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Abstract

We discuss a class of debt management problems in a stochastic environment model. We
propose a model for the debt-to-GDP (Gross Domestic Product) ratio where the government
interventions via fiscal policies affect the public debt and the GDP growth rate at the same
time. We allow for stochastic interest rate and possible correlation with the GDP growth
rate through the dependence of both the processes (interest rate and GDP growth rate) on
a stochastic factor which may represent any relevant macroeconomic variable, such as the
state of economy. We tackle the problem of a government whose goal is to determine the
fiscal policy in order to minimize a general functional cost. We prove that the value function
is a viscosity solution to the Hamilton-Jacobi-Bellman equation and provide a Verification
Theorem based on classical solutions. We investigate the form of the candidate optimal fiscal
policy in many cases of interest, providing interesting policy insights. Finally, we discuss two
applications to the debt reduction problem and debt smoothing, providing explicit expressions
of the value function and the optimal policy in some special cases.

Keywords Optimal stochastic control - Government debt management - Optimal fiscal
policy - Hamilton-Jacobi-Bellman equation

JEL Classification C02 - C61 - H63 - E62

1 Introduction

Public debt management is a wide and complex topic in Economics. On the one hand, it is
recognized the important role played by public debt in welfare improving, for example as a
tax smoothing tool (starting from the seminal paper [4]) or as savings absorber (see [11] and
[16] among others). On the other hand, the current high levels of debt in some developed

B M. Brachetta
matteo.brachetta@polimi.it

C. Ceci
c.ceci@unich.it
Department of Mathematics, Politecnico of Milan, Piazza Leonardo da Vinci, 32, 20133 Milan,

Italy

Department of Economics, University of Chieti-Pescara, Viale Pindaro, 42, 65127 Pescara, Italy

Published online: 02 August 2022 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11579-022-00323-7&domain=pdf
http://orcid.org/0000-0001-6940-4749
http://orcid.org/0000-0003-2796-6588

Mathematics and Financial Economics

countries has drawn the attention of many economists, especially because of possible effects
on future taxation levels (see the quoted papers [11] and [16]).

The question of debt management, in broad sense, is up for discussion essentially because
“we simply do not have a theory of the optimum debt level” (see [19]). However, in the very
recent years some authors gave a rigorous mathematical formulation of a debt management
problem, namely the optimal debt ceiling (that is the debt-to-GDP (Gross Domestic Product)
ratio level at which the government should intervene in order to reduce it), see [6-8, 13, 14].

These works focus especially on the debt reduction problem of developed countries, where
the government aims at reducing the debt-to-GDP ratio through the minimization of two costs:
the cost of holding debt and the intervention cost (reducing public spending or increasing
taxes). This study is motivated by the fact that concurrently with the financial crisis started
in 2007, the debt-to-GDP ratios exploded.

In [6-8, 13] the possibility for the government to increase the level of debt ratio is precluded
(fiscal deficit is not allowed) and any possible benefit resulting from holding debt is neglected.
In practice, sometimes debt reduction policies might not be appropriate, since public invest-
ments in infrastructure, healthcare, education and research induce social and financial benefits
(see [17]). In [14] policies of debt reduction and debt expansion are accounted by modeling
controls of bounded variation and introducing, in addition to the cost of reduction policies,
a benefit associated to expansionary policies.

Moreover, it is a well known evidence (see e.g. the recent studies [2] and [1]) that policies
of debt expansion (deficit) induce also an increase of the GDP growth rate of the country
(which in turn could imply a reduction of the debt ratio) and this phenomenon is not exploited
in the existing mathematical literature on the topic. This paper wishes to be a first effort to
fill this lack.

We provide a rigorous mathematical formulation for a class of debt management problems,
which are modeled as stochastic control problems. In particular, we tackle the problem of
a government whose goal is to determine the fiscal policy in order to minimize a general
functional cost, which depends on the debt-to-GDP ratio, an external driver (e.g. the state of
economy) and the fiscal policy itself.

The main improvement of our debt-to-GDP model is that the GDP growth rate depends
on the fiscal policy. In classical models, the GDP growth rate is assumed to be constant,
see for instance [6, 7] and references therein. In [8, 13, 14] it is allowed to be a stochastic
process, which may be modulated by an unobservable continuous time Markov chain as in
[8]. However, in all these models the government’s interventions via fiscal measures do not
affect the GDP growth rate, any policy of surplus decreases the debt-to-GDP ratio (see [6-8,
13]), whereas any deficit policy increases it (as in [14]). In the reality, the effects of the fiscal
policy on the debt-to-GDP ratio is more complex.

For example, we might assume that the GDP growth rate decreases when the government
increases its surplus (which is mostly the case in normal conditions). In this scenario, the
gross debt will decrease as well, but the final effect on debt-to-GDP ratio is not unidirectional,
contrary to classical models and the above quoted papers, where any surplus translates into
debt-to-GDP ratio reduction. Indeed, the economics literature recognizes the possibility of
achieving debt-to-GDP reduction via deficit policies, see for instance [10-12].

Moreover, we assume that both the interest rate on debt and the GDP growth rate are
affected by a stochastic factor Z, which may represent the state of economy, the economic
outlook, or any other macroeconomic variable. The presence of this external driver Z induces
a correlation between the GDP growth rate and the interest rate, which is a well known
phenomenon. Furthermore, we assume that Z and the GDP are driven by two correlated
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Brownian motion, so that we introduce an additional type of dependence. In practice, the
macroeconomic conditions described by Z and the GDP have a common source of uncertainty.

We also assume bounded intervention, so that the government is not able to generate
infinite surplus/deficit. As a matter of fact, there are many structural constraints on the surplus
generation, for example loss of popularity, impossibility of erasing some welfare spending
and so on. Analogously, many constraints can be found for deficit policies. In [7] the authors
assumed bounded (surplus) intervention, improving the results of [6] and obtaining a bang-
bang strategy (either no intervention or maximum surplus is optimal). Differently from this
work, since we have a different model and a general objective function, we obtain a solution
with a complex structure, so that extreme policies (maximum surplus/deficit) are optimal
only in some scenarios while, in general, the government tries to balance the effects on debt
and GDP at the same time.

In this framework we solve the problem of minimizing the expected total cost over an
infinite time horizon. As mentioned above, the functional cost depends on the dynamics of
the debt-to-GDP ratio, the exogenous factor Z and the fiscal policy. This is a very flexible
and general problem formulation, which includes many debt management problems as spe-
cial cases. For instance, we explore the applications to debt reduction and, in a simplified
framework, to debt smoothing, which is the minimization of the distance between the cur-
rent debt-to-GDP and a given threshold. We highlight that our model formulation contains
a trade-off between costs and benefits in the debt-to-GDP equation, not only in the cost
functional.

The mathematical contributions of the paper are the following. We rigorously derive the
debt-to-GDP ratio dynamics, which is controlled by the government’s interventions (which
include surplus and deficit strategies) and formulate the arising stochastic control problem.
Under general assumptions on the functional cost, we prove that the value function is a
continuous viscosity solution to the Hamilton-Jacobi-Bellman (HJB) equation and provide
a Verification Theorem which applies whenever the HIB equation has a classical solution.
Next, we investigate the structure of the candidate optimal fiscal policy, discussing some
cases of interest. In particular, when the functional cost is increasing on the debt-to-GDP
ratio and does not explicitly depend by the control, we find that the optimal strategy depends
only on the effect of the fiscal policy on the GDP growth rate, not by the current level of
debt-to-GDP. A similar result was obtained in a different context by [3]. Thus it becomes
crucial understanding how the government’s interventions via fiscal policies can influence
the GDP growth rate of the country. To find more explicit solutions, we consider the example
of a linear impact. Finally, we discuss two applications, namely debt reduction and debt
smoothing and provide a numerical simulation for the latter in a simplified framework.

The paper is organized as follows. In Sect. 2 we propose and motivate our model formu-
lation. Then we illustrate the optimization problem. In Sect. 3 we provide some properties
of the value function. In Sect. 4 we prove that the value function is a solution in the viscosity
sense to the Hamilton-Jacobi-Bellman equation and we provide a Verification Theorem based
on classical solution. In Sect. 5 we discuss the minimization problem involved in the HIB
equation. Finally, some special cases of interest are discussed in Sect. 6.

2 Model formulation

We propose a stochastic model for the gross public debt and the gross domestic product
(GDP) in presence of correlation between the interest rate on debt and the economic growth.
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Moreover, the government interventions through fiscal policies affect the GDP growth rate
and the public debt at the same time.

Consider a complete probability space (€2, F, Q, F) endowed with a complete and right
continuous filtration ' := {F;},>¢. Let D = {D,};>0 denote the gross public debt process
and Y = {Y;};>0 the gross domestic product process of a country. According to classical
models in economics literature (see [5] among others), the sovereign debt stock evolves as:

dD,:rDtdt—défz, D0>0,

where r > ( denotes the real interest rate on debt and £ is the fiscal policy, with the convention
that positive values correspond to primary surplus, while negative values represent deficit.
We extend the model by introducing a stochastic interest rate of the form r, = r(Z7), withr a
positive measurable function and Z = {Z}},>0 a stochastic factor described by the following
stochastic differential equation (SDE):

dZi = bz(Z))dt + 07(Z5)dWF ,  Zi=z€eR, 2.1

where W% = {W,Z},zo is a standard Brownian motion. We assume existence and strong
uniqueness of the solution to the SDE (2.1). The process Z describes any stochastic factor,
such as underlying macroeconomic conditions, which affects the interest rate on debt of the
country.

