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Abstract The abundance of neutral hydrogen (HI) in satellite galaxies in the local group is important

for studying the formation history of our local group. In this work, we generated mock HI satellite

galaxies in the Local Group using the high mass-resolution hydrodynamic APOSTLE simulation. The

simulated HI mass function agrees with the ALFALFA survey very well above 106 M⊙, although there

is a discrepancy below this scale because of the observed flux limit. After carefully checking various

systematic elements in the observations, including fitting of line width, sky coverage, integration time

and frequency drift due to uncertainty in a galaxy’s distance, we predicted the abundance of HI in

galaxies in a future survey that will be conducted by FAST. FAST has a larger aperture and higher

sensitivity than the Arecibo telescope. We found that the HI mass function could be estimated well

around 105 M⊙ if the integration time is 40 minutes. Our results indicate that there are 61 HI satellites

in the Local Group and 36 in the FAST field above 105 M⊙. This estimation is one order of magnitude

better than the current data, and will put a strong constraint on the formation history of the Local Group.

Also more high resolution simulated samples are needed to achieve this target.
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1 INTRODUCTION

The cold dark matter (CDM) model is the preferred

model in present cosmological studies. The observed

properties of our Universe on cosmological scales are

reproduced very well by the current standard ΛCDM

cosmological model (Magaña & Matos 2012). However,

on small scales there are three main problems for this

model. The first is the “missing satellite problem” (e.g.

Kauffmann et al. 1993; Klypin et al. 1999; Moore et al.

1999), in which the number of substructures in simu-

lated dark matter halos, with the mass of the Milky Way

(MW), is significantly larger than that of known lumi-

nous MW satellites. The second is the “too-big-too-fail

problem” (Boylan-Kolchin et al. 2011, 2012), in which

the count of subhalos with Vmax > 25 km s−1 pre-

dicted in MW-mass dark matter halos greatly exceeds

that of observations. The third is the thin planar distri-

bution of classical satellites. Most of the eleven bright-

est satellites of the MW are distributed in a plane that

is roughly perpendicular to the MW disk (Kunkel &

Demers 1976; Lynden-Bell 1976, 1982; Majewski 1994;

Hartwick 2000), while roughly half of M31’s satellite

galaxies belong to a vast, thin corotating plane (Conn

et al. 2013; Ibata et al. 2013).

A large number of possible solutions to these prob-

lems have been proposed, and many of them rely on cor-

recting the interplay between baryons and dark matter

(e.g. di Cintio et al. 2011; Governato et al. 2012; Zolotov

et al. 2012; Brooks et al. 2013; Brooks & Zolotov 2014).

Another possibility is that some groups have accreted

less massive subhalos in their formation history and dis-

play a gap between their satellites (Kang et al. 2016).

The third perspective on these problems is that a large

fraction of satellites have been missed in observations. In

other words, it is possible that some dark matter dom-
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inated galaxies exist with no baryons and/or they have

baryons, but no stars (Hawkins 1997; Jimenez et al.

1997). These cases are called dark galaxies. Although

some dark galaxies have no star formation, they still con-

tain proportions of ionized atomic and molecular hydro-

gen, which could be potentially detected via a blind 21-

cm survey of the sky, and extensive studies have been

performed in discussing the possible existence of dark

galaxies (Jimenez et al. 1997; Verde et al. 2002; Taylor

& Webster 2005; Davies et al. 2006; Kent & Leininger

2007; Minchin et al. 2007).

Objects with neutral hydrogen devoid of stars have

been known for many years. This kind of object contains

high velocity clouds (Wakker & van Woerden 1997; Blitz

1999; Bruns & Vetter 2000; Lehner et al. 2001; Collins

et al. 2005; Pisano et al. 2007), the Leo Ring (Schneider

et al. 1983; Sil’chenko et al. 2003), and clouds close to

bright galaxies (Boyce et al. 2001; Ryder et al. 2001;

Lewis et al. 2002). However, none of these objects has

characteristics of a galaxy, for example the HI emission

region is smaller than the scale of a galaxy and the ve-

locity is not greater than a few tens of km s−1. Although

several candidates have been claimed, such as VIGOHI

21 (Minchin et al. 2005, 2007), HVC Complex H (Simon

et al. 2005) and Local Group galaxy LGS3 (Robishaw

et al. 2002), none of them has been proved. Therefore,

using ongoing and future radio telescope projects to find

these dark galaxies is a very important effort.

