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ABSTRACT

We investigate the impact of bursty star formation on several galaxy scaling relations of dwarf galaxies using the GRUMPY galaxy
formation model. While this model reproduces the star formation rate (SFR)—stellar mass, stellar mass—gas mass, and stellar
mass—metallicity relations, the scatter of these relations in the original model is smaller than observed. We explore the effects
of additional stochasticity of SFR on the scaling relations using a model that reproduces the level of SFR burstiness in high-
resolution zoom-in simulations. The additional SFR stochasticity increases the scatter in the SFR—stellar mass relation to a level
similar to that exhibited by most nearby dwarf galaxies. The most extreme observed starbursting dwarfs, however, require higher
levels of SFR stochasticity. We find that bursty star formation increases the scatter in the colour-magnitude distribution (CMD)
for brighter dwarf galaxies (My < —12) to the observed level, but not for fainter ones for which scatter remains significantly
smaller than observed. This is due to the predominant old stellar populations in these faint model galaxies and their generally
declining SFR over the past 10 Gyrs, rather than quenching caused by reionization. We examine the possibility that the colour
scatter is due to scatter in metallicity, but show that the level of scatter required leads to an overestimation of scatter in the
metallicity—mass relation. This illustrates that the scatter of observed scaling relations in the dwarf galaxy regime represents a
powerful constraint on the properties of their star formation.
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1 INTRODUCTION and the scatter of the log;y SFR around the mean relation, Ays, are
important. The scatter is directly related to seemingly random varia-
tions (stochasticity) of star formation rate and can provide valuable
insights into the physical processes that affect star formation histories
(SFHs) on different mass scales (e.g., Matthee & Schaye 2019).

For bright galaxies, Ays ~ 0.20 — 0.35 dex is estimated in both
observations and simulations (e.g., Daddi et al. 2007; Whitaker et al.
2012; Speagle et al. 2014; Torrey et al. 2014; Sparre et al. 2015;
Matthee & Schaye 2019). Moreover, it has been found that the scatter
Aps of the SFMS can be accurately described by the log-normal
distribution (e.g., Guo et al. 2013; Chang et al. 2015; Schreiber et al.
2015; Davies et al. 2019). There are also indications that scatter
increases with decreasing stellar mass of galaxies (e.g., Santini et al.
2017) and that it is particularly prevalent in galaxies at z 2 6 (Dressler
et al. 2023; Looser et al. 2023; Atek et al. 2023; Endsley et al. 2023;
Ciesla et al. 2023).

Some studies have used the fact that Ayjg is moderate to suggest
that galaxies’ SFRs on the MS persist over long periods, regulated
by various physical processes such as gas accretion and feedback-
driven outflows (Bouché et al. 2010; Daddi et al. 2010; Genzel et al.
2010; Davé et al. 2011; Lilly et al. 2013; Dekel & Mandelker 2014;

Scaling relations between galaxy properties are a valuable window
into processes driving galaxy formation (Kennicutt 1989; Kauffmann
et al. 2003; Kormendy et al. 2009; Lilly et al. 2013; Tacchella et al.
2016; Mason et al. 2023). Over the past two decades, the relation
between galaxy stellar mass, M4, and its star formation rate, SFR,
was studied very actively (see, e.g., Popesso et al. 2023, and ref-
erences therein). The nearly linear relation, often referred to as the
star-forming main sequence (SFMS), is widely considered to be in-
strumental to understanding how stellar mass of galaxies is built
up and the processes that regulate star formation in galaxies (e.g.,
Leitner & Kravtsov 2011; Leitner 2012; Lee et al. 2015).

Observations revealed that the SFMS exists both at z = 0 (e.g.,
Brinchmann et al. 2004; Salim et al. 2007; Renzini & Peng 2015;
Cano-Diaz et al. 2016) and at higher redshifts (see e.g., Noeske et al.
2007; Daddi et al. 2007; Pannella et al. 2009; Rodighiero et al. 2010;
Wauyts et al. 2011; Whitaker et al. 2012; Mancuso et al. 2016; D’Silva
et al. 2023).

In general, both the form of the SEMS (its amplitude and slope)
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Rodriguez-Puebla et al. 2016; Tacchella et al. 2016). However, there
is no consensus on the redshift evolution of Aygg. While some studies
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concluded that it is independent of redshift (e.g., Daddi et al. 2007;
Noeske et al. 2007; Whitaker et al. 2012; Speagle et al. 2014; Ciesla
et al. 2014; Pessa et al. 2021), others find that it evolves with redshift
(e.g., Kurczynski et al. 2016; Santini et al. 2017; Katsianis et al.
2019; Tacchella et al. 2020; Davies et al. 2022; Shin et al. 2023).

Building on these observations and models, Caplar & Tacchella
(2019) utilized the power spectral density (PSD) distribution to char-
acterize the stochasticity of SFHs for all star-forming galaxies with
My ~ 10100, They found that the SFHs of galaxies tend to be
correlated on a timescale of ~ 200 million years. This timescale is
shorter than the dynamical time of the dark matter halo, implying
that the baryonic effects, such as feedback and reincorporation of
galactic winds, which operate on the dynamical timescale of galax-
ies, play a crucial role in shaping the SFHs of galaxies. In several
follow-up studies, the PSD was used to investigate the effect of gas
cycling through ISM and giant molecular clouds (GMCs) on the
SFR of galaxies (Tacchella et al. 2020), analysis of the level of SFR
stochasticity in different galaxy formation models and simulations
(Iyer et al. 2020), and the impact of different observational SFR
tracers on the inferred SFR stochasticity (Iyer et al. 2022). These
studies elucidated the contribution of different physical processes to
the variation of SFR on different time scales.

On short time scales (5 100 Myr), the amplitude of the SFR
fluctuations contains valuable information about the creation and de-
struction of individual GMCs (Scalo & Struck-Marcell 1984, 1986;
Kruijssen & Longmore 2014; Krumholz & Kruijssen 2015; Semenov
et al. 2017; Faucher-Giguere 2018; Orr et al. 2019) caused by su-
pernova explosions, cosmic rays, and photoionization (Gnedin et al.
2008; Parrish et al. 2009; Hopkins et al. 2014; Faucher-Giguere 2018;
Tacchella et al. 2020; Semenov et al. 2021b,a). In the regime of ex-
tremely low SFR in dwarf galaxies, the stochasticity can even be
caused by the formation of individual massive stars (see e.g. Fuma-
galli et al. 2011; da Silva et al. 2012, 2014).

