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In this appendix, we describe the details associated with estimation of the model
described in Sections 4 and 5. The first part of the Appendix describes the demand side
(Section 4) and the second part describes the supply side (pricing) (Section 5).

APPENDIX B: DETAILS OF THE ESTIMATION
B.1. Demand Estimation

HERE WE PRESENT the likelihood function used to estimate the parameters of
the demand model. The model can be thought of as a system of four “standard”
equations: (i) a tobit down payment equation (with censoring at the minimum
down), (ii) a probit purchase equation, (iii) a tobit repayment equation (with
censoring at full payment or at the end of our sample), and (iv) a linear price
negotiation equation. The model’s four equations are given by

(B.1)  Di=x;B.+ Bppi+ epis

(B2) U =xja,+a,pi+ad(D; <d)d; + &g,
(B.3)  In(s}) = xjy. + (pi — D)y + &sis

B4)  pi=xA A+ N+ epi.

The system’s endogenous variables are negotiated price p;, desired down
payment D7, observed down payment D; (which is a nonlinear function of D),
latent purchase utility net of outside option U} (here we normalize the outside

option term U, to zero to simplify notation), and the (logarithm of the) fraction
of payments made s; = S}/ T;, where S} is the number of months of successful
payment and 7; is the loan length in months. The system’s exogenous variables
are list price /;, minimum down payment d;, and a vector of offer, car, appli-
cant, location, and time characteristics x;, which is common to all equations.
The indicator function in the second (purchase) equation is equal to 1 if an
applicant’s optimal down payment is constrained by the minimum down re-
quirement, and is equal to 0 otherwise. In each equation, i indexes a customer.

The variables D}, U’, and s} are not observed for all applicants. In particu-
lar, D7 is not observed if a borrower does not purchase or makes exactly the
required minimum down payment, and s is not observed if the applicant does
not purchase or if the loan repayment is censored (either due to full payment
or due to the end of our sample). The latent utility from purchase U is never
observed. We discuss the relationship between these latent variables and their
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observable counterparts D;, a purchase indicator Q;, and the observed fraction
of payments made s; = S;/T; in more detail below.

The system’s unobservables (&g, &p, &5, €,) are assumed to be distributed
jointly normal with distribution function f (&, &p, €5, £,) ~ N(0, 3), where 3
is the variance—covariance matrix given by

o Pop0To0p PosTgTds  Pop0o0Tp
(BS) 2: Pop0Op0p 0'12) pDSUZDUS prO'DO'p
PosOpO0s  PpsOpO0s Og PspOsOp

Pop900p  PppOp0p  PspOsTp 0’;

This joint density allows us to derive the likelihood function £(D;, Q;, s;, p;l
l;,d;, x;). We begin by rewriting the joint density as a product of an uncondi-
tional density and three conditional densities:

(B6) f(gQa €p, &g, Sp) = f(83|‘9Q, €p, gp)f(8Q|8D’ ep)f(8D|8p)f(8p)'

Since the Jacobian of the transformation of (&o, €p, €5, &,)" to (D}, U,
In(s?), p;)' is 1, we can write the joint density of (D}, U}, In(s?), p;)" as

(B.7) F(D}, Ui, In(s)), pilli, diy x:)
= fn(s)) = x;yx — (pi — D) yelpi, U}, D, L, di, x)
x (U} = xia, — app; — gl (D5 < d)di| pi, D}, 1, x,)
x f(D} —xiBx — B, pil pis lis x1)
x f(pi — XA — Ml x;).

It D}, U}, and In(s;) were observed for all applicants, this expression would
provide the likelihood function for the data. However, since D7, and sf are
not always observed and U is never observed, we must rewrite this expression
in terms of the observable endogenous variables D;, Q;, and s;. We proceed
in five steps. First, we derive the likelihood of observing a given negotiated
price. Since we assume price is observed for all applicants (as mentioned in
Section 3.3, we impute cars and prices for nonbuyers by matching them to
cars and prices at the same time, dealership, and income category), this step
is straightforward. The probability of observing a negotiated price p; is given
simply by

i x;)\x —A li
(B'8) ppl- = ¢[p—l]>

Op

where ¢ denotes the standard normal probability density function (p.d.f.). We
do not account for censoring at list price, since this would require integration
over gp; for some (but only few) observations, thus complicating the derivation
of the likelihood function with limited benefit.
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Second, conditional on a negotiated price, we derive the likelihood of ob-
serving a borrower’s chosen down payment. We define the observed down pay-
ment D, as

_ | D:=xB:+ B,pi+epi, ifD:>d,,
(B.9) Di—{di, if D} < d,.

