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IRFU, CEA, Université Paris-Saclay, F-91191 Gif-sur-Yvette, France
9
Department of Physics and Astronomy, University of Hawaii, 2505 Correa Road, Honolulu, HI
96822, USA
10
Institute for Astronomy, 2680 Woodlawn Drive, University of Hawaii, Honolulu, HI 96822,
USA
10
School of Sciences, European University Cyprus, Diogenes Street, Engomi, 1516, Nicosia,
Cyprus
11
SRON Netherlands Institute for Space Research, Landleven 12, 9747 AD, Groningen, The
Netherlands
12
Kapteyn Astronomical Institute, University of Groningen, Postbus 800, 9700 AV, Groningen,
The Netherlands
2

∗ E-mail:

d.clements@imperial.ac.uk, m.rrobinson@imperial.ac.uk, chris.pearson@stfc.ac.uk,
jafonso@oal.ul.pt, myravian@gmail.com, dfarrah@hawaii.edu, A.Efstathiou@euc.ac.cy,
j.greenslade14@imperial.ac.uk, L.Wang@sron.nl
Received ; Accepted

Abstract
There is significant scientific value to be gained from combining AKARI fluxes with data at
other far-IR wavelengths from the IRAS and Herschel missions. To be able to do this we must
ensure that there are no systematic differences between the datasets that need to be corrected before the fluxes are compatible with each other. One such systematic effect identified
in the BSCv1 data is the issue of beam corrections. We determine these for the BSCv2 data
by correlating ratios of appropriate IRAS and AKARI bands with the difference in 2MASS J
band extended and point source magnitudes for sources cross matched between the IRAS
FSC, AKARI BSCv2 and 2MASS catalogs. We find significant correlations (p << 10−13 correlations indicating that beam corrections are necessary in the 65 and 90µm bands. We then
c 2014. Astronomical Society of Japan.
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use these corrected fluxes to supplement existing data in spectral energy distribution (SED) fits
for ultraluminous infrared galaxies in the HERUS survey. The addition of AKARI fluxes makes
little difference to the results of simple (T, β) fits to the SEDs of these sources, though there
is a general decrease in reduced χ2 values. The utility of the extra AKARI data, however, is
in allowing physically more realistic SED models with more parameters to be fit to the data.
We also extend our analysis of beam correction issues in the AKARI data by examining the
Herschel Reference Sample, which have Herschel photometry from 100 to 500µm and which
are more spatially extended than the HERUS ULIRGs. Thirty-four of the HRS sources have
good Herschel SEDs and matching data from AKARI. This investigation finds that our simple 2MASS-based beam correction scheme is inadequate for these larger and more complex
sources. There are also indications that additional beam corrections at 140 and 160µm are
needed for these sources, extended on scales >1 arcminute.
Key words: astronomy: infrared — galaxies: infrared — galaxies: starburst — instruments: AKARI

1 Introduction
The thermal emission of cool dust, at temperatures of ∼20-60K,
is a major constituent of the spectral energy distribution (SED)
of all star forming galaxies. Normal spirals, like the Milky Way
Galaxy, emit ∼ 30% of their energy through cool dust emission (eg. De Looze et al. 2012) in the far-IR, at wavelengths
peaking near to 100µm. Since the dust is heated through absorbing optical/UV emission from a galaxy’s stellar population
and/or AGN, this implies that roughly 30% of the light from
stars in a typical galaxy is absorbed by dust. Galaxies with
higher star formation rates have a greater fraction of their energy output in the far-IR, with the most extreme objects in the
local universe, the Ultraluminous IRAS Galaxies (ULIRGs with
Lf ir > 1012 M⊙ ) emitting over 90% of their energy in the far-IR
(e.g. Wright, Joseph, & Meikle 1984, Soifer et al. 1984), with
the vast majority of the energy generated by their starbursts obscured by dust. While the most luminous, ULIRG-class, objects
are rare in the local universe, this population evolves rapidly
with redshift, with their higher redshift equivalents contributing 3-5 orders of magnitude more to the co-moving luminosity
density at z > 1 than they do locally (Le Floc’h et al. 2005),
possibly becoming the dominant source of far-IR luminosity at
the epoch of peak star formation around z ∼ 2 (Patel et al. 2012,
Magnelli et al. 2013, Gruppioni et al. 2013). Understanding the
nature of the far-IR emitting dust and the powers sources driving the far-IR emission in all galaxies, and especially in the most
luminous ULIRG sources, is thus an important task for far-IR
astronomy.
Since the dust SED peaks at wavelengths around ∼100µm,
observations in the far-IR are required to determine the properties of the dust emission. Observations at wavelengths close to
this peak are especially important for accurate temperature determination and to see if there are any signs that the dust obscuration might be optically thick (see eg. Rangwala et al. 2011)
and to search for evidence of multiple populations of dust at

