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1 Introduction

Global climate change causes damage and this damage cangtifatly be-

tween regions, not only in terms of magnitude, but also imgeof its destructive
nature (IPCC, 2014). The economic damage caused by clirktted disasters
is relatively large in developed regions, but if we are coned with human

capital then climate change has more impact in less-degdloggions.
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Figure 1: Impacts of weather- and climate-related natuisdsders through
2003-2013. Source EM-DAT, the OFDA/CRED International Disaster
Database, Université Catholique de Louvain, Brusselkyjiga.

In Figure 1 we show the economic and human-related damagecger-
rence of climatic disasters over the past eleven years.etd economic dam-
age in Asia and Africa is smaller than or comparable to theéesoc damage
in Europe and America (Panel (a)), the number of people t&ifeimn Asia and
Africa is much larger (Panel (b)). Since human capital carreoeasily re-
stored once it is lost, more frequent and more powerful tksasare likely to
have a negative and long-lasting impact on human capitairagtation in less-
developed regions.

This simple observation is intriguing because it providéskabetween cli-
mate damage, economic growth, and mitigation capacityceSiuman capital
is an essential driver of sustainable economic growth, Xpe&ed loss of hu-
man capital is a serious obstacle for the economic and sdeialopment in



climate-sensitive regions. The resulting sluggish dgwalent, together with a
chronic shortage of human capital, makes it difficult forstheegions to allocate
sufficient financial and human resources to badly-neededatitin activities.
As Yohe (2001) and Winkler et al. (2007) point out, a courstigbility to im-
plement emission mitigation depends on its level of develept, including a
sufficient stock of human capital. Put differently, if thentizge from climate
change can be weakened, mitigation capacity will be enltamcetherwise ill-
equipped regions, thus providing a basis for long-termgatton efforts at a
global level. Averting climate damage today will help to gv#amage in the
future as well.

The most-often discussed policy for averting climate daenaghe reduc-
tion of carbon dioxide emission. However, weakening clenddmage through
mitigation takes time, while global climate is changingeally and the expec-
tation is that this trend will continue due to the inertia bé tclimate system,
even if the amount of carbon emission were significantly ceduoday (IPCC,
2014). Hence, if current and future climate damage is to deaed, then adap-
tation should play an important role, especially in climsgmsitive regions. The
problem, though, is that for developing countries, many bicl are located in
climate-sensitive regions, capital for and knowledge tdative adaptation are
typically unavailable. To make things worse, even modeditimshal warming
in these countries requires large adjustments to the wagi@dive, while pos-
sible adaptation options are limited by resources and maate infrastructure
(World Bank, 2010a). Developing countries, particulaHg poorest and most
exposed, therefore require assistance in adapting to Hregag climate.

Unfortunately, financial and technological assistancéaie for develop-
ing countries is small compared to the projected needs. eshd@/orld Bank
(2010a) estimates that current financing for adaptationraitidgation is less
than five percent of what may be needed annually by the yedr. Z08s small
percentage is due, at least in part, to the fact that adaptassistance is pri-
marily thought of as humanitarian aid, without taking eamno aspects into
consideration. In the realm of international politics, whe@o country can be
forced to cooperate, this lack of perceived economic ineestmakes financ-
ing the required assistance more difficult. After all, it da#t seem a fair
deal for developed countries to unilaterally make a findramenmitment with-
out any promise of mitigation efforts by developing coussti As we show in
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this paper, however, financial aid to enhance adaptatioacigpof vulnerable
countries makes good sense, both in terms of efficiency asahtive compat-
ibility. Adaptation assistance, when appropriately deedy makes developing
countries more capable of engaging in mitigation actigitrethe future. In this
sense, the climate policy discussion can be viewed as ‘atiaptfor mitiga-
tion’, not as ‘adaptation or mitigation’.

To formalize this argument, the present paper develops ardignmodel
of a North-South economy where the accumulation processifan capital
is negatively influenced by the global stock of pollution. MgtSouth is more
vulnerable to the damage from pollution, North can make amament to pro-
vide assistance so that South can protect itself againstxpected damage.
Given the absence of an effective international treatyh begions are assumed
to behave in a non-cooperative manner. We show the existdracdlash equi-
librium and characterize the equilibrium strategy of eaafion. The short-term
and long-term impacts of adaptation assistance are exdnmrgetail.

To the best of our knowledge, this paper is the first to exarttieecon-
sequences of human-capital degradation caused by pallitia dynamic and
strategic environment. In the endogenous growth liteeatlikefuji and Horii
(2012) consider the possible destruction of physical anddrcapital due to
pollution, but their analysis is based on a single-regiomeholn a similar con-
text, a North-South framework is introduced by Bretschget Suphaphiphat
(2014). Although they examine the impact of internationaficial assistance,
the strategic interaction is absent in their model becalesie focus is on the
comparison of different policy scenarios. As we shall se@thh the interac-
tion between human capital and global pollution has stratsignificance in
dynamic settings. Through a channel of dynamic influencen fome region to
another, the regions’ best responses can be strategic eorapts. This finding
is particularly relevant from the perspective of globaliesnmental protection.
If the regions’ actions were strategic substitutes rathan tcomplements, then
additional future mitigation efforts by South would discage North from re-
maining active in pollution reduction, making the net impambiguous.

The adaptation literature is primarily concerned with tiptiroal level of
adaptation or the optimal mix with mitigation. Kane and Sieog(2000), for
example, consider a static model where the risk of climatngk is endoge-
nous and investigate the optimal portfolio of mitigatiordaadaptation. They



show that the optimal level of adaptation, quite intuitiyelepends on whether
the two types of policies are complements or substituteghdm et al. (2013)
examine a variety of economic models with mitigation-adépt interplay and
conclude that these policies are most likely to be subsstut the sense that
strengthening one type of policy will weaken the other. Tigisult is mostly
consistent with the numerical analysis based on integratedssment models
by de Bruin et al. (2009) and others. A theoretical analyssdynamic context
is conducted by Bréchet et al. (2013), who consider a sptziner problem
in a Solow-Swan one-sector growth model, in which adaptediod mitigation
are separate decision variables. Their results suggestighaptimal level of
adaptation depends on the stage of development of the gowvitile the char-
acterization of optimal adaptation policy has great polielevance in itself,
these studies do not incorporate the interaction betwetemdgeneous regions,
which is inherent to the problem of global climate change.

Recently, the strategic aspect in the presence of mitigatdaptation in-
terplay has received some attention. Buob and Stephan 20&lyze a non-
cooperative two-stage game in which multiple regions siamdously choose
the level of mitigation in the first stage and the level of ad#ipn in the second.
They show that, at equilibrium, a positive mixture of mitiga and adaptation
can only emerge when the marginal cost of adaptation depeweisely on the
global level of mitigation. Closer to the present paper arei®a and Arino
(2011) and Ebert and Welsch (2012). Based on a static NatthSnodel, On-
uma and Arino (2011) assume that adaptation is only posfiblene region
and investigate the consequences of improving the adaptatipacity. Us-
ing a similar two-region static mitigation-adaptation regcEbert and Welsch
(2012) study the roles of various aspects of the economiydimy productiv-
ity, adaptation capacity, and sensitivity to pollution daga. Perhaps the main
message of both papers is that an enhancement of adaptapenity in one
region can cause an increase of regional emission. Thisireet donsequence
of the fact that mitigation and adaptation are substitufescordingly, unilat-
eral improvements of adaptation capacity will negativdfea the welfare of
the other region. This result, however, crucially depend¢he static nature of
the analysis. In a dynamic setting, where human capitalraagation is taken
into account, adaptation can be a complement to mitigatidhe sense that the
former stimulates the latter in the long run.



