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A Derivation of the Current Generations G F(s) Effects

From equations (13a) and (13b) we find that

w(s) = (- aaW©" T = (1 ajafn - R - ap [
R(s) = alo-DFE T — ot 1)[0 - m) - apep 502

and thus
rw'(s) + (1 — k)(1 — a)k*R'(s)s = (1 —a)a[(l—r)(1—a)k**[s]* " [kn —1].
For a general period utility function u(.) the general equilibrium effect reads as

GE(s) = (1 —a)a[(l —#)(1 — a)k*]" [s]" ﬁ/U’ () [sn = 1] d¥(n). (1)
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If the utility function is logarithmic, equation (1) specializes, after substitution for ¢°(7)

from the budget constraint, to equation (18b) in the main text. Note that

/ o (() [ — 1 d¥ () = (k- 1) / o/ (¢"(1)) AT () + Cow [t/ (¢*(n)). (s — 1)]
< (k-1 / o (¢"()) AT (1) < 0.

Thus, the general equilibrium effect is unambiguously negative as asserted in the main text.

B Derivation of Optimal Saving Rate for Log-Utility

B.1 Sequential Formulation

In this section we provide a full solution to the Ramsey optimal taxation problem for the
case of logarithmic utility in its sequential formulation, for an arbitrary set of social welfare

weights. We first recognize from the aggregate law of motion that

In(kir1) = In(l—a)+1In(l — k) + aln(k) + In(s;)
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i=0

t
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where 5.1 = In(1 — @) + In(1 — k) + o' In(ky). Therefore the objective of the Ramsey

government is given by (suppressing maximization-irrelevant constants)
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t=0
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and thus the social welfare function can be expressed purely in terms of saving rates as

W({si}Z0) = x + Zwt [ln(l — 5¢) + In(sy) (aﬁ +a(l+af) Z w;_?wa)] ’

t=0 j=1

where y is a constant that depends positively on the initial capital stock kg, but is again
irrelevant for maximization. Taking first order conditions with respect to s; and setting it

to zero delivers the optimal saving rate in the main text:
1
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B.2 Recursive Formulation

To obtain the closed form solution of the recursive version of the problem for “’L—:l = 0 by
the method of undetermined coefficients guess that the value function takes the following

log-linear form:

Using this guess and equations (13a)-(13c) (and writing k:1(s;) recursively as £'(s))

rewrite the Bellman equation (16) as:

W(k) = O+ 0;In(k) )

= max {In((1 —s)(1 — k) (1 —a) k)

—l—ﬁ/ln (kmw(s) + R(s)K'(s)) d¥(n) + GW(k')}
= max {In((1 —s)(1 — k) (1 — a) k%)
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For the Bellman equation to hold, the coefficient ©, has to satisfy

a(1+aB)

= a0

We also immediately recognize that the optimal saving rate chosen by the Ramsey planner

is independent of the capital stock k and determined by the first order condition

1 _Oéﬁ‘l‘g@l

1—s S

and thus
o af+00,  a(B+0)
14 af+00,  1+ap

as given by equation (20) in the main text. Plugging in s* and ©, into the Bellman equation

3)

(2) yields a linear equation in the constant ©, whose solution completes the full analytical

characterization of the Ramsey optimal taxation problem.

C Details of the Empirical Analysis

C.1 Sample Selection

We use data from the Panel Study of Income Dynamics (PSID), which interviews house-
holds in the United States annually from 1968 to 1997 and every other year since then.!
The representative core sample consists of about 2,000 households in each wave, and we
use data from 1977-2012.2 Household pre-government income is defined as labor income
before taxes, which we calculate as the sum of head and spouse annual labor income. We
impute taxes using Taxsim, and add 50% of the estimated payroll taxes to the sum of head
and spouse labor incomes to obtain pre-government income. We deflate all nominal val-
ues with the annual CPI, and select households if the household head is between 25 and
84 years of age. The minimum of household pre-government income needs to be above
a constant threshold, which is defined as the income from working 520 hours at half the

minimum wage.

"We thank Chris Busch for helping us with the data.
2We do not use earlier waves because of poor coverage of income transfers before the 1977 wave.



Labor Income Share. We take our pre-government income measure to compute the ratio
of labor income to total income (defined as the sum of labor income and capital income) for
each household in the sample and take the average. This gives 0.792, suggesting that o ~
0.208.

Estimate of x. In our model, young workers have average productivity 1 — x, and old

workers have average productivity «. Thus the ratio of average earnings of old to young

_d_
1+d

range 25 to 54 and old workers as workers of age 55 to 84. As ratio of their earnings we
obtain d = 0.453 and thus x ~ 0.312.

workers is d = - and thus Kk = We define young workers as workers in the age

Lower bound support of . Based on our income measure we compute the ratio of the
lowest income in our sample of old workers of age 55 to 84 to the median income in that

group giving 3.35%.

Residual Income Variance We run a panel regression, with log income as dependent
variable and time dummies, a cubic in age, a control for the number of adult household
members and an additional cubic in years of education for college workers as independent

variables giving a variance of 0.648.

D Overaccumulation of Capital in the Competitive Equi-

librium and Positive Capital Taxation

In this section we provide the details of the relation between the solution to the Ramsey
problem in the steady state and the overaccumulation of capital (a capital stock above
the golden rule capital stock) in the steady state equilibrium absent government policy,

including the proof of Proposition 4 in the main text.

D.1 Definitions

First, and as usual, define the golden rule capital stock as the capital stock that maximizes

aggregate (per capita) steady state consumption C' = k“ — k. Thus, the golden rule capital



stock, saving rate and associated gross real interest rate are given by:

kGR L

= ql-a
CGR @
(1-r)(1-a)
REF = 1.

A capital stock and associated saving rate is inefficiently high if it is larger than the golden
rule level, and thus the associated gross real interest rate is less than 1. In this case aggregate
consumption can be increased by lowering the capital stock in this case.

Now let us turn to the steady state of a competitive equilibrium. In any such steady

state, the gross real interest rate is related to the steady state capital stock % through
R = ak*!.
From the law of motion of capital (equation (8b)) in a steady state
kE=s(1—k)(1—a)k®
the steady state equilibrium interest rate R is related to the saving rate s by

R= i =a

The steady state equilibrium saving rate s itself is given by (see equation (11))

1 (I =7)apl
1+ [(1=7)afl]™ 1+ (1—7)apT

S =

which leads to a steady state relation between the real interest rate and the tax rate:

T ta
(l—T)BF

R = = R(m:T).
1—r)(l—a) (:T)

A higher tax rate 7 reduces the saving rate, the capital stock and increases the real interest
rate. Holding 7 constant the steady state interest rate is decreasing in the amount of income

risk measured by I'. The steady state interest rate in the absence of government policy



(1 = 0) is given by
ﬁ%—l—a
(1—r)(1—a)

R(r=0;T") =

D.2 Overaccumulation of Capital in the Competitive Equilibrium

Recall that I' = ——L-—— The steady state competitive equilibrium in the absence of taxes
k(l—a)+a

has overaccumulated capital (a capital stock above the golden rule and R(7 = 0;I") < 1)

if and only if

1
o T«
o < 1

(1—-r)(1—a)

: 1
Feﬂ pp— _ < F 4
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The constant I gives the first bound used in Proposition 4.

The optimal Ramsey steady state (i.e., § = 1) tax rate (see equation (21)) is given by

1+

Lr=a o

and thus the optimal Ramsey tax rate is positive, 7 > 0, if and only if

1+

—_ 1
(1—-a)pl
_ 1+
=t ———— < T. (5)
(1—a)p
In the proposition we made the assumption that 5 < (17a1)f71 = (:S)zla_):)a — to insure that

all cases of the proposition can occur. Under this assumption I'"=° < I'*f and the interval in

the second part of the proposition is nonempty (the equilibrium capital stock can be below



the golden rule yet capital is taxed at a positive rate) since

148 |

=0 ._  Teff
VTS ws S He-ymp
143 1
—a 1—a—1/T
1+8 < L -«
(1-r)(1—-a) —«a
5 < K(1—a)+a

1-—r)(1—-a)—a’

which holds on account of the assumption made in the proposition. Thus if the steady state
competitive equilibrium capital stock is above the golden rule the optimal tax on capital is
positive, but the opposite is not necessarily true. If there is no risk, however, then I' = T’

and conditions (4) and (5) coincide:

1 _

T—a-Ump ~
%+1 < (1-a)l

143 .

T-af =

This results in the following proposition, referenced in the main text:

Proposition 1. Let 0 = 1 and the assumption in Proposition 4 be satisfied. If the steady
state competitive equilibrium capital stock is larger than the golden rule, the optimal Ram-
sey tax rate T is positive. If n) is degenerate at ) = 1, then the reverse is true as well: 7 > 0

only if the steady state competitive equilibrium capital stock is larger than the golden rule.

It remains to show the ranking of the savings rates in the different parts of Proposition 4.

Recall that the savings rates are defined as

1
CE __
T (e (6a)
1
& — Oél(Jr—J;g) (6b)
GR _ a
T U-ml-a (0

It then follows directly from the definition of I"* that s“Z < s“% if and only if I' < I,
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and it follows directly from the definition of I'"=" that s“F < s* if and only if ' < I'"=0,

Finally, the condition on f3 in the proposition implies that s* < s¢F,

E Characterization of Efficient Allocations

E.1 Characterization of Pareto Efficient Allocations

In this section we derive the solution to the unconstrained social planner problem and
study whether the Ramsey government implements Pareto efficient allocations. The ob-
vious answer is no, since an unconstrained social planner would provide full insurance
against idiosyncratic 7 shocks, which, given the market structure, is ruled out in any com-
petitive equilibrium. More interesting is the question how the saving rate chosen by the
unconstrained planner compares to that selected by a constrained planner and the Ramsey

government. The planner maximizes social welfare
a8 [ n(eim)av(m) + 3 [(el) +8 [ (et ()W)
t=0

subject just to the sequence of resource constraints

& / O ()dV () + Koy = K.

We again restrict attention to geometrically declining welfare weights: w1 /w; = 6 < 1.
Trivially, the social planner provides full insurance against idiosyncratic income risk so

that ¢ (n) = ¢? for all 1) and all ¢. Thus the problem simplifies to

max w_181n(cf) + iwt [In(cf) + BIn(c}, )] s.t.

{nyc?,kﬂrl} t=0

C%+C?+kt+1 = l{??



with ky > 0 given. The first order conditions are given by

E
t
Bwi—1
(0] = At
Cy
a—1
A = Aokl

C% + C? + kt+1 = kf

The optimal allocation of consumption across two generations at a given time ¢ is then

given by
[ _ Buwi

¢l Wy

and over time for a given generation it is characterized by

cl a1

C—gt; = Pakiy .
In contrast to the Ramsey problem, consumption of the old in the first period is no longer
irrelevant for maximization because the social planner can redistribute resources intergen-
erationally whereas the Ramsey planner, given the assumed restriction on instruments can-
not. Thus, we characterize optimal allocations in period 0 and in an arbitrary period ¢ > 0

separately.

Periods ¢ > 0. Since we have assumed that “’;—:1 = 0 we obtain

€ _Pu B
¢l Wy 6
and thus from the resource constraint we get
9 (0%
¢ = ] (k" — kit)
s
;= —— (kY —k .
G 0+ 3 (ki 1)

Define, similarly to the Ramsey problem, the saving rate of the social planner as

Ky
(1—r)(1—a)ky

St —
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Then from the first order conditions we obtain

18

= okt

cf i1 s

kit _ abki
(kf — kry1) (k’?ﬂ - kt+2)

1-—(1—-r)(1=-a)sg1) = ob ((1 — /{)(11 T 1) :

As in the neoclassical growth model we can show that the only solution to this first or-
der difference equation that does not eventually violate the non-negativity constraint of
consumption and does not violate the transversality condition of the social planner is a

constant saving rate s solving

(1—(1—/{)(1—@)3):a9((1_1{)(11_a)8—1).

Define 5§ = (1 — k)(1 — «)s then we have

1
1—§:a9(j—1)
5

with solutions 5 = 1 (and thus s > 1) and 5§ = «a#f. Therefore the constant saving rate that

solves the social planner problem from period ¢ = 1 onward is given by:

5P — af
S (1-r)(1-a)

The optimal sequence of capital stocks, starting from kg, is therefore given by

ktJrl = (1 — fi)(l — Oé)Stkta
= abk}.
Period 0. Let us next characterize the allocation in period t = 0. We get

o - Pw_1
Wo

11



and thus only the ratio of the first two welfare weights matters. Therefore we can, without

loss of generality, normalize wy = 1 so that
o
v = ﬁw,l.
&0

Using this in the resource constraint one obtains

1

Yy _ a
Co = 1 +ﬁ(«d71 (kO kl)
o __ Bw*1 «@

Co = 1 +ﬁ(«d71 (kO kl)

ki =so(1—k)(1 —a)kg.
Then from the first order conditions we get

1 B

7 = Eakf_l
ki(1+Bwor) a0+ B)kT
(k¢ — k1) (kf — ko)
So(1 — k)1 —a) (1 + Bw_q) _ a 0+ P)
(1 —=50(1=r)(1—-0a)) (1 —ab)
and thus
SP _ a(0+B)
C A -r)A-a)[(14fwn) (1 —ab)+a(@+ )]
b
(=) (1 —a) [@) (1 a6) + ]

Now, suppose that w_; = 1/6. Then (7) simplifies to

o
(1-r)(1—a)

sSP = 9P =

We summarize these results in the following

12
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Proposition 2. The solution to the social planner problem, for any ko > 0, is given by

SP af
80 -

(1= k)1 —a) [ (1 - af) + af

and associated capital stock in period 1
ki =s3(1—k)(1 — a)kg.

and consumption allocations in period O

&= T (L= "= 01 - a)
= (1= s - ) kg

and in all periods t > 0 by a constant saving rate

$SP _ Kiy1 B at

1-r)(1—-a)k (Q1-r)(1-a)

and associated sequence of capital stocks

kt+1 = aﬁkf‘
and consumption levels
v _ 90— ad)ky
K 6+ 0
o __ ﬂ(]- _ Oj@)k‘?
¢ = T

€))

(10a)

(10b)

If, in addition w_; = % then s3F = s°F and equations (9) and (10) apply for all periods t >

0.

Also notice that for § = w_; = 1, i.e., for a planner that maximizes steady state utility

and also weighs the initial generation equally, then the optimal saving rates in all ¢ > 0 are

a
sSP = §5P = _ (GR

(1—r)(1—a)

13



We summarize these insights in the next

Corollary 1. If 0 = 1 (associated with maximizing steady state utility), then the social

planner chooses the golden rule saving rate

§SP _ (GR _ @
(1-k)(1—-a)

in all t > 0 and the capital stock converges, in the long run, to its golden rule level

KOR = s
which satisfies
Q [k:GR}a_l =1
and associated consumption levels
& = (1-a) ate
1+
1 - «
o B0-0) .
1+8

Therefore, the social planner chooses the golden rule capital stock k% maximizing net
output Y&t = (k:GR)a — KGR and splits it efficiently between ¢V and c® according to the

rule ¢® = BcY. If, in addition, w_1 = 1 then also

o)

K e TS
Obviously, the Ramsey equilibrium is not Pareto efficient because it does not provide
full consumption insurance against idiosyncratic income risk. What is more remarkable is
that even though the optimal Ramsey saving rate is independent of income risk (and the
same as in a model where income risk is absent), it is in general different from the saving
rate optimally chosen by the social planner (who fully insures the idiosyncratic income

risk). This result is summarized in the next

Corollary 2. For a fixed social discount factor 6 € [0, 1], the optimal Ramsey saving rate
equals the saving rate chosen by the social planner if and only if the following knife edge

condition is satisfied:

6(1 + ap)
(1 —a)(6+90)

14
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Note that the Ramsey government can implement the saving rate desired by the social
planner through an appropriate choice of taxes, but unless the condition above is satisfied,
it is suboptimal to do so. The reason is that the Ramsey government has no instruments to
transfer resources across generations and thus forcing the planner saving rate onto house-
holds (by appropriate choice of the capital tax rate) results in an equilibrium allocation of

consumption across the young and the old that is typically suboptimal.?

E.2 Proof of Constrained Efficiency of Ramsey Allocation

Proof. Define the saving rate of the constrained planner as

kt+1 kt+1
St = =

(1—rk)MPL(k) (1—a)(l— )k

Thus, the law of motion for the effective capital stock for the constrained planner is
kiv1 = s:(1 — a)(1 — k)kY
as in the Ramsey problem. Furthermore, from the constraints on the constrained planner

¢ = (1—=K)MPL(k) — ki1 = (1 —s1)(1 — k) (1 — )k
(1) = ki MPK (k1) + nga MPL(kigq)
= akiyy +Ena(l — a)kly
= [04 + ’Wlt+1(1 - a)] 1?+1‘
Thus the consumption allocation is the same as in the Ramsey equilibrium and the solution,

in terms of saving rates, of the constrained planner problem is the same as the Ramsey

equilibrium. [

3Finally note that if one were to treat the social discount factor @ as a free parameter, then one concludes

that the Ramsey optimal saving rate is efficient, in that it is identical to the choice of the social planner with
(B+0)(1=r)(1=c)

; T sp _
a different social discount rate 6> = TTop .

15



E.3 Proof of Pareto-Improving Tax-Induced Transition
E.3.1 Log Utility

Proof of Proposition 6. The capital stock evolves according to
ki1 = s:(1 — r)(1 — )k,

Therefore if the Ramsey government implements s* through positive capital taxes in the
first period of the transition this will lead to a falling capital stock along the transition.

Recall from (1) that utility of a generation born in period ¢ is given by

Vi=tn(e) + 8 [ In(et, ().

Now, suppose that the policy is implemented (as a surprise) in period 1 where k1 = k.
The initial old are unaffected by this policy and thus indifferent to the tax reform. Now we
need to characterize the utility consequences for all generations born along the transition.

