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ABSTRACT

We present results from a comprehensive analysis of the relation between HI,
H,, total gas (HI4+H,) and star formation rate surface density (Xpr, X2, Ygas
and Ygpr respectively) in 18 nearby galaxies (7 spirals and 11 HI-dominated
dwarfs) at 750 pc resolution. We use high resolution HI data from THINGS,
CO data from IRAM and BIMA, 24 ym data from the Spitzer Space Telescope,
and UV data from GALEX. We find that a Schmidt-type power law with index
N =1.0£0.2 relates Xgpr and Yo across our sample of spiral galaxies, i.e. that
H, forms stars at a constant efficiency in spirals with an average molecular gas
depletion time of ~ 2 - 10° years. We interpret the linear relation and constant
depletion time as evidence that stars are forming in GMCs with approximately
uniform properties and that Xys may be more a measure of the filling fraction
of giant molecular clouds than changing conditions in the molecular gas. We
find no correlation between Xy and Xgpr. The dwarf galaxies in our sample
resemble the outer disks of spirals in YXgpr-2g,s space. This is likely due to the
similarity of both environments (low—density, low—metallicity, HI-dominated).
We furthermore find a sharp saturation of Xy at ~9 My pc™2 in both the spiral
and the dwarf galaxies. For the spirals, we observe gas in excess of this cutoff to
be molecular.
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1. Introduction

The star formation law, i.e., the relation between gas and star formation (SF) in galaxies,
is of great importance for and is widely applied throughout astronomy. Such a relation not
only provides valuable constraints on the underlying physics regulating large scale SF in
galaxies, it also allows to infer average star formation rates (SFR) from gas measurements
and furthermore serves as important input for models of galaxy evolution (e.g. Springel
& Hernquist 2003; Boissier & Prantzos 1999; Tan et al. 1999; Krumholz & McKee 2005;
Matteucci et al. 2006).

A relation between gas and SF was quantified for the first time from Maarten Schmidt
(Schmidt 1959), relating SFR and gas volume densities via a power law: pspr ~ (pgas)" -
Nowadays, one usually refers to the in other galaxies directly observable surface densities
when speaking of the star formation law (also referred to as the Schmidt law): Ygpgp ~
(Zgas)” (e.g. Kennicutt 1989, 1998). For a constant gas scale height, the volume and the
surface density description of the SF law are equivalent.

Over the past decades, numerous studies were carried out examining the SF law in
various galaxies, using various tracers for the SFRs, studying different physical scales and
applying different methodology, e.g., averaging over galactic disks, taking azimuthal averages
in tilted rings (radial profiles) or focussing on individual HII regions. Comparing the different
results in the literature, one finds NV ~ 1-3. In this study, we assess in a sample of 18 nearby
galaxies, 7 spirals with Hy dominated centers and 11 HI dominated dwarfs, whether there
are indeed intrinsically different SF laws in different galaxies, or whether there is a common
underlying relationship between gas and SF.

2. Data

For our study, we make use of several homogeneous datasets to obtain maps of Yy,
Yu2, and the SFR surface density, Yspgr, in our sample of 18 nearby galaxies.

In order to derive ¥yy, we use new, high resolution and high sensitivity HI data from
THINGS, ‘The HI Nearby Galaxy Survey’ (Walter et al. 2008). The survey was carried out
with the NRAO VLA and provides HI data for a sample of 34 nearby galaxies at distances
2 <D <15Mpc at 6” resolution.

We obtain Yy from the ‘HERA CO-Line Extragalactic Survey’ (HERACLES), which
was carried out at the IRAM 30m telescope to map the CO J =2 — 1 transition in ~20
nearby galaxies (Leroy et al., in prep.). For one galaxy in our sample we use the CO J =1 — 0
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map from the ‘BIMA Survey of Nearby Galaxies’ (BIMA SONG, Helfer et al. 2003). The
angular resolution is 11” and 7” for the HERACLES and BIMA data, respectively. We com-
bine Yy; and Yo to derive the neutral gas surface density Y,,. Whenever we quote gas
surface densities, these values are corrected for inclination.