The main contribution of our paper is twofold. First, we deypea multi-
region dynamic model where human capital accumulatiorflisenced by global
pollution. The model is simple enough for theoretical asmlyyet captures the
essential aspects of the dynamics between economy andwinerenent, both
within a region and across regions. This provides a genenaddwork in which
strategic interactions can emerge through the channel miahucapital accu-
mulation. Second, in the specific context of adaptation, mayae the impact
of assistance from one region to another. We show in paatidhit, although
enhancing adaptation capacity in one region may cause atamygncrease of
pollution in the short run, the long-term level of pollutistock is likely to de-
cline. Making a commitment to adaptation assistance caefihre be incentive
compatible and Pareto improving. This finding contrastsggiido the existing
literature, which either considers a non-strategic sgtiira static model. Policy
implications are discussed and robustness checks perdorme

The remainder of the paper is organized as follows. Sectide\&lops
the benchmark North-South model without adaptation. Thelibgum of the
model is derived and characterized in Section 3. Sectiotrdduces adaptation
of South together with a transfer from North, followed by dailed analysis
of the impacts of adaptation in Section 5. Section 6 invastig the welfare
implications of adaptation assistance and examines tlemiive compatibility
of such assistance. The results are numerically illustrizt&ection 7 based on
a more general specification of the model. Section 8 conslud# proofs are
in the appendix.

2 Model without transfers

Our stylized economy consists of two regions: Nonth #énd South §). We
consider an infinite-horizon model where periods are egusdhced in time.
Periods are indexed by= 0,1, ..., where period denotes the time interval
between point and pointt + 1. Each region contains two sectors: production
Y; . and abatemem; ;, where: denotes the region artdhe time period.

Total ‘effective’ labor available in regionduring periodt is given byL; ,,
the stock of human capital, and the process of human capitainaulation is
described by

Liyer = me ™ML, 1)
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which depends explicitly on the pollution stodk;. Notice that pollution is a
global, not a regional, phenomenon, so that each regioms theesame amount
of pollution. The parametey; — 1 denotes the baseline growth rate of human
capital in the absence of pollution. We assufne> 0, so that the growth rate
of human capital is negatively affected by pollution. Thieetive labor force is
divided between the production sectdf () and the abatement sectdr():

Lz’,t = Lyt + L?,t? (2)

2y

and we write
Lly,t = (1 - bivt)Livt’ L;,'l,t = bi,tLi,t7 (3)

so thath; , denotes the share of effective labor used in the abatemetiorse
The production function of regionat period: takes the form

Vi, = Qme—&vtMt(Lg{t)aJD;;a 0<a<l), (4)

whereP; ; denotes the amount of a polluting input afg e+ captures the
total factor productivity of regior. We assumé,; > 0, so that the pollution
stock negatively affects productivity.

Abatement activities require labor inplit,, and we specify

Aig=p(Li)  (w>0, 0<y<1). (5)

The net emissiotk; , of pollutants in period is determined by the polluting
input and the amount of emission abated during that period:

Ei,=P;—A,;>0. (6)

Locally emitted pollutants are accumulated at a globall|emad the dynamics
is governed by

Mt+1 - (1 - 5m)Mt + En,t + Es,t (0 < 5m < 1)7 (7)

whered,, denotes the depreciation rate of the pollution stock.
In our model, North and South are allowed to differ from eattteoin sev-
eral respects: vulnerability to pollutiog; ¢ and¢; ;), productivity €2, ), baseline



growth rate of human capital), and initial amount of human capital{,). By

assuming,, > &, and(,: > (.., we characterize South as being more vul-

nerable to pollution than North due to a lack of adaptatiqmataity. This gap

can be narrowed if North provides assistance to South, buhéomoment we

assume that no such assistance takes place. We shall rslassimption later.
We let consumption equal output,

Ciy=Y, (8)
and define the welfare function as
W; =U(Cipo) + BU(C;1) + BPU(Ci2) + - - - (0<B<1), 9)

wheref denotes the discount factor. To simplify the analysis, vieduce the
value functionV; »(L; 2, M>) at the beginning of period = 2, so that we can
write

Wi =U(Cipo) + BU(C;1) + B*Via(Lio, My). (10)

We interpret period 1 as the short-run future and period 2asang run. This
three-period framework (containing periolsl, and2) captures the dynamic
interaction of interest and hence is sufficient for our pggoFor the moment
we assume thdl' (C') = log(C'), and we employ a linear approximation to the
value function, so that

Vio(Lig, Ma) = @i 1. Lo — ¢i i Mo (hi, >0, ¢ > 0). (11)

These assumptions are relaxed in Section 7, where we digmissbustness of
our results.

North and South are assumed to behave in a non-cooperativeemand
chooseP and b simultaneously. Formally, we consider the open-loop Nash
equilibrium, which is defined by a listP, ;, Ps ¢, by, bs 1 }1—01 Such that for
eachi € {n, s}

{P;+,bit}i—01 € argmax W; subject to (1)—(1Q) (12)

with L; o > 0, M, > 0, and given the control variables of regigs :.



3 Equilibrium analysis without transfers

The model’s equilibrium is characterized by the followirmgposition.

Proposition 1. Our model has an equilibrium with an interior solutionuf «,
and ¢, , are all sufficiently small and the two regions are sufficigtitbmoge-
neous. The equilibrium is then characterized by

Mci,t(bi,t) = MBi,t(bn,ta bs,t) (13)

and
Ppy=(1—a)(MC,(bis) ™" (14)

fort = 0,1, whereMC,, and MB,, are defined by

1— b, -
MCi(biy) =« (7 b ’ M(bLth‘,t)V) (15)
and
) 24 . . 2(1 _ . =
MBi7t(bn7t, b&t) _ 552,1 + 5 ¢2,LC@,1LZ,2 + B (1 5)¢Z,M (t 0)7 (16)
Boim (t=1).

What we mean by ‘sufficiently small’ and ‘sufficiently homagmus’ is ex-
plained in the appendix. There we obtain upper boundg fer, and(. Also,
as Lemma 2 in the appendix shows, North and South can be petexous, but
we have not been able to show theoretically how heterogerbeutwo regions
may be. Our simulations suggest, however, that the regi@ysxa quite hetero-
geneous and still qualify as ‘sufficiently homogeneous’r goretical results
have therefore practical relevance, and this is confirmethbynumerical ex-
amples in Section 7, which show that the equilibrium can bemaed within a
reasonable range of numerical specifications.

In Proposition 1M C;, and MB,, are the current-value cost and benefit at
periodt for region: of marginally decreasing/,,,. Notice thatL; in (15) is
determined by (1) give, and L, o. This is why we writeM/ C'; ; as a function
of b;; for t = 0 and 1. Similarly, givenV/, and L, o, L; » in (16) is determined
by (b4, bs.) for t = 0 and 1, through (1), (6), (7), and (15). This is why we
write MB; (b ¢, bs ). It follows from (13) and (14) that the equilibrium level of
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emission is given by

l—a 1- bi
B, = (7 : : L 1) p(bieLig)? (17)

fort =0, 1.

