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ABSTRACT

We present ALMA high spatial resolution observations towards two star forming regions located in one of the
most extreme zones of star formation in the Galaxy, the Carina Nebula. One region is located at the center of the
nebula and is severally affected by the stellar feedback from high-mass stars, while the other region is located
further south and is less disturbed by the massive star clusters. We found that the region at the center of the
nebula is forming less but more massive cores than the region located in the south, suggesting that the level of
stellar feedback effectively influence the fragmentation process in clumps. Lines such as HCN HCO™ and SiO
show abundant and complex gas distributions in both regions, confirming the presence of ionization and shock
fronts. Jeans analysis suggests that the observed core masses in the region less affected by the massive stars
are consistent with thermal fragmentation, but turbulent Jeans fragmentation might explain the high masses
of the cores identified in the region in the center of Carina. Consistently, two different analyses in the HCO*
line provided evidence for a higher level of turbulence in the gas more affected by the stellar feedback. The
gas column density probability functions, N-PDFs, show log-normal shapes with clear transitions to power law
regimes. We observed a wider N-PDF in the region at the center of the nebula, which provides further evidence

for a higher level of turbulence in the material with a higher level of massive stellar feedback.

Subject headings: galaxies: ISM — stars: formation — ISM: molecules

1. INTRODUCTION

Star formation occurs almost exclusively in the densest re-
gions of molecular clouds. Supersonic turbulence, stellar
feedback, gas self-gravity, and magnetic fields shape the com-
plex density and velocity distributions observed inside molec-
ular clouds (McKee & Ostriker 2007). The relative impor-
tance of these mechanisms over a range of physical condi-
tions in the interstellar medium (ISM) is one of the most im-
portant open questions in the star formation research commu-
nity (Federrath et all 2016). The unprecedented capabilities
offered by the Atacama Large Millimeter/submillimeter Ar-
ray (ALMA) can provide highly resolved and full-flux recov-
ery radio images of star forming regions in the Milky Way
(Rathborne et all 2015). These images have allowed to study
the connection between the cloud internal structure with the
capability of the clouds to form stars, and provide a better un-
derstanding on their wide range of star formation efficiency

and rate (Heiderman et all2010).
The Carina Nebula Complex (CNC) is a spectacu-

lar star-forming region located at a distance of 2.3 kpc
m ), which is close enough to observe
faint nebular emission, small scale structure, and lower mass
protostars. With more than 65 O-stars, it is also the nearest

analogue of more extreme star forming regions, such as 30
Doradus in the Large Magellanic Cloud. The most stunning

features in Hubble (Smith et alll2010H) and Spitzer images are
the numerous pillar-like mountains of dust, which are situated
around the periphery of the H Il region and point in toward the
central massive star clusters. Optical and infrared observa-
tions have provided ample evidence for active star formation
in the dust pillars, with more than 900 young stellar objects
identified (Smith et all20104d).

Our team has been leading a major effort to map differ-
ent phases of the ISM across the entire CNC region at dif-
ferent size scales using the Australia Telescope Compact Ar-
ray (ATCA), the Mopra telescope and ALMA. We are cur-
rently producing high quality radio images that will provide a
unique probe of the relationship between the neutral, ionized
and molecular gas phases of the ISM in the Carina region.

The Mopra CO images, combined with far-infrared data
from Herschel, have allowed us to determine the over-
all molecular mass and its distribution across the CNC
(Rebolledo et all 2016). We also reported significant dust
temperature variations across the CNC, revealing the strong
impact of the massive star clusters located at the center of the
Nebula. Detailed comparison between the total gas column
density derived from dust emission maps, and the molecular
column density derived from CO maps allowed us to grasp the
variation of the X¢¢ factor across the CNC, and link this vari-
ation to the differences in gas temperature and level of stellar
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feedback.

In the second paper of the project, we reported high sensi-
tivity and high resolution maps of the HI 21-cm line towards
the CNC obtained with the ATCA (Rebolledo et all 2017).
This detailed map of the atomic gas revealed a complex fil-
amentary structure across the velocity range that crosses the
Galactic disk. Taking advantage of the continuum sources
present in the CNC, both diffuse and compact, we were able
to identify the cold component of the atomic gas. In some
particular cases we determined the line optical depth and the
spin temperature, two quantities extremely difficult to obtain
from pure line emission maps. Additionally, detection of H I
self-absorption revealed the presence of cold neutral gas, sig-
nalling the phase transition between atomic and molecular gas
and perhaps reservoirs of “dark” molecular gas.

Using the ATLASGAL compact source catalog
(Schuller et all 2009) 60 dense clumps were identified
throughout the CNC. Ultilizing infrared images, it was found
that these clumps span a range of evolutionary stages from
proto-stellar to more evolved HII regions. We performed
Mopra observations of a combination of dense gas, shock
and ionization tracers toward all 60 clumps in order to char-
acterise the physical and chemical evolution of high-mass
clumps in this region (Contreras etal! 2019). This study
showed that the clumps in Carina are warmer, less massive,
and show less emission from the four most commonly de-
tected molecules, HCO*, N,H*, HCN, and HNC, compared
to clumps associated with masers in the Galactic Plane
(Green et all 2009; [Green et all [2012; [Avison et all 2016).
This result provided support to the scenario in which the
high radiation field of nearby massive stars is dramatically
affecting its local environment, and therefore the chemical
composition of the dense clumps.

Among the sample of massive clumps observed in the
CNC, one region located in the Southern Pillars (SP) and
another located in the Northern Cloud (NC) seem to show
very different physical conditions (Roccatagliata et all 2013;
[Rebolledo et al! I2Ql_d) As can be seen in Flgure [ the re-
gion in the NC is in the vicinity of the massive star clus-
ters Trumpler 14 and 16 (~ 2.5 pc from nearest massive
stars), and is located in one of the brightest H II regions, Car
I (Gardner & Morimotd [1968; Brooks et all [2001)). On the
other hand, the region in the SP is located much further away
(~ 30 pc) from the center of the radiation field. The strength
of the FUV radiation in some regions of the NC can be ~ 7000
Gy which is 10 times larger than the radiation field observed
in the SP (Brooks et al!2003; Roccatagliata et al/2013). The
dust temperature map also shows differences between these
two regions (Rebolledo et all2016). While the dust tempera-
ture at the SP varies between ~ 20—22 K, the NC shows dust
temperatures ~ 28 —30 K. Thus, these two distinctive regions
represent our best choice to investigate the effect of massive
star feedback on the formation of new stars.

In a recent paper, (2019) observed the 158 pum
line of [C II] in the gas nearby Trumpler 14 and the bright H IT
region Car I using the Stratospheric Terahertz Observatory 2
(STO2). They found that the bright [C II] emission correlates
with the surfaces of the CO structures, tracing the photodisso-
ciation region (PDR) and the ionizionation fronts in the NC.
By comparing [C II] with multiple tracers such as HI 21 cm,
CO(1 — 0) and radio recombination lines, they found that the
H I region in the NC is expanding freely towards us, and that
the destruction of the molecular cloud is driven by UV photo
evaporation. However, the spatial resolution of 48" of this

study was insufficient to obtain a detailed internal view of the
gas in this region.

In this paper, we report ALMA Band 3 observations to-
wards these two distinct regions in the CNC that contains sev-
eral massive clumps. The science goal was to compare the
internal structure of the two selected regions to investigate the
effect of massive stellar feedback in the gas kinematics and
distribution. The continuum, along with the emission in the
HCO*, HCN, SiO and other lines are used to determine the
location, mass, and kinematics of the small-scale fragments
within these regions.

The study is presented as follows: Section 2] describes the
observations of the two regions in the CNC with ALMA. Sec-
tion B presents the internal gas distribution, and the properties
of cores identified in each region. This section also discusses
the gas kinematics revealed by each detected line in both re-
gions. SectionHreports on the differences in the core masses,
and describes an explanation for this based on Jeans analy-
sis. Finally, this section discusses the level of turbulence in
these two regions, and its effect on the kinematics properties
of the gas and the overall column density distribution in both
regions. In Section[Ala summary of the work presented in this
paper is presented.

