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Abstract

This paper extends a classic on-the-job search model of homogeneous workers and firms
by introducing a shirking problem. Workers choose their effort levels and search on the job.
Firms elicit effort through wages and monitoring; an inverse relationship between wages and
monitoring rates is derived. Wages play a dual role by allocating labor supply and motivating
employee effort. This gives rise to an equilibrium wage distribution that contrasts with existing
literature in several aspects. In particular I show that a hump-shaped and positively skewed
wage distribution, as observed empirically, can be derived even when firms and workers are
respectively identical.
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1. INTRODUCTION

It is well known that a large proportion of inter-industry and cross-employer wage differentials
cannot be explained by observed differences in worker and firm characteristics (e.g. Katz and
Autor, 1999; Idson and Feaster, 1990). Moreover, aggregate earnings distributions are hump-
shaped and right skewed. These qualitative properties remain true in the aggregate and within
specific occupations, as depicted in Figure (1).

The theoretical literature has rationalized these empirical facts using ex-ante heterogeneity
and market frictions. In particular, Burdett and Mortensen (1998), hereafter BM, show that wage
dispersion can be obtained as an equilibrium outcome in a search framework even when workers
and firms are homogeneous. However, in the homogeneous case, the densities of wages offered
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and wages paid are monotonically rising. Therefore ex-ante heterogeneity across firms is required
to match the observed shape of cross-firm wage distributions.

This paper introduces efficiency wages into the BM framework. The difference between this
work and BM lies in the interplay between search frictions and the inability of firms to costlessly
observe workers’ effort. The novelty of this paper, in contrast to BM, is that under certain condi-
tions a unique and hump-shaped wage distribution can be derived even when firms and workers are
respectively identical. Moreover, in contrast to Shapiro and Stiglitz (1984) where identical firms
offer the same wage and undertake a common and exogenous monitoring rate, firms in this present
model post different wages and endogenously choose different monitoring rates.

The intuition behind the hump-shaped wage distribution is simple. In the original BM, where
each worker yields the same marginal productivity, there is only one tradeoff between the wage and
the labor supply faced by the firm. A high wage firm earns a smaller profit per worker, but attracts
a larger labor force. In equilibrium, all firms make the same profit and the wage offer density has
to be such that there is no profitable deviation. Consider a wage cut deviation. A high wage firm
is more tempted to reduce its wage since this confers a larger cost reduction due to its labor force
size. Since high wage firms have more incentive to reduce wages— and the only tradeoff is losing
workers to other firms— these firms have to be more threatened by competition just below on the
wage offer distribution. Therefore, the single tradeoff between wage and number of workers gives
rise to the monotonically increasing wage offer density.

However, if wage reduction is associated with an additional tradeoff that is sufficiently strong,
then the wage offer density need not be rising throughout its support. To illustrate this mechanism,
I extend the homogeneous version of BM by allowing a firm’s output to depend on its workers’
effort. The firm cannot costlessly observe a worker’s output. Unemployed workers randomly
search for jobs while employed workers search for higher paying jobs and choose whether to
exert effort. Each firm posts a wage and chooses a monitoring rate. The worker is fired if caught
shirking. Using the standard efficiency wage argument, the inverse relationship between wage and
monitoring rate is derived (e.g. Shapiro and Stiglitz, 1984). With the presence of on-the-job search,
identical firms optimally choose different wages, and consequently undertake different monitoring
rates. In equilibrium, all firms earn the same profit. A wage reduction in this model leads to smaller
firm size as well as a higher monitoring cost per worker. Under the condition that a high wage firm
is sufficiently threatened by a higher monitoring cost when lowering its wage, the threat of losing
workers to other firms can be weaker. Thus the degree of firm competition, and hence the wage
offer and equilibrium wage densities, can be declining over the upper range of the wage support.!

Mortensen (2000) extends the BM framework by introducing match-specific investment and
shows that the wage offer density can be unimodal when firms and workers are ex-ante identi-
cal. Using a directed search framework, several authors derive positively skewed wage distri-

I'The arguments here can be applied to other tradeoffs associated with wage reduction, such as job amenities. From
the compensating differential point of view (Rosen, 1974), a firm with a clean and safe workplace may attract more
workers even at lower wages. Thus it is possible to have identical firms offering different combinations of wages and
amenities. Applying the arguments in this paper, an empirically plausible wage distribution can be derived using the
tradeoff between wages and job amenities. This contrasts with Hwang et al. (1998) who introduce amenities into the
Burdett and Mortensen (1998) framework. In their model, ex-ante identical firms choose the same amenity level since
the demand for an amenity is independent of wage. Hence the resulting wage offer density is monotonically rising.



butions without assuming heterogeneity, for instance Camera and Selcuk (2004). As discussed
in Mortensen (2000), even a wage equation residual term with an increasing density would be a
departure from reality; thus an empirically consistent model should be able to deliver wage distri-
butions with long right tails even in absence of firm and worker heterogeneity. One contribution of
this paper is to provide an alternative mechanism to resolve the anomalous feature of Burdett and
Mortensen (1998) using efficiency wages. The present framework is relevant for understanding
wage dispersion, among equally productive firms, in many labor markets since both monitoring
and job-to-job transitions are ubiquitous (Neal, 1993; Nagypal, 2008). Further, a number of stud-
ies, e.g. Brunello (1995), find empirical support for the negative relationship between wages and
monitoring intensity which is a key mechanism in this framework.>

This paper provides a note of caution for empirical analysis. Building on the BM framework, a
number of empirical search papers appeal to heterogeneity in productivity to improve model fit (see
for example, Bontemps et al., 2000). The identification of firm productivity is usually dependent
on the one-to-one relationship between the productivity and wage densities. This approach is based
on the BM implication that firm heterogeneity necessitates the shape of the empirically observed
wage distributions. However, this paper shows that an empirically plausible wage distribution can
be derived even in absence of heterogeneity.

Additionally, this paper contributes to the efficiency wage literature by endogenizing monitor-
ing rates. Existing studies often assume firms to undertake a common and exogenous monitoring
rate as in Shapiro and Stiglitz (1984), for instance Strand (1987); Albrecht and Vroman (1998);
Walsh (1999). However, using the ratio of supervisors to workers as a proxy for monitoring in-
tensity, empirical studies (e.g. Brunello, 1995; Neal, 1993) find that these ratios vary across firms.
Thus it is appealing to allow firms to choose different monitoring rates. Albrecht and Vroman
(1998) combine a shirking problem with a wage posting random search model where the monitor-
ing rate is exogenous and there is no on-the-job search. Under their assumption that workers are
heterogeneous in the disutility of effort, shirking persists in equilibrium and adverse selection pre-
cludes the existence of a single wage outcome. Further, they provide a numerical example where
a uniform distribution of effort costs can give rise to a downward sloping wage distribution. In
my model, on the job search is what leads homogeneous firms to post different wages and con-
sequently choose different monitoring rates. The tradeoff between wages and monitoring rates is
what generates a declining wage offer density.

The rest of the paper is organized as follows. Section 2 describes the model and presents the
problem of a worker taking the distribution of wages as given. Section 3 endogenizes the wage dis-
tribution and characterizes the equilibrium solution. Section 4 discusses the model’s implications.
Section 5 provides a numerical example and Section 6 concludes.

2See Walsh (1999) for a review of these studies.
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Figure 1: Wage Distributions from Current Population Survey, Year 2000

2. THE MODEL

The market consists of a continuum of infinite-lived, risk-neutral firms and workers. The mea-
sure of workers is indicated by N whereas the measure of firms is normalized to one, so that N is
the ratio of workers to firms. All workers and firms are respectively identical and face the same
discount rate r.

The search framework is similar to that of BM (Burdett and Mortensen, 1998). This model
deviates from BM by allowing the output of a match to depend on a worker’s effort level: {0,e}
where e > 0. For simplicity, it is assumed that each productive worker contributes one unit of
output and zero otherwise.® The output of an individual worker cannot be costlessly observed.
Firms detect shirking by monitoring their workers at some cost. Each firm posts a wage w and a
monitoring rate g.* The firm pays w to all of its employees and hires any worker who is willing to
accept w. For tractability, I maintain the assumption that firms post constant wages as in BM rather
than setting wages as a function of the output history.”> It will be shown that the simple deviation

3This assumption rules out an equilibrium where some firms find it optimal to hire shirkers. If the output associated
with the two effort levels were strictly positive, then using a similar argument as Albrecht and Axell (1984), it is
possible for firms to offer wages for both effort levels.

