effects to the housing demand shock. Table [§] provides the estimation results for the
period 1981Q1-2006QQ4. The two estimations reveal very similar results. There are very little
changes in the standard deviations of the shocks. However, the mean of the idiosyncratic shock,
7., increases almost 9 times. At the steady state, the default rate is higher and is capturing

part of the volatility of the housing demand shocks.

By including the mortgage risk shock and an endogenous loan-to-value ratio, we want to
describe the effects of the recent financial crisis. In contrast with the work of [[acoviello and
Neri, we are able to match the qualitative dynamics of the model with the data after a shock
that simulates the recent financial crisis. This is the main difference between the two works. In

terms of the estimation, we verify [lacoviello and Neri's results and we estimate a richer model.
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Structural parameters Shocks and measurement errors

1981Q1-2006Q4 1981Q1-2008Q4 1981Q1-2006Q4 1981Q1-2008Q4
Post. Mean Post. Mean Post. Mean Post. Mean

« 0.7440 0.7716 PAC 0.8648 0.9081
€ 0.4001 0.4002 PAH 0.9418 0.9776
e 0.5846 0.5507 PAK 0.8840 0.8789
n 0.5434 0.4409 pj 0.9121 0.9003
n 0.5024 0.5122 0z 0.9434 0.9341
Pkc 14.3053 14.0674 Po., 0.8965 0.9115
Ok,h 10.9936 10.0974 Or 0.7884 0.8956
Ly 0.5039 0.3415 OAC 0.0089 0.0103
Lw,c 0.2381 0.3087 OAH 0.0168 0.0180
Lw,h 0.4491 0.4115 OAK 0.0123 0.0120
£ -0.7343 0.0345 oj 0.0888 0.1001
& -0.9747 -1.0605 OR 0.0017 0.0018
T 1.6608 1.6269 o, 0.0162 0.0138
R 0.6828 0.6615 0w 0.2006 0.2225
ry 0.3739 0.3809 or 0.0412 0.0229
0 0.8692 0.8677 op 0.0031 0.0031
Ow.c 0.8645 0.8121 Os 0.0002 0.0002
Ow,h 0.8867 0.7659 On.h 0.0948 0.1380
YAC 0.0048 0.0040 Ow,h 0.0055 0.0038
YAH 0.0048 0.0042

YAK 0.0011 0.0020

¢ 0.8759 0.8656

T 0.1012 0.1009

Table 7: Samples Estimates. Different Time Periods, 1981Q1-2006Q4 and 1981Q1-2008Q4
6 Policy Analysis

We use the model estimated until 2006Q4 to evaluate a mortgage modification policy carried
out in response to a mortgage risk shock. We focus on policies that reduce the rate of default by
targeting marginal mortgages, namely the mortgages the smallest (in absolute value) negative
equity. In the absence of policy all homeowners experiencing an idiosyncratic shock below @,
default on their mortgages. When the policy is active w;, as still determined by Equation @,
can be interpreted as the natural threshold level at which homeowners would start defaulting.
The policy we consider lowers default by choosing w, < @; and reducing mortgage payment

for households between these thresholds so as to eliminate their negative equity exposure. The
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Structural parameters Shocks and measurement errors

With a; Without a; With a; Without a;
Post. Mean Post. Mean Post. Mean Post. Mean

« 0.7440 0.7462 PAC 0.8648 0.8691
€ 0.4001 0.4010 PAH 0.9418 0.9247
€ 0.5846 0.5875 PAK 0.8840 0.8858
n 0.5434 0.5417 pj 0.9121

n 0.5024 0.4973 o 0.9434 0.9399
Dk,c 14.3053 14.2919  p,, 0.8965 0.9369
Ok,h 10.9936 11.2468 Or 0.7884 0.7838
Ly 0.5039 0.5095 TAC 0.0089 0.0087
Lw,e 0.2381 0.2421 OAH 0.0168 0.0167
Lw,h 0.4491 0.4353 OAK 0.0123 0.0123
& -0.7343 -0.7422 0j 0.0888

& -0.9747 -0.9663 OR 0.0017 0.0017
T 1.6608 1.6671 o, 0.0162 0.0159
TR 0.6828 0.6873 O 0.2006 0.2035
ry 0.3739 0.3624 or 0.0412 0.0432
- 0.8692 0.8717 op 0.0031 0.0031
Ow,c 0.8645 0.8667 O 0.0002 0.0002
Ow,h 0.8867 0.8870 On,h 0.0948 0.0944
YAC 0.0048 0.0048 Ow,h 0.0055 0.0055
YAH 0.0048 0.0046

YAK 0.0011 0.0012

¢ 0.8759 0.8912

T 0.1012 0.8959

Table 8: Samples Estimates. With and Without Housing Preference Shock, 1981Q1-2006Q4

payment reduction for household wy, conditional on w, < w; < @, is
(@r — w)gehi_yme(1 — 0n)

and the total policy intervention is

= /wt (@r = w)gehy_ym(1 = 0n)(1 + ') fr(w)d(w).

