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Abstract

The Andromeda galaxy is the closest spiral galaxy to us and has been the subject of numerous studies. It harbors a
massive dark matter halo, which may span up to ∼600 kpc across and comprises ∼90% of the galaxy’s total mass.
This halo size translates into a large diameter of 42° on the sky, for an M31–Milky Way (MW) distance of 785 kpc,
but its presumably low surface brightness makes it challenging to detect with γ-ray telescopes. Using 7.6 yr of
Fermi Large Area Telescope (Fermi–LAT) observations, we make a detailed study of the γ-ray emission between
1–100 GeV toward M31ʼs outer halo, with a total field radius of 60° centered at M31, and perform an in-depth
analysis of the systematic uncertainties related to the observations. We use the cosmic-ray propagation code
GALPROP to construct specialized interstellar emission models to characterize the foreground γ-ray emission from
the MW, including a self-consistent determination of the isotropic component. We find evidence for an extended
excess that appears to be distinct from the conventional MW foreground, having a total radial extension upward of
∼120–200 kpc from the center of M31. We discuss plausible interpretations of the excess emission, but emphasize
that uncertainties in the MW foreground—and in particular, modeling of the H I-related components—have not
been fully explored and may impact the results.

Key words: astroparticle physics – cosmic rays – dark matter – galaxies: individual (M31) – Galaxy: halo – gamma
rays: diffuse background

1. Introduction

The Andromeda galaxy, also known as M31, is very similar
to the Milky Way (MW). It has a spiral structure and is
comprised of multiple components, including a central super-
massive black hole, bulge, galactic disk (the disk of stars, gas,
and dust), stellar halo, and circumgalactic medium, all of which
have been studied extensively(Roberts 1893; Slipher 1913;
Pease 1918; Hubble 1929; Babcock 1939; Mayall 1951; Arp
1964; Rubin & Ford 1970; Roberts & Whitehurst 1975;
Henderson 1979; Beck & Gräve 1982; Brinks & Burton 1984;
Blitz et al. 1999; Ibata et al. 2001, 2005, 2007; de Heij et al.
2002; Ferguson et al. 2002; Braun & Thilker 2004; Galleti et al.
2004; Zucker et al. 2004; Barmby et al. 2006; Faria et al. 2007;
Gil de Paz et al. 2007; Li & Wang 2007; Huxor et al. 2008;
Richardson et al. 2008; Braun et al. 2009; McConnachie et al.
2009; Corbelli et al. 2010; Garcia et al. 2010; Hammer et al.
2010; Mackey et al. 2010; Peacock et al. 2010; Saglia
et al. 2010; Li et al. 2011; Lauer et al. 2012; McConnachie
2012; Lewis et al. 2013; Bate et al. 2014; Huxor et al. 2014;
Veljanoski et al. 2014; Ade et al. 2015; Bernard et al. 2015;
Lehner et al. 2015; McMonigal et al. 2015; Conn et al.
2016; Kerp et al. 2016). Furthermore, the Andromeda galaxy,
like all galaxies, is thought to reside within a massive dark
matter (DM) halo (Rubin & Ford 1970; Roberts & Whitehurst
1975; Faber & Gallagher 1979; Bullock et al. 2001; Carignan
et al. 2006; Banerjee & Jog 2008; Seigar et al. 2008; Tamm
et al. 2012; Velliscig et al. 2015). The DM halo of M31 is
predicted to extend to roughly 300 kpc from its center and
have a mass on the order of 1012Me, which amounts to
approximately 90% of the galaxy’s total mass(Klypin et al.
2002; Seigar et al. 2008; Corbelli et al. 2010; Tamm et al.
2012; Fardal et al. 2013; Shull 2014; Lehner et al. 2015). For
cold DM, the halo is also predicted to contain a large amount
of substructure(Blitz et al. 1999; Braun & Burton 1999;

de Heij et al. 2002; Braun & Thilker 2004; Diemand et al.
2007; Kuhlen et al. 2007; Springel et al. 2008; Zemp et al.
2009; Moliné et al. 2017), a subset of which hosts M31ʼs
population of satellite dwarf galaxies (McConnachie 2012;
Collins et al. 2013; Conn et al. 2013; Ibata et al. 2013; Martin
et al. 2013; Pawlowski et al. 2013). The combined M31 system
and a similar system in the MW are the primary components
of the Local Group. The distance from the MW to M31 is
approximately 785 kpc(Stanek & Garnavich 1998; McConnachie
et al. 2005; Conn et al. 2012), making it relatively nearby.
Consequently, M31 appears extended on the sky. Because of this
accessibility, M31 offers a prime target for the study of galaxies—
and indeed, a wealth of information has been gained from
observations in all wavelengths of the electromagnetic spectrum
(e.g., see the references provided at the beginning of the
introduction).
The Fermi Large Area Telescope (Fermi–LAT) is the first

instrument to significantly detect M31 in γ-rays(Abdo et al.
2010; Ögelman et al. 2011). Prior to Fermi–LAT, other
pioneering experiments set limits on a tentative signal(Fichtel
et al. 1975; Pollock et al. 1981; Sreekumar et al. 1994; Hartman
et al. 1999), with the first space-based γ-ray observatories
dating back to 1962(Kraushaar & Clark 1962; Kraushaar et al.
1972). Note that M31 has not been significantly detected
by any ground-based γ-ray telescopes, which are typically
sensitive to energies above ∼100 GeV(Abeysekara et al. 2014;
Funk 2015; Bird 2016; Tinivella 2016).
The initial M31 analysis performed by the Fermi–LAT

Collaboration modeled M31 both as a point source and an
extended source, finding marginal preference for extension at the
confidence level of 1.8σ(Abdo et al. 2010). In order to search for
extension, a uniform-intensity elliptical template is employed,
where the parameters of the ellipse are estimated from the IRIS
100μmobservation ofM31(Miville-Deschenes&Lagache 2005).
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An excess γ-ray signal toward the outer halo of M31 has recently been reported. Although other
explanations are plausible, the possibility that it arises from dark matter (DM) is valid. In this work we
interpret the excess in the framework of DM annihilation, using as our representative case WIMP DM
annihilating to bottom quarks, and we perform a detailed study of the systematic uncertainty in the J-factor
for the M31 field. We find that the signal favors a DM particle with a mass of ∼45–72 GeV. While the mass
is well constrained, the systematic uncertainty in the cross section spans 3 orders of magnitude, ranging
from ∼5 × 10−27–5 × 10−24 cm3 s−1. This high uncertainty is due to two main factors, namely, an
uncertainty in the substructure nature and geometry of the DM halos for both M31 and the Milky Way
(MW), and correspondingly, an uncertainty in the contribution to the signal from the MW’s DM halo along
the line of sight. However, under the conditions that the minimum subhalo mass is ≲10−6 M⊙ and the
actual contribution from the MW’s DM halo along the line of sight is at least ∼30% of its total value, we
show that there is a large overlap with the DM interpretations of both the Galactic center (GC) excess and
the antiproton excess, while also being compatible with the limits for the MW dwarf spheroidals. More
generally, we summarize the results from numerous complementary DM searches in the energy range
10 GeV–300 GeV corresponding to the GC excess and identify a region in parameter space that still
remains viable for discovery of the DM particle.

DOI: 10.1103/PhysRevD.103.023027

I. INTRODUCTION

Observational evidence for dark matter (DM) in M31
comes from measurements of its rotational velocity curve
[1–5]. These observations provide coarse-grained proper-
ties of the DM distribution near the central regions of the
halo where the galaxy resides. With the existing data, the
fine-grained structure of DM and its distribution outside of
the galaxy is primarily inferred from simulated halos.
Within the standard cosmological paradigm, M31’s DM
halo is expected to extend well beyond the galactic disk,
and it is also expected to contain a large amount of
substructure. However, there is currently a high level of
uncertainty regarding the exact nature of the halo proper-
ties, i.e., the geometry, extent, and substructure content,
especially on galactic scales [6–32].
Due to its mass and proximity, the detection sensitivity of

M31 to DM searches with γ-rays is competitive with the

Milky Way (MW) dwarf spheroidal galaxies, particularly if
the signal is sufficiently boosted by substructures [33–38].
Moreover, M31 is predicted to be the brightest extragalactic
source of DM annihilation [39,40].
A detailed study of the γ-ray emission observed toward

M31’s outer halo has recently been made in Ref. [32]. In
that study evidence is found for an excess signal that
appears to be distinct from the conventional MW fore-
ground, having a total radial extension upwards of
∼120–200 kpc from the center of M31. One possible
explanation for the signal is that it arises from cosmic rays
(CRs) which have escaped the galactic disk and are
interacting with the gas of M31’s circumgalactic medium
[41]. However, the spectral properties of the observed
emission do not seem to be consistent with standard CR
scenarios [32]. The other main physical interpretation is
that the signal arises from DM, which is thought to be the
dominant component in the outer regions of the galaxy.
γ-ray emission from M31’s inner galaxy has also been

detected, but the exact nature of the emission still remains
an open question, as the morphology of the signal does not
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• Big picture of the MW-M31 System 
• Fermi-LAT observations toward M31’s outer halo 
• Dark matter interpretation 
• Summary and Conclusion
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• The gamma-ray emission from M31’s inner galaxy is not found to be correlated with 
regions rich in gas or star-formation activity. 
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M31’s Inner GalaxyThe M31-MW Field

observed. The emission can be seen to extend continuously
along M31ʼs major axis in the northeast13 direction, which then
continues to extend upward until blending with the bright
emission of the MW plane. This feature is lopsided, as the
southwest side shows a more distinct cutoff away from the
inner galaxy. The large arc feature observed in the residuals is
also clearly visible in the emission.

We have found that the M31-related components are roughly
consistent with arising from DM annihilation. Because there is
still a high level of uncertainty regarding the actual nature of
DM, especially on galactic scales, we cannot rule out the
possibility that the smooth residual emission may in fact have a
DM origin. The same also applies for some of the structured
emission in FM31. Therefore, we consider the main tracers of
M31ʼs outer disk and halo, as these are some of the few
observational handles available when searching for a DM
signal from the outer regions of the M31 system.

In Figure 36, we overlay the boundaries for the M31 inner
galaxy (solid cyan circle) and spherical halo (dashed black
circle) components. We also overlay the M31 disk, the M31
cloud (Blitz et al. 1999; Kerp et al. 2016), M33, Wright’s cloud
(Wright 1979), M31ʼs population of globular clusters (Galleti
et al. 2004; Huxor et al. 2008; Mackey et al. 2010; Peacock
et al. 2010; Huxor et al. 2014; Veljanoski et al. 2014), M31ʼs
population of satellite galaxies (McConnachie 2012; Collins
et al. 2013; Ibata et al. 2013; Martin et al. 2013; Pawlowski
et al. 2013), and clouds of Complex H (Hulsbosch 1975;
Blitz et al. 1999; Lockman 2003; Simon et al. 2006). The
spherical halo component is found to enclose 61% (22/36) of
M31ʼs dwarf galaxy population, which increases to 72% (26/
36) if including the dwarfs that are within ∼1° of the spherical
halo boundary. We stress that this is only done as a qualitative
gauge of M31ʼs outer halo. We do not expect these systems to
outshine the local MW emission. In particular, we do not
expect to detect the individual M31 dwarfs, as they are mostly
undetected in the MW. We also do not expect to detect the
individual globular clusters. We do note, however, that we find
features in the data that are positionally coincident with some

Figure 34. Residual maps showing the structured emission integrated in the energy range 1–100 GeV. The color scale corresponds to counts/pixel, and the pixel size
is 0°. 2×0°. 2. The images are smoothed using a 1° Gaussian kernel. This value corresponds to the PSF (68% containment angle) of Fermi-LAT, which is ∼1° at
1 GeV. Maps are shown in the cubehelix color scheme (Green 2011). In the top row, contours for the IRIS 100 μm map of M31 are overlaid, and three zoom levels
(2°, 7°, full field) centered at M31 are shown. The white circle (1°) shows the position of M33. The bottom row shows two zoom levels (1°, 3°) centered at M33, and
the H I integrated intensity map (units of K) of M33 is overlaid. In the third panel, we show the M31 zoom 0 map, rescaled in order to provide a sense of the relative
intensity toward the MW disk. We stress that these maps have not subtracted any Galactic H I-related emission.

13 For M31-related directions, north points up and east points to the left.
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• Detection of M33: 
Xi+20 and Ajello+20 
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of these tracers, and most prominently with the M31 cloud.
Further investigation is left for a follow-up study.

6. Summary, Discussion, and Conclusion

The goal of this work is to search for extended γ-ray
emission originating beyond the galactic disk of M31, and to
examine the implications for CRs and DM. There are two
primary motivations for this search. First, CR interactions with
M31ʼs circumgalactic medium and/or stellar halo could
generate a detectable signal in γ-rays. Second, M31ʼs DM
halo has a large extension on the sky and could produce a
detectable signal within currently allowed DM scenarios, which
would be complementary to other targets—and specifically, to
the Galactic center. Our primary field of interest (FM31) is a
28°×28° square region, which amounts to a projected radius
of ∼200 kpc from the center of M31. Our study complements
previously published results on M31(Abdo et al. 2010;
Ögelman et al. 2011; Pshirkov et al. 2016a, 2016b; Ackermann
et al. 2017a) and is the first to explore the farthest reaches of the
M31 system in γ-rays.

Because of the extended nature of the signal we are
investigating, modeling the bright foreground of the MW is
the greatest challenge in performing this analysis. The IEM
provided by the FSSC cannot be used as a primary foreground
model for this study, as it is not intended for the analysis of
extended sources (see footnote 5) (Acero et al. 2016). We
construct specialized IEMs for the analysis of FM31 by
employing the CR propagation code GALPROP, including a
self-consistent determination of the isotropic component.
Additionally, we use a template approach to account for
inaccuracies in the foreground model relating to the neutral gas
along the line of sight.

