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ABSTRACT
We determined the H I mass function of galaxies in the Ursa Major association of galaxies using a blind Very Large Array (VLA)
D-array survey, consisting of 54 pointings in a cross-pattern, covering the centre as well as the outskirts of the Ursa Major volume.
The calculated H I mass function has best-fitting Schechter parameters θ∗ = 0.19 ± 0.11 Mpc−3, log M∗

H I /M� = 9.8 ± 0.8,
and α = −0.92 ± 0.16. The high-mass end is determined by a complementary, targeted Westerbork Synthesis Radio Telescope
(WSRT) survey, and the low-mass end is determined by the blind VLA survey. The slope is significantly shallower than the
slopes of the H I Parkes All Sky Survey (α = −1.37 ± 0.03 ± 0.05) and Arecibo Legacy Fast Arecibo L-band Feed Array
(α = −1.33 ± 0.02) H I mass functions, which are measured over much larger volumes and cover a wider range of cosmic
environments: There is a relative lack of low-H I mass galaxies in the Ursa Major region. This difference in the slope strongly
hints at an environmental dependence of the H I mass function slope.

Key words: galaxies: clusters: individual: Ursa Major – galaxies: dwarf.

1 IN T RO D U C T I O N

One of the big questions in astronomy is how galaxies form and
evolve. The main theory of galaxy formation and evolution is based
on the Lambda cold dark matter cosmological model of hierarchical
galaxy formation. This model describes the formation of dark matter
haloes from the distribution of primordial density fluctuations and
predicts an evolving dark matter halo mass function (MF) with a
dependence on cosmic environment (Jenkins et al. 2001). Semi-
analytic models (SAMs; Hirschmann et al. 2012; Fu et al. 2013;
Merson et al. 2013; Lu et al. 2014; Somerville, Popping & Trager
2015) and hydrodynamical models (Springel 2010a, b; Schaye et al.
2015) describe how baryonic matter is accumulated in these dark
matter haloes: Gas flows into the dark matter haloes from the cosmic
web, settles, and forms stars: the creation of a galaxy. Low-mass
galaxies merge subsequently and, in combination with gas accretion
(Sancisi et al. 2008), give rise to the build-up of larger galaxies,
Milky Way size or bigger (e.g. Davies et al. 1985).

The slope of the predicted dark matter halo MF is much steeper
than the slopes of the observed galaxy luminosity function (LF;
Blanton et al. 2001) and H I MF (HIMF; e.g. Zwaan et al. 2005;
Martin et al. 2010). To cure this discrepancy, the SAMs and
hydrodynamical models implemented different mechanisms using
the observed LF and the HIMF as constraints. At the low-mass end,
feedback is mainly driven by stellar feedback including supernova

� E-mail: verheyen@astro.rug.nl
†Deceased.

winds that produce an outflow of the gas from a galaxy (e.g. Benton
et al. 2003; Weinmann et al. 2012). Other ideas about an alteration of
the slope of the low-mass end of the LF and HIMF are: (i) low-mass
haloes being inefficient in collecting baryons (Tully et al. 2002); (ii)
most of the baryons in low-mass haloes, which formed later in the
lower density regions, may not yet have been converted into stars
(Roychowdhury et al. 2012); and (iii) low-mass haloes are affected
more by gas removal mechanisms, such as ram-pressure stripping
(Springob, Haynes & Giovanelli 2005). An important question is:
which of these processes dominate and is there an environmental
dependence?

In order to answer this question, one needs to determine the LF
and the HIMF such that the effect of selection biases is minimized
and systematic uncertainties are reduced. To avoid the uncertainties
related to optical selection effects, blind H I spectral line surveys are
a good way to construct an HIMF. The HIMF is usually parametrized
with a Schechter function (Schechter 1976) with three parameters;
θ∗ and M∗

H I are describing the knee while the slope is described by
α. The first significant blind survey was the Arecibo H I Strip Survey
(AHISS; Zwaan et al. 1997), containing 65 detected galaxies. The
HIMF of this sample has a slope of α ∼ −1.2 ± 0.1. More recent
blind H I surveys with single-dish telescopes are the H I Parkes All
Sky Survey (HIPASS; Zwaan et al. 2005) and the Arecibo Legacy
Fast Arecibo L-band Feed Array (ALFALFA) survey (Martin et al.
2010).

These H I surveys have H I mass ranges of, respectively,
107.0–10.6 M� (Zwaan et al. 2003) and 106.2–10.8 M� (Haynes 2011),
with the lower mass limit valid for a distance of 3 Mpc. All parameters
of the HIMFs are listed in Table 1 and illustrated in Fig. 1. There
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A dearth of gas-rich dwarfs in Ursa Major 2609

Table 1. The parameters of HIMFs from various recent surveys.

Survey # of �∗ log(M∗
H I/M�) α Max. vel. Sky area Volume

galaxies (10−3 Mpc−3 dex−1) (km s−1) (deg2) (Mpc3)

Large-area surveys
AHISSa 66 5.6 9.81 −1.20 ± 0.1 7400 65 6469
HIPASSb 4315 5.8 ± 0.8 ± 0.6 9.81 ± 0.03 ± 0.03 −1.37 ± 0.03 ± 0.05 12 700 21 341 1.0 × 108

ALFALFA 40 per centc 10 119 5.7 ± 0.3 9.91 ± 0.02 −1.33 ± 0.02 18 000 2607 3.6 × 107

Springobd 2771 3.8 9.94 −1.24 ± 0.1 28 000 All skyi All skyi

Specific environment blind surveys
6 groupse 31 Consistent with HIPASS −1.00 1000 1 Mpc2 13
8 groupsf 54 Consistent with HIPASS −1.00 660–1100j ±1j –
Canes Venaticig 70 106 ± 43 9.52 ± 0.26 −1.17 + 0.07/−0.08 1330 86 62
Leo Ih 65 – – −1.41 + 0.2/−0.1 1200 118 19

Notes. aZwaan et al. (1997); bZwaan et al. (2005); cMartin et al. (2010); dSpringob et al. (2005); ePisano et al. (2011); fFreeland, Stilp & Wilcots (2009); gKovač
(2007); hStierwalt et al. (2009); ioptically selected; jper group.
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Figure 1. Different HIMFs. HIMFs of the large-area surveys are black
[dashed–pointed curve: Zwaan et al. (1997), solid curve: Springob et al.
(2005), long-dashed curve: Zwaan et al. (2005), and short-dashed curve:
Martin et al. (2010)] and the HIMFs of specific environments are red [long-
dashed curve: Kovač (2007), dashed–pointed curve: Stierwalt et al. (2009),
and solid curve: composite groups (Freeland et al. 2009; Pisano et al. 2011)].
All parameters are rescaled to H0 = 74 km s−1 Mpc−1 and have been
renormalized to overlap around M∗

H I. The HIMF of UMa from this study
(see Fig. 8) is plotted for comparison. The difference between the large, blind
surveys and two composite groups is clearly visible.

is a significant difference in the M∗
HI of the HIPASS and ALFALFA

surveys, the latter being higher than the former. This difference is not
yet understood. The number density, θ∗, and the slopes of the HIMFs
of HIPASS (α = −1.37) and ALFALFA (α = −1.33) are consistent
with each other after renormalization for the same cosmology. The
number density of galaxies is increasing towards low-mass galaxies.
These slopes hint at hierarchical galaxy formation, as there are many
more low-mass objects than high-mass objects (Navarro, Frenk &
White 1997).

The effect of the environment on the HIMF can be studied
by using large surveys and by comparing observations of specific
environments. Large-area surveys are used by Springob et al. (2005)
and Zwaan et al. (2005). Springob et al. (2005) selected from the
Arecibo General Catalogue (Springob, Haynes & Giovanelli 2005)
and calculated the local cosmic density of galaxies for each source

by using data from the Infrared Astronomical Satellite (IRAS) Point
Source Catalogue of galaxies with a redshift (PSCz) (Saunders et al.
2000) and found that the slope of the HIMF is steeper in regions with
a lower galaxy density. Zwaan et al. (2005) constructed the HIMFs
of different environments using the HIPASS catalogue (HICAT) and
calculated the local cosmic density on the basis of the HICAT itself
by considering the distance from the first to fifth nearest neighbours.
They found that the slope of the HIMF is steeper in regions with high
density, contrary to what Springob et al. (2005) had found. Springob
et al. (2005), however, consider their result non-conclusive, since
within the errors, the HIMFs in different environments could have
the same slope. Although the results appear contradictory, neither is
conclusive.

