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ABSTRACT

Context. Sagittarius B2 (Sgr B2) is a giant molecular cloud complex in the central molecular zone of our Galaxy hosting several sites
of high-mass star formation. The two main centers of activity are Sgr B2(M) and Sgr B2(N), which contain 27 and 20 continuum
sources, respectively. Our analysis aims to be a comprehensive modeling of each core spectrum, where we take the complex interaction
between molecular lines, dust attenuation, and free-free emission arising from H II regions into account. In this work, which is the first
of two papers on the complete analysis, we determine the dust and, if H II regions are contained, the parameters of the free-free thermal
emission of the ionized gas for each core, and derive a self-consistent description of the continuum levels of each core.
Aims. Using the high sensitivity of ALMA, we characterize the physical and chemical structure of these continuum sources and gain
better insight into the star formation process within the cores.
Methods. We used ALMA to perform an unbiased spectral line survey of all 47 sources in ALMA band 6 with a frequency coverage
from 211 to 275 GHz. In order to model the free-free continuum contribution of a specific core, we fit the contained recombination lines
to obtain the electron temperatures and the emission measures, where we use an extended XCLASS program to describe recombination
lines and free-free continuum simultaneously. In contrast to previous analyses, we derived the corresponding parameters here not only
for each core, but also for their local surrounding envelope, and determined their physical properties.
Results. The distribution of recombination lines we found in the core spectra closely fits the distribution of H II regions described in
previous analyses. In Sgr B2(M), the three inner sources are the most massive, whereas in Sgr B2(N) the innermost core A01 dominates
all other sources in mass and size. For the cores we determine average dust temperatures of around 236 K (Sgr B2(M)) and 225 K
(Sgr B2(N)), while the electronic temperatures are located in a range between 3800 and 23 800 K.
Conclusions. The self-consistent description of the continuum levels and the quantitative description of the dust and free-free contri-
butions form the basis for the further analysis of the chemical composition of the individual sources, which is continued in the next
paper. This detailed modeling will give us a more complete picture of the star formation process in this exciting environment.

Key words. astrochemistry – ISM: clouds – HII regions – dust, extinction – ISM: individual objects: Sagittarius B2(M) –
ISM: individual objects: Sagittarius B2(N)

1. Introduction

Sagittarius B2 (Sgr B2) is a giant molecular cloud complex in
the central molecular zone (CMZ) of our Galaxy and hosts sev-
eral sites of high-mass star formation. Situated at a distance of
8.34 ± 0.16 kpc (GRAVITY Collaboration 2019), Sgr B2 is one
of the most massive molecular clouds in the Galaxy with a mass
of 107 M⊙ and H2 densities of 103–105 cm−3 (Lis & Goldsmith
1989, Hüttemeister et al. 1995, Schmiedeke et al. 2016).

The Sgr B2 complex has a diameter of 36 pc (Schmiedeke
et al. 2016) and contains two main sites of active high-mass star
formation, Sgr B2 Main (M) and North (N), which are separated
by ∼48′′ (∼1.9 pc in projection). The two sites have comparable
luminosities of 2−10 × 106 L⊙, masses of 5 × 104 M⊙, and sizes
of ∼0.5 pc (see Schmiedeke et al. 2016) and are surrounded by
an envelope that occupies an area of around 2 pc in radius. This
envelope contains ∼70 high-mass stars with spectral types in the

range from O5 to B0 (see, e.g., Gaume et al. 1995, De Pree et al.
2014). The first envelope is embedded in another envelope with
a radius of 20 pc, which contains more than 99% of the total
mass of Sgr B2, although it has a much lower density (nH2 ∼

103 cm−3) and hydrogen column density (NH ∼ 1023 cm−2) com-
pared to the inner envelope, whose density (nH2 ∼ 105 cm−3)
and hydrogen column density (NH ∼ 1024 cm−2) are significantly
higher.

The greater number of H II regions and the higher degree of
fragmentation observed in Sgr B2(M) suggests a more evolved
stage and a greater amount of feedback compared to Sgr B2(N)
(see, e.g., Goldsmith et al. 1992, Qin et al. 2011; Sánchez-Monge
et al. 2017; Schwörer et al. 2019; Meng et al. 2019, 2022). Fur-
thermore, (M) is very rich in sulfur-bearing molecules, while (N)
is dominated by organic matter (Sutton et al. 1991; Nummelin
et al. 1998; Friedel et al. 2004; Belloche et al. 2013; Neill et al.
2014; Möller et al. 2021). Since both sites have high luminosities,
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Fig. 1. Continuum emission toward Sgr B2(M) at 242 GHz. A close-up of the central part is presented in the right panel. The identified sources are
shown as blue shaded polygons and are labeled with the corresponding source ID. The black points indicate the position of each core, described by
Sánchez-Monge et al. (2017). The intensity color scale is shown in units of brightness temperature, and the synthesized beam of 0.′′4 is in the lower
left corner. The green ellipses are the H II regions identified by De Pree et al. (2015).

indicating ongoing high-mass star formation, the age difference
between (M) and (N) is not very large, as shown by de Pree et al.
(1995, 1996), who used the photon flux of the exciting stars and
the ambient gas density to estimate an age of ∼104 yr for both
regions.

High-mass protoclusters such as Sgr B2 have complex multi-
layered structures that require an extensive analysis. Sgr B2
provides a unique opportunity to study in detail the nearest
counterpart of the extreme environments that dominate star for-
mation in the Universe. The high density of molecular lines
and the continuum emission detected toward the two main
sites indicate the presence of a large amount of material to
form new stars. Spectral line surveys give us the possibil-
ity to obtain a census of all atoms and molecules and give
insights into their thermal excitation conditions and dynamics
by studying line intensities and profiles, which allows us to sep-
arate different physical components and to identify chemical
patterns.

Although the molecular content of Sgr B2 has been ana-
lyzed in many line surveys before (see, e.g., Cummins et al.
1986; Turner 1989; Sutton et al. 1991; Nummelin et al. 1998;
Friedel et al. 2004; Belloche et al. 2013; Neill et al. 2014; Möller
et al. 2021), the high sensitivity of the Atacama Large Millime-
ter/submillimeter Array (ALMA) offers the possibility to gain
better insight into the star formation process. Our analysis, which
we describe in the following, is a continuation of the paper by
Sánchez-Monge et al. (2017), where 47 hot cores in the contin-
uum emission maps of Sgr B2(M) and (N) were identified, see
Figs. 1 and 2.

This paper is the first of two papers describing the full anal-
ysis of broadband spectral line surveys toward these 47 hot cores
to characterize the hot core population in Sgr B2(M) and (N).
This analysis aims to be a comprehensive modeling of each
core spectrum, where we take the complex interaction between
molecular lines, dust attenuation, and free-free emission arising
from H II regions into account.

As shown by Sánchez-Monge et al. (2017), many of the iden-
tified cores contain large amounts of dust. Additionally, some
cores were associated with H II regions. However, Sánchez-
Monge et al. (2017) do not distinguish between the contributions
from the cores and the envelope, which did not allow the
core mass to be isolated, especially for the weaker cores. In
addition, the extinction due to dust and ionized gas must be
determined properly to get reliable results for massive sources
such as Sgr B2(M) and (N). In this paper we quantify the dust
and, if present, the free-free contributions to the continuum by
deriving the appropriate parameters for each core and the local
surrounding envelope and determine the corresponding physical
properties. Here we obtain the dust temperatures from the results
of the line surveys by assuming that the dust temperature equals
the gas temperature, following Kruegel & Walmsley (1984) and
Goldsmith (2001), who showed that gas and dust are thermally
coupled at high densities (nH2 > 105 cm−3), which can be found
at the inner parts of the Sgr B2 complex.

In the second paper (Möller et al., in prep.), we describe the
analysis of the molecular content of each hot core. We iden-
tify the chemical composition of the detected sources and derive
column densities and temperatures.

This paper is structured as follows. In Sect. 2 we describe the
observations and outline the data reduction procedure, followed
by Sect. 3 where we present the modeling methodology used
to analyze the data set. Afterward, we describe and discuss our
results in Sect. 4. Finally, we present our conclusions in Sect. 5.

2. Observations and data reduction

Sgr B2 was observed with the Atacama Large Millime-
ter/submillimeter Array ALMA (ALMA; ALMA Partnership
2015) during Cycle 2 in June 2014 and June 2015, using 34–
36 antennas in an extended configuration with baselines in the
range from 30 to 650 m, which results in an angular resolution
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Fig. 2. Continuum emission toward Sgr B2(N) at 242 GHz. The right panel shows a close-up of the central part. The blue shaded polygons together
with the corresponding source ID indicate the identified hot cores. The black points indicate the position of each core described by Sánchez-Monge
et al. (2017). The intensity color scale is shown in units of brightness temperature, while the synthesized beam of 0.′′4 is indicated in the lower left
corner. The green ellipses are the H II regions identified by De Pree et al. (2015).

of 0.′′3 − 0.′′7 (corresponding to ∼3300 au). The observations
were carried out in the spectral scan mode covering all of
ALMA band 6 (211–275 GHz) with ten different spectral tun-
ings, providing a resolution of 0.5–0.7 km s−1 across the full
frequency band. The two sources Sgr B2(M) and Sgr B2(N) were
observed in track-sharing mode, with phase centers at αJ2000 =
17h47m20.s157, δJ2000 = −28◦23′04.′′53 for Sgr B2(M), and at
αJ2000 = 17h47m19.s887, δJ2000 = −28◦22′15.′′76 for Sgr B2(N).
Calibration and imaging were carried out with CASA1 version
4.4.0. Finally, all images were restored with a common Gaussian
beam of 0.′′4. Details of the observations, calibration and imag-
ing procedures are described in Sánchez-Monge et al. (2017) and
Schwörer et al. (2019).

3. Data analysis

The spectra of each hot core and the corresponding surrounding
envelope were modeled using the eXtended CASA Line Analysis
Software Suite (XCLASS2; Möller et al. 2017) with additional
extensions (Möller et al., in prep.). By solving the 1D radiative
transfer equation assuming local thermal equilibrium (LTE) con-
ditions and an isothermal source, XCLASS enables the modeling
and fitting of molecular lines

Tmb(ν) =
∑
m,c∈i

[
η
(
θm,csource

) [
S m,c(ν)

(
1 − e−τ

m,c
total(ν)

)
(1)

+Ibg(ν)
(
e−τ

m,c
total(ν) − 1

)] ]
+

(
Ibg(ν) − JCMB

)
,

1 The Common Astronomy Software Applications (CASA; McMullin
et al. 2007) is available at https://casa.nrao.edu
2 https://xclass.astro.uni-koeln.de/

where the sums go over the indices m for molecule, and c
for component. In Eq. (1), Tmb(ν) represents the intensity in
Kelvin, η(θm,c) the beam filling (dilution) factor, S m,c(ν) the
source function (see Eq. (10)), and τm,c

total(ν) the total optical depth
of each molecule m and component c. Additionally, Ibg indi-
cates the background intensity and JCMB the intensity of the
cosmic microwave background. As Sgr B2(M) and (N) have
high H2 densities (nH2 > 106 cm−3), LTE conditions can be
assumed (Mangum & Shirley 2015) and the kinetic tempera-
ture of the gas can be estimated from the rotation temperature:
Trot ≈ Tkin. For molecules, we assumed Gaussian line profiles,
whereas Voigt line profiles were used for radio recombination
lines (RRLs; see Sect. 3.1). Additionally, finite source size, dust
attenuation, and optical depth effects were taken into account
as well.

