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Abstract

I develop an equilibrium model of housing and mortgage markets
where house prices, mortgage interest rates, and leverage ratios are all
determined endogenously. Agents are forward looking and have ratio-
nal expectations. House prices adjust so that demand from new buyers
clears with supply created by existing sellers. Housing demand is af-
fected by the price and availability of contracts in the mortgage market.
Mortgage interest rates are set so that the expected return on mortgages
is equal to the opportunity cost of funds. Counterfactuals related to
mortgage credit availability and mortgage contract design are explored.

General equilibrium effects are shown to be important.
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1 Introduction

The housing market and mortgage market are incredibly large sectors of the
U.S. economy. Residential property accounted for 60 percent of U.S. house-
holds’ non-financial wealth in 2007, and residential mortgage debt accounted
for 85 percent of debt[] The two markets are also inextricably linked. Most
households are unable to purchase homes without obtaining mortgage financ-
ing, creating a direct linkage from the mortgage market to housing market
outcomes. On the other hand, housing serves as collateral for mortgage bor-
rowing, and so the price and availability of mortgage credit directly depends
on what is happening in housing markets.

The great insight of models of collateralized borrowing, as exemplified in
Kiyotaki and Moore| (1997)), is that there are important dynamic interactions
between collateral prices and borrowing limits. The market for collateral and
the market for debt therefore cannot be studied in isolation. Housing and
mortgages are a prime example of this kind of interlinked market. In order to
understand how changes to mortgage market institutions—such as decreased
credit availability or new contract designs—affect housing market outcomes,
one needs to consider these complex interactions. The goal of this paper,
then, is to construct a model of the housing and mortgage markets, in which
house prices, mortgage interest rates, and leverage ratios are all determined
simultaneously in equilibrium.

In the model, there is a housing market with two vertically differentiated
types of housing, each with fixed supply. Each unit of housing is owned by a
single household, or homeowner, and each homeowner has a mortgage contract.
Homeowners care about consumption and about the type of house they live in.
In each period, some owners are hit by a moving shock, forcing them to either
default on their mortgage or to sell their house, in which case their lender sells
the house.

At the same time as existing owners are selling their homes, new potential

buyers are entering the market. Potential buyers are heterogeneous in their

!Survey of Consumer Finances, 2007.



income, wealth, and preference for housing. Because potential buyers have
limited wealth, they need to borrow in order to purchase a home. Credit mar-
kets are imperfect, and to borrow they must use mortgage contracts where
the debt is collateralized against their homes. Different types of mortgage
contracts are offered by risk-neutral and competitive lenders. Lenders price
each offered contract such that the expected return on the contract equals the
opportunity cost of funds. Given the set of offered contracts, potential buyers
make purchasing decisions to maximize their expected utility as future home-
owners. Owners, buyers and lenders are all forward-looking and have rational
expectations. No asymmetric information is assumed between borrowers and
lenders.

The housing market is in equilibrium when the demand for homes from
potential buyers equals the supply of homes from existing sellers, taking the set
of offered mortgage contracts as given. The distribution of buyer heterogeneity
can change over time (for example, the housing preferences of buyers can
change over time), which introduces stochastic volatility to house prices. The
mortgage market is in equilibrium when the expected return on all contracts
is equal to the lenders’ opportunity cost of funds, taking house prices (and
house price volatility) as given.

The model is calibrated using housing and mortgage market data from Los
Angeles, for the period 2003 through 2010. The model is able to replicate
most of the salient features of the data. In particular, the model can replicate
the differential house price growth and decline between low and high-quality
homes from 2003 to 2010. The model can also generate realistic patterns of
leverage ratios over time, including the sharp dropoff of leverage ratios in 2008,

caused by the disappearance of the market for non-agency loansﬂ The model

2An agency loan is a loan securitized by one of the three government sponsored en-
terprises (GSE): Freddie Mac, Fannie Mae and Ginnie Mae. The GSEs carry implicit
government guarantees on their credit obligations, and therefore agency loans are usually
available at lower interest rates than non-agency loans. However, in order for a loan to
qualify as an agency loan, they have to meet certain regulatory guidelines. For example, the
size of the loan needs to be below the “conforming loan limit”—a level set by the Federal
Housing Finance Agency (FHFA). Because of the limitations of agency loans, the presence
of a non-agency market greatly increases the set of contracts available to borrowers.



is also able to replicate the changes to mortgage default rates over time quite
well.

