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ABSTRACT
The faint stellar haloes of galaxies contain key information about the oldest stars and the
process of galaxy formation. A previous study of stacked SDSS images of disc galaxies
has revealed a halo with an abnormally red r − i colour, seemingly inconsistent with our
current understanding of the stellar populations inhabiting stellar haloes. Measurements of
this type are, however, plagued by large uncertainties which calls for follow-up studies. Here,
we investigate the statistical properties of the faint envelopes of low surface brightness disc
galaxies to look for further support for a red excess. A total of 1510 nearly edge-on, bulgeless
low surface brightness galaxies were selected from the SDSS Data Release 5, rescaled to the
same apparent size, aligned and stacked. This procedure allows us to reach a surface brightness
of μr ∼ 31 mag arcsec−2. After a careful assessment of instrumental light scattering effects
in the stacked images, we derive median and average radial surface brightness and colour
profiles in g, r and i. The sample is then divided into three subsamples according to g − r

colour. All three samples exhibit a red colour excess in r − i in the thick disc/halo region. The
halo colours of the full sample, g − r = 0.60 ± 0.15 and r − i = 0.80 ± 0.15, are found to be
incompatible with the colours of any normal type of stellar population. The fact that no similar
colour anomaly is seen at comparable surface brightness levels along the disc rules out a sky
subtraction residual as the source of the extreme colours. A number of possible explanations
for these abnormally red haloes are discussed. We find that two different scenarios – dust
extinction of extragalactic background light and a stellar population with a very bottom-heavy
initial mass function – appear to be broadly consistent with our observations and with similar
red excesses reported in the haloes of other types of galaxies.

Key words: stars: low-mass – galaxies: haloes – galaxies: photometry – galaxies: stellar
content – galaxies: structure – diffuse radiation.

1 IN T RO D U C T I O N

The stellar haloes of galaxies are nearly spherical, old and metal-
poor structures with little net rotation. Due to the long orbital time-
scales of halo stars, these haloes contain the fossil record of galaxy
assembly, and observations of resolved halo stars in the Milky Way,
Andromeda and other nearby galaxies (e.g. Mouhcine et al. 2005;
Ibata et al. 2007; Helmi 2008; de Jong, Radburn-Smith & Sick
2009; Rejkuba, Mouhcine & Ibata 2009) have provided a wealth
of information on such structures. Current simulations of stellar
haloes (e.g. Bullock & Johnston 2005; Helmi et al. 2006; Gauthier,
Dubinski & Widrow 2006; Purcell, Bullock & Zentner 2007;
De Lucia & Helmi 2008; Font et al. 2008; Stinson et al. 2009;
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Zolotov et al. 2009) indicate that they form through a combination
of disruption of accreted dwarf galaxies, and by migration of old
stars outwards from the inner regions of galaxies. Models of this
type are able to explain many of the features observed – including the
numerous streams from disrupted satellite galaxies, the inner–outer
halo dichotomy and the existence of stellar haloes around dwarf
galaxies. However, there is a lingering uncertainty concerning the
integrated colours of haloes.

Observationally, there are two complementary techniques for
studying the haloes of galaxies: direct star counts and surface
photometry. Star counts can trace the structure of stellar haloes
out to much larger distances (or, equivalently, to fainter surface
brightness limits) than surface photometry can, but is currently
only applicable for galaxies at distances out to ∼10 Mpc. Sur-
face photometry (i.e. the study of the integrated light from large
numbers of unresolved sources within each system) can be used
for far more distant galaxies and in principle gives a more direct
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measurement of surface brightness, since it is sensitive both to
stars at masses below the detection threshold of current star counts
and to diffuse light from the interstellar medium. This is, on the
other hand, a far more challenging technique, which requires that
the sky flux can be subtracted with excruciating accuracy and that
various instrumental scattering effects can be kept under control.
Curiously, a number of attempts to study the haloes of galaxies
through surface photometry have revealed halo colours that are too
red to be straightforwardly reconciled with the halo populations
captured through the study of resolved stars (see Zackrisson et al.
2006 and Zackrisson et al. 2008 for a general discussion of this
phenomenon).

The first indication of a red excess in the haloes of disc galaxies
was found through BVRIJK photometry of the edge-on system
NGC 5907. The interest was initiated by the discovery of a faint
extended R-band halo around this galaxy (Sackett et al. 1994), which
triggered follow-up studies in the optical and near-IR (Lequeux
et al. 1996; Rudy et al. 1997; James & Casali 1998). A common
interpretation of the red excess was that the galaxy halo hosted an
unusually large population of low-mass stars. Later, deep images
in the optical (Shang et al. 1998; Zheng et al. 1999; Martı́nez-
Delgado et al. 2008) revealed complex arc structures in the halo of
the galaxy that, when mixed with scattered light from stars in the
field, may have caused confusion in the analysis of previous data
of lower S/N. Therefore, the reality of a true, diffuse halo in NGC
5907 at the surface brightness levels where the red excess had been
measured was questioned by Zheng et al. (1999). Still, an HST study
of resolved stars in the halo (Zepf et al. 2000) indicated a relative
paucity of massive stars which could be interpreted either as a very
low metallicity of the stellar population or as a bottom-heavy initial
mass function (IMF), inconsistent with the halo colours as observed
from the ground.

Surface photometry at wavelengths outside the optical at low
brightness levels is valuable as a complement to the optical. If the
red excess is of thermal origin, it is likely to show up also when
comparing the optical to the near-IR fluxes. A few years ago (see
Bergvall & Östlin 2002), we obtained deep optical/near-IR images
of a handful of blue compact galaxies (BCGs). When inspecting
the faint halo regions we found a strong red excess in the near-IR,
again inconsistent with normal stellar populations. Dust emission
or extinction could be ruled out as a major cause of the excess in our
sample. The infrared excess was later confirmed for a larger sample
of BCGs (Bergvall et al. 2005). The results from these studies relied
on contemporary models of galaxy spectral evolution. An uncertain
ingredient in these models is the late stages in the evolution of
late-type stars. Recent models predict redder colours of stars of
intermediate masses which tend to reduce the discrepancy between
observations and models (Zackrisson et al. 2009). Still, we are
left with an uncomfortable fine-tuning of age of the halo stars and
either a metallicity or dust reddening that must be higher than in the
starburst region.

One problem with all these investigations is the difficulties in
dealing with data at very low surface brightness levels, much be-
low 1 per cent of the background sky. Under such conditions it
becomes critical how the subtraction of the emission from the sky
and scattered light is performed. This is a problem that we can never
overcome as long as we use data from ground-based instruments.
A second problem is due to the low photon flux rate in the studied
regions, causing an uncomfortably large photometric inaccuracy. If
we want to study the haloes of individual galaxies, the only way we
can avoid this problem is to use very large telescopes or extend the
integration times to the extreme.

An alternative approach was tested by Zibetti, White &
Brinkmann (2004), hereafter Z04. It is based on the statistical anal-
ysis of a large sample of galaxies with common fundamental prop-
erties (essentially morphologies, luminosities and stellar content).
In such a fairly homogeneous sample, one may assume (since one
cannot measure each individual galaxy with sufficient S/N) that
the physical properties of the faint haloes of the galaxies are also
similar. An increase in S/N can therefore be obtained by stacking
all images after rescaling and aligning the individual images of the
galaxies. Based on data from the Sloan Digital Sky Survey (SDSS),
Z04 tested this approach and digitally stacked images of 1047 nearly
edge-on disc galaxies. As a result they managed to reach extremely
low surface brightness levels, μr ∼ 31 mag arcsec−2. When mea-
suring the colours in the polar direction, they found that the colours
(g − r = 0.65 ± 0.1, r − i = 0.60 ± 0.1) of the faintest regions
where reliable data could be obtained were deviating in r − i with
2σ or about 0.2m from the reddest population observed in areas
of higher surface brightness. Although acknowledging that a small
amount of the red excess could be credited to light scattering effects,
they still concluded that ‘r − i [. . .] is difficult to reconcile with any
theoretical models, even allowing for ad hoc modified IMFs dom-
inated by low-mass stars and high metallicity’. One might suspect
that the excess they found in the optical (i band) was a confirma-
tion of the red excess we found in the near-IR. This remains to be
confirmed, however (see discussion in, e.g. Zackrisson et al. 2009).
While being confident with the existence of an abnormal red excess,
Z04 point out that their ‘colour measurements provide inconclusive
and troublesome results’. Recently, there was a claim by de Jong
(2008) that the abnormal colours could have been caused by an im-
proper treatment of the point spread function (PSF) when analysing
the effects of light scattering. An independent confirmation or fal-
sification of the results by Z04 is therefore obviously of highest
concern.

In the present investigation we carry out a follow-up of the work
of Z04. Preliminary results were presented by Caldwell & Bergvall
(2007). The sample we select for our study is different from that
of Z04 and includes more galaxies, thus increasing the S/N after
stacking. It focuses on another type of galaxy, low surface brightness
galaxies (LSBGs), and thus allows us to make more general con-
clusions about the phenomenon, if a red halo is found. We chose
to work with LSBGs mainly for two reasons. First, they have a
low dust content (e.g. Bergvall et al. 1999; Holwerda et al. 2005;
Rahman et al. 2007), thereby essentially removing the potential
problem of dust reddening. Secondly, the influence of the light scat-
ter from the bulge is less severe than in normal discs. This second
argument is weaker however, since we do not know a priori if the
red halo perhaps is physically correlated with the bulge component.
An additional advantage is that we could learn about the properties
of the spheroidal component of LSBGs, hitherto almost unknown.

The method we will use is similar to that used by Z04 with a few
modifications as described below. We select images of LSBGs from
SDSS in the g, r and i bands, scale and align and finally stack the
images. In the following we will describe the selection criteria and
reduction procedures in more detail.

2 DATA A NA LY SIS

2.1 Selection criteria

We selected a sample of nearly edge-on LSBGs from the SDSS
Data Release 5 (DR5) data base (Adelman-McCarthy 2007).
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Table 1. Properties of subsamples A, B, C and the total sample, T.

Name Number of galaxies Colour constraint

A 447 g − r < 0.55
B 655 0.55 ≤ g − r < 0.75
C 408 0.75 ≤ g − r

T 1510

We used the following criteria in the selection of targets.