Let u = {u;};>0 be the rate of the primary balance expressed in terms of the debt, that is
d§, = u,;D,;dr. We assume that the real GDP growth rate at time ¢ is of the form g(Z7, u,),
with g(z, u) being a measurable function of its arguments. Precisely, the pair (D, Y) follows

dD[ZD[(r(ZtZ)_ut)dt, D0>0,

~ (2.2)
dY, =Y, (g(Zf, u)dt +odW,), Yo >0,

where W = {Wt},>0 a standard Brownian motion correlated with W% and ¢ > 0 is the GDP
volatility.
The debt-to-GDP ratio X = {X; = %}tzo dynamics can be derived by 1t6’s formula:

1 z Dy z W Di 5.0
dX; = —(r(Z]) — u;) Dedt — —5Y,(g(Zf, uy) dt + o dW;) + —30°Y/ dt
Yt Yz Yt

~ Dy
= X/(r(Z)) — g(Zf, u)) —u;)dt + X0 (o dt —dW,),  Xo= Yo
0

Now we can introduce a new measure P, equivalent to Q, such that W = {W,;};50 =
{ot — W,},Zo is a P-Brownian motion and WZ remains a P-Brownian motion.

Hence, under P, the debt-to-GDP ratio X** = {X ;’ ’x},zo is a controlled process which
solves the following SDE:

dX{" = XPNE(ZD) — g(Zf u) —u)di +0dW,] . Xgt=x. (23)

where x > 0 is the initial debt-to-GDP ratio and the control u = {u,};>0 denotes the fiscal
policy (i.e. the ratio of primary surplus to gross debt).
It turns out that our state process is the couple (X**, Z%):

X" = X[ 0(Z]) — g(Zf w) —uydi + 0 dW,] . Xg" =x,
dZF =bz(ZF)dt + oz(ZH) dW7 Zi=z€eR.

We denote by p € [—1, 1] the correlation coefficient between W and WZ.
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We consider the problem of a government which wants to choose the fiscal policy in order
to optimally manage the sovereign debt-to-GDP. For this purpose we introduce the class of
admissible fiscal strategies.

Definition 2.1 (Admissible fiscal policies) We denote by I/ the family of all the F-predictable
and [-Uj, Uz]-valued processes u = {u;};>0.

The main goal will be to minimize the following objective function:
+00
J(x,z,u) = E[/ e M (X, VAR u,)dti|, (x,2) € (0,400) x R,u eld , (2.4)
0

where L > 0 is the government discounting factor and f: (0, +00) x R x [-U;, U] —
[0, +00) is a cost function satisfying suitable hypotheses (see Assumption 2.2 below).

Let us remark some aspects of our model, which is different from those usually introduced
in the existing literature.

1. This model extends the one considered in [6] and [7] where r and g are constant. Our
main improvement is that the GDP growth rate is now affected by the fiscal policy. For
instance, if we take a function g decreasing in u, we capture a well known effect: when the
government generates surplus, the debt stock is reduced and, at the same time, the GDP is
so. Hence the final effect on the debt-to-GDP ratio is not unidirectional as in the models
proposed in [6, 7, 13] and [8], where any surplus translates to debt-to-GDP reduction.

2. As aconsequence, our model formulation contains a trade-off between costs and benefits
in the state equations, not only in the cost functional as in the previous literature.

3. Another property of our model is that the interest rate and the GDP growth rate have a
common source of uncertainty, which is modeled through the external driver Z. In many
applications Z could represent the economic environment, the state of the economy, the
economic outlook. The pathwise measurement of covariance between the interest rate
and the GDP growth rate is given by the covariation between the two processes. When
the functions r and g are sufficiently regular w.r.t. z € R, from Itd’s formula it can be
computed for any fixed u:

t
9
< 1(Z5), g(ZF, u) >=/ a—i(Zf,u)r’(Z?)a%(Z?)ds.
0

In particular, this implies that

z z ! ag z le7IN~2 (72
Elr(Z;)g(Z;, u)] :EI:/O a—Z(ZS',u)r (ZS')GZ(ZX)ds:I .

4. Moreover, our model takes into account possible correlation between the Brownian
motions W# and W driving the dynamics of the environmental stochastic factor process
Z and the debt-to-GDP process X, respectively. For instance, there could be a common
source of uncertainty between debt-to-GDP and macroeconomics conditions.

We observe that the problem formulation in Eq. (2.4) is very general and flexible. The cost
function depends on the debt-to-GDP ratio, which has to be controlled, and the government
can take into account fluctuations of the stochastic factor Z. For instance, when Z represents
the state of economy, countercyclical policies are allowed. In addition to this, the fiscal
policy level can be explicitly controlled as well. Clearly, many operational problems can be
addressed in this framework, depending on the configuration that the government assigns to
the function f. We will investigate some applications in Sect. 6.

In the sequel we assume the following hypotheses.
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Assumption 2.1 The following assumptions are required in the sequel:

e r: R — (0, 400), i.e. the interest rate on debt, is such that 7(z) < R Vz € R for a given
constant R > 0;

e i, i.e. the surplus (or deficit)-to-debt ratio at time ¢ > 0, takes values in a compact
set [—Up, Uz], where U; > 0 denotes the maximum allowed deficit-to-debt ratio and
U, > 0 is the maximum surplus-to-debt;

e g: R x [-Uj, U] — R, which represents the GDP growth rate, is bounded by

g1 <gzu)<g Vzu eRx[-U,U], (2.5)
for some suitable constants g1 < 0 < g>.

Example 2.1 We consider the case where the fiscal policy has a linear impact on the GDP
growth rate, precisely
8z, u) = go(z) —a(u , (2.6)

with go: R — R, «: R — (0, +00) measurable and bounded functions. The process
{80(Z))}i>0 is the GDP growth rate when no intervention is considered and depends on
the environment stochastic factor Z. Any positive intervention u#, > 0 leads to a reduction
of the GDP growth rate g(Z%, u;). Conversely, any negative intervention u; < 0 leads
to an increase of the GDP growth rate g(Zf, u;). Both the effects are modulated by the
environment stochastic factor Z via the coefficient «(Z7). A simplified model can be obtained
with ¢(z) = a # 1 Vz € R, that is

g(z,u) =go(z) —au . 2.7)
In this special case, Eq. (2.3) reduces to
axit = X"r(Z]) — go(ZF) — (1 —a)u)dt + o dW ],  Xp' =x. (2.8)

Clearly, 0 < o < 1 means that the effect of the government fiscal policy with u; > 0
(surplus) leads to a reduction of the instantaneous debt-to-GDP growth rate, while o > 1
leads to a reduction of the instantaneous debt-to-GDP growth rate when u; < 0 (deficit).
This occurs because, for 0 < o < 1, the government fiscal policy has a smaller effect on the
GDP growth rate w.r.t. the debt growth rate (see the first equation in (2.2)), while for & > 1
the fiscal policy has a larger effect on the GDP growth rate than on debt growth rate.

Remark 2.1 Let us observe that the SDE (2.3) admits an explicit solution:
X = xef(;(r(z§)_g(25’“f)_“f)d‘y_%(’z’ef’w’ vVt >0, P—a.s.. 2.9

Clearly, X;"* > 0Vt > 0 for any admissible strategy. Moreover, by Assumption 2.1, for any
m > 0 we have that

—m(s _mgs2
xMe m(g2+Uz)te 50 t+mo W

< (X;,t,x)m < xmem(R—g’]+U|)t€—%azt+maW, Vi>0 P—as.
from which we get this estimation:
E[(X*)"] < x™en! ¥t >0, (2.10)

where
2

)\mim(R—gl-i-Ul)-i-m(m—l)%. 2.11)
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Remark 2.2 'We can show that the condition r(z) — g(z,0) > G Vz € R, for some constant
G > 0, implies an explosive debt-to-GDP ratio when no intervention is considered. Indeed,
by Eq. (2.9) we have that

X?,x _ xef(;(r(Zf)fg(Z_f,O))dsef%athrUW, > xeG’M, (2.12)

where M; = e_%‘fzt Wi denotes the well known exponential martingale with E[M;] = 1
Vt > 0. Hence

lim E[X"*]> lim xe% = +o0,
t—+400 —>+00

whichimplies lim;_, ;oo X ?’x = 400 P—a.s.. However, when r and g are constant functions,
the debt-to-GDP explodes if r — g > 0, which is a popular result in economics literature.

An important feature for a country is to apply fiscal policies which are sustainable. An
explosive debt-to-GDP ratio is not a problem for a country if the discounted debt-to-GDP
ratio w.r.t. the interest rate on debt converges to 0. The following definition is standard in
Economics (see e.g. [15]).

