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Hyunjin Shim*

Department of Earth Science Education, Kyungpook National University, Daegu 702-701, Korea

Abstract: This study presents the global star formation efficiency (SFE) of 272 local star-forming galaxies based on the
HI gas mass, stellar mass, star formation rate (SFR), and morphology. The SFE increases as the stellar mass increases
while the specific SFR decreases. The SFE is enhanced for galaxies with large Ha equivalent widths, which is primarily
due to the large SFR, not due to the large available amount of gas. The SFE is also enhanced by a factor of ~2 for
merging systems compared to the normal spirals, showing that the merger-induced high pressure and density environment
are crucial for the active star formation. Based on the SFR scaling relation, I present a SFR calibration formula using the

HI gas mass.
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Intfroduction

Star formation is a fundamental process that governs
galaxy formation and evolution. The studies of star-
forming galaxies at different redshifts (e.g., Steidel et
al.,, 1999; Arnouts et al., 2005; Bouwens et al., 2006,
2007; Shim et al., 2011) provides strong constraints on
the galaxy evolution as well as the cosmic chemical
enrichment history. Thanks to the numerous deep,
multi-wavelength surveys, our knowledge about star
formation rate and stellar mass has been advanced
significantly. Such physical properties are correlated
with each other, implying the existence of global star
formation scaling law that determines cosmic star
formation history (Clark et al., 2008). However,
whether the star formation scaling law is independent
of galaxy properties is still a controversial issue.

The empirical star formation scaling law is
represented by Kennicutt-Schmidt law (K-S law;
Schmidt, 1959; Kennicutt, 1998), describing that the
star formation rate is proportional to the gas density
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(ZSFR/EgaSM). Stars form from neutral interstellar gas,
particularly in dense and cold giant molecular clouds
(e.g., McKee and Ostriker, 2007). The parameter that
measures how efficient the star formation process is
called the “star formation efficiency (SFE)”, which is
defined by the ratio between the gas depletion
timescale (Leroy et al, 2008) and the free-fall
timescale for a star formation. Observationally, this is
simply expressed as the amount of stars currently
being formed (star formation rate; SFR) divided by
the existing gas mass (e.g., Young et al., 1996;
Schiminovich et al., 2010; Combes et al., 2011).
While the K-S law is globally applicable, a simple
expectation is that the SFE as well as the SFR
increases as the gas mass increases. However, there
exists a variation on the slope of the K-S relation for
galaxies with different amount of SFR. Studies have
reported that galaxies with large SFR, e.g., starbursts,
ultra-luminous IR galaxies, and submm galaxies, show
different characteristics in the Zgr-Zes plane with a
steeper slope (Genzel et al., 2010). This suggests that
galaxies with large SFR have an enhanced SFE
compared to the normal galaxies. It is not clear that
the increase of the SFE in such galaxies is due to the
local events such as the galaxy-galaxy interaction or
to the internal characteristics of star formation itself as
the SFR gets larger. On the other hand, Shiminovich
et al. (2010) suggested that the SFE remains to be

consistent at stellar mass range larger than 10''Me
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regardless of stellar mass and light concentration, thus
argued that the external process or feedback controlling
the gas supply is the main driver for star formation
regulation in massive galaxies.

Previous studies are carried out using relatively
massive (>10'"Me) galaxies. However, the mean
stellar mass of star-forming galaxies decreases as the
redshift increases, thus studies on SFE of star-forming
galaxies with moderate stellar mass (<10°"Me) is
necessary as they signpost for high-redshift star
forming galaxies. In this paper, I investigated the
variation of the global SFE of local (z < 0.1) galaxies
detected in blind HI survey whose stellar mass ranges
between 107 Me<M:<10" M. I compared the specific
SFR and the SFE as a function of stellar mass, with
the aid of the Ha equivalent width that reflects the
specific SFR. The relation between the morphology
and the SFE was explored. Finally I present the
calibration formula to derive the SFR of a galaxy
using the HI gas mass.

Sample

In order to assess the relation between the global
star formation efficiency and the galaxy physical
properties such as the SFR, I constructed a sample of
galaxies by combining the HI survey and the optical
spectroscopic data catalogs. 1 used the initial c. 40
data release of the ‘Arecibo Legacy Fast ALFA
Survey (ALFALFA)’, a wide-field blind HI survey in
the local universe (Haynes et al., 2011; Giovanelli et
al., 2005). The HI catalog was cross-matched with the
Sloan Digital Sky Survey (SDSS) spectroscopic data. I
used the SDSS DR7 MPA-JHU value added catalog”
(Kauffmann et al., 2003; Brinchmann et al., 2004). By
choosing the blind HI survey, the sample would be
free of selection biases compared to other star-forming
galaxy selection using color or flux limits.

