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Abstract

We identify gravitationally bound structures in the Ursa Major region using positions, velocities and photometry from the
Sloan Digital Sky Survey (SDSS DR7) and the Third Reference Catalogue of Bright Galaxies (RC3). A friends-of-friends
algorithm is extensively tested on mock galaxy lightcones and then implemented on the real data to determine galaxy
groups whose members are likely to be physically and dynamically associated with one another. We find several galaxy
groups within the region that are likely bound to one another and in the process of merging. We classify 6 galaxy groups
as the Ursa Major ‘supergroup’, which are likely to merge and form a poor cluster with a mass of ~8 x 10" M.
Furthermore, the Ursa Major supergroup as a whole is likely bound to the Virgo cluster, which will eventually form an
even larger system in the context of hierarchical structure formation. We investigate the evolutionary state of the galaxy
groups in the Ursa Major region and conclude that these groups are in an early evolutionary state and the properties of

their member galaxies are similar to those in the field.
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1 INTRODUCTION

Conglomerations of galaxy groups that will merge to form
a cluster are called ‘supergroups’ (Gonzalez et al. 2005;
Brough et al. 2006a; Brough et al. 2006b). For example,
SG1120-12 (at z = 0.37) is comprised of four distinct galaxy
groups that are gravitationally bound to one another and will
merge into a cluster comparable in mass to Coma by z ~ 0
(Gonzalez et al. 2005; Tran et al. 2009). Supergroups provide
an ideal opportunity to study the effect of ‘pre-processing’
in the group environment. This may be responsible for the
observed differences between the properties of galaxies re-
siding in dense regions and those in the field.

Observations have shown that massive, bright, red, and
passive early-type galaxies are commonly found in dense en-
vironments, whereas low mass, faint, blue, and star-forming
galaxies dominate the less dense environments (e.g. Dressler
1980; Butcher & Oemler 1984; Kauffmann et al. 2004; Blan-
ton et al. 2005; Girardi et al. 2005; Ellison et al. 2009).
Galaxy properties begin to change from the ones in the field
to those of the dense environment at ~2-3 virial cluster
radii (e.g. Lewis et al. 2002). The projected surface density
at which these changes occur corresponds to ~1 Mpc~2,
which is similar to the density of poor groups (Gémez et al.
2003).
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The distinction between the cluster and group environ-
ment is not unambiguous. In dynamically evolved groups, hot
intra-group X-ray gas has been observed, which used to be a
distinctive feature of the cluster environment (e.g. Mulchaey
& Zabludoff 1998; Rasmussen, Ponman, & Mulchaey 2006).
Furthermore, these dynamically evolved groups have bright
ellipticals in the centre and a high fraction of early-type
galaxies which used to be typical for the cluster environ-
ment. Whilst galaxy groups and clusters can be comparable
in size (1-5 Mpc across), the term ‘cluster’ usually refers to a
numerous overdensity of galaxies (hundreds or even more
than a thousand galaxies), whereas the term ‘group’ is used
for a smaller accumulations (ranging from two to tens, but
also up to a few hundred galaxies—see Table 1 in Kilborn
et al. 2009 for examples of detailing galaxy groups). There-
fore, environment can be measured by the density of galaxies
per Mpc3. In general, clusters are more massive (> 104 Mg;
e.g. Gavazzi et al. 2009) than groups (10'2 — 10" M,
Brough et al. 2006b).

This is the second paper in a series analysing the nearby
Ursa Major region. The Ursa Major ‘cluster’ has been pre-
viously defined in the literature (Tully et al. 1996) and we
summarise this in the first paper (Wolfinger et al. 2013).
Clusters usually have a broader velocity distribution, a hot
intra-cluster gas which can strip the galaxies of their HI gas
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and an enhanced population of both the early-type (SO and
E) galaxies and the HI depleted spiral galaxies. For example,
(i) the velocity dispersion of Virgo is 715 km s~!, whereas
the velocity dispersion of Ursa Major is only 148 km s~!,
(ii) the number of early-type galaxies is 66 for Virgo as op-
posed to 9 for Ursa Major, and (iii) the number of late-type
galaxies is 91 for Virgo and 53 for Ursa Major (see Tully
et al. 1996 for quantitative differences between Ursa Major
and Virgo/Fornax). Given that the majority of the Ursa Major
members are Hl-rich spiral galaxies with a small number of
dwarf galaxies and a low abundance of elliptical galaxies as
well as a total mass <10'* M, a low velocity dispersion and
the non-detection of X-ray emitting intra-cluster gas, make it
apparent that Ursa Major does not meet the criteria for a clus-
ter. However, it is also clear that its structure is more complex
than a simple group. Our hypothesis is that Ursa Major is a
supergroup, i.e. Ursa Major is comprised of distinct galaxy
groups that are gravitationally bound to one another and will
eventually merge to form a cluster.

The aim of this paper is to identify gravitationally bound
structures in the Ursa Major region and to investigate the
evolutionary state of these structures. This paper is organ-
ised as follows: In Section 2, the optical and HI data of the
galaxy sample is presented. A friends-of-friends (FoF) al-
gorithm (Huchra & Geller 1982) is tested on mock galaxy
catalogues that are constrained by the real data to optimise
the choice of input parameters (Section 3). In Section 4,
an overview of the structures found in the Ursa Major re-
gion, their properties, and their dynamics are presented. The
evolutionary state of the Ursa Major galaxy groups are ex-
amined by investigating the location of the brightest group
galaxy (BGG; Section 4.5) and studying galaxy properties
as a function of environment (Section 5). Trends in colour,
morphological type, luminosity, and HI content as a function
of environment could indicate a transformation occurring in
the galaxies. In Section 6, we compare our picture of the
Ursa Major supergroup to previous studies (e.g. Tully et al.
1996; Karachentsev, Nasonova, & Courtois 2013) and ask
the question: ‘Will Ursa Major and Virgo merge to form
an even larger system?’. Throughout this paper, we assume
Hy =73 km s~ Mpc!.

2 THE GALAXY SAMPLE

2.1. Optical data

In order to analyse the region a velocity-limited (300 <
Vig <3000 km sh), absolute-magnitude-limited (M, <
—15.3 mag) and stellar-mass-limited (M, > 108 M,,) sample
of 1209 galaxies with spectroscopic redshifts residing within
930" < o < +14"30™ and 20° < § < +65° was obtained
from the Sloan Digital Sky Survey (SDSS DR7; Abaza-
jian et al. 2009) and the NASA/IPAC Extragalactic Database
(NED). The region of interest includes the Ursa Major ‘clus-
ter’ and its surroundings spanning approximately 400 Mpc?
at the distance of the ‘cluster’ (17.1 Mpc; Tully et al. 2008).
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The main SDSS galaxy sample (photometry and spec-
troscopy) is highly complete to an approximate apparent
r-band Petrosian magnitude of 17.77 (Strauss et al. 2002),
which corresponds to an absolute r-band magnitude of —15.3
at the upper velocity limit of 3 000 km s~!. However, incom-
pleteness in the spectroscopic sample occurs in high density
regions due to fibre constraints (fibres can not be assigned
to targets with separations <55 arcsec) as well as for the
brightest galaxies due to fibre magnitude limits (to avoid sat-
uration and crosstalk). Therefore, the SDSS catalogue is sup-
plemented with galaxies listed in NED (galaxy positions and
velocities) for which SDSS ugriz photometry are available—
the NED galaxies are matched to the closest SDSS galaxy
within 10 arcsec with photometric measurements only. Note
that for 17 galaxies, SDSS ugriz photometry are unavailable
due to nearby bright stars or artifacts (e.g. satellite or me-
teor trails). The RC3 catalogue (Third Reference Catalogue
of Bright Galaxies; de Vaucouleurs et al. 1991) is complete
for galaxies within the studied velocity range with apparent
diameters larger than 1 arcmin at the D25 isophotal level
and a total B-band magnitude limit of 15.5, which is used to
complement the data (diameters, magnitudes, colours, and
morphological types).

The full sample of galaxies listed in SDSS and NED
contains ~2 100 galaxies. Galaxies with angular separations
6, < 10 arcsec are assumed to be the same galaxy. These
doubles are automatically removed from the sample. Galax-
ies with angular separations 10 arcsec< 6, , < 5 arcmin are
inspected by eye to avoid fragmentation. In cases where the
SDSS detections are part of a galaxy and not individual galax-
ies, the SDSS objects are removed from the sample and the
RC3 data for the galaxy is utilised (where available).

The 1209 galaxies that are in our complete sample fulfill
the three selection criteria (M, < —15.3 mag, 300 < v; 4 <
3000 km s~ !, and M, > 108 M,). The absolute magnitudes
are corrected for Galactic extinction (Schlegel, Finkbeiner,
& Davis 1998) and inclination (Driver et al. 2008). Helio-
centric velocities are transformed into the Local Group rest
frame using the expression in Yahil, Tammann, & Sandage
1977):

Vig =cz+295sinl cosh —79.1 coslcosbhb —37.6sinb (€))

with / and b being the galactic coordinates of the galaxies.
The velocity distribution of the complete sample of galaxies
in the Ursa Major region is shown in Figure 1 wherein the
bulge dominated galaxies are shown in red and disk dom-
inated galaxies are shown in blue. The bulge-to-disc ratios
are measured by the concentration index of the r-band light
cr = r90/r50, where 90 and r50 are the radii within which
90 and 50% of the Petrosian flux. Early-type galaxies have
higher cr than later types. A separator of 2.6 is adopted to
define bulge dominated and disk dominated galaxies as pre-
viously used within the SDSS collaboration (Strateva et al.
2001; Shimasaku et al. 2001). For galaxies with morpholog-
ical s-types obtained from RC3, T-types ranging from —5 up
to 0 correspond to E to SOa galaxies (bulge dominated),
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Figure 1. (Top left) The fraction of bulge dominated galaxies in the complete sample per velocity bin. (Bottom left) The absolute velocity distribution of
the complete sample wherein bulge dominated galaxies are shown in red, disk dominated galaxies are shown in blue and galaxies with RC3 data without
morphological T-type available are shown in black (stacked histogram). The majority of galaxies in the Ursa Major region are disk dominated galaxies. The
overdensity appearing at ~1300 km s~! (marked with a vertical line) indicates the presence of the Ursa Major ‘cluster’ without an apparent overdensity
in early-type galaxies as one might expect for a dense environment. Note that the volume corresponding to a velocity bin increases from low to high
velocities, nevertheless, the overdensity is apparent. (Top right) The fraction of galaxies in the complete sample that are residing in groups (as determined
in Section 4.1) per velocity bin. (Bottom right) The velocity distribution per unit volume of the complete sample (stacked histogram). At low recession
velocities (v g < 1500 km s71), 30 to 60% of the galaxies reside in groups (corresponding to a high number density of galaxies or clustered galaxies),
whereas at higher velocities only 10 to 30% of galaxies are found in dense regions (corresponding to a low number density of galaxies or a less clustered

galaxy distribution).

whereas 0 < T — type < 10 represents Sa to Irr galaxies
(disk dominated). Galaxies with RC3 data without morpho-
logical T-type available are shown in black.

The top left panel in Figure 1 shows the fraction of bulge
dominated galaxies in the complete sample per velocity bin.
The majority of galaxies in the Ursa Major region are late-
type galaxies. The bottom left panel shows the velocity distri-
bution of the complete sample. The volumes corresponding
to the velocity bins grow non-linearly from the low to high
redshift Universe and one might expect a smooth, steady
increase in the number of galaxies for an absolute magni-
tude limited sample. The peak at ~1300 km s~! indicates
the presence of the Ursa Major ‘cluster’ without an apparent
overdensity in bulge dominated galaxies as one might expect
for the denser environment (further discussed in Section 5.1).
The velocity bins v, > 1500 km s~! show no significant
increase in the absolute number of galaxies in the growing
volumes.

The top right panel in Figure 1 shows the fraction of
galaxies in the complete sample that are residing in groups
(with number of group members N, > 4 as identified in Sec-
tion 4.2) per velocity bin. The bottom right panel shows the
velocity distribution of the complete sample per unit volume.
At low recession velocities (v; g < 1500 kms™1), 30 to 60%
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of the galaxies reside in groups (corresponding to a high
number of galaxies Mpc— or clustered galaxies), whereas
at higher velocities only 10 to 30% of galaxies are found
in dense regions (corresponding to a low number density of
galaxies or a less clustered galaxy distribution) indicating
a high fraction of non-group galaxies, e.g. isolated galax-
ies or galaxies residing in small groups (with N, < 4). The
drop in fy,o,, just beyond 1300 km s~! suggests a picture of
the Ursa Major cluster/groups as having low density regions
behind it.

The stellar M/L ratio in Bell et al. (2003) is given as a
function of SDSS colour:

log (M, /L,) = —0.499 +[1.519 x (g— )] )

The galaxy luminosity in a certain band is given by
L
Ze 04, oM ) 3)
LO

Therefore, the stellar mass is calculated using

log oM, = —0.499 + [1.519 x (g— )] — 0.4 x (M, — M, ,)
“
in which the absolute magnitude of a galaxy as a function of
apparent magnitude and distance (in parsec) is given by

M, =m, —2.5 x log,,(d/10)* 5)


http://dx.doi.org/10.1017/pasa.2016.31
https://doi.org/10.1017/pasa.2016.31

An absolute g-band magnitude of the sun M , = 5.45
(Blanton et al. 2003) is adopted. Similarly, the stellar mass
can be calculated for the RC3 data (using the absolute B-
band magnitude My and B — V colour) with the stellar M/L
ratio given in Bell et al. (2003) and adopting an absolute
B-band magnitude of the sun M 3 = 5.48 (Binney & Mer-
rifield 1998). In cases where the stellar mass estimates from
SDSS and RC3 disagree, the galaxy sizes are compared to
investigate if the discrepancy is due to fibre magnitude limits.
If the size measured in SDSS (r90) is much smaller than the
diameter in RC3 (D25), the stellar mass estimate from RC3 is
preferred. For 134 galaxies, RC3 data is utilised (magnitude,
stellar mass, colour, and morphological type). The stellar
mass distribution of the complete sample is shown in Figure 2
(top) wherein bulge dominated galaxies or RC3 galaxies
with —5 < T—types < 0 are shown in red and disk domi-
nated galaxies or RC3 galaxies with 0 < T — types < 10 are
shown in blue. On average bulge dominated galaxies tend
to have larger stellar masses than disk dominated galaxies
(red dashed line at M, = 10°3 M, as opposed to the blue
dashed line at M, = 10° M,,). However, given that the aver-
age stellar mass for early/late type galaxies lie in the same
bin, it is unlikely that the offsets are statistically significant.
The dashed horizontal lines (black) indicate the number of
galaxies for which HI masses are available (as discussed in
the following section).

2.2. HI data

In Wolfinger et al. (2013), the first blind HI survey of the
Ursa Major region (covering 480 deg® and a heliocentric
velocity range from 300 to 1900 km s~!) is presented as
part of the HI Jodrell All Sky Survey (HIJASS; Lang et al.
2003). The measured HI parameters are in good agreement
with previous values in the literature (where available) for
HIJASS detections with one, clear associate counterpart. For
confused HIJASS detections, i.e. numerous optical counter-
parts within the beam which may all contribute a significant
amount of flux to the HI detection, high-resolution inter-
ferometric datasets by Kovac, Oosterloo, & van der Hulst
(2009) and Verheijen & Sancisi (2001; both using the West-
erbork Synthesis Radio Telescope) are used preferentially
over the Jodrell single-dish observations in the following
analysis. Furthermore, HI data presented in Haynes et al.
(2011) as part of the ALFALFA survey using the Arecibo
telescope (covering a strip in the southern part of the region:
+24° < § < 428°) as well as a compilation of HI properties
of a homogenous sample of more than 9 000 galaxies from
single-dish observations presented in Springob et al. (2005)
are utilised.