Condition (13) requires that the cost and benefit of margirdggcreasing
M, should be equalized on current-value basis, which detesrtime equilib-
rium values ob’s. Condition (14), on the other hand, suggests that the imarg
cost of reducing/;; must be equalized between the two control variabigs (
and P; ;) by which the values of’’s are pinned down. Notice that in (16) the
first term of MB, o reflects the impact od/; onY;; while its impact onL, , is
incorporated in the second term. The last ternd4B; ;, and the (only) term in
MB; ; approximately capture both effects from pertod 2 onwards.

The first-order conditions already reveal how the novelfiess of our model
affect the nature of equilibrium. One of the unique aspeftsur model is
that the pollution stock negatively affects not only pratifue, but also human
capital. To clarify the role of this additional channel oftesnality, suppose
for the moment thaf; ; = 0 so that the pollution externality only exists in the
production sector. In this casl, is determined by

= (18)

1 ‘ 201 _ S\oh. -
N <71 — bLt/uL(bi,tLi,t)Py) B&ia+ B (1 —=06)gim (t=0),
/8¢i7M (t = 1)7

it

for i = n, s. This equation is independent®f;, meaning that the best response
of each region is not affected by the action of the other megithis somewhat
counter-intuitive result is due to the combination of a laidanic utility function
and an exponential damage function. An increase of emisei@me region
decreases the utility of the other region, but only througto@astant term. As
a result, the equilibrium levels of regional emissions aidependent of each
other. This result holds exactly only for this particulandaination of utility and
damage functions. The logarithmic-exponential combaragreatly simplifies
the analysis without however losing the essence of the pnojdee Golosov et
al. (2014) for a detailed discussion in the context of cliengttange. We show
in Section 7 that our main results are not sensitive to ttssmption.

Now suppose thaj;; > 0 so that human capital is affected by the pollution
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stock. As is clear from (16)}/B; ; is still independent o, ; and thereforé,, ,
andb, ; are chosen independently. On the other haWi®, , is a decreasing
function of M;. This, together with (18) and (7), shows theiB,; , is an in-
creasing function ob,,. Therefore, once regioy decreases its emission, the
marginal benefit curve of regian# j shifts upward, providing regionwith an
incentive to decrease its own emission as well. In other séyd, andb, o are
strategic complements. This leads to our next proposition.

Proposition 2. At equilibrium, emissions in perio@ (E; o) are strategic com-
plements while emissions in periddE; ;) are not affected by each other.

The second part of the proposition is an artifact of the fimmetl specifica-
tion as explained above. To see why the first part holds, adtitiat any decrease
in E;, increases the amount of human capital that survives the giarfnam
pollution in the future. In other words, under the pollutexternality in human
capital accumulation, pollution abatement can be regaegethvestment’ in
human capital. What matters for the choice of abatement is\tbe shadow
value of human capital. When the pollution stock is expetdduk large in the
future, the corresponding damage to human capital is velgtlarge. In such
a case, the shadow value of human capital is relatively sbheahuse a large
fraction of investment in human capital will be lost. If oregion reduces its
emission, however, then the global stock of pollution inftitere declines and,
as a consequence, a larger portion of human capital in bgibrre will survive
the damage from pollution. This means that emission rednéti one region
increases the shadow value of human capital in both regidreslarger shadow
value of human capital then leads to a stronger incentivent@st’ in human
capital by engaging more actively in emission abatement.

The mechanism discussed above is more general than it maaappor
example, the result holds even when the abatement sectbs&ntafrom the
model. This can be seen by setting= 0 so thath, ; = 0 at equilibrium. Then
a similar argument as above shows that and P, , (and hencér,, , and E )
are strategic complements. Moreover, adaptation doedaptpy role for this
result; it follows solely from the fact that emission abaggnby one region
at one point in time influences the shadow value of other regjioapital at
another point in time. We call this thdynamic complementarity effedtvhile
consideration of this dynamic effect is largely absent ia kikerature, it can
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have important policy implications as will be exemplifieddwe in the context
of adaptation assistance.

4 Introducing transfers

We noticed in Section 2 that North and South can be diffenemhfeach other
in four respects: vulnerability to pollution, productijibaseline growth rate of
human capital, and initial amount of human capital; and thatassumptions
&t > & @nd(,, > (4 Characterize South as being more vulnerable to pol-
lution than North. This vulnerability gap can be narrowedNdrth provides
assistance to South, and this assistance is now introdactteeimodel. We
shall assume that only North has the knowledge and technatogffectively
enhance the adaptation capability of South.

To capture the idea of adaptation, It denote ‘adaptation-related capi-
tal’, by which we mean the durable good in South which can leslue re-
duce damage from pollution. Typical examples of adaptatedated capital are
flood-control dikes, improved hospitals and schools, amghggtorage facilities
(World Bank, 2010b).

We then specify

gs,t = gs(Rt)a Cs,t = Cs(Rt) (19)

for some decreasing and continuously differentiable fionst, and ;. We
assume that

5;(0) > —00, }%I_EH gs(R) Z gn,ta (20)
and
C(0)> —o0,  lim C(R) > Gu. (21)

North can invest inR; so that South can better protect itself against pollution.
The value ofR; in the absence of adaptation assistance is normalizevith-
out loss of generality.

We focus on the case where the investment decision by Norttade only
once. To be more precise, North choosd < 7 < 1) and invests a fraction
7Y, 0 Of output in R,. By measuringR; in the unit of the produced good, we

13



may write
R(] = TYn70. (22)

The adaptation-related stock depreciates over time, arspeefy
Ry = 0, Ry, Ry =0, (23)

so that only a fractio) < 4, < 1 of the newly invested stock remains in the
short run and it fully depreciates in the long run.

Without transfers, we assumed in (8) that consumption squatput. With
transfers, the consumption function is adjusted to

1—7)Y,q for(i,t)=(n,0),
¢, = J 0= ao for (i,t) = (0.0) ”
Yis otherwise

North and South are again assumed to behave in a non-cowperanner and
the game proceeds in two stages. In the first stage, Northsesopanticipat-
ing the non-cooperative game with South in the stage thetvisl This means
that North can make a commitment to the adaptation assesiartbe first pe-
riod, but not to the level of mitigation. In the second stayerth and South
simultaneously choosE andb, takingr as given.

5 Adaptation

We solve the problem backwards. We note first that the levelasfosen in the
first stage does not directly affect North’s strategy in teeosid stage. To see
this we write

U(Chyp) =log((1 = 7)Yn0) = log(1 — 7) + log(Yy.0), (25)

which means that does not affect the marginal rate of substitution. Hence,
North’s behavior is not affected byas long as South does not change its strat-
egy. The behavior of South, however, is affectedrtihrough the changes in
&+ and(, ;. In response to an enhanced adaptation capability, Sollthojust

its resource allocation and emission level. This in turruiefices the behavior
of North through the negative externality of pollution.

14



We know from Proposition 2 that the equilibrium level of regal emission
in period1 is determined independently of what the other region daegetiod
0, on the other hand, emissions of North and South are stcategiplements
due to the dynamic complementarity effect we identified icttea 3. This
result, together with the observation above, suggestsfthdtigher adaptation
capability implies a greater willingness of South to abatession, it is likely
that adaptation at the local level induces mitigation atglodal level. In what
follows, we clarify the conditions under which such a scemaray arise.