Another approach to investigate an environmental dependence is
to deliberately target and observe different cosmic environments and
measure the HIMF in each environment separately (see Fig. 1 and
Table 1). Pisano et al. (2011) determined the slope of the HIMF for
a combined sample of 31 galaxies in 6 galaxy groups and Freeland
et al. (2009) determined this for 54 galaxies in 8 groups; both found
that the slopes in galaxy groups are consistent with being flat. It
should be noted, however, that stacking groups will make the volume
corrections more complicated. In another survey, Kovač (2007) found
that the slope of the HIMF of the nearby dwarf-dominated Canes
Venatici groups is −1.17 ± 0.04 with galaxies in the mass range
of MH I= 106.5–10.5 M�. Stierwalt et al. (2009) used the ALFALFA
survey to extract the HIMF of 65 galaxies in the Leo I group that
consists of many low-surface brightness (LSB) gas-rich dwarfs and a
few L∗ galaxies with a mass ranges of MH I= 106.5–10.0 M�. The slope
of this HIMF is α = −1.41 ± 0.2, which is very steep compared to
other HIMFs, but with a large error. According to Table 1, CVn and
Leo I are comparable surveys; however, their slopes do not match.
An explanation for this could be the difference in environment or
evolutionary stage (Stierwalt et al. 2009). Besides this, the Leo I
sample does not provide enough detections to fit all parameters of
the Schechter function; hence, only the slope is fitted. Changing M∗

H I

and θ∗could have a huge effect on the fitted slope. From these results,
it is clear that determining the environmental effect on the slope of
the low-mass end of the HIMF is difficult, since the systematic errors
in the calculated slopes are still very large and low-number statistics
dominate the errors.

Most surveys determining the HIMF are volume and H I flux-
limited, and the errors on their lowest H I masses are large, mainly
due to distance uncertainties. These arise because low-H I mass
galaxies are only detectable in the nearby universe where the Hubble
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flow cannot be used to determine their distances based on recession
velocities. Consequently, the high-mass end of the HIMF may be
well defined, although the difference in M∗

H I between HIPASS and
ALFALFA suggests otherwise. The slope at the low-mass end is
not so well defined as outlined in the previous paragraph. Another
effect that has to be taken into account is that if the local volume
dominates the sample, the galaxy population and density may become
unrepresentative. To better constrain the slope of the low-mass end
of the HIMF, blind and deep surveys of more distant regions with
large numbers of galaxies may help. For such a survey, the Ursa
Major (UMa) region, dominated by gas-rich, late-type galaxies, is
an excellent target. The volume comprises a reasonably uniform
environment within a coherent large-scale structure. It is at a distance
of 17.4 Mpc (Tully & Courtois 2012), sufficiently nearby to detect
dwarf galaxies in H I and, if the HIMF from ALFALFA or HIPASS
is valid within this volume, we can expect hundreds of H I detections
above a reasonable detection limit. Since all galaxies are roughly at
the same distance, the relative distance uncertainties are small; thus,
the lowest H I masses can be calculated with relatively high accuracy,
which is ideal for fitting the low-mass end. The high-mass end
can be constrained by pointed H I observations with the Westerbork
Synthesis Radio Telescope (WSRT) of all galaxies within the UMa
region brighter than MB < −16.8 (Verheijen & Sancisi 2001). This
study combines the merits of having a blind survey with a well-
defined environment and adds a valuable, independent measurement
of the slope of the HIMF. A further description of the UMa volume
and the enclosed galaxy population is provided in Section 2.

In this paper, we report on the slope of the low-mass end of the
HIMF of the UMa region. This paper is structured as follows: We
describe the UMa collection of galaxies in Section 2 and the details
of the blind H I survey including the data reduction are presented
in Section 3. The observational results are presented in Section 4,
and the volume corrections and the calculations of the HIMF are
described in Sections 5 and 6, respectively. Section 7 presents a
comparison with the ALFALFA results, which is followed by a
discussion in Section 8. Throughout this work, we assume H0 =
74 km s−1 Mpc−1.

2 TH E U R S A MA J O R VO L U M E

2.1 Sample description

The UMa volume comprises a significant overdensity of galaxies
located within the Virgo supercluster in the supergalactic plane.
It spans a circular area on the sky of 15 deg in diameter, centred
on 11h59m28s.3, 49◦05

′
18

′′
with a galactocentric velocity range of

700–1210 km s−1 (Tully et al. 1996). Tully et al. (1996) identified
79 members from the nearby galaxy catalogue (Tully 1988; NBG).
The members do not display any concentration towards a core. The
sample consists mostly of spirals and late-type systems (83 per cent),
contains a dozen lenticulars (15 per cent), and maybe two dwarf
ellipticals (2 per cent). The velocity dispersion of this sample is
148 km s−1 (Trentham, Tully & Verheijen 2001), and the crossing
time is comparable to the Hubble time. Wolfinger et al. (2013)
found 51 H I detections of 96 optical sources in the HI Jodrell All-
Sky Survey (HIJASS) catalogue in the UMa region. Karachentsev,
Nasonova & Courtois (2013) have studied the region as well and
concluded that the distribution of galaxies is patchy and elongated
along the line of the supergalactic equator. The volume contains
seven groups and seems to be more an association of groups than a
cluster. Pak et al. (2014) have identified a total of 166 galaxies with
94 per cent completeness by a NASA/IPAC Extragalactic Database

(NED) and Sloan Digitized Sky Survey (SDSS) catalogue search.
Their study confirms that the galaxy population of the UMa region
is dominated by late-type galaxies and the existence of several
subgroups is discussed. From the ROSAT1 image of this region,
we conclude that no diffuse X-ray radiation is detected, suggesting
that no significant intergalactic medium is present against which
ram-pressure stripping or strangulation may result in a depleted
population of low-mass, gas-rich galaxies. Hence, we conclude that
this region presents a well-defined environment to study the low-mass
end of the HIMF.

A large amount of photometric and H I synthesis imaging data
already exists for galaxies in the UMa region. Tully et al. (1996)
present B-, R-, and I-band surface photometry for all 79 members
identified at that time, as well as near-infrared K’-band surface
photometry for a complete subsample of 62 galaxies, brighter than
MB < −16.5. For 56 galaxies in this subsample, cold atomic H I gas
has been detected at 21cm with single-dish and interferometric radio
telescopes. Hence, in principle, the H I completeness of this optically
complete subsample is 90 per cent. H I synthesis imaging data for
44 of these 56 galaxies are presented by Verheijen & Sancisi (2001).
These were selected to be more inclined than 45◦ for the purpose of
kinematic studies while 13 contain a warp, more than half is lopsided,
and 4 pairs are interacting with 2 companions confused in the single-
dish spectra. H I gas was detected in 10 of the 17 galaxies fainter than
the optical completion limit (MB > −16.5) while 8 of those have an
H I mass more than an order of magnitude below the ‘knee’ mass
of the ALFALFA HIMF. These 10 faint galaxies are inconsequential
for our analysis and conclusions as the optically selected, targeted
H I observations described here will only be used to constrain the
high-mass end of the HIMF in UMa.

Trentham et al. (2001) present results from an extensive wide-field
R-band imaging survey aimed at measuring the faint-end slope of the
LF. This optical survey was done in conjunction with the blind H I

survey presented in this paper. They found a flat slope (α ∼ −1.00)
for the LF of the UMa region.

2.2 The line-of-sight distribution of galaxies

Understanding the distribution of galaxies within the UMa volume
is important to be able to make appropriate volume corrections
when calculating the HIMF. Different approaches to determine this
distribution can be explored. Before we do so, the distance to the
region, the depth, and the volume itself need to be determined.

