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OXFORD

The Galactic Center arms inferred from the ALMA CMZ
Exploration Survey (ACES)
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Abstract

Analyzing longitude—velocity diagrams (LVDs) in the CS (J = 2-1) and H'3CN (J = 1-0) molecular lines from the internal release data of the ALMA
Central Molecular Zone (CMZ) Exploration Survey and in the '¥CO (J = 1-0) line from the Nobeyama Galactic Center (GC) survey, we identify
six GC arms as prominent straight LV ridges. In addition to the currently known Arms | to IV, we identify a new inner arm, Arm V, and further
highlight the circumnuclear disk (CND) as Arm VI. Integrated intensity maps of the arms on the sky suggest that most of the arms compose
ring-like structures inclined from the Galactic plane. \We determine the radii (curvatures) of the arms using the velocity-gradient (dv/d/) method,
assuming that the arms are rotating in circular orbits at a constant velocity of ~150 km s~'. We show that Arms | and |l compose the main
ring structure of the CMZ with radii ~100-120 pc; Arm Ill is a dense arm 42 pc from the GC; Arm IV is a clear and narrow arm 20 pc from the
GC; and Arm V is a faint, long arm of 8.2 pc radius. We show that the CND comprises the sixth arm, Arm VI, of radius ~2.3 pc associated with
bifurcated spiral fins. We also discuss the association of the 20 and 50 km s~ clouds with these arms. The radii of the arms fall on an empirical
relation R ~ 630(2/5)" for N = 1 (Arm 1) to 6 (VI), suggesting discrete rings or a logarithmic spiral with pitch angle ~22°. The vertical full extent
of the arm increases with radius and is represented by z ~ 0.7(R/1 pc)®’ pc. The tilt angle of the arms from the Galactic plane, or the warping,

increases rapidly toward the GC.

Keywords: Galaxy: Center — Galaxy: structure — ISM: clouds — ISM: molecules — ISM: kinematics and dynamics

1 Introduction

Because we see the Galactic Central Molecular Zone (CMZ)
edge-on, its true 3D structure is challenging to decipher and
remains substantially uncertain (Morris & Serabyn 1996;
Henshaw et al. 2016, 2023; Sofue 2022). Kinematic analy-
sis of longitude-velocity diagrams (LVDs), assuming Galactic
rotation, offers one way to help to resolve line-of-sight degen-
eracy (Bally et al. 1987, 1988; Sofue 1995, 2022; Oka et al.
1998; Tsuboi et al. 1999; Kruijssen et al. 2015; Henshaw et al.
2016, 2023). Here, we exploit the special behavior of a ro-
tating arm or a ring in the longitude—velocity diagram (LVD),
which makes the LV ridge appear sharpest near its intersection
with the rotation axis at [ ~ 0°. The absorption of line emis-
sion against the background continuum helps to distinguish
the far and near sides of clouds relative to Sgr A* (Sawada
et al. 2004; Yan et al. 2017; Sofue 2022).

The coherent ridges on the LVD suggest that the CMZ is
structured into multiple arms. The densest and most promi-
nent LV ridge seen in the '3CO (J = 1-0) line is called Galactic
Center (GC) Arm I, the second is Arm II, and further arms (III
and IV) have been proposed (Sofue 1995). There seems to be
consensus that Arms I and II compose a ring structure of ra-
dius ~100-120 pc (the “120 pc ring”) (Sofue 1995; Oka et al.
1998; Henshaw et al. 2016, 2023; Tokuyama et al. 2019),
which is understood as being due to a large-scale accretion
of gas from the outer Galactic disk (Molinari et al. 2011; Kim
& Stone 2012; Kruijssen et al. 2015; Krumholz & Kruijssen
2015; Krumholz et al. 2017; Ridley et al. 2017; Sormani et al.
2019, 2020; Tress et al. 2020).

However, the more internal structure of molecular gas
within the CMZ inside the 120 pc ring appears to have not yet
been fully explored but is believed to consist of a continuous
disk, arms/rings or a hole (empty space), or a combination of

these. Among these, the arm/ring structure can be most eas-
ily recognized using high-resolution molecular-line mapping
data, while the other structures may be obtained as the resid-
ual. For the purpose of mapping arms/rings of molecular gas,
we analyze the data cubes observed with the Nobeyama 45 m
telescope in the 3CO (J = 1-0) line, ASTE (Atacama Submm
Telescope Experiments) 10 m telescope in HCN (] = 4-3),
and ALMA (Atacama Large Millimeter/submillimeter Array)
in the course of the large project ACES (ALMA CMZ Explo-
ration Survey) in the CS (] = 2-1) and HB3CN (J = 1-0) lines
(ALMA Program, 2021.1.00172.L; PI: S. Longmore et al. in
preparation). Thanks to the high spatial resolution offered by
ALMA, we can greatly improve arm identification at the very
center inside |/| < 022 (~30 pc).

The region around Sgr A* contains many well known
molecular clouds including the 50 km s~! cloud (hereafter
50kmC) and 20 km s~! cloud (20 kmC) (Genzel et al. 1990;
Tsuboi et al. 2009), high-velocity compact clouds (HVCCs)
(Oka et al. 1999; Iwata et al. 2023), the circumnuclear disk
(CND) (Wright et al. 2001; Tsuboi et al. 2018), and the mini-
spirals around Sgr A* (Tsuboi et al. 2017). We try to under-
stand these innermost structures under a unified view of a
molecular disk with arms/rings rapidly rotating in the deep
gravitational potential that reaches specific kinetic energies of
~V2 /2 ~ 10" erg g~at Vior ~ 100-150 km s~ 1.

In this study, we combine *CO (J = 1-0) and HCN (] =
4-3) single-dish data with the ACES interferometric mosaics
in CS (J =2-1) and HBCN (J = 1-0) at |/| < 0°2 to determine
the internal kinematical structure of the CMZ by constraining
the radii and vertical extents of the arms/rings present within
~100 pc. This will help us to visualize the gaseous structure
in the circumnuclear region, which is essential to carry out the
3D modeling of the CMZ.
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We adopt a solar galactocentric distance Ry = 8.2 kpc,
close to the recent measurement (Gravity Collabora-
tion 2019), for convenience to compare with the other
works. The coordinates of Sgr A* are taken to be (I, b) =
(3592944227, —02046157) = (359°56'3972, —00°02'46"2),
and the LSR (local standard of rest) velocity is assumed to be
VISR = 0 km s~ 1.

2 Data and analysis

2.1 Single-dish data

We used the archival data cube of the 13CO (J = 1-0) line
emission at 110.27 GHz taken from the CMZ survey obtained
using the Nobeyama 45 m telescope (Tokuyama et al. 2019).
The data cube had sampling grids of (775 x 7/5 x 2 km s™1)
with an effective resolution of 16”7, which yielded an rms
noise of ~0.15 K in brightness temperature, Ts. We also used
an archival data cube of the HCN (] = 4-3) line emission at
354.5 GHz from the GC survey with the ASTE 10 m telescope
(Tanaka et al. 2018), which had (8”5 x 8”5 x 2 km s™!) grids
with an effective angular resolution of 24” and rms noise of
0.14 K in Tp.

2.2 ACES

The molecular-line cubes from ALMA used in this work were
taken from the internal release version of the 12 m + 7 m + TP
(total power)-mode data from the ALMA cycle 8 Large Pro-
gram “ALMA Central Molecular Zone Exploration Survey”
(ACES, 2021.1.00172.L; S. Longmore et al. in preparation).
ACES observed the CMZ in ALMA Band 3, covering a fre-
quency range of ~86-101 GHz across six spectral windows
of varying spectral resolution and bandwidth.

The ALMA pipeline calibrated measurement sets were pro-
duced using CASA 6.4.1.12, and all of the 12 m and 7 m data
were reimaged using CASA 6.4.3-2. In general, the imaging
parameters were the same as those used by the pipeline to
produce the delivered data, but there were instances where pa-
rameters were changed, in particular to fix divergent channels,
and to undo size mitigation performed by the default pipeline
parameters.

We also found that the ALMA pipeline often did not per-
form optimally when identifying line-free channels in the data,
resulting in residual continuum emission after the continuum
subtraction. The pipeline also used a polynomial fit order of
1, which often resulted in poor baselines after continuum sub-
traction, particularly in the narrow spectral windows, which
are often filled with broad line emission. To fix these issues,
we first reran the continuum subtraction using a fit order
of 0, and then additionally used statcont (Sdnchez-Monge
et al. 2018) to remove the residual continuum emission. After
reimaging and subtracting the continuum, we combined the
12 m, 7 m, and TP data using the feather task in CASA. We
first combined the 7 m and TP cubes, then combined this 7 m
+ TP cube with the 12 m data.

