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ABSTRACT

We present a homogeneous 2MASS bright galaxy catalogue at low Galactic latitudes
(Jb] < 1020, called zone of avoidance, ZoA) which is complete to a Galactic extinction-
corrected magnitude of K < 11725. It also includes galaxies in regions of high foreground
extinctions [E(B — V) > 0M95] situated at higher latitudes. This catalogue forms the basis of
studies of large-scale structures, flow fields, and extinction across the ZoA and complements
the ongoing 2MASS Redshift and Tully—Fisher surveys. It comprises 3763 galaxies, 70 per cent
of which have at least one radial velocity measurement in the literature. The catalogue is com-
plete up to star density levels of log N,/deg? < 4.5 and at least for Ax < 0™6 and likely as
high as Ax = 270. Thus, the ZoA in terms of bright NIR galaxies covers only 2.5-4 per cent
of the whole sky. We use a diameter-dependent extinction correction to compare our sample
with an unobscured, high-latitude sample. While the correction to the K;-band magnitude is
sufficient, the corrected diameters are too small by about 4 arcsec on average. The omission
of applying such a diameter-dependent extinction correction may lead to a biased flow field
even at intermediate extinction values as found in the 2MRS survey. A slight dependence of
galaxy colour with stellar density indicates that unsubtracted foreground stars make galaxies
appear bluer. Furthermore, far-infrared sources in the DIRBE/IRAS extinction maps that were
not removed at low latitudes affect the foreground extinction corrections of three galaxies and
may weakly affect a further estimated <20 per cent of our galaxies.

Key words: catalogues — galaxies: general — galaxies: photometry —infrared: galaxies.

1 INTRODUCTION

Truly all-sky galaxy samples are difficult to acquire because of the
so-called zone of avoidance (hereafter ZoA). In the ZoA, Galactic
dust extinction as well as star crowding severely hamper not only
the identification of galaxies (where different wavelengths are af-
fected by different biases, e.g. Kraan-Korteweg & Lahav 2000 and
references therein) but also subsequent follow-up observations.
While all-sky imaging surveys exist, like photographic plate sur-
veys in the optical such as the Palomar Observatory Sky Survey
(POSS) and the UK-Schmidt telescope (SERC) surveys (now avail-
able in digitized format at DSS and SuperCOSMOS), and more
recent CCD-based surveys in the NIR such as 2MASS (Two Mi-
cron All Sky Survey; Skrutskie et al. 2006), many other surveys
cover only one hemisphere (at least in one passband), e.g. DENIS
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(DEep Near-Infrared southern sky Survey; Epchtein et al. 1997),
VHS (VISTA Hemisphere Survey; McMahon et al. 2013), HIPASS
(H1 Parkes All-Sky Survey; Meyer et al. 2004), the DESI Legacy
Imaging Surveys (Dey et al. 2018), and the upcoming LSST (Large
Synoptic Survey Telescope, LSST Science Collaboration 2009) sur-
vey. For extragalactic surveys and cosmic flow-field analyses, the
objective is the identification of galaxies, which can then be targeted
for redshift measurements. Thus, not only the distinction between
extended sources and point sources but also between Galactic and
extragalactic extended sources is tantamount. Automated galaxy de-
tection algorithms work well at high latitudes where the spatial den-
sity of foreground stars is low and Galactic extended sources scarce,
but they are far inferior to the human eye in the crowded areas of the
Galactic Plane. Though such by-eye searches of the ZoA were done
extensively using photographic plates (e.g. Kraan-Korteweg 2000;
Woudt & Kraan-Korteweg 2001 in the south and Saito et al. 1991
in the north), the modern CCD-based, high-resolution surveys, like
the UKIDSS GPS (Galactic Plane Survey; Lucas et al. 2008), the
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Vista VVV (VISTA Variables in the Via Lactea; Minniti et al. 2010)
and the DECam Plane Survey (Schlafly et al. 2018), have a depth
and spatial resolution that renders such searches impossible within
a reasonable time span.

Furthermore, for a 3D view of the sky, spectroscopic surveys
are required that usually depend on a galaxy sample as input and
are thus, even when based on an all-sky imaging survey, usually
restricted to higher Galactic latitudes (e.g. the Sloan Digital Sky
Survey SDSS, York et al. 2000; the 6dF Galaxy Survey, Jones et al.
2009; 2MRS: the 2MASS Redshift Survey, Huchra et al. 2012).
Only so-called blind H I surveys with their great advantage of a 3D
view of observed areas of the sky cover the ZoA well (e.g. HIJASS:
the H1 Jodrell All Sky Survey, Lang et al. 2003; HIPASS, Meyer
et al. 2004; EBHIS: the Effelsberg Bonn H1 Survey, Kerp et al.
2011). Disadvantages of surveys in HI are the intrinsical weakness
of the 21-cm line emission, which leads to a restricted coverage in
redshift out to which galaxies can be detected, as well as the paucity
of H1in certain types of galaxies, in particular elliptical galaxies and
early-type spirals that often define the centres of massive clusters.
The advantages are that galaxies can be detected independent of
foreground extinction and star crowding (though their detection is
affected by the presence of radio continuum sources that are more
frequent in the Galactic Plane, Staveley-Smith et al. 2016). Thus,
blind H1surveys of the ZoA have been the tool of choice in mapping
large-scale structures in this area (e.g. HIZOA-NE: the HIZOA
Northern Extension survey, Donley et al. 2005; HIZOA: the H1
Zone of Avoidance survey, Staveley-Smith et al. 2016; ALFAZOA:
the Arecibo L-band Feed Array Zone of Avoidance Survey, Henning
etal. 2010; EZOA: the EBHIS Zone of Avoidance survey, Schroder
et al., in preparation).

Truly all-sky galaxy samples that are homogeneous are therefore
difficult to compile but they are important to arrive at a complete
and unbiased 3D map of the local Universe required to explain the
dynamics in the local Universe (e.g. Qin et al. 2018 using 2MTF
and 6dFGSv, Courtois et al. 2017 using CosmicFlows3, Lavaux &
Jasche 2016 using 2M++-, Erdogdu et al. 2006 using 2MRS) in-
cluding structures such as the Great Attractor (Dressler et al. 1987),
the Perseus Pisces Complex (Giovanelli & Haynes 1982), or the
Local Void (Tully et al. 2008). Even though the gap due to the ZoA
is considerably smaller in the NIR than in the optical, the incom-
pleteness in the 3D galaxy mass distribution due to the ZoA still
leads to new discoveries (e.g. a rich cluster in the Perseus—Pisces
filament, Ramatsoku et al. 2016; the Vela Supercluster, Kraan-
Korteweg et al. 2017, Sorce et al. 2017) and still has an impact
on the studies of the cosmic flow fields where controversies remain
in modelling the dipole of the cosmic microwave background (e.g.
Kraan-Korteweg & Lahav 2000, Loeb & Narayan 2008). For more
information, see our Paper II (Kraan-Korteweg et al. 2018).

Another advantage of defining a homogeneous galaxy sample
that includes the high extinction areas of the ZoA is that it allows
the study of systematic effects that are caused by an incomplete un-
derstanding of the impact of extinction on galaxy sample selections
that are based on magnitudes or size. Even at higher Galactic lati-
tudes (|b| > 10°) there are areas of higher extinction on the sky (e.g.
the Orion Nebula or the Taurus Molecular Cloud) where incom-
pletely corrected galaxy magnitudes could lead to systematic biases
in an all-sky analysis (see our discussion on Galactic extinction
corrections in Section 3).

We therefore compiled a magnitude-limited sample of 2MASS
galaxies in the ZoA to contribute to a homogeneous ‘whole-sky’
2MRS for large-scale structure studies in the nearby Universe, as
well as to the ‘whole-sky’ 2MASS Tully Fisher Relation Survey
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(2MTF; e.g. Masters et al. 2014) of inclined spiral galaxies to study
cosmic flow fields. Although both these major surveys intend to
map the full 3D distribution of galaxies in the nearby Universe they
have excluded the inner part of the ZoA (|b| < 5°), and are not
fully complete for its outer part (5 < |b| < 10°). Both are based on
the 2MASS extended source catalogue (2MASX; Jarrett 2004) and
have a K;-band magnitude completeness limit of 11775 and 11725,
respectively. Though the 2MASX catalogue itself includes the ZoA,
its reliability drops off quickly at low latitudes (|b| < 10°; Jarrett
et al. 2000a; Huchra et al. 2012).

Contrary to the 2MRS magnitude limit of K{ < 11775, we
adopted a brighter limit of K{ < 11725, which is the same as
the limit of the first 2MRS data release (Huchra et al. 2005) as
well as that of the 2MTF survey. At this extinction-corrected mag-
nitude limit the 2MASX completeness level remains fairly constant
across the ZoA (Huchra et al. 2005) apart from the Galactic bulge.
The completeness would drop substantially towards lower latitudes,
however, if the extinction-corrected magnitude limit is lowered to
include fainter ZoA objects, due to the steep increase in the number
of faint foreground stars and the related rise in sky background close
to the Galactic plane (Jarrett et al. 2000a). Furthermore, deep in the
ZoA the K¢-band extinction corrections can reach values of up to 1
magnitude, which implies that the apparent uncorrected magnitudes
are quite faint that will affect both the accuracy of their photome-
try as well as their morphological classification. The K? = 11725
limit corresponds to a B-band limit of 14™75 for an average spiral
galaxy colour of B — K = 375 (Jarrett 2000; Jarrett et al. 2003)
and is thus comparable to the completeness limit of most optically
selected nearby galaxies whole-sky surveys (Kraan-Korteweg &
Lahav 2000).

Originally, our intention was to observe 2MASS galaxies in the
northern ZoA that had no prior redshifts in the 21-cm line, us-
ing the 100m class Nangay Radio Telescope (NRT). So far no
systematic HI surveys of galaxies have been conducted over the
northern ZoA, unlike in the south where pointed as well as blind
H1surveys were made using the Parkes radio telescope (e.g. Kraan-
Korteweg, Henning & Schroder 2002; Donley et al. 2005; Schroder,
Kraan-Korteweg & Henning 2009; Staveley-Smith et al. 2016) or at
medium declinations using the Arecibo telescope (e.g. Pantoja et al.
1994; Pantoja et al. 1997). And with an interstellar extinction in the
Ks-band (A 2.2 um) 11 times smaller than in the B-band, absorption
remains relatively modest for galaxies in this passband over most of
the northern ZoA, despite many being invisible on optical Palomar
Sky Survey (DSS, Digital Sky Survey) images, while confusion due
to star-crowding in the NIR is minimal for most of the northern ZoA.
We thus started with a list of about 1100 2MASX objects compiled
by J. Huchra (private communication) mostly at |b| < 5° and § >
—40° (so as to be observable with the NRT), then formalized the se-
lection criteria to include all objects from the 2MASS NIR extended
objects catalogue (Jarrett et al. 2000b) of the 2MASS survey at |b|
< 10°. For completeness reasons and to finally have a homogeneous
all-ZoA (and thus all-sky) galaxy sample, we extended our sample
to cover the southern ZoA as well as high-latitude high extinction
areas to fully complement the 2MRS.

This paper is the first of a series. A pilot project based on 197
2MASX ZoA galaxies was presented by van Driel et al. (2009).
In Paper II (Kraan-Korteweg et al. 2018) we present the results
of our NRT HI survey of a thousand 2MASX ZoA galaxies, and
Paper III (Schroder et al., in preparation) will address the Galactic
foreground extinction in the ZoA. Further publications will include
observations at more southern declinations using the Parkes radio
telescope, HT observations of galaxies with redshifts (mainly in the
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optical, but also of those galaxies with lower grade H1 spectra) that
are eligible for the TF analysis, as well as the flow-field analysis
using the NIR Tully—Fisher relation.

