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C Extensions of Economic Model

In this Appendix, we flesh out some of the details of the four extensions of our framework mentioned
in Section 2.3 of the main text.

C.1 Traveling Costs in Terms of Labor

If traveling costs are specified in terms of labor (rather than utility), welfare at the household level
depends only on consumption
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and the implied demand (for a given n;; and n;;) is given by
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where Z; is household income, which is given by
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since the household now needs to hire labor to be able to secure final-good differentiated varieties,
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The first-order condition for the choice of n;; delivers:
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Bilateral import flows by country i from country j are given by
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and the trade share can be written as
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which is identical to equation (9) applying to our baseline model with traveling costs in terms of
labor.

The price index is in turn given by
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and using this expression together for the one for m;;, one can verify that we can write
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just as in equation (15) of the main text.
Plugging this expression back into the budget constraint yields
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which is only slightly different than expression (11) in the main text,
The labor-market conditions are given by
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or, equivalently,
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just as in the main text, and remember that the expressions for m;; and m;; are also left unchanged.
We next turn to verifying that Propositions 1 through 4 in the main text continue to hold
whenever travel costs in equation (1) are specified in terms of labor rather than being modelled as



a utility cost.

Proposition 1’: As long as trade frictions (T'i;) are bounded, there exists a unique vector of

equilibrium wages w* = (w;, wj) € R?H that solves the system of equations above.

Proof. By results in standard gravity models in Alvarez and Lucas (2007), Allen and Arkolakis
(2014), and Allen et al. (2020). m

Proposition 2’: A decline in any international trade or mobility friction (d;j, tij, tj, fij, ptji) leads
to: (a) a decline in the rates (ny; and nj;) at which individuals will meet individuals in their
own country; and (b) an increase in the rates at which individuals will meet individuals from

the other country (n;; and nj;).
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where w = wj/wj is the relative wage in country j .
Note that the labor constraint can be rewritten as
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Consider a case when I';; decreases, while other I'y; remain constant. That means that the first
term in the sum goes down, while the second term is constant. For the equality to hold, w should
increase. After re-equilibration, the second term in the sum increased, which means that the first
term decreased. This means that P;/w; decreased, and n;; as well.

Consider now a case when I'j; decreases, while other I'y; remain constant. The second term
increases, so w needs to go down to equilibrate the model. That means that the first term decreases,
and P;/w; and n; decrease by extension.

Therefore, whenever one decreases any international friction (d;j;, tij, tji, tij, t45i), I'ij or I';ji goes

down, and, hence, n;; and n;; go down.

(b) Note that
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Since Z; = %wi, the left-hand side is constant. Since n;; and n;; decrease, n;; and n;; must

increase. m



Proposition 3’: Suppose that countries are symmetric, in the sense that L; = L, Z; = Z, and
I';j =T for all i. Then a decline in any (symmetric) international trade frictions leads to an
overall increase in human interactions (Ngom + Nfor) experienced by both household buyers
and household sellers.

Proof. We begin by considering the case with general country asymmetries. Consider the sum
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When countries are symmetric, this holds trivially because of international trade costs ¢;; > t;;
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s satisfied if and only if pi; < Dij-

and d;; > dj;. Hence, dni; > —dng;, and ngem, + nyfor increases. m

Proposition 4’: An increase in the relative size of country i’s population leads to an increase in
the rate n;; at which individuals from i will meet individuals in their own country, and to a
decrease in the rate n;; at which individuals will meet individuals abroad.

Proof. Consider again
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An increase in L; makes the left-hand side smaller then the right-hand side. Therefore, w grows to



re-equilibrate. Then
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increases, and n;; = const X (%) increases with it.
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n;; decreases.
Therefore, following a growth in population L;, n;; increases while n;; decreases. m

C.2 International Sourcing of Inputs

The assumption that households travel internationally to procure final goods may seem unrealistic.
Perhaps international travel is better thought as being a valuable input when firms need specialized
inputs and seek potential providers of those inputs in various countries. It is straightforward to
re-interpret our model along those lines. In particular, suppose now that all households in country
1 produce a homogeneous final good but also produce differentiated intermediate input varieties.
The household’s final good is produced combining a bundle of the intermediate inputs produced
by other households. Technology for producing the final good is given by
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and this final good is not traded (this is without loss of generality if households are homogeneous
in each country and trade costs for final goods are large enough). Household welfare is linear in
consumption of the final good and is reduced by the disutility cost of a household’s member having

to travel to secure intermediate inputs. In particular, we have
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Under this model is isomorphic to the one above, except that trade will be in intermediate inputs

rather than in final goods.

C.3 Multi-Country Model

We next consider a version of our model with a world economy featuring multiple countries. It
should be clear that all our equilibrium conditions, except for the labor-market clearing condition

(14) apply to that multi-country environment once the set of countries J is redefined to include



multiple countries. The labor-market condition is in turn simply given by
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where 7;; (w) is defined in (9) for an arbitrary set of countries J. Similarly, the model is also
easily adaptable to the case in which there is a continuum of locations ¢ € €2, where 2 is a closed
and bounded set of a finite dimensional Euclidean space. The equilibrium conditions are again
unaltered, with integrals replacing summation operators throughout.

