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Abstract:

We study the constraints on dark matter (DM) annihilation/decay from the Fermi-LAT Isotropic

Gamma-Ray Background (IGRB) observation. We consider the contributions from both extragalactic and galac-

tic DM components. For DM annihilation, the evolution of extragalactic DM halos is taken into account. We find

that the IGRB annihilation constraints under some DM subhalo models can be comparable to those derived from
the observations of dwarf spheroidal galaxies and CMB. We also use the IGRB results to constrain the parameter

regions accounting for the latest AMS-02 electron-positron anomaly. We find that the majority of DM annihila-

tion/decay channels are strongly disfavored by the latest Fermi-LAT IGRB observation; only DM decays to p™u~

and 4 channels may be valid.
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1 Introduction

Numerous observations from astrophysics and cos-
mology have confirmed that dark matter (DM) consti-
tutes about 84% of the total matter in the universe [1].
Despite its acknowledged existence, we still have a poor
understanding of its microscopic properties. In many
new physics models, weakly interacting massive particles
(WIMPs) are well-motivated DM candidates. They are
expected to either self-annihilate or decay into Standard
Model particles, such as neutrinos, antiprotons, elec-
trons/positrons, photons and so on. One kind of method
for DM identification, namely indirect DM detection, is
to search for such signals from DM annihilation or decay.
Of particular interest are gamma-ray observations with
high sensitivity. Since the propagation process is simple
and the energy loss is small, photons are very powerful
probes to reveal DM properties.

Recently, the Fermi-LAT collaboration reported their
4-year measurement of the diffuse isotropic gamma-ray
background (IGRB) at high latitudes with |b| > 10° [14].
Compared with the previous measurements [12, 13], the
new Fermi-LAT data further extend to a higher energy
range, from 0.1 GeV to 820 GeV, nearly four decades.
Especially, above 300 GeV, a significant high energy cut-
off has been discovered. The whole spectrum can be well
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described by a single power-law plus an exponential cut-
off with the index v~ 2.324+0.02 and E.; ~ 279+52 GeV.
The dominant component of the IGRB is believed to
originate from extragalactic astrophysical sources, most
of which are too faint or too diffuse to be resolved, such
as blazars, mis-aligned active galactic nuclei and star-
forming galaxies and so on. Some galactic sources, such
as millisecond pulsars, can also contribute to the IGRB
[43]. However, since the predicted intensity from astro-
physical sources is highly model dependent, there still
exists a possible contribution from DM annihilation or
decay in the IGRB. Thus the IGRB is often considered
to be a powerful probe to search for DM signals, and
has been used to set upper limits on the DM annihi-
lation cross section or decay lifetime in several studies
[16-34, 83-85].

Another hot issue which has received considerable at-
tention in DM studies is the excess in the cosmic ray
electron-positron measurement, reported in recent years
by several experiments such as PAMELA [3], ATIC [5]
and Fermi [8]. Most recently, the AMS-02 results [9, 10]
have confirmed such an excess from ~ 0.5—500 GeV with
a high precision. This anomaly can be explained by DM
with a large annihilation cross section to charged leptons,
which is several orders of magnitudes higher than the
thermal freeze-out value, i.e. 3x10726 cm®-s~!. Such DM
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particles would also inevitably induce significant gamma-
ray signals by cascade decays, internal bremsstrahlung,
final state radiation (FSR), and the inverse Compton
scattering (ICS) of electrons to background radiation
field. Therefore, the IGRB is naturally summoned as
a powerful tool to constrain DM explanations of the
positron excess.

In this work, we study the constraints on the DM
annihilation cross section and decay lifetime by using
the latest Fermi-LAT IGRB results, and compare these
limits with the DM parameter space which can explain
the latest AMS-02 electron-positron observation. Com-
pared with previous works, we have made the following
improvements:

1) Both extragalactic and galactic contributions of
DM annihilation/decay are reckoned. The steady-
state spatial distribution of electrons and corre-
sponding ICS gamma-rays in the Galaxy are com-
puted by GALPROP?Y [81, 82], which gives com-
prehensive consideration of the transport equation
and the background radiation field.

2) Three kinds of limits, namely conservative,
background-fixed, and background-relaxed, are
adopted and compared with each other. The good-
ness of the bound depends on the limit method. Es-
pecially, we show that the shape of bound curves
could vary with constraint methods.

3) New cosmic-ray data have been extensively ap-
plied. We consider recent AMS-02 proton [2],
B/C [86] and electron-positron data [9, 10]. They
are used to constrain transport parameters in the
Galaxy [76, 77], and obtain the updated DM pa-
rameter space favored by the cosmic-ray positron
anomaly.

The paper is organized as follows. In Section 2, we
give a comprehensive introduction to the gamma-ray flux
from DM annihilation (or decay). For extragalactic DM
annihilation, the dominant theoretical uncertainties arise
from the unclear clustering history and properties of
small DM halos. We consider these uncertainties un-
der different assumptions about minimum DM halos. In
Section 3, we discuss the limit approach to DM annihila-
tion (or decay) and give our analysis of the results. We
derive the constraints under some different concentra-
tion models in DM annihilation. But for decaying DM,
due to there being none of the above uncertainties, the
constraints are quite confirmative. We also use GAL-
PROP to calculate the propagation of the DM induced
electrons and positrons, and obtain the parameter space
accommodating the AMS-02 results. We compare this

1) http://galprop.stanford.edu

parameter space with the IGRB constraints. Finally, a
summary is given in Section 4.