This paper is structured as follows: in Section 2, our sample
selection and extraction are described and in Section 3 details and
limitations of the selection criteria are discussed. Section 4 presents
the catalogue, and its properties are discussed in Section 5. Section 6
gives the summary and discussion. A supplementary catalogue of
ZoA galaxies that needs to be included in a sample when optimized
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Table 1. Extinction correction factors in the NIR.
Passband A A, | Ag Reference

(pm)

J 1.25 0.21 Fitzpatrick 1999
H 1.65 0.13 Fitzpatrick 1999
K 2.15 0.09 Fitzpatrick 1999
Wil 34 0.057 Schlafly et al. 2016
w2 4.6 0.045 Schlafly et al. 2016
w3 12.0 0.086 Davenport et al. 2014

extinction corrections are applied is presented in the appendix.

2 THE SAMPLE

As mentioned in the introduction, our foremost aim is to comple-
ment the 2MRS and 2MTF efforts by obtaining redshifts of bright
galaxies in the ZoA, that is, in the latitude range not covered by the
2MRS. The 2MRS sample selection criteria are

(i) K2 < 11775;

(i) E(B —V) < 1M0;

(iii) also detected at H-band;

(iv) |b] > 520 for 30° < [ < 330°; |b| > 820 otherwise.

We selected our sample using Ks-band magnitudes corrected for
Galactic extinction, K. To be as close as possible to the 2MRS
magnitude-selection criterion, we extracted the E(B — V) Galactic
extinction values directly from the DIRBE/IRAS maps by Schlegel,
Finkbeiner & Davis (1998, hereafter SFD98) and did not correct for
the factor of 0.86 applied by Schlafly & Finkbeiner (2011, hereafter
SF11).

We defined two samples of galaxy candidates from the 2MASX
catalogue: the main sample, which we will refer to as the ZOA
sample, and the complementary EBV sample at higher latitudes.
Their selection criteria are as follows:

Both samples: unlike the 2MRS, we did not require detection in
the H-band but chose a slightly brighter magnitude limit than the
2MRS, ie. KJ< 11725.

ZOA sample: objects at |b| < 1020 at all Galactic longitudes;

EBV sample: all objects at |b| > 1020 with E(B — V)> 0795.
The overlap between our E(B — V) limit and that of the 2MRS (i.e.
17'0) covers any small variations in the determination of E(B — V);

Galaxy candidates: both samples (particularly at high extinc-
tions and high star-density regions) are contaminated with Galac-
tic nebulae and blended stars. We therefore visually inspected all
2MASX objects to decide whether they are likely galaxies or not
(for further details, see Section 2.1).

To search for radial velocity information, we cross-correlated
both our samples with the 2MRS catalogue as well as with the
NASA/IPAC Extragalactic Data base (NED)! and the HyperLeda
data base.?

2.1 Sample extraction

Our catalogue is based on the 2MASX catalogue.® For the ZOA
sample, we first downloaded all sources with |b| < 1020, using
the default SQL constraints given in the webform, i.e. deselecting

Thttp://ned.ipac.caltech.edu/

Zhitp://leda.univ-lyon].fr/

3See the 2MASS All-Sky Extended Source Catalog (XSC) as found online
at http:/irsa.ipac.caltech.edu/cgi-bin/Gator/nph-dd.

sources with contamination and confusion flags, which are usu-
ally marked as ‘junk’ (cc_.flg = ‘a’ for known artefacts and ‘z’
for small detections in close proximity to large galaxies). This re-
sulted in 146 174 sources. We extracted extinction values for each
source using the SFD98 maps supplied through their webpage*
and the dust_getval script, setting the interp parameter to
‘y’. We determined the extinction correction in the Ks-band us-
ing Ry = Ag/E(B — V) = 4.14 and the conversion Ax = 0.094p
(Fitzpatrick 1999%). Table 1 lists the extinction correction factors
compared to the B-band value for all passbands used in this publi-
cation. We applied this K;-band extinction correction to the 20 mag
arcsec 2 isophotal magnitude, Ky, and cut the list at the corrected
K? < 11725, which resulted in 6913 sources.

For the higher-latitude EBV sample, we first extracted all 2MASX
sources at |b| > 1020, obtained their E(B — V) values, and applied
acutat E(B — V) > (0795, leading to 4248 sources. Applying the
KJ < 11725 limit results in 502 sources.

The 2MASX sources in the ZoA are not all extragalactic in na-
ture but also comprise various kinds of Galactic sources, including
multiple stars and small stars on diffraction spikes (Jarrett et al.
2000a). Although the 2MASX catalogue provides a visual verifica-
tion score ‘vc’ that separates truly extended sources from stars and
artefacts, it does not separate out candidate galaxies from Galactic
sources, and we visually inspected all 7415 sources. Even to the
human eye, galaxy classification in the ZoA is not straight forward.
A major problem is the ambient high stellar densities: superimposed
stars hinder the identification of a halo-like disc structure around
the core region, while the ubiquitous unresolved stars in the field
increase the surface brightness of the background that diminishes
the visibility of the low surface brightness parts of the galaxian
discs.

We therefore decided to use as much information as possible. We
downloaded multiwavelength images from several online archives;
the particular advantages of using specific data sets are explained
below. The image sets are, in order of increasing wavelength:

(i) B-band images from the SuperCOSMOS Sky Surveys®;

(i1) R- and /-band images from the Digitized Sky Survey (DSS,
24 generation)’;

(iii) 2MASS J- and K,-band Atlas images® as well as the JHK
composite’ images;

“http://w.astro.berkeley.edu/~marc/dust/

Swe prefer Fitzpatrick (1999) over Cardelli, Clayton & Mathis (1989) since
it has been found to represent the H-band extinction better, as discussed in
Paper III.

Shttp://www-wfau.roe.ac.uk/sss/
http://www3.cadc-ccda.hia-iha.nre-cnre.ge.ca/en/dss/
8http://irsa.ipac.caltech.edu/applications/2MASS/IM/batch.html
“http://irsa.ipac.caltech.edu/applications/2MASS/PubGalPS/
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(iv) UKIDSS' K,-band images (where available);

(v) VISTA Imaging Public Surveys'' Ki-band images (where
available);

(vi) WISE'? NIR images at 3.4-22 uum wavelength;

(vii) DIRBE/IRAS dust maps (SFD98) at the location of the
2MASX source, at 100 um wavelength.

In the selection process we furthermore used the extinction in-
formation itself as well as the extinction-corrected NIR colours.

The combination of all this information was most helpful in
classifying the sources and compiling a reliable galaxy sample. The
series of images from the optical to the NIR (A = 0.4-2.2 um)
allowed to see the source ‘in sequence’ of decreasing foreground
extinction levels, while the absolute extinction values themselves
were useful to estimate the expected change in appearance over
this wavelength range. The B- and R-band images were best for
identifying Galactic dark clouds in the area around a source, which
may indicate the presence of Young Stellar Objects; these also
appear bright in the K band. Dark clouds may also imply small-
scale variations in the foreground extinction. UKIDSS and VISTA
Ks-band images were of great help due to their higher sensitivity and
spatial resolution, but not all areas of the sample regions are covered
by these surveys. Although the shape and colour of objects as seen
in WISE images, which have lower resolution than the previously
mentioned surveys, can help to distinguish between Galactic and
extragalactic objects, it appears better to separate, e.g. Planetary
Nebulae from galaxies using 2MASX colours (see Section 5.1). The
DIRBE/IRAS dust maps helped to identity infrared point sources
that were not removed from the maps at low Galactic latitudes (|b|
< 5°) and which skew the extinction values around that location.
Finally, the galaxy colours form a tight distribution in NIR colour—
colour plots (Jarrett 2000). Due to Galactic extinction, the colours
become redder and move along a well-defined reddening path with
the width of the intrinsic colour dispersion of galaxies. Hence, even
in cases where the extinction is not measured correctly due to, e.g.
spatial variation being smaller than the resolution of the SFD98 dust
maps (6 arcmin) or a nearby FIR source not being removed from
the maps, a galaxy will lie on this reddening path. Any object with
colours outside this path is therefore unlikely to be a galaxy (but see
also Section 5 on the discussion of the properties of the catalogue).

2.2 Radial velocities

We searched the 2MRS catalogue and the NED and HyperLeda
data base for publicly available redshifts. We found that only 34
percent of the galaxies in both our ZOA and EBV samples are
not in the 2MRS catalogue. Furthermore, in preparation of our
HI observing campaigns we distinguished between optical and H1
measurements. The redshift information was also compared with the
galaxy candidate classification that was adjusted where appropriate
(e.g. a high velocity measurement could confirm an object to be
a quasar). We note, however, that not all redshift information was
found to be reliable. In optical spectroscopy, lines in the spectrum
as well as the target itself (in particular in high obscuration areas)
can be mis-identified — where we identified such a problem, the
2MRS catalogues were updated accordingly (Macri 2016, private
communication). In case of HI velocities the relatively large beam-
width of radio telescopes (3!5 — 23 arcmin for the single-dish

10http://surveys.roe.ac.uk/wsa/
http://horus.roe.ac.uk/vsa/
2http://irsa.ipac.caltech.edu/applications/wise/
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Table 2. Flags for identifying 2MASX sources as galaxies.

Flag Galaxy class ZOA sample EBV sample
142 Definitely 3609 84

3 Probably 42 1

4 Possibly 20

5 Unknown 4 0

6 Low likelihood 29 7

7 Unlikely 340 87

8+9 No 2869 320
Total - 6913 502

instruments used) made it possible that another galaxy was detected
in the beam instead of, or together with, the target galaxy (see,
for example, the notes in the appendix of Paper II). We mark such
cases with a question mark (questionable ID) or colon (questionable
value) in our catalogue.

Due to our observations as well as ongoing activities by the
2MRS team and other colleagues, we also set flags for galaxies with
recently determined redshifts that are as yet unpublished. These are
(i) 2MRS optical data (Macri, private communication), (ii) HIZOA
Galactic Bulge survey Parkes detections (Kraan-Korteweg et al.
2018), (iii) ALFAZOA survey Arecibo detections (see Mclntyre
et al. 2015 for first results), (iv) EBHIS-ZoA survey Effelsberg
detections (Schroder et al., in preparation), (v) the NRT detections
from Paper II, and (vi) our Parkes (PKS) detections (Said et al., in
preparation).

2.3 Galaxy types

To prioritize target galaxies for our H1observing campaigns, we de-
cided to classify them according to morphological type. This is more
difficult than in the optical because the disc of a spiral galaxy ap-
pears much smoother in the NIR (Jarrett 2000). Moreover, the high
foreground extinction in the ZoA affects lower surface brightness
discs more than bulges, and the more sophisticated classification
methods presented in Jarrett (2000) are less reliable in the ZoA. We
therefore introduced a simplified morphological classification and
distinguished purely between the presence of a disc and its absence.
We defined four classes in order of decreasing likelihood of a disc
being present: D1 = obvious disc, D2 = highly probable disc, D3
= possible disc, and D4 = no noticeable disc. We set a no-flag
‘n’ when it was not at all possible to estimate the type, i.e. where
one or more bright stars were too close to discern a disc, where the
object was too small, or where the extinction was so high that all of
the disc might be obscured. Note that we used all available images
for this classification; the B- and R-band images were especially
helpful when the extinction was low.