One import HI survey is the Arecibo Legacy Fast

ALFA (ALFALFA) survey, which is the second gener-

ation blind extragalactic HI survey exploiting Arecibo’s

superior sensitivity, angular resolution and digital tech-

nology to conduct a census of the local HI Universe over

a cosmologically significant volume (Giovanelli et al.

2005). Some exciting results have been discovered by the

ALFALFA survey (e.g. Kent et al. 2007). A future HI

survey can be carried out by the Square Kilometre Array

(SKA), which will have very high angular resolution and

sensitivity. Before the full SKA comes into operation,

another large radio telescope, the Five-hundred-meter

Aperture Spherical Telescope (FAST), has great poten-

tial for HI surveys. FAST is the largest single aperture

radio telescope ever built and the construction was fin-

ished in 2016 (Nan et al. 2011). The sensitivity of FAST

is at least 2.5 times that of the Arecibo telescope, i.e.,

more faint objects can be observed by FAST. Another

advantage of FAST is that there are 19 beams in the L-

band, which increases the survey speed significantly. In

this paper, we will forecast the potential of detecting faint

galaxies in the Local Group via 21-cm radiation by using

FAST.

2 SIMULATIONS

The simulated data we use in this paper are from

the APOSTLE (A Project Of Simulating The Local

Environment) simulation project (Sawala et al. 2016;

Fattahi et al. 2016). The APOSTLE simulations are

a suite of cosmological hydrodynamic simulations of

twelve Local Group-like environments selected to match

the kinematics of Local Group members. Each selected

volume has been re-simulated at several resolutions, both

as dark matter only, and as hydrodynamic simulations,

with the code developed for the Evolution and Assembly

of GaLaxies and their Environments (EAGLE; Crain

et al. 2015; Schaye et al. 2015) project.

The EAGLE code is a modified version of P-

GADGET-3, which itself is an improved version of the

GADGET-2 code (Springel 2005). The EAGLE code in-

cludes star formation, feedback from evolving stars and

supernovae, metal enrichment, cosmic reionization, and

the formation and energy output from supermassive

black holes/active galactic nuclei. The details of this code

are described in Schaye et al. (2015) and Crain et al.

(2015). The z = 0.1 stellar mass function and galaxy

sizes from 108 to 1011 M⊙ in a cosmological volume

of 1003 Mpc3 can be successfully reconstructed. Many

other properties and scaling laws of observed galaxy pop-

ulations, such as evolution of the stellar mass function

(Furlong et al. 2015) and the luminosities and colors of

galaxies (Trayford et al. 2015), also can be reproduced in

the EAGLE simulation.

The APOSTLE simulations adopt the same parame-

ters as used in the 1003 Mpc3 L100N1504 EAGLE ref-

erence simulation (Schaye et al. 2015). In the APOSTLE

simulations, twelve Local Group environments are zoom

simulations, and are selected from a dark matter only

simulation, which includes 16203 particles in a box size

of 100 Mpc on each side using the Wilkinson Microwave

Anisotropy Probe (WMAP-7) cosmology (Komatsu et al.

2011). In order to match the kinematics of Local Group

members, each selected volume contains a pair of halos

in the virial mass range 5× 1011 − 2.5× 1012 M⊙, with

median values of 1.4 × 1012 M⊙ for the more massive

halo and 0.9× 1012 M⊙ for the less massive halo. In ad-

dition, the distance between two halos is 800 ± 200 kpc,

and the two halos have radial velocity 0–250 km s−1 and
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tangential velocity smaller than 100 km s−1. It also re-

quires that there is no additional halo larger than the

smaller of the pair within 2.5 Mpc from the midpoint of

the pair. More details about the selection criteria of the

Local Group can be found in Fattahi et al. (2016).

