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ABSTRACT

Observations have revealed prodigious amounts of star formation in starburst galaxies as traced by dust and
molecular emission, even at large redshifts. Recent work shows that for both nearby spiral galaxies and distant
starbursts, the global star formation rate, as indicated by the infrared luminosity, has a tight and almost linear
correlation with the amount of dense gas as traced by the luminosity of HCN. Our surveys of Galactic dense
cores in HCN 1-0 emission show that this correlation continues to a much smaller scale, with nearly the same
ratio of infrared luminosity to HCN luminosity found over 7—8 orders of magnituden , with a lower cutoff
around10*® L, of infrared luminosity. The linear correlation suggests that we may understand distant star
formation in terms of the known properties of local star-forming regions. Both the correlation and the luminosity
cutoff can be explained if the basic unit of star formation in galaxies is a dense core, similar to those studied in
our Galaxy.
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1. INTRODUCTION increases with increasing,, (Sanders & Mirabel 1996; Sol-
Recent work has revealed large amounts of dust and mol-omon et al. 1997; Gao & Solomon 2004a, 2004b; Solomon &

ecules in starburst galaxies, even at large redshifts (e.g., Isaak/@nden Bout 2005). Does this variation reflect an increase in

et al. 2002; Reuland et al. 2003; Greve et al. 2005; Solomon €fficiency” of star formation or an increasing failure of CO

& Vanden Bout 2005). Understanding star formation in galaxies 0 trace the gas that is relevant to star formation?

at high redshift is a critical step in understanding the formation ~ The latter possibility is suggested by data on HON-

of galaxies in the early universe. 1-0in galaxies. A recent survey of HCBl= 1-0 emission
The simplest and most widely used relations between the stain 65 normal spiral and starburst galaxies found that the star

formation rate and a property of the interstellar medium are the formation rate, as traced by the infrared luminosity, has a tight

so-called Schmidt laws. Schmidt (1959) proposed that the starand linear correlation with the luminosity of HCN (Gao &

formation rate was proportional i3 , wherés the gas volume ~ Solomon 2004a, 2004b). Those authors argued that CO is not

density. In their modern form, these “laws” relate thaface linearly correlated with star formation because it traces only
densityof star formation to thesurface densitpf gas: the low-density giant molecular cloud (GMC) envelopes, not
the really active star-forming part, the dense cores. The critical
Torr = ALV (1) molecular parameter that measures star formation rates in gal-

axies is the amount of dense molecular gas, measured by the
(e.g., Kennicutt 1998). The indeX has been inferred by var-  HCN luminosity. Because HCN traces the dense gas better than
ious authors to be in the range of 1-2 (Kennicutt 1997). Mea- CQ, L,,.,, has a tighter correlation with, than ddes, . The
surements of H, CO, and Hr on a large sample of normal  ¢orrelation remains linear over a factor of*%i@ luminosity
spiral galaxies and starburst galaxies (Kennicutt 1998) could {or poth normal galaxies and extreme starbursts, like luminous
be fitted withN = 1.4. It should be noted that for many of anq yitraluminous infrared galaxies (LIRGs and ULIRGs; see
these galaxies, particularly the starburst galaxies, in the Ken-g54ers & Mirabel 1996). Gao & Solomon (2004a) therefore

nicutt sample the surface density or surface brightness was no, ., that hoth normal galaxies and starbursts should have the
measured but obtained only by dividing the luminosity by a same star formation rate per amountdeinsegas
characteristic size often obtained from another parameter. At lower luminosities. the relation for gala.xies between

On a global scale, including luminous and ultraluminous L, andL, is linear, but the ratio between,, and,  has a

starburst galaxies, there is a correlation between the total Iu-d. : f der of itude. A | iati
minosity of far-infrared emission, which traces the star for- 9'SPErSIon of an order of magnitude. An even larger variation

mation rate (e.g., Sanders & Mirabel 1996; Kewley et al. 2002), I Lir/Lco (several orders of magnitude) is seen in Galactic
and the total luminosity of CO, tracing the molecular gas mass. ¢louds (Mooney & Solomon 1988; Evans 1991; Mead et al.
However, this relation is not linear; the ratio bf,  tq. 1990). The dispersion in the relation for galaxies is less if
L,cn IS Used instead of CO; the same is true for other tracers
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mation and massive, dense cores in our Galaxy may shed lightsian brightness distribution for the source and a Gaussian beam,
on the starburst phenomenon. is