The first case applies to applicants who purchase a car and make a down pay-
ment above the minimum; the second case applies to applicants who purchase
a car and make the minimum down payment. In the former case, D} is ob-
served, and the likelihood of observing a given D above the minimum is

(B.10) pD,-:D;‘\spi =Pr(D} = x;B. + B,pi + enil &)
= fSD\Sp(DT - x;ﬁx - ﬁppi),

where f is a (conditional) normal distribution function, with mean and vari-
ance given by .., = %sl, and o}, . = 0j(1 — pj,), respectively. Note
that due to the correlation between ¢y, and ¢, the moments of this distribu-
tion depend on g ,.

In the latter case, D} is unobserved, and the likelihood of observing a mini-
mum down payment is defined by a cumulative distribution function. The like-

lihood of observing a minimum down payments is
(B~11) pDi:dﬂgpi == Pr(D;k < x;'Bx + Bppi + 8Di|8pi) = FeD\ep (dl - x;’BX - Bppi)a

where F is the (conditional) normal cumulative distribution function (c.d.f.)
with mean and variance given above. Note that for borrowers who do not pur-
chase, we do not observe a down payment, and accordingly these borrowers’
down payment choices do not enter the likelihood function.

Third, we derive the likelihood of observing an applicant’s decision to pur-
chase a car. As in a standard discrete choice probit model, we define the ob-
served variable Q; to be equal to 1 if the borrower purchases and equal to 0
otherwise. That is,

_ )1, U =xia,+a,pi+ad(Df <d;)d; + e, > 0,
(B12) 0 = {0, otherwise,

where F, is the (conditional) cumulative normal distribution, with mean

0lep.€p
Meglep,ep and variance (er‘ep,SD. These moments can be computed straightfor-
wardly from the covariance matrix 3 and the properties of the multivariate
normal distribution. As stated above, the indicator function is equal to 1 if an
applicant’s optimal down payment is constrained by the minimum down re-

quirement, and is equal to 0 otherwise, meaning we can think of the coefficient
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ay as the (average) shadow price of the down payment constraint, conditional
on it being binding.

Calculation of this likelihood is complicated by the fact that & is not ob-
served for borrowers who put down exactly the minimum. Thus, for these bor-
rowers, we cannot directly calculate the moments of the conditional distribu-
tion function Fegiepep and, instead, must integrate over all &p,; that result in
an observed minimum down payment. This yields the expression for the likeli-
hood of sale:

GRS

i=4%-%pi

di—xBx—Bppi
= / FSle‘p,SD (x;'ax + appi + addi)f(gp, 8D) daD'

oo

For applicants who do not purchase, the likelihood of observing a nonpur-
chase is also complicated by the fact that ¢;is not observed for applicants who
do not purchase. This is important due to the interaction term in the equation
for U}, which is equal to 1 if the applicant would (if they purchased) put down
the minimum and is equal to 0 if the applicant would put down more than
the minimum. Since down payment is not observed for applicants who do not
purchase, we write the likelihood of observing a nonpurchase in terms of their
probability of making the minimum down payment:

‘li*X:-Bx*,BpPi
(B.14) Pooe,, = 1-— {pDi—dilb‘pi / Feplep.ep(Xio + @, pi+ aqd;)

x f(epi, ep)dep

+ (1 - pDFdi\Spi) / FEQ"SP’SD (x;ax + appi)

di_x;ﬁx—ﬁppi
X f(c‘;‘pi, SD) dSD}.

The term in brackets is the probability of sale for nonbuyers. The first term
in the sum is equal to the probability of a nonbuyer putting the minimum down
times the probability of purchase conditional on putting the minimum down;
the second term is equal to the probability of a nonbuyer putting more than the
minimum down times the probability of purchase conditional on putting more
than the minimum down. In both cases, the probability of purchase requires
integration over the unobservable g;. All integrals in the likelihood function
are computed by simulation. For the above integrals, we simulate values of &p,
from the joint distribution f(e,, ep) in the regions given by the limits of the
integrals, use these simulated values to compute likelihoods for each purchase
outcome, and average these likelihoods across simulations.
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Fourth, we derive the likelihood of observing the loan repayment outcomes:
no payments, default after at least one payment, and payments censored due
to full payment or the end of our sample, conditional on a negotiated price,
a purchase decision, and a financing decision. We begin with equation (B.3)
and define the censoring point ¢; € (0, 1] as the fraction of the loan observed
before the end of our data. The observed fraction of payments made, s;, is
then