The HI mass distribution for 294 galaxies is shown in
Figure 2 (bottom) wherein bulge dominated galaxies are
shown in red and disk dominated galaxies are shown in blue.
There are very few gas-rich early-type galaxies (bulge dom-
inated) in the Ursa Major region (with My > 10> M).
On average, disk dominated galaxies tend to have larger
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Figure 2. Stellar and HI mass histograms in the Ursa Major region. (top)
Stellar mass histogram of the complete sample wherein bulge dominated
galaxies are shown in red and disk dominated galaxies are shown in blue.
Stellar masses are estimated using Bell et al. (2003). The average mass of
bulge dominated galaxies is larger than the average mass of disk dominated
galaxies (dashed vertical lines in red and blue, respectively). The dashed hor-
izontal lines (black) indicate the number of galaxies for which HI masses are
available. (Bottom) The HI mass histogram similar to the stellar mass his-
togram. There are very few gas-rich early-type galaxies (bulge dominated)
in the Ursa Major region (My; > 1093 M,,). On average, disk dominated
galaxies tend to have larger HI masses than bulge dominated galaxies (blue
dashed as opposed to the red dashed line).

HI masses than bulge dominated galaxies (blue dashed line
at My = 10° M, as opposed to the red dashed line at
My = 1033 M,).

The HI-to-stellar mass fraction as a function of stellar mass
is shown in Figure 3 (fop). Bulge dominated and disk domi-
nated galaxies are colour coded in red and blue, respectively.
The HI-to-stellar mass fraction is anti-correlated with stellar
mass. Galaxies with large stellar masses (M, > 10°°M,)
and small HI-to-stellar mass fractions tend to be bulge
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Figure 3. (Top:) Hl-to-stellar mass fraction as a function of stellar mass.
Bulge dominated galaxies are shown in red and disk dominated galaxies are
shown in blue. Galaxies with large stellar masses (M, > 1093 MO) and small
HI-to-stellar mass fractions tend to be bulge dominated galaxies, whereas
disk dominated galaxies are predominantly gas-rich objects. (middle and
bottom:) HI mass-to-light ratio as a function of absolute magnitude for SDSS
(g-band middle) and RC3 (B-band, bottom) data. The HI mass-to-light ratios
are higher for faint galaxies (towards —14 in absolute magnitude, which are
mostly disk dominated galaxies) than they are for bright galaxies (towards
—22 in absolute magnitude). Outliers with log,, (My;/M, ) < 1.8 reside in
galaxy groups as determined in Section 3.
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dominated galaxies, whereas disk dominated galaxies are
predominantly gas-rich objects with higher HI-to-stellar
mass fraction and smaller stellar masses (M, < 1095 My).
The linear regression fit to the data is of the form:

10g10(MH]/M*) =« IOg]()(M*) + ﬁ (6)

with o and B as stated above the figure as well as the standard
deviation o.

The HI mass-to-light ratio as a function of absolute mag-
nitude for SDSS (g-band) and RC3 (B-band) data are also
shown in Figure 3 (middle and bottom, similar to the fop). The
HI mass-to-light ratios are higher for faint galaxies (towards
—14 in absolute magnitude, which are mostly disk dominated
galaxies) than the HI mass-to-light ratios for bright galaxies
(towards —22 in absolute magnitude). The figures show a
larger spread in the HI mass-to-light ratio for bright galax-
ies (outliers towards negative HI mass-to light ratios, which
are mostly bulge dominated galaxies) suggesting that bright
galaxies lack quantities of HI in comparison to their stellar
content, which may have been consumed in star formation or
being removed from the galaxies. Note that the outliers with
log,o(My/M,) < 1.8 reside in galaxy groups as determined
in Section 4.2.

3 DEFINING STRUCTURES

In this Section, we describe the FoF algorithm that has been
developed in order to identify bound structures in the Ursa
Major region. A similar approach as in Huchra & Geller
(1982) is followed to implement the FoF algorithm. In Sec-
tion 6.1, the identified FoF groups are compared to a recently
presented all-sky catalogue of 395 nearby galaxy groups with
vig < 3500kms~! (Makarov & Karachentsev 2011) as well
as the original cluster definition of Tully et al. (1996).

3.1. Friends-of-friends algorithm

To identify galaxy groups or clusters whose members are
likely to be physically and dynamically associated, we use
a standard FoF algorithm (Huchra & Geller 1982). Galaxies
are associated as ‘friends’ within certain projected and line-
of-sight linking lengths. The projected separation (in Mpc)
between two galaxies is given by

v+,

H,

D,, =sin(6/2) @)

where 6 is the angular separation of the two galaxies and v,
and v, refer to their velocities (Huchra & Geller 1982). The
radial velocity difference is given by

Vip = vy — v, (®)

(Huchra & Geller 1982).

Two galaxies are associated as ‘friends’ if their projected
separation and radial difference are smaller than certain link-
ing lengths:

o ®
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and
V, <V, (10)

The galaxy groups consist of ‘friends’ and their ‘friends’.
Hence, galaxies that are not directly associated with one
another can still be linked together by a chain of com-
mon ‘friends’ (see Figure 1 in Robotham et al. 2011 for a
schematic and Figure 1 in Huchra & Geller 1982 for a flow
chart of the grouping algorithm). Only groups with N | > 4
are considered as smaller ones are likely to be false positives
(e.g. Ramella et al. 1995).

Note that Robotham et al. (2011) introduce further param-
eters to allow the linking lengths to scale as a function of
the observed density contrast and to allow for larger link-
ing lengths for bright galaxies. These parameters are shown
to cause only minor perturbations to the grouping and may
even be completely negligible. Therefore, we only consider
the dominant parameters D, and V|, in our grouping algo-
rithm, which are determined in the following section using
mock catalogues.

3.2. Optimising linking lengths using mock
catalogues

To determine the optimal linking lengths for the FoF algo-
rithm (D, and V};), we analyse mock galaxy catalogues gen-
erated with semi-analytic models (Croton et al. 2006), that
are based on N-body simulations. The Croton model uses
the Millennium Simulation (Springel et al. 2005), which is
a large N-body simulation of dark matter structure in a cos-
mological volume—tracing 10 billion dark matter particles
in a cubic box of 500 #~! Mpc on a side through cosmic time
with a halo mass resolution of ~5 x 104! M. The cos-
mological model in Millennium simulation is 2y, = 0.25,
Q, = 0.75, and Hy = h 100 km s~' Mpc~! with & = 0.73.
Semi-analytic prescriptions are coupled with the output of
the dark matter simulation to describe the baryonic physics,
i.e. the formation and evolution of galaxies.

The mock catalogues are obtained from the Theoretical
Astrophysical Observatory (TAO; Bernyk et al. 2016). TAO
enables the conversion of the simulation output into mock
observables, i.e. lightcones. It also allows us to compute
the magnitudes of each galaxy in various filters, including
those we need in this paper. The SDSS magnitudes are es-
timated based on the galaxy model by Croton et al. (2006)
and stellar population synthesis models by Conroy, Gunn, &
White (2009). We analyse 50 mock lightcones, which do not
spatially overlap. To test the group finder on realistic mock
galaxy catalogues, the same limitations as in the real data are
applied, i.e. the same volume, absolute magnitude limit, and
stellar mass cut, which lies above the mass resolution limit
of the Millennium simulation. The number of galaxies in the
mock lightcones vary from 70 to 1 200 representing a wide
range of environments.

We determine the appropriate linking lengths D,, and V,,
from the two-dimensional parameter space, which is mapped
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out for groups with N, > 10. Smaller groups show system-
atic deviations in abundance, projected sizes, and velocity
dispersions (Berlind et al. 2006). The aim is to maximise the
correspondence between real space groups and redshift space
groups, i.e. maximise the group detection rate with adequate
group properties (velocity dispersion, maximal radial extent,
and number of group members) whilst keeping the fraction
of spurious groups in redshift-space low.

First, the FoF algorithm with a single linking length is ap-
plied to the real-space mock catalogues (starting at 0.10 Mpc
up to 0.50 Mpc in steps of 0.01), i.e. the linking volume is a
sphere. Second, the FoF algorithm with two linking lengths
(projected separation between 0.13 to 0.50 Mpc and radial
velocity differences between 40 to 400 km s~') is applied
to the redshift-space mock catalogues, which searches for
‘friends’ within a cylinder.

In Figure 4, the total number of galaxy groups recovered
in real-space (N, ., ; A) and redshift-space (N, ,,.; B) are
shown. The number of galaxy groups increases with linking
lengths. However, it is not a monotonic increase as galaxy
groups can merge to from larger structures. The relative dif-
ference between the number of galaxy groups is given by

N obs - N real
AN, = % (11)

g.real

and is shown in panel C. The region where the FoF algorithm
recovers a similar number of galaxy groups (JAN,| < 0.2)
is highlighted in black. The radial velocity difference V,,
seems to be most adequate in a narrow range between
90-150 km s~ !, which is of the order of the velocity dis-
persions of groups. The parameter space D, < 0.3 Mpc and
Vo 2 250 km s~! is not appropriate as up to four times as
many galaxy groups as expected are found, i.e. the number
of spurious groups is high.

To compare the properties of the ‘real-space groups’ to the
‘redshift-space groups’, the groups must be matched in a one-
to-one way. Here, the galaxy groups are matched when they
contain more than 50% of their respective group members
(bijective match; Robotham et al. 2011). If no bijective match
is found, the ‘best match’ is identified, which is the group
with the largest product for the relative membership fractions
as described in Robotham et al. (2011). Other matching sce-
narios are the group that contains the central galaxy, or the
group whose centroid is closest to the real centre.

The average relative difference of a group property, e.g.
velocity dispersion, is calculated using

2 : Gv,obs - Gv.real

o
N match v, real

v N

match

Ao (12)
Similarly, the average relative difference in the number of
group members and radial extent are calculated. The regions
where the FoF algorithm recovers groups with similar prop-
erties are highlighted in black (| Aprop| < 0.2) in Figure 4.
The group velocity dispersions in redshift-space are in
good agreement with the group velocity dispersions in
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Figure 4. Evaluation of the FoF algorithm using mock galaxy lightcones. The number of galaxy groups recovered in real-space (A), redshift-space (B),
and their relative difference (C). The region where the FoF algorithm recovers a similar number of galaxy groups to that expected from the mock catalogues
is highlighted in black. The next three panels show a comparison of the group properties in real-space to the properties of the bijective or ‘best match’ in
redshift-space: the relative differences in velocity dispersion (D), the number of group members (E), and the maximal radial extent (F). The regions where
the FoF algorithm recovers groups with similar properties are highlighted in black. (G) The percentage of galaxy groups in real- and redshift-space that are
bijective matches, i.e. groups that contain more than 50% of their respective group members. (/) Schematic of regions with a high rate of bijective matches
(in yellow) and a similar number of galaxy groups in real- and redshift-space (in green). Regions where the FoF algorithm recovers groups with similar
properties to their respective groups in real-space: the relative differences in (i) velocity dispersion in grey, (ii) the maximal radial extent in blue, and (iii)
the number of group members in red. As the shaded regions do not overlap, the choice of linking parameters is not obvious. The linking parameters adopted
in this work are indicated by the white cross. For comparison, the large-scale structure of the Ursa Major region found using ‘looser’ linking lengths are
indicated by the white circle (which are also discussed in some of the following sections).

real-space for most of the parameter space (D). Where D, 2>
0.4 Mpcand V, > 260 km ™!, the group velocity dispersions
in redshift-space are overestimated and for D,, 2 0.25 Mpc
and V, <120 km s~!, the group velocity dispersions in
redshift-space are underestimated by more than 20%.

The black region in panel E in Figure 4 shows linking
lengths that pass the number of groups members test. Below
D, < 0.2 Mpc not enough group members are found. The
parameter space D, > 0.35 Mpc and V;, > 200 km s~! is not
appropriate as up to four times as many group members as
expected are found, i.e. the number of interlopers is high.
A similar result can be seen in panel F where the relative
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difference in radial extent is shown. The average radial extent
becomes up to four times as large as expected for D, >
0.35 Mpc and V,, > 200 km s~ .

In panel G, the percentages of bijective matches (E,)
are shown as defined in Robotham et al. (2011). The per-
centages range from O (no bijective matches) up to 30%.
As one might expect, the bijective matches increase with
linking length as groups merge and become less ambiguous.
However, where linking lengths D, 2 0.4 Mpc, the percent-
age of bijective matches decreases for larger radial velocity
differences (V, = 250 km s™!) as the fraction of interlopers
increases.
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Figure 4 also shows a schematic of the regions that pass
the various tests (H). The regions with highest rates of bijec-
tive matches are shown in yellow, the regions with a simi-
lar number of galaxy groups in real- and redshift-space are
shown in green. Regions where the FoF algorithm recov-
ers groups in velocity space with similar properties to their
respective groups in real-space are shown in grey (velocity
dispersion), blue (maximal radial extent), and red (number
of group members). As the shaded regions do not overlap,
there is no obvious choice of linking parameters. However,
some parameter spaces can be ruled out: V, > 160 km s~ is
not appropriate as the number of spurious groups increases,
whereas V;, < 100 km s~! underestimates the velocity dis-
persions of the recovered groups. D, S 0.2 Mpc does not
recover enough group members, whereas D, 2 0.33 Mpc
overestimates the radial extent of the groups. Therefore, the
linking lengths adopted in this work are D, = 0.3 Mpc and
Vo = 150 km s~! (marked with a white cross in Figure 4).
The choice of D, is constraint by the relative differences in
the number of group members (E) and the maximal radial ex-
tent (F), whereas V, is constraint by the relative differences
in the number of galaxy groups recovered (C) and the veloc-
ity dispersion (D). For comparison, we sometimes discuss
‘looser’ linking lengths D, = 0.43 MpcandV, = 120kms~!
in the following analysis of the galaxy groups, which re-
cover a structure close to the ‘Ursa Major cluster’ as previ-
ously defined in the literature (marked with a white circle in
Figure 4). The radial extent of these ‘looser’ groups will be
overestimated, but the number of bijective matches is high as
galaxy groups merge and become less ambiguous. Note that
in comparison to previous work, e.g. Brough et al. (2006b),
our adopted line-of-sight linking length used here is rather
tight. Brough et al. (2006b) use an FoF algorithm to ex-
amine substructures in the Eridanus region (velocity range
500-2 500 km s~ ') with linking parameters D, = 0.29 Mpc
and V, = 347 km s~!. If we used this ‘loose’ radial link-
ing length, there would be a high number of interlopers in
the groups.