Denoting by so = s“¥ the equilibrium saving rate in the initial steady state, we have

AVy = Vi(s") = Vi(so) = In(c{(s7)) — In(c{(s0)) +5/ (In(cfy1(s%) = In(cfy1(50))) AW
where the consumption allocations are

c/(st) = (1= s)(1 = w)(1 = a)ky

for(Mer1s se) = se(1 — K)(1 — )k aky S + kmpa (1 — a)kyyy

= la+rma (1 — )] k-

Thus

AV, = In[((1 = s )] = [((1 = s0)kg)] +aBT [ In [kis) — In ko]

TV
=AV;t =AVy

Since the capital stock is monotonically decreasing along the transition, AV,” < 0 for
allt > 0and AV, < AV,” < Oforall s > ¢t > 0, and we call AV, the “loss” term.
From the monotonically decreasing capital stock it also follows that AV, is monotonically

decreasing along the transition. Since in the limit we have lim; .., AV; > 0 (because s*

16



maximizes steady state utility), it follows that AV, > 0 for all ¢ > 0 and we therefore
refer to AV,T as the “gains” term. Finally, since gains are monotonically decreasing and
losses—the absolute value ‘Vt_|—are monotonically increasing we achieve the smallest
gains and largest losses for ¢ — oo and since lim; .., AV; > 0, it follows that AV; > 0 in
allt > 0. [

E.3.2 Generalization

The previous results generalize to additively separable life-time utility functions of the form
Ve =ul(cf) + g(cfyy, V) (1D)

with v’ > 0,u” < Oforall ¢/ > 0and ¢’ > 0,¢” < 0forall ¢, > 0. Aggregating second
period consumption with function g(-) nests standard (discounted) expected utility formu-
lations as well as non-expected utility preferences such as Epstein-Zin-Weil preferences,
analyzed in Section 6.3.6. As before, write consumption allocations in terms of the sav-
ing rate s as (¢/(s), c7,1(n, s)). As shorthand, below we denote as u; = u'(c/(s)) x ¢(s)’,
with g, defined correspondingly. Given this notation the first-order condition of the Ramsey

problem for § = 1 is

OV

=us+gs=0 & —Us = (5. (12)
ds
We make the following additional

Assumption 1.

lim —u, > lim g, (13)
s—1

s—1

and, for all s € (a, 1),

_wes) )
T ) Ty T

(14)

<

where ¢, . is the semi-elasticity of marginal utility* with respect to consumption ¢V and e..,

is the semi-elasticity of consumption c¥ with respect to the saving rate s.

“In in a static stochastic environment this would be equal to the measure of absolute risk aversion. We
prefer the term semi-elasticity of marginal utility because first period consumption is not stochastic.

17



The next proposition generalizes Proposition 6 to additively separable utility functions
with the above properties. It also provides conditions for existence and uniqueness of a
solution to (12):

Proposition 3. Let the utility function be given by (11). Under assumption I the solution
to (12) gives a unique s* € (o, 1). Further assume that s°F > s*. Then implementing s*

in periodt = 0 for all t > 0 leads to a Pareto improving transition.

Before proving the above proposition, note that condition (13) is required for existence,
and condition (14) for uniqueness of s* € («,1). We further show that condition (14)
implies that %L;” < 0 for s“F > s* 5o that the generation born in the limit of the transition
when the economy approaches the new steady state benefits from implementing s* < s“%.
We later establish for Epstein-Zin-Weil preferences, which nest CRRA preferences as a
special case, that all these conditions are satisfied. Thus, we show analytically that the

conditions apply quite generally. For the general class of HARA utility functions

u(C)Zl_—7< — +§)v

g I—x

with parameters ¢« > 0, &, 7y, and the restriction ﬁ + & > 0 and v # 1 (ruling out linear
utility) condition (13) may fail to hold so that there is no solution to the Ramsey problem.

For instance, with exponential utility condition (13) may fail to hold since there is no Inada

condition as consumption approaches zero, so that lim,_,; —u, < 00.°

As for the assumption that s“¥ > s* notice that we earlier established that s“F is in-

creasing with risk if there is precautionary savings. Thus, with sufficient risk we have s“% >

s*. Also, as for the second part of the proposition on the Pareto improving transition, the
proof follows exactly the same logic as the proof of Proposition 6.

This proposition does not address whether the equilibrium has overaccumulated capi-

CE _ .GR GR _ o
<s = T=a)0=n)

the golden rule saving rate. Finally, notice that the proposition is silent about implementa-

tal. As before, the interesting case is where s* < s , Where s 18
tion. We address implementation under the assumption of existence of a unique s* in the

subsequent Proposition 4 for expected utility and later in Proposition 23 for EZW utility.

SConsider nested exponential utility, i.e., ¥ = —oo, and ¢ = 1. Further parameterize t = 1, « = 0.33,x =
0.7 and n = 1, i.e., a degenerate deterministic case. Also assume an expected utility formulation with 8 = 1

g(c*: 1) = 8 / w(e®(n))d ().

Then condition (13) fails to hold, an interior s* does not exist and the optimal saving rate is s* = 1.

18



Proof of Proposition 3. First, we establish that s* is unique and that with uniqueness we
get for s“F > s* that aaL;’" < 0. To show this, we analyze the first-order condition of the
Ramsey government (12). The next steps will establish that (i) g; > 0 is a continuous and
downward sloping function in s, (i1) —us > 0 for s > «, and (iii) that condition (14) is
required for a single crossing of gs and —u,. Findings (1)-(i1) together with (13) establish
existence, the additional item (iii) then insures uniqueness of s*.

Now start from the allocation in the long-run steady state. Recall from Section E.3

above that consumption when young and old is

cf = (1 —s)(1=r)(1— )k,
CfH = (O‘ + "i(l - 04)77) k?Jrla

where

ki1 = s:(1 — K)(1 — )k (15)
In steady state we thus have

k= (s(1-r)(1—a))T=
and therefore steady state consumption allocations are

&= (1—s)sTa (1 —a)(l — K))Ta (162)

= (a+r(l—a)y) ((1—a)(l—rk))TasTa, (16b)
Use this in the social welfare function with 8 = 1 to obtain

Voo = u<cy> + g(co; \Ij)

—u (1= )7 (1= a)(1 = K)77 ) + g((a+ £(1 = a)n) (1 = a)(1 = K)) 7% 77, W),

From the above we readily observe that g; > 0 as well as gs; < 0 because of decreasing

19



marginal utility.® To establish existence of s* observe that

us = u'(Y(s)) x (s) =u ((1 —a)(l— /{))ﬁ (—1 T (1-— 3)3_1> sToa

<0 & A(s) <0 & s> a.

because u'(c¥(s)) > 0 and thus u, < 0 for s > a. If, in addition, condition (13) holds,
then there exists at least one solution s* € («a, 1). Also notice that condition (13) holds if
satisfies the Inada condition, because then lim,_,; —u; = oo and lim,_,; g5 < oc.

To establish uniqueness we further require that u” < 0 for all s € («, 1) so that —uy is

upward sloping and continuous. Observe that

ugs = u" (Y)Y (s) +u'(¥)? (s)" <0 & Eule = — < = Eeys

which limits the (positive) semi-elasticity of marginal utility €,/ . from above. For the
semi-elasticity of consumption .,  notice that we have already established that ¢¥(s)" < 0
for s € (o, 1). We next show that for s € (a, 1) also ¢¥(s)” < 0 so that ., ; > 0. To see

this, write
200 — 1
9(s)" = ((1— a)(1 — k)78 — > g%l |94 (1 L
c¢!(s)" = (1 —a)(1 = k)= g ——s7 t(l=8)7 s
and thus ¢¥(s)” < 0 if
200 — 1
—2+(1—s)10‘ s1<0 e  s>2-1
—

Before, we have shown that for s > o we have ¢¥(s)’ < 0 andsincea >2a—1 & a <1

we know that s > « implies that ¢¥(s)” < 0 and thus for s € (v, 1) we get 250 > 0. Also,

c¥(s)

since by property (14) the function —u, is continuous and upward sloping and since g; is

downward sloping we have that if s* € (o, 1) exists, then s“F > s* implies that V (s) < 0.

Along the transition, recall that the consumption allocations for generation ¢ is

¢i(se) = (1 —s)(1 = r)(1 — )k

C§+1(77t+1§ 5¢) = [ + k(1 — )] kiiq

®Specifically, we have assumed that g. > 0, g.. < 0. Observe from (16b) that ¢°(s)’ > 0 so that g, > 0
and gss < 0.
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Thus, assuming a unique s* < s“F we obtain

AV, = u (1= 5)(1 = 8)(1 — a)ki) —u (1= 5)(1 = 8) (1 — a)k§) +

=AV,"

g ([04 + e (1 — Q) kg, g5 ‘1’) g (Ja+ kN (1 — a)] kg; ©)

J/

-~

=AV,”

acg _
ak’“ > () the same arguments on the behavior of V;* and V

along the transmon as in the proof of Proposition 6 apply. U

and since t > (0 as well as

E.3.3 Implementation

Observe that the proof above does not say anything about implementation of the saving
rates though taxation of capital. The next proposition contains a fairly general implemen-
tation result for expected utility. Proposition 23 extends this result to EZW utility.

Proposition 4. [f the utility function in both periods is of the HARA form,

_ ¥
u(c)lev<1L_7+§) (17)

with parameters . > 0,&, 7,
saving rate s is strictly decreasing in the tax rate T and any s* € («, 1] can be implemented

by a unique (but typically time-dependent) tax rate T/, ,.

Proof. Start from the Euler equation for a given period ¢ aggregate wage w; = (1 — a)ky"

u' [(1 = r)wy(1 — s(41))] =

(M%l—ﬁ+0((1—fQWOa{%ﬁ+0“_{/}/Ka-+(1—(ﬂﬁn)K1—+@uHa8(ﬁ+O“MNNn
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Totally differentiate (18) to get

— (1 — K)wa” [(1 = K)wy(1 = 5(741))] dz(;;:ﬁ = af (1 —kr)w)*"
s 4 (1 )= D)5 [ (- @) [0 9 st av ()

o a1 ds(m
Fa25(1 = 1) (1= R s{rp e 0 ),
Ti+1

' /U" [(a+ (1 = a)rn) [(1 = K)wi]” s(7141)°] (@ + (1 — a)kn)d¥ (n).

Now use the notation

(s5(1e41)) = (1 = k)w(1 — 8(741))
(s(7e41),m) = (@ + (1 = a)wn) [(1 = K)wy]™ s(7i41)"

and divide by (1 — x)w; to rewrite this further as

—u” [ (8(Ti11))] dz(:tl:l) = —afB ((1 - K)w)*?
) (1= 7)1 = st S B () )

2(a—1) ds(Ti1)
ATy

- / d [(o+ (1= a)rn) [(1 = m)w® ()] (@ + (1 — o)) ().

+0”B(1 = 71) (1= K)w)** Y s(711)

Since v/ > 0 and v” < 0 ambiguity of implementation may come from the expression

[+ (= apen) (1= 0w strn)?] (@ (L= a)kn)d¥(m). (19)
Before proceeding observe that without risk implementation is unambiguous since then

u (a4 (1 —a)k) [(1 = k)wo]® s(7)] (a+ (1 —a)k) < 0.
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With income risk, observe that with HARA utility (17) we have

Lc 71 e 72
() e (509
1 -y 11—~

and thus (19) becomes

e

(a+ (1= ) [(1 = )l (i) + »s} T ot (1 a)wn)du(n)

ot (= )n) [ Rl s+ (- (L awn) 73] v

K
(e 1—a>m>3é[(1—n>wt]as<m1>“+5<a+<1—a>m>viz)r_2d\v<m

A(s Tt+1)7b€omw7) <0

—_

and thus for HARA preferences defined in the proposition s; and 7;; are strictly negatively
related, implying that for any saving rate there exists a unique tax rate implementing this

saving rate as a competitive equilibrium. [

E.3.4 Marginal Reforms

The next corollary studies marginal tax reforms rather than implementing the full Ramsey

equilibrium.

Corollary 3. Let Assumption 1 hold and assume that s°F > s*. Implementing a saving

CE

rate s~ — € > s* for small € > 0 in all periods t > 0 through a time-varying tax rate T; 1

vields a Pareto improvement.

Proof. Replace in the proof of Proposition 3 s* by s“F — ¢ > s* to note that the same

arguments on monotone transitions of the gains and loss terms apply. [

E.4 Savings Subsidy Does Not Induce Pareto Improvement

In this section we show, in contrast to the previous section, that even if sCF < 5%, imple-
menting the Ramsey (for # = 1) saving rate s* through a savings subsidy 7" < 0 does

not lead to a Pareto improving transition. We exploit the fact that in the first period of the
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transition the capital stock k1 = k is predetermined, and the capital stock in ¢ = 2 satisfies
ke = s(1 —a)(1 — k)ky

for any saving rate implemented by a given tax policy. Then we can calculate lifetime

utility of the first transition generation, as a function of an implemented saving rate s, as

Vi(s) = In((1—s)(1 - r)(1— a)kg) + 3 / In (a + ka1 — ) (s(1 — a)(1 — K)kg)" AW (1)
= In(1—s)+ Baln(s) +In((1 —k)(1 — a)ky)
LB / In (0 + (1 — a)) (1 — a)(1 — K)kS)* d¥(n)

and thus

1 af
Vils) = _1—s+?

1 af

S (1-s)2 s

< 0.

Therefore V;(s) is strictly concave in s. Therefore, if V(s = s“F) < 0, then V(s =
sCF) > V(s) for all s > s“F. We have

Vils =) = —3—ep +of g
CE > af
T 14 ap

=4

which is satisfied, exploiting expression (11) for the optimal competitive equilibrium sav-
ing rate (with zero taxes). Thus not only is implementing 7* < 0 not Pareto improving if
s“E < s* but in fact any policy reform that induces a saving rate in period 1 above the

C

competitive saving rate with zero taxes, s, will not result in a Pareto improvement, since

it makes the first generation strictly worse off.

F Endogenous Labor Supply and Labor Income Taxation

In this section we provide the details of the analysis of the model with endogenous labor

supply.

24



F.1 Model Setup

As discussed in the main text, we assume households have lifetime utility defined over

consumption when young, and stochastic consumption and labor allocations when old

c/,cfi1(n), 18,1 (n) given by

Vim (@) + 8 [ [n(eta(m) + 911 = £, ()] 400, 20)

where v > 0 is a parameter.” The budget constraints of a typical generation now read as
ad+ar = (1—kr)w (21a)

() = (1= 7s1)Reprae + sl = 7L, Dwenly (n) + Tipa,  (21b)

where 7/, ; is the proportional labor income tax rate. As before, tax revenues from capital

and labor income taxes on the old are rebated to them in a lump-sum fashion:

Ti1 = i Repiaa + Ttl+1/fwt+1 /77l7?+1(77)d‘1’(77)- (22)

The production technology transforming capital and labor (K, L;) into output and the

associated firm problem remains unchanged, and equilibrium in the labor market obtains if
Li=1-r+ R/nzg(n)dqf(n). 23)

F.2 Definition of Competitive Equilibrium

Definition 1. For a given initial capital stock K and a given sequence of tax rates { (1, 7;)}
a competitive equilibrium is a sequence of allocations for households, {(c{, a1, ¢}, 1(1),17.1(n))},
a sequence of allocations for firms, {( Ky, L;)}, a sequence of factor prices {( Ry, w;)} and

a sequence of transfers {T,} such that

1. forallt >0, given (1}, 7, T;) and (wy, wii1, Rit1) the allocation (¢}, a1, ¢f 1 (1), 124(n))

maximizes (1) subject to (21a) and (21b);

"The utility function of the initial old is similarly defined.
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2. given (1}, 10, Tp) and (wq, Ro) the allocation (c§(n), 13(n)) maximizes

V- / I(e8(n)) + 7(1 — 15(n)]dT(n) (24)

subject to
co(m) = (1 = 7o) Roag + (1 — 75)wolg (n) + To; (25)

3. Forallt > 0, factor prices satisfy

Ry =aK 'L~ (26a)
w; = (1 —a)KFL;%; (26b)

4. forallt > 0, the government budget constraint is satisfied:

T, = R K, + Ttl/@wt / Iy (m)nd¥(n); 27

5. the markets for labor, capital and final goods clear in every period: for all t > 0:

Ly = 1-k+k / 17 (n)nd¥(n) (28)
Kipn = a (29)
F(K, L) = &+ / () d (n) + K1 (30)

F.3 Analysis

We now show that the optimal saving rate the Ramsey government chooses is identical to
the one in Proposition 2, and is implemented with a tax on capital that is strictly increas-
ing in idiosyncratic labor productivity risk 7 and strictly decreasing in the social welfare
weights on future generations. The analysis proceeds in two steps, we first show that a
given sequence of private aggregate saving rates s; = (113:)2)1 € (0,1) and aggregate la-
bor L; > 0 can be implemented by choice of a sequence of capital and labor income tax

rates (7;41,7,). This implies that the Ramsey government can directly choose sequences
{s¢, L;} and then implement them as competitive equilibrium with proportional capital and
labor income taxes. Second, we show that the optimal Ramsey saving rate is identical to

the one with exogenous labor supply, and the capital tax rate implementing it has the same
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form as before.

F.3.1 Competitive Equilibrium for Given Tax Policy

First, we characterize the competitive equilibrium for a given sequence of capital and la-
bor income tax rates. We state the household optimality conditions, and then show how
to aggregate them, exploiting the market clearing conditions and the government budget

constraint in general equilibrium.

Optimal Household Decisions For given factor prices and tax policies, the household
makes a labor-leisure choice and a consumption savings choice. The next lemma charac-

terizes this choice.

Lemma 1. Let assumption 1 hold, and assume that the allocations are interior.® Then the

(1‘3:)11% and stochastic old-age labor supply and

consumption (19, (1), cf,1(n)) are given by

optimal choice of the saving rate s; =

tam) =1- Hnwzrcltzrll (_T])Ttlﬂ) GV
1=p(1- Tt+1)/ 10_ S AW (n)
s¢(1 — 1q1) + wa(lﬁt:)llf,%j:lml) + (17NT)$RH1
(32)
cfi1(m) = (1 = 7ey1) Repase(1 — w)wy + k(1 — Ttl+1)wt+1l§+1(77) +Tipa 33)

General Equilibrium Now we aggregate the individual decisions and express aggregate
labor supply and the aggregate private saving rate as a function of the policy instruments.
Aggregate labor supply of the old, L?, and thus total aggregate labor supply L; are given
by

Ly = / 17(n)nd¥ (n)
Li=1—-rx+ kL]

8Consumption and leisure are strictly positive almost surely by the Inada conditions implied by log-utility.
However, labor supply might optimally be equal to zero for sufficiently low n. We will below state a sufficient
condition on the support of 1 such that labor supply is indeed interior n-almost surely.
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and factor prices are determined as

wy =(1— a)KPL;®
R, =aK{ 'L,

Aggregate transfers are given by
Tiv1 = Ter1 Rep1 Ky + 71 kwen LY . (34)

Finally, the aggregate capital stock, the endogenous state variable in this model, evolves as

a function of the saving rate s; = ( ff’ﬁ:ﬁvt = (l‘f;)lm
K1 = a1 = si(1 — k)wy = s¢(1 — K)(1 — ) K Ly ™ (35)

Individual and Aggregate Labor Supply In order to obtain a tractable expression for
aggregate labor supply, first insert the budget constraint when old (33) into the optimality
condition for individual labor supply, equation (31). This delivers, after rearranging,

V(A = 7)) Reasi(1 — w)wy + Ti]
KWi+1

. (36)

L+ = )nify (n) = n(l —7iy,) —

Now we can aggregate both sides of this equation by integrating with respect to idiosyn-

cratic productivity shocks, to obtain

V(1 = 7ep1) Reas:(1 — w)wy + Tipa]
(1 = 744y Rwe4

and exploiting the expression for aggregate wages, interest rates and transfers we obtain

_1a (1—r+kLY,) B YT LYy
(=7l —a)  (1—1l,)

(1"‘7) ?+1:1

which yields aggregate equilibrium labor L7, ; and thus L;;; solely as a function of the

labor income tax rate 7/,

28



1— 1 _ ya(l—k)

Lo (7)) = 10 (MdU(n) = -t wi=a) 37
t(my) = Ny (n)d¥ (n) = 1— T (37a)
t+1 11—
1— 7'tl+1 — W((ll_”))
Lii(thy) = 1—k+k6LY (Tl ) =1—FK+& — +” o (37b)
t+1 j e

Crucially, aggregate equilibrium labor supply is independent of the saving rate and the tax

rate on capital shaping the dynamics of the economy, and exclusively depends on the labor
k(l—a)—ya(l—k)

income tax rate when old.’ Define 7/ 1= )

< 1. We have the following

Proposition 5. For any tax rate 7! 11 € (—oo, 7l +1) aggregate labor supply is given by
equation (37b). Aggregate labor supply is strictly decreasing in the labor income tax rate
7} 1 Thus, for any aggregate labor supply L7, € (0,1) there exists a unique labor income

tax rate 7 1 that implements this L] _, as part of a competitive equilibrium.

