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Introduction

The idea of a new, unknown type of matter in the Universe was intro-

duced for the first time when cosmological observations strongly disagreed

with some theoretical calculations of the velocities of well known astrophys-

ical objects (stars, galaxies, etc.), based on evaluations of the local mass

density due to known visible sources. Further cosmological studies indicated

that almost the 80% of the matter in the Universe is dark matter (DM) [1].

While substantial astrophysical evidence exists for DM through its gravita-

tional interaction in the Milky Way too, little has been determined about

the composition of the DM or its properties.

Among the possible DM candidates, a strong interest has been raised by

Weakly Interacting Massive Particles (WIMPs), whose existence is predicted

by the new theories beyond the Standard Model. WIMPs may annihilate

or decay to final states consisting of Standard Model particles (including

γ rays), which can be detected and thus provide indirect information about

the main properties of the new particles. However, the indirect search should

be considered as complementary to direct detection techniques, which aim at

identifying DM interactions with Standard Model particles, either through

nuclei recoil experiments or production in particle accelerators.

The purpose of this work is to search for γ-ray spectral lines using data

obtained by the Fermi Large Area Telescope (LAT) observation of the Milky

Way halo. The LAT has been exploring the γ-ray sky in an energy range

from 20 MeV to over 300 GeV since 2008, making it an ideal instrument to

search for γ rays from DM interactions. The search has been performed in

four sky regions selected to optimize sensitivity to different theoretically well

motivated dark matter profiles.
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Introduction

The thesis consists of three chapters:

• In Chapter 1 a summary of the historical evidences of DM and a list

of some possible candidates are given, along with a description of the

indirect search techniques and a discussion on the results.

• In Chapter 2 the Large Area Telescope on board Fermi is described,

and its performance is illustrated.

• In Chapter 3 the data analysis performed is presented, which aims

at identifying DM signals and eventually set limits on the quantities

related to the annihilation or decay of the WIMPs.
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Chapter 1

Dark Matter

The existence of dark matter (DM) is one of the most fascinating prob-

lem in modern physics. Nowadays, experimental evidences show that our

Universe is composed by a small fraction of visible matter, while the largest

part consists of dark matter and dark energy (Figure 1.1).

Dark matter owes its name to the fact that it does not emit or interact

with electromagnetic radiation and is thus invisible to the entire electro-

magnetic spectrum. The existence of DM is by now well established, and

its properties are inferred from its gravitational interaction with ordinary

matter.

1.1 Historical evidences for DM

1.1.1 The rotation curves problem

The earliest evidence for DM came from the observation that various

luminous objects (stars, gas clouds, globular clusters, or entire galaxies) move

faster than one would expect if they only felt the gravitational attraction of

other visible objects [2]. In 1932 the Dutch astronomer Jan Henrik Oort

[3] studied the vertical motions of stars near the plane of the Galaxy and

calculated their velocities, finding that the matter density of all known stars

near the Galactic plane was not enough to prevent them from escaping.

One year later Fritz Zwicky [4] measured redshifts of galaxies in the Coma
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1.1. Historical evidences for DM

Figure 1.1: The Universe percentage composition.

cluster and found that the velocities of individual galaxies with respect to

the cluster mean velocity are larger than those expected from the estimated

total mass of the cluster, calculated from the masses of individual galaxies.

The only way to hold galaxies together is to assume that the cluster contains

huge quantities of some invisible dark matter along with the visible matter.

According to his estimate, the amount of dark matter in this cluster is more

than ten times the total mass of the visibile galaxies.

Nothing came of Zwicky’s remarkable result for almost 40 years, until

Vera Rubin and Ken Ford reported new spectroscopic measurements showing

that most stars in spiral galaxies orbit around galactic centers at about the

same speed, not dependent on radial distance [5]. The rotational velocity

v of an object on a stable Keplerian orbit with radius r around a galaxy

scales as v(r) ∝ √
M(r)/r, where M(r) is the mass inside the orbit. If

r lies outside the visible part of the galaxy and mass is tracked by light,

one would expect v(r) ∝ √1/r. Instead, in most galaxies one finds that

v becomes approximately constant up to the largest values of r where the

rotation curve can be measured (Figure 1.2). In the case of the Milky Way,

the velocity at the location of our solar system is approximately 240 km/s,

with small fluctuations up to the largest observable radius in our galaxy. This

implies the existence of a dark halo, with mass density ρ ∝ 1/r2, causing the

velocity to remain constant, as M(r) ∝ r.
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1.1. Historical evidences for DM

Figure 1.2: Rotational velocities for the stars in 7 galaxies, as a function of dis-
tance from the center. Curves have been smoothed to remove velocity fluctuations
across arms and small differences between major-axis velocities on each side of
galactic center [5].

To keep the total mass of the galaxy finite, ρ must drop off faster than

1/r2 at some point, leading to a lower bound on the DM mass density. Defin-

ing the parameter ΩDM = ρDM/ρcrit, where ρcrit is the critical mass density

corresponding to a flat Universe on a global scale, such a limit can be ex-

pressed as ΩDM & 0.1; thus the DM constitutes at least the 10% of the

Universe composition. Currently the most accurate determination of ΩDM

comes from global fits of cosmological parameters to a variety of observations;

for example, the density of cold, non-baryonic matter found using measure-

ments of the anisotropy of the cosmic microwave background (CMB) and of

the spatial distribution of galaxies is:

Ωnbmh
2 = 0.1186± 0.0020 (1.1)

where h is the Hubble constant in units of 100 km/(s · Mpc).
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1.1. Historical evidences for DM

Figure 1.3: Distorted galaxy images as observed by Hubble Space Telescope.
Credits to Nasa/ESA.