To test for the fidelity of the FoFs group catalogue with
respect to the halo distribution, we compare their halo mul-
tiplicity functions. The halo multiplicity function describes
the distribution of mass as a function of halo mass (e.g.
Springel et al. 2005). If the multiplicity functions are suf-
ficiently similar the FoFs groups will faithfully reflect the
correct dark matter halo distribution. To justify that our
choice of linking lengths produces FoFs groups that reflect
the underlying dark matter distribution, we turn to the tests
presented in Berlind et al. (2006). These authors show that
the halo multiplicity function of FoFs groups is within 10%
of the dark matter distribution for range of linking lengths
around b, = 0.14, b” = 0.75, and is particularly good for
groups with N > 10. In these units, our linking lengths
are withing 10%, b, = 0.12, b” = 0.83. Berlind et al. find
that halos with N > 5 have a completeness of more than
95%, and the fraction of spurious groups with N > 5 is less
than 5%.
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4 RESULTS

4.1. Group properties

The FoF algorithm with linking parameters D, = 0.3 Mpc
and V, = 150 km s~! was implemented on the complete sam-
ple of 1 209 galaxies in the Ursa Major region (see Section 2).
We find 41 galaxy groups in the Ursa Major region. After
defining the luminosity-weighted centroid (RA, Dec., and
recession velocity), the maximal radial extent and the veloc-
ity dispersion, faint galaxies within each cylindrical volume
(that are not part of the complete sample) were added as
group members and the group properties were re-calculated.
The groups and their properties are listed in Table 1 sorted
with increasing central recession velocity.

The columns are as follows: column (A1) contains the
group ID used in this work, which is the name of the bright-
est group galaxy (BGG); column (A2) gives the number of
group members in the full and complete sample (in brackets,
with M, < —15.3 mag and M, > 108 M,); columns (A3)
and (A4) list the group luminosity-weighted centroid [RA
(J2000), Dec. (J2000)]; column (AS5) contains the luminosity-
weighted central velocity in the Local Group rest frame
(km s~') and its error; column (A6) gives the group’s ve-
locity dispersion and its error (km s~!); column (A7) lists the
radius rs,, with its error (Mpc); column (A8) contains the
virial mass estimate and its error (My); column (A9) gives
the crossing time as a function of Hubble time (H; 1y and its
error; columns (A10) and (A11) list the total group luminos-
ity and mass-to-light ratio with their errors; column (A12)
gives a lower limit of the total HI mass in the group (all
members with HI masses available are summed; M,); col-
umn (A 13) contains the fraction of bulge dominated galaxies
in the group and column (A 14) lists the maximal radial extent
of the group (Mpc).

The velocity dispersion of the galaxy groups is estimated
as discussed in Beers, Flynn, & Gebhardt (1990) wherein
the gaps between the ordered velocities are calculated
g =V —v fori=1,2,...,N—1. With weights de-
fined as w;, =i(N —1i), the wvelocity dispersion is
given by

N N-1
0, = ——— w,g;. (13)
NN —-1) ;

This is known as the gapper technique, which gives robust
estimates of the velocity dispersions for small groups. The
errors are calculated using the jackknife method. The radius
I'soo 1s calculated as in Osmond & Ponman (2004):

0.0960,
oo = (14)
corresponding to an overdensity of 500 times the critical
density with errors estimated by standard error propagation.
The crossing time as a function of Hubble time (H, Y is given
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Table 1. The galaxy groups and their properties, which have been found in the Ursa Major region.

RA Dec. v, o, Ts00 M, I, L, M, /L, log (MHI, min) Tnax
ID N, (N)  (J2000.0) (J2000.0) (kms~!) (kms~1) (Mpc) (10° M) (HyY 1o'"ry) Mg/Ly) M) earty  (MpO)
(A1) (A2) (A3) (A4) (A5) (A6) (A7) (A8) (A9) (A10) (A11) (A12) (A13)  (Al4)
MESSIER106 6 (4) 12:17:03.99  47:01:17.2 454 + 91 56 £23 0.07+003 021017 0.11 £0.057 0.16 +£0.006 130 £ 107 9.88 0.0 0.21
NGC4449 15 (6) 12:29:36.80  42:57:21.0 489 + 40 814+ 19 0.11+£002 046+0.17 0.07£004 0.14 = 0007 319 £ 118 9.83 0.0 0.38
NGC4278 10 (5) 12:22:01.90  29:09:21.2 498 + 27 4748 006+001 0.11=£0.14 0.11=40.042 0.05=+0.01 235 + 288 8.47 0.4 0.33
NGC3972 4(4) 11:55:01.04  55:15:553 738 + 32 23425 0.03+£003 00802 021=+0249 0.03+0.007 270 + 675 8.75 025  0.11
NGC4026 30(12)  11:54:47.33  49:43:229  820+36 111412 0.15+0.02 076+£0.19 0.09 4 0.012 0.19 £0.012 397 £ 97 10.16 0.5 0.5
NGC3938 20 (16)  12:01:34.69 43:40:49.1 891 £80 152425 024003 1.16+ 041 0.05+0.012 036 +0.022 327 + 115 10.07 0.31 0.45
NGC4274 13 (7) 12:20:41.42  29:39:31.4 907 +£73  1214+22 0.16+0.03 06£022 0.06=+0.013 0.19+0.013 313 £ 115 7.5 029 027
NGC5033 18 (7) 13:12:19.02  36:42:33.0 923 +54 155424 024003 0.95+04 0.04 +£0.011 028 +£0.037 341 + 142 10.06 0.0 0.57
NGC4725 8 (6) 12:50:17.48  25:35:09.4 1044 + 61 148 =52 0.19 £ 0.07 134 £0.96 0.07 & 0.031 0.33 = 0.008 400 =+ 288 9.92 033 048
NGC3998 29 (14)  11:55:07.36  55:35:323 1065 202 188 4+ 15 025+ 0.02 245+ 0.66 0.05+ 0.009 0.22 £ 0.009 1116 + 299 8.75 0.21 0.47
NGC3301 5(5) 10:36:55.72  21:45:37.8 1093 + 47 61 £36 0084005 025015 0.16+£0.111 0.08 £0.003 335+ 195 8.73 0.4 0.47
NGC3079 5(5) 10:01:53.03  55:40:16.0 1118 + 181 121 £54 0.16 £0.07 036+0.7  0.02 +0.015 0.1 £0.006 354 + 683 9.94 0.2 0.14
NGC3992 5(4) 11:57:38.07  53:22:30.8 1267 + 54 434+ 17 0.06+0.02 0.04 £0.02 0.08=+0.034 0.28 £ 0.003 1349 9.82 025  0.11
NGC3248 8 (6) 10:28:06.76  22:58:55.8 1270 + 33 67 £22 0.09+0.03 029+0.17 018 £0.066 0.06=+ 0.001 443 + 257 8.4 0.5 0.39
NG(C3245 9 (6) 10:29:26.43  28:49:340 1328 £34 101 £36 0.13£0.05 0364022 0.07 +0.037 025+ 0.009 144 + 87 9.85 0.5 0.38
NGC3003 6 (6) 09:50:16.61  33:10:26.1 1346 + 27 62 +33 0.08+£004 027+£0.17 022+0.124 0.1140.003 238 + 147 0.0 0.5 0.51
NGC3430 6(5) 10:51:00.87  32:55:582 1373 £ 22 13+£6 0.02+001 001 +£004 0.18=+0287 0.16 =+ 0.013 5425 10.11 0.4 0.14
NGC3193 12 (8) 10:18:02.96  21:47:34.2 1383 + 53 844+8 0.11+£001 037+019 0.09+0018 02740006 140 £ 70 8.8 038 034
NGC5582 4 (4) 14:21:11.60  39:41:27.4 1385 + 40 17+ 11 002001 0.11£0.14 046+ 0459 0.12 £ 0.004 94 + 116 0.0 0.5 0.27
NGC3414 6(5) 10:51:17.49  27:59:33.2 1458 £ 169 177 £ 71 023 £0.09 047 £ 027 0.01 £ 0.006 0.14 £ 0.006 334 + 192 8.57 0.2 0.06
NGC3683 22 (14)  11:36:00.83 57:56:30.0 1478 £266 87420 0.11 £0.03 069+ 02  0.13+£0.037 022=+0.003 317 + 93 9.78 0.21 0.6
NGC5473 20 (15)  14:04:55.15  55:13:26.7 1697 £88 1234+ 15 0.16+0.02 085+03 007 £002 045=+0.006 189 + 67 0.0 033 039
NGC5631 6(5) 14:26:21.60  56:33:51.1 1743 + 51 66 +30 0.09+0.04 012+0.11 0.08+0068 0.11=40.003 111 =£95 0.0 0.2 0.26
UGC06570 4(4) 11:35:14.96  35:19:06.1 1892 + 21 36 £25 0.05+£003 013+£0.13 038+0282 0.124 0001 109 + 109 9.14 075 04
NGC3613 21 (16)  11:20:00.84  58:29:11.5 1893 + 54 1294+ 18 0.17 £0.02 145+ 046 0.08 £0.02 075 £0.009 194 + 62 10.19 0.19 063
NGC5322 17 (16)  13:49:54.56  60:17:023 1923 £286 93 +£22 0.2 +£0.03 1.32+£038 0.11 £0.032 0.66 & 0.01 200 =+ 57 0.0 0.31 0.54
NGC3665 20(15)  11:24:13.44  38:31:25.7 1944 + 166 197 £ 17 026 +£0.02 213 +£0.69 0054001 038+ 0011 559 & 181 9.74 027 043
UGC09112 5(4) 14:12:46.90 47:44:484 2136 £ 68 117+ 63 0.15+0.08 1.14 4059 0.11 £ 0.066 0.02 & 0.001 4619 + 2372 0.0 0.0 0.39
UGC09071 6(5) 14:10:37.19  54:05:00.7 2160 + 58 7135 0.09+£0.05 073 +£047 0.18+£0.091 0.05 4 0.001 1435 + 917 0.0 0.0 0.37
NGC3182 6 (6) 10:20:35.57 58:11:49.6 2323 + 101 87 +44 0.11 £0.06 074 +0.72 0.14 £ 0.074 0.22 £ 0.001 340 + 328 9.68 033 037
SBS1144+591 4(4) 11:47:05.81  58:53:51.1 2349 + 23 47 £30 0.06 4 0.04 0.03 4 0.0 0.06=+ 0.067 0.01 +0.001 298 & 128 0.0 025 0.1
NGC5371 39 (31)  13:53:01.51 40:12:353 2350 £94 1864+ 20 024 +£0.03 267 £0.67 007 £0.013 194 +0.022 138 £ 35 10.28 048 081
NGC5289 9(8) 13:45:11.39  41:35:42.4 2382+ 136 84 427 0.11 £0.04 041 +£04  0.08 +0.039 0.06 +£0.014 677 + 656 9.67 0.0 0.55
UGC08603 6(5) 13:36:31.37  44:39:43.4 2480 £93 102+ 51 0.3 £0.07 036 +£026 0.05+0032 0140001 367 + 264 0.0 0.2 0.14
NGC5198 4(4) 13:29:42.84  46:37:56.0 2481 + 50 48 £31 0.06 4 0.04 0454058 02=40.143 022 +0.004 205 =+ 265 9.25 025 024
CGCG293-042 5(4) 12:54:45.96  58:51:31.5 2490 + 45 70 £ 34 0.09 £0.04 007 £0.18 0.05+0.029 0.07 & 0.001 100 £ 260 9.53 0.5 0.28
NGC5336 5(5) 13:51:17.43  43:21:57.2 2513 + 61 56 +22  0.07£0.03 079 +0.63 0.18=+0.115 0.11 +0.001 741 & 595 9.9 0.0 0.32
MCG+11-16-005 4 (4) 12:44:08.26  62:15:32.0 2676 + 86 50 £53 0074007 05%+056 0.07+008 0.02+0.001 2501 + 2817 0.0 0.0 0.13
NGC5320 4(4) 13:50:16.81  41:24:33.1 2762 + 57 19+16 0024002 0514053 0.74=+0.675 0.16+0.001 321 & 337 9.94 025 043
NGC5346 6 (6) 13:53:12.04  39:40:30.8 2773 + 67 72 £33 0.09+£0.04 025+0.17 0.11=+0064 0.1 40001 243 £ 165 9.22 0.0 0.34
UGC07017 5(4) 12:02:31.92  29:50:05.5 2925 + 61 83446 0.11+006 042407 008+ 0.071 027 +0.001 159 + 264 9.94 0.5 0.35
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Figure 5. Projected overviews of the groups found in the Ursa Major region using the FoF algo-
rithm. The linking lengths are labelled in the top right corner. The group’s maximum radial extent
is shown by a circle and the colour indicates the central group velocities—red (v, < 600 km s7h,
orange (600 <v, <900 km s~1), magenta (900 < v, <1200 km s~1), violet (1200 < v, <
1500 km s~1), cyan (1500 < v, < 1800 km s~1), blue (1800 < v, <2100 km s~!), azure
(2100 < v, <2400 km s~1), green (2400 < v, <2700 km s~!), and grey (v, > 2700 km s~ ).
Group members are indicated by the same colour, whereas galaxies that are not residing in any

group are shown in black.

by

3ry
= Sy (15)

(Huchra & Geller 1982), with

(16)

'y =71Dsin|: NN -1 :|

4Zi Zj>i 9:‘;]

being the harmonic radius where D is the distance of the
group in Mpc, N is the number of members, and 6;; is the
angular separation of the group members. The error on ry, is
estimated using the jackknife algorithm and the error on the

PASA, 33, ¢038 (2016)
doi:10.1017/pasa.2016.31

https://doi.org/10.1017/pasa.2016.31 Published online by Cambridge University Press

crossing time is calculated with standard error propagation.
Note that galaxy groups with 7, > 0.09H; !’ may not have had
time to virialise yet (Nolthenius & White 1987).

For virialised systems, a dynamical mass can be estimated
via

3N V2
m, = TN 2V (17)
v 2G Y. j 1/r,
where V; is the observed radial component of the velocity of
the galaxy i with respect to the mean group velocity and r;
is the projected separation from the group centre (Heisler,
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Tremaine, & Bahcall 1985). Again, the error is estimated
using the jackknife method.

In general, galaxy groups with numerous group members
have a larger maximal radial extent (r,,,, ), higher velocity dis-
persion (o0,), larger virial mass (M,,) and higher total luminos-
ity (L,) than galaxy groups with a small number of members.
The fraction of early-type galaxies in the groups is on aver-
age 27%, which is low in comparison to other studies—e.g.
Brough et al. (2006b) find 90 to 100% early-type galaxies in
the densest regions of the Eridanus supergroup. The average
group properties are N, p = 11, Ny ¢ = 8,0, = 90kms™',
Fmax = 360kpe, M, = 0.6 x 10¥ M, L, =0.23 x 10" L,
a mass-to-light ratio of M, /L, = 480 and a crossing time of
0.13 Hy ! The group properties, such as (i) the small num-
ber of group members, (ii) the small fraction of early-type
galaxies, (iii) the low velocity dispersions, and (iv) the virial
masses < 10 M, emphasise the picture of Ursa Major be-
ing composed of galaxy groups as opposed to an ‘Ursa Major
cluster’.

Only 26% of galaxies in the complete sample reside in
groups (with N > 4), i.e. 74% of galaxies are left un-
grouped. The ungrouped fraction is rather high in comparison
to e.g. Giuricin et al. (2000), wherein only 40% of galaxies
in a complete, distance-limited (cz <= 6000 km s~'), and
magnitude-limited (B < 14) sample of ~7 000 galaxies are
field galaxies. However, Giuricin et al. (2000) also includes
galaxy pairs and groups with three members.