Note that the labor income tax rate implementing any positive labor supply of the old is
strictly less than 1. Optimal individual labor supply 12, ; (n; 7/, ) (see equation (38)) is only
a function of the labor income tax rate and the idiosyncratic shock. The fact that aggregate
labor supply is strictly decreasing in the labor income tax rate follows from the fact that

a(l—k
1— Ttl - ’yﬁ((l—oa))

1—TZ+L

11—«

Lo =

and thus, taking the derivative with respect to the labor income tax rate 7} yields:

ore —(1—7l+25)+1—7 — 2=

_ Kk(l—a)
o} (1—7+ )2
s+
_ l—a k(l—a) <0.

=+ %P

We also note that we can express individual labor supply exclusively in terms of in-
dividual labor productivity and labor income taxes, independent of the saving rate and

9We assume that the utility weight on leisure ~ is sufficiently small and/or the productivity « of the old
sufficiently large that the Ramsey government finds it optimal to implement positive aggregate labor supply
of the old. Otherwise old households do not work, and idiosyncratic risk trivially becomes irrelevant. A tax
rate 7/, < 7/, insures this.
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independent of the tax rate on capital. Rewriting (36) yields

1 yaLyyq ’YTt 1Li
1o _ 1 +1 e+
e S (1t iy~
_ 1 (1 A Ya(l = k) + o+ (1 - 04>Ttl+1]’7’fL§+1)
(1- Tt+1)(1 +7) i nk(l —a)
= l?ﬂ (777 Tt+1>7 (38)

where we note that L2, = L?,,(7/,,). We can now also state a condition to insure that
individuals find it optimal to supply positive labor even at the lowest productivity level 7.

For this we need

ya(l—k)

1—7t,  —
a(l—k)+ [04—1—(1 )7’;_’_1]%(%)
n>v

- (1- szl+1)’f(1 —a)

=Z=(v, Tt—l—l) (39)

We note that since Z(y = 0,77, ;) = 0, by continuity in v for every 7/, € (—o0, 1) there
exists a small enough ~ such that this condition is satisfied and labor supply is positive for

every possible productivity level. We therefore make

Assumption 2. The lower bound of the productivity shock n satisfies equation (39) for all
Ttl-H < f1tl+1-

With this result in hand we can now proceed to obtain the competitive equilibrium

saving rate as in the benchmark model with exogenous labor supply.

The Aggregate Saving Rate We can now express the saving rate in (32) as a function of
the allocation of labor, which we have shown in the previous subsection just to depend on
the labor income tax rate 7} +1- Using (32) and the expressions for wages, interest rates and

transfers in general equilibrium yields

1 — St 1
1 = Oé/B(l—Tt+1) ( ) / Py d‘l’(’l])
St o+ (1—)) [(1 - Tg+1)77l§+1(77; Ttl+1) + Ttl—i-ng—i-l(Ttl-i-l)]

Lyt (7} 141
which gives the following equilibrium saving rate

1
1+ [aB(l = 741)T (e, 557y, O)]

St = 1 = 8(067H;Tt+177—tl+17\p)7 (40)
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where

1
Mot ¥) = | - 4w ()
o+ Lt(+11(—‘ftl)+1) [(1 - Ttl+1)771t0+1 (773 7'tl+1) + Ttl+1Lg+1 (Ttl+1)]

(4D
completely summarizes the impact of idiosyncratic productivity and thus income risk on
the optimal saving decision. Note that the labor income tax rate affects the risk term I’
through its impact on individual and aggregate labor supply. However, since for every
labor income tax rate 7} 41 satisfying the restriction in proposition 5 the term I' is a positive
constant, we immediately have the following

K(l—a)—vya(l—k)
k(l—a)

rate on capital 7,11 € (—00, 1) the aggregate equilibrium saving rate s; € (0, 1) is given in

Proposition 6. For any labor income tax rate 7}, | € <—oo, ) and any tax
equation (40). Consequently, for any saving rate s; € (0, 1) and given a labor income tax
rate and associated labor allocation there exists a unique capital tax rate Ty € (—00,1)

that implements this saving rate as part of a competitive equilibrium.

The previous two propositions demonstrate the sequential nature of solving for the com-
petitive equilibrium, given tax policy. In each period ¢ > 0, given a labor income tax rate
7!, we can solve for equilibrium labor supply (12(n), L?, L;). Then, given this labor alloca-
tion, which in turn determines I'(a, k; Ttl 1 ), and given a tax on capital 7,1, one solves
for the equilibrium saving rate s;. Finally, the capital stock /; and the saving rate s; today
determine the aggregate capital stock in period ¢ + 1. Thus, given an initial condition K|,
any aggregate allocation of labor and savings { L, s, } and associated allocation of individ-
ual labor {I?(n)} and capital { K;,;} in equation (35) can be implemented as a competitive

equilibrium through a suitable choice of labor income and capital tax rates {7{, 7,1}

F.3.2 Optimal Ramsey Allocations and Tax Policy

The objective of the government is to maximize social welfare, as in equation (4), by choice
of capital taxes {7, }2°, and labor taxes {7} }2°, and where V} is lifetime utility of generation
t in the competitive equilibrium associated with the sequence {7, 7} }2°,. From the previous
implementation result we know that the Ramsey government can, for any ¢ > 0, implement
any desired aggregate labor supply allocation L7, L, with an appropriate choice of labor
income taxes 7/. Given these choices it can then implement any aggregate saving rate
s; with an appropriate choice of 7,;. Note that since the initial old already made their

savings decisions and the revenue from the capital tax is lump-sum distributed to them,
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the tax rate 7 is irrelevant for welfare. We now express expected lifetime utility of a given
generation directly in terms of aggregate allocations; the Ramsey government chooses these
allocations to maximize social welfare and implements these allocations as a competitive
equilibrium with taxes, as discussed above. Lifetime utility of generation ¢ can be expressed
purely as a function of the beginning of the period capital stock, and the aggregate saving
rate and aggregate labor supply when young and when old:

V= V (s, L L) = (1= s0)(1 = ) (L= ) KFLAL) ™)+ 8 [ u(wulsn, I, 224)-

(1210, 5:0) (U= T (E240)) + aa (L2 L8| + Rlst, L8 L) K (50, L), (0, L) ) A0 ()

where the aggregate components are themselves given by

L(L}) = 1—k+kLy (42a)
Lt+1(L§’+1) = 1l—kKk+ /iL?H (42b)
K(l—a—-—L% 1+~ —a)) —~va(l —k

Al —a)(1 = L7,)

o iy o () - SRl mata)
(1= 7 (Lge) (X + )

Kii(se, L)) = si(1—r)(1— ) K[ Ly(L]) ™™ (42¢)

w(sy, L7, Lg ) = (1 —a) [Kya(se, L) Ligi (Lf )™ (42f)

R(si, L7, L3y,) = alKep(se, L))" L (Lg)' " (42g)

Similarly, remaining lifetime utility of the initial old (and already substituting out factor

prices) is given by

V 1= K()a LO) =
8 (0 = )RF (R gl LE)1 — 729D + T (LD)ES] + QRS Lol L) 500, L)) (o)

Exploiting the assumption of logarithmic utility in consumption and leisure, the objec-

tive of the Ramsey government (including the initial generation) can be written as
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= W—LB/ [aelog(Ko) — avlog(Lo (L)) 4+ log(k(1 — ) [i§(n, LY (1 — 76(L§)) + T6LE] + aLo(L§))
+7log(1 —1§(n))]d¥(n)

+ Zwt llog(l —s¢) +1og(1 — k) + log(1l — a) + alog(K:) — alog(L(L7))
=0

+ 5/ (a log(s:) + alog(1 — k) + alog(l — @) + a*log(K;) — a*log(Li(L7)) — alog(Lis1((L7,1)))
+log[k(1 — &) (nigy 1 (n, (L31)) (X = 741 (L811))) + 71 (L2 1) L) + aLea (Lg))

Ty log(1— 12, (n), Lal))dwn) |

where the log-capital stock log(K;) can be expressed as

t

= > + a'log(Ky)

1 — «

+ ZaTllogstT Zcf "og(L;—,)

= log Kt(K07 {37'7 LT}T:O)'

log(K;) = (log(l —a)+log(l—k)) <

Thus we note that the objective function can be written purely in terms of the aggregate
allocations {s;, L7 }?°, and that it is additively separable in time between the savings rate
s, on one hand and aggregate labor supply L7 on the other hand. This in turn will greatly

facilitate the characterization of the optimal Ramsey allocations.
Optimal Saving Rate Ignoring constants that are irrelevant for maximization with re-

spect to the savings rate s, this part W*(Ky) of the social welfare function can be ex-

pressed as:

W*(Ky) = Zwt log(1 — s;) + aBlog(s;) + a(1l + af) log(Ky)]

t=0
= Zwt llog(l — 5¢) + log(s) (aﬂ +a (14 ap) Z ‘%agA)] ‘
t=0 = w
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Taking first order conditions with respect to s; and setting it to zero then immediately results

in the following Proposition 7, with the implementing capital tax rate directly implied by

equation (40).

Proposition 7. The optimal Ramsey saving rate with endogenous labor supply is given by
1

5 = — < (0,1). (43)
1+ (aﬂ +a(l+aB)d 2, w;—fM*)

Furthermore, if we assume that relative social welfare weights are constant, ”:1 = 0 for

all t, then the optimal Ramsey saving rates in (43) are constant over time and given by

_aB+o)

L rab € (0,1).

St =
The optimal tax on capital implementing this saving rate as competitive equilibrium is
given by equation (40), or explicitly, as

St

(1 - St) OéﬂF(Oé, K3 Ttl—&-la \Ij) 7

(44)

-7 =

where T'(a, k; 7/, 1, ¥) was defined in equation (41).

This result demonstrates that the optimal saving rate s; chosen by the Ramsey planner is
independent of the optimal labor allocation and the labor income tax rates that implement
them, and identical to the one with exogenous labor supply. It again is independent of
the extent of idiosyncratic labor income risk. The optimal tax on capital 7;; is strictly
increasing in income risk I', and depends on the optimal labor allocation determining this
risk, and thus on the optimal labor income tax rate that governs it.!° Crucially, since this
optimal rate is less than one, idiosyncratic labor income risk continues to be present, and the

precautionary savings channel and associated pecuniary externality remains operational.

F.4 Details of the Quantitative Analysis

To get a sense of the extent to which endogenous labor supply and labor income taxation

affects the optimal tax on capital quantitatively, we extend the calibration from Section 4.3

10The optimal allocation of labor L;,; is determined from a static first order condition of the Ramsey
problem which has no closed-form solution but is straightforward to solve numerically. Proposition 5 then
gives the associated optimal labor income tax rate implementing this labor allocation.
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to endogenous labor supply. Apart from the idiosyncratic productivity process we keep
all parameters the same, and we recalibrate the distribution of 7), together with the new
leisure utility parameter v in such a way that minimum, mean and log-variance of labor
income is the same as in the benchmark economy, and average hours worked are 1/3 of
total time. Table 1 contains the resulting parameter values, Figure 2 (in the main text)
plots the optimal capital and labor income tax rates against the (annualized) social discount

factor and Table 2 summarizes optimal policies for § = 0.995 and 6 = 1.

Table 1: Parameter Values: Endogenous Labor Supply

Parameter Exo. Labor Target End. Labor
0% Labor utility weight 0 E[l(n)] = 0.3333 0.73
n 71 support lower bound 0.05  nl(n)/Mmeal (Mmea) = 3.35% 1.0
o,  n-risk 0.81  Var[log(nl(n))] = 0.648 0.45
E[n] Mean idiosyn. shock 1 Enln)] =1 2.68

Notes:. This table summarizes the endogenously calibrated parameters used for the quantitative analysis of
the model with endogenous labor supply. Parameters o,  and the initial tax rate 7% used in calibration are
given in Table 1.

Table 2: Annualized Interest Rate [in %] and Optimal Tax Rates [in %]

Interest Rate  Optimal Capital Opt. Cap. Income

Parameter Configuration  (Initial CE) Tax Rate 7* Tax Rate 7%
Annualized Discount Factor § = 0.995
V[log(nl(n))]1=0.6480 0.57% 5.11% 31.73%
Vl[log(nl(n))]=0 0.80% -3.06% -19.00%
Annualized Discount Factor § = 1.0
V{log(nl(n))1=0.6480 0.58% -6.24% -63.80%
Vllog(nl(n))]=0 0.80% -14.90% -152.27%

Notes: This table shows the equilibrium interest rate at the initial competitive equilibrium, the optimal capital
tax rate 7*, and the optimal capital income tax rate 7%~ for the stochastic and the deterministic economy with
endogenous labor supply. Corresponding results for the model with exogenous labor supply were shown in
Table 2.
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G Intergenerational Redistribution

G.1 Pension System
G.1.1 Setup

The budget constraints of households under a time varying capital tax 7, a time varying
contribution rate to the pension system 77 and a flat pension payment b, ; in the two periods

of life are

e + appr = wi(1—K)(1—177)

C?—«—l (77) - at+1Rt+1(1 - Tt+1) + KW + bt+1 + T;H—L
We assume a PAYG pension system (balanced budget) so that
(1 — K)w, = by.

Furthermore, while our formal analysis also encompasses the case of an unrestricted pay-
as-you-go pension system, we are mainly interested in a scenario where pension payments
are restricted to be positive (i.e., there is no reverse pension system). In this scenario the
constraint 77 > 0 applies.

Finally, as in the main text, the budget constraint of the capital tax system is

TRy = 1.

G.1.2 Analysis
Define the net saving rate by

Q41
(1 —r)w (1 —7F)

St =

and note that with this definition of the saving rate we obtain the law of motion for capital

in general equilibrium as

ki = ap = s(1— @)k (1 — w)(1 = 7)
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and can thus express consumption in the two periods in general equilibrium as

1—s
¢ = (1= s)(1 = )1~ )1~ Rk =~k

St
Cl1 = k:tﬂakﬁ:ll + k(1 — o) (my + 704 (1 — /{))

= (O‘ + (1 - a) ("‘“7 + Tf-s—l (1 - ,%))) ?-5-1-

Using this in the private household Euler equation in competitive equilibrium with log

utility

a—1 C?

1= Oéﬁ]{?tJrl (1 - Tt—i—l) 0 (77) d\ll(n)

t+1

yields
1= Ozﬂ]{?a_ll(l _ Tt+1>/ I;St kft-i—l d@(n)
= s -
* (a+(1—a)(sm+78 (1—k))) ki

1—s
= 045(1 - Tt+1>F(a7 K, ¥, Tf+1)s—ta
t

where the constant summarizing the impact of income risk is now given by

-1
Mok Wirto) = [ [a (=) (0 (L= )] d0) @)
and thus the private saving rate is only a function of the two tax rates and exogenous
parameters:

1
1+ [O‘ﬁ(l — Ti1) D, K, O Ttpﬂﬂ N

(46)

5¢(Te1, 7'tp+1) =

From equation (46) the following observation immediately follows:

Observation 1. The private saving rate in general equilibrium with a PAYG pension system

has the following properties:

or (P o) ;P
LCT) S 0 and thus —3(7(;; M) ),
t+1

1.

D
ot{\,

2 85(7’t+1,7'tp+1)

B <0

3. A mean-preserving spread in 1) increases I'(-; 7/, ) and thus s(T41,7/,,) by less the
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‘o D
largeris 7/ ;.

The key implication of this result is that for given 7, ; we can implement any desired
saving rate s; by choice of 7;;. The saving rate increases in income risk, but less so with
a larger pension system since the latter provides partial consumption insurance in old age,
and thus reduces the precautionary saving incentives of private households.

Thus the implementation results from the main paper extend unchanged to the case
with a PAYG pension system. If, in addition, the constraint 77’ +1 = 01is imposed and is
binding, then the implementation result from the main text applies unchanged (since the

PAYG system is not operative in that case).

G.1.3 The Ramsey Tax Problem

From the implementation result we observe that any saving rate s; € (0, 1) can be imple-
mented for a given contribution rate 77 with some capital tax rate 7, € (—o0,1). In light
of this, we define the Ramsey problem as one of directly choosing the saving rate s; and
the contribution rate to the pension system 77, which constitutes a hybrid between a primal
and an indirect utility approach to optimal taxation.

The government’s social welfare function is

W= W—lﬂ/ln(cg<770>>dqj(770> + Zwt {ln(c};’) + B / ln(cg+1(77t+1))d‘1j(77t+1) “47)

which using the expressions

(1=s)(1=7)(1 = a)(1 = K)k}

i1 = ( (1-a) (’177+Ttp+1 (1_“))) 1
kipr=s (1_Tt)(1_’f)(1_04)kta
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can be rewritten as
W =2+ gy [Inl(a+ (1= a) (o + 7 (1= ) W)

+ iwt In(1 —s¢) +In(1 — 7F) + aln(k;)]

n @Zwt [l (1= @) (o + 2 (1= )] @)

+aln(l —77) + aln(s,) + o In(k,)] .

