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ABSTRACT
We present SiO J = 2–1 maps of the Sgr B2 molecular cloud, which show shocked gas with a turbulent substructure comprising
at least three cavities at velocities of [10, 40] km s−1 and an arc at velocities of [−20, 10] km s−1. The spatial anticorrelation of
shocked gas at low and high velocities, and the presence of bridging features in position-velocity diagrams suggest that these
structures formed in a cloud–cloud collision. Some of the known compact H II regions spatially overlap with sites of strong SiO
emission at velocities of [40, 85] km s−1, and are between or along the edges of SiO gas features at [100, 120] km s−1, suggesting
that the stars responsible for ionizing the compact H II regions formed in compressed gas due to this collision. We find gas
densities and kinetic temperatures of the order of nH2 ∼ 105 cm−3 and ∼ 30 K, respectively, towards three positions of Sgr B2.
The average values of the SiO relative abundances, integrated line intensities, and line widths are ∼10−9, ∼ 11 K km s−1, and
∼ 31 km s−1, respectively. These values agree with those obtained with chemical models that mimic grain sputtering by C-type
shocks. A comparison of our observations with hydrodynamical simulations shows that a cloud–cloud collision that took place
� 0.5 Myr ago can explain the density distribution with a mean column density of N̄H2 � 5 × 1022 cm−2, and the morphology
and kinematics of shocked gas in different velocity channels. Colliding clouds are efficient at producing internal shocks with
velocities ∼ 5–50 km s−1. High-velocity shocks are produced during the early stages of the collision and can readily ignite star
formation, while moderate- and low-velocity shocks are important over longer time-scales and can explain the widespread SiO
emission in Sgr B2.
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1 IN T RO D U C T I O N

The Sgr B2 cloud (hereafter Sgr B2) with a mass of ∼106 M� is one
of the most massive clouds in the Galactic Centre (GC) at a distance
of 7.9 kpc (Boehle et al. 2016). Sgr B2 is located at a projected
distance of around 100 pc from the central supermassive black hole
Sgr A∗. Sgr B2 harbours three main star-forming cores known as Sgr
B2N, Sgr B2M, and Sgr B2S, enclosing compact and ultracompact
H II regions (Gaume & Claussen 1990). A burst of star formation is
taking place in the extended envelope of Sgr B2 as shown by a large
population of high-mass protostellar cores found along the cloud and
not just in the three cores (Ginsburg et al. 2018).

The Sgr B2N and Sgr B2M cores have H2 densities of 2 × 107 and
4 × 106 cm−3, respectively (Goldsmith et al. 1990). These cores are

� E-mail: jarmijos090@gmail.com
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embedded in two envelopes, one of moderate density (∼105 cm−3)
with a size of 2.5 pc × 5.0 pc, and a kinetic temperature of ∼100 K,
and another one with a low density <5 × 103 cm−3, a diameter of
38 pc (Schmiedeke et al. 2016a), and a kinetic temperature >200 K
(Hüttemeister et al. 1995). A warm CO gas component (∼50–100 K)
associated with the extended envelope of Sgr B2 is likely heated by
UV photons, while shocks and UV photons may be responsible for
the heating of the hot CO gas (>200 K) in the Sgr B2N and Sgr B2M
cores (Etxaluze et al. 2013).

Rings, arcs, and filaments have been discovered towards the Sgr
B2 envelope. The rings with sizes of around 1–3 pc show kinetic
temperatures of 40–70 K and their radial velocity gradients agree
with those of 3D shells, whose formation may be explained by a
wind bubble driven by massive stars (Martı́n-Pintado et al. 1999).
Hasegawa et al. (1994) studied the 13CO gas kinematics of Sgr B2,
finding kinematical features that are consistent with a scenario of
cloud–cloud collision. Sato et al. (2000) found a correlation between
a cavity observed at gas velocities of [40, 50] km s−1 and a clump
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Shocked gas in Sgr B2 4919

associated with Sgr B2N and Sgr B2M at [70, 80] km s−1, supporting
the cloud collision scenario, in which the clump would have collided
with another cloud with a velocity of ∼30 km s−1. They also found
H2CO and CH3OH masers with velocities lower than 65 km s−1

located along the eastern edge of the cavity, which would be the
interface between the two colliding clouds. On the other hand, OH,
H2CO, CH3OH, and SiO masers with velocities higher than 65 km
s−1 and associated compact H II regions are observed towards the
clump (Sato et al. 2000). In addition, a group of six shell-like
structures have been found in a southeastern extension of Sgr B2
(Tsuboi, Miyazaki & Uehara 2015). Position–velocity (P–V) maps of
Sgr B2 show that these structures could be expanding shells (Tsuboi
et al. 2015). Integrated emission maps and P–V diagrams of HNCO,
SiO, CH3OH, and HNCO towards the G+0.693 region in Sgr B2
have shown observational characteristics of a cloud–cloud collision
(Zeng et al. 2020).

A current model is that Sgr B2 is located at the projected extrema
of a 100 pc ring, along which gas and dust rotate around the
nucleus of the Galaxy at a constant orbital speed of ∼ 80 km s−1

(Molinari et al. 2011). This ring could be associated with a system
of orbits called x2, which would be enclosed within another system
of orbits called x1, aligned along the Galactic bar (Binney et al.
1991). Clouds moving on x1 and x2 orbits may be colliding at
the location of Sgr B2, thus triggering star formation (Molinari
et al. 2011). An alternative model to the one of the 100 pc
ring was proposed by Kruijssen, Dale & Longmore (2015), who
considered four gas streams of molecular gas orbiting the GC. In
this scenario, the gas follows an open orbit and has a varying
orbital velocity in the range of ∼ 100–200 km s−1, which can
explain the observed kinematics of cloud complexes in the region
(including Sgr B2). In addition, using hydrodynamical simulations,
Sormani et al. (2018) showed that corrugation and thermal insta-
bilities, as well as bombardment of the Central Molecular Zone
(CMZ) from the Galactic bar shocks, can explain the asymmetry
observed in the molecular gas distribution in the CMZ and the
potentially episodic star formation (e.g. see Krumholz & Kruijssen
2015).

Cloud–cloud collisions are not uncommon in the interstellar
medium (ISM), and they are believed to trigger star formation.
Indeed, it is thought that around 10 per cent of the star formation
occurring in the Galaxy is driven by cloud–cloud collision processes
of mainly massive giant molecular clouds with masses of �105.5

M� (Kobayashi et al. 2018). Fukui et al. (2016) have suggested that
multiple O stars have been formed towards the super star cluster RCW
38 due to the collision of two clouds. Torii et al. (2017a) showed that
the collision of two molecular clouds ∼0.3 Myr ago is likely what
triggered the formation of the O star ionizing the Trifid Nebula M20.
They also found that the spatially complementary distribution shown
by the CO J = 1–0 and 3–2 emission of both clouds is reproduced by
cloud–cloud collision simulations. Studies of the emission distribu-
tion of molecular gas towards other sources in the Galaxy also support
the idea that cloud–cloud collisions may trigger star formation (e.g.
Ohama et al. 2018; see Hayashi et al. 2018; Enokiya, Torii & Fukui
2019).

In this paper, we present large-scale maps of SiO, which traces
shocks (e.g. see Martı́n-Pintado, Bachiller & Fuente 1992; Louvet
et al. 2016), to study the large-scale kinematics of Sgr B2 and to
investigate whether the scenario of a cloud–cloud collision could
have taken place in this outstanding site of star formation in the
Galaxy. We derive physical properties for the entire Sgr B2 cloud
and also for selected positions. The kinematical features shown by
the SiO emission towards Sgr B2 and their derived properties are

Table 1. Observed molecular lines.

Line ν Eup
a HPBWb

(GHz) (K) (arcsec)

SiO J = 2–1 86.8 6.25 28.3
C18O J = 1–0 109.8 5.27 22.4
13CO J = 1–0 110.2 5.29 22.3
OCS J = 7–6 85.1 16.34 28.9
OCS J = 21–20 255.4 134.83 9.6

aUpper state energy of the transition.
bHalf-power beamwidth (HPBW) of the IRAM 30-m telescope.

compared with those obtained by hydrodynamical simulations of
cloud–cloud collisions.

2 O B S E RVAT I O N A N D DATA R E D U C T I O N

The data were observed with the IRAM 30-m telescope in 2006 Au-
gust. We used the On-The Fly (OTF) observing mode to map an area
of around 15 arcmin × 15 arcmin (36 × 36 pc2 at the GC distance)
centred on the Sgr B2M hot core with RA(J2000) = 17h47m20.s4 and
Dec.(J2000) − 28◦23′07.′′2. The data were calibrated by using hot
and cold loads. We used the A100 receiver for the vertical polarization
and the B100 receiver for the horizontal polarization. Both receivers
covered the frequencies of the SiO J = 2–1, C18O J = 1–0, and 13CO
J = 1–0 transitions listed in Table 1. The 1 MHz filter bank was used
as spectrometer during our observations, providing a bandwidth of
512 MHz.

In our study, we also used data observed with the IRAM 30-m
telescope in 2014 December. The EMIR receivers operating in the
E090 and E230 frequency bands were connected to the Fast Fourier
Transformed Spectrometer (FTS) to observe the J = 7–6 and 21–20
transitions of OCS towards three selected positions of Sgr B2, which
we use to study the H2 density in Section 5. Spectra were calibrated
by using ambient temperature loads, which provided a calibration
accuracy around 10 per cent. Frequencies and the upper state energy
of the observed molecular transitions are given in Table 1.

The baseline correction of the 2006 data was done using the GILDAS

software,1 which was also used to build the SiO J = 2–1 and 13CO
J = 1–0 data cubes with half-power beamwidths (HPBW) of 28 and
23 arcsec, respectively. Both data cubes have a velocity resolution
of ∼5 km s−1 appropriate to resolve the typical linewidths of 20 km
s−1 observed in the GC. The data observed in 2014 were imported
in the MADCUBA software (Martı́n et al. 2019) to apply the baseline
subtraction and spectrum averaging. Then, the spectra were smoothed
to a velocity resolution of ∼5 km s−1 as in the case of the OTF data.
The line intensity of the spectra is given in the antenna temperature
scale (T∗

a ) as the emission is extended and fills the telescope beam of
the IRAM 30-m telescope (see Fig. 1).