From the results in Alvarez and Lucas (2007), Allen and Arkolakis (2014), and Allen et al.
(2020), it is clear that Proposition 1 in the main text on existence and uniqueness will continue
to hold. In the presence of arbitrary asymmetries across countries, it is hard however to derive
crisp comparative static results of the type in Propositions 2 and 4. Nevertheless, our result in
Proposition 3 regarding the positive effect of declines of trade and mobility barriers on the overall
level of human interactions between symmetric countries is easily generalizable to the case of many
countries (details available upon request - future versions of the paper will include an Online
Appendix with the details).

C.4 Traveling Salesman Model

Finally, we explore a variant of our model in which it is the household’s seller rather than the
buyer who travels to other locations. We model this via a framework featuring scale economies,
monopolistic competition and fixed cost of exporting, as in the literature on selection into exporting
emanating from the seminal work of Melitz (2003), except that the fixed costs of selling are defined
at the buyer level rather than at the country level, as in the work of Arkolakis (2010).

On the consumption side, households maximize their utility, given by
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where 7;; is the measure of varieties available to them, subject to the household budget constraint.

This yields
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where Z; is household income and the price index is
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Household sellers in country j produce N; varieties and make them available to n;; consumers.
Both N; and n;; are endogenous and pinned down as part of the equilibrium. Note that because
there are L; and L; households in ¢ and j, respectively, the measure of varieties available from j
to consumers in 4 is given by 7;; = n;; N;L;/L; (where implicitly we assume that which n;; < L;



consumers in j get access to a seller’s varieties is chosen at random).
The level of output and price of each variety, as well as the measure of consumers n;; sellers

reach out to follows from profit maximization:
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where again n;; is the number of customers served, and where the remaining parameters are anal-
ogous to those in our baseline model.
Sellers naturally charge a constant markup over marginal cost,
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The first-order condition of this problem yields
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Developing a new variety costs w;f. Hence, by free entry, ), IIx; = w;f, and the zero-profit

condition also entails Z; = w;. As a result, we can express n;; as
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With this expression at hand, we can compute the import volume of country ¢ from country j:
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Solving for price index yields
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We can next study the choice of the number of varities N; produced by sellers. Profits of sellers

are given by
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so the zero-profit condition implies
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Hence, the number of varieties is constant and independent of many of the parameters of the model.
We finally turn to the general equilibrium of the model, which is associated with the condition:

WiiwiLi + TI'jiijj = wiLi

Plugging in the expressions for trade shares yields
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We are now ready to state and proof results analogous to those in Propositions 1 and 4 in the

main text.

Proposition 1”: As long as trade frictions (I';;) are bounded, there exists a unique vector of
equilibrium wages w* = (w;, w;) € ]Ri . that solves the system of equations above.

Proof. This follows again from results in standard gravity models in Alvarez and Lucas (2007),
Allen and Arkolakis (2014), and Allen et al. (2020), and the fact that if there exists a unique wage
vector, the remaining equilibrium variables in this single-sector economy are uniquely determined.
|



Proposition 2”: A decline in any international trade or mobility friction (dj;, tij, tji, ftij, ptji) leads
to: (a) a decline in the rates (n;; and n;;) at which individuals will meet individuals in their
own country; and (b) an increase in the rates at which individuals will meet individuals from

the other country (n;; and nj;).

Proof. (a) First, note that
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where w = w;/w; is the relative wage in country j .
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Consider a case when I';; decreases, while other I'y; remain constant. That means that the first
term in the sum goes down, while the second term is constant. For the equality to hold, w should
increase. After re-equilibration, the second term in the sum increased, which means that the first
term decreased. This means that P;/w; decreased, and n;; as well.

Consider now a case when I'j; decreases, while other I'y; remain constant. The second term
increases, so w needs to go down to equilibrate the model. That means that the first term decreases,
and P;/w; and n;; decrease by extension.

Therefore, whenever one decreases any international friction (dij, Lijs iy Mijs ,uji), I';; or I'j; goes
down, and, hence, n;; and n;; go down.

(b) Note that II;; + II;; = w; f. That can be rewritten as
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Using the FOC for n;;, that yields
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o —1
c,u“dflnfz + (f> cﬂjidg}inﬁ' = f

10



Proposition 3”: Suppose that countries are symmetric, in the sense that L; = L, Z; = Z, and
I';j =T for all i. Then a decline in any (symmetric) international trade frictions leads to an
overall increase in human interactions (ngom + nfor) experienced by both household buyers
and household sellers.

Proof. We begin by considering the case with general country asymmetries. Consider the sum
dp ¢ _
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Differentiating yields
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Since the countries are symmetrics, P; = P; and w; = wj, so the inequality is satisied if and
only if p;; < pj;.
When countries are symmetric, this holds trivially because of international trade costs t;; > t;;

and dj; > dj;. Hence, dnj; > —dn;;, and ngep, + nyor increases. m

Proposition 4”: An increase in the relative size of country i’s population leads to an increase in
the rate n;; at which individuals from ¢ will meet individuals in their own country, and to a
decrease in the rate nj; at which individuals will meet individuals abroad.