On intermediate time scales of ~ 0.1 — 1 Gyr, various dynamic
processes such as galactic winds, disc formation, bulge growth, en-
vironmental effects, bar-induced inflows, and galaxy mergers are
thought to influence the fluctuations in star formation (Oppenheimer
& Davé 2008; Tacchella et al. 2016; Sparre et al. 2017; Torrey et al.
2018; Wang & Lilly 2020a,b).

On longer time scales (> 1Gyr), galaxy quenching and the over-
all interplay between gas accretion and outflows are known to play
significant roles (Behroozi et al. 2013; Moster et al. 2018; Birrer
et al. 2014; Rodriguez-Puebla et al. 2016; Weinberger et al. 2017;
Anglés-Alcdzar et al. 2017; Tacchella et al. 2018; Behroozi et al.
2019).

Although the stochasticity of SFR in massive galaxies was ex-
plored extensively, our understanding of the scatter in the SFMS in
the dwarf galaxy regime remains rather limited, even though studies
of star formation in nearby dwarf galaxies indicate that their SFRs
are bursty (e.g., Emami et al. 2019). While the approximately lin-
ear relation between SFR and stellar mass extends to galaxies of
stellar mass as low as ~ 10°Mg, the scatter growth dramatically
with decreasing stellar mass for galaxies with My < 10% Mg (see,
e.g., Kravtsov & Manwadkar 2022). In particular, the latter authors
showed that scatter stemming from the variations of mass assembly
histories and structural properties of dwarf galaxies is not sufficient
to explain the observed scatter of specific SFRs in the dwarf galaxy
regime.

This is not entirely surprising, given that star formation in dwarf
galaxies is modulated by a few individual star forming regions, which
leads to burstier star formation. At the same time, outflows are ex-
pected to be more efficient in dwarf galaxies which may result in
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periods of low SFR following bursts thereby leading to stronger vari-
ations of SFR. These processes are confined within localized regions
in galaxies and require detailed modeling of interstellar medium and
star-forming regions in galaxies, as well as their destruction and
accompanying feedback effects.

However, many galaxy formation models and simulations do not
model or resolve the relevant scales and model relevant processes.
For example, Kravtsov & Manwadkar (2022) show that a simple
regulator-based GRUMPY model reproduces the mean observed cor-
relations between properties of dwarf galaxies, as well as luminos-
ity function and radial distribution of Milky Way’s dwarf satellites
(Manwadkar & Kravtsov 2022). However, the model does not model
small-scale star-forming regions and thus predicts a much smaller
scatter than observed in the colour-magnitude and stellar mass—SFR
relations. Similarly, Pan et al. (2023) found that dwarf galaxy colours
in the Auriga cosmological hydrodynamical simulations (Grand et al.
2017, 2021) have a significantly smaller scatter than observed. This
is likely due to the fact that ISM in these simulations is pressurized
and ISM and formation and destruction of individual star-forming
processes are not modeled, but overall star formation is modeled
statistically with a subgrid model.

The goal of this study is to evaluate the degree of SFR stochas-
ticity in dwarf galaxies required to reproduce observed scatter in
the colour-magnitude and stellar mass—SFR relations. To this end,
we use the regulator-based GRUMPY galaxy formation model men-
tioned above, but add scatter to the SFR predicted by the model in a
controlled manner.

This paper is organized as follows. We describe the GRUMPY model
in Section 2. We summarize the PSD formalism used in the model of
SFR stochasticity in Section 2.2 and the revised model with stochas-
ticity in Section 2.3. We investigate the effects of stochasticity on the
SFR-mass relation in Section 3.1, the colour—-magnitude diagram in
Section 3.2, and the metallicity—stellar mass relation in Section 3.3. In
Section 4, we compare our results with results from other theoretical
models and simulations in Section 4.1and 4.2, explore the sensitivity
of different SFR indicators to the stochasticity of SFR in observations
in Section 4.3, and discuss several caveats in Section 4.4. Finally, we
present our conclusions in Section 5.

The cosmological parameters adopted in this study are those of
the Caterpillar simulation suite: 2 = Hy/100 = 0.6711, Q9 = 0.32,
Qp =0.68.

2 GALAXY FORMATION MODEL WITH STOCHASTIC
SFR

We begin with description of how stochasticity is modeled in this
study in conjunction with the SFR produced by the fiducial GRUMPY
model (Kravtsov & Manwadkar 2022). We first review the GRUMPY
model with a focus on the modeling of star formation, molecular
hydrogen, and metallicity — quantities most relevant for the present
study. We then describe the stochastic SFR framework based on the
power spectral density approach of Tacchella et al. (2018). Finally,
we combine the two components and describe how stochastic SFR is
modelled in this study.

2.1 The GRUMPY galaxy formation model
2.1.1 Halo mass tracks and GRUMPY galaxy formation model

We model the population of dwarf galaxies around the Milky Way
using tracks of haloes from the Caterpillar suite of N-body simula-



tions (Griffen et al. 2016), which simulated 32 MW-sized haloes.!
We use the highest resolution set of simulations, LX 14, which allows
to maximize the size of our model galaxy sample.

The halo tracks were produced by a modified version of the Rock-
star halo finder and the Consistent Trees Code (Behroozi et al.
2013), as described in Section 2.5 of Griffen et al. (2016). As
shown by Manwadkar & Kravtsov (2022, see their Fig. 1), the sub-
halo peak mass function in the LX14 simulations is complete at
1= Mpeak/Mpost 2 4 x 1070 or My ~ 4 x 105M¢ for the
host halo mass Mpoq ~ 10'2 Mg, even in the innermost regions of
the host (r < 50 kpc). This degree of completeness is sufficient to
model the full range of luminosities observed in Milky Way satel-
lites since the faintest ultra-faint dwarfs (UFDs) are hosted in haloes
of Mpeax 2 107 Mg, in our model (Kravtsov & Manwadkar 2022;
Manwadkar & Kravtsov 2022).

