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Abstract. The distribution of neutral atomic hydrogen (H1) extends beyond galaxies into the
circumgalactic (CGM) and intergalactic medium (IGM) due to its diffuse nature. Comprehensive
mapping of H1 gas on multiple scales requires combining the capabilities of both single-dish and
interferometric radio telescopes. In this context, we introduce a FAST-MeerKAT synergy project
aimed at mapping H1 sources in the COSMOS field by leveraging the unparalleled sensitivity
of FAST and the high resolution of MeerKAT, allowing for detailed studies of H1 distribution
across diverse galactic environments. Our observations demonstrate that the FAST-H 1 sources
are marginally more HI massive than their MIGHTEE-H 1 counterparts by a median fraction
of ~ 7% for isolated galaxies and ~ 18% for galaxy pairs, indicating that the majority of the
H1 gas in simple galactic environments is concentrated within galaxies, rather than dispersed
throughout the surrounding CGM and IGM in our local Universe.
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1. Introduction

The intergalactic (IGM) and circumgalactic (CGM) mediums trace the matter flow
from large-scale structures to galaxies, thus revealing how galaxies build up through gas
accretion. Using the 21cm line emitted from neutral hydrogen (H1) to probe the IGM
and CGM is appealing as H1 gas is the raw material of forming galaxies and sustaining
their growth, and therefore can provide a clear sign of how galaxies interact with IGM
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through their interface of CGM (Peeples et al. 2019). However, due to the faintness of
the H1 emission line, extensive researche in these respects are only accessible with the
new generation of radio telescopes, such as MeerKAT (Jonas & MeerKAT Team 2016)
and Five-hundred-meter Aperture Spherical radio Telescope (FAST; Nan et al. 2011). As
the world’s largest single dish telescope, FAST has the potential to detect the faint Hr
gas within reasonable integration time (e.g. Zhang et al. 2024). However, due to the large
beam size (~ 3 arcmin) of FAST, direct detection of IGM/CGM without contamination
from the H1 gas within individual galaxies is limited to the local Universe. Fortunately,
with the excellent angular resolution (~ 10 arcsec) of the MeerKAT radio telescope in
South Africa (e.g. de Blok et al. 2024), we can identify the H1 within these galaxies
directly, and then use a combination of data from FAST and MeerKAT to extract the
IGM/CGM signal at the column density less than 10'® cm~2 where the structures are
presumably more connected by the faint and diffuse Higas (e.g. Popping et al. 2015). In
this paper, we present some results from a deep Hisurvey towards the COSMOS field,
recently published in Pan et al. (2024).

2. Data
2.1. FAST

We carried out a series of FAST observations with the L-band in early 2022 for approx-
imately 11 hours across the COSMOS field, which overlaps with one of the MeerKAT
MIGHTEE fields (Jarvis et al. 2017). We used the HIFAST pipeline (Jing et al. 2024)
to reduce the obtained data by the OTF mode of FAST, and produce spectral Hicubes
over 1310-1420 MHz. The data in the lower frequency band will be presented separately
due to the strong Radio Frequency Interference (RFI). We first calibrated the antenna
temperature with the noise diode, and the flux density with the calibrator 3C237, then
fit and subtracted the spectral baseline and standing wave. We then mask the RFI con-
tamination, correct the coordinate frame, and grid the individual spectra into cubes.
The channel width of raw FAST data is 7.63 kHz, which is further smoothed to 22.9 kHz
(4.83 kms™! at z=0). The FAST-Hidata reach a median 3¢ column density of Ny~
2 x 10'" cm~2 over a channel width of 22.9 kHz at z=0, allowing for studies of the dis-
tribution of Higas in various environments, such as in galaxies and the CGM and IGM,
when combined with deep interferometric observations.

2.2. MeerKAT

The MeerKAT telescope, consisting of 64 antennas in South Africa, is a precursor
to the SKA, providing radio-astronomical images down to arcsecond resolution, and
will be integrated into the mid-frequency component of SKA. The MeerKAT COSMOS
data were collected under the MIGHTEE project, which is one of eight large survey
projects approved for observation with the MeerKAT telescope, with the aim of advancing
our understanding of the formation and evolution of galaxies across cosmic time. The
MIGHTEE Early Science (E.S.) data were recorded in the 4k correlator mode from
mid-2018 through mid-2019 with limited spectral resolution of 208 kHz (44 kms~1) per
channel at z=0 (Maddox et al. 2021). Full MIGHTEE science observations, with 26 kHz
(5.5 kms~! at z=0) spectral resolution, were undertaken since 2020 with 32,768 channels.
The MIGHTEE COSMOS Data Release 1 (DR1) data, using a total of 94.2 h on-target
and a close-packed mosaic of 15 individual pointings, have been reduced and spectral
cubes are released by Heywood et al. (2024). A few key observational parameters for
FAST and MeerKAT are listed in Table 1.
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Table 1. Brief description of FAST-Hivs MIGHTEE-HI1Early Science (E.S.) and Data Release
1 (DR1) data in the COSMOS field within the local Universe (Maddox et al. 2021; Pan et al.
2024; Heywood et al. 2024).

