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Carigi 1994; Lilly et al. 2013; Muratov et al. 2015;
Anglés-Alcázar et al.2017; Kim & Ostriker 2018; Hu 2019;
Nelson et al.2019; Pandya et al.2020, 2021; Ostriker &
Kim 2022; Carr et al.2023; Steinwandel et al.2023, 2024).
The mass-loading factor,� m, is a key metric of star formation
feedback that quanti� es the amount of gas mass lifted out of a
galaxy’s interstellar medium(ISM) per unit star formation, i.e.:

�I �w
M
SFR

, 1m
out ( )

��

where Mout�� is the rate of mass out� ow from the galaxy.
Crucially for this work, the mass-loading factor is thought to
play a key role in setting the mass–metallicity relation by
controlling the� ow of metal-enriched gas out of the ISM.

To measure a mass out� ow rate one must determine both the
location of the gas(i.e., that the relevant gas has been lifted out
of the galaxy) and the speed of the gas(to estimate the rate at
which the gas is� owing out of the host galaxy). Due to the
projected nature of extragalactic astronomy, it is often dif� cult
to measure both the distance from the midplanez (or r) and
out� ow velocity vz (or vr). Even when both position and
velocity can be measured(Marasco et al.2023), the complex
dynamical state of the gas reservoirs in low-mass galaxies
make the interpretation of their kinematics—and thus estima-
tion of the mass-loading factor—a complex task. Deriving an
estimate of the total mass density from observable quantities of
speci� c lines is also subject to uncertainties due to assumptions
regarding ionization and abundance corrections. One either
observes that the gas has been displaced but not the speed of
the displaced gas(McQuinn et al. 2019) or observes the
velocity of the gas but not its position(Martin 1999; Heckman
et al.2015; Chisholm et al.2017; Marasco et al.2023).

Another approach to constraining the mass-loading factor is
to determine the range of mass-loading factors that is
permissible given the current state of the mass–metallicity
relation or other scaling relations(Lilly et al. 2013; Lin &
Zu 2023). Using the chemical enrichment history of individual
or sets of galaxies is a well-established method of modeling
their gas cycling processes due to the inherent link between a
galaxy’s gaseous and stellar contents(see, e.g., Lynden-Bell
1975; Pagel & Patchett1975; Carigi 1994; Matteucci2016;
Maiolino & Mannucci2019; Matteucci2021). The dif� culty
with this more indirect approach is that the mass-loading factor
is not the sole parameter that sets the mass–metallicity relation
at z� 0 and some degree of complexity is required to
instantiatez� 0 observations; these models have nevertheless
been successful in establishing mass-loading factor estimates
across a large range of stellar masses(see, for example, Bouché
et al.2010; Yin et al.2011; Davé et al.2012; Lilly et al. 2013;
Yin et al. 2023).

In this work, we adapt the indirect method of estimating the
mass-loading factor via its effect on the low-redshift(z� 0.2)
evolution of both the star-forming main sequence(SFMS) and
mass–metallicity relations. Rather than taking on the sub-
stantial hurdle of producing a realisticz� 0 galaxy population,
we will use our observed lowest-redshift galaxy sample as our
z= 0 boundary condition.

This approach differs from classic literature methods in its
intrasample differential nature, where we will explicitly model
the selection function of a single sample rather than making a
multisample comparison(as in, e.g., Zahid et al.2012), and by
using the lowest-redshift galaxies in our sample as a

tautologically realistic boundary condition for our method(as
opposed to full-� edged regulator models such as in Lilly et al.
2013). Here, the size and depth of our sample allow us to
characterize explicitly the selection function of the Satellites
Around Galactic Analogs(SAGA) background galaxy sample
to enable modeling of chemical evolution on an intrasample
basis. The method allows us to circumvent partially the well-
known issue of absolute calibrations in gas-phase metallicity
estimates(Kewley & Ellison 2008; Kewley et al. 2019),
directly account for photometric and spectroscopic incomplete-
ness during model comparison, and use measured star
formation rates(SFRs) as model input rather than predicting
SFR via star formation ef� ciency arguments.

In order to execute this approach, we need a large
spectroscopic sample of low-mass galaxies out to a suf� ciently
large redshift such that some physical evolution of the
population is expected to be detectable. The SAGA back-
ground galaxies provide such a sample. Although the main
science driver of the SAGA Survey is a census of satellite
galaxies around Milky Way–like hosts, the vast majority of the
spectra collected are of low-mass galaxies at somewhat higher
redshift. The SAGA sample sits in the wider context of efforts
that have been put into cataloging the dwarf galaxy population
within the Local Volume and nearby Universe(Lee et al.
2009a, 2009b; Dale et al.2009; Berg et al.2012; Hunter et al.
2012; Cook et al.2014). New and ongoing surveys are now
systematically mapping out the low-mass galaxy population at
z> 0 (Darragh-Ford et al.2022; Luo et al.2023), which has
borne out new possibilities for understanding the broader
population of dwarf galaxies and contextualizing our Local
Volume on a wider scale.

