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ABSTRACT

The central molecular zone (CMZ) of our Galaxy exhibits widespread emission from SiO and various complex organic molecules
(COMs), yet the exact origin of such emission is uncertain. Here we report the discovery of a unique class of long (>0.5 pc) and
narrow (<0.03 pc) filaments in the emission of SiO 5—4 and eight additional molecular lines, including several COMs, in our ALMA
1.3 mm spectral line observations toward two massive molecular clouds in the CMZ, which we name as slim filaments. However, these
filaments are not detected in the 1.3 mm continuum at the 5o level. Their line-of-sight velocities are coherent and inconsistent with
being outflows. The column densities and relative abundances of the detected molecules are statistically similar to those in protostellar
outflows but different from those in dense cores within the same clouds. Turbulent pressure in these filaments dominates over self
gravity and leads to hydrostatic inequilibrium, indicating that they are a different class of objects than the dense gas filaments in
dynamical equilibrium ubiquitously found in nearby molecular clouds. We argue that these newly detected slim filaments are associated
with parsec-scale shocks, likely arising from dynamic interactions between shock waves and molecular clouds. The dissipation of the
slim filaments may replenish SiO and COM:s in the interstellar medium and lead to their widespread emission in the CMZ.

Key words. stars: formation — ISM: clouds — ISM: kinematics and dynamics — ISM: molecules — Galaxy: center

* Corresponding authors; kyang2146@sjtu.edu.cn; yichen.zhang@sjtu.edu.cn; xinglu@shao.ac.cn

A86, page 1 of 14

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.


https://www.aanda.org
https://doi.org/10.1051/0004-6361/202453191
https://orcid.org/0000-0002-9839-185X
https://orcid.org/0000-0003-2619-9305
https://orcid.org/0000-0001-7511-0034
https://orcid.org/0000-0003-2300-2626
https://orcid.org/0000-0002-8691-4588
https://orcid.org/0000-0002-4707-8409
https://orcid.org/0000-0002-5286-2564
https://orcid.org/0000-0003-2384-6589
https://orcid.org/0000-0003-4366-6518
https://orcid.org/0000-0002-4154-4309
https://orcid.org/0000-0002-2826-1902
https://orcid.org/0000-0003-4506-3171
https://orcid.org/0000-0002-8804-0212
https://orcid.org/0000-0002-5093-5088
mailto:kyang2146@sjtu.edu.cn
mailto:yichen.zhang@sjtu.edu.cn
mailto:xinglu@shao.ac.cn
https://www.edpsciences.org/en/
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

Yang, K., et al

1. Introduction

The central molecular zone (CMZ), usually referring to the inner
500 pc of the Galaxy, is a gas reservoir of total mass of sev-
eral times 107 M, and mean density at 10* cm™> (Morris &
Serabyn 1996; Ferriere et al. 2007; Longmore et al. 2013) yet
with unexpectedly inefficient star formation (Longmore et al.
2013; Kruijssen et al. 2014; Barnes et al. 2017; Henshaw et al.
2023). Prominent parsec-scale shocks have been suggested to be
widespread in the CMZ, manifested by the measured molecular
line widths of 5-10 kms~!, a factor of >10 broader than those
measured toward nearby clouds at the same scale (Liu et al. 2013;
Henshaw et al. 2016), as well as the ubiquitous SiO emission in
the cloud scale (Martin-Pintado et al. 1997; Liu et al. 2013; Minh
et al. 2015). The shocks are suggested to heat the gas, leading
to the de-coupling of gas and dust temperatures in the clouds
(Ao et al. 2013; Mills & Morris 2013; Ginsburg et al. 2016;
Immer et al. 2016; Krieger et al. 2017; Lu et al. 2017), and to be
related to the unique “hot-core like” chemistry with widespread
complex organic molecules (COMs) in the cloud scale
(Martin-Pintado et al. 2001; Requena-Torres et al. 2006, 2008;
Menten et al. 2009).

