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Motivation

• How do we validate and update our current global paradigm of how 
stellar haloes are formed?

• By studying the average statistical properties of the smooth 
component of the stellar haloes of galaxies.

• In the near future, only possible way is to stack a large number 
of galaxies of similar types together from all sky surveys.

• Shift in motivation for stacking:  from trying to beat S/N to 
studying the average properties of large populations of galaxies.
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Stacking Galaxies

• Examples of stacking galaxies with SDSS data set:  Zibetti 
et al. (2004, 2005), de Jong (2008),  Tal & van Dokkhum 
(2008), D’Souza et al. (2013)

• History of stacking is the history of dealing with the 
various systematics:

• Background subtraction,   PSF and Effective masking

• Dealing with unresolved objects,     Type of stacking: median, mean, 
weighted.

• Sample definition (isolation criterion, accounting for 
magnitude limited survey)
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Example of Systematics: PSF and effective masking

16 R. D’Souza, G. Kauffmann

Figure A2. The surface brightness profile at z ⇠ 0.3 for vari-
ous convolution kernels employed in the masking procedure along
with a deblending contrast parameter of 0.001. The error bars are
due to the uncertainty in the background subtraction only.

Figure A3. We compare the surface brightness of masked galax-
ies chosen from the sample of Zibetti et al. (rich BCGs in the
redshift range 0.2 < z < 0.3) with results from the corrected
Zibetti et al. 2005 profiles in the r-band.

Figure A4. We compare the r-band surface brightness of three
samples: MaxBCG sample (at z 0.3), Yang sub-sample (at z 0.2)
and Yang sub-sample (at z 0.1). The number of galaxies in each
stack is also indicated. The lighter dot-dashed lines are the surface
brightness profiles of the lower redshift sample convolved with an
effective PSF at z=0.3.

our third sample, we use Sample H6 (defined above) which
has the properties: 14.0 < log(M

halo

/M�) < 15.5 and
0.06 < z < 0.1. Each sample should have a similar amounts
of richness. For each sample, we applied clipping, masking
and transformations (to redshifts 0.3, 0.2 and 0.1 respec-
tively) as indicated above, before being mean stacking. In
addition, we convolve the lower redshift stacks with the ef-
fective PSF (transformed to z=0.3) to study the effect of
PSF broadening on the surface luminosity profiles. In Fig-
ure A4, we compare the surface brightness profiles of these
galaxies. We also convolve the lower redshift stacks with the
effective PSF (transformed to z=0.3) to study the effect of
PSF broadening on the surface luminosity profiles. Although
the surface brightness profiles of the three samples < 100kpc
are relatively the same, there are a few differences between
the three samples beyond 100 kpc. The MaxBCG sample de-
viates around (µ

r

⇠ 29mag arcsec

�2,) from the other two.
It is difficult to distinguish whether there is a difference in
the effectiveness of the masking or there are intrinsic differ-
ences in the samples themselves. It must be noted that the
intrinsic variability in stellar halos beyond 100 kpc could
contribute to this difference. We explore this later in the
Appendix ??.

APPENDIX B: PURITY OF SAMPLES

Even though galaxies were selected on the basis on them be-
ing both the brightest and the most massive of the groups
listed in the Yang et al. (2007) catalogue, a fair number
of the selected galaxies will not be the central galaxy of
the respective group or cluster. Selecting BCGs from galaxy
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for 500 galaxies stacked from 
redshift 0.2 < z<0.3

Stellar haloes of BCGs much
less than shown by Zibetti et al. (2005)

Not only the PSF of the central galaxy but also from the PSF of 
masked neighbours
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Example: Median and Clipped-mean stacks
Stellar Halos of Galaxies 5

Figure 2. (a) Surface brightness according to halo mass bins. Solid lines indicate median stacking; dot-dashed lines indicate clipped-mean
stacking. (b) Ellipticity profiles of the halo mass bins. The vertical dashed line indicates the upper limit affected by the PSF. (c) Colour
profiles of the halo mass bins. The colour scheme is the same as the previous plots. Also indicated on the left side of the plot is the
median (g� r)0.1 colour of central galaxies from the NYU-VAGC catalogue. On the right, we have indicated the median (round marker)
and mean (horizontal line) (g� r)0.1 colour of all the satellite galaxies in the halo mass bin projected within 0.5R200. (d) Accreted light
fractions: Blue circles indicate fractions derived from median stacks and red squares indicate fraction derived from clipped-mean stacks.
The uncertainties in the light fraction from the median stack are depicted through the blue shaded region.

Elliptical profiles ( 1 - a/b) can be measure out to nearly
100 kpc. Galaxies at lower halo bins and those at higher halo
mass bins show opposite trends. Galaxies in the lower halo
mass bins tend to be elliptical in the centre and spherical in
the outer parts. On the other hand, galaxies in the highest
halo mass bin tend to be circular in the cent-er and elliptical
in the outer parts. This indicates that our lower halo mass

bins tend to have an additional disk component. We explore
this further later in the model fitting section.

g-r colour profiles show a decreasing trend with radius
over all halo mass bins and extends out to 50 kpc for the
highest halo mass bins. However the gradients in the colour
profile are steeper at lower halo mass bins. The overall nor-
malisation of the colour profiles are lower for galaxies in the
lower halo mass bins, with the difference in normalisation de-
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Stacking as a function of Stellar Mass 
and Galaxy type

• Galaxies from MPA-JHU: 10.0 M_sun to 
11.4 M_sun, 0.06 < z < 0.1 in g and r. 

• ISOLATION criterion

• SDSS DR9 - improved background 
subtraction. 

• Preparation for stacking:  Masking,  
transforming to z~0.1 , de-reddening,  
alignment,  removal of disk galaxies, 
residual background subtraction, etc.

Parametrizing the Stellar Haloes of Galaxies 3

Figure 1. The number of galaxies in each mass bin (0.1 dex in
width) split according to low concentration (C < 2.6 blue solid
line) and high concentration (C > 2.6 red dashed line) galaxies.
The highest mass bin is 0.4 dex in width.

used a minimum detection area of 5 pixels, a Gaussian filter
for detection and a detection threshold of 1.5� to create all
the masks. For the background detection, we use three varia-
tions. We first calculated the mask with a global background.
We then calculate the mask with a local background size of
256 pixels with a filter of 20 pixels. Later we calculated a
mask with a smaller background size of 128 pixels with a
similar filter size. To deal with extended faint objects, a
mask was also created by convolving the master image with
an 8 ⇥ 8 pixel top hat kernel before running SExtractor.
Each of these masks were successively applied to individual
g and r-band mosaics. The i-band mosaics were only used
for creating the master images for the masking procedure.

