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1 INTRODUCTION

One of the key problems to overcome when conducting multi-
wavelength surveys is determining which sources are associ
with one another in different wave-bands, and which arelated.
When multiple observations have been conducted at simaaew
lengths and with similar resolution and sensitivity, thisfgem can

be reliably addressed by using a

However, in the situation where the two distinct sets of olastéons

to be matched have considerably

matching far-infrared or sub-millimetre survey data to gmical

catalogue (e.g. Sutherland et al.,
jeant et al., 2003, Clements et al
Wang & Rowan-Robinson, 2009

ABSTRACT

We present a technique to identify optical counterpartssffidn-selected sources from the
HerschelATLAS survey. Of the 6621 250m > 32mJy sources in our science demonstra-
tion catalogue we find that 60 percent have counterparts brighter thar= 22.4mag in
the Sloan Digital Sky Survey. Applying a likelihood ratiacckmique we are able to identify
2423 of the counterparts with a reliabilify > 0.8. This is approximately 37 percent of the
full 250 um catalogue. We have estimated photometric redshifts fdn eathese 2423 reli-
able counterparts, while 1099 also have spectroscopitifesisollated from several different
sources, including the GAMA survey. We estimate the conapless of identifying counter-
parts as a function of redshift, and present evidence that:2bselectedHerschelATLAS
galaxies have a bimodal redshift distribution. Those wétleble optical identifications have
a redshift distribution peaking at~ 0.25 + 0.05, while sub-mm colours suggest that a sig-
nificant fraction with no counterpart above the r-band litve>z > 1. We also suggest a
method for selecting populations of strongly-lensed hggshift galaxies. Our identifications
are matched to UV-NIR photometry from the GAMA survey, angstihdata are available as
part of theHerschelATLAS public data release.

Key words: Galaxies: Local, Galaxies: Infrared, Galaxies: Star-fiognMethods: Statisti-
cal, Submillimetre: Galaxies

ATLAS observations consist of two scans in parallel modehea
ing 50 point source sensitivities of 132, 126, 32, 36 and 45 mJy
in the 100um, 160um, 250m, 350um and 50Qum channels re-
spectively, with beam sizes of approximately 9, 13, 18, 25 3H
arcsec in the same five bands. The SPIRE and PACS map-making
procedures are described in the papers by Pascale et ab) @0d
Ibar et al. (2010), while the catalogues are described iRt

al. (2010). One of the primary aims of tiéerschelATLAS was

to obtain the first unbiased survey of the local Universe btram
wavelengths, and as a result the survey was designed taapverl
with existing large optical and infrared surveys.

simple nearest—neighbatahm
different resolution —xan®le

1991, Clements et &6, 1%er-
., 2004, Ivison et al. 2087, In this paper, we present a discussion of our implementation

, Biggs et al. 2010) — the large of the LR technique to identify the most reliable countetpao

positional uncertainties in the longer-wavelength data ceake 250um-—selected sources in thierschelATLAS science demon-
it much more difficult to find reliable associations betweeb-s stration phase (SDP) data field (Eales et al., 2010). Thid fiels
millimetre sources and their optical/near—infrared ceuperts. chosen in order to take advantage of multi-wavelength data f
One method which can be used to identify the most likely the Sloan Digital Sky Survey (SDSS — York et al., 2000), arel th
counterpart to a low-resolution source, is the Likelihoadi®tech- UK Infrared Deep Sky Survey Large Area Survey (UKIDSS-LAS
nique (hereafter LR), first suggested by Richter (1975), exd — Lawrence et al., 2007). This field also overlaps with the @rho

panded by Sutherland & Saunders (1992) and Ciliegi et a03R0 field of the Galaxy And Mass Assembly survey (GAMA — Driver

The crucial advantage of the LR
that it not only uses the positional

technique over other metiwds et al., 2010). The GAMA catalogue (Hill et al., 2011), consgs
information containethim the not only thousands of redshifts (for galaxies selected asrieed

two catalogues, but also includes brightness informatimh( of in Baldry et al., 2010, and observed with the maximum possibl
the individual potential counterparts, and of the highesohetion tiling efficiency — Robotham et al., 2010), but alseband—defined
catalogue as a whole) to identify the most reliable coumterp a aperture—matched photometry in therizY JH K bands. In addi-

low-resolution source.

tion, the GAMA fields are being systematically observed gsire

The Herschel Astrophysical Terahertz Large Area Survey Galaxy Evolution EXplorer (GALEXSatellite (Martin et al., 2005)
(HerschekATLAS, Eales et al., 2010) is the largest open-time key at Medium Imaging Survey depth to provide aperture-matched
project that will be carried out with thiderschel Space Observa-  FUV and NUV counterparts to the catalogued GAMA sources (the
tory (Pilbratt et al., 2010). ThéderschelATLAS will survey in GALEX-GAMA survey; Seibert et al., in prep). These counterparts
excess of 550 dégn five channels centred on 100, 160, 250, 350 will potentially be of great scientific value once the modiatale
and 50Qum, using the PACS (Poglitsch et al., 2010) and SPIRE in- optical counterpart can be established for ebieiischetATLAS
struments (Griffin et al., 2010). This makiderschelATLAS cur- source.

rently the largest area extragaladtierschelkurvey. TheHerschet

* Herschelis an ESA space observatory with science instruments pedvid

In sectior 2 we present the specific LR method that we have
used to identify counterparts to 2afh—selected sources from the
HerschelATLAS SDP catalogue in an-band catalogue of model

by European-led Principal Investigator consortia and withortant partic- magpnitudes derived from the SDSS DR?7. In secfibn 3 we present

ipation from NASA
1 E-mail: daniel.j.b.smith@gmail.com

the redshift properties of our catalogue, which covers6 ded
over the GAMA 9 hour field. Sectidd 4 contains some basic tesul



based on our reliable catalogue, and in sedtion 5 we preserd s
concluding remarks about the likelihood ratio techniqud #re
resulting catalogue.

2 CALCULATING THE LIKELIHOOD RATIO

The likelihood ratio, i.e. the ratio between the probapithat the
source is the correct identification and the correspondingabil-
ity for an unrelated background source, is calculated asithes-
land & Saunders (1992):

L am)f()

n(m)

; @)

in which n(m), andq(m) correspond to the SDSS-band mag-
nitude probability distributions of the full-band catalogue and of
the true counterparts to the sub—millimetre sources, otispéy,
while f(r) represents the radial probability distribution of offsets
between the 250m positions and the SDSS-band centroids. We
will now describe how we calculate each component of thia-rel
tionship in turn.

2.1 Calculating the radial dependence of the likelihood rab,
f(r)
Here,f(r) is the radial probability distribution function of the pesi

tional errors as a function of the separation from the SPIRE.2n
position in arcseconds), given by:

1) = g e (5 ) @
2moos 20205

wherer is the separation between the 260 andr—band posi-
tions, andop.s is the standard positional error (which is assumed
to be isotropic).

For HerschelATLAS SDP observations, it was necessary to
determine the SPIRE positional uncertainties. Since tifixrina-
tion was not available priori, we empirically estimated s us-
ing the SDSS DR#-band catalogue positions, assuming that the
SDSS positional errors were negligible in comparison t(3RERE
errors. To determine,,.s, we derived histograms of the separations
between the positions in the MAD-X SPIRE catalogue (Rigby et
al., 2010) of theso 250um sources, and all of those objects in
the r—band SDSS DR?7 catalogue within 50 arcsec, doing this for
both the North—-South and East—West directions (Figlire i¢s@&
histograms can be well-described as the sum of the Gausssan p
tional errors plus the clustering signal for SDSS sourcesawed
with Gaussian error€z (6, o), with o = opos:

n(z)

G'(x,0p0s) + (Zw(e) *G(a,apos)> N &)

Y

n(y)

G (y, pos) + <Z w(6) * G(e,opos>> . @

x

wherew(d) = A#~%, with § being measured in degrees for the
purposes of comparison with the literature. We determirred t
values of A and § empirically based solely on galaxies in the
SDSS catalogue over 35 ded centred on thdderschetATLAS

SDP field (limited tor < 22.4), with the best fit parameters
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A = 6.89 £0.90 x 1072 and§ = 0.689 + 0.069, in reasonable
agreement with the values of Connolly et al., 2002. The &ffet
clustering (i.eaw(8) * G(0, opos)) are shown in the top panel of
Figurel1.