4 As will become clear later, the firm’s choice of ¢ is implied by its choice of w.

SUnder the assumption that the output of an individual worker cannot be costlessly observed, an output contingent
wage would still be tied to a monitoring problem since the firm has to first decide how often to check the output level



from BM considered here is sufficient to generate empirically observed wage distributions. Further,
as discussed in Board and Meyer-ter Vehn (2015), non-stationary wage contracts may harm the
worker without benefiting the firm.°

Workers are assumed to randomly search among firms; let F (w) denote the distribution of
wage offers from which workers sample. Consider the problem of a worker taking monitoring
rates and the distribution of wages as given. At a moment in time, each worker is either employed
or unemployed and searching. While unemployed, workers receive utility flow b per instant and
receive job offers at rate Ay, each of which is a random draw from F. While employed, workers
receive their wage w and choose whether to exert effort. Employed workers who exert an effort e
obtain an instantaneous utility flow: w — e.” Shirkers do not incur the effort cost, but at rate ¢ they
will be caught and lose their jobs. In both cases, employed workers receive new job offers from F
atrate A; and lose their jobs exogenously at rate . Workers cannot recall previous offers and must
respond to offers as soon as they arrive.

Let us define V,V, and V, respectively as the expected discounted lifetime income for an em-
ployed shirker, an employed nonshirker, and an unemployed individual. Following Shapiro and
Stiglitz (1984), the worker chooses an effort level to maximize his expected discounted lifetime
income by comparing the utility from shirking with the utility from working. The no-shirking
condition (NSC) under which the worker chooses to exert effort is V, > V; where shirking is more
attractive when the firm monitors less frequently. In equilibrium, the NSC always binds, V, = V;
otherwise the firm could reduce g and increase its profit without affecting the worker’s choice of
effort.

Using standard arguments, the expected discounted lifetime income for an unemployed worker
is given by

(1) Vi =b+ Ao Umax{vu,ve(x)}dF(x)—vu ,

where acceptance of a job occurs when the value of employment exceeds the value of continued
searching.® Since all workers exert effort in equilibrium, there is no firing for shirking and em-
ployed workers move from lower to higher paying jobs when such offers arrive. Nevertheless, the
expected discounted lifetime income for a shirker will be important in deriving the NSC. This can
be written as

(2) rVi(w) =w+ 24 [/max {Vs(w), Ve (x)}dF (x) = Vs (W) | +(8+¢q) [Vu— Vs (W)],

of each worker.

%Board and Meyer-ter Vehn (2015) studies a relational contract problem in a frictionless market where a firm
chooses a sequence of wage and effort levels to maximize profit. Each firm has one worker and can perfectly observe
the worker’s effort. In equilibrium, identical firms are indifferent between a continuum of contracts. In their frame-
work, on-the-job search only acts as a non-pecuniary job benefit as it allows employed workers to receive better offers,
whereas in my paper on-the-job search also affects the firm’s labor size.

"In the case of continuous effort levels, the qualitative results remain the same if the elasticity of effort disutility
with respect to effort is increasing, see Walsh (1999) for further details.

8Generally, the integrand in the asset value of unemployment is max {V,,V, (x),V; (x)}. However, in equilibrium
V. = Vj, hence V; (x) is dropped in (1) as well as in the asset values of shirking and working for ease of exposition.



while for an employed nonshirker, the expected discounted lifetime income is
3) Ve(w)=w—e+ 4 {/max {Ve(W), Ve (x)}dF (x) =V (w)| + 0 [Viy— Ve (w)].

The difference between (2) and (3) is that the shirker obtains a higher instantaneous utility flow
since there is no cost of effort, but faces a higher rate of separation.’

As mentioned earlier, in equilibrium the NSC must bind otherwise there is a profitable deviation
for the firm. Using (2) and (3), the equality of V, (w) and V; (w) implies that

4) Vo(w) = §1+Vu.

See Appendix A.l for a more detailed derivation. Eq (4) shows that at a no-shirking wage where
Ve (w) = Vi (w), there is a rent associated with moving from unemployment to employment when
monitoring is imperfect, i.e. g < co. The rent associated with a job is increasing in the effort level
and decreasing in the monitoring intensity. As a lemma, we have

Lemma 1. For g < oo, any no-shirking wage gives the worker a surplus. The worker strictly prefers
accepting a no-shirking wage offer rather than being unemployed.

Let w and w denote the infimum and supremum of the support of F* which will be endogenized
in the next section. Setting V, (w) = V; (w), and using the fact that

5) Emax{V; (w),V; (x)} = V; (w) + [, V/ (x) F (x) dx,

where i € {e,s} and F (x) = 1 — F (x), then substituting V, (x) = 1/ [r+ 8 + A/ F (x)], an equilib-
rium no-shirking wage can be expressed as

©6) w:(r—|—5)§—|—e—/11(B(W)—B(w))+rVu

where F o)

W F(x

B(w) = / ————=——dx
( ) w 6+)L]F(X)
It can be shown that wages and monitoring rates are inversely related. Differentiating (6) with
respect to g gives
%) D€ (g 54 MF (w))
dg ¢ : '

From the firm’s point of view, (7) determines the substitution rate between wages and monitoring
rates.'? The firm can motivate the worker to exert effort by either monitoring more intensely or
setting a higher wage to increase the cost of losing the job. Thus firms offering lower wages
choose higher monitoring rates. Let g denote the highest monitoring rate, the rate associated with
the lowest wage offered w. Substituting (1) into (6), we have the following lemma

Note that the firm’s choice of ¢ is implied by its choice of w, and so V; only depends on w.
101¢ will be shown that in equilibrium F has no mass points and so ‘% is well defined.

6



Lemma 2. In equilibrium, a no-shirking wage satisfies (8):

(8) WZ@—F%—F@—FZ?—FMB(W)—A] (B(w)—B(w)).

See Appendix A.1 for a more detailed derivation of (8). Thus a no-shirking wage consists of a
rent due to imperfect monitoring (r 4 &) e/q+ Age/q, the cost of effort e, the unemployment benefit
b, and the difference between expected gains from searching while unemployed and employed
which is represented by the last two terms. Taking F' as given, (8) yields predictions, in line with
Shapiro and Stiglitz (1984), that the firm has to pay a higher wage to persuade the worker to exert
effort when (i) the disutility of effort e is higher; (ii) the unemployment benefit b is larger; (iii) the
job destruction rate 6 is higher; (iv) the discount rate r is higher; or (v) the offer arrival rate for
unemployed workers Ay is higher. Additionally, the firm can reduce its wage when the offer arrival
rate for employed workers A4, is higher. The relationship between A; and the no-shirking wage
deserves a comment. Given that workers move from lower to higher paying jobs, a larger value of
A1 increases the asset value of employment. This in turn increases the cost of losing a job if caught
shirking which allows the no-shirking wage to be lower.

Finally, it is convenient to define an inverse function that maps w to the g implied by the NSC,
so that the firm’s choice of ¢ is given implicitly by its choice of w. Rearranging (8), the inverse
function is given by

(€)) q=9(w)

o e(r+9)
o W—M%—e—b—).oB(W)—l—l] (B(w)—B(w))’

Conditional on F', ¢ is a one-to-one mapping since q is strictly decreasing in w as shown in (7).

Before solving for an equilibrium in the next section, let us define the distribution of wages
paid to employed workers, denoted by G (w). Let u denote the steady state number of unemployed
workers. Since Lemma 1 implies that all no-shirking wages are acceptable by unemployed workers
when monitoring is imperfect, the flow of workers into employment is given by Agu whereas the
flow of workers into unemployment is 6 (N — u). Setting these equal, one finds that in the steady
state

ON
U= ———.
5+
Then equating the flow of unemployed workers into firms with a wage no greater than w, AgF (w) u,

and the exodus of workers from employment at wages less than w, [8 + AiF (w)] G(w) (N — u)
gives

(10)

(1D G(w) = (Sfil—(;zw)

where G (w) coincides with the distribution of wages offered when there is no on-the-job search,
1.€. )»1 =0.



