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ABSTRACT

Context. The diffuse and translucent molecular clouds traced in absorption along the line of sight to strong background sources have
so far been investigated mainly in the spectral domain because of limited angular resolution or small sizes of the background sources.
Aims. We aim to resolve and investigate the spatial structure of molecular clouds traced by several molecules detected in absorption
along the line of sight to Sgr B2(N).

Methods. We have used spectral line data from the EMoCA survey performed with the Atacama Large Millimeter/submillimeter
Array (ALMA), taking advantage of its high sensitivity and angular resolution. The velocity structure across the field of view is
investigated by automatically fitting synthetic spectra to the detected absorption features, which allows us to decompose them into
individual clouds located in the Galactic centre (GC) region and in spiral arms along the line of sight. We compute opacity maps for all
detected molecules. We investigated the spatial and kinematical structure of the individual clouds with statistical methods and perform
a principal component analysis to search for correlations between the detected molecules. To investigate the nature of the molecular
clouds along the line of sight to Sgr B2, we also used archival Mopra data.

Results. We identify, on the basis of c-C3H,, 15 main velocity components along the line of sight to Sgr B2(N) and several components
associated with the envelope of Sgr B2 itself. The c-C3H, column densities reveal two categories of clouds. Clouds in Category I (3 kpc
arm, 4 kpc arm, and some GC clouds) have smaller c-C3H, column densities, smaller linewidths, and smaller widths of their column
density PDFs than clouds in Category II (Scutum arm, Sgr arm, and other GC clouds). We derive opacity maps for the following
molecules: c-C3H,, H3CO™, 3CO, HNC and its isotopologue HN'3C, HC'SN, CS and its isotopologues C3*S and '3CS, SiO, SO, and
CH;OH. These maps reveal that most molecules trace relatively homogeneous structures that are more extended than the field of view
defined by the background continuum emission (about 15”, that is 0.08-0.6 pc depending on the distance). SO and SiO show more
complex structures with smaller clumps of size ~5—8”. Our analysis suggests that the driving of the turbulence is mainly solenoidal in
the investigated clouds.

Conclusions. On the basis of HCO*, we conclude that most line-of-sight clouds towards Sgr B2 are translucent, including all clouds
where complex organic molecules were recently detected. We also conclude that CCH and CH are good probes of H; in both diffuse
and translucent clouds, while HCO™ and c¢-C;H, in translucent clouds depart from the correlations with H, found in diffuse clouds.

Key words. ISM: molecules — ISM: kinematics and dynamics — ISM: structure — ISM: clouds — astrochemistry —
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1. Introduction

Molecular clouds can be categorised based on their physical
conditions into dense, translucent, and diffuse molecular clouds
(Snow & McCall 2006, and references therein). The boundaries
between the three different phases are loose. Dense molecu-
lar clouds are mostly protected from UV radiation which can
destroy molecules, while diffuse molecular clouds are more
exposed to this radiation which often results in a lower molec-
ular fraction of hydrogen and lower abundances of molecules.
Translucent molecular clouds are the transition regions between
dense and diffuse molecular clouds, not completely shielded
against UV radiation. Molecular clouds are usually a mixture
of all these three types. The kinetic temperature is between

about 30 and 100K in diffuse molecular clouds, higher than
about 15 K in translucent clouds, and between about 10 and 50 K
in dense clouds. The typical hydrogen densities are 100—500,
500—-5000 and >10*cm™3, respectively (Snow & McCall 2006,
and references therein).

Performing absorption studies in the direction of strong back-
ground sources offers the opportunity to study the chemical and
physical structure of diffuse and translucent molecular clouds
along the line of sight. Diffuse molecular clouds make up a large
part of the interstellar medium in our galaxy and in other spi-
ral galaxies (e.g. Pety et al. 2013). Their extended structures are
thought to be the main component of interarm regions in spi-
ral galaxies (Sawada et al. 2012). A thick diffuse disk may be
present in spiral galaxies, as detected in M51 (Pety et al. 2013).
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In addition, diffuse and translucent molecular clouds form the
envelopes of giant molecular clouds (GMCs) in which star for-
mation occurs. Hence, diffuse and translucent molecular clouds
play an important role for the interaction between stars and the
surrounding gas (e.g. Arnett 1971).

Due to the low densities in diffuse and translucent molecular
clouds the excitation temperature of most molecular transitions
is close to the temperature of the cosmic microwave background
(CMB) radiation, that is 2.73 K (Greaves et al. 1992). Rotational
lines are thus sub-thermally excited, very weak, and difficult to
detect in emission.

The GMC Sagittarius B2 (SgrB2) emits strong continuum
radiation that can be used as an extended background source
to investigate the spatial structure of the diffuse and translu-
cent clouds located along the line of sight. Sgr B2 is located
near the Galactic centre (GC) with a projected distance of about
100 pc. The GC has a distance of 8.34 + 0.16 kpc to the Sun (Reid
et al. 2014). The diameter of SgrB2 is about 40 pc and its mass
is about 107 M, (Lis & Goldsmith 1990). Here, we focus on
the dense molecular core Sgr B2(N) that contains several H11
regions (Gaume et al. 1995) as well as several hot molecular
cores (Bonfand et al. 2017; Sanchez-Monge et al. 2017). The
continuum emission of Sgr B2(N) in the millimetre wavelength
range consists of free—free radiation and thermal dust emission
(e.g. Liu & Snyder 1999).

In the past, several molecular absorption studies along the
line of sight to SgrB2(N) and SgrB2(M) were made using
single-dish telescopes (e.g. Greaves & Williams 1994; Neufeld
et al. 2000; Polehampton et al. 2005; Hieret 2005; Lis et al.
2010; Monje et al. 2011; Corby et al. 2018). The profiles
of the detected absorption features were modelled to investigate
the molecular content of the material along the line of sight. The
angular resolution of these previous studies was not high enough
to resolve the continuum structure of Sgr B2(N). For instance,
Corby et al. (2018) investigated simple molecules along the line
of sight to Sgr B2 using the Green Bank Telescope. Their data
covered the frequency range between 1 and 50 GHz with a res-
olution between 13" and 15”. Corby et al. (2015) performed a
spectral survey of Sgr B2 with the Australia Telescope Compact
Array (ATCA) between 30 and 50 GHz with an angular reso-
Iution of 5-10" that starts to resolve the continuum emission
of Sgr B2(N). They reported variations in the column densi-
ties of several molecules seen in absorption across the field of
view of their observations but they did not have enough resolu-
tion elements to perform a detailed study of the spatial structure
of the clouds seen in absorption along the line of sight. Mills
et al. (2018) also used the ATCA between 23 and 37 GHz to
observe Sgr B2(N) with an angular resolution of 3" in ammo-
nia and methanol, which they detect mainly in emission. They
focused their analysis on Sgr B2(N) itself and its hot cores.

We use the EMoCA (Exploring Molecular Complexity with
ALMA) survey for our analysis. The aim of the survey is to
explore and expand our knowledge of the chemical complexity
of the interstellar medium (Belloche et al. 2016). This survey
was performed towards Sgr B2(N) with the Atacama Large
Millimeter/submillimeter Array (ALMA). The angular resolu-
tion of this survey is high enough to resolve the continuum emis-
sion of Sgr B2(N) (see Fig. 1). Hence, we can investigate absorp-
tion lines at positions where the continuum is still strong enough
but which are sufficiently far away from the hot cores towards
which absorption features are blended with numerous emission
lines. The survey was carried out in the 3 mm wavelength range
(covering frequencies from 84.1 to 114.4 GHz). Many important
as well as abundant molecular species have transitions in this
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Fig. 1. ALMA continuum map of SgrB2(N) at 85 GHz. The black
contour lines show the flux density levels at 30, 60, 120, and
240 and the dotted ones mark —3c0-, with o the rms noise level of
5.4 mJy beam™!. The black crosses mark the positions of the hot
cores Sgr B2(N1) and Sgr B2(N2), the white cross the phase cen-
tre (EQJ2000: 17"47™19.87%, —28°22"16"), and the white triangles the
ultra compact HII region K4 and the peak in the shell of the HII region
K6 (Gaume et al. 1995). The white ellipse in the lower right corner is the
synthesised beam. The white contour encloses the region selected for
the analysis of the absorption features, for the particular case of ortho
c-C3H,. The pixel size in this image is 073.
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Fig. 2. Sketch of the Milky Way and the spiral arms along the line
of sight to SgrB2 (based on Greaves & Williams 1994). The velocity
ranges of the diffuse and translucent clouds are indicated in km s'.

frequency regime that are suitable for absorption studies. There-
fore, this unbiased line survey provides an excellent opportunity
to study structures on sub-parsec scales not only in Sgr B2 itself,
but also along the whole 8 kpc long line of sight to the Galactic
centre. The line of sight to SgrB2 passes through the Sagittar-
ius, Scutum, 3 kpc, and 4 kpc arms as well as the Galactic centre
(GC) clouds up to a distance of about 2 kpc from the GC (e.g.
Greaves & Williams 1994; Menten et al. 2011, see Fig. 2).

In this paper we investigate the spatial structure of the molec-
ular clouds traced by several molecules detected in absorption
along the line of sight to SgrB2 at much better angular reso-
lution, namely 176. In Sect. 2 we briefly describe the dataset
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we used for this work. The different techniques we adopted to
analyse the data are presented in Sect 3. We present the results
in Sect. 4 and discuss them in Sect. 5. We give a summary in
Sect. 6.

2. Observations

We analysed the absorption lines detected in the EMoCA survey
(Belloche et al. 2016). This spectral line survey was observed
with ALMA in Cycles 0 and 1. It was pointed towards Sgr B2(N)
with the phase centre located half way between the two main
hot cores N1 and N2 at EQJ2000: 17"47™19.87°%, —-28°2216”
(see Fig. 1). The survey covers the frequency range from 84.1
to 114.4 GHz with a spectral resolution of 488 kHz (1.7 to
1.3 km s7!) at a median angular resolution of 176. The
median largest angular scale is 21”4. The average noise level
is ~3mJy beam™! per channel. Details about the calibration and
deconvolution of the data are reported in Belloche et al. (2016).
We also analyse the emission lines of the molecules HCO™,
HNC, CS, and 'CO detected in the 3 mm imaging spectral sur-
vey of Sgr B2 performed by Jones et al. (2008). The observations
were carried out with the 22 m Mopra Millimetre Telescope in
June 2006 in on-the-fly mode, covering an area of 5’ by 5’ cen-
tred on the J2000 equatorial position 17"47™19.8%, —28°22"17”
which is close to Sgr B2(N). The survey covers the full frequency
range between 82 and 114 GHz with a spectral resolution of
2.2 MHz (6.4kms~! at 100 GHz). Additional narrow-band spec-
tra with a high resolution of 33 kHz (0.10 km s~ at 100 GHz)
were also taken. The angular resolution of the data is about 36”
and the RMS noise level of the broad-band spectra in main-beam
temperature scale is 0.12-0.42 K depending on the frequency.

3. Methods
3.1. Selected data sample

To have enough sensitivity, we analyse the absorption features
towards positions where the continuum emission is brighter than
four times the RMS noise level. The noise level is derived from
a Gaussian fit to the flux density distribution of all pixels in
the continuum map not corrected for primary beam attenua-
tion. For this, we use the command go noise in the GILDAS
package GREG!'. Positions close to the hot cores Sgr B2(N1)
and Sgr B2(N2) have spectra full of emission lines of organic
molecules (e.g. Bonfand et al. 2017). Therefore, in order to min-
imise the contamination of the absorption features by emission
lines, we perform the analysis towards the positions that are far
enough from these hot cores by excluding pixels inside ellipses
drawn around them. Because of the slightly different beams and
noise levels in the different spectral windows (see Belloche et al.
2016), the mask resulting from these two criteria may differ
from molecule to molecule. As an example, we show the area
selected for c-C3H, on top of the ALMA continuum map in
Fig. 1. The selected data sample has no emission lines con-
taminating the absorption features. With a sampling of 0.6”,
the Nyquist-sampling condition is still fulfilled and we do not
lose information. This results in 322 pixels for c-C3H,, which
represents an area of about 32 independent beams.

3.2. Opacity cubes

When the excitation temperature of a transition seen in absorp-
tion is equal to the temperature of the CMB (see Eq. (2) below),

I See https://www.iram.fr/IRAMFR/GILDAS/

the opacity, 7, of the absorption line is directly related to the line
intensity, /;, and the continuum level, I, through the following
equation:

ey

C

T(v) = —ln(l + Il(v)),
where I, is the level of the baseline (representing the contin-
uum emission) in the original spectrum and /;(v) is the intensity
of the absorption line measured in the baseline-subtracted spec-
trum at a certain frequency. With this definition, /; is negative for
an absorption line. This formula only yields meaningful values
for 7 when the absorption is not too optically thick, otherwise
the value in the parentheses gets close to zero and the loga-
rithm diverges. We can then compute the column density of the
molecule from the derived opacity (see Eq. (3) below).

Because the size of our data sample is small, we create many
realisations of the opacity cube by injecting noise to I} and I,
(with o, = orms ~ 3 mly beam™! and o1, > o) in order to eval-
uate the impact of the noise on our subsequent analyses. Thereby,
we assume the uncertainties on /; and I. to have a Gaussian dis-
tribution. /. contributes only little to the uncertainty of 7. Using
this assumption we randomly create 1000 opacity cubes from the
original line intensity cube. We set the opacity of all pixels with
—1I; > I, to infinity. Due to the tolerance limit of python?, the
opacity of pixels with 0 < 1 + f—l < 107'® is also set to infinity.
The upper limit corresponds to an opacity of 37.

We keep all pixels with I} < 3.1o0rms. The resulting data
still contain noisy pixels. With the assumption of a Gaussian
noise distribution, this threshold means that less than 0.1% of
pure-noise pixels are excluded (the ones with I} > 3.10rms).
In addition, we use the error propagation law to create a cube
containing the uncertainties on the opacity, .

3.3. Modelling

In order to identify and characterise the velocity components
present in the absorption spectra, we fit synthetic spectra consist-
ing of a collection of Gaussian opacity distributions. We model
the spectra with Weeds (Maret et al. 2011) which solves the
radiative transfer equation under the assumption of local ther-
modynamic equilibrium and takes into account the finite angular
resolution of the observations.

Because our data sample contains several hundreds of spec-
tra per molecule, the spectra are fitted automatically. For this, we
use the fitting routine MCWeeds (Giannetti et al. 2017), which
combines the python package PyMC2 (Patil et al. 2010) and
Weeds (Maret et al. 2011). MCWeeds adjusts the parameters for a
given number of velocity components and delivers the best result
along with uncertainties. For all fitted parameters a set of initial
guesses has to be given, along with their probability distribution
and the range over which they should be varied.

The synthetic spectra are computed by Weeds in the follow-
ing way. For a baseline-subtracted spectrum, the intensity of an
absorption line in a medium with constant excitation filling the
beam is:

Tp() = [J(Tex) = Tey = J(Tems)] x (1 - 7)), @)

with Tg(v) the brightness temperature at the frequency v, Tcmp
the CMB temperature, T.x the excitation temperature of the
line, T, the baseline level in the spectrum before baseline-

subtraction, 7(v) the opacity, and J,(T)= %, with & the

2 https://www.python.org
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Planck constant and k the Boltzmann constant. The opacity 7(v)
is calculated as:

2 Ag,

)= e O(Te)

Ntio[e’Eu/kTex (thO/kTex _ 1) ¢i, 3)

with ¢ the speed of light, Ni, the column density of the molecule,
O(T<x) the rotational partition function at temperature Tex (in
LTE, the rotational temperature is equal to the excitation tem-
perature). A the Einstein coefficient for spontaneous emission
of the transition, g, the degeneracy factor of the upper level,
E, the upper level energy, vo the rest frequency, ¢' the line
profile function, and }}; the summation over the velocity com-
ponents contributing to the absorption. The line profile function
is assumed to be Gaussian:

1 o+ AVAI - »0)2
i T 4
¢ - c ! il ( )
V2ro;

with o-; the standard deviation of the Gaussian, Avf)ﬂr the velocity
offset of the velocity component, Av the channel width in veloc-
ity, and Av the channel width in frequency. From o; the full width
at half maximum (FWHM;) in velocity units can be calculated:

FWHM; = —8In2 x o;. (5)
Y,
0

We assume the excitation temperature to be equal to the temper-
ature of the CMB (2.73 K) because we focus on the diffuse and
translucent clouds along the line of sight to SgrB2 excluding
those physically associated with Sgr B2 itself. For comparison,
Godard et al. (2010) determined a range of excitation temper-
atures of 2.7-3K using transitions of HCO* for four different
lines of sight. Previous absorption studies also assumed excita-
tion temperatures in this range (e.g. Greaves & Williams 1994;
Lucas & Liszt 1999; Liszt et al. 2012; Wiesemeyer et al. 2016;
Ando et al. 2016).

The fitted parameters are the column density Ny, the width
FWHM, and the centroid velocity vy of each velocity component.
An example of synthetic spectrum of ortho c-C3H; 2, — 1 fit-
ted with MCWeeds towards the ultracompact (UCHII) region K4
(Gaume et al. 1995) is shown in Fig. 3. It contains 13 velocity
components.

3.4. Minimisation method

The absorption features detected in our data consist of many
velocity components (see Fig. 3). Therefore, many parameters
have to be fitted at the same time. A good method to deal with
a large number of free parameters is the Powell minimisation
method (Powell 1964, see Appendix A for more details). We use
a modified version of this method (finin_powell from scipy?)
with MCWeeds. Because this method finds a local minimum of
the problem, good initial guesses have to be given to the fitting
routine (see Sect. 3.5).

