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Abstract

With the exceptional sensitivity of the Five-hundred-meter Aperture Spherical radio Telescope, we conducted
observations of the neutral hydrogen (H1) in the circumgalactic medium of Andromeda’s (M31) satellite galaxies,
specifically Andromeda II, NGC 205, and NGC 185. Initially, three drift scans were executed for these satellites,
with a detection limit of 4 x 10"® cm ™2 (approximately 1.88 x 10°M_, of HI mass), followed by a more in-depth
scan of a specific region. We discovered a C-shaped HT arc structure sharing a position and line-of-sight velocity
similar to a stellar ring structure around Andromeda II, hinting at a potential connection with Andromeda II. In the
context of NGC 205, we identified two mass concentrations in the northeast direction, which could be indicative of
tidal streams resulting from the interaction between this galaxy and M31. These new lumps discovered could be
very helpful in solving the missing interstellar medium problem for NGC 205. Observations regarding NGC 185
are consistent with previous studies, and we did not detect any additional H I material around this galaxy. These
observational results enhance our understanding of the evolution of these satellite galaxies and provide insight into
their historical interactions with the galaxy M31.
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1. Introduction

The gaseous component of the Universe plays a crucial role
in the composition of galaxies. Understanding its distribution
and dynamics is essential for uncovering the formation,
evolution, and interaction of galaxies. Atomic neutral hydrogen
(H71) is particularly significant, serving not only as a principal
element of the interstellar medium (ISM) and a fundamental
ingredient for star formation, but also as a useful tracer in the
circumgalactic medium (CGM) to track the interaction history
of two galaxies. Substantial progress has been made in both
observational and theoretical research on the ISM within the
Milky Way and its Local Group companions, shedding light on
the unique characteristics of dwarf galaxies, which may exhibit
ISM properties distinct from those of the larger spiral galaxies
with their spiral density waves and bars (Einasto et al. 1974;
Blitz & Robishaw 2000; Grebel et al. 2003; Grcevich &
Putman 2009; Spekkens et al. 2014). Furthermore, research on
the H I component in the CGM and IGM has uncovered that the
galaxies are in a phase of interaction, even though they appear
separated and unrelated based on observations in the optical
bands. This offers crucial evidence of their interaction and an
essential understanding of their evolutionary paths.

The Andromeda galaxy (M31) is the closest typical galaxy to
us, and studying the HI content in its satellite galaxies is

expected to offer valuable insights into intergalactic interac-
tions and hydrodynamical behaviors (Mateo 1998; Thilker
et al. 2005; McConnachie 2012; Simon 2019). Understanding
the distribution and dynamics of gaseous material is crucial for
unraveling the evolutionary past of interactions between M31
and its satellites. Nevertheless, within the virial radius of M31,
most dwarf galaxies exhibit a dearth of gas, whereas, beyond
this threshold, gas predominates (McConnachie 2012; Putman
et al. 2021). Henceforth, NGC 185 and NGC 205, as two dwarf
galaxies exhibiting substantial gas masses within the virial
radius of M31, have attracted heightened scrutiny, notwith-
standing the indeterminate origins of their gaseous content
(Grebel et al. 2003; Greevich & Putman 2009; De Looze et al.
2017). Additionally, indications from both HI and other bands
observations suggest the potential presence of interactions
between NGC 205 and M31 (Cepa & Beckman 1988; Bender
et al. 1991; Davidge 2005; De Looze et al. 2012). Furthermore,
although no HI radiation has been observed internally in
Andromeda II (And II), the second-largest satellite galaxy of
M31, its position overlaps with the HT gas clouds within the
Milky Way, suggesting the possibility of obscuration.
Optical observations of And II reveal remnants of past mergers,
with peripheral stellar streams possibly originating from
previous merger events (Ho et al. 2012; Amorisco et al. 2014;
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del Pino et al. 2017). The merger history of this satellite galaxy
has hitherto been elucidated only through numerical simula-
tions of stellar observational results (Lokas et al. 2014; Fouquet
et al. 2017; Ebrova et al. 2019).

