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Abstract

We reassess the gains from monetary policy coordination within the confines of
the canonical NOEM in the light of three issues. First, the literature uses a number
of cooperative and non-cooperative equilibrium concepts that do not always clearly
distinguish commitment and discretionary outcomes, and in some cases adopts inap-
propriate concepts. Second, our analysis is welfare based. Moreover, as with much
of this literature, we adopt a linear-quadratic approximation of the actual non-linear
non-quadratic stochastic optimization problem facing the monetary policymakers. Our
second objective then is to re-assess welfare gains using an accurate approximation
for such a problem, a feature that for the most part is lacking in previous studies.
Finally, we examine the issue where the monetary authority is restricted to rules that
are operational in two senses: first, the zero lower bound constraint is imposed on the
optimal rule and second, we study simple Taylor-type commitment rules that unlike
fully optimal rules are easily monitored by the public.
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1 Introduction

Following the seminal contribution of Obstfeld and Rogoff (1996), chapter 10, New Keyne-
sian open economy DSGE modelling, the 'New Open Economy Macroeconomics’, has been
a highly active area.! Obstfeld and Rogoff developed a non-stochastic, perfect foresight
two-country general equilibrium model with first flexible prices, and then price-rigidity.
This model formed the basis for the emergence of a wave of New Open Economy stochas-
tic general equilibrium models that have been used to examine the potential welfare gains
from monetary policy coordination. The earlier of these studies were based on a very ba-
sic New Open Economy Model (NOEM) that assumed perfect financial markets, complete
exchange rate pass-through, the absence of a traded sector, wage flexibility and other
features that kept the analysis reasonably tractable (though ultimately the reliance on
numerical simulations to quantify the gains from cooperation still remained).?

The more recent papers have seen a reassessment of these gains using more empirical
and more developed DSGE models incorporating various persistence mechanisms, incom-
plete financial markets, incomplete exchange rate pass-through and a non-traded sector.?In
the words of Canzoneri et al. (2005), “what is yet to come” is the reassessment of welfare
gains from coordination using empirical DSGE models that embody these features.

This paper does not attempt this ambitious goal. Our aim instead is to remain more
or less within the confines of the canonical NOEM and to examine the no gains result
in the light of three issues. First, the literature uses a number of cooperative and non-
cooperative equilibrium concepts that do not always clearly distinguish commitment and
discretionary outcomes, and in some cases adopts inappropriate concepts. Second, our
analysis is welfare based. Moreover, as with much of this literature, we adopt a linear-
quadratic approximation of the actual non-linear non-quadratic stochastic optimization
problem facing the monetary policymakers. Our second objective then is to re-assess
welfare gains using an accurate approximation for such a problem, a feature that for the
most part is lacking in previous studies. Finally, we examine the issue where the monetary

authority is restricted to rules that are operational in two senses: first, the zero lower bound

!See also Obstfeld and Rogoff (2000) and a survey by Lane (2001).
2See, for example, Benigno and Benigno (2001), Obstfeld and Rogoff (2002) Clarida et al. (2002) and

Pappa (2004a).
3See, in particular, Sutherland (2004), Batini et al. (2005), Liu and Pappa, (2005), Coenen et al. (2007).



constraint is imposed on the optimal rule and second, we study simple Taylor-type rules

that unlike fully optimal rules are easily monitored by the public.

2 The Model

In this section set out a standard model, similar to Pappa (2004b).* In her model there
is no non-traded sector, complete financial markets, only PCP setting, flexible wages, no
government spending, no habit, no indexation and only productivity shocks. Her model
allows for home bias and a non-unitary elasticity of substitution in the choice of domestic
and imported goods. We generalize to include external habit in consumption, government
spending, preference shocks, an oil shock and price indexing. Details of the model are as

follows.

2.1 Households

There are v households in the ‘home’ bloc and v* households in the ‘foreign’ bloc. A

representative household 7 in the home bloc maximizes

1—¢
= e -t () L)+
EOZ%ﬂ Uc, - +UM,tﬁ _UL,tﬁ + u(Gy) (1)

where F; is the expectations operator indicating expectations formed at time ¢, § is the
household’s discount factor, Ucy, Uny and Uy are preference shocks Cy(r) is an index
of consumption, L(r) are hours worked, Hc; represents the habit in consumption, or
desire not to differ too much from other households, and we choose Hc; = hC;_1, where
Cy = L3V | Cy(r) is the average consumption index, h € [0,1). When h =0, o > 1 is the
risk aversion parameter (or the inverse of the intertemporal elasticity of substitution)®.
M;(r) are end-of-period nominal money balances and Gy is exogenous per capita real
government spending assumed to be exclusively on non-traded domestic output. An anal-
ogous symmetric intertemporal utility is defined for the ‘foreign’ representative household

and the corresponding variables (such as consumption) are denoted by Cf(r), etc.

4Clarida et al. (2002) is a special case of her model. At various places in the paper we indicate how

their model and results can be obtained.
When h # 0, ¢ is merely an index of the curvature of the utility function.



The representative household r must obey a budget constraint:

PCy(r) + Ee[Qt 41 Deyr (r)] + Me(r) = (1= T)Wi(r)Le(r) + De(r) + My—1(r)

+ (A -=T)l(r) + TR, (2)

where P; is a Dixit-Stiglitz CPI price index defined in (4) below, D;41(r) is a random
variable denoting the payoff of the portfolio purchased at time ¢t and Q¢ ¢+1, the stochastic
discount factor, is the period-t price of an asset that pays one unit of domestic currency in
a particular state of period ¢t 4+ 1 divided by the probability of an occurrence of that state
given information available in period ¢. Wy(r) is the wage rate, T; the income tax rate
and T'y(r) are dividends from ownership of firms.% Finally TR; are lump-sum transfers to
households by the government net of lump-sum taxes

Assume the existence of nominal one-period riskless bonds denominated in domestic
currency with nominal interest rate I; over the interval [t,¢ 4+ 1]. Then arbitrage consid-

th_ In addition, if we assume that households’ labour

erations imply that Ei[Qy41] = 1 +
supply is differentiated with elasticity of supply 7, then (as we shall see below) the demand

for each consumer’s labor supplied by v identical households is given by

L - (S0 e, 3)

mn

n—1

where W, = [1 3V W, (r)' =] ™ and L= [% Sory Lt(r)T] " are the average wage
index and average employment respectively.”

Let the number of differentiated goods produced in the home and foreign blocs be ng
and np respectively. Each good is produced by a single firm and we assume that the the
ratio of households to firms are the same in each bloc, i.e., Z = Z_i It follows that n and

n* (or v and v*) are measures of size. Then the per capita consumption index in the home

bloc is given by

p—1 p—1

Cur) = [wrCrra) " + (=) Cra ()T | s A 1

= w1 —w) WO (VY Cr(r) Y p=1 (4)

®The tax rate T; can be interpreted as a total tax wedge (see Levine et al. (2006)).
"Note that if we normalize v = 1 then as is more customary in the literature we can write Wy ~

1
[fol Wt(r)k”dr] """ However here we allow for different sized blocs with the foreign number of households

vt £ .



where p is the elasticity of substitution between home and foreign traded goods,

i 16/
S
Cuetr) = |()" S Cmalrore e ®)
L J=1 |
i 1 ¢/
S
Cratr) = | ()" S crrn 00 ©)
L /=1 |

Cuy(f,r) and Cry(f,r) denote the home consumption of traded variety f produced in
blocs H and F respectively, ( is the elasticities of substitution between varieties in each
bloc (note that we impose equality between blocs for this traded elasticity, i.e., (* = (),

and
B ngw
- ngw+np(l —w)

(7)
In (7) w € [%, 1] is a parameter that captures the degree of ‘bias’ in the home bloc. If

w = 1 we have autarky, while the lower extreme of w = % gives us the case of no home bias

(perfect integration). If blocs are of equal size then ny = np, w = w and consumption only

favours home consumption if there is home bias.® In the absence of home bias w = anan ,
w + w* = 1 and domestic/foreign consumption decisions depend only on relative size.

If Py+(f), Pre(f) are the prices in domestic currency of the good produced by firm
f in the relevant bloc, then the optimal intra-temporal decisions are given by standard

results:

—C —Cr
Cusrs) = (PD) “enins crtra) = () T one) @

Cuetr) = w(P2) "aws cr=0-w () Tam @

where aggregate price indices for domestic and foreign consumption bundles of traded

goods are given by, respectively,

n 1-¢
1 1
_ —¢
Pry = EZPH,t(f) (10)
=1
— 1
1 & e
Pry = |—=> Peif)° (11)
an:l

8The case u — 1 without home bias is studied in Clarida et al. (2002). The effect of home bias in open

economies is also examined in Corsetti et al. (2002) and De Fiore and Liu (2002).



and the aggregate price indices P;, P are given by

1
P, = Uorpy [w(Pae)' ™+ (1 —w)(Ppa) #]TF s n#1

= Uorp+(P)V (Pry)™V; p=1 (12)

1
E3

Py = Uoips [W*(P;t)l‘“* +(1 - w*)(PEr,t)l_”*] o

= Uor(PE)™Y (P pr=1 (13)

where Uprr, is an oil price shock. Aggregate nominal consumption is then given by

P.Cy = Py Cuy + PriCry (14)

It now follows that relative CPI prices Stpljt*, the ‘real exchange rate’, and the terms

of trade, defined as the domestic currency relative price of imports to exports, 7; = %’;,
are related by the relationship

SB[ (- w) ] :
RER; = P - e o FELpSF#L
W+ (1 =W
= TV p= =1, (15)

Thus if p = p*, then the law of one price applies to the CPI price indices iff w* =1 — w.
The latter condition holds if there is no home bias. If there is home bias, the real exchange

Py . . _
rate, SjTt, rises (a depreciation) as the terms of trade, 7, rises (a depreciation).

