
       Bourne et al. 2014:7  We find that the positional offsets between sub-
mm sources and their candidate counterparts in SDSS are increased for 
redder sub-mm sources. Either their positional errors are larger than they 
should be, or there is some additional contribution to the offsets 
distribution increasingly affecting brighter and redder sub-mm sources. 
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Figure 18. Two WISE colour-colour diagrams for reliable IDs
in GAMA, compared with the full GAMA sample (greyscale con-
tours). The dashed line delineates the locus of AGN in the upper
plot, following Jarrett et al. (2011), while the dashed lines in the
lower plot separate the colours of AGN from star-forming galaxies
(SFG), and separate high and levels of star-formation (SF), fol-
lowing Coziol et al. (2014) The diagnostics have been converted
from Vega to AB colours.
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Figure 19. Total IR luminosities of H-ATLAS IDs, from an SED
fit to the SPIRE fluxes with fixed temperature of 23.5K and
β = 1.82, plotted as a function of redshift and r-band absolute
magnitude.
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Figure 15. Histograms (solid lines) of the magnitudes of H-ATLAS IDs in NUV , r, K and W4 (22µm). The r-band distribution includes
all IDs in SDSS down to the selection limit of r < 22.4. Distributions of the other bands are from the GAMA survey, which is limited to
r < 19.8. Distributions of each magnitude in the full GAMA catalogue (or SDSS in the case of r) are shown as filled grey histograms.

IDs, using kcorrect to reconstruct the colours in the rest-
frame SED. The UV J diagram in Figure 17 can then be
used to define passive galaxies as those falling within the
upper-left region (Williams et al. 2009). Figure 17 shows
that a small fraction (8.6 per cent) of sources in the reliable
ID sample fall within this region, and these are generally
optically luminous. The distribution broadly follows that of
the full GAMA sample, of which a similar fraction (9.1 per
cent) falls within the passive region.

Mid-IR colours in the WISE bands can be used to
classify galaxies according to the emission features result-
ing from star-formation and active galactic nuclei (AGN).
In Figure 18 we show two such classification diagrams for
galaxies in the reliable ID sample and those in the main
GAMA sample. Following Jarrett et al. (2011), SEDs dom-
inated by AGN should be redder in [3.4] − [4.6] colour at
the same [4.6]− [12], in comparison to SEDs dominated by
star-formation, due to the lack of PAH features in the AGN
SED. Following the classification shown in the upper part of
Fig. 18, we find that 4.0 per cent of H-ATLAS galaxies are
AGN dominated in the mid-IR, similar to the fraction (6.3
per cent) of GAMA galaxies, although galaxies at higher
redshift are clearly more likely to fall within the AGN clas-
sification. The WISE colours are not k-corrected, although
Cluver et al. (2014) showed that the k-corrected colours in
the GAMA sample have a similar distribution to observed
colours. Our results are similar to the fraction (5.7 per cent)
found in the smaller H-ATLAS SDP sample (Bond et al.
2012) using the same diagnostic.

The lower part of Fig. 18 shows an alternative classifica-
tion diagram from Coziol et al. (2014), in which 64 per cent
of H-ATLAS galaxies and 53 per cent of the GAMA sam-
ple are classified as AGN. The much higher fractions com-
pared with the Jarrett et al. (2011) diagram may occur be-
cause this diagnostic is designed to be more sensitive to low-
luminosity AGN (LLAGN; Coziol et al. 2014), while the pre-
vious diagnostic selects QSOs and Seyferts (both obscured
and unobscured). If this is the explanation then the SEDs
of around two-thirds of the H-ATLAS sample are likely to
contain contributions from LLAGN in the MIR, while the
AGN signatures at other wavelengths may be absent. How-
ever, in both diagnostics we see a redshift dependence of the
position in the diagram because the WISE colours are not
k-corrected, and this may affect the fractions.

The negative-sloping line on the lower diagram repre-
sents a rough separation between star-forming and quies-
cent galaxies; the GAMA sample straddles this line since

the optical selection is relatively insensitive to SFR, but the
H-ATLAS sample mostly lies on the high-SF side (except at
z ! 0.2) as might be expected from the submm selection.

5.5 Integrated IR luminosities

This section either needs PACS fluxes for decent
LIR estimates, or can be removed since it doesn’t
add much.