The calibrated model is then used to study a variety of counterfactuals
related to mortgage contract availability and mortgage market institutions.
First, the effect of the disappearing non-agency market is studied. It is shown
that the presence of non-agency loans has very significant effects on house
prices and on the set of buyers who can afford to buy homes. Without non-
agency loans—which are availble at higher leverage ratios than agency loans—
low-wealth buyers are unable to purchase homes, forcing house prices down
in order to attract high-wealth buyers who have marginally lower preferences
for housing. General equilibrium effects are also shown to be important. It
is shown, for example, that house price volatility is lower in the presence of
a non-agency market, and therefore the offered interest rates on non-agency
loans would be lower than if the effect on house price volatility was not taken
into account.

Second, I study the effectiveness of the government response to the dis-
appearing non-agency market. In 2008, the government lowered the risk-free
rate and increased conforming loan limits as a response to the crisis in the
mortgage market. I show that both policies were effective in buoying house
prices. Increasing conforming loan limits is shown to have a larger effect on
high-quality homes, while lowering interest rates is shown to have an effect for
both low and high-quality homes.

Finally, I use the model to study the impact of hypothetical mortgage
contracts that share house price appreciation between borrower and lender.
Such contracts have been proposed as a solution to reducing the risk of mort-
gage defaultﬂ I find that these contracts can improve market efficiency, but
the extent depends on the specific designs of the contracts. Contracts that
share house price appreciation on only the downside will have low uptake, be-
cause most buyers are not willing to trade a higher interest rate for protection

against house price declinesﬁ Contracts that share house price appreciation

3See, for example, |Caplin et al.|(2007); |Shiller| (2008); Mian and Sufi (2014).
4This is perhaps unsurprising, as borrowers are already implicitly insured against down-
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on both the upside and downside, however, would have high uptake. General
equilibrium effects are again shown to be important. For example, default risk
is eliminated for borrowers who use shared-appreciation mortgages, but de-
fault risk may actually increase for borrowers who continue to use traditional

fixed-rate mortgages.

Related Literature

This paper is most closely related to papers that model housing market out-
comes in the context of a mortgage market. |Ortalo-Magné and Rady| (2006))
studies the role of income shocks and credit constraints in determining hous-
ing market outcomes; Campbell and Cocco| (2014) study a life-cycle model
of mortgage default; [Favilukis et al.| (2015)) study a macroeconomic model of
housing with aggregate business cycle risk and limited risk-sharing; Landvoigt
et al.| (2015) study a model in which relaxation of mortgage credit can ex-
plain cross-sectional variation in housing returns; |(Corbae and Quintin (2015)
study the role of leverage and heterogeneous borrowers in explaining patterns
of mortgage default. |Guren and McQuade| (2015) study equilibrium interac-
tions between foreclosures and house prices. The main contributions of the
current paper to this literature are, first, the simultaneous determination of
house prices, mortgage rates, and leverage ratios, and second, the detailed
modeling of long-term mortgage contracts. Because collateral prices, interest
rates and leverage ratios are endogenous, the paper is also related to the the-
oretical literature on collateral equilibrium (i.e. Kiyotaki and Moore| (1997);
Geanakoplos and Zame| (2013))).

The paper is also related to a growing empirical literature on the inter-
actions between housing and mortgage markets. |[Himmelberg et al. (2005)
and |Glaeser et al. (2010) explore the extent to which house price apprecia-
tion during the boom can be explained by relaxed mortgage credit. Ferreira
and Gyourko| (2011) explore specifically the timing of local housing booms
and whether they can explained by changes to lending standards. Mian and

Sufi| (2009)) study the causes and consequences of subprime mortgage credit

side house price risk through the option to default.



expansion. Favara and Imbs) (2015)), |Adelino et al.| (2014) and Kung (2015) use
quasi-experimental variation to study the effect of credit availability on house
prices. Hurst et al.| (2015) consider the extent to which local housing risks are
reflected in mortgage pricing. The model presented in this paper highlights
some key mechanisms through which housing markets and mortgage markets
interact.

Finally, the paper is related to the literature on optimal mortgage design.
Although I do not currently use the model to study the optimality of different
types of mortgage contracts, the model is flexible enough to consider the im-
pact of introducing mortgage designs that have been proposed as having more
desirable properties than fixed-rate mortgages, such as the aforementioned
shared-appreciation mortgages or the option-ARM type mortgages proposed
in Piskorski and Tchistyi (2010).