The DM density in the neighborhood of our solar system is of considerable

interest as well. A recent estimate [6] finds the value:

ρlocalDM = (0.39± 0.03) · (1.2± 0.2) · (1± δtriax) GeV/cm3 (1.2)

This value consists of three terms: the first describes the average DM density

at ∼ 8.5 kpc from the center of our galaxy (one solar distance); the second

factor accounts for the fact that the baryons in the galactic disk also increase

the local DM density, while the third contains the parameter δtriax, which is

a correction term expressing any possible deviations from a purely spherical

halo. Small substructures are not likely to change the local DM density

significantly.

1.1.2 Gravitational lensing

Another significant effect proving the existence of DM in the Universe is

the gravitational lensing. As an effect of Einstein’s theory of general relativ-

ity, it occurs when photons from a distant source are curved as they travel

near the strong gravitational field of a massive object. Photons are refocused

somewhere else, thus the source looks distorted and may appear as a typical
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1.2. Candidates for DM

“Einstein ring” (total or partial), with a radius correlated to the projected

mass inside it [7].

In 1995 NASA’s Hubble Space Telescope observed several distorted galax-

ies as shown in Figure 1.3, but not all of them were lensed by other visible

objects (stars, galaxies, clusters). This observation provided a strong evi-

dence of the gravitational influence of some “invisible” matter. The data

collected due to the gravitational lensing effect provided new informations

about the DM density and its “weight”: it accounts for almost the 90% of

the mass in the Universe.

1.2 Candidates for DM

Analyses of structure formation in the Universe indicate that most DM

should have been non-relativistic at the beginning of galaxy formation; thus

it is referred as cold.

Very massive cold objects, like planets, brown dwarfs, or primordial black

holes, which are commonly classified as Massive Compact Halo Objects

(MACHOs), have been extensively searched for with microlensing experi-

ments and found too few in number to account for DM. Dark matter cannot

be baryonic, because that would be in conflict with the yield of Big-Bang nu-

cleosynthesis and the results of a CMB fluctuation analysis. The mass range

for which primordial black holes can constitute dark matter is also quite re-

stricted to the interval between 1017 and 1025 solar masses. This makes it

very likely that dark matter consists of a new type of particles [8].

A consequence of non-baryonicity is color neutrality, meaning that DM

particles may not interact strongly, or they would just act as baryonic mat-

ter. Also, in their lightest form, they must be electrically neutral, or they

would be easily visible instead of being “dark”. This does not exclude the

existence of heavier charged siblings that may have existed in the early Uni-

verse. Thus weak interactions are not excluded, though their coupling to the

electroweak gauge bosons W± and Z0 must be somewhat weaker than that of

other Standard Model (SM) particles, otherwise direct-detection experiments

would have already seen such interactions.
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1.2. Candidates for DM

Eventual candidates for non-baryonic DM must satisfy several conditions:

• they must be stable on cosmological time scales, or they would have

decayed by now;

• they must interact very weakly with electromagnetic radiation;

• they must have the correct relic density.

There are three main candidates in particle physics matching this description:

1. axions;

2. sterile neutrinos;

3. Weakly Interacting Massive Particles (WIMPs).

1.2.1 Axions

Axions are pseudo Nambu-Goldstone bosons associated with the spon-

taneous breaking of a new global “Peccei-Quinn” (PQ) U(1) symmetry at

the energy scale fa, whose existence was first postulated to solve the strong

CP problem of QCD [9]. Although very light, they are valuable candidates

for cold DM, since they were produced non-thermally. At temperatures well

above the QCD phase transition, the axion is massless, and the axion field

can take any value, being a function of the “misalignment angle” θi. At

T . 1 GeV, the axion develops a mass ma ∼ fπmπ/fa due to instanton

effects [2], where mπ and fπ are the mass and the decay constant of the

pion respectively. Unless the axion field is at the minimum of its potential

(θi = 0◦) it will begin to oscillate once ma becomes comparable to the Hub-

ble parameter H. These coherent oscillations convert the energy originally

stored in the axion field into physical axion quanta, giving a contribution to

the present axion relic density equal to:

Ωah
2 = κa(fa/1012 GeV)

1.175
θ2
i (1.3)

where the numerical factor κa lies roughly between 0.5 and a few units. If

θi ∼ O(1), Eq. (1.3) will saturate Eq. (1.1) for fa ∼ 1011 GeV (comfortably
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1.2. Candidates for DM

above laboratory and astrophysical constraints); this would correspond to an

axion mass around 0.1 meV.

1.2.2 Sterile neutrinos

Sterile SU(2) × U(1)Y neutrino νs was proposed by S. Dodelson and L.

M. Widrow as a possible DM candidate. They argued that the absence

of right-handed neutrinos seems contrived, considering that all other left-

handed fermions in Standard Model have a right-handed counterpart [10].

In general, the neutrino flavor eigenstates (να, with α = e, µ, τ, s) are a

linear combination of mass eigenstates (νa, with a = 1,2,...), and the sterile

neutrino has a very small mixing with active neutrinos. A heavier mass state

can radiate a photon and decay to a lighter mass state (ν2 → ν1 + γ, with

m2 > m1), and since the sterile neutrino is predominantly composed of ν2 in

this scenario, this is often described as its decay to an active neutrino. This

produces a photon line at half of the sterile neutrino mass, which for most

dark matter candidates is in the keV to MeV energy range. Line emission

provides a means to indirectly detect sterile neutrino dark matter [11].