(i) 23 < μr,50 < 25 mag arcsec−2, where μr,50 is the mean
surface brightness inside the radius encompassing 50 per cent of
the light in the r-band.

(ii) i-band isophotal diameter of a ≥ 10 arcsec.
(iii) i-band axial ratio of b/a < 0.25.
(iv) Redshift z < 0.2.

The red i band was chosen in order to minimize the effects on the
size parameters due to patchiness caused by young blue star forming
regions and dust extinction. The axial ratio was chosen in order to
avoid too much contribution from the inclined disc to the halo light.
We made the choice with the aim to optimize the S/N of the halo
light. The halo region of interest that we will discuss below starts at
about 60 pixels in the vertical direction. At that point the inclined
disc contributes about 20–30 per cent to the light in the i band. At
larger distances the relative contribution is considerably lower. The
useful region for determination of the halo colour with the present
axial ratio limit is ∼80–110 pixels. Should we increase the limit,
we would obtain more galaxies but the useful region would shrink
and the reverse would be the case if we should decrease the limit.
In the end we are limited by the value of the intrinsic flattening.

The final sample contained 1510 galaxies. We used Petrosian
magnitudes and divided the sample by g − r colour into three
subsamples, a ‘blue’ sample (A), a ‘green’ sample (B) and a ‘red’
sample (C). See Table 1 for details. The goal of this subdivision was
to search for possible correlations between the strength of the red
excess and the total colour/luminosity. The maximum redshift was
chosen to avoid uncertain k-corrections and uncomfortably noisy
data and to permit a direct comparison with the study by Z04. In
fact very few galaxies fulfilling the remaining criteria are found at
higher redshifts.

All images were corrected for atmospheric extinction based on
primary standards observed regularly at Apache Point (where the
SDSS observations are carried out). Galactic extinction was cor-
rected for according to Schlegel, Finkbeiner & Davis (1998). No
k-corrections were applied. This will affect the red sample the most
since those galaxies have the largest median redshift. The correction
is, however, relatively small for a normal galaxy of intermediate/late

Figure 2. The redshift distribution of the subsamples and the full sample.

type. At the median redshift (< z >∼ 0.1) of the reddest sam-
ple, the k-correction is <0.2m in both colours (see, e.g. Fukugita,
Shimasaku & Ichikawa 1995). A k-correction of the halo colours
is anyhow useless because, when it comes to regions showing a
red excess, we do not know a priori the origin of the radiation. In
Section 4 we will discuss how the colours are affected at different
redshifts assuming various types of radiation sources.

2.2 Sample properties

The following figures show comparisons between the properties of
each subsample and the full sample. Typical examples of spectra
of galaxies from the three subsamples are shown in Fig. 1. They
show that there is a large difference in age of the stellar population
dominating the light within the SDSS aperture (φ = 3 arcsec) from
a few 107 years to several Gyr.

The distribution of redshifts is shown in Fig. 2. There is a clear
trend towards higher redshifts as we go from the blue to the red
sample, with a median redshift of z ∼ 0.06. The correlation be-
tween redshift and colour reflects the fact that the galaxies in the
blue sample are smaller and therefore reach the limiting apparent
diameter at smaller redshifts than the redder ones. There is also a
related correlation between colour and absolute luminosity shown
in Fig. 3, displaying the distribution of absolute magnitudes. The
bluer Sample A falls within the classical range of typical LSB
galaxy luminosities of −13 ≤ MB ≤ −19 (Impey et al. 1996).
These galaxies are normally gas rich and globally star forming. The

Figure 1. Characteristic spectra of the galaxies in the three subsamples A, B and C obtained from the SDSS.
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Figure 3. The distribution of absolute magnitudes in the i band of the
galaxies in the subsamples and the full sample.

Figure 4. The distribution of exponential scalelengths of the galaxies in the
subsamples and the full sample.

peaks of the green and red samples are moving more toward normal
spiral galaxy-type absolute magnitudes.

Fig. 4 presents the exponential scalelength distributions. The
range of scalelengths is from 1 to 16 kpc h−1 with a median value
of 5.5 kpc h−1. This is somewhat larger than that of high surface
brightness disc galaxies studied by Dalcanton, Spergel & Summers
(1997) and MacArthur, Courteau & Holtzman (2003) and twice the
size of the Z04 sample. It confirms and strengthens the results from
a previous study of LSB galaxies by Zwaan et al. (1995). In this
study, the difference in scalelength was interpreted as consequence
of a larger spin for a given mass in the LSB sample.

The colour–colour distribution is shown in Fig. 5. The scatter of
the whole sample is most apparent in the blue subsample and most
constrained in the redder LSB galaxies. This may be explained as
an effect of the patchiness of the blue LSB galaxies due to a larger
fraction of star-forming regions.

Figure 5. The two-colour distribution of the galaxies in the three subsam-
ples, separated at colours g − r = 0.55 and 0.75.

2.3 Stacking preparations

Since our main result, the red excess, could be regarded as contro-
versial, we want to make sure that our data retrieval and processing
can be reproduced by anyone who reads this article. In the following
we will therefore describe the procedure in detail.

The galaxy target field images were obtained from the SDSS
archive. The resulting raw SDSS images are of size 2048 ×
1489 pixel2 or 13.5 × 9.8 arcmin2. Each of these frames were
bias subtracted and flat-field corrected. For each galaxy we ob-
tained the galaxy centres, position angles, scalelengths and atmo-
spheric extinction-corrected magnitudes from the SDSS data base.
The images so prepared were then passed through a number of pro-
cesses one by one where they were masked, shifted and rescaled
before finally being stacked, averaged and median filtered, all with
the combined use of the ESO MIDAS command language, version
08FEBpl1.1 on Mac OS X and SEXTRACTOR v2.4.4 (Source Extrac-
tor, Bertin & Arnouts 1996) packages in the following way.

First, SEXTRACTOR was used to automatically remove all objects
in the frame except for the target galaxy itself. A first fit to the sky
background was initially made based on a course grid of resolution
512 × 512 pixels. Since the typical diameter of a target galaxy
is about 10 per cent of the grid size, we did not expect serious
problems with fluctuations in the fitted sky on the size of the halo
we were exploring. After the fit, the background was subtracted
and all objects, defined as at least five connected pixels with fluxes
≥1.5 times the local pixel mean error in the sky level, were au-
tomatically analysed, identified as stars or galaxies and all objects
except for the target galaxy were then flagged into a separate file.
The galaxy was now the only object (defined as above) present
in the frame. The resulting dummy file had the galaxy moved to
its centre and rotated so that the major axis of the galaxy became
horizontal. The image was then scaled to a standard exponential
scalelength of 20 arcsec while conserving surface brightness. The
central 1024 × 1024 pixels were extracted into another file: the im-
age subfile. Because the first sky fit was made with a coarse grid over
a region many times larger than the galaxy, weak local gradients at
scales below the size of the mesh could still be present. Therefore, a
second sky subtraction was performed in the smaller field, based on
a grid with a mesh size of 256×256 pixels, excluding the flagged
regions and the target. The mesh size was thus half the size used for
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the first fit to the sky background. New objects were now identified
and flagged. To make sure that the wings of the smaller stars and
galaxies were completely removed, we flagged five extra pixels in
the flagged regions around all detected objects.

All further pruning was done by eye to identify objects not suit-
able for stacking. Some false detections were obvious as problems
with the SDSS PHOTO reduction pipeline. Stars superposed on the
stacked galaxy that were not identified by SEXTRACTOR were flagged.
This process is somewhat subjective since at low relative bright-
nesses it is difficult to distinguish between a superposed star in
the Milky Way and a luminous star cluster in the galaxy. Potential
target galaxies were rejected if they had obvious warps, excessive
dust lanes, bright bulges, were in interaction with nearby compan-
ions or showed other irregular morphologies. A further set was
discarded due to the closeness of nearby bright stars. Fainter struc-
tures were identified after filtering the images with a Gaussian filter
of σ = 5 pixels. The filtering makes it easier to detect wings from
bright stars just outside the field borders and other low-frequency
variations. Unwanted regions were thus flagged or the whole im-
age was deleted. The returned rough sample was culled to a total
of 1510 galaxies: 447 in sample A, 655 in sample B and 408 in
sample C. The relative fraction of galaxies fulfilling the selection
criteria that were finally included in the stacking were 62, 71 and
69 per cent for the A, B and C samples, respectively.

2.4 The image stacking

The technique we use for image stacking largely follows that used
by Z04. The stacking process aims to increase the signal/noise
(S/N) by median filtering a large number of rescaled and aligned
images of assumingly conforming galaxies. The difference between
our procedure and Z04 is that we use both averaging and median
filtering while they use the mode, based on an empirical relation. If
there is a wide diversity in morphologies and luminosity gradients,
one may worry about what the result will tell us, at least if we use
median filtering. Therefore, it is important to make comparisons
between the results from median filtering and averaging. We will
show below that from this aspect, the result we obtain is quite robust.

The image stacking technique consists of three basic steps: (1)
masking out all unwanted surrounding objects; (2) aligning, rotat-
ing and rescaling the LSBG images to make them superposable; (3)
combining the images to produce an average and median. All these
steps were combined in an in-house developed program written in
MIDAS. This program processes the SDSS images through the use
of the MIDAS and SEXTRACTOR software packages and local FORTRAN

routines. The median and average image of the resulting individual
masked, centred and rescaled images were then computed using
MIDAS routines. The S/N within the areas we study of each indi-
vidual galaxy is proportional to the square root of the number of
photons received, i.e. the surface area. In the stacking procedure,
the images were therefore given weights proportional to the origi-
nal scale size squared. This has the consequence that the integrated
weight given galaxies at a certain distance is independent of dis-
tance. Thus, nearby galaxies are strongly over-represented in the
stacked image. The ratio between the largest and smallest galaxies
in the subsamples is typically ∼10. However, no single large galaxy
dominates any of the three subsamples. After the stacking, a flat
surface fit to the background sky in 15 boxes around the galaxy was
made and subtracted. A final background correction was carried
out in connection to the integration of the luminosity profiles (see
below).