5.1 Long-run emission

Let us first focus on the long-run effect, more precisely teglrun impact
of enhanced adaptation capability on South’s emission. eliod¢ = 1 the
equilibrium condition (13) implies that

1- bs - _
«@ (7 b ’l,u(bs,lLs,l)’y) - (1 - O‘)Ps,ll - 5¢5,M7 (26)

s,1

where
Ls,l = nse_C(RO)MOLS,& (27)

Taking the total derivative of (26) with respect/, we obtain

dPs,l dbs,l 1 o 1- bs,l f}/bs,l
dRy ' dRg by, bs1

= = MyC.(Ro) > 0. (28
) M) > 0. @9

SinceFE; = P,y — u(bs1Lsq1)”, we then have

dE; dP, dbsq 1
T — o bs Ls Y22
TRy dRy  Mbsala) R b1
1— bsl f}/bs 1 ) !
= —u(bs1Lsq) | —————— ) Mo(,(Ro) < 0. 29
v Do 11(bs 1 Ls 1) <1 b, 06s(Fo) (29)

This means that the long-run emission in South unambigyalestlines as a
result of enhanced adaptation capability. We have thusegpralre following
result.

Proposition 3. When the initial adaptation stock in South is marginally in-
creased, the long-run emission from South decreases wialénhg-run emis-
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sion from North does not change. Accordingly, at least irdhg run, enhanced
adaptation capability in South helps decrease pollutioa gtobal level.

The mechanism behind this result is quite simple. Thankkeéahhanced
adaptation capability in South, human capital, increases, and this enlarges
productivity in the abatement sector. Put differently, ltdreg-run cost of mitiga-
tion declines as a result of short-run adaptation. We calttiecost-reduction
effectof adaptation. When human capital is protected againsttiati today,

a larger portion of effective labor becomes available inftliare, not only for
production, but also for mitigation activities.

5.2 Short-run emission

Once the adaptation capability of South is enhanced, langmission declines
unambiguously because of the cost-reduction effect. Thet-stn impact is,
however, not straightforward. To see why, consider the Bgud/C; o(b; o) =
MB; o(bn0, bsp), Which determines;,. By taking the total derivative of this
equation with respect t&,, we obtain

dbyo _ [ OMByg  dbuo _  OMBa,

dRy ~° ORy, ' dRy " 0R, (30)
Our framework allows us to determine the signg'ofindl’,,.
Proposition 4. I'; andI’,, are both strictly positive.
On the other hand, it follows from (17) that
= (o e ) e
Hence,
Cféoo <0 — iliil%s >0 — 024508,0 >0 (32)

fori = n, s. Therefore, a higher adaptation capability in South resola short-
run emission reduction if and only if the marginal benefitveul/B ; , of South
shifts upward when its adaptation capability is enhanced.

To decompose the impact of adaptation on the marginal benafie, we
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write

OMB,
9R,

= B£;<5TRO)5T + B2¢S,LCQ<5TRO>5TLS,2

- 52¢8,LC5(57”R0) (Cé(érRO)(erl + C;(RO)MO) LS72' (33)

The first and the second terms on the right-hand side are legfatine, mak-
ing marginal benefit smaller. We call this tkabstitution effecof adaptation
because, under this effect, adaptation becomes a subgttunitigation. The
enhanced adaptation capability reduces the marginal dafnagn M/; both in
the production sector and in human capital accumulationa Aesult, the sub-
stitution effect weakens the case for mitigation effortSouth. From the per-
spective of North, this poses a dilemma in integrating aatagpt assistance into
mitigation policy.

The third term in (33) is strictly positive, acting againsé tsubstitution ef-
fect. We call this theecomplementarity effecif adaptation because adaptation
can become a complement to mitigation when this effect iBcserfitly strong.
The complementarity effect follows from a similar, but dist, mechanism as
pointed out in Section 5.1. An increase Ry boosts the growth rate of hu-
man capital, which increases the baseline human capitek $tothe absence
of pollution damage. This change is exogenous to South. iGive increased
baseline of human capital, South then finds it more impottakéep the growth
rate from falling due to pollution. The larger is the stockhoiman capital, the
greater is the importance of its growth rate. This implieargér marginal ben-
efit of pollution abatement since the expected decline indugapital growth
can be partially avoided by abatement activities.

Compared with the substitution effect, the complementafdtect has two
noteworthy features. First, the effect does not vanish e¥esm the adaptation-
related stock depreciates. Second, unlike the substiteffect, the magnitude
of the complementarity effect is proportional to the levepollution damage.
These features are due to the fact that the complement#ett &llows from
the changes in the stock of human capital in the future. Sioicean capital is
a stock variable, any change in its current value affectgaliges in subsequent
periods. This makes the complementary effect long-lastkigo, because the
enhanced adaptation capability boosts the growth rate wifanucapital, how
much it benefits depends on the level of human capital, wisichviersely pro-
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portional to the damage from the pollution stock. This is whg term(, M,
appears in the complementarity effect, but not in the stutigin effect.

It is not clear from (33) whether the complementarity effegtweighs the
substitution effect. The net impact of adaptation on shamtemissions is, in
general, ambiguous. Nevertheless, the sign of the net incpade determined
based on the following simple conditions.

Proposition 5. There exists a constant € (0, 1] such that

<0 if 6§, <0, (34)

Moreover, if My > 1/((1 — 6)¢,(0)), then there exists a constagit < 0 such
that

<0 ifandonlyif ¢/ (0) <. (35)

s

dE;
dRy Ro=0

The proposition first states that if the stock of adaptatielated capital aug-
mented by North’s assistance depreciates at a sufficiesslyrate, then adap-
tation assistance is always followed by a short-term dedhrglobal pollution.
To understand why this happens, set= 0. In this extreme case the direct
impact of adaptation assistance only exists in the iniggiqu. Those damages
that are already occurring in South are then partially &k, but the damages
expected in the future are not affected by this assistanoee $he current dam-
age is irrelevant for the substitution effect, the substtueffect vanishes. In
fact, the first two terms in (33) disappear wheén= 0. The complementarity
effect, on the other hand, is still valid; see Equation (86hie Appendix. The
enhanced adaptation capability today increases the gtpckf human capital
in the next period. This makes it more important to avoid thendge to the
growth rate ofL, ; because a decline in the growth rate then causes a significant
decrease irL; . As a result, the marginal benefit of reducing unambigu-
ously shifts upward. This remains true as long,as sufficiently small.

The second part of the proposition is particularly intargst Short-run
emission declines if and only if adaptation assistance fficgntly effective
in preventing damage to human capital. As long as the irpodlution stock is
large, this result holds even whénis far away from zero. As (33) suggests,
the effectiveness of adaptation in the production sectbichvis captured by
the absolute value of,, always works in favor of the substitution effect. On
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the other hand, the effectiveness of adaptation in humamat@gcumulation,
which is captured by the absolute value(6f0), increases both the substitution
effect and the complementarity effect. While the overdimf ¢/ (0) is unclear
in general, its contribution to the complementarity effiscilways greater than
its contribution to the substitution effect whé, is sufficiently large. This is
because, as mentioned above, the complementarity effpob®rtional to the
level of damage, which is a monotonic transformation of #heel of the pol-
lution stock. Given that a higher value @f,(0)| always works in favor of the
complementarity effect, what matters is whetf(0)| is sufficiently large rel-
ative to|&.]. If this is the case, then the complementarity effect dotemand
short-run emissions decline in both regions.