The halo mass evolution tracks from the Caterpillar suite
are used as the basis for the GRUMPY galaxy formation model
Kravtsov.Manwadkar.2022 based on a regulator-type galaxy forma-
tion framework (e.g., Krumholz & Dekel 2012; Lilly et al. 2013;
Feldmann 2013). Namely, the model solves a system of coupled dif-
ferential equations to follow the evolution of key galaxy properties,
including the effects of UV heating after reionization, gas accretion
suppression onto small mass haloes, galactic outflows, a model for
the gaseous disk and its size, molecular hydrogen mass, star forma-
tion, and more. The model also accounts for the evolution of the
half-mass radius of the stellar distribution. The galaxy model param-
eters used in this study are identical to those in the fiducial model of
Manwadkar & Kravtsov (2022).

As the primary of this study is on the stochasticity of star formation
rate, we briefly review how star formation is modeled in the GRUMPY
model. The model uses the evolved exponential radial gas profile,
Yg (R), to estimate the mass of molecular hydrogen using the model
of Gnedin & Draine (2014):

Rur
My, = 27r‘/0 sz(Zg)Zg(R)RdR (D

where Ry is the radius corresponding to the assumed self-shielding
threshold and fy, is molecular fraction computed using current gas
metallicity and mean star formation rate.

The star formation rate is computed using My, assuming a constant
depletion time of molecular gas, 74ep 1, , and instantaneous recycling
of the gas:

My = (1 - R) My 2
where
. M,
My = —2 _gFR 3)
Tdep,H>

R = 0.44 represents the proportion of gas that is converted into
stars and subsequently returned to the ISM assuming the Chabrier
(2003) initial mass function of stars (e.g., Leitner & Kravtsov 2011;
Vincenzo et al. 2016). Meanwhile, 74ep H, is assumed to be 74ep 1, =
2.5 Gyr in the fiducial model consistent with measurements in nearby
galaxies (e.g., Bigiel et al. 2008; Bigiel & Blitz 2012; Bolatto et al.
2011; Rahman et al. 2012; Leroy et al. 2013).

Observations indicate that 7y, may vary between galaxies and with
redshift. Thus, the assumption of constant 7y, is one of the reasons
the fiducial model may underestimate SFR stochasticity.

I The Caterpillar project website can be found at https://www.
caterpillarproject.org.
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Kravtsov & Manwadkar (2022) and Manwadkar & Kravtsov
(2022) showed that the model successfully reproduces the general
trends observed in the SFR—mass relation, mass—metallicity relation,
and colour-magnitude relation of Milky Way satellite galaxies, as
well as luminosity function and radial distribution of the Milky Way
satellites. However, as noted in the Introduction, the model predicts
a significantly smaller scatter in star formation rates and colours of
dwarf galaxies than what is actually observed in the Universe.

This is not surprising because the GRUMPY framework does not in-
clude modeling of the processes that can result in significant stochas-
ticity of star formation, such as formation and destruction of individ-
ual star-forming regions (e.g., Iyer et al. 2020). Here we introduce
additional SFR stochasticity in a controlled manner using PSD for-
malism, as described below. However, we first describe the sources
of stochasticity that are included in the model.

2.1.2 Sources of stochasticity in the original model

The fiducial GRUMPY model includes two sources of stochasticity.
The first arises from the variations of the mass assembly histories
(MAHsS) of haloes of a given final mass. The diversity in halo MAHs
can result in a range of scatter in galaxy properties and can be par-
ticularly significant in the ultra-faint dwarf (UFD) regime due to the
suppression of gas accretion and star formation after the epoch of
reionization (Rey et al. 2019; Katz et al. 2020).

The second source of stochasticity arises from the assumed
stochasticity in the size of gas distribution in galaxies. The latter
is modeled using an exponential profile:

R
Z¢(R) = L exp (_R_d) (C))

where X is the central surface density, R; is the disc size. The
model assumes that at each redshift z during evolution, the disc size
is proportional to the halo radius enclosing density contrast of 200
times the critical density, Rogoc(z):

Ry = xaRa00c(2) ©)

The value of x4 has a mean of 0.06 (Mo et al. 1998) and a random
log-normal Gaussian scatter of 0.25 dex to account for the fact that
there is significant scatter in disc sizes at a given stellar mass in
observations. The same random Yy, is used throughout its evolution
for a given galaxy, but different galaxies have different y,4 values.

Although these sources of stochasticity between galaxies produce
some scatter in galaxy scaling relations and in particular reproduce
scatter in observed size—magnitude relation (Kravtsov & Manwadkar
2022; Manwadkar & Kravtsov 2022), the scatter in the M4 —SFR and
colour-magnitude relations is considerably smaller than in the cor-
responding observed relations, hence motivating additional sources
of SFR scatter.

2.2 Power Spectral Density of stochastic SFR

We follow Caplar & Tacchella (2019) and model the specific star
formation rate (SFR) of a galaxy with stellar mass M, relative to the
main sequence (MS) relation as:

SFR )
(SFR) (M),
where (SFR) (M, ) represents the SFR of the mean MS at the mass

M, and Ays is a Gaussian random number. Consequently, the distri-
bution of SFR/(SFR)(My) is log-normal, which is consistent with

AMS = loglo ( (6)

MNRAS 000, 1-14 (2022)
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Figure 1. An illustration of how Ays and its PSD depend on @, Tpeqk, and orjne. We show @ = 1,2, 3 and Tpeax = 0.1, 1 Gyr. In each panel we show o = 0.2
(grey) and 0.6 (purple). As « increases and Tpeqx increases, adjacent points become more correlated. A larger o, value elevates the PSD on all timescales.

observations (Guo et al. 2013; Davies et al. 2019; Caplar & Tacchella where k represents the wave number and ranges from —N /2 to N /2:
2019).