We will argue that the SAGA galaxies imply an average
mass-loading factor of� m � 1 at 107.5 � Må/ Me � 109.5, in
agreement with observational measures of the mass-loading
factor of individual galaxies and inconsistent with recent
simulations that call for large mass-loading factors at low mass
in order to produce realisticz= 0 dwarfs.

We adopt a� at Lambda cold dark matter(� CDM) cosmology
with � m= 0.3(� � = 0.7) andH0 = 70 km sŠ1 MpcŠ1. We use a
Kroupa (2001) initial mass function(IMF) unless otherwise
speci� ed, and convert literature results that use other IMFs to a
Kroupa(2001) IMF as stated in the text.

2. SAGAbg-A and the SAGA Background Galaxies

The SAGA Survey is a spectroscopic search for satellites
down to Mr � Š 12 around Milky Way–like hosts atz� 0.01
(Geha et al.2017; Mao et al.2021). Due to the rarity of the
satellite galaxies, the signi� cant majority of spectra collected
by SAGA are galaxies that are not associated with the SAGA
hosts, in order to reach a highly complete survey. Nevertheless,
these nonsatellite(background) galaxies tend to be low redshift
and relatively low mass due to the photometric selection used
by SAGA (Mao et al.2021).

These background spectra represent a sample of primarily
low-mass galaxies down to a limiting magnitude ofmr � 21, a
magnitude fainter than the Galaxy And Mass Assembly
(GAMA) survey(Baldry et al.2010) with effective exposure
times around twice as long. The SAGA background spectra
thus provide a fainter and deeper look into the low-redshift,
low-mass galaxy population than has been possible with
previous generation spectroscopic surveys.
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In this work, we consider a subset of SAGA background
galaxies which we will call the SAGAbg-A sample. The
nomenclature simply refers to the galaxies’ status as back-
ground galaxies(bg), and that this is the� rst subset of the
background galaxies used for science(-A). The SAGAbg-A
sample only includes galaxies for which spectra were either
drawn from archival Sloan Digital Sky Survey(SDSS) or
GAMA observations or obtained with Anglo-Australian
Telescope(AAT)/ 2dF or MMT/ Hectospec during the SAGA
spectroscopic campaign, and excludes the satellites of the
SAGA hosts themselves(i.e., the main science targets of the
SAGA Survey). The SAGAbg-A sample considered covers an
on-sky area of around 110 deg2, though as we will discuss in
Section4 the spatial coverage over this area is not uniform. The
data set includes the data presented in Geha et al.(2017) and
Mao et al.(2021), as well as additional survey data that will be
presented in a forthcoming work(Y.-Y. Mao et al. 2024, in
preparation).

2.1. Photometric Selection

The photometric selection of the SAGA Survey is designed
to span the range of photometric properties occupied by
the SAGA satellites completely, which are low-mass
( �1M Mlog 1010 �ƒ( )�: ) galaxies atz� 0.013. As the SAGA
Survey progressed, the photometric selection has evolved to
exclude more background galaxies while maintaining the
completeness of satellite galaxies(Geha et al.2017; Mao
et al.2021). As such, when we consider the SAGA background
galaxies, their effective photometric selection is not uniform
across different SAGA hosts. Because we are interested only in
the galaxies not associated with the SAGA hosts, however, we
argue that it is suf� cient to characterize the realized aggregate
selection function of the SAGA background galaxies.

The SAGA host� elds, when the satellites themselves are
excluded, can be considered to be random� elds. Since there
should be no differences in the population of galaxies between
two random� elds, there should also be no difference—modulo
cosmic variation—between targeting each random� eld with
somewhat different photometric cuts and targeting all� elds
with the average photometric cuts as weighted by the number
of spectra obtained using each selection function.

Taking this aggregate approach allows us to characterize the
SAGAbg-A sample by its effective photometric selection,
which we will quantify as the fraction of SAGA photometric
targets that are in the SAGAbg-A sample(we remind the reader
that this is not equivalent to the fraction of galaxies with a
SAGA redshift). Our model is built around the idea that our
sample is incomplete, and that we can quantify our incomplete-
ness relative to some“most complete” subset. We will return to
this idea more quantitatively in Section4 when we build a
model to understand the physical evolution of our observed
samples.

