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ABSTRACT

We study the relationship between the gas column denSity)(and the star formation
rate surface density)srr) for a sample of extremely small M~ —13, AVso ~ 30km s™1)
dwarf irregular galaxies. We find a clear stochasticity ia tblation between the gas column
density and star formation. All gas withy; > 10Mg pc~2 has some ongoing star formation,
but the fraction of gas with ongoing star formation decrsasethe gas column density de-
creases, and falls to about 509 at; ~ 3M pc—2. Further, even for the most dense gas, the
star formation efficiency is at least a factor-of2 smaller than typical of star forming regions
in spirals. We also find that the ratio Hix emission to FUV emission increases with increas-
ing gas column density. This is unlikely to be due to incneggiust extinction because the
required dust to gas ratios are too high. We suggest indteathis correlation arises because

massive (i.eHa producing) stars are formed preferentially in regions \itth gas density.
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1 INTRODUCTION

Models of galaxy formation and evolution generally use semi
empirical “recipes” to follow the process of star formati¢ag.
Springel et all. 2005; Governato etlal. 2010). Typicallyr &bama-
tion is assumed to set in only above a “threshold” gas (cojJumn
densityX,.s and beyond that to be proportional to a powekEgfs.
This is supported by observations of nearby star forming>ges
(e.g..Schmidt 19%59; KennicUtt 1998). However, most of thalse
servations are of large spiral galaxies, whereas from theatghi-
cal galaxy formation model one would expect that the firstrfed
systems were much smaller than the typical 0 spiral. Here we
study the relation between gas and star formation in neasby,
tremely faint (Ms ~ —13, AVso ~ 30 km s™1) gas rich dwarfs.
The dwarf galaxies in our sample are dynamically and struc-
turally very different from the large spiral galaxies for st the
widely used star formation recipes have been derived.|¥itist
our sample galaxies the rotation velocity is not much latgan
the velocity dispersion (e.d. Begum, Chengalur, & Hopp 2003
Begum et al! 2008). Further, the gas does not settle intora thi
disc; the mean observed axial ratio of thas discs is~ 0.6
(Roychowdhury et al. 2010). Both this as well as the expigtat
that negative feedback from supernovae would play a morermp
tant role in small galaxies (e.g. Mac Low & Ferrara 1999) miike
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likely that the relationship between the gas density andfstena-
tion in dwarf galaxies is different from that in spirals.

Observationally, there is another major difference betwee
studies of star formation recipes in dwarf galaxies and spi-
rals. Molecular gas is almost never detected in dwarf galax-
ies (e.glTaylor, Kobulnicky, & Skillman 1998), which meathsit
the gas column density has to be estimated from the HI col-
umn density Xyr alone. On the other hand, in large spirals,
the star formation appears to be governed by the molecukar ga
density and to be much less (if at all) related to the atomic
gas(e.g.. Wong & Blitz| 2002 Leroy etlal. 2008). However, in
Roychowdhury et al! (2009) (henceforth R09) we showed that f
dwarf galaxies, in regions of active star formation, the &ama-
tion rateXsrr is correlated to the HI column density, albeit with
significant scatter. R09 also found that there was no sharpsh-
old” for star formation, with star formation proceeding dtgas
column densities, down to the sensitivity limit of the dasami-
larly, |Bigiel et al. (2010) find that in the HI dominated ouitsk of
spiral galaxies, the SFR and HI are correlated, albeit witbater.

In this paper we extend our previous work in two important
directions. Firstly we try to quantify the stochastic nataf the
relationship betweelsrr and Xur. Secondly we also study the
relationship between the gas column density and the foomati
stars of different masses.
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Table 1. The sample

Galaxy Ms Dist Group a b/a
(mag)  (Mpc) 0
UGC 685 —14.31 4.5 Field 1.4 0.71
KK 14 —12.13 7.2 N672 16 0.37
UGC 3755 —14.90 6.96 Field 1.7 0.59
KK 65 —-1429 7.62 Field 09 056
UGC 4459 —13.37 3.56 M81 1.6 0.87
UGC 6456 —14.03 4.3 M81 1.5 0.53
KK 144 —12.59 6.3 Cvnl 1% 0.33
DDO 125 —14.16 2.5 Ccvnl 4.3 0.56
UGC 7605 —13.53 4.43 Cvnl 1.1 0.73
DDO 181  —13.03 3.1 Cvnl 23 0.57
KKH 98 —10.78 2.5 Field 1t 055

