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ABSTRACT

Context. Galaxies can be classified as passive ellipticals or star-forming discs. Ellipticals dominate at the high end of the mass range,
and therefore there must be a mechanism responsible for the quenching of star-forming galaxies. This could either be due to the
secular processes linked to the mass and star formation of galaxies or to external processes linked to the surrounding environment.
However, the contribution from these smooth and stochastic processes to galaxy quenching has yet to be quantified.
Aims. In this paper, we analytically model the processes that govern galaxy evolution and quantify their contribution. The key advan-
tage of our method is that we do not assume the strength of the contribution from any of these processes beforehand, but instead aim
to find their efficiencies. We have specifically studied the effects of mass quenching, gas stripping, and mergers on galaxy quenching.
Methods. To achieve this, we first assumed a set of differential equations that describe the processes that shape galaxy evolution.
We then modelled the parameters of these equations by maximising likelihood. These equations describe the evolution of galaxies
individually, but the parameters of the equations are constrained by matching the extrapolated intermediate-redshift galaxies with
the low-redshift galaxy population. In this study, we modelled the processes that change star formation and stellar mass in massive
galaxies from the GAMA survey between z ≈ 0.4 and the present.
Results. We identified and quantified the contributions from mass quenching, gas stripping, and mergers to galaxy quenching. By
modelling mass quenching, we found that quenching begins for galaxies above a mass of ≈ 1010.2 M�, but is dependent on the gas
accretion rate before quenching. The quenching timescale is on average 1.2 Gyr and a closer look reveals support for the slow-then-
rapid quenching scenario. The major merging rate of galaxies is about once per 10 Gyr, while the rate of ram pressure stripping is
significantly higher. In galaxies with decreasing star formation, we show that star formation is lost to fast quenching mechanisms such
as ram pressure stripping and is countered by mergers, at a rate of about 41% Gyr−1 and to mass quenching 49% Gyr−1. Therefore,
slow quenching mechanisms have a greater influence on galaxies in group or cluster environments than fast quenching mechanisms.
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1. Introduction

Galaxy formation and evolution are governed by a cocktail of
physical processes, which are difficult to disentangle and quan-
tify. One major obstacle is understanding and characterising star
formation quenching, which depends on both galaxy mass and
environment.

The bi-modality in the colour–magnitude diagram indicates
that there are two distinct types of galaxy populations: blue star-
forming spirals and red quenched ellitpicals (e.g. Baldry et al.
(2004); Schiminovich et al. (2007)). Higher density regions in
clusters contain higher fractions of E and S0 galaxies and far
fewer star-forming spirals, which is known as the morphology-
density relation (Oemler 1974; Dressler 1980). The root cause
can be twofold: either the galaxies started off as they currently
are in clusters and fields or they have evolved this way due to
their interactions with the host environment. This is famously re-
ferred to as the nature versus nurture of galaxies. Unfortunately,
it is almost impossible to ascertain the initial state of galaxies be-
cause this information is obscured: we cannot yet observe galax-
ies at very high redshifts, especially when they have still not yet

formed stars 1. Therefore the alternative is to investigate the nur-
ture aspect and study environmental effects as precisely as pos-
sible. The main aim of this paper is to disentangle the environ-
mental effects from each other and from secular processes and to
quantify their contributions to galaxy quenching. Quenching can
be due to galaxy mass, that is, a galaxy is so massive that further
gas accretion and subsequent star formation are suppressed, or
to several external processes such as ram pressure stripping that
remove gas from a galaxy.

However, to isolate and quantify the effects on galaxy
quenching from environmental processes, we can rely on the
time derivative of certain properties as they are weakly corre-
lated with the environment compared to the correlation between
galaxy properties and environment. For example, in the seminal
work of Peng et al. (2010) the authors studied mass and envi-
ronmental quenching by estimating the fractions of passive and
star forming galaxies as a function of either mass or environ-

1 The appearance of a galaxy is attributable to the combination of its
initial conditions at birth (nature) and its evolution history (nurture); for
isolated galaxies, the effects of nurture are less evident than the effects
of nature. This approach as been pursued by e.g. Argudo-Fernández
et al. (2015, 2016)
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ment. Studying these fractions gives the current day estimates,
but the important details are captured in the time derivative of
these fractions as they contain information about the evolution.
This implies that studying the changes in galaxies over time pro-
vides opportunities to separate the effects of nature from those
of nurture.

Galaxy properties evolve with time because of secular evolu-
tion and also because of external environmental processes (e.g.
Jian et al. (2020)). Both the secular effects and environmen-
tal effects can be described as a combination of several pro-
cesses (see a review of secular processes Kormendy & Kennicutt
2004). The processes that are considered secular are in situ star
formation (Santistevan et al. 2020), gas accretion (Chen et al.
2020), decay of star formation (Maier et al. 2019), and over-
consumption (McGee et al. 2014). A few examples of environ-
mental processes are accretion of ex situ stars via minor merg-
ers (Di Teodoro & Fraternali 2014; Deason et al. 2016; Suess
et al. 2020), ram pressure stripping (Gunn & Gott 1972), galaxy
merging (Lotz et al. 2011), and even on whether they are main
galaxies or satellites (Peng et al. 2012). This distinction is not
very strict, for example gas accretion rates can also depend on
the environment.

In the present paper we present a galaxy evolution model,
particularly concentrating on the processes contributing to
galaxy quenching, most of which can be detected in the stel-
lar mass M(t)–SFR Ψ(t) plane as a change in their position over
time:

a) In situ star formation: production of zero-aged stars from the
gas in the galaxy.

b) Ex situ accretion of stars: increase of stellar mass that does
not influence SFR.

c) The rate of star formation decreases if the star formation rate
is high. This is because gas is used up to make stars, leaving
no more gas available to make more stars.

d) Gas accretion: replenishes star formation and hence counter-
balances the decay of SFR.

e) Galaxy mergers: depending on the type of merger, there can
either be a sudden increase or decrease in the SFR.

f) Ram pressure stripping: decreases star formation without af-
fecting the stellar mass.