3. STEADY STATE EQUILIBRIUM

In this section, I endogenize the wage offer distribution F. It is assumed that all firms receive
the same flow of revenue generated per employed nonshirker p. Each firm faces a common per-
worker monitoring cost ¢ (g) where c(q) is strictly increasing, twice continuously differentiable

and qlgroloc(q) — oo,

Conditional on F, the firm posts a wage and a monitoring rate at which it commits to hire all
the workers it contacts, subject to the NSC: ¢ = ¢ (w).!! The flows of employment into the firm
consist of workers leaving unemployment and leaving lower paid jobs. The flows out of the firm
consist of workers leaving exogenously and moving to higher paid jobs. Let ¢ (w|F) represent the
steady state number of workers at a firm paying w. For simplicity, I assume that firms maximize
steady-state profit. This can be understood as the limiting case of maximizing the present value of
the profit flow when r ~ 0 (see Coles, 2001 and Burdett and Mortensen, 1998). Henceforth, it is
assumed that r ~ 0. An optimal wage offer solves the following problem

(12) n = max(p—w—c(¢(w)))l(wF).

Further, I assume that each firm faces an entry cost. So the total profit 7 has to be strictly positive
for firms to amortize their entry cost.!? In equilibrium, all firms make the same maximal profit.
Thus the following holds

(13) t=(p—w—c(¢(w)))l(w|F) forallw e supp(F)
> (p—w—c(¢(w)))l(w|F) otherwise.

Given that a higher wage offer decreases the flow of workers leaving for higher paid jobs and
increases the acceptance rate by workers, a firm’s labor size ¢ (w|F) is increasing on the support
of F. Using the same argument as in BM, the following lemma rules out wage offer distributions
with mass points.

Lemma 3. F has no mass points.

Proof. Suppose there exists a mass point at w' where V, (w') > V,, and the cost per worker is such
that w' + ¢ (¢ (w')) < p. Then any firm offering w’ could earn a strictly greater profit by offering
w’ + € for some € > 0. This is because such a firm attracts a significantly larger labor force
since, given the mass point, it meets workers earning w' with positive probability. At the same
time, a reduction in the profit per worker (if the wage increment exceeds the additional savings on
monitoring) can be made arbitrarily small by taking € — 0. Hence there cannot be a mass point
at w where w' + ¢ (¢ (w')) < p. Further, there can be no mass point at w where w+c¢ (¢ (w)) > p
since no firm offers such a wage as it would imply a nonpositive profit. [

""The implicit assumption here is that wages and monitoring rates are written into a contract.

2The entry cost does not affect the equilibrium derived and therefore its notation is left out of the analysis. As
discussed in Burdett and Mortensen (1998), one can impose free entry and endogenize the ratio of workers to firms N
so that the profit net of entry cost is zero.



Next let us derive steady state firm size. The steady state number of workers earning a wage
in the interval (w— &, w) is represented by (G (w) — G (w—¢€)) (N —u) whereas the steady state
number of firms offering a wage in this interval is F (w) — F (w — €). Thus, the number of workers
at a firm paying w is given by

. Gw)—G(w—¢)
(W) = i ) —Fw—e)
AoON (0 + A1)

(8+20) (8+MF (W)

(N —u)

(14) =

To derive an equilibrium, I first determine the infimum of the wage support. Since there is no mass
point, F (w) = 0, (14) implies that

AON
(0+20)(6+A1)

(15) 0 (wlF) =

The number of workers at the lowest wage firm is independent of the wage offered. In BM, the
lowest wage firm maximizes profit by setting w at a point where the worker is just indifferent
between working and being unemployed V, (w) = V,,. Any wage below w would raise the profit per
worker but attract no workers. In the current framework, however, for the worker to exert effort the
continuation value associated with any offer has to be strictly greater than the continuation value
of unemployment, V, (w) > V,,. So the firm, in this case, could reduce its wage below w and still
attract workers. However, to prevent workers from shirking the firm would also have to increase
monitoring. This implies that for the lowest wage to be optimal, it must be that the gain from
lowering the wage and the cost of increased monitoring are exactly offsetting. Consequently, the
derivative of ¢(w|F) and the wage offer density are zero at w.

Let f(w) denote the wage offer density. To see why f is zero at w, differentiating (14) with
respect to w and evaluating at w gives

SN (8+ M)A
(16) U(W|F) [yw=n= 21{2 511(/10; 511 i&(m)

b

The derivative of ¢(w|F) is equal to zero if and only if the wage offer density at the lowest wage
f(w) is zero. It can be shown later in this section that if the gain from a wage reduction equals the
cost of increased monitoring, i.e. fl—; = —‘é—z, then f(w) = 0.3 Given that #/(w|F) = 0 at w, the
lowest wage firm’s problem is to choose a combination of w and g that induces the worker to exert
effort as well as maximizing the profit per worker.'# Tt is more straightforward to solve this by first
pinning down the profit maximizing ¢, then given g the lowest no-shirking wage is implied by (8).

Differentiating the lowest wage firm’s profit per worker with respect to ¢ and setting it to zero
gives

3The expression of f(w) is derived in (23).
14The restriction on the revenue per worker such that profit is strictly positive is derived in Appendix A.2.



dc dw
) d = dg
e(6+MF (w))

612

where the LHS is the marginal monitoring cost and the RHS is the marginal benefit of monitoring.
Using the fact that F (w) = 0, the first order condition (FOC) determining g in (17) can be written
as

(18) @F = e(d+M).
The following assumption ensures that the solution to (18) is a unique maximizer.

Assumption 1. (i) ¢’ (q) ¢* is strictly increasing, (ii) liﬂ(l)Cl (9)q*> < e(8+Ay), (iii) le c(q)q* —
g g0

oo,

Assumption 1.2 implies that the marginal benefit of monitoring exceeds the marginal cost on
the very first unit of monitoring rate. This together with assumptions 1.1 and 1.3 imply that that
the marginal cost of monitoring is initially smaller than the marginal benefit and becomes larger
as ¢ rises. If the marginal cost was always lower than the marginal benefit then no firms would
monitor. Therefore, assumptions 1.1-1.3 ensure that the solution g is a unique maximizer and
strictly positive. It is worth noting that assumption 1.1 is equivalent to the second order optimality
condition.!> Further, assumption 1 is a weak requirement, for example, a power cost function
c(gq) = ¢* where s > 0 trivially satisfies these conditions. As a lemma, we have

Lemma 4. Under assumption 1, the optimal q is the unique solution to (18). Given the profit
maximizing q, the lowest no-shirking wage implied by (8) is

e(6+2)

(19) w= +e+b+(A—A1)B(W).

Any no-shirking wage below w leads to an increase in the monitoring cost such that the profit per
worker would be reduced. In the special case where Ay = A1, w only depends on a rent due to
imperfect monitoring e (0 + Ay) /q, the cost of effort e and the unemployment benefit b.

Definition 1. Given the model primitives {e,b,Ay,A1,8,N,p,c(.)}, the triple (F,§,() defined on
an interval [w,w)| is a steady state equilibrium if and only if

(i) f (w) =0

(ii) Wages and monitoring rates satisfy the no shirking condition g = ¢ (w) in (8)

(iii) Firms maximize profits such that (13) holds and q (w) satisfies (18)

(iv) The steady state number of workers per firm { satisfies (14).