With the high sensitivity of the Five-hundred-meter Aperture
Spherical radio Telescope (FAST), it will be very interesting to
revisit these three satellite galaxies, especially the observation
of HI in the CGM of these galaxies which will provide
important information on their interaction with the host galaxy
M31. In this paper, we present a very deep H1 observation of
the CGM around these three satellites. In particular, we check
the HI content in the CGM of these three satellites to
investigate the diffuse HI component around these galaxies.
Section 2 describes the sources and methods of data acquisition
and processing. Section 3 delves into the HT distribution and
dynamics of these three distinct satellite galaxies. Finally,
Section 4 succinctly summarizes the main findings of this
study. Throughout this paper, we adopt distances of 0.8, 0.66,
and 0.65Mpc to NGC 205, NGC 185, and And II,
(Karachentsev et al. 2018) respectively.

2. Data
2.1. Observation

Utilizing the 19-beam receiver of FAST, we are able to
conduct simultaneous observations of multiple areas, signifi-
cantly enhancing the efficiency of observing larger target areas.
To effectively detect the diffuse HI components surrounding
the three dwarf galaxies, we set the size of the target fields to be
at least five times the angular diameter of the dwarf galaxies in
optical images. Employing a combination of the DriftWithAn-
gle and MultibeamOTF modes (Jiang et al. 2019, 2020), we
observed our target fields, aiming to attain the desired signal-to-
noise ratio. Both methods capture the targets through a
scanning way. In the DriftWithAngle mode, the FAST receiver
rotates by 23°4 to align with the target’s decl., maintaining a
static attitude. This mode relies on the Earth’s rotation to scan
the sky at a speed of 15” s~ '. It ensures a constant zenith angle
for the telescope during observation, thereby aiding in
maintaining stable gain. The MultibeamOTF mode scans
designated rectangular areas along either the R.A. (with a
receiver rotation angle of 53°4) or decl. (with a receiver
rotation angle of 23°4) directions, with a scanning interval of
21./66. We set the scanning speed for MultibeamOTF
observation to 1” s~ to achieve optimal integration time. Each
MultibeamOTF observation lasts approximately 150 minutes.
During observations, the FAST spectral-line backend was
configured in the W 4+ N mode, with a frequency channel width
of 7.62939kHz and a corresponding velocity resolution of
1.6kms™' at z=0. A high-mode noise diode (with amplitude
of ~11 K) is periodically injected to calibrate the H1 spectral
data. We use the gain parameters of degrees per flux unit
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(DPFU) for 19 beams in Liu et al. (2024) to calibrate the flux
density of the observation data.

For each of the three dwarf galaxies, we conducted three
separate observations using the DriftWithAngle mode to
acquire the foundational data set. The 30 column density of
our foundational data set reaches 6.5 x 10'® cmfz, corresp-
onding to a mass limit per beam of HI of 2.78 x 10°M,, at a
distance of 0.65 Mpc. The data for NGC 185 are obtained
directly from the primary data set, with a total integration time
of approximately 3 minutes. Furthermore, our data set for NGC
205 is enriched by incorporating an additional MultibeamOTF
mode deep scan, resulting in an enhanced column density
sensitivity of 4 x 10'® cm™2 (1.88 x 10°M_, of H1 mass). After
stacking one additional observation, the integration time for
NGC 205 reaches ~2.3 hr. In the And II field, the survey was
intensified with two supplementary MultibeamOTF mode deep
scans, with a total integration time of ~5.3 hr, yielding an
improved HT column density sensitivity of 6.5 x 10'7 cm™>
(16.10M, of HI mass).

2.2. Data Reduction

The spectral data obtained from the observations were
processed using the HiFAST pipeline version 1.4, a software
tool developed by Jing et al. (2024) specifically for the analysis
of HI spectral observations conducted by FAST. HiFAST
provides a comprehensive array of functionalities crucial for
the reduction of HI spectral data, encompassing noise diode
calibration, baseline subtraction, flux density calibration (Liu
et al. 2024, in preparation), identification and removal of
standing waves and radio frequency interference (RFI; Xu et al.
2024, in preparation), and subsequent imaging (Jing et al.
2024). These findings were meticulously cross-referenced with
optical observational data to delineate satellite galaxies
potentially containing HT content.

