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A Categorizing stimulus spending

We take our data for the stimulus components from “Table 2: Estimated cost of
the conference agreement for H.R. 1, the American Recovery and Reinvestment
Act of 2009, as posted on the website of the House Committee on Rules” in
?. The annual time path for these expenditures is also taken from 7. To split
the annual data across quarters, we assume a breakdown in proportion to the
aggregate series in 7. We classify the different components are as government
consumption, investment, and transfers according to Tables [A.T] [A.2] and[A.3]

Table A.1: Categorizing the stimulus — government consumption

[tem Amount (bn USD) Share
Dept. of Defense 4.53 0.59
Employment and Training 4.31 0.56
Legislative Branch 0.03 0
National Coordinator for Health Informa- 1.98 0.26
tion Technology
National Institutes of Health 9.74 1.26
Other Agriculture, Food, FDA 3.94 0.51
Other Commerce, Justice, Science 5.36 0.69
Other Dept. of Education 2.12 0.28
Other Dept. of Health and Human Ser- 9.81 1.27
vices
Other Financial Services and Gen. Govt 1.31 0.17
Other Interior and Environment 4.76 0.62
Special Education 12.2 1.58
State and Local Law Enforcement 2.77 0.36
State Fiscal Relief 90.04 11.68
State Fiscal Stabilization Fund 53.6 6.95
State, Foreign Operations, and Related 0.6 0.08
Programs
Other 2.55 0.33
Consumption 209.64 27.2




Table A.2: Categorizing the stimulus —government investment

[tem Amount (bn USD) Share
Broadband Technology Opportunities 4.7 0.61
Program
Clean Water and Drinking Water State 5.79 0.75
Revolving Fund
Corps of Engineers 4.6 0.6
Distance Learning, Telemedicine, and 1.93 0.25
Broadband Program
Energy Efficiency and Renewable Energy 16.7 2.17
Federal Buildings Fund 5.4 0.7
Health Information Technology 17.56 2.28
Highway Construction 27.5 3.57
Innovative Technology Loan Guarantee 6 0.78
NSF 2.99 0.39
Other Energy 22.38 2.9
Other Transportation 20.56 2.67
Investment 136.09 17.66
Table A.3: Categorizing the stimulus — transfers
[tem Amount (bn USD) Share
Assistance for the Unemployed 0.88 0.11
Economic Recovery Programs, TANF, 18.04 2.34
Child Support
Health Insurance Assistance (spending) 25.07 3.25
Health Insurance Assistance (revenue) -0.39 -0.05
Low Income Housing Program 0.14 0.02
Military Construction and Veteran Affairs 4.25 0.55
Other housing assistance 9 1.17
Other Tax Provisions 4.81 0.62
Public housing capital fund 4 0.52
Refundable Tax Credits 68.96 8.95
Student financial assistance 16.56 2.15
Supplemental Nutrition Assistance 19.99 2.59
Program
Tax Provisions 214.56 27.84
Unemployment Compensation 39.23 5.09
Transfers and tax cuts 425.09 55.15
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B Model appendix

Apart from the model extensions due to the introduction of government capi-
tal, rule-of-thumb consumers, and distortionary taxation, the following model
appendix follows mostly the appendix of 7, with minor changes to unify the
notation.

B.1 Production

Final goods are produced in a competitive final goods sector that uses differen-
tiated intermediate inputs, supplied by monopolistic intermediate producers.

B.1.1 Final goods producers

The representative final goods producer maximizes profits by choosing interme-
diate inputs Y;(i), 4 € [0, 1], subject to a production technology that generalizes
a CES production function: Objective:

: Lo (V)
max P,Y; —/ P, ()Y, (i)di  s.t. / G ( v e ’p) di =1. (B.1)
0 0 t

Yo Ye(a)

G(-) is the 7 aggregator, which generalizes CES demand by allowing the elas-
ticity of demand to increase with relative prices: G' >0, G” <0, G(1; €? Py =
1. 6? ' is a shock to the production technology which changes the elasticity of
substitution.

Denote the Lagrange multiplier on the constraint by E{ . If a positive
solution to equation (B.I]) exists it satisfies the following conditions:

1 . .
vl p-g— [ ¢ (Yt(z)-em) h@)

- =t }/l; 0 }/; ) -t }/;
. N —f 1 Yi(2)
v R ==lpo (ar),

From these two equations, we obtain an expression for the aggregate price
index and intermediate inputs. The price index is given by:

)
Pt_/o v P, (i)di. (B.2)
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Solving for intermediate input demands:

na%=mG”Tfi??) g]<ég)1(?<§%;?ﬁ

For future reference, note that the relative demand curves y,(i) =

downward sloping in the relative price PtT(t) with an decreasing elastlclty as

the relative quantity increases. For simplicity, the dependence of the G(-)
aggregator on the shock €? P is suppressed:

L BG) dnli) )
M1 0) = =5 TR0 lavieazico ~ 1G5 (B4)
P 10 I X 0) G wi(1)

p(i(0) = S ) P (

=1+n,+ npm}%(i)
/// t(z)
= i) (2+ G =)

e,
= L) (TSR 1 () ) - 1)

1 + AP (y4(7)) 1 B
AP (y () <[1 + N (ye(i))] Ap(ye (7)) 1)’

where the last line defines the markup A} and the parameter A, as

1 . )\p(}’t(i))
. 9 G (v (i N
(D) — 1 2+ G0y )

(B.5)

X (ve(d) =

The model will be parameterized in terms of é(1), the change in the own-
price elasticity of demand along the balanced growth path. To that end, it is
convenient to solve for A, in terms of the markup and the é:

1
SRR TCTN DRSS (B.9)

Finally, note that in the Dixit-Stiglitz case G(y) = yﬁ so that the elasticity
of demand is constant at 1,(y) = 55 + 1Vy and consequently 7, = 0.

B.1.2 Intermediate goods producers

There is a unit mass of intermediate producers, indexed by ¢ € [0,1]. Each
producer is the monopolistic supplier of good i. They rent capital services
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Ky /7 and hire labor n; to maximize profits intertemporally, taking as given
rental rates RF and wages W;. Given a Calvo-style pricing friction, their profit-
maximization problem is dynamic.

Production is subject to a fixed cost and the gross product is produced
using a Cobb-Douglas technology at the firm level. Government capital K/
increases total factor productivity in each firm, but is subject to a congestion
effect as overall production increases, similar to the congestion effects in the
AK model in 7. Firms fail to internalize the effect of their decisions on public
sector productivity. Net output is therefore given by:

K? e o
V(i) = & | gt K@) [t ()] — pto, B.7
(4) (fOYt(j)debw) () [u'na(2)] u (B.7)

where ®u' represent fixed costs which grow at the rate of labor augmenting
technical progress and K;(i)¢// denotes the capital services rented by firm i.
€7 denotes a stationary TFP process.

To see the implications of the congestion costs, consider the symmetric case
that Y;(i) = Yy, K77/ (i) = Kf//Vi, which is the case along the symmetric bal-
anced growth path and in the flexible economy. We then obtain the following
aggregate production function:

a ef ro(1-0)
Y, = ¢ th—ICKt 1 [

phn) 07070 — e, e = ()< (B.8)
Choose units such that €* = 1.

To solve a firm’s profit maximization problem, note that it is equivalent to
minimizing costs (conditional on operating) and then choosing the quantity
optimally. Consider the cost-minimization problem first:

K (4),m4(3)
Denote the Lagrange multiplier on the production function by MC}: Produc-
ing a marginal unit more raises costs (the objective) by MCy. The static FOC
are necessary and sufficient, given Y;():

] MCi)(1 - o)
K] Mo DI e

Ky(i)

The FOC can be used to solve for the optimal capital-labor ratio in production



and marginal costs:

kt(l) (6% Wt
= — B.9
n(i) 1—ark’ (B9)
Wl—a Rk o, —(1-a)t
MCy = a1 —a)~ 17 =1 (R:) & : (B.10)
Ky \T=¢ 4
(Yt+utc1>) €t
l—a/ .k\a
me, = a~ (1 —a)” 1" W ) (72 ,
pki_ \1-C
(yt+<l>> €
l—a/ .k«
me; = a~%(1 — o)~ L (72 , (B.11)
ngfl 1-¢ 4
(yt+<1>> €t
where lower-case letters denote detrended, real variables, as applicable:
_ _ W, RE MCY
k=K Ly =Y bw=—,rF ==L = .
t th 5 Yt tH s Wi ,utPt’Tt D Ct P,
For future reference, it is useful to detrend the FOC:
= 1l—a)=———— B.12
wy = me(i)(1 — @) i) ( a)
)+ P
= mey(i)a £ P (B.12D)

i (4)

Given the solution to the static cost-minimization problem, the firm maxi-
mizes the present discounted value of its profits by choosing quantities opti-
mally, taking as given its demand function (B.3]), the marginal costs of pro-
duction (B.I0), and the Calvo-style price-setting friction. The Calvo-friction
implies that a firm can re-set its price in each period with probability 1 — (,
and otherwise indexes its price to an average of current and past inflation
[T_, @, i@ ~*. In each period ¢ that the firm can change its prices it chooses:

* ([ - SBS SP (- . Lp —1— . .
Py (i) = arg rgz(p)( K Z Cp% [Pt(z) (H 7th+l—17T1 ,,) — MCiys(i) | Yiss(0),
(a5 5=0 +s 1=1

subject to (B.3)) and (B.I0). Bs% denotes the (noncredit-constrained) repre-

sentative household’s stochastic discount factor and m, = Pfj -
t inflation.
To solve the problem, it is useful to define ;s such that in the absence

denotes period
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of further price adjustments prices evolve as Py (i) = xp.45 L, (7):

s =0,
Xtt+s = s .
’ P —1—¢ —
[[_, 70, 7 s=1,...,00.

Using the definition y;.4(i) = Yt“ yields therefore:

A(Yers (1) [Prrs (1) — MCris(0)))
dP(i)

MO0

= Vits(1)Yigs (Xt sl — 77p()’t+s( )]+ Mp 0

The first order condition is then given by:

E Z GIaePy . ([1 — e () PXtars + nM) 0

§ePrys Yerall Py(7)
(B.13)
For future reference, it is useful to rewrite the FOC as follows:
Pr(i) E: Yoo (nBG)* 7,\1,(% N ONTAL t+s(i)7,7:f’y(fjjj{-§§)ﬂ mcis(7) (B.14)
o Eits s )
Fi K, ZS:O(’MBCP) Ap(y»&,ttjrrs( i))Ee Hltht;t+5 Yras (1)

where y; (i) = G EXete¥iie ) 'y () = vy (0) Yiss.
t+s

Noting that measure 1 — ¢, of firms changes prices in each period and that
each firm faces a symmetric problem, the expression for the aggregate price
index (B.2)) can be expressed recursively as a weighted average of adjusted and
indexed prices:

_ P Y, tp to P Y,
Pt: (]_—Cp)Pt*G, 1( t) +<p7Tt 171_1 [,th_ Gl 1(7Tt—17r = t—1 t)

(B.15)
This expression uses that price distribution of nonadjusting firms at ¢ is the
same as that of all firms at time ¢ — 1, adjusted for the shrinking mass due
to price adjustments. The optimal price equals the average price along the
deterministic balanced growth path, which is normalized to unity:

Pr=P=1.

Similarly, along the deterministic growth path, the price is a constant markup
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over marginal cost:

pP* n T
= = Tflmc =(1+X\)mc=1 (B.16)

Finally, the assumption of monopolistic competition in the presence of free
entry requires zero profits along the balanced growth path. Real and detrended
profits of intermediate producer i are given by:

Bi(i)
b

Bi(i)
b,

I (i) = —5=ye(i) — wen (i) — rike(i) = —5=we(i) — mey(8) [y () + p' @]

Integrating over all i € [0,1] and using the definition of the price index (B.2)
yields:

Hf:yt—wt/()l J(3)di — r¥ /Olk:t( )i (B.17a)

=Y — Mme (/Olyt(i)di + <I>) =Yy — mcy (yt/O P;(t)d + <I>) (B.17Db)

Using the expression for the steady state markup, equation (B.I6), the zero-
profit condition (B.I7D) implies that along the symmetric balanced growth
path:

_ g [} LD + @ j+ @ >
Ozﬂp:g_yfo POTR _ vl L2 (B.18)
L+, 14X J

B.1.3 Labor packers

Intermediate producers use a bundle of differentiated labor inputs, ¢ € [0, 1],
purchased from labor packers. Labor packers aggregagte, or pack, differenti-
ated labor, which they purchase from unions. They are perfectly competitive
and face an analogous problem to final goods producers:

1
max Wyn; — /VVt ny(£)dl  s.t. /H(nt(ﬁ) & )df—l (B.19)
0

ng, Nt (f n¢

where H(-) has the same properties as G(-): H >0, H" < 0,H(1) = 1.
The FOC yield differentiated labor demand, analogous to intermediate
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goods demand (B.3):

20)
Given the aggregate nominal wage W; = 01 ";—(@wt(ﬁ)dﬁ, labor packers are

willing to supply any amount of packed labor n;. Labor demand elasticity
behaves analogously to the intermediate goods elasticity:

(o)) = Vel dui(0) _ H'(n(0))
M (0e(6)) = =T TV imemazico — "0y (O H (0 (0)) (B:21)
W0 dpu) 1A ((0) i )
o) = s =1 e (e TmE )
(B.22)
where n,(¢) = t—t and the markup is defined as A!(n(f)) = m
Ay(ng(0)) = W can be equivalently expressed as:
7w 0)) 2t (0)
1
A,(n) = : (B.23)

A (1), (n) + 1

B.2 Households

There is a measure one of households in the economy, indexed by j € [0, 1],
endowed with a unit of labor each. Households are distributed uniformly over
the real line (i.e., the measure of households is the Lebesgue measure A). We
distinguish two types of households: intertemporally optimizing households
j € 0,1 — ¢] and rule-of-thumb households j € (1 — ¢, 1], so that they have
measures A([0,1 —¢]) =1 — ¢ and A([0, ¢]) = ¢, respectively.