2. DATA
2.1. ALMA observations

The observations were conducted during the ALMA Cycle
4 under the project code 2016.1.01609.S. Our goal was to re-
solve the small-scale structure inside the observed regions in
the SP and the NC. We requested a 3" spatial resolution for
our maps, which corresponds to ~ 0.03 pc at the distance of
2.3 kpc. Based on the ATLASGAL 870 psm maps, an area of
4 x4 arcmin? (equivalent to 2.7 x2.7 pc?) is needed to enclose
the dust emission in each region. 12 m and 7 m array observa-
tions are requested to maximize flux recovery at scales ~ 1/,
similar to the scales observed in the Mopra maps. The mosaic
for the 12 m array was composed of 134 pointings, while 46
pointings were needed to cover the same area with the 7 m
array. Figure[I] shows the location of the SP and the NC fields
covered by our observations. It also shows the position of the
massive star clusters. Four spectral basebands in Band 3 are
utilized to observe twelve spectral lines and the continuum.
Table [1 details the spectral setup for our observations. For
the main lines HCN, HCO™, H'3CN and H3CO", the channel
resolution was 61 kHz. For the remaining lines, the channel
resolution was 122 kHz. The continuum window was cen-
tered in 99.5 GHz, and its bandwidth was chosen to be 2000
MHz in order to maximize sensitivity.

2.2. Imaging of 12 m and 7 m data

We downloaded the raw data from the ALMA archive and
regenerated the calibrated data for both arrays. Then, the 12
m and 7 m array observations were combined and imaged to-
gether using the fclean task of the CASA package. For the
main lines, HCN, HCO*, H*CN and H!3CO", the channel
width is 0.41 kms~'. For the remaining lines, the velocity
resolution is a factor of two larger. The synthesized beam
achieved in our maps, with small variations across the differ-
ent spectral windows, is ~2!'8 x 1”8 using a robust weighting
of 0.5. The noise in a single channel is 10 mJy/beam. For the
continuum maps, the achieved noise is 0.22 mJy/beam for the
NC, and 0.12 mJy/beam for the SP for the 2 GHz window.
This correspond to a 3¢ sensitivity of 1.1 M, for the NC and
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0.8 M, for the SP.
3. RESULTS
3.1. Morphology of the emission in the NC and SP

3.1.1. Continuum

Figure 2] shows the continuum map of the region observed
in the NC. Two arc-like structures are identified across the
surveyed area in the NC, which we named Al and A2. We
suspect that the radiation field from the nearby massive stars
are producing ionization fronts that heat the dust in these re-
gions, and our ALMA continuum observations are tracing the
front edge of the heated gas. However, a free-free component
could be also contributing to the continuum emission.

In the NC region, three bright cores have been identified
by visual inspection. Two of the cores are located in close
proximity (See Figure [3] for a more detailed image). Table
provides the properties of the cores detected in this region.
In order to get the integrated flux and size for each core, a
2D gaussian and a flux offset level have been fitted to each
core using the task imfit from the Multichannel Image Re-
construction (Miriad) package. The strongest emission core,
NCl, is located at (I,b) ~ (287.369°,—0.622°) and has an in-
tegrated flux of 14.4 mJy. The companion core, NC2, has
an integrated flux of 8.07 mJy and is located at 5”2 away
from NC1, which corresponds to 5.8 x 1072 pc at the assumed
Carina Nebula distance. The third core, NC3, is located at
(1,b) ~ (287.355°,-0.624°), which is 0.6 pc away from NCI
and NC2. NC3 has an integrated flux of 9.78 mly, and it is
surrounded by diffuse emission.

The continuum map toward SP is shown in Figure 4 In
this case, no continuum diffuse emission is detected in the SP,
which is a contrast with the situation observed in the NC. In
total, 10 compact sources are distinguished, a factor of ~ 3
more than in the NC. Two distinct regions are located at the
top and the bottom of the surveyed area, having five cores
each. Figure[3lshows zoomed images towards the two groups.
Table 2| provides the properties of the cores detected toward
SP.

In the region located in the northern part of the SP, a single
core, SP1, and two double systems formed by SP2-SP3, and
SP4-SP5 pairs are detected (see Figure[3). SP1, SP2 and SP3
have fluxes of 2.60, 2.16 and 4.29 mJy respectively, and rep-
resent the brightest cores in the SP sample. SP4 and SP5 have
fluxes ~ 1.2 mJy. The projected distances between the SP1 to
the SP2-SP3 and SP4-SP5 pairs are 0.2 pc and 0.5 pc respec-
tively. The distance between SP2 and SP3 is 6 x 1072 pc, while
the projected distance between SP4 and SP5 is 3x 1072 pc. In
this region we do not detect SiO emission associated with the
cores nor diffuse emission related to PDRs as observed in the
NC.

The group located in the southern part of the SP has also
5 compact sources identified in the continuum map. There is
triple system formed by SP6, SP7 and SPS. SP6 and SP7 are
barely distinguishable from each other, while SPS is located
at ~ 7.3x1072 pc away. Different from the area in the north
of the SP, in this region SiO emission is detected (Figure [3).
The fluxes of the cores are ~ 1.2 mly.

Located at 0.36 pc away and towards the south from the
triple system described above, we identify another core, SP10.
Located at 0.14 pc away from it another core is identified,
SP9, and it seems to be connected to SP10. Both cores have
fluxes ~ 1.2 mly.

Although less massive core could be identified by structure

decomposition algorithms such as dendrograms or clumpfind,
for the NC we have decided to keep only the three compact
sources with obvious round shape and high S/N ratio (> 10).
Thus, the cores are sufficiently bright to be differentiated from
the diffuse continuum emission. Because the diffuse contin-
uum emission detected in the NC can have a significant com-
ponent from ionized gas rather than hot dust, structures with
smaller signal to noise might be misidentified as low-mass
cores.

3.1.2. Molecular lines

Figures 2] and [ also show the integrated intensity maps of
the observed molecular lines in the NC and SP respectively.
In the following paragraphs, we will discuss in more detail the
maps of each detected line individually.

HCN— This line is the brightest in our sample, achieving
an integrated intensity peak of ~ 218 K kms™! in the NC,
and 22 K km s~! in the SP, a factor of ~ 10 weaker. In gen-
eral, the peaks of the line are spatially coincident with the
position of the cores detected in the continuum. A complex
distribution of the emission is seen in the HCN map in both
regions, revealing structures that seem to point into the direc-
tion of the massive stars. In both regions it is possible to de-
tect profuse low brightness emission. This emission is prob-
ably associated with low/moderate column density gas. HCN
has already been linked to moderate gas density in molecu-
lar clouds (Stephens et all 2016; [Kauffmann et all 2017). In
Goldsmith & Kauffmann (2017), the authors proposed that
electron excitation could be responsible for the large spatial
extent of emission from dense gas tracers in some molecu-
lar clouds, specially in external regions being exposed to high
radiation fields. This might be the case of the NC and SP re-
gions. Additionally, we identify a region where no continuum
emission is detected but HCN is strong in the SP (red square
in Figure ). We suspect that in this region some cores might
be present but the current sensitivity of our observations is not
capable of detecting them.

HCO"— The spatial distribution of HCO™ is remarkably sim-
ilar to the emission distribution of HCN in both regions.
HCO" shows an integrated intensity peak ~ 120 K km s
in the NC, and 34 K km s~ in the SP, which is a factor 6
weaker. The two arc-like structures Al and A2 are evident in
the HCO™ map of the NC region, but in this case the diffuse
emission inside the cavities makes the identification slightly
difficult. As HCN, HCO" traces not only material associ-
ated with the densest gas, but also lower density diffuse gas.
As with the HCN molecule, |Goldsmith & Kauffmann (2017)
finds that the HCO™ molecule is also similarly affected by
electron excitation. This is consistent with both lines show-
ing similar emission distributions.

H"CN and H*CO*— The H3CN and H'*CO™ lines show al-
most identical features in the NC. The distribution of H'*CN
and H'3CO" are less diffuse than the one of HCN and HCO*
as they trace denser gas. The only arc-like structure traced by
both H'3CN and H'*CO™ is A1. A2 arc is not visible in any of
the integrated intensity maps of H*CN or H'3*CO*. We pro-
pose that this difference is related to abundance differences
of the H*CN and H'3CO" isopotologues between the two
arcs. If it is assumed that the gas in A2 is less dense, then the
less abundant isopotologues suffer from stronger reduction in
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|a‘?@ggdamce due to selective photo dissociation (Keene et all
).

On the other hand, in the SP the morphology of H*CN
and H'*CO" are different. While the H'3CO" shows extended
emission that approximately follows the filamentary structure
of the diffuse gas traced by HCO*, H'3CN is only detected
towards the cores identified in the continuum. This is likely a
sensitivity effect as the H'*CN is weaker (likely because the
intensity is shared among the hyperfine lines) and we only see
the peaks where the column density is probably higher. The
difference in brightness does point to a difference in radia-
tion field or chemistry. The fact that the difference is not as
pronounced in the main isotopologues (HCN and HCO") is
probably due to line opacity.