All molecular parameters (e.g., transition frequencies, Ein-
stein A coefficients) were taken from an embedded SQLite
database containing entries from the Cologne Database for
Molecular Spectroscopy (CDMS; Müller et al. 2001, 2005) and
the Jet Propulsion Laboratory database (JPL; Pickett et al. 1998)
using the Virtual Atomic and Molecular Data Center (VAMDC;
Endres et al. 2016). Additionally, the database used by XCLASS
describes partition functions for more than 2500 molecules
between 1.07 and 1000 K.

The contribution of each molecule is described by multiple
emission and absorption components, where each component is
specified by the source size θsource, the rotation temperature Trot,
the column density Ntot, the line width ∆v, and the velocity off-
set voffset from the source velocity (vLSR). Moreover, XCLASS
offers the possibility to locate each component at a certain dis-
tance l along the line of sight. All model parameters can be
fitted to observational data by using different optimization algo-
rithms provided by the optimization package MAGIX (Möller
et al. 2013). In order to reduce the number of fit parameters,
the modeling can be done simultaneously with corresponding
isotopologues and vibrationally excited states. The ratio with
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respect to the main species can be either fixed or used as an
additional fit parameter (for details, see Möller et al. 2017).

3.1. Recombination lines

In addition to molecules, XCLASS can also analyze radio
recombination lines. According to Quireza et al. (2006), who
analyzed a large number of galactic H II regions, deviations from
LTE are small, making LTE a reasonable assumption. Similar
to molecules, the contribution of each RRL is described by a
certain number of components, where each component is, in
addition to source size θsource (in arcsec) and distance l (stack-
ing parameter), defined by the electronic temperature Te (in K),
the emission measure EM (in pc cm−6), the line width(s) ∆v (in
km s−1), and the velocity offset voffset (in km s−1).

The optical depth of RRLs (in LTE) is given by (Gordon &
Sorochenko 2002)

τRRL,ν =

∫
κext

n1,n2,ν
ds

=
π h3 e2

(2πme kB)3/2 me c
· EM ·

n2
1 fn1,n2

T 3/2
e

× exp
[
Z2 En1

kBTe

] (
1 − e−hνn1 ,n2 /kBTe

)
ϕν. (2)

Here fn1,n2 indicates the oscillator strength νn1,n2 , the transition
frequency, n1 the main quantum number, and En1 the energy of
the lower state, which are taken from the embedded database. For
each RRL the database contains oscillator strengths up to ∆n = 6
(ζ-transitions) (i.e., all transitions of the RRL within the given
frequency range up to ζ transitions are taken into account). In
Eq. (2) the term ϕν represents the line profile function. XCLASS
offers the possibility to use a Gaussian G(x) or a Voigt V(x, σ, γ)
line profile function, which is a convolution of the Gaussian and
the Lorentzian function (Gordon & Sorochenko 2002):

V(x, σ, γ) =
∫ ∞

−∞

G(x;σ) L(x − x′, γ) dx′. (3)

Because the computation of the Voigt profile is computation-
ally quite expensive, XCLASS uses the pseudo-Voigt profile
ϕm,c,t

pseudo−Voigt(ν), which is an approximation of the Voigt pro-
file V(x) using a linear combination of a Gaussian G(x) and
a Lorentzian line profile function L(x), instead of their convo-
lution. The mathematical definition of the normalized pseudo-
Voigt profile (i.e.,

∫ ∞
0 ϕ

m,c,t
pseudo−Voigt(ν) dν = 1) is given by

ϕm,c,t
pseudo−Voigt(ν) = η · L(ν, f ) + (1 − η) ·G(ν, f ), (4)

with 0 < η < 1. There are several possible choices for the η
parameter. XCLASS use the expression derived by Thompson
et al. (1987),

η = 1.36603
(

fL

f

)
− 0.47719

(
fL

f

)2

+ 0.11116
(

fL

f

)3

, (5)

which is accurate to 1%. Here the expression

f =
[
f 5
G + 2.69269 f 4

G fL + 2.42843 f 3
G f 2

L (6)

+ 4.47163 f 2
G f 3

L + 0.07842 fG f 4
L + f 5

L

]1/5

indicates the total full width at half maximum (FWHM), where
fL and fG represents the Lorentzian and Gaussian full width at
half maximum, respectively. The application of a Voigt line pro-
file requires an additional parameter for each RRL and compo-
nent. In addition to the Gaussian line width ∆vm,cG , the Lorentzian
line width ∆vm,cL (in km s−1) has to be specified as well. These
line widths are related to the full widths at half maximum fL
and fG by

fG =
∆vm,cG

clight
· νm,ct ·

1 −
(
vm,coffset + vLSR

)
clight

 , (7)

fL =
∆vm,cL

clight
· νm,ct ·

1 −
(
vm,coffset + vLSR

)
clight

 ,
where νm,ct indicates the transition frequency of RRL m, com-
ponent c, and transition t; vm,coffset the velocity offset; and vLSR the
source velocity.

3.2. Free-free continuum

The hot plasma in H II regions gives rise to the emission of
thermal bremsstrahlung, which causes a continuum opacity. The
optical depth τff of this free-free contribution in terms of the
classical electron radius re =

α ℏ c
me c2 = α

2 a0 is given by (Beckert
et al. 2000)

τff =
4
3

(
2π
3

) 1
2

r3
e Z

Z2
i m3/2 c5

√
kB Te h ν3

(
1 − e−

hν
kB Te

)
⟨gff⟩ · EM

= 1.13725 ·
(
1 − e−

hν
kB Te

)
· ⟨gff⟩

×

[Te

K

]− 1
2
[
ν

GHz

]−3
[

EM
pc cm−6

]
, (8)

where Te indicates the electron temperature, EM the emis-
sion measure, and ⟨gff⟩ the thermal averaged free-free Gaunt
coefficient. XCLASS makes use of the tabulated thermal aver-
aged free-free Gaunt coefficients ⟨gff⟩ derived by van Hoof
et al. (2015), which include relativistic effects as well. In order
to model the free-free continuum contribution of a specific
core we fitted the corresponding RRLs to obtain the electron
temperatures Te and the emission measures EM (see Sect. 3.5).

3.3. Dust extinction

Extinction from dust is very important in Sgr B2 (see, e.g.,
Möller et al. 2021). Assuming that dust and gas are well mixed,
the dust opacity τd(ν) used by XCLASS is described by

τd(ν) = τd,ref ·

[
ν

νref

]β
(9)

=

[
NH · κνref · mH2 ·

1
χgas−dust

]
·

[
ν

νref

]β
,

where NH indicates the hydrogen column density (in cm−2), κνref

the dust mass opacity for a certain type of dust (in cm2 g−1,
Ossenkopf & Henning 1994), and β the spectral index3. In addi-
tion, νref = 230 GHz represents the reference frequency for κνref ,
mH2 the mass of a hydrogen molecule, and 1/χgas−dust the ratio of
dust to gas, which is set here to 1/100 (Hildebrand 1983).
3 We used temperature units for the fitting. The spectral indices for flux
units α is given by α = β + 2.
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3.4. Local overlap

In line-crowded sources like Sgr B2(M) and (N), the line inten-
sities from two neighboring lines that have central frequencies
with (partly) overlapping width regions do not simply add up if
at least one line is optically thick. Here photons emitted from one
line were absorbed by the other line. XCLASS takes the local
line overlap (described by Cesaroni & Walmsley 1991) from dif-
ferent components into account by computing an average source
function S l(ν) at frequency ν and distance l

S l(ν) =
εl(ν)
αl(ν)

=

∑
t τ

c
t (ν) S ν(T c

rot)∑
t τ

c
t (ν)

, (10)

where εl describes the emission and αl the absorption function,
T c

rot the excitation temperature, and τc
t the optical depth of tran-

sition t and component c. Additionally, the optical depths of
the individual lines included in Eq. (1) were replaced by their
arithmetic mean at distance l,

τl
total(ν) =

∑
c

∑
t

τc
t (ν)

 + τc
d(ν)

 , (11)

where the sums run over both components c and transitions t.
Here τc

d(ν) indicates the dust opacity, which was added as well.
The iterative treatment of components at different distances, also
takes nonlocal effects into account. The details of this procedure
are described in Möller et al. (2021).

3.5. Fitting procedure

3.5.1. General model setup

In our analysis, we assume a two-layer model for all cores in
Sgr B2(M) and (N), in which the first layer (hereafter the core
layer) describes the contributions from the corresponding core.
The second layer (hereafter the envelope layer) contains features
from the local surrounding envelope of Sgr B2 and is located
in front of the core layer. Here we assume that all components
belonging to a layer have the same distance to the observer. Fol-
lowing Sánchez-Monge et al. (2017), a core is identified within
the continuum emission maps of Sgr B2(M) and (N) if at least
one closed contour (polygon) above the 3σ level is found (where
σ indicates the rms noise level of the map of 8 mJy beam−1

for Sgr B2(M) and (N), respectively; see Figs. 1 and 2). The
spectra for each core shown in Figs. 3 and 4 are obtained by
averaging over all pixels contained in a polygon to improve the
signal-to-noise ratio and the detection of weak lines.

As shown in Figs. 1 and 2, extended structures are clearly
visible in addition to the identified compact sources; in other
words, the dust is not concentrated in the cores only, but a non-
negligible contribution is also contained in the envelope. Here
we cannot distinguish between the contributions of the inner and
outer envelope of Sgr B2. However, the outer envelope does
not contribute significantly due to its much lower density. To
obtain a reasonably consistent description of the continuum for
each core spectrum, the dust parameters for each core and the
local surrounding envelope have to be determined. In agree-
ment with Sánchez-Monge et al. (2017), we assume a dust mass
opacity of κ1300µm = 1.11 cm2 g−1 (agglomerated grains with
thin ice mantles in cores of densities 108 cm−3; Ossenkopf &
Henning 1994) for both layers. For some hot cores, those for
which we derive dust temperatures above 300 K, this may not
be a good choice. Using a different dust mass opacity (e.g.,

κ1300µm = 5.86 cm2 g−1; agglomerated grains without ice man-
tles in cores of densities 108 cm−3) results in hydrogen column
densities that are lower by a factor of five.

In our analysis (see Fig. 5) we started by identifying
molecules and, if contained, recombination lines in each core
spectrum and determined a quantitative description of their
respective contributions. Here we first used a phenomenological
description of the corresponding continuum level and neglected
dust and free-free contributions.

3.5.2. Envelope spectra

In the following we describe how we determined the dust param-
eters of the envelope by selecting pixels around each core that
are not too close to another core or H II region4 (see Fig. 6).
Here, we first selected points for each core that have the same
distance to the core center, and then successively shifted out-
ward those points that were still within the contour of the source
or too close to a H II region. The spectra at these positions were
used to compute an averaged envelope spectrum for each core
(see Figs. 3 and 4), where we used STATCONT (Sánchez-Monge
et al. 2018) to estimate the corresponding continuum level.