The rest of the paper is organized as follows. Section [2| outlines the model.
Section [3] gives specific details on how the model is implemented empirically.
Section Ml introduces the data to which the model will be calibrated. Sec-
tion [5| discusses how the model is calibrated, including a discussionon on the
sources of identification for key parameters. Section 5] also discusses model fit.
Section [6] reports the results of the counterfactual exercises discussed in the

introduction. Section [7] concludes.

2 Model

2.1 Housing

Time is discrete. There is a housing market with two house types, h = 0 and
h = 1, which can be thought of as low and high quality homes, respectively.
There is a fixed stock p of each house type, for a total of 2u housing units
altogether. Each unit of housing can be occupied by one and only one house-
hold, and each household can occupy only one unit of housing. Let s; be an
aggregate state variable (which I will specify in more detail later). The price

of house type h in state s; is given by py (s;). For now, no restrictions are



placed on the state variable except that it evolves over time according to a

first-order Markov process.

2.2 Homeowners

Houses are purchased by potential homeowners. The homeowners then live in
their houses until they have to move, which occurs each period with probability
A. Homeowners who move out do not re-enter the housing market, so moving is
treated as a terminal state ] Homeowners care about their consumption flows
and about their final wealth at the time of a move. If the amount consumed
in a period is ¢, the utility received that period is u (9"0), where h is the type
of house that the homeowner lives in. u (c) is a CRRA utility function with
risk-aversion parameter v. # > 1 models the preference that homeowners have
for living in high-quality homes.

If the amount of wealth at the time of a move is w, then the terminal
utility received is fu (c), where 3 is simply a scale parameter. Homeowners
are expected utility maximizers and discount future utility flows using discount
parameter 6 < 1. The present value of utility flows for a homeowner who
consumes ¢ each period and moves after T' periods with final wealth wr is

therefore:

Tz_l Stu (th) + 67 Bu (wr)
=0

2.3 Mortgage contracts

Potential homeowners can finance their home purchases via mortgage con-
tracts. A mortgage contract is represented by a vector z; = (ay,ry, by) where
a; is the age of the mortgage, r; is the current interest rate, and b, is the

remaining balance. A contract is additionally described by its type, m. A

5The requirement to move out of the housing market can be thought of as either death
of the homeowner, or an exogenous job relocation shock. Within-market moves are not
considered, though this only matters to the extent that within-market movers also make
large trades in terms of housing value. (Within-market moves between two homes of the
same value create no net supply or demand.) The extent to which within-market trade-ups
and trade-downs is empirically important is explored in the Appendix.



contract’s type determines how the interest rate and balances evolve over time
and with the state variable. There are M contract types, including m = 0
which denotes “no mortgage.”

In addition to z; and the contract type m, a mortgage’s behavior also
depends on the type of house it is collateralized with, h, and the state variable
s;. Mortgage behavior is defined by three functions. First, let payp® (z, s¢)
be the payment required from the borrower to stay current on the mortgage.
Second, let ¥} (2, s¢) define the amount that the lender is able to recover in
the event of a default. This may vary by contract type and by the current
price of housing. Finally, let (J* (2, S¢, s¢1+1) define the transition rule for z,
such that z,.1 = (" (24, ¢, S¢+1) (assuming that the borrower stays current on

the mortgage by making the per-period payment).ﬂ

2.4 Homeowners’ dynamic decision problem

Homeowners enter each period being described by their income y; (which is
assumed constant over time), their level of liquid savings w;, their mortgage
contract (z;, m;), and the type of house they own h;. For notational conve-
nience, let z; = (y;, wi, h;) be the characteristics of the homeowner separate

from their mortgage contract.

Moving

In each period, the homeowner has to move with probability A. If the home-
owner moves, it can either pay off its remaining mortgage and sell the house,
or it can default on its mortgaeg (in which case the lender repossesses and sells
the house). If the homeowner chooses to sell, it simultaneously pays offs its
remaining mortgage balance, b;;, and receives the current price of the home,

Pn; (s¢). The homeowner’s utility over final wealth when selling is therefore:

el (Tity Zity Mty St) = Pu(Yi + Wit + P, (¢) — bir)

61 give examples of these functions for various kinds of contracts in the Appendix.