The parameters of the GALPROP model are tuned to the
measured LIS of CRs, including the latest AMS-02 measure-
ments. We have adopted the best-fit parameters from the tuning
procedure performed in Boschini et al. (2017, 2018a), where
GALPROP and HelMod are implemented in an iterative manner,
thereby accounting for solar modulation in a physically motivated
way when fitting to the local CR measurements.

The total IEM consists of individual components for
π0-decay, IC, and Bremsstrahlung, and the components are
defined in Galactocentric annuli. In total, there are eight annuli;

for FM31, however, only annulus 5 (the local annulus) and
beyond contribute to the foreground emission. FM31 has a
significant emission associated with H I gas, but there is very
little emission from H2 gas. A uniform spin temperature of
150 K is assumed for the baseline IEM. The foreground
emission from H II and Bremsstrahlung are subdominant. Our
model also accounts for the DNM. The anisotropic formalism
is employed for the calculation of the IC component. To model
the point sources in the region, we employ the 3FGL as a
starting point, and because of the larger statistics of our data
set, we account for additional point sources self-consistently
with the M31 IEM by implementing a point source-finding
procedure, which is based on a wavelet transform algorithm.

Figure 36. The structured γ-ray emission in FM31 is overlaid with some M31-
related objects observed at other wavelengths. We stress that this is only done
as a qualitative gauge of M31ʼs outer halo. In the figure we have not subtracted
any Galactic H I-related emission, and we do not expect the M31-related
observations to outshine the MW emission, as discussed in the text. Contours
for the IRIS 100 μm map of M31 are overlaid. The solid cyan circle (0°. 4)
shows the boundary of the FM31 inner galaxy component, and the black
dashed circle (8°. 5) shows the outer boundary of the FM31 spherical halo
component, as detailed in Section 3.4. Overlaid are H I emission contours from
the HI4PI all-sky survey based on EBHIS and GASS (Bekhti et al. 2016),
integrated over the velocity range −600 km s−1�VLSR�−95 km s−1.
M31ʼs confirmed globular clusters are shown with black stars. M31ʼs
population of dwarf galaxies is shown with open black triangles. The M31
cloud can be seen (albeit obscured by globular clusters). We note the
serendipitous enclosure by the spherical halo of the M31 cloud, as well as a
majority of M31ʼs globular cluster population and dwarf galaxies. H I contours
corresponding to M33 can be seen in the lower-left corner. The hook-shaped
gas cloud to the right of M33 is Wright’s cloud. The red gas contours toward
the top of the map are clouds of Complex H. The black H I contours toward the
top of the field correspond to the plane of the MW, and likewise for the bright
(white) γ-ray emission. To the far right of the field, a bright arm of emission
extends to higher latitudes. Although not considered when making the overlay,
the M31-related observations can be seen to trace the left boundary of the arm.
This may be an observational bias, due to foreground gas and dust. We stress
that these maps have not subtracted any Galactic H I-related emission.

Figure 35. Pixel distribution of the smoothed residual map (1 GeV–100 GeV)
after removing the H I-related components, as shown in Figure 34. The yellow
dashed lines are at 0 and 4 counts.
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An accretion origin for M31 outer halo globular clusters 3

Figure 1. First-semester PAndAS map of the spatial density of stellar sources possessing luminosities and colours consistent with being metal-poor red-giant
branch stars ([Fe/H]! −1.4) in the M31 halo (McConnachie et al. 2009). The two dashed circles, representing Rp = 30 and 130 kpc, indicate the vast scale of the
survey. Our globular cluster sample is overlaid, marked by red points (compact clusters) and blue points (extended clusters). Objects outside the PAndAS area
are from our previous survey work. Major halo substructres are labelled (see text for details); region (1) indicates the ill-defined major-axis feature and nearby
overdensities to the east and north, while (2) marks the inner western cluster group. The lower panel shows 1′ × 1′ PAndAS i-band thumbnails for ten of our
globular clusters spanning 30 ! Rp ! 120 kpc and a wide variety of sizes and luminosities. The lower right-most two are good examples of extended clusters.

Mackey+10

Martin+13

Spherical Halo 
R = 0.4 - 8.5 deg 

~120 kpc extension
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• M31 harbors a massive dark matter (DM) halo which may span up to ~600 kpc across and comprises ~90% of the 
galaxy's total mass.  

• This halo size translates into a large diameter of 42º on the sky for an M31-Milky Way (MW) distance of 785 kpc, but its 
presumably low surface brightness makes it challenging to detect with gamma-ray telescopes. 

• The entire M31 DM halo is seen from the outside, so we see the extended integral signal. For the MW we see through the 
halo, so it can be easily confused with diffuse components. 

• Line of sight ostensibly includes:                                                                                                                                       
M31 DM halo + secondary M31 emission + local DM filament between M31 and MW + MW DM halo. 

The big picture (illustrative)

MW-M31-Like Pairs (for example) from Garrison-Kimmel et al. 2018 (link)

Evidence for a 
Local Hot Bridge 
towards M31: 
Qu+21

https://arxiv.org/pdf/1806.04143.pdf


Fermi-LAT Observations
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• Data: 7.6 years (2008-08-04 to 2016-03-16) 
• Full ROI is a 60º radius centered at the position of M31 
• Energy range: 1-100 GeV in 20 bins logarithmically spaced 
• left: full count range. right: saturated counts, emphasizing lower counts at high latitudes.  
• Dashed green circle (21º in radius) corresponds to a 300 kpc projected radius, for an M31-MW distance of 785 kpc 
• M31 and M33 are shown with cyan triangles, and the rest of M31’s dwarf galaxy population are shown with small 

green circles.

Karwin+19, ApJ, 880, 95.



A Systematic Excess 

• We perform 9 main variations of the fit, using 3 different IEMs. 
• We conclude that a systematic excess is present between ~3-20 GeV at the level of ~3-5%. 
• Our analysis shows that the characterization of the HI-related emission along the line of sight is a significant 

systematic uncertainty for observations towards M31’s outer halo. All models we have tested use similar underlying HI 
maps. This will be fully addressed in a forthcoming work.

10
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The M31 SystemThe M31 System

• We characterize the M31 system with three concentric templates. 
• Inner galaxy (IG): 0.4 degree disk. 
• Spherical halo (SH): ring from 0.4 - 8.5 degree, corresponding to a projected radius of ~120 kpc. 
• Far outer halo (FOH): extending from 8.5 degrees, covering the remaining field.
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resulting from the baseline fit with the arc north and south
templates. The excess can be seen for both the spherical halo
and far outer halo regions. For the spherical halo region, the
excess appears to be more prominent in the north compared to
the south, although it is present in both. For the far outer halo
region, the excess is prominent in the north, whereas the
residuals in the south are fairly flat.

We quantify the symmetry of the residual emission by fitting
templates for the different regions simultaneously with the
other components of the IEM. The M31-related components
include the inner galaxy and the northern and southern regions
of the spherical halo and far outer halo (five components in
total). Each component is given a PLEXP spectral model, and
the spectral parameters are allowed to vary independently
(although the components are fit simultaneously). The fit also
includes the arc north and south components. Last, we scale the
diffuse components and point sources in the standard way.

The resulting spectra for the northern and southern regions of
the spherical halo and far outer halo are shown in Figure 31.
For reference, we also overlay the spectra for the full M31-
related components (from Figure 28). The spectra for the arc
components are very similar to the results shown in Figure 28,
so we do not show them here. The corresponding best-fit
parameters for the halo components are reported in Table 13.
All components are significantly detected (with a signifi-
cance >5σ).
The spherical halo region is slightly brighter in the north

than in the south. The best-fit spectra for the two components
have similar spectral shapes and are qualitatively consistent
with that of the full template. We note that we have elected to
define north and south with respect to the plane of the MW.
However, if the spherical halo component is, in fact, physically
associated with the M31-system, then it may be just as well to
cut the two halves with respect to the major axis of M31 (38°),

Figure 30. The fractional count residuals calculated over the different spatial regions corresponding to the spherical halo and far outer halo components, as indicated
above each plot. Note that these are the residuals before adding the M31-related components, and they correspond to the spatial residuals shown in Figure 24, resulting
from the baseline fit with the arc north and south templates. The goal here is to further examine the symmetry of the residual emission associated with the M31-related
components. We consider the northern and southern regions of the templates, where the cut is made at the midpoint of FM31 along the horizontal direction (parallel to
the Galactic plane), corresponding to a latitude of −21°. 5. The first column shows the residuals calculated over the entire region, for the spherical halo and far outer
halo, respectively. The second column shows the residuals in the north, and the third column shows the residuals in the south.

Figure 31. The best-fit spectra resulting from the symmetry test fit, where the spherical halo and far outer halo templates are divided into north and south components,
and the spectral parameters for each component are allowed to vary independently. The cut is made at the midpoint of FM31 along the horizontal direction (parallel to
the Galactic plane), corresponding to a latitude of −21°. 5. The northern components are shown with square markers, and the southern components are shown with
circle markers. Downward-pointing triangles give upper limits. Also overlaid are the spectra for the full component fit (with arc north and south), as shown in
Figure 28.

25
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• We characterize the M31 system with three concentric templates. 
• Inner galaxy (IG): 0.4 degree disk. 
• Spherical halo (SH): ring from 0.4 - 8.5 degree, corresponding to a projected radius of ~120 kpc. 
• Far outer halo (FOH): extending from 8.5 degrees, covering the remaining field.
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FIG. 3. Left panel: ��2 profile for the three di↵erent fit variations: spherical halo (SH): solid black curve; spherical halo
north (SHN): dash-dot turquoise curve; spherical halo south (SHS): dashed grey curve. The light grey dotted lines show the
1, 2, and 3 sigma contour levels, for 1 degree of freedom. Right panel: Best-fit spectra overlaid to the corresponding data.
Arrows give the 1� upper limits.

MW extended halo is not explicitly accounted for. Some1

of the MW halo component would likely be contained in2

the isotropic component, as well as the other components3

of the IEM; however, it is unclear the extent to which a4

MW halo component would be absorbed, partly due to5

the fact that it in large part depends on the actual halo6

geometry and substructure content in the direction of the7

M31 field. Thus the spectra for the M31-related compo-8

nents from Ref. [32] contain the total excess emission9

along the line of sight, which may also include some sig-10

nificant contribution from the MW’s extended DM halo.11

This is taken into account in our J-factor calculations.12

B. Dark Matter Fit13

As our representative model we consider DM annihila-14

tion into bottom quarks. The DM spectra1 are obtained15

from PPCC 4 DM ID [68, 69], and they include elec-16

troweak corrections. We scan DM masses from 10 GeV17

to 280 GeV, using a 10 GeV spacing.18

The �-ray flux for DM annihilation is given by19

d�

dE
=

< �fv >

4⇡⌘m2
�

dN
f
�

dE
J, (1)

where < �fv > is the velocity averaged annihilation20

cross-section for final state f , m� is the DM mass, ⌘ = 221

(4) for self-conjugate (non-self-conjugate) DM, dNf
� /dE22

is the number of �-ray photons for annihilation into final23

state f , and J is the astrophysical J-factor, which will be24

discussed in Section IVC. In general Eq. (1) is summed25

over all final states f . In this analysis we use ⌘ = 2.26

1 available at http://www.marcocirelli.net/PPPC4DMID.html

Multiply each side of Eq. (1) by the energy squared
gives units of MeV cm�2 s�1:

E
2 d�

dE
=

< �fv >

4⇡⌘m2
�

(E2 dN
f
�

dE
)J.

To fit to the �-ray data we freely scale the quantity27

in parentheses by a normalization factor N , using a chi-28

squared fit. This then implies:29

N =
< �fv >

4⇡⌘m2
�

J. (2)

The M31 data contains upper limits which need to be30

accounted for in the fit procedure. For n measurements31

of xi with uncertainties �i and m upper limits with xj <32

n�j (nth confidence level), the chi-squared can be defined33

as [70, 71]34

�
2 =

nX

i

z
2
i �

mX

j

2ln
1 + erf(zj/

p
2)

2
, (3)

where35

zi =
xi � x̂i(✓)

�i
, (4)

and36

erf(x) =
2p
⇡

Z x

0
e
�t2

dt. (5)
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FIG. 3. Left panel: ��2 profile for the three di↵erent fit variations: spherical halo (SH): solid black curve; spherical halo
north (SHN): dash-dot turquoise curve; spherical halo south (SHS): dashed grey curve. The light grey dotted lines show the
1, 2, and 3 sigma contour levels, for 1 degree of freedom. Right panel: Best-fit spectra overlaid to the corresponding data.
Arrows give the 1� upper limits.
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DM Fit (Mass)

• The best-fit spectra are shown in the left plot. 
• The right plot shows the profile for the three different fit variations. The best-fit mass for the 

SH and SHN model is ~50 GeV. The best fit mass for the SHS model is ~60 GeV.  
• Dashed grey lines show the 1,2, and 3 sigma contours, for 1 degree of freedom.

χχ̄ → bb̄
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Ando 2015) and hence, the minimum mass is very uncertain,9 with
possible values within Mmin = 10−12–10−4 M". In what follows,
we set it to Mmin = 10−6 M".

