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[abstract] 
銀河のハロー質量関数(HMF)を測定する新しい方法を紹介する。まず、銀河ディスクのHI 線幅と、その銀河のダークハロー質量の関係を調べる。その関係性を、
HIPASSの銀河に応用することで、HMFを測定することができるのである。そうして得られたHMFは、ハロー質量が1010.5~1012Msunの範囲にあるならば、
ΛCDM理論の予言と一致した。また、この銀河のDM密度を調べたところ、この銀河にはDMがほとんど含まれないことが分かった。 
 [goal] 実際のハローの分布を明らかにし、それを元にΛCDM理論の妥当性を評価する。 [originality] HMFを測定する新しい手法を考案した。 

図 2：著者の新しい方法でSMFをテストで測定した結果。先行研究とよく一致する結果を得られたため、この手法に実用性があることを示している。 
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Figure 2. Left: same as Figure 1, but for the stellar masses of SPARC galaxies assuming ⌥disk = 0.5 and ⌥bul = 0.7. Right:
the stellar mass function (points) measured by applying our method to HIPASS galaxies (Meyer et al. 2004; Zwaan et al. 2010).
The stellar mass function for galaxies in the GAMA survey (Mo↵ett et al. 2016) is shown as the dashed line. This includes gas
poor early type galaxies; the SMF of disk type galaxies (solid line) is a better match to the SMF we derive from HIPASS, as
expected.
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the three halo profiles. The HMFs are well fit by the
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The corresponding parameters are listed in Table 1.
The integral of the Schechter function gives the mass

density of DM associated with galaxies detected in H I:
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Gamma function, and Mup and Mlow are the upper and
lower limits of the integrating masses, respectively. We
calculate ⌦m,gal = ⇢DM/⇢crit in the mass range between
1010.5 and 1012.5 M�. We find that the DM mass den-
sity in H I-detected galaxies is only about a tenth of the
cosmic DM density in the probed mass range, as shown
in Table 1. Even if we integrate the best-fit Schechter
function from zero to infinity, the DM mass density is
still smaller than 0.04. This suggests that most DM in
the universe is not bound to H I-rich galaxies.
The empirical HMF that we derive is in reasonable

agreement with theoretical expectations from ⇤CDM
for all halo types (Fig. 3). This holds at intermediate
and low halo masses down to ⇠ 1010.5 M�. Galaxies
with lower masses are generally not observed in current,
single-dish surveys (Papastergis et al. 2013; Guo et al.
2017) and hence are missing in the HIPASS sample.
A halo mass of 1010.5 M� corresponds to a stellar mass

of ⇠ 108 M�. This is typical of low-mass dwarf Irregu-

Table 1. The best-fit parameters of the modified Schechter
function for the NFW, Einasto and DC14 profiles. ⌦m,gal is the
integrated dark-matter mass density.

Model  ? ⇥ 103 logM?/M� ↵ ⌦m,gal

NFW 4.44 ± 0.84 11.86 ± 0.03 -1.57 ± 0.08 0.031

Einasto 3.93 ± 1.09 11.76 ± 0.05 -1.66 ± 0.10 0.023

DC14 3.60 ± 0.57 11.94 ± 0.02 -1.64 ± 0.06 0.034

lars in the field, which are usually gas rich, often hav-
ing more gas than stars (McGaugh et al. 2017). Con-
sequently, this stellar mass may correspond to a wide
range of baryonic masses (the sum of stars and gas).
Though low mass, these galaxies are more massive than
the satellite galaxies of the Local Group. Consequently,
we may not have reached the regime where the missing
satellite problem takes hold (Tikhonov & Klypin 2009;
Bullock & Boylan-Kolchin 2017).
At high masses, the VF of HIPASS galaxies truncates

sharply above WP50 > 200 km/s (Figure 1 of Zwaan
et al. 2010). Consequently, our empirical HMF shows a
corresponding cut-o↵ above M200 = 1012 M�, compa-
rable to the mass of the Milky Way. Intriguingly, the
ALFALFA survey finds more high-widths galaxies than
HIPASS and its VF truncates at slightly larger values of
WP50 > 300 km/s (Papastergis et al. 2011). Thus, the
ALFALFA data must still imply a cut-o↵ in the empiri-
cal HMF, albeit at slightly larger halo masses. This may
seem problematic compared to the predicted halo mass