The resolutions of the APOSTLE resimulations are

labeled L1, L2, and L3, which refer to high, medium

and low resolutions, respectively. Among the 12 selected

pairs, only the AP-1 and AP-4 simulations have the L1

resolution, and the gas resolution in AP-4 is two times

that in AP-1. Moreover, the most massive halo in AP-4

is in a better virial equilibrium state than that in AP-1.

Therefore, we use the AP-4 simulation with the L1 res-

olution. In the AP-4 simulation with L1 resolution, the

mass of each gas particle is 0.49 × 104 M⊙. The sepa-

ration between the pairs is 790 kpc. The more massive

halo is 1.38 × 1012 M⊙ and the less massive halo is

1.35 × 1012 M⊙. The relative radial and tangential ve-

locities of the pair are −59 km s−1 and 24 km s−1, re-

spectively (See table 2 in Fattahi et al. 2016).

Our observed objects are the satellites in the Local

Group. The Local Group region is defined as follows. A

sphere with radius 3 Mpc centered on the midpoint of the

pairs has been selected for our studies. Although 3 Mpc

is larger than the typical Local Group region, the reso-

lution within 3 Mpc around the midpoint of the pairs in

the APOSTLE simulation is high, and we adopt a sphere

with radius of 3 Mpc as the Local Group to include more

satellites. We take the more massive halo as correspond-

ing to M31, and the less massive halo as corresponding to

the MW. In order to avoid satellites around the MW and

M31, two spheres centered on the MW and M31 halos

with radius 300 kpc are removed, which can been seen

from Figure 1. There are a total of 61 satellites with HI

mass larger than 105 M⊙ in our selected region of the

Local Group.

3 THE FAST TELESCOPE

FAST is a Chinese mega-science project that has built

the largest single dish radio telescope in the world. FAST

also represents a Chinese contribution in the international

effort to prepare for the Square Kilometre Array (SKA)

(Nan et al. 2011; Li et al. 2013).

FAST is similar to the Arecibo telescope, but with a

larger aperture of 500 meters. It is located in a deep karst

depression in Dawodang, Guizhou province in south-

western China at a latitude of about 26◦. This allows the

facility to observe up to 40◦ away from the zenith angle

without a notable loss in gain. The construction of FAST

was finished in September 2016.

Thanks to being the largest single dish radio tele-

scope, FAST has high sensitivity, which enables the

project to achieve some important goals, such as survey-

ing neutral hydrogen in the MW and other galaxies, de-

tecting faint pulsars, looking for the first shining stars,

hearing possible signals from other civilizations, etc.

FAST covers frequencies from 70 MHz to 3 GHz,

and the L-Band is 1.05–1.45GHz. Since there are 19

beams in the L-Band, the HI survey speed will be im-

proved significantly. The main parameters describing

FAST are listed in table 1 of Nan et al. (2011). The

main reflector of FAST is a spherical cap with radius of

300 m and an open area up to 500 m in diameter. The

aperture efficiency of 70% gives Aeff = 50 000 m2. At

1.4 GHz (the 21 cm HI line), the system temperature is

Tsys = 25 K. The thermal noise for an observing time t

and a frequency bandwidth of △ν can be computed by

(Duffy et al. 2008)

σnoise =
√

2
kTsys

Aeff

1√
∆νt

, (1)

where k = 1380 Jy m2 K−1 is the Boltzmann constant.

The flux limit for a specific signal-no-noise ratio

(S/N) is given by (Duffy et al. 2008)

Slim = (S/N)
σnoise

1 + z
. (2)

A given galaxy will be detected if its flux is larger than

Slim.