Proof. Consider again
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An increase in L; makes the left-hand side smaller then the right-hand side. Therefore, w grows to

re-equilibrate. Then
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Therefore, following a growth in population L;, n;; increases while n;; decreases. m

D Proof of Proposition 5

Proposition 5: Assume that there is trade between the two countries (i.e., ajng; + ang; > 0),

which implies that the next generation matriz FV ™' is irreducible. If Ro < 1, the no-

pandemic equilibrium is the unique stable equilibrium. If Rg > 1, the no-pandemic equilibrium

is unstable, and there exists a unique stable endemic equilibrium.

Proof. The proof of existence and uniqueness, depending on whether Rg < 1 or Rg > 1, follows

standard arguments for a two-group SIR model, as in Magal et al. (2016). We proceed in the

following steps. (A) The system of dynamic equations for susceptibles, infected and recovered is

given by:
Si (t) = —2amii5i (t) Il (t) — ozjnijSi (t) Ij (t) — ainjiSi (t) Ij (t) y

Sj (8) = —2anj;8; (1) I (1) — cimyiS; (8) Ii (1) — ajnizS; (8) Li (¢)

i (t) = 204mS; (8) I; () 4+ ajngiSi (t) I; () + cingiSi (t) I () — vili (1),
L (t) = 2an;; (1) Ij (1) + ainiS; (8) Ii (1) + agnigSy (1) i (£) =15 (1),
R; (t) = vli (1) ,

R (t) =15 (¢).

Note that we can re-write the dynamic equations for infections (D.3) and (D.4) as
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The properties of this dynamic system depend crucially on the properties of the matrix B:
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We assume that there is trade between the two countries:
QN + QN S 0’ QN5 -+ QiNji
Yi i

> 0,

which implies that the matrix B is irreducible for all strictly positive susceptibles S; (t),S; () > 0.
(B) Re-writing equations (D.1) and (D.2) in proportional changes, and using equations (D.5) and

(D.6), we have:

_20[1'71“' . 0 QN5 + QM g5 R]’ (t),
Vi Vi

Integrating from 0 to ¢, we have:
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log S, (1) ~ In 5, (0) = 20 (R, (1) ~ R (0)) — “T2 09" (g, (1) — R, (0)).

Vi Vi
Using the accounting identities, S; (t) +I; (t) + R; (t) = 1 and S; (t) + I (t) + R; (t) = 1, we obtain:

log 5 (1)~1og 5 (0) = “27 (8, (1 + 1 (1)) = (5: (0) + 1 O)}+ ™= (S, 1)+ 6) = (55 0) + 15 )]
log 8 () -In 5 (0) = “2 (8, 1) + 1 1) = (55 0) + Iy )+ 2 (15,(6) 4 11 1) — (4 0) + L 0)].

In steady-state as t — oo, we have I; (00) = I; (00) = 0, and hence:

i (o) = i (0) exp [2‘“7" 51 (00) = Vi + 24205, o) - vj1] TS
5, (50) = 85 0) exp | 228 5, (00) = ] + S S, o) v [ (D)

where V; = 5; (0) + 1; (0) and V; (0) = S; (0) + I; (0). We now define the following notation:
X<Y & Xy<Yforalke{ij},

X<Y & X<Yand X <Y}, for some k € {i,j},
XY & Xp<Yforalkel{ij},

and represent the system (D.8)-(D.9) as the following map:

X =1T(X),
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T (o 27) = 5 0) exp [ 2208 3 — v 4 QM H 0 ]
Vi Vi
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(C) Using this notation, we begin by establishing that all the fixed points of 7" in [0,S (0)] are
contained in the smaller interval [S~,S*]. To establish this result, note that 7" is monotone in

increasing, which implies that:

X<Y = TX)<T(Y).

QNG +aing;

Using our assumption of positive trade, am“j# > 0 and _ > 0, this implies:
XY TX)<T(Y).
For S (0) > 0, and using the definitions of V; and Vj above, this implies:
0T (0)<T(S(0)<S(0).
Therefore, by induction arguments, we have the following result for each n > 1:
0<T(0)--<T"(0) < T (0) <T"(S(0) <---T™(S(0)) < S(0).

By taking the limit as n does to +o00, we obtain:

0< lim 7" (0)=: S~ <ST:= lim T"(5(0)) < S(0).

n—-+o0 n—+00
Then, by continuity of T', we have:
T(S7) =S8 and T(5%)=S8".
(D) We next establish that if S~ < ST then S~ <« ST. This property follows from our assump-

tion that the matrix B above is irreducible. Assume, for example, that S, < Si"r . Then, since

Qim0 NG > 0. we have:
Vi ’ :

J ] 17y [ J

Sy =T (S7.57) <1 (5757 ) < 1 (S7.5F) = 57

Hence,
S; <8 =57 <5
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By the same argument, > 0 implies,

J

Sy <8f =57 <S5
(E) We now establish the following result for A > 1 and X > 0:
TAX+S57)-T(S7)>A[T(X+5)-T(57)].
Note that we can write the left-hand side of this inequality as follows:
1 1
TAX+57)-T(57) = / DT (INX +57) (AX)dl = )\/ DT (IAX +S7) Xdl,
0 0

where the differential of T is given by:

(D.10)

DT (X) = g
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Since A > 1 and X > 0, we have:
DI (INX+S7)X>DT(IX+5 )X vV lel0,1].
It follows that:
TOX+S)-T(5) > /\/IDT (IX + 57) Xdl,
AP (x5 T (5,

which establishes the result.