On the other hand, if the homeowner chooses to default, it does not have to
pay off its existing mortgage balance, but it forfeits any proceeds from the sale
of the house. In addition, the homeowner must pay a default cost c¢p. The

utility to defaulting is therefore:
Vel (!ﬂm Zity it St) = fu (yl + Wy — CD)

It is easy to see that default only happens if the negative equity of the home-

owner is greater than the default cost. Finally, we write
VIO (244, Zig, Mg, S¢) = max {Vse” (i, Zit, Mit; St) Vel (Tit, Zit, Mt St)}
as the value function for the homeowner who enters the period having to move.

Staying

With probability 1 — A\, the homeowner is not required to move. If the home-
owner stays, then it can either continue in its current mortgage contract by
making the required payment, or it can refinance into a new contract. After
that, the homeowner decides how much to consume and how much to save at
a risk-free rate rfr;, which is part of s;. Credit markets are imperfect, and
homeowners are unable to borrow at the risk-free rate. All borrowing must be
done through mortgage contracts.

If the homeowner chooses to continue in its current mortgage, then it must

make the required payment. The homeowner’s budget constraint is therefore:

-
L Wikl = Yi + wir — payy.”* (Zit, 5t)

wigr1 = 0

and the contract it carries into next period is zi 41 = (3" (2it, S¢, St41)-
If the homeowner instead chooses to refinance, it first pays a cost of refi-
nancing cg. Then, the homeowner simultaneously pays off the existing mort-

gage balance b;; and chooses a new contract type m and a new loan amount



b. New originations of mortgage type m and new loan amount b are avail-
able at equilibrium interest rate ™ (b, x;, s;). It is assumed here that lenders
can observe all relevant characteristics of the borrower, including collateral
type, and are therefore able to price mortgages on those attributes. Addi-
tionally, I assume that new originations are restricted to borrowing amounts
b < " (xy,5,), which is an object that determines the maximum borrowing
amount for given contract type.|Z|

Given a refinancing choice of m and b, the new contract terms are given

by: z = (0,7™ (b, zy, S¢) ,b). The budget constraint is therefore:

1

“ T

Wiry1 = Yi +wir — by +b— payy: (2,5¢) — cr

Wi = 0

and the contract the homeowner carries into next period is zy+1 = (7 (2, 5¢, S141).

Bellman Equations

Let V% (x4, i, My, Sir) be the value function of a homeowner at the start of
a period in which it does not have to move. Let p be an indicator for whether
or not the homeowner chooses to refinance, and if so, let (m,b) be the new
mortgage contract. Let ¢ be the chosen consumption and let w’ be the chosen

level of savings for next period. The homeowner chooses p, m, b, ¢, w’ to solve:

VY (244, 23, Mg, ;) = max  u (9}”0) + 5E{(1 — AN) VY (500, 2" m | si41)

move / /
+AV (Tiq1, 2/, 5441)

xitazitamit75t:| (1)

"Limitations on the maximum borrowing amount may arise, for example, from regu-
lations prohibiting the origination of agency loans greater than the conforming loan limit.
Borrowing limits may also arise endogenously if it becomes unprofitable for the lender to
lend to certain borrowers in certain situations.
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subject to:

i+ wie — payy" (i, s if p=0
C—i-;u/: Y ¢ — payy.” (Zit, st) p o)
Lrfr Yi + wiy — by + b — payy (z,5,) ifp=1
w20 (3)
b S Bm (fL‘im St) (4)
mit Zity Sty S ifp=20
o — Chz ( ty St t+1) P (5)
G (2,54, 5141) ifp=1
my ifp=0
m = t P (6)
m itp=1
z = (O, rm (b’ Lit, St) ,b) (7)

Constraint is the budget constraint faced by the homeowner, based on
whether it decides to refinance or not. Constraint (3) is the no-uncollateralized-
borrowing constraint. Constraint is the mortgage borrowing limit. Finally,
constraints —@ are accounting identities that describe the evolution of the
mortgage contract. The optimization problem is a contraction mapping, and
therefore a unique solution for V% exists and can be found by iteratively

computing (see Stokey et al.| (1989)).