Wy

This policy can be interpreted as a targeted mortgage modification with principal reduction.
Notice that principal is reduced just enough to make homeowner w prefer repayment over
default. Smaller values of w, generate lower default rates in equilibrium but imply larger

intervention costs. The parameter /' > 0 captures the costs of the mortgage modification
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program. These are the costs of monitoring and processing the applications.

The participation constraint of lenders, Equation @, becomes:
Wit , oo
Riby = / W1 (1= 1) (1 = 0)gryrhymer frpn (w)dw + / R b fr1(w)dw.
0 Wit

Since w,; is smaller than the natural threshold w,,, default is lower than it would have been

in the absence of policy. The budget constraint of borrowers, Equation (4)), now becomes:

w; nt
4 il + (1= Fiw)| Ragbioy = b+ Y =2

i=c,h wi,t

+ (1 — 6h)[1 — Gt(gt)]qth;,1 -+ DZ'U;

Let

Ly(@r, wy) = @i [1 = Fy(w,)] + Ge(w,)-

Using this definition and substituting the incentive-compatibility constraint, Equation @, the

participation constraint can be rewritten as
Riby = |Tu(@r,w,) — pGlwy)| (1= 0)qesahimess. (23)
We consider policies that respond to a mortgage risk shock; for the choice of w, we assume

Wy = Wy — Qg — $1(0wt — 0w), (24)

where ¢, ¢ are positive parameters, ¢,, , is the mortgage risk shock, and o, is the time-varying
standard deviation of housing investment risk. Intuitively, our mortgage policy remains active
as long as the volatility in the mortgage market is high. The marginal threshold w, is kept
below its natural counterpart as long as the standard deviation of housing risk o, ; is above
its steady-state level. Our policy allows for an additional, contemporaneous response ¢q to
the mortgage risk shock; this feature helps reducing the default rate at time ¢ but it is not
necessary. The policy is unexpected but once it starts at ¢ agents correctly anticipate that the
policy will be effective until the volatility in the mortgage market subsides.

Our benchmark scenario assumes that savers bear the cost of mortgage modification, which
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is paid in the form of a lump-sum tax. Their budget constraint, Equation , becomes:

i E Re1b- Z Wi g1
¢t + qehy + by + ot 4 ki + prile = % + (1 = ) he1 + Tt
k,t t

A ; ; Xwit
i=h,b i=c,h )
1 — 0k,
+H[Rniznt + 1 — Ok p) kni—1 + | Retzer + 1 kei—1+ (Pt + Rig)li—1 + poikos
kit
. a(Zet)kei
+Divy — ¢y — % — a(znt)kni—1 — P
kit

In Figure |8 we present the impulse responses to same mortgage risk shock analyzed in Figure
E| We assume that @/ = p = 0.12, ¢9 = 0.05, ¢; = 1 in this exercise. We do not have estimates
for the value of 1/ upon which to rely, so we set the cost of monitoring applications for mortgage
reduction equal to the monitoring cost we estimated. Although plausible, we regard this value as
high so that our results can be interpreted as the lower bound on the effectiveness of the policy.
The first subplot displays the response of the threshold @ in the absence of policy (dashed blue
line) and of w with policy (solid green line). Reducing the principal for marginal homeowners
has strong effects on the mortgage market: on impact default jumps above 4 percentage points
on annual basis instead of 10 percentage points. Lower default reduces the adjustable mortgage
rate R, and the external finance premium; the contraction of the LTV is also contained so that
borrowers do not need to deleverage as much. Overall borrowers’ financial conditions worsen
far less when the policy is in place, which in turn mitigates the sharp fall in their demand
for houses. The policy has important effects on the real economy as aggregate consumption,
housing and business investment, and GDP display far smaller reductions. By reducing default,
the policy reduces the losses stemming from foreclosure and monitoring. These costs are borne
ultimately by borrowers via higher mortgage rates and a reduced capacity to borrow. The key
reason for the milder recession is that financial conditions of borrowers do not deteriorate as
much under the policy.

