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ABSTRACT

We use near-infrared (J — K) colours of bright 2MASS galaxies, measured within a 7- arcsec-radius aperture, to calibrate the
Schlegel, Finkbeiner & Davis DIRBE/IRAS Galactic extinction map at low Galactic latitudes (|b| < 10°). Using 3460 galaxies
covering a large range in extinction (up to Ax= 1715 or E(B — V) =~ 3719), we derive a correction factor f = 0.83 + 0.01 by
fitting a linear regression to the colour-extinction relation, confirming that the Schlegel et al. maps overestimate the extinction.
We argue that the use of only a small range in extinction (e.g., Ax < 07'4) increases the uncertainty in the correction factor and
may overestimate it. Our data confirm the Fitzpatrick extinction law for the /- and K-band. We also tested four all-sky extinction
maps based on Planck satellite data. All maps require a correction factor as well. In three cases, the application of the respective
extinction correction to the galaxy colours results in a reduced scatter in the colour-extinction relation, indicating a more reliable
extinction correction. Finally, the large galaxy sample allows an analysis of the calibration of the extinction maps as a function
of Galactic longitude and latitude. For all but one extinction map, we find a marked offset between the Galactic Centre and
Anticentre region, but not with the dipole of the cosmic microwave background. Based on our analysis, we recommend the use

of the GNILC extinction map by Planck Collaboration XLVIII with a correction factor f = 0.86 & 0.01.

Key words: dust, extinction — galaxies: photometry —infrared: galaxies.

1 INTRODUCTION

Accurate photometric measurements of galaxies, like brightness or
colours, and their derived quantities, for instance, stellar masses and
star formation rates, require a correction for Galactic foreground ex-
tinction. While such a correction is usually small and often negligible
at high Galactic latitudes, it becomes more and more important at
lower latitudes and starts affecting completeness estimates and other
statistical evaluations as well.

The first, frequently used, extinction map was based on HI column
density measurements and galaxy counts, assuming a correlation
between gas and dust in the interstellar medium (Burstein & Heiles
1978, Burstein & Heiles 1982). More recently, Lenz, Hensley & Doré
(2017) have published a new map based on HI column densities,
albeit covering only the low-column density, high-latitude sky.

However, since the gas-to-dust ratio is not constant everywhere
and can vary by up to a factor of 2 locally (e.g., Burstein et al.
1987), more accurate extinction maps, based on far-infrared (FIR)
dust emission, were introduced by Schlegel et al. (1998, hereafter
SFD), using high-resolution all-sky maps from the DIRBE and IRAS
missions. The advantage of these maps is that they cover all Galactic
latitudes though they could not be calibrated in the Galactic plane
(|b] < 5°) due to FIR confusion problems and lack of known galaxies.

There have been various attempts to calibrate the SFD maps
in general (e.g., Dutra et al. 2003 with a correction factor f =
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0.75, Choloniewski & Valentijn 2003 with f = 0.71) and at low
Galactic latitudes (the so-called Zone of Avoidance, hereafter ZoA)
in particular (e.g., Nagayama et al. 2004 with f = 0.67, Schroder
et al. 2007 with f = 0.87). Schlafly & Finkbeiner (2011, hereafter
SF11) have done a more comprehensive investigation and derived a
correction factor f = 0.86 for the all-sky SFD maps that has been
widely accepted.

Recently, the Planck mission with a more sensitive survey of
the infrared sky has produced several whole sky extinction maps,
some based on the first data release (PR1; Planck Collaboration
XI 2014; Meisner & Finkbeiner 2015), others on the full mission
data (PR2; Planck Collaboration XXIX 2016a, Planck Collaboration
XLVIII 2016b). Although there have been various attempts in com-
paring the available extinction maps (e.g., Chiang & Ménard 2019),
most comparisons were done at high latitudes or low extinction
levels.

We have therefore decided to use a comprehensive and magnitude-
limited sample of near-infrared (NIR) bright galaxies from the
2MASX catalogue at low latitudes (|b| < 10°) and high extinc-
tion levels elsewhere (E(B — V) > 0M95; Schroder, van Driel &
Kraan-Korteweg 2019, hereafter Paper I) to investigate the existing
extinction maps using the galaxy colours. Our main aim was to derive
a correction factor that is also valid at high extinction levels and to
search for possible variations across the Galactic plane region. We
have thus determined correction factors for both the SFD map and
the four Planck mission maps.

This paper is structured as follows. We introduce the galaxy input
sample used for our analysis in Section 2. Section 3 presents the
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Table 1. NIR extinction coefficients relative to the B-band.

Passband A F99 Cardelli, Clayton & Mathis (1989)
(,u,m) AA/AB A)L/AB

J 1.25 0.208 0.211

H 1.65 0.128 0.136

K 2.15 0.087 0.085

colour-extinction relation and investigates ways to construct the
cleanest possible sample and best parameter settings. In Section 4,
we investigate the four extinction maps based on Planck data, and in
Section 5 we study the variation of the calibration factor across the
ZoA. We summarize our findings and give conclusions in Section 6.
Throughout the paper, K refers to the 2MASS K;-band, and the
superscript ‘0’ indicates a correction for extinction.

2 THE SAMPLE

Paper I gives a detailed description of the selection criteria for our
galaxy catalogue, but for easy reference we recapitulate the most
important criteria here.

We selected all 2MASX! objects that satisfy the following criteria:

(i) K° < 11725 (i.e., corrected for SFD Galactic extinction); and
@ii) |b] < 10° or E(B — V) > 07M95.

To correct for Galactic extinction, we used the SFD maps without
any correction factor so as to be comparable to the 2MASS Redshift
Survey (2MRS; Huchra et al. 2012) selection criteria. We visually
inspected all objects using images from various passbands (optical
to NIR) to distinguish between galaxies, blended stars, artefacts,
and Galactic nebulae. This resulted in 3675 plus 88 galaxies for the
2MZOA (|b| < 10°) and 2MEBV (E(B — V) > 0795, |b| > 10°)
catalogue, respectively.