We estimated total IR luminosites from the SPIRE
(250-500µm) fluxes by fitting a single modified blackbody
with temperature T = 23.5K and β = 1.82 (the best-fitting
isothermal model for H-ATLAS galaxies in Smith et al.
2013) and integrating the best-fitting model between 8 and
1000µm. Figure 19 shows the integrated luminosities of the
H-ATLAS IDs as a function of redshift. The sample spans
a wide range of IR luminosities but becomes dominated by
so-called luminous IR galaxies (LIRGs: LIR > 1011L⊙) at
z " 0.3.

The rest-frame IR to UV luminosity ratio was calcu-
lated by dividing the integrated IR luminosity (W) by the
rest-frame FUV luminosity (νLν/W). The luminosity ra-
tio traces the ratio of obscured to unobscured SFR, and in
Figure 20 it shows a strong correlation with IR luminosity
as well as with the UV slope, as documented in the liter-
ature (e.g. Overzier et al. 2011). The range of IR/UV ra-
tios probed by H-ATLAS IDs in GAMA/GALEX is similar
to that in the Herschel+GALEX -selected sample of Buat
et al. (2010). As expected, it is less biased towards high
ratios than IRAS -selected LIRGs (e.g. Howell et al. 2010),
and less biased towards low ratios than UV-selected samples
(e.g. Meurer et al. 1999). These other samples have typical
log(IR/UV) ∼ 2 and ∼ 0–1 respectively, compared with the
median log(IR/UV) = 0.95 in the current sample (see also
Overzier et al. 2011).

Plots not to be included: Figures A1–A4 are
shown here but will probably not be included in the
paper.

6 CONCLUSIONS

In this paper we have described the process of obtaining re-
liable optical and multi-wavelength counterparts to submm
sources in the H-ATLAS Phase 1 data release, a submm
imaging survey covering 161 deg2 in five bands from 100–
500µm in three equatorial fields at 9h, 12h and 14.5h, co-
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UV-MIR magnitude distributions of  H-ATLAS IDs compared with SDSS/GAMA 
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All GAMA spec-z 
 

Redshift distributions and 
completeness of  H-ATLAS 

Herschel-ATLAS 

Key facts: 

•  H-ATLAS will be the largest- 
area sub-mm sky survey to date,  
covering ~600 sq.deg.1 

•  Phase 1: 161 sq.deg. GAMA2 fields  
( * = previous SDP release =1.6 sq.deg.) 

•  5 bands: 100, 160, 250, 350, 500μm 

•  Valiante et al. 2015 (in prep.): Maps and Cats 

Phase 1 Data Release: Autumn 2015 

GAMA-09 

GAMA-12 

GAMA-15 

4.5o x 12o 

Probability of  counterpart 
identifications measured via  
likelihood ratio:5,6 

 

giving Reliability of  a match: 

 

This depends on:  
- Optical magnitude distributions 
of  true counterparts q(m), and of  
SDSS, n(m), as a function of  class 
c (=star/galaxy) 

- The probability for a counter-
part to be detected in SDSS, Q0 

- The probability distribution of  
positional offsets, f(r) (see below) 
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Table 2. Best-fitting parameters in modelling SDSS positional
offsets to blue SPIRE sources with S250/S350 > 2.4 in bins of
250µm SNR

SNR NSPIRE r0/arcseca σpos/arcsecb,c Q0
b

4–5 2990 0.20± 0.02 2.38± 0.02 0.792± 0.008
5–6 1435 0.61± 0.05 1.91± 0.02 0.846± 0.010
6–8 1316 0.38± 0.05 1.59± 0.01 0.944± 0.008
8–12 776 0.38± 0.08 1.19± 0.01 0.985± 0.008

Notes: (a) normalisation of the cross-correlation function, equa-
tion (10), with index δ = −0.7; (b) width σpos and nor-
malisation Q0 in equation (8); (c) circularised values equal to!

σpos(RA)σpos(Dec).

extraction has improved the positional accuracy compared
with the PSF-filtering used in SDP, and this reduces the
measured σpos. We validated our σpos measurement by us-
ing the same flux cut as S11 on catalogues made from PSF-
filtered Phase 1 maps, with no SNR/colour binning, and
found a value of σpos = 2.39 arcsec, consistent with 2.40 arc-
sec in S11.

