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ABSTRACT

Context. We model the dust and free-free continuum emission in the high-mass star-forming region Sagittarius B2.

Aims. We want to reconstruct the 3D density and dust temperature distribution, as a crucial input to follow-up studies of the gas
velocity field and molecular abundances.

Methods. We employ the 3D radiative transfer program RADMC-3D to calculate the dust temperature self-consistently, providing
a given initial density distribution. This density distribution of the entire cloud complex is then recursively reconstructed, based on
available continuum maps, including both single-dish and high-resolution interferometric maps that cover a wide frequency range
(v = 40 GHz—4 THz). The model covers spatial scales from 45 pc down to 100 au, i.e., a spatial dynamic range of 10°.

Results. We find that the density distribution of Sagittarius B2 can be reasonably well fitted by applying a superposition of spherical
cores with Plummer-like density profiles. To reproduce the spectral energy distribution, we position Sgr B2(N) along the line of sight
behind the plane containing Sgr B2(M). We find that the entire cloud complex comprises a total gas mass of 8.0 x 10° M,, within a
diameter of 45 pc. This corresponds to an averaged gas density of 170 M, pc~>. We estimate stellar masses of 2400 M, and 20 700 M,
and luminosities of 1.8 x 10° Ly, and 1.2 x 107 L, for Sgr B2(N) and Sgr B2(M), respectively. We report H, column densities of
2.9 x 10** cm™2 for Sgr B2(N) and 2.5 x 10** cm™2 for Sgr B2(M) in a 40” beam. For Sgr B2(S), we derive a stellar mass of 1100 Mo,
a luminosity of 6.6 X 10° L, and an H, column density of 2.2 x 10** cm™ in a 40” beam. We calculate a star formation efficiency
of 5% for Sgr B2(N) and 50% for Sgr B2(M). This indicates that most of the gas content in Sgr B2(M) has already been converted to
stars or dispersed.

Key words. radiative transfer — radio continuum: general — stars: formation — stars: massive — ISM: individual objects: Sgr B2 —

ISM: clouds

1. Introduction

Apart from in situ measurements in the solar system, all infor-
mation gained in astrophysics is deduced from the analysis and
interpretation of radiation received with ground or space-based
telescopes. Gas and dust, in between the source and the tele-
scope, influences the radiation. This means that analyzing the
radiation received from an astrophysical object not only provides
information about the source, but also about the medium in be-
tween the object and the observer. Radiative transfer is thus one
of the most fundamental phenomena in astrophysics.

As summarized by Steinacker et al. (2013), three-dimen-
sional dust radiative transfer calculations are essential for mak-
ing progress in many fields of astronomy. Dust grains modify
the radiation field in many objects, such as protoplanetary disks,
evolved stars, reflection nebulae, supernova remnants, molecular
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clouds, the interstellar medium, galaxies, galactic nuclei, and the
high-redshift Universe.

In this paper, we focus on the modeling of the dust and free-
free continuum emission of the high-mass star forming molecu-
lar cloud Sagittarius B2 (Sgr B2) by applying detailed 3D radia-
tive transfer modeling.

Sgr B2 is one of the most massive molecular clouds in
the Galaxy. It is located at a distance of 8.34 + 0.16kpc
(Reid et al. 2014)! and has a projected distance of 107 pc
(or 43.4") from Sgr A*, the compact radio source that is asso-
ciated with the supermassive black hole located at the Galac-
tic center. Hiittemeister et al. (1993) distinguish three different
parts in Sgr B2: (i) a low density envelope; (ii)) a moderate
density region extended around (iii) local hotspots, which are
the most compact, densest molecular regions (see Fig. 1). The

! In this paper, we assume a distance to Sgr B2 of 8.5 kpc.
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Fig. 1. Sketch of the Sgr B2 region, adapted from Hiittemeister et al.
(1995).

envelope measures 38 pc (or 15.4”) in diameter (Scoville et al.
1975, corrected for distance) and has a gas mass of 7 X
10° M, (Goldsmith et al. 1990). The average H, density n(Hy) ~
10° cm™3, and H, column density N(Hy) ~ 102 ¢cm™2, are rela-
tively low compared to the central part of the region. The moder-
ate density region extends over 2.5 pc X 5.0 pc around the local
hotspots. Its density and H, column density are higher, n(H,) ~
10°cm™ and N(H,) ~ 10?* cm™2. Embedded in this interme-
diate region are the local hotspots. At least three of them are
sites of active star formation (Gordon et al. 1993). These three
sources are historically named according to their relative loca-
tion in an equatorial coordinate system: Sgr B2(N)(orth), Sgr
B2(M)(ain), and Sgr B2(S)(outh). They are positioned along
a north-south line. In projection, Sgr B2(M) is located 1.9 pc
(or 45”) south of Sgr B2(N) and Sgr B2(S) is located 1.7 pc
(or 42.3”) south of Sgr B2(M), see Fig. 1. These cores have
sizes of ~0.5pc, H, densities of ~107 cm™, and column den-
sities of 10 cm™? (Hiittemeister et al. 1995). Different works,
e.g., Goldsmith et al. (1990), Etxaluze et al. (2013), have derived
the gas mass of the two cores Sgr B2(N) and SgrB2 (M) in
the ranges of 6-25 x 10* My and 3-23 x 10* My, respectively.
However, they used different radii (0.4—1.6 pc), which makes a
comparison of the results impossible.

Sgr B2(N) and Sgr B2(M) are sites of active massive star for-
mation and comprise a plethora of (ultra-compact) HII regions,
X-ray sources associated with HII regions, X-ray sources with
no radio or IR counterparts (Takagi et al. 2002), dense cores,
embedded protostars, and molecular masers (Goicoechea et al.
2004). More than 70 HII regions have been detected in the whole
Sgr B2 cloud complex (see Fig. A.1; Mehringer et al. 1993;
Gaume et al. 1995; De Pree et al. 1998).
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In the observed dust continuum maps, we see an extension
of the cloud complex to the north-east. Following the histori-
cal naming scheme, we name this region Sgr B2(NE) through-
out this paper. This component is located in projection 2.3 pc
(or 56.8” ) north-east of Sgr B2(N). Another extension is visible
towards the south of the cloud. We will name this extension Sgr
B2(deepS)outh throughout this paper. This component is located
in projection 3.9 pc (or 95.6”) south of Sgr B2(S), see Fig. 1.

The modeling of the continuum emission of the Sgr B2
complex presented here provides us with the three-dimensional
model of the structure (density distribution) of this region. For
this multiwavelength, multiscale data is crucial to properly con-
strain the structure. In the next step this will enable us to model
the line shapes (kinematics) and thus constrain molecular gas
properties such as the gas velocity field, molecular abundances,
etc.

The paper is organized as follows: in Sect. 2 we introduce the
observational dataset used throughout the paper. The modeling
approach is presented in detail in Sect. 3. This is followed by the
application of the modeling approach to Sgr B2 and the discus-
sion of the results in Sect. 4. Finally the paper is concluded in
Sect. 5. In Sect. A, we present additional figures and in Sect. B
we tabulate the setup parameters of all models. In Sect. C we
derive physical properties of HII regions.

2. Observations and data reduction

Multiwavelength, multiscale data is crucial to properly constrain
the structure of Sgr B2. Towards the hot cores Sgr B2(N) and Sgr
B2(M), the Herschel/HIFI spectral surveys provide the contin-
uum information from the sub-mm up to the far-infrared regime.
High-resolution interferometric maps towards both hot cores ob-
tained with the Submillimeter Array (SMA) and the Very Large
Array (VLA) provide the necessary spatial resolution on small
scales. To cover the large-scale structure, we use dust contin-
uum maps obtained within the surveys ATLASGAL and HiGAL,
described in detail below. A summary of the data is presented
in Table 1. Figure A.6 provides an overview of the employed
datasets and the spatial scales they cover.

2.1. Herschel/HIFI

The Herschel/HIFI guaranteed time key project HEXOS (Her-
schel/HIFI observations of EXtraOrdinary Sources; Bergin et al.
2010) includes full line surveys of Sgr B2(N) towards
apooo = 17"47™19.88°, S000 = —28°22718.4” and Sgr B2(M)
towards @00 = 1774720.35%, 852000 = —28°23’3.0”, covering
the frequency ranges of 480—1250 GHz and 1410-1910 GHz.
The corresponding half-power beam widths are 44.9-17.2" and
15.3-11.3”, respectively.

The spectral scans have been calibrated with HIPE version
10.0 (Roelfsema et al. 2012). The resulting double-sideband
(DSB) spectra were reduced with the GILDAS CLASS? pack-
age. Basic data reduction steps included removal of spurious fea-
tures or otherwise unusable parts of the spectra. The continuum
emission was subtracted from the DSB scans by mostly zero-
th, first- or more rarely second-degree polynomial fitting. The
continuum-subtracted DSB data were deconvolved (sideband
separation through pure x> minimization; Comito & Schilke
2002) to provide an equivalent single-sideband (SSB) spectrum
for each HIFI band.

2 http://www.iram.fr/IRAMFR/GILDAS
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Table 1. Summary of observational data.
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Center coordinates

Telescope v A resolution RA, Dec (J2000) Map size Incl. sources
[GHz] [um] [’ [17:47:s, —28:m:s] [ x"]
Large-scale
VLA 23.1 13000 0.27 x 0.23¢ 20.166, 23:04.76 143 x 143 Sgr B2
APEX? 345 870 19.2 19.943,23:01.62 1100 x 1100¢ Sgr B2
Herschel? 600 500 42.5 19.639, 22:57.77 1100 x 1100°¢ Sgr B2
857 350 30.3 19.791, 22:59.68 1100 x 1100° Sgr B2
1200 250 23.4 19.939, 23:01.64 1100 x 1100° Sgr B2
Herschel® 4283 70 104 20.046, 23:02.89 1100 x 1100°¢ Sgr B2
Small-scale
VLA 40.8 7000 0.15 x 0.10/ 19.902, 22:17.8 24 x 24 Sgr B2(N)
0.15 x 0.10/ 20.202, 23:05.3 Sgr B2(M)
40.8 7000 0.049 x 0.0799 20.115 23:04.0 10 x 10 Sgr B2(M)
SMA 342 874 0.37 x 0.22" 19.883, 23:18.4 16 x 16 Sgr B2(N)
0.37 x 0.22" 20.158, 23:05.0 Sgr B2(M)
Single
pointing
Herschel' 480-1250 625-240 44.9-17.2 19.88, 22:18.4 - Sgr B2(N)
20.35, 23:03.0 - Sgr B2(M)
1410-1910 213-157 15.3-11.3 19.88, 22:18.4 - Sgr B2(N)
20.35, 23:03.0 - Sgr B2(M)

Notes.  The VLA was in the DnCnBnA hybrid array configuration. ” LABOCA instrument. This map has been combined with the Planck map.
© The coverage of these maps is beyond the extent of Sgr B2. We have thus extracted cutouts.  SPIRE instrument. ® PACS instrument. (¥ The
VLA was in the BnA hybrid array configuration. @ The VLA was in the A array configuration. ®’ The SMA was in the compact and in the very
extended array configuration. Both data sets have been combined.  HIFI instrument.

Since a single full HIFI line survey is actually made
up of 14 independent line surveys with seven different local
oscillators (HIFI LO bands 1a through 7b), inconsistencies in
the continuum level between HIFI bands were expected and
indeed observed. A linear least squares fit of the subtracted
continuum values as a function of local oscillator (LO) fre-
quency provided a reliable — because unaffected by spectral fea-
tures — parametrization of the continuum variation across each
HIFI band, which was then folded back into each continuum-
subtracted SSB spectrum.

Finally, the overall continuum was rendered self-consistent
in two steps: the first adjustment consisted of an additive factor
for each band, to achieve a zero-continuum level for the observed
saturated absorption features. This is based on the absorption of
molecules with a high dipole moment. These molecules are lo-
cated in foreground, i.e. low density, clouds along the line-of-
sight towards Sgr B2. Thus they will have a very low excitation
temperature. The second adjustment required a multiplicative
factor, in order for the continuum values in overlap regions be-
tween bands to be consistent with each other.

