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ABSTRACT
The stellar haloes of galaxies can currently be studied either through observations of resolved
halo stars or through surface photometry. Curiously, the two methods appear to give conflicting
results, as a number of surface photometry measurements have revealed integrated colours that
are too red to be reconciled with the halo properties inferred from the study of resolved stars.
Several explanations for this anomaly have been proposed – including dust photoluminescence,
extinction of extragalactic background light and a bottom-heavy stellar initial mass function.
A decisive test is, however, still lacking. Here, we explain how observations of the halo of
a nearby galaxy, involving a combination of both surface photometry and bright star counts,
can be used to distinguish between the proposed explanations. We derive the observational
requirements for this endeavour and find that star counts in filters VI and surface photometry
in filters VIJ appear to be the optimal strategy. Since the required halo star counts are already
available for many nearby galaxies, the most challenging part of this test is likely to be
the optical surface photometry, which requires several nights of exposure time on a 4–8 m
telescope, and the near-infrared surface photometry, which is most readily carried out using
the upcoming James Webb Space Telescope.
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1 IN T RO D U C T I O N

The stellar haloes of galaxies 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; Rejkuba, Mouchine & Ibata 2009;
Durrell, Sarajedini & Chandar 2010; Tanaka et al. 2011) have pro-
vided a wealth of information on such structures. However, stellar
haloes can also be studied through surface photometry, i.e. observa-
tions of the integrated light from large numbers of unresolved stars
within each system.

Both techniques have their strong sides as well as shortcom-
ings. Star counts can trace structures much further out into the
halo, but this method is currently limited to the brightest halo stars
(with the Milky Way halo as a notable exception) and to systems
within ∼10 Mpc. Surface photometry can be applied for more dis-
tant galaxies, is sensitive to less luminous halo stars and diffuse
light from the interstellar medium, but works only for the relatively
bright inner regions of haloes.

At the current time, the results from these two techniques are
difficult to completely reconcile. A number of attempts to study the
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haloes of edge-on disc galaxies through optical and near-infrared
(NIR) surface photometry have revealed halo colours that are too
red to be consistent with the halo populations captured through the
study of resolved stars (e.g. Sackett et al. 1994; Lequeux, Dantel-
Fort & Fort 1995; Lequeux et al. 1996, 1998; Rudy et al. 1997;
James & Casali 1998; Zibetti & Ferguson 2004; Zibetti, White &
Brinkmann 2004; Bergvall, Zackrisson & Caldwell 2010). The most
recent observations indicate that this red excess turns up at extremely
faint surface brightness levels (μi ≈ 27–29 mag arcsec−2; Zibetti
et al. 2004; Bergvall et al. 2010) and at wavelengths around the i
band (≈7600 Å). Older measurements (Rudy et al. 1997; James &
Casali 1998) suggest that it may also continue into the near-IR (NIR;
12 000–22 000 Å). On the other hand, surface photometry carried
out at wavelengths shortwards of the i band seem to turn up nothing
anomalous (Zibetti et al. 2004; Bergvall et al. 2010; Jablonka et al.
2010).

It has been suggested that these ‘red haloes’ could be due to
mundane observational effects like instrumental scattering (de Jong
2008) or flux residuals left over from an incomplete sky subtraction
(Zheng et al. 1999; Jablonka et al. 2010). In some of the claimed
detections, this may well be the case. However, Bergvall et al. (2010)
correct for instrumental scattering (point spread function) effects
and are still left with a pronounced red excess in their study of
haloes around stacked, edge-on low surface brightness discs. They
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also show that while the haloes of these discs have extremely red
colours, the discs themselves do not display any anomalous colours
at the corresponding surface brightness levels. This strongly argues
against a sky flux residual as the main culprit, since this would result
in strange colours in both components.

The red halo phenomenon is not necessarily confined to disc
galaxies only. NIR excesses have been reported in the faint outskirts
of blue compact galaxies (Bergvall & Östlin 2002; Bergvall et al.
2005), although Zackrisson et al. (2009a) and Micheva et al. (2010)
have questioned the need for extreme stellar population properties
to explain these. There are also older reports of extremely red optical
colours in the outskirts of cluster elliptical galaxies (Maccagni et al.
1988; Molinari, Buzzoni & Chincarini 1994). However, no similar
anomalies were seen in the recent study by Tal & van Dokkum
(2011) of the outskirts of 42 000 stacked early-type galaxies (mostly
located in galaxy groups).

If one assumes that the red excess in the haloes of edge-on
discs is not due to instrumental scattering or sky flux residuals, this
still leaves room for a number of possible explanations – includ-
ing a bottom-heavy stellar initial mass function, diffuse light from
the interstellar medium and extinction of extragalactic background
light (Zackrisson et al. 2006; Zackrisson, Micheva & Östlin 2009b;
Bergvall, Zackrisson & Caldwell 2010). These solutions can all give
rise to similar halo colours. Given the extremely challenging task of
improving current surface photometry measurements with existing
telescopes, it has so far remained unclear if the degeneracy between
these can really be broken. In this paper, we describe a method to
discriminate between these scenarios using a combination of star
counts and surface photometry.

In Section 2, we review a number of explanations for the red
excess that have previously been demonstrated to be broadly con-
sistent with the available data. The principle of our proposed test
is described in Section 3 and the observational requirements de-
rived in Section 4. Section 5 discusses a number of potential target
galaxies that meet the distance requirements of the test. We also
provide a worked example for the required exposure times in the
case of the edge-on disc galaxy NGC 4565, which is deemed to be
one of the most suitable candidates. Our findings are summarized
in Section 6.

2 PO S S I B L E E X P L A NATI O N S F O R TH E R E D
EXCESS

2.1 A bottom-heavy stellar initial mass function

It has long been suspected that the red excess could be a signature
of a stellar halo with an extremely bottom-heavy stellar initial mass
function (IMF; Lequeux et al. 1995; Rudy et al. 1997; Zepf et al.
2000; Zibetti et al. 2004; Zackrisson et al. 2006; Bergvall et al.
2010), i.e. a stellar halo with an abnormally high fraction of low-
mass stars (with masses <0.5 M�). Due to the high mass-to-light
ratios of such populations, solutions of this type were once thought
to provide an explanation for the dark matter of galaxies. However,
it is now well established that the dark matter is predominantly
non-baryonic on cosmic scales (e.g. Komatsu et al. 2011). Surveys
for microlensing events from Massive Astrophysical Compact Halo
Objects (MACHOs) have also ruled out a dominant contribution to
the dark halo of the Milky Way from objects in this mass range (e.g.
Tisserand et al. 2007). On the other hand, up to ≈2/3 of the cos-
mic baryons in the low-redshift Universe are still unaccounted for
(e.g. Prochaska & Tumlinson 2009), and the missing-baryon prob-
lem may be even more severe on scales of individual galaxies (e.g.

McGaugh et al. 2010). There is also a long-standing MACHO puz-
zle, in the sense that some halo microlensing surveys have turned
up more events than can easily be attributed to known stellar popu-
lations (e.g. Alcock et al. 2000; Calchi Novati et al. 2005; Ingrosso
et al. 2007; Riffeser, Seitz & Bender 2008). Hence, it could be argued
that there may be low-mass stars hiding in the halo that contribute
to the missing-baryon problem and/or to the MACHO microlens-
ing event rates, even though they have little bearing on the dark
matter.

The stellar IMF has long been assumed to be universal, but recent
observational studies based on unresolved stellar populations have
given some support to the notion that it may vary as a function
of cosmic time (van Dokkum 2008), environment (Hoversten &
Glazebrook 2008; Lee et al. 2009; Meurer et al. 2009) and star
formation rate (Gunawardhana et al. 2011). The strength of certain
absorption features in giant elliptical galaxies has been interpreted
as evidence of a bottom-heavy IMF (van Dokkum & Conroy 2010),
whereas the same absorption lines are consistent with a standard
IMF in the case of globular clusters (van Dokkum & Conroy 2011).
Attempts to constrain the IMF in the field population of the Large
Magellanic Cloud using star counts (e.g. Gouliermis, Brandner &
Henning 2008) have also yielded results seemingly inconsistent
with the standard IMF (e.g. Kroupa 2001; Chabrier 2003).