2.5 Potential buyers

In each period, a mass 1 of potential buyers enters the market. The buyers
are heterogeneous in three dimensions: their income y;, which is constant
over time, their initial wealth w;, and the utility they would receive from not
purchasing a home, v;—in other words, their outside optionﬁ Given current

aggregate conditions and given their individual heterogeneity, each potential

8The outside option can be thought of as the net present value of utility from living
in a different housing market, or from renting, which is treated as coming from a separate
housing stock.
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buyer must decide whether or not to purchase a house (and which type to
purchase) or to take their outside option. If a potential buyer decides not to
buy a house, it receives a utility equal to v;, exits the housing market, and
does not re-enter.

A potential buyers who buys a house of type h choose sa mortgage contract
(m,b) to finance the purchase, and then chooses consumption ¢ and savings
w’. It then enters the next period as a homeowner, whose problem we have
already described. It is easy to describe the decision problem of the potential
buyer in terms of the value functions of the homeowner. A potential buyer

who purchases house type h chooses m, b, ¢, w'to maximize:

Vhbuy (yi, w;, 8) = max u <0hc) +OE| (1= XN) VY (25,0, 2",m/, 50401)

FAVT (w1, 2 m sea1) [T, 2, M, st] (8)
subject to:

et =yt s — i (50) + b — pay® (2, 1) (9)

1+7rfr
w' >0 (10)
b< V" (i, 5¢) (11)
2= (2, 8, Se41) (12)
z=(0,r" (b, i, s¢),b) (13)

The decision problem of the new buyer is therefore similar to the decision
problem of the refinancing homeowner. The primary difference is in the budget
constraint, where the potential buyer needs to pay for the price of the home
it is buying.

A potential buyer will purchase the house type that gives it the most utility,
or it will choose not to purchase if neither gives higher utility than the outside

option. Ignoring ties, the potential buyer will purchase a house of type h if

12



and only if:

V}?uy (y’u Wi, St) = max {%buy (yla wy, St) ’ ‘/lbuy (yza wi, St) ) UZ'} (14)

2.6 Housing market demand and supply

Let dp, (yi, w;,v;, 8¢) be an indicator function for whether a potential buyer
buys a house of type h in state s;, as determined by equation . Now, let
the distribution of potential buyer heterogeneity in state s; be given by the
probability density function I' (y;, w;, v;; S¢).

The total demand for house type h in state s; is therefore:

Dy, (st):///dh (y, w,v,5) I (y, w, v; s¢) dydwdv (15)
yJwJou

The supply of homes for sale in each period is created by existing owners who
are moving out. Since a fraction A\ of existing owners move out each period,
the total mass of homes for sale of each type in each period is Au. In order
for the housing market to clear, demand for each house type must equal the

supply on the market. Therefore, in equilibrium, the following must hold:
Dy, (s¢) = A for h=10,1 (16)

Equation ([16]) is the housing market clearing condition. It is a simple supply
and demand equation from which house prices can be determined in each state.
The decision problem of the buyer, as described in equations —, clearly
shows that the mortgage market, through the mortgage interest rates »™ and

contract availability 6™, can shift the demand curve, and thereby house prices.

2.7 Lenders

Each individual mortgage contract is originated by a risk-neutral and compet-
itive lender. Other than the mortgage contract, the lender is able to invest in

single-period risk-free bonds with a return of r fr; +a,,. Each lender originates
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one mortgage and invests future receipts into these single-period bonds. The
return on bonds, r fr; + a,,, can be thought of as the opportunity cost of funds
for the lender in period ¢. The cost of funds above the risk-free rate a,, is al-
lowed to vary by contract type, reflecting higher liquidity for certain mortgage
products such as agency loans. At the time of origination, the lender sets the
mortgage interest rate such that the expected return on the mortgage is equal
to the opportunity cost of funds.

Let IT™°Y (x4, 22, m, s;) be the expected present value of receipts from
mortgage contract (z;,m) held by borrower x;; who has to move. Letting

T (X, 2it, M, S¢) be the optimal default rule, we can write:

[rmeve (xz't,me, St) = T(Iit,Zz‘mma St) 1/1;73 (Zitast)

+ (1 -7 (xita Zit, T, St)) bit

Now let II5Y (x4, z;1,m, s;) be the expected present value of receipts from
mortgage contract (z;;, m) held by a borrower z;; who does not have to move.