In order to determine theslpositional error of the 250m se-
lected catalogue, we conducted a simpfdit of our model (equa-
tions[3 &[4) to the histograms. The results are shown in Fifflre
for the summations in the East-West and North-South doestin
the middle and bottom panels respectively. The clusteligmgsis
shown in the bottom two panels by the dotted lines, with ttge hi
tograms and their Poisson error bars overlaid with the kesbiiel
(solid lines). The & positional errors were found to 2e49 +0.10
arcsec an@.33 +0.09 arcsec in the two directions, consistent with
one another within the errors. The advantages of this medhed
two—fold; firstly, it is not necessary to identify the coumtarts to
the 250um sources priori, and secondly, the centroids of the best
fit Gaussians may be used to determine astrometric comscitno
the SPIRE maps (e.g. Pascale et al., 2010). The value,fgrthat
we adopted was the weighted mean0 + 0.09 arcsec.

Theoretically, the positional uncertainty should dependh=
signal-to-noise ratio (SNR) of the detection and on thevudth at
half maximum (FWHM) of the SPIRE 250m beam (18.1 arcsec,
Pascale et al., 2010), following the results derived indmigt al.
(2007;0¢n = 0.65XHM) and assuming the case of uncorrelated
noise. We use our empirical results in Figlire 1 to calibriagethe-
oretical relation presented in lvison et al. (2007) to ouagdand
assume that our results are symmetric in RA and Dec. Thislead
us to introduce a factor of 1.09 to give equafidn 6:

Opos = 1.09 X o4 (5)
FWHM

—0. . 6

0.655— xR (6)

Although the SNR of some SPIRE 2hfh sources is very
high, it is unphysical to allove s in equatio 6 to approach zero
for three main reasons:

e Whilst it is acceptable to neglect the SDSS DR7 positional
errors for the purposes of determining,s (sectiof2.11), the astro-
metric precision for sources in the SDSS DR7 catalogue iszeon
(< 0.1 arcsec — Abazajian et al., 2009).

e Large sources, especially those without Gaussian surface
brightness profiles (e.g. bright spiral galaxies), havesi®rably
larger positional uncertainties associated with them.

e Confusion provides a lower limit to the positional errors of
the SPIRE catalogue, although the SNR in equdflon 6 doasdacl
confusion noise as described in Rigby et al. (2010) and Rasta
al (2010).

Other effects that can influence the positional uncertaimtjude
imprecise knowledge of the beam morphology and the effefcts o
drifts and jitter in theHerschelpointing model.

To account for these effects, we do not allow the positional u
certainty to fall below 1 arcsec, and we also include a territkvh
adds 5 percent of the SDS$Sbhand isophotal major axis in quadra-
ture to the value determined by equatidn 6, for those sowwitbs
r—band model magnitudes 20.5. Finally, f(r) must be renor-
malised so that

27r/0 f(r)rdr =1. @
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Figure 1. In order to derive the & positional errors of the SPIRE 250n—
selected sources, we produced histograms of the total muofb8DSS
sources within a box 50 arcsec on a side around the SPIREkR5en-
tres. After accounting for the clustering of SDSS sourchs (bp panel
shows the signal expected for the clustering of SDSS soimdbe RA and
Dec directions convolved with Gaussian positional errotee-results are
shown as solid and dashed lines for RA and Dec, respectiaaly,these
results appear as the dotted lines in the bottom two panets)can add
in an appropriate Gaussian distribution of centres to aucfar the actual
positions of the SPIRE sources (equatibhs[3 & 4). Performigg minimi-
sation allows us to then empirically determine tlhepbsitional uncertainty
for these sources, which are showrpagy, andopec.

2.2 Calculating the magnitude dependence of the likelihood
ratio

Calculating the LR requires two further pieces of magniturder-
mation,n(m) andq(m). The quantityn(m) is simply the proba-
bility that a background source is observed with magnitudelo
estimate this, we calculate the distribution of SDSS DRBand
model magnitudes for all of the primary photometry sourcethée
catalogue, normalised to the total area of the cataloguéckwib
approximately 36.0 dégfor the SDSS catalogue that we use for
this purpose).

The non-triviality lies in the calculation af(m) — the prob-
ability that a true counterpart to a 25® source has a magnitude
m. To estimate this we calculate theband magnitude distribu-
tion of the counterparts to the 2x@n sources using the method
of Ciliegi et al. (2005). This method involves counting atljects
in the optical catalogue within some fixed maximum searciusad
(rmax) Of the SPIRE positions. To avoid influencing the results of
this analysis with erroneous deblends in the SDSS DR7 catalo

(which artificially alter the number counts), we eyeballed 8DSS
r—band images of each of ther 250um sources, removing 370
SDSS sources from the input catalogue. The magnitude llistri
tion of the remaining objects is referred to as tota). Here we
have adopted,.x = 10 arcsec, which encloses99.996% of the
real counterparts to the 25dn sources based on our derived value
for opos. The distribution totdhn ) is then background—subtracted
to leave the magnitude distribution of excess sources drtig
250pm centres, reddn):

real(m) = [total(m) — (n(m) X Neentres X T X Trax )| (8)

where Neentres iS the number of 250m sources in the catalogue.
This enables us to empirically estimagém) from the sources
in our optical catalogue rather than modelling theband mag-
nitude distribution of 25gm-selectedHerschelATLAS sources.
The distributiong(m) is given by equatiofl9:

real(m)

1 ey < %

9)

Qo is the fraction of true counterparts which are above the SDSS
limit, and is calculated thus:

Nmatches - (Zm n(m) X ﬂ—rr2nax X Nccntrcs)

Nccntrcs

Qo = . (10)
here Niatches represents the number of possible IDs within 10.0
arcsec of the SPIRE positions, aMentres IS defined as above.
Since the value of)o will be different for galaxies and unresolved
sources in our catalogue, we must calcul@te:), n(m) and Qo
separately for each population.

We separate resolved and unresolved sources using alightl
modified version of the GAMA colour—colour relation from Bay
et al. (2010, modified such that, ;. > 0.40 rather than 0.20 to
avoid adding an unphysical sharp edge to the stellar locEgyimre
[2). Having separated the two populations, we corrected tisé p
tions of the unresolved sources for known proper motionshé t
USNO/SDSS DRY7 catalogue (Munn et al., 2004), precessing the
co—ordinates to the epoch of tihterschelATLAS SDP observa-
tions. Only those unresolved sources with proper motiotsotied
at a SNR> 3 were updated.

For our SDSS DR7-band catalogue® = 0.583, i.e. 58.3
percent of the galaxy counterparts are brighter than ounihade
limit. For the unresolved sources the valuejg™** = 0.010, in-
dicating that only 1 percent of the unresolved sources irctta-
logue are detected at 50 in our 25Qum data (although see sec-
tion[2:31). Thus we determine that over@h = Q& + Qi =
0.593.

The distributions ofy(m), andn(m) (as well as the magni-
tude dependence of the LRg¢fm)/n(m)) are shown in Figurgl3,
in which the left and right columns show the values for thehed
and unresolved sources, respectively. While¢be) distribution
for galaxies is well-sampled at 14 mag, we assume thafm)/
n(m) is constant for all sources brighter than this, enablingous t
use our well-defined(m) to estimatey(m) for the brightest galax-
ies.