The ACES coverage is split into 45 individual sub-mosaics,
each with approximately 150 pointings. For each line/spectral
window (SPW), we used the radio-beam and reproject
Python packages to convolve all sub-mosaics to a common
beam, and then project them on to the full ACES footprint.
The resulting cubes provide a contiguous mosaic of the CMZ.

For this work, we used the cubes in the CS (] = 2-1) line
at a frequency of 97.9810 GHz with FWHM angular resolu-

tion 2”21 of the synthesized beam and rms noise of 0.0038 Jy
beam~! (0.10 K) with velocity channel increments of 1.45 km
s~1, and the HBCN (] = 1-0) line at 86.3399 GHz with reso-
lution 2”72 and rms noise 0.0046 Jy beam~' (0.10 K) with ve-
locity channel increments of 0.88 km s~!. The intensity scales
are Jy beam™! (1 Jy beam™! = 26.1 and 22.2 K in brightness
temperature at 98 and 86 GHz, respectively).

The cubes cover the CMZ at —026 <[ < +029 and —023 <
b < 4021, and the velocity ranges were —220 < vygg < +220
km s7! and —150 < vysg < +150 km s, respectively, with
spatial and velocity grids of (075 x 075 x 0.15 km s~1). We
further cut out a more interior region at —0225 </ < +0215
and —0°1 < b < +0° for a detailed analysis of the circumnu-
clear region centered on Sgr A*.

2.3 Definition and identification of the arms

The goal of this paper is to identify spiral arms, rings, and/or
segments thereof (hereafter “arms”) in the CMZ that rotate
within the Galactic gravitational potential, and to quantify
their galactocentral radii or curvatures. An “arm” is here de-
fined by a tilted ridge on the LVD that extends straight for
~#+100 km s~!, indicating a coherent ring-like structure ro-
tating at ~100-150 km s~ 1.

We used the 3CO (J = 1-0) line from the single dish in
order to trace the arms and extended structure in the entire
CMZ. The lines CS (] = 2-1) and H¥CN (J = 1-0) from
the ALMA cubes were chosen to trace the innermost arms,
which are supposed to consist of relatively denser molecular
gas (Shirley 2015), for a complementary analysis to the 13CO
(] = 1-0) line from the single dish.

To identify the arms, we exploit a special property of the
LVD that, due to the degeneracy of the radial velocity, the
arms appear clearest and brightest near their intersection with
the axis of rotation at [ ~ 0°. Although some arms overlap at
[ ~ 0°, they can be distinguished from one another because
their ridges run at different tilt angles (Sofue 2006). Moreover,
fortunately, non-circular motions overlap in most spiral arms,
which yields displacements of vy sg from zero near [ ~ 0°, so
in most cases the degeneracy is resolved, or the LV ridges do
not overlap at the intersection point.

Note that there are four ways to display LVD as follows.

Type 1: channel LVD at every latitude as one channel of the
cube;

Type 2: total average over all latitudes;

Type 3: average over selected latitudes; and

Type 4: LVD, maximum intensity (peak Tg) across latitudes.

They are all used in this work depending on the purpose of
each figure.

However, especially in the central region, the LV arms are
often buried in bright extended features. In order to abstract
such buried arms by subtracting more extended structures,
we apply the IMSHIFT-relieving technique described in ap-
pendix 1. This method is particularly useful for the single-dish
data with lower angular resolution.

By tracing the tilted LVD ridge (LVR), we measure the longi-
tudinal velocity gradient dv/dl, which is related to the radius
or curvature of the arm as explained in detail in subsection 4.1.
For identifying a spiral arm or a ring, this method is more sen-
sitive and accurate than measuring the terminal velocity ends
at the farthest longitudes, because the inherent width and ve-
locity dispersion make it difficult to define the exact terminal
longitude and velocity.
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Arm I: LVD (Type 1): 13CO (J = 1-0): 45 m
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Fig. 1. Longitude-velocity diagram (LVD) showing the Galactic Center (GC)
Arm |in BCO (J = 1-0) from the 45 m telescope at a representative latitude
(Type-1 LVD). Color bars indicate the brightness temperature in K.

Arm IT; LVD (Type 1); 13CO (J = 1-0); 45 m

b=-0.0458 deg
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Fig. 2. Arm |l on the LVD in ¥CO (J = 1-0) from the 45 m telescope at a
representative latitude that is indicated in each panel. The horizontal line
labeled Link I-II indicates the possible connection of Arm Il with Arm | as
well as with the outer disk. Color bars indicate the brightness temperature
in K.

2.4 LVD "arms”

We search for arms in all channels of the cubes as LV ridges
with extents over 100 kms~!. In figures 1-6 we show the
LVDs at representative latitudes of the thus-recognized GC
arms in the '3CO (] = 1-0) line from Nobeyama 45 m, HCN
(] = 4-3) from ASTE 10 m, and CS (] = 2-1) and H’CN (J
= 1-0) from ALMA. Details of the data are shown in individ-
ual panels of the figures and captions. The identified arms are
marked by white dashed lines or arrows with the correspond-
ing names.

The arms are often too thin and faint to be recognized on a
single or on averaged LVD. In order to convincingly trace such
arms in more detail, we also use channel LVDs as presented in
appendix 2.

In figure 7 we summarize all the the arms identified by
dashed lines superposed on the maximum intensity LVD from
ALMA in the whole mapped area by ACES in CS (] = 2-
1) from b = —023 to +0°2. The middle and bottom panels
show the same in CS (] = 2-1) and HCN (J = 1-0), but
for the central region from [ = —0225 to 0215, and b = —0°1
to 0°. These LVDs were made by creating maximum-intensity
projections along the latitude axis of the cubes using the
spectral-cube Python package.

2.5 Vertical profiles of the arms

Figure 8 shows the latitudinal intensity profiles of the arms
averaged along the LV ridges of the individual arms inside the
red boxes as shown in the LVD inset in each panel. We then

Arm III; LVD (Type 1); 13CO (J = 1-0); 45 m

b=-0.0750 deg

100 150 200

Visr (km/s)
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Fig. 3. [Top] Arm Ill LVD in ¥CO (J = 1-0) from the 45 m telescope at
representative latitude b = —02075. [Bottom] Same, but relieved LVD (see
appendix 1 for the relieving method) for the central region. Color bars indi-
cate the brightness temperature in K.

measure the full width at half maximum (FWHM) of the pro-
file, as indicated by the red arrow, and define the width as the
“z = full vertical extent” of the arm. The bottom-right image
explains the procedure for obtaining the latitudinal profile of
an arm.

The full-width vertical extents of the arms are thus obtained
tobez ~27.2 pcfor ArmI,~22.9 pc for ArmII, ~12.9-5.7 pc
for Arm III in *CO (J = 1-0) and CS (J = 2—1), respectively,
~4.3 pc for Arm 1V, ~3.1-3.3 pc for Arm V in 3CO (] =
1-0) and CS (] = 2-1), and ~1.3 pc for Arm VI (CND). We
find that the vertical extent of the arms decreases from Arm
I to VI; this will be discussed in subsection 4.1. The derived
quantities are listed in table 1.

2.6 Arms on the sky (moment-0 maps along LV
ridges): The LV-masking method

We then produce integrated intensity (moment-0) maps
around the LV ridges of Arms I to VI (CND) indicated by the
dashed lines in the LVDs in figures 1-7, using “masked cube”
created by convolving the original cube with a cube of the
same size (masking cube) representing a Gaussian function,
or the “LV-masking function,”

VLSR — Uridge(!) g
f(l,visr) =exp | — — 5, )| (1)

Here, vyigqc(I) represents vsg of the LV ridge at longitude 1,
and is expressed by a linear or bent-linear (curved) function
of [ to represent the dashed line of each arm in figures 1-7. So,
in most cases,

Uridge(l) =Al+Ba (2)

where A = dvisg/dl and B = v;_y- and are taken to be con-
stants, and were measured along each of the dashed lines
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Arm IV; LVD (Type 1); 13CO (J = 1-0); 45 m
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Fig. 4. Arm IV: [Top] LVD (Type 1) in ¥CO (J = 1-0) from the 45 m telescope
at representative latitude b = —0203. [Middle] LVD averaged between b =
0211 and —0201 (Type-3 LVD), showing the entire arm including positive-
velocity extensions. [Bottom] Relieved LVD (Type 1) at b = —0203, showing
the negative velocity ridge. Color bars indicate the brightness temperature
in K. The blue symbol is Sgr A*.

in figures 1-7. The velocity half width was estimated to be
sv=10and 7.5 km s~! for BCO (] = 1-0) and CS (] = 2-1),
respectively, using LVDs around the clearest parts of Arms I
to III (figures 1-3) and Arms IV and V (figures 4 and 5).