3.5.3. Dust parameters of the envelope

In order to compute the dust parameters for each envelope, we
assumed that the gas temperature equals the dust temperature
and estimated the gas temperature for each envelope by fitting
CH3CN, H2CCO, H2CO, H2CS, HNCO, and SO in the cor-
responding spectra (see Fig. 7). These molecules were chosen
because they show mostly isolated and nonblended transitions,
and therefore they could be used to derive temperatures without
requiring a full line survey analysis of the entire envelope spec-
trum. The final dust temperature for each envelope was computed
by averaging over the obtained excitation temperatures. The cor-
responding hydrogen column density NH and spectral index β
were determined by fitting the continuum level of each envelope
spectrum using XCLASS.

3.5.4. Free-free parameters of the envelope

Some envelope spectra (A07, A09, A24, and A26 in Sgr B2(M))
contain RRLs, which we used to determine the free-free con-
tribution to the corresponding continuum levels as well. The
frequency ranges covered by our observation, contain two Hα
(H29α and H30α), three Hβ (H36β, H37β, H38β), three Hγ
(H41γ, H42γ, H43γ), four Hδ (H44δ, H46δ, H47δ, H48δ), five
Hϵ (H47ϵ, H48ϵ, H49ϵ, H50ϵ, H51ϵ), and four Hζ (H50ζ, H52ζ,
H53ζ, H54ζ) transitions. Although the contributions of transi-
tions with ∆n ≥ 4 (δ-, ϵ-, and ζ-transitions) are very small,
they can still help in determining the model parameters (elec-
tron temperature Te and the emission measure EM) because
even very weak transitions contain useful information and pro-
vide additional constraints. In contrast to this procedure, we
performed a full line survey analysis of each envelope spec-
trum containing RRLs taking local overlap into account (see
Sect. 3.4) because the RRLs there contain nonnegligible admix-
tures of other molecules (see Fig. 8). In this analysis we started
by modeling all molecules and RRLs using the new XCLASS-
GUI included in the extended XCLASS package, which offers
the possibility to interactively model observational data and to

4 Here we considered the H II regions described by De Pree et al.
(2015).
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Fig. 3. Core (red line) and envelope (blue line) spectra for each core toward Sgr B2(M). The procedure used to calculate the envelope spectra is
described in Sect. 3.5.2. The continuum level for each core spectrum is indicated by the orange dotted line, while the continuum level of each
envelope spectrum is indicated by the green dotted line.
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Fig. 4. Core (red line) and envelope (blue line) spectra for each core toward Sgr B2(N). The procedure used to calculate the envelope spectra is
described in Sect. 3.5.2. The continuum level for each core spectrum is indicated by the orange dotted line, while the continuum level of each
envelope spectrum is indicated by the green dotted line.
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Perform a full molecular line survey analysis of each core spectrum
using a phenomenological description of the corresponding contin-
uum level and neglecting dust and free-free contributions; if present,
fit RRLs as well

Determine continuum parameters of each envelope spectrum

Compute envelope spectrum around each core; see Sect. 3.5.2

Subtract continuum using STATCONT

Contain
RRLs?

Determine excitation temperatures of selected molecules

Fit RRLs in env. spectra to get free-free
continuum parameters and compute
excitation temperatures of molecules

performing a full line survey analysis; see
Sect. 3.5.4

Compute average gas temperature of each envelope spectrum

Fit continuum level to get NH and β; see Sect. 3.5.3

Fit all molecule and RRL parameters
together with continuum parameters

Re-compute average gas temperature of each envelope spectrum

Fit continuum level to get NH and β

Determine continuum parameters of each core spectrum; see Sect. 3.5.5

Compute average gas temperatures using
excitation temperatures from the full line

survey analysis of each core

Fit continuum levels to get NH and β
taking continuum parameters of envelope

into account

Fit all molecule and RRL parameters
together with core continuum parameters

Yes

No

Figure 5: Flow chart of fitting process.

8

Fig. 5. Flow chart of fitting process.
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Fig. 6. Continuum emission toward Sgr B2(M) at 242 GHz around
core A17 (blue shaded polygon). The positions used for the computa-
tion of the averaged envelope spectrum are indicated by blue crosses.
The neighboring cores are indicated by black contours. The synthesized
beam of 0.′′4 is shown in the lower left corner.

describe molecules and recombination lines in LTE. The GUI
can be used to generate synthetic spectra from input physical
parameters, which can be overlaid on the observed spectra and/or
fitted to the observations to obtain the best fit to the physical
parameters. For all RRLs, we used a single emission component
covering the full beam. Furthermore, for species where only one
transition was included in the survey (e.g., CO and CS), a reliable
quantitative description of their contribution was not possible.
Since line overlap plays a major role for many sources, it was
necessary to model the contributions of these molecules as well.
Therefore, we fixed the excitation temperatures for components
describing emission features to a value of 200 K5. For compo-
nents describing absorption features, we assumed an excitation
temperature of 2.7 K. In the next step we computed the average
gas temperature from all identified molecules with more than
one transition, where we took into account all components that
describe emission features. After that, we performed one final fit,
where all molecule and RRL parameters were fitted together with
the hydrogen column density NH and spectral index β to achieve
a self-consistent description of the molecular and recombina-
tion lines and the continuum level. Subsequently, we recomputed
the average gas temperature to get the dust temperature of the
envelope.

3.5.5. Continuum parameters of core

In the next step we estimated the continuum parameters for each
core spectrum. Similarly to the procedure described above, we
obtained the dust temperature for each core from the average
gas temperature. We made use of the results of the analysis
of the full molecular line survey. Here we modeled all RRLs
with a single emission component, whose source size θcore is
given by the diameter of a circle that has the same area Acore as
the corresponding polygon describing the source6 (see Figs. 1

5 A temperature of 200 K might be too high for molecules located in
the envelope, but for molecules with only one transition a reliable tem-
perature estimation is not possible. Here we used the indicated value
only for a phenomenological description of the line shape of the cor-
responding molecule. The exact value has no further meaning for our
analysis.
6 Here we assumed a common source size for all molecules and RRLs
within a source since calculating each individual source size is too

and 2), which means we determined the source size θcore (see
Table 1) using

Acore = π
(
θcore

2

)2

⇒ θcore = 2

√
Acore

π
. (12)

For the temperature estimation we considered all the components
of molecules that describe emission features in the correspond-
ing core spectrum and that had more than one transition within
the frequency ranges covered by the observation. Afterward,
we used again XCLASS to derive the corresponding hydrogen
column density NH and spectral index β, taking into account
both the continuum contributions from the envelope layer and a
possibly existing free-free contribution from the core layer (see
Fig. 9). The obtained dust and free-free parameters for each layer
and source are described in Tables 2–4. Additionally, we calcu-
lated the contribution γ of each portion to the total continuum of
the corresponding core spectrum by determining the ratio of the
integrated intensity of each contribution and the total continuum.
Here each contribution was calculated without taking the inter-
action with other contributions into account, which is why the
ratios described in Tables 2–4 should be regarded as upper limits.

For some sources we were not able to derive a self-consistent
description of the continuum of the corresponding core spec-
trum. For sources A10, A20, A25, and A27 in Sgr B2(M) and
A07, A08, A10, A12, A13, and A20 in Sgr B2(N), we could
not find RRLs despite negative slopes of the continuum levels.
Additionally, the derived free-free parameters for source A16
in Sgr B2(N) cannot describe the observed slope. In addition,
sources A18 in Sgr B2(M) and A11 in Sgr B2(N) show positive
slopes that cannot be explained by optically thin dust emissions.
As mentioned by Sánchez-Monge et al. (2017), for some faint
sources the slope of the continuum levels might be falsified
by calibration issues and the frequency-dependent filtering out
of extended emission. For all sources where a self-consistent
description of the core continuum was not possible, we applied a
phenomenological description of the continuum and used aver-
aged dust parameters for the core layers in sources in Sgr B2(M)
and Sgr B2(N), respectively.

3.5.6. Errors of continuum parameters

The errors of the continuum parameters described in Tables 2–4
are derived by two different methods. The errors of the dust
temperatures for spectra without RRLs describe the standard
errors of the corresponding means, while the errors of the other
parameters were estimated using the emcee7 package (Foreman-
Mackey et al. 2013), which implements the affine-invariant
ensemble sampler of Goodman & Weare (2010), to perform
a Markov chain Monte Carlo (MCMC) algorithm approxi-
mating the posterior distribution of the model parameters by
random sampling in a probabilistic space. Here, the MCMC
algorithm starts at the estimated maximum of the likelihood
function, which is the continuum model parameters described in
Tables 2–4, and draws 30 samples (walkers) of model param-
eters from the likelihood function in a small ball around the a
priori preferred position. For each parameter we used 500 steps
to sample the posterior. The probability distribution and the

computationally expensive due to the calculation of the local overlap.
Therefore, our derived column densities describe lower limits only.
7 https://emcee.readthedocs.io/en/stable/
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Fig. 7. Selected transitions of HNCO (red lines) contained in the envelope spectrum (blue lines) around core A08 in Sgr B2(M). The gray dashed
line indicates the source velocity vlsr = 64 km s−1 of Sgr B2.

Fig. 8. Selected RRLs in the envelope spectra around core A07 (a), A09 (b), A24 (c), and A26 (d) in Sgr B2(M). The observational data is indicated
by the blue line, the pure RRL contribution by the red line, and the model spectrum taking all identified molecules into account by the dashed
green line. The vertical gray dashed line indicates the source velocity of Sgr B2(M).
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Table 1. Physical parameters for each source in Sgr B2(M) and Sgr B2(N).

Source θcore Mcore
d+g ncore

H2
ncore

e Mcore
i Ṅcore

i Rcore
St ccore

s tcore
exp

Pcore
e

Pcore
M

(′′) (M⊙) (107 cm−3) (104 cm−3) (10−3 M⊙) (1047 s−1) (10−3 pc) (km s−1) (104 yr) ()

Sgr B2(M)

