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Abstract

The dynamic study of economic systems is an area of Economics that is now a century
old, starting with the first economic growth models of Harrod-Domar. Through the work
of economist Nicholas Kaldor and the eclectic Richard M. Goodwin, non-linear relation-
ships have made their appearance in endogenous growth models, which are, we might
say, the gateway to complex systems. In this work, we will study a series of models that
deal with the mathematisation of the business cycle and the study of its fluctuations.
In particular, the absolute protagonist will be the dynamic model of the Sraffian Super-
multiplier, belonging precisely to the school of economic thought initiated by the work
of Italian economist Piero Sraffa. Although the author will attempt to explain the dif-
ferences between the various schools of thought and introduce notions of economics,
the central theme of the work will be the addition of inventory fluctuations to the Sraf-
fian Supermultiplier model developed by |Freitas and Serrano|(2015). We firmly believe
that this topic deserves detailed investigation within the Sraffian School, not only for its
mathematical content, but, above all, for the addition of an element of realism to the
study of economic fluctuations and endogenous growth.

Sommario

Lo studio dinamico dei sistemi economici € un’area della Scienza Economica che ha or-
mai un secolo, a partire dai primi modelli di crescita economica di Harrod-Domar. Attra-
verso l'opera dell’economista Nicholas Kaldor e attraverso quella dell’eclettico Richard
M. Goodwin hanno fatto la loro comparsa nei modelli di crescita endogena le relazio-
ni non lineari, che sono, potremmo dire, la porta di accesso ai Sistemi Complessi. In
guesto lavoro studieremo una serie di modelli che si occupano della matematizzazio-
ne del business cycle e dello studio delle sue fluttuazioni. In particolare, il protagoni-
sta assoluto sara il modello dinamico del Supermoltiplicatore Sraffiano, appartenente
appunto alla Scuola di pensiero economico avviata dall'opera dell’economista italiano
Piero Sraffa. Sebbene sara cura dell’autore tentare di spiegare le differenze tra le va-
rie scuole di pensiero e introdurre nozioni di Economia, I'argomento cardine del lavoro
sara l'aggiunta delle fluttuazioni delle giacenze di magazzino (inventories) al modello
di Supermoltiplicatore Sraffiano sviluppato da Freitas e Serrano (2015). Crediamo fer-
mamente che questo argomento meriti una investigazione dettagliata all'interno della
Scuola Sraffiana, non solo per il contenuto matematico, ma, soprattutto, per I'aggiunta
di un elemento di realismo allo studio delle fluttuazioni economiche e della crescita
endogena.
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1 INTRODUCTION

1 Introduction

Economics, as a social science, is characterized by several “Schools of Thought”, which
are sets of theories and approaches that offer different perspectives on how economic
systems function.

These schools have evolved over time, often in response to economic crises or social
changes, and they continue to influence the economic policies of governments and in-
stitutions worldwide.

It's important to note that, unlike in Physics, the debate often revolves not around
cutting-edge theories, but rather the very foundations of knowledge. Often, the debate
revolves precisely around causal connections. One school interprets causal connection
as meaning that phenomenon A causes phenomenon B, while another school holds
the opposite view.

One of the most famous examples is the debate over the importance of supply and de-
mand. For the so-called Orthodox School (Marginalist/Neoclassical), supply-side mech-
anisms are the most important aspect of market economies. For the Heterodox Schools,
however, demand is of great importance and the key mechanism in economic crises.
While Economics is a social science, it is also possible to describe economical systems
using mathematical models. In particular, large macroeconomic aggregates can be de-
scribed by kinetic models similar to those in Physics: dynamical models applied to Eco-
nomics, and in particular, models of economic growth, will be the main topic of this
thesis.

However, we must not delude ourselves: the veil of mathematical description cast over
social and economic science cannot eliminate theoretical debates about the underly-
ing foundations. Thus, even in mathematical models, the aspect of different schools of
thought recurs, specifically in the hypotheses subsequently described by the model’s
equations.

For example, some elements used below, such as the multiplier or induced investments,
are not universally accepted by all economists, or rather, by all schools of thought. For
this reason, a clarification is necessary before we begin. In this thesis, we will not
deal with models from the Orthodox School, since the main topic concerns the Sraf-
fian School, which is one of the Heterodox Schools. Beyond that, most of the models
will come from the (Post-)Keynesian School.



2 DYNAMICAL SYSTEMS AND
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2 Dynamical systems and
bifurcation theory

2.1 Introductory definitions

A very informal definition of a dynamical system is the following: it is a mathematical
formalization of the concept of a deterministic process. A state in the future or in the
past of many physical, chemical, biological, etc systems may be inferred by knowing the
present state and the laws governing the evolution. If these laws do not change in time,
then the behaviour of the system is completely determined by its initial conditions. In
conclusion, a dynamical system is defined by a set of possible states and the law which
settles the evolution of the states in time, see (Kuznetsov, 1995).

More precisely, a dynamical system is defined by a triple {T', X, ©'}, where T'is a num-
ber set, X is a state space and ¢' is an evolution operator. Typically ¢t € T is identified
as the time: in discrete-time dynamical systems T' € Z, in continuous-time dynamical
systems T' € R. The possible states in state space are identified by the points in a set
X. Finally, the evolution operator ¢! is defined for every t € T as:

o X - X (1
and transforms an initial state 2y € X in a state z; € X attime ¢ as:
Ty = ‘Ptl'o (2)
In addition, the evolution operator has to satisfy the two following properties:
zo = "0 (3)
which means that ¢V is the identity operator and:
Tips = @' g = ' (©°x0) (4)

which means that the final state z; , ; is the same if the system evolves for atime t + s
or if it evolves for a time s and then for a time ¢.
For our purposes we limit our discussion to continuous-time dynamical systems, thus
T € R, in a state space X € R" and the evolution operator is defined by ordinary
differential equations. From now on we use the terms dynamical system and ordinary
differential equation as synonyms.
If a dynamical system depends on one or more parameters, it can happen that varying
these parameters, the qualitative behaviour of the system can change, for example fixed
points can be created or destroyed, their stability can change, even periodic solutions
arise. These kind of changes are called bifurcations. In the following we will refer to
well-behaved real-valued functions, in the sense they are sufficiently smooth and allows
all the derivatives we will need.

2
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2.2 Fixed points and stability in 1 dimension

We begin our discussion on fixed points by considering the ODE:
T = f(x) (5)

where D is a subset of R, f : D — R is a smooth function and = € D, then a fixed
point x* is defined by:
f(z*) =0 (6)

namely it is an equilibrium solution of Eq(5):
x(t) =" (7)
Note that Eq(5) has an exact general solution obtained by separation of variables:
xX dx/
t=1ty+ — (8)
v f(@)

We now focus our attention on the stability of Eq(7), roughly speaking we are asking
ourselves: “what happens to equilibrium solutions after a perturbation?”.

In order to answer this question we apply a procedure called linearization, thus we
define a small deviation 7(t) = z(t) — z* < 1 and check its behaviour:

dotn =& = f(a"+n) = f(a") + f'(@")n = f'(a")n (9)

where we neglected the quadratic term in 7 and supposed f’(z*) # 0. If this is the
cas€|then Eq(9) has the solution:

n(t) = n(0)e’ (10)
which means 7(t) decays if f'(z*) < 0 (z* is stable) or grows if f'(z*) > 0 (z* is

unstable).

2.3 Fixed points and stability in 2 dimensions

Consider the system of coupled ODEs:

— - =

X = F(X) (11)

where U is a subset of R2, F' : U — R? is a smooth vector field defined as ﬁ()f) =
(f(X),g(X)T, X = (x,y) € U. Supposing (z*, y*) is a fixed point:
f@”y") = g(z",y") = 0 (12)

If £/ (x*) = 0 nothing can be said about stability and problem has to be studied case by case.

3
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then:
v=x—1" <Kl
v=y -yt < 1)

define a small deviation from the fixed point and its dynamics is given by:

u=12=f(@"+uy +v)=
~ f(@,y") +ud f(o",y") + v, f(2",y") =
= uawf(x*,y*) + Uayf(x*a y*>

and similarly:
0= udg(x*,y") + vo,g(z*,y") (14)

in which quadratic terms in «© and v are neglected. In this case the deviation evolves
according to the linearized system (until quadratic terms are negligible) which can be
solved exactly:

(1, Q))T = J(z*,y") (u, ?J)T (15)

where J (z*, y*) is the jacobian matrix at the fixed point.

Since we are interested in studying the stability we only care about the behaviour of
the system close to fixed points, thus linearization is a good approximatiorﬂ

Due to the fact J (z*, y*) is a symmetric matrix, it can always be rewritten in terms of
eigenvalues and eigenvectors.

The general solution of a generic 2-dimensional linear system of ODEs:

¥ = AX (16)

is given by:
X(t) = 616)\”1171 + CQ€A2tU72 (17)

where ); is the eigenvalue associated to the eigenvector w;, i = 1, 2 of matrix A.

In order to check the stability of the fixed point (z*, y*), it is sufficient to look at the
sign of the real part of the eigenvalues: if at least one of them is positive, then Eq(17)
grows exponentially and the fixed point is unstable. On the other hand, if the real parts
are all negative then the fixed point is stable. Imaginary parts do not affect the global
stability, even though have impact on the trajectories: for example a stable fixed point
isanode if Im(\;2) = 0, butitis a focus if Im(A\;2) # 0.

Since in 2-dimensional the determinant of the jacobian matrix is A = A\;\; and the
trace is 7 = A\; + A; the scheme in Figure |1 is useful for classifying ODEs systems by
looking only at the sign of the trace and the determinantﬂ

An additional tool, which allows us to find fixed points graphically, is represented by

2There are particular case where this approximation fails since it isn’t enough.
3it is often useful for deriving the conditions on a parameter in the bifurcation study.

4
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Figure 1: 2-dimensional topology, where A is the determinant and 7 the trace of the
jacobian matrix. The image is taken from (Strogatz, [2024).

the study of nullclines. A nullcline is defined as the curve on which the time derivative
of a variable in the dynamical system is equal to zero, namely, for Eq(11), the nullclines
are the curves defined by f (z,y) = 0 and g (z,y) = 0, which can be plotted on phase
plane. By definition, the points at which these curves cross are fixed points.

The definitions we introduced in order to study stability or instability of fixed points are
pretty general and valid even for higher-dimensional systems.

2.4 Limit cycles

The dynamics in 1 dimension is pretty poor, in fact a trajectory in phase space can only
approach, be repelled or stand on a fixed point. In 2 dimensions oscillations and peri-

Figure 2: Three kinds of limit cycles. The image is taken from (Strogatz, 2024).
5
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odic orbit can arise, in addition to the already-known behaviour seen in 1 dimension.
Alimit cycleis anisolated closed trajectory, which means that neighbouring trajectories
are not closed: they approach the limit cycle (if the limit cycle is stable) or move away
from it (if the limit cycle is unstable). There also exist half-stable limit cycles: trajectories
are attracted on one side and repelled on the other. Note that limit cycles occur only in
non-linear systems. In linear systems of course closed orbits are possible but they are
not isolated: if Z(t) is a closed orbit, because of linearity also ¢Z(t) does, which means
Z(t) is surrounded by a one-parameter family of closed orbits (center).

2.5 Bifurcations in 1 dimension

In this section the main bifurcations in 1 dimension, which occur also in higher dimen-
sional systems, are outlined and a few examples are provided.

2.5.1 Saddle-node bifurcation

The saddle-node bifurcation is the mechanism that manages the creation and destruc-
tion of fixed points. As the control parameter is varied, two fixed points can move closer
to each other, collide and mutually annihilate at bifurcation point.

The normal form of this kind of bifurcation is given by:

i =1+ 2z (18)

where r is the control parameter. As shown in Figure [3, the two fixed points z* =
+,/—r, one stable and the other unstable, exist if » < 0 and approach or move away
each other as r varies. If r < 0 is increased the fixed points come closer and inr = 0
they collide and disappear. On the other hand if » > 0 is decreased two fixed points

Figure 3: Saddle-node bifurcation. The image is taken from (Strogatz, 2024).

emerge in r = 0 and then move away. In » = 0 the system changes its qualitative
behaviour so this is the bifurcation point. In order to represent this behaviour we can
6
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Figure 4: Saddle-node bifurcation diagram. The image is taken from (Strogatz, [2024).

plot the bifurcation diagram which shows the dependence of fixed points as a function
of r, as shown in Figure[4]

2.5.2 Transcritical bifurcation

The transcritical bifurcation manages the exchange of stabilities between two fixed
point after they collided. This kind of bifurcation typically occurs when a fixed point

Figure 5: Transcritical bifurcation. The image is taken from (Strogatz, 2024).

always exists and cannot be destroyed. The normal form of this kind of bifurcation is
given by:
& =rx—a’ (19)

In this case the fixed points are z* = 0 and =* = r.

As shown in Figure[5, * = 0 is a fixed point for all values of r and, if » < 0, it is stable
and x* = r is unstable. On the other hand if » > 0 then x* = 0 becomes unstable
and z* = r becomes stable. This means the two fixed points at bifurcation point r = 0
exchange their stability, as also shown in the bifurcation diagram in Figure [6]
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Figure 6: Transcritical bifurcation diagram. The image is taken from (Strogatz, [2024).

2.5.3 Pitchfork bifurcation

The pitchfork bifurcation occurs in systems presenting some kind of symmetry and so
fixed points tend to appear and disappear in symmetrical pairs. There exist two kind

Figure 7: Supercritical pitchfork bifurcation. The image is taken from (Strogatz, [2024).

of pitchfork bifurcation: supercritical and subcritical.
The normal form of the supercritical pitchfork bifurcation is given by:

i=rx—a° (20)

whose fixed points are z* = 0 and, if r > 0, z* = £/r. As shown in Figure[7] 2* = 0
is the only existing fixed point if » < 0 and it is stable. If » > 0 then it becomes
unstable and the two symmetrical stable fixed points z* = +./r appear, sor = 0
is the bifurcation point, as also shown in the bifurcation diagram in Figure[8]

8
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Figure 8: Supercritical pitchfork bifurcation diagram. The image is taken from (Strogatz,
2024).

unstable . .

StADle  — = = unstable

unstable

Figure 9: Subcritical pithfork bifurcation diagram. The image is taken from (Strogatz,
2024).
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The normal form of the subcritical pitchfork bifurcation is:
i =rz+ad (21)

As in the previous case, x* = 0 always exists but now is stableif r < 0and 2* = ++/—r
are unstable. Conversely, if » > 0 then z* = 0 is the only fixed point and it is unstable,
as shown in Figure[9]

2.6 Bifurcations in 2 dimensions

The dynamics in 2 dimensions is richer than in 1 dimension.
In addiction to the bifurcations seen in the previous sections, in fact, new kinds of bi-
furcations involving limit cycles may arise.

2.6.1 Hopf bifurcation

Given a fixed point, as said in Section its stability is regulated by the real part of
the eigenvalues \{, A\, of the jacobian matrix. Since they satisfy a quadratic equation,
if the fixed point is stable, they must be real and negative or complex conjugates with
negative real part, see Figure[10] In order to destabilize the fixed point, at least one of

Figure 10: Jacobian eigenvalues of a stable fixed point in complex plain: both real or
complex conjugates. The image is taken from (Strogatz, 2024).

the two eigenvalues has to cross the imaginary axis, as the control parameter 1 varies.
If both complex conjugates eigenvalues do, the system undergoes an Hopf bifurcation.
A supercritical Hopf bifurcation occurs when a stable fixed point becomes unstable and
is surrounded by a small limit cycle.

The normal form in polar coordinates is given by:

ey (22)
=w
10
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Figure 11: Supercritical Hopf bifurcation phase portrait. The image is taken from (Stro-
gatz, 2024).

Figure 12: Subcritical Hopf bifurcation phase portrait. The image is taken from (Strogatz,
2024).

11
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After calculation, the eigenvalues of the jacobian are found to be A = p + iw, so the
bifurcation point is 11, = 0. As shown in Figure [l the origin » = 0 is stable if © < 0. If
p > 0 it becomes unstable and a stable circular limit cycle of radius r = /i appears.
It can be shown that, in general in supercritical Hopf bifurcation, the size of the limit
cycle grows continuously from zero of a factor proportional to /i — 1. and the period
of the limit cycle is " = #7(&) + O (u — pe), for o — p, close to zero.

Instead, in subcritical Hopf bifurcation the trajectories jump to a distant attractor (a
fixed point, a limit cycle, infinity).

This means there is not a continuous growth of a limit cycle as in the supercritical case.
The normal form is given by:

0=w (23)

{7’“ = pr +r3—1rd
Note that 72 is now the destabilizing term.
If 4+ < 0, there is a stable fixed point in the origin surrounded by an unstable limit cycle
and an external stable limit cycle, as shown in Figure[12|
As 11 increases, the unstable limit cycle shrinks to zero amplitude and makes the origin
become unstable at the bifurcation point ;1 = 0.
This means that there is a trajectory rapidly emerging from the origin which approaches
the stable limit cycle after the bifurcation.

2.6.2 Saddle-node bifurcation of cycles

Consider once again Eq(23) we have seen in previous section if ;. = 0 a subcritical Hopf
bifurcation occurs, anyway another kind of bifurcation may occur too.

As shown in Figure if u. = —1/4, an half-stable limit cycle appears and, as p is
increased, it splits into two limit cycles, in a sort of saddle-node bifurcation. This kind
of bifurcation is called saddle-node bifurcation of cycles.

2.6.3 Saddle-node on a limit cycle (SNLC) bifurcation

The SNLC bifurcation occurs when two fixed points emerge on a limit cycle in a saddle-
node bifurcation.
As an example we consider:

r=r—r3
. ' (24)
{9:u—sm(9)

As shown in Figure[14] if 1 > 1, the trajectories approach the stable limit cycle r = 1

surrounding the origin which is always unstable.

As 1 decreases, a bottleneck appears at § = 7/2 and finally, at bifurcation point p. = 1,

afixed point emerges on the limit cycle and the period becomes infinite (it can be shown
12
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Figure 13: Saddle-node bifurcation of cycles radial plot and phase portrait. The image
is taken from (Strogatz, 2024).