The masked mosaics were then transformed to z = 0.1
with the flux-conserving IRAF task GEOTRAN. This involves
both a cosmological surface brightness dimming (1 + z)4

and an image rescaling. For the final transformed mosaic
at z = 0.1, 1 pixel = 0.71 kpc. The mosaics were further
cropped to a uniform size of 950⇥ 950 pixels (550⇥ 550 kpc
at z ⇠ 0.1) and corrected for Galactic extinction following
Schlegel et al. (1998). We ignored K-corrections in scaling
the images as they tend to be minimal at z < 0.1.

A sizable number of the final transformed images are
oversampled. However, for the redshift shift range chosen for
our sample z = 0.06 � 0.1, this does not significantly affect
the noise characteristics of our final transformed images. A
final run of SExtractor was used to determine the position
angle of the galaxy in the r-band mosaic. This position angle
is measured by calculating the second-order moments of the
intensity distribution and corresponds to surface brightness
threshhold µ

r

⇠ 24mag arcsec

�2, or a radius of ⇠10 kpc.
Each mosaic was then rotated using GEOTRAN such that the
major axis of each galaxy was aligned.

We note that combining galaxy images into mosaics

may introduce additional systematics. Blanton et al. (2011)
compared the mosaics created from the sky-subtracted im-
ages of DR9 and those created directly from the raw images
and found that they yield equivalent results.

The sky subtraction in DR9 (Blanton et al. 2011) is a
remarkable improvement from early data releases especially
for the extended low surface brightness regions around low-
redshift galaxies. Blanton et al. (2011) calculate the residual
sky background by measuring the mean surface brightness
in random patches of size 13 x 13 native SDSS pixels marked
as “sky" in the SDSS pipeline across all imaging runs (see
Figure 5 of Blanton et al. 2011. These residuals become sig-
nificant at depths beyond µ

r

⇠ 26mag arcsec

�2. We will
discuss this further in the next section.

3 IMAGE STACKING AND METHODOLOGY

3.1 Stacking Procedure

Each stack contains between 1000 and 5000 galaxies with an
average of 3000 galaxies. The mosaic images in the g and r
bands were stacked using the IRAF task IMCOMBINE, by tak-
ing the mean value of each pixel after clipping at the 10th
and 90th percentiles.2 The images were not weighted in the
stacking process so as not to bias the sample. The masked
parts of the images were not used when calculating the mean
value in IMCOMBINE. To make the stacking computationally
easier, the final stacks were built by combining equal stacks
of around ⇠ 100 galaxy images each. By working in narrow
mass bin ranges, we avoid the difficult problem of normalis-
ing the size of images in each bin prior to stacking.

3.2 Estimation of Background for Stacked
Galaxies

The background “sky” for individual DR9 images consists
of the ’residual’ sky background and light from undetected
(unmasked) galaxies. In the Appendix A, we quantify the
level of light from undetected sources. This tends to be min-
imal due to the strict masking procedures employed and the
fact that we only select isolated galaxies.

To estimate the residual sky background for the stacked
image, we calculate the mean intensity in an annulus be-
tween 280 and 320 kpc (400-450 pixels) from the centre of
the stacked image. We assume that this background is con-
stant over the whole image. To calculate the uncertainty in
this background estimation, we calculate the standard de-
viation of the mean calculated in patches of 16 x 16 pixels
within this annulus.

With the standard SDSS imaging, it is possible to
extract radial surface brightness profiles down to µ

r

⇠
27mag arcsec

�2 (Pohlen & Trujillo 2006). With a better
residual background estimation of high S/N stacked DR9
images, it is possible to go significantly deeper. In Figure 2,
we plot the uncertainty in the residual background estima-
tion and the corresponding limiting depth in the r-band as

2 Percentile clipping also helps prune any close satellite galaxies
which escape the masking procedure.
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Figure 2. The logarithm of the uncertainty in background re-
moval as a function of the number of co-added images. The right
axis depicts the limiting surface brightness depth. The red line
indicates the function 0.00442/

p
N

Images

nanomaggies arcsec

�2.

a function of the number of co-added objects. The uncer-
tainty in the residual background estimation can be fit by
the function 0.00442/

p
N

Images

nanomaggies arcsec

�2.

3.3 Error Estimation

For stacks of a few thousand galaxies, the formal uncertainty
in the stacked surface brightness profiles at larger radii is
dominated by the uncertainty in subtracting the background
sky, which consists of camera noise plus extragalactic back-
ground radiation originating in the stellar populations of
galaxies at moderate to high redshift. These uncertainties
calculated as described in the previous section are depicted
as solid error bars in the plots discussed in the next section.
In addition to the uncertainty that arises from the sky sub-
traction, it is interesting to consider the variance that arises
from the fact that similar galaxies may have stellar haloes
with quite different masses and sizes. This can be quanti-
fied for each pixel in our final g and r band stacks through
a bootstrapping procedure. For each bin, 3000 stacks were
created with repetition and the variance in each pixel is cal-
culated for each band. This gives the total uncertainty of
each pixel. After accounting for the formal uncertainty, the
variance in the surface brightness profiles can be calculated
and is depicted as shaded regions in the plots.

To verify that the faint outer stellar halo visible in our
stacks between 30�32mag arcsec

�2 is not a product of sys-
tematics in the data or due to our stacking procedure, we
created equivalent background stacks (nearly 3000 images)
for each bin by choosing a location 5 Mpc away from the
centre of the galaxy in a random direction where no large
galaxies were found within a distance of 1 x 1 Mpc. We found
that evaluating the background at these very large distances
made no difference to our results.

Figure 3. (a) Ellipticity profiles for successive stellar mass bins.
(b) Ellipticity profiles for each of the stellar mass bins divided
according to concentration. Solid lines and dashed lines indicated
low (C < 2.6) and high (C > 2.6) concentration galaxies respec-
tively. The vertical dashed line indicates the maximum radius
affected by the PSF.