A01 1.66 (0.6) 197.36 (727.0) 11.10 (111.1) 20.68 (44.0) 810.80 (72.0) 1116.48 (98.0) – – – –
A02 1.87 (0.6) 297.32 (815.0) 10.27 (103.2) – (30.0) – (64.0) – (59.0) – – – –
A03 1.18 (0.7) 107.25 (286.0) 17.52 (29.8) – – – – – – –
A04 1.16 (0.6) 70.82 (183.0) 8.51 (25.5) 13.67 (9.4) 180.70 (18.0) 80.08 (5.2) – – – –
A05 1.23 (0.6) 78.85 (191.0) 10.47 (27.7) – – – – – – –
A06 1.40 (0.6) 59.44 (150.0) 3.15 (21.7) – – – – – – –
A07 1.20 (0.5) 58.19 (126.0) 5.99 (23.2) 8.96 (5.2) 132.80 (6.5) 56.41 (1.1) – – – –
A08 0.98 (0.3) 21.97 (46.0) 1.01 (19.6) 19.65 (30.0) 159.67 (11.0) 114.75 (10.0) – – – –
A09 1.49 (0.6) 54.16 (109.0) 3.27 (15.8) – – – – – – –
A10(∗) 1.67 (1.1) – (160.0) – (6.9) – – – – – – –
A11 1.59 (0.6) 34.10 (84.0) 1.24 (12.1) – – – – – – –
A12 1.38 (0.8) 38.89 (87.0) 2.54 (6.8) – – – – – – –
A13 1.45 (0.9) 37.40 (88.0) 2.09 (5.3) – – – – – – –
A14 1.08 (0.6) 22.69 (48.0) 2.73 (6.1) – – – – – – –
A15 0.94 (0.6) 2.65 (5.0) 0.09 (0.8) 13.16 (16.0) 92.01 (23.0) 41.06 (11.0) 3.19 12.23 0.31 11.17
A16 1.72 (1.2) 17.93 (39.0) 1.99 (1.3) 9.63 (6.6) 419.22 (100.0) 129.97 (21.0) – – – –
A17 1.60 (1.2) 16.06 (45.0) 0.79 (1.5) 8.45 (4.0) 295.55 (67.0) 38.41 (8.2) – – – –
A18(∗) 0.98 (0.7) – (21.0) – (2.1) – – – – – – –
A19 1.13 (0.9) 12.12 (29.0) 1.86 (1.9) – – – – – – –
A20(∗) 1.08 (1.0) – (26.0) – (1.3) – – – – – – –
A21 0.71 (0.6) 4.61 (10.0) 4.55 (1.5) – – – – – – –
A22 0.76 (0.7) 5.00 (12.0) 4.31 (1.4) – – – – – – –
A23 1.09 (1.0) 10.47 (22.0) 4.11 (1.1) – – – – – – –
A24 0.55 (0.4) 1.16 (–) 6.59 (–) 39.47 (19.0) 55.26 (8.3) 47.96 (4.8) 0.23 16.03 0.70 0.87
A25(∗) 0.73 (0.6) – (9.0) – (1.2) – – – – – – –
A26 1.03 (0.9) 9.44 (18.0) 5.10 (1.0) – – – – – – –
A27(∗) 0.74 (0.6) – (8.0) – (1.0) – – – – – – –

Sgr B2(N)

A01 4.55 (1.4) 1542.64 (4083.0) 3.63 (98.6) 4.51 (4.8) 3641.60 (130.0) 509.88 (19.0) – – – –
A02 1.74 (0.6) 132.48 (294.0) 4.98 (36.6) – – – – – – –
A03 1.57 (0.7) 91.54 (221.0) 4.29 (22.7) – (4.4) – (13.0) – (1.7) – – – –
A04 1.53 (0.8) 97.46 (198.0) 4.85 (16.9) – – – – – – –
A05 1.54 (0.8) 75.23 (163.0) 2.94 (11.6) – – – – – – –
A06 1.74 (0.9) 86.90 (163.0) 2.28 (10.2) – – – – – – –
A07 1.06 (0.4) 25.14 (49.0) 3.92 (12.7) – – – – – – –
A08(∗) 1.30 (0.6) – (49.0) – (7.1) – – – – – – –
A09 1.58 (1.0) 37.53 (66.0) 1.41 (3.5) – – – – – – –
A10(∗) 1.03 (0.6) – (27.0) – (3.4) – (7.7) – (17.0) – (4.1) – – – –
A11(∗) 1.20 (0.8) – (38.0) – (2.7) – – – – – – –
A12(∗) 1.70 (1.1) – (66.0) – (2.8) – – – – – – –
A13(∗) 2.71 (2.0) – (166.0) – (2.1) – – – – – – –
A14 1.87 (1.5) 27.71 (79.0) 0.75 (1.8) – – – – – – –
A15 1.05 (0.8) 10.77 (23.0) 3.54 (1.9) – – – – – – –
A16(∗) 1.84 (1.6) – (75.0) – (1.5) 3.71 (–) 198.30 (–) 22.04 (–) – – – –
A17 0.74 (0.5) 6.37 (12.0) 1.39 (2.2) – – – – – – –
A18 1.59 (1.4) 22.73 (57.0) 0.76 (1.6) – – – – – – –
A19 0.92 (0.8) 9.83 (19.0) 2.69 (1.4) – – – – – – –
A20(∗) 0.60 (0.4) – (6.0) – (1.4) – (5.8) – (4.3) – (0.8) – – – –

Notes. Here θcore indicates the source size, Eq. (12); Mcore
d+g the dust and gas masses, Eq. (13); ncore

H2
the hydrogen density, Eq. (14); ncore

e the electron
density, Eq. (15); Mcore

i the ionized gas mass, Eq. (16); Ṅcore
i the number of ionizing photons per second, Eq. (17); Rcore

St the initial Strömgren radius,
Eq. (19); ccore

s the isothermal sound speed, Eq. (21); tcore
exp the dynamical age of a H II region, Eq. (20); and Pcore

e
Pcore

M
the ratio of the electron to molecular

pressure, Eq. (22). The values in parentheses indicate the values obtained by Sánchez-Monge et al. (2017). For sources marked with an asterisk (∗),
we could not derive a self-consistent description of the continuum of the corresponding core spectrum.
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Fig. 9. Selected RRLs in core spectra of A01 (a), A07 (b), and A16 (c) in Sgr B2(M) and A16 (d) in Sgr B2(N). The observational data is described
by the blue line, the pure RRL contribution by the red line, and the model spectrum taking all identified molecules into account by the dashed
green line. The vertical gray dashed line indicates the source velocity of Sgr B2(M).

A121, page 12 of 72



Möller, T., et al.: A&A proofs, manuscript no. aa46903-23

Table 2. Dust and free-free parameters for each envelope around sources in Sgr B2(M).

Source Tdust NH,dust βdust γdust Te EM γff
(K) (cm−2) (%) (K) (pc cm−6) (%)

Envelope

A01 61 ± 19 1.1(+25)+2.2(+00)
−3.1(+00) 0.9+9.9(−01)

−6.9(−01) 11.4+4.5(+00)
−4.1(+00) – – –

A02 77 ± 38 3.1(+24)+2.3(+01)
−1.7(+00) 0.8+1.1(+00)

−6.4(−01) 5.8+3.6(+00)
−3.2(+00) – – –

A03 55 ± 10 3.1(+24)+1.2(+00)
−1.9(+00) 2.0+9.7(−01)

−4.0(−01) 5.4+1.5(+00)
−1.2(+00) – – –

A04 71 ± 53 3.4(+24)+1.3(+00)
−1.4(+00) 0.7+5.5(−02)

−7.1(−02) 9.7+7.9(+00)
−7.9(+00) – – –

A05 71 ± 47 2.1(+24)+1.3(+00)
−1.2(+00) 0.1+8.8(−01)

−2.1(−01) 5.9+4.6(+00)
−4.2(+00) – – –

A06 81 ± 30 1.7(+24)+3.1(+00)
−1.1(+00) 1.4+4.2(−01)

−4.7(−01) 12.2+5.4(+00)
−5.1(+00) – – –

A07 96 ± 128 9.9(+23)+1.0(+00)
−1.1(+00) 0.2+2.6(−01)

−8.6(−02) 5.8+8.3(+00)
−5.8(+00) 5817+5.5(+03)

−1.4(+03) 8.8(+06)+1.7(+00)
−1.9(+00) 0.5+8.2(−02)

−3.6(−02)

A08 88 ± 43 2.1(+24)+4.9(+00)
−2.9(+00) 0.1+5.0(−01)

−3.8(−01) 15.0+8.5(+00)
−8.0(+00) – – –

A09 114 ± 84 1.2(+24)+1.1(+00)
−1.1(+00) 0.2+2.1(−01)

−7.1(−02) 12.2+9.7(+00)
−9.5(+00) 2781+1.2(+03)

−1.2(+03) 1.2(+07)+1.3(+00)
−2.4(+00) 1.3+1.1(−01)

−1.8(−01)

A10(∗) 54 ± 41 1.8(+24)+1.0(+00)
−1.0(+00) 0.1+5.5(−01)

−4.0(−03) – – – –

A11 51 ± 17 1.7(+24)+2.4(+00)
−2.1(+00) 0.1+1.6(+00)

−7.9(−01) 13.7+6.4(+00)
−5.3(+00) – – –

A12 71 ± 37 2.1(+24)+1.6(+00)
−1.6(+00) 0.5+1.5(+00)

−2.9(−01) 16.3+1.1(+01)
−9.4(+00) – – –

A13 72 ± 38 1.7(+24)+1.0(+00)
−1.0(+00) 0.1+2.6(−02)

−2.1(−02) 15.1+8.5(+00)
−8.5(+00) – – –

A14 72 ± 36 3.5(+24)+2.7(+00)
−2.8(+00) 0.1+7.8(−01)

−5.9(−02) 32.4+1.9(+01)
−1.8(+01) – – –

A15 67 ± 17 1.8(+24)+1.7(+00)
−1.7(+00) 0.7+5.5(−01)

−3.5(−01) 24.6+7.5(+00)
−7.0(+00) – – –

A16 65 ± 15 2.2(+24)+1.0(+00)
−1.0(+00) 1.0+2.8(−02)

−4.2(−02) 10.8+2.7(+00)
−2.7(+00) – – –

A17 55 ± 23 1.1(+24)+1.0(+00)
−1.0(+00) 0.1+5.0(−02)

−4.9(−02) 8.0+3.8(+00)
−3.8(+00) – – –

A18(∗) 83 ± 6 2.3(+24)+1.0(+00)
−1.0(+00) 0.1+1.8(−01)

−3.1(−01) – – – –

A19 46 ± 0 1.6(+24)+1.4(+01)
−7.4(+00) 0.1+1.1(+00)

−6.0(−01) 13.5+6.7(−01)
−3.1(−01) – – –

A20(∗) 64 ± 19 2.3(+24)+1.0(+00)
−1.1(+00) 0.2+6.9(−01)

−3.1(−01) – – – –

A21 86 ± 10 1.9(+24)+8.3(+00)
−2.1(+00) 0.1+1.2(+00)

−4.7(−01) 26.2+5.0(+00)
−3.9(+00) – – –

A22 60 ± 7 3.2(+24)+2.8(+00)
−4.1(+00) 0.1+9.5(−01)

−5.9(−01) 27.3+4.9(+00)
−4.1(+00) – – –

A23 70 ± 10 1.7(+24)+3.9(+00)
−1.7(+00) 0.1+2.2(+00)

−2.2(−01) 12.9+3.8(+00)
−2.3(+00) – – –

A24 50 ± 87 2.5(+24)+1.0(+00)
−1.1(+00) 0.4+1.7(−01)

−9.4(−02) 9.2+1.8(+01)
−9.2(+00) 4414+7.2(+02)

−1.7(+03) 2.2(+07)+1.4(+00)
−2.0(+00) 1.8+6.5(−02)

−2.1(−01)

A25(∗) 53 ± 51 4.1(+24)+3.6(+00)
−1.3(+00) 0.1+8.3(−01)

−4.7(−01) – – – –

A26 162 ± 45 1.4(+24)+1.0(+00)
−1.0(+00) 0.2+3.0(−02)

−1.7(−02) 21.1+6.2(+00)
−6.1(+00) 3369+4.7(+02)

−1.2(+02) 2.1(+07)+1.1(+00)
−1.1(+00) 2.2+6.7(−02)

−1.9(−02)

A27(∗) 70 ± 14 1.7(+24)+2.3(+00)
−1.2(+00) 0.4+6.0(−01)

−2.2(−01) – – – –

Notes. Exponents are given in parentheses, e.g., 1.4(16) = 1.4 × 1016. The errors of the continuum parameters are indicated by subscript (left) and
superscript (right) values, e.g., 1.1(+25)+2.2(+00)

−3.1(+00) is the lower limit of 1.1 × 10+25 − 3.1 × 10+00 and 1.1 × 10+25 + 2.2 × 10+00 is the upper limit of the
corresponding hydrogen column density of 1.1 × 10+25. For sources marked with an asterisk (∗), we could not derive a self-consistent description
of the continuum of the corresponding core spectrum. Here Tdust indicates the dust temperature in K, NH,dust the hydrogen column density in cm−2,
and βdust the power-law index of the dust emissivity. We use temperature units for the fitting. Therefore, the spectral indices for flux units α is given
by α = β + 2. Additionally, γdust describes the contribution of dust to the total continuum of the corresponding core spectrum in %, Te the electron
temperature in K, EM the emission measure in pc cm−6, and γff the free-free contribution to the total continuum in %.

corresponding highest posterior density (HPD) interval of each
continuum parameter were calculated afterward. Details of the
HPD interval are described in Möller et al. (2021). In order to
get a more reliable error estimation, the errors for the hydrogen
column densities and emission measures are calculated on log
scale (i.e., these parameters are converted to their log10 values
before applying the MCMC algorithm) and converted back to
linear scale after finishing the error estimation procedure. For

most sources, the log10 errors of the hydrogen column densi-
ties and spectral indices are tiny, so the linear values are usually
on the order of one. Finally the errors of the ratios γ are calcu-
lated using the continuum parameters, where each parameter is
reduced (enhanced) by the corresponding left (right) error value.