2.4 The ZOA sample

Based on the above-mentioned sample cleaning process, we gave
each object a flag from 1 to 9, indicating its likelihood of being
a galaxy, with 1 being the most likely. Table 2 summarizes the
flags and gives the numbers of objects found. Flags 1—4 indicate
galaxies, whereas flags 6 —9 indicate non-galaxies; the four objects
with flag 5 (‘unknown’) are kept in the galaxy sample as galaxy
candidates until more information becomes available. Thus of the
6913 objects in our ZOA sample, 3675 are classified as galaxies.
In 32 cases a 2MASX object was labelled by us as ‘not a galaxy’
but is in fact a detection of a galaxy near the edge of an Atlas image
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where its centre was obviously not determined correctly. In all cases
the galaxy was also detected on the adjacent (overlapping) image
with correctly centred coordinates. We retained the latter in our
galaxy sample, while the former, offset-detected galaxy, received
the object flag 9 in combination with an offset flag ‘e’ (for ‘edge’).

We compared our results with the 2MRS sample for |b| < 10°,
using the version from 2011 December 16'3 (Huchra et al. 2012).
There are in fact two 2MRS catalogues listed, the ‘main’ catalogue,
defined according to the aforementioned sample criteria (see Sec-
tion 2.1), and the ‘extra’ catalogue that contains entries outside
those criteria (and mainly at lower Galactic latitudes) but which is
not complete. Each catalogue is further divided into subcatalogues
of objects that have no or wrong velocity measurements, have bad
photometry, or were ‘rejected’ as they are believed not to be galax-
ies.

The agreement in galaxy classification between the 2MRS cat-
alogues and our ZOA sample is excellent (>99 percent): of the
6913 objects in our ZOA sample (which include 3675 galaxies),
1778 are in the main 2MRS catalogue (all of which we also clas-
sified as galaxies), and 20 were rejected by 2MRS (two of which
we labelled as galaxies while a further 12 are ‘edge’ detections),
whereas the 2MRS ‘extra’ catalogue lists 613 of our objects (610
of which we classified as galaxies) and rejected a further 14 of our
objects (of which 9 are labelled as galaxies). This means that in our
ZOA galaxy catalogue we retained 11 2MRS rejects as galaxies but
rejected 3 of their galaxies as non-galaxian. For 20 of our objects
a low velocity confirmed their Galactic nature. In summary, we
have 1276 galaxies in our ZOA sample that are not in the 2MRS
catalogues.

2.5 The EBV sample

The EBV sample comprises 502 objects of which 88 are galaxies
(see Table 2). The main 2MRS catalogue lists 16 of the objects
as galaxies (15 of which we also classified as galaxies) and 14 as
rejected (all of which we also rejected), whereas the 2MRS ‘extra’
catalogue lists 57 of our objects, all of which we also classified as
galaxies, and none as rejected. This means that we rejected only
one of the 2MRS galaxies as non-galaxian in our EBV catalogue,
while only 16 galaxies from our EBV sample are not in the 2MRS
catalogues.

3 ON SELECTION CRITERIA IN THE ZOA

Selection criteria that are based on measured parameters are subject
to the uncertainties in those parameters. Since ZoA galaxies on
average have higher measurement errors (e.g. due to star crowding)
and are also subjected to various corrections, we will discuss in the
following individual error sources and their effects on the sample
selection. This will be particularly important when combining any
kind of ZoA catalogue with a high-Galactic latitude catalogue.

3.1 Quality of the photometry

The sample selection obviously depends on the quality of the
2MASX K-band magnitude. We noted different kinds of issues
with photometric data:

Bhttp://tdc-www.harvard.edu/2mrs/

(1) We list the following three photometry flags as used in the
2MRS catalogues, for a total of 38 of our galaxies: rep/add (flag
‘a’ in our catalogue) indicating that improved photometry is given
in the 2MRS add catalogue; flr (our flag ‘p’) where the photometry
is deemed equally compromised but the galaxy has not been repro-
cessed yet; flg (our flag ‘f”) for objects with poor photometry that
could benefit from reprocessing.

(2) We give the improved-photometry flag from John Huchra’s
original list (private communication), for 22 objects (eight of which
are galaxies): they are flagged as ‘c’ (for corrected) in our catalogue.
For consistency throughout, we do not use the improved photom-
etry for the sample definition. Eight of these objects (two of them
galaxies) would fall below our magnitude cut-off with the improved
photometry.

(3) We give an offset flag for sources that are centred on a super-
imposed star rather than the galaxy bulge: while visually inspecting
all the images, we flagged all such sources with an ‘0’ (for offset)
in our catalogue. We assume that their photometry (including those
based on central apertures) may be compromised. Out of the 263
cases, 166 are galaxies. Sixteen of these galaxies are also flagged
for bad photometry in the 2MRS catalogues (12 of which as severe
cases; see Item 1.) while one is listed as rejected.

(4) Other 2MASX photometry issues: since the 2MASX pho-
tometry pipeline is fully automated,'* we expect that problems will
occur in the crowded areas of the ZoA. For a quick general check,
we selected a random sample of a few hundred galaxies, mainly at
lower latitudes, and extracted their 2MASX parameters r_k20fe (ra-
dius), sup_ba (axial ratio), and sup_phi (position angle) that describe
the fiducial elliptical aperture from which the isophotal magnitude
was determined. We then compared these visually with the actual
images. We find that though the aperture mostly agrees well with
the visual size and axial ratio of the galaxy (except in areas of high
stellar densities, i.e. near the Galactic bulge), the position angle was
often affected by nearby (unsubtracted) stars, background variation
etc., and in some cases was rotated by a full 90°.

The above-mentioned cases have diverse effects on the sample
definition. The worst effect seems to occur in the case of centring
on a superimposed star: this means the star was not subtracted
and thus may dominate the photometry (while, in some cases, the
bulge of the galaxy was treated instead like a point source to be
subtracted). As a consequence, the galaxy may in fact be fainter
than the limiting magnitude. In addition, the colours of the source
may reflect those of the star and not of the galaxy itself. However,
only a small percentage (i.e. 4 percent) of our galaxy sample is
affected by this problem. Similarly, only 1.2 per cent of the sample
is flagged for bad photometry (Items 1. and 2. in the list). Only a
few of these would fall below the limiting magnitude of our sample
with improved photometry.

The effects of the cases where the automated photometry failed
(Item 4.) can go either way: where the position angle is wrong or
the size too small the K;-band magnitude will be (slightly) under-
estimated, while in cases where the size was overestimated [due
to non-subtracted star(s) near the galaxy] the K; magnitude will
be overestimated. In addition, other non-subtracted stars within the
aperture (but not affecting the position angle), will also lead to
K;-band magnitudes that are too bright.

An overall comparison of the 2MASX photometry with that from
deeper NIR images obtained at the InfraRed Survey Facility (IRSF)

l4except for the Large Galaxy Atlas.
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Figure 1. Difference between Kj( magnitudes from IRSF and 2MASX
(black dots) and IRSF and UKIDSS (green crosses) as a function of 2MASX
K»>o. The average difference over the 10™—13™ range in K» is indicated by
a horizontal black and green line, for IRSF-2MASX and IRSF-UKIDSS,
respectively. The red open circles indicate binned means and errors of IRSF —
2MASX magnitudes between 8™ and 14™ in K. For comparison, the dotted
line indicates a zero difference.

telescope at the South African Astronomical Observatory was made
by Said et al. (2016): see their fig. 7 for a comparison of the 2MASX
isophotal Ky and IRSF magnitudes, and also their fig. 8 for a
comparison between IRSF and UKIDSS magnitudes. They report
good agreement for the range 9™ —14". Using the same data sets,
we find (see Fig. 1) the 2MASX K,y magnitudes to be on aver-
age 07071 £ 07012 brighter than those of the deeper IRSF images
(black dots) in the Ky range 10™—13™ (N = 207). This value
compares well with the value of 0708 £ 0701 value obtained by
Williams, Kraan-Korteweg & Woudt (2014) for 102 galaxies in the
precursor project. Furthermore, we find that IRSF K;(, magnitudes
are brighter by 07078 4= 07035 compared to the UKIDSS measure-
ments (green crosses). This results in a total offset of 0715 £ 0704
between 2MASX and UKIDSS photometry.

As argued by Williams et al. (2014), the obvious explanation is
that unresolved faint stars are the cause of this offset. Nevertheless,
we do not find any dependence of the offset with stellar densities (nor
with colour or extinction) for this data set. We thus conclude that
the effect of unresolved stars on the photometry is already present
at the moderate stellar density level of log N,/deg?> = 3.5 (i.e. the
lower limit for this data set). Further investigation is required to
determine at which stellar density this effect becomes important.

In addition, Andreon (2002) and Kirby et al. (2008) report that
2MASX isophotal fluxes in general are underestimated by more
than 20 per cent, which is assumed to be due to the short exposure
times used by 2MASS (this also affects any luminosity functions
derived from 2MASX isophotal fluxes, as discussed in detail by
Andreon 2002). This would mean that 2MASX galaxies in the ZoA
are too bright by at least 0735 magnitudes as compared to higher
latitude 2MASX galaxies (assuming the UKIDSS GPS photometry,
used as reference, is accurate, and because the UKIDSS photometry
are calibrated using 2MASS stars) since a 2MASX galaxy is 0720
too faint compared to deeper photometry but, in the ZoA, they are
found to be 0715 too bright instead. This needs to be taken into
account when combining our sample with the 2MRS and 2MTF
samples.

MNRAS 482, 5167-5189 (2019)

Finally, we can estimate the uncertainty in the limiting magnitude
of our sample to be 0715 based on the scatter of the IRSF-2MASX
magnitude difference in the 2MASX magnitude bin 11™ — 1175.

3.2 Correction for Galactic extinction

We used the DIRBE/IRAS FIR maps (SFD98) to extract extinction
information; these maps, however, are uncalibrated at low Galactic
latitudes (]b| < 5°). Among others, Schroder et al. (2007) used NIR
galaxy photometry of a cluster around PKS 1343-601 to derive a
correction factor of 0.87 to E(B — V) at low latitudes, and SF11
determined that the whole-sky SFD98 maps had to be recalibrated
by applying a factor of 0.86. We prefer SFD98 over other maps
in the literature (e.g. Planck Collaboration XXIX 2016) since they
are used widely, and our values are thus consistent with 2MRS and
2MTF surveys. In a forthcoming paper (Schroder et al., Paper 1)
we will present a detailed comparison.

We decided not to use the SF11 correction factor of 0.86 in our
sample selection so as to remain consistent with the 2MRS sample
definition. This correction factor can always be applied at a later
stage and the sample will still be complete. Note that only 204
galaxies (<6 percent) would become fainter than the magnitude
cut-off if this correction factor was applied.

Around some objects the foreground extinction shows a strong,
local spatial variation that is not reflected in the DIRBE/IRAS maps
given their relatively coarse pixel size of 6 arcmin x 6 arcmin. Wher-
ever the 10arcmin x 10 arcmin B- or R-band images showed such
obvious small-scale variations, we set an extinction flag. Sometimes
a variation across the image was discernible but without the sharp
edges typical of a dark cloud; in these cases we set a flag indicating
that the extinction could be wrong. Note that this was done system-
atically for galaxies only. A total of 217 galaxies are affected; these
flags are entirely based on visual impression and are not complete.
Notable is also that the extinction is more likely to fluctuate on
small scales where it is intrinsically high (that is, in the area of dark
clouds or Galactic nebulae).

In regions where extinction shows strong spatial variations, the
true extinction may be either higher or lower, and the effect of
extinction on the sample selection cannot be estimated. Based on
the above-mentioned numbers, though, the effect is deemed to be
small.

3.3 Additional Galactic extinction corrections

For determining isophotal magnitudes the applied Galactic fore-
ground extinction correction is not sufficient (Cameron 1990, Riad,
Kraan-Korteweg & Woudt 2010): the dust in the Milky Way forms
a screen that lowers the surface brightness of any galaxy behind
it and therefore reduces their observed radius (e.g. at the 20th
mag arcsec> level). We therefore need to correct the observed
K> isophotal diameter for this effect and hence also the isophotal
magnitude.