5The second order condition for profit maximizing requires ¢’ (3)g° > —2¢(8 +141) < " (§)g/c (§) > —2.
d(c

/ 2
This is equivalent to assuming that ¢’ (¢) ¢ is strictly increasing since — t(;f])q ) >0<=c"(q)q/c (q) > 2.
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Before completing the derivation of the equilibrium, it is worth discussing the connectedness of
the supports of F'. In standard models, for example BM, wage supports with gaps are trivially ruled
out since a gap in the firms’ wage strategy cannot be optimal. The argument is based on the fact
that wages in those models play a single role: allocating labor supply. If there were a gap between
w’ and w” where w' < w”, then any firm paying w” can make a strictly greater profit by paying
w' — & for some € > 0. This is because such a firm loses no more workers than it did previously
while the profit per worker increases; hence there cannot be a gap. In the present model, however,
a wage cut does not necessarily increase the profit per worker. Since wages also provide incentives
for employee effort, a wage cut imposes a higher monitoring cost. The profit per worker could
decrease if the penalty of increased monitoring cost exceeds the wage reduction in which case the
wage strategy with a gap would be optimal.

Nonetheless, it is appealing to restrict attention to wage distributions with connected supports
for two reasons: First, this is a more interesting case in terms of matching actual wage distributions.
Second, qualitative features of the equilibrium are more transparent. The following proposition
provides sufficient conditions under which F has a connected support.

Proposition 1. If ¢’ (q) ¢* is strictly increasing, then F has a connected support.

Proof. Suppose w' and w” are both part of an optimal wage strategy and there is a gap be-
tween w' and w” where w < w' < w” < W, but ¢/ () ¢? is strictly increasing. Let y(w) = —1 —
' (¢ (w)) @’ (w) denote the change in profit per worker with respect to wage. Then y(w) =0
for Vw € [w/,w"] otherwise there would be a profitable deviation. Using (7), y(w) can be ex-
pressed as —1+¢' (¢) ¢*/e (6 + M F (w)). So y (w) = 0 means that ¢’ (q) > = e (6 + i F (w)) for
Vw € [w/,w"]. Since F has a gap, ¢ (6 + A1 F (w)) would be constant for Yw € [w/,w”], but this
implies that ¢’ (¢) g* would also have to be constant. This contradicts the assumption that ¢’ (¢) ¢*
is strictly increasing. Therefore if ¢/ (¢) ¢ is strictly increasing, then F must have a connected
support. [

The intuition behind proposition 1 is that if ¢’ (q)¢? is strictly increasing, i.e. c¢(g) is not

too concave, then the penalty of increased monitoring cost would not exceed the wage reduction.
Therefore, a wage cut would lead to a higher profit per worker, and hence F' cannot have a gap. In
what follows, I characterize wage offer distributions with connected supports. The connectedness
of F implies that ¢ (w|F) is strictly increasing in w on the support of F, and hence the profit per
worker must be strictly decreasing for all firms to make the same profit, i.e. 0 > ¢’ (¢ (w)) ¢’ (w) >
—1 for any w € (w,w). In any equilibrium, the indifference condition must hold such that every
offer yields the same steady state profit. This means that

_(p—w—c(d(w))) 6N
(20) S 5T ) 6+ A =(p—w—c(p(w)))L(W|F)

for all w on the support of F.'6 Substituting (14) into (20), a candidate for F(w) is

o= (552 (- (G=seiy) )

16The equilibrium converges to BM as the effort cost goes to zero.
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Using the fact that F (w) = 1, (21) yields

(p—w—c(¢(w))d>

(22) p—w—c(o(w) = 61

Eq (22) implies that the support of the equilibrium candidate for F' is nondegenerate when firms
make a strictly positive profit, i.e. p—w —c (¢ (w)) > 0. Profit will be positive when the revenue
per worker exceeds the sum of the effort cost, the unemployment benefit, the rent associated with
the NSC and the cost due to monitoring. It can be shown that if p > e+b+e(5+A) /G +
(Ao + A1) c(q) /A1 where g is a function of the primitives given in (18), then p—w—c (¢ (w)) >0
(see the proof in Appendix A.2.).

Since the wage offer distribution depends on a function of its integral in ¢ (w), (21) can be
written as a system of differential equations. Differentiating (21) with respect to w gives

Lo (M [(p—w—c(o(w) 2 o
@ = (5 )(<p—m—c<¢<m>>>”2)<1+C(¢)¢(W))’

where
0 (w) = 0
= o —e—b—ToB(w) + A (B(wW) —B(w))

and

, B dw
(24) ¢'(w) = 1/%

—¢ (w)’
e(6+MF (w))

So (23) can be expressed as,

v (SEAN ((pmw—c@w) P\ [, ()9 W)’
= ( 24 )((p—w—6(¢(m)))l/2> (1 e(5+17(W))>’
)

(25) = B(wF (w),B(w)).

Recall that

differentiating B (w) with respect to w gives

(26) B'(w) =



Therefore, (25) and (26) give us the following system of differential equations

@7 B(w) = a(wF(w)
F'(w) = B(wF(w),B(w))
with the initial conditions F (w) = 0 and B (w) = 0. The existence of a unique solution F'(w) and

B(w) to (27) can be proved using Picard’s theorem for systems of differential equations. The fol-
lowing proposition provides sufficient conditions under which an equilibrium exists and is unique.

Proposition 2. If (i) p > e+ b+ 6(5220) - <A°):;Ll> ¢ (q) where q is given by (18) and

(ii) ¢ (q) satisfies assumption 1,

then there exists a steady state equilibrium. All steady state equilibria involve F (w) with a
connected support and B(w) satisfying (27) for some w. Further, if Ay = A, then the steady state
equilibrium is globally unique.

The proof is in Appendix A.3.

Proposition 2 shows that for a given value of w, there exists a unique local solution F (w) and
B(w) to the system of differential equations (27); however, the solution can be extended to be
globally unique on the relevant domain using boundedness of F (w) and B (w) (see proposition 5
in Appendix A.3. for more details). In the special case where Ay = A, w only depends on the
exogenous parameters; the initial conditions F(w) = 0 and B(w) = 0 in this case are uniquely
pinned down. Consequently, the solution F (w) and B(w) is globally unique. In the case where
Ao # A1, then w also depends on F(w), and there may be more than one pair of {w,F (w)} that
solves (27); thus the solution need not be unique. However, from an empirical point of view this is
not a problem since the value of w is observed. !”

Finally, differentiating (21) twice, the slope of the wage offer density f (w) is given by

(28)

e 54 (" (9) (0" (W) +¢'(9) 9" (w)) ()0 )
200 (p—w—c(¢ (w)))"/? (p—w—c(p(w)))"/? 2(p—w—c(p(w)))*?

The novelty of this paper is that the density of wages offered need not be rising throughout its sup-

/!
port even when workers and firms are respectively identical. Let ncl = % denote the elasticity

of the cost derivative. The sufficient conditions under which f declines involves an upper bound
of ncl, i.e. the monitoring cost cannot be too convex. The intuition why there has to be an upper
bound of nc/ is the following: in BM, the elasticity of profit per worker is falling as a firm increases
its wage. For high wage firms to make the same profit as low wage firms, the number of additional
workers poached from lower wage firms has to be increasingly rising to offset a reduction in the
profit per worker. This implies that there has to be more firms offering higher wages, and hence
the wage offer density is monotonically rising. In the present framework, there is an additional

""However, the possibility of global non-uniqueness when Ay # A; may preclude comparative statics.
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tradeoff between wages and monitoring rates. As a firm increases its wage, it attracts more work-
ers and at the same time can lower its monitoring rate. If the monitoring cost was very convex and
more responsive to high monitoring rates, then the gains from reduced monitoring cost by offering
a higher wage would be more significant for relatively low wage firms. This would further increase
the difference between the elasticity of profit per worker at high and low wage firms, reinforcing
the necessity for the wage offer density to be monotonically rising to equalize profit. I discuss this
intuition in more detail in the next section.

The mechanism which gives rise to a declining f in the general case where Ay # A; shares the
same insight as the special case where Ay = A;, but more algebraically involved. Thus I focus on
the special case in the following proposition.

Proposition 3. Ler ncl = CZ,((qq))q denote the elasticity of ¢’ (q) and & denote (p —w —c(q)). If (i)

Ao = Ay so that 7t is exogenous and
o e(6+4)  E(6+M)* (@)q(8+A)
()N < =24+ "0 ~sgerogy —  2msJorvasd
then the wage offer density satisfying (23) declines over the upper range of the distribution
(8)2 (280 +A1)* 7

(F%fﬁb)ze(amlf '

where ¢* =q —

The proof is in Appendix A.4.