The posterior distributions of the continuum parameters of
core A17 in Sgr B2(M) are shown in Fig. 10; the distributions for
the other cores are shown in Appendix A. For all histograms we
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Table 3. Dust and free-free parameters for each core in Sgr B2(M).

Source Tdust NH,dust βdust γdust Te EM γff
(K) (cm−2) (%) (K) (pc cm−6) (%)

Core

A01 342 ± 168 2.3(+25)+1.0(+00)
−1.0(+00) 2.6+1.4(−01)

−1.5(−02) 102.7+5.2(+01)
−5.1(+01) 3808+4.4(+01)

−1.8(+02) 2.9(+09)+1.0(+00)
−1.0(+00) 52.9+1.2(−01)

−5.5(−01)

A02 286 ± 115 2.4(+25)+1.0(+00)
−1.0(+00) 0.4+3.4(−03)

−2.9(−03) 106.0+4.4(+01)
−4.4(+01) – – –

A03 254 ± 107 2.6(+25)+1.0(+00)
−1.0(+00) 2.3+3.3(−02)

−6.6(−02) 107.6+4.7(+01)
−4.6(+01) – – –

A04 243 ± 90 1.2(+25)+1.1(+00)
−1.0(+00) 2.4+9.6(−02)

−3.6(−01) 84.4+3.2(+01)
−3.3(+01) 9365+1.6(+03)

−1.0(+03) 8.7(+08)+1.1(+00)
−1.4(+00) 23.4+9.6(−01)

−6.9(−01)

A05 250 ± 85 1.6(+25)+1.2(+00)
−1.0(+00) 0.7+9.1(−02)

−3.8(−02) 101.7+3.6(+01)
−3.5(+01) – – –

A06 256 ± 86 5.5(+24)+4.6(+00)
−6.7(+00) 1.0+2.6(+00)

−3.8(−01) 93.9+4.9(+01)
−3.4(+01) – – –

A07 217 ± 70 9.0(+24)+1.0(+00)
−1.0(+00) 1.4+3.2(−02)

−1.9(−02) 82.6+2.8(+01)
−2.7(+01) 5823+9.5(+01)

−3.1(+00) 3.9(+08)+1.0(+00)
−1.0(+00) 17.4+7.2(−02)

−0.0(+00)

A08 211 ± 44 1.2(+24)+1.8(+00)
−1.0(+00) 1.5+1.6(−01)

−1.4(+00) 16.0+3.7(+00)
−4.2(+00) 8052+2.3(+01)

−7.7(+02) 1.5(+09)+1.0(+00)
−1.2(+00) 77.6+7.2(−02)

−2.0(+00)

A09 207 ± 68 6.1(+24)+1.0(+00)
−1.0(+00) 0.8+3.0(−03)

−2.4(−03) 90.4+3.0(+01)
−3.0(+01) – – –

A10(∗) 236 7.8(+24) 1.4 – – – –

A11 231 ± 41 2.4(+24)+1.0(+00)
−1.0(+00) 2.6+2.5(−02)

−1.9(−02) 91.8+1.7(+01)
−1.7(+01) – – –

A12 225 ± 55 4.4(+24)+1.0(+00)
−1.0(+00) 1.2+2.6(−02)

−1.0(−02) 90.6+2.3(+01)
−2.3(+01) – – –

A13 220 ± 59 3.8(+24)+1.1(+00)
−1.2(+00) 2.5+5.4(−01)

−1.1(+00) 90.6+2.8(+01)
−2.8(+01) – – –

A14 205 ± 77 3.7(+24)+1.6(+00)
−1.2(+00) 1.7+2.0(−01)

−7.4(−02) 77.0+3.1(+01)
−3.0(+01) – – –

A15 219 ± 95 1.1(+23)+1.3(+00)
−2.8(+00) 0.0+2.8(+00)

−7.4(−01) 3.4+2.2(+00)
−1.6(+00) 8850+1.7(+02)

−4.0(+02) 6.5(+08)+1.0(+00)
−1.0(+00) 77.4+3.8(−01)

−9.2(−01)

A16 224 ± 54 4.3(+24)+1.0(+00)
−1.0(+00) 0.6+6.5(−02)

−8.0(−02) 62.6+1.6(+01)
−1.6(+01) 9445+2.9(+02)

−3.6(+02) 6.5(+08)+1.0(+00)
−1.1(+00) 37.2+2.9(−01)

−3.7(−01)

A17 295 ± 76 1.6(+24)+1.0(+00)
−1.0(+00) 0.0+5.0(−02)

−1.0(−03) 58.6+1.5(+01)
−1.5(+01) 23 779+1.9(+03)

−2.0(+03) 4.6(+08)+1.0(+00)
−1.0(+00) 38.2+8.5(−01)

−9.8(−01)

A18(∗) 236 7.8(+24) 1.4 – – – –

A19 225 ± 54 2.6(+24)+5.1(+00)
−2.4(+00) 2.8+5.2(−01)

−8.5(−01) 92.0+2.6(+01)
−2.6(+01) – – –

A20(∗) 236 7.8(+24) 1.4 – – – –

A21 230 ± 30 4.1(+24)+1.3(+01)
−5.5(+00) 0.6+1.9(+00)

−3.8(−01) 79.1+1.9(+01)
−1.2(+01) – – –

A22 218 ± 34 4.1(+24)+1.0(+00)
−1.0(+00) 2.6+7.1(−02)

−1.2(−01) 81.9+1.3(+01)
−1.4(+01) – – –

A23 219 ± 42 5.6(+24)+1.0(+00)
−1.1(+00) 0.9+8.5(−02)

−6.7(−02) 92.9+1.9(+01)
−1.9(+01) – – –

A24 209 ± 50 4.5(+24)+1.0(+00)
−1.3(+00) 0.0+6.4(−01)

−8.4(−04) 26.7+7.4(+00)
−6.7(+00) 15 214+5.8(+02)

−1.9(+02) 3.4(+09)+1.1(+00)
−1.0(+00) 77.4+8.2(−01)

−2.8(−01)

A25(∗) 236 7.8(+24) 1.4 – – – –

A26 195 ± 63 6.6(+24)+1.0(+00)
−1.0(+00) 1.3+2.5(−03)

−3.5(−03) 80.7+2.7(+01)
−2.7(+01) – – –

A27(∗) 236 7.8(+24) 1.4 – – – –

Notes. Exponents are given in parentheses, e.g., 1.4(16) = 1.4 × 1016. The errors of the continuum parameters are indicated by subscript (left) and
superscript (right) values, e.g., 3.7(+24)+1.6(+00)

−1.2(+00) is the lower limit of 3.7 × 10+24 − 1.2 × 10+00 and 3.7 × 10+24 + 1.6 × 10+00 is the upper limit of the
corresponding hydrogen column density of 3.7 × 10+24. For sources marked with an asterisk (∗), we could not derive a self-consistent description
of the continuum of the corresponding core spectrum. Here Tdust indicates the dust temperature in K, NH,dust the hydrogen column density in cm−2,
and βdust the power-law index of the dust emissivity. We use temperature units for the fitting. Therefore, the spectral indices for flux units α is given
by α = β + 2. Additionally, γdust describes the contribution of dust to the total continuum of the corresponding core spectrum in %, Te the electron
temperature in K, EM the emission measure in pc cm−6, and γff the free-free contribution to the total continuum in %.

find a unimodal distribution, i.e. that the associated parameters
are uniquely determined.

4. Results and discussion
4.1. Results

In the two regions, Sgr B2(M) and Sgr B2(N), most of the cores
and their local envelopes are dominated by the contribution of
thermal dust, where the dense dust-dominated cores are optically
thick toward the center and optically thin in the outer regions

(see Figs. 11 and 12). The greater number of H II regions in
Sgr B2(M) cause strong thermal free-free emissions, which for
some cores are the dominant continuum contributions to the total
continuum levels. However, we also detect ionized gas localized
between the sources, as we found in the envelope around cores
A09 and A26 in Sgr B2(M).

4.1.1. Results of Sgr B2(M)

For local envelopes around the hot cores in Sgr B2(M) we found
only a small variation in the dust parameters except for those
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Table 4. Dust and free-free parameters for each source in Sgr B2(N).