For our investigation, we excluded four galaxies that have an
unknown galaxy classification (class 5 in Paper I) and 166 galaxies
where the 2MASX fit is centred on a superimposed star instead of
the galaxy’s bulge — we assume all the photometry of these objects
to be unreliable. That results in an input sample of 3593 galaxies.
This input sample has been carefully investigated and the resulting
final sample, as detailed in the following section, comprises 3460
galaxies.

3 GALACTIC EXTINCTION CORRECTION

We use the method of calculating the extinction correction factor
using NIR colours as outlined in Schroder et al. (2007). We first apply
a correction for Galactic extinction using the SFD values (given as
EB — V)), Ry = 3.1 (or Ry = 4.14) and the Fitzpatrick (1999)
extinction law (hereafter F99, see Table 1), resulting, for example, in
a measured Ax = 4.14 x 0.087 x E(B — V). If we then assume that
the true extinction A is a constant ftimes the measured value from
the extinction map used, e.g., ANK = f Ak, the slope a of the relation
between extinction-corrected NIR colours and extinction can be used
to calculate fas

a

=1 N
f=l+ E/Ax

ey

!See the 2MASS All-Sky Extended Source Catalog (XSC) as found online
at http://irsa.ipac.caltech.edu/cgi-bin/Gator/nph-dd
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Figure 1. 7-arcsec-aperture (J — K)° colour versus K-band extinction Ag
(green dots) and linear fit for the cleaned sample. The black dots show
the input sample before the selection criteria for the final sample were
applied.

where E is the colour excess of the respective colour. If the SFD
maps were correct, the factor would be 1.

As explained in detail below, we decided to use (J — K)° colours
from the 7-arcsec-aperture for this investigation. In addition to the
selection criteria for the input sample mentioned in Section 2,
we ‘cleaned’ the sample by deselecting on the 2MASX photometry
Flag 4 and by excluding galaxies with excessive photometric un-
certainties (J-band error > 0713, K-band error > 0712), hereafter
called photometric selection criteria. We also excluded very high
extinctions, setting the limit at Ax = 17'15.

Fig. 1 shows the final ‘cleaned’ sample (green dots) and the
linear-regression fit; black dots show the input sample (without
the photometric selection criteria applied and with no cut-off in
extinction). The cleaned sample comprises 3460 galaxies and the
linear-regression fit gives

(J — Ko)° = (—0.241 £ 0.012) x Ag + (1™036 = 0.004),

with a standard deviation or scatter of 01342, This results in a
correction factor of f = 0.83 + 0.01.

In the following, we will discuss the individual selection criteria
in detail.

3.1 Colour selection

With three passbands one can construct three colours. The (/ — K)
colour spans the largest wavelength range and is therefore the most
reliable, as we have confirmed in our tests. However, for internal
consistency, we have conducted our investigation on the selection
criteria using all three colours (for example, it helps to understand
whether an outlier is due to problems in one passband only), but to
avoid repetition, we present our results using only the (J — K) colour.

3.2 Aperture selection

The 2MASX catalogue offers a variety of photometric measure-
ments, ranging from small to large apertures, circular and elliptical
apertures, isophotal and total magnitudes, as well as peak and central
surface brightnesses. Since we are interested in the most stable
colours, as little affected by contaminating stars as possible, we prefer

Note that most red outliers are caused by a combination of wrong extinction
values and photometric problems, cf. Figs 2—4.
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a smaller circular aperture and therefore investigated those with radii
S5, 7, and 10 arcsec, hereafter AS, A7, and A10. For completeness
reasons, we also looked at the isophotal magnitudes measured within
the K-band 20-mag arcsec™2 isophotal elliptical aperture (hereafter
ISO) as well as the central surface brightness (within a radius of
5 arcsec; hereafter S5) and the peak pixel brightness (hereafter PK).
Note that the latter two do not have errors or flags associated with
them.

While we want to use as clean a sample as possible, we also
want to retain as many galaxies as possible for the subsequent
investigation by region. The two requirements are contrary, that
is, we need to balance the benefits of one against the detrimental
effects of the other. To start with, we find that up to 172 galaxies
have no measurement in at least one band per investigated aperture.
This favours A7, where all galaxies have measurements at all bands.
Furthermore, bands and apertures are differently affected by large
uncertainties and flag settings (see also the following sections).
We found that 2MASX Flag 4 affects more objects the larger the
aperture, which favours A5 magnitudes. Regarding the magnitude
error distributions, we find that the isophotal magnitudes have on
average 2—3 times larger uncertainties than the aperture magnitudes,
which argues against using these magnitudes (apart from the obvious
problem of increased contamination with superimposed stars). The
error distributions for the three aperture magnitudes, on the other
hand, are quite comparable.

Studying the individual linear fits, we find that the slopes depend
little on the chosen magnitude and usually agree within the 1o error.
The offsets, however, are more strongly dependent on the aperture,
implying a colour growth curve across galaxies, in which isophotal
colours show the bluest colours (about 1700 for (J/ — K)°) and PK
colours are reddest (about 1709 for (J — K)°). The scatter (standard
deviation of the sample) decreases with aperture size (from 0173
for PK to 07141 for A5 to 0129 for ISO), but at the same time, we
have about 200 galaxies fewer for ISO than for A5 and A7 due to the
increased problems with the photometry. Despite these variations,
the f~value itself is fairly independent on the aperture used and varies
only by about 0.01.

Consequently, we decided to use A7, comprising the most galaxies
and being a good compromise between contamination by stars and
the amount of scatter. The arguments against isophotal colours are
the smaller number of galaxies available and larger uncertainties
on average, though their colours are truest to the galaxies. Surface
brightness colours, taken from the same aperture as the A5 colours
and having no associated errors, are quite similar to AS but are not
available for all the galaxies. The peak pixel brightness magnitudes
are the worst with the largest scatter and reddest colours, being
strongly subjected to statistical or noise fluctuations in a single
pixel.