The ensemble-average distance of the UMa galaxies is 17.4 Mpc
as determined by Tully & Courtois (2012) using the Tully–Fisher
(TF) relation combined with distances based on the tip of the red
giant branch (TRGB) and Cepheids.

The most direct approach to determine the depth of the volume
is to assume a quiet Hubble flow and neglect peculiar motions. The
galactocentric velocity window of the region (700–1210 km s−1)
would correspond to a depth range of 9.5–16.4 Mpc (H0 = 74 km s−1

Mpc−1). However, its recession velocity is affected by the velocity
field of the Local Supercluster that is dominated by the Virgo cluster
as illustrated in Cosmic Flows 22 (Courtois et al. 2013). The UMa
volume is located at a physical distance of 8–13 Mpc from the core
of the Virgo cluster and, consequently, significant velocity crowding
occurs in the direction of the UMa cluster. When the peculiar velocity

1http://heasarc.gsfc.nasa.gov/cgi-bin/W3Browse/w3browse.pl
2http://irfu.cea.fr/cosmography

MNRAS 501, 2608–2626 (2021)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/501/2/2608/6000267 by U
niversity of G

roningen user on 29 D
ecem

ber 2021

http://heasarc.gsfc.nasa.gov/cgi-bin/W3Browse/w3browse.pl
http://irfu.cea.fr/cosmography


A dearth of gas-rich dwarfs in Ursa Major 2611

of the region (−386 km s−1; Lavaux et al. 20103) is taken into
account, the depth range becomes 14.7–21.6 Mpc, which is quite
different from the previous estimate assuming a quiet Hubble flow
and more in line with the average distance of the galaxies in the
region, based on Cepheids and the TRGB.

An estimate of the depth can also be obtained by taking a
mean distance of 17.4 Mpc and assuming that the distribution of
galaxies along the line of sight is similar to the somewhat elongated
distribution on the sky along supergalactic longitude; this suggests a
depth range of 15.1–19.7 Mpc.

The last method we have explored to determine the depth is
using the scatter in the TF relation. Verheijen (2001) investigated
the scatter in the TF relation of the UMa sample and found that
the tightest correlation follows when using K’-band magnitudes and
the amplitudes of the outer flat parts of the H I rotation curves.
The total observed scatter is 0.26 mag and is a combination of
measurement errors, intrinsic scatter, and the scatter due to the

depth of the volume (σtot =
√

σ 2
meas + σ 2

intrinsic + σ 2
depth). If we take

the measurement uncertainties and the slope of the TF relation into
account, and assume σ intrinsic = 0 mag, then all of the remaining
excess scatter of 0.22 mag can be attributed to the depth of the
UMa volume. Given the above-mentioned distance of 17.4 Mpc and
assuming a Gaussian distribution of the galaxies along the line of
sight, this translates to a ±2.5σ depth range of 13.6–22.6 Mpc. Any
unknown, non-zero intrinsic scatter would reduce this depth.

From the three methods described above, methods two and three
are not independent since both are using the average distance.
However, method one is independent from the other two, and all
methods give three depths, hence three volumes, of the UMa region
that are in agreement. Within these three volumes, galaxies can be
distributed in different ways, and this can influence the calculated
HIMF. In this paper, we will assume that the galaxies are distributed
uniformly throughout the volume, motivated by a flat velocity
distribution (Tully et al. 1996; Pak et al. 2014; see also Fig. 9 in
this paper).

We adopt the depth range of 14.7–21.6 Mpc based on Cosmic
Flows 2, with a uniform distribution of galaxies within the volume
to calculate volume corrections, and an average ensemble distance
of 17.4 Mpc to calculate the MH I of the detections throughout this
paper unless stated otherwise. This depth range and the 15 deg wide
circular area on the sky define a total conical volume of the region
of 121 Mpc3.

2.3 Expectations

Fig. 2 shows a histogram of the observed WSRT HIMF of the UMa
sample, without any volume or completeness corrections, based on
the sample of optically selected cluster members as presented in
Tully et al. (1996).

The θ∗ of the WSRT sample is normalized by the total volume
argued above. The HIPASS and ALFALFA HIMFs are plotted as
well, normalized to the complete H I WSRT sample for comparison.
The complete sample has a completion limit of MB < −16.5, which
corresponds to MH I ∼ 108.5 according to the MH I/LB ratio. From
this, we assume that the WSRT H I sample is complete above an H I

mass limit of MH I >109 M� that is low enough to accurately fit θ∗.
For HIPASS, the normalization results in θ∗ = 0.11 Mpc−3 dex−1

and for ALFALFA, θ∗ = 0.13 Mpc−3 dex−1. The short-dashed line

3Extra galactic Distance Database (http://www.ifa.hawaii.edu/cosmicflows
/).

Figure 2. The solid histogram shows the observed distribution of H I masses
in the UMa cluster based on an optically selected, complete sample. No
volume corrections are applied. The short-dashed line is the renormalized
HIMF of the ALFALFA survey with a slope of −1.33. The long-dashed
curve is the renormalized HIMF of the HIPASS survey with a slope of −1.37.
Both θ∗ are set to match the WSRT sample.

is the HIMF from the ALFALFA survey with a slope of −1.33 and
the long-dashed curve is the HIMF from the HIPASS survey with a
slope of −1.37. From the renormalization of θ∗, we conclude that
the UMa cluster is overdense by a factor of about 18 compared to the
average cosmic density as determined by HIPASS and ALFALFA.
An accurate measurement of the overdensity is essential for obtaining
a sufficient detection rate at the low-mass end.

Given the renormalized HIMFs of HIPASS and ALFALFA in
Fig. 2, one can ask how large the expected population of dwarf
galaxies in the UMa volume actually would be, assuming that
galaxies with an H I mass as small as 107 M� could be detected
throughout the entire UMa volume and that these galaxies are
distributed uniformly in space. Assuming an HIMF with a slope
of −1.35 and log(M∗

H I/M�) of 9.88 (the average of the HIPASS
and ALFALFA values), with θ∗ normalized to the WSRT sample as
illustrated in Fig. 2, and integrating that HIMF upward from 107 M�,
would yield a population of 688 galaxies in the total volume. Even if
only a fraction of the volume would be observed, a sufficient number
of H I detections will be obtained to determine the slope of the HIMF
in UMa.

3 TH E V L A B L I N D H I SURV EY

3.1 Observational set-up

A blind VLA D-array H I survey was designed to measure the slope
at the low-mass end of the UMa HIMF. If 16 per cent of the volume
is observed, the overdensity of the nearby spiral-rich UMa volume
provides a sufficient number of detections per H I mass bin down to
107 M� to measure the slope of the HIMF. The 45 arcsec synthesized
beam of the Karl G. Jansky Very Large Array (VLA) in its D-
configuration corresponds to 3.8 kpc at a distance of 17.4 Mpc.
The observations were performed over 10 8-h runs between 1999
March 11 and May 22.

The layout of the blind survey is a cross-pattern shown in Fig. 3.
This cross-pattern contains two orthogonal rows of, respectively, 32
and 22 pointings, separated by 32 arcmin, the full width at half-
maximum (FWHM) of the primary beam. After mosaicking the

MNRAS 501, 2608–2626 (2021)
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2612 E. Busekool et al.

Figure 3. The layout of the VLA pointings in the UMa cluster. The cross-pattern of circles indicates the VLA pointing centres and the size of the FWHM of
the primary beam. Greyscale images show the total H I maps of 56 optically selected and known cluster members, previously obtained with the WSRT. The
triangles indicate the positions of the remaining 23 cluster members. Solid triangles: galaxies brighter than the optical completion limit but without sufficient H I

for useful synthesis imaging. These are mainly lenticulars or S0a galaxies whose cluster membership was established through optical redshifts. Open triangles:
dwarf galaxies fainter than the optical completion limit. Nearly all of these have measured global H I profiles from single-dish observations. The large dashed
circle shows the 15 deg diameter spatial window on the sky. The solid curved horizontal lines run along constant declination.

individual pointings, we cover a larger volume than just taking the
FWHM of the primary beam for an individual pointing into account.
The total observed volume is 20 Mpc3 (16 per cent of the total UMa
volume) at an H I sensitivity of ∼5 × 107 M�. For higher H I masses,
the volume is somewhat larger as we can detect galaxies with a
higher H I mass well beyond the FWHM of the mosaicked primary
beam pattern. The major axis of this cross runs along supergalactic
longitude and through the middle of the region. Three additional
pointings were observed, aimed at the two brightest lenticulars NGC
3998 and NGC 4026, and the galaxy NGC 4138. Results from these
three targeted observations will be ignored in the rest of this paper.