The origin of the parsec-scale shocks in the CMZ is unclear.
Similar parsec-scale shocks have been discussed toward massive
star forming clouds in the Galactic disk (Jiménez-Serra et al.
2010, 2014; Nguyen-Lu’o’ng et al. 2013; Cosentino et al. 2018),
which are often attributed to collisions between clouds. Dynamic
interactions such as collisions, shear motions, or inflow along the
bar may be more frequent for clouds in the CMZ given the high
volume densities of clouds (Kruijssen et al. 2014, 2019; Li et al.
2020; Inutsuka 2021).

Recent high resolution observations using the Atacama
Large Millimeter/submillimeter Array (ALMA) have detected
filamentary molecular gas structures in the CMZ clouds. Bally
et al. (2014) discovered molecular absorption filaments in HCO*
in the massive cloud G0.253+0.016, and proposed that the
broad-line absorption filaments (with line widths >20 kms™')
could be foreground magnetic structures and the narrow-line
absorption filaments (with line widths <20 kms~!) may trace
optically thick gas on the front expanding surface of this cloud.
Wallace et al. (2022) identified CO filaments running parallel to
the Galactic plane in the Sgr E cloud and argued that the grav-
itational influence of the Galactic bar is responsible for these
filaments by stretching molecular gas in this region. Henshaw
et al. (2022) identified an arc-shaped HNCO emission feature in
G0.253+0.016, which is believed to result from a bubble swept
up by winds or stellar feedback driven by star formation. In
addition, a bubble-shaped HNCO emission feature M0.8—0.2
was reported by Nonhebel et al. (2024), which is thought to be
the outcome of a high-energy hypernova explosion. However,
none of these filaments were thought to be directly related to
parsec-scale shocks. Meanwhile, in nearby star-forming regions,
interferometric observations have identified shock-related fila-
mentary structures using shock tracers, particularly SiO (e.g.
Cosentino et al. 2019; Chahine et al. 2022; De Simone et al.
2022).

Using emissions from nine spectral lines at 1.3 mm, observed
with ALMA toward two massive clouds in the CMZ, we have
discovered a population of narrow (<0.03 pc) filamentary struc-
tures, which are not visible in dust emission, termed ‘“slim
filaments”. These slim filaments are likely related to parsec-scale
shocks, which could be indicative of active dynamic interactions
within the clouds. We adopt a distance of 8.1 kpc to the CMZ
(Reid et al. 2019).
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Table 1. Spectral lines detected in the slim filaments.

Molecule Transition Rest frequency E,/k nc(r”l)t
(MHz) (K) (cm™)
SiO 5-4 217104.98 313 2.6x10°
c-C3H, 616-505 217822.15 38.6  4.5x107
H,CO 303202 218222.19 2.0 3.4x10°
HC;N 24-23 218324.72 131.0  1.7x10’
CH;0H  45,-31» 218440.06 45.5 7.8x10’
HNCO 100,10—90.9 219798.27 58.0  7.6x10°
H,'*CO 3,2y, 219908.53 329  4.8x10°
SO 65—54 219949.44 350 2.3x10°
CH;CN 12411, 220743.01 76.0  4.5%10°
12p—11p 220747.26 68.9 4.1x10°

Notes. @The critical density is calculated based on Einstein coeffi-
cients A, and collisional rate coefficients C,; from the Leiden Atomic
and Molecular Database (LAMDA, Schoier et al. 2005): via the approx-
imation ng; = Ay/Cy (Shirley 2015) at a temperature of ~100 K. For the
case of H,'*CO, we give the critical density for the 3;,-2, transition
of the main isotope.

