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A B S T R A C T 

We present new observations of the Mystic Mountains cloud complex in the Carina Nebula using the ALMA Atacama Compact 
Array (ACA) to quantify the impact of strong UV radiation on the structure and kinematics of the gas. Our Band 6 observations 
target CO, 13 CO, and C 

18 O; we also detect DCN J = 3–2 and 

13 CS J = 5–4. A dendrogram analysis reveals that the Mystic 
Mountains are a coherent structure, with continuous emission o v er −10.5 km s −1 < v < −2 km s −1 . We perform multiple 
analyses to isolate non-thermal motions in the Mystic Mountains including computing the turbulent driving parameter, b , which 

indicates whether compressive or solenoidal modes dominate. Each analysis yields values similar to other pillars in Carina that 
have been observed in a similar way but are subject to an order of magnitude less intense ionizing radiation. We find no clear 
correlation between the velocity or turbulent structure of the gas and the incident radiation, in contrast to other studies targeting 

different regions of Carina. This may reflect differences in the initial densities of regions that go on to collapse into pillars and 

those that still look like clouds or walls in the present day. Pre-existing over-densities that enable pillar formation may also 

explain why star formation in the pillars appears more evolved (from the presence of jets) than in other heavily irradiated but 
non-pillar-like regions. High resolution observations of regions subject to an array of incident radiation are required to test this 
hypothesis. 

Key words: stars: formation – HII regions – ISM: kinematics and dynamics – ISM: jets and outflows – Herbig–Haro objects. 
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 I N T RO D U C T I O N  

eedback is the principal process by which molecular clouds are 
estroyed (Matzner 2002 ). High-mass stars inject energy and mo- 
entum into their surroundings via winds and radiation before their 

ventual deaths as supernov ae. Gro wing e vidence suggests that pre-
upernova feedback plays a dominant role reshaping the interstellar 
edium (ISM) and regulating star formation (e.g. Kruijssen et al. 

019 ; McLeod et al. 2021 ; Che v ance et al. 2022 ). Feedback has also
een invoked as the stimulus for the formation of new stars, either
y stimulating the collapse of existing cores or collecting material 
nto new ones (e.g. Elmegreen & Lada 1977 ; Bertoldi 1989 ). 

Many theoretical models have been developed to address the 
uestion of how stellar feedback shapes the surrounding gas. Models 
an produce dust pillars like those seen in many H II regions (e.g.
ester et al. 1996 ) either through growing instabilities or by revealing
re-existing substructure (e.g. filaments and cores) as the surround- 
ng, lower-density material is more easily swept away (Gritschneder 
t al. 2010 ; Dale, Ercolano & Bonnell 2012 ; Tremblin et al. 2012a ,
 ; Walch et al. 2013 ; Menon, Federrath & Kuiper 2020 ). Despite
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heir morphological similarities, models predict differences in the 
ollowing: density contrasts between the pillars and the surrounding 
edium, progression speeds of the ionization front, star formation 

fficiencies, and time-scales, particularly whether cores are already 
resent or formed by the ionization-driven shock. This results in 
easurable differences in the gas kinematics within (and around) the 

hotodissociation region (PDR) interface. 
Despite the diagnostic potential of cold gas kinematics, only 

 few studies exist with high spatial resolution to measure the
ariation of the cold gas kinematics in dust pillars in star-forming
e gions. F ar-IR observations from SOFIA and Herschel provide 
inematic evidence for dust pillars forming via collapse on the 
dges of H II regions and small globules produced by turbulent
ragmentation (Schneider et al. 2012 ; Tremblin et al. 2013 ). Ho we ver,
t is only with millimeter interferometry that dust pillars can be
patially and spectrally resolved. One of the first such studies was
laassen et al. ( 2014 ) who mapped a pillar in Vulpecula. The
bserved pillar properties are most consistent with models that 
ave low velocity dispersions, but no one model matches all of
he observed gas kinematics (e.g. Gritschneder et al. 2009 , 2010 ;
ale et al. 2012 ). 
To probe a broader range of conditions, Klaassen et al. ( 2020 )

resented a surv e y of 13 dust pillars in the Carina Nebula that sample
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Table 1. Spectral and imaging characteristics of the data. 

Name Frequency Bandwidth Resolution θmin θmax P.A. rms Comment 
[GHz] [MHz] [km s −1 ] [ 

′′ 
] [ 

′′ 
] [ ◦] [mJy bm 

−1 ] 

Molecular lines 
SiO J = 5–4 217.1049800 468.75 0.337 5.39 7.18 87.6 100.3 not detected 
DCN J = 3–2 217.23855 468.75 0.337 5.39 7.18 87.6 100.3 in SiO spectral window 

C 

18 O J = 2–1 219.5603568 117.19 0.167 5.35 7.09 85.9 141.8 
13 CO J = 2–1 220.3986765 117.19 0.167 5.30 7.04 86.9 245.4 
12 CO J = 2–1 230.538 117.19 0.159 5.07 6.77 87.0 993.0 
13 CS J = 5–4 231.220686 117.19 0.158 5.02 6.77 87.5 242.3 

Continuum 

B6 225.8799 2530.0 40.038 4.95 6.75 86.9 1.700 ∗

Note. ∗ RMS of the aggregated bandwidth image. 
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Figure 1. CO J = 2–1 contours on an H α image from HST . The famous jets, 
HH 901, HH 902, and HH 1066, are labelled. The CO emission is integrated 
o v er the v elocity range −10.5 < v < −2 km s −1 ; contours are 20, 40, 60, 80, 
and 100 per cent of the peak intensity. 
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 range of morphologies and environments, including the incident
onizing flux. Many of these reside in the actively star-forming
outh Pillars where star formation may have been triggered by the
undreds of O- and B-type stars in the region (Smith et al. 2010b ;
erlanas et al. 2023 ). Cold gas kinematics are broadly consistent with
illars forming from turbulent media as they are sculpted by ionizing
adiation. Ho we ver, this sample does not include the most intense
onizing radiation that affects the gas nearest the central clusters of
arina. 
To probe the most intense feedback in the Carina Nebula, we target

 cloud complex that is heavily irradiated by the young, massive
luster Trumpler 14 (Tr14). The so-called Mystic Mountains 1 (Area
9 in Hartigan et al. 2015 ) lie ∼1 pc to the north of Tr14. Copious
onizing photons ( Q H ∼ 10 50 s −1 ; Smith 2006a ) illuminate and sculpt

ultiple pillars in the Mystic Mountains. Three famous Herbig–Haro
HH) jets emerge from the tips of these pillars – HH 901, HH 902,
nd HH 1066 (see Fig. 1 and Smith, Bally & Walborn 2010a ; Reiter
 Smith 2013 , 2014 ). Ho we ver, the pillars themselves are largely

paque and only a few protostars are detected in the infrared (IR;
.g. Povich et al. 2011 ; Ohlendorf et al. 2012 ). With modest angular
esolution ( ∼2 

′′ 
), only the HH 1066 jet-driving source was directly

etected in the infrared (Ohlendorf et al. 2012 ; Reiter, Smith & Bally
016 ; Reiter et al. 2017 ). The HH 1066 driving source is also one of
nly two sources in Carina with a marginally resolved circumstellar
isc (Mesa-Delgado et al. 2016 ). Reiter et al. ( 2017 ) argued that more
ntense feedback closer to Tr14 may have compressed the gas, leading
o high densities that obscure the HH 901 and HH 902 jet-driving
ources in the IR. Indeed, the first detections of the HH 901 and HH
02 driving sources were only recently reported by Cortes-Rangel
t al. ( 2020 ). 