It is apparent in Figure 5 that there is the potential for
degeneracy between the parameters of the cross-correlation
(which dominates radial separations on large scales) and
those of the positional error (which dominates on small
scales). To test what effect the fit to the cross-correlation
has on the fit for σpos, we compare the results given by
fitting the cross-correlation on different scales. The results
given above were obtained from a cross-correlation fit with a
slope of δ = −0.7 on scales r > 10 arcsec. If we fit the cross-
correlation to scales of r > 5 arcsec we obtain a slope of −1.9
(r0 = 5.23 arcsec) and the resulting change in the fit for the
positional error with this alternative w(r) is such that σpos

is reduced by a factor 0.91, and f(r) and L would therefore
be boosted by a factor 0.97. We therefore conclude that our
results are not strongly affected by the choice of correlation
function assumed.

4 RESULTS

4.1 Likelihood Ratios and Reliabilities

The likelihood of every potential match within 10 arcsec of
each SPIRE source was calculated using equation (5), and
the reliability Rj of each potential match was then computed
as the ratio of its likelihood Lj to the sum of likelihoods of all
potential matches in addition to the probability that there
is no match; thus

Rj =
Lj!

i Li + (1−Q0)
(12)

(Sutherland & Saunders 1992). The reliability of a match
therefore takes into account other possible matches as well
as the possibility that the true counterpart was not detected
in the optical survey. The likelihoods and reliabilities of all
potential counterparts are shown in Figure 8 for three bins
of submm colour. These show that the number of SPIRE
sources with high-reliability counterparts is much higher for
blue SPIRE sources than for red ones, which may be ex-
plained by the increased probability that a red SPIRE source

Table 3. Results of ID analysis by field

H-ATLAS sample 9h 12h 15h

SPIRE SNR250 ! 4 37618 36926 39508
SDSS candidates within 10′′ 52912 51129 55610
Reliable IDs (R ! 0.8) 14172 14726 15606
Stars 91 219 102
Galaxies 13804 14266 15214
QSOs (spectroscopic) 115 157 185
QSOs (photometric) 162 84 105
Spec-z 7324 7674 8548
GAMA FUV detections 3608 4077 4689
GAMA NUV detections 5331 5523 6441
GAMA r detections 7460 7634 8360
GAMA K detections 7482 7674 8370
GAMA W1 detections 7157 7436 8104
GAMA W4 detections 1579 1952 2772

Note: photometric detections are defined as SNR ! 3 in the
GAMA photometric catalogue (Driver et al. 2015). All counter-
parts are detected in SDSS r by definition.

lies at high redshift, and/or by the increased probability
that a red SPIRE source is the result of a blend between
two galaxies (both of which would therefore have lower re-
liability than if there were only one). The figure also shows
that SPIRE sources of all colours have a large number of
low-reliability matches which are mostly likely to be chance
alignments or correlated galaxies, but will still contribute to
confusion noise in the submm since these matches are all
within 10 arcsec.

4.2 ‘Reliable’ IDs: completeness and
contamination

Following S11 we define ‘reliable’ counterparts as all matches
with R ! 0.8, defining a sample which is both very clean
(few false counterparts) and dominated by sources with low
blending, since strong blending would reduce the reliability
of the most likely counterpart in equation (12). This sec-
ond point leads to well-matched fluxes for spectral-energy-
distribution fitting (S11). Details of the IDs in each field
are listed in Table 3. The contamination rate of the ‘reli-
able’ sample can be estimated from the assumption that the
probability of a match being false is given by 1−Rj , so that
the total number of false IDs with R ! 0.8 is

Nfalse =
"

R!0.8

(1−R) (13)

(S11). Hence there are 2092 false ‘reliable’ IDs in Phase 1,
or 4.7 per cent, in comparison with 4.2 per cent in SDP.
The difference is slightly larger than the Poisson errors on
these percentages (0.1 and 0.4 respectively) and is unlikely
to be due to differences in the SDSS sample because the
same magnitude limits were used in both cases. The dis-
crepancy could be due to cosmic variance, or it could be
due to the change in the flux limit of the SPIRE cata-
logue. This is slightly deeper in Phase 1 compared with SDP
and therefore could suffer greater contamination from high-
redshift submm sources falsely identified with low-redshift
SDSS objects. Finally, this estimate of the contamination is
also sensitive to the measurements of Q0 and σpos, which
have changed between SDP and Phase 1.
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compare them against those from the SDSS (DR7/DR9)
Photoz table1, finding that the annz redshifts show less bias
and smaller scatter than the SDSS ones.

