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Abstract. We compare the properties of shocked gas in Sgr B2 with maps obtained from 3D
simulations of a collision between two fractal clouds. In agreement with **CO(1-0) observations,
our simulations show that a cloud-cloud collision produces a region with a highly turbulent den-
sity substructure with an average Nuga > 5 x 10*? cm™2. Similarly, our numerical multi-channel
shock study shows that colliding clouds are efficient at producing internal shocks with velocities
of 5—50kms~* and Mach numbers of ~ 4 — 40, which are needed to explain the ~107° SiO
abundances inferred from our SiO(2-1) IRAM observations of Sgr B2. Overall, we find that
both the density structure and the shocked gas morphology in Sgr B2 are consistent with a
< 0.5 Myr-old cloud-cloud collision. High-velocity shocks are produced during the early stages
of the collision and can ignite star formation, while moderate- and low-velocity shocks are
important over longer time-scales and can explain the extended SiO emission in Sgr B2.
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1. Introduction

The Galactic centre, at a distance of ~8kpc (Boehle et al. 2016;
Gravity Collaboration et al. 2019), contains ~3 x 107 Mg of molecular gas with
most of it lying inside a ring of clouds known as the Central Molecular Zone (CMZ).
As a result, this zone harbours several regions of active star formation. One of such
regions is Sgr B2, which contains ~ 10% — 10" M, of molecular gas (Molinari et al. 2011;
Santa-Maria et al. 2021). Sgr B2 is located at a projected distance of ~ 100 pc away
from the very centre of the Galaxy, which hosts Sgr A* a supermassive black hole
with an estimated mass of 4 x 10 Mg, (Gravity Collaboration et al. 2019). Given its
location, the CMZ is subjected to strong tidal forces, which makes the local interstellar
medium (ISM) highly pressurised when compared to the ISM in the disc of the Galaxy.
Typical thermal pressures in the CMZ are ~ 10° — 107 Kcm™2 (see Spergel and Blitz
1992; Santa-Maria et al. 2021), which are ~ 1 —2 dex higher (see Crocker 2012) than
the typical values of ~ 10* K cm ™ found in the Galactic disc.

Dynamical models of the CMZ propose that the cloud complexes in this region follow
either a closed oo-shaped orbit (see Molinari et al. 2011) or open orbits with at least
four gas streams (see Kruijssen et al. 2015). Sgr B2 is located at the Eastern end of the
CMZ (de Pree et al. 1995), at the intersection between the so-called x; and x5 orbits
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of the inner Galaxy, which are produced by the gravitational effects of the Galactic bar
(Binney et al. 1991). In the Molinari et al. scenario, which is also supported by previous
authors (e.g. Hasegawa et al. 1994), Sgr B2 has an orbital speed of ~80kms~! and
is the result of collisions of gas travelling along these two orbits. On the other hand,
in the Kruijssen et al. scenario, Sgr B2 has an orbital speed of ~130kms~! and the
star formation observed in it is due to gas compression caused by this cloud having
passed the pericentre of the Galaxy ~ 0.7 Myr ago. In order to assess whether the cloud-
cloud collision or the pericentre-passage scenarios or both can explain the formation and
evolution of Sgr B2, combining information from observations and numerical simulations
is essential.

In this report, we briefly summarise the findings of our recent paper,
Armijos-Abendano et al. (2020), in which we report and explain new observations of
SiO emission in Sgr B2, together with new hydrodynamical simulations of cloud-cloud
collisions. Since this report only provides a summary of our findings, we encourage the
readers to read our full paper for a more thorough discussion.

2. Shocked gas structure and kinematics in Sgr B2

As in all the other molecular clouds in the CMZ, the kinematics of Sgr B2 is complex.
Observations reveal that this region contains hot cores with number densities > 10% cm =3
embedded in a dense envelope with number densities ~ 10° cm™2 covering a few parsecs,
and a more diffuse envelope with number densities ~ 10 cm™3 covering a diameter of
~ 40 pc (Schmiedeke et al. 2016). In this paper, we study the large-scale structure of Sgr
B2 on scales covering (15’ x 15'), equivalent to an area of (36 x 36) pc? (at the distance
of the Galactic centre).