Households have preferences over streams of consumption and hours worked,
{Cri5(J), neys(7) 22, which are represented by the life-time utility function Uy:

oc—1
1+v

U, = Etzﬁs{ (Cuns) = HCrsems)' ™ 0 [ i)

(B.24)

Here h € [0,1) captures external habit formation, o denotes the inverse of the

intertemporal elasticity of substitution, and v equals the inverse of the labor

supply elasticity. Households discount the future by § € (0, 1), where /3 varies
by household type.

The fraction 1 — ¢ of the labor force that is not credit-constrained maxi-

mizes its life-time utility subject to a lifetime budget constraint and a capital
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accumulation technology. The remainder of the labor force, i.e., a fraction ¢,
is credit constrained (or rule-of-thumb): they cannot save or borrow.

B.2.1 Intertemporally optimizing households

The intertemporally optimizing households choose consumption {Ci;s(j)}, in-
vestment in physical capital {X;ys(j)}, physical capital {K7, ,(j)}, capacity
utilization {u;;(j)}, nominal government bond holdings B}, (j), and labor
supply {n:+s(j)} to maximize (B.24]) subject to a sequence of budget con-
straints (B.25)), the law of motion for physical capital (B.26)), and a no-Ponzi
constraint. Households take prices {F,, }, nominal returns on government
bonds {gf,,Ri+s}, the nominal rental rate of capital {R},,}, and nominal
wages {W, s} as given.
The budget constraint for period ¢ + s is given by:

C . - Bn S(j)
(14 7516)Crrs(d) + Xirs(d) + Rgﬁip <
t+st t+s
By 1( thn (1) + Awtrsn sth
Sy 4+ —1E 1(7) +(1_Ttn+s)[ st () dtsThits Wiy ]+
Ppis Py
Ry ur4s(5) : ; agg 1 Lipsrt™
1= at ) (P afung)) +ork | [0-bs KB 1)+l K T
t+s t+s
(B.25)

where (7¢,,, 7/, T/.) Tepresent taxes on consumption expenditure, capital in-
come, and labor income, respectively. The wage received by households differs
from the one charged to labor packers because of union profits — union prof-
its )\w,HSnHSW[jrs are taken as given by households. Households also receive
nominal lump-sum transfers {S;,s}. a(-) represents the strictly increasing and
strictly convex cost function of varying capacity utilization, whose first deriva-
tive in the case of unit capacity utilization is normalized as a'(1) = 7* [ At
unit capacity utilization, there is no additional cost: a(1) = 0. II}, pu'** are
nominal profits, which households also take as given.

There is a financial market friction present in the budget constraint; wy, | #
0 represents a wedge between the returns on private and government bonds,
and is a pure financial market friction — if wf > 0 then households obtain
less than one dollar for each dollar of after-tax capital income they receive,
representing agency costs. Agency costs are reimbursed directly to uncon-
strained households, so that the friction has no effect on aggregate resources.
This financial market friction is similar to a shock in 7, who introduce it ad
hoc in the investment Euler equation and motivate it as a short-cut to model
informational frictions that disappear at the steady state.

17+ represents the real steady state return on capital services.
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Physical capital evolves according to the following law of motion:

KEL) = (0= 08 () + e |1 -5 ( 520 | xea), - mao)

Xt-i—s—l(j

where new investment is subject to adjustment costs described by S () These
costs satisfy S(u) = S’(u) = 0,5” > 0. The relative price of investment
changes over time, as captured by the exogenous {qf,,} process. Physical
capital depreciates at rate 9.

For future reference, note that the effective capital stock is given by the
product of capacity utilization and physical capital stock:

Kff:f:(j) = Kf—l—s—l(j)ut—i-s(j)' (B.27)

To obtain the aggregate capital stock, multiply the above quantity by (1 — ¢).

The solution to the household’s problem is characterized completely by the
law of motion for physical capital (B.26]) and the following necessary and suf-
ficient first order conditions. To derive these conditions, denote the Lagrange
multipliers on the budget constraint (B.25) and the law of motion (B.26]) by
BH(Z;, ZF) — replacing the household index j by a superscript RA.

o—1 Y
6] Zd1+70) = oxp (T () ) [0~ P

1+

_ n Wwh o—1 5 5 3
] S0 = 7 = e () (A CE — nCH
B, Z, = B¢’R,E =it
[ t] t ﬁqt ity (Pt+1/Pt

RF =k
7] 2= (S (0 ) [ s = alwesn) + 7k + (1= 912
t S+l
XRA XRA XRA
X 2=zt (1-5(5m) -5 (5m) (3m)
i ===t (1-5(m) -5 () (i
—k XRA XRA 9
+ BE < t—l—qu S’( t+1>( t+1> )
t 12 A ) A

Rk
w] 5=l

By setting /(1) = 7* we normalize steady state capacity utilization to unity:
u=1.
For what follows, it is useful to detrend these first order conditions and
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the law of motion for capital. To that end, use lower-case letters to denote
detrended and real variables, as exemplified in the following definitions:

KFA W w) RF =
kRA = t Wy = —> wh = t T’k = 2 == ot = -t — -0
t ,ut ) Wi Pt,ut s it B,U/t’ t Pt ) é-t thh Qt Et ) ﬁ ﬁ:u’

1 denotes the gross trend growth rate of the economy. For future reference
note that government expenditure is normalized differently: ¢, = . Substi-
tuting in for the normalized variables yields:

o—1
61+ 77) = exp (S0 ) ) [ = (el (B.204)
n o—1 3 B
61 = yul = exp (T3 () (Y - (/AT (B290)
2 Dgov §t+1
_3pY
& = BR{TE, <Pt+1/Pt (B.29c¢)
Qi = PE, (% [qtk((l — )i ten — augn)] +075) + (1 - 5)Qt+1D
(B.29d)
RA £RA RA
o T o xt I / 1% xt %
L= Qi (1 S(IE) S(;Egml )(;Egml ))
A §t41 r o 55RA1M af 1,U
+ AR (g—Qt-Hqt—i-lS ( ;}A )( ;,:}_BA ) (B.29¢)
i = d'(u). (B.29f)
The detrended law of motion for physical capital is given by
1 — RA
ppra - 179) ’ s s gz [1 —~ S<§§m u)} ke (B-30)
t—1

Combining the FOC for consumption and hours worked gives the static opti-
mality condition for households:

1—-7 B
. +thwi‘ (/) [ef = (h/pw)ef). (B.31)

Combining (B.29al) for two consecutive periods and using (B.29d) gives the
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consumption Euler equation:

S (L4 7) o — 1 /nfi\1+v Ct—i—l (h/pw)ef417°
Et 1 e N == Et exp RA .
&(1+75) L+v ettt — (h/p)efq
(B.32)
Equation (B.29d)) is the investment Euler equation. The FOC for capital
(B:29€) can be used to compute the shadow price of physical capital Q.
Using the investment Euler equation shows that along the deterministic
balanced growth path the value of capital equals unity (since S’(u) = S(p) =0
and ¢* = 1). From the consumption Euler equation and ¢° = 1. we obtain the
interest rate paid on government bonds under balanced growth. Finally, the
pricing equation for capital and the investment Euler equation pin down the
rental rate on capital. Summarizing:

Q=1, (B.33a)

R=p"1'x, (B.33b)

1= B[(1 =77 + 675 4 (1 — 0)],
PRt ) Gkt (B.33¢)

1—7k

The bond premium shock ¢’ differs from a discount factor shock, although
it results in an observationally equivalent consumption Euler equation — if time
preference were time-varying, the period utility function would become:

1 - o—1
1= (Ct—i-s( ) = hCiys- 1) }GXP {1+ Nigs(J 1+V} H%H 1

=1

so that the ratio ft—“ would be proportional to ¢, so that the consumption
Euler equation is unchanged The effects differ, however, insofar that the
present formulation on basis of the government discount factor also affects the
investment Euler equation and the government budget constraint.

For measurement purposes, it is useful to rewrite the linearized FOC for
capital, after substituting out for the discount factor. It shows that the private
bond shock represents the premium paid for private bonds over government
bonds holding the rental rate on capital fixed:

(L — TE(PE) + (1 — OB (Quin)
(1 —7k) + 07k +1 -9

- Qt = (Rt - Et[ﬂt]) + df "‘Qf

Note: The shock & in the budget constraint has been rescaled here; & is the
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deviation of the rescaled shock from its steady state value.

B.2.2 Credit-constrained or rule-of-thumb households

A fraction ¢ € (0,0.5) of the households is assumed to be credit-constrained.
As a justification, one may suppose that credit-constrained households dis-
count the future substantially more steeply, and they are thus uninterested
in accumulating government bonds or private capital, unless their returns are
extraordinarily high. Conversely, these households find it easy to default on
loans, and they are therefore not able to borrow. We hold the identity of
credit-constrained households, and thereby their fraction of the total popula-
tion, constant.

Rule-of-thumb households face a static budget constraint in each period
and are assumed to supply the same amount of labor as intertemporally opti-
mizing households. Given

nfﬁ?(]) - nzﬁi Nits,
consumption follows from the budget constraint in each period:

h ., RoT
Wil snis (7) + A t+sWt+snt+s
Pt+s

(1+th+8)cf£05( ) < Sﬁi-og (1_7—12‘1-8) +Ht+sru’

(B.34)

Rule-of-thumb households receive transfers, labor income including union prof-
its, and profits made by intermediate goods-producing firms.

Removing the trend from the budget constraint (B.34]), omitting the j
index, and solving for (detrended) consumption:

1
Cﬁ?;[ = T e (Sﬁo;f +(1— Ttﬁs)[wﬁrsnfff + )‘w7t+sw?+snt+5] + Hf—f-s) .
(1 + Tt+s)
(B.35)

From the budget constraint (B.34), the following steady state relationship
holds:

chtol = b, (B.36)

We assume that:
5 = 3. (B.37)

B.2.3 Households: labor supply, wage setting

Households supply homogeneous labor to unions, which differentiate labor
into varieties indexed by ¢ € [0, 1] and sell it to labor packers. In doing so,
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unions take aggregate quantities (i.e., households’ cost of supplying labor and
aggregate labor demand and wages) as given. Unions maximize the expected
present discounted value of net-of-tax wage income earned in excess of the cost
of supplying labor. In the presence of rule-of-thumb households, unions act
as if they were maximizing surplus for the intertemporally optimizing house-
holds only. If the mass of rule-of-thumb households is less than the mass of
intertemporally optimizing households, i.e., ¢ < 0.5, which is satisfied in the
parameterizations used, a median-voter decision rule justifies this assumption.

The labor unions problem is analogous to that of price-setting firms, with
the marginal rate of substitution between consumption and leisure in the rep-
resentative household taking the role of marginal costs in firms’ problems.
From the FOC [C] and [n], the marginal rate of substitution is given by
Yntvs — (nRAYV[CRA — hCBA](1 + 7). Whenever a union has the chance to

Ztt-s

reset the wage it charges, it chooses W/ (¢):

Nits (€>7

(B.38)
subject to the labor demand equation (B.20). 1 — (, denotes the probabil-
ity that a union can reset its wage. If it cannot adjust, wages are adjusted
according to a moving average of past and steady state inflation and labor
productivity growth:

W (() = arg IpaxEtZ(Cw) 5 5”5 [(1 _.n )VVHS(E) n Unt+s

LLL1C E— & Prys Stts

Wips(l) = HM Titv—1) gl = W:(@Xfﬁs-

Using that n; = nf*4, the first order condition is given by

- 5§t+s Niys(0) n Wt*(g)xgt-i-s(g)
- Etzgpw (ea+(0) Wi (0 (“‘Tt“) P,

L X ()14 70l [CEA — hORA 11)
(B.39)

and can be equivalently expressed as

Wrt) B G e (DL + A (o (0)) (L4 7, Ity [CF4 — hORA_]

00 s B5€1y s n o Xirets(0)
Pt Et Zs:(] Cp gt/\wﬁ(n?;s(é))nt“ (€>(1 - Tt—i—s) Ptrg/Pt
(B.40)

XV



Aggregate wages evolve as:

VVt _ (1 _C )W*H/—l (Wt*nt) ‘I’C ﬂ_Lwlﬁ_l—LwVVt 1H,—1 (Wéflﬂl—mm_lnt)
- w t —-n wtt— — —n .

—t

" (B4
Along the deterministic balanced growth path, the detrended desired real
wage is given by a constant markup over the marginal rate of substitution.
Given constant inflation, the symmetric deterministic growth path also implies,
from equation (B.41l), that the desired real wage equals the actual real wage:

=" = (14 \)w" = (1+ )‘“’)i i :Lﬁ"ERA[l —h/ul, (B.42)
- T

where the second equality uses (B.31]).

B.3 Government

The government sets nominal interest R; according to an interest rate rule,
purchases goods and services for government consumption G, pays transfers .S;
to households, and provides public capital for the production of intermediate
goods, K/. Tt finances its expenditures by levying taxes on capital and labor
income, a tax on consumption expenditure, and a tax on one period nominal
bond issues. We consider a setup in which monetary policy is active in the
neighborhood of the balanced growth path.

B.3.1 Fiscal policy

In modeling the government sector, we take as given the tax structure along
the balanced growth path as in 7, who used NIPA data to compute the capital
and labor income and consumption expenditure tax rates for the US. Off the
balanced growth path, we follow ? in assuming that labor tax rates adjust
gradually to balance the budget in the long run, whereas in the short run much
of any additional government expenditure is tax financed.

The government flow budget constraint is given by:

k
L —a(u) — 5| KP|.

I
(B.43)

1%
+77C + Tt"nt—t + 77 [y
P,

Bi B
G, + X9+ 8 <
A A D
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Detrended, the government budget constraint is given by:

Ug: + 1 + s+ bt < % + 7y + T ngw, + TERSTE — M a(u,) + 5] ki
T Ry
(B.44)

Government consumption g; = % is given exogenously and is stochastic,
driven by genuine spending shocks as well as by technology shocks.