4 THE HIMF AND STELLAR MASS FUNCTION

For a galaxy at redshift z, the HI mass is given by

(Roberts 1975)

MHI

M⊙

=
2.35 × 105

1 + z

[

dL(z)

Mpc

]2(
S

Jy

)(

∆V0

km s−1

)

, (3)

where dL(z) is the luminosity distance to the galaxy, S

is the observed flux and ∆V0 is the linewidth. Here we

assume that the bandwidth is ∆ν = 1 MHz, then the cor-

responding velocity linewidth is 200 km s−1.

Figure 2 shows the dependence of the observed flux

on the HI mass for different redshifts.

Research on the HI mass function (HIMF), defined

as the number density of HI as a function of HI mass

at the present epoch, was pioneered by Briggs (1990) as

a diagnostic tool for estimating completeness of optical

galaxy catalogs. Measuring the HIMF is also important
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Fig. 1 A diagram of the mock survey region. A spherical region within 3 Mpc from the midpoint between the MW and M31 is

selected. Two small spherical regions centered on M31 and the MW with radius 300 kpc are removed.

Fig. 2 The dependence of the HI flux on the galaxy HI mass with redshift z = 0.01 (dashed), 0.05 (dotted) and 0.1 (solid) lines.

The linewidth ∆V0 is assumed to be 200 km s−1.

for understanding the formation and evolution of galax-

ies. The HIMF is usually described by the Schechter

function (Schechter 1976)

Θ(MHI)dMHI = θ∗
(

MHI

M∗
HI

)

α

× exp

(

− MHI

M∗
HI

)

d

(

MHI

M∗
HI

)

, (4)

where θ∗, M∗
HI and α are the fitting parameters.

In Figure 3, we show the HIMF for satellites in

the Local Group from our simulation data (black filled

circles with error bars) compared with that from the

ALFALFA Survey (Martin et al. 2010) (black solid line).

The error bars on the dotted line are estimated by Poisson

noise. It is found that the HIMF in our simulation has a

good consistency with that of the ALFALFA survey if the

HI mass of the satellites is larger than 106 M⊙. At the low

mass end, our result is lower than that predicted by the
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Fig. 3 The HIMF function of galaxies in the Local Group from

our simulation data (black filled circles with error bars) and

from the ALFALFA Survey (Martin et al. 2010) (black solid

line). The corresponding parameters in the Schechter function

(black solid line) are labeled in the bottom left of the panel. The

red circles with error bars show the HIMF function of galaxies

within 300 kpc of both the MW and M31.

Fig. 4 Stellar mass functions in the APOSTLE AP-4 simula-

tion within 3 Mpc of the Sun (red solid line) compared to the

observed stellar mass function (black dashed line). The obser-

vational result is from McConnachie (2012).

ALFALFA survey. For comparison, the HIMF of galax-

ies within 300 kpc of both MW and M31 is also given in

Figure 3 by red open circles, and the result is similar to

the HIMF of Local Group galaxies. Limited by the sensi-

tivity of the Arecibo telescope, the ALFALFA survey can

only detect a galaxy with HI mass larger than 106.2 M⊙.

Since FAST has higher sensitivity than the Arecibo tele-

scope, galaxies with HI mass lower than 106.2 M⊙ can

be detected, which can help us to test the validity of the

simulation result at the low mass end of the HIMF.

Figure 4 shows the galaxy stellar mass function in

the APOSTLE AP-4 simulation within 3 Mpc of the Sun

(red solid line), which has the same volume as the ob-

servation in McConnachie (2012). The observed stellar

mass function is also plotted in this figure by the black

dashed line. It is seen that the stellar mass function in the

APOSTLE AP-4 simulation is consistent with that of

observations if the stellar mass is larger than 106.5 M⊙.

At the low stellar mass end, the stellar mass function in

the simulation is larger than that of observations. This

result was also found in Garrison-Kimmel et al. (2014).

This difference may be due to incompleteness of the ob-

servations at the low stellar mass end (Garrison-Kimmel

et al. 2014) or subgrid physics in the APOSTLE sim-

ulation (Sawala et al. 2016). Among the 61 satellites in

the Local Group, 12 satellites have no stars, which are

the “dark” minihalos (Benı́tez-Llambay et al. 2017). The

detailed properties and observations of these minihalos

have been discussed in Benı́tez-Llambay et al. (2017). It

is possible that FAST could identify some of these ob-

jects.

