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A Two reference models with labor market frictions

This Appendix provides more details on the two models laid out in the main text.

A.1 Model with search and matching frictions
A.1.1 Household

Households are modeled as in Andolfatto (1996) and Merz (1995). At any point in time n; agents
of the household are employed (w) and 1 — n; agents are unemployed (u). As in Walsh (2005)
and Christiano, Eichenbaum, and Trabandt (2016), we assume that each household member has the
same concave preferences over consumption and that the household provides perfect consumption

insurance. The household maximizes the inter-temporal utility of the members

e _ _ -0 h 1+¢
B0 st |t g, 0 (A1)
t=0

subject to the budget constraint
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E, is the expectations operator conditional on all the information available up to period 0. [ is
the time discount factor. Consumption is denoted by ¢;, and the hours worked by the n; employed
household members are measured by h;. Unemployed household members do not experience disutility
from working. The real wage is given by w; and unemployment benefits are measured by b*. Bond
holdings B, taxes and transfers T;, and profits Pr; are measured in nominal terms and are converted
into real units through division by the price level P;,. R; is the nominal interest rate on bonds. We
denote by \; the Lagrange multiplier attached to the budget constraint when solving the household’s
problem. As in Walsh (2005) we assume that total consumption ¢; consists of a manufactured good
¢/ and home production b%(1—ny), i.e., ¢; = ¢ +b*(1 —n,). This assumption guarantees that it is in
principle possible under the conditions in Hosios (1990) for the outcomes of the search and matching

process to be efficient.!

LIf unemployment benefits are modeled as tax-financed, imposing the conditions in Hosios (1990) is not sufficient
to achieve efficiency for b > 0. The exact way of modeling unemployment benefits is of little consequence for us as
for empirical reasons we are not interested in parameterizations that satisfy the conditions in Hosios (1990). However,
the modeling choice matters in our companion paper Bodenstein and Zhao (2016) from which we draw in this paper.



A.1.2 Employment and the labor market

The labor market is characterized by search and matching frictions. In this economy, the presence of
search and matching frictions impedes people who are seeking jobs from finding one and wholesale
firms that are posting vacancies from filling them. At the beginning of each period, a share p of
matches that existed in the last period n;_; breaks up. The share (1 — p) of matches survives.
With the labor force normalised to unity, the total number of job seekers in period ¢ is the sum of
unemployed workers in period ¢ — 1 and the newly fired workers. Let u; denote the total number of

job seekers,
u=1—n1+pn1=1—(1—p)ni (A.3)

The unemployment rate differs from wu; as some job seekers may be matched and become employed.

We define the unemployment rate as
'l]t =1- Ng. (A4)

Firms post vacancies v; to be filled with job-seeking workers. Unemployed workers are matched

to vacant jobs according to the constant returns to scale matching function

my = xuSvg C. (A.5)

x determines the degree of matching efficiency,  captures the curvature of Beveridge curve, indicating
the substitutability between vacancies and job seekers. Newly formed matches m; result immediately

in employment. The latter evolves according to
ny = (1 —p)ng_y +my. (A.6)

Finally, we define the job finding rate s; as the probability of an unemployed worker being matched

to a vacant job

s = — = x0; . (A.7)



The vacancy filling rate ¢; is the probability for a vacancy being filled

m _
@ =—=x0;" (A.8)
Ut
Labor market tightness 6, is defined as
Uy
0, = —. A9
= (A.9)

We are now in a position to define the marginal value of employment to the household H; consistent

with the household’s optimization problem

W, 1 A
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Moving one household member into employment affects the household in three ways. First, total
household resources rise by the difference between wages and unemployment benefits. Second, the
utility of the agent changing employment status falls by the disutility from labor (divided by the
marginal utility of wealth \; to express it in monetary terms). Finally, the gains from matching a

household member with a firm also occur in future periods.

A.1.3 Wholesale firms

Wholesale firms employ labor as the only factor of production. Their output is sold at the competitive
market price P’. Firms post vacancies at the flow vacancy posting cost x¥. A wholesale firm’s

optimization problem is

00 pw Wt
max [ BIX (—t Y — —nhy — K >
{yz”,vf,,nt};’io 0 tzz(; ¢ Pt Ye Pt b t

st. nyg=(1—p)m_1+ qu
Yy = anihy. (A.11)

The technology shock a; follows an exogenous AR(1) process

log (a,) = p, log (ar-1) + <! (A.12)



with & given by N(0,02).
Let J; denote the marginal value of employment to the wholesale firm (the lagrange multiplier
associated with the first constraint). The first order condition with respect to vacancy postings

implies

gty = K", (A.13)

Using the envelop theorem J; itself is defined as

Py |44 A
Jt = (?ttatht - F:ht) + (1 - p) Etﬁ ;\—:1 Jt+1- <A14)

Employing one additional worker raises the firm’s profits in the current period by the increment
between marginal product of labor and wage payment. Furthermore, if the match survives into the
future the firm also enjoys a continuation value.

Combining equations, the wholesale firm’s vacancy posting condition equation (A.14) can be

rewritten as

Wt K" )\H-l K"
mciaghy = —h + — — (1 — p) B4 _—
e Py ' d ( p) ' At Qi1

(A.15)

w

The wholesale firms’ real revenue % is in effect the intermediate firms’ real marginal cost mc;. The
left hand side of equation (A.15) indicates the marginal benefit of hiring an additional worker. The
right hand side of equation (A.15) captures the marginal cost of hiring a new worker, involving wage
payments for hours worked, vacancy posting costs associated with a new match, and the present
value of saved future vacancy posting costs if the match survives in following periods.

Notice that the search and matching frictions work through the presence of vacancy posting
costs. Absent vacancy posting costs, wholesale firms would post infinitely many vacancies. All the
unemployed workers seeking jobs will find one. In this case, the model with search and matching

frictions reduces to the standard New Keynesian model and marginal costs would be given by mc¢; =
Wy

Qy



A.1.4 'Wage bargaining

The real wage w; and hours worked are determined by Nash bargaining between the worker and the

firm after forming a match. The total surplus of the match is given by
Jy + Hy. (A.16)
Under Nash bargaining the solution to the bargaining game is obtained from

max .J} CHf (A.17)

we,ht

subject to equations (A.10) and (A.14). ¢ stands for the bargaining power of the household, and
1 — £ indicates the bargaining power of the firm.
The sharing rule for this Nash bargaining mechanism as derived from the first order condition

with respect to w; implies
§Je=(1-¢) H,. (A.18)

Combining equations (A.10), (A.14) and (A.18) yields an expression for the bargained wage

wihy = § (hthtCLt + (1 —p) E; {ﬁ )\j\:l 5t+1Jt+1:|> +(1-9) <bu + %hiﬂﬁ)\%) ) (A.19)

Combining equation (A.15) and equation (A.19), we obtain the equilibrium condition for vacancy

posting

v

AL g ) e (A20)

KY t
At qt+1
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The first order condition associated with hours worked in the Nash bargaining problem can be

written as

Pohi”
Ao

(A.21)

mciar =



A.1.5 Retailers

Retail goods producers purchase wholesale goods to produce differentiated intermediate good vari-
eties. The retailers have monopoly power over their variety. The retailer’s cost minimization problem
is then given by
min  P*y,’(i
wame )

st yi(i) = ;" (i) (A.22)

with the first order condition for y;"(i) being

PP =\ =0 (A.23)

where )\ is the Lagrange multiplier for the production function and thus represents the marginal

cost. Therefore, real marginal costs satisfy

— =mc. (A.24)

The prices of intermediate goods are determined by staggered contracts as in Calvo (1983). Each
period, a firm faces a constant probability 1 — &P to re-optimize its price P;(i). The probability is
independent across firms and across time. For those firms that do not re-optimize their price, prices

Py

will be updated as a weighted average of 1I; = B the nominal price inflation in the last period,

and II, the steady state inflation rate. The relative importance of II, and II is governed by price

indexation parameter (».2 More specifically,

Py (i) = P(i) (mr7w' 7). (A.25)

Price setting behavior of intermediate good firm ¢ is derived from

- s)\ S =P\ D (; - P Tl—P .
I}%E(%(Et;(gpm ;\_Jtr ((1 + 7)) Bi(i) <E Ht+l—1H1 ) —MCt+s> Yers(4)

2 This price updating scheme avoids price dispersions in steady state if the steady state inflation rate is not zero.
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st Yirs(i) = Ytts- (A.26)

7P is the subsidy to intermediate firms. We assume 77 = A\’ — 1 to remove the distortions arising
from monopolistic competition between the retailers. We introduce markup shocks in the first order

conditions for intermediate firms. We define 67 = \¥ — 1.