Since the fraction ofHerschelATLAS sources associated
with unresolved counterparts is low (reflectedl§™ ** = 0.010),
the method used to determiém) for these sources differs. In
order to ensure that the LR results for stars/QSOs are not-dom



HerschetATLAS: Counterparts 5

Resolved Unresolved
1000.0€ T T T T SRS 1000.0€ T T T T T 3
Foo tota|(m) Foon tota|(m) ]
L real(m) L real(m)
= 100.0F background i & 100.0 background 3
& g 3 '
o g o -
[
£ 100f 1 £ 100¢ .
> E > E
o L o [
A g L -
0.1 . . . . 0.1 : . .
10 12 14 16 18 20 22 10 12 14 16 18 20 22
SDSS model r mag SDSS model r mag
10000} 10000 [ ]
£ 1000} £ 1000}
z 5 € 5
e 100 3 3 e 100
= : ] ¥ ;
10k E 10¢
10 12 14 16 18 20 22 10 12 14 16 18 20 22
SDSS model r mag SDSS model r mag
10'1 ; T T T T T T § 10'1 ; T T T T T T §
102F 102F .
— 10-3 ;_ —~ 10-3 ;_ _;
E E i :
< 10* 3 < 10* 3 3
: Q,(galaxies) = 0.583 1 i Q,(unresolved) = 0.010 1
10°[ . . . . . .’ 10°®[ . . . . . ]
10 12 14 16 18 20 22 10 12 14 16 18 20 22
SDSS model r mag SDSS model r mag

Figure 3. Deriving the magnitude dependence of the LR for the rescdvebunresolved counterparts to the 2BOcatalogue (left and right columns, respec-
tively). The analysis for theesolvedsources is discussed first, while the alternative procefilimved for the unresolved sources is described subsélguen
Top Left: Total(m) (blue, dotted) represents the SDSS DRBand model magnitude distribution of all the resolved sesithat lie within 10.0 arcsec of the
SPIRE 25Qum centres. The black histogram represents the number ofigslthat we would expect within these search radii due tdo#ekground SDSS
number counts alone. The red histogram, dubbednegahbs per Ciliegi et al. (2003), is the difference between the ve. the SDSS DR7-band model
magnitude distribution of the excess sources above thegbawhd.Middle Left: The ratio ofg(m)/n(m) represents the magnitude dependence oftRe
To avoid having a zero probability of a given source beingréa counterpart due to our limited statistics on ¢eal (and hence(m)) at bright magnitudes,
we use the ratio of(m)/n(m) in the brightest well-sampled bin . = 14.2) to define the values af(m) for resolved sources with SDSS-band
magnitude< 14.0. Bottom Left: The resultingg(m) distribution — our best estimate of the probability thatuetcounterpart to a 25@m source has a mag-
nitudem — using then(m) distribution to overcome the small number statistics atirni—band magnitudes. To further reduce the effects of noisdyoxear
smooth theg(m) distribution for resolved sources with a 3 bin kern@b for the resolved sources is determined to be 0.583. Fourtihesolved sources
(right column), which have considerably fewer excess smi(ceflected in the lower value 6Ji" %), the corresponding analysis is slightly different. We
define the magnitude dependence of the Ligm) /n(m) — assuming a constan{m) (bottom panel, right column) normalised to reflég§» s = 0.010.
This situation will improve with the higher quality statest that the fulHerschelATLAS catalogue will produce.
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Figure 2. Colour—colour diagram for sources in the GAMA catalogue. We
use the relationship of Baldry et al. (2010) to distinguighiween unre-
solved sources (stars and QSOs) and galaxies. Those sovitbestellar/
QSO colours in the SDSS/LAS catalogue data over the GAMA 9 fieldl
are displayed in red, while those with galaxy colours arpldiged in black.
Objects with colours consistent with QSOs are located tdwhe upper
left corner of this plot. Of the fiveR > 0.8 sources in our catalogue clas-
sified as unresolved, we find that three satisfy the GAMA cofalection
criteria for being stellar, and so are potentially evolvets dust-obscured
QSOs or debris disk candidates possibly indicative of eopptanetary sys-
tem (e.g. Thompson et al., 2010). The dashed line desctilgefirst order
star—galaxy separation locus (for more details see Baloay,2010). The
star—galaxy separation locus has been modified slightty tiee Baldry et
al. value due to the fainter magnitudes considered in owegur

nated by small number statistics, we assume a flat priay(on),
normalised to retai@§""* = 0.010 (figure[3).

We can correct our value fap, for the clustering of SDSS
sources by simply dividing)o by 1 + folo‘“cs“ w(#)dh = 1.0008
(remembering tha is measured in degrees), giving a clustering—
corrected value of)o = 0.592. This value is broadly consistent
with the recent results of Dunlop et al. (2010), who recoysical
counterparts to 8 out of 20 250n sources brighter than 36.Jy
in data from the BLAST observations of the GOODS-South field
to a comparablé—band magnitude (albeit with lower angular res-
olution at 25Qum and much more sensitive optical, infrared and
radio data), while Dye et al. (2009) found 80 counterpartgh&o
175 BLAST 25Q:m sources brighter than 5b.Jy down to similar
magnitude limits in— or R—band data (S. Dye, private communi-
cation).

To account for the fact that aderschetATLAS source may
have more than one possible counterpart, we also definahitiyi
R; for each objecy being the correct counterpart out of all those
counterparts within,x, again following Sutherland & Saunders
(1992):

L,

ST L0 (1)

R;
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Figure 4. Top: Histogram of the Likelihood Ratio values for all of th23D
potential counterparts to the 662& Sources in the SPIRE SDP catalogue.
The LR values for the resolved sources (i.e. galaxies) aeslas the solid
histogram, with unresolved sources shown as the dottedgnzn. Middle:
Reliabilities for each counterpart. Once more, the sol&tdgram repre-
sents the resolved sources, while the dotted histograresepts the unre-
solved sources. There are a total of 2423 sources which hesiiahility

> 0.8, of which five are unresolved using the star/galaxy separatiiteria

of Baldry et al. (2010). Bottom: The variation of the reli#hi as a func-
tion of the likelihood ratio. This is not a linear relatiomee some sources
have more than one counterpart with a high likelihood rafteere are 263
SDSSr—band sources with reliability: 0.8 but L > 1.63 (the value above
which R > 0.8 for a single counterpart within the 10.0 arcsec maximum
search radius). These may be interacting systems, as s&gtirs section
[4:3. These sources also demonstrate a possible limitatibie &R method,
since the method implicitly assumes that there is only one tounterpart
to a given 25Qum source.

riving spectral energy distributions for 2nn—selected galaxies in
theHerschelATLAS catalogue, Smith et ah prep). This is more
conservative than other works in the literature (e.g. Qhapial.,
2010), where the chosen LR limit was defined based on a 10 per-
cent sample contamination rate.

In order to estimate the number of false IDs in our reliable
sample, we calculate:

N(false) = > (1-R). (12)

R>0.8

As a result we expect 103 false IDs in our sample, which cor-
responds to a contamination rate of 4.2%. For those imaestig

where the LR values have been determined for the resolved andtions in which it is desirable only to determine whether atiaah

unresolved counterparts separately (see Figure 4). Tiabitil is
a key statistic; we recommend using only those counterpétts
reliability R > 0.8 for analysis, since this ensures not only that the
contamination rate is low (see below), but also that only:edsand
source dominates the far—infrared emission (as requineel o de-

source is associated with &ferschelATLAS object (with addi-
tional caveats about lensed sources and the de-blendicgetfy

in the optical catalogue), it is sufficient to use a likelidaatio cut
(e.g.L > 5.0, i.e. the source is 5 times more likely to be associated
with the sub—millimetre object than it is to be a chance soper



Table 1. The distribution of the number of SDSS-band sources within
10.0 arcsec of the 25@m positions, and the fraction of reliable counter-
parts. There are 2869 sources with only one possible mattthirni0.0
arcsec, and yet only 1389 of these are determined to be Ielitde vast
superiority of the LR technique over a simple nearest-riggh algorithm

is evident.

N(matches) N(250umsources) N(R>0.8) %

0 1865
1 2869 1389 48.4
2 1400 782 55.9
3 400 210 52.5
4 76 38 50.0
5 9 4 44.4
6 2 0 0.0

TOTAL: 6621 2423 36.6

sition of sources). This aspect of the likelihood ratio m@qhe is
discussed in more detail in sectionl4.3.

In Table[1, we present the number of possible optical coun-
terparts within 10.0 arcsec of the 2hfh sample, including the
relative fractions of reliable associations. Only half lné 250.m
sources with a single optical counterpart within the seaactius
are deemed reliable.

To estimate the fraction of 25@m sources with a counterpart
above our detection limit recovered as haviRg> 0.8, we as-
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Figure 5. Histogram of the 10000 realisations of determini@g for 6621
randomly—positionedHerschelATLAS sources, designed to determine the
1o uncertainty onQo. A Gaussian distribution with median and standard
deviation derived from the histogram is overlaid (dasheé)liand the value
of Qg is indicated by the vertical dotted line.

effectiveness of the LR technique for thierschelATLAS SDP
catalogue.

2.3.1 LR analyses of random catalogues

sume that 25pm-selected SDSS sources cluster in the same way ag g first test of whether the LR technique produces sensible r

as SDSSr—band—selected sources (the results of Maddox et al.
2010, suggest that this assumption is reasonable). Unieash
sumption, we may calculate the completenegsof the reliable
sources in our sample:

n(R > 0.8) 1

=——— X —. 13
" n(250pm > 50) X Qo (13)

We have reliably identifiegg =61.8 percent of the optical counter-
parts bright enough to be detected in the SBSBand catalogue.
This constitutes an overall identification rate of 36.6 peatcfor
> 5o 250um sources in thélerschelATLAS SDP observations.

