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In the paradigm of ACDM, structures form hierarchically, implying that large structures contain
smaller substructures. These so-called subhalos can enhance the dark matter annihilation signal
that one expects to see from a given host halo, the effect of which is called the boost factor. In the
literature this boost factor is typically calculated assuming a density profile for the substructure,
or analogously a concentration-mass relation, corresponding to that of field halos. However, since
subhalos accreted in a gravitational potential of their host loose mass through tidal stripping and
dynamical friction, they have a quite characteristic density profile, different from that of the field
halos of the same mass. In this work we attempt to quantify the effect of tidal stripping on the
boost factor. We find that the boost factor increases by a factor few for host halos ranging from

sub-galaxy to cluster masses.
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1. Introduction

In the paradigm of cold dark matter it is believed that small dark matter (DM) structures form
first, merging into larger ones. This is known as hierarchical structure formation and it leads to a
clumpy distribution of DM inside halos. In addition, many particle physics models of DM allow
for the possibility that DM can self-annihilate into high-energy gamma rays, making gamma-rays
a promising probe to search for non-gravitational interactions of DM. Self-annihilation scales with
the DM density squared. Therefore, if indeed DM halos are clumpy and a substantial fraction of
the DM is locked in substructure, the annihilation signal should be enhanced compared to having
a smooth DM halo only. This enhancement due to substructures is known as the boost factor.
Including this boost factor, the total luminosity of a DM halo of mass M (L(M)) can be written as

[1]

L(M) = [14 Bh(M)]Lhost (M), (1.1)

Ba (M) = m [ amS Loy 11+ By ),
(1.2)

here Lpos (M) is the luminosity of the halo its smooth DM component, By, is the boost factor due
to substructure, Lg,(m) the luminosity of the smooth component of a mass m subhalo, dN /dm the
subhalo mass function, and B, the boost due to sub-substructure. This latter component is usually
believed to be small and ignored. Note that with this definition of boost a boost factor of B =0
means no boost, and a boost factor of B = 1 means the expected self-annihilation signal is twice as
strong compared to the smooth halo only.

The boost factor is sensitive to two things. First, it is highly sensitive to the subhalo mass
function, dN /dm o< m~%*. From numerical simulations, the slope is found to be in the range o €
[1.9,2] [2, 3]. The steeper the slope, the more dominated the boost is by the smallest substructures
and typically the larger the boost will be . Moreover, the boost is directly proportional to the
normalisation, which is usually set by matching the subhalo abundance in the high-mass tail of
the mass function to the results of simulations. Secondly, the boost is sensitive to the subhalo
luminosity. Assuming a truncated NFW profile for the subhalos, the subhalo luminosity can be
written as L, (m) o< p2r2[1 — 1/(14¢,)?] [4]. Here ps and r; are the scale density and scale radius
of the NFW profile. The concentration is given by ¢; = r/rs, with r, the tidal radius. However,
typically in the literature, when calculating the boost this luminosity is taken to be the same as that
of field halos of the same mass. But field halos tend to be less concentrated and consequently less
luminous. For subhalos, on the other hand, tidal stripping will remove the outer less dense part
of the halo, leaving behind a more concentrated object. In this work, we attempt to estimate the
magnitude of this effect and make a more realistic estimate of the boost by taking into account tidal
stripping.

Throughout this paper/letter we adopt the WMAPS cosmological parameters [S5]. We take
capital M to refer to the host halo mass and lower-case m to refer to subhalo mass, unless mentioned
otherwise.
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2. Methods

For all halos we assume an NFW profile. Subhalos are approximated by a truncated NFW

@2.1)

p(r) = {PNFW(r) r<r
0 re <r.

We assume ps and rg to remain unchanged throughout the evolution of the subhalo. At the time
of accretion of the subhalo by the host (at redshift z,), we take the progenitor to have mass m,.
At this point we fix the aforementioned scale radius and density by matching the concentration
€200 = r00/7s to the concentration-mass-redshift relation of [6]. Here rp refers to the radius
within which the mean density of the progenitor is 200 times that of the critical density at z,.