3 INTEGRATED I NTENSI TY MAPS OF S IO J =
2 – 1

To study the SiO kinematics of Sgr B2, Fig. 1 shows 10 different
maps of the SiO J = 2–1 line integrated in different velocity ranges.
As seen in this figure, the SiO J = 2–1 emission from Sgr B2 is
extended and shows velocities from −20 to 120 km s−1. SiO J = 2–1
absorption is seen in the velocity ranges of [−5, 10] and [55, 70] km
s−1 towards the Sgr B2M and Sgr B2N hot cores. The SiO J = 2–1

1http://www.iram.fr/IRAMFR/GILDAS

MNRAS 499, 4918–4939 (2020)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/499/4/4918/5920233 by guest on 12 February 2026

http://www.iram.fr/IRAMFR/GILDAS


4920 J. Armijos-Abendaño et al.

Figure 1. First row to third row: Maps of the SiO J = 2–1 line integrated over 10 velocity ranges in km s−1 indicated at the top-right side of each panel. Contour
levels start at 3σ (black contours) for the emission and −3σ (magenta contours) for the absorption (observed only towards the Sgr B2M and Sgr B2N hot cores
at velocities of [−5, 10] and [55, 70] km s−1). Contours increase in 5σ and −5σ steps for the emission and absorption, respectively. σ ≈ 0.5 K km s−1 for all
maps. The wedge at the right side of the panel of [10, 25] km s−1 shows the SiO J = 2–1 integrated intensity scale given in K km s−1 for all maps. The Sgr
B2M position is shown with a yellow star. An arc labelled as A and cavities labelled as B, C, and D are outlined by a semi-ellipse and ellipses, respectively,
on some of the panels. The blue crosses are the centres of the ellipses. Yellow crosses and their numbers in the panels of [25, 40] and [70, 85] km s−1 show
positions selected for studying SiO relative abundances (see Section 5). The magenta contours in the panel of [10, 25] km s−1 represent the SiO J = 2–1 line
emission at 6σ integrated over the velocity range of [70, 85] km s−1. The red line in the two panels with velocities higher than 85 km s−1 represents the Galactic
plane. The 28 arcsec beam size at 87 GHz of the IRAM 30-m telescope is shown in the left-bottom corner of the panel of [85, 100] km s−1. The red squares on
the panels with velocities higher than 25 km s−1 show regions enlarged on the fourth row of this figure. Fourth row: Enlarged regions shown with red squares
on the maps of the second and third rows. The red contours show the 20 cm radio continuum emission obtained by Yusef-Zadeh, Hewitt & Cotton (2004). The
main compact H II regions of Sgr B2 (Mehringer et al. 1993) are labelled on the map of [100, 120] km s−1. The position of the compact H II regions spatially
coincides with regions of high SiO J = 2–1 emission in the velocity ranges of [40, 85] km s−1 (except at [55, 70] km s−1, where the H II regions of Sgr B2M
and Sgr B2N spatially coincide with SiO absorption), while there is a spatial anticorrelation with the SiO J = 2–1 emission in the other channels.

emission in Fig. 1 shows shocked gas with a turbulent substructure
featuring an arc labelled as A, as well as at least three cavities labelled
as B, C, and D. The SiO J = 2–1 emission with velocities of [40,
55] km s−1 fills almost the entire mapped region of Sgr B2. The four

features were identified by eye at different gas velocities in our SiO J
= 2–1 maps. Arc A is outlined by a semi-ellipse while cavities B, C,
and D by ellipses drawn on the first and second rows of Fig. 1. The
centers, semimajor and semiminor axes, and position angles of these
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Table 2. Parameters of arc A and cavities B, C, and D.

Arc or Centre Semimajor axis Semiminor axis PAa

cavity α(J2000) δ(J2000) (arcsec) (arcsec) (deg)

Ab 17h47m24.s900 −28◦20
′
56.′′42 290 250 110

B 17h47m12.s063 −28◦24
′
57.′′12 240 230 0

C 17h47m18.s821 −28◦21
′
56.′′59 115 55 115

D 17h47m27.s268 −28◦25
′
37.′′23 70 40 170

aPosition angle of the major axis, which is measured from north through east.
bArc A is defined as an arc of an ellipse with its parameters given in this row.

four features are given in Table 2. Arc A has velocities in the range
of [−20, 10] km s−1. Cavity B appears in the SiO J = 2–1 maps at
velocities of [10, 25] km s−1, and disappears at gas velocities of [40,
55] km s−1. The size of this cavity decreases by a factor of ∼1.5
at velocities of [25, 40] km s−1 compared to its size at velocities of
[10, 25] km s−1. Cavity B was previously identified by Sato et al.
(2000). Cavities C and D appear in our maps at velocities of [25, 40]
km s−1, and disappear at velocities higher than ∼40 km s−1. Both of
these features are smaller than cavity B. A high degree of turbulence
is typically found in GC molecular clouds (e.g. see Bally, Stark &
Wilson 1987; Shetty et al. 2012), so such structures can be produced
by turbulent stirring (e.g. see Federrath, Klessen & Schmidt 2009).
Dynamical contribution from the local compact H II regions can also
be expected on small scales. At velocities higher than 85 km s−1,
much of the SiO gas seems to be concentrated along the Galactic
plane, which was already pointed out by Sato et al. (2000). Fig. 2
displays channel maps of the SiO J = 2–1 line towards Sgr B2, where
arc A and cavities B, C, and D are outlined as in Fig. 1.

For comparison, the top panel of Fig. 3 shows the six shells
identified by Tsuboi et al. (2015) on their map of the SiO J = 2–1
emission observed with the 45-m Nobeyama telescope, whereas the
bottom panel of this figure shows our SiO J = 2–1 emission map
observed with the IRAM 30-m telescope. In both panels of Fig. 3
cavities B, C, and D are outlined as in the map of [25, 40] km s−1 in
Fig. 1. As seen in Fig. 3, both maps reveal a quite similar emission
distribution of the SiO J = 2–1 line, but our observed region towards
Sgr B2 is smaller than in the map obtained with the Nobeyama
telescope. Cavities B, C, and D are located along the western edge of
Shell 3 studied in Tsuboi et al. (2015) (see the top panel of Fig. 3).
These three features together with arc A are identified and studied
for the first time.

Fig. 1 also displays the SiO J = 2–1 emission in magenta contours
(above the 6σ level and integrated over the velocity range of [70,
85] km s−1) overlapped on the SiO J = 2–1 emission with velocities
within 10–25 km s−1. As seen in the overlapped images, the northern
and eastern edges of the high-velocity gas lie along cavity B in
the low-velocity map, which was already noted in previous studies
(Hasegawa et al. 1994; Sato et al. 2000). This spatial anticorrelation
of gas at low and high velocities supports the scenario in which a
high-velocity cloud collided with another cloud, in agreement with
the work by Sato et al. (2000). This suggests that much of the gas
with velocities of 10–25 km s−1 is being impacted by the gas with
velocities of at least 70–85 km s−1. In this scenario, the formation
of large-, intermediate-, and small-scale features would be mainly
regulated by turbulent stirring and mixing processes resulting from
this large-scale cloud–cloud collision, with additional contributions
from stellar feedback on small scales.

The 20-cm radio continuum emission map obtained by Yusef-
Zadeh et al. (2004) is overlapped in red contours on the SiO J =
2–1 maps of [25, 40], [40,55], [55, 70], [70, 85], and [100, 120] km
s−1 in the fourth row of Fig. 1. The main compact H II regions of

Sgr B2 (Sgr B2M, Sgr B2N, L, R, U, V, AA, and G0.6) studied in
detail in Mehringer et al. (1993) are labelled on the right-hand panel
of the fourth row in Fig. 1 corresponding to SiO J = 2–1 emission
at [100, 120] km s−1. These compact H II regions spatially coincide
with strong SiO emission at velocities of [40, 85] km s−1 (except at
[55, 70] km s−1, where the H II regions of Sgr B2M and Sgr B2N
spatially coincide with SiO absorption). This supports the scenario
in which star formation could have been triggered in compressed
gas due to the collision of clouds with different velocities in Sgr B2
(Hasegawa et al. 1994; Sato et al. 2000; Molinari et al. 2011). We
also find that the compact H II regions lie inside or along the cavities
B and C as seen in the panel showing the SiO J = 2–1 emission at
velocities of [25, 40] km s−1, as well as between or along the edges
of the SiO gas features at velocities of [100, 120] km s−1 (see Fig. 1).
This is in agreement with the findings by Sato et al. (2000), who
found H2CO and CH3OH masers along the eastern edge of cavity B.

4 SI O L I N E W I D T H S A N D V E L O C I T Y
C O M P O N E N T S

We study the velocity distribution and characteristic line widths of
the SiO emission by decomposing all of the spatial pixels of the
SiO data cube with the automated Gaussian decomposer GAUSSPY+
(Lindner et al. 2015; Riener et al. 2019). GAUSSPY+ provides an
unbiased way to deconstruct spectra by using computer vision and
machine-learning algorithms to provide a multicomponent Gaussian
model. The software first calculates the derivatives of the spectra to
provide initial guesses for the parameters of the Gaussian components
and then performs an iterative χ2 fit to match the model to the
data. After this initial fitting, the software also applies a two-phase
spatial coherence fitting, where it optimizes the fit based on the
Gaussian components of the neighbouring pixels in the data cube.
We used the default parameters for the decomposition provided
by Riener et al. (2019), except for α1 and α2 for which we used
1.55 and 2.74, respectively. These parameters effectively control the
amount of smoothing that is applied during the decomposition and
mostly depend on the signal to noise and the complexity of the
spectra. To determine these parameters, we ran the training module
of GAUSSPY+ on 100 randomly selected spectra from the SiO data
cube. To investigate the effect of the choice of the α parameters, we
also run the decomposition with the default α values, which gave
the same result within the uncertainties of the decomposition. We
show example spectra from the SiO data cube and results of the
decomposition with GAUSSPY+ in Fig. B1.

The decomposition resulted in 5946 Gaussian components. The
top and middle panels of Fig. 4 show the SiO velocity distribution,
and the total intensity distribution, respectively. The velocity distri-
bution has an average velocity of 47 ± 2 km s−1 and shows 3 peaks
at v ∼ 25, 45, and 80 km s−1, highlighting the most dominant SiO
features in this region. The integrated line intensity peaks at ∼5 K
km s−1 and has a mean of 11 ± 3 K km s−1. In the bottom panel of
Fig. 4 we show the normalized FWHM distribution of the individual
Gaussian components of SiO in orange (and, for comparison, of
13CO in grey). The FWHM histogram of SiO is lognormal with a
peak at 21 km s−1 and an average of 31 ± 5 km s−1, which are
in agreement with the typical values found in the GC (e.g. Morris
& Serabyn 1996). To compare the FWHM distribution with that of
the ambient medium in Sgr B2, we also decomposed the 13CO data
with GAUSSPY+ (for details see Appendix B). The mean of the 13CO
FWHM distribution is 21 ± 2 km s−1, which is slightly lower than
the mean of the SiO data.
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4922 J. Armijos-Abendaño et al.

Figure 2. Channel maps of the SiO J = 2–1 line towards Sgr B2. Contours in black and magenta start at 3σ (for the emission) and −3σ (for the absorption),
respectively. σ ≈ 0.5 K km s−1 for all maps. Contours increase in steps of 1.5 and −1.5 K km s−1 for the emission and absorption, respectively. Channel maps
range from −20 to 120 km s−1 in steps of 5 km s−1. The velocity range in km s−1 is indicated on the right-top side of each map. The wedge at the right side of
the [−5, 0] km s−1 map shows the intensity scale in K km s−1. Arc A and cavities B, C, and D are outlined by a semi-ellipse and ellipses, respectively, on the
maps with velocities within [−10, 55] km s−1. The blue crosses represent the centres of the ellipses. The yellow star represents the position of Sgr B2M. The
beam size of 28 arcsec of the IRAM 30-m telescope at 86 GHz is indicated by a filled circle in the left-bottom side of each map.
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Figure 3. Top panel: Sgr B2 map of the SiO J = 2–1 emission integrated over
the range of 10–40 km s−1, which was observed with the 45-m Nobeyama
telescope by Tsuboi et al. (2015). Contour levels start at 1.5 K km s−1 and
increase in 2.0 K km s−1. The red ellipses outline six shells identified by
Tsuboi et al. (2015) (the position and diameter of the shells are shown in
their table 4). Cavities B, C, and D identified in our Fig. 1 are shown with
blue ellipses. The 20 arcsec beam size of the Nobeyama telescope at 86 GHz
is indicated by a filled circle on left-bottom side of the map. The red square
shows the region observed with the IRAM 30-m telescope displayed on the
bottom panel. The right wedge shows the intensity scale in K km s−1. Bottom
panel: the same as on the top panel but the SiO J = 2–1 emission map was
observed with the IRAM 30-m telescope, the shells studied by Tsuboi et al.
(2015) are not shown, the filled circle indicates the 28 arcsec beam of the
IRAM 30-m telescope at 86 GHz. The mapped region is smaller than that
shown on the top panel.