2.3 Checking the identification process

By selecting sources at 2%0n rather than longer wavelengths, the
negativek-correction that results in e.g. 8@dn—selected galaxies
residing at a median redshift ef ~2 (Chapman et al., 2003) has
a much less dramatic effect, and observations have showratha
significant fraction of 25@m-selected galaxies reside at< 1
(e.g. Chapin et al., 2010, Dunlop et al., 2010, Dye et al. 0201
As a result, their optical counterparts will be much brigttean
850um-selected sources, and therefore readily detectabledby sh
lower optical/near—infrared imaging with a much lower smuden-
sity. For the SDSS DRi#7-band source catalogue that we use for the
purposes of this investigation, we expect orly0.48 background
sources within the 10.0 arcsec search radius, down to th@imag
tude limit of r = 22.4 mag (of thesey 0.26/0.22 will be resolved/
unresolved, respectively). Furthermore, these backagr@anrces
may be expected to be evenly distributed throughout theveithan

the maximum search radius, unlike the true counterparts.

' sults, we wanted to test the method in the absence of any $rue a

sociation between the 250n and SDSS positions. We randomised
the positions of the 6621 sources and re-ran the LR anal@6isaL
times, recording the derived value @f each time. The histogram
of the resultingQo distribution had a median of 0.000 withla
uncertainty 0f0.006. In these cases, whe€g, ~ 0, the values for

L and hencer are unreliable, since the distributions of t¢tal)
and realm) that we determine are almost identical, and the latter
is strongly affected by noise as a result (see se€fidn 21#).Hls-
togram of the simulated values f@ is shown in Figur€ls, with a
Gaussian distribution with appropriate median and stahdavia-
tion overlaid (dashed line). The derived valuegdf™ ** determined

in section Z.P is overlaid as the vertical dotted line. W{H§*"**
residing within2o of the mediany, value for these random cata-
logues, it is not clear that the population of unresolvedrseslis
detected in théderschelATLAS SDP data (see sectibn#.4). How-
ever, to avoid the possibility of missing real counterpaftpoten-
tially great scientific importance, we must not ignore thegilility
that unresolved sources are detected in our2B@atalogue.

2.3.2 LR analyses of SDSS galaxies

We also performed a test in which we replaced the SPIRE posi-
tions in our LR analysis with the positions of SDSS galaxidgse
retaining the250um fluxes and errors in order to accurately repro-
duce the positional uncertainties according to the metlinghgn
sectio Z.ll. We found that we recovered 97.2% of the SDSSgala
ies atR > 0.8, which reduced to 93.9% when the SDSS positions
were varied according to a Gaussian positional offset widm-s
dard deviation appropriate for the signal-to-noise rafithe real
SPIRE sources (according to the rescaled formula givendtiose

We performed the following simple checks to determine the [2.1). Comparing this value to our overall ID rate we see thave
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not typically missing counterparts because we have untier@sd
their positional errors, but because of the fact that agprately
39% of 250um sources (the actual value is— Qo) are not de-
tected in SDSS—band data down to the magnitude limit of our
survey.

redshifts. We use the well-known artificial neural netwodde
ANNZ (Collister & Lahav, 2004) with a network architecture of
N : 2N : 2N : 1, where N is the number of photomet-
ric bands used as inputs; although there are 9 photometnidsba
(ugrizY JH K) available in this case, we ignore bands where an

We also compared our new catalogues with the small subsetsobject has no coverage or where the photometry is flagged-as du

of overlapping objects in the ImperilRASFSC Redshift Cata-
logue (IIFSC;, Wang & Rowan-Robinson, 2009) and FIRST sur-
veys (Becker, White & Helfand, 1995). These comparisonpege
sented in detail in appendiX A, but to summarize:

e We find updated positions for five IIFS@alaxies which pre-
viously had misidentified or unidentified counterparts.

e Our catalogue is consistent with a catalogue of FIRST radio
sources matched to the 2hth sample, provided that the radio
sources are detected in our optical data, and that the bpticater-
parts contain only single components at moderate sepasdtiom
the 250um centroids.

e A small collection ofSpitzer Space Telescopeaapshot im-
ages taken at near infrared wavelengths reinforce ourfbelibe
accuracy of our method.

3 REDSHIFTS IN THE HERSCHEL-ATLAS 9HR FIELD
3.1 Spectroscopic Redshifts

The GAMA catalogue (Driver et al., 2010) contains 12,626 new
spectroscopic redshifts in thderschelATLAS SDP region for
sources satisfying the GAMA target selection criteria I{iding
magnitude limits ofr < 19.4, z < 18.2 & K < 17.6 — Baldry et

al. 2010). In addition, there are a further 3281 redshiftslakle in

this region from the SDSS DR7, 248 from the 2SLAQ-LRG survey
(Cannon et al., 2006), 939 from the 2SLAQ-QSO survey (Crobm e
al., 2009) and 29 from the 6dFGS (Jones et al., 2009). 1098 spe
troscopic redshifts for reliable counterparts were cetlatinclud-

ing those from the SDSS DR7, 6dFGS, 2SLAQ-QSO/LRG surveys
and the GAMA catalogue), meaning that 41.0% of éur> 0.8
counterparts have spectroscopic redshifts (and 15.0% of &b
250um sources). We note that none of the spectroscopic cataogue
(with the exception of the 6dFGS catalogue) extends tonigiitins
less than -1 deg. The number of redshifts for reliable capares
from each spectroscopic survey is presented in fdble 2 hencbd-
shift properties of 25@m selected galaxies are discussed in section

B3

3.2 Photometric Redshifts

For those sources without spectra, we estimate photonretic
shifts using optical and near—infrared photometry. Hegschel
ATLAS SDP field has almost complete optical coverage.dmiz
from the SDSS DR7 and near—infrar®&d/ H K photometry from

bious, and train separate neural networks for all comtonatiof
bands with at least three good detections. An advantageinf
is that it provides redshift error estimates,, based on the photo-
metric errors it is supplied with; we checked that theseremeere
distributed correctly by confirming that, for a set of vatida data
with spectroscopic redshiftéz,hot — zspec) /o~ follows a Gaussian
distribution centred on zero — however we found that the hvaft
the best-fitting Gaussian was 1.4, indicating that the errors were
underestimated by this factor on average. To improve theracg
of the error estimates, we used the width of this distributmcor-
rect the error estimates individually for each trained mekywith
correction factors of typically 1.3 to 2.

Confirming the accuracy of empirical photometric redshgts
always difficult, since the objects for which we have spesttopic
redshifts for comparison are, by necessity, drawn from traes
sample which is used to train the neural network, and may eot b
fully representative of the whole population of objects tueh the
method is applied. A particular concern in our case was that t
Herschelcounterparts are likely to have a different distribution in
colour space than the training-set galaxies, and so anyirbitie
photometric redshift as a function of colour could causestlerage
redshift ofHerschelcounterparts to be systematically wrong. How-
ever, we satisfied ourselves that this was not a problem bygrigo
for trends in the difference between photometric and spsctipic
redshift as a function of colour, and finding no significarnt
with any colour. For example, the best-fitting straight lietation-
ship between,not — 2spec) and(r — K), for objects in our vali-
dation dataset, has a gradient of 0.00035 — two orders of itoaign
smaller than the scatter of (.ot — zspec), Which for the same sam-
ple has a standard deviation of 0.037 overall.

In the event that the counterparts are so obscured that they a
invisible in the optical data, they will clearly have unedile pho-
tometric redshifts (this is inevitable, given the small toanof de-
tections that would be available), but this scenario wittdrae ap-
parent as large errors on the photometric redshifts of theseces.

In any case, these sources will not passout 22.4 mag selec-
tion criterion. With this new catalogue of photometric reifis, all
sources detected in at least three photometric bands hidner ai
spectroscopic or photometric redshift.

3.3 Redshift distribution and completeness of
reliably-identified 250 um sources

Using a method analogous to that used in sedfioh 2.2 to calcu-
late ther—band magnitude distribution of counterparts to 250

7th data release of the UKIDSS Large Area Survey (Lawrence et sources, we may determine the completeness of our reliably—

al. 2007). As well as having spectroscopy from GAMA and SDSS,
these very wide-area surveys overlap with several deegetrep
scopic surveys (Davis et al., 2003, Cannon et al., 2006, Dehal.,
2007, Lilly et al., 2007) which allow us to construct a spestiopic
training set with large numbers of objects (1000 per bin of unit
magnitude or 0.1 in redshift) up te-band magnitudes < 23 and
redshiftsz < 1.0, i.e. to approximately the photometric depth of
SDSS and UKIDSS-LAS.