(F) We now show that the map 7" has at most two equilibria such that either:

(i) S~ = ST and T has only one equilibrium in [0, S (0)];

(ii) S~ < ST and the only equilibria of T in [0,.5 (0)] are S~ and S™.

We prove this result by contradiction. Assume that S~ # S*. Then S~ < S*, which implies
S~ < ST. Now suppose that there exists X € [S~, 5] a fixed point T such that:

ST 4£X and X # 5T,
Then, by using the same arguments as in (D) above, we have:
ST X< ST

Now define:
yi=sup{A>1:A(X-87)+5 <St}. (D.11)
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Since X < ST this implies that
v > 1.

We have
7()_(—5_)+S_ < St

and, by applying 7" to both sides of this inequality, we obtain:

Now, using (E), we have:

T(y(X-8)+5)-T(5) > ~[T((X-5)+5)-T(5)],
= [T (X)-T(s7)],
- [X-5]

Therefore we have shown that:
ST>T(v(X=87)+57) >y [X-57],

which contradicts the definition of gamma as the supremum of the set in equation (D.11), since
S~ > 0. Therefore we cannot have another fixed point X € [S—,S7] .
(G) Now consider the case where:

ST < St

In this case of two equilibria, the differential of 7" can be written as:

2amy; gt Qjnijtaingi gt
+\ +\ v i Vi k
DT (5%) = B(S7) = amjitagny g 2005 g
v j v I

(H) We now establish the following property of the spectral radius of the matrices DT (S~) and
DT (St):
p (DT (57)) <1< p (DT (5)).

To prove this result, note that:

STo5 = T(ST)-T(5),
= T((5t-8)+5T)-T(S7),

_ /1 DT (1(S*—87)+87) (ST = 87)dL.
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Since ST — S~ > 0, we also have:
TSH)(ST-57) > / DT (1(ST—=S7)+S57) (St —-57)dl,
> DT (S7)(St-57).
Combining these two results, we obtain:
T(S) (ST —57) > (St —57) > DT (57) (St —57). (D.12)
which can be equivalently written as:
(DT (57) —1] (ST —-57) >0,

[DT (S*) —¢TI] (ST —-57)=0, ¢F>1,

and
(DT (S7) —1I] (ST -57) <0,

(DT (57) — ¢ 1 (S —87) =0, ¢ <1,

where I is the identity matrix. Noting that the matrices DT (S*) and DT (S~) are non-negative
and irreducible, the Perron-Frobenius theorem implies:

¢ =p(DT(S7)) <1< p (DT (S)) =¢*.

(I) We now solve explicitly for the spectral radius of the matrices DT (S*). We find the eigenvalues
of the matrix DT (S¥*) by solving the characteristic equation:

2cm4; ot QN +ong; ot
iNii G- 3 Mg J S fi 0
+ + i ¢ —
‘DT (S ) - 5 I‘ = ‘ [ ajni]-?/i-ain]-i Sj: 20(?'?1” S:I: - [ 0 gi == 0
Vi ? Vi

The characteristic polynomial is:

! Yi Vi ViYs

2
? J

The spectral radius is the largest eigenvalue:

2 2
p (DT (5%)) = = (2%’""" st 4 2000 SjF)Jrl\/ <2ai""" s 200 5}) 4 qloums T 0mg) g gr

AN 7 2 it 7 Vi

(J) We now use the results in (H) and (I) to examine the local stability of the two steady-state
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equilibria. From the dynamics of infections in equation (D.7), we have:

= 2ani; gF QT TN gt +
[Iﬁi ] :{[ a,n_ﬁa‘f_". N ]2;71;,]5]' ] - [1 0]} [I"i]. (D.13)
Ij %Si %Sj 0 1 Ij

Therefore the spectral radius of the matrix DT (S*) corresponds to the global R that determines
the local stability of the two steady-state equilibria. As we have shown that p (DT (ST)) > 1, the
steady-state ST is locally unstable. As we have shown that p (DT (S7)) < 1, the steady-state S~
is locally stable.

[

E Computational Appendix

In this Appendix we describe the algorithms we use to do the numerical simulations in each section
of the paper.

E.1 A Two-Country SIR Model with Time-Invariant Interactions

Solution Algorithm

1. Compute the value of n;, n;j, nij, and nj; as the outcome of the equilibrium that solves
— 5=t 1/(¢—1)

—1 —1 _P+(U*1)5 tljw_] (¢—1) Ww;

vy = el = 0 ) 5 (G R

T w; Ly + Wjiijj = w; L,

where m;; is given by

_ #(o—1) 1 _pFo(o—=1)$ _9(c-1)
Xy (wi/Zy) T X (py) T (dyg) e (fy) o
T e X 1 _sreleip Sy CE
teg Yoveq (i) 21 (die) o1 (tiewe/Ze) 4T

corresponding to equation (9) in the paper. Call them 7y, 745, 755, and nj;. Provided

population, technology, and relative wages are time invariant, these quantities will be fixed.