Proposition 3 provides sufficient conditions under which f declines over the upper range of the
distribution; this combined with the fact that f(w) = 0 implies that there are regions of w where f
increases. However, this does not necessarily imply that f is unimodal. The wage offer distribution
may have multiple modes. Nonetheless, this should not be a major concern since empirical wage
distributions are not always unimodal.

4. DISCUSSION

In contrast to the homogeneous workers and firms version of BM in which the wage offer
density is monotonically rising, the wage offer density in this model can be declining. The main
difference is that in BM, firms only face one tradeoff between the wage and the labor supply. In
their unique equilibrium, all firms make the same profit. A firm’s labor size is increasing in wage,
and so a high wage firm earns a smaller profit per worker but is compensated by a larger labor
force. To understand why the wage offer density in BM is rising throughout its support, let us
consider a firm’s steady state profit in the BM model,

(29) 7= (p—w)t(w|F).

where £ (w|F) has the same expression as in (14). Differentiating (29) with respect to w and setting
the derivative equal to zero, one finds that

de 1
(30) L=



Eq (30) shows that for all wages to yield the same steady state profit, the rate of change of the
profit per worker (the RHS of (30)) has to be offset by the rate of change of labor size (the LHS) at
all wages on the support. The wage offer density responds to the profitability at each wage. Since
the profit per worker falls at an increasing rate as w approaches p, the rate of change of the labor
size has to be increasing in wage to offset the reduction in the profit per worker. Consequently the
wage offer density rises monotonically.

The intuition is that in the equal profit equilibrium, the wage offer density has to be such that no
firm has an incentive to deviate. Consider a wage cut deviation. Clearly a high wage firm has more
incentive to cut its wage since the total cost reduction is higher given its number of employees.
To prevent that, high wage firms have to be more threatened by competition nearby in the sense
that lowering wage leads to a significant loss of workers to firms just below on the wage offer
distribution. Thus the wage offer density is rising in wage.

In the present model, firms face an additional tradeoff. Given the negative relationship between
wages and monitoring rates, a firm faces two threats when cutting its wage: (i) a higher monitoring
cost and (ii) losing its workers to other firms. The additional tradeoff allows the density of firm
competition to be more flexible. Differentiating the firm’s steady state profit in (13) with respect
to w and setting the derivative equal to zero, one finds that the change in profit per worker, under
this framework, is not necessarily increasing in w. Namely,

c__(rh)
T pew—c(o(w)

As shown in Eq (31), if the savings from decreased monitoring, ‘

&l&

€1V

dc dg
de dw
fast so that the rate of change of the profit per worker is declining (the RHS of (31)), then the rate
of change of labor size (the LHS of (31)), and hence the wage offer density is falling.

The intuition here is analogous to the insight from BM in that the wage offer density has to
be such that no firm has an incentive to deviate. A high wage firm can gain more from a wage
reduction given its labor size. But if a high wage firm is more threatened by the higher monitoring
cost associated with a wage reduction, then the threat of losing workers to other firms can be
weaker. Hence the wage offer and equilibrium wage densities can be declining over the upper
range of the wage support. This can happen if (i) the monitoring cost exhibits increasing returns
so that a wage cut at a high wage firm leads to a more significant increase in monitoring cost; or
(i1) the substitution rate between wages and monitoring rates is decreasing in wage, i.e. a wage
reduction at a high wage firm entails a larger increase in the monitoring rate than at a low wage
firm.

This is in line with Proposition 3 in that the wage offer density declines if the elasticity of ¢’ (¢)
is not too high. This is because if the elasticity of ¢’ (¢) is too high, i.e. the monitoring cost is very
convex and more responsive at high monitoring rates, then a wage cut at a high wage firm would
lead to a smaller increase in the monitoring cost relative to a wage cut at a low wage firm. In this
case, a high wage firm would be less threatened by the higher monitoring cost associated with a
wage cut; therefore to prevent deviation, the threat of losing workers to other firms would have to
be even more severe. Consequently, if the elasticity of cost derivative is too high, then the resulting
wage offer density would have to be monotonically rising, as in BM, to equalize profit.

are rising in w sufficiently
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Before turning to numerical illustration, let us discuss some assumptions about monitoring
technologies. There is little direct evidence on the shape of monitoring costs; however, acommonly
assumed technology is that the production of monitoring uses supervisors as an input and exhibits
decreasing returns (for example Greenwood et al., 2010). In reality the detection rate ¢ would
depend on the monitoring intensity chosen by the firm which includes a range of factors such
as the output production technology, the number of supervisors, and the information technology
such as computers and cameras. In particular, Abowd and Kramarz (2003); Kramarz and Michaud
(2010) estimate firms’ labor adjustment costs to be concave, especially for hires of managers. If
the production of monitoring uses supervisors where an increase in monitoring rate involves hiring
more supervisors, then the concavity in hiring costs could influence the shape of monitoring costs.
Therefore, the monitoring technology need not exhibit decreasing returns when these factors are
taken into account.

Finally, concavity in c is not a necessary condition for the wage offer density to be declining.
In the next section, I illustrate numerically that when the substitution rate between wage and mon-
itoring is more favorable for high wage firms, then the model can generate a declining wage offer
density even when the monitoring cost is approximately linear.

5. NUMERICAL ILLUSTRATION

This section provides an example of a hump-shaped and right skewed equilibrium wage dis-
tribution and the associated cost function. The general idea is to specify an empirically plausible
distribution of wages paid G. Then, given G, the associated cost function is approximated numeri-
cally.

The method is as follows: Choose G and the parameters Q = (e,b, A9, A1,0,N, p,w,r). Given
G, (11) implies F (w) for w < w < w. Then at any point over the wage support, the equal profit
condition (13) gives the associated cost ¢, and the NSC (9) yields the implied monitoring rate g.
Plotting ¢ against g gives a nonparametric cost profile.

Mortensen (2005) provides summary statistics on occupation-specific wage distributions using
the Danish Integrated Database for Labor Market Research (IDA). In this example, G is set to
resemble the reported distribution for unskilled workers which is hump-shaped and right skewed:

w—w

32) G (w) = Beta (_ ,2,3) .

wW—w

These qualitative properties of wage distributions are robust across occupations and countries (see
Mortensen (2005) for other wage distributions in Denmark, Postel-Vinay and Robin (2002a) for
wage distributions in France and Figure (1) for wage distributions in the US). The infimum and
supremum of the wage support are set at 180,034 and 318,667 Danish kroner (DKK) per year,
which correspond to the reported 10t and 9oth percentiles. Annual labor-market transition param-
eters for unskilled manual workers, taken from Postel-Vinay and Robin (2002a), are Ay = 1.529,
A1 = 0.666 and & = 0.0989. I set the revenue per worker p = 400,000, the unemployment ben-
efit b = 50,000, and the profit flow © = 50,000. The ratio of workers to firms N is set to 50
which lies in the range of low skilled workers per firm provided in Bagger et al. (2011). The effort
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cost e = 224 is chosen to satisfy the FOC in (18).!8 Further, the discount rate r is set to zero in
accordance with the analytic expressions.

Figure (2) depicts the graphical results. Panel (a) shows the densities of wages paid and wages
offered, g (w) and f(w). The implied monitoring cost c¢(g) is displayed in panel (b). The rela-
tionship between wages and monitoring rates implied by the NSC, ¢ (w), and the corresponding
monitoring cost at each wage, ¢ (¢ (w)), are plotted in panel (c) and (d), respectively. Panel (b)
shows, in line with proposition 3, that the model can generate a declining wage offer density if the
monitoring technology exhibits increasing returns. Concavity in ¢ implies a more significant in-
crease in monitoring cost from a wage cut at a high wage firm. The prospect of a greatly increased
monitoring cost reduces the relative importance of firm competition. Consequently, the densities
of wages offered and wages paid decline over the upper rage of their support as depicted in panel
(a). This numerical exercise has illustrated a case in which the increasing returns monitoring tech-
nology is sufficient to generate a hump-shaped and right skewed equilibrium wage distribution.