Interestingly, savers’ consumption falls less under the policy even though it is these agents
that bear its cost. There are two reasons for this effect. First, the size of the intervention
is very small. Initially the policy reaches 5.2 percent (on an annual basis) of the outstanding
mortgages and, over the first 40 quarters, less than 9 percent of mortgages are modified. More

importantly, loan modifications are relatively small because only the underwater part of each

"Figure ?? in Appendix ?? plots additional variables.
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Figure 8: Impulse Responses to Mortgage Risk Shock with Policy Intervention

mortgage is forgiven. In the first quarter, the cost of the policy in terms of GDP, P,/Y}, reaches
0.043 percentage points; the total (not discounted) cost over the first 10 years is 0.19 percentage
points of GDP.

The last three subplots of Figure |8 display the impulse response of the lifetime utility of savers,
Equation , the lifetime utility of borrowers, Equation , and social or aggregate lifetime

utility calculated as

= (1= B)ug + (1 — ).

These impulse responses are obtained from the second-order approximation of the model. Both
borrowers’ and savers’ expected lifetime utility are higher at the time of shock under the policy.
Hence the policy is Pareto-improving over the lack of policy response. If given the choice, both
agents would therefore choose to undertake the policy when the mortgage risk shock arises.

Four quarters after the shock, however, borrowers’ lifetime utility with policy intersects and
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becomes lower than lifetime utility without policy. On the other hand, savers are strictly better
off with the policy over the entire horizon. These welfare effects stem from the rebound of
the housing sector without policy, which leads to an increase in borrowers’ wageﬂ and a more
pronounced increase in non-durable consumption for these agents. Impatient agents’ welfare
is affected more than patient ones’ by a mortgage risk shock, as attested by the responses in
Figure [§] This is not surprising as impatient agents face a constraint constraint and allocate a
larger fraction of their income to housing. This explains why aggregate lifetime utility mimics

that of borrowers even though there is an identical mass of either type of agents in our model.

6.1 Making Home Affordable?

In response to the crisis in the housing market the Financial Stability Act of 2009 launched Mak-
ing Home Affordable (MHA), which included Home Affordable Refinance Program (HARP),
Home Affordable Modification Program (HAMP), and Home Affordable Foreclosure Alterna-
tives (HAFA). Overall, the goals of MHA are to help households to avoid foreclosure, to stabilize
the U.S. housing market, and to improve the economy. HARP allows borrowers to refinance
their mortgages even if they have insufficient equity to qualify for traditional refinance. To
qualify for HARP borrowers must be current on their payments; mortgages must be owned or
guaranteed by Fannie Mae or Freddie Mac; and loans had to be originated before June 2009. In
response to low participation in the program, loans of 20 years or less and with LTVs greater
than 125 percentage points were made eligible for the program, and some fees were eliminated.
HAMP helps homeowners to avoid foreclosure by facilitating permanent modifications to their
mortgages by extending the term, reducing the mortgage rate, or reducing the principal. HAMP
reduces monthly payments for qualifying borrowers to 31 percent of their income; these modi-
fications are made possible by paying incentives to servicers and lenders. HAFA provides two
alternative to foreclosure (short sale or Deed-in-Lieu of foreclosure). The application deadline
for MHA programs has been set to the end of 2015.

The U.S. Department of the Treasury publishes MHA Program Performance Reports and
MHA Data Files on a monthly basis. The reports summarize basic figures for HAMP and
HAFA but give no information on HARP; MHA Data Files consists of three sets of loan-level

8See Figure ?7.
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mortgage modification data: First Lien, Second Lien, and HAFA. Since the policy analyzed in
the previous section consists of principal reduction, we focus on the results of HAMP, First and
Second Lien Modifications.

There are important differences between model and data that make a comparison of policies
difficult. In particular, mortgages last one quarter in our model while their duration is typically
20 to 30 years in the data. A permanent modification to a 30-year contract however cannot
be compared to a modification that lasts just one quarter in the model. For this reason we
consider the cumulated modification measures, both in our model and in the data. In addition
to this, permanent modifications under HAMP follow a series of waterfall steps that include
interest rate adjustment, term extension and principal forbearance. According to the MHA
Program Performance Report Through May 20147, about one-third of all permanent modifi-
cations feature principal forbearance, 64 percent term extension and 96 percent interest rate
reduction. Our policy, on the other hand, uses only principal forbearance. For this reason we
compare HAMP and our policy in terms of unpaid principal after modification.

According to the Performance Report through May 2014 and the related data files:

1. 954,694 mortgages have received permanent modification through HAMP. This is to say
that 21 quarters after its inception, the policy has reached almost 2 percent of total
outstanding mortgages. The corresponding number in our policy, namely the cumulated

fraction of modified mortgages up to 21 quarters after the shock, is 8.1 percent.