Surveys for low-mass stars (subdwarfs) in the Milky Way halo
have produced no evidence for a bottom-heavy IMF (e.g. Gould,
Flynn & Bahcall 1998), but current subdwarf searches are limited
to distances out to ≈40 kpc from the Sun. If there were a second
halo population with a bottom-heavy IMF and a density profile dif-
ferent from that of the hitherto known halo, this second population
could have evaded detection in the subdwarf searches. Such a halo
population could, on the other hand, turn up in surface photometry
measurements of external galaxies (and thus explain the red ex-
cess), due to projected contributions from stars further away from
the halo centre. Scenarios of this type were explored by Zackrisson
& Flynn (2008), who used the existing subdwarf data to rule out
all secondary halo populations that would be able to contribute sig-
nificantly to the missing baryons. Moreover, a halo like this would
only remain viable if the surface brightness of the red halo reported
by Zibetti et al. (2004) for stacked edge-on discs had been signif-
icantly overestimated. This could for instance happen because of
instrumental scattering, which Zibetti et al. did not properly correct
for. The Zackrisson & Flynn (2008) constraints, which are much
stronger than those currently produced by microlensing searches,
could also be sidestepped if the low-mass stars in the second halo
were all locked up in star clusters. This, on the other hand, would
cause tension with the Bergvall et al. (2010) stacked halo observa-
tions, which favour small pixel-to-pixel variations in halo colours
(i.e. a rather diffuse and not too highly clustered halo).

In summary, there are no observations that firmly rule out a halo
component with a bottom-heavy IMF, but existing microlensing
data, subdwarf star counts and surface photometry measurements
do impose strong constraints on the properties of such a population.
Current data place the mass that can be locked up in such a popu-
lation at a level that is too low (�1010 M�) to have any significant
bearing on the missing baryon problem (∼1010 M�), and definitely
not on the dark matter problem (∼1012 M�) on the scale of Milky
Way-sized galaxies (Zackrisson & Flynn 2008).

2.2 Diffuse light from the interstellar medium

Another possibility is that the red excess does not originate from
the stars in the halo, but is instead caused by some process in
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the interstellar medium. Diffuse, low-density halo gas could be
kept ionized by far-ultraviolet photons leaking from the disc or by
shocks and would contribute emission lines and a nebular continuum
to the integrated halo spectrum. This could indeed give rise to
strange halo colours, but current predictions for superpositions of
old, low-metallicity stellar populations and ionized halo gas are
still unable to match the observed colours of red haloes at low
redshifts (Zackrisson et al. 2006; Bergvall et al. 2010). Due to the
high emission-line equivalent widths of a purely nebular spectrum,
the optical colours of ionized halo gas evolve dramatically with
redshift, and the colours reported by Zibetti & Ferguson (2004) for
a halo around an edge-on disc galaxy at redshift z = 0.322 can in
principle be explained by a mixture of ionized gas and a normal
stellar halo (Zackrisson et al. 2006). However, the halo colours of
this particular target may also be severely affected by instrumental
scattering (de Jong 2008).

If the red excess originates in the interstellar medium, dust emis-
sion seems a more plausible radiation mechanism. Mid-infrared
dust emission has been detected in the haloes of several edge-on
disc galaxies (e.g. Irwin & Madden 2006; Burgdorf et al. 2009;
Kaneda et al. 2009), but to account for the red r − i halo colours
reported by Zibetti et al. (2004) and Bergvall et al. (2010), the dust
emission would need to extend into the optical i band. In principle,
this could be achieved by the dust photoluminescence phenomenon
known as extended red emission (ERE). While the dust compo-
nent responsible for the ERE has yet to be identified, ERE has
been reported in a wide range of environments including reflection
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). ERE manifests
itself as a wide (∼1000 Å) emission feature in the wavelength range
from 6100 to 9500 Å, where the peak wavelength appears to vary
from object to object. As argued by Bergvall et al. (2010), ERE
cannot be excluded as the mechanism responsible for the red r −
i halo colours, but anomalous colours involving filters at longer
wavelengths (e.g. Rudy et al. 1997) would then require a second
explanation.

2.3 Extinction of extragalactic background light

Anomalously red colours (as measured by colour indices like V − I,
r − i or V − K) do not necessarily imply the presence of a flux excess
in the longer wavelength filter (e.g. the i band in the r − i colour
index), since red colours can also be produced by a flux deficit in the
shorter wavelength band (e.g. the r band in r − i). This could most
readily be caused by dust reddening of the halo stars, but as shown
by Zackrisson et al. (2006) and Bergvall et al. (2010), the observed
red halo colours do not lie along standard dust reddening vectors.
Moreover, the reddening needed to explain the observed r − i halo
colours would require A(g) ≈ 1–3 mag of g-band extinction, which
seems completely implausible at projected distances of ≈5–10 kpc
into the halo.

However, as demonstrated by Zackrisson et al. (2009b) and
Bergvall et al. (2010), there is one mechanism that could account
for the observed halo colours while requiring no more than A(g) ≈
0.03–0.2 mag of optical extinction, which would be consistent with
the halo opacities inferred from the reddening of background light
sources (Zaritsky 1994; McGee & Balogh 2010; Ménard et al.
2010). This mechanism is based on the extinction of the extragalac-
tic background light (EBL), which gives rise to a systematic sky
subtraction problem for surface photometry measurements at faint
isophotes. While most of the sky flux originates from regions be-

tween the telescope and the haloes targeted by surface photometry
observations, a small fraction – the EBL – comes from behind. Pro-
vided that the existing direct measurements of the optical EBL are
correct (Bernstein 2007), 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 target haloes. This invalidates an assumption
adopted in all current surface photometry measurements, namely
that the sky flux and the flux from the target objects are unrelated.
This extinction of the EBL may lead to a slight decrease in the
overall sky flux across the target haloes, which is neglected when
the sky flux level is estimated well away from the target objects. The
net effect is a systematic, wavelength-dependent oversubtraction of
the sky, with spurious colour gradients in the outskirts of extended
targets as the likely result (Zackrisson et al. 2009b).

If the red halo colours can be demonstrated to be due to EBL
extinction, this could provide interesting constraints on the EBL
itself. For halo opacities in the A(g) ∼ 0.01–0.1 mag range (in line
with current measurements), the surface brightness of the optical
EBL would have to be at a level similar to that suggested by the
Bernstein (2007) EBL measurements. This is considerably higher
than what currently resolved galaxies can account for (e.g. Madau &
Pozzetti 2000). Hence, this would imply that the origin of the optical
EBL remains unknown, with potentially far-reaching implications
for cosmology.

3 A DECI SI VE TEST

3.1 Relating surface photometry to star counts

In recent years, most attempts to trace the surface brightness pro-
files of stellar haloes have been based on direct star counts, i.e.
by counting the number of bright halo stars (red giant branch stars,
asymptotic giant branch stars and upper main sequence stars) within
a certain area.

The bright stars only account for a fraction of the overall halo
light, which means that the star counts must be calibrated on to
a surface brightness scale by making assumption about the stars
below the detection threshold. Usually, this is achieved by simply
shifting the star counts profile to match actual surface brightness
measurements at bright isophotes (e.g. Irwin et al. 2005; Barker et al.
2012). For an old stellar population with a reasonably normal IMF
(e.g. Salpeter 1955; Kroupa 2001; Chabrier 2003), this procedure
is fairly robust, as demonstrated in Fig. 1, where we present the
conversion factor as a function of age, metallicity, IMF and depth of
the star counts. These conversion factors are derived by integrating
fluxes of stars along the Marigo et al. (2008) stellar isochrones (with
suitable IMF weights applied) and comparing the surface brightness
μtotal produced when the entire isochrone is used (the case relevant
for surface photometry) to the surface brightness μcounts produced
when only stars above a certain flux threshold are included (the case
relevant for star counts).