Letting p (x4, zir, m, ;) be the optimal refinance rule, we write:

[t (%t,Zit,m, St) = p(ﬂfit72’it,m75t) bit

+ (1 —p (331‘15, Zit, TN, 5t>> [erefi (il'z'u Zit, M, St) (17)

where:
7 (244, zig,my se) = payy (zit, St)
+ (M) E{Anmove (Titr1, 7', m, s41)
+ (1= NI (24041, 2, m, Se41) |Tits Zit, M, St
and:

7= C/ZL (2its St; St41)

Now let I1°"% (x;,m, b, s;) be the expected present value of receipts for a

new origination (m,b). Since a new mortgage is not refinanced on the same
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period it is originated, we can write:
ors norefi
" (i, m, b, 8¢) = 11 ! (i, 2, M, 8¢)

with z = (0,7™ (b, x4, S¢) , b). In equilibrium, the expected excess return of the

mortgage contract over the opportunity cost of funds is zero, so:

% (23, m, b, ;) —b =0 (18)

2.8 Competitive equilibrium

The economy is in competitive equilibrium when homeowners and potential
buyers are behaving optimally, as described by equations and , and
the housing market and mortgage markets clear. The housing market clearing
condition is given by equation and the mortgage market clearing condition
is given by equation . The equilibrium objects that must be solved for are
all the value functions and policy rules described above. However, all the value
functions and policy rules can easily be computed as long as the following four

objects are known:
1. The equilibrium house prices: py, (s;)
2. The equilibrium mortgage interest rates: ™ (b, x;, s¢)
3. The equilibrium value functions V=% (zy, 24, myg, s¢) and T (244, 24, Mg, S¢)-

A competitive equilibrium can be found using an iterative procedure with three
nests. In the inner nest, p, and r™ are taken as given, and V*!% and II*!* are
chosen to satisfy their respective Bellman equations. In the middle nest, py, is
given and "™ is chosen to satisfy the mortgage market clearing condition. In
the outer nest, p, is chosen to satisfy the housing market clearing condition.

Each nest is described below:

Inner Nest

pr and r'™ are given

15



1. Guess V5™ and TI5Y. The subscripts here indicate the step in the

algorithm.

2. For tter > 0:

(a) Compute V;je¥.| by solving (1)) using Vir¥ on the right-hand-side.

(b) Compute the optimal policy rules as a result of the solution in (a).
(c) Compute I152Y, | using equation , with the policy rules from (b)
and II5,%Y on the right-hand-side.

iter

. stay stay stay __ yystay R
(d) Repeat until V;;4, = Vi..” and 115,07, = 117,07, within some toler-

ance.

Middle Nest
pp, 1s given
1. Guess r{". The subscript here indicate the step in the algorithm.

2. For iter > 0

(a) Compute the inner nest until V¥ and TI°**¥ reach convergence,

m
iter

taking r}' = as given.

(b) For each x;, m,b, s, find values 7., 1 (b, xi, s¢) such that I17% (x4, m, b, s;) =

b, using the value functions and policy rules from step (a)

(c) Repeat until i, ., = rj.. within some tolerance.

Outer Nest

1. Guess ppo. The subscripts here indicate the step in the algorithm.

2. For iter >0

(a) Compute the middle nest until " reaches convergence, taking

Phiter a8 giVGIl
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(b) For each s, find values of py, jter+1 (S¢) until Dy, (s¢) = A, using the

value functions, policy rules, and interest rates from step (a)

(c¢) Repeat until pp, jter+1 = Phiter Within some tolerance

When the outer nest converges, an equilibrium has been found.

3 Implementation

In the previous section, many details of the model were presented abstractly,
such as the state variable s;. The advantage of presenting an abstract view is
that it highlights the main structure and economic mechanisms present in the
model, without bogging down the exposition in details. In this section, I flesh

out the details of the model as it will be used for the rest of the paper.

3.1 Mortgage types

In the baseline model, I allow for three mortgage types. In addition to m = 0,
“no mortgage”, the other two types are m = 1: agency loans, and m = 2:
non-agency loans. Each of these loan types are modeled as 30-year fixed rate
loans [

Agency loans are loans that are securitizable by the government-sponsored
agencies, Freddie Mac and Fannie Mae. Freddie Mac and Fannie Mae carry
implicit government guarantees on their credit obligations, so it is assumed
that lenders treat agency loans as if there were no default risk. In practice, this
means that 1} (2, s;) = b; for agency loans. That is, lenders are compensated
fully for the remaining balance on the loan in case of a default.