In Figure 5, we show the relationship of the HI mass

with stellar mass. The black dots are the results from the

APOSTLE AP-4 simulation. The black solid line indi-

cates the following equation

log(MHI/Mstar) = −0.0988 log(Mstar) + 0.769. (5)

The observed results are also shown in this figure. It is

seen that the relation between the HI mass and stellar

mass in the simulation is different from those in the ob-

servations. Our result is in a good agreement with that

from a normal HI galaxy sample, and an HI galaxy out-

side the Virgo Cluster individually is around 109 M⊙, but

we cannot check above this scale since we do not have

simulations of more massive satellites.

5 LINEWIDTH OF GALAXIES

From Equation (3), we know that the observed HI flux

is correlated to the linewidth of galaxies. Therefore, it

is important to estimate the linewidth of the galaxies.

Since our galaxies are from the simulation, we can de-

termine the line-of-sight (LOS) velocity distribution di-

rectly. We assume that the LOS velocity distribution fol-

lows a Gaussian function, and the linewidth is defined as

two times the full width at half maximum.

We calculate the linewidth for galaxies with MHI >

105 M⊙. In Figure 6, we show the LOS velocity distri-

butions for four galaxies. The neutral hydrogen mass and

linewidth for each galaxy are also labeled at the top right
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Fig. 5 Relation between HI mass and stellar mass. The black dots and the black solid line are the results from the APOSTLE AP-4

simulation, and the other dashed lines are the observation results. The cyan dashed line is the result from the GASS galaxies with

Mstar > 1010 M⊙ (Catinella et al. 2010). The blue dashed line represents the result from the ALFALFA galaxies (Huang et al.

2012). The green, yellow and black dashed lines represent the results from Cortese et al. (2011) for galaxies with normal HI, those

outside the Virgo Cluster and those inside the Virgo Cluster, respectively.

Fig. 6 LOS velocity distributions for four galaxies. The neutral hydrogen mass and linewidth are also labeled at the top right corner

in each panel.
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corner in each panel. It is seen that the LOS velocity dis-

tribution can be fitted well by the Gaussian distribution,

and the linewidth increases with increasing neutral hy-

drogen mass.

6 THE NECESSARY INTEGRATION TIME

In order to generate mock survey observations, we put

M31 at the point with right ascension 0◦42′44′′ and dec-

lination +41◦16′19′′. The distance from the Sun to the

Galactic center is 8.34 kpc (Reid et al. 2014).

In Figure 7, we show the coordinate distribution of

galaxies in the Local Group. The size of the filled circles

denotes the relative HI mass for each galaxy. Since the

location of FAST is 25.647222◦N, only galaxies in the

declination range [−14◦, 66◦] can be detected by FAST.

In our sample, 36 galaxies with MHI > 105 M⊙ are lo-

cated in the FAST field.

Combining Equations (1) and (2) with Equation (3),

we know that the detected flux limit depends on the

signal-to-noise ratio S/N, the frequency bandwidth ∆ν,

the neutral hydrogen mass of the galaxy and the inte-

gration time. We also know that the beam size of FAST

is three arcminutes and the size of some galaxies in the

Local Group is larger than that, therefore, we only con-

sider flux within the FAST beam size. We define that a

galaxy can be detected with S/N=6, and adopt ∆ν =

1 MHz. In Figure 8, we show the flux of HI for our sam-

ple.

The detected galaxy number with different integra-

tion time is also shown in Table 1. It is seen that all satel-

lites with MHI > 105 M⊙ can be detected by FAST if the

integration time is longer than 40 minutes. Limited by the

resolution of the APOSTLE simulation, we do not con-

sider galaxies with MHI < 105 M⊙ in this work, but we

give an estimation of the integration time for a galaxy

with MHI = 104 M⊙ by using FAST. If this galaxy is

3 Mpc from the Earth, then FAST can detect it by ob-

serving for 50 minutes.