To illustrate how this conversion factor depends on the depth
of the star counts, two cases are explored – star counts reaching
2.0 mag below the tip of the red giant branch (TRGB) in the I band
(this corresponds to a detection threshold of MI ≈ −2) at an age of
10 Gyr in a Z = 0.001 population (Figs 1a and b), and star counts
reaching 4.0 mag below the TRGB (detection threshold MI ≈ 0)
for the same age and metallicity (Figs 1c and d). For simplicity, we
assume that the star counts are sensitive to all stars brighter than
the cut-off, and do not count stars in different evolved evolutionary
stages separately. The TRGB provides a convenient reference point
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Figure 1. Conversion between total surface brightness μtotal (as measured through surface photometry) and the surface brightness due to resolved stars μcounts

for an instantaneous-burst (i.e. single-age) stellar population. (a) The I-band conversion factor μtotal − μcounts as a function of age for metallicities Z = 0.0001
(thin line), Z = 0.001 (medium thick line) and Z = 0.008 (thick line), in the case where stars are resolved 2.0 mag below the TRGB. Solid lines are for a
Salpeter (1955) IMF between 0.08 and 120 M�, whereas the dashed lines correspond to the Kroupa (2001) IMF corrected for binary stars. The difference
in μtotal − μcounts between these two IMFs is insignificant, but variations with age and metallicity variations are not. Still, the variations with age are small
for old ≥6-Gyr stellar populations, and the metallicity can typically be estimated from the colours of the TRGB, which means that uncertainties due to the
metallicity can be corrected for. (b) The difference between the integrated V − I colours of all resolved stars and the integrated V − I colours of the entire
population, (V − I)tot − (V − I)counts, in the case where stars are resolved 2.0 mag below the TRGB. The lines have the same meaning as in panel (a). The
variations with age are relatively small (≈0.2 mag), but the variations with metallicity remain substantial (≈0.5 mag). (c) Same as (b), but for counts reaching
4.0 mag below the TRGB. The uncertainty in μtotal − μcounts due to both age and metallicity variations is significantly reduced. (d) Same as (b), but for counts
reaching 4.0 mag below the TRGB. The sensitivity of (V − I)tot − (V − I)counts to age variations is very small, but metallicity variations can still produce
significant colour shifts (≈0.2 mag).

as its I-band magnitude of MI ≈ −4 is nearly independent of age
and metallicity for any population older than 3 Gyr and more metal-
poor than 0.5 × Z�, hence its use as a distance indicator of halo-like
stellar populations.

While μtotal − μcounts shows substantial variations (≈1 mag) as a
function of both age and metallicity in the case of the shallower star
counts (Fig. 1a), the variations with age are small (≈0.2 mag) in the
age range relevant for old stellar haloes (≥6 Gyr) if one assumes that
the metallicity is known. The μtotal − μcounts variations with age are
moreover about the same in V and I, so that the difference between
the integrated colours of all resolved stars and the integrated colours
of the entire population becomes no more than (V − I)tot − (V −
I)counts ≈ 0.1 at ages of ≥6 Gyr (Fig. 1b). While this leaves room
for substantial uncertainties in both μtotal − μcounts and (V − I)tot −
(V − I)counts due to radial metallicity variations, such metallicity
gradients would result in radially varying colours for the TRGB,

and can therefore be observationally tested for. For the deeper star
counts (Figs 1c and d), both uncertainties are substantially smaller.

In summary, even if the stellar haloes of galaxies contain substan-
tial age gradients (e.g. Stinson et al. 2009) or metallicity gradients
(e.g. Carollo et al. 2007), the μtotal − μcounts uncertainties are small,
provided that the integrated light comes from stars only, that the
metallicity can be observationally assessed and that the IMF is of
standard form. However, the reports of anomalously red halo colours
based on surface photometry indicate that one (or several) of these
tenets may be violated.

3.2 Profile offsets

The solutions to the red halo puzzle reviewed in Section 2 can be
separated into two broad categories, depending on how the surface
brightness profile inferred from surface photometry would differ
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Figure 2. Diagram illustrating how the possible explanations for red halo colours can be tested using a combination of star counts and surface photometry. (a)
The halo surface brightness profile in V (blue) and I (red) as inferred from surface photometry (lines) and star counts (filled circles) in the case where the red
halo colours are caused by excess flux in both the V and I bands, as would be expected from a stellar population with a bottom-heavy IMF. (b) Same in the
case where the red halo colours are caused by dust photoluminescence (ERE), resulting in a flux excess limited to the I band. (c) Same in the case where the
red halo colours are caused by a larger flux deficit in the V band than in I, due to EBL extinction. (d) The colour profile resulting from either of the situations
depicted in (a)–(c). See main text for additional details.

from that inferred from star counts. Bottom-heavy IMFs and dust
photoluminescence (ERE) would both decrease μtotal − μcounts (i.e.
make the surface photometry profile brighter than the star counts
profile), whereas EBL extinction would tend to drive this quantity
in the opposite direction. The principle is schematically illustrated
in Fig. 2, where we show how the halo surface brightness profiles
based on star counts and surface photometry would deviate from
each other in these three cases. Here we have assumed that the
star counts profiles have already been shifted to the level of the
surface brightness profiles at bright isophotes (where a standard
stellar population is assumed to dominate), so that the μtotal −
μcounts offset evident from Fig. 1 has already been corrected for.

In the first case (Fig. 2a), we assume that there is a halo component
with a normal V − I colour (similar to that of the stellar population
hitherto detected in the Milky Way halo) that is slowly overtaken by
a bottom-heavy IMF population with a much redder colour, thereby
driving the integrated light measurements to extreme V − I values
at large projected radii. Since bright star counts fail to detect the
increasing number of low-mass stars in the outer profile, the total
surface brightness is shifted in the brightward direction in both the
V and I bands, although more so in the I band.

In the second case (Fig. 2b), we assume that the same standard
halo is affected by ERE in the I band at large projected radii,
thereby driving the integrated V − I to the same extreme values as
in Fig. 2(a). Whereas surface photometry may agree with the star
counts in the V band, the I-band surface photometry data would
indicate a higher surface brightness than that inferred from star
counts.

In the third case (Fig. 2c), the colours of the normal halo compo-
nent are pushed towards extreme values due to a failure to account

for EBL extinction in the surface photometry measurements. Both
the V and I surface photometry profiles would then indicate a sur-
face brightness lower than that inferred by star counts. Here, the
anomalously red integrated colours arise from a greater flux deficit
in the V band than in I.

The model parameters have been chosen to produce the same
integrated V − I profile (Fig. 2d) in all three scenarios, starting
from V − I = 1.15 (typical of an old, metal-poor stellar population)
at small radii and reaching V − I = 1.45 (anomalously red) at
the outermost radius plotted. The offsets �μ between the surface
photometry and star counts profiles in Fig. 2 have been plotted in
Fig. 3. As seen, the directions and magnitudes of the V and I offsets
are qualitatively different in these three cases. At the outermost
data point, where a colour of V − I ≈ 1.45 has been reached, the
amplitude of the offset is 0–0.5 mag in the V band and 0.2–0.75 mag
in the I band.