3.3 2MASX photometry errors

Regarding photometry errors, we found that a cut at the tail end
of the error distribution removes the worst outliers in the colour-
extinction relation. Fig. 2 shows as an example the J- and K-band
error distributions and the colour-extinction relation for (J — K)
using A7. If we cut off at a smaller limit (e.g., errk = 007 and
err{,, = 0M10, magenta arrows), we lose too many ‘good’ objects
together with only a few more outliers as compared to the more
relaxed cut, as shown by the magenta crosses in the bottom panel. We
thus decided to use the more relaxed cuts that clearly remove outliers
without losing too many good data points, that is, errk = 0m12,
erri,, = 0M13, and errf, = 0™10.
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Figure 2. Testing for sample selection on photometry errors for A7. Top
panels: truncated histograms of the error distribution for the J- band (left-
hand panel) and K- band (right-hand panel); the arrows indicate the two cuts
tested in the panels below. Middle panel: Colour-extinction relation for (J —
K)°; black and green dots are the same as in Fig. 1; red crosses: objects with
photometry errors above the higher cuts (see red arrows in the top panels).
Bottom panel: same as above but the magenta crosses indicate objects with
photometry errors between the magenta and red arrows.

3.4 2MASX photometry flags

The 2MASX confusion flags mostly refer to masked pixels or
subtracted point sources within the relevant aperture. We have
investigated the distribution of objects with a specific flag set in
the colour-extinction relations and find that only Flag 4 (‘aperture
contained pixels within bright star mask’) seems to indicate outliers
without affecting too many good sources. We thus exclude all
photometry where this flag was set. This affected about 15 to 180
objects depending on aperture and colour.

3.5 2MZOA catalogue information

The 2MZOA and 2MEBV catalogues list various information re-
garding the quality of data. As mentioned above, we have excluded
already the four objects which may or may not be galaxies, and
all objects which are not centred properly on the galaxy’s bulge. In
addition, one of the flags indicates whether the extinction around
a galaxy appears unreliable, a question that is of strong concern to
us. However, this flag is only indicative for a strong variation in the
overall area (r >~ 5arcmin) and not of the immediate environment
of the galaxy and is by no means complete. While applying a cut
on these flags removes a few outliers, too many good sources are
affected as well (N = 101 in case of A7), see Fig. 3. On the other
hand, the linear-regression parameters are little affected: Excluding
objects with this flag set changes the f-value by < 0.003, depending
on aperture, and not at all for A7. We therefore decided not to use
this flag and instead to rely on the conservative cut in Ag.

MNRAS 503, 5351-5366 (2021)
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Figure 3. Testing selection on extinction flags for A7, Same as Fig. 1 with
red crosses indicating objects with extinction flag ‘e’ set.
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Figure4. Same as Fig. 1 but showing the full extinction range. The reddening
path is indicated with a red arrow.

3.6 Extinction cut-off

Fig. 4 shows the (/ — K) colour distribution of the input sample (black
dots) over the full extinction range. As in Fig. 1, the regression
line is based on the cleaned sample (green dots). The colours of
highly obscured galaxies become increasingly bluer, indicating a
selection bias: in very high-extinction regions, the extinction can
vary spatially very rapidly and we are more likely to find galaxies
in the lower extinction pockets. Due to the coarse spatial resolution
of 6 arcmin of the extinction maps, these are consequently corrected
with a too-high, average extinction value, and hence appear too blue.
The deviation increases with extinction, resulting in a non-linear
relation. This effect has already been noted by, e.g., van Driel et al.
(2009).

To determine the best cut-off in extinction to avoid this bias for our
sample, we have used a series of upper limit values and determined
each time the f~value, see Fig. 5. We find a plateau in the range
Ag= 075 — 1M2. The lower f-values at higher extinctions are clearly
caused by the selection bias, while the higher f-values at the low-
extinction end are likely due to a large extrapolation beyond the
small range in extinction available for the fit and therefore being less
certain, as implied by the larger error bars.

3.7 Other outliers

Despite the ‘cleaning’ of the sample, some outliers remain, likely due
to insufficient star subtraction or other problems with an automated
pipeline as was used for the 2MASX catalogue. Short of re-doing
the photometry by hand, we have no simple and reliable selection
criteria to get rid of these. Instead, we tested their effect on the
linear regression by removing all data points outside a 40 and a
30 envelope to the regression line. In case of A7, 22 and 54 data
points, respectively, were thus removed. The effect is small, the f-
value is ~0.005 smaller in case of a 4o cut, and 0.001 higher for the
3o cut. The other apertures give similar results. The deviations are

MNRAS 503, 5351-5366 (2021)
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Figure 5. f-values derived for various upper limits in Ag for the linear-
regression fit. The dotted line shows the plateau at f = 0.83 and the arrow the

chosen cut-off in Ag.

Table 2. Comparison of f-values for different extinction laws for A7.

Colour F99 C89 Test F99 Typical
Two-digit precision error
J—-K° 0827 0.794 0.827 0.834 0.009
J—-H° 0817 0.871 0.838 0.817 0.006
(H—-K)* 0873 0.702 0.833 0.895 0.005

smaller than the error on the f-value and we conclude that our linear
regression is robust with respect to outliers.

3.8 Extinction law

As mentioned above, we have used the F99 extinction law to calculate
the NIR extinction coefficients. To understand the impact of possible
uncertainties in these coefficients on our results, we have tested the
commonly used coefficients given by Cardelli, Clayton & Mathis
(1989, hereafter C89), see Table 1.