Using the IRAM 30-m telescope, we have observed Sgr B2 and detected several molec-
ular lines in emission, including SiO J =2-1 at 86.8 GHz, C'80 J =1-0 at 109.8 GHz, and
13CO J=1-0 at 110.2 GHz (see the full sample in Table 1 of Armijos-Abendafio et al.
2020). The first molecular line, SiO J=2-1, is a shock tracer (Schilke et al. 1997;
Louvet et al. 2016), which we use to study the structure and kinematics of shocked gas
in this region, the second one, C'¥0 J=1-0, allows us to estimate the SiO abundances
with respect to molecular hydrogen (Hz), and the third molecular line, 3CO J=1-0,
provides information on the typical hydrogen column densities. From the latter two, we
find SiO relative abundances Ngio/Npu, ~ 1079, and a mean column number density of
Nu, 25 x 10?2 ecm~2, respectively.

We find that the SiO emission is very extended in Sgr B2, covering the full (36 x 36) pc?
surveyed area and displaying a turbulent substructure with several arcs, cavities, and
cores. Our observations also unveil a complex shocked gas kinematics as SiO emission
covers a wide range of velocities, [~5, +115] km s~!. The spatial distribution of gas in dif-
ferent velocity channels reveal important properties about shocked gas in this region. Our
maps indicate that shocked gas is turbulent in all velocity channels, and spatially anti-
correlated at low and high velocities. Figure 1 shows two sample maps of integrated SiO
emission at high velocities [70, 85 kms™! and low velocities [10, 25] km s~!. These maps
are spatially complementary, in agreement with expectations from cloud-cloud collision
scenarios proposed earlier by e.g. Sato et al. (2000) based on a similar complementarity
found based on '3CO maps.

This spatial complementarity could also be caused by the superposition of clouds dis-
connected in 3D along the line of sight, but our position-velocity maps (such as the
one displayed in Figure 1) show that the structures at low and high velocities are con-
nected by bridges and V-shaped features, which are also characteristic of cloud-cloud
collisions (see Torii et al. 2017; Enokiya et al. 2019). Therefore, we find that these
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Figure 1. Left: Superimposed maps of SiO emission at low (black) and high (magenta) veloc-
ities, showing spatial anti-correlation. Black contour levels ([10, 25] km s™') are: 2.5, 5, 7.5,
10, 12.5, 15, 17.5, 20 K km s™'; magenta contour levels ([70, 85] km s™') are: 3, 6, 9, 12, 15
K km s~!'. Right: Distribution of the FWHM of SiO J=2-1 line emission. These panels have
been adapted from Armijos-Abendafo et al. (2020), the reader is referred to that paper for
further details.

structures are kinematically connected and likely belong to parcels of gas from the col-
liding clouds or gas streams, which would have been moving at different initial speeds.
Similarly, we find that stellar feedback is unlikely to create the large-scale structure of
Sgr B2 as we find no clear connection between broad SiO components and the local star-
forming regions as expected in regions where stellar feedback plays a more important role
(Jiménez-Serra et al. 2010). The small sizes <0.3pc of the local H II regions
(Mehringer et al. 1993) also suggest stellar feedback would only be important in shaping
sub-pc to pc structures, and that star formation, rather than the cause, is a product of
the strong supersonic turbulence driven by e.g. the collision of gas clouds.

3. A cloud-cloud collision in Sgr B2

Cloud-cloud collisions are ubiquitous in ISM interactions (e.g. in shock-multicloud
models, see Banda-Barragén et al. 2020, 2021), but can a cloud-cloud collision really
explain the properties of shocked gas in Sgr B27 To answer this question and confirm
whether or not a cloud-cloud collision can produce Sgr B2 and its star formation, we
carry out two analyses: 1) we decompose the observed SiO spectra using GaussPy-+
(Riener et al. 2019) in order to study the typical SiO integrated line intensities and
FWHM line widths in this region, and 2) we compare these line widths, which we use
as shock velocity proxies (in fact we assume that vshock < FWHM), to shock speeds
measured directly from numerical simulations of cloud-cloud collisions (see Section 7.2
of Armijos-Abendaiio et al. 2020).