9

Now consider the consumption, money demand and labour supply decisions of the
representative household. We first consider the case of flexible wages. Then maximizing (1)
subject to (2) and (3), treating habit as exogenous, and imposing symmetry on households

(so that Cy(r) = CY, etc) yields standard results:

MUS, P,
_ 16
Qt,t-i—l ﬁ MUtC Pt+1 ( )
I
M _ C t
MUM = MUY [1+IJ (17)
W-T) _ 1 MUF_ 1 e (18)
G GOk
n n

Clarida et al. (2002) assumed no bias and p = p* = 1 in which case RER; = 1 (law of one price for
CPI indices).



where MUL, MUM and — MU} are the marginal utility of consumption, money holdings
and the marginal disutility of work respectively. Taking expectations of (16) we arrive at
the following familiar Keynes-Ramsey rule:

MU, P,
MUtC Pt+1

1=p0801+1L)E; (19)

In (17), the demand for money balances depends positively on consumption relative to
habit and negatively on the nominal interest rate. Given the central bank’s setting of the
latter and ignoring seignorage in the government budget constraint, (17) is completely
recursive to the rest of the system describing our macro-model and will be ignored in the
rest of the paper. In (18) the real disposable wage is proportional to the marginal rate

of substitution between consumption and leisure, this constant of proportionality

_ MU
MU
reflecting the market power of households that arises from their monopolistic supply of a

differentiated factor input with elasticity 7.

2.2 Producers

In the domestic sector, each good differentiated good f is produced by a single firm f

using only differentiated labour with another constant returns CES technology:

) 71] v n/(n—1)
Yi(f) = A (—) ZLZ-Af,r)("-W"] = ALo(f) (20)
r=1

where Li(f,r) is the labour input of type r by firm f and A; is an exogenous shock captur-
ing shifts to trend total factor productivity in this sector. Minimizing costs > '_; Wi(r)Le(f,7)

gives the demand for each household’s labour by firm f as

nrn = (582) (1)

and aggregating over firms leads to the demand for labor as shown in (3).19

In a equilibrium of equal households, all wages adjust to the same level W;. For later

analysis it is useful to define the real marginal cost (MC) as the wage relative to domestic

ONote that in a symmetric equilibrium of identical firms and households, total demand for labour of
type r by firms is Le(r) = 327, Le(f,r). Hence Ly = 3278, Le(f) = Y202, Le(r), nu Le(f) = vLe(r). Such
a symmetric equilibrium applies to the flexi-price case of our model, but not to the sticky-price case where,
at each point in time, some firms are locked into price and wage contracts, but others are re-optimizing

these contracts.



producer price. Using (18) this can be written as

Wy UL+ é < )
MC,; = = : Ly(Cy — Hoy)? | — 22
t AtPH,t (,’7 — 1)(1 — Tt)At t ( t Ci) ( )

Turning to price-setting we assume that there is a probability of 1 — &y at each period
that the price of each good f is set optimally to PHt( f). If the price is not re-optimized,
then it is indexed to last period’s aggregate producer price inflation.!! With indexation

parameter vy > 0, this implies that successive prices with no re-optimization are given by

N - VH - gt
Pry(f), Pui(f) (Pl;li’j) H, P (f) (%) " ,... . For each producer f the objective
is at time t to choose PHt( f) to maximize discounted profits
ok : Priprr—1\""
E, Z ExQtt+k Yk (f) [PH,t(f) <ﬁ> — P4 ueMCyp, (23)
k=0 ot

where Q¢ s4x is the discount factor over the interval [t,¢ + k], subject to a common'?

downward sloping demand from domestic consumers and foreign importers of elasticity ¢

as in (8). The solution to this is

> N P L\ H
B S e QuenYressl) | Pueh) (1) o S p MG =0 2
2 _ -1
and by the law of large numbers the evolution of the price index is given by

Py
P i1

Py = &u (PH’t < >VH> - + (1= &m)(Prera ()¢ (25)

The first-order condition (24) is cumbersome to manipulate. However it is possible
to express this price-setting rule in terms of difference equations that are far easier to

manipulate. To do this first note that

. ~
Yirr(d) = ( Ly ) Yivk (26)

Ptk

Pp 4
Pyt

and multiplying both sides of (24) by (p=t)* MUF and in addition noting that Pp 411/ Pr s =

g 4k 1441, the firms’ staggered price setting can be succinctly described by

Qrt = N¢/Hy (27)

as the average duration for which prices are left unchanged.

1
1-€q
2Recall that we have imposed a symmetry condition ¢ = ¢* at this point; i.e., the elasticity of substi-

" Thus we can interpret

tution between differentiated goods produced in any one bloc is the same for consumers in both blocs.



where we have defined variables 11z, I Ht, Qmt, Hy and Ay by

Hae = % (28)
e = n?gfl (29)
QH,t = % (30)
Ht_gﬁEt[ﬁgi_,tl—i-lHt—l—l] = Y, MU’ (31)
Ay~ EBEIT,  Ai] = Y, MG, MU Yig MUY )

(1-1/¢) (1-1/¢)
and from (25) aggregate inflation is given by
1=¢&plly) + (1—€m)Qpy (33)
This completes the supply-side in the home bloc. Analogous results hold for the foreign
bloc.
2.3 Price Dispersion

The impact of price dispersion arises from labour input being the same for each individual,

but dependent on demand for each good:

Lt:/OILm)dj— Yo Y)Y /01 (PH’—“”>_Cdj (34)

A Vi T A P,
Now define price dispersion A; = Ol(Pg'T@)_Cdj > 1. Equality is reached only when

prices are flexible and therefore the same, as all firms are identical except in their timing
of price changes. Now we can write down aggregate output as

ALy

t

Y,

< ALy (35)

which clearly highlights the output distortion caused by price dispersion A; > 1.
Price dispersion is linked to inflation as follows. Assuming as before that the number

of firms is large we obtain the following dynamic relationship:

Ay = €005 Ay + (1 - Q7 (36)



2.4 The Equilibrium

In equilibrium, goods markets, money markets and the bond market all clear. Equating

the supply and demand of the home consumer good we obtain

AtLt v*
Y — — —_— *
t At CHJ + v CH,t + Gt (37)
(38)
Fiscal policy is rudimentary: a balanced government budget constraint'?
I/* * *
PH,th +TI; = Tt(PH,tCH,t + 7StPH,tOH,t + PH’th) =T,GDP, (39)

where GDP; is nominal GDP, completes the model. As in Coenen et al. (2005) we further
assume that changes in government spending are financed exclusively by changes in lump-
sum taxes with the tax rates T}, held constant at its steady-state value.

From (16) and its foreign counterpart we have

MU, P MUEG  PrS
Quisr = Pt o = L L (40)
MU P MU; Pt+1St+1
Let z = S;I? MM—(ZgC—* Then assuming identical holdings of initial wealth in the two blocs,

(40) implies that z;4+1 = 2y = 29 where initial relative consumption in prices denominated

in the home currency reflects different initial wealth in the two blocs. Therefore!*

MUtC _ ZOPt _ 20 (41)
MUC* — S;Pf  RER,

Given nominal interest rates I, I the money supply is fixed by the central banks to
accommodate money demand. By Walras’ Law we can dispense with the bond market
equilibrium condition. Then the equilibrium is defined at ¢ = 0 as stochastic sequences
Ct, Cui, Cri, Py, Pre, Py, My, Wi, Yy, Ly, 5 Ly, PH@ 16 foreign counterparts C}, etc,
RER;, and 7y, given past price indices and exogenous processes Uct, Unrt, Ur s, Ai, TRy,

G} and foreign counterparts.

31n this cashless economy, we ignore seignorage and consistent with this we later ignore the utility from

money balances in the household welfare function.
14(41) is the risk-sharing condition for consumption, because it equates marginal rate of substitution

to relative price, as would be obtained if utility were being jointly maximized by a social planner (see
Sutherland (2002)). Note that (79) and (41) together imply the stochastic UIP condition (see Benigno and
Benigno (2001)).