Theoretically, the f~value should be independent of the colour used,
and the variations we find between the fits for the three available
colours are likely due to uncertainties in the colour measurements.
These variations, however, are noticeably larger if we use the C89
extinction coefficients (Af = 0.17 versus 0.06 for F99), see Table 2,
hence, we prefer the F99 coefficients. None the less, while the f-
values for the latter agree well for the colours (/ — K) and (J — H),
the f~value for (H — K) still deviates. We can take this further and
try to achieve better agreement between the colours: since mainly
the H-band is affected, we varied its coefficient while leaving the
others fixed. We find very good agreement within the error, if we use
a coefficient of 0.130 instead of 0.128 (named ‘Test’ in Table 2).

Note that the disagreements also increase when rounding the
coefficients to the two-digit precision used in Paper I. Considering
the sensitivity of the f~value to the precision and exact value of the
extinction coefficients, we recommend to use the higher precision
values to avoid any possible systematics, even though they may be
small.

To calculate the K-band extinction, we use Ry = 3.1 as recom-
mended by SFD. In particular in the Galactic plane, though, Ry can
vary: towards the Galactic bulge, it seems to be lower (Ry = 2.5,
Nataf et al. 2013), while the centres of molecular clouds can show
values up to 4—6. A change in Ry results in a stretching of the colour-
extinction relation, but only few data points would be affected (since
we do not have many galaxies in the Galactic bulge area).
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3.9 Correction for galaxy radius

While smaller galaxies can be mostly or even fully contained in
a fixed-radius aperture, for the largest galaxies a small aperture
may contain only the bulge and therefore appear redder. Plotting
colours versus major axis radii we find a slight dependence of up
to +0.0007 £ 0.0001 for (/ — K) colours, with the worst case
for PK and being generally larger for the smaller apertures; ISO
colours, on the other hand, show the reverse effect with a slope of
—0.0004 £ 0.0001. The effect starts disappearing when we remove
all galaxies with radii smaller than around 15 arcsec. Applying a
correction for this dependence, however, has a negligible effect on
the colour-extinction relation, mainly because the small galaxies are
evenly distributed across the range of extinctions. It should be noted
that there is also a dependence on morphological type on which we
have little information. Ideally, we should use an aperture size that
includes only light from the bulges (where available) and thus would
vary from galaxy to galaxy. However, as already mentioned, since
the effect is negligible and other uncertainties dominate the error
budget, we have not applied a correction for this.

3.10 Correction for stellar density

In Paper I, we found that the colours show a slight dependence
on stellar densities. We have repeated the investigation for all
apertures and find that the effect on the determination of the f~value
is negligible. While the dependence of colour on star density is
—0.078 % 0.010 for the isophotal colours and smaller for the other
apertures (except PK), e.g., —0.037 £ 0.011 for A7, the change in
the f-value is similar for all apertures and smaller than the 1o error
of 0.009: for A7, fincreases from 0.828 to f = 0.835 (for N = 3425
since not all galaxies have a stellar density defined). Since the effect is
small and to avoid introducing an additional uncertainty through the
star density—colour relation, we have not applied such a correction.

3.11 k-correction

Since redshift changes a galaxy’s colour (in (/ — K) they become
redder), we have applied a k-correction to those galaxies that have
redshift information and investigated the effect on the f-value mea-
surement. We use the k-correction given by Chilingarian, Melchior &
Zolotukhin (2010) who made their script available online.®> The k-
correction depends on the colour of a galaxy, but instead of using the
individual colours, we adopted generic colours: (J — K)° = 170, (J
— H)° =0"7, (H — K)° = 0™3 (see Paper I). This avoids additional
uncertainties due to errors in one of the passbands which slightly
increase the scatter in the colour-extinction relation (from 0.122 to
0.128). The maximum difference in the two k-correction versions is
+0702 for (J — K), with a mean difference of 070003 4+ 07'0002.
The k-corrections and adopted velocities used are given in a table
described in the Appendix.

We find that the k-correction has a negligible effect on the
determination of the f-value. However, not all galaxies have a
redshift measurement (about 13 percent are still missing, see the
red dots in Fig. 6), and the reduced sample leads to a lower f-value
of 0.801 £ 0.010. The same trend is found for all apertures. To
understand better where the selection bias comes from and how it
may affect the result, if we had redshift measurements for all galaxies,
we investigated further.

3http://kcor.sai.msu.ru/
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Figure 6. Same as Fig. 1, where green dots depict galaxies with redshift
information and red dots galaxies without redshifts. The regression line was
fitted to the green dots.
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Figure 7. Distributions of galaxies with extinction Ak (top panel), major
axis diameter a (in arcseconds, middle) and k-correction in (J — K) (bottom
panel). The full sample is shown in black, galaxies with redshift information
in dark blue, and galaxies with no redshifts in red (top panel) and cyan
(middle panel), respectively. The bottom panel shows the samples after the
application of the respective cuts indicated by the arrows and colours in the
top and middle panel. For more information see the text.

First, we looked at the distribution of galaxies with and without
redshift measurements as a function of extinction and major axis
diameter, both of which have a likely influence on whether a redshift
was attempted to be measured. The top two panels in Fig. 7 show the
respective distributions for the full sample in black and for the sample
without redshift information in colour. As expected, redshifts are
predominantly lacking for galaxies at higher extinctions and having
smaller observed diameters. The bottom panel, showing normalized
counts for better comparison, presents the distribution of the k-
correction values for all galaxies with a redshift (in dark blue) as well
as for those after the application of an additional cut in extinction (red:
Ag> 075) or in diameter (cyan: a < 40 arcsec) applied, as indicated
by the arrows in the upper panels. While the blue and red histograms

MNRAS 503, 5351-5366 (2021)
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Figure 8. Colour distribution of galaxies with various velocity ranges: all
galaxies (black), cz < 3000 km s~ (cyan), 8000 kms~! <cz < 11000kms~!
(green), 15000 km s~ ! <cz < 25000 km s~ (red), and no velocity (dark blue).

compare reasonably well, the cyan histogram shows a clear shift
(by about 07005) with respect to the blue one. This means that
galaxies at high extinctions do not show any preference in distance
(as expected) and, consequently, in k-correction, but smaller galaxies
tend to have a slightly higher k-correction because many are more
distant, normal-sized galaxies. None the less, the smaller galaxies are
evenly distributed over extinctions and therefore do not introduce an
extinction-dependent bias in the colour-extinction relation.