Although each of these processes can be described individu-
ally, their relative contributions can be disentangled only if mod-
elled self-consistently and simultaneously. As a first approxi-
mation, all these processes can be described either as a first-
order differential equation or as a discrete change of a param-
eter. Processes that can be approximated as first-order differen-
tial equations are termed as smooth evolution (processes a, b, c,
d) while discrete changes are referred to as stochastic evolution
(processes e and f). Although we treat in situ SFR as smooth
evolution, it is expected to contain some randomness, for exam-
ple, 0.17 dex in the case of a Milky Way-sized galaxy (Tacchella
et al. 2020). The mass quenching is due to processes (a), (c), and
(d) given above, or the lack of these. Gas stripping is due to
process (f), although tidal stripping can also contribute.

A process not mentioned in the above list is the feedback
from active galactic nuclei (AGNs). The precise influence of
an AGN on a galaxy is not fully understood (e.g. Chen et al.
(2020)). The feedback to galaxy growth is expected to be low, as
the supermassive black hole (SMBH) mass and the star forming
disc mass do not correlate, but correlations exist with classical
bulge (Kormendy & Ho 2013). There is a correspondence be-
tween AGN activity and star formation (Aird et al. 2019). Here

we assume that the influence of AGNs is equivalent to delay-
ing the star formation and its description is similar to stochasticy
of star formation, hence smoothed over time. In the subsequent
papers , we will further dissect the effects of AGNs.

Processes that shape galaxy properties are modelled using
three main techniques: analytic methods, semi-analytic meth-
ods, and numerical methods. Semi-analytic and numerical meth-
ods both rely on cosmological simulations and have successfully
converged on a set of physical processes that determine galaxy
evolution (Somerville & Davé 2015). However, with the advent
of large and deep sky surveys, it is now feasible to develop more
accurate analytic models that reflect the contribution of various
processes that shape galaxy evolution in the Universe. In this
work, we have established one such analytical model that also
includes the contribution to galaxy quenching from stochastic
events in addition to smooth processes.

The main goal of the study is to disentangle the various pro-
cesses that contribute to galaxy quenching. We achieve this by
tracing the growth of galaxies with simple equations that can be
used to compare galaxies at different redshifts by mapping onto
the same redshift2. We have successfully modelled and quanti-
fied the contributions to galaxy quenching from the processes
(a)-(f) listed above.

The paper is constructed as follows: in section 2 we describe
the analytic method that we have developed and implemented in
this study, and in section 3 we describe the details of preparing
the data, and validation of our modelling. Finally, in section 4
we present and discuss our results, followed by conclusions and
scope for future work in section 5.

2. Stochastic modelling of galaxy evolution

We model the processes that shape galaxy evolution based on
both stochastic events and continuous processes. This is accom-
plished by following the evolution of the galaxy population by
inferring and remapping galaxies from higher to lower redshifts.
An illustration of this method is shown in Fig. 1. In principle, the
idea of considering the observables of the whole galaxy popula-
tion in order to study the impact of only a few process on galaxy
evolution was implemented by Drory & Alvarez (2008). How-
ever, their focus is on the impact of galaxy mergers on the evo-
lution of the galaxy mass function over cosmic time, while the
goal of this article is to follow the growth of individual galaxies
and then compare the entire population of evolved galaxies to
those at another redshift. This is achieved by first writing down
the equations describing the growth and then comparing the two
distributions of galaxies with each other. In this section we de-
scribe the method.

2.1. General assumptions

We distinguish two distinct families of galaxy evolution pro-
cesses. The first refers to the gradual growth such as gas accre-
tion, decrease in star formation, gas enrichment, secular dynam-
ical evolution, and so on. In contrast, the second family refers to
stochastic processes like galaxy mergers and gas stripping which
can change galaxy properties instantaneously. In order to model
the evolution of a representative set of galaxies as a whole, both
families of evolution processes have to be considered.

As discussed in the introduction, the evolution of a typical
galaxy can be described by a simple functional form, at least to

2 A similar method based on simulation data is called dynamical mode
decomposition.

Article number, page 2 of 12



Rain Kipper et al.: The role of stochastic and smooth processes in regulating galaxy quenching

log10M Msun

lo
g 1

0Ψ
 (

M
su

nG
yr

−1
)

10.5 11 11.5 12

6
7

8
9

10
11

log10M Msun

lo
g 1

0Ψ
 (

M
su

nG
yr

−1
)

10.5 11 11.5 12

6
7

8
9

10
11

Fig. 1. Illustration of the method in the stellar mass and SFR plane. In the left panel, the dashed red lines show the distribution of galaxies at an
intermediate redshift. The solid red lines show the distribution of galaxies at slightly lower redshift. The colour in the background shows smoothed
and continuous distribution of these points. We infer that when constructing an evolution criteria for galaxies (shown as arrows on right panel) that
matches the change of distributions on the left panel, we can infer the evolution of galaxies.

a first approximation. Out first assumption is that a galaxy prop-
erty x evolves according to a first-order differential equation,
dx
dt

= f (x, t, θ), (1)

where f is the function describing the evolution of the property
with respect to time t, and model parameter θ. The function f
can be stochastic. In this paper, vector x consists of two fun-
damental galaxy properties, stellar mass (M) and star formation
rate (SFR), both of which can be reasonably well inferred from
observations. Nevertheless, in principle, this can be any other
galaxy property as well, for example spin, metallicity, morphol-
ogy, and others.

In the present study, our model of galaxy evolution includes
crude estimates of the following processes: steady state star for-
mation, star formation decay due to gas depletion, accretion of
gas from the intergalactic medium, direct accretion of stars or
small satellite galaxies, ram pressure stripping of gas, and major
mergers. This list is by no means exhaustive, but encompasses all
first-order effects. In the subsequent sections we describe these
processes and discuss how they affect the specific galaxy prop-
erties (x = {M,Ψ}): stellar mass (M) and star-formation rate
(Ψ). In Sections 2.2 and 2.3 we describe the evolution of M and
Ψ. The non-stochastic processes are combined to a single set of
differential equations by summing the contribution of each pro-
cess. For example, increase in stellar mass of a galaxy is the sum
of the amount of gas converted into stars and the steady accre-
tion of stars by merging with relatively much smaller galaxies.
The non-stochastic part of the model is implemented by a sud-
den change of galaxy parameters happening at random times.
Thus, a galaxy is assumed to follow a smooth evolutionary tra-
jectory until some stochastic event (e.g. a merger with another
galaxy) suddenly shifts its location in the parameter space, from
where the smooth, non-stochastic evolution continues until the
next stochastic event. We note that since we do not consider
the chemical evolution and the evolution of the environment, the
same age is attributed to all equal-mass galaxies.