In this paper, we present ALMA observations using the Atacama
ompact Array (ACA; also known as the Morita Array) of the entire
ystic Mountains complex. The ionizing photon flux incident on the
ystic Mountains is an order of magnitude higher than the pillars

n Klaassen et al. ( 2020 ). The complex is large ( ∼1 
′ × 2 

′ 
), and

hus samples a range of incident ionizing flux within a single pillar
omplex. By studying gas kinematics in the Mystic Mountain, we
ill constrain the role of ionizing radiation in stimulating or starving

uture star formation, a key test of the role of feedback in regulating
NRAS 526, 717–739 (2023) 

tar formation. 

 as the region was dubbed when imaged to commemorate the 20 th anniversary 
f the HST . 
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 OBSERVATI ONS  

LMA ACA Band 6 observations of the Mystic Mountains were ob-
ained on 2019 January 19. Observations are a mosaic of 21 pointings
f the 7 m-array (12 antennae) mosaic centre RA = 10 . h 44 . m 02 . s 010,
ec. =−59 ◦30 

′ 
01 . ′′ 0 (ICRS). The maximum reco v erable scale (MRS)

s 28.6 
′′ 
. We also obtained Total Power (TP) data to ensure

ur observations capture emission from the largest scales. These
ere obtained on 2018 No v ember 28–29 with a third epoch on
018 December 04. Parameters of our observations are listed in
able 1 . 
Our observational setup targeted rotational transitions J = 2–1 of

he CO isotopologues 12 CO, 13 CO, and C 

18 O, as well as SiO J = 5–
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Figure 2. Integrated intensity (moment 0) maps of the lines detected in this study – CO, 13 CO, C 

18 O, 13 CS, and DCN. All CO isotopologues are detected with 
> 5 σ significance; DCN and 13 CS are detected with > 3 σ significance. 
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Figure 3. Applying a dendrogram analysis to the CO velocity cube ( −15 < v < 5 km s −1 ) shows the Mystic Mountains are a single, coherent structure. Left: 
shows the CO integrated intensity with coloured contours indicating dendrogram trunks. The Mystic Mountains is shown in red; all other features are shown in 
blue. Right: the dendrogram tree, using the same colour scheme as the left panel. The Mystic Mountains, shown in red, is a separate feature with all substructures 
stemming from the same trunk. 

Figure 4. Column density map with a single white contour that outlines the 
branches identified by the CO dendrogram analysis. Peak and median values 
reported in Table 2 are computed within these pillar boundaries. 
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 and 13 CS J = 5–4. All observations were imaged to a velocity
esolution 0.17 km s −1 . We also observed a continuum spectral
indow with resolution ∼40 km s −1 . When combined with line-free

hannels in other bands, continuum emission co v ers approximately
.5 GHz in Band 6. 
Bandpass, flux, and gain calibration were done with external

alibrators using the Common Astronomy and Software Applications
NRAS 526, 717–739 (2023) 
 CASA , McMullin et al. 2007 ) v5.4.0-70. The bandpass and flux
alibrators for the Band 6 observations performed in January 2019
ere J0940 − 6107 and J1047 − 6217. 
Continuum subtraction and cleaning via the imaging pipeline

ielded insufficient results for our needs, so continuum ranges were
dentified by eye and a deeper clean performed using tclean in
ASA v6.4.4 to produce images. We applied automasking and Briggs-
eighting with a robust parameter of 0.5. We deconvolved the image

n multiscale mode with scale of 0, 5, and 15 times the pixel size
f 1.0 arcsec. The absolute flux scaling uncertainty is estimated to
e about 15 per cent. The synthesized beamsizes of the reduced
ata range typically between 5 . ′′ 4 and 7 . ′′ 2, corresponding to a spatial
esolution 12 420–16 560 au at the distance of Carina (2.3 kpc; Smith
006b ; G ̈oppl & Preibisch 2022 ). 
Finally, the ACA and TP data were combined using the CASA

ask feather . This task regrids the lower resolution data to match
he higher resolution data, scales them by the ratio of the clean
eams, then combines the two data sets in fourier space before
ransforming back to the image plane. This provides much better
eco v ery of e xtended emission than the ACA alone, allowing us to
apture structures up to ∼27 

′′ 
at 230 GHz (see Klaassen et al. 2020 ,

or an example). 

.1 Complementary data from the Hubble Space Telescope 
HST) 

e compare the ALMA observations to a narrowband H α image
rom HST . A four-point mosaic of the field containing HH 901,
H 902, and HH 1066, dubbed ‘The Mystic Mountains,’ was

aken 2010 February 1–2 to commemorate the 20th anniversary
f HST (PID 12050, P.I. M. Livio). Images were obtained with
he UVIS channel of the Wide Field Camera 3 (WFC3). The total
ntegration time in the F657N filter was 1980 s. The observations
nd their analysis are presented in more detail in Reiter & Smith
 2013 ). 
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Figure 5. Left: local maxima (leaves) identified by the dendrogram analysis shown in red contours on a moment 0 map of C 

18 O. Right: dendrogram leaves (red 
contours) compared to continuum peaks shown in the colourscale. A single grey contour shows the C 

18 O emission at 20 per cent of the peak emission. Both 
panels show YSOs detected in other surv e ys: black diamonds are YSOs from Povich et al. ( 2011 ); the cyan square is the point source from Ohlendorf et al. 
( 2012 ); and the red stars are the YSOs identified by Cortes-Rangel et al. ( 2020 ). 
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 RESULTS  A N D  ANALYSIS  

ig. 2 shows the integrated intensity (moment 0) maps of all 
mission lines detected in this study. Extended CO emission traces 
he kinematics and cloud structure throughout the Mystic Mountains 
omplex with knots of bright emission in 13 CO and C 

18 O tracing
1 − 2 clumps of emission in each pillar. The most complex emission 

s in the pillar with the HH 902 jet. Two emission peaks in the CO
nd isotopologues hint at multiple star-forming clumps. 

Visual inspection of the CO datacube reveals that emission associ- 
ted with the Mystic Mountains is contained within the velocity range 
15 < v < 5 km s −1 . This range includes the systemic velocities

f the HH 901 ( −5.0 km s −1 ) and HH 902 ( −8.5 km s −1 ) pillars
dentified by Cortes-Rangel et al. ( 2020 ). Pillar-like emission to the
ast and north of these two pillars contains HH 1066 (for which
e estimate a systemic velocity of −6.5 km s −1 ). Additional CO

mission not associated with the Mystic Mountains is detected at 
ther velocities ( ±20 km s −1 from the v LSR of Carina, −20 km s −1 ),
ut we do not discuss this further. 

To determine the precise velocity range and extent of the gas 
ssociated with the Mystic Mountains complex, we use a dendrogram 

nalysis to identify coherent structures in position–position–velocity 
pace. As described in Rosolowsky et al. ( 2008 ) and Goodman,
ineda & Schnee ( 2009 ), dendrograms provide a hierarchical rep- 
esentation of data, aiding the analysis of physical conditions on 
ultiple scales from a single data set. Large coherent features 

hat are not part of another larger, parent structure are ‘trunks’;
hese contain substructures called ‘branches’ that are composed 
f individual local maxima, or ‘leaves,’ that cannot be subdivided 
urther. 

We use the python packages ASTR ODENDR O (Robitaille et al. 2019 )
nd SCIMES (Colombo et al. 2015 ) to decompose the structures
n the CO datacube. We use the following parameters for the 
ecomposition: a minimum value (min value) that defines the noise 
hreshold – we adopt 6 σ ; a minimum intensity (min delta) for that
efines the threshold the peak flux must exceed to be identified as a
eparate structure – we adopt 2 σ ; and a minimum number of pixels
or a leaf to be an independent entity – we use the number equi v alent
o three beams (124 pixels in our case). 

With these parameters, a dendrogram analysis identifies the Mystic 
ountains as a trunk, indicating that it is a coherent cloud complex
ith contiguous emission o v er the v elocity range −10.5 < v <

2 km s −1 . Fig. 3 shows the Mystic Mountains as a single tree in red
ith other structures shown in blue. Within the Mystic Mountains 

omplex, the dendrogram analysis identifies three separate pillars as 
ranches. Contours defining the outlines of these branches are shown 
n Fig. 4 . We refer to the pillars by the name of the prominent jets
hat they host – HH 901, HH 902, and HH 1066. 

In the following sections, we use this velocity range to derive the
patially resolved physical parameters of the cold molecular gas in 
he Mystic Mountains. We provide maps of these spatially resolved 
uantities in Appendices A and B . To pro vide representativ e values
n Table 2 , we compute the values within the dendrogram branches
hat define each of the pillars. 