Secondly, we can study the colour distribution of these samples.
Fig. 8 shows the lower part of the histogram in colour (J — K)*¢,
where we applied f = 0.83 to the extinction correction to be as close
to the intrinsic colour as possible. The figure shows various redshift
ranges in colour (low to high redshifts going from cyan through
green to red, with the full sample depicted in black), together with
the galaxies that have no velocity information in dark blue. The
median (J — K)*“-values go from 07981 through 17034 to1™054,
respectively, while the no-redshift sample has a median of 17044,
albeit with a larger scatter of 0"20 (as compared to 0710 — 0™16 for
the other samples). Though NIR colours are only a rough indicator
of redshift (e.g., Jarrett 2004), this shows that the missing galaxies
seem to be well distributed across redshift space with no likely bias
in distance (or k-correction).

We thus conclude that though the sub-sample of galaxies with
redshifts gives a different f-value, the k-correction itself has a
negligible effect on its determination: (1) the missing galaxies seem
to have a similar redshift distribution to those with redshifts, with a
moderate lack of very close-by galaxies (cz < 3000kms™), (2) the
amount of k-correction does not show any correlation with extinction
for this sample, and (3) the missing galaxies come mainly from the
intermediate-to-high extinction range which severely depletes the
colour-extinction relation in these areas, likely explaining the deviant
f-value. In fact, we ought to adjust the upper limit in Ak (as discussed
in Section 3.6) to about Ax < 1704 (at the end of the new ‘plateau’),
leading to a slight increase of the f~value to 0.809 £ 0.010, which
deviates by only 20 from the original value.

3.12 Bootstrapping

In Section 3.7, we investigated the effect of the remaining outliers on
the linear regression and found it to be negligible. To look further into
the effects of sample selection on the result, we applied the bootstrap
method, excluding a third of randomly selected data points. We ran
this 20 times and found a mean f = 0.831 %+ 0.002 with individual
values ranging from 0.818 to 0.848. This agrees well with the f~value
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Table 3. Comparison of parameters for different apertures.

A5 A7 Al0 ISO S5 PK
f-value 0.832 0.827 0.829 0.826 0.823 0.828
Smin 0.825 0.822 0.824 0.821 0.815 0.823
Jmax 0.832 0.830 0.836 0.835 0.827 0.831
Scatter 0141 om134  0™130  0™129  0M134  0M173
N 3447 3460 3395 3272 3391 3391

Note. All values have an error of 0.009 except for PK which has an error of
0.012.

for our cleaned sample, f= 0.827 4 0.009 and we conclude that our
result is robust with respect to sample selection and outliers.

3.13 Discussion

In conclusion, we can say that our derivation of a correction factor to
the SFD maps, f'= 0.83 £ 0.01, is very robust. The largest variation
is found across the colours (see Table 2), which seem to be sensitive
to the adopted extinction law. The choice of aperture size has a small
effect, with f-values ranging from 0.823 (S5) to 0.832 (AS5), see
Table 3. Additional sample selections (as discussed in Sections 3.5
and 3.7) have a similar impact (0.815—0.836 across all apertures, see
the minimum and maximum values in Table 3). A7 and A5 seem to be
the most robust, while ISO and PK seem to be more vulnerable (they
also have the least objects in the sample). It is notable that even the
isophotal colours, much more subject to insufficient star subtraction,
show little deviation and agree well with our final value of f =
0.827 £ 0.009. The effects of corrections for radii, stellar densities
and k-correction are negligible. In the latter case, the galaxies without
redshift (13 per cent of the cleaned sample) cause a bias since mostly
higher extinction objects are lacking, resulting in a lower f~value of
0.801 £ 0.010. The bias is expected to disappear once all galaxies
have a redshift measured. The nominal uncertainty on our f-value is
0.009, and, based on the variations found, we do not expect the final
error to be higher than 0.01.

4 OTHER EXTINCTION MAPS

The analysis we have shown so far was based on the all-sky extinction
map derived from DIRBE/IRAS data by SFD which is the most
widely used to date (recently with the SF11 modulation). Recently,
various extinction maps based on Planck satellite data have become
available. We can now use our cleaned sample to compare their
quality and whether they may also need a correction factor. In
particular, we investigated the following four maps, all of which
have a spatial resolution of 6!1 (i.e., comparable to SFD):

P-PR1 The first Planck extinction map (Planck Collaboration XI
2014) is based on the PRI data from 2013 and the IRAS 100-um
data. A modified blackbody model was used to fit the data.

P-MF Meisner & Finkbeiner (2015) also used the Planck PR1 and
DIRBE/IRAS 100-um data. Instead of a modified blackbody model,
they used a two-component model. Their map is given in optical
depth at a frequency of 545 GHz (A = 550 um), with a provided
conversion of E(B — V) = 2624.4472 x TAU545—0.00260618.

P-AV Planck Collaboration XXIX (2016a) fitted a physical dust
model from Draine & Li ( 2007) to the full mission Planck PR2
(2015) data, WISE 12-um data and IRAS 60-um as well as 100-
pm data. Their extinction map is given in Ay (their renormalized
AV _RQ), which we converted to E(B — V) using Ry = 3.1.
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Table 4. Comparison of parameters for different extinction maps.