A.1.6 Final good producer

Differentiated intermediate products are combined to form the composite goods by a continuum of

representative bundlers in a perfectly competitive environment based on the CES aggregator

Yyr = Uol yt(i)f"di] ) (A.27)

where % refers to the elasticity of substitution between intermediate varieties. Profit maximisation

of a bundler is defined as

1
max Py — / Py(i)y(i)di
0

Yt (’L) Yt

st. oy = Uol yt(i)klpdz} Ap. (A.28)

The first order conditions can be recombined to obtain the demand function for intermediate good i

(i) = (%@) e Ye (A.29)

and the aggregate price index
AP—1)

P = [/01 Pt(i)v’lldz} B . (A.30)

A.2 Model with Calvo sticky wage

We only describe the parts of the model that are different from the search and matching model. More

details are provided in Erceg, Henderson, and Levin (2000).



A.2.1 Household

Each Household maximizes preferences

- t—to (ce(d) — /wtfl(j))l_o o 1+¢
O 2 - 1) (A31)
subject to the budget constraint
Prcy(j) + Bea () = (1 + 77) We(i)he(4) + Ree1 Be(4) + Pre(d) + T2 (). (A.32)

[y is the expectations operator conditional on all the information available up to period 0. ( is the
time discount factor. The variable ¢;(j) stands for household consumption. g indicates the degree
of internal consumption habits. P, is the price of consumption goods, and R; denotes the gross
return for the one period risk free bond B;(j). The Household earns income by supplying labor
Wi(5)hi(j), receives payments from last period bond holding R;—1 B:(j), and Pr(j) which consists of
an aliquot share of profits distributed. Finally, the household receives the government transfer T;(j).
¢ represents the inverse Frisch labor supply elasticity. Labor income W;(j)h;(j) is subsidized at a fix

rate 7.

A.2.2 Labor bundler

Labor bundlers package differentiated labor services supplied by each individual into an aggregate la-
bor service with a CES technology resold to the intermediate good producers in perfectly competitive

markets. The labor bundling technology is specified as

AW

hy = Uol ha(j) dj} (A.33)

where % refers to the elasticity of substitution between differentiated labor types. We define

0¥ = A" — 1. Labor bundlers maximize profits in a perfectly competitive environment. Profit

maximization for labor bundlers implies

max Wihy — / Wi(3)he(5)dj

st hy = UO he(j )lwdj}
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The first order conditions imply that the demand for differentiated labor services satisfies

w

’Mﬁz[?%g(wqm (A.34)

with the aggregate (nominal) wage being defined as

1 ) —(Av-1)
0

A.2.3 Wage setting

Households supply their differentiated labor services to the labor bundlers. There is a continuum
of households, index by j € (0,1). The imperfect substitutability of differentiated labor gives each
individual household market power in setting the nominal wage. Each monopolistic household chooses
labor supply h(j) and the wage W;(j). In addition, wage setting is subject to nominal rigidities as
in Calvo (1983). As in Erceg, Henderson, and Levin (2000), households can readjust nominal wages
with probability 1 — £ in each period. For those that cannot adjust wages, wages will increase by

the weighted average of inflation in the previous period II; and the steady state inflation rate II
Wt—l—l(j) = Wt(j) (Hiwﬁlﬂw) : (A'36)

For those that can re-optimize, the problem is to choose a wage Wt( j) that maximizes utility in all

states of nature where the household has to maintain that wage in the future

= w 2\s (Ct—ﬁ—s_/lct—l—&—s)lio-_ b0 N1+
maxE,  (€"F) )

0 M — l—0o 1+ ¢
st. PisCiys + Bipspr = (L +7Y) Wigs(9) higs(§) + Regs—1Bigs + Proys + Thois
A'LU
. V[/t—i-s(j))_)\w—l
hepa(j) = (=L Bt
t+ (J ) ( Wiss t+

Wits(d) = Wt(j) (H Hiizlﬂ“w) (A.37)
=1

Where 7% is the subsidy to households who supply differentiated labor varieties. We assume 7% =

A" — 1 to eliminate the distortions due to monopolistic competition among households.
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B Replacement ratio and the labor market tightness re-
sponse

We derive the elasticity of labor market tightness with respect to shocks and discuss its role in
amplifying the responses of unemployment and vacancies in the presence of search and matching
frictions in light of the criticism of Shimer (2005).

We combine the wage bargaining equations to derive an expression for labor market tightness,
f;. Substituting the surplus sharing rule, J; = %Ht into the definition of the household’s marginal

value of employment

& = —(1-¢) ﬁ—oqshtw)% + (1 = &) (wehy — )
+6(1—p) BE, <)\f\:1 (1 — s441) Jt—H) : (B.1)

Combining with the marginal value of employment to the firm to eliminate the wage rate
Po 140 L
Ji+ (1 — hy™—+(1-=&0b"

— (1 = &) mplihyme, + (1 — p) Ey [ﬁ )\j\tl (1 —&s441) Jtﬂl (B.2)

or recognizing that efficient bargaining over hours worked implies that the marginal product of labor

is equal to the marginal rate of substitution between labor and consumption

Jt + (1 - g) bt = (1 - f) %mplthtmct + (1 - p)Et |:B>\;\—:1 (1 — é_St—l-l) Jt+1:| . (B?))

Applying the definitions for s; and ¢;, and the condition

we finally summarize the equations characterizing the wage bargaining process in a single equation

01— 6
X

At _ v
= (1 - 'f) %mplthtmct + (1 - P)Et {ﬁ /\:1 <1 - 5X9;+1C> (%etg—i-l)] (B-5)
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thereby eliminating H;, J;, w; from the system of relevant equations.

In its log-linear form, the expression reduces to

KY A K A
(0500 = (1= p)p (CX 0, — fn”ess) Eif

(1 - f)%mplsshssmcss@t + (1 - 5)%mplsshssmcssilt
¢

+(1 - f)mmplsshssmcssrfwt

+(1—p)B (1 - &x05°) (%6)4) Ey s = M| (B.6)

and after using the steady state relationship ¢,s = X@;SC to

</€_Uét - (1 - /))5 <<,€U - £HU988> Et@tJrl

Ss Ss

(1 - 5)%mplsshssmcss (@t + ]Alt + mct)
+(1 = p)B (1 — £qssbss) (R—U> E, |:5\t+1 - ;\t:| . (B.7)

To simplify the expression in equation (B.7), note that in the steady state equation (B.5) implies

(E) - =m0t = 0= [ mlabame—v]. (@)

Using the conditions involving the marginal value of employment to the firm J; evaluated in the

steady state and defining the replacement ratio as b* = r*wgshss, we show that

b = rtwgshgs = r* (mplsshssmcss —(1—=(1-=p)p) KJ—) } (B.9)
Gss

Combining equations (B.8) and (B.9) implicitly defines the bargaining weight £ in terms of the

replacement ratio r* and other parameters and steady state targets as

(Z)-a-ms0 - e
= (1-¢) Kﬁ — 7““) mplsshssmess + 1 (1 — (1 — p)f) (5—;)} . (B.10)

Assuming that changes in variables are small between two periods, we can approximate the response

12



of labor market tightness as

5 o~ L T2amplsshssmess
t ~~

T (25 = ) mploshsmeys + 7 (1= (1= p)8) (2))]

(@t + By + n/l\ct>

(B.11)

where

(1 - p)ﬂ&‘]&sgss (1 - C)

T = C + [1 _ (1 — p)ﬁ (1 — §q$5985)] '

(B.12)

T lies in the interval [, 1], where ( is often set around 0.5 (in our case 0.54).

In the main text, we report an estimate for the replacement ratio r* in the search and match-
ing model. At a value of 0.5345 our point estimate is well below the implausibly high estimate in
Christiano, Eichenbaum, and Trabandt (2016) for the search and matching model with Nash bar-
gaining. The subsequent discussion explains how this difference across models related to our decision
of modeling the disutility from labor explicitly.

The responses of unemployment and vacancies are important dimensions to judge the performance
of the search and matching model. The unemployment rate (and thus the number of job seekers u;)
drops significantly after rising initially and vacancies v; increase strongly over the medium term.
Both in the data and the model the directions and the magnitudes of these responses imply a strong
response of labor market tightness (the ratio of unfilled vacancies to job seekers).