2.2. Non-stochastic processes

The differential equations describing the smooth evolution of
galaxies are constructed by combining the effects of different
processes on shaping galaxy properties:

dM
dt

= Ψ + αM, (2)

dΨ

dt
= −β1Ψβ2 + γMH(log10(M) − log10(Mcap)). (3)

The first part of Eq. (2) describes the production of new stars
from gas. The average brightness of newly formed stars is bright
and the colour is blue, and so this process is directly observable
as star formation rate. The second part of Eq. (2) describes stars
formed ex-situ, and subsequently accreted to the galaxy. The ex-
tent of the ability of a galaxy to accrete stars is likely to depend
on the gravitational potential, which is proportional to the mass
of the galaxy. These ex-situ stars can be unbound, such as the
sources of intracluster light or bound such as dwarf galaxies in
minor mergers. The strength of this process is reflected by the
coefficient α. The processes governing the evolution of SFR in
Eq.(3) are divided into two parts. The first part describes the de-
pletion of star formation due to the depletion of gas: the decrease
of Ψ is proportional to the amount of gas being depleted by star
formation to some power (see Appendix A for a thorough justi-
fication of this form). The second part of Eq. (3) describes the
combination of two processes: gas accretion and mass quench-
ing. The ex situ accretion of stars is proportional to the mass of
the galaxy, and this is represented by the accretion coefficient γ.
Although Eqs. (2) and (3) do not contain time explicitly, their
time dependence is via their variables (M and Ψ). A schema
is shown in Fig. 2 to illustrate these processes. The Heaviside
function describes how the ability of the galaxy to accrete gas is
linked to the mass of the galaxy: whether the galaxy has reached
its mass quenching limit (Mcap) or not.
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SFR ( ) Ψ

Galaxy merging ( )ω, s In situ SFR

Ex situ accretion ( )α

Gas/SFR accretion ( )γ

Mass quenching ( )Mcap

Decay of SFR ( )β1, β2Ram pressure  
stripping ( )υ, x

Stellar mass ( )M

Fig. 2. Schema showing the relations between observables (in boxes)
and processes (texts with grey background). The green text within the
grey box indicates that the process is stochastic and black indicates it is
smooth. The solid arrows show which of the observables are influenced
by these processes, and dashed arrows show that the observable galaxy
parameter influences the process itself.

2.3. Stochastic evolution

In group and cluster environments, we can envisage two major
processes which substantially change galaxy properties over a
relatively short time interval: (a) gas ‘stripping’ (ram-pressure
or tidal) and (b) a major merger with another galaxy with stellar
mass that is equal to between one-quarter and one times that of
the primary galaxy. Mergers with lower-mass galaxies are con-
sidered as the ‘dry’ accretion, as specified above. In our mod-
elling, the effect of stripping is the multiplication of star forma-
tion rate by a factor 0 < x ≤ 1, such that

Ψ = xΨ0. (4)

Here, Ψ0 denotes the SFR before the stripping event and Ψ de-
notes after. In the long term, gas is stripped, and therefore star
formation decreases heavily (Kenney et al. 2014). In some cases
such as the jellyfish galaxies, a short-term SFR elevation is ob-
served, because during the stripping event, gas is compressed
leading to star formation (Vulcani et al. 2018, 2020).

Our aim is to model the more long-term effects, and so we
set x = 0.8, meaning each ram pressure event strips 20% of the
gas and accordingly reduces star formation. Fixing this value
is a matter of defining a ram pressure stripping event and is
somewhat arbitrary, as it strongly depends on the geometry of
the stripping event such as: an edge-on versus face-on move-
ment with respect to gas, the relative velocity of the intergalac-
tic medium and galaxy, and relative gas densities. Differences
between these geometrical effects will be compensated by pos-
sibility there are many events . Fixing the value of x very high
would increase the number of these events, while a lower value
would underestimate this. We tested our model by fixing x = 0.6
and x = 0.8 and in both cases the cumulative effect remained
the same (less severe but more frequent ram pressure stripping
would produce the same results as more severe but less frequent
ram pressure stripping). ‘ Ramatsoku et al. (2020) detected a
‘jellyfish’ galaxy with a long tail, allowing us to make a com-
parison. The tail was formed when the jellyfish galaxy had a
velocity deviation of ∼ 3.5σ , which is quite an extreme veloc-
ity for a galaxy in a group. This galaxy had 60% less gas than
expected based on its stellar mass. Considering that 60% gas re-
moval is an extreme event, we define ram pressure stripping as
an event removing 20% of the gas and accordingly reduces star
formation.

The increase of stellar mass and SFR during merger events
is characterised by the following equations

M → M + Mmerger (5)
Ψ → (Ψ + Ψmerger) × s. (6)

We denote the SFR and mass of the merging galaxy with the in-
dex ‘merger’. In cases where the merging galaxy has a higher
mass compared to the galaxy currently being evolved, then the
galaxy is removed from the sample. In eq.(6), s is a starburst
coefficient, enabling us to take into account the rapid enhance-
ment of star formation rate during mergers that is evident from
observations (Cortijo-Ferrero et al. 2017; Díaz-García & Knapen
2020).

The stripping and merging events are timed randomly over
the modelled time interval. The frequency of the events is as-
sumed to be a Poisson process and is determined from the mod-
elling. We denote the rate of stripping events as υ or υ(x = 0.8),
and the rate of mergers as ω.

Each merging and stripping event can have a huge impact on
the eventual properties of a given galaxy. In the case of a limited
galaxy sample, the uncertainties of such stochastic events will
render the properties of the overall galaxy population uncertain.
We can overcome such ‘shot noise’ with a statistical trick, apply-
ing the stochastic evolving algorithms many times to each galaxy
over a given time interval and calculating the net distribution of
M and Ψ. The possibility that the galaxy ceases to exist is also
represented in this net distribution. This repetition reduces the
noise, which is needed for likelihood stability in modelling. A
general caveat here is that realisation and expectation are treated
as the same thing. A mock data analysis shows that this is not
relevant for the present case. For a large dataset, this procedure
is not necessary.