2.2.3 Separating stars, galaxies and quasars

Star-galaxy separation was carried out using similar con-
straints to S11 and the GAMA input catalogue (Baldry et al.
2010). Specifically, galaxies were defined as objects satisfy-
ing one of the following constraints, indicating that they are
either extended or have colours inconsistent with stars:

(i) ∆sg > 0.25 and not zs < 0.001
(ii) ∆sg > 0.05 and ∆sgjk > 0.40 and not zs < 0.001
(iii) ∆sg > fsg and not zs < 0.001
(iv) GAMA Kron ellipse defined and not zs < 0.001

The ∆sg parameter quantifies the fraction of extended flux
in the r-band,

∆sg = rpsf − rmodel, (1)

while the ∆sgjk parameter quantifies the near-IR colour ex-
cess,

∆sgjk = Jc −Kc − fjk, (2)

in relation to the colour sequence of stars,

fjk =

− 0.7172 [gc − ic < 0.3]

− 0.89 + 0.615(gc − ic)− 0.13(gc − ic)
2

[0.3 < gc − ic < 2.3]

− 0.1632 [gc − ic > 2.3]. (3)

Finally, fsg provides a stricter threshold on the extended flux
fraction at fainter magnitudes where low-surface-brightness
emission might otherwise be missed:

fsg =

0.25 [rmodel < 19]

0.25− (rmodel − 19)
15

[19 < rmodel < 20.5]

0.15 [rmodel > 20.5]. (4)

The colour constraints are illustrated in Figure 2. We used
model magnitudes in g and i from SDSS and 2-arcsec aper-
ture magnitudes (apermag3) in J and K from UKIDSS-
LAS;2 the subscript c denotes correction for Galactic ex-
tinction following Baldry et al. (2010), using the extinction
maps from Schlegel et al. (1998).

Quasars (QSOs) were identified as SDSS objects which
do not satisfy any of the criteria (i–iv) above (i.e. unre-
solved in the r-band and with non-stellar colours), and which
have secure spectroscopic redshifts z > 0.001. In addition to
these ‘spectroscopic’ QSOs, we identified photometric QSO
candidates as objects which do not satisfy (i–iv), have no
spectroscopic redshift, but have ∆sgjk > 0.40 (i.e. non-
stellar colour). The numerical results of each classification
are shown in Table 1.

1 See http://www.sdss.org/dr7/algorithms/photo-z.html
2 Note that GAMA aperture photometry are only available for
r < 19.8 galaxies.

Figure 2. Star-galaxy separation using SDSS and UKIDSS
colours. The dashed line given by equation (3) describes the se-
quence of stars. Galaxies (black points) are separated from stars
(red) using the criteria described in Section 2.2.3, using redshift
and size information as well as the colours. Quasars are identified
as unresolved objects with spectroscopic redshifts > 0.001 (green
circles), and this sample is supplemented with candidate quasars
(blue points) which have non-star-like colours but no secure spec-
troscopic redshift available. For galaxies and stars, only one in
10 objects is plotted, but all objects in the quasar samples are
shown.

3 LIKELIHOOD RATIO ANALYSIS

The identification of counterparts (‘IDs’) to submm sources
can be tackled in a statistical way using the LR technique to
assign a probability (‘reliability’) to each potential match,
and thus distinguish robust counterparts from chance align-
ments with background sources. The LR method relies on
knowledge of the intrinsic positional uncertainty of the
sources as well as the magnitude distributions of true coun-
terparts and background sources. When the sample size is
sufficiently large it is preferable to divide the matching cat-
alogue into different source classifications to measure these
statistics for each class of object (Sutherland & Saunders
1992; S11; Chapin et al. 2011; Fleuren et al. 2012). We there-
fore calculate magnitude statistics separately for stars and
for extragalactic objects (galaxies and QSOs, both spectro-
scopic and photometric). We assume that positional errors
are independent of the source classification, but we take into
account the potential bias for redder submm sources that
was highlighted by Bourne et al. (2014), as we shall describe
in Section 3.2.