Figure 14: SNLC bifurcation phase portrait. The image is taken from (Strogatz, [2024).

13
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Vh—He
If 1+ < 1 the fixed point splits into a saddle and node in a saddle-node bifurcation.

the periodis T = O < L ) near the bifurcation).

Figure 15: Saddle-homoclinic bifurcation phase portrait for different values of n. The
image is taken from (Strogatz, 2024).

2.6.4 Saddle-homoclinic bifurcation

A saddle-homoclinic bifurcation occurs when a limit cycle and a saddle move closer until
they touch at bifurcation point, thus making the orbit homoclinic.

As an example consider:
i =
Y ) (25)
Yy=py+x—x°+zy

In Figure[15]the phase plane is plotted for different values of u: if 1 < p. =~ —0.8645, a
stable limit cycle surrounds the unstable fixed point on the right and there is a saddle
at the origin. As p increases, the limit cycle moves closer to the saddle until © = .,
where they touch, and the orbit becomes homoclinic.

Finally, if .« > ., the limit cycle is destroyed.

We conclude noting that also in this case the period becomes infinite but the asymp-
totic behaviour is different than in SNLC bifurcation: 7" = O (ln (ﬁ)) near the

14
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bifurcation point.

15



3 EXAMPLES OF DYNAMICAL SYSTEMS
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3 Examples of dynamical systems
in Economics

3.1 The first growth model: the Harrod-Domar model

The Harrod-Domar model is important because it was the first growth model.
Contemporary interest in modern theories of economic growth can be conveniently
dated from the (Harrod, 1939) paper (and (Harrod, 1948), years later) followed shortly
by Domar’ similar, but indipendently derived, contributions, (Domar,[1946) and (Domar,
1947), (see also Hywel, 1975, Chapter 3).

(Cesarattol, 2019 comments on this point:

Keynes' first biographer was Roy Harrod (1900-1978), who in the late 1930s
was also the initiator of modern growth theory. His was an attempt to extend
Keynes’ ideas to the long term. Keynes had in fact stated that in the short term,
when production capacity is given, the degree of utilisation of that capacity de-
pends on aggregate demand. In the long term, economists say, productive capac-
ity (or capital stock) increases. The question is therefore what determines this
increase. Harrod came up with a model that was as simple as it was ambiguous,
which was neither Keynesian nor marginalist. So much so that both the orthodox
and heterodox strands of growth theory departed from him.

The first assumption of the model is that savings .S are proportional to national income
Y
S =sY (26)

where s is the average and marginal propensity to save.
The labour force L is assumed to grow at a constant rate n, so it’s exogenous

L

Z 27
7 (27)
Y is not only the national income but also the output produced. Here, we assume that
the capital stock K do not depreciatdﬂ and there is no technical progress.
A given flow to output Y requires an amount of capital and labour and they are uniquely
giverﬂ So a stock of capital K is required to produce an output ¥ = % where vg is

4The translation from Italian is our.

550 the flow of investment is I = K.

S0 here it is not possible to produce, as in neoclassical models, a quantity of output through different
combinations of capital and labour. Where, on the other hand, the substitution of factors of production
applies (e.g. neoclassical models), capitalists will be able to choose the proportion of labour and capital
that will minimise their expenditure, depending on the prices of factors of production.

16
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the capital-output ratio or accelerator (here it has two different conceptions, that we'll
see later).

However any given flow of output requires % units of labour, with o defined as the
constant ratio of labour requirements to total output 0 = é Put another way, if all
labour is fully employed then the maximum flow of output, whatever the size of the
stock of capital, is £.

So the production function implied by the Harrod approach is of the fixed proportion

variety: KT
Y = min (—, —) (28)

Vg O

If, at the beginning of time, all labour is fully employed, this assumption implies that,
in the absence of technical progress, the maximum rate of growth of national income
and output is given by the exogenously determined rate of growth of the labour force.
Please note, v also implies that

v can be considered the actual increment in the capital stock in any period divided by
the actual increment in output, thus, e.g., at the end of year, v could be interpreted
as the measured increase in the capital stock during the year divided by the measured
increase in income or output. This is the first definition. The second definition is the
increment in the capital stock associated with an increment in output that is required
by entrepreneurs if, at the end of the period, they are to be satisfied that they have
invested the correct amount. We will refer to this interpretation with the symbol v,
to distinguish this conception from the first definition.

Now we recall the equilibrium condition of elementary macroeconomics, i.e.aggregate
planned investment must equal aggregate planned saving

I=S (30)
So the output growth rate g is given by
Y s K _ (31)
e
o) . .
Y (t) =Y (0)ee' = K (0)eve’ = K (t) (32)

Both national income and the capital stock must grow at the same constant rate %
we call it steady-state growth. Eq(31) is called “fundamental” equation. It can be inter-
preted in two different ways depending upon with conception of v is employed.
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Following (Hywel, [1975), from v = % = é and Eq(31) we have %é = 5 = £ whichre-

duces to accounting identity that investment must equal savings ex-post. If the capital-
output ratio is given by the the fist definition than the fundamental equation is a nec-
essary true statement, a “truism’ﬂ So if v follows the first definition then the rate of
growth of national income must equal ->. Using the symbol g, for the actual growth
rate over any period of time, the fundamental equation, viewed as a truism, can be

written as 5

Ja = — (33)

va
The fundamental equation can, however, be given theoretical content if the capital-
output ratio is interpreted in the second of the two ways discussed above. Now vz,

expresses the entrepreneurs’ requirements for additions to the capital stock given the
growth of income and output, calling g, = % = V; the rate of growth of output,

which will satisfy capitalists that they’re investing the correct amount.

GoVc = S = GuwlGw (34)

If national income and output happens to grow at the rate g,, then the actual increase
in the capital stock associated with the growth of income will equal the increase that
entrepreneurs require if they are to be satisfied that the level of the capital stock is
exactly appropriate for the production of the current level of national output. Harrod
called the rate of growth g,, the warranted rate. There is not, of course, any particular
reason why we should expect that economy will actually grow at the warranted rate:
the actual growth rate being the outcome of the expectations, decisions and mistakes
of a host of different decision-makers.

Now, let’s add the level of employment to add more keynesian flavour.

We have already noted that the actual output growth rate could not permanently ex-
ceed the labour growth rate because of the assumed constancy of the labour-output
ratioo = é Thus g, < % = n. Now, if economy is originally in a situation of full em-
ployment, full employment through time would imply that the actual growth rate g,
would equal n. But we have already seen that, for equilibrium steady-state growth, g,
must equal g,,: it's therefore clear that equilibrium steady growth with full employment

necessitates that s

Jo=—"=0uw="n (35)
VGw

Mrs Robinson has described the mythical state of affairs where economy grows at the
constant n rate “The Golden Age”.
Hywel (1975):

It is therefore clear that the Harrod model includes the possibility of equilib-
rium steady growth at full employment. However, there is clearly no reason to be-

lieve that V; will equal % or n. s, vg and n are all independently determined.

70f course, one could say that we have used Eq(30) to calculate Eq(31).
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Only a happy accident will generate steady-state growth at full employment in
the Harrod model. The propensity to save, s, is determined by the preferences of
firms and households in the economy. The rate of growth of the labour force, n, is
exogenous and determined simply by the biologically determined birth and death
rates. The capital-output ratio, v, is, on our present interpretation, a reflection of
the fixity of the technology. If, by coincidence, the actual rate of growth equalled
the warranted rate, which itself equalled the rate of growth of the labour force,
then steady growth at full employment would occur. But, there is no mechanism
in the Harrod model which would ensure the attainment of this Golden Age situ-
ation. Although steady state growth at full employment is possible in an Harrod-
type model of economic growth, such a Golden Age is highly improbable given the
independent constituent variables in the necessary equality of the warranted rate
of growth, ﬁ to the natural rate of growth, n. This conclusion is thoroughly
keynesian in spirit; there is no reason to believe that full-employment equilibrium
growth will be attained. Thus, the “First Harrod Problem” can be interpreted as a
dynamic version of the central keynesian allegation that under-employment equi-
librium is possible in a capitalist economy.

The First Harrod Problem leads us to the Harrod Stability Problem or Second Harrod
Problem. Indeed, Harrod suggested that the warranted rate of growth was fundamen-
tal unstable in the sense that divergences of the actual rate of growth, from the war-
ranted rate, would not only not correct themselves but would produce even larger di-
vergences: deviations are cumulative in effect.

It should be clear that there is no reason why entrepreneurs’ expectations should be
consistent with the warranted rate of growth.

They have no means of knowing -*- and there would be no reason for them to suppose
that a consideration of this expression should enter into their decision making process.
It should also be clearly understood that the Second Harrod Problem is logically inde-
pendent of the First.

3.2 The Kaldor (1940) model

In this section, we will briefly examine Kaldor’s Trade Cyclﬂ model. Although it does
not directly belong to the line of research followed in this work, we have decided to
include it anyway for various reasons.

First of all, it is an example of how economists often reason: in fact, Kaldor(1940) did not
originally express the model through equations, but rather in graphic form. Economists,
especially at the educational level but not only, often reason through graphs and charts.
Furthermore, Kaldor is one of the most important exponents of the Post-Keynesian
School, and heterodox in general. Finally, it is one of the first economic models in which

8Here, trade cycle is the British synonym for the, now, more common, American term, business cycle.
It refers to the study of the alternation of booms and recessions in economic systems.
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non-linear relationships appeared, which, as we know, are important in complex sys-
tems.

The [Kaldor (1940) model represents a milestone in macroeconomic theory due to its
ability to generate endogenous cyclical fluctuations, i.e. fluctuations originating from
the functioning of the economic system itself rather than from external shocks.
Indeed, the core of this behaviour lies in the non-linear interaction between investment
and savings decisions.

Anyway, Kaldor’s original model has been extended and studied over the years.

Here, we will briefly present the dynamical model proposed by/Chang and Smyth (1971).
Kaldor begins his paper by introducing the terms often used by economists, “ex-ante”
and “ex-post”. Let’s explain them. The former refers to planning and desire, i.e. actions
planned with a view to a goal or event. The latter refers to reality, to the result, or how
things actually realize. Thus, we can talk about planned investment and actual invest-
ment with ex-ante investment and ex-post investment, and the same applies to ex-ante
saving and ex-post saving. Let’s quote (Kaldor,|1940), then we’ll explain it.

Investment ex-ante is the value of the designed increments of stocks of all
kinds (i.e., the value of the net addition to stocks plus the value of the aggregate
output of fixed equipment), which differs from Investment ex-post by the value
of the undesigned accretion (or decumulation) of stocks. Savings ex-ante is the
amount people intend to save - i.e., the amount they actually would save if they
correctly forecast their incomes. Hence ex-ante and ex-post Saving can differ only
in so far as there is an unexpected change in the amount of income earned. If ex-
ante Investment exceeds ex-ante Saving, either ex-post Investment will fall short of
ex-ante Investment, or ex-post Saving will exceed ex-ante Saving; and both these
discrepancies will induce an expansion in the level of activity. If ex-ante Invest-
ment falls short of ex-ante Saving either ex-post Investment will exceed ex-ante
Investment, or ex-post Saving will fall short of ex-ante Saving, and both these dis-
crepancies will induce a contraction. This must be so, because a reduction in ex-
post Saving as compared with ex-ante Saving will make consumers spend less on
consumers’ goods, an excess of ex-post Investment over ex-ante. Investment (im-
plying as it does the accretion of unwanted stocks) will cause entrepreneurs to
spend less on entrepreneurial goods; while the total of activity is always deter-
mined by the sum of consumers’ expenditures and entrepreneurs’ expenditures.
Thus a discrepancy between ex-ante Saving and ex-ante Investment must induce
a change in the level of activity which proceeds until the discrepancy is removed.

Let’s take an example of what Kaldor is saying: assuming that investment plans (ex-ante)

> savings plans (ex-ante). What does this mean? Firms want to inject more money into

the economy by investing than households want to take out by saving. In practice, to-

tal planned demand is really high. So firms find that they are selling much more than

they had predicted: the stocks (inventories) are unexpectedly declining. What is the

reaction? To avoid running out of stock and to meet high demand, companies do two
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things: they increase production and hire more staff. But this means more production
and more employment which in turn means more income for everyone (wages and
profits increase). So the economy enters a phase of expansion. The exact opposite

(a) (b)

Figure 16: Linear cases:|(a)| % > 45 "only a single position of unstable equilibrium, since
above the equilibrium pomt [ > S and thus activity tends to expand, below it S > 1,
and hence it tends to contract, so the economic system would always be rushing either
towards a state of hyper-inflation with full employment, or towards a state of complete
collapse with zero employment, with no resting-place in between, recorded experience
does not bear out such instabilities and % dw again, only a single position, but
here of stable equilibrium, any disturbance, originating either on the investment side
or on the savings side, would be followed by the re-establishment of a new equilibrium,
with a stable level of activity, so this assumption fails in the opposite direction: it assumes
more stability than the real world appears, in fact, to possess. They're taken from (Kaldor,
1940).

happens if households intend to save more than entrepreneurs intend to invest, lead-
ing to a contraction.

Kaldor’s reasoning is that this “surprise” (the discrepancy between ex-ante plans and
ex-post results) is the signal that prompts firms to change their behaviour, setting the
business cycle in motion.

Kaldor denotes the level of economic activity, measured in terms of employment, by
x; the level of ex-ante saving is S and [ is the level of ex-ante investment. Both are
single -valued functions of the level of activity x and they vary positively with x: % >0
and L~ 0.

The S( ) expresses the principle of the multiplielﬂ (that the marginal propensity to
consume is less than unity) and I (z) denotes the assumption that the demand for cap-
ital goods will be greater the greater the level of production.

ac
=

9Here the multiplier i is 5 dc where — &2 and dc is the marginal propensity to consume.
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Btage 111,

Staga 1V, dtage V. Btage VT,

Figure 17: The trade cycles. It’s taken from (Kaldor, 1940).

If we regard S (z) and I (z) functions as linear, we have two possibilities. % > 45,
in which case, as show by Figure there can be only a single position of unstable
equilibrium, since above the equilibrium point / > S, and thus activity tends to ex-
pand, below it S > I, and hence it tends to contract. If the S and I functions were
of this character, the economic system would always be rushing either towards a state
of hyper-inflation with full employment, or towards a state of complete collapse with
zero employment, with no resting-place in between. Since recorded experience does
not bear out such dangerous instabilities, this possibility can be dismissed.

The second one also can be dismissed, since % > %, in which case, as shown in Figure
there will be a single position of stable equilibrium. If the economic system were
of this nature, any disturbance, originating either on the investment side or on the sav-
ings side, would be followed by the re-establishment of a new equilibrium, with a stable
level of activity. Hence this assumption fails in the opposite direction: it assumes more
stability than the real world appears, in fact, to possess.

Therefore, S (z) and I (x) functions cannot be linear; furthermore, they must be “short-
period” functions.

Figure[17]shows Kaldor’s proposal. Now there are three positions of equilibrium (Stage
1). 45 > 4L at the two extreme equilibrium points, A and B, and 92 < 4L js |ess than
at the equilibrium point C so that A and B are points of stable equilibrium and C'is
a point of unstable equilibrium. The investment and saving schedules are short-period
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functions and will shift as capital stock shifts: a rise in capital stock K will shift the in-
vestment function down and the saving function up and a fall in capital stock will shift
the investment function up and the saving function down. Thus if the system is in equi-
librium at B and capital is being accumulated B is shifted to the left and C to the right
(Stage II). When B and C coincide the investment and saving functions are tangent to
each other (Stage Ill) and the system is unstable in a downward direction and employ-
ment (or z) falls to A (Stage IV). There the movements in the investment and saving
schedules are in the opposite direction provided capital is being decumulated, thus A
and C move together (Stage V) until they coincide (Stage VI) and the system is unstable
in an upward direction and z or the employment rises until B is reached again, upon
which the process repeats itself (Stage | again).

This is the Kaldor’s business (or trade) cycle.

To capture the basic spirit of Kaldor’s original model,|Chang and Smythi (1971) use a dif-
ferential equation system with general non-linear form.

So ex-ante net investment and saving are functions of income and stock of capita@

I—I(YK)andS S(Y,K)where Iy = 3L > 0,Ix = 2L < 0,5y = 45 > 0 and
It Would seem reasonable to assume |Ix| > |Sk| so that I — Sk is always negative.

Since income will rise if and only if ex ante investment is greater than ex ante saving,
the dynamic equation for changes in national income is Y = a[I (Y, K) — S (Y, K)]
where « is a positive constant which denotes the speed of adjustment.

The accumulation or decumulation of capital can be postulated in different ways, but
it is sufficient here to consider the case where the movement is along the I curve,
i.e. investment plans are realized. Thus the adjustment in the stock of capital is K =

I(Y,K).
Together
Y =all (V,K)=S(Y,K)] (36)
K =1(Y,K)
Eq(36) constitutes the dynamical system of Kaldor’s model.
The jacobian matrix of the dynamical system is
J = Oé(]y—Sy) Oé(]K—SK) (37)
Iy Iy

Chang and Smyth|(1971) find the limit cycle in Figure[i8|and prove it applying the Poincare-
Bendixson Theorem. Kaldor'’s cycle insight is therefore proven.

'No more level of activity 2 or employment in their model.
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"
k4

Figure 18: Phase diagram with the limit cycle and nuliclines Y = 0 and K = 0 of Eq(38).
You can also see the invariant set built to apply the Poincaré-Bendixson Theorem. The
image is taken from (Chang and Smyth, [1971).

3.3 The Goodwin (1982) model

What we said about the Kaldor|(1940) model also applies to the Goodwin| (1982) model.
Indeed, it is too a milestone in macroeconomic theory due to its ability to generate
endogenous cyclical fluctuations.

However, from a mathematical point of view, (Kaldor, [1940) is nothing new: it is the
application of the famous Lotka-Volterra predator-prey model to Economics.