2.4. Statistical inference

Provided with a sufficiently large observational dataset of galax-
ies with properties M and Ψ over a sufficiently large range of
redshifts, we can let each observed galaxy evolve in the M and
Ψ space according to the prescriptions mentioned above. From
the redshift, we can infer the time t at which we are seeing a
given galaxy. This defines the starting point of galaxy evolution-
ary trajectory. The exact point of zero time is inconsequential
as Eqs. (2) and (3) do not use time explicitly. Using the formed
ensemble of trajectories of all the galaxies, we can calculate the
probability density function (PDF) of the properties M and Ψ
at any moment ta. By comparing these PDFs to the parameters
of the galaxies actually seen at the time ta we can evaluate the
likelihood of the parameters chosen for Eqs. (3)–(6).

For practical considerations, we need to smooth the PDF
with a kernel K. In the following, we denote each observed
galaxy as yi and its parameters at the time of the observation as
xt(yi). We consider each individual galaxy yi to belong to the set
of all galaxies, yi ∈ Y . For each galaxy, its parameters M and Ψ
are denoted xt(yi), where t denotes the time at which the galaxy
is currently being seen.

The core of statistical inference lies in finding and maximis-
ing the likelihood. Likelihood calculation requires data, and the
probability density function. For the present case, we find the
probability density function by combining extrapolated data at
the time of likelihood evaluation. We denote the PDF p(x|t)dx.
As galaxies and therefore the PDF evolves, we must always
specify the time at which the PDF is evaluated – t. In the present
approach, we find the PDF by extrapolating earlier galaxies to
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each time where we evaluate likelihood. We denote the extrapo-
lation of all galaxy y j properties from t j to time ti as xt=ti

t=t j
(y j).

This extrapolation is done by solving (numerically) Eq. (1)
with initial conditions xt j (y j). The conversion from extrapolated
points to smooth PDF is done using kernel K:

p(x|ti) = Z−1
∑
j,i

K
(
x, xt=ti

t=t j
(y j)

)
. (7)

We denote the normalisation constant of the PDF as Z. In the
present application, the kernel is implemented using a randomly
located grid with

K(x, x′) = 1({x, x′} ∈ g), (8)

where g denotes grid cells. In Eq. (7) we find the PDF for the
point at time ti. The summation is done over other galaxies, ex-
cept the one that is used to evaluate the likelihood. This is needed
to keep the data and model independent. During the evaluation
of the likelihood at ti the point yi is data, and all other points
and their extrapolations are considered as model. The above-
mentioned condition holds if the data are independent and identi-
cally distributed. If the evolution of the galaxies can be reversed
(i.e. calculating the appearance of galaxies when we de-evolve
them), then summing is done over galaxies where yi , y j. If the
galaxy evolution cannot be reversed (e.g. when there is merg-
ing/stochastic processes), then summation is over j where t j < ti.

The likelihood for the modelling is evaluated over all data
points:

logL =

N∑
i=1

log p[xt=ti (yi)|ti]. (9)

The maximum of the likelihood gives the values to model pa-
rameters θ.

3. Data and implementation

3.1. Data

In order to apply the above method we need an observational
dataset providing the masses and star formation rates for a large
sample of galaxies over a cosmologically significant redshift
range. In addition, we need to know whether a given galaxy is in
a group environment or not.

The Data Release 3 of the Galaxy and Mass Assembly Sur-
vey (GAMA; Baldry et al. 2018) provides a suitable dataset for
our study. It is complete down to the r-band magnitude 19.0m

or 19.4m (depending on the used fields G09, G12, G15), and
we can use it to reach z ' 0.5, corresponding to an evolution
time-span of up to ∼ 5 Gyr. The stellar masses and SFRs are de-
rived by Driver et al. (2018) with the MAGPHYS algorithm (da
Cunha et al. 2008) and also using the Herschel Space Telescope
far-infrared observations and UKIRT near-infrared observations,
thereby forming a strong basis for realistic SFR and stellar mass
estimates.

The group environment was probed by Robotham et al.
(2011) with the popular and much-tested Friends-of-Friends
method (Old et al. 2014), finding that the sample contains 15 545
isolated and 14 882 group galaxies (including galaxies in pairs).
However, we note that the authors promote caution, as there is
a noticeable deficit in the number of rich systems compared to
their mock catalogue analysis.

We use the redshift to ascribe the variable tevol to each
galaxy, indicating the time since the pre-defined (but generally
arbitrary) starting point, assuming the cosmological parameters
H0 = 71 km s−1 Mpc−1, ΩM = 0.27, ΩΛ = 0.73.
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Fig. 3. Modelling of the completeness of the dataset. The green and red
lines show the cumulative mass distributions at two subsequent time in-
tervals normalised to match at the high-mass end. The vertical grey line
shows the mass above which the sample is complete and the dashed grey
line shows the same for the previous time interval. These time intervals
do not correspond to any specific time intervals in Fig. 4.

3.2. Implementation

As galaxy masses generally increase over time, an ideal dataset
would have a lower mass limit decreasing with increasing red-
shift, just the opposite of the effect of the Malmquist bias. For the
modelling, mass completeness of the unit evolution cells is cru-
cial; incompleteness would lead to spurious evolutionary paths.
The GAMA sample is originally flux-limited, and therefore in
order to be able to properly model the mass evolution we had
to construct narrower redshift bins, hereafter referred to as ‘unit
evolution cells’ containing locally complete subsamples (in stel-
lar mass), and study the evolution between consecutive cells. The
likelihood was calculated for each unit evolution cell separately
and overall likelihood was found by multiplying them. For the
actual cell construction, we had to find a compromise: narrower
cells would enable us to make use of a larger fraction of galaxies
and a broader mass range, but the time-span would be smaller,
making it difficult to detect any evolution.