5.3 Pollution stock

For society as a whole, what matters most is whether thedégdbbal pollution
stock can be well-managed. The discussion so far suggesdtshih long-run
emission always decreases thanks to the cost-reductieat.efMoreover, the
short-run emission also decreases when the complemgreffatt outweighs
the substitution effect. This happens in particular whenatiaptation in South
is sufficiently effective for human capital protection, irhieh case it is quite
obvious that both short-run and long-run pollution stockslthe. When the
substitution effect is larger than the complementaritg@ffhowever, the overall
impact on the pollution stock is less obvious.
The long-run impact on the pollution stock is given by

dM2 dMl dEn 1 dEs 1
A g : :
L T N e

(36)

where
dM, dE,, N dEs

dR, dR, dRy
Suppose the initial stock of pollution is sufficiently largéhen Proposition 5
shows that

(37)

M,

— <0 ifandonlyif [¢/(0)] > |C]. (38)
dRy Ro=0

If |¢/(0)] < |¢|, then the substitution effect outweighs the complemetytari
effect and the short-run level of global pollution stockregses as a result of

19



adaptation assistance. Even in this case, however, thk stqmllution can
be smaller in the long run and this is where the cost-redneftect comes into
play. If the long-run cost-reduction effect is sufficientlyge, it can compensate
for the short-run substitution effect.

In order to see how this works, we recall from (29) that theé-ceduction ef-
fectis an increasing function ¢f.(0)|, just as the complementarity effect. This
suggests that evenli§’(0)| is smaller than the thresho|d.|, the net impact of
adaptation assistance to the long-run pollution stock @andgative as long as

¢’ (0)| is sufficiently close td¢’|. This argument is formalized in the following
proposition.

Proposition 6. Supposélf, > 1/((1 — 0)(s(0)). Then there exists a constant
(' such that’! < ¢! < 0and

<0 ifandonlyif ¢/(0) <. (39)

S S

AWy

with large Q)

with small (),
=0

125(0)]

Figure 2: Impact of adaptation assistance

Figure 2 illustrates this result. Whég((0)| is smaller thari¢!|, enhanced
adaptation capability increases both the short-run angttan levels of the pol-
lution stock. Wher|¢’(0)| is larger thar|(’|, on the other hand, the short-term
and long-term levels of the pollution stock both decline. &’ (0)| is in-
between/(’| and|C’|, the level of the pollution stock increases in the short run,
but decreases in the long run.

20



6 Why should North transfer?

We now turn to the first stage in which North makes a commitrabout adap-
tation assistance. The discussion so far suggests thatatidapassistance by
North, if sufficiently effective for human capital protemti, enables South to
better engage in mitigation activity in the future and pblgsprovides a short-
term mitigation incentive as well. This in turn benefits natlyoSouth but
also North since the pollution stock is reduced at a globatlle Of course,
North needs to pay the cost of assistance in the form of sappdeconsump-
tion. The question then arises whether providing adaptatssistance to South
is incentive-compatible for North. If the cost of adaptat@ssistance, which
has to be borne in the initial period, is larger than the bepé&gnvironmental
improvement for North in subsequent periods, then Northrwasicentive to
provide assistance in the first stage.

To examine this point further, 1&V;(7) denote equilibrium welfare of region
7inthe second stage, wherés chosen by North in the first stage. North chooses
7 in such a way thatV,,(7) is maximized. For our purpose it is sufficient to
check when and under what conditiafi¥’,, /dr > 0 evaluated at = 0. When
this is the case, then the equilibrium levelois always positive. Now, the
marginal welfare with respect tois

AW, (1) b0 db,o 1
= —1- : 1—a)(l-— 2y,
dr | (1 — bno +{i-e) 7)) dRo bno ™"
M, My ., dM,
(55 VdR + B°0n,.Cn1 Lin2 iR, + B¢ MR, 0

(40)

The first and second terms in (40) together capture the nétof@laptation
assistance. The first term is the direct cost of reduced copson measured in
units of present value of utility. The second term reflectsféitt that any change

in 7 (and hence iR)) in the first stage causes an adjustment of South’s emission
in the second stage and also an adjustment of North’s emigsiesponse to

the expected change in South’s behavior. For exampt®,,if/d R, is positive
then the second term is positive; it represents the indoest of assistance in
the form of additional abatement in the second stagéb,lf/dR, is negative
then the second term is negative, implying that the cost aptdion assistance
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will be partly compensated by a smaller abatement efforhengecond stage.
All benefits are captured by the third term.

The expressionin (40) is a little complicated. Our next pon is simpler
and contains a necessary and sufficient condition for Nordommit a positive
amount of adaptation assistance in the first stage.

Proposition 7. There existg’ < 0 such that

>0 ifandonlyif ¢/(0) < (. (41)

s
7=0

dW, (1)
dr

The thresholafg is an increasing function d?,, . In particular, if 2, o is suffi-
ciently large, thenf; > (!. On the other hand, it is always the case that

dW(T)
dr

> 0. (42)

7=0

Again, a key issue is the effectiveness of adaptation inggtotg human
capital. Proposition 7 shows that North always has an imeend provide a
positive level of adaptation assistance to South as longeaadaptation assis-
tance is sufficiently effective for human capital protestidMoreover, even if the
adaptation assistance is not very effective (so that thstasse causes a rise of
pollution stock in the short run), North can still be bettérlly making a com-
mitment to assist. This is possiblelf, ; is sufficiently large or, in other words,
if North is already sufficiently wealthy. This point is illtrated in Figure 2. The
wealthier North is, the more incentive it has to engage irptataon assistance.
Once the assistance materializes, South is better off ictasy. Hence, provid-
ing adaptation assistance achieves a Pareto improvememewdr North has
an incentive to do so. It is also worth noting that the welfianpact of adap-
tation assistance in South is increasing not only¢iti0)| but also ing,; see
Equation (99) in the appendix. This is good news for Southabse South will
obviously benefit more from adaptation assistance if it Hasig-lasting effect.

The results presented so far have a number of implicatidnehah we
mention two. First, once the damage to human capital is takeraccount in
a dynamic setting, emissions in different regions are yiktelbe strategic com-
plements. A relevant question is then how to encourage auatidn among
regions. The coordination can be facilitated by North’s oatment to adapta-
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tion assistance to South. Adaptation assistance has thetectieffects: cost-
reduction, substitution, and complementarity. While thiesgitution effect weak-
ens South’s incentive to reduce pollution, the other tweaf work in favor
of a greater abatement incentive for South. In particulfremthe adaptation
assistance does not have a direct long-lasting effect onvthis sufficiently
effective in protecting human capital, then the latter tvfeats dominate the
former. South will then become more capable of reducing giomsand will be
more willing to do so. This in turn provides an additionalentive for North to
engage in emission abatement in the future due to the st@i@gplementarity.

A second implication of our results is that adaptation #sse may cause
a temporary increase in the pollution stock in the short while the long-term
pollution stock declines. This happens when the effecégsrof adaptation
is not sufficiently large. In terms of welfare, however, Nodan be compen-
sated for the negative impact of such a temporary intensdicaf pollution as
long as the region is sufficiently wealthy. We conclude tfareethat wealthy
countries should make a commitment to adaptation assiestarfavor of poor
countries, making sure that the assistance is targetedse #ctivities that ef-
fectively protect human capital in the poor countries agigoollution damage.
Alternatively, the assistance could be focused on thoggtatian activities with
only a short-lasting effect. Although such assistancekislyito be consistent
with the incentives of the wealthy countries, it will natllyaeduce the benefits
for the poor countries.