The processing of observation data for the three dwarf
galaxy systems involved distinct methodologies. Given the
relatively isolated nature of NGC 185, we directly employed
the built-in methods of HiFAST to individually image it,
extracting the global HI profile and calculating relevant
parameters accordingly. In the case of NGC 205, its proximity
to M31 and partial overlap with M31’s line of sight on its
western side necessitated a Gaussian fitting approach within the
data cube to separate spectral lines in the overlapping regions,
ensuring that only NGC 205’s spectral components were
retained in the final flux results. And II presents a particularly
unique case among dwarf galaxy systems. Previous observa-
tions suggested the absence of HI components within its
interior. However, as the second-largest satellite galaxy of
M31, it boasts an extensive optical radius (9’), surrounded by
numerous HI gas structures. Most of these structures exhibit
line-of-sight velocities inconsistent with those of And II,
suggesting a more likely association with gas components
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Figure 1. The global H I profiles of And II, NGC 205, and NGC 185 (from left to right panels respectively). Given that the ambient gas of And II is intermingled with
that of the Milky Way, a single Gaussian component with a velocity of approximately —170 km s~ ' is utilized to obtain the parameter of And II.

Table 1
Position and H I Parameters of three Satellite Galaxies

Dwarf Galaxy R.A. and Decl. Vo (km s7h D, (Mpc) lo (mly) lo M)
Andromeda II 01M6™30° + 33°25'09 " —169.561 0.65 0.16 16.01
NGC 205 00"40™22° + 41°41'07 " —221.224 0.8 12.42 1.88 x 10
NGC 185 00"38™58° + 48°20/15" —200.875 0.66 27.04 278 x 10°
within the Milky Way’s halo. Nevertheless, the gas structure _ Table2
nearest to the northwest of And II displays velocities closely Comparison of H I Mass in 10°M,
aligned with its optical components. Spectral data were Dwarf Galaxy dGM97 dGM16 dGM21 dGM24
extracted from this region using a plausible circular mask as Andromeda 11 . <11 <0.44-40.02 17405
a reference for analysis in our study. NGC 205 43 3.8 4.0+0.3 42403

NGC 185 1.0 1.3 1.14+0.1 1.0+0.1

3. Results

In this section, we will provide an overview of these three
galaxies first, followed by a detailed presentation of the results
for each of them separately.

Figure 1 illustrates the overall hydrogen profiles of these
three galaxies. The profiles exhibit a two-horn or three-peak
structure, with one peak being significantly stronger than the
others. This suggests the presence of multiple components in
these galaxies, making their dynamic state somewhat intricate.
For instance, in the case of NGC 185, there are three peaks: a
prominent peak at —200 km s~ ', along with two weaker peaks
at —215kms ' and —175kms ™. Similarly, NGC 205 shows
a strong peak at —215kms~' and a very faint peak at
—245kms~'. The profile of And II is challenging to discern
due to contamination from Milky Way components. Only
components within the velocity range of —200kms~' to
—140kms~' are considered for fitting after excluding the
surrounding masked regions, and the fitted profile reveals a

Note. Where dGM97 (Young & Lo 1997), dGM16 (Greevich & Putman 2016),
dGM21 (Putman et al. 2021) and dGM24 (our finding) are the mass or
detection limit for the three galaxies.

strong peak at —169 km s~ '. Further details on this source will
be discussed in the subsequent subsection.

Table 1 provides an overview of the center velocity (V..),
distance (D) (Karachentsev et al. 2018) and characteristics
related to the HI component for the trio of satellite galaxies.
The mass or detection thresholds for the mass of these three
dwarf galaxies were previously outlined by Young & Lo
(1997) (hereafter dGM97), Grcevich & Putman (2009)
(erratum by Greevich & Putman 2016, hereafter dGM16) and
Putman et al. (2021) (hereafter dGM21). The HI mass
presented in our findings, referred to as dGM24 hereafter, is
compared with theirs in Table 2. It is clear that our estimation
of the HI mass of And II falls within the range reported by
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Figure 2. The Moment O (left), Moment 1 (middle), and Moment 2 (right) depicting the region surrounding And II. The contours display the levels of H I column
density at 6.5, 7, 8,9, 11, 15, 20, and 30 x 107 em™2. A C-shaped arc structure (black circle) is approximately 138 away from And II, opening toward the southeast.
The bigger red dashed ring shows the optical range of And II and the region between the two red dashed lines is the stellar stream, discussed by Amorisco et al. (2014).