In the Author’s own words:

In this form we recognise the Volterra case of prey and predator (Théorie
Mathématique de la Lutte pour la Vie. Paris, 1931). To some extent the similar-
ity is purely formal, but not entirely so. It has long seemed to me that Volterra’s
problem of the symbiosis of two populations - partly complementary, partly hos-
tile - is helpful in the understanding of the dynamical contradictions of capitalism,
especially when stated in a more or less Marxian form.

So the maitheme of the paper is the Marxian class struggle between capitalists and
workers and the Kaleckian disciplinary unemployment, i.e. the capitalists’ answer to
workers’ claim.

"On Goodwin important novelty for Economics (see [Orlando et al., 2021, Chapter 14) (see also Tay-
lorl 12004, Chapter 9). Economic dynamics, nonlinearities, Chaos and the possible links between Marx,
Keynes and Schumpeter are all topics dear to Goodwin and to which he will return several times in his
studies (Goodwinl 1991, e.g.).
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Since Goodwin| (1982) model provides the basis for Keen| (1995) model, which we will
explain in the next section, we will not derive the model equations here, but will do so
directly in the Section For now, we will only show the model assumptions and the

Figure 19: Linear approximation used by Goodwin of the non-linear function f (\) = %
of assumption 7). v stand for A in our (and Keen) notation. The image is taken from
(Goodwinl [1982).

two equations.

These are the assumptions:

1) steady technical progress (disembodied);

2) steady growth in the labour force;

3) only two factors of production, labour and capital (plant and equipment), both ho-
mogeneous and non-specific;

4) all quantities real and netﬂ

5) all wages consumed, all profits saved and invested;

6) a constant capital-output ratio;

7) a real wage rate which rises in the neighbourhood of full employment.

Assumption 7) may be written as % = f(\) where w is the real wage and \ is the em-
ployment rate.

In Figurethe linear approximation proposed by Goodwin: % = —t1 +t9A. Butin the
next section we will also analyse the non-linear case.

The 2D system is

CZJ:CL)[—tl—i‘tQ)\—Oé]
A=A~

3.4 From Goodwin to Minsky: the Keen (1995) model

Hyman P. Minsky (1919-1996) was an American Post-Keynesian economist who devel-
oped the theory of financial instability. In Minsky’s view, rather than stabilising the

2|n Section there will be also depreciation but investment I will still be considered net.
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economy and serving it, financial markets are, in fact, promoters of instability and one
of the main causes of speculative bubbles and the resulting crises.

Minsky’s view matured in the wake of the Great Depression, the Wall Street crash of
1929, which is still considered one of the most serious economic crises in capitalism.
Minsky wondered whether such a crisis could happen again (Minsky, [1982), and this
led him to develop a cyclical theory of crises. The description of the factors that lead
to a crisis stems from a recent crisis, following which, economic operators are reluctant
to invest, still mindful of the losses they have suffered. Furthermore, entrepreneurs
(capitalists) find difficult to obtain loans from banks, which have had to write off bad
debts from their balance sheets. Only investments that are considered extremely safe,
including investments in the financial sector, are pursued. Mistrust and caution domi-
nate the economic system.

However, the caution of capitalists means that most activities are successful and debts
are repaid: gradually, pessimism gives way to normality and low-risk activities, which
therefore offer low returns, give way to less cautious investments. Banks revise their
cautious positions, now convinced that capitalists will be able to repay their debts: pes-
simism gives way to optimism. Increased use of bank credit and investment drives eco-
nomic growth and profits. The pursuit of ever-greater profits leads to a total abandon-
ment of safe, low-yield investments, and economic operators begin to take on increas-
ingly greater risks. However, banks continue to grant loans, confident in the continued
increase in the growth rate of economy. But then operators begin to realise that the
debts incurred exceed cash flows and will not be repaid, and that interest on the debts
cannot be honoured, so they sell assets to obtain liquidity, but the sale of assets leads to
a decline in their value, which further worsens the position of operators in a reinforcing
mechanism: euphoria turns to panic and the bubble bursts, leading to an economic cri-
sis and consequent stagnation. Banks are unable to collect their loans and go bankrupt.
In Minsky’s view, private debt and financial markets, therefore, play a central role. His
idea came back into vogue with the 2007-2008 crisis and the ensuing Great Recession,
namely the subprime mortgage and real estate market crisis triggered by the bursting
of areal estate bubble. The lack of prudence in granting loans, combined with the belief
that house prices would continue to rise and the euphoria of the financial markets in
creating financial engineering tools for mortgage securitization, fully followed the pat-
tern proposed by Minsky.

The aim of Keen’s study was to translate Minsky’s verbal model into a mathematical
model. The starting point is the two-equation model originally proposed by Good-
win. The addition of a third equation, which models private debt, leads to Keen model,
named “Minsky”.

Keen derives his own version of the Goodwin|(1982) model, which differs slightly from
the one presented in Section[3.3 due to the chosen form of non-linear functions.
Furthermore, we must warn the reader that Keen, being an economist and not a mathe-
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matician, does not present a complete examination of fixed points and stability analysis
in (Keen, 1995). So in this section we will try to complete the analysis of his model, at
the cost of a obviously longer and more pedantic discussion.

The model proposed by Richard M. Goodwin (1913-1996) outlines what economists call
redistributive conflict, i.e. the ways in which the social classes involved in production
divide up the output, or national income.

There are two classes: workers and capitalists. Redistributive conflict is stylised using a
Lotka-Volterra predator-prey model.

To derive the two equations of the model, we must introduce macroeconomic equa-
tions and definitions of aggregate quantities.

Labour productivity a is assumed to grow exponentially and exogenously governed by
the parameter « due to technological progress

a = ape™ (39)

The working-age population NNV is also assumed to grow exponentially with parameter

8
N = Nye (40)

Total output Y is given by productivity multiplied by the number L of workers employed

The capital-to-output ratio is the fixed accelerator

K
Vg = v (42)

The fraction of the employed population relative to the total workforce

A= — 43
N (43)

and it is one of the two fundamental variables of the model.

The rate of change w of real wage w is the product of the wage and a non-linear function

w [-] of employment .
d
d—lf =w[Aw (44)
It's given by:
4
(B —C\)?

Since this functional form will be used several times, we indicate it more generally as

wlA = D

f(A, B, C, D)) =wl[)
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where A, B, C, D are parameters (see below for numerical values). The function mod-
els workers’ answer in bargaining wages due to the level of employment: the higher the
employment rate )\, the more power workers will have in demanding a wage increase;
the higher the unemployment (1 — \), the more workers will be inclined to accept the
conditions set by employers for fear of remaining unemployed. In particular, workers
accept a constant wage when unemployment is 3.6%, accept wage cuts (up to a max-
imum of 4%) at higher levels of unemployment, and demand wage increases at lower
levels of unemployment (which diverge at full employment A = 1).

The same type of function, with different parameters, is used to model the response
of capitalists to economic conditions in making investment decisions. These are guided
by the level of profits II.

s T E
EFGH =)=k |l — __ _H
f( 3 7G7 ’VG) k|:VG:| (F_G%)2

Ne investments are a function of profits times the level of output minus the level of
capital depreciation given by the depreciation rate 4.

dK 11
I=—= [E}Y—(SK (45)

At zero or negative profits (losses), no investments are made (I = 0). When profits
reach 10%, the investment equals the profits and exceeds the profits at even higher
levels of earnings.

Figure 20: Functions that simulate the behaviour of workers and capitalists in response
to the business cycle.

3please note, that here the equation for investment is defined differently than, for example, Eq(164):
indeed, what we call gross investment I in K = I — 6K, here is given by the function & {%} , for this
reason we have net investment here.
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IT IT
— == (46)
K YI/G Vg
where % is the rate of profit relative to invested capital.
The profit share of national income ™ = % is residual after workers income
T=1—-w (47)
The wage share of national income is
W  wL w
w Y alL a (48)
From macroeconomic definitions, we can calculate the time derivatives:
v dr [k [l}
ot | sy (49)
dt dt Vg Vg
that is the rate of change of output.
The rate of change of employment is
dL dY 1 /dY
—=———=—-|——aY 50
it~ dta a(dt O‘) (50}

From these, we can calculate the derivatives of w = “ and \ = % to obtain the two
predator-prey equations required () is the pray, w is the predator):

b =w(wh - a)
A:A(%_a_g_(;) (51)

When the wage share is low, profits are high, and this leads to greater investment, which
boosts employment. However, it also gives greater bargaining power to workers who
want to increase the share of national income in their hands. This, however, reduces
the profits of entrepreneurs, who consequently cut investment, thereby also reducing
employment, and the cycle starts again.

However, there is also a simplified version in which a form of the so-called “Say’s Law”

applies, i.e. it is assumed that capitalists invest all their profits, resulting in substitution.
k [i} =1—-w

vGg

{d} =w(w[A\ — a) (52)

\ — l—w _  _ 3_
A=A ( o 5)
Here, the values of the parameters used by Keen in the model, assuming them to be

given throughout all the study: « = 0.015, 5 = 0.035, § = 0.02, vg = 3, A =
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0.0000641, B=1,C =1,D = 0.0400641, E = 0.0175, F = 0.53, G = 6, H = 0.065.
So the model can be written in this form

w=wg (V) (53)
A= Af ()

Although the model is defined on R?, the physical region of economic interest is R x
R, , and X should not exceed unity, as the working population cannot be greater than
the total population.

With reference to Eq(53), let us begin with a general overview of the behaviour of both
Goodwin models, which will be analysed in detail later.

In the case of Say’s Law, f(w) is linear and vanishes for w; = 0.79. The behaviour is sim-
ilar to the Lotka-Volterra model, with the only difference being that in Goodwin model,
g(\) is non-linear. In the case of the investment function, f(w) also becomes non-linear
and has two zeros 0 < w4 < W14 < 1, which are therefore in the economically signif-
icant region [0, 1].

The function g()\) has a zero \; < 1 and, limiting ourselves to the physically significant
region, we have an attractive point at the origin, a saddle in (@1**, /_\1) and a center in
(@14, A1), as shown in the phase portrait in Figure

Considering also the second zero Ay, of the function g(\), we have A\; < 1 < Aq,, which
therefore falls outside the physical region but still influences the dynamics. As shown in
Figure in addition to the previous three fixed points, there is a center at (1.4, A1)
and a saddle at (@1, Ars).

Finally, to understand the phase portrait, it should be noted that f(w), in the case of
the investment function, has a singularity consisting of a pole at w = 0.735, while g(\)
has apole at A = 1.

After this general overview, let us now analyse Goodwin model in detail in the case of
Say'’s Law.

A fixed point is obviously (&g, Ag) = (0, 0), while fixed points other than the origin are
given by the zeros of the functions f (w) and g (A): if f (1) = g (A1) = Othen (&1, \y)
is a fixed point while (&, 0) and (0, \;) are not.

As already mentioned, according to Say’s Law, f (w) is a straight line and has a single
zero, while g (\) has two; however, we only consider the first one, since the second one
has A > 1.

We therefore have a single fixed point over the origin: from the first equation we have

w [M] = o, i.e. w™! [a] = Ay, which involves inverting the function m —D=a,

which gives 5\1’* = g F é, / QJ%D, obtaining the economically meaningful fixed point

_ 5 B 1 A
(wl,/\l)—<1—l/0(06+6+(5),5—5 a+D>
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Figure 21: The function f (w), in the case where Say’s Law applies, is linear and we have
only one zero.

Figure 22: The function g (\), in the case where Say’s Law applies, has two zeros, but
the second one is greater than 1, so it has no meaning.
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The Jacobian matrices are
J(0,0) = [9 (00) f?())} (54)
Ty w1 (A1)
J ((JJ1>)\1) - |:/_\1f/(w1) 0 :| (55)

Since g(0) < 0, ¢'(A;) > 0and f(0) > 0, f'(&;) < 0, the origin is unstable and is a
saddle, while (azl, A1) is stable but not attractive, i.e. a center (see Appendix for
detailed calculations).

In Figure 23 we show the phase portrait where we can appreciate the dynamics anal-
ogous to the Lotka-Volterra two-population model, while in Figure we show the
time graphs of some of the flows. As can be seen from the graphs, in some cases the
wage share exceeds the output produced (w > 1). Although the economic interpre-
tation is not straightforward, this behaviour could be understood as an impoverish-

ment of entrepreneurs as profits become negative. Now let us move on to model

Figure 23: Phase portrait in the case of Say’s Law.

in Eq(51) where profits are not automatically invested. Due to the presence of the in-
vestment function, f (w) is no longer linear and has two zeros, as can be seen in Fig-

vGg

ure The two zeros w;, and @, therefore satisfy k [1’@1] = vg(a+ 5 +50),ie.

k™ ve (a+ B +0)] = It = 521, from which we obtain the equilibrium profits:

vaF VG E

a TG H+vg(a+B+596)
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(a) (b)

(c) (d)

Figure 24: Time dynamics in the case of Say’s Law.

Figure 25: The function f (w) in the case of the investment function; unlike the previous
model, we have two zeros.
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Therefore, in addition to the origin, the two fixed points are

(@ h) = [1-2eE e 2 z_1./-2
A G "G\ H+w(a+p+6)’C CVa+D

(@10 A1) = el e b B_ 1/ 4
b A G G\ H+wvs(la+p+6C CVa+D

We have that 0 < @;,.. < @, (since @y, ~ 0.86 and w;.,. ~ 0.61), as we can see, the
two fixed points share the same .

With reference to Eq(54) and Eq(53) in the current case we have g(0) < 0, ¢'(A;) > 0
but f(0) < 0and also f/(w.) > 0and f'(w.) < 0, therefore (0,0) is a stable fixed
point, (1., A1) is a saddle point and (w1., A1) is a center (see Appendix|8.3for more
details).

In the phase portrait in Figure |26} it is possible to appreciate the attractive origin, the
saddle and the center with its cycles, while Figure [27] shows the time graphs of some
of the flows. It should also be noted that f(w) has a pole at wy,e = 1 — "%F = 0.735
and g(A) at A\poie = g = 1. As can be seen, for example, from graph the dynam-
ics along them are problematic and difficult to interpret economically, as such sudden
changes in macroeconomic variables are unlikely. The stable fixed point at the origin is
also difficult to interpret, given that the Lotka-Volterra model, and consequently Good-
win model, are structurally unstable, so it is reasonable to expect changes in dynamics
as the model changes. the fact that the orbits converge at the origin, i.e. at the collapse
of the economy, with the dynamics shown in Figure [27b|cannot even be explained as a
conflict in income redistribution, as we do not have oscillations of w and .

Although it is not relevant to the economic model, Figure [28]also shows the two fixed
points given by the solution A, > 1 (shown in Figure , which is obviously absurd
since workers cannot exceed the population: the situation is reversed with respect to
the lower portion, we have that (.., A1.) is a center and (@1, A1, ) is a saddle (the
vector field has also been plotted in a stylised manner in the graph). Finally, in Figure
we can see a comparison between the two versions of Goodwin model for the eco-
nomically meaningful part. The two centers and a cycle obtained from the same initial
conditions (wo, Ag) = (0.96,0.9) are represented: it can be seen that the system with
the investment function has a less extensive cycle than the other, due to the presence
of the saddle in the other portion of the graph. Let us now move on to the part of the
model added by Keen.

To model financial instability, we need to introduce a new social class, in addition to
workers and capitalists: bankers. They lend money to entrepreneurs to make invest-
ments, and their income B consists of the interest paid on the debt D incurred by
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Figure 26: Phase portrait in the case of the investment function.

(a) (b)

(c) (d)

Figure 27: Time dynamics in the case of Say’s Law.
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Figure 28: Phase portrait in the case of the investment function, where the second zero
of the function g () is also shown.

Figure 29: The centers and cycles of the two Goodwin models compared, for the same
initial conditions (wy, Ag) = (0.96,0.9).
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capitalists; the debt share of national income is

B rD
vy =" (57)
where r is the interest rate set by the Central Bank, i.e. a parameter.
The rate of change of debt is due to the interest on the outstanding debt » D, the in-
crease in investments I and is reduced by the increase in profits I1
dD
—=rD+1-11 58
o =rD+ (58)
With the presence of bankers, capitalists’ profits are now residual compared to national
income, 100%, after the income of workers and the income of the financial sector has
been removed.
T=1—w-—0> (59)

Moving on to d = £ and deriving with respect to time, using definitions Eq(58) and
Eq(49), we find the third equation added to Goodwin model

4 (D akd
= (7)o [ S )

that is, the rate of change of private debt ratio. In it, we can still express b and 7.
So the [Keen| (1995) is:

w=w(wl[A —a)
. _ k[lft;Gfrd} B B B
A=A~ —-a-p-90 (61)

. l—w—rd
d=2rd—1+w+ (vg —d) (M—5>

VG

Let us begin with a general overview of the equilibrium points of Eq(61). Compared to
Goodwin model, the second equation is now better expressed as \ = Af (m), the zeros
are still given by Eq(56), but now 7 includes both w and d. From these two zeros, two
fixed points can be obtained, only one of which has economic significance and is stable.
The main competitor in attracting the orbits of this stable fixed point is another stable
fixed point (0, 0, +-00), whose + o0 version symbolises the collapse of the economy due
to a speculative bubble. However, it is also possible to set ) to zero by taking A = 0
which, together with w = 0, leads to a triplet of fixed points (0,0, dy) whose d, are
zeros of the third equation of the model. These three fixed points have no economic
interpretation, but the second of them is stable and the other two are unstable. Finally,
again w = 0 and a choice of d such as to set, simultaneously, the second and third equa-
tions to zero, provide, as ) varies, a straight line of unstable fixed points that exist only
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when a very specific condition on the interest rate is met: these too have no economic
significance. Let us now go into detail.

By setting the derivatives equal to zero, we find that the first equation is not affected
by the transition from the two-dimensional to the three-dimensional system and there-
fore the equilibrium value of X is decoupled from the other two equations.