7 Robusthess

In what follows, we illustrate our results by presenting sosimple numerical
examples. In addition, the analysis in this section sergesrabustness check.
Clear-cut policy implications in the preceding section jgaetly due to the sim-
plifications used in the model. One might argue, for exampiat, our analytic
results depend on the assumption that the model has onbyplereods. Another
possible criticism is that our results might be only validtiee logarithmic util-
ity function. We address these two issues below.

Of course, there are more model assumptions that can beecbatl. Our
model does not have physical capital, which is not entireblistic for a dy-
namic model. Also, we do not explicitly model how the baselaccumula-
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tion process of human capital is determined. We could use saphisticated
equilibrium concepts instead of the open-loop Nash equilib. The one-shot
nature we assume for adaptation investment may be too simeplAddressing
these issues is certainly useful, but they would requireitgnt modifications
of the model, and are therefore extensions rather thantreésschecks. Hence,
we limit ourselves in this paper to the two robustness issussioned above.

7.1 Numerical model

For the numerical exercises in this section we specify thig&function as

T
W, =Y BUC), (43)
t=0
where
cl—c—1

We take the time horizon sufficiently long, so that the distdactor 57 will
become very small. We may therefore ignore the contribudfdhe value func-
tion which we would otherwise need at the last period. Actwly, the linear
approximation we used in the three-period model is no longeessary. More-
over, the functional form (44) is more general than the orezluis the analytic
model: the logarithmic function is a limiting case of (44)tkvi — 1. This
more general specification of the model allows us to dematesthe robustness
of our results. To quantify the damage from pollution, wecsfyefunctions¢,
and(, as

GR)=E+(E—Qe £, £€>6>0, >0, (45)

GR)=C+ (-0 T2, Tocs0, 20, (46)
where the parameters are explained in Table 1, which alsode®the numer-
ical values chosen for the robustness experiment. Witretepscifications, we
have|¢L(0)] = & and|C}(0)| = ¢’ so that the effectiveness of adaptation in the
production sector and in human capital accumulation iswraptby¢’ and(’,
respectively. The depreciation process of the adaptagétated stock is now
governed byR, = 0 Ry fort =0,1,...,T.
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Table 1: Parameter values for numerical simulations

Symbol Value Description
T 120 Time horizon
Q@ 0.3 Labor elasticity of production
15} 0.9 Discount factor
v 0.8 Parameter in abatement function
€ 1.5 Consumption elasticity of marginal utility
L 5.0 Parameter in abatement function
Om 0.025 Depreciation rate of pollution stock
0y 0.8 Remaining fraction of adaptation capital
i 1.0 Baseline human capital growth
M, 800 Initial pollution stock
L;o 50 Initial human capital
Qi 10 Baseline total factor productivity (constant)
Ent 0.0005 North’s damage coefficient in production (constant)
3 0.0010 South’s damage coefficient in production #@r= 0
'3 0.0005 South’s damage coefficient in production #®r— oo
¢ 10~> Effectiveness of adaptation in South’s production
Cnt 0 North’'s damage coefficient in human capital (constant)
¢ 0.00001 South’s damage coefficient in human capital foe= 0
¢ 0 South’s damage coefficient in human capital for~ oo
¢’ [1077,107°] Effectiveness of adaptation in South’s human capital
7.2 Results

We only report the results for the case= 1.5, but very similar results are
obtained for different values ef including the case of logarithmic utility. Fig-
ure 3 depicts the equilibrium regional emissions for défdervalues ofr and
¢’. As shown in Panel (a) of the figure, when adaptation assistennot very
effective for human capital protectiot! (= 10~7), North’s investment in adap-
tation capital in South causes a short-term increase oh®oeinission. This is
a consequence of the substitution effect. In the long rurenathe adaptation
capital depreciates sufficiently (Figure 4(a)), the combirffect of comple-
mentarity and cost reduction becomes important, due toddéianal human
capital protected by the adaptation (Figure 4(b)). As altethe temporary hike
of regional emission is followed by a decrease of emissicsuinsequent peri-
ods. The magnitude of the long-term emission reductionagidver, relatively
small.
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Figure 3: Equilibrium regional emissions relative to theeaithT = 0

The role of complementarity and cost-reduction is much nppomounced
when the adaptation assistance can more effectively frotecan capital. This
can be seen in Figure 3(b), which presents the equilibriunsgon of South
for a larger value of’. In this case the increase in short-term emission becomes
larger, but the period of emission hike ends at an earligrtpoitime. Moreover,
the emission reduction thereafter is significantly larget eemains even after
the adaptation capital has depreciated completely. Thisnsistent with our
theoretical findings in the preceding section.

In Figures 3(c) and (d) we depict the equilibrium emissioNofth. The
gualitative characteristics of North’s emission are gsiteailar to those of South.
This is an indication that the emissions of these regionstetegic comple-
ments, in agreement with the analytic results of the simpiedel. Accord-
ingly, the global emission in response to adaptation assistfollows the same
pattern: a short-term increase and a long-term decrease.

The equilibrium pollution stock is reported in Figure 5. Agathe quali-
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Figure 5: Equilibrium global pollution stock relative toetlcase withr = 0

tative characteristics we found in the analytic model apdicated. When the
adaptation assistance is not effective in terms of humaitatggotection, both

the short-term and long-term levels of pollution stock riBanel (a)). If the

assistance is targeted to those adaptation activitiesmiie effective human
capital protection, the stock of pollution eventually dees although the econ-
omy experiences a slight short-term deterioration of tvrenment (Panel (b)).

The more effective the adaptation is in protecting humaritagphe shorter is

the period of temporary environmental degradation.

Figure 6 shows the equilibrium welfare as a functionrofAdaptation as-
sistance makes South always better off, regardless offésteieness in human
capital protection. On the other hand, North can be worsk ¢ effectiveness
is relatively small. Hence, North only makes a commitmerat positive level of
adaptation assistance when it can effectively reduce theada from pollution
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Figure 6: Equilibrium regional welfare

to human capital in South, precisely what we would expeanftbe analytic
results obtained earlier.

In summary and with appropriate caution, the numerical @ges in this
section suggest that our results are robust. The three¢bamework of the
preceding section may seem restrictive, but the same gtiaditresults are ob-
tained for a model with a longer time horizon. Some of the da@figed results
only hold for the logarithmic utility function, but most dfi¢ important features
of the model survive when we employ a more general utilityction. The key
message of this paper is therefore more general than it npgeaaat first.

8 Conclusions

In this paper, we developed a dynamic model of a North-Socth@my, where
the accumulation process of human capital is negativelyenited by the global
stock of pollution. By characterizing the equilibrium s&gy of each region,
we showed that the interaction between human capital armabpmllution has
strategic significance in dynamic settings. More precjsteilg regional best
responses will be strategic complements. A key role is gldyethe dynamic
complementarity effect. In the presence of pollution exadity in human capital
accumulation, emission abatement by one region at one jpdinte influences
the shadow value of the other region’s capital at anothertpotime. This result
is particularly important for global environmental prdiea. Establishing the
complementary relationship between regional behavicesspp the possibility
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of mutually beneficial cooperation among regions.

Our detailed analysis of adaptation assistance shows tinaitateral com-
mitment by one region to help the other can make both regiettetoff. In
particular, adaptation assistance by a wealthy regioneméble a vulnerable
region to better engage in emission reduction in the futaltbpough regional
emissions might increase in the short run. If appropriatelsigned, this coop-
eration scheme will provide both regions with a short-teritigation incentive
as well. In this sense, contrary to common perception, adiaptcan be re-
garded as a complement to mitigation. However, this is ohé/ dase if the
assistance is provided in such a way that human capitalastefély protected
against climate damage. Otherwise, the substitution teffscourages South
from reducing emission and, as a result, the cooperatioansetwould not be
incentive compatible. Our findings, based on a simple magbglear to be fairly
robust against extensions of the model.

