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Abstract

System dynamics is a methodology to model and simulate complexity in science and engineering. In
this approach there are limited mathematical descriptions due to a large time in the behavior and a non-
mathematical definition of the relationships between variables of the phenomena. It proposes causality
and feedbacks to explain relationships between components. In spite that there are many examples of
complex systems in Astrophysics, the uses of System Dynamics in this area are not documented. However,
we used this methodology to develop models of the stellar nucleosynthesis on the main sequence and
galactic evolution to exploit the possibility to treat important aspects as complexity, scale factors, unknown
elements and known variables in the same context. For nucleosynthesis reactions, feedback loops keep the
solar-type stars on the main sequence and production of chemical elements. The galactic evolution model
has two feedback loops connected through density of molecular gas, generating the dynamic of stellar
formation. Our results for energy emission rate, nuclear luminosity and central and effective temperatures
for a solar-type star are similar to those found in the literature. As well as the qualitative behavior of the
stellar mass, molecular gas density and intergalactic gas density for the galactic evolution model. Therefore
we concluded that System Dynamics is a powerful tool for modelling complex phenomena with feedback
in Astrophysics.
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1. Introduction

System Dynamics (SD) arises in the 60’s at the
Massachusetts Institute of Technology, led by Jay
Wright Forrester, to apply the concept of feedback
control theory to understand the complexity of phe-
nomena in the industry (Forrester, 1961). Over the
years, the SD has been expanding its scope from
physical phenomena to social phenomena, through
the complex problems of urban dynamics (Forrester
1969), business (Sterman, 2000), education (For-

rester, 1994), chemical reactions (Andrade et al.
1994), environmental sciences (Ford, 1999) and global
change among others. In addition, the SD in its ver-
satility is seen as a modeling technique (Forrester,
1961), a methodology (Ford, 1999) or as a systemic
dynamic language paradigm (Andrade et al. 2001).
The SD is an alternative to account for the dynamic
complexity of phenomena explicable in terms of feed-
back loops, systems in the modeling process can be
approximated by linear or nonlinear differential equa-
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tions; as appropriate, with the complement of fuzzy
logic, neural networks or other mathematical tools
of knowledge representation. The methodology fa-
cilitates the modeling process using two basic tools:
influence and state variable rate diagrams. The in-
fluence diagram is a scheme where the dynamical be-
haviour is confirmed and its mathematical represen-
tation is the state variable–rate diagram. SD de-
mands computational frameworks to associate dia-
grams, rates, state variables and relationships among
components in a system. There are different frame-
works knowing for modeling and simulation commu-
nity, from the use of framework based in MATLAB
(as SIMULINK), Wolfram Mathematica, COMSOL
until in-house scientific tools as Dynaplan or EVO-
LUTION2. We use this last framework, proposed by
the SIMON Group in Modeling and Simulation Re-
search at Universidad Industrial de Santander, Bu-
caramanga, Colombia.

System dynamics proposes an approach for the
treatment of high complexity to understand the be-
havior of systems and to facilitate the modeling and
simulation. It deals with feedback loops and time
delays that affect the entire system involving some
external factors. Taking the advantage of feedback
loop’s treatment and the complexity’s treatment in a
high level, we propose the use of SD on the model-
ing of astronomical phenomena. If the phenomenon
is understanding in terms of its components, a de-
scription of its dynamical behavior is established us-
ing feedback. Then, the feedback is a consequence of
the causal co-relationships among the elements of the
system (System Thinking. Forrester 1987). Because
of fact that SD belongs to the System Thinking (ST),
which is a way of understanding every phenomenon in
terms of its components, it establishes the dynamical
explanation of the system on accounting the feedback,
being a result of causal co-relationships between the
elements of the system. Therefore, it identifies and
analyzes the elements and its interconnections to de-
scribe the behavior of the system as a function of
these. In order to show how does it is possible to use
system dynamics in Astronomy to build mathemat-
ical models of physical complex systems, two cases
will be presented: Proton Proton Chain (PPC) and
galactic evolution process. PPC is the stellar nucle-
osynthesis process that occurs in solar-type stars on
stability’s phase called main sequence.

Although there are many examples of dynami-
cal systems with feedback in Astronomy, there are

no references of mathematical modelling using SD.
The article is presented as follows: the second section
shows the principles to use SD in Astronomy; third
section expresses the astrophysical concepts and mod-
eling process for PPC; forth section is similar but for
the galactic evolution process and the fifth section we
finish with our conclusions about the use of SD in
Astronomy and present perspectives.