The luminosity from DM annihilations in a halo or subhalo scales
as the third power of the concentration. Thus, the substructure boost
is very sensitive to the way the subhaloes’ internal structure is mod-
elled. Moreover, since smaller (sub)haloes possess larger concentra-
tions, and are much more numerous, they are expected to dominate
in the computation of the boost. However, as mentioned above, there
is a lack of simulations at small halo scales (see e.g. the right panel
of fig. 1 in Sánchez-Conde & Prada 2014) so only extrapolations
over many orders of magnitude in halo mass are possible.10 Some
works have simply extrapolated the power-law behaviour of the
concentration observed above the simulation resolution limit all the
way down to the minimum halo mass. However, these power-law
extrapolations to low masses, which tend to predict very large boost
factors (Pinzke et al. 2011; Gao et al. 2012), are at odds with recent
results on microhalo simulations (Ishiyama 2014) and are not ex-
pected either in the !CDM cosmological model (Prada et al. 2012;
Ng et al. 2014; Sánchez-Conde & Prada 2014). Indeed, a flattening
of the concentration towards low halo masses is naturally expected
in !CDM: halo concentration is set by the halo formation time,
which is nearly the same for a broad range of halo masses in the
low-mass regime as a consequence of the power spectrum of mat-
ter fluctuations. Therefore, the natal concentrations of these small
haloes are also expected to be nearly the same, and so they will be at
the current epoch. When taking into account the correct behaviour
of the concentration at small halo masses, moderate values of the
substructure boost factor are found (Ishiyama 2014; Sánchez-Conde
& Prada 2014).

3.2 Computation of the boost

Previous work has traditionally computed the substructure boost
to the DM annihilation signal by assuming the concentration of
subhaloes to be the same as the one of field haloes of the same
mass. This represents a fair first-order approximation but, as we
showed in the previous section, the subhalo concentrations can
differ substantially from that of field haloes. Here, we recomputed
the boost factor taking advantage of that gained from our studies
of subhalo internal properties. We note that, in principle, the self-
similarity of halo hierarchy implies that one should consider several
levels of substructure in the calculation of the boost. Nevertheless, as
has been shown (Strigari et al. 2007; Martinez et al. 2009; Sánchez-
Conde & Prada 2014), only counting down to the second level (i.e.
sub-substructure) is necessary in practice.

9 In the case of subhaloes, additional violent processes might be also at work
during their accretion and merging into larger haloes that could significantly
alter the subhalo survival probability and set, in practice, a minimum subhalo
mass at present time different to that of host haloes (see e.g. Berezinsky,
Dokuchaev & Eroshenko 2006; Goerdt et al. 2007; Zhao et al. 2007).
10 We note that the field microhalo concentration results by Ishiyama (2014),
although outstanding and extremely important in this context, were obtained
at very high redshifts, so extrapolations of such concentrations down to the
present time were performed in fig. 1 of Sánchez-Conde & Prada (2014).
Thus, strictly speaking, we still lack simulations that track the formation
and evolution of the smallest haloes all the way down to z = 0.

The substructure boost factor, B(M), is given by (Strigari
et al. 2007; Kuhlen et al. 2008)11

B(M) = 4 π R3
200

Lsmooth(M)

∫ M

Mmin

dm

∫ 1

0
dxsub

×dn(m, xsub)
dm

L(m, xsub) x2
sub, (10)

where Lsmooth(M) is the luminosity from the smooth DM distribu-
tion (no substructures) of a halo of mass M, L(m, xsub) is the lumi-
nosity of a subhalo of mass m at a distance Rsub (xsub = Rsub/R200)
from the centre of the host halo and dn(m, xsub)/dm is the subhalo
mass function per unit of volume. Defined in this way, a boost factor
B = 0 represents the case of no substructure.

The luminosity of a field halo of mass M from the smooth distri-
bution, Lsmooth(M), is defined as

Lsmooth(M) ≡
∫ R200

0
ρ2

host(r) 4 π r2 dr

= M ch
200(M)3

[
f (ch

200(M))
]2

200 ρc

9

(
1 − 1

(1 + ch
200(M))3

)
,

(11)

where in the last step we have assumed an NFW profile and for
haloes, we use the parametrization for the concentration parameter
from Prada et al. (2012) using the fit obtained in Sánchez-Conde &
Prada (2014).

With this at hand, the luminosity of a subhalo of mass m at a
distance Rsub from the centre of the host halo, L(m, xsub), is defined
as

L(m, xsub) = [1 + B(m, xsub)]Lsmooth(m, xsub), (12)

where now Lsmooth(m, xsub) is the luminosity for the smooth distri-
bution of the given subhalo and B(m, xsub) is the boost factor due
to the next level of substructure. The luminosity of a subhalo (sub-
subhalo) is given by the same functional form as that of a field halo,
but including the dependence of the concentration parameter on the
position of the subhalo (sub-subhalo) inside the host halo (subhalo).

In addition to the mentioned dependencies, we note that subhaloes
are not homogeneously distributed within the host halo (Springel
et al. 2008; Hellwing et al. 2016; Rodrı́guez-Puebla et al. 2016).
However, by using a similar radial distribution as that in Springel
et al. (2008) and Hellwing et al. (2016), we have checked that
the precise spatial distribution of subhaloes inside haloes has only
a relatively small impact on our results (∼20 per cent when tidal
stripping is not considered and smaller than 10 per cent for the re-
alistic case when tidal stripping is taken into account, see below).
Therefore, for the sake of comparison with previous works, we do
not include this dependence here and postpone its discussion to
future work. By assuming that the subhalo mass function does not

11 Note that this is not the boost factor for a solid angle along a given line
of sight in our Milky Way, but it is the boost factor for haloes that are
fully contained within the solid angle of observation and thus, are relatively
distant from us. Moreover, it is well known that subhalo mass functions
have an exponential cut-off at high masses. However, due to the steep fall
of the subhalo mass function with mass, the precise value of the cut-off at
the high-mass end has very little impact on our results. The correction due
to cutting the integral at 10 per cent of the host halo mass is at the percent
level or below (being larger for smaller haloes). The same arguments apply
for the subhalo Vmax function described below.
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Ando 2015) and hence, the minimum mass is very uncertain,9 with
possible values within Mmin = 10−12–10−4 M". In what follows,
we set it to Mmin = 10−6 M".

The luminosity from DM annihilations in a halo or subhalo scales
as the third power of the concentration. Thus, the substructure boost
is very sensitive to the way the subhaloes’ internal structure is mod-
elled. Moreover, since smaller (sub)haloes possess larger concentra-
tions, and are much more numerous, they are expected to dominate
in the computation of the boost. However, as mentioned above, there
is a lack of simulations at small halo scales (see e.g. the right panel
of fig. 1 in Sánchez-Conde & Prada 2014) so only extrapolations
over many orders of magnitude in halo mass are possible.10 Some
works have simply extrapolated the power-law behaviour of the
concentration observed above the simulation resolution limit all the
way down to the minimum halo mass. However, these power-law
extrapolations to low masses, which tend to predict very large boost
factors (Pinzke et al. 2011; Gao et al. 2012), are at odds with recent
results on microhalo simulations (Ishiyama 2014) and are not ex-
pected either in the !CDM cosmological model (Prada et al. 2012;
Ng et al. 2014; Sánchez-Conde & Prada 2014). Indeed, a flattening
of the concentration towards low halo masses is naturally expected
in !CDM: halo concentration is set by the halo formation time,
which is nearly the same for a broad range of halo masses in the
low-mass regime as a consequence of the power spectrum of mat-
ter fluctuations. Therefore, the natal concentrations of these small
haloes are also expected to be nearly the same, and so they will be at
the current epoch. When taking into account the correct behaviour
of the concentration at small halo masses, moderate values of the
substructure boost factor are found (Ishiyama 2014; Sánchez-Conde
& Prada 2014).

3.2 Computation of the boost

Previous work has traditionally computed the substructure boost
to the DM annihilation signal by assuming the concentration of
subhaloes to be the same as the one of field haloes of the same
mass. This represents a fair first-order approximation but, as we
showed in the previous section, the subhalo concentrations can
differ substantially from that of field haloes. Here, we recomputed
the boost factor taking advantage of that gained from our studies
of subhalo internal properties. We note that, in principle, the self-
similarity of halo hierarchy implies that one should consider several
levels of substructure in the calculation of the boost. Nevertheless, as
has been shown (Strigari et al. 2007; Martinez et al. 2009; Sánchez-
Conde & Prada 2014), only counting down to the second level (i.e.
sub-substructure) is necessary in practice.

9 In the case of subhaloes, additional violent processes might be also at work
during their accretion and merging into larger haloes that could significantly
alter the subhalo survival probability and set, in practice, a minimum subhalo
mass at present time different to that of host haloes (see e.g. Berezinsky,
Dokuchaev & Eroshenko 2006; Goerdt et al. 2007; Zhao et al. 2007).
10 We note that the field microhalo concentration results by Ishiyama (2014),
although outstanding and extremely important in this context, were obtained
at very high redshifts, so extrapolations of such concentrations down to the
present time were performed in fig. 1 of Sánchez-Conde & Prada (2014).
Thus, strictly speaking, we still lack simulations that track the formation
and evolution of the smallest haloes all the way down to z = 0.

The substructure boost factor, B(M), is given by (Strigari
et al. 2007; Kuhlen et al. 2008)11
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where Lsmooth(M) is the luminosity from the smooth DM distribu-
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mass function per unit of volume. Defined in this way, a boost factor
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where in the last step we have assumed an NFW profile and for
haloes, we use the parametrization for the concentration parameter
from Prada et al. (2012) using the fit obtained in Sánchez-Conde &
Prada (2014).

With this at hand, the luminosity of a subhalo of mass m at a
distance Rsub from the centre of the host halo, L(m, xsub), is defined
as

L(m, xsub) = [1 + B(m, xsub)]Lsmooth(m, xsub), (12)

where now Lsmooth(m, xsub) is the luminosity for the smooth distri-
bution of the given subhalo and B(m, xsub) is the boost factor due
to the next level of substructure. The luminosity of a subhalo (sub-
subhalo) is given by the same functional form as that of a field halo,
but including the dependence of the concentration parameter on the
position of the subhalo (sub-subhalo) inside the host halo (subhalo).

In addition to the mentioned dependencies, we note that subhaloes
are not homogeneously distributed within the host halo (Springel
et al. 2008; Hellwing et al. 2016; Rodrı́guez-Puebla et al. 2016).
However, by using a similar radial distribution as that in Springel
et al. (2008) and Hellwing et al. (2016), we have checked that
the precise spatial distribution of subhaloes inside haloes has only
a relatively small impact on our results (∼20 per cent when tidal
stripping is not considered and smaller than 10 per cent for the re-
alistic case when tidal stripping is taken into account, see below).
Therefore, for the sake of comparison with previous works, we do
not include this dependence here and postpone its discussion to
future work. By assuming that the subhalo mass function does not

11 Note that this is not the boost factor for a solid angle along a given line
of sight in our Milky Way, but it is the boost factor for haloes that are
fully contained within the solid angle of observation and thus, are relatively
distant from us. Moreover, it is well known that subhalo mass functions
have an exponential cut-off at high masses. However, due to the steep fall
of the subhalo mass function with mass, the precise value of the cut-off at
the high-mass end has very little impact on our results. The correction due
to cutting the integral at 10 per cent of the host halo mass is at the percent
level or below (being larger for smaller haloes). The same arguments apply
for the subhalo Vmax function described below.
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Ando 2015) and hence, the minimum mass is very uncertain,9 with
possible values within Mmin = 10−12–10−4 M". In what follows,
we set it to Mmin = 10−6 M".

The luminosity from DM annihilations in a halo or subhalo scales
as the third power of the concentration. Thus, the substructure boost
is very sensitive to the way the subhaloes’ internal structure is mod-
elled. Moreover, since smaller (sub)haloes possess larger concentra-
tions, and are much more numerous, they are expected to dominate
in the computation of the boost. However, as mentioned above, there
is a lack of simulations at small halo scales (see e.g. the right panel
of fig. 1 in Sánchez-Conde & Prada 2014) so only extrapolations
over many orders of magnitude in halo mass are possible.10 Some
works have simply extrapolated the power-law behaviour of the
concentration observed above the simulation resolution limit all the
way down to the minimum halo mass. However, these power-law
extrapolations to low masses, which tend to predict very large boost
factors (Pinzke et al. 2011; Gao et al. 2012), are at odds with recent
results on microhalo simulations (Ishiyama 2014) and are not ex-
pected either in the !CDM cosmological model (Prada et al. 2012;
Ng et al. 2014; Sánchez-Conde & Prada 2014). Indeed, a flattening
of the concentration towards low halo masses is naturally expected
in !CDM: halo concentration is set by the halo formation time,
which is nearly the same for a broad range of halo masses in the
low-mass regime as a consequence of the power spectrum of mat-
ter fluctuations. Therefore, the natal concentrations of these small
haloes are also expected to be nearly the same, and so they will be at
the current epoch. When taking into account the correct behaviour
of the concentration at small halo masses, moderate values of the
substructure boost factor are found (Ishiyama 2014; Sánchez-Conde
& Prada 2014).

3.2 Computation of the boost

Previous work has traditionally computed the substructure boost
to the DM annihilation signal by assuming the concentration of
subhaloes to be the same as the one of field haloes of the same
mass. This represents a fair first-order approximation but, as we
showed in the previous section, the subhalo concentrations can
differ substantially from that of field haloes. Here, we recomputed
the boost factor taking advantage of that gained from our studies
of subhalo internal properties. We note that, in principle, the self-
similarity of halo hierarchy implies that one should consider several
levels of substructure in the calculation of the boost. Nevertheless, as
has been shown (Strigari et al. 2007; Martinez et al. 2009; Sánchez-
Conde & Prada 2014), only counting down to the second level (i.e.
sub-substructure) is necessary in practice.

