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Abstract

The specific star formation rate (sSFR) is commonly used to describe the level of galaxy star formation (SF)
and to select quenched galaxies. However, being a relative measure of the young-to-old population, an ambiguity
in its interpretation may arise because a small sSFR can be either because of a substantial previous mass build
up, or because SF is low. We show, using large samples spanning (0 < z < 2, that the normalization of SFR by
the physical extent over which SF is taking place (i.e., SFR surface density, Xgrr) overcomes this ambiguity.
Zsrr has a strong physical basis, being tied to the molecular gas density and the effectiveness of stellar feedback,
so we propose Zgpr—M, as an important galaxy evolution diagram to complement (s)SFR-M, diagrams. Using
the Zgpr—M., diagram we confirm the Schiminovich et al. (2007) result that the level of SF along the main
sequence today 1s only weakly mass dependent—high-mass galaxies, despite their redder colors, are as active as
blue, low-mass ones. At higher redshift, the slope of the “Egprmain sequence” steepens, signaling the epoch of
bulge build-up in massive galaxies. We also find that Zgpr based on the optical isophotal radius more cleanly
selects both the starbursting and the spheroid-dominated (early-type) galaxies than sSFR. One implication of our
analysis is that the assessment of the inside-out vs. outside-in quenching scenarios should consider both sSFR
and Xgpr radial profiles, because ample SF may be present in bulges with low sSFR (red color).



Knaccukn xotaT onpeaeneHunn:

Before proceeding, it is worthwhile to discuss the defini-
tion of the verb ‘quenching” and adjective *quenched’, since
we will often refer to them. As pointed out by Belfiore
et al. (2018), Donnari et al. (2019) and others, there is no
agreed upon definition of the verb ‘quenching’. Definition of
quenching is relatively unambiguous for individual SF histo-
ries, especially the idealized ones. For them, the quenching
represents a downward change in SFR with respect to some
gradual overall trend. For example, Martin et al. (2007), one
of the first studies on quenching, defines it as an exponential
decline with a variety of quenching rates (e-folding times 0.5
to 20 Gyr) following a constant SFR. Given the difficulties in
constraining the SF histories of individual galaxies, and the
fact that their forms in reality contain complex details (Pandya
et al. 2017), a definition that is based on the properties of an
ensemble of galaxies would be more useful. Thus, the defi-
nition that Belfiore et al. (2018) and many other studies use,
and the one we will for most part use here, is that "quenching’
refers to a process that moves the galaxies below the main se-
quence. For a galaxy of a certain mass, being below the main
sequence implies a different SF history than of other galaxies
of the same mass—one that currently has a lower SFR.

Using an adjective ‘quenched’ to define a galaxy with no
SF, can be considered an absolute definition. Note that one
can alternatively consider a galaxy as quenched when its SFR
no longer contributes to the build-up of a galaxy on some
relevant timescales, such as the Hubble time at the epoch
of observation. Such relative definition is closely tied to
the sSFR (Tacchella et al. 2018), since the inverse of sSFR
represents the time needed to double the stellar mass (modulo
gas recycling). A galaxy with log sSFR = —10.1 today will
take a Hubble time to double its mass, so one can think
of it as having finished most of its assembly and thus in a
certain way quenched. If one uses this relative definiton of
being quenched, then sSFR is, by definition, the only way to
identify quenched galaxies. In this paper, we will assume the

Absolute definition
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Figure 3. Muain-sequence merger pairs (interacting galaxies) over-plotted on the general low-redshift main sequence population. Same galaxies are shown on the
sSFR-M; (left) and Xgpp —M . diagrams (right). Merger pairs serve as proxies for starbursts and come from Darg et al. (2010). Merging galaxies have a similar
average offset (blue line) from the ridge of the overall main sequence (red line) in both cases: however, because there is no mass dependence, selecting starbursts
by SFR surface density is obviously much cleaner than based on sSFR.
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Figure 8. The placement of galaxies separated into star-forming, transitional and quenched (quiescent) categories on various diagrams with stellar mass on the x
axis. Panels from left to right demonstrate the successive improvements in the ability 1o separate these categories afforded by moving from optical o UV-optical
color and then to sSFR. Specific SFRs provide a good separation between these categories, but the use of Zgpg (based on which these categories have been
defined) goes an additional step by eliminating the effect of age on the main sequence (its tilt).
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ABSTRACT

Context. Giant low-surface brightness (GLSB) galaxies are an extreme class of objects with very faint and extended gas-rich disks.
Malin 1 is the largest GLSB galaxy known to date, and one of the largest individual spiral galaxies observed so far, but the properties
and formation mechanisms of its giant disk are still poorly understood.