The greyscale images in Fig. 3 show the total H I maps of 56 UMa
galaxies, individually enlarged by a factor 4, as imaged by the WSRT.

Several of these galaxies are located closely together and their H I

images are adjacent or overlapping. Detailed information on most
of these galaxies is provided in Verheijen & Sancisi (2001). As can
be seen in Fig. 3, the blind VLA-D survey samples both crowded
and empty regions of the volume. Indeed, the distribution of galaxies
within the UMa volume is not uniform.

For the VLA observations, a bandwidth of 3.125 MHz with 63
channels (�V = 5.15 km s−1) is sufficient to cover the volume’s
velocity window, since the velocity dispersion of the known members
is low. Given this bandwidth and a dual polarization set-up, the VLA
correlator provided a velocity resolution of 10.3 km s−1 after offline
Hanning smoothing. The typical integration time per pointing was
70 min.
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Figure 4. Distribution of the rms noise levels in the data cubes of the
54 individual VLA pointings. The narrow distribution indicates a uniform
sensitivity over the entire survey. The dashed line indicates the noise level of
0.84 mJy per beam adopted for the entire area.

The blind VLA survey was supplemented with a wide-field R-band
imaging survey on the Canada–France–Hawaii Telescope (CFHT) of
the cross-pattern of the VLA fields. This optical survey was aimed
at measuring the faint end of the LF while it would provide optical
morphologies and luminosities of the H I-detected dwarfs. In return,
the H I detections would provide redshifts for the optically faint yet
gas-rich dwarf galaxies in the UMa volume. The LF of the CFHT
sample has the parameters M∗

R = −21.44 and α = −1.01 (Trentham
et al. 2001), which is flat compared to the LF of surveys of other
volumes, e.g. the LF of the SDSS sample with a slope of −1.20 ± 0.03
(Blanton et al. 2001).

3.2 Data reduction and analysis

The collected visibility data were flagged and calibrated in the stan-
dard VLA fashion with the Astronomical Image Processing System
(AIPS; Greisen 2003). Every 40 min, nearby 3C 295 was observed for
flux and phase calibration and to monitor the time variable ‘3-MHz
ripple’ in the bandpass. The complex gain corrections and bandpass
shapes were linearly interpolated in time between the calibration
observations. Because the observations were carried out within the
protected 21-cm band, only minimal editing of the data was required
to remove radio frequency interference. To verify the quality of the
data, the flagged and calibrated visibilities of each pointing were
Fourier transformed using the IMAGR task in AIPS, applying a robust
weighting of 1. The data cubes were then imported into the Groningen
Image Processing SYstem (GIPSY) software package (van der Hulst
et al. 1992; Vogelaar & Terlouw 2001) for further inspection. After
spectral Hanning smoothing, continuum subtraction, and a standard
Högbom cleaning (Högbom 1974) of the data cubes, the noise was
inspected and measured in each cube. Fig. 4 shows the distribution of
the achieved rms noise in the 54 individual data cubes. The average
noise level is Sμ = 0.76 mJy per beam with a variance of Sσ =
0.04 mJy per beam, demonstrating that a rather uniform noise was
achieved over the entire surveyed area.

After data calibration and quality assessment with AIPS and GIPSY,
the MIRIAD software package (Sault, Teuben & Wright 1995) was
used to construct image mosaics in order to increase the survey
sensitivity in between adjacent VLA pointings. Due to limited

computing resources at the time these data were reduced, the survey
cross-pattern was chopped up into nine sub-mosaics: four mosaics
along the major axis, four mosaics along the minor axis, and a mosaic
of the central five pointings. Each mosaic cube has non-blank pixels
where the VLA primary beam correction is less than a factor 43. The
mosaic algorithm weighs the visibility data of each pointing by the
theoretical noise, producing an image cube with near-uniform noise.

Since we do not know where in our blind survey volume we
may find H I emission, we first used the MIRIAD task ‘invert’ to
produce uncleaned mosaic image cubes in which we searched for
obvious H I emission. Using GIPSY tasks, the continuum sources and
their instrumental responses were removed by iteratively fitting a
linear baseline to the spectrum at each pixel. After each baseline fit,
data points above and below a certain noise-related clip level were
identified and excluded from a subsequent new baseline fit. The
clip levels were gradually decreased to ±2.5σ during this iterative
process. In this way, any unknown low-level H I emission is retained
above the zero-level baseline. We visually identified any obvious
H I emission in these continuum-subtracted yet uncleaned cubes and
manually constructed three-dimensional masks that enclose the H I

signal. Subsequently, we used the MIRIAD task ‘mossdi’ to clean
the mosaic cubes using the Steer, Dewdney & Ito (1984) cleaning
algorithm, guided by the masks produced in the previous step. The
resulting mosaic image cubes are free from continuum sources and
side-lobes from obvious H I emission and can be searched more
objectively for fainter H I sources that were missed when visually
identifying the obvious sources of H I emission. Finally, for each of
the nine mosaics, the MIRIAD task ‘mossen’ was used to construct an
adjusted gain map describing the effective primary beam attenuation
across the mosaics.

To reduce the number of blank pixels to be processed during the
analysis, the nine mosaic cubes were cropped and compiled into
a single ‘master’ data cube whereby overlapping regions covered
by adjacent mosaics were removed. This was done for both the
nine mosaic image cubes and the nine adjusted gain cubes. Fig. 5
shows a single channel from the ‘master’-adjusted gain cube in
which the white areas correspond to blank pixels. Obviously, no
meaningful coordinate system is attached to this cube as it merely
serves as input for our source finding. The total number of non-blank
pixels in each channel of this ‘master’ cube is 1.609.322 and with
15 arcsec × 15 arcsec pixels, our mosaic covers a total of 27.9 deg2

or 15.8 per cent of the sky area enclosed by the dashed circle in
Fig. 3.

To improve sensitivity to line emission profiles that are broader
than the instrumental velocity resolution, the already Hanning
smoothed ‘master’ data cube at a velocity resolution of 10.3 km s−1

(R2) was smoothed further in velocity using a Gaussian smoothing
kernel to obtain velocity resolutions of 4, 6, 8, and 10 channels,
corresponding to 20.6, 30.9, 41.2, and 51.5 km s−1, respectively
(indicated with R4, R6, R8, and R10 hereafter). To improve sensi-
tivity to extended H I emission of lower column density, the data
were also smoothed spatially from a resolution of 45 arcsec to
Gaussian synthesized beams with an FWHM of 60, 90, 120, 150,
and 180 arcsec. These 30 smoothed data cubes form our basic
observational material. Table 2 lists the mean rms noise level for
each of the 30 resolutions, as well as the corresponding H I masses
and H I column densities detectable in a single Gaussian resolution
element with a peak flux at the 6σ level at the centre of the primary
beam and at the average distance of 17.4 Mpc.

For a given velocity and angular resolution, the minimum de-
tectable H I mass varies by a factor of 4.3 for a dwarf galaxy located
near the centre of the primary beam and at the near-side of UMa
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Figure 5. Adjusted gain patterns after combining the nine sub-mosaics into
a single data cube. Contour levels indicating a normalized gain of 0.95, 0.75,
0.50, 0.25, and 0.05.

volume (14.7 Mpc) compared to a dwarf galaxy near the half-power
point of the primary beam at the far-side of the UMa volume (21.6
Mpc). The column density sensitivity, on the other hand, is almost
independent over the distance range of the UMa volume and is only
affected by the primary beam attenuation. The smallest, spatially
unresolved, low-mass H I cloud, supported only by turbulent motion
with a typical velocity dispersion of 8 km s−1 resulting in a Gaussian
profile with an FWHM of ∼20 km s−1, located near the centre of the
primary beam and at the near-side of the UMa volume, would have a
minimum detectable H I mass of 3.5 × 106 M� at the 6σ level. The
volume within which such a small H I mass can be detected in our
survey, however, is negligible.