1.2.3 WIMPs

Weakly Interacting Massive Particles (WIMPs) χ are a broad category

of DM candidates with mass between 10 GeV and a few TeV, and a typical

weak interaction cross section. Their present relic density can be calculated

assuming that the WIMPs were in thermal and chemical equilibrium with

the hot “soup” of SM particles after inflation. In this case, their density

would become Boltzmann-exponentially suppressed at T < mχ. The WIMPs

therefore drop out of thermal equilibrium (or “freeze out”) once the rate of

reactions changing SM particles into WIMPs or vice versa (proportional to

the product of the WIMP number density and the WIMP pair annihilation

cross section into SM particles times velocity) becomes smaller than the Hub-

ble expansion rate of the Universe. After freeze out, the co-moving WIMP

density remains essentially constant; if the Universe evolved adiabatically

after WIMP decoupling, this implies a constant WIMP number to entropy
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1.2. Candidates for DM

density ratio. Their present relic density is then approximately given by [12]:

Ωχh
2 ' 0.1 pb · c

〈σv〉 (1.4)

where c is the speed of light, σ is the χ pair total annihilation cross sec-

tion into SM particles, v is the relative velocity between two χ particles in

their center-of-mass system, and 〈σv〉 denotes averaging over the thermal

velocity distribution. Finally, the factor 0.1 pb depends on the current CMB

temperature (∼ 2.7 K) and on the Planck mass (∼ 1.22 × 1019 GeV), and

results to have the typical size of weak interaction cross sections. According

to Eq. (1.4), which is based on the measured DM abundance, a particle that

constitutes all of the DM will have a total pair annihilation cross section

of 〈σv〉 ∼ 3 × 10−26 cm3/s; this value is often used as a benchmark and is

referred to as the thermal relic cross section.

Freeze out happens at temperature TF ' mχ/20, almost independently

of the properties of the WIMP. This means that WIMPs are already non-

relativistic when they decouple from the thermal plasma.

The most likely WIMP candidate is a heavy neutrino. However, a SU(2)

doublet neutrino will have a too small relic density if its mass exceeds MZ/2,

as required by LEP data. One can suppress the annihilation cross section,

and hence increase the relic density, by postulating a mixing between a heavy

SU(2) doublet and some sterile neutrino, which must be stable too.

The currently best motivated WIMP candidate is therefore the lightest

superparticle (LSP) in supersymmetric models, with exact R-parity, which

guarantees its stability. Searches for exotic isotopes imply that a stable LSP

has to be neutral. This leaves basically two candidates among the super-

partners of ordinary particles: a sneutrino and a neutralino. The negative

outcome of various WIMP searches rules out “ordinary” sneutrinos as pri-

mary component of the DM halo of our galaxy. The most widely studied

WIMP is therefore the lightest neutralino. Detailed calculations show that

the lightest neutralino will have the required thermal relic density of Eq. (1.1)

in at least four distinct regions of the parameter space. The particle χ could

be a bino or photino (the superpartners of the U(1)Y gauge boson and pho-
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1.3. Indirect search for WIMPs

ton, respectively), if both χ and some sleptons have mass below ∼ 150 GeV,

or if mχ is close to the mass of some sfermion, or if 2mχ is close to the mass

of the CP-odd Higgs boson present in supersymmetric models [2].

1.3 Indirect search for WIMPs

Indirect dark matter detection is based on astronomical observations of

SM particles to search for the products of the annihilation or decay of DM

particles in our galaxy or throughout the cosmos. It is different from di-

rect detection, which aims to detect the scattering of dark matter particles

with nuclei in laboratory experiments and complement indirect searches as

well. By probing dark matter particle interactions with SM particles, indirect

searches also differ from other astronomical observations that investigate only

the gravitational effects of DM, such as rotation curve analysis and studies

of gravitational lensing.

Among the different DM detection approaches, indirect searches offer the

unique advantage of allowing to identify particle DM in an astrophysical

context, and might eventually provide the critical link between a particle

detected on Earth at a collider and the DM whose gravitational effects we

observe in the Universe. In addition, indirect searches may offer an indepen-

dent tool to map the DM distribution in the Universe, yielding insight into

the particle interactions that can be revealed by understanding the detailed

structure of a dark matter halo.

The weak-scale masses of the WIMPs (tens of GeV to several TeV) imply

a similar energy scale for the prompt observable products of annihilation

and decay. Therefore indirect searches for WIMPs are focused largely on

the detection of γ rays, high-energy cosmic rays and neutrinos. Generally, γ

rays are excellent probes, as they travel to the observer without deflection,

allowing to map the sources of the signal, and their prompt emission carries

important spectral information that can be used to characterize the DM

particle in the case of a detection.
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1.3. Indirect search for WIMPs

1.3.1 DM halo density profiles

The distribution of dark matter is a key ingredient to predict indirect

dark matter signals, and at the same time one of the largest uncertainties in

those predictions. Dark matter clusters in halos, which may typically host

substructures. For simplicity, the smooth component of dark matter halos

is often modeled as a spherically-symmetric distribution; this is a very good

approximation in the central regions of halos. The dark matter halo density

profiles considered today are largely motivated by the results of numerical

simulations of structure formation. Four different profiles will be considered,

according to the most recent searches [13].

NFW and NFWc profiles

In the late 1990s simulations showed that a 2-parameter model described

with high accuracy the density profile of dark matter halos over a wide range

of halo masses. This density profile is referred to as the Navarro-Frenk-White

(NFW) profile [14]:

ρNFW (r) =
ρ0(

r
rs

)(
1 + r

rs

)2 (1.5)

where r is the distance from the center of the halo, rs is a scale radius (for

Milky Way, rs ∼ 20 kpc) and ρ0 is a scale DM density.

Some simulation results and observations suggest that the inner slopes

of dark matter halos differ from that of the NFW profile, and mechanisms

that can modify the inner slope due to interactions with baryons have been

proposed. One such mechanism is adiabatic contraction, which causes the

profile to steepen due to the gravitational potential of the baryons pulling in

the dark matter. Therefore the NFW profile can be generalized to allow for

an arbitrary inner slope γ:

ρGNFW (r) =
ρ0(

r
rs

)γ (
1 + r

rs

)3−γ (1.6)

where γ = 1 corresponds to the original NFW profile in Eq. (1.5), while for
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1.3. Indirect search for WIMPs

γ = 1.3 Eq. (1.6) represents an adiabatically contracted NFW profile.