By introducing a wedge between the FFR and government bonds, we cap-
ture both short-term liquidity premia as well as changes in the term structure
of government debt. Since the latter is absent with only one-period bonds, in
the estimation, the bond premium may also reflect differences in the borrowing
cost due to a more complex maturity structure

Labor tax rates have both a stochastic and a deterministic component.
They adjust deterministically to ensure long-run budget balance at a speed
governed by the parameter v, € [wT, 1], where ¢_ is some positive number
large enough to guarantee stability. To simplify notation denote the remaining
detrended deficit prior to new debt and changes in labor tax rates as d;:

by kP
dy = Ggr + 29 + 5+ 55 + 221 — 7o, — Fruyn, — FESE 4+ 7oL
Ty K

In the baseline case, labor tax rates are adjusted according to the following
rule:

(7" — 7MYwing + € = P, (dy — d), (B.45)
where €] is an exogenous shock to the tax rate.
In general:
(1] — T™)wyny Baseline, 77 = 7F = s = (),
- S —T%c Alternative 1,7 = 7} = s¢"de = (),
wT(dt - d) - EZ - ( t k) ts k : tn t zndo
(7F — 78V ks (rk — §)  Alternative 2,7/ = 7 = St =0,
—(sndo — ) Alternative 3,77 = 7f = 77 = 0.

(B.46)

Debt issues are then given by the budget constraint or equivalently as the
residual from (B.45]): gou = (1 =) (dy —d)+ €.

Government investment is chosen optimally for a given tax structure. Given

the congestion effect of production on public infrastructure, a tax on produc-

tion would be optimal (?). Similarly, we neglect the potential cost of financing

2Historical data from the Board of Governors of the Federal Reserve System implies a
maturity between 10 and 22 quarters with an average between 16 and 20 quarters (The
Federal Reserve Board Bulletin, 1999, Figure 4).
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of productive government expenditure via distortionary taxes. To motivate
this assumption, note that along the balanced growth path, government capi-
tal can be completely debt-financed or privatized and financed through govern-
ment bond issues, whereas other government expenditures, such as transfers,
that are not backed by real assets have to backed by the government’s power
to levy taxes.

Formally, the government chooses investment and capital stock to max-
imize the present discounted value of output net of investment expenditure
along the balanced growth path:

max o Et Zﬁs HHS Yigs — Xt—l—s]

{Kt+.s7 t+s

given K | and subject to the aggregate production function (B.S) and to the
capital accumulation equation:

g ~ 1,9
[Xt+s + U ]
g

Xitso1 +ut+s 1

Kf+s = (1 5)Kt+s 1 + qt |:1 - S ([ ]):| (th+s + ~tm-;-gs)
(B.47)

The government is subject to similar adjustment costs as the private sector
is Sy(p) = Sy(p) = 0,87 > 0, and investment is subject to shocks to its
relative efficiency ¢;7%. We assume that government capital depreciates at
the same rate as private physical capital. u™¢ represents exogenous shocks to
government investment spending, such as stimulus spending.

Denote the Lagrange multiplier on (B.47) at time ¢ + s as 58%. Then
the first order conditions are:

) 1= S (1, () s (L (L)

:t €1+ Xiq—l €1+ Xf 1] Etll + th—l]
+ BE =l G S <[€f-]-g1 + th+1]> ([gffl + Xiq+1])2
t\ g, I (79 + X7 [a]? + X7
=J = Y, + utd =9
K == m&( L=+ (1-9) ;“)-
=i =i i—1 =

[+

and detrending,

g]| [1]

Defining the shadow price of government capital as Q7 =
the first order conditions can be equivalently written as:

e+ el Fallpy g 67 +allp )
1= - S (=t um ) _ g
Qid ( J ( e + xf_1]> 7 ( [, + xf_1]> <[€flgl + xf—l])
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_ z,g g g g )
+ OE; (Q?HEQZCHS;([QH i xtH]M) ([Etﬂ + xt+1]#) )

& e + ] 6% + ]
(B.48a)
Q=i (Sl L Sy, ) (B.45D)

where €9 = iéf Y denotes the detrended investment spending shock.

Along the balanced growth path, S,(u) = S;(p) = 0,9 = 1,é9 = 0
ensure that the shadow price of capital equals unity. Introduce r{ as shorthand
for the implied rental rate on government capital:

7o Ut B.49
In the steady state, from (B.48Dl):
7=t~ (1-9). (B.50)

Equation (B.48D) determines the optimal ratio of government capital to
gross output. Importantly, the law of motion for government capital (B.47)
and (B.48D)) evaluated at the balanced growth path allow us to back out the
share of government capital in the aggregate production function, for any given
government investment to net output ratio f—; From the law of motion along
the balanced growth path:

1— _ 79 k9
x9=<1——zﬁ)w e Y_p_a-o¥

From the equation for r/, we have that % =C ?i Combined with the

r9 "

previous equation this allows us to solve for the government capital share (:

i L
J A (B.51)

= TR —(1=9)7

B.3.2 Monetary policy

The specification of the interest rate rule follows ?. The Federal Reserve sets
interest rates according to the following rule:

RFFR B Rf_ﬁ;R PR 7Tt Y1 Y, Y27 1-pr Y;t/Y;t—l P3 ) B0
R = R % _f f f Et ) ( . )
Y, Yy /Y,
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where pr determines the degree of interest rate smoothing and Y;f denotes the
level of output that would prevail in the economy in the absence of nominal
frictions and with constant markups (i.e., the flexible output level). 1 > 1
determines the reaction to deviations of inflation from its long-run average,
and 19, 13 > 0 determines the reaction to the deviation of actual output from
the flexible economy output and to the change in the gap between actual and
flexible output.

Due to financial market frictions, the return on government bonds differs
from the FFR:

RI% = RFFR(1 +ub).

The flexible economy is the limit point of the economy characterized above
with ¢, = ¢, = 0 and no markup shocks: P = ¢ = 0. From the pricing
and wage-setting rules, this limiting solution implies:

! (i

P;gt(f) =1+ )\p(y{(i))]mcf(z'), (B.53)
f L

W;Dtj(ff) = [1+ Xu(nf (@)]%n{ (Cf —hcly], (B.54)

where the superscript f denotes variables in the flexible economy. Given that
final goods are the numeraire and given that firms are symmetric and can
freely set their prices:

1=P/ = P/G) =1+ \0)]mc (i) W, (B.55)

implying that marginal costs are constant for all firms.

Similarly, since all unions face a symmetric problem and can freely reset
wages we have that, using that the numeraire equals unity and dividing by
trend growth:

wliey w/ 1475
RO —wl = [1+)\w(1)]+7%n{
M M 1—7>

[ef —(h/mel]. (B.56)

Money does not enter explicitly in the economy: the Federal Reserve sup-
plies the amount of money demanded at interest rate R;.

B.4 Exogenous processes

The exogenous processes are assumed to be log-normally distributed and,
with the exception of government spending shocks, independent. Government
spending shocks are correlated with technology shocks. Shocks to the two
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markup processes follow an ARMA(1,1) process, whereas the other shocks are

AR(1) processes.

log ey = pylogel | + uy,
loge, = pyloge; | + uj,

log g; = log g + @,
log g;' = (1 — py)log g + pylog g/ | + ogauy + uf,

exo _ &8
log s{° = @,

loge] = p,loge] | +uy,

"’)\7]) — ‘“’)\7]) Aﬁn >‘7p
log €, = paplog €7 + up™ — Oy puiy,

log Ef"w = paw log €;\f'{ + u;\’w — 9,\7wui‘f'{,
log(1 4+ w}) = logq) = pylogql_; +ul,
log(1 —wy) = loggf = pi.logqf 1 + uf,

log ¢ = pzlogqy | + uy,

log ¢ = pauglog ¢/ + u?,

uy ~ w (0,02)
(B 57a)

ui X N(0,07)
(B.57b)
(B.57¢)

uy ~ i (0,02)
(B.57d)
(B.57e)

u; ~ i (0,0%)
(B 57f)

w” EN(0,03,)
(B.57g)

u™ N0, 02,)

(B 57h)

b N(0,02)
(B 57i)

iid
Uf (0, Uk)
(B.57j)

uf N0, 02)
(B.57Kk)

uP? EN(0,02 )

) x,q

(B.571)

Three shocks are deterministic and used for policy counterfactuals only:

~5 ~g ~,9
Uy, Uy Uy

B.5 Equilibrium conditions

B.5.1 Aggregation

From the final goods producers’ problem (B.Il) and using the zero-profit condi-
tion in the competitive market, net output in nominal and real terms is given
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by:

1 1
Pm:/ Pi(i)di < Yt:/
0 0

Outside the flexible economy, relative prices differ from unity, so that output is
not simply the average production of intermediates. To a first order, however,

price dispersion is irrelevant because y:(i1) ~ v — 1,(1)y: (P;(:) — 1), so that

the dispersion term averages out in the aggregate fol Y (1)di = yy.
In the presence of heterogeneous labor, the measurement of labor supply
faces similar issues because:

1
Wi(f)
ng = ———n,(0)dl,
= Tw +(0)
which, by analogy to the above argument for output, generally differs from
average hours. However, to a first order:

/ 1 e (0)dl =~ ny (B.58)

Noncredit constrained households are indexed by j € [0, 1 —¢], and there is
measure 1 — ¢ of these households in the economy. Each noncredit-constrained
household supplies K;(j) = K4 units of capital services, so that total hold-
ings of capital capital and government bonds per intertemporally optimizing
household are given by ﬁ times the aggregate quantity. Similarly, household
investment is a multiple of aggregate investment. To see this, note that aggre-
gate quantities of bond holdings B;, investment X;, physical capital K7, and

capital services K; are computed as:

1-¢
K, = / KG)A) = K1 — ¢)'A[0,1— ¢]) = K.

Aggregate consumption is given by:
1 1—¢ 1
Co= [ clom = [ e+ [ CETAG) = (1-0)CTAoCH T
0 1—¢

0

(B.59)

Given the consumption of rule-of-thumb agents (B.36]), that of intertem-
porally optimizing agents is given by:

_RA B E _ ¢EROT

c 3 (B.60)
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Similarly, aggregate transfers are given by
Sp = (1—¢)S[ + ¢S[eT, (B.61)

where equation (B.37) implies that:

RA + RoT.

S=35 S
Aggregate labor supply coincides with individual labor supply of either
type of household.

B.5.2 Market clearing

Labor market clearing requires that labor demanded by intermediaries equals
labor supplied by labor packers:

1 1
/ nt(l)dl = Nt = Ny Wt—(g)nt(g)dg,
0 0 Wt

where n,(¢) is measured in units of the differentiated labor supplies and n; is
measured in units which differs from those supplied by households.

Adding the government and the budget constraints of the two types of
households, integrated over [0,1 — ¢| and (1 — ¢, 1], respectively, and sub-
stituting fol ne(H)WH + N\ow)dj = Wyng, which results from combining the
labor packers’ zero-profit condition with the union problem into the household
budget constraint, yields the following equation:

‘ Wits
Crps + Xiys(§) + G+ X s =1y Pt+
t+s
Rf—i— Uts 17, e
S —alu s Kp . _I_ +87’
P (Utss)| K P

Detrending and substituting in for real profits from (BITal) and using that
Wt fol un (Z)d’l = WM yields:

Ciys T Tors + YGrvs T Vs = Yers — (o) ks y, (B.62)

which is the goods market clearing condition: Production is used for govern-
ment and private consumption, government and private investment, as well as
variations in capacity utilization.
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B.6 Linearized equilibrium conditions
B.6.1 Firms

Log-linearizing the production function around the symmetric balanced growth
path:

R +o /7., - R
Y = y J ( +C]€t 1+Oé(1—§)]€t+(1—04)(1—C)nt). (B.63)
The capital-labor ratio is approximated by (B.9):

]%t = TAlt + wt T’f, (B64)

where symmetry around the balanced growth path was used.
Marginal costs in (B.63) are approximated by:

mc 1— Y 54 i 157“’ B.65
me; = ( Oé)thFO”t——C Ct_<g+q)yt+€t ﬂ &, (B.65)

and in the flexible economy from (B.53):
mel =0 (B.66)

To log-linearize the pricing FOC (B.14), note that, to a first order, the

§t+syt,t+s(i)
7 Ap(yits(i))ée”
using equation (B.16). As a preliminary step, notice that in the absence of

markup shocks:

e (22 )

common terms in numerator and denominator, i.e. cancel out,

— e Mp —1 dnp(yeys(i ))‘Yt+s(7')

yits(i)=1 B L—npl—1p Tp
Prys(i) 1’

5 Pr(i ))
M0, (1)d | =
Pnp( ) ( Pt+5 ol

Pt+s(i)) < Xt t+s ) (P*( ))
( Pres )18, = BN | b

&

P (4)

Notice that from (B.H):
1

L+ Xpﬁp = ATp.