(BlS) 5= {Si :eXp(xiyx+(pi_Di)yL+8Si), %fSl- <C;ia
Ci if ¢; <7,

where gg; is correlated with &¢;, €p;, and g,. The first case applies to buyers
with observed default (including default before making a single payment); the
second case applies to buyers with censored repayment. For loans that have
been repaid in full, ¢; = 1. To account for the correlation between unobserv-
ables, we calculate the probability of each repayment outcome conditional on
£0i> €pi, and ¢g,;. For a given &, ep;, and &, the likelihood of observing cen-
sored payments is

(B.16) Pii—citegiopiep — Pr(s; = cilegi, epi, €,i) = Pr(s] = cilegi, €pi, €pi)
= Pr(eXp(xﬁ-%c + (pi—D)yL + es) = cilegi, €pis Spi)
=Pr(es; < —In(c;) + Xy + (pi — D) yilegir €pis €pi)
= sslsg,ap,sp(_ln(ci) +x7¥x + (pi — D) yo),

where F,., ..., 18 the (conditional) cumulative normal distribution, with

mean Wege, op.cp and variance afsng’sl)’SP computed based on the covariance

matrix 3 and the properties of the multivariate normal distribution.
Similarly, for a given &y, €p;, and &,;, the likelihood of observing no pay-
ments is

(B17) p = Pr(s; =0legi, epi, €,i) = Pr(s] < glegi, €pi, €pi)

5i=0legiepi pi
= Pr(exp(x;yx + (pi = Di)yL + &s1) < 8legis €pis £5i)
= Pr(es; <In(g) — Xyx — (pi — Di)vil€ois €pis €pi)
= Fegieq,ep,ep(IN(8) — Xiyx — (pi — Di)y1),
where g represents the fraction of the loan paid in each installment. The prob-
ability of zero payments thus equals the probability of default before the first

payment is made. In the estimation, we assume loan payments are made in 20
installments, meaning g = 0.05.
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The likelihood of observing payments through s; prior to the censoring point
is
(B18) psi:s;k\sgi,sni,spi

(B.19) — Fegiog.ep.ep(N(S)) — X3¥c — (pi — Di)yL).

= Fegiep.ep.ep (IN(S] + 8) — Xy, — (pi — Di)yL)

We compute the likelihood using a difference in c.d.f.’s rather than a p.d.f. to
account for the discrete nature of payment timing.

Note that the above derivations assumed that e¢;, €p;, and &,; were given.
In practice, however, g, is unobserved and ep; is unobserved whenever a min-
imum down payment is made. This means that computation of the likelihood
requires integration over &g, or both &y; and ¢p,. In the former case, the like-
lihood of observing a repayment outcome s; is given by

oo

(B20) pg= / Py f(&gis €pis €p1) deg;.

(Yax+a;pitaqd;)

In the latter case, the likelihood is given by

di—x;Bx—Bppi oo
(B'Z]‘) psl‘ = / / psif(gQis €Di, Spi)gQiSDi.

oo (xjax+a;pitaqd;)

The latter expression differs from the first through integration over ep,;. As
before, the integrals are computed by simulation. That is, we simulate values
of &¢; and &p; from the joint distribution f (&g, €p;, £,:) in the regions given by
the limits of the integrals, use these simulated values to compute likelihoods
for each repayment outcome, and average these likelihoods across simulations.

The final step is to combine the set of negotiated price probabilities, down
payment probabilities, purchase probabilities, and loan repayment probabili-
ties into a full likelihood function, L( p;, D;, Q;, sild;, I;, x;). Before writing this
likelihood function, we define the seven possible outcomes observed in the
data.

e I):no sale

e [;:sale, down payment above minimum, no payments

e [,: sale, down payment above minimum, censored payments

e [5: sale, down payment above minimum, observed default after at least
one payment

e [;: sale, minimum down payment, no payments

e [5: sale, minimum down payment, censored payments

e [¢: sale, minimum down payment, observed default after at least one
payment.
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Using the notation i € I to indicate that applicant i chose outcome I, we can
write the full log-likelihood function for the data as

(B.22) logL = Zlog(pm) + Zlog(pgi:mpl_) + Zlog(in:Hm)

iely i¢ly

+ Z {log(pD;:DZ-‘\pi) + log(pS[:O\pivDi:“? ) }

iely

+ Z{log(pDi:dilpi) + log(psi:O\pi,Di:di)}

iely

+ Z{log(pDi:DT\pi) + log(psi:ci\pi,Di:D;‘ )}

i€l

+ Z{log(pDi:d”pi) + log(psi:ci\pi,Di:d,-)}

i€15

+ Z{log(pD,:D;‘\p,-) + log(pxl-:x:f\pi,Di:D;‘ )}

i€13

+ Z{log(pl)i:dﬂpi) + log(psizsf‘pi’[’i:d")}.

ielg

Our estimates of the parameters A,, A;, By, By, @y, @), A4, Yy, V1, and 3 maxi-
mize this log-likelihood function.