The unit evolution cell construction requires mass complete-
ness. We estimated the completeness by comparing mass func-
tions at different time intervals. We assume that flux limitedness
has a stronger influence on the low end of the mass function
than galaxy evolution has on the high end. By matching the high
end of the mass function of neighbouring time intervals, we se-
lected a low mass limit where these started to diverge. This di-
verging point is the mass limit within which the current flux-
limited dataset is adequate . An illustration of this divergence is
shown in Fig. 3. For the nearby universe starting time interval
we obtained a value similar to Baldry et al. (2018), the precise
value being log10 Mcomplete/M� = 8.9 at redshift 0.043. We esti-
mated the completeness of each subsequent time interval itera-
tively. The overall smooth completeness was found by fitting a
second-order polynomial through these centres of intervals. This
polynomial had the values log10 Mcomplete = 10.07+0.81t−0.22t2

and is seen in Fig. 4 as a separation between grey and black
points.

Having determined the completeness limit, the dataset must
be divided into unit evolution cells. On one hand, a small extent
in redshift or time of the unit evolution cells could ensure a uni-

3 Baldry et al. (2018) adopted a mass completeness of
log10 Mcomplete/M� = 9.0 up to redshift 0.06, which is slightly
higher than our redshift cut.
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Fig. 4. Construction of a locally volume-limited galaxy sample. In the left hand panel, an example of a small volume-limited sample is shown,
which is used as the unit sample set for modelling galaxy evolution. The horizontal line indicates the redshift range of galaxies that are used to
generate the PDF (see Sect. 2.2); the vertical positioning of the line shows the mass-completeness limit. The purple box defines the region used
for evaluating the PDF. The vertical gap ∆Mcomplete between them shows the maximum evolution that can be modelled with this configuration (see
the main text for more explanations). The right hand panel shows all the modelling elements denoted with different colours. In both panels, the
grey points represent a (subsample) of the GAMA galaxies in that redshift range.

form completeness across the whole redshift range, and fewer
galaxies would have to be expelled from the sample, improving
the statistics. On the other hand, a short time-span ∆t of each cell
would make it difficult to render the evolutionary effects in our
modelling (i.e. Ṁ∆t becomes too small compared to M), making
the results uncertain. After some testing, we chose ∆t ∼ 0.6 Gyr
for unit evolution cells and required that each cell contain at least
≈ 200 galaxies to enable the evaluation of the likelihood in that
cell. In the left panel of Fig. 4 we show an example of the unit
evolution cell. The green points show the galaxies that are ex-
trapolated in time direction. The purple horizontal line shows
the adopted completeness limit for that cell. The orange points
show galaxies that are in the region for likelihood evaluation of
that cell. The purple top-open box shows the galaxies that are ac-
tually used. We introduced a gap between the completeness limit
of that cell and the minimum mass of the galaxies used for likeli-
hood evaluation in order to ensure that possible evolution would
not require galaxies below the completeness limit (or the evo-
lution determination would not be influenced by the Malmquist
bias). We chose the gap size to be such that the evolution of the
galaxy should not exceed 50% per Gyr. To save computational
time, we assumed the same PDF for galaxies at a similar evolu-
tionary stage (see green points on the left panel of Fig. 4). The
right hand panel in Fig. 4 shows all the used unit evolution cells
with each horizontal line in the right hand panel corresponding
to the green regions of galaxies in the left panel that are extrap-
olated. The vertical boxes in the right and left hand panels have
one-to-one correspondence for each evolution cell.

The crucial point of inference is the adjustment for the sim-
ilarity of higher and lower redshift galaxies. The similarity is
measured with likelihood, which requires selecting kernel K
in Eq. (7). For this, we used the grid in Eq. (8): we find that
filling of grid-cells of extrapolated and observed galaxies is
proportional. For the implementation, the distances of galax-

ies and grid centres on the mass–SFR plane are calculated as
d =

√
(log10 M − log10 Mk)2 + b(log10 Ψ − log10 Ψk)2, where k

indexes the centres of Voronoi bins, and the weight factor b is
used for tuning the balance between mass and SFR. We use b = 8
for the isolated galaxy sample and b = 7 for the group sample.
Selecting larger values for the b value causes the grid to be elon-
gated in the mass direction. This approach was chosen intention-
ally so as to cause higher sensitivity in order to model the SFR
evolution: we aimed to study quenching and a finer grid in the
quenching direction increases its sensitivity. A similar approach
to likelihood evaluation but without reducing the grid to a vector
was taken by Kipper et al. (2020).

An advantage of binning compared to smoothing is that bin-
ning does not artificially broaden the PDF as convolution would.
A drawback is that each time data are binned, some informa-
tion is lost. In order to regain the information, we calculate the
likelihood L with different Voronoi cells and find the expecta-
tion of likelihood (the inference works for a single likelihood,
and since the optimum parameter values are shared, the expecta-
tion of likelihoods is also bound to give the same optimum). We
tested this on a mock catalogue which gave viable results; see
Sect. 3.3 for more information. For the implementation, we used
35 Voronoi cells and 500 evaluations for smoothing the PDF
and finding the expectations of the likelihood. These numbers
insured smooth and stable likelihood evaluations. The process
of maximisation was done with the Multinest algorithm Feroz
& Hobson (2008); Feroz et al. (2009, 2019). We used 500 live
points and wide and uniform priors for inference.

3.3. Validation of the method on mock data

Before application of a new method on real data, a test of relia-
bility can be beneficial. In order to test the reliability, we gener-
ated a mock dataset by evolving an individual seed galaxy from
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a random initial position according to the analytical formulae
in Eqs. (2)-(6). The parameters describing the evolution were
chosen randomly, but roughly within their expected range. We
picked the resultant parameter sets {M,Ψ} at random epochs to
mimic a galaxy being observed at a non-determined redshift.

The resultant mock catalogue was then used as input for the
modelling algorithm in order to check the consistency of the
method. The results are shown in Table 1 and Fig. 5. We can
see that all the input parameters were recovered well within the
uncertainties.

For testing the stochastic part, we fixed the non-stochastic
part of the modelling (as we did in application), and reran the
next mock catalogue. For simplicity, only the stripping was in-
cluded. The resulting ram pressure stripping rate was recovered
within 1.2 standard deviations. The fitted value for the stripping
rate was log10(υ) = −0.32+0.06

−0.07 while the true value was exactly
−0.4.

We conclude that a test on a mock catalogue showed that the
modelling approach is able to recover the underlying evolution
parameters. The test on the mock relies on the assumption that
the functional form of the evolution is able to describe the true
underlying evolution of galaxies.