The results of this paper suggest several areas for furtsearch. It is im-
portant to examine the quantitative magnitude of the dyoamimplementarity
effect which we identified. This could be done by extendinigtaxg integrated
assessment models, such as the RICE model of Nordhaus agd(¥296).
A key issue would then be how to reestimate the damage funstiathat the
climate-related impact on human capital accumulation caisdparated from
other damages. Also, for practical applications, the ekaptct of adaptation
assistance needs to be measured. Although estimatingéot\efness of adap-
tation is not straightforward, a recent study by Millner ddétz (2014) could
be a good starting point. Another important issue is caadiformation. Clari-
fying the implications of dynamic complementarity and adépn assistance in
coalition formation would help us design a more promisirtgrinational frame-
work for climate cooperation.

Appendix: Proofs of the propositions

Proof of Proposition 1

We show that there exists an equilibrium of the model undezasanable set
of assumptions. This is achieved by first establishing tlsaltéor symmetric
regions and then proving the general result.
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Symmetric case

Let
9 = (Oé, 57 7, 67 H, MOa i, gi,tv Ci,t» ¢i,L7 ¢i,M7 Li,O)

denote the vector of paramete&ihe set of all possible values éfand

Xi = (fz‘,n Ci,ta i, ¢i,L, ¢z’,M; Lz',o)

denote the subvector @f containing the region-specific parameters. We first
consider the case where the two regions are symmetric, 50 tha

Xn = Xs = (ghct?n?(bln ¢1V17 LO)

We henceforth drop the subscripvhenever appropriate.
To ensure the existence of equilibrium with an interior soluwe need to
assume that, ¢;, anda are sufficiently small. To formalize the argument, let

¢ = max{&y, &}, ¢ = max{{y, (1}, and defingi, ¢, anda by

‘—min{ 1—a L-a } (47)
e Bénr(nLo)? " [BE + P20 Lo + FPou (1 — 0) L] |

S O e R e et B ) L PO
= min{ e e S B 69
and
_ 1-6 - )
a = <VTM(BL0)7> Bom(1 —9), (49)
where

L+ NV2A =2 —(1—7)

SRR e G LR ()

(50)

Sinceb > 0, ¢ is well-defined and strictly positive. L&, be a subset 0®
defined by

@O = {9 € @|Xn = Xs, & < @7 Ci,t < E?/’L < :ﬂ} (51)

Our first lemma establishes the existence of the unique syriohash equilib-
rium.

Lemma 1. For anyf € O, there exists a unique symmetric equilibrium with an
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interior solution. The equilibrium is characterized by §1@.4), (15), (16), and

OMCiy _ ,0MBig

Dby~ Obio (52)

fori € {n, s}.

Proof. Fix the control variables of regiofi€ {n, s} and consider the problem
of region: # j. We solve the problem backwards. Define the value function at
the beginning of period = 1 by

Via(Liy, My) = max log(Ci1) + BVia(Ligp, My) subjectto (1)—~(9) (53)
The first-order conditions with respect 1§, andb; ; immediately imply (13)
and (14) fort = 1. Notice that (13) has the unique solutibn in (0,1). and
(14) impliesP;; > 0. Also, sinceu < i by assumption,

11—« 11—« l—«o

Ez' — b, LZ 7> — sz 7>
! #lbiaLi) Bbi v #(miLio) Binr

e Bi®i,m

— fi(n;iLi)" >0,
(54)
which shows that the solution is in fact interior. Hence,

aa(l_—a)l_a) (1 —a) — Bd: vE.

B (%U)a S BiaEs

+ a1 — ) log(b;1 Li1) + Bdinpe(biiLin)”

+ Bimie” MLy — [&1 + B (1 — 6)| My, (55)

Via(Lig, My) = log (

whereb; ; is implicitly defined by (13) as a function df; ;.
The problem of region at the beginning of periotl= 0 is then given by

max log(C;o) + fVii(Li1, M;) subjectto (1)—(9) and (55)  (56)

P; 0,bi0

Again, the first-order conditions fa?; ; andb; ; imply (13) and (14) for = 0.
What remains to be proved is that there exists an interiotisol to M C; o(b; o) =
MBi,O(bn,Oa bs,O)-

Sinceb,, o = b, In any symmetric equilibrium, we suppress the subscript
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for regions and define

MC.(by) = a (v M(bLo)v) B (57)

and
MB,(by) = B& + BPorline™ M Ly + B2(1 — )¢, (58)

where; is a function ofb, defined by

My = (1— 6)My +2 (v (1 - O‘) 1= _ 1) ulboLo).  (59)

« bb

We shall show that there exists a unidgje= (0, 1) such that
MC, (b)) = MB,(b). (60)

Then, ifbj also satisfies

1—a\1-0;
Bio= (v( - ) e 1) Wb Les)? > 0, (61)
0

bn.o = bs 0 = b constitutes the unique symmetric Nash equilibrium.
First noticelimy, o MC.(by) = 0 andlimy,—,; MC.(by) = oo. Also,limy, o M; =
oo andlimy, 1 My = (1 — 0) My — 2uL]. Thus,

lim MB,(by) = 8& + Bou (1 — 8) > Bon(1—6) > 0, (62)

bp—0

while

bhml MB*(b0> _ 551 + ﬁ2n2¢LLOC16—COMO—C1(1—5)]\/[0+ClﬂLg + ﬁ2¢M(1 . 5)
0—

< B&+ BP0 o Lo+ BPom (1 — 6) < . (63)

Therefore there exitlg, € (0, 1) such thatM C..(b5) = MB..(bf).
To prove thabj is unique we observe thatC.(b,) > 0 and

MC' (bo)by _ bo
MC,(by) 11—

+1—7>0 (64)
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for all by € (0,1). Moreover,

MC(bo)by (13%0)2 (10— ) (1) - 2

/ - 0 ) (65)
MC*(bO) 131,0 +1- Y
implying that
" ()AL= - (1)
MC . (by) >0 <= by > b= : 66
() S e e LR (e M
Hence,MC, is increasing and strictly convex in the open interiall ).
ConcerningM B, (by) we have
/ a]\41 2 2
MB: (by) = — Dor B prliLa >0 (67)
forall b € (0,1), where
8M1 2 bO
=— 1—a)(l- .
Do MC.(bo)ho (1 —, Tl 7)) <0 (68)
Moreover,
MBY(by) M,
where . )
lmam _ ~(1 — —
W(bo) = s+ 52— o) (1 —7)bo (70)

(s 4+ =21 — (1 — bo)])? 2yu(boLo)

Since¢; < ¢ < W(b,) for all b, € [b,1] by assumption, this implies that
MB, (b,) is increasing and strictly concave on the interflall). Therefore,
if b7 is not in (0, 8], the solution must be unique.