Next, we evolve the subhalo down to redshift 0. For this purpose, we apply the semi-analytical
model from [7]. This model provides an orbit-averaged mass loss rate for subhalos, allowing us to
estimate the expected mass of a halo at a given redshift z, m (z,z,,m,, My). We assume this relation
to model to hold down to m ~ 10*6M©. M is the mass of the host halo today (z = 0). For the
host halo mass accretion history we apply the analytical model by [8]. This model derived from
extended Press-Schechter theory (EPS) [9], gives a mean evolution for a host of final mass My,
M(z,My).

Finally, accretion times and masses are distributed following [10]. They provide an analytical
EPS model for dN /dInm,/dIn(1+ z,).

With these inputs we can determine the evolved subhalo mass function in terms of final subhalo
mass and final concentration, (my,c,). This is proportional to the probability of finding a given mass
subhalo with a given concentration,

2
P (mo, e[ Mp) o #]cht 2.2)
B d’N d (Inmy,In(1+2z,))
~ dInm,dIn(1+2z,) d (Inmy, c;) '

3. Results

For host halos in the range 10° M, to 10'® M, we find the slope of the evolved subhalo mass
function to be in the range 1.91 — 1.94 and the mass fraction in subhalos down to m ~ 10~°M, to
be 5 —25%. In agreement with the results from numerical simulations [2, 3].

Using Eq. 2.2 the average luminosity of a mass m subhalo can be calculated as follows

Lgy(m) = /1 L(mo = m,c,)P (cjmo = m)dc;. (3.1)

In Fig. 1 we show the ratio of the boost for different host halo masses assuming subhaloss are
stripped and have a luminosity as given by Eq. 3.1, compared to the boost under the assumption
that subhalos have a luminosity which is identical to that of field halos. In the latter case the
concentrations are taken from [6]. We adopt four fiducial models to show the dependence on the
subhalo-mass function. Solid lines refer to a minimum halo mass of m ~ 10~ M, and dashed lines
to one of m ~ 10*M,,. Also we adopt slopes of both 1.9 and 2.0. As can be seen, irrespective of
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the subhalo mass function, the boost is typically a factor 2-3 larger when taking into account the
effects of tidal stripping.
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Figure 1: The ratio of the boost assuming the subhalos are stripped over that where the subhalos have the
same luminosity as field halos for different host halo masses. We adopt four fiducial models, with minimum
subhalo masses of M, € [107°Mg, 10* M| and slopes of the subhalo mass function of & € [1.9,2].

In Fig. 2 we show the overall boost factor when tidal stripping is taken into account for dif-
ferent subhalo mass functions. The solid line corresponds to a self-consistent modelling, where we
apply the subhalo mass function that comes out of our analysis. The dotted lines use the same sub-
halo mass functions as [11]. Note that apart from the tidal stripping, these results also differ from
those in [11] because we assumed the concentration-mass relation of [6] rather than from [11]. In
addition, we show the expected boost for Milky-way like dwarf satellites using the self-consistent
modelling. These dwarfs are expected to have a smooth component that is brighter than similar
mass field halo objects, since they are stripped themselves. Moreover, they also loose part of their
substructure due to tidal stripping, resulting in a boost that is smaller compared to the boost of field
halo objects by about an order of magnitude.

4. Conclusion

We studied the concentration and luminosity of dark matter subhalos taking into account tidal
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Figure 2: The boost factors for halos of different size when tidal stripping is taken into account for different
subhalo mass functions. The solid line is corresponds to a self-consistent modelling of the subhalo lumi-
nosities and the subhalo mass function. The dotted lines assume the same subhalo mass function as in [11].
In addition, we show the expected boost for dwarf satellites of the Milky way. This is smaller by a factor
0 (10) since they themselves will be more luminous due to stripping and since they will have lost about
two-thirds of their subhalos.

stripping. We find that subhalos are significantly brighter, by about a factor of 2-3, than their halos
of the same mass in the field. Taking this into account when calculating the boost factor leads to a
similar increase in the boost compared to traditional results in the literature.
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