2.5 Steady State

A deterministic zero-inflation steady state, denoted by variables without the time sub-

scripts, Uct = Uorrs = 1 and UL = K is given by

P —H
Cy = w (%) c
P K
Cr = (1—-w) <?F> C
_1
P = [WP};“ r(1- W)P;‘“] S|
= PPV u=1
W(1-T) kL?((1 —h)C)®
P - _1
n
1 = B+
=1
= AL
Py = Py= w -
A (1 - G)
Py = 8P}
Y = Cy+ ”70;;1 +G
p _ PuG+TR _ PyG+TR
N GDP  PC+ PyG
plus the 11 foreign counterparts and
Pr
=%
1
S pP* *Tl—u* +1_ *] T g%
RER = _ L L
P W+ (1 —w)Ti-#]=r
— TW+W*—1 . /L — M* — 1
1
C(1—h)  (RER;\-
C*(1 — h*) 20

(53)

(54)

(55)

We now have gives 25 equations to determine the steady state of 27 endogenous vari-
ables: C, Cy, Cp, P, W, L, I, A,Y, Py = ISH, Pr, T, 12 foreign counterparts C* etc,
7,5, and RER given G, TR and z.

10



To pin down price levels we need to re-introduce money equate money demand and
its foreign counterpart with exogenously set money supplies in the two blocs, which then
gives us a determinate steady state of the model. It is convenient to assume that money
supplies in our steady state are set so as to result in S = 1 and dispense with the money
demand equations. Furthermore, as is standard in general equilibrium models, we choose
units of output appropriately so that steady-state prices of the two goods in their own
currencies are unity; i.e, Py = Pj = 1. With this normalization and the fact that the law
of one price holds in the steady state, we have that P = Pr =7 = RER = 1. Similarly
for the foreign bloc P* = P;; = 1. Thus in the steady state we can normalize all prices at

unity, an extremely convenient property when it comes to the linearization.

2.5.1 The Inefficiency of the Steady State

In our model there are three sources of inefficiency: the tax wedge, labour and output
market power, and external habit. Later in the L(Q approximation of the policymakers’
optimization problems these inefficiencies in the steady state play a prominent role. In a
symmetric model of two identical economies the steady state trade balance is zero and we
can appeal to results from Choudhary and Levine (2006). Then the zero-inflation steady
state output in the market economy above and the steady state of the social optimum are
given respectively by

A -T)0 - - L)

R =) (1= g,)7
yoro _ AT —ph) (57)
k(1 —h)7(1—gy)°

It follows that we can measure the net effect of distortions by

_ _1 _1
ST T R

In the case where there is no habit persistence (h = 0), then ®, > 0. Then tax distortions

yoto

and market power in the output and labour markets, captured by the elasticities 7 € (0, 00)
and ¢ € (0,00) respectively, drive the market equilibrium output below the efficient level.
Ifh=T=0andn = ¢ = oo, tax distortions and market power both disappear, ®, = 0 and
the steady state market equilibrium is efficient. But if A > 0, this leads to the possibility

that ®, < 0 and then the market equilibrium output is actually above the efficient level

11



(see Choudhary and Levine (2006)). Then the household’s consumption-leisure choose
leads to excessive levels of work effort and consumption and insufficient leisure relative to

the social optimum.

2.6 Linearized Model

Linearizing about the steady state set out in section 2.5 we obtain the following state-space

representation. All variables are expressed in deviation form'®
t+1 =  Palt T €q,t+1
a;tk+1 = paai + E:;,t-i—l
UCt+1 = PCUCt + €Ct+1
Uat+1 = pE’U*C,t + 6?J,t+1
Jt+1 = PgGt T €gi+1
Ji41 = Pe9t T €g1t1
€t+1 = PeCt T €et+1
€yl = Pe€i €t
oiliy1 = pooil + €441
Etmut(il = mutc — (it — Eymyqq)
Ermugys = mug* = (if — Bimfyy)
BETHi+1 = THt— YHTHt—1 — AHMC; — €
BET 11 = Thy— VPTFi—1 — Apme; — €]
Non-state-space variables, o;, are given by
mrsg = mutL — mutc
mrsf = mul* —mul*
5 That is, for a typical variable Xy, x; = Xf);X ~ log (%) where X is the baseline steady state. For

variables expressing a rate of change over time, 7; and i, x; = X; — X. Since steady-state inflation is

XtX—fx ~ log (%) a log-linearization leads to

zero 7 is the actual inflation rate, but iy = I — I. Since
practically the same linear form of the dynamic model, but, as we will see, to quite different quadratic

approximations of the loss function.

12



THL Ty producer price inflation over interval [t — 1,¢]
TRt Ty imported price inflation over interval [t — 1,¢]
T, T} CPI inflation over interval [t — 1,¢]
it, 1} nominal interest rate over interval [t, ¢ + 1]
mcg, mey marginal cost
muf, muf * marginal utility of consumption
mul, mul* marginal utility of labour supply
Ct, Cf consumption
Yt Yr output
le, I} employment
at, ay total factor productivity shock
9t, 9f government spending shock

* *
UCt, uC,tv ULty UL,t

preference shocks

et, € mark-up shock
oily oil shock
rery real exchange rate
T=-—7" terms of trade
I} discount parameter
YH, Vi indexation parameter
h, h* habit parameters
A = (1_6&2# Phillips Curve Parameter in H Country
Ap = %ﬁ;l_%) Phillips Curve Parameter in F Country
1-&u, 1 =& probability of a price re-optimization
o, 0" risk-aversion parameter
o, ¢* disutility of labour supply parameter
W — %, w* — % degree of home bias

Table 1: Summary of Notation (Variables in Deviation Form)

13




o C ho
(1 my ¢ = —mug +ucy+ mct_l
.
ﬁcf{ = —muto* + Ul + (1}1_70}}*)@’[_1
muf = ol t+ury
mutL* = ¢l +up,
meg = Mrsg — G + P — PHt
me; = mrs; —a; +pp — Pry
car = ¢ —wpar—pr) =+ p(l —w)ny
Cup = ¢ — WPy —pi)=c¢ +Wu'T
CFt = C— ,u(pF,t - pt) =C — UWTy
Cpe = ¢ — W (Ppe—pi)=¢ —p (1 —-w)n
Yo = agcuy+apcy+(1—ay —ar)g
yi = apcpy+apery+ (1—ap —apy)gl
b = y—a
i =y
T = pr—pi—1 =Wyt + (1 —w)mp + oily
T o= W+ (1 —w)rp, +oil
Tt = Pt~ PHi—1 = THt + 7T — 7 — Arery
TRt = PRt — PFRi—1 = Arery +m — T + Ty
By = wEmHi1 + (1 = w)Eimpey1 + pooils
By, = WETpq + (1= W)Emy 1 + pooily
Eimin = B + By — Eymg — (Byrerggy — rery)
Eympi1 = Eyrergy —rery + Eympn — Eymig + Eympgg
Eyrerpy; = Etmugr*l - Etmugrl
rery = mul* —muf
(Ww'+w—11 = rer
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The flexi-price zero expected inflation economy and output gap are given by

Etﬁz\ugrl = mul — ( determines 7)
Ejmul, = mugt -7 ( determines 7;)
me; = 0=wry —a;— (1 —w)7y ( determines wry)
me;, = 0=wr; —af + (1 —w*)7 ( determines wry )
mrs;, = Wiy =mur —mus ( determines mu. )
mrs; = wr; =mur* —mu’* ( determines mu- *)
o . € 4 n ho
Gt = —Mmu uct Ct—1
(1-h) ! (1—h)
k %k
o ok —(C' % * o Ak
= —mu; +ugst ——F=C_
(1—h) t t C\t (1—}1*) t—1
L A
mu; = @l +urs +ucy
—L*x * T * *
mauy, = o'l + ur ¢+ ucy
Fery = must —mus
ly = Gr—ay
o= g

0 = apl+ apé; + agp(l —w) + app w7
B= akd +ajd— [t (1 - W) + ol
(W'+w—171 = rer
ogap; = Ui — Y
ogap; = §; —y;

The whole model can now be written in the required state space form as

Zi 11 1
= A + BOt + C ) + D6t+1 (59)
X Xt Z;fk
Zt
Fo, = H (60)
Xt
where z; = [shocks ay, aj etc, my -1, 7r}}7t_1] is a vector of predetermined variables and

Xt = [muf , mutc X TH4t TFy) s a vector of non-predetermined or ‘jump’ variables.
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3 Equilibrium Concepts

3.1 Cooperation, Non-Cooperation, Commitment and Discretion

Optimal policy can be formulated independently by each monetary authority. However In
addition to the time-inconsistency problem there is a second classical problem first raised
by Hamada (1976): in an open economy, rules designed for the single economy may perform
badly in a world Nash equilibrium when all countries pursue similar optimal policies. In
the open economy the optimal monetary policy requires all policymakers to cooperate,
maximizing an agreed global welfare, and to be able to commit not just with respect to
each other but collectively with respect to the private sector too. These considerations
lead to a number of possible equilibria depending on whether policymakers cooperate and
can commit to the private sector and whether they can commit with respect to each other
(i.e., can cooperate).