While we defer a full characterization of this aggregate
selection function and its impact on the present sample to
Section4, we would like to acquaint the reader with the sample
at hand. We show in Figure1 the distribution of the sample
over redshift and stellar mass. The stellar mass that would
correspond to an apparent magnitude ofmr = 19.8 for a galaxy
with a rest-frame color of(g Š r) = 0.3 can be obtained using
our color–mass relation, which is shown as the orange curve.
This apparent magnitude is roughly equal to the limiting

magnitude of most� eld in the GAMA survey(Driver et al.
2009).

2.2. SAGA Spectra

Measuring SFRs from H� luminosities and gas-phase
metallicities from temperature-sensitive oxygen line� ux ratios
requires � ux-calibrated spectra. As mentioned earlier, the
SAGAbg-A sample used in this work includes all spectra
obtained from MMT/ Hectospec and AAT/ 2dF (including
GAMA archival spectra), as well as all archival spectra of
SAGA photometric targets taken by SDSS.

We � nd that the relative� ux calibration of the SAGA AAT
and MMT spectra, particularly those spectra from AAT/ 2dF,
degrades at� � 8000 Å. This cutoff was determined by
comparing SAGA spectra to spectra of the same galaxies
released by the GAMA survey; we deem the SAGA� ux
calibration unreliable when the fractional difference

� M � M�w �Mf FSAGA( ) � ( ) �M�� �MFGAMA ( )� / � T � M � T � M��
� M � MF F

SAGA 2 GAMA 2( ) ( )
between the SAGA and GAMA� ux calibration reaches
f (� cut) > 2 and the sign ofdf/ d� is constant at� > � cut. We
thus cut off the spectra in our analysis at� cut= 8000 Å for
spectra originating from AAT/ 2dF and� cut= 8200Å for those
originating from MMT/ Hectospec. We note that the spectra
obtained by SAGA have an average integration time of 2 hr on
the 3.9 m AAT and 1.5 hr on the 6.5 m MMT and comprise the
vast majority(94%) of the � nal sample.

Next, we� ux calibrate our spectra using the SAGAg- andr-
band photometry by assuming that the spectrum is representa-
tive of the full galaxy (i.e., assuming that there are no
underlying population gradients) and applying a multiplicative
conversion to reproduce the SAGA photometry from integrat-
ing the SAGA spectrum. This method is well suited for our

Figure 1. The distribution of the SAGAbg-A sample in redshift and stellar
mass; we restrict our sample to those galaxies with stellar masses

��M Mlog 1010 �ƒ( )�: and z< 0.21. Un� lled red circles show galaxies for
which we can measure weak auroral line metallicities, as will be presented in
detail in Section2.2. The top and right panels show the projection of the
distribution over stellar mass and redshift, respectively, for both the full(blue)
and auroral line-detected(red) samples. In the main panel, the gold dashed
curve shows the stellar mass corresponding to an apparent magnitude of
mr = 19.8 assuming(g Š r) = 0.3, which corresponds to the limiting
magnitude of the majority of GAMA spectroscopic� elds.
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sample because the galaxies are generally small even compared
to the relatively small AAT/ 2dF and MMT/ Hectospec� bers:
the median on-sky effective radius of our sample is 12, while
the AAT/ 2dF and MMT/ Hectospec� bers are 21 and 1 5 in
diameter, respectively. Because theg and r bands lie on
different AAT/ 2dF spectrograph arms, we allow for different
� ux calibrations ing andr for the AAT/ 2dF spectra to correct
for any discontinuities between the two arms that persisted
beyond the relative� ux calibration. Finally, because the
relative � ux calibration is quite important for our metallicity
measurements, we remove any AAT/ 2dF spectra that contain a
discontinuity of greater than 5% across the spectrograph break
after absolute� ux calibration.

We apply a� ux calibration to the SDSS spectra in the same
way that we do for the SAGA AAT and MMT spectra. The� ux
calibration provided by the GAMA public data release are
already calibrated consistently to our� ux calibration and so we
do not perform an additional� ux calibration. For all spectra we
correct for Galactic extinction assuming a Cardelli et al.(1989)
extinction curve with an assumedRV = 3.1 and the GalacticAV
measured by Schla� y & Finkbeiner (2011) at the position of
each target via the IRSA galactic dust and reddening server
(IRSA 2022).