The LR of each counterpart is defined as a function of
r-band magnitude (m) and radial separation (r), as

L =
q(m, c)f(r)
n(m, c)

, (5)

where q(m, c) represents the magnitude distribution of coun-
terparts in class c (i.e. stars or galaxies), n(m, c) represents
the background magnitude distribution in class c, and f(r)
represents the positional offset distribution due to positional
errors in both catalogues (in this case we can assume that
the optical positional errors are negligible compared with
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Figure 16. Rest-frame colour-magnitude diagrams in NUV − r
and g − r for reliable IDs in GAMA, in comparison to the full
GAMA sample (greyscale contours). Note that H-ATLAS selects
galaxies throughout the full locus of the GAMA sample, although
they are redder on average due to dust reddening.

suggesting potentially a large fraction of LLAGN that
requires further investigation.

The H-ATLAS IDs sample a wide range of integrated
IR luminosities and 22/250-µm colours (where detected by
WISE) at all redshifts z < 0.5. Similarly they sample a wide
range of IR/UV luminosity ratios that is much less biased
than earlier wide-field far-IR-selected samples (e.g. IRAS)
and appears to be representative of the galaxy population
at all redshifts and optical absolute magnitudes.

This H-ATLAS data release provides a valuable legacy
of far-IR/submm photometry over a large sky area, and the
multi-wavelength catalogue described in this paper has un-
rivalled potential for studying the interstellar medium and
obscured star formation in a large sample of galaxies up to
redshift z ! 1. All of the data described in this paper and in
Valiante et al. (2015) are available from www.h-atlas.org.

Figure 17. Rest-frame UV J colour-colour diagrams for reliable
IDs in GAMA, in comparison to the full GAMA sample (greyscale
contours). Note that H-ATLAS selects galaxies throughout the
full locus of the GAMA sample, including both passive and star-
forming galaxies according to the diagnostic given by the dashed
line (Williams et al. 2009).
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Figure 18. Two WISE colour-colour diagrams for reliable IDs
in GAMA, compared with the full GAMA sample (greyscale con-
tours). The dashed line delineates the locus of AGN in the upper
plot, following Jarrett et al. (2011), while the dashed lines in the
lower plot separate the colours of AGN from star-forming galaxies
(SFG), and separate high and levels of star-formation (SF), fol-
lowing Coziol et al. (2014) The diagnostics have been converted
from Vega to AB colours.
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Figure 19. Total IR luminosities of H-ATLAS IDs, from an SED
fit to the SPIRE fluxes with fixed temperature of 23.5K and
β = 1.82, plotted as a function of redshift and r-band absolute
magnitude.
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Figure 20. Ratio of rest-frame total IR luminosity to rest-frame
FUV -band luminosity (νLν) for H-ATLAS sources which have
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(b) Measured widths σ of  positional offsets  
as a function of  SNR and 250/350 colour 

Theoretical σ~FWHM/SNR 

(a) Histograms SPIRE-SDSS offsets 

(c) As above, considering only z<0.1 galaxies 

1.5<S250/S350<1.8 (blue) 1.1<S250/S350<1.3 (red) 

(a) Histograms of  the offsets from each Herschel-SPIRE source to all potential 
counterparts in SDSS, divided into bins of  SPIRE colour (250/350μm) and signal/noise 
ratio (SNR). Fitting these with a Gaussian positional error function plus power-law cross-
correlation, we find (b) that the positional errors (σpos) follows a smooth function of  SNR 
and colour, yet sub-mm positions are derived from the 250μm maps and are 
independent of  350μm measurements. (c) The effect is weak when counting only SDSS 
       galaxies at z<0.1, which have a low probability of  lensing a background object. 

Implications for Widespread Lensing 

of Sub-mm Sources 
The colour dependence is seen in unresolved 
sources and can only be explained if  (i) red 
sources are more clustered, hence reddened 
by confusion, or (ii) the offset distributions 
are contaminated with lenses in the line of 
sight to distant red SMGs.8-10 The lensing 
scenario is supported by the lack of  colour 
dependence for low-z galaxies, which are 
unlikely to be lenses (c), and by simulations11 
of  the excess line-of-sight associations due to 
weak lensing (d). The results imply 
widespread weak lensing of  SMGs of 
F250>30mJy, consistent with recent results 
from correlation studies.11-13 This has 
implications for identifying the sources, their 
redshift distributions and luminosity  
functions. 

(d) SPIRE-SDSS radial offsets (black) in 
SNR & colour bins. Blue lines indicate 
theoretical (dot) and measured (dash) 
positional error functions. Hatched 
regions show the predicted profile of  
lensing-induced associations from 
simulations:11 green=galaxy-galaxy, 
red=cluster-galaxy lenses.  
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