These cores are dense, turbulent, and dusty. They are well
identified by the continuum emission from dust (e.g., Mueller o w2 02+ 02,
et al. 2002) and line emission from molecular dense gas tracers Luen = 23.5x 107D 4In2 02 T (2)
like CS (Plume et al. 1992, 1997; Shirley et al. 2003) and HCN °
(Wu & Evans 2003). In our previous work on a large samplé pere p js the distance in units of kiloparsecs, add  and
of massive cores, we found that the bolometric (almost all far- 6,....are the angular size of the source and beam in units of
infrared) luminosity of the cores is roughly proportional to the 5cseconds. This method is parallel to that of Gao & Solomon

mass inferred from the dust emission (Mueller et al. 2002) and (2004b) but adapted to Galactic cores. The value.gf, ranges
the virial mass determined from CS (Shirley et al. 2003). This {om 0.4 to 8000 K km < pc with the median value of 80
result suggests that a relation betwégn anpd, may existk km st pC. '

in Galactic dense cores, possibly similar to that in starburst  The total infrared luminosity (8—1008m) was calculated

galaxies. . . . . based on the foutRASbands (Sanders & Mirabel 1996), as
One difficulty is that systematic studies of the Galactic dense \,,55 done for the galaxy sample of Gao & Solomon (2004a):
cores have used dust continuum emission and CS, while HCN

has been more commonly used for studies of galaxies. To fa- _ 2
cilitate comparison with the HCN = 1-0 galaxy survey, we L = 0.56D%(13.48,; + 5.16,5+ 2.58 0+ Tuod,  (3)
have mapped the HCN = 1-0 transition in a sample of 47
Galactic star-forming cores (J. Wu et al. 2006, in preparation).
In this Letter, we summarize the results from this survey in
connection with the HCN surveys of other galaxies.

The sample mapped in HClN= 1-0 is mostly a subset of
a larger sample of Galactic massive dense cores that have been
mapped in CS and dust emission (Shirley et al. 2003; Mueller The derived_,; and. ., are plotted in a log-log diagram in
et al. 2002). The sources in this category have infrared lumi- Figure 1 to compare with data on galaxies from Gao & Solomon
nosities ranging from o 10' L ., and most contain compact  (2004a). The correlation of ; Lycy  extends from galaxy
or ultracompact (UC) Hi regions. To extend the sample toward scales to the much smaller scales of Galactic molecular cores.
lower luminosities, we selected 1dfrared Astronomical Sat- The fit for Gao & Solomon’s galaxy sample is lbg, =
ellite (IRAS sources from outflow surveys (Zhang et al. 2005; 1.00 logL .y + 2.9, without a few galaxies that only have upper

wheref, is the flux in band from the fourlRASbands in units
of janskys,D is in kiloparsecs, and.,; is in units of solar
luminosity L ).

3. COMPARISON OF MILKY WAY AND GALACTIC RELATIONS

Wu et al. 2004) and a few from other publications. limits to HCN emission. This linear correlation continues
to the Galactic massive cores, but a declind_jp occurs at
2. OBSERVATION AND DATA ANALYSIS 10*°L , below which the slope of the correlation becomes much

steeper. When fit to Galactic cores with, > 10*°L, , the lin-
ear least-squares fit gives lagy = 1.02(*0.06) logL oy +
E‘2.79(10.16) This relation agrees remarkably well with the re-
lation for galaxies, as seen in Figuretdg). In Figure 1 bottor),
we fit simultaneously the data of galaxies from Gao & Solomon
(2004a) and Galactic cores withr >10*° L, . The result is
logL s = 1.01logL, + 2.83 with a correlation coefficient
of 0.99. Understanding the physics behind this linear correlation
will lead to a better understanding of star formation on galactic
scales.

The linear logL,x—logL,.y correlation and the turnoff
can be seen more clearly from Figure 2, where the distance-
independent ratib /L, has been plotted vetsystop) @nd
against ., botton). A constant mean value bf;/L, ., isseen

so we could get the total HCN luminosity. ; ; : ;
L ; . over 8 orders of magnitude ih,; , from galaxies to Galactic
Maps of HCN 1-0 emission were obtained for 47 Galactic cores, as long a4, >L(min) , with(min) being around

star-forming cores. Detailed results will be presented elsewherelo4_5 L... The corresponding cutoff value far s —
®" HCN unit —

(J. Wu et al. 2006, in preparation), but we give a few properties 105 K km s* p& For Galactic cores(L /L - 911+
of the sample here, which are relevant to this Letter. More than 55 L, (K kmps_l 0d L with medizinl?%85.Cleor galaxies,

90% of the cores were well resolved by the maps. We focus (Lin/Lycn) = 950+ 76L (K km s pd) %, with median 855.