3.5. Automatisation programme

We wrote a python programme that searches for appropriate
initial guesses and runs the minimisation with MCWeeds in an
automatic way for all selected positions. It also automatically
determines the number of velocity components that are required
to fit the spectrum of each position. The algorithm is described in
detail in Appendix B. We applied this automatisation programme
only to ortho c-C3Hs.

3 See https://scipy.org
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Fig. 3. Panel a: ALMA spectrum of ortho c-C;H, 2,,—-1p; at
85338.896 MHz towards the UCHII region K4 (Gaume et al. 1995). The
spectrum in magenta is the synthetic spectrum obtained with MCWeeds.
The blue lines show the central velocities of the fitted components. The
dotted line represents the continuum level and the dashed line marks the
40 line detection threshold. The grey area marks the velocity range of
the envelope of SgrB2 (v sg >42 kms™"). Panel b: residuals, that is the
difference between the observed and synthetic spectra. The dashed lines
indicate the —40 level. The spectrum is corrected for the primary beam
attenuation.

3.6. Two-point auto-correlation of opacity maps

To analyse the structure of the cloud probed in absorption, we
calculate the two-point auto-correlation function of the opacity
maps. As in Sect. 3.1, we use a data sampling of 0.6”. The two-
point auto-correlation function C(r) is calculated for a sample
of pixel separations r; with 0 < rp < Fpax, Where rpax 1S the
maximal possible separation of two pixels in the opacity maps
(about 17""). The value of the two-point auto-correlation func-
tion at pixel separation ry is the average scalar product of the
opacities of the pixel pairs that have a separation ry:

N

1
C(r) = N Z (i, Y1,07(x2,0, Y2,0) (6)

i=1

with rf_| < (x1; — %207 + (Y1 — y2.)* < rps X1, X2 and gy, Yo
the pixel coordinates, and N the number of pixel pairs fulfilling
this condition. To get sufficiently high statistics, C(ry) is only
determined if at least 50 pairs of pixels are available in the range
[ri-1, el

We computed the two-point auto-correlation functions of
1000 realisations of the opacity cubes produced in Sect. 3.2 to
estimate their uncertainties.

We take the average of the 1000 two-point auto-correlation
functions as the best estimate and their dispersion as the uncer-
tainty. We also compute C(r) for channels containing only noise
(see Appendix C.1).

3.7. Probability distribution function of the optical depth

To investigate further cloud properties such as turbulence, we
calculate the probability distribution function (PDF) of the
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opacity maps. We use the following normalisation (see, e.g.
Schneider et al. 2013):

n=1n(3), %)

with T the mean opacity in the map. Here, we ignore all pixels
with a negative opacity resulting from the noise because the nor-
malisation 7 is only defined for positive opacities. We determine
the normalised PDF for each of the 1000 realisations of the opac-
ity cubes. For this, we calculate the PDF for bins in 1 of width
0.1. We calculate the mean value of the PDF and the standard
deviation as uncertainty for each bin. The presence of pixels con-
taining only noise results in a broader PDF (Ossenkopf-Okada
et al. 2016). To minimise the effect of the noise, we compute
the PDF using only the pixels with opacities above the 30 level
implying only positive values for 17 (see Appendix C.2). We fit a
normal distribution to the PDF:

A U0k )
\2no 20
A is the integral below the curve, o is the dimensionless dis-
persion, and u the mean. For a perfect log-normal distribution,
u should be equal to 0 and A to 1.
The fit is only performed if the number of counts per log-bin

at the peak of the PDF is higher than 10 and if no more than 10%
of the available pixels have an opacity value set to infinity.

p(n) = X exp (— 8)

3.8. Principal component analysis

To search for correlations or anti-correlations between the opac-
ity maps of the different molecules, we use the principal com-
ponent analysis (PCA; see, e.g. Heyer & Peter Schloerb 1997,
Neufeld et al. 2015; Spezzano et al. 2017; Gratier et al. 2017).
The PCA applies an orthogonal transformation to a dataset to
produce a set of components which are linearly uncorrelated, the
so-called principal components (PC). The PCs are orthogonal to
each other and make up a new coordinate system to which the
data are transformed. The first PC goes in the direction of the
largest variance in the data. The number of PCs that are consid-
ered has to be smaller than or equal to the number of dimensions
of the original data set. In our case the number n of molecules
used for the PCA is the dimension of the data set and also the
number of calculated PCs. We apply the PCA to opacity maps
at a given velocity. In our case, the original data set consists of
one-dimensional arrays, one for each molecule, which contain
the opacities of the selected pixels. Before starting the PCA, the
array a; of each molecule i is normalised by subtracting the mean
a; and by dividing by the standard deviation o; (e.g. Neufeld et al.
2015):
a;—a

a; jnormed = P 9
1

with j the pixel position in the array. After this preparation,
the PCA is performed with the Python package scikit-learn
(Pedregosa et al. 2011). The procedure computes the principal
components as well as the eigenvalues of the decomposition.
The powers (eigenvalue divided by sum of eigenvalues) give
the contribution of the different components calculated from the
eigenvalues.

To determine the contribution C;; of each principal compo-
nent PC; to each molecule array a;normed, the following system
of linear equations has to be solved:

@inomed = i ) Cige- PCy, (10)
k

with b; a constant factor, the normalisation condition ) ; C gk =1,
and with the principal components having a length of 1 and a
standard deviation of 1.

To estimate the uncertainties of the contributions C;;, we
apply the PCA to the 1000 realisations of the opacity cubes. Two
conditions have to be fulfilled to exploit the outcome of these
1000 PCA:s. First, the pixel lists must be the same. Therefore, we
ignore pixels which have an opacity value set to infinity in any
of the realisations. The second condition is that the PCs that rep-
resent the axes of the new coordinate system have to be aligned
to each other. This is not necessarily the case when calculating
the PCs for the different realisations of the opacity cubes. To
address this, we take the original cubes as reference for the PCA
and we align the new coordinate systems (PCs) of the 1000 real-
isations to this reference by applying with the Python package
scipy.linalg* an orthogonal procrustes rotation as described
by Babamoradi et al. (2013). After this, we determine the contri-
butions C; as explained above and calculate the mean and the
standard deviation.

The noise can have a significant influence on the outcome
of the PCA. The normalisation can increase the impact of the
noise in cases where a molecule has a relatively homogeneous
opacity over the field of view or when the absorption is weak
and most of the field of view is dominated by noise. To avoid
this problem, we select the molecules depending on the dynamic
range of their opacity maps. The peak signal-to-noise ratio (S/N)
must be at least 10 and there must be at least 125 pixels (which
corresponds to about five beams of the sample) with a S/N higher
than 5. With these selection criteria we ignore molecules which
may have only one compact, strong peak. A meaningful use of
the PCA at a given velocity requires at least four molecules.

4. Results
4.1. Identification of molecules

We performed the identification of the molecules on the basis of
the spectroscopic information provided in the Cologne Database
for Molecular Spectroscopy (CDMS, Endres et al. 2016; Miiller
et al. 2005, 2001) and the Jet Propulsion Laboratory (JPL)
molecular spectroscopy catalogue (Pickett et al. 1998). In total,
we identified 19 molecules seen in absorption in the diffuse
and translucent molecular clouds along the line of sight to
Sgr B2(N): C"30, CS, CN, SiO, SO, HCO*, HOC*, HCN,
HNC, CCH, N,H*, HNCO, H,CS, c¢c-C;H,, HC;N, CH;0H,
CH;CN, NH,CHO, and CH3CHO. We also detected the fol-
lowing less abundant isotopologues: C80, CcV70, C3s, 13¢s,
C*s, 3CN, ¥si0, *°Si0, H'*CO*, HC'80*, H'*CN, HCPN,
HN'C, H'SNC, and 3CH;30H. A report on the complex organic
molecules detected in absorption in this survey is given in Thiel
et al. (2017).

4.2. Identification of velocity components based on c-CsH,

We selected the molecule c-C3H, to decompose the absorption
features into individual velocity components with our automa-
tisation programme and thereby identify the clouds detected in
absorption along the line of sight to Sgr B2(N). Absorption from
the 85.3 GHz ortho c-C3H, line covers almost the complete
velocity range in which the clouds along the line of sight are
detected. An advantage compared to other molecules is that the
absorption is optically thin, except in parts of the envelope of

4 See https://scipy.org
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Fig. 4. Panel a: number of velocity components found with ortho c-C;Hj; in the selected field as a function of centroid velocity. The bin width is
one channel, 1.74 km s~!. Panel b: distribution of linewidths. Panel c: distribution of ortho c-C3H, column densities. The velocity ranges are colour

coded in the background of every panel (see Table 1 for references).

SgrB2 (highlighted in grey in Fig. 3). We note that absorption
from c-C3;H, has long been known to trace diffuse interstellar
clouds, among others along sight lines to the GC (Cox et al.
1988).

To identify the velocity components, we investigate the
distribution of linewidths, FWHM, centroid velocities, v, and
column densities, Ny, obtained for ortho c-C3H, from the fits
to all positions where the molecule is detected. In total, 2838
velocity components are detected towards the 322 selected posi-
tions. Between two and six velocity components are detected in
the envelope of SgrB2 at each position and up to 14 velocity
components are found by the programme in the clouds along the
line of sight.

The number of velocity components detected with c-C3zH,
in the selected field is shown as a function of centroid velocity
in Fig. 4a. The distributions of widths and column densities are
plotted in panels b and c, respectively. The velocity ranges of
the spiral arms, the diffuse Galactic centre clouds and the enve-
lope of SgrB2 are colour coded in the background of Fig. 4 (see
Table 1 for references and Fig. 2 for a sketch). There is an ambi-
guity between the GC and the local spiral arm for the velocities
around 0 kms~!. Due to the compact structure of the absorption
component around 0 km s~! along the line of sight to the Galac-
tic centre, Whiteoak & Gardner (1978) suggested this absorption
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is not caused by local gas. Later, Gardner & Whiteoak (1982)

determined a low isotopic ratio :i—g of 22 for this component,
which strongly suggests that it belongs to the Galactic centre
region. Hence, we assume that the strong absorption around
0 kms~! belongs to the Galactic centre region and in the fol-
lowing the velocity range from —9 to 8km s~! will be treated
as part of the GC region. c-C3H, is detected in each group of
line-of-sight (l.0.s.) molecular clouds which makes it an excel-
lent molecule for a comparative study of these diffuse and
translucent molecular clouds.

We identify each elongated structure in Fig. 4b and each cor-
responding peak in Fig. 4a as a single cloud. In some cases such
as the GC clouds in the range —110 to —70 kms™', it is easy
to differentiate the clouds, because the velocity components are
well separated. For the GC clouds around 0 kms~! it is more dif-
ficult. In the case of the 3 kpc arm we see mainly two clouds, but
sometimes only one component with a width larger than the two
narrow components detected at other positions. After inspect-
ing the spectra we found out that in these cases the programme
could not find two different components because they overlap
each other in such a way that they cannot be separated along the
velocity axis. The same happens for the Scutum and 4 kpc arms.

The distribution of column densities of ortho ¢-C5;H, as a
function of linewidth is plotted in Fig. 5a. We also show the
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!in cyan

(Category III), and the components tracing the diffuse envelope of Sgr B2 in blue. In panels b, d, and e, the black histogram represents the full

sample of detected components.

column density divided by the linewidth in Fig. 5c because,
in this representation, the detection limit is roughly horizontal.
Another advantage of the latter representation is that it reduces
the bias due to the clouds that partially overlap in velocity and
could not be fitted separately.

We divide the diffuse and translucent clouds along the
line of sight to SgrB2 with v sg <42 km s~! into two main

categories based on their ortho c-C3;H; column densities (see
Figs. 5b and d). We call Category I the l.o.s. clouds with
velocities up to —13 kms™' and Category II the ones with
velocities between —13 and 42 kms~'. The absorption at
velocities between 50 and 90 km s~! is usually considered to be
caused by the envelope of Sgr B2 (Neill et al. 2014). The enve-

lope of SgrB2 (visg >56 kms™!) contains two main velocity
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Table 1. Velocity ranges and associated locations of the clouds along
the line of sight to Sgr B2.

Location ULSR
(kms™1)
Galactic centre <-50
3 kpc arm -50 to —-35
4kpc arm -30to —-10
Galactic centre -91t08
Sgr arm 5t022
Scutum arm 251039

Notes. The combination of the velocity ranges mentioned in these
papers results in some overlapping ranges. We treat clouds falling in
the overlapping velocity range between 5 and 8 kms™! as GC clouds.
References. Greaves & Williams (1994); Neufeld et al. (2000); Lis
et al. (2010); Menten et al. (2011); Monje et al. (2011); and references
therein.

components at about 64 and 80 kms~! (e.g. Huettemeister
et al. 1995; Lang et al. 2010). The velocity component at about
48 kms~! is usually also associated with the envelope of the
Sgr B2 complex (e.g. Garwood & Dickey 1989, and references
therein). We plot it in cyan in Fig. 5 because it stands out with
lower column densities compared to the two main components
of the Sgr B2 envelope. We call the velocity range between 42
and 56 kms™! Category III.

The distribution of linewidths is shown in black in Fig. Se.
The lower limit is set by the channel width of 1.74 kms™!.
The linewidths cover the range between this lower limit and
20 kms~!. The ortho c-C3H, column densities cover a range
of three orders of magnitude from 10' to 10" cm~2 (Figs. 5a
and b). Each histogram of Fig. 5 is also split into the four cate-
gories of components introduced above. The median linewidths
and column densities of these four categories are listed in
Table 2.

The majority of l.o.s. clouds have a linewidth smaller than
10 kms™!, but there is a tail up to 20 kms~!. We believe that
most of these broader components represent two or more over-
lapping components with narrower widths that could not be
fitted individually. Hence, these components could contain sev-
eral cloud entities. The l.o.s. clouds can be divided into two
categories (yellow and magenta in Fig. 5). Category I has a
median linewidth of 5.4 kms~'. It contains the GC clouds with
a velocity lower than —50 km s™! and the clouds of the 3 kpc and
4 kpc arms. The GC clouds around 0 kms™' and the clouds in
the Scutum and the Sagittarius arms (Category II) have a some-
what larger median linewidth of 7.5 kms™!'. The components in
the envelope of Sgr B2 have an even larger median linewidth of
9.6 kms~!. This larger value may partly be due to the optical
thickness. The high opacities affecting these components make
it indeed sometimes difficult to fit individual velocity compo-
nents. The components in Category III have a median linewidth
of 6.7 km s™!, in between the ones of Categories I and II.

The median column densities of ortho c-C3H,, both before
and after normalisation by the linewidth, of Categories I, II, and
III are similar, on the order of 103 and 102 cm™2 km™! s, respec-
tively, with Category I lying slightly below Categories II and III.
While Categories II and III are more affected than Category I
by overlapping components that cannot be fitted separately, their
higher median column densities do not result from this because
they still lie above Category I by a factor of ~2 after normalisa-
tion by the linewidth. The components in the Sgr B2 envelope are
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characterised by much higher column densities, about one order
of magnitude compared to Categories II and III, both before and
after normalisation by the linewidth.

Overall, the components around 50 km s~! (Category III)
have similar properties (linewidths and ortho c-CzH, column
densities) as the ones in the Scutum and Sagittarius arms
(Category II).

In the following, we ignore the components belonging to the
envelope of Sgr B2 because of their high optical depths. In addi-
tion, because the velocity component of Category III is blended
with the one of the envelope of Sgr B2 at 64 kms™! (see grey
shaded area in Fig. 3), we focus our subsequent analyses on the
clouds belonging to Categories I and II. They can be described
with 15 components whose centroid velocities are derived
from the peaks in Fig. 4a. These 15 components are listed in
Table 3.

4.3. Opacity maps

To investigate the spatial structure of the clouds we look for
molecules that reveal absorption over an extended area of the
field of view. We do not consider molecules with a resolved
hyperfine structure that makes velocity assignments more com-
plicated without fitting. Out of all molecules detected along the
line of sight to Sgr B2, eight molecules fulfil these criteria:
HB3CO*, BCO, HNC and its isotopologue HN'3C, HC"N, CS
and its isotopologues C3*S and '3CS, SiO, SO, and CH;OH. For
some components the less abundant isotopologues are useful
when the main isotopologue is optically thick. The spectro-
scopic parameters of the transitions of these selected molecules
are listed in Table 4 and the example spectra towards the two
positions K4 and K6, (see Fig. 1) are shown in Fig. E.1.

We show in Fig. 6 the opacity maps of c-C3;H; at the 15
velocities listed in Table 3, and in Fig. 7 the maps of S/N. It
is important to consider the S/N maps when interpreting the
opacity maps because the noise level is not uniform due to the
variations of the background continuum emission. The S/N maps
are strongly correlated to the continuum map (see Fig. 1): the
stronger the continuum the lower the opacity noise level.

At first sight, large-scale structures are detected in the opacity
maps of nearly all velocity components (Fig. 6). The components
at —48.4 and —3.2 km s™! do not show such extended structures
but this may simply result from a lack of sensitivity: their S/N
maps indicate that the peak S/N is low (less than about 5 if we
exclude K4) and only few positions have a S/N above 3.

The component at v sg = 36.9kms~! looks more clumpy in
Fig. 6, with three seemingly prominent, unresolved structures.
However, all three opacity peaks have low S/N (~5) in Fig. 7.
They may be noise artefacts and may not trace real compact
structures.

The opacity and S/N maps of the other molecules are shown
in Figs. F.1-F.22. The velocities of the channels differ slightly
from the ones of c-C3H, because of the discrete sampling of
the frequency axis. The channels selected for these figures are
the ones nearest to the velocities listed in Table 3. The pixels
that have an opacity set to infinity (see Sect. 3.2) are masked (in
cyan).

