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The context
(only galaxies/ see other talks for QSO’s, clusters, lensing) 

There are several competitive current and future 
‘static’ NIR surveys with science drivers focused 
on EG astronomy (UKIDSS www.ukidss.org/index.html , VISTA 
www.vista.ac.uk/index.html   VIRMOS VDS www.oamp.fr/virmos/virmos_vvds.htm, etc.)

• NIR traces Ms, the galaxy stellar structure, hot dust, and 
in combination with opt. bands, provide key information 
about the stellar pop’s.

• High-z pop’s: e.g., already-in-place at z~1-3 L✴ E’s are revealed 
in NIR surveys; SF-ing giant galaxies at z>4-5; growth of 
structure and bias from z=3 to z=0 //  but z is crucial!

http://www.ukidss.org/index.html
http://www.ukidss.org/index.html
http://www.vista.ac.uk/index.html
http://www.vista.ac.uk/index.html


Sensitivity

Sky area (large statistics)

    

z~0

-Low L, low SB pop’s 
(dIrr,  BCD, dSph, LSB).

-Outer galaxy regions 
(structure, dust)

z>0
-Sample completeness 
down to low L’s & 
SB’s (SMF up to z~4)
-Galaxy evolution     
(K~22 for a L✴ E at z=3)

z~0
-Morphology (T, bars, 
rings, shells,...) & global 
structure of gal’s (SB 
profiles, radii, B/D ratio, 
CAS, lopsidness) 
-Stellar scaling relations
-Environment corrtn’s

z>0
-Clustering of different 
pop’s at different z’s

-Statistics of rare objects
-LSS studies: correlations 
functions, BAO’s, voids & 
superclusters (ISW)

What might  be 
the SASSIR 
strengths?



The dashed line shows the Euclidian number 
counts relation, which goes as 10-0.6K, i.e. the 
position of a survey relative to the line is a relative 
measure of the volume of space surveyed. This 
illustrates, for example, that for surveys for brown 
dwarfs 2MASS will detect many more than the 
KPNO survey, and the LAS is an order of 
magnitude bigger than 2MASS.

Spectral range

z~0
-YJHK color-color traces 
SF activity & hot dust
-By combining with 
opt. bands, full SP 
description, age-Z 
degeneracy broken

z>0
- N I R c o l o r- c o l o r 
diagram may select high-
z galaxy pop’s (gal. evol.). 
-Opt. bands important for 
photometric z’s.

Ultra Deep Survey?

Sasir



The local universe
Bell et al. 03 ApJS, 149, 249oNIR M/L  ~ insensitive to 

galaxy or stellar type 

NIR light ~ insensitive to 
dust extinction

K-correction in K-band ~ 

insensitive to galaxy type    ⇒
NIR traces well galaxy Ms & 

stellar structure
BUT, NIR sky SB (K:14-15) >> 
outer SB of gal’s or even central 
SB’s of low-L and LSB gal’s

NIR bands are ideal for inferring 
stellar (and eventually baryonic) 

galaxy properties and 
correlations, (i) to be compared 

with models, and (ii) to 
determine the ‘efficiency’ of 
galaxy and star formation  

Baldry et al. 08, MNRAS

‘baryonic’ CDM halos

baryonic galaxies
stellar galaxies

but even in K-band, to estimate Ms, a color is needed!



The local universe
Bell et al. 03 ApJS, 149, 249oNIR M/L  ~ insensitive to 
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NIR light ~ insensitive to 
dust extinction

K-correction in K-band ~ 

insensitive to galaxy type    ⇒
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stellar structure
BUT, NIR sky SB (K:14-15) >> 
outer SB of gal’s or even central 
SB’s of low-L and LSB gal’s

NIR bands are ideal for inferring 
stellar (and eventually baryonic) 

galaxy properties and 
correlations, (i) to be compared 

with models, and (ii) to 
determine the ‘efficiency’ of 
galaxy and star formation  

baryonic galaxies

Baldry et al. 08, MNRAS

baryon and stellar fractions, a key constraint 
to the galaxy formation models

?
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Table 1. Sample sizes of K-band galaxy luminosity functions.

Paper Number of galaxies in sample

Loveday (2000) 345
Kochanek et al. (2001) 3878
Cole et al. (2001) 5683
Huang et al. (2003) 1056
Bell et al. (2003) 6282
Eke et al. (2005) 15 644
Jones et al. (2006) 60 869
This work 36 663

A second advantage is that the K-corrections in the
K-band are also relatively independent of galaxy type
(Mannucci et al. 2001), leading to smaller uncertainties in
the absolute magnitudes.

A third advantage is that dust is much less of a prob-
lem in the near-infrared than in the optical. This means
that, whereas optical measurements of galaxy properties are
affected by dust obscuration, and therefore strongly depen-
dent on the inclination of the galaxy, producing a smoothing
of the galaxy luminosity function, this is not such a problem
in the near-infrared (Driver et al. 2007b; Maller et al. 2008).

However, the main disadvantage of the near-infrared
(for ground-based telescopes) is the sky brightness, which is
around 13.5 mag arcsec−2 in K for the data used here (Dye
et al. 2006).

There have been several studies of the low-redshift NIR
galaxy population in recent years, using the Stromlo–APM
redshift survey and CTIO imaging (Loveday 2000), 2MASS
imaging and various redshift surveys (Kochanek et al. 2001;
Cole et al. 2001; Bell et al. 2003; Eke et al. 2005; Jones
et al. 2006) and the Hawaii+AAO K-band redshift survey
(Huang et al. 2003). Table 1 shows the sample size of some
previous K-band LF estimates. The principal uncertainty
remaining is connected with the low-luminosity end of the
luminosity function. Moreover, there has been significant
discussion about possible low-surface brightness incomplete-
ness in 2MASS (Andreon 2002), which would affect the low-
luminosity end of the luminosity function.

Here we present the first statistical study of galaxies
in the UKIDSS Large Area Survey, while leaving detailed
investigation of surface brightness completeness and the very
faint-end of the luminosity function to future work.

This paper is organized as follows. Details about the
sample used are found in Section 2. The method of analysing
the data is described in Section 3. In Section 4 the bivariate
brightness distribution (BBD) and luminosity function are
presented. The stellar mass function (SMF) is estimated in
Section 5. There is a discussion in Section 6, followed by the
conclusions in Section 7.

For ease of comparison with previous results, a flat cos-
mological model with ΩM = 0.3 and ΩΛ = 0.7 is used,
with H0 = 100h km s−1 Mpc−1. AB magnitudes are used for
SDSS magnitudes and Vega magnitudes for K-band quanti-
ties. For reference, AB and Vega magnitudes are related in
the r-band by rAB = rVega + 0.146 and in the K-band by
KAB = KVega + 1.900 (Hewett et al. 2006).

2 DATA

All of the galaxies used in this sample are drawn from the
main galaxy sample of Data Release 5 of the Sloan Digital
Sky Survey (SDSS; Adelman-McCarthy et al. 2007), from
which the optical photometry and spectroscopic redshifts
used in the analysis below are obtained. The imaging sur-
vey covers 8000 square degrees, yielding a sample of 783 070
target galaxies. As of DR5, the spectroscopic sample had
covered 5740 square degrees of the imaging area, with high
redshift completeness.

The UKIRT Infrared Deep Sky Survey (UKIDSS),
described in the reference papers, Hewett et al. (2006),
Lawrence et al. (2007), Casali et al. (2007), Irwin et al.
(in preparation) and Hambly et al. (2008), consists of five
surveys at a variety of depths and areas and using various
combinations of the ZY JHK filters. K-band data for this
paper are taken from the UKIDSS Large Area Survey (LAS),
which is contained within the field of SDSS.

UKIDSS Data Release 3 (Warren et al., in preparation)
was released in December 2007, with the LAS containing
coverage in Y JHK, including 1189 square degrees of cover-
age in K to a 5σ depth of 18.2mag, in both north and south
Galactic poles (NGP and SGP respectively).

2.1 Area covered by the UKIDSS–SDSS sample

The volume, and hence the area, must be well estimated
for the normalization of the luminosity function and related
quantities. Given the complex geometry of the overlap region
between the two surveys, we estimate the area by dividing
the number of galaxies in the matched sample by the number
density of sources (per square degree) in the SDSS sample.

A substantial fraction of the region of overlap between
the two samples was surveyed in the SDSS Early Data Re-
lease, so we use the limit of r < 17.6 (de-reddened Petrosian
magnitude) rather than r < 17.77 used in later versions of
the SDSS main galaxy selection algorithm. This corresponds
to 635 320 target galaxies over the whole area.

The number density is estimated using the total area
of the SDSS imaging survey (8000 square degrees) and the
number of galaxies targeted for spectroscopy in the SDSS
main galaxy sample. But first the size of this sample must
be corrected for those objects included that are not galax-
ies. In SDSS DR5, the number of target galaxies with good
spectroscopic redshifts (zConf > 0.8) and with de-reddened
Petrosian magnitudes brighter than r = 17.6 is 391 052.
Of these, 384 617 are spectroscopically classified as galaxies.
This suggests that around (391 052−384 617)/391 052 = 1.6
per cent of the target galaxies are not in fact galaxies. Tak-
ing this into account gives a corrected target sample size of
624 865, giving a source density of 78.11 galaxies per square
degree.

The two data sets were matched using the WFCAM Sci-
ence Archive (WSA).1 The initial sample was found by se-
lecting all closest matches within 2 arcsec with good, nonzero
spectroscopic redshifts (SDSS zConf > 0.8), classified spec-
troscopically as galaxies and having no major quality control
issues flagged in K (UKIDSS kppErrBits < 256), yielding a

1 http://surveys.roe.ac.uk/wsa/
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ture fluxes, the ellipticity and the seeing, all made available
in the WSA (the pipeline does not measure the half-light
radius).

2.4 Surface brightness

The half-light, or effective, surface brightness is estimated
from the half-light radius by (Blanton et al. 2001)

µe = m + 2.5 log 2πr2
e (1)

where m is the Petrosian magnitude.
Tests on the UKIDSS source extraction (Cross et

al., in preparation) suggest that, for a de Vaucouleurs
profile, galaxies with surface brightness fainter than
19.5mag arcsec−2 are likely to have their fluxes and sizes
underestimated. For well-defined sample limits, we should
impose a cut in surface brightness at that value. However,
when investigating the space density of galaxies with high
surface brightness, this limit can be safely ignored, since
for the vast majority of the sample, the faint magnitude
limit in r provides a stronger constraint on the visibility
of the galaxy. So in order to include at least some low-
surface brightness galaxies in the analysis we set a limit of
µe < 21mag arcsec−2.

The combined limits in K-band Petrosian magnitude
and Petrosian radius will impose a limit on the effective
surface brightness for each galaxy. For Sérsic (1968) indices n
between 1 and 4, the Petrosian radius is approximately twice
the effective radius (Graham et al. 2005), so the faintest
effective surface brightness will be given by

µe ! 16 + 2.5 log 2π(6 arcsec/2)2 (2)

= 20.38mag arcsec−2 (3)

using the limits in Petrosian magnitude and radius described
above. Fainter than this, there is a sharp decrease in the
number counts as a function of surface brightness. We can
therefore expect to find significant incompleteness at low
surface brightness.

The SDSS main galaxy sample has a limit of µe !
24.5mag arcsec−2 (Strauss et al. 2002). This limit is taken
into account here, although it has a negligible effect on
our results. Very few galaxies in our sample have µe,r >
23mag arcsec−2, so we assume the limit in SDSS surface
brightness adds no further incompleteness to the sample,
once the magnitude limits in r and K and the surface bright-
ness limit in K have been considered.

2.5 Redshifts

Galactocentric velocity corrections are applied (Loveday
2000), which typically change the redshifts such that each
galaxy in this sample is 0.005± 0.01mag fainter, with some
low-redshift galaxies (z " 0.01) changed by almost 0.1mag.

Figure 5 shows the redshift distribution of the sample,
excluding those sources that lie outside the limits in (appar-
ent) magnitude, radius, surface brightness and redshift used
in the analysis below. The presence of large-scale structure
can be seen.

A high redshift limit of z < 0.3 is imposed to limit the
effect of K- and evolution-corrections (see below).

A low redshift limit of z > 0.01 is chosen to limit the

Figure 5. Redshift and K-band absolute magnitude distribu-
tion of the sample (contours, points and left-hand y-axis) and
histogram of redshift distribution (thick red curve, right-hand y-
axis). For reference, the absolute magnitude as a function of red-
shift corresponding to a source at the K-band faint magnitude
limit, with typical K- and evolution-corrections and neglecting
the r-band limit, is shown by the blue dashed curve. It can be
seen that relatively few galaxies are observed near the K-band
magnitude limit; this is because of the r-band magnitude limit.

Table 2. Limits set on observed quantities, used to define the
sample and to estimate the contribution of each galaxy to the
space density.

Quantity Minimum Maximum

K Petrosian magnitude - 16 mag
r Petrosian magnitude - 17.6 mag
g fiber magnitude 15 mag -
i fiber magnitude 14.5 mag -
K Petrosian radius - 6 arcsec
µe,K - 21 mag arcsec−2

µe,r - 24.5 mag arcsec−2

z 0.01 0.3

effect of peculiar velocities, which are not taken into account.
Note that this limit would need to be relaxed in order to
sample galaxies with very low luminosity.

Table 2 shows the various limits on the sample.

2.6 K- and evolution-corrections

K-corrections (to z = 0) are estimated using kcorrect
(Blanton & Roweis 2007). The five optical Petrosian mag-
nitudes (ugriz), before the evolution corrections have been
applied (see below), are used to fit galaxy templates to each
galaxy, from which the K-correction is derived in r and K.
WFCAM filter files have been generated from Hewett et al.
(2006). Due to the inconsistent Petrosian apertures between
UKIDSS and SDSS bands, we do not have good optical–
near-infrared galaxy colours and so we have not been able
to use the full set of bands (ugrizY JHK) for the template
fitting.

When covering a significant range in redshift, it is im-
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Figure 1. Sky coverage of the sample, showing the principal
regions used for the jackknife samples (see Section 3.1), each of
which is further subdivided into strips in RA (4 in the NGP4
region and 5 in the others) giving 24 jackknife regions in total,
each containing approximately the same number of galaxies.

sample of 49 255 galaxies. The sky coverage of this matched
sample is shown in Fig. 1.

This number will be affected by failed detections, which
may introduce some bias into the sample. One type of failed
detection is when redshifts have not been obtained, due to
lack of coverage, failed redshifts or lack of available fibers to
measure the spectra (‘fiber collisions’). These are assumed to
introduce no bias into the sample, although it has been noted
(Blanton et al. 2003b, 2005) that the SDSS fiber collisions
lead to slight incompleteness at high-density regions, which
may introduce a small bias against the type of galaxy found
in such environments.

Another kind of failed detection is when there is a prob-
lem with the UKIDSS imaging. During the course of this
work a bug in the source extraction was discovered affect-
ing the deblending algorithm. It was found that, for Pet-
rosian magnitudes in Y , H and K, the deblender, when in-
voked, was actually making the source significantly brighter
rather than fainter. (The J-band data are micro-stepped,
unlike Y , H and K, which may explain why this problem
is not seen for J-band Petrosian magnitudes.) Given that
Petrosian magnitudes are used in this analysis, we have re-
moved from the sample those sources flagged as deblended.
This is achieved by setting the quality error bits flag (intro-
duced in UKIDSS DR2) to zero. Of the 49 255 sources in
the matched sample, 46 sources are flagged as having bad
pixel(s) in the default aperture and another 4835 (almost
10 per cent) are flagged as deblended, leaving 44 374 in the
sample.

Fig. 2 shows the r-band absolute magnitude of galax-
ies in the whole sample, and of sources excluded because
of problems with the UKIDSS imaging. It can be seen that
the galaxies affected by deblending are preferentially those
with a high r-band luminosity, affecting as much as a third
of high-luminosity galaxies. This suggests that the number
density of galaxies with Mr − 5 log h < −22, corresponding
very approximately to MK − 5 log h < −25, could be un-
derestimated by as much as 50 per cent. However, only 793

Figure 2. r-band absolute magnitude of the sources in the entire
sample (‘All’, 49 255), the final matched sample (‘Good’, 43 939),
those excluded due to poor K-band imaging, mostly related to
deblending (‘kppErrBits’, 4881) and those excluded due to uncer-
tainties in the Petrosian magnitudes (‘Magnitude errors’, 435).

of the 4835 sources flagged as deblended in K are flagged
as deblended by SDSS, suggesting that many of the r-band
fluxes could be overestimated due to under-deblending. It
is therefore at least plausible that the luminosity-dependent
nature of this cut could be illusory, so we assume that it
introduces no bias into our final results.

A small number of the remaining galaxies have very
large magnitude errors, greater or much greater than
0.15mag. So one final cut is to remove sources with large
uncertainty in magnitude, in order to restrict the system-
atic errors in our results. Of the 44 374 galaxies remaining,
those with magnitude errors greater than 0.15mag in r or K
are removed (55 in K, 380 in r and 0 in both) leaving 43 939
galaxies. Given the small number affected by this cut, and
from Fig. 2, it is assumed that any bias induced by this cut
will be negligible.