From the first analysis, we find SiO integrated line intensities of the order of 11 £ 3 K
km s~!, peaking at ~ 5 K km s~!, and SiO line widths of 31 £ 5 km s~!, slightly higher
than the background gas '*CO, peaking at 21 km s~!. The fact that SiO emission line
widths are in the range of 5 — 50 km s~! suggests that shocks in Sgr B2 are predominantly
moderate- and low-velocity shocks. Since we do not find a correlation between star-
forming regions and zones with broad SiO lines, we argue that shocks in Sgr B2 emerge
in supersonically-turbulent gas that has been produced by stirring after a cloud-cloud
collision.
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Figure 2. Cloud-cloud collision simulation at 0.5 Myr showing the 3D density structure (top
right corner), the 2D column numbers density projection (top left corner), and the corresponding
position-velocity diagram and shock distribution at the same time. These panels have been
adapted from Armijos-Abendano et al. (2020), the reader is referred to that paper and the
simulation movies at https://tinyurl.com/y5bc3smn for further details.

From the second analysis regarding numerical simulations (see Figure 2), we find
that colliding fractal clouds are efficient at producing internal shocks with velocities
~5—50kms~! and typical shock Mach numbers of ~4 —40 (akin to those reported
by Henshaw et al. 2016 for the CMZ). In our models, clouds are initially moving at a
relative velocity of 120 kms™! as we find that speed is needed to produce shocks in high-
velocity channels. Similarly, our simulations indicate that shocked gas (i.e. SiO emission)
is efficiently produced during the early stages of the collision for ¢ < 0.5 Myr in all velocity
channels. Most of the emission is concentrated at velocities in the range of [25, 70] km s~ 1.
As gas decelerates following the collision, we find that shocked gas with lower and higher
velocities than those limits quickly disappears at later stages of the evolution, allowing
us to constrain the age of the collision. Position-velocity diagrams for SiO, obtained from
the simulations, also show that V-shaped structures are short-lived and disappear at later
stages, which further confirms the ¢ < 0.5 Myr time-scale. This time-scale is consistent
with the estimated age of the shell-like structures in Sgr B2 reported by Tsuboi et al.
(2015).

During the collision we find that the distribution of shocks also varies with time.
At the very early stages of the collision for ¢ < 0.2 Myr, the dominant shocks are high-
velocity shocks with vgeek > 50 kms™!, which can easily ignite star formation on time-
scales of ~ 0.1 Myr. Between ¢t = 0.2 Myr and 0.5 Myr, the dominant shocks are moderate-
and low-velocity shocks with speeds in the range of vsnock =5 — 50kms™!, which can
maintain the widespread SiO emission. This range of shock velocities is also consistent
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with other shock models that reproduce the observed mid-J CO emission in Sgr B2 (see
Santa-Maria et al. 2021). On the other hand, for ¢ > 0.5 Myr, very-low-velocity shocks
with vgnoek =2 — 5 kms~! and subsonic waves dominate the shock distribution. Thus, in
this scenario the source of SiO emission is replenishment by a population of moderate-
and low-velocity shocks as they have the appropriate velocities to trigger grain mantle
sputtering (Gusdorf et al. 2008), which generally needs shocks speeds > 7km s~!, within
the reasonably-long timescales of <10°yr (Harada et al. 2015), which are needed to
explain the observed SiO abundance in this region.

4. Conclusion

Our TRAM observations of SiO J=2-1 emission in Sgr B2 show that shocked gas in
this region is widespread and has a complex kinematics covering a wide velocity range,
[—5, +115] km s~!. Shocked gas in this region has a turbulent substructure with a fractal
morphology characterised by arcs, cavities, and cores. The spatial anti-correlation of gas
at low and high velocities, and the presence of V-shaped features on position-velocity
maps strongly suggests that Sgr B2 is a product of a cloud-cloud collision between gas
likely travelling along the x; and xs orbits of the inner Galaxy.