Einasto profile

It has been noted in more recent simulations that the dark matter density

profile in the innermost regions of the halo shows deviations from a simple

power law. A better fit is achieved with a slope that varies with radial

distance, such as in the profile proposed by Einasto [15]:

ρEin(r) = ρ0 exp

{(
− 2

α

)[(
r

rs

)α
− 1

]}
(1.7)

where the scale radius rs is the same as in NFW profile for Milky Way, while

α is an additional shape parameter which is approximately 0.17 in the case

of our galaxy.

Cored isothermal profile

The rotation curves of the innermost regions of dwarf galaxies suggest

that the density profile levels off and forms a core. Observations of galaxy

clusters likewise indicate a flat mass profile. If the rotation velocity falls off

faster than r for r → 0, then the mass density ρ(r) cannot increase in the

that limit. Such a profile is well approximated as [16]:

ρiso(r) =
ρ0

1 +
(
r
rs

)2 (1.8)

with rs = 5 kpc for Milky Way.

All the profiles can be normalized by fixing the dark matter density at

the Sun’s position to ρ0 = 0.4 GeV/cm3. A comparison between the different

DM distributions is shown in Figure 1.4. The distributions are very similar

outside the solar circle (r > 8.5 kpc), but can differ substantially in the inner

regions of the halo, leading to large variations in indirect signals.
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1.3. Indirect search for WIMPs

Figure 1.4: The four DM profiles as a function of the distance from the galactic
center [13].

1.3.2 γ-ray signals from DM annihilations and decays

Dark matter annihilations can produce γ rays in two major ways:

• annihilation into other particles that eventually yield γ rays either

through π0 production and decay (“soft” channels, quark and gauge-

boson final states bb, tt, W+W−, ...) or final state bremsstrahlung and

inverse Compton from leptonic channels (“hard” channels e+e−, µ+µ−,

τ+τ−), resulting in a continuous spectrum;

• direct annihilation into γX, where X is usually another neutral particle

(γ, Z0, H0), resulting in a spectral line.

The annihilation yield of a dark matter particle χ is usually calculated under

the assumption that the particle χ is of Majorana type, thus it is coincident

with its antiparticle; otherwise, there would be an additional factor 1/2.

The expected differential flux from a region covering a solid angle ∆Ω and

18



1.3. Indirect search for WIMPs

centered on a DM source is given by:(
dΦ

dE

)
ann

=
1

4π

〈σv〉
2m2

χ

(
dNγ

dE

)
ann

Jann(∆Ω) (1.9)

for annihilation, and:(
dΦ

dE

)
dec

=
1

4π

1

mχτ

(
dNγ

dE

)
dec

Jdec(∆Ω) (1.10)

for decay. The flux exhibits two different components:

• a particle physics term, which depends on the mass of the χ particle mχ,

the velocity-averaged annihilation cross section 〈σv〉 (for annihilation)

or the lifetime τ (for decay) and the differential spectrum of photons

emitted by annihilation or decay, given by dNγ/dE =
∑

f Bf (dNγ,f/dE),

where Bf and (dNγ,f/dE) are respectively the branching ratio and the

spectrum of γ rays to final state f ;

• an astrophysics term J(∆Ω) called “J-factor”, which is proportional to

the expected intensity of γ-ray emission from DM annihilation or decay

in a given angular region ∆Ω assuming a specific density distribution

ρ(r).

The J-factor is defined as:

Jann(∆Ω) =

∫
∆Ω

dΩ

∫
los

dl ρ2(l) (1.11)

for annihilation, and:

Jdec(∆Ω) =

∫
∆Ω

dΩ

∫
los

dl ρ(l) (1.12)

for decay. Here the integrals are calculated over the solid angle and the line

of sight.

The most favorable targets for indirect searches are generally relatively

nearby regions with high DM densities and low backgrounds. Despite hav-

ing the largest J-factor, the Galactic Center exhibits strong astrophysical
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1.3. Indirect search for WIMPs

backgrounds that can be a significant limitation for a dark matter search.

Satellite galaxies, on the contrary, tend to provide cleaner targets but have a

lower J-factor, which can be partially compensated by a combined analysis

of multiple satellites. Clusters of galaxies appear to be less optimistic tar-

gets; however the uncertainty on the J-factor due to substructures is quite

large and the signal could be significantly enhanced at large distances from

the cluster center. Milky Way DM subhalos that do not host a luminous

component could be detected either as individual sources, or their collective

signal could contribute to the measured diffuse emission.

1.3.3 Milky Way satellite galaxies

The dwarf spheroidal satellite galaxies (dSphs) of the Milky Way are some

of the most DM–dominated objects in the Universe, since these object have

very low predicted mass to light ratios. Due to their proximity, high DM

content and an almost negligible astrophysical background, dwarf spheroidal

galaxies are widely considered to be among the most promising targets for

the indirect detection of dark matter via γ rays.

γ-ray searches for dSphs yield some of the most stringent constraints on

〈σv〉, particularly when multiple galaxies are analyzed together by means of a

joint likelihood technique. The Fermi-LAT collaboration examined a sample

of 25 Milky Way dSphs using six years of LAT data, finding no significant

γ-ray excess associated to these objects, analyzed either individually or as

a population. However, the analysis allowed to set upper limits on 〈σv〉 at

95% confidence level (CL) for WIMPs with mass between 2 GeV and 10 TeV

annihilating into different standard model channels [17]. Figure 1.5 shows

the comparison between the limits for the bb̄ and τ+τ− channels as examples.