2. There were 228,802 HAMP modifications with principal reduction; the total outstanding
principal balance reduction amounted to USD 14,209,424,479. This represents 0.1 percent
of total mortgage debt outstanding as of 2014 Q1. After 21 quarters our policy reduced
the principal balance by 0.3 percent of mortgage debt.

3. According to the data, the median unpaid balance after modification is USD 223,517
against USD 242,443 before modification, which implies an 8 percent reduction in the
unpaid principal. In our model, the median reduction in the unpaid principal after 21

quarter is 27 percent of the balance before modification.

The policy in our model reaches a larger fraction of mortgages and it reduces the principal

92014 MHA Program Performance Reports| are available at the U.S. Department of the Treasury web site.
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of underwater mortgages more aggressively, both in terms of total and median principal for-
bearance, relative to HAMP. [Agarwal, Amromin, Ben-David, Chomsisengphet, Piskorski and
Seru (2012)) examine the impact of HAMP on various margins of renegotiation rates and on
broader outcomes such as house prices. This study finds a fairly negligible increase in the rate
of permanent modifications and reduction in the rate of foreclosure as a result of HAMP; it is
also finds no evidence that house prices and other macroeconomic variables were affected in the
regions more exposed to the program and cite lack of responsiveness by some large servicers to
the financial incentives as the main reason for this shortfall. Further analysis of the details of
modifications could shed light on the limited success of the program and provide guidance in

designing such policies in the future.

7 Conclusion

We have presented a plausible model with housing and endogenous default on mortgages that
we estimate using Bayesian techniques. We first evaluate the estimated model through the
analysis of the first order approximation of the model to different shocks. Second, we compare
the results of the estimated model with the data. The estimated model explains several features
of the data. The model matches the volatility of the real variables and the trend of the housing
sector. Third, given recent events, we simulate the model to an increase in the mortgage risk
and we study the spillover to the rest of the economy. Finally, we analyze a policy that reduces
the principal balance so as to eliminate its underwater part. We find that this policy is effective
in reducing the macroeconomic consequences of a mortgage risk shock and it makes all agents

better off.
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A Appendix: Data and Sources

Aggregate Consumption Real Personal Consumption Expenditure (seasonally adjusted, bil-
lions of chained 2000 dollars), divided by the Civilian Noninstitutional Population Source:
Bureau of Economic Analysis (BEA) and Bureau of Labor Statistics (BLS).

Business Fixed Investment Real Private Nonresidential Fixed Investment (seasonally ad-

justed, billions of chained 2000 dollars, per capita. Source: BEA.

Residential Investment Real Private Residential Fixed Investment (seasonally adjusted, bil-

lions of chained 2000 dollars) per capita. Source: BEA.

Inflation Quarter on quarter log differences in the implicit price deflator for the non-farm

business sector, demeaned. Source: Bureau of Labor Statistics (BLS).

Nominal Short-term Interest Rate 3-month Treasury Bill Rate (Secondary Market Rate),
expressed in quarterly units, demeaned. Source: Board of Governors of the Federal

Reserve System.

Real House Prices Census Bureau House Price Index (new one-family houses sold including
value of lot) deflated with the implicit price deflator for the non-farm business sector.

Source: Census Bureau.

Hours in Consumption Sector Total Non-farm Payrolls less all employees in the construc-

tion sector, times Average Weekly Hours of Production Workers, per capita. Demeaned.

Source: BLS.

Hours in Housing Sector All Employees in the Construction Sector, times Average Weekly

Hours of Construction Workers, per capita. Demeaned. Source: BLS.
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Wage Inflation in Consumption-good Sector Quarterly changes in Average Hourly Earn-

ings of Production/Nonsupervisory Workers on Private Nonfarm Payrolls, Total Private.

Demeaned. Source: BLS.

Wage Inflation in Housing Sector Quarterly changes in Average Hourly Earnings of Pro-

duction/ Non-supervisory Workers in the Construction Industry. Demeaned. Source:

BLS.

Loan-to-value ratio Net credit market assets of US household divided by Value of residential

land. Source: Flow of Funds Accounts of the US and |Davis and Heathcote| (2007)).