We combine far UV (FUV) data from the ‘GALEX Nearby Galaxy Survey’ (NGS, Gil de
Paz et al. 2007) and 24 um data from the ‘Spitzer Infrared Nearby Galaxies Survey’ (SINGS,
Kennicutt et al. 2003) to derive Xgpr. We use the FUV emission to trace SF unobscured by
dust and the 24 ym emission to trace SF obscured by dust, i.e., to correct the FUV emission
for the effects of extinction (see Leroy et al. 2008).

We construct our sample of 18 galaxies by demanding that each galaxy is part of all
datasets: THINGS, the GALEX NGS and SINGS. The 7 spirals must furthermore be part
of HERA (or BIMA SONG respectively). We reject galaxies at distances beyond 12 Mpc,
to achieve a common spatial resolution of 750 pc, and galaxies with inclinations larger than
70°. For the galaxies in our sample, we carry out a pixel-by-pixel analysis of their optical
disks which are defined by the optical radius ro5. We therefore extract independent, non-
overlapping 750 pc apertures from the optical disk of each galaxy, so that these apertures
together cover the entire optical disk.

3. The Spirals

Figure 1 shows the results of the pixel-by-pixel analysis for the 7 spirals in our sample.
Shown is Ygpr vs. Yy (top left), Ygpr vs. Xpse (top right), normalized histograms of Yy
and Xy (lower left) and Xgpr vs. Xpiine = Xgas (lower right). The plots are explained in
more detail in the caption.

The Ygpr-2pr distribution in the top left panel shows that the HI saturates at Xpjgat =
9 My, pc™2. This is also evident from the HI histogram in the lower left panel. The vertical
dashed lines in both panels indicate Xy ga¢, Which corresponds to the 95th percentile of the
HI histogram. Furthermore, one finds from the top left panel that over the range Xy =
1.5 —9 Mg pc2, which is a typical range of values over the disks of spiral galaxies, several
orders of magnitude of Ygpg and star formation efficiency (SFE= Ygpr/Y,.s) are covered.
Thus, g1 cannot be used to predict either Xgpr or the SFE in spiral galaxies.

By contrast, the top right panel shows that ¥y, shows no such cutoff. This indicates
that where we find gas with surface densities greater than Yy g4, it is in the molecular phase.
As opposed to Xyy, Yo exhibits a clear, monotonic relationship with Ygpr (Xspr-2pe rank
correlation coefficient ~0.8) down to the sensitivity of our CO data (indicated by the dotted
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Fig. 1.— Results of the pixel-by-pixel sampling at a resolution of 750 pc for all 7 spiral

galaxies plotted together. Top left: Ygpr vs. Xyr; top right: Yspr vs. Xgo; middle right:
YSFR VS. 2gas. Shown are 2D density plots, i.e., the density of sampling points is color coded.
Green, orange, red, and magenta cells show contours of 1, 2, 5, and 10 independent data
points per 0.05 dex-wide cell. Diagonal dotted lines show lines of constant star formation
efficiency (SFE, defined as Ygpr/Ygas) indicating the level of Ygpr needed to consume 1%,
10% and 100% of the gas reservoir (including helium) in 10® years. Thus, the lines also
correspond to constant gas depletion times of, from top to bottom, 10%, 10°, and 100 yrs.
Dashed vertical lines in the HI (top left) and total gas (lower right) plots show the surface
density where the HI saturates (see text). The dotted vertical line in the top right plot
indicates the typical sensitivity for our CO data. The lower left panel shows the normalized
distribution of HI and Hs surface densities in the sample.
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vertical line). A power law fit to the data yields a slope of N = 1.0 & 0.2. Thus, our data
suggest a direct proportionality between Ygpr and Y. We derive a mean Hy gas depletion
time of 1.8 - 10? yrs, with an RMS scatter of 0.7 - 10? yrs.