2 Diffuse gamma-rays from dark matter
annihilation/decay

Both extragalactic and galactic DM can produce high
energy photons. The gamma-ray flux induced by ex-
tragalactic DM depends on the history of DM cluster-
ing and is essentially isotropic. On the other hand,
the spatial distribution of the galactic gamma-ray sig-
nal is apparently anisotropic due to our special posi-
tion in the Galaxy. Even after rigorously subtracting
the anisotropic component of galactic gamma-rays, there
would still exist a residual isotropic component in the
IGRB, which is equal to the signal from the direction
opposite the galactic center. Thus both extragalactic
and galactic DM would contribute to the IGRB signal,
and the expected DM-induced IGRB flux can be written
as [22, 25, 26)

PN =R 4 R

o (1)

anti-GC

2.1 Gamma-rays from cosmological dark matter
evolution

The total gamma-ray flux emitted from the extra-
galactic annihilating DM at different redshifts is given
by [16, 21, 26],

. 2 (22 2 o] N3 2/( 1
Fy (B, ) = 22 Xp0<0”>/ @ UV IA )+

4 2m2 H(z)
dN ;o
15 exp|[—7(z;2',E")], (2)

where m,, is the mass of the DM particle, and (ov) is
the corresponding thermal averaged annihilation cross
section. H(z) = Ho\/(2,+2,)(1+2)3+ 2, and p. =
3HZ/8nG are the Hubble parameter at redshift z and
the current critical density of the Universe, respectively.
For the latest cosmological parameters (2,, (2, {2, and
h, we refer to the values from Ref. [50]. A2(z) denotes
the enhancement of DM annihilation, and will be in-
troduced in greater detail in the next subsection. In
Eq. (2), z and 2’ are redshifts at which photons are ob-
served and emitted respectively. dN/dE’ indicates the
initial gamma-ray spectrum per DM pair annihilation,
and E' = E(142')/(1+z) is the photon energy at red-
shift of emission z’. The prompt photons from DM anni-
hilation are produced by final-state radiation or cascade
decays of the annihilation products. In this work, the in-
jected energy spectrum of prompt photons is generated
by PPPC4DMID [15].
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The photons can also come from the ICS by DM-
induced electrons and positrons off the interstellar ra-
diation field, such as the cosmic microwave background
(CMB), infrared photons and starlight. The gamma-ray
flux from the ICS process is given by

ay
dFE

—c/den(e)/dEed—n x Fn(e, Ee, E),

. dE,

(3)

where n(e) is the number density distribution of the
background radiation as a function of energy e at redshift
z. For the cosmological ICS process, we only take into ac-
count the CMB photons. dn/dF, is the energy spectrum
of electrons. In this work, we adopt the assumption that
electrons quickly lose their energy and the resulting dis-
tribution of electrons reaches equilibrium [18, 21]. Hence
the spectrum is evaluated by equating the injected rate
of DM electrons with the corresponding energy loss rate,
which can be written as

dn 1 / ,dN,
dE. b(E..z) /g, “dE’’

(4)

with the energy loss rate b(E,,z) = 2.67 x 107'7(1 +
2)*(E./GeV)? GeV-s~'. The differential Klein-Nishina
cross section Fin(e, E,, F) is adopted as the following
form [74, 75]

o 3UT
42

(I'9)*(1—q)
2(1+1I'q)

FKN(E;EeaE)

2qIng+(1+2¢)(1—q)

+ ; (5)

where o7 is the Thomson cross section, 7 is the Lorentz
factor of electron, I' =4ey/m., and ¢= E/I'(E.—FE). On
a separate note, when ¢ <1/4~2 or ¢ > 1, Fxx(€, E., E) =
0.

2.2 Clumpiness factor of dark matter annihila-
tion

As the annihilation rate is proportional to the square
of DM particle number density, the annihilation signal
would be significantly enhanced in clumpy halos. The
enhancement factor A%(z) can be defined as summing up
the contributions of all the halos with different masses
formed in the history of Universe

i) PO

Avir(2)
A2 = - dM ierir
(2) 3pX / v deir ~ 2 wmax
/p(z)xzdx
(6)
where M,;, is the virial mass of the DM halo,

dn(z)/dM,;, is the halo mass function (see Appendix A),
and p is defined to describe the inner density profile of

a single DM halo. Due to the self-similarity in halo for-
mation, all halos share a common profile. Here we adopt
the well-known NFW profile [46]

saoy= L -1
p(l’)_ps :E(1+13)2

(7)
with  =r/r,. The scale radius r, is related to the virial
radius r.;, through

Tvir

(8)

The virial radius r,;, can be directly derived from the
virial mass M,;. by

Ty =

Cyir

( 3]\4vir ) 13
ie=\| 7" A2 7~ )
At i (2)px (2)

where p, (2) = py(1+2)? is the mean DM density at red-
shift z. The virial overdensity A,;.(z) is taken to be [45]

9)

Ayir(z) = (187 + 82y — 39y°) /(1 +y), (10)
with y=,,(2)—1 and 2,,(2) = 2,,(14+2)*/ (2, (14+2)*+
.QA).