B Appendix: Model Equations

Budget constraint for lenders:
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First order conditions for lenders:
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UetWet = unc,tch,t

(

UetWht = Unh,tth,t <B7
uc,t(pbt_1> =0 (
(

RctAkt = a/(Zc,t)
Ry, = al(Zh,t) (B10

Uepry = PGoEucir1(Diis1 + Rits) (B11

The budget and borrowing constraint for the borrowers are:

(R o,
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t

the first order conditions are:
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The threshold value @, is determined by:
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The lenders’ participation constraint is:
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Production technologies are:
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Phillips curve is:
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Nominal wage inflation is w;; = (w;,m)/(w;—1) for each sector/household. Wage equations
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are as follows:

mwet —twelnmy = PGo(Erlnweiir — twe N T) — e In(Xpet/ Xuwe) (B31)
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The Taylor rule is:
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Two market clearing conditions are:

IK,
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Total land is normalized to unity [, = 1. Dividends paid to households are:
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Finally, the functional forms for the capital adjustment cost and the utilization rate are:
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The shocks are the following:

Inz, = p.lnz g+ usy (B43)

Int, = prInTq +uny, (B44)

Inje = (L=p;)Inj+pjnje +uje (B45)
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where . ¢, Ur¢, Ujy, Ug,+ and ugry from Equation , are independently and identically dis-

2 02, 02, 02 and 0%, respectively. And, u,; is normally distributed

tributed, with variances o s

2

e

with mean zero and variance o

C Appendix: Lenders’ Participation Constraint and Bor-
rowers’ Budget Constraint

We start with Equation [6] the participation constraint of the lenders:
(o)

Wt41
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and we use the definitions of Gyi1(wi1) and T'yyq(@0iy1), Equations E] and , respectively.

Rewriting the participation constraint yields

Wtt1 [e%¢]
Riby = (1 —pu)(1 —0p)qer1himiq / wipr f(w)dw + R, by f(w)dw
0

Wet+1
00

W41
= ()= Bl [ @+ (- asibim [ e
0 @

t+1

Wit1
= (1= )1 = 8) g e / e f(w)du
0

+(1 — 0n)qe1 hymisa {@tﬂ fw)dw + Gig1(Deg1) — Gt+1(@t+1)}
Wt41

= (1= )1 = 0n)qerhimip1Gryr (@) + (1 = 0p)qera e Do (@1 — Grga (@)

= (1= 0n)qsrhimeon [(1 = ) Gryr(@g1) + D1 (@1 — Gryr (@e41)]

Riby = (1= 0n)qer1hymiir D1 (@1 — pGryr (@41

where from the first to the second step we use the definition of @, Equation [5]

For the budget constraint of the borrowers, we can apply a similar transformation to eliminate

R.:. We get:
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D Appendix: Additional Graphs

39



‘PoUROUIOP AIR OI)RI SN[RA-0}-URO[ PUR UOIIRPUI 93eM ‘SINOY ‘9)eld 1S8I9jUl [RUITOU ‘UOTIRPUT

‘potred 4SIg oY) UI 0I9Z 0} PIZI[RUWLIOU oIk s9olId 9snoy pue ‘jusuriseAul ‘uorpdwmnsuo)) -psuriojsuer)-go] pue uolyendod Aq papIamp

QIR JUoUIISOAUT pue uoljdwmsuo)) -osn om jer) sojdures om) oy} I10J yealq oyl ‘FH9N0Z 03 SPUOdSOLIOD QUI[ [RIILISA POl O], :9ION
FO800Z-TOTS6T “ere 6 ST

a_uw,oom NUH,OON wcﬁmm._” iﬁwma ﬁca,wm.m ﬁcw,oom NUH,OON m_uv,mma wcn,wma ._”G._”,wm._” ._”Gw,OON N_ua,oom mcﬂmmﬁ vw»mma Hca,wma

[N}

S00

o
2

T
0

oney anjeA-ol-ueo 103035 BUISNOH ‘Pa¥IOM SINOH 103095 uondwnsuo) ‘PasIoM SINOH

H_uw,oou NE,SN mcﬁmﬂ vE,me Hcﬁ,wmﬁ ch,oom NE,SN mE\,mmH qﬁwﬂ HS,mmH ch,oom NH,SN mcﬁmﬂ vﬁmﬂ HE,mmH Hum,oom NE,SN mcv,mmﬁ vﬁwﬁ HE,mﬂ

w Fi N =)
o
2
ri [ 2 ko
&
p Fo
[
Lo =]
Lo .
Lo
2
Lo Lo
SN o N
Lo
= .
Lo e L3
101995 BUISNOH ‘SOIOA SINOH 101995 uondwinNsUoD ‘PaxIoM SINOH aley 1Sa19)U| [BUILION uonepu|

Hcm,oow NS,DON mcﬁmz qc»mmﬁ HS,mE Hcm,oom NE,SN mcﬁmﬁ «E,mﬂ HE,me Em,oow NS,SN mg,mﬂ %»wmﬁ HS,mmH wa,oow NE,oom mcﬁmmﬁ qﬁmﬂ Hg,wz