+: diameters correspond to the Holmberg system ( 26.5 magare}

2 SAMPLE AND DATA ANALYSIS

Our sample consists of 23 galaxies drawn from the GMRGGS

HI 21cm survey/(Begum et Al. 2008) with UV data fradALEXD
See RO09 for details. For 11 of these 23 galaXies data from the
6m BTA telescope in Russia is available. The full sample has m
dian HI mass Mrr ~ 28 x 10° M, median blue magnitude M~
—13.2, and median velocity widti\Vso ~ 32 km s~!. The cor-
responding values for tHéa subsample is M7 ~ 34 x 10°Mg,
Mg ~ —13.5, AVsy ~ 33 km s!. The galaxies witHHa ob-
servations are listed in Tallé 1; the columns in the table @o&
umn(1) the galaxy name, Column (2) the absolute blue madgmitu
(corrected for galactic extinction, the internal extincticorrec-
tion has been assumed to be negligible), Column(3) therdista
in Mpc, Column(4) the group membership of the galaxy. All of
this data has been taken from Begum et al. (2008). Columh¢b) t
de Vaucouleurs (25 mag/arcégciameter of the optical disc. For
dwarf low surface brightness galaxies from the KK lists (KK1
KK65, KK144, KKH98), the diameters correspond to the Holm-
berg system ( 26.5 mag arcséd. Column(6) the optical axis ra-
tio. Data for columns (5) and (6) have been taken from takem fr
Karachentsev et al. (2004).

Background correctedGALEX FUV band (1350—17507&)
images were converted into luminosity units using the cali-
bration information provided at th&ALEX site. Correction
for galactic extinction was done using extinction values of
Schlegel, Finkbeiner & Davis| (1998) and using formulae from
Cardelli, Clayton & Mathis|(1989) to extrapolate to the FUshidl.

No correction for internal extinction was made, since oungla
galaxies are expected to be extremely dust poor. The luiitynos
values thus obtained were converted to star formation ratiegy
the calibration given in Kennicutt (1998a) :

') = 1.4x 10 L, (ergss ' Hz ')

SFR(Mg year™ @

1 We thank the GMRT staff for having made possible the obsensaused
in this paper. The GMRT is run by the National Centre for Ra@l&tro-

physics of the Tata Institute of Fundamental Research.

2 Some of the data presented in this report were obtained fnen\iulti-

mission Archive at the Space Telescope Science Institu®SN). STScl
is operated by the Association of Universities for Reseanchstronomy,
Inc., under NASA contract NAS5-26555. Support for MAST fanrHST
data is provided by the NASA Office of Space Science via grahGst

7584 and by other grants and contracts.

In deriving this calibration it is assumed that the stelliatribution
has solar metallicity and a Salpeter IMF, and that the gatashad
continuous star formation over time scales of y@ars or longer.
The implications of these assumptions are discussed inoBEht
Details of theHa data reduction can be obtained from
Karachentsev & Kaisin (2007) and Kaisin & Karachentsev €00
The images were corrected for dust extinction due to our own
Galaxy in a similar way as was done for the FUV maps. Hhelu-
minosity was converted to star formation rates using thiéiclon
given inlKennicutt|(1998a) :

@)

The assumptions used to derive this calibration are the sartiet
used in deriving the FUV flux -SFR calibration
For data from all the three wavelengths, relevant parameter
(Zur andXsrr) were calculated over several scales, viz. a) an
average over the entire star forming disc of the respectiiaxy
(i.e. “global” values). The “star forming disc” is defined dwat
within the radius at which the star formation rate is 85 *
Mo yr—! kpc2(as measured from the FUV flux, with ti@ALEX
images smoothed to 400 pc linear resolutions). This appratdly
corresponds to the B band Holmberg diameter for those sample
galaxies for which the Holmberg diameter has been meashjed.
“pixel” values. We use “pixels” that Nyquist sample squaté8 pc
or 150 pc in size. For the HI images 400 pc resolution images ar
available for all the galaxies in our sample. Similarly fbetFUV
data, 150 pc resolution images are available for all gataxie
Figure[1 showsdia greyscale images overlayed with FUV
and HI contours, for a representative galaxy in our sample.