4 O BSERVATIONA L R ESULTS

In each of the 30 smoothed mosaic data cubes, a ±6σ clip was
applied to find the H I emission and possibly H I absorption against
the many continuum sources. This clipping process yielded 67 unique
detections including 26 known galaxies, 16 bona fide new H I sources,
11 doubtful emission line objects, 7 objects with negative amplitudes,
and 7 ‘objects’ related to obvious imaging artefacts. Each of these
detection categories will now be briefly discussed.

The 26 previously catalogued galaxies with known redshifts are
listed in Table 3. In the imaged area, 25 known members are located.
All of them were detected with the exception of NGC 4143, which is
an H I-poor S0/a system located at the very edge of the imaged area
where the primary beam response is less than 5 per cent. Detected
non-members are the well-known galaxies NGC 3850 and NGC

Table 2. RMS noise levels and 6σ detection limits for the various spatial
and velocity resolutions.

Res. R2 R4 R6 R8 R10
10.3 20.6 30.9 41.2 51.5

(arcsec) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1)

RMS noise levels (mJy per beam)
45 0.79 0.52 0.42 0.35 0.31
60 0.94 0.62 0.50 0.43 0.37
90 1.5 0.98 0.78 0.67 0.59
120 2.0 1.3 1.1 0.96 0.82
150 2.5 1.7 1.4 1.2 1.1
180 3.1 2.1 1.7 1.5 1.3
6σ H I mass limit (106 M�)
45 3.7 4.9 5.9 6.6 7.2
60 4.4 5.8 7.0 8.1 8.6
90 7.0 9.2 11 13 14
120 9.4 12 16 18 19
150 12 16 20 23 26
180 15 20 24 28 30
6σ H I column density limit (1019 cm−2)
45 2.9 3.8 4.7 5.2 5.7
60 2.0 2.6 3.1 3.6 3.8
90 1.4 1.8 2.2 2.5 2.7
120 1.0 1.4 1.7 2.0 2.1
150 0.83 1.1 1.4 1.6 1.8
180 0.72 1.0 1.2 1.4 1.5

3898 (vsys > 1210 km s−1) in the northern part of the survey area.
Many of these known galaxies are bright and have broad H I emission
profiles. The velocity wings of several of these galaxies fall outside
the observed velocity range and the H I properties of those galaxies
as listed in Table 3 were taken from Verheijen & Sancisi (2001) or
elsewhere from the literature.

A total of 16 previously unknown H I emission line objects were
detected, all with optical counterparts that are catalogued by the
NASA Extragalactic Database (NED). These objects are listed in
Table 4 and all of these objects have optical counterparts in SDSS
images. Most new detections have integrated H I fluxes below

∫
SdV

∼ 3.30 Jy km s−1, except for NGC 4111 (see Table 4) that has a total
integrated H I flux of

∫
SdV = 12.26 Jy km s−1 but was not detected

in H I before our observations were carried out. All 15 diagrams and
images of the new H I detections are shown in Figs A1 and A2 of
the appendix. The detailed morphologies and other characteristics of
these new detections will be discussed in a forthcoming paper.

The 11+7 doubtful emission and absorption line objects are
questionable for several reasons. Concerning the seven ‘absorption’
profiles, six of them occur at positions without a continuum source
while the seventh negative object occurs in a single pixel on the
flank of a 13 mJy continuum point source and at the very edge of the
bandpass. This suggests that all negative objects are actually negative
noise peaks. Concerning the 11 doubtful emission profiles, 6 of them
occur in a single pointing with a slightly higher noise level, with
a peak flux <6.5σ and only at the lowest velocity resolutions. The
other five doubtful emission line objects balance the negative noise
peaks in numbers and are therefore statistically likely to be positive
noise peaks.

Finally, there are seven ‘detections’ related to obvious imaging
artefacts due to residuals in the spectra of bright continuum sources
caused by imperfect bandpass corrections, due to the side-lobes of a
bright H I source outside the imaged field of view (NGC 3726) or due
to ripples in the noise caused by Radio Frequency Interference (RFI)
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A dearth of gas-rich dwarfs in Ursa Major 2617

residuals that become apparent only at the lowest angular resolutions
and that were not identified through visual inspection at the early
stages of data reduction.

5 VO L U M E C O R R E C T I O N S

To properly determine the HIMF in the UMa volume, it is necessary
to correct for the low-mass galaxies that could not be detected
because they are located at the far end of the survey volume, or
towards the edges of the imaged area where the primary beam
attenuation is significant, or in survey areas where the observational
noise is elevated. We need to understand these effects to be able
to calculate the correct volume corrections and note that different
assessments of the volume corrections might lead to different slopes
of the HIMF (Rosenberg & Schneider 2002; Zwaan et al. 2005). To
make an initial assessment of the severity of the incompleteness due
to a varying sensitivity across the UMa survey volume, we illustrate
two characteristics of our survey.

First, we divide the R2 and R10 ‘master’ mosaic cubes at the
highest angular resolution by the mosaicked relative gain cube
(Fig. 5) in order to apply the effective primary beam correction. As
a consequence, the noise in the resulting cube varies strongly across
the survey area. At each pixel position in the cube, we calculate
the rms noise in the corresponding spectrum and construct a two-
dimensional map of the spectral noise. From this spectral noise map,
we calculate the number of pixels and corresponding survey areas in
bins of 0.01 mJy per beam and plot this area as a function of rms
noise in the upper panel of Fig. 6. The noise varies by 1.7 dex (close
to the expected factor 43) while most of the survey area is covered
by lower noise values.

Secondly, we consider the maximum volume Vmax in which a
galaxy of a certain H I mass can be detected at the 6σ level, taking
into account the varying noise across the survey area after primary
beam correction. For each position �x on the sky, we calculate the
maximum distance Dmax(�x) at which a particular H I mass can
be detected given the spectral noise at that position. Note that
Dmax(�x) is restricted to the interval 14.7–21.6 Mpc. Subsequently, we
calculate the volume element V (�x) between 14.7 Mpc and Dmax(�x),
covered by a pixel at that sky position. We then add all volume
elements of all the pixels to calculate the total maximum volume
Vmax covered by the survey area in which a particular H I mass can
be detected. The results are plotted in the lower panel of Fig. 6
for two assumptions. The solid lines assume that the H I flux is
contained within a single Gaussian resolution element. The dashed
lines adopt the empirical relation between H I mass and line width as
established by Zwaan et al. (1997), also assuming that the H I profile
is Gaussian and that the minimum line width is set by the velocity
resolution of our observations. Considering the solid black line and
corresponding assumptions, we conclude that H I masses larger than
108.4 can be detected throughout the entire survey volume while
there is no volume within which H I masses less than 106.4 can be
detected.

For our UMa survey, the 1/Vmax method (Schmidt 1968) is most
appropriate. The essence of this method is to determine for every
object in our sample the maximum volume in which this particular
object could have been detected, as discussed above and illustrated in
the bottom panel of Fig. 6. A concern often raised is that the 1/Vmax

method can be biased by a non-uniform distribution of galaxies in
the survey volume. As can be seen from Fig. 3, indeed, the UMa
galaxies are not uniformly distributed. However, according to Zwaan
et al. (1997), the 1/Vmax method is nevertheless the best method for
a small sample like ours, since maximum likelihood methods can

Figure 6. Upper panel: Surveyed area on the sky as a function of primary
beam-corrected noise for two different resolutions (R2 and R10). Lower
panel: Volume sensitivity as a function of H I mass for different spectral
resolutions (R2 and R10) and linewidth assumptions (solid line: W20 =
FWHM and dashed line: W20 = 0.16 M1/3

H I ; Zwaan et al. 1997).

produce large errors when only a few galaxies per bin are present.
We also note that the effect of a non-uniform distribution is somewhat
mitigated by the fact that our survey area covers both high- and low-
density regions within the UMa volume.