2. Set 1;(0) = 0.1 x 1074, 5;(0) = 1 — I;(0), and R;(0) = 0 for all 4. For each ¢ € [1,T] solve the
following system of equations:

(Sit+1)| [~ @ o 0 0 0] (s, [sio)]
Li(t+1) 0 —v % 0 0 0 L(t) L(t)
Ri(t+1) 0 0 0 0 0 Ri(t) Ri(t)
siten| Lo 0 o -0 o o WP el T s0
Ii(t+1) 0 0 0 Vi I;(t) I;(t)
Rit+1)] |0 0o 0o 0 0 0] Ri(t)] | Ri(t)]
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where
Q; = a; X 20 X Iz(t) + aj X ngg X Ij(t) + a; X g X Ij(t).

This system corresponds to equations (16) — (18) in the paper. The variable step marks the
number of steps taken within each time period, in this section we use step = 2.

Associated Figures

This section in the paper uses three sets of parameters. Figures 1, 2, and 3 present a general
specification in which international trade favors the onset of a pandemic, with standard parameters
as listed in Table E.1 for Figure 1 and Table E.2 for Figures 2 and 3. Figures 4 and 5 look at an
example in which free trade prevents the onset of a pandemic, using parameters listed in Table E.3.
Figure 6 presents the possibility of second waves of infection, using parameters listed in Table E.4.

If no other mention is made, trade frictions are set at baseline values p;; = pj; = 1, t;; = tj; = 1,
d;j = d;j = 1.1. Some of these figures study changes in trade frictions moving one of these

parameters. All other parameters are kept at baseline value.

Table E.1: Baseline parameters - Figure 1 in draft.

Parameter Value
o 5
10) 2
Z, Zo 1
L1, Lo 3,3
dia = doy 1.1
12 = p21, t12 = t21 1
1) 1
p 1
c 0.15
a1 0.04
e {0.04,0.10}
Y1572 0.20,0.20
m, 72 0.0,0.0

In order to obtain the result described for the second set of parameters, ¢ = 1.5 is crucial.
The only other difference with respect to the general scenario is a decrease of ¢ to 0.1. This is not
necessary: the qualitative result also holds for ¢ = 0.15 but it was originally changed so that n;;
would be approximately the same in both cases.

There are more parameters that will generate a second wave of infections. The ones presented
here were picked to obtain reasonable values for R” and R°. What is essential for this feature to
occur is that both countries have different timings for their own pandemics in autarky. One (small)
country has very fast contagion rates (a) and very short recovery periods (high 7), while in the
other (big) country the disease must progress much slower so that when the cycle starts it will drag
the first country with it once again. The difference in size is there so that when the small country
goes through its first cycle, the big country will remain mostly unaffected.
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Table E.2: Baseline parameters - Figures 2, 3 in draft.

Parameter Value
o 5
10) 2
Z, Zo 1
L, Lo 3,3
dio = doy 1.1
12 = p21, t12 = t21 1
0 1
p 1
c 0.15
a1, 004, 0.07
V1,72 0.20,0.20
71,72 0.0,0.0

Table E.3: ” Better trade” parameters - Figures 4, 5 in draft.

Parameter Value
o b
10) 1.5
AW, 1
Ly, Lo 3,3
dis = do1 1.1
12 = p21, t12 = t21 1
1) 1
p 1
c 0.10
o1, a9 0.04,0.07
V1,72 0.20,0.20
1,72 0.0,0.0

E.2 General-Equilibrium Induced Responses

Solution Algorithm

1. Compute the value of n4(0), n;;(0), n4;(0), and n;;(0) as the outcome of the equilibrium that

solves

1 /(- Cpte=18 [(tiw;\ -0 [\ V@D
nij = (c¢(o —1) pij) 1/(e=1) (dij)~ o1 ( J J ()

szszz(l - D,(t)) + Wjiijj(l - D](t)) = sz,(l - Dz(t)),

where 7;; is once again given by

élo—1) o  ptélo—1)s élo-1)
o Xy (wy/Zy) o < () ot (di) e (ty) o
1y - 1 -1 )
X, 1 —pté(e—1)8 oD
> veg Xit Yoveq (i) @1 (die) o1 (tiewe/Ze) o7
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Table E.4: Second-wave parameters - Figure 6 in draft

Parameter Value
o 4.5
10} 2
71,25 1
Li, Lo 2,20
di2 = da 1
1) 1
P 1
c 0.12
1,09 0.69, 0.09
51, B2 2.29,0.30
Y1572 21,018

corresponding to equation (9) in the paper. These values are no longer fixed and will evolve

as the pandemic progresses.

2. Set I;(0) = 0.1 x 1074, S;(0) = 1 — I;(0), and R;(0) = 0 for all 4. For each t € [1,77:

(a) Solve the following system of equations:

Si(t+1) Si(t) Si(t)
Lt +1) Q9 % 0 0 0 0 0 0 L | | Lo
Ri(t+1) 0 —w % m 0 0 0 Rt)| |Ri(t)
Dit +1 0 0 0 0 0 0 0 Dit)| | Dt
Sj((t+ 1)) “lo 0 00 -9 9 0 0 x(1/step)x Sjét)) - Sj((t))
Li(t+1) 0 0 0 0 —Rj Vi T I;(t) I;(t)
Ri¢+1) |0 0 00 0 0 0 0] Rit)| |R;i(t)
| Dj(t+1)] |D;(t)] [ D;(t)]

where k; = v; +n; and
Q; = oy X 271“(t) X Il(t) + aj X nij(t) X Ij(t) —+ a; X njl-(t) X Ij(t).

