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A B S T R A C T 

We study the link between gas flow events and key galaxy scaling relations: the relations between star formation rate (SFR) and 

stellar mass (the main sequence, MS); gas metallicity and stellar mass (the mass–metallicity relation, MZR); and gas metallicity, 
stellar mass, and SFR (the fundamental metallicity relation, FMR). Using all star-forming galaxies (SFGs) in the 22 MUSE fields 
of the MusE GAs FLOw and Wind (MEGAFLOW) surv e y, we deriv e the MS, MZR, and FMR scaling relations for 385 SFGs 
with M � = 10 

8 − 10 

11 . 5 M � at redshifts 0.35 < z < 0.85. Using the MUSE data and complementary X-Shooter spectra at 0.85 

< z < 1.4, we determine the locations of 21 SFGs associated with inflowing or outflowing circumgalactic gas (i.e. with strong 

Mg II absorption in background quasar spectra) relative to these scaling relations. Compared to a control sample of galaxies 
without gas flows (i.e. without Mg II absorption within 70 kpc of the quasar), SFGs with inflo w e vents (i.e. Mg II absorption 

along the major axis) are preferentially located abo v e the MS, while SFGs with outflo w e vents (i.e. Mg II absorption along the 
minor axis) are preferentially more metal rich. Our observations support the scenario in which gas accretion increases the SFR 

while diluting the metal content and where circumgalactic outflows are found in more metal-rich galaxies. 

Key words: galaxies: abundances – galaxies: evolution – galaxies: formation – galaxies: ISM – ( galaxies :) quasars: absorption 

lines. 
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 I N T RO D U C T I O N  

he flow of baryons in and out of galaxies is a fundamental compo-
ent of galaxy formation and evolution, controlling the build-up of
tars and metals in galaxies (for recent re vie ws, see e.g. Somerville &
av ́e 2015 ; Tumlinson, Peeples & Werk 2017 ; P ́eroux & Howk
020 ; Walter et al. 2020 ). Inflows of fresh material coming from the
ircumgalactic medium (CGM) are believed to drive star formation
ctivity that increases the metallicity ( Z , 12 + log(O/H)) and stellar
ass ( M � ) of galaxies. Outflows, which are a consequence of internal
 E-mail: Ivanna.langan@eso.org (IL); Nicolas.bouche@univ-lyon1.fr 
NFB) 

S  

e  

2  

Pub
rocesses such as supernovae or active galactic nuclei (AGNs), expel
he gas out of galaxies and can suppress inflows. By doing so,
utflo ws lo wer g alaxy g as content and pre vent the formation of ne w
tars. The cycle of baryons in and out of galaxies is thus at the
ore of galaxy formation and evolution (e.g. Tacchella et al. 2016 ;
itchell & Schaye 2022 ). 
This scenario is supported by observations and simulations that

ave shown that several major galaxy properties correlate, forming
o-called scaling relations. Among the most notable correlations,
hose of interest for this work are (i) the correlation between M � and
FR, dubbed the ‘main sequence’ (MS; Noeske et al. 2007 ; Elbaz
t al. 2011 ; Speagle et al. 2014 ; Whitaker et al. 2014 ; Renzini & Peng
015 ; Boogaard et al. 2018 ) and (ii) the correlation between M � and
© 2023 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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as metallicity, referred to as the ‘mass–metallicity relation’ (MZR; 
remonti et al. 2004 ; Maiolino et al. 2008 ; Erb et al. 2006 ; Zahid,
 e wley & Bresolin 2011 ; Sanders et al. 2022 ). The MS shows that
 � and SFR are positively correlated, meaning that an increasing 

tellar mass is directly linked to an increasing SFR, o v er 10 7 M �
M � ≤ 10 11.5 M �. This relation has been observed to hold up to

edshifts z = 4 −5 with decreasing data in the lower mass range as
t becomes increasingly difficult to observe faint galaxies at high 
edshifts (Speagle et al. 2014 ; Boogaard et al. 2018 ). The mass–
etallicity relation tells us that star-forming galaxies (SFGs) with a 

igh stellar mass also have a high-gas metallicity, at least for galaxies
ith 10 7.5 M � ≤M � ≤ 10 11.5 M �. This has been observed up to

edshift z = 3.5 (Maiolino & Mannucci 2019 ). At masses larger than
 � = 10 11.5 M �, the relation flattens and reaches a metallicity plateau. 
These scaling relations can be interpreted as the reflection of an 

quilibrium between galactic inflows, star formation, and outflows. 
his equilibrium is often referred to as the ‘bathtub model’ (Bouch ́e
t al. 2010 ) or ‘gas-regulator’ (Lilly et al. 2013 ). Under this equilib-
ium context, the SFR is regulated by the accretion rate, which is itself
ependent on the galaxy halo/stellar mass. Given that galaxies evolve 
n tracks that tend to be orthogonal to the MS below z = 3 (Bouch ́e
t al. 2010 ; Matthee & Schaye 2019 ) and that the metallicity tends
o al w ays increase with time (d Z /d t > 0), the SFR- M � -time results in
 SFR- M � –Z relation, which is akin to the MZR. 

The scatter around the MS and the MZR has generated interest in
he last decade, as it provides precious insights into different physical 
rocesses that galaxies undergo (e.g. Tacchella et al. 2016 ; Mitra et al.
017 ; Torrey et al. 2018 ; Matthee & Schaye 2019 ). One can expect
o find galaxies to lie on the upper part of the MS, likely due to
ecent events of gas accretion, while galaxies on the lower part of
he MS typically have lower gas fractions (Saintonge et al. 2016 ),
ikely driven by a combination of gas depletion, outflows driven 
y recent active star formation and suppression of inflows. Hence, 
ndividual galaxies may continuously cycle through occupying the 
pper and lower envelope of the main sequence partly in response
o gas-accretion and gas outflows o v er ‘short’ time-scales of a few
yr ( ∼1 −3 Gyr at z ∼ 0.6, Tacchella et al. 2016 ; Torrey et al.
018 ). Alternatively, the position of galaxies relative to the main 
equence may simply reflect the scatter in formation times at fixed 
ass (Gladders et al. 2013 ; Abramson et al. 2016 ). Cosmological

imulations, in particular EAGLE (Schaye et al. 2015 ), have shown 
hat while both short and long-term fluctuations do occur, the scatter 
n the main sequence is actually dominated by fluctuations occurring 
n very long time-scales ( �1 Gyr), driven by the time at which the
alo formed (Matthee & Schaye 2019 ). 
The scatter around the MZR has been shown to correlate with SFR,

esulting in the so-called ‘fundamental metallicity relation’ between 
FR, metallicity and stellar mass (FMR; Lara-L ́opez et al. 2010 ;
annucci et al. 2010 ; Cresci et al. 2012 ; Andrews & Martini 2013 ).