The distribution of SiO line widths indicates that ‘broad’ line
widths are less common than ‘narrow’ line widths.2 SiO line widths
are commonly associated with shock speeds under the assumption

2Note that if we compare the FWHM of SiO in Sgr B2 with those of regions
outside the GC, all these line widths are broader. However, compared to the
local ambient gas (e.g. the 13CO and C18O lines in Figs 4 and A1), they are
not much broader owing to the extreme environment in the GC. Thus, we
refer to them as ‘narrow’ if they have similar or lower FWHM than those of
the local ambient gas.

Figure 4. Top panel: velocity distribution of Gaussian components for all
SiO image pixels decomposed by GAUSSPY+. Middle panel: Integrated line
intensity distribution of SiO Gaussian components, with a mean of 11 ± 3 K
km s−1. Bottom panel: normalized line width (FWHM) distribution of
Gaussian components for all SiO image pixels. The black line shows a
fitted lognormal distribution to the histogram. The mean of the line widths is
31 ± 5 km s−1. The dashed grey line shows the FWHM histogram of the 13CO
data for comparison. The mean of the 13CO distribution is 21 ± 5 km s−1.

that individual 1D shocks are observed face on along individual
LOS. However, the actual shock velocities can be higher if projection
effects are considered, or lower if the ambient gas is turbulent or if
the line is composed of several unresolved shock components (see
discussions in Gusdorf et al. 2008a,b; Jiménez-Serra et al. 2009). In
this paper, we assume that vshock � FWHM for our analysis because
shocks are inherently associated with supersonic turbulence. Under
this assumption, the fact that the bulk of the line widths of SiO
emission is between 5 and 50 km s−1 indicates that the shocks in
the underlying turbulent gas are predominantly moderate- and low-
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velocity shocks,3 and that they are more spatially extended than high-
velocity shocks (see also Fig. B2). This is to some degree similar to
what has been reported in recent studies in other regions by Jiménez-
Serra et al. (2010), Sanhueza et al. (2013), and Louvet et al. (2016),
who show that the more extended, narrower-line SiO emission can be
explained by low-velocity shocks from e.g. colliding flows, while the
area covered by broader-line SiO emission is typically much smaller
and localized e.g. near protostellar outflows, which are known to
produce higher velocity shocks. However, in Sgr B2 we do not see
a spatial correlation between regions with broader lines and those
with ongoing star formation (see Fig. B2). Interestingly, we do see
a spatial overlap between regions with ‘broad’ SiO emission and
gas at [30, 60] km s−1 (see Fig. B3). Thus, in Sgr B2 the SiO line
widths are more likely tracing shocks produced in mixed, turbulent
gas during the collision, rather than stellar feedback. However, the
resolution of our current observations do not allow us to study SiO
emission associated with stellar feedback on small scales in detail.
Thus, disentangling different SiO velocity components around star-
forming regions in Sgr B2 with higher spatial and spectral resolution
observations would be interesting for future studies.

5 SI O A BU N DA N C E

We study the average fractional abundance of SiO towards the
mapped region of Sgr B2. The average spectrum of SiO J = 2–
1 is shown in the top panel of Fig. 5, whereas the bottom panel
of this figure presents an average spectrum of C18O J = 1–0.
A brief study of the fractional abundance of SiO towards seven
selected positions of Sgr B2 is presented in Appendix A. These
seven positions are indicated in Fig. 1 and Table A1. As seen in
Fig. 1, SiO absorption is only detected towards the Sgr B2M and
Sgr B2N cores, representing small regions over the whole mapped
region. Therefore, the contribution of the absorption over the average
spectrum of SiO J = 2–1 is negligible.

We use the C18O molecule to derive hydrogen column densities
required to infer the fractional abundances of SiO, which is derived
for three velocity ranges indicated in the SiO J = 2–1 and C18O J
= 1–0 lines in Fig. 5. These ranges are representative of different
velocity components of the SiO gas as shown in Figs 1 and 4. We
have derived areas of the SiO J = 2–1 and C18O J = 1–0 lines within
the three velocity ranges by using the MADCUBA software. Then, the
column densities of SiO and C18O were derived with MADCUBA under
Local Thermodynamic Equilibrium (LTE) conditions, considering
line optical depth effects and extended emission (Martı́n et al. 2019).
In our analysis, the excitation temperatures (Tex) are assumed to be
equal to 10 and 7 K for C18O and SiO, respectively. The Tex of 10 K
is an average value inferred from the J = 2–1 and 1–0 transitions of
C18O towards several positions across Sgr B2 (Martı́n et al. 2008),
whereas the Tex of 7 K is derived for position 4 (shown in Fig. 1)
by Rivilla et al. (2018) (their G+0.693-0.03 position) using the J
= 2–1, 3–2, and 4–3 transitions of 29SiO. Using MADCUBA we find
optical depths of <0.08 for the SiO J = 2–1 and C18O J = 1–0 lines
shown in Fig. 5. The velocity ranges, the column densities of C18O
(N

C18 O
) and SiO (NSiO), as well as the integrated area of the SiO J =

2–1 line (ASiO), are listed in Table 3. The last column of this table
gives the SiO relative abundance calculated as the NSiO/NH2

ratio,

3Hereafter, we refer to very low velocity, low-velocity, moderate-
velocity, and high-velocity shocks to those with speeds vshock <

5 km s−1, 5 km s−1 ≤ vshock < 20 km s−1, 20 km s−1 ≤ vshock < 50 km s−1,
and vshock ≥ 50 km s−1, respectively.

Figure 5. Spectrum of SiO J = 2–1 (top panel) and C18O J = 1–0 (bottom
panel), which were averaged over the entire mapped region of Sgr B2 shown in
Fig. 1. Areas delimited within the velocity ranges of [−20,+30], [+30,+75],
and [+75,+120] km s−1 are highlighted with different colours. These spectra
were used to derive abundances of SiO in Section 5.

Table 3. Parameters of C18O and SiO derived for Sgr B2.

C18O SiO
VLSR

a NC18 O ASiO NSiO Xb

(km s−1) (× 1015 cm−2) (K km s−1) (× 1012 cm−2) (× 10−9)

[−20, +30] 2.9 ± 0.2 4.9 ± 0.02 10.7 ± 0.1 1.5 ± 0.1
[+30, +75] 10.5 ± 0.2 9.1 ± 0.02 19.9 ± 0.1 0.8 ± 0.02
[+75, +120] 4.1 ± 0.2 2.5 ± 0.02 5.5 ± 0.1 0.5 ± 0.03

aVelocity ranges tracing the main velocity components shown by the SiO gas in
Fig. 1.
bThe SiO abundance is calculated as the NSiO/NH2

ratio, where NH2
is derived from

NC18 O (see Section 5).

where NH2
is estimated from NC18 O using the 16O/18O isotopic ratio

of 250 (Wilson & Rood 1994) and the relative abundance of CO to
H2 of 10−4 (Frerking, Langer & Wilson 1982). Table 3 shows that
the average SiO abundance is ∼10−9, which agrees with the average
value derived from the SiO abundances found for the seven positions
of Sgr B2 given in Table A1.

5.1 SiO abundance in the GC and other Galactic sources

As seen in Table 3, the relative abundances of SiO derived for Sgr B2
are within (0.5–1.5)× 10−9. These SiO abundances agree with those
estimated for several GC clouds (Martı́n-Pintado et al. 1997; Amo-
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Shocked gas in Sgr B2 4925

Figure 6. SiO abundances of different Galactic sources. The SiO abundances
of the sources except those of Sgr B2 for different gas components are taken
from the literature (see text).

Baladrón, Martı́n-Pintado & Martı́n 2011). It has been proposed
that large-scale shocks are responsible for the large SiO abundances
found in GC regions (Martı́n-Pintado et al. 1992, 1997). The shocks
in Sgr B2 may be produced by the cloud–cloud collision scenario
discussed in Section 3.

Fig. 6 displays the comparison of the SiO abundances for the
different velocity components of Sgr B2 with those estimated
for other Galactic sources. In this comparison, we include SiO
abundances found for Galactic clumps by Nai-Ping, Jing-Long &
Jun-Jie (2018), average SiO abundances estimated for infrared dark
clouds (IRDCs), protostars and young H II regions by Li et al. (2019),
SiO abundances found for the high-mass protocluster NGC 2264-C
by López-Sepulcre et al. (2016), as well as SiO abundances estimated
for Sgr A clouds by Amo-Baladrón et al. (2011). The SiO abundances
estimated for Sgr B2 are at least a factor of ∼2 higher than those of
the Galactic clumps, while the SiO abundances found for Sgr B2 are
at least a factor of ∼9, 22, and 13 higher than those towards IRDCs,
protostars and young H II regions, respectively. Li et al. (2019) argued
that their estimates of the SiO column density, and therefore of the
SiO relative abundance, can be considered as lower limits because
the beam-filling factor can be smaller than 1 for 31 per cent of the
studied sources. In this case, the differences in the SiO abundances
between Sgr B2 and the sources studied by Li et al. (2019) quoted
above would be lower. On the other hand, the SiO abundances in the
protocluster NGC 2264-C are at least a factor of 3 higher than the
values of the SiO abundance in Sgr B2. Many of the Galactic clumps
included in our comparison show signs of star formation (Nai-Ping
et al. 2018) and it is likely that in these clumps SiO is mainly produced
by shocks from outflows driven by protostars. The SiO abundances
lower than ∼6 × 10−11 derived for the IRDCs, protostars and young
H II regions by Li et al. (2019) can also be mainly due to shocks
affecting these sources with different evolutionary stages. The higher
SiO abundances found in Sgr B2 than in the Galactic clumps, IRDC,
protostars and young H II regions included in our comparison may
be explained if Si is less depleted in Sgr B2 than in the other sources
(Martı́n-Pintado et al. 1997). It is likely that more than one episode
of star formation has taken place in NGC 2264-C (López-Sepulcre
et al. 2016), whose outflow activity would have injected turbulence
into the medium (López-Sepulcre et al. 2016). This could explain
the high SiO abundances of ∼10−8 found towards NGC 2264-C. As
seen in Fig. 6, on average the SiO abundances derived for Sgr B2
are similar to those of Sgr A clouds. It is thought that several of
the Sgr A clouds have been impacted by the expanding shell of the
Sgr A East supernova remnant (Herrnstein & Ho 2002; Maeda et al.

2002; Ferrière 2012). The Sgr A clouds may also be affected by tidal
perturbations during their close passage to the orbital pericentre in the
GC (Kruijssen et al. 2015). These mechanisms could be responsible
for the turbulence and SiO formation through sputtering of grains by
shocks (Martı́n-Pintado et al. 1992).

5.2 SiO abundance predicted by chemical models

C-type shock waves are known to produce SiO emission in molecular
clouds via grain sputtering. Shock velocities below ∼ 25 km s−1 can
only sputter SiO from the ice mantles of dust grains (e.g. see Schilke
et al. 1997; Nguyen-Lu’o’ng et al. 2013; Louvet et al. 2016), while
higher shock speeds � 25 km s−1 are needed to sputter Si-bearing
material from grain cores (e.g. see Schilke et al. 1997; Gusdorf
et al. 2008a). Chemical models that mimic shocks with velocities of
≤25 km s−1 show integrated SiO J = 2–1 line intensities of ∼1–
10 K km s−1 (Schilke et al. 1997; Louvet et al. 2016), which are in
agreement with those observed in Sgr B2 (see Table 3 and Fig. 4),
thus suggesting that the gas in this GC source is being mainly affected
by very low and low-velocity shocks, with some contributions from
moderate-velocity shocks. Indeed, higher shock velocities >25 km
s−1 (which cover some of our moderate- and all our high-velocity
shocks) produce integrated SiO J = 2–1 line intensities >40 K km s−1

for nH = 104–105 cm−3 (Schilke et al. 1997), which are more typical
of interstellar regions with jets and outflows (Gusdorf et al. 2008a).