We argue that by combining star counts and surface photometry
for a single target in filters V and I, one should at least be able to
distinguish between an excess of red (I-band) flux (bottom-heavy
IMF or ERE, as in Figs 2a and b) and a deficit of blue (V-band)
flux (EBL extinction, as in Fig. 2a) as the reason for the red halo
colours. While Fig. 3 suggests that V and I data should also be able
to distinguish between a bottom-heavy IMF from ERE, based on the
lack of offset in the V band in the latter case, this conclusion would
not be as robust. While Fig. 3 certainly depicts a possible signature
of ERE, it is not necessarily generic, simply because the colours of
ERE are not sufficiently well constrained. The ERE emission peak,
which we have assumed to affect the I band only, tends to coexist
with a blue component of dust-scattered continuum radiation, whose
relative contribution depends on the angle between the line of sight
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Figure 3. The offset �μ between the total surface brightness (as measured
through surface photometry) and that inferred from star counts, in filters V
(blue lines) and I (red lines) in the case where either a bottom-heavy stellar
IMF (solid lines), ERE (dashed lines) or EBL extinction (dash-dotted lines)
is responsible for pushing the integrated V − I colours to anomalously red
values (Fig. 2d). A positive value of �μ implies that the surface photometry
profile lies faintwards of the star counts profile, whereas a negative value
implies that surface photometry profile lies on the brightward side. The three
scenarios result in qualitatively different predictions in this diagram.

and the direction from which the ERE-fuelling ultraviolet photons
are originating (in our case supposedly the disc). If this diffuse
continuum is sufficiently strong, the offset �μ between the surface
photometry and star counts profiles would become non-zero in the
V band as well, thereby producing a situation similar to that of a
bottom-heavy IMF (Fig. 2a).

However, if the outcome favours an excess of red flux (�μV and
�μI negative; |�μI | > |�μV | in Fig. 3) over a lack of blue flux
(�μV and �μI positive; |�μI | < |�μV | in Fig. 3) as the reason for
anomalous halo colours, a bottom-heavy IMF can be distinguished
from ERE by additional surface photometry data in a filter at longer
wavelengths (J, H or K). In the case of a bottom-heavy IMF, the
flux excess should grow stronger towards longer wavelengths, but
not in the case of ERE, since this emission peak is limited to the
wavelength range 6100–9500 Å. Due to observational limitations
(see Section 4), the J band appears to be the most suited for this
endeavour.

There is admittedly one possibility that is not covered by the sce-
narios presented in Figs 2 and 3. Let us assume that the seemingly
abnormal halo colours are caused by a failure of the models to ade-
quately reproduce some bright, red phase of stellar evolution. This
omission would need to be present in all of the many models already
applied to the red halo problem (e.g. Bergvall et al. 2010), and since
the halo colours are considerably redder than the observed total
colours of old systems like elliptical galaxies or globular clusters
(Zibetti et al. 2004), it is perhaps more likely that there is a prob-
lem with the models at low to intermediate ages. If the integrated
light of some region of the halo would be dominated by a relatively
young, red component, the actual value of μtotal − μcounts could be
closer to zero than predicted in Fig. 1, since a larger fraction of
the integrated light would come from resolved stars. Provided that
this happens at a radius greater than that at which μtotal and μcounts

are normalized to the same value, this would cause the star counts
(dots) to rise above the surface photometry profile (solid line) in
Fig. 2. Unlike the case for EBL extinction (Fig. 2c), the rise in the

star counts would be more prominent in I than in V (�μV and �μI

positive; |�μI | > |�μV | in Fig. 3), because of the very red colours
of these bright objects. If this is accompanied by colour excess in
the surface photometry measurements, this would be a telltale sig-
nature that the origin of the abnormal halo colours should be sought
among the resolved objects. However, a situation of this type is in
conflict with the small difference between mean and median halo
stacks measured by Bergvall et al. (2010), which suggest that the
sources responsible for the red halo colours are smoothly distributed
throughout the halo and not concentrated to a few bright pixels. A
sudden excess of very red, bright objects at some radius should also
be directly detectable in the halo colour–magnitude diagram.

The surface brightness profiles depicted in Fig. 2 have been gen-
erated assuming that the surface brightness profile of the standard
halo, as measured by star counts (corrected for the μtotal − μcounts

offsets in Fig. 1) is described by a Sersic profile, with a constant
V − I ≈ 1.15 at all radii. This colour is that of a 10-Gyr-old, Z =
0.008 population with a Salpeter IMF and an exponentially declin-
ing star formation rate τ = 1 Gyr [SFR ∝ exp (− t/τ )] predicted
by integrated the Marigo et al. (2008) isochrones and reweighting
the time-steps according to the star formation history. Due to the
relatively high metallicity assumed, this represents an upper limit
on the V − I colour that any normal halo population can be expected
to display. The plotted star counts profile is described by a Sersic
profile:

μV = μV ,0 + 2.5b

log(10)

(
r

reff

)1/n

, (1)

with Sersic index n = 5, μV,0 = 17 mag arcsec−2, b = 2n − 0.324
and reff = 10.0 kpc, resulting in an I-band profile similar to that
derived by Zibetti et al. (2004) in the polar direction away from
their stacked edge-on discs.

The effects of EBL extinction on surface photometry (blue and red
solid lines in Fig. 2c) are based on the diffuse EBL levels derived in
Zackrisson et al. (2009b), a Milky Way extinction law and a radially
constant V-band halo opacity of AV = 0.05 mag. The corresponding
surface photometry prediction in the case of ERE (blue and red solid
lines in Fig. 2b) has been derived assuming that the diffuse ERE flux
is limited to the I band, while requiring the same colour gradient
(shown in Fig. 2d) as the EBL extinction scenario. The bottom-
heavy IMF scenario prediction is based on the assumption that the
standard halo at large radii is gradually overtaken by a second halo
population with V − I = 1.5, as would be expected for a Z = 0.008,
10-Gyr-old τ = 1 Gyr population with an IMF slope of α = 4.50
(dN/dM ∝ M−α throughout the mass range 0.08–120 M�) – one of
the models discussed by Bergvall et al. (2010). Based on the same
Marigo et al. (2008) isochrones as we use for the standard halo,
we predict that the difference between the μtotal − μcounts offsets of
the standard and bottom-heavy IMF haloes is �μV ≈ −0.75 and
�μI ≈ −1.1 in this case. The scaling of the relative fluxes of two
components is then determined by the requirement of producing the
same integrated V − I gradient (Fig. 2d) as the EBL extinction and
ERE scenarios.

While these choices of model parameters and profiles may seem
arbitrary, we stress that our strategy for pinning down the mecha-
nism responsible for the red excess is insensitive to the details of the
adopted surface brightness or extinction profiles. Instead, the pro-
posed test is based on the offset between μtotal and μcounts over the
limited isophotal range where (a) surface photometry has revealed
anomalous colours, and (b) both μtotal and μcounts can be measured
(see Sections 4.1 and 4.2). In this case, it is only the typical values of
μtotal, μcounts and extinction within this region of the halo that matter.
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The appearance of the profiles outside this region is not important.
While the well-known structural components of galaxies (thin disc,
thick disc, bulge and stellar halo) can be combined in endless ways
to produce the same surface brightness level at a given radius, the
offset between μtotal and μcounts at that point still remains a sensitive
probe of exotic ingredients entering the mix (Fig. 3).

3.3 Choice of filters

Even though filters other than V and I can in principle be considered
for the optical part of these measurements, these filters appear to
be the most suitable, both because similar passbands are routinely
used in halo observations based on star counts and also because
surface photometry can be pushed to very faint isophotes at these
wavelengths. While the R filter may seem more attractive than I
for doing surface photometry (due to a fainter sky background and
less fringing), this strategy – used in the halo measurements by
Jablonka et al. (2010) – would introduce additional ambiguities
since a red excess detected in V − R could be caused by nebular
emission (see Section 2.2) due to the location of the Hα emission
line in the R filter. It is moreover unclear if the red excess detected
by Zibetti et al. (2004) and Bergvall et al. (2010) in r − i would
really be detectable in V − R (even after correcting for the median
redshifts of z = 0.05–0.06 of these stacked samples). As far as
we know, the only paper that lends any support for an anomalous
V − R colour in the halo of an edge-on disc is that of Rudy et al.
(1997) on NGC 5907. However, they arrive at their V − R profiles
by compiling inhomogeneous data from the literature. While their
V-band profiles (from Lequeux et al. 1996) differ on the two sides
of the halo, the R-band profiles (from Sackett et al. 1994) have been
averaged over both sides of the halo. If data on one side of the galaxy
are unreliable, this procedure may result in spurious effects. Indeed,
Lequeux et al. (1998) note that the processing of the data on the
west side of this galaxy (where a bright star happens to be located)
is more troublesome than on the east. They also find that the V −
R colour they derive by combining their own BVI measurements
with the R-band profiles from Sackett et al. (1994) produce V − R
colours for the halo that are seemingly inconsistent with B − V and
V − I at the same radius.