2. Observations

The ALMA observations and data reduction were detailed in
Lu et al. (2020, hereafter Paper I) and Lu et al. (2021, here-
after Paper II), which have focused on 2000-au scale cores and
protostellar outflows in the CMZ, respectively. Here, we sum-
marize the key points. The observations toward four clouds in
the CMZ were performed with the C40-3 and C40-5 config-
urations in 2017 April and July (project code: 2016.1.00243.S)
and within frequency ranges of 217-221 GHz and 231-235 GHz.
The sample includes the 20 km s~ cloud, the 50 kms™' cloud,
cloud e, and Sgr C. The image cubes have been produced with
the tclean task in CASA following the procedures outlined in
Paper II. The synthesized beam size of the images is on aver-
age 0728x0”19 (equivalent to 2200 AUX1500 AU) but slightly
varies between lines. The maximum recoverable angular scale
is 10” (~0.4 pc). The continuum rms measured in the emission-
free regions without primary beam corrections is 40 Jy beam™!,
with a central frequency of 226 GHz. The spectral line rms is
between 1.6-2.0 mJy beam™' (0.8—1.0 K in brightness tempera-
tures) per 0.976 MHz channel (corresponding to 1.35 kms™! at
217.105 GHz).

3. Results
3.1. Identification of the slim filaments

Paper II identified 43 protostellar outflows from emissions of
six potential shock tracers (SiO, SO, HNCO, H,CO, HC;3N,
and CH;OH, with transitions listed in Table 1). Interestingly,
apart from these outflows, filamentary structures not associ-
ated with any dust emission are found in three regions in the
20 kms™! cloud and one region in the 50 kms~' cloud. In this
letter, we focused on the SiO 5-4 transition that has been sug-
gested to primarily trace shock activities, including not only
outflow-associated fast shocks (e.g., Arce et al. 2007; Qiu et al.
2007; Lopez-Sepulcre et al. 2011; Towner et al. 2024), but also
slow shocks (with emissions mostly within +5 kms™! of the
cloud VisR, e.g., Motte et al. 2007; Duarte-Cabral et al. 2014;
Csengeri et al. 2016; Louvet et al. 2016; Minh et al. 2016; Yang
et al. 2024).
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Fig. 1. Slim filaments in the CMZ. Panel a: MeerKAT 1.28 GHz radio emission of the Sgr A region. The red boxes mark the 20 kms™! cloud and
the 50 kms~™! cloud. Panels b—c: integrated intensity maps of SiO 5—4 in the 20 kms~! cloud and the 50 kms~! cloud from ALMA low-resolution
(~1.9”) observations (project code: 2016.1.00875.S). The blue boxes mark zoom-in regions where slim filaments are detected. The dashed loops
demonstrate the 50% primary beam of our ALMA high-resolution (~0”23) observation. Panels d—g: SiO 5—4 emission of filaments from our ALMA
high-resolution observations, which are integrated in velocity ranges of [—20, 40] and [25, 75] km s™'for the 20 kms™' cloud and the 50 kms™!
cloud respectively. The pink dashed lines illustrate the identified slim filaments. The black contours present the ALMA 1.3 mm continuum emission
at levels of [5, 25, 45] x 40 wJy beam™".

As shown in panel a of Figure 1, a MeerKAT contin-
uum map (Heywood et al. 2022) illustrates the positions of the
two filament-detected clouds relative to Sgr A*. Panels b and
¢ present the integrated intensity maps of the SiO 5-4 line
toward the clouds, obtained from ALMA low-resolution (~1.9”)
observations (project code: 2016.1.00875.S). Panels d—g display

zoomed-in views of the filamentary structures captured with our
ALMA high-resolution observations.

We identified the slim filaments through visual inspection
by the following criteria: the filaments should have spatially
continuous SiO 5—4 integrated line emission with a signal-to-
noise ratio greater than 3, a coherent velocity structure in the

A86, page 3 of 14
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Fig. 2. Integrated maps of molecules in Table 1 for the slim filaments in the 50 kms™' cloud. The black contours present the ALMA 1.3 mm

continuum emission at levels of [5, 25, 45] x 40 wy beam™'.

position-velocity diagram, and an aspect ratio greater than 10.
The skeletons, lengths, widths, and velocity structures of the
filaments are detailed in Section 3.2. In the 50 kms™! cloud,
we detected two slim filaments oriented in the west-east direc-
tion. In the A region of the 20 kms~' cloud, Paper II identified
two bipolar outflows. Additionally, a filamentary structure with
several branches was identified north of the outflows, and two
straight filaments were found to the west of the outflows. In the B
and C regions, we found two curved filaments and a north-south
oriented filament, respectively. Notably, these filaments are not
detected in the dust emission at the 50 level of 0.2 mJy beam™".
As shown in panels b and ¢ of Figure 1, similar filamentary emis-
sions were also found in the low-resolution ALMA SiO images,
suggesting that the slim filaments are unlikely to be a result of
spatial filtering.