In addition, chemical models of grain sputtering by C-type shocks
show that the SiO abundances of ∼10−9 that we find for Sgr B2 can
be readily obtained under a wide variety of conditions. For instance,
SiO abundances of ∼10−9 only need shock speeds vshock � 4 km s−1

if the fraction of free silicon is 1–10 per cent in the pre-shock gas,
or vshock � 7 km s−1 if the fraction of free SiO is 1–10 per cent in the
grain mantles (e.g. see Louvet et al. 2016). Similarly, Gusdorf et al.
(2008b) showed that shock velocities ≥25 km s−1 can effectively
eject all of the SiO in the mantles into the gas phase. Subsequently
the SiO abundance decreases due to SiO freeze-out on grains in the
cold post-shock gas. Their models show gas temperatures of ∼20 K
for SiO abundances of ∼10−9, which are reached on time-scales
�5 × 104 yr for gas densities of 104 cm−3 and �4 × 103 yr for
densities of 105 cm−3 (Gusdorf et al. 2008a).

Including the effects of shattering and vapourization via grain–
grain processing can also be important for gas with densities ≥
105 cm−3 as seen in the work by Anderl et al. (2013). They used a
C-type shock model with a shock velocity of 20 km s−1 to predict
an integrated intensity of ∼4 K km s−1 for the J = 2–1 rotational
transition of SiO, which also agrees with the average value derived
from those given in Table 3. In general, chemical models of C-
type shocks that include both grain core and grain mantle sputtering
explain the observed SiO abundances and line widths in Sgr B2.

Given the extreme environment in the GC, the best comparison
with chemical model outputs can be done with results for another
system, also in this region. Harada et al. (2015) studied the chemistry
of the circumnuclear disc surrounding the GC. This region has an
estimated radiation field factor G0 = 104–105, only slightly larger
than Sgr B2’s G0 = 103–104 (Goicoechea, Rodrı́guez-Fernández &
Cernicharo 2004). Harada et al. (2015) used a gas–grain chemical
model that mimics grain sputtering by shocks. The average SiO
abundance of ∼10−9 found towards Sgr B2 agrees with that produced
by the models by Harada et al. (2015), which consider a shock
velocity of 10–20 km s−1, a hydrogen density of 105 cm−3, a cosmic
ray ionization rate ζ in the range of 10−16–10−15 s−1 and time-scales
of around 104–105 yr after the shock. Values of ζ within this range
are estimated towards Sgr B2 (van der Tak et al. 2006; Bonfand et al.
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4926 J. Armijos-Abendaño et al.

Figure 7. OCS J = 7–6 and 21–20 lines observed towards positions 1, 4,
and 5 of Sgr B2. The dashed lines show velocities identified in the Gaussian
fits of the OCS lines (see text). Lines of HC18O+ are also observed towards
several positions. The best-fitting LTE model lines are overlaid on top of the
observed OCS lines.

2019). A SiO abundance of ∼10−9 can also be explained by models
with a ζ of 10−16 s−1, a density of 105 cm−3, and shock velocities
of 30–40 km s−1. However, in this case the time-scales to reach that
abundance are 102–103 yr after the shock (Harada et al. 2015), which
can be more restrictive for the age of Sgr B2. Fig. 8 by Harada et al.
(2015) also shows that the time-averaged SiO abundance depends
on the shock velocity as chemical models show higher SiO relative
abundances at higher shock velocities for a given time-scale, owing
to the higher degree of Si sputtering from grain cores.

Finally, we exclude CJ- and J-type shocks for Sgr B2 as they
would imply very short time-scales, ∼ 102 yr and much higher
gas temperatures than those observed in this region. Gusdorf et al.
(2008b) found that CJ-type shock models, which consider both C-
and J-type characteristics, predict gas temperatures higher than 103

K for SiO abundances of 10−9, which are at least a factor of 27
higher than those we found for Sgr B2. Similarly, chemical models
that follow the production of SiO in dissociative J-type shocks of 25

and 35 km s−1 show SiO abundances of 10−9 at gas temperatures
higher than 100 K (Guillet, Jones & Pineau des Forêts 2009). These
temperatures are at least a factor of ∼3 higher than those of 30–37 K
for Sgr B2, thus suggesting that J-type shocks may not be involved
in the formation of SiO in this GC source.

6 EX C I TAT I O N T E M P E R AT U R E , H Y D RO G E N
DENSI TY, A ND KI NETI C TEMPERATURE

Fig. 7 shows OCS lines of the J = 7–6 and 21–20 transitions towards
positions 1, 4, and 5 shown in Fig. 1. Using the AUTOFIT tool of the
MADCUBA software we have fitted synthetic lines to the observed
OCS J = 7–6 and 21–20 lines considering LTE conditions, thus
deriving the local standard of rest (LSR) velocity, the FWHM), the
intensities (I) of the OCS J = 7–6 and 21–20 lines, the OCS column
density (NOCS), and the excitation temperature (Tex). These derived
parameters for position 1, 4, and 5 are listed in Table 4, and the LTE
synthetic lines of OCS J = 7–6 and 21–20 are shown with red lines in
Fig. 7. Multiple velocity components are needed to fit the observed
OCS J = 7–6 and 21–20 lines with MADCUBA. The FWHM and/or
the Tex were considered as fixed parameters when the AUTOFIT tool
did not converge. We find Tex within 24–29 K for different velocity
components and the three positions selected in Sgr B2.

We have modelled the intensities of the OCS J = 7–6 and 21–20
lines given in Table 4 using the RADEX LVG code (van der Tak et al.
2007). Using this non-LTE code, we find that kinetic temperatures
(Tkin) of 30–37 K, H2 densities (nH2

) of (3.0–4.0) × 105 cm−3 and
OCS column densities of (3.0-42.0) × 1014 cm−2 provide the best fits
to both the derived LTE excitation temperature and the intensities of
OCS J = 7–6 and 21–20 lines listed in Table 4. In the LVG modelling,
the Tkin, nH2

, and NOCS were considered as free parameters, while the
linewidth of 20 km s−1 [the typical value found in GC clouds (Amo-
Baladrón et al. 2011; Armijos-Abendaño et al. 2015) and the FWHM
peak in Fig. 4] was considered as a fixed parameter. The non-LTE
column densities of OCS are consistent within a factor of 2 with
those calculated using the LTE approach with MADCUBA. The Tkin of
30–37 K is slightly higher than the low kinetic temperature of ∼25 K
found for GC clouds by Hüttemeister et al. (1993).

7 A C L O U D – C L O U D C O L L I S I O N I N S G R B2

7.1 Stellar feedback bubbles or a cloud–cloud collision?

As previously mentioned, the observed SiO maps of Sgr B2 show
evidence of shocked gas in this molecular cloud complex. Is the
shocked gas the result of stellar-wind bubbles sweeping their sur-
rounding dense gas and/or the result of a large-scale cloud–cloud
collision? Stellar winds are responsible for the formation of bubbles,
bow shocks, wind-swept filaments in the ISM (e.g. see Mackey et al.
2016; Gvaramadze et al. 2017). Although the presence of >200 radio
continuum sources in Sgr B2, including young stellar objects and
>70 H II regions (e.g. see Gaume et al. 1995; Ginsburg et al. 2018),
indicates that winds and UV radiation fields from young stars are
present, their compactness suggest they can be dynamically impor-
tant on spatial scales ranging from sub-parsecs to a few parsecs. Thus,
stellar wind bubbles and their associated H II regions could be respon-
sible for shaping density sub-structures on those scales, but they are
unlikely to dominate the large-scale dynamics of the Sgr B2 complex.

In a multibubble superposition scenario, several large-scale feed-
back bubbles would be needed to create a multishock structure
spanning a 36 × 36 pc2 region, and the ensuing velocity field would
show clear shock edges at the boundaries between ionization fronts
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Table 4. Parameters derived from OCS lines.

Pos. VLSR
a FWHMb I (J = 7–6) I (J = 21–20) NLTE

OCS Tex
b nH2

c Tkin
c Nnon−LTE

OCS
c

(km s−1) (km s−1) (mK) (mK) (× 1014 cm−2) (K) (× 105 cm−3) (K) (× 1014 cm−2)

1 10.6 ± 0.2 15.6 ± 0.4 414 ± 16 28 ± 6 6.6 ± 0.2 23.9 ± 1.1 3.5+4.0
−1.7 30+1

−2 11.0+0.5
−1.0

34.3 ± 0.3 20 247 ± 16 14 ± 5 5.7 ± 0.3 23.7 ± 1.4 3.2+5.1
−1.8 30+1

−4 6.5+0.5
−0.5

50.4 ± 0.8 20 141 ± 18 16 ± 6 2.0 ± 0.3 27.6 ± 2.8 3.0+12.0
−2.0 35+4

−5 4.0+0.5
−1.0

4 67.9 ± 0.1 23.4 ± 0.3 1447 ± 27 221 ± 12 37.0 ± 0.5 28.9 ± 0.4 3.0+1.0
−0.3 37+1

−1 42.0+1.0
−1.0

5 63.0 ± 0.5 20 470 ± 25 35 ± 8 10.0 ± 0.5 24.0 ± 2.4 4.0
+16.0

−2.2 30+1
−2 13.0+0.5

−2.0

107.1 ± 1.3 20 129 ± 23 9 ± 2 2.6 ± 0.3 24 3.0+7.0
−1.3 30+3

−1 3.0+1.0
−0.2

aTowards positions 1 and 5 several velocity components are identified in the LTE line modelling.
bThe FWHM or Tex is fixed in the LTE modelling when the parameter is listed without an error estimate.
cThe H2 density, kinetic temperature, and column density of OCS give the best fits to both the line intensities of the OCS J = 7–6 and 21–20 lines and excitation
temperature in the non-LTE modelling with the RADEX code (see text).

and molecular gas (e.g. see Mackey et al. 2015). Such clear bubble
signatures are not observed in our SiO emission maps in which the
arc, shells, and cavities discussed in Section 3 do not have clearly
delineated morphologies, and the cavities do not spatially coincide
with the observed edges of the much smaller compact H II regions.
In general, our SiO maps show that all these features display fractal
sub-structures, which can be naturally explained by turbulence (e.g.
see Federrath et al. 2009; Federrath 2013). In this context, Sugitani
et al. (1986) also found that the segmentary morphology found in
dense gas in their 13CO maps of the Orion cloud can be attributed
to the intrinsic inhomogeneous distribution of molecular gas rather
than to the expansion of nearby H II regions.

In addition, the expansion velocities of compact and ultracompact
H II regions, such as those found in Sgr B2, are typically of the order
of ∼ 10–40 km s−1 (see Raga, Cantó & Rodrı́guez 2012; Williams
et al. 2018), and the bubble expansion generally stops after ∼105 yr
when the shock weakens and pressure equilibrium is reached. These
shock speeds could in principle produce SiO via grain sputtering, but
the emission would be confined to regions with sizes ranging from
sub-parsecs to a few parsecs.

Therefore, the small size of the observed compact H II regions,
the lack of spatial correspondence with regions of broad-line SiO
emission, and the lack of spatial overlap between them and the
cavities observed in our SiO emission maps suggest they are
dynamically important at small scales, but also argue against a large-
scale multibubble superposition scenario for this region. Instead,
several previous studies have found signatures of a cloud–cloud
collision in this region. For instance, Hasegawa et al. (1994) identified
a clump at 70–80 km s−1 that spatially overlapped with a cavity at
40–50 km s−1 in their 13CO maps of Sgr B2, thus suggesting a two-
cloud collision. Later, Sato et al. (2000) spatially associated the
local H II regions and molecular masers at 65–80 km s−1 with dense
(potentially compressed) gas with similar kinematics. The authors
suggested that star formation in these regions was likely triggered by
shocks induced by a cloud–cloud collision.

