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Although most proposed dark matter candidates are stabteder for dark matter to be present
today, the only requirement is that its lifetime is longearitthe age of the Universg, ~ 4 x
107 s. Moreover, the dark matter particle could be produced wvia-thermal processes and
have a larger annihilation cross section from the canoneale for thermal dark mattefgv) ~

3x 1026 cm® s1. We propose a strategy to distinguish between dark mattéhiation and/or
decay in the case that a clear signal is detected in futurerganay observations of Milky Way
dwarf galaxies with gamma-ray experiments. The discritmmebetween these cases would not
be possible in the case of the measurement of only the engegiram. We show that by studying
the dependence of the intensity and energy spectrum on theaamistribution of the signal, the
origin of the signal could be identified, and some informatidout the presence of substructure
might be extracted.
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1. Introduction

The existence of dark matter (DM) is inferred from many ddfe astrophysical and cos-
mological observations, which indicate that it constisutdout 80% of the mass content of the
Universe. However, aside from its gravitational interaicsi, very little is known about its nature.
Among the many proposed particle candidates, the most popuak are weakly interacting mas-
sive particles (WIMPs) with masses in the range 10 GeV-10 Aéklough most proposed WIMPs
are stable and are produced thermally in the early Univeitsean annihilation cross section (times
relative velocity) of(av) ~ 3 x 10726 cm® s~1, DM may be unstable but long-lived, with a lifetime
Ty much longer than the age of the Univetge~ 4 x 107 s. Moreover, DM might have been
produced via non-thermal processes and have a larger ktioihicross section than the canonical
value for WIMP thermal relics.

Among the different ways to detect DM, indirect searches lfmo the products of DM anni-
hilation or decay, which include antimatter, neutrinos phdtons. During the last years, different
approaches have been proposed to constrain dark mattezrfiespby using indirect measure-
ments [1, 2, 3]. However, to extract the properties of the Dévitiple from the detection of an
indirect signal requires several pieces of information.efEhexist many different degeneracies
among the different parameters which determine the eng@ggtisim of the signal. In general, this
prevents accurate reconstruction of the DM properties fiteerenergy spectrum alone. In particu-
lar, the sole measurement of the energy spectrum would makeassible to know if the indirect
signal from DM is produced by annihilation or decay. The $pau of the former is characterized
by a cutoff at an energy equal to the DM mass, while the cutatfieé spectrum from the latter is at
an energy equal to half of the DM mass.

In this talk (see also Ref. [4]), we address the question kdredinnihilation and/or decay can
be identified as the origin of a DM signal in gamma rays. We rtoé if DM is unstable and
produces an observable signal from decay, an annihilatgmakwill also be present. We show
that there is a range of parameters for which the two signalddibe comparable, and in this case,
angular information could help to determine their presesice their relative contribution to the
total signal. Although very challenging, this would idéptDM as an unstable particle.

In particular, in order to tackle this problem, we suggedtaegy to distinguish between these
scenarios using future gamma-ray observations of Milky \Wagirf galaxies. We show that, in the
case that a gamma-ray signal is clearly detected, the ar@itd be identified as DM decay, anni-
hilation, or both by examining the dependence of the intgrasid energy spectrum on the angular
distribution of the emission. Furthermore, if annihilatiand decay each contribute significantly
to the signal, we show how these observations could be usexract information about the DM
mass, lifetime, annihilation cross section, and dominanitalation and decay channels. In addi-
tion, as a byproduct of this analysis, one might also esdaldr limit the contribution to the signal
from substructure in the dwarf galaxy’s halo.

2. General ldea

An indirect signal from annihilation or decay originatesrfr the same DM particles, but
these two processes give rise to different angular didtabs of the emission and different energy
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spectra. As pointed out in Refs. [5, 6], angular informat&erucial to distinguish DM annihilation
from decay. Whereas the rate of DM annihilation scales asdhare of the DM densitg, that of
DM decay scales linearly with the density, and consequeh#yangular distribution of the signal
from annihilation is expected to follow a steeper profilerthiaat from decay. However the spatial
distribution of DM substructure in a halo also scales roygid p. Consequently, annihilation
in this component could produce a similar flattening in thgudar distribution of the observed
emission as is expected for decay.

Thus, in order to distinguish these possibilities, we pegpan observing strategy based on
studying the angular variation of the intensity and the gpexpectrum of the signal. From an
observational standpoint, a dramatic decrease in the wdabéntensity between the center of the
object and that at larger angles is a clear indicator of thgplsi case of annihilation in the smooth
halo only, while the observation of a shallow emission peddil all angles would strongly suggest
decay only. On the other hand, the observation of a brightraleregion but with the intensity
falling off more slowly in the outer regions is less strafghtvard to interpret, as it could indicate
annihilation with an important contribution from substiwe, or both annihilation and decay con-
tributing significantly. In this case, we demonstrate thatiaalysis of the energy spectrum of the
signal as a function of angular distance from the center @fotbject could provide the necessary
information to distinguish these possibilities.