different temperatures (see eg. Dunne & Eales 2001). Because
far-IR observations are largely impossible from the surface of
the Earth, this work requires data from space based observatories. IRAS observations have been the mainstay for this work for
many years since it provides an all-sky survey at 12, 25, 60 and
100µm. Observations with ISO expanded this dataset and extended fluxes out to 170µm (Bendo et al. 2003, Stickel, Klaas
& Lemke 2007) whilst those with Spitzer went much deeper
and added 70 and 160µm fluxes (eg. Kennicutt et al. 2003).
However, ISO and Spitzer covered only a small fraction of the
sky, so relatively limited samples of targets are available that
have these data. More recently the large area Herschel surveys
have covered between them ∼1000 sq. deg. of sky at 250, 350
and 500µm to 1σ sensitivities of a few mJy (eg. Oliver et al.
2012, Eales et al. 2010). Samples of specific sources of interest, such as ULIRGs (eg. Farrah et al. 2013) were additionally
targeted at shorter wavelengths adding flux points at 70, 100 and
160µm.
However, two things are lacking from the compendium of
data currently available to far-IR astronomers: improved coverage of the wavelength region between ∼90 and 160µm where
the SED peaks, which is important in determining optical thickness and/or the presence of dust at multiple temperatures; an
all sky survey comparable to IRAS but adding data at wavelengths longer then 100µm. The AKARI mission provides both
of these requirements, so it potentially has a key role to play
in the analysis of far-IR SEDs of galaxies in the local universe,
and especially the local ULIRGs. However, in order for this potential to be realised, we must make sure that the AKARI fluxes
can be accurately combined with data from IRAS, Herschel and
other space missions with any systematic photometric offsets
corrected.
In this paper we search the AKARI Bright Source Catalog
version 2 (BSCv2 Yamamura et al. 2018) for evidence that
beam corrections are needed to account for any far-IR flux
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missed from extended sources, and then combine the corrected
fluxes with other far-IR data to examine the far-IR SEDs of
local ULIRGs from the HERUS survey (Farrah et al. 2013,
Pearson et al. 2016, Spoon et al. 2013, Clements et al. 2018).
The rest of the paper is structured as follows: in section 2 we
describe our detection and determination of beam corrections
in the AKARI BSCv2 catalog; in section 3 we summarise the
other data and fitting methods used with the corrected AKARI
fluxes to fit model SEDs to the HERUS ULIRGs and present
the results of these fits; in section 5 we discuss these results and
further test our beam correction scheme by analysis using the
closer and more extended Herschel Reference Sample galaxies
Cortese et al. 2014. Our conclusions are summarised in section
5. We assume a Hubble constant of H0 = 70 kms−1 Mpc−1 and
density parameters of ΩM = 0.3 and ΩL = 0.7.