This large and relatively complete training set allows us to
use an empirical regression method to estimate the phatiemet

matched 25@:m and SDSS objects as a function of redshift. Here
we define the completeness as the fraction of reliably iledti
counterparts, compared with all of those counterpartsahate-
tected in our data i.&)o x 6621 ~ 3925 sources. First, we use the
star-galaxy separation method from Baldry et al. (2010 eutised

in sectio4:}) to ensure that only galaxies remain in ourpdam
We then use the catalogue of photometric and spectroscegic r
shifts discussed in secti@n 8.2 to determine the distidbutif the
galaxy redshifts in the catalogue(z). Since we know that this
catalogue covers an area of 36.0 degre can scale to the total
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Table 2. The number of spectroscopic redshifts for reliable coymates from each survey used in our final catalogue. The ntjofithe spectroscopic
redshifts used in our follow-up studies of the reliable 250 associations come from GAMA. There are a total of 1892 0.80 250um counterparts with

spectroscopic redshifts.

Number of redshifts

Survey Reference

Percentage of

R > 0.8 Catalogue HerschelATLAS IDs
2SLAQ-LRG  Cannon et al. (2006) 3 248 0.12
2SLAQ-QSO  Croom et al. (2009) 4 939 0.17
6dFGS Jones et al. (2009) 12 29 0.50
GAMA Driver et al. (2010) 766 12626 31.6
SDSS DR7 Abazajian et al. (2009) 316 3281 13.0
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Figure 6. Top: totalz) (dotted histogram) represents the photometric red-
shift distribution of all of the sources within 10.0 arcsé@a®50um posi-
tion, while n(z) (solid line) represents the expected background based on
the area covered and the redshift catalogue number courtaot that the
histogram of background sources is consistent with thelteestl Oyaizu

et al. (2008). Bottom: regt) (solid line) shows the redshift distribution of
the excess sources above the background around ther2%@ntres, and

is compared with the dotted line which shows the photomegrishift dis-
tribution for those counterparts witR > 0.8 in our LR analysis. We note
that rea(z) peaks at a lower redshift than the intrinsi¢z) for SDSS galax-

ies (solid histogram, top panel). The shaded histogram slttesvnumber of
spectroscopic redshifts for galaxies (as defined by theyataxy separation
criteria in Baldry et al., 2010) in our sample. The perceatagmpleteness

in our catalogue is given in Tadlé 3.

sky area searched around the 20 sources @621 x 7r2,,,) to
determine the expected backgroun¢; )n(see Figurélf). Subtract-
ing totalz) (the = distribution of all sources within 10.0 arcsec of
the 250um centres) fromn(z) then gives us the number of ex-
cess sources around the 250 positions, redk), and by compar-
ing this with the photometric redshift distribution for g®sources
with R > 0.8 we can estimate the completeness of our reliable cat-
alogue as a function of. The completeness values for our reliable
catalogue in bins betwedh(0 < z < 1.1 are presented in Taté 3.
Figure[® also shows the redshift distribution of 266—
selectedHerschelATLAS sources with reliable counterparts and

Table 3. The percentage completeness of our reliable cataloguewasa f
tion of photometric redshift. These values are derived asritged in section
[3:3, using a method analogous to that applied to determeve-thand mag-
nitude distribution of 25@m sources. The errors are determined assuming
that they are dominated by the Poissonian errors ofizgals ).

Zphot Completeness (%) ocomp
0.0-0.1 93.2 7.5
0.1-0.2 83.2 4.8
0.2-0.3 74.2 4.2
0.3-0.4 55.6 4.8
0.4-0.5 53.1 6.0
0.5-0.6 45.0 7.4
0.6-0.7 54.1 7.0
0.7-0.8 43.3 10.0
0.8-1.1 52.7 16.7

spectroscopic redshifts in our GAMA/SDSS DR7 cataloguee Th
redshift distribution of reliabler—band counterparts peaks at
Zphot = 0.25 & 0.05, with a median value of,no, = 0.3179:3%,

or zspee = 0.187039 if only spectroscopic redshifts are included
(here the errors on the peak are based on the half-width dfiehe
togram bin, and those on the median values are derived angaod
the 16th and 86th percentiles of the redshift cumulativguescy
distribution). The disparity between these median retishiues

is to be expected since the photometric redshifts are cardptot
fainter magnitude limits than the spectroscopic redshiige been
measured in the GAMA 9hr catalogue.

It is also interesting to note that the photometric redstist
tribution of excess 250m sources — reét,not ) — peaks at a lower
redshift than the intrinsic redshift distribution of the SB photo-
metric redshift cataloguei(zpnot ). This is not due to our inabil-
ity to reliably identify sources at higher redshifts, sirtbe N(z)
includes statistical non-detections, and indeed the nhadgmidis-
tribution of the true counterparts (calculated in seckidf) peaks
at brighter magnitudes then the backgrour(@n). This determi-
nation of realzpynot) indicates that the low redshift population of
HerschelATLAS galaxies in our &5 sample is generally at lower
redshift than the average SDSS galaxy, raising an integeqties-
tion about the~ 40% of HerschelATLAS sources which do not
have a counterpart above the SDSS DR?7 limit. The redder sub-m
colours of these blank field sources suggests that they aneictt
higher redshifts (see Figuké 7, and Secfiod 4.1), and furtbee,
the study oHerschel-ATLAS colours by Amblard et al. (2010) in-
dicates a second population of sources at 2. The fact that we do
not see a rising(z) for HerschebATLAS sources in SDSS out to
the SDSS limit suggests that the tat&@rschelATLAS n(z) is bi-
modal, with a low-redshift peak ata~ 0.35+0.05 (where the error
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Figure 7. Histograms of the SPIRE colours for those sources withbigia
galaxy counterpartsi > 0.8, shaded black), those for which the most re-
liable candidate haR < 0.8 (shaded red), and those remaining sources in
the MAD-X catalogue without any SDSS-band counterparts. All sources
are detected at 50 in the 250um band, and> 30 in the 350um band.
Those galaxies for which we identiff2 > 0.8 counterparts have consider-
ably bluer averag&sso /S350 colours than those for which we are unable
to identify a counterpart.

is once more derived according to the width of one histogram b
and a higher-redshift peak at> 1. Such behaviour is predicted in
several models of sub-mm galaxy populations (e.g. Lagathé e
2004; Negrello et al. 2007, Wilman et al., 2010) and also satgyl
by stronger clustering in samplestdérschelATLAS galaxies se-
lected to have redder far—infrared colours (Maddox et a020as
well as the steep upturn in théerschelATLAS number counts
at fluxes below 100 mJy (Clements et al. 2010) and the restilts o
BLAST, which include deeper optical samples with fainteecsp
troscopy, albeit with smaller object samples by more thaarder
of magnitude (Dunlop et al. 2010 and Chapin et al. 2010).

4 RESULTS

The resulting values for the likelihood ratio and reliatyilfor the
6621 % sources in the 250m selected catalogue are shown in
Figure[4. Approximately 58% of galaxies Wibso um > 32 mJy
are detected in our < 22.4 mag SDSS catalog, and of those we
identify 2423 counterparts with reliabiliti® > 0.8, which we con-
sider robust. Of these reliable counterparts, 1252 alse G&\LEX
detections in at least one ultraviolet band, and each shasei-
ther a reliable spectroscopic redshift (1099 galaxieshot@metric
redshift.

Figure[8 shows the fractional completeness in our identifica
tion catalogue as a function of the 2&t flux, and of the SDSS
DR7 r—band magnitude of the counterparts. The shaded areas indi-
cate the & uncertainty on the completeness derived from the Pois-
son errors on the number of sources brighter than a given imagn
tude/flux.