As shown in equation (B.11), labor market tightness 0, (expressed in log deviation from steady
state) is approximately proportional to (the log-deviations from steady state of) the marginal product
of labor, hours worked, and real marginal costs in our model. Abstracting from the disutility of
working for employed workers (i.e., ¢ — oo ), Shimer (2005) argues that standard search and matching
models cannot reproduce the strong response of labor market tightness relative to the movements
in the marginal product of labor found in the empirical evidence for plausible parameter choices,
in particular for the replacement ratio r*. According to Shimer, a strongly pro-cyclical real wage
dampens the responses of vacancies and unemployment resulting in a much muted response of labor

market tightness vis-a-vis the data.?

3 For our parameterization, the steady state values of the marginal product of labor mpl,, and marginal costs mcss
are 1, and hours worked hss are 1/3, implying hssmplssmess = 1/3. With the term (1 — (1 — p)f) % assuming the
value 0.0024, the elasticity of labor market tightness can be raised to its value in the data by choosing r* sufficiently

13



Numerous authors have offered approaches to resolve this issue: Hall (2005) and Shimer (2005)
propose real wage rigidities; Hagedorn and Manovskii (2008) argue in favor of high opportunity
costs of employment; Hall and Milgrom (2008) suggest departures from Nash bargaining over wages;
Petrosky-Nadeau and Wasmer (2013) analyze the role of financial frictions. Our framework avoids
the criticism in Shimer (2005) by modeling the disutility from working explicitly building on the ideas
in Hagedorn and Manovskii (2008). With a labor supply elasticity of 0.5, i.e., ¢ = 2, the value for r*
required to match the empirical evidence on unemployment, vacancies, and labor market tightness

drops from almost 1 to near 0.5.

C Model with search and matching frictions: linear model

The linear system of the model with search and matching frictions can be stated in terms of three

equations. For simplicity, we abstract from price and wage indexation and consumption habits.

C.1 Implications of negotiating over hours worked

In the model with search and matching frictions and flexible hours worked, equation (A.21), the
first order condition associated with hours worked in the Nash bargaining problem, resembles its

counterpart in the standard New Keynesian model with flexible wages. Noticing that

¢ = Y — Kv+ b0 (1 —ny) (C.1)

nyt = atntht (C2)

where QO measures the dispersion of prices, negotiation over hours worked implies in equation (A.21)

implies

QP ] " Pw
b0 ( ;ft) (ye — K"v + 0 (1 —ny))” = ?fta%“s. (C.3)

close to 1. In a setting similar to ours, Christiano, Eichenbaum, and Trabandt (2016) estimate r* to be 0.88.

14



In the model with a Walrasian labor market (as in the standard New Keynesian model), n; is constant

and search costs are zero

S
o (Wy)” () = ?ﬁta;ﬂb' (C.4)

Relative to the standard New Keynesian model, we need to take into account the dynamics of ny, vy,

and ¢;. Or after log-linearizing, the two different models imply

—

. P .
@roi= %] +aroa (©5)
t
compared to
Yss -
58 + bu 1 - Nss ~ pv A
PESTRE(E PR {F} F(1+6)a (C.6)
- yss“l‘bu(l_nss) t
with the correction term ©; being defined as
b ngg
88 bu ]- - Itss A~ ss Huvsinss ~
e, = (b—l—ayl + (n,,vssn ) nt—i-al Yoot (;vvss ) Oy (C.7)

- yss+bu(1_nss) - yss"!‘bu(l_nss)

The variables 0; and ¢; can be expressed in terms of n; using the (log-linearized) equations that

describe the labor market

ﬁt - ét + ’LALt (CS)
G = —Cb (C.9)
N (1 - p)nss N
et —_—_— _ ].
Uy 1— (1 — p)nssnt 1 (C 0)
ﬁt = (1 — p)ﬁt,1 + p?”ht (Cll)
and therefore
A~ A nSS A
Uy = V1N — Vo (V1 + ) T_1 (C.13)
1—ng,



G = —Cuing + Cuivan_y
~ ]_ 1 ]. - 1 - SS) A~
. R R LR

p(1=0) " p(1=¢) 1= (1~ p)nas
= VlTALt — VIVZﬁtfl-

Thus,

b* K€ c

w N K Nss 1 A
0, = |¢p+0 +o vi|ng—o vivg | 1+ — ) Ny
1 — kge 1— ke 1— ke 1 —ng 1

= 017y + O

where

1

vy =

p(1—¢)

- (1 - P)(l - TLSS)
Vg =
1—(1—p)ngs
. K Vg

K =

Yss + bu(l - nss)

T b¥nge
yss + bu(l - nss)
wyss — ySS
Yss + bu(l - nss)
o K€
61 = ¢ + o + 0o V1
1— ke 1— k¢
K¢ Ngs 1
0, = —0o vive | 1+ —
1 — ke ( 1 —ngs 1/1)
The dynamics of real marginal costs satisfy
R ? wyss R . R R
me; = [?:| = (gb—l—o‘l c) Y — (1+gb)at—(91nt—|—92nt_1).
. — K

C.2 Implications of negotiating over the real wage

(C.14)

(C.15)

(C.16)

(C.17)
(C.18)
(C.19)

(C.20)

(C.21)
(C.22)

(C.23)

(C.24)

Combining the first order conditions of the firm with the bargaining outcome over wages, we arrive

at the following relationship between real marginal costs of the wholesale retailers and labor market

16



tightness (see also the previous Appendix B)

o P
(1 - 5) m?tatht
= G-or+Sg-0-pn [/f;j (1-0555) (gefﬂ)} . (C.25)

Log-linearizing therefore delivers the following relationship between real marginal costs of the retailers

and labor market tightness:

/P-w\ . . KY ~ 1-— K" v 0
|:?:| Ty —ng = g_915 - ( p)ﬁ <C - 5’1 988) Et0t+1
t V (Qss v Qss
1— K .
_{_% (1 — 5(]88988) (q_> Et [Zt — 7Tt+1] (026)

where we have used the fact that ¢, — n; = a; + iAzt and we defined

¢ | P
=1-¢)— |— ssPss- C.27
v=(-0775 | F] o (c.27)
Absent flexible hours worked, i.e., iAzt = 0, the above expression is used to substitute out for real
marginal costs in the New Keynesian Phillips Curve, see Ravenna and Walsh (2011). Given the
movements in marginal costs and the real interests rate, labor market tightness and therefore em-

ployment are pinned down.

In the case of flexible hours worked, we can combine equations (C.6) and (C.26) to

o Yss

(1+00)n + Oxny 1 = (“"1_,{; +1) i — (1+0)

S (1—p)B (CH” N

VQss 4 Qss

ff‘ivess) Etét-‘rl

—@ (1 — €qssbss) (iv) By liy — mga] - (C.28)

Ss

and after substituting out for 0,

(1-p)B (Cfﬁ”

v ss

v «
— &K 933) v By

- {(1 o)+ Sy 1=p)p (CHU
]/qSS 14 qSS

- 5/{”988) V1V2:| ﬁt
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Qss

KY .
+ |:92 — £—1/11/2:| N1

= (qﬁwfs;c - 1) g — (1+0) d
_“_Tp)ﬂ (1 - £QS3‘933) <(I;_;) Et [Zt — 7Tt+1] .

C.3 Aggregate demand equation

By taking into account home production, the resource constraint in the economy is

¢ =y — K'vp + 0 (1 — ny).

Log-linearizing delivers

N wyss ) 91 - ¢ A 92 N
Ct = Yt — g+ —Ng—1
11—k« o o

and combining with the log-linearized Euler equation for holding bonds

~

—0 (¢ — Cip1) = 9y — BT

we have the log-linearized aggregate demand equation

) R 1 1—-k°,.
U = ey — (Zt - EﬂTt+1)
wyss o
1 1-—k°

ToYss o

C.4 Linear model

[(601 — @) (Eifpsn — fy) + b2 (e — Re—1)] -

(C.29)

(C.30)

(C.31)

(C.32)

(C.33)

The policy rule not withstanding, the linear model with search and matching frictions is summarized

by the following three equations

T = BEme1 + (1—-pB7)(1—¢&) [ (¢ Y oYss )

'S 1— ke
- (1 + (/5) ay — (elﬁt + ezﬁtﬂ)] + ém
1 1—k° .