4. Results and Discussion

In this section, we present the results obtained by the modelling
described in Sect. 2. It is well established that galaxy evolution
strongly depends on the environment. In order to model galaxy
evolution more accurately and to include processes specific to
the environment, we simply split the sample into isolated and
non-isolated galaxies. The modelling results for these two cases
are presented in separate sections.

4.1. Evolution in isolation

Most of the galaxies in our sample appear to be on the thresh-
old of quenching, and therefore we are able to impose the
strongest constraints on the quenching parameters, β1 and β2.
The timescale of quenching is described as 1/β1 and its effec-
tiveness by unitless β2 compared to an exponential decay, which
is a natural outcome of a closed-box model. For a straightfor-
ward comparison with the literature, we used a fixed value of
β2 = 1, obtaining an exponential timescale for quenching of
τ ≡ 1/β1 = 1.5 ± 0.1 Gyr, which is comparable to the Moutard
et al. (2016) estimate of τ = [0.5, 2] Gyr and that of Haines et al.
(2015) of τ = 1.73±0.25 Gyr obtained from star formation anal-
ysis of galaxies falling into clusters. While keeping the β2 free,
we acquire its value less than one. The full posterior of the mod-
elling is shown in Fig. 6. This means that the change in SFR is
proportional to Ψ0.9, not straight Ψ as in the case of a closed-box
model. For larger Ψ values, the exponent causes the decay of
SFR to be slower compared to a closed-box model. Once the Ψ
reaches small values then the reduction of Ψ increases compared
to the closed-box model. A similar behaviour of having a lower
rate of decay for higher SFR values was reported by Maier et al.
(2019) and exhibits a slow-then-rapid quenching.

The model parameter Mcap corresponds to the galaxy mass
at which quenching starts and is therefore an important indica-
tor. Figure 7 suggests that it has a strong degeneracy with the
parameter γ, describing the efficiency of gas accretion. Each dot
in Figure 7 shows a possible and an almost equally probable so-
lution. According to the lower part of the figure, no quenching
is required at all for low gas accretion values. We consider this

result an artefact of the limited redshift and mass range of the
galaxy sample. Another apparent conclusion from the figure is
that all low quenching values are allowed. Again, this is a prod-
uct of the lack of low-mass galaxies in the sample. Despite these
limitations, we obtain a constraint on the mass at which a galaxy
quenches for significant gas accretion. In such cases, quenching
must start before a galaxy reaches a mass of 1010.2 M�, indicated
with the black solid line in Fig. 7. This result is enhanced by the
slow-then-rapid nature of the quenching as initially the decay of
SFR is slow. We would like to point out that our result is quite
close to the completeness limit (see Fig. 4).

Moutard et al. (2016) found the mass cap to be
log10(M/M�) = 10.64 ± 0.01. These latter authors determine the
mass quenching limit by finding the turning point of the mass
distribution function, which is somewhat different from our ap-
proach, where the value corresponds to the start of quenching,
and therefore a value larger than the one reported by Moutard
et al. (2016) is expected. A similar value was found by Argudo-
Fernández et al. (2018) based on AGN studies. Peng et al. (2010)
demonstrated different causes of quenching either by mass or
environment. These latter authors showed that mass quench-
ing starts from quite low masses. In the EAGLE simulation,
Cochrane & Best (2018) suggested that mass quenching is oper-
ative for galaxies with stellar mass higher than ∼ 1010 M�.

We also account for the possibility that not all stars present in
a galaxy have been formed in situ, but could have been acquired
from the surroundings. The model parameter α in Eq. (2) con-
trols the rate of such ‘dry’ accretion. For isolated galaxies, the
cumulative distribution of α values over all Multinest samplings
is presented in Fig. 8. Although a slight bimodality is present in
the distribution, about 90% of the samplings favour an accretion
rate in the range of 0.18 Gyr−1. This value suggests that in or-
der to double the galaxy mass in isolation via minor mergers, it
would take at least ln 2/α ≈ 3.8 Gyr. Based on colour gradients,
Suess et al. (2020) suggest that quenched galaxies do evolve,
mainly via minor mergers.

4.2. Evolution in groups

In denser environments, a few differences in galaxy behaviour
are expected compared to the isolated galaxies. The parameters
for which we anticipate differences (only α) were fit once again
by incorporating group-specific parameters.

As expected, the ‘dry’ accretion parameter performs some-
what differently in a group environment than for isolated galax-
ies, which is shown as the blue line in Figure 8. In general, dry
accretion is elevated compared to isolated galaxies, but remains
below 0.37 Gyr−1 in 90% of the solutions, meaning that in 1
Gyr, galaxy mass increases by less than 37% via direct accretion
of stars, for example, via minor mergers. In the case of minor
mergers, we do not consider the increase of gas mass from mi-
nor mergers, as it is estimated to be a maximum of 0.28 M� yr−1,
which is much lesser than what is expected for stable star forma-
tion (Di Teodoro & Fraternali 2014).

In denser environments, galaxies may also experience ram
pressure stripping. Our modelling gave the value υ = 2.4 ±
0.6 Gyr−1 for the stripping rate, assuming that each event re-
moves 20% of star formation of the galaxy. For a consistency
check, we tested the situation when each stripping event would
remove 40% of the SFR. As a result, the occurrence of stripping
events was reduced by 50%, as expected.

On average, ram pressure stripping removes 1−0.82.4 = 41%
of star formation each gigayear for massive galaxies. This value
is very similar to the mass quenching in isolated massive galax-
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Fig. 5. Posterior distributions of mock data modelling for method validation. The contours show 1σ and 2σ confidence levels and the blue cross
shows the true value with which the mock was generated. Based on this we infer that our modelling captures the true values well.

Table 1. Results of non-stochastic modelling using the mock data. The table shows variables used for mock generation, their true value, and
the average value we acquired from modelling with their uncertainty. The shown tension is the difference between the fitted and true value over
uncertainty. The Pcumul is the value of the cumulative distribution of the posterior at the true value; in case of perfect modelling, these values
should be uniformly distributed between 0 and 1. The priors show search range in parameter fitting. We conclude that resulting modelling covers
values accurately and without noticeable bias.