SiO — In the case of SiO, compact emission associated with
the cores and diffuse emission that follows A2 arc-like struc-
ture are detected in the NC. Figure 8] shows a zoomed image
toward the position of the three cores detected in the contin-
uum map overlaid with the SiO map. SiO is seen around
the three cores, probably associated with outflows of proto-
stars inside the cores. The arc-like structures traced by the
diffuse SiO are intrinsically related to the PDR of the shock
front produced by the energy feedback of the nearby massive
stars. Detection of diffuse SiO has been reported in several
previous studies related with stellar feedback. For example,
ISchilke et all (2001) reported observations of the SiO towards
several PDRs, including the Orion Bar and S 140. They found
that the distribution of the SiO emission is somewhat more
extended than arising from just the layer of the gas associated
with the ionization front. More remarkably, a significant shift
between the position of the continuum and the SiO emission
is seen in A2 (Figure[3). A possibility is that the continuum
emission seen in A2 is dominated by ionized gas rather than
hot dust emission. Thus, A2 traces the ionization front pro-
duced by the nearby massive stars, while the SiO traces the
PDR/shock front region.

In contrast to the NC, in the SP diffuse SiO is not seen. We
only detect three weak and compact sources, probably linked
to cores SP7, SP8 and SP10 (see Figure[3). This establishes a
clear difference between the NC and the SP in terms of the ef-
fect of external stellar feedback between the two regions: NC
is being heavily affected by the radiation field of the nearby
massive stars, producing ionization flux that removes the Si
from the dust grains and put it into gas phase. On the other
hand, because the SP is less affected by the massive stars rel-
ative to NC, no PDRs are present in the ISM resulting in less
Si in gas phase, reducing the emission of diffuse SiO.

HCO— HCO is detected in some of the PDRs reported above
in the other lines, with a peak of integrated intensity ~ 4
K kms™' in the NC and ~ 2.2 K km s~ in the SP. In the
NC, the line is not detected over the full extent of the fronts,
but it is seen in the central part of the field where the HCO*
line emission is strong in A2 (see Section [3.2.1] for the de-
tected spectra). In the SP, HCO emission is clearly seen in
the region where SP2 and SP3 cores are located. Addition-
ally, HCO emission is detected in regions that seems to be
located at the surface layers of the SP, specially in the right
edge of the cloud. The emission in the center of the field
seems to correspond to gas in the foreground of the main
cloud and thus exposed to the radiation field coming from
the north (see Section B.2.1] for more details). The formyl
radical has been linked to the basic ISM chemistry because

its formation is related to abundant molecules such as HCO™
and CH;. The detection of HCO has been previously reported

in PDRs regions (Schenewerk et all[1988; ISchilke et all2001;

2009), which is consistent with the detections re-
ported here.

HNCO— HNCO is only detected in regions associated
with cores NC1 and NC2, and at the center of A2. No
diffuse emission is detected in the NC. HNCO can trace
shocks but it is seen bright in PDRs and dense gas in gen-
eral (Zinchenko et all2000; Rodriguez-Ferndndez et all2010;
Sanhueza et al![2012). In the case of the NC, we only detect
some compact emission near the continuum cores. This is
consistent with the picture where HNCO is a good tracer of
hot cores. Thus, our observations suggests that hot core activ-
ity is present in our reported cores within the NC. No strong
detections of the HNCO line are obtained in the SP.

3.2. Gas kinematics

To study the kinematics of the region observed in the NC
and the SP, we obtained the average spectra in selected regions
associated with different structures. The size of each box used
to extract the spectra is 20”. Only the lines with detections are
included, namely, HCN, HCO*, H'*CN, H'3*CO", SiO, HCO,
and HNCO.

3.2.1. Northern Cloud

The regions selected in the NC are labeled as RNC1, RNC2,
and RNC3 and their locations are indicated in Figure[2l The
spectra are shown in Figure Figure [7] shows a velocity
decomposition of the emission for HCO*, H'*CO* and SiO
lines. Four velocity ranges were selected in order to show a
better picture of the different components present in the gas.

In RNC1, which is located where the cores NC1 and NC2
are identified, a main component at ~ —23 km s™! in all the
molecular lines is detected. This bright and broad component
correspond to the excited gas front pointing to the Trumpler
14 cluster as shown in Figure [/l A second lower-intensity
component at ~ —19 km s™! is also identified in the HCO*
and HCN spectra. This component is part of another PDR
front that appears at ~ —19 km s™' and that is more evident
in RNC2 (see below). In the velocity range —35.0 km s™! to
—21.3 km s™', the ionization front coming from Trumpler 14
has shaped the HCO" as a large arc-like structure. The SiO
is detected along the photoionization region in the arc-shaped
gas and in many other small compact sources, signalizing the
position of ionization regions and/or outflows.

RNC?2 is located near the center of the covered field, and
two components in the HCN and HCO* spectra are seen. The
strongest component shows a peak at ~—19.5 km s~! and cor-
responds to another photoionization region seen in the veloc-
ity range —21.3 km s™! to —18.4 km s™!. The second compo-
nent is the continuation of the emission observed in RNC1.

In RNC3 the predominant component as seen in HCO* and
HCN is still located at ~ —19.5 km s™!, but another weaker
component at —17 km s~! is seen. This weaker component
is related to another PDR front which is seen in the velocity
range —18.4 km s! to —13.1 km s™! (Figure 7). The front is
not detected in H'*CO* and H'*CN suggesting that the gas in
this region is less dense. SiO is detected in the spectrum of
RNC3, and Figure[7lshows that this line nicely traces the full
extent of the front. The front has a arc-like shape pointing to
the direction of the radiation from Trumpler 14, and follows
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one of the structures identified in the continuum emission map
as discussed in Section[3:. 1.2l HCO is much brighter in RNC3
than in RNC1 and RNC2. It is possible that RNC3 is more
illuminated by radiation than the other 2 regions.

Figure [7] also reveals an additional gas front in the ve-
locity range —13.0 kms™! to —=6.0 km s™'. This front is al-
most perpendicular to the projected direction of the radia-
tion field from Trumpler 14, and is detected in HCO* and
HCN. The strongest emission in these lines is detected be-
tween —12.5 kms™! and =9 km s™!. SiO is also detected in
some of the regions along the front.

3.2.2. Southern Pillars

Figure [§ shows the spectra of the detected lines towards
the three selected regions in the SP: RSP1, RSP2 and RSP3.
These three regions, shown in Figure [ include the regions
with bright emission in the lines HCN and HCO*. Addition-
ally, Figure[@lshows a velocity decomposition of the line emis-
sion for HCO*, H'3CO™ and SiO. Two velocity ranges are se-
lected, from —25 km s~ to =19 km s™!, and from —19 km s
to —13 km s™', in order to better show the emission associated
with the two components present in the region.

The RSP1 region encompasses cores SP2 and SP3. A sin-
gle component at ~ —22.5 kms™' is seen in the HCO" and
HCN spectra, which also shows the hyperfine lines. We de-
tect strong emission in the H'3CO* spectrum, but the H'*CN
counterpart is very weak. Both HCO and HNCO are detected
in this region. We notice that RSP1 is the only region in SP
that shows HNCO emission. Figure[shows that the majority
of the flux in the SP is in the velocity range from —25 km s~
to —19 km s™', and we define this as the main cloud.

RSP2 covers the region associated with SP9 and SP10.
Both HCO* and HCN show a strong self-absorption feature in
the profiles at ~ —22.5 km s~!. This might corresponds to cold
and dense gas located in the region where the cores SP9 and
SP10 are identified. On the other hand, H*CO* and H'*CN
show emission profiles at the same velocity ~ —22.5 km s~}
of the self-absorption features detected in HCO* and HCN.
A likely explanation of this could be a signature of gas ex-
pansion in the cores. Marginal detection for HCO line is ob-
served. This velocity component belongs to the main cloud
already observed in RSP1.