1.3.4 Spectral lines from DM interactions

Since WIMP pairs can annihilate into γγ, γZ0 and γH0, a line at the

WIMP mass may be observed as a feature in the astrophysical source spec-

trum. In the process χχ→ γX photons are expected to be monochromatic,
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1.3. Indirect search for WIMPs

Figure 1.5: Constraints on the DM velocity-averaged annihilation cross section
〈σv〉 at 95% CL for the bb̄ (left) and τ+τ− (right) channels derived from a combined
analysis of 15 dSphs. The blue curve shows the limits derived from a previous
analysis of four years of Pass 7 Reprocessed data and the same sample of 15 dSphs
[18]; the gray curve corresponds to the thermal relic cross section in [19] from
Steigman et al. [17].

with rest-frame energy:

Eγ = mχ

(
1− m2

X

4m2
χ

)
(1.13)

If the particle X is a second photon, the γ-ray line would appear at the

mass of the WIMP. In the case of a WIMP decay (for instance χ → γν),

the monochromatic signal would be produced at mχ/2. Since WIMPs in the

Milky Way are assumed to be non-relativistic (v/c ∼ 10−3), these signals

should be approximately monochromatic in lab frame as well.

For γ-ray energies in the range up to a few hundreds GeV, standard as-

trophysical processes are not known to produce monochromatic emission,

making a line detection a smoking gun, unambiguously identifying the origin

of the signal as DM. However, since DM is strongly constrained to be electri-

cally neutral, WIMPs do not couple directly to the photon; thus annihilation

and decay to lines are loop-suppressed, and in general the continuum photon

flux arising from hadronization and decay of the particles produced by other

final states easily overwhelms the line signal. As a result, line searches are

particularly challenging, and benefit greatly from large statistics and excel-

lent energy resolution.
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Currently no lines have been detected yet, though indications of a linelike

feature around 130 GeV were found in different analyses on the Fermi-LAT

data from the Galactic Center and investigated [20]. However, later improve-

ments on the analysis (greater exposure toward GC and new event classifi-

cation) confirmed the feature to be eventually a systematic or instrumental

effect, and set upper limits at 95% CL on the velocity-averaged annihilation

cross section 〈σv〉γγ and 95% CL lower limits on the WIMP lifetime τχ [13].

Figures 1.6 and 1.7 show the latest results, along with the the 68% and

95% expected containments (respectively yellow and green bands, while the

black dashed lines show the median expected limits) and the results obtained

from the previous searches.

Figure 1.6: Upper limits at 95% CL on the velocity-averaged annihilation cross
section 〈σv〉γγ for four different DM profiles, each considered in the correspond-
ing optimized ROI. Yellow (green) bands show the 68% (95%) expected contain-
ments derived from 1000 background-only Monte Carlo simulations, while the
black dashed lines show the median expected limits. Also shown are the limits
obtained in previous 3.7-year and 5.2-year line searches, when the assumed DM
profiles were the same [13].
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1.3. Indirect search for WIMPs

Figure 1.7: 95% CL τχ lower limits for NFW profile in the decay-expected ROI.
Yellow (green) bands show the 68% (95%) expected containments derived from
1000 background-only Monte Carlo simulations, while the black dashed lines show
the median expected limits. Also shown are the limits obtained in previous 3.7-year
and 5.2-year line searches, when the assumed DM profiles were the same [13].

1.3.5 Cosmic-ray and neutrino signals

Cosmic-ray and neutrino observations provide complementary informa-

tion to photons, and can place strong constraints on branching ratios to

specific channels.

The rising positron fraction

Several experiments have observed that local cosmic-ray fluxes present

an anomalous rise in the positron fraction ne+/(ne+ + ne−) from 10 GeV

to at least 100 GeV. This feature was clearly seen in the PAMELA data

[21], and subsequently confirmed by the Fermi LAT [22] and AMS-02 [23].

A comparison between the data collected by these experiments is shown in

Figure 1.8.

The rise in the positron fraction contradicts the conventional expectation
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1.3. Indirect search for WIMPs

Figure 1.8: The positron fraction measured by AMS-02 (red), PAMELA (cyan)
and FERMI (green) [23].

for Galactic cosmic rays from secondary production, which instead predicts

a fall in the positron fraction above 10 GeV. The observed rise suggests that

there must be a nearby source injecting positrons at high energies. Dark

matter annihilation or decay is one possibility, although pulsars have also

been proposed as the origin of the e+ excess [24]. Both dark matter and

pulsars are expected to inject e+e− pairs, and are sufficiently close to the

Earth to explain the observed high-energy positrons. However, a dark matter

origin implies a cut-off in the energy spectrum at the DM particle mass (or

half the mass in the case of decay), while if multiple pulsars are the source

of the additional positrons, several spectral features would be expected due

to the varying cut-offs in their spectra.

Another handle for identifying the origin of the positron excess is the

detection of an anisotropy in the arrival directions of the positrons or both

the electrons and the positrons. If a single nearby source generated the rise in

the positron fraction, despite significant loss of directional information due to

diffusion, a small anisotropy should remain in the angular distribution of the
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1.3. Indirect search for WIMPs

positron or electron and positron fluxes. Such an anisotropy might appear

even in the case of multiple sources, dominated by the nearest, strongest one.

In general, the DM distribution should generate only a very small anisotropy

in the direction of the Galactic Center, while a pulsar-induced anisotropy

could be much stronger and in any direction.

Currently upper limits have been set on the anisotropy of the cosmic-ray

electron and positron flux from the Fermi LAT [22] and on the anisotropy of

the positron fraction from AMS-02 [23], but not sufficiently strong to exclude

the proposed DM or pulsar scenarios.

Neutrinos from Sun and Earth

WIMPs gravitationally captured by scattering interactions with nucleons

in the Sun and Earth could then annihilate and produce a detectable neutrino

flux. After being captured, the WIMPs keep scattering, losing energy and

sinking to the core of the Sun or the Earth, where they annihilate, but only

neutrinos can escape.

The abundance of WIMPs captured via scattering in the Sun is large

enough that capture and annihilation have reached equilibrium; thus the an-

nihilation flux depends on the WIMP-nucleon scattering cross section, which

determines the capture rate, and does not depend on the annihilation cross

section. This indirect search technique often results in setting bounds on the

scattering cross section as a function of the WIMP mass. Searches for an

excess of neutrinos from the direction of the Sun were performed by IceCube

[25], ANTARES [26] and Super-K [27]. The Sun offers particularly strong

sensitivity to spin-dependent scattering, as it is primarily a hydrogen target.