[comment] 
・ΛCDM の課題(missing satellite 等)の検証が
未実施のため、その結果に期待したい 
・ΛCDM 以外の DM モデルではこの結果と合わ
ないのだろうか？ 

図 3：新しい方法でHMFを測定した結果。 
従来の冪乗型ではなく、Schechter 関数で近似できる結果となった(具体的なパラメータは表１を参照)。 
M200が 1010.5~1012Msunの範囲では、ΛCDMのシミュレーション結果とよく一致している。 
HMFを積分するとDM密度となるが、それを計算した値Ωm,gal=ρDM/ρcritも表 1に併せて書いてある。 
この値は1よりずっと小さな値であるため、これらのHI-rich な銀河にはDMがほとんど束縛されていな
いことが言える。 
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Figure 3. The halo mass functions measured using the HIPASS galaxies (Meyer et al. 2004; Zwaan et al. 2010) for the NFW
(left), Einasto (middle) and DC14 (right) profiles. Solid black lines are the best-fit modified Schechter functions. Red lines
represent the prediction of DM-only simulations (Springel et al. 2018; Nelson et al. 2019).

function, which continues as a power law. However, the
sharp cut-o↵ in the observed HMF does not preclude the
existence of more massive halos, provided that they are
H I poor. Early-type galaxies fit this description, and
fill out the top end of the stellar mass function in Fig.
2. Further tests will require careful interrogation of hy-
drodynamical simulations that select mock galaxies in a
way that matches the HIPASS survey. This is beyond
the scope of the present work, so it remains an open
question whether the current generation of simulations
is consistent with these observations.

4. DISCUSSION AND CONCLUSION

In this paper, we present an empirical method to de-
rive the halo mass function of galaxies. We first de-
termine the correlation between H I line width and DM
halo mass as determined from rotation curve fits uti-
lizing the NFW, Einasto, and DC14 halo models. We
use this correlation to assign halo masses to galaxies de-
tected in the HIPASS H I survey. It is then possible to
map the observed velocity function to the actual halo
mass function.
We detect no analog to the missing satellite problem

down to a halo mass of 1010.5 M�. However, our halo
mass function only spans two dex in halo mass com-
pared with the much larger range in the stellar mass
function. This is due to the nonlinear stellar mass–halo
mass relation (see Moster et al. 2013). It suggests that

logM? / (� + 1) logM200, (5)

at M200 < M1 = 1011.59 M�, where � = 1.376. As such,
if the HIPASS galaxies span 4 dex in stellar mass, their

halo masses span only 4/(� + 1) = 1.7 dex. This non-
linearity compresses an approximately flat observed VF
(Zwaan et al. 2010) into a less extended, more steeply
rising HMF.
The stellar mass–halo mass relation of abundance

matching was imposed as a prior in fitting the SPARC
rotation curves. On the one hand, this is appropriate
to the extent that abundance matching has become an
essential aspect of the ⇤CDM paradigm. On the other
hand, the correlation between halo mass and H I line
width is less clear if we do not impose the stellar mass–
halo mass relation as a prior. If instead we were to make
the natural assumption that M200 ⇠ W 3

50
(Posti et al.

2019), the low-mass end of the HMF would be shallower
than predicted. Abundance matching thus plays a key
role in reproducing the predicted halo abundance at in-
termediate and low halo mass.
Accepting the abundance-matching prior on halo

masses obtained from rotation curve fits, we find good
agreement between the predicted and measured halo
mass functions at intermediate and low halo masses
down to 1010.5 M�. Below this mass limit, there is
a hint of a discrepancy in the field analogous to the
missing satellite problem. To explore if this is a gen-
uine problem requires pressing the mass limit of blind
H I surveys to lower masses. This will be possible with
large interferometric H I surveys with the SKA and its
pathfinders.