Definition 2.2 A fiscal policy u is called sustainable if it realizes

lim e~ for@dsxux —o  p_gs. (2.13)

t—+00
see e.g. [5].
Remark 2.3 The bounds U;, i = 1,2, depend by structural economic and political char-
acteristics of the country, in general. It seems reasonable to choose the maximum level of
deficit-to-debt and surplus-to-debt, U;, i = 1,2, respectively, by imposing that the fiscal
policies identically equal to these maximum levels (i.e. u,l = —U; and u,2 =U, ¥Vt > 0)
turn out to be sustainable for the country, i.e.

lim ¢ Jor@Ddsx=Unx _ o fim e lr@dsxlx _ g p_g5..  (2.14)
11— 400 1—+00

For instance, in case of linear GDP growth rate as in (2.6), we get that
Ele~ I r(zg)dsX;UI,x] _ xE[e—fot(go(Zf)—Ul(lfoz))dth]
and
Efe~Jor(Zds xUrx) _ yRe= Jo (@0 (ZD+Ua(1=a))ds g |
(here we recall that M, = e_%"z’*‘gwf). Letg, = min;cpr go(z) we get

E[e’fé r(zg)dth—Ul,x] < e~ &~ U=

’

E[e™ I r(Z§)dsXIU2,x] < ye~&tU2(1-a)t
which imply that if U; and U, satisty
U1 —a) <8y Usr(a — 1) <&~

both the fiscal policies ul1 = —U; Vt > 0and u,2 = U, Vt > 0 are sustainable. The economic
interpretation is clear: when the maximum deficit-to-debt positive impact on GDP growth is
greater than the effect on debt, then —U] is sustainable. Similarly, when the negative effect of
the maximum surplus-to-debt on GDP is surpassed by the positive effect on debt reduction,
then U, becomes sustainable.

@ Springer



Mathematics and Financial Economics

We impose some assumptions on the cost function in Eq. (2.4).

Assumption 2.2 We assume that

e f is nonnegative;
e 3C > 0 and m > 0 such that

fl,z,u) <CA+x")  VY(x,z,u) € (0,400) x R x [-Uy, Ua],
e A > Ay (see Eq. (2.11)).

As announced, the government problem can be formalized in this way:

v(x,z) = inzf4 J(x,z,u), (x,2) € (0,400) xR. (2.15)
ue

Proposition 2.1 Every admissible strategy u € U is such that J(x, z,u) < 400, Y(x, 7) €
0, +00) x R.

Proof Under Assumptions 2.1 and 2.2 and recalling (2.10), we get that Vu € U, and (x, z) €
0, +00) x R

+00
J(x,z,u)Z]E[/ e*“f(X?’x,Zf,ux)dt]
0

+00 +oo
< CE[ / e M (XY dr + / e M dt]
0 0

+
Cx™ / = ePm =Mt g 4 ¢
0 A

IA

Cx™ C
= — . 2.16
P + S < +oo (2.16)

3 Properties of the value function

In this section we explore some properties of the value function.

Proposition 3.1 The value function given in (2.15) satisfies the following properties:

e v(x,z) >0V(x,z) € (0,400) x R;
e IM > Osuchthatv(x,z) < M1+ x"™) V(x,z) € (0, +00) x R.

If in addition 3C > 0 such that f(x,z,0) < Cx™ V(x,z) € (0, +00) X R, then
e 3IM > 0 such that v(x,z) < Mx™ V(x,z) € (0, +00) x R;
e v(0T,2) =0Vz e R

Proof Using Assumption 2.2, we easily obtain that v is nonnegative. Now manipulating Eq.
(2.16) we obtain that Vu € U, and (x, z) € (0, +00) x R

C A—Anm
J(x,z,u) < "
(xzu)_k_km<x + 5 )

IA

I +x™)
T
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hence v(x,z) < M(1 +x")V(x,z) € (0, +00) x R with M = X_L}\m Now we assume that
fx,z,0) < Cx™ V(x,z) € (0, +00) x R. Then

v(x,2) < J(x,2,0) < Mx™
choosing M= ﬁ (by imitation of the proof of Proposition 2.1). This in turn implies that
0<w(x,z) <Mx™ V(x,z) € (0,400) xR = v(0",2)=0 VzeR.

[m}

Proposition 3.2 Suppose that f is increasing in x € (0, 400). Then v is increasing in x > 0,
ie.0<x <x' =vx,z) <vx,z)VzeR

Proof Let us take 0 < x < x’. By Eq. (2.9) we see that Vu € U, X;"* < X;"x, vt >0
P — a.s.. Using the monotonicity of f we get that

+00 +00 ,
E[/ e M f(XPY, 78, u,)dt] < E[/ eMFXIT, 72, ut)dt] VieRuel.
0 0

Taking the infimum over U/ of both sides, we obtain our statement. O
The following proposition is also useful when infinite horizon problems are studied.

Proposition 3.3 This result hold true, Yu € U, and (x, z) € (0, +00) x R
lim e EX;*, 2)]1=0.

T—+o00
Proof Using Proposition 3.1 and Eq. (2.10) we find that
e MEXT, 9] < e MM+ E[(XF)™)
<e*TMA +xme Ty .

Taking T — +00, this quantity converges to 0 since A > A,,. O

Proposition 3.4 Assume that f is independent of u € [—Uj, Uz], convex in x > 0 and g is
continuous in u € [—Uy, Ua] uniformly in 7 € R. Then the value function in (2.15) is convex
inx € (0, 4+00).

Proof Letustakez € R, x,x’ > 0,u!, u? € U and k € [0, 1]. Defining x; = kx + (1 —k)x/,
1

we will show that there exists an admissible strategy u € U such that X;"** = kX, * + (1 —

k)X;‘Z’X/ solves Eq. (2.3). Precisely, we wish to find # € U/ such that

X (ZF) — g(ZF, ug) — ug) dt + o dWy]
= kX[ (Z5) — g(ZF ul) —ulydr + o dW,]
b (=X [(Z7) — g(ZF, ud) — ud)di + o dW,] .
In other words, u# € U must satisfy
kXS (1= X ) (g (ZE ) +ur)
— kX (g(ZE ul) +ul) + (= X (g(ZF )+ ud)
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kX“ M (g(ZF u}) + u] )+(1—k)X” "(g(ZZ, 2)Jruz)
kX“ x—i—(l—k)X

e(Z: ) +u =

Clearly, when g is null or linear we can explicitly calculate u, see e.g. [18, Section 3.6]. In
our case we notice that, denoting g(z, u) = g(z, u) + u, the equation above reduces to

“ 82 u) )+(l—k)X” ez, 2)
kXU 41 —k)X;‘ o

é;(zz, up) =

This is a convex combination, hence g(Z7, u,) falls between g(Z?, utl) and g(Z7, utz). Since
g is continuous in u € [—Uy, U], uniformly in z € R, we can find an F-predictable,
[—U1, Uz]-valued process u = {u;};>0 satisfying the equation above and it turns out to be
admissible.

Hence X;"** is a public debt process starting from x; with control u. The convexity of
f(x, z) w.r.t. the first variable x € R implies that

PO, Z8) = FRXE 4 (=X, 78
< kfXUNZH A+ A=k XY 25 Vi =0,P—as.
so that
v, 2) < kI, zul) + (L= Iz, u?)
Since this is true for any ul, u? € U, we can conclude that
v(xg,2) < kv(x,z) + (1 —kv, 7).

[m}

Remark 3.1 Combining Propositions 3.2 and 3.4, when f is increasing and convex in x > 0,
independent of u, and g is continuousinu € [—Uj, U] uniformly in z € R, the value function
turns out to be strictly increasing and convex inx > 0, with right and left derivatives satisfying
o= (x,2)>0V(x,2) € (0,400) xR

Proposition 3.5 Let us assume the following hypotheses:

e bz and o7 are Lipschitz continuous functions on z € R;
e [ is continuous in (x, z) € (0, +00) x R, uniformly in u € [-Uy, U],
e r is continuous inz € R;

e g is continuous in z € R, uniformly in u € [-Uy, U;].

Then the value function is continuous in (x, z7) € (0, +00) x R.

Proof Let us denote by (X%, Z%) = {(X;""%, ZF)}+>0 the solution to the system of Egs.
(2.1) and (2.3) with initial data (x, z) € (0, 4+00) x R. By classical results on SDE, the
process Z* depends continuously on the initial data z € R, moreover by (2.9) we have that
forany u e U

X;‘xz—xefo(r(z) 8(Z,us)—us) ds= 3% o W, Vt>0,P—a.s. .
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Let {(xx, zn)}n>0 be any sequence in (0, +00) x R converging to (x, z) € (0, +00) x R as
n — 400, then Zf” — ZFVt > 0,asn — 400 and by the dominated convergence theorem
we have that V¢ > 0

X x5 uniformly onu € U , as n — 400
and
J(xXp, zp,u) = J(x,z,u) uniformlyonu e U ,as n - 400,

which finally implies continuity of v(x, z) = inf, ¢y J(x, z, 1) in (x, 2) € (0, +00) x R. O

4 Characterization of the value function

In this section we aim to characterize the value function v given in Eq. (2.15). Precisely, we
prove that it is a viscosity solution of the Hamilton-Jacobi-Bellman equation associated to
our problem (see Eq. (4.2) below). To obtain this result only the continuity of v is required.
If, in addition, the HJB equation admits a classical solution, then it turns out to be the value
function. In this case v will satisfy some additional regularity conditions.