We have followed the method outlined by Riad et al. (2010) us-
ing the 2MASX central surface brightness (k_peak), since 2MASX
does not supply a disc central surface brightness as required for
an optimal correction. The method also requires knowledge of the
morphological type, since the surface brightness profiles of ellipti-
cal and spiral galaxies (or bulges and discs) follow different laws.
However, morphological classification is more difficult in the NIR
compared to the optical, and even more so in the ZoA where the
disc is partly or even fully obscured. We therefore decided to apply
the correction for spiral galaxies to all objects in our catalogue,
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keeping in mind that (i) only about 20 per cent of all galaxies are
ellipticals, (ii) one could use the disc class parameter (Section 2.3)
to distinguish between spirals and ellipticals (see discussion below),
and (iii) we are mainly interested in the Tully—Fisher relation that
only applies to spiral galaxies. To optimize this correction, though,
we also applied the correction factor 0.86 to the E(B — V) values
(SF11).

The effect of the additional extinction correction is complex: the
SF11 correction to the E(B — V) values makes galaxy magnitudes
fainter, but the diameter correction is additive and thus makes mag-
nitudes brighter. Therefore, some previously too faint objects would
now lie above our 11725 magnitude limit, and some sample objects
would become fainter. To investigate this effect we flagged all ob-
jects from our sample that would be excluded when using the fully
corrected magnitudes K4 (Col. 7d), and we extracted all objects
from the 2MASX catalogue that would be added to the sample (pre-
sented in the appendix). We thus would have an additional 70 and
1 galaxies in the ZOA and EBV samples, respectively, but would
also lose 29 and 0, respectively, which means that the sample size
would increase marginally by about 1 per cent due to an improved
extinction correction.

We corrected the major-axis diameters a and the K;-band mag-
nitudes for the diameter-dependent extinction, but not the colours:
this is because the 2MASX J- and H-band ‘isophotal’ magnitudes,
from which the colours are derived, refer to the K-band isophotal
fiducial elliptical aperture and not a fixed isophote in the J and H
bands. Since the NIR colours of galaxies change only slowly with
radius (especially in the outer parts; Jarrett et al. 2003), the conven-
tional extinction-corrected colours out to the uncorrected isophotal
radius will be sufficient for our purposes and, in particular, they
do not affect the sample definition. To be consistent with the K¢
magnitudes though, we did apply the correction factor 0.86 (SF11)
to the colours [denoted (H — K)* ¢ and (J — K;)>€].

For elliptical galaxies the corrections are smaller than for spirals
due to their steeper surface brightness profiles. Since we applied
the correction for spirals to all objects, the K®¢-sample size would
decrease slightly if we could properly distinguish elliptical from
spiral galaxies. We preferred not to make such a distinction us-
ing the disc parameter (see Section 5.4 for more details) for the
following reasons: (i) The radial profiles of spiral galaxies (and
thus the correction) also vary with morphological subtype, hence
the uncertainty in the correction at higher extinctions quickly be-
comes significant. (ii) The uncertainty in the correction method
we used is larger than for the optimal correction method that uses
the disc central surface brightness (see the detailed discussion in
Riad et al. 2010). (iii) The disc parameter is only reliable in those
cases where a disc is noticeable; it is more uncertain when dis-
criminating elliptical from early-type spiral galaxies (classes ‘D3’
and ‘D4’), in particular at higher extinctions where only bulges of
spiral galaxies might be visible (and thus a correction is technically
not applicable anyway). (iv) It is not clear what kind of correc-
tion to use for the disc classes ‘D3’ and ‘n’ which make up about
18 percent of the galaxy sample. In other words, using the disc
parameter for the extinction correction would only introduce an un-
known uncertainty that may or may not be larger than the correction
applied.

The caveats outlined here indicate that we need to be cautious
when applying this additional correction. We therefore restricted
ourselves to the conventional extinction correction. The additional
galaxies presented in the appendix will be used for further dis-
cussions on selection effects in later analyses; they will also be
important for the TF analysis.

3.4 Preparing for the Tully-Fisher application

In preparation for the cosmic flow fields analysis (see Section 1) we
determined which galaxies are potentially useful for inclusion in
the Tully—Fisher (TF) sample. Since the inclination corrections to
the line widths dominate the errors in the TF relation (note they are
also used in the internal absorption corrections in the TF relation,
which however are small in the NIR, see Table 1), we selected only
‘sufficiently’ inclined galaxies for this sample, that is, galaxies with
minor/major axial ratios (2MASX parameter sup_ba) of b/a < 0.5;
atrelatively high extinction values, i.e. Ax > 0750, we also selected
galaxies with a generous 0.5 < b/a < 0.7 to account for the fact that
obscured galaxies appear rounder (Said, Kraan-Korteweg & Jarrett
2015). We thus have selected 1296 galaxies from our ZOA sample
and a further 35 galaxies from the EBV sample (that is, 35 and 40
per cent of the total samples, respectively).

Unlike the 2MTF survey we have not applied any further selection
on galaxy type. Although we could use the disc class parameter,
a low surface brightness disc can easily be missed in the ZoA.
Instead, we flagged all galaxies in this potential TF sample for H1
observations. Our final TF sample to be used for cosmic flow studies
will be based on their H 1 detection (see Paper II).

The photometry problems regarding the definition of the fiducial
elliptical aperture mentioned in Section 3.1 also affect the TF sam-
ple definition: while most problems concern only the major axis
position angle (which can also affect the magnitude of a galaxy), in
some cases the axial ratio is affected and thus the derived inclina-
tion is incorrect. The effect on inclination is small: based on visual
inspection only an estimated 2—3 per cent of the total sample seems
to have obviously incorrect inclinations (see Item 4. in Section 3.1).
Note that for the final TF sample selection and application all galax-
ies will be re-reduced and individually inspected to ensure a high
quality and consistency in all parameters (see, e.g. Said et al. 2016).
The extinction correction to the axial ratios (Said et al. 2015) will be
applied at this stage leading to a final cut in b/a, thus rendering the
final TF sample complete and independent of the above-mentioned
photometry problems.

4 THE CATALOGUE

The catalogue of the 6913 ZOA objects and the 502 EBV objects
is available online only as Tables 3(a) and (b), respectively; an
example page is given below in Table 3.

The columns are as follows:

Col. 1: ID: 2MASX catalogue identification number (based on
J2000.0 coordinates);

Col. 2a and 2b: Galactic coordinates: longitude / and latitude b,
in degrees;

Col. 3: Extinction: E(B — V) value derived from the
DIRBE/IRAS maps (SFD98), in mag;

Col. 4: Object flag: 1 = obvious galaxy, 2 = galaxy, 3 = probable
galaxy, 4 = possible galaxy, 5 = unknown, 6 = lower likelihood
for galaxy, 7 = unlikely galaxy, 8 = no galaxy, 9 = obviously not
a galaxy;

Col. 5: Object offset flag: ‘0’ stands for coordinates that are
offset from the centre of the object, and ‘e’ stands for detections
near the edge of an image (at an offset position from the object
centre) that were detected with properly centred coordinates on the
adjacent image;

Col. 6: Object class: ‘p’ stands for PN, ‘p?” for possible PN,
‘s’ for a probable DIRBE/IRAS point source that was not removed
from the extinction maps (only the case if |b| < 5°) and the ex-
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tinction is likely to be overestimated, and ‘s?’ stands for a possible
DIRBE/IRAS point source (see Section 5.3);

Col. 7a: Sample flag galaxy: ‘g’ denotes a galaxy (object classes
1—4), and ‘p’ stands for galaxy candidates (class 5);

Col. 7b: Sample flag TF: ‘t’ means the galaxy is inclined enough
to be nominally included in the sample for application of the Tully—
Fisher relation (see Section 3.4);

Col. 7c: Sample flag H1 observation: ‘N’ means the object was
observed by us in the 21cm H1line with the NRT (see Paper I1I), ‘P’
means the object was observed by us with the Parkes radio telescope
(publication in preparation), and a ‘ 4 ’ indicates that the object still
needs to be observed for a redshift;

Col. 7d: Sample flag extended sample: Objects that will not be
included in the extended sample based on the diameter-extinction
correction (Kf'd < 11725) are marked with a star;

Col. 8: Galaxy disc type: ‘D1’ means an obviously visible disc
and/or spiral arms, ‘D2’ stands for a noticeable disc, ‘D3’ for a
possible disc, and ‘D4’ stands for no disc noticeable. Where it was
not possible to tell (likely due to adjacent or superimposed stars or
very high extinction) we give a flag ‘n’;

Col. 9: 2MRS flags: ‘c’ stands for an entry in the main catalogue,
and ‘e’ for the extra catalogue (that is, outside the 2MRS selection
criteria) . For the sub-catalogues'> we give: ‘cf’ for an entry in the
flg catalogue (affected by nearby stars, but not severely), ‘cp’ for
an entry in the flr catalogue (severely affected by nearby stars), ‘ca’
and ‘ea’ are objects that have been reprocessed and are both in the
rep as well as add catalogues (in the latter case with new IDs and
photometry, not listed by us), ‘cr’ and ‘er’ are objects rejected as
galaxies and which can be found in the rej catalogues, ‘cn’ and
‘en’ are objects that have no redshifts yet and are listed in the nocz
catalogues;

Cols. 10a and 10b: Velocity measurement flags ‘vo” and ‘vh’
from the literature: ‘o’ stands for an optical measurement and ‘0?’
indicates a questionable optical measurement or object ID, ‘g’ the
velocity shows it to be a Galactic object, ‘h’ stands for published
H1 velocity, and ‘h:” for uncertain H1 velocity, ‘h?’ is an uncertain
object ID (based on a radio telescope’s large beam size that may
include nearby galaxies), and a star ‘x’ in either column stands for
a yet unpublished measurement (see Section 2.2);

Col. 11: Deep NIR image flag: ‘U’ indicates there is a UKIDSS
image for this object, and ‘V’ stands for VISTA;

Col. 12: Photometry flag (Section 3.1): the 2MRS flags for ques-
tionable photometry (see Col. 9) are repeated here: ‘a’ stands for
improved photometry exists, ‘p’ for photometry is severely com-
promised, and ‘t” for poor photometry; in addition, ‘c’ denotes
improved photometry exists in John Huchra’s original list, and ‘o’
stands for offset (see Col. 4);

Col. 13: Extinction flag (see Section 3.2): ‘e’ stands for a likely
wrong extinction value, either due to small-scale variations or a
non-removed IRAS/DIRBE point source, ‘e?” denotes a possible
wrong extinction value;

Col. 14: 2MASX magnitude K»: isophotal K-band magnitude
measured within the K,-band 20 mag arcsec 2 isophotal elliptical
aperture (in mag);

Cols. 15 and 16: 2MASX colours (H — K) and (J — K):
isophotal colours measured within the K;-band 20 mag arcsec 2
isophotal elliptical aperture (in mag);

5for a detailed description see http:/tdc-www.harvard.edu/2mrs/2mrs_rea
dme.html.
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Figure 2. 2MASS extinction-corrected colour—colour plot: (H — K;)° as a
function of (J — Kj)° for all 2MASX objects in the ZOA and EBV samples.
The reddening path for objects within the intrinsic colour range of galaxies is
indicated with two parallel dashed lines. A reddening vector, representing the
mean E(B — V) = 0785 of the sample, is shown as a red arrow in the bottom
right corner. Black dots indicate galaxies, yellow dots non-galaxies, green
dots objects of unknown nature, blue dots PNe, and blue circles possible
PNe; red circles denote objects with questionable Galactic extinction.