= S o
o

S82lld 8SNOH [eay JUBWISBAU| [enuapisay [eay JUBWISAAU| Ssauisng [eay uondwnsuo) [eay

40



SO[qRLIRA JO 109G d8IRT ‘YoOoyg YsIY 98e31I0[ 01 sesuodsay osndwy ()] 2In31g

ov 0¢c

0o oF 02 0 o 02 0. oF 02 0_
0 0 z 20
== . l’ll .
| 1’0 —~=<_50 /_ ) SL0
1z0 1 1 N[ 1o
__ __ F g I
€0 _ i /|00
|I||IIII||-I-|\\
0 St 8 0
(j9A9)) 180D HUOW wniwald uld 1x3 (]9A9)) a1y Hnejeq 101988 9 ul Indino
o 02 0o oF 02 0o 02 0o o 02 0 o 02 0
G- 20°€ G- SHO- [mmm=————==— S0°0-
n \\ 1 /f
101} /. |voe h 110 10
] J/ 110}- / \
i |5 e 90 / __. {500 11500
\ . \N G- \\\\\ .
=== 7—10 80°€ ’ _— 0 1’0
'l’l"\ \\\
g L'e —— 0 500 SL0
o uoneyul ¢ OF X aley 1saJalu| [eay Sueo s9011d BuisnoH y+Ly
oy 02 0 o 02 0 o 02 0o 02 0 o 02 0
¥0°0- 720" 90°0- 9°0- -
- /4 \\I
N £0°0- ! 1o SN . Nvo-
4 - p—
e /¢ / \\ / 700 I ~ 0
e \ [200 EEmmmm |0 J \ FREA \
. % \ 120°0- -’ v
5|00 o |7 \ ——== = 0 \
r \ \
0 20 0 20 LP
D Ul s1aneg abepp D Ul SISABS SINOH H ul sieneg abepp H Ul SI9ABS SINOH SloAeS puewaq SNoH
or 02 0 o 02 0 o 02 0 o 0z 0 o 02 0
20- 20 20- 8°0- 701
1
o~ A A A A /]
\: L0 - GLo \) L0 90 \ c-
= +—10 S N o ——10 1| v°0- /
IIII \\ \\ // \' "’ll"l\\ —~ 7 0
Sson’ Lo o7 ~" 1G0°0- 10 = 1|0
- \\\\ Il.\
20 0 20 === 0 S

D ul siamoliog abepn

0 ul 1log SINOH

H ul siamouiog abepp

H Ul 1iog sInoH

Slemoliog puewaq SnoH

41



SO[qRLIRA JO 190G 98Ie] ‘Yo0yg 9dUaIgfold Sulsnoy o} sesuodsey osndwy :TT oInS3I ]

or 02 0 o 02 0 of 02 0 o 02 0
1700 0 Sl E=—o— 0
1 =~
11500 120 ! AN 200
I i N N\
==="1900 {70 H v |v00
1gg v
L0°0 90 e \ Heo0
7
80°0 80 £ “JIgo0
(joA®]) 1500 HUON wnjwaid ui4 1x3 (jA9)) Bley JnejeQ J0198s O Ul IndinO
oy 02 0 _ov 02 0 of 02 0 o 02 0
S S0€ m====o 0 S0- 0
Ill’
- e —— I
< 0 e z/ 5 < 0 / 10
No|s \ S S0k 7 {20
\I TR \v AN TSs< /
\ Sw
/t\ O—, /I/ 1 -~ - mo
Sl 2 9 Sl ¥'0
o uoneyul ¢ OF X aley 1seJolu| [eaYy sueoT $9911d BuisnoH y+Ly
oy 02 0 o 02 0o 02 0 o 02 0 o 02 0
S 50°0- 2°0- z I-
210 e e 0 — 0 -~ 0
\\ // I,,' ’/’ NN mO|
/s Y {500 AN 1120 \ {2 /
\ \ g // ~~ a— 4\ 0
TS % ! \Jjvo Se_t (VO S L
Ssa” __ T
Gl 510 90 9 )
D ul siones ofedh X D Ul SI8ABS SINOH H Ul sieAeg abepn H Ul SI8ABS SINOH SlaAeg puewsq SNoH
o 02 0 o 02 0 o 02 0o o 02 0 o 02 0
¥0°0- 0 S'0- T ===z 0
\\ll/ g e e
b d . ~ ~
e \ 200" | "N~ ——— 0 —<<—1° // !
\ ~ ~
v—10 See. 900 S~ , Nz \ e
\ N RS \ \
\ 11200 \ | 4 Ay \i€
\Y4 \/ \
¥0'0 10 1 Vg v
D Ul siemoliog abep D Ul Jlog SINoH H ul siemoulog abepa H Ul liog SInoH slamollog puewa( SnoH