As discussed earlier, increasing returns in monitoring technology is not necessary for the equi-
librium wage density to decline. To illustrate this, I reduce the offer arrival rate for unemployed
workers, Ay by one-fifth to 0.306 and set e to 156 to satisfy the FOC while all other parameter
values are unchanged. Figure (3) illustrates the graphical results. As can be seen in panel (c), the

substitution rate of monitoring rate for wage is more favorable for high wage firms (i.e. 327‘2 < 0).
This is because when the offer arrival rate for unemployed workers A is lower, the cost of losing
a job becomes relatively more severe for workers who are closer to the top of the wage ladder.
So the penalty of getting fired if caught shirking is more significant at high wage firms. This, in
turn, implies that a high wage firm can substitute wage for monitoring rate more proportionately
than a low wage firm. The relative importance of firm competition is diminished even when the
nonparametric monitoring cost profile is approximately linear with slight convexity. Hence the
wage offer and equilibrium wage densities are declining over the upper range of the wage support
as shown in panel (a). Finally, while the value of A in this case is low compared to the estimates
in the literature (e.g. Postel-Vinay and Robin, 2002a,b), this example shows that strong increasing
returns in ¢ is not a necessary condition for the model to generate a hump-shaped wage density.

6. CONCLUSION

This paper combines two well-known frameworks: efficiency wages from Shapiro and Stiglitz
(1984) and on-the-job search from Burdett and Mortensen (1998). An inverse relationship between

181n the numerical exercise, g is implied by the NSC taking the wage offer distribution F(w) as given. However, to

be internally consistent, I choose the effort level e so that the FOC determining the optimal g: ¢’ (g) = 6(66# as well

as the SOC: ¢ (gq) > 7% hold where ¢’(g) and ¢’ (g) are approximated numerically.
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Figure 2: Benchmark Numerical Solution

wages and monitoring rates is derived which is consistent with a number of empirical studies,
e.g. Brunello (1995). I show that this additional tradeoff can resolve the anomalous feature of
Burdett and Mortensen (1998) which places more density on higher wages when workers and
firms are homogeneous. The wage distributions implied by the model can exhibit hump shapes
and long right tails as observed empirically. The present framework yields a contrasting result
to previous work where ex-ante heterogeneity necessitates the right shape of wage distribution.
The result that a hump-shaped wage distribution can be derived in absence of heterogeneity serves
as a note of caution for empirical analyses that base identification of the productivity distribution
on the assumption of a one-to-one relationship between the productivity and wage densities (e.g.
Bontemps et al., 2000).

The estimated arrival rates provided in the literature imply a concave monitoring cost, in con-
trast to the commonly assumed decreasing returns technology (e.g. Greenwood et al., 2010). How-
ever, concavity is not a necessary condition for hump-shaped wage density. In reality the shape
of monitoring cost is generally not observed. Monitoring may be done in a number of ways such
as hiring supervisors and using information technology. Abowd and Kramarz (2003); Kramarz
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Figure 3: Numerical Solution: Low A

and Michaud (2010) estimate firms’ labor adjustment costs to be concave, particularly for hires
of managers. If the production of monitoring uses supervisors, then the concavity in hiring costs
would influence the shape of monitoring costs. So while the results do not depend on concavity,
this type of monitoring technology is plausible.

One obvious extension of this work is to examine wage distributions when firms differ in pro-
ductivity and analyze how productivity distribution can be identified. Additional extensions in-
clude using other means, such as job amenities, to derive an empirically plausible wage distribution

when workers and firms are homogeneous.
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APPENDIX

A.1 Derivation of NSC

To derive (4), rearrange (2) as follows
qlViw) =V, ] =w+ A {/maX{VS (W), Ve (x)}dF (x) — Vs (W)] +OVu—=Vi(w)]—rVs(w).
Using the fact that Vy (w) =V, (w) gives,

glVe(w)=V,] = w+i [/ max{V, (w),V, (x)}dF (x) =V, (w)} +O8[V,—V.(w)]—rVe(w)

= e.

Thus,

To derive (8), first note that

33 Emax{Vi(w),Vi(x)} = FW)Vi(w)+F (w)E(Vi(x)[Vi(x) > Vi (w))
— F(w)Vi(w)+F (w) [V,-(w)+ [ V";_xzj)(x)dx}
= Vi) + [V F (ds

where i € {e,s} and F (w) = 1 — F (w). So the asset value of shirker can be written as
W —_—
(34) rVy(w) :w—l—M/ VI (x)F (x)dx+ (8 +q) [V — Vs (W)].
w
Similarly the asset value of nonshirker can be expressed as

(35) Ve(w) = w—e+A /WVe/ (X)F (x)dx+ 8 [V, — V. (w)].

w
Substituting (4) into (35) gives
W —
(36) W = (r+5)§+e—7tl/ V(0 F (x)dx + V.
w

Differentiating (35) with respect to w yields

37) V. (w) = 1=M4V.W)F(w)—38V,(w)
, 1
e = ST AF )
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Substituting (37) into (36), we have

(38) wo— (r+5)f]+e—7tl/ D sdx 41V,

Finally, by Lemma (1): V, (w) >V, for any w € F (w), the asset value of unemployment can be
expressed as

(39) WV, = b+ / " (Vo (x) = Vi) dF (x)

Im
g

= eto (S [V T W)

- b—”“)(e /Wr+6+,1F )

where the second equality uses the fact that V,, =V, (w) + %. Substituting (39) into (38), the no-
shirking wage is given by

BN

) ) B w F(x)
W= (r—|—5) +AO —|—e—|—b+2-0/ r—|—5+7L1F( )dx }Ll/w r—|—5—|-7tlf(x)dx
(i 8)e  loe

_ ; +?+e+b+ﬂoB(W)—M(B(W)—B(W))

A.2. Positive Profit Condition

Lemma 5. If p > e+ b+ (5+AO) (AOI)“) c(q) then p—w—c(¢(w)) > 0, profit is strictly

1
positive and F has a nondegenerate support.
To show that &7 > 0 if p > @ +e+b+ (%ﬁ“) ¢ (g), let us consider the following cases:
Casel) Suppose A9 > A;. From (19) we have

(+7lo)+ +b+ﬁo M/ MF (x
q w

40
(40) e 5+11F

which cannot be expressed in terms of the primitives due to the complexity of the last term. How-
ever, note that

w /MF(X) W;L]F(x)
41 ] Ll P ~
“1) v 5k S L aFm™
= /Wldx
= Wi—m
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Replacing the last term in (40) with (41), we have

e(8+ %) (2 —M1)
w 7 Tetbr (o).
Since w < p,
(42) w o< OFR) L B h)
q M
Rearranging (42) gives,
v < (S0 pp) Gozh ) (1 Goot)
(43) 0 < p—m+(46fmﬁ+e+b—p>@n
q Ao

Given that %-ﬁe-l—b-l— <MZAI>C@) <p<—= @-ﬁ-e-i-b—l? < - <M>C(ﬁ), (43)
implies

Finally, replacing ¢ (w) = g, we have

0<p-—w—c(¢w)).
Case 2) Suppose Ay < Ay, then (19) implies that

w < @4—6—#!)
(44) R G S
q
Since @—l—e%—b—k (AOZ:A'>C@) <p= L;%+e+b<p— (ZO/{:M)C(Z]),(M) implies
(45) 0 < p—m—(“jlﬁ @
1

Using the fact that ¢ (w) = g, we have
O<p—w—c(¢(w)).

Therefore the steady state profit: 7 = (p —w—c (¢ (w))) £ (w|F) > 0 when p >

(21) e (@),

oth) ot bt
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A.3. Proof of Proposition 2: Existence of Equilibrium Solution

Before proving existence of equilibrium, let us rewrite (21) as a system of differential equa-
tions. Recall that

v F(x)
46 B(w) = / —_d.x,
(46) (w) w 0+ A F (x)
Eq (9) can be written explicitly as a function of w and B (w) as

ed

47 ,B = ,
@) O nBW) = s
with y = —Aoz —e—b— AoB(w) + A1 B(w). Note that in the main text, I have dropped B (w) as an

argument of ¢ to reduce clutter in notation. Differentiating (21) with respect to w gives

oo (M [((p—w—c(¢(w,B(w)) "/ L
@ = (zzl)< (r—w—c(o(w)” )<1+C(¢)¢(W))’

where
4 ‘W= 1
(49) ¢ (w) = 0

—9 (w,B(w))?
e(6+MF (w))

So (48) can be expressed as

oy — (S [((pmw—c(@mBW)) N [ ¢(9)9 (w.B(wW)
s ( 2k )< (p—w—c(9(w)"? )(1 e(8+MF(w)) )
(50) = BwF(w),B(w)).
Differentiating (46) with respect to w gives
(51) B'(w) = %

= a(wF(w)).