4.1 The sub-millimetre colours of SPIRE sources

In Figure[T we display theSas0/S350 colours of the 25@m
sources from thélerschelATLAS SDP catalogue with detections

at > 50 in the 250um band, and> 3¢ in the 350um band.
The sources have been divided into three sub-sets; thoseesou
with reliabler—band counterparts classified as galaxiesX{ 0.8,
black shaded histogram), those for which the most reliabialic
date hasR < 0.8 (red shaded histogram) and all of the remain-
ing sources in the MAD-X catalogue without amyband coun-
terparts (grey shaded histogram). The median SPIRE cofours
the three samples are quite different, with median colofi%g, /
Sss0 = 1.51,1.23,& 1.16 for the three respective samples. It
is clear that theR > 0.8 sources are considerably bluer than
the SPIRE sources without (reliable) counterparts, andri@sse
of Kolmogorov—Smirnov tests confirms that no two of the three
sets of histograms are drawn from the same parent diswibati

> 99.9999% confidence.

The differences between the colour populations may be due to
those sources without reliable counterparts residinggttdrired-
shift than those for which we can identify reliable countatp,
causing the peak of each such source’s far-infrared specieegy
distribution to move to longer wavelengths.

It is also clear that those sources for which the most rediabl
candidate counterpart hés < 0.8 are a different population from
those for which we identify ne—band counterparts. Half of these
sources can be explained by the expected number which ave abo
the SDSS limit but for which we cannot determine a reliablerco
terpart, and the other half simply have an unrelated SBSfnd
source within the search radius. This is reflected in theogisim
for these sources having colours intermediate betweerettabie
counterparts and the “no potential counterparts” sampieson-
tains roughly equal fractions of both types of object (preahly
high and low redshift).

We also compare the far—infrared colours with the results of
Amblard et al. (2010 - their Figure 1 and our Figliie 9). In this
figure (which uses the same colour scheme as Figure 7, with the
R > 0.8 counterparts in black) we consider only those sources at
> 50 in the 250um and 35Q:m bands and> 3¢ in the 500um
bands to ensure a fair comparison. We identify 133 such ssurc
with R > 0.8 counterparts in our SDSS-band catalogue.

4.2 Lensed sources itd-ATLAS

Wide—field sub-millimetre wavelength surveys such as the
HerschelATLAS are particularly well-suited to detecting large
numbers of strongly—lensed sources (e.g. Blain, 1996, dleget
al., 2007), in which intrinsically faint distant galaxiesaynbe mag-
nified by an otherwise unrelated foreground massive objeciga
the line of sight (e.g. galaxy, galaxy cluster), and obsgatemore
readily—detectable flux densities. Strong lensing can nbt am-
plify the brightness of these distant soures, but also aszeheir
angular size, allowing galaxies to be studied on scaleslenthhn
would otherwise be possible, making samples of stronghsdd
galaxies an important cosmological probe (e.g. Swinbankl.et
2010). At bright 50Q:m flux densities £ 100 mJy), after remov-
ing very local galaxies and blazars from the source counésstr-
face density of sources on the sky is dominated by stroregigdd
galaxies, with large—area surveys suchHerschelATLAS re-
quired to detect them due to their paucity on the skyd(5 deg ?).
This method of selecting lensed sources has one huge adeanta
over other methods, in that the selection efficiency is atM68
percent (Negrello et al., 2010).

Of particular interest in Figurg] 9 is the positioning of tH& 5
R > 0.8 galaxies withS250/S350 < 1.5. The redshift loci of
Arp220 and M82 templates from Silva et al. (1998), shown aegr
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Figure 8. Left: Completeness of our identification catalogue as atfan®f 250um flux. The ordinate indicates the fraction of 2b® sources brighter than
the flux given by the abscissa, for which we have reliably fified counterparts in the SDSS DR*band data. We can reliably identify the counterparts to
36.6 percent of the 6621 sources in our Z50um—selected catalogue down to the limit of ewband SDSS DR7 catalogue. Right: The fraction of sources
with statistical identifications in our SDSS DR#band catalogue (i.e. réah)) which can be reliably identified wit&® > 0.80, not accounting for the value

of Qo. We reliably identify~ 63% of those counterparts that are detected inrour 22.4 mag survey data. The shaded regions indicate thertcertainties

in these completeness fractions, determined based on tsgoR@rrors on the number counts.
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Figure 9. SPIRE colour—colour diagram, showing the colours®250.:m
and 35Qum sources with> 3¢ detections in the 500m band. The colour
scheme is as in Figufé 7. The green and blue lines represisitiftecolour
tracks betwee.0 < z < 5.0 based on Arp220 and M82 template SEDs
from Silva et al., 1998, with solid circles along the trackdicating the lo-
cations in colour—colour space of integer redshifts betvihese two values
for that template.

and blue respectively, suggest that sources with such iteside
atz > 1.0, despite the photometric and spectroscopic redshifts of
their reliable optical counterparts residingzat< 1.0 (Figure[).
This disparity is, for some of these sources, caused by trelbig
of galaxies in the 350/500m bands (the results of Rigby et al.,
2010, suggest that the extracted %00 flux densities of more than
a quarter of> 50 sources are enhanced by factors of up-®due
to multiple sources residing within a beam, for example)wHo
ever, it is also possible that some of these are intringidatih—
redshift far—infrared sources which are strongly lenseddy-
redshift foreground galaxies. The models of Negrello ef2007)
predict that the fraction of lensed sources to these seitgiimits

is ~4%. In our cataloguey-14% ofHerschelATLAS sources with
low—redshiftR > 0.8 counterparts havBaso /S350 < 1.5, consis-

tent with highz galaxies (209 out of 1480 sources that are detected
at > 50 at 250 and 35@m and> 30 at 500um). These num-
bers suggest that approximately one third of these souregsm
strongly-lensed galaxies, although more realistic sithoha will

be required to thoroughly test this interesting hypothesis

4.3 Multiple sources

We may also use our catalogue to identify 280 sources with
multiple counterpart galaxies, by considering those wihiabe at
least oneL > 5.0, R < 0.80 optical source within 10 arcsec
(of course, this will also select low-probability superjiosis of
sources on the sky, e.g. Arp, 1967). There are a total of 1&8 su
250um sources which have at least one counterpart Wwith 5.0
and R < 0.8 in our catalogue. It is possible that these sources
contain multiple interacting counterparts, and indeed fdithese
sources have at least two counterparts with spectroscegahifts
with Az < 0.001 (including one of the radio sources mentioned in
appendiX’A2, H-ATLAS J090631.3+004605). SDSS three-golou
images of each spectroscopically-confirmed galaxy intenaare
shown in Figuré_T10. There may be further examples for which we
do not have spectroscopic redshifts.

For a more “complete” sample of cross—identifications,
sources above some thresholdicould be considered, however in
this case there is no immediate information to decide whfdhe
multiple counterparts contributes most to the SPIRE fluxheuit
resorting to priors on e.g. the colours of sources (e.g. Ruza
et al., 2009). This is work which we are pursuing and will ldok
implement in our next data release.

Finally, there is one additional source (H-ATLAS 090130.2-
00215) with two high LR counterparts that have differingcpe-
scopic redshifts. This 250m source has counterparts with =
15.8 & 35.0, residing atzspec = 0.196 and zgpec = 0.255, re-
spectively. The latter counterpart is als@a< 0.20 radio source,
mentioned in appendix’A2, and presumably constitutes orieeof
low-probability superpositions mentioned above. We alste hat
merging sources may have real positional offsets betwezdukt
emission in the far—infrared and the starlight which dorésahe
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Figure 10. SDSSgri colour images centred on the positions of four SPIRE 2500 sources with at least one counterpart with> 5.0 and R < 0.8, and
with at least two spectroscopic redshifts withie = 0.001 of each other (indicated by the red dashed circles). Eachensa40 arcsec on a side orientated
such that North is up and East is to the left.

optical (see e.g. Zhu et al.

2010a).

4.4 Unresolved sources

Although the main focus

, 2007, lvison et al., 2008, ort®wetial.,

of this paper is the reliable idecxii

tion of galaxies selected at 2@, we have also applied the LR
method separately to identify any reliable unresolved sair\We
have used our spectroscopic data set to further split thelgiqn

of unresolved sources in to groups of candidate stars andsQSO

There are a total of fiv&x >

0.80 unresolved sources in the 2t

selected sample (green asterisks in Figlire 2), of whiclethceupy

the stellar colour-colour locus, while two have colours pectro-
scopic redshifts consistent with being QSOs.

Studying these objects in detail is beyond the scope of this
paper, but see e.g. Thompson et al., (2010) for a discus$sele
lar sources in théderschelATLAS and the identification of two
candidate debris disks.