3.4 PSF Effects

The PSF flattens the ellipticity and the surface brightness
profiles at the centre of the galaxy at radii less than ⇠ 10

kpc. For deep images, the light in the faint outskirts of the
stack can be dominated by the scattered light from the cen-
tre of the galaxy. Failure to account for the difference in the
extended wings of the PSF, especially in the i-band, can
lead to a reddening of the colour of the stellar halo (de Jong
2008). This is very visible along the minor axis of edge-on

c� 2002 RAS, MNRAS 000, 1–19
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Ellipticity of Stellar Haloes

• Ellipticity as a function of stellar mass 
and galaxy type.

• Stellar haloes of late-type galaxies 
tend to be spherical, while of early-
type galaxies tend to be elliptical. 

• Ellipticity increases with stellar mass 
of the galaxy. 

Parametrizing the Stellar Haloes of Galaxies 5

Figure 4. The stacked image consisting of 4040 images in the
mass range 10

11.0M� < M⇤ < 10

11.4M� and C > 2.6. Elliptical
contours are drawn at 5, 10, 20, 30, 50, 70, 90 and 110 kpc.

Figure 5. SDSS Point Spread Functions colour coded for the g,
r and i bands as indicated by the legend.

disk galaxies where the surface brightness decreases faster
than the profile of the wings of the PSF.

We choose not to deconvolve the stacked galaxy profiles.
The effect of the PSF is much smaller in our work than
that of Tal & van Dokkum (2011) due to the fact that the
galaxies are much closer in redshift. For data interpretation
purposes, we will model the two-dimensional stacked image
of the galaxy convolved with the average PSF. We have thus
constructed average PSF stacks in the g, r and i bands by

combining the synthetic PSFs created using Robert Lupton’s
Read Atlas Images code3 and stacked bright star images
according to the procedure outlined in Tal & van Dokkum
(2011). The PSF profiles for the g, r and i bands are shown
in Figure 5.

Due to the fact that the PSFs in the g and in the r bands
are similar (see also Fig 2 of de Jong 2008 as well as Fig 6 of
Bergvall et al. 2010), our g-r colour profiles are not signifi-
cantly affected by PSF effects, especially in the outer parts
of the profiles. We investigate this further in Appendix C.
However, the i-band PSF does differ significantly (see Fig-
ure 5) in having wings that extend to much larger distances.
We therefore avoid the use of the SDSS i-band.

3.5 Ellipticity, Surface Brightness and Colour
Profiles

Measuring the ellipticity can help quantify the shape of the
average stellar halo. The standard ELLIPSE task from
the STSDAS package in IRAF performs poorly at low
S/N regions especially in the outer parts of the stel-
lar halo. For this reason, the ellipticity profiles (1�b/a) for
each of the aligned galaxy stacks are determined by gener-
ating intensity contours at various distances from the centre
of the stacked image of the galaxies in the r-band after ap-
propriate smoothing. For deriving contours which were
greater than 20 pixels away from the centre of the galaxy
stack, we smooth the image with a Gaussian filter with a
width of 3 pixels. For contours beyond 60 pixels from the
centre of the galaxy stack, we smooth the image with a larger
Gaussian filter (width of 5 pixels).

In Figure 3, we plot ellipticity profiles out to radii of
30-50 kpc for our stacks divided according to stellar mass
and concentration. Information on the shape of stellar haloes
can be inferred from the average ellipticity profiles for each
stack. Only the inner part (< 10 kpc) of the ellipticity profile
is significantly affected by the PSF. The outer parts of the
ellipticity profile show a gradual change in ellipticity with
radius. The ellipticity profile of the stacks of lower stellar
mass decreases as the radius increases, i.e. for these galaxies
the outer part of the stellar halo is more circular than the
inner part of the galaxy. The ellipticity of the outer part of
the stellar halo increases as a function of M⇤. The highest
stellar mass bins have a maximum outer ellipticity of ⇠ 0.17,
which remains approximately constant from 30 to 50 kpc.

In Figure 4, we show the stacked image of high con-
centration galaxies stacked in the mass range 10

11.0M� <
M⇤ < 10

11.4M� along with elliptical contours drawn at var-
ious radii.

We find that the stellar haloes of low concentration
galaxies tend to be spherical, while the stellar haloes of high
concentration galaxies tend to be elliptical. The peak in
the ellipticity profiles of low-concentration galaxies
at ⇠ 15 kpc may be due to the combined effect of
stacking disk galaxies at varying inclinations. At fixed
mass, the ellipticity of the highest stellar mass, high concen-
tration galaxies reaches values of 0.2 and is approximately
constant from 20 to 100 kpc. By contrast, the measured el-

3

http://www.sdss.org/DR7/products/images/read_psf.html
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For stacks of a few thousand galaxies, the formal uncertainty
in the stacked surface brightness profiles at larger radii is
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sky, which consists of camera noise plus extragalactic back-
ground radiation originating in the stellar populations of
galaxies at moderate to high redshift. These uncertainties
calculated as described in the previous section are depicted
as solid error bars in the plots discussed in the next section.
In addition to the uncertainty that arises from the sky sub-
traction, it is interesting to consider the variance that arises
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with quite different masses and sizes. This can be quanti-
fied for each pixel in our final g and r band stacks through
a bootstrapping procedure. For each bin, 3000 stacks were
created with repetition and the variance in each pixel is cal-
culated for each band. This gives the total uncertainty of
each pixel. After accounting for the formal uncertainty, the
variance in the surface brightness profiles can be calculated
and is depicted as shaded regions in the plots.

To verify that the faint outer stellar halo visible in our
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�2 is not a product of sys-
tematics in the data or due to our stacking procedure, we
created equivalent background stacks (nearly 3000 images)
for each bin by choosing a location 5 Mpc away from the
centre of the galaxy in a random direction where no large
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that evaluating the background at these very large distances
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3.4 PSF Effects

The PSF flattens the ellipticity and the surface brightness
profiles at the centre of the galaxy at radii less than ⇠ 10

kpc. For deep images, the light in the faint outskirts of the
stack can be dominated by the scattered light from the cen-
tre of the galaxy. Failure to account for the difference in the
extended wings of the PSF, especially in the i-band, can
lead to a reddening of the colour of the stellar halo (de Jong
2008). This is very visible along the minor axis of edge-on
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•Stellar haloes 
extend out to 
100 kpc

• surface 
brightness and 
g-r colour 
profiles are a 
function of both 
stellar mass and 
galaxy type.

•Stellar halo light 
is bluer than 
the main galaxy.