4 O B S E RVAT I O NA L R E QU I R E M E N T S

The need to combine surface photometry data with star counts
imposes a number of constraints on the observational strategy and
the selection of suitable targets.

Optical/NIR surface photometry measurements can easily trace
the light distribution in the inner regions of galaxies, but be-
come increasingly difficult as one moves outwards, towards fainter
isophotes. The depth to which measurements of this type can be
pushed is ultimately limited by one’s ability to correct for instru-
mental scattering (de Jong 2008; Slater, Harding & Mihos 2009)
and to subtract off the sky with sufficient accuracy (Zheng et al.
1999; Mihos et al. 2005; Jablonka et al. 2010). Star counts can be
extended to much fainter isophotes, where the limit is set by contam-
inants due to foreground stars and background galaxies. However,
star count profiles do not extend to the centre of the halo because of
crowding problems at high surface brightness levels, as illustrated
by the schematic surface brightness profiles included in Fig. 2. To
implement the proposed observational strategy, the overlap of the
spatial regions for which both surface photometry and star counts
can be carried out needs to be maximized. In the following, we
only consider edge-on disc galaxies as potential targets, since the

detection of a genuine stellar halo will be more ambiguous for other
morphological types and orientations.

4.1 Surface photometry

Even for the haloes of disc galaxies, there are substantial variations
in the reported halo surface brightness at which anomalously red
colours turn up. Using the Marigo et al. (2008) model, we predict
that a normal, old (age ≥6 Gyr) metal-poor (Z < 0.008), dust-free
stellar population with a normal IMF should display V − I ≈ 0.9–
1.2. In the case of NGC 5907, the most famous case of a red halo
(see Section 5), the observed colour profile reaches V − I > 1.2 at
μI ≈ 26 mag arcsec−2 (Lequeux et al. 1996, 1998).

In the haloes of stacked high surface brightness (Zibetti et al.
2004) and low surface brightness (Bergvall et al. 2010) discs, the
anomalously red r − i colours are reported at μi ≈ 26.7 and μi ≈
28–29 mag arcsec−2, respectively. Converting the latter i-band re-
sults into the I band requires knowledge of the spectral energy
distribution of the halo in the ≈6500–11 000 Å wavelength range,
but the conversion term is – at least for a halo dominated by direct
star light – not very sensitive to the stellar population properties
adopted. For a metal-poor (Z ≤ 0.008), old ∼10-Gyr population
with a standard IMF, the conversion is i − I ≈ 0.5, whereas bottom-
heavy IMFs of the type required to fit the gri halo data (Zackrisson
et al. 2006; Bergvall et al. 2010) give i − I ≈ 0.6. Adopting i − I ≈
0.5, these i-band isophotal levels convert into μI ≈ 26.2 and μI ≈
27.5–28.5 mag arcsec−2, respectively.

Hence, while the Zibetti et al. (2004) halo turns red at isophotes
similar to those of NGC 5907, the Bergvall et al. (2010) halo does
not turn red until it is traced 1.5–2.5 mag fainter. This could be
related to the different intrinsic properties (luminosity and disc
surface brightness) of the sample galaxies, but at the current time,
this remains unclear, since all of these data have not been subject
to the same tests for systematical problems (instrumental scattering
effects and sky subtraction residuals).

To cover all possibilities, the surface brightness measurements
should ideally reach μI ≈ 28.5 mag arcsec−2. To robustly rule out
or confirm a red excess, the V-band measurements should therefore
ideally reach μV ≈ 29.7 mag arcsec−2 (corresponding to V − I =
1.2). To get a meaningful V − I measurement [error σ (V − I) ≤
0.15], the σ V and σ I errors on the surface brightness measurements
at these isophotes should not exceed 0.1 mag. Optical surface pho-
tometry on single targets has been pushed to similar levels before
(e.g. Barton & Thompson 1997; Zheng et al. 1999; Jablonka et al.
2010), albeit not with an error this small.

If an anomalously red V − I colour is indeed detected in the
halo, and the test outlined in Section 3 favours bottom-heavy IMF
or ERE solutions over EBL extinction, it may become necessary to
add NIR data as well. Since surface photometry measurements of
haloes are largely limited by the brightness of the night sky, and
since the night sky becomes progressively brighter towards longer
wavelengths, the observational prospects for matching the optical
(V and I) halo measurements with NIR data appear to be maximized
in the J band. A normal, old (age ≥6 Gyr) metal-poor (Z ≤ 0.008),
dust-free stellar population with a normal IMF should display V −
J ≈ 1.5–2.0 (Marigo et al. 2008), whereas a bottom-heavy IMF
would generate a V − J redder than this (i.e. V − J > 2.0). To
be able to rule out or confirm an anomalously red V − J colour,
the μV ≈ 29.7 measurements would then have to be complemented
with μJ ≈ 27.7 mag arcsec−2 data (allowing a J-band detection if
V − J ≥ 2.0). On the other hand, if the red excess turns up already at
μV ≈ 27.2 mag arcsec−2 and μI ≈ 26.0 mag arcsec−2 as in the case
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of NGC 5907, one could get away with μJ ≈ 25.2 mag arcsec−2

data. Once again, the error should ideally not exceed σ J ≈ 0.1 mag
at this isophote.

Noeske et al. (2003) have demonstrated that ground-based J-band
surface photometry can reach J ≈ 25 mag arcsec−2 with a 3.5-m
telescope. Assuming that shot noise dominates the observations,
one should be able to push the errors down to the required 0.1 mag
by scaling up to a bigger ground-based telescope, using longer ex-
posure times and integrating over a larger halo region. We estimate
that to reach this level while maintaining σ J ≈ 0.1 mag with the
High Acuity Wide Field K-band Imager (HAWK-I) instrument at
the European Southern Observatory (ESO) 8.2-m Very Large Tele-
scope (VLT),1 one would require about 3 h of observing time (see
Appendix A for details).

However, it is unclear if observations at these isophotal levels
are really photon limited, since the J-band sky is dominated by
OH emission and water vapour absorption, both of which vary on
both small and large spatial and temporal scales. To reliably push
the surface photometry faintwards of μJ ∼ 25 mag arcsec−2, one
would therefore need to resort to space-based observations. Here,
the upcoming James Webb Space Telescope (JWST),2 tentatively
scheduled for launch in 2018, may be one of the most suitable
choices. When integrating over 0.37 arcmin2, i.e. a 10-arcsec strip
across the field of view (2.2 × 2.2 arcmin2) of the JWST NIRCam
instrument, we find that a total of 2 h in sky-chopping mode should
be sufficient to reach the ideal depth of μJ ∼ 27.7 mag arcsec−2. The
details of these estimates can be found in Appendix A. In principle,
such data can also be used to extend the star counts into the J band,
since the angular resolution of the JWST is expected to be superior
to that of the Hubble Space Telescope (HST) in this wavelength
range.

4.2 Star counts

Star counts in the haloes of nearby galaxies can readily be extended
to surface brightness levels beyond μV ≈ 30 mag arcsec−2. How-
ever, at bright levels, substantial crowding problems may occur. To
implement the proposed test, one would need the star counts in V
and I to trace the surface brightness profile from regions where no
red excess is detected and into regions where it is. Since the red ex-
cess may turn up at isophotes as bright as μV ≈ 27.2 mag arcsec−2

and μI ≈ 26 mag arcsec−2 (see Section 4.1), one would ideally like
to start the star counts in regions at least two magnitudes brighter
than this, i.e. at levels around μV ≈ 25 mag arcsec−2 and μI ≈
24 mag arcsec−2.