4.2. Structures in the Ursa Major region—An
overview

To illustrate the galaxy groups identified in the Ursa Major re-
gion using the FoF algorithm, projected skymaps are shown
in Figure 5 (with linking lengths D, = 0.3 Mpc and V;, =
150 km s~! top and D, =0.43 Mpc and V; = 120 km s,
bottom). For illustrative purposes, the group radius is defined
as the maximal radial extent, i.e. the radius to the galaxy the
furthest away from the group centre. The group members
are indicated by the same colour as the group radius, i.e.
red (v, < 600 km s7h, orange (600 < v, <900 km s7h),
magenta (900 <v, <1200 km s™1), wviolet (1200 <
v, <1500 km s7h, cyan (1500 <v, <1800 km s,
blue (1800 < v, <2100 km s, azure (2100 < v, <
2400 km s™"), green (2400 < v, > 2700 km s~'), and grey
(v, > 2700 km s™1).

In Figures 6 and 7, the identified galaxy groups are shown
in velocity space. Three slices in right ascension are used,
which are stated in the bottom right corner. For clarity,
the galaxy groups and their members are coloured. The
boxes surrounding the group members are centred on the
luminosity-weighted central group velocities with a width of
+20, (velocity dispersion) and a height of +r_,, (maximal
radial extent).

The majority of galaxy groups with RA < 11" are at reces-
sion velocities v, ~ 1200 km s~! (see Figure 6 and 7, top),

PASA, 33, e038 (2016)
doi:10.1017/pasa.2016.31

https://doi.org/10.1017/pasa.2016.31 Published online by Cambridge University Press

11

Dec [

h ”Dec. [°]

Dec. [°]

e % -...oq.- KX e :. e ;‘hl;l..c..;

. ™" .« gttt oo

el ee Smid

. s ® o4 %o, - N
30 LI . Cr, L E
b5 S R R e
50 fe e . %es . RA > 13"
500 1000 1500 2000 2500 3000
v [kms™']

Figure 6. Groups identified in the Ursa Major region using the FoF algo-
rithm with linking lengths D, = 0.30 Mpc and V}, = 150 km s~! shown in
velocity space. The slices in right ascension are stated in the bottom right
corner. Galaxy groups and their members are colour-coded. The boxes sur-
rounding the group members are centred on the luminosity-weighted central
group velocities with a width of £20,, (velocity dispersion) and a height of

+r,,,x (maximal radial extent).

with a conglomeration of galaxy groups in the South (see
Figure 5—bottom right corner).

These galaxy groups are mostly unaffected by the ‘looser’
linking lengths (see Figure 5, bottom), i.e. insignificant
changes in spatial extent, the group members, etc. A few
additional galaxy groups appear in cyan (with 1500 < v, <
1800 km s~!) when using ‘looser’ linking lengths.

In the central region (1 1" < RA < 13"), the FoF analysis
reveals several groups that constitute to an extended filamen-
tary structure—the groups are connected in projection from
the central (Dec. = 40°) to the northern part (Dec. ~ 60°, see
Figure 5, top). Three sizable sub-structures sit further to the
South, which contain between 8 to 13 galaxies each and have
similar central group velocities to the South end of the main
Ursa Major structure. The recession velocity of the filamen-
tary structure is approximately 700 km s~! in the South and
1 800 km s~! in the North (see Figure 6 middle). The main
galaxy groups in this filamentary structure are discussed in
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Figure 7. Groups identified in the Ursa Major region using the FoF algo-
rithm with linking lengths D, = 0.43 Mpc and V{, = 120 km s~! shown in
velocity space. Box sizes are detailed in the Figure 6.

detail in Section 4.3. The filamentary structure is connected
to the Virgo cluster, which is centred at RA = 1230™, Dec.
= 12°20 arcmin and v; g = 975 km s~ (to the South of the
displayed region). Note that behind the filamentary struc-
ture is a mostly empty region (see Figures 6 and 7 middle
at 1200 < v; < 1800 km s~!). When using ‘looser’ link-
ing lengths, several groups in the central Ursa Major region
merge (see Figure 5, bottom), e.g. the two galaxy groups at
Dec. & 30°, the four galaxy groups at Dec. & 46°, and the
two galaxy groups at Dec. ~ 60° (in Figure 5, top).

The majority of galaxy groups with RA > 13" are at
high recession velocities (v, > 1600 km s~!). The groups
are not scattered throughout the field, they appear to
form a filamentary structure from the North (with v, ~
1600 km s™!) to the central region (with v, &~ 2700 km s™').
When using ‘looser’ linking lengths, some groups grow
slightly in size and a few additional galaxy groups appear
(Figure 5, bottom). However, the ‘looser’ linking lengths
only affect the central Ursa Major region where groups
are getting merged and grow rapidly—the majority of
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Figure 8. Overview of the main structures identified in the Ursa Major
region using linking lengths Dy = 0.30 Mpc and V,, = 150 km s~!. The
colour key is described in the top left corner. The groups are indicated by
circles showing their maximal radial extent and labelled by their brightest
group galaxy (BGG). The main galaxy groups are discussed in Sections 4.3
and the Appendix.

groups with RA < 11" and RA > 13" stay as individual
groups.

4.3. Galaxy groups—Individual structures

The main structures identified in the central Ursa Major re-
gion (11" < & < +13") using linking lengths D, = 0.3 Mpc
and V,, = 150 km s~! are shown in Figure 8. The galaxy
groups are labelled by their BGG.

The dominant structures in the central part of the Ursa Ma-
jor region (35° < § < +50°) are the NGC4026, NGC3938,
NGC4449, and MESSIER 106 groups, which are discussed in
the following. For further information on the galaxy groups
that are located to the South and North (as labelled in
Figure 8), see the Appendix.

To investigate the evolutionary state of a galaxy group as
well as its purity (i.e. distinct group members), three dia-
grams are shown in Figure 9—(i) a projected skymap, which
is centred on the luminosity-weighted centroid of the group,
(ii) the distance—velocity diagram, and (iii) the velocity dis-
tribution of the group members. The distance—velocity di-
agram can provide evidence of distinct group membership
when other nearby galaxies are separated by a clear gap
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circles in the distance—velocity diagram and velocity histogram (green for BGGs and white for other members). (middle) The
distance—velocity diagram showing group members marked with letters and nearby galaxies indicated by symbols. Early-type
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luminosity-weighted mean group velocity (solid), the velocity dispersion (dashed horizontal), and r, (dashed vertical). The
BGGs are surrounded by yellow circles (sizes as previously discussed). (Right) Velocity distribution of the group members—the
complete sample is shown in grey and additional faint galaxies are shown in white. The velocities of the BGGs are marked with
yellow circles (sizes as previously discussed). Overlaid is a Gaussian with the peak centred at the luminosity-weighted mean
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group velocity, the height corresponds to the maximum members in a bin, and an FWHM of twice the velocity dispersion.
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from the group members. Furthermore, dynamically evolved
groups are predicted to have the brightest, most massive
galaxy residing at the centre of their dark matter halos.
Therefore, small offsets of the BGG from the spatial and
kinematic group centres can provide evidence for dynam-
ically evolved groups. Note that the determination of the
spatial and kinematic group centres are luminosity-weighted
and therefore biased towards the BGG. By plotting the veloc-
ity histogram of each group, we can assess whether the group
is unrelaxed or dynamically evolved as dynamically evolved
groups tend to show a Gaussian velocity distribution (Bird &
Beers 1993).

The four galaxy groups presented here are arranged with
decreasing number of group members. In the projected
skymap of each galaxy group, early-type galaxies are shown
with ellipses, whereas late-type galaxies are shown with
boxes. Group members are colour-coded and galaxies with-
out group membership are shown in grey. Large symbols
indicate the complete galaxy sample, whereas smaller sym-
bols show additional faint galaxies in the region. The three
brightest group galaxies are marked with filled circles—the
BGG is indicated by the largest filled circle to the third bright-
est group galaxy (3rd BGG) marked with the smallest filled
circle.

In the distance—velocity diagram, the group members are
marked with letters and other nearby galaxies are indicated
by symbols. Early-type galaxies are shown in red (E, e, and
circles), whereas late-type galaxies are shown in blue (L,
[, and boxes). Capital letters and large symbols show the
complete sample, whereas small letters and symbols indicate
additional faint galaxies in the region. The lines mark the
luminosity-weighted mean group velocity (solid), the veloc-
ity dispersion (dashed horizontal), and 7, (dashed vertical).
The BGGs are surrounded by yellow circles (sizes as dis-
cussed above).

In the velocity histogram of the group members, the com-
plete galaxy sample is shown in grey, whereas additional faint
galaxies are shown in white. The velocities of the BGGs are
marked with yellow circles (sizes as discussed above). Over-
laid is a Gaussian with the peak centred at the luminosity-
weighted mean group velocity, the height corresponding to
the maximum members in a bin and a FWHM of twice the
velocity dispersion.

Galaxies that are known to show HI tails are surrounded
by black boxes in the projected skymap and are indicated
by a circle in the distance—velocity diagram and the veloc-
ity histogram (green for BGGs and white for other group
members).

The NGC4026, NGC3938, and NGC5033 groups reside in
close vicinity of one another (in projection) together with the
smaller MESSIER 106 group (six group members in the full
and four group members in the complete sample), which are
shown in Figure 9. The luminosity-weighted mean velocities
(hereafter referred to as central velocity) of this conglomer-
ation range from 454 km s~! (MESSIER106) to 891 km s~!
(NGC3938).
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The NGC4026 group is the richest group in the central
part of the Ursa Major region with 30 group members (12 in
the complete sample). NGC4026 (BGG) is located 283 kpc
and 55 km s~! from the group centroid—the projected off-
set from the centre is well beyond 7, but only about half
of . The group has a relatively high early-type fraction
of 50% (determined in the full sample) compared to other
groups in the Ursa Major region and a velocity dispersion
of 111 km s~!. According to quality distance measurements
in the Extragalactic Distance Database (hereafter ‘EDD’;
Tully et al. 2009), the BGG is located at 13.6 Mpc and
NGC3928 at 16.9 Mpc, whereas the group distance estimated
assuming Hubble flow is only 11.2 Mpc. ‘Quality distances’
are accumulations of multiple sources, e.g. Cepheid period—
luminosity relation, the tip of the red giant branch method,
and/or surface brightness fluctuations. The BGG is likely be-
ing stripped of its HI gas (the galaxy and its surroundings
are marked with a black box in Figure 9; NGC4026 is high-
lighted with a green circle in the distance—velocity diagram
and in the velocity histogram).

The NGC3938 group has a velocity dispersion of
152 km s~! and an early-type fraction of 31%. NGC3938
(BGQG) is at the kinematic centre of the group (the difference
is only 5 km s~!). However, the projected spatial offset is
349 kpc, which is beyond rs, indicating that the BGG re-
sides in the outskirts of the group. Redshift-independent dis-
tances (EDD; Tully et al. 2009) are available for NGC4111
(2nd BGG) and NGC4138, which are 15.0 and 13.8 Mpc,
respectively. Assuming Hubble flow, the NGC3938 group is
at similar distance to the NGC4026 group (recession veloc-
ities of 891 and 820 km s~ !, which correspond to 12.2 and
11.2 Mpc, respectively). The 2nd BGG (NGC4111) shows
a large HI tail (the galaxy and its surroundings are marked
with a black box in Figure 9; NGC4111 is highlighted with
a green circle in the distance—velocity diagram and in the
velocity histogram).

The NGC4449 group resides in the foreground. The cen-
tral group velocity is 489 km s~!, which corresponds to
a distance of 6.7 Mpc (Hubble flow). The quality dis-
tance of NGC4460 listed in EDD is 9.6 Mpc (Tully
et al. 2009). There are no early-type galaxies amongst
the 15 group members (six in the complete sample). The
group has a velocity dispersion of 81 km s~!. NGC4449
(BGG) is 136 kpc and 24 km s~! offset from the group
centroid.

The much smaller MESSIER106 group with six group
members in the full and four members in the complete sam-
ple resides at a distance of 6.2 Mpc assuming Hubble flow
(v g = 454 km s™!). A quality independent distance mea-
surement of 14.3 Mpc is available for the NGC4346 galaxy
placing the group behind the NGC4026, NGC3938, and
NGC4449 groups. Large peculiar velocities may explain the
inconsistency in quality and redshift distance measurements.
The MESSIER106 group may in fact be located at 14.3 Mpc
and infalling, which would lead to blue-shifted redshift mea-
surements, i.e. the distances calculated assuming Hubble flow
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are too small. The MESSIER 106 group has a velocity disper-
sion of 56 km s~! and the group consists solely of late-type
galaxies. The BGG ‘MESSIER106’ is located 47 kpc and
46 km s~! offset from the group centroid. The NGC4288
galaxy—Tlocated to the South of MESSIER106—shows an
HI tail (the galaxy and its surroundings are marked with a
black box in Figure 9; NGC4288 is highlighted with a white
circle in the distance—velocity diagram and in the velocity
histogram).

Note that looser linking lengths (D, = 0.43 Mpc and V,, =
120 km s~ ') result in the NGC4026, NGC3938, NGC4449,
and MESSIER106 group being merged to form the ‘Ursa
Major cluster’ (as discussed in Section 6.1) comprising 185
galaxies (52 in the complete sample). This large-scale struc-
ture has a velocity dispersion of 205 km s~! and an early-type
fraction of 23%. Assuming a ‘cluster’ distance of 10.4 Mpc
(Hubble flow), the Ursa Major ‘cluster’ spans 3.24 Mpc
across (projected diameter). The BGG is MESSIER106,
which is located 455 kpc and 353 km s~! from the group
centroid indicating an unrelaxed structure. The virial mass
of the Ursa Major ‘cluster’ as a whole is 7.96 x 1013 M,
whereas the virial mass estimates of the four substructures
sum up to 2.59 x 10> M. Previous estimates of the virial
mass of Ursa Major are 4.4 x 103 Mg (Tully 1987) and
43 x 1013 M, (Karachentsev et al. 2014). The latter is the
sum of seven groups constituting to the Ursa Major complex.
The virial mass estimates are typical for rich groups or poor
clusters—a galaxy cluster usually exceeds a mass of 104 M.

4.4. Group dynamics

To further investigate the galaxy groups in the Ursa Major
region and to determine if the individual structures are bound
to one another and will eventually merge to form larger struc-
tures, the Newtonian binding criterion is used. Brough et al.
(2006b) carried out a similar analysis for the Eridanus super-
group. A two-body system is bound if the kinetic energy is
less or equal to the potential energy of the system, which is
expressed in mathematical term as

V'R, < 2GM,, si’a cosa (18)

with M, being the total mass of the system, V. the relative
velocity difference, R, the projected distance between the
groups, and G the gravitational constant (e.g. Beers, Geller,
& Huchra 1982; Cortese et al. 2004; Brough et al. 2006b).
V, and R, are corrected for projection effects by varying the
projection angle o between 0 — 90°. Given the total mass of
the system, the relative velocity, the projected distance, and
the gravitational constant G, the probability for each two-
body system to be bound is given by integrating over the
solid angle «:

o / * cos(a) dat (19)
%
(Girardi et al. 2005). In Table 2, the probabilities for all two-

body systems with P, .4 > 80% are given with the most
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Table 2. High-probability two-body bound systems (P,
0.8).