In Eq. (8), the concentration parameter c.;, is a func-
tion of the virial mass M,;, and redshift z. The value of
Cyir 1s usually obtained from N-body simulation. How-
ever, halos with low masses are beyond the power of
even state-of-the-art resolution. Thus their c,;, is roughly
evaluated by extrapolation according to the fitting for-
mula within the reach of simulations. The DM-induced
gamma-ray flux can be enhanced by higher concentration
as a result of the larger annihilation rate. In the cold dark
matter (CDM) scenario, the structures are organized in
‘bottom-up’ fashion, i.e. smaller structures are formed
earlier than larger ones. Since massive halos assemble
later and experience recent major mergers, they typically
hold lower concentrations compared with those growing
quiescently and with smaller mass. This means that
the concentration varies inversely with the halo mass
[61]. Thus, the gamma-ray intensity is sensitive to the
lower halo mass cut-off and the slope of the concentra-
tion model. Here we consider two concentration models:
one is an analytical model developed in Ref.[47] (B01),
and the other is a direct extrapolation of the fitting re-
sults from the simulation [49] (MO08). In both the above
models, we assume the linear redshift evolution of the
concentration parameter, i.e. ¢y, (2) =cy (2 =0)/(1+ 2)
[47].

In this section, we compute the diffuse gamma-ray
contributions of four DM benchmark points listed in Ta-
ble 1. These parameter points are derived from a Markov
Chain Monte Carlo (MCMC) fitting [58] to the latest
AMS-02 electron/positron measurements [9, 10]. We use
GALPROP to deal with the transport effect, and adopt a
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conventional diffusion-convection model, which is speci-
fied in Appendix C. More comprehensive discussions are
available in Ref. [76]. In the left-hand panel of Fig-
ure 1, we show the extragalactic DM-induced gamma-ray
spectra under two different concentration models. The
dashed and dash-dotted lines represent the spectra in
the BO1 and M08 models, respectively. Here the min-
imum DM halo mass is taken to be M, = 1075M,.
Although both B0O1 and M08 models provide a good fit
to the concentration parameters within the resolution of
the N-body simulation, the different extrapolations in
the low halo mass region still produce nearly one order
of magnitude difference. The low mass cutoff of the DM
halo is also unclear due to the limited resolution of the N-
body simulation. In the right-hand panel of Fig. 1, we
show the gamma-ray spectra for different assumptions
of the minimum DM halo mass M, = 107%, 10~°, and
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Fig. 1.

10° M in the BO1 model. We can see that the gamma-
ray intensity gradually rises with decreasing M,,,. In
the rest of this paper, we always take the minimum halo
mass to be M i, =107°M. Note that here the effect of
extragalactic background light has been included, which
will be further explained in the next subsection.

Table 1. The best-fit values of mass-cross section
(decay lifetime) parameter space for the latest
AMS-02 positron-electron data [9, 10]. The DM
are chosen to annihilate (decay) into u*u~ and

71~ channels.
annihilation decay
m (ov) my T

h 1 x

BT Gev /(10728 emB.s1)  /GeV /(102 s)

utu—  417.44 0.30 808.63 9.13

tr~  1007.84 2.11 1774.76 3.21
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(color online) Left: the extragalactic gamma-ray spectra due to different sets of the concentration parameter

cvir- The annihilation channel is chosen to be xx — T71~. The green dashed and blue dash-dotted lines represent
the spectra in the BO1 [47] and MO8 [49] models, respectively. Here the minimum DM halo mass is Mmin = 107% M.
Right: the same gamma-ray spectra assuming different minimum DM halo masses. The blue dash-dotted, yellow
solid and green dashed lines correspond to Mmin = 10797 10767 10° M respectively in the BO1 model.

2.3 Extragalactic background light

The factor exp[—7(z; 2, E')] characterizes the absorp-
tion of gamma-ray photons when crossing the universe.
7(z;2',E") is the optical depth of gamma photons be-
tween observed redshift z and emission redshift z’, and
is obtained by the following relation:

R 2! B CY(E”, Z”)
T(Z,Z,E)—C/z dz TNt (11)
where E” = E'(1+2")/(1+2'), and «(F, 2) is the absorp-
tion coefficient. As far as we are concerned, the dominant
energy loss of high energy photons is from scattering with
extragalactic UV background light. In this work, we refer
to the UV background model given by Ref. [54]. The UV
background mainly affects the gamma-ray flux above 100
GeV, which is suppressed by roughly one order of magni-

| tude. We also consider other energy loss processes: pair

production on neutral matter (6 < z < 1000), pair pro-
duction on fully ionized matter (z < 6), photon-photon
scattering and photon-photon pair production with the
CMB photons [15]. These interactions give a very small
contribution to the attenuation of high energy gamma-
ray photons.