The above results are also supported by earlier recombination-line
observations (Mehringer et al. 1993), which show that ionized gas is
moving at ∼ 50–70 km s−1, i.e. at speeds in between the velocities of
the potentially colliding clouds (see also de Pree et al. 1995; De Pree,
Wilner & Goss 2011). Interestingly, we also find that some of the
radio continuum sources in the region overlap with shocked regions at
[40, 85] km s−1 as traced by our SiO maps (see Fig. 1). Although the
spatial coincidence is not perfect, the overlap may indicate a recent
connection to stellar feedback at small scales. Furthermore, the non-
uniform spatial distribution of shocked gas in the Sgr B2 region and
its complex kinematics revealed by our maps strongly suggest that

dense-gas collisions and turbulence emerging at larger scales play
more important roles. Can the collision of two clouds reproduce
such a structure? If yes, how does the initial density structure of the
colliding clouds affects the resulting distribution of shocked gas?

7.2 Numerical simulations of cloud–cloud collisions

In order to understand the kinematics of shocked gas in Sgr B2 and
test the cloud–cloud collision hypothesis, we investigate the proper-
ties of shocked gas in idealized numerical simulations of cloud–cloud
interactions. We study two cloud–cloud collision scenarios in 3D:
one in which two uniform clouds collide (model UU with clouds U1
and U2), and one in which two fractal clouds collide (model FF with
clouds F1 and F2), i.e. clouds with lognormal density distributions. In
both cases, the computational domain consists of a Cartesian prism
with a spatial range −40 pc ≤ X1 ≤ 40, −60 pc ≤ X2 ≤ 220, and
−40 pc ≤ X3 ≤ 40 pc. We impose outflow boundary conditions on
all sides of the simulation domain.

The simulation grid is uniform and has a resolution of (NX1 ×
NX2 × NX3 ) = (512 × 1792 × 512), and the pair of clouds in each
model are centred on (0,−15 pc, 0) (cloud U1/F1) and on the origin
(0, 0, 0) (cloud U2/F2; see the top left panel of Fig. 8). The initial
radius of both clouds is 10 pc and is covered by 64 grid cells, so the
resolution in physical units is ≈ 0.16 pc per grid cell. This resolution
ensures that dynamical instabilities arising at the interfaces between
the cloud and intercloud medium are well captured throughout the
evolution (see Pittard & Parkin 2016; Banda-Barragán et al. 2018,
2019 for additional details).

For these simulations we solve the system of conservation laws of
ideal hydrodynamics using the PLUTO v4.3 code (see Mignone et al.
2007) in a 3D (X1, X2, X3) Cartesian coordinate system. We employ
the HLLC approximate Riemann solver of Toro, Spruce & Speares
(1994), and a Courant–Friedrichs–Lewy (CFL) number of Ca = 0.3.
We close the system of conservation laws by introducing a quasi-
isothermal equation of state with a ratio of calorific capacities at
constant pressure and volume of γ = 1.01. This choice of polytropic
index is adequate to model molecular gas (see Masunaga & Inutsuka
2000; Larson 2005). We note that while our numerical setup implies
that our models are scale free, we choose to report the initial
conditions and all the results in physical units that are constrained
by the observations discussed so far.

In the first scenario, model UU, we initialize two spherical clouds
with uniform density fields, and in the second scenario, model FF, we
initialize two fractal clouds with density profiles described by log-
normal distributions (see Table 5). We generate these fractal density
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4928 J. Armijos-Abendaño et al.

Figure 8. Top panels: Maps of the number density (3D renderings) and column number density of hydrogen (2D projections along the observer’s LOS, whose
direction is indicated by a red arrow) in model FF, at increasing times in the range 0 < t < 1.7 Myr. Bottom panels: observed maps of the column number
density of hydrogen as inferred from our 13CO data cube assuming optically thick (bottom left panel) and optically thin regimes (bottom right panel). The
red, dashed square indicates regions of the same size, 302 pc2, in both simulations and observations. Our collision model FF reproduces the turbulent structure
observed in Sgr B2. The full-time evolution can be viewed in movies included in the electronic version of this paper.

fields using the pyFC library,4 which relies on a Fourier method devel-
oped by Lewis & Austin (2002) to generate random, lognormal den-
sity fields with user-defined power-law spectra. For this set, we gen-
erate two solenoidal clouds (i.e. clouds with density distributions that
arise from divergence-free driving of supersonic turbulence; see Fed-
errath, Klessen & Schmidt 2008) with different seeds and the same

4Publicly available at: https://bitbucket.org/pandante/pyfc

initial mean density ρ̄cloud = 1.53 × 10−20 g cm−3, and initial stan-
dard deviation of σρcloud = 1.8 ρ̄cloud. Before interpolating the clouds
into the computational domain, we mask regions in the fractal cloud
domain outside a radius rcloud = 10 pc and scale the average density
of each cloud to ρ̄cloud = 1.53 × 10−20 g cm−3 (i.e. to a mean hydro-
gen number density of n̄H = 4 × 103 cm−3) so that both clouds start
with the same mass and initial mean density. Our choice of initial den-
sity implies a total mass of 2 × 106 M�. These densities and the re-
sulting mass are in agreement with those inferred by previous authors
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Table 5. Initial conditions for the 3D cloud–cloud collision models. Column
1 indicates the medium (U = uniform, F = fractal). Column 2 shows the
line-of-sight (LOS) initial velocity in the rest frame of the observer. Column
3 shows the initial hydrogen number density. Columns 4 and 5 show the initial
mean temperature and sound speed, respectively. Column 6 shows the initial
thermal pressure equilibrium (kB = Boltzmann constant).

(1) (2) (3) (4) (5) (6)
Medium vLOS n̄H T̄ c̄s P/kB

[km s−1] [cm−3] [K] [km s−1] [K cm−3]

Ambient +20 4 × 102 390 1.20 2 × 105

Cloud U1/F1 +140 4 × 103 39 0.37 2 × 105

Cloud U2/F2 +20 4 × 103 39 0.37 2 × 105

for Sgr B2 (e.g. see Goicoechea et al. 2004; Schmiedeke et al. 2016b).
Next, we assume for simplicity that the collision occurs along

the observers’ LOS. Thus, in each scenario cloud U1/F1 has an
initial LOS velocity of +140 km s−1, while cloud U2/F2 has an
LOS velocity of +20 km s−1. Our choice of initial velocities for
the simulations is constrained by our SiO observations. In particular,
our observations show that a large fraction of the SiO emission is
in the velocity channels [10, 40] km s−1, which restricts the rest-
frame velocity of the slower cloud to that range. In addition, our
observations also show that there exists very fast shocked gas at
velocities [70, 120] km s−1, which in turn restricts the initial speed
of the faster cloud to that range. These velocities are also consistent
with current dynamical models of the CMZ. For instance, Molinari
et al. (2011) found that a constant orbital velocity of 80 km s−1 fits
their twisted ring model, and more recently Kruijssen et al. (2015)
proposed a model with multiple gas streams moving at even higher
velocities 100–200 km s−1. In the latter model, Sgr B2 has an orbital
velocity of ∼ 130 km s−1. Hasegawa et al. (1994) and Sato et al.
(2000) considered a lower relative velocity of 30 km s−1 for the
colliding clouds, but we find that such low velocity is insufficient to
reproduce the vast range of gas velocities seen in our SiO emission
maps. Thus, motivated by the kinematics of shocked gas in Sgr
B2 and our simulations, we propose a higher relative velocity of
∼ 120 km s−1 for the cloud–cloud collision.

After the cloud density fields are interpolated into the compu-
tational domain, we use the aforementioned relative velocity and
initialize the simulations in the rest frame of the slower cloud U2/F2,
with both clouds (U1/F1 and U2/F2) and the intercloud medium in
thermal pressure equilibrium, P/kB = 2 × 105 K cm−3, where kB is
the Boltzmann constant. This pressure value is lower than the range
of pressures predicted for the GC region from equilibrium consid-
erations (see Morris & Serabyn 1996; Crocker 2012 and references
therein), but is still higher than the pressures inferred for clouds in
the Galactic disc, P/kB ∼ 104 K cm−3. Before presenting the results
from our models, we first discuss the limitations of our current
simulations in the context of previous cloud–cloud collision models.

7.3 Previous cloud–cloud collision models and limitations of
our numerical work

Cloud–cloud collisions are ubiquitous in the ISM and play a key
role in shaping the gas structure in the GC (e.g. see Enokiya et al.
2019 and references therein). Cloud–cloud collisions contribute to
the formation of molecular gas (Jin et al. 2017; Körtgen, Federrath
& Banerjee 2017) and they can also trigger star formation by
inducing gravitational collapse in the shocked gas (Inoue & Fukui
2013; Takahira, Tasker & Habe 2014; Wu et al. 2017; Shima et al.
2018). Self-gravity and sink particles are key ingredients in star

formation studies, but they would be important on much smaller
scales (< 0.05 pc; see e.g. Federrath & Klessen 2012) than what we
can resolve with our current simulations. Moreover, as we discussed
in Section 7.1 stellar feedback does not appear to be playing a
major role in the large-scale dynamics of shocked gas in Sgr B2.
Therefore, for the purposes of this study we exclude such recipes in
the numerical models.

In addition, our idealized, single-fluid hydrodynamic simulations
do not allow us to self-consistently study two-fluid shocks (e.g.
J-, CJ-, or C-type shocks; see Draine & McKee 1993), which
would be needed to produce synthetic maps of the intensity of SiO
emission. Our models lack magnetic fields, a chemical network,
and radiative cooling and heating, which are all needed to study
two-fluid shocks in detail (e.g. see Smith & Mac Low 1997;
Lehmann & Wardle 2016). Despite this, our single-fluid shocks
can be proxies of two-fluid shocks as a first approximation as
their estimated thicknesses, Lshock, for the gas conditions in Sgr
B2 are ∼3–100 times smaller than the cell size of our simulations
(�xi = 0.16 pc). Assuming molecular hydrogen number densities
of 103–105 cm−3 with ionization fractions χ e ∼ 10−7–10−8 and
magnetic field strengths B/μG = b (nH/cm−3)1/2 (Crutcher et al.
2010), where b is the scaling parameter, we follow Draine (1980),
Wardle (1990), and estimate C-type shock thicknesses of the order of
0.010–0.050 pc for b = 1 and 0.003–0.100 pc for b = 2. These values
imply magnetic precursor length scales consistent with those found
in models with SiO (Gusdorf et al. 2008a; Jiménez-Serra et al. 2008;
Roberts et al. 2012). Similarly, the inferred magnetic field strengths
are 0.1–1.2 mG (see also Crutcher et al. 1996), which correspond
to magnetosonic speeds vms > 5 × 103 km s−1 (see Draine 1980).
This implies that all shocks for these conditions are C-type shocks
as shock speeds of 5–50 km s−1 are characteristic in cloud–cloud
collisions (see Section 7.7).

The above calculations signify that: (i) two-fluid shocks in our
simulations are unresolved and therefore indistinguishable from
single-fluid shocks, and (ii) magnetohydrodynamical (MHD) cloud–
cloud collision models would require numerical resolutions 200–
2000 cells per cloud radius to capture two-fluid shocks in conditions
relevant for Sgr B2. Such requirement makes self-consistent 3D
MHD simulations computationally prohibitive at this stage of our
modelling, but future work along this line is warranted as previous
studies suggest magnetic fields and radiative processes can also have
dynamical effects not captured by our current models. For instance,
magnetic fields can change both the dynamics of clouds moving
through a more diffuse medium (e.g. see Banda-Barragán et al.
2016; Cottle et al. 2020) and the radiative signatures of shocks
(Lehmann & Wardle 2016). If strong, they are also expected to
affect the dynamics of a collision between clouds and the resulting
star formation efficiency (e.g. see Wu et al. 2017, 2020). Similarly,
the balance between heating driven by ion-neutral collisions and
radiative cooling by molecular-line emission can alter the chemistry
of the gas (Draine, Roberge & Dalgarno 1983) and have an impact on
the energy dissipation and temperatures at shock fronts (Lehmann,
Federrath & Wardle 2016), which our nearly isothermal equation of
state does not capture.