In addition, astrophysical uncertainties in the capture rate of WIMPs by the

Sun are small, making limits from neutrino searches robust.

In addition, a second approach has been proposed as well, accounting

for low-energy neutrinos. All SM final states with hadronic decay modes

produce pions but, unlike in vacuum where the pions quickly decay, in the

dense solar medium the pions lose energy by scattering off nucleons. Each

scattering interaction produces more pions, with a large fraction of the energy
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1.3. Indirect search for WIMPs

in hadronic products ultimately ending up as pions as well, which decay at

rest producing 3 neutrinos with energies from 20 MeV to 55 MeV and known

spectra.

Super-K also performed a search for an excess of neutrinos from the Earth

[28]. These searches all focused on prompt neutrinos produced in annihilation

with GeV and greater energies.
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Chapter 2

The Fermi Large Area

Telescope

The Fermi Gamma-ray Space Telescope was launched on June 11, 2008,

and orbits around the Earth at an altitude of approximately 565 km with an

inclination of 25.6◦ with respect to the Equator. The Large Area Telescope

(LAT), the primary instrument on board Fermi, is an imaging, pair conver-

sion telescope detecting photons in the energy range from 20 MeV to more

than 300 GeV. Fermi is mainly operated in sky-survey mode, in which the

normal to the front of the instrument (z-axis) on alternate orbits is pointed

to +50◦ from the local zenith direction and towards the pole of the orbit and

to −50◦ from the local zenith on the subsequent orbit. This is called rocking

angle and, in this way, the LAT achieves an almost uniform exposure of the

whole sky in two orbits (approximately 3 hours). Fermi can also work in

pointing mode to study possible interesting transient phenomena.

Almost 15% of the observation time is spent in the South Atlantic Anomaly

(SAA), a region featuring geomagnetically trapped protons and electrons. In

the SAA, the high flux of energetic charged particles can damage the in-

strument electronics; for this reason, the LAT data acquisition is suspended

when the satellite passes through this region [29], as shown in Figure 2.1.

The second instrument on board Fermi is the Gamma-Ray Burst Monitor

(GBM), which includes 12 NaI scintillators, sensitive in the lower end of the
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0 9934 19867 29800 39733 49666

Earth Longitude (deg)

E
a
rt

h
 L

a
ti

tu
d
e
 (

d
e
g
)

0-60-120 60 120

 -90

 -60

 -30

0

 +60

 +30

 +90

Livetime (s)

Figure 2.1: Livetime map for 72 months of data acquisition. The coloured region
represents the projection of the satellite position upon Earth. The white polygon
is the SAA, in which the LAT data acquisition is suspended.

energy range, from a few keV to 1 MeV, and 2 BGO scintillators, covering

the energy range from 150 keV to 40 MeV. The GBM complements the LAT

in its observations of transient sources, detecting photons from 8 keV to 40

MeV [30].

2.1 The Large Area Telescope

The LAT consists of 16 “towers” arranged in a 4 × 4 low-mass alluminium

grid [31]. Each tower has a cross section of 37 cm × 37 cm and is 85 cm high.

It is composed by a precision tracker/converter (TKR), which promotes the

γ-ray pair conversion and measures the direction of incident particles, and a

calorimeter (CAL), providing energy measurements.

The towers are surrounded by a segmented anticoincidence detector (ACD),

needed to reject the charged cosmic-ray background. A programmable trig-
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2.1. The Large Area Telescope

Figure 2.2: Schematic view of the Large Area Telescope [31].

ger and the data acquisition system (DAQ) collects the data from the three

subsystems, according to onboard electronics filtering. Figure 2.2 provides a

schematic illustration of the LAT.

The LAT external size is 1.8 m × 1.8 m × 1 m, with a mass of ap-

proximately 3000 kg. The aspect ratio of the tracker (height/width) is 0.4,

allowing a wide field of view (FoV). Figure 2.3 shows the LAT coordinate

system: the xy-plane is coincident with the base of the tracker and the origin

is at its center, while the z-axis points to the ACD; θ is the colatitude angle

(off-axis angle), between the incidence direction of the photon and the polar

axis z, while φ represents the angular separation between the projection of

the incidence direction on the xy-plane and the x-axis.
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2.1. The Large Area Telescope

Figure 2.3: LAT coordinate system [32].

2.1.1 The tracker-converter system

The TKR consists of 18 xy-tracking planes, with two layers (x and y) of

single-sided silicon strip detectors (SSD), which record the passage of charged

particles, interleaved with 16 planes of high-Z material (tungsten), where

incident γ rays can convert to e+e− pairs. The two lower tracking planes are

not equipped with converter foils, thus allowing to accurately measure the

entry point of electrons and positrons in the calorimeter.

Each detector layer in a TKR module consists of 16 “wafers”, having an

active area of 8.95 × 8.95 cm2 and a thickness of 400 µm. For each wafer

there are 384 strips, 56 µm wide and spaced at 228 µm pitch. Sets of four

SSDs were bonded edge to edge with epoxy glue and then wire bonded strip

to strip to form “ladders”, such that each readout channel gets signals from

a 35 cm long strip. Each layer contains 4 ladders, spaced apart by 0.2 mm

gaps.

The support structure for the detectors and converter foils planes is a
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2.1. The Large Area Telescope

Figure 2.4: A tray panel (a) and a completed tracker module with one sidewall
removed (b) [31].

stack of 19 composite panels, or trays, supported by carbon-composite side-

walls that also serve to conduct heat to the base of the tracker array. Each

tray has a honeycomb core arranged between two thin carbon fiber sheets

and is 3 cm thick. Carbon was chosen for its long radiation length, good

thermal conductivity, and thermal stability.

All of the trays are similar, with SSD planes bonded on both sides, except

for the top and the bottom ones, which have detectors only on a single face.