From the second equation, we find the profit equilibrium condition already encoun-
tered Z- = k7! [vg (o + B+ 9)] and through this and the third equation we have
the equilibrium debt. Finally, the equilibrium wages can be found by inverting 7; =
1 — @, — rdy; therefore, the equilibrium point is

r—(a+p)
=B _ 1 A
L=¢C ~ C\ o¥D
d. — T1=vc(ath)
1T r—(ath)
= —vF —ve [ E
(1= "¢ T G\ Hroa(earhio)

This fixed point (@1, A1, d;) corresponds to a finite level of debt and an employment
rate that is not zero and less than 1, so it is economically meaningful and desirable.
We also note another interesting aspect, common to both Goodwin and Keen models:
substituting 71 in Eq(49), we find that the growth rate of the economy at this desirable
equilibrium point is given by
v kB sty

s - S=a+p (62)

So, once equilibrium has been reached, the growth of the economic system is deter-
mined by the productivity and labour force growth rates.

Studying its stability (for details, see Appendix, we find that (@;, Ay, d;) is stable if
the following conditions are simultaneously satisfied:

7 2EG

a+ 3> 27“—7’VGV_Gd1 ( I >3 (63)
F—Gi
a+p>r (64)
_m—wﬂa+m) o -
' (”G r=@+9) )\ (r-cn)’ o =0 ¢

Numerical_ simulations show that usually 7, in Eq(56) with a positive sign produces a
negative d; and the corresponding fixed point does not satisfy either Eq(64) or Eq(65)
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and it is therefore unstable. -
There is also another fixed point that models financial instability: the fixed point (QQ, A2, d2) =
(0,0, 400). In this case, the stability conditions are not stringent and the equilibrium
is practically always stable. However, please refer to Appendix[8.4] for further informa-
tion.
A third fixed point is given by (&g, Ao, do) = (0,0, dy), where d; are the solutions of
the third equation of the model:
]{Z |:1—TJQ]
) [ A

2rdy — 1 + (vg — do =0 (66)

Finally, there is a fourth fixed point that is obtained by setting w = 0 and choosing 7 to
set the second equation to zero

l—rd=m =vgk ' [vg (a+ B +6)]

In this way, we have that w = A=0 regardless of the values assumed by \. However,
in order ford = 0 as well, we must have d = d;, which must also simultaneously satisfy
the condition written above. This leads us to an extremely specific condition for the
model parameters:
1—77'1 . ﬁl—Vg(Oé—i‘ﬁ)
r r—(a+p)

The fixed point (0, A, d;) is therefore structurally unstable, as a small variation in the
model parameters could cause it to disappear. If we consider the interest rate as the
only free parameter, then from (67) we can obtain the two r values for which this point

exists

_ (a+p)(m—1)

2t —1—vg(a+ )
These are r ~ 4.9% for 7, with negative sign and r ~ 8.3% for the positive sign.
Let us now begin to examine the phase space by choosing a low interest rate r = 2.5%.
As can be seen from Figure [30] most orbits diverge, both going to —oc (e.g. Figure[31d)
and +oo. there is a small area where focus form that converge to the stable fixed point
(in Figureand Figure (@1, A1, dy) (as we will analyse in more detail below) and
then there are three points (0, 0, dy) solutions of Eq(68) of which the second, the cen-
tral one, is stable [31d, while the other two are unstable.
Let us now consider the case of a high interest rate, where we choose one of the Eq(68)
and obtain the phase portrait in Figure [32] where we can see the straight line with the
fixed points (0, A, d1) which, having two negative eigenvalues and one positive eigen-
value, are unstable. The focuses now diverge to 400, see Figure [33b] while the second
of the points (0,0, dy) is still stable, in Figure Furthermore, the third of these
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Figure 30: Phase portrait of the Minsky model at low interest rate r.

(c) (d)

Figure 31: Time dynamics of the Minsky model at low interest rate r.
40



3 EXAMPLES OF DYNAMICAL SYSTEMS
IN ECONOMICS

Figure 32: Phase portrait of the Minsky model at high r.

(c) (d)

Figure 33: Time diagrams of the Minsky model at high interest rate r.
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points lies on the line, as does the fixed point (w;, A1, d1 ), which therefore becomes
unstable, Figure[33d} indeed, it no longer satisfies Eq(65). It is not possible to assign an
economical interpretation to the three points (0, 0, JO) because an economy without
employment or wages makes no sense, but with a non-zero debt level, which is also
very high, as well as the fact that the second of these is stable and therefore attractive.
Furthermore, the points (0, A, Jl) also make no sense, where, in addition to the criti-
cality of such a high level of debt, workers are not paid because the wage share is zero.
In general, all trajectories that go to —oo and those that go directly to +o0o without
oscillating do not seem to make sense either.

Therefore, the portion of the phase space that is economically meaningful seems to be
limited to that where there are focuses. For reasons related to scale, this part appeared
confusing in the phase portraits shown: let us therefore explore the two cases numer-
ically, using the same initial conditions (wo, Ao, dy) = (0.96,0.9,0).

We start with a low interest rate (r = 2.5%) and obtain convergence to the finite equi-
librium, which in this case is (&1, A1, d1) = (0.85,0.97, 0.44).

At low interest rates, increased investment leads to higher employment and wages, but
also to increased debt and therefore higher interest payments, which reduces profits,
subsequent investment and, consequently, economic booms, slowing down the rush to
take on further debt. All this therefore results in dampening capitalists’ investments to
a sustainable level that favours convergence towards the finite equilibrium that char-
acterises good economical stability and a healthy economy: this achieves a division of
output between the three social classes (workers, capitalists, bankers) that ensures bal-
anced growth. The time dynamic is illustrated in Figures[34]and in Figure 35 in Figure
[36]we have the phase diagram.

Figure 34: Time dynamic for initial condition (wy, Ao, do) = (0.96, 0.9, 0) at low interest
rate r.
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Figure 35: Time dynamic at low interest rate r.

Instead, at high interest rates (4.6% or higher), the race for debt is not slowed down
in time by convergence to finite equilibrium, and the debt accumulated at each cycle
due to the high interest rate ultimately proves unsustainable, causing profits to col-
lapse and, consequently, investment and employment: the system thus converges to
the equilibrium (@5, A2, d2), i.e. to the collapse of the economy. Let us look in detail at
the economical meaning of this dynamic.

The initial level of wages and the absence of debt and therefore of bankers’ share lead
to high investments financed through borrowing. The emergence of debt provides a
share for bankers, and investments generate jobs and therefore wage claims that in-
crease the wage share of output. The combination of these two factors reduces profits
and leads to a fall in investment, which reverses the growth in the workers’ share. In
this first phase of the dynamic, profits exceed investments, leading to the partial but
not total repayment of bank debt, reducing the bankers’ share. However, the cycle is
not dampened and does not converge to a good equilibrium due to the formation of
a focus between wages and employment, where the higher interest rate continuously
increases the bankers’ share rather than converging it to a fixed value.

The increase in the bankers’ share causes a fall in investment and therefore in employ-
ment, as well as a slightly more marked decline in wages. There is a renewed increase
in profits and investment, leading to higher debt and a higher share of bankers, but
instead of easing, the cycle becomes more intense with more marked falls in the wage
share and equivalent surges in investment (due to the non-linearity of the investment
function) and therefore in debt, leading to more abrupt wage demands. The cycle re-
peats itself each time at a higher level of debt and becomes increasingly drastic until,
eventually, the increase in debt lead to such a high share for bankers that profits fall
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(a)

(b)

Figure 36: Phase portrait for initial condition (wo, Ao, dy) = (0.96, 0.9, 0) at low interest
rate r. 44
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and remain below zero. Then the system collapses towards zero employment, wages
and profits: this is the debt-induced collapse from which, without some kind of inter-
vention, such as a change in the rules or a debt moratorium, there is no escape.

Figure |37| shows the time dynamic of employment, wage share and capitalists’ debt,
and Figure shows the phase diagram before the collapse. In this case, the finite
equilibrium was obviously not reached, and private debt and the bankers’ share go to
+00. Minsky’s contribution to the development of the theory of financial instability

Figure 37: Time dynamic for the initial condition (wy, Ao, dy) = (0.96,0.9,0) at high
interest rate r.

was to conceive of great depressions as one of the possible states in which capitalist
economies could find themselves.

The addition of the banking class, and therefore debt, to Goodwin extremely simpli-
fied model - which only models the "stylized facts" of the business cycle - is sufficient
to demonstrate the validity of Minsky’s hypothesis. Indeed, simply inserting plausible
interest rates and capitalists’ profit expectations (what Keynes called “animal spirit”)
during economic booms is sufficient to explain the accumulation of debt beyond what
the system can sustain. Furthermore, the simulated crashes that occur in the model are
similar to those that occur in real economies. The difference lies in the fact that, after
the collapse, capitalists’ indebtedness continues to grow improbably forever, whereas
in the real world this is obviously impossible: some capitalists go bankrupt, many cred-
itors are forced to cancel their debts and suffer capital losses.

In cases where divergent equilibrium is achieved, the long period of apparent stability
is an illusion, and the crisis, when it occurs, is sudden and violent. This is a warning
for real-world economic policies: crises occur too rapidly to be prevented by changes
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(a)

(b)

Figure 38: Phase portrait for initial condition (wy, Ao, dy) = (0.96,0.9,0) at high inter-
est rate r. 46
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in discretionary policies; consequently, (private) debt crises should be prevented, they
cannot be avoided.

For example, conventional government policies responding to rising inflation due to
overheating economies during economic booms - such as raising interest rates with the
intention of curbing investment and thus dampening booms - might not simply affect
the incentive to invest, but also the level of debt: if debt is already high, raising the
interest rate could even turn the economic boom into a crisis. On the other hand, the
resulting attempt to revitalize the economy by reducing the interest rate, and thus stim-
ulate investment, in accordance with conventional economic analysis, should force the
system back along the phase diagram toward the stable region of the focuses.
However, in the presence of excessively large accumulated debt and a depressed econ-
omy, government action may be too weak and too late.

Consequently, as Minsky suggests, crises should primarily be avoided through active
support for the economy and financial regulation. The goal of stabilization policies is
therefore not to prevent economic cycles, which are endemic in a complex system, but
to prevent the system’s collapse.

The chaotic dynamics explored in Keen model suggest that periods of relative tran-
quillity in a financial economy may actually be nothing more than the calm before the
storm. This aspect of the model resonates with economic reality: it recalls the so-called
“Great Moderation”, a period from the 1980s to 2007 characterized by the decline in
employment volatility, wages, and consequently inflation. This period was long hailed
as beneficial and a bringer of stability, until it resulted in the bursting of the housing bub-
ble and the Great Recession. Indeed, one economic variable that was not adequately
considered in assessments of the Great Moderation was the increase in private debt.
Since the dynamics of the stable fixed point that goes to infinity, seen in the (w — \)
plane, show increasingly smaller cycles and seem to suggest a convergence towards a
good economic stability, Keen| (1995) convinced himself that his modeE‘]was capable of
studying and predicting the Great Moderation and the subsequent crash.

“To be completely honest, in our opinion, Keen model also shows some details that are not entirely
compatible with the Minskian tale that it would like to tell.
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4 Growth models with inventories

4.1 ThelFranke (1996) model

Here we'll discuss the work made by (Franke, 1996). This is a growth model in which
inventoriesFE] play a role in the business cycle. This was a novelty, as theoretical studies
of macroeconomic inventory cycles are rare and they take into account neither long-run
growth nor capacity effects from investment in fixed capital goods.

Through the Author’s words:

The aim of the paper has been to contribute to a macroeconomic theory of
inventory fluctuations, which has to take sustained growth into account and must
not neglect the concurrent accumulation of fixed capital.

All variables are in real terms and they are divided by the capital stock K to deflate

growth. So

Y
Uup = T (69)

the output capital ratio is proportional to the utilization of productive capacity and
therefore characterizes total economic activity. We assume a constant ratio u,, relat-
ing normal output to fixed capital, a normal utilization of productive capacity.

V' stands for inventories of finished goods and its ratio is

Vp = K (70)
K

Eventually, Y, are the expected sales and are divided by the capital stock

Y.
Zp = d (71)

Let total output Y and all other flow magnitudes be measured per year.
In continuous time, the accounting identity for the change in inventories is given by the
difference between production Y and final sales (or effective demand) Y},

V=Y-Y, (72)

There is an “inventory accelerator” f; > 0: it is a certain desired ratio of inventories to
expected sales Y., above which firms based stock management

Va = faYe (73)

>As regards the inventories, the inspiration comes from an old paper, (Metzler| [1941), that was the
first study on the subject.
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Since desired and inventories generally differ, firms seek to close this gap gradually with
speed Ar > 0, i.e. the stock of inventories would reach its target level V in ﬁ years.
But firms also account for the growth of economy, doing this in view of a “normal”
trend rate of growth g, which is a constant here. All together leads to desired change
in inventories J;:

Ja=gVa+Ap (Va—V) (74)

Firms decide on production before actual sales are known and the decision are not
modified within the short period, so inventories absorb any excess supply, similarly an
excess of demand over current production is served from the existing stock. The buffer-
stock aspect is represented by this equation

Y=Ji+Ye (75)

Regarding net investments I in fixed capital, we have an unspecified (for now) function
h (ur), which, at equilibrium, has to give u,, since firms strive for a level of normal
utilization when the system grows at the normal rate of growth ¢

1 oh

Z=h(ur)  h(uw)=g

I >0 (76)

GUF

We postulated that total demand can be represent as a function of the output-capital
ratio ur. Moreover, the requirement that the marginal propensity to spend c be less
than unity is converted to the notion that % depends negatively on u . So the excess
demand function is

Yd_Y—e(u) e(u,) =— 9/a de
y — UF " 1+gfs Oup

to obtain the equilibrium equation (the second one) we use together Eq(73), (74),
(75):

<0 (77)

Y =Ji+Ye=gVat Ae (Va— V) + Yo = gfaYe + Ae (Va— V) + Y,
but at equilibrium we necessary have V =V, ,and Y, = Y, so

Y=(1+gfa)Ye=(1+gfa)Ya

or
Y =Yy =gfaYa

—Y__ for Y, on the right side to obtain the second equation of

where we use Y, = T

Eq(77).
How does Y, change? Author adopt adaptive expectations to determine the formation
of firms’ sale expectations
Y.=gYo+o(Yy—Y.) (78)
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At this point, Franke specifies a linear form of the two demand functions in Eq(76) and
(77)

B (UF - Un)

h(up) =g+ " (79)
n fi B )
_ g d _ Pe Up — Up

elur) = =77 9fa U, (80)

The parameters, 35, 5., g and f; are estimated from a regression on quarterly data of
US non-financial corporate business sector.

Using Eq(73), (74), and division by K, we have a relationship between utilization up
and those two that will soon become the state variables of the two differential equa-
tions that define the Franke model, sales expectation z; and inventories vp:

up = up (Vp, zr) = (1 + gfa) zr + Ap (2r) (fazr — vp) (81)

Ar (zr) is a continuous and piecewise differentiable function of zx replacing the stock-
adjustment speed \r in Eq(74). Afterwards, we will see why Franke made this decision.
Using Eq(72) and we obtain

V VYK up

—=———=— — 82

voyry o clng, (82)
Logarithmic differentiation of vy gives z—i = % — % where from Eq(76) % = h(up)
Using Eq(81) we obtain our first differential equation

Up = —up (vp, 2r) € (up (Vp, 2r)) — vph (up (VF, 2F)) (83)
To derive the equation for Zr we observe that
Yd o [1 Yd — Y:| Y K u

- -
)/e % EZ = [1 +e (UF)] o (84)

Division of Eq(78) by Y, and logarithmic differentiation of 2 leads to j—i = % — % =
g+a|(L+e(ur) =] = hup),

Last differential equation is

Zr=zplg — h(ur (vp, zr))| + o {[1 + e (up (vE, zr))| up (vVF, 2zr) — zp}  (85)

To summarise, the 2D system is

(86)

{i;p = —up (vp, zr) € (up (vF, 2r)) — vph (up (Vp, 2F))

2p =2zp g — h(ur (vp, 2zp))| + o {[1 + e (up (vF, 2r))| up (VF, 2r) — 2F}

'please note that in this model the investment is considered net so K — I, if it were gross we would
have depreciation d asin Eq(164): K = I — 0K

20



4 GROWTH MODELS WITH INVENTORIES

From Eq(76), and (81), with respect to the given value of normal utilization u,,, the
steady-state position of the economy is

(p, Zp) = ( fatn  _Un )

L+gfa’ 1+gfa

Franke shows that the local stability analysis of this stationary point rests on two sign
conditions, called £ and H

E51+e(un)+unai—eF

H

UF=Unp

e (87)
_ [e (un) + un(.;z—z U ]
Up=Unp

which give a relationship for the critical value L of the stock-adjustment speed, (v, Zr)
is locally asymptotically stable if

Oe

8uF

AF = Ap (EF) < L= (1+gfd>

Up
Efa

Using A, he also finds a critical value o, for o that gives local asymptotic stability
o < 0yp.

The critical value is found to be L = 0.71. It does not appear very far-fetched to as-
sume that, in the course of one year, the underlying time unit, firms intend to close at
least three-quarters of the gap between desired and actual inventory in Eq(74). So fast
adaptive expectations of sales, i.e. high o, render the steady state unstable.

At o = 0, the jacobian matrix of the process Eq(86) possesses a pair of purely imagi-
nary eigenvalues (the determinant is positive), so they are complex conjugate. This is
warning sign for oscillatory motions of the economy. As o rises beyond o a Hopf bifur-
cation occurs since the complex eigenvalues are crossing the imaginary axis.

Author finds that while equilibrium is locally repelling, it is attractive in the outer re-
gions of the space. Through his words:

(88)

Up=Un

It then turned out that the steady state of the model is typically repelling.
Furthermore, tendencies for oscillatory motions could be recognized. To prevent
the economy from continuously spiralling outwards in the phase space, we con-
centrated on the propagation effects of inventory investment and postulated that
the stock-adjustment speed towards the desired level of inventories is sufficiently
flexible when expected sales deviate too much from normal. It was demonstrated
that this non-linearity bends the spirals inwards in the outer regions of the state
space. As a consequence, persistent and bounded oscillations come into being.
More specifically, all trajectories converge to a periodic orbit. By means of numer-
ical simulations it was shown that the model can be calibrated such as to generate
cyclical behaviour that is qualitatively and quantitatively compatible with empiri-
cal time series.
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Figure 39: Phase diagram with the limit cycle and nullclines v = 0 and 2z = 0 of
Eq(86). You can also see the invariant set built to apply the Poincaré-Bendixson Theorem.
The image is taken from (Frankel[1996). Please note that our notation is slightly different
from that of the original paper, e.g. we use vr and zr instead of v and z and (vf, Z)

instead of (v*, z*) for the fixed point. We will explain the reason for this choice in the
next section.