•Colour of 
stellar halo is 
redder for 
more massive 
galaxies 
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(a) (b)

(c) (d)

Figure 7. Surface brightness and g-r colour profiles of the stellar mass bins divided according to concentration. The error-bars show
the sum of the instrumental errors and the uncertainty in background subtraction, while the shaded regions show the spread due to the
variation in the shape of the stellar halo.

break the degeneracy between age and metallicity by using
colours that involve either the i or z bands.

We plot the g-r colour gradient r
g�r

=

�(g�r)

�(logR)

for our
galaxy stacks in Figure 9. For low concentration galaxies,
we evaluate the slope for the path of the steepest descent
interior to the minimum in the g-r colour profile. For high
concentration galaxies, the slope is derived for the steep-
est descent interior to the point where the g-r colour pro-
file flattens. Since the colour profile is affected by the PSF

at the centre of the galaxy stack, the analysis is restricted
to radii beyond 3 kpc. The gradient is first evaluated from
3 kpc right up to the minimum in the g-r colour profile,
and the path length over which the gradient is calculated is
decreased step-by-step until the gradient reaches its maxi-
mum. Figure 9 shows that colour gradients are stronger in
late-type galaxies than in early-type galaxies. In early-type
galaxies, the gradients do not depend on stellar mass, but

c� 2002 RAS, MNRAS 000, 1–19
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Parametrizing the Stellar Haloes of Galaxies 7

Figure 6. Surface brightness profiles and g-r colour profiles of stacks for successive stellar mass bins. The error-bars show the sum of
instrumental errors and uncertainty in background subtraction, while the shaded regions show the spread due to the variation in the
shape of the stellar halo. The triangles in the colour profiles mark the average R50 of galaxies in the respective bin.

Figure 8. The slope � = d(log

10

I)/d(log

10

R) of the surface
brightness profile beyond 25 kpc. Blue represents high concen-
tration galaxies, while red represents low concentration galaxies.
The errors represent the total variance in the slope of the surface
brightness profile estimated from bootsrapping the samples in the
stack.

flattening in colour profiles detected in LRGs (Tal & van
Dokkum 2011). Reddening of the colour profile at large radii
cannot be attributed either to the difference in the PSF in
the g and r bands or due to the errors in the background

subtraction. We investigate this further in Appendix
C.

La Barbera et al. (2012) have derived median-
stacked colour profiles of early-type galaxies from
SDSS. In particular, their g-r colour profile can be
directly compared to our g-r colour profile for high
mass high concentration galaxies. Both the colour
profiles are consistent with each other within error
bars. In particular there is excellent agreement in
the outer part. Our g-r colour profiles are redder by
0.05 mag at the center of the galaxy stack. This can
be attributed to the effect of the PSF at the center
of the galaxy stack (See Appendix C).

The colour profiles of low concentration galaxies do not
probe the area where the stellar halo becomes dominant.
Bakos et al. (2008) have shown that 90% of the light pro-
files of the disks of late-type galaxies exhibit deviations from
a pure exponential either as truncations (60%) or as anti-
truncations (30%). The colour profiles of disks with trunca-
tions are “U-shaped”. Disks with anti-truncations exhibit a
plateau in g-r colour at large radii. When stacking a large
number of low concentration galaxies together containing
with a minimum or a flattening in the g-r colour profile,
the combined effect results in behaviour intermediate be-
tween the two. Deeper data is required to probe the colours
of stellar populations in the stellar halo. Monachesi et al.
(2013) detect a flattening of the colour profile of the stellar
halo of M81.

The presence of bluer colours in the outer end of both
low and high concentration galaxies as compared to the cen-
tre of the galaxy may indicate the presence of stars with
significantly younger populations in these outer parts. How-
ever, it will be difficult to confirm this without being able to

c� 2002 RAS, MNRAS 000, 1–19

Projected Outer slopes of the surface 
brightness profiles
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2D Modelling of the Galaxy 
and the Stellar haloes

12 R. D’Souza, G. Kauffmann, J. Wang, S. Vegetti

Figure 10. Comparison of the the double-Sérsic (dashed green)
and the single-Sérsic (dashed red) models with the surface bright-
ness profile of the high concentration highest stellar mass bin
stack C > 2.6,10

11.0M� < M⇤ < 10

11.4M�). For the double-
Sérsic model, the internal component is denoted by the dot-
dashed line while the outer component is denoted by the dotted
line.

Figure 12. We compare the surface brightness profiles of the

high-concentration galaxy stacks with their correspond-

ing double-Sérsic models.

note that a single-Sérsic model has a single fixed ellipticity,
while the double-Sérsic model with different ellipticities for
each component can in a limited way mimic the varying ellip-
ticity of the stacked galaxy image. We investigated whether
the change in ellipticity is the dominant factor that favours a
double-Sérsic profile over a single-Sérsic profile. To test this,
we compare a single-Sérsic and a double-Sérsic profile fitted
to similar stacks of galaxies which are not aligned but are
randomly oriented. In all cases, the double-Sérsic is still pre-
ferred over the single-Sérsic profile. The factor 2 log

e

(B
D/S

)

in the randomly oriented case is reduced to one-third of that
as calculated in Table 2. This indicates that it is both the
surface brightness profile and the ellipticity which contribute
to favour a double-Sérsic profile over a single-Sérsic profile.

Plots of the Sérsic indices of the two components as a
function of mass are shown in in Figure 13. The outer Sérsic
index increases with the mass of the galaxy stack from n ⇠ 3

to n ⇠ 4. The effective radii of each component are also de-
noted in the Figure 13. The effective radius of the outer
component scales as / 2.5 log

10

M⇤ reaching a maximum of
9 kpc for the highest mass bins. We note that the inner Sér-
sic component is always more elliptical than the outer Sérsic
component. On the other hand, the inner ellipticity
profiles derived in Figure 3 are significantly affected
by the PSF. The ellipticity of the inner component is ap-
proximately constant for all mass bins while the ellipticity
of the outer component increases as mass increases.

Having separated the light from the galaxy into two
components, we study the variation of the light in the two
components as a function of stellar mass. We can also cal-
culate the fraction of light in the outer Sérsic component
(Figure 14). We will discuss this result in Section 7.