>
ound —

Mlm Vr Rp Pbound
Group pair (1013M®) (kms~!')  (Mpc) (%)
(B1) (B2) (B3) (B4) (BS)
NGC4278, NGC4449 0.6 9 1.7 95.4
NGC4274, NGC5033 1.6 16 2.9 94.0
NG(C3938, NGC4274 1.8 16 32 93.9
MESSIER 106, NGC4449 0.7 35 0.5 91.6
NGC3193, NGC3430 0.4 10 4.5 90.8
NGC3003, NGC3245 0.6 18 3.0 89.2
NGC3938, NGC5033 2.1 32 34 89.0
NGC5473, NGC5631 1.0 45 1.4 85.1
NGC3998, NGC3972 25 327 0.1 84.8
NGC4026, NGC3938 1.9 72 1.3 83.8
NGC3079, NGC3998 2.8 54 42 81.2

likely bound two-body system listed first (for galaxy groups
found using the FoF algorithm with strict linking lengths
D, = 0.30 Mpc and V,, = 150 km s~!). The columns are as
follows: column (B1) contains the IDs of the galaxy groups
considered in the two-body system, column (B2) gives the
total mass of the system, column (B3) lists the relative veloc-
ity difference V,, column (B4) contains the projected distance
between the groups R,,, and column (B5) gives the probability
for the two-body systems to be bound.

Note that this analysis depends strongly on the relative
velocity difference and mass of the system. For binding the
potential energy is required to be smaller or equal to the
kinetic energy and the former strongly depends on the rel-
ative velocity (V) and to a minor degree on the projected
separation (R). Over large separations (8 Mpc or more) but
with small relative velocities (tens of km s~!) galaxy groups
can be bound to one another. However, back-of-the-envelope
calculations show that the merging times for these systems
are too large to be considered a bound system (8 Gyr to more
than a Hubble time). Therefore, we do not consider two-body
systems with projected distances R, > 8.8 Mpc to be bound.

In Figures 10-12, the high-probability two-body bound
systems are indicated by a connecting line (shown in pro-
jection). For clarity, the Ursa Major region is divided into
velocity slices of 250 to 400 km s~! depth to avoid likely
bound systems being broken up in two figures. Note that
group members can be broken up into multiple figures de-
pending on their v; 5. The main structures in the Ursa Major
region and their dynamics are as follows:

Figure 10 displays the velocity range from 300 to
600 km s~!. An angular separation of 9.3° is approximately
a projected physical distance of 1 Mpc (determined at an in-
termediate velocity of 450 km s~!, assuming Hubble flow).
The central galaxy group ‘NGC4449’ has a high-probability
to be bound to the NGC4278 group (at the 95.4% level) and
the MESSIER 106 group (at the 91.6% level). The structures
‘MESSIER 106’ and ‘NGC4278’ have a probability of 63.9%
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in the velocity range 300-600 km s~ !, which are indicated by a connecting
line. The colour represents the recession velocity as stated in the key. Galaxy
groups with central group velocities within the displayed velocity range are
marked by large, open circles with the BGG labelled in the figure, whereas
the individual galaxies are indicated by filled circles—large, filled circles
for group members and small, filled circles for non-group members.
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Figure 11. High-probability two-body bound systems in the velocity range
600 to 1 000 km s~ 1. Similar to Figure 10. Note that the NGC3998 (shown
in Figure 12) and NGC3972 groups are likely to be bound at the 84.8%
level. The connecting line to mark high-probability bound systems is not
displayed.

to be bound to one another. The probability that all three
groups in the velocity range 300—600 km s~! are bound and
will eventually merge can be estimated from the minimum
probability of the three pairs, which is 63.9%. The NGC4278
group can be linked to a structure at slightly higher central
velocity, the NGC4274 group (shown in Figure 11). How-
ever, this two-body system has a low probability of being
bound (42.4% ).

In the velocity range 600 to 1 000 km s~!, an angular sep-
aration of 5.2° approximates to a physical distance of 1 Mpc,
which can be used as a rule of thumb when viewing Figure 11.
The eye-catching feature is the green triangle, which con-
stitutes of the NGC4274, NGC5033, and NGC3938 groups.
Given that lines are drawn between all group pairs, these three
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Figure 12. High-probability two-body bound systems in the velocity range
1 000—1 250 km s~!. Similar to Figure 10. Note that the NGC3972 (shown
in Figure 11) and NGC3998 groups are likely to be bound at the 84.8%
level. The connecting line to mark high-probability bound systems is not
displayed.

pairs are likely to be bound (P, = 80%). In fact the min-
imum probability of the three pairs to be bound is 89% (the
‘NGC3938’ and ‘NGC5033’ system, which are separated
by 3.4 Mpc and 32 km s~!) suggesting a high-probability
of the groups to be a ‘supergroup’, i.e. a group of groups
that will merge and form a larger structure. Furthermore,
the NGC3938 group is likely to be bound to the NGC4026
group (83.8% level), which is a numerous conglomeration of
galaxies. At lower probabilities, the NGC4026 group itself
can be linked to structures in the North—the much smaller
NGC3972 group (72.5%) and the NGC3998 group (38.0%;
shown in Figure 12).

We note that the NGC4274 group is likely bound to
the Virgo cluster (centred at o = 187.70, § = 12.34, and
vig =975 km s™! with a mass of M; =8.0 x 10" M;
Karachentsev et al. 2014) at the 96% level (also see
Section 6.2).

In the velocity range 1 000 to 1 250 km s~' shown in
Figure 12 (3.7° approximates to 1 Mpc) groups seem to be
centrally bound to the NGC3998 group (at 1 065 km s~!
colour-coded in magenta). This group exceeds the 80% level
with the NGC3079 group (81.2%) and the NGC3972 group
(which is overlapping and the projected separation is only
0.1 Mpc; at the 84.8% level; see Figure 11). The structures
to the South, ‘NGC3938’, and ‘NGC4026’ (see Figure 11)
are unlikely to be bound to the NGC3998 group as the
probabilities are only P, .4 = 40.8% and P, .4 = 38.0%,
respectively.

At higher velocities, the displayed area is sparsely pop-
ulated with galaxies and groups, in particular in the cen-
tral region (1 1" < o < 413"). This can be interpreted as an
almost empty region behind the filamentary structure seen
in Figures 10-12 stretching from South to North (also see
Figure 6).
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and dynamically immature groups.

The regions beyond 1 800 km s~! are not further discussed
in this paper. We conclude that the ‘Ursa Major cluster’ as
defined in the literature (Tully et al. 1996) is a conglomerate
of galaxy groups identified using the strict linking lengths
(Dy = 0.30 Mpc and V;; = 150 km s~1). Several of these
galaxy groups are likely bound to one another and in the
process of merging. Beyond the Ursa Major structures (v q >
1500 km s~ ') is a sparsely populated region lacking galaxies
and groups defining Ursa Major from the background.

4.5. Brightest group galaxies (BGG)

Previous studies of galaxy clusters and evolved groups (with
extended X-ray emission) agree with the theoretical predic-
tion that the brightest, most massive galaxy resides at the cen-
tre of its dark matter halo. 90% of BCGs lie within 0.38 x 1,
of a cluster’s spatial centre (Lin & Mohr 2004) and within
the mean velocity dispersion of a cluster (Zabludoff, Huchra,
& Geller 1990; Oegerle & Hill 2001). Brough et al. (2006a)
study the less dense group environment finding early-type
BGGs within 0.3 x rs,, and £0.60, of the group centre in
dynamically mature groups.

The spatial and kinematic offsets from the group centres of
the BGGs in the Ursa Major region (see Figure 8) are shown
in Figure 13. Note that the determination of the group cen-
tre is luminosity-weighted and therefore biased towards the
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BGG. Early-type BGGs are shown in red, whereas late-type
BGG are shown in blue. For comparison, the offset of BGGs
in Brough et al. (2006a) and Pisano et al. (2011) are shown in
green and yellow, respectively. The marker sizes scale with
the number of group members. The dashed lines indicate the
approximate limitations determined by Brough et al. (2006a)
to distinguish between dynamically evolved (ranging up to

7‘)5'

0.2 x 2%~ and up to 0.6 x el
T g

max

mature groups in the process ofvforming. There are only
four dynamically unevolved groups amongst the 16 nearby
GEMS groups (Brough et al. 2006a), whereas all the BGGs
in the Pisano et al. (2011) study of loose groups are found
beyond the dashed lines.

The majority of structures in the Ursa Major region are
dynamically immature groups most similar to Pisano’s ‘loose
groups’—61% of all groups (N,, > 4), which increases to
86% for rich groups with N, > 10. The two groups with the
largest offsets of the BGG from the spatial group centre are
the NGC3683 and NGC3938 groups (see Section 4.3). Both
groups have a late-type BGG lying close to the kinematic
centre of the group (|Jvggg — V.| < 0.040,), but residing in
the outskirts of the group (> 0.7r,,,).

The galaxy groups with the largest offsets of the BGG
from the kinematic group centre are the UGC09071, the
NGC5322, the NGC3972, the NGC5336, the NGC3613, and
SBS1144+4-591 groups (> 1.00,). Two dynamically imma-
ture groups with numerous group members are the NGC5322
(17 members) and NGC3613 (21 members; see Appendix)
groups.

It is remarkable that (i) the main structures in the north-
ern part of the Ursa Major region are all dynamically
unevolved—the NGC3613 and NGC3683 groups are dis-
cussed in the Appendix as well as the NGC3998 group whose
BGG is located just beyond the dashed line at 0.23r,,, and
0.40,; (i1) the main structures in the central Ursa Major region
tend to be dynamically unevolved—the NGC3938 group as
discussed above as well as the NGC4026 (with the BGG
at 0.57r,,,, and 0.50, ) and the NGC4449 groups (with the
BGG at 0.36r,,, and 0.30,); there is one exception of a
dynamically mature group, which is NGC5033 (with the
BGG at 0.10r,,, and 0.40,); whereas (iii) the main struc-
tures in the southern part of the Ursa Major region tend to
be dynamically evolved as discussed in the Appendix—the
NGC4278 group (with the BGG at 0.16r,,, and 0.40,); the
NGC4725 group (with the BGG at 0.05r,,,,, and 0.100,) and
the NGC4274 group, whose BGG is just beyond the dashed
lines at0.15r,,, and 0.60,,. The southern part of the Ursa Ma-
jor region is near the Virgo cluster. The galaxy groups form
a filamentary structure connecting the Virgo cluster and the
Ursa Major region, which suggests a change in group prop-
erties with distance from the Virgo cluster. Note that the
galaxy groups in the southern part of the Ursa Major region
have on average less members than the galaxy groups in the
central and northern part. The small spatial and kinematic
offsets from the group centres of the BGG may result from

) and dynamically im-
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calculating the luminosity-weighted centroid, which is
severely biased towards the BGG for low number statistics.

5 GALAXY PROPERTIES

We now study the properties of galaxies residing in the Ursa
Major region as a function of group membership and lo-
cal projected surface density. Morphologies, colours, and
luminosities (obtained from SDSS and RC3) combined with
neutral hydrogen observations (Wolfinger et al. 2013; Kovac
et al. 2009; Verheijen & Sancisi 2001; Haynes et al. 2011
and Springob et al. 2005) can provide evidence of galaxy
transformation occurring in the denser environments when a
change in galaxy properties is observed with local projected
surface density.

The local projected surface density of each galaxy in the
complete sample is calculated using the nearest-neighbour
measure, which is based on the principle that galaxies in
denser environments have closer neighbours. The local pro-
jected surface density to the fifth nearest neighbour within
800 km s~ is calculated using

5

s = G 0

The velocity cut of 800 km s~' minimises chance align-
ments, i.e. galaxies may appear in close vicinity (in projec-
tion) when they are in fact separated by a large distance in
velocity space. The velocity cut is of the order of the velocity
dispersion of the Virgo cluster, which is stricter than the cut
in Brough et al. (2006b) allowing up to 1 000 km s~' be-
tween the nearest neighbours. To avoid edge effects (edges
in the plane of the sky as well as in the velocity range), the
analysis is restricted to 10" < o < 414", 22° < § < +63°
and v; ; <2000 km s~!. The sub-sample of galaxies with
local projected surface density measurements contains 472
galaxies.

5.1. Morphology

The morphology—density relation for the Ursa Major region
is shown in Figure 14. The morphology of SDSS galaxies are
determined using the concentration index (cr). A separator
of 2.6 is adopted to define bulge dominated (cr > 2.6;
shown in red) and disk dominated galaxies (cr < 2.6; shown
in blue) as previously used within the SDSS collaboration
(Strateva et al. 2001; Shimasaku et al. 2001). For galaxies
with morphological T-types from RC3, —5 < T—type <0
represent early-type galaxies (shown in grey above the
SDSS data), whereas 0 < T—type < 10 represents late-type
galaxies (shown in grey below the SDSS data). Galaxies
residing in groups are indicated by larger symbols than
non-group galaxies allowing a consistency check between
the local projected surface density and group membership (as
determined in Section 4.1). As one expects, group members
have higher log(X5) than non-group galaxies. There are a
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Figure 14. (Top) Morphological type as a function of local projected
surface density. Morphological types are obtained from SDSS (bulge-
dominated galaxies with cr > 2.6 are shown in red, whereas disk-dominated
galaxies are shown in blue) or RC3 (early-type galaxies with —5 <
T—type < 0 are shown in grey above the SDSS data, whereas late-type
galaxies with 0 < T'—type < 10 are shown in grey below the SDSS data).
Galaxies residing in groups are shown with large markers, whereas galaxies
without group membership are indicated by small symbols. (Bottom) Frac-
tion of early-type galaxies as a function of local projected surface density.
The galaxies are binned per 100 data points.

few non-group interlopers at high log(X5), which may be
chance alignments with galaxy groups within 800 km s~!.

The fraction of early-type galaxies (see bottom panel in
Figure 14) is determined per 100 galaxies (binned data). A
linear regression fit to the binned data shows an increase
in the fraction of early-type galaxies with local projected
surface density. The 1o standard deviation from the fit is
indicated by dashed lines (£6%).

Compared to previous studies, e.g. galaxy groups in the
Eridanus region as discussed in Brough et al. (2006b), the
increase in the fraction of early-type galaxies with local den-
sity is rather shallow. Brough et al. (2006) measure a similar
fraction of early-type galaxies in the less dense environment
(fearty ~ 35% atlog(%5) = 0), butassignificantly higher frac-
tion in the denser regions (f 4, > 90% at log(%s) = 2).
Dressler (1980) also shows that the fraction of ellipticals and
SO galaxies are ~20% in the field and increase to ~90% in
the dense core of rich clusters. Therefore, the galaxy groups
in the Ursa Major region are comparatively unevolved by this
measure, consisting of a high fraction of late-type galaxies.