3. Measurements

In this work, we will infer weak line ratios and strong line� uxes
of the SAGAbg-A spectra, convert those line measurements to
estimates of the ISM’s physical conditions, and use those physical
conditions to make aninference about the evolution of the galaxy
sample over a short duration of cosmic time(e.g., lookback times
of less thantlb � 2.5 Gyr). Throughout this process, we will
leverage our external knowledge(e.g., of atomic physics and the
sample selection) to make an inference of the system as a whole
rather than independently estimating parameters from individual
components of our data.

We will measure gas-phase metallicities for the sample using
the “electron-temperature” approach, which uses temperature-
sensitive weak line ratios to constrain the temperature(and thus
the emissivity) of O II- and OIII -emitting gas. The quality of the
SAGA spectra allows us to measure these key auroral line
� uxes con� dently ([O III ] � 4363, [O II] � 7320, and [O II]
� 7330) for a small but signi� cant fraction of the galaxy sample.
These line ratios are strongly temperature dependent and
density insensitive(for the densities relevant to this work).
Auroral line metallicities are often thought of as“gold
standard” metallicities because ion abundance can be directly
computed from� ux ratios(e.g., of[O III ] � 5007/ H� ) once the
temperature and density(and thus the line emissivities) are
measured from temperature-sensitive line ratios. However, it is
important to note that auroral line metallicities also suffer from
biases. The most often used auroral line[O III ] � 4363 is rarely
seen at metallicities exceeding � � � �log O H 12 8.710( ) —this
bias is mitigated by the low metallicity of our sample(for a
recent review, see Kewley et al.2019). It is also known that
auroral line metallicity samples tend to preferentially select
metal-poor galaxies(Kewley & Ellison2008), and that samples
selected to have[O III ] � 4363 detections can result in an
underestimate of the mass–metallicity relation(Curti et al.
2020). Furthermore, the impact of temperature and density
inhomogeneities onTe-based metallicity estimates remains an
open question at both the HII region and galactic scale
(Méndez-Delgado et al.2023a, 2023b; Chen et al.2023).

Nevertheless, we� nd that it is preferable to compare auroral
line metallicities across cosmic time than to compare either
empirical calibrations of strong line ratios or theoretical
metallicity calibrations. The former regularly show mean
offsets of 0.5–1.0 dex between theoretical calibrations of the
same strong line ratio, and the latter’s � delity relies on our
uncertain understanding of stellar atmospheres, evolution, and
other model assumptions. In AppendixC, we rerun our analysis
using various strong line metallicity calibrations from the
literature and� nd that the conclusions are robust against the
choice of the metallicity calibrator that accurately reproduces
the known mass–metallicity relation of low-mass galaxies in
the nearby Universe.

3.1. Line Measurements

The � rst step to measuring gas-phase metallicities is to
measure the� uxes of the relevant lines in our sample. The most
important lines for our analysis in this paper series are H� , H� ,
[O III ] � 4363,[O III ] � 5007,[O II] �� 3727, 3729,[O II] � 7320,
and[O II] � 7330. We also� t a wider set of lines including the
density-sensitive pair[SII] � 6717 and[SII] � 6731. We show
an example of a SAGA spectrum around the emission lines of
interest in Figure2 and several examples of the key weak
auroral lines in galaxies across the redshift range of our sample
in Figure3. A full accounting of the lines� t for this analysis
will be provided as a value-added catalog in a forthcoming
work (Y.-Y. Mao et al. 2024, in preparation).

We � t our emission lines and Balmer absorption features
simultaneously; we allow the amplitude and position to vary for
each line but assume that all the emission lines can be well
described by a Gaussian pro� le of the same width� em. The
Balmer absorption features are also� t as an ensemble of Gaussian
pro� les, wherein we require that the ratio between the equivalent
width (EW) of each absorption feature and the EW of the H�
absorption feature is held to unity for H� and H� , and 0.5 for H�
(i.e., EWH� = 0.5EWH� ). This relationship is chosen based on the
models of González Delgado et al.(1999); we adopt a strict
assumption here because the H� absorption is not spectrally
resolved and is therefore degenerate with the emission component.
We approximate the continuum local to each emission line as a
constant value, and hold the continuum� ux of lines separated by
less than 140Å to be equal. We infer the properties of the all the
emission line pro� les in each SAGA spectrum simultaneously via
the Markov Chain Monte Carlo ensemble sampler implemented in
emcee (Foreman-Mackey et al.2013).