his FMR agrees qualitatively with various analytical/numerical 
odels which have attempted to account for the scatter of the MZR
ith regards to SFR (e.g. Forbes et al. 2014 ; Torrey et al. 2019 ; van
oon, Mitchell & Schaye 2021 ; Wang & Lilly 2021 ). These models
ave shown that the MZR scatter can be attributed to the competing
mpact of gas accretion and star formation. As fresh metal-poor gas 
s being accreted on to a galaxy, it feeds the gas reservoir resulting
n an increase of SFR while at the same time diluting the gas-phase
etallicity (e.g. Dav ́e; Finlator & Oppenheimer 2011 ; Somerville & 

av ́e 2015 ; Matthee & Schaye 2018 ; Torrey et al. 2018 ; van Loon
t al. 2021 ). Consequently, the gas-phase metallicity decreases with 
n increasing SFR at fixed stellar mass (e.g. Mannucci et al. 2010 ;
ara-L ́opez et al. 2010 ; Lagos et al. 2016 ; De Rossi et al. 2017 ). 
Thus, it is clear that gas flows play a rele v ant role in the formation
nd evolution of galaxies. However, measuring gas flows and their 
roperties is a difficult task. Due to a scarcity of measured inflow and
utflow rates for statistical samples of galaxies, observational studies 
inking the flow rate of gas to galaxy stellar mass, metallicity and SFR
re lacking. Until today, there are hardly any direct observational 
onstraints regarding gas flows and how they correlate to scaling 
elations, except perhaps with respect to the main sequence and 
utflows (F ̈orster Schreiber et al. 2019 ; Roberts-Borsani & Saintonge
019 ; Avery et al. 2021 ). In recent years, techniques have been
eveloped aiming to measure gas flows in the CGM using quasar
bsorption studies. This technique can play a crucial role here, as it
as the power to effectively identify the presence of in- and outflows
or statistical samples of galaxies o v er time, thanks to absorption in
he spectra of background quasars (e.g. Schroetter et al. 2016 ; Ho
t al. 2017 ; Schroetter et al. 2019 ; Zabl et al. 2019 ). 

In this paper, we study the impact of gas flows on galaxy properties.
n particular, how gas flows are linked to the main-sequence and
he fundamental metallicity relation. This paper is organized as 
ollows. In Section 2 , we describe the sample this study is based
n. Section 3 presents the methods we use to carry out the analysis.
n Section 4 , we present the results, i.e. our analysis of the main-
equence and the fundamental metallicity relation. We discuss our 
esults in Section 5 and summarize our findings and conclusions in
ection 6 . The cosmology assumed throughout this work follows the
 CDM standard cosmological parameters: H 0 = 70 km s −1 Mpc −1 ,
m = 0.3, and �� 

= 0 . 7. Throughout this work, we use a Chabrier
 2003 ) stellar initial mass function (IMF). 

 DATA :  MUSE  A N D  X S H O OT E R  

.1 MUSE data from the MEGAFLOW sur v ey 

he MUSE GAs FLOw and Wind (MEGAFLOW) surv e y was
esigned to study the properties of gas flows surrounding star- 
orming galaxies (SFGs) via background quasars using the Multi Unit
pectroscopic Explorer (MUSE, Bacon et al. 2010 ) spectrograph 
n the Very Large Telescope (VLT). The surv e y consists of 22
uasar fields selected with multiple Mg II absorption lines (rest 
qui v alent width W 

λ2796 
r > 0 . 5 − 0 . 8 Å), from the Zhu & M ́enard

 2013 ) catalogue based on the Sloan Digital Sky Survey (SDSS; Ross
t al. 2012 ; Alam et al. 2015 ). This criterion resulted in 79 strong
g II absorbers o v er the 22 quasar spectra. For each quasar, high-

esolution spectroscopic follow-up observations with the Ultraviolet 
nd Visual Echelle Spectrograph (UVES, Dekker et al. 2000 ) were
arried out. 

Sev eral papers hav e already been published as part of the
EGAFLOW surv e y, we refer the reader to the following papers

or a more detailed understanding of the observational strategy 
chroetter et al. ( 2016 , hereafter paper I) and data reduction, in
articular: Zabl et al. ( 2019 , hereafter paper II) which focuses on
ccretion cases and Schroetter et al. ( 2019 , hereafter paper III)
hich focuses on wind cases. 

.2 CGM gas flows 

mong the galaxies in the 22 MUSE fields at the Mg II absorber
edshift, we select those with an impact parameter ( b , the distance
etween the galaxy and the apparent position of the background 
uasar) less than b < 100 kpc in order to ensure the gas we are
robing likely belongs to a single galaxy. In addition, we select
alaxies that have no major companion within 100 kpc and no signs
MNRAS 521, 546–557 (2023) 
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M

Figure 1. Schematic illustrating how galaxies are categorized as ‘outflow’ 
or ‘inflow’ cases, depending on the azimuthal angle α between the apparent 
QSO location and the galaxy major-axis. The black lines represent an edge-on 
galaxy. The red arrows pointing away from the galaxy represent an outflow 

with material being ejected out of the galaxy. In the case of outflows, α ≥
55 ◦. The blue arrows pointing towards the galaxy represent inflow material 
being accreted onto the galaxy. In the case of inflows, α ≤ 30 ◦. 
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f merger (see sections 4.1 and 4.2 of paper II for a more detailed
xplanation of the target selection strategy). 

Then, as in paper II (Section 4.3), we classify the galaxy-quasar
airs according to the apparent location of the quasar with respect
o the host galaxy moti v ated by the established bimodality in
he azimuthal distribution of the Mg II absorption around galaxies
Bordoloi et al. 2011 ; Bouch ́e, Murphy & P ́eroux 2012 ; Kacprzak,
hurchill & Nielsen 2012 ; Bordoloi et al. 2014 ; Lan & Mo 2018 ;
undgren et al. 2021 ; paper II; paper III; Guo et al. submitted). As

n paper II/III, when the azimuthal angle, α, defined as the angle
etween the apparent location of the background quasar and the
ajor-axis of the galaxy 1 associated (for an illustration, see Fig. 1 ) is

5 ◦ ≤ α ≤ 90 ◦, i.e. the quasar sightline is close to the galaxy’s
inor axis ( α = 90 ◦) and likely probing outflows, we classify

uch case as an ‘outflow’-selected galaxy. When the sightline passes
lose to the major axis (0 ◦ ≤ α ≤ 30 ◦) and likely passing through
xtended gaseous discs associated with inflows, we classify these
ases as an ‘inflow’-selected galaxy . Hereafter, for simplicity , we
all galaxies selected on their major (minor) axis as ‘inflow’ or
‘outflow’) galaxies, respectively. 