The moment-0 maps obtained along the LV ridges from the
45 m telescope in CO (J = 1-0) and from ALMA in CS (J
=2-1) and HCN (J = 1-0) are shown in figures 9 and 10,
respectively. The vertical broad and bright bands in the maps
of Arms IV to VI from ALMA are contaminations of the local
disk and the “fore-/background CMZ” including part of Arms
Iand II.

3 Galactic Center arms

The so-far-identified Arms I to VI are summarized in the LVD
of figure 7 by the dashed lines. In this section we describe the
individual arms based on the LVDs as well as the LV-masked
moment-0 maps. We highlight the inner Arms III and IV and
report the existence of a new arm, which we name Arm V. We
further identify an even inner arm, naming it Arm VI, which
is an alternate view of the CND (Wright et al. 2001; Tsuboi
et al. 2018). We also discuss the mini-spirals around Sgr A*
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Fig. 5. Arm V: [Top] Releaved LVD (Type 1) in 3CO (J = 1-0) from the 45 m
telescope at representative latitude b = —02056. [Bottom] LVD (Type 3) in
CS (J = 2-1) averaged over +5 (+4 km s~') channels around b = —020555
by ALMA. [Middle] Relieved LVD (Type 3) in *CO (J = 1-0) averaged be-
tween —021 and 0°.

(Tsuboi et al. 2017), which we consider to be the innermost
family of the arms and thus call Arm VII.

3.1 Arm |

Arm I, or the Sgr-B arm, appears as the most prominent LV
ridge of the CMZ, and is considered to be a spiral arm or a
ring on the nearer side of Sgr A*, the Milky Way’s nucleus.
Moment-0 maps of this arm shown in panels (A) and (B) of
figure 9 reveal a long and sharp arm tailing from the Sgr B
cloud complex. The active star-forming regions Sgr B1 and
B2 are located in this arm (Sofue 1995,2022; Oka et al. 1998;
Henshaw et al. 2016, 2023; Tokuyama et al. 2019).

3.2 Arm Il

Arm II, or the Sgr-C arm, is the second-brightest arm associ-
ated with Sgr C, and is rotating on the far side of Sgr A. Arms
I and II are linked by a horizontal LV belt (Link I-II), as indi-
cated by the dashed line in figure 7.

Link I-1I appears to be connected to the disk further out at
velocities at vpsg ~ 100 km s™!, which may suggest a gaseous
arm connecting the CMZ and the Galactic disk. However, we
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do not discuss this feature in this paper, because it is far outside
the ACES field.

In panel (C) of figure 9 we show a moment-0 map integrated
along the bent LVR Arm II and Link I-II (figure 2). This map
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Fig. 7. [Top] LVD of latitudinal mean CS (J = 2-1) intensity. The identi-
fied arms are indicated by the dashed lines. EMR stands for expanding
molecular ring (+/- for positive and negative v gg, respectively). [2nd] LVD
of maximum (peak) intensity along each latitude in CS (J = 2-1). Arm Il
shows up clearly in this map. [3rd] Same, but the central region. [Bottom]
Same, but in H'3CN (J = 1-0). Color bars indicate the intensity scale in Jy
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920z aunr g0 uo 1sanb Aq 62£0918/289/¥/L./o1o1e/fsed/woo"dno-oiwepese//:sdyy Wwoly papeojumoq



Publications of the Astronomical Society of Japan (2025), Vol. 77, No. 4 693

| 8 31
21 Arm| . Arm i g
45m 13CO 52 45m 13CO i
o &
g., sg gn 21 E g
° g H .
Z 11 g : 2 &
e 1 - . A 05 0 05
GLON (ceg) = L0 (e
'l -
10 pc
-02 0 02 02 0 02
GLAT GLAT
o 08
4 Amlil Sf Arm IV 2
45m 13CO g 45m 3CO
3 061 Relief z°
3 % &g
& sgf % & '
= T 2 0.4 -1
Z2] § : < =: o
> : 1 05 0 “05 - 10 pc = B e
GLON (deg) 0.2 e 008 004 O -004-008
; 10 pc GLON (deg)
O,
-0.2 0 02 02 0 02
GLAT GLAT
AmmV gf ArmV E
041  45m 3CO - dis 2
Relief @ | Z gl
Ee o0 8
& 7 5 35
g > g & o
9 0.2 s 0.024 2
< 2 E g
R 10 pc P Ty P o
= - S s = 004 [1] -004 -008 -0.12
0 -0.04-008-0.12-0.16 = GLON (deg)
GLON (deg) - 001
o . 5pc
-02 0 02 -008 -006 -004 -002
GLAT GLAT
s Cube (I, b, Vlsr)
Arm VI (CND) s
ACES e
Eﬂ 004] CS(2-1) ;-\E:, ‘ Velo Tb(avr)
9 2.F
<L ¥
£ g "
© 1
[
< 0.02- 002 0 -002-004 006008 01 012
= GLONGe | o NN IO eSO
5pc = Lati

008 -006 -004 -002
GLAT

Fig. 8. Latitudinal profiles in the '¥CO (J = 1-0) and CS (J = 2-1) line emissions of Arms | to VI averaged in the regions along the LV ridges as marked by
the red boxes in the insets. The latitudinal full width at half maximum (FWHM), z, was measured as the red arrows. The bottom-right image explains the
procedure to obtain the latitudinal profile using SAOimage (ds9).

920z aunr g0 uo 1sonb Aq 6Z£0918/289//L2/101e/fsed/woddnooiwspeoe)/:sdjjy Wwoij papeojumoq



694 Publications of the Astronomical Society of Japan (2025), Vol. 77, No. 4

Table 1. Parameters of the GC arms inferred from the dv/d/ method."

Arm dv/dl Al UfSRi RS P Zfall i Arm volume ratiol
(kms~" deg™") () (kms~') (pc) (Myr) (pc) (°) Voln/Volarm 141

Arm 1 150. +0.25 —40 141. 5.9 26 4 For I+II = 120 pc ring

Arm IT 212. -0.1 +10 101. 4.2 20 =1.0

Arm III 507. —0.1 +50 42. 1.7 4.7 ~2 %1072

Arm IV 1020. +0.08 —80 21. 0.86 3.6 ~3x 1073

Arm V 2600. +0.025 -50 8.2 0.34 3.1 21 ~4 %1074

Arm VI (CND) 9300. 0 0 2.3%* 0.1 1.4 29 ~107°%

Arm VII (mini-spirals)® ~10* - - ~1.2 ~0.05 ~1.4 ~36 ~10~°%

The inclination angle is assumed to be i ~ 90° (tilt angle i = 0°), except for Arm VIL.
Yt ep is visr at [ = —02056 (Sgr A*). The reference center is taken at Sgr A* with (I, b) = (359:944227, —02046157).

IR o« Vi Ro: Here we assume Vi = 150 km s~ and Ry = 8.2 kpc.

IThe ratio of the volume shared by Arm N to that of the 120 pc ring composed of Arms I and II as calculated by Voly = 7R? x z.
# Approximate values read on the maps in the literature (Zhao et al. 2009; Tsuboi et al. 2017).

**Consistent with the current measurement R =~ 2.5 pc (Tsuboi et al. 2018).
ftRead from the LVD of Takekawa, Oka, and Tanaka (2017).

indicates that Arm II is tailing from Sgr C, extending nearly
symmetrically to Arm I from Sgr B, and extends further to the
west along the horizontal LVR Link I-II beyond the edge of
Arm II. Panel (D) presents part of Arm II in the moment-0
map traced by the tilted straight LVR alone.