In Fig. 4, we present the number of resolved stars per square
arcsecond at μV ≈ 25 mag arcsec−2 as a function of distance to
the target halo. These estimates are based on ratios of resolved
stars per solar luminosity of Nstars/LV,� ≈ 3 × 10−4 (thin solid
line), 6 × 10−4 (medium solid) and 1 × 10−3 (thick solid) for
detection thresholds 1, 2 and 3 mag below the TRGB in the I
band, based on a population synthesis model constructed using the
Marigo et al. (2008) isochrones at Z ≤ 0.008 and an age of ≥6 Gyr.
Also included are two crowding limits, based on the assumption
that crowding becomes severe once the number of resolved stars
per resolution element exceeds ≈0.1. The two limits correspond
to ground-based observations (thin dashed line; assuming circular
resolution element with a diameter of 1 arcsec) and observations

1 http://www.eso.org
2 http://www.jwst.nasa.gov

Figure 4. The number of resolved stars per arcsec2 as a function of distance
for an old, metal-poor stellar population at μV ≈ 25 mag arcsec−2. The
diagonal lines correspond to the number of stars per arcsec2 when the star
counts are able to resolve stars 1 mag (thin solid line), 2 mag (medium
solid) and 3 mag (thick solid) below the TRGB in the I band. The dashed
horizontal lines correspond to the limits for where crowding is expected to
become serious for star counts carried out from the ground (thin dashed) and
with the HST (thick dashed). The requirement of being able to perform star
counts at μV ≈ 25 mag arcsec−2 without serious crowding problems limits
the distance to the target haloes to less than 1.6 Mpc [log10D(Mpc) ≤ 0.2]
for ground-based observations and 16 Mpc [log10D(Mpc) ≤ 1.2] for HST
observations (assuming data reaching 2 mag below the TRGB).

with the HST (thin dashed; assuming circular resolution element
with a diameter of 0.1 arcsec). These assumptions result in crowding
limits in rough correspondence with the isophotal levels where the
incompleteness becomes severe in the star counts of Irwin et al.
(2005) and Seth et al. (2007) for ground-based and space-based
observations, respectively.

For ground-based observations, the crowding limit at μV ≈
25 mag arcsec−2 is reached at distances of D > 1.6 Mpc (i.e. slightly
beyond the Local Group), with only a weak dependence on the depth
of the observations. For HST observations, the limit sets in at D >

16 Mpc. Since there are very few high-inclination disc galaxies
within 1.6 Mpc from the Milky Way, the HST appears to be the best
choice for the star counts at the current time.

5 D I SCUSSI ON

The need to obtain matching star counts and surface photometry
data requires a nearby target (Section 4.2), with a large angular
halo diameter as a result (≈5–10 arcmin). Since the HST currently
represents the best option for the star counts [with a field of view
of 3.3 × 3.3 arcmin2 for the Advanced Camera for Survey (ACS)
instrument], the proposed test will realistically be limited to a small
region of the halo. While this means that halo substructure (in the
form of satellite galaxies and tidal streams) may well interfere with
the proposed measurements, this should not affect the outcome of
the proposed test, since such structures are expected to affect the star
counts and surface photometry in similar ways. In fact, the modern
view of a stellar halo is that of large collection of substructures
that slowly dissolve into the diffuse component, which is created
by both accretion events and in situ star formation (e.g. Bullock
& Johnston 2005; Zolotov et al. 2009). At this time, it is unclear
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whether the red excess originates in the diffuse halo component, in
halo substructure or in both.

Most of the massive (V rot > 100 km s−1), edge-on (inclina-
tion >85◦) disc galaxies that have reliable distance estimates that
meet the distance criteria for HST star counts (D ≤ 16 Mpc) have
already been targeted by the GHOSTS3 survey (de Jong 2007;
Radburn-Smith et al. 2011), which means that the star count data
are already available. To implement the proposed test, one there-
fore simply has to obtain matching surface photometry data. Below,
we discuss a number of potential targets for which star counts
are already available from GHOSTS or elsewhere – NGC 5907,
NGC 7814, NGC 3109 and NGC 4565. We argue that NGC 4565 is
likely to be the best target for this endeavour and present a worked
example of the required exposure times on telescopes of various
sizes. As will be demonstrated, a 4–8-m class telescope represents
the most practical option for the V- and I-band surface photometry.

The large diameters of these haloes at the relevant isophotes (≈5–
10 arcmin) imply that the surface photometry measurements either
have to be carried out with wide-field imagers [e.g. Subaru/Suprime-
Cam,4 Visible and Infrared Survey Telescope for Astronomy
(VISTA),5 Canada–France–Hawaii Telescope (CFHT)/MegaCam6]
or in sky-chopping mode. Both approaches are admittedly very
challenging at the extremely faint isophotes where the red excess
is likely to turn up and a combination of both may provide the best
route in the long run.

While wide-field imagers save observing time, one tends to have
better overview and control of the bias level and flat-fielding accu-
racy in single chip imaging with single amplifier readout. Addition-
ally, the single chip/amplifier set-up avoids or at least significantly
reduces the effects of filter-dependent large-scale variations of the
pixel response, cross-talk and amplifier gain differences. On the
other hand, due to the necessary proximity of the target galaxy,
using a single chip would imply that the level of the background
sky cannot be estimated from the target observations. Therefore,
chopping mode observations are necessary in order to obtain sep-
arate imaging of the sky. Chopping mode is not a traditional ob-
serving strategy in the optical. However, it is routinely used to
reach surface brightness levels ∼10 000 times below the sky in the
near-IR (NIR) regime (e.g. Cairós et al 2003; Noeske et al. 2003;
Vaduvescu, Richer & McCall 2006), where the temporal sky vari-
ations are rapid and can easily result in residual low-frequency
variations of the background in the sky-subtracted frame. The op-
tical sky is in contrast much more stable and there is no obvious
reason why chopping mode in the optical would not be at least
as successful as it is in the comparatively more troublesome NIR
regime. For this reason, our exposure time estimates are based on
the assumption that the surface photometry observations are carried
out in sky-chopping mode.

5.1 NGC 5907

The edge-on disc galaxy NGC 5907, at a TRGB distance of
16.8±0.8 Mpc (Radburn-Smith et al. 2011), by far represents the
most famous case of a claimed ‘red halo’ (e.g. Sackett et al. 1994;
Lequeux et al. 1996, 1998; Rudy et al. 1997; James & Casali 1998;
Zepf et al. 2000). As discussed in Section 4.1, the observed V − I

3 Galaxy Halos, Outer disks, Substructure, Truncations, Star clusters.
4 http://www.naoj.org
5 http://www.vista.ac.uk/
6 http://www.cfht.hawaii.edu/Instruments/Imaging/MegaPrime/

profile reaches an anomalous value already at μI ≥ 26 mag arcsec−2

(Lequeux et al. 1996, 1998). Interest in this object declined with the
discovery of what appeared to be the remnants of a disrupted dwarf
galaxy on one side of the halo (Shang et al. 1998) and suggestions
that this ring-like feature, in combination with contamination by
foreground stars, could have resulted in the spurious halo detection
(Zheng et al. 1999). To some extent, this is a matter of semantics,
since tidal features are nowadays regarded as ubiquitous features
of stellar haloes (e.g. Bullock & Johnston 2005). The details of
how this tidal feature supposedly explains the extreme halo colours
reported by others remain unclear, especially since the ring itself
appears to have normal colours (Zheng et al. 1999).