Extinction map f-value Scatter Offset
(mag) (mag)
SFD 0.827 + 0.009 0.134 1.036 + 0.004
P-PR1 0.808 + 0.013 0.175 1.080 + 0.005
P-MF 0.760 + 0.007 0.118 1.031 + 0.004
P-AV 0.759 + 0.007 0.116 1.017 + 0.004
P-GNILC 0.859 + 0.008 0.119 1.028 + 0.004

P-GNILC Planck Collaboration XLVIII (2016b) used the PR2
Planck data in combination with the IRAS 100-xm map and took
special care to reduce the cosmic infrared background contamination
in the data, using the generalized needlet internal linear combination
(GNILC) component-separation method. Their map is given in dust
optical depth at 353 GHz (. = 849 um), with a provided conversion
of E(B — V) = 14900 x TAU353.

We have not used other available maps because they either have
lower spatial resolutions, do not cover the whole Galactic plane (e.g.,
Nidever, Zasowski & Majewski 2012), or are three dimensional, that
is, do not cover the full line of sight out of our Galaxy (e.g., Gonzalez
et al. 2012).

To compare the Planck maps with the SFD map, we have used
the colour-extinction relation (Fig. 9), assuming the scatter to be
an indicator of the quality of the extinction values since all other
parameters are kept unchanged. As mentioned above, the SFD
colour-extinction relation has a scatter of 0"134. In comparison, the
P-PR1 map is the worst with a considerably larger scatter of 07175.
The other three maps lead to a similarly reduced scatter between
07116 and 0"119 (see Table 4), indicating that both improved
methods and improved data are of advantage. This comparison is
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also valid if we consider only galaxies with |b| > 5° where the SFD
maps are fully calibrated.

Interestingly, all relations show still a considerable dependence
on extinction, implying the continued need of a correction factor
similar to that for the SFD map: the P-GNILC map shows the least
dependence on extinction with f = 0.859 4 0.008, while both P-AV
and P-MF show the highest dependence (f = 0.759 =+ 0.007 and f =
0.760 £ 0.007, respectively). The offset (that is, the (J/ — K) colour at
zero extinction) is comparable for all maps except for P-PR1, which
is significantly redder at 17080 £ 07005.

We conclude that the three maps P-MF, P-AV, and P-GNILC
are preferable over the SFD map, while the P-PR1 map appears
unreliable.

5 VARIATION ACROSS THE ZOA

SFD give the caveat that their extinction maps are not calibrated
at |b| < 5°, partly because of low galaxy counts, partly because
of unsubtracted FIR sources (see discussion in Paper I), and partly
because of badly handled artefacts in the temperature map. Our
sample is large enough that we can divide the ZoA into smaller cells
to look for any large-scale variation with both Galactic longitude
and latitude. Fig. 10 shows the distribution of the sample galaxies in
Galactic coordinates (grey dots) with contours of Galactic extinction
overlaid as indicated in the caption. The individual cells (60 x 5
deg?) are also shown. It is obvious that some cells have only few
galaxies (around the Galactic bulge), while other cells show only
little variation in extinction.

To minimize the uncertainties in the slope of the colour-extinction
relation for the individual cells, in particular where the extinction
range is small, we kept the intercept (i.e., the unobscured colour)
fixed at the value derived for the full sample. We then determined the
[f-value for each cell, keeping an eye on errors, scatter and extinction
range and using the bootstrap method to further estimate the reliabil-
ity. To avoid the above-mentioned problems of the small cell size, we
also binned up cells in various ways to search for reliable patterns.

We find that the f-value varies across the ZOA between 0.70 £ 0.04
and 0.91 £ 0.03 or, in more useful terms, the deviation Af from the
full sample f~value (feen — frun) goes from —0.13 to 0.08. We have
visualized the results in Fig. 11 by using a colour map of the cells
from dark green (most negative) to red (most positive). Numbers in
red denote a short extinction range (with a maximum of Ax= 0M55)
to indicate that the f-value is possibly overestimated (see Fig. 5).
Values with a colon are deemed less reliable due to larger errors, small
number counts or large variation when using the bootstrap method.
Despite these problems, there appears to be a pattern, mainly along
Galactic longitudes. Hence, we have binned the cells to emphasize
the Galactic Centre region (—60° < [/ < +60°) versus the Anticentre
region (120° < [ < 240°) as shown in the lower panels of the figure.
It is now apparent that the f-value towards the Galactic Centre is
somewhat lower than towards the Anticentre region (by about 0.06 or
60 when binning over all latitudes). A possible variation with latitude
is less clear and subject to higher uncertainties in the lowest latitude
bin (—10° < b < —5°). We also looked for a possible variation with
the cosmic microwave background (CMB) dipole and used 120°-
wide latitude bins around / = 270° and 90°. The differences here are
negligible and reveal no clear pattern.

5.1 Comparative analysis of the available extinction maps

‘We have applied the same analysis to the other extinction maps to see
whether they also reveal a variation with position in the sky. For easier
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Figure 10. Sky map with contours of Galactic extinction (Ag = 03 in brown and Ag = 1™0 in red; from SFD). Galaxies are shown as grey dots. The grid

depicts the individual cells used in the analysis.
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Figure 11. Binned sky map with differential f~values (feer1—ffunn) per cell. The colour scale is shown at the bottom. Red numbers may be overestimated and
colons indicate uncertain values. The 330°—210° cells are wrapped around the Galactic Centre.

comparison, Figs 12 and 13 show histograms of the differences in f-
values and scatter (green histograms denote the 24 small, independent
cells, black stands for all 70 cells used). The individual maps, in the
style of Fig. 11, are given in the Appendix.