2.5 The error in the chosen sky level

As a check to find out whether the sky noise is purely Poissonian
or structured on some specific scale, we carried out a simple test.
We compared the pixel-to-pixel standard deviation σsky calculated
from data obtained in boxes of various sizes, up to approximately
the scale of the image, in our case avoiding the corners that contain
more stellar residuals than the rest of the image. In a completely
structureless (white noise) sky, σsky should be independent of the
size of the box. We found this to be close to fulfilling so apparently
the median filtering and the simple sky subtraction was sufficient
to remove measurable correlated structures outside the image of
the galaxies. The error in the background zero-point level (after
subtracting the sky values from the data) was therefore set equal to
the mean error of the mean of the median values of the pixels in the
15 boxes used for the sky subtraction.

2.6 The point spread function

A serious problem when dealing with weak signals in images is the
influence of scattered light from the target and objects in the envi-
ronment. The importance of this potential problem can be estimated
if the shape of the PSF is known. This problem was discussed at
length in the investigation by Z04. To tackle the problem, the au-
thors modelled the PSF in the different filters by a combination
of a Gaussian core plus an exponential wing. They concluded that
the influence of the PSF on the data in the red halo region was
insignificant.

Here we have chosen a more direct approach. To obtain the PSF,
we stacked bright stars, one from each galaxy field after cleaning
and rejecting bad images in the same manner as before. The result
is shown in Fig. 6. Obviously, there is a clear difference in the PSF
between the i window and the g and r windows. The PSFs of SDSS
images have independently been measured by Wu et al. (2005) and
de Jong (2008). Our results agree very well with theirs down to
the levels that might be relevant in this investigation, i.e. about
15 mag below peak surface brightness. The PSF profiles have been
derived with the same procedure as the galaxy profiles, and the tight
agreement between our results and those of Wu et al. and de Jong
supports the robustness of our method. The shape of the PSF is
markedly different from that derived by Z04. The one we derive is

Figure 6. The PSF profile in g (dashed), r (dotted) and i (solid).
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significantly more extended and clearly differs between i and the
other filters at distance from the centre that in the mean is close to
the distance at which Z04 find the red colour excess. This potential
problem is discussed in detail in the paper by de Jong.

2.7 Correcting for the PSF

2.7.1 Deconvolution

We used two independent methods to correct for the degrading of
the images due to light scattering, as quantified by the PSF. The
first one was simply to deconvolve each individual image before
stacking. We carried out a deconvolution of the full sample using
the MIDAS software. The deconvolution was done before the rescaling
and stacking of each individual image using the task DECONVOLVE in
MIDAS, based on the iterative algorithm by L. B. Lucy (1974). Before
the deconvolution, all images were rebinned to twice the original
stepsize in order to avoid long processing times. The size of the
PSF image after rebinning was 95 × 95 pixels. The deconvolution
increases the high-frequency noise considerably due to the influence
of the background objects and may cause unwanted ringing effects
in the data. The problems are most severe in the deconvolution of
galaxies of small apparent sizes. When we inspected the results from
the deconvolution, we found structures at low fluxes that appeared
artificial. We will therefore not discuss these results other than when
it concerns data with weak radial gradients at flux levels safely above
the background noise.

2.7.2 Using a model of the luminosity distribution as a template

The other method we used to correct for the PSF is based on a model
of a typical sample galaxy. A similar procedure was recommended
(although not practised) by de Jong as a proper way to account for
the PSF problems in the Z04 sample. Our model was constructed
in the following way. The 35 apparently largest galaxies were se-
lected, deconvolved, scaled to the same apparent scale sizes and
stacked. The deconvolution seemed to work well for these galax-
ies, having large apparent sizes. The resulting stacked image was
used as a template to a model that was derived iteratively from a
mixture of discs and flattened spheroidals with different flattenings,
radial surface brightness dependencies and relative peak fluxes. A
good fit to the template galaxy was obtained from a simple mixture
of a spheroidal with a flattening of b/a = 1/3−1/2 and an r1/4

surface brightness dependence superposed on an exponential disc.
The exponential disc had two sections with different slopes, i.e. a
‘truncated disc’-like morphology. No bulge component was neces-
sary to obtain a satisfactory agreement between the model and the
template. The structural parameters of the model were adjusted to

optimize the fit to the template. In the end, the deviations in surface
flux in regions of the size of the seeing disc were less than about
15 per cent. The parameters of the final model are shown in Table 2.
For this subsample, 1 pixel corresponds to ∼0.32 arcsec. This model
was scaled to the same size as each galaxy in the sample and then
treated equally in the stacking procedure. In a parallel sequence, we
convolved the model with the PSF after scaling and then stacked
the images. In the end we thus obtained one image produced by
the pure template images and the other by the PSF downgraded
images. The ratio between these images could then directly be used
to correct the images of the sample galaxies. The procedure seems
to be quite independent of the model, except for the central region
where the luminosity gradients are large. As an additional test, we
simply used the stacked image as a model, i.e. based on already
degraded images. The result of the halo colours was very similar to
the more appropriate method described above. The PSF corrections
mainly affect the fainter parts of the r − i colour profile, making it
bluer after the correction (see also Section 3.3). In the discussion
below, we will mainly refer to data corrected for the PSF using this
method.

3 R ESULTS

3.1 Luminosity distribution

The stacked images are shown as contour plots in Fig. 7. A slight
increase in the noise and the mean level of the sky is seen towards
the edges. This is due to influence of objects outside the frame limits
where the flagging procedure was not completely successful. The
typical enhancement of the sky region due to this is ∼10 per cent of
the signal at the faintest reliable part of the luminosity profile. As is
seen in the plots, the background surface in the region close to the
galaxy is essentially flat. The zero-point error of the sky background
estimated from the statistics of the boxes used for the sky subtraction
is typically about 1 per cent of the surface brightness in the faintest
regions where we consider the photometry to be reliable.

We find no significant difference in the morphologies of the three
subsamples from the contour maps. Small differences between the
samples can be found if we inspect the result we obtain by dividing
the images in one sample with the corresponding images in another
sample. We then find that the C sample has a more prominent
contribution from the central region compared to samples A and
B.

3.2 Luminosity profiles

We will now discuss the luminosity and colour profiles of the stacked
images as derived from three regions of the images. We will call

Table 2. Model galaxy photometric parameters.

Filter Inner disc Outer disc Truncation radius Flattened spheroidal
μ0 h b/a μ0 h b/a rtrunc μ0 re c/a
mag arcsec−2 pixels mag arcsec−2 pixels pixels mag arcsec−2 pixels

g 23.81 41 0.12 20.55 18 0.12 95 21.92 132 0.34
r 23.42 48 0.16 19.80 17 0.16 86 21.13 146 0.34
i 23.37 51 0.16 22.06 17 0.16 86 20.39 100 0.50

μ0: Central surface brightness
h: Exponential scalelength
b/a: Observed (projected) minor/major isophotal axes ratio
re: Effective radius
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Figure 7. Isophotal contour plots of the stacked images of the subsamples (A, B and C) and the total sample (T). The images have been smoothed with a
Gaussian filter with σ = 7 pixels. The contour levels are plotted in steps of 1 magnitude. The faintest level in the g, r and i images of each sample is (A) 30.1,
29.8, 30.1; (B) 30.0, 29.7, 29.2; (C) 29.5, 29.2, 28.7; (T) 30.6, 30.1, 29.7 mag arcsec−2, respectively.

them halo, thick disc and thin disc. The halo is the faintest and most
extended region of the stacked images. It is so faint that its structure
is difficult to determine. Its presence is mainly revealed in the 1D
luminosity profiles. We assume that it is spherical. The thick disc is

defined by the faintest regular isophotes of the stacked images. It is
close to ellipsoidal in shape but must be significantly flatter than the
halo. There may be a smooth transition between the thick disc and
the halo. The thin disc is the dominating morphological structure,
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defined by the faint isophotes of the individual images. It is clearly
separated from the thick disc/halo in the r − i colour profiles. More
details are given below.

The halo plots were obtained from data in two opposite wedges
along the polar axis of opening angle of 60◦. The halo profile is
measured in circular arc strips. These measurements correspond to
those of Z04. The equatorial data along the thin disc were measured
in elliptical strips in horizontally oriented wedges with an open-
ing angle of 30◦. The median inclination of a sample of infinitely
thin discs with random orientations restricted to an observed mi-
nor/major axial ratio of b/a < 0.25 (one of the selection criteria) is
∼81◦ or b/a = 0.16. The measured axial ratio of the i image of the
full sample, based on the isophote encompassing the faintest regions
of the thin disc, is b/a = 0.24, indicating a finite thickness of the
disc. These data can be used to calculate the intrinsic minor/major
axes ratio of the disc, p, from

cos(i)2 = (b/a)2 − p2

1 − p2
,

where i is the inclination (Hubble 1926; Holmberg 1950). We then
obtain p ∼ 0.18. This is slightly flatter than what was obtained
by Yoachim & Dalcanton (2006) for high surface brightness disc
galaxies. We have used the observed axial ratio of 0.24 when we
integrate the luminosity profile of the disc.

As we discussed in the previous section, we obtained a satisfac-
tory fit to the template galaxy using a model galaxy based on two
components only – a truncated thin disc and a flattened spheroidal.
At least at these isophotal levels (only 35 galaxies were used for
the template), no bulge or halo component was needed. As we will
show below, when we analyse the total sample (1510 galaxies), this
conclusion largely persists. One must keep in mind, however, that
our model of the structural properties is quite simple. In the faint
region the stacked images seem to fit well to a flattened spheroidal
but we cannot exclude that an equally good fit would be obtained
with a mixture of a thick exponential disc and a more extended
spheroidal halo component. For the sake of simplicity, we call this
dominating flattened structure the thick disc. It has a flattening in
the PSF-corrected image in the i band of b/a = 0.39 ± 0.01, based
on the three subsamples. The corresponding intrinsic flattening is
0.36. Thus the ratio of the flattenings between the thick and thin
disc is 2.05, slightly lower than the corresponding value for normal
discs of 2.35 (Yoachim & Dalcanton 2006). LSB galaxies normally

Figure 9. Luminosity profiles along the major axis of the thin disc in sample
T. The opening angle is 30◦. A disc flattening of b/a = 0.24 is assumed.
The bars indicate mean errors.The physical scale in this and the following
diagrams based on the full sample is approximately 500 pc pixel−1.

have flatter discs than normal galaxies which generally is inter-
preted as an evolutionary effect during the slow collapse of the disc
(Kregel, van der Kruit & Freeman 2005). The observed flattening
of the thick disc is significantly smaller in the g and r bands, 0.26
and 0.29, respectively. This condition makes the i band flux become
more prominent relative to the other bands along the polar direction.
We call this phenomenon the red excess in the discussion below. The
luminosity/colour profiles of the thick disc (see below) are based
on data collected in vertically oriented wedges with an opening
angle of 120◦. We integrated in elliptical strips corresponding to a
flattening of 0.39.