For the purpose of calculating Vmax for each of our H I detections,
we note that H I signals are optimally detectable if the resolution of
the data matches the spatial extent and the line width of the source. We
assume that those dwarf galaxies that cannot be detected throughout
the entire UMa volume are spatially unresolved with Gaussian H I

line profiles in the smoothed, best-matching data cube in which they
are detected at the highest signal-to-noise level as listed in Table 4.
Furthermore, in order to convert the integrated flux into a total H I

mass, we assume that any H I detection is at a distance of 17.4 Mpc.
Subsequently, for each H I detection we calculate Dmax(�x) based on
the noise in its best-matching data cube, and derive the maximum
volume Vmax within which this galaxy could have been detected at the
6σ level, assuming a uniform distribution within the survey volume.
For each H I detection in our blind VLA survey, the calculated value
of 1/Vmax is plotted in Fig. 7.

For H I masses larger than 108.4 M�, our survey is clearly volume
limited, i.e. the survey volume does not increase for even larger H I

masses. Smaller H I masses cannot be detected throughout the entire
survey volume, with the result that Vmax decreases and log(1/Vmax)
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2618 E. Busekool et al.

Figure 7. The maximum volume for the galaxies detected in the VLA survey.

increases. For the lowest mass point at 106.6 M�, the correction
becomes extremely large. We therefore discard this point from the
subsequent derivation of the volume-corrected UMa HIMF. It is
intriguing, though, that no other reliable H I detection is found in the
range log(MH I) = 6.6–7.0 M�.

6 TH E H I M F

In this section, we explain how we derive the HIMF for UMa
by combining the targeted WSRT data with the results from our
blind VLA-D survey. We also investigate the impact of some of
the assumptions we have made and perform a sanity check on our
detection rate.

6.1 Combining the WSRT and VLA-D data

After calculating the volume correction for individual galaxies, it is
straightforward to calculate the HIMF. The red data points in the
upper panel of Fig. 8 show the UMa VLA sample after binning
the volume-corrected number of galaxies in 0.5-dex-wide mass bins.
The vertical error bars are the result of Poisson statistics, whereas the
horizontal bars indicate the width of the bins. The horizontal position
of a point within a bin indicates the average H I mass of the objects in
that bin. The histogram in the upper panel shows the volume-limited
survey of UMa carried out with the WSRT by Verheijen & Sancisi
(2001) as described earlier. The lower panel shows the distribution of
the observed H I masses of the galaxies detected in the VLA survey,
assuming that all galaxies are at the same distance of 17.4 Mpc.

The volume-corrected HIMF can be fitted with a Schechter (1976)
function

�(MH I) = dN

dlog(MH I)
= ln 10 θ∗

(
MH I

M∗
H I

)α+1

exp −
(

MH I

M∗
H I

)
. (1)

The best-fitting value of the slope α, as well as the characteristic
H I mass M∗

H I and the characteristic volume density θ∗ that define
the knee in the Schechter function, is found by minimizing χ2 for
the expected number of detections in each bin. For the fitting, we
used the Kapteyn package (Terlouw & Vogelaar 2015) and took an
iterative approach in which M∗

H I is based on the WSRT sample and
the slope α is derived from the VLA sample.

The high-mass end of the HIMF of the VLA sample is not very well
defined. The surveyed volume is too small to contain a significant

Figure 8. The HIMF in UMa as measured with the VLA and the WSRT.
Upper panel: Horizontal bars show the bin widths, and vertical errorbars
indicate the Poisson noise. The positions of the points along the horizontal
bars indicate the average H I mass of the galaxies within each bin (red dots).
The WSRT sample is plotted as a histogram. Lower panel: The number of
detected galaxies per bin.

number of high-mass H I galaxies. In order to constrain the high-
mass end, and thus to constrain M∗

H I, we use the WSRT sample of
UMa. We assume that this sample is complete in H I above a mass
limit of MH I >109.0 M�. This H I-complete sample is binned in bins
of 0.25 dex to obtain a good constraint on M∗

H I. The HIMF of this
sample is fitted with a Schechter function with a fixed slope of α =
−1.00. The M∗

H I from this fit is used as a fixed value of M∗
H I in the fit

of the VLA sample. The slope α from this fit is put back as the fixed
slope into a new fit to the WRST sample. The value of θ∗ is a free
parameter in each fit to allow for a consistent normalization between
the two samples. This procedure is iterated until the fitted values do
not change anymore.

We tested the effect of different binning of the VLA data on the
fitted parameters of the HIMF. We chose a bin width of 0.5 dex as a
compromise between the Poisson errors for each bin and the number
of bins available for fitting. However, we shifted the bins by 0.05 dex
to obtain 10 different binnings of the VLA data and performed the
iterative fitting of the HIMF as described above while keeping the
binning of the WSRT data unchanged. Fig. 8 shows the Schechter
function fit with the first bin centred on log(MH I/M�) = 7. The 10
fits produced parameters values with ranges of 0.22 < θ∗ < 0.40,
9.8 < log(M∗

H I) < 9.8, and −1.09 < α < −0.92 with weighted mean
values of θ∗ = 0.33 ± 0.18(± 0.06) Mpc−3 dex−1, log(M∗

H I/M�)
= 9.8 ± 0.83, and α = −0.96 ± 0.13(± 0.06). The quoted errors
are the quadrature sums of the weighted fitting errors due to the
Poisson errors on the data points, and the estimated errors based on
the parameter ranges assuming that they represent ±1.5σ . The latter
are shown in between brackets. We note that M∗

H I was determined
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A dearth of gas-rich dwarfs in Ursa Major 2619

Figure 9. Total flux (
∫

SdV) versus the heliocentric velocity for the galaxies
in the VLA sample (black circles) and the WSRT sample (open circles).

Figure 10. The HIMF calculated for different scenarios from Section 2.2:
(a) HIMF calculated with the geometrical distribution; (b) HIMF calculated
with TF distribution; (c) HIMF calculated assuming that all galaxies are
approximately at the same distance; and (d) HIMF calculated using the Hubble
flow to calculate the masses.

by the unchanging WSRT histogram and that the weighted errors are
dominated by the Poisson errors on the data points and not by our
choice of the bins. The value of θ∗ is based on normalization against
the WSRT sample.

6.2 The impact of our assumptions

The value of Vmax for an H I-detected galaxy depends on its total H I

mass and in section we assumed that all H I-detected galaxies are at
the same distance of 17.4 Mpc when converting their integrated H I

flux into a total H I mass. The assumption that all galaxies are exactly
equidistant is, however, an approximation. In fact, we do not know
the exact distances of individual galaxies within the UMa volume but
we can explore the impact of different assumptions regarding their
distances on the slope of the HIMF when calculating their H I masses
and corresponding Vmax values.

The UMa volume extends over significant depth, so perhaps the
average ensemble distance of 17.4 Mpc to calculate the H I mass
of individual galaxies is not appropriate. In large surveys, distance
uncertainties are a significant part of the uncertainty of the HIMF.

The depth of the UMa region is actually large enough, such that the
effects of a Hubble flow could be present within the volume. In Fig. 9,∫

SdV is plotted against Vhel from both the VLA (black circles) and
the WSRT sample (open circles), a clear signature of a Hubble flow
would be a paucity of objects with small

∫
SdV and large Vhel, since

dwarf galaxies are expected to be detected only at the near-side of
the volume. However, in this figure, objects with small

∫
SdV fluxes

appear at all velocities, arguing against the presence of a Hubble
flow. Another approach to check the presence of a Hubble flow is by
studying the residuals in the TF relation within the UMa region as
investigated by Verheijen (2001).