In the left-hand panel of Fig. 2, we show the ex-
tragalactic gamma-ray spectra with and without the ab-
sorption effect of extragalactic background light (EBL).
The annihilation is chosen to be the xx — Tt~ channel.
Here the concentration model is chosen to be BO1. It
is apparent that EBL mainly influences the high energy
gamma-ray spectra, above tens of GeV. The blue dashed
and purple solid lines are the galactic gamma-ray flux
and the total flux with EBL, respectively.
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(color online) Left: the influence of extragalactic background light (EBL). The green dash-dotted and brown

dash-dotted lines represent the extragalactic flux with and without EBL. The blue dashed line is the galactic

contribution. The purple solid line is the total flux with EBL. The annihilation channel is xx — T

*17. Right:

the galactic (blue dashed line), extragalactic (green dash-dotted line) and total (purple solid line) gamma-ray flux
from xx — pwt ™ channels of DM annihilation. The DM particle cross section and mass are listed in Table 1.

2.4 Diffuse gamma-rays from galactic dark mat-

ter annihilation

The gamma-ray signal from the annihilation of galac-
tic DM particles is obtained by the line-of-sight integral
of squared DM density at an angle ¢ with respect to the
direction of the galactic center. The prompt radiation is
given by

. Rop? AN
B (B, ) = (o) S22
p(r(z, =(b,0)))]? do
—_— . 12
x w/lo s. |: p@ R@ ( )

r(b,l,x) = \/R% — 2z R cos(f) cos(b) +z2 is the distance
to the galactic center, where (b,l) are galactic coordi-
nates. Due to the finite resolution of the telescope, the
gamma-rays are actually received from a finite observa-
tional solid angle. Therefore the predicated gamma-ray
flux from DM annihilation should be averaged within a
solid angle A{? toward an observational region

Rop? dN [ d
8nm2 dE |y, AQ

plr(b,l,2))1" dv
/1[ Po ] R

We find that for the case of the anti-galactic direction,
this average brings about negligible improvement. For
the density distribution of the galactic DM halo, we still
adopt the NFW density profile, fixing the local DM den-
sity p(r =75) =0.3 GeV/cm? and total DM mass within
60 kpc M (< 60 kpc) = 4.7 x 10" M, which means
r,=24.42 kpc and p, =0.184 GeV/cm? [15].

For the gamma-rays from the ICS by DM-induced
high energy electrons, we need to solve the transport

B (B,1) = (ow)

(13)

equation of electrons in the Galaxy. However, high en-
ergy electrons can only travel a few hundred parsecs due
to the significant energy loss. Thus, the observed elec-
trons mainly originate from nearby sources. Unlike the
extragalactic ICS process, the background photons in-
clude two additional components as well as the CMB
photons: infra-red light from the absorption and re-
emission of starlight by galactic dust, and starlight from
stars in the galactic disk. Both of these are mostly dis-
tributed in the galactic disk and are spatially dependent.
Yet the usual analytical solutions of the transport equa-
tion often make a simplified assumption on the radia-
tion field. In this work, the package GALPROP is used
to numerically solve the transport and ICS processes of
electrons, in which the spatial distribution of background
radiations has been included. The spectra of initial elec-
trons injected by DM are still evaluated by PPPC4DMID
[15]. The transport parameters are consistent with those
used to explain the latest AMS-02 results [76].

For the galactic DM annihilation, we still consider the
boost factor due to DM substructures. Many analytic ar-
guments and numerical simulations have confirmed the
presence of substructure in the galactic DM halo [71-73].
We refer to the analytic substructure model developed
by [67, 68], which is introduced in Appendix B. This
method can extend to mass scales which are too small to
be resolved by numerical simulations.

In Fig. 2, we compare the galactic gamma-ray flux
with the extragalactic contribution. The annihilation
channels are respectively xx — t"1~ and xx — putu".
For the t"t~ channel, prompt radiation makes the
stronger contribution. The galactic contribution exceeds
the extragalactic one at higher energy, about hundreds
of GeV. But for the u™u~ channel, the prompt radiation
flux is significantly weaker than the ICS flux, thus the
galactic flux holds a dominant position at lower energy,

045104-5



Chinese Physics C  Vol. 41, No. 4 (2017) 045104

about several GeV.
2.5 Gamma-rays from DM decay

Compared with annihilating DM, the gamma-ray in-
tensity from decaying DM is only proportional to the cos-
mological DM density p,. Thus it does not suffer from
enormous uncertainties, such as the density profile of the
DM halo, the history of structure formation, concentra-
tion parameter, halo mass function and so on. In this
case, the resulting predictions should be relatively more
solid. The accumulated DM-induced gamma-ray flux
during the evolution of universe is given by [22, 23, 25]

c $2p. dz’ dN
gdee = __ X ————exp|[-7(z;2,F’ 14
56 = T myra | H(z) ap P ES L (4
107 pr——rrrmmy T T Ty
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with 74e. the decay lifetime of the DM particle. For the
prompt contribution from galactic DM decay, we just
need to make the following substitution in Eq. (13):

2{ov
X X
The spatial distribution and energy spectrum of elec-
trons from galactic DM decay, and the ICS contribution
to photons, are also evaluated by GALPROP.