The luminosity profile of the total sample along the polar direction
is shown in log-log and log-lin forms in Fig. 8. The corresponding
equatorial profiles along the disc are shown in log-lin form in Fig. 9.
Errors are based on statistics of the sky counts in the strip used to
derive the luminosity profile at that specific radius. Thus the mean
error in each bin was calculated from the mean error in the mean
of the pixel values to which was added the estimated mean error
in the sky level in quadrature. All data in the diagrams have been
corrected for the effects of the PSF.

Figure 8. Luminosity profiles along wedges of 60◦ opening angles in the polar direction of the stacked images of the total sample (T). The bars indicate mean
errors as described in Section 3.2. Profiles are presented in logarithmic and linear radial scale.
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Figure 10. Colour profiles along the major axis of the thin disc of sample
T. The opening angle is 30◦. A flattening of b/a = 0.24 is assumed. The
bars indicate mean errors.

The disc profile in i follows an exponential distribution in sur-
face brightness. Subtracting this component would leave a structure
resembling an extended bulge component. However, as we show
in our model, it can be explained by the dominance of the thick
disc in the central region. In the polar direction the curves display
a behaviour typical of a Sersic profile with n > 1 except in the
outermost parts where they tend to be more exponential-like.

3.3 Colour profiles

We will now discuss to what extent we can find any support for a
red colour excess at surface brightness levels so faint. We will start
by discussing the thin disc colours and then go to the thick disc and
halo data.

3.3.1 Thin disc

Fig. 10 shows the equatorial colour profiles of the thin disc of the
full sample. After correction for a small amount of dust reddening,
the central colours are in agreement with a middle-aged/old stellar
population. The corresponding age and metallicity depend on the
amount of reddening assumed. The colours then drop smoothly to
bluer colours and end up at g−r ∼ 0.5, r − i ∼ 0.2, corresponding
to a normal stellar population with a standard IMF (cf. Fig. 15). An
age–metallicity degeneracy prohibits us from being more specific
about the age, but most likely the metallicity is low in the outer
disc which would mean a high mean age of the population. We see
no significant trends in the colours becoming redder at low surface
brightness levels.

3.3.2 Thick disc and halo

We begin our discussions with the subsamples A, B and C.
Fig. 11 shows the colour profiles of the thick disc. Here the colours

become somewhat bluer as we go from the centre outwards. At
about 100 pixels they suddenly rise to a very red colour in r − i

while they do not change significantly in g − r . The change oc-
curs at a distance corresponding to the edge of the thin disc and
is strongest in the B sample. There the colours become extreme:
g − r = 0.4 ± 0.10, r − i = 1.2 ± 0.15. It is exceedingly difficult
to reconcile these colours with a normal stellar population, even if
we allow the slope of the IMF to take extreme values. Compared
to normal galaxies in the SDSS, the disagreement is extreme. For
instance, galaxies of the reddest morphological type in the SDSS
(E galaxies) have g − r = 0.83 ± 0.14 and r − i = 0.41 ± 0.05
(Shimasaku et al. 2001). The fact that the red excess occurs at a
distance from the centre that increases with colour (largest in sam-
ple C) may indicate that the disc is becoming more dominant in the
redder galaxies.

Fig. 11 also shows the corresponding data for the full sample.
The mean r − i is somewhat lower but the red excess is even more
apparent. In the separate A–C samples the halo colours are too
noisy to use for a rigid analysis but in the full sample the red excess
emerges as a prominent structure (Fig. 12). In the diagram we have
also plotted the colour profile before we correct for the effects of
the PSF. We can see that although the correction for the PSF is
highly significant, the red excess persists after the correction. As
an additional support for the existence of the red excess, we also
look at the profile based on the deconvolved images. As we noted
above, we do not trust the profiles at faint surface brightness levels
but, as is seen in Fig. 14, the colour profile at intermediate regions
agree quite well with the data just discussed. The colour in the
halo, r − i ∼ 0.9, is close to the colours derived from the model-
corrected data. We finally note that all the thick disc subsamples,
as well as the full samples, show a weakly significant drop in r −
i at very large distances from the centre. This may indicate that
there is a transition from the red halo to a bluer component or
that reduction problems become serious at these extremely faint
levels. The uncertainties are, however, too large to allow for further
analysis.

3.4 Further tests for bias in the thick disc/halo colours

We have shown that the PSF affect the colours such that the colour of
the faint halo regions become redder. Corrections for this reddening
apparently are not sufficient to bring down the colours to values
of a normal old stellar population. We have also argued that the
reduction and stacking procedure is not likely to have caused the
observed excess. The fact that the excess occurs at a radius where the
galaxy is about to drown in the noise of the background, however,
made us concerned about other potential problems.

3.4.1 Contamination by background objects

In the process of cleaning the images free from stars and background
galaxies to finally derive a flat background with a low noise level, we
ran into the problem of how to deal with faint objects superposed
on the galaxy, contaminating the results. It is extremely difficult
to distinguish between star clusters and/or H II regions in the target
galaxy and superposed background galaxies of luminosities close to
the detection limit. The faintest background objects were therefore
not removed from the galaxy images after rotation, alignment and
the second sky subtraction. Thus, we treated the regions defined by
the target galaxies differently from the regions free of bright and
large objects. In the first case we did not remove the faint small
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Figure 11. Colour profiles in the polar direction of the thick disc in the subsamples and the total sample. The integration is performed along two opposite
wedges with opening angle 120◦. A disc flattening of b/a = 0.39 is assumed. The bars indicate mean errors. Only data with errors below 1 mag have been
plotted. The mean surface brightnesses in the region of 100–110 pixels of sample T are μg = 30.9, μr = 30.2 and μi = 29.3 mag arcsec−2. Please note the
difference in radial extension between the subsamples (A, B and C) and the full sample (T).

objects while in the second case we did, both in the automatic
identification procedure and in the median filtering. It would have
been more consistent if we would have chosen not to remove the field
objects, but that would have increased the uncertainty in the zero-
point of the background flux leaving us with unwanted structures
caused by distant galaxy clustering.

Although most of the influence of the superposed background
galaxies should be removed by the median stacking, one may ask
if it is possible that the red excess is due to contamination of high-

redshift galaxies. Indeed, in an elliptical galaxy for example, the
colours rapidly become very red in both g − r and r − i at in-
termediate redshifts (see, e.g. Csabai et al. 2003). Since i is the
brightest part of the spectrum of the redshifted galaxies, we would
see the excess in r − i first while the light from the LSB target
galaxy would still dominate the g band, so the g − r would not be
much affected. Moreover, if most of the light comes from galaxies
at redshifts slightly above z = 1, g − r would become bluer while
r − i would still be very red. From this perspective, it would seem
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Figure 12. Colour profiles along the polar direction of sample T. The open-
ing angle is 60◦. A spherical shape is assumed. The bars indicate mean
errors. The dashed line shows the colour profile before correction for PSF
effects. The mean surface brightnesses in the region of 100–120 pixels are
μg = 30.8, μr = 30.2 and μi = 29.4 mag arcsec−2.

plausible that this is the explanation of the excess. However, there
are counter-arguments.

In the stacking procedure we used median filtering to obtain the
final result. If we instead had done an averaging of the images,
the possible contribution from background galaxies would have
increased and the colours would have become even redder. In Fig. 13

Figure 14. The halo colour profile after PSF deconvolution. Bars are mean
errors.

we show the average colours of the full sample. Although the scatter
is somewhat larger, the general trend is the same as in the median
filtered image. What might seem worrying is that the red excess
starts at smaller radii in the averaged image, as we would expect
if the background objects have more influence. Since the colour
further out is the same in the averaged and median filtered image
within the errors, we would have to conclude that most of the light
in the outermost region is due to background objects. This is in
conflict with the precondition that SEXTRACTOR would tend to miss

Figure 13. Colour profiles based on the average of the stacked images of the full sample. Thick disc and halo distributions. Bars are mean errors.
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out objects that are superposed on a halo with a surface brightness
significantly above the sky level but remove them at regions of
lower surface brightness. The result would be that the red excess
would show up at regions of surface brightness slightly above the
background but then fall back to normal at even lower surface
brightnesses. There is also a second argument that could explain
why the average colours become redder at a smaller radius than in
the median filtered image. Since the galaxies are not in fact entirely
similar in structure and stellar content, we would expect that, if a
red excess exists at faint levels, it would appear at different radii
in different galaxies. The average would immediately be affected
when we reach the radius where the ‘first’ galaxy with red excess
enters, but the median would not. Therefore, we would expect to
see the upturn in r − i at a smaller radius in the average filtered
image.

Perhaps the strongest argument against a background bias
emerges when we compare the halo colour profiles Fig. 12 and
the disc colours, shown in Fig. 10. We can clearly see the red excess
in the halo profile but not in the disc profile at the same surface
brightness. This cannot be explained by problems with background
contamination. Therefore, we conclude that it is far more likely that
the red excess is intrinsic to the LSB galaxy sample.

3.4.2 Inhomogeneities in the halo properties

The small difference between the average and median stacks indi-
cates that the distribution of halo-to-halo properties must be fairly
symmetric. While halo properties may well vary substantially from
galaxy to galaxy, the red excess cannot be due to a small fraction of
bright and abnormal haloes within the sample of galaxies. Moreover,
the light sources responsible for the red colours must be relatively
smoothly distributed throughout the haloes. If the halo light were
concentrated into a small number of randomly positioned pixels
within each halo, the light from such sources would be taken into
account in the average stack, but ignored by the median stack. The
quantitative difference between the average and median properties
could in principle also be used to constrain scenarios in which the
red halo colours are attributed to a limited number of massive star
clusters with abnormal stellar initial mass functions (Zackrisson &
Flynn 2008), but such an analysis is outside the scope of the current
paper.