For Sgr B2(N), the additive factors range between —1.08 and
0.48 K, with a median of 0.05 K; the multiplicative factors range
between 0.82 and 1.42, with a median of 1.00. For Sgr B2(M),
the additive factors range between —0.87 and +0.34 K, with a
median of 0.28 K; the multiplicative factors range between 0.86
and 1.42, with a median of 1.03.

2.2. Submillimeter Array (SMA)

Sgr B2 has been observed with the SMA in the compact and
very extended configurations. The observations were carried

out on June 11, 2010 using seven antennas and on July 11,
2010 using eight antennas. The phase tracking centers were
a0 = 17"47™19.883%, 8ja000 = —28°22'18.4” for Sgr B2(N)
and aj000 = 17h47m20.1588, (5]2000 = —28°23’5.0” for SgI'
B2(M). The data reduction and results are described in de-
tail in Qinetal. (2011). The absolute flux scale is estimated
to be accurate to within 20%. Both sources were observed
in double-sideband mode, and covered rest frequencies from
342.2 to 346.2 GHz and from 354.2 to 358.2 GHz. The line-free
channels have been used to reconstruct the continuum image.
We have re-imaged the continuum maps with almost uniform
weighting, resulting in a beam of 0.37” x 0.22”, position angle
(PA = 17.8° with a rms of ~26 mJy/beam.

2.3. Very Large Array (VLA)

To constrain the location and physical parameters of the HII re-
gions in Sgr B2, we used several different data sets obtained with
the VLA.

2.3.1. Gaume et al. (1995) map at 1.3 cm covering Sgr B2

Gaume et al. (1995) observed Sgr B2 with the VLA in
three configurations, BnA, CnB, and DnC, between Febru-
ary 1989 and October 1989. The central pointing position is
apoo0 = 17h47m20.1665, 012000 = —28°23’4.76” . The data set and
its calibration is described in detail in Gaume et al. (1995). We
used an image of the combined DnCnBnA data, resulting in a
beam of 0.27” x 0.23” (HPBW), PA = 70°, with an rms of
~0.38 mJy/beam.
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2.3.2. Rolffs et al. (2011a) maps at 7 mm covering Sgr B2(N)
and Sgr B2(M)

Sgr B2 has been observed with the VLA in the BnA
hybrid configuration at 40.7669 GHz, corresponding to
7.5mm (project AR687). The phase tracking centers were
anooo = 17747™19.902%, Sja000 = —28°22717.8" for Sgr B2(N)
and @j2000 = 17h47m20.202S, 5]20002 —28°23’5.3” for Sgr
B2(M). Sgr B2(M) was observed on 2009 January 31, and
Sgr B2(N) on February 1. The data set and its calibration is
described in detail in Rolffs etal. (2011a). The continuum
was fitted using line-free channels. We have re-imaged the
continuum map with almost uniform weighting, resulting in a
beam of 0.15” x 0.10” (HPBW), PA = 52.8°, with a rms of
~0.9 mJy/beam.

2.3.3. De Pree et al. (1998) map at 7 mm covering Sgr B2(M)

De Pree et al. (1998) observed Sgr B2(M) with the VLA using
the A configuration on 1996 December 12, and 1997 January
17. The central pointing position is @y = 17747™20.115%,
01000 = —28°23’4.02”. The data set and its calibration is de-
scribed in detail in De Pree et al. (1998). The image we used has
a spatial resolution of 0.049” x 0.079” (HPBW), PA = 11°,
with an rms of ~0.5 mJy/beam.

2.4. APEX/ATLASGAL project

Carried out using the Large APEX BOlometer CAmera
(LABOCA; Siringo et al. 2009), the APEX Telescope Large
Area Survey of the Galaxy (ATLASGAL; Schuller et al. 2009)
covers the full inner Galactic Plane at 870 um with a resolution
of 19.2"" and an rms below 70 mJy/beam. Each position of the in-
ner Galatic plane has been mapped twice with different scanning
directions to avoid striping, using the on-the-fly mapping tech-
nique. The pointing accuracy is of the order of 4" and the flux
calibration uncertainty is lower than 15% . A detailed descrip-
tion of the data reduction is given in Csengeri et al. (2014). This
map was recently cross-calibrated using the data of the Planck
mission and the large-scale structure that is filtered out during
the processing of the LABOCA data has been added back into
the map (Csengeri et al. 2016). We use this improved map in our
study.

2.5. Herschel/HIGAL project

The Herschel Hi-GAL survey (Molinari et al. 2010) provides
photometric mid-IR observations at 70 yum and 160 um using
PACS (Poglitsch et al. 2010), and sub-milimeter observations at
250 um, 350 um, and 500 um using SPIRE (Griffin et al. 2010).
Sgr B2 was observed as part of the Field 0 observations covering
the Galactic center (OD 481; obsids 1342204102, 1342204103).
The observations were carried out in PACS/SPIRE parallel mode
with a fast scanning speed of 60” s~'. The data reduction is
described in detail in Traficante et al. (2011). This dataset was
cross-calibrated using the data of the Planck mission on the
long-wavelength side and the data from the IRAS mission on
the short wavelength side. The angular resolutions at the five
wavelengths, listed by increasing wavelength, are 10.4”, 13.6”,
23.4”,30.3”, and 42.5” (Traficante et al. 2011). We note that the
160 um PACS map is saturated towards Sgr B2(M) and N and is
thus not used in our study.
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Fig. 2. Flowchart of the modeling framework pandora.

3. Modeling procedure

We have implemented a framework called pandora that fol-
lows the flowchart shown in Fig. 2 for the continuum modeling.
As part of this framework, we employ the three-dimensional,
publicly available radiative transfer program RADMC-3D
(Dullemond 2012, version 0.39), Miriad for the post-processing,
and MAGIX (Moller et al. 2013) for the optimization of the
model input parameters. We describe the model setup and phys-
ical parameters in the following subsections. RADMC-3D is
written in Fortran90 and allows the user to setup their models
in a non-invasive way, i.e. via a separate subroutine. In the fol-
lowing subsections we describe different parts of the setup of our
model.

3.1. Coordinate system

We use a positively right-handed cartesian coordinate system.
This means that the x-axis points west on the sky, the y-axis
points to the north and the z-axis points towards the observer.
The origin of this system is located at the center of the model,
which is chosen to be Sgr B2(M), i.e. a0 = 17"47™20.172°,
O1000 = —28°23'4.58".

3.2. Grid refinement

We want to recover the large dynamic range in spatial resolu-
tion from 38 pc, i.e. the diameter of the envelope (Scoville et al.
1975, corrected for distance) down to 100 au (small scale struc-
ture around the hot cores and HII regions). If we would attempt
this with a cartesian grid, i.e. a grid where the elements are unit
cubes, this would require 800 billion cells. This is not only com-
putationally unfeasible but also unneccessary when e.g. the den-
sity distribution is flat.

We use the adaptive mesh refinement technique (originally
presented by Berger & Oliger 1984; Berger & Colella 1989) to
locally increase the spatial resolution of our numerical radia-
tive transfer simulation. The initial grid consists of 113 cells.
We employ the RADMC option to include a tree-based AMR
method (Khokhlov 1998, and references therein). This means
that, on a cell-by-cell basis, parent cells are refined into children
cells resulting in a recursive tree structure. The resulting grid
provides high resolution where needed based on the refinement
criteria.

In our approach, two criteria are used to check if a cell needs
to be refined: (i) the presence of a dust core center within the
cell and (ii) the dust density distribution within the cell. Since
we cover a large dynamical range, it is crucial to make sure that
small clumps are recognized by the refinement routine. Thus as
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long as the cell size is larger than twice the radius of a dust core,
this cell is refined if the core center is located within the cell. A
cell is also refined into eight sub-cells when

[Pcenter — il
TS,

6]

ncenter

where ngener 1 the density at the cell center and #; is the density
at the center of the faces or the corners of the cell and € is the
allowed maximum density difference, which is set to 10%.

The grid is refined to level 13, i.e. at least one initial cell has
been refined 13 times. This results in a minimum cell size of
100 au and in total ~68 million final cells.

3.3. Heating sources

RADMC-3D provides several methods to include luminous
sources. We choose the option to manually specify the individ-
ual luminous sources and assume that all stars are point sources,
i.e. their radius is not taken into account. We use a two-step ap-
proach. In the first step we account for observed early-type high-
mass stars by including the known HII regions (Mehringer et al.
1993; Gaume et al. 1995; De Pree et al. 1998, see Table B.1 for a
complete list of all parameters). Due to a revised distance of the
Galactic center we estimated the corresponding parameters, see
Sect. 3.5. We specify their position and calculate the luminos-
ity and temperature from the zero-age-main-sequence (ZAMS)
type using Table 5 from Vacca et al. (1996). Here we assume that
each HII region is ionized by a single star. We use the RADMC-
3D option to assume simple blackbody spectra for each star, by
specifying their blackbody temperature. This accounts for stars
down to the BO spectral type.

In the second step we take later spectral types, i.e. stars
which cannot produce HII regions detectable with current ob-
servations, with stellar masses between 0.01 M and ~19.0 M,
into account. We do this as follows: based on the gravitational
potential, our algorithm randomly determines positions for the
new stars. For this, we follow the procedure explained in the ap-
pendix of Aarseth et al. (1974). A luminosity, which is randomly
drawn from the initial mass function (IMF) of Kroupa (2001), is
assigned to each star.

We do this as follows: assuming a spherical symmetric star
cluster, we specify the radius of this cluster. This radius is de-
termined using a radial histogram of the distributed HII regions
(see Fig. A.3). From Kroupa’s IMF we then calculate the frac-
tion fiv of the stars in the high mass regime (i.e. between M,
and M,; M, < M) to the mass of all stars (i.e. between M, and
M,; My < M| < M,). The lowest mass boundary M is provided,
the mass boundaries M| and M, are set by the high-mass stars
that were distributed within the cluster in the first step described
above. The total stellar mass of the cluster M jyger 1S then calcu-
lated from the ratio of the sum of the stellar mass of all high-mass
stars distributed between M, and M, to the ratio fiyy. We then
randomly draw stars between M, and M, from the IMF until the
total stellar mass of the cluster, M jyser, 1S reached.

The model can contain several of these star clusters. After
the stars are sprinkled separately within each of these clusters,
the entire envelope is treated as a cluster itself and the proce-
dure is repeated once more, i.e. necessary stars are sprinkled ev-
erywhere except in the previously mentioned star clusters until
the calculated total stellar mass of the computational domain is
reached.

We then convert the stellar mass M to luminosity L using
the parameterized mass-luminosity relation from Griffiths et al.
(1988):

M
0.006 +4.16log10(ﬁ),

(o]

M
0.682 < log,, (V) <0.461
©

log (L)
ol7 |~
L M

© 0.370+3.5110g10(ﬁ),

0]

M
logw (V@) > 0.461.
(2)

Griffiths et al. (1988) provide two sets of boundaries. One is non-
continuous but has a better )(2 value whereas the other set, which
we choose to use, provides a continuous behaviour of the mass-
to-luminosity relation while having a slightly worse y? value.
We only include luminosity in terms of ZAMS luminosity.
The total luminosity determined in the literature, however, in-
cludes contributions from accretion luminosity, as well as from
high-mass stars without an HII region (Hosokawa & Omukai
2009). We thus note that the luminosity calculated with our ap-
proach is a lower limit. We determine the corresponding effective
temperatures of the stars using the fundamental stellar parame-
ters (spectral type, luminosity, effective temperature) compiled
by Straizys & Kuriliene (1981). Since we need to provide an ef-
fective temperature for each star, the limitation of the tabulated
data sets the lower mass limits of the star clusters to 0.2 M.