Between the panel and the detectors, the arrays of tungsten foils are also

bonded to the bottom surface of all the trays except for the three lowest

ones. Each tray is rotated of 90◦ with respect to the one above or below.

The detectors on the bottom of a tray combine with those on the top of the

tray below to form an orthogonal (x, y) pair with a 2 mm gap between them,

and with the tungsten converter foils located just above. Figure 2.4 (a) shows

the tray support structure.

Incident photons preferentially convert in the tungsten foils, while SSDs

on successive planes track the resulting e+ and e− particles, as shown in
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2.1. The Large Area Telescope

Figure 2.5: Pair conversion into the tracker.

Figure 2.5. The thickness of the tungsten layers is chosen following two

important requirements [33]:

• to maximize the angular resolution at low energy limiting the Coulomb

scattering (achieved in the front section, composed by the first 12 layers

with 3% radiation length thick converter foils);

• to maximize the conversion probability at high energy, because of the

low-rate photon flux (back section, where the last 4 layers of tungsten

are almost 6 times thicker).

Furthermore, the choice of SSDs is an important feature of the LAT design,

giving it a self-triggering capability, such that no external triggers are needed.

The TKR readout is digital. Each SSD strip is connected to a charge-

sensitive amplifier followed by a simple CR-RC shaper, with a peaking time
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of approximately 1.5 µs and a single threshold discriminator. The signals

registered are those corresponding to deposited energy higher than 1/4 of a

MIP (minimum ionizing particle) crossing the tracker vertically.

2.1.2 Electromagnetic calorimeter

The CAL is composed by 16 identical modules, with 96 CsI(Tl) crystals

of 2.7 cm × 2.0 cm × 32.6 cm size hodoscopically arranged in 8 layers of

12 crystals each. Crystals are optically isolated from each other and their

orientation in adjacent layers is rotated by 90◦. The lateral dimensions of the

crystals are comparable to the CsI radiation length (1.86 cm) and Molière

radius (3.8 cm) for electromagnetic showers. Each crystal element is read out

by two photodiodes, one at each side, which measure the scintillation light

produced. Figure 2.6 shows a schematic view of a single module.

The total vertical depth is 8.6 radiation lengths, but the level of seg-

mentation is sufficient to enable energy measurements up to a few TeV by

reconstructing the longitudinal shower profile, starting from an analytical

description of its energy dependence.

Figure 2.6: LAT calorimeter module [31].
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The 3D reconstruction of the showers is possible through the three co-

ordinates provided by each crystal for the energy deposited inside: two are

derived from the geometrical location of the crystal in the array, while the

third is determined by measuring the light yield asymmetry at the ends of

the crystal along its long dimension. The position resolution achieved by

the ratio of light collected at each end of a crystal scales with the deposited

energy and ranges from a few mm for low energy depositions (10 MeV) to a

few hundred µm for large energy depositions (above 1 GeV) [31].

2.1.3 The anticoincidence detector

The ACD consists of plastic scintillators hermetically enclosing the tracker

and the calorimeter. This technology was chosen because of its high reliability

and efficiency, with much previous use in the space applications, along with

its low cost. The ACD is segmented into 89 plastic scintillator tiles with

a 5 × 5 array on the top and 16 tiles on each of the four sides, providing

spatial information that can be correlated with the signal from tracker and

calorimeter modules. This structure is optimized to suppress the so-called

backsplash effect : a fraction of secondary photons from the electromagnetic

shower created by the incident high-energy photon (mostly photons with

E ≤ 1 MeV) can Compton scatter in the ACD and thereby create false veto

signals.

Each tile is readout by two photomultiplier tubes coupled to wavelength

shifting fibers embedded in the scintillator. This arrangement provides uni-

formity of light collection that is typically better than 95% over each detector

tile, except near the edges. Overall detection efficiency for incident charged

particles is maintained by overlapping scintillator tiles in one dimension,

while in the other dimension, gaps between tiles are covered by 8 flexible

scintillating fiber ribbons with more than 90% detection efficiency and each

of them is readout with photomultipliers at both ends. The resulting design

is shown schematically in Figure 2.7.

The ACD allows the discrimination of photons from the large background

given by charged cosmic rays; therefore its main requirement is to have high
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Figure 2.7: LAT anticoincidence system design [31].

detection efficiency for charged particles. Indeed the ACD exhibits an ef-

ficiency of 99.97% (averaged over the whole area) for detection of singly

charged particles entering the FoV of the LAT.

2.1.4 Data acquisition

The DAQ collects the data from the other subsystems, implements the

multilevel event trigger, applies onboard filtering, thus reducing the num-

ber of downlinked events, and provides a local science analysis platform to

rapidly search for transients. The DAQ hierarchical architecture is shown in

Figure 2.8.

At the lowest level, each tracker and calorimeter module is interfaced with

a Tower Electronic Module (TEM), which generates instrument trigger primi-

tives from combinations of tower subsystem triggers, provides event buffering

to support event readout and communicates with the Global-trigger/ACD-

module/Signal distribution Unit (GASU).

The GASU consists of four components: the ACD Electronics Module

(AEM), the Command Response Unit (CRU), the Global-trigger Electronics
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Figure 2.8: LAT data acquisition system (DAQ) architecture [31].

Module (GEM) and the Event Builder Module (EBM). The first is at the

lowest hierarchical level and performs the same tasks as the TEM but for

the ACD. The CRU sends and receives commands and distributes the DAQ

clock signal, while the GEM generates LAT-wide readout decision signals

based on trigger primitives provided by the TEMs and the ACD. Finally, the

EBM uses the information coming from the TEMs and the AEM to build

complete LAT events and sends them to the Event Processor Units (EPUs).

There are two operating EPUs onboard, which apply filter algorithms to

the processing of events, in order to reduce the event rate from a few kHz

to almost 400 Hz, that is then downlinked for processing on the ground.

Lastly, the Spacecraft Interface Unit (SIU) controls the LAT and contains

the command interface to the spacecraft.