Col. 17: 2MASX flag vc: the visual verification score of a source
(see Section 5.1);

Col.18: 2MASX object size a: the major diameter of the object,
which is twice the 2MASX K,-band 20 mag arcsec™ isophotal
elliptical aperture semimajor axis r_k20£fe (in arcsec);

Col. 19: 2MASX axis ratio b/a: minor-to-major axis ratio fit to
the 30 super-coadded isophote, sup_ba. Single-precision entries
are given in cases where the 2MASX parameter sup_ba is not de-
termined; these values were estimated from the axial ratios available
in the different passbands;

Col. 20: 2MASX stellar density: coadded logarithm of the num-
ber of stars (K, <14 mag) per square degree around the object;

Cols. 21 — 23: Magnitude K and colours (H — K)° and (J —
K;)° corrected for foreground extinction (Col. 3) as described in
Section 2.1 (in mag);

Col. 24: Extinction in the K -band Ag: calculated from E(B —
V) in Col. 4 and applying the SF11 correction of 0.86 (in mag);

Col. 25: Extinction-corrected major diameter a according to
Riad et al. (2010) using E(B — V) from Col. 4 with the SF11
correction factor 0.86; only given for objects classified as galaxies
(in arcsec), see Section 3.3;

Col. 26: Extinction-corrected magnitude K¢ according to Riad
et al. (2010) using E(B — V) from Col. 4 with the SF11 correction
factor 0.86; only given for objects classified as galaxies (in mag)
(see Section 3.3);

Cols. 27 and 28: Extinction-corrected colours (H — K)* ¢ and
(J — K)* € using E(B — V) from Col. 4 with the SF11 correction
factor 0.86 (in mag).

5 PROPERTIES OF THE CATALOGUE

5.1 Distinguishing galaxies from non-galaxies

The cleanliness of the galaxy catalogue (i.e. its contamination by
non-galaxies) can be visualized in a colour—colour plot such as
Fig. 2. The colours are corrected for Galactic foreground extinction
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Figure 3. WISE colour—colour plot: (W1 — W2)? as a function of (W2 —
W3) for all 2MASX objects in our ZOA and EBV samples. The symbols
are as in Fig. 2.

according to SFD9S (see Section 2); please note that a change in cal-
ibration in extinction as discussed in SF11 and Paper III introduces
a stretching in colours but does not affect the qualitative discussion
presented here. Fig. 2 shows objects classified as galaxies in black
and non-galaxies in yellow; the few galaxy candidates (objects of
unknown classification, class 5) are shown in green. Objects we
identified as Planetary Nebulae (PNe; based on information in the
literature or through visual inspection) are marked in blue (where
open blue circles denote possible PNe). They are clearly offset in
(H — Kj)° colour. Also shown is the reddening path for the intrinsic
colour range occupied by the bulk of the galaxies (in-between the
two dashed lines). Galaxies with questionable extinctions (based on
visually obvious variations across the images), which are marked
with large red circles, are scattered along the reddening path. The
plot suggests that all galaxies with unusual (H — K)°/ (J — K;)°
colour combinations in the reddening path have incorrect extinction
values attributed to them. However, galaxies outside the reddening
path are likely to be affected by starlight in the photometry aperture.
In other words, although we used the colour—colour plot during the
visual screening process to help distinguish some of the galaxy can-
didates from other types of objects, this was not always possible,
in particular for objects within or near the reddening path (see, e.g.
objects classified as ‘unknown’).

We have made a similar colour—colour plot for the WISE bands
W1 (A = 3.4 um), W2 (A = 4.6 um), and W3 (A = 12 um) using
aperture 1 (5”5) data of the ALLWISE catalogue.'® Fig. 3 shows
the extinction-corrected colour (W1 — W2)? as a function of (W2
— W3)? using the same symbols as in Fig. 2. Using these colours,
spiral galaxies and ellipticals are separated in (W2 — W3) (to the
right and the left, respectively, see fig. 26 in Jarrett, Cohen et al.
2011), while active and intensely star forming galaxies are separated
in (W1 — W2) (top). Unlike for 2MASS colours, though, the PNe
are not clearly offset from the galaxies: their colours overlap with
those of starburst or otherwise active galaxies.

The on-sky distribution of both the ZOA and the EBV samples
is shown in Fig. 4 with basically the same colour scheme as for

16We do not use total magnitudes; due to the large PSF these colours are
likely contaminated by nearby stars, while colours in the NIR depend only
very slightly on galaxian radius and are thus robust.
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Figure 4. Aitoff projection in Galactic coordinates of the ZOA and EBV samples. The symbols used are basically the same as in Fig. 2 except that grey is

used here for galaxies for better distinction.

Figs 2 and 3, except that galaxies are shown in grey here for clarity.
There are only a few areas at higher latitudes (b > 10°) that have
extinctions high enough to be in the EBV sample. Most of the non-
galaxies are close to the Galactic plane that is expected since the
contamination of the 2MASX catalogue with blended stars or with
stars close to diffraction spikes of bright stars is small, and most of
the non-galaxian detections are caused by Galactic nebulae.

The 2MASX catalogue gives a parameter vc that is a visual verifi-
cation score (Jarrett et al. 2000a). It distinguishes between extended
sources (ve = 1) and blended stars or artefacts (ve = 2). In quite a
few cases the flags for ‘unknown’ (v¢ = —2; N = 573) and ‘not ex-
amined’ (ve = —1; N =209) are given. There is only one case where
we identified a ve-flag 2 object as a galaxy: 2MASX J18531497—
0623155 is a tiny galaxy next to an equally bright star and could
only be unambiguously identified as a galaxy on a UKIDSS im-
age. This is a good example of a case where the superimposed star
was not subtracted from the photometry!” and the galaxy itself is
actually too faint for our nominal magnitude limit.

5.2 Completeness

Most galaxy samples become incomplete at lower latitudes, and a
lack of galaxies in our sample in the Galactic bulge area is obvious
from Fig. 4. To test the completeness of the ZOA sample, we show
in Fig. 5 (top panel) the histogram of source counts as a function
of Galactic latitude for all 6913 objects in our ZOA sample (blue)
and of the 3675 ZOA galaxies only (red). The black line represents
the average number of galaxies outside the ZoA of 0.605 galaxies
per square degree, as derived from the 2MASX catalogue for |b| >
10° and Ky < 11725, multiplied by the area covered in each bin.
The histogram for the galaxies shows a dip for ~—6° < b < 3°,
which means, in this range we are incomplete. The dip disappears
towards the anticentre region (90° < [ < 270°, middle panel), while
it is deeper for the bulge region (90° > / and [ > 270°, lower panel).

If we select only those latitudes bins with galaxy counts compara-
ble to the average number outside the ZoA (i.e. —10° < b < —6° and
3° < b < 10°), we find 2341 galaxies in our sample, while based on
the average 2MASX galaxy count outside the ZoA we would expect
2381 galaxies. The difference of 41 galaxies is smaller than the 1o
Poissonian error of 49 and therefore negligible. We thus conclude

17The downloadable fits file obtainable at http://irsa.ipac.caltech.edu/applic
ations/2MASS/PubGalPS/ includes the star-subtracted images.
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Figure 5. Histograms of objects in the ZOA sample as a function of Galactic
latitude for all objects (blue) and for galaxies only (red). The black line
represents the average 2MASX bright galaxy count outside the ZoA. Panel
(a) for all Galactic longitudes; panel (b) for the semicircle towards the
anticentre region; panel (c) for the semicircle towards the bulge.

that, in combination with the all-sky 2MASX sample, we are now
complete below b = —6° and above b = 3°, and the 2MASX bright
galaxy ZoA is reduced to a strip of 9° width in Galactic latitude. In
the anticentre region the ZoA has all but disappeared.
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We also note a slight slope with latitude in the lower two panels:
while towards the anticentre region the area above the Galactic plane
shows fewer galaxies than below the plane (345 and 489 for the four
outermost bins, respectively), the trend is reversed for the Galactic
bulge region: 466 and 395, respectively. This asymmetry seems to
be entirely due to large-scale structures and varies depending on
where the longitude cuts are set.

Both effects are also evident in the on-sky distribution of the
ZOA galaxies as shown in Fig. 6 (red dots): the top panel displays
contours of Galactic extinction, and the bottom panel shows con-
tours of stellar density as derived from the 2MASS Point Source
Catalogue.'® While the distribution of galaxies is influenced by den-
sity variations due to obvious large-scale structures, it is evident that
the lack of 2MASX galaxy detections towards the Galactic bulge re-
gion is mainly due to the high stellar density: we lose completeness
at around or slightly above the log N,/deg? = 4.5 level (dark blue
contour); the extinction contours cannot explain in particular the
lack of 2MASX galaxies at the higher latitudes around the Galactic
centre. On the other hand, even at extinctions as high as Agx = 170
(brown contour) it is possible to detect 2MASX galaxies. Note also
the slight tilt angle in the contours of both extinction and stellar
densities that is due to the Galactic warp (e.g. Reylé et al. 2009).

For a more quantitative analysis, we can use histograms of galaxy
counts as a function of extinction and stellar density. A comparison
is only useful, however, if we take into account the variation in
sky area per bin. We have thus binned the extinction and stellar
density data in the ZoA (excluding the EBV sample) and derived
number density values (per square degree) as shown in Fig. 7 (red
for galaxies, blue for all objects).

The number density of galaxies remains remarkably constant
across all stellar densities in the ZoA except for the lowest and
highest values (top panel): for log N,/deg? < 3.4 the overall area is
very small (3 percent), whereas the abrupt cut-off at log N,/deg?
> 4.5 is due to incompleteness (see also Jarrett et al. 2000a). The
bin-to-bin variations in the range 3.4—4.5 are most likely due to
variations in large-scale structures. The histogram also shows that
the non-galaxy population (the difference between the blue and red
histograms) increases rapidly with stellar density up to log N,/deg?
~ 4.0 and accounts for most 2MASX detections at log N,/deg? >
4.5 (87 per cent).

To investigate whether extinction has any effect on the complete-
ness we first excluded all areas with stellar densities log N,/deg? >
4.5 (to avoid a selection bias since both high extinction and high
stellar density occur in similar areas, see Fig. 6). The resulting
histogram is shown in the bottom panel of Fig. 7. The number den-
sities are highly affected by low number statistics for Ax = 170
(88 galaxies). All the bins up to Ax = 270 are consistent within
the errors with the high-latitude 2MASX galaxy density of 0.605
galaxies per square degree (dotted line). The slight apparent drop
off from Ag ~ 076 towards 17'4 is not significant and could also be
due to variations in large-scale structures.

Our conclusion is that the 2MASX sample of K? < 11725 is
complete over the whole sky wherever log N,/deg” < 4.5 and at
least where Ax < 0™6 (or E(B — V) = 1761), and likely up to
Ag ~ 2"0 (or E(B — V) = 5"37). Thus the NIR ‘bright galaxies’
Z0A has been reduced to cover only 2.4 per cent of the whole sky as
compared to the over 20 per cent for the original optical ZoA (based

8Using the same definition as for the stellar density parameter in the
2MASX catalogue, that is, the log [number of stars deg=2] of stars with
Ks < 14 mag.

5177

on a diameter limit of 1 arcmin, see Kraan-Korteweg & Lahav 2000)
and 9.6 per cent for 2MRS.

5.3 Extinction

We have set two flags in the catalogues regarding potential extinc-
tion problems: (i) for objects lying in areas where we suspect that
the extinction varies rapidly we have set an extinction flag (Col. 13;
see also Figs 2—4); (ii) for objects that seem to be either a source
in the DIRBE/IRAS FIR maps or affected by one, we have set an
object class (Col. 6) that was determined as follows.