9 In the case of subhaloes, additional violent processes might be also at work
during their accretion and merging into larger haloes that could significantly
alter the subhalo survival probability and set, in practice, a minimum subhalo
mass at present time different to that of host haloes (see e.g. Berezinsky,
Dokuchaev & Eroshenko 2006; Goerdt et al. 2007; Zhao et al. 2007).
10 We note that the field microhalo concentration results by Ishiyama (2014),
although outstanding and extremely important in this context, were obtained
at very high redshifts, so extrapolations of such concentrations down to the
present time were performed in fig. 1 of Sánchez-Conde & Prada (2014).
Thus, strictly speaking, we still lack simulations that track the formation
and evolution of the smallest haloes all the way down to z = 0.

The substructure boost factor, B(M), is given by (Strigari
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nosity of a subhalo of mass m at a distance Rsub (xsub = Rsub/R200)
from the centre of the host halo and dn(m, xsub)/dm is the subhalo
mass function per unit of volume. Defined in this way, a boost factor
B = 0 represents the case of no substructure.
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where in the last step we have assumed an NFW profile and for
haloes, we use the parametrization for the concentration parameter
from Prada et al. (2012) using the fit obtained in Sánchez-Conde &
Prada (2014).

With this at hand, the luminosity of a subhalo of mass m at a
distance Rsub from the centre of the host halo, L(m, xsub), is defined
as

L(m, xsub) = [1 + B(m, xsub)]Lsmooth(m, xsub), (12)

where now Lsmooth(m, xsub) is the luminosity for the smooth distri-
bution of the given subhalo and B(m, xsub) is the boost factor due
to the next level of substructure. The luminosity of a subhalo (sub-
subhalo) is given by the same functional form as that of a field halo,
but including the dependence of the concentration parameter on the
position of the subhalo (sub-subhalo) inside the host halo (subhalo).

In addition to the mentioned dependencies, we note that subhaloes
are not homogeneously distributed within the host halo (Springel
et al. 2008; Hellwing et al. 2016; Rodrı́guez-Puebla et al. 2016).
However, by using a similar radial distribution as that in Springel
et al. (2008) and Hellwing et al. (2016), we have checked that
the precise spatial distribution of subhaloes inside haloes has only
a relatively small impact on our results (∼20 per cent when tidal
stripping is not considered and smaller than 10 per cent for the re-
alistic case when tidal stripping is taken into account, see below).
Therefore, for the sake of comparison with previous works, we do
not include this dependence here and postpone its discussion to
future work. By assuming that the subhalo mass function does not

11 Note that this is not the boost factor for a solid angle along a given line
of sight in our Milky Way, but it is the boost factor for haloes that are
fully contained within the solid angle of observation and thus, are relatively
distant from us. Moreover, it is well known that subhalo mass functions
have an exponential cut-off at high masses. However, due to the steep fall
of the subhalo mass function with mass, the precise value of the cut-off at
the high-mass end has very little impact on our results. The correction due
to cutting the integral at 10 per cent of the host halo mass is at the percent
level or below (being larger for smaller haloes). The same arguments apply
for the subhalo Vmax function described below.
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The main parameters for the boost factor: 
• minimum subhalo mass: 1e-6 - 1e6 M_sun 
• subhalo mass function (index; normalization): 1.9, 

2.0; 0.12, 0.35. 
• mass-concentration relationship: Moline+17 
• mass distribution of subhalos: same as main halo 

(NFW and Einasto) 
• distribution of subhalos in main halo: same as main 

halo (NFW and Einasto) 
• We consider 2 levels of substructure. 
• Total boost factor ranges from ~1.5-26

*J-factors are calculated with CLUMPY
(Moline+17)
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tions, and are much more numerous, they are expected to dominate
in the computation of the boost. However, as mentioned above, there
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of fig. 1 in Sánchez-Conde & Prada 2014) so only extrapolations
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way down to the minimum halo mass. However, these power-law
extrapolations to low masses, which tend to predict very large boost
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which is nearly the same for a broad range of halo masses in the
low-mass regime as a consequence of the power spectrum of mat-
ter fluctuations. Therefore, the natal concentrations of these small
haloes are also expected to be nearly the same, and so they will be at
the current epoch. When taking into account the correct behaviour
of the concentration at small halo masses, moderate values of the
substructure boost factor are found (Ishiyama 2014; Sánchez-Conde
& Prada 2014).
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to the DM annihilation signal by assuming the concentration of
subhaloes to be the same as the one of field haloes of the same
mass. This represents a fair first-order approximation but, as we
showed in the previous section, the subhalo concentrations can
differ substantially from that of field haloes. Here, we recomputed
the boost factor taking advantage of that gained from our studies
of subhalo internal properties. We note that, in principle, the self-
similarity of halo hierarchy implies that one should consider several
levels of substructure in the calculation of the boost. Nevertheless, as
has been shown (Strigari et al. 2007; Martinez et al. 2009; Sánchez-
Conde & Prada 2014), only counting down to the second level (i.e.
sub-substructure) is necessary in practice.

9 In the case of subhaloes, additional violent processes might be also at work
during their accretion and merging into larger haloes that could significantly
alter the subhalo survival probability and set, in practice, a minimum subhalo
mass at present time different to that of host haloes (see e.g. Berezinsky,
Dokuchaev & Eroshenko 2006; Goerdt et al. 2007; Zhao et al. 2007).
10 We note that the field microhalo concentration results by Ishiyama (2014),
although outstanding and extremely important in this context, were obtained
at very high redshifts, so extrapolations of such concentrations down to the
present time were performed in fig. 1 of Sánchez-Conde & Prada (2014).
Thus, strictly speaking, we still lack simulations that track the formation
and evolution of the smallest haloes all the way down to z = 0.

The substructure boost factor, B(M), is given by (Strigari
et al. 2007; Kuhlen et al. 2008)11

B(M) = 4 π R3
200

Lsmooth(M)
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where Lsmooth(M) is the luminosity from the smooth DM distribu-
tion (no substructures) of a halo of mass M, L(m, xsub) is the lumi-
nosity of a subhalo of mass m at a distance Rsub (xsub = Rsub/R200)
from the centre of the host halo and dn(m, xsub)/dm is the subhalo
mass function per unit of volume. Defined in this way, a boost factor
B = 0 represents the case of no substructure.

The luminosity of a field halo of mass M from the smooth distri-
bution, Lsmooth(M), is defined as

Lsmooth(M) ≡
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where in the last step we have assumed an NFW profile and for
haloes, we use the parametrization for the concentration parameter
from Prada et al. (2012) using the fit obtained in Sánchez-Conde &
Prada (2014).

With this at hand, the luminosity of a subhalo of mass m at a
distance Rsub from the centre of the host halo, L(m, xsub), is defined
as

L(m, xsub) = [1 + B(m, xsub)]Lsmooth(m, xsub), (12)

where now Lsmooth(m, xsub) is the luminosity for the smooth distri-
bution of the given subhalo and B(m, xsub) is the boost factor due
to the next level of substructure. The luminosity of a subhalo (sub-
subhalo) is given by the same functional form as that of a field halo,
but including the dependence of the concentration parameter on the
position of the subhalo (sub-subhalo) inside the host halo (subhalo).

In addition to the mentioned dependencies, we note that subhaloes
are not homogeneously distributed within the host halo (Springel
et al. 2008; Hellwing et al. 2016; Rodrı́guez-Puebla et al. 2016).
However, by using a similar radial distribution as that in Springel
et al. (2008) and Hellwing et al. (2016), we have checked that
the precise spatial distribution of subhaloes inside haloes has only
a relatively small impact on our results (∼20 per cent when tidal
stripping is not considered and smaller than 10 per cent for the re-
alistic case when tidal stripping is taken into account, see below).
Therefore, for the sake of comparison with previous works, we do
not include this dependence here and postpone its discussion to
future work. By assuming that the subhalo mass function does not

11 Note that this is not the boost factor for a solid angle along a given line
of sight in our Milky Way, but it is the boost factor for haloes that are
fully contained within the solid angle of observation and thus, are relatively
distant from us. Moreover, it is well known that subhalo mass functions
have an exponential cut-off at high masses. However, due to the steep fall
of the subhalo mass function with mass, the precise value of the cut-off at
the high-mass end has very little impact on our results. The correction due
to cutting the integral at 10 per cent of the host halo mass is at the percent
level or below (being larger for smaller haloes). The same arguments apply
for the subhalo Vmax function described below.
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Ando 2015) and hence, the minimum mass is very uncertain,9 with
possible values within Mmin = 10−12–10−4 M". In what follows,
we set it to Mmin = 10−6 M".

The luminosity from DM annihilations in a halo or subhalo scales
as the third power of the concentration. Thus, the substructure boost
is very sensitive to the way the subhaloes’ internal structure is mod-
elled. Moreover, since smaller (sub)haloes possess larger concentra-
tions, and are much more numerous, they are expected to dominate
in the computation of the boost. However, as mentioned above, there
is a lack of simulations at small halo scales (see e.g. the right panel
of fig. 1 in Sánchez-Conde & Prada 2014) so only extrapolations
over many orders of magnitude in halo mass are possible.10 Some
works have simply extrapolated the power-law behaviour of the
concentration observed above the simulation resolution limit all the
way down to the minimum halo mass. However, these power-law
extrapolations to low masses, which tend to predict very large boost
factors (Pinzke et al. 2011; Gao et al. 2012), are at odds with recent
results on microhalo simulations (Ishiyama 2014) and are not ex-
pected either in the !CDM cosmological model (Prada et al. 2012;
Ng et al. 2014; Sánchez-Conde & Prada 2014). Indeed, a flattening
of the concentration towards low halo masses is naturally expected
in !CDM: halo concentration is set by the halo formation time,
which is nearly the same for a broad range of halo masses in the
low-mass regime as a consequence of the power spectrum of mat-
ter fluctuations. Therefore, the natal concentrations of these small
haloes are also expected to be nearly the same, and so they will be at
the current epoch. When taking into account the correct behaviour
of the concentration at small halo masses, moderate values of the
substructure boost factor are found (Ishiyama 2014; Sánchez-Conde
& Prada 2014).

3.2 Computation of the boost

Previous work has traditionally computed the substructure boost
to the DM annihilation signal by assuming the concentration of
subhaloes to be the same as the one of field haloes of the same
mass. This represents a fair first-order approximation but, as we
showed in the previous section, the subhalo concentrations can
differ substantially from that of field haloes. Here, we recomputed
the boost factor taking advantage of that gained from our studies
of subhalo internal properties. We note that, in principle, the self-
similarity of halo hierarchy implies that one should consider several
levels of substructure in the calculation of the boost. Nevertheless, as
has been shown (Strigari et al. 2007; Martinez et al. 2009; Sánchez-
Conde & Prada 2014), only counting down to the second level (i.e.
sub-substructure) is necessary in practice.

9 In the case of subhaloes, additional violent processes might be also at work
during their accretion and merging into larger haloes that could significantly
alter the subhalo survival probability and set, in practice, a minimum subhalo
mass at present time different to that of host haloes (see e.g. Berezinsky,
Dokuchaev & Eroshenko 2006; Goerdt et al. 2007; Zhao et al. 2007).
10 We note that the field microhalo concentration results by Ishiyama (2014),
although outstanding and extremely important in this context, were obtained
at very high redshifts, so extrapolations of such concentrations down to the
present time were performed in fig. 1 of Sánchez-Conde & Prada (2014).
Thus, strictly speaking, we still lack simulations that track the formation
and evolution of the smallest haloes all the way down to z = 0.

The substructure boost factor, B(M), is given by (Strigari
et al. 2007; Kuhlen et al. 2008)11

B(M) = 4 π R3
200

Lsmooth(M)

∫ M

Mmin

dm

∫ 1

0
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×dn(m, xsub)
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L(m, xsub) x2
sub, (10)

where Lsmooth(M) is the luminosity from the smooth DM distribu-
tion (no substructures) of a halo of mass M, L(m, xsub) is the lumi-
nosity of a subhalo of mass m at a distance Rsub (xsub = Rsub/R200)
from the centre of the host halo and dn(m, xsub)/dm is the subhalo
mass function per unit of volume. Defined in this way, a boost factor
B = 0 represents the case of no substructure.

The luminosity of a field halo of mass M from the smooth distri-
bution, Lsmooth(M), is defined as

Lsmooth(M) ≡
∫ R200

0
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host(r) 4 π r2 dr
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where in the last step we have assumed an NFW profile and for
haloes, we use the parametrization for the concentration parameter
from Prada et al. (2012) using the fit obtained in Sánchez-Conde &
Prada (2014).

With this at hand, the luminosity of a subhalo of mass m at a
distance Rsub from the centre of the host halo, L(m, xsub), is defined
as

L(m, xsub) = [1 + B(m, xsub)]Lsmooth(m, xsub), (12)

where now Lsmooth(m, xsub) is the luminosity for the smooth distri-
bution of the given subhalo and B(m, xsub) is the boost factor due
to the next level of substructure. The luminosity of a subhalo (sub-
subhalo) is given by the same functional form as that of a field halo,
but including the dependence of the concentration parameter on the
position of the subhalo (sub-subhalo) inside the host halo (subhalo).