To simplify notation and to address markup shocks, use é'? = 1 and define:
br(z)
P,

pi (i)
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sw _ 0 (1np(yt+s(i)) ) G'(1) ~ G"(1)

e 86?_;_‘1 — Np(Yiers(7))

o n() (Gz<1> Gé’<1>).

vips@=1 0 [1—=n,(1)]2 N

Now, taking a first-order approximation of (BI4) and using symmetry yields:

[e.e]

0= Et Z(uﬁép)s [A* + Z Lp7Tf,+l 1— 7Tt+l]] (1 + )‘pﬁ(l))

s=0

- [77/1\01%8 + 6t+s]

11 S 2 ~ .1
& ————p; =B ) (uBG) [Mmerys + 655 — > [tpferi1 — Tl =
A)\ P B:U’CP 1 ~ A
= +é — —E
- T A, A, e
B o0 _ L . S X X 1
+ uBCEE Z(MﬁCp)s[mCHHs + E?erus] - Z[LthH - 7Tt+1+l]AT
5=0 =1 p
~ B 1 A n Ak
= me + € /\p uép — [tpte — BTt + pnBGED] .
— Buy Ay
Now, linearizing the evolution of the price index (B.I5):
Ak CP ~ A A CP Ak
— _ < g
Pr=17 Cp[ — tpTry—1] i Cp pr + tpfre.
Forwarding the equation once and substituting in and solving for 7; yields:
A bp ~ CPB:U’ 1- Cp AP B,U/
Ty = ————=—Ty —I— Ay(meg+ 7)) + ———FEuf B.67
L+ pBu 1+ Lpﬁ,u Cp ( ' ) L+ Bu oA | )

B.6.2 Households

The law of motion for capital (B.2G]) and the fact that individual capital hold-
ings are proportional to aggregate capital holdings imply:

B = (1= o) B+ G+ 7). (B.68)
From (B27), capital services evolve as:

ky =Gy + K. (B.69)
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From the static optimality condition (B.31))

et — (bt | drp dry

B
R Y T—7  1t7¢

(B.70)

In the flexible economy, given the absence of markup shocks equation (B.56))
implies:
/\RA7 ARA, mn, C,
ol = it i Cy - (h/,u)ct_lf dr; ! dr, !
! ! 1—h/p L= 147

(B.71)

In the presence of rigidities, the dynamic wage-setting equation (B.40) can
be linearized as in the derivation of (B.67)), recognizing that the analogue to
marginal costs is given by (M)E

N W1 BMEt[le]
Wy = — —
1+ Bu 1+ Bu
(1= GuBr)(1 = Gu) & 1 . . drf
_ Ay —(h _ _
(1+ B1)Cw 1- h/u[ct (h/p)6al 08 =k = 1 +Tc]
1+BMLU) ~ Lw ~ B,U, ~ éi\’w
— — Ty + — 1 + — [, || + —. B.72
L+ Ap 1+ Bu T 1+ ] 1+ fp (B.72)

From the consumption Euler equation (B.32):

E, [§t+1 - ét] + [d7't0+1 —drf] =

3 Here, the analogy with marginal costs holds only to a first order. Noting that common
terms drop out the first order condition (B.39) and using (B.42) as well as A, = [1 +
Awiw (1)) linearizes as follows:

0= IEt <Z(<w,uﬂ_)siw* <[UA): =+ Z(wartJrlfl - ﬁ'iEJrl)] (1 + S‘ﬁw(l)) - S‘wﬁw(l)wﬂrs + w?—i—s + éﬁ?))

s=0 Aw =1
1 ok . .
o mAﬁl[Mt + twfte — Be(fres1)]
o) s—1
+ K, (Z(CwMB)S ([Awl > (witrgr = Ferpn)] (14 Mw(1)) = [Agh = Uiy — 0l — é?—i-lls)))
s=0 =1
1 o . . 3 . . 22w EETO
x mflful[wt + bty — By(fug) — CopBE (wiyy)] — i — &7 — (1 — A"y

Log-linearizing the law of motion for aggregate wages (B.41)) around the symmetric balanced
growth path yields:

1
1—Cuw

Substituting this equation into the above for @y, w;,, and re-arranging yields (B.72).

Ak
t

[wt - Cw’UA}t—l - waﬁ—t—l + C’wﬁ-t-
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R R o h h .
:Et(“-wn””[mﬂ—m] el (1B )

el e M )
-ty b
1—h/ Elle 1)1+)\ 111;:;2[”“1‘%]

R h h.
e e e )

where the last equality uses (B.42)). Solving for current consumption growth:

~ 1 ~ h 22N —h 1% ~ c c
Cfm 11 h/MEt[Cﬁm + 1 +/h/MCf—Al + 70[1 n h// ]Et[ftﬂ =&+ (th+1 —drf)]
o —1][wn/e] 1 1-—71"

~ o A T Ty Belea] = ). (B.73)

The remaining households’ FOC linearize as:

Eiléip1 — &) = —G° — Ry + Bylfra], (B.74a)
Qo= =0 = (B = Belme]) + e — T

X {(rk(l — ")+ oTF) g — (7 — 5)th’11+ (B.74Db)

F L= B )+ (1= OB Q)] (BT

=g +15 [@—1 + BUE(Zr41) + m[@ + @f]} , (B.74d)

Gy = ;‘(( )) 7k = 1;:#“7@5. (B.74e)

For the credit-constrained households, (B.35) implies the following linear
consumption process: consumption evolves as

~1T0 ]- ROT wn n -~ o y de
ch: T (CRoTSt+ RT[(l—T )Wy + 1) — dry'] — dri + GRoT 7 )’
(B.75)
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where the change in profits is given by:

dIT? T
— = — Me.
7 1+ t

B.6.3 Government

The financing need evolves as:

ddt 1 ~a ns §Aew0g B[;t—l Tt nU_ﬂ_l C/ . .
— = — |plgi + 9]+ p=37"" + ————— —u1 Tt(wt—i—nt)
Y H Y y 7 c
_ Co krokok k_ SVEP E B
NTcht T [Py + (g ) t_l]'u?j : (B.76)

In the benchmark case of distortionary labor taxes, labor tax rates evolve
according to (B.4H]), which is linearized as:

wn ¢ |dml dd
Th— {—t} +é = @Dth

cy Tn Yy

T ~ ~S gAe:co Bi)— - T nU_JﬁC -

= w_ M[9?+9 ] + p=s¢ g‘l’i# — uT Tt(wt+nt
2 Y Y ™ cy
c —k .k k 7.p
— pTe=C — T[Ty 4 () = 0) ki ] (B.77)

C YLl n y T Y T ) )

Debt holdings are determined from the budget constraint (B.44]):

10, dd, wn ¢ [dr ¢ dre
—_— b — — 50 = 1 — ) — s _ —t I L t
Rg[ t Rt qt] ( ¢ ) g T ¢ g |i T :| g e
ik — Slkdrk s
_ = ok ; ] —TT,;f + géf"dog —& (B.79)

The linearized counterpart to the law of motion for government capital
(B.47) is given by:
79

- 9\ - 7, 9 x
k9 = (1 — —) ki, + o 9 4 ﬁ[xf + &7, (B.80)
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~z,9
Uy

where u;"? = -
The marginal product of government capital (B.49) is approximated by:

ng y - 1.9
r — k7. B.81
t 7+ (I)Z/t 1—1 ( )

The shadow price of government capital (B.48D) has the following linear
approximation:

1

m[ngt(ffﬂ) +(1- 5)Et(th+1)]- (B.82)

@f = _(ﬁ)t ‘ije’ —E¢[miiq]) +

The Euler equation for government investment (B.48al) is approximated as:

- 1 ~ T b} ~ T 1 A AT, T
] = T BM Ty +uy?y + ﬁMEt([IfH + Utfﬂ) + W[th + ¢ | — u’.
(B.83)

The monetary policy rule (B.52) is approximated by:
Ry = prBey + (1= pr)lnee + (G — 9] + s A@G — gf) + & (B.84)

B.6.4 Exogenous processes

The shock processes (B.57) are linearized as

€ = pa€y_y + uf, (B.85a)
€ = pré_1 + uj, (B.85b)
g = g; +u, (B.85¢)
9¢ = PeGi_1 + ogauy +uf, (B.85d)
St = 1y, (B.85¢)
€ = pré_4 +uy, (B.85f)
&7 = paper’h + " — 050, (B.85¢)
Q= pawe 't U — O (B.85h)
Gt = polyr + uy, (B.851)
G = prdiy + uf, (B.85])
@ = pali—y + uf, (B.85k)
@ = poglit + . (B.851)
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B.6.5 Aggregation
Aggregate consumption (B.59) and transfers (B.6G1]) are linearized as:

e = (1= @)= + o—, (B.86)
A shA gRoT T
sp=(1— ¢)?St + ¢?3t (B.87)
B.6.6 Market clearing
Goods market clearing:
¢ 7 ™k
Y = —C + Ilft ‘|‘ —ft + G¢ + —1y. (B.88)
Y y Y Y

B.6.7 Solution

In addition to the exogenous processes in (B.8H), the economy with frictions
is reduced to 21 variables, whereas the flexible economy is characterized by 19
variables only, given perfectly flexible prices and wages. Table [B.4] lists the
remaining variables and the corresponding equations. For the flexible economy,
all variables other than those with an “n/a” entry have an / superscript. The
markup shock processes affect only the economy with frictions. Table lists
the steady state relationships that enter the linearized equations.

B.7 Measurement equations

For the estimation of the model, the following measurement equations are
appended to the model:

AY, = 100(9; — §1—1) + 100(p — 1), (B.89a)
AC, = 100(¢; — ¢1) + 100(p — 1), (B.89b)
AX, = 100(z; — Z-1) + 100(p — 1), (B.89c¢)
AX] =100(2 — 27 )+ 100(p — 1), (B.89d)
A% — 100ty — 1) + 100( — 1), (B.89e)
t

700 = 1007, + 100(7 — 1), (B.89f)
Robs — 100R; + 100(R — 1), (B.89g)
g = 100GF + g*o, (B.89h)
novs = 100nt + o, (B.89i)
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Variable

Economy with frictions

Economy without frictions

(B.80)

(B.73)

(B.73)
(B.T4a) in (B74d)

(B.36)
(B.13)
(B.15)
(B.74d), (B.74a)
(B.63)
(B.69)
(B.74e)
(B.74d), (B.74a)
(B.64)
(B.83), (B.74a)
(B.30)
(B.82), (B.74a)
(B.81)

one variable according to (B.78)) & (B.Z0)) (B.78) & (B.76)

other variables = 0

other variables = 0

B
indirectly via (B.66)
=0
=0
(B.71)

(B.38)

B.53)

Table B.4: Unknowns and equations
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Constant Equation Expression

gRA (B.62) 1— E_Q;RZ“ —
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; B.30) ,tlt —(1-

k i< /1 = 11—«

k g+® )\ 1-¢ (ko) 1=¢

@ E3 (=) (%)~ (%)

u normalization a ! fk)

B definition B!
“1_grk_(1—

r (B33d) )

k -1

K 1-6 z9

7 (15%vi) (1_— T_} =

‘ y+® 1-(1-8)/n gy

- Ex0) 71— (1-9)

ft (B.330) G1w

W m (1 + )\p)—l

Ap BIS) g

Iy 0TS (1—a) (&

w @11 (-a)

- (14A,) TO0T=—

5 [n:(4)], [K:(4)],(B.16),([B.18) 1 —hE

: (1s8) e
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bebs = 100b, + b (B.89j)

The constants give the inflation rate 7 along the balanced growth path and the

trend growth rates. 100(yx — 1) represents the deterministic net trend growth
imposed on the data. Note that apart from the trend growth rate and the
constant nominal interest rate, the discount factor can be backed out of the
constants:

7_TO'
5—§M~

The constant terms in the measurement equation are necessary even if the
data are demeaned for the particular observation sample because the allocation
in the flexible economy cannot be attained in the economy with frictions.
Given a nonzero output gap, other variables also will deviate from zero. To
see why, notice that for the allocations to be the same in both the economy with
frictions and in its frictionless counterpart required that the Calvo constraints
on price- and wage-setting were slack — otherwise the equilibrium allocation
would differ from that in the flexible economy. Slack Calvo constraints, in
turn, required that aggregate prices and wages be constant, which implied a
constant real wage. Finally, a constant real wage would be inconsistent with
the allocation in the flexible economy.

B.8 Welfare implications

To evaluate welfare implications, we approximate the compensating variation
in terms of quarterly consumption of each type of agent separately as well as
the population-weighted average.

Independent of whether a household is constrained or not, equation (B.24])
gives the preferences of the household. Using the log-linearized model solution
around the deterministic balanced growth path, the lifetime utility of any time
path of consumption and hours worked can be computed as:

) ) 00 . (Ml—a t+s K h A s
Ut({Crpss Niys}) = Zﬁ T(CGXP[CHS] - _Cexp[ct-i-s—l])
s=0 g K
—1
<o [T nexpie.))'

= (7)Y B [ " (explénss] - gexp[@ws—ﬂ)l_a}

1 —
s=0 g

,r—ll-i-l/ 1—o
X €Xp {— 110 exp[(1 + V)ﬁt+s]:|
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1—o\t C
= () T— o
- 1-0o7s Cits _ ﬁ Ctts—1 _ ﬁ1+1j - e
X Sz:;[ﬁ,u ] [(e + Me + )exp[ Vexp[(l—i—u)nprs]} )

(B.90)

Now we can compute the compensating variation between to paths of con-
sumption and leisure, with and without the fiscal stimulus, as:

1
o8 —os [ ¢ARRA é 1m0 1=
S 3] (FE — B ) exp [~ 22 expl(1+ w)lfiF ) 1

322 oyt (e — B ) exp [ expl(1 + )] )
(B.91)
An individual with discount factor g would be willing to give up a fraction I
of consumption in each period to live in an otherwise identical world with the
fiscal stimulus in place.

For large s, the deviations from the balanced growth path are numeri-
cally indistinguishable from zero. However, since Bu!~7 is in practice close to
unity, even for s = 1,000, the infinite sum has not converged. We therefore
approximate:

=

0 A A —14+v 1—o
Z[ﬁlul—a]s [<€Ct+s _ %6Ct+sl) exXp |:— f_l_ y (exp[(l + I/)flt_i_s])i|:|
s=0 ., A . ﬁH—V o
~ Z[ﬁul—o]s [<6Ct+s _ ﬁecwsl) exp [— T (exp[(1 + I/)ﬁHS])H
s=0
[/Bﬂl—U]T"l‘l B
+ W(l —h/p)!

for some large T'. In practice, we use T' = 1,000 but checked the results for
T = 5,000.
To obtain n'*”, multlply equatlon ([B.42) by n and divide by . This

shows that '™ = % (1+>\w) cRA/y - 1h 11+:c, which is in terms of the constants
I

in Table B.5l

B.9 Simple New Keynesian Model
B.9.1 Setup

There is a unit mass of agents, a fraction ¢ of which are constrained to be
rule-of-thumb (RoT) and consume their period labor income only. Interme-
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diate goods are produced in monopolistic competition, while final goods are
produced competitively as an aggregate of all intermediate goods ¢ € |0, 1].
The profits of intermediate goods producers go only to unconstrained agents.
A competitive aggregate of differentiated labor is the only input into inter-
mediate goods production. Differentiated labor of type j € [0, 1] is provided
by trade unions, which differentiate households’ homogeneous labor. Under
the maintained assumption of ¢ < %, wages are set by the union to maximize
the intertemporal utility of unconstrained households. All agents provide the
same amount of labor and receive an equal share of labor income inclusive of
the markup.
Agents’ flow utility is given by:

. . . N( j)1+u
U(C(), N(j)) =1og C(j) = =7 (B.92)

+ v
In what follows, we drop the j index, unless needed, as we assume that agents
insure completely against idiosyncratic labor income risk, and allocations are
therefore independent of j.