3.4. Dust density distribution

The overall density structure is obtained by the superposition
of the density profiles of all dust cores, i.e. in overlap re-
gions, the density simply adds up. In each cell j, the density is
determined as

N
nj= Z n; ;(r),
P

where i is the index of the dust cores and N is the number of
cores. Following Qin et al. (2011), we use a modified Plummer-
like profile to model the SMA dust density cores as well as the
large-scale envelopes. For a subset of our models, we find it use-
ful to introduce elongated density structures (see Sect. 4). We
define them as follows:

3

pr— nc
(1 + |r|2)7]/2 ’

ni(r) “

where 7. is the central density given in H, cm™ and r is given
by the Euclidean norm, including scaling factors

2 -\ .\
=) G

ro,x oy 10,z
where r,, . are the components of r and rg, 1oy, and ry, set
the size of the cluster core in each of the three principal axes.
A spherical symmetric distribution is obtained by setting ry =

Yox = roy = Fo.. The density distribution is flat inside the radius
ro and approaches a power-law with an exponent 1 at r > ry.

(&)
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3.5. Hll regions

In our model, we consider HII regions as Strémgren spheres,
i.e. as a fully ionized, spherical regions of uniform electron den-
sity with no dust. There are more than 70 HII regions known in
Sgr B2 (Mehringer et al. 1993; Gaume et al. 1995; De Pree et al.
1998).

We obtained the high-resolution interferometric maps pre-
sented in Gaume et al. (1995) and De Pree et al. (1998) and per-
formed the following analysis steps. HII regions come in many
different shapes, which makes them hard to fit with Gaussians.
So in order to match them as best as possible with spheres,
we masked everything below three times the rms in the con-
tinuum maps and by eye inspection adjusted circles to enclose
the observed HII regions. We then integrated the enclosed flux
and assuming optical thin emission and a homogeneous, non-
expanding HII region, we calculated the number electron den-
sity ne, the emission measure EM, and the number of ionizing
photons N; using the following formulas.

0.35 0.1
( EM 6) =3217x 107 (F—)(z) ( 4 ) (9 )
pccm™ Jy J\K GHz arcsec

(6)
05 0.175 0.05
- i FV ( Te ) ( ; )
=2.576 x 10° | — — —_—
(cm‘3 ) X ( Jy ) K GHz
-1.5 -0.5
% ( Qsource ) (2) ’ (7)
arcsec pc

(SNTII) = 4771 x 10% x (%) (%)_0'45 (ﬁ)o'l (p%)z C®)

Here F, is the flux density of the HII region, 7. is the electron
temperature, v is the frequency, D is the distance to the source,
and Ogouree 1S the angular diameter of the HII region. A derivation
of these formulas can be found in the Appendix C.

Deriving the number electron density at a certain frequency
from the observed flux density assuming optical thin emission
will underestimate the number electron density if the HII region
is actually optically thick. This underestimate will then lead to
the intensity of the (optically thick) HII region being underpre-
dicted by the simulation compared to the observed data at this
frequency. To account for this discrepancy, we compare the syn-
thetic intensities obtained from our model setup (see Sect. 3.7)
with the observed intensities. From the deviation of the intensity
levels, we identify the HII regions which must be optically thick.
We then iteratively adjust the flux density values and recalcu-
late the number electron density n., the emission measure EM,
and the number of ionizing photons N; until we obtain a reson-
ably good match between the observed and synthetic intensities.
As our main goal is to model the dust emission here we need
to derive the free-free contribution from the HII regions. Hence
we did not aim at a very sophisticated model of the HII regions,
which would have to include a different geometry and a density
structure.

The HII regions detected by Mehringer et al. (1993) were
included according to the parameters stated therein. However,
Mehringer et al. (1993) assumed a source distance of 7.5 kpc.
We have thus re-calculated the radii and the parameters stated
above for a distance of 8.5 kpc. But we have not corrected the
values to account for the optical depth effects. Thus we note that
these values are a lower limit. All parameters, including the radii
and the precessed coordinates, are listed in Table B.1.
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3.6. Dust temperature calculation

The dust temperature is calculated self-consistently by RADMC-
3D using the Monte Carlo method of Bjorkman & Wood (2001),
with various improvements, such as the continuous absorption
method of Lucy (1999). Initially, all cells have a dust tempera-
ture equal to zero. To determine the dust temperature, RADMC-
3D first identifies all sources of luminosity, i.e. the total amount
of energy available. This amount is divided into photon pack-
ages, which are separately emitted by the individual stars one
after another. As the photon packages move through the grid,
they interact with the dust present (scattering, absorption) caus-
ing them to change their direction or wavelength. In the case
of absorption, the photon package is immediately re-emitted
in a different direction with another wavelength according to
Bjorkman & Wood (2001). However, the luminosity fraction
each photon package represents remains the same. Whenever a
photon package enters a cell, it increases the energy of that cell
and thus also increases the temperature of the dust. Photon pack-
ages never get lost, they can only escape the model through the
outer edge of the grid. After the last photon package has escaped
the grid, the dust temperature is obtained. In summary the dust
temperature of each cell is basically the sum of the energy frac-
tions of each photon package passing through the cell. In total
we use 10 million photon packages.

The calculated temperature is an equilibrium dust temper-
ature, since it is assumed that the amount of energy each dust
grain acquires and re-radiates stays the same. For most cases,
this is presumably a very good approximation, because the heat-
ing and cooling timescales for dust grains are typically very
short, compared to any time-dependent dynamics of the system
(Choudhury et al. 2015). Thus transiently heated small grains are
not important within the wavelength range considered here.

Note, we only consider stars as heating sources (see
Sect. 3.3). The calculated dust temperature in the outer parts
of the envelope is on average 12—15 K. Modified blackbody fit-
ting of SCUBA data (Pierce-Price et al. 2000) and Herschel data
Etxaluze et al. (2013) yields average dust temperature values for
Sgr B2 (along the line-of-sight) of ~20 K. Apart from line-of-
sight effects in the modified blackbody fitting, which do not in-
fluence the modeling, part of this discrepancy is most likely due
to heating by sources not considered here, e.g. cosmic rays or
coupling with the turbulently heated gas.

We furthermore make use of the Modified Random Walk
(MRW) method that is implemented in RADMC-3D in the sim-
plified form described in Robitaille (2010). This method pre-
vents a photon package from getting trapped in high-density re-
gions by predicting where the photon will go next. This allows
RADMC-3D to make one single large step of the photon pack-
age, saving the computation time for the otherwise necessary
hundreds or thousands of absorption or scattering events.

3.7. Images and post-processing

We use one dust species throughout the model and do not in-
clude scattering events. We use the tabulated dust opacity from
Ossenkopf & Henning (1994) for dust without grain mantles and
no coagulation, as found to best fit the Sagittarius B2 region
by Rolffs et al. (2011b). Including the free-free emission we
cover the frequency range from 40 GHz up to 4 THz. Contin-
uum maps at various wavelengths of interest are produced with
RADMC-3D.

In order to compare the synthetic maps with real ober-
vations, telescope-dependent post-processing is necessary. For



A. Schmiedeke et al.: 3D structure of Sgr B2

this purpose we employ the data reduction package Miriad
(Sault et al. 1995). In case of interferometric observations, we
fold the simulated maps with the uv-coverage. The imaging is
then performed for both maps (synthetic and observed) with the
same imaging parameters. In case of single dish observations,
the synthetic maps are convolved with the beam of the telescope
at that frequency, which we assumed to be Gaussian. Final maps
are then produced for the respective telescopes at various wave-
lengths in intensity units (Jy/beam).

3.8. Fitting procedure

Three-dimensional modeling intrinsically has many free param-
eters. For this initial study, we have focused on deriving the den-
sity field for a fixed dust setup and, apart from by-hand adjust-
ments to account for optical depths effects, fixed HII regions.
Still, the amount of free parameters is large. We have 20 dust
core components and 9 components for the large-scale envelope.
For each component we modified, in order of increasing impor-
tance, the density exponent, a stellar heating source and accord-
ingly a stellar cluster, the position along the line of sight, the dis-
placement in right ascension and declination, the radius and the
central density. In total this amounts to approximately 140 free
parameters, many of them degenerated.

Concerning the position along the line-of-sight we unfortu-
nately only have limited constraints available for certain sources
to fix the three-dimensional structure on all scales. For optically
thin radiation, there is no information on the line-of-sight struc-
ture. Optically thick radiation comes from a photospheric sur-
face where the opacity exceeds unity. Thus, maps from different
wavelengths, with different opacities tracing different radii, can
give some constraints on the relative positions of sources along
the line-of-sight, but in general it is not possible to fix the ab-
solute positions along the line-of-sight. The more observational
data is available the better the full three-dimensional structure
could be deduced. We have thus only varied the line-of-sight po-
sition in a very limited way. More will be possible when fitting
individual molecular lines, because multiple lines from many
isotopologues of the same species provide many more surfaces
with the opacity exceeding unity, allowing a tomography of the
source.

Exploring the complete parameter space of all remaining free
parameters is prohibitive in terms of computing time. Thus, we
used a hybrid approach to constrain the other parameters men-
tioned. First, we derive a good guess by varying parameters by
hand, and judging the quality visually (y2-by-eye). This enabled
us to fix the exponent, the presence of stellar heating source/star
clusters and the displacement in right ascension and declination.
We then employed the model optimizer MAGIX (Moller et al.
2013) to iteratively search for the best solution, i.e. the param-
eter set with the lowest reduced X2 value. For this run, we use
the Genetic Algorithm, leaving the central densities and the radii
as free parameters. The contribution from the HII regions (e.g.
number electron density) was kept fixed during the entire fitting
procedure.

We fit the 874GHz SMA maps, 480-1280 and
1440-1900 GHz HIFI spectral scans as well as the large
scale maps from ATLASGAL at 850 um, HiIGAL SPIRE at 500,
350 and 250 um and HiGAL PACS at 70 um.

In total, we have run approximately 2 x 10* different models
(multi-core). The runtime for a single run varies between 0.5
and 6.0 h, depending on the density structure, which, e.g. affects
the number of final cells in the grid.

4. Analysis and discussion

Within the scope of this paper, we will focus the analysis on
the regions for which a wealth of data is available, namely
Sgr B2(N), Sgr B2(M), and partly Sgr B2(S). We included Sgr
B2(NE) and Sgr B2(deepS) in the model. However, we did not
attempt to fit these components, since the available dataset is
scarce.

4.1. Large scale dust continuum

To recover the large scale structure of the envelope, as visible
in the ATLASGAL and Hi-GAL intensity maps, we superim-
pose many density components having profiles with varying ex-
ponents (see Sect. 3.4). While fitting the large-scale dust contin-
uum maps, we noted the following problem. For a model where
the density profile for each component is spherically symmetric
and all components are located in the z = 0 plane (Model A), the
70 um intensity was always overestimated and the 870 ym inten-
sity was underestimated, especially for the two cores Sgr B2(N)
and Sgr B2(M).

By moving Sgr B2(N) along the line of sight behind the plane
containing Sgr B2(M) as suggested by e.g. Goldsmith et al.
(1990) (Model B), the emission from Sgr B2(N) gets attenuated
by the envelope of Sgr B2(M) and an improved fit is possible.
However, the general trend of the overestimation of the inten-
sity at 70 um and underestimation of the intensity at 870 um
remains, especially for Sgr B2(M). This is a sign of the dust
column density being underestimated and the luminosity being
overestimated.

In a first approach, we have reduced this effect by assum-
ing that the envelopes of both, Sgr B2(N) and Sgr B2(M) are
elongated along the line-of-sight, i.e. they basically look like a
cigar (Model C). We achieved an improved fit by increasing the
radii along the line-of-sight by factors of 1.4 and 2.3 for Sgr
B2(N) and Sgr B2(M), respectively. At 70 um the dust becomes
optically thick. So by increasing the dust column density along
the line-of-sight, we are able to hide the contribution from the
stars. On the other hand, this approach increases the intensity
at 870 um, because it increases the total dust column density,
which is proportional to the intensity of the optically thin 870 um
emission.