Key parameters FAST MeerKAT (E.S.) MeerKAT (DR1)
Area covered ~2 deg? ~1.5 deg? ~4 deg?
Obs. time 11 hours 16 hours 94.2 hours
Frequency range 1310 — 1420 MHz 1310 — 1420 MHz 1290-1520 MHz
Channel width 22.9 kHz 208 kHz 26 kHz
Pixel size 60" 2" 2"
Beam 174" x 174" 14.5" x 11" 11.7"”,15.6", 74" (r =0, 0.5, 1)
Nup sensitivity (30)  ~2x 107 cm™? ~4.05 x 10%° cm 2 ~5.5% 10'® em =2 (r = 0.5)
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Figure 1. Left: FAST-Hiand MeerKAT MIGHTEE-Hidetections. The COSMOS_1 and
COSMOS_2 are extended fields of the current FAST-HICOSMOS survey. The black curve is
the boundary of MIGHTEE DR1 COSMOS field. Right: Mass comparison of FAST-Hiand
MIGHTEE-HIidetections.

3. Results

We visually searched the FAST-Hispectral cubes and identified ~80 detections as
shown in the left panel of Figure 1 by the orange stars, among which 56 are cross-
matched with MIGHTEE-Hicatalogue indicated by the blue dots (Ponomareva et al.
2023). For the cross matched sources, we compare their Himasses in a one-to-one manner
in the right panel of Figure 1 for isolated galaxies and galaxy pairs, respectively. These
cross matched detections allow us to study the Higalaxies and their surrounding CGM
and IGM in detail, and also further help us investigate the Tully-Fisher relation, My-M,
relation, and the Himass function that have been investigated by the MIGHTEE-Hiteam
(e.g. Ponomareva et al. 2021; Pan et al. 2023; Ponomareva et al. 2023). The non-cross
matched sources are mostly faint Higalaxies with narrow velocity widths, likely indicating
the fundamental difference between an interferometer and a single dish telescope coupled
with the different sensitivity of the two surveys.

Of the cross matched sources, thirty reside in relatively isolated environments. The
Himass comparison between FAST and MeerKAT data for these isolated galaxies is
shown by the blue dots in the right panel of Figure 1. We found that the isolated FAST-
Hisources are more Himassive on average than their MIGHTEE-Hicounterparts by a
median fraction of ~ 7%. We show an example of such sources in Figure 2, where the high-
resolution Himoment-0 contours of MeerKAT with robust=0 and 0.5 are in the upper left
and middle panels, and the FAST-Hicontours are in the upper right panel. The optical
images in the background indicate a spiral galaxy with a stellar mass of ~ 1.7 x 109 M.
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Figure 2. Example of isolated Higalaxies. Top: From left to right panels, the MIGHTEE
robust-0.0, robust-0.5, FAST-Hrmoment-0 contours. The white dashed circles indicate the 1’
boundary and the white dashed lines are tracing the same angular size on different scales. The
blue dots in the corners are the corresponding beam sizes. The lowest column density contour in
the right panel is about 6 x 107 cm ™2, which is ~3 times of the local noise level. The contours
increase by a factor of 2 for the FAST-Himoment-0 map and a factor of /2 for MIGHTEE
maps. The background optical images are in g-band from DECaLS (Dey et al. 2019). Bottom:
From left to right panels, the MIGHTEE robust-0.0 and robust-0.5 velocity fields, and the flux
density as a function of the frequency. The thick black contours in the left and middle panels
are the systemic velocities and the grey iso-velocity contours are spaced by Av. Some panels are
reproduced from Pan et al. (2024).

In the bottom left and middle panels, we show the velocity field (first moment). The
red color represents redshifted (receding) emission whereas blue color indicates blue-
shifted (approaching) emission (both with respect to the systemic velocity). The thick
black contour indicates the systemic velocity V. The grey contours thus show the
approaching and receding iso-velocity contours at a fixed velocity interval. The FAST-
Himass is 8.41 4 0.54 x 10® M, which has a Himass excess of ~2745 percent compared
to the MIGHTEE-Himass of ~ 6.17 & 0.23 x 10%® M. The FAST-Hiexcess as a function
of frequency is clearly shown in the bottom right panel where the MIGHTEE-Hiflux
densities are extracted from a l-arcminute aperture indicated by the white dashed circles
in the moment-0 maps.