So here is the explanation of what we left pending earlier: Ar (zr), a continuous and
piecewise differentiable function of zr, has replaced the previous definition of the
stock-adjustment speed A\ in Eq(74) to ensure the convergence of the trajectories to
the periodic orbit. See Figure[39|for the phase portrait.

The most important qualitative result of the model, mentioned above, is that, com-
pared to empirical data, the loops have the correct counter-clockwise orientation.

At the end of the paper, Author suggests further developments of the model for the
future:

In a second step, the present model or a more advanced version of it may
be incorporated into another macroeconomic model which, for example, studies
inflation, income distribution and/or financial markets.

Indeed, this will be the path taken years later by Grasselli and Hguyen-Huu, whom we
will discuss in the next section (Section|4.2).

4.2 The Grasselli and Nguyen-Huu (2018) model

The Franke (1996) model is the main inspiration for the work of (Grasselli and Nguyen-

Huul 2018). To this end, in the previous section, we did not follow Franke’s original

notation but we attempted to merge it with that used in (Grasselli and Nguyen-Huu,
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2018), in order to show the similarities. With regard to notation, we have also tried to
avoid the use of certain letters (or to distinguish them by adding subscriptsFZD that will
be assigned to important variables in the following sections.

The other important inspiration comes from the tradition of Goodwin’s class struggle
model and from Keen'’s Minsky model. So the|Grasselli and Nguyen-Huu|(2018) is a Post-
Keynesian model with many features: depreciation rate d(u) expressed as a function
of capital utilization, productivity and workforce exogenous growth, nominal prices,
inventories, bargaining power, Kaleckian disciplinary unemployment and wage share
dynamics, many behavioural rules with also capitalists’ forecast for the long-run growth,
5D and stock-flow consistent model.

Unfortunately, as often happens, the more elegant and complete a model is, the more
complicated it is analytically and heuristically.

Quoting the Authors:

Global analysis of such high-dimensional nonlinear system is beyond the scope
of current techniques, and even local analysis of the interior equilibrium proves to
be laborious and not very illuminating.

and, once again:

The present model is nevertheless highly complex. It needs the specification
of at least fourteen parameters in addition to three behavioural functions. The
exploration of other possible equilibrium points is considerably involved, and any
local stability analysis will reveal to be cumbersome and non-intuitive exercise. In
order to build intuition about the system, we follow the strategy of considering
the lower-dimensional subsystems that arise in some limiting cases for the model
parameters and behavioural functions. We start with a few special cases corre-
sponding to known models in the literature.

Indeed, we’ll show that under certain conditions, it reduces to the models already dis-
cussed in the previous sections. Furthermore, this model will be important also for the
Section as it formed the basis for the model proposed in this thesis.

Authors consider a three-sector closed economy consisting of firms, banks and house-
holds. The firm sector produces one homogeneous good used both for consumption
and investment. We have accelerator v or constant technical capital/capacity output
ratio:

Y = — (89)

14

where the total stock of capital K in real term determines potential or capacity out-
put Y. Anyway Y isn't the actual output Y produced by firms, which is assumed to

7 As in the case of the letter z, we used zr for Eq(77) to avoid conflict with z = %, the share of the
autonomous component of demand.
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consist of expected sales Y, plus planned inventory changes 1,
Y =Y. +1, (90)

In turn, Eq(90) determines capacity utilization

Y

UZY—K

Finally, capital is assumed change according the famous equation

K=I+6ukK (92)

where [;; denotes capital investment in real terms and ¢ (u) is a depreciation rate ex-
pressed as a function of capital utilization w.
The effective demand Y/ is the total sales demand

Y, =C+ 1, (93)

where C denotes the total real consumption that, now, it isn’t only given by households
but also by banks.

Denote the stock of inventories by V, its change V is the investment in inventory, which
consists of both planned I, and unplanned I, change in inventory held by firms

V=I+1,=Y Y, (94)

Since the difference between output and demand determines actual changes in the
level of inventory, substituting Eq(90) into (94), we see that unplanned changes in in-
ventories are given by

L=V—-L=Y-Y)-(Y-Y.)=Y.-Y, (95)

and therefore accommodate any surprises in actual sales compared to the expected
one.
Finally total real investment I in economy is given by

I=Y-C=Y-1li+Li=1+1,+1I (96)

W is the nominal wage bill (total expenditure paid by capitalists in wages), IV the total
workforce and ¢ the number of employed workers, a the productivity per worker, A the
employment rate and w the wage rate.

a=— (97)
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l Y
A= — = 98
N aN (98)

w

= — 99
W= (99)

whereas the unit cost of production c is given by
W_w (100)

C= — = —

Y a

We will postulate throughout that productivity and workforce growth rates are exoge-
nously given

-« (101)

|= =212

= 102
N (102)
Denoting the unit price level for the homogeneous good by p, the nominal sales should
be given by pY,; = pC + pI}. To obtain nominal output Y,, we can’t simply use Y,, = pY
since we have to account for inventory changes:
) . d(cV )

Yn:pC'+pIk+cV:de+cV:de+%—cV (103)
so Y, = pY is true if and only if either p = cor V = 0.
The net profit for firms, after paying wages, interest on debt, and accounting for con-
sumption of fixed capital (a.k.a. depreciation), is given by

=Y, -W—-rD—pd(u) K (104)
The debt change for the firm sector is
D=p(l —6(u)K)+cV —T=pl +cV —1TI, (105)

where I, = Y,, — W — rD denotes the pre-depreciation profit.
We will also use the ratios:

Y,
_ Ye 1
Ve =3, (106)
Y,
Ya = 7d (107)
1%
V= (108)
=2 _c_u (109)
pY p  pa
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D
d=— 110
oY (110)
where we use p, the unit price level for the homogeneous good, to obtain nominal

guantities.
Authors clarify the logical sequence:

We now specify the behavioural rules for firms, banks, and households. Namely,
for given values of the state variables, firms decide the level of capital investment
I, planned changes in inventory I,,, and expected sales Y., whereas banks and
households decide the level of consumption Cj, and C},. This in turn determines
capital by Eq(92), output by Eq(90), utilization by Eq(91), sales demand by Eq(93),
and unplanned changes in inventory by Eq(95). Consequently, since productivity
and workforce growth are exogenous, the level of output Y in turn gives the num-
ber of employed workers ¢ and the employment rate \ by Eq(98). Further specifi-
cation of the dynamics for the nominal wage rate w and prices p then completes
the model.

It is assumed that firms forecast the long-run growth rate of the economy to be a func-
tion g. (u, 7. ) of utilization « and pre-depreciation expected profitability 7. defined as

Y. —W —
= e =W —rD (111)
pY
where
Yne = p}/e + ij (112)

denotes the expected nominal output.
Inserting Eq(106), (109) and (110) in Eq(111), expected profitability can also be expressed
as

Te =Ye (1l —w) —rd (113)

In addition to taking into account the long-run growth rate g, (u, 7. ), firms adjust their
short-term expectations based to the observed demand, leading to the following dy-
namics for expected demand:

Y;z = Ge (u7 7Te) }/e + Ne (Yd - }/e) (114)

which is analogous to Franke’s Eq(78). 1. > 0 is the speed of short-term adjustments
to observed demand.
As Franke, we assume that firms aim to maintain inventories at a desired level

Vi = faYe (115)

for a fixed proportion 0 < f; < 1.
While this means that the long-term growth rate of desired inventory level should be
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ge (u, ), we assume again that firms adjust their short-term expectations based on the
observed level of inventory for a constant n; > 0, representing the speed of short-term
adjustments to observed inventory

Iy = ge (u,me) Va+1na (Va—V) (116)

which is analogous to Eq(74).
We further assume that firms’ investment is given by

I, = MK (117)
1%

for an unspecified function, as all the others, & (:, -) capturing the effects of both capac-
ity utilization and expected profits. Based on K definition in Eq(92), this leads to the
dynamics for capital

K _ k(u,me)

The total consumption is given by assumption by

C=0(wdY (119)

Consumption of households and banks is assumed to be given by constant fractions of
income and wealth, namely,

pCh = con W + 1, M) + cpun M (120)
pCy = cip (D — 1y, M) + cyp (D — M) (121)

for M stands for household deposits and r,,, for interest rate on them. Under the sim-
plifying assumption that ¢;;, = ¢;;, = ¢; and ¢,,;, = cwp = €y, We have

pC = Clw + CQD (122)

with ¢; = ¢; and ¢3 = ¢, + ¢
We see that Eq(122) is an example of Eq(119) with

0 (w,d) = cyw + cod (123)

Nominal demand pY} is given by

k
pYy =pC + ply = ph (w,d) Y + p%[( (124)
from which v " )
U, Te
Ya = Ya (W, d, Ye,u) = 7d =0 (w,d)+ ——"¢ (125)
u
Authors say:
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For the price dynamics, we follow the Post-Keynesian tradition and assume
that the long-run equilibrium price is given by a constant markup m > 1 times
unit labour cost c,whereas observe prices converge to this through a lagged ad-
justment with speed 7, > 0. A second component with adjustment speed n, > 0
is added to that dynamics to take into account short-term considerations regarding
unplanned changes in inventory volumes:

p ¢ Yo — Yy
- = m— — —_ —
p "\ Ty
=1 (mw — 1) + 1y (Yo — Ye) =
=1 (wa Yd, ye)
forY, — Y, = I,,, remember Eq(95).
Workers are supposed to bargain for wages based on the current state of the labour
market, but also take into account the observed inflation rates with a degree of money
illusion 0 < ~ < 1, with v = 1 corresponding to the case where inflation is fully
incorporated in workers’ bargaining

(126)

" .
Yoo +qr (127)
w p
Combining Eq(115) and Eq(116), we see that output is given by
Y=Y.+1,=[fa(ge (u,me) +na) + 1] Ye — 14V (128)

so we can calculate also
V [1+fd (ge (uaﬂe)“—nd)} Ye — 1

0= — — (129)
Y Nd
Differentiating Eq(128) and using Eq(114) and Eq(94) we obtain the output growth rate
Y
v = [+ falge (u,me) +na)] [yege (u, me) +

+ e (Ya — ye)] + 14 (ya — 1) = (130)

=g (U, Tes Yd, ye)

Here, we have an issue since in this equation there isn’t %. Instead this term
should come from

fp dge (u, ) Vy Vi v, VvV

v T?‘i‘ge(wﬁe)?"'ﬁd v v

but since it does not appear in the Authors’ equations, it seems that |Grasselli and

Nguyen-Huu| (2018) implicitly choose to set g. (u, m.) ~ 0, this is a significant simpli-

fication, since that term would have brought with it, in the final equations that we wiill
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soon derive, terms like © and 7.
Anyway, moving forward, taking In of w = pﬂa we have

g:;_g__:wm—a—u—wMMW%)

Again, logarithmic differentiation of A = % with Eq(101), (102) and (130)

A Y a N_( ) 5
)\_Y a N_guaﬂ-wyd)ye «

For the debt ratio d = 1%, using Eq(105) we find that

d D p Y B
d D p Y
ply+¢V — (Y, —W —rD)
= D _Z(waydhye) _g(uaﬂ-eayd;ye) —
W+rD—pC .
= D _Z<W,yd,y5) _g(uaﬂeaydaye) =
w+rd—0(w,d .
= D ( ) _Z(wayd7ye) _g(uaﬂ-evyd)ye)
Similarly, for the expected sales ratio y, = % we use Eq(114) to obtain
e Y. Y
i = Z - ? = Ge (U,?Te) + Ne (% - 1) _g(u77re7ydaye)

Finally, for the capacity utilization u = % using Eq(118) we find

v Y K k (u, T,
a_____g(uaﬂeayd7ye)_¥

=y k- » + 0 (u)

(131)

(132)

(133)

(134)

(135)

Since y, is expressed in Eq(125) as a function of (w, d, 7., u) and 7. is given in Eq(113) as
a function of (w, d, y.), we see that the model can be completely characterized by the
state variables (w, A, d, y., u) satisfying the following system of 5 ordinary differential

equations:

(0 =w[®\) —a—=(1=7)i(w vave)]
A= Mg (u, e, Ya,ye) — o — B
d=d[r— g, me,Ya,ye) — i (W, Ya,ye)] +w — 0 (w, d)
Ye = Ye [ge (U, Te) — g (U, Ty Yas Ye)] + Me (Ya — Ye)
L@ =u|g(u,Te, Ya, Ye) — M + (5(u)]
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where i (w, y4, ye) is given by Eq(126) and g (u, 7., ya, y.) by Eq(130).
To obtain the equilibrium point (az, A d, e, a) observe that the second differential

equation in Eq(136) requires that

g (’L_L, ey Yd, ge) =a+ ﬁ (137)

which inserted in the forth equation leads to y; = 7. and

Je (aa ﬁ-e) =a+ /6 (138)
Therefore, using this and Eq(137) in (130) gives
Ud = Yo = 1 (139)

Inserting the latter into Eq(129) implies that v = f,¥., so that the equilibrium level of
inventory is the desired level V; = f,7.Y.
Substituting 7, = 7. into Eq(126)) leads to an equilibrium inflation of the form

(@0, Ya, Pe) = i (@) = 1p (M0 — 1) (140)
Using the third differential equation we have
w—0(w,d)

d:a+6+z‘(w)—r

(141)

Moving to the last equation, we obtain that the investment function at equilibrium
satisfies
k(u,7.) =va+p+0 () (142)

which, inserted in Eq(125), gives

via+B8+0(@) 1+ fala+p))
1—0(@,d) [1+ fa(a+B)]

We can then obtain the values of (@, d) by solving Eq(141) and Eq(142) with 7. defined

from Eq(113). Finally, returning to the first equation in Eq(136) we find the equilibrium
employment rate by solving

U = (143)

D(A) =a+(1—7)i(@) (144)
Of course, the Authors admit:

We therefore see that existence and uniqueness of the interior equilibrium
depends on properties of the functions k£ and 6, which need to be asserted in
specific realizations of the model.
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Now let’s move on to simplified cases. Indeed, Grasselli and Nguyen-Huu| (2018) derive
models already seen in the Section[3|from the Eq(136) as special cases through precise
choices of parameters.

The simplest special case consists of the model proposed in (Goodwin, [1982) (Section
[3.3land Section[3.4). The original Goodwin model is formulated in real terms, which we
can easily reproduce by setting 17, = 1, = v = 0, meaning that the rate of inflation is
zero, and setting unitary prices p = 1.

Like most models, it also makes no reference to inventories, thereby implicitly assuming
that output equals demand. We can recover this from the general model by assuming
that f; = 1y = 0, meaning that there is no desired inventory level, i.e. V; = 0, or
planned investment in inventory, i.e. I, = 0, and that 7. — oo, meaning that firms
have perfect forecast of demand and set Y, = Y,; = Y at all times.

In addition, Goodwin adopts a constant capital-to-output ratio vg = § which we can
recover by settingu = 1, so Y = Yj. Finally, although not explicitly mentioned in
(Goodwin, [1982), we adopt a constant depreciation rate ¢ (u) = § > 0.

The only explicit assumption of the Goodwin model regarding the behaviour of firms
is that investment is equal to profits (remember Say’s Law in Section[3.4), which in the
present setting corresponds to

kE(u,me)=me=1—w—rd (145)

since y. = ¥ = 1 in Eq(TT3).

The model is also silent about banks, but it follows from Eq(105) and the investment
rule above (recalling that V= 0) that D =0 atall times, so we assume for simplicity
that d = DO = 0.

Regarding households, the assumption is that all wages are consumed, namely ¢;;, =
c; = 1in the notation of Eq(120). For consistency, we set ¢, = r, even though this is
not relevant with D = 0.

For the growth rate, observe that we can no longer obtain it by simply differentiating
Eq(128), since Eq(114) is degenerate in the limit case 1, — 0.

Instead, since © = 1, we can use the fact that Y = % to obtain

Y_K_l—w

= = ) 146
Y K v (146)
With these parameter choices, the system in Eq(136) reduces to the form
v=wl|P(\) —
~ ”[1( )—df (147)
A=A[E2—a—-p-0]

discussed also in (Grasselli and Costa Limal,[2012).
The solutions are closed periodic orbits around the non-hyperbolic equilibrium point
(center)
(@A) =1-v(a+B+7),97" (o)) (148)
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which is a special case of Eq(142) and Eq(143).
Now it’s the turn of the model developed by (Keen, 1995). It’s based on the same
assumptions of the Goodwin model. So again we have n, = n, = v = 0, p = 1,
fai=nma=Va=1,=0,n—00,Y. =Y, =Y, u=1,0(u)=4.
The innovation in the model is the presence of debt and that investment is now given
by

k(u,me) =k(m) =k(1l —w—rd) (149)

where we used the fact that y, = % = 1in Eq(113). Moreover, the identity Y; = Y
implies that
C=Y;—Iy=[1-k(m)]Y (150)

i.e. 0 (w,d) =1—Fk (1 —w —rd)inEq19), so in the absence of either price or quantity
adjustments, total consumption plays the role of an accommodating variable in the
model.

Since Eq(114) is degenerate, we again use Y = % to obtain the growth rate of the
economy as

Y K k(m)
Il -9 151
Y K v (151
So Eq(136) now becomes
w=wl[®(\) —q
A=a[H2 —a— -] (152)

wherem, = 1 —w — rd.