5 CONCLUSIONS

We have demonstrated that the likelihood ratio method ofi&ut
land & Saunders (1992) is an appropriate way to determirie rel
able counterparts for 25@m—selected galaxies from thterschel
ATLAS science demonstration phase observations in the SDSS



DR7 r—band observations of the GAMA 9 hour field. We have
determined reliableR > 0.8) counterparts to 2423 out of 6621
sources detected at a SNR5, and found that-59.3% have coun-
terparts brighter than r = 22.4 (the limit of our catalogi® iden-
tify reliable counterparts to 36.6% of tl260.m sources (2423 out
of 6621), and our calculations in section]2.2 suggest thasam-
ple is 61.8% complete down to the SD8Shand limit of our cat-
alogue, in the sense that we have reliably identified 2428 teou
parts out of the)y x 6621 ~ 3925 counterparts that are actually
detected in the SDSS DR7 data.

We show from a consideration of their sub-mm colours that
those sources without optical counterparts appear tog@sicigher
redshifts than those with optical counterparts in our atdd ancil-
lary data. We compute the completeness of our reliableamnialas
a function of redshift, and find th&terschelATLAS sources with
SDSS counterparts have a lower median redshift than theaene
SDSS population, suggesting a bimodéat) for HerschelATLAS
sources. For this bimodal(z), we find that the lower redshift pop-
ulation has a median redshift of = 0.4073:2> (with the errors
calculated according to the 16th and 86th percentiles ofade
shift cumulative frequency distribution), and that thethigdshift
population peaks at > 1. We also find evidence for a popula-
tion of sub—millimetre—selected interacting galaxies] anggest a
possible method for selecting samples of strongly—lenséakies.
Finally, we find five new positions fdRAS-FSC/IIFSC sources
based on our LR analysis and higher-resolution PACS and SPIR
data.

The UV/optical/near—infrared identifications to the 260
selected sample, as well as their photometric and speofizsc
redshifts, are available for download from thikerschetATLAS
webpageht t p: // ww. h- atl as. org.
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APPENDIX A: CHECKING THE IDENTIFICATION
PROCESS

Al IRASsources

arcsec to the North of the IRAS positioHerschelATLAS data,
however, reveal a bright sub-millimetre sours&0 arcsec to the
East, associated with an-band counterpart & = 0.994. This
source was therefore also mis-identified in the lIE®@talogue.

e F09009-0054: The lIFS£catalogue position for this source
was derived using data from the NRAO VLA Sky Survey (NVSS,
Condon et al., 1998), and resides within the extended stediD
of thez = 0.04 galaxy 2MASX J09033081-0106127 in the SDSS/
UKIDSS-LAS data (which is also detected in each of the PAGE an
SPIRE bands). The higher resolution of the SDSS DR7 catalogu
compared with the NVSS data anBASpositions enables us to
derive a more accurate position for the counterpart to thisce,
with R = 0.999.

e F09047-0040: The PACS/SPIRE detection of this source is lo-
cated approximately 40 arcsec away from the IRAS positianiegl
in the catalogue. We identify an SDSS DR7 optical countérpar
with a more accurate position, and reliabilfy= 0.999.

Table[Al contains new positions for our reliable countespar
to thesdRASsources. Assuming that our new identifications to the
IRASsources are correct, we recover reliable counterparth @it
curate positions) to all of the IIFSCsources aR > 0.8, as com-
pared with~89 percent (31/35) of sources for the IIFSiGelf (we

In the 9hr field SDP region, there are a total of 35 detections exclude the two sources with clearly mis—identified coyrdes,

from the ImperiallRAS-FSC Redshift Catalogue (IIFSCWang
& Rowan-Robinson, 2009, building on th@ASFaint Source Cat-
alogue of Moshir et al. 1992), the majority with associatptiaal/
near—infrared positions of high reliability. By matchingr@50pm
selected catalogue with the IIFSCand comparing the results to

our LR analyses, we can provide a first check on the accuracy of

our associations. There are 30 sources in the |F-®@at have cata-
logue positions within 10.0 arcsec of the 240 source positions.
Each of the positions in the IIFSCcatalogue for these sources
matches an SDSS DRY7 position within 2 arcsec, and has fdlabi
R > 0.80.

There remain five IIFS&sources for which we do not recover

SDSS/SPIRE matches within 10.0 arcsec. In Fifure A1, we show

greyscale images of théerschelATLAS PACS 10Qum observa-
tions of the regions surrounding these five IIES§burces, cen-
tred on the quoted IIFS£catalogue positions. It is clear that each

IIFSCz source has a bright PACS detection less than one arcminute

away, with the PACS 100m observations being of considerably
higher sensitivity and resolution than thatlBfASat 60um (this is
the band on which the l1IFSQs selected).

Here we discuss each of these sources individually.

e F08555+0145:; This source has an IIES@osition derived
from the SDSS DR&, residing approximately 40 arcsec awam fro
the IRAScentroid. The bright PACS/SPIRE source within the 1
positional errors of the IRAS centre is associated withran
17.9 mag galaxy approximately 1 arcsec away, which is ndten t
SDSS primary photometry catalogue. It is clear that thisésdor-
rect association, with a reliability based on its newly—mead
magnitude and separation & = 0.999, and that this source was
mis-identified in the IIFSE.

e F08598-0103: IIFSE contains only an IRAS—derived posi-
tion for this source in the absence of any counterparts tatan
the ancillary data available at the time. Using our higleestution
PACS/SPIRE observations, we are able to identify the olptman-
terpart, approximately 30 arcsec away from the lIES®sition,
with R = 0.999.

e F08599+0139: The lIFSEposition for this source is also de-
rived from the SDSS DR6, suggesting a source approximately 1

and also the two sources with no identified counterparts).

A2 A comparison with radio observations

We also compared the results of our likelihood ratio analysi
data from the Faint Images of the Radio Sky at Twenty centime-
tres (FIRST) Survey (Becker, White & Helfand, 1995). The §IR
survey covers 9,000 square degrees of sky with a resolufi@n o
arcsec, with a source density of approximately 90 per sqdere
gree brighter than the detection threshold ef Iy. At these rel-
atively bright flux limits, the source population is domiedtby
Active Galactic Nuclei (AGN) rather than star—forming sces
(e.g. Wilman et al., 2008); as a result the overlapping pemnh
of sources between thié¢erschetATLAS and FIRST catalogues is
not expected to dominate the number counts.

To make the comparison between our LR analysis and FIRST
sources, we used the frequentist identification procedibewnes
et al. (1986), commonly used to quantify the formal signiiia
of possible counterparts to sub-millimetre galaxies inaatirvey
data (e.g. Lilly etal., 1999, lvison et al. 2007). In this gedure, the
statistic used to assess the probability that a nearby smdicce is
notassociated with the SPIRE sourceSis= 7% x n(> F), where
r is the angular distance between the SPIRE source and the radi
source,F' is the flux density of the radio source, an¢> F) is
the surface density of radio sources with flux densitiestgrehan
this. For each SPIRE source, we looked for radio sourcesan th
FIRST catalogue within 10.0 arcsec, and treated the radiccso
with the lowest value 0F' (Smin) as the one most likely to be asso-
ciated with the SPIRE source. We used a Monte-Carlo sinmnati
(e.g. Eales et al. 2009) to determine the probability digtion of
Smin 0N the null hypothesis that there are no genuine assocgation
between radio sources and SPIRE sources.

We then used this probability distribution to determine the
probability that each measured value%f;, would have occured
by chance. We call this probability’. Of the 6621505 250um
SPIRE sources, 105 have radio counterparts within 10.@ered
with values of P’ < 0.002. However, this does not take account
of the fact that with such a large sample of SPIRE sources one
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Figure A1l. PACS 10Qum greyscale cutout images showing the regions surrountliedite IIFSC: catalogue positions for which we do not find a match
within 10.0 arcsec in our SDSS/SPIRE catalogue. The IF8&alogue positions are denoted by a black cross (2 derieed $DSS positions, 1 from
NVSS and 2 from the original FSC), with the SDSS DRand contours overlaid in blue and tHAS-FSC b error ellipse overlaid in dashed red. The
white crosses denote the positions of tRe> 0.8 SDSS DR7 counterparts from our likelihood ratio analysisede sources are discussed in more detail
in sectio”Al. Using our SDSS DRY likelihood ratio analysigl ¢he higher-resolution SPIRE 256n positions as our starting point, we are able to derive
R > 0.8 counterparts for four of the five IFSGsources, positions of which are given in Tdblg AL. The exoaps F08555+0145, for which the bright galaxy
approximately centred on the PACS 1@® source is not present in the SDSS DR7 primary photometatagate (however we include a manually-measured
position in Tabl&AL).