A fraction ¢ € [0,1) of agents are rule-of-thumb, and they consume their
period labor income net of taxes 7;* and transfers S;, subject to a consumption
tax of 7/

(1 — Ttn)NtWt + StPt

(1+7)F .
Note that it is important that rule-of-thumb agents do not earn the same
income as unconstrained agents. If they did earn real income equal to to-
tal production, in equilibrium, consumption of unconstrained and constrained
agents would coincide.

The remaining 1 — ¢ agents maximize expected lifetime utility, discounted
at rate (:

RoT __
Ct —

(B.93)

E tU(C,, N, B.94
{Iclif}@i} 0;5 (t> t)> ( )

given initial nominal bond holdings B_;. The maximization is subject to the
budget constraint:

P,Cy
1477

+ Bt = Rt—lBt—l ‘l— (1 — TZL)NtVVt + Ht + StPt7 (B95)

where P, is the price level and 4; is the nominal interest rate. II; denotes
lump-sum transfers (e.g., from profit income). C; and P; are aggregates over
individual varieties j € [0, 1].

A competitive final goods producer aggregates varieties according to a stan-
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dard Dixit-Stiglitz aggregator with elasticity of substitution e,:

€

;= ( / yt<z'>1‘€pdz') -
0

Similarly, a competitive labor aggregator provides units of labor supply ac-
cording to a Dixit-Stiglitz aggregator with elasticity of substitution €,,:

€

N, = ( / yto)l‘wdj) |
0

Producers of variety ¢ have a constant returns to scale, labor-only produc-
tion function: Y;(7) = N,(i). They adjust prices subject to a Calvo friction.
Opportunities for price adjustment arrive at rate 1 — (.

Market clearing implies that:

Y; = ¢CFT + (1 - ¢)CF + G (B.96)

The intertemporal equilibrium condition for unconstrained households im-
plies that:

Tt Cu
1=fE, | —% (B.97)
1—1—7’tJrl Cu
Tt41 T47f t+1

The intratemporal equilibrium condition for unconstrained households im-
plies:

MRS, = N;CY. (B.98)
Real marginal cost is given by:
W,
MC; = —. B.
Cy ) (B.99)

A Taylor rule subject to the ZLB governs the interest rate:
R, = (1 — 1ZLB¢)6%FM. (BlOO)
In general, there are both Calvo price-setting and wage-setting frictions,

as specified by (B.I0Il) and (B.102):

. . = N €
Sticky prices: Z CsEt [SDEFy 1Yoy () (P (1) — . i 1Pt+kMCt)] =0,
k=0 P

(B.101a)
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P = QP 4+ (1= Q)P (B-101b)

: S (L= W) €
Stick : KB, | SDF, ;1 N, kW) Y MRS =
1cKy wages kZ:OCw t[ tt+k t+k(,])<1 _'_th—i-k Rt—i—k e —1 t+k>]
(B.102a)
W} = (W™ + (1 — Go) Wi, (B.102b)

where the stochastic discount factor is given by SDF ;1 = 3% %

For the remainder of the analytical section we consider, however, the limit
of either flexible prices ¢, — 0 or flexible wages ¢,, — 0. In the limit of flexible
prices, (B.10I]) implies that P;(i) = 6:—flPt]\/[ CyVi and P, = P;}: real wages are

constant and equal the inverse of the markup: MC; = % = Ep;l. Similarly,
for flexible wages (B.102) implies that the real net wage is a constant markup
over the marginal rate of substitution: %t = v 112; MRS;.

w t

The government financing requirement D; = P,d; evolves as follows:
Pd, = Py(g1 + s7) + Bi—1 + TW Ny, (B.103)

where s7 are exogenous transfers as part of the stimulus. Together with the
endogenous transfers s§, which may be adjusted to finance deficits, they sum
up to total transfers: s, = sy + sf. We assume zero initial debt, By = 0.

Taking government expenditure as exogenous, we consider policy rules of
the following form for 1, € [0, 1]:

Bt = (1 — wq—)R‘gPtdt ((Tt — f)WtNt -+ PtCtth — PtSf) = wq—Dt lf Gt # 0
B, =0 <@—ﬂ%M+BwﬁJﬁﬂ:& it @, = 0.
(B.104)

B.9.2 Log-linearized equations

Log-linearize the model around a zero tax, zero government spending and

transfers, and zero inflation steady state. In steady state, rule-of-thumb agents’

consumption share equals their population share times the labor share in real

income (i.e., ¢, = %; steady state profits amount to % of real income).
Consumption of rule-of-thumb consumers from (B.93)):

p

" =y +wy — pr— dry + 1% dry, (B.105)

p
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where d7',d7/ is in percentage of the steady state wage rate, while s; is in
percentage of steady state output.
The intratemporal marginal rate of substitution follows from (B.98)):

mrs; = ¢, + vn,. (B.106)
The intertemporal Euler equation (B.97) implies:
0=Efc; —ci'iy +1¢ — 1 — (d7i ) +d7)]. (B.107)
Marginal costs (B.99]) evolve as:
me; = wy — Py (B.108)
The resource constraint (B.96) implies:

0 ” dg
Y = ¢c0f T+ (1= o) + g1, gt = ?t (B.109)
Since price and wage dispersion do not matter to a first order, the produc-
tion function implies:
Ye = Ny (B.110)

A piecewise linear approximation to the Taylor rule (B.I00):
re = (1= 1z0p,¢)7xT. (B.111)

Under sticky prices and flexible wages (note that mc is in deviation from

its steady state value — log E:ﬁl):

o0

p: = (1 - 6(111) Z(ﬁCp)Et [mCt+k + pt+k] (B.ll?a)
k=0

T =pr— pro1 = (1= ) (0 — pe-1) (B.112b)

mey = wy — pp = mrsy + dr)' + dry (B.112c¢)
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Equations (B.I12) imply{]
(1—G)(1—BG)

I ﬁ]Et [7Tt+1] -+ mecy = ﬁEt [7Tt+1] + )\p(mTSt -+ thn + thc)

Cp
(B.113)
Under sticky wages and flexible prices:
= (1= BGu) Y (BCw)Balmrspsk + prok + drly, + driyy] (B.114a)
k=0
wy = Cuwi—1 + (1 — Cu)wy (B.114b)
wy = Py (B.114c)

Similar to (BI13), the equations in (BII4) can be shown to implyH

(1 B gw)(l _ ﬁ@))
Cuw

4To see this, note that the equations in (BI12) imply:

T = Ey[m] +

(mrsy + dr* + drf)

i —pi—1 = (1 = BCw) Z BCp)E¢[meir + Pek — Pe—1]
k=0

= BplEy [thrl pe] +(1— 6<;D)mct +
e m=1=G)pf —pi—1) =BG = G)Eelpiy — ped + (1= G)(1 = BG) (mrsy + drf* + dry)
+ (1 = Gp)me

& Gme = BCEmira] + (1= ) (1 = BEp) (mrsy + dry* + dry)
(1—=¢)(1 = B¢)

& m = fE¢[me] +
Cp

mey = BEy[mqa] + N\p(mrs, + dr* + dry).

5Use that MTSy+) = Ciqk + VNytk to rewrite recursively:

wy = BCuEi[wi ] + (1 = BCw)(we — (wr — py — mrsy) + dry)

S wp —wi—1 = BCuw(Eewyy —wi] +wp —wi—1) + (1 = BGw)(wr — w1 — (w — py — mrsy) +dry" + drf)
S wp — wi—1 = Bluw(Ei[wirr —wi] + (we — wi—1)(1 = Cw))

+ (1 = Gu)(1 = BCuw)(wi —wi—1 — (wi — pr — mrsy) + dri" + df)

= BCuwEt[wir1 — we] + (1 — Gu)(wr — wi—1)

= (1= Gu)(1 = BCuw)((wr — pr — mrsy) — dri* + dy)

(1 = Gw)(1 = BCuw)
Cw

= Efwipr — we] + A (mrsy + dr* + d7f).

S W — W1 = ﬂEt [thrl — wt] + (mrst + th)

Because w; = py, it follows trivially that w; — wy—1 = m; for all t.
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= Ei[meia] + Aw(mrs, + dr + dry). (B.115)

Using that ¢ = j in steady state, the government tax rule (B.104]) becomes:
_ wn .
be = (1 — ) R9d, (thnE +dre — s§> —yd, G #£0
wn .
by =0 (drt”ﬁ—g +dre — s;’> — d, it G, =0, (B.116)

where the financing requirement evolves as, given the assumption of zero steady
state tax rates:

dy = gi + s} + Rby_1, by = 0. (B.103")

B.9.3 Simplified equilibrium conditions: sticky prices and flexible
wages

First, solve this model under the assumption of sticky prices and flexible wages.
Use the intratemporal equilibrium condition (B.112d) for w; —p; —dr]* —drf =
¢t + vny to substitute in the equation for RoT consumption (B.I03) to get

€
il =+ (1 +v)n, + —2

5. (B.117)

e — 1

Use equation (B.II7) in the resource constraint (B.109) and the production
function y; = n;. Then re-arrange to get

U — Yt — QSCC;L - ¢c(1 + V)yt — Gt — ¢06:i18t
L (1 - ¢C)
€
sl =1=-0.(1+v)y— gt — (;566 i 1st. (B.118)
. —

Use this equation in the Euler equation to get the aggregate sticky price supply
schedule:

gt + ¢C eilst

€t
o Je1 + Qe St

YTy R T T S )
1
B W(Tt — Ey[mq +drf, — drf]). (B.119)

Note that (B.I19) is independent of the labor tax rate because workers are on
their labor supply curve.
Use the intratemporal condition and market clearing in the expression for
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marginal cost:

€
me, = dri' + dre + (1/ (1= o1+ V)))yt —gi—6o—"s (B120)
P

Use the marginal cost equation (B.120)) in the pricing equation to obtain the
Phillips curve:

= BEm] + A (th" +drf + (1/ + (1 —o(1+ 1/))>yt — g — e “ st) )

e — 1
(B.121)

B.9.4 Simplified equilibrium conditions: sticky wages and flexible
prices

To solve the model under the assumption of flexible prices but sticky wages,
note that the first step in the derivation for sticky prices and flexible wages does
not apply. The marginal rate of substitution is not equalized to the real wage.
Instead, the real wage is constant by (B.114d). Using w; = p;, substitute the
RoT consumption function (B.109) into the resource constraint (B.109) after
using again that y; = n;. Solve for the consumption of unconstrained agents:

u n c €
(1 - ¢C)Ct =Yt — gt — ¢c(yt - th - th - P i lst)
P

€
= (1 - ¢c)yt — g+ Cbc(thn + thc - . “ 13t)

P
—g + ¢cdr] + drf — E:ﬁlst)

1_¢c

Substituting the MRS (B.I06]) and (B.122) in the sticky wage pricing equa-
tion (B.I19) yields the sticky wage New Keynesian Phillips curve:

(B.122)

@cff:yﬁ-

—0t — b 75t + Ge(dry' + dy)
1- ¢c

T = BE[m1]+ A ((1 + )y + + dr + d7y)

(B.123)
Using (B.122)) in the Euler equation (B.107) to get the sticky wage version of
the New Keynesian IS curve:

g+ e — iy + )
Yt 1 o ¢c
—gt+1 — ¢cg:—518t+1 + e(dry +d7iy)

+ Ei[yr1 + = o, ]. (B.124)

= (re = Ey[msr + dryy — drf])
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B.9.5 Persistent ZLB, immediate taxation

We now consider the case of a persistent ZLB and immediate taxation (¢, = 1)
through labor taxes only, i.e., s; = d7f = 0.

The effect of the ZLB is modeled as a persistent nonrecurrent Markov
process, similar to 7: The economy starts at the ZLB and remains in it with
itd probability p: Pr{lz.p 1 = 1|1z = 1} = p. Government expenditure
follows the same Markov process with G; = ¢gY'1 7Bt As a consequence of
the tax rule (B.1I6), it then follows that taxes are also Markov: (7 —7)“> oN _
gY1zp: and dr)* = 6:f1g.

Lemma [ in Section [B.9.9implies that under the Taylor Principle, and the
assumption that ¢.(1 4+ v) < 1 if prices are sticky, the economy jumps back
to its steady state, after the ZLB becomes slack. Lemma [2 in Section [B.9.9]
then implies that for g small enough, there is a unique Markov equilibrium.
Assuming that the determinacy condition on p in Lemma [ is satisfied, the
equilibrium conditions can be solved forward to solve for this Markov equilib-
rium.

Consider the case of sticky prices and flexible wages first. Take expectations
in the sticky price Phillips curve (B.121)) under the described Markov-structure
to solve for inflation at the ZLB:

mhrp(l— Bp) = (6_%9 +(1+v)(1- @)y) : (B.125)

using that dr}* — g = Epl_l qg.

Using the flexible wage ZLB inflation (B125]) in the sticky price and flex-
ible wage Euler equation (B.I19)) and taking expectations under the Markov
structure yields an expression for output with flexible wages during the ZLB:

1 A 1 1
ylo = 1290t * 15t A (1)
ZLB — A ’
L - =t maas (L)1 = o)

(B.126)

Now consider sticky wages. Taking expectations in the sticky wage Phillips
curve (B.123) under the Markov structure yields the flexible price inflation rate
at the ZLB:

g Gc
1_¢c+01_¢c

TzLB + VYzLe + T7LB)

(B.127)
Using the expression in the flexible price and sticky wage Euler equation

7TZLB(1 — Bu) = A <yZLB -
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(B.124) yields flexible price output at the ZLB:

g(1 —p) — (1 — p)7218
vl =l s + -6 +umlh

1_€%¢c 1 (z)c €
1= =5" — damtvre T ot (1—¢>c + 1) )

= g
1—p— Al +v)
1-Sq¢e [ 11
+ Ayl L
1-¢c (A=Bu)(1—p) "Wi-¢c e—1
s o T (B.128)
(1=Bp)(1—p) ~

B.9.6 One-period ZLB, slow taxation

In this section, we focus on the case of sticky wages and flexible prices. We
consider the case of slow taxation when the ZLB binds for a single period. We
also assume that government expenditures last only for one period. Through-
out, we make use of the fact that when the ZLB is slack, Lemma [I implies
that, under the Taylor Principle, there is a unique locally bounded equilibrium
from period two onward. Therefore, the expectations in the period-one Euler
equation and the Phillips curve are pinned down, and we can solve for the
unique equilibrium output and consumption in period one.