Naturally, one should keep in mind that an ‘inflo w/outflo w’ galaxy
ight also be undergoing an outflo w/inflo w e vent. Ho we ver, gi ven

he travel time between the absorber and the galaxy, the inflow
nd outflo w e vents could be separated in time by 0.5–1 Gyr (see
ection 5.3 ). Hence, an inflow-selected galaxy might not have had

he time to develop a strong outflow event associated with this inflow
nd similarly an outflow-selected galaxy might no longer be related
o a strong accretion event. 

.3 X-Shooter data 

n addition to the MUSE data, we observed 13 galaxies with
dentified outflo ws/inflo ws from the MEGAFLOW surv e y, with the
NRAS 521, 546–557 (2023) 

 The major-axis is determined by fitting a 3D morphokinematical model to 
he [O II ] emission doublet using the 3D fitting tool GALPAK 

3D (Bouch ́e et al. 
015 ). 

s  

v  

e  

s  

(  
LT multiwavelength spectrograph X-Shooter (Vernet et al. 2011 )
 v er 20.2 h (see Zabl et al. in preparation). One of the objectives of
he proposal associated to this data set was to measure rest-optical
trong emission lines, namely H β ( λrest = 4861 Å), [O II ] ( λrest =
727, 3729 Å), [O III ] ( λrest = 4959, 5007 Å), H α ( λrest = 6564 Å),
nd [N II ] ( λrest = 6585 Å), to measure gas-phase metallicities. The
ata were reduced following the X-Shooter pipeline version 3.5.0
Modigliani et al. 2010 ; Sparre 2015 ) with a small modification for
osmic rays. A more detailed description of the data reduction steps
an be found in Zabl et al. ( 2015 ) and Man et al. ( 2021 ). In Appendix
, we show examples of MUSE and X-Shooter spectra. 

.4 Sample selection and characteristics 

rom the MEGAFLOW full surv e y (Bouch ́e et al. in preparation),
here are ∼1000 [O II ] emitters with an S/N ratio greater than 3.
sing mock [O II ] emitters with realistic kinematic properties and

izes and taking into account the MUSE sensitivity limit (Bouch ́e
t al. in preparation), we found a 50 per cent completeness level
t ≈ 8 × 10 −18 erg s −1 cm 

−2 . This translates into a SFR limit of ≈
 . 08 M � yr −1 at z = 0.5, the median redshift of our sample. 
In order to have galaxies with metallicity diagnostic lines such

s [O III ], H β, and [O II ] f all in the MUSE w avelength range, we
elected galaxies in the redshift range z = 0.35 to z = 0.85. To
nsure a homogeneous sample of galaxies with metallicities from
ll tracers based on all the lines, i.e. [O III ], H β, and [O II ] (see
ection 3.2 ), we only keep galaxies for which all the three lines
ave, simultaneously, a signal-to-noise ratio (SNR) higher than 1.
here are 385 galaxies with [O II ], H β, and [O II ] lines at z =
.35 −0.85. These have stellar masses ranging from M � = 10 6.2 M �
o M � = 10 11.5 M �. Assuming a Chabrier IMF, the stellar masses are
stimated using a SED fitting code using the stellar continuum with
 delayed- τ star-formation history and dust extinction law following
Calzetti et al. 2000 ) ( coniecto ; see section 5.6.1 of Zabl et al.
016 ). This sample of 385 galaxies constitutes the basis for our study.
n Appendix B, we show the redshift and stellar mass distributions
f our sample. 
Of these 385 galaxies with MUSE metallicities (Section 3.2),

here are 15 galaxies with kno wn CGM outflo ws or inflo ws (2
inflow’ galaxies from paper II and 13 ‘outflow’ galaxies from paper
II). From the 13 MEGAFLOW galaxies with X-Shooter data, there
re 6 additional galaxies at 0.91 < z < 1.42 with known in/outflows
rom paper II/III (5 ‘inflow’ galaxies and 1 ‘outflow’ galaxy) and 7
alaxies are in common to the 15 with known gas flows with MUSE
etallicities. We use these seven galaxies in common to check the

alidity of only using redshifted NIR strong emission lines to derive
he metallicity (see Section 3.2 ). 

In total, we have a sample of 21 ‘inflo w/outflo w’ galaxies with
etallicity indicators, 14 cases of outflow galaxies and 7 cases of

nflow galaxies, with impact parameters ranging from, respectively,
.6–69.0 kpc and 17–65 kpc. We list the galaxy properties in Table 1 .

 M E T H O D S  

.1 Flux measurements 

or the galaxies with MUSE data, we measure their flux from their
pectra using pyplatefit , which is an impro v ed PYTHON -based
ersion of the PLATEFIT IDL software developed by Brinchmann
t al. ( 2004 ). pyplatefit fits the continuum and emission spectra
imultaneously. We apply a global fitting of all lines at a given redshift
as in Bacon et al. 2023 ). The cases in which one or more lines have

art/stad357_f1.eps
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Table 1. Summary of ‘inflo w/outflo w’ galaxies properties with metallicity measurements used in this study. (1) Field ID; (2) Galaxy ID from the 
MEGAFLOW catalogue (Bouch ́e et al. in preparation); (3) Galaxy redshift; (4) Galaxy stellar mass [log 10 (M �)] from SED fitting, with the exception 
of galaxies 112005 and 272002 for which the stellar mass is the average between the dynamical mass and the stellar mass derived from the SED 

fit (due to a non-negligible difference between the two stellar masses); (5) SFR (M � yr −1 ); (6) gas-phase metallicity [12 + log (O/H)]; (7) mass 
accretion rate (ne gativ e v alue) or mass outflo w rate (positi ve v alue) [M � yr −1 ]; (8) Impact parameter [kpc]; (9) W = wind case, A = accretion case; 
(10) Metallicity indicators from M = MUSE data, XS = X-Shooter data or MXS = both; (11) Reference from paper II or III. 