5.2. Colour

To investigate the relationship between galaxy colour and en-
vironment, the galaxies are divided by their stellar mass (at
a mass of M, = 10° M,,) and by their morphological type
(into late-type and early-type galaxies). B —V (RC3) and
g — r (SDSS) colours are discussed separately in the follow-
ing analysis. Note that the SDSS fragments bright galaxies
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Figure 15. Colour distribution for group/non-group galaxies and galaxy colour as a function of local projected surface density. The g — r colour is shown
in the top panel (as obtained from SDSS) and the B — V colour in the bottom panel (RC3 data). (Left) Colour distribution for group/non-group galaxies
divided by their stellar mass. Galaxies with local projected surface density available are shown in black, whereas faint galaxies and galaxies residing near
the edge of the studied area are shown in grey. The average colour is marked with a dashed line (red). (Right) Galaxy colour as a function of local projected
surface density divided into late-type (top, blue) and early-type (bottom, red) galaxies. The small (black) circles mark galaxies with M, < 109 M, (linear
regression fit with &, 8 and o), whereas the larger circles represent more massive galaxies with M, > 1093 M,, (linear regression fit with e, , B, , and o, ).

of large angular extent on the sky. Therefore, RC3 data is
utilised for those affected galaxies. In Figure 15 (left), the
colour distribution is shown separated by stellar mass and
group membership. One can see that massive galaxies (in the
galaxy groups as well as the less dense environments) are on
average redder than less massive ones. The average (dashed
line) colour is redder for group members than non-group
galaxies at the same stellar mass. When plotting the galaxy
colour versus the local projected surface density (Figure 15,
right), the galaxies are redder with increasing density for
both morphological types (top late-type galaxies in blue for
massive and black for less massive ones; bottom early-type
galaxies in red for massive and black for less massive ones).
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The linear regression fit to the data is of the form:

log, (M, /M,) = alog,,(M,) + B 21

with the values of @ and § stated above each figure as well
as the standard deviation o (index m for the more massive
galaxies). Note that RC3 colours tend to be redder than SDSS
colours due to the selection bias of RC3 towards brighter
galaxies, which are most likely massive and red galaxies.
Previous studies have also found that the colours of galax-
ies belonging to the most massive galaxy groups are redder
than those in less massive groups and lower density environ-
ments (e.g. Alpaslan et al. 2015). The colour distribution as
a function of environmental density has been shown to be
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Figure 16. Luminosity distribution for group/non-group galaxies and galaxy luminosity as a function of local projected surface density. Similar to Figure 15.
The Lg luminosity is shown in the fop panel (as obtained from SDSS) and the Ly luminosity in the bottom panel (RC3 data).

bimodal, wherein the observed colour distribution is com-
monly referred to as the ‘blue cloud’ and ‘red sequence’ (e.g.
Baldry et al. 2004; Balogh et al. 2004; Blanton et al. 2005).

5.3. Luminosity

The relationship between luminosity and environment is ex-
amined in a similar manner to the galaxy colour analysis
discussed above. The luminosity distribution for group/non-
group galaxies, and the galaxy luminosity as a function of
local projected surface density are shown in Figure 16 (sim-
ilar to Figure 15). Note that the RC3 catalogue is biased
towards bright galaxies as the selection criteria is galaxies
with apparent diameters larger than 1 arcmin at the D25
isophotal level and a total B-band magnitude limit of 15.5.
As a consequence, there is a natural offset between the lu-
minosities obtained from SDSS and RC3, which is apparent
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in Figure 16. SDSS luminosities are an order of magnitude
smaller than the luminosities obtained from RC3.

In Figure 16 (leff), one can clearly see that the massive
galaxies (in the galaxy groups as well as the less dense envi-
ronments) are on average brighter than the less massive ones.
We find no obvious tendency of the brighter galaxies to reside
in galaxy groups. Alpaslan et al. (2015) find a weak tendency
for brighter galaxies (log,, (M, /M) > 9.5) to be associated
with the highest mass galaxy groups, but, in agreement with
our findings, no trend with the group environment for fainter
galaxies (log,,(M,/My) < 9.5). The average (dashed line)
stays almost unchanged for non-group and group members
at a certain stellar mass for SDSS and RC3 luminosities.

When plotting the galaxy luminosity against the local
projected surface density (Figure 16, right), the galaxy lu-
minosity appears to be unchanged for both morphological
types with increasing projected surface density suggesting
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Figure 17. The measured HI mass plotted against the predicted HI mass and the HI deficiency versus measured HI mass. (Left) Predicted HI content
compared to the measured HI content (the HI observations are referenced in the key). Small circles and stars mark galaxies with one optical counterpart
within the beam, whereas large circles and square indicate confused HI sources with multiple optical counterparts within the beam. The solid line marks
the unity relationship. (Right) HI deficiency plotted against the measured HI mass. The dashed lines mark the Def};; = 0.6 beyond which we consider
galaxies to be HI deficient or with HI excess, respectively. The red markers indicate galaxies, which reside in groups, whereas the black markers show
non-group galaxies. Galaxies in the complete sample for which local projected surface densities are available are shown in bright colours, whereas faint
galaxies or galaxies towards the edges of the studied region are shown with faded colours.

that the galaxy luminosity does not change with environ-
ment. For galaxies where RC3 data is utilised (bottom panels,
Figure 16), the luminosity-density fits are severely biased to-
wards the bright galaxies due to the selection bias. Therefore,
one can not see a trend in galaxy luminosity with density as
faint galaxies, which are predominantly less massive galax-
ies, are missing from the RC3 sample (e.g. only a handful
data points for less massive early-type galaxies in the bottom
panel).

We conclude, that there is no obvious transformation
in galaxy luminosities for both morphological types with
environment.

5.4. HI deficiency and excess

Galaxies with highly disturbed HI content have been found
near the cluster cores of e.g. Virgo and Coma. Recent ob-
servations have found spiral galaxies in the less dense group
environments, which are losing their HI reservoir. Dénes, Kil-
born, & Koribalski (2014) determined scaling relations based
on optical and infrared magnitudes and diameters, which can
be used to predict the HI content of galaxies. Using the scal-
ing relations in the B- and r-band, the predicted HI content
of Ursa Major galaxies can be compared to the measured HI
content (where available), which is shown in Figure 17 (left,
the HI observations are referenced in the key). HI measure-
ments presented in Wolfinger et al. (2013) are highlighted
with stars and squares. Small circles and stars mark galaxies
with one optical counterpart within the beam, whereas large
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circles and square indicate confused HI sources with multi-
ple optical counterparts within the beam. When dealing with
a confused source, the predicted HI content of all galaxies,
which may contribute to the measured HI flux, are summed.
The solid line marks the unity relationship—a number of
galaxies with measured HI masses larger than the predicted
ones are apparent to the left of the unity relationship.
The HI deficiency is defined as
Defyy; = log[My; pred] — log[My]

with My, .4 being the predicted HI mass from scaling re-
lations of isolated galaxies and My; the calculated HI mass
from the radio observations (Haynes & Giovanelli 1983).
The HI deficiency is plotted against the measured HI mass
in Figure 17 (right). Positive HI deficiency values indicate
galaxies with less HI than predicted (deficient), whereas neg-
ative values show galaxies with HI excess relative to their
counterparts in the field. We consider galaxies beyond the
dashed lines (Def}y; = £0.6) to be HI deficient and with HI
excess, respectively. Given that HIJASS is a shallow HI sur-
vey (HI masses in the range of 107-10'0 M), we find more
HI excess galaxies than galaxies with an HI deficiency as
HI deficient galaxies are more difficult to detect (their HI
masses still have to be larger than the detection limit). Red
markers indicate galaxies residing in groups, whereas black
markers show non-group galaxies. As one might expect, the
majority of HI excess galaxies are non-group galaxies and
the HI deficient galaxies tend to reside in galaxy groups
(some of the individual HIJASS detections are discussed fur-
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Figure 18. HI deficiency distributions for group/non-group galaxies and the HI deficiency as a function of local projected surface density. (Leff) HI
deficiency distribution for galaxies residing in groups (red and orange) and non-group galaxies (black and grey). The average HI deficiency is indicated by
the line. Galaxies in the complete sample for which local projected surface densities are available are shown in red and black, whereas faint galaxies or
galaxies towards the edges of the studied region are shown in orange and grey. (Right) The HI deficiency as a function of local projected surface density.
The bottom panel shows the binned data (average per 10 data points). Markers and colours are similar to Figure 17.

ther below). Note that local projected surface densities are
only available for galaxies in the complete sample, which are
shown in bright colours, whereas faint galaxies or galaxies
towards the edges of the studied region are shown with faded
colours.

To investigate the dependance of HI deficiency on galaxy
environment, the group membership and the local projected
surface density are considered. Figure 18 (/eff) shows the HI
deficiency distribution of galaxies residing in groups (red)
and galaxies without group membership (black) (galaxies
without local projected surface densities available are shown
in orange and grey, respectively). The HI deficiency values
of non-group galaxies tend to be between —1 and 1, with a
few HI excess galaxies lying at negative HI deficiency val-
ues. The HI deficiency distribution of galaxies residing in
groups shows numerous HI deficient galaxies (positive HI
deficiency values). All Ursa Major galaxies with HI mea-
surements available and Defy;; > 1 reside in galaxy groups.
The average HI deficiency of group members is higher than
the average HI deficiency of non-group members (red and
black line, respectively). Even though these averages reside
in adjacent bins, significant different distributions are indi-
cated by the tails.

The HI deficiency as a function of local projected sur-
face density is shown in Figure 18 (right; with markers and
colours similar to Figure 17). There is a trend of increasing
HI deficiency with increasing local projected surface density,
which can be seen in the binned data averaged per 10 data
points (bottom panel). Up to a local projected surface density
of log(X5) = 1 the HI deficiency values appear to be evenly
distributed around O followed by a steep increase with higher
local projected surface density values suggesting that the HI
properties of galaxies change with environment.
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5.4.1. HIJASS detections with HI excess
The HIJASS detections with the largest HI excesses (Defyy; <
—1) are shown in Figures 19 and 20. A DSS2 B-band image
with overlaid integrated HI flux contours is shown as well
as their HIJASS spectra. The spectra show high signal-to-
noise detections making HI excess due to measurement er-
rors unlikely. Some galaxies, such as UGC06817, NGC4395,
NGC4144 show signs of HI extension, which can not be pa-
rameterised separately. Note that a point source is assumed
for UGC07559 and UGC06840, given that the galaxies are
part of double/triple detections.

High resolution follow-up observations are required to de-
termine the nature of these HI excess galaxies.

5.4.2. HI deficient galaxies in HIJASS

The HI deficient galaxies shown in Figure 17 (right) tend to
reside in galaxy groups (the majority of data points with pos-
itive HI deficiency values are shown in red). There are only a
few HI deficient galaxies where HIJASS data is utilised (stars
and squares). NGC4278 is the only HI deficient HIJASS de-
tection with Defyy; > 1, which is shown in Figure 21 (similar
to Figure 19). Given that HIJASS J1220+29 is a confused
HI detection, the predicted HI mass is calculated as the sum
of predicted HI mass of NGC4278 and NGC4286 (circled to
the left of NGC4278). The measured HI flux appears to be
between the two galaxies and not evenly distributed around
NGC4278. Previous WSRT observations of NGC4278 are
presented in Raimond et al. (1981). The measured integrated
HI flux obtained from the WSRT observations is in good
agreement with the HIJASS measurement, suggesting that
NGC4286 does not contribute significantly to the measured
integrated HI flux of HIJASS J1220+429. Morganti et al.
(2006) find in deep WSRT observations that NGC4278 shows
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Figure 19. HIJASS detections with HI excess, i.e. with HI deficiencies < —1. (Leff) We show DSS2 B-band images and overlaid
integrated flux levels at +0.5 x 2" Jy beam~! km s~ (contours). The gridded beam is displayed in a corner (13.1 arcmin) and negative
contours are shown with dashed lines (e.g. negative bandpass sidelobes). The main optical counterpart within the HIJASS beam is
indicated by a box and labelled above the figures along with the HIJASS name (in brackets of the form HIJASS x, where x is the stated
ID) and the Defyy; value. Smaller galaxies which might also contribute to the measured HI flux are indicated by circles. The DSS2 images
are centred on the HI position (position uncertainty is indicated by the size of the cross). (Right) The HI spectra have the optical velocities
(czinkm s~1) along the abscissas and the flux densities (in Jy) along the ordinates. The HI line emission analysis is conducted within the
velocity range as indicated by the dotted vertical lines. The baseline fits to the spectra are conducted within the displayed velocity range
excluding the velocity ranges of HI line emission analysis and Galactic emission (see UGC07559). Note that we show the HI spectra
prior to baseline subtraction. The HI excess decreases from the left to the right and from the top to the bottom.
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Figure 20. HIJASS detections with HI excess, i.e. with HI deficiencies DefHI < —1 —continued (similar to Figure 19).
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Figure 21. HI deficient galaxy detected in HIJASS with HI deficiency
Defyy; > 1 (similar to Figure 19). NGC4278 is the most likely optical coun-
terpart to the HIJASS detection (marked by a box). However, HIJASS
J1220+29 is a confused HI source as NGC4286 is at matching recession
velocity and might also contribute to the measured HI flux (surrounded by
a circle). The measured HI flux appears to be between the two galaxies and
not evenly distributed around NGC4278.

an extended regular HI disc with two faint tail-like structures
offset from the host galaxy.

Given that HIJASS is a shallow HI survey (HI masses in the
range of 107-10'% M), HI deficient galaxies are difficult
to find in the 5o peak flux HI catalogue as their HI masses
still have to be larger than the detection limit. To investigate
possible HI deficient galaxies, the predicted HI masses of
galaxies within the boundaries of the blind HI survey are
plotted versus their LG velocities (see Figure 22). Assuming
the catalogue completeness of 99% at S;,, = 3.55 Jy km s™!
as discussed in Wolfinger et al. (2013), the HI completeness
limit can be calculated, which is indicated by the black line.
The blue points mark galaxies that are not listed in the HI-
JASS catalogue, which have predicted HI masses below the
completeness limit. The red stars mark galaxies, with pre-
dicted HI masses larger than the completeness limit, which
are HIJASS non-detections and therefore likely to be HI de-
ficient. The red triangle marks NGC4278 (and NGC4286),
which is the only HI deficient galaxy found in the 50 peak
flux HIJASS catalogue discussed above. Note that the HI ex-
cess galaxies (with 300 < v; 5 < 1900 km s~') found in the
HIJASS data are marked with green diamonds.

The 11 HIJASS non-detections with predicted HI masses
above the completeness level are further investigated (red
stars in Figure 22). The galaxy parameters are measured
from the original HIJASS cube similar to Wolfinger et al.
(2013) by using the optical position (RA, Dec., and v )
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Figure 22. Predicted HI masses of galaxies within the HIJASS boundaries
plotted against their LG velocities. Grey circles mark galaxies that are listed
in the 50 peak flux HI catalogue—large circle mark the main detections,
whereas small circles indicate galaxies that are part of confused HI detec-
tions. The black line indicates the completeness level of the 5o peak flux HI
catalogue. Blue points represent galaxies that are not listed in the HIJASS
catalogue, which have predicted HI masses below the completeness limit,
whereas red stars mark HIJASS non-detections, with predicted HI masses
larger than the completeness limit. These galaxies are likely to be HI defi-
cient. The red triangle marks NGC4278 (and NGC4286), which is the only
HI deficient galaxy found in the So peak flux HIJASS catalogue discussed
above. Galaxies with HI excess are marked with green diamonds, which are
shown in Figures 19 and 20.

as input parameters. The measured HI properties are given
in Table 3. The columns are as follows: column (C1) gives
the galaxy name; columns (C2)—(C4) list the optical position
(RA [J2000], Dec. [J2000]) and recession velocity [km s~'1);
column (C5) gives the systemic HI velocity (km s~! where
available); columns (C6) lists the measured integrated flux
or an upper limit on the integrated flux (S;,,); columns (C7)
and (C8) contain the predicted and measured HI mass; col-
umn (C9) gives the obtained Defy; and column (C10) con-
tains the group membership (ID). The HIJASS spectra and
multi-colour SDSS images of the galaxies are shown in
Figure 23. Galaxy spectra with one dashed vertical line have
no obvious HI line emission (the emission should be at the
recession velocity of the dashed line). For galaxies without
HI line emission, an upper limit on the HI mass is adopted,
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Table 3. HI properties of HI deficient galaxies as obtained from HIJASS (stars in Figure 23). Note that galaxies

with Def;; < 0.6 are not considered to be HI deficient.