The initial radio-to-optical matching radius was 3".
After finding the nearest optical position from the HI
position, each object was visually inspected in the

1) http://www.mpa-garching.mpg.de/SDSS/DR7/

SDSS images to check whether the identification is
correct. I removed the active galactic nuclei-dominated
systems using the Baldwin, Phillips and Terlevich
(BPT; Baldwin et al., 1981) diagram. Finally, I am left
with 272 objects with HI gas mass measured from the
ALFALFA survey (Mi>10° Me) whose spectra are
available through SDSS spectroscopy. The ALFALFA-
SDSS matched galaxies are at 0.01<z<0.1. Most of
them (~95%) are at z<0.05.

Stellar mass, star formation rate, Ha equivalent
width used in this paper are drawn from the MPA-
JHU value added catalog. The values are obtained
through the spectral and multi-wavelength photometry
fitting using the methods described in Kauffmann et
al. (2003), Salim et al. (2007) and Brinchmann et al.
(2004). All values are corrected for Galactic extinction
and for the effect of the limited SDSS fiber aperture.

SSFR and SFE Scaling Relation

Two important parameters that describe the star
formation in galaxies are the specific star formation
rate (SSFR) and the star formation efficiency (SFE).
The specific SFR is defined as the SFR per unit
stellar mass (e.g., Bauer et al., 2005). It represents the
ratio between the ongoing star formation (SFR) and
the accumulated star formation (Ms-).

SSFR=SFR/M-

The efficiency of star formation, SFE, is defined as
the fraction of available gas converted into stars (e.g.,
Leroy et al., 2008). The SFE is expressed in many
different forms, including the ratio between the gas-
depletion timescale and the free-fall time (Krumholz
and McKee, 2005) and the ratio between the gas mass
and the star formation rate (Schiminovich et al.,
2010). Here, I choose the latter to define the SFE.

SFE=SFR/M,,

For the gas mass Mg, I used the mass of neutral
hydrogen following the way presented in Schiminovich
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Fig. 1. (a) Specific star formation rate (SSFR), i.e., the SFR
divided by the stellar mass, as a function of stellar mass.
Filled circles are 272 ALFALFA-SDSS matched galaxies,
squares are binned-averaged points from Schiminovich et al.
(2010). Dot-dashed line indicates the main sequence of local
star-forming galaxies (Elbaz et al., 2007). (b) Star formation
efficiency (SFE), ie., the SFR divided by the HI gas mass,
as a function of stellar mass. Filled circles are ALFALFA-
SDSS matched galaxies, and squares are binned-average
points from Schiminovich et al. (2010). Overplotted dashed
line is the best-fit linear relation between the Alog SFR/My
and the log M. The discrepancy between this line and each
data point is defined as Alog SFR/Miy. The inset plot shows
the comparison between the gas mass and the stellar mass.

et al. (2010). Note that both SSFR and SFE are global
parameter over an entire galaxy, while the star
formation is actually very local process dealing with
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individual molecular clouds.

Fig. 1 shows how the two parameters- the SSFR
and the SFE change as a function of stellar mass. In
Fig. 1(a), it is apparent that the SSFR decreases as the
stellar mass increases. The overplotted dot-dashed line
indicates the star-forming main sequence of local
(z<0.1) galaxies (SFR«M"”) from Elbaz et al.
(2007). The long-dashed line indicates constant SFR
of 1 Me yr'. Galaxies with SSFR less than 107" yr™
are systems with a negligible or very marginal
ongoing star formation. Excluding such galaxies, the
ALFALFA-SDSS matched galaxies show SSFR scaling
relation close to that of star-forming main sequence
galaxies.

While the SSFR scaling relation indicates that the
low-mass galaxies are vigorously forming stars, Fig.
1(b) shows that low-mass galaxies have lower SFEs
than massive galaxies. The SFE increases as the stellar
mass increases at stellar mass range over 107-10" Me
(see the dashed line for the best-fit linear relation
between the SFE and the stellar mass). Due to the
large scatter of ~0.5 dex, the Spearman’s correlation
coefficient is 0.56, implying that the correlation
between the two is relatively weak.