The type of structures seen in the opacity maps is similar for
all molecules. In many cases, extended structures are present.
Compact clumps that are present in some maps often have a
low S/N and may simply be noise artefacts. The S/N of low-
abundance molecules such as '*CS is too low to characterise the
structural properties of the clouds. A better sensitivity would be
needed for these tracers.
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Table 2. Median linewidths and column densities of the four categories
shown in Fig. 5.

Niot

Category ULSR FWHM log)y N 1021 7z
(kms™) (kms™) (cm™) (cm2km!s)

Category | ULsg < —13 5.4 12.8 12.0

Category 11 —13 <y gr <42 75 13.2 12.3

Category III 42 < sr <56 6.7 13.2 124

Sgr B2 envelope ULsr = 56 9.6 14.2 13.2

Table 3. Velocities and localisation of the diffuse and translucent
molecular clouds detected with c-C3H, along the line of sight to Sgr B2,
excluding Category III and the envelope of Sgr B2.

vsr  Location? Category” de
(kms") (kpe)
—105.9 Galactic centre I 7.0
—93.7 Galactic centre I 7.0
—81.5 Galactic centre I 7.0
—74.6  Galactic centre I 7.0
-48.4 3 kpc arm I 5.5
-39.7 3kpcarm I 5.5
-27.6 4kpc arm I 4.3
—18.9 4kpc arm I 4.3
—3.2  Galactic centre 11 7.0
2.0  Galactic centre 11 7.0

7.3  Galactic centre II 7.0
17.7  Sagittarius arm II 1.0
24.7  Scutum arm 11 2.8
31.6  Scutum arm II 2.8
36.9 Scutum arm 11 2.8

Notes. @Location of the clouds. ’See Table 2. ) Approximate distance
to the Sun.

Because of the high number of opacity maps, we use in
the following sections statistical tools to analyse and quan-
tify the structure of the clouds traced in absorption towards
Sgr B2(N).

4.4. Cloud sub-structure

The two-point auto-correlation functions of c-C3H, and H'3CO*
are shown in Figs. 8 and 9, respectively. The two-point auto-
correlation functions of the other molecules are displayed in
Figs. G.1-G.10. Panels a—d of each of these figures show the
two-point auto-correlation functions C(r) of the velocity com-
ponents and panel e their S/N (C/o¢). The analysis of the
two-point auto-correlation function of noise channels performed
in Appendix C.1 indicates that only S/N values higher than 5
and 4 for pixel separations below and above 6”, respectively,
are significant. In addition, the true two-point auto-correlation
function cannot be evaluated below a separation correspond-
ing to the size of the beam (HPBW). As a result, the values of
the two-point auto-correlation functions are significant only in
the upper-right part of their S/N curves, above and right of the
magenta demarcation in panels e.

The two-point auto-correlation functions show various
shapes: flat, decreasing towards larger pixel separations, or
stronger correlation at small and large separations with a dip in
between. Flat curves indicate structures that are more extended

than the region sampled with our data. Decreasing curves char-
acterise clouds with structures that are somewhat more compact
than the extent of the sampled region. The third type of shapes
could result from the presence of several compact structures.

The maximum angular separation, Arm.,x, at which C(r)
drops below the significance threshold (magenta line in
panels e) is given for each velocity component and each molecule
in Table 5. When the S/N is too low, the opacity map is domi-
nated by noise and no statement can be made about the sizes of
the detected structures. The components with a peak S/N 7/0;
smaller than five are therefore marked with a star in Table 5.
Most components with a Ary,.x smaller than the beam (<2") are
in this situation. When Arp, is equal to the largest available
pixel separation, only a lower limit for the size of the structures
can be determined. We convert these angular sizes to physi-
cal sizes in Table 6, using the approximate distances listed in
Table 3.

The two-point auto-correlation functions of the molecules
c-C3H,, H3CO*, 3CO, HNC and its isotopologue HN'3C,
HCN, CS and its isotopologues C3*S and '3CS, and CH;0H
are discussed in detail in Appendix H. The opacity maps suggest
that most detected structures are extended on the scale of our
field of view, ~15”, or beyond. In a few cases, the two-point auto-
correlation functions indicate the presence of smaller structures
of sizes ~4—6". These structures are mostly seen for less abun-
dant species for which most of the opacity map is dominated by
noise. For example, the two GC clouds at 2.0 and 7.3 km s~ !are
detected with high sensitivity for all investigated molecules and
display structures that are more extended than 15” (~0.5 pc).
The only exception is HN'3C, but the shorter correlation length
revealed by this tracer results from its lower abundance, hence a
lower sensitivity, compared to the main isotopologue, HNC.

The other two molecules, SO and SiO, present a more com-
plex picture (Figs. F.11 and F.13). Among the components with
peak S/N higher than 5 in their opacity map (Figs. F.12 and F.14),
the following ones reveal large-scale structures of the size of the
field of view or larger: 2.4, 6.9, and —39.1 km s~ in SO, and
-3.2,1.9,7.0,24.0, and 17.2 km s~! in SiO. The structures traced
with SO for three velocity components with a peak S/N of 6-8
in their opacity maps, at —3.5, 32.1, and 36.6 km s~!, are more
compact, with correlation lengths of ~8”, 5”, and unresolved,
respectively. A similar type of compact structures with correla-
tion lengths of ~8”, unresolved, and 5” is revealed in SiO for
the velocity components at —105.5, —=27.1, and 37.7 km s~! with
peak S/N in their opacity maps of ~11, 6, and 6, respectively.

The two-point auto-correlation functions of SO and SiO at
7.3kms™! decrease first and increase again at pixel separations
larger than about 10” (see Figs. G.5-G.6). In the opacity maps
two smaller structures of sizes of 5’ appear at offsets of about
(1”75, 11”70) and (1270, 10”0), with an angular separation of about
10’5 (see Figs. F.11 and F.13). Because they are at the edges
of the available field of view, these structures may be more
extended.

The two-point auto-correlation functions plotted depend-
ing on the physical distance are shown for the eight strongest
molecules (c-C3H,, H3CO*, 13CO, CS, SO, SiO, HNC, and
CH3;OH) in Figs. G.11-G.18. For the seven molecules c-C3Hj,
13CO, CS, SO, SiO, HNC, and CH3;0H the auto-correlation
functions decrease strongly for the cloud at a velocity of about
18 kms~!. The physical sizes derived for this cloud which is
located in the Sagittarius arm are between 0.04 and 0.08 pc.
The auto-correlation functions for this cloud have sometimes the
same shape as the first part of the two-point auto-correlation
functions seen for other clouds, for example for CS for the
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Table 4. Rotational transitions used in this work.

Molecule Transition Vot Eyp/ kP A€ References
(MHz) XK ™

ortho C—C3H2 21,2—10’1 85338.894 4.1 2.32 X ]0_5 1
HCN 1-0 86 054.966 41 220x107 10
H"3CO* 1-0 86754.288 42 3.85x107 2
SiO 2-1 86 846.985 6.3 293x1073 7
HN!3C 1-0 87090.825 42 238x107 9
HNC 1-0 90 663.568 44 2.69x107 8
13¢s 2-1 92 494.308 6.7 141x107° 5
C3s 2-1 96412.950 6.9 1.60x107° 4,5
CH;0H A* 20—1o 96741.371 70 3.41x10°° 11
CS 2-1 97 980.953 71 1.68x 107 4,5
SO 23—1, 99299.870 92 1.13x107 6
3co 1-0 110201.354 53 633x1078 2,3

Notes. The spectroscopic information for the molecule marked with a star is taken from JPL, otherwise from CDMS. “’Rest frequency. ®’Upper
level energy. Einstein coefficient for spontaneous emission from upper level u to lower level 1.

References. (1) Spezzano et al. (2012); (2) Schmid-Burgk et al. (2004): (3) Cazzoli et al. (2004); (4) Gottlieb et al. (2003); (5) Bogey et al. (1982);
(6) Tiemann (1974); (7) Miiller et al. (2013); (8) Saykally et al. (1976); (9) van der Tak et al. (2009); (10) Cazzoli et al. (2005); (11) Miiller et al.

(2004).

velocities of —2.7 and 18.4kms~! (see Fig. G.14). Hence, we
may only see a smaller part of the cloud located closer to us, but
with the same properties as of those clouds more distant from
us. On the other hand, structures with sizes smaller than 0.04—
0.08 pc (structure size in the Sagittarius arm) cannot be resolved
in the more distant GC clouds. A better resolution is needed to
investigate if there are smaller structures present.

4.5. Turbulence in diffuse and translucent clouds

In order to investigate the turbulence properties of the clouds
detected in absorption towards Sgr B2, we analyse the PDFs of
their opacity maps. To reduce the influence of the noise on the
Gaussian fitted to the PDFs (see Sect. C.2), we use a threshold
of 30 heise t0 analyse the profile of the PDFs. The PDFs P(n) of
all 15 velocity components probed with c-C3H, are shown in
Fig. 10. The PDFs of the other molecules are plotted in Figs. I.1-
L.11. The number of Gaussians fitted to each PDF is indicated in
Table I.1. The results of the Gaussian fits to the PDFs are dis-
played in Figs. I.12 and 1.13, and the mean and median widths
for each velocity component and for each molecule are listed in
Tables 1.2 and 1.3, respectively. The velocity components that are
optically thick and the ones dominated by the noise are marked
in Table I.1. The number of fitted Gaussians seems to depend
neither on the molecule nor on the velocity component. How-
ever, the molecules for which the PDFs are most often well
fitted with a single Gaussian are HNC and c-C3;H,, with only
one and two velocity component(s) fitted with two Gaussians,
respectively.

Tremblin et al. (2014) investigated the structure of the dense
gas in several molecular clouds and explained the presence of
two log-normal profiles or an enlarged shape of the PDF of a
cloud as two different zones existing in the cloud. In the case
they studied the turbulent molecular gas creates the low density
part in the PDF and the second peak describes a compression
zone created by the expansion of ionised gas into the molecu-
lar cloud. Another possibility is that the PDFs containing two
log-normal profiles result from two different clouds overlapping
along the line of sight at different distances from the observer
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but with the same velocity. We used opacity maps of only one
channel and no integrated maps for the calculation of the PDFs
to reduce the possibility of two clouds contributing to the same
opacity map but such an overlap may still occur. Furthermore,
our limited field of view that is set by the strength of the back-
ground continuum emission may have an effect on the shape of
the PDFs. Because no velocity component shows a PDF with a
two-Gaussian shape for all molecules, we believe that this par-
ticular shape does probably not characterise the true physical
structure of the component. Therefore, to avoid being biased by
the decomposition of the PDFs into two Gaussians, in the follow-
ing we measure the width of each PDF by directly calculating its
standard deviation, excluding the noise tail towards lower values
of 1. This cut may result in a slightly underestimated width of
the PDF.

The distribution of PDF widths derived from the direct
calculation is plotted in black in Fig. 11. The median and
mean values are similar, with values of 0.52 and 0.53 for the
total distribution, respectively. The distributions corresponding
to Categories I and II defined in Sect. 4.2 are plotted in blue
and magenta. Category I has a mean width of 0.48, somewhat
smaller than Category II (0.56).

To investigate whether the shift between the two groups
results from the different samples of molecules used for the
different velocity components, we determine the distribution
of PDF widths for the following five molecules only: c-C3Hj,
HBCO*, B3CO, CS, and HNC (see Fig. 12). These molecules
are well detected over the field of view for almost all velocity
components. The other molecules are not detected for some of
the components. With this reduced sample of molecules, the
two categories of velocity components still have mean PDF
widths that differ, with values of 0.43 (Category I) and 0.50
(Category II). The widths are smaller than for the sample includ-
ing all molecules. This is most likely due to the noise affecting
the molecules that show weak absorption because the noise tends
to broaden the PDF (Ossenkopf-Okada et al. 2016).

The widths of the PDFs of all molecules are plotted in Fig. 13
for all velocity components, sorted by their rough distance to
the GC, and are listed in Table 7. To investigate whether there
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Fig. 6. Opacity maps of c-C3H, 2,,-1¢, for all 15 investigated velocity components. In each panel, the velocity of the channel is given in kms~!

in the bottom left corner, the beam (HPBW) is shown as an ellipse in the upper left corner, and an approximate physical scale for the assumed
distance of the cloud (see Table 3) is indicated in the bottom right corner. A star in the upper right corner marks the components with a maximum
S/N 7/0, smaller than 5 (see Fig. 7). The equatorial offsets are relative to the phase centre.

are systematic differences between the velocity components, we  Table 7. The median and mean values match each other within
plot the mean and median values of each velocity component the uncertainties.

in panel b. We also show the mean and median values of each As seen in Fig. 11 there is a difference between Categories |
spiral arm and the GC in panel c. These values are also listed in  and II. Category I contains the clouds in the 3 kpc and 4 kpc arms
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Fig. 7. Same as Fig. 6 but for the S/N 7/0; of c-C3H; 2, ,-1¢;.

and the GC in the velocity range between —106 and =75 km s~!.
They have narrower PDF widths than the clouds in Category II.
The GC clouds belonging to Category I have widths between
0.47 and 0.52, the GC clouds of Category II have widths between
0.54 and 0.61. Especially the clouds in the 4 kpc arm have a
narrower mean width, 0.41 +0.08, which is somewhat smaller
than the overall mean value (0.52).
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We also investigate whether the width of the PDFs depends
on the molecule. Figure 14a shows the distribution of PDF
widths as a function of molecule. The mean and median values
are plotted in panel b and listed in Table 8. The molecules
¢c-C3H,, H'3CO*, and HNC have the narrowest widths. The
less abundant isotopologues C3*S, 3CS, HN'3C, and HC'”N
and the less abundant molecules SO, SiO, and CH3;0H have
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systematically broader PDF widths than the previous, more the forcing parameter b (e.g. Federrath et al. 2010). For this
abundant molecules. This explains the difference seen between calculation, we need the Mach number M which is defined

Figs. 11 and 12. as:
We use the widths of the PDFs to investigate the turbu-
lent properties of the clouds probed in absorption by calculating M = ( \V3F WHM)/(cs /8 In(2)) (11)
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Table 5. Angular sizes of cloud structures derived from two-point auto-correlation functions.

Velocity® ¢-C3H, HPCO* BCO CS C*s Bc¢s SO Si0 HNC HN'C HCP’N CH;0H
(kms™")

Galactic centre

-105.9 >16.2 162 >156 >162 132 4.8 n* 84 >15.6 13.8 n* 12.6
-93.7 114 n* 15.0* 15.6 n* n* n* n* 14.4 n* n* n*
-81.5 14.4 15.6 150 >162 13.8 n* n 3.6 >15.6 n* >16.8 n*
-74.6 15.0 162 >156 >162 9.0* 24* n* 24 >15.6 n* 15.0 n*

-3.2 15.0 16.2 6.0 >16.2 n* n* 7.8 15.6 >15.6 n 10.8 15.0
2.0 >16.2 >16.8 12.6 150 150 162 >162 >162 >15.6 6.6 15.6 15.6
7.3 >16.2 >16.8 150 >162 150 162 >162 >162 >15.6 16.2 15.0 15.6

3 kpc arm
—-48.4 14.4* n* >15.6 4.8 n* n* n* n* >15.6 n* n* n*
-39.7 >16.2 >16.8 >156 >162 150 n* >162 n* >15.6 n* 15.6* n*
4 kpc arm
-27.6 15.0 150 >156 >16.2 n* n* n* n >15.6 n* n* n*
-18.9 15.0 162 >156 >162 4.8* n* 4.8 n* >15.6 n* n n*
Scutum arm

24.7 >16.2 >16.8 132 >16.2 n* n* 42 15.6 >15.6 n* n* 15.6

31.6 >16.2 3.0 14.4 15.6 n* n* 4.8 24 >15.6 n* n* >16.2

36.9 >16.2 2.4 12.6 156 4.8* n* n 54 >15.6 n* n* 15.0

Sagittarius arm
17.7 15.6 >16.8 144 >16.2 9.0 n* 120 >162 >15.6 7.8 10.8* 13.8

Notes. The sizes are given in arcseconds. Channels with unresolved structures are marked with n and channels with a S/N 7/0; smaller than 5 are
marked with a star. @Cloud centroid velocities derived from c-C;Hj,.

Table 6. Physical sizes of cloud structures derived from two-point auto-correlation functions.