The molecular gas mass of the CMZ is shared mostly by
these two main Arms I and II as discussed below in subsection
4.5. The two arms have been proposed to compose the main
120 pc ring (Sofue 1995) of the CMZ, and have been exten-
sively studied in order to derive the 3D structure of the CMZ
(Molinari et al. 2011; Kruijssen et al. 2015; Henshaw et al.
2016; Tokuyama et al. 2019; Sofue 2022). It is further sug-
gested that the arms are related to the outer star-formation re-
gion Sgr E (I ~ —1°) and supernova remnants Sgr D (~+1°2),
drawing a double infinity (coo) on the sky (Sofue 2022). How-
ever, the degenerate Arms I and Il are resolved in the LV space,
and the masked moment-0 map (figure 9) shows a simple tilted
ring.

3.3 Arm Il

Arm IIT has not been studied in detail so far in spite of its high
brightness. It is visible in '*CO (] = 1-0) in the LVD in fig-
ure 3 and in the moment-0 maps in figures 9 and 10. The LV
ridge of this arm is composed of two parallel stripes in the
HBCN (J = 1-0) and HCN (J = 4-3) lines. The line spec-
trum shows a clear center-velocity absorption along this arm
as shown by the inset in panel (E) of figure 9. The absorp-
tion belt along Arm III will be discussed in some detail later in
subsection 5.3.

This arm seems to consist of the GMC M—-0.13-0.08
(20 kmC) (see Takekawa et al. 2017). The moment-0 map in
figure 3 shows a rather short arm on the sky, being led by
a bright clump of 20 kmC. If 20 kmC is physically associated
with Arm II1, its 3D position can be determined kinematically,
as will be done in subsection 4.1. Thereby, we assume that
Arm III is in front of Sgr A*, following the face-on geometry
proposed by Takekawa, Oka, and Tanaka (2017).

However, it has also been suggested that there is a phys-
ical contact between the +20 km s~' cloud and the CND
(Takekawa et al. 2017). If this is the case, a different
view is required, and Arm III may be redefined as a long
bright ridge only in negative visr, extending to (I, visr) ~
(=022, —50 km s~'). Another concern is its possible relation-
ship with to 50kmC: As shown in the relieved LVD in fig-

ure 3, 50 kmC is located on the increasing-longitude extension
of Arm IIL In this paper, we examine another possibility that
50kmC is related to Arm V not only for the LV position but
also for the large dv/dl value close to that of Arm V and the
large velocity width (subsection 5.3).

3.4 Arm IV

Arm IV is the arm most clearly visible in the relieved '3CO (J
= 1-0) LVD at negative visg as shown in the bottom panel
of figure 4. Its positive-visg extension is visible in the origi-
nal LVD as indicated in the middle panel of this figure, but is
strongly disturbed by the contamination from Arms I and II
as well as the extended CMZ emission.

This arm can be clearly traced on the LVD in figure 4, and is
also visible on the moment-0 map in CS (] = 2-1) from ACES.
The arm runs westward from [ ~ 0202 and ends at / ~ —0204.

Part of this arm has been identified as the “C1” clump at
(I, b, visr) ~ (=003, —0°06, —70 km s~'), which shows in-
tense CS emission (Oka et al. 2011).

3.5 ArmV

Arm V is a long, straight LV ridge composed of
a low-brightness stripe extending from (/,visr) =
(—0202, +30 km s~1) to (=021, =130 km s~ 1), as shown in
figure 5. In the moment-0 map in CS (J = 2-1) (figure 10C),
Arm V runs at position angle PA ~ 25°, and is approximately
fitted by an ellipse of axial ratio b/a ~ 0.25 or an inclination
angle of i ~ 76° (tilt angle 7 ~ 14°). 50 kmC is located on
the positive-velocity extension of Arm V in the LVD, and
the velocity gradient is about equal to that of Arm V (see
subsection 5.3).

3.6 Arm VI: CND

The CND (Wright et al. 2001; Montero-Castafio et al. 2009;
Martin et al. 2012; Feldmeier et al. 2014; Mills et al. 2017;
Tsuboi et al. 2018; Hsieh et al. 2021) is recognized in the
CS (J] = 2-1) and H'3CN (J = 1-0) lines in the LVDs
in figure 6 as a bright highly tilted ridge extending from
(—0204, 4120 km s~1) to (=007, —130 km s~!) indicating a
rotating ring. We call this ring Arm VI, which is equivalent to
CND.

We stress that the arm is barely visible in the 13CO (] = 1-
0) line, becoming clearer in the LVDs of CS (J = 2-1), H'*CN
(J] = 1-0), and HCN (J = 4-3). This demonstrates that the
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Fig. 9. Integrated intensity (moment-0, [K km s~']) maps in ¥CO (J = 1-0) of the GC arms from Nobeyama 45 m at a resolution of 16/7. (T) Whole-area
total integrated intensity (moment-0) map in the '2CO line by the 45 m telescope. (A) Arm | (green) + Il + Link |-l (red) integrated intensity within +10 km
s~! from the LV ridge (same below); (B) Arm [; (C) Arm Il + Link I-Il along the bent LVR in figure 2; (D) Arm |l (straight LVR alone); (E) Arm III; and (F) Arm
IV. The color bars indicate the integrated intensity (moment 0) in K km s~'. A H'3CN (J = 1-0) line spectrum of Arm Il at (/, b) = (—0211, —0207) is inset

in panel (E).

molecular gas in the CND (Arm VI) is much denser and
warmer than the general CMZ clouds such as in Arms I and
II. The LV ridge exhibits a double-peaked rotating ring struc-
ture whose central part is missing. A curved spur extends from
the negative-velocity end of Arm VI, indicating that the arm
is associated with a high-velocity non-circular flow.

Figure 11 shows the moment-0 maps of Arm VIin CS (J =
2-1) and HB3CN (J = 1-0) as integrated within Svjsg = £7
and £10 km s~! from the LV ridge (LVR), respectively, which
agree with the CS (] = 7-6) map using ALMA by Tsuboi et al.
(2018). The figure exhibits an elongated ellipse centered on
Sgr A* as marked by the dashed line in the bottom panel of

figure 11, which has an axial ratio of b/a ~ 0°0085/0°023 =
0.405 at a position angle of the major axis of PA ~ 70°. If
it is a circular ring, the inclination angle is 7 > 66° (tilt angle
i ~ 24°). Several spiral arms and fins are bifurcating from the
ring, trailing in the sense of counterclockwise rotation in the
figure (on the sky).

The positive-latitude side of the ring (northern wing) is
missing (figure 11, bottom panel), although it is visible in
the warm H; (2.4 um) emission (Feldmeier et al. 2014; Mills
et al. 2017). The difference in the characteristics in the mm
and pm emissions may be attributed to absorption of Sgr
A’s continuum emission by the CS and H'3*CN molecules.

920z aunr g0 uo 1sanb Aq 62£0918/289/¥/L./o1o1e/fsed/woo"dno-oiwepese//:sdyy Wwoly papeojumoq



696 Publications of the Astronomical Society of Japan (2025), Vol. 77, No. 4

(T) Moment 0, Total integ from —222 to 222 km s~ 1, CS (J = 2-1); ACES

: k

]

=]
w7 .
Eg L 3
ES

:
o8

]

T s

0.100 0,050 0000 359950 359900 350850 359,800
GLON (deg)
1795 3589 5402 7196 9009 10804 12598 14411 16205
Moment 0; LV-masking 7 km s~ 1

(A) Arm III

Arm 1l

ACES, CS21, -
mom0 LV +/- 7 km/s
Hyfoeamkmis}

-0.010

-0.040

GLAT (deg)

B
=3
?

=0.100

-0.010

|ACES, C821,
Imom0 LV +/- 7 kmis
Hdytbeam-kmis}]

-0.040

“ob

@
=
=
3
o

o
=
c B
o
T

S PRIt

|ACES, CS21,
mom0 LV +/- 7 km/s
T[dy/beam kmi/s}]

-04 -02

GLAT (deg)
-0.6

-0.8

GLON (deg)

003 012 027 048 075 11 1.5 19 24

(D) Arm VI = CND

ACES, CS2t,
mom0 LV #/- 7 km/s
[Jy/beam km/s]

10 pc

GLAT (deg)
=0.1 -0.08 -0.06 -0.04 -0.02

Fig. 10. (T) ACES CS (J = 2-1) integrated intensity (moment 0; [Jy
beam~'km s~"]) over the entire velocity range from —220 to 220 km s~ ',
and (A)—=(D) along LV ridges with v{sg within v = +7.5 km s~ for Arms Il
to VI (CND) at a resolution of 2.”2. Vertical broad bands are contamination
of the extended emission of CMZ and Arms | and II. Color bars indicate
the integrated intensity (moment 0) in Jy beam~" km s~'.