2. System dynamics as modeling and simu-
lation tool

Complexity demands the use of computer tools
following methodological statements. The proposal
of implementing SD as a methodological tool for the
construction of mathematical models of astrophysical
phenomena with feedback loops is discussed in this
section. Features in Astronomy such as time scales,
large scales of the involved systems, understood and
non-understood process in the same context and un-
known mathematical relationship between variables,
are interesting to make the astrophysical phenomena
as good candidates to be modeled and simulated with
SD. These reasons can be summarized as following:

• Feedback loops and dynamical behavior: the
feedback loops or feedback refers to the situa-
tion where a certain variable X affects variable
Y and vice versa, producing a series of effects.
So, interaction X-Y cannot be studied indepen-
dently, only the study of both interactions as a
whole will lead us to the correct results. There-
fore, feedback is the generator of dynamical
behavior observed in the system/phenomenon.
According to ST (Forrester, J. 1986, 1987), if a
phenomenon is understood in terms of its com-
ponents, a dynamical description of its behav-
ior is established using feedback. In another
words, feedback loops are consequence of the
causal co-relationships between the elements of
the system showing the complexity involved. In
Physics and Astronomy there are many exam-
ples of systems/phenomena where such feed-
back is present. The two cases studied in this
work are dynamical systems where feedback ap-
pears in its description and corresponds with
definition of dynamical system given by SD: a
set of interacting parts that constitute a whole
with feedback loops (Forrester, J. 1992). Be-
cause of the special attention that ST puts in
feedback loops, it makes possible to simulate

2More tools and frameworks can see in http://tools.systemdynamics.org/
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and model the dynamical behavior and, there-
fore, to improve the understanding of the com-
plexity. Usually feedback loops involving all
variables in the system and therefore all the in-
fluence relationships and dynamical interpreta-
tions are unveiled.

• Scales: usually in Astrophysics the time scales
are large, of the order of million years. We
can cite some examples: the solar scale age, of
the order of 4.5 × 109 Yr; the oldest stars in
Milky Way are 13.0×109 Yr, values very near to
the age of the Universe found through different
methods 13.4 × 109 Yr (Ade, P. 2015). These
large times are obviously outside of the human
scale and are an additional problem for interpre-
tation of the observations. Furthermore, in sev-
eral astrophysical situations there are big dif-
ferences in the time scales into the same phe-
nomenon. One classic example is the PPC with
reactions at time scales of million years and
also others of few seconds. A similar situation
happens with another physical quantities like
masses, sizes and distances. The difference of
scales within the same system present in As-
tronomy makes it difficult for any process of
computational simulation and even to interpret
the observations. However, because of SD rep-
resentations like state variables, rates, exoge-
nous variables and delays, the process of model-
ing and simulation for these systems is remark-
ably facilitated.

• Unknown processes and non-mathematical de-
scriptions: in several astrophysical situations,
there are some partially unknown variables
that have correlations with another known vari-
ables into the same phenomenon or system.
The partially and totally unknown variables
present in the phenomenology of complex sys-
tems are a consequence of non-mathematical re-
lationships between the variables and the non-
mathematical descriptions are the main barrier
to understand complexity of the phenomenon.
This situation is unveiled through influence re-
lationships, which are obtained from the ST’s
concepts and provided by SD’s representations.
One example of this situation is the galactic
evolution. As it will be shown in the Section
4, the evolution process of the Milky Way has
two feedback loops, the variables describing the
loop-2 are unknown, or less known, relative to

the variables in loop-1.

The construction of Influence Diagram (ID) is
based on theoretical and observational assumptions of
the phenomenon. The ID identifies the relationships
between different variables through arrows showing
how each variable affects the other forming reinforc-
ing feedback loops and delays positive or negative. It
helps to find the feedback loops and therefore to con-
firm the dynamical behavior of the system. The sec-
ond step is to build the state variable – rate diagram
frequently called Forrester Diagram (FD), this dia-
gram is built from SD’s representations, representing
linear or nonlinear differential equations. The corre-
lation state variable rate is illustrated in Figure 1.

Figure 1 - State variable rate correlation. The state

variable is represented by square while the inflow and out-

flow rates are represented by circles. The small circle

crossed by vertical line represents a constant.