Variable True value Fitted mean Fitted st.dev Tension Pcumul Prior low Prior high
β1 0.543 0.517 0.028 -0.941 0.836 0 10
log10 γ -1.222 -1.236 0.017 -0.829 0.801 -5 2
log10 α -1 -1.024 0.394 -0.061 0.362 -5 2
log10(Mcap/M�) 10.24 10.248 0.021 0.399 0.357 8 12
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Fig. 6. Decay of star formation described by the equation Ψ̇ ∝ −β1Ψ
β2

(see Eq. (3)) and its posterior distribution. The parameter β1 depicts
the speed at which galaxies quench; a higher value indicates faster
quenching and β2 describes the quenching behaviour and is related to
the Kennicutt-Schmidt relation (see appendix A). The green lines cover
65% and 95% of the total distribution. The large blue dot shows the
modelling results for the case where β2 = 1. The secular evolution val-
ues need to be fixed for studying environmental effects. For the fixing
we used the values depicted with the black dot.

ies, which removes 1 − exp (−1/1.5) = 49% of star forma-
tion in 1 Gyr. Assuming that the mass quenching mechanism
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Fig. 7. The mass quenching determination dependence on the gas ac-
cretion. The x-axis represents the mass of a galaxy at which it starts
quenching, plotted against γ, which depicts the rate of gas accretion by
the galaxy. Each dot represents a possible solution as posterior samples
from the Multinest fitting. The colour background shows smoothed dis-
tribution of the posterior points. The solid black line given by (log10 γ =
110.75 − 11.25 log10(Mcap/M�)), shows that a galaxy that accretes gas
in high quantities quenches at a lower mass compared to a galaxy that
does not accrete a lot of gas.

is roughly similar in all environments, we see that in situ and
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Fig. 9. Posterior distribution of the major merger rate (black line), mod-
elled for group galaxies and corrected to correspond to the whole galaxy
sample (we note that Figure 10 shows merger rate (ω) without this cor-
rection). Each point with an error bar shows a literature measurement
(vertical positioning is arbitrary). Our value for ω = 0.11 ± 0.06 Gyr−1.

external quenching have a comparable importance in dense en-
vironments. A simple application of these numbers is to estimate
the length of time (tGV) that a galaxy would stay as a green valley
galaxy which is in between the star forming region and quenched
galaxies. When we include both environmental effects and mass
quenching, and also consider the span of the green valley in SFR
to be 0.1 dex, we estimate the scale as

xυtGV exp(−β1tGV) = 0.1. (10)

Numerically the tGV is 1.9 Gyr. This is in agreement with Schaw-
inski et al. (2014) who have shown that disc galaxies quench over
1 Gyr.

The other stochastic event considered in our model is major
merging. We found the merger rate to be ω = 0.11 ± 0.6 Gyr−1

which is about one major merger per 10 Gyr, which (compared
to Hubble time) is not a major influence on the overall evolution.
This result is also consistent with conclusions by Capozzi et al.
(2011), who showed that the mass function of larger elliptical
galaxies does not evolve considerably. The comparison of the
merger rate with several literature values (Lin et al. (2008); Pat-
ton & Atfield (2008); Kartaltepe et al. (2007); Lotz et al. (2008);
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Fig. 10. Correlation between merger rate and strip rate. The green lines
represent 1σ and 2σ confidence intervals. The colour coding is propor-
tional to the probability density. Point (0,0) would be no environmental
effects, which is excluded.

Conselice et al. (2009); López-Sanjuan et al. (2009); Shi et al.
(2009)) is provided in Fig. 9. The present merger rate is esti-
mated based on the data for group galaxies with the assumption
that only group galaxies merge. If we wish to compare them with
all galaxies we must multiply this by the fraction of galaxies
in groups, which is about 14882/(15545 + 14882) ≈ 0.49, and
the overall merger rate is 0.053 Gyr−1. We would like to point
out that the relative similarity with other results is achieved via
an approach that is independent of the information about galaxy
pairs, morphology, and asymmetry. Our approach is independent
even in calibration aspects such as pre-determining for how long
the asymmetric perturbation is observable after merger. We wish
to point out that the present estimate is only an average over
all clusters and galaxies, although in the case of larger sample
sizes and observables we will be able to distinguish the extent
to which merger rate differs in different mass clusters because
merging with a galaxy that has a large relative velocity is not
prone to happen (Mo et al. 2010).

In our model, major mergers are accompanied with the star-
burst factor s,which is defined as the coefficient of SFR of merg-
ing galaxies, as described in Eq. (6). Our modelling yielded its
median value, s = 3.5, over the Multinest sampling. Within one
sigma interval, the value varied in the range s = [2.3, 11]. Major
mergers are too rare for us to be able to confine s more pre-
cisely from the given dataset. Considering the average efficien-
cies of the counter-acting processes of stripping and SFR de-
cay, the residual SFR enhancement factor would be as low as
3.5×0.82.4 × exp(−1/1.5) = 1.05 on average. This small value is
comparable to the factor 1.2 determined by Pearson et al. (2019)
by comparing a large sample of merged and non-merged galax-
ies. A more detailed comparison is difficult because in the latter
work, galaxy mergers were detected long after the actual events,
but in our case we consider that star formation increases instan-
taneously and decays rapidly. This delay is primitively mimicked
by extending our calculations over the period of 1 Gyr. Another
comparison can be made with Díaz-García & Knapen (2020),
who estimated the SFR to be increased by a factor of 1.9±0.5. As
they detected mergers already in earlier stages, this value is more
directly comparable to our result of s = 3.5. Another example of
an SFR increase was estimated by (Cortijo-Ferrero et al. 2017),
where they detect an increase by a factor of between six and
nine in a case study of just one galaxy pair. In general, we can
conclude that our results on SFR enhancement in galaxy merg-
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ers are consistent with other estimates, despite the very different
methodology and type of information used.

Figure 10 illustrates the degeneracy between ram pressure
stripping and merger rate in our modelling. We see that a merg-
ing rate range as low as zero is allowed, indicating that at least in
principle, late-stage galaxies can be built up without mergers, al-
though the average value suggests that about 10% of galaxies in
groups merge every gigayear. In contrast, the minimum amount
of ram pressure stripping is still one event (or equivalently a 20%
loss of star formation) per gigayear.