Field ID z M � SFR 12 + log ( O / H ) Ṁ in/out b Type I P 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 

J0014m0028 11100 0.83389 8.35 1.47 8.52 + 3.3 9.70 W M III 
J0015m0751 13063 0.73143 10.38 2.07 8.70 + 5.3 35.5 W MXS III 
J0015m0751 13128 0.50814 9.99 1.35 8.63 + 4.2 24.1 W MXS III 
J0015m0751 13088 0.81654 10.13 2.48 8.74 + 9.2 20.7 W MXS III 
J0103p1332 15040 0.78817 9.42 2.68 8.47 −0.9 20.0 A MXS II 
J0131p1303 16070 1.01040 8.80 6.85 8.39 + 1.6 26.4 W XS II 
J0145p1056 18049 0.54994 9.36 0.39 8.71 −0.7 22.0 A M II 
J0145p1056 18063 0.76993 9.60 0.52 8.84 + 1.0 12.9 W M III 
J0800p1849 19105 0.6082 9.50 4.01 8.44 −1.8 65.0 A MXS II 
J0800p1849 19073 0.84331 9.92 2.75 8.58 + 1.0 20.9 W MXS III 
J0937p0656 21109 0.70185 9.24 2.23 8.49 + 1.2 69.0 W MXS III 
J0937p0656 21113 0.70191 9.87 4.87 8.60 + 0.3 38.7 W MXS III 
J1039p0714 22066 0.81849 10.19 1.89 8.71 + 21.2 24.5 W M III 
J1039p0714 22056 0.94927 9.80 7.69 8.64 −2.7 49.0 A XS II 
J1236p0725 25067 0.63817 10.35 4.94 8.75 + 1.0 66.9 W M III 
J1236p0725 25095 0.91280 10.50 33.62 8.49 −12.5 17.0 A XS II 
J1352p0614 27052 0.60420 8.85 0.04 8.65 + 1.1 14.0 W M III 
J1358p1145 28056 0.80923 9.61 4.26 8.58 + 4.2 12.7 W MXS III 
J1358p1145 28065 1.41713 9.80 19.90 8.45 −17.7 30.0 A XS II 
J1425p1209 29002 0.59678 8.70 2.09 8.33 + 0.7 9.60 W M III 
J2152p0625 32055 1.05287 10.15 11.49 8.47 −1.0 49.0 A XS II 
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elati vely lo w SNR result in large errors on the metallicity tracers
see Fig. 2 ). In Appendix A, Fig. A1 , we show an example of the
O III ], H β, and [O II ] fits. 

For the galaxies with X-Shooter data, we fit a Gaussian to the
vailable lines (or a double gaussian in the case of doublets) using
urvefit from the SCIPY library (Virtanen et al. 2020 ). The 
vailability of the lines depends on the quality of the data and
edshift. In two out of the six X-Shooter only galaxies (see the second
aragraph of Section 2.4 ), the quality of the data from the visible arm
f X-Shooter is high enough to measure fluxes from [O III ], H β, and
O II ], in addition to the lines redshifted to the NIR ([N II ] and H α).
n all cases, we measure the flux from [N II ] and H α. As [N II ] is a
articularly faint line, we constrain the bounds of the fit by fixing the
idth of the [N II ] line to the width the H α line. Then we check if the

N II ] line fitting gives a significant detection abo v e the noise level.
n case of a < 3 σ detection, we set the [N II ] flux to be a 3 σ upper
imit. Only one of the galaxies has a robust [N II ] detection (galaxy
2, see Table 1 , with a 7.2 σ detection). For the other five galaxies,
e set a 3 σ upper limit. In Appendix A Fig. A2 , we show the robust

N II ] detection and an example of a 3 σ upper limit. 

.2 Metallicity tracers 

n order to measure the gas-phase metallicity, we use the strong
ine method which uses strong nebular emission lines to derive 
he metallicity (see Maiolino & Mannucci 2019 for a re vie w).

e simultaneously fit different metallicity tracers from different 
trong nebular emission lines, namely R 3 ([O III ] λ5007/H β), R 23 

[O II ] λ3727, 29/H β + [O III ] λ4959, 5007/H β), O 32 ([O III ]
5007/[O II ]), and N 2 ([N II ]/H α). Our choice of metallicity tracers,

.e line ratios, is based on the wav elengths co v ered by MUSE and
-Shooter. Using different metallicity tracers at once enables us 
o break potential degeneracies and infer more robust metallicity 
easurements (in cases of double-branched metallicity tracer, dust 

eddening, dependence on the ionization parameter). 
To go from the different line ratios to metallicity, we adopt the

alibration presented in Curti et al. ( 2020 ). This calibration is carried
ut using a direct method based on electron temperature T e o v er the
ntire metallicity range spanned by SDSS galaxies. They define each 
etallicity tracer as a function of metallicity following polynomial 

elations log ( R ) = 

∑ 

N c n x n , where R is the considered metallicity
racer and x is the oxygen abundance, i.e. metallicity, normalized to
he solar value (Z � = 8.69, Asplund et al. 2009 ). Table 2 summarizes
ll information necessary to use the Curti et al. ( 2020 ) calibration with
he set of metallicity tracers described abo v e. Furthermore, because
he calibration from Curti et al. ( 2020 ) is made for intrinsic fluxes,
e correct our flux measurements for dust extinction. We did so
y using the Cardelli, Clayton & Mathis ( 1989 ) extinction law with
 obs = f int × 10 −0 . 4 k Cardelli E(B-V) , where f obs is the measured flux, f int 

s the intrinsic flux, k Cardelli is the extinction for a given wavelength
or each line and E ( B − V ) is the colour excess coefficient. We
stimated E ( B − V ) from the empirical relation between stellar mass
nd dust extinction based on Balmer decrement measurements in 
ilbank et al. ( 2010 ). 
In the end, we determine the best-fitting parameter, i.e. the gas-

hase metallicity Z , given the data (flux measurements) and a model
Curti et al. 2020 calibration). We have up to four metallicity tracers
nd one unkno wn v ariable. This can be solved using the least square
ethod: 

2 ( Z) = 

n ∑ 

i= 1 

(
log [ R int ,i ( E( B − V) )]) − log [ R model , i ( Z)] 

σi 

)2 

, (1) 

here n is the number of available metallicity tracers, log ( R int, i ) are
he ratios from the flux measurements corrected for dust extinction, 
MNRAS 521, 546–557 (2023) 
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M

Figure 2. Metallicity tracers used in this study, i.e line ratios, as functions of the optimized metallicity according to equation ( 1 ). The left-hand panel shows 
R 3 = [O III ]/H β, the middle panel shows R 23 = ([O II ] + [O III ])/H β and the right-hand panel shows O 32 = [O III ]/[O II ]. For all three panels, we show the 
following. ‘Raw’ measurements, i.e. ratios using the line fitting results without any correction, are highlighted with green dots. Dust-corrected measurements 
are shown with blue stars with their associated error bars in grey. The corrected measurements are derived following Curti et al. ( 2020 ) calibration, which is 
represented with the orange line. 