In the SFD98 maps, FIR sources (mostly extragalactic, but also
unresolved Galactic sources) were removed for |h| > 5°. At lower
latitudes, sources were only removed from some selected (uncon-
fused) areas. The output of the query script for a given position gives
flags whether a source list exists, and if a source has been subtracted.
For 3184 objects and 2476 galaxies a source list was available, with
a source being subtracted in 702 and 541 cases, respectively.

Next, we investigated the SFD98 maps of all our galaxies for
which no DIRBE/IRAS source list exists (N = 1287) to establish
whether the position might be affected by an unsubtracted point
source. We compared the extinction value at the target position to
those measured at four positions offset by 7 arcmin. Furthermore,
we investigated all galaxies with a diameter larger than 100 arcsec
since these are more likely bright in the FIR, see Fig. 8: the blue
histogram show the major axis diameters of all galaxies that lie in
areas where a DIRBE/IRAS source list exists, and the red histogram
is for objects where a source was subtracted. The figure shows that
larger galaxies are more likely to be detected in the FIR and thus
have their FIR emission subtracted from the Galactic extinction
maps.

For any suspicious case we checked whether the source was de-
tected by IRAS. We have flagged five galaxies as DIRBE/IRAS
sources or being close to one: the three large, nearby galaxies Circi-
nus, Maffei 2, and IC 10 seem to be sources themselves, while
2MASXJ19241426+2047311 and 2MASX J06142070 + 1349298
are close to compact H 11 regions. We identified a further six galaxies
that seem to be associated with weak FIR sources.

While we identified <1 percent of low-latitude galaxies to be
obviously affected by FIR sources, we expect more than a fifth of
the low-latitude galaxies (or ~250) to be affected by weaker FIR
sources, based on the 541 galaxies (or 22 per cent) that are affected
in the area where a DIRBE/IRAS source list was used to determine
the Galactic extinction. We do not have the proper means however
to make a comprehensive census of all these cases. For our current
purpose it is sufficient to flag the most severe cases and to emphasize
that weak unsubtracted FIR sources at low latitudes are likely to
affect the derived extinction, similar to the spatial variability cases.
This will be particularly important for any flow-field analysis.

5.4 Galaxy types

Morphological classification is difficult in the NIR, and with the
foreground extinction mainly affecting the outer discs such that the
bulge-to-disc ratio becomes uncertain, we have not attempted to do
this for our sample. Since one of the goals of the project is to obtain
H1observations for a TF analysis, we classified our galaxies on the
presence or absence of a disc component. We give four disc classes
D1-D4, ranging from obvious disc visible (often spiral arms are
also discernible) to no visible disc. In cases where it was not possible
to distinguish a disc component, e.g. in very high extinction areas
or where stars obscure most of the galaxy, we have set a flag ‘n’.
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Figure 6. Sky maps with contours of Galactic extinction (top) and stellar density (bottom) in the ZoA. Galaxies are indicated by red dots. Top panel: extinction
contour levels shown are Ax = 03 (green) and 1™0 (brown); bottom panel: stellar density contour levels shown are log N,F/degz = 4.0 (light blue), 4.5 (dark

blue), and 5.0 (black).
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Figure 7. Histograms of the number density of all ZOA sample objects
(blue) and galaxies only (red) as a function of stellar density (top panel) and
Galactic extinction Ag (bottom panel; only regions with log N,/deg® < 4.5
were used). The error bars indicate Poissonian errors per bin. The black
dotted lines represent the average 2MASX bright galaxy number density
outside of the ZoA.
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Figure 8. Normalized histogram of major axis diameters of galaxies (in
arcsec) for those galaxies where a DIRBE/IRAS FIR source list was used in
the making of the SFD98 Galactic extinction maps. Red: all positions where
a source was subtracted, blue: all other positions.

Table 4 gives the disc class statistics for the ZOA and EBV
samples. We find that 76 per cent of all galaxies show a disc, while
9 per cent show no disc (we exclude the non-classifiable cases here).
Considering that the global E: S galaxy morphology ratio is roughly
20 per cent : 80 per cent suggests that the D3 class (15 per cent) is
mostly comprised of elliptical galaxies. Because the presence of a
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Table 4. Disc classification of galaxies in both samples.

Class Meaning ZOA sample EBV sample
Dl Obvious disc 2085 41
D2 Disc 634 29
D3 Possible disc 538 11
D4 No disc 319 5
n Unable to tell 99 2
Total - 3675 88

disc is easier to establish than its absence, classes D1 and D2 are
more reliable than, e.g. class D4.

In Fig. 9 we show the sky distribution of the two extreme classi-
fications, D4 (no disc, red circles in top panel) and D1 (clear disc,
blue circles in bottom panel). In the case of D4 (which basically
stands for elliptical galaxies) we would expect to see the cores of
rich clusters, and indeed we can discern, for example, the Norma
cluster (Abell 3627, [ >~ 325°, b >~ —7°), the Ophiuchus Cluster
(I >~ 0°, b >~ 9°), and the cluster around 3C129 (I >~ 160°, b >~ (25)
that was revealed to be a rich cluster through our NRT observa-
tions (Paper II) and the follow-up observations with the Westerbork
Synthesis Radio Telescope (Ramatsoku et al. 2014, 2016).

As there are about nine times more galaxies classified as D1 (clear
disc, that is, spiral galaxies) the bottom panel is more crowded,
revealing more filamentary structures, predominantly in the N-S
direction: e.g. the Puppis filament at / >~ 245°, as well as the western
and eastern arm of the Perseus—Pisces filament (/ >~ 160° and [ >~ 90°,
respectively; see Ramatsoku et al. 2014, Paper II).

5.5 Radial velocity information

For 2620 galaxies (70 per cent; with 2549 in the ZOA sample) we
have found at least one radial velocity measurement in the literature.
For a further 293 (279) galaxies, redshifts will be publicly available
presently: six are optical measurements (from the updated 2MRS
catalogue); the HI measurements are mainly from our observing
campaigns at Nancay and Parkes (see Section 2.2 for details). This
will increase the total number of galaxies with at least one redshift
measurement to 2805 (2729). All redshifts will be presented in a
forthcoming paper in combination with an analysis of the whole-sky
redshift distribution.

When we plot the distribution of these galaxies on the sky and
distinguish between optical and H I redshifts (see the red circles in
the upper and lower panels, respectively, of Fig. 10), two features
are immediately obvious: (i) the inner ZoA is dominated by H1
detections, and (ii) the H 1 detections, unlike the optical detections,
do not show pronounced clustering (Koribalski et al. 2004). Both
effects are typical for the respective types of measurements.

‘We show the number densities of galaxies in the ZOA sample with
and without velocity information as a function of stellar density and
extinction Ak in Fig. 11 (top and bottom panel, respectively) using
the same method as for Fig. 7. As before, the extinction histogram
has been restricted to areas with stellar densities log N,/deg? < 4.5.
Though we would expect the number density of galaxies with H1
measurements (magenta; N = 963) not to show any dependence on
either stellar density or extinction, we find a slight drop-oft in both
histograms. This is understandable since most HI observations in
the north are from pointed observations of recognizable galaxies in
lower-stellar density environments; only one (shallow) blind survey
exists so far, i.e. EBHIS (Kerp et al. 2011). On the other hand,
number densities of galaxies with optical measurements (green;
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N = 2241) show, as expected, a strong decrease with extinction,
but also a dependence on stellar densities. This is partially due to
the fact that many of the optical measurements have been obtained
by the 2MRS collaboration and thus are restricted to higher lati-
tudes where both extinction and stellar densities are lower. Note
that for 475 galaxies both kinds of velocity measurements are avail-
able. For completeness, we also show galaxies without any velocity
information (black; N = 946).

5.6 2MASS parameters

Throughout the following analysis we have excluded all galaxies
that have a photometry or extinction flag set, or for which Ax > 370.
Unless stated otherwise, we used the combined ZOA & EBV cata-
logue. Histograms were normalized by total number in the regarded
sample.

5.6.1 Diameters and magnitudes

Fig. 12 shows the normalized histograms of the parameters major
axis diameter a (top panel) and K,-band magnitude (bottom panel)
for various samples. First, we compare the parameters of our sample
(green lines, with magnitudes corrected for foreground extinction,
i.e. KY), with those corrected for the diameter-dependent extinction
(see Section 3.3), a® and K¢ (red lines). We find that while the
diameters a® show a clear shift to larger values compared to a (as
expected), there is no obvious similar shift towards brighter K-band
magnitudes.

To assess whether the diameter-dependent extinction correction
is adequate, we compared our sample parameters with those of
galaxies well outside the ZoA. We extracted two samples of 2MASX
galaxies from high latitudes (|b| > 30°) with the same magnitude
limit of K< 11725 (uncorrected for foreground extinction). The
samples contain 6747 objects from the northern Galactic cap and
5900 from the southern Galactic cap. As these numbers are affected
by cosmic variance, we used a simplistic method to represent this
effect by extracting 12 subsamples from the total sample, each with
~3000 galaxies selected using different criteria (either random or
by sorting in RA). We then took the mean of these normalized
histograms and determined the scatter in each bin. The result is
shown as the yellow filled (averaged) histograms in Fig. 12, where
the black error bars represent the scatter in those bins.

To quantify the results, Table 5 gives sample size N, the minimum
and maximum'® values as well as median values for the different
samples. We decided to use the median values for the comparison
since the histograms are skewed, and we cannot apply the KS test.
As an estimate for the uncertainties, we list the errors in the mean
(which compare reasonably well with the dispersion in the median
of the high-latitude samples).

As already noticed in Fig. 12, the median value of the diameters
of our sample shows a clear shift from uncorrected, a, to corrected
diameters, a!, by ~60. However, all high-latitude samples have
diameters even larger by at least 50 compared to our a%, and by
8o compared to the median value of the full high-latitude sample
(N = 12, 647), 47'0. This suggests that the diameter-dependent

19The largest extinction-corrected diameter ¢ is smaller than the largest
uncorrected diameter because the largest galaxy has no corrected parameter,
since for some cases the surface brightness parameter necessary for the
correction was not specified in the 2MASX catalogue.
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Figure 9. Comparison of the sky distributions of ZOA galaxies with and without a discernible disc in the NIR. All galaxies are indicated by yellow dots. Top
panel: Galaxies with a D4 classification (i.e. no visible disc) are shown as red circles. Bottom panel: Galaxies with a D1 classification (i.e. with a clear disc)
are shown as blue circles.
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Figure 10. Sky distributions of ZOA galaxies with or without known redshifts. All galaxies are indicated by grey dots; red circles indicate objects with redshift
measurements. The top panel shows optical redshift measurements (N = 2241), the bottom panel H1 detections (N = 963).
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Figure 11. Histograms of the number density of ZOA sample galaxies with
optical redshifts (green), Hi redshifts (magenta), and no velocity information
at all (black). Top panel: as a function of stellar density; bottom panel: as a
function of Galactic Ak (only regions with log N,/deg? < 4.5 were used).
Poissonian errors per bin are indicated with error bars.
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Figure 12. Normalized histograms of major axis diameters in arcsec (top)
and K-band magnitudes (bottom panel) for 2MASX galaxies. Yellow his-
tograms represent the average high Galactic latitude sample; green his-
tograms are for the combined ZOA & EBV galaxy sample (where the
K,-band magnitude is corrected for Galactic foreground extinction, K);
red histograms are the same but with the additional, diameter-dependent
extinction applied (a® and K29).

extinction correction as derived by Riad et al. (2010) is too con-
servative and not quite sufficient for our sample. A selection bias
with respect to size as an alternative explanation is unlikely because
we select on magnitudes that show no difference (see discussion
below).