5. Conclusions and future work

Advantages and future improvements

The main advantage of the technique used here is that it uses
data as initial conditions to predict the evolution of galaxies. In
our modelling, we combine probabilistic methods to infer galaxy
properties described by analytic equations. As a result, we can
include stochastic events, which is not the case for a purely ana-
lytic approach. This provides a huge advantage as we can deter-
mine the contributions from both stochastic events and smooth
processes on galaxy evolution. In case of semi-analytic and nu-
merical methods, galaxy evolution is modelled for a specific cos-
mology, but our modelling is independent of cosmology, except
for the calibration of time from redshift. The current method is
also computationally much less demanding compared to the nu-
merical recipes adapted in hydrodynamic simulations. We also
find a high fidelity of the physical parameters that are not seen in
other types of modelling. Despite the limited size of the dataset,
the results we obtain is in satisfactory agreement with values
from the literature, and therefore using a larger dataset or even
including less massive galaxies will make for even more accurate
predictions.

By using observational data for the initial conditions, the
freedom of modelling is reduced, and therefore we need fewer
assumptions, and the amount of nuisance parameters is almost
non-existent. Unfortunately, this also introduces a drawback: we
are unable to infer the mass or SFR distributions, but only their
changes. This is because the parameters we infer are given in
the differential equations, Eq. (1), and they describe the evolu-
tion of any galaxy property. As we are only concerned about the
change in the galaxy property, the actual value does not hold rel-
evance in our modelling. This allows us to describe the change
in galaxy properties purely based on the physical processes that
drive their evolution. This approach is very different from com-
paring galaxy properties from observations directly with those
in simulations. If a property from simulations matches very well
with the observations, there is no way to break the degeneracy
and point out which of the physical processes gave rise to the
observed distribution. However, using this method, it is possible
to distinguish the contributing process among several possibili-
ties.

Another caveat arising due to the use of data as initial condi-
tions is that we rely heavily on the assumption that data represent
the true distribution. In cases where insufficient data is available,
we would fit a model of expectation to a realisation of data.

This paper is our first attempt at modelling galaxy evolu-
tion analytically by including both stochastic events and smooth
processes. We have covered the most relevant processes by giv-
ing equal emphasis to each process. In an upcoming paper, an
advancement will be made by including pertinent observables
in order to understand the relative importance of physical pro-
cesses. For example, the inclusion of observed metallicity and

equations governing metallicities will give us the opportunity to
distinguish the amount of gas originating from pristine accre-
tion from the gas that is being recycled. This will allow us to
specify and constrain the star formation rate as there is a tight
relation between metallicity, mass, and SFR (Lara-López et al.
2010; Mannucci et al. 2010; Lara-López et al. 2013). For the
case where environmental effects should be constrained, photo-
metric observables provide a useful addition. For example, the
classical bulge is thought to grow via major mergers (Keselman
& Nusser 2012) or other processes (Bell et al. 2017; Breda & Pa-
paderos 2018). The present framework allows us to distinguish
between them. Alternatively, if we wish to quantify the contribu-
tion of minor mergers to galaxy evolution, we can include lumi-
nosity profiles and bars. Minor mergers influence excitation of
bars (Ghosh et al. 2020), and so we do not include them. Over-
all, large surveys such as J-PAS (Benitez et al. 2014; Bonoli et al.
2020) or 4MOST WAVES (Driver et al. 2019) will provide excel-
lent datasets with which to constrain different physical processes
to a great extent.

Conclusions and summary

In this paper we present and apply a new analytical method to
isolate and quantify the contributions of different processes to
galaxy quenching. The major novelty of this method is the as-
sumption that the evolution of each galaxy is determined by its
current state. The evolution of galaxy properties is described by
a set of differential equations. These equations contain the evo-
lution parameters that determine and describe the relative im-
portance of the various processes. The knowledge of the values
of the parameters comes into play when we use these differen-
tial equations to evolve or extrapolate the intermediate redshift
galaxies to low redshift. As galaxies evolve along this path, we
say that the parameters of the evolution are those that mimic this
extrapolation most similarly along with true observations. This
extrapolation is carried out galaxy by galaxy, but the overall in-
ference is made by using the galaxy population as a whole.

Using the GAMA data for galaxies with z . 0.35 we were
able to determine the main contributions by several processes to
galaxy quenching. The quenching timescale of galaxies is about
1.5 Gyr based on modelling the evolution of isolated galaxies.
By not fixing the parameter β2, we find that our modelling sup-
ports the idea that the quenching speed is initially slower than
the previous case and speeds up later on (Maier et al. 2019; Belli
et al. 2019).

We determine the galaxy mass above which quenching takes
place to be log10 Mcap/M� ≈ 10.2. This is slightly lower than
the conventional value from the literature, log10 M/M� = 10.68.
This is because our fit value is the starting point of mass quench-
ing, which is naturally lower than the limit where quenching is
already well observed.

We computed the merger rate of galaxies, 0.053±0.03 Gyr−1,
which is consistent with values from the literature. Merger rate
is correlated with ram pressure stripping, and for ram pressure
stripping we found that the star formation rate is reduced by 41%
per gigayear.

We have established a robust model to predict the contribu-
tions from various physical processes to galaxy quenching. The
model parameters are consistent with the literature and in an up-
coming paper, we will also include metallicity and galaxy pho-
tometry to make more accurate predictions.
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Appendix A: Characterisation of the depletion of
the SFR

The SFR depends on how much gas the galaxy has, or equiv-
alently, the fraction ( f ) of gas in a galaxy that turns into stars:

Ψ = f gp. (A.1)

We denote the amount of gas in galaxy as g and include the pos-
sibility that when there is too much or too little gas that there
could be non-linearity p. When stars are formed, exactly the
same amount of gas is removed from the galaxy, i.e.

Ψ = −ġ. (A.2)

By taking the first derivative of (A.1) we get

Ψ̇ = f pgp−1ġ. (A.3)

By solving Eq. (A.1) for g and substituting it and Eq. (A.2) into
Eq.(A.3) we obtain

Ψ̇ = −p f 1/pΨ(2p−1)/p. (A.4)

Redefining the multiplier and exponent as β1 and β2 we reach the
form of the gas depletion in Eq. (3), given as,

Ψ̇ = −β1Ψβ2 . (A.5)
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