We thank Yong Tian, Harry Desmond, and Harley
Katz for useful discussions. This work was supported in
part by NASA ADAP grant 80NSSC19k0570.
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Figure 2. Left: same as Figure 1, but for the stellar masses of SPARC galaxies assuming ⌥disk = 0.5 and ⌥bul = 0.7. Right:
the stellar mass function (points) measured by applying our method to HIPASS galaxies (Meyer et al. 2004; Zwaan et al. 2010).
The stellar mass function for galaxies in the GAMA survey (Mo↵ett et al. 2016) is shown as the dashed line. This includes gas
poor early type galaxies; the SMF of disk type galaxies (solid line) is a better match to the SMF we derive from HIPASS, as
expected.
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Gamma function, and Mup and Mlow are the upper and
lower limits of the integrating masses, respectively. We
calculate ⌦m,gal = ⇢DM/⇢crit in the mass range between
1010.5 and 1012.5 M�. We find that the DM mass den-
sity in H I-detected galaxies is only about a tenth of the
cosmic DM density in the probed mass range, as shown
in Table 1. Even if we integrate the best-fit Schechter
function from zero to infinity, the DM mass density is
still smaller than 0.04. This suggests that most DM in
the universe is not bound to H I-rich galaxies.
The empirical HMF that we derive is in reasonable

agreement with theoretical expectations from ⇤CDM
for all halo types (Fig. 3). This holds at intermediate
and low halo masses down to ⇠ 1010.5 M�. Galaxies
with lower masses are generally not observed in current,
single-dish surveys (Papastergis et al. 2013; Guo et al.
2017) and hence are missing in the HIPASS sample.
A halo mass of 1010.5 M� corresponds to a stellar mass

of ⇠ 108 M�. This is typical of low-mass dwarf Irregu-

Table 1. The best-fit parameters of the modified Schechter
function for the NFW, Einasto and DC14 profiles. ⌦m,gal is the
integrated dark-matter mass density.

Model  ? ⇥ 103 logM?/M� ↵ ⌦m,gal

NFW 4.44 ± 0.84 11.86 ± 0.03 -1.57 ± 0.08 0.031

Einasto 3.93 ± 1.09 11.76 ± 0.05 -1.66 ± 0.10 0.023

DC14 3.60 ± 0.57 11.94 ± 0.02 -1.64 ± 0.06 0.034

lars in the field, which are usually gas rich, often hav-
ing more gas than stars (McGaugh et al. 2017). Con-
sequently, this stellar mass may correspond to a wide
range of baryonic masses (the sum of stars and gas).
Though low mass, these galaxies are more massive than
the satellite galaxies of the Local Group. Consequently,
we may not have reached the regime where the missing
satellite problem takes hold (Tikhonov & Klypin 2009;
Bullock & Boylan-Kolchin 2017).
At high masses, the VF of HIPASS galaxies truncates

sharply above WP50 > 200 km/s (Figure 1 of Zwaan
et al. 2010). Consequently, our empirical HMF shows a
corresponding cut-o↵ above M200 = 1012 M�, compa-
rable to the mass of the Milky Way. Intriguingly, the
ALFALFA survey finds more high-widths galaxies than
HIPASS and its VF truncates at slightly larger values of
WP50 > 300 km/s (Papastergis et al. 2011). Thus, the
ALFALFA data must still imply a cut-o↵ in the empiri-
cal HMF, albeit at slightly larger halo masses. This may
seem problematic compared to the predicted halo mass
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Figure 1. Correlations between halo mass, M200, and inclination corrected H I-line widths, W i
P50/2, for SPARC galaxies. Halo

masses are calculated from rotation-curve fits using the NFW (left), Einasto (middle), and DC14 (right) profiles. Solid lines
are the best fits using the Gaussian Process Regression (GPR) algorithm and the shaded regions represent the GPR smoothed
standard deviations.