For the Ygpr-Ygas distribution in the lower right panel, one finds a clear ‘knee’ at the
transition from an HI to an Hy dominated ISM. In general, ¥, is thus also not well suited
to predict Xgpr or the SFE.

Our power law slope of N=1.0+0.2 is shallower than the slope of Na1.4 derived by
Kennicutt (1998), whose fit is largely driven by starburst galaxies, and similar power law
slopes derived for starbust galaxies at low and high redshift (e.g. Gao & Solomon 2004;
Riechers et al. 2007).

Most of the mass in Galactic GMCs is in clouds with Mgy &~ 5-10° — 10° M, (e.g. Blitz
1993). For our 750 pc resolution elements, and our sensitivity of Yy, = 3 My pc™2, we can
detect a minimum mass along a line of sight of ~ 1.5-10% M. Thus, a significant H, detection
corresponds to at least a few GMCs in our beam. But because we probe only normal star
forming spirals (i.e. starburst galaxies are not part of our sample), and because we use
area-weighted (i.e. pixel-by-pixel) sampling, our distributions are dominated by moderate
gas surface densities up to ~50 M, pc~2. The typical surface density of a Galactic GMC is
~ 170 Mg pc™2 (Solomon et al. 1987). Our measured surface densities are thus consistent
with Galactic GMCs filling less than 1/3 of our beam on average. We therefore interpret
our measurement of N = 1.0£0.2 as suggestive of more or less universal GMC properties in
nearby spiral galaxies, i.e., ¥ go most likely just represents the beam filling fraction of GMCs.

Summarized, our results indicate that GMC properties, in particular their SFEs, are
relatively universal across our sample of normal star forming spirals and that the Schmidt
law apparently consists of distinctly different physical regimes.

4. The Dwarfs

For the HI dominated dwarf galaxies we neglect the contribution of molecular gas (Hs)
to the total neutral gas budget. For most of these galaxies, the CO content is either measured
or constrained by a significant upper limit and in each case, the ISM is well-established to
be HI dominated.

Figure 2 compares the pixel-by-pixel distribution for the dwarf galaxies (colored con-
tours) to the distribution for the spirals. Every panel compares the spiral distribution for a
different regime in galactocentric radius (black contours) to the dwarf distribution.
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Fig. 2.— Results of the pixel-by-pixel sampling at a resolution of 750 pc for the 11 HI
dominated dwarf galaxies in our sample (colored contours). All four panels show the same
Yspr-2pr distribution. Green, yellow, and red contours show 1, 2, and 5 sampling points
per cell. The diagonal dotted lines and all other plot parameters are the same as in Figure
1. Plotted on top of the dwarf distribution is the lowest contour (green) from the total gas
distribution of the spirals (see bottom right panel of Figure 1), but for different ranges in
galactocentric radius in each panel. Thus, each panel compares the distribution of the HI
dominated galaxies to that in spiral galaxies from a particular radial range (given in the top
left corner of each panel) . The best agreement is seen in the bottom right panel, in which
the black contour shows sampling data from 0.75-1.0 r95 in spiral galaxies.
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One finds that the Ygpr-2g.s distribution for the dwarf galaxies overlaps the distribution
for the outer disks of the spirals (bottom right panel in Figure 2). Both regimes, i.e. the
optical disks in dwarfs and the outer disks in spirals, have many conditions in common: high
atomic-to-molecular gas ratio, low metallicities, low dust-to-gas ratio and relatively weak
stellar potential wells. These common environmental factors may lead to similar relationships
between Xgrr and Y, in both regimes.

Furthermore, the dwarfs show the same saturation in Xy like the spirals (indicated by
the vertical dashed line). This seems somewhat counter-intuitive, as, due to comparatively
low metallicities (and thus lower dust content), shallow potential wells, lower gas densities,
and more intense radiation fields, one might expect conditions in the ISM of many of these
galaxies to be less favorable to the formation of Hy from HI and therefore large reservoirs of
HI to survive in these galaxies at columns where the ISM is mostly molecular in a spiral.
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