We begin finding the HIB equation associated to our problem.

Remark 4.1 For any (x, z) € (0, +00) x R and any u € [—Uj, U] the Markov generator of
(X", Z) is given by the following differential operator !:

u _ _ L 1 220%
Lip(x.2) = x[r@@) — g u) —ul=>(x.2) + Jo7x o5 (x. 2)
%9 z
+poxoz(z) (x,2) + L@ (x,2) 4.1
0x0z

where ¢: (0, +00) x R — R is a function on C%2((0, +00) x R) and £Z denotes the
operator

2
LPp(x,2) = bz(z)Z—f(x, 2) + %oz(z)z%’(x, 7).

The value function in Eq. (2.15), if sufficiently regular, is expected to solve the HIB

equation, which is given by
inf  {L"(x,z)+ f(x,z,u) — Av(x,2)} =0. 4.2)
uel[—Uy,Us]

Before stating the main result, we briefly recall the definition of viscosity solution to Eq.
(4.2). Let us notice that, in general, one would require that a function w is locally bounded
in order to be the solution of a PDE in viscosity sense (see for instance [18, Chapter 4]).
However, under the hypotheses of Proposition 3.5 we know that v given in Eq. (2.15) is
continuous, hence we can directly refer to the special case of continuous functions.

Definition 4.1 Let w: (0, +00) x R — [0, +00) be continuous. We say that
e w is a viscosity subsolution of Eq. (4.2) if

inf  (L'(X,2)+ f(x,Z,u) —re(X,2)} =0, 4.3)
—U1,Uz]

ue(

! Thisis a simple application of Itd’s formula.
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for all (x,7) € (0, +00) x R and for all ¢ € C>2((0, +00) x R) such that (%, 7) is a
maximum point of w — @;
e w is a viscosity supersolution of Eq. (4.2) if
inf  {LY%(,2) + f(X,Z,u) —2p(X,2)} <0, 4.4)
ue[-U,,02]
for all (x,z) € (0,400) x R and for all ¢ € C22((0, +00) x R) such that (%, 7) is a
minimum point of w — ¢;
e w is a viscosity solution of Eq. (4.2) if it is a viscosity subsolution and a supersolution.

Theorem 4.1 Under the hypotheses of Proposition 3.5, the value function v given in Egq.
(2.15) is a viscosity solution of the HIB Eq. (4.2).

Proof See Appendix A. O

Remark 4.2 The uniqueness of viscosity solutions received a lot of interest in the PDE liter-
ature. The reader can refer to [18] (especially Sections 4.4.1 and 4.4.2) and the references
therein for PDEs arising in stochastic control problems. Moreover, under suitable conditions
on the PDE coefficients and the cost function, one should be able to prove additional reg-
ularity properties of the value function, such as C> with respect to x, see for instance [18,
Theorem 4.5.6]. However, these aspects are beyond our focus. Instead, we make use of a
verification argument.

Now we provide a Verification Theorem based on classical solutions to the HIB Eq. (4.2).

Theorem4.2 Let w: (0, +00) x R — [0, 400) be a function in C%2((0, +00) x R) and
suppose that there exists a constant C1 > 0 such that

lw(x,z)| < Ci(1+|xI™)  V(x,2) € (0,4+00) xR.
I

inf  {L"w(x,2)+ f(x,z,u) —Aw(x,2)} >0  V(x,z) € (0,+00) xR, (4.5)
ue[—Uy,Us]

then w(x, z) < v(x, z) Y(x, z2) € (0, +00) x R.

Now suppose that there exists a [— U1, Up]-valued measurable function u*(x, z) such that

inf  {L"w(x,z) + f(x,z,u) — Aw(x, 2)}

ue[-U1.Uz]

=L"w(x, )+ fx, z,u*(x,2)) —Aw(x,z) =0 V(x,z) € (0,+00) x R.(4.6)

Then w(x, z) = v(x, z) Y(x,2) € (0, +00) x R and u* = {u*(X;‘*’x, ZH)}=0 is an optimal
(Markovian) control.

Proof Let w € C>%((0, +00) x R). Let us introduce a sequence of stopping times defined
by

12 ) a 2
rniinf{IEOI/ 2| 2 (xux 7o x Y| ds > n)
0 ax
! ow 2
/\inf{t20|/ e a—(XS”"‘,Zﬁ)aZ(Zﬁ) ds>n}, neN.
0 Z
(4.7)
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At

Applying Itd’s formula to e w (X", Z?) for any arbitrary u € U we get

—AT ATy u,x 4
e w(XT/\I,,’ ZT/\‘L',,)

T Aty
=w(x,z) +/0 e ML w(XY, ZF) — aw(XPY, Z)]dt
N7
n 9
+/ e*“a—w(x,“*", ZHo X" dw,
0 X

T Aty dw
+/ e*“a—(x,”’x, ZHo7(Z5) dWE .
0 Z

The last integrals are real martingales by definition of t, (see Eq. (4.7)), hence taking the
expectation and using the inequality (4.5) gives

TAT,?

T ATy,
Ele " w(X7r, , Z5, )] = wix, 2) _E[/o e M f(XIY, 78, u,)dl] .

By the growth condition on w and Proposition 2.1 we can apply the dominated convergence
theorem, so that letting n — 400 gives 2

T
E[e—”mx?’x,Zf)]zw(x,z>—E[ f e‘*’f(X?*X,Zﬁuz)dt] Vuel.
0

Recalling Eq. (2.10), since
lim sup e T E[w (X, Z{)] < Cy limsupe *TE[1 4 (X}*)"]
T—+o00 T—+o00
<0 V(x,20e0,40)xR,YVuel,

we can send 7 — 400 to obtain that
400
w(x, z) §]E[/ e_)"f(X,"’x,Zf,u,)dt:| Yuel,
0
which implies the first inequality w(x, z) < v(x, z) V(x, z) € (0, +00) x R.

Now we can repeat the same argument choosing the control {u} = u*(X L Z)) 0,
obtaining the equality

T
Ele M w(Xy ", ZH)] = w(x,2) — E[/ e M X, ZE, “?)df] :
0
Using the fact that
liminf e *TE[w(X% ", Z)] >0 V(x,2) € (0, 400) x R,
T—+00

sending T — 400 we deduce
+o0 N N
w(x,z) = E[/ M FX N ZE (X Z)) dt} ,
0

which shows that w(x, z) = v(x, z) Y(x, z) € (0, 400) x R and that u* is an optimal control.
O

2 Notice that 7, — 00 because the integrand functions in Eq. (4.7) are continuous by our assumptions.
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5 The optimal fiscal policy

In view of the Verification Theorem in this section we aim at investigating the optimal
candidate fiscal policy and its properties. Putting the expression (4.1) into the HIB Eq. (4.2)
and gathering the terms which depend on u gives

e[_i?]f ]{ x[—g(z, u)—u]—(x 20+ fx,z, u)}+xr(z) (x 2)
2
+% i Z(x,z)+poxaz(z)aigz(x,z) e-b

+£Zv(x,z) —Av(x,z) =0.

We look for a minimizer of the following function:

H(x,z,u) = —x[g(z, M)-Ht] (X D+ fxzu) . (5.2)

Our candidate optimal strategy is given through a function u™: (0, 4+00) xR — [—Uj, Us]
which solves the following minimization problem:

H(x,z,u*(x,z)) = min H(x,z,u). (5.3)
Uy,Uz]

ue[—

To this end, we make use of the following assumptions.

Assumption 5.1 We assume that

e g is continuous and differentiable in u € [-Uy, Us];
e f is continuous and differentiable in u € [-Uy, Us];
e VE C2’2((0, +00) x R) is a classical solution of Eq. (5.1).

We first state the existence and uniqueness of the minimizer of problem (5.3), then we
give a characterization of it.

Proposition 5.1 The problem (5.3) admits a minimizer u*(x, z) € [—Uy, Uz] forany (x, z) €
(0, 400) x R. Moreover, if H is strictly convex, the minimizer is also unique.

Proof The existence of a minimizer immediately follows by the compactness of the interval
[-Ui, U] and the Weierstrass Theorem. Moreover, the strictly convexity of H implies the
uniqueness of the minimizer by classical arguments. O

Proposition 5.2 Suppose that (x z,u) > 0,V(x,z,u)0,400) x R € [-U;, Uz]. Then
there exists a unique minimizer u*(x, ) for the problem (5.3). Moreover, u*(x, z) admits the
following expression:
u*(x,z)
U (x,2) € {(x,2) € (0,+00) xR | a L (x,z,=U1) > x5 (x, z)[i‘g(z,—Ul)-i-l]}
(x,2) € (0, 400) x R | & (x, 2, Up) < x2(x, [ %z, U2)+1]}

i(x,z) otherwise

=102 (x,2) €

where ui(x, z) denotes the solution to

xal(x,z)[aﬁ(z, u) + 1} = ﬂ(x,z, u) V(x,z) € (0,+o00) xR. (5.4)
0x ou ou
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Proof Existence and uniqueness of the minimizer are guaranteed by classical arguments,
since H is continuous and strictly convex in u € [—Uj, U,]. Observing that

87H( )_ﬂ( ) — al( )[%( )+1:| (5.5
o (2w = 2 () — o (x,2)| o (2 . :

we have only three cases.