Source Tdust NH,dust βdust γdust Te EM γff

(K) (cm−2) (%) (K) (pc cm−6) (%)

Envelope

A01 39 ± 21 1.0(+25)+3.0(+00)
−4.7(+00) 1.5+4.5(−01)

−4.0(−01) 10.5+7.0(+00)
−6.7(+00) – – –

A02 35 ± 0 5.3(+24)+1.0(+00)
−1.0(+00) 0.2+2.5(−01)

−1.0(−01) 9.3+9.0(−02)
−3.5(−02) – – –

A03 48 ± 23 2.3(+24)+1.6(+00)
−1.7(+00) 0.9+8.0(−01)

−4.4(−01) 6.6+4.0(+00)
−3.7(+00) – – –

A04 59 ± 20 2.7(+24)+1.0(+00)
−1.0(+00) 0.1+6.0(−02)

−3.8(−02) 9.9+3.8(+00)
−3.8(+00) – – –

A05 58 ± 3 5.4(+24)+1.0(+00)
−1.0(+00) 2.1+7.2(−02)

−2.4(−02) 27.3+2.0(+00)
−1.9(+00) – – –

A06 63 ± 12 2.8(+24)+1.0(+00)
−1.0(+00) 0.8+1.8(−02)

−4.0(−02) 18.6+4.0(+00)
−4.0(+00) – – –

A07 58 ± 16 2.6(+24)+2.0(+01)
−3.3(+00) 2.5+2.0(−01)

−1.6(+00) 19.5+6.3(+00)
−7.0(+00) – – –

A08(∗) 62 ± 29 9.7(+23)+9.9(+01)
−1.8(+00) 0.1+2.9(+00)

−8.8(−01) – – – –
A09 43 ± 31 1.5(+24)+1.5(+01)

−8.0(+00) 0.1+7.2(−01)
−6.9(−01) 12.4+1.1(+01)

−1.0(+01) – – –
A10(∗) 68 ± 20 1.6(+24)+1.3(+01)

−1.5(+00) 0.1+1.5(+00)
−1.7(+00) – – – –

A11(∗) 68 ± 13 2.1(+24)+2.0(+00)
−5.2(+00) 1.6+9.5(−01)

−7.7(−01) – – – –
A12(∗) 77 ± 0 5.1(+23)+1.1(+00)

−1.1(+00) 0.1+7.0(−01)
−9.0(−01) – – – –

A13(∗) 53 ± 22 5.5(+23)+1.0(+00)
−1.0(+00) 0.1+4.1(−01)

−8.1(−02) – – – –
A14 70 ± 24 5.5(+23)+4.7(+01)

−2.4(+00) 0.1+2.6(+00)
−4.5(−01) 7.6+4.3(+00)

−3.0(+00) – – –
A15 86 ± 5 1.4(+24)+1.3(+00)

−1.2(+00) 0.1+1.0(+00)
−7.2(−01) 14.9+1.8(+00)

−1.5(+00) – – –
A16(∗) 58 ± 22 1.2(+24)+1.0(+00)

−1.0(+00) 0.3+4.9(−01)
−2.2(−01) – – – –

A17 60 ± 17 5.1(+24)+3.3(+00)
−3.1(+01) 1.2+1.6(+00)

−2.6(−01) 71.2+3.0(+01)
−2.3(+01) – – –

A18 77 ± 0 7.4(+23)+1.6(+01)
−5.8(+00) 0.1+1.5(+00)

−7.6(−01) 14.3+1.0(+00)
−4.2(−01) – – –

A19 56 ± 24 1.6(+24)+1.0(+00)
−1.0(+00) 0.1+3.4(−02)

−3.3(−02) 18.0+8.9(+00)
−8.8(+00) – – –

A20(∗) 45 ± 23 3.3(+24)+4.9(+00)
−3.7(+00) 0.1+9.0(−01)

−1.7(+00) – – – –

Core

A01 248 ± 64 2.1(+25)+1.0(+00)
−1.4(+00) 2.5+1.3(+00)

−0.0(+00) 127.3+3.9(+01)
−3.4(+01) 9882+1.0(+04)

−7.0(+03) 3.7(+08)+5.0(+00)
−9.5(+03) 10.1+1.8(+00)

−3.5(+00)

A02 221 ± 69 1.1(+25)+1.0(+00)
−1.0(+00) 1.4+4.4(−03)

−4.7(−03) 110.6+3.5(+01)
−3.6(+01) – – –

A03 240 ± 74 8.4(+24)+1.4(+00)
−2.0(+01) 1.5+1.6(−01)

−1.0(+00) 102.0+3.4(+01)
−3.5(+01) – – –

A04 210 ± 53 9.2(+24)+1.0(+00)
−1.0(+00) 0.6+7.5(−03)

−1.4(−01) 99.4+2.6(+01)
−2.7(+01) – – –

A05 223 ± 109 5.7(+24)+1.6(+00)
−1.5(+00) 0.8+9.2(−01)

−7.4(−02) 90.9+5.2(+01)
−4.6(+01) – – –

A06 196 ± 49 5.0(+24)+1.4(+00)
−1.1(+00) 0.5+6.3(−02)

−4.3(−02) 90.4+2.4(+01)
−2.4(+01) – – –

A07 208 ± 54 5.2(+24)+1.0(+00)
−1.0(+00) -0.1+1.2(−01)

−1.4(−01) 89.6+2.4(+01)
−2.4(+01) – – –

A08(∗) 225 6.1(+24) 0.7 – – – –
A09 190 ± 26 2.8(+24)+1.0(+00)

−1.0(+00) 0.0+1.3(−02)
−1.2(−02) 92.6+1.4(+01)

−1.3(+01) – – –
A10(∗) 225 6.1(+24) 0.7 – – – –
A11(∗) 225 6.1(+24) 0.7 – – – –
A12(∗) 225 6.1(+24) 0.7 – – – –
A13(∗) 225 6.1(+24) 0.7 – – – –
A14 282 ± 45 1.8(+24)+1.0(+00)

−1.1(+00) 1.4+5.2(−02)
−6.3(−02) 94.3+1.6(+01)

−1.6(+01) – – –
A15 231 ± 39 4.7(+24)+2.8(+00)

−5.0(+00) 0.2+9.2(−01)
−1.5(−01) 89.7+2.0(+01)

−1.6(+01) – – –
A16(∗) 225 6.1(+24) 0.7 – 10 320+1.7(+03)

−9.2(+02) 1.0(+08)+1.0(+00)
−1.0(+00) –

A17 203 ± 51 1.3(+24)+1.0(+00)
−1.0(+00) 0.1+1.2(−03)

−2.1(−07) 35.1+9.2(+00)
−9.2(+00) – – –

A18 267 ± 132 1.5(+24)+1.0(+00)
−1.0(+00) 0.2+1.5(−02)

−1.6(−02) 88.1+4.5(+01)
−4.5(+01) – – –

A19 206 ± 77 3.1(+24)+1.0(+00)
−1.0(+00) 0.0+1.5(−02)

−2.8(−03) 86.9+3.4(+01)
−3.4(+01) – – –

A20(∗) 225 6.1(+24) 0.7 – – – –

Notes. Exponents are given in parentheses, e.g., 1.4(16) = 1.4 × 1016. The errors of the continuum parameters are indicated by subscript (left) and
superscript (right) values, e.g., 1.0(+25)+3.0(+00)

−4.7(+00) is the lower limit of 1.0 × 10+25 − 4.7 × 10+00 and 1.0 × 10+25 + 3.0 × 10+00 is the upper limit of the
corresponding hydrogen column density of 1.0 × 10+25. For sources marked with an asterisk (∗), we could not derive a self-consistent description
of the continuum of the corresponding core spectrum. Here Tdust indicates the dust temperature in K, NH,dust the hydrogen column density in cm−2,
and βdust the power-law index of the dust emissivity. We use temperature units for the fitting. Therefore, the spectral indices for flux units α is given
by α = β + 2. Additionally, γdust describes the contribution of dust to the total continuum of the corresponding core spectrum in %, Te the electron
temperature in K, EM the emission measure in pc cm−6, and γff the free-free contribution to the total continuum in %.
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Fig. 10. Corner plot (Foreman-Mackey 2016) showing the 1D and 2D projections of the posterior probability distributions of the continuum
parameters of core A17, in Sgr B2(M). At the top of each column the probability distribution for each free parameter is shown together with
the 50% quantile (median) and the corresponding left and right errors. The left and right dashed lines indicate the lower and upper limits of the
corresponding HPD interval, respectively. The blue line indicates the median of the distribution. The dashed orange lines indicate the parameter
values of the best fit. The plots in the lower left corner describe the projected 2D histograms of two parameters. For a better estimation of the errors,
the error of the hydrogen column density and the emission measure on log10 scale are determined and use the velocity offset (voff) related to the
source velocity of vLSR = 64 km s−1.

envelopes containing RRLs (A07, A09, A24, and A26). The
dust temperatures vary between 46 K (A19) and 88 K (A08) for
envelopes whose spectra do not contain RRLs. For envelopes
where free-free ionized gas emission has been found, the dust
temperatures are in the range of 50 K (A24) and 162 K (A26).
Additionally, the envelope around the central core A01 shows

the highest hydrogen column density of 1.1 × 1025 cm−2, while
the lowest hydrogen column densities are found for envelopes
containing RRLs. For the majority of spectra we find spectral
dust indices of β = 0.1 (α = 2.1) (A05, A08, A10, A11, A13,
A14, A17, A18, A19, A21, A22, A23, A25), which are associated
with optically thick dust emission (see, e.g., Schnee et al. 2014,
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Fig. 11. Derived dust temperatures and hydrogen column densities for
each envelope (blue) and core (red) layer in Sgr B2(M) (circles) and (N)
(squares). Layers containing RRLs are indicated by a black border. The
size of each scatter point corresponds to the corresponding source size.
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Fig. 12. Derived dust temperatures and spectral indices for each enve-
lope (blue) and core (red) layer in Sgr B2(M) (circles) and (N) (squares).
Layers containing RRLs are indicated by a black border. The size of
each scatter point corresponds to the corresponding source size.

Reach et al. 2015). For core A03, we derive an index of β =
2.0 (α = 4.0), which indicates optically thin dust emission.
Envelopes containing free-free emission in their spectra have
spectral dust indices between 0.2 and 0.4 (i.e., moderate optically
thick dust emission). The contributions of the dust emission from
the envelopes to the total continua observed toward the hot cores
vary between 5.4 (A03) and 32.4% (A14). From the RRLs we
obtain electronic temperatures between 2781 (A09) and 5817 K
(A07), finding no correlation with dust temperatures. The corre-
sponding emission measures are located within a small range
between 8.8 × 106 (pc cm−6) (A07) and 2.2 × 107 (pc cm−6)
(A24). The free-free emissions in the envelopes contribute
almost nothing to the observed continuum and range from 0.5
(A07) to 2.2% (A26). Eight hot core spectra in Sgr B2(M) con-
tain RRLs. For two other sources (A09, A26) we could not detect
RRLs in the corresponding core spectra, although RRLs are

found in their envelopes, which may be due to the fact that there
is ionized gas localized between the sources and that we used
averaged core spectra (see, e.g., Fig. 6, where possible contri-
butions from individual pixels with a small RRL contribution
were averaged out). For example, the polygon used to calculate
the averaged core spectrum of A26 contains a small H II region
identified by De Pree et al. (2015; see Fig. 1), but we could not
detect any RRLs in the corresponding core spectrum. On the
other hand, the identification of RRLs in the core spectrum of
A17 in Sgr B2(M) is remarkable because De Pree et al. (2015)
do not describe a H II region in the vicinity of this source. The
hot cores in Sgr B2(M) have dust temperatures ranging from 195
(A26) to 342 K (A01), but unlike in the envelope spectra, we
do not find a general correlation between cores containing RRLs
and high dust temperatures, which again may be due to the use of
averaged core spectra. Moreover, we obtain the highest hydrogen
column density not for the central core A01, as Sánchez-Monge
et al. (2017), but for core A03. This discrepancy could be due
to the fact that, unlike Sánchez-Monge et al. (2017), we decom-
pose the contributions from the envelope and core, where the
envelope around core A01 has the highest hydrogen column den-
sity of all envelopes in Sgr B2(M). Furthermore, the continuum
of core A01 contains strong free ionized gas emissions. In con-
trast to the envelopes, the majority of core spectra shows spectral
dust indices above 0.4. Only three cores have spectral indices of
β = 0.0 (α = 0.0). Half of all cores (A01, A04, A07, and A08)
containing RRLs have spectral indices above 1.0, which are asso-
ciated with optically thin dust emission. For cores whose spectra
do not contain RRLs and for which we could derive a self-
consistent description of the continuum level, we obtain approxi-
mately the same spectral indices as Sánchez-Monge et al. (2017).