The integrated intensity maps of other potential shock trac-
ers in the 50 kms™' cloud are presented in Figures 2, where
these filaments are also detected in the emissions of these trac-
ers. The integrated maps of these molecular lines toward slim
filaments in the 20 kms~! cloud are shown in Appendix A. In
some cases, the filaments are even marginally detected in the
emission of CH3CN 120/1—110/1, H213CO 31,2—21,1, and C-C3H2
61,6—50,5. Which are usually detected in star forming dense cores.

Considering their slim morphology and unique properties
(e.g., high velocity dispersions, see Section 3.2), these filaments
represent distinctive structures within the CMZ that have not
been seen elsewhere in the Galaxy. We note that the identi-
fied slim filaments are by no means a complete sample of such
objects in the surveyed clouds. A few ambiguous candidates may
exist in cloud e and Sgr C. Crowe et al. (2024) identified morpho-
logically similar filaments in Sgr C using the JWST-NIRCam H,
image, which might trace shocked molecular gas as well. How-
ever, in this letter, we intended to report the first detection and
characterization of such objects, and therefore only focused on
the most robust candidates.
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3.2. Characteristics of the slim filaments
3.2.1. Widths

Based on the SiO 54 integrated intensity maps, we use the
python-based package FilFinder' (Koch & Rosolowsky 2015)
to compute the filament skeletons (extraction processes are
detailed in Appendix B). To determine the Full Width at Half
Maximum (FWHM) of the filaments, we extract intensity pro-
files perpendicular to the skeletons at intervals of every 5 pixels
(about one beam size) and perform Gaussian fits to the mean
radial profile. The Gaussian function is expressed as:

J

where A(r) represents the profile amplitude at the radial dis-
tance r, Ag is the amplitude, u is the mean, and o is the
standard deviation. The best-fit FWHMs of the 50 kms~! cloud
and the 20 kms™!-A, B, C regions are 0.025, 0.025, 0.026, and
0.028 pc, respectively. The overall best-fit FWHM for all the
filaments is 0.026 pc, with the corresponding Gaussian curve
shown as the red solid line in Figure 3. Considering the half-
power beam width (FWHMy,,) of about 0.23" (~0.009 pc), the
beam-deconvolved FWHM can be estimated by FWHMgyecon =

\/FWHMZ —FWHM%m to be about 0.024 pc, approximately

3 times the beam size, which is narrower than the characteris-
tic width of 0.1 pc toward dense gas filaments in nearby clouds
(e.g., Arzoumanian et al. 2011, 2019; André et al. 2022). We
will demonstrate in Section 4.1 that these slim filaments exhibit
fundamentally different dynamic states compared to nearby
filaments.

—(r—p)?
20%

A(r) = A exp( (D

I https://github.com/e-koch/FilFinder
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Fig. 3. Mean radial intensity profile perpendicular to the filaments. Indi-
vidual integrated intensity profiles are shown in gray, while the mean
values are shown with black dots. The radius is the projected distance
from the gas filament. The red solid line presents the best-fit result of
Gaussian fitting.

3.2.2. Velocity dispersions

The velocity dispersion, o, is estimated as:

2

2
Ohisio T Cs

g, =

A2 ksT — kgT @)

= o-gbs_ - +
S (2V2In2)2  Hsiomp  fpmyp

where o, represents the non-thermal velocity dispersion, ¢, is
the isothermal sound speed, A., is channel width, kg is the
Boltzmann constant, 7' is gas temperature, usio is the molecu-
lar weight of 44 for SiO, u, =2.37 is the mean molecular weight
per free particle (Kauffmann et al. 2008), and m,, is the proton
mass. The observed velocity dispersion, oo, is derived by fit-
ting the averaged spectra (details provided in Appendix C) with
values of 5.7, 4.5, 4.5, and 3.8 km s~! for the 50 kms~! cloud and
the 20 kms™!-A, B, C regions, respectively. The typical gas tem-
perature is approximately 70 K adopted from Paper II. Finally,
the velocity dispersions, o, toward these four regions are found
to be 5.6, 4.4, 4.4, and 3.7 kms™! respectively, corresponding to
FWHM line widths of 13.2, 10.4, 10.4, and 8.9 kms~!.