Now follow the analogous steps to those in Appendix B to write the dynamics of the capital

stock as

t—1

In(kip1) = 200 + Z a’ (ln (st-j) +In (1 - Tf—j))

=0

and collect terms to get
—=y ﬁzwt [l (=) G+ of (1= )] ()

T Zwt [ln(l — s¢) + (In(s¢) + In(1 — 77)) (aﬁ +a(l+ap) i w;_:jo‘jl>] :

j=1

We directly observe from the above that the first-order condition with respect to s; is

the same as derived in Appendix B and therefore

1
st = . (48)

+ (aﬁ +a(l+af) YT, “ai 1)_1

For 77" we obtain from the respective first-order condition in all ¢ = 0, . . . the function

F(r) = AR ) (1 = ) (1 — k) — -2 <a5+a(1+aﬁ)z S - ) (49)

1—7Pw
t t—1 j=1 t

which since I'(7/) > 0 is increasing in 7/

1

in 7/ with lim,»_,, 12 = co and lim»_,_, 1% = 0 implicitly defines the optimal 7/~ €
t t
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(—00, 1). Furthermore, since I'(7}) is increasing in risk for a given 77 we find that 77" is
increasing in risk (but need not be positive).
Furthermore, we know from (46), evaluated at the optimal saving rate s; that the optimal

capital tax rate required to implement s; is given by

*
* St

T (8),mh) =1 — —.

(50)

Holding the contribution rate to the pension system constant, the optimal 7/, is in-
creasing in risk. However, to characterize the complete response of the capital tax rate to
income risk we have to take into account that the contribution rate to the pension system
also rises, reducing overall second period income risk and thus precautionary saving (and
therefore the need to tax capital income). Introducing the notation that an increase of risk
is measured by an increase of the variance 0727 of n we therefore must evaluate the total

derivative:!!

OTi11 _ S¢ Ol(r/,, V) 4 O (171, V) 074 (V) 51)
o aB(l—sHT(7F,)? da? ot} 4 do?
N —~ \ —~ JH
>0 <0 >0

We next show that 2L > (. From the first-order condition (49) we note that by the

do3
dr? af()/002 . . ..
L — _ 070197 \with the partial derivatives

implicit function theorem

do?2 of()/orfy
af) (/1)
of() _ [ AT DU E S BN o) (7 450)
orfy Wi—1 of +a(ltap) Z Wi “ (1—7P)? AL~ o)l = #) Ol
7j=1

We thus find (as we had already argued informally above) that the optimal social security

""Tn Appendix K.2 we show that the notion of an increase in income risk (mean-preserving spread in the
distribution of n) is equivalent to an increase in the variance of 1 to a second order approximation of the
integral I'. Here expressing income risk in terms of the variance is simply a matter of notation, and stands in
for a mean-preserving spread in 7.
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contribution rate is strictly increasing in income risk:

d7_75p+1 . 0F/@JZ 0
Ao}~ o optolson S e o
wi—1 B(1—k)(1—a) (1—7r)2 aF(7_t+1)/a7-t—i-1

We now use this result to sign the overall effect of income risk on the optimal capital tax

rate. For this, note that

OU(7fy 1, W) Ol (W) 8F/(90%
ol do2  ,, oBta(i+aB) T, et 1 9
wi—1 B(1—k)(1—a) (1—7P)2 8F(Ttp+1)/87tp+l
and we can rewrite (51) as
or Sy (7, V)
doy  aB(l—s))T(rf,)? 0oy
1
1— —
1 wr (oeﬁ-l—oz(l—l—aﬁ) G2 %oﬂ*l) 1 1
T w1 B(1—k)(1-a) (1=7P)2 AT (17, 1)/ 07,4
and since 8871; < 0 we obtain
w (el e TR ) S
Wi—1 5(1 - ’f)(l —a) (1- Tp)z ar(Tf—&-l)/an—&-l
1
& 1-— — >0
1 (a5+a(1+a5) ) Z}—J’tjaJ'fl) 1 1
wt—1 B(1—r)(1-a) (1—7p)2 8F(Tf+1)/a7'f+1
s Iy
do? '

Therefore, the direct effect of a marginal increase of income risk on households savings
in competitive equilibrium dominates the indirect effect from a reduction of consumption
risk due to an increase of the optimal social security contribution and benefit system. The
mitigation of the additional income risk through a marginal increase of the social security
contribution rate 7/, is not strong enough to offset the effect of the marginal increase of
risk. Intuitively, the Ramsey government, when optimally determining the social security

contribution rate, has two motives. First, it aims at inter-generational redistribution. Sec-
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ond, it aims at reducing the direct effect of income risk. Since it has these two motives, it
will not be optimal for the Ramsey government to completely offset a marginal increase of
income risk so that I'(7/, ;; ¥) increases even after the optimal adjustment of 7/, ,. Since
the household saving rate in competitive equilibrium therefore increases due to the precau-
tionary saving motive and since the Ramsey government aims at implementing a constant
saving rate in order to offset the negative pecuniary externality from that increase of risk—
just as in our model from the main text—the capital tax rate has to increase with income
risk in order to implement that constant saving rate.

Finally, notice that with geometric discounting of the government w; = 6° we get

i e a7t = i
Wy 1—af

j=1

and thus 7/ C =P sy = s" and 7/, = 7" for all . We have the following:

Proposition 8. The optimal saving rate s; is independent of risk and the optimal pension

contribution rate 7'., and the optimal capital tax rate 7., are strictly increasing in id-
t+1 P p t+1 y 8

iosyncratic income risk. If. in addition, w, = 0" then st = <20 7" — 70" gpq T =T

1+aB ’
forallt =0,..., 00.

G.1.4 Ramsey Tax Problem in Steady State

We next aim to relate results in the pension system to those stated in Proposition 4 and thus

from now on focus on maximizing steady state utility where w;, = 6 = 1. First, consider

the deterministic economy. In this case the optimal pension contribution rate solves
l1+a8 1 Bl —a)(l — k)

I—a 1= at(-a)(stm-r) G

Solving this equation for the optimal contribution rate under certainty (denoted by ¥ = )

delivers

()= de R (53)
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The optimal capital tax rate is determined from our implementation result, equation (46):

1 s*

afT (7" (0), ) 1 — s* =1-7(0). (>4)

‘We have

1

S S (1-a)p
[(r7" (W), V) '

=at(l-a) s+ 1 -m)m (1) =

Using this result and the expression for s* in (54) we obtain for the optimal tax rate on

capital 7*(W) = 0. The associated steady state capital stock is

1

E(0) = (s(1— 77" (1)) (1 — a)(1 — k) 7% |

Using the expressions for s* and 77" (W) in the above expressions immediately implies
that s* - (1 — 77" W) = s9F and k*(V) = k“E. Furthermore, recall from Corollary 1 of
Appendix E that for § = 1 and for a Pareto weight of w_; = 1 on the initial old generation,
the social planner maximizing steady state utility implements the saving rate s* along all
periods of the transition. Therefore the Ramsey government setting s* and 77" (V) from
period 0 onward implements the socially optimal allocation. We summarize these results

in the next

Proposition 9. In the deterministic economy, for 0 = 1 and w_, = 1, setting the optimal

tax rates maximizing steady state utility

B o
() = H— o - ~ and 7'(3) =0 (55)

in period 0 and holding them constant induces a transition path that implements the social

R _ «
(1-r)(1—a)"
— kGR

optimum, with the golden rule saving rate s The economy converges

1

monotonically to the golden rule steady state capital stock k* =ql-«,

We also observe from the above that if the initial deterministic laissez-faire economy
has a capital stock below the golden rule, k¥ < k%%, then the optimal long-run steady
state welfare maximizing social security contribution rate is negative. In contrast, if the
competitive equilibrium capital stock is above the golden rule, k§¥ > k%%, then the opti-
mal contribution rate is positive.

Since in the deterministic economy the Ramsey government implements the golden rule
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capital stock, since the optimal Ramsey net saving rate s* is independent of income risk
and since the optimal contribution rate 77 to the pension system is strictly increasing in

income risk we have the following

Corollary 4. In the economy where 1 is risky, the optimal Ramsey long run capital stock
satisfies k* < kCF.

Related to Proposition 4 in the main text, we now establish that there is a threshold
risk level such that for risk above that threshold we have 77 > 0, and for risk below the
threshold, 77" < 0. That threshold lies in the intermediate risk range of Proposition 4.

To see this, recall that we have established that without income risk 77" (V) implements
the golden rule capital stock, and the associated optimal tax on capital is 7* = 0. Since
by the assumption on parameters maintained in Proposition 4 the laissez-faire competitive
equilibrium capital stock is below the golden rule, k(¥) < k%%, implementing the golden
rule capital stock without income risk requires 77" (¥) < 0. Thus the starting point is the
economy without risk and with optimal policy 77" < 0, 7* = 0. Now increase income risk.

We have established above that both 77" and 7* are strictly increasing in income risk.
Thus there exists some threshold risk level I for which 77" = 0. Recall that the first order

condition for 77 (see equation (49)) is

1+ap 1
l—-al—7P

=61 —a)(1 —r)[(7P).

which for 77" = 0 defines the risk threshold T’ explicitly as

1+ ap

S TG gy

(56)

To show that this threshold T" lies in the intermediate risk interval of Proposition 4,
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145 L), first investigate the lower bound of the interval. Notice that
(1-0)B” B(1—a—1)

. 1+
P - ws
1+af 1+p
T BI-aP0-x) (I-a)
14+ apf
& (1—a)(1—%3)>1+ﬁ
& O = a > a(1+5) =35"

(1-a)(1—k) "~ 14+aB

and note that s¢% is defined as a gross saving rate whereas s* is defined as a net saving rate.
However, for 77" = 0, the gross and the net saving rates are identical. The inequality above
follows from the proof of proposition 4: For the intermediate risk case we established there
that s* < s“%, a result which carries over to the current analysis of social security as long
as 7" = 0.

Now consider the upper bound. Notice that

- 1

o 1+ap - 1
fl—a)P(l=k) Fl-a—=(k(l-a)+a)
N 1+ap - 1
1—a)21-r) (Q—-a)(l—kK)—«
4 L < L
(I-a)1—r) (I1+aB)((1—r)—1%)
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GR «

and since s© = =a)(i=r)

<1 & (1-k)— % >0 we further get

& (-a-0> 0+t (0= -2)

1—a
< <1—@)(1—ﬁ)>(1+a5)(1—5)_0‘<1+2@
& (1—m)—a(1_ﬁ)>(1_H)+a5(1_ﬁ>_a(%zm
< W>a6(l—m)+a(1_ﬁ)
o  OR = o - a(l+ ) _ o

1-—a)(1—-k) " (1+apf)

and again the above inequality follows from proposition 4. Therefore the threshold satisfies

-8’ 5(1—a—1)

the main text. With this characterization of [' we can state the next proposition, which

e ( 145 1 ), that is, lies in the intermediate risk interval of proposition 4 in

serves as a generalization of proposition 4. It characterizes the jointly optimal pension
contribution and capital tax rate, and also covers the case when a nonnegativity constraint

on pension contributions and thus pension benefits is imposed.

Proposition 10. Let 0 = 1 so that the Ramsey government maximizes steady state welfare.
Denote by s°F the saving rate in the laissez-faire competitive equilibrium and by s¢% the

gross saving rate that implements the golden rule capital stock. Further denote by s* the

*

optimal Ramsey net saving rate, s* = — , where TP" is the optimal Ramsey pension

a
(1=777)
contribution rate. Finally denote by T* the optimal Ramsey capital tax rate.

1

— L Then s°E > sC® > s* and 7 > 0,
Ao 1)

1. Let income risk be large, I' >

and 7" > 0.

B1-a)?!(1=r)’ B((1-a)- %
and 7 > 0, and ™" > 0, and thus s* < s°E.

2. Let income risk be fairly large, I' € ( Ltag 1 )) Then s¢F < sGR

3. Let income risk be fairly small, I' € <(11_+f)6, ,3(1—10;(;?1—@)' Then sCF < GR

and 7 > 0. If the social security contribution rate is unrestricted, then 7" < 0.

If it is subject to a nonnegativity constraint, then 7" = 0 and s* < s°F.

4. Let income risk be small, ' € (f‘, (11_+Og 5). Then s¢F < s9E. If the social security

contribution rate is unrestricted, then ™ > 0 and ™" < 0. If it is subject to a
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nonnegativity constraint, then v < 0,7 = 0, and s* < s°F.

The interesting interval is thus the interval where risk is fairly small, where the optimal
capital tax is positive but the pension contribution rate is negative (or zero, if constrained to
be nonnegative). To provide some intuition for this finding, notice that the optimal pension
contribution rate turns positive in the stochastic economy at a level of risk that is below the
risk level where the laissez-faire competitive equilibrium economy’s capital stock is equal
to the golden rule capital stock because the pension system serves two purposes: it provides
optimal intergenerational redistribution and it partially insures against idiosyncratic income
risk. This dual role can directly be inferred from the first-order condition (49). Given the
contribution rate and the implied remaining idiosyncratic consumption risk (which can-
not be fully eliminated by social security benefits), the capital income tax implements the
optimal Ramsey saving rate, offsetting the negative pecuniary externality from increasing
saving rates induced by income risk of households, exactly as in the model without social
security. If the pension contribution rate is restricted to zero, then the tax on capital also
targets inter-generational redistribution, as in the benchmark model. So why does the opti-
mal tax rate on capital turn positive for a lower threshold of risk with, compared to without
social security? Without social security as an inter-generational redistribution instrument,
capital taxation partially fills the role of providing inter-generational redistribution in ad-
dition to addressing the pecuniary externality, and in the case the competitive equilibrium
capital stock is below the golden rule, this force pushes down the tax on capital (to en-
courage capital accumulation) relative to the case where social security tackles the desired
intergenerational redistribution (through a negative contribution rate, if permitted).

Finally, denote by k£*(7*, 7P = 0) the optimal Ramsey steady state capital stock in the
economy without a pension system and by k*(7*, 77") the steady state capital stock in the
economy with a pension system. From the optimal saving rate and the optimal pension

contribution rate characterized in Proposition 10 we obtain the next

Corollary 5. The optimal long run capital stock in the economy with and the economy

without social security are related as follows:

1. For large income risk, I" > #‘jé_ﬁ) we have k*(7*,77") < k*(7*, 7P = 0)

2. For small income risk, I’ < W@‘é_n), we have k* (77, Tp*) > k*(t*, 77 =0)

This result immediately follows from the fact that the optimal net savings rates sat-

isfy s*(7*, 77 = 0) = s*(7*, 7P ) and the steady state capital stock follows from the saving
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rate as k* = (s*(1 —77)(1 — k)(1 — a))ﬁ. For I' > ﬁ;ﬁ_n), proposition 10 im-

plies that 77" > 0 (and thus k*(7*,77") < k*(7*,77 = 0)), and for ' < Wﬁﬁ%) we
have 77" < 0 (and thus k*(7*,77") > k*(7*, 77 = 0)) where the equality is strict if the

constraint 77" > 0 applies.

Transition Under Optimal Steady State Policy Under the optimal long-run steady state
welfare maximizing policy 7*, 77" implemented in period 0, the economy converges to the

long steady state with the dynamics of the capital stock along the transition given by
kpop = s (1 —77)(1 — &) (1 — a)k?®
and transfers to the initial old generation of
bo =77 (1 —k)(1 —Q)ky
so that initial consumption of the old is

cg = agRoy + knwg + by
= koaky ™ + kn(l — a)kg + 77 (1 — k) (1 — a)kS
=(a+(1—a)(sn+7"(1—r))) k.

G.1.5 Illustration

Panels (a) and (b) of Figure 1 illustrate Proposition 10 by plotting the optimal social security
contribution rate and the optimal capital tax rate against the extent of income risk. It does
so both for the case in which there is a nonnegativity constraint on 77 and the case where
the social security contribution rate is unconstrained. Panels (c) and (d) in the figure show
the policy instruments for optimal government debt to which we turn in Section G.2.
Panels (d) and (b) first demonstrate that both the social security contribution rate and
the capital tax rate are increasing in income risk, strictly so for 7* and also for 77" unless
the latter is constrained to be nonnegative, in which case 7" = (0 if income risk is small,
see Panel (b). The vertical lines separate the x-axis into the four intervals characterized
in proposition 10. In the last two intervals (income risk fairly large and large), both tax
rates are positive, strictly increasing in risk and the nonnegativity constraint on 77 is not

binding. Below the threshold associated with [ the payroll tax is either constrained at zero
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and the tax on capital is rising in income risk and turns from negative to positive at the first
threshold characterized in the original proposition 4. Alternatively, there is no constraint, in
which case 7* is unambiguously positive and rising in income risk, and 77" is also strictly
increasing in income risk but negative for small and fairly small (in the nomenclature of
proposition 10) income risk. Finally, we observe that the impact of increased income risk
on the tax rate on capital is smaller when the social security contribution rate is free to
adjust (i.e. can be negative) than when it is constrained to be nonnegative, see the respective

slopes of the two lines.

G.2 Equivalence of Social Security and Government Debt

In this subsection we establish equivalence of the optimal Ramsey allocations for a general
social discount function w when the government has assess to a PAYG social security sys-
tem analyzed in the previous section, and when, alternatively, it has access to government
debt. We first characterize the policy instruments and allocations in the economy with debt
and subsequently prove the equivalence by showing that a given allocation implemented by
the pension-taxation policy can be implemented by the debt-taxation policy and vice-versa,

and by arguing that the solution to the Ramsey maximization problem is unique.