We thus model stochasticity of star formation relative to the mean 1 Nl i2mn
M, —SFR relation by producing correlated Gaussian random number Sn =y Sk - exp ( N k )

for each time step during galaxy evolution integration. The numbers k=0
are generated assuming a given power spectral density (PSD) of the 1 Nl 27 (tn — tomin)
time series in the Fourier domain. == Sk -exp | ———k @)
N = AtN
The time series, represented by a discrete set of values s(#,,) = s, N-1
at evenly spaced intervals ¢, = t;, + nAt for n = [0, N — 1], covers — l Sy - exp [127(tn = toin) fic]
a time span of T = NAt. The Fourier transform of the series, Sy, N =0
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The DC signal has a frequency f = 0 and a corresponding Sy value
of 1. The frequency f} is defined as k/T'.
According to the Parseval’s theorem, for a real series s;,:

T = > ISkl ®)

For a series s, with a mean of zero, the left-hand side represents
the variance, and the right-hand side indicates that the sum of the
squares of Fourier components of s;, divided by N2 should equal the
variance of s;,.

The power spectrum P (k) is defined as:

1
P(k) = Wskﬁ ©9)

Note that P(k) is dimensionless, and according to the Parseval’s
theorem above:

N-1
o2 (sn) = ) P(k) (10)

k=0
The power spectral density (PSD) is defined as

(An?
T
and has unit of time.

To generate a sequence of Gaussian random numbers with a given
power spectrum, we use a grid of Fourier components at frequen-
cies fgrig with amplitudes set to random numbers drawn from the
Gaussian pdf with zero mean and unit variance and multiplied by
VP(k) = \/PSD(f)/T.

We follow (Caplar & Tacchella 2019) and use PSD of the form

o2

1+ (Toreak farid) ™% '

where o = 0 Tgecor characterizes the variability over a long time
scale and Tppeak = 27 Tgecor Characterizes the timescale over which
the random numbers are no longer correlated.

We generate a time series of Ayqg perturbations this way with
At = 10 Myr — the value chosen to correspond to the typical lifetime
of star forming regions in galaxies (Fall et al. 2010; Kruijssen et al.
2019; Semenov et al. 2017; Tacchella et al. 2020; Semenov et al.
2021b).

Figure 1 shows an illustration of how Ay and its PSD changes
with @, Tyreak, and oy In general, a larger @ and Ty i increases
the correlation between adjacent points, and a larger o, increases
the power on all timescales.

PSD(k) = 1Sk|? = %NQP(k) =TP(k) = NAtP(k). (11)

PSD(f) = 12)

2.3 Modelling stochastic SFR in GRUMPY

In what follows, we use the PSD given by eq. 2.2 with the values
a = 2, Tpreak = 2 Gyr, and o, = 0.6. We find that using the
PSD given by equation 2.2 with these parameter values produces
results similar to those of the EAGLE, Illustris-TNG, and FIRE-II
simulations (Iyer et al. 2020). An example of a galaxy SFH and
corresponding PSD in such a model is presented in Figure 2. This
validates our approach to generating stochasticity and demonstrates
that a simple analytical model can produce SFR similar to the SFR
in state-of-the-art galaxy formation simulations.

For each individual galaxy, we generate a sequence of Ay Gaus-
sian random numbers spaced by At = 10 Myr, as described in the
previous section. This sequence is interpolated to a given ¢ during

Stochastic SFH in Dwarfs 5

the integration of galaxy evolution. To account for the fact that the
mean of a log-normal distribution is biased high compared to the
unperturbed value, we adjust the mean of the Ayqg by subtracting the
variance of the sequence divided by 2.

Stochasticity is then introduced by perturbing the SFR outputs
with Ayps:

SFRgoch = 10°MS . SFR (13)

We assume that the PSD does not change with redshift, since
observed values of Ayis depend only mildly on redshift. We tested
that varying Ay by an amount significantly larger than the observed
redshift dependence does not change our results.

Given that galactic outflows in the model are assumed to be pro-
portional to SFR, Moy = My stochasticity should also induce
stochasticity of the outflow rate. Physically, however, outflows may
not necessarily respond to each local burst of star formation in a given
star-forming region, but should arise from a collective effect of such
local bursts. We thus assume that the outflow rate is proportional to
the stochastic SFR rate averaged over 100 Myr time scale:

Mg,out = UWM*,ave, (14)

where 7, is the mass-loading factor, and M*,ave is the running
average of the instantaneous SFR over the past 100 Myr.

3 EFFECT OF STOCHASTICITY ON GALAXY SCALING
RELATIONS

In this section, we explore effects of SFR stochasticity implemented
described in the previous section on the My —SFR, Mg —SFR relations
(Section 3.1), and on the colour-magnitude relation (Section 3.2).

3.1 Effect of stochasticity on galaxy SFR

Figure 3 shows a comparison of the My — SFR and My — SFR
relation for model galaxies and observed galaxies from the ALFALFA
survey Durbala et al. (2020) and a number of other samples (Jimmy
et al. 2015; Teich et al. 2016; McGaugh et al. 2017; James et al.
2017; McQuinn et al. 2015a, 2019, 2021; Lin et al. 2022). Compared
to results shown in Figure 11 of Kravtsov & Manwadkar (2022)
the widths of My — SFR and M — SFR relations are considerably
larger for the model with added SFR stochasticity. However, the
increase is not sufficient to account for extreme starbursting dwarfs
reported by Lin et al. (2022) or even for galaxies with the highest
SFR in other samples (e.g., SHIELD and STARBIRDS galaxies).
This indicates that additional physical processes might be at play
to boost the SFR to such a high level. One possibility is that SFR
in the smallest dwarf galaxies in these samples is dominated by the
formation and destruction of one or a couple of massive star clusters,
that temporarily boost SFR by a large factor (see, e.g., Zick et al.
2018).

We explore this possibility by adding an additional stochasticity
to our model on the time scale of 10 Myr corresponding to a typical
lifetime of a star-forming region that gives rise to individual clusters.
This corresponds to adding the delta function to the PSD at this
time scale. The amplitude of the delta function corresponds to the
perturbation of the actual SFR of

SFRpert. = SFRtoch. - 1+ 20 (15)

where r is a random variable drawn from the exponential distribution
3e73%,
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of this sample galaxy, following the process described in Section 2, which yields a red curve on the left. Since we manually introduce short-term fluctuations,
the power on short-term fluctuations is much greater than in the non-stochastic case (red curve on the right compared to green curve). Moreover, as shown in
Section 3.1, we test another model where we introduce an additional PSD corresponding to a delta function on the timescale of ~ 13 Myr that increases SFR by
a random number. This is a test to show how much additional perturbation is needed to match the high SFR of starburst galaxies like those in Lin et al. (2022).
As demonstrated, adding such a PSD results in significantly greater power on short fluctuation timescales (blue curve on the right).