Above M.~10" Me, Schiminovich et al. (2010)
suggested that the SFE remains to be constant with a
value of 107 yr based on ~190 local (z<0.05)
galaxies with ultraviolet (UV) and HI detection. The
SFE of 10™° yr™ at 10" Me is slightly larger than the
SFE value from ALFALFA-SDSS galaxies with the
similar stellar mass (Fig. 1b). This is likely due to the
possible bias towards strong starbursts in the
Schiminovich et al. (2010) sample, since their sample
selection is based on the UV-bright galaxies. Yet the
depth of the HI data as well as the sample redshift
range from the Schiminovich et al. (2010) sample is
comparable with that of ALFALFA-SDSS matched
galaxies used in this work. Thus there could be a
critical mass limit (of ~10" Me) that governs the
variation in SFE of the star-forming galaxies. The
comparison between the stellar mass and the gas mass
(inset panel of Fig. 1b) also shows that the gas-to-
stellar mass ratio changes as a function of stellar
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mass. Especially at M:>10" Me, the gas-to-stellar
mass ratio decreases.

The stellar mass of 10" Me roughly corresponds to
the halo mass of My,~10"Mse considering the widely
accepted baryonic fraction of dark matter halo (e.g.,
Crain et al., 2007). Such halo mass range is consistent
with the range where the cold gas accretion gets
shock heated (e.g., Dekel and Birnboim, 2006). Below
that range, the increase of the SFE as a function of
stellar mass might be a mere reflection of the general
Kennicutt-Schmidt law (Schmidt, 1959; Kennicutt,
1998) where the SFR surface density is proportional
to the power of a gas density (Zsrr/Z ) With a power
larger than 1. The SFE of ALFALFA-SDSS galaxies
are well described with the general K-S law, although
some low-mass galaxies with high SFE exist at M~

10* M.
SFE Enhancement

In order to quantify the SFE enhancement, I used
the offset of the SFE from the overall SFE-M- scaling
relation (dashed line in Fig. 1b). The offset, Alog
SFR/My,, is defined as the discrepancy between the
expected log SFR/My value and the observed log
SFR/My; value. I investigated the variation of this
offset in terms of Ha equivalent width and galaxy
morphology.

Ha Equivalent Width

Since the equivalent width (EW) is the ratio
between the emission line and the stellar continuum,
Ha EW has been generally considered to be a tracer
for SSFR. The Ha emission line flux reflects the
instantaneous star formation and the stellar continuum
at the given wavelength represents the integrated
stellar mass. The Ha EW is also affected by the initial
mass function, metallicity, and the star formation
history of a galaxy. Recent studies showed that a
majority of star-forming galaxies have a large Ho EW
at z>4 (Shim et al, 2011) and the mean Ha EW
evolves with redshift (cc(1+2)"%; Fumagalli et al.,
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Fig. 2. (a) He equivalent width and the deviation from the
log SFR/My; -log M- relation (dashed line in Fig. 1b). Alog
SFR/Mu shows how far the object is from the dashed line,
thus Alog SFR/MHI is large where the star formation effi-
ciency is enhanced. The points show a positive correlation
with a Spearman’s correlation coefficient 0.63. (b) HI gas
fraction (My/M+) and the deviation from the log SFR/My; -
logM- relation. The Spearman’s correlation coefficient is
0.24, showing that there is little correlation between the two
factors.

2012), suggesting that the Ha EW is definitely useful
to diagnose the evolution of star formation as a
function of redshift. Things expected from the large
Hoa EW of high-redshift star-forming galaxies is the
enhanced SFR and thus enhanced specific SFR, which
is even close to that of submm galaxies at z>2 (e.g,
Daddi et al., 2009; Coppin et al., 2009). Would this
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Fig. 3. Examples of the SDSS i-band image for galaxies in each morphological category. The top row shows galaxies classi-
fied as merger/interacting systems, the middle row galaxies classified as barred spiral, and the bottom row galaxies classified as

normal spiral. The size of each image is 70"x70".

large SSFR of high-redshift star-forming galaxies be
due to the large amount of embedded gas compared to
the stellar mass or due to the highly efficient star
formation yielding large SFR? If the stellar mass of a
galaxy is fixed, it appears that galaxies with large Hor
EW show the elevated SFE (Fig. 2). The SFE
enhancement Alog SFR/My; and the Ha EW is
positively correlated with a Spearman’s correlation
coefficient of 0.63. The enhancement of the SFE is
not due to the increase of the neutral gas fraction
(Mu/Ms:), while the Spearman’s correlation coefficient
is 024 for log Mw/M- and Alog SFR/Mu. The
correlation coefficient between the Ho EW and
logM/M: is 0.43, thus I conclude that the large
SSFR is primarily due to the large SFR, not due to
the high neutral gas fraction. Physical processes to
produce cold, dense giant molecular clouds are critical
to result in the large SFR and SSFR observed in early

starburst galaxies.