Table 2. Definition of metallicity tracers used for this study and their 
associated polynomial function coefficients from Curti et al. ( 2020 ), with 
log ( R ) = 

∑ 

N c n x n . 

Line ratio c 0 c 1 c 2 c 3 c 4 

R 3 = 

[ O III ] 
H β −0.277 −3.549 −3.593 −0.981 

R 23 = 

[ O II ] + [ O III ] 
H β 0.527 −1.569 −1.652 −0.421 

O 32 = 

[ O III ] 
[ O II ] −0.691 −2.944 −1.308 

N 2 = 

[ N II ] 
H α −0.489 1.513 −2.554 −5.293 −2.867 
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og ( R model, i ) are the calibrated ratios from Curti et al. ( 2020 ) and
i are the errors on the measured ratios. Finding the minimum in
quation ( 1 ) gives us for each galaxy a value for its metallicity Z , as
ell as the associated errors. For four galaxies in our sample of six
alaxies with X-Shooter data, we only use N 2 ([N II ]/H α) to derive
he metallicity, due to poor data in the visible arm of X-Shooter.
o we ver, o wing to the galaxies with X-Shooter data that o v erlap
ith the MEGAFLOW-based sample of outflo w/inflo w galaxies,
e were able to check the validity of only using N2 to derive the
etallicity. For these galaxies, we compared the metallicity derived

rom the three visible tracers ( R 3 , R 23 , O 32 ) with the metallicity
erived from N 2 only and found very good agreement within the
rrors (see Table B1 in Appendix B for the comparison). 

Fig. 2 shows the result of the dust correction as well as the calibra-
ion of the metallicity tracers for the galaxies from the MEGAFLOW
ample. The X-axis shows the optimized solution to equation ( 1 ), i.e.
he metallicity, against the different metallicity tracers. In green are
he data points representing the ‘raw’ measurements, i.e. the flux
atios that are not corrected for dust extinction. In blue, we show
ux ratios, the metallicity tracers, corrected for dust extinction. The
range line corresponds to the Curti et al. ( 2020 ) model. The impact
f dust extinction depends on the wavelength differences of the
ontributing lines, which is indeed what we observe for R 3 where the
ust correction does not impact the tracer much. As the wavelengths
f [O III ] and H β are close, their dust correction cancels out in the
atio. But for the other two tracers, R 23 and O 32 , we can see that the
ust correction is non-negligible. 
NRAS 521, 546–557 (2023) 
.3 Star formation rate calculation 

o determine the star formation rate (SFR) for the galaxies in our
USE sample (Section 2.4 ), we use the prescription from Gilbank

t al. ( 2010 ), who determined an empirical calibration of the SFR
sing the [O II ] line luminosity and the stellar mass, including the
almer decrement for dust correction. Thus, we use the following: 

FR = 

L ([O II ] ) / (1 . 12 × 2 . 53 × 10 40 erg s −1 ) 

a × tanh [( x − b ) /c ] + d 
, (2) 

here L ([O II ]) is the luminosity of the [O II ] line in erg s −1 , x =
og ( M � /M �), a = −1.424, b = 9.827, c = 0.572, and d = 1.700.

e included the factor of 1.12 to convert the Gilbank et al. ( 2010 )
alibration, which is originally written for a Kroupa ( 2001 ) IMF, to
he Chabrier ( 2003 ) IMF adopted in this work. 

As for our sample of six galaxies with X-Shooter data with z >
.85 (Section 2.4 ), we use the H α line to derive the SFR. From the
ame Gilbank et al. ( 2010 ) prescription, we have 

FR = 

10 0 . 4 A H α

1 . 12 

L ( H α) 

1 . 27 × 10 41 erg s −1 
, (3) 

here L (H α) is the observed luminosity of the H α line in erg s −1 

nd the dust extinction based on the Balmer decrement is A H α =
 + b log ( M ∗/M �) + c log ( M ∗/M �) 2 , with a = 51.2, b = −11.199,
nd c = 0.615. The conversion factor of 1.12 is included to convert
rom the Kroupa ( 2001 ) IMF to the Chabrier ( 2003 ). 

 RESULTS  

n this work, we aim at studying gas flows with regards to scaling
elations in a self-consistent way, meaning the method and calibration
sed to derive the properties of the galaxies for which we have out/in-
ows measurements are the same as for the galaxies defining the
caling relations. 

.1 The main-sequence relation (MS) 

ig. 3 (left) shows SFR as a function of M � , colour coded by the
edshift of the galaxies. We find a main sequence (MS), with SFR
ncreasing with stellar masses between ∼10 7 and 10 11 M � (with a
ompleteness limit around M � 
 10 9 M �), without clear evidence of

art/stad357_f2.eps
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Figure 3. Left: The SFR of galaxies as a function of their stellar mass, namely the main sequence, colour coded with redshift. Right: Main sequence residuals 
around the SFR( M � , z) fit (grey dashed line). 68 per cent of the residuals are within the grey-shaded area corresponding to a scatter of 0.5 dex. We highlight the 
control sample with yellow full dots. Galaxies for which the errors on the stellar mass are large, i.e. σ ( M � ) > 0.4log (M �), are marked with grey circles. In both 
panels, galaxies for which we have CGM outflow measurements are shown with red triangles and galaxies for which we have CGM inflow measurements are 
shown with blue squares. ‘Outflow’ galaxies do not occupy a specific location either on the MS plot and on the MS residuals plot. All but one ‘inflow’ galaxies 
are located abo v e the zero line of the residuals and therefore show higher SFRs. 
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Table 3. Coefficients of the MS and FMR polynomial fits and their associated 
errors. 

a b c σ a σ b σ c 

MS 0.75 4.08 −0.14 0.03 0.56 0.03 
FMR 0.22 −0.13 8.50 0.02 0.02 0.01 
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 flattening of the relation. We fit the M � -SFR-redshift relation with
he following plane equation: 

log ( SFR ) = a MS log 

(
M ∗
M 0 

)
+ b MS log 

(
1 + z 

1 + z 0 

)
+ c MS , (4) 

here we take M 0 = 10 9.0 M � and z 0 = 0.65 corresponding to the
edian values for our sample. Using orthogonal least squares, we find 

he best-fitting parameters a MS = 0.75 ± 0.03, b MS = 4.08 ± 0.56, 
nd c MS = −0.14 ± 0.03. These numbers are summarized in 
 able 3 . W e note that the redshift dependence is steeper compared

o e.g. Boogaard et al. ( 2018 ), albeit with the large uncertainty, it is
onsistent. In addition, we highlight in Fig. 3 galaxies for which we
ave outflow measurements with triangles with red-pink edges and 
alaxies for which we have inflow measurements with squares with 
lue edges. Looking at the positions of these galaxies with regard 
o the main sequence, it appears that ‘inflow’ galaxies are located 
n the upper part of the MS relation while ‘outflow’ galaxies do not
eem to occupy a preferred position. 