The correlation represented in Figure 1 corre-
spond to the differential equation:

dN

dt
= Rou(t)−Rin(t), (1)

where N is the state variable, Rin and Rou are
the inflow and outflow rates, respectively. Rou de-
pends on the state variable, i.e. Rou(N, k), being k a
constant. The number of correlations state variable
– rate in the FD, determines the set of differential
equations that describes the dynamical behavior of
the system.

The previous construction of the Influence Dia-
gram is necessary because in majority of the cases,
the complexity become so high to identify the feed-
back loops directly in the FD, which may lead to er-
rors and possibly not to find important correlations.
The final step using SD is to obtain the mathemati-
cal model from FD’s differential equations and solve
it numerically under different simulation conditions.

In addition to state variables, rates and vari-
ables; SD approach offers others representations such
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as constants, delays, exogenous variables and non-
linearities. The meaning of each symbol is explained
in Figure 2.

Figure 2 - Representations commonly used in the
SD approach.

3. Modeling the stellar nucleosynthesis

Stellar nucleosynthesis process happens in some
phases of the stellar evolution, the main sequence
represents the stability for the stars. PPC occurs in
solar-type stars, our Sun is considered as a example
of low-mass star. In fact, the Sun is an astrophysi-
cal laboratory where all theories for stellar evolution
are proved and its values like mass, radius, age be-
tween others are taken into account as a reference.
We have considered low-mass stars in the range of
(0.08 − 2.50)M� (Catelan, M. 2006). Being a ther-
monuclear reaction, PPC is highly dependent on cen-
tral temperature which in turn depends on the inter-
nal density. This reaction is presented like dynamical
system because the elements like Protons collide with
each other forming the rest of the elements of the re-
action; the feedback loops produced by these inter-
actions maintain the dynamics in the stellar interior.
This feature correspond to the definition of dynamical
system given by System Dynamics: a set of interact-
ing parts that constitute a whole with feedback loops.
PPC has three branches called PPC I, II and III. The
first branch is the most important because it occurs
85% of the time into the Sun, PPC II occurs 14% and
PPC III 1% (see Schwarszchild, M. 1955; Parker, P.
et al. 1964; Clayton, D. 1975; Kippenhahn, R., et al.
2012). The equations for PPC I & II are given by:

H + H→ 2H + e+ + ν (2)

2H + H→ 3He + γ (3)

3He + 3He→ H + H + 4He (4)

3He + 4He→ 7Be + γ (5)

7Be + e− → 7Li + νe (6)

7Li + 1H→ 4He + 4He (7)

In Figure 3, we show the feedback loops between
the elements to confirm the dynamical character of
the PPC. This figure is built based on equations (2)-
(7).

Figure 3 - Influence diagram for PPC I & II. This
is the first modeling step with SD. LOOP 1, LOOP 2
and LOOP 3 are the feedback loops developed from
equations (2) to (7) and they are positive loops.

Coming to the second step of modeling, PPC’s FD
is shown in Figure 4. The state variables (H11, H12,
H13, H14, H21, H22, He31, He32 & He4) represent
the number density of particles inside the stellar core
whereas the thermonuclear rates R (with subscripts)
represent the collision frequencies between the parti-
cles. In this work we have modeled PPC I to be the
reaction with more frequency.

From FD we have obtained the mathematical
model, i.e. the equations (8)-(12). Here, equation (8)
represents the energy emission rate calculated with
this methodology and it is somewhat different from
the one found in the literature (Bisnovatyi-Kogan,
G.S. 2010 and its references). Where ηip and ηmp

are the instantaneous and mean densities of the 1H,
ρc is the stellar central density, Epp is the emitted en-
ergy and Rpp is the thermonuclear reaction rate for
the 1H in the stellar interior.
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Figure 4 - Forrester diagram for PPC. In this fig-
ure are the state variables H12, H13, H14, H21, H22
& E t with their respective inflow and outflow rates
(circles with letters R) and variables EPSI, T eff, T C
and L N calculated in this work.

EPSI is the energy emission rate in the stellar in-
terior, this rate is obtained from state variable E t
(accumulated total energy in the stellar interior) and
rates RET1, RET2, RET3 and RET4 such as it is
observed in the FD. The equation (8) is solved using
the numerical method of Runge Kutta with an inte-
gration time of 0.01 and it is used to calculate the
nuclear luminosity L N, T eff and central tempera-
tures T C of the star. The results for these variables
are shown in Table 1 and normalized to solar values
in Figure 5. Therefore, as it can be observed, our
results are similar to those found in the literature.