.1 Optical depth 

e compute the optical depth at each position and velocity where
mission is detected with a significance ≥5 σ using the following 
xpression (equation 1 from Choi, Evans & Jaffe 1993 ): 

T main , v 

T iso , v 
= 

1 − e −τmain , v 

1 − e −τiso , v 
= 

1 − e −τmain , v 

1 − e −τmain , v /R 
, (1) 

here ‘main’ is the more abundant species and ‘iso’ is the op-
ically thin (isotopologue) transition used to correct it. R is the
cale factor for the relative abundance of the two species. We use
MNRAS 526, 717–739 (2023) 
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Table 2. Summary of molecular line derived physical properties. Columns are the species/transition, peak and median intensities, median column density if 
optically thin, median optical depth, and median column if optically thick, respectiv ely. Spatially resolv ed maps of these quantities are shown in Appendices A –B . 

Line I peak I median log(N thin ) max log(N thin ) median τmax log(N thick ) peak log(N thick ) median 

[K km s −1 ] [K km s −1 ] [cm 

−2 ] [cm 

−2 ] [cm 

−2 ] [cm 

−2 ] 

Mystic Mountains; v LSR ≈ −6.7 km s −1 ‡ 
12 CO J = 2–1 185.0 46.5 17.0 16.2 44.6 18.3 17.2 
13 CO J = 2–1 57.5 8.8 16.5 15.4 4.2 16.6 15.5 
C 

18 O J = 2–1 6.9 1.14 15.6 14.8 – – –

HH 901 pillar; v LSR ≈ −5.0 km s −1 † 
12 CO J = 2–1 114.2 38.8 16.8 16.4 33.0 18.0 17.5 
13 CO J = 2–1 27.0 9.0 16.1 15.7 0.68 16.1 15.7 
C 

18 O J = 2–1 1.97 0.61 15.0 14.5 – – –

HH 902 pillar; v LSR ≈ −8.5 km s −1 † 
12 CO J = 2–1 174.1 65.6 17.0 16.6 44.6 18.3 17.9 
13 CO J = 2–1 56.8 18.3 16.5 16.0 1.9 16.6 16.0 
C 

18 O J = 2–1 6.90 1.84 15.6 15.0 – – –

HH 1066 pillar; v LSR ≈ −6.5 km s −1 

12 CO J = 2–1 138.9 42.0 16.9 16.6 35.0 18.2 17.6 
13 CO J = 2–1 42.1 7.65 16.4 15.7 3.1 16.4 15.8 
C 

18 O J = 2–1 4.03 0.81 15.3 14.7 – – –

Notes. † v LSR from Cortes-Rangel et al. ( 2020 ) 
‡ v LSR from the intensity-weighted average velocity of the Mystic Mountains 
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12 CO/ 13 CO] = 60 (Rebolledo et al. 2016 , see also Jacob et al. 2020 )
nd [ 12 CO/C 

18 O] = 560 (Wilson & Rood 1994 ). We assume the same
xcitation temperature for both molecules. We find that CO emission
s optically thick o v er a large portion of the Mystic Mountains
hereas 13 CO is only optically thick near the brightest emission

n the HH 902 pillar. Maps of the spatially resolved optical depth at
he source velocity are shown in Appendix A and maximum values
re reported in Table 2 . 

.2 Molecular column density 

e compute the column density of each observed transition using
he following equation (see e.g. Mangum & Shirley 2015 ): 

 tot = 

8 πkν2 Q ( T ex ) e E u /kT ex J ν( T ex ) 

hc 3 g u A ul [ J ν( T ex ) − J ν( T cmb )] 

∫ 
T mb 

τv 

1 − e −τv 
dv cm 

−2 , (2) 

here Q ( T ex ) is the rotational partition function for a given ex-
itation temperature, g u is the rotational de generac y of the upper
evel with energy E u , A ul is the Einstein A coefficient for the
ransition, k is the Boltzmann constant, h is the Planck constant, J ν
 ( h ν/ k )/[exp ( h ν/ kT ) − 1] is the Planck function in temperature

nits (K), and τv / (1 − e −τv ) is a correction factor for non-zero
ptical depth (see, e.g. Goldsmith & Langer 1999 ). This assumes
hat all transitions have the same T ex . Physical parameters for the
ele v ant molecules and transitions (frequency, rotational partition
unction, Einstein A coefficients, etc.) were obtained from the
PL Spectral Line Catalogue (Pickett et al. 1998 ) and the Lei-
en Atomic and Molecular Data base (LAMBDA; Sch ̈oier et al.
005 ). 
To compute the column density, we assume an excitation tem-

erature T ex = 30 K. We assume that the gas temperature is the
ame as the dust temperature derived from the far-IR spectral energy
istribution (SED) that Roccatagliata et al. ( 2013 ) used to compute
 temperature map of the entire Carina region. As discussed in
angum & Shirley ( 2015 ), assuming a single temperature is often

 poor assumption and we expect that to be true for the Mystic
ountains. Ho we v er, adopting higher e xcitation temperatures ( T ex 
NRAS 526, 717–739 (2023) 
40 − 80 K) or a variable excitation temperature within this
ange changes the estimated column density by a factor of � 2.
n the absence of a better temperature measurement, we adopt a
ingle number in this study. Maps of the spatially resolved column
ensity calculation for each of the CO isotopologues are shown in
ppendix B and median column densities in each pillar are reported

n Table 2 . 

.3 Molecular gas mass of the Mystic Mountains 

e estimate the mass of the Mystic Mountains complex from the
ptical-depth corrected spatially resolved 2D CO column density
ap using the equation 

 gas = μg m ( H 2 ) A 

[
H 2 

CO 

]
	N ( CO ) , (3) 

here [H 2 /CO] = 1.1 × 10 4 (Pineda et al. 2010 ) is the abundance
f H 2 compared to CO, μg = 1.41 is the mean molecular weight
Kauffmann et al. 2008 ), m ( H 2 ) is the mass of molecular hydrogen,
nd A is the area of each pixel in the map. We compute a mass
f ∼36 M � for the entire Mystic Mountains complex. More recent
easurements find [H 2 /CO] = 6000 (Lacy et al. 2017 ) which reduce

he estimated mass by a factor of 2. 

.4 Clumps, cores, and YSOs 

.4.1 C 

18 O clumps 

e repeat the dendrogram analysis on the C 

18 O data to identify
lumps using this higher density tracer. As for the CO analysis, we
se the following thresholds: an intensity minimum value of 6 σ to
nsure that we are using only well-detected emission, a minimum
ntensity of 2 σ to define a separate peak, and a minimum number of
ixels equi v alent to three beams. The leaves (local maxima) detected
ith this analysis are shown in Fig. 5 . 
We extract the emission of the CO isotopologues within each
 

18 O leaf (see Table 3 ) and plot the summed line profiles in Fig. 6 .
n general, the most optically thick line, CO (shown with a solid line),
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Table 3. Physical properties of dendrogram leaves shown in Fig. 5 . 

Leaf MM RA Dec. v src < R > 
v σ turb; 1D M H 2 M vir Stable? Comment 
(J2000) (J2000) [km s −1 ] [pc] [km s −1 ] [km s −1 ] [M �] [M �] 

L1 HH 1066 MM 10:44:05.4 −59:29:40 −8.4 0.02 1.3 0.53 4.9 4.1 N 

L2 MM1 10:44:05.4 −59:29:50 −7.1 0.03 1.5 0.64 48.7 9.0 N 

13 CS 
L3 10:44:05.2 −59:29:56 −7.0 0.02 1.3 0.52 5.6 4.5 N 

L4 MM2 10:44:02.9 −59:30:02 −7.5 0.02 0.93 0.37 5.9 1.9 N 

L5 MM3 10:43:59.7 −59:30:09 −7.0 0.02 1.1 0.43 4.5 2.6 N 

L6 MM4 10:44:01.1 −59:30:19 −8.0 0.02 1.1 0.45 15.7 2.6 N DCN, 13 CS 
L7 HH 902 MM 10:44:01.7 −59:30:27 −7.8 0.02 1.2 0.50 17.8 3.3 N DCN, ∼2.7 

′′ 
offset 

L8 MM5 10:44:05.3 −59:30:20 −5.1 0.01 1.1 0.46 3.5 3.0 N 

L9 10:44:03.3 −59:30:45 −5.1 0.03 1.1 0.47 19.7 4.4 N 

L10 HH 901 MM 10:44:03.3 −59:30:60 −5.2 0.02 0.58 0.21 0.95 0.66 N 

Figure 6. The summed intensity profile of each dendrogram leaf identified 
in the C 