1. If (x, 2) € (0, +00) x R are such that 22 (x, z, —U;) > 0, i.e.

af av ag
—x,z,-U) 2x—(x,29)|—( -U 1,
Sz —UD Zx o Z)[au(z D+1]

then we must have

oH oH
— &, zu) > —(x,z,-U) =0 Vuel[-U,Us],
ou ou
because of the convexity of H. Hence H is increasing on the whole interval [-Uj, U,]
and the minimizer turns out to be u*(x, z) = —Uj.

2. If (x, 2) € (0, +00) x R are such that 3% (x, z, U5) < 0, iLe.

af v
a—(x z, U2) <x8—(x Z)[ (z Uy +1],
then we have that

OH OH
— @, z,u) < —(x,z2,Uz) =0 Vue[-U, U],
Ju Ju

so that H is decreasing in u € [—Uy, U;] and therefore u*(x, z) = U, is the minimizer.

3. Finally, when ‘3’: (x,z,-U;) < 0O and 2 (x z, U;) > 0, since %—H is continuous in

u € [—Uy, Uy], there exists i (x, z) such that (x z,u(x,z)) = 0 (see Eq. (5.4)) and
this stationary point coincides with the mlmmlzer

5.1 Some special cases

In this section we investigate some cases of interest. Let us first establish a slightly general
result, when the cost function does not depend explicitly on u.

Proposition 5 3 Suppose that the cost function f does not depend on u, i.e. f(x,z,u) =
fx,2) and (x z,u) >0, V(x, z,u)(0, +00) x R € [-Uy, Ua]. Then the minimizer of
(5.3) is given by
~Ur (.2 € {(r,2) € 0 +00) xR 102 2(x, D[z ~U +1]]
WD =10 (o) e |2 € 0,400 xR0 < 2w o[ U +1]]

u(z) otherwise ,
(5.6)

where 1i(z) is the unique solution to

9
% uy=—1 VzeR. (5.7)
u
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Proof Observing that

oH av ag

— &, z,u) =—x—x, 2| —@uw+1]|, (5.8)
u ox u

PH o) ey = 0 (5.9)
—(x,z,u) = —x—(x,2)—(,u) >0, .
ou? ‘ dx < ou? <

hence g—;(x, 7) # 0, V(x,z) € (0,400) x R and the proof follows the same lines of
Proposition 5.2. O

The result of Proposition 5.3 is interesting. When the fiscal policy has a nonlinear impact
on GDP growth, the government will select the primary surplus-to-debt in order that the
effect on GDP matches that on debt, in general (see Eq. (5.7)). When this is not possible,
the extreme policies are chosen. The choice between —U; and U, and the corresponding
economic interpretation crucially depend on the government objective, see the comments
below Proposition 5.5.

In the case of Example 2.1, that is when the fiscal policy has a linear impact on the
GDP growth rate, (see Eq. (2.6)), Proposition 5.3 does not apply, because the condition
%ZTIZ(x,z, u) > 0, V(x,z,u) € (0,400) x R x [-Uy, U] is not fulfilled. In the next
proposition we discuss a tailor-made result for this special case.

Proposition 5.4 Suppose that the cost function f does not depend on u, i.e. f(x,z,u) =
f(x, z) and let the GDP growth rate given by

g(z,u) = go(z) —a(u ,
with go: R - Rand a(z) > 0, a(z) # 1, Vz € R. Then the minimizer of (5.3) is given by

—Up (x,2) € {(x,2) € (0, +00) x R | #(x, 2)(a(z) — 1) = 0]}

ax

A 5.10
Uz (x,z)e{(x,z)e(0,+oo)xR|g—;(x,z)(a(z)—l)<0]}.( )

u*(x,z) = {

Proof The statement follows by observing that H is a linear function on u € [-Uj, Us]

d
H(x,z,u) = —x[go(z) + (1 — a(z))uli(x, 2D+ fx,2).
m]

In the next proposition we discuss the case where the cost function f(x, z) does not depend
on u and it is increasing in x € (0, +00). This situation refers to the case where debt-to-
GDP generates a disutility for the government of the country and thus it aims to reduce the
debt-to-GDP ratio. We refer to this case as the debt reduction problem, see Sect. 6.1.

Proposition 5.5 Suppose that the cost function f does not depend on u, i.e. f(x,z,u) =
f(x,2), with f(x,z) increasing in x € (0, +00). Assuming z%(x’ 7) # 0 forany (x,z7) €

0, +00) x R and gj—t‘g(z, u) < 0 for any (z,u) € R x [-Uy, Uz], the unique minimizer of
(5.3) is given by

u () =-Uvi(@) AU,

where 1i(z) is the unique solution to

d
—g(z,u) =—1, VzeR.
ou
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Precisely, u*(z) admits the following structure:

—U; zelzeR| %, U1)<—1]
W@ =10, ze zeR|"g(z,U2>>_1} (5.11)

u(z) otherwise .

Proof By Proposition 3.2 we have that v(x, z) is increasing in x € (0, +o00) for any z € R,
hence < "” T(x,2) 2 0,Vz € JR which together with the assumptions d” (x,z) # 0, for any

(x,2) € (0, 4+00) x R and W(Z’ u) < 0forany (z,u) € R x [-Uy, Up] imply

H
887()6,1,14)= (x z) 2(z u) >0 VY(x,z,u) € (0,400) x R x [-Uy, U] .

Recalling that

oH av ag
—x,z,u) = —x—x, )| =@ u +1],
ou 0x ou

the first order condition reads as if and only if

dg
7(Za u) + 1 = 0 3
ou
and the proof follows the same lines of Proposition 5.2. O

The previous result has an intermediate case as in Proposition 5.3, with the same inter-

pretation. However, as announced, now we can provide a deeper insights on extreme fiscal
policies.
The maximum surplus-to-debt will be applied only if the beneficial impact on debt more than
compensates the negative effect on GDP growth. Indeed, the marginal impact of U, on the
GDP growth is measured by g—ﬁ (z, U»), which is negative, while the effect on debt is unitary.
When the debt can be decreased more than the GDP growth by means of the maximum
surplus-to-debt, U, is optimal. Similarly, the maximum deficit-to-debt is chosen when the
positive effect on GDP exceeds the negative effect on debt.

Proposition 5.5 also highlights a relevant aspect of our model: the cost-benefit trade-off is
implicit in the debt-to-GDP equation, because our model allows for effects of surplus/deficit
on GDP. Hence the presence of u in the cost functional is not needed from the mathematical
point of view.

In the case of Example 2.1, that is when the fiscal policy has a linear impact on the GDP
growth rate, (see Eq. (2.6)) we have an analogous result.

Proposition 5.6 Let the GDP growth rate given by

g(z,u) = go(2) —a(u ,

with go: R — Rand a(z) > 0, a(z) # 1, Yz € R. Then, for any running cost function
f(x, z) increasing in x € (0, 400) Yz € R and assuming 3” (x,2) #0V(x, z) € (0, +00) x
R, the unique minimizer of (5.3) is given by

() = {—Ul ze{zeR|a(z) > 1} 5.12)

U, zef{zeR|alx) <1}.
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Proof Observing that

d
H(x,z,u) = —x[go(z) + (1 — cx(z))u]%(x, )+ fx,2),

we have only two cases.
1. If z € {z e R| a(z) > 1} then H is increasing in u € [—Uj, U;] thus the minimizer is
u*(z) = =Uy.
2. Ifze{z€R |0 < a(z) < 1}then H is decreasing inu € [—Uj, U,] thus the minimizer
isu*(z) = Us.
[m}

In the semplified model of Eq. (2.7), thatis when «(z) = « Vz € R, we have the following
result.

Corollary 5.1 Let the GDP growth rate be given by
8z, u) = go(z) —au,

with go: R — Rand o > 0, « # 1. Then for any running cost function f(x, z) increasing
inx € (0,400) Vz € R, assuming %(x, z) # 0 for any (x, z) € (0, +00) x R, the unique
minimizer of (5.3) is constant and given by

Wy =Ur ifa>1
U if0<a<l.
Proof This is a simple application of Proposition 5.6. O
Remark 5.1 If « > 1 we get that the candidate optimal strategy is u™ = —U]j, that is the

optimal choice for the government is to generate the maximum deficit-to-debt. Indeed, the
beneficial effect on GDP exceeds the debt increase. By Remark 2.3 this strategy is sustainable
if
min
Uy > — z€R gO(Z).
a—1
It would be natural to assume that min_cr go(z) < 0, and hence the right hand side is positive.
Then u* = —U; would be sustainable if the government can produce enough deficit, which
is usually the case.
Conversely, if 0 < a < 1, the candidate optimal strategy is u™ = Uy, that is the maximum
surplus-to-debt. By Remark 2.3 this strategy is sustainable if

U, > _minze]R 80(2)

- '
If min,cr go(z) < 0, the optimal policy u™ = U, will be sustainable only if the govern-
ment has the possibility of increasing taxes and reducing public spending more than a given
threshold. In some cases, this could be a challenging task for the government.