B.2. Supply Estimation

In this section, we derive the moment conditions used to estimate the supply-
side parameter ¢ (see Section 5). We first derive detailed expressions for profit
per sale 7r; and expected profit per applicant I1;, and describe how these quan-
tities are computed in practice. We then derive a set of moment conditions
from the firm’s optimal pricing problem and describe the method used to esti-
mate the (single) supply-side parameter.

When the number of payments made, S; = s;T;, is known, profit per sale is
given by

1
—(1 —e™"%)
(B23) m=Di+{———(pi—D)+eki(S) - Ci.

The first term in the equation is the borrower’s down payment, the second term
is the present value of loan payments assuming the lender discounts payments
at a rate «, the third term is the present value of expected vehicle recovery,
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and the fourth term is the cost of the loan. The expected recovery value is
estimated from the data using the specification described in Section 5.1. The
cost of the loan is C; = ¢; + ¢, where ¢; is the (observed) cost of the car and
i is the (unobserved) indirect cost of originating the loan. The latter cost is
estimated below.

When S; is unknown, we can integrate over S; to calculate expected profit
per sale conditional on ¢(; and ep,. Expected profit per sale conditional on g¢;
and gp; is

(B.24) Elmileg:, epil = Py Elmi|S; =01+ p, _ E[m|S; = 1]

1
+ f p,_ Elm|S:1dS:
o i

(B25) == psi:O (D, + kl‘ — C,)
1
—(1- eiKT")
+ D5 D; + '1< (pi—Dy) -G
;(1 — el
| L ey
(B26) + / pSi:S?* Di + Kl—(pl — D,)
0 _(1 _ e—ziTi)

=+ eiKS?T[ki — Ci dSl*,

where p;_, p,_..,and p_ are defined in Section B.1 above. The first term on

the right-hand side of the equation is equal to the probability of zero payments
times the net revenue from zero payments, the second term is equal to the
probability of full payment times the net revenue from full payment, and the
third term is equal to the expected net revenue from between 1 and 7; — 1
payments.

The above expression for expected revenue can be used when ep; and &p;
are known. However, ¢(; is a latent variable that is never observed and &p; is
observed only if a borrower puts down more than the minimum. To compute
the expected profit conditional on sale for a borrower who purchases and puts
down the minimum, we must integrate over the region of sale and the region
of minimum down:

o0 di_X;-BX'FBpPi
(B27) ]E[’iTl|Ul* > O] = / / ]E[7T,'|8Di, 8Q,‘] dSDl' dSQl'.

7(x;.ax+appi+add,-) —o0
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For borrowers who purchase and put down more than the minimum, the sec-
ond integral is removed and the lower limit of integration over &¢; changes to
account for the lack of a constraining minimum down payment.

Expected profits per applicant are equal to the probability of sale times the
expected revenue conditional on sale, or

(B.28)  IIi(x;, pi, di; ) = Pr[Q(x;, pi, di, &) = 1]

x Elmi(x;, pi, di; ¥)|1O(xi, pis diy, &) = 11.
This is the quantity the firm seeks to maximize. To compute supply-side esti-
mates, we compute the first-order condition of this equation with respect to
uniform (across all credit categories and time periods) changes in the lender’s
required minimum down payment and find the value of ¢ that makes this first-
order condition equal to zero. That is, we find s such that
all; Z IPr[Q(x;, pi, di, &) = 1]
ad; ad;

IE[m;()|Q(x;, pi, di, &) = 1] _ 0}
ad,; '

(B.29) E[m(y)|O(x;, pi» di, i) =1]

+Pr[U; = 0]

To compute indirect cost estimates, we assume that the lender chooses prices
that satisfy one of the two inequalities described in Section 5.2:

(B.30) Zn(xi, Di,dis ) > Zﬂ(xi, pi»di+a; ) foralla#0

or

(B31) Y H(x;, pindi ) =Y _I(x;, pidjzip) forallr=2,...,23.

iel; iel;

The first inequality assumes that the firm’s chosen prices are more profitable
on average than prices that are higher or lower by any fixed amount. The sec-
ond inequality assumes that the firm’s updated prices after any pricing change
represent an improvement over previous prices. To estimate the indirect cost of
lending based on these inequalities, we compute the sum of squared violations
of the inequalities over all pricing periods:

2
ww)ﬂMMhhﬂmmemww—Zm%mmwwﬂ
or

2
ww)0MM#ZP@&ZMmm¢@—ZMmm#@H.

t iel; iel;
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Our estimate of ¢y minimizes this objective function. In practice, the estimate
is found by grid search over a grid with increments of $100.
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