18 O data (see Fig. 5 ). Solid line is CO, dashed line is 13 CO and dotted 
line is C 

18 O. 
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as the broadest line profile. 13 CO (dashed line) and C 

18 O (dotted
ine) are each narrower, with some C 

18 O profiles showing evidence of
ultiple velocity peaks. The three leaves associated with jet-driving 

ources are L1 (HH 1066), L7 (HH 902), and L10 (HH 901). L1
ho ws clear e vidence of two distinct velocity components within the
eam separated by ∼−2.65 km s −1 . None of the three show evidence
f red- and blue-shifted emission in the linewings that indicates an
ssociated molecular outflow. These are likely washed out in the 
arger ACA beam as molecular outflows were detected in both HH
01 and HH 902 by Cortes-Rangel et al. ( 2020 ). 
We use the median C 

18 O line profile of each leaf to estimate its
irial mass. We compute the virial mass using the following equation: 

 vir = 

3(5 − 2 n ) 

8(3 − n ) ln (2) 

( 
v 2 ) R 

G 

, (4) 

here n is the exponent of the density profile ( ρ∝ r −n ; we assume
 = 2), 
v is the C 

18 O linewidth (full width at half-maximum;
WHM), R is the mean leaf radius, and G is the gravitational constant.
urther corrections to account for the non-spherical morphologies 
ill change these values by < 10 per cent (Bertoldi & McKee 1992 ).
irial masses, along with the linewidths, and 1D velocity dispersions 

or each leaf are reported in Table 3 . We compare this to the molecular
ass of each clump, computed as in Section 3.3 using [H 2 /C 

18 O] =
H 2 /CO] × [ 12 CO/C 

18 O] = 6.16 × 10 6 using data from Wilson &
ood ( 1994 ) and Pineda et al. ( 2010 ). The molecular mass of all
lumps is higher than their virial mass, suggesting that they unstable
o collapse, as noted in Table 3 . 

.4.2 Continuum sources 

ig. 7 shows continuum emission detected with significance � 5 σ .
his reveals nine point sources. We detect continuum from clumps 
ear the origin of all three of the famous HH jets in the Mystic
ountains – HH 901 MM, HH 902 MM, and HH 1066 MM. Five

ther continuum peaks fall within the Mystic Mountains (MM1–
M5); three of these reside in the HH 902 pillar (MM2–4; see Fig.

 ). The final point source, MM6, lies outside the Mystic Mountains
omplex so we do not discuss it further. 

All mm continuum sources are associated with a C 

18 O leaf,
lthough not all C 

18 O lea ves ha ve a continuum detection. Continuum
nd C 

18 O emission are well-aligned spatially in all leaves but L7
t the head of the HH 902 pillar. Using a 2D Gaussian fit, we
etermine an offset of 2.7 

′′ ± 0.1 
′′ 

(0.03 pc) between the C 

18 O and
ontinuum peaks. The continuum peak is of fset to ward the western
ide of the pillar, in the same direction as the HH 902 YSO seen at
igher resolution by Cortes-Rangel et al. ( 2020 ). A second continuum
ource detected to the north-east of the HH 902 YSO, HH 902 B, is
ot resolved with our larger beam. 
Three additional continuum sources reside further north in the 

H 902 pillar. A distinct peak in the continuum and C 

18 O emission
MNRAS 526, 717–739 (2023) 
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Figure 7. Left: colourscale of the aggregate continuum with C 

18 O moment 0 contours from 10 to 100 σ in steps of 10 σ . Right: contours of the rarer molecules 
in our sample plotted on a colourscale of the continuum intensity. White contours show the DCN J = 3–2 from 3 to 5 σ and the magenta contours show 

13 CS 
J = 5–4 from 1 to 3 σ . 
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Table 4. Properties of the continuum sources. 

Source RA Dec. 225.9 GHz † Mass 

(J2000) (J2000) [mJy] [M �] 

HH 1066 MM 10:44:05.421 −59:29:39.81 18.1 1.5 

HH 902 MM 10:44:01.415 −59:30:29.84 65.9 5.3 

HH 901 MM 10:44:03.463 −59:31:00.89 6.43 0.52 

MM1 10:44:05.327 −59:29:50.65 13.3 1.1 

MM2 10:44:02.939 −59:30:01.92 5.35 0.43 

MM3 10:43:59.146 −59:30:02.95 6.25 0.51 

MM4 10:44:01.255 −59:30:19.23 14.3 1.2 

MM5 10:44:05.503 −59:30:22.43 4.76 0.39 

MM6 10:43:58.069 −59:31:03.97 6.97 0.57 

Note . † Aggre gate continuum from the Band 6 observations. 
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races MM4 immediately to the north of the HH 902 MM. A bridge
f continuum emission connects the two sources. Two additional
ontinuum sources lie further north in the wishbone-shaped HH 902
illar. MM2 and MM3 coincide with C 

18 O peaks at the east and west
ips of the pillar. 

To the east of the HH 902 pillar, there are three continuum sources
n the HH 1066 pillar. At the top (northernmost point) of the HH 1066
illar is HH 1066 MM. Due south lies MM1. Like its neighbour,
ontinuum and C 

18 O emission from MM1 appear to peak behind
 cloud edge traced by bright H α emission. Further south, MM5
oincides with a C 

18 O peak at the head of the HH 1066 pillar, adjacent
o the continuum emission from the HH 902 MM and MM4. 

Finally, at the tip of the Mystic Mountains complex, the HH 901
illar has one continuum source detected at the head of the pillar. The
ontinuum source o v erlaps with a local peak in the C 

18 O emission.
o we ver, the brightest C 

18 O emission in the HH 901 pillar is seen at
ts center where there is no continuum detection. 

We compute masses of the continuum sources as 

 d = S νd 
2 /B ν( T ) κν. (5) 

e use a dust absorption coefficient κν = 0.8 cm 

2 g −1 (Ossenkopf &
enning 1994 ) appropriate for 1.3 mm observations, and a temper-

ture of T = 30 K. We multiply the dust mass by a gas-to-dust ratio
f 100 and report the total mass in Table 4 . We have assumed a
ingle temperature for all sources regardless of differences in their
volutionary stages (i.e. the presence of jets). Assuming a higher
r lower temperature (15 or 45 K) changes the estimated mass by
 factor of ∼2. We refrain from a more detailed analysis given the
ow resolution of our data and evidence that multiple sources are
nresolved in the beam (note that Cortes-Rangel et al. 2020 , detect
t least two point sources in the same region as our HH 902 MM). The
ux and mass estimates of all continuum point sources are reported

n Table 4 . 
NRAS 526, 717–739 (2023) 
.4.3 Candidate YSOs detected in other surveys 

revious surv e ys at wav elengths < 1.3 mm hav e also reported can-
idate YSOs in and around the Mystic Mountains. Three candidate
SOs from the Pan-Carina YSO Catalogue (PCYC; Povich et al.
011 ) fall within the area of our ALMA map; these are shown
n Fig. 5 as black diamonds. All three candidate YSOs have an
mbiguous evolutionary classification. PCYC 429 was identified as
he HH 1066 driving source by Reiter et al. ( 2016 ) and coincides with
he continuum source HH 1066 MM and the C 

18 O emission of L1.
mmediately below HH 1066 MM, a second candidate YSO, PCYC
27, lies near the north-west boundary of L2, outside the continuum
mission of MM1. PCYC 427 coincides with a point source visible
n H α images suggesting that this source lies in front of the cloud.
urther west, a third candidate YSO, PCYC 399, is also visible in
 α images. This source falls well outside the lowest contour of CO

mission from the HH 902 pillar and has no associated continuum
mission, suggesting that it is also lies outside the cloud. 

Ohlendorf et al. ( 2012 ) searched for YSOs driving the prominent
ets in the Mystic Mountains and other dust pillars in Carina. They
ote a point-like source near HH 902 that is not detected at longer
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Figure 8. Moment 0 map of the C 

18 O (greyscale) with contours of the 13 CS J = 5–4 in steps of 1 σ from 1 to 3 σ ( left ) and DCN J = 3–2 emission in steps of 1 σ
from 3 to 5 σ ( right ). 

Table 5. Summary of the rarer molecules. Columns are the species/transition, 
peak and median intensities, and median optically thin column density. 