Consider symmetrical equilibria in the sense that all authorities can either commit or
not with respect to the private sector. In the absence of any commitment mechanism for
players all authorities must independently pursue discretionary policies (non-cooperation
with discretion (ND)). If authorities can cooperate (i.e., can commit to each other) and can
commit with respect to the private sector, then the socially optimal policy with respect
to an agreed global objective function can be achieved (cooperation with commitment
to the private sector, CC). The remaining possible equilibria are those where (for some
reason) authorities can commit to each other but not to the private sector (cooperation
with discretion, CD) or vice versa, they can commit to the private sector but not to each
other (non-cooperation with commitment to the private sector, NC). Table 6 summarizes

these four possibilities.

Commitment | Discretion

Cooperation CC CD

Non-cooperation NC ND

Table 2. Possible Equilibria

For linear-quadratic dynamic games, these equilibria are formulated in Levine and Cur-
rie (1987a), Levine and Currie (1987b), Currie and Levine (1993), Currie et al. (1996)) and

summarized in Appendix A. General procedures, not specific to any one model, for their
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calculation and software for their computation have been developed (see Kemball-Cook
et al. (1995).) In a two-bloc model the potential gains from commitment in the absence of
coordination can be quantified by comparing the welfare in equilibria NC and ND. These
‘gains’ can be negative: as in Levine and Currie (1987b), for an ad hoc ‘Old Keynesian’
model commitment without coordination may be counterproductive. Similarly one can as-
sess the potential gains from coordination in the absence of commitment by comparing
equilibria CD and ND and revisit the possibility of counterproductive cooperation found
by Rogoft (1985).

To realize the full potential gain from monetary policy coordination between the two
blocs requires a combination of commitment and coordination; i.e., equilibrium CC and
this can be be quantified by comparing CC with the non-cooperative alternatives, NC or
ND. The first wave of the new Keynesian open economy models that revisited this old
issue in the literature cited above suggested that these gains are not substantial compare
with the gains from stabilization. Referring to table 6, Clarida et al. (2002) compare CD
and ND and show there exists gains from CC if and only if o # 1. Pappa (2004a) and
Benigno and Benigno (2001) compare CC and NC. Pappa (2004a) shows gains are small
and Benigno and Benigno (2001) show that CC can be sustained as an NC equilibrium by
delegation to a central bank with an appropriate loss function. Finally Currie and Levine

(1993) compare CC and ND, but using an ad hoc model and utility function.

3.2 Welfare-Based Versus Real World Equilibria

In most of the recent literature the policymaker pursues the welfare-based objective based
on the underlying utility function of the household. Then the gains from coordination are
calculated as the increase in welfare. However Svensson (2003) proposes a totally different
equilibrium concept: central banks in reality adopt a loss function of the form

o0

Z ﬁt [Of + wﬂwf + wlz?] (61)

t=0

for the home bloc, where o; = y; — 9 is the output gap.
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What we observe is not (61) but reaction functions of various possible forms:

it = pit—l + 67r7TH7t + HyOgapt (62)
it = pit—l + 97r7TH7t + nyt (63)
it = pit—l + 67r7TH7t + HyAyt (64)

Then armed with estimates p, 6 and 6, we can reverse-engineer the implied coefficients w
and w; from the non-cooperative Nash equilibrium in such rules. This is computationally
expensive but possible, at least for the simple model in this section. Having obtained w,
and w; the corresponding cooperative equilibrium can be calculate. Finally the welfare

gains can be evaluated using the welfare-based utility function.

4 LQ Approximation

This section sets out the two forms of linear-quadratic approximation of the non-linear
stochastic optimization problems that characterize the welfare-based equilibria concepts
set out in the previous section. We distinguish between an equilibrium of social planners

and Ramsey planners.

4.1 Social Planners

Without cooperation the home policymaker be her a social or Ramsey planners at time

t = 0 maximizes an expected loss function

- Ci—hCp1)'™  Upy S
Qo=Ey» pU ( - =Lt = By AW, 65
0 Ot:oﬂ C,t[ 1—o 1ol Ot—OB ¢ (65)
subject to the resource constraint
AL . Py \ " o ((Pr o «
Y = itt = CH7t+CH7t+Gt:w<—Pt> Gt (L=w") C;

= UOIL,t <[W + (1 _ W)’];l_”] T—p C, + [W*,Z;l—u + (1 . W*)} T—* C:) e

and the risk-sharing condition

. R o T
= RER, = ()7 + 0 ) i] (n# 1L, p"#1)
{W +(1- W)’Z}l_“] G

Uc(Cf — hC4)?
U¢,(Cr — hCy1)°
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Since staggered price-setting is absent, A; = 1 and these are the only constraints facing the
home social planner. In a non-cooperative social planner’s equilibrium, given the foreign
social planner’s allocation C}, L}, the terms of trade are pinned down by the risk-sharing
condition leaving the home planner able to choose Cy, Ly to maximize (65) subject to the
resource constraint (66). For the foreign bloc we define an analogue of (65) denoted by

(2, its resource constraint

Y; - L:t = OF,t + OF,t + Gt =W < Pt;t> Ct + (1 — ) ( Pt7t> Ot
)T 1 =
= UoiLt <[W* + (1 =wHTH } " oF+ [W’Z;“_ +(1— w)] s Ct> +G
(n#1,pu" #1) (68)
with A} = 1.

In the cooperative social planners equilibrium the two policymakers jointly maximize
some agreed linear combination aQg + (1 — @), o € [0,1], with respect to Cy, Ly and
Cy, Lf subject to (66), (68) and (67).

We restrict our results to the case of a symmetric equilibrium of identical economies
with a unitary elasticity 4 = p* = 1. Then for the non-cooperative and cooperative steady
states we have, respectively

A1 — Bh)w (2(1 — w)(1 — Bh) + 2L (1 — b))
k(1 —h)o(1 — g,)° (4w(1 —w)(1 — Bh) + EV=D2(q h))

A (1 — Bh)

C\p+o
R A 7

(YNCyote (69)

For later use we require the Taylor series second-order expansions, about these two steady
states, of the single-period loss functions, W; and W;" in the non-cooperative equilibrium,

and W = W; + Wy for the symmetric cooperative equilibrium. These are given respec-
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tively by

i NC 2 2 NC_2 NC NC
1% = we(er — hei—1)” + wyyi + wyayrar + wy U T + wer ey + wiy (¢ — hep—1) T
NC NC NC NC
+ Wer TGt + Wee (¢t — her—1)uct + wey,~ oilyer + Wy Ytay

+ wé\{cyt(uc,t +urt) + w;%czk(ct — hct_l)u*c,t + wivcczknu*c,t + w(],\écoiltyt + wéVTCoz'ltTt

+  (ti.p)NC + third order terms (71)
W = we((e — her1)? + (¢ — hef_1)?) + wy (7 + (UF)?) + wyalyear + yeay) + ws 77

+ wccc(ucvt(ct —hei1) Fugy(er — hei_y)) + w((;;oilt(ct +¢c)

+ wge(year + gy ay) + wi (e + ure) + yp (ug, + i)

+  (t.i.p)° + third order terms (72)

where weights w, etc are derived in Appendix B. Note that cooperative quadratic form is
not a simple sum of the non-cooperative forms; in particular the contribution of the terms

of trade and shock processes are different in these two cases.

4.2 Ramsey Planners

Ramsey planners in both non-cooperative and cooperative games have the same objectives
as their social planing counterpart, but without the ability to plan consumption and labour
supply paths. Instead they face a decentralized economy given by resource constraints,
the market-sharing condition plus the price-setting behaviour of firms and the households’
Euler equations. Gathering up previous results the former, for the home bloc, are given

by

QH,t = At/Ht (73)
o  PY:
Hy — BE My, Hen] = 55— MU, (74)
’ PH,t
Wi C
_ Y, MC, MUE  Yixp; MU;
A= BB, Appy] = ——— b = (75)

(1-1/¢) (1-1/0)
where I g 4, I ¢ and Qg are defined by

11 = — 76

H Pyt (76)
~ g

HHJ = 2 (77)
1EE

1 = &yl +(1—&n)Qpy (78)



and the Euler equation is

(Cro1 —hC)— 1
(Ct — hCy—1)7" (1 + 41)

1=p(1+1)E; (79)

Analogous results apply to the foreign bloc.
Much of the literature (for example, Clarida et al. (2002), Pappa (2004a)) now assumes
that the Ramsey planners can use tax instruments 7; and 7} to bring the zero-inflation
steady state of the decentralized economies in line with the social optima. For the non-
cooperative and cooperative games this require respectively, tax wedges
(1= hB)w (2(1 — w)(1 — Bh) + 2=L(1 — h))
aw(l = w)(1 = gh) + B2 1w (1- 1) (1- 1)
(1-hB)

007

Then ®, = 0 and the zero-inflations, zero-trade-balance steady state of section 2.6 is

™C = 1- (80)

T¢ = 1-

(81)

efficient. Note first, that TN¢ > TC: in a Nash equilibrium of social planners, the
incentive to improve the terms of trade by restricting output leads each planner to choose
a higher distortionary tax wedge. Second, as w increases from w = %, for the case of
no bias, to w = 1 for two closed economies then TVC falls from TN¢ = %(1 + T to
NG =T°.