Greevich & Putman (2016), but exceeds that of Putman et al.
(2021).

The deviation in this value stems from our measurement of
the HI mass of And II, which encompasses the collective mass
of its surrounding gas structures rather than exclusively the HI
mass confined within the dwarf galaxy itself. Consequently, it
is plausible that it may exceed the upper limit of the HI mass
within the central region of the dwarf galaxy. It is worth
mentioning that the rms of HI flux density in our data set for
And II is 0.16 mJy, notably lower than the value reported by
Putman et al. (2021) (12mly). Meanwhile, we have not
identified any isolated H I structures within the central region of
And II at —192 km s~ . Furthermore, our determination of the
HT mass of NGC 185 concurs closely with several prior
observations. In the case of NGC 205, our findings align more
closely with the conclusions drawn by Young & Lo (1997) and
Putman et al. (2021), and just 10% higher than the value
reported by Greevich & Putman (2016).

3.1. Andromeda 11

Figure 2 illustrates the map of the integrated HI column
density (Moment 0), as well as the Moment 1 and Moment 2
maps covering a 50’ x 50’ area around And II. In the central
part of And II, there is no clear distribution of HI emission.
However, about 13!/8 away, there is a c-shaped arc structure
(named Area A, marked by a black circle). it appears in the
north and west, with its opening facing southeast. Interestingly,
this pattern closely resembles the outer stellar stream of And II
previously identified by Amorisco et al. (2014), showing
similar orientations. The area containing the stellar stream is
marked by red dashed lines in the left panel of Figure 2.

Moreover, Area A seems to be linked to a larger gaseous
region labeled as Area B toward the northwest. Examination of
the Moment 1 map indicates a similar velocity trend for the gas

in both Area A and Area B, with velocities generally increasing
from southwest to northeast. Additionally, analysis of the
Moment 2 map reveals higher velocity dispersion along the
western and northern boundaries of Area A, suggesting that the
gases in these areas are separated objects.

To investigate the potential connection between the HI gas
in Area A and Area B spatially, Figure 3 presents the position—
velocity (PV) diagrams for the open ring-like region of Area A.
The selected PV diagram paths, highlighted in red in the left
panel of Figure 3, indicate the initial direction with arrows.
Path 1 corresponds to the area of the stellar stream discovered
by Amorisco et al. (2014), while path 2 represents the estimated
gas region of Area A. There is a gap around the velocity of
—145kms ™", and a fraction of the gas component may fall in
the velocity range between —145 and —190kms ' which is
associated with And II, and the components below
—145kms ™" are from the Milky Way.

The PV diagrams for Area A to Area B are presented in
Figure 4. Three parallel PV diagrams were constructed to
explore the connectivity between the gas structures surrounding
And II and the larger gas formations in its periphery at various
locations. At the position of 32’ along Path 3, there is an
indistinct boundary between two distinct gas structures. Along
Path 4, the gas is divided into two segments around the 20’
mark, with additional low-column density gas clusters detected
within 10’. Along Path 5, the initial boundary emerges at 17/,
followed by a subsequent boundary at 25'. The structures
beyond the position of 25’ have a lower velocity, and also a
lower velocity dispersion (see Moment 2 in Figure 2), likely
originating from high-velocity gas clouds in the Milky Way.

The PV diagrams along the circular paths (Figure 3) and
only Area A and B (Figure 4) all indicate that there are a few
structures lying along a C-shaped arc in Area A, but separated
from the Milky Way components in Area B. Furthermore, the



Research in Astronomy and Astrophysics, 24:085005 (8pp), 2024 August Liu et al.