on these resolved sources in this Letter. . The uncertainties are the standard deviation of the means, which
The size of the core is che}racterlzed by the_ nominal COr€ are remarkably similar, though the dispersion is much higher for
radius after beam deconvolutioRc, , the radius of a circle gajactic cores. The median for dense cores is significantly
that has the same area as the half peak intensity contour:  g5jier than its mean, which indicates that the mean is dominated
s \12 by a few quite large values. The logarithmic mean and median
Rin = D (A_llz _ Obi”) , are2.64 + 0.53 and2.54+ 0.56 for dense cores with,., >
T 4 L, and2.91+ 0.24 and2.93+ 0.25 for galaxies.

For comparison, we added CO data on Galactic cores (Moo-
whereA,,, is the area within the contour of half peak intensity. ney & Solomon 1988), galaxies (Gao & Solomon 2004a), and
The mediarnR ¢y, , Of the sample is 0.48 pc. high-z molecular emission-line galaxies (Solomon & Vanden

The HCN line luminosity of each core, if we assume a Gaus- Bout 2005) in Figure 2. The ratid, /L., , changes by 2 orders

Observations of HCN = 1> 0 (88.6318473 GHz) on Ga-

Five College Radio Astronomy Observatory (FCRAOQO) in 2004
April and December and 2005 February. The FWHM of the
beam for this frequency is 58The 16-element focal plane
array (SEQUOIA) was used, with typical system temperatures
100-200 K. A velocity resolution of 0.1 km Swas achieved
with the 25 MHz bandwidth on the dual-channel correlator. We
convert the measured,” td;z Vidz= T/mesq. , With
Ness = 0.7. The value ofy, depends on source size; for the
typical map in this study~10’), . = 0.7. The map size was
extended until the edge of the HCN= 1—-0 emission was
reached, typically at the 2 level (means ~ 0.3 K km &%),
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Fic. 2.—Top Correlation betweeh,, anbgq/L,n. o for galaxiefliéd
square$ and Galactic star-forming corefilled circle9; Liz/Lycn 1-01S CONStant
for a large range of,; until a turnoff aroungy, = 10*° L, Bottom L, per
unit of molecular gas vs. molecular line luminosity. The star formation rate
per amount of CO gas changes a lot from Galactic GM@&=ayy line, with
a dashed line boundary to indicate the variatjdo galaxies filled triangleg
and highz CO galaxies ¢pen triangles

HCNJ = 1 - 0, we have calculated the virial mass of the dense
gas M(dense] using the most optically thin line S J =
5—4) to measure the line width and comparkt{dense) to
L,y Based on the 31 cores with availabRE) = 5— 4 data,

we obtained the correlation loWl[; (Ricn1-0)] = (0.81+

Fig. 1.—ogLk—logLicy., correlation for Galactic and extragalactic 0'03) lOgLHCN 1ot 1'29(10'09) Th_e correlation is ro”ghly lin-
sourcesTop Linear least-squares fit for Galactic cores (with>10*°L, ; €ar. TheM-L .y, plot and details of the observations U8C

symbols above the dashed ljrend for galaxies, separateBottom Overall J = 5- 4 will be presented by J. Wu et al. (2006, in preparation).
fit for both parts. The three isolated filled squares are iGN 1-0 points Leaving out one peculiar source (G355803), we get

from Solomon et al. (2003), Vanden Bout et al. (2004), and Carilli et al. (2005); — + —1 -1
they are not included in the fit because the sources are QSOs and the contri-<M(den.Seﬂ.HCNr2 11d_ ngQ (K kl”? }’? PC) N hWher%.the |
bution from the active galactic nucleuslttg,  is not yet clear. uncertainty Is the standard deviation of the mean; the median value

is 6 Mg, (K km s* pc) ™, indicating that the mean is affected

of magnitude a4 o, increases from Galactic cores to distantPy Some quite large values. The logarithmic mean i 2 M,
galaxies, confirming Gao & Solomon’s conclusion that CO is (K km s™ pc’) ™. Some of the scatter in the ratio may be caused
not as good a tracer of star-forming gas as is HCN, especiallyby distance uncertainties because the virial mass depends linearly

for very luminous starburst galaxies. on distance, whilé. ¢y o< D* .
Even after establishing that,., traces the mass of dense