By estimating the area in this way, the assumption is
that all SDSS target galaxies would be detected in the LAS,
if that part of the sky has been surveyed. If this is not the
case, it will have two effects: (1) particular types of galaxies
will be underrepresented in the sample (those within the
SDSS completeness limits but outside the limits for the LAS)
and (2) the overall normalization will be too high, as the area
and hence the volume probed will be underestimated.

Fig. 3 shows r-band Petrosian magnitude and the r−K
Petrosian colour (note that the apertures are not the same
in r and K so this is not a true colour) for the sources in
the matched sample. From the figure it can be seen that (1)
there are likely to be very few sources at all lying within the
SDSS flux limit but outside the K-band limit, and (2) many
of these sources are detected anyway, since there are many
sources detected fainter than the (nominal) K-band limit.
This suggests that the effect on the overall normalization
will be negligible, although the colour-dependent bias will
be considered later.

The effective area can now be given as 43 939/78.11 =
562.54 deg2.

Calculating the area in this way takes into account any

c© 0000 RAS, MNRAS 000, 1–16

-fainter than K=16, deviates from the Euclidean slope
-sky brightness in K + LAS depth--> rP<6arcsec (pix. d=24)
-Petrosian K mag and rP limits--> SB fainter than 20.4m/☐”

(up to 4000 deg2)
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galaxies from the UKIDSS Large Area Survey

Anthony J. Smith1!, Jon Loveday1 and Nicholas J. G. Cross2
1Astronomy Centre, University of Sussex, Falmer, Brighton BN1 9QH
2Scottish Universities Physics Alliance, Institute for Astronomy, University of Edinburgh, Royal Observatory, Edinburgh EH9 3HJ

Accepted 0000 Month 00. Received 0000 Month 00; in original form 0000 Month 00

ABSTRACT
We present luminosity and surface brightness distributions of 36 663 galaxies with
K-band photometry from the UKIRT Infrared Deep Sky Survey (UKIDSS) Large
Area Survey (LAS), Data Release 3 and optical photometry from Data Release 5
of the Sloan Digital Sky Survey (SDSS). Various features and limitations of the
new UKIDSS data are examined, such as a problem affecting Petrosian magnitudes
of extended sources. Selection limits in K- and r-band magnitude, K-band surface
brightness and K-band radius are included explicitly in the 1/Vmax estimation of
the space density and luminosity function. The bivariate brightness distribution in
K-band absolute magnitude and surface brightness is presented and found to dis-
play a clear luminosity–surface brightness correlation that flattens at high lumi-
nosity and broadens at low luminosity, consistent with similar analyses at optical
wavelengths. Best fitting Schechter function parameters for the K-band luminosity
function are found to be M∗ − 5 log h = −23.17 ± 0.04, α = −0.81 ± 0.04 and
φ∗ = (0.0176± 0.0009)h3 Mpc−3, with the luminosity density in the K-band found to
be j = (6.500± 0.073)× 108 L# h Mpc−3. However, we caution that there are various
known sources of incompleteness and uncertainty in our results. Using mass-to-light
ratios determined from the optical colours we estimate the stellar mass function, find-
ing good agreement with previous results. Possible improvements are discussed that
could be implemented when extending this analysis to the full LAS.

Key words: surveys – galaxies: fundamental parameters – galaxies: luminosity func-
tion, mass function – galaxies: statistics – infrared: galaxies.

1 INTRODUCTION

It is possible to learn much about a population’s history by
taking a census of the present-day population. With a large
and increasing number of deep, large-area surveys taking
place, a census of the low-redshift galaxy population may
be undertaken. Deep imaging allows many different prop-
erties to be studied simultaneously. Much can be learned
about galaxy formation and evolution by investigating these
properties: how they correlate with each other, and the sub-
populations that exist.

The advantages of working at low redshift (z ∼ 0.1)
are (1) a more complete sample may be studied, including
galaxies with low luminosity or low surface brightness, (2)
the more luminous galaxies may be studied in more depth,
investigating morphology and structure as well as luminosity
and colour and (3) the evolution and selection effects that
plague high-redshift surveys are less of a problem.

! E-mail: A.J.Smith@sussex.ac.uk

The advantages (in principle) of building such a census
on near-infrared (NIR) observations are well known. First,
mass-to-light ratios in the near-infrared are largely insen-
sitive to galaxy or stellar type, certainly much less than
in the optical (Bell & de Jong 2001). This means that the
near-infrared light is a good tracer of the total stellar mass
in a galaxy. Moreover, the range of mass-to-light ratios is
much smaller in the near-infrared, so uncertainties in the
stellar mass are much smaller. Not only does this mean that
a survey limited in near-infrared magnitude will be approxi-
mately limited in ‘apparent stellar mass’, but also that mor-
phological measurements in the near-infrared, for example
the Sérsic index and the half-light radius, will reflect the
distribution of stellar mass within the galaxy, whereas such
measures in the optical will be significantly biased by the
presence of young stellar populations. The K-band galaxy
luminosity function (LF) is, for these reasons, a convenient
quantity for numerical or semi-analytic models to predict,
e.g., Croton et al. (2006), Bower et al. (2006), De Lucia &
Blaizot (2007) and Bertone, De Lucia & Thomas (2007).
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ture fluxes, the ellipticity and the seeing, all made available
in the WSA (the pipeline does not measure the half-light
radius).

2.4 Surface brightness

The half-light, or effective, surface brightness is estimated
from the half-light radius by (Blanton et al. 2001)

µe = m + 2.5 log 2πr2
e (1)

where m is the Petrosian magnitude.
Tests on the UKIDSS source extraction (Cross et

al., in preparation) suggest that, for a de Vaucouleurs
profile, galaxies with surface brightness fainter than
19.5mag arcsec−2 are likely to have their fluxes and sizes
underestimated. For well-defined sample limits, we should
impose a cut in surface brightness at that value. However,
when investigating the space density of galaxies with high
surface brightness, this limit can be safely ignored, since
for the vast majority of the sample, the faint magnitude
limit in r provides a stronger constraint on the visibility
of the galaxy. So in order to include at least some low-
surface brightness galaxies in the analysis we set a limit of
µe < 21mag arcsec−2.

The combined limits in K-band Petrosian magnitude
and Petrosian radius will impose a limit on the effective
surface brightness for each galaxy. For Sérsic (1968) indices n
between 1 and 4, the Petrosian radius is approximately twice
the effective radius (Graham et al. 2005), so the faintest
effective surface brightness will be given by

µe ! 16 + 2.5 log 2π(6 arcsec/2)2 (2)

= 20.38mag arcsec−2 (3)

using the limits in Petrosian magnitude and radius described
above. Fainter than this, there is a sharp decrease in the
number counts as a function of surface brightness. We can
therefore expect to find significant incompleteness at low
surface brightness.

The SDSS main galaxy sample has a limit of µe !
24.5mag arcsec−2 (Strauss et al. 2002). This limit is taken
into account here, although it has a negligible effect on
our results. Very few galaxies in our sample have µe,r >
23mag arcsec−2, so we assume the limit in SDSS surface
brightness adds no further incompleteness to the sample,
once the magnitude limits in r and K and the surface bright-
ness limit in K have been considered.

2.5 Redshifts

Galactocentric velocity corrections are applied (Loveday
2000), which typically change the redshifts such that each
galaxy in this sample is 0.005± 0.01mag fainter, with some
low-redshift galaxies (z " 0.01) changed by almost 0.1mag.

Figure 5 shows the redshift distribution of the sample,
excluding those sources that lie outside the limits in (appar-
ent) magnitude, radius, surface brightness and redshift used
in the analysis below. The presence of large-scale structure
can be seen.

A high redshift limit of z < 0.3 is imposed to limit the
effect of K- and evolution-corrections (see below).

A low redshift limit of z > 0.01 is chosen to limit the

Figure 5. Redshift and K-band absolute magnitude distribu-
tion of the sample (contours, points and left-hand y-axis) and
histogram of redshift distribution (thick red curve, right-hand y-
axis). For reference, the absolute magnitude as a function of red-
shift corresponding to a source at the K-band faint magnitude
limit, with typical K- and evolution-corrections and neglecting
the r-band limit, is shown by the blue dashed curve. It can be
seen that relatively few galaxies are observed near the K-band
magnitude limit; this is because of the r-band magnitude limit.

Table 2. Limits set on observed quantities, used to define the
sample and to estimate the contribution of each galaxy to the
space density.

Quantity Minimum Maximum

K Petrosian magnitude - 16 mag
r Petrosian magnitude - 17.6 mag
g fiber magnitude 15 mag -
i fiber magnitude 14.5 mag -
K Petrosian radius - 6 arcsec
µe,K - 21 mag arcsec−2

µe,r - 24.5 mag arcsec−2

z 0.01 0.3

effect of peculiar velocities, which are not taken into account.
Note that this limit would need to be relaxed in order to
sample galaxies with very low luminosity.

Table 2 shows the various limits on the sample.

2.6 K- and evolution-corrections

K-corrections (to z = 0) are estimated using kcorrect
(Blanton & Roweis 2007). The five optical Petrosian mag-
nitudes (ugriz), before the evolution corrections have been
applied (see below), are used to fit galaxy templates to each
galaxy, from which the K-correction is derived in r and K.
WFCAM filter files have been generated from Hewett et al.
(2006). Due to the inconsistent Petrosian apertures between
UKIDSS and SDSS bands, we do not have good optical–
near-infrared galaxy colours and so we have not been able
to use the full set of bands (ugrizY JHK) for the template
fitting.

When covering a significant range in redshift, it is im-
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Figure 14. K-band LF for the NGP and SGP regions, also show-
ing the LF for the whole sample. Jackknife errors are shown for
the whole sample and Poisson errors for the sub-samples. The in-
set shows the redshift distribution of galaxies in each sub-sample,
with the line colours corresponding to the colours of the symbols
in the main figure.

(i) There is a large scatter at low luminosities, illustrating
the limitations of the 1/Vmax method.

(ii) Each sub-sample is normalized according to the num-
ber of galaxies rather than the area covered, so a genuine
over-density at a certain redshift will be artificially com-
pensated for by an apparent under-density at other red-
shifts, and vice versa. Given the correlation between red-
shift and absolute luminosity (Fig. 5), this means that large-
scale structure at intermediate redshifts will distort the lu-
minosity function at both ends. This may be seen for the
SGP region, where an under-density at z ! 0.1, seen at
MK − 5 log h between −22.5 and −23, may have led to an
over-estimate of the LF at both the faint end and the bright
end, while for the NGP2 region, an over-density at z ! 0.1
(MK − 5 log h ! −22.5), the Sloan Great Wall (Gott et al.
2005), may have led to an under-estimate of the LF at both
ends.

4.4 Variation with redshift

In order to identify further sources of bias we split the sam-
ple into three bins in redshift, containing approximately
equal numbers of galaxies.

Fig. 15 shows the K-band LF estimated for the low-,
mid- and high-redshift sub-samples. There is disagreement
at the bright end between the different slices, with φ getting
progressively higher at higher redshift. This trend could be
a result of the evolution corrections being too small, but the
trend is still present when a correction as strong as Q = 2
is applied. It is more likely to be a result of (1) an over-
simplistic form for the evolution corrections, E(z) = Qz,
independent of galaxy type, (2) a decreasing apparent Sérsic
index with decreasing angular size, as a result of convolution
with the PSF, causing a greater fraction of a galaxy’s flux to
be recovered by the Petrosian magnitude when the galaxy
is observed at higher redshift, (3) poorly understood limits

Figure 15. K-band luminosity function for galaxies in three dif-
ferent redshift ranges, also showing the LF for the whole sample.

to the sample, or (4) large-scale structure affecting both the
shape and normalization of the LF for each redshift slice.

This test does make it clear that our results are to an
extent dependent on the redshift limits chosen: choosing a
lower value than 0.3 for the maximum redshift would have
given an even steeper bright-end slope for the LF.

4.5 r-band luminosity function and luminosity
density

Fig. 16 shows the r-band luminosity function. While there is
excellent agreement at the bright end with the LF of Blanton
et al. (2003a), our LF is over-dense at intermediate redshifts,
probably due to large-scale structure. The deficit of blue low-
luminosity galaxies, identified in Fig. 11, is clearly evident.

The r-band luminosity density is found to be j =
(1.964 ± 0.028) × 108 L! h Mpc−3 by extrapolating the
Schechter function, or j = (1.977± 0.021)× 108 L! h Mpc−3

from the galaxy weights, assuming a solar absolute mag-
nitude of 4.64 (Blanton & Roweis 2007). Again, the true
luminosity density is likely to be higher than these values
given the incompleteness at the faint end. This is some-
what higher than the r-band z = 0 luminosity density of
Blanton et al. (2003a), −15.90 + 2.5 log h mag in a Mpc3, or
1.64× 108 L! h Mpc−3.

Given that we use the same source of data as Blan-
ton et al. (2003a), but over a smaller area, with a more
complex selection function and with an inferior luminosity
function estimator, the r-band results we find should not be
interpreted as being more than a consistency check on our
analysis.

4.6 Subdividing by colour

The bimodality of the galaxy population has been recog-
nized by many authors (see Driver et al. 2006; Ball et al.
2006, and references therein). This may be visualized by
subdividing the LF or BBD in various ways, for example,
according to colour, concentration or spectral class. Of these
properties, we find, following Driver et al. (2006), that the
u−r core (PSF) colour gives a particularly sharp dichotomy.

c© 0000 RAS, MNRAS 000, 1–16

The K-band LF



Mon. Not. R. Astron. Soc. 000, 1–16 (0000) Printed 2 June 2008 (MN LATEX style file v2.2)

Luminosity and surface brightness distribution of K-band
galaxies from the UKIDSS Large Area Survey

Anthony J. Smith1!, Jon Loveday1 and Nicholas J. G. Cross2
1Astronomy Centre, University of Sussex, Falmer, Brighton BN1 9QH
2Scottish Universities Physics Alliance, Institute for Astronomy, University of Edinburgh, Royal Observatory, Edinburgh EH9 3HJ

Accepted 0000 Month 00. Received 0000 Month 00; in original form 0000 Month 00

ABSTRACT
We present luminosity and surface brightness distributions of 36 663 galaxies with
K-band photometry from the UKIRT Infrared Deep Sky Survey (UKIDSS) Large
Area Survey (LAS), Data Release 3 and optical photometry from Data Release 5
of the Sloan Digital Sky Survey (SDSS). Various features and limitations of the
new UKIDSS data are examined, such as a problem affecting Petrosian magnitudes
of extended sources. Selection limits in K- and r-band magnitude, K-band surface
brightness and K-band radius are included explicitly in the 1/Vmax estimation of
the space density and luminosity function. The bivariate brightness distribution in
K-band absolute magnitude and surface brightness is presented and found to dis-
play a clear luminosity–surface brightness correlation that flattens at high lumi-
nosity and broadens at low luminosity, consistent with similar analyses at optical
wavelengths. Best fitting Schechter function parameters for the K-band luminosity
function are found to be M∗ − 5 log h = −23.17 ± 0.04, α = −0.81 ± 0.04 and
φ∗ = (0.0176± 0.0009)h3 Mpc−3, with the luminosity density in the K-band found to
be j = (6.500± 0.073)× 108 L# h Mpc−3. However, we caution that there are various
known sources of incompleteness and uncertainty in our results. Using mass-to-light
ratios determined from the optical colours we estimate the stellar mass function, find-
ing good agreement with previous results. Possible improvements are discussed that
could be implemented when extending this analysis to the full LAS.

Key words: surveys – galaxies: fundamental parameters – galaxies: luminosity func-
tion, mass function – galaxies: statistics – infrared: galaxies.

1 INTRODUCTION

It is possible to learn much about a population’s history by
taking a census of the present-day population. With a large
and increasing number of deep, large-area surveys taking
place, a census of the low-redshift galaxy population may
be undertaken. Deep imaging allows many different prop-
erties to be studied simultaneously. Much can be learned
about galaxy formation and evolution by investigating these
properties: how they correlate with each other, and the sub-
populations that exist.

The advantages of working at low redshift (z ∼ 0.1)
are (1) a more complete sample may be studied, including
galaxies with low luminosity or low surface brightness, (2)
the more luminous galaxies may be studied in more depth,
investigating morphology and structure as well as luminosity
and colour and (3) the evolution and selection effects that
plague high-redshift surveys are less of a problem.