-200 3.5

— 100 Path 1 3.0z
E -180 233
% 2.02
> -170 =

_ 8 -160 - 1.5%

9 2 150 === = z

= -140 |y

S 0.0 20.0

s offset [']

2 -200 5:43

S _ 2.25—

2 W -190 %ggg
€ .180 129
i~ 1.502
2 170 1253
S -160 1.00%
(] b =]
> -150 T

] . e, v
00 {Ind B -140 et :
1h1gm 17m 16™ 15™m 0.0 20.0 0.0 60.0
Right Ascension [ICRS] Offset [arcmin]

Figure 3. PV diagram of the And II star stream region and gas arc region. The left panel displays the Moment O of the region around And II, with contours identical to
the previous Figure 2. The red arc area signifies the region utilized in the PV diagrams, and the black arrow indicates the starting position and direction of this area.
The right panel presents the PV diagram corresponding to the left image, where the black dashed line illustrates the averaged velocity distribution of the star stream.
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Figure 4. PV diagram of And II at other three directions. The left panel displays the Moment O of the region around And II, with contours identical to the previous
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averaged line-of-sight velocities of the stellar stream near And stellar velocities and those observed within the gaseous Area A.
II are overlaid on the right panels of Figures 3 and 4 with black Therefore, it is highly possible that the C-shaped arc structure
dashed lines, revealing a significant agreement between these in Area A is associated with the CGM of the galaxy And I
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Figure 5. The Moments 0, 1, and 2 of NGC 205 with velocity range from —260 to —185 km s"; the contours illustrate the H I column density levels of 4, 6, 8, 10, 15,
20, and 50 x 10" cm™2. An extended gaseous structure emerges to the north of NGC 205, extending in a direction away from M31.

3.2. NGC 205

The Moments 0, 1, and 2 maps of NGC 205 are presented in
Figure 5 individually. In the calculation of Moment O, the
velocity range considered is restricted between —260 and
—185kms~'. Contour levels representing the HI column
density are set at values of 4, 6, 8, 10, 15, 20, and
50 x 10" cm 2. The centroid velocity of the H1 profile of
NGC 205 is measured at —221.224 km sfl, with an observed
integrated HT flux of 2.815Jykms~'. Given the galaxy’s
distance of 0.80 Mpc, the calculated HI mass amounts to
(4.24+0.3) x 10°M..,. Notably, due to the close proximity of
NGC 205 to its host galaxy M31, some of the M31 gas within
the same velocity range is included in the Moment O map. This
inclusion results in an apparent connection between M31 and
the western side of NGC 205 at the outermost contour.
However, an examination of Moment 1 indicates that the
structures of the two galaxies are not directly linked. The PV
diagrams of NGC 205 presented in Figure 6 further
demonstrate that the gas structures of M31 and NGC 205
remain distinct and have not undergone merging. Some signals
originating from M31 may overlap with the spectral signature
of NGC 205, potentially affecting the morphology of the
extended wing in the overall H 1 profile at higher velocities. To
address this issue, a multi-Gaussian fitting method is applied to
subtract the HI components originating from the Milky Way.

Moreover, in the northern region of NGC 205 in Figure 5,
extended gas structures are observed moving away from M31.
The Moment 1 map also shows that the velocities on the
northern side of NGC 205 are similar to those in the extended
region. To further explore the extended gas structure north of
NGC 205, a Moment 0 map is generated over a broader
velocity range from —305 to —180km s~ ', covering NGC 205
and its surrounding area within 40’, as depicted in Figure 6.
This investigation reveals an additional gas clump along the
direction from M31 to NGC 205 and a tail-like gaseous trail
spread across a velocity range from —240 to —310kms™'. The
lower-velocity end of this trail almost connects with NGC 205.
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Figure 6. Top: The Moment 0 of NGC 205 with velocity range from —305 to
—180 km s~ '; the contours illustrate the H I column density levels of 4, 6, 8, 10,
15, 20, and 50 x 10"® cm™2. Bottom: The PV diagram of the red path line in the
top figure, contours highlight the 3, 4, and 5o limits. An H I tail structure is visible
in the northeast direction of NGC 205, pointing at a higher velocity region.

In relation to the unresolved issue of the missing ISM mass
in NGC 205, which involves the discrepancy between
theoretical expectations and the actual observed mass of the
ISM, one theory suggests that tidal interactions with M31 have
resulted in a significant loss of ISM mass (Geha et al. 2006;
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Figure 7. The Moments 0, 1, and 2 of NGC 185 from —260 to —185 km s"; the contours illustrate the H I column density levels of 6.5, 9, 15, and 20 x 10" em™2

De Looze et al. 2012; Ferguson & Mackey 2016). A piece of
evidence that points to the tidal impact of M31 on NGC 205 is the
existence of the NGC 205 Loop, a curved stellar stream (Ibata
et al. 2001), which McConnachie et al. (2004) ascribe to a
forerunner of NGC 205, created by tidal interactions between
NGC 205 and M31. We have determined that the position of the
tail-like H I structure to the north of NGC 205 coincides with the
extended direction of the curved stellar stream near NGC 205.
However, the tail gas structure extends toward the high-velocity
end, in contrast to the extension toward the low-velocity end
observed in the stellar stream. Therefore, additional observational
evidence is required to ascertain whether there is a direct
correlation between the two occurrences.