Eq(141), (142) and (144) reduce to
_w—1+4v(a+B+9)

d Py e (153)
k(me) =v(a+pB+9) (154)
P () =a (155)

from where we obtain the equilibrium point (@1, A1, Jl) found in (Grasselli and Costa Lima,
2012), which is shown to be locally stable provided the investment function £ (-) is suf-
ficiently increasing at equilibrium, but does not exceed the amount of net profits by too
much.
There is also another equilibrium (@2, A2,d2) = (0,0, +00) which is a “bad” equilib-
rium that economically represents the bursting of the financial bubble caused by debt
deflation and it is locally asymptotically stable provided

lim <v(r+)9) (156)

TTe—>—00
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Finally, it’s the turn of (Franke, 1996). The Franke model is also formulated in real terms,
so we maintain the choice of 17, = 1, = v = 0 and p = 1 and normalizes all variables
by dividing them by K instead of Y

_r_u (157)
Up = — = —
F=K v
Y.
= = Yeur (158)
V
vp = K= VU (159)

Crucially, the model in (Franke, 1996) implicitly assumes a constant wage share w, so
that the first equation is simply w = 0. The second equation then decouples from
the rest of the system and simply provides the employment rate along the solution
path, in particular leading to a constant employment rate at equilibrium. As with the
Goodwin model, the Franke model is also silent about banks, implicitly assuming that
firms can raise the necessary funds for investment through retained profits and savings
from households, which we reproduce here by setting d=0in Eq(136).
The behaviour of firms, on the other hand, is almost identical to the one adopted here,
provided we take

ge (u,me) = a + (160)

as the long-run growth rate of expected sales.
For the investment function, we recover the assumption in (Franke, 1996) by setting

k(u,m) = vh(ur) (161)

for an increasing function £ (-).

Regarding effective demand, instead of modelling consumption and investment sepa-
rately, the assumption is that demand in excess of output is given directly in terms of
utilization, which we can reproduce in our model by setting

ya=¢e(up) +1 (162)

for a decreasing function e (-).

With these choices, it is a simple exercise to verify that the fourth and fifth equations
in Eq(136) are equivalent to equations for v and z in (Franke,[1996), with equilibrium
values given by

o faur Up ) o
Up, ZF) = , = (Vup, g (163)
w20 = (T ey T ) — e
It is shown in (Franke, 1996), as we have seen, that this equilibrium is locally asymptot-
ically stable provided the speed of adjustment of inventories n, is sufficiently small.
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For n, above a certain threshold, however, local stability can only be asserted when the
speed of adjustment of expected sales 7). is sufficiently small.

The Franke’s main innovation consists of adopting a variable speed of adjustment n; =
na (zr) and investigating its effect on the stability of the equilibrium.

It is then shown that even in the unstable case, namely when both 7, (Zr) and 7, are
large enough that the equilibrium is locally repelling, global stability can be achieved
provided 7, (zr) decreases fast enough away from the equilibrium.
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5 The Sraffian Supermultiplier

5.1 A brief review of the Sraffian Supermultiplier literature

The term “Supermultiplier” was coined by [Hicks| (1950) as an extension of the more fa-
mous Keynesian Multiplier, it has later acquired the broader meaning of a formal the-
oretical apparatus, based on the principle of effective demand, that takes into account
both the multiplier and accelerator effects. It became “Sraffian” with Serrano| (1995).
Years later, the paradigm is strengthened with [Cesaratto et al. (2003) where Authors
strongly reject the neo-Schumpeterian notion of autonomous investment, in favour of
the view that, in the long period, all investment is induced. The neoclassical claim that
market mechanisms will restore full employment, whenever workers are displaced by
technical change, and the argument of automatic compensation are rejected as well.
Following Post-Keynesian lines, the ultimate engines of growth are located by Authors
in exports, government spending and autonomous consumption: components which all
share the status of autonomous components of effective demand, e.g. they are neither
financed by wage income nor can create capacity. Finally, paper claims that technical
change plays a role in the accumulation process through its effects on consumption and
the material requirements, but it is seen to depend upon income distribution, exchange
rate policy, bank liquidity and other circumstances. Cesaratto examines more in depth
the link between the Supermultiplier and the Endogenous Money Theories with a focus
on Initial and Final Finance in (Cesaratto, 2016a), and again in (Cesaratto and Di Bucchi-
anico, 2021). In (Cesaratto and Pariboni, 2022), the Authors demonstrate, once again,
the compatibility between the Keynesian and Sraffian Schools.

The next step is the aforementioned paper, (Freitas and Serranol, 2015). Its main contri-
bution will be to change the mathematical shape of the models for the following years:
for the first time, a dynamical model of Sraffian Supermultiplier sees the light, in the
form of ODE; its stability conditions are also discussed. On henceforth, the research on
topic comes alive. Without claiming to be complete, we shall cite some papers, but the
main differences are in the incarnation of the autonomous component of demand and
in the number of components (one or two): although Serrano and the other Authors
referred to the components of autonomous demand, the dynamical model in [Freitas
and Serrano (2015) had only one component to keep things simple. So, for example,
Morlin (2022) studies economic growth, fiscal policy rules aimed at debt stability and
open economies, in a model with two autonomous components: public expenditure
and exports (imports are instead proportional to the level of income). We'll see it in
Section

Two components are also protagonists in (Di Bucchianico et al.,[2024): workers’ credit-
financed consumption and rentiers’ consumption which is the earnings given by the
interest rate calculated to extant debt accumulated by workers. Instead Morlin and

=
J
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Pariboni (2024) introduce, into the (Freitas and Serrano), [2015) landscape, the conflict
inflation getting a long-period autonomous demand-led model with endogenous dis-
tribution. We’ll see it in Section[5.3

Serrano et al.| (2018), in contrast to other works, study Harrodian instability not with
a continuous time model (ODE), but with a map, a discrete time model. They find a
Keynesian stability condition: marginal propensity to invest have to remain lower than
the marginal propensity to save.

Of course, critics exist and Sraffian Supermultiplier advocates react in (Serrano et al.,
2023), (Serrano et al., [2024a) and (Serrano et al., 2024b)@ Precisely regarding the
criticism, we would like to point out that one of the most interesting ones concerns
instability through the study of a map version model in (Thompson),2024).

5.2 The Freitas and Serrano (2015) model

Here, we will derive Freitas and Serrano|(2015) model, as you will see, calculations are
really simple and derivation is straightforward. First of all, let’s start by mentioning the
assumptions from the paper. The system is a closed capitalist economy without a gov-
ernment sector. The only method of production in use required a fixed combination of a
homogeneous labor input with homogeneous fixed capital to produce a single homoge-
neous output@ Natural resources are supposed to be abundant; also constant returns
to scale and no technological progress are assumed, as well as no labour scarcity. All
variables are measured in real terms. Moreover, output, income, profits, investment
and savings are all in gross terms. Time is continuous. The level of aggregate gross fixed
investment I is given by the equation

Kt = ]t - 5Kt (164)

where J is exogenously given depreciation rate of the capital stock K. The last, really
important, assumption of the model is this equation, often called “flexible accelerator”

where h,EG]is avariable andit’s the investment share in aggregate output or the marginal

propensity to invest
I
h, = — 166
=y (166)

®BThey are free unpublished discussion papers available on https://www.ie.ufrj.br/
publicacoes-j/textos-para-discussao.html.

The firm sector produces one homogeneous good used both for consumption and investment, e.g.
the corn metaphor: cereal grain can be used both for consumption and for planting, as an investment
(new capital-goods), for future harvests.

2OHere, for a variable =, the notation =; doesn’t mean a map or discrete time, =, = =(¢).

From now on, we will use this notation, which differs from that used in the previous Sections, in order
to be consistent with the notation used by Sraffian Authors.
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uy is the other main variable of the model, it’s the actual degree of capacity utilization

Y,

=t 167
Vi (167)

Ut
v > 0is a parameter that measures the reaction of the growth rate of the marginal
propensity to invest Z—Z to the deviation of the actual degree of utilization u; from the
normal or planned level u,, (with 0 < u,, < 1). Eq(165) is a hypothesis about the be-
haviouof capitalists, but it’s also a version of flexible accelerator investment function.
Since this is a 2D model, one half of the model is assumed by hypothesis, let’s derive
the remaining part.

The accelerator v (not the constant oneF_ZD is the technical capital/capacity output ratio:

Y = ——
Yk,

(168)
where Yk, is the capacity output of the economy at time ¢ and K is the level of capital
stock installed in the economy at that time. Since v is a constant (a.k.a. parameter), to
be consistent, it’s time derivative should be zero

O dV d Kt Kt YKt Kt [t — 5Kt
= — = — e — —= — 1%

dt  dt \Yx, ) Y, Vi Y, Vi, Ok

I Y
= ?tY—Kt — vl — VK, = htut — vl — ViK,
which, finally, gives the rate of capital accumulation
h
gk, = 2§ (169)
1%

but g, is also the rate of growth of capacity output, so gx, = % = ZZ—?

t
To clarify, h, is not a constant, as v, so it’s derivative is not zero, i.e., if we take % In Ay,
we find ) ) )
hy I Yy
P A
which corresponds to Eq(9) in (Freitas and Serrano, 2015).
This approach derives the equations of motion directly from the macroeconomic defi-

nitions, so to get the last main equation it is sufficient to evaluate the time derivative

2"They want to stay as close to the normal level as they can, so they change the level of investment
accordingly.

22Beware, it is also possible to define it as v = %’ (e.g. IGoodwin| (1982) adopts a fixed capital-to-
output ratio) but here we will use only the one with Y, . However, one could always recover the constant
one by setting u; = 1 Vt.
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oflnu, =InY; —InYkg,
U = u (g1 — 9K,) (170)

Now, the last piece is the growth rate of output or demand g; calculation. It comes
fromY;, = C, + I, + Z; where Z, is the autonomous consumption financed by credit.
Consumption C} is instead induced, i.e., C; = c¢Y; where ¢ = gqu_g] is the marginal
propensity to consume, ¢ is the marginal propensity to consume out of wages and w is
the wage share of output (constant, following Classical and Sraffian hypothesis), so

Z

Y, = 2
K ]_—C—ht

(171)

where (1 — ¢ — ht)_1 is the Sraffian Supermultiplier, which is a variable as h;. Taking In
and time derivative of Eq(171), the growth rate of aggregate demand is

. Zt 0—0-— ht — gz i ht’}/ (Ut — Un> (172)

gt_Z_l—c—ht_ l—c—1Iy

where g7 is a parameter, i.e., the growth rate of autonomous component of demand is
exogenously given.

Serrano and Freitas firmly clarify the difference between s = 1 — ¢, which is the aggre-
gate marginal propensity to save, and the actual saving ratio, the average propensity to
save, % =5— % = sf, = h, where f, = It—Ii-tZt = %3‘1 is called “the fraction”. ¢ + h,
is the marginal propensity to spend and it's lower than one, the case ¢ + h; = 1 is the
Say’s Law, which is rejected.

Finally the 2D model is:

iy = uy | gy + Ylezun) _ hew 5]
{ t t [gz FE——— ” (173)

hy = vhe (ug — uy)

Regarding fixed points, the origin is obviously the trivial solution; the economically

meaningful equilibrium is achieved by settingu % 0and g = gx: (4, h) = <un, ”(9#:’6))
So at equilibrium g = gz = ggi. | will not study the stability conditions and the bi-
furcations here, I'll just say that, for parameters in Section 8.1 Appendix, topologically
speaking, the point (0, 0) is a saddle and (ﬂ, I_z) is a stable focus (a.k.a. spiral).

From jacobian linearization, Authors find this condition for the stability
S
9z < 9maz = ~Un — o — YUn (174)
1%

In Figure[40]and[41you can see a phase portrait of the phase space and the really slow
secular convergence to equilibrium stable point.

By<e<lsince0<p<land0<w< 1.
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5 THE SRAFFIAN SUPERMULTIPLIER

(a) (b)

Figure 40: the secular convergence to the spiral point and the phase portrait with
both fixed points, initial condition are also marked with smaller dot.

(a) (b)

Figure 41: determinant A and trace 7 of the jacobian calculated in the fixed points
and in orange the function 72 — 4A = 0 which divides spirals from nodes for the eco-
nomically meaningful equilibrium point (e.g. see/Strogatz, 2024, Chapter 5) and|(b)]zoom
of the focus point in Figure
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5 THE SRAFFIAN SUPERMULTIPLIER

5.3 The Morlin and Pariboni (2024) model

As an example of an extension of the previous model, again with a single component
of autonomous demand, we study here the Morlin and Pariboni (2024) model. It’s has
some similarities with the Goodwin| (1982) class struggle model.
The money wages w; have their growth rate given by

Gy = e _ 1Tt + Qo (ww, — wy) (175)
Wy
This equation means that workers push for money wage increases to preserve their
purchasing power after price increases, so the rate of growth of money wages depends
on the inflation rate m;,, since changes in the cost-of-living affect wage negotiations.
This effect is nevertheless incomplete, so that oy < 1 but positive. Workers also have
an ideal wage share wyy level in mind, which is their target, so they try to close the
aspiration gap wyr — w with the actual real wage share w;. However, workers’ ability
to meet their targets depends on their bargaining power: hence, as is the sensitivity of
the rate of change in money wages to the workers’ aspiration gap.
Inflation rate is the rate of growth of prices p (wm =g, = %) and this process depends
upon the capitalists’ pricing decisions. So also capitalists have their aspiration gap with
targeted wage share wy and coefficient \,. Moreover, capitalists partially pass through
labour cost increases into final prices according to another coefficient A\, positive and
smaller than one.

gpt = Tlint = /\19% + /\2 (wt — wKt) (176)

The rate of growth of real wage is the difference between the two rates g,,, = g, — gp, -

Putting Eq(175) in Eq(176) we have

o1 (W, — wy) + Ao (wr — wi,)
1-— O[l/\l

Tint =

and, finally, we find the first differential equation of the model

w
Guy = j = Guwy — Ypr = Tint (041 - 1) + g (th —wt) =
t 177
wie, (1= o) A+ wmw, (1= M) as — wr [(1— 1) do+ (1= A)a] 77

1— Ckl)\l

Authors also endogenize workers’ income claim: workers’ target for the wage share
depends on an autonomous component, expressing institutional and political factor 9,
and a second term that expresses the effect of unemployment rate 5

wWw, = 00 — gljt (178)
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The unemployment rate evolves according to the difference between the growth of the
labour force gy and the growth of the labour demand g;,. The latter is determined by
the output growth rate, so g;, = g. Labour supply follows an exogenous demographic
trend (5, with an added endogenous component, according to the coefficient 3, that
captures the entrance into and exit from the labour force and migratory movements in
time of low unemployment. So we have another linear relationship:

gn, = Bo — B (179)

As in (Freitas and Serranol [2015) we have Eq(165), and (170), but now the propen-
sity to consume c can vary in time since an increase in the wage share leads workers to
spend a greater portion of their income on consumption (it's a natural tendency to do
S0): ¢; = puwy.

Using the same mathematical procedure as before, we obtain the analogue of Eq(172)

oWy + vhy (ug — uy,)

180
1-— Ywy — ht ( )

gt =9z +

To obtain the rate of chance in the unemployment rate, we reason as follows. Since,
N is the total population of workers, the labour force, and L is employed one, the

unemployment rate j is j = % Now taking, as usual, In and time derivative of the

L

employment rate 1 — j = £ we find (1’%; =L

— & which is the growth rate of j

1—3 1—3 , wi + vhe (ug — uy,
9j. = -jt(gNt—th): -jt {ﬁo—ﬁljt—gz—g)t he (U >1 (181)
Jt Jt 1 — puwy — hy

So our 4D system is:

7 -

hy = ’Yht (Ut - Un)

. god}t+’yht(U,t*Un) _ hywg
Uy = Uy [gz T e T e T )

o= (1= 30) [Bo = Bui — g — Eitiatales)
Wy = wiwi, (L—a1) Aatwiww, (1-A1)az—w?[(1—a1)Aa+(1-A1)az]
(Wt = l—a1 A1

This model combines conflict inflation (class struggle) and demand-led growth, fol-
lowing the supermultiplier approach: growth and distribution become interconnected
processes linked through the unemployment rate. The equilibrium between inflation
and distribution resulting from the conflict inflation implies an equilibrium wage share
wy = 0 and the convergence to the growth rate of autonomous demand g = g.
Beside the trivial solution (0, 0, 1, 0), the economically meaningful equilibrium is

- - v(gz +90) Bo — 9z WK)\2(1_051)+052(1_/\1><90_‘91}>>
h,u,7,0) = s Un,y )
(h.@.5,%) ( Un B k(-a)+a(-A)
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In equilibrium, the inflation rate is given by

Qg (90 - 915 - WK)

(6%)] (1 - )\1) + )\2 (1 - Oél)
Authors find this stability condition:
o+ h+yr <1 (184)

To have an j within the valid range 1 < j < 0 we also need 3, > g, and 3; > 3y — gz.