G.2.1 The Economy with Government Debt

In period O the initial government debt position in the laissez-faire competitive equilibrium
is assumed to be by = 0. The government then pays transfers Z; to the initial old house-
holds and finances these transfers by issuing government debt b;. In all other periods, the
government finances transfers to the old of Z; with government debt, in addition to the
transfers 7; financed by capital income taxes. Thus, the government budget constraint is,

in each period,

Zy fort =0
Rtbt + T;g — Tthat + Zt = Rtbt -+ Zt fort > O,

bir =

where we maintain the assumption from the benchmark model that the government sets

transfers 7; equal to revenues from capital taxation, 7; = 7.[%;a;. The household budget
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Figure 1:

Optimal Tax on Capital, Optimal Pension Contributions & Optimal Debt Instru-

ments

(a) Optimal Capital Taxes 7* (b) Optimal Pension Contributions 7P
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Notes: Panel (a) shows the optimal capital income tax 7*, Panel (b) the optimal pension contribution rate 7",
Panel (c) the optimal transfer to wage ratio £* (on a different scale than the other panels), and Panel (d) the
optimal debt to capital ratio v* as a function of income risk, measured by the standard deviation, o1, ,,. Solid
blue lines are for the unconstrained solution, red dashed lines for the constrained solution with 77" >0,
respectively v* > 0. The vertical lines separate the four risk intervals characterized in Proposition 10.

constraints in both periods of life read as

(1 —K)wy
& =aR(1 — 1) + knwy + T + Z4

Y —
Ct + g1 =
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and equilibrium in the asset market now requires that private assets equal the capital stock

and the stock of outstanding government debt:

ar = k't + bt.
G.2.2 Analysis
Define the gross saving rate as
~ A1
= (1—r)w;

Also define the ratio of government debt to the capital stock as v; = Z—’; With this definition

the law of motion of the capital stock in general equilibrium can be derived from
a1 = 5:(1 — a)(1 = K)k = k1 + b1 = (1 + Vg1 ke

as

L(1—(1)(1—/@)1@?‘. (57)

k =
T Ut41

Finally, define the transfer rate £ = (1—n)(2+a)k“
t

constraint to obtain an alternative representation of the law of motion of the capital stock:

and use it in the government budget

b1 = bRy + Z,
= bk + &(1— R)(1 — a)k?
= Ut—i—lkt-i-l = [Oé'Ut + St(]- — /f)(l — OZ)] kta

Y S - )| ke (58)

V41 V41

<~ ki1 = |
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Comparing (57) to (58) gives the law of motion for the debt to capital ratio vy = Zii as

a function of vy, &, 54:

S¢ &
% e k(l—a)=a—2t 4 S 1Rkl —a
1+Ut+1( ) ) Uyl Ut+1( ) )

Ut+1 «Q

1
T Ttum & (&+ (1 —m)(l—oo”t)

ft + (I—H)OZI—Q) Ut

s~ (& + o= )

Finally, turn to the solution of the household model. Using (57) we can rewrite consumption

(59)

Ang Ugp1 =

of young and old households as

& = (1= 3)(1—a)(1— m)ke = 2=

= [o 0 (s 1 (o5 oY)

Using this in the competitive equilibrium household Euler equation with log utility

(1 + Ut+1)k't+1

y

1= a1 = 1) / 20(1)

i1 (77)

yields

= St (1 + veg1)kesa

= aﬁktH (1 TtH)/ (a +(1—a) (m] + <§t+1 T T i—n a;)tal @))) ki

d¥(n)

A 1—35
= 045(1 - Tt+1)(1 + ’Ut+1)F(Oé> K, ¥, €t+1,vt+1) 3 t,
t

where the constant summarizing the impact of income risk is now given by

T, 5, U5 €1, Upgr) = / {a +(1—a) (my + (gm +a _O;Q;tal_ @)” h A (1)
(60)
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and thus the private saving rate is a function of the capital tax rate, the transfer rate and the

ratio of debt to the capital stock as well as exogenous parameters:

1

. 61
1+ [@B(1 — 7)1+ v )T (e, 5, U &1, vee)] oD

5¢(Tes1, Vpg) =

Therefore, the implementation result for the tax rate on capital now takes the following
form: given the period ¢ debt to capital ratio v; and period ¢ choices of the government &;
and a saving rate s;, we obtain v, from equation (59) and can thus compute the tax

rate 731 implementing the private saving in competitive equilibrium from equation (61).

G.2.3 Proof of Equivalence

We first establish that a given allocation implemented by policy instruments of a pension-
taxation policy can equivalently be implemented with policy instruments of a debt-taxation
policy. Likewise we show that a given allocation implemented by policy instruments of
a debt-taxation policy can be implemented with policy instruments of a pension-taxation

policy. Formally, this equivalence is stated in the next

Proposition 11. 1. Consider an allocation {c{, ¢}, k111 },-, implemented with a pension-
taxation policy {1}, 1, }7°, with associated saving rate {s,}°,. The same allocation
can be implemented by a debt-taxation policy {&, 1 },-, with associated saving rate

and debt to capital ratio {5;, Vi1 1}52,.

2. Consider an allocation {c{, ¢}, ky+1},-, implemented with a debt-taxation policy {&, T},
with associated saving rate and debt to capital ratio {5;,v11}:°,. The same allo-
cation can be implemented by a pension-taxation policy {17, 7, }:°, with associated

saving rate {5}

Proof. Recall that the allocations and their dependency on policy instruments in the debt-

taxation policy are given by

&= (1-3)(1—a)(l— Kk (62a)
& = [omf(l . (m]—i— (1— k) <§t+ q _:‘;Efl —m)))} k¢ (62b)
ks = ﬁ“ —a)(1— kY (62¢)
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whereas in the pension-taxation policy they are given by

cf =(1—s)(1—=70)(1—a)(1l—k)k (63a)
& =(a+1Q—a)(tn+ (1 —r)17)) kK (63b)
ki1 = s:(1—70)(1 — k) (1 — )k} (63c)

1. To establish part 1 of the proposition consider the following forward iteration in time

fromt¢ =0, ..., o0, starting at ky, vy = 0. In any period ¢ > 0 for a given ki, v;:

(a) From (62b) and (63b) the consumption allocation of the period t-old imple-
mented by a pension-taxation policy can be equivalently implemented by a

debt-taxation policy through

=1 — (64)

which for ¢t = 0 gives § = 7¢.

(b) From (62a) and (63a) the consumption allocation of the period ¢ young im-
plemented by a pension-taxation policy can be equivalently implemented by a

debt-taxation policy through:
gt = S + Ttp(l — St). (65)

(c) Equivalence implies a path of government debt. In particular, this path can be

inferred from the pension-taxation policy by using (64) in (59) to get
1

Vi1 = 7T\
St (? — 1)

(d) Finally, notice from the households’ first-order condition that with substitu-
tions (64)-(66) we obtain

(66)
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1-3
1= Ba(l —741) - L1+ viq)
t

1
. / - 4 (n)
a+(1—a) (Fm + (1 — k) <5t+1 + Ut+1m)>
1—35
= BO((]_ — Tt+1)~—t+1(1 + Ut-l—l)F(Tf—&—l)
St+1
1—s
= fa(l - Tt+1>—t+1F(Ttp+1) (67)
St+1

2. To establish part 2 of the proposition we proceed analogously by inverting (65) to
obtain 7/, by inverting (64) to obtain s;, and by using s;, 77, ; in (67) to obtain 7 ;.

]

Finally, we can verify that the evolution of the capital stock is the same under both

policies by comparing equations (62c) and (63c) to obtain

St
——— =51 =77
T om (1 —7/)
< 1 — P P P
<~ Ut+1:Lp—1:St( Tt)jTt—lzT—tpa
St(l_Tt> St(l—Tt) St(l—Tt)

which is the same as (66).

Therefore, we have thus shown that the same set of allocations can be implemented
by either of the two policy instruments. Furthermore, since maximizing the strictly con-
cave objective function (47) subject to either the linear constraints (62) or the linear con-
straints (63) are convex maximization problems, the respective solutions are unique. Thus,
the optimal allocation implemented by the one policy (social security and capital taxes) can

be implemented by the respective other policy (government debt and capital taxes). [J

G.2.4 Characterization of the Optimal Ramsey Debt-Taxation Policy

We now want to characterize the optimal debt-taxation policy &/, 7, with associated optimal
saving rate and optimal debt to capital ratio 57, v/, ;. Observe from (65) and (66) that v},
and §; are increasing in income risk, because 7/’ "is increasing in income risk and because s

is constant in income risk. As a consequence, we see from (64) that it is ambiguous how &
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varies with income risk. Also observe from (66) that v}, z 0if 7/ ’ E 0 and therefore the
qualitative behavior of debt is the same as of the pension payments.

Suppose next that the Ramsey government’s discount function is geometric so that w; =
0" for some # € (0,1]. Notice from (65)—(67) that then the debt policy instruments are
constant over time, & = £*, 7, = 7", v}, = v, because, as established above, the optimal
contribution and saving rates in the pension system are constant, 77’ C =g sf = s*.

Finally, consider a Ramsey government maximizing utility in steady state, hence 6 = 1.
Under this assumption we now characterize how £* varies with income risk. From the

analysis of the deterministic economy above recall that

- a)(i—r)

= 5" (1= (¥)

and next use (64) and (66) to rewrite £* as

g = v (1 _1=r) T”W)) . (68)

11—

Expressing £* in terms of 77 leads us to the following cases concerning the dependence of
optimal debt policy on income risk. First, consider the case that the deterministic laissez-
faire competitive equilibrium has a capital stock below the golden rule. Then, at 77" (¥) < 0
we have €* = 0, and at I’ (see equation (56), we have 77" (I') = 0 and thus £*(I") = 0.
Furthermore, since for all T’ € (I, T') 77" (¥) < 77" < 0 we find that &* > 0 for T" € (T, I),
whereas for all ' > I' we have 77" (U) < 0 < 77" and thus £* < 0 for I' > I. Since in
the deterministic economy £*(¥) = 0, the government finances some initial transfers to the
period 0 old of Z, and then rolls over this debt into the future.

In the stochastic economy, however, the Ramsey government pays additional positive
transfers to the period 0 old as long as risk is below the threshold level where social security
turns positive and levies lump-sum taxes on the old for risk beyond that threshold. Second,
in case the deterministic competitive equilibrium economy has a capital stock already above

the golden rule, then for all ' > I the optimal £* is negative and falling in income risk.

G.2.5 Illustration

For a numerical illustration we return to Figure 1. Panels (c) and (d) of this figure show
the optimal transfer to wage ratio £* and the optimal debt to capital ratios v* as a function

of income risk. As with social security, it does so both for the case in which there is a
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nonnegativity constraint on v and the case where the debt level is unconstrained.

First turn to Panel (d) which illustrates that the optimal debt to capital ratio has the
same properties as the optimal pension contribution rate. If the constraint v > 0 does not
apply, the debt level is negative as long as income risk is small or fairly small, and it is
increasing in risk, turning positive for large income risk. Finally, panel (c) shows the non-
monotonicity of the transfer ratio (on a different scale than the other panels of the figure),
which is positive if income risk is small and fairly small and (increasingly) negative for

fairly large and large income risk.

G.3 Bequest Motive

In this section we provide the detailed analysis of the model with survival risk and warm-
glow bequest motives. Assume now that households survive to the second period with
probability ¢ € (0,1). In the second period of life they receive flow utility from own
consumption in case of survival and from bequests, including interest net of taxes, in case
of death.

G.3.1 Households

We assume that bequest utility takes the same functional form (log utility) as utility from

consumption with utility weight parameter ¢ > 0. Accordingly the objective is

max In(c}) + BE; [¢In(c),,) + (1 — )¢ In (af, Ris1 (1 — T41))] -

e e 1,071,
and maximization is subject to the per period budget constraints

¢ +ajy =1 -rw+af +T¢ =z

K
iy = ag R (1 — 1) + M + T

where a are initial assets from warm-glow bequests and x; is cash in hand of young house-
holds. We denote transfers from the government to the young and old by 7/, T, ,, respec-

tively. We further make the following

Assumption 3. The total effective utility weight on bequests satisfies

Bl-q)p < 1.
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G.3.2 Capital Market Equilibrium

Scaling of labor productivity in the second period by ¢ achieves that labor in the economy

again aggregates to one
K
Lt:(l—r@')—i—gg/nd\lf(n):l

sothat k1 = Kt—:ll = K, still applies. The capital market clearing condition reads as

Ly
o
Kt+1 = kt+1 = at+1 = StT¢.

where s, is the private saving rate out of cash in hand.

G.3.3 Bequests

The aggregate amount of bequests distributed to the period ¢ + 1 young generation is
Bt+1 = (1 - g)a?+1Rt+1(1 - Tt—i—l)'

Since the size of the young population is of measure 1 and they receive all bequests, initial

assets of this generation are given by
afyy = (1= ¢)agy Repa (1 — 1i41).

G.3.4 Government

Total government tax revenue is
o
Tt+1 = at+1Rt+1Tt+1-

By assumption, tax revenues are redistributed to the young and old T = T, + <724

according to the rule

Yy
Ty = (1- §)a?+1Rt+1Tt+1

(o] o
TP = sy Repa T
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G.3.5 Household Maximization

Recall that cash in hand of young households is defined as z; = (1 — k)w; +aj +T}. Using

the budget constraints we can rewrite the objective of a household born in ¢ as
max In(z; — a7 )+
afys

5 (Et |:§ In (@§+1Rt+1(1 - Tt+1) + gnwtﬂ + Tﬁl—l)] + (1 - §)90 [ln (a?+1) + In (Rt+1(1 — Tt+1))]>

and from the last term we observe that 7;,; must be strictly less than one, 7;; < 1, for
the household maximization problem to be well-defined and a competitive equilibrium to

exist. The first order condition with respect to a7, ; is given by

1 1 1
-+ (Et {€o—} Ripi(1—7e1) + (1 =) ) =0
t Cit1 agiq
and thus
Y 1 _ Y
1=p (Et {cctRHl(o Ttﬂ)] +(1—%9) it )
Cet1 Qi1
1-— R 1-— 1—
— 3 (Et {g(( St)xt) Ot+1( Tt+1>1 + (1 . g%p( St>xt)
Ct41 St
1-— R 1-— 1—
—6(E, |c _ (( 5t>$t) tﬂ(n Tt+1) . +(1 —C)cp( St)
| af B (1= 7o) + Enwe + T, St

I
®

I kt+1akfﬁl + N )k??ﬂ St

st

BE; | +1 =9
' I kt+104kt+1 + En(l — )k | ( ) St

1 —
= 5 & <Et
St
1-— St
- (§(]_ - Tt+1)F(a7 R, S, \I/) + (]‘ - §)(p)
1— St

= A(Tt—‘,—l)a)ﬁ?,{/?g?@’ \Ij)

St

<Et ¢ (A = s)xe) Rt+11<1 Ti+1) . g)gp(l — st)>

(
Lok (1= 740) (1—s)
(

(1 = 7e11)
a+(l—a)fn

S

+ (1 - c)w)
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and thus

L
L+ A~V

St =

where (111, @, 5, K,, 0, V) = B[s(1 — 701) (e, Ky 6, ¥) + (1 — ¢)p] and (e, K, 6, ¥) =
i Ml—ad\lf( ). The benchmark model is obtained for ¢ = 1. Therefore, the saving rate
is constant s; = s for all ¢ if and only if the capital income tax is constant 7.1 = 7 for
all ¢. Furthermore, the comparative statics results from the main paper apply to this exten-
sion unchanged, i.e., the competitive equilibrium saving rate s; increases in income risk,
and it falls in the capital tax rate 7.,1. Also note that s; increases in the bequest utility

parameter ¢, and since

oA or
o =1 =T11) | T+¢ o — By
g

the saving rate increases in survival risk ¢ only if the bequest utility parameter ¢ is suffi-
ciently low. Otherwise, leaving warm-glow bequests is so valuable, in utility terms, that a
higher likelihood of death increases savings incentives.

As noted above 7y, must be strictly less than one for the maximization problem of
the household to be well-defined and a competitive equilibrium to exist. This implies a
lower bound on the set of implementable saving rates which we can derive from the private

household first-order condition, by solving for 1 — 7344

1—St

1=p [§<1 - Tt+1)r(a7 K, S, \Il) + (1 - §)g0]

St

SRR R ] e R

_ 1 s =B —9)p(l —s)

¢l B(1 — )
_ 1 s+ 80 =)o) = BA =9y
RSt 5(1 - St)
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and by next noting that

1-— Tir1 > 0
1 s(1 1— - B(1 -
o Ls(+80-9p)-Bd-9¢
I’ B(1—s)
1
o s> — (69)
L+ (B(1 = <))
Finally, note that to implement a saving rate approaching 1 we require a tax rate
. _ o Lsl+ B =9)p) = B0 =9)e
gglrlﬂl—Tt+1—gt1£I1HC—F 01— 5) = +o0
and thus a 7,41 = —o0 is required. This leads to the following proposition, the counterpart

to proposition 1 of the main text:

Proposition 12. For all k; > 0 and all 7, € (—o0, 1) the unique saving rate is given by

1 1
s = € 1
LA (1+(6(1—<)90)_1 )
where A(Ty41, 0, B, k,6, 0, W) = Bs(1 — 11) (0, 5,6, V) + (1 — ¢)p|] and T'(a, K, 5, V) =
| = dv ).

G.3.6 Maximizing Steady State Utility

In order to obtain a sharp characterization of the optimal solution to the Ramsey problem
with warm-glow bequests we focus on the case of # = 1 in which case the Ramsey gov-
ernment maximizes steady state welfare. To do so, we now rewrite the Ramsey problem in
terms of the steady state capital stock k(s), which in turn is determined by the steady state

saving rate s. To this purpose note that

al + T =(1—=¢)afRy(1 — 1) + (1 — ¢)ay Ry1y
= (1 —<)a; Ry

and thus in general equilibrium

al +T) = (1 —¢)a?R; = (1 — kb = (1 —¢)ak?
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and thus consumption of the young and old in general equilibrium is

ad=1-=s)r;=(1-=s)(1—r)(1—a)+(1—c)a)k}

(0] R (07
Ct+1(77) = <a +(1 - 04)277) kiyy
Similarly, we can write bequeathed wealth, including net-of-tax interest, as

g Rip1 (1 — 7ig1) = kpokf ) (1 — 741)

= aki’ (1 — 741).

Recall from the implementation result that

1 si(1+ 51 —¢)p) = B(L—<)p
I’ 5(1 _St)

1 -7 =

and thus bequeathed wealth in terms of the saving rate in period ¢ and the capital stock in

period ¢t + 1 is

ay Reer (1= 7)) = ok (1 — 741)
_ L5+ B —<)p) = B(L— <)y, q
= —= t+1-
T B(1 — s4)

From the implementation result in Proposition 12 it follows that s;(1+ 5(1 — <)) — 5(1 —
)¢ > 0 and thus af, | Ry1(1 — 741) > 0.

The link between the saving rate and the capital stock is

kt+1 = S5ty

=5 ((1=w)(1 =) + (1 = <)) K,
and thus the steady state capital stock, as a function of the steady state saving rate s, is
_1
k(s) =[s (1 = )1 =) + (1 = Ja)] ==

We can then rewrite consumption when young and old and bequeathed wealth in terms of
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the steady state capital stock and the steady state saving rate s as

¢ =1 =5)((1=r)(1—a)+(1-c)a)k(s)"

e = (a+ (1= )50 oy

S

aoR(l _ 7_) _ O‘giFS(l +B<1 _ﬁ(gl)‘zi); 6(1 — g)wk(s)a

The social welfare function maximizing steady state utility in terms of the saving rate s is

therefore given by

W (s) = In(c") + s / In(c(n))d¥ () + B(1 — §)pln (a®R(1 — 7))
=In[(1—=5)((1—-r)(1—a)+(1—=<)a)k(s)]+

g | (o (= %) ko) awia+

Bl —<)eln {ozgirs(l + A0 ;(gl)gi)s_) Al - g)@k(s)a

==Z+1In(l —s)+ aln(k(s)) + afsn(k(s))+

af(l =<)en(k(s)) + B(1 = <)eIn(s(1+ B(1 —<)¢) = B(1 = <)p) = f(1 = <)pIn(l —s)
=Z+(1-B1-9)p)In(l—s)+a(l+B(s+ (1 —-<)p)In(k(s))+

Bl =<)eln(s(1+ B(1 = <)p) = B(1 —<)p)

—Z 4 (A0 - el - ) 4 HEEIH U2

Bl —=¢)pn(s(1+B(1—<)p) —B(1—9)p),

In(s)+

for some constants = and =. From the last term of the objective function we observe that

the optimal saving rate lies in the interval s € <m, 1). The first order condition

with respect to s is given by

F(s) = — (1= B(1 - )p) —— 4 LLFALEF L)) | U= )el + 5L~ <))

4 -0
I—s I—a s ST+ B - ) — B - <)

Using assumption 3 note that f(s) is continuous and %(;) < 0, lim,_y; = —o0, as well

as lim,_, 1 f(s) = oo, and thus by the intermediate value there exists a unique

1+ (B(1—<)¢) T
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solution

. 1
et ) € ()

which is independent of income risk. Also recall from the implementation result in Propo-
sition 12 that this optimal saving rate can be implemented by some tax rate 7* € (—o0, 1),
which is increasing in income risk. Thus our main results from the benchmark model
without mortality risk and warm-glow bequests go through qualitatively unchanged, even
though we can no longer solve for the optimal Ramsey saving rate in closed form.