U = Eylrp1 — (lt - Et7t+1>

ToYss o
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1 1—k° R . . R
p— [(91 — @) (B — ) + 6 (R — nt—l)] (C.35)
wYss o
Yss
leEtﬁ't-‘rl + 72flt + 73ﬁt_1 = (¢ + (71 e + 1) gt — (1 + ¢) dt
1— v )
_% (1 - £QS5958) (H_) Et [Zt - 7Tt+1] (036)
with the coefficients

v o= - (1- )6 (gj 55“935) vy (C.37)

K 1— v
Vo = [ (1+61) —i— =~—uvy + ﬂ <Ci — f/iv958> Vlyzl (C.38)

qSS V qSS
Vs = [ - ;EVIVQ] (C.39)

According to the NKPC (C.34), similar to the standard New Keynesian model, price inflation
dynamics in search and matching models are determined by current and future real marginal costs
which in turn depend on the ratio between the real wage and the marginal product of labor. However,
the real wage in search and matching models is determined through a bargaining process rather than
being equal to the marginal rate of substitution between leisure and consumption. Thus, labor
market variables affect inflation dynamics directly through the NKPC. Furthermore, the real interest
rate affects inflation dynamics, the third equation (C.36). Ravenna and Walsh (2011) refers to this
channel, which is absent in the standard New Keynesian model, as the “cost-channel”. In contrast to
the standard New Keynesian model, the aggregate demand equation (C.35) in search and matching
models features not only forward looking behavior but also backward looking behavior even with
standard household preferences that exhibit no habit persistence.

The standard New Keynesian model and the model in Ravenna and Walsh (2011) arise as special

cases:

e Absent labor market frictions, n; = 0, k¢ = 0, w¥* = 1 and equation (C.36) taken out from

the model, the standard New Keynesian model with flexible wages reemerges

1— BeP)(1—¢" 1
T = BEma+ ( ﬁﬁgl( &) (¢ +0) (?Qt - %@) (C.41)
U = Byl — % (it — Eymisn) - (C.42)
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e With labor market frictions and completely inelastic individual labor supply as in Ravenna and
Walsh (2011), i.e. ¢ = 00, equation (C.36) reduces to §; = a; + ny. After substituting out for

Ur by n; in the aggregate demand equation, we obtain

(1—p8")(1 -¢)

~

Y1 B + (72 — 01) 7 + (73 — 02) oy

T = BB+

¢p
. 11— KY ‘

—a¢ -+ <Tp)ﬁ (1 — qusess) (q—) Et (Zt — 7Tt+1)] (043)

R R ) g 11—k d R

ng = /YnEth—l + (1 - Pyn) Ng—1—Vpn " (Zt - Etﬂ_t-i-l) + Tn (pa - 1) Qg

wYss o
(C.44)
where
w¥sso — (1 — k%) (6, — @)
C.45
Tn T o+ (1— #°) (62 — 0, + 0) (C.45)
Yss

e = a— (C.46)

w¥sso 4+ (1 — k) (02 — 01 + @)
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D Optimal targeting rule for the model with search and
matching frictions

Having obtained the (linear) equations that describe the behavior of the private sector, we still need
to derive the objective function of the policymaker as a purely quadratic approximation to the prefer-
ences of the representative household to formulate the linear-quadratic problem from which we derive
the optimal targeting rule in the New Keynesian model with search and matching frictions. In this
section, we first derive the correct quadratic loss function as the approximation to the preferences
of the representative household. Then we obtain the first order conditions associated with the poli-
cymaker’s problem of optimizing the (quadratic) objective function subject to the (linear) equations
that describe the behavior of the private sector. Finally, the optimal targeting rule is then derived
by combining the first order conditions to the policymaker’s problem into a single equation without

Lagrange multipliers.

D.1 Simplified nonlinear optimality conditions

Before retrieving a numerical representation of the quadratic loss function, we write the nonlinear
model in terms of the variables that also enter the set of log-linear equations {nt, Tty Yt Ht} as well
as the variables {Utp, | %8 Qf,ﬁfpt}.

The number of job seekers is already expressed in terms of employment only
u=1—(1—p)ng_1 (D.1)
and matches evolve thus according to
my =ng — (1 — p)ng_q. (D.2)

Using the matching technology m; = Xufvtl ¢, the total number of vacancies satisfies
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while labor market tightness can be shown to follow

b="=x 1= Cln— (1= )L =C (1= (1= p)ney) 1€ (D4)

Finally, the vacancy filling rate is given by

L < <
@=x0=x "S- =pn) 1 =CA-1=pn1)! =€ (D.5)
and the job finding rate can be written as
U el G LT (D.6)
ug 1= (1= p)ni
Using the production technology, hours worked can be expressed as
0P
B, = Y (D.7)
ANy
The resource constraint implies for consumption that
Ct = Y — Hv’Ut + bu(l - nt). (DS)

The equation governing vacancy postings (A.20) can be stated as

<R—U> ¢’ =(1-9¢ <i¢oh§+¢ — b“ctg) + (1= p)BE«c; (1 — Est4a) ( i ) (D.9)

qt 1+ ¢ Gr+1

whereas the wage bargaining equation is

C

4 he*?
— et+mv> +(1=& b+ %mcg . (D.10)

wihy =& (¢0h§+¢cg + (1 — p)BE;

t

Finally, the nonlinear equations governing the evolution of prices in equilibrium are, the optimal

price

~0 Up
ptpt = V_tp (D.11)
t
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which is computed as the ratio of the recursively defined terms U and V/

(1 + «9”)
1+6 II 2
v = et vosr ()N T o, (D12
073 II
1
14+77) II or
VP = (e—p)ytct +EPBE, ( El) o Vi (D.13)
The definition of the price level implies
. 1 1
m o
—e (F)" a-er6m @ (D.14)
and price dispersion evolves according to
146 1467
QF — ¢ 11, 0? QP Py(FO0PH\ QP D
t =8 T 1+ (1 =87 (B") . (D.15)

D.2 Correct quadratic loss function

Following a large body of the literature, we compute the optimal monetary policy under commitment
from the timeless perspective as the reference point to evaluate the performance of different policies.
Optimality from the timeless perspective assumes that the policymaker can “pre-commit” at the
beginning of time. This assumption converts the optimal policy problem into a recursive problem
with time invariant functions as shown in detail in Benigno and Woodford (2012). As shown in
Bodenstein, Guerrieri, and LaBriola (2014), the first-order approximation to the system of first order

conditions associated with original nonlinear model can be mapped into the LQ problem

e B ; Bt B A(L)E + B(L)C 1
s.t.

E:C(L)&t1 + D(L)(, =0

C(L)iy, = dy,

Ct = FCt—l + Tft (D'16)
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where 2, measures the (log-) deviation of variable “x” from its value assumed in deterministic steady
state. The matrices (A(L), B(L)) capture the second-order approximation of the welfare function,
where “L” denotes the lag-operator. The matrices C'(L) and D(L) capture the linear approximation
of the constraints. The linear constraints C'(L)Z;, = di, implement the timeless perspective through
the appropriate choice of d;,. The model description is completed by the evolution of the exogenous
variables, the last equation in (D.16). The innovations &, follow iid standard normal distributions.
All welfare relevant matrices in the above L(Q problem can be retrieved using the numerical ap-
proach in Bodenstein, Guerrieri, and LaBriola (2014). After retrieving the welfare matrices A(L) and
B(L) and accounting for all zero elements, the approximation to the preferences of the representative

household is given by

Zs&m _ 1 2 ~2 1 ~D 1 ~2 A oA A A ~ A~
= 5022T; + 533N + Sa88Y; T 011,117 1 T A38TuYr + 311704701 + Ag11Yi -1
2 2 2 2
1 A A N A A 1 N
Zopt\ 2 D 14 PY/D P\2
+§a474(pt )"+ agem Ul + as7m Vi + a6 ;UL VE + §a7,7(V} )
+bg73ﬁtnt_1 + b&gytnt_l + €311t Ay + 03,2nt6’p,t + Cg,1Ytay + ngzytent (Dl?)

where ¢, is output, m, refers to price inflation, and #, stands for employment. p*" is the optimal
price set by re-optimizing firms. UP and V7 are log-linear versions of the variables U? and V7. @, is
technology shock and @p,t is price markup shock. a;; = Ao(i,7), b;; = A1(4,7), and ¢; ; = By (4, j) for
corresponding index (i, j) are the entries in A(L) and B(L). Besides terms that are already present
in the standard New Keynesian model, labor market variables affect the loss function in the search
and matching framework. Current and lagged employment enter the approximation.