2 Beam Corrections for AKARI
We search for evidence that beam corrections are needed for
the AKARI BSCv2 catalogs (Yamamura et al. 2018) using the
same method adopted by Rowan-Robinson & Wang 2017 in
their analysis of the AKARI BSCv1 catalog. The idea is to look
for any correlation between a measure of the size of a source
and the flux ratio between appropriate IRAS and AKARI bands.
We follow Rowan-Robinson & Wang 2017 in using the difference between the 2MASS point source catalog and 2MASSX
extended source J band magnitudes as a measure of the extendedness of a source.
We start by matching IRAS FSC sources to AKARI BSCv2
sources. We find there are 18,549 FSC sources that have BSCv2
counterparts. This compares with the 18,153 such sources
found in a similar matching process by Rowan-Robinson &
Wang 2017 for the BSCv1 catalog. These sources are then
matched to the 2MASS point source catalog and the 2MASS
extended source catalog (2MASSX). A matching radius of 2
arcseconds is used to match 2MASS and 2MASSX sources, and
60 arcseconds for the IRAS to AKARI matches. We then calculate the difference in magnitude (dmag ) between the 2MASSX
extended and 2MASS point source J band magnitudes for these
sources ie.
dmag = J2M ASSX − J2M ASS .

(1)

This value represents a measure of the level of extension of the
sources. We then calculate the ratio of AKARI and appropriate
IRAS fluxes (F60/F65, F100/F90, F100/F140 and F100/F160)
to see if there is any correlation between these ratios and dmag .
The IRAS observations had larger beams than those from AKARI
and will thus encompass the full flux of a source which some
flux might be missed by AKARI. Any correlations between flux
ratio and dmag would indicate the need for a beam correction
which can then be calculated from the correlation. For this

3

analysis we restrict ourselves to those AKARI sources whose
fluxes are of the highest quality, FQUAL=3, and which are detected at > 3σ in the appropriate AKARI band. We also exclude IRAS sources likely to be contaminated by cirrus emission (CIRRUS>1) or that have poor flux quality (FQUAL>2
for 60µm fluxes and FQUAL>1 for 100 µm fluxes). This restricts the number of sources in our fit to 1493, 18451, 3508
and 845 in the 65, 90, 140 and 160µm bands respectively.
Plots of IRAS to AKARI flux ratio vs. dmag are shown in
Figure 1. There appear to be clear correlations between dmag
and flux ratio for the 65 and 90µm bands, while the presence
of correlations in the 140 and 160µm bands is less clear. We
fit lines to these correlations using a linear regression method
(the stats.linregress tool in scipy) which also allows us to
determine the likelihood that any correlation is real. The fitted
lines are shown in Figure 1. The p-values from this calculation
show that the dmag correlations with the 90 and 65µm flux
ratios are highly significant (chances of occurring at random are
5.7 ×10−250 and 6.8 ×10−14 ). Conversely the p-values show
that there is no evidence for a correlation between dmag and
the 140 and 160µm flux ratios (chances of occurring at random
are 0.77 and 0.44 respectively).
We thus conclude that beam corrections are necessary to
compare AKARI 90 and 65 µm fluxes. The corrections derived
from the slope of these correlations are:
∆logF 90 = −(0.045 ± 0.001)dmag ∆logF 65 = −(0.025 ± 0.003)dmag (2)

The correction at 90µm is somewhat smaller than the correction of −0.06dmag derived in Rowan-Robinson & Wang
2017. These corrections must be applied to AKARI fluxes to allow them to be compared to data from other observatories such
as IRAS, Herschel and ground-based submm observations.

3 Fitting ULIRG SEDs
AKARI data has the potential to make significant contributions
to our knowledge of the far-IR SEDs of galaxies. We examine the effects our aperture flux corrections might make to such
SED fits by using the HERUS (Herschel ULIRG Survey Farrah
et al. 2013) ULIRGs as a test case. These sources are a complete sample of 41 local ULIRGs with z < 0.3 and 60µm flux
> 1.8Jy. All the HERUS ULIRGs have fluxes at 60 and 100µm
from IRAS, and 250, 350 and 500µm from Herschel. We have
previously (Clements et al. 2018) fitted modified black body
(MBB) SEDs to these sources, where
Fν [ν, T, β] ∝ ν β Bν (ν, T )