3.2.3. Velocity structures

The position—velocity (PV) diagrams for the slim filaments,
shown in Figure 4, are derived along the dashed lines in Figure 1.
Most of the slim filaments exhibit emissions around the system-
atic velocity, and their PV diagrams display consistent velocities
along their major axes (with FWHM line widths of ~10 kms™").

The SiO 54 transition was used to identify outflows in
the CMZ in Paper II. However, as shown in Figure 4, the
slim filaments do not show apparent velocity gradients along
the major axes that are typically observed in outflows (e.g.,
Arce & Goodman 2001; Lada & Fich 1996). Therefore, it is
unlikely that they are outflows.

3.3. Relative abundances of the molecules and comparison
to outflows

Assuming local thermodynamic equilibrium (LTE) conditions
and optically thin line emission, we estimated the column den-
sities of the nine molecules (listed in Table 1) at the SiO peak
positions on the filament branches (shown as green stars in
Figure 6). The method is detailed in Appendix D. Similar method

has been used in Paper II for calculating column densities of six
molecules toward protostellar outflows in the CMZ. However,
without detectable dust emission, we were unable to constrain
the total molecular hydrogen column densities in the filaments.
Consequently, we could only provide lower limits for molecular
abundances and relative abundances between the molecules.

We normalized the abundances of the nine molecules with
respect to that of CH3OH and plot the relative abundances in Fig-
ure 5. To understand the relative abundances, we compared our
results with outflow studies toward the same star-forming clouds
in the CMZ (Paper IT). Additionally, CH;CN and H,'*CO are
rarely found in outflows. The outflow of a high-mass protostar
IRAS 20126+4104 (Palau et al. 2017) allows us to compare the
column densities of these two molecules to that of CH;OH. The
mean values of relative abundances in the outflows (Paper II)
and dense cores (Paper I) in the CMZ, and IRAS 20126+4104
are also shown.

We performed a two-sample Kolmogorov-Smirnov test to
compare the relative abundances in the slim filaments and out-
flows in the CMZ. In the test, a small p-value (typically <0.05)
indicates that the two distributions under consideration are sig-
nificantly different. The p-value is 0.68, indicating no significant
evidence that they come from different distributions. We found
no significant difference between the relative abundances in the
filaments and the IRAS 20126+4104 outflow with a p-value of
0.14. However, the p-value between the relative abundances in
the filaments and dense cores in the CMZ is 0.02, indicating that
they are statistically different from each other.

4. Discussion
4.1. A new class of filaments

Many studies of filaments in nearby clouds are based on the
assumption of hydrostatic equilibrium (e.g., Arzoumanian et al.
2011; Kainulainen et al. 2016; Hacar et al. 2018), which sug-
gest a balance among pressures from turbulence, gravity, ther-
mal motions, magnetic fields, and the external environment. In
this study, we estimate these pressures and examine the radial
equilibrium of the slim filaments.