! E-mail: A.J.Smith@sussex.ac.uk

The advantages (in principle) of building such a census
on near-infrared (NIR) observations are well known. First,
mass-to-light ratios in the near-infrared are largely insen-
sitive to galaxy or stellar type, certainly much less than
in the optical (Bell & de Jong 2001). This means that the
near-infrared light is a good tracer of the total stellar mass
in a galaxy. Moreover, the range of mass-to-light ratios is
much smaller in the near-infrared, so uncertainties in the
stellar mass are much smaller. Not only does this mean that
a survey limited in near-infrared magnitude will be approxi-
mately limited in ‘apparent stellar mass’, but also that mor-
phological measurements in the near-infrared, for example
the Sérsic index and the half-light radius, will reflect the
distribution of stellar mass within the galaxy, whereas such
measures in the optical will be significantly biased by the
presence of young stellar populations. The K-band galaxy
luminosity function (LF) is, for these reasons, a convenient
quantity for numerical or semi-analytic models to predict,
e.g., Croton et al. (2006), Bower et al. (2006), De Lucia &
Blaizot (2007) and Bertone, De Lucia & Thomas (2007).
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Table 1. Sample sizes of K-band galaxy luminosity functions.

Paper Number of galaxies in sample

Loveday (2000) 345
Kochanek et al. (2001) 3878
Cole et al. (2001) 5683
Huang et al. (2003) 1056
Bell et al. (2003) 6282
Eke et al. (2005) 15 644
Jones et al. (2006) 60 869
This work 36 663

A second advantage is that the K-corrections in the
K-band are also relatively independent of galaxy type
(Mannucci et al. 2001), leading to smaller uncertainties in
the absolute magnitudes.

A third advantage is that dust is much less of a prob-
lem in the near-infrared than in the optical. This means
that, whereas optical measurements of galaxy properties are
affected by dust obscuration, and therefore strongly depen-
dent on the inclination of the galaxy, producing a smoothing
of the galaxy luminosity function, this is not such a problem
in the near-infrared (Driver et al. 2007b; Maller et al. 2008).

However, the main disadvantage of the near-infrared
(for ground-based telescopes) is the sky brightness, which is
around 13.5 mag arcsec−2 in K for the data used here (Dye
et al. 2006).

There have been several studies of the low-redshift NIR
galaxy population in recent years, using the Stromlo–APM
redshift survey and CTIO imaging (Loveday 2000), 2MASS
imaging and various redshift surveys (Kochanek et al. 2001;
Cole et al. 2001; Bell et al. 2003; Eke et al. 2005; Jones
et al. 2006) and the Hawaii+AAO K-band redshift survey
(Huang et al. 2003). Table 1 shows the sample size of some
previous K-band LF estimates. The principal uncertainty
remaining is connected with the low-luminosity end of the
luminosity function. Moreover, there has been significant
discussion about possible low-surface brightness incomplete-
ness in 2MASS (Andreon 2002), which would affect the low-
luminosity end of the luminosity function.

Here we present the first statistical study of galaxies
in the UKIDSS Large Area Survey, while leaving detailed
investigation of surface brightness completeness and the very
faint-end of the luminosity function to future work.

This paper is organized as follows. Details about the
sample used are found in Section 2. The method of analysing
the data is described in Section 3. In Section 4 the bivariate
brightness distribution (BBD) and luminosity function are
presented. The stellar mass function (SMF) is estimated in
Section 5. There is a discussion in Section 6, followed by the
conclusions in Section 7.

For ease of comparison with previous results, a flat cos-
mological model with ΩM = 0.3 and ΩΛ = 0.7 is used,
with H0 = 100h km s−1 Mpc−1. AB magnitudes are used for
SDSS magnitudes and Vega magnitudes for K-band quanti-
ties. For reference, AB and Vega magnitudes are related in
the r-band by rAB = rVega + 0.146 and in the K-band by
KAB = KVega + 1.900 (Hewett et al. 2006).

2 DATA

All of the galaxies used in this sample are drawn from the
main galaxy sample of Data Release 5 of the Sloan Digital
Sky Survey (SDSS; Adelman-McCarthy et al. 2007), from
which the optical photometry and spectroscopic redshifts
used in the analysis below are obtained. The imaging sur-
vey covers 8000 square degrees, yielding a sample of 783 070
target galaxies. As of DR5, the spectroscopic sample had
covered 5740 square degrees of the imaging area, with high
redshift completeness.

The UKIRT Infrared Deep Sky Survey (UKIDSS),
described in the reference papers, Hewett et al. (2006),
Lawrence et al. (2007), Casali et al. (2007), Irwin et al.
(in preparation) and Hambly et al. (2008), consists of five
surveys at a variety of depths and areas and using various
combinations of the ZY JHK filters. K-band data for this
paper are taken from the UKIDSS Large Area Survey (LAS),
which is contained within the field of SDSS.

UKIDSS Data Release 3 (Warren et al., in preparation)
was released in December 2007, with the LAS containing
coverage in Y JHK, including 1189 square degrees of cover-
age in K to a 5σ depth of 18.2mag, in both north and south
Galactic poles (NGP and SGP respectively).

2.1 Area covered by the UKIDSS–SDSS sample

The volume, and hence the area, must be well estimated
for the normalization of the luminosity function and related
quantities. Given the complex geometry of the overlap region
between the two surveys, we estimate the area by dividing
the number of galaxies in the matched sample by the number
density of sources (per square degree) in the SDSS sample.

A substantial fraction of the region of overlap between
the two samples was surveyed in the SDSS Early Data Re-
lease, so we use the limit of r < 17.6 (de-reddened Petrosian
magnitude) rather than r < 17.77 used in later versions of
the SDSS main galaxy selection algorithm. This corresponds
to 635 320 target galaxies over the whole area.

The number density is estimated using the total area
of the SDSS imaging survey (8000 square degrees) and the
number of galaxies targeted for spectroscopy in the SDSS
main galaxy sample. But first the size of this sample must
be corrected for those objects included that are not galax-
ies. In SDSS DR5, the number of target galaxies with good
spectroscopic redshifts (zConf > 0.8) and with de-reddened
Petrosian magnitudes brighter than r = 17.6 is 391 052.
Of these, 384 617 are spectroscopically classified as galaxies.
This suggests that around (391 052−384 617)/391 052 = 1.6
per cent of the target galaxies are not in fact galaxies. Tak-
ing this into account gives a corrected target sample size of
624 865, giving a source density of 78.11 galaxies per square
degree.

The two data sets were matched using the WFCAM Sci-
ence Archive (WSA).1 The initial sample was found by se-
lecting all closest matches within 2 arcsec with good, nonzero
spectroscopic redshifts (SDSS zConf > 0.8), classified spec-
troscopically as galaxies and having no major quality control
issues flagged in K (UKIDSS kppErrBits < 256), yielding a

1 http://surveys.roe.ac.uk/wsa/
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ture fluxes, the ellipticity and the seeing, all made available
in the WSA (the pipeline does not measure the half-light
radius).

2.4 Surface brightness

The half-light, or effective, surface brightness is estimated
from the half-light radius by (Blanton et al. 2001)

µe = m + 2.5 log 2πr2
e (1)

where m is the Petrosian magnitude.
Tests on the UKIDSS source extraction (Cross et

al., in preparation) suggest that, for a de Vaucouleurs
profile, galaxies with surface brightness fainter than
19.5mag arcsec−2 are likely to have their fluxes and sizes
underestimated. For well-defined sample limits, we should
impose a cut in surface brightness at that value. However,
when investigating the space density of galaxies with high
surface brightness, this limit can be safely ignored, since
for the vast majority of the sample, the faint magnitude
limit in r provides a stronger constraint on the visibility
of the galaxy. So in order to include at least some low-
surface brightness galaxies in the analysis we set a limit of
µe < 21mag arcsec−2.

The combined limits in K-band Petrosian magnitude
and Petrosian radius will impose a limit on the effective
surface brightness for each galaxy. For Sérsic (1968) indices n
between 1 and 4, the Petrosian radius is approximately twice
the effective radius (Graham et al. 2005), so the faintest
effective surface brightness will be given by

µe ! 16 + 2.5 log 2π(6 arcsec/2)2 (2)

= 20.38mag arcsec−2 (3)

using the limits in Petrosian magnitude and radius described
above. Fainter than this, there is a sharp decrease in the
number counts as a function of surface brightness. We can
therefore expect to find significant incompleteness at low
surface brightness.

The SDSS main galaxy sample has a limit of µe !
24.5mag arcsec−2 (Strauss et al. 2002). This limit is taken
into account here, although it has a negligible effect on
our results. Very few galaxies in our sample have µe,r >
23mag arcsec−2, so we assume the limit in SDSS surface
brightness adds no further incompleteness to the sample,
once the magnitude limits in r and K and the surface bright-
ness limit in K have been considered.

2.5 Redshifts

Galactocentric velocity corrections are applied (Loveday
2000), which typically change the redshifts such that each
galaxy in this sample is 0.005± 0.01mag fainter, with some
low-redshift galaxies (z " 0.01) changed by almost 0.1mag.

Figure 5 shows the redshift distribution of the sample,
excluding those sources that lie outside the limits in (appar-
ent) magnitude, radius, surface brightness and redshift used
in the analysis below. The presence of large-scale structure
can be seen.

A high redshift limit of z < 0.3 is imposed to limit the
effect of K- and evolution-corrections (see below).

A low redshift limit of z > 0.01 is chosen to limit the

Figure 5. Redshift and K-band absolute magnitude distribu-
tion of the sample (contours, points and left-hand y-axis) and
histogram of redshift distribution (thick red curve, right-hand y-
axis). For reference, the absolute magnitude as a function of red-
shift corresponding to a source at the K-band faint magnitude
limit, with typical K- and evolution-corrections and neglecting
the r-band limit, is shown by the blue dashed curve. It can be
seen that relatively few galaxies are observed near the K-band
magnitude limit; this is because of the r-band magnitude limit.

Table 2. Limits set on observed quantities, used to define the
sample and to estimate the contribution of each galaxy to the
space density.

Quantity Minimum Maximum

K Petrosian magnitude - 16 mag
r Petrosian magnitude - 17.6 mag
g fiber magnitude 15 mag -
i fiber magnitude 14.5 mag -
K Petrosian radius - 6 arcsec
µe,K - 21 mag arcsec−2

µe,r - 24.5 mag arcsec−2

z 0.01 0.3

effect of peculiar velocities, which are not taken into account.
Note that this limit would need to be relaxed in order to
sample galaxies with very low luminosity.

Table 2 shows the various limits on the sample.

2.6 K- and evolution-corrections

K-corrections (to z = 0) are estimated using kcorrect
(Blanton & Roweis 2007). The five optical Petrosian mag-
nitudes (ugriz), before the evolution corrections have been
applied (see below), are used to fit galaxy templates to each
galaxy, from which the K-correction is derived in r and K.
WFCAM filter files have been generated from Hewett et al.
(2006). Due to the inconsistent Petrosian apertures between
UKIDSS and SDSS bands, we do not have good optical–
near-infrared galaxy colours and so we have not been able
to use the full set of bands (ugrizY JHK) for the template
fitting.

When covering a significant range in redshift, it is im-
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ture fluxes, the ellipticity and the seeing, all made available
in the WSA (the pipeline does not measure the half-light
radius).

2.4 Surface brightness

The half-light, or effective, surface brightness is estimated
from the half-light radius by (Blanton et al. 2001)

µe = m + 2.5 log 2πr2
e (1)

where m is the Petrosian magnitude.
Tests on the UKIDSS source extraction (Cross et

al., in preparation) suggest that, for a de Vaucouleurs
profile, galaxies with surface brightness fainter than
19.5mag arcsec−2 are likely to have their fluxes and sizes
underestimated. For well-defined sample limits, we should
impose a cut in surface brightness at that value. However,
when investigating the space density of galaxies with high
surface brightness, this limit can be safely ignored, since
for the vast majority of the sample, the faint magnitude
limit in r provides a stronger constraint on the visibility
of the galaxy. So in order to include at least some low-
surface brightness galaxies in the analysis we set a limit of
µe < 21mag arcsec−2.

The combined limits in K-band Petrosian magnitude
and Petrosian radius will impose a limit on the effective
surface brightness for each galaxy. For Sérsic (1968) indices n
between 1 and 4, the Petrosian radius is approximately twice
the effective radius (Graham et al. 2005), so the faintest
effective surface brightness will be given by

µe ! 16 + 2.5 log 2π(6 arcsec/2)2 (2)

= 20.38mag arcsec−2 (3)

using the limits in Petrosian magnitude and radius described
above. Fainter than this, there is a sharp decrease in the
number counts as a function of surface brightness. We can
therefore expect to find significant incompleteness at low
surface brightness.

The SDSS main galaxy sample has a limit of µe !
24.5mag arcsec−2 (Strauss et al. 2002). This limit is taken
into account here, although it has a negligible effect on
our results. Very few galaxies in our sample have µe,r >
23mag arcsec−2, so we assume the limit in SDSS surface
brightness adds no further incompleteness to the sample,
once the magnitude limits in r and K and the surface bright-
ness limit in K have been considered.

2.5 Redshifts

Galactocentric velocity corrections are applied (Loveday
2000), which typically change the redshifts such that each
galaxy in this sample is 0.005± 0.01mag fainter, with some
low-redshift galaxies (z " 0.01) changed by almost 0.1mag.

Figure 5 shows the redshift distribution of the sample,
excluding those sources that lie outside the limits in (appar-
ent) magnitude, radius, surface brightness and redshift used
in the analysis below. The presence of large-scale structure
can be seen.

A high redshift limit of z < 0.3 is imposed to limit the
effect of K- and evolution-corrections (see below).

A low redshift limit of z > 0.01 is chosen to limit the

Figure 5. Redshift and K-band absolute magnitude distribu-
tion of the sample (contours, points and left-hand y-axis) and
histogram of redshift distribution (thick red curve, right-hand y-
axis). For reference, the absolute magnitude as a function of red-
shift corresponding to a source at the K-band faint magnitude
limit, with typical K- and evolution-corrections and neglecting
the r-band limit, is shown by the blue dashed curve. It can be
seen that relatively few galaxies are observed near the K-band
magnitude limit; this is because of the r-band magnitude limit.

Table 2. Limits set on observed quantities, used to define the
sample and to estimate the contribution of each galaxy to the
space density.

Quantity Minimum Maximum

K Petrosian magnitude - 16 mag
r Petrosian magnitude - 17.6 mag
g fiber magnitude 15 mag -
i fiber magnitude 14.5 mag -
K Petrosian radius - 6 arcsec
µe,K - 21 mag arcsec−2

µe,r - 24.5 mag arcsec−2

z 0.01 0.3

effect of peculiar velocities, which are not taken into account.
Note that this limit would need to be relaxed in order to
sample galaxies with very low luminosity.

Table 2 shows the various limits on the sample.

2.6 K- and evolution-corrections

K-corrections (to z = 0) are estimated using kcorrect
(Blanton & Roweis 2007). The five optical Petrosian mag-
nitudes (ugriz), before the evolution corrections have been
applied (see below), are used to fit galaxy templates to each
galaxy, from which the K-correction is derived in r and K.
WFCAM filter files have been generated from Hewett et al.
(2006). Due to the inconsistent Petrosian apertures between
UKIDSS and SDSS bands, we do not have good optical–
near-infrared galaxy colours and so we have not been able
to use the full set of bands (ugrizY JHK) for the template
fitting.

When covering a significant range in redshift, it is im-
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Figure 14. K-band LF for the NGP and SGP regions, also show-
ing the LF for the whole sample. Jackknife errors are shown for
the whole sample and Poisson errors for the sub-samples. The in-
set shows the redshift distribution of galaxies in each sub-sample,
with the line colours corresponding to the colours of the symbols
in the main figure.

(i) There is a large scatter at low luminosities, illustrating
the limitations of the 1/Vmax method.

(ii) Each sub-sample is normalized according to the num-
ber of galaxies rather than the area covered, so a genuine
over-density at a certain redshift will be artificially com-
pensated for by an apparent under-density at other red-
shifts, and vice versa. Given the correlation between red-
shift and absolute luminosity (Fig. 5), this means that large-
scale structure at intermediate redshifts will distort the lu-
minosity function at both ends. This may be seen for the
SGP region, where an under-density at z ! 0.1, seen at
MK − 5 log h between −22.5 and −23, may have led to an
over-estimate of the LF at both the faint end and the bright
end, while for the NGP2 region, an over-density at z ! 0.1
(MK − 5 log h ! −22.5), the Sloan Great Wall (Gott et al.
2005), may have led to an under-estimate of the LF at both
ends.

4.4 Variation with redshift

In order to identify further sources of bias we split the sam-
ple into three bins in redshift, containing approximately
equal numbers of galaxies.

Fig. 15 shows the K-band LF estimated for the low-,
mid- and high-redshift sub-samples. There is disagreement
at the bright end between the different slices, with φ getting
progressively higher at higher redshift. This trend could be
a result of the evolution corrections being too small, but the
trend is still present when a correction as strong as Q = 2
is applied. It is more likely to be a result of (1) an over-
simplistic form for the evolution corrections, E(z) = Qz,
independent of galaxy type, (2) a decreasing apparent Sérsic
index with decreasing angular size, as a result of convolution
with the PSF, causing a greater fraction of a galaxy’s flux to
be recovered by the Petrosian magnitude when the galaxy
is observed at higher redshift, (3) poorly understood limits

Figure 15. K-band luminosity function for galaxies in three dif-
ferent redshift ranges, also showing the LF for the whole sample.

to the sample, or (4) large-scale structure affecting both the
shape and normalization of the LF for each redshift slice.