Source I peak I median log(N) peak log(N) median 

[K km s −1 ] [K km s −1 ] 

DCN J = 3–2 
MM HH902 0.812 0.310 12.5 12.1 
MM 4 0.298 0.116 12.1 11.7 

13 CS J = 5–4 
MM 4 0.355 0.136 12.3 11.9 
MM 1 0.121 0.076 11.8 11.6 
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 > 8 μm) wavelengths; this is shown as a cyan square in Fig. 5 . This
ource falls within HH 902 MM but is offset to the left, closer to
he peak of the C 

18 O emission. Coordinates reported by Ohlendorf 
t al. ( 2012 ) place the source ∼4 

′′ 
away from the HH 902 YSO seen

ith ALMA by Cortes-Rangel et al. ( 2020 ). Together this suggests
t least 3 YSOs unresolved in the HH 902 MM. Finally, no Herschel
oint sources were identified in the Mystic Mountains in the unbiased 
earch by Gaczkowski et al. ( 2013 ). 

.5 Rarer species 

ur observations included two rarer molecules, 13 CS J = 5–4 and 
CN J = 3–2. 13 CS is a high-density tracer, typically seen in molec-
lar envelopes and cavity walls (Tychoniec et al. 2021 ). DCN is
ost often observed in cold gas, where CO is frozen out of the

nabling deuterium chemistry (Caselli & Ceccarelli 2012 ). Contour 
lots showing the emission peaks of both lines are presented in Fig.
 and Table 5 . The strongest 13 CS J = 5–4 emission is associated with
M4. A second, weaker feature coincides with MM1. 
DCN J = 3–2 was serendipitously detected in a spectral window
entered on SiO J = 5–4; we do not detect SiO J = 5–4 in any part of
he mosaic. The brightest DCN peak is at the head of the HH 902
illar, coincident with the HH 902 MM continuum source. Like the
ontinuum emission, DCN is offset to the west of the C 

18 O emission
see Fig. 7 ). 

DCN emission coincident with the HH 902 MM presents a double-
eaked velocity profile, shown in Fig. 9 . The red peak is within
.2 km s −1 of the velocity peak of the C 

18 O emission from the
ame region. The second peak is blueshifted by ∼1 km s −1 . This
elocity separation is not consistent with the frequency of any of
he hyperfine components of DCN (using data from the Cologne 
ata base for Molecular Spectroscopy; CDMS; M ̈uller et al. 2001 ,
005 ). The flux of both peaks is remarkably similar, contrary to
xpectation for optically thin hyperfine emission. Finally, the velocity 
radient is marginally resolved across the HH 902 MM (see Fig. 9 ).
ortes-Rangel et al. ( 2020 ) observed a similar velocity gradient in
 2 D 

+ J = 3–2 (note that their observations have ∼20 × better spatial
esolution). Both deuterated molecules show a velocity gradient that 
s oriented opposite to the velocity structure of the HH 902 molecular
utflow – that is, redshifted DCN (N 2 D 

+ ) is seen on the same side
f the YSO as the blueshifted limb of the outflow. 
A second, fainter DCN peak coincides with MM4. The emission 

eaks of all three molecules – DCN, 13 CS, and C 

18 O – coincide with
ontinuum emission from MM4. Weak DCN emission extends from 

he position of MM2 along the edge of the pillar (see Fig. 2 ). 

.6 Velocity structure 

ntensity-weighted velocity (moment 1) maps of the CO isotopo- 
ogues are shown in Fig. 10 . The most prominent feature is the
elocity difference between the pillars of the Mystic Mountains. 
MNRAS 526, 717–739 (2023) 
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Figure 9. Top: moment 1 map of the DCN J = 3–2 emission at the tip of 
the HH 902 pillar (see Fig. 8 ) that shows the velocity gradient across the 
marginally resolved source (the beam is shown in the lower left). Bottom: 
spectrum of the summed DCN J = 3–2 emission compared to C 

18 O spectrum 

from the same region. 
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ome velocity differences are also apparent along the north/south
xis of the HH 1066 pillar and the wishbone-like extensions of
he HH 902 pillar. C 

18 O emission suggests that there are multiple
lumps in the HH 1066 pillar with slightly different velocities. Higher
esolution observations are required to determine if the inter-clump
as is at a markedly different velocity, as seen in Pillar 6 of Klaassen
t al. ( 2020 ). 

.7 Non-thermal motions 

o test whether photoionization contributes to the non-thermal
otions in the pillars, we compare the av erage v elocity dispersion

o the incident ionizing photon flux. To probe a larger range of
uxes, we compare the Mystic Mountains to the dust pillars in
arina from Klaassen et al. ( 2020 ) because those observations use

he same angular resolution and spectral setup as this work. As in
laassen et al. ( 2020 ), we compute the average velocity dispersion

rom the moment 2 map. We consider the Mystic Mountains as a
hole and each of the three pillars within it separately. To calculate

he incident ionizing photon flux, we assume that the three main star
lusters, T r14, T r15, and T r16, dominate the external irradiation for
ll pillars in Carina. This provides a lower bound as we neglect the
arge number of O- and B-type stars located outside these clusters
see, e.g. Berlanas et al. 2023 ) and the effects of extinction. We use
he ionizing photon luminosities from Smith ( 2006a ) and compute
NRAS 526, 717–739 (2023) 
he local flux using the projected distance between the pillars and the
lusters. 2 The mean pillar velocity dispersion as a function of incident
onizing photon flux is shown in Fig. 11 (colour-coded by whether
he pillars contain a jet seen at visual wavelengths, see discussion in
ection 4.1 ). 
Within the (large) uncertainties, the mean velocity dispersions are

imilar across nearly two orders of magnitude in incident ionizing
adiation. This is counter to expectation if ionizing radiation drives
urbulence in the gas. Ho we ver, moment 2 maps do not isolate non-
hermal motions from other factors that contribute to the linewidth.
ulk motions from large-scale processes like infall and rotation as
ell as the influence of outflows from protostars embedded in the
illars will all contribute to this single value. In addition, higher
emperatures will increase the thermal contribution to the linewidth.
o we ver, to first order we would expect pillars subject to higher

onizing photon fluxes would also have warmer temperatures (see,
.g. the dust temperature maps from Roccatagliata et al. 2013 ;
ebolledo et al. 2016 ). 
For the Mystic Mountains we separate thermal and turbulent
otions as follows. We use the linewidth measured as the full
idth at half-maximum ( 
v) to calculate the 1D velocity dispersion,
= 
v/ 2 

√ 

2 ln 2 . To compute the thermal contribution, we use
therm;1D = 

√ 

2 k B T /m iso , where m iso is the mass of the CO isotopo-
ogue used and T = 30 K is the temperature of the cold molecular gas.
ubtracting the thermal component from the total velocity dispersion
ields the 1D turbulent velocity dispersion, σturb;1D = 

√ 

σ 2 
tot − σ 2 

therm 

.
inally, we convert the 1D estimate to 3D as σturb = 

√ 

3 σ1 D 

. The 3D
urbulent velocity dispersion computed for each CO isotopologue is
hown in Fig. 12 . 

Velocity dispersions are higher in CO than in 13 CO and C 

18 O.
he highest values for the turbulent velocity dispersion are observed
here the pillars o v erlap, almost certainly reflecting the influence of
ultiple velocity components along the line of sight. Other regions
ith high values of the velocity dispersion fall behind ionization

ronts traced by H α (see Fig. 13 ). 
The HH 902 pillar is well resolved with our ∼6 

′′ 
beam and o v erlaps

nly minimally with the other pillars in the Mystic Mountains. Qual-
tativ ely, the v elocity dispersion is higher where the H α emission is
igher. Velocity dispersions are larger along the western edge of the
illar and modest peaks appear behind the two H α ridges at the head
f the pillar. Peaks in the velocity dispersion do not coincide with
he location of the continuum sources. 

When estimating σ therm; 3D , we assumed a single temperature of
 = 30 K for the entire Mystic Mountains. Gas temperatures are likely
igher in the most heavily irradiated parts of the Mystic Mountains.
ssuming a higher temperature, T = 50 K, yields a larger thermal

ontribution σ therm; 1D = 0.59 km s −1 which is roughly equi v alent to
he av erage v elocity dispersion of the Mystic Mountains (as estimated
rom the moment 2 map). 