In contrast, the negative-latitude side (southern wing) draws a
nearly perfect ellipse, indicating no absorption. These suggest
that the northern wing of the ring is in front of Sgr A and the
southern half is beyond it. This is consistent with the counter-
clockwise rotation of the disk seen from below the Galactic
plane. There is a hole in the center of the ring coinciding with
Sgr A*, which is due to the absence of molecular gas around
the mini-spirals at high temperature and due to absorption of
Sgr A’s continuum emission.

Arm VI (CND); Mom. 0; LV-masking 7.5 km s—1;
CS (J =2-1); ACES

-0.050 -0.040 =0.030

GLAT (deg)

-0.060

-0.07 -0.08
[Jy/beam km/s]

003  -0.04 005
GLON (deg)

003 012 027 048 0.5 1.1 15 1.9 24

-0.05 -0.04

GLAT (deg)

-0.06

-0.04 -0.05 -0.06 -0.07 -0.08
GLON (deg)

0039 0.16 036 063 099 14 19 25 32

H13CN(J = 1-0): ACES

-0.040

“ob
o
& =y
=
< 7}
i | E
(@) [
=3
(=8
o
S
1N
A e S e S
-0.030 -0.040 -0.050 -0.060 -0.070 -0.080
GLON (deg)
0.0099 0.09 0.25 0.49 0.81
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3.7 Arm VII: Mini-spirals

The mini-spirals are composed of ionized gas (Tsuboi et al.
2017) and are not detected in the present data. They rotate
around Sgr A* in elliptical orbits of radius ~1.2 pc and inclina-
tion i ~ 126° (i ~ 36°) (Zhao et al. 2009), and therefore have
a vertical extent z ~ 1.4 pc. Interestingly, they are on a natural
extension of the radius—vertical extent and radius—inclination
relationships among the arms as discussed in subsection 4.2.
Although they are outside our direct analysis based on the
molecular-line observations, we suggest that the minispirals
be the innermost family of the GC Arms, and call them Arm
VIL

3.8 Fine LV stripes
Besides the large-scale, grandly designed arm structures that
trace the tilted LV ridges spanning ~+100 km s~ ! like Arms
I to VI, there are numerous fine stripes composed of shorter
(~£10-30 km s7!) vertical LV ridges seen in the relieved
LVDs from the 45 m telescope (appendix 1, figure 18) and
in the ACES LVDs at higher resolution with ~ 4 10 km s~
(figure 7). They are mostly individual molecular clouds that
are not resolved in the longitude direction, indicating that the
CMZ contains numerous clouds with sizes smaller than the
beam width ~2” ~ 0.1 pc and velocity dispersions of ~10-
30 km s~

We point out that some such LV ridges (individual clouds)
are inclined in the same sense as that caused by the Galactic
rotation, but generally with tilt angles steeper than those of the
main Arms I and II. This suggests that some of the LV ridges,
except for the innermost LV ridges discussed in the next sec-
tion, represent individual clouds locally rotating more rapidly
than the disk’s rotation due to self-contraction with the cloud’s
angular momentum being conserved.

4 Arm radius and vertical extent
4.1 Radii of GC arms using the dv/d/ method

Here we introduce three observable quantities to describe the
identified arms on the LVD: (1) velocity gradient (slope) dv/dl
of the LV ridge, (2) velocity intersection v, of the ridge at the
longitude of Sgr A* at [ = —02056, and (3) peri-/apocentric
longitude offset Aly from Sgr A*, at which the motion of gas
becomes perpendicular to the line of sight so that vy sg = 0 km
s~!. Table 1 lists the values of dvisg/dl, Vs> and Al mea-
sured by eye-fitting to the corresponding LV ridges in the LV
plane.

If we assume that an extended object is rotating around a
certain center in an edge-on disk, the curvature of the flow
line, R, is related to the velocity gradient by

R ~RyV, (d”LSR)l 3)
— INQ Vrot dl 5

where Vo ~ 150 km s~ is the rotation velocity. If we assume
that the flow is circular around Sgr A*, the radius is equal to
the galactocentric distance R.

The error in the curvature propagates from that in the mea-
surement of dv/dl, which is about 5%, and the uncertainty
of the rotation velocity, which causes an error of a factor of 1.5
(100-150 km s~1). Therefore, the error in the curvatures/radii
of the arms determined in this paper is a factor of ~1.5 mostly
attributed to the accuracy of the assumed rotation velocity.

Note that this method measures the local curvature of the
streamlines for a given flow velocity. Even if the flow is not cir-
cular, e.g., elliptical, hyperbolic, etc., it gives the local stream-
line curvature. It works even if the flow is overlapped by ra-
dial expansion or contraction, because dvexpa/dl =~ O(6%) ~ 0
near the rotation axis with vewpa and 6 being the expand-
ing/contracting velocity of the disk (arm) and galactocentric
longitude, respectively. This method measures the curvature
of the streamline, but not the curvature of the density distri-
bution such as a filament or arm that may be inclined at an
angle to the streamline in such a case of Galactic shock waves.

In the case of Arm IV, for example, we measure the velocity
gradient to be dvpsg/dl ~ 200 km s~! per 0202 in the LVDs,
resulting in R >~ 21 pc, assuming i ~ 90° and j ~ 0°. The ro-
tation period is then P = 27 R/V; ~ 0.86 Myr.

Table 1 lists the estimated values of R and P for the identi-
fied arms obtained for Ry = 8.2 kpc and V;o; = 150 kms™'. In
the top panel of figure 12 we show the “arm-radius relation,”
or a plot of radii against arm number I to VII, where Arm
VII represents the mini-spirals as discussed later. The plot is
approximately fitted by

Vrot

R~Ry
A(1501<ms—1

) x (2/5)N pe, (4)

(N = I, IL,..., VII) within an error of factor ~2, where Ry =
630 pc. This shows that the existence of the arms is dis-
crete and that the ratio between the radii of two neighboring
arms/rings is ~2.5, suggesting a Bode’s law-like arm structure.
Alternatively, it may be attributed to a logarithmic spiral with
a pitch angle of p ~ 22°.

4.2 Face-on view of GC arms

Using the estimated radii of the arms, their orientations in
the CMZ are illustrated in figure 13. The top panel shows
a schematic sketch of the CMZ projected on the sky, a cross-
section of the warping arms, and an oblique view of the re-
solved arms and rings.

The second panel shows face-on views of the arms using
their calculated radii from the dv/dl method, where the thick
lines show a face-on view of the arms with determined radii.
The longitudinal offsets of the nodes at vjsg = 0 km s™! are
marked by red lines, and dashed red lines represent position
angles 6 of Sgr B and C with respect to the curvature center.
Dashed gray lines illustrate suggested connections to the outer
disk (Sawada et al. 2004). Position angles of the associated
molecular clouds with respect to Sgr A* are calculated by 6 =
sin”! visr/Vior (v1sr = 150 km 51 ).

The bottom panel shows the inner arms, where the thick
curves represent the measured radii with the curvature centers
shifted to the visg = 0 km s~! nodes. Gray ellipses illustrate
possible orbits of the arms that satisfy the derived radii. The
result is globally consistent with the face-on views obtained
using the intensity ratio of the CO line emission to the OH
absorption line (Sawada et al. 2004; Yan et al. 2017).

We have so far assumed that the orbits of the arms are cir-
cular around a center at the longitude at which the LV ridge
crosses the vpsg = 0 km s~! line. Although this assumption
leads to a reasonable galactocentric distance R using the dv/dl
method, to map the arms and clouds more precisely, we need a
realistic gravitational potential and a flow line model around
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Fig. 12. [Top] Arm radius-to-number relation, which is expressed by R ~
630 x (2/5)N pc with an error of factor ~2. [Middle] Vertical extent, z,
of Arm VI to Arm VII (mini-spirals) plotted against radius R. The straight
line represents z = 0.7(R/1 pc)®’ pc. The big cross indicates EMR. [Bot-
tom] Absolute values of the 90° inclination angle of the arms/rings plotted
against radius.

Sgr A (e.g., Kruijssen et al. 2015, 2019), which is, however,
beyond the scope of this paper.