5.4 TheMorlin (2022) model

As an example of a two-component model of autonomous demand, we see Morlin’s
paper. He studied growth in an open economy with government with a Sraffian Super-
multiplier model with two autonomous expenditures: exports and public expenditure.
Both expenditures are autonomous once they are neither finances out of the current in-
come nor directly caused by production decisions. Exports depend on foreign demand,
not the domestic demand, and government counts with several degrees of freedom to
run deficits and expand public expenditures independent of the current income and
taxation. According to (Cesarattol [2016b), this is particularly true for countries issuing
public deb in their sovereign currency. So, now we have also the government sector (7,
export expenditure X and import M, hence Y equation here becomes

Y, =Ci+ 1L, +G + X, — M, (185)

To build the Supermultiplier we have to replace the equations for induced components,
but the only differences compared to previous models are in C; = ¢(1 —7)Y; and
M,; = mY;, where 7 is a constant income tax rate, m is a constant propensity to import
and the propensity to consume c is constant again. So Eq(171) here becomes:

Z

Y, —
Tl c(l=7)—hi4+m

(186)

where 7, = X, + G;.
Eq(165) and (170) are, once again, two of our differential equations. Taking In and time
derivative of Eq(186) we find the growth rate of aggregate demand

vhy (Ut - Un)

g 1—c(1—7)—ht+m+gz (187)

Since Z isthe sum of G and X, g is given by the average of the growth rates of exports
and public expenditures, weighted by the share of each expenditures on Z

9z = orge + (1 — o) gx (188)
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where 0, = % Taking time derivative of Ino; = InG; — In Z; we obtain ¢, =
01 (96 — gz)- So o, which is the share of government expenditure GG in autonomous
demand Z, changes whenever the growth rates of exports and public expenditure dif-
fer. Using Eq(188) we find the third differential equation of the model

o1 =01 (1 —01) (9¢ — 9x) (189)

If public expenditure grows faster (slower) than exports, then o; continuously increases
(decreases). So one of the expenditures keeps growing faster than the other, until o
converges to one of the extreme positions: either o = 0 or 6 = 1. In that case, one of
the autonomous expenditures dominates the explanation of the growth of autonomous
demand. However, as modern economies usually present positive demand from ex-
ports and public expenditures, Author argues that this condition does not usually hold.
Taking this into account, a constant growth rate g, for the total autonomous demand
can only be obtained if both expenditures constantly grow at the same rate, which is
highly unlikely. So a stable fixed point will need g, = g5 = ¢gx.
A second alternative requires that the growth rate of each autonomous component
varies in time, exactly compensating from movements in the other and from changes
in o to keep a constant value for g,. Anyway, Author does not explore this possibility.
Our 3D system is

Up = Uy 0t9G+(1—0t)gx+%—%+5

he = yhy (u — ) (190)

oy =0y (1 —0¢) (96 — 9x)

Beside the trivial solution, the economically meaningful one is

(3, h,5) = (UMU>

Unp,

Indeed, since g7 = g = ¢gx, the equilibrium can be achieved at any level of o.
The stability analysis (see Morlin|(2022) Appendix) is expressed as follow:
)
7u+c(1—7)+w—m<l (191)
un

Author concludes that the simple inclusion of another autonomous expenditure does
not affect the local stability of the (Freitas and Serrano, 2015) supermultiplier growth
model.
He also proposes an extension of his model from 3 to 5 equations. So let’s add the public
debt B which changes according to government expenditures G, taxes (proportional to
the level of income Y) and the debt service : B, where i is the interest rate

Bt == Gt — 7—}/,5 + ZBt (192)
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The relevant economic variable for the analysis of public debt is the ratio between debt
and income b, = 37:. Taking time derivative and using Eq(192), we have

i)t =02t — T + th - QtBt (193)

of course, z; = % The term 0,2z, — T corresponds to the primary government deficit
(or surplus) to output ratio.

Moving on to the balance of payment, we assume that it’s composed of the trade bal-
ance, factor income balance and capital account. The factor income balance is solely
composed of external debt service payments R; = r Dy, r is the international interest
rate (it's fixed) and D the external debt. Hence, trade balance plus external debt service
R constitute the current account and we assume that capital flows I are just sufficient
to cover the deficit in the current account

Ft - Mt - Xt + Rt (194)

Here the result of the balance of payment is equal to zero so that the country neither
accumulate nor loses reserves.

The change in external debt will be given by net entrance of capital to finance the cur-
rent account deficit, thus

Dt = Ft = Mt — Xt + TDt (195)
Defining d; = %, we have
. m
= —--——1 — d 196
t —0)= + (r—gx)d, (196)

Foreign debt stability requires an export growth rate gy larger than the international
interest rate r
r<gx (197)

Eq(196) of course shows that the path of foreign debt to exports ratio diverges as o
approaches 1: an increase share of government in autonomous demand implies an
increase in imports, owing to the increase in domestic demand, without a counterpart
in exports.

Now, our system becomes 5D

(’llt:Ut UtQG‘F(l_Ut)gX""%_%—F(S

hy = ~vhy (uy — up)

or =0y (1 —0y) (96 — 9x) (198)
Bt =02 — T + 1by — : By

dt:ﬁ_1+(r_gX)dt
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With these additions to the model, the equilibrium becomes

(a,h,&,b,d):(un,”@Z”),a,”‘T,( m _—1)( ! ))
Up, gz — 1 (1—‘7)2 gx — 7T

where Z is given by the inverse of Eq(186):

_v(gz+9)

z=1—c(l—1)
Unp,

+m
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6 Adding inventory dynamics to
the Sraffian Supermultiplier

6.1 Adding inventories

Now we will try to add inventory cycle to the Freitas and Serrano (2015) model pre-
viously seen (Section [5.2), but before we start, we would like to say that our attempt
could not even exist without the work done by (Grasselli and Nguyen-Huu, |2018) (Sec-
tion|4.2).

To avoid their problems, we took the road of simplification, but in addition, we decided
to add the autonomous component of demand Z and to make their model compat-
ible with (Freitas and Serrano, |2015): so, although we based our work on (Grasselli
and Nguyen-Huu, |2018) paper for how to deal with inventories, our model, also, shows
some own peculiarities.

Following Sraffian lines, we decided, in particular, to turn off the Goodwin engine and
to keep constant: so it will be a parameter exogenously determined and not a vari-
able.

In the previous model, output produced Y and demand for goods C'+ I + 7, and there-
fore income Y, were equal by construction (i.e. Y = Y} in Serrano-Freitas model), but
the existence of inventories relegates this to a special case.

So the actual output produced by firms Y; is assumed to consist of expected sales Y ;
plus planned inventory changes I, ;

Yo=Y, + 1, (199)
The total sales demand or effective demand Y, is
Yvdﬂg - Ct + It + Zt (200)

The difference between output and demand determines actual changes V, in the level
of inventory V; held by firms/capitalists

Vi=1ly+1L,=Y — Yy (201)

where [, ; are the unplanned changes in inventories (anyway it won’t be important for
the model). So here as accounting identity we have

Y,=Vi+Ci+ I, + Z (202)

Cy

2we also set ¢ = 1, so workers spend their entire wage, and therefore w = ¢ = v
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and the Supermultiplier becomes

Vit Z, Z,

Y, = = 203
Tl-w—h Y- w— (203)
where we define
_ Yap _
Yt = 7 =W + ht + 2 (204)
Y,
z; is simply the share of the autonomous component of the demand
Zy
= 205
2t Y, ( )
and v
e,t
ot = — 206
Ye,t % ( )

Furthermore the capitalists are supposed to close the gap between the actual demand
and the expected sales”] '
Ye,t = Te (Yd,t - Ye,t) (207)

for a constant 7). > 0 representing the speed of short-term adjustment to observed de-
mand. As for the capacity utilization, we assume that firms aim to maintain inventories
at a desired level

Var = faYer (208)

for a fixed proportion 0 < f; < 1.
We further assume that capitalists adjust their short-term expectations based on the
observed level of inventory

Ly =14 (Vay — Vi) (209)

for a constant n; > 0, representing the speed of short-term adjustments to observed
inventory.

Since Vdi = dee,t and ['m =1y <V;l¢ — Vt> using Eq(201) and (207), it gives

jpt ).et
0 — 2 — ]_
Y, = Nafa Y, + Na (yd,t )

25As we have seen, (Frankel 1996) and (Grasselli and Nguyen-Huu, [2018) added a term concerning the
output growth rate to Eq(207) and to Eq(209). However, in[Franke| (1996) model this was a constant,
while in|Grasselli and Nguyen-Huu|(2018) model there was a capitalists’ expected growth rate g. (u, 7. ),
whose derivative, strangely enough, seemed to disappear in the calculations.
In our case, we could have included g; or g, but we preferred to take the path of simplicity and assume
that capitalists have no expectations regarding growth.
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Now we can'’t use Eq 1i to get g; as in (Freitas and Serrano, 2015), since we would
find an equation with V;, but we can use Eq(199):

Y., I
g ==L+ 2 — o (14 mafs) War — Yer) + 70 (Yae — 1) (210)

Y, Y
Finally, calculating time derivativeof In z; = In Z; —InY; andof Iny.; = InY,;—In Y
we ends the model with four ODE system which, we must admit, is not much simpler
than the 5D model of (Grasselli and Nguyen-Huu, 2018), despite the efforts made to
simplify it:
{ .
2t = %4 (QZ - gt)
Vet = Ne (Ydt — Yet) — GtYert
i = (o0 242 +0)
hy = ’Yht (Ut - Un)
Gt = Ne (L +nafa) Yar — Yer) + Na (Yar — 1)
(Ydt = w + h + 2

(211)

6.2 Dimensionless group and fixed points

It's also possible reduce the number of parameters when the model is expressed in
dimensionless form (e.g. see|Boccaral, 2010, pag.27,28).

In Section [8.1 Appendix we perform the dimensional analysis, but for what concerns us
here, it is enough to know that all the variables of Eq(211) are already dimensionless by
construction, except time.

To define the new time scale 7, we could use any parameter or combination of them,

however to simplify the equations, it is better to use 7., i.e., 7 = tn. and L = 771—8%.
So Eq(211) system now becomes
( Zr

(2_7. = Zr (geZ - ge,T)

d e, T

% = (yd,r - ye,T) — Ye,rYe,r

du hru

- = Ur er — = -+ 56)

dr <g T (212)

% = ’YehT (uT - un)

Ger = & — Me (yd,T - ye,'r) + Nea <yd7T o 1)

Tle

\yd,‘r :w—"_hT—"_ZT

0l

where we have defined M, = (1 +n4f4), gz = %, Ve = Nty 0 = 2, 7. = x

ned _ ﬂi_ Tle Tle
Te
With this choice we went from 9 to 7 parameters: w, M., gez, Ve, Ocs Ves Ned-

2Beware that Y.+ and y. ; are unknown, but we know Y, , definition and Eq(207). It’s enough.
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Later, we will also use the shorthand M.; = n.q + M..
The first fixed point requires, from g—j = 0 and z # 0, an equilibrium growth rate
ge,l = Gez-

To have &= = ( and y, # 0, it's needed y, = ¥, so y, = y, isn't a solution, as one
dr Y Y Ttge' 99 Ye = Y

could expect. §. = 1%6 and z = §j; — h — w, further % = 0 and u # 0 requires
]_7/ — Ve(ge‘i‘(se).

So we need only 7, that we can find solving g. = g.» with the other equilibrium vari-
ables. i — (ned+geZ)(1+geZ)

: yd’% Meg_eZ+.776d(1+geZ) :
The first fixed point is:

T (Ned + gez) (1 + gez) Ve (gez + 6e) (Ned + gez) (1 + gez) 1 Ve (gez + 6c)
(21, 9e1, 81, h1) = - —w, ) Un,
Megez + Nea (1 + gez) Un, Megez +Ned (1 + gez) 1+ gez Unp,

For the sake of completeness, in the case of the system in Eq(211), the point becomes

- (ma +9z) (Me +92) v(gz +9) (na +9z) (Me +92z) e v(gz +9)
(21, Pe,1, 81, h1) = —w Unp,

g9zne (1 +nafa) +na (ne +9z) Unp, “gzne L+ nafa) +na (e +9z) ne + 9z Un,

For the second fixed point we set z, = 0, thus the reason for having g. = g., disap-

(a) (b) (c)

Figure 42: Numerical integration of the Eq(211) system with numerical values of Section
8.1 Appendix. You can see the convergence to the fixed point (Z1, g1, %1, h1), the
economically meaningful equilibrium point and [(b)]the same dynamics but in the phase
space and [(c)| the phase portrait with z, instead of h. Since the system is 4D, obviously,
we can'’t represent it in only one 3D graph, so it is split in two.

pears, this needs to solve a quadratic equation for g, o, i.e. gz’zO + Ge2P +Q = (E]
but, unfortunately, it has not solutions in R since the discriminant is negative.
Finally, for the third fixed point, we have h; = @3 = 3 = 0, Ya3 =wand Ye3 = 112:3,
replacing in Eq(210) divided by 7., it gives another quadratic equation ’

93,3 + Ge,3 (1 —wMe 4 Neq (1 = w)] +Neq (1 —w) =0

271t has not solution for the parameters in Section Appendix, anyway it isn’t easy to study.
O=1—1(Nea+ M), P=14neq — (w+5u—”) (Mea + Me) — =514, Q = Neq (1—w— %)
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without real solutions.
So also the third fixed point doesn’t exist for these values.
Moving on the jacobian matrix is

gez — Ge — % (Nea + Me) zZM, 0 —Z (Nea + M)
J (5 g B) = 1—_@76 (Nea + M) geMe_—l—ge ) 27 _1—ye (ned-&-Mi (213)
U (Nea + Me) —uMe. Ge =222 450 U (nea+ M) — =
0 0 Yeh Ve (T — un)

and in the economically meaningful equilibrium point

—Z1 (Mea + M) z1 M. 0 —Z1 (Nea + M)
- 1—Ye,1 (Mea + Me)  YeaMe —1—ge 0 1 —Ye,1 (Nea + Me
T G Gons s hy) = || et (rea B M) Gen 9oz . Jea (e £ M) |y
Un (Mea + M) —un M. Gez =277 + 0 Un (Nea + M) — 2
0 0 Yeha 0

The determinant of this matrix implies

—Z1 (Nea + M) — A z1 M, —Z1 (Meq + M)
0= (—1)4+3 ’}/el_ll det 1— ge,l (ned + Me) ge,lMe —1- Gez — A l— ge,l (ned + Me)
Up, (ned + Me) _unMe Up, (ned + Me) - %
—21 (ned + Me) A ElMe 0
+ (=) (=N det | 1= Fet (Mea + M) GepMe — 1 — gez — A 0
U, (ned + Me) _unMe Gez — 2% + 56 —A

The eigenvalue equation for the first fixed point gives:

hlun

— (Se +1-— gje,lMe + Z1J\4ed:| + >\2 [(ge,lMe —1- geZ)

Ve

0=\ +\ {2

hiu,, hyu,
(_2 11/ + Gez + 56) - Z1]\46 (_2 : + Gez + 66) + Z1]\/[ed (1 + geZ> -

2 2
n hlun

hlu

_ZlMe + Ve - unhlfyeMed:| + A |:’Ye (1 + Gez — ge,lMe) —

€ €

P2 ] S
1V ZlMed + erhlunMe - (Zlned + ZlMedgeZ)

e

_’YehlunMed (1 + geZ) + Ve

2

hiu, h
(_2 = + Gez + 56)] + Ve 1unzl [Med (1 + geZ) - Me]

Ve Ve

Routh-Hurwitz stability criterion for a fourth-order polynomial

P ()\) = CL4/\4 + (l3>\3 + CLQA2 + (11)\ +ag = 0
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requires all coefficients must be positive, i.e., a; > 0 for all i, 0 < asa; — asay and
2 2

0 < agaza; — asay — azag.

Unfortunately, such conditions are not simple to check, here.

Moving on to numerical simulations, the four eigenvalues are:

(—0.024 +40.078, —0.024 — ¢0.078, —0.098 + 70.074, —0.098 — 0.074)

They all have negative real part so the fixed point is a stable economically meaningful
equilibrium point.

Moreover, the fact that two eigenvalues are complex conjugate suggests that it could
be a focus, e.g., a fact that seems to be confirmed by the Figure[42
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7 Conclusions and further developments

In this thesis, we discussed some of the most important models of the Heterodox Schools.
In particular, we focused on endogenous growth models.

Then, We moved on to the main topic: the version of the Keynesian Multiplier proposed
by the School founded by Piero Sraffa. In particular, the recent version of the Sraffian
Supermultiplier was discussed. The research proposal for this thesis was to add the in-
ventory dynamics to the Sraffian Supermultiplier.

As we have just seen, the model seems promising, however it presents mathematical
complications. For this reason, it seems unwise to further complicate an already com-
plicated model, nevertheless, one can easily imagine additions to the model, which we
will discuss in this section.

7.1 Class struggle, workers’ bargaining power and Goodwin cycles

Just asMorlin and Pariboni| (2024) studied conflict inflation and endogenous distribu-
tion, even though they are Sraffian authors; one could reactivate here the class struggle
Goodwin engine that we had decided to ignore before.

Goodwin|(1982), and Keen (1995) and Grasselli and Nguyen-Huu| (2018) following him,
model their investment function and bargaining power on the disciplinary role of unem-
ployment and the “scarcity of hands”: here w becomes a variable and «); depends on )\,
so when the employment rate increases, also the strength of the workers increases and
therefore the wage claim, but capitalists react to the decrease of their profits (1 — w;)
cutting investment and therefore the employment. |Grasselli and Nguyen-Huul (2018)
don’t use h variable, but in our case, Eq(165) should also depend on the profit share
m = 1 — w; since ht must decrease. The price to pay would be to add two more equa-
tions to the model, since we need the employment rate A\; and the wage share w;.

7.2 Labor force

The issue here is that in Goodwin|(1982) and other related papers, there isn’t a limit for
/'\t andY;,so\; > landY; > Y., = aare potential outcomes of the model. They
use Z—j =« and % = 3 so both grow exponentially fast: this often is enough to avoid
issues. For us, thelproblem still remainst

28Here N is the total population and a the labour productivity. NV is assumed fixed, so the population
doesn’t grow in our model, and so does «.

29We don’t find very interesting to study the dynamics if there is exponential growth, plus it must be
added that in the real world countries have problems with both productivity and population growth, e.g.,
a=p=0.
Someone could use something like Y; = min (aL;, aN) where L, is the number of workers employed
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i _
Y;

g: (1—25) = g:(1 =) = §¢. But here an issue arises with the Sraffian Supermulti-
plier: if g is given, Z; always increases, so when output will reach its a/V limit, we think
that Z, to continuing to grow, it will absorb all the other components and, eventually,
the model will stop making sense. Again, one would try Z- = g5 (1 — Z), although,
it must be said, there is no real economical reason to have such a behaviour. Maybe
that’s why Serrano and Freitas don't consider the employment rate: it seems to us that
exogenous g, stops making sense in conditions of full employment. Anyway, continuing
to follow this proposal, then one should derive g; from these equations and the |Freitas

and Serrano| (2015) model would become this 4D model:

A solution could be to use the logistic equation with carrying capacity alV, i.e.,

’>.\t =gA(1—A)

Ze =2t (92 — ¢ + M (9r — 9z21)]

Up = Uy [gt (1—=N) = % + 5] (215)
ht = vh (ug — uy)

9= =5 [gz (1= 2z) + %ﬂin)]

\

at time t, but such approach complicates the derivatives for the jacobian matrix.
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8 Appendix

8.1 Stocks and Flows. Dimensional analysis, benchmark parameters

A flow is how much a stock varies in time. Since, in this work, we have defined quantity
as a number (i.d. how many goods the output is made om they are dimensionless.
So stocks should be dimensionless, while flows have dimensions of [Tz’me]_l.