Panels 1a and 1b of fig. 8(A) of Verheijen (2001) illustrate the
deviation from the TF relation as a function of the systemic velocity.
From this figure, a possible correlation is shown between radial
velocity and the distance of a galaxy, hinting at the presence of a
Hubble flow in the UMa volume. One could wonder what the effect
would be if we give galaxies a distance according to their velocity.
This HIMF is shown in Fig. 10(d); θ∗ is normalized to represent the
number volume density of the entire UMa volume. Its slope is not
significantly different from the slope of the HIMF determined using
the mean distance to the volume, so a possible effect of the Hubble
flow does not change our results.

When using the 1/Vmax volume correction, the distribution of
galaxies is assumed to be uniform over the entire UMa volume.
Suppose that the surveyed volume has a different depth as described
in Section 2.2, we may expect to find a slightly different slope for
the HIMF when we use these different depths to calculate the HIMF
(adapting θ∗ such that it represents the entire volume). The various
panels in Fig. 10, however, demonstrate that the slope of the HIMF
will not be significantly different.

6.3 A sanity check: comparison with the ALFALFA HIMF

To emphasize that we find a significantly different slope of the HIMF
compared to ALFALFA, −0.96 ± 0.13 for UMa versus −1.37 ± 0.02
for ALFALFA, we made a more direct bin-by-bin comparison of our
detected number of galaxies with the expected number of detected
galaxies based on the ALFALFA HIMF, taking into account the
survey volume, depth, and primary beam attenuation and assuming
that galaxies are uniformly distributed in the UMa volume.

The slope of the HIMF of the UMa region is significantly different
from the HIMF slopes of HIPASS and ALFALFA. To emphasize this
finding, we determine the expected number of detections in case the
ALFALFA HIMFs were valid for the UMa volume. For this purpose
a Schechter function with M∗

H I and slope from the ALFALFA HIMF
is used. In order to perform a proper normalization (θ∗) for this
function, we determined θ∗ by fitting a Schechter function at the
highest mass points (around M∗

H I) of the VLA sample. The noise is
not uniform over the whole volume due to primary beam attenuation.
To take this into account, we divided the volume into five parts
with decreasing gain, so with increasing noise. We determined the
fraction of the whole volume that each part occupies. For each part,
there is a different completeness limit. The completeness limit can be
calculated by estimating the integrated flux of a galaxy. Assuming a
Gaussian emission line profile, a (faint) galaxy would be detected, if
it has an integrated flux density of six times the rms in four channels
and two beams. If the gain is 1.0, this completeness limit would be
Sint ∼ 0.19 Jy km s−1. For each part, we set an average gain and
calculate the corresponding completeness limit. We calculated the
number of galaxies in bins of 0.01 dex for each part and place them
into this part of the volume under the assumption that galaxies are
uniformly distributed over this part of the volume. For each galaxy,
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2620 E. Busekool et al.

Figure 11. The results of distributing the mock galaxies uniformly in the
UMa volume, assuming that all galaxies are at the same distance, and applying
a completion limit (black histogram) and the histogram of the VLA sample
(red histogram).

the flux that we would have observed if the noise was uniform over
this part of the volume is calculated. All galaxies with fluxes below
the corresponding completeness limit are eliminated. The remaining
fluxes are converted back into H I masses in the same way as was
done for the VLA sample: using the average distance to the volume
(17.4 Mpc). After having done this for all five parts, we combine the
results to obtain the result for the whole volume.

The next step is to bin these data in bins of 0.5 dex to enable
comparison with the histogram derived from the VLA observations.
The final histogram is shown in Fig. 11. This figure shows the
expected histogram based on the ALFALFA HIMF (black) and the
histogram from the detected galaxies in the UMa region (red).

Comparison of the histograms reveals a significant difference. At
large masses, the numbers of galaxies are similar, which is what
we would expect, since the slope has no effect on these numbers.
We already see a significant difference for the mass bin 108.5−109.0,
and this difference increases towards lower mass bins. At the lower
mass bins, the expected number of galaxies if the ALFALFA HIMFs
were valid within the UMa region is systematically higher than the
observed number of galaxies from the VLA sample.

7 D ISCUSSION

In this paper, we determined the HIMF of the UMa volume, with
best-fitting parameters of θ∗ = 0.19 ± 0.11 Mpc−3, log M∗

H I /M� =
9.8 ± 0.8, and α = −0.92 ± 0.16.

As shown in Section 6.3, we would expect many more detections
within the UMa volume if the ALFALFA HIMFs were valid. There is,
however, another effect besides the volume correction, which could
reduce the number of galaxies we would be able to detect and which
we did not consider in our analysis. Galaxies are harder to detect in
H I when they are edge-on: The linewidth broadens with increased
inclination, requiring more flux (i.e. higher H I mass) to rise above
the detection threshold. The UMa volume is relatively nearby and
the galaxies that could most likely be missed are dwarf galaxies with
Gaussian-shaped line profiles for which this effect is less severe. We
therefore ignored the effect of the inclination of a low-mass galaxy
on the completeness limit.

Another observational effect is that the galaxies in the observed
16 per cent of the volume may not be representative of the overall
galaxy population of the UMa region. Pak et al. (2014) compiled a
catalogue of the UMa region using redshifts with a completeness of
over 94 per cent within a range of 9 < r < 18 mag. We divided the
sample from this catalogue into two groups, bright galaxies with MB

< −16.5 and dwarf galaxies with MB > −16.5 and plotted those
galaxies (bright galaxies as black squares and the dwarf galaxies as
black crosses) in Fig. 12. It is clear from Fig. 12 that the distribution
of the dwarf galaxies follows the distribution of brighter galaxies.
Thus, the MF of galaxies in the observed 16 per cent of the volume
should be representative for the galaxy population of the entire UMa
volume.

Could a non-uniform distribution of galaxies in the survey volume,
invalidating the 1/Vmax volume correction, explain the discrepancy
between the number of expected and observed H I detections as
illustrated in Fig. 11? Given that the detection limit is lower for low-
H I mass galaxies in the nearby part of the volume than that in the
distant part, a higher density of galaxies at a larger distance in the
survey volume would qualitatively result in a relatively lower number
of low-mass galaxies. The detection limit, however, degrades only
with a factor 2 from the near end to the far end of the survey volume
while the difference shown in Fig. 11 is a factor 7. Furthermore, Fig. 9
does not hint at a skewed distribution of the recession velocities
or a statistically significant differentiation of recession velocities
between galaxies of low and high H I mass. Hence, we conclude that
a sufficiently strong galaxy density gradient along the line of sight
to invalidate the 1/Vmax volume correction is extremely unlikely.

Although the HIMF of the UMa region differs substantially from
the average HIMF of HIPASS and ALFALFA, it is similar to
other results in the literature. Comparing the HIMFs of group-like
environments shows that the result of the UMa region is very similar
to these results (de Blok et al. 2002; Kovač 2007; Freeland et al.
2009; Kilborn et al. 2009; Pisano et al. 2011).

An inconsistent result is reported by Stierwalt et al. (2009) for
the Leo I group. The HIMF slope of the Leo I group is steeper than
the slopes from the HIMF of HIPASS and ALFALFA, while its LF
is similar to the LF of the UMa region (Flint, Bolte & Mendes de
Oliveira 2003). The galaxy population of the Leo I group is, however,
quite different from that in the UMa region. The population of the
Leo I group consists for 69 per cent of low-mass objects (45 out of
65 galaxies have MH I < 108), LSB dwarf-rich galaxies, and three
bright L∗, early-type galaxies (Trentham & Tully 2002; Stierwalt
et al. 2009). The galaxy population of the CVn groups consists of
approximately 55 per cent (38 out of 70 galaxies have MH I <108) low-
mass objects and is dominated by late-type galaxies. The population
of the UMa region is different and consists of more field-like galaxies,
with relatively more late-type L∗ galaxies. Thus, though at first sight
the galaxy densities and environments are similar, the Leo I group,
the CVn groups, and the UMa region appear to have different galaxy
populations in terms of gas content and galaxy types and masses.
This indicates that besides general environment other properties are
instrumental in determining the observed differences. One of these
may be the precise (and hard to determine) balance between the
different physical processes responsible for galaxy transformation:
ram-pressure stripping, gravitational interaction and stripping, and
star formation-induced gas flows.