Our approach allows us to incorporate our knowledge of
atomic physics straightforwardly into the line pro� le � tting by
including this information into our formulation of the prior. In
particular, we have strong constraints on the minimum
allowable� ux ratio of lines originating from the same species,
wherein the redder line is in the numerator. As an example,
consider the� ux ratio between H� and H� , i.e., the Balmer
decrement. For a gas atne= 103 cmŠ3 and Te= 104 K, the
intrinsic � ux ratio between H� and H� should be 2.86. In the
presence of reddening from dust, the observed� ux ratio may be
larger than this value(but not smaller). We thus adopt a
sigmoid prior:

� � � �� B � C
� � � � � �� B � C � B � CA A ePr , 1 2k A A A b

H H
1H H H ,H( ) ( ) ( )( � )

wherek= 30 andb = 0.925 are the shape parameters of the
sigmoid function, �B �CAH ,H� is the intrinsic � ux ratio (here
assumed to be 2.86), andAH� andAH� are the amplitudes of the
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H� and H� lines, respectively, taking advantage of the fact that
the ratio of the� uxes will be equal to the ratio of the
amplitudes when the line width is equal. Note that the prior
allows for, but is weighted against, line ratios somewhat below
the assumed minimum intrinsic ratio. The same exercise can be
performed with the other lines in the spectrum; we assume
sigmoid priors with the following assumed intrinsic ratios:

��� B � HA 6.11,H ,H�

��� B � EA 11.06,H ,H�

��A 2.98,OIII 5007, OIII 4959� [ ] [ ]

��A 6.25,OIII 5007, OIII 4363� [ ] [ ]

��A 6.25S 4077, S 4069II II
� [ ] [ ] ,

based on the minimum intrinsic line ratio for a reasonable
(102 � T � 105 K) range in temperature as computed by the
packagepyneb .

We adopt a simple Gaussian likelihood over our model
parameters:

�
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where the index refers to the index of the resolution element,
�M�MF i� ( ) andF� ,i are the predicted and observed speci� c � uxes in

that resolution element, respectively, and�T�MF is the uncertainty
in the speci� c � ux. The observed spectrum is thus simply
F� = { F� ,0, F� ,1...F� ,M} for M resolution elements. The vector
� � is of length 2Nem+ Ncont+ 3; � � describes the parameters of
the line model. HereNem� 18 is the number of emission lines
� t andNcont� 10 is the number of continuum regions� ts. The
numbers here are given as upper limits because lines that are
redshifted beyond� = 8000 Å are excluded from the model.

There are then an additional three parameters:� em, the width of
the emission lines, EWabs, the EW of the Balmer lines, and
� abs, the width of the(Balmer) absorption lines. We show an
example of our line-� tting procedure for a single galaxy in
Figure2, and several examples of the key OII and OIII lines
we use to estimate gas-phase metallicities across the sample
redshift range in Figure3.

Because some of the lines that we� t are quite weak(at
maximum� 10% the� ux of H� and[O III ] � 5007), we visually
inspect each galaxy in which the inference predicts a less than
16% chance that the auroral oxygen lines could originate from
stochastic� uctuations to ensure that the measured features are
not observational artifacts such as residuals from sky subtrac-
tion. Finally, in AppendixA we test both our� ux calibration
and line measurement methods against published GAMA
survey results to verify that our methodology is consistent with
established literature methods.

3.2. Determining the Interstellar Medium Conditions

Line emissivity coef� cients are generally a function of
temperature(Te) and density(ne); thus, to invert line� ux ratios
to abundance ratios, we need to know the physical conditions
of the gas that is emitting the lines. Similar to our approach to
measuring line� uxes, we will infer our ISM conditions of
interest(Te(O III ), Te(O II), andAV) simultaneously via Markov
Chain Monte Carlo sampling implemented withemcee. We
additionally adopt a Calzetti et al.(2000) extinction curve and
note that the best-� t extinction in these galaxies tends to be
low, with AV < 0.5, which is unsurprising given their low
stellar masses(see Figure4).

A common method to estimateTe is to use the auroral[O III ]
� 4363 line to leverage the temperature sensitivity and density
insensitivity of the[O III ] � 4363/ [O III ] � 5007� ux ratio. This
allows us to estimate the averageTe probed by O++ , which we
will follow the literature in calling the“high-ionization” (O++ )

Figure 2. An example spectrum� t for a galaxy atz= 0.047(R.A. = 11h16m05 2, decl.= + 48d20m15 1), showing� ts to different emission lines. Note that the
redder OII weak lines are not� t for the galaxy as they are redshifted beyond 8000Å. In each panel, the top left label indicates the emission line of interest. Black
points show the observed speci� c � ux, while the red curve shows the best-� t model. The blue curve shows the same best-� t model without emission(i.e., showing
only stellar absorption and the continuum).
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