Another solution would be to decrease the luminosity. The
luminosity was calculated assuming a single ionized star in
each HII region. However, besides the Lyman continuum emis-
sion from the early-type star, additional UV photons could
be emitted from accretion shocks in the stellar neighborhood
(Cesaroni et al. 2016) which would lead to assigning an earlier
spectral type and thus overestimating the total luminosity. To test
this possibility, we have multiplied the luminosity by an arbitrary
factor of 0.5 (Model D). While doing so, we of course needed to
increase the density to preserve the 870 um fluxes. In this ap-
proach, there was no need for the elongated envelope, except for
Sgr B2(M), where the envelope is still slightly elongated. How-
ever, the observational and theoretical evidence of this Lyman
continuum overluminosity seems to be mainly given for B-type
stars (Sdnchez-Monge et al. 2013; Smith 2014). Thus it is un-
clear if O-type stars exhibit the same behavior. Furthermore, the
effect of dust inside the HII regions has not been assessed. This
will be part of future work, see Sect. 6.

We have kept the number of components in all these models
fixed. All parameters of each component are listed in Table B.3.
To facilitate the comparison of these different models, we have
produced cuts of the intensity along the reversed right ascension
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Fig. 3. Intensity cuts along the reversed right-ascension axis at the constant declination of the envelope components of Sgr B2(NE), Sgr B2(N),
Sgr B2(M), and Sgr B2(S) from top row to bottom row. The data is plotted in solid black. The wavelength decreases from left to right: 870 um,
500 pm, 350 pum, 250 pum, and 70 um. Model A is denoted by the circular markers, Model B by the squared markers, Model C by the diamonds

shaped markers and model D by the triangular markers.

axis at the constant declination of the components Sgr B2(NE),
Sgr B2(N), Sgr B2(M) and Sgr B2(S). These cuts are shown
in Fig. 3. For comparison, we also show the observed and syn-
thetic azimuthally averaged radial profile for all four models of
the same components in Fig. A.4. We present the ATLASGAL
870 um, HIGAL-SPIRE 500, 350 and 250 um, and the HIGAL-
PACS 70 um from left to right, i.e. the wavelength decreases
from left to right. These different models show that there is a
degeneracy between the dust density, luminosity and the relative
location of the different dust density centers and star clusters
along the line of sight. So in summary Model A overestimates
the 70 um intensity for both, Sgr B2(N) and Sgr B2(M) while
underestimating the intensity for both regions at 870 um. Model
B only improves the discrepancy for Sgr B2(N), but still gives a
bad fit for Sgr B2(M). These two models are thus clearly unfa-
vorable to proceed the analysis with them. Model D provides an
improved fit, however it remains unclear to which degree the lu-
minosity could be adjusted. We thus choose to use Model C for
the following analysis, since it provides a reasonably good fit for
Sgr B2(N) and Sgr B2(M) without assuming any modification of
the luminosity.

The resulting large-scale single-dish maps of Model C are
shown in Fig. 4. The first row shows the observed maps, the
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second row the synthetic maps and the third row is a simple
difference map between the observed data and synthetics maps.
From left to right we have again the same wavelengths as in
Fig. 3: ATLASGAL 870 um, SPIRE 500 um, SPIRE 350 um,
SPIRE 250 pum, and PACS 70 ym. In the observed maps, the
two hot cores Sgr B2(N) and Sgr B2(M) are clearly visible.
The extension to the north-east, i.e. Sgr B2(NE), and the one
to the south, i.e. Sgr B2(S), are also distinguishable.

In both the observed and the synthetic maps, the intensity of
Sgr B2(M) is stronger than Sgr B2(N) except for 870 um where
the opposite is the case. So the model reproduces the general be-
haviour, but is currently incapable to reproduce the absolute in-
tensities. Especially in Sgr B2(M), the model underestimates the
flux at 870 um and slightly overestimates the flux at 70 um. The
observed maps and the intensity cuts (see Figs. 3 and 4) further-
more show a clear asymmetry, i.e. the profile of the continuum
emission has at all wavelengths a slope that is steeper on the east
side of the peak than on the west side. To quantify the difference
of these slopes, we have fitted the intensity profiles, I oc r77, of
Sgr B2(N), Sgr B2(M) and Sgr B2(S) for the wavelengths 870,
500, 350, and 250 um. For the east side of the peak, we obtain
an averaged p of 1.0 and for the west side of the peak we obtain
an averaged p of 0.4. Looking at the slopes for the individual
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Fig. 4. Sgr B2, large scale continuum maps (Model C). From left to right: ATLASGAL 870 um, Hi-GAL 500 pm, 350 um, 250, and 70 um. First
row: data. Second row: simulation. Third row: difference between data and simulation.

sources, we furthermore find that the steepness of the west side
of the peak remains unchanged with declination, whereas the
steepness of the east side of the peak changes significantly with
declination. For Sgr B2(N) and Sgr B2(M), p is on average 1.2,
whereas it is 0.7 for Sgr B2(S). This asymmetry is impossible
to account for using a single spherically symmetric component.
If the slope of the intensity profile, i.e. the column density dis-
tribution, is p, then the slope of the density profile should be
p+ 1(=n). So based on the fitting of the intensity profile, the east
wing should have a density exponent of = 2.0 and the west
wing should have a density exponent of p = 1.4.

In the model, we are able to approximate the asymmetry by
using a superposition of two components with different expo-
nents for each clump. The east wing is fitted with a density pro-
file having an exponent of = 2.5, whereas the west wing is fit-
ted with a density profile having a lower exponent of peta = 1.8.
These exponents are in good agreement with the ones derived
from the intensity profile fitting mentioned above. This clearly
shows that our assumption of spherically symmetric clumps as
basis limits the modeling effort.

In addition, it is noticeable that the peak of the intensity pro-
files is shifted to the west in the 870 um ATLASGAL maps com-
pared to all Hi-GAL maps by =0.2 pc, corresponding to ~5" .
This is well within the relative pointing error of the ATLASGAL
map (pointing accuracy ~4’") and the Hi-GAL maps (pointing
accuracy ~1”). Thus we do not attempt to reproduce this shift-
ing ot the peak with our model.

4.2. Small scale dust and free-free continuum

The interferometric maps covering spatial scales up to ~0.25 pc
are shown for Sgr B2(M) in Fig. 5 and for Sgr B2(N) in Fig. 6.
We refer to these spatial scales as the small-scale structure. In
addition to the intensity maps at different wavelengths, we also
show the physical setup of Sgr B2(M) in Fig. 7. We plot three
density isocontours colored using the dust temperature. To al-
low us a view inside the model, we cut it open along the (x,
y, 0)-plane. The bubbles visible there are the HII regions that
contain no dust. Their dust surface however gets heated by the
UV radiation field from the embedded young stellar object. Dust
temperatures as high as 600 K are reached.

For the dust cores we find, similar to Qin et al. (2011, for
Sgr B2(N)) and Rolffs et al. (201 1c, for the hot molecular core
G10.47+0.03), a Plummer exponent of = 5.0 reproducing the
small-scale density structure well. For a comparison, we plot
the observed and synthetic azimuthally averaged radial profile
of each component in Fig. A.5. The parameters of all dust cores
are listed in Table B.2. Note that for some of the dust cores,
we had to include an internal heating source by placing B-type
stars at the center of the core. These could be e.g. stars that do
(not yet) show signs of an HII region. This is also documented
in the above mentioned Table B.2. We also had to shift a few
of the many HII regions in Sgr B2(M) behind the dust compo-
nents to produce a good fit. Please note that at frequencies higher
than 100 GHz only one high resolution dataset is available in this
modeling procedure. Thus our resulting density distribution is
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Fig. 5. Interferometric maps of Sgr B2(M). Top row: SMA dust continuum map at 870 um (i.e. 345 GHz). Bottom row: VLA free-free continuum
map at 7mm (i.e. 40 GHz). Left column: observations. Middle column: synthetic maps. Right column: difference plot. The field of view is the same
for both rows. The green pluses denote the center of the HII regions and the black circles denote the center of the density cores.

only one possible solution. Other density distributions, e.g. dust
cores with a lower exponent and a smaller radius, might yield
similar good fits.

However, when comparing Sgr B2(M) and Sgr B2(N) a clear
difference is noticeable. Sgr B2(M) appears to be more frag-
mented compared to Sgr B2(N), which appears rather mono-
lithic. This has already been noticed by Qin et al. (2011). The
model presented here allows us, however, to quantify this differ-
ence further. We will do this especially in Sect. 4.4. But first we
have a look at the stellar population.

4.3. Heating sources

For all four models, we used the same stellar distribution. We
account in total for four stellar clusters: Sgr B2(NE), Sgr B2(N),
Sgr B2(M), and Sgr B2(S). In Fig. A.3, we plot for each of
these clusters a radial distribution histogram of all high-mass
stars placed in the model based on observed HII regions (see
Sect. 3.5). We use these histograms to determine by-eye the star
cluster radii of 0.8, 0.4, 0.5, and 0.35 pc for Sgr B2(NE), Sgr
B2(N), Sgr B2(M), and Sgr B2(S), respectively. Within these
radii we sprinkle stars separately for each cluster (see Sect. 3.3).
We then treat Sgr B2 as a cluster itself and continue to sprinkle
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stars everywhere, except in the previously mentioned star clus-
ters, until the calculated total stellar mass of Sgr B2 is reached.
We call this part the envelope of Sgr B2. The stellar density dis-
tribution is plotted in Fig. 8 and the mass distribution of the stel-
lar mass produced with this approach (including the high-mass
stars placed by hand) is shown in Fig. 9. Instead of plotting a
histogram, we use a kernel density estimate. A histogram has
several disadvantages. It is unsmooth and it depends on the end
points as well as on the widths of the bins. By using a smooth
kernel we obtain a smooth distribution that is independent of the
choice of the end points of the bins and only depends on the cho-
sen bandwidth. For our kernel density estimate a bandwidth of
0.217 M, has been calculated in linear space.

The results of applying this star sprinkling algorithm are
listed in Table 2. For each cluster we list the radius, the num-
ber of initial stars, the total number of stars, the enclosed stel-
lar mass, and the luminosity from the initial and all stars,
respectively. Where available, we also list luminosities from
Lis & Goldsmith (1990) as a reference. Additionally, this table
lists the enclosed gas mass for each of the clusters. It is calcu-
lated from the dust density distribution assuming a gas-to-dust
ratio of 100 (Hildebrand 1983). We calculate the stellar lumi-
nosity to mass ratio as 90 L, My~™',71 Ly My™', 1176 Lo My,
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Fig. 6. Same as Fig. 5 for Sgr B2(N).

Table 2. Summary of the star clusters.

Radius No. stars  No. stars M, M., Mgy L L L°

[pcl [Mo]  [10° M) [Mo]  [10° Lol [10° Lol [10° Lo]

(initial) (all)  (initial) (all) (initial) (all)

Sgr B2(NE) 0.8 2 1282 52 1.2 7777 0.54 0.80 -

Sgr B2(N) 0.4 6 2642 150 2.4 27897 1.38 1.80 1.7

Sgr B2(M) 0.5 60 22705 1295 20.7 9572 7.78 12.10 13.0

Sgr B2(S) 0.35 2 1204 50 1.1 4472 0.45 0.66 -

Envelope - 19 8929 446 8.0 - 3.32 4.70 -

Sgr B2 22.5 89 36762 1993 334 8.0x10° 13.47 20.06 -

Notes. @ Lis & Goldsmith (1990, their models C).

and 120 L, M,~! for Sgr B2(NE). Sgr B2(N), Sgr B2(M), and
Sgr B2(S), respectively.