When using a first order approximation, the nonlinear equations associated with Calvo sticky

prices can be summarized in the NKPC for price inflation. Therefore, sticky price variables {p%, U, V¥, QF}

will only show up in the nonlinear system, but not in the log-linearized system. To make the loss func-
tion correspond to the linear structural equations, these sticky price variables have to be substituted
out.

Log-linearizing the equation (D.14) delivers

= . (D.18)

Equation (D.18) can be used to substitute out p** in the loss function.
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Log-linearizing the equation describing the evolution of price dispersion (D.15) provides

1467 1467,
i T — (1 — &) oP ptpt

= gpﬂ?fl- (D.19)

Qf = prf—l + &

Thus, price dispersion can be ignored to the first order.

Applying the log-linearization for equations (D.11) and (D.14), we have

~ ~ A A 1 ~
P p Py, /P P2
CL2767TtUt + a2777rt‘/; + a6,7Ut V; + —&777“/; )

2
2o - - 2o - » ]- ~

= 96Ty (ptpt + th> + ag 7 VP + agr (Ptpt + th) VP + §a7,7(‘/2p)2

2o - > ~rp Lo 1 &
= a2,67Ttptpt + agem VP + agrm VP + a6,7‘/tpptpt + (aw + §a7,7> (VF)?
= agemip{” + agemi VP + agrm VP + ag VDT

gp 2 é-p Crp
= a2,61_—§p7ﬁs + (CL2,6 +az7 + @6,71_—57;) TV}

Py

= a2’61_—€p71't (D20)

The first identity comes from the relationship U = p?** + V/; the third identity is true as ag; +

1
—ar7 = 0; plugging in equation (D.18) gives us the fourth identity; the fifth identity holds as

2

p
Qo6+ Qo7 + G 7——
2,6 T Q2,7 6,71_51,

We convert the approximation to household preferences, Ef&m, into a loss function by defining

= 0.
L34m — _£5%m  The loss function in the search and matching model is therefore written as

s&m 2 o) 9 9 A a A
Ly = Prami + Pyyyi + Ponny + P n-1_y + Pyninle + Py -G

+P, -1 + P gniay + Pn,pﬁtép,t + Py oUras + Py,pgtép,t (D.21)
where
P la oL (if B
7 222yt \1 g e
Py, = —%as,s
P, = —%@373
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1

Pn*,n* = —5011,1
2
Py,n = _%a3,8
P,.- = —(ag11+bs3s)
Pon- = —(as11+bs3)
Pn,a = —C31
Pn,p = —C32
P, a — TC81
Py,p = _08,2~

To sum up, the procedure for deriving the correct loss function in the search and matching models

involves:
1. deriving the nonlinear equilibrium conditions for the original model,

2. simplifying the nonlinear system of equations such that it only involves variables that show up

p ~opt

in the log-linearized model, together with sticky price variables {U}, V', p;*", Q7 };

3. applying the numerical approach to retrieve welfare matrices based on the simplified equation

system,;
4. writing out the loss function by plugging in retrieved welfare matrices;

5. using the log-linearized structural equations to eliminate the sticky price variables {U?, V¥, p¥*, QF}

in the loss function.

6. obtaining the correct quadratic loss function, even though we can only know numerically the

values of the coefficients which in turn depend on the model’s structural parameters.

We cannot obtain closed form expressions for the composite coefficients in the loss function, but

our approach provides numerical values based on the underlying deep parameters of the model.
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D.3 First order conditions of the L(Q) problem

The correct LQ system is given by

min _ Eo ) 5t{Pm7r§ + Pyyi? + Pont? 4 Py 2 | + Pyniuiy
t=0

{me e, 7,9t b o

+Py -1 + Py p-1yiiy—1 + P oy + P pi0p s + Py oJiay + y,pytep,t}

s.t.
1 — p 1 _&p wyss R
ﬂ't:ﬁEth—F( ngz,( 5)[(¢+01_Kc)yt
- (1 + (b) ag — wlﬁt + 02ﬁt—1):| + 9”
N . 1 1—k° .
Yt = Etyt+1 - ~ (Zt - Etﬂ-t—i-l)
wyss g
1 1—k° . . A R
T (01 — @) (Evfugr — fog) + 02 (g — 7yp—q)]
N . R wyss R A
V1 Etp1 + Yol + ysne—1 = (gb + T + 1) 0 — (L+ o) ay
1-— KY )
_% (1 - £QS3953) (—> Et [Zt - 7Tt+1] . (D22)

The problem is to minimize the quadratic objective function subject to the structural equations.

Taking first order conditions delivers

. 1 1—k° 1— KV
(i¢) : " Aoy + M (1 — &qssBss) <—) A3 =0 (D.23)
w SSs O’ l/ os
1 1 1—k°
(me) 0 2Prame+Aip — Ajp — Aoy
5 ToYss o
1(1— KY
_5% (1 — &qustss) (—) Asp_1=0 (D.24)

() : 2P,y 0 + Pynite + Pyt + Pyaty + Pypfy,

_ (1 — 55;}(1 ¢ ) (¢ + Ulw_y5;0> Al’t + AQ’t a %AQ,t—l
_ (¢ + alw_ys;c + 1) A3y =0 (-25)

(ﬁt) : 2Pn,nﬁt + 25Pn*,n*ﬁt + Py,ngt + pr,n* Etyt—&-l + Pn,n* ﬁt—l
1— B P 1— P
IS
1 11—k°
wyss B

+ﬂPn,n— Etﬂt—i-l + Pn,adt + Pn,pép,t +

(1—p58")(1 -¢)
é“l’

+6

0o Ay 11 + (01— P)Agp1
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1 1-—k° 1 1—k° 1 1—k°
— (01 — @) Aoy + 0o Noy — B 0o EyNo 11
wYss o wYss o T Yss o
1
Vils o1 + Vols s 4+ BysEiNs i1 =0 (D.26)

+_
5
D.4 Substituting out Lagrange multipliers and the optimal targeting

rule

To simplify notation, we define

wySSO'
¢ = o+
1— ke
, (1= pen)(1—¢r)
kP = &
1 1w
A= wglss 7

w (1 - €QSS‘935) (%)
GY = 2P, i + Pynity + Pyt + Pyaiiy + Py o0y,
HtA = 2Pn,nﬁt + 25Pn*,n*ﬁt + Py,ngt + ﬁPy,n* Et@t—&-l + Pn,n* ﬁ't—l + /BPn,n* Etﬁt-i-l

~

+Pp a0 + P plp .

Then the set of first order conditions simplifies to

(i) Mgy ="y, (D.27)
(m¢) : 2Pp mi+ A —Aip1=0 (D.28)
(@) : G —KPo1A + Aoy — %Ag,tl —(1+61) A3, =0 (D.29)
(he) :  HM+ KPOLA,; + KPBO BNy o1 + ﬁ%(el — @) Aoy 1+ o 1_ 5 (02 + ¢ —01) Ay

T o 1_ ¢502EtA2¢+1 + %71A3,t—1 +Y20s¢ + B3B3 41 = 0. (D.30)

Substituting out As; in equations (D.29) and (D.30) by using equation (D.27) we obtain

1

G} — KPorA e+ [1— (1 +01) "] Aoy — 3

Aoy 1 =0 (D.31)
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and

1 1 1
HtA + KPOLN ¢+ KPBOLE A 11 + ————= (01 — @) Aoy + ——— (02 + ¢ — 01) Aoy
61— ¢ g1 — ¢
1

1
5 ¢592Et/\2,t+1 + B%VAAz,t—l + 9 Aoy + B3 Erla i
=

= HtA + kPO + KPBO BN i + [

1 1

1

51 — qbB(Ql - ¢) + B%VA} A2,t—1
o — & (O +¢—01)+ VQVA] Aoy + {573”1\ - o1 1_ ¢592} EiAg g

=0. (D.32)

+

Since price inflation is defined as the change in the price level (in terms of deviation from steady
state) m; = P, — P,_,, we can express A;, as proportional to the price level P, from equation (D.28).
At the same time, the equation 7; = Pt — 1325,1 has to be added to the system. It is straightforward
to show that

Ay = —2P, P (D.33)