Aims. We use VLT/MUSE IFU spectroscopic observations of Malin 1 to measure the star formation rate, dust attenuation, and gas
metallicity within this intriguing galaxy.

Methods. We performed a pPXF modeling to extract emission line fluxes such as Ha, HB. [N 1]gsg; and [O ni] 57 along the central
region as well as the extended disk of Malin 1.

Results. Our observations reveal, for the first time, the presence of strong Ho emission distributed across numerous regions along the
extended disk of Malin 1, reaching up to radial distances of ~100 kpc, indicating recent star formation activity. We made an estimate
of the dust attenuation in the disk of Malin 1 using the Balmer decrement and found that Malin 1 has a mean Ho attenuation of
0.36 mag. We observe a steep decline in the radial distribution of star formation rate surface density (Zgpg) within the inner 20 kpc,

followed by a shallow decline in the extended disk. We estimated the gas phase metallicity in Malin 1, and also found for the first
titma that tha matallicity chove g ctaasn aradiant 17 the ianae N Facs AF the aalavy feam ondar matallicits te onnboealas valnae fallavorad



Malin 1

Fig. 1: Colour composite image of Malin 1 from the CFHT-
Megacam NGVS (Ferrarese et al. 2012) u, g, and i-band images.
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Fig. 3: Emission line flux maps of Malin 1 obtained from the pPXF fitting of the HID regions. The He, and the HF lines are in the
top pancls, whereas the [N nlggs and the [Orm]sgy lines are along the bottom pancls. The 1D of cach region, as discussed in Sect.
2,22, 0% labeled i black in the wop lefl panel, The regions with 10 27 and 49 are excluded Trom the maps as they do nou have an
MR = 2.5 in any of the emission lines. The color bar indicates the fux comesponding 1o each emission line. Mote that the flux
vitlue of each region is given as the averge flus per pixel within that region obtained Nvom the Ring of its row-stacked spectrem,
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Fig. 4: Radial variation of Balmer ratio (left panel) and He attenuation (right panel). The blue circles and the brown hexagons are
the central regions and the extended disk regions, respectively, obtained from the pPXF fit discussed in Sect. 2.2. The red horizontal
dashed line marks the intrinsic Balmer ratio of 2.86 for Case B recombination. To all regions with the Balmer ratio below this value,
we assign zero aftenuation. The histograms beside each panel give the overall distribution of each quantity (blue solid line and
brown dashed line for the central region and extended disk, respectively), with their mean values indicated at the top of each panel.
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Fig. 5: Star formation rate surface density of Malin 1 as a func-
tion of galactocentric radius. The blue circles and the brown
hexagons are the central regions and the extended disk regions,
respectively, obtained from the pPXF fit discussed in Sect. 2.2.
The red diamonds are the Ha radial average measured along con-
centric rings of 5" width from the center. The orange stars are the
radial averages measured on the same field in the UVIT FUV im-
age of Malin 1 from Saha et al. (2021), as shown in Fig. 6. For
illustration purposes, the UV data points are horizontally shifted
by 2 kpc. The green squares are the data points from Junais et al.
(2020), based on the IMACS-Magellan He long-slit spectra of
Malin 1.
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UVIT FUV

Fig. 6: FUV image of Malin 1 from Saha et al. (2021) of the
same field as our MUSE observations (shown as the red box).
The green contours mark the Ha-detected regions as discussed
in Sect. 2.2.2.
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Fig. 9: Star formation rate surface density versus gas surface
density. The diamond symbols mark the region along the disk
of Malin 1 based on the radial averaged Xgpr we estimated as
in Fig. 5. The gy for Malin 1 is from the eight Hi data points
of Lelli et al. (2010), after correcting for the Helium by a fac-
tor of 1.4. The color bar indicates the radius along the disk of
Malin 1. The black open circles are normal spiral galaxies from
de los Reyes & Kennicutt 2019 (the Xy from de los Reyes &
Kennicutt 2019 uses the total atomic and molecular gas mass).
The black dashed line and the grey shaded region are the de los
Reyes & Kennicutt (2019) best-fit relation and 1o scatter. The
black squares are the LSB galaxies from Wyder et al. (2009),
along the Malin 1 marked as the open green star symbol based
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