gas, itis not at all clear whi /L, should be constant, since
the luminosity of a cluster is typically dominated by its most
The fact thal /L,y is similar, on average, for star-forming massive members, ahd o« My , with= 3—4 . Indeed, below
cores in the Galaxy, normal spirals, starbursts, and ULIRGs sug-the cutoff of 10*° L ,L,, does rise rapidly withi(dense) .
gests the possibility of interpreting intense higstar formation What causes the transition to a constant value?
in terms of nearby high-mass star-forming regions. Before we To solve this puzzle, we propose the existence of a basic
can exploit this possibility, we must understand some key points. unit of cluster formation. FoM(dense) less than the mass of
Why doesL x/L,cy rise steeply with,., and then remain this unit,L,z/M(dense)rises rapidly wittM(dense), as higher
constant forL > L. ? And why is the ratid, /L ., not mass stars can form. Foi(dense) greater than the mass of
constant for starbursts? this unit, the initial mass function is reasonably sampled and
As a first step, we seek a more physical basis for the relations.further increases in mass produce more units but no further
We have so far discusséd., as a measure of the mass of densghange irL ;/M(dense). If we suppose that larger scale cluster
gas, but can we quantify this assumption? A roughly linear cor- formation is built up by adding more and more such units, then
relation between the mass of dense gas and bolometric luminositgthe linear correlation between the totg),  adfdense) is a
has been found by our work on CS and dust emission (Shirley etnatural result. In that case, the only difference between star
al. 2003; Mueller et al. 2002). To see whether this applies also toformation on different scales and in different environments—

4. DISCUSSION
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big clusters, normal galaxies, massive ULIRGs—is just how coefficients{.4 x 107 and..2x 10°® ) are very similar to, but
manysuch cores they contain. This is of course somewhat of slightly less than, those value¢. x 107 arid8x 10° )
a simplification because the cores have a range of propertiesgiven by Gao & Solomon (2004a), based only on the galaxies.
The fact that the mean is roughly twice the median for both  Given these simpler, linear relations, how do we understand
L r/Lucn @nd M(dense)l ., for Galactic cores suggests that the usual star formation law (Kennicutt 1998) relations, with
the most extreme cases may dominate when averaged over a steeper dependencBgfs oc Iya, ) M, on gas mass? We
whole galaxy. Since most of our cores contain compaat H suggest that the steeper dependence reflects the dependence of
or UC H 1 regions, which trace the most massive stars, it is M(dense)n the surface density, or total mass, of gas. All the
interesting to compare to the luminosity function of these tracers of gas used by Kennicutt trace lower density compo-
regions. A study of Galactic UC K regions did find a peak  nents, not the actual gas that is directly involved in star for-
luminosity (~10° L) that is close to that of a basic unit (Cas- mation. Once it is clear that it is the dense gas mass that
assus et al. 2000). The detailed discussion of this model will indicates the star formation rate, it becomes clear why the total
be presented in a separate paper (J. Wu et al. 2006, in prepsurface density of gas may not be a clean star formation in-
aration). dicator. For example, there is no evidence thatdtission in
Another question is why dodsi/L., increase as we move galaxies correlates at all with the star formation rate deduced
from Galactic cores or normal spiral galaxies to starburst gal- from the far-infrared luminosity, so its contribution to the sur-
axies? In Galactic clouds, CO can be used as a tracer of thdace density may have no effect on the star formation rate.
overall mass of molecular clouds, even though it is optically Attempts to provide a theoretical framework (e.g., Li et al.
thick and thermalized. However, CO does not specifically trace 2005; Krumholz & McKee 2005) for the Kennicutt relations
the mass of dense cores. For that, dust continuum emission, oshould also be able to explain the new relations.
molecules, like HCN, that are only excited at higher densities It will be interesting to see how far these ideas can be ex-
are required. In the Galaxy, these dense cores occupy a smaftiended. One future project is to look at HCN in more nearby
fraction of the mass of a cloud (typically a few percent). If the galaxies, especially in individual regions forming super star
fraction of dense gas in the overall cloud stays roughly constant,clusters, which may be the building blocks of star formation
the relation betweeh,; and., can stay linear, butthisrelation in starburst regions like ULIRGs and LIRGs (Ho 1997). The
is secondary to that betwedn, akt{dense) . For starburst Atacama Large Millimeter Array will allow detailed study of
galaxies, the fraction of the molecular gas concentrated in denseHCN in other galaxies, including thd = 3—2  transition.
cores increases, causing (Gao & Solomon 2004a) the secondarpnother is to explore how far toward higheithese relations

relation betweerh s antl., to become nonlinear. can be pushed and to understand how the relations depend on
These considerations lead us to offer some new versions ofmetallicity and chemistry. Theoretical work by Lintott et al.
“Schmidt laws™: (2005) suggests that HCN may trace very early star formation,

depending on the nucleosynthetic yield of the earliest stars.
-1 —7 —1
M.(Mg yr) ~ 1.4 x 10 LK km s pc), - (4) We are grateful to Mark Heyer and other FCRAO staff for
assistance with the observations. We thank the referee for help-
: ful comments. We thank Dan Jaffe, John Scalo, Shardha Jogee,
M, (Mg yr*) ~ 1.2 x 10 °*M(dense)i,), (5) John Kormendy, Michael Dopita, and Luis Ho for helpful dis-