Name RA Dec. Vg Vi Sint log(My; pred) log(My;)  DEFy; group ID
(C1) (C2) (C3) (C4 (CY (C6) (C7) (C8) (C9) (C10)
NGC4448 12:28:15.46  28:37:13.1 563 - 3.55% 8.92 7.7° 1.22 NGC4278
NGC4314 12:22:32.01  29:53:43.8 879 - 3.55% 9.27 8.08" 1.19 NGC4274
UGCA298 12:46:55.41  26:33:51.4 841 837 0.64 8.46 7.3 1.16 NGC4725
NGC4080 12:04:51.83  26:59:33.1 622 560 1.59 8.44 7.34 1.1 -
NGC4245 12:17:36.78  29:36:28.9 709 - 3.55% 8.96 7.9° 1.06 NGC4274
NGC4220 12:16:11.71  47:52:59.7 1029 - 3.55% 9.16 8.22b 0.94 -
1C3247 12:23:13.99  28:53:37.5 499 593 227 8.28 7.55 0.73 NGC4278
1C2957 11:45:36.93  31:17:584 1563 1819 1.7 8.95 8.4 0.55 -
A1138+35 11:40:49.04  35:12:09.7 1773 1592 3.87 8.85 8.64 0.21 -
UGC07320  12:17:28.55  44:48:40.4 536 - 3.55% 7.72 7.65° 0.07 NGC4449
1C3215 12:22:10.18  26:03:07.7 931 1023  3.67 8.27 8.23 0.04 -

25

4For galaxies without definite HI emission in the HIJASS spectra, an upper limit is assumed.
PThis is an upper limit on the HI mass for galaxies without definite HI emission in the HIJASS spectra.

which is the value of the completeness level (black line) at
their recession velocity. One can see that the galaxies with
the largest HI deficiencies tend to be red spiral galaxies re-
siding preferentially in galaxy groups in the southern part of
the Ursa Major region (at declinations between 26 and 30°),
i.e. towards the Virgo cluster.

6 DISCUSSION

6.1. Literature comparison

Tully et al. (1996) identified 79 high-probability ‘Ursa Ma-
jor cluster’ members, which lie within a projected 7.5°
circle centred at @ = 11756.9", § = +49°22’ and with he-
liocentric velocities between 700 and 1209 km s~!. The
large scale ‘cluster’ definition by Tully et al. (1996; here-
after T96) is best compared to this work when using the
FoF algorithm with ‘looser’ linking lengths D, = 0.43 Mpc
and V, = 120 km s~!. Of the 79 original T96 group mem-
bers, 54 galaxies (68%) are within the MESSIER 106 group
(centred at RA = 12:04:37.62, Dec. = 46:45:33.2, and
vi g = 760km s~! with 185 members in the full and 52 galax-
ies in the complete sample; see Figure 24, rop). Note that
galaxy groups are labelled by their BGG. Furthermore, four
galaxies are part of the NGC3972 group (centred at RA =
11:54:29.37, Dec. = 55:23:09.8, and v; = 740 km s~! with
five group members in the complete and full sample) and an-
other four galaxies are part of the NGC3992 group (centred at
RA = 11:57:38.07, Dec. = 53:22:30.8 atv; ; = 1267 kms~!
with five group members in the full and four in the complete
sample, see Figure 24). Only three of the T96 members reside
within the NGC3998 group (centred at RA = 11:55:06.46,
Dec. = 55:36:03.7 at v, g = 1064 km s~!), which is a size-
able conglomeration to the North (26 group members in the
full and 15 in the complete sample) also shown in Figure 24
(top). The remaining 14 T96 Ursa Major ‘cluster’ members
are non-group galaxies according to this study.
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Given that the majority of Ursa Major ‘cluster’ members
as defined by T96 are members of the ‘loose’ identified
MESSIER106, the NGC3972, and the NGC3992 groups,
one can consider the Ursa Major ‘cluster’ to consist of these
three groups with a total of 195 group members. There-
fore, this study increases the number of Ursa Major ‘clus-
ter’ members from the 79 members identified in T96 to 195
galaxies, i.e. the number of members increases by approx-
imately 150%. The properties of the dominant and ‘loose’
idetified MESSIER106 group are: velocity dispersion of
205 km s~!, virial mass of 7.96 x 103 M, crossing time of
0.14 HO_', total luminosity of 1.19 x 10" L, mass-to-light
ratio of 670, a lower total HI mass limit of 7.96 x 10'° M,
the fraction of early-type galaxies is 23%, and the maxi-
mal radial extent is 1.62 Mpc. However, using the ‘looser’
linking lengths Dy, = 0.43 Mpc and V, =120 km s~!
result in galaxy groups with a radial extents that are
overestimated.

Recently, Makarov & Karachentsev (2011; hereafter
MKI11) presented an all-sky catalogue of 395 nearby groups
(with radial velocities v; ; < 3500 km s~!, excluding the
Milky Way zone | b |> 15°) using a variant of the FoF tech-
nique combined with a hierarchical approach. The authors
identified seven bound groups in the Ursa Major region,
which are discussed in more detail in Karachentsev et al.
(2013) and shown in Figure 24 (bottom; the seven bound
groups are shown in colour, whereas overlapping groups in
projection are shown in black). The structures identified in
MK11 and Karachentsev et al. (2013) (see Figure 24, bottom)
are best compared to the groups found using the FoF algo-
rithm with ‘strict’ linking lengths D, = 0.30 Mpc and V;, =
150 km s~! (see Figure 24 middle). For clarity, the MK11
groups are colour-coded according to their group member-
ship, whereas the galaxies in the FoF groups are coloured
to indicate their recession velocities (v, < 600 km s7!
in red; 600 < v 5 <900 km s~ in orange; 900 < v <
1200 km s™! in magenta; and 1200 < v; < 1500 km s~
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Figure 23. Multi-colour SDSS images of HIJASS non-detections centred on the optical positions together with the HIJASS
spectra (obtained at the optical position). These galaxies are not amongst the 5o detections presented in Wolfinger et al.
(2013). The HI deficiency decreases from the left to the right and from the top to the bottom. Galaxy name, image size (in
brackets), and HI deficiency is given above each SDSS image and spectrum. The HI spectra have the optical velocities (cz in
km s~!) along the abscissas and the flux densities (in Jy) along the ordinates. Galaxy spectra with one dashed vertical line
have no obvious HI line emission (the emission should be at the recession velocity of the dashed line; an upper limit on the
HI mass is adopted); whereas for galaxies with two dashed vertical lines in the spectra, an HI line emission analysis has been
conducted similar to Wolfinger et al. (2013).
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Figure 24. Structures identified using the FoF algorithm with linking
lengths D, = 0.43 Mpc and V,, = 120 km s~! (top) and Dy =0.3 Mpc
and V) = 150 km s~ (middle). The latter is compared to the groups found
in Karachentsev et al. (2013; bottom). The galaxies in the FoF groups are
colour-coded to indicate the recession velocities (vLG < 600 km s~! in red;
600 < v, <900 km s~! in orange; 900 < v; ; < 1200 km s~! in ma-
genta; and 1200 < Vig = 1500 km s~! in violet), whereas the literature
groups (bottom) are colour-coded according to their group membership for
clarity. Group members are shown with circles that are connected to their
group centre by a line. The BGG are labelled in the Figures. Non-group
galaxies are shown with small boxes.
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in violet). Galaxies in the groups are shown with circles that
are connected to the group centres (line), whereas non-group
galaxies are indicated by small boxes. The brightest group
galaxies are labelled in the Figures. The best FoF group
matches to the MK11 groups are discussed below sorted by
decreasing number of MK11 group members (N, j;,):

(i) The dominant structure in MK11 is the NGC3992 group
with 74 group members (shown in red—bottom). The best
match to the NGC3992 group is the NGC3998 group with
29 members (middle), of which 25 group members are con-
tained in the MK11 counterpart. Furthermore, the galaxies in
the smaller NGC3992 and NGC3972 groups (middle) are part
of the NGC3992 group identified by Makarov & Karachent-
sev (2011). Therefore, the FoF algorithm used in this study
appears to divide the NGC3992 group into its substructures.
(i) The NGC4111 group (shown in magenta with 35 group
members—bottom) is best matched to the NGC3938 group
with 29 group members (middle)—25 galaxies are enclosed
in both structures. (iii) The MK11 group NGC3877 (21
group members; shown in cyan—bottom) is the best match
to the NGC4026 group (30 group members—middle)—
11 galaxies are bijective matches. Note that the literature
group NGC4157 (bottom) forms a substantial part of the
NGC4026 group (middle), with the centre lying between
the two MKI11 groups (see middle). (iv) The foreground
group MESSIER106 group (shown in black—bottom) con-
sisting of 18 group members has a smaller counterpart in
the FoF groups—MESSIER106 with only six group mem-
bers (middle), of which five are included in the literature
group. (v) Located in the northern part is the NGC3838
group (shown in black—bottom), which is best compared to
the NGC3683 group with 22 group members (middle)—9 of
the 11 MK11group members can be found in the NGC3683
group. (vi) To the South lies the NGC4490 group (eight mem-
bers, shown in black—bottom), which is best matched to the
NGC4449 group (15 members—middle, seven galaxies are
included in both structures.

By comparing the MK11 groups to the bijective or best
matched FoF group (e.g. the NGC3992 to the NGC3998
group, the NGC4111 group to the NGC3938 group,
the NGC3877 group to the NGC4026 group, the two
MESSIER106 groups, etc.), 82 bijective galaxy matches are
found out of the 131 galaxies in the six FoF groups and
167 galaxies in the MK11 groups. Approximately half of
the group members in the MK11 groups are included in the
FoF counterparts. The BGG (and therefore the group name)
may differ as Karachentsev et al. (2013) use distance mod-
uli obtained from NED and K,-band luminosities, which are
derived from K -band magnitudes in the 2MASS Survey (Jar-
rett 2004). Note that the few group members of the NGC3992
group (FoF) are included in the NGC3992 group (identi-
fied by Makarov & Karachentsev 2011). The conglomera-
tion of the FoF groups (NGC3998 and NGC3992 groups)
would result in NGC3992 to be the BGG as in Makarov &
Karachentsev 2011.
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Table 4. High-probability FoF groups to be bound to the

Virgo cluster (P, 4 > 80).

Mtol Vr Rp anund
Group pair (10"My) (kms™')  (Mpe) (%)
(D1) (D2) (D3) (D4) (D5)
NGC4725, Virgo 8.1 69 34 95.7
NGC5033, Virgo 8.1 71 6.2 94.4
NGC3301, Virgo 8.0 118 7.7 90.0
NGC4274, Virgo 8.2 173 3.8 89.8
MESSIER106, Virgo 8.8 215 8.1 81.5

On average the relative difference in the number of group
members between the Makarov & Karachentsev (2011)
groups (N, ;) and the best matched FoF groups (number
of galaxies in the full sample; N, ) is 14% given by

N

Z mF Nt
N

N mlit

AN, = S (22)

and the average relative difference in the derived velocity
dispersions of the groups is 42% (calculated analogously,
with o, and o, |;, replacing N  and N, ;;, in equation (22),
respectively). This denotes that on average the FoF groups
contain 14% more group members and the velocity disper-

sions are increased by 42%.

6.2. Will Ursa Major and Virgo merge?

The galaxy groups in the Ursa Major region form an extended
filamentary structure in the central region (11" < RA < 13")
as discussed in Section 4.2. To the South of the filamentary
structure resides the Virgo cluster (centred at o = 187.70,
6 =12.34, and v;q =975 km s~!: Karachentsev et al.
2014). The analysis of bound structures using the Newto-
nian binding criterion presented above can be used to deter-
mine if the Ursa Major region as a whole is bound to the
nearby Virgo cluster. The Virgo cluster has a total mass of
My = 8.0 x 10" M, (Karachentsev et al. 2014).
Assuming that the still forming galaxy groups identified
using strict linking lengths will eventually merge to form
larger structures, the large-scale structures of the Ursa Major
region as a whole may be bound to the Virgo cluster. In order
to examine if the larger structures are bound to Virgo, the FoF
groups identified using looser liking lengths D, = 0.43 Mpc
and V, = 120 km s~! are used. The probabilities that indi-
vidual groups are bound to Virgo (B,,,,q > 80%) are given
in Table 4 with the most likely bound two-body system
listed first (similar to Table 2). The Ursa Major—Virgo re-
gion is shown in Figure 25 with the structures labelled in
the rop panel. For illustrative purposes, a virial radius of
R, = 1.8 Mpc (Karachentsev et al. 2014) is assumed for
the Virgo cluster. The two-body systems with probabilities
P, ound > 0% are shown in Figure 25 (bottom; the probabili-

boun
ties are given as a numerical values in per cent). Note that the
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Figure 25. Galaxy groups identified using ‘looser’ linking lengths (D, =
0.43 Mpc and V;; = 120 km s~1) and their probabilities to be bound to the
Virgo cluster. The displayed velocity range is 700 to 1 500 km s~!. The
groups are labelled in the fop panel. Probabilities (> 0%) of the FoF groups
to be bound to the Virgo cluster are given as a numerical value in the bottom
panel (in per cent). Note that the virial radius R, = 1.8 Mpc (Hoffman et al.
1980) is shown for the Virgo cluster, whereas the maximal radial extent is
shown for the FoF groups. The galaxy groups ‘NGC3998’ and ‘NGC3079’
(in the North) are not considered to be bound to the Virgo cluster due to the
large projected distance (Rp > 12 Mpc) and therefore unfeasible merging
times.

galaxy groups ‘NGC3998’ and ‘NGC3079’ (in the North)
are not considered to be bound to the Virgo cluster due to
the large projected distance (R, > 12 Mpc) and therefore un-
feasible merging times (not listed in Table 4). The displayed
velocity range is 700 to 1 500 km s~! and the structures are
at central velocities as noted in the key. There are no groups
beyond 1 500 km s~! that are likely to be bound to the Virgo
cluster (P,,,q drops to 0%).

The main structure in the Ursa Major region is
the MESSIER106 group (constituting of the NGC4026,
NGC3938, NGC4449, and MESSIER106 groups when us-
ing strict linking lengths), which is likely to be bound to the
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Virgo cluster at the 81% level. The MESSIER106 group
is connected to the Virgo cluster by a filamentary struc-
ture including the NGC4274 (constituting of the NGC4274
and NGC4278 groups when using strict linking lengths), the
NGC4725, and NGC5033 groups, all of which are likely to be
bound to the Virgo cluster (P4 > 90%). The Virgo cluster
appears to be accreting galaxy groups along the filamen-
tary structure including the ‘Ursa Major cluster’ as known
in the literature. If Ursa Major and Virgo merge, the to-
tal mass of the system will be M, = 8.8 x 10 M. Note
that previous studies determined the zone of infall into the
Virgo cluster to be four times the virial radius (Karachentsev
et al. 2014), which includes the NGC4725, NGC4274, and
NGC5033 groups.

6.3. The nature of the Ursa Major region

We identified gravitationally bound structures in the Ursa
Major region using a FoF algorithm with strict linking lengths
(Dy = 0.30Mpc and V;; = 150 km s~1). The properties of the
structures emphasise the picture of galaxy groups within the
Ursa Major region as opposed to an ‘Ursa Major cluster’
given that (i) the number of group members in each structure
is small, (ii) the fraction of early-type galaxies is low, (iii)
the velocity dispersions are low, and (iv) the virial masses
are <10'4 M.