In addition to the mentioned dependencies, we note that subhaloes
are not homogeneously distributed within the host halo (Springel
et al. 2008; Hellwing et al. 2016; Rodrı́guez-Puebla et al. 2016).
However, by using a similar radial distribution as that in Springel
et al. (2008) and Hellwing et al. (2016), we have checked that
the precise spatial distribution of subhaloes inside haloes has only
a relatively small impact on our results (∼20 per cent when tidal
stripping is not considered and smaller than 10 per cent for the re-
alistic case when tidal stripping is taken into account, see below).
Therefore, for the sake of comparison with previous works, we do
not include this dependence here and postpone its discussion to
future work. By assuming that the subhalo mass function does not

11 Note that this is not the boost factor for a solid angle along a given line
of sight in our Milky Way, but it is the boost factor for haloes that are
fully contained within the solid angle of observation and thus, are relatively
distant from us. Moreover, it is well known that subhalo mass functions
have an exponential cut-off at high masses. However, due to the steep fall
of the subhalo mass function with mass, the precise value of the cut-off at
the high-mass end has very little impact on our results. The correction due
to cutting the integral at 10 per cent of the host halo mass is at the percent
level or below (being larger for smaller haloes). The same arguments apply
for the subhalo Vmax function described below.
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Ando 2015) and hence, the minimum mass is very uncertain,9 with
possible values within Mmin = 10−12–10−4 M". In what follows,
we set it to Mmin = 10−6 M".

The luminosity from DM annihilations in a halo or subhalo scales
as the third power of the concentration. Thus, the substructure boost
is very sensitive to the way the subhaloes’ internal structure is mod-
elled. Moreover, since smaller (sub)haloes possess larger concentra-
tions, and are much more numerous, they are expected to dominate
in the computation of the boost. However, as mentioned above, there
is a lack of simulations at small halo scales (see e.g. the right panel
of fig. 1 in Sánchez-Conde & Prada 2014) so only extrapolations
over many orders of magnitude in halo mass are possible.10 Some
works have simply extrapolated the power-law behaviour of the
concentration observed above the simulation resolution limit all the
way down to the minimum halo mass. However, these power-law
extrapolations to low masses, which tend to predict very large boost
factors (Pinzke et al. 2011; Gao et al. 2012), are at odds with recent
results on microhalo simulations (Ishiyama 2014) and are not ex-
pected either in the !CDM cosmological model (Prada et al. 2012;
Ng et al. 2014; Sánchez-Conde & Prada 2014). Indeed, a flattening
of the concentration towards low halo masses is naturally expected
in !CDM: halo concentration is set by the halo formation time,
which is nearly the same for a broad range of halo masses in the
low-mass regime as a consequence of the power spectrum of mat-
ter fluctuations. Therefore, the natal concentrations of these small
haloes are also expected to be nearly the same, and so they will be at
the current epoch. When taking into account the correct behaviour
of the concentration at small halo masses, moderate values of the
substructure boost factor are found (Ishiyama 2014; Sánchez-Conde
& Prada 2014).

3.2 Computation of the boost

Previous work has traditionally computed the substructure boost
to the DM annihilation signal by assuming the concentration of
subhaloes to be the same as the one of field haloes of the same
mass. This represents a fair first-order approximation but, as we
showed in the previous section, the subhalo concentrations can
differ substantially from that of field haloes. Here, we recomputed
the boost factor taking advantage of that gained from our studies
of subhalo internal properties. We note that, in principle, the self-
similarity of halo hierarchy implies that one should consider several
levels of substructure in the calculation of the boost. Nevertheless, as
has been shown (Strigari et al. 2007; Martinez et al. 2009; Sánchez-
Conde & Prada 2014), only counting down to the second level (i.e.
sub-substructure) is necessary in practice.

9 In the case of subhaloes, additional violent processes might be also at work
during their accretion and merging into larger haloes that could significantly
alter the subhalo survival probability and set, in practice, a minimum subhalo
mass at present time different to that of host haloes (see e.g. Berezinsky,
Dokuchaev & Eroshenko 2006; Goerdt et al. 2007; Zhao et al. 2007).
10 We note that the field microhalo concentration results by Ishiyama (2014),
although outstanding and extremely important in this context, were obtained
at very high redshifts, so extrapolations of such concentrations down to the
present time were performed in fig. 1 of Sánchez-Conde & Prada (2014).
Thus, strictly speaking, we still lack simulations that track the formation
and evolution of the smallest haloes all the way down to z = 0.

The substructure boost factor, B(M), is given by (Strigari
et al. 2007; Kuhlen et al. 2008)11

B(M) = 4 π R3
200

Lsmooth(M)

∫ M

Mmin

dm

∫ 1

0
dxsub

×dn(m, xsub)
dm

L(m, xsub) x2
sub, (10)

where Lsmooth(M) is the luminosity from the smooth DM distribu-
tion (no substructures) of a halo of mass M, L(m, xsub) is the lumi-
nosity of a subhalo of mass m at a distance Rsub (xsub = Rsub/R200)
from the centre of the host halo and dn(m, xsub)/dm is the subhalo
mass function per unit of volume. Defined in this way, a boost factor
B = 0 represents the case of no substructure.

The luminosity of a field halo of mass M from the smooth distri-
bution, Lsmooth(M), is defined as

Lsmooth(M) ≡
∫ R200

0
ρ2

host(r) 4 π r2 dr

= M ch
200(M)3

[
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where in the last step we have assumed an NFW profile and for
haloes, we use the parametrization for the concentration parameter
from Prada et al. (2012) using the fit obtained in Sánchez-Conde &
Prada (2014).

With this at hand, the luminosity of a subhalo of mass m at a
distance Rsub from the centre of the host halo, L(m, xsub), is defined
as

L(m, xsub) = [1 + B(m, xsub)]Lsmooth(m, xsub), (12)

where now Lsmooth(m, xsub) is the luminosity for the smooth distri-
bution of the given subhalo and B(m, xsub) is the boost factor due
to the next level of substructure. The luminosity of a subhalo (sub-
subhalo) is given by the same functional form as that of a field halo,
but including the dependence of the concentration parameter on the
position of the subhalo (sub-subhalo) inside the host halo (subhalo).

In addition to the mentioned dependencies, we note that subhaloes
are not homogeneously distributed within the host halo (Springel
et al. 2008; Hellwing et al. 2016; Rodrı́guez-Puebla et al. 2016).
However, by using a similar radial distribution as that in Springel
et al. (2008) and Hellwing et al. (2016), we have checked that
the precise spatial distribution of subhaloes inside haloes has only
a relatively small impact on our results (∼20 per cent when tidal
stripping is not considered and smaller than 10 per cent for the re-
alistic case when tidal stripping is taken into account, see below).
Therefore, for the sake of comparison with previous works, we do
not include this dependence here and postpone its discussion to
future work. By assuming that the subhalo mass function does not

11 Note that this is not the boost factor for a solid angle along a given line
of sight in our Milky Way, but it is the boost factor for haloes that are
fully contained within the solid angle of observation and thus, are relatively
distant from us. Moreover, it is well known that subhalo mass functions
have an exponential cut-off at high masses. However, due to the steep fall
of the subhalo mass function with mass, the precise value of the cut-off at
the high-mass end has very little impact on our results. The correction due
to cutting the integral at 10 per cent of the host halo mass is at the percent
level or below (being larger for smaller haloes). The same arguments apply
for the subhalo Vmax function described below.
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The main parameters for the boost factor: 
• minimum subhalo mass: 1e-6 - 1e6 M_sun 
• subhalo mass function (index; normalization): 1.9, 

2.0; 0.12, 0.35. 
• mass-concentration relationship: Moline+17 
• mass distribution of subhalos: same as main halo 

(NFW and Einasto) 
• distribution of subhalos in main halo: same as main 

halo (NFW and Einasto) 
• We consider 2 levels of substructure. 
• Total boost factor ranges from ~1.5-26

*J-factors are calculated with CLUMPY
(Moline+17)
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Ando 2015) and hence, the minimum mass is very uncertain,9 with
possible values within Mmin = 10−12–10−4 M". In what follows,
we set it to Mmin = 10−6 M".

The luminosity from DM annihilations in a halo or subhalo scales
as the third power of the concentration. Thus, the substructure boost
is very sensitive to the way the subhaloes’ internal structure is mod-
elled. Moreover, since smaller (sub)haloes possess larger concentra-
tions, and are much more numerous, they are expected to dominate
in the computation of the boost. However, as mentioned above, there
is a lack of simulations at small halo scales (see e.g. the right panel
of fig. 1 in Sánchez-Conde & Prada 2014) so only extrapolations
over many orders of magnitude in halo mass are possible.10 Some
works have simply extrapolated the power-law behaviour of the
concentration observed above the simulation resolution limit all the
way down to the minimum halo mass. However, these power-law
extrapolations to low masses, which tend to predict very large boost
factors (Pinzke et al. 2011; Gao et al. 2012), are at odds with recent
results on microhalo simulations (Ishiyama 2014) and are not ex-
pected either in the !CDM cosmological model (Prada et al. 2012;
Ng et al. 2014; Sánchez-Conde & Prada 2014). Indeed, a flattening
of the concentration towards low halo masses is naturally expected
in !CDM: halo concentration is set by the halo formation time,
which is nearly the same for a broad range of halo masses in the
low-mass regime as a consequence of the power spectrum of mat-
ter fluctuations. Therefore, the natal concentrations of these small
haloes are also expected to be nearly the same, and so they will be at
the current epoch. When taking into account the correct behaviour
of the concentration at small halo masses, moderate values of the
substructure boost factor are found (Ishiyama 2014; Sánchez-Conde
& Prada 2014).

3.2 Computation of the boost

Previous work has traditionally computed the substructure boost
to the DM annihilation signal by assuming the concentration of
subhaloes to be the same as the one of field haloes of the same
mass. This represents a fair first-order approximation but, as we
showed in the previous section, the subhalo concentrations can
differ substantially from that of field haloes. Here, we recomputed
the boost factor taking advantage of that gained from our studies
of subhalo internal properties. We note that, in principle, the self-
similarity of halo hierarchy implies that one should consider several
levels of substructure in the calculation of the boost. Nevertheless, as
has been shown (Strigari et al. 2007; Martinez et al. 2009; Sánchez-
Conde & Prada 2014), only counting down to the second level (i.e.
sub-substructure) is necessary in practice.

9 In the case of subhaloes, additional violent processes might be also at work
during their accretion and merging into larger haloes that could significantly
alter the subhalo survival probability and set, in practice, a minimum subhalo
mass at present time different to that of host haloes (see e.g. Berezinsky,
Dokuchaev & Eroshenko 2006; Goerdt et al. 2007; Zhao et al. 2007).
10 We note that the field microhalo concentration results by Ishiyama (2014),
although outstanding and extremely important in this context, were obtained
at very high redshifts, so extrapolations of such concentrations down to the
present time were performed in fig. 1 of Sánchez-Conde & Prada (2014).
Thus, strictly speaking, we still lack simulations that track the formation
and evolution of the smallest haloes all the way down to z = 0.

The substructure boost factor, B(M), is given by (Strigari
et al. 2007; Kuhlen et al. 2008)11

B(M) = 4 π R3
200

Lsmooth(M)

∫ M

Mmin

dm

∫ 1

0
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×dn(m, xsub)
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sub, (10)

where Lsmooth(M) is the luminosity from the smooth DM distribu-
tion (no substructures) of a halo of mass M, L(m, xsub) is the lumi-
nosity of a subhalo of mass m at a distance Rsub (xsub = Rsub/R200)
from the centre of the host halo and dn(m, xsub)/dm is the subhalo
mass function per unit of volume. Defined in this way, a boost factor
B = 0 represents the case of no substructure.

The luminosity of a field halo of mass M from the smooth distri-
bution, Lsmooth(M), is defined as

Lsmooth(M) ≡
∫ R200
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where in the last step we have assumed an NFW profile and for
haloes, we use the parametrization for the concentration parameter
from Prada et al. (2012) using the fit obtained in Sánchez-Conde &
Prada (2014).

With this at hand, the luminosity of a subhalo of mass m at a
distance Rsub from the centre of the host halo, L(m, xsub), is defined
as

L(m, xsub) = [1 + B(m, xsub)]Lsmooth(m, xsub), (12)

where now Lsmooth(m, xsub) is the luminosity for the smooth distri-
bution of the given subhalo and B(m, xsub) is the boost factor due
to the next level of substructure. The luminosity of a subhalo (sub-
subhalo) is given by the same functional form as that of a field halo,
but including the dependence of the concentration parameter on the
position of the subhalo (sub-subhalo) inside the host halo (subhalo).

In addition to the mentioned dependencies, we note that subhaloes
are not homogeneously distributed within the host halo (Springel
et al. 2008; Hellwing et al. 2016; Rodrı́guez-Puebla et al. 2016).
However, by using a similar radial distribution as that in Springel
et al. (2008) and Hellwing et al. (2016), we have checked that
the precise spatial distribution of subhaloes inside haloes has only
a relatively small impact on our results (∼20 per cent when tidal
stripping is not considered and smaller than 10 per cent for the re-
alistic case when tidal stripping is taken into account, see below).
Therefore, for the sake of comparison with previous works, we do
not include this dependence here and postpone its discussion to
future work. By assuming that the subhalo mass function does not

11 Note that this is not the boost factor for a solid angle along a given line
of sight in our Milky Way, but it is the boost factor for haloes that are
fully contained within the solid angle of observation and thus, are relatively
distant from us. Moreover, it is well known that subhalo mass functions
have an exponential cut-off at high masses. However, due to the steep fall
of the subhalo mass function with mass, the precise value of the cut-off at
the high-mass end has very little impact on our results. The correction due
to cutting the integral at 10 per cent of the host halo mass is at the percent
level or below (being larger for smaller haloes). The same arguments apply
for the subhalo Vmax function described below.
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Ando 2015) and hence, the minimum mass is very uncertain,9 with
possible values within Mmin = 10−12–10−4 M". In what follows,
we set it to Mmin = 10−6 M".