. cussions. This work was supported by NSF grant AST-0307250
where M, is the star formation rate, we have assumed thatto the University of Texas at Austin and by the State of Texas.
M, (Mg yr') =2.0x 10" g(L,) (see Gao & Solomon Y. G. acknowledges support of the NSF of China grants
2004a), and we use the fit to both dense cores and galaxies. Th&0425313 and 10333060.

REFERENCES
Carilli, C. L., et al. 2005, ApJ, 618, 586 Mueller, K. E., Shirley, Y. L., Evans, N. J., Il, & Jacobson, H. R. 2002, ApJS,
Carpenter, J. M. 2000, AJ, 120, 3139 143, 469

Casassus, S., Bronfman, L., May, J., & Nyman,&L.- . 2000, A&A, 358, 514 Plume, R., Jaffe, D. T., & Evans, N. J., Il. 1992, ApJS, 78, 505
Evans, N. J,, Il. 1991, in Frontiers of Stellar Evolution, ed. D. L. Lambert Plume, R., Jaffe, D. T., Evans, N. J., Il, Martin-Pintado, J., & Gomez-Gonzalez,

(San Francisco: ASP), 45 J. 1997, ApJ, 476, 730
Gao, Y., & Solomon, P. M. 2004a, ApJ, 606, 271 Reuland, M., Rtigering, H., & van Breugel, W. 2003, NewA Rev., 47, 303
. 2004b, ApJs, 152, 63 Sanders, D. B., & Mirabel, |. F. 1996, ARA&A, 34, 749
Greve, T. R, et al. 2005, MNRAS, 359, 1165 Schmidt, M. 1959, ApJ, 129, 243
Ho, L. C. 1997, Rev. Mex. AA Ser. Conf., 6, 5 Shirley, Y. L., Evans, N. J., Il, Mueller, K. E., Knez, C., & Jaffe, D. T. 2003,

Isaak, K. G., Priddey, R. S., Mcmahon, R. G., Omont, A., Peroux, C., Sharp, ApJS, 149, 375

R. G., & Withington, S. 2002, MNRAS, 329, 149
Kennicutt, R. C., Jr. 1997, in The Interstellar Medium in Galaxies, ed. J. M. So‘:(;rgo]rhf. M., Downes, D., Radford, S. J. E., & Barrett, J. W. 1997, ApJ,
van der Hulst (Dordrecht: Kluwer), 171 Solomon, P. M., & Vanden Bout, P. A. 2005, ARAGA, 43, 677

. 1998, ApJ, 498, 541 -~ ;
Kewley, L. J., Geller, M. J., Jansen R. A., & Dopita, M. A. 2002, AJ, 124, Solomon, P. M., Vanden Bout, P. A, Carilli, C. L., & Guelin, M. 2003, Nature,

3135 426, 636
Krumholz, M. R., & McKee, C. F. 2005, ApJ, 630, 250 Vanden Bout, P. A., Solomon, P. M., & Maddalena, R. J. 2004, ApJ, 614,
Lada, C. J., & Lada, E. A. 2003, ARA&A, 41, 57 Lo7
Li, Y., Mac Low, M.-M., & Klessen, R. S. 2005, ApJ, 626, 823 Wu, J., & Evans, N. J., Il. 2003, ApJ, 592, L79
Lintott, C. J., Viti, S., Williams, D. A., Rawlings, J. M. C., & Ferreras, I.  Wu, Y., Wei, Y., Zhao, M., Shi, Y., Yu, W,, Qin, S., & Huang, M. 2004, A&A,

2005, MNRAS, 360, 1527 426, 503
Mead, K. N., Kutner, M. L., & Evans, N. J., Il. 1990, ApJ, 354, 492 Zhang, Q., Hunter, T. R., Brand, J., Sridharan, T. K., Cesaroni, R., Molinari,

Mooney, T. J., & Solomon, P. M. 1988, ApJ, 334, L51 S., Wang, J., & Kramer, M. 2005, ApJ, 625, 864