If only one process (annihilation or decay) produces a daée signal, the energy spectrum
of the DM signal is the same from all regions of the objecthwfite intensity varying according to
how the rate of that process depends on the DM distributibimoth processes produce detectable
signals, the energy spectrum of the total signal variesrdowg to the contribution from each
process. With generality, we can assume that in this twoga® scenario the annihilation signal is
always dominant in the inner regions of the object, with gdmacoming more important at larger
angles from the center of the object. Thus, we identify tludh annihilation and decay are present
by observing a change in the energy spectrum of the signafasction of angle. By measuring
this change, the presence of both annihilation and decagnBrmed, so by examination of the
signal in the inner and outer regions of the object, the degay in the DM particle mass could
be broken. In this case the DM lifetime and annihilation sresction could also be determined
from the indirect measurement, up to uncertainties in thesitie profile and, for the signal from
the outer regions, uncertainties in the properties of sutiire.

In the following we illustrate the main points just outlingm the case of gamma-ray observa-
tions of dwarf galaxies. Dwarf galaxies are extremely DMmiltated, with mass-to-light ratios in
the range 10M. /L, < M/L < 1000M., /L, [7]. High DM densities coupled with minimal fore-
grounds due to a scarcity of astrophysical gamma-ray seumake these objects excellent targets
for indirect DM searches in gamma-rays. In addition, thedjmted emission from DM decay or
annihilation in Milky Way dwarfs has a relatively large ateyuextent (& few degrees), which in
principle, makes it possible to map the angular distributdan observed signal.

We illustrate the proposed technique for three Milky Way dwalaxies: Draco, Ursa Minor,
and Sagittarius, which are among the most optimistic foect&n in gamma-rays (e.g., Refs. [8,
9)), and are all accessible targets with current experimeWie treat separately the contributions
from the smooth halo and substructure components to the garaysignal. The smooth halo case
alone provides a lower limit on the gamma-ray signal fromilaifation for our assumed density
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Figure 1: Dependence of the intensity from DM decéyu€e) and DM annihilation gurple) on line-of-sight directiony
from the center of the object for selected dwarf galaxies ddntributions from the smooth haldeshedl, substructure
(dot-dasheyl and the totalgolid) are shown. The corresponding projected radig; in units of the halo scale radius

rs is labeled on the top axis. For generality, the amplitudethefcurves for decay and annihilation have been scaled
by the factordp andPy (defined in Ref. [4]) respectively, which depend on the assliparticle propertiedp /P is
shown in units of GeV cm? sr1, andl /Pa is shown in units of Ge¥cm 2 sr1. From Ref. [4].

profile and represents the steepest angular emission pi©filéhe other hand, simulations indicate
that a scaled-down host subhalo population represents déxémam expected abundance of sub-
substructure [10, 11], so we model the subhalo populatiaach dwarf in this way to consider the

upper limits on the total annihilation flux and on the shahess of the angular emission profile in

the annihilation case. Let us note however, that the priggeof substructure in dwarf galaxy halos
are quite uncertain, but for completeness we also congigepbtential contribution.

We describe the mass distribution of the smooth DM halo of elrearf galaxy by a Navarro,
Frenk and White (NFW) density profile [12] and the collectaraission from subhalos within the
dwarf galaxy halo, by summing over the contribution to thengea-ray signal from subhalos of
all masses. We assume that the density profile of each subhalalso be described by a NFW
profile. We refer the reader to Ref. [4] for details on the nliodeof the DM distribution and the
measured and derived properties of the selected dwarfigalax

The angular dependence of the gamma-ray intensity from Divhdation and decay is shown
in Fig. 1 for our three example dwarf galaxies. The contrdng from substructure and the smooth
halo are shown separately, along with the total of theseatsgrom each process. The contribution
from DM annihilation or decay in substructure (blue and peighot-dashed curves) tends to be
nearly parallel to the smooth halo contribution in the casgecay (blue dashed curves) at angles
2 1°. Note that decay in substructure is always subdominantiivels decay in the smooth halo,
even in the maximal substructure scenario we consider here.

3. Resaults

The first requirement in order to use this strategy is thasth&ce is resolved as an extended
source. In particular, we assume that the signal can be dhiimte several annuli centered on the
source. This is in principle possible with the angular reBoh of current experiments~(0.1°
at the relevant energies) for observations of dwarf spbafgjalaxies, since the angular extent of
the predicted DM signal is as large asfew degrees. In addition, this strategy requires that the



Annihilation vs. Decay Sergio Palomares-Ruiz

AWW D'y Ady D:Ww

T T T T T T LR T

\

\

\

Y
=
(@)

dP/dE, [GeV em’s” i
=
(@}

Y
=
(@]

E2
=
(=]
W RALL AL RALL B WL WL RLL RLL AL R BAL R AL R R RLL RLL R

sound ol vl vowd ool o vl vond vl o v voned vood ol vond vond vl o s vod v vl vl vnd 11

107
100"
1
10,
;]L-glzfp el il T SRR
1 10 100 1 10 100
Ey [GeV] Ey [GeV]

Figure 2. Energy spectra in different annuli centered on Draco for amass of 200 GeV and for two combinations
of channels. See text for details. From Ref. [4].

signal in each annulus is detected with sufficient stafigticreconstruct the energy spectrum. In
the following we proceed under the assumption that thesdittons are met.