This system corresponds to equations (28) — (31) in the paper. The variable step marks
the number of steps taken within each time period, in this section we use step = 2.

(b) Update n;;(t + 1) and w;(t + 1) as the values that solve:

o—1
—1/(b— Cote=08 [towi(t+ 1)\ 0 fwi(t+ 1)\ Y@
nij(t+1) = (c(o = 1) pig) 7 (dy) T <]§<p)) ((p)>

J-e 7

Wiiwi(t + 1)Li(1 — Di(t + 1)) + ﬂ'jiwj‘(t + 1)Lj(1 — Dj(t + 1)) = w,-(t + 1)Li(1 — Di(t + 1))

21



Associated Figures

This section in the paper is associated with Figure 7, which uses the parameters described in Table
E.5. These correspond to the first set of parameters in the previous section (associated to Figures
1, 2, and 3). The duration of the disease remains the same, as the exit rate from the infected stage
(i +m;) is unchanged, but now both countries experience deaths, with one of them having a much
higher death rate than the other (7; marks the entry into the dead stage, so 1;/(y; +7;) marks how
many of those that were infected will end up dying).

Table E.5: Section 4 parameters - Figure 7.

Parameter Value
o 5
¢ 2
21, Zo 1
Ly, Ly 3,3
di2 = doy 1.1
H12 = p21, ti2 = to1 1
0 1
P 1
c 0.15
Qag, 0 0.04,0.07
(i + i) 0.20
i/ (i +ni) 0.01,0.50

E.3 Behavioral Responses - Symmetric Case
Solution Algorithm

1. Choose T'(c0) = 500,000 (some large number), and 7" = 10,000. Guess D(o0) = D;.

2. Compute the value of n;;(00), ni;(00), n;;j(c0), and nj;(co) as the outcome of the equilibrium

that solves

_ -5=h 1/(¢—1)
_ _ _pt(e=1)8 [t iw; (e—1) [(w;
nij = (c(o = 1) piy) O (dyy) T o (ijj) (P-)
3147 [

7TMU)ZLZ(1 — Dl) + Wjiijj(l — D]) = wle(l — DZ),

where m;; is given by

_#(o—1) 1 _pte(c—1)8 _o(e=1)

o Xy (wy/Zy) o () P (dyg) e ()
1) - o—1)¢ o—1
X; __1 _pto(o—1)§ _#(e=1)
2eeg Xit Dveg (i) 71 (die) 07T (tiwe/Zg) 77

corresponding to equation (9) in the paper.
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3. Transversality conditions are satisfied if

k —
Jim 040 =0
Jim 01 =0
Jim 00 =0

Set 0% (c0) = 0i(00) = 0 (c0) = 0 and let the economy run without infections between 7' and
T'(c0), that is, for each time period ¢ € [T, T(c0)] update the Lagrange multipliers as

07 (t) = 07 (t + 1) — [Qi(nii(00), mi5(00)) — Ci(nii(00), nij(00))] e S At

0i(0) = Ty g (DA + 00+ 1)

where At is the step size (one over how many times you update within each day). Keep 6%(T')
and 0*(T) as the terminal values of the Lagrange multipliers.

4. Set I;(T) = 1075, 03(T) = 0 and S;(T) = 1 — L;(T) — Di/(n:/(vi + ni)). Recompute n;.(T) as
the values that solve

9Qi(nii(T), nij(T)) — 0C(nii(T), ni;(T))

Gnij 8722']'

(1=Dy)e " = [6;(T) — 6;(T)]Si(T)e; [§(T),
corresponding to equation (32) in the paper. Given perfect symmetry between countries, we
will have w; = 1 for all 1.

5. For each t € [T, 0] solve the following system of equations, where all values evaluated at t + 1
are known, to obtain values at ¢:

05 (t + 1) — 07 (8) = 67 (t) — 65 ()] [2cima (1) Ii (8) + (cujni(8) + aimya (8))1; (1) At

07 (t +1) = 0;(t) = (i +m:)0; (1) At — mi6F (1) At

OR(t+ 1) — 0 (1) = [Qi(nii(t), i () — Cilnai(t), mij (t))] e At

Lt +1) = Li(t) = Si(t)[20qna () 1i(t) + (agni;(t) + cimni(8)) 1 (O] AL = (i + mi) Li(8) At
Si(t+1) = Si(t) = =Si(t)[20imii () i(t) + (eni;(t) + ainga(t)) ()| At
Di(t +1) — Di(t) = n:li(t) At

and where n;.(t) is again obtained as the value that solves:

0Qi(nii(t), nij(t)) — 0Ci(nii(t), ni;(t))

6%- Gnij

(1= Di(t))e™s" = [07(t) — 05(1))Si(t) ;I (1).

These correspond to equations (32)-(35) in the paper plus the equations determining the
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evolution of the epidemiological variables, once we have imposed equilibrium conditions.
6. Repeat for all periods until I(¢) reaches the desired initial condition, that is, I(t) = 1075, If
at this t we have |D(t)| < 1075 stop. Otherwise, adjust guess D;.