A mortgage must meet certain criteria in order to qualify as an agency

loan. These criteria are set by the Federal Housing Finance Agency (FHFA),

9The required payment and transition rules for fixed rate loans are given in the Ap-
pendix. Although the baseline model only allows fixed rate loans, the model is readily
extendable to include other types of mortgage contracts. In section [6] I consider the effects
of introducing alternative mortgage products that share house price appreciation between
borrower and lender.
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which regulates Freddie Mac and Fannie Mae. First, a loan must have an
original balance less than or equal to what is known as the “conforming loan
limit”, which I denote by cll;. In addition, the original balance of an agency
loan cannot exceed 80% of the collateral value of the home[]

In contrast to agency loans, non-agency loans carry no guarantees. In the
event of a default, the lender forecloses on the home and recovers a fraction
@ of its value. Therefore, ¥7 (2, ;) = @pp (s¢) for non-agency loans. Unlike
agency loans, there are no restrictions on the size of a non-agency loan. The
only restriction on non-agency loans is that the borrowing amount cannot
exceed the collateral value of the home. Because I am interested in modeling
the effect of disappearing non-agency market, I also introduce an aggregate
state variable, mps;, which is an indicator for whether non-agency loans are
available. If mps, = 0, then I assume that borrowers cannot use non-agency
loans, regardless of amount.

Finally, I assume that for both agency and non-agency loans, the mortgage
payment cannot exceed 50% of the borrower’s income. Table (1| summarizes

the borrowing limits for agency and non-agency loans.

Table 1: Modeled Borrowing Limits for Agency and Non-Agency Loans

Agency Non-Agency

Cannot exceed cll; Cannot exceed 100% of collateral value
Cannot exceed 80% of collateral value | Payment cannot exceed 50% of income

Payment cannot exceed 50% of income | Unavailable if mps; = 0

3.2 Potential buyer distributions

Potential buyers are heterogeneous in their income y;, which is constant, their
initial wealth w;, and their outside option v;. Log-income is normally dis-

tributed with mean uf and variance 05. The mean of the income distribution

10n reality, agency loans can exceed 80% of the collateral value of a home. However,
to obtain an agency loan with LTV greater than 80%, one must purchase private mortgage
insurance. In the context of the model, I will assume that an agency loan with private
mortgage insurance is priced in such a way that it is functionally equivalent to a non-agency
loan of the same size.
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can change over time, but the variance remains constant.
For potential buyers with income y;, initial wealth is distributed according

to a censored normal distribution:

w; = af +aly+N(0,02)

w; = max{0,w;}

I choose a censored normal distribution for wealth rather than a log-normal
distribution in order to generate a mass of potential buyers with zero wealth.
Such a wealth distribution is able to explain loan-to-value ratio patterns in the
data fairly well. Wealth is allowed to be correlated with income to reflect the
possibility that high-income buyers are also more likely to have higher initial
wealth; but the correlation is not perfect.

Finally, let v} be such that v; = u (v}). The transformed variable v} is uni-
formly distributed between 0 and v;. Because the lower bound of the support
of v} is zero, there will always be a positive mass of potential buyers who will
always buy a house as long as they can afford it. The state variable v; controls
the average outside option of potential buyers, and can therefore be thought
of as an unobserved demand shock. When v, is high, then the average outside
option is high and demand for houses will be low. When v, is low, demand for

houses will be high.

3.3 State vector and state transitions

So far I have mentioned five aggregate state variables: (1) the risk free rate
7 fre; (2) the conforming loan limit ¢ll;; (3) the mean income of potential buyers
uf; (4) the unobserved demand shock vy; (5) the availability of non-agency
loans mps;. In addition to these five, I allow for one more state variable, g;.
The variable g; determines the transition process of the unobserved demand

shock v;. In particular, conditional on v, log (v;41) is given by:

log (Vg41) = g¢ +1og (v;) + N (07 03) (19)
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Therefore, the state variable g; controls the evolution and expectation of future
demand shocks. I allow g, to take on two possible values, so that housing
demand can either be in a state of growth: g, = gr; or in Oa state of decline:
g = gg. (Note that a high rate of growth for the outside option implies
declining housing demand.)