Velocity ¢-C3H, HBCO* 1BCO €S C®s 3¢S SO  Si0O HNC HNBC HCSN CH;OH
(kms™)

Galactic centre

-105.9 >0.55 0.55 >0.53 >055 045 0.16 n* 0.29 >0.53 0.47 n* 0.43
-93.7 0.39 n* 051 0.53 n* n* n* n* 0.49 n* n* n*
-81.5 0.49 0.53 051 >0.55 047 n* n*  0.12* >0.53 n* >0.57 n*
-74.6 0.51 0.55 >0.53 >0.55 0.31* 0.08* n* 0.08 >0.53 n* 0.51 n*

-3.2 0.51 0.55 0.2 >0.55 n* n* 0.26 0.53 >0.53 n 0.37 0.51
2.0 >0.55 >0.57 0.43 051 051 055 >055 >0.55 >053 0.22 0.53 0.53
73 >0.55 >0.57 051 >0.55 051 055 >0.55 >055 >0.53 0.55 0.51 0.53

3kpc arm
-48.4 0.38* n* >0.42 0.13 n* n* n* n* >0.42 n* n* n*
-39.7 >0.43 >0.45 >042 >0.43 04 n* >0.43 n* >0.42 n* 0.42* n*
4 kpc arm
-27.6 0.31 031 >0.33 >0.34 n* n* n* n >0.33 n* n* n*
-18.9 0.31 034 >0.33 >0.34 0.1* n* 0.1 n*  >0.33 n* n* n*
Scutum arm

24.7 >0.22 >0.23 0.18 >0.22 n* n* 0.06 0.21 >0.21 n* n* 0.21

31.6 >0.22 0.04 0.2 0.21 n* n* 0.07 0.03 >0.21 n* n* >0.22

36.9 >0.22 0.03 0.17 0.21 0.07 n* n* 0.07 >0.21 n* n* 0.2

Sagittarius arm
17.7 0.08 >0.08 0.07 >0.08 0.04 n* 0.06 >0.08 >0.08 0.04 0.05* 0.07

Notes. The sizes are given in pc. Channels with unresolved structures are marked with n and channels with a S/N of smaller than 5 in the opacity
maps are marked with a star. @Cloud centroid velocities derived from c-C3H,.
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Fig. 10. Probability distribution functions P(n) of the velocity components probed with c-C3H,. The velocity of the component is indicated at the
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corner and the parameters of the fitted Gaussian(s) in the upper left corner: dispersion o, integral A, and centre u.

with FWHM the linewidth of the molecule® and ¢, the sound With Ty, the kinetic temperature, kg the Boltzmann constant,

speed my the mass of the hydrogen atom, and i the mean molecular
weight (2.37, see, e.g. Kauffmann et al. 2008). Snow & McCall

ke Tiin (2006) quote kinetic temperatures between 30 and 100K for

Cs = 4| ——— (12)  diffuse molecular clouds and between 15 and 50K for translu-
Himy cent molecular clouds. Here, we assume temperatures of 20, 40,

and 80 K. We determine the median FWHM for each velocity
5 We neglect the thermal contribution to the linewidth of the componentand calculate the.Mach number for the assumed tem-
molecules, which is justified given the large measured linewidths, even ~ peratures (Table 9). We obtain Mach number values between 5.8
for a kinetic temperature of 100 K. and 28.3 for Ty;, =20 K and between 2.9 and 14.2 for 80 K.
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Fig. 11. Distribution of standard deviations (width) of the PDFs of all
molecules for all 15 velocity components. N gives the total number of
PDFs used for each histogram, & the mean value, and 6 the median
value. The distribution of Categories I and II are shown in blue and
magenta, respectively.
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Fig. 12. Same as Fig. 11 but for the sub-sample containing only c-C3H,,
H'3CO*, 3CO, CS, and HNC.

The forcing parameter b relates the velocity and density
fields in a cloud (Padoan et al. 1997; Federrath et al. 2008):
o; = fPop =In(1 + b*M?) (13)
with o the standard deviation of the volume density fluctuations
and o, the dispersion of the two-dimensional column density or
opacity fluctuations. The relation is derived from numerical sim-
ulations of magnetohydrodynamics (MHD) and hydrodynamics
(Padoan et al. 1997; Passot & Vazquez-Semadeni 1998). In
Federrath et al. (2010), the value of f is investigated in the
extreme cases of purely solenoidal forcing (divergence free)
and purely compressive forcing (curl-free): they obtain 2.9 for
solenoidal forcing (f = o/0; =1.32/0.46) and 2.0 for compres-
sive forcing (3.04/1.51). They also define a parameter { that
sets the power of compressive forcing with respect to the total
power of the turbulence forcing. { takes values between O (purely
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Fig. 13. Panel a: widths of the PDFs of all molecules for the 15 veloc-
ity components, roughly sorted by their distance to the Galactic centre.
Panel b: mean (left) and median (right) values for each velocity compo-
nent. Panel c¢: mean (left) and median (right) values for each sub-sample
of clouds, from left to right: Galactic centre, 3 kpc arm, 4 kpc arm,
Scutum arm, Sagittarius arm. The uncertainties represent the standard
deviation for the mean and the corresponding percentiles for the median.
The dashed line in each panel marks the mean value of all data points
shown in panel a. Velocity components belonging to Category I and 11
are coloured in grey and black, respectively.

compressive) and 1 (purely solenoidal). They show that b is a
function of £ (see their Fig. 8).

To calculate » from Eq. (13), we need to know f. Given that
f does not vary much between the two extreme forcing cases
investigated by Federrath et al. (2010), we assume that it is a
simple linear function of £ and parametrise itas f =2.9 X+ (1 -
{)x2.0 (linear interpolation between the values of f obtained
for the extreme cases { =1 and {=0). Equation (13) then gives
us b as a function of . The intersection of this function with
the relation found by Federrath et al. (2010) gives the solution
(b,0), when it exists. As an example, these functions are plotted
for the different velocity components for a kinetic temperature
of 40 K in Fig. 15. In many cases the two curves do not intersect
for £ between 0 and 1, but they come the closest to each other for
{=1. In these cases, we assume a value of 2.9 for f to derive b.
In the other cases, the intersection gives us b and ¢.

We consider only the eight molecules with highest S/N to
derive b for each velocity component: c-C3H,, H3CO*, 3CO,
CS, SO, SiO, HNC, and CH30OH. The median values are listed
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V. Thiel et al.: Structure of diffuse and translucent clouds towards Sgr B2

PDFs for each velocity component.

ULsR? o lox ab ot
(kms™1)
Galactic centre
-105.9 0.52+0.05 0.489%

-93.7 047+0.09 047419
~81.5 0.49+0.13 0.48+01! +0.08
~746 0.54+0.10 0.52997 0542010 0.53%0

-32 056+0.06 0.54739%

2.0 0.54+0.09 0.53*99
73 059+0.13 0.61%413
3kpc arm

_ +0.13

484 052016 05331 4. 015 0.51+012
-39.7 0.44+0.13 0.43%013 '

4 kpc arm

_ +0.02

276 039008 042788 (41,008 o 414003
-18.9 043+0.08 0.41%9%% ‘

Scutum arm

247 0.61+0.10 0.62+99

316 0.52+0.09 0.52+019 0.56+0.12  0.58:3%

369 0.57+0.13 0.5979%

Sagittarius arm
17.7  052+£0.09 05579 0.52+0.09 0.5573%3

Notes. @Channel velocities of c-C3H,. ®Mean and median values for
each sub-sample of clouds for all molecules.

in Table 9. We also compute for each molecule the median value
of b over all velocity components (see Table 8).

The distribution of forcing parameter b is shown as a function
of velocity component in Fig. 16 as an example for T, =40 K.
The median value of the forcing parameter b is 0.26, indicated
by the dashed line. b is higher for the velocity components that
have low S/N for most molecules, which may be a bias due to the
lack of sensitivity (v sg = —81.5, —48.4, and 24.7 km s -1). The
values for the 4 kpc arm are significantly lower than the averaged
value. The uncertainties for these values are relatively low. For
a kinetic temperature of 40 K most values of b fall in the range
0.11-0.37. The forcing parameters b are smaller if we assume
Tyin =20 K (0.08-0.33) and larger for 80 K (0.16-0.47).

The distribution of forcing parameter b as a function of
molecule is displayed in Fig. 17. Most molecules show similar
values of b. Exceptions are C3*S and HC'®N, which lie above
the other ones, probably due to their low S/N, and HNC, which
lies below the average.

4.6. Principal component analysis

Six of the 15 velocity components fulfil the selection criteria
defined in Sect. 3.8 to perform a principal component analy-
sis. The velocities of these components are: —105.9, 2.0, and
7.3kms™! in the GC, 24.7 and 31.6kms~! in the Scutum arm,
and 17.7kms~! in the Sagittarius arm. The molecules used for
each component are listed in Table 10. The PCA is performed
on the opacity maps after removing the average signal and scal-
ing the standard deviation to 1. Hence, the PCA is sensitive only
to the variance on scales smaller than the field of view.
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Fig. 14. Panel a: widths of the PDFs of 15 different velocity components
along the line of sight sorted by molecule. Panel b: mean (left) and
median (right) values for each molecule. The uncertainties represent
the standard deviation for the mean and the corresponding percentiles
for the median. The dashed line in both panels marks the mean and the
median value for all components (see Fig. 11).

To investigate the influence of the noise on the results of the
PCA we performed a PCA on channels that contain only noise
(see Appendix C.3). We used six molecules. The powers, that is
the contributions of the principal components (PCs) to the total
variance, are similar for the first three components and on the
level of 20-30%. We conclude from this test that powers of the
first PCs much higher than 20-30% are required to be considered
as significant.

Because our field of view is limited by the extent of the
background continuum emission, we performed several tests to
examine the robustness of the PCA applied to our data (see
Appendix D). For these tests we changed the grid size, the num-
ber of selected pixels, and the number of selected molecules.
The PCA seems to be robust to these changes. However, when
no clear structure is dominant for all molecules, decreasing the
number of pixels results in more changes in the values of the PC
coefficients.

The PCs calculated for v ggr =24.7kms™! are shown in
Fig. 18. The fourth component has a very small power of
1 x 1072°, Hence, it can be neglected and is not displayed. The
contribution factors of each PC to the selected molecules are
shown in Fig. 19. The error bars represent the standard deviation
calculated from the 1000 realisations of the opacity cubes. They
are relatively small and barely visible. For this velocity compo-
nent, 73% of the total variance in the data is described by the
first principal component. This means a prominent structure is
present for most molecules. The second and third PCs describe
only small parts of the total variance 18 and 9%, respectively.
The first two correlation wheels are plotted in Fig. 20a. H3CO*,
HNC, and CS are anti-correlated to CH3;OH for PC1. H3CO*
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Table 8. PDF widths and parameters describing the turbulence for all investigated molecules.

Molecule b Foad I b¢
20K 40K 80K 20K 40 K 80K

c-C3H,  044+0.06 043490  x X X 0.147999  0.20%012  0.28+097
H'3CO*  046+0.09 04699  x X X 0.13*912 0.18%0  0.26912
3co 0.52+0.10 0.53*319  x x 093 017533 0.2553%  0.33+99%
CS 0.52+0.12  0.5379%  x x 078 02097 028397 0.33:0%
Cc*s 0.60+0.07 0.59%%6 079 052 038 033799 0.3679%¢  0.4599%
3¢S 0.57+£0.05 0597992  x 099 058 02399 033799 0.34+99!
SO 0.55+£0.04 055799  x X 074 02179%  0.29%993  0.33+902
Si0o 0.57+0.06 0.55799%  x X 0.66 021912 0307997 0.33+942
HNC 0.38+0.10 0.39*941  x X x 009997 0.13+91L  0.19+0 14
HN'3C  0.60+0.03 0607993 x 092 060 025997 033799 034+
HCPN  0.68+0.08 0.72*3% 0.80 0.60 044 0.3379% 036793 043947
CH;OH  0.63+0.13 0.62*313  x 097 064 0237 0327946 033492

Notes. “Mean width of the PDF. ®Median width of the PDF. “Forcing parameter . x means that there is no intersection of the two functions
b(2). In these cases, we assume f =2.9 to derive b. “Forcing parameter b.

Table 9. PDF widths, linewidths, Mach numbers, and parameters describing the turbulence of the velocity components.

vLsR® foad ¢ FWHM¢ Me 'd b9
(kms™) (kms™') 20K 40K 80K 20K 40K 80K 20K 40K 80K
Galactic centre
-105.9 0.49+0.03 04873 4.2 1.7 81 58 X x 063 02239 0319 034799
-93.7 0.47+0.09 0.47+319 4.6 128 89 64 X x 085 018941 0261997 0.33:904
-81.5 0.43+0.09 0.39%9/2 2.1 58 41 29 x 066 043 0287997 033912 0.41*018
-74.6 0.50+0.05 0.4899] 7.1 197 137 99 X X X 0.13%99  0.187908 0.25+008
-32 0.56+0.06 0.53+997 6.4 178 124 89 X x 089 01899 0.26%99 0.3390!
2.0 0.51+0.08 0.51*99% 9.4 261 182 131 x X x 011999 0.15%99  0.22+006
73 0.53+0.14 0524913 6.1 169 118 85 x 089 018343 0257318 0.32:908
all'  0.54+0.10 0.53*998 X
3 kpc arm
-48.4 0.52+0.16 0.53*13 4.2 1.7 81 58 x 082 050 02759 0.33:3% 0.3791¢
-39.7 0.41+0.11 0.41*1 4.1 14 79 57 X X x 0167940 0.22+011 0.30+998
all'  0.48+0.15 0.51*9)2
4kpc arm
—27.6 0.39+0.08 0.42+092 7.6 211 147 106  x X X 0.09*990  0.13790)  0.18+902
~18.9 043+0.08 0.41+098 8.2 228 159 114  x X X 0.08*% 0.11799 0.16*9]

all" 041008 041093

Scutum arm

247 0.61£0.10 0.62:9% 41 14 79 57 072 048 038 0334005 037010 0474014
316 052+£0.09 0527019 102 283 197 142  «x X x 0117007 0154010 021+048

369 056014 05579 74 205 143 103 x  x 094 01895 025:7% 0.3070%
all"  0.56+0.12  0.58+39]

Sagittarius arm
17.7  049+0.08 0.54+99; 6.5 180 126 9.0 X x 089 0.18% 026539 03390}

Notes. The molecules used for this analysis are c-C3H,, H'*CO*, *CO, CS, SO, SiO, HNC, and CH;OH. ’Channel velocities of c-C3H,. ®Mean
width of the PDF. “Median width of the PDF. “Median FWHM for each velocity component determined with c-C3H,. ©“Mach number for three
assumed temperatures. Forcing parameter /. x means that there is no intersection of the two functions b(¢). In these cases, we assume f =2.9 to
derive b. @Forcing parameter . ””’Mean and median values of the PDF width for each sub-sample of clouds.
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Fig. 15. Forcing parameter b plotted against { for Ty;,, =40 K for all 15 velocity components. The different velocities are colour coded and given
in km s ~!. The magenta line represents the function derived from hydrodynamic simulations by Federrath et al. (2010).
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Fig. 16. Panel a: forcing parameter b of eight molecules, assuming
T\in =40 K for the 15 velocity components roughly sorted by their dis-
tance to the Galactic centre. Panel b: mean (left) and median (right)
values for each velocity component. Panel c¢: mean (left) and median
(right) values for each sub-sample of clouds, from left to right: Galac-
tic centre, 3 kpc arm, 4 kpc arm, Scutum arm, Sagittarius arm. The
uncertainties represent the standard deviation for the mean and the cor-
responding percentiles for the median. The dashed line in each panel
marks the median value of all data points shown in panel a. The veloci-
ties of the components belonging to Categories I and II are coloured in
grey and black, respectively.

and CS are correlated for PC1 and PC3, but anti-correlated for
PC2.

The correlation wheels for the other velocity components
are displayed in Figs. 20b—f, the corresponding PCs and coef-
ficients in Figs. J.1-J.10. The power of the fourth PC is always
very low, on the order of 1072°. Hence, the fourth PC is not dis-
played in these figures. At v sg =31.6kms™! (Fig. 20e), HNC
is anti-correlated to CH3;OH, c¢c-C5H,, and CS for PC1. The first
component has only a contribution of 49% to the total variance.
In PC2 (36%) c-C3H, is strongly anti-correlated to CH;OH. CS
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PC1 (72.9%) PC2 (18.3%)

of My L wf gy W 1o}
L

[a)] o o
< < <

or or or

15 1|0 5 0 15 1|0 5 O

ARA["] ARA["]
-0.08 0.00 0.08 0.16 —-0.08 0.00 0.08 0.16

Table 10. Molecules used for the PCA for six velocity components.

Velocity component (km s™!)

Molecule -1059 2.0 7.3 247 316 17.7
(kms™h)
c-C3H, X X X - X X
H'3CO* X X X X - X
CS - - X X X
C3s - X - - - -
SiO X X X - - X
HNC - - - X X X
HN'3C - X X - - -
CH;0H X X X X X X

Notes. The molecules used for the PCA are marked with x.

is mostly described by PC3. At vysg = —105.9kms™! (Fig. 20b),
¢-C3H, and H'3CO™ are anti-correlated with CH;OH and SiO
with respect to the first PC. H'3CO* is mostly described by the
third PC and CH3O0H mostly by the second one. Here, the first
PC has a high contribution of 65%.

The other velocity components have powers of their PCs
in the order of 20-30%, similar to those obtained for pure
noise channels. The correlation wheels of these components are
therefore most likely not significant.

4.7 Nature of the detected line-of-sight clouds

In order to understand the nature of the line-of-sight clouds
detected towards Sgr B2(N), that is whether they are diffuse or
translucent, we want to estimate their H, column densities and
visual extinctions, A,. HCO™ has been shown to be a good tracer
of H; in diffuse clouds, with N(HCO*)/N(H,) =3 x 10~ (Liszt
et al. 2010). Here we use the EMoCA spectrum towards K4 to
derive the HCO* column densities of the clouds detected in
absorption. For the velocity components for which HCO* 1-0
is optically thick, we model H'*CO* 1-0 and assume the same
12C/13C ratios as Belloche et al. (2013) to derive the HCO* col-
umn densities (see their Table 2). We use Weeds (Maret et al.
2011) to model the velocity components detected towards K4 in
absorption. The resulting parameters are listed in Table 11 and
the synthetic spectra are shown in Fig. 21. We obtain H, col-
umn densities ranging from 3.3 x 10?° to 9.0 x 10*2 cm™2, which
corresponds to A, between 0.4 and 96 mag (Cols. 4 and 5 in
Table 11).

With the HCO" abundance relative to H, assumed above,
all but three components (at v sg =—83.9, —114.1, and
—134.6 km s~!) would have visual extinctions higher than 5 mag,
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PC3 (8.8%)
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Fig. 18. Principal components determined
at vy sg =24.7kms™!. The colours give the
intensity. The absolute value of each PC is
normalised to 1 as explained in Sect. 3.8.