This test does make it clear that our results are to an
extent dependent on the redshift limits chosen: choosing a
lower value than 0.3 for the maximum redshift would have
given an even steeper bright-end slope for the LF.

4.5 r-band luminosity function and luminosity
density

Fig. 16 shows the r-band luminosity function. While there is
excellent agreement at the bright end with the LF of Blanton
et al. (2003a), our LF is over-dense at intermediate redshifts,
probably due to large-scale structure. The deficit of blue low-
luminosity galaxies, identified in Fig. 11, is clearly evident.

The r-band luminosity density is found to be j =
(1.964 ± 0.028) × 108 L! h Mpc−3 by extrapolating the
Schechter function, or j = (1.977± 0.021)× 108 L! h Mpc−3

from the galaxy weights, assuming a solar absolute mag-
nitude of 4.64 (Blanton & Roweis 2007). Again, the true
luminosity density is likely to be higher than these values
given the incompleteness at the faint end. This is some-
what higher than the r-band z = 0 luminosity density of
Blanton et al. (2003a), −15.90 + 2.5 log h mag in a Mpc3, or
1.64× 108 L! h Mpc−3.

Given that we use the same source of data as Blan-
ton et al. (2003a), but over a smaller area, with a more
complex selection function and with an inferior luminosity
function estimator, the r-band results we find should not be
interpreted as being more than a consistency check on our
analysis.

4.6 Subdividing by colour

The bimodality of the galaxy population has been recog-
nized by many authors (see Driver et al. 2006; Ball et al.
2006, and references therein). This may be visualized by
subdividing the LF or BBD in various ways, for example,
according to colour, concentration or spectral class. Of these
properties, we find, following Driver et al. (2006), that the
u−r core (PSF) colour gives a particularly sharp dichotomy.
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Figure 1. Sky coverage of the sample, showing the principal
regions used for the jackknife samples (see Section 3.1), each of
which is further subdivided into strips in RA (4 in the NGP4
region and 5 in the others) giving 24 jackknife regions in total,
each containing approximately the same number of galaxies.

sample of 49 255 galaxies. The sky coverage of this matched
sample is shown in Fig. 1.

This number will be affected by failed detections, which
may introduce some bias into the sample. One type of failed
detection is when redshifts have not been obtained, due to
lack of coverage, failed redshifts or lack of available fibers to
measure the spectra (‘fiber collisions’). These are assumed to
introduce no bias into the sample, although it has been noted
(Blanton et al. 2003b, 2005) that the SDSS fiber collisions
lead to slight incompleteness at high-density regions, which
may introduce a small bias against the type of galaxy found
in such environments.

Another kind of failed detection is when there is a prob-
lem with the UKIDSS imaging. During the course of this
work a bug in the source extraction was discovered affect-
ing the deblending algorithm. It was found that, for Pet-
rosian magnitudes in Y , H and K, the deblender, when in-
voked, was actually making the source significantly brighter
rather than fainter. (The J-band data are micro-stepped,
unlike Y , H and K, which may explain why this problem
is not seen for J-band Petrosian magnitudes.) Given that
Petrosian magnitudes are used in this analysis, we have re-
moved from the sample those sources flagged as deblended.
This is achieved by setting the quality error bits flag (intro-
duced in UKIDSS DR2) to zero. Of the 49 255 sources in
the matched sample, 46 sources are flagged as having bad
pixel(s) in the default aperture and another 4835 (almost
10 per cent) are flagged as deblended, leaving 44 374 in the
sample.

Fig. 2 shows the r-band absolute magnitude of galax-
ies in the whole sample, and of sources excluded because
of problems with the UKIDSS imaging. It can be seen that
the galaxies affected by deblending are preferentially those
with a high r-band luminosity, affecting as much as a third
of high-luminosity galaxies. This suggests that the number
density of galaxies with Mr − 5 log h < −22, corresponding
very approximately to MK − 5 log h < −25, could be un-
derestimated by as much as 50 per cent. However, only 793

Figure 2. r-band absolute magnitude of the sources in the entire
sample (‘All’, 49 255), the final matched sample (‘Good’, 43 939),
those excluded due to poor K-band imaging, mostly related to
deblending (‘kppErrBits’, 4881) and those excluded due to uncer-
tainties in the Petrosian magnitudes (‘Magnitude errors’, 435).

of the 4835 sources flagged as deblended in K are flagged
as deblended by SDSS, suggesting that many of the r-band
fluxes could be overestimated due to under-deblending. It
is therefore at least plausible that the luminosity-dependent
nature of this cut could be illusory, so we assume that it
introduces no bias into our final results.

A small number of the remaining galaxies have very
large magnitude errors, greater or much greater than
0.15mag. So one final cut is to remove sources with large
uncertainty in magnitude, in order to restrict the system-
atic errors in our results. Of the 44 374 galaxies remaining,
those with magnitude errors greater than 0.15mag in r or K
are removed (55 in K, 380 in r and 0 in both) leaving 43 939
galaxies. Given the small number affected by this cut, and
from Fig. 2, it is assumed that any bias induced by this cut
will be negligible.

By estimating the area in this way, the assumption is
that all SDSS target galaxies would be detected in the LAS,
if that part of the sky has been surveyed. If this is not the
case, it will have two effects: (1) particular types of galaxies
will be underrepresented in the sample (those within the
SDSS completeness limits but outside the limits for the LAS)
and (2) the overall normalization will be too high, as the area
and hence the volume probed will be underestimated.

Fig. 3 shows r-band Petrosian magnitude and the r−K
Petrosian colour (note that the apertures are not the same
in r and K so this is not a true colour) for the sources in
the matched sample. From the figure it can be seen that (1)
there are likely to be very few sources at all lying within the
SDSS flux limit but outside the K-band limit, and (2) many
of these sources are detected anyway, since there are many
sources detected fainter than the (nominal) K-band limit.
This suggests that the effect on the overall normalization
will be negligible, although the colour-dependent bias will
be considered later.

The effective area can now be given as 43 939/78.11 =
562.54 deg2.

Calculating the area in this way takes into account any
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Figure 10. Space density of galaxies, in units of
h3 Mpc−3 mag−2, as a function of K-band absolute magnitude
and rest-frame r − K Petrosian colour. Note that this is not a
true colour since the apertures differ between the bands. The
straight lines show the position on the plot of hypothetical galax-
ies at the r-band flux limit, with various r −K colours, situated
at z = 0.01 (upper-left line, solid, red) or at z = 0.02 (lower-right
line, dashed, green). z = 0.02 corresponds to a survey volume of
1.06× 104h−3 Mpc3.

Figure 11. As Fig. 10 but for r-band absolute magnitude. The
straight lines correspond to hypothetical galaxies at the K-band
flux limit, with various r−K colours, situated at z = 0.01 (lower-
left line, solid, red) or at z = 0.02 (upper-right line, dashed,
green).

that would not be seen near the K-band flux limit. Consid-
ering a galaxy at redshift z with K = 16 (the K-band flux
limit), the r-band absolute magnitude will be

Mr = r −DM(z) = K + (r −K)−DM(z) . (14)

Fig. 11 shows this relation between Mr and r−K (with
K = 16), from which it may be seen that blue galaxies will
not be seen at faint r-band luminosity. Significant incom-
pleteness is to be expected for Mr − 5 log h > −17.5.

For the large radius limit, considering a source with a
certain K-band magnitude and surface brightness, and as-
suming the Petrosian radius rP is twice the effective radius,

Figure 12. K-band luminosity function for the whole sam-
ple, with a compendium of published results from observations
or semi-analytic models. Only the filled points are used in the
Schechter function fit, i.e., MK − 5 log h < −20; the unfilled
points are likely to suffer from some incompleteness of low-surface
brightness or red, low-luminosity galaxies. Schechter function pa-
rameters are M∗− 5 log h = −23.17± 0.04, α = −0.81± 0.04 and
φ∗ = (0.0176± 0.0009)h3 Mpc−3.

Equation (1) can be written as

µe " K + 2.5 log 2π
“rP

2

”2
. (15)

For K=16 and µe = 19.5mag arcsec−2, this corresponds to
a limit in Petrosian radius of 4.0 arcsec, considerably less
than the 6 arcsec limit intrinsic to the data; only for surface
brightness fainter than 20.38mag arcsec−2 does the 6 arcsec
large radius limit dominate.

Fig. 9 also shows the best-fitting Cho"loniewski fit to the
BBD. It can be seen that the function provides a poor fit
to the data, being unable to fit simultaneously the decline
at high surface brightness and high luminosity, the broaden-
ing of the surface brightness distribution at faint luminosity,
or the slope of the luminosity–surface brightness relation,
which flattens at high luminosity. These features have also
been seen in optical determinations of the BBD (e.g., Driver
1999; Blanton et al. 2001; Cross & Driver 2002; Driver et al.
2005)

4.2 K-band luminosity function and luminosity
density

Fig. 12 shows the K-band luminosity function for the
whole sample. The parameters of the best-fitting Schechter
function correlate strongly, with corr(M∗, α) = 0.92,
corr(M∗, φ∗) = 0.97 and corr(α, φ∗) = 0.91.

The most significant deviation from the published K-
band luminosity functions is at the bright end, where our LF
has a very steep decline compared with those of Bell et al.
(2003), Eke et al. (2005) and Jones et al. (2006). There are
several possible explanations for this, for example:

(i) Differences in the evolution corrections used (0.3 mag
at z = 0.3 for our value of Q = 1), affecting the high-
luminosity galaxies (cf. Fig. 5). Jones et al. (2006) applied
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Figure 16. r-band luminosity function. Only the filled points
are used in the Schechter function fit, i.e., Mr − 5 log h brighter
than −18; the unfilled points are likely to suffer from some in-
completeness of low-surface brightness galaxies or low-luminosity
blue galaxies. The LF of Blanton et al. (2003a) has been ad-
justed from the 0.1r-band at z = 0.1 to the r-band at z = 0
by (1) shifting Qz mag fainter in magnitude, with Q = 1.62 and
z = 0.1, (2) reducing the number density by 0.4Pz dex, with
P = 0.18, and (3) making the LF 0.22 mag brighter in mag-
nitude, to convert from 0.1r to r. Schechter function parame-
ters are M∗ − 5 log h = −20.32 ± 0.04, α = −0.87 ± 0.05 and
φ∗ = (0.0216± 0.0010)h3 Mpc−3.

Figure 17. BBD for red galaxies, with (u − r)PSF > 2.35.
The best-fitting Cho"loniewski function, estimated using MK −
5 log h < −20 and µe,abs < 19, is shown by the red dotted
contours. Parameters of the fit are M∗ − 5 log h = −22.88 mag,
α = 0.17, φ∗ = 0.0121h3 Mpc−3, µ∗e,abs = 17.09 mag arcsec−2,

σµe,abs = 0.570 mag arcsec−2 and β = −0.012.

Figs. 17–19 show the K-band BBD and K- and r-band
LFs split by the SDSS rest-frame u−r PSF colour. The space
density is estimated by summing the weights of galaxies with
u − r > 2.35 or u − r < 2.35 for red and blue galaxies
respectively, with jackknife errors estimated subsequently.

The BBD for red galaxies, excluding outliers, shows no
evidence of a correlation between luminosity and surface
brightness, while the BBD for blue galaxies shows no flatten-

Figure 18. BBD for blue galaxies, with (u − r)PSF < 2.35.
The best-fitting Cho"loniewski function, estimated using MK −
5 log h < −20 and µe,abs < 19, is shown by the red dotted
contours. Parameters of the fit are M∗ − 5 log h = −22.52 mag,
α = −0.86, φ∗ = 0.0131h3 Mpc−3, µ∗e,abs = 17.94 mag arcsec−2,

σµe,abs = 0.807 mag arcsec−2 and β = 0.463.

Figure 19. K-band (left) and r-band LFs for red and blue galax-
ies, showing the total LF as well.

ing off of the luminosity–surface brightness relation at high
luminosities, suggesting that this division reflects a property
of the underlying population. Moreover, the Cho"loniewski
function appears to fit the blue BBD much better than it fits
the BBD for the whole sample. However, we caution that the
lack of red-core galaxies with MK − 5 log h > −20 could be
a symptom of the incompleteness identified in Fig. 10, while
the lack of such galaxies with µe,abs > 19.5mag arcsec−2

could be due to the low-surface brightness limit for de Vau-
couleurs profile galaxies.

The LFs show a sharp division, with red-core galax-
ies more abundant than blue-core galaxies by an order of
magnitude at high luminosity (and vice versa at low lumi-
nosity), and with the bright end of the LF around 0.8 mag
more luminous in the K-band for red-core galaxies.
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Figure 20. Stellar mass function. Only the filled points are
used in the Schechter function fit, i.e., stellar mass greater than
109.5h−2 M"; the unfilled points are likely to suffer from some
incompleteness of low-surface brightness galaxies. Masses calcu-
lated from the K-band kcorrect mass-to-light ratios have been
increased by 0.1 dex. Schechter function parameters are found
to be log(M∗h2/M") = 10.44 ± 0.02, α = −1.02 ± 0.04 and
φ∗ = (0.0112 ± 0.0007)h3 Mpc−3. Stellar masses based on other
IMFs have been reduced for comparison with our results, based
on the Chabrier IMF: Salpeter IMF (Panter, Heavens & Jimenez
2004) by 0.3 dex, ‘diet’ Salpeter (Bell et al. 2003) by 0.15 dex,
and no conversion has been applied for the Kennicutt (Eke et al.
2005) or Kroupa (Baldry, Glazebrook & Driver 2008) IMFs.

5 STELLAR MASS FUNCTION

Stellar masses are derived from the kcorrect template fits,
which are based on the ugriz photometry. Described in more
detail by Blanton & Roweis (2007), these templates are gen-
erated from Bruzual & Charlot (2003) stellar population
synthesis models with a Chabrier (2003) initial mass func-
tion (IMF).

The M/L ratio varies less at near-infrared than at op-
tical wavelengths (Bell & de Jong 2001) so, assuming the
uncertainty in stellar mass is dominated by the uncertainty
in the M/L ratio, it makes sense to estimate the stellar mass
from the near-infrared absolute magnitude and the M/L
ratio at that wavelength. Ideally the M/L ratio could be
found by fitting a template to all available photometry, i.e.,
ugrizY JHK for SDSS and UKIDSS. However, for this anal-
ysis, where we have good optical colours (with consistent
apertures) but poor near-infrared and optical–near-infrared
colours, we find it is best to estimate the K-band M/L ratio
using the optical colours only.

Fig. 20 shows the stellar mass function, with stellar
masses estimated from the K-band absolute magnitudes and
the K-band mass-to-light (M/L) ratios from kcorrect. At
the high-mass end our results agree well with previously-
published stellar mass functions, while at the low-mass end
the discrepancy could be a result of incompleteness or large-
scale structure. The underdensity at intermediate masses
(M ! 109h−2 M") could be due to inappropriate M/L ra-
tios or large-scale structure.

Fig. 21 shows the stellar mass function calculated using
the default mass and the various mass-to-light ratios, all
given by kcorrect. We found there to be an offset in the

Figure 21. Stellar mass function, using various mass-to-light
ratios and the default kcorrect mass, which is derived from the
template fit to the input (ugriz) absolute magnitudes. Masses
calculated from the K-band kcorrect mass-to-light ratios have
been increased by 0.1 dex.

masses derived from the K-band M/L ratios compared with
the masses derived from the optical bands. The precise cause
of this offset is not known, but it has been compensated for
by increasing the K-band-derived masses by 0.1 dex. The
greater uncertainty in blue M/L ratios would be expected
to stretch the high-mass end of the SMF, as seen in the u-
and g-bands SMFs. Smaller uncertainty in the red or near-
infrared M/L ratios may be responsible for the disagreement
at low masses. However, there is some uncertainty in the
K-band M/L ratios caused by the emission from thermally-
pulsating asymptotic giant branch (TP-AGB) stars, which
are very difficult to model (Bruzual 2007).

The stellar mass density is found to be (3.12± 0.05)×
108 h M"Mpc−3 by extrapolating the Schechter function or
(3.09±0.04)×108 h M"Mpc−3 from the galaxy weights. Due
to incompleteness this is likely to be an underestimate, and a
different IMF could increase this substantially, for example,
by a factor of 2 for a Salpeter IMF.

6 DISCUSSION

Having already compared our results with those of other
authors, we now consider some implications of our findings
along with possible improvements and extensions.

6.1 Functional fits

The properties and evolution of the galaxy population
are conventionally quantified using simple functional (e.g.,
Schechter function) fits to the data. With a large sample
of low-redshift galaxies, it is possible to test for expected
bias when such a simple form is assumed for the luminosity
function at high redshift.