3.4.3 Improper sky subtraction

We finally looked at the potential problems with the sky subtraction.
Although all the objects found by SEXTRACTOR were flagged, there
will still be a weak remnant border of the transition region between
objects (e.g. a star and sky). It is therefore an obvious risk that
this remnant will produce an artificial signal in the sky. Bright stars
superposed on the galaxy are removed by hand and will therefore
probably produce a different remnant from that which is produced
by the automatic stellar removal. As a consequence, the sky around
and ‘under’ the galaxy would look slightly different. After the sky
removal, there would therefore be a region between the galaxy and
the sky that could show up either as a positive or as a negative
remnant. But as can be seen from Figs 8 and 9, there is a smooth
transition from the galaxy luminosity profiles to the sky noise.
Thus, these biases must be too weak to significantly influence the
results.

4 W H AT IS TH E C AU S E O F T H E R E D E X C E S S ?

Here, we explore a number of possible explanations for the anoma-
lous halo colours, involving both stellar and interstellar effects. We
will demonstrate that while a standard halo population is unable to
account for the colours, there are no less than four different mech-
anisms (a bottom-heavy stellar IMF, nebular emission, extended
red emission and extinction of extragalactic background light) that
in principle can account for the data. However, only two of these
(a bottom-heavy IMF and extinction of extragalactic background
light) can also account for similar red excesses detected by others
at longer wavelengths.

4.1 A stellar halo with a standard initial mass function

Current simulations of the formation of stellar haloes around disc
galaxies predict that the halo should start dominating over the disc
and bulge at μV ≈ 29 mag arcsec−2 (Gauthier et al. 2006), which
corresponds to μi ≈ 28.6 mag arcsec−2 if one assumes g − r =
0.4, r − i = 0.2 as expected for a standard, low-metallicity halo
population (see Fig. 15). This is in good agreement with the surface
brightness at which our red halo colours turn up (μi ≈ 28–29 mag
arcsec−2; see Figs 8 and 12). However, we argue that the halo
colours at that point are inconsistent with any kind of normal stellar
population.

In Fig. 15, we compare the halo colours from the T sample (filled
circle with error bars) to the predictions from four different spectral
evolutionary models: PÉGASE.2 (Fioc & Rocca-Volmerange 1999),
Bruzual & Charlot (2003), Marigo et al. (2008) and Li & Han
(2008). Here, we have assumed a Salpeter IMF (dN/dM ∝ M−α

with α = 2.35 throughout the mass range 0.08–120 M	) and an ex-
ponentially decaying star formation rate SFR(t) ∝ exp(−t/τ ) with
τ = 1 Gyr (suitable for an early-type system). While the Salpeter
IMF is well known to overpredict the number of stars with masses
below 1 M	 in many resolved stellar populations (which are better
represented by, e.g. the Kroupa 2001 IMF), this mainly affects the
mass-to-light ratio and has a negligible impact on the integrated
colours. For models which do not allow exponentially decreasing
star formation rates, we have implemented this star formation his-
tory by summing up the time steps (with appropriate weights) for
an instantaneous burst (i.e. single-age) stellar population. While a
pure single-age population would produce slightly redder colours
at the highest ages, they are still nowhere near the observed colours.
Moreover, the perfectly coeval onset and quenching of star forma-
tion associated with this scenario seems unrealistic given the huge
spatial scales (∼10 kpc) involved in the halo. For each model, two
different evolutionary sequences are plotted, corresponding to the
lowest and highest metallicities allowed. In a plot of r − i versus
g − r , the predicted colour sequences of intermediate metallicities
typically lie in between those shown.

PÉGASE.2 and the Bruzual & Charlot (2003) model represent some
of the most widely used spectral synthesis codes available on the
market, and were previously used by Zackrisson et al. (2006) to
argue that a Salpeter–IMF stellar population could not account for
the halo colours presented by Z04. For comparison purposes, we
include them here as well. The Marigo et al. (2008) model represents
the current state of the art in the treatment of thermally pulsating
asymptotic giant branch stars, which are very important for the
interpretation of near-infrared colours (e.g. Maraston 2005; Tonini
et al. 2009). The Li & Han (2008) model is one of the few models
on the market that take the evolution of binary stars into account.
While the prescriptions and assumptions going into these models
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Figure 15. The r − i versus g − r colours of the halo derived from sample T (filled circle with error bars), compared to the predicted spectral evolution of
stellar populations with Salpeter IMFs and exponentially declining star formation rates (SFR(t) ∝ exp(−t/τ ), τ = 1 Gyr). Also included are the halo colours
derived by Z04 for stacked high surface brightness galaxies (white triangle with error bars). For each model, the evolution of the lowest (dashed line) and
highest (solid line) metallicities have been plotted. The markers along these evolutionary tracks indicate ages of 1 Gyr (circle) and 14 Gyr (star). The different
panels correspond to different models: (a) PÉGASE.2 (Fioc & Rocca-Volmerange 1999) (b) Bruzual & Charlot (2003) (c) Marigo et al. (2008) (d) the Li & Han
(2008) model for binary star evolution. The Li & Han model sequences are limited to ages ≥ 1 Gyr and therefore do not extend to as blue r − i for low ages as
the other models. None of these models for standard stellar populations is able to reproduce the observed halo colours. The arrow on the left side of each plot
represents the dust reddening vector in the case of a Milky Way extinction curve (Pei 1992) and a g-band extinction of A(g) = 1.0 mag. Since this arrow runs
almost parallel to the age vector at ages above 1 Gyr, any reddening due to dust which may be present in the halo cannot reconcile the observed halo colours
with a standard stellar population.

differ, it is evident from Fig. 15 that the differences between their
predictions for the evolution of the g − r and r − i colours are
relatively modest, at least at high ages. Moreover, all models –
regardless of the metallicity – fail to explain the very red r − i

colours of the halo from sample T. Also shown in Fig. 15 are the
halo colours derived by Z04 for stacked high surface brightness
galaxies (white triangle with error bars). These halo colours are
marginally consistent with ours, but both sets of measurements are
clearly anomalously red compared to the models. Is it then possible
that this discrepancy is simply due to some shortcoming inherent
to all models? This does not seem likely, since the red haloes are
considerably redder than other old stellar populations like globular
clusters and elliptical galaxies (see Z04), which these models have
no problem in explaining.

The model predictions are formally valid for redshift z = 0,
whereas the median redshift of the T sample is z ≈ 0.06. As long as
the IMF is Salpeter-like, the k-corrections on the observed colours

are, however, very small. Using the Zackrisson et al. (2001) spectral
evolutionary code, we have assessed the maximum k-corrections
on the g − r and r − i colours to be |�(g − r)| < 0.1 mag and
|�(r−i)| < 0.03 mag for a Z = 0.001, τ = 1 Gyr stellar population
at ages higher than 1 Gyr. Since these corrections are smaller than
the observational error bars on the halo colours, redshift effects have
no impact on our comparison of models and data.

The arrows in the the left-hand parts of Figs 15(a)–(d) represent
the dust reddening vectors expected from a Milky Way extinction
curve (Pei 1992) with g-band extinction A(g) = 1.0 mag. Dust
reddening makes the colours shift in a direction which is largely
parallel to that of the age vector at ages higher than 1 Gyr in this
diagram, and therefore fails to reconcile the observed halo colours
with normal stellar populations. Estimates of dust extinction in low
surface brightness galaxies (e.g. Bergvall et al. 1999; Rahman et al.
2007) indicate far less extinction than this. Current estimates of the
opacities of haloes based on studies of background objects (which
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are likely to suffer more extinction than stars sitting inside the actual
halo) also suggest much lower optical extinction values (Zaritsky
1994; Ménard et al. 2009). Hence, it seems highly unlikely that the
extinction in the halo could be as high as A(g) = 1.0 mag. We
therefore conclude that the observed colours of haloes around low
surface brightness galaxies cannot possibly be reconciled with any
normal type of stellar population.

4.2 Insufficient mass sampling of a standard stellar population

When comparing the observed colours of galaxies to the predictions
of spectral evolutionary models, it is customary to assume that the
IMF is well sampled for all stars that contribute significantly to the
integrated flux. This approximation is reasonably safe as long as
the mass of the stellar population analysed is M � 104–105 M	
(assuming a standard IMF), but starts to break down as one moves to
lower population masses, due to substantial scatter in the number of
the high-mass stars present (Cerviño & Valls-Gabaud 2003; Cerviño
& Luridiana 2004).

While the halo regions that we analyse are very large, the in-
tegrated luminosity of each pixel rapidly drops as a function of
distance from the disc. This means that the stellar mass (as derived
from the luminosity) contained in each resolution element will even-
tually fall below the safe limit as one moves outwards. At that point,
one expects the observed colours to start deviating from the predic-
tions of models which assume a well-sampled IMF, like the ones
used in the previous section. The tell-tale signature of this would be
a skewed flux distribution within the halo, with a few bright stars
sprinkled across a more uniform background of faint low-mass ones.
When the images of many such haloes are combined, a median stack
will reject the bright outliers and favour pixels containing the fainter
and more common stars. Since high-mass and low-mass stars have
very different spectra, a strong colour bias will be introduced. Could
this then be the reason for the anomalous colours that we observe?

There are a number of arguments that make this seem implausible.
To begin with, the observed halo colours seem to be insensitive to
whether the images have been stacked by the average or median
pixel flux (see Figs 11, 12 and 13). Since a stack based on the median
will reject the extreme outliers in these distributions, and thereby
ignore the few pixels which happen to contain the rare high-mass,
high-luminosity stars, the mean and median stacks are expected to
give rise to radically different results if the halo light stems from a
stellar population with a standard IMF. Moreover, high-mass stars
(red giant branch and asymptotic giant branch stars) tend to be
significantly redder (in, e.g. r − i) than stars on the upper main
sequence. Hence, one would expect a bias of this type to render the
halo anomalously blue, which is the opposite of what we observe.
Therefore, the anomalously red halo colours cannot be attributed to
insufficient mass sampling of a normal stellar population.