Zwaan et al. (2005) and Springob et al. (2005) studied the effect of
the environment on the HIMF. They both reported a relation between
the galaxy density and the HIMF slope, but interestingly, they found
effects in opposite directions. An important and difficult issue here is
how to define the environment. Both authors defined the environment
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A dearth of gas-rich dwarfs in Ursa Major 2621

Figure 12. Distributions of the catalogue of the UMa volume by Pak et al. (2014). Galaxies are divided as bright and dwarf galaxies according to the classification
from Pak et al. (2014).

by how many neighbours a galaxy has in a catalogue, but based their
result on different catalogues. Zwaan et al. (2005) use HICAT, an H I

catalogue containing all galaxies that have been used to determine
the HIMF. Springob et al. (2005) used the PCSz (IRAS), which
is dominated by dusty and star-forming objects. Both catalogues
represent different galaxy populations. It is therefore conceivable
that they find a different dependence on the environment. Properly
qualifying the environment is thus a prerequisite for studying the
dependence of the HIMF on environment.

The flat slope of the HIMF could be explained by a lack of low-
mass galaxies. Often the explanation for the flattening of the HIMF
slope is that this is the result of low-mass galaxies losing their gas
in a group-environment (Zwaan et al. 2005; Hess & Wilcots 2013).
There are mechanisms that only remove the gas from the galaxies and
leave the stellar component undisturbed. If this is the case, we should
be able to find those low-mass objects in the optical; hence, the LF
would be steeper than the HIMF at the low-luminosity end. However,
the LF of the UMa region derived in Trentham & Tully (2002) shows
that the slope is shallow as well (α ∼ −1.0). The Local Group shows
a similar trend; both the HIMF (Pisano et al. 2011) and LF (van
den Bergh et al. 1992) have flat slopes. In the Local Group, we also
see mechanisms such as ram-pressure and tidal stripping, and tidal
interactions, but on smaller scales (central galaxy – dwarf galaxy
interactions) (Mateo 1998; Spekkens et al. 2014). The flattening of
both the LF and the HIMF could be explained by various scenarios:
(i) The dark matter haloes never trapped any cold H I gas (Klypin
et al. 1999); (ii) the galaxies have lost their gas before they start
making stars; or (iii) the galaxies have been stripped from their gas
1–2 Gyr ago, have become ‘red and dead’ (Schawinksi 2014), and
are too faint to be catalogued optically.

The LF itself also has an environmental dependence. For example,
Croton et al. (2005) showed that the LF becomes steeper in denser
environments. Multiple mechanisms that affect both the gas and the

stars may be happening in a group-like environment, like stated
earlier in the introduction. In the UMa environment, the velocity
dispersion is low, which makes ram-pressure stripping unlikely, but
makes tidal interactions more effective. More detailed H I imaging
is needed to determine what mechanism(s) is responsible for the
alteration of the galaxy population in groups.

Instead of studying the influence of the cluster environment, group
environment, etc. on the steepness of the slope, we can also consider
the effect of the sphere of influence (SoI) of individual galaxies, in
particular the massive ones, on the slope of the HIMF that probes the
smaller objects. A relevant parameter then probably is the fraction
of the survey volume that is occupied by SoIs of galaxies above
a certain mass. We can define the SoI of a galaxy as the sphere
around a galaxy in which another galaxy can be stripped from its H I

gas. This can happen through either ram-pressure stripping or tidal
stripping, depending on the masses of the galaxies, the velocities of
the galaxies with respect to each other, and the presence of X-ray gas
in the halo. If a large fraction of the surveyed volume is occupied
by SoIs, one would expect a flat to declining HIMF slope, since
most dwarf galaxies will be stripped from their H I gas either through
ram-pressure or tidal stripping. If the dominant stripping process is
ram-pressure stripping, only the gas would be stripped, not the stars,
and the LF would remain steep. If the dominant stripping process is
tidal stripping, then the stars could be affected as well, also flattening
the slope of the LF. If a small fraction of the surveyed volume is
occupied by SoIs, one would expect a steeper slope for both the LF
and the HIMF, as dwarf galaxies are not (yet) stripped from their
H I gas.

It would be interesting to test this idea on UMa. The determination
of the SoI is difficult, but a crude approximation could be a fraction
of R200, as it depends on the mass of a galaxy. However, the precise
fraction of R200 remains unclear, as well as above which mass galaxies
actually have a significant SoI. To explore this idea further, we plot
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Figure 13. The UMa region with, for different mass ranges, visualizations of the different-sized virial zones. The virial zones plotted are from top to bottom:
0.75R200, 0.5R200, and 0.25R200. The mass selection of the plotted galaxies varies from left to right as: all galaxies with their virial zones, only virial zones of
galaxies with M200 > 106 M�, and only virial zones of galaxies with M200 > 107 M�).

in Fig. 13 the UMa region with SoIs assigned to galaxies of different
mass ranges (from left to right) and this SoI as a different fraction of
R200 (from top to bottom). We use the K-band luminosity and the TF
relation to calculate for each galaxy a Vflat and assuming that Vflat is
similar to V200, we then can calculate R200 and M200. The crosses are
all galaxies with MH I < 109 M� (which are the galaxies responsible
for the low-mass slope of the HIMF), the red crosses are the galaxies
present in both the VLA and the WSRT survey, and the blue crosses
are galaxies present only in the WSRT survey. Fig. 13 gives a first
impression of what fraction of the galaxies with MH I < 109 M� falls
within SoIs for which choice of SoI and M200.

Tully (2015a) (as well as Tully 2015b) introduced the second
turnover radius, R2t, the radius of a group within which one would
expect the satellite galaxies to be depleted in H I. R2t is approximately
half of the R200 of the brightest galaxy within a group, so the middle
panels from Fig. 13 roughly indicate the R2t’s of the UMa system.
If this is the most representative situation, then the majority of the
small galaxies are within R2t of at least all galaxies with M200 >

106, qualitatively explaining the flat slope of the low-mass end of the
HIMF. This is what we found in this study. Since both the HIMF and
the LF have a flat faint-end slope, we could argue that the dominant
stripping process in the UMa volume is tidal stripping. With this
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idea in mind, we can also revisit the results for the HIMF in other
environments, e.g. the Leo I and CVn I groups. Here, the fraction
of the volume taken up by significant SoIs is expected to be much
smaller and would lead to a steeper slope of the low-mass end of
the HIMF as observed in these groups (Kovač 2007; Stierwalt et al.
2009).

8 C O N C L U S I O N S

We derived the HIMF of the UMa volume, with best-fitting parame-
ters of θ∗ = 0.19 ± 0.11 Mpc−3, log M∗

H I /M� = 9.8 ± 0.8, and α

= −0.92 ± 0.16. This HIMF slope is consistent with a flat slope (α
= −1.00), in contrast to the slopes of HIPASS and ALFALFA. It is
similar to the slope of the LF of the UMa region.

Our data support an environmental dependence of the slope of
the HIMF. The UMa volume is an association of many groups with
relatively fewer low-mass galaxies. Therefore, we can conclude that
the galaxy population of groups seems to differ from the average
galaxy population. This indicates that the environment may play a
role in the evolution of galaxies. In a group environment, different
processes are dominant compared to the main processes in clusters.
Whether this is in the form of feedback or other mechanisms is not
clear.

Another way to quantify environmental effects is to examine the
SoIs of individual galaxies, an SoI being a sphere around a galaxy
in which another galaxy can be stripped from its H I gas. The slopes
of the faint end of the LF and HIMF could depend on the fraction
of the observed volume that is occupied by SoIs and on what type
of stripping (ram pressure or tidal) is dominant within those SoIs. If
ram-pressure stripping is dominant, then only the gas is affected (LF
remains steep and HIMF flattens); if tidal stripping is dominant, both
the gas and the stars are affected (LF and HIMF will both flatten).
In the UMa volume, both the LF slope and the HIMF slope are flat,
suggesting that tidal stripping may be the dominant stripping process
within the UMa volume.
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