Fig. 22 shows the Schechter function fits to our K-band
luminosity function, restricting the fit to various portions
of the luminosity function. This is intended to mimic sur-
veys at higher redshift, where only the bright end of the
luminosity function is visible. These results suggest that,
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Figure 10. Space density of galaxies, in units of
h3 Mpc−3 mag−2, as a function of K-band absolute magnitude
and rest-frame r − K Petrosian colour. Note that this is not a
true colour since the apertures differ between the bands. The
straight lines show the position on the plot of hypothetical galax-
ies at the r-band flux limit, with various r −K colours, situated
at z = 0.01 (upper-left line, solid, red) or at z = 0.02 (lower-right
line, dashed, green). z = 0.02 corresponds to a survey volume of
1.06× 104h−3 Mpc3.

Figure 11. As Fig. 10 but for r-band absolute magnitude. The
straight lines correspond to hypothetical galaxies at the K-band
flux limit, with various r−K colours, situated at z = 0.01 (lower-
left line, solid, red) or at z = 0.02 (upper-right line, dashed,
green).

that would not be seen near the K-band flux limit. Consid-
ering a galaxy at redshift z with K = 16 (the K-band flux
limit), the r-band absolute magnitude will be

Mr = r −DM(z) = K + (r −K)−DM(z) . (14)

Fig. 11 shows this relation between Mr and r−K (with
K = 16), from which it may be seen that blue galaxies will
not be seen at faint r-band luminosity. Significant incom-
pleteness is to be expected for Mr − 5 log h > −17.5.

For the large radius limit, considering a source with a
certain K-band magnitude and surface brightness, and as-
suming the Petrosian radius rP is twice the effective radius,

Figure 12. K-band luminosity function for the whole sam-
ple, with a compendium of published results from observations
or semi-analytic models. Only the filled points are used in the
Schechter function fit, i.e., MK − 5 log h < −20; the unfilled
points are likely to suffer from some incompleteness of low-surface
brightness or red, low-luminosity galaxies. Schechter function pa-
rameters are M∗− 5 log h = −23.17± 0.04, α = −0.81± 0.04 and
φ∗ = (0.0176± 0.0009)h3 Mpc−3.

Equation (1) can be written as

µe " K + 2.5 log 2π
“rP

2

”2
. (15)

For K=16 and µe = 19.5mag arcsec−2, this corresponds to
a limit in Petrosian radius of 4.0 arcsec, considerably less
than the 6 arcsec limit intrinsic to the data; only for surface
brightness fainter than 20.38mag arcsec−2 does the 6 arcsec
large radius limit dominate.

Fig. 9 also shows the best-fitting Cho"loniewski fit to the
BBD. It can be seen that the function provides a poor fit
to the data, being unable to fit simultaneously the decline
at high surface brightness and high luminosity, the broaden-
ing of the surface brightness distribution at faint luminosity,
or the slope of the luminosity–surface brightness relation,
which flattens at high luminosity. These features have also
been seen in optical determinations of the BBD (e.g., Driver
1999; Blanton et al. 2001; Cross & Driver 2002; Driver et al.
2005)

4.2 K-band luminosity function and luminosity
density

Fig. 12 shows the K-band luminosity function for the
whole sample. The parameters of the best-fitting Schechter
function correlate strongly, with corr(M∗, α) = 0.92,
corr(M∗, φ∗) = 0.97 and corr(α, φ∗) = 0.91.

The most significant deviation from the published K-
band luminosity functions is at the bright end, where our LF
has a very steep decline compared with those of Bell et al.
(2003), Eke et al. (2005) and Jones et al. (2006). There are
several possible explanations for this, for example:

(i) Differences in the evolution corrections used (0.3 mag
at z = 0.3 for our value of Q = 1), affecting the high-
luminosity galaxies (cf. Fig. 5). Jones et al. (2006) applied
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Figure 20. Stellar mass function. Only the filled points are
used in the Schechter function fit, i.e., stellar mass greater than
109.5h−2 M"; the unfilled points are likely to suffer from some
incompleteness of low-surface brightness galaxies. Masses calcu-
lated from the K-band kcorrect mass-to-light ratios have been
increased by 0.1 dex. Schechter function parameters are found
to be log(M∗h2/M") = 10.44 ± 0.02, α = −1.02 ± 0.04 and
φ∗ = (0.0112 ± 0.0007)h3 Mpc−3. Stellar masses based on other
IMFs have been reduced for comparison with our results, based
on the Chabrier IMF: Salpeter IMF (Panter, Heavens & Jimenez
2004) by 0.3 dex, ‘diet’ Salpeter (Bell et al. 2003) by 0.15 dex,
and no conversion has been applied for the Kennicutt (Eke et al.
2005) or Kroupa (Baldry, Glazebrook & Driver 2008) IMFs.

5 STELLAR MASS FUNCTION

Stellar masses are derived from the kcorrect template fits,
which are based on the ugriz photometry. Described in more
detail by Blanton & Roweis (2007), these templates are gen-
erated from Bruzual & Charlot (2003) stellar population
synthesis models with a Chabrier (2003) initial mass func-
tion (IMF).

The M/L ratio varies less at near-infrared than at op-
tical wavelengths (Bell & de Jong 2001) so, assuming the
uncertainty in stellar mass is dominated by the uncertainty
in the M/L ratio, it makes sense to estimate the stellar mass
from the near-infrared absolute magnitude and the M/L
ratio at that wavelength. Ideally the M/L ratio could be
found by fitting a template to all available photometry, i.e.,
ugrizY JHK for SDSS and UKIDSS. However, for this anal-
ysis, where we have good optical colours (with consistent
apertures) but poor near-infrared and optical–near-infrared
colours, we find it is best to estimate the K-band M/L ratio
using the optical colours only.

Fig. 20 shows the stellar mass function, with stellar
masses estimated from the K-band absolute magnitudes and
the K-band mass-to-light (M/L) ratios from kcorrect. At
the high-mass end our results agree well with previously-
published stellar mass functions, while at the low-mass end
the discrepancy could be a result of incompleteness or large-
scale structure. The underdensity at intermediate masses
(M ! 109h−2 M") could be due to inappropriate M/L ra-
tios or large-scale structure.

Fig. 21 shows the stellar mass function calculated using
the default mass and the various mass-to-light ratios, all
given by kcorrect. We found there to be an offset in the

Figure 21. Stellar mass function, using various mass-to-light
ratios and the default kcorrect mass, which is derived from the
template fit to the input (ugriz) absolute magnitudes. Masses
calculated from the K-band kcorrect mass-to-light ratios have
been increased by 0.1 dex.

masses derived from the K-band M/L ratios compared with
the masses derived from the optical bands. The precise cause
of this offset is not known, but it has been compensated for
by increasing the K-band-derived masses by 0.1 dex. The
greater uncertainty in blue M/L ratios would be expected
to stretch the high-mass end of the SMF, as seen in the u-
and g-bands SMFs. Smaller uncertainty in the red or near-
infrared M/L ratios may be responsible for the disagreement
at low masses. However, there is some uncertainty in the
K-band M/L ratios caused by the emission from thermally-
pulsating asymptotic giant branch (TP-AGB) stars, which
are very difficult to model (Bruzual 2007).

The stellar mass density is found to be (3.12± 0.05)×
108 h M"Mpc−3 by extrapolating the Schechter function or
(3.09±0.04)×108 h M"Mpc−3 from the galaxy weights. Due
to incompleteness this is likely to be an underestimate, and a
different IMF could increase this substantially, for example,
by a factor of 2 for a Salpeter IMF.

6 DISCUSSION

Having already compared our results with those of other
authors, we now consider some implications of our findings
along with possible improvements and extensions.

6.1 Functional fits

The properties and evolution of the galaxy population
are conventionally quantified using simple functional (e.g.,
Schechter function) fits to the data. With a large sample
of low-redshift galaxies, it is possible to test for expected
bias when such a simple form is assumed for the luminosity
function at high redshift.

Fig. 22 shows the Schechter function fits to our K-band
luminosity function, restricting the fit to various portions
of the luminosity function. This is intended to mimic sur-
veys at higher redshift, where only the bright end of the
luminosity function is visible. These results suggest that,
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• A NIR survey with both a very large area and high sensitivity (depth of 
K~21)* will allow to reconstruct the local NIR bivariate L/SB function (i) 
down to the dwarf galaxy pop and including LSB galaxies, (ii) with 
enough statistics for determining accurately the LF bright end (rare gal’s) 
and for (iii) allowing to separate the LF function by galaxy types, colors, 
and environments   (1200 nights for 3E4deg2 at J=20, K=18.4 in a 4m telescope;       
                                                       UKIDSS-LAS will be for only 4E3deg2)
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Figure 7. Schechter function parameters for the simulated sam-
ples. Plus symbols show the input parameters, M∗ − 5 log h =
−23, α = −1 and φ∗ = 0.02h3 Mpc−3, while contours show the
one- and two-sigma error contours on the recovered parameters
for the four different simulated samples. These uncertainties are
estimated from 24 jackknife estimations of the Schechter function.

Figure 8. Input Cho"loniewski function for the simula-
tions (red dotted contours) and the recovered BBD from
one of the simulated samples (shaded regions and black
solid contours). The space density, φ, is in units of
h3 Mpc−3 mag−1 (mag arcsec−2)−1. A Cho"loniewski function
was fit to the recovered BBD (not shown). The input (recov-
ered) Cho"loniewski function parameters are M∗ − 5 log h =
−23(−23.03) mag, α = −1(−0.96), φ∗ = 0.02(0.0224)h3 Mpc−3,
µ∗e = 17.5(17.36) mag arcsec−2, σµe = 0.6(0.58) mag arcsec−2

and β = 0.3(0.287). Very similar results are obtained for the
other three simulated samples.

but the recovered BBD is itself biased with respect to the
input Cho!loniewski function, for all four simulated samples,
most noticeably towards higher surface brightness. The BBD
presented below should therefore be considered only approx-
imately correct.

Figure 9. BBD for the full sample in K-band absolute mag-
nitude and absolute effective surface brightness. Shaded regions
and solid black contours show the space density, φ, as in Fig. 8.
The best-fitting Cho"loniewski function, estimated using MK −
5 log h < −20 and µe,abs < 19, is shown by the red dotted
contours. Parameters of the fit are M∗ − 5 log h = −22.96 mag,
α = −0.38, φ∗ = 0.0203h3 Mpc−3, µ∗e,abs = 17.37 mag arcsec−2,

σµe,abs = 0.643 mag arcsec−2 and β = 0.191.

4 BIVARIATE BRIGHTNESS DISTRIBUTION
AND LUMINOSITY FUNCTIONS

In this section the bivariate brightness distribution and lu-
minosity functions are calculated for the whole sample and
for subdivisions of the data.

4.1 Bivariate brightness distribution

Fig. 9 shows the BBD in K-band absolute magnitude and
absolute effective surface brightness. The value of the space
density at any point on the BBD is estimated assuming the
visibility of the full range of galaxy types that exist with that
absolute magnitude and surface brightness. This may in fact
not be the case, given the additional limits in faint r-band
apparent magnitude and large K-band Petrosian radius.

Figs. 10 and 11 show the effect of the combined r- and
K-band flux limits on the completeness, as a function of K-
and r-band absolute magnitude respectively.

From Fig. 3 it can be seen that near the r-band flux limit
blue galaxies cannot be seen, and that near the K-band flux
limit red galaxies cannot be seen. For the red galaxies that
would not be seen at near the K-band flux limit, we consider
galaxies at redshift z with r = 17.6 and various r−K colours,
neglecting K- and evolution-corrections. These sources will
have K-band absolute magnitude

MK = K −DM(z) = r − (r −K)−DM(z) . (13)

Fig. 10 shows this relation between MK and r−K (with
r = 17.6) for z = 0.01 and 0.02, corresponding respectively
to the minimum redshift considered here and the redshift at
which the survey volume is just over 104h−3 Mpc3. It can
be seen that red galaxies will not be seen at faint K-band
luminosity, and we therefore anticipate some incompleteness
at MK − 5 log h > −19.

A similar relation may be derived for the blue galaxies
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Figure 10. Space density of galaxies, in units of
h3 Mpc−3 mag−2, as a function of K-band absolute magnitude
and rest-frame r − K Petrosian colour. Note that this is not a
true colour since the apertures differ between the bands. The
straight lines show the position on the plot of hypothetical galax-
ies at the r-band flux limit, with various r −K colours, situated
at z = 0.01 (upper-left line, solid, red) or at z = 0.02 (lower-right
line, dashed, green). z = 0.02 corresponds to a survey volume of
1.06× 104h−3 Mpc3.

Figure 11. As Fig. 10 but for r-band absolute magnitude. The
straight lines correspond to hypothetical galaxies at the K-band
flux limit, with various r−K colours, situated at z = 0.01 (lower-
left line, solid, red) or at z = 0.02 (upper-right line, dashed,
green).

that would not be seen near the K-band flux limit. Consid-
ering a galaxy at redshift z with K = 16 (the K-band flux
limit), the r-band absolute magnitude will be

Mr = r −DM(z) = K + (r −K)−DM(z) . (14)

Fig. 11 shows this relation between Mr and r−K (with
K = 16), from which it may be seen that blue galaxies will
not be seen at faint r-band luminosity. Significant incom-
pleteness is to be expected for Mr − 5 log h > −17.5.

For the large radius limit, considering a source with a
certain K-band magnitude and surface brightness, and as-
suming the Petrosian radius rP is twice the effective radius,

Figure 12. K-band luminosity function for the whole sam-
ple, with a compendium of published results from observations
or semi-analytic models. Only the filled points are used in the
Schechter function fit, i.e., MK − 5 log h < −20; the unfilled
points are likely to suffer from some incompleteness of low-surface
brightness or red, low-luminosity galaxies. Schechter function pa-
rameters are M∗− 5 log h = −23.17± 0.04, α = −0.81± 0.04 and
φ∗ = (0.0176± 0.0009)h3 Mpc−3.

Equation (1) can be written as

µe " K + 2.5 log 2π
“rP

2

”2
. (15)

For K=16 and µe = 19.5mag arcsec−2, this corresponds to
a limit in Petrosian radius of 4.0 arcsec, considerably less
than the 6 arcsec limit intrinsic to the data; only for surface
brightness fainter than 20.38mag arcsec−2 does the 6 arcsec
large radius limit dominate.

Fig. 9 also shows the best-fitting Cho"loniewski fit to the
BBD. It can be seen that the function provides a poor fit
to the data, being unable to fit simultaneously the decline
at high surface brightness and high luminosity, the broaden-
ing of the surface brightness distribution at faint luminosity,
or the slope of the luminosity–surface brightness relation,
which flattens at high luminosity. These features have also
been seen in optical determinations of the BBD (e.g., Driver
1999; Blanton et al. 2001; Cross & Driver 2002; Driver et al.
2005)

4.2 K-band luminosity function and luminosity
density

Fig. 12 shows the K-band luminosity function for the
whole sample. The parameters of the best-fitting Schechter
function correlate strongly, with corr(M∗, α) = 0.92,
corr(M∗, φ∗) = 0.97 and corr(α, φ∗) = 0.91.

The most significant deviation from the published K-
band luminosity functions is at the bright end, where our LF
has a very steep decline compared with those of Bell et al.
(2003), Eke et al. (2005) and Jones et al. (2006). There are
several possible explanations for this, for example:

(i) Differences in the evolution corrections used (0.3 mag
at z = 0.3 for our value of Q = 1), affecting the high-
luminosity galaxies (cf. Fig. 5). Jones et al. (2006) applied

c© 0000 RAS, MNRAS 000, 1–16

•Redshifts are necessary; for local galaxies
(z<0.02), radius is a good discriminant (also J-K)
•With at least one optical band, photometric 
z could be determined; and broad-band 
colors could be obtained (SP inferences...)

Either add to SASIR B/g band or 
combine information with other 

deep surveys when possible 
(SDSS, Subaru, PanStars, LSST*)



The dwarf galaxy population (building blocks)

•What is the abundance and the LF faint-end of different types of dwarf gal’s? 
What is the minimum Ms of galaxies?
•How is the distribution of dwarfs in clusters, groups, filaments and voids?
•How is the stellar structure of dIrr’s, BCDs and dS’s?

NIR: mass, structure. Deep, LA surveys are necessary to explore 
dwarfs in the local volume and in different environments.

from Vaduvescu PhD thesis



Some results from Vaduvescu thesis;    Vaduvescu, Richer & McCall 06, AJ, 131
 SPM observations.     Careful photometric analysis.   NIR SB profiles: sech law.  

kinematics!

dE and dSph are probably old 
fossils (or formed by tidal 

destruction?) 

What about dIrr, BCD, dS?
BCD are dIrr in bursting phase 

and dE are fading dIrr?