Finally, we have chosen RSP3 as the region that shows
the second velocity component at —18 km s™'. This compo-
nent is seen in the HCO* spectrum. In the case of HCN,
the main line is almost totally suppressed while the satel-
lite lines are detected. Observations of anomalies in the
HCN hyperfine line strengths have been reported in previous
works i ; ;
Mullins et all2016). Several mechanisms have been proposed
to explain the deviation of the hyperfine line ratios from local
thermodynamic equilibrium (LTE) conditions. In their stud
of low- and high-mass star forming cores, mﬂ
(2012) found that HCN hyperfine anomalies are common in
both types of cores. They proposed that line overlap effect as
the responsible for the anomalies. By modelling the HCN hy-
perfine line emission, [Mullins et al! 2016 found, on the other
hand, that HCN line rations are highly dependent on the the
optical depth. We suspect that in the case of region RSP3
in SP, the high opacity of the HCN line and low temperature
might be responsible for the reduction of the main line, but
why a similar effect is not observed in the hyperfine lines is
still unknown. HB3CO*, H3CN, SiO and HNCO are not de-

tected in this region. On the other hand, HCO emission is
detected.

4. DISCUSSION
4.1. Masses of the cores

Table[3] gives the masses and sizes of each core identified in
SP and NC. The former were computed assuming dust tem-
perature values of 23 K for the SP and 28 K for the NC, both
reported in [Rebolledo et all (2016). We used a dust opac-
ity K3mm = 0.186 cm? gr™' computed from extrapolation of
K13mm = 1 cm? gr™!, and assuming 3 =2. A Gas-to-Dust ra-
tio of 100 was assumed. The sizes were calculated following
Solomon et al! (1987) and [Rosolowsky & Leroy (2006). The
core radius, R. is calculated by using R. = 1.910,, where o, is
the rms size of the clump.

As was described in Section Bl we identified 3 cores in
the NC (NC1-3) and 10 in the SP (SP1-10). In terms of the
masses, the NC has the most massive cores compared to the
SP. While the NC has a mean core mass of 19.4 M, the mean
in the SP is 3.8 M, a factor of 5 difference. The total mass
in cores in the NC is 58.3 M, while in the SP is 38.4 M.

4.2. Fraction of the mass in cores

In this section we estimate the percentage of the total mass
inside the cores for both regions. The fraction of mass in cores
is an important parameter for the estimation of the star for-
mation efficiency, which is defined as star formation rate per
unit of mass. Our motivation is to look for differences in the
core mass fraction between the SP and the NC. We start by
estimating the total mass within the regions observed in the
SP and the NC using the gas column density map derived in

) from Herschel maps. Because the to-
tal mass includes both dense and diffuse gas, we also estimate
the gas mass above a certain gas column density threshold,
Naas th- AS Ngys 1 18 increased, the estimated mass will be com-
posed of denser gas. Finally, the fraction of mass in cores is
calculated by dividing the total mass in cores (estimated in
Sectiond.]]) by the gas mass above the different Ny 1 values,

Mcores

_ 1
M(Ngas > Ngas,th) ( )

f core—mass —
where Mo 18 the mass in cores, and M(Ngas > Ngas ) 1S the
total mass considering the material above Ny . Figure
shows the relation between feore—mass and Ngas in. The fraction
of the mass in cores is slightly higher in the SP than NC for the
same value of Ngys . In both regions, SP and NC, feore-mass
is close to 1% when all the gas mass in the region is con-
sidered. As the gas column density threshold to estimate the
mass in denser gas increases, the core mass fraction naturally
increases. For the SP, fiore-mass re€aches a value ~ 10% for
Ngas =4 x 10*2 cm™. At the same column density threshold,
the core mass fraction in the NC is still ~ 1%. Only when
we calculate the gas mass above Ny, = 10 cm™2, the core
mass fraction in the NC reaches a value of 16 %. Thus, the
Ngas th at which a similar fore-mass value is achieved is a factor
of 2.5 larger in the NC than in the SP, showing another clear
difference between these two regions.

4.3. Internal dynamics of the cores

Given the difference in mass values between the cores in
the NC and the SP, we have performed a study of the internal
dynamics of the identified cores. This analysis will allow us
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to assess the stability of the cores, and look for differences
between the two regions. Among the sample molecular lines,
the H'3CO" line was used to obtain the velocity dispersion
for each core. As is shown in Figures [l and [B] this line does
not show self absorption features and a its line width is less
affected by diffuse emission not related to the core. The ve-
locity dispersion is calculated by fitting a gaussian function to
the spectral profiles derived for each core. Figure [[1] shows
the resulting velocity dispersion vs. size relation for the cores
in the NC and the SP. The cores in both regions have similar
sizes, but NC show slightly higher velocity dispersions. Thus,
this analysis suggests that the cores in the NC have higher
level of turbulence compared to the similar size cores in the
SP.

Figure[[Tlalso shows the virial parameter aw;; for each core.
This value is calculated using the standard equation (ignoring
magnetic fields and external pressures, and assuming a uni-
form density profile),

5 AV R,
GM, '’

where Av is the velocity dispersion, R is the radius of the
clump, and M, is the mass. In this analysis, M, is obtained
from the dust mass derived in @I} The virial parameter val-
ues are similar for the resolved cores in both regions. This is
because although cores in the NC have larger velocity disper-
sion than SP, they are also more massive resulting in similar
values of aw: in both regions. In addition, all resolved cores
show o < 1, suggesting that these cores might be collaps-
ing.

@)

Quyir =

4.4. Gas fragmentation

Considering the prominent differences in the core proper-
ties observed between the SP and the NC, we have performed
a Jeans analysis of the gas in the regions with detected cores.
If the gas in the Carina region experimented thermal fragmen-
tation, then the Jeans mass (Mj) and Jeans length (7y) repre-
sents useful parameters to compare to the properties of the
cores identified in the NC and the SP. If the masses of the
cores are similar or smaller than My and the distances between
nearby cores are similar or smaller than ry, then thermal frag-
mentation explains the observed structures in a given region
of a molecular cloud. This has been suggested as the pre-
dominant fragmentation process in several studies in differ-
ent molecular clouds (Beuther et al! 2018 [Palau et all 2015;
[Palau et al! 2014; [Palau et al! 2013; [Sanhueza et all 2019).
Other studies, on the other side, have found core masses sig-
nificantly larger than Mj, suggesting than turbulent Jeans frag-
mentation plays a more relevant role in the generation of sub-
structures inside clouds (Wang et al![2014; |Pillai et al![2011)).

We have estimated Jeans mass for both the NC and SP. For
these calculations, the gas temperatures are the same used
in Section B.1l The volume densities, nyp, are estimated
from the dust maps from the ATLASGAL survey, assum-
ing a Kog7mm = 0.42 glr‘1 cm?, which is an extrapolation of
K13mm = 1 gr‘1 cm? assuming 5 =2. A Gas-to-Dust ratio
of 100 is used. We have estimated the total mass enclosed
in an aperture of 20" radius which roughly corresponds to
the clump’s size as shown by the ATLASGAL maps. Thus,
the volume density is estimated assuming a spherical shape
of 20” radius. For the NC, the local nyp = 1.5 x 10° cm™,
while that for the SP ny, = 0.7 x 103 cm™. With these values,
we estimated My ~ 4.5 M, for both regions. These values

are consistent with the core’s masses found in the SP, but are
factor 4-5 smaller than the values of the cores in the NC.

‘We note that the Mj values suffer from several uncertainties
given the multiple assumptions involved in the calculations.
For instance, the average local gas temperatures and volume
densities are estimated from current ISM conditions, which
might have been significantly different at the time when the
fragmentation process started. In order to investigate the vari-
ation of the Mj for several ISM conditions, Figure [12] shows
a grid of Jeans mass values for a given range of ny, and tem-
peratures.

For the SP region, a wide range of temperatures and den-
sities produce My values consistent with the estimated core
mass values. For 10* cm™ < ny; < 10° cm™, gas tempera-
tures going from 10 K to 20 K produces Mj values that are
consistent with the measured core mass values. For ny > 103
cm™3, gas temperatures have to be higher than 20 K in order
to have Mj similar to the core masses detected in the SP.

On the other hand, for the NC to have a density similar to
the estimated value (~ 10° cm™) the gas temperature has to
be larger than 60 K for the cores’ masses to be consistent with
thermal fragmentation. For densities higher than 103 cm™,
the gas temperature has to be larger than 70 K to produce My
similar to the masses of the cores identified in the NC.

The Jeans analysis presented above provides evidence for
thermal fragmentation in the SP. For the NC, turbulent Jeans
fragmentation could have also played a role in the forma-
tion of high mass cores as suggested in previous studies
(Wang et all 2014; Pillai et al. ). Turbulent fragmenta-
tion analysis requires a deeper knowledge of the turbulence
status of the gas and cores. Therefore, the dynamics of the
gas is discussed in the next section.