Therefore, (50) and (51) give us the following system of differential equations

(52) B (w) = a(wF(w)

F'(w) = B(wF(w),B(w))
with the initial conditions: F (w) =0 and B (w) = 0. For a given value of w, the existence and local
uniqueness of F'(w) and B(w) that solve (52) can be proved using Picard’s theorem for systems of

differential equations. Further, the boundedness of F(w) and B(w) allow us to extend the solution
to be globally unique as discussed later in this section.
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Proposition 4. Let o (w, F (w)) and B (w,F (w),B(w)) be continuous functions defined on a con-
vex open region U C R3. If o (F (w)) and B (w,F (w),B(w)) satisfy the Lipschitz condition, i.e.
there exists a constant L such that

e, Fy) — (o, B2)] < L(IFy — Fal + By — B

and
|B(w,F1,B1) — B(w, F2,B2)| < L(|Fy — F2| + |B1 — Ba)
for any (w,Fy,B;) and (w,F>,B;) in U, then for a given (w,F,B) € U, the system of differen-

tial equations (52) has a unique solution F (w) and B (w) such that F (w) = F and B(w) = B for
lw—w| < h*.

Proof. See Theorem 2, Chapter 4 of Murray and Miller (1976). [

Since U is an open region, let us restrict our attention to the relevant closed neighborhood of U
of the initial points (w, F,B),

V= {<W7F7B) : |W—E| < ja |F_E| < j7 ’B_B| < ]}
on which & (w, F (w)) and B (w,F (w),B(w)) < M. A range of w on which the solution F (w) and
B(w) exist is given by |w — w| < h* where h* = min {j 5 AL/[} (see Lemma 2, Chapter 4 of Murray
and Miller (1976) for the derivation of /™).

Since 0 < F < 1, we begin by choosing j = 1 and first prove the existence of a locally unique
solution. In equilibrium, firms always offer wages at least e 4+ b otherwise no workers would
work, and no firms offer wages more than p otherwise profit would be negative. Therefore if
[w—h*,w+h*] D (e+b,p) then we have a globally unique solution on the relevant domain. How-
ever, if [w —h*,w+h*] C (e + b, p) then one needs to show that the solution can be extended to
{w:e+b <w < p} toestablish global uniqueness.

To prove existence, I will show thatif (i) p > e+b+

6(52%) + (M/tln
strictly positive profit, and (ii) ¢ (q) satisfies assumption 1, then @ and 3 are continuous functions
which satisfy the Lipschitz condition. By proposition 4, there exists a unique solution F(w) and
B(w) for a given value of w.

First, note that o is continuous since it is the quotient of two continuous functions on V' (and
the denominator # 0). Second, provided that profit is strictly positive and ¢ is continuously differ-
entiable, 8 is continuous on V. It remains to show that & and f3 satisfy the Lipschitz condition.

Consider (w, F1,B)) and (w, F>,B;) € V with w fixed. Without loss of generality, assume F} <
F,. Take the absolute difference of (51) at these two points,

) c(q), i.e. firms make a

@, F)—a(w )| = =t 1P
W) AW = ST (1 —R) s+ M(1—B)
< 1—-F _ 1-F
5+l](1—F2) 5+;L](1—F2)
1
= P —Fil.
5—|—l1(1—F2)| 2 1|
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Since [F —F|<1land F(w) =F =0, we have F < 1 forall F € V. So,
1
la(w,F1) —o(w,R)| < 3|F2—F1|
1
< s(R—Fl+[B—Bi)
(53) = Lo(|F2—Fi|+[B2—Bi)

where the constant Ly = %. Hence « is Lipschitz continuous.
To show that 8 satisfies the Lipschitz condition, it is sufficient (and less algebraically involved)
to show that 3 is Lipschitz continuous in B given F, and in F given B using the following lemma.

Lemma 6. Let f : R> — R. If f(x,y) is Lipschitz continuous in x given y, and in y given x then
f(x,y) is Lipschitz continuous in (x,y).

Proof. First, fix y then

|fCe1,y) = fO2, )| < LIGer,y) — (2, 0)|
L(|x1 —x2|+1[y—y])
(54) = Li|x;—x].

Second, fix x then

|fOoy) = fley2)] < L|(x,p1) = (x,2)]]
L(]x—x[+[y1 —2)
(55) = Lly1—y|.

So

|f(eyn) = fO,02)] = [f(x1,01) = f(x2,01) + f (2, 31) — f(x2,52)]
< ‘f(xlayl) _f(x27y1)‘ +|f(x27y1) —f(xz,)b)‘

Using (54) and (55), the above inequality becomes

|f(xr,y1) — f(x2,32)] < Lixi —xz2|+L|y1 —y2
= L||(x1,y1) — (x2,y2)]]-

]

Applying Lemma 6, let us first show that f3 is Lipschitz continuous in F given B. Take (w, F, B)
and (w, F>,B) € V, the absolute difference of (50) at these two points is
F2>

dc d¢ dc do
(1+%EF]>_<1+%EV
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0+A4

where Ag = e @) P (e p B Substituting (49) in gives
—'(9)9(wB)” | (9)9(wB)
F1,B) — F,B) = A
FnFi,B)=BnF2B)| = Ao (e(5+/11(1—F1))+e(5+/11(1_F2>)
B)* LA B—F
— Aol ¢ (w, ‘
R S Ay (e DR ()

Without loss of generality, suppose F, < F; then

o (w,B)* 1y

B0w,Fi,B) = Blw o B)| < Ao (9) oo s

S|P —Fl.

o (w,B)* My L . . . .
B (_F)2 which is strictly positive since c is

strictly increasing and Ap > 0 since profit is strictly positive.
Next, let us take (w, F,B;) and (w,F,B;) € V where w and F are fixed, then

dcd dcd
(1 + d(; dfz‘Bl) (1 + d§> d$’32>

(p—w—c(0(wB))'?  (p—w—c(o(wB))'?

The Lipschitz constant in this case is Aoc’ (¢)

|ﬁ(W7F7B1) _.B(W7F732)| = A

where A} = TR vft%(‘p( S Substituting in (49) gives
(1_ <¢<§v3i>)?<v;31>2> 1 — €(001B2))0(w.By)°
|ﬁ(W,F,B])—ﬁ(W,F,BZ)| = Al oA 0F) e@+h{1-F))

(p=w=c(@(mB))'?  (p=w—c(o(wB)"”

(6(5+11(1—F)) C/(q)(WBl)) (W,Bl)2>
(p—w—c(¢(w,B)))"?

<e(6—|—7t1(1—F)) C/((b(WBz)) (W,Bz)2>
(p—w—c(¢ (w,By)))"?

where Ay = M‘W>O. Without loss of generality, suppose ¢ (w,B}) < ¢ (w,B3). Since ¢ (g) is

strictly increasing and by assumption 1.1: ¢’ (q) ¢ is strictly increasing, we have ¢’ (¢ (w,B1)) ¢ (w, B 1)2 <

¢ (¢ (w,B2)) ¢ (w,B2)* and ¢ (¢ (w,B})) < ¢ (¢ (w,B,)). Hence,
A
(p—w—c(¢(w,B2))"/

¢(wB)
< 42 12/ ’ ‘c”(x)x2+c'(x)2x|dx.
(p—w—c(9(w.B2)))"* Jows)
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Since ¢ is twice continuously differentiable, ¢ (x)x*> + ¢’ (x) 2x is continuous on V. Since V is
compact, there exists a constant J such that ¢’ (x) x> + ¢’ (x) 2x < J for all ¢ (w,B) € V. So,

B FB) —B(wF.Bo)| < A2 [
w, I, - w, I, X
1 T w0 nB)) P oy
< Al o (01— g (0.2)

(p—w—c(¢(wB2)))
Substituting in (47), we get

Az’]‘ eo
F,By)— F.B
BOw.F.B1) = Blw.F.Bo)l - < (p—w—c(¢ (w,B2)) ‘w—i—x 7LlB1 Cwx—MB
Az’.]|8511 BZ)

(p—w—c(¢ (w,B2)) ‘ (w+x— llBl)(w—i—x—?L]Bz) ’
Without loss of generality, suppose B; < B; then
A |J|ed Ay B, —
(p=w—c(9 (w.B2) (w+1—MiB2)’

The Lipschitz constant in this case is strictly positive since profit is strictly positive. So f is
Lipschitz continuous in B given F, and in F given B. By Lemma 6, f is Lipschitz continuous in
(F,B).