Finally, we can establish additional comparative statics results with respect to the new

parameter ¢ measuring the importance of warm-glow bequests. To do so rewrite f(s) as

1 a(l+8(c+(1—-9)p)1 Bl —=9)p
F(5) = = (1= (1 — ) o CLFIERUZ DN FUTe
1+[B(1—)¢g] !

and note that since s > m we have 8£—S) > ( and thus by the implicit function
theorem

Os _ a‘g“(;) >0

oo 9f(s) '

890 Os

Therefore, s* is increasing in the bequest utility weight parameter ¢ (as is the optimal

competitive equilibrium saving rate s¢F).

G.4 One-Sided Altruism

Finally, in this subsection we discuss a model where private intergenerational transfers
are motivated by one-sided altruism of parents towards their children. Thus, rather than
valuing bequests directly in the utility functions parents value the lifetime utility of their
children and potentially give bequests in order to raise that lifetime utility. We aim to
show that this model shares strong similarities to an Aiyagari (1994) style model with
infinitely lived agents facing uninsurable idiosyncratic income risk whose optimal fiscal
policy implications are explored by the references cited in the introduction.

To this end, consider an economy that again extends from ¢ = 0,1,.... Young and
old households are intergenerationally linked through one-sided altruism whose strength is

governed by the parameter § > 0, which measures the relative weight on the lifetime utility
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of the offspring in the lifetime utility function of the parental generation.

G.4.1 Budget Constraints

We assume that bequests b; flow from the current period old to the current period young
within the period so that no interest payments accrue on bequests. Since b; denotes the pri-
vate transfers received by generation ¢ when young, accordingly b, is the private transfer
this generation pays as bequest to the currently young in £+ 1. We follow the literature (e.g.,
Bernheim (1989)) and assume that inter-generational transfers cannot be negative, b; > 0.
We also augment the model with a standard borrowing constraint. Since now, through in-
tergenerational linkages, we obtain an endogenous wealth distribution (see below), house-
holds are no longer ex-ante identical when young and this borrowing constraint is poten-
tially binding for some households. We set the borrowing constraint to —A4, > —ANB,
where —ANB = L) is the natural debt limit, with 7 = min7n. The budget

T R (1:7t+1
constraints for cohort ¢ read as

& +a = (1 —r)w + b =xf (70a)
Ly b = a Ry (1 — 7oq1) + mnawes + Topn = 274 (70b)
a1 > — A, (70c)

by > 0, (70d)

where the timing of action is such that consumption ¢, ; and transfers 0, take place after
the income shock 7,1 has been realized. We define by x} cash-in-hand of young and by ¢
cash-in-hand of old households and note that the law of motion for cash-in-hand is given
by

wPyy = (2 — ) R (1 — 7oq1) + Aneawesr + Trpa (71)
Adding the budget constraints of the young and old households in period ¢ we obtain
e+ a1 = Ry (1 — 1) + (1 — K+ k) wp + T

where ¢; = ¢ + ¢? is the total consumption of a dynasty in period ¢. Thus, the budget
constraint of the period ¢ dynastic household is equivalent to a standard budget constraint

in an Atiyagari (1994) style model with idiosyncratic income risk where the income shock
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ise, = (1 —kK)+ kny.

G.4.2 Preferences

We denote preferences of cohort t = —1,...,00 by V,. Each cohort ¢ takes as given
future cohorts’ optimal decision rules ¢i,(zf,,), ¢f, (27, ,), af\ o1 (284s),s bigsi1 (2045 41)s

for s > t. Preferences of cohort ¢ are given by

V, = u(cl) + Ey [ﬂU(Cfﬂ) +0 (U(C?H(xilﬂ» + Bu(cf+2(xf+2)))
+62 (U(C?+2(x?+2)) + BU(C§+3($?+3))) + .- }

= u(e) + B [o (aletia(atia)) + utet) ) +
# (ulealelia)) + Fuletatetin)) + | )

where expectations in ¢ are taken with respect to the sequence of shocks {7,}2, ;. Observe
8
5
We assume that the initial old cohort alive in period 0 have the same preferences but

that in any period s > ¢ the relative utility weight between the old and young is

its consumption-savings decision at period —1 has already been made and thus remaining
per period O utility constitutes a constant that cannot be affected by the policy instruments
available to the Ramsey government. We spell out the maximization problem of the initial

old explicitly in the next subsection.

G.4.3 The Dynastic Competitive Equilibrium

We focus on a sequential competitive equilibrium where in period 0 all dynastic households
are identical. This is achieved by setting 779 = 1 so that the initial old are (ex-post) identical.
Thus, the distribution of cash-in-hand of the old ®§(z,) is degenerate with unit mass at x =
apRo(1 —79) + knowg + T, and, by market clearing in the capital market, we have ay = k.
As a consequence, initial consumption ¢ and initial transfers of the old households to the
period 0 young households by > 0 are singletons, and emerge from maximizing

B

Vo, = |u(c(2h)) + gu(cg)] +0FEy {u(cﬁ’(ﬁ)) + ?u(c‘l’(mi’)) +... (73)
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subject to the constraints
08 + bo = aoRo(l — T()) + KWy + TO = 1'8 and bo >0 (74)

taking as given future cohorts’ optimal decision rules c¥(zY), c2(x9), a2, (zY), bsy1 (22, 1),
for all s > 0. Since there is no transfer heterogeneity among the initial old, the period 0
young are ex-ante identical and the endogenously determined distribution of the initial
young ®f () is degenerate, with a unit mass of cash-in hand equal to = = (1 — k)wg + by.
Equipped with these initial conditions we set the stage for the social welfare function de-
fined below, which, as in Davila et al. (2012) and the optimal Ramsey policy literature in
Bewley-style models, evaluates welfare in a sequential equilibrium from an ex-ante per-
spective where all households are identical.

For a given policy, a sequential dynastic competitive equilibrium is defined as follows:

Definition 2. Given the initial condition ko = ay, and an associated degenerate initial dis-

tribution ®°(xq) with unit mass at xo = agRo(1—19) + kwo+ Ty and a sequence of tax poli-

cies {1y }3°, a dynastic competitive equilibrium is an allocation {c{, ¢?, Ly, a1, bys1, Tea1, ki1 1520,

cross-sectional measures {{®](x+)}jcry.or }i0 Prices { Ry, w;}i%, and transfers {T,},

such that

1. given prices { Ry, w;}:°, and government policies {1;, T;}{2, for each t > 0,

(a) consumption, savings and transfer decisions (c{ (z{), cf,1(x2,1), a1 (x7), bega (27, 1))

maximize (72) subject to (70), and households take as given optimal decision

rules at s > t’ (C%—i-s(xi/-l-s)’ c?—i—s (x(t)-i-s)? a(t)-i-s—i-l(xi/-l-s)v bt+8+1(x?+s+l>);

(b) consumption and transfers of the initial old ex-post identical households (¢§(x§), by(xf))

follow from maximizing (73) subject to (74) taking as given future cohorts’ op-

timal decision rules at s > 0, c¥(zY¥), c2(x?2), a2, (xY), bsr1(22,1);

2. prices satisfy equations (3a) and (3b);

3. the government budget constraint is satisfied in every period: for all t > 0

Ty = 1. Riky
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4. markets clear

Lt — :1

kepr = at+1($?>d¢?($i})

L
cl = /ci(x{)d@{(x{),forje{y,o}
CY+Cf + ki = kY

5. the cross sectional measures evolve as

where the law of motion H° is generated by the cash-in-hand transition (71) and the
stochastic i.i.d. shocks 1,11 ~ V(n,11), and the law of motion HY is generated by

the transfer decision b,(x9).

In a dynastic competitive equilibrium the consumption-savings-transfer problem of
any cohort ¢ is solved by backward induction, starting from a final steady state. Denote
by a;o(xf,;(bi11)) the savings decision function of cohort ¢ + 1, for a given amount of

transfers b,,1, which we make explicit by writing z7, ; (b;41). Use (70) in (72) to get

Vi=u(a] — ap1) + 0B |u [ (1= K)wepr + bt — appa(@yy (b)) | + ?u Tipg —besr | ...
—_———

J/

=l (eth) =11 (540)
which shows how a period ¢ cohort influences, through its transfer decision b;., the
consumption-savings decision of its successor’s generation when young c; ; (s+1(bi11)).
As in a standard consumption savings model with a borrowing constraint, constraints (70c)
and (70d) induce a precautionary savings motive beyond the standard prudence motive,
because a binding constraint (70c) in period ¢ 4+ 1 will reduce ¢;, ;, and a binding con-
straint (70d) will reduce ¢y _,, relative to the optimal interior paths. These occasionally
binding constraints, together with the standard prudence argument, will induce households
to save more in period ¢ in the presence of idiosyncratic income risk, in turn inducing the

pecuniary externality from changing factor prices w41, [?;41 in general equilibrium em-
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phasized in the main text.

G.4.4 Social Welfare Function

As discussed above, we follow Davila et al. (2012) and evaluate welfare from an ex-ante
perspective. Consider a Ramsey government that weighs explicitly the utility of the period
zero young and all future generations through Pareto weights p; > 0 and that—different
from Bernheim (1989)—, also puts welfare weight p_; > 0 on the initial old generation’s

per period utility:

SWF = p_yu(cg) + poVo + Eo Zptvt

t=1

where we note that each term in the above infinite sum takes the form

Bl = Bo [u(e!) + £ |6 (ulctiatati) + Guct) ) + 6% (ulcatelial) + Fulcttati)) +.|

B o /8 (0] o
= B [ulel) + 8 (u(ela () + () ) +0* (alctialatio)) + Fulcatetia)) ) + .
by the law of iterated expectations. We can thus rewrite the social welfare function as

SWE = p_yu(c) + Eo [po (w(ch) + Bu(c)) + & (u(c) + Bu(c])) + 6° (u(ch) + Bu(cs)) +...) +
+ p1 (u(c)) + Bu(cl) + 6 (u(ch) + pu(cy)) +...) + ...
= pau(c§) + poVo + Eo [(pod + p1) Vi + (p00® + p1d + pa) Vo + .. ]

Zwtvt

t=1

= p_u(ch) +woVo + Eo (75)

V; is expected lifetime utility of generation ¢, w;, = Y.L p,0** and 3 5% w; < oo is
assumed.

First assume that inter-generational transfers are not operational so that b, = 0 in all ¢.
Then all households in all periods ¢ start with zero bequests, are ex-ante identical and the
borrowing constraint (70c) is not binding. Since the social welfare function (75) is the
same as the one in (4) all results in the main text on the Ramsey optimum can therefore,
not surprisingly, be reinterpreted as emerging in a dynastic competitive market economy

where intergenerational transfers are not operative.
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Now return to the general case where intergenerational transfers are potentially oper-
ative so that b; > 0 for all ¢ > 0. Assume first that p, = 1 for ¢t = 0 and p, = 0 for
all ¢ > 0. Then the Ramsey government maximizes the same objective as the dynastic
period 0 household in competitive equilibrium. In this case w; = 4" and the social welfare
function is recursive, as in the benchmark model of the main text. The Ramsey govern-
ment internalizes two effects not taken into account by dynastic households making private
consumption-saving decisions in the competitive equilibrium. First as in the benchmark
model there is a pecuniary externality from increasing savings on the equilibrium wage and
interest rate. The increase in the wage raises the stochastic income component in old age,
the lower interest rate may lead to increased borrowing (if the substitution and the human
capital wealth effect dominate the income effect) and thus more frequently binding borrow-
ing constraints (70c) and (70d). Second, households do not internalize the distributional
effects their decisions have, through changing factor prices, on the endogenously evolving
wealth distribution. These are precisely the same mechanisms emphasized in Davila et al.
(2012)’s study of the constrained planner problem of the Aiyagari (1994) model.

If, in addition p; > 0 for ¢ > 0 then the Ramsey government puts additional weight on
future generations and thus, in addition to these two mechanisms, the future generations
effect from the OLG benchmark model of the main text is operative. In this case we can
engineer welfare weights p; such that the social welfare function again has a recursive
representation, but now with w; = 6'. Concretely, this construction is given as follows:

using that w; = > . _, ps6'~* we obtain:

w0:90:1:p0 -~ p():l
w1 =6 = pgd + p1 & p=0-0
wo = 0% = 6%+ p16 + po & po =02 =8 —6(0—05)=0(0-9)

w3 =02 =0+ p1 2+ +p3 & p3=0"—8—6%0—-05)—6(0—50)=0*(0—9)

and thus p; = 1, fort = 0 and p; = 07! (6§ — 0) for t > 0. Notice that p; > 0 for ¢ > 0 if
and only if & > . Thus, this is a valid social discount function if and only if the planner
exhibits weakly more patience than the dynastic household, and we summarize the cases

as:

ot forf =9
6t for 6 > ¢,

Wt =

70



In the first case the Ramsey government—in addition to valuing the initial old generation
through weight p_;—shares the same objective as the initial dynastic cohort at ¢ = 0. In
the second case, the Ramsey government values future generations more heavily and the
future generations effect is operative.

To summarize the discussion in this section, we note that in the dynastic model de-
scribed here the same mechanisms shape optimal Ramsey allocations as they do in the
constrained planner problem of Davila et al. (2012) if the Ramsey government weighs
only the period 0 utility of the period 0 dynastic household from an ex-ante perspective. If
the Ramsey government places additional welfare weights on future generations, then the
additional future generations effect from the main text emerges, pushing down the optimal
capital income taxes. An analytical solution of this model is infeasible even with log-utility,
and a full numerical exploration is left for future research, and, in the case of # = ¢, such an
analysis directly relates to the papers on optimal policy in the Aiyagari (1994)-style models

cited in the main text.

H Capital Stock Dynamics and Capital Income Taxes

In this appendix we make precise the relation between the capital taxes 7; studied thus far,

and the implied optimal capital income taxes 7. These are related by the equation
1+ (R — 1)1 —7F)=R(1—7)

and thus
! Ry

T, = Tt
t Rt_]. )

where the gross return is given by R; = « (k;t)"‘_l . As long as R, > 1 for all ¢, capital
taxes and capital income taxes have the same sign. To give a sufficient condition for this,

note that the saving rate, together with the law of motion for the capital stock

0+6)(1—r)(1—a)
14+ ap

o
ki1 = s:(1— )1 — @)k = ( ki

and the initial condition &, determine the entire time path for the capital stock. That se-

quence {k; }?°, is independent of the amount of income risk and converges monotonically
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to the steady state

o [al0+ B =R —a)]Te
1+ap ’

either from above if ky > k* or from below, if kg < k*. A sufficient condition for R, > 1

for all ¢ can then be given as:

Assumption 4. The initial capital stock and the model parameters satisfy ko < a™s and

1+ af
0+ B)(L—r)(1—-q)

> 1.

This assumption assures that net returns are strictly positive at all times in the Ram-
sey equilibrium, since Ry = a (ko)*" > 1and R* = a (k*)*”' > 1, (and because the
sequence of I?; along the transition is monotone) and thus the Ramsey allocation can be
supported by capital income taxes of the same sign as the corresponding wealth taxes. Un-
der assumption 4 therefore all interpretations and qualitative results extend without change

to capital income taxes.

I Robustness to Other Assumptions

I.1 Idiosyncratic Return Risk

We denote return shocks by o0;.1 and assume that they are iid. We assume that the cdf of o
is given by Y () and denote the corresponding pdf by v (9). We again assume that a LLN
applies so that T is both the population distribution of p as well as the individual cdf of
return shocks. We make the following

Assumption 5. The shock o takes positive values Y -almost surely and

/ng: 1.

Furthermore, shocks 1 and o are independent'?

/Q/HQUdT(Q)d\If(n) :/QdT(g>~/77d\I](n>

2Independence is assumed for simplicity of notation but can be relaxed for the result.

and therefore

almost surely.
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The budget constraints now write as

a1+ ¢l = (1 — Kk)wy

C?H('O, 0) = a1 Riy10041(1 — Teg1) + M1 kwigr + T (0)
and we assume that transfer payments are contingent on the rate of return realization,
Ti1(0) = a1 Riy10041Te41-

I.1.1 General Equilibrium

Proposition 13. The structure of the competitive equilibrium is unchanged, but now id-

iosyncratic risk summarized by I is expressed in terms of the distribution 11(d;, 1) of the

random variable 6,1 = m+1 instead of V(n;11).

Proof. The first-order condition for log utility is now

Y
C

1= PR (1- Tt+1)//@t+lo—td‘1’(77)dT(Q)
i (n

(1—s)(1 —r)(1—a)ky
= afky; dV¥(n)dT
op tH e //QtJrl K)(1— Oé)ka@ktﬂ Or1 + M1k (1 — @)k, (T {e)

_ Mt+1

—aglt-ne) = [ [ (a4t >QH1) AW ()T (o)
=af(l— Tt+1) 5 /(a + k(1 — @)dpr) " dII(6)

— 0Bl = ) ; P (e, ; 8, T1).

and thus the general equilibrium saving rate is the same as before, with I' expressed in
terms of random variable ¢ and its cdf I1(J). O

I.1.2 Ramsey Problem

Proposition 14. The structure of the optimal Ramsey problem is unchanged, but with id-
— 77H-1

iosyncratic risk now expressed in terms of the random variable 0,1 = instead of 1y 1.

Proof. The steps are identical to the ones in the derivation in equation (2). The objective
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function of the Ramsey government in the current period can be written as

W) =1 (1= )L = 0)(1 = k) +5 [ [ () + R(s)ok () dX(@)a¥ ()
=In((1—-s)(1—r)(1—a)k¥) + 5//11& ( ( (1—a)+ a) k/(s)) dY (0)d¥(n)
=In(l —s)+afn(s)+ (1 +af)In((1 —&)(1 —a)) + a(l + o) In(k)

+ ﬁ/ln(g)dT(Q) + ﬁ/ln (k0(1 — a) 4+ «) dII(9).

Note that the risk terms in the last line simply add maximization-irrelevant constants to the

period objective of the Ramsey government. [

1.2 Ex-Ante Heterogeneity

Permanent productivity is denoted by v and we assume that the cdf of v is given by ®(v).
We assume that a LLN applies so that ® is both the population distribution of permanent

productivity v as well as the ex-ante cdf over v for each household. We make the following

Assumption 6. The shock v takes positive values ®-almost surely and

/l/d@:l.