Since in period two the ZLB is slack, interest rates react to the inflation
caused by higher taxes. Inflation follows from the NK Phillips curve (B.I123)
after using that w3 = 0:

To = A (yg + vys + %(d@" +drs — - Ei 1d32) +dry + drg) . (B.129)
c P

This implies that the monetary authority raises interest rates in the second
period in response, as prescribed by the Taylor rule (B.ILI).

Since a fraction ¢, of the period one deficit is repaid using taxes in period
one and the remainder is repaid in period two:

(%dT{L + dTlc - Sl) = ¢Td1(: ¢Tg) bl = (1 - wr)Rle
(B.130a)
wn = =
(ﬁ—ngQH + d’TQC — 82) = dg(: (1 — wT)Rgdl = (1 — @DT)Rgg) bg =0.
(B.130b)

Solve the model backward. The tax rate follows from (B.I30). The inflation
rate is still given by (B.129). The only modification in the derivation of period
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two output comes from the different tax rate and its aggregate demand and
inflation effect.:

Pe

€
Y2="7C o (dry + dr5 — - i 152) — YTy — dTS
— ¢ (d d €p by ¢ d n d c d n d c
=15 Ty +drs — Ep_ls2)—%r _¢C(TQ+ R $2) + vys + dr + dr§)
—dry
A [ e
- 1+~ )\511:7;) ) p j 1(1 —1,)R%g labor tax only (B.131a)
=ml =dt}
A +1) +1 .
== T+ )\(1 ) (1 —4,)R%g consumption tax only (B.131b)
™ N— ———
=dty§
be be
+ YA TS _
11_107 ):Y(l _|1_ f)c . ei l (1 —1,)R% transfers only (B.131c)
™ P ~—_—
Now use the period one Euler equation (B124):
g + ¢CE _1 ¢C(d7—1 + dTl) Ep—l (d7'2 —'— dT2> . .
b= 1_¢ ¢c 1_¢ +7T2+d’7'2—d7'1
gt P tys — eldr] + dY) Ny Ezjzlsz — Ge(dTy + d5) ]
= 1 — QSC c 1 o ¢c ’}/7-(77-2 7_2
o212 — (dmy + dr3)
g o + d§ — drf
g+ G751 — Po(dr + drf)
N - ¢ = (o = my —dry (B.132)

Under the assumption of labor taxes only:

Cd Cc
yp = I 2T —(%—m(( ? dT;—l-dTgL)—(l—l-l/)mng;).

1 - ¢c 1- (bc
1_ wT¢CE_1 1 T Ep 79
= 1_7%9 — (v — 1))\<1 . (1 +V)m2> & — 1(1 — - )R
1 — e R

ey R, 7r_1)\ 1—¢c
1— 0. 7 (o )1+7Aw(1+u) -1

(1-)R%. (B.133)
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Now, assume consumption taxes only:

_cdc c
yo— 99 ﬁ»_@%—1n(< ) <h§+dﬁ)—x1+uy@dg)—dﬁ

1. 1— ¢,
— 11__%?9 — (s — 1)A(1 _1¢c —(1+ V)m§> (1 —1v)g =g
= 11__¢(;ng + (= DA %ile ) (L—4)g — g

Period one consumption tends to be higher with consumption tax when com-
pared with labor taxes through the inflation channel, but it is lower through
an aggregate demand channel when taxes are adjusted rapidly (i.e., when 1) is
high).

g 1_¢c 1+7pl)\w(1+y) 1_¢c ‘
Hence:
yi>yr
(’YW - 1))‘w(V + 5651(1 - ¢c(1 + V))
e < 5 7 % € (0,1).
(1= 7)1+ e (1 + 1) + (V2 = DAu(v + 25 (1= ¢e(1 + 1))
(B.135)
Define ¢ as the threshold in (B.I33)). For period two:
Ys — Y3 €p 1
= 2 x—|1-¢. — Y do—— | (1 — ). B.1
(1= 02 vt ) - (B.130)
Now, assume transfers only:
g + ¢c Eilsl (b €
s _ p — (v, — 1\ c P _ s
= T - (12 ) - (i)
1- gbc'lvb 651 (b €
=P (.= 1)\ ¢ P _ s —
T~ O DA(TZS oy — (v (- v
11— gbc'lvb 651 € (b v
- r— DA—2—(1 — = 1—
=g, TOr A= e Sy (L9
(B.137)
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Thus:

yi — Yy 1 €p >
- — 1)\ 11—, )R> 0. B.138
g (e =1) 1+7Aw(1+u)ep—1( ¥r) (B.138)
The difference between transfer- and consumption-tax financed multipliers:

Yi — i _ 1 _gbcé:—il _ (e = DAwr 1 _gbcé:—il
g 1_¢c 1"‘77r)‘w(1+y) 1_¢c

(1 —1).
Thus:

(’yﬂ - 1))‘11)7/
(1 + ’Vﬂ)‘w(l + V) + (77r - 1))‘11;7/

Define * as the threshold in (B.I39). For period two:

yp—yi>0 e > € (0,1). (B.139)

ys—ys L1705 T,

T T o Tioona +V)(1 — ) RY. (B.140)
Note that 1™ > 1*. To see this, write:
_— 1
R e e s e (B}
-5 1
R

Thus QZ" > IES if (l/+e;gl(1_¢c(1+l/))

1—¢>c€;—’il >V or
_ _ 1_¢c Epl € 1—¢
">t & o P <> B.141
v Tt T —11—g0 (B.141)

ep—1
which is satisfied given ¢ = ¢. o5 < 1.

Last, compare long-run consumption tax multipliers to long-run transfer
multipliers by computing a weighted average of (B.I39) and (B.I40):

yi+Bys — i+ Bys) _ 1~ o5
g 1_¢c

1+ Y2 Ay

+ B(1 =)

(Ve — 1) Ay
x (w_ (1_¢)1+%)\w(1+u)
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1_¢Ce:i1
=14 (¢+(1 —v)

B+ )\w(ﬁ’%r - (’YW - 1)’/))
I+ 9 (1 +7v) '
(B.142)

B.9.7 One period ZLB, permanently higher taxes

We now consider a permanent rollover of the post-ZLB debt, as specified in
(G.2DL]). We only consider flexible prices and rigid wages. All taxes other than
labor taxes are assumed to be zero.

With constant debt after the ZLB, from period t = 2 on, debt follows from
the budget constraint as:

b=(1— )Ry (1— (R V) b="Ysn

Since the economy is forward looking and there are no future shocks, every
period is alike so that subscripts can be dropped. The hats to denote the new
steady state (in deviations from the old steady state).

Notice that with constant labor taxes, constant output, and no other taxes,
the NK IS curve (B.124) implies that:

A= (B.143)

Consider first the Taylor rule analyzed above, which features no concern for
output stabilization. This is the case analyzed before and the Taylor principle
is necessary and sufficient for uniqueness. Then the only (non-ZLB) equilib-
rium inflation consistent with the Taylor rule is the zero inflation equilibrium.
Output is such that it keeps households on their labor supply curve:

11, 1 RI—1 &

= — 1 —
T+01—¢, T 10, ¢)ep—1

= — g <0.

Now consider the slightly more general Taylor rule:

re= (1= 1z18.4) (V=T + YY), (B.I1Tr)

which collapses to the previous case (B.I11) if v, = 0.
Assume that 7, > 0 and 7, > 0. As in the textbook case (ch. 3 ?),
uniqueness of the non-ZLB equilibrium is guaranteed if:

Aw(l+v)(y=1) + (1= B)y > 0.

Thus the Taylor Principle continues to be sufficient for uniqueness.
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The Taylor rule and the NK IS curve then require from (B.143):

Vﬂ_lA
m
Ty

j=-

The NKPC (B123) then implies that:

] 1 RI—1 €p
A 1—
9 (1+u)+—ﬁA—yl—¢c( w)Ep

Uniqueness implies that (1 + v) 4+ = f :\’y > 0 and if 7, > 1, output is less

negative with output stabilization than without.
If v, =1 >0 and v, > 0, then:

g

W<0

Inflation in the new higher tax steady state is given by:

R_
la- D

Ty 5=+ Ty

) 1
m = — =
Yo — 1 Vo= L1 +v) + 5 1=

>0
19

Solving the period 1 NKIS equation for period 1 output givesﬁ

T LA e VDV e (1S B MY PRI
g 1-¢ (=P +0+ri(-1D1-0¢ —
)\w‘l’(l—ﬂ)gbc 1 — »
BRG] ey )y W G 5, (= 1)€p T (B144)

When the monetary authority puts more weight ~, on output stabilization,

6Period 1 inflation, i.e. during the ZLB, follows as:
A 1 n
T = (1 — ﬂ)?T—F )\w ((1 + V)yl + md’?’l )
Ty -
=—(1-p8)—— Aw | (1
(=2 (4 + =t ).

Period 1 inflation, however, does not enter the equilibrium conditions.
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the period one multiplier rises:

d — DA (1— 1+)\,) 1 -
Lo BoDAAFr Ut ) 1 g ) @
dvy g (L=B)y+ L +v)A(y—1))?1— ¢ ep— 1
(B.145)
Taking derivatives of period 1 output also shows that, if ~, > 0:
iﬂ:_ (1_6)('%_1_71/)73/ 1 (Rg_l) p
dA\w g (L=B)y+ A+ v)Au(y —1))*1 =0 ep—1
<O 214+ >0,
>0 v <147,7% >0, (B.146)
=0 v =0

Equation (B.146) implies that when the concern for inflation stabilization dom-
inates the concern for output stabilization sufficiently, then higher wage flex-
ibility lowers the short-run multiplier. At the same time, however, equation
(B.144)) implies that the multiplier increases when the monetary authority puts
more weight on output.

B.9.8 Three-period labor tax sticky wage model

We also consider an alternative “three-period” version of the labor tax rule:

Wi N _
Pinl (' = 7") = ¥rdy by=(1—¢)Rdy  di =y,
(B.147a)
Wy N _
Py, (8 7" = eda by= (1= )Ry dy =1y,
(B.147D)
W3 N _
(T =T = ds(= (1= (R)Pg) by =0 d = by.
PByYs
(B.147¢)
The corresponding linear 3-period tax rule (B.I47) becomes:
wWN _
ﬁdﬁ = ¢rdi (= Yrg) by=(1—-v)Rdy  di =y,
(B.1484)
wn _ _
ﬁ_ydT2 = rda(= ¢, (1 — ;) Rg) by = (1 — ¢, ) RIdy dy = by,
(B.148b)
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wn —
ﬁdTg = dg(: (1 — w7)2(R9)2g)d3 bg =0 dg = bg.

(B.148¢)

Using that the economy is in its steady state in period 4 (y, = m4 = 0) and
the equilibrium is unique under the Taylor Principle, the model can again be
solved backward, iterating on the New Keynesian IS equation (B:124) and the
NK Phillips curve (B.I23)). Solving for the output levels yields:

YA (l—l—alffb )—i—alffb c -
- _ ° © 1 — 1, )2 (R9)? B.149
g o+ yX(o+v) e—l( Yr) (72) ( 2)

- — bev
y_2:_)\0(7(1+5) 1)(1 1—¢>C)X € (1= )RS

g (0 +yA(o +v))? e—1
(2 (- B @ o) — ) + 2 (14 ) 0+ y)
(0 +7A(0 +v))?

x ej -(1— ) RO, (B.149b)
v o \((L+B4+No+ ) € N2 g2
g I-0- m(l 1 —¢c) (c+7Av+0))? e— 1(1 Yr) ()

¢CU 1 € = ¢c €
_(7_1))\(1_ 1—¢)C)a+”y)\(l/+a)e—1(1_1/17)ng7_ l—gbC:wT

(B.149¢)

From equation (B.149d) it can be seen that the nonmonotonicity between
the extremes of ¢, € 0,1 stems from the term involving (1 — 1,), the term
proportional to the tax increase in period 2, whose influence is maximized at
the intermediate value of ¥, = %

bcv 1
~0r - 1))\<1 S 1- ¢c>a+7)\(y+a)’

If ¢.(1 +v) < 1 and given the Taylor Principle v > 1 this term is strictly
decreasing in both 7 and A (the slope of the Phillips curve, which tends to
increase in wage flexibility). Thus, an aggressive central bank or very flexible
wages induce a nonmonotonicity in the impact multiplier in the absence of RoT
agents. Fconomically, the accumulation of debt, and the corresponding tax
increase, causes the most inflationary pressure in period two for intermediate
values of 1. This leads to an aggressive response by the central bank, which
actually causes consumption to fall in period two because of a negative substi-
tution effect as real interest rates increase. This causes private consumption
in the first period also to fall because agents desire to smooth consumption




and increase their savings demand.

Full model Simple three-period model
0.6 : : 1 : ; e e
- ==1% RoT consumers e o mimmmim == ==Y ET
——25% RoT consumers "N
0.5f o8 N
' ~. V=75
g = o
= k) .
e So6 .
= ‘N,
2 € 0.4 R
o E e
o >,
0.2} e
=—no RoT consumers )
—25% RoT consumers
-0.1 0 : ‘

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8
Tax adjustment speed Y tax adjustment speed @

Note: The full model results set the habit parameter to h = 0.5 and otherwise uses the
posterior mean for the simulation. The simple model uses 3 =1.01"' v =1,( = %, € =3

and 7y, = 2 for the two-period model and v, = 25 for the three period model.

Figure B.1: Multipliers as a function of tax adjustment speed and rule-of-
thumb consumers

Figure[B.I] provides a comparison of the simple three period model with the
full empirical model. It shows that if the reaction of the monetary authority in
the intermediate period two is strong enough, the simple three-period model
can reproduce the qualitative feature of a nonmonotone reaction to the speed
of tax adjustment.
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B.9.9 Proofs

Lemma 1. If the Taylor Principle is satisfied (v, > 1), outside of the ZLB
the locally bounded equilibrium is unique under both sticky prices and flexible

wages and under sticky wages and flexible prices.
Proof: Consider the case of sticky prices and flexible wages. Since the
ZLB is nonrecurrent, outside of the ZLB the equilibrium is characterized by

an operational Taylor rule (BIII) and by equations (BI24) and (BI23).