SFR(Mg year ') = 7.9 x 10 ** Ly, (ergss™")

3 RESULTSAND DISCUSSION

Figure[][A] shows the relationship between the disc-awetag
e (and correspondingfy’) and S for the galaxies in our
sample withHa data. Note that the galaxies are forming stars
even though their typical gas density is at or below the ‘¢hre
old density”. Panel [B] shows how the globalsrr estimates
obtained using the two different tracers relate. Although $FR
tracers do correlate, there is a considerable scatter dbeut:1
line. Note that the data agrees better with the originabcation
suggested by Kennicutt (1998a) than with the re-calibnatiog-
gested by Lee et &l. (2009), though it should be noted thdatter
sample is much larger than ours. In terms of total SFR theegalu
range from2.79 x 107* Mg yr ' t01.05 x 1072 Mg yr !
with FUV as tracer, and fron2.33 x 107* Mg yr~! to
1.21 x 1072 Mg yr~* with Ha as tracer. Finally, following
Hunter, ElImegreen & Ludka (2010) we show in Panel [C] theorati

»EY sl as a function ofoflS% . There is a clear correlation
and the best fit line has a slope-66.63+0.09, (compared to -0.59
obtained by Hunter, EImegreen & Ludka (2010)). The SFR calib
tion we used assumes solar metallicity, however, as disduasie-
tail by[Hunter, ElImegreen & Ludka (2010), the fact that theadw
galaxies have lower than solar metallicity has only a manigéf-
fect on thexfHY /2L ratio, since both calibrations are similarly
affected.

In what follows we take a look at the relationship between
gas and star formation on small scales, by making “pixeligIp
comparisons ok and Xspr. We first focus on stochasticity in
the star formation and return to the comparison betwegf; and

»EYin Sec[32.
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Figure 1. Overlays of theHa, UV and Hl images for UGC685. [A]Greyscal&kx (in 10~ 18 ergs s! per pixel of area 0.1225 arcsecond squared) , contours
GALEX FUV image (from 0.0014 to 0.032 cps per pixel of area 2.25emwsd squared, in steps of 2). [B]Greyscatks, contours GMRT HI image (from
17.5 to 1120 Jy/bmm/s in steps of/2). [C]GreyscalesGALEX FUV (in 10~2 cps per pixel of area 2.25 arcsecond squared), contours GMRTiage.
Respective resolutions ardo: 1.97, FUV: 47, HI: 17" x16”. The length of the bold line in panel [A] is approximately 1&p
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Figure 2. [A]Xspr derived fromHa (Z?F“R, empty squares) and FU\E@%’RV, filled circles) plotted againsEty, assumed to represeBlyas, both
axes being in log scale. The solid line represents the KattrfBchmidt law with a slope of 1.4, and the dashed line wres the best fit Schmidt law for
spiral galaxies only, both taken fram Kennicutt (1998). Bhaded region covers various estimates of the “threshaidity® tabulated in_Kennicutt (1939).

[B]Disc-averaged values dtng“R andESFFURV. The solid line is the 1:1 line, and the dashed line repregéetrelationship found by Lee et ¢l. (2009). [C]Ratio
of global SEUY /52 fe as a function ofSZi% . The dashed line is the best fit straight line and has a slop@.@8. The vertical dot-dashed line shows the
approximateXspr Vvalue for our sample galaxies for which the SFR estimatedrasgy a Salpeter IMF will start deviating from the true SFRading to

Pflamm-Altenburg, Weidner & Kroupa (2007). See the text forendetails.

3.1 Stochasticity in Star Formation galaxies with relatively low GALEX exposure times have begn
cluded. The dashed vertical lines indicate the rms levét &king
translated fromXsrr to Yur using Eqn[B). For a given galaxy,
if there was no stochasticity in the star formation, all peiabove
the rms level (right of the corresponding dashed line) shbialve
log kR = (1.81 +0.05) log Sur — 4.70 £0.05  (3) had observable star formation. As such, all points to thet w§the
rightmost dashed line can hence be regarded as giving dleelia
By comparison with the canonical K-S law fraction of gas that is participating in star formation. Téare sev-
eral points worth noting, viz. (1) all pixels with gas degpsireater
than~ 10M/pc? participate in star formation. Interestingly, this
number is identical to the threshold density for star foiorabf
~ 10%'atoms/cm proposed by Skillman (1987), (2) the fraction of

and noting that (Y1 is a strict lower limit to the totat,.s and (i) gas which participates in star formation decreases neiaarly
for a given FUV flux the inferred SFR decreases with decrgasin With decreasingCur (fsr = 0.96 logXm + 0.1). (3) even for a
metalicity, the robust conclusion that one can draw is thatstar gas densityog¥u ~ —1.0, two orders of magnitude below the
formation process in dwarf ga|axies is Signiﬁcanﬂy lediciEnt usually assumed threshold for star formation, at least SMB.S
than that in big galaxies. R09 also showed (see their Figna)the is observed to be forming stars. The average for the pixels with
data implied stochasticity and were best modelled as aattich ~ Sur > 10Me/pc’ is ~ 17.3 Me/pc®, and the averagEsrr for
power law with a variation of 50% in the coefficient (as opgbse these pixels i$.5 x 10~*Ma/yr/kpc®. Thus even for the densest
to the slope) of the power law. Begum el al. (4006) had alsh-hig ~ 9as in dwarf galaxies, the star formation efficiency Cerr/>gas)
lighted the stochasticity in the relation betweBgrr and Sur in is hence~ 2.0~ "°yr~", about a factor of two lower than the typical
dwarf galaxies. To properly characterize the star fornmgpimcess, ~ value for spiral galaxies (Leroy etlal. 2008).
one would hence also need to know the average fraction ofabe g
that is participating in the star formation process.