Furthermore, shocks 1 and v are independent, thus

/V/nVﬁd@(V)d‘I’(n) = /Vd@(y)./nd\p(n) —1

The budget constraints of each household of productivity type 7 is now given by

a1 (V) + (V) = (1 — k)vw;

Cfﬂ(”a n) = a1 Rep1 (1 — Top1) + mavkwe + Tia (v),

where

Tt (V) = at41 (V)Rt+17't+1

In all periods ¢ we have L, = [ [ ((1 — k)v + rkvn,) d¥(n)d®(v) = 1 and thus the
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capital stock in period ¢ 4+ 1, K1, is equal to the capital intensity k;; = IL?E . Denote by

a1 (V)

BT

the saving rate of household of type v. The capital intensity in period ¢ + 1 is then
kip1 = /at+1(l/)dq>(l/) =(1-r)(1- a)k?/st(u)yd(b(y).

I.2.1 General Equilibrium

Proposition 15. The general equilibrium saving rates s,(v) are identical for all agents: s,(v) =

s¢ for all v.

Proof. If s(v) = s, then since [ vd®(v) = 1 the law of motion of the capital stock is
kft+1 = St(]_ — /{,)(1 — a)k?

The first-order condition with log utility of each household is now

cf
1= BRi1(1—Tepn // W(n)dd(v)
it (n
sov(l — r)(1 — a)ky
=afk’ (1 —m d¥(n)dd(v
g t+1 t+1 // (1—r) 1 — oz)k“ kt+1 k(L — ke, (n)d®(v)
—“ g
=afky 7 (1 -1 / o d¥(n
(1= i) Frra ke (1= ke (n)
I
= af(1 — T41) ‘r.
St
Thus the optimal saving rate is independent of permanent productivity v. [

1.2.2 Ramsey Problem

Proposition 16. Permanent ex-ante heterogeneity in productivity v does not affect the op-

timal choice of s.
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Proof. The objective of the Ramsey planner is now given by

W (k) = max /ln((l —s)v(l —k)(1 — a)k®) dP(v)+

s€(0,1)
3 / / In (kmpw(s) + R(s)sv(1 — k)(1 — a)k®) d(v)d(n),

=(1+4+p) /ln(u)d@(v) + max In((1—s)(1 — k)(1 — @)k®) +

s€(0,1)

3 / In (smw(s) + B(s)s(1 — #)(1 — a)k) d(n)

and thus heterogeneity with respect to r does not affect the optimization. [

I.3 Time Varying Technological Progress and Population Growth

Denote by A; the level of technology (labor productivity) and assume that it evolves de-
terministically according to A, = (1 + ¢;)A;_1, where the growth rate of technology g, is
allowed to be time-varying. The population growth rate n > 0 is assumed to be constant
over time, so that the size of the young population evolves according to N/ = (1+n)N/ ;.

With these modifications, aggregate production is
Y, = F(IK;, A L) = K (A L)' ™
where L; is aggregate labor supply given by
Li=(1—-rk)N/+sN=((1—-r)1+n)+r)N,.

Define the capital intensity in terms of efficiency units of labor as k; = ﬁ. Then,
under the maintained assumption of Cobb-Douglas production, Y; = K}* (AtLt)l_a we

gety, = ﬁ = k;* and thus wages (per effective unit of labor) and interest rates are

wy = (1 — o)k A,
R = ko,
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The law of motion of the capital intensity can be derived as

Kt+1 = at+1Ng/ = St(l — /i)(l — C()ktaAtNty
(1-r)(1—a)
(1 + ge1) (1= K)(1 +n) + K)

«
t -

g ki1 = s

1.3.1 General Equilibrium

Proposition 17. A time varying rate of technological progress g; does not affect the saving
rate in the competitive general equilibrium, whereas an increase of the constant population

growth rate n increases the saving rate.

Proof. Start from the FOC, equation (6), given by

1-— St
1= 81— Tt—i—l)/ — 7 d¥(ne41)
s¢(1 = Ty41) + Tomwn M1+ Tomm s
and use that
o T
t+1°t (1 _ /‘f)tht+l
to obtain
1-— St
1= 6(1 - Tt-&-l) S, + KWi1 dq](nt'H)
t (1—r)wiRi41 Me+1
Next, rewrite #ﬁil as
v Bl gy, L
wiRp1 kP Ak o kp
1

= (14 gior) (1 = )1~ )
1
(1=r)1+n)+r

(1+ge41) (1= K)(1 +n) + k)

- ést(l —)(1—a)
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Observe that the time varying growth rate g, cancels out, and we can rewrite the FOC as

1—s5 1
1=aB(l—71) : / ) AW (1)
St o+ H(l — O{)mnﬁ_l

1—s;.

=af(l —71) . T,

t
5 1
where I' := | O‘Jf—"{(l_a)(17n)(}+n)+n77t+1d\Ij(ntJrl). ]

I[.3.2 Ramsey Optimum

Proposition 18. A time varying rate of technological progress g, as well as a constant

population growth rate n leave the optimal Ramsey saving rate unchanged.
Proof. With log utility, cohort ¢ lifetime utility is given by

Vilkeyse, Ar) = In(Ay) + In (1 — s¢)(1 — k)EF) + afIn (1 4 gev1) ke (se)) + B1n (I'g)
= In(A4;) + afIn(1 + gii1) + Vilks, 80),

where 'y = [ (1 — a)kny1 + @)' "7 dU(n,1). Next, assume that the government max-
imizes the discounted sum of utility of cohorts ¢ weighted by the population size of that

cohort so that the objective is to maximize

Wy = Zth?VZ(k‘t, se, Ay) = x + Z%Ntyf/t%t, St),

t=0 t=0

where y is a maximization irrelevant constant. Finally, normalizing Ny = 1 we get
oo
Wo = Z(Z)t‘/t<kt7 5t)
t=0

where @; = w;(1 + n)’. Also note that

(L—r)(l—a)
T+ ger1) (L= (L + 1) + )

a
t .

kt+1(5t> = St(
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and thus

Vilke, ) = In (((1 = s0)(1 = R)AY)) + afIn (kg (se)) + 51 (I)

=In(((1 = s)(1 = K)k)) + afIn <5t(1 n gt+f)1(z1a—)(i)zlﬁ+) n

=xt+In(1—s)+a(l+ab)n(k)+ afln(s)

T ﬁ>kf> + [ 1n (Ty)

and thus time varying technological progress and population growth only add a maximiza-

tion irrelevant (time varying) additive parameter. Also since
In(kiy1) =In(1 — o) + In(1 — &) + aln(ky) +In(sy) — In (1 4+ ge1) (1 — 6)(1 +n) + K))

t
=241+ Z " In(s;_,) + " In(ko)
=0

t
=+ Z a’ In(s;_,)

7=0

we can substitute out In (k;) in the cohort ¢ utility function (as before), which adds addi-

tional maximization irrelevant time varying terms. [
1.3.3 The Bounds of Proposition 4 with Technological Progress and Population Growth
We focus on a steady state where the rate of technological progress is a constant g.

Golden Rule. Maximizing steady state utility is equivalent to maximizing per capita con-

sumption. The per capita resource constraint, noticing that in the social planner’s opti-

mum ¢ (n) = ¢}, is

C?Ng/ + C?Nto _ F(Kt, Lt) — Kt+1
N, Ny ’
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Now observe that in steady state where k;,1 = k; = k we have

N/ =(1+n)N/,, N'=N!,
Ny =N/ + N =(2+n)N/
Li=((1—-k)(14+n)+r) N/,
F(K;, L) = kA Ly = kA (1 — k)(1+n) + k) N2,
Kip1 = kA Ly = k(L+n)(L+g) (1 = ) (1 +n) +£) N4

and thus maximizing per capita consumption is equivalent to
max {(1+n)+e&} = mgx{(ko‘ —k(1+n)(1+9)(1—-=r)(1+n)+kr)}

where ¢; = - is detrended consumption. The first-order condition gives

ak® ' =(1+4+n)1+g)

and thus the golden-rule capital stock is

1

K <<1+ni1+g>)la

with the standard intuitive explanation that, with population growth and technological

progress, more efficient workers have to be equipped each period with an increasing capital

stock to hold constant capital per efficient worker. The golden rule interest rate is thus
ROR = akCR ' = (14+n)(1+g).
Finally, from the law of motion of the capital stock we have

«

v (1-m(-a)
(14+9)(1—r)(1+n)+k)

and thus the steady state capital stock for given saving rate is

(e (1-m)=a) =
" ‘( <1+g><<1—n><1+n>+n>) |
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Setting k* = k7 then gives the golden rule saving rate as

cr_ a((1—=r)(1+n)+k)

(1—r)(1—a)(1+n)

Competitive Equilibrium and Overaccumulation of Capital Since R* = ak** !, the

steady state interest rate for given saving rate is

= @1+9) (A -r)d+n)+5)
s*(1—kr)(1 — )

Now use that

B (1-— T)Ozﬁf‘
14 (1—7)apl’

as defined above, to get

R*(ij):(1+g)((1—m)(1+n)+l-€) (a+( 1 )

(1—-r)(1-a) 1—71)pT

and thus in the laissez-faire steady state we have

Re(r = 0.T) = (1—|—g)((1—/<;)(1+n)+fi)( N 1 )

1-r){-a) BT

Since the laissez-faire equilibrium economy has overaccumulated capital if R*(7 = 0, f) <

(1 +n)(1+ g) we obtain overaccumulation if

(1+9)((1—r)(1+n)+kK) ( —|—iv> <(14+n)(1+g)

(1-r)(1-0a) AT
1
< B> (1-r)(1-a)(1+n) 3
< A—r)1tn)tr a) r

Recall that

1

-/ ().
o+ I{(l — a)mmﬂ
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and thus in the deterministic economy we have

1

1
&+ﬁ(1—a)m

ol

Now rewrite the bound on (3 above to get
1

1+n -
(1 H)(1+n)+/€ - 0‘) r
1

( +(1-a)(I+n)—k(l—a)n Oé) F

(1 k) (14n)+k
1

)(14n(1—k) k(l—a) =
1+n1 T 14n(l—-k) —<OA+( k) (14n) H))F

N (u.—co;-f/f): (1)

Since the structure of the Ramsey problem has not changed, we continue to find that the

optimal saving rate for § = 1 is

oo al+p)
- 1+ap

and thus the tax rate implementing it satisfies

R % J
(1—a)pT
and thus we have 7 > 0, if and only if
1
;ﬁv <1
(1—a)fT

or if and only if

1

T

0, (F

Stating the inequalities in terms of " the regions corresponding to Proposition 4 become

B 1 . GR
1F>mk>k ,T>0
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I 1+8 1 . GR
2. Te ((1—@5’ ((M)mﬁ}. k< kOB 7 >0

3. e (T, =255] k< k987 <0

Recall that

1

1
()é‘i‘/i(l—()é)m

=

and thus an increase of n increases I' increasing the lower bound of the third interval. By

increasing T' it also reduces m

intermediate risk) gets smaller. Finally, positive population growth reduces the sensitivity

and thus the interesting interval (the case 2 of

of T with respect to increasing risk.

J General Intertemporal Elasticity of Substitution p and

Risk Aversion o

In this appendix we provide the detailed analysis of a more general utility function with
intertemporal elasticity of substitution p and risk aversion o summarized in Section 6.3.6
of the main text. Most of the analysis focuses on steady states, but we establish that our
closed form results for the entire transition go through unchanged for an IES p = 1. We
first characterize the competitive equilibrium for a given tax policy, prior to stating and

analyzing the Ramsey problem.

J.1 Competitive Equilibrium for Given Tax Policy

The Euler equation with the more general utility function now reads as:

1

o— =

/(%)1qu/(nt+l)]hf/<%)Ud‘If(T]Hl).

and, using the expressions for consumption in both periods and the law of motion of the

1= 5(1 - Tt+1)Rt+1

capital stock, as in the previous analysis we can rewrite the first-order condition as

L= af(l=m)(l- a))(a_l)(l_%> (1- Tt+1)7€ta(a_1)(l_%)st(a—l)(l_%) <ﬁ) ; T

St
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In steady state the Euler equation reads as

l=af((1-k)(1- a))(a—l)(l—%) (1- T)ka(a—1)<1—%)S(a_l)(l_%) (1 - s) b A

S

where
k=[(1—r)(1—a)s]™= (76)

is the steady state capital stock and the constant I" is given by

F =) [ (o (1= @) + )" dW() )

and v is the certainty equivalent of 7 defined as

. U (a4 (1 — oz)/-m)lfa d\If(n)] = foroc =1 %)
exp ([In(a+ (1 —a)kn)d¥(n)) otherwise.

Inserting the steady state capital from equation (76) into the Euler equation delivers
1 1— % ~
= (1= m)af((—m)—a)tn E=p (79)
s

This result is the generalization of the log-case where p = ¢ = 1, and where the steady

state Euler equation was given as

1 = (1—7‘)@6(1_8)1"

S

Thus our previous analysis for log-utility is just a special case. Also note that if p = 1 but
o # 1, then the steady state Euler equation is given by

1:(1—7)a6(1_8>f

S
but the risk factor I with o = 1 differs from the risk factor I' with 0 = 1.

[+ (1 —a)kn) 7 d¥(n)

P
[(a+ (1 —a)kn) ™7 d¥(n)

# / (kn(l —a)+a) " d¥(n) =T
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J.1.1 Precautionary Savings Behavior in the Competitive Equilibrium

In order to aid with the interpretation of the optimal Ramsey tax rate it is useful to establish
conditions under which, for a fixed tax rate, the saving rate in competitive equilibrium is

increasing in income risk.

Proposition 19. If T is strictly increasing in income risk, then for any given tax rate
7 € (—00,1) the steady state saving rate sCF (1) in competitive equilibrium is strictly

increasing in income risk. If U is strictly decreasing in income risk, then so is s“F (7).

Proof. Rewrite equation (79) as

1
1y (I=s)r 1
£5) = (L= map (1= - )30 = L
Then a saving rate s“Z(7) that satisfies f(s“Z(7)) = 0 is a steady state equilibrium saving
rate. We readily observe that f is continuous and strictly decreasing in s, with

lim f(s) = o0
1

f() = _F<O

and thus for each 7 € (—oo, 1) there is a unique s = s“F(7) that satisfies f(s“%(7)) = 0.
Inspection of f immediately reveals that s°F(7) is strictly increasing in T, from which the
comparative statics results follow. [

Corollary 6. For any given 7 € (—0c0, 1), the steady state saving rate s°F (1) increases in

income risk if either p < 1,0or1 < p < %

Proof. Follows directly from the previous proposition and Lemma 2 in the main text (and

proved in the next section) characterizing the behavior of " with respect to income risk. [

Proposition 19 establishes a sufficient condition for the private saving rate to increase
in income risk. But, for p > % > 1 it is possible that the combination of individual savings
behavior and general equilibrium factor price movements lead to the result that, for fixed

government policy, the equilibrium saving rate is decreasing in income risk.'> We will

13Also observe that a parameter constellation 1 < p < % pairs a high IES with a preference for a late
resolution of risk in a multi-period (more than two periods) model. Interestingly, the competitive equilibrium
saving rate may therefore decrease in income risk precisely when we pair a high IES with a preference
constellation for early resolution of risk.
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show below that this in turn is a necessary condition for the optimal Ramsey tax rate to

decrease in income risk.

J.2 The Ramsey Problem

As in Section 4, equation (12), we can write lifetime utility of a generation born in period
t, in general equilibrium, as a function of the beginning of the period capital stock k; and
the saving rate s; chosen by the Ramsey government and implemented by the appropriate

choice of the capital tax 7, ;.

J.2.1 Ramsey Problem for Unit IES

Now we use the formulation of lifetime utility in equation (25). Then it is straightforward to
show that for p = 1 the analysis of the Ramsey problem proceeds exactly as for log utility
(p = o = 1), by making the problem recursive and using the method of undetermined

coefficients:

= Sme[%’xl} {In((1 —s)(1 — k) (1 — a) k%)
+7 f ln/ (knw(s) + R(s)s(1 — &)(1 — a)k*) ™7 d¥(n) + GW(k’)}

= max {In((1 —s)(1 — k) (1 — a) k%)

s€[0,1]

: f . ln/ ([kn(1 — @) 4+ a] [s(1 — k) (1 — @)k*]*) 7 dW(n) + OW (s(1 — K)(1 — a)k:o‘)}

= a[l+600;+af]In(k)+In[(1— k) (1 — )]+ 6000+ 600;In((1 — k)(1 — a))

e [(1— k)1 — a)] + 2L I 1_;04 L dvn)

+ max {In(1 — s) + afB1ln(s) + 00 1In(s)}

s€[0,1]

_|_

a(l4+ap)
(1—ab)

taking the first order condition with respect to s and solving it delivers the optimal saving

As in Appendix B.2, comparing the terms involving k gives the constant ©; = and

rate as stated in the main text:

_a(f+0)
- 1+aB’
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This result clarifies that the closed form solution, and the fact that the optimal saving rate is

constant over time and independent of the level of capital, is driven by the assumption that

IES = p =1 (and obtained for arbitrary risk aversion), whereas the size of the capital tax

needed to implement the optimal Ramsey allocation evidently does depend on risk aversion

o, see Section J.1.

J.2.2 Steady State Analysis of Ramsey Problem for Arbitrary IES p # 1

The Ramsey government maximizing steady state lifetime utility has the objective function:

V(is) =

where

)1_% + { [ 21 () o d W] ﬁ} ’

11
P

(L= r)(1—s)(1— )k »

Plsll — w1 - a)ka]a(l_ﬂ {U {kn(1 =) +a]}' V] E}

11
P
1 1-

1-1
P

(=W =a)'™7 |y, B0 =R DT oy

Py — [/{[m(l — )+ al} 7 v

Exploiting that in steady state

— k)1 —a) e 11 °(1-5)
(@ >1(1_ )" 1 (15 (1= ) (1 - a)s) T
=)D, o*(1-5)
Al )(1 - 1)] 2 (902070 (1 = 5)(1 = a)s) =




where

-
I

- - ((1—@1(1—04))(1_;)”

P, — (U{{mua>+a]}1f’d\yrl">li>o.