We have calibrated our symmetric two-bloc model to US data and in particular chosen
15% and 20% mark-ups in the product and labour markets respectively. This gives ( =
7.674 and n = 5. With the habit and discount factor calibrated at h = 0.5 and 3 = 0.99
(both on a quarterly basis), it follows that the optimal cooperative tax wedge is TC =
0.274 and the non-cooperative rate can be as high as TV¢ = 0.637. We have chosen the
calibrated value w = 0.75 for which TV¢ = 0.533. Interestingly, these tax rates compares
with a total tax wedge (consisting of taxes on consumption and income plus social security
contribution) of 7' = 0.373 for the US and 7" = 0.641 for the euro area, reported in Coenen
et al. (2007).

The nature of the game is a two-stage process which we refer to as the two-stage
Ramsey game. At stage 1 tax wedges are chosen so as to bring the steady state of the
decentralized economy in line with the socially optimal allocation. In a non-cooperative
game, each social planner’s choice of consumption and leisure is a best response to the

choice of the other; i.e., a Nash equilibrium in the individual blocs’ social optima. In the
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quadratic approximation (71), terms independent of policy (t.i.p), involve outcomes in the
other bloc and are t.i.p only for this particular game.

In the second stage the monetary instruments are used to achieve, as far as possible,
the outcome of the first stage, but now there is staggered price-setting, inflation and costs
of inflation from price dispersion. From Appendix B, the Ramsey loss functions can now

be shown to take the approximate quadratic form

Wth = W+ Wr (TH — ’7H7TH,t—1)2 (82)
(WHNC = (WHYC +wh(nfy — vimre 1) (83)
Wtc = Wtc + wr(THE — ’YHWH,t—l)2 + wy (W},t - ’Y}kfﬂ},t—l)Q (84)

where w, and w} are defined in that Appendix.

The Nash equilibrium at this stage depends on the monetary instrument; these could
be inflation targets with nominal interest rates subsequently chosen to exactly achieve
these targets; or they can be the nominal interest rates themselves. The Nash equilibria
in nominal interest rates can be open-loop with the authorities responding to each other’s
interest rate paths. More appropriate in a stochastic environment with commitment are
closed-loop Nash equilibria with each authority choosing their best response to each other’s
feedback commitment rule.

Since we are interested in the gains from monetary policy coordination with indepen-
dent central banks we need to consider the Ramsey planner as a monetary authority with
only monetary but not fiscal instruments available. We refer to this as a single-stage
Ramsey game. Then tax wedges are given in the monetary policy game. Under what cir-
cumstances are the quadratic approximations (82) and (84) then appropriate for Ramsey
games? If the fiscal authorities have set their tax wedges close to TV then (82) is a
good ‘small distortions’ approximation. But then the tax wedge is far higher than that
for cooperation and (84) is not a good ‘small distortions’ approximation for that game.
A similar argument holds if the fiscal authorities have set their tax wedges close to T¢.
In short, (82) and (84) cannot both be good ‘small distortions’ approximations if the tax
wedge s given to the monetary authority.

Given the game we are interested in we now consider two Ramsey planners choosing
monetary instruments to maximize household welfare in an environment consisting of a

decentralized economy with possibly large distortions in the zero-inflation steady state..
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We show in Levine et al. (2007), the procedure for achieving an accurate LQ approximation

for each equilibrium concept is as follows'®:

1. Define the optimization problem for the Ramsey planner. For the cooperative this is
a standard problem. For non-cooperative games we need to define the appropriate
equilibrium concept. Our ultimate aim is to obtain an accurate quadratic approx-
imation of welfare for the state-space representation of the game, (59) and (60).
Since interest-rates are given in this representation, we choose an open-loop Nash

equilibrium in interest rate paths.

2. Set out the deterministic non-linear form of each Ramsey problem, to maximize the

representative agents utility subject to non-linear dynamic constraints.

3. Write down the single Lagrangian for the cooperative problem, and the Lagrangians
for the two blocs for the non-cooperative problem. Associated with each Lagrangian
is a Hamiltonian consisting of the utility and a sum of all appropriately expressed

constraints for the decentralized economy time multipliers.

4. Calculate the first order conditions. We do not require the initial conditions for
an optimum since we ultimately only need the steady-state about which we are

approximating.

5. Calculate the steady state of the first-order conditions. The terminal condition

implied by this procedure is that the system converges to this steady state.

6. Calculate a second-order Taylor series approximation, about the steady state, of the

Hamiltonian associated with the Lagrangian or Lagrangians in 2.

7. Calculate a first-order Taylor series approximation, about the steady state, of the

first-order conditions and the original constraints.

8. Use 4. to eliminate the steady-state Lagrangian multipliers in 5. By appropriate
elimination both the Hamiltonian and the constraints can be expressed in minimal

form.

I MATLAB software to implement this procedure is in preparation and will be available on request from

the authors.
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This then gives us the accurate L(Q approximation of the original non-linear optimization
problem in the form of a minimal linear state-space representation of the constraints and
a quadratic form of the utility expressed in terms of the states. The quadratic form of
the utility function obtained for the cooperative Ramsey planners is then appropriate for
games CC and CD irrespective of the monetary instrument; that obtained for the non-
cooperative Ramsey planners is appropriate for games NC and ND, but only where interest
rates are the instruments.

We have now set out two quite distinct procedures for obtaining a LQ state-space rep-
resentation for different equilibria. In the two-stage Ramsey games the planner has access
to a fiscal instrument and uses monetary policy to minimize a quadratic approximation of
the loss function that the social planner would choose. In the single-stage Ramsey game
the monetary authority must deal with an economy that is distorted in the steady state
and minimizes a quadratic approximation of loss function appropriate for decentralized
economy with the nominal interest rate as the instrument. It should be emphazized that
these lead to quite different non-cooperative equilibria concepts even in the case where all

labour market, output market, external habit and distortionary taxes disappear.

5 The Zero Lower Bound Constraint

We can impose an interest rate ZLB in a straightforward way by modifying the LQ opti-
mization problemsi. As in Woodford (2003), chapter 6, this is implemented by modifying

the home bloc welfare loss function to
1 - .
Q= §Et ; ﬁt [YQQYt + wﬂ?] (85)

with an analogous adjustment for the foreign bloc. As explained in Levine et al. (2006), the
policymaker’s optimization problem is to choose an unconditional distribution for i; (i.e.,
the steady-state variance) shifted to the right about a new non-zero steady-state inflation
rate and a higher nominal interest rate, such that the probability, p, of the interest rate
hitting the lower bound is very low. This is implemented by calibrating the weight w; for
each of our policy rules so that zo(p)o; < R where z(p) is the critical value of a standard
normally distributed variable Z such that prob (Z < z9) =p, R = % — 147 is the steady-
state nominal interest rate, o; is the unconditional variance and 7 is the new steady-state
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inflation rate. Given o; the steady-state positive inflation rate that will ensure i; > 0 with

probability 1 — p is given by

7T = max[z9(p)o; — <% - 1) x 100, 0] (86)

6 Gains from Coordination and Commitment

We now turn to numerical results. We assume symmetrical blocs with the calibration set
out in Appendix C. Only two-stage Ramsey games, with tax wedges chosen to eliminate

the distortions in the zero-inflation steady state, are considered.

6.1 Results with no ZLB Constraint

First let us ignore the ZLB constraint. Table 3 presents results for this case. The simple
commitment rules feed back on current domestic (GDP price deflator) inflation in each

bloc and take the form

it = pig_1 + 0Ty (87)

i o= i+ B (89)

SIMCC is the coordinated rule whilst SIMNC is chosen in a Nash game between the

countries. ¢, is the percentage consumption permanent equivalent gain from CC compared

_OccCc
with each alternative given by ¢, = Q(()l_ﬂf?) x 1072, var(i;) is the steady-state conditional

variance of the nominal interest rate. The welfare loss functions are given by (82)-(84) for
the non-cooperative and cooperative games with additional terms penalizing interest rate
variabilities, as in (85). In these simulations we have set the penalty on the interest rate
variability at w; = 1.5.17 Figure 1 compares the impulse responses for the regimes CC,
CD, ND and SIMCC following a 1% negative shock to the productivity parameter A; at
t=0.

"For w; < 1.5 we found that our iterative procedure for the non-cooperative equilibrium with discretion,

NCD, did not converge.