Table Al. Updated positions of the [IFSCsources, which were previously mis-identified, or idertifigith only NVSSIRASpositions in Wang & Rowan-
Robinson (2009). The position angles of tRASpositional error ellipses were orientated 2@ast of North.

New positions IIFSE catalogue positions IRAS-FSC catalogue positions
IIFSCz ID RA Dec source R RA Dec source RA Dec

Omaj Omin

F08555+0145 134.535 1.5649 This paper  0.999 134539 1.55388DSSDR6 134.533 1.5639 B2 9
F08598-0103  135.602 —1.2622 SDSSDR7 0.999 135.609-1.2623 IRAS-FSC 135.609 —1.2623 30 8"
F08599+0139 135.636  1.4582 SDSSDR7 0.994 135.627 14629 SS$IR6 135.628 1.4599 28 77
F09009-0054  135.879 —1.1033 SDSSDR7 0.994 135.883—-1.1059 NVSS 135.884 —1.1127 21 7
F09047-0040  136.829 —0.8693 SDSSDR7 0.999 136.838—0.8726 IRAS-FSC  136.838 —0.8726 27 8"

expects to find some low values &f even if there were no gen-  SDSS images displayed side-by-side with the Downes et dl. an
uine associations between the SPIRE sources and FIRSTt@bjec LR analysis overlaid. In this manner, we compared the resfit

We used a Monte-Carlo simulation to determine that 15 of 8% 1 the two independant identification methods. In forty-twees the
associations are likely to be spurious. To correct for thiscalcu- P < 0.20 radio counterpart is also identified as haviRg> 0.80

lated a new probability for each associatidgh,= aP’, wherea in ther—band data, and the two methods choose the same counter-
is a constant that we calculated ushgy P/ = 15. We took the part.

conservative decision to treat associations with< 0.2 as coun-

terparts which are likely to be genuine, which rejected 2%hef

original 105 associations. There are thirty SPIRE sources with high qualify & 0.20)
FIRST counterparts which we do not recover in our LR anajysis
There were a total of 76 SPIRE sources with< 0.20 coun- cluding twenty—three SPIRE sources which do not have-aband

terparts, and each of these was scrutinised using the FIR8T a counterparts in our SDSS DR7 data (presumably distantalfyt-
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faint radio sources). Of the remaining seven sources Rith 0.20
FIRST counterparts:

e Four counterparts are detected in the optical data but have
low reliabilities due to their faint magnitudes, or largg@arations
in comparison to the value af,.s derived based on the 23@n
source SNR.

e Two sources have multiple, possibly interacting compament
with L > 10.0 but R < 0.8, only one of which is a radio source
(these sources are discussed in sefioh 4.3).

¢ In one further instance, the radio source has a double-lobed
structure (a so-called FR-Il, following Fanaroff & Riley974), not
coincident with either the dust emission or the starlighthimplane
of the sky. The lobes of this FRII are extremely bright; asslte
the P statistic suggests that there is a low probability of a chanc
association, even though the separation between the SRIBE p
tion and the FIRST centroid is large. The LR technique idesti
the apparent host galaxy — aligned at the centre, betweemnvthe
luminous radio jets — as having = 0.0 due to its large separation
(~ 9 arcsec) from the SPIRE centroid; this is an example of the
limitations of the Downes et al. method.

However, these possibilities do not contaminate the;280
selected sample with incorrect associations. There aresVew
four instances where distinct counterparts hae> 0.20 and
R > 0.80; here, the opposite is potentially true and the two meth-
ods conflict. These sources have derived reliabilities 7,00.98,
0.81 and 0.93 as compared with distinct Downes et al. copaites
with P statistics of 0.08, 0.07, 0.02 and 0.19, respectively. &hes
sources are shown in Figure]A2, in which the 10.0 arcseclsearc
dius centred on the 25@m position is shown in red, any unreliable
optical counterparts in black, the reliable optical ID ight blue,
and the radio contours overlaid in royal blue. In two of therfo
cases, the additional sources implied by the radio dataisitéevin
K s—band observations from VIKING (Sutherland, 2009), indica
ing that these sources are not merely effects of the largetiqaal
uncertainty in FIRST as compared with SDSS. Futhermoregtbf
the four sources have SPIRE colos /S350 < 1.5, suggesting
high redshifts £ > 1) or cold dust temperatures, with the former
being at odds with the photometric redshifts of their mobabde
counterparts4 < 0.55). Sources with similar SPIRE colours and
low-redshift counterparts are discussed in more detaileictien
.

Finally, we note that probabilistic arguments such as tdise
cussed here will inevitably present apparent disagreesrfenta
small number of sources within large samples. In the remgini
101 out of 105 cases however, the results of our LR analysis ar
consistent with those using the FIRST catalogue and”lstatis-
tic, and crucially we recover an additonal 2,348 countégpaom-
pared with 31 extra counterparts to the 260 sources obtained by
using only the radio data.

A3 Spitzerobservations

An additional check on the identification process was cotetlic

by searching for mid—infrared data from tiSpitzer Space Tele-
scopeheritage archive, in order to compare the reliabilitiesrfro
ourr—band catalogue with near- and mid—infrared images between
3.6 and 16Q:m. Four sets of observations were found which over-
lapped with theHerschelATLAS SDP observations These data
can be used to examine the regions surrounding the SPIRE IDs
for additional sources which may not be present inrtHigand cat-

alogue used for the identification process, as a visual cbe¢ke
effectiveness of the LR technique.

There are a total of 49 sources that h&mtzerdata, and al-
though these data vary in sensitivity, there is no evideaewould
suggest a mis-identification from the-band catalogue. Such in-
dications of wrong IDs would include reliableR( > 0.8) r—
band counterparts indicated for SPIRE sources which hage pr
viously unrevealed brighSpitzersources nearer to the centre of
the SPIRE centroid. Indeed, in one case in particular (H-AS$L
J090913.2+012111), the sensitive IRAC data reveal the pofve
the LR technique. Although there are three potential copatts
inthe SDSS DR7-band catalogue all within 6 arcsec of the SPIRE
centroid, they have all been given low reliabilitR (< 0.30, and
alsoL < 0.20). The IRAC 3.6um data reveal a fourth candidate
counterpart within 1 arcsec of the SPIRE position, whichris-p
sumably the true counterpart. Theband and IRAC 3.6m data
are presented in Figuke A3, with the various source positamer-
laid to demonstrate the robustness of the LR method for Hrisgp
ular source, but also the need for longer-wavelength obtens in
order to be able to reliably identify the counterparts tchieigred-
shift sources. The forthcoming data from the VISTA Kilo-deg
INfrared Galaxy (VIKING) survey and from the Wide-field lafr
red Survey ExplorerWISE— Duval et al., 2004) satellite will en-
able this.

This example also highlights one crucial advantage of using
the LR technique foHerschekurveys rather than opting simply for
the Downes method; the LR method takes into account thelatt t
not every source has a counterpart that is brighter thanetteetion
limit in ancillary survey data.
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Figure A2. Cases in which the LR method applied to the SDSS DR7 data anfé-thtatistic (Downes et al. 1986) method applied to the Fl&ga produce
different robust counterparts to 2pn sources. In each panel, the 10.0 arcsec search radiugat@B50.m position is shown in red, with any unreliable
counterparts circled in black. Reliable counterparts ftbenLR analysis are circled in light blue, while the royalékontours reveal the FIRST counterpart.
The P statistic for the FIRST source and the value of the relighiR, of the most reliable SDSS DR7 counterpart are given in théigure captions for each
250um object. Thumbnail images are orientated such that Nouip @nd East is to the left.
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Figure A3. SDSSr—band (left) andSpitzer Space TelescopRAC 3.6um image of the region surrounding source H-ATLAS J09091312411, at

a =137.305,6 = 1.3532 (position shown by the red circle, which has a radfus0d) arcsec). The—band image contains three sources (blue 2 arcsec
circles) that are identified as potential counterparts@d3RIRE source, with reliabilities of 0.00, 0.29, and 0.6@i(& = 0.00, 0.17 and 0.00) for the sources
labelled A, B and C, respectively. The IRAC 36 channel image (right) reveals an additional source witharcsec of the SPIRE centroid (dotted light
blue 2 arcsec radius circle). The low reliabilities assmdavith ther—band detections indicates the power of the LR techniqubkisncbntext. Images are
orientated such that North is up and East is to the left.
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