Despite the above caveats, our idealized simulations do allow us to
study: (i) the overall density structure that results from the collision
between two clouds, (ii) the range of shock velocities (and Mach
numbers) expected for such a region, both as a function of initial
cloud geometry and time, and (iii) the structure of shocked gas and
how this compares to the morphology of the shocked gas revealed
by our molecular line observations. As we explain in the following
sections, these aspects can be investigated by studying the hydrody-
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namical interaction of two colliding clouds, and they are important
to build our understanding of Sgr B2 as well as inform future self-
consistent models of SiO emission in cloud–cloud collisions.

7.4 Evolution of cloud–cloud systems and gas kinematics

Having reviewed some numerical aspects of cloud–cloud systems,
we now discuss the evolution of our collision models and how they
compare to observations. The top panels of Fig. 8 show the evolution
of the number density (3D renderings) and the column number
density (2D projections along the LOS) of cloud material in model
FF, at different times, 0 ≤ t ≤ 1.7 Myr. The region of interest, which
corresponds to the physical size of the observed region, is demarcated
by a dashed, red square.

For comparison, in the bottom panels of Fig. 8 we show the column
number density maps of molecular hydrogen, calculated from the
13CO J = 1–0 data cube (see Section 2), assuming that the gas is
optically thick (bottom left panel) and optically thin (bottom right
panel). To obtain the H2 column density map we first calculate a 13CO
column density map following equations (12) and (13) in Heiderman
et al. (2010). We assume a beam-filling factor of unity and a constant
excitation temperature of 10 K, based on the average Tex of 10 K de-
rived by Martı́n et al. (2008) for Sgr B2 from C18O data. We calculate
the optical depth for each pixel of the data cube, and then following
equations (13) in Heiderman et al. (2010) we calculate the 13CO
column density. For the column density calculations we integrate the
13CO J = 1–0 line intensity over the range of [−20, 120] km s−1. We
obtain the optically thick molecular hydrogen column density map
from the 13CO column density map by assuming an H2/13CO ratio
of 4 × 105 (Heiderman et al. 2010). For the optically thin molecular
hydrogen column density map we follow the same procedure, but we
assume that the 13CO(1–0) emission is optically thin.

These panels show that the cloud–cloud collision consists of three
global stages, in both models UU and FF. In the first stage, the
initial contact triggers shocks in both clouds. Most shocks move
forward, but some move backwards as gas is reflected from high-
density cores. In the second stage, these shocks travel through the
clouds heating them up and contributing to their lateral expansion.
The softer polytropic index included in our models limits the
expansion rate, thus mimicking the dynamical effects of radiative
cooling. At the same time internal clumps continue colliding and
mixing as vorticity is deposited at cloud–cloud and cloud-intercloud
interfaces.

The collision between high-density gas in both clouds contributes
to momentum transfer from the faster cloud (cloud U1/F1) to the
slower cloud (cloud U2/F2). Thus, some of the gas in cloud U2/F2
starts accelerating, while gas in cloud U1/F1 decelerates. In the third
stage the fastest transmitted shocks reach the rear side of the slower
cloud and low-density, mixed gas is driven downstream. The exiting,
fast-moving gas provides a signature of the initial velocity field of
the faster cloud, while the slower gas that stays behind probes gas
moving at speeds close to the initial rest-frame velocity of the slower
cloud. The backflow of reflected shocks can explain the presence of
shocked gas with negative radial velocities in the observations.

7.5 The importance of turbulence

Although the above stages are common to both models there are
differences in the density structure and shocked gas morphology be-
tween models UU and FF. In model UU, the collision is symmetric as
the colliding clouds are spheres, while in model FF the collision pro-
duces a non-isotropic, asymmetric, turbulent structure. In model UU,

Figure 9. Density structure in model UU (left) and model FF (right) at
t = 0.5 Myr. Taking into account the turbulent nature of clouds is essential
to reproduce the observational density maps.

the high-column-density gas is located on the middle point, along the
collision axis (i.e. along the LOS), while in model FF there are high-
density cores anisotropically distributed across the collision area.

The panels in Figs 8 and 9 show that the shocked and mixed gas
in model FF precludes through the collision region more easily than
in the model UU owing to the intrinsic porosity of the colliding
clouds. Thus, when projected along the observer’s LOS, model FF
provides a better match to observations. In model FF, clouds F1 and
F2 have differently seeded lognormal density fields, so fast-moving
gas hollows out of the slower cloud anisotropically. The collision
stirs the gas in both clouds generating turbulence and shocks, which
create regions of strong compression and also cavities, in a similar
fashion to what has been reported in previous cloud–cloud collision
models (e.g. see Anathpindika 2010; Fukui et al. 2018) and to
what we see in the observations of Sgr B2. Thus, we find that the
collision between two uniform clouds (model UU) does not match
the observations, and that considering the turbulent nature of clouds
(as in the initial conditions of model FF) in collision models is crucial
to understand the morphology and kinematics of the molecular gas in
Sgr B2.

7.6 Density structure in cloud–cloud collisions and in Sgr B2

We also compare the PDFs of the column number density in obser-
vations and simulations (see Fig. 10). Assuming the gas is optically
thick, the PDF is bi-modal and has a mean column number density
N̄H2 ∼ 1023 cm−2. In contrast, assuming the emission is optically
thin, the PDF is lognormal and has a mean column number density of
N̄H2 ≈ 5 × 1022 cm−2. In general, we find good agreement between
the PDFs obtained from model FF and the observational PDFs. The
shape and peak of the simulated PDFs keep close resemblance to the
optically thick PDF for times t ≤ 0.5 Myr. At later times, the PDFs
in the simulation develop a flatter plateau and even a secondary peak
at low densities as mixed, diffuse gas becomes more abundant than
high-density gas.

While the exact column density numbers depend on the modelling
of the 13CO data and on the normalization in our simulations, the
density structure we observe in Sgr B2 is consistent with a scenario
in which two clouds have collided. Additionally, the time evolution
of the simulated PDFs also suggests that if a cloud–cloud collision
triggers star formation, this should take place during the early stages
of the interaction as high-density cores become less prominent at
late times due to gas mixing, dynamical instabilities, and turbulence
decay.
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Figure 10. PDFs of the column number density in observations and sim-
ulations calculated for gas inside the red, dashed squares shown in Fig. 8.
The optically thick PDF (represented by blue boxes) is bi-modal, while the
optically thin PDF (represented by red boxes) is lognormal. The simulated
PDFs are depicted at different times by different lines. The shape and peak
show the closest resemblance to the optically thick PDF for t ≤ 0.5 Myr.

7.7 Shocked gas dynamics in cloud–cloud collisions

In this section, we discuss the morphology and properties of shocked
gas in model FF and how they compare with the SiO observations.
While a direct comparison to the SiO emission intensity is not
possible as we do not track the chemistry of the gas in our idealized
computational models, an indirect comparison can be done as we do
track the properties of shocked gas with a scalar tracer. In order to
study the dynamics of shocked gas, Fig. 11 shows 2D maps of the
average internal shock velocities in model FF for some of the same
velocity channels studied in our SiO observations.

To construct the Mach number/shock velocity maps shown in
Fig. 11 we first use a discontinuity finder routine (based on Vazza
et al. 2011 and Lehmann, Federrath & Wardle 2016) to detect
shocked cells in the computational domain. For this we search
for cells containing cloud material, and then for convergent flows,
i.e. ∇ · v < 0, associated with large pressure gradients. Once a
cloud cell has been flagged as potentially shocked, we calculate the
associated Mach number from the velocity differences across the
cell. In some cases we obtain M ≤ 1, so such cells represent waves
rather than shocks. To obtain the Mach numbers and shock/wave
velocities, we use a central difference method, in which we first
calculate the derivatives in each direction and then sum the com-
ponents to obtain the global Mach numbers. As a final step we
average the Mach numbers and shock/wave velocities along the LOS
and project them on to the maps shown in Fig. 11. Thus, these
maps represent the average strength of shocks at time t = 0.5 Myr,
which corresponds to a time at which the column density maps
and the shocked gas distribution are analogous in simulations and
observations.

The bottom panels of Fig. 11 show the histograms of shock/wave
velocities and Mach numbers corresponding to this time, t =
0.5 Myr, and for comparison to the latest time of the simulation,
t = 1.7 Myr. The full-time evolution of shocked gas can be viewed
in the movies accompanying this paper. At t = 0.5 Myr shocks have
velocities in the range from ∼ 2 (dark regions) to ∼ 70 km s−1 (bright
regions), with typical values between 5 and 50 km s−1. These shock
speeds correspond to Mach numbers between 4 and 42. In addition,

most of the shocks (and their associated SiO emission) are expected
between [25, 70] km s−1, where the lower limit roughly corresponds
to the rest frame of the slower cloud F2, the in-between to mixed
gas from both clouds, and the higher limit to gas decelerated from
the faster cloud F1. Production of SiO at lower radial velocities is
not significant as there is not much backflow, while at higher radial
velocities, less SiO is expected to form as very little gas percolates
through low-density gas in cloud F2.

In contrast, at t = 1.7 Myr the PDFs are dominated by very low
velocity shocks with typical values between 2 and 5 km s−1, which
correspond to Mach numbers between 1.5 and 4. At this time, very
little shocked gas remains in the velocity channels [−5, 10] and
[100, 115] km s−1, and the kinematics of shocked gas is restricted to
velocities closer to the post-collision rest frame of the cloud–cloud
system, i.e. to the [25, 70] km s−1 range. To visualize the global
correlation between gas densities and shock speeds, we can analyse
2D histograms of these variables at different times. Fig. 12 reports
the 2D histograms of nH (top panel) and NH2 (bottom panel) versus
vshock and its LOS average, respectively, for t = 0.5 Myr, jointly with
>10−4-level and >5 × 10−6-level contours, respectively, for times
between 0.1 and 1.7 Myr.

These panels show that the amount of shocks goes up rapidly after
the impact and that the shock distribution is dominated by high-
velocity shocks (vshock > 50 km s−1) only in the very early stages of
the cloud–cloud interaction at t < 0.2 Myr. This is when the relative
velocity between gas in both clouds is the highest and when gas
from both clouds start colliding and producing regions of strong
compression and rarefaction, which are characteristic of supersonic
turbulence. As time progresses, the shock distribution moves to-
wards lower shock velocities (and Mach numbers) as the collision-
induced turbulence steadily dissipates. Between t = 0.2–0.5 Myr,
the distribution is dominated by moderate- and low-velocity shocks
(vshock = 5–50 km s−1), and at late times for t > 0.5 Myr by very low
velocity shocks (vshock = 2–5 km s−1) and subsonic waves.

This analysis constrains the time-scales for the production of SiO
to the availability of shocks with the appropriate velocities and pre-
shock densities to trigger either grain core or grain mantle sputtering.
On the one hand, high-velocity shocks (vshock > 50 km s−1) only
need 102–103 yr to produce enough SiO to explain the abundances
estimated for Sgr B2 as they can very efficiently produce SiO via
core sputtering (which generally needs vshock > 20 km s−1). Thus,
they could favour a scenario where Sgr B2 is very young, < 104 yr.
However, our simulation indicates that such high-velocity shocks are
only available at the very beginning of the cloud–cloud interaction.
Thus, while possible, we think it would be difficult for shocks
of such speeds to explain all the wide-spread SiO emission seen
in all channels. On the other hand, moderate- and low-velocity
shocks (vshock = 5–50 km s−1) need longer time-scales 103–105 yr
to produce the observed SiO abundance, but they are much more
common, wide-spread, and long lived in our simulation than high-
velocity shocks. Thus, we think that these moderate- and low-velocity
shocks are the most likely sources for the ubiquity of SiO emission
in this region.