In addition to temperature uncertainties, the lack of correlation
etween velocity dispersion and incident ionizing photon flux may
esult from one of the following possibilities: (1) turbulence is
nhanced only near irradiated cloud surfaces in layers too thin to
e resolved with our ∼6 

′′ 
beam; (2) different pillars have a different

evel of embedded star formation that contributes unequally to the
bserved linewidth (i.e. via outflows) but is unresolved in our beam
and star formation activity itself does not vary as a function of
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Figure 10. Intensity-weighted velocity (moment 1) maps of the CO isotopologues. 

Figure 11. Mean CO velocity dispersion compared to the estimated incident 
ionizing photon luminosity for the three pillars in the Mystic Mountains 
(black squares) and the average of the Mystic Mountains (red square). These 
are compared to other pillars in Carina observed with the same resolution 
and spectral setup from Klaassen et al. ( 2020 ) with (blue) and without (cyan) 
one or more prominent jets seen at visual wavelengths. All three pillars in the 
Mystic Mountains complex have at least one jet. 

i
t

 

t
d
e
l  

g  

s

3

M  

t
d
i  

s
f

3

T
u  

H  

t  

n  

l  

m

p

w

λ

a

ω

a
f

σ

u

3

W  

d  

T  

r  

o  

t  

2

R

w  

d

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/526/1/717/7281723 by guest on 30 January 2024
ncident ionizing flux); or (3) that ionizing radiation does not drive 
urbulence. 

Ho we v er, the v elocity dispersion may not be best discriminant of
he impact of ionizing radiation on the gas. External radiation may 
rive non-thermal motions through compressive shocks but shock 
nergy will quickly dissipate and the velocity signature may not be 
ong-li ved. Compressi ve motions will also reshape the density of the
as, leaving behind local regions of higher density. We consider this
ignature of compressive turbulence in the next section. 

.8 Isolating turbulent motions 

enon et al. ( 2021 ) used the data of Klaassen et al. ( 2020 ) to measure
he turbulence in a few well-resolved pillars. They reconstruct the 
ominant turbulence driving mode from the column density and 
ntensity-weighted velocity maps (Federrath et al. 2010 , 2016 ). In this
ection, we repeat this analysis for the Mystic Mountains complex 

or a highly irradiated comparison. 
.8.1 2D density structure 

o compute the density probability distribution function (PDF), we 
se the column density of the optically thin 13 CO as a proxy for the
 2 along the line of sight, N , substituting the C 

18 O in places where
he 13 CO is optically thick. We compute ση, the dispersion of the
atural logarithm of the column density scaled by its mean ( η =
og ( N / N 0 )) by fitting a Hopkins ( 2013 ) intermittency density PDF
odel to the volume-weighted PDF of η. This has the form 

 HK ( η) dη = I 1 ( 
√ 

2 λω ( η) exp [ −( λ + ω ( η))] 

√ 

λ

θ2 ω ( η) 
dη, (6) 

here 

= 

σ 2 
η

2 θ2 
, (7) 

nd 

 ( η) = 

λ

(1 + θ ) 
− η

θ
( ω ≥ 0) , (8) 

nd θ is the intermittency parameter. The values of ση and θ derived 
rom the fit are used to compute σN/N 0 , the linear dispersion, as 

N/N 0 = 

√ 

exp 

(
σ 2 

η

(1 + 3 θ + 2 θ2 ) 

)
− 1 , (9) 

sing an expression from Hopkins ( 2013 ). 

.8.2 Conversion from 2D to 3D density structure 

e estimate the 3D density dispersion from the 2D column density
ispersion using the method of Brunt, Federrath & Price ( 2010 ).
he 3D density power spectrum, P 3 D ( k ), of the variable ρ/ ρ0 − 1 is

econstructed from the 2D column density power spectrum, P 2 D ( k ),
f the variable N / N 0 − 1; k is the wavenumber. This is converted to
he 3D power spectrum as P 3 D ( k ) = 2 k P 2 D ( k ). The ratio R 

1 / 2 of the
D and 3D dispersions is defined as 

 

1 / 2 = 

σN/N 0 

σρ/ρ0 

= 

∑ 

k P 2 D 

( k) ∑ 

k P 3 D 

( k) 
, (10) 

here we have mirrored the column density to provide a periodic
ata set (Ossenkopf, Krips & Stutzki 2008 ). 
MNRAS 526, 717–739 (2023) 
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Figure 12. The 3D turbulent velocity dispersion computed assuming a single gas temperature of T = 30 K. 

3

W  

m  

i  

m  

v  

t  

a
 

i  

c  

c  

v  

p  

c
 

a  

t  

o  

a  

a  

s  

i  

t

3

W  

v  

v  

l  

d  

g  

f  

r  

T  

c  

t

4

R  

b  

e  

P  

s  

i  

 

s  

T  

N  

s  

T  

i  

i  

2
 

e  

i  

f  

r  

M  

2  

0  

t
 

A  

p  

8  

S  

a  

P  

P  

(  

(  

Q  

o  

l  

∼  

f  

(  

l
 

r  

i  

d  

p  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/526/1/717/7281723 by guest on 30 January 2024
.8.3 Isolating turbulent motions 

e fit a plane to the intensity-weighted velocity map (the first
oment map) to remo v e bulk motions and isolate turbulent motions

n the pillars. For purely turbulent motion, we expect the line-of-sight
otions to trace a Gaussian PDF. We fit a Gaussian to the line-of-sight

elocity PDF to derive the 1D velocity dispersion, σ v, 1 D . We convert
his to the 3D velocity dispersion as σ v, 3 D = 3 1/2 σ v, 1 D , implicitly
ssuming isotropy. 

From this, we compute the Mach number, M = σv, 3 D 

/c s , which
s the ratio of the 3D velocity dispersion and the sound speed,
 s ∼ 0.3 km s −1 for our assumed temperature of 30 K. Finally, we
ompute b , the turbulence driving parameter as b = σρ/ρ0 / M . The
alue of b is used to determine the type of turbulence: b ∼ 0.33 is
urely solenoidal; b ∼ 1.0 is purely compressive; and b ∼ 0.4 is a
ombination of both. 

Values of each of the derived parameters and their 1 σ uncertainties
re listed in Table 6 . PDFs of the column density and velocities for
he Mystic Mountains are shown in Fig. 14 . We focus our comparison
n the Mystic Mountains as a whole because the individual pillars
re significantly smaller, with only a few beams co v ering their major
nd minor axes. Results of this analysis for each individual pillar are
hown in Appendix C but we do not discuss them further here as the
ndividual pillars are inadequately resolved for this analysis (similar
o Pillar 44 in Menon et al. 2021 ; see also Sharda et al. 2018 ). 

.8.4 Comparing the Mystic Mountains to other pillars in Carina 

ithin the Mystic Mountains, it is clear that there are multiple
elocity components; these roughly correspond to the systemic
elocity of each pillar (see Fig. 14 and Table 2 ). Subtracting a
inear function (a plane) reduces the peakiness of the velocity
istrib ution, b ut the velocity dispersion remains large even after
radient subtraction, nearly a factor of two higher than the values
ound by Menon et al. ( 2021 ) for other pillars in Carina. As a
esult, the Mach number ( M = σv, 3 D 

/c s ) is also a factor of 2 higher.
he resulting turbulence driving parameter b is within the range of
ompressively dominated turbulence (0.4 − 1.0) but some what lo wer
han the values (0.8 − 1.7) found by Menon et al. ( 2021 ). 

 DISCUSSION  

ecent numerical work suggests that ionizing radiation may drive tur-
ulence in cold molecular gas via the rocket effect (e.g. Gritschneder
NRAS 526, 717–739 (2023) 
t al. 2009 ; Boneberg et al. 2015 ; Dale 2017 ; Menon et al. 2020 ).
hotoe v aporation dri ves a flo w of free electrons from ionized cloud
urfaces. Momentum is conserved, so this flow also drives a shock
nto the cloud, compressing the gas, and perhaps injecting turbulence.