In case of the K;-band magnitudes, in the ZoA the median K f*d
magnitude is the same as the median K magnitude, and both lie
well within the range of median values found for the high-latitude
samples. It is important to note, though, that with the diameter-
dependent correction our sample cut-off at K = 11725 no longer
results in a complete sample since we lack those galaxies that are
fainter than K but have K¢ < 11M25. We therefore extended
our sample by (i) adding the supplementary K¢ sample described
in the appendix (with a new magnitude cut at K¢ = 11725; see
also Section 3.3) and (ii) excluding other galaxies where the reduced
extinction correction due to the SF11 factor 0.86 makes them fainter
than our magnitude limit (see appendix) so that we again have a
complete magnitude-limited sample (called the extended sample in
Table 5). We find that the median K¢ magnitude of 10™75 for
this extended sample is comparable to the previous values. This is
expected because there are two, opposing, corrections that almost
cancel each other out: the diameter-dependent extinction correction
makes magnitudes brighter, whereas the correction factor f = 0.86
(SF11), which is also applied when deriving K¢ values, makes
magnitudes fainter.

On the other hand, the median extinction-corrected diameter a*
of this extended sample is slightly smaller than the previous and
compared to the high-latitude samples it is significantly smaller by
~90.

As asanity check on whether the enforced cut-off has an influence
on the median we did the same tests on a diameter-limited subsample
using a lower diameter limit of 40 arcsec. The results confirmed the
above findings.

It thus seems that the diameter-dependent extinction correction
for the diameter is not sufficient and that intrinsically the galaxies
in the ZoA are likely to be larger (by ~4 arcsec). The diameter-
dependent extinction correction for the K-band magnitudes is not
affected by this underestimation since the magnitude correction is
independent of the actual diameter of a galaxy (Cameron 1990).

5.6.2 NIR colours

The normalized histograms for the colours (/ — K) and (H —
K;) are shown in Fig. 13. As for Fig. 12, the green histograms
show the extinction-corrected colours [(H — K;)° and (J — K;)°] of
our sample, while the yellow filled histograms are the average of
the high-latitude samples (where no extinction correction has been
applied). As explained in Section 3.3, the colours are not affected by
the diameter-dependent extinction correction though we did apply
the correction factor 0.86 (SF11) to the E(B — V) values used in
the extinction correction; these colours are shown as red histograms
[designated as (H — K,)> ¢ and (J — K)®€].

Although the scatter in the colours is large since they are sensi-
tive to problems with extinction and photometry, the mean values
are well defined: < (J — K;)° >= 07938 + 07002 and < (H —
K)° >=107279 4+ 07002 with a standard deviation of 0713 and
40708, respectively. These values are both bluer than those of the
full high-latitude sample (17013 4+ 07001 and 07302 + 07001, re-
spectively). The application of the improved extinction correction
as recommended by SF11, however, changes the mean colours to
07988 and 07296, respectively, which is in good agreement with the
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Table 5. Statistics on 2MASX parameters of various samples.

Parameter (sample) N* Min Max Median Error

Diameter:

a (comb’) 3365 1570 573 4172 0.5
arcsec

a%(comb™) 3301 17/5 273 4376 0.4
arcsec

a (high-lat¥) 2950-3374 1376 1260 45"8-4976 0.4-0.9
arcsec

at (exvdh) 3344 1773 273 434 0.4
arcsec

K-band magnitude:

K?(comb) 3365 4m3) 11m25 10m74 0.01

K&9(combt) 3301 678 11m25 10m74 0.01

K, (high-lat®) 2950-3374 1m55 11m25 10m72 — 10™78 0.01-0.02

K24 (exrd’) 3344 678 11m25 10m75 0.01

Note.

*sample size; Tcombined ZOA and EBV samples;} high-latitude samples; Yextended sample

0.10

Normalised counts

o
06 08 10 12 1401 02 03 04 05

(¢ - K,) [mag] (H - K,) [mag]

Figure 13. Normalized histograms of 2MASX colours (J — Kj) (left-hand
panel) and (H — Kj) (right-hand panel). Yellow histograms represent the
average high Galactic latitude sample; green histograms are the combined
ZOA and EBV galaxy samples (corrected for Galactic foreground extinc-
tion); red histograms are the latter sample but with the SF11 correction factor
0.86 used in the extinction correction.

high-latitude samples. We summarize the statistics of the various
samples in Table 6 where we give the sample size N, the mean, and
its error, as well as the standard deviation (or scatter) of the samples.

Jarrett (2000) and Jarrett et al. (2003) present NIR colours as a
function of morphological type: for early-type spirals they find a
(J — K;) value comparable to ours, that is, ~170, while their (H
— K,) colour is bluer: 0727. Later type spirals are generally bluer.
The comparison, though, is affected on the one hand by the small
sample size in the large galaxy catalogue (Jarrett 2000, where the
total sample consists of 100 galaxies), and on the other hand by
our sample including galaxies at larger redshifts that appear redder
(though the contamination by these is constrained by our bright
magnitude cut-off).

MNRAS 482, 5167-5189 (2019)

As we have shown above, some properties of ZoA galaxies are not
only affected by Galactic foreground extinction but also by stellar
density. Since there is a large overlap between regions with high
stellar densities and with high Galactic extinction (see Fig. 6), we
need to find a subsample where the Galactic extinction and stellar
densities are not correlated. Based on Fig. 14, which shows the
extinction values as a function of stellar density for our sample (top
panel), we have chosen the range of 0705 < Ax < 072 (shaded
area in the plot) where there is no obvious dependence on stellar
densities. For this subsample of 1395 galaxies we find a dependence
of the colours (J — K;)°® and (H — Kj)° on stellar density (see middle
and bottom panels, respectively). Linear fits to both relationships
give

(J — K;)° = (—0.078 £ 0.009) - log N*/deg2 + (1.258 +0.036)
and
(H — K,)° = (—0.043 4 0.006) - log N,k/deg2 + (0.449 + 0.024).

Incidentally, the slopes in these relationships vary only marginally
if we chose a different extinction range for the subsample (e.g. in-
creasing the upper limit up to Ax = 0"5). Applying these mean
relationships as a correction to the original sample (and using
log N,/deg? = 3.5 as reference point) we obtain colours independent
of stellar density, that is, < (J — K;)° > = 0"962 + 0™002 and
< (H — K,)° >= 07293 £ 07001 as well as < (J — K()*¢ >=
17012 £ 0™002 and < (H — K)>¢ > = 07310 £ 0001 (listed as
the combined and corrected sample in Table 6). The latter two are
in excellent agreement with the high-latitude sample. The shapes of
the distributions of the fully corrected colours agree as well (though
this is not shown in Fig. 13 to avoid confusion). We conclude that at
high stellar densities, where the likelihood of unsubtracted or unde-
tected faint stars affecting the galaxy photometry is higher, galaxy
colours are too blue and thus not reliable. For example, at the highest
stellar densities where we still detect galaxies, log N,/deg? = 4.5,
the (J — K;)° and (H — Kj)° colours are too blue by 0708 and 0704,
respectively.

Since galaxy colours are sensitive to foreground extinction, they
in turn can be used to investigate the foreground extinction in more
detail (Schroder et al. 2007). We will revisit this in a forthcoming
paper (Paper III).
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Table 6. Statistics on 2MASX colours of various samples.
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Sample J —Ky) (H — Ky)
Standard
N* Mean Error deviation N* Mean Error Standard deviation

(mag) (mag) (mag) (mag) (mag) (mag)
Colour® (comb) 3255 0.938 0.002 0.13 3322 0.279 0.001 0.08
Colour® ¢ (comb') 3255 0.988 0.002 0.12 3322 0.296 0.001 0.07
Colour (high-lat?) 2939-3372  1.000-1.022  0.002-0.003  0.10-0.19  2939-3372  0.294-0.313  0.001-0.002 0.07-0.13
Colour® (comb, corr§) 3220 0.962 0.002 0.13 3287 0.293 0.001 0.08
Colour®€ (comb, corr§) 3220 1.012 0.002 0.12 3287 0.310 0.001 0.08

Note.

*sample size; Tcombined ZOA and EBV samples; *high-latitude samples; !

15F o G . ]

1.0F

0.0 ‘

i

v - K

1.0F >

05F

H - K)

0.0F >

-05F 7
S R R RIS R ]
3.0 3.5 4.0 4.5

Stellar density

Figure 14. Top panel: Galactic extinction Ak as a function of stellar density
for our galaxy sample. The shaded area indicates the range of 0705 < Ax <
0™2 where the stellar density and extinction are not correlated (see text).
Middle panel: colour (J — K)° as a function of stellar density, for the sample
defined by the shaded area in the top panel. Bottom panel: same for the (H
— K;)° colour. The red lines show the linear fits to the distributions.

6 SUMMARY AND DISCUSSION

In this first of a series of papers, we presented a magnitude-limited
catalogue of 2MASX galaxies at low Galactic latitudes and at high
foreground extinction levels. The catalogue supplements the high-
latitude 2MRS (Huchra et al. 2012) and 2MTF (e.g. Masters et al.
2014) surveys with the aim to obtain a homogeneous, complete, and
truly ‘whole-sky’ survey for cosmic flow analyses (the forthcom-
ing papers will address these aims). We have used an extinction-
corrected magnitude limit of K = 11725 that is brighter than the
2MRS limit of K? = 11775, but the higher extinctions in our sam-
ple would make the parameters of fainter galaxies less reliable. At
all Galactic longitudes, we extracted 2MASX objects with latitudes
|b| < 10° (the “ZOA sample’) and at higher latitudes we selected
all objects with E(B — V) > (0™950 (the ‘EBV sample’). All ob-

' combined ZOA and EBV samples corrected for stellar density dependence

jects were visually inspected across a wide wavelength range to
exclude all non-galaxies from the sample. This results in 3675 and
88 galaxies in the ZOA and EBV galaxy samples, respectively, with
a rejection rate for non-galaxies in the 2MASX catalogue of 47
and 82 per cent, respectively. The completeness of our catalogue is
mainly affected by the stellar density (the completeness limit lies
at logN,/deg? = 4.5), while the extinction seems to have only a
small effect, if any, up to Ax =~ 27'0. Thus, the NIR ZoA for bright
galaxies covers only 2.4 per cent of the full sky. For each galaxy we
give an estimate of its morphological type, based on the likelihood
of it having a disc. Furthermore, we identified which galaxies have
optical or H1 radial velocities measurements.

Since the uncertainties in galaxy parameters increase towards the
Galactic plane, we discuss the effects of foreground extinction and
high stellar densities. In particular, the 2MASX photometry in the
ZoA is affected by the high stellar densities that (i) increase the
confusion noise and therewith decrease the sensitivity which can
bias the background subtraction (Jarrett et al. 2000a), (ii) can cause
the centre of the extraction aperture to be located on a superim-
posed star instead of the galaxy, and (iii) sometimes affect the size,
ellipticity, and position angle of the extraction aperture. Based on
investigations by Said et al. (2016), Andreon (2002), and Kirby et al.
(2008), we conclude that 2MASX magnitudes in the ZoA are on
average too bright by at least 0™35 compared to 2MASX galaxies at
higher latitudes, an effect that needs to be taken into account when
combining the 2MRS and 2MTF surveys with our catalogue. The
colours as well are sensitive to unresolved stars in the field, and we
show that at the high stellar density level of log N,/deg? = 4.5 the
colours (J — K)° and (H — Kj)° are too blue on average by (0708
and 0704, respectively. We estimate the uncertainty in the limiting
magnitude of 11725 of our catalogue to be ~0"'15.