Moderate- and low-velocity shocks, associated with pre-shock
densities between 103 and 104 cm−3, are common during the first
≈ 0.5 Myr of the cloud–cloud collision, so they favour a scenario
where Sgr B2 is the site where a collision has been taking place
for � 0.5 Myr and SiO has been continuously replenished by shocks
with the appropriate speeds to trigger grain mantle sputtering, which
only needs shocks speeds > 7 km s−1 (if the medium is pre-enriched
with Si-bearing material) and can produce broad SiO lines (Gusdorf
et al. 2008b). The colliding clouds could have been moving along the
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Figure 11. Top panels: 2D maps of the structure of shocked gas in model FF at t = 0.5 Myr. We show the average shock velocity in different velocity channels
(selected to match those on the SiO maps in Fig. 1). The shock velocities are in the range from 2 (dark regions) to 100 km s−1 (bright regions), with typical
values between 5 and 40 km s−1. SiO molecules are expected to form on time-scales of the order of 104–105 yr for these speeds. Most of the SiO emission is
expected at radial velocities of [25, 55] km s−1, which corresponds to gas accelerated from cloud F2 and decelerated from cloud F1. At higher speeds, less SiO
is expected to form as gas from cloud F1 loses momentum while travelling across cloud F2. Bottom panels: shock velocity (Mach number) PDF obtained from
model FF at t = 0.5 Myr. Note that Mach numbers < 1 and their respective speeds correspond to waves, rather than shocks. The entire simulation can be viewed
in an animation included in the electronic version of this paper.

same orbit/stream at different speeds, in neighbouring orbits/streams,
or along bar-driven inflows on to the CMZ (e.g. see Sormani et al.
2018). Thus, our results are consistent with the standard dynamical
models for the GC’s CMZ by Binney et al. (1991), Molinari et al.
(2011), and Kruijssen et al. (2015, 2019). However, in the latter
comparison, SiO emission and our analysis in this paper do point to
a local origin for the extensive star formation in Sgr B2.

7.8 Additional cloud–cloud collision signatures

Cloud–cloud collisions have distinct signatures when they occur in
the ISM, such as complementary spatial distributions between the
colliding gas, complementary kinematics revealed by first-moment

maps, and bridging ‘V-shaped’ features visible in P–V diagrams
(see Haworth et al. 2015; Fukui et al. 2018). As highlighted by
Fukui et al. (2018) these features are short lived (< 1 Myr) during
a collision and they would fade after triggered star formation and
stellar feedback introduces additional stirring in the gas. Thus, if
found in observations, these features can show that a recent cloud–
cloud collision has occurred.

Our analysis of both observations and simulations supports this
view and favours a cloud–cloud collision scenario for Sgr B2. As
discussed in Section 3, we find a complementary distribution between
shocked gas at [10, 25] km s−1 and gas at [70, 85] km s−1. In addition,
we also find features akin to the bridging features reported by earlier
studies in P–V diagrams (Torii et al. 2017b). Fig. 13 shows our P–V
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Figure 12. Top panel: 2D histogram of the gas number densities, nH, versus
shock velocities, vshock, for t = 0.5 Myr. Bottom panel: 2D histogram of
the gas column number densities, NH2 , versus the average shock velocities,
v̄shock, along the LOS (see Fig. 11). The contours in both panels show the
time evolution of the bulk of shock velocities for t = 0.1–1.7 Myr, and the
yellow lines correspond to vshock = 5, 20, and 50 km s−1, i.e. to the velocity
ranges where C-type shocks are dominant and can produce SiO efficiently. A
low number of high-velocity shocks are produced early on in the collision,
while a high number of moderate- to low-velocity and very low velocity
shocks become prevalent for t > 0.2 and t > 0.5 Myr, respectively. The entire
sequence can be viewed in movies included in the electronic version of this
paper.

diagrams for three different times in our simulation FF, t = 0.4 Myr,
0.5 Myr, 1.7 Myr (top row) and for three different declination slices
in our SiO observations (bottom row). The simulation maps show
that ‘zig-zag’ bridges (with ‘V-shaped’ features at their turning
points) between colliding parcels of gas are characteristic during
the early stages of the collision, while they vanish at late stages.
Similar bridging features can also be seen in the observations, where
high-velocity gas appears to be connected to medium-velocity gas
and this to low-velocity gas via ‘zig-zag’-shaped bridges.

The multiplicity of bridging features on these diagrams suggests
that several cloudlets are interacting in the collision as expected
from turbulent clouds. ‘Zig-zag’ shapes are more accentuated in

the diagonal slice (bottom right panel), which was done along the
Galactic plane. This may indicate that interacting shocked gas lies
primarily on the Galactic plane. Similarly, the bridging features
connecting high- and medium-velocity gas in the observations appear
to be fainting at this stage of the interaction. In our simulations such
features faint for times > 0.7 Myr, which also adds an additional time
constraint for shocked gas in this region. This is in agreement with
our previous findings and with previous studies on other systems,
which suggest that V-shaped features diffuse away after 1 Myr (e.g.
Fukui et al. 2018).

7.9 Implication for star formation in Sgr B2

These results also have important implications for the star formation
history in this region. The gas kinematics, its density structure, and
multiple shock diagnostics are consistent with a scenario in which
two clouds have been colliding for t ≈ 0.5 Myr. Our modelling
suggests that star formation in Sgr B2 was triggered by high-velocity
shocks in compressed gas during the initial stages of the collision
between two clouds, in agreement with earlier results by Hasegawa
et al. (1994) and Sato et al. (2000). Our simulations show that during
the first 0.2 Myr of the cloud–cloud interaction, the compression
due to high-velocity shocks can readily produce gas with hydrogen
number densities of > 105 cm−3. The free-fall time of such gas is
only 0.1 Myr, so assuming that the observed compact H II regions
needed another 0.1 Myr to reach their sizes, our dynamical time-
scale is still consistent with an overall age of � 0.5 Myr for Sgr B2.
Similarly, observations of stars and the inferred star formation age of
Sgr B2 are in agreement with this result, as most stars found in this
region are relatively young O- and B-type stars, and the ultracompact
H II regions have estimated ages 103–105 yr (Gaume et al. 1995).

Our estimated age for Sgr B2 (t ≈ 0.5 Myr) from our analysis
on SiO emission is lower than the estimate by Kruijssen et al.
(2015), who proposed star formation in this region was ignited
during the last pericentre passage of this cloud. Based on this
dynamical model, Ginsburg et al. (2018) give a lower estimate
of 0.4 Myr taking a feature known as ‘the Brick’ (G0.253+0.016,
whose low star formation can be attributed to the solenoidal driving
of turbulence; see Federrath et al. 2016), rather than the pericentre
passage, as a reference; and Barnes et al. (2017) provide a broader
time-scale of 0.5–0.9 Myr, assuming that clouds remain quiescent for
0.3–0.5 Myr after star formation is triggered by tidal compression.
Our analysis and modelling on SiO emission favour a local origin
for star formation in Sgr B2.

8 C O N C L U S I O N S

We have presented a comprehensive study of the structure and
kinematics of shocked gas in Sgr B2. By comparing molecular line
observations of this region with empirically constrained numerical
simulations, we have found that a cloud–cloud collision scenario is
consistent with the observed morphology and kinematics of shocked
gas in this region. To summarize:

(i) We show integrated intensity maps of SiO J = 2–1 towards Sgr
B2, which reveal shocked gas with a turbulent substructure featuring
an arc labelled as A at velocities of [−20, 10] km s−1 and three
cavities labeled as B, C, and D at [10, 40] km s−1 (see Fig. 1). Cavities
B, C, and D are observed towards the western edge of a known shell
in Sgr B2. The morphology of these features is consistent with the
substructure of gas formed by turbulent stirring resulting from a
large-scale cloud–cloud collision.
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Figure 13. Top panels: P–V diagrams in our simulation FF (top panels) for three different times, t = 0.4, t = 0.5, and 1.7 Myr, respectively. Bottom panels:
P–V diagrams for three different declination slices across the SiO emission map. Bridging ‘zig-zag’ features with V-shaped ends at their turning points can be
viewed during the early stages of the cloud–cloud collision in the simulation, and in all of the presented observational maps. The existence and shape of these
features provide further evidence for a cloud–cloud collision in Sgr B2. Since these features vanish with time, Sgr B2 must be younger than ≈ 0.5 Myr. The
full-time sequence can be viewed in a movie included in the electronic version of this paper.

(ii) The northern and eastern edges of the SiO gas at velocities of
[70, 85] km s−1 lie along cavity B at velocities of [10, 25] km s−1

(see Fig. 1). The spatial anticorrelation of low- and high-velocity gas
supports the idea that a large-scale collision between two clouds has
happened in Sgr B2.

(iii) Known (ultra)compact H II regions of Sgr B2 are too small
to justify a large-scale multibubble scenario for this region. In the
context of shock production, their sizes suggest stellar feedback is
dynamically important on scales ranging from sub-parsecs to parsecs
in Sgr B2. H II regions spatially overlap with some sites of strong
SiO emission at [40, 85] km s−1, and they are between or along the
edges of the SiO gas features at [100, 120] km s−1. This supports the
idea that the formation of the stars responsible for the ionization of
the compact H II regions happened in gas compressed by colliding
flows.

(iv) We determine the velocity, integrated line intensity, and line
width distribution of the SiO gas by decomposing all of the spatial
pixels of the SiO data cube. We find 3 peaks in the velocity
distribution of SiO at ∼25, 45, and 80 km s−1, and an average
velocity of 47 ± 2 km s−1. For the integrated line intensity, we find a
mean of 11 ± 2 K km s−1; and for the line widths (FWHM), we find a
mean of 31 ± 5 km s−1 and a lognormal distribution with a peak at 21
km s−1. These values of integrated intensity and line widths indicate
that moderate- and low-velocity shocks are dominant in this region.

(v) From analysing OCS emission, we find an H2 density of ∼105

cm−3 and kinetic temperatures around 30 K for dense gas in three
positions of Sgr B2. From analysing 13CO emission we obtain N̄H2 ∼

1023 cm−2 assuming the emission is optically thick, and N̄H2 ∼ 5 ×
1022 cm−2 assuming the emission is optically thin.

(vi) We find an average SiO abundance of ∼10−9 for Sgr B2
by comparing C18O with SiO emission. The abundance, the gas
temperature of ∼30 K, and the integrated SiO J = 2–1 line intensities
with a mean of 11 K km s−1 agree with the predictions of chemical
models of grain sputtering by C-type shocks. In particular, our results
agree well with models of a similar system in the GC, with a cosmic
ray ionization rate within 10−16−10−15 s−1, shock velocities within
5–50 km s−1, and production time-scales of >103 yr (for vshock ≥
25 km s−1) and >105 yr (for vshock < 25 km s−1).

(vii) Our numerical modelling reveals that a cloud–cloud collision
can explain the structure and kinematics of shocked gas in Sgr B2.
Our models show that most of the SiO is produced for 0.1 Myr �
t � 0.5 Myr at all velocities, and predominantly in the [25, 40] and
[40, 55] km s−1 velocity channels. Less emission is expected at high
velocities, [85, 100] and [100, 115] km s−1, as gas slows down after
the collision. The backflow caused by reflected shocks produces
shocked gas at [−20, 10] km s−1.

(viii) In our model, high-velocity shocks (vshock > 50 km s−1)
ignite star formation during the first ∼ 0.2 Myr, while moderate-
and low-velocity shocks (vshock = 5–50 km s−1) are responsible for
the wide-spread SiO emission up until ∼ 0.5 Myr. Internal Mach
numbers of 4–42 are typical in such a collision.

(ix) By simultaneously comparing gas densities and shock veloci-
ties in observations and simulations, we constrain the collision age to
� 0.5 Myr. Longer time-scales are disfavoured as column densities
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and shock speeds decrease below the limits at which grain sputtering
is efficient.