15

—0.12 -0.06 0.00 0.06 0.12

10 ARA?,] 0 The percentages in parentheses give the
contributions of the PCs to the total vari-

ance.

which would imply that they are dense molecular clouds. If
this were indeed the case, then we would expect to see these
clouds in emission towards positions without strong contin-
uum background. To test this, we cannot use the EMoCA
survey because of the spatial filtering of the interferometer.
Instead, we check the imaging survey of Sgr B2 performed by
Jones et al. (2008) with Mopra at 3 mm. We select the following
transitions: HCO* 1-0, HNC 1-0, CS 2-1, and 3CO 1-0. The
HCO™, HNC, and CS lines are partly seen in absorption in the
Mopra data. We mask the pixels where absorption is detected
in the velocity range from —100 to 0 kms™!. For each of these
three species, we compute the average Mopra spectrum within
a square box of size 156" centred on the J2000 equatorial posi-
tion 17"47™19.8%, —28°22/17", excluding the masked pixels (see
Fig. 22). 3CO 1-0 does not show any absorption in the Mopra
spectra and we take the average spectrum over a square box
of size 84” centred on the same position (see Fig. K.1). The
resulting Mopra spectra are compared to the EMoCA spectra in
Figs. 23, 24, K.2, and K.3.

The '*CO Mopra average spectrum shows two strong veloc-
ity components in emission that match well the position of
components seen in absorption in the EMoCA spectrum (at
—42 and 5 km s7!, see Fig. 24). Two weaker emission peaks
at —83 and —107 km s~ also match absorption components
seen with ALMA. None of the components at velocities below
—30 km s™! are detected in emission in the HCO*, HNC, and
CS Mopra spectra, but these species show emission at velocities
above approximately —30 km s~!, which may be at least in part
associated with the absorption components seen in the ALMA
spectra.

We perform non-LTE radiative transfer calculations with
RADEX (van der Tak et al. 2007) to estimate the densities
and kinetic temperatures that are consistent with the emission
seen with Mopra, or its upper limits. We take the spectro-
scopic parameters and collisional rates with H, from the Leiden
Atomic and Molecular Database (LAMDA, Schdier et al. 2005)
for HCO" (Botschwina et al. 1993; Flower 1999; Schoier et al.
2005), CS (CDMS, and Lique et al. 2006), HNC (CDMS, and
Dumouchel et al. 2010), and '3CO (CDMS, JPL, and Goorvitch
1994; Cazzoli et al. 2004; Yang et al. 2010). We perform the
calculations for a wide range of parameters: 10-130 K for the
kinetic temperature and 10-107 cm™ for the H, density. These
ranges cover the values expected for diffuse, translucent, and
dense molecular clouds. We explore the following ranges of col-
umn densities: 10'25-145 cm=2 for HCO*, 10129145 ¢m=2 for
HNC, 10'2>-143 cm~2 for CS, and 1039165 ¢cm=2 for 13 CO. They
correspond to the ranges derived from the absorption features
detected with ALMA towards six strong continuum positions
covered by EMoCA. The brightness temperatures computed with
RADEX for the selected transitions are displayed in Figs. 25
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Fig. 20. Correlation wheels for PCs at vy gg =24.7kms™ (panels a), —105.9kms™" (panels b), 2.0kms™" (panels c), 7.3kms™" (panels d),
31.6kms™" (panels e), and 17.7kms™" (panels f). The percentages in parentheses give the contributions of the PCs to the total variance. The
ellipses around the arrow heads show the uncertainties estimated from 1000 realisations of the opacity cubes.

and L.1-L.3, respectively. The solid lines plotted in these fig-
ures indicate the level of emission detected with Mopra for the
component around 14 km s~!. For 13CO, the dashed lines corre-
spond to the emission component detected around 83 km s,
while for the other species, they correspond to the emission
upper limits (three times the RMS noise level) derived from the
Mopra spectra between —110 and —10 km s~!. We converted
the Mopra antenna temperatures into brightness temperatures by
multiplying them with a factor 1.7, which roughly corresponds
to the extended beam efficiency of ~0.6 measured by Ladd et al.
(2005) for sources larger than ~80”, consistent with the extended
emission seen in the Mopra channel maps shown in Figs. 22
and K.1.

Given the limits assumed for the kinetic temperature, our
RADEX analysis provides constraints on the molecular hydro-
gen densities (see Table 12). For the component around 6 km s~!,
the ranges of densities derived from HCO" and '3*CO are sim-
ilar, on the order of 30-5000 cm~3, while the ranges derived
for HNC and CS are shifted by nearly one order of magni-
tude towards higher densities. For the component at —83 kms™!
detected in emission in '*CO 1-0, the upper end of the density
range is 500 cm~2. The upper limits derived for HCO*, HNC,
and CS over the range —110 to —10 km s~! imply densities below
5x10° cm™3,5%x10° cm™3, and 3 x 10* cm ™3, respectively. Some
of the RADEX plots also show higher density solutions for CS
and 3CO but these solutions would not be consistent with the
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Table 11. H, column densities and visual extinctions derived from the HCO* column densities determined in the ALMA spectrum in the direction

of K4.
osr?  NHDBCOY)Y  NHCO')Y NH)Y A NHY A
(kms™") (cm™) (cm™?) (cm™?) (mag) (cm™) (mag)

40.8 1.3(12) 52013 1.7(22) 184 3.6(21) 3.8
270 6.2(11) 2413 8.0(21) 8.5 2.5(21) 2.7
18.6  4.5(12) 2714 9.022) 957 1.4(22) 14.4
9.8 1.5(12) 30013  1.0(22) 106 2.8(21) 3.0
3.8 8.0(12) 16(14  53(22) 567 8.0(21) 8.5
17 3.8(12) 76(13)  25(22) 270 431 45
-69  2.0(12) 8.0(13)"  2.7(22) 284 4.4Q21) 4.6
-172  2.1(12) 8.4(13)"  2.8(22) 298 4.5(21) 4.7
-28.1 1.8(12) 32013 1.122) 113 2.9(21) 3.0
-35.2 - 24(13)  8.0(21) 8.5 2.5(21) 2.7
412 51(12) 21014 7022) 745 1.1(22) 1.1
—488  5.7(11) 23(13)  7.7(21) 82 25021 2.6
-56.3 - 2.1(13)  7.021) 74 2.4(21) 2.5
~66.3 - 23(13)  7.7(21) 82 2.5(21) 2.6
~764  27(12) 56(13) 1.9(22) 199 3.7(21) 3.9
-83.9 - 8.6(12)  2.9(21) 30 1.6(21) 1.7
—91.9 - 2.6(13)  8.7(21) 92 2.8(21) 2.8
-104.3 1.7(12) 92(13)  3.1(22) 326 4.7(1) 5.0
~114.1 - 50(12)  1.7(21) 1.8 1.2(21) 1.3
~1228  4.8(11) 1.5(13)  5.021) 53 2.0021) 2.1
~134.6 - 1.0(12) 33200 04 3.3(20) 0.4

Notes. X(Y) corresponds to X x 10", The excitation temperature is assumed to be 2.73 K. Centroid velocity of the Gaussian component. ®H*CO*
column density. A dash indicates the cases where H'3CO* is too weak. “HCO™ column density. A star indicates the cases when it is derived from
HB3CO*. “H, column density derived from HCO* assuming an HCO* abundance of 3 X 10~ relative to H, typical for diffuse clouds (Liszt et al.
2010). ©Visual extinction computed from the previous column with the formula A, (mag) = N(H,)/(9.4 x 10?° cm~2). "H, column density derived
from HCO* assuming a HCO* abundance of 3 x 107 for N(HCO*) <2.8 x 10'? cm2, 2 x 1078 for N(HCO*) > 9.4 x 10'3 cm™2, and an interpolated

value (in log—log space) in between.

15

10

Ty [K]

Fig. 21. ALMA spectra of HCO* 1-0 and H*CO* 1-0 (shifted by +4 K)
in the direction of K4 in black. The synthetic spectra of HCO* and
H'3CO* computed with Weeds are overplotted in blue and magenta,
respectively.

constraints set by HCO™. Our RADEX analysis does not bring
any constraint on the kinetic temperature.

Our calculations with RADEX do not take the collisional
excitation by electrons into account. Electrons can have a sig-
nificant impact on the excitation of molecules at low densities
when the electron fraction is high and the CO fraction is
small (Liszt & Pety 2016). Taking the collisional excitation by
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electrons into account in our radiative transfer calculations
would lower the densities or upper limits derived in this section.

5. Discussion
5.1. Types of line-of-sight clouds

Assuming that HCO™ has the same abundance relative to H; as
the one established for diffuse clouds (3 x 107°) leads to the
conclusion that most clouds seen in absorption in the EMoCA
survey would be dense clouds, with visual extinctions higher
than 5 mag (Table 11). However, the maps obtained towards
Sgr B2 with Mopra by Jones et al. (2008) reveal only few veloc-
ity components in emission in the tracers HCO™ 1-0, HNC 1-0,
CS 2-1, and '3CO 2-1. Our radiative-transfer analysis indicates
that the emission component at ~6 km s~! detected in *CO 21
and HCO™ 1-0 must have an H; density lower than a few times
10° ¢cm™>. In addition, our analysis of the ALMA HCO" 1-0
absorption spectrum towards K4 indicates that, except for the
component at —83.9 km s~!, the velocity components between
—110 and —10 km s~!, which are not detected in emission in the
HCO™ 1-0 Mopra data, have HCO* column densities higher than
10'3 cm™2 (Table 11). The radiative-transfer calculations then
imply that these components have H, volume densities below
10° cm™ (Fig. 25). Finally, the component at approximately
—83 km s~! detected in '3CO 2-1 emission with Mopra also has
a low density, less than 500 cm™, according to our radiative-
transfer analysis (Sect. 4.7). Taking the collisional excitation of
molecules by electrons into account would imply even lower


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201834467&pdf_id=0

V. Thiel et al.: Structure of diffuse and translucent clouds towards Sgr B2

6 km/s 0.4

—28°20'00"

0.2

Dec(J2000)
—28°24'00" —28°22'00" —28°20'00"
T, [K]

Dec(J2000)

-0.2

0.4

16 km/s

—28°20'00"

0.5
0.2

T, [K]
Dec(J2000)
T, [K]

-0.2

10°

—28°25'00"
T

17"47™30° 20°
RA(J2000)

L L L T T T
17°47™30° 20
RA(J2000)

s

—28°25'00"

17"47™30° 20
RA(J2000)

10

Fig. 22. Mopra channel maps in the direction of Sgr B2 at about 14km s~ for HCO* 1-0 (panel a), HNC 1-0 (panel b), and CS 2—1 (panel c) as
observed by Jones et al. (2008). In each panel, the white box shows the region selected to calculate the averaged spectrum and the green contour
encloses the pixels that were masked to avoid absorption. The white circle in the lower right corner of each panel represents the beam and the cross

indicates the position of K4. The pixel size is 12”.
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Fig. 23. Mopra average spectrum of HCO* 1-0 towards Sgr B2(N),
extracted from the imaging survey of Jones et al. (2008) after excluding
pixels with absorption (see Fig. 22). The black and blue spectra were
obtained with the broad-band and narrow-band backends, respectively.
They are displayed in T scale. The purple spectrum is the EMoCA
spectrum of H'3CO* 1-0 towards K4 in brightness temperature scale.
The feature between —280 and —210 km s~ is caused by SiO in the
envelope of Sgr B2. The dashed line marks the channel that corresponds
to a '>CO emission peak in Fig. 24.
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Fig. 24. Same as Fig. 23, but for '*CO 1-0. The ALMA spectrum is
resampled to the spectral resolution of the Mopra spectrum. The dashed
lines mark emission peaks that match well absorption features of the
EMoCA spectrum outside the velocity range of the Sgr B2 envelope.

densities. All components between —110 and —10 km s~! and

the one at 6 km s~! thus have densities that are too low for them
to be dense clouds, which are characterised by densities higher
than 10* cm™ (Snow & McCall 2006). We note that Greaves
(1995) derived densities in the order of 10* cm™ for the clouds
at velocities —102, =41, =27, and 3 km s~! on the basis of HCN
3-2 probed in absorption with the JCMT, while their CS 2-1
and 3-2 observations of the same clouds in absorption indicate
densities lower than 600 cm™2, in rough agreement with our con-
clusion above. These authors concluded that a range of densities
from ~200 cm ™3 up to 10* cm™ must be present in these clouds.

The components discussed in the previous paragraph are not
dense clouds, and they cannot represent diffuse clouds either,
otherwise we would obtain visual extinctions lower than 1 mag
when computing their H, column densities with the standard
diffuse-cloud abundance of HCO*. We conclude that the clouds
with velocities between —110 and —10 km s~! and at 6 km s~!
are translucent clouds, and that the HCO* abundance relative to
H, must be higher than 3 x 1072 in these clouds, by at least a fac-
tor of two, and maybe even a factor of six in order to reconcile
the visual extinction of the component at —104 km s~ with its
translucent nature (A, should be between 1 and 5 mag). All these
conclusions hold only if our assumption that the HCO* column
densities derived from our ALMA absorption spectra are repre-
sentative of the HCO™ column densities at the scales probed with
Mopra.

Our conclusion that HCO* likely has a higher abundance
in translucent clouds compared to diffuse clouds is consistent
with the results of the GEMS survey performed by Fuente et al.
(2019) with the IRAM 30m telescope towards the dark cloud
TMCI. They report that HCO™ reaches its maximum abundance
relative to H at a visual extinction of 5 mag, with a value of
~2x 1078, A visual extinction of 5 mag corresponds to a Hj
column density of 4.7 x 10?! cm™2, which implies a HCO™* col-
umn density of 9.4 x 10'* cm~2 assuming the HCO* abundance
above. The transition between diffuse and translucent clouds
at a visual extinction of 1 mag corresponds to an H, column
density of 9.4 x 10 cm~2, that is a HCO* column density of
2.8 x 10'> cm™2 assuming the ~7 times lower standard HCO*
abundance for diffuse clouds (3 x 107?). Most components in
Table 11 have HCO* column densities between these two val-
ues, implying that they are translucent clouds. The exceptions
are the component at —134.6 km s~!, which corresponds to a
diffuse cloud, and the components at —41.2 km s~!, 18.6 km s7!,
and 3.8 km s~!, which must be dense clouds. To have a better
estimate of the H, column density and visual extinction of each
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Fig. 25. HCO* 1-0 brightness temperature computed with RADEX as a function of kinetic temperature (x-axis) and H, density (y-axis), assuming

different column densities. In each panel, the solid line corresponds to the level of emission measured in the Mopra spectrum around 14 km s

~land

the dashed line to the upper limit (30°) over the velocity range from —110 km s™! to —10 km s~'. The solid line is displayed only for the column
densities that fall in the range determined from the ALMA absorption map at this velocity and the white star marks the median column density

obtained from the ALMA absorption map at this velocity.

Table 12. H, densities derived from the Mopra data.

Molecule vrsr® Tbb ny,©
(kms™)  (K) (cm™)
HCO* 6 0.11 4(1)-1(3)
x <0.06 <2(1)-503)
HNC 6 0.37 7(2)-4(4)
x <015 <3@)-505) [>509)]
CS 10 0.43 42)2(4) [>1(9)]
X <006 <5(1)-34) [>1(5)]
Bco 5 1.06 3(1)-5(3) [>1(3)]
-83 0.35 <5(2) [>503)]

Notes. X(Y) corresponds to X x 10Y. @x corresponds to the velocity
range from —110 to —10 km s~!. ¥’ Measured brightness temperature in
the Mopra spectrum, or upper limit of 3c-. “Range of densities consis-
tent with the detected Mopra emission, or upper limit to the densities.
The values in brackets give the high-density solution, when it exists.

component, we recompute these quantities assuming a HCO*
abundance of 3 x 10~ for N(HCO*) <2.8 x 10" cm™2, 2 x 1078
for N(HCO*)>9.4x 10'3 cm™2, and an interpolated value (in
log—log space) in between (see Table 11).

In Thiel et al. (2017), some of us reported on the basis of
the EMoCA survey the detection of complex organic molecules
in four velocity components (one in the Scutum arm and three
in the GC region) that we ascribed to what we termed diffuse
clouds. Liszt et al. (2018) questioned the diffuse nature of
these clouds on the basis of their high HCO* column densities.
The detailed analysis performed here confirms that these
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components with COM detections are not diffuse. Instead, we
find that the component in the Scutum arm (at 27 km s~') and
two of the GC components (at 9.8 and —1.7 km s~!) are translu-
cent clouds. The third GC component has a visual extinction
of 8.5 mag suggesting it is somewhat dense, but still close to
the border between translucent and dense clouds. Therefore, we
conclude that complex organic molecules are present in some
translucent clouds along the line of sight to Sgr B2.