The turbulent pressure can be estimated using Py = pcrg.
We adopt a mean o, value of 4.4 kms™' from Section 3.2.2.
The gas density, p = nmy, depends on the density, n, which we
estimate as follows. Given the slim filaments are detected with
dust emission under a 5o level, the upper limit of the column
density, Ny,, can be derived from the continuum emission using
the following equation:

Sy

N, nBv(Tdust) Q &, pu, my,
where n = 100 is the assumed gas-to-dust mass ratio, S, is the
continuum flux density, B, (Tqus) is the Plank function at dust
temperature T4, = 20 K following Kauffmann et al. (2017) and
frequency v = 226 GHz, Q is the solid angle, «, is the dust opac-
ity, and uy, = 2.8 is the mean molecular weight of the interstellar
medium (Kauffmann et al. 2008). We adopt «, = 0.817 cm?g~!,
assuming k, = 10 x (/1.2 THz)® cm?’g™! with g = 1.5
(Hildebrand 1983). Considering the dust emission at the 5o~ level
of 0.2 mJy beam™!, the upper limit for the column density is cal-
culated to be 2.3 x 10?*> cm~2. Assuming that the thickness along
the line of sight is the same as the slim filament width of 0.024 pc
(see Section 3.2.1), the estimated upper limit of the density # is
approximately 3.1 x 10° cm™. This yields a turbulent pressure
Purv/kp of approximately 1.7 X 10" Kem™3.

3
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Fig. 4. Position—velocity diagrams of SiO 5—4 emissions for the slim filaments along the dashed lines in Figure 1. The contour levels are (2-8 by
steps of 2)xc-, with o = 1.6 mJy beam™". The labels correspond to those in Figure 1.

The thermal pressure is calculated as Pw/kp = pT/u,m,,
resulting in 9.2 x 107 Kcm™>. The gravitational pressure, given
by Pgraviy < Gp*L?/n, is estimated to be Paviey/kp of 1.3 X
108 Kcm™3. The magnetic pressure P,,/kg, which reaches the
maximum Pp,e = B?/87 when the magnetic field lines are par-
allel to the filament, is about 6.6 x 107 Kcm™ for a magnetic
strength of 0.48 mG from Lu et al. (2024). Additionally, the
external pressure, Pey/kg, is estimated using pexofx + Pex T liapmm,.
‘We obtain median values from Lu et al. (2019b), with an external
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density of 4.4 x 10> cm™ and a external velocity dispersion of
1.43 kms~!. Therefore, the external pressure is calculated to be
approximately 2.6 x 108 Kem™.

Our results show that the turbulent pressure is two to three
orders of magnitude higher than the other estimated pressures,
suggesting that the slim filaments are not in hydrostatic equilib-
rium. The high turbulent pressure could lead to the expansion
and eventual dissipation of these filaments. These findings indi-
cate that the slim filaments differ significantly from the dense gas
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Abundance normalized by X(CH30H)
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Molecules
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Fig. 5. Molecular abundances normalized with respected to the abun-
dance of CH;0H. The boxes denote the first to third quartiles while
the caps mark the full range of abundances in our slim filaments. The
median of abundances of each molecule is marked by a horizontal
orange line. The abundances of the outflow from a high-mass protostar
IRAS 2012644104 (Palau et al. 2017), and of the dense cores (Paper I)
and outflows (Paper II) in the CMZ are also plotted. The systematic
uncertainties in the abundances are not plotted here.

filaments typically observed in nearby molecular clouds that are
usually considered to be in hydrostatic equilibrium (e.g., Wang
et al. 2014; Lu et al. 2018).

With the filament width of 0.024 pc and the typical veloc-
ity dispersion of 4.5 kms~!, the dissipation timescale of the
filaments is estimated to be ~5.2 x 10° years, which is com-
parable with the freeze-out timescale of SiO (approximately 1 x
104 years, Bergin et al. 1998; Codella et al. 1999). Under the
assumptions of LTE conditions, optically thin line emission, and
an excitation temperature of 70 K, we estimate a SiO mass of
1.3 M in the CMZ based on the SiO 5-4 line emission within
a velocity range of —50 to 120 kms™' from APEX observa-
tions (Ginsburg et al. 2016). This estimate covers an area of
325 x 56 pc? in the CMZ, with detailed calculations provided
in Appendix D. This corresponds to a SiO depletion rate of
~1.3 x 107* Mg yr~'.