In order to facilitate the comparison between galaxies for which 
e have in/out-flow measurements to the main sequence, we plot 

he residuals of the MS in Fig. 3 (right-hand panel), i.e log (SFR) −
.73 log ( M � ) − 4.08 log (1 + z) + 0.28. As in the left-hand panel,
ed/pink triangles show galaxies with outflows and blue squares show 

alaxies with inflows. One sees that all but one ‘inflow’ galaxies are
ocated abo v e the zero line of the residuals and therefore show higher
FRs. 
Fig. B2 is shown with the grey envelope in the right-hand panel

f Fig. 3 and is close to results found in previous work (e.g. Speagle
t al. 2014 ). 

.2 The (fundamental) mass–metallicity relation 

n Fig. 4 , we show the FMR for the parent sample of 385 galaxies.
he left-hand side of the figure shows metallicity as a function of

he M � , colour coded by the SFR of the galaxies. We find the well-
nown mass–metallicity relation (e.g. Mannucci et al. 2010 ; Cresci 
t al. 2012 ) with metallicity increasing linearly with stellar masses
etween ∼10 7 to 10 11 M �. Furthermore, we find the FMR where at a
xed stellar mass, higher metallicity galaxies have on average lower 
FRs. 
Similarly as in Fig. 3 , we indicate in Fig. 4 galaxies selected

n outflows (inflows) with the symbols with red/pink (blue) edges. 
Inflow’ galaxies populate the lower part of the mass–metallicity 
elation (left-hand panel), which also corresponds to higher SFRs in 
greement with the main-sequence results (Section 4.1 ). ‘Outflow’ 
alaxies, abo v e our completeness limit of 10 9 M �, tend to be more
etal rich at a given stellar mass. 
We fit the M � –SFR–metallicity relation with the following plane 

quation: 

2 + log ( O / H ) = a FMR log 

(
M � 

M 0 

)

+ b FMR log 

(
SFR 

SFR 0 

)
+ c FMR , (5) 

here again, we take M 0 = 10 9.0 M � and SFR 0 = 0.40 corresponding
o the median values for our sample. Using orthogonal least squares,
MNRAS 521, 546–557 (2023) 
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M

Figure 4. Left: The mass–metallicity relation (MZR), where the colour code shows the SFR. Right: The fundamental metallicity relation (FMR) residuals 
around the fit (grey dashed line). 68 per cent of the residuals are within the grey-shaded area. We highlight the control sample with yellow full dots. Galaxies for 
which the errors on the stellar mass are large, i.e. σ ( M � ) > 0.4log (M �), are marked with grey circles. In both panels, galaxies for which we have CGM outflow 

measurements are shown with red/pink triangles and galaxies for which we have CGM inflow measurements are shown with blue squares. Most of the ‘inflow’ 
galaxies are located on the lower part of the MZR, so these galaxies have low metallicities and high SFRs (consistent with Fig. 3 ). Ho we ver, when taking into 
account the SFR dependence (FMR residuals), inflow galaxies do not show a specific location. On the other hand, all the ‘outflow’ galaxies are on or abo v e the 
zero-line of the FMR residuals, showing that these galaxies are more metal rich. 
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e find the best fit 2 : 

2 + log ( O / H ) = 0 . 22 log 

(
M � 

M 0 

)

− 0 . 13 log 

(
SFR 

SFR 0 

)
+ 8 . 50 . (6) 

In the right-hand panel of Fig. 4 , we show the residuals of the
MR defined as the difference between the predicted metallicity
ased on our best fit from equation ( 6 ) and the measured metallicity.
rom a Gaussian fit to these residuals, without taking into account

he galaxies for which σ ( M � ) > 0.4log (M �) (grey circles), we find
 scatter of ≈0.1 dex (the right-hand panel of Fig. B2 in Appendix
) which is shown with the gre y env elop in the right-hand panel of
ig. 4 . This scatter is consistent with previous work (see Maiolino &
annucci 2019 for a re vie w). 
As in Fig. 3 , pink triangles sho w ‘outflo w’ galaxies and blue

quares show ‘inflow’ galaxies. Outflow galaxies are predominantly
ocated abo v e the zero line, i.e. the y are more metal rich than the
arent sample, even after taking into account the SFR. However,
nflow galaxies fall within the 2 σ scatter and do not occupy a specific
egion. 

.3 Control sample 

n order to quantify how galaxies undergoing CGM outflow or inflow
v ents behav e with respect to galaxies without such a detected ev ent,
e built a control sample. The control sample is made of a subset
f those galaxies among the parent sample of 385 MUSE galaxies
excluding the ‘inflo w/outflo w’ galaxies) which have no detected out-
o ws or inflo ws. Specifically, we selected galaxies with an impact pa-
ameter b < 75 kpc that have no absorber, i.e. a rest equi v alent width
REW) of W 

λ2796 < 0 . 1 Å, within 250 km s −1 of the galaxy redshift.
NRAS 521, 546–557 (2023) 

r 

 The best-fitting parameters are summarized in Table 3 . 

u  

a  

o  
This selection gives us a total of 35 galaxies, which are represented
ith filled yellow circles in the residual plots of Figs 3 and 4

right-hand panels). We observe a homogeneous distribution of the
alaxies belonging to the control sample around the zero line in the
esidual plots. We discuss the quantitative comparison between the
utflo w/inflo w galaxies and this control sample in Section 5 . 

 DI SCUSSI ON:  T H E  I M PAC T  O F  G A S  FLOW S  

he main moti v ation for this paper is to study the potential impact
f gas flows with respect to the galaxy’s location on scaling relations
uch as the main sequence and the fundamental metallicity relation.
hese relations are typically interpreted as a reflection of the
quilibrium between inflowing gas and outflowing gas in and out
f galaxies in the context of the ‘bathtub’ model (Bouch ́e et al.
010 ), or ‘regulator’ model (Lilly et al. 2013 ). In the following, we
ill discuss and interpret the results presented in Section 4 in the

ontext of models and scenarios offered by theoretical works. 