5.2 Low Concentration Galaxy Stacks

Modelling low concentration galaxies along with their stellar
halo component remains a challenging task, because of the
extremely low fraction of light in the stellar halo in these
systems. Estimates of the stellar halo contribution for M31
lie between 0.6 and 1.5 percent (Ibata et al. 2014), while
those for the Milky Way lie between 0.3 and 1.0 percent
(Bell et al. 2003; McMillan 2011). Previous modelling and
estimates of the stellar halo content of disk galaxies have
been made from star counts. In order to detect the stel-
lar halo in face-on disk galaxies, deep imaging is necessary
with an accurate determination of the background residuals.
Recently van Dokkum et al. (2014) tried to model and de-
termine the stellar halo content of the massive spiral galaxy
M101 from integrated surface brightness profiles by going to
a depth of µ

g

⇠ 32mag arcsec

�2. The effective depths of our
stacked images are similar to this.

Another important issue is that disk breaks in galax-
ies (Bakos et al. 2008) also cause inflections in the surface
brightness profile of the stacked galaxies and need to be
modelled. We find that a double-Sérsic model often fails to
fit the stacks of low concentration galaxies, as is shown in
Figure 15. In these galaxies, the inflection is caused by disk
breaks and these breaks can occur very close to where the
stellar halo becomes dominant. This inflection cannot be
caused

A natural extension of our modelling procedure would
be to use a concentric triple Sérsic model. However, the gen-
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Figure 15. The double Sérsic model (shown in red) provides an
inadequate fit to low concentration (C < 2.6) low mass galaxies
(10

10.0M� < M⇤ < 10

10.2M�) The triple Sérsic model provides
a much better fit (shown in green). The third component of the
triple Sérsic model is shown in a dashed magenta line. In the
bottom panel, the residuals of the double Sérsic model and the
triple Sérsic model are shown.

describing the internal part of the galaxy, we add a third
component to model the outer extra light. This is necessary
because the S/N of the light of the outer image is so much
lower than that of the inner regions. If the disk break oc-
curs close to the where the stellar halo becomes dominant
(i.e., if the stellar halo fraction is not negligible), we first
model the internal two components with a truncated double
Sérsic model. Then keeping the innermost component fixed,
we model the disk break and the extra stellar halo light by
fitting two additional Sérsic components. In both methods,
we determine the constant sky component at each step. The
restriction of a low Sérsic index for the outer compo-
nent does not significantly affect our results as the
fixing of the inner component automatically reduces
the value of the outer Sérsic index.

The global Bayes factor is unable to differentiate be-
tween models in the low concentration case, since it is dom-
inated by the asymmetric component (bars, pseudo-bulges,
etc.) at the centre of the stacked galaxy. In order to judge
which fitting method is most appropriate for a given given
galaxy stack, we subject every image stack to both meth-
ods and calculate the chi-square of the image for each pixel
beyond 20 kpc. We compare the reduced chi-square for a
double Sérsic model, as well as both methods for deter-
mining the third component of the triple Sérsic model, and
choose the best fit model. In Figure 16, we compare the
residuals of the double Sérsic model as well as the two
methods for determining the components of the triple Sér-
sic model for disk galaxies stacked in the mass bin range
10

10.2M� < M⇤ < 10

10.4M�, with concentration index
C < 2.6. The blue band gives the average uncertainty in

Table 3. Parameters of the Triple Sérsic Model

Triple Sérsic

n1 Inner Sérsic Index
r1 Inner Effective Radius
i1 Inner Effective Intensity
q1 Inner Ellipticity
c Residual Sky value
n2 Middle Sérsic Index
r2 Middle Effective Radius
i2 Middle Effective Intensity
q2 Middle Ellipticity
n3 Outer Sérsic Index
r3 Outer Effective Radius
i3 Outer Effective Intensity
q3 Outer Ellipticity

Figure 16. The residuals for three models: the double Sérsic, the
triple Sérsic by keeping the inner most component fixed (Method
A) and the triple Sérsic by keeping the inner two components
fixed (Method B) for galaxies stacked in the mass bin range
10

10.0M� < M⇤ < 10

10.2M� and with concentration C < 2.6.
The fraction of light of the galaxy in the outermost component by
Method A is 2.3± 0.4% and by method B is 1.2± 0.3%. The blue
band gives the average uncertainty in the background removal for
each pixel in nanomaggies arcsec

�2.

background removal for each pixel in nanomaggies arcsec

�2.
The procedure which keeps the the inner most component
fixed and varies the outer two components fares the best.
The best fit triple Sérsic model is shown in Figure 15.

The accuracy of modelling the third component de-
pends upon the accuracy of the correct background sky de-
termination. This accuracy is limited by the accuracy of
our background removal. For the model fits to the stack
of N ⇠ 3000 galaxy images shown in Figure 15, if we as-
sume a conservative Sérsic index (n ⇠ 0.4) and an effec-
tive radius R

e

⇠ 40 kpc and an effective magnitude de-
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Figure 11. The probability density function (PDF) and the correlations between the various parameters of the double Sérsic model (see
Table 1) for the high concentration highest stellar mass bin stack (C > 2.6,10

11.0M� < M⇤ < 10

11.4M�). The effective intensity and
the residual sky value are expressed in units of mag arcsec

�2.

Figure 10. The residuals of the double-Sérsic are less than
0.2mag arcsec

�2 across the whole radial range (0-120 kpc) of
the galaxy stack. The residuals at the centre are attributed
to the asymmetric part of the intensity distribution at centre
of the galaxy stack due to the various internal galaxy compo-
nents mentioned above. The PDFs and the correlations
between the various parameters of the double Sér-
sic model for the high concentration highest stellar
mass bin stack (C > 2.6,1011.0M� < M⇤ < 10

11.4M�)
are shown in Figure 11.

We find that the double-Sérsic profile provides a much
better fit for all high concentration galaxies across all mass
bin ranges. This can be seen visually by calculating and com-
paring the residuals of the image beyond 20 kpc for each
model. Significant deviations are only seen in the lower two
mass bins. The fits to the lowest mass bin is not perfect due
to limited number of galaxy images (⇠ 1212) which went
into the stack. At first glance, our conclusion that a double-
Sérsic profile is always required may seem surprising, be-
cause the surface brightness profiles of massive galaxies with
high concentration do not exhibit a clear inflexion point. We
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• Need Multiple Sersic components:  a) Double 
Sersic: Early Types  b)  Triple Sersic: Late Types

• Shape of the luminosity profile and ellipticity contribute to the 
need of multiple components.