Thus the steady state analysis in the main text carries through to Epstein-Zin-Weil utility
mostly unchanged, but with the constant that maps earnings risk into the optimal saving
rate now being affected both by risk aversion and the IES.
Taking the first order condition, the optimal steady state saving rate is defined implicitly
by the equation
St o

and rewriting this equation yields

LHS(s) = s = - “ - [(1 —8) + BCTa(1 — 8)7 | = RHS(s). 81)

We observe that the left hand side is linearly increasing in s, with LHS(0) = 0 and
LHS(1) = 1 and the right hand side is strictly decreasing in s, with RH.S(0) > 0 and
RHS(1) = 0. Since both sides are continuous in s, from the intermediate value theorem
it follows that there is a unique s* € (0, 1) solving the first order condition of the Ramsey
problem (81). Since RH S(s) is strictly increasing in Iy, the Ramsey saving rate is strictly

increasing in I's. We then have

Proposition 20. Suppose that 0 = 1 and thus the Ramsey government maximizes steady
state welfare. There exists a unique optimal Ramsey saving rate s* € (0, 1) solving equa-
tion (81). This saving rate is strictly increasing in the risk constant 'y and can be imple-
mented with a capital tax rate T* determined by the competitive equilibrium Euler equation:

1—3*)%

1= (1= )aB (1K) (1 — ) ¢ T, (82)

S*
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For future reference we rewrite equation (81) as

=

(1— 5)% 1-a (=5 _
AT [0} _— S — ~~S . 83
§ BCTy BCTy (8

Q=

J.2.3 Comparative Statics with Respect to Income Risk

In Appendix K.1 we prove the following result relating the extent of income risk to the

constants I', I'y which are in turn crucial for determining comparative statics results.

Lemma 2. An increase in income risk (a mean-preserving spread of n) increases s if and

onlyifp<1 andincreasesfifp <l,orp>1lando <1/p.

Note that the condition that characterizes the relation between income risk and fg 18
necessary and sufficient whereas the two alternative conditions that characterize the relation
between income risk and I are only sufficient.!* We provide further intuition for this result
below when discussing implementation of the optimal Ramsey policy. We now derive the

comparative statics of s* and 7* with respect to income risk discussed in the main text.

Risk and the Optimal Saving Rate The comparative static results of the steady state

Ramsey saving rate with respect to income risk is stated in the next:

Proposition 21. An increase in income risk increases the optimal steady state Ramsey

saving rate s* if and only if p < 1 and decreases it if and only if p > 1.

The proof of this result follows directly from Lemma 2 and Proposition 20. Thus the
direction of the change in s with respect to income risk is exclusively determined by the
IES p, with the log-case acting as a watershed. Of course how strongly the saving rate re-
sponds to an increase in income risk is also controlled by risk aversion through the term I,
What is the intuition for this result? Suppose the economy is in the steady state associated
with a given extent of income risk and the optimal Ramsey tax policy, and now consider
an increase in income risk. The Ramsey government can always neutralize the response of
private households’ savings behavior, by appropriate adjustment of the tax rate on capital

to implement the new optimal saving rate.'”

14The sufficient conditions provided in the Lemma are stated in the Propositions 5 and 6 of Kimball and
Weil (2009).

ISWe saw this explicitly in the decomposition of the first order condition of the Ramsey government in
Section 4.1, where the risk term I" from the competitive equilibrium optimality condition dropped out because
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The question is then how the saving rate desired by the Ramsey government itself
changes. Households (and thus the Ramsey government) obtain utility from safe consump-
tion when young and risky consumption when old, and the desire for smoothing utility
from safe consumption when young and the certainty equivalent of consumption when old
is determined by the IES p. As risk increases, old age consumption is now a less effec-
tive way to generate utility, and the certainty equivalent of old-age consumption declines,
holding the consumption allocation constant. Whether the Ramsey government wants to
raise or lower old-age consumption (by increasing or reducing the saving rate) depends
on how much households value a smooth life cycle utility profile. In the log-case the two
forces exactly balance out and the Ramsey saving rate does not respond to income risk at
all. In contrast, if households strongly desire a smooth path of (the certainty equivalent of)
consumption, then the Ramsey government compensates for the loss of old-age certainty
equivalent consumption from larger income risk by saving at a higher rate, and s increases

with income risk if the IES p is small. The reverse is true for a high IES.

Risk and the Optimal Tax Rate Finally, we can also determine the impact of income
risk on optimal steady state capital taxes. From equation (82) the optimal Ramsey tax rate
is given by
1
1_ 1 —s*)r ~
1= (1= )aB (1 - r)(1 —a)GD L=V 5 (84)
S*

We observe that income risk affects the optimal tax rate in two ways. First, for a given target
saving rate s*, the direct impact of income risk depends on how I (and thus the private
saving rate) responds to an increase in risk. Second, a change in income risk changes the

optimal saving rate s* through I',, as characterized in the previous proposition.

Proposition 22. If p < 1, then an increase in income risk increases the optimal tax rate
on capital. Similarly, if p > 1 and o < 1/p, then an increase in income risk increases the
optimal tax rate on capital. If p > 1 and o > 1/p, an increase in income risk might lead
to a strict reduction in the optimal tax rate T on capital. A necessary condition for this to
occur is that the competitive equilibrium saving rate for given 7 is strictly decreasing in

income risk.

The intuition for the last part of the proposition is that, if p > max{1,1/c}, then private

the government chooses, through taxes and the associated changes in factor prices, to exactly offset the impact
of higher risk on private household savings decisions. In the logic of that section, an increase in I' increases
PE(s) but reduces GE(s) by precisely the same factor.
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households might decrease their saving rate too much in general equilibrium in response
to an increase in income risk since they do no internalize the impact of the decline of the
saving rate on the capital stock and thus on wages of future generations. For the capital
tax to decrease in income risk this future generations effect has to be sufficiently strong.
To see this formally, in the next paragraph we first derive the decomposition of the first-
order condition for the optimal saving rate into the terms PE(s), GE(s) and F'G(s) for the

general EZW utility function, and then we use this decomposition to write equation (84) as

r r
1= 1-m)=— —(1-7)%=.
Iy CH
from PE?sr)+GE(s) from}cG (s)

Since I / T, is increasing in income risk, the optimal capital tax rate 7* can only decrease
in income risk when the last term, the future generations effect, is large. This effect calls

for a tax rate that decreases with income risk since s* is decreasing in risk for p > 1.

J.3 Details of Proposition 22
J.3.1 Implementation

We start with a discussion of the optimal tax rate in the steady state. The optimal steady

state capital tax rate 7* satisfies, from equation (79)

1=(1—m)af((1-r)(1—a) )20 (85)

We observe that the optimal tax rate is strictly increasing in I and strictly decreasing in the
Ramsey saving rate s* that is to be implemented. Further, recall that the Ramsey saving

rate s* itself satisfies the first order condition (83)

(-5 s-%

Sl (86)
$ BCly
and is impacted by income risk through T'. Plugging (86) into (85) and exploiting the
definition of ¢ yields .
ay I
== (1-5) = 87
- (-3 g )
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Lemma 2 establishes that r_l; is strictly increasing in income risk, and Proposition 21 in
the main text establishes that an increase in income risk increases s* if and only if p < 1
and decreases it if and only if p > 1. To sign the overall impact of income risk on the

capital tax rate it is therefore useful to consider the following cases:

Case p < 1. This case gives clean results. From equation (87), since FL is strictly in-
2
creasing in income risk, and since s* is increasing in income risk for p < 1, strictly so if

p < 1, it follows that 7* is strictly increasing in risk.

Casep > land o < 1/p. In this case T is strictly increasing in risk (Lemma 2) and s* is
strictly decreasing in risk (see Proposition 21). It then directly follows from equation (87)

that 7* is strictly increasing in income risk as well.

Case p > land o0 > 1/p. Since p > 1, the Ramsey saving rate s* is strictly decreasing
in income risk (which by itself calls for a tax rate that is strictly increasing in income risk),
by equation (85). However, now the direct impact of income risk on taxes through the term
r might call for lower taxes since r might now be decreasing in income risk. If [ is weakly
increasing in income risk, then so is 7*. Thus a necessary condition for 7* to decrease with
income risk is for I to be strictly decreasing with income risk. This in turn is a necessary
and sufficient condition for the private saving rate in competitive equilibrium to decrease
with income risk (see Proposition 19). Thus the Ramsey tax rate 7* is strictly decreasing in
income risk only if the private saving rate s“F(7) is strictly decreasing in income risk (for
any given tax rate 7).

Finally, one might conjecture that, since p > 1 and ¢ > 1/p is required for the capital
tax to decrease in income risk, that as long as both parameters are large enough the result
will materialize. This conjecture turns out to be false, as an investigation of the most

extreme case p = o = oo shows. In this case lifetime utility is given by
Vi=c{ + By, (88)

where ¢7, ; is consumption in old age if the lowest possible labor productivity realization
=1 materializes. In this case one can solve analytically for the optimal interior

Ramsey saving and tax rate, and show that the optimal tax rate is the higher the lower is
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1,,, and thus the higher is income risk.!'®
Proposition 4 above provides a fairly general implementation result for expected utility

along the transition. The next proposition extends this result to EZW utility.

Proposition 23. If the utility function is of the EZW form, then in general equilibrium we

have s, = 22 < 0 and unambiguous implementation.
OTe41

Proof. Recall from Section J.1 that the first-order condition in any period ¢ of the transition

is

D=

L= af (1= r)1—a) V) <1—Tt+1>k?(“‘”(l‘”st<a1><1;>(1_St) P

S¢

Observe that an increase in the tax rate decreases the RHS. Collect terms on the saving rate

as

1
s, (-3) (1 - St) T = @) (1~ )

S¢

1
and notice that for any p > 0 term (1 — s;)» decreases in the saving rate. In response
to an increase of the tax rate this force drives the saving rate down. To get unambiguous

implementation, we thus require that the exponent

1 1 1 1
(a—l)(l——)——<0 & —>0>1——
P p p a

which holds for all € (0, 1). O

J.3.2 Decomposition of the FOC into PE(s), GE(s) and FG(s)

Now we decompose the first order condition of the Ramsey problem into three terms:

161n this case it is possible that the Ramsey government will want to implement a saving rate of s = 1 since
households have linear preferences over consumption when young and minimum (across 7)) consumption
when old. As long as 7 is sufficiently small, however, the Ramsey government prefers to implement an
interior saving rate. B
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Proposition 24. For 0 =1, o # %, terms PE(s), GE(s), FG(s) are given by

PE(s) = — i - (1 - 5) k() + O‘—ffk(s)a(li)

GE(s) = Ph(s)2(-5) <f2 - f)

S

FGls) = s(lci @) (1 S 8) : (s)' ™ + 3(104—600]{:(S)a(l_;)f2

where k(s) = (s(1 — x)(1 — Oz))ﬁ is the steady state capital stock.

Therefore,
1—1
PE(s) + GE(s) = —+ i - (1 ; S) " h(s) T+ O‘?ﬁk(s)a(li)m. (89)
and
1—1
PE(s)+GE(s)+FG(s) = (1 - 3) k(s)" s (S(lf = ! S>+§k(s)a(1—i) (1015(1)@.
(90)

Thus, compared to the expressions for these three effects we derived in Section 4.1, the
partial equilibrium precautionary savings effect still cancels out the current generations
general equilibrium effect (I cancels out when adding up PE(s) and GE(s)). However,
additionally risk enters through I'y. With p < 1 an increase of risk increases I's thereby
pushing up the desired saving rate of the Ramsey planner. The reason is that an increase
of risk decreases the utility value of second period consumption of current generations
(effect in GE(s)) and of all future generations (effect in F'G(s)). With a low IES, it is
optimal to compensate this with higher savings; vice versa for a high IES where the Ramsey
planner rather prefers increased first-period consumption, respectively current generations

consumption, over future consumption in response to an increase in risk.
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Proof of Proposition 24. Calculating the respective terms yields

PE(s) = (1 — r)(1 — a)k® [— (1—8)(1—K) (1 —a)k®) # +

ok ()" 8 (/ (kn(1 —a) +a)' ™7 d\If) k’(s)O‘(J_%) / (kn(1 — @)+ a) 7 dUK (s)”

_ (1 - 5>1; k(s)'F + O‘_ffk(s)a@—i).

and for

6us) =0 ( [ aw) ™ [ ) o (s) + (1= 01 - kR e)s] el

= 1 (5)*(075) / (kn(1 = a) + )" K(s) a1 — a)s~!
: [m]k:'(s)a —(1-=r)(1- a)kak'(s)afls} dv

= a—fk/(s)"‘(l—i)l“;_g / (kn(1—a)+a) ° [kn(l —a)+a—1]d¥

- O‘—fk(s)a@é) (1),

When maximizing steady state utility, F'G(s) is equivalent to the derivative of the utility
function with respect to the current period capital stock. Therefore:

PG(s) = uocl (o). + 5 ([ et av)

where

el h(s)s = (1= $)(1 = K)(1 = a)k(s)*)» (1 = 5)(1 = K)(1 — a)ak(s)* " (1 = K)k(s)"

“ i () M

and




and
5/cO_UcZ,(S)k’(s)k(s)k(s)sdtﬁ =

6/ (kn(1 — ) +a) 7K (s)"* (kn(1 — a) + a) dVak!(s)* K (s)a(l — k)k(s)* "

o 0‘26 / a(l—o)
7—5(1—@)]{(8) FQ.
Therefore:
.« 1—s\'7 11 o’ af1-1)=
FG(S) = 3(1 _ a) ( S ) k?(S) r+ mk(S) ( P)FQ.

J.3.3 Decomposition of 7*

Given this result, the optimal tax rate 7% can be decomposed as stated in the previous

paragraph:
Corollary 7. 7* can only be decreasing in risk if the effect of FG(s) is sufficiently strong.

Proof. We know that the FOC for s* follows from
PE(s)+GE(s)+ FG(s) =0
Now set F'G(s) = 0. Rewrite from (89)

PE(s) +GE(s) =0 < = ap(Ty,

(1—s)r

which uses k(s) = (s(1 —x)(1 — oz))ﬁ and ¢ = ((1 — a)(1 — n))%*l. Using the above
in (84) gives

r
1 = (1 — 7-*)~—
[y

and f% is unambiguously increasing in risk, see Section K.1. Using the above we can thus
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decompose equation (81) as described above:

r r
1= 1-)= —(1-7)%2.
I's s* 'y
from PEESF)-"-GE(S) fromFG (s)

J.4 Pareto Improving Transitions

Observe that specification (11) nests EZW preferences as a special case. Thus, Proposi-

tion 3 and Corollary 3 apply.

K Income Risk and I, Ty, ", 'y

K.1 General Case

In this section we prove Lemma 2 in Subsection J.2.3 through two separate Lemmas. For

this, recall that the relevant expressions involving idiosyncratic income risk are given by:

r — /<m(1—a)+a)—”dqf(n)

r, = / (k1 — ) + @)~ du ()

I = I, ="+l
o1 -1
Py = I, Ty=T," =v'"*
r T
L, T

_1
[[(a+ (11— a)kn) 7 d¥(n)] foro #1
exp [[In(a+ (1 —a)sn)d¥(n)] foro=1
Furthermore, as in the main text we use the notion of a mean-preserving spread in the
random variable 7 when referring to an increase in risk, that is, formally, random variable

7 is replaced by 17 = 1 + v, where v is a random variable with zero mean and positive

variance (and Assumption 1 applies to 7) as well).
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Lemma 3. The certainty equivalent v is decreasing in 1)-risk.

Proof. If o > 1 (0 < 1), then (a + (1 — a)xn)' ™7 is convex and downward sloping (con-
cave and upward sloping) in 7. The certainty equivalent of a convex and downward sloping

(respectively, concave and upward sloping) function is decreasing in risk. [

Lemma 4. The comparative statics of the other risk terms with respect to a mean-preserving

spread in 1) are given by:
1. T is increasing in n-risk.
2. T’y is increasing (respectively, decreasing) in n-risk if o > 1 (respectively o < 1).
3. Ty is increasing (decreasing) in n-risk if p < 1 (p > 1).
4. For p < 1, T is increasing inn-risk. For p > 1 we have the following case distinction.:

(a) For% >p>1, r unambiguously increases in income risk.

(b) Forp>1,p> i > (), i.e., 0 < o0 the effect of n-risk on T is ambiguous.

Proof. 1. T is increasing in 7-risk because (rk7(1 — ) + «) ° is a convex function in

1 (with the degree of convexity increasing in o).

2. Ty is increasing (decreasing) in 7-risk if o > 1 (¢ < 1) because (kn(1 — o) +a)' ™7

is a convex (concave) function of 7.

3. Iy is increasing (decreasing) in 7)-risk if p < 1 (p > 1) because the certainty equiv-
alent v decreases in 7)-risk and because for p < 1 (p > 1) the exponent 1 — % 1s

negative (positive).

4. For p < 1, T is increasing in 7-risk (sufficient condition). To see this, rewrite T as

. r r I = T
l=— s~ 5, — 5, 1)
F2 1—0o FZ l1—0o

Notice that for o < 1, 1“% is the ratio of the expectation of a strictly convex and a

concave function. Hence, for o < 1 the term FLQ is increasing in risk by Jensen’s

inequality. For o > 1 term F% is the ratio of the expectation of two convex func-

tions with the convexity of the function in the numerator, (kn(1 — ) + )~ °, being
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stronger than in the denominator, (k7(1 — ) + )"~ 7 as long as o < oc. Therefore,
also for 1 < ¢ < oo term F% is increasing in risk. For 0 = oo term F% is equal to 1.
Finally, since the certainty equivalent v is decreasing in 7-risk, term v'77 increases
in n-risk if and only if p < 1.

5. For p > 1 we have the following case distinction, based on the representation of [ =

o1

(VA

(a) For }f >p>1, r unambiguously increases in n-risk because v decreases in 7)-
risk and 0 — % < 0.
(b)y Forp > 1,p > % the effect of n-risk on I is ambiguous because v is decreas-
1
ing in n-risk and o — % > 0 so that v” » is decreasing in 7-risk whereas T’
is increasing in 7n-risk. Rewriting I as in equation (91) does not resolve this

.. .. . . . 1—1 . .
ambiguity because term F% is increasing in 7)-risk whereas v~ » is decreasing

in 7 risk because 1 — % > 0.

]

K.2 Expressing ['-Intervals from Proposition 4 in Terms of Variances

The bounds in Proposition 4 can be given in terms of the variances of the income shock 7,
to a second-order Taylor approximation of the integral defining I'. This approximation

around 1 = 1 gives

k(1 — O‘)]2 2

I'(a,k,0,0)~T + o
R T B

With this approximation the interval for intermediate risk, item 2 of Proposition 4, becomes
2 2 92
o, € (&, Un) where

_(k 1—a)+a) ((11jo?)5_f>

(
(
?:(n(l—a)—i-oz)?’ 1 T
! (r(l=a))? \(1-a)-1)8

and 02 > ¢2 > 0 under the maintained assumption that 8 < [(1 —a)T' —1] ' Thus,

all intervals defined in Proposition 4 can be expressed in terms of variances and are non-

el
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empty. Also note that if the distribution W is log-normal and thus exclusively determined
by its variance (given that the mean is pinned down by the assumption F(n) = 1), then no
second order approximation is necessary in the above argument, but the mapping between

the variance bounds and the I' bounds is algebraically much more involved.
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