The left- and right-hand panels of Fig. 3 show the
gamma-ray spectra for the x — "1t~ and x — ptu~
channels, respectively. Both the galactic (short dashed)
and extragalactic (dash-dotted) contributions are also
shown.

S0 Sl LA AL B AL B AL L B
. —— IGRB
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total
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(color online) The galactic (blue dashed line), extragalactic (green dash-dotted line) and total (purple solid

line) gamma-ray flux from different DM decay channels. The left is the x — T71~ channel, and the right is the
X — 1T~ channel. The cross section and mass are listed in Table 1.

3 Constraints on DM annihilation/decay

3.1 Methods

The main component of the observed IGRB is be-
lieved to originate from unresolved astrophysical sources.
In principle, the DM-induced signals can be obtained
by subtracting all the astrophysical contributions from
the Fermi-LAT data. The possible dominant candi-
dates include blazars (including Flat Spectrum Radio
Quasars and BL Lacertae) [37, 39, 40], star-forming
galaxies [35, 36], and misaligned AGN [41, 42]. In re-
cent years, some authors have performed analysis by fit-
ting the IGRB data with the astrophysical contributions
along with their predicted theoretical uncertainties, and
then setting upper limits on the DM contribution [27-
29, 31, 32]. Some studies have claimed that the extra-
galactic gamma-ray background above 50 GeV can be
principally attributed to blazars [44]. However, the pre-
cise contributions of different populations are model de-
pendent and remain unclear. In this work, we do not

| focus on the predictions and uncertainties of signatures

from astrophysical sources, while adopting some model-
independent methods to set constraints on DM annihi-
lation/decay.

Conservative limits: As a first analysis, we require
that the DM contributions alone should not exceed the
observed IGRB spectra. The derived constraint is usu-
ally regarded as the most conservative one. The x? can
be defined in energy bins where the DM signal exceeds
the IGRB intensity, i.e.

(16)

2 —_
Xcons =

R
i€{i|pPM> pmaxy U?
¢PM is the DM-induced gamma-ray flux in the i-th en-
ergy bin as a function of (ov) or t4... We adopt the IGRB
background based on the galactic emission model A in
Ref. [14]. However, to avoid the influence of the fore-
ground diffuse emission model on the DM constraints,
the foreground uncertainties ¢ are incorporated into
the IGRB data points D;. All these new data points are

045104-6



Chinese Physics C  Vol. 41, No. 4 (2017) 045104

called D**. o, are kept unchanged. Our method is con-
sistent with Ref. [30]. The corresponding 30 DM limits
are achieved when x2 _=9.

Background fixed: We assume a universal function
to represent the total energy spectra from astrophysical
sources. Its form is taken as a single power-law with an
exponential cutoff at high energy

E \ E
bg: -
¢r=h (100 Mev> eXp( E) (17)

where Iy, v, and E, are kept to be the best-fit values to
the IGRB spectra under foreground model A [14]. The
DM-induced photon flux is assumed to be superimposed
on the background flux. This method was widely em-
ployed in past studies [20, 25, 30]. The x? is evaluated
over all the energy bins:

Di_ ?gI7 7Ec - ?M2
XSensZZ[ ¢ (07 ) qb ]

o2

7

(18)

1

The 30 limits are reached when the DM signal compo-
nent forces the x? to rise by more than 9 with respect to
the best-fit x? without DM signal.

Background relaxed: In this case, the astrophysical
background is also assumed to be a single power-law plus
an exponential cutoff, whereas I, v, and E, are treated
as free parameters as well as m, and (ov)(or t4..). For
given m, and (ov)(or t4e.), we can obtain a minimal y?
via a global fitting to the IGRB data. The upper limit
on (ow) (or lower limit on t4..) can be obtained when the
corresponding x? deviates from the minimal value 2.
by a particular value, which is 9 here. Here, GNU Sci-
entific Library (GSL)" is used to perform the nonlinear
least-squares fit.

3.2 Results

In Fig. 4, we show the IGRB limits on the DM anni-
hilation cross section for nine different channels: ete™,
whp™, ttr~, WHW~, uq, bb, 4y, 41 and 47°. Here we
adopt the concentration model B0O1 [47] and set M, to
be 107%M. The three types of curve represent the con-
straints of conservative (blue), background-fixed (red)
and background-relaxed (green) methods, respectively.
Compared with the conservative limits, the background-
fixed limits on the DM annihilation cross section can be
improved by about one order of magnitude in the mass
region of ~ O(10%) GeV. The background-relaxed lim-
its are always sandwiched between the conservative and
background-fixed limits. For low DM masses, they are as
stringent as the background-fixed limits. For the T+t~
uil, 4t and 47° channels, these limits could even reach

the thermal cross section (ov) ~ 3 x1072¢ cm?®s™! at

1) http://www.gnu.org/software/gsl/

the mass region of ~ O(10) GeV. When the DM mass
increases, all the constraints become loose and their dis-
tinctions decrease. The background-relaxed limits tend
to the conservative limits at the DM mass region of O(10)
TeV.