Clearly, when min.cr go(z) > 0, the optimal strategy is always sustainable.

Remark 5.2 Propositions 5.5, 5.6 and Corollary 5.1 show that in the case where f(x, z, u) =
f(x, z) isincreasing in x € (0, +00),Vz € R, the minimizer of (5.3) does not depend on the
form of the cost function but only on the function g(z, #) which describes the GDP growth
rate and the effect of the government policy on it. Thus, given the unitary impact of the fiscal
policy on the public debt, the debt-GDP reduction is driven by the effect on the GDP growth
rate, which should be the focus of the government attention.
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6 Explicit solutions for some cases of interest

In this section we discuss two examples which can be solved applying the Verification Theo-
rem. In the first example we have in mind a country with debt problems, aiming to reduce its
debt-to-GDP ratio. In the second application we discuss the debt smoothing problem, that is,
the government wishes to smooth the debt-to-GDP by flattening its deviation from a given
threshold. In the first case the running cost is increasing w.r.t. x € (0, +00), while in the
second case we do not require a monotonic condition.

6.1 The debt reduction problem

We assume that the cost function is given by
fx,2)=C@x", m>2, (6.1)

where C: R — (0, +00) is a bounded function. This disutility function generalizes the
quadratic function that is widely used in Economics. The parameter m represents the aversion
of the government towards holding debt and the importance of debt for the government is
modulated by the function C(z), which is a function of the values taken by the environment
stochastic factor Z.

For instance, if Z is an indicator of macroeconomic conditions and higher values corre-
spond to better conditions, assuming that C is increasing enables the government to relax
fiscal rules and debt reduction goals when a massive government intervention is needed, as
during economic crises. That is, C(z) allows for countercyclical policies.

Denoting by

G(2) = . _irlljflyUZJ{—(g(z, u) +u)},

Sl

the HIB Eq. (5.1) reads as

6@ +r@r w0+ fer o+t
2)+r(z xaxx,z fx,z 2oxaxzx,z

9% v
+ poxoz(z) (x,2) +bz(x) —(x,2)
0x0z7 0z
1 2821)
+ EGZ(Z) 87z2(x’ 7)) —Av(x,z) =0.

With the ansatz v(x, z) = ¢ (z)x™ this equation reduces to the following ordinary differential
equation (ODE)

1
50§<z)¢”(z> + (b2(2) + pooz(z)m)d' (z)
) (6.2)

— = (G +r@)m - %m(m —Dlp(x)+Cz)=0.

Proposition 6.1 Ler us assume the following hypotheses:

e bz(z) and o7(z) are Lipschitz continuous functions;

e r(z) is continuous;

e g(z,u) is continuous in 7 € R, uniformly inu € [-Uy, U],
e C(z) is bounded and continuous.
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Then there exists a bounded classical solution ¢ € C*(R) to the ODE (6.2). Moreover; the
following Feynman-Kac representation holds:

Y00 oo -
62 =E |:/ e Jo x(Z;)dsC(ZtZ)dt] Vz € R, (6.3)
0

where ’X(z) =A—(G(@)+r@)m— %zm(m — 1) and {ff},zo denotes the solution to the
SDE:

~

dZi =b(Z)ydt + oz(Z)aW, . Zi=zeR, 6.4)
with W = {Wt}zzo a standard Brownian motion and E(z) =bz(z) + pooz(z)m.

Proof Since the coefficients of (6.2) are continuous functions and C(z) is bounded, from
classical results on linear ODEs there exists a bounded solution ¢ € C2(R). Let us define
the process

! ST 7z ~ 15z ~
Y, = f e I MED (7 4 e~ M EDds (77 1 > 0, (6.5)
0

where {Zf}tzo is the unique solution to SDE (6.4). By It&’s formula and Eq. (6.2), we get
that

t 1 o o ~ o o ~ o~ o ~
V=0 + [ (30300 @+ B 7 =K Ze 7D +CZ))ds 66
4 S Y Sz ~ ~
+ /0 e I HEDD 4 (701 (ZD)d W (6.7)
f S oupe ~ ~
— () + fo o BTG (T2 57 (ZdW, | 68)

Let us introduce a sequence of stopping times {7, },>1 as follows
T, = inf{s > 0| |Z — z| > n},

then V¢ > 0 we get that
tAT, = - -
E [ /0 e o “Zﬁds(¢’(zf))20§(zf)dt} <00 VneN, (6.9)

because ¢’ and o are continuous functions and X(z) >A—Am > 0Vz € R(see Eq. (2.11)).
As a consequence, {¥;r, }s>0 is a martingale, hence recalling (6.5) for any n € N

Aty STz ~ ™7y, ~
#(z) =E [f e HZVVC(ZYds + e Io" MZDds g (Z5 )] VT > 0. (6.10)
0 n
Letting n — +o00 and applying the dominated convergence theorem we have that
T o N T~ -
#(z) =E |:/ e Jo )‘(Zﬁ)d“C(ZSZ)dS + e*fol A(Z.v)ds¢(Zf)i| VYT >0. (6.11)
0

Finally sending T — 400 and observing that

lim Efeh "ZZ1 =0,

T—+o00

because ¢ is bounded, we get Eq. (6.3). O
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Remark 6.1 When the Brownian motions W2 and W driving the dynamics of the environ-
mental stochastic factor Z and the debt-to-GDP process X are uncorrelated (i.e. p = 0), Eq.
(6.3) reduces to

+OO I z
¢Q)=E[/ fﬁuaM%Xﬁﬁ%]VZeR. (6.12)
0

By applying Proposition 6.1 and the Verification Theorem 4.2 we solve the debt reduction
problem in our framework.

Proposition 6.2 Under the assumptions of Proposition 6.1, the value function is v(x, z) =
¢ (z)x™ € CZ%2((0, 400) x R), where ¢ given in Eq. (6.3) is a bounded classical solution to
the ODE (6.2). Moreover, assuming 227‘5(1, u) <0V(z,u) € Rx[-Uy, Us] (or g satisfying
(2.6)), we have that u* = {u*(Z7)},>0 with u*(z) given in (5.11) (or (5.12), respectively) is
an optimal strategy.

Proof First, let us observe that by Eq. (6.3) we get that ¢ is a strictly positive function. Then,
the statement follows by Proposition 6.1, Theorem 4.2 and Proposition 5.5 (or Proposition
5.6, respectively), observing that %(x’ 2) = (m—Dp@)x™ 1 > 0V(x,z) € (0, +00) x R.

O

We discuss in the next example the simplified case without the presence of the stochastic
factor.

Example 6.1 Let us assume r(z) = r, g(z,u) = gu), o0z =bz =0, C(z) = C > 0, hence
G(z) = G = infyue[—y;,u,){—(g(u) + u)} and the HIB reads as

%azxzv”(x) +(G+r)xv'(x)+Cx™ —rv(x) =0. (6.13)

It is easy to find an explicit solution to this equation and by the Verification Theorem 4.2
we get that the value function is given by v(x) = kx™, with
C

k= i >0.
)L—(G—i—r)m—jm(m—l)a2

As observed in Remark 5.2, the optimal strategy depends only on the form of the function
g(u). We discuss three cases below.

1. If g”(u) < 0 Yu € [—Uj, Us], then by Proposition 5.5 the optimal control is u* =
—U Vv i A Uy where i the unique solution to g’(u) = —1 and, precisely, it is given by

-U; if¢g'(=Up) < —1
w*=13U, ifg' Uy > —1 (6.14)
u otherwise .

2. In the case of (2.7), i.e. g(u) = go — au, the optimal strategy is given by

. |-u ifas1

= ) (6.15)
U, if0<a<l.

u

The considerations in Remark 5.1 apply and the optimal strategy is sustainable in some

circumstances: when o > 1if Uy > — 2% and when 0 < o < 1if Uy > — 5%,
3. If g(u) = go, that is the GDP growth rate is not influenced by the fiscal policy, then the
optimal strategy is u* = U, (the government applies the maximum level of surplus) and

it is sustainable if Uy > —go.

@ Springer



Mathematics and Financial Economics

6.2 Debt smoothing

In the previous section we assumed that a cost is associated to any increase of debt-to-GDP,
because the aim was to reduce debt. However, in some cases an increase of debt could be more
beneficial than its reduction. In [17] there is a noteworthy discussion of this topic, focusing
on the trade-off between lowering public debt and building public infrastructure. Clearly, the
latter should be the greater priority for countries with low debt and big infrastructure needs.
Also, there are some unclear cases with high debt, no plausible risk of fiscal distress and some
infrastructure needs. In these cases the optimal debt level is unclear and sometimes the benefit
from increasing debt could surpass the advantages of debt reduction. This is even more true
at the current juncture, given the very low level of real interest rates and the existence of
demand shortfalls.