Writing in matriz form and substituting the Taylor rule, the system can be

written as

M 1 Y
T—¢e(1+v) | | Yt
[~ Aw(l = @e(1+v) +v) 1 } LTJ

=4,

:_1 #(H—u) E Y1 + 0 #(l—i—v) Tt (B.150)
0 3 t Tes1 A —1 ge| .
————/

=B,

Uniqueness of the locally bounded equilibrium requires both eigenvalues Ay o of
C, = A !B, to lie inside the unit circle. The characteristic equation for A can
be written as A* —tr(C,)A+det(C,) = 0. Following standard textbook analysis
of eigenvalues on the unit circle yields the sufficient and necessary conditions
in 7, Appendiz A for local uniqueness:

[det(C,)| <1 [tr(Cy)] < det(C,) + 1. (B.151)

Here, the determinant satisfies

B = ¢(1+1))
(1 - ¢c(1 + V)) -+ 7W>\p(V + (1 _ ¢c(1 n I/))) S (O, 1)

det(C,) =

The trace is strictly positive under the assumption of ¢.(14v) < 1 and satisfies:

(14+8)(1—¢.(1+v))+ v+ (1 — (1l +v))
(1= (1 +0v) + v (v + (1 — (14 1))
(1 =014 v)) +7Nv+ (1= (1 +1)))+ B(1 — d.(14v))
(1= @e(L+v)) + 7 Ap(v + (1 = ¢e(1 + 1))
Bl —pe(1+1))
(1= ¢e(1+v)) + 72 Ap(v + (1 = ¢c(1 +1v)))
=1+ det(C,),

tr(C,) =

=1+
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where the inequality follows from the Taylor Principle.
Now consider the case of flexible prices and sticky wages. In this case, the
matrices are given by:

Aw

[—Aw<11+u> ﬂ’ P = [(1) ;}

Proceeding analogously by defining C,, = A B, yields the following conditions
for uniqueness:

B B
det(Cu) = Ty € (O
tr(Co) = Lty (I 4v) - T4 rde(l+v)

< - =det(Cy) + 1,
1+ 9\, (1 +v) 71+%Aw(1+u) et(C)

where the inequality holds again because of the Taylor principle.

Lemma 2. Suppose the Taylor Principle is satisfied, the ZLB is nonrecurrent,
and tazation is immediate (Y, = 1). Assume ¢.(1+v) < 1 if wages are flexible
and prices are sticky. If and only if the numerator of the Euler equations at
the ZLB, (B.126) and (BI2S), are positive, there is a unique locally bounded
Markov equilibrium in 1715+ at the ZLB.

Proof: Since the ZLB is nonrecurrent, by Lemmalll, if 1715, = 0, there is
a unique bounded equilibrium. Moreover, since all exogenous variables are zero
outside of the steady state with immediate tazation, y, = m = 0 is the unique
bounded solution conditional on exit from the ZLB. Conditional on 17154 =1,
the dynamics can therefore by described by:

T .
Ajm:o {yZLB,t} _ BjEt {yt+1:| + Dj { t:| . j=p,w.

TZLB.t Tt41 gt
YZLB,t+1 Ty .
= B; ’ + D; ) =p,w,
it |:7TZLB,t+1:| ! [Qt] J=r

where the second equality uses the Markov structure of the equilibrium. j = p,w
indexes the matrices defined in the proof of Lemma[Il.

Define C; z1p = Ai}yﬂzij,u. Proceeding as in the proof of Lemma [I,
uniqueness of the locally bounded Markov equilibrium is equivalent to | det(C; z15)| <
1 and ‘tl"(Cj7ZLB)| <1+ det(C’LZLB).

Consider the case of flexible wages and sticky prices. Then det(Cy zrp) =
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Bu* € (0,1). |tr(Cjzrp)| < 1+ det(Cjzrp) is equivalent to

Mppt(V+1 = ¢(14v))

p(l+8)+ Tt <1482
(14 B) + App(v + 1 — ¢.(1+ 1)) ) )
1—¢c(1+v)) <1+48p* = p(l+p) = (1 - Bu)(1 - p)

Simplifying the left-hand side and dividing through by the right-hand side yields

H Ap
(1=08u)(1—p)1—¢(l+v)

which is equivalent to the denominator in (B.I26]) being positive.

Now consider the case of flexible prices and sticky wages. Again, det(Cy zrp) =
Bp? € (0,1). The trace condition tr(C; zr5)| < 1+ det(CjzLp) is equivalent
to:

v+ 11— o) <1,

p(1+B) + pAp(l+v) <1+ p?p
& (1 +v) <1+ 28— p(1+B) = (1= Bp)(1 — p)

Dividing through by (1 — Bu)(1 — u) yields:

W
(1= Bu)(1—p)

which is equivalent to the denominator of (B.I28)) being positive.

Ao(1+7v) <1,

Proposition 1. Consider the model in Section 61l Assume immediate taxa-

tion (¥, = 1), that the Taylor Principle holds and that the ZLB is a nonrecur-

rent Markov state which persists with probability p: Pr{l1z1p5: = 1|1z1p1-1 =

1} = pu,Pr{1zp: = 1|1zL54-1 = 0} = 0. In the case of sticky prices and
€p

flexible wages, also assume that 0 < ¢ < 1’:: . Consider the case of financing
through distortionary labor tazes: 5, = drf = 0.

(a) For sufficiently small persistence of the ZLB, p, the impact multiplier
YZLE g strictly smaller than one under flexible prices and sticky wages and
strictly larger than one under flexible wages and sticky prices.

(b) The multiplier increases monotonically in the expected duration of the
ZLB with either sticky wages or sticky prices in the region of determinacy.

Proof: The Taylor Principle guarantees local uniqueness of the equilibrium
around the steady state. For u small enough, the local uniqueness extends to the
system at the ZLB and the derivation of (BI52) is valid. This allows to impose

that the model returns to the steady state with probability 1 — p in which case
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the unique Markov equilibrium at the ZLB is given by the following solution to
the pairs of Euler equations and Phillips curves (BI28) and (BI20):

1 Ap 14 1
g0 T 1= ¢>c(1+u> i (1)

™ G >0,G, =0, (B.I26)
-1 #1779 (- Gy (L + V)1 = o)

_ —=i% g 1 2 b €
p (]‘ /J“) 1—¢¢ 1—ﬁu)\w 1—¢c + 1_Bﬂ)\w (1_¢c + 1)

Yz =

e—1
Yzre = 1— ow— 1_u )\w(]- —|—I/) g
T = 1¢c 1
+ A
1¢>c 1 )(16) wy d)cel
1 — Mu )\H(l_'_y) 9 G =20,Cy>0. B.123)
(I=p)(1=Bp) =%

(a) Flexible wage case: The limit p ™\, 0 in (B.I26) yields

1
li 4>y,
S T

given that ¢, = qbe”e Lo (1+v)!
(a) Flexzible price case: From equation (BI28) it follows that

1i 1y <
{%yZLB 1— o, — 9 <9,

gien ¢. = gb% € [0,1). The result follows by continuity for p small enough.
(b) Flexzible price case: Note that A(p) = m is strictly increasing
in p€[0,1). Hence d 2 =Au )dA(u) Y. The latter expression is given by:

Mo (1= AG)Au(1+ ) + AL+ ) (1= 2560+ Aot ) »
(1= AG) (1 +2))"(1 = ¢c)

in the region of determinacy satisfying 1 > m)\w(leu) from Lemmal2l.
(b) Flexible wage case: Define A(u) as above.

d

iy
P |

<

(L AW+ 1 60) + gl 2 600+ XA )
- P

(1= = A A (1 + 1)1 = 60) (1= 61 +0)

>0,
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in the region of determinacy satisfying 1 > mAPA(u)(l +v)(1 — ¢.)
from Lemma 2

Proposition 2. Consider the model in Section with sticky wages, flexible
prices, and a one period ZLB and stimulus. Assume the Taylor Principle is
satisfied.

(a) The impact multiplier is strictly lower when financed with labor tazes

rather than lump-sum taxes if ¢, < 1 and equal otherwise. The long-run
multiplier is lower with both labor taxes and consumption taxes than it is with
lump-sum taxes if 1, < 1 and wages are sufficiently sticky (¢, /7 1).
If taxes are adjusted sufficiently slowly, v, < Y™ < 1, the impact multiplier is
higher with consumption tazes than it is with labor taxes. The impact multiplier
is higher with consumption taxes than it is with transfer financing if V¥, < ¥*,
where ¥° < Y".

The following results assume financing through labor tazes: s, = drf = 0.

(b) If wages are sufficiently sticky (C, /1) and ¢ > 0, increasing the tax
adjustment speed 1, lowers the impact multiplier. Without RoT agents, ¢ =0,
increasing the tax adjustment speed v, increases the impact multiplier.

(c) If ¥, < 1, the baseline model with the tax rule (6.2D) yields a lower
short-run multiplier than financing stimulus through permanently higher debt
according to (G2BN) if v > 1+ (BRI — 1) (1 + m)

ep—1

(d) Lowering the labor share — lowers the multiplier if the impact mul-
tiplier is positive. A sufficient condition is that wages are sufficiently sticky
(Cw 1) If the impact multiplier is nondecreasing in the labor share, the
long-run multiplier is strictly lower for lower labor shares for all ¥, < 1.

Proof: Under the Taylor Principle, there is a locally unique bounded equi-
librium outside of the ZLB due to Lemmalll The above backward induction is
therefore valid.

(a) Under the Taylor Principle, the inequality (BI38) implies that the im-
pact multiplier is higher with transfer financing than with labor taxes.

The results for the consumption tax as compared with the labor tax and transfer
financing follow from (B.I33)), and (B.139), whereas the comparison of thresh-
olds follows from (BI41)).

Since the long-run multiplier here is defined as Lfyz, the result for labor
tazes compared with transfers follows immediately from comparing (BI31d)
and (BI31al), which imply that period two output is higher with transfer fi-
nancing. Since by (B.I38]) period one output is also higher, the result for the
long-run multiplier is immediate.

Comparing the long-run transfer financed multiplier to the consumption tax
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multiplier implies from (B.I42)) that their difference is proportional to:

B+ Au(Brpi — (vx — Dv)
1+ 9 (1 +7v)

which is strictly positive for all ¥ > 0 if B+, (Bypi— (V= —1)v) > 0. Sufficient
for this is that ¢, /1 so that A\, \( 0. By continuity, the result holds for a
netghborhood of sticky wages.
1— cl T
(b) For Ay \( 0 and ¢ > 0, (BI33) yields % = % and hence
lim d g_ ¢c;—f1
A0 dipr g 1=

From ([B.I33) limg, oL =1— (yx — 1))\1+%)\:(1+y) (1 - V) RY s strictly

increasing in V¥, given vy, > 1.
(¢) By assumption, 1. < 1 and v, = 0. Under the baseline assumption

©2L), the multiplier is characterized by (BI33). Under the alternative of
permanently higher debt financing (6.2Bl), the multiplier is given by (B.144]).

Subtracting (BI33) from ([B.144) and dividing through by the positive, com-
mon terms RY 11:5: (V=11 = (1+v)p.) E:fl yields the following difference in
multipliers, denoted by Ay—gl:

ho_ R—-1 . AR -0
g  (T+v)(v-1)  1+X04+v)7

<:>%>1+(R—1)(1+m)

(d) To see the effect of changing the labor share on the impact multiplier,
it is useful to make the dependence of the consumption share of RoT agents
e = qb% on the labor share explicit in (BI33). Rewrite:

Y1 1 (6551 _¢(1+V)) =
—=—|1—-9Y:0— (7 — A= 1—vY, )R |.
Define & = 1€p,1 x P. Clearly, in the limit of perfectly sticky wages, P =

g 1—¢
1— oy, > 0. Hence by continuity, for sufficiently sticky wages the multiplier
15 strictly positive.

€
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Now differentiate the impact multiplier with respect to the labor share:

d A 1 ( = )2
n ep—1
P — ) xPr—— % (7.—1)A

dep—l q ¢ (1_¢ei—l> X +1_¢5p—1x(7 ) ]-‘l"}/)\w(].‘l‘l/)

€p €p

(1_¢T)RQ >0,

using that the Taylor Principle holds. Thus, the impact multiplier is increasing
in the labor share.

If the impact multiplier is nondecreasing in the labor share, it is sufficient to
show that the period 2 multiplier is increasing in the labor share for the long-
run multiplier to increase in the labor share. To see the effect of the labor
share on the period 2 multiplier %2, rewrite (B.I131a) as:

1 1 e Aw
g ep—1 (1_¢ﬂ> 1“_7#)\11)(]-“_1/) B
P P ;ro
Since -4+ — — ! — = +— 1-29 —— > 0, & s increasing in the
o (et () (o)) ’

labor share given ¢. < ¢ < %

Proposition 3. Consider the model in Section with sticky wages, flexible
prices, and a one period ZLB and stimulus. Assume the Taylor Principle
1s satisfied. Consider the case of financing through distortionary labor taxes:
s¢ =drf = 0.

(a) If taxzes are adjusted sufficiently slowly (¥, <
plier increases strictly in the share of RoT agents ¢.

(b) The multiplier on transfers is strictly increasing in the fraction of trans-
fers RoT agents receive and weakly smaller than the government spending mul-
tiplier.

Proof: Under the Taylor Principle, the steady state is the locally unique
bounded equilibrium outside of the ZLB. Thus, the above backward induction
15 valid.

(a) Since ¢. = E:—fl¢, we can equivalently consider an increase in ¢ or @..
An increase in ¢. affects the multiplier as follows:

ep—1

= ), the impact multi-

dyi _d L=dg5¢ (—Dh 6 (1 )R d 1—¢.(1+)
Qe g db.  1—on T+ (1t 0) ey — 1 i 1—o
_ - ¢TE:—51 (77r - 1))‘w €p = v
B R Bres w s e L S Ly sp X

Because the second term is strictly positive under the Taylor Principle, a suffi-
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cient condition for the entire expression to be positive is for ), to be sufficiently
small: 1 > @bTE:—fl.