For comparison, the constraints from the latest
Fermi-LAT observations of dwarf galaxies [61] and
Planck’s CMB measurements [1] are also shown in Fig. 4.
For the hadronic channels, the IGRB limits are always
weaker than those of dwarf galaxies at low DM mass
region. However, the IGRB observations could set strin-
gent bounds for heavy DM particles annihilating to lep-
tons as a result of large contributions from ICS processes.
This is particularly clear for the ete™ channel, as shown
in Fig. 4. Compared with CMB limits, except for the
ete™ and 47° channels, the IGRB constraints are al-
ways weaker than the updated CMB constraints. At low
DM mass, the constraints from IGRB are significantly
stronger for the 47m° channel, while beyond 1000 GeV
the constraints lose their strength quickly. Different from
the 47° channel, the background-fixed constraints on the
eTe™ channel are slightly stronger at higher mass.

In Fig. 4, we also show the parameter regions ac-
counting for the cosmic-ray electron-positron anomaly
renewed by the AMS-02 collaboration. The favored DM
annihilation cross section and DM mass are derived from
a global MCMC fit to the AMS02 data, see Appendix C.
Here we do not consider the eTe™ final states, since the
corresponding sharp electron-positron spectra cannot fit
the current AMS-02 data. The same applies to the 47°
channel, which does not generate electrons and positrons.
As shown in Fig. 4, the available regions for leptonic
channels are much smaller than those for hadronic chan-
nels and the DM masses required by the leptonic chan-
nels are also smaller than those for hadronic channels.
We can see that almost all the channels have been ex-
cluded by the background-fixed IGRB limits. The pa-
rameter region for the utp~ channel, although it remains
valid by both conservative and background-relaxed lim-
its, has been rejected by the updated limits from dwarf
galaxies and CMB. Besides, despite the IGRB being un-
able to constrain the 4p channel, it has been excluded
by the CMB observation.

In Fig. 5 we show the IGRB limits on the DM anni-
hilation cross section for the concentration model M08
[49]. All the limits are improved by almost one order
of magnitude. This can be understood by the energy
spectra shown in Fig. 1. At low DM masses, the IGRB
limits are already comparable to those from dwarf galax-
ies [61], which tend to 10?" cm™3-s7!. In this case, even
the parameter space favored by the positron anomaly in
wru~ channel has been excluded readily by the conserva-
tive IGRB limit. Except for the p*u=, 4p and 47° chan-
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nels, the background-fixed constraints are comparable or
even stronger than the current CMB constraints over the
whole mass range. Since the constraint curves are flatter
for the utp~ and 4 channels, it is only comparable to
the CMB limits at higher mass. For the 47t° channel, the
IGRB constraints are stronger than the CMB limit up
to 5x 10° GeV.

In Fig. 6, we present the constraints on the lifetime
of decaying DM. In contrast to DM annihilation, the
gamma-ray fluxes generated by decaying DM are not
significantly affected by the history of the structure for-
mation. Therefore, the constraints on the DM lifetime
are more credible. The most stringent constraints come
from both eTe~ and 47° channels, which reach 7 ~ 1028

s respectively at O(10) TeV and O(1) TeV. For the ete™
channel, the main contributions are photons from ICS,
while the peak of energy spectra at high energies would
become significant and easily constrained by Fermi-LAT
data when DM mass increases. For the 47° channel,
the signal stems from final state radiation, whose en-
ergy range is around DM mass. In this case, the IGRB
constraints are only sensitive to DM particles whose
masses are less than the upper limits of the Fermi-LAT
measurements. Hence, the constraints on the 47° chan-
nel are much weaker above 103 GeV, which is beyond
the current Fermi-LAT observations. For the remain-
ing channels, the limits are also stringent for low DM
mass due to the contributions from cascade decay and

1 0’20 T T T T T T T T T
thermal relic
102! F conservative E
bg fixed -
~ 102F bgrelaxed - E
oA " dwarf ----- L7 k
< 10752F Planck —---- 3
g
/\‘: 102 E
>
& o e'e 3

(G v)/(cm>s™)

10! 10? 103 10*
m, /GeV

10° 10 10?

Fig. 4.

m, /GeV
(color online) The constraints on the DM annihilation cross section for nine different DM annihilation

10° 10 10° 10! 10? 10° 10* 10°

m, /GeV

channels: eTe™, pp~, 7777, WFW™, ufi, bb, 4y, 47 and 47°. The concentration model BO1 [47] is adopted and
Mmin =1075Mg. The blue, red and green solid lines denote the conservative, background-fixed and background-
relaxed limits, respectively. The brown solid line denotes the annihilation cross section for the thermal relic density
~3x1072% ecm3s™!. Black dashed lines are the constraints from the Fermi-LAT observations of dwarf spheroidal

galaxies [61], while blue dash-dotted lines are the updated CMB limits from the Planck satellite [1].

The dark

orange contours correspond to the 1o, 20 and 30 parameter regions accounting for the electron-positron excess

observed by the AMS-02 collaboration [9, 10].
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hadronization processes. The regions in parameter space
favored by the positron anomaly are also manifested. All
the channels are disfavored by the background-fixed lim-
its. Only the ptp~ and 4pu channels remain allowed by
the IGRB constraints.