EPSI =
E t

dt
−(e1+e2+e3+e4) = −4(

ηip
ηmp

)
Epp

ρc
Rpp. (8)

Table 1 - Comparations with literature. The third co
lumn has the solar mean values calculated from Bisnovatyi-
Kogan, G.S. (2010) and Kippenhahn, R., Weigert, A. &
Weiss (2012).

Our effective temperature obtained is very near to
value from observational atmospheric models, for energy
emission rate and luminosity the situation is similar. Our
central temperature indicate one a slightly difference that
can be explained by fact that Hydrogen mass fraction was
not analyzed.

Figure 5 - EPSI, L N, T C & T E (being T eff in FD)
for a solar-type star. These results are normalized relative
to solar mean values from Table 1.

The Equations (9)-(12) represent the production of dif-
ferent chemical elements and the feedback inside the stellar
interior for solar-type stars. These facts are consequence
of the interactions between the particles which in turn are
observable due to ST’s perspective.

dη(p)

dt
= −4

ηip
ηmp

Rpp − 2
ηid
ηmd

Rpd −
ηiw
ηmw

Rpw + 2
ηiy
ηmy

Ryy,

(9)

dη(d)

dt
= 2

ηip
ηmp

Rpp −
3

2

ηid
ηmd

Rpd, (10)

dη(y)

dt
=

3

2

ηip
ηmd

Rpd − 3
ηiy
ηmy

Ryy −
ηiz
ηmz

Ryz, (11)

dη(z)

dt
= 2

ηiy
ηmy

Ryy −
ηiz
ηmz

Ryz +
ηiw
ηmw

Rpw, (12)

where η(p), η(d), η(y) and η(z) are the densities of
1H, 2H, 3He and 4He respectively. The thermonuclear
rate terms R with subscripts pd, yy, yz & pw refer to
interactions 1H− 2H, 3He− 3He, 3He− 4He and 1H− 7Li
respectively. The instantaneous and mean densities with
subscripts d, y, z, & w represent the densities for 2H, 3He,
4He and 7Li respectively.

4. Modeling the galactic evolution process

The Formation and evolution of our Milky Way is an
open problem, due to the complexity of the feedback pro-
cesses that arise from the energetic activity of massive or
dying stars. This activity is taking place through winds,
ionizing photons and Supernova explosions. These feed-
back processes involve a large range of scales and masses,
from the subpicosecond scale of star formation to kilopar-
secs scale of galactic winds, and from 1 to 1012M� or more.
The simplest model of galactic evolution is a closed box in
which variables such as hot gas, cold gas and stars have
been modeled without interaction with the accretion from
intergalactic medium (Monaco, P. 2004). In this work we
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have done a more detailed modelling of these variables and
we have opened the system in order to consider the inter-
action with the intergalactic gas. Differently from PPC,
the theory of the galaxy evolution is based on observa-
tions that show a qualitative behavior of the variables into
the phenomenon. In this system the feedback loops are
formed by interactions between variables that confirm the
definition of dynamical system as a set formed by parts
interacting. Galactic evolution involves large-scale treat-
ment and its feedback loops contain unknown and known
variables.

Figure 6 - Influence diagram for galactic evolution.
The two feedback loops LOOP 1 and LOOP 2 are posi-
tive.

Figure 7 - Forrester diagram for galactic evolution
process.

In the influence diagram, Figure 6, we have two feed-
back loops which are responsible of the evolution of galax-
ies like our Milky Way (disc galaxies). The first feedback
loop is formed by: stellar mass (RHO ME), mass loss rate
(M LOS), density of molecular gas (RHO GM) and stel-
lar formation (PHI). This loop is linked to a second loop
by means of RHO GM. So, this second feedback loop is
formed by: galactic wind (F VG), density of intergalactic
gas (RHO GI) and infall of gas (TAO GI). All variables
in loop 2 can be considered unknown because there are
no mathematical descriptions available in the literature.
This lack of data and consistent equations makes the phe-
nomenology of the galactic evolution more complex.