Plugging the expression of A;; into equation (D.31) and (D.32),

1
Gh — kPo1A1 + [1 —(1+0y) I/A} Aoy — EAQ,t—l
- 1
= G} 42601 PP+ [1— (1 +01) ™ Aoy — EAQ’t_l
_ 0 (D.34)
and
A p » 1 1 1 A
Ht + K 91/\1715 + K BQQEtALt_H + ——<91 - §Z5) + Y1V Ag}t_l
¢1—9¢f B
1 1
+ Oy + ¢ —0,) + VA:|A +[ - G]EA
[@1 _¢( 2+ ¢ 1) %) 2.t 373 o1 _¢5 2 1432 141

N . 1 1 1
= HtA - 2'I{pelPTrJrPt - QKPBQQPW,WEtPH-l + |: —(01 - Qb) + —71VA:| A2,t—1
d1—of B
1 1
+ { O+ —01)+ %VA} Aoy + {ﬁ%,VA - 592} EiNg ity
@1 — @ @1 — ¢

= 0. (D.35)
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We further define

XY = @11—¢%(91_¢)+B71VA]
Xy = _®11_¢(92+¢—91)+72V}
b = :ngvA—ml_ d)ﬁeg]

Ps = @[1_(11+¢1)VA]

A

X-1
o= <_‘|‘Xo +X156)
5

1 . )
Ao - Aopr = G + 2670, Py o P, D.36
PR = (1 + o)A 1= (1+oy) 0" ( t T 2rR"01L0, t) ( )

or
Mo = By = =68, (G + 26701 Pos ) (D.37)

This equation implies an expression for Ay,

Mo = =883 (B) (G + 26701 Pl )
s=0

= _B/Bé Z (55)8 <2Py,ygt—s + Py,nﬁt—s + Py,n* ﬁt—l—s + Py,adt—s
s=0
"’Pymép,t—s + 2/€p¢1p7r,7rpt—s>

= 2Ry 3 (30 s = B3P D (35 Ao = B3P 3 (54)
s=0 s=0

_ﬁﬁépy,a Z (55)5 ap—s — 555 Z 55 pt_s — ﬁﬁ(;fopgbler Z (56)5 ﬁt_s
s=0

= _6662 yg;/VA 666 nnt 5/86 Yyn~ nt 1 555 a&l/vA
—BBsPyp pt — BB52kP0, Py PV
- BPyn- .
:_555[ I (Pyn+ >ﬁWA— L f,
55 Bs
~WA WA WA
+Py i+ P00+ 2670, Py P }
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Finally, we can express Ag; as

N Pyn- .
A2,t = _656 [2 yyl/vA + (Pyn + ) A ny
55 B
FPyadl A 4 Pyl + 2570 P B (D.38)
WA o
where §/V4, aVA, alv4, 0, ,and PY4 are the weighted averages of historical realizations with

~W A

<
[
M8

(B5)° Gu-s (D.39)

S

,rALWA

[
gk

(ﬁ&) nt—s (D40)

s=0

~WA

ﬂ@
[
K

(85)" ai—s (D.41)

S

WA >
pt Z (85)°0 p,tfs (D.42)
A (B5)° Pres (D.43)
s=0
or written recursively
vt = B + (D.44)
i = Byt (D.45)
o = B + (D.46)
~WA ~WA A
Opr = Bsbpi1+ Ops (D.47)
PVA = P+ B (D.48)

Substituting equation (D.37) into equation (D.35) and using the newly defined coefficients,

1 1 1
HE(QI —¢)+ BVWA} Az

+ { ! (O +¢—01)+ %VA} Aoy + [ﬁ%VA -
g1 — @

H) — 2670, P, . P, — 267 304, Py By Py iy + [

1
— ¢/392} EiMNgyiq

1

= HtA - Q'prelpw,ﬂpt - 2ﬁp592p7r,7rEtpt+l + Xﬁl ( A2t + B (GA + 2Kp®1Pﬂ ﬂ'-Pt>)

Bs
+X6\A2,t + Xf (55/\2,15 — BB (EtGé\H + 2’<p@1Pw,nEtpt+1>>
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= H} XA BGY = X BB EG + (X2 1826701 Pr o — 26760, Pr2) Py
— (267 BO5 Py + X1 BBs2KP01 Pr ) By Prgy + ( ;6 + X0 + xi 65) ey
= H} +XN8G) = XUBBEGY, + (X2 1526701 Pr e — 26701 Pr ) P
— (267 BO2 Pr x4 X1 BB52K 01 Pr ) E, Py + XA,
= <2Pn,n +28P, - + X2 B8Py n — X1 B85 Py + V268, 56 ) ;
+ (Pon- + X 18Py ) w1 + (BPun- — X1 BB5Pyn) Erfia
+ (Pyn + X2 82P, ) G + (BPyn- — X2 BB52P,y) Erliraa
+ (Poa + X2 8Py0) @+ (Pup + X 18P,,) Oy
_X?Bﬂépy,aEth—l X1 555 Et pt+1
+ (XélﬂQ’fpglpw,w - 2f<&p91p7r,7r) P, — (267805 Pr » + X1 188526701 P ) E, Py
—"238; [2 O (Pyn + ) AV A+ P, al"

POt + 2070 P PV,

ﬁa

If the technology shock and the markup shock follow AR(1) process, then

Eiaipn = pyay

Ebpi1 = Ppep,t'
Together with the definition of price inflation m; = I5t - 1515,1, we have

0= (2Pt 2P BB~ XAy + 08, )
+ (Pn,n— + Xélﬁpy,n_) N1+ (5Pn,n— — Xfﬁﬁapy,n) Einig
( yn T X2 152 ) U + (ﬁpyﬂr - le\ﬁﬁézpy,y) Eigi
( na T X_ 15 — X1 5/35 apa) ag + (Pn,p + X§15Py — X1 555 ppp)
+ [(X21826701 Prx = 257601 Pr ) — (267 302 Pr i + X1 83525701 Prr )| P
— (267802 P~ + X3 M3B52KP 3 Py =) Evme
_XA%)@(;[ yQXVA+<Pyn+P66 > aWA 4 P, alVA
+P, 00 + 2ﬁp¢1Pﬂ,ﬂ15tWA]
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<2Pn,n +2BP, - + XM BPyn — X1 BBs Py + XAzﬁﬂs 55 ) T

+ (Pnn + XZ 15 —) N1+ (5Pn,n— — X?ﬁﬁ&Py,n) Eini

+ ( n X2 1ﬁ2 ) (s (ﬁpyﬂr - le\ﬁﬁézpy,y) Eigii1

+ (Poa + X2 18Py — X2 885Fyapa) i+ (Pap + X218Pp — X2 885Fyy) O
+ [(X1 826701 Pr o — 2670, Py ) — (267 B2 Py + X1 BB52KP01 Pr )| o

— (267802 Pr = + X3 M3B52KP G Py =) Eyme

+ [(X* 1826701 Py — 2670, Py ) — (267 B0 Pr e + X3 88526701 Pr )] Py
_XA2555[ ygva+<Pyn+PBJ ) WA+Paat

PO+ 2670, Pr g BV (D.52)

Hence, the optimal targeting rule is given by,

w1y + Wally—1 + W31 + Waly + WsYe1 + Wely + wrlpy + T + WoTrp1

~ WA
+w10Pt_1 + wugjt + wlgnt —f- wlgat + ZU149 + w15PWA 0 (D53)

where we define

m = P —P_, (D.54)
gt = B+ (D.55)
At = By (D.56)
a "t = Bt +a (D.57)
Oy, = Bl + O (D.58)
Pt = PV + Py (D.59)

and

w = (2 Pop +28P- - + X 1 BPyn — X1 BBs Py + x“ﬁﬁ 5 )
5

wy = (Pn,n* + Xﬁlﬁpy,n*)

w3 = (BPn,n— - lexﬁﬁépyvn)
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Wy = ( yn T X2 1/32 )
Ws = (ﬁP - X?ﬁﬁ&zpy,y)
We = ( n,a T X_ 15 - Xllxﬁﬂtspy,apa)
wr = ( np+X 15 Xlﬁﬁ& ppp>
wg = [(X 1ﬁ2/{p¢1 T 2P0, Py 7r) (2’€pﬁ02p7r,7r + X?ﬁﬁgQﬁijlPﬂ’ﬂr)]
Wy = (2’#)592 7r7r+X1B/852’£ @1 7r7r)
w10 = [(X/—\lﬁz%pglpﬂ,ﬂ' - zﬁpelpﬂ,ﬂ') (QRPBQQ T + X1 ﬁ662"€ Q].Pﬂ' ﬂ')]
oy = —x“BB;2F
A2 P
w2 = —X BB ( o T )
55
w1z = —XMﬂBaPy
Wiy = _XAQBB(SPy,p
Wis = _XAQBB§2HP@1P7U7T

and the additional parameters

01 = ¢+?issac
, _ Q- -¢
o - UmBN =)
1 1—k°
VA _ woYss O
2 (1~ €qtls) (22 + )
11 1
X/—\1 = : B( —¢)+B’71VA}
Xo = _@1_¢(92+¢—61)+%4
[ 1
Xi o= _573VA—ﬂ592}
1
Bs =

A= (1+01) 4]

XA
o= (— + Xo + X1 Ba)
)
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E Optimal targeting rule for the model with sticky nominal
wages

To find the optimal targeting rule in the sticky wage model, we follow Giannoni and Woodford (2003).