25



Regime Rule Qo | ce(%) | var(iy) | ™ | prob ZLB
CC complex 11.20 0 1.54 |0 0.21
CD not applicable 17.16 | 0.12 5.00 |0 0.33
ND not applicable 16.62 | 0.11 5.60 |0 0.34

SIMCC | (p,6r) = (1.00,3.32) | 11.64 | 0.008 | 1.87 |0 0.23

SIMNC | (p,0,) = (1.00,4.17) | 11.71 | 0.010 | 2.19 | O 0.25

Table 3. Gains from Coordination and Commitment: no ZLB Constraint.!®

A number of features stand out from these results. First, comparing the cooperative
regime with commitment, CC, with the cooperative regime with discretion we see there
are small, but not insignificant gains from commitment of 0.1% permanent increase in
consumption about the steady state. But comparing cooperation and non-cooperation
under discretion the gains are actually negative (but very small); i.e., ND dominates CD
or, in other words, cooperation without commitment can be counterproductive. This result
was first found by Rogoff (1985), but here the cooperative loss arises purely from the
stabilization problem.

Comparing the optimized Taylor rule under cooperative and non-cooperation, SIMCC
and SIMNC, we see the gains are very small, of the order of 0.002% permanent increase
in consumption.. However the conclusion that cooperative brings small benefits needs to
be qualified by a consideration of the steady state variances. These are all high especially
with the discretionary regimes CD and ND with a high probability of hitting the ZLB on
the interest rate. This indicates that the rules we have designed are not operational. The

next subsection addresses this shortcoming.

6.2 Imposing the ZLB Constraint

In our linear-quadratic framework we can write the intertemporal expected welfare loss
at time ¢ = 0 as the sum of stochastic and deterministic components, Qy = Qg + Q.

By increasing w; we can lower o; thereby decreasing 7, given by (86), and reducing the

18Tn order to compare cooperative and non-cooperative outcomes, although the latter equilibria are
calculated using the single-period loss function W;¥ = given by (82), the value for the expected welfare per

country, Qo, reported in the table then uses W in (84).
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deterministic component. But this welfare improvement in the deterministic component
of the welfare loss comes about at the expense of increasing the stochastic component. By
exploiting this trade-off, we then arrive at the optimal policy that, in the vicinity of the
steady state, imposes the ZLB constraint, i; > 0 with probability 1 — p.

Table 4 shows the results of this optimization procedure under commitment using the
loss functions given by (82)-(84). We choose p = 0.025. Given w;, denote the expected
inter-temporal loss (stochastic plus deterministic components) at time ¢t = 0 by Qq(w;).
This includes a term penalizing the variance of the interest rate which does not contribute
to utility loss as such, but rather represents the interest rate lower bound constraint.
Actual utility, found by subtracting the interest rate term, is given by Qy(0). The steady
state inflation rate, 7, that will ensure the lower bound is reached only with probability
p = 0.025 is computed using (86). Given 7, we can then evaluate the deterministic
component of the welfare loss, (. Since in the new steady state the real interest rate is
unchanged, the steady state involving real variables is also unchanged, so from (82)-(84)

we can write!?

Q0(0) = wr(1 — vy )72 (89)

for the home bloc with an analogous result for the foreign bloc.
From the table we see that the optimal way of imposing the ZLB constraint is to
shift the distribution to the right by choosing a small steady state inflation rate in both

countries of 0.10% per quarter and to reduce the variance of the nominal interest rate to

2

0?2 = 02 = 0.30 by choosing a weight w; = w}. Figures 2 and 3 illustrate this optimization

procedure.

19Both the ex-ante optimal and the optimal time-consistent deterministic welfare loss that guide the
economy from a zero-inflation steady state to m = 7 differ from Q0(0) (but not by much because the

steady state contribution by far outweighs the transitional contribution).
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w; | var(iy) | Qo(w;) | Qo(0) | 7 Q0(0) | Q0(0)
1 1.77 10.82 9.94 1.60 | 57.67 | 67.61
) 0.85 13.17 | 11.07 | 0.80 | 14.37 | 25.44
10 0.51 14.79 12.25 | 0.40 | 3.59 15.84
15 | 0.36 15.85 | 13.19 | 0.17 | 0.64 | 13.83
16 0.34 16.02 13.36 | 0.13 | 0.39 | 13.75
17 | 0.32 16.18 | 13.52 | 0.10 | 0.22 | 13.74
18 | 0.30 16.33 | 13.67 | 0.04 | 0.10 | 13.77
20 0.27 16.61 1396 | 0.01 | 0.00 | 13.96

Table 4. Optimal Commitment with a Nominal Interest Rate ZLB.

6.2.1 Cooperation with Discretion (CD)

Turning to the regime cooperation with discretion (CD) we follow the same procedure as

for CC to arrive at the optimal choice of 02-2 = o}

2 =0.30 and w; = w; that achieves
the ZLB constraint. Figures 4 and 5 show the result. As before, to achieve the ZLB
constraint requires a non-zero steady state inflation, but now under discretion it is far
higher than under commitment. Whereas under commitment the trade-off between a
high steady-state inflation rate and a smaller stochastic welfare loss can be exploited to
drastically reduce the ultimate loss, this is not the case under discretion and highlights an
important difference between stabilization policy under commitment and discretion. For
the latter we see that the steady-state inflation — stochastic welfare loss trade-off is far
less favourable. As the weight on interest rate variability increases beyond w; = w} =9,
both the unconditional variance of the interest rate, and the steady-state inflation rate
needed to reduce the probability of hitting the ZLB to p = 0.025 increase. Now the
optimal choice of the weight is w; = w; = 7 with a optimal steady state inflation rate at
7 = 2.76%. This is a somewhat counterintuitive result that can be explained in general by
the fact that under discretion, a policymaker lacks the leverage to manage the economy
she would enjoy under commitment. More specifically, the constraint on using the interest
rate, captured by increasing the weight w; beyond a certain point, simply results in a more

volatile economy including interest rate volatility.
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6.2.2 Non-Cooperation with Discretion

Turning to non-cooperation with discretion, the home country policymaker now chooses a
weight w; and a steady-state inflation rate 7 to achieve its ZLB constraint. In a Nash game
the corresponding choice of w; and 7 by the foreign policymaker is taken as given. This
leads to a reaction function in (w;,w]) space shown in figure 6. If policymakers were to
cooperate just in the choice of (w;,w}) it turns out that they would choose w; = w} = 8.1
and achieve welfare outcomes in the subsequent non-cooperative and discretionary setting
of interest rates of Qg = 2§ = 207.75. However in the full non-cooperative game each
policymaker would try for rules that are more aggressive than the other with a lower
weight on interest rate variability. The intention given the setting of the other country
is to manipulate the exchange rate in the face of shocks. However, this is a beggar-thy-
neighbour strategy and in equilibrium each ends up with a sub-optimally low choice of
the weights at the intersection of the reaction functions at w; = w; = 7.6 with Qy = Qf =
208.29. At this equilibrium 7 = 7#* = 2.82 and 02 = 0} ? = 3.82. The outcomes under the
three regimes CC, CD and ND are summarized below in table 5. With the ZLB constraint
imposed we now observe that with discretion there are small but not insignificant gains
from cooperation of ¢, = 0.06%, compared with counter-productive coordination found

previously.

6.2.3 Current Inflation Commitment Rules

The results for the current inflation commitment rule wirh commitment (SIMCC) are
shown in figures 7 and 8 and summarized in the table below. The main feature is that
with the ZLB constraint, the costs of simplicity rise substantially from c¢. = 0.008% to
ce = 0.07%. The optimal choice of weight is w; = w} = 29 with a steady state inflation
rate T = 0.20%. For SIMNC the interest rate variance rises a little with a corresponding
increase in the steady state inflation rate to # = 0.27%. Gains from cooperation with
current inflation commitment rules rise from ¢, = 0.002% without a ZLB to ¢, = 0.005%

with a ZLB, a more than doubling of a rather small effect.
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Regime Rule Qo ce(%) | var(iy) | (%) | prob ZLB

CC complex 13.74 0 0.32 0.10 0.025
CD not applicable 20547 | 3.83 3.75 2.76 0.025
ND not applicable 208.29 | 3.89 3.82 2.82 0.025

SIMCC | (p,6,) = (1.000,0.574) | 17.11 | 0.0674 | 0.382 | 0.20 | 0.025
SIMNC | (p,6,) = (1.000,0.622) | 17.35 | 0.0722 | 0.418 | 0.27 | 0.025

Table 5. Gains from Coordination and Commitment with a ZLB Constraint.

6.2.4 Summary

The results of all five regimes with a ZLB are summarized in table 5 which should be
compared with table 3 without a zero lower bound. The main result that emerges is
that gains from commitment and cooperation rise substantially with ZLB considerations,
though the cooperative gains with commitment rules are still small. The cost of simplicity
in pursuing a simple current inflation rule, rather than its fully optimal counterpart also
rise substantially with a ZLB constraint imposed, but the gains still remain. Gains from
cooperation where policymakers cannot commit to the private sector are significant with

ZLB considerations.