(b) From the tax rule (BI30), the path of labor tazes is the same for equal
spending on stimulus transfer s and government spending g.. Thus from
the Phillips curve ([B.I23)), period two inflation is the same with transfers or
government spending. Given that period two output is unchanged, but only a
fraction ¢ = ¢, 5:51
Euler equation (B.124)), that period one output and hence the impact multiplier
is strictly lower with transfers. Since period two output is unchanged, the long-
run multiplier is also strictly lower.

Proposition 4. Consider the model in Section 611 with sticky wages, flexible

prices, and a one period ZLB and stimulus. Assume the Taylor Principle

1s satisfied. Consider the case of financing through distortionary labor taxes:
=drf = 0.

If ¥-
impact multiplier.

Proof: Under the Taylor Principle, the steady state is the locally unique
bounded equilibrium outside of the ZLB. Thus, the above backward induction
1s valid.

Note that \, = u_c‘”)c(ii_ﬁgw) is decreasing in (, € (0,1). Equivalently,
when wages become more flexible (¢, falls), A\ increases. Then it suffices to
characterize the impact of higher A\, on the short-run multiplier yj. From

(B.I33) and under the Taylor Principle, WZ x —%{;jy)(l — ) RY since
ﬁ(% )6 _1( —1,; ) RY m > 0 under the Taylor Principle if ¢, < 1.

Using ¢ = ¢=—, it follows that 5 d y1 <0ifp< 65311%-

increasing wage flexibility (¢, \ 0) lowers the

11+’

Proposition 5. Consider the model in Section [6.1] with sticky wages, flexible
prices, a one period ZLB and stimulus, and the modified Taylor rule with
vy = 0. Assume the Taylor Principle is satisfied. Assume the stimulus is
partially debt financed. Consider the case of financing permanently higher
debt b = (1 —)R9g > 0 through distortionary labor tazes: 8; = dr¢ = 0.

(a) The short-run multiplier is independent of wage stickiness if v, = 0.

(b) The short-run multiplier is increasing in 7, .

(c) If v, > 0 and v > 1+, increasing wage flexibility (G, “\, 0) lowers
the impact multiplier.

Proof: With v, > 0, the Taylor Principle is sufficient to ensure that the
steady state is the locally unique bounded equilibrium outside of the ZLB. Thus,
the above backward induction is valid.

(a) Set v, =0 in equation (B.I44).

(b) See equation (BI4H).
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(c) Since b> 0,1, <1 follows. Note that \y, = (I_C“J)C(ii_ﬁcw) is decreasing
in Cu € (0,1). Equivalently, when wages become more flexible (C, falls), Ay
increases.  Then it suffices to characterize the impact of higher A\, on the
short-run multiplier “-. From equation (BI4G) it follows that %y—; <0 f
Ve > 14y

C Backing out the unemployment rate

To back out the model implications for the unemployment rate, we regress
the time series for hours worked used for the model estimation on the av-
erage quarterly unemployment rate. Table shows the regression results.
Figure displays the actual and fitted unemployment rate. Multiplying
hours worked on the OLS regression coefficient gives the implied change in the
unemployment rate.
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Figure C.2: Regression of quarterly unemployment rate on the model-implied
employment measure: actual vs. predicted unemployment rate

Table C.6:  OLS regression estimates of unemployment rate on the model-
implied employment measure

Constant ~ Employment (lab;) | R?
Unemployment Rate (UR;) 5.60 -0.46 0.77
(5.51, 5.69) (-0.49, -0.43)
Sample period: 1948:1 — 2008:4. Unemployment rate is the arithmetic
mean over the quarter. Labor input in the model is measured as lab; =

Avg. h Empl t ) .
log ~Y&- RS ZmIPOVIIE: _ mean; 95 percent OLS confidence intervals in paren-
Population, )

theses.
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Figure C.3: Employment and unemployment impact of ARRA (benchmark
scenario)
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D Additional results
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Figure D.4: Response to the bond shocks
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Figure D.6: Impact of ARRA on real interest rates for varying ZLB length
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Figure D.7: ZLB duration implied by Taylor rule
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Slower tax adjustment: %, = 0.025, ¢ = 0.25, free fixed cost ®. (3) Baseline point
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Figure D.8: Priors and posteriors &X# short-run ARRA multipliers across
models for different durations of the ZLB



Table D.7: Short-run fiscal multipliers: prior sensitivity

P

rior multipliers

Specification Log-Likelihood | 5 pc  16.5 pc | median | 83.5 pc 95 pc
No ZLB: Baseline, fixed cost ® estimated -2413.9 -0.02 0.04 0.11 0.21 0.28
No ZLB: Slower tax adjustment, ® estimated -2413.5 -0.02 0.04 0.12 0.21 0.28
No ZLB: Baseline -2400.6 0.02 0.07 0.15 0.23 0.28
No ZLB: Slower tax adjustment -2397.4 0.02 0.07 0.15 0.23 0.28
No ZLB: Higher RoT fraction -2447.8 0.04 0.10 0.18 0.26 0.31
No ZLB: Slower tax adj., higher RoT fr. -2448.8 0.05 0.10 0.19 0.27 0.33
8 qtr ZLB: Baseline, fixed cost ® estimated -2413.9 -8.24 0.67 1.41 3.46 9.43
8 gqtr ZLB: Slower tax adjustment, ® estimated -2413.5 -5.87 0.71 1.50 3.97 10.78
8 qtr ZLB: Baseline -2400.6 0.42 0.51 0.70 1.03 1.45
8 qtr ZLB: Slower tax adjustment -2397.4 0.42 0.50 0.69 1.03 1.54
8 qtr ZLB: Higher RoT fraction -2447.8 0.50 0.60 0.82 1.21 1.71
8 gqtr ZLB: Slower tax adj., higher RoT fr. -2448.8 0.51 0.62 0.85 1.25 1.87
12 qtr ZLB: Baseline, fixed cost ® estimated -2413.9 -10.42  -2.66 1.18 4.26 13.89
12 qtr ZLB: Slower tax adjustment, ® estimated -2413.5 -12.63  -3.46 1.10 4.01 11.41
12 qtr ZLB: Baseline -2400.6 -3.84 0.56 1.05 2.58 6.63
12 qtr ZLB: Slower tax adjustment -2397.4 -4.03 0.56 1.01 2.22 5.69
12 qtr ZLB: Higher RoT fraction -2447.8 -4.29 0.64 1.19 2.79 8.18
12 qtr ZLB: Slower tax adj., higher RoT fr. -2448.8 -5.28 0.60 1.20 2.89 7.64
Posterior multipliers
Specification Log-Likelihood | 5 pc  16.5 pc | median | 83.5 pc 95 pc
No ZLB: Baseline, fixed cost ® estimated -2413.9 0.19 0.21 0.25 0.29 0.32
No ZLB: Slower tax adjustment, ® estimated -2413.5 0.20 0.23 0.27 0.31 0.33
No ZLB: Baseline -2400.6 0.20 0.22 0.26 0.29 0.33
No ZLB: Slower tax adjustment -2397.4 0.21 0.23 0.26 0.29 0.31
No ZLB: Higher RoT fraction -2447.8 0.21 0.24 0.28 0.32 0.35
No ZLB: Slower tax adj., higher RoT fr. -2448.8 0.17 0.20 0.25 0.29 0.32
8 gqtr ZLB: Baseline, fixed cost ® estimated -2413.9 0.47 0.50 0.54 0.58 0.61
8 gqtr ZLB: Slower tax adjustment, ® estimated -2413.5 0.50 0.52 0.55 0.59 0.62
8 qtr ZLB: Baseline -2400.6 0.48 0.49 0.53 0.58 0.62
8 qtr ZLB: Slower tax adjustment -2397.4 0.49 0.51 0.54 0.58 0.60
8 qtr ZLB: Higher RoT fraction -2447.8 0.56 0.59 0.62 0.66 0.71
8 qtr ZLB: Slower tax adj., higher RoT fr. -2448.8 0.56 0.59 0.62 0.67 0.71
12 qtr ZLB: Baseline, fixed cost ® estimated -2413.9 0.57 0.60 0.65 0.72 0.79
12 qtr ZLB: Slower tax adjustment, ® estimated -2413.5 0.60 0.62 0.66 0.71 0.76
12 qtr ZLB: Baseline -2400.6 0.57 0.59 0.65 0.72 0.80
12 qtr ZLB: Slower tax adjustment -2397.4 0.58 0.61 0.66 0.73 0.77
12 qtr ZLB: Higher RoT fraction -2447.8 0.67 0.71 0.75 0.83 0.91
12 qtr ZLB: Slower tax adj., higher RoT fr. -2448.8 0.68 0.71 0.76 0.83 0.90
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Table D.8: Long-run fiscal multipliers as ¢ — oo:

prior sensitivity

Prior multipliers

Specification Log-Likelihood | 5 pc  16.5 pc | median | 83.5 pc 95 pc
No ZLB: Baseline, fixed cost ® estimated -2413.9 -1.18  -0.95 -0.70 -0.52 -0.43
No ZLB: Slower tax adjustment, ® estimated -2413.5 -1.13 -0.95 -0.72 -0.56 -0.48
No ZLB: Baseline -2400.6 -1.61  -1.37 -1.09 -0.87  -0.72
No ZLB: Slower tax adjustment -2397.4 -1.62  -1.38 -1.10 -0.84 -0.69
No ZLB: Higher RoT fraction -2447.8 -1.31 -1.12 -0.87 -0.67 -0.55
No ZLB: Slower tax adj., higher RoT fr. -2448.8 -1.31 -1.12 -0.89 -0.68 -0.55
8 qtr ZLB: Baseline, fixed cost ® estimated -2413.9 -5.35  -0.59 0.09 1.42 4.45
8 gqtr ZLB: Slower tax adjustment, ® estimated -2413.5 -4.21  -047 0.20 1.66 5.60
8 qtr ZLB: Baseline -2400.6 -1.15  -0.88 -0.53 -0.09 0.42
8 qtr ZLB: Slower tax adjustment -2397.4 -1.16  -0.89 -0.52 -0.09 0.41
8 qtr ZLB: Higher RoT fraction -2447.8 -0.85  -0.62 -0.28 0.16 0.64
8 gqtr ZLB: Slower tax adj., higher RoT fr. -2448.8 -0.84  -0.60 -0.24 0.21 0.83
12 qtr ZLB: Baseline, fixed cost ® estimated -2413.9 -8.24  -2.80 -0.14 1.92 8.24
12 qtr ZLB: Slower tax adjustment, ® estimated -2413.5 -9.44  -3.52 -0.16 1.74 6.98
12 qtr ZLB: Baseline -2400.6 -5.99  -0.85 -0.10 1.70 6.91
12 qtr ZLB: Slower tax adjustment -2397.4 -5.92  -0.86 -0.12 1.36 5.10
12 qtr ZLB: Higher RoT fraction -2447.8 -6.17  -0.63 0.15 1.91 7.53
12 qtr ZLB: Slower tax adj., higher RoT fr. -2448.8 -6.70  -0.73 0.17 2.07 7.44
Posterior multipliers
Specification Log-Likelihood | 5 pc  16.5 pc | median | 83.5 pc 95 pc
No ZLB: Baseline, fixed cost ® estimated -2413.9 -1.04  -0.88 -0.73 -0.60 -0.52
No ZLB: Slower tax adjustment, ® estimated -2413.5 -0.92  -0.82 -0.70 -0.59 -0.51
No ZLB: Baseline -2400.6 -1.03  -0.91 -0.75 -0.62  -0.52
No ZLB: Slower tax adjustment -2397.4 -0.89 -0.81 -0.68 -0.56 -0.47
No ZLB: Higher RoT fraction -2447.8 -0.91  -0.78 -0.63 -0.53 -0.45
No ZLB: Slower tax adj., higher RoT fr. -2448.8 -0.89  -0.79 -0.65 -0.55 -0.45
8 gqtr ZLB: Baseline, fixed cost ® estimated -2413.9 -0.75  -0.56 -0.39 -0.22 -0.08
8 gqtr ZLB: Slower tax adjustment, ® estimated -2413.5 -0.63  -0.51 -0.37 -0.23 -0.08
8 qtr ZLB: Baseline -2400.6 -0.76  -0.64 -0.43 -0.25  -0.08
8 gqtr ZLB: Slower tax adjustment -2397.4 -0.61  -0.51 -0.35 -0.19 -0.04
8 qtr ZLB: Higher RoT fraction -2447.8 -0.57  -0.42 -0.26 -0.12 0.00
8 qtr ZLB: Slower tax adj., higher RoT fr. -2448.8 -0.52 -041 -0.27 -0.14  -0.03
12 qtr ZLB: Baseline, fixed cost ® estimated -2413.9 -0.58  -0.36 -0.15 0.11 0.35
12 qtr ZLB: Slower tax adjustment, ® estimated -2413.5 -0.46  -0.33 -0.14 0.07 0.24
12 qtr ZLB: Baseline -2400.6 -0.60  -0.45 -0.20 0.09 0.34
12 qtr ZLB: Slower tax adjustment -2397.4 -0.43 -0.31 -0.11 0.13 0.34
12 qtr ZLB: Higher RoT fraction -2447.8 -0.37  -0.21 -0.02 0.21 0.44
12 qtr ZLB: Slower tax adj., higher RoT fr. -2448.8 -0.35  -0.20 -0.02 0.17 0.34
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Figure D.9:
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Figure D.10: Changes in tax rates and lump-sum transfers due to stimulus
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Figure D.11: Fiscal multipliers: Stimulus spent uniformly over first four quar-
ters. Comparing labor taxes (benchmark) and lump-sum taxation
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Figure D.12: Fiscal multipliers: Modified tax rules
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Figure D.13: Multipliers as a function of tax adjustment speed and rule-of-
thumb consumers
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Figure D.14: Long-run welfare gains from stimulus: 8 and 12 quarter ZLB,
varying annual rate of time preference as compared with unconstrained agents
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