The linear quadratic problem can be shown to be

: - + 1+ 6 1+6°
min Eq Zﬁt {U 5 ¢xt2 + T+ (wf)z}
t=0

t
{me, M w50, 0t F oo 20P kp 20" gw

1

s.t. Ty = Etxprl — ; (’lt — Etﬂ-tJrl — 72;;) (Al,t>

Ty = BEm + kP (W — ay) + ép,t (Agy)

my = BEm + kY (0 + @)z — K (W — ) (Asy)
zZ;t = UA)t_l + 7T;ﬂ — Tt (A4,t) (El)

where
0 = XN —1 (E.2)
v = N\ -1 (E.3)
(1-¢")(1—-¢€"8)
kP = & (E.4)
1—-&9)(1—¢&7
P U ) 5
¢ (1+655)
The first order conditions associated with the policymaker’s preferences are
1467 !
(me) : gpn + 50 A+ Ao — Aoy —Ngy =0 (E.6)
1+0°
(') g (7¢) + Agp1— Agy + Ay =0 (E.7)
(@) (04 @)z + B A1 — My + K7 (0 + @) Agy = 0 (E.8)
, 1
(’lt) . ;Al,t =0 (E9)
(we) KPAoy — KAz + BAapr1 — Agy = 0. (E.10)
From equation (E.9), we obtain

Al,t - 0 Vt (Ell)
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Accordingly, the optimality conditions simplify to

14 6°
(7Tt) . Wﬂ} + A27t_1 — AQ,t — A47t = 0 (E12)
140"
(71';0) : W(T{';ﬂ) + A3,t—1 - A37t + A47t =0 (E13)
() (o+@)xe+ K (0+d) A3, =0 (E.14)
(U)t) : K/pA27t — liwAg’t -+ ,8A47t+1 - A47t =0. <E15)
From equation (E.14), it is
1
Ag’t = ——T. (E].6)
KW

Then substituting As; into equation (E.13), we get an expression for Ay,

1+0% 1 1
—_— 7Tw) — —wl’t + —wl’t_l. (E].?)
K K

Plugging the expressions for As; and Ay, into equation (E.15) delivers Ag,

146" 14ev
QY W P (ﬂ-t+1) - O W P (7Tt ) + ,{wﬁpxt"'l

1 xt_l_( fo, 1 +%>xt_ (E.18)

KRYRKP RYKP KRYKP

A2,t = 5

After substituting the expressions for As; and A4 into equation (E.12) and using the definition of

the output gap (z; = g — i%‘gdt), the optimal targeting rule for the sticky wage model is given by

w w w w w ~ A 1+¢ A ~
X1 = Xo (M — 7)) + xam + x (7 = ) + X {(yt+1—yt)—a+¢(at+1—at)}
N . 1+¢ . R R . 1+¢ . .
+ — Y1) — Qy — Qp— + 1 — Yp_9) — Ap_1 — Qyp—
X6 (?Jt ytl) 0_+¢(t tl)} X?{(ytl yt2) 0_+¢(t1 t2):|
(E.19)
where
_1+0p1
Xl_ Hp E
14+6% 1
XQ__/B 0w KP W

36



14071

X8 = Tgo e
1+6% 1
Xe = 0Y  KkPRW
B
Xs—_ﬁpﬁw
1 1G] 1 1
XG_(/{I"/{W—FKPKW—FE—F/{_W)
- 1
X7__/<,P/<;w'

Another way of writing the optimal targeting rule is

0 = {1—'—01)7?}4‘{@1%—@&1)—i+¢(dt—&t1)]}

ep
L R e A ] |

1+6v w R R 1+ R R
—ﬁ {e—wﬁtﬂ + |:<yt+1 —Ui) — ¢ (Gr41 — at)} }

KY o+ ¢
1 1+6% . N 1+ R R
_/{_w {0—11;7720_1 + |:<yt—1 - yt—2) - o +2 (at—l - at—Q)} } (E-QO)

which boils down to the targeting rule in the standard New Keynesian model with flexible wages for
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F Additional results and discussions

This section discusses the functional form of the policy rule used in Section 6 of the main text.

F.1 Functional form of the policy rule

In principle, the simple rule in equation (36) of the main text allows the policymaker to respond to
the lagged value of the nominal interest rate, price and wage inflation, and the output gap. However,
the response coefficient on each variable is assigned the value of zero for some w; the patterns of
zeroes define the three distinct regions of the w-optimal simple rules in Table 3 of the main text for
the model averaging approach. To assess the sensitivity of our findings to the functional form of the
simple rule, Table 1 of this Appendix reports optimal simple rules that, in comparison to (36) of
the main text, are restricted not to respond to either the lagged interest rate, the output gap, price
inflation, or wage inflation, respectively.*

Absent interest rate smoothing (Case I in Table 1), the optimal simple rule changes only for
w > 0.9 compared to Table 3 of the main text. The response coefficient for price inflation becomes
very large to compensate for the lack of interest rate smoothing in the rule, but overall welfare and
welfare in the search and matching model deteriorate nevertheless. In its eagerness to fight price
inflation, the rule for w = 1 and pp = 0 is particularly unattractive, as it induces welfare losses in the
sticky wage model that by far exceed the corresponding loss in Table 3 Panel(a) of the main text.

Eliminating the output gap from the list of response variables (Case II) affects the computations
of the optimal simple rules only for w < 0.2. These restricted rules respond to wage inflation by
more than in Table 3 of the main text—the optimizer reaches the upper bound of 100—where the
w-optimal simple rule responded importantly to the output gap for w < 0.2. The overall welfare loss
is higher mostly because the restricted rules perform worse in the sticky wage model.

More dramatic changes in the optimal simple rules appear if the rules are restricted not to respond
to price inflation or wage inflation (Case III). Setting p, = 0 leads to higher response coefficients for
wage inflation and, depending on the value of w, the output gap or interest rate smoothing. The
deterioration in overall welfare is borne by the search and matching model; welfare in the sticky wage

model improves for most values of w and never declines.

4The presence of three distinct parameter regions in Table 3 Panel (a) of the main text under model averaging
suggests the existence of multiple local optima. In computing restricted optimal simple rules we can also confirm that
the w-optimal simple rules are indeed globally optimal.
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Finally, when eliminating the policymaker’s ability to respond to wage inflation directly, welfare
losses increase in both the sticky wage and the search and matching model for most values of w (Case
IV). The form of the simple rule in this final case coincides with the specification adopted in our
estimation. Even more so, under w = 0.6 and w = 0.7, the restricted optimal simple rules feature
parameter values that are close to the values retrieved in our estimation: the interest rate smoothing
coefficient lies around 0.8 and the short-run coefficient assigned to price inflation lies between 0.1
and 0.2. If we interpret the estimated simple rules obtained in Section 4 (which basically coincide
for the two models) as arising from optimal policy considerations under model uncertainty—where
the policymaker intentionally excludes a direct response to wage inflation—U.S. policymakers assign

probability 0.6 to 0.7 to the search and matching model being the true data-generating process.

F.2 Wage indexation

We investigate, whether the lack of robustness of the optimal targeting rules depends on our assump-
tion to abstract from wage indexation in the sticky wage model.

The estimation results in Table 2 and Figure 1 of this Appendix suggest that the empirical fit of
the sticky wage model improves if we allow for full indexation of wages to past inflation. In this case,
the focus of optimal monetary policy in the sticky wage model shifts from smoothing wage inflation
to smoothing the difference between wage inflation and lagged price inflation, i.e., 7 — m_1.