While IMF sampling effects appear not to be an issue for the
present study, one may ask at what surface brightness limit such ef-
fects are likely to become important? To address this, we in Fig. 16
estimate the stellar mass expected in a single pixel as a function
of surface brightness within the stacked halo from sample T. These
estimates are based on stellar population mass-to-light ratios (in
units of M	/L	) of M/Lg = 2.1, M/Lr = 1.9 and M/Li = 1.7,
suitable for a 10-Gyr old, Z = 0.001, τ = 1 Gyr stellar population
with a Kroupa (2001) IMF throughout the mass range 0.01–120
M	, as predicted by the PÉGASE.2 code (Fioc & Rocca-Volmerange
1999). Each pixel (0.396 arcsec) is, moreover, estimated to cor-
respond to a linear distance of 120 pc for the T sample. In the
region where the red halo colours are derived (μi ≈ 28–29 mag

Figure 16. The estimated population mass per resolution element in the T
sample as a function of surface brightness. The different line types represent
pixel masses derived in filters g (solid), r (dashed) and i (dash-dotted). The
grey horizontal line indicates the approximate initial stellar population mass
below which IMF sampling effects become important when observing an
old (≥1 Gyr) stellar population with a standard IMF at gri wavelengths
(Cerviño & Luridiana 2004). In the surface brightness range where the red
halo colours are derived (μi ≈ 28–29 mag arcsec−2), the mass per pixel is
only a few times 103 M	. However, surface brightness fluctuations due to an
insufficiently sampled IMF can be dampened within the typical SDSS seeing
disc, which may boost the mass relevant for the comparison by up to a factor
of ≈10 (large arrow). The conversion between current and initial population
mass can boost the mass by another ≈40 per cent (small arrow). The initial
mass per resolution element may therefore be a few times 104 M	, which
indicates that we are slightly above the surface brightness limit where IMF
sampling effects are expected to become important.

arcsec−2), the population mass per pixel is only a few times 103 M	.
However, surface brightness fluctuations may be smeared out over
the SDSS seeing disc (FWHM 1.4 arcsec, i.e. an area covering
≈10 pixels), and this can boost the relevant mass per resolution ele-
ment by a factor up to ≈10 (indicated by the large arrow in Fig. 16).
When comparing to the IMF sampling effects modelled by Cerviño
& Luridiana (2004), we moreover need to convert the current stel-
lar mass (as derived from the adopted mass-to-light ratios) to the
initial stellar mass. This can amount to an additional boost of up to
40 per cent (indicated by the small arrow).

In conclusion, we may be probing a stellar population with an
initial mass of a few times 104 M	 per resolution element. The
analysis by Cerviño & Luridiana (2004) indicates that an initial
stellar mass of �2×104 M	 would be required [for an old (age ≥1
Gyr) stellar population observed in the gri wavelength range] to
ensure that IMF sampling effects are not too serious. Hence, we are
probably close to the surface brightness limit where IMF sampling
effects are expected to become important. This means that one
should in general avoid using median stacks when attempting to
combine images of different low-redshift objects for the purpose of
studying regions of very low surface brightness. Alternatively, many
pixels within each image could be combined to raise the expected
stellar mass per resolution element above the safety limit before
stacking.

4.3 A stellar halo with a bottom-heavy initial mass function

The stellar IMF has long been suspected to be universal, but recent
observational studies based on unresolved stellar populations have
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given some support to the notion that it may vary both as a function
of environment (Hoversten & Glazebrook 2008; Meurer et al. 2009)
and as a function of cosmic time (Davé 2008; van Dokkum 2008;
Wilkins et al. 2008). Attempts to constrain the IMF in the field
population of the LMC using star counts (e.g. Gouliermis, Brandner
& Henning 2006) have also yielded results seemingly inconsistent
with the standard IMF.

Using the PÉGASE.2 model, Zackrisson et al. (2006) demonstrated
that a bottom-heavy IMF with slope α = 4.5 (dN/dM ∝ M−α)
provided a reasonable fit to the red haloes of both blue compact
galaxies and the stacked high-surface brightness discs of Z04. This
implies a stellar halo population with a huge number of low-mass
stars and a very high mass-to-light ratio.

Since a significant fraction of the cosmic baryons at low red-
shifts remain unaccounted for (e.g. Prochaska & Tumlinson 2009),
one could envision that red haloes with a bottom-heavy IMF may
serve as reservoirs for some of them. However, Zackrisson & Flynn
(2008) argue that scenarios of this type are inconsistent with direct
star counts in the Milky Way halo, unless the low-mass stars are
predominantly located in star clusters. A smooth halo population
obeying this extreme IMF could remain viable if the surface bright-
ness of the Z04 halo had been overestimated (for instance due to
scattered light; de Jong 2008), but the mass of this halo would then
be too low to have any bearing on the missing baryons.

As shown in Fig. 15, the halo we detect in sample T is about
0.2 mag redder in r − i than the Z04 halo. This places the halo in a
region of the r − i versus g− r diagram which is somewhat difficult
to reconcile with current models based on a bottom-heavy IMF
of the type proposed by Zackrisson et al. (2006). The problem is
illustrated in Fig. 17, where we compare the halo colours observed
by Z04 to the α = 4.5, Z = 0.008 PÉGASE.2 model favoured by
Zackrisson et al. (2006). This combination of IMF and metallicity
is unable to explain the high r−i colour of the halo from sample T at
any age. The fit can be improved by adopting an even more extreme
IMF (α > 4.5), but this also pushes the model track towards redder
g− r colours. This is shown in Fig. 17(b), where stellar populations

with Z = 0.008 and α = 4.6, 4.7, 4.8, 4.9 and 5.0 (from left to
right) are shown. Even though the model tracks of the α = 4.8–
5.0 IMFs (the three rightmost evolutionary sequences) are formally
within the error bars of the halo from sample T, this fit would
imply a curiously young halo (�1 Gyr old). Moreover, the required
metallicity of Z = 0.008 is unexpectedly high compared to the
stellar haloes of the Milky Way (Z � 0.001; e.g. Carollo et al.
2007) and Andromeda (Z ≈ 0.005 for the high surface brightness
debris and Z ≈ 0.001 for the smooth underlying halo; e.g. Chapman
et al. 2006; Kalirai et al. 2006; Richardson et al. 2009).

Just like in the case of Salpeter-like IMFs, this comparison be-
tween data and models neglects the non-zero redshift of the galaxies
in the T sample (median redshift z ≈ 0.06). Using the Zackrisson
et al. (2001) spectral synthesis code (which gives results similar to
those of PÉGASE.2 in the relevant r−i versus g−r diagrams), we have
assessed the likely k-corrections for bottom-heavy IMF populations
with parameters identical to those used in Fig. 17. Even though the
k-corrections become somewhat larger than for stellar populations
obeying Salpeter-like IMFs, they still remain smaller than the obser-
vational error bars on the halo colours. Hence, redshift corrections
have no major impact on the outcome of our comparison.

While current models for bottom-heavy IMFs seem hard-pressed
when trying to fit the observed halo colours, the prescriptions for the
evolution and spectra of low-mass stars used may still be too crude
for the best-fitting parameter values (Z, age and to some extent the
IMF slope α) to be taken at face value. These stars (with masses
M < 0.8 M	) give a negligible contribution to the integrated flux
at optical wavelengths in the case of a normal IMF, but become im-
portant when bottom-heavy IMFs are considered. As demonstrated
by Casagrande, Flynn & Bessell (2008), the best models available
for low-mass stars still produce temperatures (colours) that are con-
siderably hotter (bluer) than observed for low-mass stars. While
bottom-heavy IMFs are generically predicted to shift r − i in the
right direction to explain the red halo colours, attempting to attain
an exact match to g − r and r − i may therefore be a futile exercise,
given the limitations of current population synthesis codes. Hence,

Figure 17. The r − i versus g − r colours of the halo derived from sample T (filled circle with error bars), compared to the predicted spectral evolution
of stellar populations with various IMFs, based on the PÉGASE.2 model (Fioc & Rocca-Volmerange 1999). Also included are the colour derived by Z04 for
stacked high surface brightness galaxies (white triangle with error bars). For all model tracks, a metallicity of Z = 0.008 and an exponentially declining
star formation rate (SFR(t) ∝ exp(−t/τ ) with τ = 1 Gyr) has been assumed. The markers along the evolutionary tracks indicate ages of 1 Gyr (circle) and
14 Gyr (star). The arrow on the left side of each plot represents the dust reddening vector in the case of a Milky Way extinction curve (Pei 1992) and a g-band
extinction of A(g) = 1.0 mag. (a) A stellar population with α = 4.5 (solid line). This model provides a reasonable fit to the halo colours derived by Z04, but
not to the halo colours measured by us. (b) Stellar populations with α = 4.6, 4.7, 4.8, 4.9 and 5.0 (solid lines, from left to right). Clearly, the α = 4.8–5.0 IMFs
(the three rightmost lines) can fit the halo colours from the T sample, but at the cost of having an unexpectedly young (≤1 Gyr) halo population.
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we conclude that a stellar population with an unusually high fraction
of low-mass stars still represents a plausible explanation for colours
of the halo, although this population probably contains no more
than a tiny fraction of the missing baryons. A number of physical
mechanisms that might explain why the IMF appears bottom-heavy
in low-density environments are discussed by Elmegreen (2004).

4.4 Extended red emission

In principle, the red halo colours could be due to the dust lumines-
cence phenomenon known as extended red emission (ERE). While
the dust component responsible for the ERE has yet to be identi-
fied, ERE has been reported in a wide range of environments where
far-ultraviolet radiation and dust are known to coexist, including re-
flection nebulae, H II regions, the halo region of the starburst galaxy
M82 and the high-latitude diffuse interstellar medium and cirrus
in the Milky Way (for a review, see Witt & Vijh 2004). One may
speculate that similar conditions could be met in the haloes of LSB
galaxies, provided that some dust is present in these regions and
that far-ultraviolet radiation from the disc stars can escape in the
polar direction (or, alternatively, that there are a few young stars
sprinkled throughout the halo). The ERE manifests itself as a wide
(∼1000 Å) emission feature in the wavelength range from 6100 to
9500 Å (i.e. inside either the SDSS r, i or z band), with the peak
wavelength varying from object to object. At the current time, we
have no robust way of ruling out the possibility that the i-band excess
detected in the halo of the stacked discs is due to ERE. However,
there are a number of arguments that speak against this hypothesis.