Figure3 shows the fraction of pixels which are observed to be
star forming (i.e. have a star formation rate of at le8st where FUV emission is sensitive to the SFR of intermediate magsx
o is the rms in the UV image, in units of the star formation rate) 3M,) relatively long lived (lifetime~ 10%yr) stars.Ho emis-
The plot averages over 16 of the original sample of 23 gataxie sion on the other hand traces the instantaneous SFR of massiv

R09 showed that from a comparison of the FUV and HI images, in

star forming region&£iYy andXu; are related as

log Sspr = (1.4 £ 0.15) log Sgas — 3.60 £0.14  (4)

3.2 Massive star formation
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Figure 3. Plot of the fraction of gas that is “participating in star rfaa-
tion” as a function of2y1. The plot averages over 16 galaxies, the dashed
horizontal lines indicate the rms level of the UV images & thdividual
galaxies (after being translated frafypr to g1 using EQniB). All points

to the right of the rightmost dashed line can be regardedvarsgga reliable
fraction of gas that is participating in star formation. Tadid line is a fit

to the “reliable” points. See text for more details.
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Figure 4. Plots showing the binned 400pc resoluti FR (hollow
squares) an(EESFR (half-filled circles) as a function ofiyy. TheX)SFR
data are for the 23 galaxies listed in R09, where aﬂ@R data are for
the 11 galaxies listed in Tal[é 1. The average sensitivitgléefor the two
sets of data are indicated by the respective horizontad.lifiee dashed and
the dot-dashed lines show the Schmidt law fit to e and FUV data
respectively. The solid line is the canonical K-S law (Elgh.Phe typical
1 o scatter either above or below the mean in each bin is indidayethe
vertical lines, in (1) the power law and (2) sensitivity ltied parts for both
tracers. Dashed lines are i data, bold lines are for FUV data. Note that
points with negative or zero FUV flux have been dropped froeniots.

(M > 17Mg) short lived (lifetime~ 10°%yr) stars. For our sample
galaxies we show in Fid.l4 thEsrr as deduced from the FUV
emission £5YY), as well asHa  emission E££:%) as a function

of Xy at a resolution of 400pc. (Note that pixels corresponding to
gas not taking part in star formation, i.e. with negativeenozd~UV
flux, are not included in this plot) The best fit power laws telh
data is given by:

log S = (1.98 + 0.04) log Sur — 4.60 £ 0.05  (5)
FUV

As can be seen thEf% and 25YY  points overlap within the

scatter (indicated by the vertical line). Nonetheless amgparison

of Eqn.[B and Eqr]3 shows, there is a significant difference (

2.70, whereo is the quadrature sum of the individual errors) in the

slope of the two relationships, with tA&:%, relation being steeper.
Discrepancies between the SFR rates deduced be-

suggested, including (i) Stochastic paucity of high masssst
at low star formation rates. This would mak&%; at low star
formation rates lower thalf . For example_Lee et el. (2009)
show that for star formation rates lower than 10~ 2Mg/yr,
the Ha emission systematically under predicts the true SFR.
(i) Non uniform star formation rates. For example if thersta
formation is bursty, then a few million years after the bualit
the OB stars would have died and tHex emission would once
again systematically underestimate the true SFR. (iilkdga of
ionizing photons, either out of the galaxy, or into a mordudié
region of the ISM, where the resultiffic emission has too low a
surface brightness to be detected (e.q. Melena et al.|(2008¢e
again, this would result in th&la emission underestimating the
true SFR. (iv) variations in the IMF. For example, Meurerlet a
(2009) identify correlations betweemI Ty /> with global
galaxy parameters like the luminosity, rotational velpcénd
dynamical mass, and argue that this implies an IMF that sarie
with environment! Weidner & Kroupa (2005) present a model in
which the underlying IMF is universal, but a dependence ef th
most massive star formed in a cluster on the mass of the cluste
leads to the total stellar population having a steeper IMin tthe
canonical one. (v) Dust extinction. Since dust extinctisnmore
at the shorter wavelengths, under correction for dust woedd
to the FUV emission underestimating the true SFR. Note that i
most of the above scenarios tHer emission would under predict
the true star formation rate. One would expect¥H§; to exceed
»EYY (as observed for about half of our sample) only if (i) the
IMF is more top heavy than assumed, or (ii) the dust extinctias
been underestimated.