(x) The aforementioned conclusion is also supported by the
presence of ‘zig-zag’ features with ‘V-shaped’ turning points in
P–V diagrams of SiO emission. Our simulations show that such
features are only detectable during the early stages (< 0.7 Myr) of
the collision.

Sgr B2 is a star-forming region with a complex gas kinematics.
Using SiO maps we have shown that turbulent stirring associated
with a cloud–cloud collision provides a simple and viable solution
to explain the kinematics of gas and the presence of shocks and star
formation in this region. Exploring models where MHD simulations
are coupled to subgrid C-type shock models and with recipes for
sink particles and self-gravity would be interesting to complement
this view on Sgr B2 in the future.
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Figure S8. Top panels: Maps of the number density (3D renderings)
and column number density of hydrogen (2D projections along the
observer’s LOS, whose direction is indicated by a red arrow) in model
FF, at increasing times in the range 0 < t < 1.7 Myr.
Figure S11. Top panels: 2D maps of the structure of shocked gas in
model FF at t = 0.5 Myr.
Figure S12. Top panel: 2D histogram of the gas number densities,
nH, versus shock velocities, vshock, for t = 0.5 Myr.
Figure S13. Top panels: Position–velocity (P–V) diagrams in our
simulation FF (top panels) for three different times, t = 0.4, t = 0.5,
and 1.7 Myr, respectively.
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APPENDI X A : SI O ABUNDANCES I N
SELECTED POSI TI ONS

Fig. A1 shows SiO J = 2–1 and C18O J = 1–0 spectra extracted
over 28 arcsec regions (the HPBW of the SiO data cube) centred on
the seven selected positions shown in Fig. 1. We observe multiple
velocity components in the SiO J = 2–1 and C18O J = 1–0 line
profiles towards almost all positions. As seen in Fig. A1, the SiO J =
2–1 and C18O J = 1–0 lines in positions 1–3 reveal peak intensities
within ∼10–80 km s−1, while both lines in positions 5–7 show peak
intensities within ∼50–110 km s−1. The SiO J = 2–1 line profile
towards position 4 appears to show two velocity components, but
the C18O J = 1–0 line reveals only one velocity component, thus
demonstrating that the SiO J = 2–1 line is affected by self-absorption.
We use the C18O molecule to derive hydrogen column densities
required to infer the fractional abundances of SiO. Ground state lines
of HCO+, HCN, and HNC show also self-absorption effects towards
the Sgr B2M and Sgr B2N cores (Jones et al. 2008), which is due
to the presence of a hot and diffuse envelope around both cores (de
Vicente, Martı́n-Pintado & Wilson 1997; Martı́n-Pintado et al. 1999).
It is expected that only the SiO J = 2–1 line of position 4, between
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Figure A1. SiO J = 2–1 (top panels) and C18O J = 1–0 (bottom panels) lines observed towards seven positions of Sgr B2 indicated in Fig. 1. The LTE best
fits obtained with MADCUBA are shown with red lines. The SiO J = 2–1 line is not fitted in position 4 as this line is self-absorbed. The dashed lines show the
different velocity components identified in the LTE best fits.

Table A1. Studied positions and parameters of C18O and SiO derived for seven positions of Sgr B2.

Pos. RA(J2000) Dec.(J2000) C18O SiO
VLSR N

C18O
VLSR NSiO Xa

(km s−1) (× 1015 cm−2) (km s−1) (× 1013 cm−2) (× 10−9)

1 17h47m41.s272 −28◦25
′
07.′′80 10.8 ± 2.0 6.8 ± 1.1 10.9 ± 0.5 2.3 ± 0.2 1.3 ± 0.2

28.7 ± 2.3 7.1 ± 1.2 24.6 ± 1.6 5.7 ± 0.2 3.2 ± 0.6
44.8 ± 1.8 8.3 ± 1.3 47.3 ± 0.8 1.4 ± 0.2 0.7 ± 0.1

2 17h47m21.s839 −28◦20
′
36.′′52 20b 1.8 ± 1.0 18.2 ± 1.5 0.7 ± 0.1 1.7 ± 0.9

33.7 ± 1.8 4.6 ± 0.7 42.8 ± 1.5 1.9 ± 0.2 1.7 ± 0.3
58.8 ± 0.6 11.7 ± 0.6 57.9 ± 1.0 5.0 ± 0.2 1.7 ± 0.1
68.1 ± 1.2 7.2 ± 0.7 79.3 ± 0.8 2.3 ± 0.1 1.3 ± 0.1

3 17h46m57.s697 −28◦23
′
58.′′11 43.1 ± 0.9 6.9 ± 0.6 42.2 ± 0.6 1.9 ± 0.1 1.1 ± 0.1

61.9 ± 1.3 6.2 ± 0.7 61.5 ± 3.5 0.3 ± 0.1 0.2 ± 0.1

4 17h47m21.s862 −28◦21
′
26.′′29 68.1 ± 0.4 26.9 ± 1.0 [40, 100]c >6.8c >1.0c

5 17h47m12.s089 −28◦22
′
33.′′72 45.0 ± 3.5 3.8 ± 1.1 48.9 ± 1.1 2.3 ± 0.1 2.4 ± 0.7

66.7 ± 1.0 25.1 ± 1.8 63.2 ± 2.0 1.8 ± 0.1 0.3 ± 0.03
83.2 ± 7.9 2.6 ± 1.6 78.6 ± 0.9 1.2 ± 0.1 1.9 ± 1.2

106.6 ± 2.4 5.1 ± 1.0 106.4 ± 0.7 1.2 ± 0.1 0.9 ± 0.2

6 17h47m18.s752 −28◦24
′
57.′′36 52.8 ± 1.8 9.1 ± 1.7 50.9 ± 0.9 1.5 ± 0.2 0.6 ± 0.2

67.2 ± 1.6 12.0 ± 1.6 66.4 ± 0.6 3.4 ± 0.2 1.1 ± 0.1
88.0 ± 1.4 7.6 ± 1.0 85.2 ± 0.5 2.6 ± 0.1 1.4 ± 0.2

7 17h47m07.s417 −28◦26
′
16.′′51 51.0 ± 1.0 14.1 ± 1.4 54.4 ± 0.8 1.6 ± 0.1 0.5 ± 0.1

91.6 ± 1.1 12.9 ± 1.4 90.8 ± 0.5 3.1 ± 0.1 1.0 ± 0.1

aThe SiO abundance is calculated as the NSiO/NH2
ratio, where NH2

is estimated from N
C18O

using the 16O/18O isotopic ratio of 250

(Wilson & Rood 1994) and the relative abundance of CO to H2 of 10−4 (Frerking et al. 1982).
bParameter fixed in the MADCUBA analysis to obtain simultaneous fitting for the multiple velocity components.
cThe SiO line is self-absorbed in this position (see Fig. A1), thus NSiO and also the relative abundance of SiO are lower limits. NSiO is
calculated from the integrated intensity of the SiO J = 2–1 line over the velocity range of [40, 100] km s−1.

all the seven positions, is affected by self-absorption because this
position is the closest to the hot cores Sgr B2M and Sgr B2N, where
SiO J = 2–1 absorption is detected (see Fig. 1).

We have derived SiO and C18O column densities by using the
AUTOFIT tool of the MADCUBA software, fitting synthetic spectra
to the observed spectra under LTE conditions and considering
line optical depth effects. In our analysis, the linewidths of both
molecules are assumed to be equal to 20 km s−1, which is the
typical linewidth observed in GC clouds (Amo-Baladrón et al. 2011;
Armijos-Abendaño et al. 2015) and the FWHM peak in Fig. 4, while

the Tex are assumed to be equal to 10 and 7 K for C18O and SiO,
respectively, as in Section 5. Multiple velocity components were
required to fit the line profiles observed towards positions 1–3 and
5–7. Our best fits to the SiO J = 2–1 and C18O J = 1–0 lines are
shown in Fig. A1. The SiO J = 2–1 and C18O J = 1–0 lines were
fitted separately with the AUTOFIT tool. We find optical depths of
≤0.3 for the C18O J = 1–0 and SiO J = 2–1 lines towards the seven
positions. The line optical depth of 0.3 for the SiO J = 2–1 line in
position 4 is biased as its real peak intensity is unknown. The column
density of SiO is a lower limit for position 4 as the SiO J = 2–1 line
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is affected by self-absorption. This value is derived over the velocity
range of [40, 100] km s−1 and considering the same assumptions
as above. The derived LSR velocities and column densities (N) are
listed in Table A1. The last column of this table gives the SiO relative
abundance calculated as the NSiO/NH2

ratio, where NH2
is estimated

from NC18 O using the 16O/18O isotopic ratio of 250 (Wilson & Rood
1994) and the relative abundance of CO to H2 of 10−4 (Frerking
et al. 1982). We find SiO abundances within (0.2–3.2) × 10−9 for
the different velocity components and the seven positions of Sgr B2.

APPENDIX B: D ECOMPOSITION W ITH
G AU S S P Y+
Fig. B1 shows example spectra from the SiO data cube and the results
of the decomposition with GAUSSPY+. These seven positions are the
same as listed in Table A1.

Fig. B2 shows the integrated intensity maps of the Gaussian
components from the decomposition with GAUSSPY+. The different
panels show Gaussian components with different line widths (5 km

s−1 < FWHM ≤ 20 km s−1, 20 km s−1 < FWHM ≤ 50 km s−1 km
s−1 and FWHM > 50 km s−1). All three components are extended
across the whole region. The black contours show the 20-cm radio
continuum emission obtained by Yusef-Zadeh et al. (2004).

To compare our results from the Gaussian decomposition of the
SiO data to the ambient gas in Sgr B2, we also decomposed the 13CO
data cube with GAUSSPY+. Since the spectral properties of the SiO
and the 13CO data are very similar (see description in Section 2), we
used the same α parameters for the 13CO decomposition as for the
SiO decomposition. For the 13CO we find 20807 Gaussian compo-
nents with similar average properties to the SiO decomposition. In
particular, the average line velocity is 54 ± 5 km s−1 and the FWHM
distribution is similarly lognormal with a peak at ∼10 km s−1 and
a mean of 21 ± 2 km s−1. Fig. B3 compares the line widths of the
Gaussian components of the SiO and the 13CO data to their central
velocity. Most of the broad lines (FWHM > 50 km s−1) are between
vLSR ∼ 30 and 60 km s−1 for both molecules. This indicates that
the broad line emission is most likely tracing mixed gas from the
cloud–cloud collision.

Figure B1. Examples of the GAUSSPY+ decomposition of the SiO spectra. Black line shows the SiO spectra at the same position as in Fig. A1 and the red lines
show the individual Gaussian components decomposed with GAUSSPY+.
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Figure B2. Integrated intensity maps of the SiO Gaussian components from the decomposition with GAUSSPY+. The different panels show Gaussian components
with different line widths (5 km s−1 ≤ FWHM < 20 km s−1, 20 km s−1 ≤ FWHM < 50 km s−1 km s−1 and FWHM ≥ 50 km s−1). The black contours show
the 20-cm radio continuum emission obtained by Yusef-Zadeh et al. (2004) to mark the location of the H II regions in the field. Contour levels are [0.08, 0.23,
0.38, 0.53, 0.68, 0.83, 0.98, 1.13, 1.28, 1.43, 1.58] Jy beam−1.

Figure B3. Line width (FWHM) versus velocity (vLSR) plots for SiO and 13CO Gaussian components. Black lines mark vLSR = 30 and 60 km s−1 and FWHM
= 20 and 50 km s−1. The colour coding of the markers shows the uncertainty of the FWHM in the Gaussian decomposition. Most of the broad lines are between
vLSR ∼ 30 and 60 km s−1 for both molecules.
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