In this picture, highly irradiated pillars like the Mystic Mountains
hould show a high level of turbulent velocity dispersion in the gas.
he Mystic Mountains cloud complex lies in the heart of the Carina
ebula where copious ionizing photons from Tr14 ( Q H ∼ 10 50 s −1 ,

ee Smith 2006a ) illuminate and sculpt its mountainous morphology.
he incident ionizing photon flux illuminating the Mystic Mountains

s an order of magnitude higher than that illuminating other pillars
n Carina with similar observations (see Fig. 11 and Klaassen et al.
020 ). 
A clear correlation between the incident ionizing radiation and

lectron density in ionization fronts has been observed in dust pillars
n Carina (McLeod et al. 2016 ). We do not find a similarly straight-
orward relationship between the cold molecular gas and incident
adiation. Despite the higher ionizing flux illuminating the Mystic

ountains, the av erage v elocity dispersion (deriv ed from the moment
 map) is comparable to other pillars in Carina (see Fig. 11 ). At b =
.55, the turbulence driving parameter is consistent with compressive
urb ulence b ut is below the range found by Menon et al. ( 2021 ). 

For all of the pillars in Carina that have been observed with the
CA alone, it is unclear what role unresolved star formation activity
lays in the observed kinematics. In the Mystic Mountains, we detect
 continuum sources (see Section 3.4.2 ) and 10 C 

18 O clumps (see
ection 3.4 ). The pillars in the Klaassen et al. ( 2020 ) also display
 wide range of star-formation activity from the relatively quiescent
illar 22 which has only two C 

18 O cores to the actively star-forming
illar 6 with evidence for > 4 separate YSOs. Protostars and their
unresolved) outflows can contribute to internal velocity dispersion
e.g. Larson et al. 2015 ) and may provide a local source of turbulence.
uantifying this is dif ficult, ho we ver, as we do not detect the known
utflows in the Mystic Mountains or any other molecular outflows,
ikely due to the modest resolution of our data (at 2.3 kpc, our

6 
′′ 

beam corresponds to ∼0.07 pc). The physical properties of the
amous jets in the Mystic Mountains (see Fig. 1 ) are well measured
Reiter & Smith 2013 , 2014 ; Cortes-Rangel et al. 2020 ) but these
argely propagate outside the cloud. 

Higher angular resolution observations are required to detect and
emo v e the influence of embedded outflows as well as analyse the
ndividual pillars of the Mystic Mountains independently. Existing
ata co v ers a small region at the head of the HH 901 and HH 902
illars (Cortes-Rangel et al. 2020 ); extending this to a larger portion
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Figure 13. Top Left: map of the CO turbulent velocity dispersion with H α contours overplotted in black. Top Right: contours from the CO moment 2 map 
plotted on a greyscale of the H α image from HST . Many peaks in the velocity dispersion correspond to regions where the pillars appear to o v erlap. The one 
exception is HH 902 which we zoom in on in the bottom two panels. Bottom: a zoomed-in view of the HH 902 pillar showing the HST H α image alongside the 
CO moment 2 map. Both the H α intensity and the CO velocity dispersion are higher along the western side of the HH 902 pillar. 
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f the Mystic Mountains would be interesting to do in the future.
or now, we compare the results of the Mystic Mountains and the
laassen et al. ( 2020 ) pillars to higher resolution observations of
ther portions of the Carina region. 

.1 Comparison to other regions in Carina 

 few other studies in the Carina region have quantified the impact
f ionizing feedback on star-forming gas. Rebolledo et al. ( 2020 )
ompared two clouds in the Carina region that are subject to very
ifferent ionizing radiation fields: the ‘North Cloud’ which is located 
ear the center of Carina where it is heavily irradiated by Tr14 and
he ‘South Pillars’ regions which is located in the outskirts of Carina
here it is subject to much less intense radiation. The two regions
re separated from the central clusters, Tr14 and Tr16, by ∼2.5 pc
nd ∼30 pc, respectively, and thus experience an order of magnitude
ifference in their radiative en vironment. W ith Band 3 observations
argeting the dense gas tracers HCN and HCO 

+ with a resolution of
.8 

′′ × 1.8 
′′ 
, Rebolledo et al. ( 2020 ) find evidence for more turbulence

n the heavily irradiated North Cloud. The North Cloud also has
ewer cores than the South Pillars region. Ho we ver, the cores that
ave formed in the North Cloud are higher in mass than the more
umerous cores found in the South Pillars cloud, consistent with 
urbulent fragmentation. 

Hartigan et al. ( 2022 ) recently published observations of the
W estern W all,’ a region in the center of Carina that o v erlaps
MNRAS 526, 717–739 (2023) 
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MNRAS 526, 717–739 (2023) 

Figure 14. Top: left panel shows the H 2 column density derived from the optically thin 13 CO and C 

18 O (see Section 3.7 ). Right panel shows the fit to the 
column density PDF, as in Menon et al. ( 2021 ). Middle: image of the intensity-weighted velocity map prior to gradient subtraction (left) and histogram of its 
distribution (right). Bottom: velocity map (left) and histogram (right) after gradient subtraction. 
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Table 6. Turbulence parameters for the Mystic Mountains as 
a whole, as in Menon et al. ( 2021 ). 

Pillar MM 

A [pc 2 ] 0.32 ± 0.03 
N 0 [10 21 cm 

−2 ] 3.01 + 5 . 3 −1 . 9 
M [M �] 33.7 ± 5.7 
n [10 3 cm 

−3 ] 2.33 ± 1.3 
σM2 

v, 3 D 

[km s −1 ] 0.34 ± 0.30 
αvir 26.7 ± 15 
t ff /t turb 2.22 ± 0.62 
ση 1.01 ± 0.02 
σN/N 0 0.56 ± 0.02 
R 

1 / 2 0.14 ± 0.01 
σρ/ρ0 4.02 ± 0.37 
σ total 

v, 1 D 

[km s −1 ] 1.76 ± 0.33 
σv, 1 D [km s −1 ] 1.26 ± 0.07 
σv, 3 D [km s −1 ] 2.19 ± 0.13 
M 7.29 ± 0.43 
b 0.55 ± 0.05 
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ith the North Cloud from Rebolledo et al. ( 2020 ). These higher
esolution observations (synthesized beamsize ∼1 

′′ 
) in Band 6 target 

O and its isotopologues. Hartigan et al. ( 2022 ) conclude that the
nfluence of feedback is modest with no signs of triggered star
ormation and no prominent dust pillars. Gas densities appear higher 
mmediately behind the ionization front but cores appear starless, 
nd there is no evidence for grain gro wth. A follo w-up analysis of
he Hartigan et al. ( 2022 ) observations from Downes, Hartigan &
sella ( 2023 ) determined that turbulence is driven at large scales, but
ot necessarily by irradiation from nearby high-mass stars. 
This conclusions stands in contrast to Menon et al. ( 2021 ) who

rgue that pre-dominantly compressive modes of turbulence may 
ave triggered star formation in the pillars. Ho we ver, Do wnes et al.
 2023 ) argue that their result is not in tension with Menon et al.
 2021 ). Unlike the Western Wall, the pillars have been sculpted by
adiation. Pillars may self-shado w, allo wing compressi ve motions to 
ead to their development, altering their internal kinematics. 

In the simulations of Dale et al. ( 2012 ), prominent pillars form in
louds with more diffuse gas and those with smoother density fields. 
bo v e a certain density ( � 100 cm 

−3 ), ionization is dynamically
nef fecti ve, especially in more turbulent regions. On the smaller 
cales of the pointed observations presented in this paper and those 
n Klaassen et al. ( 2020 ), Rebolledo et al. ( 2020 ), and Hartigan
t al. ( 2022 ), differences in the local initial conditions may be
esponsible for the morphological differences observed at present. In 
his case, ionizing radiation carved more diffuse gas into dust pillars,
erhaps triggering star formation (Brooks et al. 2002 ; Rathborne 
t al. 2004 ; Smith et al. 2010b ; Ohlendorf et al. 2012 ). Meanwhile,
he higher density Western Wall/North Cloud began as and remained 
 higher density region (see, e.g. fig. 1 in Rebolledo et al. 2020 ), less
ulnerable to compression. Local density variations may also help 
xplain why there is a dust pillar ∼1 

′ 
( ∼0.7 pc) to the north-east of

he Western Wall (see Smith et al. 2010a ). 
This picture is in line with the simulations of Tremblin et al.