The result is shown by the blue line and blue shaded region in
Figure 3. Such additional stochasticity allows the model to match
most observed galaxies, although not the most extreme starbursts.
Such starbursts are very rare in observations, however, and only a
dozen is found in the entire Dark Energy Survey.

Figure 4 shows a comparison between non-stochastic and stochas-
tic runs for the Mg — M, relation. Introducing stochasticity does not
change the mean trend and scatter of this relation.

In Section 4.3, we delve into the sensitivity of the stochasticity of
SFR to the choice of SFR indicators, as demonstrated by previous
studies (Lee et al. 2009; da Silva et al. 2014; Emami et al. 2019).

3.2 Effect of stochasticity on galaxy colours

Figure 5 illustrates that the scatter in the g — r colours for bright
galaxies (M, < —12) modeled with additional SFR stochasticity
agrees well with observation, whereas the scatter for fainter galaxies
(M, > —12) has a scatter much smaller than observed. This dis-
crepancy may be due to the fact that dwarf galaxies in the model
remain quenched with after reionization and thus stochasticity does
not affect their magnitudes. Observed dwarf galaxies with masses
My = 10° Mg often do show indications of recent star formation
or star formation at intermediate epochs (e.g., McQuinn et al. 2023;
Jones et al. 2023), and such rejuvenated dwarf galaxies are also
present at least in some models of galaxy formation (e.g., Rey et al.
2020).

MNRAS 000, 1-14 (2022)

To test the effect of reionization on the quenching of dwarf galaxies
in the model, we lowered the critical mass. M. (z), at which baryonic
fraction is suppressed by a factor of 2 relative to the universal value
due to post-reionization UV heating of the intergalactic medium
(IGM). Thus, lowering M. (z) results in more low-mass haloes that
are able to accrete gas and prolong star formation after the epoch of
reionization. However, lowering M, (z) by a factor of four does not
produce significantly more blue low-mass dwarf galaxies. Changing
the form of M, (z) to a step function with a filtering halo mass as
low as 108 M also does not change the colour distribution for faint
dwarf galaxies. Thus, a declining SFH and lack of scatter in colour
for faint dwarf galaxies is not due to accretion suppression resulting
from the post-reionization UV heating of the IGM. Rather, it must
be due to a reason internal to the galaxies themselves.

One possibility is that the optical light of observed dwarf galaxies
includes emission lines arising from ionized HII regions, while these
are not included in calculations of colours of the model galaxies.
Indeed, Martin-Manjon et al. (2008) demonstrated that the presence
of emission lines from the interstellar medium (ISM) can significantly
impact the colours of starbursting dwarf galaxies (see their Figures
7 and 10). To assess this effect, we employed the Flexible Stellar
Population Synthesis (FSPS) code (Conroy et al. 2009; Conroy &
Gunn 2010) in conjunction with its Python bindings, PYFSPS 2, to

2 https://github.com/dfm/python-fsps
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Figure 3. M, — SFR (left panel) and My — SFR (right panel) relations for model galaxies in the non-stochastic run (green) and stochastic run (red) as a
comparison to observations such as the ALFALFA survey (Durbala et al. 2020, grey dots), STARBIRDS survey (McQuinn et al. 2019, purple circles), McGaugh
etal. (2017, pentagons), Jimmy et al. (2015, squares), the SHIELD I & II surveys (McQuinn et al. 2015a, McQuinn et al. 2022, submitted; pink circles), and Lin
et al. (2022, diamonds). For Lin et al. (2022), we only include points that have SFR fractional error < 20%. The median SFR values in each mass bin for the
non-stochastic run (green), stochastic run (red), and stochastic+post-process perturbation (blue) are shown by solid lines. The transparent colour band illustrates
the 2-sigma variation, and any points outside the 2-sigma width of the median are plotted as individual points. We find that the linear relation between SFR and
M, extends down to M, ~ 10° M dwarf galaxies. The 2-sigma width of the SFR-M, and SFR-M g relation in the non-stochastic run is relatively smaller than
that for the stochastic run. When we add additional perturbations to the model SFR using another form of PSD as described in Section 3.1, we obtain a much
higher SFR (blue) that is within the same range as observed galaxies in SHIELD I & 1II, although we are unable to reach the same high SFRs as those in Lin
etal. (2022). As discussed in Section 4, different SFR indicators can cause significant differences in the SFR value, with indicators such as He used in Lin et al.
(2022) tending to produce higher values. Overall, our model results agree well with observations, with future studies warranted to explore the physics that cause

star bursts.

generate single stellar population instances. We compared the colours
of these instances with and without incorporating the contribution of
nebular emission lines and found only minor differences. Therefore,
the difference in the scatter of colours is unlikely to be due to the
omission of nebular emission lines in the colour calculation.

Recently, Greene et al. (2023) showed that many early-type dwarf
galaxies (Mx < 107M@) exhibit excess UV emissions and blue
colours. These blue colours are not due to ongoing star formation,
but due to significant variations of metallicity between galaxies of a
given My . Lower metallicity galaxies have bluer colours and scatter
in metallicity thus should result in the scatter of colours. To test this,
we perturbed each model galaxy’s metallicity Z by a log-normal
Gaussian random number:
Zyoen = Z - 10°7, (16)
where Az is a Gaussian random number centered on 0 with standard
deviation of o~ = 0.5.

The effect of such additional metallicity scatter on colours is shown
in the right panel of Figure 6. Comparison of the colour—magnitude
relations in the three panels of this figure shows that additional scatter
in metallicity indeed leads to a significant increase in scatter of colour,
especially for dwarf galaxies with M, > —12. Thus, the tail of blue
colours of quenched low-mass dwarf galaxies in observations could

be due to metallicity scatter. At the same time, as we show below,
inclusion of such large metallicity scatter overestimates the scatter in
the metallicity—stellar mass relation.