In the case of P-PR1, we find much larger variations of the f~value
with more extreme values, varying from 0.24 to 1.24 (—0.57 < Af <
0.43). The scatter of the individual colour-extinction relations, on the
other hand, is usually much smaller than for the full sample, which,
together with the larger variation in slopes, explains the higher scatter
of the full relation. Interestingly, the emerging pattern is similar to
the SFD map, with the Galactic Centre region having lower f-values
than the Anticentre region, in this case by the considerable amount
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of 0.59. As to variations with latitude, there seems to be a small
decrease in the f~value in the Centre region from above to below the
plane by about 0.18. Considering the large variation from cell to cell,
though, this may not be indicative of a coherent pattern, in particular,
since the other longitude cells do not show a similar change. The
cells depicting the CMB dipole also show a small difference (Af =
0.17), but considering the map of the individual cells this seems only
to reflect the much stronger Centre—Anticentre juxtaposition.

The analysis of the improved Planck PR1 map P-MF shows similar
variations as SFD and reflects the small scatter of the full sample
colour-extinction relation. The f~values vary from 0.68 to 0.90 (—0.08
< Af < 0.14). Again, there is a dichotomy between the Galactic
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Centre and Anticentre regions, but, contrary to the SFD maps, the
Centre region shows higher values than the Anticentre region, by
about 0.05 or 50. As with the SFD maps, there is no clear variation
with latitude or the CMB dipole.

The P-AV map, based on Planck PR2 data, shows slightly larger
variations than SFD, going from 0.61 to 0.91 (—0.15 < Af < 0.15).
As for SFD, the Galactic Centre region shows lower values than the
Anticentre region, but more pronounced with a difference of 0.08
or 80. As for P-PR1, there appears to be a possible decrease in the

f-value with latitude in the Galactic Centre region (by 0.05 or 50),

but the same caveat applies here: variations from cell to cell are of
similar order (albeit with larger errors), and the Anticentre region
does not show any pattern. The difference with respect to the CMB
dipole only reflects the stronger Centre—Anticentre juxtaposition.

The P-GNILC map shows the least variations, going from 0.77 to
0.93 (—0.09 < Af < 0.07). In this case, no pattern can be discerned.
The difference between the Galactic Centre and Anticentre region is
0.01 (10) and 0.03 (30) for the CMB dipole. No latitude dependence
could be discerned either.

Considering Figs 12 and 13, P-PR1 shows strikingly different
behaviour compared to the other maps: There is no preferred value
for fat all, instead it varies evenly across the whole spread of values.
The values of the scatter of the individual cells, on the other hand, are
markedly smaller, confirming that the large scatter of the full sample
is either due to varying background contamination or to insufficient
calibration anchors across the ZoA. In fact, the other four maps also
show a slightly smaller scatter for the individual cells, which likely
means that the variation in the f~value is real. The Af of these four
maps show the more expected grouping around zero, though only
the P-GNILC map shows a pronounced peak at zero for both the
individual cells as well as for the binned ones. P-AV, in particular,
seems to show a bipolar distribution instead.

It is worth noting that for the map with the least variations and
smallest correction factor, P-GNILC, particular care was given by
the authors to the removal of any residuals due to the anisotropy of
the CMB. Based on the overall comparison, we recommend the use
of this map in preference to the SFD map.

6 SUMMARY AND CONCLUSIONS

In this paper, we have used 2MASS NIR colours of galaxies to
calibrate the DIRBE/IRAS extinction map by SFD at low Galactic
latitudes. We have derived a correction factor f = 0.83 £ 0.01 by
fitting a linear regression to the colour-extinction relation, using 3460
galaxies.

In the first part of the paper, we concentrated on finding the best
parameter settings and corrections for a clean analysis, using the
widely used SFD DIRBE/IRAS maps. We found that the (/ — K)
colour from the 7-arcsec-radius aperture is most useful, balancing
the lower photometric uncertainty of a small aperture, little affected
by contamination with stars, against the need to retain an as large
as possible sample for the subsequent analysis. We therefore applied
only the most necessary cuts in photometric errors and flag settings.

One of the problems of a reliable colour-extinction relation is the
coarse spatial resolution of the extinction maps which introduces a
bias in the finding of galaxies, that is, galaxies are predominantly
found in lower extinction pockets while the average extinction of
that area is higher. As a consequence, galaxy colours will appear
systematically too blue since the extinction correction applied is too
high. We found this to be mainly a problem in high extinction areas
where the extinction often varies rapidly due to dark clouds. This
is confirmed in the colour-extinction relation that shows the galaxy
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colours deviating from the linear relation at the higher extinction
end. We have thus adopted an upper extinction limit of Ax= 1"15
(or E(B — V)~ 3"19).

We investigated the effects of using different extinction laws by
comparing the f~value derived for the three colours (J — K), (J — H)
and (H — K). We have found that the F99 extinction law shows better
agreement than the law derived by C89 but note that the coefficient
used for the H- band could still be improved.

We tested the application of the k-correction to a sub-sample of
the galaxies with redshift information. While the k-correction itself
does not have any effect on the f-value, the sub-sample itself leads
to a lower f~value of 0.80 & 0.01. This is mainly due to a selection
bias in redshift measurements such that smaller galaxies at higher
extinctions are less likely to have a redshift measurement. We note,
though, that since our sample is magnitude limited with K° < 11725,
it comprises predominantly near-by galaxies and the spread in k-
correction for our sample is small.

The derived correction factor f = 0.83 £ 0.01 is slightly smaller
than the one found by SF11 (f = 0.86) for the SFD maps. Since we
agree with SF11 on applying the F99 reddening law and using Ry =
3.1, the 30 difference (if real) must have other reasons. We have
shown that the restriction to a small extinction range (Ax < 074) can
lead to slightly higher values with larger uncertainties. SF11 note that
they have only little data beyond Ax= 0"11. We thus recommend
that at low latitudes (]b| < 10°) or high extinctions the application of
f=0.83 is used instead.