A full bayesian exploration
of parameters

pdfs and correlations
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termined by the error of the background residuals (I
e

⇠
6 ⇥ 10

�5

nanomaggies arcsec

�2), the third component can
be correctly determined if it is greater than 2% of the total
light in the galaxy.

In Figure 17, we plot the fraction of the total light and
stellar mass of the galaxy in the inner and outermost compo-
nents. Results are shown as a function of M⇤ and for low and
high concentration systems. For low concentration galaxies,
the higher two mass bins are best fit by double Sérsic models,
while the lower mass bins are best fit by triple Sérsic mod-
els. Most of the low concentration stacks which are modelled
successfully by a triple-Sérsic profile are best fit by keeping
only the inner-most component fixed. Only one low concen-
tration stack (1010.0M� < M⇤ < 10

10.2M�) could be best
fit by fixing the inner two Sérsic components. We will discuss
these results later in Section 7.

Improved accuracy in determining the third component
may be obtained by stacking a larger number of low con-
centration galaxies. We stack 12,423 galaxies in the r-band
with random orientations in the mass range 10

10.0M� <
M⇤ < 10

10.8M�, with a concentration C < 2.4 and with
an isophotal axial ratio >= 0.77. Using our modelling pro-
cedure, we can derive the probability distribution function
(PDF) of the fraction of light in the third component (see
Figure 18). This fraction is about 1.3± 0.5%.

Our modelling allows us to identify a radius at which the
outer component begins to dominate the integrated stellar
light (R

acc

). In Figure 19, the blue squares indicate this
radius as a function of M⇤ for low concentration galaxies.
As can be seen, this radius decreases as a function of the
stellar mass of the galaxy from ⇠ 50 kpc for galaxies with
stellar masses of a few times 1010M� to ⇠ 30 kpc for galaxies
with M⇤ ⇠ 10

11M�. For comparison, we also we compare
R

acc

with the radius at which the minimum occurs in the
g-r colour profiles of low concentration galaxies (R

colourmin

;
see Figure 7). The radius at which the outer material begins
to dominate is much larger than the radius at which the
minimum in the colour profile occurs. This accords well with
suggestions in the literature that this minimum in the g-r
colour profile is associated with the break radius in disk
galaxies (Bakos et al. 2008).

Also in Figure 19, we compare the radius at which the
outer material begins to dominate with the radius at which
the g-r colour profile flattens for high concentration galaxies.
The radius at which the g-r colour profile flattens increases
as a function of stellar mass from ⇠ 20 kpc for galaxies with
stellar masses of a few times 1010M� to ⇠ 40 kpc for galaxies
with M⇤ ⇠ 10

11M�. The radius at which the outer material
begins to dominate is comparatively smaller and decreases
as a function of stellar mass. For the highest stellar bin, this
radius approaches close to the centre of the galaxy indicating
that the outer accreted material is spread all over the galaxy.

6 SUMMARY

In this work, we have shown that stacking g and r band mo-
saics of similar galaxies allows us to derive reliable surface
brightness profiles upto a depth of µ

r

⇠ 32mag arcsec

�2. We
study surface brightness, ellipticity and g-r colour profiles as
a function of stellar mass and galaxy type. We perform fits
to the stacked images using multi-component Sérsic mod-

Figure 17. (a) The log

10

of the r-band total luminosity (in
nanomaggies) in the inner(blue) and outer-most (red) compo-
nents as a function of stellar mass for low concentration galaxies.
(b) The fraction of light in the outer-most Sérsic component as a
function of stellar mass for low concentration galaxies. The hollow
circular markers indicate that a triple Sérsic profile was required
to model the outer parts of the stellar halo, while the filled circular
markers indicate that a double Sérsic profile was sufficient.

els. This enables us to estimate the fraction of the stellar
light/mass in the outermost component, which we hypoth-
esize to be built up from accreted stellar material, and to
set constraints on theories for the formation of stellar haloes
through hierarchical merging.

The main results of this paper can be summarized as
follows.

(i) The fraction of accreted stellar material increases with

c� 2002 RAS, MNRAS 000, 1–19
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Figure 13. (a) The Sérsic indices of the inner(blue) and
outer(red) components for high concentration galaxies. (b) The
effective radii of the inner(blue) and outer(red) Sérsic compo-
nents for high concentration galaxies. The outer effective radius
scales as / 2.5 log

10

M⇤ while the inner effective radius scales as
/ 2.8 log

10

M⇤. The model fails to fit for the lowest mass bin
because of insufficient numbers in the stack.

eral triple Sérsic model is highly degenerate, especially when
trying to separate components which are not easily distin-
guishable from each other. Face-on disk galaxies with a low
stellar-halo mass fraction occupy only a limited parameter
space of a three component model. To break these degenera-
cies, we truncate the inner two components (beyond 7�8R

e

)
and apply restrictions to the third component of the triple
Sérsic model. In particular, we look for 3rd component solu-
tions that involve a low Sérsic index (n3 < 1.5), lower effec-

Figure 14. (a) The log

10

of the r-band total Luminosity (in
nanomaggies) in the inner(blue) and outer(red) components as a
function of stellar mass for high concentration galaxies. (b) The
fraction of light in the outer Sérsic component as function of stel-
lar mass for high concentration galaxies.

tive intensity (in comparison to the other 2 components) and
a larger effective radius (R

eff

> 15 kpc) for the outer-most
component. The low Sérsic index ensures that the profile of
the third outer component does not rise steeply and domi-
nate the inner central parts of the galaxy. The parameters
of the triple Sérsic model are summarized in Table 3.

We also modify our fitting algorithm as follows. We do
not fit three components at the same time. We first model
independently the galactic disk along with the disk break in
high S/N part of the stacked image with a truncated dou-
ble Sérsic model. Later, having fixed the two components

c� 2002 RAS, MNRAS 000, 1–19
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Accreted Stellar Mass Fraction

Use the fraction of light in outer component as a proxy for accreted stellar 
mass fraction.