4.5. Turbulence in the gas

Given the clear differences in stellar feedback observed in
the SP and the NC, it would be helpful to have a complete
picture of the velocity properties of the gas at different scales
in both regions, and search for similarities and differences. In
order to study the internal kinematic structure of the gas in
both regions, two methods are used: dendrograms and princi-
pal component analysis.

4.5.1. Dendrograms

Dendrograms decompose the emission map in several struc-
tures following a tree-like configuration. In this study
we made use of SCIMES, a Python package to find rel-
evant structures into dendrograms of molecular gas emis-
sion using the spectral clustering approach described in
Colombo et all (2015). SCIMES makes use of ASTROPY/]
a community-developed core Python package for Astronomy

i (2013, 2018). In the dendro-
grams algorithm, the largest structures are referred as trunks,
which are defined as being without parent structures. The
branches are structures which are split into multiple sub-
structures, and the leaves are the structures that cannot be di-
vided into sub-structures. These structures are defined based
on three parameters: MINVALUE, MINDELTA and MINPIX.
The MINVALUE sets the noise threshold below which no struc-
tures are identified. The MINDELTA controls the minimum in-
tensity value required for two local maxima to be identified
as separated structures. The MINPIX specifies the minimum

! http://www.astropy.org
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number of pixels required to be identified as an independent
structure. We have performed our analysis in the HCO* cube
due to the high brightness and broad distribution of its emis-
sion.

The decomposition was performed using MINVALUE = 50,
MINDELTA= 20, and MINPIX equal to the number of pixels
inside an area of 3 synthesized beams. We identified 584
leaves in the NC and 136 in the SP. Figure shows the
distributions of the velocity dispersion (Av) of the leaves in
the SP and the NC. Both distributions are roughly similar for
Av < 0.3 km s~!. However, for Av > 0.3 km s™' we observe
a clear difference between the two distributions. In propor-
tion, in the NC we detect more leaves with Ay > 0.3 km s~
than in the SP. The mean velocity dispersion is 0.37 km s™!
for the NC, white for the SP is 0.31 km s™'. A Kolmogorov-
Smirnov (K-S) test has been applied to assess whether veloc-
ity dispersion values in SP and NC are drawn from the same
distribution. The K-S statistic (or D value) is equal to 0.2 and
a significant level of 1.2 X 1073. Thus, both distributions are
statistically different. In addition, a Student’s T-statistic was
performed to assess whether the distributions of Av for the
SP and NC have significantly different means. For the HCO*
line, the T-test statistic is 3.8, and the T-test significant level
is 1.8x 107, Thus, statistically, both distributions of Av have
different mean values.

The difference between the velocity dispersion distribution
between the two regions detected in the HCO" line is not
surprising considering the level of stellar feedback that the
NC is receiving from the nearby massive star clusters Trum-
pler 14 and 16. Because the HCO™ line traces a wide range
of gas densities, then it is sensitive to the turbulent motions
present in low/medium density material which probes the pre-
fragmentation gas densities. Figure[[3]also shows the Av dis-
tribution of the leaves identified in the H'*CO™ line cubes in
both regions. This line provides information about the level
of turbulence in the denser gas component in the NC and SP.
We do not detect significant differences between the two re-
gions as with HCO*. The mean velocity dispersion is 0.31
and 0.28 km s~! for the NC and SP. A K-S test produces a D
value equal to 0.22, and a significant level of 0.3. Thus, we
cannot reject the null hypothesis in this case. Complementary,
a T-test study produces a statistic equal to 1.4, and a signifi-
cant level equal to 0.16, confirming that both distribution are
statistically similar. Thus, the difference in the level of turbu-
lence in both regions is only detected by the low density gas
component traced by the HCO™ line.

4.5.2. Principal Component Analysis

In addition to the dendrograms analysis presented above, to
assess the correlation between the velocity changes at differ-
ent scales we apply a Principal Component Analysis (PCA)
to the HCO* data cubes. The use of PCA technique in the
analysis of spectral-line data cubes was originally proposed
by [Heyer & Peter Schloerb (1997), and further developed by
Brunt & Heyer (2002). In this study, we use the algorithm
implemented in the TURBUSTAT python package described
in [Koch et all (2017) and [Koch et all (2019). The PCA tech-
nique is a reduction procedure that identify correlated compo-
nents in the covariance matrix of spectral channels in a data
set cube. If we write the data cube as T (x;,y;,vj) = Tjj, then the
covariance matrix S is given by

1 n
Sik = - Zl: T; Tix (3)

where n = n, x n,, with n, and n, giving the number of pix-
els in the coordinate x and y of the data cube respectively.
This method reconstructs the turbulent structure function, i.
e., extraction of characteristic scales, by using the eigenvec-
tors to construct a set of eigenimages (spatial structure) and
eigenspectra (spectral structure). A size-line width power re-
lation (Av < L*) for the data is created by combining these
scales over the number of eigenvalues, where the index « de-
scribes the turbulence regime of the data. The index « is dif-
ferent from the index 7 in the energy spectrum E(k) o< |[k|™".
The energy spectrum E(k) describes the degree of the coher-
ence of the velocity field over a range of spatial scales. An
empirical relation between « and 7 indexes was proposed by
Brunt & Heyer (2002). From a series of models with differ-
ent values of 7, they found o = 0.337—0.05 for values of n
between 1 and 3. This relation provides a calibration tool
between the intrinsic velocity field statistic given by the en-
ergy spectrum and the the observational measures given by
the size-line width relation.

The relations between the velocity differences and the spa-
tial scales obtained in the HCO" cubes from the PCA analy-
sis for SP and NC are presented in Figure [[4l At first sight,
the SP seems to show a flatter correlation than the NC. In
order to assess statistically a difference in the o parameter be-
tween the two regions, we have used the Bayesian inference
method introduced in (2007). The Bayesian approach
generates joint posterior probability distributions of the re-
gression parameters given the observed data, and draws the
error in each measured quantity from some a priori defined
distribution which should reflect the uncertainties in the mea-
surements. This method has been used successfully in several
previous studies of linewidth vs. size relations
2012; Rebolledo et all 2015). According to Bayes’ theorem,
the posterior distribution of the parameters 6 given the ob-
served data (x,y) is given by

p(0]x,y) < p(x,y|0)p(8), “)

where p(0) is the prior parameter distribution, and p(x,y|6)
is the probability of the data given the parameters 6. We uti-
lized a Markov chain Monte Carlo (MCMC) routine to sample
the probability distribution of the fitting parameters through
random draws. Thus, histograms of the marginal probabil-
ity distributions are generated, from which we estimate the
median and error for each parameter. This method provides
more realistic parameter uncertainties because it accounts for
the uncertainties of the dependent and independent variables
of the fit at the same time. Following[Kelly (2007), the fitting
is performed as follows,

10g (=A+« IOg (X) + €scats Q)

where €, 1s the scatter about the regression line. ey, 1S as-
sumed to have mean of 0 and dispersion 7. Thus, the three
parameters involved in the fitting method are A, and 7. For
each scaling relation in the SP and NC, we have run 2 x 10*
random draws to sample the probability distribution of the fit
parameters. Because we are interested in the variations of the
regression fit parameters at size scales representative of the
values observed with ALMA, we have normalized the size
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variable by an appropriate value of 0.01pc. Thus, the linear
regression is performed over the relation

log (Line width) _Atralo (Spatial Length

km s7! 0.01 pc ) + €scar- (6)

The resulting fitted relations are shown in Figure[I4l These
relations are constructed by using the o and A values corre-
sponding to the peak of the probability distributions, which
are shown in Figure Along with the peak values for the
parameters, we also provide the 90% High Density Interval
(HDI) defined as the interval that encloses the 90% of the
probability distribution. The HDI can be seen as a proxy for
the uncertainty associated with each parameter. For the o pa-
rameter, the peak value is 0.59 and a 90% HDI of [0.37,0.75]
in the NC. In contrast, the probability distribution for the «
parameter has a peak at 0.34 for the SP, with a 90% HDI of
[0.01,0.52]. These numbers reveal that statistically, there is a
high probability that given the uncertainties in the measure-
ments of the line-widths, the slope of the relation in Equation
[@lis steeper in the NC than in the SP. However, given the clear
overlap between the two « probability distributions for NC
and SP shown in Figure there is a non-zero probability
that both relations might have the same slope.