4 Summary

We have used the latest Fermi-LAT IGRB data to
set upper(lower) limits on the DM annihilation cross sec-
tion(decay lifetime) for nine channels, i.e. eTe™, ptu-,
ttt—, WHW~, ud, bb, 4u, 47 and 47°. To consider
the uncertainties from the multiplier of the extragalactic
gamma-ray flux, the DM annihilation constraints were
investigated in two competing parameterized concentra-
tion models, i.e. BO1 [47] and M08 [49]. In our analysis,
we derived three kinds of limits, namely conservative,
background-fixed and background-relaxed limits. Com-
pared with the conservative method, the background-
fixed method can improve the constraints by about one
order of magnitude at low DM masses. If a combined

fit accounting for both DM-induced flux and the as-
trophysical background is performed, the corresponding
background-relaxed limits always lie between the conser-
vative and background-fixed limits.

For DM annihilation, we find the most stringent
bounds are from 47° channel. In the concentration pa-
rameter model M08, the upper limit to (ov) for 4n° chan-
nel can be up to 10727 cm?3-s~1. However, the constraints
dramatically weaken if DM mass is heavier than ~ O(1)
TeV, since the major contribution of gamma-rays comes
from prompt radiation. The background-fixed limits for
hadronic channels can be comparable with the dwarf
galaxy limits. For the leptonic channels, when the DM
mass is larger than ~ O(1) TeV, the constraints can be
even stronger. This indicates that the IGRB is suitable
to search for heavy DM. Compared with CMB limits, the
IGRB constraints on hadronic and T channels are compa-
rable across the whole DM mass range. For e and p chan-
nels, due to the flatter constraint curves, the IGRB con-
straints are significantly weaker than CMB constraints
at lower DM mass.

10720

T
thermal relic

102!  conservative
bg fixed
bg relaxed

102 F
102 F . E
10 ‘

(6 v) /(cm*s™)

1 0725

10

1 0727

1020 . . . .
102 f
102
102
102 F

(G v)/(cm>s™)

1 0*25 E

sk

1077
10720

10
102
102
10
10

(o V) /(cm*s™)

1026k - :

10*27
10! 10? 10° 10

m, /GeV

10° 10! 10?

Fig. 5.

m, /GeV
(color online) The constraints on the DM annihilation cross section for nine different DM annihilation

10° 10! 102 103 104 10°
m, /GeV

10° 10

channels, where concentration model M08 [49] is adopted. The notations are the same as Fig. 4.
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Fig. 6. (color online) The constraints of DM decay channels. The blue solid lines are the conservative limits, the red

solid lines are the background-fixed limits and the green solid lines are the background-relaxed limits. The dark
orange contours are the parameter space favored by the cosmic-ray electron-positron excess.

We also investigated the IGRB constraints on the
parameter regions favored by the cosmic-ray electron-
positron excess. We find that almost all the annihilation
channels have been excluded by the background-fixed
limits. Only the 4p channel remains valid by the conser-
vative limit in the concentration model M08. Even so, it
is still excluded by update CMB limts from Planck. For
decaying DM, the most stringent constraint is set for the
eTe™ and 47° channels, which can reach even 7~ 10% s
respectively at some mass ranges. Most decay channels

Appendix A

Halo mass function

The halo mass function dn(z)/dMsyir characterizes the
comoving number density distribution of DM halos at dif-
ferent redshifts. It can be usually written in the following

favored by the electron-positron anomaly have also been
excluded by the conservative limits except for the ptp~
and 4p channels, but the background-fixed limit is close
to the border of the 3¢ contours of the p*tp~ channel.
Future observations will place more stringent constraints
on both channels.

W. L. thanks Qiang Yuan, Bin Yue and Dahai Yan
for helpful discussions of parameter constraint, structure
formation and extragalactic background light.

widespread formula

dn(z)  px [2A%a 2 —p 2 dv
e Mo [+l exp (—ar’)/2) e
(Ala)
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with (A,a,p) =(0.322,0.707,0.3), i.e. the well-known Sheth-
Tormen formula. v = 0.(z)/0(Myi:) and d.(z) = 1.68[D(z =
0)/D(z)] is the critical overdensity above which spherical col-
lapse occurs [48]. D(z) is the linear growth factor represent-
ing the growth of the density perturbation inside the horizon
after matter-radiation equality era. A prevailing approxima-
tion can be found in Refs. [51, 52],

502m/2
(14 2) (24— 204 (14 2, /2)(1+ 24 /70)]

D(z)~ (Alb)

Uz(Mvir) is the average variance of the density field, which
is evaluated by integrating the matter power spectrum in k-
space

02(Mm):% / W?(kRw)Ps(k)k*dk, (Alc)

where W(z) is the window function. In the literature, two

Appendix B

Dark matter subhalos in the Galaxy

When substructures are present, the DM densities with
the same radius r are no longer the same. In Ref. [68], the
authors defined a probability density function P(p,r), which
represents the probability at r of the density being between p
and p+dp as P(p,r) dp. If fs denotes the fraction of smooth
DM component, then 1— fs is that of the clumped compo-
nent. According to the simulation, fs ~ 1, so the clumpy
component only occupies a tiny portion, i.e. 1— fs < 1. The
part with high DM density is postulated to have a power-law
distribution. The probability distribution function P(p,r) is