Key constraints to the 
LCDM model  (see 

Valenzuela’s talk)



Baryonic quantities, the ultimate goal

Synergy of NIR surveys 
with HI surveys --> the 
real mass backbone of 

galaxies

Baryonic

Stellar

To fully understand galaxy 
formation & evolution, we need 
to constrain stars, gas, and dust



Disk galaxy scaling relations 
Avila-Reese, Zavala, Firmani, Hernandez-Toledo, AJ, in press;   (Zavala, A-R,H-T, Firmani 03, A&A)

The TF relations
•The bar TFR is steeper than the 
st one. 
•Intrinsic scatters: change from bar to st 
and to K-band cases
•Crucial for constraining models

Scaling relations of disk galaxies 15

then the slope becomes steeper (shallower). The scatter
around the Vm-Rbar correlation is expected to be the
largest one of the three scaling relations. Galaxies are
spreaded in the Vm-Rbar diagram by λ, fgal and c, in
each case in a divergent way in both axes. Therefore, the
scatter of the Vm-Rbar relation is expected to correlate
significantly with both Σbar,0 and the galaxy color. Re-
call that in the Rbar-Mbar diagram, galaxies are spreaded
by λ and c only along the Rbar axis. In the Vm-Mbar di-
agram the spread produced by these parameters is also
only along one axis (Vm), but furthermore, the spread
produced by fgal in both axes is such that the galaxy
moves nearly along the main relation, resulting the TFR
the less scattered among the three relations.

The slope of the (noisy) Vm-Rbar correlation found
here is 0.51 ± 0.11 (orthogonal fit), i.e. shallower than
the cosmological one (see Appendix B), which favors, if
any, a mild anticorrelation of fgal with mass. The in-
trinsic scatter, σintr(LogVm)=0.16, is much larger than
the scatter around the baryonic TFR. As predicted by
the models, the residuals of the Vm-Rbar correlation cor-
relate significantly with both logΣbar,0 and the (B −K)
color (r = 0.95 and 0.67, respectively); the slopes of these
correlations (orthogonal fit) are 0.34 and 0.28, respec-
tively.

4.2. The stellar scaling relations
The main changes as passing from the baryonic to the

stellar scaling correlations are the decrease of the slope
and intrinsic scatter in the Vm-M correlations. The scat-
ters of the R-M and R-Vm correlations also decrease
but the significances of the differences are very marginal.
More interesting, the (weak) anticorrelation between the
residuals of the baryonic Vm-Mbar and Rbar-Mbar cor-
relations tends to dissapear in the stellar case, a fact re-
lated to other of our results, namely that the radius (or
disk surface density) is a third parameter in the bary-
onic TFR but not anymore in the stellar one. All these
differences are related to the gas (or stellar) mass frac-
tion of galaxies, showing that the mass infall and SF
histories vary systematically among galaxies. Are these
variations consistent with galaxy models based on the
ΛCDM framework?

Let us first discuss in more detail the change in the
slope of the Vm-M relation. If the stellar mass frac-
tion, fs = 1 − fg, depends on Ms as fs ∝ Ms

β , then
Mbar = Ms/fs ∝ Ms

1−β . Therefore, from Vm ∝ Mbar
α

one passes to Vm ∝ Ms
α(1−β). In the left panel of Fig.

7, fs vs Ms is plotted for our galaxy sample. Although
with a high scatter, fs correlates with Ms roughly as

fs = 0.65(Ms/1010M")0.13, (5)

implying then that the slope from the baryonic to stellar
TFRs should decrease by a factor ∼ 0.87. The corre-
sponding slopes calculated with the orthogonal fits are
0.31 and 0.27, respectively. What does produce the cor-
relation of fs (or fg) on Ms. It could be that rather than
a fundamental corelation, it is a consequence of other cor-
relations. For example, Fig. 7 shows that fs correlates
slightly stronger with Σs,0 (and also with the galaxy
color) than with Ms.

From the point of view of the models, the stellar frac-
tion fs of normal disk galaxies depends mainly on two

factors: the efficiency of gas transformation into stars
that is given basically by the disk surface density (de-
termined by λ, fgal, and Mh), and the gas infall history
that is connected to the halo MAH. Based on these pro-
cesses and by means of semi–numerical models, FA00 and
Avila-Reese & Firmani (2000) have shown that (i) lower
surface density disks transform with less efficiency gas
into stars than disks of high surface density, (ii) more
massive disks tend to be of higher surface density (see
also Dalcanton et al. 1997), and (iii) the present–day
fs anticorrelates significantly with Σs,0 (or ΣB,0), and
because of item (ii), with Ms. Note that the dependence
of fs on Σs,0 is a non trivial prediction because several
physical/evolutive processes combine to give rise to the
stellar (or gas) mass fraction and surface density (bright-
ness) of evolved disk galaxies.

In Fig. 7, along with the observational inferences, the
models presented in FA00 are plotted in the fs-Σs,0 di-
agram (magenta stars). In FA00, three narrow stellar
mass ranges were simulated (around 109M", 1010M",
and 1011M"). The range with the largest stellar masses
has probably overestimated values of fg (submestimated
values of fs) because for such large systems, not all the
available gas (fgal=0.05 for FA00) sets into the disk due
to the large cooling times and possible AGN feedback
(extra factors to be considered for massive galaxies).
Thus, in the central panel of Fig. 7, the one third of the
models (those with Ms ≈ 1011M") should have higher
values of fs.

As a consequence of the mentioned predictions, FA00
showed that the scatter around the stellar TFR due to
λ (Σbar,0) should dimish with respect to the one around
the baryonic one: galaxies that in the baryonic TFR were
shifted to the high-Vm side, because of their higher sur-
face densities, transform more efficiently gas into stars
and shift also to larger stellar masses in the stellar TFR
diagram with respect to galaxies of lower surface den-
sities. As the result, the dispersion in the stellar TFR
due to the disk surface density (mainly associated to λ
and fgal) decreases: the TFR becomes almost the same
for HSB and LSB galaxies and no anticorrelation between
the residuals of the TFR and Rs-Ms relation is expected.
Interesting enough, while the dispersion in λ produces
more scatter around the TFR than the dispersion in the
halo MAH, the opposite applies in the stellar case.

While less notorious than the surface density, also is
predicted a kind of compensation in the shift of the galax-
ies in the Vm-M diagrams related to the MAH (which
determines the halo concentration): galaxies that were
shifted to the high–Vm side because were formed in halos
assembled earlier (more concentrated), are also shifted to
the larger–Ms side because these galaxies had more time
to consume the gas (they end with higher fs).

The predictions of the ΛCDM–based disk galaxy mod-
els provide an adequate context to interprete the obser-
vational results plotted in the two upper rows of Fig. 6.
The loss of dependence of the Vm-M correlation residuals
upon the R-M correlation residuals as passing from bary-
onic to stellar masses can be understood on the ground
of the self–regulated SF efficiency dependence on disk
surface density described above (FA00; see also Dutton
et al. 2007).

In the same way, the distribution of galaxies in the
diagrams of the residuals of the Vm-M , (B − K)-M ,

16 Avila-Reese et al.
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Fig. 7.— Stellar fraction fs vs Ms, Σs,0, and (B − K). Solid and empty symbols are for HSB and LSB galaxies, respectively. Red
galaxies are represented with circles, while blue galaxies with triangles. The solid lines are the log–log orthogonal linear regressions. Stars
are from models by FA00.

and fs-M correlations can be interpreted as follows. In
the understanding that the disk color and fs are re-
lated mainly to the halo MAH (concentration), then
correlations between the baryonic residuals ∆Vm(Mbar)
and ∆(B − K)(Mbar), and beetwen ∆Vm(Mbar) and
∆fs(Mbar), are expected (see above). This is because
for a given mass, halos assembled earlier have larger Vm,
and the galaxies formed inside them transformed gas into
stars earlier (therefore are redder) and more efficiently
(therefore have higher values of fs). In the correspond-
ing panels of Fig. 6, one sees indeed these predicted
tendencies, mainly for the HSB galaxies. For the LSB
galaxies, the tendencies almost dissapear and this might
be because the (low) SF rate in LSB galaxies does not
depend anymore on the gas infall rate; this dependence
is what allowed us to associate the observables color and
fs to the halo MAH6. In the residuals plots correspond-
ing to stellar quantities, the tendencies become negligible
because from Mbar to Ms, the shifts in Vm in the TFR
due to the halo MAH (concentration) tend to be com-
pensated by shifts in Ms (see the previous paragraph).
Therefore, in the Vm-Ms (stellar) diagram the mentioned
SF effects tend to reduce the scatter and its dependence
on surface density, color, and fs with respect to the Vm-
Mbar (baryonic) diagram.

We showed that the predictions obtained with the
ΛCDM based models by FA00 offer an excellent quali-
tative description of several observatioanal details of iso-
lated disk galaxies. Elsewhere will be presented a system-
atical comparison of observations with results from disk
galaxy models calculated with the most recent cosmolog-
ical parameters. With the aim to show that the models

6 Below a certain gas surface density, the SF rate could be so
inneficient that its long scaletime becomes independent of the gas
infall rate (given by the MAH). Alternatively, the SF rate in LSB
galaxies could be disconnected from the gas infall rate and the gas
surface density as a consequence of their low metal content, which
makes the gas cooling very inneficient (Gerritsen & de Blok 1999).

are able to make even quantitative predictions, we plot
the results from FA00 that can be compared with the
observational inferences presented here. FA00 plotted in
the stellar TFR diagram averages and scatters for three
mass bins (their Fig. 7) that we reproduced here in the
corresponding panel of Fig. 1 (magenta stars with ver-
tical error bars). We dimished their Ms points by the
factor (0.70/0.65)−2 in order to take into account the
slightly different value of H0 used in their models. The
agreement is quite good, taking into account that models
calculated with a σ8 < 1, would have smaller values of
Vm. FA00 presented also model results for the Rs-Vm re-
lation, divided in HSB and LSB galaxies, but very HSB
models were not taked into account. We estimate the
“weight” of these models in the fit for the HSB galaxies,
and reproduce both the LSB and HSB+very HSB fits in
the corresponding panel of Fig. 3 (thick magenta dashed
lines) with a correction by the factor (0.70/0.65)−1 in
the radius. The agreement is rather well within the large
scatter. Finally, model results by FA00 in the fs-Σs,0 di-
agram (Fig. 6, magenta stars), and (ii) in the diagram of
residuals of the baryonic Vm-Mbar and Rbar-Mbar corre-
lations (upper left panel of Fig. 6, magenta dashed line)
were presented already above, evidencing a reasonable
agreement with observations.

4.3. The luminous scaling relations
The slopes and scatters of the K band scaling corre-

lations are similar, within the uncertainties, to those of
the stellar scaling correlations. The only quantity that
actually changes in the diagrams is LK by Ms, through
the K−band mass–to–luminosity ratio, ΥK . This ratio
increases slightly with the disk color for HSB galaxies
and slightly decreases with it for the blue LSB galaxies
(§2.2). Hence, it is not expected a significant trend of
ΥK with mass or Vm. As the scale radius, we assumed
that Rs=RK.

€ 

fs =
Ms

Ms + Mg

?

Very reduced number 
of ‘useful’ galaxies
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The radius-M (-L) relations
•Scattered and segregated by 
SB, and less by color

•Slopes around 0.3, but for the 
B band case, 0.44.  ☛

A wide range in SB is 
crucial for this relation.  
Most of previous similar 
samples did not include 
LSB gal’s

Scaling relations are fossils of: 
cosmological initial conditions 
+ gal. evolution + SP evolution. 
Observational constraints 
(including early-types) are yet 
very limited. Even scatters are 
highly informative

keynote:/Users/vladimiravilareese/WINDOWS/VLADIMIR/discos/Ens/AVILA2b.key?id=BGSlide-4
keynote:/Users/vladimiravilareese/WINDOWS/VLADIMIR/discos/Ens/AVILA2b.key?id=BGSlide-4


baryonic  

stellar   

K band    

B band    

Trends among the residuals

-0.5

✤In the bar case there is a (weak) 
anti-correlation: sl=-0.15. The level 
of dependence of Vm on the disk 
surface density decreases as SB 
decreases (the halo becomes 
dominant).  Could MOND explain this?
✤The anti-corr’n disappears in the 
st and L cases.   Why?  (A SF effect)

✤The B-band TFR residuals 
increase as the gal’s are deviated 
to the redder side (Kannappan+ 02).  
For a given LK, the bluer the color,  
the larger LB.

✤The bar TFR residuals are larger 
for gal’s that end with higher st. 
fractions (formed earlier and/or 
had an efficient SF)

The scaling rel’s change for luminous, 
stellar, and baryonic quantities: clues to 
models of gal. formation and cosmology



NGC 253

The stellar structure of galaxies in the NIR

•NIR morphology is different to the optical ones (de Blok, Puerari,...):  
morphological reclassification.     B/D ratio and dust corrections
•NIR bar and bulge statistics (z~0 and z>0 and as a function of 
environment): secular evolution of galaxies & dynamical history (Hernandez-Toledo+)

NIR
•not floculent arms
•a clear bar

•NIR CAS parameters & 
lopsideness statistics: 
galaxy assembly history, 
dark matter halo structure 
and sub-structure, etc. 
(Hernandez-Toledo+,  
Valenzuela+)

•Outer stellar disks 
structure -cutoff?, warps
•Color gradients:  inside 
out formation, secular mass 
redistribution, dust gradient?
•LSB galaxy stellar 
structure



Colours of SF-ing galaxies are poorly understood.
5800 SDSS/UKIDSS late-type local galaxies
-More strongly SF-ing galaxies have redder H-K color. 
-The more dust attenuation, the redder H-K
-TP-AGB stars dominate the H & K bands following a 
SF burst. 
-TP-AGB stars are the main source of dust in nuclear 
region of the galaxy 

divided by age divided by Z-Models: g-r vs Y-K could break 
the age-Z degeneracy. 

-Data: marginally.  Y-K is metal 
sensitive (see also Galay+02)

CB07 models
MNRAS, 384,930

non-SFing

SFing



NIR colors as probes of interacting galaxies 
(Geller et al. 06, AJ, 132, 2243)

isolated control sampleinteracting

Hot dust could be a new tracer of SF in 
compact dust-enshrouded bursts. The 
z=0 SFRD could be underestimated

NIR photometry is very useful for understanding the 
physics of interacting galaxies (several of their 

underlaying properties are distorted in optical bands):   a 
deep and extensive NIR catalogue of these galaxies is 

desirable



The z>0 universe
A large area survey of well-defined mass-tracing objects (e.g., 
galaxies in the NIR) in a given z-range is useful for several LSS and 
structure formation problems.

--Baryonic Acoustic Oscillations (e.g. SDSS-III): dA at z=0.3, 0.6 & 2.5

~150 Mpc, z=0.3
Used to measure dark energy 

properties



Imprint of superstructures in the CMBR due to 
the ‘late-time’ Integrated Sach-Wolfe (ISW) effect

The ISW signal peaks at l~20 and z=0.5: superstructures  
of ~4deg or 100 Mpc/h
                                Granett+ 0805.3695  (LRG in SDSS)

Measurement of DE parameters
Test of cosmological models 

1.4Ghz radio sources from NVSS

Rudnick+07ApJ, 671

Accelerated expansion due to dark energy (z<1) causes 
even gentle large-scale potential wells and hills to decay 
over the time it takes a photon to travel through them--> 
gravitational z--> secondary anysotropies in the CMBR: 
cross-correlate with LSS at the z of the effect. 

depends on DE

140 Mpc hole  @ the 
CMBR cold spot

http://en.wikipedia.org/wiki/Accelerated_expansion
http://en.wikipedia.org/wiki/Accelerated_expansion
http://en.wikipedia.org/wiki/Photon
http://en.wikipedia.org/wiki/Photon


Evolution of the K-band LF (UKIDSS-UDS)

Cirasuolo + 08,  08043471

Downsizing: 
bright/massive gal’s are 

assembled at high z (1-3) 
and then passively 
evolve, while the 

formation of less L gal’s is 
progressively shifted to 

lower z’s

For high-z studies, 
z determination is 

demandatory 



Models vs 
observations:

a great 
challenge
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TABLE 1

Ks-Band LF of Paired Galaxies and Differential Pair Fraction

M ! 5 log hK

(mag)

!2log (M /h )stars

(M,)

3log (f/h )
(Mpc!3 mag!1) Error N

Pair Fraction
(%) Error

!21.75 . . . . . . 10.24 !4.25 !4.35 2 0.78 0.50
!22.25 . . . . . . 10.44 !4.07 !4.31 4 1.27 0.65
!22.75 . . . . . . 10.64 !3.76 !4.20 9 1.89 1.25
!23.25 . . . . . . 10.84 !3.94 !4.42 11 2.45 0.84
!23.75 . . . . . . 11.04 !4.38 !4.74 6 2.54 1.17
!24.25 . . . . . . 11.24 !4.64 !4.99 5 1.85 0.97
!24.75 . . . . . . 11.44 !5.60 !5.60 1 … …

Fig. 2.—Ks-band LFs and stellar mass functions and differential pair fraction
(right coordinates). The lines are Schechter functions of the LF of paired
galaxies (solid ), of the LF of 2MASS galaxies by Kochanek et al. (2001;
dotted ), and of the LF of 2MASS galaxies by Cole et al. (2001; dashed ). The
shaded area presents the differential pair fractions and the errors.