3.3 Effect of SFR stochasticity on the stellar mass-metallicity
relation

Given the potentially significant effects of metallicity scatter on dwarf
galaxy colours we investigate the impact of stochastic SFH on the
stellar mass—metallicity relation of dwarf galaxies, which is widely
utilized as a diagnostic tool for modeling galaxy feedback, chemi-
cal evolution, inflows, and outflows (e.g. Garnett 2002; Peeples &
Shankar 2011; De Lucia et al. 2020; Finlator & Davé 2008). In the
case of dwarf galaxies, observations have been conducted to measure
stellar metallicity using absorption lines in stellar emission (see, for
instance, the review by Simon 2019) and to determine gas metallic-
ity using emission lines from HII regions in galaxies with gas and
ongoing star formation (Lee et al. 2006; Berg et al. 2012, 2016).

Figure 7 illustrates the relation between galaxy stellar mass and
gas and stellar phase metallicities, Zg and Zy, of model and observed
dwarf galaxies. The scatter observed in the Zy — My and Zg — M,
relations is comparable or slightly higher in the stochastic run when
compared to the non-stochastic run.

MNRAS 000, 1-14 (2022)
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Figure 4. Mg-M, relation for model galaxies in the non-stochastic and
stochastic runs compared with observations. Similar to Figure 3, we plot the
median SFR for each mass bin and the 1-sigma and 2-sigma width for the
stochastic run. Switching from a non-stochastic to a stochastic SFR model
does not significantly alter the median relationship between gas and stellar
mass.

The width of the 1-sigma band indicates that the overall scatter in
the gas metallicity—gas mass relationship is higher than the scatter in
the stellar metallicity—stellar mass relationship. This can be attributed
to the fact that Z, is the average metallicity in the cumulative stellar
mass and increases monotonically, whereas Zj is influenced by star
formation and metal enrichment outflows and inflows, which govern
the instantaneous gas mass (Finlator & Davé 2008; Lilly et al. 2013;
Torrey et al. 2019; van Loon et al. 2021). It is worth noting that
the model Zg and Z, values do not consider the observational un-
certainties that contribute to the scatter of the relations of observed
galaxies.

Figure 8, on the other hand, shows that additional stochasticity in
the metallicity explored in the previous subsection (eq. 8) results in
a metallicity scatter that is significantly larger than observed.

4 DISCUSSION

Results presented above indicate that star formation rates in dwarf
galaxies are very stochastic. Furthermore, we find that adding SFR
stochasticity to the SFHs of model galaxies results in increased g —r
colour scatter in bright dwarf galaxies (M, < —12) bringing their
colour distribution in a better agreement with observations. In con-
trast, colours of faint dwarf galaxies (M, > —12) are largely unaf-
fected by the addition of the SFR stochasticity.

In this section, we discuss interpretation of these results, compare
our results with those of other theoretical models and observational
studies, examine how observed SFR stochasticity depends on the use
of different SFR indicators, and investigate the link between short-
term and long-term fluctuations and galaxy evolution. Lastly, we
highlight the limitations of interpretation of our results and outline
potential avenues for future research.

MNRAS 000, 1-14 (2022)

4.1 Comparison with other models

It is interesting to compare the level of SFR stochasticity required
to match observed scatter in the M, — SFR relation in the dwarf
galaxy regime with stochasticity in various galaxy formation mod-
els and simulations presented by Iyer et al. (2020). These authors
computed the PSD of galaxies with 10°Mg < My < 10112 Mg in
cosmological simulations (Illustris (Genel et al. 2014; Vogelsberger
et al. 2014), Illustris TNG (Weinberger et al. 2017; Pillepich et al.
2018), Mufasa (Davé et al. 2016), Simba (Davé et al. 2019), EAGLE
(Crain et al. 2015; Schaller et al. 2015; Schaye et al. 2015)), zoom-in
simulations (FIRE-2 (Hopkins et al. 2018), g14 (Brooks & Zolotov
2014; Brooks & Christensen 2016; Christensen et al. 2016, 2018;
Brooks et al. 2017), Marvel/Justice League) (Bellovary et al. 2019),
semi-analytical models (Somerville et al. 2008; Porter et al. 2014;
Somerville et al. 2015; Brennan et al. 2017) and semi-empirical
UniverseMachine model (Behroozi et al. 2013, 2019).

Iyer et al. (2020) found that different models exhibit a wide range
of SFR stochasticity. The largest stochasticity levels are reached in
the simulations with efficient, explosive feedback that do not rely
on subgrid ISM models, such as EAGLE and FIRE-2 simulations.
Simulations that do use a subgrid ISM model exhibit considerably
less stochasticity on time scales < 100 Myr. Semi-analytic models
that do not model local ISM structure and do not add stochasticity
explicitly, such as the Santa Cruz SAM and Universe Machine, exhibit
lower SFR stochasticity still. This is because the SFR stochasticity
arising due to variations in the mass assembly histories and internal
global parameters of galaxies are sub-dominant to the stochasticity
on < 100 Myr time scales induced by the rise and fall of individual
star-forming regions in galaxies (Tacchella et al. 2020; Shin et al.
2023).

The inherent level of stochasticity in the GRUMPY model is com-
parable to that of simulations with subrid physics and semi-analytic
models. On the other hand, the addition of explicit SFR stochasticity
at the level required to match observed scatter in the M, -SFR relation
brings the SFR stochasticity to the level similar to that exhibited by
low-mass galaxies in the FIRE-2 and EAGLE simulations.

4.2 Scatter of the g — r colours compared to observations and
simulations

The main challenge that we identified is reproducing a large ob-
served scatter of g — r colours of faint dwarf galaxies (M, 2 —15).
Chaves-Montero & Hearin (2021) examined effects of star formation
rate burstiness on the colours of massive galaxies (logiy Mx > 9.25)
in the Illustris TNG simulations and model galaxies in the Uni-
verseMachine. They found that burstiness can affect optical colours
of individual galaxies at the ~ 0.2 — 0.3 level, but does not signifi-
cantly change the colour distribution of galaxy population as a whole.
This is different from our finding in the dwarf galaxy regime, likely
because the level of burstiness implied by the observed scatter in the
SFR-M, regime is significantly larger than the level considered in
that study.