To explore this issue further, we show in Figlile 5, pixel by
pixel correlations o2l /LY (both at 150 pc resolution) with
Ysrr and Xui(at 400 pc resolution). In each panel the hollow
squares are for those galaxies for which the glabf; is greater
than the globaE£%y , while the filled circles are for those galax-
ies for which the globakt£:% s less than the globalfty . From
the first panel, one can clearly see that the anti correl&@ween
»E wite and E% seen on global scales continues even on
scales as small as 150pc. The right axis of the panels is tbaram
of differential dust obscuration required to bring the tweRSes-
timators into agreement. From Figlire 5 one can see thatibgng
the two SFR estimators into agreement at the lowest staraform
tion rates requires the dust obscuration to be mofdathan at
FUV, which is physically implausible. It is more likely thahe of
the several mechanisms discussed above for suppressifddothe
flux at low star formation rates is operative. At high stamfar
tion rates, wher&f% > BEYY, the average Ni/Av required
to bring the two estimators into agreement is 8, i.e. the basld
be about twice as dust rich as the SMC (for whictirMv is 16.3
from|Bouchet et al! (1985)). If one assumes that these rediane
substantial molecular gas, and that the galaxies followLt&Zere-
lation for dwarfs (e.g. Ekta & Chengalur (2010)), and thastds
proportional to metalicity, then the required moleculas giensi-
ties to bring the gas to dust ratio to the same value as the SMC i
Y, = 10°Mg/pc?, similar to the peak densities in the center
of spirals, which agaln seems unlikely. In summary it doesape
pear that dust extinction is the primary cause of the disagent
betweersfl% andTLYY at the highSsrr end.

In terms of direct observables, panel [B] shows that for

tween these two tracers have been investigated earlier bythe same amount of FUV emission, galaxies with lower global

several authors, including, for e.g. Meurer et al. (‘2009)
Pflamm-Altenburg, Weidner & Kroupa (2009); Lee et el. (2009)
A number of explanations for the two rates to diverge havenbee

nie nEUY are under producinglo emission. This could either

be because the galaxies have a fading starburst or becagise th
galaxies are not producing high mass stars. Leelet el. |(&p6ad
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Figure5. The ratio of % and =LYUY (at scales of 150 pc) plotted as a functiorstf (Panel[A]), S5%Y (Panel[B]) andSy; (Panel[C]). Thely; is
computed from 400pc resolution images. The solid dots arfofaalaxies for which the globéﬂgFURV > E’SVFQR, and the hollow square are for the galaxies
with gIobaIEéIF‘*R > Egé]RV. Means and the errors on the mean for each bin are shown. Eseaxthe right show the amount of differential dust extorcti

required to bring the two SFR estimators into agreement.n\iraning inE’SqFaR

all pixels with > ¢

Srr More than 3 times the rms value (of the corresponding

galaxy) are considered (regardless of the valuegEL), similarly, when binning inc£ YY" (and binning inSyy) all pixels with 55 more than 3 times
the rms value are considered (regardless of the vall%%). In Panel[A] the dotted rectangular region marks the am@m@d in the similar global plot
Figure[2[C]. The dashed line in it is the best fit straight firem the global plot FigurEl2[C].

that the frequency and amplitude of star bursts in dwarfsemak
the former explanation unlikely. However, a more detaileltgla-
tion, and observations of a larger sample would be neede®m p
erly settle this issue. The most striking feature of the pludw-
ever is in panel [C], which shows that galaxies with lowerbglo
via mESY do not have gas with column density 10M/yr.
The most straight forward interpretation of this is that gives star
formation is more likely to happen in gas with high column den
sities. Indeed, star formation models have supported sucire-
lation (e.g. Krumholz et al.| (2010)). While the linear scathat
the models refer to are much smaller than those that we ate dea
ing with here, such a correlation is likely given that highmsigy
star forming regions are more likely to occur in regions vehitre
overall gas density is higher.

4 CONCLUSIONS

We find a clear stochasticity between the; and Xsrr. All gas
with L1 > 10Mg pc? has associated star formation. While
the fraction of star forming gas decreases with decreaSing
there is no sharp “threshold” below which star formationasne
pletely quenched. We also find that galaxies for which gligbal
»EY < »nHe are marked by not having high HI column den-
sity (i.e. g1 > 10Mg pc?) gas. This is consistent with models
in which formation of high mass stars preferentially happierre-

gions with high gas column density.
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