In their appendix, Belloche et al. (2013) also estimate the
stellar mass of the entire Sgr B2 region by extrapolating the al-
ready distributed stellar mass of all stars embedded in observed
ultra-compact HII regions using different IMFs. We apply the
same method. However, our total stellar mass is an order of mag-
nitude higher than their result. This difference is explained by
the different initial parameters applied and different conversion

tables for spectral type to stellar luminosity used. Belloche et al.
(2013) calculate a total stellar mass of 675 M, for the 41 ultra-
compact HII regions they account for. Their lowest mass star
has a mass of 11 My using the conversion table from Panagia
(1973). Using Kroupa’s IMF, they extrapolate a total stellar mass
of ~3900 M., for the mass range of 0.01-120 M,,. In our study,
we account for more than twice the number of HII regions, of
which the embedded lowest mass star has a mass of 18 M, using
the conversion table from Vacca et al. (1996).

A143, page 11 of 30


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201527311&pdf_id=6

A&A 588, A143 (2016)

700

_ 500
e
v}
S
-
- 300
100
0
0 100 300 500
X [10% cm]
E ]
22 150 300 450 600
Tdust [K]

Fig. 7. Impression of the 3d view of the dust density distribution in
Sgr B2(M). Three density isocontours are presented, i.e. at densities
of 10773, 1078, and 107" ¢ cm™. They are colored using the dust
temperature. The model is cut open at the model center to allow us a
view inside. The bubbles are the empty half-shells of the distributed
HII regions, which are free of dust. The dust on the surface of these
HII regions is heated by the UV radiation field from the young stellar
object embedded in the HII region. This dust is thus very hot, exceeding
dust temperatures of 600 K (dark red spots). Visible here are mainly the
HII regions detected by (De Pree et al. 1998, Fla — F4d).

We infer a large population of low- and intermediate mass
stars. These low- and intermediate mass stars contain the major
fraction of the stellar mass, but the high-mass stars contribute the
major fraction of the luminosity. To evaluate the influence of the
additional low- and intermediate mass stars, we have performed
a simulation excluding these stellar populations. The intensity
levels in the large-scale maps are unaffected. We then investi-
gated the dust temperature profiles. Figure 10 shows the density
and dust temperature profile along the line-of-sight towards the
two hot cores. These line-of-sight profiles are obtained within a
0.5 arcsec beam. Differences in dust temperature on the order of
5-40K (<10%) are only visible on very small scales towards the
cores. The envelope temperature is only affected marginally.

4.4. Mass distribution and star formation efficiency

From the model we obtain the three-dimensional distribution of
the stellar and gas mass. We can thus investigate the star for-
mation efficiency (SFE), i.e. the fraction of gas that has been
processed into stars. We calculate the SFE using the standard
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Fig. 8. Center map: Stellar column density map of Sgr B2. The pro-
jected distribution of the stars along the x- and y-axis are shown in the
right and top panel, respectively.
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Fig. 9. Mass distribution of the stellar population contained in the
Sgr B2 complex, indicated by the orange line. The dotted and dashed
blue lines indicate the corresponding segmented IMF from Kroupa
(2001).

definition (e.g. Myers et al. 1986; Federrath & Klessen 2013):

M.

SFE = ——,
M, + My

©)
where M., is the stellar mass and M, is the gas mass. In Fig. 11
we show the radial distribution of the stellar and gas mass around
all four star clusters: Sgr B2(NE), Sgr B2(N), Sgr B2(M), and
Sgr B2(S) as well as the derived radially resolved star formation
efficiency. For Sgr B2(M) we derive star formation efficiencies of
on average 50% , for Sgr B2(N) the derived value is 5% and thus
significantly lower. Lada & Lada (2003) suggest that the SFE of
a cluster increases with time and can reach a maximum value of
typically 30% by the time the cluster emerges from its parental
cloud core. This indicates, that Sgr B2(M) has already lost a
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Fig. 10. Density and dust temperature profile along the line-of-sight towards the two hot cores Sgr B2(N) (fop) and Sgr B2(M) (bottom). This
is obtained with a pixel resolution of 0.5 . The left panels show the profile along 2 pc around the hot cores, whereas the panels on the right
show a zoom-in view of the inner 0.4 pc. The solid lines show the resulting distributions when including the star clusters. In addition, we show
the temperature profile for the same model but without the extrapolated population of low- and intermediate-mass stars (dotted line). The bottom

panel of each plot shows the residuals.

significant portion of its gas mass through conversion into stars
and dispersion. This stellar cluster is emerging from the parental
cloud, whereas Sgr B2(N) is still forming stars. This agrees well
with the findings by Vogel et al. (1987). For Sgr B2(NE) as well
as Sgr B2(S), we calculate rather high average star formation
efficiencies of ~30% .

These results have to be taken with caution. The SFE de-
pends on the distributed gas and stellar mass. From the cross
cuts in Fig. 3, we think the derived gas masses on large scales
are reasonable for all clusters. But while our star sprinkling al-
gorithm will always distribute the same amount of stars if the
number of initial stars and their mass is unchanged, the volume
within which these stars are placed is set by the star cluster ra-
dius. A larger cluster radius effectively decreases the stellar mass
density thus causing a lower SFE.

However, to interpret these results, we analyze the relation-
ship between the gas mass of the clusters and their total lu-
minosity. This allows us to study the evolution of the young
stellar objects during the phase when they are still embedded
in their parental cloud. We follow the same steps outlined in
Molinari et al. (2008) and use their evolutionary tracks. In these
evolutionary models, the fast accretion phase is stopped when
the tracks approach the line where HII regions are found (at a
few thousands solar masses). To match the order of magnitude

provided by the massive clusters studied here, we had to arbitrar-
ily extend this line. Please note that these evolutionary models
assume that a single massive star is forming, which is clearly not
the case for at least Sgr B2(N) and Sgr B2(M). We present all
tracks in Fig. 12. The five least massive tracks are the ones pre-
sented in Molinari et al. (2008). To obtain the two most massive
ones, we had to stop the accretion when the central star reaches
80 and 220 My, respectively. Based on the instantaneous accre-
tion rates along the tracks, we estimate that in reality the forming
star reaches the ZAMS earlier than reaching the HiI line. In par-
ticular around 50 M, for the first track and 75 M, for the second.
The track luminosity where this occurs is around 4.8 x10° L
for the first track and around 10° L, for the second track. If we
assume a single massive star is forming, then these tracks sug-
gest that Sgr B2(S) should be compatible with HII regions (at
least one HII region is observed towards Sgr B2(S)), and Sgr
B2(NE) as well as Sgr B2(N) are reaching the ZAMS now. For
Sgr B2(M) we do not obtain any useful interpretation. Apart
from the fact that a realistic calculation would use a stellar clus-
ter rather than a single star, to reach this relation between gas
mass and luminosity in full accretion would require producing
a star of a very large mass; or else a star with much larger ini-
tial clump mass which would reach the location of M during the
ZAMS evolution.
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Fig. 11. Top: radial distribution of the gas and stellar mass den-
sity around Sgr B2(NE), Sgr B2(N), Sgr B2(M) and Sgr B2(S).
Bottom: calculated star formation efficiency for Sgr B2(NE), Sgr B2(N),
Sgr B2(M), and Sgr B2(S). The vertical dashed lines mark the extent of
each star cluster. The same colors belong to the same clusters.
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Fig. 12. Luminosity-Mass diagram for the four clusters presented here.
The five evolutionary tracks with the lowest initial envelope mass are
taken from Molinari et al. (2008). The two highest mass tracks are ob-
tained by extending the evolutionary model from Molinari et al. (2008).
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Kruijssen et al. (2015) presented an orbital structure of the
Central Molecular Zone (CMZ), i.e. the central few 100pc of
the Milky Way and derived an evolutionary timeline. According
to their model, the orbital time between G0.253 (the Brick) and
Sgr B2 is At = 0.43 Myr. Given the uncertainties in the ages and
the age difference, we can only say that the approximate age
is compatible with star formation beginning when Sgr B2 was
at the position where G0.253 is now. However, the scenario is
not able to shed light on the different development stages of the
various sources in the region, because on the scales considered
by the gaseous streams model all Sgr B2 sources are cospatial.

4.5. Column density map and probability density function

We convert the dust density to gas density by assuming a gas-to-
dust ratio of 100 (Hildebrand 1983), and that 73% of the gas is in
H; (Cox 2000). An H, column density map of the whole cloud
complex is then obtained by simply summing up the H, den-
sity distribution along the line-of-sight. The map of the full
model with a resolution of 0.1” and zoom-ins to Sgr B2(N) and
Sgr B2(M) are shown in Fig. A.2. The HII regions are clearly
visible in the zoom-in maps due to their lack of dust.

The propability density function (PDF) of the H, column
density within molecular clouds is commonly used as a tool
to investigate the influence of various competing star forma-
tion processes within them (see e.g. Kainulainen et al. 2009;
Schneider et al. 2013; Federrath & Klessen 2013).

Unfortunately observational data covering the intermediate
scales of Sgr B2 (see Fig. A.6) are lacking. This affects the scales
from ~10—-20", corresponding to ~0.4—0.8 pc. So while the total
flux on these scales is recovered in the Hi-GAL and ATLASGAL
maps, its exact distribution is uncertain. We thus refrain from
showing the PDF obtained from the H, column density map of
the model. More observational data is needed.

4.6. Fitting the spectral energy distribution (SED) towards N
and M

The fit of the spectral energy distribution towards Sgr B2(N)
and Sgr B2(M) obtained with HIFI is shown in Fig. 13. The
fluxes from the simulated maps are convolved to the frequency-
dependent beam of the 3.5 m Herschel telescope. This kind of
fitting thus does not suffer from the necessary convolution to the
worst spatial resolution required for modified blackbody fitting.
For comparison with previous studies towards Sgr B2(M) and
Sgr B2(N) (e.g. Goldsmith et al. 1992; Etxaluze et al. 2013), we
have convolved our continuum maps with a beam of 30" and
extracted the flux towards both sources (see Fig. 14). The agree-
ment between observations and simulation in the ranges, where
observational data is available is very good. We note however
that the model is not able to reproduce fluxes at wavelengths
shorter than 70 um.

Full three-dimensional continuum radiative transfer mod-
eling has so far been performed for disks, and p Oph D
(Steinacker et al. 2005). However, this has to our best knowledge
not been attempted for Sgr B2, which limits our possibilities of
comparison. So in order to compare our results to the work from
other authors working on Sgr B2 (e.g. Lis & Goldsmith 1989;
Goldsmith et al. 1990; Etxaluze et al. 2013), we have applied the
modified black body fitting technique to our synthetic maps.
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Fig. 13. Spectral energy distribution of the HIFI data (in grey). The data
is unsmoothed, what looks like noise are actually individual spectral
lines. The best fit towards Sgr B2(M) and N are represented by the solid
orange line. The synthetic intensity maps have been convolved to the
frequency dependent beam of the 3.5 m Herschel telescope. The fit in-
cludes dust and free-free emission. The surface, where the dust optical
depth equals one is plotted in olive, the corresponding axis is shown on
the right. The z-axis points towards the observer, Sgr B2(M) is located at
z = 0and Sgr B2(N) is located at z = 7 x 10° au. A tau surface datapoint
at —22.5 pc indicates that the dust is optically thin at the corresponding
frequency.

The intensity / of a blackbody at frequency v is given by the
Planck function

b= 2?;3(6%'_1y4’

(10)

where £ is the Planck constant, k is the Boltzmann constant, ¢ is
the speed of light in vacuum and 7 is the temperature of the
blackbody.

This equation is multiplied by the factor 1 — e™", where the
optical depth 7 is given by

an

pu, is the mean molecular weight of hydrogen, my is the
mass of hydrogen, N(H,) is the hydrogen column density. The
dust opacity «, is determined as a continuous function of fre-
quency v, by fitting a power-law to the dust opacities given by
Ossenkopf & Henning (1994):

Ky = — |— s
Xd \Yo

T= “Hz mH KV N(HZ)’
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Fig. 14. Spectral energy distribution plots using a fixed beamsize of
30” . The orange solid line is the RADMC-3D dust and free-free best
fit, the orange dotted line represents the free-free contribution, the
dashed-dotted line represents the contribution from dust emission. The
different dark blue markers represent the observational results from
Goldsmith et al. (1990, 1992), as well as from Hi-GAL and WISE maps.
The surface, where the dust optical depth equals one is plotted in olive,
the corresponding axis is shown on the right. The z-axis points towards
the observer, Sgr B2(M) is located at z = 0 and Sgr B2(N) is located
at z =7 x 10° au. A tau surface datapoint at —22.5 pc indicates that the
dust is optically thin at the corresponding frequency.

where k is the reference dust opacity and y4 is the gas-to-dust
mass ratio.