4.3 Vertical extent decreasing toward the nucleus

In subsection 2.5 we have shown that the vertical extent of the
arms increases with the radius R. In figure 12 (middle panel)

Warping CMZ;
Column view (moment 0) on the sky
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Fig. 13. [Top] Schematic view of the CMZ projected on the sky, a
cross-section of the warping arms, and an oblique view of the resolved
arms/rings. [Middle] Proposed face-on distribution of the GC arms. Thick
lines show the arms with determined radii. Vertical red bars indicate the
nodes of gz = 0 km s~1, and dashed red lines show the position angles
6 of Sgr B and C with respect to the curvature center. Dashed gray lines
illustrate suggested connections to the outer disk (Sawada et al. 2004).
[Bottom] Same, but for arms further in. The thick curves represent the radii
measured with the center of curvature shifted to the node of visg = 0 km
s~!. The gray ellipses show the possible orbits of the arms that satisfy the
derived radii. Arms Il and V are on the near side of Sgr A due to absorption
of the continuum emission of Sgr A. A near/far answer for Arm IV is not
given in this study.
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we plot the full extent z of the arms against the arm radius R.
Here, we also plot the supposed vertical extent of the mini-
spiral (Arm VII) of ~1 pc from the literature. In this log-log
plot, the extent is approximately expressed by a straight line
given by

2~ 0.7(R/1 pc)®7 pe. (5)

Since the measured vertical extents of the arms may be con-
sidered to represent upper limits to the thickness of the disk,
this plot indicates that the thickness of the CMZ disk de-
creases toward the nucleus. This means that the disk inside
Arms I and II becomes thinner from a few pc to ~1 pc near
Sgr A.

However, note that these latitude profiles do not include
clouds such as the Sgr B complex in Arm I and 50 kmC in Arm
V, which extend more vertically than expected from the R—z
relation. This raises the question of whether these clouds are
physically associated with the arms and how such vertical pro-
trusions could have formed from the thin arms. Alternatively,
such “high-z” clouds may manifest large bends (oscillations)
in the trajectories or more deviated inclinations of orbits from
i~90°.

We also point out that the vertical extent of the 200 pc ex-
panding molecular ring (EMR) (z ~ 150 pc) at radius ~200 pc
(Sofue 2017) deviates significantly from the fit to the arms, as
shown by a large cross in figure 12. This will be touched upon
in subsection 5.4.

4.4 Tilt angle of disk increasing toward nucleus:
Warping CMZ

As shown in the moment-0 maps (figures 9 and 10), the 120 pc
ring consisting of Arms I + I, Arm V, and Arm VI (CND)
exhibits elliptical structures on the sky, indicating that the
rings deviate significantly from the edge-on orientation. Arm
III does not appear as a clear ellipse, but its ridge is tilted a
few degrees from the horizontal, which may represent a tilt of
the ring. Arm IV is too divergent in the moment-0 map to de-
fine a corresponding ellipse. The mini-spiral (Arm VII) is well
known for its highly tilted orientation with a minor to major
axis ratio of b/a ~ 0.5. .

We then calculate the “tilt angle” 7 = 90° — i of the ring’s
rotation axis from the Galaxy’s rotation axis. The inclination
is measured using the ratio of the minor and major axes of an
ellipse as well as the tilt angle of the major axis of the arms
(ellipses) on the sky in the moment-0 maps. Plotting the results
in the last panel of figure 12, we see that the tilt angle increases
rapidly with decreasing radius toward the nucleus.

This behavior can be explained in terms of the gas accretion
caused by the Galactic shock wave as follows: The angular
momentum A, of the gas about the rotation axis is effectively
transferred by the oval motion in the barred potential, while
the perpendicular component of the angular momentum A,
is conserved. This causes a faster loss of A, than A, until the
radius becomes comparable to the z extent, when A, becomes
comparable to Ay, as observed in the central region with Arms
V to VIL. The magnetic twist mechanism (Shibata & Uchida
1986) may work similarly, acting to transfer the angular mo-
mentum of a rotating gas disk penetrated by strong vertical
magnetic field (Heywood et al. 2022).

4.5 Relationship of the arms to the general CMZ
structure

We next estimate the relative luminosity (~mass) of the GC
arms to that of Arms I + II, or the 120 pc ring, using the
arm radii R in table 1 and their vertical extent z. Assuming
about the same molecular line brightness (within an order of
magnitude), the relative luminosity of Arm N to that of Arms
I 4 II is estimated by

Ln/Liyu ~ (Rn/Rygn)(2n/2141), (6)

where N stands for arm number I to VII and the subscript
I+1I stands for average of the quantities of Arms I and II.
We obtain the ratios to be L;/L; ~ 1 (for Arms I, II); ~2 x
1072 (IN); ~3 x 1073 (IV); ~4 x 10~* (V); and ~1.4 x 10~5
(VD).

Arms I and II share most of the mass of the CMZ, com-
posing the 120 pc molecular ring (or the “great ring”). Inside
the ring the disk shares only a small portion of the CMZ’s
volume due to the decrease both in radius and vertical extent,
or Arms III to VI share portions of the entire volume that are
smaller by two orders of magnitude; hence the mass. This is
consistent with the low infrared extinction in the nuclear stel-
lar disk (Nogueras-Lara 2022).

The small volume (mass) of the disk inside Arms I and II
means that the inflow from the CMZ ring into the nucleus is
extremely slow; in other words, the ring is large enough to
supply the inner arms, albeit with very low efficiency.

5 Discussion

5.1 General remarks

Henshaw et al. (2023) published a comprehensive review of
recent progress in the study of the 3D molecular gas distri-
bution of the CMZ in the (I, b, visr) space (see the literature
therein). There seems to be a consensus that Arms I and II
constitute the main structure of the CMZ, composing a large
ring-like structure (the 120 pc ring) of radius ~100-120 pc ro-
tating clockwise around Sgr A* as seen from the North Galac-
tic Pole. However, apart from some mentions of the existence
of Arms III and IV, there has been no detailed study of the spi-
ral arm or ring structure inside the 120 pc ring. In this paper,
we show that there are many more inner arms including Arms
II and IV of radii R ~ 40 and ~ 20 pc, respectively, and Arm
V of radius ~8.2 pc, which is identified here for the first time.
The innermost structures such as the CND and mini-spirals
can be understood as systems organized with a unified rule as
Arms VI and VII, respectively.

The thus-identified arms are summarized in figure 13 and
table 1. Since the present analysis focuses on the kinematical
and geometrical structure of the CMZ, we have not calcu-
lated the density and mass. Therefore, the derived arms/rings
appear rather symmetric to Sgr A*. The highly asymmetric dis-
tribution of the mass both in space and velocity known since
the 1980s (Bally et al. 1987, 1988) is somehow suppressed
in the present analysis. Converting the Ty ([, b, visr) cube to
a p(x, v, z) cube for more quantitative modeling of the CMZ
would be a subject for the future.

Theories and simulations to understand the distribution
and motion of molecular gas in the GC have been extensively
developed over decades, predicting different types of flow
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Fig. 14. [Top] Masked moment-0 map in ®CO (J = 1-0) Arms | (green)
and Il (red) (same as the top panel of figure 9) compared with [bottom] a
Herschel FIR-derived dust column density map (Guzman et al. 2015) with
the intensity indicated by the bar in units of [grams cm~2] and contours
every 0.7 starting at 0.2. Note that 20 kmC at ~G—0.0.025—0.07, which is
located on the near side of Sgr A, is contaminated in the moment-0 map
of Arm Il (far side) in the top panel.

models in the CMZ and circumnuclear regions (Rodriguez-
Fernandez & Combes 2008; Wada et al. 2011; Kim & Stone
2012; Krumholz & Kruijssen 2015; Krumholz et al. 2017;
Ridley et al. 2017; Sormani et al. 2019, 2020; Tress et al.
2020): The simulations suggest that symmetric spirals of
grand design mimicking Arms I and II are generated as a result
of Galactic shock waves in a bar potential, carrying the gas to
the innermost regions and giving rise to CND and mini-spiral-
like structures. However, even if such a mechanism works,
the efficiency of the inward flow must be extremely low, be-
cause the mass ratio between the innermost arms and the en-
tire CMZ is very low, as shown in table 1. The proposed new
view of the innermost spiral structure, including the CND and
mini-spirals (associated with Arms VI and VII, respectively),
would provide further observational constraints on the model
and add information to a more precise understanding of the
CMZ.

Below we discuss some specific topics related to the indi-
vidual arm structures.