2
gl ()

a(r —(2+4a)
+a-i) 2o p) (pﬁ) - (B1)

The first term comes from the smooth halo component, which
has a log-normal distribution with the mean density p; and
variance A2. The second term is a high-density power-law
tail due to the substructure. The fraction of smooth-halo
part can be well approximated by

fs(r):1—7x10*3<_ pr) (B2)

~0.26
plr= 100kpc)> '

Appendix C

Estimation of the dark matter parameter space fa-
vored by AMS-02 e* measurements
The excess of e¥ measured by AMS-02 could stem from

window functions are often used, i.e. the top-hat window
function (W (x)=3(sinz—xzcosz)/z*) and the Gaussian win-
dow function (W (z) = exp[—2/2]). In this paper, we use the
former. Ps(k) is the matter power spectrum given by

Ps(k)= As(k-Mpc)"* T2 (k). (A1d)

In the above equation, constant A is normalized by og =
o(8h~"Mpc). T(k) is the linear transfer function, and here
we use its well-fitted form under an adiabatic cold DM sce-
nario with £2, 0 < 2m,0 [51, 53]

In(1+2.34q
7(q) = 220

+(5.469)" + (6.719)"] "%,

[143.89¢+ (16.19)*
(Ale)

where ¢ = k/T'(hMpc™) and I' = 2w ohexp[—2p0(1 +
V2h/$2m,0)] describes the horizon scale at teq.

where p is given by the probabilistic average of p

p(r)= /O " pP(p)dp

1+«
=fspn+(1—fs)png &

In Pmax.
ph

where pmax = 80 GeV-cm 2. The enhancement due to sub-

structures can be attributed to a boost factor B(r), i.e.

/deV

[wtrrav
= [ Pl

[p(r)]? .
()]

A2 1 + o
= Js€ 1-— s)T
foet (1 f) e
The first term fSeA2 corresponds to the variation in the
smooth component. Since from simulations A < 0.2, it con-
tributes to the overall boost factor by only a few percent and
can be safely neglected.

B(r)=

(B4)

DM. We estimated both the background flux from SNRs and
excess lepton fluxes from DM annihilation/decay, and then
searched for the favored parameter estimation by comparing
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with the experiment results.

The et within the halo are confined by the magnetic field
surrounding the disk of the Galaxy and contribute to the
flux observed at the earth. Generally, the motion of parti-
cles inside the propagation halo is described by the diffusive
transport equation, i.e.

oy _
at

21

9 -
Q(x,p)+V  (Dzz V) = Verp) + a_pp Dppa_ppw

v_¥ (1)
Tf

with v is the cosmic ray density. The terms with Dgs, Dpp,
Ve, p, 7 and 7, respectively describe the spatial diffusion,
diffusive re-acceleration, convection, energy-loss, fragmenta-
tion and radiative decay effects. Q(x,p) is the source term.
The numerical simulation code GALPROP [81, 82] is used to
solve Eq. (C1). In this work, the propagation parameters in

the equation were set up as the DC model of Ref. [76], see
Table C1. The diffusion coefficient is defined as

R 5
chac:D - ;
0<R0>

dV/dz is the gradient of convection and L is the halo’s ver-
tical boundary. The transport paremeters well accommodate
the B/C ratio and proton spectrum observed by AMS-02.
With the propagation parameters ascertained, we can
then evaluate the flux of excess et by determining the in-
jection of excess et. Similar to the prompt photons, the
injected et from DM annihilation/decay is also evaluated by
PPPC4DMID [15]. For a certain channel, the contribution of

(C2)

e® from DM are determined by the DM mass m, and average
annihilation rate (ov) (or lifetime 7).

Table C1. The mean values and lo uncertainties
of the propagation parameters. § is set to be 0
when R is below Rjp.

Do/ 8/ Ro/ dv/dz/ L/
(10%% cm?.s71) GV (km-s™1) (km-s~'-kpc™!)  kpc
1.95+£0.50 0.5104+0.034 4.71+0.8 4.2+3.2 2.5+0.7

To determine the flux of background e*, the injection of
primary cosmic ray e~ is also needed. Following Ref. [76],
the injection of background e~ is assumed as a two-break
power-law in order to fit AMS-02 data, i.e.

R\ ™™
< Ry
(Rbr) R\Rb

R\
(Rbr> R > Ry,

In addition, a factor c,+ is introduced to indicate the uncer-
tainty of interstellar gas density measured inside the Galaxy.

Therefore, in this work, in a single estimation, six free
parameters are involved,

qi :Ni X (C3)

[mX7<UU> /T7Nc*71/171/27cc+]'

We performed a six dimensional MCMC scan to find the fa-
vored range for these parameters. The favored area in the
my—{ov) /7 plane is then obtained as a projection of the six
dimension range.
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