We used our sample to test four other all-sky extinction maps,
all based on Planck data. We did not investigate other available
maps since they either have a lower spatial resolution, cover only a
limited region in the sky or measure extinctions towards stars, which
underestimates the full line-of-sight extinction to the extragalactic
sky. Next to the original Planck extinction map, based on PR1 data
(Planck Collaboration XI 2014), we used a modified map of the PR1
data by Meisner & Finkbeiner (2015). Planck PR2 data were used
by Planck Collaboration XXIX (2016a) and Planck Collaboration
XLVIII (2016b). We found that all maps require a correction factor
similar to the one for the SFD maps. Furthermore, the original Planck
map (P-PR1) shows a larger scatter and a very high offset in the
relation, that is, an unobscured (J/ — K) colour that is too red.

Our subsequent analysis of a possible variation of the correction
factor over Galactic longitude and latitude revealed more problems
with the P-PR1 map where the correction factor varies strongly,
seemingly even within some of the 60 x 5 deg? cells. Furthermore,
we found that all but the P-GNILC map show a small but marked
difference between the Galactic Centre and Anticentre regions, and
none with the direction of the CMB dipole.

We conclude by recommending the use of the P-GNILC map at low
latitudes as showing the least variation across the sky and requiring
the smallest correction, f = 0.86 £ 0.01.

While our NIR ZoA galaxy sample is the largest and most complete
to date, it still suffers from missing galaxies in the highest stellar
density region, i.e., the Galactic bulge. With the new NIR large-area
surveys UKIDSS-GPS (Lucas et al. 2008) and VVV (e.g., Minniti
et al. 2010) we can fill in the gap and increase the sample size,
which will allow a finer binning and thus a more smoothly varying
correction factor with longitude.

We also plan to compare in detail the full-sky maps with regional
3D maps and to investigate ways to calibrate the 3D maps to the
full line-of-sight extinctions displayed in the coarser maps while
retaining the higher spatial resolution information. This may only
be possible, though, where stars at the far side of the Galactic bulge
were used.
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APPENDIX A: CATALOGUE OF VELOCITY
MEASUREMENTS AND K-CORRECTIONS

We searched the online databases HyperLeda, NED, and Simbad
for velocity information on our objects. In addition, we searched
particular publications with the CDS portal for more comprehensive
information. Finally, we supplemented the velocity database with the
latest data from our on-going observation programmes in the optical
and H1, to be published presently. For each measurement that we
found, we determined whether it was an optical or H 1 measurement,
and whether the reference was original or a compilation. If more
than one velocity measurement was found, we chose the best of
the optical and the best of the HI measurements where ‘best’
was usually determined by the error and sometimes by additional
information like the velocity resolution of an HI observation. No
detailed comparison has been attempted. For our final catalogue, we
usually preferred an HI measurement over an optical for its greater
accuracy.

The catalogue of the adopted velocity measurements and k-
corrections is available online, where Table A1 lists the first 10 galaxy
entries. The table is in the same format as the full object catalogue
presented in Paper I with the same ID per row. Some columns are
repeated for easy reference. The references for the bibliographic code
information used are listed in Table A2 (the full table is available
online). The columns of Table A1 are as follows:

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

Column 2(a) and (b): Galactic coordinates: longitude / and
latitude b, in degrees;

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

Column 4: Colour (J — K)° corrected for foreground extinction;
contrary to the values given in Paper I, these were corrected with the
three-digit precision extinction coefficients presented in Table 1, in
mag;

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

Column 6: 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) which were detected with properly centred coordinates on
the adjacent image;

Column 7: Velocity flag for the final adopted velocity: 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

Table A1. 2MZOA catalogue with k-correction; example page, the full table is available online.
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Table A2. List of references for velocity measurements; example page, the
full table is available online.

Bibcode Reference

1998A&AS..130..333T
2012ApJS..199..26H
2018MNRAS.481.1262K

Theureau et al. (1998)
Huchra et al. (2012)
Kraan-Korteweg et al. (2018)

Unpublished optical and HI observations by our team:
20182MZ0O.FLW0.0000M Macri, private
communication

object, ‘h’ stands for published H 1 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 indicates
a yet unpublished measurement;

Column 8: 2MRS flag: a star denotes if our adopted velocity, error
or reference deviates from the values given in the 2MRS catalogue
(Huchra et al. 2012, Macri et al. 2019);

Column 9(a) and (b): Adopted velocity and error according to
the flag in Column 7, in kms™'; a star replaces the values in case of
unpublished values;

MNRAS 503, 5351-5366 (2021)

A. C. Schroder, W. van Driel and R. C. Kraan-Korteweg

Column 10: k-correction for the colour (J — K), in mag;

Column 11(a)—(c): Adopted optical velocity with error and
reference (bibliographic code) for this object, in kms™'; square
brackets indicate a discarded measurement; a star replaces the values
in case of unpublished measurements;

Columnli2(a)—(c): Adopted HT velocity with error and reference
(bibliographic code) for this object, in kms~'; square brackets
indicate a discarded measurement; a star replaces the values in case
of unpublished measurements.

The table lists also some velocity information as yet unpub-
lished. These are identified with a star and are from our ob-
serving campaigns: Optical observations in the frame work of
the 2MRS/2MZOA surveys are identified by observation year,
the ID 2MRS or 2MZO and the observatory ID as explained
in Macri et al. (2019). H1 observations obtained by our group
refer to the blind Parkes H1 Galactic bulge survey (Kraan-
Korteweg et al., in preparation) and to pointed HI observations
of or sample with the Parkes telescope (Said, private commu-
nication)) and the NRT (Kraan-Korteweg et al., in preparation).
Finally, some velocities quoted by Simbad do not have a refer-
ence.

APPENDIX B: VARIATION OF f-VALUES
ACROSS THE ZOA FOR THE PLANCK
EXTINCTION MAPS
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Figure B1. Same as Fig. 11 for the P-PR1 extinctions. Note the change to the colour scale.
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Figure B2. Same as Fig. 11 for the P-MF extinctions.
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Figure B3. Same as Fig. 11 for the P-AV extinctions.
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Figure B4. Same as Fig.
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11 for the P-GNILC extinctions.
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