3.3. NGC 185

Figure 7 presents the Moment 0, 1, and 2 maps of NGC 185
individually. The HI column density contours are shown at
levels of 6.5, 9, 15, 20, and 25 x 10'® cm ™2, progressively from
the outer to the inner areas. The overall HI profile displays a
central velocity of —200.875 km s~ . In the Moment O case, the
velocity range is from —235 to —130km s~ '. However, there
was no HI emission detected beyond the velocity limits of
—230to —140km s™'. The total H I flux identified within NGC
185 is 0.997 Jykms ', at a distance of 0.65Mpc, corresp-
onding to an HI mass of (1.0 +0.1) x 10°M.... It is anticipated
that the ISM within NGC 185 will be primarily concentrated in
its current star formation regions, displaying morphology and
kinematic characteristics that align with its internal stellar
population (Welch et al. 1996; Young & Lo 1997; Martinez-
Delgado et al. 1999; Young 2001). Our findings are in
agreement with prior studies, as we did not identify any extra
gas structures around NGC 185 that could be logically linked to
itt. NGC 185 has a comparable stellar formation and
evolutionary history to NGC 205, and it also suffers from an
ISM shortage (Sage et al. 1998; De Rijcke et al. 2000).
However, the lack of evident interaction signatures makes it
difficult to attribute the ISM deficit of NGC 185 solely to
M31’s tidal stripping. The ISM deficiency in NGC 185 may

also be influenced by supernova feedback, as indicated by the
existence of supernova remnants in this dwarf galaxy
(Gallagher et al. 1984; Young & Lo 1997; Mateo 1998;
Lucero & Young 2007).

4. Conclusion

This study showcases the findings from FAST observations
regarding the HI contents within and surrounding three M31
satellite galaxies: And II, NGC 185, and NGC 205. Notably,
we discovered certain HI structures around And II and NGC
205. These findings illuminate the unresolved issue of their
missing ISM and contribute to our understanding of their
interactions with their host, the galaxy M31.

And II exhibits a notable absence of H 1 emission at its core,
with a concentration primarily observed in a C-shaped structure
identified as Area A along its periphery. The spatial alignment
of Area A bears a remarkable resemblance to the stellar stream
encircling And II, suggesting lingering effects from tidal
interactions. Examination of kinematics through PV diagrams
and moment maps indicates distinct velocity characteristics
between the gaseous envelopes labeled as Area A and outer
regions, potentially associated with And IL

Regarding NGC 185 and NGC 205, the HI content of NGC
185 results in an integrated HI flux leading to an estimated HI
mass of (1.0+0.1) x 105M®. In contrast, the total HI mass of
NGC 205 is calculated to be (4.2 +0.3) x 105M@. Variations in
velocities observed through Moment 1 and PV diagrams
challenge apparent gas connections to M31, effectively distin-
guishing the gas structures of the two galaxies. Furthermore, the
extension of H I tidal features from NGC 205 toward the northeast
direction implies complex galactic interactions within the
intergalactic medium. However, these components may be helpful
to resolve the missing ISM problem for NGC 205.

These thorough observations offer a significant under-
standing of the dynamics within the Local Group, with a
particular emphasis on the composition of gases and movement
patterns around And’s satellite galaxies. These dynamics shed
light on the intricate interplays between galaxies and the space
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between galaxies, establishing a foundation for modeling the
development of dwarf satellites as a result of these interplays.
Moreover, examining the disparities between gas and star
elements could uncover crucial information about the role of
gravity in the evolution of galaxies, contributing to enhance-
ments in simulations of the Local Group’s historical dynamics
and predicting the fate of dispersed interstellar matter within
the wider cosmic framework.
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