.1 The scatter around the main sequence 

ev eral groups hav e studied the MS and attempted to describe the
rigin of its scatter using numerical simulations (e.g. Lagos et al.
016 ; Tacchella et al. 2016 ; Mitra et al. 2017 ; Torrey et al. 2018 ,
elson et al. 2019 ). Provided that SFGs react on a few dynamical

imes, the main results from these works are that SFGs form the
S as a reflection of the balance between gas accretion and outflow

f gas, with galaxies lying on the upper part of the MS as a result
f strong inflows and on the lower part as a result of outflows and
uppression of inflows. If instead SFGs fluctuate on the MS in several
yrs (Matthee & Schaye 2019 ), due to differences in cosmological

ccretion driven by the halo formation time, then SFGs lying on the
pper part of the MS are a result of stronger inflows. We observe
 tentative confirmation of these theoretical scenarios in our sample
f galaxies associated to an inflow event, with all but one of these
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alaxies lying abo v e the zero line of the MS residuals (the right-hand
anel of Fig. 3 ). 

To test quantitatively the tentative different distribution of the 
inflow’ galaxies, we used the KS test to compare the distribution
f the residuals of the inflow galaxies to the one of the control
ample. We restrict ourselves to SFGs with M � > 10 9.0 M �, i.e.
bo v e our completeness limit, and find a p -value of 0.11. This p -
alue corresponds to a confidence level of 89 per cent. Although 
ith the sample available we cannot reject the null hypothesis that 

he distributions are the same at more than 1 σ , the confirmation of
he observed trend (5 out of 6 ‘inflow’ galaxies above the MS) would
equire a larger samples. 

Interestingly, we do not observe a preferential location for galaxies 
ssociated with an outflow event. This is perhaps not surprising given 
hat SFGs abo v e and below the MS are expected to have outflows.
epending on the star formation fluctuation time-scales and on the 
ind travel time (see Section 5.3 ), one might expect stronger (in a

ross-section sense) outflows for galaxies abo v e or below the MS.
he large scatter in loading factors (paper III) prevents us from testing

hese scenarios. 

.2 The scatter around the mass–metallicity relation 

egarding the scatter around the MZR, according to numerical 
imulations (e.g. Dav ́e et al. 2017 ; Torrey et al. 2018 ; van Loon
t al. 2021 ), galaxies below the MZR show low metallicity but high
FR at a given stellar mass and this is typically attributed to recent
etal-poor inflows that dilute the metal content of the galaxy while 

owering its SFR. Indeed, we observe most of our inflow galaxies at
he bottom part of the MZR where the SFR is high and the metallicity
ow, at a given stellar mass. This observation also supports the 
cenario proposed by Zenocratti et al. ( 2022 ), according to which
isc galaxies form stars from the accretion of metal-poor gas and 
herefore show an anticorrelation between SFR and metallicity. In 
ddition, we find that these inflow galaxies are distributed evenly 
round the zero line on the residual plot of the FMR (Fig. 4 , right-
and panel), suggesting that the dilution and increase of SFR happen 
lmost simultaneously. This result supports the simulation results 
f Torrey et al. ( 2018 ) who found that the SFR and metallicity
uctuations are similar and that these fluctuations are opposite, a 
ositi ve of fset in SFR is associated to a ne gativ e offset in metallicity.
ang & Lilly ( 2021 ) also studied the correlations between SFR and
etallicity on galactic scales and found two driving mechanisms. 
ne being time-varying inflow rate and the other being time-varying 

tar formation efficienc y. The y found a positive correlation in the
atter case, while in the first case, i.e. time-varying inflow rate, 
he SFR and metallicity are ne gativ ely correlated. Therefore, our 
bservations seem to support the time-varying inflow rate scenario. 
Furthermore, Torrey et al. ( 2019 ) and van Loon et al. ( 2021 )

ound that metallicity deviations tend to be anticorrelated with both 
utflo w and inflo w rates, i.e. the stronger the outflo w/inflo w, the
ower the metallicity. This result does not seem to be confirmed 
n our observations. We actually observe that the inflow galaxies 
o not seem to have a preferential location on the FMR residuals
lot (Fig. 4 , right-hand panel) but all the outflow galaxies are on
r abo v e the zero line in the FMR residuals. Therefore outflow and
nflow galaxies seem to show different trends and outflow events 
eem to be linked to relatively high metallicity. Again, as discussed
n Section 5.1 , the latter result is not likely due to selection effects. 

As for the MS, in order to quantify this latter result we used a
S test to compare the distribution of the residuals of the outflow
alaxies to the one of the control sample. We find a p -value of
.09, corresponding to a confidence level of 91 per cent. This
esult suggests that galaxies associated with an outflo w e vent are
referentially more metal rich. 

.3 Regarding fluctuation time-scales 

n this work, we are probing gas flows on CGM scales (at impact
arameters of 20–80 kpc), i.e. on time-scales of several hundreds of
yr, given that ∼250 Myr is the typical time it takes for a gas cloud to

ravel to an average distance of 50 kpc at speeds of 200 km s −1 . This
eans there might be a time delay between these gas flo w e vents and

he measured SFR and metallicity, where nebular lines are sensitive 
o fluctuations on a few Myr ( < 10 Myr). Thus, outflows (inflows)
vents could be related more to the past (future) SFR/metallicity, 
espectively, than to the current ones. 

Ho we ver, recent cosmological simulations showed that the scatter 
f the MS and MZR scaling relations is actually dominated by
ong time-scale fluctuations of ∼1 −10 Gyr (Tacchella et al. 2016 ;

atthee & Schaye 2019 ; Iyer et al. 2020 ; van Loon et al. 2021 ),
ssociated with the dark matter halo formation time (Zenocratti et al.
022 ). Therefore, if galaxies fluctuate around the main sequence and
ass–metallicity relation on such long time-scales, one should see 

he impact of these fluctuations on the CGM on time-scales of a few
undreds of Myr, up to several Gyr. 
The results shown in this work suggest that galaxies have prefer-

ntial locations on the MS and FMR scaling relations according to
GM gas flo ws e vents. Galaxies associated with gas inflo w e vents

eem to be located on the upper part of the MS envelop, while
alaxies associated with outflo w e vents are located on the upper part
f the FMR residuals. Hence, these results tend to support the long
ime-scales for gas flow fluctuations. 