(3)

using a Bayesian Markov Chain Monte Carlo (MCMC) fitting
method (see Clements et al. 2018 for details). We here use
the same fitting method but add the AKARI data, both with and
without the aperture correction, to the set of data to be fitted for
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Fig. 1. The correlation between dmag, the difference between extended and point source J band 2MASS fluxes of our AKARI sources, and the IRAS to AKARI
fluxes in the four bands. The solid red line shows the line of best fit for these correlations. The green dotted line indicates the relation that would be seen
if there were no aperture correction for a single temperature β = 1.8 modified black body at T= 45, 17, 25 and 25K for the 65, 90, 140 and 160µm plots
respectively. Different selection effects pertaining to the different IRAS and AKARI bands mean that the galaxy populations appearing in these different plots
are different, so that these notional ‘average’ temperatures vary from band to band. β of 1.8 is chosen since it is the median value for the Herschel Reference
Sample of local galaxies Cortese et al. 2014.

each object. The results of these fits, showing histograms of the
derived values of T and β are shown in Figure 2 and the (T, β)
correlation shown in Figure 3.

4 Discussion

As can be seen the distributions of T , β and the T − β correlation with and without the AKARI data are fairly similar. This
would suggest that the AKARI data are broadly consistent with
the fluxes from IRAS and Herschel for these ULIRGs. The SED
fit also looks reasonable which is a necessary confirmation that
the fitting process has worked properly. The reduced χ2 values
of the fits confirm that the fitting is doing a good job, with median values of 2.22 for the original fits, with two degrees of freedom, and 1.4 for the fits using aperture corrected AKARI data,
with 5 degrees of freedom. [For the non-corrected AKARI data
the median reduced χ2 is 1.6]. There are, however, long tails
to the distribution of χ2 values, suggesting either some further
corrections to the AKARI data need to be applied in some cases,
and/or that a simple MBB fit is inadequate for some sources.

Our determination of the beam corrections needed at 65 and
90µm has allowed the AKARI BSCv2 fluxes to be incorporated
into our ULIRG SED fitting project for HERUS. The additional
data has not significantly changed the result of these SED fits
for simple MBB models. However, the true power of the additional data is that it allows more complex and physically realistic models to be fitted to the observations of individual sources
while retaining a good number of degrees of freedom to the fit.
We attempt to do this for an optically thick dust model for the
current dataset. For dust that becomes optically thick at a frequency of ν0 this yields an SED given by:

4.1 More Complex ULIRG SEDs



Fν [ν, T, β] ∝ Bν (ν, T ) 1 − e−τ ;

τ=

 ν β
ν0

.

This model SED adds one extra parameter, ν0 to the fits.

(4)
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Fig. 3. Left: The temperature-β relation for the original fits and for the fits including AKARI data both with and without beam correction. Colours as in Figure 2.
Right: An example SED fit including the beam corrected AKARI fluxes, for the ULIRG IRAS15250+3609.

We fit this model to the IRAS, beam corrected AKARI and
SPIRE data for the HERUS ULIRGs using the same MCMC
fitting method as before. This results in posterior probabilities
on the parameter values that are rather more complex than the
simple single peaked distributions found for the simple (T, β)
models. For the optically thick models these distributions are
typically double peaked, indicating that the SEDs are either optically thin with parameters comparable to those found in the
MBB fits, or are optically thick typically with higher dust temperatures and in some cases with values of β closer to 2. We can
confirm that Arp220 appears to be best fitted with an optically
thick dust SED with a temperature of ∼ 60K, and β of ∼1.7 and
dust that becomes optically thick at ∼250µm. These results
are very similar to those derived for this object by Rangwala
et al. (2011) using a mix of IRAS, Herschel, Planck, ISO and
SCUBA data. Other HERUS sources where there appears to
be a strong case for optically thick dust in our fits include
UGC5101, Mrk231, IRAS20087-0308, IRAS07598+6508 and

IRAS16090-0139. Further analysis of these fits and the addition
of additional fluxes from Herschel, ISO, SCUBA and other instruments for these sources is underway. This all demonstrates
the potential power of combining AKARI data with the existing IRAS and Herschel data sets for which the beam corrections
calculated here are an essential part.