Another reason for the government to not let the public debt fall down to zero is related
to the role of debt as savings absorber, see [11]. The government wishes to guarantee at any
time a given amount of bonds in order to absorb the private savings in the financial market.
Finally, it is well known that sudden and large shocks such as economic crises, wars or
pandemics might cause spikes of public debt. “In developed countries [...] the aim of debt
management was to smooth as much as possible the impact of such temporary expenditure
shocks that were initially financed by raising debt” (see [9]).

Motivated by these considerations, in this section we address the debt smoothing problem.
We assume that the government wishes to smooth the public debt-to-GDP by flattening its
deviation from a given threshold x > 0. Hence the cost is represented by the (quadratic)
distance between the current debt-to-GDP and the target debt-to-GDP x. Formally, we assume
that the cost function is given by

f)=(@x—x)?2. (6.16)

Recalling Proposition 3.1, we can derive the following properties of the value function
v(x, 2):

e v(x,z) >0,V(x,z) € (0,+00) x R;

o v(x.2) < 7 + £ ¥(x,2) € (0, +00) x R;

. 2
o lim, o+ v(x,2) < 5 VzeR

Moreover, assuming that g is continuous in u € [—U1, U2] uniformly in z € R, by Proposi-
tion 3.4, v(x, z) is convex w.r.t x € (0, +00) Vz € R.

In order to provide an explicit solution to the HIB equation we discuss the simpli-
fied case without the stochastic factor. Precisely, we assume oz = bz = 0,r(z) = r
and g(z,u) = g(u). Then we denote G| = minye—vu,,v,){—(gW) + u)} and G, =
maxye[—u,,u,)1—(g() 4+ u)}, thus the HIB (5.2) reads as

%azxzv”(x) + (G4 r)xv'(x) — )+ (x — )2 =0, (6.17)
for v/(x) > 0, and
%ozxzv”(x) +(Gr+r)xv'(x) —av(x) + (x —8)2 =0, (6.18)

for v/(x) < 0. Recalling that v’ is increasing (because v is convex), we conjecture that there
exists a threshold X > 0 such that v/(x) > 0 Vx > X and v'(x) < 0 Vx < X, so that we make
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the following ansatz:

ax> +bix +c1 +dix", ifx>%

v(x) = 6.19
) arxt+byx +cy +dox??, ifx <X. ( )
By substituting this expression in the Eqs. (6.17) and (6.18) above, we get that
1 2% fo
a; = y O = ——, ¢ = —, l:l,2, (6'20)
A=2(G;+r)—o? Gi+r—»A A
—[2(G -2 -V2(G — 022 + 4r02
yy = TG+ —0? 1= VIAG 4 1) — PP +dhe? 6.21)
202
—[2(G —o? 2(G — 022 + 4002
,, = Z2(G2 4 ) o]+\/2[§ 241 =P 4o’ 622
o

Condition (6.21) guarantees the quadratic growth, thatis v(x) < C(1 +x2)Vx € (0, +00),
while condition (6.22) implies that lim,_, o+ v(x) = XA—Z

We also conjecture that v is twice continuously differentiable. Then the three constants
d;,i = 1,2 and X can be found by taking the following conditions into account:
. v&H) =v(X);
2. VG =0vV(E);
3.0 =v'().
In view of (6.19) these equations read as:

L aiX? + biX + diX = X2 + boX 4+ X7,
2. 241X 4 by + yidixX" 7 = 240X + by + doyr X2 = 0;
3. 2a1 + yi(y1 — DA X2 = 2a5 + dayr(yr — DF272,

Conditions 2 and 3 are equivalent to

~ 21X +b
dy = dy (7) = -0 (6.23)
yixn=
nd 2a1 = ap) = (i = DQai +by)

dy=dy(®) = “H BN T (6.24)

y2(y2 — Dx72=

respectively. Then the equation of item 1 can be rewritten as
a1 X2+ 51X+ di D) = aF + bX + dry (D)X (6.25)

Clearly, we first need to compute X by solving numerically Eq. (6.25), then we obtain d; and
d, by Egs. (6.23) and (6.24), respectively.
Applying the Verification Theorem 4.2 we obtain the following result.

Proposition 6.3 Let a;, b, c;, vi, i = 1,2 given in Egs. (6.20) - (6.21) - (6.22), X € (0, +00)
solution to Eq. (6.25), and d| and d, two constants determined by (6.23) and (6.24), respec-
tively. Define

aix> +bix +c; +dix", ifx >%

) i _ (6.26)
arx= + byx +co +dox??, ifx <X .

wx) =
IfVx € (0, 400) w”(x) > 0and (i) g"(u) # 0Vu € [-Uy, Us), or (ii) g is given by
(2.7), then w is the value function (i.e. w = v) and u* = {u*(X;‘*)},Z() is an optimal strategy,

where the function u*(x) is given by:
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Case (i)
—U; xe{xe(0,+00) | 0> w'(x)(g'(—U1) + 1}
u*(x) = Uz xe{xe(0,+00) |0 =<wx)(g U+ D} (6.27)
i otherwise ,

where Ui is the unique solution to
gu)y=—-1 uel[-U,Ua].

Case (ii)
—U; x € {x € (0,+00) | w'(x)(e — 1) > 0}

Y=V xe e (0.400) | W) — 1) <0} .

(6.28)

Proof Tt is sufficient to show that all the conditions of the Verification Theorem 4.2 are
satisfied. First we prove that w is twice continuous differentiable, by construction we have
that w(xXT) = w(x™), w’GT) = w”(X7) and w' (X)) = 0. Let us observe that w'(x7) =
w’(XT) = 0 because w is twice differentiable on (0, +00). Since w’ is strictly increasing,
we have that w'(x) > 0 for x > ¥ and w'(x) < 0 for x < X. w solves the HIB Eq. (5.2)
and satisfies the quadratic growth condition by construction. Then the statement follows by
Propositions 5.3, 5.4 and the Verification Theorem 4.2. O

Remark 6.2 Let us observe that (6.28) reads as:

o forO0<u < 1:

U ifx >X%
Wy =12 "r=T (6.29)
-U; ifx <Xx;
o fora > 1
—U; ifx>%
W =1 0 TE=T (6.30)
U, ifx<Xx.

We can distinguish two cases. When the impact of fiscal policy on GDP growth is low (i.e.
0 < o < 1), the government applies the maximum surplus-to-debt, increasing taxes and
decreasing the public spending, as long as the current debt-to-GDP ratio is over the threshold
X. When X; is below X, the maximum deficit-to-debt is applied. This simple rule is reversed
when o > 1, that is when the fiscal policy is more effective on GDP growth than on debt.

In the sequel we perform some numerical simulations to further investigate the results of
Proposition 6.3. In particular, we refer to the case (ii), when the GDP growth rate takes the
form of Eq. (2.7), that is

g(z,u) =go —au .

We consider the parameters in Table 1 below as a reference scenario, unless otherwise spec-
ified.

The main task is to solve numerically (6.25). Then we can investigate how the result is
sensitive to the model parameters.

For instance, given the parameters as in Table 1, we can find a solution to Eq. (6.25), that
is ¥ = 0.6194, so that the value function is well defined and it is illustrated in Fig. 1. The
reader can easily notice that it is convex, as expected.
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Table 1 Simulation parameters

Parameter Value
r 0.01
£0 0.03
o 0.2

X 0.6
U =U; 1

o 0.9

A 5

0.08

0.07

0.06

0.05

0.04

0.03

0.02

0.01

0 I I I I I - 1 I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fig. 1 The value function given by Eq. (6.26)

Table 2 Comparison between

strong and weak economies Parameters Strong Economy Weak Economy
a=09 x =0.6194 x =0.6241
a =095 X =0.6052 X =0.5941
Uy =U;=038 x =0.6125 X = 0.6068
Uy =Up;=05 X =0.6052 X =0.5941

Recalling (2.12) we get that the uncontrolled debt-to-GDP ratio is given by

—on— 142
X?,x — xe(r 80— 750 )t+(TW1! t> 0

)

. . e 2
hence we call strong economy countries with parameters satisfying go + % > r and weak

economy when the opposite inequality holds, that is go + "72 < r (e.g. in [7] the same
definition is used).

In Table 2 we perform a comparison between countries with different economy parameters;
precisely, we consider the parameters r = 0.01, go = 0.03,0 = 0.2 corresponding to a
strong economy and r = 0.07, go = 0.015, 0 = 0.3 for a weak economy.

First, we noticed that the solution x is symmetric with respect to o« = 1, i.e. X forae = 0.9
and o = 0.95 is the same as for « = 1.1 and ¢ = 1.05, respectively. We can observe
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0.8

04 | N | " . n . " " A
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

t

Fig. 2 A simulation of the debt-to-GDP ratio (left y axis) with the corresponding optimal strategy (right y
axis). Here ¥ = 61.94% and x = 0.60%. The solid line represents the controlled process, while the dotted
line is the debt-to-GDP ratio without intervention

that when the effect of fiscal policy on GDP, which is measured by «, is closer to the
effect on debt, which is a unitary, then the threshold X decreases. In particular, for the weak
economy this phenomenon is more evident and X becomes lower than the target debt-to-GDP
X. Moreover, when the fiscal margin is reduced (U; and U, go from 1 to 0.8 and 0.5) we can
see that X decreases, becoming closer to x. Hence, when the fiscal policy is less effective, the
government should intervene even when minimal deviations from the target are observed.