If we assume that the v parameter is in fact different be-
tween the two region, then this difference could be interpreted
as an indicator of the interaction of the stellar activity in this
NC region and the surrounding medium, which is higher than
in the SP. This interaction injects energy into the system at
different scales in the NC which leads to stronger correlation
with the velocity fluctuations. The spatial length goes from
0.08 to 0.4 pc, which are comparable to the distance between
the dense cores and the arcs structures (see Section 3.1)), and
could be related with the fact that our observations are tracing
the PDRs fronts in the NC region which might be the origin
of the turbulent motion detected in the HCO™* line.

4.6. Distribution of column densities

Considering the differences in the physical properties such
as fragmentation and turbulence between the NC and the SP,
now we direct the discussion to the internal structure of the
gas distribution. One particular tool used to describe the inter-
nal structure of molecular clouds has been the volume prob-
ability density function (p-PDF). According to theories and
numerical simulations, the PDF is expected to have a log-
normal shape in a turbulence-dominated media where self-

ravity is not important (Ostriker et al![1999; [Federrath et all
@). Additionally, this log-normal shape is also obtained
in column densities probability distributions (N-PDF) pro-
duced by simulations (Ostriker et all 2001;
2009). Observationally, detailed studies on nearby molec-
ular clouds have revealed that while quiescent clouds show
N-PDFs similar to log-normal, active star forming clouds, in
contrast, show prominent power-law wings in the high col-
umn density regime mm ). This difference
has been interpreted as an evidence for an evolutionary trend
of the internal structure of molecular clouds: turbulence mo-
tions which are responsible for the log-normal shape of N-
PDFs play a predominant role at very early stages of molecu-
lar cloud evolution, while power-law like wings appear once
local density enhancements, usually identified as clumps, be-
come self-gravitating. However, other studies have proposed
that the transition between log-normal to power-law in a N-

PDF is primarily established by the external pressure im-
posed by the surrounding medium on gravitationally unbound
clumps (Lada et all Iﬁ; IKainulainen et al! 2011). Our high
spatial resolution ALMA images provide an excellent labo-
ratory to study the relation between the internal structure of
clouds and physical processes such as stellar feedback and
gas turbulence.

To properly sample the column density distribution, it is
necessary to include all the emission associated with a par-
ticular region. Our ALMA data filtered out the large scale
emission, which is translated into missing diffuse emission
in the N-PDF. To correct for the missing flux, in this study
we have used APEX data from the ATLASGAL survey. As
in Section [£:4] the 870m ATLASGAL map is extrapolated
to 3 mm using 3 =2 and the temperatures corresponding to
each region. To do the image combination, we have used the
miriad task immerge which is a linear method, also known as
feathering, that combines in the Fourier plane single dish and
interferometric images. Figure [L6l shows the resulting com-
bined images of the continuum. By comparing these images
with the ALMA continuum maps shown in Figures2land ] it
is clear to notice that the diffuse emission filtered out by our
ALMA obsevations have been successfully recovered.

Figure [I7] shows the N-PDFs derived from the combined
dust continuum images for both the NC and the SP. For com-
parison the N-PDFs from the ALMA-only dust continuum im-
ages are also included. A transition column density (NVu2,10¢)
from log-normal to power-law regime is evident in both re-
gions. In the NC, the Ny 1og is ~ 3.2 X 10% cm™2, while in the

SP the N2 jog is ~ 1.7 x 10 cm™, a factor of 2 smaller. Thus,
in the NC the density enhancements becomes self-gravitating
structures at higher column densities compared to the SP. This
conclusion still holds if we assume that any uncertainty in
the parameters used for the calculation of the column density
(dust temperature, gas to dust ratio, and /) affects both re-
gions in the same way. For example, if the dust temperature
in the SP and NC are colder (or hotter) than the values we
used, then the difference in the Ny 10, between the two re-
gions still remains. The same effect is obtained if we change
the gas to dust ratio or 3 in both regions. Only when these pa-
rameters change in opposite directions is when the difference
in Ny 1o can be larger or smaller.

Following the same approach detailed in Rebolledo et all
(2016), we have fitted a log-normal function to the N-PDFs
using

(ln(X) - ln(Xpeak))2
2% 03,

Num(pixels) = Numpeax X exp(—

), (D

where X = Ny and Xpeak = NH2peak- The fit was conducted
only using the bins in the range Ny sen < Na2 < NH2,log, Where
Nu sen 18 the column density sensitivity limit. The fitted pa-
rameters are shown in Table dl

The statistical properties of the gas volume (and col-
umn) density can be connected to the physical properties
of the gas such as the Mach number and the mean mag-
netic field strength (Padoan et al![1997; |Ostriker et al! [2001;
Goodman et al! 2009). For instance, a relation between the
standard deviation of the distribution of In(Ny»), o, and
the sonic Mach number M was suggested by
(1997), given by o2 \ = In(1+M?>+?), where v ~ 0.5. For a
true log-normal distribution, the oy,x is equal to the 1o stan-
dard deviation of a Gaussian fit given by .
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Under the model proposed by [Padoan et all (1997), wider
N-PDFs are observed in region with high level of turbulence
as traced by M. This is consistent with the N-PDFs differ-
ences observed between the NC and the SP. Both analysis
presented in Sections[£3 Tland .3 2 revealed stronger turbu-
lence in the NC compared to the SP. Table ] shows a value of
On2 = 0.62 for the NC. In contrast, for the SP dyp = 0.39. This
imply a M =1.37 for the NC and M = 0.81 for the SP, which
indicates that the level of turbulence in NC is supersonic while
in the SP it is subsonic. The analysis presented here ignores
the contribution from magnetic field in the relation between
the statistical properties of the gas density distribution and the
physical properties of the gas. If a magnetic field is present,
then the relation given by [Padoan et al! (1997) changes and
depends on the magnetosonic Mach number M.

Figures 2l and ] showed that the diffuse dust emission at 3
mm is weak, specially in the SP. Thus, our N-PDFs are prob-
ably affected by our sensitivity limit, more strongly at the low
column density side of the distribution. Additionally, we ex-
trapolated the ATLASGAL map at 0.87 mm to 3mm to re-
cover the diffuse emission filtered out by our ALMA observa-
tions. This extrapolation strongly depends on the parameters
used such as  and dust temperature, increasing the uncer-
tainty in the flux distribution of the combined ALMA+APEX
continuum map.

Another caveat of the analysis presented in this section is
the contamination of free-free emission in the continuum map
at 3 mm. As was explained in Section[3.1.1] the identification
of cores in the NC were limited to the brightest sources to
avoid false identification of low-mass cores in emission as-
sociated with free-free. In this section, on the contrary, it
is assumed that all the emission in the continuum is from
dust. Thus, our N-PDFs are probably affected by the emission
of ionized gas. However, the combined continuum images
shown in Figure[l 6lare very similar to the integrated intensity
maps from the HCN and HCO" lines shown in Figure 2] pro-
viding some evidence that the continuum maps are dominated
by the dust emission.

In a recent paper, [Alves et all (2017) studied the effect of
the boundary of a surveyed area of a given molecular cloud
on the shape of the observed column density distribution. In
their study, they considered molecular clouds in different evo-
lutionary stages from diffuse to star forming ones. They found
that, if the column density value at the last closed contour is
used as the completeness limit of the column density PDF,
then the shape of the N-PDF is always a power law and no
evidence for a log-normal distribution is observed. They con-
cluded that the log-normal shape observed in previous works
might be related to incompleteness in the sampling of the col-
umn density distribution if pixels belonging to open contours
are included. From Figure[16lis clear to notice that our lim-
iting column density, chosen to be 20y, corresponds to a
closed contour in our dust maps in both regions. However,
although the peak of the log-normal distributions shown in
Figure[T7lare above this sensitivity limit, the values are fairly
close. Thus, our conclusions about the shape of the N-PDFs
have to be reviewed once brighter continuum maps become
available in the future.

5. SUMMARY

We have performed high spatial observations towards two
regions in one of the more extreme massive star forming
clouds in the Galaxy, the Carina Nebula Complex. One region
is located in the heart of the nebula and heavily affected by

the feedback coming from the massive stellar clusters present
in the region. The other region is located further south much
more distant from the massive stellar clusters and less affected
by their feedback. With an angular resolution of ~ 3", our
Band 3 ALMA observations have allowed us to obtain a de-
tailed view of the internal structure of two regions with signif-
icantly different physical conditions. The main results of our
study are summarized as follow:

1. The continuum maps revealed several structures inside
both regions. In the region located in the NC, the dif-
fuse emission shows two arc-like structures which we
relate to ionization fronts produced by the radiation
field coming from the massive star clusters Trumpler 14
and 16. On the other hand, continuum emission is weak
in the SP, and our ALMA data is not sensitive enough
to detect it.