While the colour anomaly of NGC 5907 is well reported, its dis-
tance makes it a very difficult target for our test. To obtain accurate
point source photometry 2 mag below TRGB would require at least
15 HST orbits per pointing. Several HST pointings would proba-
bly be required, as Martı́nez-Delgado et al. (2008) have reported
a complex system of streams around this galaxy, and halo mea-
surements on and off the streams would be required to determine
the origin of the colour anomaly. The six orbit HST observation of
the GHOSTS survey was barely deep enough to provide a TRGB
distance to this galaxy and contains too few stars for a reliable lu-
minosity profile. It is furthermore located poorly on the major axis
near the disc truncation at the end of the disc and gives no clean
halo measurement.

5.2 NGC 7814

The edge-on galaxy NGC 7814, at a distance of 14.4 ± 0.7 Mpc
(Radburn-Smith et al. 2011), has also been argued to exhibit an
anomalous V − I colour in its outskirts (Lequeux et al. 1995). This
object is extraordinary in the sense that the excess seemingly turns
up at relatively bright isophotes (μI ≈ 23–24 mag arcsec−2). No
follow-up observations have apparently been undertaken. However,
due to the very prominent bulge in this galaxy, and the fact that the
colours were not measured in the polar direction but in the outer disc
region, it is not clear which component of the galaxy is responsible
for this.

The prominent bulge and the relatively large distance make
NGC 7814 a difficult target for our test. The HST star counts suffer
from crowding at about μI ≈ 24 mag arcsec−2 at this distance, ex-
actly where the colour anomaly becomes significant if the Lequeux
et al. (1995) measurements are correct. Extensive HST imaging data
do exist for this galaxy with four ACS and Wide Field Camera 3
(WFC3) fields along the minor axis out to about 14-arcmin radius
(∼60 kpc) and several more fields along the major axis. While ab-
solute matching of the star counts and integrated light profile in
the central region of the galaxy may not be possible, the relative
profiles could definitely be compared over at least 3 mag in surface
brightness where Lequeux et al. (1995) claim a strong colour gradi-
ent. However, a cursory look at the pipeline-reduced Sloan Digital
Sky Survey7 mosaics (Data Release 8) does not give any obvious
support for an anomalous or even rising g − i colour at the distance
where Lequeux et al. (1995) note a V − I excess.

5.3 NGC 3109

NGC 3109, at a distance of 1.32 ± 0.06 Mpc (Hidalgo,
Aparicio & Gallart 2008), represents one of the few high-inclination

7 http://www.sdss.org
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disc galaxies located sufficiently close to make ground-based star
counts a realistic alternative for our proposed test. Star counts reach-
ing ≈2 mag below the TRGB in the V and I bands are already avail-
able in regions located in the direction perpendicular to the disc
(Hidalgo et al. 2008), allowing the surface densities of resolved
stars to be traced ≈10 arcmin (≈4 kpc) into the halo (out to μV ≈
30 mag arcsec−2). There is, however, no reported colour anomaly
in the halo of this galaxy, and its relatively low Galactic latitude
(b = 23.1 deg) makes surface photometry measurements prone to
the effects of Galactic cirrus and scattered light from foreground
stars.

5.4 NGC 4565

NGC 4565 is a near-perfect edge-on galaxy that is ideally suited for
our research. It is at a distance of D = 11.9 ± 0.3 Mpc as determined
from the TRGB from HST imaging (Radburn-Smith et al. 2011),
which is near enough that the RGB population can be comfortably
be measured with HST , while it has an angular diameter small
enough (D25 ∼ 16 arcmin) that a large fraction of its halo can be
observed within a single image of a ground-based camera, allowing
good flat-fielding checks. NGC 4565 has a high galactic latitude
(b = 86.◦4) and therefore Galactic cirrus and scattered light from
foreground stars will have minimal effect on the integrated light
observations. There are no obvious tidal streams in existing deep
images, but an H I tidal bridge exists to a small dwarf galaxy to the
north. However, no anomalous halo colours have been reported for
this galaxy as of yet.

Existing HST images obtained with the ACS and WFC3 cameras
as part of the GHOSTS survey with long exposure times (>7000 s)
in F606W (equivalent to V band) and F814W (I). So far, five fields
have been obtained, two of which along the minor axis, and one more
observation with the ACS and WFC3 cameras working in parallel
has been scheduled. The observations are deep enough to reach
≈2.0 mag below the TRGB, which is sufficient for the proposed
test. Starting a few kiloparsec above the disc, the colour–magnitude
diagrams are completely dominated by RGB and asymptotic giant
branch (AGB) stars with no young stars indicated. Even at 30 kpc
above the midplane of the galaxy, the estimated contamination of
unresolved background galaxies is still less than 2 per cent.

To match these HST star counts with V- and I-band surface pho-
tometry data, new ground-based observations would be required.
Based on the Wu et al. (2002) i6660-band surface brightness profile
(similar to the R band), we estimate the surface brightness level of
the NGC 4565 halo in the most distant GHOSTS field (at ≈6 arcmin
from the disc) to be μR ≈ 28 mag arcsec−2. This can be converted
into corresponding μV or μI values, by assuming a shape for the
observed halo spectrum in this wavelength range. The Marigo et al.
(2008) model predicts that an old and metal-poor stellar popula-
tion with a standard IMF would display V − R ≈ 0.5 (see also the
discussion in Jablonka et al. 2010) and R − I ≈ 0.5, but if this
were the case, there would be no red excess and the test would not
be meaningful. Zackrisson et al. (2006) and Bergvall et al. (2010)
present models for old stellar populations with bottom-heavy IMFs
that are able to reproduce the anomalous gri halo colours of stacked
edge-on discs. These models predict V − R ≈ 0.8, R − I ≈ 0.9. EBL
extinction models capable of fitting the gri data can produce normal
g − r colours yet r − i as red as those predicted by a bottom-heavy
IMF (Zackrisson et al. 2009b), suggesting V − R ≈ 0.5 and R −
I ≈ 0.9. However, since the R-band surface brightness is fixed, the
observations become more challenging if V − R is red (implying
a fainter V-band profile) rather than blue (brighter V-band profile).

In order not to produce estimates that are overly optimistic, we
therefore adopt the more extreme estimates on both colours: V −
R ≈ 0.8 and R − I ≈ 0.9. The μR ≈ 28 mag arcsec−2 isophote may
then correspond to μV ≈ 28.8 mag arcsec−2 and μI ≈ 27.1 mag
arcsec−2. This is somewhat brighter than the ideal requirements
derived in Section 4.1, but sufficient to uncover a red halo if it is
similar to the stacked halo detected by Zibetti et al. (2004), μI ≈
26.2 mag arcsec−2.

By integrating over 10-arcsec strips across this GHOSTS field
(3.3 × 3.3 arcmin2), we estimate that one can reach the required
levels (μV ≈ 28.8 mag arcsec−2, μI ≈ 27.1 mag arcsec−2) with
an error of σ = 0.1 mag in approximately 2 h for the V band and
4 h for the I band with the 8.2-m VLT and the Focal Reducer
and Low Dispersion Spectrograph 2 (FORS2) instrument (see Ap-
pendix A for details). For comparison, the corresponding times on
smaller telescopes (with diameters D = 4, 2, 1 and 0.5 m, respec-
tively) would be T = 9, 37, 148 and 592 h for the V band and
T = 17, 67, 269 and 1076 h for the I band. This programme would
seem best suited for telescopes with diameters in the 4–8-m range,
since smaller telescopes require excessive amounts of observing
time. There is, however, otherwise nothing that precludes the use of
smaller telescopes for measurements of this type. As demonstrated
by Martı́nez-Delgado et al. (2008, 2010), tidal features in haloes
have in fact been detected at similar isophotes using long observing
campaigns at very small telescopes (D ≤ 0.5 m).