To clarify the government behavior and give a deeper insight into Remark 6.2, we simulate
a trajectory of debt-to-GDP ratio with the corresponding optimal strategy.

Figure 2 illustrates a trajectory of the (optimally) controlled debt-to-GDP. Recall that
in this case 0 < o < 1, hence the optimal strategy follows Eq. (6.29). Let us recall that
here we have X = 61.94%, while our target is x = 60%. For instance, let us comment the
first two months as illustrated in the picture. Starting from a debt-to-GDP ratio of 70%, the
government applies the maximum surplus-to-debt U, according to the optimal strategy. We
observe the debt-to-GDP decreasing and after 51 days the debt-to-GDP hits the threshold X,
so that the maximum deficit-to-debt — U is applied. Then the debt-to-GDP increases again
and the government will stop spending when the threshold is hit again.

Conclusions

The present article introduces a new dynamic stochastic model for the debt-to-GDP ratio,
see Eq. (2.3), trying to fill the gap between the economic theory and the mathematical model
formulation. In particular, the expansionary/recessionary role of the fiscal policy on the GDP
were not fully recognized by some recent research papers, while this phenomenon is well
known in Economics. In this general framework, the Debt-to-GDP dynamics has an internal
trade-off in addition to that induced by the objective function.

Our results give many interesting insights on the government interventions for managing
public debt issues. When the cost function is independent of the fiscal policy u and the
surplus/deficit has a nonlinear impact on the GDP growth, the government will select the
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primary balance in order that the effect on GDP equals that on debt, as shown in Proposition
5.3. That is, the internal trade-off induced by the Debt-to-GDP dynamics prevails over the
cost function, if the latter does not explicitly depend on the fiscal policy.

However, in some circumstances the effect of the fiscal policy on GDP would not match
that on debt, because the room for maneuvre is limited, i.e. the interval [—Uj, Ua] does
not include the stationary point. In this case, the extreme policies (maximum deficit-to-debt
or maximum surplus-to-debt) are chosen. In particular, when the cost functional does not
depend on u« and it is also increasing in x (e.g. for debt reduction), we proved in Proposition
5.5 that the maximum surplus-to-debt U, is applied only when its marginal negative effect
on GDP is lower than the positive effect on debt reduction. Similarly, the maximum deficit-
to-debt is optimal when its marginal beneficial effect on GDP surpasses the negative effect
of increasing debt.

In Propositions 5.4 and 5.6 we show that when the effect of # on GDP is linear, a bang-bang
strategy is obtained.

In general, it turns out that the impact of the fiscal policy on GDP is crucial to determine
the optimal taxation/spending level and the corresponding optimal debt-to-GDP ratio. In
particular, depending on the macroeconomic conditions (described by Z in our model) and
the magnitude of the impact of the fiscal policy on GDP, the optimal debt management can
be achieved by deficit policies in some circumstances. This is still true when the government
goal is debt reduction, as shown in Sect. 6.1.

Since public debt management is a large and urgent topic, we expected an increasing inter-
est on this field in the next years. In particular, we recognize at least two different directions
for future researches. On the one hand, the model formulation could be further improved,
taking into account the presence of more agents, e.g. a Central Bank, other countries, finan-
cial institutions or investors. On the other, starting from the model presented in this article,
the study of specific debt management problems is of great interest. As a matter of fact, any
specific form of the functional cost has peculiar properties and it can be associated to a spe-
cific economic problem, like those investigated in the last section of this paper in simplified
frameworks.

Acknowledgements The authors are grateful to two anonymous referees, whose suggestions were helpful
and lead to an improved version of the original manuscript.

Funding The authors work has been partially supported by the Project INdJAM-GNAMPA, number: U-
UFMBAZ-2020-000791.

Availability of data and material Not applicable.

Code Availability Not applicable.

Declarations

Conflicts of interest/Competing interests The authors declare no conflict of interest.
Ethics approval Not applicable.
Consent to participate Not applicable.

Consent for publication Not applicable.

@ Springer



Mathematics and Financial Economics

A Proofs of secondary results

Proof of Theorem 4.1 We adapt the proof of [18, Chapter 4.3] to our framework. Proposition
3.5 ensures the continuity of v. Let (x,z) € (0, 4+00) x R and take a test function ¢ €
€%2((0, +00) x R) such that

0=@w-9)x 2= (e +OO)X]R(U —9)x.2).

Let us observe that v < ¢ by construction. Since v is continuous, there exists a sequence
{(xu, Zn)}n=>1 such that

(xn,zp) > (x,2)  and  v(xp,zp) > V(X,2) asn — 400.
Correspondingly, we must have that
Yn = V(Xn, Zn) — 9(Xn,20) >0 asn — +o00.

Now let us consider a control i, = u Vt > 0, for some arbitrary constant u € [—Uj, U,].
Moreover, let introduce a sequence of stopping times {t,},>0 as follows:

’

jtl )

7, = inf [s > 0 | max ”X;"x" — Xp

Zﬁ”—zn|]>e}/\hn n>1
for some fixed € > 0 and {,},>1 such that

h, = 0, ﬁ—)O asn — +00o.

n

Here {Z; n }t>0 denotes the solution of the SDE (2.1) with initial condition Zo = z,,. By the
dynamic programming principle (see e.g. [18, Theorem 3.3.1]) for any n > 1 we have that

v(Xn, Zn) < IE[/OT M F(XE 7 iy di + e My (X ZZ”):| ,
hence
@(n, 20) + ¥a < E[ fo " e p i,z L) dt + e (X Zi,?)} :
Applying Itd’s formula we get that
eI Q(XE Z3) = @, ) + /OT" e ML (X, Zi)

—hp(XI ZE ) dt + M, (A1)

where
t
a
M, =/ s ‘p(X“ S Zi)o X5 d W
0
! 7)\?8(/) Uu,x z z Z
+ | e a2 Xy, Zmyoz(Z) dW,
0

Clearly {M;};>0 is a local martingale (having {t,},>0 as localizing sequence of stopping
times) because the integrand functions are continuous and hence bounded on the compact
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sets. Taking expectations in Eq. (A.1) and using the previous inequality yields

Yn + ©(Xn, Zn)

Tn _ _ _
=0 — ]E[ / e ML (X[, Zim) — hp(X[ zfn)]dt]
0
+E[e‘“ﬂ<p(xg‘nxn ZZ")]

n
S E|:/ 7}»tf(Xu sXn ZZn M) dti| +E[ 7A,Ty,(p(Xu ,Xn Z.i';)]
0
that is, dividing by &, (using that 7, < h,),

Y

1 [™ .
; §E|:h—f *“[ﬁ"ga(x“ o ZZ”)—f—f(X” Az u)—up(x;“‘",zf")]dt].
n n JO

Letting n — +o00 we have that X s x0Yand Z — ZZ, Vi > 0P — a.s. and the
right-hand side converges to £"¢(x, ) + f(X, z, u) — Ap(X, Z) by the mean value theorem
for integrals. Hence

LloF, D)+ f(E,Z,0) —rp(x,2) = 0.

Since i is arbitrary, taking the infimum we obtain that v is a viscosity subsolution of Eq.
(4.2) (see Eq. (4.3)).

Now we prove that v is a viscosity supersolution. To this end, we take a test function
@ € C%2((0, +00) x R) such that

0=(@-@@ED=__min @902,
By definition of the value function, we can find a strategy {it;};>0 € U such that
V(Xny Zn) + 2 > ]E[/Or oM F (X ZE ) di + e F (X Zig)] :
and hence
@Cns 20) + va + iy = JE[/OT e (X, ZE ) di 4 e FEro (X ZZ")] .
Using Eq. (A.1) and v > ¢ we obtain that

T, R . . ~
Y 4 hz + E|: —Mn(p(Xu \Xn Zr,,):| |:/0 eiM[E"(p(X;”x”, thu) _ )LQO(X;"X”, Z;n)] dt:|

T A
> E[[ M Xz uz)dl] +E[8_“”<0(X§‘,;x", Zﬁ;’)] .
0
and dividing by h, we get
yil

1 n n ~ i A . . A
Tty = IE:[ . / ML X, Zi) + FOX 25 i) — (X Zf")]dr]
n n JO

1 [o
Z]E[*/ (L'o(X[™, 2"y + (X, 27 M)—W(X?’X",Zf”)}dt]
hn Jo  uel- UIU]
Observing that

’

inf [s > 0 | max Hx“ — X

z —Zn|] Ze}

. Tn . .
lim — = min lim
n—+00 hy, n——+oo hy,

=1,
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using the mean value theorem for integrals again, we finally get the inequality

inf ]{E"(p(i, D+ f(x,z,u) —rp(x,2)} <0,

uel[-U1,U

and hence v is a viscosity supersolution of Eq. (4.2) (see Eq. (4.4)).
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