This change in focus of the optimal policy is also reflected in the optimal targeting rule derived
for the sticky wage model with ( = 1. Figure 2 plots selected impulse responses to a markup shock
when the sticky wage model features full wage indexation when we repeat the exercise of comparing
the outcomes in the search and matching model and the sticky wage model (now with ¢ = 1) under
the optimal targeting rules derived in the two models, respectively. Under full wage indexation, the
optimal monetary policy in the sticky wage model refrains from stabilizing wage inflation; to reduce
welfare-costly dispersion in the nominal wage, the central bank smoothes the term 7}” — m;_;. Under
the markup shock, the decline in the real wage is still engineered by raising inflation in the impact
period. Yet, the rise in price inflation this period pushes up nominal wages in the subsequent period
through indexation which in turn offsets most of the decline in the real wage. To compensate for
this effect, price inflation rises by more in the impact period under the optimal policy in the model
with indexation than absent indexation. Turning to the optimal targeting rule derived in the search

and matching model, this rule with its focus on reducing price inflation induces even bigger welfare
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losses (measured as CEV) in the sticky wage model with full indexation than in the model without
indexation (now 1.9728 instead of 1.3033), confirming the lack of robustness of the optimal targeting
rules.

For the search and matching model, wage indexation in the sticky wage model only impacts
the responses under the optimal targeting rule from the sticky wage model relative to the previous
discussion; the differences between the two targeting rules are mostly quantitative in nature. Given
the modified focus of the new targeting rule from the sticky wage model, wage inflation is not
stabilized as forcefully as in Figure 4 of the main text. Yet, since nominal wages in period ¢ move
to offset past inflation, the downward adjustment in the real wage demands even larger movements
in inflation than under the no-indexation targeting rule. Thus, the overall welfare loss in the search

and matching model (measured as CEV) rises (now 0.1680 instead of 0.1133 for ¢ = 0).
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Table 1: Restricted Optimal Simple Rules

Model Averaging Prior Restricted Optimal Rule Welfare Loss

on b p pe | Objective L;¥m(0%) £iv(07)

(0,1) 0 0 65.8388 2.3084 3.1047 2.1567 3.1047

(0.1,0.9) 0 0 60.6858 1.9798 3.0099 2.1566 3.1048

(0.2,0.8) 0 0 55.4967 1.6522 2.9151 2.1565 3.1048

(0.3,0.7) 0 0.6230  0.5235 0 2.8139 2.1028 3.1186

(0.4,0.6) 0 0.6369  0.5160 0 2.7123 2.1025 3.1188

Case I: (0.5,0.5) 0 0.6561  0.5133 0 2.6106 2.1022 3.1190

No interest rate smoothing | (0.6,0.4) 0 0.7006  0.5159 0 2.5088 2.1014 3.1199
(0.7,0.3) 0 0.8136  0.5231 0 2.4067 2.0994 3.1240

(0.8,0.2) 0 1.1724  0.5245 0 2.3031 2.0920 3.1475

(0.9,0.1) 0 2.2488  0.4734 0 2.1922 2.0730 3.2651

(1,0) 0 51.5995  5.2078 0.5170 2.0485 2.0485 20.0584

(0,1) 0 0 100 0 3.1059 2.1556 3.1059

(0.1,0.9) 0 0 100 0 3.0108 2.1556 3.1059

(0.2,0.8) 0 0 100 0 2.9158 2.1556 3.1059

(0.3,0.7) 0 0.6242  0.5224 0 2.8139 2.1028 3.1186

(0.4,0.6) 0 0.6389  0.5167 0 2.7123 2.1025 3.1188

Case 1I: (0.5,0.5) 0 0.6564  0.5130 0 2.6106 2.1022 3.1190
No output gap (0.6,0.4) 0 0.7012  0.5160 0 2.5088 2.1014 3.1200
(0.7,0.3) 0 0.8179  0.5238 0 2.4067 2.0993 3.1242

(0.8,0.2) 0 1.1725  0.5245 0 2.3031 2.0920 3.1475

(0.9,0.1) | 0.8177  0.8860 0 0 2.1870 2.0623 3.3098

(1,0) 0.9366  2.1197 0 0 2.0477 2.0477 4.0851

(0,1) 0 0 66.0161 2.3594 3.1047 2.1567 3.1047

(0.1,0.9) 0 0 61.0171 1.9932 3.0099 2.1566 3.1048

(0.2,0.8) 0 0 56.0134 1.6655 2.9151 2.1565 3.1048

(0.3,0.7) 0 0 93.0510 2.1243 2.8203 2.1563 3.1048

(0.4,0.6) 0 0 93.5958 2.3938 2.7254 2.1564 3.1048

Case III: (0.5,0.5) | 0.5709 0 5.0689 0.2221 2.6309 2.1554 3.1063
No price inflation (0 6,0.4) | 0.3093 0 20.0193 0.4160 2.5357 2.1559 3.1055
(0.7,0.3) | 0.4090 0 20.0150 0.2744 2.4407 2.1556 3.1060

(0.8,0.2) | 0.5257 0 20.0071 0.1165 2.3457 2.1554 3.1067

(0.9,0.1) | 0.6127 0 19.9914 0 2.2505 2.1553 3.1075

(1,0) 0.9269 0 19.3246 0 2.1552 2.1552 3.1076

(0,1) 0 1.0001 0 12.0434 3.1107 2.2814 3.1107

(0.1,0.9) | 0.0587 0.9414 0 2.3607 3.0267 2.2598 3.1119

(0.2,0.8) | 0.9900 0.0113 0 0.0011 2.9370 2.1308 3.1386

(0.3,0.7) | 0.9900 0.0112 0 7.5200e04 2.8357 2.1232 3.1410

(0.4,0.6) | 0.9900 0.0111 0 5.1800e04 2.7335 2.1178 3.1439

Case IV: (0.5,0.5) | 0.9900 0.0110 0 3.1900e-04 2.6304 2.1130 3.1478
No wage inflation (0.6,0.4) | 0.9079 0.1172 0 0 2.5243 2.1024 3.1572
(0.7,0.3) | 0.8947  0.2260 0 0 2.4176 2.0912 3.1790

(0.8,0.2) | 0.8669  0.4487 0 0 2.3061 2.0769 3.2226

(0.9,0.1) | 0.8177  0.8861 0 0 2.1870 2.0623 3.3099

(1,0) 0.9366  2.1204 0 0 2.0477 2.0477 4.0856

Note: Table 1 reports the optimal simple rules under the model averaging approach similar to Table 3 of the main
text when restricting the rule not to respond to one of the variables in equation (35) of the main text at the time. See
also footnote Table 3 of the main text. 43



Table 2: Estimated Parameters

Description Estimated Parameter  Search  Sticky Wage Sticky Wage with Indexation
interest rate smoothing PR 0.8555 0.8379 0.8895
[0.0294] (0.0450] [0.0260]
weights on inflation Pr 0.1445 0.1622 0.1105
[1.5e-05] [3.12¢-05] [2.4¢-05]
std technology shock Oq 0.0031 0.0033 (0.0031]
[0.0002] [ 0.0002] (0.0002]
habit persistence I 0 0 0
[0.5148] [0.4394] [0.7734]
replacement ratio r 0.5345 - -
[0.0185] - -
price indexation % 0 0 0
[0.3123] (0.3204] [0.2714]
wage indexation A - - 1
- - [0.1656]

Minimum Distance Estimator

Description Search ~ Sticky Wage Sticky Wage with Indexation
criterion value (9 variables) 124.8128 - -
criterion value (6 variables) 99.6490 136.0783 77.2143

Note: The top panel of Table 2 summarizes the estimated parameters for the model with search and matching frictions
and the model with and without wage indexation. The parameters are estimated using impulse response function
matching under neutral technology shocks. The empirical impulse responses against which the performance of the
theoretical models is assessed are taken from the SVAR estimation in Christiano, Eichenbaum, and Trabandt (2016).
The numbers in the square bracket are the standard deviations of the estimates. The lower panel provides the value

of the criterion function at the minimum.
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Figure 1: Impulse response function matching under neutral technology shock
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Note: Figure 1 depicts the impulse responses to a neutral technology shock in the search and matching model (blue)
and the sticky wage model (red). The solid black lines show the point estimates of the empirical impulse responses

along with the 90% confidence interval, the grey shaded area. Inflation rates and the federal fund rate are annualized.

45



Figure 2: Targeting rules with wage indexation in the sticky wage model: price markup shock
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Note: Figure 2 compares the performance of optimal targeting rules for both the search and matching model and the

sticky wage model in response to a price markup shock when the sticky wage model features wage indexation.
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