To begin with, the peak wavelength of the ERE is known to
correlate with the density of the far-ultraviolet radiation field (Smith
& Witt 2002), and having the ERE peak in the SDSS i-band of
sample T would (even after correcting for redshift effects) probably
require a typical ionization parameter higher than that measured
in the interstellar medium of the solar neighbourhood. It seems
reasonable that the typical far-ultraviolet radiation density should
be lower than this at several kpc away from the disc of LSB galaxies.
Studies of ERE from high-latitude clouds above the Milky Way (e.g.
Szomoru & Guhathakurta 1998; Witt et al. 2008) suggest an R-band
ERE peak (at wavelengths intermediate between the SDSS r and i
bands) for these objects – which may be similar to the hypothetical
ERE-emitting clouds above LSB discs – although exceptions do
exist. Most of the Galactic high-latitude clouds currently searched
for ERE are moreover located within 300 pc of the Milky Way disc.
Even if one assumes a radiation field as strong as that from the
Milky Way, interstellar gas clouds at ∼10 kpc (where the red halo
colours are measured) would be expected to display ERE peaks at
even shorter wavelengths. The ERE also tends to coexist with a
very blue component of dust-scattered continuum radiation, whose
relative contribution depends on the angle between the line of sight
and the direction from which the ultraviolet photons are originating.
Even if the ERE were to peak in the SDSS i-band, it is not clear
that it would give rise to g − r and r − i colours similar to those
observed. Differences in dust content between disc galaxies of high
and low surface brightness may, however, drive the prediction in
either direction. Increasing the optical depth of dust could reduce
the far-ultraviolet flux at any given distance from the disc, but at the
same time potentially increase the density of the ERE carriers.

As pointed out by Zackrisson et al. (2008), explaining the i-band
excess as due to ERE, would require different explanations for the
red excesses reported in this band and at longer wavelengths. For
example, the published surface photometry on NGC 5907 (Sackett
et al. 1994; James & Casali 1998; Rudy et al. 1997; Lequeux et al.

1998, 1996) suggests that the red halo of NGC 5907 displays an
excess flux – compared to the expectations for a low-metallicity
halo population with a standard IMF – in both I, J and K bands.
No ERE has yet been reported in this wavelength range. The red
haloes of blue compact galaxies have also been detected through an
excess in the K-band (Bergvall & Östlin 2002; Bergvall et al. 2005;
Zackrisson et al. 2006). Occam’s razor would argue for a single ex-
planation for the red halo excesses of all objects and in all filters in
the wavelength range from I to K. On the other hand, this argument
based on simplicity may be weakened if some of these detections
turn out to be spurious. Zheng et al. (1999) has raised serious con-
cerns about the reliability of the surface photometry data reported
for the NGC 5907 halo (but see Zepf et al. 2000 for a different
view). Moreover, Zackrisson et al. (2009) argue that, due to recent
developments in the field of near-IR spectral synthesis modelling,
the observed colours of many of the ‘red haloes’ of blue compact
galaxies may now have other, more mundane explanations.

4.5 Nebular emission

Another possibility is that the halo colours could be contaminated
by extra-planar gas photoionized by hot stars in the disc. This sce-
nario was investigated by Zackrisson et al. (2006) and found to give
r − i colours that were much too blue to be reconciled with the
colours derived by Z04. This would imply that, even though nebu-
lar emission could possibly account for some of the light detected
at large projected distances from the disc, correcting for this con-
tribution would just make the underlying halo redder and therefore
even more difficult to explain. The models presented by Zackrisson
et al. (2006) were, however, based on the approximation of zero
redshift (i.e. no k-correction on the broad-band fluxes). In reality,
the redshift of the Z04 sample peaks at z ≈ 0.05, whereas the me-
dian redshift of our sample T is z ≈ 0.06. While these redshifts may
seem small, they none the less turn out to have substantial effects
on the predicted colours of photoionized gas.

Because of the high emission-line equivalent widths predicted
for a purely nebular spectrum, k-corrections can become huge even
for small redshifts. For the SDSS filters used here, the Hα emission
line shifts out of the r filter and into i at z ≈ 0.036, which means
that the r − i colour of photoionized gas turns very red at redshifts
higher than this. This is demonstrated in Fig. 18, where we plot
the redshift dependence (grey squares indicating the evolution from
z = 0 to z = 0.1 in steps of �z = 0.01) of the colours predicted
for an H II region with low density (n(H) = 10−3 cm−3) and high
filling factor (f = 0.1), as expected for extraplanar diffuse ionized
gas (e.g. Rossa & Dettmar 2000). This model nebula has been
generated using the Zackrisson et al. (2001) spectral synthesis code,
assuming a low-metallicity (Zstars = Zgas = 0.001), 10-Gyr old
stellar population with a Salpeter-IMF and disc-like star formation
history (SFR(t) ∝ exp(−t/τ ), τ = 6 Gyr) as the ionization source.
The colours of the resulting nebula are seen to evolve dramatically
as a function of redshift, eventually (at z ≥ 0.05) reaching r − i

colours even redder that those of the halo colours observed by Z04
(open triangle) and by us (filled circle). Hence, Zackrisson et al.
(2006) may have been too hasty in dismissing nebular emission as
the cause of the red halo colours.

As the Hα emission line redshifts out of the r filter, g − r ad-
mittedly turns blue at the same time as r − i turns red. Because of
this, the nebular model presented in Fig. 18 is unable to simultane-
ously reproduce both halo colours at any of the relevant redshifts.
Mixing this nebular spectrum with that of a normal halo-like stellar
population (solid line in Fig. 18) does not allow the observed g − r
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Figure 18. The r − i versus g − r colours of the halo derived from the T
sample (filled circle with error bars) and the Z04 halo (open triangle with
error bars), compared to the predicted colours of a photoionized nebula
(metallicity Z = 0.001, hydrogen density n(H) = 10−3 cm−3 and filling
factor f = 0.1) at redshifts from z = 0 to z = 0.1 (grey squares). The
solid line indicates the spectral evolution of a halo-like stellar population
(Z = 0.001, a Salpeter IMF and an exponentially decaying star formation
rate (SFR(t) ∝ exp(−t/τ ) with τ = 1 Gyr) as predicted by the Zackrisson
et al. (2001) model at z = 0.06 (the median redshift of sample T). Markers
along this line indicate ages of 1 Gyr (circle) and 14 Gyr (star). At redshifts
z ≥ 0.04, this model nebula can in principle generate the very red r − i halo
colours, but has difficulties in simultaneously explaining the g − r data. A
superposition of nebular emission and a normal stellar halo population also
fails in this respect.

and r − i colours to be reproduced either. However, predicting the
exact optical colours of extraplanar nebular gas is a very difficult
endeavour, and we cannot rule out the possibility that a model more
realistic than the one used in Fig. 18 may be able to provide a better
fit to the observations.

The nebular model presented assumes a complete, ionization-
bounded Strömgren sphere of constant density, whereas the halo
observations are likely to probe only the outer regions of the ion-
ized cloud surrounding the stacked disc. Zackrisson et al. (2006)
attempted to model the spectra of individual sightlines through the
outskirts of H II regions, and predicted a large scatter in the pre-
dicted optical colours. The presence of shocks, turbulent mixing
layers, density gradients and a multiphased medium would make
the problem even more complex. One way to test whether nebular
emission really is responsible would be to stack a sample of galaxies
all located at z < 0.036. If a halo with an anomalously red r − i

colour is detected in such a sample, nebular emission can be ruled
out as the primary reason. Unfortunately, our T sample is not suf-
ficiently large for this exercise. Attempts to remove all z ≥ 0.036
objects from the sample results in a halo colour profile with too
large error bars to reliably claim the detection of a red excess.

While the nebular models used here and in Zackrisson et al.
(2006) have turned out to have a very strong redshift dependence
in r − i, this is not the case for colours like V − K . Therefore, the
Zackrisson et al. (2006) argument – that nebular emission would be
far too blue to explain the anomalously red V −K colours reported
around other types of galaxies – still holds. Postulating photoion-
ization as the primary explanation for the flux excess detected in
the i-band (Z04 and the present paper) would require a combina-
tion of two different mechanisms to explain red haloes in general.

Hence, the same issues raised against extended red emission apply
to nebular emission as well.

4.6 The extinction of extragalactic background light

One of the obvious obstacles when attempting to do surface photom-
etry at surface brightness levels as faint as μi ≈ 29 mag arcsec−2

is the challenge of subtracting the sky with sufficient accuracy. The
night sky has a typical surface brightness of μi ≈ 20.3 mag arcsec−2

at the site of the SDSS telescope (Apache Point), which means that
the signal we are measuring is about 3000 times fainter than the
sky. To measure a surface brightness with an error of ±0.1 mag at
such isophotal levels requires that the sky can be subtracted with
an accuracy of about one part in 30 000. While we have argued
in Section 3 that the night sky can indeed be measured with the
required accuracy by stacking ∼1500 SDSS images, there may be a
subtle systematic problem involved in the actual subtraction which
we cannot fully correct for.

This problem (first recognized by Zackrisson et al. 2009) stems
from the fact that while most of the sky flux originates from re-
gions between the telescope and the galaxies that we target, a small
fraction – the extragalactic background light (EBL) – comes from
behind. The EBL at optical wavelengths is believed to be the prod-
uct of direct and reprocessed starlight emitted over the entire star
formation history of the Universe, and hence stems from objects
at vastly different redshifts. Provided that the existing EBL mea-
surements are correct, most of this light appears to be diffuse (i.e.
unresolved with all existing instruments). Unlike the other compo-
nents of the night sky flux, the EBL can be subject to extinction by
dust present in the haloes of our target galaxies, thereby invalidating
an implicit assumption adopted in all current surface photometry
measurements, namely that the sky flux and the flux from the tar-
get objects are unrelated. The extinction of the EBL may lead to a
slight depression of the overall sky flux across the galaxies (and their
haloes) in our sample. Since our sky subtraction method is based
on estimates of the sky flux well away from the target galaxies –
where the EBL suffers less extinction than in the regions where the
halo colours are measured – a systematic oversubtraction of the sky
may result. As argued by Zackrisson et al. (2009), even very small
amounts of extinction can in principle lead to spurious features
in radial surface brightness profiles and colour maps of extended
objects.