11



3360 A. P. Cooper et al.

Figure 11. Symbols show the average stellar mass surface density profiles obtained from stacks of SDSS DR9 r-band images as described in the text and
Appendix B, assuming a constant stellar mass to light ratio (open circles) and, where significantly different, a colour-dependent M/L (open triangles). Error
bars approximate ‘1! ’ of the distribution of uncertainty in the average profiles combining Poisson errors in flux measurement with the sample variance of the
stack (NDR9 given in each panel shows the number of galaxies in the bin). Coloured lines (blue, green and red) show stacks made from our simulations as in
Fig. 8 but here binning galaxies by their Petrosian mass Mpet (see text). The lower-central panel shows the four SDSS profiles only (colours indicate the central
mass of each bin). The lower-right panel reproduces the fmb = 1 per cent profile from the [10.7, 10.8] panel (solid line) and compares it to the average profile
of galaxies stacked in the same range of total stellar mass M" (dashed line) rather than Mpet.

Figure 12. Left: points show the total mass of accreted stars, Macc as a function of M200, split by bulge-to-total ratio as shown in the legend. Right: points
show Macc as a function of stellar mass, M". Grey lines correspond to fractions of the total stellar mass as indicated.
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Surface Density profiles from stacks agree
with predictions from particle tagging methods
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Stacking as a function of Halo Mass

• Use a galaxy group catalogue  (Yang et al. 2008)

• Galaxies at the center of groups and clusters.

• Have a handle on both halo mass and stellar halos.

• Halo mass - function of environment and number 
of satellite neighbours

D’Souza et al (In preparation)
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Stellar Halos of Galaxies 5

Figure 2. (a) Surface brightness according to halo mass bins. Solid lines indicate median stacking; dot-dashed lines indicate clipped-mean
stacking. (b) Ellipticity profiles of the halo mass bins. The vertical dashed line indicates the upper limit affected by the PSF. (c) Colour
profiles of the halo mass bins. The colour scheme is the same as the previous plots. Also indicated on the left side of the plot is the
median (g� r)0.1 colour of central galaxies from the NYU-VAGC catalogue. On the right, we have indicated the median (round marker)
and mean (horizontal line) (g� r)0.1 colour of all the satellite galaxies in the halo mass bin projected within 0.5R200. (d) Accreted light
fractions: Blue circles indicate fractions derived from median stacks and red squares indicate fraction derived from clipped-mean stacks.
The uncertainties in the light fraction from the median stack are depicted through the blue shaded region.

Elliptical profiles ( 1 - a/b) can be measure out to nearly
100 kpc. Galaxies at lower halo bins and those at higher halo
mass bins show opposite trends. Galaxies in the lower halo
mass bins tend to be elliptical in the centre and spherical in
the outer parts. On the other hand, galaxies in the highest
halo mass bin tend to be circular in the cent-er and elliptical
in the outer parts. This indicates that our lower halo mass

bins tend to have an additional disk component. We explore
this further later in the model fitting section.

g-r colour profiles show a decreasing trend with radius
over all halo mass bins and extends out to 50 kpc for the
highest halo mass bins. However the gradients in the colour
profile are steeper at lower halo mass bins. The overall nor-
malisation of the colour profiles are lower for galaxies in the
lower halo mass bins, with the difference in normalisation de-
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Elliptical profiles ( 1 - a/b) can be measure out to nearly
100 kpc. Galaxies at lower halo bins and those at higher halo
mass bins show opposite trends. Galaxies in the lower halo
mass bins tend to be elliptical in the centre and spherical in
the outer parts. On the other hand, galaxies in the highest
halo mass bin tend to be circular in the cent-er and elliptical
in the outer parts. This indicates that our lower halo mass

bins tend to have an additional disk component. We explore
this further later in the model fitting section.

g-r colour profiles show a decreasing trend with radius
over all halo mass bins and extends out to 50 kpc for the
highest halo mass bins. However the gradients in the colour
profile are steeper at lower halo mass bins. The overall nor-
malisation of the colour profiles are lower for galaxies in the
lower halo mass bins, with the difference in normalisation de-
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Stellar Halos of Galaxies 5

Figure 2. (a) Surface brightness according to halo mass bins. Solid lines indicate median stacking; dot-dashed lines indicate clipped-mean
stacking. (b) Ellipticity profiles of the halo mass bins. The vertical dashed line indicates the upper limit affected by the PSF. (c) Colour
profiles of the halo mass bins. The colour scheme is the same as the previous plots. Also indicated on the left side of the plot is the
median (g� r)0.1 colour of central galaxies from the NYU-VAGC catalogue. On the right, we have indicated the median (round marker)
and mean (horizontal line) (g� r)0.1 colour of all the satellite galaxies in the halo mass bin projected within 0.5R200. (d) Accreted light
fractions: Blue circles indicate fractions derived from median stacks and red squares indicate fraction derived from clipped-mean stacks.
The uncertainties in the light fraction from the median stack are depicted through the blue shaded region.

Elliptical profiles ( 1 - a/b) can be measure out to nearly
100 kpc. Galaxies at lower halo bins and those at higher halo
mass bins show opposite trends. Galaxies in the lower halo
mass bins tend to be elliptical in the centre and spherical in
the outer parts. On the other hand, galaxies in the highest
halo mass bin tend to be circular in the cent-er and elliptical
in the outer parts. This indicates that our lower halo mass

bins tend to have an additional disk component. We explore
this further later in the model fitting section.

g-r colour profiles show a decreasing trend with radius
over all halo mass bins and extends out to 50 kpc for the
highest halo mass bins. However the gradients in the colour
profile are steeper at lower halo mass bins. The overall nor-
malisation of the colour profiles are lower for galaxies in the
lower halo mass bins, with the difference in normalisation de-
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created for each. We used a minimum detection area of 5
pixels, a Gaussian filter of 7 x 7 pixels (FWHM=4.0 pixels)
for detection, a detection threshold of 1.5�, 32 deblending
sub-thresholds, a deblending minimum contrast parameter
of 0.001 and a global background detection to create the
masks. The masks were successively applied to individual
g and r-band mosaics. The i-band mosaics were only used
for creating the master images for the masking procedure.
In the Appendix, we explore the effect of various masking
schemes on the surface brightness profiles.