 SUMMARY  A N D  C O N C L U S I O N S  

e study the potential link between gas in-/outflows events and the
ocation of galaxies on three key scaling relations. We first derive
hese scaling relations (main sequence, mass–metallicity relation, 
nd the fundamental metallicity relation) from a sample of 370 
alaxies in our MUSE data using optical line ratios and the metallicity
alibration from Curti et al. ( 2020 ). Using the same calibrators and
ethods, we use MUSE and X-Shooter data to measure the SFRs

nd metallicities of 21 galaxies with known active gas flows (7
nflows and 14 outflows) based on Mg II absorption measurements in
ackground quasars and an impact parameter b < 70 kpc (papers II
nd III). This ensures no systematic offset between the parent sample
nd our SFGs with gas flows. 

Overall, with this sample of 21 galaxies with simultaneous 
easurements of SFR, M � , metallicities and gas in-/outflow rates, 
e find that 

(i) galaxies with large inflows events have ele v ated SFRs and
hus are preferentially located abo v e the main-sequence (Fig. 3 ), in
greement with the expectations from bathtub/gas-regulator models 
e.g. Bouch ́e et al. 2010 ; Lilly et al. 2013 ) where accretion powers
FR; 
(ii) galaxies with inflows are preferentially located on the lower 

art of the MZ relation (5 out of 7, Fig. 4 , left), but follow the
ame FMR as the general population (Fig. 4 , right). Given that such
ccreting material seems to be metal-poor (Wendt et al. 2021 ), gas
ccretion dilutes the metallicity and simultaneously boosts the SFR, 
gain supporting gas-regulator models; 
MNRAS 521, 546–557 (2023) 
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(iii) galaxies with outflows are preferentially more metal rich than
alaxies with inflows, at a given stellar mass (Fig. 4 , left) and tend
o be slightly more metal rich in the FMR residuals (Fig. 4 , right). 

The potential connection between the CGM properties and the
alaxy properties implies that galaxies are evolving on scaling
elations with fluctuations o v er long timescales (of several hundreds
f Myr) on average. The potential differences between inflows and
utflows selected samples might originate from the combination of
he travel time delays of the gas (which is approximately + 250 Myr
or outflows and −250 Myr for inflows, totalling to a time difference
f � 500 Myr–1Gyr) and the varying cosmological accretion rates. 
Other key properties are necessary to understand the bathtub

quilibrium scenario, such as the gas content which has also been
ound to correlate with the scatter of the scaling relations discussed
n this paper (e.g. Tacconi et al. 2018 ; Ginolfi et al. 2020 ; Freundlich
t al. 2021 ). Therefore, observations of gas masses (from CO or
ust continuum) are needed to impro v e our understanding of galaxy
volution. 

Finally, this work highlights the necessity of larger samples of
alaxies with simultaneous gas-phase metallicities measurements
nd gas flows information. In order to understand the full picture,
e need samples of galaxies for which we have all the main
roperties, i.e. stellar mass, SFR, metallicity and molecular gas.
he Atacama Large Millimeter/submillimeter Array (ALMA) could
elp investigate the latter property. Nonetheless, the presented results
upport the theoretical picture according to which accretion of fresh
as drives star-formation while diluting the metal content, whereas
utflows occur in more evolved (or more metal-rich) galaxies. 
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PPENDI X  A :  EXAMPLES  O F  MUSE  A N D  

-SHOOTER  SPECTRA  

n this first appendix, we show an example of the spectra and their
est fits for the MUSE data (Fig. A1 ), as well as for the X-Shooter
ata (Fig. A2 ). In the case of X-Shooter data, we show one spectrum
or which we have a robust detection and one for which we apply a
 σ upper limit due to a combination of poor data and the difficulty
f detecting the faint [N II ] line. 
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k, namely [O III ], H β, and [O II ] (galaxy 211130). The black line shows the 
hows the position of the peak, in all panels. 
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M

Figure A2. X-Shooter spectra of a robust [N II ] detection (galaxy 52 on the left) and a [N II ] 3 σ upper limit (galaxy 39 on the right). The red dashed line shows 
the gaussian fit from which we extract the integrated flux, where in the case of a 3 σ upper limit we set the peak of the Gaussian to be three times abo v e the noise 
limit and the width of the Gaussian to be the same as the one fitted to the H α line. 
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PPENDIX  B:  DISTRIBU TION  O F  T H E  

ROPERTIES  O F  O U R  SAMPLE  A N D  A  

O M PA R I S O N  O F  T H E  META LLICITY  

E R I V E D  F RO M  MUSE  A N D  X-SHOOTER  DATA  

n this second appendix, we show the different properties of our
USE sample (Fig. B1 ), namely the redshift and stellar mass

istributions. Adding the 6 X-Shooter galaxies extends the redshift
istribution to z = 1.4, given the very small number of galaxies
ompared to the MUSE sample, we decided not to include them in
NRAS 521, 546–557 (2023) 

igure B1. Left: Redshift distribution of our sample going from z = 0.35 to z = 0.8
o M ∗ = 10 11 . 3 M �. Each distribution adds up to 385 galaxies, the number of galax
he histogram of the redshift distribution for a better visualization.
n addition, Table B1 compares the metallicities derived from rest-
ptical emission lines with MUSE data and the metallicities derived
rom rest-optical emission lines redshifted in the NIR with X-Shooter
ata, for the same galaxies. 
Fig. B2 shows the residuals distribution for the main-sequence and

he fundamental metallicity relation. After fitting a Gaussian to the
esiduals, without taking into account the galaxies for which the error
n the mass is large ( σ ( M � ) > 0.4log (M �), grey circles), we find a
catter of σ ≈ 0.5 and σ ≈ 0.1 for the MS and FMR, respectively. 
5. Right: Stellar mass distribution of our sample going from M ∗ = 10 6 . 2 M �
ies we have in our MUSE sample. 
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Figure B2. Left: The main-sequence residuals distribution. Right: The fundamental metallicity relation residuals distribution. Both panels show the distribution 
for the entire sample minus the galaxies for which the error on the stellar mass is too large, σ ( M � ) > 0.4log (M �), as these galaxies do not have a significant 
impact on the fits due to their errors. 

Table B1. Comparison of the metallicity derived from MUSE, using the combination of three metallicity tracers ( R 3 , 
R 23 , O 32 ), corresponding to the ‘Metallicity MUSE ’ column and the metallicity derived from X-Shooter, using only one 
metallicity tracer ( N 2 ), corresponding to the ‘Metallicity X-Shooter ’ column. 

MUSE ID X-Shooter ID Metallicity MUSE σMUSE Metallicity X-Shooter σX-Shooter 

13088 91 8.74 0.05 8.74 0.05 
19073 24 8.58 0.05 8.69 0.20 
21113 33 8.58 0.05 8.60 0.05 
15040 9 8.47 0.05 8.40 0.05 
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