For this, we have extracted the flux within a beam of
40" towards the SPIRE FTS pointing positions, given in
Etxaluze et al. (2013), namely aygo0 = 17"47™20.00°, 12000 =
-28°22/17.44"” (SgI‘ BZ(N)) and @32000 = 17h47m20'305, 6]2000 =
—28°23'4.1” (Sgr B2(M)).

We apply MAGIX (Mboller et al. 2013) using first the Ge-
netic Algorithm to find the global best solution, followed by
a Levenberg-Marquardt fit to obtain the local best fits for both
cores, Sgr B2(M) and Sgr B2(N). The dust temperature 7y, the
dust spectral index 8 and the hydrogen column density N(H,)
where left as free parameters. The mean molecular weight uy, is
assumed to be 2.8 (Kauffmann et al. 2008), the gas-to-dust mass
ratio y4 is assumed to be 100 (Hildebrand 1983), the reference
dust opacity k500 um is 1.773 cm? g~! assuming no grain mantles
and no coagulation (Ossenkopf & Henning 1994).

We perform a fit covering the frequency range from 450 GHz
to 2.87 THz, i.e. excluding the optically thick regime. The re-
sulting SEDs are shown in Fig. 15. Our results are summarized
in Table 3. For Sgr B2(N), we obtain a dust temperature Ty of
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Table 3. Results from modified blackbody fitting of Sgr B2(N) in the
upper part and Sgr B2(M) in the bottom part.

Sgr B2(N) T4 N(H,) B
[K] [10** cm™2]
3D model® - 2.6 -
Blackbody fitting” 31 29 1.8
Etxaluze et al. (2013)¢ 30 7.0 2.2
Sgr B2(M) Ty N(Hy) B
[K] [10** cm™2]
3D model® - 2.3 -
Blackbody fitting” 36 25 1.9
Etxaluze et al. (2013)¢ 37 5.0 2.3

Notes. For each core, we list results from three different approaches.
@ Hydrogen column density in a 40” beam directly taken from the
model. This serves as the reference value. ® Result from the modi-
fied black body fitting performed in the course of this paper. ) Results
obtained by Etxaluze et al. (2013).

~31K, adust spectral index 8 of 1.8 and a column density N(H;)
of 2.9 x 10** cm~2. For Sgr B2(M) we obtain a dust temperature
T4 of ~36 K, a dust spectral index S of 1.9 and a column density
N(H,) of 2.5 x 10?* cm™2.

These values are the averaged values in a 40" beam and are
thus the results for the envelopes of Sgr B2(N) and Sgr B2(M).
The fitted dust temperature values correspond to radii of 2.0 and
1.3 pc for Sgr B2(N) and Sgr B2(M), respectively (see Fig. 10).

Recently Etxaluzeetal. (2013) convolved the Her-
schel/SPIRE FTS spectral scan maps covering the wavelength
range from 194 ym to 671 um to 40 and performed modified
black body fits towards Sgr B2(N) and Sgr B2(M). They find
spectral indices 8 of 2.2 and 2.3, dust temperatures T4 of 30K
and 37K, and column densities N(H,) of 7 X 10* cm™2 and
5 x 10**cm™ for Sgr B2(N) and Sgr B2(M), respectively.
Assuming a distance of 8.5 kpc, a mean molecular weight pp, of
2.3, and a dust opacity of k250 ym of 5.17 cm? g~ (Li & Draine
2001), they then estimate dust masses of 2500 M and 2300 M,
and luminosities of 1.1 x 10% Ly and 5 x 10° Ly, for Sgr B2(N)
and Sgr B2(M), respectively.

The derived dust temperatures from our study and the ones
from Etxaluze et al. (2013) agree very well. But we obtain lower
dust spectral indices for which we see two reasons. On the one
hand our modeling setup is limited such that only a single dust
species is considered. On the other hand different datasets are
considered in both studies. We include the ATLASGAL 870 um
map, as well as the Hi-GAL 500, 350, 250, and 70 um maps,
all cross-calibrated with Planck data and in the case of the
Hi-GAL map also cross-calibrated with IRAS data, whereas
Etxaluze et al. (2013) only considered Hi-GAL data. This could
introduce differences in the fluxes which may result in different
dust spectral indices as well as different column densities. So
this might also explain why we derive a factor of two difference
in the dust column densities.

An important point is the resolution of the observation. We
have calculated high resolution (i.e. the pixel size equals 0.1”)
synthetic intensity maps covering the same frequency range as
the SED plotted in Figs. 13 and 14. We have then convolved
these images with decreasing beamsizes from 30” down to 0.5” .
We extract the SEDs towards the Herschel/HIFI positions of
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Fig. 15. Spectral energy distribution from the modified blackbody fit-
ting for a beamsize of 40” . The brown pluses represent the observed
flux densities obtained from the ATLASGAL and Hi-GAL maps. The
orange markers are the flux densities obtained with RADMC-3D includ-
ing only dust. The solid blue line is the fitted SED and the dotted blue
line is the SED from Etxaluze et al. (2013). Top: Sgr B2(N), bottom:
Sgr B2(M).

Sgr B2(N) and Sgr B2(M) as specified above for each beamsize
and also extract the respective 7 = 1 surface at each wavelength.
This is shown in Fig. 16. From these two SEDs, we can clearly
see, that towards the position of Sgr B2(N) the free-free emission
becomes optically thicker for smaller beamsizes. This indicates
that an HII region is located along the line-of-sight. Furthermore
the dust also becomes optically thick towards Sgr B2(N) with
decreasing beamsize, leaving a very narrow frequency range of
100—200 GHz, where the dust is optically thin while still dom-
inating over the free-free emission. The contribution of free-
free emission at 100 GHz is in the order of 30%, which is still
a significant fraction of the overall emission at this frequency.
For Sgr B2(M) the dust remains optically thin for this specific
position up to 600 GHz. However, at 100 GHz, the fraction of
free-free emission is in the order of 70% for Sgr B2(M), indicat-
ing that the free-free emission still dominates at this frequency.
Looking at the short-frequency range it is interesting to note that
the free-free is partly optically thick for intermediate beamsizes,
but turns optically thin for small beamsizes. This shows that
there is no HII region located along the line-of-sight towards the
position of the Herschel/HIFI beam on small scales. Given that
there are a lot of HII regions located along the line-of-sight to-
wards Sgr B2(M) this shows that the pointing choice might be
crucial for high-resolution observations. It furthermore shows
that if instead of a smooth dust density distribution we would
assume a clumpy distribution, this clumping would change the
photon penetration depth at certain sightlines.
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Fig. 16. Top: Sgr B2(N), bottom: Sgr B2(M). The SED convolved with
different beam sizes is plotted in blue. For each beam, the combined
dust and free-free emission is indicated with the solid blue line, and
the contributions from the free-free emission is indicated with the dot-
ted blue line. The 7 = 1 surface, i.e. the place along the line-of-sight
where the optical depth 7 equals one is plotted in orange. Darker colors
indicate a smaller beam size.

5. Conclusions

We successfully reconstruct a possible three dimensional den-
sity distribution of Sgr B2, recovering the continuum structures
covering a wide frequency range (v = 40 GHz—4 THz) on scales
from 100 au to 45 pc. We employ the publicly available three-
dimensional radiative transfer program RADMC-3D and calcu-
late the dust temperature self-consistently.

e We find that the density field of Sgr B2 can be reasonably
well fitted by a superposition of spherical symmetric density
cores with Plummer-like profiles.

e To reproduce the spectral energy distribution, we locate
Sgr B2(N) along the line of sight behind the plane containing
Sgr B2(M).

e Sgr B2 comprises a total gas mass of 8.0 X 10° M, within a
diameter of 45 pc. This corresponds to an average gas den-
sity of 170 Mg, pc=3. For Sgr B2(N) we find a stellar mass of
2400 M, a luminosity of 1.8 x 106 Lo, a H, column density
0f2.9.7 x 10?* cm~2 in a 40” beam. For Sgr B2(M) we derive
a stellar mass of 20 700 Mo, a luminosity of 1.2 X 107 Ly, a
H, column density of 2.5 x 10**cm™2 in a 40" beam. For
Sgr B2(S) we find a stellar mass of 1100 M, a luminosity of
6.6 x 10° Ly, a Hy column density of 2.2 X 102 cm=2in a
40" beam.

e The calculated star formation efficiency is very low for
Sgr B2(N), ~5% , and much higher for Sgr B2(M), ~50% .
This indicates that most of the gas in Sgr B2(M) has already
been converted to stars or dispersed.

6. Outlook

The setup of the density structure and temperature field pre-
sented here opens the stage of a plethora of different applications
and improvements. We list some of them:

e High resolution, envelope covering maps: with the current
state of telescopes, it is now possible to efficiently map
larger portions of the sky at high resolution. As indicated
in Fig. A.6, maps with high angular resolution of Sgr B2 are
missing. However they are necessary to improve the setup of
the envelope. Currently there is for example only one map
available, that resolves dust structures down to ~0.01 pc to-
wards Sgr B2(N) and Sgr B2(M). To constrain the dust prop-
erties properly, at least another map covering similar scales at
a different wavelength is needed. Studying spatial variations
of the dust properties on scales smaller than 10" in the entire
envelope is impossible with the data sets currently available.
However, this could be partly achieved by using the Atacama
Compact Array (ACA).

e Physical setup: the physical setup of the model presented
here sets the stage for future improvements. By including
the possibility to spatially vary the composition of dust, the
influence of different compositions can be tested. The treat-
ment of the HII regions can be improved, eventually leading
the way to also model radio recombination lines and thus
getting access to the ionized gas content. Furthermore the
effect of a clumpy density structure can be tested as well as
the influence of dusty HII regions.

e Molecular line studies: ultimately, one wants to model
molecular lines. The setup of the density and tempera-
ture structure presented here builds the foundation for such
follow-up studies. By keeping the density structure fixed,
the remaining main free parameters are the molecular abun-
dance and the velocity field. By modeling a variety of differ-
ent species, including their isotopologues, different surfaces
where the opacity exceeds unity can be sampled, allowing a
tomography of the source. Having one model for the whole
region, also requires to find a solution of the velocity field
that fits the plethora of available molecular line data.

o (M)HD simulations: while the work presented here focuses
only on the modeling of a specific source — Sgr B2 — it builds
a bridge between theoretical work, e.g. from (M)HD simula-
tions, and observational work.

o Chemical models: combining the radiative transfer modeling
efforts with sophisticated chemical modeling, would allow
us to fix the molecular abundances.