 2012a , b ) who find that pillar formation depends strongly on shock
urvature. Pre-e xisting o v erdensities help curve the shock driven by
he ionization front. Pillars form when the curved shock collapses 
n on itself. Pillars formed in this way will naturally have a high-
ensity core at their tips in much the same way that desert buttes
ave high-density caprock at their apices. 
While differences in the initial density may help explain the 
bsence of pillars in the Western Wall, the lo w le vel of star formation
ctivity remains a challenge. High initial densities in the Western 
all suggest that star formation would happen sooner than in the

eedback-carved pillars. But this is not what is observed. Hartigan 
t al. ( 2022 ) find that the cores in the Western Wall are starless.
ebolledo et al. ( 2020 ) argue that the higher level of turbulence may
ave made the Western Wall more resilient to fragmentation as there
re fewer but higher mass cores compared to their more quiescent
outh Pillars region. In contrast, several pillars show evidence for 
tar formation in the form of their prominent jets. 

Turbulence rapidly decays and must be constantly resupplied to 
aintain observ ed lev els. Rebolledo et al. ( 2020 ) attribute the higher

urbulence in the North Cloud/Western Wall to the impact of external
rradiation. Downes et al. ( 2023 ) also find evidence that turbulence
s driven on large scales, but they do not attribute this to ionization.
esolving this tension requires a more homogeneous data set that 
o v ers the large (pc) scales where turbulence is driven while resolving 
he 0.02 – 0.03 pc scales that Downes et al. ( 2023 ) find are also
ynamically important. 

 C O N C L U S I O N S  

n this paper, we present maps of the CO, 13 CO, and C 

18 O emission
rom the Mystic Mountains, a large cloud complex with multiple 
ust pillars located in the heart of the Carina Nebula. A dendrogram
nalysis reveals a coherent, connected structure with three individual 
illars. We detect eight continuum cores within the Mystic Moun- 
ains. Most continuum cores are associated with a C 

18 O clump,
ut not all C 

18 O clumps have a continuum counterpart. The rarer
sotopologues DCN J = 3–2 and 13 CS J = 5–4 are detected in two
lumps located in the region with the highest column density. 

The Mystic Mountains re gion e xperiences an order of magnitude
igher ionizing flux from the nearby star clusters than the flux
ncident on other dust pillars in Carina observed with similar tracers
nd angular resolution. Ho we ver, bulk pillar properties like the
v erage v elocity dispersion deriv ed from moment 2 maps are similar
or all pillars, regardless of their irradiation. 

A more detailed analysis to isolate turbulent motions reveals a 
urbulent driving parameter, b = 0.55, consistent with compressive 
urbulence dominating in the Mystic Mountains. The derived b is 
ithin the range of values found by Menon et al. ( 2021 ) for the
illars from Klaassen et al. ( 2020 ). The derived Mach number
or the Mystic Mountains is a factor of 2 higher than that found
or other pillars in the Carina region, either reflecting a stronger
hock from the more intense UV field, or, more likely, is arti-
cially inflated by the broad velocity distribution of the Mystic 
ountains. 
The similarity of pillar properties across a range of incident 

onizing fluxes contrasts with studies of other irradiated clouds in 
he Carina Nebula. Rebolledo et al. ( 2020 ) compared two regions
ith an order of magnitude difference in the incident radiation and
nd evidence for more turbulence and fewer (but higher mass) cores

n the more heavily irradiated cloud. From a different analysis and
ata set of the same region presented by Rebolledo et al. ( 2020 ),
ownes et al. ( 2023 ) argue that differences between the pillar results

nd the cloud results are not inconsistent because pillar kinematics 
ay reflect dynamical compression. We argue that this may be true if

he different morphologies observed today result from different initial 
ensities that aided or prevented UV irradiation from compressing 
he local cloud into a pillar. Pre-existing overdensities may also 
 xplain the observ ed dif ference in star-forming acti vity. Cores in the
MNRAS 526, 717–739 (2023) 
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 estern W all/North Cloud appear starless whereas a fraction of the
ores in the Mystic Mountains and other pillars drive prominent jets,
ignifying a more advanced evolutionary stage (i.e. HH 901 and HH
02 in the Mystic Mountains; see Cortes-Rangel et al. 2020 ). 
Future work probing a broader range of environments with the

ngular resolution to probe both the large scales of turbulence driving
nd the small scales where its consequences are most evident will
elp resolve this tension. 
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Figure A1. Left: the mean and right: maximum τ of CO (top) and 13 CO (bottom) o v er the velocity range −10.5 < v < −2 km s −1 . 

APPENDIX  B:  C O L U M N  DENSITY  MAPS  

The spatially resolved, optical-depth corrected column density of each of the three CO isotopologues is shown in Fig. B1 . Peak and median 
values for the Mystic Mountains and each individual pillar are reported in Table 2 . 
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Figure B1. Column density maps of the CO isotopologues o v er the velocity range −10.5 < v < −2 km s −1 . 

APPENDIX  C :  T U R BU L E N C E  D R I V I N G  PARAMETER  ANALYSI S  F O R  T H E  I N D I V I D UA L  PI LLARS  

We repeat the analysis in Section 3.8 to isolate turbulent motions in each pillar of the Mystic Mountains complex individually. The pillars in 
the Mystic Mountains are all at slightly different velocities and these differences are not cleanly remo v ed with a linear gradient. These real 
velocity differences therefore inflate any measure of the velocity dispersion for the Mystic Mountains as a whole. Ideally, each pillar would be 
analysed separately to remo v e these systematic motions. 

Figs C1 , C2 , and C3 sho w the results of this analysis for the indi vidual pillars and Table C1 reports the deri ved v alues with 1 σ uncertainties. 
We find unphysical values for many parameters, including the turbulent driving parameter b . This is almost certainly a reflection of the low 

resolution of our data compared to the size of the pillars: the width of the HH 901 and HH 1066 pillars are both comparable to the size of the 
beam. 

To test this, we degraded the resolution of the data to 1/4 of the native resolution (as in Sharda et al. 2018 ). Repeating the analysis, we find 
that σ v, 3 D changes by > 20 per cent for the separate pillars. For the Mystic Mountains as a whole, derived values change by ∼6 per cent using 
the lower-resolution data. Formal error propagation does not capture this underlying problem, leading to modest uncertainties on unphysical 
values in Table C1 . A more reliable analysis requires higher angular observations that better resolve the individual pillars. 
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Figure C1. Same as Fig. 14 but for the HH 901 pillar alone. 
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Figure C2. Same as Fig. 14 but for the HH 902 pillar alone. 
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Figure C3. Same as Fig. 14 but for the HH 1066 pillar alone. 
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Table C1. Turbulence parameters each pillar in the Mystic Mountains 
individually. 

Pillar HH 901 HH 902 HH 1066 

A [pc 2 ] 0.07 ± 0.007 0.18 ± 0.02 0.20 ± 0.02 
N 0 [10 21 cm 

−2 ] 3.09 + 3 . 5 −1 . 6 7.59 + 6 . 0 −3 . 4 3.47 + 4 . 1 −1 . 9 
M [M �] 3.31 ± 2.64 17.2 ± 13.2 8.13 ± 7.51 
n [10 3 cm 

−3 ] 4.16 ± 1.06 6.10 ± 0.76 2.95 ± 0.80 
σM2 

v, 3 D 

[km s −1 ] 0.31 ± 0.23 0.27 ± 0.15 0.26 ± 0.26 
αvir 16.3 ± 1.90 0.76 ± 0.12 1.24 ± 0.33 
t ff /t turb 1.73 ± 0.10 0.37 ± 0.03 0.48 ± 0.06 
ση 0.99 ± 0.01 0.63 ± 0.02 0.67 ± 0.01 
σN/N 0 0.52 ± 0.01 0.46 ± 0.02 0.45 ± 0.01 
R 

1 / 2 0.09 ± 0.003 0.13 ± 0.0004 0.09 ± 0.001 
σρ/ρ0 5.76 ± 0.21 3.49 ±.15 4.75 ±.08 
σ total 

v, 1 D 

[km s −1 ] 0.91 ± 0.20 0.32 ± 0.02 1.31 ± 0.26 
σv, 1 D [km s −1 ] 0.62 ± 0.07 0.25 ± 0.01 0.24 ± 0.01 
σv, 3 D [km s −1 ] 1.07 ± 0.13 0.44 ± 0.02 0.41 ± 0.02 
M 3.58 ± 0.43 1.47 ± 0.05 1.38 ± 0.07 
b 1.61 ± 0.2 2.37 ± 0.13 3.45 ± 0.19 
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