In the Local Group, a galaxy’s redshift from its

peculiar velocity can be comparable with that from

the Hubble expansion. In order to calculate the pecu-

liar velocity of each galaxy, we adopt the solar motion

(U⊙, V⊙, W⊙) = (9.58, 10.52, 7.01) km s−1 (Tian et al.

2015). The observed frequency and flux are affected by

the peculiar velocity. The frequency shift can be calcu-

lated by

∆ν = ν − ν0 = (1 − β)γν0, (6)

Table 1 The integration time for Local Group galaxies by using
FAST.

Integration time Number
a

Number
b

t = 12 s 50 30

t = 24 s 52 31

t = 60 s 54 32

t = 300 s 56 32

t = 1200 s 59 34

t = 2400 s 61 36

a The total number of galaxies which can be detected.

b The number of galaxies which can be detected in the FAST field.

where β = vr/c, γ = (1 − β)2, c is the velocity of light

and vr is the radial velocity of a source that emits photons

with frequency ν0 in the rest frame.

In Figure 9, we show the relation between frequency

drift and a galaxy’s distance. It is seen that the frequency

drift due to peculiar velocity can be 2 MHz for some

galaxies. For FAST, the L band receiver range is 1.05–

1.45 GHz. Therefore, these galaxies still can be detected

by FAST. The other effect from peculiar velocity is the

observed flux of a galaxy. The flux can be increased by

1 + zpec times, where zpec is the redshift from the pe-

culiar velocity. If zpec is negative, then the observed flux

will be smaller than the true flux of the galaxies. In our

integration time as shown in Table 1, this aspect does not

affect our results.

7 SUMMARY AND DISCUSSION

We have used the high-resolution APOSTLE simula-

tion to study the HI content and dynamical properties

of galaxies at the low mass end in the context of the

ΛCDM paradigm. We have compared the HIMF in our

simulation with that obtained from the ALFALFA sur-

vey. We find that our HIMF is consistent with that of

the ALFALFA survey for galaxies with HI mass in the

range 106.2−109 M⊙. However, at the low mass end, our

HIMF is lower than what is predicted by the ALFALFA

survey. The stellar mass function in the simulation is con-

sistent with that of observations if the stellar mass of the

galaxies is larger than 106.5 M⊙. At the low stellar mass

end, our simulation predicts more galaxies than what is

observed.

We also find that the velocity distribution in a

galaxy can be fitted well by a Gaussian function and the

linewidth of each galaxy can be obtained directly by this

Gaussian distribution. We study the possibility of detect-

ing these galaxies in the Local Group by using FAST. We

also discuss the effect from peculiar velocity. It is noted
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Fig. 7 Galaxy coordinate distributions in the Local Group from our simulation. The declination of the

galaxies is constrained in the range [−14◦, 66◦] by considering the location of FAST.

Fig. 8 Flux of HI from galaxies in the Local Group. The linewidth of galaxies is calculated by

using the Gaussian function for each galaxy.

Fig. 9 Correlation of the frequency drift with galaxy distance.
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that the effect from peculiar velocity is tiny, and can only

shift the observed frequency by 1-2 MHz. We find that 36

galaxies with MHI > 105 M⊙ in the Local Group can be

detected by FAST if the integration time is more than 40

minutes.

In reality, it is difficult to obtain the distance of

galaxies in the Local Group by using radio observations,

and some high velocity clouds along the LOS can con-

taminate the observed signal of the HI. How to remove

these fakes is beyond the scope this paper. We will dis-

cuss this problem in a future work.

Besides the APOSTLE simulation, similar studies

can be done by using semi-analytical models, for exam-

ple the Fu et al. (2010) and Luo et al. (2016) models can

also be used to predict the amount of HI for galaxies in

the Local Group. By using FAST, we can test the validity

of these models, especially at the low HI mass end.
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