Associated Figures

This section in the paper is associated with Figures 8 and 9, which uses the parameters described
in Table E.6.

Table E.6: Behavioral response parameters - Figures 8, 9 in draft.

Parameter Value
o 5
¢ 1.5
21, Zo 1
Ly, Lo 3,3
dya = d2y 1.1
12 = p21, t1g = to1 1
0 1
p 1
¢ 0.10
Qq, (2 0.1,0.1
Yi + M 0.20,0.20
ni/ (i + i) 0.0062,0.0062
At 1/5
£ 0.05/(365 x At)

The initial guess used in the code Figure 8 is D; = 0.0022, and the initial guess for Figure 9 is
D; = 0.004.

E.4 Behavioral Responses - Asymmetric Case

Solution Algorithm

1. Choose T(c0) = 500,000 (some large number), and 7" = 10,000. Guess Di(c0) = D;. Fix
I(T)=10"".

2. Generate a grid for Dy(c0) = D wide enough to contain the solution (use solution without
behavioral responses as an upper bound for this guess). For each of the points in this grid

(a) Compute the value of n;(00), nij(c0), nij(c0), and nj;(co) as the outcome of the equi-
librium that solves
_ -5 1/(¢—1)
(6l Cetlo=15 [t \ oD [w;
nij = (¢ (o = 1) pyy) "D (diy) ™ o= (ZPZ 2
WiiwiLi(l — Dz> + TI'jZ"ijj(l — Dj) = wiLi(l — 'DZ‘),
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where 7;; is once again given by

_ ¢(o—1) 1 _pt¢(o—1)8 _¢(ofl)
— Xij (wi/Zy) o T X (pig) o1 (i) o0 (tyy) -
LV - o—1 o— 1
X 1 _ pte( )8 <f>< )
Leg Xit Y over (ie) o1 (dig)” 077 (tiewe/Zg) ™ 9~

corresponding to equation (9) in the paper.

(b) Transversality conditions are satisfied if

ko) —
A, 0t =0
i, 01(t) =0
A, %) =0

Set 0F(c0) = 0(00) = 63(c0) = 0 and let the economy run without infections between T
and T'(00), that is, for each time period t € [T, T (o0)] update the multipliers as

OF(t) = 05 (t + 1) — [Qi(nii(00), nij(00)) — Ci(nsi(00), nij(c0))] e St At

0i(0) = Ty (DA + 00+ 1)

where At is the step size (one over how many times you update within each day). Keep

0%(T) and 0°(T) as the terminal values of the Lagrange multipliers.

(c) Guess a value for Io(T'). Set 67(T) = 0 and S;(T) = 1 — Li(T) — Di/(ni/(vi + m:))-
Recompute n;.(T') as the values that solve

6Ql (n“ (T)v M5 (T)) _ oC; (nll (T)7 Nij (T)) (1 N Dz) —£T __ [08( ) 9; (T)]Sz (T)OéjIj (T),

8n,-j 6nij
corresponding to equation (32) in the paper. Given perfect symmetry between countries,
we will have w; = 1 for all 3.

i. Given a value for I5(T), for each ¢t € [T, 0] solve the following system of equations,

where all values evaluated at ¢ + 1 are known, to obtain values at t:

3(t+1) — 03 (t
03(t +1) — 6

(t) = (05 (t) — (D)) [2cimia () Li() + (cjmi (1) + cgmys(8)) 1 ()] At
(
05 (t 4 1) — 6% (¢
(
(
(

(v + )05 (1) At — ;07 () At
[Qi(nii (), mij (t)) — Cilnia(t), mij ()] e S At
Si()[2aimii () 1;(t) + (ejnij(t) + cimgi(£) ()] At — (i + mi) L; (1) At
Si(8)[2aimii (0) (1) + (oymiz(t) + cinyi(t)) 1;(2)] At
(1) At

t

L(t+1)— Lt
Si(t+1) — Si(t
D;i(t+1)— D;(t

)
)
)
)
)
)
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and where n;.(t) is again obtained as the value that solves:

9Qi(nii(t), nij(t)) — 0C:(nii(t), ni;(t))

(9711']' 8?%1']'

(1=Di(t))e <" = [07(t) = 05(1)) Si(t) ey I (¢).-

These correspond to equations (32)-(35) in the paper plus the equations determining
the evolution of the epidemiological variables, once we have imposed equilibrium
conditions.

ii. Given a particular grid, two adjacent guesses of Ds may lead to diverging paths for I;.
If this is the case, pick the two guesses that split the paths between those diverging
upwards and downwards and re-draw a finer grid for Dy within these bounds.

iii. Repeat for all periods until 7;(t) reaches the desired initial condition, that is, I(t) =
1075 and I;(t) < I;(t+1) in a flat line (meaning it does not diverge to plus or minus
infinity). If at this ¢ we have D;(t) = Ds(t) go back to outside layer of the loop.
Otherwise, adjust guess I»(T).

3. If at this ¢ we have |D;(¢)| < 107° stop. Otherwise, adjust guess D;.

Associated Figures

This section in the paper is associated with Figure 10, which uses the parameters described in Table
E.7.