The dynamical analysis of the galaxy groups revealed that
many groups are likely bound to one another and in the pro-
cess of merging. Figure 26 shows a projected overview of
the region with high-probability two-body bound systems
connected by a line. The structure eventually emerging in
the foreground (at the centre of mass of the NGC4449,
MESSIER 106, and NGC4278 groups—red/magenta) and the
structure emerging at intermediate velocity (at the centre of
mass of the NGC4026, NGC3938, and NGC5033 groups—
blue/green) are likely bound to one another and therefore
constitute to the ‘Ursa Major supergroup’ (highlighted in
blue). Using looser linking lengths (D, = 0.43 Mpc and
Vo =120 km s™!) results in the NGC4026, NGC3938,
NGC4449, and MESSIER106 groups being merged giving
an estimate of the properties of the supergroup: a poor clus-
ter with 185 galaxies, a velocity dispersion of 205 km s~ !,
an early-type fraction of 23%, and a virial mass of
7.96 x 10" M.

The zone of infall into the Virgo cluster has previously been
determined to be four times the virial radius (highlighted in
green; Karachentsev et al. 2014).The Virgo cluster is likely to
be accreting galaxy groups such as the NGC4274, NGC4725,
and NGC3301 groups as well as the Ursa Major supergroup
(marked with arrows towards the Virgo cluster). Note that the
NGC4274 group was determined to be likely bound to the
NGC3938 and NGC5033 groups (see Section 4.4). However,
due to its proximity to the Virgo cluster, the dynamics of
the NGC4274 group is likely influenced by the strong sheer
caused by the Virgo cluster. The NGC3998, NGC3972, and
NGC3079 groups are situated in the background and unlikely
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Figure 26. Projected overview of the Ursa Major/Virgo region. Note that
the virial radius R, = 1.8 Mpc (Hoffman et al. 1980) is shown for the
Virgo cluster, whereas the maximal radial extent is shown for the FoF
groups. The central group velocities are given in the key. Galaxy groups that
are likely to constitute the Ursa Major supergroup are the MESSIER106,
NGC4449, NGC4278, NGC4026, NGC3938, and the NGC5033 groups
(bound structures are marked by lines—the red/magenta and blue/green
structures are likely bound to one another and therefore constitute to the
supergroup, which is highlighted in blue). The zone of infall into the Virgo
cluster is highlighted in light green (four times the virial radius as determined
in Karachentsev et al. 2014).The Virgo cluster is likely to be accreting galaxy
groups such as the NGC4274, NGC4725, and NGC3301 groups as well as
the Ursa Major supergroup as a whole (marked with arrows towards the Virgo
cluster). The NGC3998, NGC3972, and NGC3079 groups are situated in the
background and unlikely to be bound to both, the Ursa Major supergroup,
and the Virgo cluster.

to be bound to both, the Ursa Major supergroup, and the Virgo
cluster.

The evolutionary state of the galaxy groups has also been
investigated. The optical galaxy properties as a function of
local projected surface density show weak trends, suggest-
ing little transformation occurring in the galaxies of the Ursa
Major region yet. The colours, luminosities, and morpholog-
ical types of galaxies residing in the groups are similar to
those of galaxies in the field. The little signs of transforma-
tion in the optical properties of the galaxies as well as the
relatively large offsets of the BGG from the spatial and kine-
matic group centre suggest that the groups are in an early
evolutionary state. Note that several galaxy groups may not
have had time to virialise yet (groups with ¢z, > 0.09H -1
Nolthenius & White 1987).

Several galaxies with HI excess were found in the Ursa
Major region, the majority of which reside in the low
density environment. The HI deficient galaxies tend to re-
side in galaxy groups. We found that galaxies with known
disturbed HI content and/or HI tails reside in the cen-
tral region of the galaxy groups. Given the low veloc-
ity dispersion of the groups and the lack of X-ray emis-
sion, these disturbances are likely a result of galaxy—galaxy
interactions.
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7 CONCLUSION

In this paper, galaxy groups are identified whose mem-
bers are likely to be physically and dynamically associated
within the Ursa Major region (within 930" < o < 4+14"30™
and +20° < § < +65°). A standard FoF algorithm is ex-
tensively tested on mock galaxy lightcones with the same
magnitude, velocity, and stellar mass cuts as in the real
data to determine appropriate linking lengths (D, and V).
The FoF algorithm is implemented on a complete, velocity-
limited (300 < v; 5 <3000 km sh), absolute-magnitude-
limited (M, < —15.3 mag) and stellar-mass-limited (M, >
108 M) sample of 1 209 galaxies in the Ursa Major re-
gion as obtained from the SDSS DR7 (Abazajian et al.
2009) and NED. Adopting linking lengths D, = 0.3 Mpc
and V, = 150 km s~!, 41 galaxy groups are identified within
the Ursa Major region with four or more group members.
After defining the luminosity-weighted centroid (RA, Dec.,
and recession velocity), the maximal radial extent and ve-
locity dispersion, faint galaxies within each cylindrical vol-
ume (that are not part of the complete sample) are included
as group members and the properties are re-calculated and
presented.

The average group properties are N, g_yy> Ny c—g> 0, =
90 km s~', r .. =360 kpc, M, =0.6 x 10¥ M, L, =
0.23 x 10" L, a mass-to-light ratio of M, /L, = 480 and
a crossing time of 0.13 Hy !, Note that galaxy groups with
t. > 0.09H, ' may not have had time to virialise yet (Nolthe-
nius & White 1987). The obtained properties emphasise the
picture of galaxy groups in the Ursa Major region as opposed
to an ‘Ursa Major cluster’ given that (i) the number of group
members is small, (ii) the fraction of early-type galaxies in
galaxy groups is low, (iii) the velocity dispersions are low,
and (iv) the virial masses are < 10'* M. Only 26% of galax-
ies in the complete sample reside in groups (with N, > 4),
i.e. 74% of galaxies are left ungrouped. In comparison to
previous studies (e.g. Giuricin et al. 2000), the ungrouped
fraction is rather high suggesting that many galaxies may
reside in pairs and groups with three members.

The galaxy groups in the central Ursa Major region
(11" < RA < 13") form an extended filamentary structure
connected in projection and velocity. The filamentary struc-
ture is also connected to the Virgo cluster located to the
South of Ursa Major. Behind the filamentary structure is a
sparsely populated region (at 1200 < v; 5 < 1800 km s™1).
The analysis of the group dynamics using the Newtonian
binding criterion, reveals many groups that are likely bound
to one another and in the process of merging. The six galaxy
groups, which are identified to constitute to the Ursa Ma-
jor supergroup are the NGC4449, MESSIER 106, NGC4278,
NGC4026, NGC3938, and NGC5033 groups. Eventually,
these galaxy groups may form larger structures with proper-
ties similar to the galaxy groups identified using looser link-
ing lengths (D, = 0.43 Mpc and V, = 120 km s™!). Assum-
ing the larger structures (groups identified using the looser
linking lengths), the Ursa Major region as a whole is likely
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to be bound to the Virgo cluster and will eventually form a
larger system with a total mass of M = 8.8 x 10'* M. The
Virgo cluster appears to be accreting galaxy groups along the
filamentary structure.

The evolutionary state of the galaxy groups can be ex-
amined by investigating the location of the BGG as well as
the optical and HI properties as a function of local projected
surface density and group/non-group membership:

The BGG often shows a relatively large spatial and kine-
matic offset from the group centre compared to previous
studies of BGG in dynamically evolved groups. Therefore,
the majority of groups in the Ursa Major region seem to be
dynamically immature and in the process of forming. Galaxy
groups closest to the Virgo cluster appear more evolved than
groups further away, suggesting a change in group properties
with distance from the Virgo cluster. However, this may also
be a result of the low number of galaxies in the groups closest
to the Virgo cluster, where the group centre may be severely
biased towards the BGG.

The optical galaxy properties such as colour, morphologi-
cal type, and luminosity as a function of environment are as
follows: (i) the increase in the fraction of early-type galaxies
with local projected surface density is shallow, (ii) galaxy
colours tend to be redder with increasing density, and (iii)
there is no trend towards brighter galaxies with increasing
density.

Several galaxies with HI excess are found in the Ursa
Major region, the majority of these reside in low density
environments. HI deficient galaxies tend to reside in galaxy
groups, preferentially in the southern part of the Ursa Major
region, i.e. in the dynamically more evolved groups that are in
vicinity of the Virgo cluster. The HI deficiency values appear
to be evenly distributed around O up to a local projected
surface density of log(X5) = 1 followed by a steep increase
towards HI deficient galaxies with increasing density. Note
that first signs of galaxy transformation can be seen in several
galaxy groups which contain members with disturbed HI
content or HI tails. Given the low velocity dispersion of the
groups and the lack of X-ray emission, these disturbances
are likely due to galaxy—galaxy interactions.

We conclude that the galaxy groups in the Ursa Major
region are in an early evolutionary state and the properties
of their member galaxies are similar to those in the field.
The nature of Ursa Major is likely a supergroup, consist-
ing of several gravitationally bound galaxy groups, which
will form a larger structure and eventually also merge with
Virgo.
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Figure Al. The main structures in the southern part of the Ursa Major region (found using linking lengths D = 0.3 Mpc and V|, =
150 km s~!). Similar to Figure 9. The NGC4278 galaxy, which shows an HI cloud offset from the host galaxy (Morganti et al. 2006) is
highlighted with a black dot (skymap) and a green circle (distance-velocity diagram and velocity histogram).

APPENDIX

The main structures in the southern part of the Ursa
Major region

The dominant structures in the southern part of the central Ursa
Major region (11" <@ < +13" and 20° < § < +35°) are the
NGC4274, the NGC4278, and NGC4725 groups (Figure Al). All
three groups have central velocities below 1100 km s~' (see
Table 1 for more details on the group properties).The NGC4278
and NGC4274 groups are located at a similar right ascension and
declination, but with an offset in velocity—the central group veloc-
ities are 498 and 907 km s~!, respectively.

The NGC4274 group is the richest group in the southern part
of the Ursa Major region with 13 group members (seven in
the complete sample). NGC4274 (BGG) is located 41 kpc and
79 km s~! from the luminosity-weighted group centroid. The group
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is dominated by late-type galaxies—the early-type fraction is 29%.
NGC4283 is listed in the Extragalactic Distance Database (EDD;
Tully et al. 2009) at a quality distance of 15.7 Mpc. Assuming
Hubble flow, NGC4283 resides at a distance of 11.2 Mpc, and
the group centre is at 12.4 Mpc, which is closer than the redshift-
independent distance measurement. The group’s velocity dispersion
is 121 km s~!.

The BGG in the NGC4278 group lies close to the spatial and kine-
matic centre of the group, with an offset of 52 kpc and 17 kms~!, re-
spectively. The NGC4278 group is located at similar position on the
sky as the previously discussed NGC4274 group, but located in the
foreground at a central velocity of 498 km s~!, which corresponds to
a distance of 6.8 Mpc (Hubble flow). Two group members are listed
in EDD (Tully et al. 2009) with quality distance measurements—
the bulge dominated galaxies NGC4278 (BGG) at 16.1 Mpc and
NGC4150 (3rd BGG) at 13.7 Mpc. The redshift-independent dis-
tance measurements place the NGC4278 group at similar distance
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Figure A2. The main structures in the northern part of the Ursa Major region (using linking lengths D, = 0.3 Mpc and V;, = 150 km s7h.
Similar to Figure 9. The NGC3998 galaxy, which shows a disturbed HI content (Verheijen & Zwaan 2001) is highlighted with a black
dot (skymap) and a green circle (distance—velocity diagram and velocity histogram).

to the NGC4274 group. Large peculiar velocities may explain the
inconsistency in quality and redshift distance measurements. The
NGC4278 group may in fact be located behind the NGC4274 group
and infalling, which would lead to blue-shifted redshift measure-
ments, i.e. the distance obtained assuming Hubble flow is closer
than the real distance. The group has an early-type fraction of 40%
and a low velocity dispersion of only 47 km s~!. Note that the
BGG shows an HI tail (Morganti et al. 2006; the galaxy and its
surroundings are marked with a black box in Figure A1; NGC4278
is highlighted with a green circle in the distance-velocity diagram
and in the velocity histogram).

The group members of the NGC4725 group are distinct from
other nearby galaxies as evidenced by a clear gap between group
members and non-group galaxies in the distance—velocity diagram
(for the complete sample, i.e. capital letters and large symbols).
NGC4725 (BGG) is at the spatial and kinematic group centre with
an offset of 23 kpc and 14 km s~!, respectively. The redshift-
independent distance measurement for the BGG is 12.4 Mpc (EDD;
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Tully et al. 2009), which is slightly less than the distance obtained
assuming Hubble flow (14.3 Mpc). The group has a velocity dis-
persion of 148 km s~! and an early-type fraction of 33%.

The main structures in the northern part of the Ursa
Major region

The dominant structures in the northern part of the Ursa Major
region (11" < @ < +13" and 50° < § < +65°) are the NGC3998,
NGC3683, and NGC3613 groups. The groups form a filamentary
structure connected in projection, with increasing central velocities
of 1065, 1478, and 1893 km s~ !, respectively (see Table 1 for more
details on the group properties). The northern structures are linked
to the central groups at low recession velocities via the NGC3998
and the much smaller NGC3992 group (at v, ; = 1065 km s~' and
Vi = 1267 km s, respectively; see Figure 8).

The richest group in the northern part of the Ursa Major region
is the NGC3998 group with 29 group members (14 in the complete
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sample). The group has a velocity dispersion of 188 km s~! and an
early-type fraction of 21%. NGC3998 (BGG) is located at 107 kpc
and 79 km s~ off the group centre and is one of the three brightest
lenticulars in the Ursa Major region (together with NGC4026 and
NGC3938; Verheijen & Sancisi 2001). All of them show signs of
transformation occurring to the galaxies, such as tidal tails and
disturbed HI content (see Verheijen & Sancisi 2001; marked with a
black box in Figures 9 and A2). Two group members have quality
distance measurements listed in EDD (Tully et al. 2009)—the BGG
at 14.1 Mpc and NGC3982 (3rd BGG) at 20.5 Mpc, which implies
a structure of more than 6 Mpc across. Assuming Hubble flow, the
group is located at 14.6 Mpc, which is in good agreement with
the redshift-independent distance measurement of NGC3998. The
velocity distribution of the NGC3998 group shows two peaks. The
inconsistency in quality distances and the non-Gaussian velocity
distribution indicate that the group is unrelaxed. Note that the much
smaller NGC3972 group (four group members in complete and full
sample) is located at similar position on the sky (see Figure 8) as the
NGC3998 group, but at lower recession velocity (738 km s~! for
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the NGC3972 group as opposed to 1065 km s~! for the NGC3998
group).

The BGG in the NGC3683 group is located at the kinematic
centre (the velocity offset is only 3 km s~'). However, the pro-
jected spatial offset is 552 kpc, i.e. the BGG resides in the outskirts
of the group at nearly maximal radial extent (7, ). No redshift-
independent distance measurements are available for any of the 22
group members (14 in the complete sample). Assuming Hubble
flow, the group resides at a distance of 20.3 Mpc. The velocity dis-
persion of the group is 87 km s~ and the early-type fraction is 21%.

The NGC3613 group resides in the background of the Ursa Major
region at 25.9 Mpc (Hubble flow). The group comprises 21 group
members (16 in the complete sample) with a velocity dispersion of
129 km s~! and an early-type fraction of 19%. Two quality distances
are listed in EDD (Tully et al. 2009), which are inconsistent—
NGC3613 (BGG) is at 29.1 Mpc, whereas NGC3610 (2nd BGG) is
located at 21.4 Mpc suggesting a structure of approximately 8 Mpc
across. The spatial and kinematic offsets of the BGG from the group
centroid are 236 kpc and 162 km s™!.
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