For our detected slim filaments, the median SiO mass is 8.1 X
107 My, meaning that each filament contributes an SiO replen-
ishment rate of ~1.6 x 1078 M yr~!. To maintain a balance
between the replenishment and depletion, about 8000 filaments
would be required over the CMZ, which amounts to a slim fila-
ment surface density of ~0.4 pc™2. Toward the observed regions
in the 20 kms~! cloud and the 50 kms~! cloud where the total
area is ~15 pc‘z, 10 slim filaments have been identified, leading
to a surface density of ~0.7 pc™2.

If the slim filaments ubiquitously exist throughout the CMZ
at a similar surface density, their dissipation would be suffi-
cient to refuel the widespread SiO emission in the CMZ while
this molecule is simultaneously freezing out onto dust grains,
achieving a balance between the replenishment and depletion.
Meanwhile, several COMs, such as CH3;0H, CH;CN, H,CO,
and HC5N in the slim filaments would be released into the
interstellar medium (ISM), which might explain the widespread
emission of COMs in the CMZ. A CMZ-wide census of slim
filaments is necessary to confirm this possibility.

4.2. Possible origin of the slim filaments

The slim filaments exhibit unique morphology, velocity struc-
tures, relative molecular abundances, and dynamic states,

suggesting that they may have a different origin than the dense
gas filaments found in nearby clouds. We find several clues
suggesting that the slim filaments are related to shock activities:

— The rotational transitions of SiO in the ISM are usually sug-
gested to trace shocks because Si atoms can be released
from dust grains through sputtering or vaporization caused
by shock activities (Schilke et al. 1997). The shock activities
consist of high-velocity shocks from outflows and low-
velocity shocks with unclear origins (e.g., Duarte-Cabral
et al. 2014; Louvet et al. 2016; Towner et al. 2024);

— Class 1 CH3OH masers are believed to be collisionally
pumped (Voronkov et al. 2014), and are found in all the four
regions with slim filaments (marked by orange crosses in
Figure 6). While widespread CH3;OH masers are observed
in the CMZ and are thought to result from photodesorp-
tion driven by cosmic rays (Yusef-Zadeh et al. 2013), the
masers in these regions are likely generated by shock activ-
ities, as their velocities are consistent with the Vi, of the
SiO emissions observed in the filaments, hinting a shocked
environment;

— Statistically, the relative abundances of the molecules in
the slim filaments are similar to those in other shocked
regions such as protostellar outflows, while they are different
from those in dense cores, suggesting their closer relation to
shocks instead of protostellar heating.

Under shock conditions, the non-detection of thermal dust emis-
sion at the 5o level can be explained if: (i) the shocks have
destroyed most, if not all, of the dust grains, releasing Si into
the gas phase; or (ii) the initial dust emission is diffuse, and a
shock wave can efficiently sputter Si atoms and form SiO. In the
latter case, the dust emission remains undetectable by ALMA
due to missing flux, a phenomenon similar to shocks in outflows
interacting with surrounding gas.

In Figure 1, we notice that the regions containing slim
filaments are located at the edges of the 20 kms~' cloud
and the 50 kms™' cloud, where they are exposed to and can
more easily interact with the external environment. Additionally,
Figure 6 presents the magnetic orientations with a resolution of
19.6” obtained from Paré et al. (2024). We find that magnetic
fields are nearly perpendicular to the main filament skeletons.
Studies modeling the influence of a shock wave on a molecular
cloud suggest that shock compression can lead to the formation
of filaments oriented perpendicular to the magnetic field (e.g.,
Inoue et al. 2018; Abe et al. 2021). Given the likely presence of
shocks, we speculate that these filaments result from the interac-
tion of shock waves with magnetized molecular clouds. Future
multi-wavelength investigations that better constrain excitation
conditions and chemistry will help confirm the nature of these
filaments.