5.2. Suitable tracers of H, in translucent clouds

The fact that HCO™ has a higher abundance in translucent clouds
compared to diffuse clouds has an impact on the analysis of the
CH abundance performed by Qin et al. (2010) for the clouds
probed in absorption with Herschel towards Sgr B2(M). They
took HCO™ as a proxy for H, and assumed a uniform abundance
of 5x 107, With this assumption, the distribution of CH and H,
column densities does not follow the correlation found by previ-
ous studies for diffuse clouds. However, if we take into account
the variation of the HCO™ abundance as described above, we
find a correlation between CH and H, much closer to the diffuse-
cloud correlation. The kink at an H, column density of 10?! cm~2
reported by Qin et al. (2010) vanishes (see Fig. M.1). The cor-
relation of CH to H, determined by Sheffer et al. (2008) for
diffuse molecular clouds is now valid for H, column densities
up to 10?7 cm™2, which means that CH is a good tracer of
H, up to A, ~5.3 mag. At Ny, ~ 1023 cm™2, we see a deviation
from the correlation. Hence, the CH abundance relative to H,
must decrease somewhere between 10%'7 and 10%* cm™2. This
is consistent with the drop of CH abundance above a H, column
density of 5 x 10! cm™2 reported for TMC-1 by Suutarinen et al.
(2011).
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Fig. 26. Distribution of CCH column densities versus H, column densities, calculated from HCO™* as described in Sect. 5.1. The filled symbols
represent the values obtained for the velocity components detected toward six positions with strong continuum background in the ALMA data.
Their equatorial offsets are indicated to the right. The fainter filling colours are used for the GC components. The red crosses are measurements
from Godard et al. (2010) and Gerin et al. (2011) and the black ones from Lucas & Liszt (1996, 2000). The dashed lines are linear fits to the
following samples: all data (blue), ALMA data only (black), ALMA GC components only (magenta), and ALMA disk components only (green).
The dotted-dashed lines are fits with a slope of unity. The fits results are given in the upper left corner with their uncertainties. The Pearson
correlation coefficients r are given on the right side. The vertical lines highlight the limits between diffuse, translucent, and dense clouds.

CCH is strongly correlated with CH in diffuse molecu-
lar clouds (Gerin et al. 2010b). There is also a tight corre-
lation between CCH and c¢c-C3H, in translucent clouds (for
N(c-C3H,) < 10'2° em™2; Lucas & Liszt 2000; Gerin et al. 2011).
Here, we want to investigate whether both CCH and c-C3;H,; are
good tracers of H; in translucent clouds. Figure 26 shows the
distribution of CCH column densities as a function of H, col-
umn densities for the velocity components detected towards six
positions with strong continuum background in our survey, along
with measurements reported in the literature for other diffuse
and translucent clouds. In this plot, the H, column densities are
derived from the HCO* column densities assuming the same
non-uniform HCO™ abundance profile as in Sect. 5.1. Overall,
we see that CCH is well correlated with H, for both diffuse and
translucent clouds. The slope of unity indicates that it can be
used as a good tracer of H, up to A, =5 mag at least. The correla-
tion is a bit tighter for the GC translucent clouds than for the ones
located in the disk of our Galaxy, with a slope slightly higher and
lower than unity for the former and latter, respectively.

Figure M.2 shows the same plot for c-C3H,. If we take all
data together, there is an overall correlation between c-C3H, and
H, with a slope close to unity, but a fit limited to the ALMA data
only yields a much flatter correlation, with a large dispersion.
c-C3H, does not seem to correlate as tightly with H, as CCH
in the translucent regime. This larger dispersion is dominated
by the clouds located in the Galactic disk for which there is no
correlation between c-C3H, and H,. The correlation is tighter for
the GC clouds with, however, a slope higher than unity. In both
cases, c-C3H; thus does not appear as a good tracer of Hj.

The column densities of CCH and c-C3H, are plotted against
each other in Fig. M.3. Here also, while there is an overall corre-
lation with a slope close to unity for the full sample of diffuse and
translucent clouds, the fit limited to the ALMA data departs sig-
nificantly from a slope of unity. Therefore, our data do not reveal
a tight correlation between CCH and c-C3;H; beyond the range
of C3H, column densities explored by Lucas & Liszt (2000) and
Gerin et al. (2011). This conclusion holds also for the GC or
galactic disk clouds taken separately (see magenta and green fits
in Fig. M..3).

5.3. Velocity components and velocity dispersions

Previous absorption studies revealed velocity components simi-
lar to those we found in our data. Corby et al. (2018) used GBT
data to investigate ortho c-C3H; (110 —10,1) at 18.343 GHz. They
detected many narrow features with FWHM <3 kms™! which
are superimposed on components with widths between 3 and
16kms~'. They suggested at least ten distinguishable line-of-
sight absorption components. Garwood & Dickey (1989) used
VLA data with a spectral resolution of 2.6km s~ to investigate
HI in absorption along the line of sight to Sgr B2(M). Because
the velocities in the direction of Sgr B2(N) are similar to those in
the direction of Sgr B2(M) (Greaves & Williams 1994), we chose
these velocities for comparison. The components detected by
Corby et al. (2018) and Garwood & Dickey (1989) are compared
to ours in Table 13.

All velocity components found by Garwood & Dickey (1989)
are detected in this work and in the data examined by Corby et al.
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(2018). Corby et al. (2018) modelled the spectrum using several
broad Gaussian components overlaid with narrower Gaussian
features resulting in a higher number of velocity components
than we investigate here. Corby et al. (2018) detected two veloc-
ity components, at —120 and =58 kms~!, for which we see no
clear counterparts in our c-C3H, spectra. The component at
—-58kms! is detected towards a few positions but because of
the poor statistics, we decided not to investigate this component.
The component at —120 km s~! is detected in other molecules
such as HCN or HCO™ (see Table 11), so our non-detection
of this component in c-C3H; is due to a lack of sensitivity.
Belloche et al. (2013) investigated the velocity components of
c-C3H; along the line of sight to Sgr B2 using the IRAM 30 m
telescope. They were also able to find a few additional veloc-
ity components compared to the components reported here. In
our analysis, we only consider the velocity components asso-
ciated with the strongest peaks (minima) of the absorption of
c-C3H,. The programme we wrote to fit synthetic spectra to
the 322 investigated positions may underestimate the number
of velocity components in some cases because we do not allow
peak velocities to be closer to each other than two channels (see
Sect. 3.5). This approach still yields good fits to the observed
spectra (see Fig. 3). In addition, the number of identified veloc-
ity components depends on the investigated position. Because
our main goal is to investigate the spatial structure of the diffuse
and translucent clouds seen in absorption, we selected the veloc-
ity components for which a cloud is detected towards a sufficient
number of positions. The detection of components depends also
on the strength of the continuum. The IRAM 30 m and GBT
single-dish data have angular resolutions of ~30"” and ~40",
respectively, which means that they are much more sensitive to
the extended continuum emission and they include the two main
hot cores Sgr B2(N1) and Sgr B2(N2). The stronger continuum
of Sgr B2(N1) (see Fig. 1) reveals more velocity components in
our data but they are too weak to be detected at lower continuum
values. These hot-core positions are however affected by contam-
ination from numerous emission lines in the 3 mm atmospheric
window, which is the reason why we excluded them from our
analysis.

The smallest linewidth we derive for a velocity component
traced by c¢-C3H, is 1.74kms™!, which is equal to the channel
width. The largest width is about 20km s~ (see Fig. 4). Corby
et al. (2018) found a range of FWHM between ~1 and 10kms~!,
plus two broad components with FWHM ~ 16 kms~! that prob-
ably result from the overlap of several narrower components.
The majority (84%) of the widths derived here is smaller than
11kms™! (see Fig. 4), thus falling in the same interval. Belloche
et al. (2013) found typical widths of the line-of-sight clouds of 3—
5kms~!, and Menten et al. (2011) values between 3 and 8 kms~!.
Gerin et al. (2010a) studied the diffuse and translucent clouds
along the line of sight to G10.6-0.4 and found values between 3
and 6kms~! for the FWHM. The median value of Category I,
5.4kms™! (Table 2), lies at the upper edge of these ranges for
the FWHM. If we look at the width distribution of Category I
(see Fig. 4a), the majority (75%) of the velocity components
have FWHM smaller than about 7.5kms™'. For larger widths
the number of velocity components is decreasing. This tail could
be caused by overlapping velocity components that could not be
fitted separately.

The largest FWHM derived from our fits is 20kms™.
Wiesemeyer et al. (2016) investigated OH and OH* along the
lines of sight to other continuum sources than SgrB2 and found
velocity components with widths up to 18 kms~! for OH and up
to 23kms~! for OH* covering the same velocity interval. The
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Table 13. Velocities of diffuse and translucent clouds along the line of
sight to Sgr B2.

Uthisworka UCorbyb UGarwoodC
(kms™") (kms™!) (kms™1)
- -120 -
-105.9 —-106 -107.6
-93.7 -92 -
-81.5 -80 -81.7
-74.6 =73 -
— —-58 —
—48.4 -47 -51.9/-44.0
-39.7 -40 -
-27.6
~18.9 =23 -24.4
-3.2
2.0 0 11
7.3
17.7 15.7
24.7 20
31.6 314
36.9

Notes. “LSR cloud velocities of ortho c-C;H, determined in this work.
®LSR cloud velocities determined by Corby et al. (2018) from c-C3;H,
at 18.343 GHz in absorption. “LSR cloud velocities determined by
Garwood & Dickey (1989) from HI in absorption.

distribution of their FWHM shows that most velocity com-
ponents have smaller widths and only a few have FWHM
larger than 10kms~!. Their explanation for the wide variance
of determined FWHM is that the absorption of single clouds
may cause the narrow features, whereas the larger widths of
the velocity components may be caused by the blending of the
contribution from several clouds along the lines of sight. Fur-
thermore, the large beams of single dish telescopes may cause
spatial blending effectively resulting in larger line widths. As
explained in Sect. 4.2 the programme we used for the mod-
elling of c-C3Hj; is not able to distinguish between a single broad
Gaussian and multiple overlapping components producing the
same shape. In those cases a single Gaussian is assumed, which
likely explains the tail we obtain to higher FWHM and a smaller
number of velocity components. Corby et al. (2018) investi-
gated the OH absorption spectrum towards Sgr B2 at 1612 MHz
and 1667 MHz. The former line shows linewidths larger than
10km s~ (up to 50kms~!) for most velocity components while
for the latter half of the components have widths smaller than
10kms™', but still larger than c-C3H,. Here again, the veloc-
ity overlap between clouds probably leads to an overestimate
of the OH linewidths in some cases. Summarising, it seems
that c-CsH, traces less diffuse regions with smaller velocity
dispersions than OH.

5.4. Cloud sizes

The two-point auto-correlation functions of the opacity maps
suggest that most detected structures are extended on the scale
of our field of view, ~15”, or beyond (Sect. 4.4). This means
that our assumption of a beam filling factor of 1 to fit the spec-
tra is reasonable. In a few cases, the two-point auto-correlation
functions indicate the presence of smaller structures of sizes
~4"—6". These structures are mostly seen for less abundant
species for which most of the opacity map is dominated by noise.
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For example, HN!C shows small structures for the GC cloud at
2.0kms~!, but the main isotopologue HNC shows an extended
structure at this velocity. Therefore, we believe that most of the
compact structures suggested by the two-point auto-correlation
functions simply result from a lack of sensitivity. More sensitive
observations would likely detect the same underlying extended
structures traced by the more abundant molecules.

The auto-correlation functions of SO and SiO suggest a
clumpy structure for some of the velocity components, which
cannot be explained by a lack of sensitivity for these molecules.
The signal-to-noise ratio is relatively good for SiO at veloc-
ities between —5 and 25 km s~! and for SO between 0 and
10 km s~!. Hence, the clumps seen at these velocities are signifi-
cant. Especially at the velocity of 7.0 km s~!, which corresponds
to a translucent cloud, these two molecules have a high S/N and
reveal a smaller structure in the opacity maps of size of 5" at an
offset of (1”5, 1170) (see Figs. F.11 and F.13). The physical size
of these clumps is in the order of 0.2 pc. SiO also shows a more
complex structure at 17.2 km s! in the Sagittarius arm. A denser
clump peaked at (6”5, 570) with a size of about 8 (0.04 pc) is
overlying a more extended structure. Except the clump at (6”5,
570), the clumps detected in SiO and SO are located close to the
boundaries of the available field of view. Hence, we may not see
the complete structure of the clump and the determined size is
only a lower limit.

The structures of sizes 0.04—0.08 pc seen in some molecules
at the velocity of the Sagittarius arm can not be spatially resolved
for the GC clouds. Observations with higher spatial resolution
are needed to investigate if such smaller physical structures are
present in the GC clouds.

The absorption components detected towards Sgr B2(N) and
SgrB2(M), which are separated by ~50”, have similar velocities
(Greaves & Williams 1994). This suggests that the structures of
the foreground clouds detected in absorption are more extended
than 50", which can be seen in '3CO large-scale emission maps.

5.5. Turbulence

The PDFs analysed in Sect. 4.5 can be described by one or
two log-normal distributions. A log-normal profile characterises
the low density part of the PDFs of star-forming regions (e.g.
Schneider et al. 2013). Isothermal hydrodynamic simulations
including turbulence and gravity have shown that a power tail at
higher densities arises due to gravitational collapse/contraction
(e.g. Klessen 2000). When gravity is not included in the simula-
tions, only the log-normal part remains in the PDF (Padoan et al.
1997, Kritsuk et al. 2007; Federrath et al. 2008).

The log-normal part of the PDF is not influenced by reso-
lution effects and should be unchanged by using larger beam
sizes (Schneider et al. 2015b; Federrath & Klessen 2013). But
in cases where the pixel distribution used for determining the
PDF is not covering the complete structure, a fall off at lower
densities can appear (Schneider et al. 2015a). If the structure is
not completely covered by the field of view of the observations,
the width can be underestimated and the peak position overes-
timated (Ossenkopf-Okada et al. 2016). Due to the limitations
set by the background continuum emission on our actual field
of view, we most likely do not trace the complete structure of
the line-of-sight clouds. Hence, the width of their PDFs is likely
underestimated.

The volume-weighted density PDF in numerical simulations
has a wider dispersion than the column density PDF, but shows
similar properties (Federrath et al. 2010). Both PDFs are nearly
perfect log-normal distributions in simulations without gravity,

only small effects seen as non-Gaussian features are present (see
Federrath et al. 2010). The effects can be high- and low-density
wings (e.g. Passot & Vazquez-Semadeni 1998; Kritsuk et al.
2007; Federrath et al. 2010). We sometimes see such weak wings
in our data (see, e.g. Fig. [.4 at vy gg = —81.3 km s71), but they do
not influence the parameters of the fitted log-normal profiles and
also have only weak influence on the calculated dispersion of the
profiles.

Federrath et al. (2008) investigated the gas density in tur-
bulent supersonic flows by performing numerical simulations.
They examined the differences in the column density fields for
solenoidal forcing (divergence free) and compressive forcing
(curl-free). They fixed the Mach number to 5.5. A result of the
analysis is that the compressive forcing leads to a much higher
density contrast than the solenoidal forcing despite the same
Mach number. Solenoidal forcing is mostly present in more qui-
escent regions with low star formation rates, which is also seen
in observations (Federrath et al. 2010). For both the volume-
weighted density PDF and the column density PDF, the width of
the lognormal part of the PDF is three times larger for compres-
sive forcing than for solenoidal forcing. The compressive forcing
of the turbulence as well as a higher Mach number broaden the
PDFs (Federrath & Klessen 2013).

The width of the column density PDF for purely solenoidal
forcing is determined in simulations to be o0, =0.46+0.06
(Federrath et al. 2010), which is similar to the average value
of our sample of 15 diffuse and translucent clouds (0.52). The
larger widths we obtained for low-abundance species (C34S,
13CS, HN'3C, and HC'®N) is likely due to the lack of sensitivity
and the stronger influence of the noise (Ossenkopf-Okada et al.
2016). The width of column density PDFs for purely compres-
sive forcing would be o, =1.51+£0.28 (Federrath et al. 2010).
We therefore conclude that on average, the turbulence of the dif-
fuse and translucent clouds traced in absorption in our data is
mainly solenoidally driven, provided the bias resulting from our
limited field of view is not too strong.

We derived in Sect. 4.5 the turbulence parameters ¢ and
b from the width of the PDFs of all 15 velocity components
using c-C3H,, H'3CO*, 13CO, CS, SO, SiO, HNC, and CH;0H.
Because these parameters depend on the Mach number, the
kinetic temperature is needed and we assumed a range of 20 K
to 80 K to cover roughly the range of temperature possible in
diffuse and translucent molecular clouds. With this range of tem-
perature, the range of Mach number of the velocity components
we detected is 2.9-28.3.

The question is which kinetic temperature is more likely: 20,
40, or 80 K. The investigation of H, using far-UV observations
shows a temperature for diffuse clouds of 50-150K depend-
ing on the investigated line of sight (Snow & McCall 2006,
and references therein). The mean value is about 80K. The
temperatures in the direction of ¢ Persei derived using C, is
80+ 15K, and using H, 58 £ 8 K (Snow & McCall 2006, and
references therein). The temperature in the direction of o Persei
is a bit lower, 60 + 20 K using C, and 48 + 5 K using H, (Snow &
McCall 2006, and references therein). The temperature seems to
show a high variance. However, as we concluded in Sect. 5.1,
most clouds along the line of sight to Sgr B2 are translu-
cent. Hence, the kinetic temperature is likely lower than the
temperature of diffuse clouds mentioned above. Fuente et al.
(2019) derived a temperature of 13—14 K for visual extinctions
below 7.5 mag in TMC-1. Therefore, we believe that the tem-
perature of the translucent clouds investigated here is between
~15 and ~50 K. Our radiative-transfer calculations (Sect. 4.7)
do unfortunately not deliver any constraint on the kinetic
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temperature. In summary, for most of the line-of-sight clouds of
our sample we favour temperatures of 20 or 40 K, but we cannot
exclude a higher temperature for the diffuse cloud in our sample.

For any of the three temperatures assumed above, the forcing
parameter b is always smaller than 0.5 for all components. This
confirms the conclusion drawn above that the turbulence is domi-
nated by solenoidal forcing in the translucent clouds investigated
here.