Table E.7: Behavioral response parameters - Figure 10 in draft.

Parameter Value
o 5!
¢ 1.5
AR 1
Ly, Ly 3,3
di12 = doy 1.1
H12 = po1, ti2 = t21 1
4 1
p 1
c 0.10
Qag, 02 0.1,0.1
Yi + i 0.20,0.20
i/ (i + 1) 0.003, 0.0062
At 1/3
£ 0.05/(365 x At)

Notes about the Algorithm

This algorithm is not closed, as it still requires a mechanism that will automatically define which
are the bounds for D in step 2(c)ii.
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E.5 Adjustment Costs and the Risk of a Pandemic
Solution Algorithm
1. Choose T'(o0) = 500,000 (some large number), and 7' = 10,000. Guess D(c0) = D;.

2. Compute the value of n;;(00), n;j(00), nij(00), and n;j(oco) as the outcome of the equilibrium
that solves

_ -5t 1/(¢—1)
_ _ _pt(e=1)8 [t iw; (e—1) [ w;
nij = (c(o = 1) piy) 7D (dyy)” o (Z]P]> (P>
VEE [

7T”U}ZLZ(1 — Dl) + Wjiijj(l — Dj) = ’LUZLZ(l — Dl),

where 7;; is once again given by

_blo-1) 1 phdle-Ds | blo=1)
o X (wy/Zy) O X (i) (dyg) T (Ey) o
1) - o—1)¢ o—1
X. _ 1 _pté(e=1)é ICE))
2ieeg Xit doveg (ie) o1 (die) 7T (tuwe/Zp) o7

corresponding to equation (9) in the paper.

3. Transversality conditions are satisfied if

lim 0¥ (t) =0

t—ro0
. i -
A 0 =0
s
Am 0; (5 =0

Set 0¥ (c0) = 0i(c0) = 0 and let the economy run without infections between 7" and T'(cc),
that is, for each time period t € [T, T'(c0)] update the multipliers as

05 (t) = 0 (t + 1) — [Qi(nii(00),m45(00)) — Ci(nii(00), nij(00))] e~ At

ei(t) = 1

w[m@f(ﬂ&f +0i(t+1)]

where At is the step size (one over how many times you update within each day). Keep 6% (T)
and 0°(T) as the terminal values of the Lagrange multipliers.

4. Set I;(T) = 1077, 63(T) = 0 and S;(T) = 1 — L;(T) — Di/(n:/(vi + n:)). Recompute n;.(T) as
the values that solve

9Qi(nii(T),nij(T)) — 9C;i(nii(T), ni;(T))

871,’ 7 8nij

(1= Di)e " = [63(T) — (1)) Si(T)e;I;(T),

corresponding to equation (32) in the paper. Given perfect symmetry between countries, we
will have w; = 1 for all 4.
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5. For each 7 — 1 € [T, 0] solve the following system of equations, where all values evaluated at
7 are known and we have imposed perfect symmetry between countries, to obtain values at ¢:

05(1) — 0°(1 — 1) = [0°(7) — 0'(7)][2am;(T)I(T) + 2an;(T)I(T)]AT
0°(t) —0°(1 — 1 (v+ 77)9’( VAT — ’I’]ek(T)AT
0H(r) — 07 — 1) = [QUny (1), s (1) = Clmlr)s (7)) bl (1% + g (1)) 57 A

(=1
(r—1)=
(r—=1)
I(T) = I(r = 1) = S(7)[2an (7)1 (7) + 2an; (1) (T)] AT — (y + )1 (T) AT
(r — 1) = —S(7)[2an;(7)I() + 2amn; (1)) I (1)] AT
(r—1)

and where n;.(7) is obtained as n;.(7 + 1) — g;.(7) x At for the value of g;.(7) that solves:

&[thMﬂ%—&%mMﬂﬂxu—DﬁD

onij oni;
+ Z [ggl ngj(t)) — ;Lc%(nij(t))] x (1= D(t))
t=7+1 ) ij
_ (95(7) - 01(7')) X S(T) X o X I(T) — Z (QS(t) . Hl(t)) y S(t) < o I(t)
t=7+1

nis(r+ 1) = nig(7) e
— iy I I (1 - D))

=0.

Note that, in contrast to the other cases above, we compute changes as happening between
7 and 7 — 1, rather 7 4+ 1 and 7. This makes the system easier to solve backwards, although
the difference in solutions is negligible for small enough step size.

6. Repeat for all periods until I(7) reaches the desired initial condition, that is, I() = 1075. If
at this 7 we have D(7) = 0 stop. Otherwise, adjust guess D;.
Associated Figures

This section in the paper is associated with Figure 11, which uses the parameters described in Table
E.8.
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Table E.8: Behavioral response parameters - Figure 10 in draft.

Parameter Value
g 5!
¢ 1.5
21, Zo 1
Ly, Ly 3,3
di2 = doy 1.1
H12 = p21, t12 = to1 1
0 1
p 1
c 0.10
Qag, O 0.1,0.1
Yi + i 0.20,0.20
i/ (i + 1) 0.0062,0.0062
3 0.05/(365 x At)
(31 1
(0 4
At 1/10
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