4.2 Beyond ULIRGs: The Herschel Reference
Sample
While the study of ULIRG SEDs was our original motivation
for matching AKARI data to IRAS and Herschel photometry, it
can be argued that they are not the ideal set of targets for testing
a proposed beam correction method since they are fairly compact sources with limited angular extent. We therefore further
test our beam correction method using the Herschel Reference
Sample (HRS, Cortese et al. 2014). The HRS is a volume
limited sample of 323 local galaxies selected to lie at distances
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between 15 and 25 MPc and to have K < 12 for spiral and irregular types and K < 8.7 for ellipticals and lenticulars. We cross
matched the HRS catalog with the AKARI BSCv2 catalog using
a matching radius of 15 arcseconds and further restricted this
comparison sample to sources that had good, ie. F QU AL = 3,
fluxes in all AKARI bands. This produced a sample of 41 galaxies with semi-major axis, as measured by Herschel, from 71 to
304 arcseconds. These sources are then matched to the 2MASS
catalogs to allow dmag values to be derived.
In addition to the SPIRE fluxes at 250, 350 and 500µm, the
HRS galaxies also have PACS fluxes at 100 and 160µm. SEDs
were fit to this data by the HRS team, including data from 100
to 500µm Cortese et al. 2014, using a (T, β) model, with successful fits found for 34 of the comparison sample of 41 objects
(see Cortese et al. 2014 for details). These fits did not include
a flux point shortward of 100µm.
We similarly fit SEDs to these sources with (T, β) models
using the methods described above. For this comparison we
used several selections of data:
• Firstly we did a direct comparison to the results of Cortese et
al. 2014 by fitting SEDs to the PACS and SPIRE data with
the addition of the AKARI 140 and 90µ (corrected) fluxes.
This comparison did not include the 65 or 160 µm fluxes from
AKARI. The resulting SEDs generally match the temperature
and beta values from Cortese et al. 2014 well within the
errors on the fits, though there is a tendency for the fits that
include the AKARI data to have slightly lower derived temperatures by about 1K. There are three sources that have more
significant differences in fitted temperature, ranging from ∼
1.5 to 2σ significance. Inspection of these fitted SEDs shows
that these three sources all have their AKARI 140µm flux significantly low in comparison to the PACS 100 and 160µm
fluxes. They are also among the larger HRS sources, suggesting that there may need to be some additional beam correction that our analysis using 2MASS J band fluxes has not
managed to detect.
• Secondly we replace the PACS 160µm flux with the AKARI
flux in this band and repeat the fits above. This produces fits
that are broadly consistent with the HRS fits using just PACS
and SPIRE data. However, inspection of the fitted SEDs
shows that in many cases the AKARI 160µm point is significantly below the fitted model. Comparison of the PACS and
AKARI flux measurements at 160µm shows that the PACS
fluxes are significantly larger than the AKARI fluxes, with
flux ratios ranging from 1.15 to 3.75 with the significance
of these differences ranging from 2 to 10 σ . In general the
greatest discrepancies come from the largest galaxies, arguing that beam corrections are needed at 160µm for sources
that are several arcminutes in size. One possible explanation
for this problem is that large sources might be ‘shredded’,
whereby a bright extended source is broken up into several