Comparison of observations with the Auriga simulation suite of
MW-sized galaxies (Grand et al. 2017) revealed that the colour-
magnitude distribution for My < 10® M, in simulations is consider-
ably narrower than in observations, and there are notably fewer faint
blue dwarf galaxies in simulations than in observations (Pan et al.
2023). These authors attributed this discrepancy to the absence of
low-temperature/molecular gas cooling in the stellar feedback and
ISM model used in the Auriga simulations. In the case of faint dwarf
galaxies, the molecular gas self-shielding effect is likely underesti-
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Figure 5. Upper: Colour-magnitude diagram of g-r colour vs M, relation for model galaxies in the non-stochastic (upper left) and stochastic runs (upper right)
compared to observations such as the MegaCam survey Muiloz et al. (2018), the SAGA survey (Geha et al. 2017; Mao et al. 2021), and the ELVES survey
(Carlsten et al. 2020, 2022). Similar to Figure 3, we plot the median SFR for each mass bin (thick lines) and the 1-sigma and 2-sigma width with the 2-sigma
outliers (green dots for the left two columns and red dots for the right two columns). We also show the distribution of dwarf galaxies in the GAMA survey as a
2D histogram in grey. The non-stochastic model exhibits a tightly clustered and almost linear colour-magnitude relation across magnitudes, which contrasts with
observations that display more scatter in the =20 < M, < —8 magnitude range. The addition of stochastic star formation rate (SFR) increases the scatter in
CMD, particularly for brighter magnitudes M, < —12, but improves the comparability with observations for galaxies brighter than M, = —12, while still falling
short of reproducing the comparable scatter in faint dwarf galaxies. Lower: the r-band effective surface brightness as a function of M, for both non-stochastic
and stochastic runs, with negligible differences in scatter between the two cases, and both able to reproduce the mean trend and scatter of the relation similar to
observations. Further discussion on the findings is presented in Section 4.

mated when the UV radiation perturbs the gas due to the limitations galaxies. The reasons may also be similar as star formation in this
of the model. Therefore, most smallest dwarf galaxies are quenched model is based on the model of molecular hydrogen of Gnedin &
and become red, with almost no star-forming blue galaxies forming Draine (2014), which was not tested at the metallicities of the ultra-
following reionization. faint galaxies. At the same time, star formation in low-metallicity

This is similar to what we find in the GRUMPY model for smaller galaxies may not be well traced by molecular hydrogen to begin with

MNRAS 000, 1-14 (2022)
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Figure 6. Colour-magnitude diagram of g-r colour vs M, relation for model galaxies in the non-stochastic (left), stochastic SFR (middle), and stochastic SFR
+ stochastic metallicity runs (right) compared to the same observations as in Figure 5. Although perturbing the SFR does not increase the scatter in colour,
especially for faint dwarf galaxies with M,- > —12, perturbing the metallicity significantly increases the scatter in colour across all magnitudes. This aligns with
observations that show some quenched galaxies having blue colours and UV emission (Greene et al. 2023), where stochasticity in metallicity likely plays a role

in their blue colour instead of star formation.

(Nobels et al. 2023, Polzin et al. in prep.). Thus, the star formation
rate may be underestimated in the faintest dwarf galaxies due to the
adopted star formation model in GRUMPY.

Field galaxies of Mx > 10° Mg, in both Auriga and APOSTLE
simulations continue forming stars to low redshifts, although satel-
lite galaxies do quench after their accretion onto MW-sized system
(Digby et al. 2019). Likewise, Garrison-Kimmel et al. (2019) also
find that galaxies with My < 10° M, are quenched by UV heating
after reionization in the FIRE-2 zoom-in simulations of dwarf galax-
ies. However, they also find that galaxies of larger mass generally
continue forming stars until z = 0.

In the GRUMPY model galaxies of larger mass also continue to
form stars and their colours are affected by SFR stochasticity as was
demonstrated above.

4.3 Contribution of uncertainties in observational SFR
indicators to the apparent SFR stochasticity

Although there are physical drivers of bursty star formation in dwarf
galaxies, part of the apparent scatter of the SFR in these galaxies
could be due to uncertainty in the observational SFR indicators.
Different observed bands contain distinct information about star for-
mation, with shorter wavelengths probing most recent star forma-
tion, while longer wavelengths probing star formation over longer
time scales (e.g., Boquien et al. 2014). Additionally, spectral fea-
tures such as Ha and UV-based SFR indicators, Ha and Ca-H,K
absorption line equivalent widths, the D,,(4000) spectral break, and
broadband galaxy colours are sensitive to the model parameters in the
PSD formalism (Iyer et al. 2022). Therefore, comprehending the vari-
ability of SFRs across different indicators can provide information
about stochasticity on different time scales and inform comparisons
with model results.

The most commonly used SFR indicators are Ha and UV+IR
fluxes (Kennicutt 1998; Kennicutt & Evans 2012; Boquien et al.
2014; Davies et al. 2016). Ha photons originate from gas ionized
by young stars (<20 Myr), providing a measure of the current SFR
(~ 4 — 10) Myr in galaxies. In dwarf galaxies, however, H, can
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significantly underpredict the star formation rate due to paucity of
massive stars (e.g., Lee et al. 2009). UV emission directly comes
from star-forming regions, while some is absorbed and reprocessed
by dust, re-emerging in the IR. Thus, the sum of UV and total IR
luminosities provides the total SFR over the timescale of ~ 30 — 100
Myr.

The distribution of SFRs measured using two indicators can be
used to investigate the change in SFRs over time and provide a sta-
tistical view of the behavior of the galaxy population. However, such
analysis is challenging due to several uncertainties and assumptions,
including the stochastic IMF and dust properties, the monotonic-
ity of SFRs over different timescales, and the inherent difficulty in
measuring SFRs accurately (Johnson et al. 2013; Shivaei et al. 2018).

At low SFRs, inferring an SFR from a star formation indicator
(SFI) in an individual galaxy is problematic. When calculating the
sum of the mass and ages of all the stars that comprise a population
using stellar population synthesis (SPS) models to map observed
luminosity to underlying physical properties, it is common to assume
that the IMF and SFH are well populated. However, if the IMF is
not fully sampled, the luminosity’s highly non-linear dependence on
stellar mass can have significant consequences for the population’s
luminosity. Thus, there is no longer a deterministic relation between
the total mass and age of the population to the total luminosity and
colour of its integrated light. This makes the inverse problem of
determining the mass or age of a simple stellar population from
its photometric properties ill-posed. When the IMF and SFH are
sparsely sampled in the low SFR regime, there is no unique mapping
between SFRs and SFIs, and thus no unique way to infer an SFR
from an SFI in an individual (da Silva et al. 2014).