The masked mosaics were corrected for Galactic extinc-
tion following Schlegel et al. (1998) and then transformed to
the highest redshift range of the sub-sample with the flux-
conserving IRAF task GEOTRAN. This involves both a cosmo-
logical surface brightness dimming (1+z)4 and an image re-
scaling. A final run of SExtractor was used to determine the
position angle of the galaxy in the r-band mosaic. This posi-
tion angle is measured by calculating the second-order mo-
ments of the intensity distribution and corresponds to sur-
face brightness threshold µ

r

⇠ 24mag arcsec

�2, or a radius
of ⇠10 kpc. Each mosaic was then rotated using GEOTRAN
such that the major axis of each galaxy was aligned. The
final transformed mosaics were then cropped to a uniform
size. Because of the additional uncertainty introduced by K-
corrections we ignored them. At z = 0.1, 1 pixel = 0.71 kpc:
the smaller 500 x 500 kpc mosaics are cropped to a uniform
size of 950 ⇥ 950 pixels, while the larger 1 x 1 Mpc mo-
saics are cropped to a uniform size of 1900⇥ 1900 pixels. At
z = 0.2, 1 pixel = 1.27 kpc: the mosaics are cropped to a
uniform size of 1500⇥ 1500 pixels.

The sky subtraction in DR9 (Blanton et al. 2011) is a
remarkable improvement from the early data releases espe-
cially for the extended low surface brightness regions around
low-redshift galaxies. Blanton et al. (2011) calculate the
residual sky background by measuring the mean surface
brightness in random patches of size 13 x 13 native SDSS
pixels marked as “sky" in the SDSS pipeline across all imag-
ing runs (see Figure 5 of Blanton et al. 2011). These residuals
become significant at depths beyond µ

r

⇠ 26mag arcsec

�2.
We will discuss this further in the next section.

The masked mosaics were later stacked using either a
clipped-mean or a median stacking.

4 ANALYSIS OF STACKED IMAGES

We divide our sample in bins of halo mass, concentration and
surface mass density. For each bin, we derive the ellipticity,
the surface brightness profiles, the g-r colour profiles and
the accreted light (mass) fractions using the methodology of
D’Souza et al. (2014). The variance of the stacked images
were calculated using bootstrapping. We calculate the slope
of the outer surface brightness profile for each bin.

4.1 Analysis in Halo Mass Bins

In Figure 2, we present the surface brightness, ellipticity
and g-r colour profiles for both median and clipped-mean
stacking. In addition, we present the accreted light fractions
from the median and the clipped-mean stacking.

There are differences between the surface brightness
profiles of the stellar halo between the median and the

Figure 3. The slope � = d(log10 I)/d(log10 R) of the surface
brightness profile beyond 15 kpc. Red represents the clipped-mean
stacks, while blue represents the median stacks. The errors rep-
resent the total variance in the slope of the surface brightness
profile estimated from bootsrapping the samples in the stack.
Also plotted are the 2d projections of the predictions of the outer
slope of galaxies derived from the Illustris simulations (Pillepich
et al.2014). The 2d powerlaw slope from star counts of M31 from
Ibata et al. (2014) is also shown.

clipped-mean stacks. In particular, the surface brightness
profile of the median stack at a certain radius begins to
get steeper than the the clipped mean stacks over all halo
masses. The radius at which the two profiles differentiate
increases with halo mass. This indicates that although the
inner parts of the galaxies are similar, there are huge vari-
ations in the profiles of the stellar halo. In particular, the
difference between the median and the clipped mean indi-
cates a skewed distribution in the stellar halo profile.

In Figure 3, we calculate the outer slope � =

d(log10 I)/d(log10 R) of the surface brightness profiles of the
median and the clipped-mean r-band stacks beyond the ef-
fective radius of the outer Sérsic component defined below
according to the methodology outlined in the Appendix of
D’Souza et al. (2014). The effective radius of the outer Sérsic
component is a good approximation of the half-light radius.
The error bars include the variance of the shape of the sur-
face brightness profile of the galaxies in the stack estimated
through bootstrapping. The outer slope � becomes shallower
with halo mass. The outer slope of the median stack is a bit
steeper than the outer slope of the clipped-mean stack. We
also plot the 2d projections of the predictions of the outer
slope of the galaxies derived from the Illustris simulations
Pillepich et al. (2014) which show a remarkable agreement.
We also show the 2d powerlaw slope from the start counts
of M31 from Ibata et al. (2014), with the assumption that
the halo mass of M31 is ⇠ 12.0 log(M

halo

/M�). The slope
of M31 is much shallower than the median or clipped-mean
slopes.
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Figure 6. a) Surface brightness according to various halo mass bins [13.5,13.9,14.3,14.7] for galaxies in the stellar mass range 11.5 6
log(M⇤/M�) 6 11.6 at 0.1 6 z 6 0.2. The solid lines indicated a median stack. The lighter variant of these lines indicate a clipped mean
stack. b) g-r colour profiles of various halo mass bins [13.5,13.9,14.3,14.7] for galaxies in the stellar mass range 11.5 6 log(M⇤/M�) 6 11.6.
The solid lines indicated a median stack. The dashed-dot lines indicate a clipped mean stack. Only background errors are indicated.

Figure 7. a) The number of galaxies in bins of concentration and surface mass density. (b) The axial ratio of the outer part of the stellar
halo in each bin.

After removing galaxies in each bin with isophotal ratio
below 0.6, we model the 2-d surface brightness profiles of the
galaxy stacks as in Section 4.1.1 with double or triple-Sérsic
models. We derived the accreted light fractions in each bin
in Figure 8. We define the radius (R

acc

) where the accreted
component begins to dominate the galaxy stack. We then
measure the outer slope � = d(log10 I)/d(log10 R) beyond
the radius (R

acc

). Galaxies with lower concentration and
surface mass density have a steeper slope. The extent of the
stellar halo is different for galaxies at higher and lower sur-

face mass density. For galaxies above a surface mass density
of log10(µ⇤) ⇠ 9, the extent of the stellar halo decreases with
concentration (all galaxies above C > 2.6). For galaxies with
lower surface mass densities, the extent of the stellar halo
increases with concentration. For a constant concentration,
the extent of the stellar halo increases with surface mass
density and its outer slope becomes less steeper.

The trends with surface mass density reflect the trends
with stellar mass.

From the accreted light fractions, it thus appears that
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Main Results

• Fraction of accreted stellar material increases with as a function of stellar mass and 
is larger in early types than late-types.  

• Stellar haloes of late types tend to be more elliptical. Ellipticity increases with stellar 
mass.

• g-r colour of the outer halo light of late types is bluer than the centre of the galaxy 
and is an increasing function of stellar mass.

• Multi-component Sersic models are needed to fit the two dimensional surface 
brightness profiles.

• For a given stellar mass, the stellar halo is also a function of the environment.
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