2. In the NC we detected 3 cores, while in the SP only 10
cores have been identified. The sizes of the cores are
roughly similar, with a mean radius of ~ 0.017 pc (3400
AU). However, the cores in the NC are more massive
than the cores in the SP, with a mean mass of 19.4 M,
in the NC versus 3.8 Mg, in the SP, i. e., a factor of ~ 5
difference. This represents one of the most remarkable
differences between these two regions, suggesting that
the fragmentation process proceeded differently in the
NC where the stellar feedback is stronger compared to
the SP.

3. The HCN and the HCO" lines, which are the brightest
among the observed sample, show a complex gas distri-
bution in both regions. Both lines trace a wide column
density range, from diffuse to dense gas. In the NC, the
arcs identified in continuum map structures are better
delineated by the line emission from these molecules,
revealing the presence of PDRs produced by the nearby
massive stars. Multiple velocity components are de-
tected in the NC over a 30 km s™! range. In the SP
the emission from these lines is 4-5 times weaker and it
extends over 20 km s~

4. Both compact and diffuse SiO emission is clearly de-
tected in the NC. The compact emission is spatially co-
incident with the cores detected in the continuum, sug-
gesting the presence of outflows. On the other hand,
the diffuse SiO emission directly follows the arc-like
structures detected in the continuum and in the brighter
molecular line maps. We interprete this as evidence of
the presence of photo-dissociated gas produced by the
energy feedback of the nearby massive stars. In strong
contrast, in the SP we only detect compact SiO in a
couple of positions near a single core.

5. The Jeans mass is ~ 4.5 M, in the NC and the SP re-
gions, which is similar to the core masses detected in
the SP, and a factor of 4 smaller than the mean core
mass in the NC. We conclude that the observed core
masses in the SP are consistent with thermal fragmenta-
tion, but in the NC, turbulent Jeans fragmentation might
explain the high masses of the identified cores. Two dif-
ferent analysis techniques, dendrograms and Principal
Component Analysis, provided evidence for a higher
level of turbulence of the gas in the NC compared to
the SP region.
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6. The gas column density probability functions, or N-
PDFs, derived from the continuum maps show a log-
normal shape at low column densities and a power-law
at large column density. The transition column den-
sity is Ny ~ 3.2 X 103cm™2 in the NC, and Ny ~
1.7 x 10%*cm™ in the SP. If this transition marks the
column density at which the structures become self-
gravitating, then this process happens at higher column
densities in the NC compared to the SP.

7. A log-normal function fit to the N-PDFs revealed a
wider distribution of the column density in the NC com-
pared to the SP. If a relationship between the width of
the log-normal distribution and the Mach number M
exists as has been proposed in simulations, then M is
larger in the NC providing further evidence for a higher
level of turbulence in this region due to its exposure to
the massive stellar feedback.
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FIG. 1.— Total column density of the CNC derived from Herschel infrared maps (Rebolledo et al. 2016). The colour bar is in units of cm™. The blue boxes
show the location of the regions observed with ALMA, one in the Northern Cloud and another in the Southern Pillars. Each box is ~ 4 x 4 arcmin®. The
horizontal black line shows the scale of 10 pc. The blue crosses show the Trumpler 16 and Collinder 228 stellar clusters, red crosses show Trumpler 14, green
show Trumpler 15, and cyan crosses show Bochum 11 cluster, all of them listed in[SmitH (20086).
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FI1G. 2.— Integrated intensity maps of the different tracers observed in NC. The color bar in the continuum image is in K, while the color bars in the line
integrated intensity maps are in units of K km s~'. The black dashed lines show the two arc-like features identified in the continuum map, Al and A2. Those
lines have been drawn in the integrated intensity line maps to help comparison. The black rectangle in the map (top-left) illustrates the area shown in Figure 3]
The small black squares in the HCN (top-center) map show the areas used to generate the spectra shown in Figure [0l The horizontal black line in the HNCO
(bottom left) map shows the 1 pc scale at the CNC distance. The bottom right panel shows a RGB composite image towards the NC. Red is 8.0 um, green is 4.5
pm and blue is 3.6 um from Spitzer.
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FIG. 3.— Zoomed view of the region shown in Figure [2I Black and white map is the continuum, with colour bar in K. The blue ellipse in the left-bottom
corner shows the ALMA synthesized beam. Grey (negative) and black (positive) contours show -6, -3, 3, 6, 9, 12, 15, 18, and 21 sigma levels in the continuum
map, with sigma equals to 4 mK. Green contours show the SiO integrated intensity levels 0.5, 1, 2, 4, 8 and 16 in units of K km s~!. Three cores are detected
in the continuum emission map. SiO is detected nearby the compact sources, probably associated with outflows. The diffuse SiO follows the arc-like structure
A2 traced by the continuum emission, but it is spatially shifted. The continuum emission seen in A2 might be dominated by the ionized gas rather than hot dust
emission. Thus, while the continuum emission traces the ionization front produced by the nearby massive stars, the SiO traces the PDR/shock front region.



14 Rebolledo et al.

P
gl ] I “RsP1 N L ’ ,
- y
| 0 SO «'
3 L] ’!f' 1 & ” 4
— e =) 2 o
—~ oL i a L * | - L Yy > 4 =
o | =} D 3 ¥ o)
o} o »
B ' 1 L
2 5 7 RSP2 ~: ¥
- X RSP3
= o F . - 7l . - 1 1
S50
g
i s e ¢ ¢ ] ¢ e T - ©
< o ; S - .
- :
< | r 1 7 r 7
L 1 L 1 L 1 L] L. | . 1 . 1 . 1
S T T T T T T T T T T T T T
o
s L L i
| 3 ©
»
2 ~ 3
PR [V
n I - -
o |
o
=~
& <+
S
TSR 2 = ¥ - B
30 -
&) = P
? !
< » » F oo
=
e L 4 L i
: H'3CN H3CO+| ||
I . I | ! I I I | L]
© T T T T T T T T T T ©
o
2L 4 L 4
|
o 2 e
= -
a = F . B L X N
o | .
(D > » y
& 2
9] - v+
Ex %
o Lk 4 L . 4
< '
&)
n
+ 1pc S
! HNCO HCO
1 1 L il o 1 1 | L
287.98 287.96 287.94 287.92 287.98 287.96 287.94 287.92 287.98 287.96 287.94 287.92
GLON (degrees) GLON (degrees) GLON (degrees)

FIG. 4.— Integrated intensity maps of the different tracers observed in SP. The color bar in the continuum image is in K, while the color bars in the line
integrated intensity maps are in units of K km s™!. The black rectangles (labeled 1 and 2) in the continuum map (top-left) illustrates the zoomed areas shown in
Figure[3l The red rectangle (labeled 3) shows a region where the continuum is not detected but the lines HCN and HCO™ are bright. The small black squares in
the HCN map (top-center) show the areas used to generate the spectra shown in Figure[8] The horizontal black line in the HNCO (bottom left) map shows the 1
pe scale at the CNC distance. The bottom right panel shows a RGB composite image towards the NC. Red is 8.0 pm, green is 4.5 ym and blue is 3.6 pm from
Spitzer.



Effect of Feedback in the Carina Nebula

a
g T e A I
- [ 4 7 ——
;. o oan- |
0.2 pc 4 . N
2 S g
oL - © T
= " 2
H SP1 1 [
— il e}
8 1 w &
g ot 3 ) T SP7
o O va P5) .—4)»
QW o & !
S | &
AR ) « = 4
& 'S | < = 2
38l sP5 | © 3-[ P
(&) 8 [CIE
~ [o | ¥ Ay
| o IYe) o
[ I =L Seo @
4 —
[
“L ] 0.2 pco
1L o 1 ?
-O S e q‘ |
poeey O T (R NI T W e 1 a 287.96 287955

287.945 287.94 287.935 287.93

GLON (degrees)

GLON (degrees)

15

0.04

0.02

FIG. 5.— Zoomed view of the squares 1 and 2 shown in continuum map in Figure @ Black and white map is the continuum, with colour bar in K. The blue
ellipse in the left-bottom corner shows the ALMA synthesized beam. Grey (negative) and black (positive) contours show -3, 3, 5, 7 and 9 sigma levels in the

continuum map, with sigma equals to 3 mK. Green contours show the SiO integrated intensity levels 0.12, 0.24, 0.48, 0.96 and 1.92 in units of K km s~!