For SFRs < 10_4M®/yr, the scatter in the Ha indicator, which
is used for most dwarfs at these masses, is expected to be very
high due to insufficient sampling of IMF and SFH. In addition, Lee
et al. (2009) demonstrated that for lower luminosity dwarf galaxies
(roughly less active than the Small Magellanic Cloud), Ha tends
to increasingly underpredict the total SFR relative to the FUV. By
SFR ~ 0.003Mg yr~!, the average Ha-to-FUV flux ratio is lower
than expected by a factor of two, and at the lowest SFRs probed, the
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Figure 7. The gas metallicity—mass (right) and stellar metallicity—mass (left) relations for the non-stochastic and stochastic runs with observations from various
sources such as Lee et al. (2006); Berg et al. (2016); Kojima et al. (2020); McQuinn et al. (2015b, 2020); Kirby et al. (2013); Simon (2019). Similar to Figure 3,
we plot the median SFR for each mass bin and the 1-sigma width. In the non-stochastic case, the model accurately predicts the mean trend of the metallicity-mass
relation, but the scatter is tighter than observed. The stochastic run shows slightly increased scatter, but it maintains the metallicity—mass relation without any
breaks. The introduction of stochasticity in the SF model is seen to be effective in preserving the metallicity-mass relation.
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Figure 8. The stellar metallicity—mass relation for the non-stochastic and
stochastic SFR + stochastic metallicity runs compared with the same obser-
vations as in Figure 7. Similar to Figure 7, we plot the median Z, for each
mass bin and the 1-sigma and 2-sigma width. The stochastic SFR + stochastic
metallicity run shows an overestimated scatter compared to observations.

ratio exhibits an order of magnitude discrepancy for the handful of
galaxies that remain in the sample due to the IMF deficiency in dwarf
and low surface brightness galaxies. The upper panels in Figure 4 of
da Silva et al. (2014) illustrate these results. According to Cignoni
etal. (2019), the level of stochasticity on a 10 million-year time scale
is quite significant, whereas it becomes much less significant on a
100 million-year time scale.

4.4 Caveats

The interpretation of our results should be approached with caution
due to the constraints of our simple regulator-type model.

First, we make the assumption of a smooth, radial-averaged expo-
nential profile for both the gas surface density Zg and the molecular
gas surface density . However, in reality, the interstellar medium
(ISM) can be highly structured (Kravtsov 2003; Semenov et al. 2017),
and a radial average may not accurately capture the overdensities and
underdensities within the ISM. This is particularly relevant for low-
mass galaxies, where star formation occurs in a small number of
bright star-forming regions, making it difficult to effectively average
out fluctuations. In blue compact dwarf galaxies, some giant molec-
ular clouds are massive enough to produce significant torques on
surrounding disk material, leading to kinematic decoupling and stir-
ring up the inhomogeneity of the ISM. Thus, a closer examination of
the detailed structure of the ISM is necessary in future studies.

Second, we applied the same level of stochasticity to all dwarf
galaxies with stellar masses between 10 Mg and 10° M. However,
previous studies have demonstrated that the intrinsic scatter of the
main sequence (MS) for star-forming galaxies with stellar masses be-
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tween 108 Mg and 101! My does not remain constant, but exhibits a
"U-shape" trend (Davies et al. 2022; Huang et al. 2023). Specifically,
for low-mass galaxies with 108Mg < My < 10'9M, stochastic
starbursts and stellar feedback events are the main drivers of intrin-
sic MS scatter. For intermediate-mass galaxies around 10195, the
effect of star formation and feedback becomes less pronounced, re-
sulting in a decrease in intrinsic MS scatter. In contrast, high-mass
galaxies (My > 10193 3/5) exhibit an increased intrinsic MS scat-
ter due to AGN feedback. For even lower-mass dwarf galaxies with
My < 108Mg, the star formation rate is subject to small-number
statistics and becomes more bursty. Therefore, to accurately model
these variations, the level of stochasticity incorporated in the model
should be a function of stellar mass, with higher stochasticity for
low-mass galaxies and decreasing stochasticity as we move towards
intermediate masses around 10'9Mg. However, as this project is a
proof of concept, we defer a more detailed study of the dependence
of stochasticity on galaxy stellar mass to future work, focusing in-
stead on demonstrating the non-negligible impact of incorporating
stochasticity on several galaxy scaling relations.

5 CONCLUSIONS

We present the impact of bursty star formation on several galaxy
scaling relations in dwarf galaxies using the GRUMPY model. This
simple regulator-type model reproduces the average trend of the SFR—
mass, stellar mass—gas mass, stellar mass—metallicity relation, and
CMD. However, the scatter of these relations in the original model
is smaller than observed. To address this, we utilize a formula for the
power spectral density (PSD) to generate a series of random numbers
with a log-normal distribution to perturb the original SFR. We adjust
the parameters in the PSD formalism to control the amplitude and
variability of burstiness in the model. We experiment with the effects
of long-term and short-term SFR variations in the model and compare
them to observations. The main results can be summarized as follows:

(i) We find that the PSD of equation 2.2 with parameters @ = 2,
Threak = 2Gyr, and o = 0.6 produces both short-term and long-term
variations, and the amplitude of burstiness comparable to zoom-in
galaxy formation simulations, such as FIRE-2.

(ii) Bursty star formation increases the scatter in the SFR-M,
relation compared to the non-bursty case. We find, however, that rare
extreme starburst galaxies, such as those in Lin et al. (2022) imply
even larger levels of stochasticity.

(iii) Adding the SFR stochasticity increases the scatter in the CMD
(Figure 5) in brighter dwarf galaxies (My < —12). For fainter dwarf
galaxies (My > —12), the scatter is comparable to that of the non-
bursty model. We confirmed that this result is not due to low-mass
dwarf galaxies being quenched by reionization.

(iv) We show that metallicity scatter can increase the scatter of
colours of faint dwarfs (My > —12), however this leads to the
overestimate of scatter in the mass-metallicity relation compared to
observed Local Group dwarf satellite galaxies.
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