The aggregate state vector is therefore given by s, = (v fry, clly, pi, mpsy, g¢, Uy)-
Besides v, I do not allow any of the other variables to vary stochastically. That
is, agents in the economy believe that the other state variables remain constant
over time. If these other state variables do change, it is completely unexpected.
It is not difficult to relax this assumption, but neither is it a bad assumption
for the region and period of time that T will be interested in (Los Angeles
2003-2011). Average incomes in Los Angeles are roughly constant over this
period. Moreover, risk-free rates and conforming loan limits do not change
much over this period, and when they do (in 2008), it is in response to the
unexpected financial crisis. Similarly, the disappearance of non-agency loans
(mps; = 0) was a result of the unexpected crisis. However, agents do believe
that house prices can change over this period, through the evolution of the

unboserved demand shocks.

3.4 Default and refinance costs

For the default and refinance costs, I choose the conceptually appealing case
of ruthless default (cp = 0) and no refinancing (cg > 0). Ruthless default
here means that owners who are hit by a moving shock default if and only if
the remaining balance of their mortgage exceeds the price of their home. Al-
though this particular choice of default and refinance costs may not accurately
reproduce all the moments in the data, it is interesting to study how far this
simplified model can take us in explaining the data. As it turns out, ruthless
default with no refinancing allow us to explain time-variation in default rates
by buyer cohort quite well. Allowing refinancing coupled with ruthless de-
fault would help explain default rates even more closely. I discuss these points

further in section Al
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3.5 Discretization

The model is solved over discrete grids of its variables. I describe exactly how
each variable is discretized in the Appendix. For now, special mention should
be made of two variables for which I only allow one grid point: the savings of
homeowners, w;;, and mean log-income .

Only one grid point is used for mean income. What this means is that the
mean income of potential buyers is constant. This is not an unrealistic as-
sumption for Los Angeles from 2003 to 2011, because the average real income
of Los Angeles residents from 2003 to 2011 was roughly constant at $55,000
(2012 dollars). Note that the assumption does not imply that the mean in-
come of actual buyers has been constant, only the mean income of potential
buyers. In both the model and the data, the average income of actual buyers
is correlated with house prices.

I only use one grid point for savings in order to reduce the computational
complexity of the model. With one grid point, homeowners are assumed to
save only a minimal amount for precautionary purposes. The results of the
paper are robust to this assumption because only households with very high
initial wealth relative to income (a small percentage) would have any incentive
to save, due to the fact that both income and mortgage payments are constant
in the model. Even for the households who do have an incentive to save, they
are better off reducing their initial mortgage balance rather than increasing
their level of savings. I have also computed a version of the model with two
grid points for savings, and found that doing so did not change any results
(the large majority of homeowners do not choose to save at a higher rate).

Finally, three other variables with a small number of grid points will be
mentioned. First, household income y; takes one of two values: $80,000 or
$150,000. These roughly correspond to average buyer income for “low-quality”
and “high-quality” homes during the sample period. Second, the risk-free rate
r fr, takes only the values of 0.025 and 0.015. These roughly correspond to the
real 10-year treasury rate before 2007 and after 2008. Third, the conforming
loan limit cll; takes only the values $400,000, $450,000, and $750,000. These

roughly correspond to the values that the real conforming loan limit took from
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2003 thru 2011. Most other variables, such as initial wealth w; and unboserved

demand shock v;, have a large number of grid points.

4 Data

Data for the calibration of the model comes from three main sources. The first
is an administrative database of housing transactions provided by DataQuick,
a real estate consulting company. DataQuick collects data from public records
on property transactions. Each time a property is sold, the transaction price,
closing date, and any liens against the property are recorded. This allows me
to observe the universe of home sale prices and the loan amounts they are pur-
chased with. In addition to sales, DataQuick also contains information about
refinances. Each time a new loan is originated against a property, the amount
of the loan and the origination date are recorded by DataQuick. DataQuick
data for Los Angeles goes back to 1988, and the latest year for which I have
data is 2012. Each observation in DataQuick includes a unique property iden-
tifier, so it is possible to follow a single property over time and construct an
ownership history that includes purchase date, purchase price, loan amount,
sale date, sale price, and any refinances along the way. Moreover, DataQuick
includes a flag for whether each transaction is part of a distress event, so I can
identify the ownership histories that end in a foreclosure.

Using the DataQuick data, I first decompose the L.A. housing market into
two segments, which correspond to h = 0 and A~ = 1 in my model. To do this,
I first