Our numerical simulations of collisions between fractal clouds suggest that a cloud-
cloud collision that took place < 0.5 Myr ago can readily explain both the gas density
structure and the distribution and kinematics of shocked gas in Sgr B2. During the early
stages of the collision, high-velocity shocks are produced with the ability to ignite star
formation. Later on, shocks evolve into moderate- and low-velocity shocks with speeds
in the range of 5 to 50kms~!, which can explain the widespread SiO emission. Thus,
in this scenario, Sgr B2 can be interpreted as a structure produced by turbulent stirring
associated with colliding clouds or colliding gas streams.
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Discussion

Question 1: How do you do this morphological comparison between the
simulations and the observations? It sounds like a very complicated task to
make sense out of it.

Answer 1: We basically carry out two comparisons. One-to-one comparisons are always
very hard, but what we did was to take the SiO emission maps from the observations in
different velocity channels and study the shock distributions in our simulations within
the same velocity channels. In that way we compared the shock velocities that we got
from the simulations with the line widths of SiO emission from the observations, and we
found that they are consistent if the time-scale of the collision evolution is < 0.5 Myr.
The second comparison involves position-velocity diagrams, which display zig-zag and
V-shaped features that we can also reproduce with our simulations within a similar
time-scale. Both are qualitative comparisons.

Question 2: Would machine learning help here to do such a comparison in
all dimensions at the same time?

Answer 2: Possibly yes. We actually did incorporate a bit of machine learning in
the analysis. The spectral decomposition of the observed emission lines was done using
GaussPy+, which uses machine learning for the spectral decomposition. Machine learn-
ing would also very likely help to do multi-dimensional analyses on the data in the future.

Question 3: Did you compare your simulations/observations with other
molecular line emissions, like CO, e.g. 13CO?

Answer 3: Yes, in the paper we also included analyses for C'*¥O and '*CO, which
also show similar kinematics and in the latter case also a spatial anti-correlation at low-
and high- velocities similar to that seen in SiO emission. We also decomposed the 3CO
spectra and found that it has a similar FWHM distribution than SiO, but it is a little
bit shifted towards lower velocities. In general, SiO has larger FWHM than CO because
gas is supersonically turbulent.

Question 4: How about the spatial distribution of CO? I guess you can
reproduce the main features.

Answer 4: Yes, we can reproduce the main (fractal-like) density features too.

Question 5: It seems like with these models where you have two colliding
clouds, you get these two-velocity features with the bridge between them. It
has never been clear to me if this is a unique feature of cloud-cloud collisions
although it is always interpreted as a sign of it. I guess with your models,
you could actually do different kinds of models that are not necessarily
cloud-cloud collisions and see if you get any similar looking features. Have
you thought about this?

Answer 5: 1 think these bridges are quite unique features of cloud-cloud collisions
because if we would have just two clouds moving at different velocities, not colliding
but disconnected along the line of sight, these features would be absent. In the paper
we also discussed how the initial density distribution of the colliding clouds affect the
density maps and for example if we assume that the clouds do not have this turbulent
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substructure, but they are just spherical clouds with uniform densities, then it would be
harder to reproduce the observations.

Question 6: I was thinking more of the idea of for example if you have a
cloud that has been torn apart by shear then you might see a feature like that.

Answer 6: I agree. I think shear could also cause a feature like the one seen in
cloud-cloud collisions.

Question 7: In the movie of the colliding clouds you showed, on the left
one you see these streamers at the back of this cloud. What are they?

Answer 7: The simulation is idealised and I set up one of the clouds at rest while the
other one is moving on the grid. Because we have one cloud initially moving across the
domain, this cloud is going to suffer from stripping by Kelvin-Helmholtz instabilities.
Therefore, these streamers are sort of tails that form from mass stripping via dynamical
instabilities. The simulation movies are available at https://tinyurl.com/y5bc3smn.
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