5.2 Comparison with the far-infrared dust map

5.2.1 ArmsIand II in dust emission

We show in figure 14a preliminary comparison of the arm
structure in the 3CO (J = 1-0) line with the image of the
CMZ in a dust column density map computed from the Her-
schel HiGAL survey at 70, 160, 250, 350, and 500 um. The
data set was reprocessed with an algorithm designed to ob-
tain more accurate measurements of cold, dense filamentary
structures, densities, and temperatures, by improved subtrac-
tion of diffuse foreground and background emission. The five
Herschel bands were convolved to the resolution of the 500
pum SPIRE image and a process based on the CUPID-findback
algorithm was repeatedly applied until consecutive iterations
differed by less than 5% in all pixels (see also Etxaluze et al.
2011). Taking an estimated value for the dust beta of 1.6, we
derived a dust temperature map that, combined with the flux

map, yielded a dust column density map. Additional details
about the method and reliability checks are given in Guzman
et al. (2015).

It is clear that the warped dust ring coincides closely with
the molecular-line ring composed of Arms I and II, where
Arms I and II are located on the near and far sides of Sgr
A*, associated with Sgr B and C, respectively. However, note
that Arm II near Sgr A in this moment-0 map is contami-
nated by Arm III associated with 20 kmC. The infinity shape
suggested in the earliar integrated-intensity maps in molec-
ular lines and dust emission (Molinari et al. 2011) can be
traced in the far-infrared (FIR) dust map, whereas it does
not show up so clearly here in the *CO (J = 1-0) map re-
solved in the (I, b, visr) space. Interestingly the dust “Brick”
(G+0.254+0.02) (Henshaw et al. 2019; Walker et al. 2021;
Ginsburg et al. 2023) is clearly seen in the FIR, but is hardly
visible in this CO map, which indicates that the cloud is dis-
placed from the molecular arms, or the LV-masking function
used here was too simple. Arm III, which is not shown here in
BCO (J = 1-0), is visible in the FIR map as a short horizontal
belt near Sgr A*.

5.2.2 The Dust Ridge and the Brick

The positive-longitude side of Arm I in the CO line is well
correlated with the Dust Ridge composed of a chain of the
massive dark cloud Brick G+0.0253+40.016 and Clouds b, c,
d, e/f in the far-infrared emission and absorption (Henshaw
et al. 2019; Ginsburg et al. 2023; Sofue 2024; Lu et al. 2024;
Battersby et al. 2025), showing a good coincidence with each
other. However, the Brick in CO in this map shows up only
partially, because the radial velocity is about 20 km s~! dis-
placed from the main ridge of Arm I, as shown in figure 1,
so that the CO line moment-0 map misses the major part of
the cloud. The Brick exhibits an oppositely tilted LV ridge
(figure 1) superposed by an expanding-shell structure, which
may be attributed to a peculiar shear motion of the cloud
(Petkova et al. 2023).

5.2.3 Far-infrared clouds “Stone, Straw, and Sticks”

The molecular clouds called “Stone, Straw, and Sticks” draw
a horizontal belt around (I, b) ~ (+0208, —0208) (Battersby
et al. 2020), and appear in the moment-0 map of Arm II in
figure 9(D). They appear as an LV ridge in figures 2, 3, and
7 (top panel), running from (I, visg) = (0205, 50 km s™!) to
(0215, 60 km s~1). Coincidence in the LV plane indicates that
the clouds are associated with Arm II, and are not linked
to 50 kmC, although apparently close on the sky. We point
out that the 8 um image of the GC (Stolovy et al. 2006) re-
veals almost no absorption toward these clouds, indicating
that they are in the far side of the GC stellar bulge. However,
the Brick and the Dust Ridge exhibit heavy extinction of the
bulge stars, locating them in the near side. These locations of
the clouds are consistent with those of Arms I (near) and II
(far).

5.3 20 and 50 km s~ clouds

The inner region |/| <022 (~30 pc) around Sgr A* con-
tains two well known molecular clouds: 20kmC and
50kmC (Herrnstein & Ho 2005; Tsuboi et al. 2009;
Takekawa et al. 2017; Uehara et al. 2019). We comment
on these clouds, which are visible and resolved in our
data.
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Fig. 15. [Top left] H'®CN (J = 1-0) line profile of 20kmC at (/, b) = (—0211, —0207) by ACES, showing self-absorption. The bottom panel shows the profile
toward Sgr A*, showing absorption of the continuum emission by 20 kmC as well as local and disk clouds on the near side of the nucleus. [Top right] H'*CN
(J = 1-0) line profile of 50 kmC at (—02016, —02063) averaged in 0201 diameter, showing self-absorption plus absorption of the background continuum
emission. Note the line width, which is twice as large as that of 20 kmC. The bottom panel shows a pinpoint profile at the same position toward the
radio-bright edge of Sgr A East. The negative-intensity absorption of the continuum emission of Sgr A East puts 50 kmC in the near side. [Bottom left] H 1
line absorption toward 20 kmC at G—0.075—0.025 averaged in a circular field of diameter 0205 taken from the ATCA H I survey of the GC (McClure-Griffiths
et al. 2012). Note the sharp absorption line of 20 kmC. [Bottom middle] Same, but 50 kmC at G+0.0, —0.075. Note the broad absorption line of 50 kmC.
[Bottom right] Schematic illustration of the near—far solutions for 20 kmC and 50 kmC using absorption of the radio continuum emission.

5.3.1 Line-of-sight locations of 20 kmC and 50 kmC

We first consider the line-of-sight locations of the two clouds
using absorption profiles of the molecular line spectra shown
in figure 15. 20 kmC shows a clear double-horn profile indica-
tive of self-absorption. The pinpoint spectrum on Sgr A* ex-
hibits negative intensity absorption, indicating that the contin-
uum emission is absorbed by 20 kmC; so that the cloud is on
the near side of Sgr A*. 50 kmC also shows double horns to-
ward the edge of Sgr A East, and a pinpoint spectrum exhibits
negative intensity absorption. This indicates that the cloud is
on the near side of Sgr A East, consistent with the earlier result
(Tsuboi et al. 2009).

We applied the same method to the Hr1 line using the
Australia Telescope Compact Array (ATCA) survey of the
GC (McClure-Griffiths et al. 2012). The bottom panels of
figure 15 show the H1 line spectra toward 20 kmC. Both spec-
tra show deep absorption lines. Note also that 50 kmC has a
much wider line width.

We have thus proved that radio continuum emission
from Sgr A is absorbed by 20kmC and 50kmC in
the molecular and H1 lines, and we conclude that the
two clouds are on the near side of Sgr A*. This is
consistent with the near-side location of the two clouds in-
ferred from the dust extinction analyses by infrared observa-
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Fig. 16. [Top] Averaged LVD from b= —021 to 0° in CS (J = 2-1) around 20kmC and 50 kmC. Intensity scale is in Jy beam~" and contours are ev-
eryl mJy beam™" 1 mJy beam~". Dashed lines traces Arms Il and V. [Middle] LVD at b = —0:0709 across 20 kmC and 50 kmC. Note the self-absorption
belt along Arm IIl. 50kmC is enclosed by the dashed box, and is enlarged in figure 17. [Bottom] LVD at b= —0:055 showing 50 kmC exactly on the
extension of Arm V. Arm V is clearly visible in this diagram. 50 kmC is enlarged in figure 17. Note that Arm Il and the 3 kpc expanding ring also intersect

50 kmC.

tions (Nogueras-Lara et al. 2021; Lipman et al. 2025; Walker
et al. 2025).

5.3.2 20kmC

In the top panel of figure 16 we show the LVD around 20 kmC
and 50 kmC averaged in the full latitude range in the present
analysis from 0° to —021. The middle panel shows an LVD at
—02071 across the centers of 20 kmC and 50 kmC and along
Arm III. The bottom panel is an LVD at b = —02055 including
Arm V.

20 kmC is aligned along the straight ridge of Arm III, which
constitutes the main structure of the arm. There is no clear-cut
boundary on either side of the cloud along the LV ridge, and
the arm continuously extends toward both sides. This indi-
cates that 20 kmC is not an isolated cloud.

The LV ridge of Arm III is separated by an absorption belt,
which is a 2D view of the double-horn spectra. The double-
horn absorption may be attributed to (i) an expanding cylin-
der (not a shell), (ii) absorption of the background continuum
emission, or (iii) self-absorption. The possibility of an expand-
ing cylinder (i) is unlikely considering the formation mech-
anism. We may also rule out an expanding spherical shell,
which postulates an LV ellipse rather than an absorption belt.
Absorption of background light (ii) is also unlikely because
the region is ~7 pc away from Sgr A on the sky, where the ra-
dio brightness is too low to cause absorption in the molecular
line. We may therefore conclude that the feature is due to (iii)
self-absorption along the arm.