42



SO[RLIRA JO 109G d8IRT ‘Yooyg AJo[ouyoa], susnoy o0} sesuodsoy osmduwiy 7] 0Ingr

ov 02 0 ov 0z 0 of 02 0 _ ov 02 0
900 — 12 20°0-
s 1 AN 1
S 1GE0
'_ “ ¢_ gz IILI.I.III|-.. 0
116900 1|70 d N
\ =1 ez N1 {z00
a0 1 ~/
N 1
100 50 g 00

(1ona]) 1800 HUO

wniwalid ul4 1x3

(18n8)) aley ynejaqg

J0198s 9 ul indinQ

v 0z 0 oY 0z 0 of 0z 0o o 0z 0 of 0z 0
: 0 == 50€ - ¥'0- 0
IIII \
~ \ o 1.
“ . | e oo e 1|vo
\ \ 1 - . 1] .
\ —— 1 /i \\\\ 20 Y} c0
\ e - Y] i /
HY GL'e 0
N\ ! NP4 1'0- J |eo
\J ~ 7
9 ze G0 0 e ¥'0
0 uonepu) ¢ OF X aley 1salalu| [eay SUBOT S99l BuisnoH U+1y
(014 0c 0 014 0c 0_ 0o 0c 0_. (014 0c 0 (014 0c 0
(1% 7 c0'0- c0- c- 0
7™\ ]
7’ - M —~ -
Ao T (N S— o
e N I N ] ~~ Y
\\ l/ 1 NOO /Il 1 NO // \\ NO
> \ S U4
- 0 \Jvoo ~ lyo . S/ g0
\ Mo \\
g 90°0 90 Vy — 0
D ul sioneg afE X D Ul SI9ABS SINOH H ul sianeg abep H Ul SIBABS SINOH SIaABS puewa( SNoH
(017 0c 0 014 0c 0 (017 0c 0 (017 0c 0 (017 0c 0
R L0°0- 2c0'0- c0- c- Gq'0-
I 1
1 == o
'I/ T 0 l\\\\\ // -— VII 0 —~
~ 1 10 ~ —=<3 0 H
N ! oo \ ! ~ 1120 // L0
\ / \ . \ 1
20’0 c 1
./ {z00 v N Hvo \ . '
"\ 1 "" /
pal SR 4
€00 700 90 Vy *N0]

0 ul siemoliog abepn

0 ul 1log sinoH

H ul siamouiog abepn

H Ul 1og sinoH

SJIeMo.log puewaq SNOH

43



SO[RLIRA JO 109G d8IR] ‘YoOoUg AdI1[0J AIRISUOIN 0} sesuodsey] asnduwy :¢T oINS

or 02 0 of 02 0 or 02 0 _ of 02 0_
90°0 0 L2 8'0-
Ny
N i z0 N sz 90-
//l‘ “ /I.
1
116900 ) 1162 Jivo-
! 14_ 1 ]
I 90 e RS
i _ S
L0°0 80 L'e —_ 0
(1oA8]) 1800 HUOW wniwald ul4 1x3 (1on8)) a1ey YnejeQ 10J08s Q ulindinQ
oy 02 0 o 02 0 oy 02 0 oy 02 0 oy 02 0
¥0°0- g z 9'0- 90°0-
w -
a \ 2 N
N v lze /G- 1 ¥°0- 7 N0
J {200 \ ! I _=2" oo
J \ve RIS /zo |- !
- \ 7 / N-
0 9°€ /{50 -0 00
\\
200 8¢ —— 0 A 0
D uone|u| a1ey 1saJalu| [eay SUBOT $99211d Buisnoy y+1y
oy 02 0 oF 02 0 oy 02 0 oF 02 0 oy 02 0
90°0- b 90°0- &- 1'0-
N 1 - _ ||ll|l|||'l'
oo Jlso oo /e N °
A J / {200 T % |vo
/ o o / / \
0 S0 200 ! €0
0 Ul slaneg abepn D Ul SI9ABS SINOH H ul sieneg abep H Ul SI9ABS SINOH slaAeg puewa( SNoH
oy 02 0 oF 02 0 oy 02 0 oF 02 0 oy 02 0
2°0- b —GL0- N S'I-
\\—— —— \.
~ ‘0- 0-
\s—_ S0 Hao- \ i Ho Hi- e
oo K % S0°0- ! H
/ , K / .
\\\ moon kT T4 O l\\\ O e e O \\ m O
\\\ \\
—==" 0 S0 S0°0 ! ————— 0