Defineb andb implicitly by

MC.(b) = B2 (1 = 5), (71)

MC.(b) = B& + B0 ¢rLoCi + B¢ur(1 — 6), (72)

so that (62), (63), and (64) impl¥/C.(by) < MB,(by) for all by, € (0,b] and
MC.(by) > MB.,(by) for all by € [b,1). Then,b < b} < b. Sincea < a by
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assumption, we have

< BPou(1l— ) = MC.(b), (73)

so thath < b < b < b. We conclude thali; is unique.
The uniqueness @f implies that

Mc;(bo)\bozb8 > MB;(bO)}bO:bS. (74)
SinceMB’,(by) = 20MB; /b 4, this yields (52).
Finally, sinceb} < b < 1 andu < ji,
1—a\1l-b I—a\1-0
(F) T () 5
N ! 1
Bu(bLo)” MC.(b)
1 11—« 0 (75)

Z WP T BPon Loty + Pom (L= 0NLG

implying (61). This completes the proof of Lemma 1.

Asymmetric case

Now we are ready to prove the existence of an equilibrium énrttore general
case. Since we know that the symmetric equilibrium existeézh set of pa-
rameters irB,, the model is likely to have equilibria in a neighborhood atle

0 € Oy, which includes the case of asymmetric regions as well. Bxélamma

formalizes this idea.

Lemma 2. There exists an open sét, such that (a)9, > ©, and©, # Oy;

(b) for eachd € ©,, there exists a Nash equilibrium which is characterized by
(13), (14), and (52); and (c) the equilibrium is continugudifferentiable with
respect to each parameter.

Proof. Define a function?” : (0,1) x (0,1) x © — R? such that

F(bn,Oa b8,07 9) - [Fn(bn,Oa bs,Oa 9)7 Fs(bn,Oa b8,07 9)] ) (76)
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where
F(bno,bs0,0) = MC, (i o) — MB; o(bn,0, bs,0) (77)

for eachi € {n, s}. We know from Lemma 1 that, for eaéhc O, there exists
bs € (0,1) such that

F(bz,Ov b:,m 9) = [FN(b:;,Ov b:,m 9)7 FS(b;kL,Ov b:,m 9)] = (07 0)7 (78)

whereb;, , = b;,, = b;. Fix § € ©, and observe that

OF;(bn,0,bs0,0) = MC'.(b) — EMB;(bS), (79)
8bi70 bn,Ost,OZbg 2
and, forj # 1,
OF; (b0, bs0,0) 1 !
05 9s, = ——MB'(b}). 80
dbj0 bn,0=bs 0=b 2 W .

The Jacobian of" at (b, , b, 0) is then given by

ot ( MCL(b0) = 5MBL(bo)  —5MBL(D,) )
—3MB.(b%) MC'(b50) — 3 MBL(b o)
= (MC'.(b))" — MC'(b5) MB',(b)
= MC'(b5) (MC'(b5) — MB.(b5)) > 0, (81)

where the inequality follows from (74). Then, by the impiinction theorem,
there exists an open s@t.(¢) such that (ay € ©.(0); (b) for eachy’ € ©,(0),
there exists a Nash equilibrium which is characterized 13),(114), and (52);
and (c) the equilibrium is continuously differentiable witespect to each pa-
rameter. Puttin®.. = Uyco,0.(6) completes the proof of Lemma 2.

Lemma 2 shows that an equilibrium exists not only in the cagle sym-
metric regions, but also in the case with asymmetric regiassong as the two
regions are ‘sufficiently’ homogeneous. The lemma does tabé $row much
regions may differ from each other.
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Proof of Proposition 2

See text in Section 3.

Proof of Proposition 3

See text in Section 5.1.

Proof of Proposition 4

By taking the total derivative o}/ C; o(b; o) = MB; o(bn0, bso) With respect to
Ry, we obtain

dbo _ OMBuo  dbug _ [ OMBug

=T, =I, (82)
dRy ORy ' dRy ORy
where
OMCpo  OMBno
Fbr, Fbn.
FS — ,0 0 (83)
OMCs o _ OMBs o OMCr 0 . OMB 0 _ OMBs,0 OMBn o
abs,O abs,O abn,O abn,O abn,O abs,O
and
OMB 0
abs,O
L, = dMCrno _ OMBnyo L. (84)
abn,o abn,o

We need to show that, andI’,, are both strictly positive. Lemma 2 shows that,
at equilibrium, (52) holds foir = n, s. Hence,

(aMcs,O aMBS,O) (aMcn,O aMBn,O)  OMB, MB,.g

dbso by no  Obnyg Obno Oy
28MB&0 _ OMB., OMB,o, OMB,,\ OMB,,0MB,
s by Ao Ao Obno by
—0. (85)

This, together with (83), proves that > 0. Combining this result with (84)
proves thatl’,, > 0 as well, becaus&MB,, y/0b,, o, > 0.
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Proof of Proposition 5

To prove the first part of the proposition, we have

. OMB,,
lim d

550 ORy | p_o = —B3%¢5,1.(:(0)CL(0)MoLy 5 > 0. (86)

If OMB,,/0R, > 0 forall §, € (0,1), puté, = 1 and the result follows. If
OMB,,/0R, < 0 for somed, € (0,1), there must exist, € (0,1) such that
OMB,,/0R, = 0, becauséMB, ,/OR, is continuous ins,.. Lettings, be the
smallest value of such.’s, the result follows.

To prove the second part, we have

OMB,

= 6,6.(0) = B2s.1.Ls2 (9, [C5(0) M1 — 1] + (,(0) M) ¢;(0).
ORo | g,—o

(87)
SinceM; > (1 — 0)My > 1/¢,(0), the term in square brackets is non-negative.
Then, putting

= 6,£4(0)
= <0, 88
= Bouros . GO)M; — 1]+ G(0)My) (89)
yields the result.
Proof of Proposition 6
By combining (29), (30), (31), (33), and (36), we obtain
d My ~
— ! ! / 89
dR() o VO[CS(O) s] + V1C5(0>7 ( )
where - ;
— Usid 70s,1
= = pu(bs1Lgq) | ————— | My >0, 90
vy =" " f1(bs,1Ls1) (1—7+755,1) 0> (90)

vy = (1= 0) (A + As) B0, Ls2 (0 [C5(0) My — 1] + (s(0)Mp) >0, (91)

and

1 bi o Py 1
)\i: ’ 1— 1_ : 7 O 92
= (1—@«,0” o) w) 0 @)
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for i = n, s. Therefore, putting

< Vo

> (93)

1/0—|—I/1

yields the result.

Proof of Proposition 7

The envelope theorem implies that the second-order eféartsel out, so that
(40) boils down to

de(T) o dES 0 dES 1
dr s =-1 MBnO RO 5MBn1 R(] Y ,0
= —1 — 13[¢L(0) — (Ym0 — 1aCi(0) Y0, (94)
where
o bn,O PS,O Fs
vs = MB, ¢ (1 - +(1-a)(1 7)) T~ b
X 52¢8,L(5T[C8(0)M1 - 1] + CS(O)MO) > 0 (95)
and ,
o V0s,1 «
vy = MBn,l (1 P 76871) 1_ QPS71MO > 0. (96)
Hence, defining
R 1 _
{=- TR (97)

(V3 +vs)Yno vs+uy®
yields the first part of the proposition.
For the second part, notice thiat ; only affectsy,, ; and thatimg, Y5, 0 =
oo. Therefore,
lim (=2 ¢>¢ (98)

Quo—oo vzt ST Y

which showsg:; > (! for sufficiently largeQ, o. As for the welfare effect in
South, the envelope theorem shows that

dW(T)
dr

= — (£40) + Bai(0) + Bs 1L 2(1(0)) MoYiug

7=0
- (55;(0) + 62¢57LL572<;(0)) 0p MYy 0 > 0, (99)
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completing the proof.
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