The obtained electronic temperatures Te show a large vari-
ation between 3808 (A01) and 23 779 K (A17). Although elec-
tronic temperatures above 10 000 K are unusual for H II regions
(Zuckerman et al. 1967, Gordon & Sorochenko 2002), the tem-
peratures agree quite well with those derived by Quireza et al.
(2006), where temperatures between 1850 and 21 810 K were
found using high-precision radio recombination line and contin-
uum observations of more than 100 H II regions in the Galactic
disk. Taking non-LTE effects into account, Mehringer et al.
(1995) derived an electronic temperature of Te = 23 700 K toward
a source in Sgr B2(M), which is very close to the LTE temper-
ature we determined for source A17. Additionally, Quireza et al.
(2006) identified a Galactic H II region (G220.508–2.8) with an
electronic temperature of Te = 21 810 K. Furthermore, the error
estimation for A17 (see Fig. 10) shows that the best description
of the free-free contribution occurs at the indicated temperature.
Although we cannot rule out the possibility that the slope of
the continuum level of core A17 is affected by interferometric
filtering, this high temperature seems to actually exist, but it is
unclear what mechanism heats the gas to such high temperatures.
The electron temperature of a H II region in thermal equilibrium
is determined by the balance of competing heating and cooling
mechanisms. Among others, the electronic temperature Te can
be influenced by the effective temperature of the ionizing star or
by the electron density, which inhibits cooling and increases Te
by collisional excitation in the high electron density H II regions.
Additionally, Te is affected by the dust grains, which are involved
in heating and cooling in complex ways (see, e.g., Mathis 1986;
Baldwin et al. 1991; Shields & Kennicutt 1995). Photoelectric
heating occurs due to the ejection of electrons from the dust
grains, while the gas is cooled by collisions of fast particles with
the grains. Furthermore, the electron temperature decreases with
distance from the star because the field of ionizing radiation is
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Fig. 13. Continuum contributions to core A17 in Sgr B2(M). Each
contribution is computed without taking the interaction with other con-
tributions into account.

attenuated by dust grains. However, the electron temperature also
increases when coolants are depleted at the dust grains. Accord-
ing to Dyson & Williams (1980), photoionization is not able
to heat the material to such a high temperature unless there is
a strong depletion of metals in this region compared to other
H II regions in Sgr B2. Since heavy elements cool photoionized
gas, the electron temperatures of H II regions are directly related
to the abundance of the heavy elements. A low electron tempera-
ture Te corresponds to a higher heavy element abundance due to
the higher cooling rate and vice versa. Another possibility is that
the heating is caused by a non-equilibrium situation at the edge
of the expanding H II region. The electronic temperatures of the
other cores correspond quite well to those obtained by Mehringer
et al. (1993), suggesting that the metal abundance in most cores
of Sgr B2 is similar to that of Orion.

The corresponding emission measures ranges from 4.7 ×
108 (pc cm−6) (A17) to 4.4 × 109 (pc cm−6) (A01). The free-
free contributions to the total continuum levels vary between
15.7 and 75.8%, where the high contributions are caused by the
fact that seven of the hot cores in Sgr B2(M) contain one or
more H II regions (see Fig. 1), while core A17 was not associ-
ated with H II regions before, which may be caused by the strong
dust contribution (see Fig. 13).

4.1.2. Results of Sgr B2(N)

As in Sgr B2(M), we found only a small variation in the dust
parameters for the local envelopes around the hot cores in
Sgr B2(N). The dust temperatures are located in a range between
35 K (A02) and 86 K (A15), while the column densities vary
between 5.1 × 1023 cm−2 (A12) and 1.0 × 1025 cm−2 (A01). As
for the envelope spectra around sources in Sgr B2(M), we find
spectral dust indices for most of the envelopes (A04, A08, A09,
A10, A12, A13, A14, A15, A18, A19, and A20) in Sgr B2(N)
of 0.1. The highest dust index of β = 2.5 (α = 4.5) is found
for the envelope around core A07. In contrast to Sgr B2(M),
we did not find RRLs in the envelope spectra in Sgr B2(N).
The dust emissions from the envelopes contribute between 6.6
(A03) and 71.2% (A17) to the total continuum level. The strong
contribution of the envelope around source A17 shows that
the contribution of the envelope is indispensable for a realis-
tic modeling of a sources with low continuum levels. For the

hot cores in Sgr B2(N) we derived dust temperatures between
190 (A09) and 282 K (A14), where the high core dust tem-
perature of source A19 is noteworthy because this source is
not associated with a H II region. However, we cannot exclude
an influence of interferometric filtering on molecular lines used
for temperature estimation. The column densities alter between
1.3×1024 (A17) and 2.1×1025 cm−2 (A01) and the spectral index
between β = −0.1 (α = 1.9) (A07) and β = 2.5 (α = 4.5) (A01).
Only two cores contain RRLs with electronic temperatures of
9877 (A01) and 9921 K (A16). The corresponding emission
measures are located in a range between 1.0 × 108 (A16) and
3.9 × 108 (pc cm−6) (A01), which is almost an order of magni-
tude lower than the highest emission measure for core A01 in
Sgr B2(M). For A01 the free-free contribution is 10.5%.

In the following we present in more detail the results
obtained from the fitting toward the cores of Sgr B2(M) and (N).

4.2. Physical properties of the continuum sources

In Table 1, we summarize the physical parameters derived from
the continuum parameters described above. Here we compute
the (dust and gas) masses for each source determined from the
expression (Hildebrand 1983)

Md+g =
S ν · D2

Bν(T core
dust ) · κν

, (13)

where S ν is the flux density at 242 GHz, D is the distance
(8.34 kpc for Sgr B2), Bν(T core

dust ) is the Planck function at a core
dust temperature T core

dust , and κν is the absorption coefficient per
unit of total mass (gas and dust) density. Assuming a spheri-
cal and homogeneous core, we use the following expression to
estimate the hydrogen density ncore

H2
from the hydrogen column

density ncore
H2

:

ncore
H2
=

ncore
H2

dcore . (14)

Here dcore = D · θcore indicates the diameter and θcore the corre-
sponding source size of the source. The electron density ncore

e is
computed in a similar way using the derived emission measure
EMcore,

ncore
e =

√
EMcore

dcore , (15)

where we assume spherical and homogeneous H II regions.
The ionized gas mass Mcore

i is estimated using the expression

Mcore
i = ncore

e ·
4
3
π

(
dcore

2

)3

· mp, (16)

where mp indicates the proton mass. Finally, we calculate the
number of ionizing photons per second Ṅi

core (Schmiedeke et al.
2016),

Ṅcore
i =

∫
n2

e

(
β̃ − β̃1

)
dV, (17)

where we assume a Strömgren sphere. Here β̃ and β̃1 are the rate
coefficients for recombinations to all levels and to the ground
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state, respectively. The term
(
β̃ − β̃1

)
describes the recombina-

tion coefficient to level 2 or higher, and can be described using
the expression derived by Rubin (1968),(
β̃ − β̃1

cm3 s−1

)
= 4.1 × 10−10

(
T core

e

K

)−0.8

, (18)

which approximates the recombination coefficient given by
Seaton (1959) for electron temperatures Te.

Unlike other cores containing H II regions, cores A15 and
A24 in Sgr B2(M) each approximately match in position and
size a single H II region identified by De Pree et al. (2015). In
the following we estimate the age of these H II regions. We start
by calculating the initial Strömgren radius (RSt) of a H II region,
which is given by (Spitzer 1968)

RSt =

 3

16 π
(
β̃ − β̃1

) · Ṅcore
i[

ncore
H2

]2


1/3

, (19)

where Ṅcore
i indicates the number of ionizing photons per second,

Eq. (17); ncore
H2

the hydrogen density, Eq. (14); and
(
β̃ − β̃1

)
the

recombination coefficient, Eq. (18).
Assuming expansion into a homogeneous molecular cloud,

the dynamical age of both regions can now be computed by
using the following expansion equation (Spitzer 1968, Dyson &
Williams 1980):

texp =
4
7

RSt

cs

( rcore

RSt

)7/4

− 1

 . (20)

Here rcore = dcore/2 describes the radius of the H II region and
RSt the Strömgren radius, Eq. (19). In addition, cs indicates the
isothermal sound speed, which is given by (Draine 2011)

cs =

√
2 kB T core

e

mH
, (21)

where mH is the hydrogen atomic mass.
Additionally, we compute the ratio of electron to molecular

pressure (Tsuboi et al. 2019),

Pe

PM
=

2 ncore
e kB T core

e

ncore
H2

kB T core
dust

=
2 ncore

e T core
e

ncore
H2

T core
dust
, (22)

where ncore
e represents the electron density, Eq. (15); ncore

H2
the

hydrogen density, Eq. (14); T core
dust the dust; and T core

e the electronic
temperature. A ratio higher than one means that the correspond-
ing H II region is in the expansion phase since the pressure of the
ionized gas exceeds the pressure of the neutral gas.

Compared to Sánchez-Monge et al. (2017), we find much
lower dust and gas masses (between 27 and 57% of their masses),
which is due to our elevated dust temperatures. Sánchez-Monge
et al. (2017) assume a dust temperature of 100 K, while our core
dust temperatures range from 190 to 342 K. However, the mass
distribution of the most massive cores is almost unchanged for
both regions. In addition, we obtain reduced H2 volume densi-
ties nH2 for most sources in Sgr B2(M) and (N). For the central
sources, our densities are in the range between 4 and 153% of the
previous analysis results, while the volume densities for some
outlying sources, especially in Sgr B2(M), exceed the results of
Sánchez-Monge et al. (2017) by a factor of up to five (A26).

These discrepancies are due to, among other factors, the dif-
ferent sizes of the sources used in our analysis compared to
those described in Sánchez-Monge et al. (2017). Nevertheless,
the highest hydrogen density, which we determine in our analysis
is on the order of 108 cm−3, which corresponds to 106 M⊙ pc−3,
still one order of magnitude higher than the typical stellar den-
sity found in super star clusters (e.g., ∼105 M⊙ pc−3; Portegies
Zwart et al. 2010).

Finally, we calculate the physical parameters of the ionized
gas for the sources in which we identified RRLs. In Sgr B2(M)
we find RRLs in all sources except A02, where Sánchez-Monge
et al. (2017) had also found contributions from ionized gas. This
is quite different for Sgr B2(N), in which we find RRLs only
for the central source A01. In all other sources that were con-
nected with H II regions by Sánchez-Monge et al. (2017), we
do not find RRLs. However, we identify RRLs in A16 that were
not associated with ionized gas by Sánchez-Monge et al. (2017).
The H II regions we identify fit very well with the results of
De Pree et al. (2015) for both regions. According to De Pree
et al. (2015), only sources A01, A10, and A16 in Sgr B2(N) con-
tain H II regions. The electron densities ne vary between 47 and
211% of the values derived from Sánchez-Monge et al. (2017);
the differences are due to the different analysis techniques. In
contrast to Sánchez-Monge et al. (2017), who found the high-
est electron density for core A01 in Sgr B2(M), we obtain the
highest electron density for core A24, which is associated with
a single bright H II region (see Fig. 1). All other cores contain-
ing RRLs show comparable densities. For core A15 and A24
in Sgr B2(M) we also determine the age of the corresponding
H II region (A15: 3100 yr, A24: 7000 yr), which are comparable
to the results obtained by Meng et al. (2022). Additionally, the
gas pressure ratio of the observed ionized gas and the observed
ambient molecular gas is close to unity for A24, which indi-
cates that the pressure-driven expansion for the corresponding
H II region is coming to a halt, while for core A15 we find a
remarkable pressure-driven expansion for this H II region.