Should the test tend to favour an excess of I-band flux over
a deficit of V-band flux as the likely explanation for the anoma-
lous halo colour, follow-up J-band observations may be required to
distinguish between ERE and a bottom-heavy IMF. As argued in
Section 4.1, a normal stellar halo should display V − J ≈ 1.5–2.0.
This could also be the V − J colour expected in the case of ERE,
since neither the V or J filters are expected to be strongly affected by
this mechanism. To rule out a normal V − J colour in the NGC 4565
field, one may therefore need to reach as deep as the μJ = μV − 2.0
isophote, which in this case corresponds to μJ ≈ 26.8 mag arcsec−2.
The JWST appears to be the best option for this. The estimates pro-
vided in Section 4.1 and Appendix A indicate that one should be
able to reach this level in less than 2 h. Despite having a relatively
small field of view (2.2 × 2.2 arcmin2), the improved sensitivity of
the JWST/NIRCam instrument compared to existing HST cameras
will also allow resolved halo stars to be mapped across the halo, in
just a fraction of the HSTobserving time spent on existing GHOSTS
fields.

6 SU M M A RY

Attempts to measure the integrated optical/NIR colours of the stellar
haloes of galaxies through surface photometry have revealed halo
colours that are at odds with the halo properties inferred from the
study of bright, resolved halo stars. Several possible explanations
– a bottom-heavy stellar IMF, diffuse light from the interstellar
medium and extinction of extragalactic background light – have
been proposed, but a test capable of differentiating between these
is still lacking. We argue that these different scenarios can be tested
by combining star counts in the V and I bands with similar surface
photometry data, since the proposed explanations should result in
different offsets between these profiles. When using the HST for
the star counts, this test can be applied for galaxies up to D ≈
16 Mpc. Matching V and I surface photometry data can be obtained
with existing ground-based telescopes. We discuss a number of
potential edge-on disc galaxies for which halo star counts are already
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available, and argue that the NGC 4565 is likely to be the best target
for this endeavour.
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APPENDIX A : ESTIMATES OF REQU IRED
E XPOSURE TIMES

The need to target galaxies at distances ≤16 Mpc implies that the
haloes of large galaxies will measure many arcminutes, possibly
even degrees, across (e.g. a halo with radius 50 kpc at a distance of
16 Mpc will have an angular diameter of 21.5 arcmin). While having
a telescope field of view sufficiently large to cover the entire halo
would certainly be an asset, the proposed test in principle requires
only surface photometry observations of the part of the halo in
which the star counts have been carried out. In the following, we
assume that the star counts will be space-based, and adopt an area
of 3.3 × 3.3 arcmin2 (corresponding to the HST/ACS observations).
Since wide-field imagers tend to be rare on the largest telescopes,
we therefore base our exposure time estimates on the premise that
the surface photometry needs to cover this area only.

The observational and reduction strategies will therefore involve
chopping mode and consequent pair subtraction of images. Since
this is not standard practice for optical observations, optical expo-
sure time calculators (ETCs) do not (unlike NIR ETCs) account
for the increased noise that results from the pair subtraction. This
implies that any exposure time estimated for on-source observa-
tions in the optical must be quadrupled to obtain the total required
telescope time. For the duration of this paper, all presented optical
exposure times are total required times which include on-source
and off-source observations and a further factor of 2 to compensate
for the pair subtraction. For HAWK-I, an NIR instrument, the total
increase factor of the ETC estimated time is only 2.

A1 Optical surface photometry

In the optical, ground-based telescopes should suffice since the at-
mosphere is almost transparent in this wavelength range. The esti-
mated surface brightness level of the NGC 4565 halo at the distance
of the GHOSTS field at ≈6 arcmin or ≈20 kpc away from the centre
is μV ≈ 28.8 mag arcsec−2 and μI ≈ 27.1 mag arcsec−2. For each
radial data point along the surface brightness profile, the integration
area is assumed to have a length of 3.3 arcmin parallel to the plane
of the disc and width of 10 arcsec in the perpendicular direction.
Using the FORS2 instrument at the 8.2-m VLT, this area would be
covered by 3.2 × 104 pixels. The total error budget here consists
of flat-fielding errors of the order of 3 per cent of the background
(σ FF), low-frequency spatial variations of the background across
one frame (σ sky), temporal variations in the background from frame
to frame due to OH emissions from the upper atmosphere (σ OH) and
shot noise due to the random statistical fluctuations of the photon
flux arriving at each pixel (σ SDOM). The latter error term is simply
the standard deviation of the mean (SDOM) of the flux over an
integration bin. σ FF is a composite error, which includes residual
background unevenness after flat-fielding, shutter shading effects
and the effects of sensitivity changes as a function of colour across
the CCD.

The OH emissions from the ionosphere do not contribute signif-
icantly to the V-band flux; therefore, the total error in this filter is

assumed to be σV =
√

σ 2
FF + σ 2

sky + σ 2
SDOM, where we set an upper

constraint on the total error by treating σ sky and σ SDOM as inde-
pendent of the flat-fielding error. As we approach the NIR range,
temporal variations of the OH emission will cause a non-negligible

increase of the total error budget. This effect is already visible in
the optical I band and we account for it by including an extra term

in the total error for that filter: σI =
√

σ 2
FF + σ 2

sky + σ 2
OH + σ 2

SDOM,

where σ OH reflects the change in the background flux due to the
variation of the OH emissions from frame to frame. To estimate
the size of this term, we obtained a temporal sequence of surface
brightness variations of the background in the I band by observing
a relatively empty sky field for the duration of 90 min on a clear
photometric night with the 2.52-m Nordic Optical Telescope and
the Andalucia Faint Object Spectrograph and Camera (ALFOSC)
instrument. Although the baseline is not particularly long, a distinct
periodic shape of the variations was detected. A typical variation
of the OH emission in one period was measured to be 2 per cent
of the background – a factor 24 greater than the shot noise in the
same data set. The σ OH term can in principle be kept small if one
has access to an instrument with very fast readout times, but for
our immediate purpose we assume the term cannot be neglected.
Allowing a maximum total error per filter of 0.1 mag, we arrive at a
required signal-to-noise ratio (S/N) per pixel of 0.076 in the V band
and 0.175 in the I band. To reach the surface brightness levels of
μV ≈ 28.8 mag arcsec−2 and μI ∼ 27.1 mag arcsec−2 discussed in
Section 5, we would need 2.2 h for the V band and 4.0 h for the I
band with VLT/FORS2.

A2 NIR surface photometry

If the red excess is assumed to appear at isophotes as bright as μJ ∼
25.2 mag arcsec−2, the required observations can be performed from
the ground assuming that they are photon limited. Ground-based
observations in the NIR regime are completely background domi-
nated, so the readout noise can be safely ignored. To comply with
the requirement that the total error in each filter should not exceed
0.1 mag over each integration area of 3.3 arcmin × 10 arcsec, we
thus need an S/N per pixel of ∼4 × 10−4. With the 8.2-m VLT and
the HAWK-I instrument, we can then reach μJ ∼ 25.2 mag arcsec−2

in a total of ∼3 h. To push the surface brightness to even fainter lev-
els we would, however, need to resort to space-based observations.
The 6.5-m JWST , tentatively scheduled for launch in 2018, appears
to be the most efficient choice. To estimate the exposure times for
the NIRCam instrument (field of view 2.2 × 2.2 arcmin2), we esti-
mate the increase in S/N due to the integration area (2.2 arcmin ×
10 arcsec) and compare to the available S/N measurements per reso-
lution element for point sources published on the NIRCam website.
We assumed a total system transmission of ∼0.4, a readout noise of
15 electrons per readout and a maximum of 20 readouts (destruc-
tive, array is reset) for the chopping mode. The readout noise per
readout clearly dominates the total background noise over the inte-
gration bin as estimated from the available wavelength-dependent
scattered light measurements at the NIRCam website, so we have
neglected the background noise contribution to the total error bud-
get (the readout noise for one readout is a factor of ∼50 greater than
the background scattered light noise in the J band). The total error
we obtain is therefore much smaller than the required 0.1 mag per
filter, so we take S/N ∼ 10 to be conservative and arrive at a maxi-
mum total exposure time of 2 h in order to reach surface brightness
levels of 27.7 mag arcsec−2 (Section 4.1) in the J band.
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