Considering the problems of obtaining accurate photometry in
star-crowded areas as well as the underestimation of the 2MASX
fluxes due to the short exposure time, we strongly argue for deeper
all-sky surveys with higher spatial resolution in the NIR. These will
be available for the southern hemisphere once the VHS (McMahon
et al. 2013) and VVV (Minniti et al. 2010) surveys are fully com-
pleted, but not in the north where the UKIRT Hemisphere Survey
(Dye et al. 2018) does not cover the North Celestial Cap.

Different kinds of Galactic extinction corrections are suggested in
the literature: values extracted from DIRBE/IRAS maps by SFD98
were found to be too high and need to be corrected (e.g. Schroder
et al. 2007; Schlafly & Finkbeiner 2011). In addition, the measured
size of an obscured galaxy is also affected by foreground extinction,
and an additional correction for the isophotal diameter is necessary
(Cameron 1990; Riad et al. 2010). While the sample selection of
our main catalogue is based on the SFD98 correction, so as to be as
close as possible to the selection criteria of the 2MRS survey, we
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Figure 15. Histograms of the difference between K-band magnitudes after
basic extinction correction using the SF11 correction factor f = 0.86, K¢,
and magnitudes with the additional diameter correction, K9, for the ZOA
sample (red) and EBV sample (blue); only galaxies that are also in the 2MRS
catalogue are shown.

also include the optimal extinction correction to the photometry pa-
rameters in our catalogue and discussion. We also investigated how
the sample selection would change if this optimal extinction correc-
tion were applied: First, because the diameter-dependent extinction
correction makes a galaxy brighter, we additionally extracted all
the 2MASX objects that are brighter than the fully corrected mag-
nitude limit of K ;"d = 11725, but are fainter than our original limit
of KQ= 11725. This supplementary sample comprises 70 and 1
additional galaxies in the ZOA and EBV samples, respectively.
Secondly, 29 and 0 galaxies, respectively, are removed from the
catalogue due to the SF11 correction factor to the extinction values.
While these two effects almost cancel each other out and the so-
called supplementary sample is small, it is nonetheless an important
correction to the main catalogue and should be taken into account in
any flow-field analyses to avoid biases due to the patchy distribution
of the supplementary galaxies (see Fig. Al in the appendix).

For a truly unbiased analysis, the 2MRS and 2MTF photometry
needs to have the same correction applied. To emphasize the im-
portance of this correction we show in Fig. 15 the histograms of
the additional correction due to the diameter-dependent extinction
correction for all 2MRS galaxies in both of our samples. Note that
for an unbiased comparison, we applied the SF11 correction factor,
f=0.86, to the K values (now denoted as KJ"°).

For the ZOA sample the median difference in magnitude is 0702,
where 34 galaxies (1.4 percent out of 2360) deviate more than
0710. For the EBV sample, that is, in the overlap region of E(B
— V)= 07950 — 1™000, we have a median difference of 0707, and
14 out of the 72 galaxies (19 percent) deviate more than 07'10.
Though the numbers and areas affected by extinctions above 0795
are small, the omission of this correction even at a much lower level,
e.g. E(B — V)= 0"44 (or Ax = 0™16), would imply a systematic
error in magnitude of the order of the typical uncertainty in galaxy
magnitudes, i.e. 0720. Such a magnitude difference would result in
distances 10 per cent too large, and could affect peculiar velocities
by as much as a factor of 2. And since the foreground extinction
is distributed unevenly across the sky this bias could mimic a non-
existent flow field (e.g. Kolatt, Dekel & Lahav 1995).

We also find that the value of the foreground extinction for a
given galaxy can be uncertain, especially in high extinction areas
of molecular clouds, as it is based on the relatively coarse 6 arcmin
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resolution of the DIRBE/IRAS maps. In addition, at |»| < 5° no FIR
sources were subtracted from these maps due to confusion problems.
In this region, we find three bright FIR sources that clearly bias the
local extinction estimates. We estimate that a further = 22 per cent
of the galaxies are likely affected by weaker FIR sources. This
effect needs to be taken into account in cosmic flow analyses since
it implies that extinction-corrected magnitudes of affected galaxies
will be systemically too bright, albeit by a small amount. We have
flagged both effects in the catalogue.

To ensure that a combination of our catalogue with the 2MRS and
2MTF surveys will not introduce a bias, we compare the extinction-
corrected 2MASX diameter and K;-band magnitude of our galaxies
with a high-latitude 2MASX galaxy sample with the same magni-
tude limit. While the median values of the K,-band magnitude agree
well within the errors, the diameters in the ZoA are systematically
too small by ~4 arcsec even when we apply the diameter-dependent
extinction correction. We assume this is likely due to an incomplete
diameter-dependent extinction correction that was derived from a
small sample (Riad et al. 2010). Since no such effect for the cor-
rected magnitudes could be found, we are confident that the sample
selection, which is based on magnitudes, is not affected.

Finally, we find that although the galaxy extraction from the
2MASX catalogue presented here is complete to a given limit in
magnitude, the catalogue itself is missing galaxies in the Galactic
bulge area due to the difficulties of the 2MASX automated galaxy—
star separation algorithms to identify galaxies in regions of high
stellar density. NIR surveys with a better spatial resolution can help
reduce the remaining ZoA (e.g. Vista-VV'V, Minniti et al. 2010, and
UKIDSS-GPS, Lucas et al. 2008), in particular in conjunction with
improved galaxy detection algorithms (based on machine learning,
e.g. Gonzélez, Mufioz & Herndndez 2018).

To further improve the sample we propose to use a semi-
automated script to extract better (2MASS) galaxy photometry (e.g.
Said 2017) and thus remove some of the uncertainties in the magni-
tude limit of the sample (or sample definition). Furthermore, we find
that galaxy photometry in the ZoA not only requires a correction for
Galactic extinction but also that the increased confusion noise (due
to unresolved faint stars) affects the accuracy of the background sub-
traction. For example, at high latitudes the 20 mag arcsec ™2 isopho-
tal Ks-band magnitude corresponds roughly to only 1o of the typical
background noise in the K band (Jarrett et al. 2000a), but at low
latitudes the increased noise level means that the isophotal aper-
ture is less well determined. Thus, all photometry used in cosmic
flow-field analyses should preferentially be derived from NIR ob-
servations deeper than 2MASX (e.g. UKIDSS or VISTA survey
data).

To conclude, a recipe for combining high-latitude surveys like
2MRS and 2MTF with a ZoA survey like ours needs to address the
following issues: (i) full extinction corrections need to be applied
in the same manner to all galaxies, even at moderate extinction lev-
els; (ii) possible offsets in the isophotal magnitudes due to increased
background noise in the Galactic plane need to be corrected for; (iii)
the variance in photometric quality and thus the increased photomet-
ric uncertainties in localized areas on the sky needs to be understood
and taken into account as a possible bias; (iv) overestimation of the
extinction correction for a significant number of galaxies due to
weak and unresolved FIR sources in the IRAS/DIRBE maps at low
latitudes need to be assessed and taken into account.

In the forthcoming papers we will present HI observations for
those galaxies that do not yet have redshifts and of those with
redshifts that are eligible for the TF analysis. Preparatory work on
the application of the TF relation in the ZoA has been done by
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Said et al. (2015), who determined that isophotal apertures are less
affected by high stellar densities than total magnitudes, and that
axial ratios need to be corrected for extinction. The final paper in
this series will deal with the application of the TF relation to the
whole-sky sample (see Said 2017 for a pilot study). Fine-tuning of
the Galactic foreground extinction determination will be discussed
in another paper in this series (Schroder et al., in preparation).
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APPENDIX A: EXTENDED CATALOGUE
ACCORDING TO OPTIMIZED EXTINCTION
CORRECTIONS

In Section 3.3 we discuss an additional Galactic foreground extinc-
tion correction for isophotal radii and thus isophotal magnitudes.
The main catalogue includes photometry parameters based on this
additional correction as well as a recommended correction to the
E(B — V) values from the IRAS/DIRBE maps (SF11; Section 3.2).
Since the magnitudes are affected, the sample selection criterion
regarding a limiting magnitude is not fulfilled anymore. Hence, we
investigated how the sample selection would change if this optimal
extinction correction were applied and thus compiled an ‘extended’
catalogue.

Any extinction correction makes galaxy magnitudes brighter. If
we apply a diameter-dependent extinction correction in addition
to the conventional Galactic foreground extinction correction, the
magnitude limit of our sample, KJ = 11725 is not longer valid
and the sample becomes incomplete. We therefore need to supple-
ment our catalogue by adding all those galaxies with K2> 11725
but K>¢< 11M25. The supplementary sample that contains these
galaxies is presented in Table Al (available online) with the same
columns as for the main catalogue (see Section 4). It comprises 276
and 14 additional objects for the ZOA and EBV samples, respec-
tively. Applying the object flags we devised for classifying sources
as galaxies (Table 3, Col. 4) results in 70 galaxies and 1 additional
galaxy, respectively.

On the other hand, galaxies will be excluded from the main cat-
alogue since in the derivation of the optimally extinction-corrected
K2 values we applied the correction factor 0.86 from SF11 to the
E(B — V) values used, which makes magnitudes fainter. Objects thus
excluded from the main catalogue are flagged (Table 3, Col. 7d). For
ease of use, we repeat those lines in Table A2 (dubbed the exclusion
sample). There are 31 and 1 objects affected in the ZOA and EBV
samples, respectively, of which 29 and 0 are galaxies. In total there
are 3716 and 89 galaxies in the ‘extended’” ZOA and EBV samples,
respectively, using K¢ = 11725 (as opposed to the original 3675
and 88, respectively).

Compared to the main catalogue, the supplementary sample has
considerably fewer matches in the 2MRS catalogue: only four
objects (1 percent) have a 2MRS counterpart. This is expected
as the former includes objects fainter than the 2MRS cut-off at
K< 11™75. Another characterization of a sample with fainter ob-
jects is the greater uncertainty in galaxy classification (in particular
in our classes 4, 5, and 6), and disc types (uncertain class, D3, and
unknown, ‘n’). This is in fact one of the reasons why we prefer
a higher magnitude limit for our sample, i.e. 11725 versus 11775
as used by the 2MRS project. Finally, in the supplementary sample
only 6 per cent galaxies have published redshifts (versus 70 per cent
in the main catalogue).

Fig. Al shows the distribution on the sky of the supplementary
galaxies (magenta circles), which is patchy and more concentrated
towards the Galactic plane compared to the main catalogue galaxies
(grey dots). Galaxies excluded from the main catalogue are shown
in green.
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Table A1. 2MASS ZOA supplementary sample; example page, the full table is available online.
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Figure Al. Aitoff projection of the distribution on the sky of the objects in the main, supplementary, and exclusion samples, in Galactic coordinates. Yellow
dots represent non-galaxian objects, grey dots galaxies from the main catalogue, magenta circles supplementary sample galaxies, and green circles exclusion

sample galaxies.

Table A3. Flags foridentifying galaxies in the supplementary and exclusion

Table A4. Disc classification of galaxies in the supplementary and exclu-

samples. sion samples.
Flag Galaxy class Class Meaning ZOA EBV
Suppl Suppl Excl Suppl Excl
1+2 Definitely 46 0 D1 Obvious disc 31 14 1 0
3 Probably 13 0 1 0 D2 Disc 13 4 0 0
4 Possibly 9 0 0 0 D3 Possible disc 11 7 0 0
5 Unknown 2 0 0 0 D4 No disc 0 4 0 0
6 Low likelihood 5 0 0 0 n Unable to tell 15 0 0 0
7 Unlikely 27 1 2 1
8§19 No 145 1 1 0 Total - +70 -29 +1 -0
Total - +276
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