We may thus conclude that 20 kmC is the densest part
of Arm III with its 3D center position at (x*,y*,z*) ~
(=7.7,42, —3.6) (pc). Here, (x*, y*, 2*) are the Cartesian co-
ordinates with respect to Sgr A* with the three axes in the
directions toward positive galactic longitude, toward the Sun,
and toward the North Galactic Pole, respectively.

5.3.3 50kmC

The location of 50kmC is more complicated, because its
LV ridge overlaps with those of Arms II, III, V and the far-
side 3 kpc expanding ring (Dame & Thaddeus 2008), and
the proximity on the sky suggests association with Sgr A.

Adopting the kinetic energy (~7 x 10% erg), velocity dis-
persion (o, ~ 28 km s71), and mean gas density (~10* H,
cm™3) derived by Tsuboi, Miyazaki, and Okumura (2009),
we estimate the molecular mass to be M,,,; ~ 10* M. This
mass is two orders of magnitude smaller than the dynamical
mass of Mgy, ~ 302r/G ~ 10° M, for r ~ 1 pc, and there-
fore 50kmC is not an isolated bound “cloud” but an ex-
panding shell or an arm orbiting (streaming) in the Galactic
potential.

For detailed inspection of kinematics we present CS (] = 2~
1) LVDs and a moment-0 map in figures 16 and 17. The three
components of 50 kmC, clump A (north-west), B (center), and
C (south-east) (Tsuboi et al. 2009), are resolved, and reveal
LV ridges coherently inclined with velocity gradients equal to
that of Arm V. It is also stressed that the clumps have large
velocity widths of 20, ~ 50-60 km s~".

As to the location of 50 kmC, we consider the following
three possibilities, while we rule out Arm II and the far 3 kpc
ring because they are on the opposite side of Sgr A:

(i) S0kmC is located near Sgr A because of their prox-
imity on the sky (Tsuboi et al. 2009). The large ve-
locity width is attributed to expansion of a super-
nova remnant. However, the velocity gradient has not
been discussed. The 3D position of the cloud center
with respect to Sgr A* is approximately (x*, y*, z*) ~
(5.6,0,-3.4) (pc).

(i) 50kmC is part of Arm V, because the LVD exactly
overlaps with Arm V and the velocity gradient is equal
to that of Arm V. Also, the large velocity width is ex-
plained by the Galactic rotation. This model puts the
cloud center at (x*, y*, z2*) ~ (5.6, 7.7, —3.4) (pc).

(iii) S0 kmC is part of Arm III, because the LVDs ap-
proximately overlap with each other. This assumes
(x*, y*, 2*) ~ (5.6,42, —3.4) (pc). However, the veloc-
ity gradient and the large velocity width are not ex-
plained.

We here consider that the second scenario is plausible,
but the possibilities of (i) and (iii) cannot currently be ruled
out.
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5.4 200 pc expanding molecular ring (EMR)

In addition to the main structures of the CMZ like the GC
arms, figures 1-7 also exhibit more complicated features sur-
rounding these. One such feature is the expanding molecular
ring commonly appearing in these LVDs, marked in figure 7
by the nearly horizontal dashed lines EMR+ and EMR~—. It
has long been debated whether the EMR is due to an expand-
ing ring caused by an explosion at the center (Kaifu et al.
1972; Scoville 1972; Sofue 2017), or a “parallelogram” due
to non-circular gas flow in a bar potential (Binney et al. 1991;
Sormani et al. 2015; Tress et al. 2020).

Discussion of these features is beyond the scope of this pa-
per, but we point out that the EMR is fainter than the main
Arms I and II by a factor of ~1072 in the surface brightness of
the molecular lines, and the total mass is an order of magni-
tude smaller than that of the CMZ (Sofue 2017). Furthermore,
the EMR has a large vertical extension above and below the
CMZ of ~+100 pc, which deviates significantly from the ver-
tical extent-radius relation in figure 12. Therefore, in order
for the EMR (parallelogram) to act as a mass supplier to the
CMZ, the gas transported from the outer Galactic disk with
a thickness of ~20-30 pc must first be lifted to that height
and then quickly compressed to the CMZ of thickness ~10-
20 pc. In this context, it has recently been argued that the west-
ern wing of the EMR may be a high-velocity (~4+100-200 km
s~!) and high-altitude (z/2 ~ 20-60 pc) molecular inflow with
a length of ~200 pc, which acts to transport the gas into the
CMZ (Veena et al. 2024).

6 Summary

Analyzing the molecular-line cubes of the Galactic Center
taken with ALMA [CS (] = 2-1) and H3CN (J = 1-0)], the
Nobeyama 45 m telescope ['*CO (J = 1-0)], and the ASTE
10 m telescope [HCN (J = 4-3)], we have studied the kine-
matic behavior of GC Arms I to VI identified in the longitude—
velocity diagrams (LVDs). The galactocentric radii of the arms
are determined by the dv/dl method assuming a flat rota-
tion curve. Applying the LV-masking method, we also ob-
tained moment-0 maps integrated in the velocity range within
+~7.5-10 km s~! from the LV ridges of the arms. We find

that the radius of the Nth arm is approximately given by
R ~ 630 x 0.40N pc, suggesting a logarithmic spiral or Bode’s
law-like discreteness of the orbits. If we consider the mini-
spirals to constitute Arm VII, the relation holds from N =1
(I) to 7 (VII). The vertical full extent of the arms is approxi-
mated by z ~ 0.7(R/1 pc)®7 pc.

Unifying the derived parameters of the arms and rings, we
summarize the results in figure 13 as a schematic view of the
warping CMZ: Arms I and II share most of the mass (volume)
of CMZ; the inner arms share a few percent of the CMZ mass
(volume); hence the accretion is slow; the vertical extent of the
disk decreases toward the center; and the warping amplitude
or the arm’s tilt from the Galactic plane increases toward the
center.
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the central region at b = —0202 (bottom).

Appendix 1. IMSHIFT-relieving method

In order to abstract tilted LV stripes representing rotating
arms in the CMZ using single-dish observations, we apply
the IMSHIFT-relieving technique, which is a modification of
the “background-filtering” (BGF) (pressing) method (Sofue
1993). This method subtracts extended components with scale
sizes greater than a threshold value (here five pixels) in one di-
rection (here in galactic longitude), so that it enhances oblique
and vertical LV stripes. This method, therefore, suppresses the
horizontal LV stripes (contamination) due to the fore- and
background Galactic disk. We confirmed that there are no
significant differences in the results when the relieving size is
from §x ~ 3 to 10 pix. Figure 18 shows an example of relieved
LVDs averaged in |b| < 023 in the whole CMZ in the *CO (J
= 1-0) line; the bottom panel is an enlargement of the central
region at a fixed latitude.

The method consists of the following procedure. Let the
original map represent the intensity distribution T'(x, y). The
relieved intensity is defined by

AT(x,y) = (AT + AT™)/2 (A1)

where ATt =T(x,y) — T(x+38x,y) and AT~ =T(x,y) —
T(x — 8x,y). We then replace the pixel values with zero, if
AT < 0. In the present analysis, we adopt a relieving size of
8x = 5 pix ~ 37”5 = 1.5 pc in the longitude direction. How-
ever, the following point may be kept in mind when using
it: The method suppresses structures wider than the thresh-
old width, so the obtained LVDs are not useful for discus-
sions of large-scale arms and rings, particularly in the outer
CMZ.
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Fig. 19. [Top] Channel LVDs in HCN (J = 4-3) by the ASTE 10 m telescope.
[Middle] ACES latitude-channel maps of LVDs in CS (J = 2-1) (top) and
[bottom] H'®CN (J = 1-0) (bottom) of the central #0212 about Sgr A*.

Appendix 2. Channel LVDs

We present latitudinal channel maps of LVDs of the central
| ~ 4022 region in the HB3CN (J = 1-0) line from ASTE 10 m
in the top panel of figure 19 in order to present high-density LV
arms. The second and bottom panels show CS (J = 2-1) and
HBCN (J = 1-0) line channel LVDs from ACES of the cen-
tral ~ £ 021 region at higher resolutions, respectively. These
figures along with the original cubes were used to find and
identify an arm as a straight LV ridge extending over ~100 km
s7!, and to confirm that the arm is not an artifact specific to
a certain channel but a real object by comparing the feature
with those continuously appearing in the neighboring multi-
ple channels.
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