. Ten

cores are detected in the continuum emission map. SiO is detected nearby some compact sources, probably associated with outflows. Different from the NC,

continuum or SiO diffuse emission are not detected.
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FI1G. 6.— Average spectra of the detected lines towards three representative regions in the NC. The regions, RNC1, RNC2 and RNC3 are shown in Figure
HCN and HCO" are the brightest lines among the sample, and they show a complex velocity field in the NC. Hyperfine structure of HCN and H'3CN are clearly
detected.
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F1G. 7.— Velocity decomposition of the line emission in the NC. Each panel shows integrated intensity maps over the velocity range shown in the top-right in
km s™!. The velocity ranges are selected in order to show different gas shock fronts. The colour images are the integrated intensity of the HCO™ in K km s~!.
The blue contours show the H'3CO™" levels at 1, 2, 4, 8, 16, 32 and 64 K km s~!. The green contours show SiO integrated intensity levels at 0.5, 1, 2, 4, 8, 16, 32
and 64 K km s™!. The white arrows shows the approximate direction of the radiation front coming from the Trumpler 16 and 14 clusters shown in Figure [T
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FIG. 8.— Average spectra of the detected lines towards three representative regions in the SP. The regions, RSP1, RSP2 and RSP3 are shown in Figure [l As
in NC, the brightest lines are the HCN and HCO™. In addition, HCN hyperfine structure are detected in all the regions. RSP2 and RSP3 present self-absorption
features at —22 km s™! in both HCN and HCO*. In RSP3, we observe a total suppression of the main line of HCN but the hyperfine lines are still detected. On
the other hand, H'3CN and H'3CO" are not detected in RSP3, but weak emission of HCO is observed.
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F1G. 10.— Fraction of the mass in cores with respect to the total mass calculated above a given column density threshold. Black circles shows the core mass
fraction in the NC, while the blue triangles show the core mass fraction in the SP. The horizontal dotted lines show the 1%, 5% and 10% levels. When we estimate

the total mass above Nggs th =2 X 102! cm™2, the core mass fraction is ~ 1% for both SP and NC. As we increase the column density threshold to only consider
the denser gas, the core mass fraction increases until it reaches a maximum of 10% at Ngystn = 4 X 10?2 cm™2 for the SP, and 16% at Ngas,th = 102 cm™ for the
NC.
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FI1G. 12.— Relation between the Jeans mass (My) and the number volume density (ny»). Each diagonal line shows a relation for a different gas temperature,
from 10 K (bottom) to 100 K (up) in steps of 10 K. Horizontal dashed lines shows the average core mass for the NC (blue dashed) and the SP (black dot-dashed).
The red open star shows the M derived for average values of the volume density and temperature for the SP, while the red filled shows the value for the NC.
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were identified in the NC and 184 in the SP. The filled blue histogram shows the leaves in the NC, while the line-filled orange histogram shows the leaves in the
SP. The vertical dashed black line shows the channel width. The distribution of the velocity dispersion of the leaves identified in the NC has a larger mean and is
broader than the distribution obtain from the leaves in the SP. Thus, at the scale probed by the size of the leaves, the level of turbulence is larger in the NC than
the SP. However, the denser gas traced by H'3CO* shows no difference in the velocity dispersion between the two regions.
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FIG. 14.— The Linewidth vs. Spatial Length relationship derived from HCO" data for the NC (Left) and SP (Right) using the PCA technique implemented
in the TURBUSTAT python package. The red lines show the fitted power law generated by the Bayesian regression fit method for each region. The red lines are
constructed by using the peak values of the parameter distributions shown in Figure [[3] In the case of the NC, the outliers are removed from the fit. For each
parameter, the peak value is shown, with the 90% HDI range in brackets.
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FIG. 15.— Probability distribution of the slope a (Left) and the intercept coefficient A (Right) of the linear relation shown in Equation[@ The red line filled
histograms show the parameter distributions obtained with SP data, and the black line filled histograms show the distributions for the NC. The « parameter
distribution peaks at a larger value in the NC (0.59) than in the SP (0.34), but a significant overlap exists between both distributions. This implies that there is a
no negligible probability that both relations have the same slope. If the difference exists, then it might be related to the stellar feedback activity in the NC region,
which is higher than in the SP. The turbulent motion detected in the HCO™ line are tracing the effect of the stellar feedback on the low density gas in the NC
region.
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F1G. 16.— Continuum images resulting from the combination of ALMA and APEX data from ATLASGAL survey. The left panel shows the NC while the
right panel shows the SP region. The color bar is in Jy/beam. The contours are given by 2 X k X orms, Where k =1,2,3,4,5,6. We clearly see a recovery of the
more diffuse emission which was filtered out by ALMA interferometric observations. Our sensitivity limit defined as 2 X oms is closed in our maps.
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F1G. 17.— Probability distribution of the gas column density (N-PDF) in the NC (Left) and the SP (Right). The filled blue histogram shows the N-PDF obtained
from the ALMA+APEX combined image, while the line-filled orange histogram shows the N-PDF from the ALMA only data. The black dashed line shows the
20ms sensitivity limit of the continuum maps, and the vertical black solid line illustrates the values of Nu2,log that mark the transition from gaussian to a power
law regime. The black curved line shows the gaussian fit to the data, considering only the bins above the sensitivity limit and below the transition column density,
which are shown with black dots.
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TABLE 1
SPECTRAL SETUP OF ALMA OBSERVATIONS.
Line Transition Rest Frequency Bandwidth ~ Channel Width
(GHz) (MHz) (kHz)
HBCN v=0J=1—=0 86.38734 58.6 61.0
HCO 1(0,1)-0(0,0) J =3/2—1/2 86.67076 58.6 122.1
HB3CO* J=1—=0 86.75428 58.6 61.0
Si0 v=0J=2—1 86.84696 58.6 122.1
HCN v=0J=1—0F=2—1 88.63184 58.6 61.0
HCO* v=0J=1-=0 89.18852 58.6 61.0
HNCO v=04(0,4)—3(0,3), F=5—4 87.92521 58.6 122.1
NH,CHO  4(1,3)—3(1,2), F=5—4 87.84887 58.6 122.1
SO 32 v=03(2)—2(1) 99.29987 58.6 122.1
HCCBCN  J=11—10,F=11—10 99.66146 58.6 122.1
NH,CN v=05(1, 4)—4(1, 3) 100.62950 58.6 122.1
CH3SH v=04(0)—3(0) A 101.13911 58.6 122.1
Continuum 99.5 2000 15625
TABLE 2
FLUX PROPERTIES OF THE CORES IDENTIFIED IN THE NC AND THE SP.
Name Flux FWHM 0y FWHM 6,
(mly) (arcsec) (arcsec)
NC
NC1  14.40 £ 0.92 233 1.23
NC2  8.07+0.80 1.68 0.85
NC3 978 £33 2.80 0.69
SP
SPI  2.60 £ 0.40 2.70 1.12
SP2  2.16 £+ 1.01 4.04 0.74
SP3 429+ 143 5.03 3.69
SP4  1.21 £0.45 1.95 1.29
SP5  1.17 £0.41 2.11 0.72
SP6  1.15+0.34 3.95 1.61*
SP7  1.15+0.34 1.28 0.54
SP8  1.25+0.46 2.74 2.36*
SP9  1.23+0.63 2.79 2.42*
SP10  1.57 +0.49 3.25 2.05*

1. The size of cores have been deconvolved with the synthesized beam.
2. * Italic font shows unresolved cores.
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TABLE 3
PHYSICAL PROPERTIES OF THE CORES IDENTIFIED IN THE NC AND THE SP.
Name Mass Radius R,
Me) (po)
NC
NC1 25.0 0.015
NC2 14.0 0.011
NC3 17.0 0.013
Mean 194 0.013
Total 58.3 e
SP
SP1 5.6 0.016
SP2 4.7 0.016
SP3 9.3 0.039
SP4 2.6 0.014
SP5 2.5 0.011
SP6 2.5 0.023*
SP7 2.5 0.008
SP8 2.7 0.023*
SP9 2.6 0.023*
SP10 34 0.023*
Mean 3.8 0.020*
Total 38.4 e

1. * Italic font shows unresolved cores.

TABLE 4
FITTED PARAMETERS OF LOG-NORMAL FUNCTION TO N-PDFs

Region Numpeak log(M; H2,peak) OH2
NC 10495 22.8 0.62
SP 9554 22.7 0.39