The luminosity from DM annihilations in a halo or subhalo scales
as the third power of the concentration. Thus, the substructure boost
is very sensitive to the way the subhaloes’ internal structure is mod-
elled. Moreover, since smaller (sub)haloes possess larger concentra-
tions, and are much more numerous, they are expected to dominate
in the computation of the boost. However, as mentioned above, there
is a lack of simulations at small halo scales (see e.g. the right panel
of fig. 1 in Sánchez-Conde & Prada 2014) so only extrapolations
over many orders of magnitude in halo mass are possible.10 Some
works have simply extrapolated the power-law behaviour of the
concentration observed above the simulation resolution limit all the
way down to the minimum halo mass. However, these power-law
extrapolations to low masses, which tend to predict very large boost
factors (Pinzke et al. 2011; Gao et al. 2012), are at odds with recent
results on microhalo simulations (Ishiyama 2014) and are not ex-
pected either in the !CDM cosmological model (Prada et al. 2012;
Ng et al. 2014; Sánchez-Conde & Prada 2014). Indeed, a flattening
of the concentration towards low halo masses is naturally expected
in !CDM: halo concentration is set by the halo formation time,
which is nearly the same for a broad range of halo masses in the
low-mass regime as a consequence of the power spectrum of mat-
ter fluctuations. Therefore, the natal concentrations of these small
haloes are also expected to be nearly the same, and so they will be at
the current epoch. When taking into account the correct behaviour
of the concentration at small halo masses, moderate values of the
substructure boost factor are found (Ishiyama 2014; Sánchez-Conde
& Prada 2014).

3.2 Computation of the boost

Previous work has traditionally computed the substructure boost
to the DM annihilation signal by assuming the concentration of
subhaloes to be the same as the one of field haloes of the same
mass. This represents a fair first-order approximation but, as we
showed in the previous section, the subhalo concentrations can
differ substantially from that of field haloes. Here, we recomputed
the boost factor taking advantage of that gained from our studies
of subhalo internal properties. We note that, in principle, the self-
similarity of halo hierarchy implies that one should consider several
levels of substructure in the calculation of the boost. Nevertheless, as
has been shown (Strigari et al. 2007; Martinez et al. 2009; Sánchez-
Conde & Prada 2014), only counting down to the second level (i.e.
sub-substructure) is necessary in practice.

9 In the case of subhaloes, additional violent processes might be also at work
during their accretion and merging into larger haloes that could significantly
alter the subhalo survival probability and set, in practice, a minimum subhalo
mass at present time different to that of host haloes (see e.g. Berezinsky,
Dokuchaev & Eroshenko 2006; Goerdt et al. 2007; Zhao et al. 2007).
10 We note that the field microhalo concentration results by Ishiyama (2014),
although outstanding and extremely important in this context, were obtained
at very high redshifts, so extrapolations of such concentrations down to the
present time were performed in fig. 1 of Sánchez-Conde & Prada (2014).
Thus, strictly speaking, we still lack simulations that track the formation
and evolution of the smallest haloes all the way down to z = 0.

The substructure boost factor, B(M), is given by (Strigari
et al. 2007; Kuhlen et al. 2008)11

B(M) = 4 π R3
200

Lsmooth(M)

∫ M

Mmin

dm

∫ 1

0
dxsub

×dn(m, xsub)
dm

L(m, xsub) x2
sub, (10)

where Lsmooth(M) is the luminosity from the smooth DM distribu-
tion (no substructures) of a halo of mass M, L(m, xsub) is the lumi-
nosity of a subhalo of mass m at a distance Rsub (xsub = Rsub/R200)
from the centre of the host halo and dn(m, xsub)/dm is the subhalo
mass function per unit of volume. Defined in this way, a boost factor
B = 0 represents the case of no substructure.

The luminosity of a field halo of mass M from the smooth distri-
bution, Lsmooth(M), is defined as

Lsmooth(M) ≡
∫ R200

0
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where in the last step we have assumed an NFW profile and for
haloes, we use the parametrization for the concentration parameter
from Prada et al. (2012) using the fit obtained in Sánchez-Conde &
Prada (2014).

With this at hand, the luminosity of a subhalo of mass m at a
distance Rsub from the centre of the host halo, L(m, xsub), is defined
as

L(m, xsub) = [1 + B(m, xsub)]Lsmooth(m, xsub), (12)

where now Lsmooth(m, xsub) is the luminosity for the smooth distri-
bution of the given subhalo and B(m, xsub) is the boost factor due
to the next level of substructure. The luminosity of a subhalo (sub-
subhalo) is given by the same functional form as that of a field halo,
but including the dependence of the concentration parameter on the
position of the subhalo (sub-subhalo) inside the host halo (subhalo).

In addition to the mentioned dependencies, we note that subhaloes
are not homogeneously distributed within the host halo (Springel
et al. 2008; Hellwing et al. 2016; Rodrı́guez-Puebla et al. 2016).
However, by using a similar radial distribution as that in Springel
et al. (2008) and Hellwing et al. (2016), we have checked that
the precise spatial distribution of subhaloes inside haloes has only
a relatively small impact on our results (∼20 per cent when tidal
stripping is not considered and smaller than 10 per cent for the re-
alistic case when tidal stripping is taken into account, see below).
Therefore, for the sake of comparison with previous works, we do
not include this dependence here and postpone its discussion to
future work. By assuming that the subhalo mass function does not

11 Note that this is not the boost factor for a solid angle along a given line
of sight in our Milky Way, but it is the boost factor for haloes that are
fully contained within the solid angle of observation and thus, are relatively
distant from us. Moreover, it is well known that subhalo mass functions
have an exponential cut-off at high masses. However, due to the steep fall
of the subhalo mass function with mass, the precise value of the cut-off at
the high-mass end has very little impact on our results. The correction due
to cutting the integral at 10 per cent of the host halo mass is at the percent
level or below (being larger for smaller haloes). The same arguments apply
for the subhalo Vmax function described below.
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Ando 2015) and hence, the minimum mass is very uncertain,9 with
possible values within Mmin = 10−12–10−4 M". In what follows,
we set it to Mmin = 10−6 M".

The luminosity from DM annihilations in a halo or subhalo scales
as the third power of the concentration. Thus, the substructure boost
is very sensitive to the way the subhaloes’ internal structure is mod-
elled. Moreover, since smaller (sub)haloes possess larger concentra-
tions, and are much more numerous, they are expected to dominate
in the computation of the boost. However, as mentioned above, there
is a lack of simulations at small halo scales (see e.g. the right panel
of fig. 1 in Sánchez-Conde & Prada 2014) so only extrapolations
over many orders of magnitude in halo mass are possible.10 Some
works have simply extrapolated the power-law behaviour of the
concentration observed above the simulation resolution limit all the
way down to the minimum halo mass. However, these power-law
extrapolations to low masses, which tend to predict very large boost
factors (Pinzke et al. 2011; Gao et al. 2012), are at odds with recent
results on microhalo simulations (Ishiyama 2014) and are not ex-
pected either in the !CDM cosmological model (Prada et al. 2012;
Ng et al. 2014; Sánchez-Conde & Prada 2014). Indeed, a flattening
of the concentration towards low halo masses is naturally expected
in !CDM: halo concentration is set by the halo formation time,
which is nearly the same for a broad range of halo masses in the
low-mass regime as a consequence of the power spectrum of mat-
ter fluctuations. Therefore, the natal concentrations of these small
haloes are also expected to be nearly the same, and so they will be at
the current epoch. When taking into account the correct behaviour
of the concentration at small halo masses, moderate values of the
substructure boost factor are found (Ishiyama 2014; Sánchez-Conde
& Prada 2014).

3.2 Computation of the boost

Previous work has traditionally computed the substructure boost
to the DM annihilation signal by assuming the concentration of
subhaloes to be the same as the one of field haloes of the same
mass. This represents a fair first-order approximation but, as we
showed in the previous section, the subhalo concentrations can
differ substantially from that of field haloes. Here, we recomputed
the boost factor taking advantage of that gained from our studies
of subhalo internal properties. We note that, in principle, the self-
similarity of halo hierarchy implies that one should consider several
levels of substructure in the calculation of the boost. Nevertheless, as
has been shown (Strigari et al. 2007; Martinez et al. 2009; Sánchez-
Conde & Prada 2014), only counting down to the second level (i.e.
sub-substructure) is necessary in practice.

9 In the case of subhaloes, additional violent processes might be also at work
during their accretion and merging into larger haloes that could significantly
alter the subhalo survival probability and set, in practice, a minimum subhalo
mass at present time different to that of host haloes (see e.g. Berezinsky,
Dokuchaev & Eroshenko 2006; Goerdt et al. 2007; Zhao et al. 2007).
10 We note that the field microhalo concentration results by Ishiyama (2014),
although outstanding and extremely important in this context, were obtained
at very high redshifts, so extrapolations of such concentrations down to the
present time were performed in fig. 1 of Sánchez-Conde & Prada (2014).
Thus, strictly speaking, we still lack simulations that track the formation
and evolution of the smallest haloes all the way down to z = 0.

The substructure boost factor, B(M), is given by (Strigari
et al. 2007; Kuhlen et al. 2008)11

B(M) = 4 π R3
200

Lsmooth(M)

∫ M

Mmin

dm

∫ 1

0
dxsub

×dn(m, xsub)
dm

L(m, xsub) x2
sub, (10)

where Lsmooth(M) is the luminosity from the smooth DM distribu-
tion (no substructures) of a halo of mass M, L(m, xsub) is the lumi-
nosity of a subhalo of mass m at a distance Rsub (xsub = Rsub/R200)
from the centre of the host halo and dn(m, xsub)/dm is the subhalo
mass function per unit of volume. Defined in this way, a boost factor
B = 0 represents the case of no substructure.

The luminosity of a field halo of mass M from the smooth distri-
bution, Lsmooth(M), is defined as

Lsmooth(M) ≡
∫ R200

0
ρ2

host(r) 4 π r2 dr

= M ch
200(M)3

[
f (ch
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where in the last step we have assumed an NFW profile and for
haloes, we use the parametrization for the concentration parameter
from Prada et al. (2012) using the fit obtained in Sánchez-Conde &
Prada (2014).

With this at hand, the luminosity of a subhalo of mass m at a
distance Rsub from the centre of the host halo, L(m, xsub), is defined
as

L(m, xsub) = [1 + B(m, xsub)]Lsmooth(m, xsub), (12)

where now Lsmooth(m, xsub) is the luminosity for the smooth distri-
bution of the given subhalo and B(m, xsub) is the boost factor due
to the next level of substructure. The luminosity of a subhalo (sub-
subhalo) is given by the same functional form as that of a field halo,
but including the dependence of the concentration parameter on the
position of the subhalo (sub-subhalo) inside the host halo (subhalo).

In addition to the mentioned dependencies, we note that subhaloes
are not homogeneously distributed within the host halo (Springel
et al. 2008; Hellwing et al. 2016; Rodrı́guez-Puebla et al. 2016).
However, by using a similar radial distribution as that in Springel
et al. (2008) and Hellwing et al. (2016), we have checked that
the precise spatial distribution of subhaloes inside haloes has only
a relatively small impact on our results (∼20 per cent when tidal
stripping is not considered and smaller than 10 per cent for the re-
alistic case when tidal stripping is taken into account, see below).
Therefore, for the sake of comparison with previous works, we do
not include this dependence here and postpone its discussion to
future work. By assuming that the subhalo mass function does not

11 Note that this is not the boost factor for a solid angle along a given line
of sight in our Milky Way, but it is the boost factor for haloes that are
fully contained within the solid angle of observation and thus, are relatively
distant from us. Moreover, it is well known that subhalo mass functions
have an exponential cut-off at high masses. However, due to the steep fall
of the subhalo mass function with mass, the precise value of the cut-off at
the high-mass end has very little impact on our results. The correction due
to cutting the integral at 10 per cent of the host halo mass is at the percent
level or below (being larger for smaller haloes). The same arguments apply
for the subhalo Vmax function described below.
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The main parameters for the boost factor: 
• minimum subhalo mass: 1e-6 - 1e6 M_sun 
• subhalo mass function (index; normalization): 1.9, 

2.0; 0.12, 0.35. 
• mass-concentration relationship: Moline+17 
• mass distribution of subhalos: same as main halo 

(NFW and Einasto) 
• distribution of subhalos in main halo: same as main 

halo (NFW and Einasto) 
• We consider 2 levels of substructure. 
• Total boost factor ranges from ~1.5-26

*J-factors are calculated with CLUMPY
(Moline+17)
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Ando 2015) and hence, the minimum mass is very uncertain,9 with
possible values within Mmin = 10−12–10−4 M". In what follows,
we set it to Mmin = 10−6 M".

The luminosity from DM annihilations in a halo or subhalo scales
as the third power of the concentration. Thus, the substructure boost
is very sensitive to the way the subhaloes’ internal structure is mod-
elled. Moreover, since smaller (sub)haloes possess larger concentra-
tions, and are much more numerous, they are expected to dominate
in the computation of the boost. However, as mentioned above, there
is a lack of simulations at small halo scales (see e.g. the right panel
of fig. 1 in Sánchez-Conde & Prada 2014) so only extrapolations
over many orders of magnitude in halo mass are possible.10 Some
works have simply extrapolated the power-law behaviour of the
concentration observed above the simulation resolution limit all the
way down to the minimum halo mass. However, these power-law
extrapolations to low masses, which tend to predict very large boost
factors (Pinzke et al. 2011; Gao et al. 2012), are at odds with recent
results on microhalo simulations (Ishiyama 2014) and are not ex-
pected either in the !CDM cosmological model (Prada et al. 2012;
Ng et al. 2014; Sánchez-Conde & Prada 2014). Indeed, a flattening
of the concentration towards low halo masses is naturally expected
in !CDM: halo concentration is set by the halo formation time,
which is nearly the same for a broad range of halo masses in the
low-mass regime as a consequence of the power spectrum of mat-
ter fluctuations. Therefore, the natal concentrations of these small
haloes are also expected to be nearly the same, and so they will be at
the current epoch. When taking into account the correct behaviour
of the concentration at small halo masses, moderate values of the
substructure boost factor are found (Ishiyama 2014; Sánchez-Conde
& Prada 2014).