separate smaller, fainter sources in the catalog. Examination
of the larger HRS sources finds no evidence for shredding in
the BSCv2 catalog or in the FISv1 images.
• Finally we examine the SED fits using fluxes from SPIRE at
250, 350 and 500µm, PACS at 100 and 160µm, AKARI at
140 and 90µm (corrected), and adding the corrected AKARI
65µm and IRAS 60µm fluxes. With this set of data, the
fits, compared to the original HRS fits using Herschel 100 to
500µm data Cortese et al. 2014, are skewed to higher temperatures by about 4K, lower β values by ∼ 0.5. Comparison
of the fits to the data shows that the problem cases identified
above continue to be problematic, but also that the AKARI
and PACS fluxes at 90 and 100µm almost universally lie below the fit. This suggests that the 60 and 65µm points from
IRAS and AKARI may well be contaminated with higher temperature dust and that the assumption of a single temperature
fit to the dust is not valid. Further analysis of this issue is
beyond the scope of the current paper.
From this analysis we can conclude a number of things.
Firstly, that while the dmag based beam corrections seem to
work reasonably well for objects like ULIRGs with little spatial
extension, for the larger HRS galaxies these corrections. Since
the HRS galaxies are large sources with differing inclinations
and detailed dust distribution it is not surprising that a correction based simply on the ratio of 2MASS J -band point and extended magnitudes is incomplete. The majority of the 18549
sources used in the determination of the dmag beam correction
are quiet small in extent, with fewer than 1% having sizes comparable to the most problematic galaxies in the HRS comparison. The mean Kron semi-major axis for the 18549 sources, as
given in the 2MASS Extended Source Catalog, is 19.4 arcseconds (median is 13.6 arcseconds). For the HRS sources it is 73
arcseconds (median 59 arcseconds) so larger and more complex
beam correction effects might well be expected.
Secondly, comparison of AKARI 140 and 160µm data to the
fits and PACS 160µm fluxes for the HRS sources suggests that
beam corrections are needed for the 140 and 160µm bands are
needed for these sources. The PSF for these bands has a FWHM
of 58 and 61 arcseconds respectively at 140 and 160µm respectively Kawada et al. 2007, so it is not surprising that some flux
is lost in observations of galaxies with a mean semi-major axis
of 73 arcseconds.
We conclude that our dmag -based beam correction method
is appropriate for moderately extended objects like the local
ULIRGs, but that for more extended objects, such as the nearby
galaxies in the HRS, a more sophisticated approach is required
that can deal with the detailed structure of each individual
source. Whether this can be done in the context of the BSC
or if an additional product, along the lines of the IRAS Small
Scale Structure Survey is not clear.
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5 Conclusions
We have derived beam corrections for AKARI BSCv2 sources
by correlating the ratio of AKARI fluxes to IRAS fluxes, in appropriate bands, to the difference in magnitude in the J band
between the 2MASS point source and extended source catalogs. We find that beam corrections are needed in both the 65
and 90µm bands, but no corrections are needed for the 140 and
160µm bands, which have larger beams on the sky. We then
compared the results of simple MBB SED fitting models to the
HERUS ULIRGs derived from IRAS and Herschel data alone
and those found when combining this with corrected and uncorrected AKARI data. For the simple MBB fits we find no significant change in the SED properties, but the reduced χ2 values
are best for the dataset that includes the beam corrected AKARI
data. We also attempt to fit an optically thick SED model. We
find that in most cases this yields degenerate fits that cannot distinguish between solutions that are optically thick or optically
thin at far-IR wavelengths. However, for some of our ULIRGs
the optically thick models appear to be favoured. This includes
Arp220, for which we recover optically thick dust SED parameters very similar to those found by Rangwala et al. 2011.
This demonstrates the value of including the beam-corrected
AKARI data in such studies. We also test our beam correction
method on the Herschel Reference Sample galaxies Cortese et
al. 2014 which have larger angular extents than those of the
HERUS ULIRGs or the majority of the 2MASS sources used
in our beam correction measurement. For these sources we
find evidence that additional beam corrections are needed at
140 and 160µm and that our simple approach used for beam
correction at 90 and 65µm may not be sufficient. For nearby
galaxies, extended on scales of 1 arcminute or more, specific extended source processing appears to be be needed beyond what
currently exists in the AKARI pipeline. Improvements to the
pipeline to allow the full recovery of extended source fluxes,
or the possible addition of a Small Extended Source Catalog
would significantly enhace the usefulness of the AKARI data
in the context of multiwavelength and multimission photometric studies. A reduction in the currently quite large calibration
errors at 140 and 160µm would also be very helpful for such
projects.
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