Many values of the forcing parameter b are either smaller
than the value expected for purely solenoidal forcing or a bit
larger, but still relatively close to 1/3. Values of b<1/3 are
in principle not possible in the framework of the turbulence
investigated in the simulations (Federrath et al. 2010). The under-
estimation of b could result from an underestimation of the width
of the PDF because of the limited field of view, as mentioned
above. A second reason for a low value of b could be an overesti-
mation of the linewidth, for instance due to the overlap of several
components along the line of sight. For example, b is relatively
small for the following velocity components: —74.6, 2.0, —27.6,
-18.9, and 31.6 km s~'. The median FWHM for those compo-
nents is on average larger in comparison with the other velocity
components (7.1-10.2 km s71).

In summary, our investigation of the PDFs of the clouds
along the line of sight to SgrB2 shows that the driving of
the turbulence is purely solenoidal, or at least dominated by
solenoidal forcing. Solenoidal forcing causes smaller density
contrasts (Federrath et al. 2008), which results in more homo-
geneous cloud structures. This is consistent with the lack of
sub-structures that we noticed on the basis of our analysis of the
two-point autocorrelation functions of the opacity maps.

Studies of three translucent high-latitude clouds, MBM 16,
MBM 40, and MBM 3, show that the motions inside the clouds
are highly correlated in clumps which have sizes of about 0.5 pc
(Magnani et al. 1993; Shore et al. 2003, 2006, 2007). This scale
corresponds to the extent of the field of view we have in our
ALMA data for the most distant clouds. The clumps in the
translucent high-latitude clouds are located in a more diffuse
structure. They are not self-gravitating and do not show star-
forming activity. Some significant changes in emission at the
scale of 0.03 pc are visible resulting in strong density gradients
of a factor up to 10. In our data towards Sgr B2, we see, for a few
molecules, structures at scales of about 0.04—0.08 pc only for the
line-of-sight clouds located closer to us where such scales are
resolved. The dynamics in the translucent high-latitude clouds
was shown to result from the combination of shear flows and
thermal instabilities, with the large-scale shear flow powering the
turbulence and the density field maybe caused by thermal insta-
bility. Because we see also homogeneous structures on scales up
to 0.55 pc roughly the size of the clumps detected in the high-
latitude clouds, maybe the same processes are at work in the
line-of-sight clouds investigated here.

5.6. Meaning of the cloud categories

We have divided the clouds detected in absorption along the line
of sight to Sgr B2 into two categories on the basis of their c-C3H;
column densities. Category I, with lower c-C3H, column densi-
ties (10'2® cm~2 on average), contains the GC clouds with LSR
velocities below —50 km s~! and the clouds belonging to the 3
and 4 kpc arms. The GC clouds with velocities around 0 km s7L
the clouds in the Scutum arm and the ones in the Sagittarius
arm belong to Category II, with higher c-C3H, column densities
(1032 ¢cm™2 on average). Clouds belonging to Category I have
on average smaller velocity dispersions (FWHM =5.4 km s™')
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and a smaller PDF width (o, =0.48) than clouds in Category II
(FWHM =75 km s~ and 0, =0.56). The statistically higher
column densities of Category II do not result from a lack of sen-
sitivity, which could occur if the linewidths are broader, because
the column densities per velocity unit show the same trend.

The spiral arms closer to the GC (3 kpc and 4 kpc arms)
belong to Category I whereas the more distant Scutum and Sagit-
tarius arms belong to Category II. It is thus a priori surprising
that the GC clouds with velocities around 0 km s~! have simi-
lar properties as the clouds in the Scutum and Sagittarius arms.
Given that absorption at velocities close to 0 km s~! could arise
from local clouds, we could be tempted to argue that these clouds
were misassigned and are in fact local clouds. The assignment

was in part based on the ::—g isotopic ratio of 22 determined by
Gardner & Whiteoak (1982) which is consistent with the Galac-
tic centre value and not with the higher ratio that characterises

local clouds. Indeed, the :i—g isotopic ratio shows a gradient with
galactocentric distance, increasing from about 20 in the GC to
about 60-70 for local gas (Milam et al. 2005; Halfen et al. 2017).
As a further verification, we used the EMoCA data to measure
the :i—g isotopic ratio of the velocity components at —2.6, 3.7,

and 8 km s~! (covering the velocity range from —5 to 10 km s™).
We used the absorption spectra of CN and '3CN and derived

isotopic ratios of :f—g =20+ 3 for these clouds, confirming once
more their location in the GC. This value is robust against opti-
cal depth effects because we used the hyperfine components
of CN to derive the ratio. Liszt & Gerin (2018) determined a

higher isotopic ratio (E—g =64 +4) towards J1774 using HCO*

isotopologues in the velocity range of —33 to 13 kms™!, which is
dominated by an absorption feature between —10 and 10kms™".
The continuum source J1774 is located at small longitudes
near the Galactic centre, with a separation of about 3° from
SgrB2. This high isotopic ratio would indicate the clouds pro-
ducing these absorption features to originate from the disk. The
velocity range covered by the velocity components of CN used to

determine the ratio E—g in this work is smaller than their velocity
range. Hence, we cannot exclude some gas seen in absorption at
velocities between —9 and —5 km s~ may be located in the disk
and not in the GC (see also the discussions in Sect. 3 of Wirstrom
et al. 2010 and Sect. 5.2 of Corby et al. 2015). But the com-
ponents traced with CN seem to be located in the GC. Finally,
the clouds in Category III have similar c-C3H, column densities
as those in Category II, and a median linewidth (6.7 km s7')
that is closer to the one of Category II than to the one of
Category 1.

In summary, the GC region seems to contain two dis-
tinct populations of line-of-sight clouds (Category I and
Categories II+I1II), but all with turbulence being driven (mainly)
solenoidally. In the Galactic disk, the dichotomy correlates with
the galactocentric distance: the clouds in Category II are located
further away from the GC than the clouds in Category I. It
is unclear to us whether this correlation with galactocentric
distance is fortuitous or not.

In the Mopra data, HCO* 1-0, HNC 1-0, and CS 2-1
are detected in emission over a wide range of velocities, from
about v sg = —15 up to ~130 km s~!. The lower limit corresponds
roughly to the border between Categories I and II (see Figs. 23,
K.2, K.3, respectively). These tracers have higher critical den-
sities than '*CO 2-1, which is detected in emission in both
Categories of clouds (Fig. 24). This suggests that the clouds
in Category I have lower volume densities than the clouds in
Category II.
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5.7. Principal component analysis

We performed the PCA for six velocity components. The first
principal component contributes strongly to the total variance of
the opacity maps for only two of them: —105.9 and 24.7 kms~!.
This means that a large part of the structures seen in the opac-
ity maps of the different molecules are strongly correlated or
anti-correlated for all molecules. Hence, there are spatial struc-
tures in these two clouds with smaller extent than the field
of view.

The normalisation (mean=0 and standard deviation=1)
used for the PCA implies that maps with a relatively uniform
emission cannot be distinguished by the PCA from the maps of
pure noise channels. Hence, if the maps of several molecules
are relatively uniform but with a good signal-to-noise ratio, the
PCA is not able to give any indications about the large-scale cor-
relation. At 2.0kms~! most molecules show indeed extended
structures in the opacity maps, especially H*CO* which has
a relatively homogeneous opacity over the field of view (see
Fig. F.1). On the contrary, SiO shows a stronger variation of the
opacity over the field of view at this velocity (see Fig. F.13). This
molecule dominates the structure in the first PC (see Figs. J.3
and J.4).

Overall, the PCA indicates that most clouds probed in
absorption towards SgrB2(N) have relatively homogeneous
structures over the field of view, which is consistent with the
conclusions we draw from the analysis of the PDFs and auto-
correlation functions of their opacity maps.

6. Conclusions

We used the EMoCA survey performed with ALMA to resolve
and investigate the spatial structure of diffuse and translucent
clouds traced by several molecules detected in absorption along
the line of sight to Sgr B2(N), taking advantage of the high sen-
sitivity and angular resolution of this survey. We investigated the
velocity structure over the field of view by fitting the synthetic
spectra to the absorption features of ortho c-C3;H,. In addition,
we investigated the spatial and kinematic structure of the indi-
vidual clouds using the molecules c-C3H,, H'"3CO*, 3CO, HNC
and its isotopologue HN'*C, HC'>N, CS and its isotopologues
C3*S and 13CS, SiO, SO, and CH;0H. Our main results are
summarised as follows:

1. We found 15 main velocity components along the line of
sight to Sgr B2 on the basis of c-C3H;. The strong velocity
components match the ones found by previous studies (e.g.
Garwood & Dickey 1989; Corby et al. 2018). The envelope of
Sgr B2 shows two main components at ~63 and ~80km s~
In addition, we report the detection of a cloud at 48 kms™!.

2. The absorption features along the line of sight can be divided
into two categories on the basis of their c-Cs;H, column
densities: Category I (v sr < — 13 km s™1) contains some
GC clouds and clouds belonging to the 3 and 4 kpc arms.
Category II (—13 km s™! <vpggr <42 km s7!) contains other
GC clouds and clouds belonging to the Scutum and Sagit-
tarius arms. The clouds of Category II have larger FWHM
and broader PDFs and they seem to have higher volume
densities.

3. Most clouds detected along the line of sight to Sgr B2
are translucent on the basis of their HCO* column densi-
ties, including most clouds where we previously reported
the detection of complex organic molecules. This is in
agreement with the densities derived in previous single-dish
studies of these clouds.

4. Our analysis of the HCO" abundance in translucent clouds
indicates that HCO" is not a good tracer of H, in translucent
clouds. We further find that CCH and CH are good probes
of H, in translucent clouds, but that c-C3H, is not.

5. The two-point auto-correlation functions reveal that the
molecules investigated here trace relatively homogeneous
structures as extended as 15” at least. Smaller structures
suggested by the two-point auto-correlation functions are in
many cases dubious due to sensitivity limitations.

6. The average width of the column density PDFs is 0, = 0.52,
which is close to the value of 0.46 expected for purely
solenoidal forcing. The turbulence in these clouds is thus
dominated by solenoidal forcing, which may explain the
relatively homogeneous structures traced by the molecules
investigated here.

7. A principal component analysis indicates in most cases a
homogeneous distribution of the molecules. Only two of
the six investigated velocity components show a structure
smaller than the field of view.

Our analysis of the structure of the translucent clouds detected in
absorption towards Sgr B2 is limited by two factors: the limited
size of the continuum background emission, which results from
the spatial filtering of the interferometer, and the finite angular
resolution. Combining these ALMA main array data with mea-
surements performed with the ACA would allow us to extend the
analysis to scales larger than 15”.
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Appendix A: Powell’s method

Powell’s conjugate direction method works in an n-dimensional
space, where n is the number of free parameters. The start-
ing point in this n-dimensional space is defined by the initial
guesses x; of the n parameters to fit, with i between 1 and n.
The initial guesses define a position in the n-dimensional space:
Py = (x1, X2, ..., X,). To converge towards the best-fit parameters,
a set of search vectors is needed along which the minimisation
is done. The set of n starting vectors &; is built by n linearly
independent directions. The initial set of search vectors is simply
taken parallel to the parameter axes in the n-dimensional space.

The Powell minimisation procedure comprises an inner loop
and an outer loop. During the inner loop the minimum in each
current direction, that is along each search vector £;, is deter-
mined. The resulting minima along all directions give a new
position p; in the n-dimensional space. The vector difference
Ap=p, — p, between the optimised point p; and the starting
point p, is added to the set of search vectors and the vector &;
which is contributing the most to the new position is removed.
The most contributing vector is the one with the smallest angle
to the new search vector Ap. The outer loop repeats the process
until a given tolerance criterion is met, which can be a maximum
number of iterations or a given noise level.

Appendix B: Automatisation programme

This appendix describes the algorithm of our python programme
that fits the absorption spectra automatically (Sect. 3.5). The pro-
cess is done in several iterations. The parameters of the synthetic
spectrum resulting from the previous iteration are taken as ini-
tial guesses for the next iteration. The following parameters are
fitted: the decimal logarithm of the column density log;,(Not),
the width FWHM, and the centroid velocity vy of each velocity
component. Different probability distributions around the initial
guesses are chosen for these three parameters. The probability
distribution for the velocity is uniform over the chosen interval
(+3 km s71); the probability distribution for the FWHM is a trun-
cated normal distribution with a width of 3 km s~! peaked at the
initial guess over the range defined by the channel width as a
minimum value and a maximum value of 30 km s™'; the prob-
ability distribution for the logarithm of the column density is a
normal distribution peaked around the initial guess with a width
of two (that is two orders of magnitude for the density). The start-
ing points are not the exact initial guesses but randomly selected
points around the values following the probability distributions.
The procedure follows this sequence:

1. Baseline subtraction for each position using the command
base in the GILDAS package CLASS. This yields the contin-
uum level and the spectral line noise level of each spectrum.

2. Search in the continuum-subtracted spectrum for absorption
dips with a peak signal-to-noise ratio higher than 4 (-1, >
40). The programme searches for all channels fulfilling this
condition and keeps only those that have |/j| higher than their
surrounding channels (two channels in each direction). The
velocities v; of these selected channels are then used to fit the
spectrum and obtain initial guesses for the column densities
Nioti and linewidths FWHM,;.

3. Fit of the spectrum performed step by step in four par-
tially overlapping velocity ranges ([—121, —=58] kms™!, [-66,
—8] kms™!, [-16, 48] kms~!, [40, 100] kms~!). Only the
parameters of the components whose initial guess for the
centroid velocity is in the currently fitted interval are fitted.
The parameters of the other components are kept fixed to

their initial guesses for the components in the next veloc-
ity range or to their fitted values for the components in the
previous velocity range.

The step-by-step fitting in four velocity ranges is a use-
ful procedure to reduce the computing time. If the maximum
number of iterations is executed without reaching the toler-
ance limit of 20, the fit is repeated up to five times (with
randomly chosen initial guesses), but in the fourth iteration
the noise-tolerance limit is increased to a higher value of
100 This step is needed in the cases where the absorption
caused by the envelope of SgrB2 contains channels with
L) > I. +20.

4. Validation of the fit. The aim is to look for missing com-
ponents which were not identified as peaks at step 2. The
programme looks for peaks above a threshold of 5o in the
residuals. The peak velocities of these new components are
then used and kept fixed to fit the residuals and estimate their
column densities and linewidths. These estimates are used as
initial guesses for these new components at step 5.

5. Repeat step 3 once more and then go to step 6.

6. Final check for missing components. The programme repeats
step 4 (and step 3), but with a lower threshold of 40, then
goes to step 7.

7. To get the final synthetic spectrum, the n velocity compo-
nents are fitted step by step in n — 2 iterations. Only three
components are fitted at once at each iteration, starting with
the first three velocity components and then shifting by one
component at each subsequent iteration. The best-fit values
of the first velocity component of each processed set of three
components are kept fixed at the next iterations and the best-
fit values of the second and third velocity components are
used as initial guesses for the next iteration. This step-by-step
fitting procedure decreases the computing time.

In the case where the fit was not successful for one of
the n — 2 iterations, 11 more repetitions of this fitting proce-
dure are possible. During the repetitions several changes are
made in the fitting conditions. The changes are necessary in
some cases in order to get a good result. These changes were
included after analysing the problems resulting in an unsuc-
cessful fit using a randomly chosen small sub-sample of the
data. The first problem is caused by the optical thickness of
absorption lines from the envelope of Sgr B2. The estimated
column densities sometimes exhibit very high values up to
10'7 cm~2 which sometimes results in computing problems.
Hence, after the third repetition high initial guesses for the
column densities in the envelope of Sgr B2 are reduced to
10" cm™2 to avoid starting values higher than 10'5 cm™2
for these components. If this still does not result in a suc-
cessful fit, the reason may be the limited velocity interval in
which each peak velocity can be varied to find the best solu-
tion. After the sixth repetition the range for the velocity is
increased from 6 to 10kms~'. If this still does not help the
tolerance limit is increased after the ninth iteration.

We check the centroid velocities of the components before
each fitting because the presence of two components lying too
close to each other leads to calculation problems due to the
ambiguity of these components. Therefore, when the velocity
difference between two components is smaller than two chan-
nels (~3.5kms™!) we remove the second component. In the
case of three components following each other over a velocity
range smaller than three channels (~5.3 kms™!), we remove the
middle component. Due to this selection of the centroid veloci-
ties, the programme seldom fits only one velocity component to
the peak at a velocity of about 3 km s~! (see Fig. 3).
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Fig. C.1. Two-point auto-correlation function C(r) of four different
noise channels next to the transition of c-C3Hj as a function of pixel sep-
aration r. The coloured regions around the curves represent the standard
deviation of the 1000 realisations of the opacity cube.

Appendix C: Influence of noise
C.1. Two-point auto-correlation functions

To evaluate the influence of noise on the two-point auto-
correlation functions C(r), we calculated C for several noise
channels. In Fig. C.1 the two-point auto-correlation functions of
four noise channels next to the transition of c-C3H, are depicted.
C(r) shows a correlation at pixel separations smaller than about
2" which corresponds to the size of the major axis of the beam.
At larger pixel separations, C(r) is overall consistent with zero
within 30

The signal-to-noise ratios (C(r)/o¢) of 48 noise channels
(four per molecule) are shown in Fig. C.2. Beyond the separation
of 2” mentioned above, most S/N are below 3. For separations
between 2" and 6”7, some outliers have S/N between 3 and 5, and
only a handful have S/N between 5 and 6. Beyond 6", all outliers
have S/N below 4. Therefore, we conclude that the correlation
function of a channel containing signal will show a significant
correlation beyond 2 only when C(r)/o¢ is higher than 5 for
r< 6" and higher than 4 beyond 6”. This condition corresponds
to the area located to the right and above the magenta line shown
in Fig. C.2.