TABLE 2

Paremeters of Schechter Function of Ks LF
of Paired Galaxies

a Error M ! 5 log h∗ Error 3log (f /h )0 Error

0.30 0.56 !22.55 0.25 !3.46 0.13

where the summation is over the 16 single-redshift pairs.
The pair fraction can be estimated as follows:

Npg
A

f p (1! Q ), (2)!p false, i
N ig

where is the total number of galaxies in the parentN p 2079g

sample brighter than , is the cor-K p 12.5 A p 1/(1! 0.317)s

rection factor to compensate the incompleteness due to the
missing pairs, and is the total number of galaxies inN p 30pg

the paired galaxy sample brighter than . TheK p 12.5s

estimated error of is
Npg 2f err p (A/N ) {! [(1! Q ) "p g false, ii

, where is the error of Qfalse as given in equation (1).
2 1/2e ]} eQ, i Q

Note that the two galaxies in a pair have the same Qfalse and
. Using these formulae, we found a pair fraction ofe f pQ p

.1.70%! 0.32%
The Ks-band LF of paired galaxies is calculated using the

Vmax method (Schmidt 1968). Comparing the number counts of
our parent sample with the 2MASS number counts of Kochanek
et al. (2001) in Figure 1, we estimate that the effective sky
coverage of the parent sample is 650 deg2, with an error of
∼5%. We ignore this error because it is much smaller than other
errors. Given our pair selection criteria, both components of a
pair have the same Vmax determined by the Ks magnitude of the

primary, the redshift of the pair, and . The Ks-bandK p 12.5lim

LF and its error are calculated using the following formulae:

NiA 1! Qfalse, jf(M ) p , (3)!K, i d(m) Vj max , j

2 2NiA (1! Q ) " efalse, j Q, j"e (M ) p ! , (4)f K, i 2
jd(m) Vmax , j

where is the LF in the ith bin of the Ks-band absolutef(M )K, i

magnitude, Ni is the number of galaxies in that bin, d(m) p
is the bin width, and Vmax, j is the maximum finding volume0.5

of the jth galaxy in the bin. Other symbols have the same
definition as in equation (2). The results are listed in Table 1
and plotted in Figure 2. The parameters of the best-fit Schechter
function of the LF are given in Table 2. It is well known that
LF derived using the Vmax method can be affected by inho-
mogeneous spatial distribution of galaxies. In the redshift dis-
tribution of the 2MASS/2dFGRS matched catalog (Cole et al.
2001), there is evidence of clustering, particularly a dip around

and a sharp peak around . Therefore, thez p 0.04 z p 0.06
fluctuations of the LF of paired galaxies around the smooth
Schechter function (e.g., the excess at !22.75) are pos-M pK

sibly due to this effect.
The stellar masses, corresponding to the absolute magnitude

bins of the LF, are also listed in Table 1. Following Kochanek
et al. (2001) and Cole et al. (2001), we first translate the isophotal
Ks magnitude to the “total” Ksmagnitude ( mag), thendK p 0.2s

assume the conversion factor of whichM /L p 1.32 M /Lstar K , ,

is for a Salpeter initial mass function (Cole et al. 2001). The
differential pair fraction function (Table 1 and Fig. 2) is cal-
culated using the Schechter functions of the paired galaxies
and of 2MASS galaxies (Kochanek et al. 2001) in the lumi-
nosity/mass range covered by the paired galaxy sample, with
the error estimated from the quadratic sum of the error of the
LF of paired galaxies and its deviation from the Schechter
function. The last bin is not included because there is only a
single galaxy in the bin, and therefore the value is too uncertain.
Although error bars are substantial, some general trends can
be identified in Figure 2. Unlike the LF of 2MASS galaxies,
the LF of paired galaxies has a negative slope in the faint end,
suggesting that galaxies with low stellar mass are less likely

Evolution of the galaxy pair fraction (merging rate)

TOWARD A ROBUST ESTIMATE OF THE MERGER RATE EVOLUTION
USING NEAR-IR PHOTOMETRY

A. Rawat,1,2 Francois Hammer,2 Ajit K. Kembhavi,1 and Hector Flores2

Received 2007 June 19; accepted 2008 March 31

ABSTRACT

We use a combination of deep, high angular resolution imaging data from the CDFS (HST/ACS GOODS survey)
and ground-based near-IR Ks images to derive the evolution of the galaxy major merger rate in the redshift range
0:2 ! z ! 1:2. We select galaxies solely on the basis of their J-band rest-frame absolute magnitude, which is a good
tracer of the stellar mass. We find steep evolution with redshift, with the merger rate /(1þ z)3:43#0:49 for optically
selected pairs and /(1þ z)2:18#0:18 for pairs selected in the near-IR. Our result is unlikely to be affected by lumi-
nosity evolution that is relatively modest when using rest-frame J-band selection. The apparently more rapid evo-
lution that we find in the visible is likely caused by biases relating to incompleteness and spatial resolution affecting
the ground-based near-IR photometry, underestimating pair counts at higher redshifts in the near-IR. The major
merger rate was $5.6 times higher at z $ 1:2 than at the current epoch. Overall, 41% ; (0:5 Gyr/!) of all galaxies
withMJ ! %19:5 have undergone a major merger in the last $8 Gyr, where ! is the merger timescale. Interestingly,
we find no effect on the derived major merger rate due to the presence of the large-scale structure at z ¼ 0:735 in the
CDFS.

Subject headinggs: galaxies: evolution — galaxies: formation — galaxies: interactions — galaxies: statistics

1. INTRODUCTION

Galaxy mergers are believed to be the chief mechanism driv-
ing galaxy evolution within the hierarchical framework. Although
mergers are rare at the current epoch, the hierarchical framework
predicts that the merger rate must have been higher at earlier
epochs. Despite its importance in understanding galaxy evolu-
tion, the quantification of the galaxy major merger rate and its
evolution with redshift is still an ill-constrained and hotly de-
bated issue. Patton et al. (1997) have derived a clear increase in
the merger fraction with redshift until z $ 0:33 with a power-law
index of 2:8 # 0:9. However, extension of this work to higher
redshifts has been riddled with controversy. Le Fevre et al. (2000)
reported steep evolution of the major merger rate until z $ 1:0,
with a power-law index of 3:2 # 0:6 using pair-counting in the
optical band for identifying the merger candidates. Bundy et al.
(2004) reported a much more modest evolution of merger rate
using K 0-band images for identifying major merger candidates.
Lin et al. (2004) also reported very weak evolution in the merger
rates using the DEEP2 redshift survey. Bell et al. (2006) reported
a fairly rapid evolution in merger fraction of massive galaxies
between z $ 0:8 and the current epoch, using the technique of
projected two-point correlation function. Lotz et al. (2008), on
the other hand, reported that the major merger fraction remains
roughly constant at$10% # 2% until z $ 1:2, using a nonpara-
metric technique for quantifying galaxy morphology. Some of
the discrepancies in the results quoted above may be attributed to
differences in sample selection criteria, different techniques to
derive themerger rate, and different definitions of major mergers
used by various people.

We have used a combination of high-resolution imaging data
from the HST/ACS GOODS survey and Ks imaging data from
the VLT follow-up of the GOODS-South field to quantify the
major merger rate of galaxies and its redshift evolution using the

technique of pair counting. Section 2 lists the data sets we have
used in this work and briefly explains the methodology that we
have employed in this paper for deriving themerger rate. Section 3
details the sample selection criterion employed by us and the
possible biases in our sample. Section 4 explains the details of
the photometry performed by us in theKs filter. Section 5 explains
in detail how we identify major pairs of galaxies, along with cor-
recting for possible contamination and incompleteness issues.
Section 6 compares the differences in pairs identified in the vis-
ible and the near-IR. Section 7 deals with the calculation of the
major merger rate from our identified pairs and its evolution with
redshift. We conclude by discussing the implications of our re-
sults obtained in this paper in Section 8. We adopt a cosmology
with H0 ¼ 70 km s%1 Mpc%1, !M ¼ 0:3, and !" ¼ 0:7.

2. THE DATA

We have used version v1.0 of the reduced, calibrated images of
the ChandraDeep FieldYSouth (CDFS) acquired withHST/ACS
as part of the GOODS survey (Giavalisco et al. 2004). The
SExtractor (Bertin & Arnouts 1996) based version r1.1 of the
ACS multiband source catalogs was used for object identifica-
tion. Spectroscopic redshifts were taken from the redshift catalog
of the VVDS (Le Fevre et al. 2004), GOODS/FORS2 redshift
survey (Vanzella et al. 2005, 2006), and the IMAGES survey
(Ravikumar et al. 2007). The near-IR J- and Ks-band imaging
data of the GOODS/CDFS region from the ESO GOODS/EIS
Release version 1.5 (B. Vandame et al. 2008, in preparation) was
used.

2.1. The Methodology

Themethodology that we employ in this paper is quite straight-
forward. First, we identify sources with known spectroscopic red-
shifts in the GOODS-S field.We then shortlist those galaxies with
redshift in the range 0:2 ! z ! 1:2 and rest-frame absolute mag-
nitude brighter than MJ (AB) ¼ %19:5 to obtain a volume-limited
sample of primary galaxies. We then identify neighbors within a
projected radius of 5 h%1

100 kpc ! r ! 20 h%1
100 kpc around each
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In Figure 6 many objects have !z/(1þ z) much larger than
0.006 (somuch so thatmost of them are out of the frame in Fig. 6).
The members of such pairs are treated as having ‘‘discordant red-
shifts’’ and are essentially foreground/background superpositions.
From this plot, we can then derive the fraction of pairs that are
actually foreground/background superpositions (i.e., the contami-
nation rate). This contamination rate is found to be "69% #
13%. On first sight this might appear larger than the contamina-
tion rate of 42% # 6:3% that we have obtained using our statisti-
cally estimated foreground/background contamination (although
note the large error bars since we are dealing with small number
statistics here). However, we checked the spectra of the pairs
having discordant redshifts ourselves. It turns out that in many
cases, the redshift determination can be quite poor indeed, espe-
cially in the low-exposure and low-resolution VVDS (as param-

eterized by their redshift flag). So in cases in which the neighbor
has a VVDS redshift flag 2 (75% confidence) or worse, there is a
much greater risk of the pair being designated as having discor-
dant redshifts. In addition to this, one also has to allow for the
fact that some of the pairs using redshifts from the other two red-
shift catalogs can also be erroneously counted as discordant (for
the same reason as above). Such pairs account for"15/45 discor-
dant redshift pairs in the z band. This can significantly swing the
number of pairs with discordant redshifts. If we discard these
15 discordant cases and recalculate the contamination rate, we
get 60% # 14% as the contamination rate, which is in much bet-
ter agreement with the contamination rate of 42% # 6:3% that
we have obtained using our statistically estimated foreground/
background contamination.
In a nutshell, our contamination calculation is robust, and the

contamination rate compares well with the contamination rate
reported in literature, as well as with the subsample of our major
pairs where we have spectroscopic redshifts for both members of
the pair. Also, as a result of our eagerness to throw out prospec-
tive pairs as having discordant redshifts due to spurious redshift
determination in some cases, we are going to end up with an es-
timate of merger fraction that is a bit too low, and thus it should
be treated as a lower limit.

5.3. Source Blending and Photometric Completeness

A major bias when studying close pairs of objects may be
caused by the fact that sources are blended when their separation
is comparable to the PSF. It particularly affects ground-based Ks

images because the Ks PSF ("0.500 ) is much larger than the HST
optical PSF ("0.100 ). This is illustrated in Figure 7, where we
have plotted the angular separation between the main galaxy
and neighbors identified in the z filter against the z magnitude
of the neighbor, segregated into three redshift bins. A neighbor
here is identified as any galaxy within 5 h$1

100kpc % r % 20 h$1
100

kpc of the primary galaxy, regardless of its magnitude. The re-
sultant list of 1085 neighbors includes major as well as minor
neighbors and constitutes the pool from which the major pairs
are identified. In Figure 7 the open circles denote neighbors that
have Ks magnitudes, whereas the green crosses denote neigh-
bors that do not have Ks magnitude. As is shown in Figure 7,
there are a large number ("43%) of such neighbors that do not
have Ks-band magnitudes. This has the consequence of reduc-
ing the pool of neighbors fromwhich themajor pairs are identified

Fig. 7.—Angular separation between themain galaxy and the neighbor identified in the z filter vs. the zmagnitude of the neighbor, segregated into three redshift bins as
indicated. The open circles are neighbors that have measured Ks magnitude, whereas the green crosses are neighbors that do not have Ks magnitude. The horizontal lines
correspond to 20 and 5 h$1

100 kpc at the mean redshift of each bin, respectively.

Fig. 6.—Histogram of (zhost $ zneigh)/(1þ zhost) for the 65 major pairs where
both members have a spectroscopic redshift. Note that only 20 pairs have$0:006 %
!z /(1þ z) % 0:006 as seen in the figure. Most other pairs have !z /(1þ z) much
larger than 0.006 so that they are out of the frame.
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Figure 5. Angular correlation function w(θ ) for the low-z (left-hand panel) and high-z (right-hand panel) samples. The solid (blue) curves represent the best
HON fits to the data obtained under the assumption that the distribution of galaxies within their dark matter haloes mirrors that of the dark matter (chosen to
be described by a NFW profile, cf. Section 4), while the dashed (green) curves are the best fits obtained for a steeper galaxy profile, ρ ∝ r−3. The long-short
dashed (cyan) curves correspond to the best one-parameter fits obtained by setting in equation (5) α = 0 and N0 = 1. The negative w(θ ) data points in the χ2

analysis of the low-z sample have been treated as in Section 3.1 (see text for details).

the data, as small-scale measurements of the two-point correlation
function prefer smoother profiles such as NFW or ρ ∝ r−2.5. How-
ever, at very low redshifts it is reasonable to expect the majority of
dark matter haloes to be virialized and therefore be to reasonably
described (at least beyond the very small scales, see e.g. Bukert
1995) by NFW-like profiles. Two options are instead possible at
such high redshifts. The first one is that galaxies still do trace the
underlying distribution of the dark matter within their haloes, and
it is the dark matter itself which does not follow NFW-like pro-
files. The second option is instead that galaxies are simply more
radially concentrated than the dominant dark matter counterpart.
Whatever the favourite choice, one thing is clear; on subhalo scales,
24-µm-selected galaxies at redshifts z ! 0.6 are more strongly
radially concentrated than their low-redshift counterparts. Such a
strong concentration is indicative of a strong interaction between
galaxies which reside in the proximity of the halo centres, and we
expect such a strong interaction to eventually drive a substantial
number of mergers. It is possibly not a random coincidence that
bright 24-µm-selected sources at intermediate-to-high redshifts are
in general associated to very intense star-forming systems; the ex-
cess of proximity between such galaxies would eventually lead to
gas-rich mergers which could easily trigger enhanced star formation
activity like the ones observed. In passing, we note that evidence
for an upturn (although less significative than ours) on scales r "
0.2 h−1 Mpc has also been recently reported by Gilli et al. (2007) for
their sample of z ∼ 1, 24-µm-selected sources in the GOODS fields.

The best average number of galaxies 〈N〉 as a function of halo
mass for the two analysed samples (and in the PL3 case) are pre-
sented in Fig. 6 (solid/red line for the high-z sample), while the
galaxy mass function as coming from equation (4) for the best-
fitting values of the HON for the high-z sample (solid/red curve)
and in the case of the low-z sample (dashed/green curve) are illus-
trated by Fig. 7. Despite the large uncertainties due to the relatively
poor statistics, a number of interesting features can be gathered
from these plots. Sources belonging to the high-z sample appear to
be exclusively located in very massive, M ! 1013 M&, structures,
identifiable with groups-to-clusters of galaxies. These galaxies are
quite common within their haloes (〈N〉 between ∼0.6 and ∼0.06 at

Figure 6. Average number of galaxies 〈N〉 per dark matter halo of specified
mass M (expressed in M& units). The solid (red) line represents the case for
the high-z sample, while the dashed (green) line is for the low-z sample.

the lowest possible masses where the sources start appearing), and
we note that since 〈N〉 is a quantity which is averaged all over the
dark matter haloes more massive than Mmin, in the most extreme
case our results imply that more than one in two of all the structures
with masses M ∼ 1013 M& host a high-z, F24 µm # 400 µJy galaxy.
Furthermore, their number sensibly increases with the richness of
the structure which hosts them. At around M ∼ 1015 M&, their av-
erage abundance is between five and 20 sources per halo (∼10 for
the best-fitting model), value which is not in disagreement with the
typical figures for the number of bright, L > L∗ galaxies associated
to local rich clusters (e.g. Terlevich, Caldwell & Bower 2001).