Of course, one must also choose the time scale and define the size of the model pa-
rameters accordingly. One could choose, for example, quarters or years, we decided to
choose year as time scale.

Ky, Vyand V,, are stocks; 1, Y3, Y i, Ct, Zt, Yau, Yer, Iy, Vt are flows.

Time derivative of a flow has dimension [Tz'me]_2, e.g. acceleration in Physics.
Growth rates are [Tfime]_1 since a growth rate is a ratio between the derivative of a
flow and the flow itself.

Ratios are dimensionless, e.g. h, is a ratio between two flows.

In this model we have 9 parameters. The accelerator v is a [Time] since it’s a ratio
between a stock and a flow. f is also a [Time] since Eq(208) is an equality between
a stock and a flow, so f; must transform a flow in a stock. All other parameters are
[Time]_l, e.g. § is the inverse of a time since in Eq(164) K, and I, are flows and so the
stock of capital K; must become a flow. A summary can be found in the Table[l

8.2 Calculations for Goodwin model with Say’s Law

The jacobian matrix for the Goodwin model with Say’s Law is

w [N — « ww' [A]
J(w,\) = o 216
( ) _% lz/_G — o — ﬁ Y ( )
where the derivative of the function with respect to employment is w' [\| = %.
We introduce the notation wy = w [0] = % — D < 0, where wy = —0.04 depends

solely on the value of the parameters chosen for the model (we said that workers were
willing to accept a maximum reduction in their wages of 4%).
For the first fixed point, we obtain

Jo(0,0) =

W — 0 ] _ {—0.055 0 } (217)

0 L _o—p—96 0 0.263

v

30Since we did not want to make a particular choice of the representative good in my model. But, for
example, in the corn metaphor, the output could be composed of a number of grains, or, more likely,
a unit of measurement of the mass, e.g. in tons or kg. However, now, we prefer to keep this quantity
dimensionless, so it will be, simply, a number.
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Symbol | Status DIMension o e condition
v parameter [Time] " 0.1500
U, parameter [Time] "  0.8242
v parameter [T'ime] 0.9890
J parameter [Time] " 0.0840
parameter / 0.7000
9z parameter [Time] " 0.0390
e parameter [Time] " 0.1500
N parameter [Time]”"  0.1500
fa parameter [T'ime] 0.1500
2 variable / 0.1329
Ye,t variable / 0.7658
U variable / 0.7642
hy variable / 0.0876

Table 1: Summary of the main variables and parameters. There are also the benchmark
values for the parameters and the initial conditions for the variable. Some values come
from Di Bucchianico et al.[|(2024).

where detJy = —0.014 < 0 and trJy = 0.208 > 0 and since the eigenvalues are one
positive and the other negative, the origin is a saddle point.
Instead, for the second fixed point

o 0 @ [ 0 2.550
J]_ (wla)\l) = |i_£ W1w0|: 1j|‘| - |:—0322 0 :|

VG

(218)

where detJ; = 0.821 > 0 and obviously trJ; = 0, the eigenvalues are purely imag-
inary complex conjugates \; o = +0.906:. The fixed point, having a real part of the
eigenvalues equal to zero, is a non-hyperbolic point and is a center: therefore, for ini-
tial conditions different from it, cycles will form around it.

8.3 Calculations for Goodwin model without Say’s Law

The jacobian matrix of Goodwin model in the case of the investment function is

wA - a wuw' [ wA - a ey
J(w, ) = ) S = 2£G k[“—; (219)
In the same way, let us now introduce the notation &,, = k [%} =k [%} =
E _
@—H_—0.057<0.
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For the fixed point (i, Ag) we have

Jo (0,0) = (220)

0 bn 0 —B—§ 0 —0.089

g€

wy — a 0 ] B [—0.055 0 }

where det.J, = 0.005 > 0 e trJ, = —0.144 < 0, unlike the previous case, now both
eigenvalues are negative, so the origin is a stable fixed point. This is due to the presence
of the inversion function, particularly in the second eigenvalue: since k,, < 0 due to
the chosen parameters, also ’Z—G —a—p—-6<0.

Instead, for (@i, A1) we have
o 0 e’ [A] 0 1.965
Jl (UJI**a )\1> = [&k/ [1—@1**:| 0 = |:1404 0 :| (221)
| Z¢] vg
It has det.J; = —2.759 < 0 and trJ; = 0, the eigenvalues are real with opposite signs
A2 = £1.661, therefore, the ﬁ)ged point is a saddle.
Finally, for the fixed point (., A1)

(222)

<€

- 0 @’ [A] 0 2779
Ja (W1*>)\1) = [&k’ [1—&] 0 ] - [—1.404 0 ]
Ze]

It has detJy; = 3.902 > 0 e trJ; = 0, the eigenvalues are purely imaginary complex
conjugates A\ o = £1.975:. Since the real part of the eigenvalues is zero, the fixed point
is a non-hyperbolic point and is a center.

8.4 Calculations for Keen model

The jacobian matrix of the Keen model is

N T R (o
J(w,)\,d): 7UG (F—GL>3 vG 7Q7B7 72 <F—GL)3 (223)

1 _ vg=d o 0 o — k[Vg} _s)| - va=d e
@ (o) “ @ (o)

Let us, therefore, introduce a notation that will facilitate our subsequent calculations:

o - 24C _
5‘(@17;\1@1) - ((Bc,\l)g) =Ko

dA A i
A R =K
(Q1,5\1,J1) va <F—G%)3 !

dw

2D A 7
oA — x| v | = K
O (51 50,1 ) ve \ (r-cix)’ T
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od
ow

J 2EG
— 1 - va=d vg - K
(Ql,j\l,Ca) va (F*foé)3 2

ik vo—d e
ooy = —0) -t | ey — 11Ky — (0 + B)
1,711,001 — @
where Ky > 0 and K1_> 0.
So, for the point (&1, A1, d1) we have

od
od

- 0 Ko 0
J (@1,)\1,d1) = —Kl 0 —T’Kl (224)
Ky 0 r4+rKy—(a+p)

Moving on to the characteristic equation
)\3 + [(Oz + B) — T — TKQ] )\2 + K()Kl)\ + (O./ + ﬂ)KQKl — TKoKl = O

according to the Routh-Hurwitz criterion, see (Grasselli and Costa Lima), 2012), to have
negative real parts of the all roots of a cubic polynomial of the form p(y) = asy® +
asy? + ary + ag it’s sufficient that a,, > 0 Vn and that asa; > azaq.

We therefore have the following conditions:

a+pB—r—rKy>0

KoKy, >0

KoKl(Oé‘i‘B - 7’) >0

KoKl(Oé + B - 7T — TKQ) > K()Kl((l/ + 6 — T’)

In our case, we already know that Ky > 0 and K; > O andthata > 0O and 8 > 0, so
the second condition is automatically verified. Furthermore, the first condition requires
a+ 3 > r(1 + K») to be satisfied, and the third requires o + 3 > r. For the fourth
condition, however, it is sufficient that

rKy, <0

_ 2EG
Expressing, r K, < 0 we have r — 2= G- 1 <0
© \ed)

2EG
thatis r [(VG - Czl) <W> - I/G] >0
e

and replacing d; as well, we finally get

_ 2EG
. (VG_ﬂ'l—Vg(Oé‘i‘B)) vg — e >0
(F

r—(a+p)
If this and the other conditions stated above hold, the fixed point (i1, A;, d1) is stable.
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Instead, to study the stability of (@s, A2,ds) = (0,0, +00) we must perform the co-
ordinate change d = % so that u tends to zero when d tends to infinity and therefore
the fixed point of interest becomes (w2, As, @2) = (0,0,0). We then rewrite the system
of Eq(67)

(6 =w(w\ —a)

Nty

/\:/\<T—a—6—6> 225)
=

0 =u? — wu? — 2ru — (vgu® — u) (—G—(5>

It is easy to verify that (s, A2, Us) is a fixed point.
Let’s move on to the jacobian matrix

w\ -« w ((BQ_ACC/\)S) 0
2VEG [VL] . 2VEG
J(w, A\ u) = _% (FGG%f) e QP9 VG;\JZ' (chcyg)?’ (226)
e ey 0 U
ve <<F— 7s) )
R[] vt | 2 EE
dove U = 2u — 2wu — 2r — (2vgu — 1) | 624 — § | — “e— e .
e e\ (o)
In the case of the fixed point (@s, A2, %2) = (0,0, 0) it becomes
Wy — Qv 0 0
J (@9, Mg, 15) = | 0 emreletid) 0 (227)
0 O kQ—VG(2T+5)
va

where it was necessary to introduce the notation
T

T—r—00

Z¢

} —H

sincemr =1—w — % tends to —oco when u — 0, as in the case of this fixed point. The
equilibrium is stable if the eigenvalues are all negative, i.e. if The equilibrium is stable
if the eigenvalues are all negative, i.e. if

wo < o

ko <vg(a+B+9)

ko < vg (27‘ + (5)

The first two conditions are automatically satisfied by the choice of parameters, while
the third implies
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or, in our model, r > —0.021, which is not a limiting condition at all considering a
positive interest rate.
Consequently this fixed point is stable and competes with the one seen previously.

89



REFERENCES

References

Nino Boccara. Modeling Complex Systems.  Springer New York, 2010. ISBN
9781441965622.

Sergio Cesaratto. Initial and final finance in the monetary circuit and the theory of
effective demand. Metroeconomica, 68(2):228-258, may 2016a. ISSN 1467-999X.

Sergio Cesaratto. The state spends first: Logic, facts, fictions, open questions. Journal
of Post Keynesian Economics, 39(1):44-71, jan 2016b. ISSN 1557-7821.

Sergio Cesaratto. Sei Lezioni di Economia. Conoscenze Necessarie per Capire la Crisi Piu
Lunga (e Come Uscirne). Diarkos, 2019.

Sergio Cesaratto and Stefano Di Bucchianico. The surplus approach, institutions, and
economic formations. Contributions to Political Economy, 40(1):26-52, apr 2021. ISSN
1464-3588.

Sergio Cesaratto and Riccardo Pariboni. Technical change, effective demand and em-
ployment. Review of Keynesian Economics, 10(3):2913-315, 2022. ISSN 2049-5331.

Sergio Cesaratto, Franklin Serrano, and Antonella Stirati. Technical change, effective
demand and employment. Review of Political Economy, 15(1):33-52, jan 2003.

W. W. Chang and D. J. Smyth. The existence and persistence of cycles in a non-linear
model: Kaldor’s 1940 model re-examined. The Review of Economic Studies, 38(1):37,
jan 1971. ISSN 0034-6527.

Stefano Di Bucchianico, Ettore Gallo, and Antonino Lofaro. Debt-credit flows and
stocks in a supermultiplier model with two autonomous demand components: Con-
sequences for growth. Review of Political Economy, 36(5):1894-1914, jul 2024.

Evsey D. Domar. Capital expansion, rate of growth, and employment. Econometrica, 14
(2):137, apr 1946.

Evsey D. Domar. Expansion and employment. The American Economic Review, 37(1):
34-55, 1947.

Reiner Franke. A metzlerian model of inventory growth cycles. Structural Change and
Economic Dynamics, 7(2):243-262, jun 1996. ISSN 0954-349X.

Fabio Freitas and Franklin Serrano. Growth rate and level effects, the stability of the
adjustment of capacity to demand and the sraffian supermultiplier. Review of Political
Economy, 27(3):258-281, jul 2015. ISSN 1465-3982.

90



REFERENCES

R. M. Goodwin. A Growth Cycle, pages 165-170. Palgrave Macmillan UK, 1982.

Richard M. Goodwin. Economic Evolution, Chaotic Dynamics and the Marx-Keynes-
Schumpeter System, pages 138-152. Edward Elgar Publishing, jan 1991. ISBN
9781035305827.

M. R. Grasselli and B. Costa Lima. An analysis of the keen model for credit expansion,
asset price bubbles and financial fragility. Mathematics and Financial Economics, 6
(3):191-210, apr 2012. ISSN 1862-9660.

Matheus R. Grasselli and Adrien Nguyen-Huu. Inventory growth cycles with debt-
financed investment. Structural Change and Economic Dynamics, 44:1-13, mar 2018.
ISSN 0954-349X.

R. F. Harrod. An essay in dynamic theory. The Economic Journal, 49(193):14, mar 1939.
ISSN 0013-0133.

R. F. Harrod. Towards a Dynamic Economics. Some Recent Developments of Economic
Theory and their Application to Policy. Macmillan, 1948.

J. R. Hicks. A Contribution to the Theory of the Trade Cycle. Clarendon Press, Oxford,
1950.

Jones Hywel. An Introduction to Modern Theories of Economic Growth. Thomas Nelson
& Sons Ltd, 1975.

Nicholas Kaldor. A model of the trade cycle. The Economic Journal, 50(197):78, mar
1940. ISSN 0013-0133.

Steve Keen. Finance and economic breakdown: Modeling minsky’s "financial instability
hypothesis". Journal of Post Keynesian Economics, 17(4):607-635, 1995.

Yuri A. Kuznetsov. Elements of Applied Bifurcation Theory. Springer New York, 1995.
ISBN 9781475724219.

Lloyd A. Metzler. The nature and stability of inventory cycles. The Review of Economics
and Statistics, 23(3):113, aug 1941. ISSN 0034-6535.

H. P. Minsky. Can "it" happen again?: essays on instability and finance. 1982.

Guilherme Spinato Morlin. Growth led by government expenditure and exports: Public
and external debt stability in a supermultiplier model. Structural Change and Eco-
nomic Dynamics, 62:586-598, sep 2022.

91



REFERENCES

Guilherme Spinato Morlin and Riccardo Pariboni. Demand-led growth under political
constraints: a long-run model of conflict inflation. Review of Keynesian Economics,
12(4):475-498, oct 2024.

Giuseppe Orlando, Alexander N. Pisarchik, and Ruedi Stoop. Nonlinearities in Eco-
nomics: An Interdisciplinary Approach to Economic Dynamics, Growth and Cycles.
Springer International Publishing, 2021. ISBN 9783030709822.

Franklin Serrano. Long period effective demand and the sraffian supermultiplier. Con-
tributions to Political Economy, 14(1):67-90, 1995. ISSN 0277-5921.

Franklin Serrano, Fabio Freitas, and Gustavo Bhering. The trouble with harrod: The fun-
damental instability of the warranted rate in the light of the sraffian supermultiplier.
Metroeconomica, 70(2):263-287, oct 2018.

Franklin Serrano, Ricardo Summa, and Fabio Freitas. Autonomous demand-led growth
and the supermultiplier: the theory, the model and some clarification. 2023. URL
https://www.ie.ufrj.br/publicacoes-j/textos-para-discussao.html.

Franklin Serrano, Gustavo Bhering, Ricardo Summa, and Fabio Freitas. The simple an-
alytics of the sraffian supermultiplier. 2024a. URL https://www.ie.ufrj.br/
publicacoes-j/textos-para-discussao.html.

Franklin Serrano, Ricardo Summa, and Fabio Freitas. The sraffian supermultiplier
and the exogenous growth debate. 2024b. URL https://www.ie.ufrj.br/
publicacoes-j/textos-para-discussao.html.

Steven H Strogatz. Nonlinear Dynamics and Chaos: With Applications to Physics,
Biology, Chemistry, and Engineering. Chapman and Hall/CRC, jan 2024. ISBN
9780429398490.

Lance Taylor. Reconstructing Macroeconomics: Structuralist Proposals and Critiques of
the Mainstream. Harvard University Press, 2004.

Stephen Thompson. Is the supermultiplier stable? Metroeconomica, 75(4):568-592,
may 2024.

92


https://www.ie.ufrj.br/publicacoes-j/textos-para-discussao.html
https://www.ie.ufrj.br/publicacoes-j/textos-para-discussao.html
https://www.ie.ufrj.br/publicacoes-j/textos-para-discussao.html
https://www.ie.ufrj.br/publicacoes-j/textos-para-discussao.html
https://www.ie.ufrj.br/publicacoes-j/textos-para-discussao.html

	Acknowledgement
	Abstract
	Introduction
	Dynamical systems andbifurcation theory
	Introductory definitions
	Fixed points and stability in 1 dimension
	Fixed points and stability in 2 dimensions
	Limit cycles
	Bifurcations in 1 dimension
	Saddle-node bifurcation
	Transcritical bifurcation
	Pitchfork bifurcation

	Bifurcations in 2 dimensions
	Hopf bifurcation
	Saddle-node bifurcation of cycles
	Saddle-node on a limit cycle (SNLC) bifurcation
	Saddle-homoclinic bifurcation


	Examples of dynamical systemsin Economics
	The first growth model: the Harrod-Domar model
	The kaldor1940 model
	The goodwinagrowthcycle1967 model
	From Goodwin to Minsky: the keen1995turchetti model

	Growth models with inventories
	The frankemetzlerianmodelinventory model
	The grasselliinventory2018 model

	The Sraffian Supermultiplier
	A brief review of the Sraffian Supermultiplier literature
	The serranofreitas2015 model
	The paribonimorlin2024 model
	The morlingovernoexport2022 model

	Adding inventory dynamics tothe Sraffian Supermultiplier
	Adding inventories
	Dimensionless group and fixed points

	Conclusions and further developments
	Class struggle, workers' bargaining power and Goodwin cycles
	Labor force

	Appendix
	Stocks and Flows. Dimensional analysis, benchmark parameters
	Calculations for Goodwin model with Say's Law
	Calculations for Goodwin model without Say's Law
	Calculations for Keen model

	References

