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Abstract. The star formation process in galaxies drives their evolution. The
physical conditions which drive the star formation process in galaxies are stud-
ied using measurements of atomic and molecular species found in the dense
has from which stars form in galaxies. Molecular emission measurements at
millimeter/submillimeter wavelengths have revealed the molecular complexity
of the star formation regions in galaxies. In a recent study of the nearby star-
burst galaxy NGC 253 using the Atacama Large Millimeter/submillimeter Ar-
ray (ALMA), the ALMA Comprehensive High-resolution Extragalactic Molec-
ular Inventory (ALCHEMI) large program imaged the continuum and spectral
line emission from the central molecular zone (CMZ) of this starburst galaxy. In
this article we summarize the current results derived from the ALCHEMI large
program. Many of these studies have focused on clarifying the state of dense
gas heating processes in the NGC 253 CMZ.

1 Introduction

The study of the star formation process in galaxies requires a wide array of diverse mea-
surements at all wavelengths. Central to the early phases of the star formation process are
measurements of the atomic and molecular spectral line and continuum emission toward those
regions in galaxies which are, or will in the near future, form stars [10]. Starburst galaxies sit
at the extreme end of the spectrum of star formation activities in galaxies due to their extreme
star-forming environments as compared to the Milky Way. Observing starburst galaxies al-
lows us to study how stars form in regions with high densities and temperatures. The proper
characterization of the physical conditions in extragalactic star-forming regions requires high
spatial resolution and sensitivity which will allow for the study of structures on giant molec-
ular cloud (GMC) scales at millimeter/submillimeter wavelengths. Molecular spectral line
emission in galaxies is driven by processes associated with star formation (mechanical heat-
ing in the form of shocks and turbulence from supernova explosions, radiative heating from
massive stars, ionization by cosmic rays from supernova remnants, etc.) that have competing
effects on the interstellar medium (ISM). Determining the influence of each of these phys-
ical processes on extragalactic star-forming regions is crucial to our understanding of the
chemical and physical processes that guide star formation in starburst environments.
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Figure 1. Focused ALMA Band 4, 6, and 7 spectra from the ALCHEMI survey. Molecular species
associated with each spectral line are indicated.

The ALMA large program ALCHEMI [11] imaged the continuum and spectral line emis-
sion from the CMZ (~ 50 X 20 arcsec ~ 850 x 340 pc) of NGC 253 covering a nearly con-
tiguous 289 GHz frequency range from 84.2 to 373.2 GHz at 1.6 arcsec (~ 28 pc) spatial
resolution. The imaging sensitivity for these measurements is 30 to 50 mK with sensitivity to
spatial scales up to 15 arcsec (~ 250 pc). These images have allowed the ALCHEMI collab-
oration to characterize the physical and chemical properties of the dense star-forming gas in
the NGC 253 CMZ. In this article we summarize a few of the ALCHEMI studies that have
been completed to-date. These studies [1-4, 68, 11] have begun to clarify the chemical state
and dominant heating processes within the heart of the NGC 253 starburst galaxy.

2 The Chemical State of the NGC 253 CM2Z

As the sample spectra from the ALCHEMI survey (Figure 1) show, the chemical complexity
and richness of the NGC 253 CMZ is outstanding. Spectral line LTE modelling identified 78
molecular species, including isotopologues and vibrational states. Newly detected species in
the extragalactic ISM include complex organic species and isotopologues, namely H?CO,
ethanol (C,HsOH), '*CCH, C'3CH, HOCN, the three '3C isotopologues of CH;CCH, propy-
nal (HC3;HO), and tentatively Si'’O. The ALCHEMI survey can also be used as a template for
measurements of high-redshift galaxies that can be used to estimate the number of individual
molecular species that are potentially detectable in a starburst environment. Our estimate,
based on a stacked spectrum from 22 high-z sources at z = 2.0 — 5.7 by [12] yields 3 — 4
expected species detections, in agreement with their reported identification.
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Figure 2. Left: Primary beam-correntegrated emission maps of C,H in NGC 253 (from [7]). The beam
size for all panels is 1.6” and is shown in the bottom left panel. Contours at the 3, 5, 10, 20 and 500
level are drawn in black. The noise levels in order of increasing N are 1.4, 8.5, 2.0 and 1.6 K km/s.
Each ellipse shows the position and size of the Gaussian fits to the four individual clumps described
in [7]. The numbers indicate the position of the GMCs. Right: Ratios of velocity-integrated intensity
images of the HCO*, HOC*, and H*CO™ J=1-0 emission toward NGC 253 (from [4]). GMC positions
indicated by + symbols.

3 Heating Processes Driving Star Formation in NGC 253

Several studies of the physical and chemical conditions in the NGC 253 CMZ have investi-
gated the processes which heat the dense gas in the primary source of the starburst in this
galaxy. CoH [Figure 2; 7], H30%/SO [Figure 3; 6], and HCN/HNC [2] emission character-
istics have been used to constrain chemical (UCLCHEM; [5]) and physical (SpectralRadex')
models of the dense gas. A similar analysis of the HCO*/HOC™* emission [4] provided addi-
tional information on the CMZ physical conditions. All of these studies found that Tx > 50K
and n(H,) > 10° cm™3, with the high kinetic temperatures driven by cosmic ray ionization
rates (CRIRs) 107" to 10712 s™!, more than 100 times larger than the average CRIR found in
the Milky Way. Furthermore, the low measured HCN/HNC abundance ratios are inconsistent
with the existence of substantial mechanical heating in the NGC 253 CMZ.
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Figure 3. H;O" 3, — 2, (left) and SO 3, — 25 (right) integrated intensity (moment 0) images toward
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of the GMCs. Star shaped markers locate the positions of the 2 cm radio continuum emission peaks
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associated continuum emission distribution for each transition. From [6].
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