e Planning observations: the model enables us to examine the
full parameter space, finding combinations of e.g. transitions,
molecules, wavelengths that would allow us to constrain a
degenerate parameter observationally. Thus it is a useful tool
to plan new observations. In Fig. 17 for example we show
a prediction of high-resolution continuum maps at differ-
ent wavelengths. They could be observed e.g. with ALMA.
These maps indicate that in order to search for fragmenta-
tion and determine its level, it is necessary to obtain multi-
wavelength observations as there is no single wavelength un-
affected by optical thickness effects or free-free continuum
contribution.
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Fig. 17. Simulation of high-resolution continuum maps towards Sgr B2(N), left, and Sgr B2(M), right with a resolution of 0.1” at decreasing
wavelengths from top to bottom. Observations like this are possible with ALMA. The red circles in the maps in the rop row indicate the location
and extent of the HII regions. Maps having black dashed (and solid) contours are affected by optical thickness. The black dashed contours in
maps of Sgr B2(N) indicate where the 7 = 1 surface equals —3.50, and —3.39 pc, respectively. The black (dashed and solid) contours in maps of
Sgr B2(M) show where the 7 = 1 surface equals —1.0, —0.05, and 0.0 pc, respectively. These maps indicate that, especially for Sgr B2(M), the
free-free emission contributes significantly at 3 and 2 mm. On the other hand, the dust becomes optically thick at ~0.5 mm for Sgr B2(M), and
already at ~1 mm for Sgr B2(N).
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Fig. A.1. Top: three color composite map of the large-scale structure of Sgr B2. Blue: JCMT — SCUBA 850 um, green: CSO — Sharc II 350 um,
red: Herschel/PACS 70 um. Bottom left: zoom-in to Sgr B2(M), SMA data. Bottom right: zoom-in to Sgr B2(N), SMA data. The black circles
mark the extent of the HII regions. The rectangles in the upper map indicate the zoom-in region of the bottom maps.
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Fig. A.2. Top: hydrogen column density map of the whole cloud complex. The pixel resolution is 0.5 arcsec. Bottom left: zoom-in to Sgr B2(M).
Bottom right: zoom-in to Sgr B2(N). The HII regions are visible due to their lack of dust.
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Fig. A.3. Histogram of the known high-mass stars around the star clusters to determine the star cluster radius. The dashed line indicates the star
cluster radius determined based on a by-eye inspection of these histograms.
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Fig. A.4. Azimuthally averaged radial profiles of the large-scale structure around the position of the envelope components of Sgr B2(N) (fop row),
Sgr B2(M), (middle row) and Sgr B2(S) (bottom row). The data is plotted in solid black. The wavelengths decreases from left to right: 870 um,
500 pum, 350 um, 250 um, and 70 um.
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Fig. A.5. Radial profiles of the averaged intensity of the small-scale SMA structure around the position of the small-scale density components
listed in Table B.2. For each of the four different models (A — D) described in this paper, the setup of the small-scale structure was fixed. The data
is plotted in solid orange, the model is shown in dashed blue. The identifier of the components are written in the upper right corner of each subplot.
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Appendix B: Tables

A. Schmiedeke et al.: 3D structure of Sgr B2

Table B.1. Known HII regions in the Sgr B2 region®.

ID! Model> RA3 Dec* dz’ Fobs® ne’ ZAMS?® EM® log(l\'/i)10

[h:m:s, J2000] [d:m:s, J2000] [10° au] [10°au] [10*cm™3]  type  [107 pc cm™©] [s71]
Al ABCD 17:47:19.432  -28:23:01.23 0.0 19.400 0912 06 2.30 48.86
A2 ABCD 17:47:19.562  -28:22:55.82 0.0 7.910 1.440 08.5 2.40 48.09
B ABCD 17:47:19.903 -28:23:02.78 0.0 5.230 4.060 07.5 12.00 48.44
B1 ABCD 17:47:19.990 —-28:23:02.65 0.0 1.370 3.820 BO 2.90 46.65
B9.89 ABCD 17:47:19.695 -28:23:05.78 0.0 2.000 3.410 BO 3.40 47.04
B9.96 ABCD 17:47:19.772  -28:23:10.05 0.0 2.000 3.170 BO 2.90 46.98
B9.99 ABCD 17:47:19.798  -28:23:06.77 0.0 3.510 2.750 09.5 3.80 47.59
B10.06 ABCD 17:47:19.864 -28:23:01.28 0.0 1.890 4.120 BO 4.60 47.13
B10.10 ABCD 17:47:19.904 -28:23:02.00 0.0 1.440 4.640 BO 4.50 46.88
C ABCD 17:47:20.001 -28:23:18.19 0.0 6.040 2.020 09 3.60 48.03
D ABCD 17:47:20.049 -28:23:12.74 0.0 4.390 3.110 09 6.10 47.99
E ABCD 17:47:20.067 -28:23:08.52 0.0 7.800 2.300 07.5 6.00 48.47
Fla? ABCD 17:47:20.122 -28:23:03.54 0.0 0.731 66.400 07.5 480.00 48.35
Flb? ABCD 17:47:20.123  -28:23:03.76 0.0 0.315 182.000 07.5 2000.00 48.45
Flct ABCD 17:47:20.129 -28:23:03.85 0.0 0.655 83.200 o7 760.00 48.55
F1db ABCD 17:47:20.134  -28:23:04.20 0.0 0.238 224.000 07.5 2800.00 48.51
Fle? ABCD 17:47:20.137 -28:23:03.98 0.0 0.731 54.400 08.5 310.00 48.14
F1f? ABCD 17:47:20.153 -28:23:03.84 0.0 0.901 83.200 o7 760.00 48.55
Flgb ABCD 17:47:20.171 -28:23:03.85 0.0 0.459 177.000 08 1700.00 48.30
F2a? ABCD 17:47:20.167 -28:23:03.45 0.0 0.323 91.800 09.5 460.00 47.73
F2b? ABCD 17:47:20.174  -28:23:03.56 0.0 0.417 76.500 09.5 350.00 47.70
F2cb ABCD 17:47:20.181 -28:23:03.47 0.0 0.502 81.300 09.5 400.00 47.75
F2d? ABCD 17:47:20.182 -28:23:03.60 0.0 0.493 54.900 09.5 250.00 47.82
F3a? ABCD 17:47:20.164 -28:23:04.85 0.0 0.621 48.100 09.5 190.00 47.70
F3b? ABCD 17:47:20.167 -28:23:04.74 0.0 0.264 95.900 09.5 500.00 47.77
F3c? ABCD 17:47:20.169 -28:23:04.37 0.0 0.306 150.000 08 1300.00 48.22
F3d? ABCD 17:47:20.189  -28:23:04.58 0.0 2.540 38.500 05.5 490.00 49.31
F3e? ABCD 17:47:20.223  -28:23:04.64 0.0 0.323 51.600 BO 120.00 47.02
F4a? ABCD 17:47:20.202  —-28:23:03.95 0.0 0.187 414.000 09 3700.00 47.85
F4b? ABCD 17:47:20.226  -28:23:04.23 0.0 0.621 108.000 08 890.00 48.31
F4cb ABCD 17:47:20.231 -28:23:04.07 0.0 0.723 48.900 08.5 260.00 48.09
F44d? ABCD 17:47:20.218 -28:23:04.09 0.0 0.655 48.800 09.5 180.00 47.62
F10.37° ABCD 17:47:20.191 -28:23:05.76 0.0 0.689 62.300 09.5 240.00 47.58
F10.39? ABCD 17:47:20.206 —28:23:06.45 0.0 0.408 34.400 BO 70.00 46.98
Gt ABCD 17:47:20.297 -28:23:02.88 0.0 1.330 35.100 o7 250.00 48.62
F10.27° ABCD 17:47:20.075 -28:23:05.22 0.0 1.760 4.310 BO 4.70 47.08
F10.30? ABCD 17:47:20.107 -28:23:03.02 0.0 0.867 4.810 BO 2.90 46.25
F10.303® ABCD 17:47:20.108 -28:23:03.57 0.0 2.180 9.090 09 26.00 48.01
F10.318” ABCD 17:47:20.124  -28:23:02.27 0.0 4.120 2.380 09.5 3.40 47.67
F10.32° ABCD 17:47:20.131 -28:23:00.13 0.0 1.910 3.700 BO 3.80 47.05
F10.33° ABCD 17:47:20.136  -28:23:05.97 0.0 1.530 4.240 BO 4.00 46.88
F10.35° ABCD 17:47:20.152  -28:23:06.60 0.0 1.450 4.070 BO 3.50 46.77
F10.44° ABCD 17:47:20.245 -28:23:06.22 0.0 2.620 2.760 BO 2.90 47.21
G10.44 ABCD 17:47:20.242  -28:23:03.23 0.0 1.370 4.920 BO 4.80 46.87
G10.47 ABCD 17:47:20.270 -28:23:02.25 0.0 1.910 3.670 BO 3.70 47.05
H ABCD 17:47:20.426  -28:23:44.62 0.0 9.260 2.700 06 9.80 48.84
I ABCD 17:47:20.507 —-28:23:05.95 0.0 22.000 1.630 05 8.40 49.52
110.49 ABCD 17:47:20.304 -28:23:04.45 0.0 2.000 3.440 BO 3.40 47.05
110.52 ABCD 17:47:20.325 -28:23:08.01 0.0 1.980 4.530 BO 5.90 47.28
J ABCD 17:47:20.570  -28:22:56.04 0.0 25.500 0.608 06 1.40 48.86
K1° A 17:47:19.802  -28:22:20.71 0.0 5.340 5.250 06.5 21.00 48.70

BCD 7.0
K2?b A 17:47:19.874  -28:22:18.37 0.0 2.400 12.700 07.5 56.00 48.42
BCD 7.0
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ID! Model> RA3 Dec* dz’ Fobs® n.’ ZAMS?® EM’ log(\V))'°
[h:m:s, J2000] [d:m:s, J2000] [10° au] [10° au] [10* cm™3] type [107 pc cm™®] [s71]
K3?b A 17:47:19.897 -28:22:17.07 0.0 3.200 7.610 07.5 27.00 48.35
BCD -7.0
K4 A 17:47:19.993  -28:22:04.58 0.0 6.280 3.750 o7 13.00 48.62
BCD -7.0
K5 A 17:47:20.266  -28:22:14.67 0.0 34.000 0.819 05 33.00 49.49
BCD -7.0
K6 A 17:47:20.568  —-28:22:08.82 0.0 49.900 0.532 05 20.00 49.62
BCD -7.0
L ABCD 17:47:22.661  -28:21:55.77 0.0 17.300 1.420 05.5 5.10 49.09
L13.30 ABCD 17:47:23.079 -28:21:55.16 0.0 5.680 1.450 09.5 1.70 47.66
O ABCD 17:47:22.901 -28:22:49.07 0.0 7.800 0.698 09.5 0.55 47.44
P ABCD 17:47:23.621 -28:23:36.02 0.0 7.800 0.777 09.5 0.68 47.53
Q ABCD 17:47:24.875 -28:21:44.93 0.0 7.800 0.895 09.5 0.90 47.65
R ABCD 17:47:26.464  -28:22:05.11 0.0 28.500 0.535 06 1.20 48.89
T ABCD 17:47:27.256  -28:20:58.75 0.0 35.100 0.138 09 0.10 47.99
U ABCD 17:47:12.093 -28:22:33.86 0.0 27.300 0.364 07.5 0.52 48.50
A% ABCD 17:47:13.224  -28:23:47.77 0.0 54.600 0.233 06 0.43 49.02
w ABCD 17:47:16.717 -28:23:29.52 0.0 19.500 0.238 09.5 0.16 47.69
X ABCD 17:47:17.363 -28:22:03.74 0.0 3.120 2.220 BO 2.20 47.25
X8.33 ABCD 17:47:18.113  -28:22:06.82 0.0 1.900 5.320 BO 7.80 47.36
Y ABCD 17:47:18.657 -28:22:54.51 0.0 5.630 1.480 09.5 1.80 47.67
Z ABCD 17:47:18.689  —28:22:44.78 0.0 19.000 0.607 07.5 1.00 48.47
710.24 ABCD 17:47:20.038  —28:22:41.18 0.0 1.680 6.140 BO 9.20 47.33
AA ABCD 17:47:19.388  —28:22:18.33 0.0 11.700 1.070 08 1.90 48.33
BB ABCD 17:47:22.348  -28:22:17.41 0.0 33.100 0.218 08 0.24 48.31

Notes. @ All values listed in this table are the values used in the different models assuming HII regions are spherical symmetric regions of fully
ionized gas with no dust and a single ionizing source. ’ These regions are optically thick. Their electron density has been increased manually.
(D is the identifier used in the model. We use the same identifiers as Mehringer et al. (1993), Gaume et al. (1995), De Pree et al. (1998). ® Model
refers to one of the four model described in this paper. ® RA is the right ascension of the HII region given in units of hours:minutes:seconds in
the equatorial coordinate system. ¥ Dec is the declination of the HII region given in units of degrees:arcminutes:arcseconds in the equatorial
coordinate system. ©® dz is the displacement along the line of sight with respect to the model center. The z-axis is oriented such that it points
towards the observer. © r, is the observed radius of the HII region. ) n, is the number electron density. ® ZAMS refers to the zero age main
sequence star embedded in the HII region. © EM is the emission measure. !? log(NV,) is the logarithm of the number of Lyman continuum photons.
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Table B.2. Small scale structure: dust density components in Sgr B2.