We also identified five galaxy pairs which are likely residing in interacting systems.
The orange stars in the right panel of Figure 1 demonstrate that the FAST galaxy pairs
are systematically more Himassive than their MIGHTEE-Hicounterparts by a median
fraction of ~ 18%, indicating that the CGM and IGM associated with interacting sys-
tems are richer in neutral hydrogen compared to those around isolated galaxies in the
local Universe. An example of a FAST-Hidetection is shown in Figure 3, where a thin
Hibridge appears to be between the two nearby galaxies at z ~ 0.0068 with a column
density of Npr < 10'® em~2 possibly due to the tidal interaction given their close dis-
tance of ~ 100 kpc. The red circles are the MIGHTEE-Hicounterparts J100153.84-022449
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Figure 3. Example of the Higalaxy pairs, with the blue halo of the interpolated Himoment-0
map overlaid on DECaLS false color image. The red circles denote the MIGHTEE-Hidetections
with their names labelled. The hatched grey circle on the upper right corner shows the FAST
beam size of 2.9 arcmins. This figure is reproduced from Pan et al. (2024).

and J100128.0+022025 with log,(Mu1/Mg) = 7.66 £0.02 and 7.234+0.02, respectively.
On the other hand, the total logarithmic FAST-Himass of both galaxies is 7.9740.03.
Compared to the total MIGHTEE-Himass, the FAST-Hiexcess fraction for this pair of

galaxies is 3246 percent. This excess of Higas is presumably outside the galaxies and
may be considered to be in the CGM and IGM.

4. Synergy projects

With FAST, we can partially resolve some nearby galaxy groups, pairs and massive
galaxies in our observational fields (e.g. Wang et al. 2023). By convolving the MIGHTEE-
Higas inside these group and pair members or large nearby galaxies to the same angular
resolution of FAST, we are able to subtract the individual galaxy contributions from
the FAST intensity map, leaving the residual that is the diffuse Higas distributed in
IGM/CGM resolved out by MeerKAT. In addition, the aperture of FAST provides excel-
lent overlap with MeerKAT, which has an abundance of short-spacings. Therefore, for
nearby galaxies, we will be able to combine FAST and MeerKAT data by “feathering”
(Cotton 2017) — combining the data in the Fourier domain. This technique produces
spectral line maps that capture both high resolution structure of galaxy disks as traced
by the interferometer, and the diffuse, large scale emission as traced by the large single
dish. We are also using the wealth of multi-wavelength ancillary data to determine the
filamentary structure within these fields (e.g. Tudorache et al. 2022), which will enable
us to link the diffuse Himeasurement from FAST data and MeerKAT data and deter-
mine how well the cold diffuse IGM traces the cosmic web inferred from the galaxy
distribution.

At high redshifts (z > 0.2), most of the targets cannot be resolved by FAST. We will
therefore concentrate efforts on measuring the total amount of Higas in IGM/CGM
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within various environments by subtracting the MIGHTEE-Hiimages from the FAST
images, although we note that at the higher redshifts (0.22 < z < 0.35) we only expect
a few of direct Hidetections in the MeerKAT data. With exceptional multi-wavelength
ancillary data, with photometry ranging from X-ray, optical through far-infrared wave-
lengths, supplemented with multiple spectroscopic campaigns (Davies et al. 2018), we
can measure the Higas fraction as a function of environment and redshift up to z=0.35
(albeit with a gap at 0.09 < z<0.22 due to RFI in the MeerKAT and FAST obser-
vations). We will stack to improve the signal to noise ratio, given the rich ancillary
data we have already in these fields. This will provide the tightest measurement of
the total Higas as a function of environment over a significant amount of cosmic
time (~ 4 Gyr).

Naturally, we also would like to cross-correlate the FAST Hiintensity maps with optical
galaxy catalogues (e.g. Wolz et al. 2022) in order to mitigate foreground and systematic
effects and thus help to constrain cosmological parameters such as the total Himass
density (ui1), the dark matter power spectrum and their evolution. Moreover, the cross-
correlation with the MIGHTEE-Hiintensity map from interferometric observations can
give a high-SNR detection of the large scale Histructure due to the exceptional sensitivity
of both radio instruments, and provide a complementary view of the Himass function
from the Hidetections alone. Such cross-correlation of the Hiintensity maps is particularly
powerful for addressing the systematics that affect these measurements, especially on

larger cluster scales where the signal-to-noise ratio is too low for direct detection of the
CGM and IGM Higas.

5. Conclusions

The combination of interferometers (e.g. MeerKAT) and single-dishes (e.g. FAST)
allows us to trace the CGM and IGM that bridge galaxies and the large-scale structures,
and thus help to study how galaxies accrete Higas and evolve. With the cross-matched
sources between FAST and MeerKAT detections in the COSMOS field, we find that the
CGM and IGM associated with interacting galactic systems are Hiricher compared to
those surrounding the isolated galaxies in the local Universe. We did not find a significant
amount of Hi-accreting gas for most isolated galaxies and galaxy pairs. We are extending
this pilot FAST-Hisurvey to a larger area and/or deeper depth.
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