C.2. Probability distribution functions

We investigate here the influence of the noise on the PDFs of the
opacity maps. The PDF of c-C3H; at a velocity of —39.7 kms™!
is plotted in Fig. C.3a using all pixels and in panel b after mask-
ing the pixels below 30 ,0ise. The tail that is visible on the left
side of the PDF in panel a is much attenuated in panel b. This tail
is therefore dominated by the noise. The noise affects the main
properties of the PDF as well. The parameters derived from the
Gaussian fit change slightly after masking the noisy pixels, in
particular the width is reduced by 10%.
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Fig. C.2. Panel a: S/N of the two-point auto-correlation functions
(C(r)/o¢) of 48 noise channels, four per molecule, as a function of pixel
separation r. All points at pixel separations smaller than the beam are
coloured in purple, the other ones in cyan. The vertical dashed line at
2" corresponds to the major axis of the beam. The area above and to the
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a channel containing signal indicates a significant correlation. Panel b:
distribution of C/o¢. The regions of S/N smaller than 3, 4, and 5 are
highlighted in shades of grey.
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Fig. C.3. Panel a: PDF of c-C;H, using all pixels at a velocity of
—39.7kms"!. Panel b: PDF of the same velocity component but using
only the pixels 7/0; > 3. The results of the Gaussian fit, integral A, dis-
persion o, and centre y, are indicated in the top left corner of each panel.
The mean opacity 7 is indicated in the top right corner.

C.3. PCA

We investigate here the influence of the noise on the PCA. We
perform the PCA for six molecules, using channels that con-
tain only noise. The first two correlation wheels are displayed
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Fig. C.4. Correlation wheels for a PCA performed for six molecules
using channels that contain only noise. The percentages in parentheses
give the contributions of the PCs to the total variance of the data.

in Fig. C.4. The power of the first PC is only 30% and the sec-
ond and third have similar powers of 20.4% and 20.1%. No clear
correlation is visible in the wheels. The molecules are randomly
distributed in the wheels as expected for noise.

Appendix D: Robustness of PCA

We perform several tests to check the robustness of the prin-
cipal component analysis applied to our data. First, we test
different grid sizes. In the following, a grid size of 1, 2, or
3 means that we use every pixel of the original map, every
second pixel, or every third pixel, respectively. With a grid size
of 3, some information is lost, because the Nyquist-sampling
theorem is not fulfilled. The correlation wheels of the veloc-
ity component at vy gg = 24.7kms™! are shown in Fig. D.1. The
top, middle, and bottom panels correspond to a grid size of 1,
2, and 3, respectively. The percentages in parentheses give the
powers of the PCs (their contributions to the total variance of
the data). The ellipses around the arrow heads in the middle and
bottom panels represent the uncertainties. They were estimated
by shifting the grids by one or several pixels. To allow com-
parison of the PCs resulting from the different starting points
of the grid, we realigned them. We chose the first PCA made
in the grid sample to fix the signs of the PCs. We changed
the signs of the PCs of the other grids to match these signs.
We adopted this procedure following Babamoradi et al. (2013).
The correlation wheels shown in the top and middle panels are
very similar. We conclude that the PCA results do not depend
much on the size of the gris and its starting position, provided the
Nyquist-sampling condition is met. However, with a grid size of
3 (bottom panels), the uncertainties become larger and the PCA
results start to depend significantly on the starting position of the
grid.

We investigate in Fig. D.2 the impact of removing one
molecule on the PCA results. We show the first correlation
wheels at v;sg =24.7kms™! for grid size 2 in four cases, each
one corresponding to one of the four molecules being removed.
As long as methanol is used, the PC coefficients are similar to
those in Fig. D.1. When methanol is excluded, the PC coef-
ficients change significantly and the power of the first PC is
reduced. This means that methanol has a dominant structure for
this velocity component.

We investigate in Fig. D.3 the impact of excluding some pix-
els on the PCA results. We show the first and second correlation
wheels for the velocity component at vy gg =24.7kms™! after
excluding 40 pixels (top panels) and 80 pixels (bottom panels).
These pixels were chosen randomly and we computed the PCA
for 1000 realisations. The ellipses in Fig. D.3 correspond to the
dispersion of these 1000 realisations. The results are similar to
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Fig. D.1. Correlation wheels for the velocity component at
vrsr =24.7kms™'. The percentages in parentheses give the contribu-
tions of the PCs to the total variance of the data. The top, middle, and
bottom panels represent a grid size of 1, 2, and 3, respectively. The
ellipses around the arrow heads in the middle and bottom panels show
the uncertainties estimated by shifting the grids.
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Fig. D.2. First correlation wheels for the velocity component at
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PCA after removing one of the four molecules used in the middle left
panel of Fig. D.1.
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those in Fig. D.1, except for the molecules with small (<0.5) PC
coefficients.

Altogether the PCA seems to be robust to all these tests
for the velocity component at 24.7 km s~!, for which the first
principal component contains most of the variance of the data.
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Appendix E: Spectra

The EMoCA spectra of the 12 investigated molecules towards K4 and the peak of the shell of K6 are shown in Fig. E.1.
90
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Fig. E.1. Spectra of the 12 investigated molecules towards K4 (panel a) and the peak of the shell of K6 (panel b). The spectra are shifted vertically
by the amount indicated on the right.
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Appendix F: Opacity maps

The opacity and signal-to-noise ratio maps of all molecules except c-C3H, are shown in Figs. F.1-F.22.
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Fig. F.1. Same as Fig. 6, but for H'*CO*. In this figure and the following ones, blue pixels represent pixels that were masked because the absorption
is too optically thick.
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Fig. F.8. Same as Fig. 7, but for C**S.
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Fig. F.18. Same as Fig. 7, but for HN'3C.
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Fig. F.21. Same as Fig. 6, but for CH;0OH.
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Fig. F.22. Same as Fig. 7, but for CH;OH.
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Appendix G: Two-point auto-correlation functions

The two-point auto-correlation functions as a function of angular distance are shown in Figs. G.1-G.10 for all molecules except for
c-C3H, and H'*CO*. The two-point auto-correlation functions as a function of physical distance are shown in Figs. G.11-G.18 for

the eight strongest molecules (c-C3H,, H3CO*, 13CO, CS, SO, SiO, HNC, and CH;0H).
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Fig. G.11. Panels a—d: two-point auto-correlation functions C(r) as a function of physical distance r for the velocity components traced with c-
C;H,. The points give the mean values of the 1000 realisations and the colour-shaded regions represent the standard deviations (107). The centroid
LSR velocities of the clouds are indicated in km s at the top of each panel.
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Fig. G.13. Same as Fig. G.11, but for *CO.
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Fig. G.14. Same as Fig. G.11, but for CS.
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Appendix H: Analysis of two-point
auto-correlation functions

We analyse here the two-point auto-correlation functions of all
molecules except the ones of SiO and SO which are analysed
in Sect. 4.4. c-C3H, and HNC are detected in all investigated
velocity components and trace structures that are more extended
than the investigated area (>15) for all components but one, at
—93.7 km s~!, for which the size derived from c-C3H, is ~11”.
This component is one of the noisiest for this molecule (with
peak S/N below 7) so it is unclear whether this smaller size is sig-
nificant compared to the other components, especially because
the size traced with HNC (14.4”) is very close to the size of
the investigated area. We conclude that c-C3H, and HNC trace
structures that are more extended than ~15” for all clouds, which
corresponds to physical sizes between 0.08 pc in the nearby
Sagittarius arm and 0.5 pc in the GC.

13CO and CS also show structures that have sizes larger than
(=15”) or similar to (~13-15") the size of the field of view.
The only exceptions are the component at —2.7 kms~! for 3CO
and the one at —48.1kms~! for CS. In the former case, the two-
point auto-correlation function drops just below the significance
threshold at 6”, but increases above this threshold at larger sep-
arations and drops below it again for sizes larger than 10”8 (see
Fig. G.1). The corresponding opacity map (see Fig. F.3) shows
two compact clumps at (6”5, 0.5”) and (9”5, 10”), hence with
a separation of 10”, but one has a S/N below 3 so it may be a
noise artefact and the correlation at larger pixel separation may
not be real. In the case of CS, the exception concerns the noisiest
component, with a peak S/N below 6. The correlation func-
tion drops below the significance threshold at 4”8, but increases
above it again at ~10” (see Fig. G.2). However, it remains close
to the significance threshold so its shape is not well constrained.
Therefore, overall, 3CO and CS trace structures that are more
extended than or nearly as extended as the field of view, like
¢c-C3H, and HNC.

H!3CO™ traces structures with similar extent as the previous
tracers. Four exceptions occur, with very small sizes of 2-3" or
unresolved. All have low S/N in their opacity maps, with a peak
S/N below 6 for the component at 31.1 km s~! and below 5 for the
other three components. The sensitivity of our data is therefore
not sufficient to characterise the structures traced by H'*CO* for
these four components.

CH;30H and HC'N behave in the same way: all components
with a peak S/N higher than 5 in their opacity maps, reveal struc-
tures that are more extended than the field of view, or at least
have sizes larger than 13" and 11", respectively.

Only six and three components traced by C**S and !3*CS,
respectively, have a peak S/N in their opacity map higher than
5 (Figs. F.8 and F.10). Most of them trace extended structures
of size similar to the field of view (Figs. F.7 and F.9). The
17.7 km s~! component of C**S and the —105.9 km s~' com-
ponent of '3CS have smaller Ary,x but their peak S/N is barely
above 5. The sensitivity of our data is not high enough to char-
acterise the structures of the other velocity components on the
basis of these tracers. Because C**S and *CS are expected to be
present in the same regions as CS, that traces extended struc-
tures, they clearly show that tracers with a limited sensitivity
are not appropriate to constrain the underlying cloud structure.
This should be kept in mind when analysing the two-point auto-
correlation functions of the other molecules that have low S/N.
The case of HN'3C is very similar to C3*S and '3CS. Only five
components have a peak S/N in their opacity map higher than
5 (Fig. F.18). Two of them trace extended structures and two of
them have small or unresolved Arp,x but with a peak S/N barely
above 5. The only exception is the component at 2.5 km s~!, with
a correlation length of 7" and a peak S/N of ~11 in its opacity
map. For this velocity component, the main isotopologue, HNC,
traces an extended structure with a correlation length larger than
the field of view so the shorter correlation length derived from
HN'3C results from a lack of sensitivity of our data.
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Appendix I: Probability distribution functions

The PDFs of all molecules but c-C3H, are shown in Figs. I.1-1.11. The results of the Gaussian fits to the PDFs are shown in Fig. .12

and 1.13, and listed in Tables 1.2 and 1.3.
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Table I.1. Number of Gaussians fitted to the PDF.

Velocity ¢-C3H,-o HBCO* 3CO €S €3S BCS SO Si0O HNC HNBC HCSN  CH;0H

(kms™")
Galactic centre
-105.9 1 1 2 o.t. 1 1 n 1 o.t. 2 n 1
-93.7 1 n 1 1 n n n 1 1 n n n
-81.5 1 1 2 1 1 n n n 1 n 2 n
-74.6 1 1 1 1 1 n n 1 1 n 2 n
-3.2 2 2 1 2 n n 1 2 2 1 1 1
2.0 1 2 1 o.t. 1 2 1 1 1 2 2 1
7.3 1 1 1 o.t. 2 1 2 2 o.t. 2 2 2
3kpc arm
—-48.4 1 1 2 1 n n n 1 1 n n n
-39.7 1 1 0 1 2 n 1 1 1 n n n
4 kpc arm
-27.6 1 1 1 1 n n n 2 1 n n n
-18.9 1 1 1 1 n n 1 n 1 n n n
Scutum arm

24.7 1 2 1 1 n n 2 2 1 n n
31.6 1 1 2 n n 2 1 1 n n 1
36.9 1 1 1 2 n n 2 1 1 1 n 2

Sagittarius arm

17.7 2 2 1 1 1 n 1 2 1 2 2 1

Notes. The components for which the S/N is too low are marked with n and the ones for which more than 10% are optically thick are labelled
with o.t.
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Fig. 1.3. Same as Fig. 10, but for '*CO.
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Fig. 1.8. Same as Fig. 10, but for HNC.
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Fig. 1.10. Same as Fig. 10, but for CH;OH.
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Fig. L.12. Panel a: widths of the Gaussians fitted to the PDFs of all
molecules for 15 velocity components, roughly sorted by their distance
to the Galactic centre. Panel b: mean (left) and median (right) values
for each velocity component. Panel c: mean (left) and median (right)
values for each sub-sample of clouds, from left to right: Galactic centre,
3 kpc arm, 4 kpc arm, Scutum arm, Sagittarius arm. The uncertainties
represent the standard deviation for the mean and the corresponding
percentiles for the median. The dashed line in panels b and ¢ marks
the mean value of all data points shown in panel a. Velocity compo-
nents belonging to Category I and II are coloured in grey and black,
respectively.

(see Fig. 1.12).
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Table 1.2. Mean (5) and median (6) widths of the Gaussians fitted to  Table I.3. Mean (5) and median (&) dispersion of the PDFs of the

PDFs for each velocity component. molecules.

vrsRY F F P 5P Molecule o o
(kms™') c-CiHp-0  043+0.08 0.450%
Galactic centre HBCO*  041+0.10 043+
-105.9 046+0.11 0.5073% 13Co 047£0.14 048013
=937 049£0.10 04743 S 047+0.13  0.47+010
St RUSTRUTIN O
*003 S 045+0.12  0.41+014
-32 043+0.14 048795 SO 04220.11 0.39*913
20 049+0.14  0.50*G¢ Si0 049+0.13 047413
73 043010 042 HNC 036+0.09 0.34+01
3kpc arm HNBC  047+0.14 0443303
—48.4  049=0.17 04T 11017 0.44+017 HCSN  050+020 0.45%930
-39.7  0.40£0.15 041753 ' CH;0H  0.58+0.10 0.59+04

4 kpc arm

-27.6 0.39+0.08 0.4279%
-18.9 0.41+0.06 0.39+39%
Scutum arm
247 0.49+0.15 0.44719
316 047+0.13 041+ 049+0.14  0.467¢ 1}
369 0.50+0.14 0.47+019

Sagittarius arm
177 043+0.12 0447319 043+0.12  0.447319

0.40+0.07 0.42+0%4

Notes. @Channel velocities of c-C3H,. ®Mean and median values for
each sub-sample of clouds.
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Appendix J: Maps and coefficients of PCA

The principal components and principal component coefficients for the investigated velocities except for v sg = 24.7kms™! are
shown in Figs. J.1-J.10.
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Fig. J.1. Same as Fig. 18 vy sg = —105.9kms™".
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Fig. J.2. Same as Fig. 19 but for vy sg =—-105.9km s7L.
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Fig. J.3. Same as Fig. 18 v g =2.0kms™!.
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Fig. J.7. Same as Fig. 18 v sg =31.6kms™".

A68, page 78 of 83


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201834467&pdf_id=0
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201834467&pdf_id=0
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201834467&pdf_id=0
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201834467&pdf_id=0

V. Thiel et al.:

PC1 (49.2%)

Structure of diffuse and translucent clouds towards Sgr B2
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Fig. J.8. Same as Fig. 19 but for v sg =31.6kms™'.
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Fig. J.9. Same as Fig. 18 but for v gz = 17.7kms™".
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Fig. J.10. Same as Fig. 19 but for v sz = 17.7kms™!.
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Appendix K: Mopra maps and spectra

We show here channel maps of four velocity components seen in '3CO 1-0 emission with Mopra, and the averaged Mopra emission
spectra of HNC 1-0 and CS 2-1 towards Sgr B2.

)
S
S LK —106 km/s —83 km/s 5 km/s
©
a
| L
S
S
S
I
=2
o
o3
a
)
o
] L
@ |
A h, yma s s s h ymaas s s b mmo s s s h Mg s s s
117747730 20 10 17747730 20 10 17747730 20 10 17747730 20 10

RA(J2000) RA(J2000) RA(J2000) RA(J2000)

Fig. K.1. Same as Fig. 22, but for *CO 1-0 at 11 kms™' (panel a), —41 kms™' (panel b), =83 kms™! (panel c), and —106 kms™! (panel d).
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Fig. K.2. Same as Fig. 23, but for HNC 1-0.
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Fig. K.3. Same as Fig. 23, but for CS 2-1.
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Appendix L: RADEX models
Results of our RADEX calculations for HNC 1-0, CS 2—1, and *CO 1-0 are shown in Figs L.1-L.3.
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Fig. L.1. Same as Fig. 25, but for HNC 1-0.
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Fig. L.2. Same as Fig. 25, but for CS 2-1.
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Fig. L.3. Same as Fig. 25, but for 3*CO 1-0. The dashed lines indicate the main beam temperature measured for v gg = —83kms™'.

Appendix M: Nature of l.o.s. clouds

A modified version of Fig. 2 of Qin et al. (2010) is plotted in Fig. M.1 after correcting the H, column densities for the non-uniform
abundance profile of HCO* discussed in Sect. 5.1. The column densities of c-C3H, and H; calculated from HCO" are plotted against
each other in Fig. M.2. The column densities of CCH and c-C3H, are plotted against each other in Fig. M.3.
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Fig. ML.1. Based on Fig. 2 of Qin et al. (2010). We rescaled the H, values, which they derived from HCO* assuming a uniform abundance, using
the HCO* abundance profile discussed in Sect. 5.1. The CH column densities in the translucent regime now follow the same correlation with H, as
derived for diffuse clouds by Sheffer et al. (2008).
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Fig. M.2. Same as Fig. 26, but for c-C3H,. The blue cross represents the translucent cloud TMC-1 (Liszt et al. 2018).
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Fig. M.3. Same as Fig. 26, but CCH plotted against c-C3H,. The black line represents a linear fit using only data of diffuse molecular clouds
(Godard et al. 2010).
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