Morphology

Galaxy interactions and mergers are in general
considered to cause pressure-enhanced interstellar
medium environment that allows the elevated SFR
(e.g., Bournaud, 2010). The global SFE of the
interacting galaxies has been found to be a factor of
~4 times larger than that of the isolated galaxies
(Young et al., 1996) while the different morphological
types among the spiral disks do not affect the SFE.
IR-luminous galaxies, most of which are mergers, are
found to have higher SFE than normal galaxies (e.g.,
Gracia-Carpio et al., 2008; Combes et al., 2011). The
increase of dense gas during the merging process is
considered to be the main reason for the increase of
global SFE.
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Fig. 4. Distribution of Alog SFR/My; for objects with differ-
ent morphologies. The bottom, middle, and top panels show
ASFE distribution of all 272 objects, 22 objects with bars,
and 35 objects that are apparent mergers, respectively.

Using the ALFALFA-SDSS matched galaxies, I
investigated the SFE as a function of galaxy
morphology. For simplicity, I classified the galaxies
into 1) merger/interacting systems, ii) barred spiral, and
iii) normal spiral. The detailed morphological study is
limited due to the resolution of SDSS images, thus I
only used a clear cases representing mergers and
barred spirals. Galaxies showing a clear tidal feature,
multiple nuclei, or apparently interacting neighbor are
classified as merger/interacting systems. The existence
of an eclongated bar was critical to classify each
galaxy as barred spiral. Edge-on galaxies and
distinctively small (half-light radius <2") galaxies are
excluded. As a result, the sample consists of 35
mergers and 22 bar galaxies. The remaining galaxies
are mostly disk spirals. The SDSS i-band stamp
images of the representative mergers, barred spiral,
and the normal spiral are given in Fig. 3.

Fig. 4 shows the distribution of the SFE offset from
the best-fit for different morphological types of
galaxies. When compared to the entire ALFALFA-
SDSS matched galaxies (bottom panel of the Fig. 4),

log SFR [Mgyr']
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Fig. 5. The relation between the star formation rate and the
HI gas mass. The solid line is the best-fit linear relation, log
SFR (Mo yr') = 1.Ixlog M (Me) —11.3. The dotted lines
indicate the rms dispersion of the observed points from the
fit. This relation applies for a wide Mu range, 10° Mo
<M< 10" Me.

mergers have the average SFE ~0.3 dex higher,
corresponding to a factor of ~2. Barred spiral galaxies
show the SFE consistent with that of normal spirals.
According to the Kolmogorov-Smirnov test, the SFE
offset of the barred spirals and that of the entire
galaxies are consistent at a probability level of ~80%.
On the other hand, the possibility that the mergers
share the same SFE offset distribution as the entire
galaxies is less than 0.1%. It is clear that galaxy-
galaxy merging or interaction increases the global
SFE. On the other hand, although galactic bar works
as a channel of gas inflow thus may increase star
formation in the center of a galaxy, the existence of
bar seems not to raise the global SFE.

SFR-My Relation

I have constructed a SFR-Myy; relation to scale the
neutral gas mass obtained from blind HI surveys into
the SFRs. Based on the Fig. 5, 1 derived the
conversion formula as follows assuming typical error
of ~0.3 dex in the SFR and HI mass. The rms
dispersion of the points from the linear fit is ~0.3.



log SFR (Me yr)
=(1.120.3)xlog My (Me)—(11.3£0.03)

This formula is valid for a My range of 10°-10'"

Me. Local SFR density for a given survey volume
can be calculated using the wide area HI survey (e.g.,
HIPASS, ALFALFA) based on this relation.

Summary

I explored SFR scaling relation using 272 local star-
forming galaxies with HI measurement from the
ALFALFA survey. The ratio between the SFR and the
HI gas mass, SFR/My, was defined as global
(galaxy-averaged) efficiency for star formation. I
found that while specific SFR decreases as the stellar
mass increases, the SFE increases as the stellar mass
increases. The high SFE in massive galaxies was
naturally expected from the K-S law for star formation
rate density and gas density. Combining our result
with previous works on more massive galaxies (M«
10" Mg), the SFE increases below M~10" M and
seems to be constant over the critical mass. This is a
reflection of critical halo mass for shock heating
during cold gas accretion. Ho EW is clearly correlated
with the SFE enhancement, while the HI gas fraction
compared to stars is not a main cause of SFE
enhancement. Merging systems show a factor of ~2
enhanced SFE, confirming that galaxy-galaxy interactions,
resulting in high pressure interstellar medium
environment, are important for SFE enhancement.
Despite the considerable scatter, HI gas mass can be
converted to SFR based on a simple linear relation.
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