7 Conclusions

The main conclusion from our numerical results is that studies that concludes gains from
monetary policy coordination, but ignore the ZLB constraint on nominal interest rates,
may be misleading. We have shown that with ZLB considerations cooperative gains in-
crease substantially, and in discretionary equilibria the gain is significant.

This result was obtained using a rudimentary New Keynesian model with a unitary
elasticity of substitution between home and imported goods, complete financial markets,
complete exchange rate pass-through and no non-traded sector. Relaxing these assump-
tions is known to increase gains from monetary policy. Future research will pursue this
path in a two-bloc model estimate by Bayesian methods. We also intend to examine the
case of large distortions in one-stage Ramsey games, examine the policy regime NC and

pursue the implications of ‘real world equilibria’.
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A The Policy Rules

Consider first the deterministic problem. Substituting out for outputs, the state-space

t+1
e
Tyt

where z; is an (n — m) x 1 vector of predetermined variables including non-stationary
T

representation is:

2t

Xt

processes, zg is given, wy = [iy,47]" is a vector of policy variables, x; is an m x 1 vector of

non-predetermined variables and xy,,, denotes rational (model consistent) expectations

of 741 formed at time ¢. Then zf,;, = ;11 and letting yl = [z, 24]7, (A.1) becomes
Ye+1 = Ayt + Buy (A.2)
Define target variables s; by

St — Myt + Hwt (A3)

33



and the policymakers’ loss function under cooperation at time ¢ by

1 o0
O = 3 Z N84 Q1814 + Wi Qowiyi] (A.4)
i=0
which we rewrite as
1 o0
Q=3 Z Nyt QueriQYeri + 2y Uwryi + wli; Rwe ] (A.5)
i=0

where Q@ = MTQ\M, U = MTQ1H, R = Qy + H'QH, Q and Q. are symmetric
and non-negative definite R is required to be positive definite and A € (0, 1) is discount
factor. The procedures for evaluating the three policy rules are outlined in the rest of this

appendix (or Currie and Levine (1993) for a more detailed treatment).

A.1 The Optimal Policy: Cooperation with Commitment (CC)

Consider the policy-maker’s ex-ante optimal policy at t = 0. This is found by minimizing
Qo given by (A.5) subject to (A.2) and (A.3) and given zy. We proceed by defining the

Hamiltonian

1
Hy(Yes Yis1, 1) = 5)\t(ytTQyt + 2?JtTth + ngwt) + pir1(Aye + Bwy — yi1)  (A.6)

where p; is a row vector of costate variables. By standard Lagrange multiplier theory we
minimize
oo
L()(yo,yl,...,wo,wl,...,/1,1,/12,...):ZHt (A?)
t=0
with respect to the arguments of Ly (except zp which is given). Then at the optimum,

Lo = Qo.

Redefining a new costate vector p; = A~'u!, the first-order conditions lead to
wy = =R AB py1 + UTyr) (A.8)

MTpt —pe = —(Que + Uwy) (A.9)

Substituting (A.8) into (A.2)) we arrive at the following system under control

Yt+1 _
Pt+1

To complete the solution we require 2n boundary conditions for (A.10). Specifying z

I ABR™'BT

0 AAT — URBT) —(Q-URWT I || p

A— BR\UT o]

%] (A.10)

gives us n—m of these conditions. The remaining condition is the ‘transversality condition’

lim gl = lim A'p; =0 (A.11)
t—o00 t—o0
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and the initial condition
p20 =0 (A.12)

where p] = { pl, oL ] is partitioned so that pyy is of dimension (n —m) x 1. Equation
(A.3), (A.8), (A.10) together with the 2n boundary conditions constitute the system under
optimal control.

Solving the system under control leads to the following rule

w—-F| ! X “ (A.13)
—Na1 —No» D2t
Zt+1 _ I 0 e I 0 Zt (A 14)
D2t4+1 So1 Sao —Na1 —Nao D2t
. -1 -1 N N
N St Si21522 Sa1 512%2 _ 11 N2 (A.15)
_522 521 522 N21 N22
2
xTp=— [ Na1 Nao ] [ ' ] (A.16)
b2t
where F = —(R+ BTSB)"Y(BTSA+UT),G = A — BF and
g | S S (A.17)
So1 Sao

partitioned so that Si; is (n —m) x (n — m) and Say is m x m is the solution to the

steady-state Ricatti equation
S=Q—-UF - FT'UT + FTRF 4+ \(A - BF)TS(A — BF) (A.18)
The cost-to-go for the optimal policy (OP) at time ¢ is
QPf = _%(tr(NHZt) + tr(Naapaipsy)) (A.19)

where Z; = ztth . To achieve optimality the policy-maker sets pog = 0 at time ¢t = 0. At
time ¢ > 0 there exists a gain from reneging by resetting po; = 0. It can be shown that
Ny < 0, so the incentive to renege exists at all points along the trajectory of the optimal

policy. This is the time-inconsistency problem.

A.2 Optimized Simple Rules (SIMCC and SIMNC)

We now consider simple sub-optimal rules of the form

t
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where D is constrained to be sparse in some specified way. Rule (A.20) can be quite
general. By augmenting the state vector in an appropriate way it can represent a PID
(proportional-integral-derivative)controller (though the paper is restricted to a simple pro-
portional controller only).
First consider the design of cooperative simple rules. Substituting (A.20) into (A.5)
gives
I, 7
O == Z AtYiriPitiYvi (A.21)
24
=0
where P = Q+UD + DTUT + DTRD. The system under control (A.1), with w; given by
(A.20), has a rational expectations solution with z; = —Nz; where N = N (D). Hence

yi Py = 2 Tz (A.22)

where T'= P;; — NTPy; — PisN + NT Py N, P is partitioned as for S in (A.17) onwards
and
zi11 = (G11 — G12N) % (A.23)

where G = A+ BD is partitioned as for P. Solving (A.23) we have
zZt = (Gll — GlgN)tZ() (A.24)

Hence from (A.25), (A.22) and (A.24) we may write at time ¢

1 1
QFTM — §szzt = Etr(VZt) (A.25)
where Z; = ztzf and V satisfies the Lyapunov equation

V=T+H'VH (A.26)

where H = G113 — G12N. At time t = 0 the optimized simple rule is then found by
minimizing € given by (A.25) with respect to the non-zero elements of D given zy using
a standard numerical technique. An important feature of the result is that unlike the

previous solution the optimal value of D is not independent of zg. That is to say
D = D(%)

For the non-cooperative case, in a closed-loop Nash equilibrium we assume each poli-
cymaker chooses rules wy = Dy, and w; = D*y; independently taking the rule of the other
bloc as given. The equilibrium is then computed by iterating between the two countries

until the solutions converge.
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A.3 The Stochastic Case

Consider the stochastic generalization of (A.1)

Zt+1
e
Tiyi1t

where u; is an n x 1 vector of white noise disturbances independently distributed with

2t

=A + Bw; +

"] i

Tt

cov(ur) = X. Then, it can be shown that certainty equivalence applies to all the policy
rules apart from the simple rules (see Currie and Levine (1993)). The expected loss at

time ¢ is as before with quadratic terms of the form z/ Xz, = tr(Xz;, Z1') replaced with

= A
Ly <tr [X <ztth + ; )\tut+iutT+i>]> =tr [X <thzt + ﬁZﬂ (A.28)

where E; is the expectations operator with expectations formed at time t.

Thus for the optimal policy with commitment (A.19) becomes in the stochastic case

1 A
Q?P = —gtl‘ <N11 <Zt + mz> + N22p2tp%1t> (A29)

For the simple rule, generalizing (A.25)

1 A
QM — —tr (V <Zt + ﬁE» (A.30)

The optimized cooperative simple rule is found at time ¢ = 0 by minimizing QgIM
given by (A.30). Now we find that

* * A

or, in other words, the optimized rule depends both on the initial displacement zy and on
the covariance matrix of disturbances . The non-cooperative rule for the stochastic case

follows as before.

A.4 Non-Cooperation with Commitment (NC)

In Liu and Pappa (2005) a NC regime with commitment is used which is open-loop in
character. For stochastic environments a closed-loop equilibrium is more appropriate.
Suppose country 1 assumes w; = 0 (no control) or some other initial rule and calculates
an optimal rule with reputation. Following the analysis in the CC regime this will take

the form

wy =D [ * ] (A.32)
P2t

with
pat+1 = Haizt + Haopoy (A.33)
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and pog = 0. Now consider the response of country 2 which faces a system under control

of the form

241 Al +FEn Eip Ap 2t
DPat1 | = Hyy Hy 0 pa | + Bawy (A.34)
Tiiq Aon + Eo1 By A Ty
where ¥ = By D is partitioned as for A. The optimal responses will now be a rule of the
form
2t
Py
* * 2t *
Pary1 = Co + Ca2p3, (A.36)
P2t
and p3, = 0.

Now replace the initial rule of country 2 with (A.35) and recalculate w; for country 1.