In Fig. 2 we illustrate the proposed method for a scenario fckwv both annihilation and
decay contribute appreciably to the observed signal frarCttaco dwarf galaxy by showing the
energy spectrum as a function of the angle from the centeheobbject. The energy spectrum
in alternating annuli of A° width centered on Draco is shown out to an angular radius ®f 0
(from top to bottom) for a DM particle mass afy, = 200 GeV. Two combinations of channels
are shown. The left (right) column shows the case of anribiianto a soft (hard) channel and
decay into a hard (soft) one. The channgelsu— andW™W~ have been chosen as representative
of hard and soft channels, respectively. In each panel eddgties represent the contribution from
decay, dotted lines represent that from annihilation, dedthick solid lines represent the total
contribution. We have take(ov) = 3 x 1026 cm® s7! and 1, = 10?° s. Note that although we
have included the contribution of substructure, it is a subighant effect for both annihilation and
decay for the annuli considered in this figure (see Fig. 1).edsected, a significant change in
the spectrum is clearly seen in Fig. 2 for both combinatiohshannels at aroun& = m, /2,
i.e., the maximum energy for photons from DM decay. The spechange is a signature of both
annihilation and decay contributing significantly to thgrsil.

Fig. 3 indicates the range of DM parameters which would iedutransition between annihila-
tion and decay in the angular range 6f@ in Draco, (similar results are obtained for the other two
dwarf galaxies). Here we neglect the contribution from sufosure. The curves indicate the value
of the DM lifetime at which the intensities from DM annihilat and decay integrated above 1 GeV
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Figure3: Lifetime 1y for my = 200 GeV at which the intensities from annihilation and defcafe > 1 GeV are equal
at an observation angl@:rossfrom the center of the dwarf galaxy, for Draco, without substure. Each panel shows
curves for a single annihilation channel, assuming decaydifferent channels (as labeled). From Ref. [4].

are equal at an observation anglg.ss The results for DM decay into leptonic and semileptonic
(hadronic and gauge boson) channels are shown in the @gft\ipanels. The annihilation channel
for each panel is labeled. In these figures we assupe 200 GeV andov) =3x 10 26cmis L.

A larger cross section would displace the curves downwdfdsa givenyi;oss above the curves
annihilation dominates and the emission profile is steapbile below the curves the dominant
contributor is decay and the profile is shallower.

The normalization of the curves depends on the relativegohgields from annihilation and
decay: for a given lifetime, the annihilation-to-decayns#ion occurs further from the center of the
dwarf galaxy for channel combinations in which the ratio loé photon yields from annihilation
to decay is larger. In each panel, corresponding to a singhh#ation channel, the variation
in the amplitude of the curves reflects the different photmidg for the decay channels shown.
Decay via any of the hadronic or gauge boson channels predalogost identical curves since
the photon yields above 1 GeV from these channels are sjraitarthese curves have the highest
normalization of any of the channels since their photondgedre the highest. Similarly, there
is little difference between the curves for decay into anyhefthree semi-leptonic channels, and
these curves fall below the hadronic and gauge boson deesnehcurves. The curves for decay
into the leptonic channels show more variation due to thgelawariation in photon yields for
these channels, and as expected, fall below those for ggruriic and hadronic and gauge boson
channels due to their relatively low photon yields.

For this energy threshold and an assumed cross secti@vpf= 3 x 10726 cm® s72, in order
for the transition to occur at an angle betweeR.1° and~ 2°, the DM lifetime must be between
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~ 10?° s and 16' s, depending on the combination of channels. For largeegadfithe annihilation
cross section, correspondingly smaller values of theifetare needed.

4. Conclusions

In this talk we have outlined a strategy to constrain DM progs in the event of the clear
detection of an indirect signal from gamma-ray observatiohdwarf galaxies. We addressed the
guestion of how scenarios of DM annihilation, decay, or bothld be distinguished, and what
information could be obtained about the intrinsic progsrdf the DM particle and its small-scale
distribution from this type of indirect measurement. In soany, we have shown that a DM particle
with an annihilation cross-section and lifetime just beydhe limits currently established could
produce a clear spectral change on an angular scale withie#tth of future experiments. Ongoing
observations by current and future experiments will cargito improve the prospects for detecting
and mapping a DM signal in the coming years.
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