Since o and B are Lipschitz continuous, there exists a unique solution F (w) and B (w) such
that F (w) = F and B(w) = B for |w — w| < h*. Further, by Proposition 1, F (w) has a connected
support. The remaining task is to show that the solution ' (w) and B(w) can be extended to a range
of won whiche+b <w < pif [w—h*,w+h*] C (e+b,p). The following proportion provides
necessary and sufficient conditions under which a continuation of solution exists.

|:B(W7F7B1)_ﬁ(w7F7B2)| < B2|

Proposition 5. Let F(w) and B(w) be a solution to (52) defined on |w —w| < h* where w —
h* < e+b and w+ h* < p. There exists a continuation of F(w) and B(w) to a larger interval
I={w:e+b<w< p}ifand only if the limits of F (w) and B(w) are finite on I.

Proof. See proposition 1.17 in Markley (2004). [

By construction, 0 < F (w) < 1 so F (w) has finite limits for all w on I. Since B(w) is contin-
uous and increasing in w, we only need to check whether the limits asw — p~ and w — e~ +b~
are finite. The lower limit is

F (x) : /W F(x) :
U C) M W g
e A F O T S A F ™ T i,

The upper limit is

—dx =

_/Wl —w+e+b
w O 0 '

v F
lim / () dx < lim /
w—pT 5—1—111‘7 w—pTJw 5
Therefore for a given value of w, boundedness of F (w) and B(w) guarantees that the solution is
globally unique on the relevant domain of the problem.
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A.4. Proof of Proposition 3: Declining Wage Offer Density
Using (28), f' (w) < 0 iff

" / 2. " (1+cl<¢)¢/<w))2
(56) (¢ 0) (9" 00)*+¢ (9)0" (w)) < =5 = HERS

which depends on endogenous variables. However, by tightening the bounds, (56) can be expressed
in terms of the exogenous parameters.

First, since the profit per worker is decreasing, i.e. 0 < (1+¢'(¢) ¢’ (w)) < 1, we can tighten
the bound by replacing (14 ¢’ (¢) ¢’ (w)) with 1. So (56) can be written as,

(57) (" (9) (9 W) +¢' (9)9" (w)) < =5 :

(p—w—c(o(w)))
Using (7), we have that

612

8 W) = AT

Differentiating (58) with respect to w gives

2¢° — e f (w) ¢ '
(e (8+MF (w)))’

(59) 0" (w) =

Substituting (58) and (59) into (57), we have

o 614 J 293 —elif (w) qz _ 1
( D e amro) (q><(e(5+7tlf(w)))2>> S T2p-wcle)

% 4 3 (e (6 +Alf(w)))2
)"+ (@g < - 2(p—w—c@))
+ehif(w)c' ()¢
Substituting (23) into f(w) gives
% 4 / 3 (e (5_‘_11?(“’)))2
@) +2d (@) < — 2p—w—c(@))
/ 2 d+h (p—w—c(q)” /2 / /
+eric' (9)q (( 20 ) ( (r—w—c(@)" (1+c(9)9" (W) |-
Since the profit per worker of the lowest wage firm (p —w — ¢ (g)) is higher than other firms’

profits per worker, we can tighten the bound by replacing ( p w—c(¢ (w))) in the second term
of RHS with (p —w —c(g)). This yields

" ' (e (6+A1F(W)>)2 ' (q )C] e(6+A) ' '
@) 2 (@) < - +<(2 ! )(1+c (9)¢ (w))>.

2(p—w—c(q)) (p—w—c(q))
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Similarly, since the profit per worker of the highest wage firm ( p—w-—c (q)) is lower than other

firms’ profits per worker, we can tighten the bound by replacing (p —w — c¢(g)) in the first term of
RHS with (p —Ww—c (c_])),

o 4 ot 3 _(e (5+2‘1F(W)>)2 (9)q*e (8 +4) o " (w
a2l < SO ((SEEEIA) (@0 ),
and using (22): (p—w—c(q)) = (p _(:SVJ:;(,?)S we have

—~
Q
—~
(=%)
_|_
=
= |
=
O |~—
|
\S)

_(( (¢ (@) (8+M) )

S+MF(w)2(p—w—c(q))

Using the fact that F (w) € [0, 1], we can tighten the bound as

(e(6+ M) (B +M)* (glafesiiy ((c’<q>q2)2<6+zl>>.

S 2@ < R0 @ 20

Let 7 denote (p —w — ¢ (g)) and simplify the expression gives

e<5+m) g _<e<6+xl>>2<6+xl>2_<<c'<q>q2)2<6+xl>>
2% 2762 267 '

(@) q*+2d (@)@ — (@) ¢ (

Finally, let nf' = CZ,((?)‘] denote the elasticity of ¢’ (¢) then the above expression gives an upper

bound of n"/ as

(O+4) , g +A)Y _ P+
27q 278 2782
” A(E+M) e(5+M)
(60) o< 2o 27682 (q) 43 2fq
d(@q(6+M)
276 '

d(q)q (ncl+2—e

Finally, assuming Ay = A; then & only depends on exogenous parameters. If the monitoring cost
satisfies (60) for all ¢ < ¢* where ¢* € (¢,q), then f is declining over the upper range of the
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distribution. The condition derived here ensures that f has a declining right tail. The fact that
f(w) = 0 combined with f declines over the upper range of the support implies that there are
regions of w where f increases, however this does not necessarily imply that f is unimodal. The
wage offer distribution may have multiple modes.

The remaining task is to derive g* € (g,ﬁ) in terms of exogenous parameters. Since g depends
on endogenous variables, ¢* is derived as some arbitrary interior g € (g,q) in terms of exogenous
parameters. | express ¢* as ¢ — D where D depends only on exogenous parameters and 0 < D <
q—qgsothat g =q—D € (q,q). Using (8) and assuming that g = A;, we have

delg—
wow = 20 )
49
de(a—
(61) M = W—w—AB(W)
49
Now
w v MF
w—w—AB(Ww) = /Wla’x—/w 6+1M(;zx)dx
w 0
= L siarm®
w8
> m5+/11dx
o (w—
=

Substituting (62) into (61) gives
de(q—q) L Sv-w)
qq 0+
. qq (w—w)
7 G+ a)
Replacing g with g on RHS to find a smaller distance between g and g, we have
2 (—
g (W—w)
63 g—q > —Fe—.
©3) 79 > 5T a)

Now w depends on endogenous variables, but we can express its lower bound as follows. First, use
(22), we have

o e _(p—v_v—C@)(32
(p—w—c(q)) 6>
CEYA

(64) > p—c(q)—
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Substituting (64) into (63) gives
22 (2&15 + ;le) 7t
e(6+M)°

(65) i—q >

where # = (p —w —c(g)). Finally, using (9) we can express g as

ed
q =
T R e b AB(W)
- ed
_he _,_p
p—F e b
So (65) can be expressed as
. (ed) (2&15—#&2)
g—q > .

(p— M—e—b) e(§4+ M)
The expression for ¢g* at which f declines Vg > ¢* where ¢* € (g, q) can be given by
(e8)* (2L 8+ A7) 7
(P2 —e- )Ze<5+/11>3'

*

g =7-
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