The new optimal response will be of the form

2t
D2t
Py
Dat

po; is then up-dated with p3; and country 2 responds in a similar way. Iterating in this

fashion we arrive at stationary rules of the form

2t 2t
wy =D | py | cwi=D"| pu (A.38)
p;t p§t

provided the algorithm converges. The expected welfare losses in equilibrium are then

given by an expression analogous to (A.19) for both countries.

A.5 Cooperation with Discretion (CD)

As for CC we only give the outline solution. This is given by the iterative scheme

Jo = —(Agg+ Nep1Ao) (N1 Ann + Agq) (A.39)
K; = —(Ag+ NipiAg) ' (Ney1B' + B?) (A.40)
N, = —J,+KF, (A.41)
F, = (R + /\FtTStHFt)(Ut + AF?SHJZ]&) (A.42)
Q, = Qu +J Qa1+ QuaJi + JF Qual; (A.43)
Uy = U'+ QoK+ JIU* + I QaoJ; (A.44)
R = R+KlQuK,+U"K; + KlU? (A.45)
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J— J— _T —_ _ J— _ J—
S, =Q, —UF, — F'U, + FI'R.F, + N(A;, — B.F)1'Si11 (A, — BiF) (A.46)

where, to ease the notational burden, the subscript ¢ has been dropped in C., U, and R..
If these converge to stationary values J, K, N, F,Q,U, R and S then the solution is given
by

wy = —FZt (A47)
Ty = —NZt (A48)

where
241 = [Ann + Arpd — (B' + A1 K)Flz 4wy (A.49)

with zg given. The expected welfare loss from time ¢ onwards is given by

Q) = %tr(S(ztth 31— \) (A.50)

A.6 Non-cooperative Equilibria with Discretion (ND)

Regime ND is a Nash equilibrium found by iterating between the two policy-makers to-
gether and the private sector in a Cournot-like adjustment process. For the case of two
countries acting independently we now have three players. There are a number of ways in
which the iteration may now proceed. The method we chose is to pass from country 1 to
the private sector to country 2 to the private sector and so on. Then given initial values

for D, D* and N, provided the iteration converges, we arrive at the ND equilibrium.

B Quadratic Approximation of Utility Function

We use a small distortions approximation to the utility function

f: 3 [Ct —hC )7 & (Yt ) 1+¢A§+¢] (B.1)
t=0

1—0o 1+ 90\ A
where we use the resource constraints rather than full set of constraints that involve price
setting. For the purposes of this paper we set the elasticity p between home and foreign
goods to 1, and also assume that home bias w is the same in each bloc. Inflation does
not enter any of the resource constraints, and it is easy to show that the second order
approximation involving inflation stems directly from (B.1), and is given by %wﬂ(ﬂHﬂg —
’7H7t7TH7t_1)2 where w,; = % in (82) of the main text. The remaining terms of the
quadratic approximation are then obtained as the second-order expansion to the stationary

point of the Lagrangian involving (B.1) and the resource constraints:

e C—-2)'7 k (YV\"7? S -
> 8 [ | tl—ta) N 1+¢<Zi> +A(Ty 7 (CF = Z)Ugy = (Cr = Z)Ug,)
t=0

+ )\gt(Zt — th—l) + /\3t(}/t — Uoil,t(wﬂl_wct + (1 — w)Tth:) — Gt) (B.Z)

MYy — Unig (1 — w)T2Cy + wTP 107 — Gy) + Ase(ZF — hCP )| (B.3)
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In the first order conditions we set G = g, Y, and obtain the equilibrium value for the
Nash solution as in the main text. Other relevant steady state values for the second order

approximation are

y B 2(1 — w)
A M TN —w) - 21— h)
(1~ w)(2u( - ) — C=D0 )
w31 — G1)(1 = w) + (1~ 1)

The second-order approximation (apart from the inflation contribution described above)

C=(01-g)Y M=k

A=A (B.4)

is then given by

3 NC 0 ~1 1 9 K¢ e 2 e
Wt = —§C _0(1—}1)_ _U(Ct—th_l) - ?<A> Yy +/€(1+¢) <Z> Yy

_ g <<2w07—21>2<1 ~ )AL+ 2w 2“’0‘ L= A+ (g + Aw(l — w)>7t2

2 1
+ C(A3— \)ww — ey + C v Mt — hey—1)7 — C( A3 — M) wriye

o
A . 2w — 1)? _ ’ ‘
~ el —w) 1_ o) (yeoily + ( U_) (1 — h)oilie, + 2w (1 — w)oilyTy — gyoiligr)
Al —h . M+ A A
+ C(A3 — A\)wgyT + 1 )CTt(UC,t —ucy) + ( 13— 6}: + ;1)(Ct — her—1)ucy
- “<Z> ye(ucy +ur,) (B.5)

For the cooperative case the problem is much simpler; the welfare function of course
includes welfare from both home and foreign blocs, and the risk-sharing condition is re-
dundant. We then obtain

7 o - P Ko (YN .
WE = ~ZC o=l — b e -0t - (%) 6+ )

1+¢
e+ (%) ot iad) - €= 1)l heoues + (6 — hep_1Jutd

YeC Y1+ A yec ,
- e oily(ct + ¢;) — W[yt(uc,t +urs) + yi(uc, +ug )] —w(l — )A1+¢ 2 (B.6)

Finally the steady state expressions for can be used to eliminate the unobservable

parameter x and obtain the quadratic expressions (71) and (72) in the main text.

C Calibration

Our empirical US-Euro model will be estimated and calibrated without imposing sym-

metry on any parameters with the following exceptions. As we have noted (* = (. In
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addition, in order to formulate optimal cooperative policies we need to impose a com-
mon discount factor 3 = #*. This also ensures that the zero-inflation steady state sees a
common nominal interest rate in the two blocs

The following fundamental parameters need to be estimated or calibrated:

1. Disturbances , pq, pg; pg, Pgs Pe; pe and corresponding standard deviations.

2. Preference Parameters h,h*, o,0%, = 3%, ¢,¢*, u, u*,
(Note: unidentified (* = (, are only needed later for the welfare analysis; w,w* are

derived below are not really needed.)

3. Bloc Size n, n*, v,v* (Note n* =1—n, v*=1—v and % = %, so we only need
to calibrate n, the relative population size of the H-bloc.)

4. Pricing vy, {u, 75y EF

5. Labour Market Elasticities of Substitution 7, n*.

The remaining parameters to estimate are the bias parameters w and w*. In principle

these can be treated as any other parameter. However we adopt an alternative procedure

is to use trade data so as to equate

P

#Cr = (1 —w) = import share of traded consumption in H bloc (C.7)
PrCr
P* *

Ii Cf = (1 —w") = import share of traded consumption in F bloc (C.8)
PrCy

which calibrate w and w*. We also need to calibrate: %, %, and }/
We now have the following derived parameters as functions of estimated or cali-

brated parameters

¢ ap = (1-w)mE = (1 - w)mE Y

o af=(1-w)2 =(1-w)2S X

n*

Note if TB = 0 in the steady state (which we have assumed in the linearization

above), then Y = C+TB = C and Y* = C*, so % = g* = 1 in the expressions for
ag, ete.
o \y = (1—5512;(1—5H)
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° )\* — (1_ﬁ§})(1_§})

33
n*
o w=——F"— =wifn=n"
1-w(1-57)
w* .
* n* _ % _ *
o W'=—-"_=w'ifn=n
=y

From the linearization it is apparent that parameters 8 = 8*, ( = (*, n and ™ are not
identified and are therefore calibrated along with w, w* and the relative bloc sizes.

In the results reported in the present version of the paper we assume symmetric blocs
with n = n* and all parameters identical. The oil shock is common, the technology shocks
can be correlated in principle, but not in these results. Other shocks are independent.
pi = 0.7 for all shocks i = a, g etc, all standard deviations are 1%. There is no government
sector (¢, =1). ¢ = 1.7, p =1, {g = {p = 2/3 corresponding to a 3-quarter Calvo price
contract, ( = 7.674 corresponding to a 15% mark-up, h = 0.5, 0 = 2, # = 0.99 and there

is no indexation. Import shares are assumed to be 25% so w = w* = 0.75.
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Figure 1: Responses to a Negative Technology Shock: No ZLB Constraint Im-
posed.
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Figure 3: Cooperation with Commitment: Imposing the ZLB
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COOPERATION WITH DISCRETION
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Figure 4: Cooperation with Discretion: Imposing the ZLB
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Figure 5: Cooperation with Discretion: Imposing the ZLB
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NON-COOPERATION WITH DISCRETION
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Figure 6: Non-Cooperation with Discretion: Imposing the ZLB

46



COOPERATION WITH WITH COMMITMENT: CURRENT INFLATION RULE
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Figure 7: Cooperation with a Commitment Current Inflation Rule: Imposing

the ZLB
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Figure 8: Cooperation with a Commitment Current Inflation Rule: Imposing

the ZLB
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