On the other hand, the low-z sample seems to be made of galaxies
of much smaller mass (Mmin ( 1012 M&). Furthermore, these ob-
jects are very rare (in the most unfavourable case we get 〈N〉 ∼ 10−3

at the lowest possible masses at which the sources start appearing,
i.e. only 0.1 per cent of the ‘allowed’ haloes host a galaxy of the
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ABSTRACT
This paper investigates the clustering properties of a complete sample of 1041 24-µm-selected
sources brighter than F24 µm= 400 µJy in the overlapping region between the Spitzer Wide-
Area Infrared Extragalactic (SWIRE) and UKIRT Infrared Deep Sky Survey (UKIDSS) Ultra
Deep Survey (UDS) surveys. With the help of photometric redshift determinations we have
concentrated on the two interval ranges z = [0.6–1.2] (low-z sample) and z ! 1.6 (high-z sam-
ple) as it is in these regions were we expect the mid-infrared (IR) population to be dominated
by intense dust-enshrouded activity such as star formation and black hole accretion. Inves-
tigations of the angular correlation function produce an amplitude A ∼ 0.010 for the high-z
sample and A ∼ 0.0055 for the low-z one. The corresponding correlation lengths are r0 =
15.9+2.9

−3.4 and 8.5+1.5
−1.8 Mpc, showing that the high-z population is more strongly clustered. Com-

parisons with physical models for the formation and evolution of large-scale structure reveal
that the high-z sources are exclusively associated with very massive (M " 1013 M#) haloes,
comparable to those which locally host groups-to-clusters of galaxies and are very common
within such (rare) structures. Conversely, lower z galaxies are found to reside in smaller haloes
(Mmin ∼ 1012 M#) and to be very rare in such systems. On the other hand, mid-IR photometry
shows that the low-z and high-z samples include similar objects and probe a similar mix-
ture of active galactic nucleus (AGN) and star-forming galaxies. While recent studies have
determined a strong evolution of the 24-µm luminosity function between z ∼ 2 and 0, they
cannot provide information on the physical nature of such an evolution. Our clustering results
instead indicate that this is due to the presence of different populations of objects inhabiting
different structures, as active systems at z # 1.5 are found to be exclusively associated with
low-mass galaxies, while very massive sources appear to have concluded their active phase
before this epoch. Finally, we note that the small-scale clustering data seem to require steep
(ρ ∝ r−3) profiles for the distribution of galaxies within their haloes. This is suggestive of close
encounters and/or mergers which could strongly favour both AGN and star formation activity.

Key words: galaxies: evolution – galaxies: statistics – cosmology: observations – cosmol-
ogy: theory – large-scale structure of Universe – infrared: general.

1 I N T RO D U C T I O N

Understanding the assembly history of massive spheroidal galaxies
is a key issue for galaxy formation models. The ‘naive’ expectation

!E-mail: maglio@sissa.it

from the canonical hierarchical merging scenario, that proved to
be remarkably successful in explaining many aspects of large-scale
structure formation, is that massive galaxies generally form late
and over a long period of time as the result of many mergers of
smaller haloes. On the other hand, there is quite extensive evidence
that massive galaxies may form at high redshifts and on short time-
scales (see e.g. Cimatti et al. 2004; Fontana et al. 2004; Glazebrook
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Figure 3. Sky distribution of UDS-SWIRE, F24 µm ! 400 µJy sources (small dots). The filled (red) circles in the left-hand panel illustrate the 350 objects
included in the redshift interval z = [0.6–1.2], while those in the right-hand panel represent the 210 sources with either z > 1.6 or no optical or near-IR
identification.

of galaxies undergoing intense star formation which we expect (cf.
earlier in this section and also in Fig. 2) to dominate our sample.

The low-z sample instead contains 350 sources. Their sky dis-
tribution is represented by the filled (red) circles on the left-hand
side of Fig. 3. The average redshift of the sample is found to be
〈z〉 = 0.79, its median zmed = 0.84 and the comoving number den-
sity of these sources is n̄G = (9.9 ± 1.0) × 10−5 Mpc−3. Even in
this case, the number density is in excellent agreement with the
findings of Caputi et al. (2007) for their z ∼ 1 sources with ν Lν !
1011.3 L&, where ν Lν was calculated as indicated before. The most
relevant properties for the high-z and low-z samples are summarized
in Table 2.

3 C L U S T E R I N G P RO P E RT I E S

3.1 The angular correlation function

The angular two-point correlation function w(θ ) gives the excess
probability, with respect to a random Poisson distribution, of finding
two sources in the solid angles δ$1, δ$2 separated by an angle
θ . In practice, w(θ ) is obtained by comparing the actual source
distribution with a catalogue of randomly distributed objects subject
to the same mask constraints as the real data. We chose to use the
estimator (Hamilton 1993)

w(θ ) = 4
DD RR
(DR)2

− 1, (1)

where DD, RR and DR are the number of data–data, random–
random and data–random pairs separated by a distance θ .

The two considered UDS-SWIRE samples have an estimated 5σ

flux completeness F24 µm " 400 µJy. Furthermore, since the whole
UDS area was uniformly observed by Spitzer/the Multiband Imag-
ing Photometer for Spitzer (MIPS), we only had to mask out those
(few) portions of the sky contaminated by the presence of bright
stars. Random catalogues covering the whole surveyed area minus
the bright star regions and with 20 times as many objects as the
real data sets were then generated for both the high-z and low-z
samples. w(θ ) in equation (1) was then estimated in the angular
range 10−3 # θ # 0.3 degrees. The upper limit is determined by the

geometry of UDS, and corresponds to about half of the maximum
scale probed by the survey.

Fig. 4 presents our results for the two low-z (left-hand panel) and
high-z (right-hand panel) samples, while Table 1 reports the w(θ )
values as a function of angular scale in both cases. The error bars
show Poisson estimates for the points. Since the distribution is clus-
tered, these estimates only provide a lower limit to the uncertainties.
However, it can be shown that over the considered range of angu-
lar scales this estimate is close to those obtained from bootstrap
resampling (e.g. Willumsen, Freudling & Da Costa 1997).

Particular attention was devoted to the issue of close pairs. In
fact, the points on the top left-hand corners of both w(θ ) esti-
mates correspond to angular scales close to the 5.4-arcsec reso-
lution of the 24-µm Spitzer channel and therefore could be affected
by source confusion. However, since optical and near-IR images for
these sources have a much better resolution (∼0.8 arcsec), we can
use this information and consider as ‘good’ pairs all those made of
galaxies which are identified in the Subaru/UDS images, while we
regard as potentially spurious those made of galaxies without such
optical/near-IR counterparts. For the low-z sample, there are 11 pairs
with distances between 0.001◦ and 0.0031◦. Of these, only one was
found to be closer than 5.4 arcsec and both IRAC and R-band pho-
tometry indicate that we are dealing with two distinct sources. 10
close (i.e. again with distances between 0.0011◦ and 0.0031◦) pairs
are instead found in the high-z sample. Of these, only one is at a dis-
tance below 5.4 arcsec. Unfortunately, the two sources of this pair
are unidentified both in the optical and in the near-IR bands, and so
the pair has to be considered as spurious.

The angular correlation function for the high-z sample was then
computed by both including and excluding the possibly spurious
pair. The small-scale (θ ∼ 0.0015◦) results are shown by the two
horizontal dashes in the right-hand panel of Fig. 4. The filled circle
represents their average. As it is possible to see, the w(θ ) varia-
tion caused by the eventual presence of the spurious pair is almost
negligible, and surely smaller than the error associated to the de-
termination of w(θ ). Nevertheless, in the following we will use as
the ‘best’ small-scale point that obtained as the average of the two
estimates and the associated error will be the sum in quadrature of
the Poisson one and of the variation due to the inclusion/exclusion
of the pair.
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Figure 5. Angular correlation function w(θ ) for the low-z (left-hand panel) and high-z (right-hand panel) samples. The solid (blue) curves represent the best
HON fits to the data obtained under the assumption that the distribution of galaxies within their dark matter haloes mirrors that of the dark matter (chosen to
be described by a NFW profile, cf. Section 4), while the dashed (green) curves are the best fits obtained for a steeper galaxy profile, ρ ∝ r−3. The long-short
dashed (cyan) curves correspond to the best one-parameter fits obtained by setting in equation (5) α = 0 and N0 = 1. The negative w(θ ) data points in the χ2

analysis of the low-z sample have been treated as in Section 3.1 (see text for details).

the data, as small-scale measurements of the two-point correlation
function prefer smoother profiles such as NFW or ρ ∝ r−2.5. How-
ever, at very low redshifts it is reasonable to expect the majority of
dark matter haloes to be virialized and therefore be to reasonably
described (at least beyond the very small scales, see e.g. Bukert
1995) by NFW-like profiles. Two options are instead possible at
such high redshifts. The first one is that galaxies still do trace the
underlying distribution of the dark matter within their haloes, and
it is the dark matter itself which does not follow NFW-like pro-
files. The second option is instead that galaxies are simply more
radially concentrated than the dominant dark matter counterpart.
Whatever the favourite choice, one thing is clear; on subhalo scales,
24-µm-selected galaxies at redshifts z ! 0.6 are more strongly
radially concentrated than their low-redshift counterparts. Such a
strong concentration is indicative of a strong interaction between
galaxies which reside in the proximity of the halo centres, and we
expect such a strong interaction to eventually drive a substantial
number of mergers. It is possibly not a random coincidence that
bright 24-µm-selected sources at intermediate-to-high redshifts are
in general associated to very intense star-forming systems; the ex-
cess of proximity between such galaxies would eventually lead to
gas-rich mergers which could easily trigger enhanced star formation
activity like the ones observed. In passing, we note that evidence
for an upturn (although less significative than ours) on scales r "
0.2 h−1 Mpc has also been recently reported by Gilli et al. (2007) for
their sample of z ∼ 1, 24-µm-selected sources in the GOODS fields.

The best average number of galaxies 〈N〉 as a function of halo
mass for the two analysed samples (and in the PL3 case) are pre-
sented in Fig. 6 (solid/red line for the high-z sample), while the
galaxy mass function as coming from equation (4) for the best-
fitting values of the HON for the high-z sample (solid/red curve)
and in the case of the low-z sample (dashed/green curve) are illus-
trated by Fig. 7. Despite the large uncertainties due to the relatively
poor statistics, a number of interesting features can be gathered
from these plots. Sources belonging to the high-z sample appear to
be exclusively located in very massive, M ! 1013 M&, structures,
identifiable with groups-to-clusters of galaxies. These galaxies are
quite common within their haloes (〈N〉 between ∼0.6 and ∼0.06 at

Figure 6. Average number of galaxies 〈N〉 per dark matter halo of specified
mass M (expressed in M& units). The solid (red) line represents the case for
the high-z sample, while the dashed (green) line is for the low-z sample.

the lowest possible masses where the sources start appearing), and
we note that since 〈N〉 is a quantity which is averaged all over the
dark matter haloes more massive than Mmin, in the most extreme
case our results imply that more than one in two of all the structures
with masses M ∼ 1013 M& host a high-z, F24 µm # 400 µJy galaxy.
Furthermore, their number sensibly increases with the richness of
the structure which hosts them. At around M ∼ 1015 M&, their av-
erage abundance is between five and 20 sources per halo (∼10 for
the best-fitting model), value which is not in disagreement with the
typical figures for the number of bright, L > L∗ galaxies associated
to local rich clusters (e.g. Terlevich, Caldwell & Bower 2001).

On the other hand, the low-z sample seems to be made of galaxies
of much smaller mass (Mmin ( 1012 M&). Furthermore, these ob-
jects are very rare (in the most unfavourable case we get 〈N〉 ∼ 10−3

at the lowest possible masses at which the sources start appearing,
i.e. only 0.1 per cent of the ‘allowed’ haloes host a galaxy of the
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The clustering of BzK galaxies 
(Hartley et al., in prep.). Galaxies 
in the UDS have been selected to 
lie in the redshift range 1.4 < z < 
2.5 and can be characterised as 
either star-forming (sBzK) or 
passive (pBzK) by the Daddi et al. 
(2004) criteria. In this redshift 
range it is the passive galaxies that 
are found to be the more highly 
clustered. The clustering of a set of 
galaxies can be directly linked to 
the mass of the dark matter halos 
in which they reside; in the case of 
the pBzKs the dark matter halos 
have mass in excess of 1013 solar 
masses.

using halo ocupation model



Predicted K-z Hubble diagrams for passively evolving L* 
ellipticals, produced by J.S. Dunlop (based on the models of 
Jimenez et al. 1999). Both models assume a formation 
redshift zf=10. The model shown by the dashed line shows 
residual star formation to z=3, with a more rapid burst of star 
formation for the solid line (terminating at z=5). For 
comparison, the data points illustrate the observed K-z 
relation for the hosts of powerful radio galaxies 
(corresponding to 4×L* ellipticals).

Colour information is also vital for discriminating between objects, and for the 
determination of photometric redshifts, particularly using the 4000Å break as 
it moves through the I, J, & H bands over the range 1<z<4. Photometric 
redshifts need two points longward of the 4000Å break and so should work 
up to roughly z=3. To effectively separate passive ellipticals from starbursts, 
we need to be able to detect colours of J-K ~3 and H-K ~1.5, otherwise the 
majority of our sample objects may be K-band detections only. By the same 
reasoning, it is also highly desirable to obtain very deep I-band data to 
complement the UDS. For an ERO detection, depths of I~27-28 will be 
required to match the above. SuprimeCam on Subaru would be ideal for such 
imaging.

NIR color selection of high-z gal. populations
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ABSTRACT
We conduct a detailed analysis of the photometric redshift requirements for the proposed Dark
Energy Survey (DES) using two sets of mock galaxy simulations and an artificial neural network
code – ANNZ. In particular, we examine how optical photometry in the DES grizY bands can be
complemented with near-infrared photometry from the planned VISTA Hemisphere Survey
(VHS) in the JHKs bands. We find that the rms scatter on the photometric redshift estimate over
1 < z < 2 is σ z = 0.2 from DES alone and σ z = 0.15 from DES + VISTA, i.e. an improvement
of more than 30 per cent. We draw attention to the effects of galaxy formation scenarios such as
reddening on the photo-z estimate and using our neural network code, calculate the extinction,
Av for these reddened galaxies. We also look at the impact of using different training sets
when calculating photometric redshifts. In particular, we find that using the ongoing DEEP2
and VVDS-Deep spectroscopic surveys to calibrate photometric redshifts for DES, will prove
effective. However, we need to be aware of uncertainties in the photometric redshift bias that
arise when using different training sets as these will translate into errors in the dark energy
equation of state parameter, w. Furthermore, we show that the neural network error estimate
on the photometric redshift may be used to remove outliers from our samples before any kind
of cosmological analysis, in particular for large-scale structure experiments. By removing all
galaxies with a neural network photo-z error estimate of greater than 0.1 from our DES +
VHS sample, we can constrain the galaxy power spectrum out to a redshift of 2 and reduce
the fractional error on this power spectrum by ∼15–20 per cent compared to using the entire
catalogue.

Output tables of spectroscopic redshift versus photometric redshift used to produce the
results in this paper can be found at www.star.ucl.ac.uk/∼mbanerji/DESdata.

Key words: surveys – galaxies: distances and redshifts – cosmology: observations – large-
scale structure of Universe.

1 I N T RO D U C T I O N

It is now widely accepted that dark energy is responsible for driving
the observed acceleration of the Universe. In recent years, measuring
and constraining the nature of this dark energy has become a central
focus of current studies in cosmology. Several different methods
have been developed and shown to probe the nature of dark energy
through its effects on the geometry and structure of the Universe
(e.g. Riess et al. 1998; Hu 1999; Blake & Glazebrook 2003). Large-
scale sky surveys such as the Sloan Digital Sky Survey (SDSS) have
no doubt aided this kind of study (Tegmark et al. 2004; Spergel
et al. 2007) and more such galaxy surveys are now being planned to
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exploit the different techniques that will help us better understand
the nature of dark energy.

The proposed Dark Energy Survey (DES) is one such experiment.
It will use four independent probes namely galaxy clusters, galaxy
power spectrum measurements, weak lensing studies and a super-
nova survey to constrain the nature of dark energy. Each of these
methods relies on accurate distance measurements extending over
cosmological scales. Given the wealth of data that will be available
to us from such surveys, measuring distances and redshifts for all
the objects using spectroscopic methods clearly becomes unfeasi-
ble. Hence we have the need for photometric redshifts.

Photometric redshift estimation methods have been around since
the 1960s but have undergone a recent revival with proposals for a
new generation of large-scale photometric surveys such as the DES.
New algorithms have been developed for photo-z estimation and
made available to the community (e.g. Benı́tez 2000; Bolzonella,
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Concluding remarks
• Many EG problems could be solved with a 

deep and LA NIR survey

• Synergy with SMM/Opt/X-ray deep surveys 
will be crucial for z determination and 
selection of high-z objects. 

• Synergy with HI surveys will allow to get 
baryonic quantities (the dream of modelers)

• Follow-up (spectra, opt. bands, etc.) of 
discovered high-z galaxies.