5. Conclusions

We have identified slim filaments in four regions toward the
CMZ through ALMA 1.3 mm molecular lines. These fila-
ments are distinctive for their narrow (<0.03 pc) morphology,
with strong SiO 5-4 line emissions as well as non-detections
of thermal dust emission at the 5o level. They show consis-
tent velocity structures which are different from outflows. The
analysis of various pressures in slim filaments suggests that tur-
bulent pressure dominates, leading to hydrostatic inequilibrium
and therefore potential expansion and dissipation. The relative
molecular abundances are statistically similar with those in pro-
tostellar outflows and the detection of collisionally pumped Class
1 CH3;OH masers hints an association with shocks.
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Fig. 6. Distributions of CH;OH and H,O maser spots over the SiO 5—4 integrated maps. The positions of CH3;OH masers (Pihlstrom et al. 2011;
Cotton & Yusef-Zadeh 2016) are marked by orange crosses, while the positions of H,O masers are indicated by magenta crosses obtained from
Lu et al. (2019a). The green stars denote the reference positions selected for deriving the column densities of the molecules. The red lines in the
upper-right corners illustrate the magnetic orientations (Paré et al. 2024) with a resolution of 19.6”.

We speculate that these slim filaments represent a distinct
class from the dense gas filaments typically observed in nearby
molecular clouds, and they may result from interactions between
shocks and molecular clouds. Their eventual dissipation within
~10* years may enrich SiO and several COMs (e.g., CH;0H,
CH;3;CN, H,CO, HC;3N) in the ISM, thus leading to the observed
widespread emission of SiO and COMs in the CMZ.
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Fig. A.1. Integrated maps of molecules in Table 1 for the slim filaments in the 20 kms~! cloud-A region.
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Fig. A.2. Integrated maps of molecules in Table 1 for the slim filaments in the 20 kms™! cloud-B region..

Appendix A: Integrated maps of different molecular lines

The integrated maps of SO 65—54, H2CO 30,3—20,2, HNCO 100,10—90’9, HC3N 24——23, CH3OH 42,2—31,2, H213CO 31,2—21,1, C—C3H2
61,6—50,5. and CH3CN 12¢,;—11¢,; for the slim filaments in the 20 km s~! cloud are presented in Figures A.1-A.3.

Appendix B: Skeletons identified by FilFinder

The FilFinder package reduces the selecting area to identify skeletons that represent the topology of the areas, by using a Medial
Axis Transform method. To achieve optimal filament detection, we set the following parameters: (i) global threshold — integrated
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Fig. A.3. Integrated maps of molecules in Table 1 for the slim filaments in the 20 kms™! cloud-C region..

intensities below 30 ., are excluded from the mask; (ii) size threshold — filaments must have a minimum area of 125 pixel2 (~5
times the beam size). The resulting skeletons are depicted as red lines in Figure B.1.

Appendix C: Gaussian fits to the SiO 5-4 spectra in four regions

We perform Gaussian fits to the averaged SiO 5—4 spectra toward the four regions with results shown in Figure C.1.

Appendix D: Calculation of Molecular Column Densities

Assuming local thermodynamic equilibrium (LTE) conditions, optically thin line emission, Rayleigh-Jeans approximation, and
negligible background, the column densities of a molecule can be derived following (Mangum & Shirley 2015):

87k v? O(Tex) E, f
Nt = Tpdv, D.1
oA g P\t )) T D

where kg is the Boltzmann constant, v is the rest frequency of the transition, /4 is the Planck constant, c is the light speed, A,; is the
spontaneous emission coefficient from the upper state u to the lower state /, Q(T¢) is the partition function, T is the excitation
temperature, g, is the degeneracy of the upper state, E, is the energy of the upper level energy, and f Tgdv is the integrated intensity.
The spectroscopic parameters are obtained from the CDMS database (Miiller et al. 2001, 2005; Endres et al. 2016), JPL catalogues
(Pickett et al. 1998), and the LAMDA database (Schoier et al. 2005). The excitation temperature is adopted to be 70 K following
Paper II. The derived column densities are presented in Table D.1.

The SiO mass, Ms;o, can estimated based on the SiO column density (Goldsmith & Langer 1999):

Msio = Niotsiom,Qd”, (D.2)

where ysio is the mean atomic weight of 44 for SiO, Q is the solid angle, and d is the distance of 8.1 kpc.
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Fig. B.1. SiO 54 emission of filaments in four regions. The red lines indicate the skeletons of the slim filaments.
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