D! Model? RA3 Dec* dz ro® n 1 Star’
[h:m:s, J2000] [d:m:s, J2000] [10° au] [10% au] [107 Hy cm™3]

M-SMA-la ABCD 17:47:20.197 —-28:23:04.36 1.0 3.0 20 5.0 BO
M-SMA-1b ABCD 17:47:20.170  —28:23:04.60 1.0 3.1 35 50 BO0.S5
M-SMA-1c ABCD 17:47:20.158 —28:23:05.08 1.0 3.6 10 5.0 BO0.S5
M-SMA-1d ABCD 17:47:20.148  —-28:23:05.48 1.0 3.6 20 5.0 BO0.S5
M-SMA-2a ABCD 17:47:20.152 -28:23:04.18 0.0 3.2 19 5.0 BO0.S5
M-SMA-2b ABCD 17:47:20.124  -28:23:04.45 0.0 3.3 14 5.0 BO0.S5
M-SMA-3 ABCD 17:47:20.100 —28:23:04.04 0.0 2.8 14 50 BO0.S5
M-SMA-4 ABCD 17:47:20.152  —-28:23:03.30 0.0 3.4 7 5.0 none
M-SMA-5 ABCD 17:47:20.212 —28:23:04.90 0.0 3.2 7 50 BO0S5
M-SMA-6 ABCD 17:47:20.175 -28:23:06.08 0.0 3.0 35 5.0 none
M-SMA-7 ABCD 17:47:20.118 -28:23:06.35 0.0 2.9 30 5.0 BO0.S5
M-SMA-8 ABCD 17:47:20.215 -28:23:06.43 0.0 3.6 4 5.0 none
M-SMA-9 ABCD 17:47:20.250 —-28:23:07.10 0.0 2.8 9 50 BO0S
M-SMA-10 ABCD 17:47:20.005 —-28:23:05.79 0.0 3.3 15 5.0 none
M-SMA-11 ABCD 17:47:20.108 —28:23:03.10 1.0 3.2 20 5.0 BO.S
M-SMA-12 ABCD 17:47:20.136  —28:23:02.24 1.0 3.8 50 5.0 BO
N-SMA-la A 17:47:19.912  -28:22:18.25 -5.0 9.0 45 5.0 none

BCD -6.95 9.0 45 5.0 none
N-SMA-1b A 17:47:19.900 —28:22:19.51 -2.0 4.0 75 5.0 none

BCD -6.98 4.0 75 5.0 none
N-SMA-2a A 17:47:19.944  -28:22:13.64 -3.0 6.9 10 5.0 BO0.S5

BCD -6.97 6.9 10 5.0 BO0.S5
N-SMA-2b A 17:47:19.880  —28:22:13.80 -30 6.8 10 5.0 BO0.S5

BCD -6.97 6.8 10 5.0 BO0.S5

Notes. (V' ID is the identifier used in the model. These identifiers are identical to the ones introduced by Qin et al. (2011). Note: some of these
objects identified by Qin et al. (2011) show an elongated intensity structure. We recover these objects with a superposition of several spherical sym-
metric clumps. We distinguish these components by adding additional lowercase letters to the identifier introduced by Qin et al. (2011). ® Model
refers to one of the four model described in this paper. ® RA is the right ascension of the density component given in units of hours:minutes:seconds
in the equatorial coordinate system. ® Dec is the declination of the density component given in units of degrees:arcminutes:arcseconds in the equa-
torial coordinate system. © dz is the displacement along the line of sight with respect to the model center. The z-axis is oriented such that it points
towards the observer. © ry is the radius defining the component, as described in Eq. (4). 7 n. is the central density. ® 7 is the exponent of the dust
density profile. ® This column indicates whether an additional heating source had to be included inside the dust component. If this is the case, the
spectral type of the star is given.
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Table B.3. Large-scale structure: dust density envelopes in Sgr B2.

ID! Model> RA3 Dec* dz I‘()’x6 rof ro,z6 no’ n® Star’
[h:m:s, J2000] [d:m:s, J2000] [10° au] [10° au] [10%au] [10%au] [10* H, cm™]
NE ABCD 17:47:22.361 —-28:21:31.94 0.0 200 200 200 98 2.2 BO
N1 A 17:47:19.912  —-28:22:18.25 0.0 40 40 40 200 2.5 none
B -7.0 40 40 40 400 2.5 none
C -7.0 40 40 40 400 2.5 none
D -7.0 40 40 55 300 2.5 none
N2 A 17:47:16.000 —28:21:48.00 0.0 30 30 30 60 1.8 none
B -7.0 30 30 30 100 1.8 none
C -7.0 30 30 45 90 1.8 none
D -7.0 30 30 30 90 1.8 none
Mi AB 17:47:20.056  —28:23:06.46 0.0 30 30 30 200 2.5 none
C 0.0 60 60 140 30 2.5 none
D 0.0 60 60 80 70 2.5 none
M2 AB 17:47:17.800  —28:23:00.00 0.0 20 20 20 200 1.8 none
C 0.0 40 40 80 100 1.8 none
D 0.0 40 40 50 100 1.8 none
S1 ABCD 17:47:20.465 —28:23:45.25 0.0 30 30 30 90 2.4 BO
S2 ABCD 17:47:19.509 -28:23:52.45 0.0 20 20 20 40 1.8 none
Se ABCD 17:47:21.525  -28:24:20.58 0.0 50 50 50 50 2.3 none
deepS ABCD 17:47:20.632  —28:25:30.87 0.0 220 220 220 12 2.2  none

Notes. (" ID is the identifier used in the model. These identifiers follow the historic naming scheme explained in Sect. 1. ® Model refers to one
of the four model described in this paper. ® RA is the right ascension of the density component given in in units of hours:minutes:seconds in the
equatorial system. ® Dec is the declination. Both coordinates are given in units of degrees:arcminutes:arcseconds in the equatorial system. © dz is
the displacement along the line of sight with respect to the model center. The z-axis is oriented such that it points towards the observer. © r,, r,,
r. are the core radii in each principal direction, as described in Eq. (4). @ n, is the central density. ® 7 is the exponent of the dust density profile.
© This column indicates whether an additional heating source had to be included inside the dust component. If this is the case, the spectral type
of the star is given.
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;>

observer

Fig. C.1. Sketch of the HII region. Cut along the line of sight. The in-
tegration path along-the line of sight for the calculation of the emission
measure is marked.

Appendix C: Derivation of the physical parameters
of Hil regions

We consider HII regions as Stromgren spheres. They are fully
ionized and contain no dust. Here we derive the emission mea-
sure, the electron density, and the total flux of ionizing photons
for such a region. We assume an electron density distribution
that equals n. within the radius ry of the HII region and is zero
elsewhere. We can then calculate the emission measure EM by
integrating the number of electrons and number of ions along the
line-of-sight. The factor accounts for both sides of the sphere.

o
EM =2 f nen;dz. (C.1)
0

If we assume that the HII regions only contain hydrogen, it fol-
lows that the electron density n. equals the ion density n;. Since
the electron density #. is uniform within the HII region, we can
rewrite Eq. (C.1) taking the geometry given in Fig. C.1 into
account.

EM =2n2 \Jr2 - a (C.2)
9 2
=2n2D6 |1 - (—) (C.3)
)
=2n2 D6y y(6,), (C4

where D is the distance to the source, 8y = ry/D is the radius

of the HII region in angular units, and 6, = +/x? + y2/D is the
angular position in the x — y plane (z = 0). If we want to cal-
culate the maximum emission measure, we set a = 0 and the

2
term /1 — (2—3) vanishes. Introducing the angular source diam-

eter Osource = 26p, We obtain

EM = n2 D Oyyree. (C.5)

However, neither the emission measure nor the electron density
are known. So we need another equation to solve Eq. (C.5). Inte-
grating the specific intensity /, over the angular size of the source
Qgource yields the flux density F,

F, = f 1,dQ.
Qource

The general solution of the radiative transfer equation

(C.6)

for the specific continuum intensity is e.g. given by
Rybicki & Lightman (1986) as
I,=Ie™+ f S, e mdr
0
=he ™ +S,(1-¢e"), €7

where S, is the source function of the HII region and Iy is
the background intensity. We assume an HII region with uni-
form temperature and negligible background temperature, i.e.
1,(0) < §,. The intensity 7, is then given by

IL,=S,(1-e™). (C.8)

We have to distinguish two cases for the optical depth 7,:

I = ST, %f 7, <1 (opt?cal th%n) (C9)
S, if 7, > 1 (optical thick).

The source function S, for the free-free radiation can be defined
using the Planck function B, at an electron temperature 7,

S, =B,(T.)

_2kTY?
~ =

) (C.10)

where k is the Boltzman constant, ¢ is the speed of light in
vacuum and # is the Planck constant. The second step holds
if hv <« kT (Rayleigh-Jeans approximation). The optical path
length for free-free emission was derived by Oster (1961), an
approximation is given by Altenhoff et al. (1960).

T.\-135 EM
T Altenhoff = 8.235 X 10_2 (_e) ( v

21
K GHZ) (pc cm‘6). ©1h)

This approximation deviates in the region of interest, i.e. 5 X
103 < T, < 1.2x 10*K and 100 MHz < v < 35 GHz, less than
10% (Mezger & Henderson 1967).

Putting everything together, and assuming optical thin emis-
sion, we obtain

~0.35 0.1
L7 :2_525><103(5) ( . ) EM
Jy K GHz pc cm©

) QSOUI'CE .
(C.12)

Usually one fits a Gaussian to the data and extracts the flux den-
sity and the full width at half maximum from this fit. However,
we determine the total flux in a given circular aperture. We thus
calculate the solid angle for the given density distribution as
follows.

0o
Qsource = 21 f O.4(0,) db,
0

_ 7_1' 02
- 6 source

= 1231x 107" (_950“fce )2.
' arcsec

(C.13)

Now we obtain the following expression for the emission mea-
sure for a circular aperture

EM FV Te 0.35 0.1 Hsource
| =3217x107( 2 (—) ( 4 ) (—)
pccm™ JyJ\K GHz arcsec

(C.14)

From that we can derive an expression to calculate the electron
density

0.5 0.175 0.05
Ne 6 (Fy (Te) ( v )
=2.576 x 10° | — —
(cm‘3 ) X ( Jy ) K GHz

X (HSOUI'CC )715 2 03 .
arcsec pc

(C.15)
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To derive the flux of ionizing photons, N, we balance the number
of recombinations and photoionizations within the HII region. In
a Stromgren sphere, this yields

N; = f nz (B~ BV, (C.16)
where 8 and ; are the rate coefficients for recombinations to
all levels and to the ground state, respectively. Thus (8 — B1)
provides the recombination coefficient to level 2 or higher.
Rubin (1968) approximate the recombination coefficient given
by Seaton (1959) for electron temperatures 7, generally found
in HII regions as

(%) —41x 10*10(%)

cm3 s7!

-0.8
(C.17)
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Including Eq. (C.17) in Eq. (C.16) and solving the integral for a
spherical symmetric clump yields:

Ni 4 ro 3 Ne 2 10 T, 08

— | =-r|— x4.1x10 (—) .
(s“) 37r(crn) (cm‘3) K
Converting the radius ry to the angular diameter 6yqy,ce 0of the HII

region and using Eq. (7) yields an expression for the total flux of
ionizing photons, given in practical units as

01/ p\?

) (—) . (C.19)

\7. F T -0.45
(N‘)=4.771><1042><(—V)(—"') ( Y
pC

(C.18)

= Iy J\K GHz