0 ul slemoliog abepn

0 Ul 1log sInoH

H ul siamouiog abepn

H ul 1og sinoH

sJamollog puewsq SnoH

44



UOTJURAIOU] ADT[OJ YIM YOOGS YSIY 9FeS)I0[\ 09 sesuodsoy osmndwy :F1 oIn3rg

oY 0c om oY 0c 0 oY 0c 0 ov 0c 0
j g'e
117
Koijod __ .
£2110d OU === = 1|57
S
aley abeblop D Ul Jlog SsInoH 0 Ul SI9AeS SINOH H ul liog SinoH
oY 0c 0 oY 0c 0 oY 0c 0o of 0c 0_.
L- ¥°0- 80°0- 2o-

)

! M\zo- R 90°0- N

! / e S
- 0 Sso / r \ ~ /

’ . . =~ .
I”.l\ N O > NO O: IIII’I-‘\\ _‘ O

S0 ¥0 0 2o
H Ul SI8ABS SINOH 9 ul slamoulog abepn D ul sianeg abepp H uI siemodlog abepp
oY 02 0 oY 02 0 oY 02 0o of 02 0
PN L'0- LSy L'0- €0°0- poy
% S —) / 196°C
/ \ 0 N 200 ’
, \ ——/ 1\ \ €
I
ot \  {s00- Lo I A 100 ?\\\, s0'€
] \, -t be
1120 r——————— 0 .
] "’l'll\\ m_‘ m
€0 100
10108S H Ul sianes abepp u+1Ly 9 uoneju| (jone)) e18Y U] WON
oy 02 0 oy 02 0 oY 02 0 oy 02 0
g0 SLo- ¥ 20
/4 -
1 b o == A
SLo- 71 +0- / = 0
/ I iz /
. / . / \ .
10 1 1S0°0- / M \ V{20
/ s \
. R = 0 v .
50°0- s===== 0 TTE==s |70
\
0 G0'0 2 *90

JuswsaAuU| ssauisng [eay AN pouad a1ebaibby siamoulog AN pousd slanes AN pouad

45



SE_eps_c SE_eps_e SE_eps_h

1500 2000 1500
1000 1500 1000
1000
500 500
{ E 500
0 0 0 4JL
2 4 6 8 10 12 14 1 2 3 4 5 0.005 0.01 0.015 0.02
x10° x10°
SE_eps_j SE_eps_k SE_eps_p
1500 1500 1500
1000 1000 1000
500 500 500
0 0 N\ 0
0.05 01 0.15 0.0050.010.0150.020.025 1 2 3 4 5
-3
10
SE_eps_s SE_eps_t SE_eps_z
1500 1500
10000 1000 1000
5000 500 500
0 0 0 i
1 2 3 4 5 0 0.05 0.1 0.01 002 0.03
-3
x 10

Figure 15: Prior and Posterior Distributions of Estimated Parameters
Note: The gray line is the prior distribution of the parameter, while the black line is the

posterior distribution. The dashed green line corresponds to the mode of the posterior

distribution.
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Figure 16: Prior and Posterior Distributions of Estimated Parameters (cont. 1)
Note: The gray line is the prior distribution of the parameter, while the black line is the

posterior distribution. The dashed green line corresponds to the mode of the posterior

distribution.
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Figure 17: Prior and Posterior Distributions of Estimated Parameters (cont. 2)
Note: The gray line is the prior distribution of the parameter, while the black line is the

posterior distribution.

The dashed green line corresponds to the mode of the posterior

distribution.
RHO_AK RHO_AT RHO_AZ
20
8 30
15 6
20
10 4
5 2 10
0 0 0
0.4 0.6 0.8 04 06 08 1 0.4 0.6 0.8 1
TAYLOR_P TAYLOR_R TAYLOR_Y
6 8
10 6
4
4
2 5
2
0 0 0
1.2 14 16 18 2 0.4 0.6 0.8 -02 0 02 04 06
TETA TETAWC TETAWH
20 20
20 15 15
10 10
10
5 5
06 07 08 09 06 0.7 08 09 06 0.7 08 0.9

Figure 18: Prior and Posterior Distributions of Estimated Parameters (cont. 3)
Note: The gray line is the prior distribution of the parameter, while the black line is the

posterior distribution.

distribution.
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The dashed green line corresponds to the mode of the posterior
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Figure 19: Prior and Posterior Distributions of Estimated Parameters (cont. 4)
Note: The gray line is the prior distribution of the parameter, while the black line is the

posterior distribution. The dashed green line corresponds to the mode of the posterior

distribution.
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