5. Conclusions

Many of the hot cores identified by Sánchez-Monge et al. (2017)
include large amounts of dust. In addition, some cores contain
one or more H II regions. In this work, which is the first of
two papers on the complete analysis of the full spectral line
surveys toward these hot cores, we quantify the dust and, if
contained, the free-free contributions to the continuum levels.
In contrast to previous analyses, we derived the corresponding
parameters here not only for each core, but also for their local
surrounding envelope, and determined their physical properties.
Especially for some outlying sources, the contributions of these
envelopes are not negligible. In general, the distribution of RRLs
we found in the core spectra fits well with the distribution of
H II regions described by De Pree et al. (2015). Only for core A02
in Sgr B2(M) and A10 in Sgr B2(N) we cannot identify RRLs in
the corresponding spectra, although H II regions are contained
in these sources. Additionally, we found RRLs in core A17 of
Sgr B2(M), even though no H II region is known to be nearby.
The average dust temperature for envelopes around sources in
Sgr B2(M) is 73 K; in Sgr B2(N), however, we obtain only 59 K,
which may be caused by the enhanced number of H II region
in Sgr B2(M) compared to (N). For the cores we obtain aver-
age dust temperatures around 236 K (Sgr B2(M)) and 225 K
(Sgr B2(N)), and we see no correlations between occurrence
of RRLs and enhanced dust temperatures, although one would
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expect this in the presence of ionized gas. For the average hydro-
gen column densities we get 2.5 × 1024 cm−2 (2.6 × 1024 cm−2)
for the envelopes and 7.8 × 1024 cm−2 (6.1 × 1024 cm−2) for
Sgr B2(M) and (N), respectively. The derived electronic temper-
atures are located in a range between 2781 and 9921 K, while the
two cores show electronic temperatures of 15 214 and 23 779 K.
The highest emission measures in Sgr B2(M) are found in cores
A01 and A24, while the two cores in Sgr B2(N) containing RRLs
have almost the same emission measure. In Sgr B2(M), the three
inner sources are the most massive, whereas in Sgr B2(N) the
innermost core A01 dominates all other sources in mass and size.
This analysis of the dust and ionized gas contribution to the con-
tinuum emission enables a full detailed analysis of the spectral
line content which will be presented in a following paper (Möller
et al., in prep.).
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Appendix A: Error estimation

A.1. Error estimation of continuum parameters for cores in
Sgr B2(M)

Corner plots (Foreman-Mackey 2016) showing the 1D and 2D
projections of the posterior probability distributions of the con-
tinuum parameters of each core in Sgr B2(M). At the top of each
column the probability distribution for each free parameter is
shown together with the value of the best fit and the correspond-
ing left and right errors. The left and right dashed lines indicate
the lower and upper limits of the corresponding highest posterior
density (HPD) interval, respectively. The dashed line in the mid-
dle indicates the mode of the distribution. The blue lines indicate
the parameter values of the best fit. The plots in the lower left cor-
ner show the projected 2D histograms of two parameters and the
contours the HPD regions. In order to get a better estimation of
the errors, we determine the error of the hydrogen column den-
sity and the emission measure on log scale and use the velocity
offset (voff) related to the source velocity of vLSR = 64 km s−1.
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Figure A.1: Corner plot for source A01 in Sgr B2(M), envelope layer.
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Figure A.2: Corner plot for source A01 in Sgr B2(M), core layer.
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Figure A.3: Corner plot for source A02 in Sgr B2(M), envelope layer.

Figure A.4: Corner plot for source A02 in Sgr B2(M), core layer.
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Figure A.5: Corner plot for source A03 in Sgr B2(M), envelope layer.

Figure A.6: Corner plot for source A03 in Sgr B2(M), core layer.
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Figure A.7: Corner plot for source A04 in Sgr B2(M), envelope layer.
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Figure A.8: Corner plot for source A04 in Sgr B2(M), core layer.
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Figure A.9: Corner plot for source A05 in Sgr B2(M), envelope layer.

Figure A.10: Corner plot for source A05 in Sgr B2(M), core layer.
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Figure A.11: Corner plot for source A06 in Sgr B2(M), envelope layer.

Figure A.12: Corner plot for source A06 in Sgr B2(M), core layer.
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Figure A.13: Corner plot for source A07 in Sgr B2(M), envelope layer.
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Figure A.14: Corner plot for source A07 in Sgr B2(M), core layer.
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Figure A.15: Corner plot for source A08 in Sgr B2(M), envelope layer.
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Figure A.16: Corner plot for source A08 in Sgr B2(M), core layer.
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Figure A.17: Corner plot for source A09 in Sgr B2(M), envelope layer.
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Figure A.18: Corner plot for source A09 in Sgr B2(M), core layer.

Figure A.19: Corner plot for source A10 in Sgr B2(M), envelope layer.
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Figure A.20: Corner plot for source A11 in Sgr B2(M), envelope layer.

Figure A.21: Corner plot for source A11 in Sgr B2(M), core layer.
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Figure A.22: Corner plot for source A12 in Sgr B2(M), envelope layer.

Figure A.23: Corner plot for source A12 in Sgr B2(M), core layer.
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Figure A.24: Corner plot for source A13 in Sgr B2(M), envelope layer.

Figure A.25: Corner plot for source A13 in Sgr B2(M), core layer.
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Figure A.26: Corner plot for source A14 in Sgr B2(M), envelope layer.

Figure A.27: Corner plot for source A14 in Sgr B2(M), core layer.
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Figure A.28: Corner plot for source A15 in Sgr B2(M), envelope layer.
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Figure A.29: Corner plot for source A15 in Sgr B2(M), core layer.
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Figure A.30: Corner plot for source A16 in Sgr B2(M), envelope layer.
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Figure A.31: Corner plot for source A16 in Sgr B2(M), core layer.
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Figure A.32: Corner plot for source A17 in Sgr B2(M), envelope layer.
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Figure A.33: Corner plot for source A17 in Sgr B2(M), core layer.
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Figure A.34: Corner plot for source A18 in Sgr B2(M), envelope layer.

Figure A.35: Corner plot for source A19 in Sgr B2(M), envelope layer.
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Figure A.36: Corner plot for source A19 in Sgr B2(M), core layer.

Figure A.37: Corner plot for source A20 in Sgr B2(M), envelope layer.
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Figure A.38: Corner plot for source A21 in Sgr B2(M), envelope layer.

Figure A.39: Corner plot for source A21 in Sgr B2(M), core layer.
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Figure A.40: Corner plot for source A22 in Sgr B2(M), envelope layer.

Figure A.41: Corner plot for source A22 in Sgr B2(M), core layer.
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Figure A.42: Corner plot for source A23 in Sgr B2(M), envelope layer.

Figure A.43: Corner plot for source A23 in Sgr B2(M), core layer.
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Figure A.44: Corner plot for source A24 in Sgr B2(M), envelope layer.
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Figure A.45: Corner plot for source A24 in Sgr B2(M), core layer.
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Figure A.46: Corner plot for source A25 in Sgr B2(M), envelope layer.
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Figure A.47: Corner plot for source A26 in Sgr B2(M), envelope layer.
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Figure A.48: Corner plot for source A26 in Sgr B2(M), core layer.

Figure A.49: Corner plot for source A27 in Sgr B2(M), envelope layer.
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A.2. Error estimation of continuum parameters for cores in
Sgr B2(N)

The corner plots (Foreman-Mackey 2016) here show the 1D and
2D projections of the posterior probability distributions of the
continuum parameters of each core in Sgr B2(N). At the top of
each column the probability distribution for each free parameter
is shown together with the value of the best fit and the corre-
sponding left and right errors. The left and right dashed lines
indicate the lower and upper limits of the corresponding highest
posterior density (HPD) interval, respectively. The dashed line
in the middle indicates the mode of the distribution. The blue
lines indicate the parameter values of the best fit. The plots in
the lower left corner show the projected 2D histograms of two
parameters and the contours the HPD regions. In order to get
a better estimation of the errors, we determine the error of the
hydrogen column density and the emission measure on log scale
and use the velocity offset (voff) related to the source velocity of
vLSR = 64 km s−1.

Figure A.50: Corner plot for source A01 in Sgr B2(N), envelope layer.
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Figure A.51: Corner plot for source A01 in Sgr B2(N), core layer.
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Figure A.52: Corner plot for source A02 in Sgr B2(N), envelope layer.

Figure A.53: Corner plot for source A02 in Sgr B2(N), core layer.
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Figure A.54: Corner plot for source A03 in Sgr B2(N), envelope layer.

Figure A.55: Corner plot for source A03 in Sgr B2(N), core layer.
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Figure A.56: Corner plot for source A04 in Sgr B2(N), envelope layer.

Figure A.57: Corner plot for source A04 in Sgr B2(N), core layer.
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Figure A.58: Corner plot for source A05 in Sgr B2(N), envelope layer.

Figure A.59: Corner plot for source A05 in Sgr B2(N), core layer.
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Figure A.60: Corner plot for source A06 in Sgr B2(N), envelope layer.

Figure A.61: Corner plot for source A06 in Sgr B2(N), core layer.
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Figure A.62: Corner plot for source A07 in Sgr B2(N), envelope layer.

Figure A.63: Corner plot for source A07 in Sgr B2(N), core layer.
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Figure A.64: Corner plot for source A08 in Sgr B2(N), envelope layer.

Figure A.65: Corner plot for source A09 in Sgr B2(N), envelope layer.
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Figure A.66: Corner plot for source A09 in Sgr B2(N), core layer.

Figure A.67: Corner plot for source A10 in Sgr B2(N), envelope layer.
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Figure A.68: Corner plot for source A11 in Sgr B2(N), envelope layer.

Figure A.69: Corner plot for source A12 in Sgr B2(N), envelope layer.
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Figure A.70: Corner plot for source A13 in Sgr B2(N), envelope layer.

Figure A.71: Corner plot for source A14 in Sgr B2(N), envelope layer.
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Figure A.72: Corner plot for source A14 in Sgr B2(N), core layer.

Figure A.73: Corner plot for source A15 in Sgr B2(N), envelope layer.
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Figure A.74: Corner plot for source A15 in Sgr B2(N), core layer.

Figure A.75: Corner plot for source A16 in Sgr B2(N), envelope layer.
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Figure A.76: Corner plot for source A16 in Sgr B2(N), core layer.

Figure A.77: Corner plot for source A17 in Sgr B2(N), envelope layer.
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Figure A.78: Corner plot for source A17 in Sgr B2(N), core layer.

Figure A.79: Corner plot for source A18 in Sgr B2(N), envelope layer.
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Figure A.80: Corner plot for source A18 in Sgr B2(N), core layer.

Figure A.81: Corner plot for source A19 in Sgr B2(N), envelope layer.
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Figure A.82: Corner plot for source A19 in Sgr B2(N), core layer.

Figure A.83: Corner plot for source A20 in Sgr B2(N), envelope layer.
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