Zackrisson et al. (2009) showed that even though the halo colours
derived by Z04 could in principle be attributed to EBL extinction
effects, this requires both an unresolved EBL level at the high end
of what is allowed by current error bars, and an EBL extinction of
A(g) = 0.2 mag in the region where the halo colours are measured
(≈8 kpc above the disc in the Z04 sample). Our halo colours are,
however, derived at μi ≈ 28–29 mag arcsec−2, which is about 1–
2 mag fainter than that of the region where Z04 note the onset of
anomalous colours (μi ≈ 26.7 mag arcsec−2). This means that a
similar colour shift can be produced for a somewhat lower EBL
level and/or a lower halo opacity.

This is demonstrated in Fig. 19, where we have adopted the
formalism from Zackrisson et al. (2009) to predict the colour shifts
in a diagram of r − i versus g − r resulting from a failure to
account for EBL extinction. The solid line represents the predicted
evolution of an old, metal-poor (Z = 0.001) stellar halo population
modelled using Marigo et al. (2008) isochrones with a Salpeter
initial mass function. The dashed lines in Fig. 19(a) indicate how
the observed colours would shift due to EBL extinction if we assume
an extinction of A(g) = 0.15 mag in the halo. The shift becomes
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Figure 19. The effect of EBL extinction in a diagram of r − i versus g − r . The solid line indicates the evolution of a metal-poor (Z = 0.001) stellar
population with a Salpeter initial mass function and an exponentially decaying star formation rate (SFR ∝ exp −t/τ with τ = 1 Gyr), based on Marigo et al.
(2008) isochrones. White markers represent ages of 1 Gyr (circle) and 14 Gyr (star). The filled circle represents the colours of the halo detected in the T
sample (at μi ≈ 28–29 mag arcsec−2). Dashed lines indicate how a spatially constant EBL extinction would shift the observed colours away from the model
predictions under the assumption of a Milky Way extinction curve. The differently-sized triangles along these tracks correspond to surface brightness levels of
μi = 27, 28 and 29 mag arcsec−2 (largest to smallest triangles). (a) Results assuming an EBL extinction of A(g) = 0.15 mag and fiducial diffuse EBL levels
Zackrisson, Micheva & Östlin (2009). At μi = 29 mag arcsec−2, EBL extinction can indeed bring the colours of a normal stellar population into agreement
with those observed. This particular solution does, however, require a fairly young (≈3 Gyr) stellar halo population. (b) Results assuming an EBL extinction
of A(g) = 0.03 mag and diffuse EBL levels slightly offset from the fiducial ones (see main text for details). In this case, EBL extinction effects can reconcile
a 10 Gyr old stellar halo with the colours observed at μi ≈ 28–29 mag arcsec−2.

increasingly severe at fainter surface brightness levels (triangles
along the dashed lines indicating the colours at the μi = 27, 28 and
29 mag arcsec−2 isophotes). As discussed by Zackrisson et al., the
direction of the shift depends on the intrinsic colours of the halo,
which is why three different dashed lines are included. Indeed, one
of the dashed lines passes very close to the observed colours at
μi ≈ 29 mag arcsec−2. No artificial boost of the observed EBL
level (like that used by Zackrisson et al. to fit the Z04 data) is
required. This particular line originates from a fairly young (≈3
Gyr) halo population, but similar fits for older populations can be
achieved by assuming slightly different colours for the EBL (well
within the observational error bars). This is shown in Fig. 19(b),
where we have adopted μg = 26.1, μr = 25.1 and μi = 25.4 mag
arcsec−2 for the diffuse EBL (0.2 mag fainter in gi and 0.3 mag
brighter in r than the fiducial values). In this case, the observed
colours are reproduced using a 10-Gyr-old halo population and a
halo extinction of just A(g) = 0.03 mag.

The anomalous colours of the halo in sample T turn up at ≈80–
110 pixels from the plane of the disc (see Fig. 12), which converts
into ≈10–13 kpc (assuming 120 pc per pixel). It is difficult to judge
whether an extinction of A(g) = 0.03–0.15 mag is reasonable
in this region, since no studies of the opacity profiles of haloes
have specifically targeted low surface brightness galaxies. However,
Zaritsky (1994) and Ménard et al. (2009) have measured optical
extinctions in the ≈0.03–0.15 mag in the haloes of other types of
galaxies (at even greater projected distances than what we probe
here). Dust is also well known to exist several kpc above the plane
of edge-on discs in general (e.g. Alton et al. 2000).

The dust column density at the site of our halo observations can
be estimated from

Sdust = 0.4A

Kext log(e)
, (1)

where A is the extinction in magnitudes, Kext is the dust extinction
coefficient and Sdust is the dust column density. The dust extinction

coefficients in the V band for the Milky Way, LMC and SMC are
given by Weingartner & Draine (2001). Since the effective wave-
length of the g band is close to that of Johnson B, we will as-
sume E(g − V ) = E(B − V ) ∼ A(V )/3. Thus A(g) = 4A(V )/3.
We expect the metallicity in the halo to be low and therefore the
most appropriate value to use here is that of SMC, Kext(V ) =
1.54 × 104 cm2 g−1 and thus Kext(g) = 2.05×104 cm2 g−1. A(g) =
0.03–0.15 mag then corresponds to dust column densities of
1.4 × 10−6–6.7 × 10−6 g cm−2. Assuming a pixel size of 120 pc,
these numbers correspond to a a range in dust mass surface density
of �dust = 90–460 M	 pixel−1. We may compare these values with
the stellar mass density per pixel that we derived in Section 4.2. In
the g band, at a surface brightness of μ ∼ 29 mag arcsec−2, we
obtain �stars ≈ 3.6×103 M	 pixel−1. Thus the dust-to-stellar mass
density ratio is Mdust/Mstars ≈ 2–13 per cent. How does this com-
pare to the global dust properties of LSB galaxies? Rahman et al.
(2007) recently presented dust masses and total stellar luminosities
for a few LSB galaxies. From these data, we estimate a typical
dust-to-stellar mass ratio of Mdust/Mstars ≈ 1 per cent by assuming
a stellar mass-to-light ratio of M/L ≈ 1 (Zackrisson, Bergvall &
Östlin 2005).

This indicates that to accommodate a halo extinction of A(g) =
0.03–0.15 mag, the opacity would have to decline slower than the
stellar surface brightness as one moves in the polar direction away
from the disc. A dust distribution more extended than that of stars
has already been confirmed within high surface brightness discs
(e.g. Holwerda et al. 2005; Muñoz-Mateos et al. 2009). Considering
that halo opacity profiles (Zaritsky 1994; Ménard et al. 2009) appear
to fall off much slower than halo surface brightness profiles (Z04 and
this paper) would suggest a similar trend for the dust-to-stellar mass
ratios in haloes, although the selection criteria of these different
studies do not exactly match.

If the red halo colours are due to EBL extinction effects, one may
naively expect the thin disc to display a similar colour anomaly at
comparable surface brightness levels. However, the colour profiles
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along the thin disc (Fig. 10) in sample T show no obvious sign of
this, neither do the disc profiles presented by Z04. Zackrisson et al.
(2009) discuss two possible explanations. First, the colour shifts are
very sensitive to the intrinsic colours of the affected stellar popu-
lation (as seen in Fig. 19a), and a disc population is not expected
to have colours identical to that of a stellar halo. Moreover, the ex-
tinction curve may be greyer in the disc (e.g. Holwerda et al. 2005).
Both of these effects may contribute to diminish or alter the offset
vector of any colour shifts related to EBL extinction. Hence, the
lack of a red excess in the disc does not rule out EBL extinction as
the cause of the red excess in the halo. As argued by Zackrisson et al.
(2009), EBL extinction may also be able to explain the anomalous
halo colours detected around other types of galaxies and at longer
wavelengths.

5 SU M M A RY A N D C O N C L U S I O N S

We present the results of an investigation of the statistical photo-
metric properties of a homogeneous set of 1510 LSB disc galaxies
drawn from the SDSS DR5. There have been claims that the faint
outskirts of normal disc galaxies and blue compact galaxies tend to
show colours that are redder than predicted by stellar evolutionary
models – the so-called ‘red halo’ phenomenon. We have therefore
focused on deriving the characteristic colours of the faintest regions
in the haloes of our LSB galaxies. For this purpose we use a statis-
tical approach to reach the faintest levels. Thus we have rescaled,
aligned and stacked the g, r and i images, thereby increasing the S/N
of the combined image. In the finally stacked images, we typically
reach a surface brightness of μ ∼ 31 mag arcsec−2.

We derive surface brightness and colour profiles based on median
filtering and averaging of the images in the stack. When we reach
μ ∼ 28–29 mag arcsec−2, a significant red excess appears in r − i.
We find no support for the notion that this effect can be attributed
to scattered light. After a careful assessment of PSF effects, the
combined colours, g − r = 0.60 ± 0.15 and r − i = 0.80 ± 0.15,
are incompatible with colours of a normal stellar population. The
fact that no similar colour anomaly is seen at comparable surface
brightness levels along the disc rules out a sky subtraction residual
as the source of the extreme halo colours. We discuss possible al-
ternatives to explain the red colours. These include a bottom-heavy
IMF, nebular emission, extended red emission and dust extinction
of extragalactic background light. We find two of these scenarios
to be broadly consistent with our results and other claims of a red
excess in the optical/near-IR. The first is extinction of extragalactic
background light, which would cause a colour-dependent oversub-
traction of the sky background in the region where dust is present.
In this case, a halo opacity of A(g) = 0.03 − 0.15 mag at a surface
brightness of μg ∼ 29 mag arcsec−2 would be needed to explain the
observations. The second alternative is an abnormal IMF, dominated
by low-mass stars.
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697
Bergvall N., Marquart T., Persson C., Zackrisson E., Östlin G., 2005, in
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