3.1. The Halo Mass–Line Width Correlation

In Figure 1, we plot halo mass, M200, against line
width, W i

P50
/2. A strong correlation between M200

and W i
P50

/2 is apparent for each halo model. We use
the Gaussian Process Regression (GPR) from the open
python package scikit � learn (Pedregosa et al. 2011)
to capture the mean relation (solid lines in Figure 1).
The shaded areas show the estimated standard devia-
tions smoothed by the GPR algorithm.
This correlation has a well understood physical back-

ground. Roughly speaking, the inclination-corrected H I

line widths correspond to twice the rotation velocities
since the SPARC galaxies are rotationally supported.
The rotation velocity in the outer galaxy regions is
mostly driven by the DM halo, thus one expects a cor-
relation between W50 and M200. We can thus assign a
halo mass to galaxies based on their much more read-
ily measured line width. This enables us to map the
HIPASS VF into any variable that correlates with line
width.

3.2. Stellar Mass Function

To validate our method, we first derive the stellar mass
function, which can be directly checked using the exten-
sive measurements made with optical surveys (e.g., Mof-
fett et al. 2016; Wright et al. 2017; Jones et al. 2018b).
To calculate the stellar masses of the SPARC galaxies,
we adopt as fiducial values the [3.6] stellar mass-to-light
ratios⌥disk = 0.5 and⌥bul = 0.7 (McGaugh et al. 2016).
The SPARC galaxies show a strong correlation between
logm? and logW i

P50
/2 as expected from the Tully &

Fisher (1977) relation (see the left panel of Figure 2).
We then use the best GPR fit to derive the stellar masses
for each individual HIPASS galaxy from their H I line
widths.
The e↵ective volume Ve↵ for each HIPASS galaxy is

derived using a bicariate stepwise maximum likelihood

technique (Zwaan et al. 2004). After binning the data,
we sum the values of 1

Veff
for galaxies within each bin fol-

lowing Zwaan et al. (2010). This gives the stellar mass
function. There are two sources for the uncertainties:
one from the poisson distribution which is given by the
square root of the summation of V �2

e↵
, and the other one

from the scatter of theW i
P50

/2�m? relation. To account
for the latter, we add Gaussian noise (the standard de-
viation of the Gaussian noise is given by the scatter of
the W i

P50
/2�m? relation) to the estimated stellar mass

for each HIPASS galaxy and measure a new SMF. Af-
ter 10000 random iterations, we calculate the standard
deviations of 10000 HMFs and add them to the poisson
errors in quadrature.
The result is plotted in Figure 2 together with the

SMF measured by Mo↵ett et al. (2016) from the Galaxy
and Mass Assembly survey (Liske et al. 2015). Mo↵ett
et al. (2016) measured the SMFs for di↵erent morpholo-
gies. Disk dominated galaxies contain most of the cold
gas in galaxies, so make the most direct comparison to
H I-selected HIPASS galaxies. Figure 2 shows a satisfac-
tory agreement between these two measurements cov-
ering the available mass range. This confirms that our
method can measure a mass function, and match one
that is independently measured by a completely di↵er-
ent type of survey.

3.3. Halo Mass Function

Using the best GPR fits shown in Figure 1, we de-
rived the halo masses of the HIPASS galaxies for the
three profiles. Summing the values of V �1

e↵
within each

halo mass bin, we obtain the halo mass functions. We
estimate the uncertainties using the same method as for
the stellar mass function.
The HMFs for the NFW, Einasto, and DC14 profiles

are shown in Figure 3. The bins are set to avoid being
only partially covered by the data. They are similar in
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[logic] 図 1：SPRACサンプルの各銀河の、HI線幅とハロー質量の関係をプロットしたもの。HI 線幅とハロー質量は強い相関関係にあることが分かる。 
 

Schechter 関数型HMF 
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