3.2 Computation of the boost

Previous work has traditionally computed the substructure boost
to the DM annihilation signal by assuming the concentration of
subhaloes to be the same as the one of field haloes of the same
mass. This represents a fair first-order approximation but, as we
showed in the previous section, the subhalo concentrations can
differ substantially from that of field haloes. Here, we recomputed
the boost factor taking advantage of that gained from our studies
of subhalo internal properties. We note that, in principle, the self-
similarity of halo hierarchy implies that one should consider several
levels of substructure in the calculation of the boost. Nevertheless, as
has been shown (Strigari et al. 2007; Martinez et al. 2009; Sánchez-
Conde & Prada 2014), only counting down to the second level (i.e.
sub-substructure) is necessary in practice.

9 In the case of subhaloes, additional violent processes might be also at work
during their accretion and merging into larger haloes that could significantly
alter the subhalo survival probability and set, in practice, a minimum subhalo
mass at present time different to that of host haloes (see e.g. Berezinsky,
Dokuchaev & Eroshenko 2006; Goerdt et al. 2007; Zhao et al. 2007).
10 We note that the field microhalo concentration results by Ishiyama (2014),
although outstanding and extremely important in this context, were obtained
at very high redshifts, so extrapolations of such concentrations down to the
present time were performed in fig. 1 of Sánchez-Conde & Prada (2014).
Thus, strictly speaking, we still lack simulations that track the formation
and evolution of the smallest haloes all the way down to z = 0.

The substructure boost factor, B(M), is given by (Strigari
et al. 2007; Kuhlen et al. 2008)11

B(M) = 4 π R3
200

Lsmooth(M)

∫ M

Mmin

dm

∫ 1

0
dxsub

×dn(m, xsub)
dm

L(m, xsub) x2
sub, (10)

where Lsmooth(M) is the luminosity from the smooth DM distribu-
tion (no substructures) of a halo of mass M, L(m, xsub) is the lumi-
nosity of a subhalo of mass m at a distance Rsub (xsub = Rsub/R200)
from the centre of the host halo and dn(m, xsub)/dm is the subhalo
mass function per unit of volume. Defined in this way, a boost factor
B = 0 represents the case of no substructure.

The luminosity of a field halo of mass M from the smooth distri-
bution, Lsmooth(M), is defined as

Lsmooth(M) ≡
∫ R200

0
ρ2

host(r) 4 π r2 dr

= M ch
200(M)3

[
f (ch

200(M))
]2

200 ρc

9

(
1 − 1
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200(M))3

)
,

(11)

where in the last step we have assumed an NFW profile and for
haloes, we use the parametrization for the concentration parameter
from Prada et al. (2012) using the fit obtained in Sánchez-Conde &
Prada (2014).

With this at hand, the luminosity of a subhalo of mass m at a
distance Rsub from the centre of the host halo, L(m, xsub), is defined
as

L(m, xsub) = [1 + B(m, xsub)]Lsmooth(m, xsub), (12)

where now Lsmooth(m, xsub) is the luminosity for the smooth distri-
bution of the given subhalo and B(m, xsub) is the boost factor due
to the next level of substructure. The luminosity of a subhalo (sub-
subhalo) is given by the same functional form as that of a field halo,
but including the dependence of the concentration parameter on the
position of the subhalo (sub-subhalo) inside the host halo (subhalo).

In addition to the mentioned dependencies, we note that subhaloes
are not homogeneously distributed within the host halo (Springel
et al. 2008; Hellwing et al. 2016; Rodrı́guez-Puebla et al. 2016).
However, by using a similar radial distribution as that in Springel
et al. (2008) and Hellwing et al. (2016), we have checked that
the precise spatial distribution of subhaloes inside haloes has only
a relatively small impact on our results (∼20 per cent when tidal
stripping is not considered and smaller than 10 per cent for the re-
alistic case when tidal stripping is taken into account, see below).
Therefore, for the sake of comparison with previous works, we do
not include this dependence here and postpone its discussion to
future work. By assuming that the subhalo mass function does not

11 Note that this is not the boost factor for a solid angle along a given line
of sight in our Milky Way, but it is the boost factor for haloes that are
fully contained within the solid angle of observation and thus, are relatively
distant from us. Moreover, it is well known that subhalo mass functions
have an exponential cut-off at high masses. However, due to the steep fall
of the subhalo mass function with mass, the precise value of the cut-off at
the high-mass end has very little impact on our results. The correction due
to cutting the integral at 10 per cent of the host halo mass is at the percent
level or below (being larger for smaller haloes). The same arguments apply
for the subhalo Vmax function described below.
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Ando 2015) and hence, the minimum mass is very uncertain,9 with
possible values within Mmin = 10−12–10−4 M". In what follows,
we set it to Mmin = 10−6 M".

The luminosity from DM annihilations in a halo or subhalo scales
as the third power of the concentration. Thus, the substructure boost
is very sensitive to the way the subhaloes’ internal structure is mod-
elled. Moreover, since smaller (sub)haloes possess larger concentra-
tions, and are much more numerous, they are expected to dominate
in the computation of the boost. However, as mentioned above, there
is a lack of simulations at small halo scales (see e.g. the right panel
of fig. 1 in Sánchez-Conde & Prada 2014) so only extrapolations
over many orders of magnitude in halo mass are possible.10 Some
works have simply extrapolated the power-law behaviour of the
concentration observed above the simulation resolution limit all the
way down to the minimum halo mass. However, these power-law
extrapolations to low masses, which tend to predict very large boost
factors (Pinzke et al. 2011; Gao et al. 2012), are at odds with recent
results on microhalo simulations (Ishiyama 2014) and are not ex-
pected either in the !CDM cosmological model (Prada et al. 2012;
Ng et al. 2014; Sánchez-Conde & Prada 2014). Indeed, a flattening
of the concentration towards low halo masses is naturally expected
in !CDM: halo concentration is set by the halo formation time,
which is nearly the same for a broad range of halo masses in the
low-mass regime as a consequence of the power spectrum of mat-
ter fluctuations. Therefore, the natal concentrations of these small
haloes are also expected to be nearly the same, and so they will be at
the current epoch. When taking into account the correct behaviour
of the concentration at small halo masses, moderate values of the
substructure boost factor are found (Ishiyama 2014; Sánchez-Conde
& Prada 2014).

3.2 Computation of the boost

Previous work has traditionally computed the substructure boost
to the DM annihilation signal by assuming the concentration of
subhaloes to be the same as the one of field haloes of the same
mass. This represents a fair first-order approximation but, as we
showed in the previous section, the subhalo concentrations can
differ substantially from that of field haloes. Here, we recomputed
the boost factor taking advantage of that gained from our studies
of subhalo internal properties. We note that, in principle, the self-
similarity of halo hierarchy implies that one should consider several
levels of substructure in the calculation of the boost. Nevertheless, as
has been shown (Strigari et al. 2007; Martinez et al. 2009; Sánchez-
Conde & Prada 2014), only counting down to the second level (i.e.
sub-substructure) is necessary in practice.

9 In the case of subhaloes, additional violent processes might be also at work
during their accretion and merging into larger haloes that could significantly
alter the subhalo survival probability and set, in practice, a minimum subhalo
mass at present time different to that of host haloes (see e.g. Berezinsky,
Dokuchaev & Eroshenko 2006; Goerdt et al. 2007; Zhao et al. 2007).
10 We note that the field microhalo concentration results by Ishiyama (2014),
although outstanding and extremely important in this context, were obtained
at very high redshifts, so extrapolations of such concentrations down to the
present time were performed in fig. 1 of Sánchez-Conde & Prada (2014).
Thus, strictly speaking, we still lack simulations that track the formation
and evolution of the smallest haloes all the way down to z = 0.

The substructure boost factor, B(M), is given by (Strigari
et al. 2007; Kuhlen et al. 2008)11

B(M) = 4 π R3
200

Lsmooth(M)

∫ M

Mmin

dm

∫ 1

0
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×dn(m, xsub)
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L(m, xsub) x2
sub, (10)

where Lsmooth(M) is the luminosity from the smooth DM distribu-
tion (no substructures) of a halo of mass M, L(m, xsub) is the lumi-
nosity of a subhalo of mass m at a distance Rsub (xsub = Rsub/R200)
from the centre of the host halo and dn(m, xsub)/dm is the subhalo
mass function per unit of volume. Defined in this way, a boost factor
B = 0 represents the case of no substructure.

The luminosity of a field halo of mass M from the smooth distri-
bution, Lsmooth(M), is defined as

Lsmooth(M) ≡
∫ R200

0
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where in the last step we have assumed an NFW profile and for
haloes, we use the parametrization for the concentration parameter
from Prada et al. (2012) using the fit obtained in Sánchez-Conde &
Prada (2014).

With this at hand, the luminosity of a subhalo of mass m at a
distance Rsub from the centre of the host halo, L(m, xsub), is defined
as

L(m, xsub) = [1 + B(m, xsub)]Lsmooth(m, xsub), (12)

where now Lsmooth(m, xsub) is the luminosity for the smooth distri-
bution of the given subhalo and B(m, xsub) is the boost factor due
to the next level of substructure. The luminosity of a subhalo (sub-
subhalo) is given by the same functional form as that of a field halo,
but including the dependence of the concentration parameter on the
position of the subhalo (sub-subhalo) inside the host halo (subhalo).

In addition to the mentioned dependencies, we note that subhaloes
are not homogeneously distributed within the host halo (Springel
et al. 2008; Hellwing et al. 2016; Rodrı́guez-Puebla et al. 2016).
However, by using a similar radial distribution as that in Springel
et al. (2008) and Hellwing et al. (2016), we have checked that
the precise spatial distribution of subhaloes inside haloes has only
a relatively small impact on our results (∼20 per cent when tidal
stripping is not considered and smaller than 10 per cent for the re-
alistic case when tidal stripping is taken into account, see below).
Therefore, for the sake of comparison with previous works, we do
not include this dependence here and postpone its discussion to
future work. By assuming that the subhalo mass function does not

11 Note that this is not the boost factor for a solid angle along a given line
of sight in our Milky Way, but it is the boost factor for haloes that are
fully contained within the solid angle of observation and thus, are relatively
distant from us. Moreover, it is well known that subhalo mass functions
have an exponential cut-off at high masses. However, due to the steep fall
of the subhalo mass function with mass, the precise value of the cut-off at
the high-mass end has very little impact on our results. The correction due
to cutting the integral at 10 per cent of the host halo mass is at the percent
level or below (being larger for smaller haloes). The same arguments apply
for the subhalo Vmax function described below.
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Ando 2015) and hence, the minimum mass is very uncertain,9 with
possible values within Mmin = 10−12–10−4 M". In what follows,
we set it to Mmin = 10−6 M".

The luminosity from DM annihilations in a halo or subhalo scales
as the third power of the concentration. Thus, the substructure boost
is very sensitive to the way the subhaloes’ internal structure is mod-
elled. Moreover, since smaller (sub)haloes possess larger concentra-
tions, and are much more numerous, they are expected to dominate
in the computation of the boost. However, as mentioned above, there
is a lack of simulations at small halo scales (see e.g. the right panel
of fig. 1 in Sánchez-Conde & Prada 2014) so only extrapolations
over many orders of magnitude in halo mass are possible.10 Some
works have simply extrapolated the power-law behaviour of the
concentration observed above the simulation resolution limit all the
way down to the minimum halo mass. However, these power-law
extrapolations to low masses, which tend to predict very large boost
factors (Pinzke et al. 2011; Gao et al. 2012), are at odds with recent
results on microhalo simulations (Ishiyama 2014) and are not ex-
pected either in the !CDM cosmological model (Prada et al. 2012;
Ng et al. 2014; Sánchez-Conde & Prada 2014). Indeed, a flattening
of the concentration towards low halo masses is naturally expected
in !CDM: halo concentration is set by the halo formation time,
which is nearly the same for a broad range of halo masses in the
low-mass regime as a consequence of the power spectrum of mat-
ter fluctuations. Therefore, the natal concentrations of these small
haloes are also expected to be nearly the same, and so they will be at
the current epoch. When taking into account the correct behaviour
of the concentration at small halo masses, moderate values of the
substructure boost factor are found (Ishiyama 2014; Sánchez-Conde
& Prada 2014).

3.2 Computation of the boost

Previous work has traditionally computed the substructure boost
to the DM annihilation signal by assuming the concentration of
subhaloes to be the same as the one of field haloes of the same
mass. This represents a fair first-order approximation but, as we
showed in the previous section, the subhalo concentrations can
differ substantially from that of field haloes. Here, we recomputed
the boost factor taking advantage of that gained from our studies
of subhalo internal properties. We note that, in principle, the self-
similarity of halo hierarchy implies that one should consider several
levels of substructure in the calculation of the boost. Nevertheless, as
has been shown (Strigari et al. 2007; Martinez et al. 2009; Sánchez-
Conde & Prada 2014), only counting down to the second level (i.e.
sub-substructure) is necessary in practice.

9 In the case of subhaloes, additional violent processes might be also at work
during their accretion and merging into larger haloes that could significantly
alter the subhalo survival probability and set, in practice, a minimum subhalo
mass at present time different to that of host haloes (see e.g. Berezinsky,
Dokuchaev & Eroshenko 2006; Goerdt et al. 2007; Zhao et al. 2007).
10 We note that the field microhalo concentration results by Ishiyama (2014),
although outstanding and extremely important in this context, were obtained
at very high redshifts, so extrapolations of such concentrations down to the
present time were performed in fig. 1 of Sánchez-Conde & Prada (2014).
Thus, strictly speaking, we still lack simulations that track the formation
and evolution of the smallest haloes all the way down to z = 0.