Forrester diagram for the galactic evolution process is
shown in the Figure 7. The variables RHO GI, RHO GM
and RHO ME were classified as state variables whereas
RHO PM, TAU GI, PHI, and RHO VG as rates. This

classification comes from the observational evidence be-
cause the density of molecular gas (RHO GM) needed to
form stars depends on: the fall of gas (TAO GI) and mass
loss (RHO PM). TAO GI come from intergalactic space
and RHO PM from stars. In turn, one part of the gas,
into the molecular cloud, will form stars (PHI) and an-
other part will feed to the galactic wind (F VG). The
stellar formation represented by (RHO ME) depends on
formation rate PHI (found in the literature as stellar for-
mation rate). We have associated to this state variable
the rate RHO PM that represents the mass loss suffered
by the stars in its evolutionary process. The density of
intergalactic gas RHO GI depends on the galactic wind
RHO VG, one part of this gas (TAO GI) will fall into the
galaxy due to the gravitational interaction. The quali-
tative mathematical model for galactic evolution process
obtained from FD is given by equations:

dρgm
dt

= (Mloss + τgi)− (φ+ ρvg), (13)

dρme

dt
= φ−Mlos, (14)

dρgi
dt

= ρvg − τgi, (15)

where PHI is φ, RHO GM is ρgm, RHO GI is ρgi,
RHO ME is ρme, TAO GI is τgi, F VG is ρvg and M LOS
is Mlos.

The equations (13)-(15) show that ρgm has a decreas-
ing rate because it will be transformed in stars while ρme is
increasing because the majority of gas inside the molecular
cloud will be used to form stars. The ρgi is showing a sim-
ilar behavior to ρme but maintaining low values because
the gas in the intergalactic space is less important than the
gas inside molecular cloud and than the gas transformed
in stars. This behavior resulting from equations (13)-(15)
is illustrated in Figure 8. Similar to PPC’s simulation,
the numerical solutions of the equations (13) to (15) is ob-
tained using numerical method of Runge Kutta with an
integration time of 0.01. Our results have a qualitative
behavior similar to the figures of Monaco, P. (2004).

Is necessary to say that the Milky Way may merge or
interact with another galaxy, causing a significant boost or
suppresion of all these processes (Lehner, N. & Howk, J.C.
2011 and Lehner, N. et al. 2012). This was not still in-
cluded in our simulation. Another factor is the Dark Cold
Matter, our model still no has the effects of this type of
matter included.
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Figure 8 - Results for galactic evolution process. Solu-
tions for variables RHO GI, RHO GM and RHO ME were
obtained via numerical integration from equations (13) to
(15).

5. Discussions and conclusions

In this work we have applied SD to two astronomical
phenomena, one of these is a problem very well under-
stood and with a lot of results in the literature for its
testing, the PPC. In the another case, we have modeled a
problem whose information is much more limited but we
have obtained qualitative behavior that can be compared
to theory/observations, the galactic evolution process. In
the first case we confirmed with SD we obtained similar
results to literature (Table 1 and Figure 5) and in the sec-
ond case we propose to use SD to understand a complex
phenomenon like galactic evolution. Furthermore, SD of-
fers different representations like state variables, rates, ex-
ogenous variables and delays that complemented with an
appropriate classification made possible a consistent mod-
eling and simulation process based on the theory and/or
observations.

The collisions between 1H atoms, that generate the
others chemical elements, are the reflex of the dynamics
of the stellar interior. This dynamic can be expressed in
terms of the feedback loops such as is enlighttened in Fig-
ure 3 and confirmed by the linear differential equations
(9)-(12). In solar-type stars, 1H is the catalyst element in
the reaction because it generates the two feedback loops.
Therefore, we confirm one of the premises of ST: feedback
as responsible of the dynamical behavior of the system.
Feedback is responsible of the dynamic, but also it keeps
the stellar stability. The 1H feedback produces the nu-
clear energy to counter the gravitational contraction and
generates stability in the stellar evolution. In the case of
low-mass stars, the time calculated on the main sequence
is nearly 109 years that corresponds to the 1H burning time
duration in the stellar interior. From main sequence phase
the stars evolve to different states of instability.

This work shown that through the SD is possible to
obtain a mathematical model consistent with the theory
and/or observations and therefore SD can be an impor-
tant methodological tool in some problems where the the-
ory is totally or partially unknown. This is the case of

galactic evolution, where exist feedback loop correlations
between elements unknown and partially known. Math-
ematical modeling done by means of traditional forms is
very complicated, while in our case, owing to the SD’s
representations, we obtained a set of linear equations that
describe causal relationships and the results are consistent
with available observations. In fact, the phenomenologi-
cal complexity of galactic evolution is presented in a more
understandable due to the clarification of the correlations
between these variables.

Due to results cited above and to the fact that in As-
tronomy there are many cases of complex systems whose
dynamical behavior is determined by the feedback loops,
the authors are applying system dynamics in some of these
astronomical phenomena.
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