The substructure boost factor, B(M), is given by (Strigari
et al. 2007; Kuhlen et al. 2008)11

B(M) = 4 π R3
200

Lsmooth(M)

∫ M

Mmin

dm

∫ 1

0
dxsub

×dn(m, xsub)
dm

L(m, xsub) x2
sub, (10)

where Lsmooth(M) is the luminosity from the smooth DM distribu-
tion (no substructures) of a halo of mass M, L(m, xsub) is the lumi-
nosity of a subhalo of mass m at a distance Rsub (xsub = Rsub/R200)
from the centre of the host halo and dn(m, xsub)/dm is the subhalo
mass function per unit of volume. Defined in this way, a boost factor
B = 0 represents the case of no substructure.

The luminosity of a field halo of mass M from the smooth distri-
bution, Lsmooth(M), is defined as

Lsmooth(M) ≡
∫ R200

0
ρ2

host(r) 4 π r2 dr

= M ch
200(M)3

[
f (ch

200(M))
]2

200 ρc

9

(
1 − 1

(1 + ch
200(M))3

)
,

(11)

where in the last step we have assumed an NFW profile and for
haloes, we use the parametrization for the concentration parameter
from Prada et al. (2012) using the fit obtained in Sánchez-Conde &
Prada (2014).

With this at hand, the luminosity of a subhalo of mass m at a
distance Rsub from the centre of the host halo, L(m, xsub), is defined
as

L(m, xsub) = [1 + B(m, xsub)]Lsmooth(m, xsub), (12)

where now Lsmooth(m, xsub) is the luminosity for the smooth distri-
bution of the given subhalo and B(m, xsub) is the boost factor due
to the next level of substructure. The luminosity of a subhalo (sub-
subhalo) is given by the same functional form as that of a field halo,
but including the dependence of the concentration parameter on the
position of the subhalo (sub-subhalo) inside the host halo (subhalo).

In addition to the mentioned dependencies, we note that subhaloes
are not homogeneously distributed within the host halo (Springel
et al. 2008; Hellwing et al. 2016; Rodrı́guez-Puebla et al. 2016).
However, by using a similar radial distribution as that in Springel
et al. (2008) and Hellwing et al. (2016), we have checked that
the precise spatial distribution of subhaloes inside haloes has only
a relatively small impact on our results (∼20 per cent when tidal
stripping is not considered and smaller than 10 per cent for the re-
alistic case when tidal stripping is taken into account, see below).
Therefore, for the sake of comparison with previous works, we do
not include this dependence here and postpone its discussion to
future work. By assuming that the subhalo mass function does not

11 Note that this is not the boost factor for a solid angle along a given line
of sight in our Milky Way, but it is the boost factor for haloes that are
fully contained within the solid angle of observation and thus, are relatively
distant from us. Moreover, it is well known that subhalo mass functions
have an exponential cut-off at high masses. However, due to the steep fall
of the subhalo mass function with mass, the precise value of the cut-off at
the high-mass end has very little impact on our results. The correction due
to cutting the integral at 10 per cent of the host halo mass is at the percent
level or below (being larger for smaller haloes). The same arguments apply
for the subhalo Vmax function described below.

MNRAS 466, 4974–4990 (2017)
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The main parameters for the boost factor: 
• minimum subhalo mass: 1e-6 - 1e6 M_sun 
• subhalo mass function (index; normalization): 1.9, 

2.0; 0.12, 0.35. 
• mass-concentration relationship: Moline+17 
• mass distribution of subhalos: same as main halo 

(NFW and Einasto) 
• distribution of subhalos in main halo: same as main 

halo (NFW and Einasto) 
• We consider 2 levels of substructure. 
• Total boost factor ranges from ~1.5-26

*J-factors are calculated with CLUMPY
(Moline+17)
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FIG. 7. Left: J-factors for M31 and the MW. The grey band is the J-factor uncertainty for M31 from this work. The blue
band is the J-factor uncertainty for the MW from this work. The markers are the M31 calculations for the NFW (squares) and
Einasto (circles) profiles, with the boost factor. Parameters for the di↵erent variations are given in Table II. The solid curves
are complementary calculations for M31 from Ref. [32] (extending to 14 degrees) and Ref. [47] (extending to 10 deg). Likewise
the dashed lines are complementary calculations for the MW. The dash-dot lines towards the bottom show the smooth M31
profiles corresponding to the markers. The vertical dotted red lines show the boundaries of M31’s IG, SH, and FOH (the fit is
performed over the SH). Right: Prediction for the �-ray intensity corresponding to the NFW mid and Einasto high J-factor
models. The MW is plotted with blue, and M31 is plotted with gray and black. The model predictions are for a DM mass
and cross-section consistent with the GC excess, as determined in Ref. [87], and the uncertainty in each band comes from the
uncertainty in the DM’s particle nature. The red data points are for the SH fit, and the tan data points are for the fit with
the SHN and SHS.

span between ⇠0.3-0.6 GeV/cm�3 [82, 88]. In the case1

of the anti-proton excess, Refs [89, 90] report detection2

contours, whereas Ref. [91] takes a less optimistic view,3

reporting upper limits (although the limits still clearly4

show an anomaly around the signal region).5

Another important constraint is the upper limits from6

the MW dwarfs. Here too there is a fairly large un-7

certainty range. Compared to the limits reported in8

Ref. [92], the latest limits from Ref. [93] are less con-9

straining. These limits of course have a strong depen-10

dence on the assumptions made for the J-factors, and by11

employing semi-analytic models of DM subhalos to derive12

realistic satellite priors on the J-factor (for the ultrafaint13

dwarfs), Ref. [94] as recently shown that the limits may14

be even weaker, by a factor of ⇠2–7. Correspondingly,15

if the halos are non-spheroidal then the limits may be16

weakened as well, as discussed in Refs. [95, 96].17

As can be seen in Figure 8, the limits coming from18

M31’s inner galaxy are competitive with the limits from19

the MW dwarfs. In this case, however, the di�culty is20

in accurately separating a DM signal from the standard21

astrophysical emission. The limits shown in Figure 8 are22

from Ref. [47], and they are for the most conservative23

case, i.e. they assume that all of the observed emission24

is from standard astrophysical processes, and thus model25

it using a 0.4� disk, as determined from the emission it-26

self. Upper limits for a DM signal are then calculated in27

addition to the disk. While this is definetly a very con-28

servative choice to make, it is by no means preferred, as29

the �-ray emission from M31’s inner galaxy has actually30

been found to not correlate with regions rich in gas and31

star-formation.32

The data points for M31’s outer halo have a large over-33

lap with the DM interpretations of both the GC excess34

and the antiproton excess, while also being compatible35

with the limits from the MW dwarfs. However, this re-36

quires that the J-factor be towards the higher end of the37

uncertainty range. Correspondingly, this has two main38

implications. First, the minimum subhalo mass must be39

<⇠ 10�6
M�. Second, the signal must have some contri-40

bution from the MW’s DM halo along the line-of-sight,41

i.e. the J-factor must correspond to case I, as it cannot42

be due to M31 alone.43

VI. SUMMARY, DISCUSSION, AND44

CONCLUSION45

An excess �-ray signal towards the outer halo of M3146

has recently been reported [32]. In this work we inter-47

pret the excess in the framework of DM annihilation. As48

our representative case we use WIMP DM annihilating49

to bottom quarks, and we fit the DM mass to the ob-50

served �-ray spectra from Ref. [32]. In that study M31’s51

halo is characterized using three symmetric components52

centered at M31, namely, the IG (r  0.4�), SH (0.4� >53

r  8.5�), and FOH (r > 8.5�). For simplicity we fit54

just to the SH component. The IG component is com-55

plicated by uncertainty in the expected �-ray emission56

from standard astrophysical processes. The FOH com-57

J-Factor Uncertainty
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• Grey band is the J-factor uncertainty for M31 from this work. 
• Purple band is the J-factor uncertainty for the MW from this work.  
• Markers are the M31 calculations for the NFW (squares) and Einasto (circles) profiles, with 

the boost factor.  
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MW-M31-Like Pairs (for example) from Garrison-Kimmel et al. 2018 (link)

Contribution from the MW’s DM halo 
along LOS: 
• This observational uncertainty is 

quantified by considering the two 
extreme cases. 

• Case I: J_total = J_M31 + J_MW 
• Case II: J_total = J_M31

The Local Group on FIRE 3

Figure 1. Visualizations of our simulated hosts and their environments. The face-on pseudo-color images are 40 kpc across; the edge-on images span 30 kpc
with a height of 15 kpc. The density maps show the highest 3D density along a given line-of-sight through a cube 2 Mpc on a side, centered on the mid-point
of the pair. All of the maps adopt logarithmic color scales; the stellar maps range from 10-9–3⇥ 10-2

M� pc-3, the dark matter from 10-8–1 M� pc-3, and
the gas from 10-8–100 M� pc-3. Circles around the hosts indicate a radius of 300 kpc; the more massive host halo is on the right and is indicated by a dashed
circle. The massive galaxy on the outskirts of Thelma & Louise (with Mvir = 4.5⇥1011M�, M⇤(< 20 kpc) = 1.58⇥1010M�) is > 1 Mpc from both hosts,
excluding it from the analyses that follow.

MNRAS 000, 1–19 (2018)

https://arxiv.org/pdf/1806.04143.pdf
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DM Parameter Space

antiproton excess, Refs. [93,94] report detection contours,
whereas Ref. [95] takes a less optimistic view, reporting
upper limits (although the limits still clearly show an
anomaly around the signal region).
Another important constraint is the upper limits from the

MW dwarfs. Here too there is a fairly large uncertainty
range. Compared to the limits reported in Ref. [96], the
latest limits from Ref. [97] are less constraining. These
limits of course have a strong dependence on the assump-
tions made for the J-factors, and by employing semi-
analytic models of DM subhalos to derive realistic satellite
priors on the J-factor (for the ultrafaint dwarfs), Ref. [98]
has recently shown that the limits may be even weaker, by a
factor of ∼2–7. Correspondingly, if the halos are non-
spherical then the limits may be weakened as well, as
discussed in Refs. [99,100].
As can be seen in Fig. 7, the limits coming from M31’s

inner galaxy are competitive with the limits from the MW
dwarfs. In this case, however, the difficulty is in accurately
separating a DM signal from the standard astrophysical
emission. The limits shown in Fig. 7 are from Ref. [47], and
they are for themost conservative case, i.e., they assume that

all of the observed emission is from standard astrophysical
processes, and thus model it using a 0.4° disk, as determined
from the emission itself. Upper limits for a DM signal are
then calculated in addition to the disk. While this is
definitely a very conservative choice to make, it is by no
means preferred, as the γ-ray emission from M31’s inner
galaxy has actually been found to not correlate with regions
rich in gas and star formation.
The data points for M31’s outer halo have a large overlap

with the DM interpretations of both the GC excess and the
antiproton excess, while also being compatible with the
limits from the MW dwarfs. However, this requires that the
J-factor be toward the higher end of the uncertainty range.
Correspondingly, this has two main implications. First, the
minimum subhalo mass must be ≲10−6 M⊙. Second, the
signal must have some contribution from the MW’s DM
halo along the line of sight, i.e., the J-factor must
correspond to case I, as it cannot be due to M31 alone.

V. SUMMARY, DISCUSSION, AND CONCLUSION

An excess γ-ray signal toward the outer halo of M31 has
recently been reported [32]. In this work we interpret the

FIG. 7. DM parameter space. The red and coral data points are for M31’s outer halo. The red data point corresponds to case I, for
which J ¼ JMW þ JM31. The coral data point is for case 2, for which J ¼ JM31. The best-fit values for the three fit variations used in this
analysis are all very similar, so here we plot the mean, and the error bars show the full systematic uncertainty range. Note that the error
bars in the cross section assume that the minimum subhalo mass is 10−6 M⊙, and they include the uncertainty due to the halo geometry.
Contours for the GC excess are shown in black, and contours for the antiproton excess are shown in teal. Numerous limits from other
targets are also overlaid, including the MW satellites shown with purple curves, and M31’s inner galaxy shown with a red curve. See
Sec. IV for more details, as well as Appendix.
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Galactic 
Center

Antiprotons

Thermal Relic

MW 
Satellites?

DM mass = ~50 GeV 
DM cross section = ~thermal relic M31 Outer 

Halo

• What is the true extension/morphology of M31 gamma-ray emission? 
• millisecond pulsars? 
• CR halo + circumgalactic gas? 
• Outflows (Recchia+21, Ajello+21)? 
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• The observed excess favors a DM particle with a mass of ~46-73 GeV. 
• The full systematic uncertainty in the cross-section currently spans 2.5 orders of 

magnitude, ranging from 8e-27 - 4e-24 cm^3/s. 
• This large uncertainty is due to two main factors, namely, an uncertainty in the subhalo 

nature and geometry of the DM halos for both M31 and the MW, and correspondingly, 
an uncertainty in the contribution from the MW’s DM halo along the line of sight.  

• Under the assumption that the minimum subhalo mass is at least ~1e-6 M_sun and the 
contribution from the MW’s DM halo along the line-of-sight is at least ~30% its total 
value, we show that there is a large overlap with the DM interpretations of both the GC 
excess and the antiproton excess, while also being compatible with the limits for the 
MW dwarfs.  

• Although the uncertainty in the current measurements is clearly far too large to make 
any robust conclusions (either positive or negative), we identify a region in parameter 
space that still remains viable for the discovery of the DM particle.  

Thank you!