The minimum instrumental dead time per event readout is 26.50 µs and

is the time required to latch the trigger information in the GEM and send

it to the EBM. The calorimeter readout can contribute to the dead time if
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the full four-range CAL readout is requested. During readout of any of the

instrument, any TEM and the AEM send a ”busy” signal to the GEM. From

these signals, the GEM then generates the overall dead time and the system

records this information and adds it to the data stream transmitted to the

ground.

Each TEM can generate a trigger request in several ways:

• if any tracker channel in the tracker module is over threshold, a trigger

request is sent to the module’s TEM which then checks if a trigger

condition is satisfied, typically requiring triggers from three xy-planes

in a row. In that case, the TEM sends a trigger request to the GEM;

• if a predetermined low-energy (CAL-LO) or high-energy (CAL-HI)

threshold is exceeded for any crystal in the calorimeter module, a trig-

ger request is sent to the GEM.

The prompt ACD signals sent to the GEM are of two types:

• a discriminated signal (nominal 0.4 MIPs threshold) from each of the

97 scintillators (89 tiles and 8 ribbons) of the ACD, used to potentially

veto tracker triggers originating in any of the sixteen towers;

• a high-level discriminated signal (nominal 20 MIPs threshold) gen-

erated by highly ionizing heavy nuclei cosmic rays (carbon-nitrogen-

oxygen, or CNO).

In addition, the GEM can logically group tiles and ribbons to form regions

of interest (ROIs) for trigger or veto purposes.

The filters are optimized to remove charged particle background events

and maximize the rate of γ-ray triggered events within the total rate that

can be downlinked. In the nominal science data taking configuration, all the

events are presented to three different filters [32]:

• Gamma: designed to accept γ rays (with an output average rate of

approximately 350 Hz);

• HIP: designed to select heavy ion event candidates, primarily for CAL

calibration (with an output average rate of approximately 10 Hz);
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• Diagnostic: designed to enrich the downlinked data sample in events

useful to monitor sensor performance and selection biases (with an

output average rate of approximately 20 Hz).

The Gamma filter consists of a series of veto tests. If an event fails a test, it

is marked for rejection and not passed on for further processing. In addition,

the filter is set to accept all the events for which the total energy deposited

in the CAL is greater than a programmable threshold (currently 20 GeV).

2.2 Pass 8 event reconstruction and classifi-

cation

The event reconstruction chain processes the raw data from the various

subsystems, correlating and unifying them under a unique event hypothesis.

The event-level analysis framework was largely developed before launch using

Monte Carlo simulations through a series of iterations called Passes : on-

orbit experience has given the opportunity for several improvements with

the purpose of greatly extend the LAT science capabilities.

The latest update Pass 8 [34] is the first since launch to introduce signif-

icant changes to the event-level reconstruction. Unlike the previous Passes,

which were primarily focused on reducing systematic uncertainties in the In-

strument Response Functions, Pass 8 is a comprehensive revision of the entire

analysis chain that yields substantial gains in the instrument performance.

The primary motivation that led to this update was the issue represented

by the “ghost events”, instrumental pile-up away from the γ-ray shower that

affect all of the LAT subsystems, thus introducing errors in the measurement

of the energy, shower center and direction (Figure 2.9).

The effect of ghost events has been partially mitigated with the intro-

duction of algorithms to identify and remove ghost signals during the event

reconstruction stage.
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Figure 2.9: Example of a ghost event in the LAT (y–z orthogonal projection).
In addition to an 8.5 GeV back-converting γ-ray candidate (on the right) there is
additional activity in all three LAT subsystems, with the remnants of a charged
particle track crossing the ACD, TKR, and CAL. The small crosses represent the
clusters (i.e., groups of adjacent hit strips) in the TKR, while the variable-size
squares indicate the reconstructed location of the energy deposition for every hit
crystal in the CAL (the side of the square being proportional to the magnitude of
the energy release). The dashed line indicates the γ-ray direction [32].

2.2.1 Track reconstruction

Pass 8 reconstruction presents a new global approach called tree-based

tracking. This method considers the conversion in the tracker as the start of a

shower and attempts to model this process by linking hits together into one or

more tree-like stuctures. For each tree, the primary and secondary branches

(defined as the two longest and straightest) correspond to the initial electron

and positron trajectories, while the sub-branches are relative to successive

hits due to the particles radiated energy. Once the tree has been constructed,

its axis can be calculated and used to associate the tree to a particular cluster

in the calorimeter, which allows an estimate of the corresponding energy;

therefore up to two tracks can be extracted and fitted from the tree by

associating the hits along the primary and secondary branches.

If more than one track is produced from a given tree, then an attempt is

made to combine the two tracks into the vertex expected in a pair conversion.
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The association uses both the distance of closest approach of the projected

tracks (typically 1 mm) and the number of layers that separate the starting

points of the tracks (either 0 or 1). The resulting vertex generally yields the

best information about the photon direction.

One of the most significant change in the Pass 8 event reconstruction

is the introduction of a clustering stage in the calorimeter, aimed at iden-

tifying the ghost signals and recovering the loss of effective area resulting

from the rejection of real γ-ray events misclassified as background. The new

algorithm takes advantage of the intrinsically three-dimensional calorime-

ter readout and exploits a Minimum Spanning Tree (MST) construction, a

concept borrowed from graph theory which can be adapted to clustering ap-

plications. This new approach provides a 5 − 10% increase in the effective

area above 1 GeV; furthermore, improvements in the energy reconstruction

led to a better energy resolution at very high energy (up to 3 TeV).

2.2.2 Event classification

As part of the event reconstruction process, cuts are made to classify

the events according to their photon probability and the quality of their

reconstruction. This classification separates events into classes, with each

class characterized by its own set of Instrument Response Functions. Events

within a class are divided in types, according to their individual topologies.

The current release is named P8R2 and provides a hierarchical organiza-

tion of the event classes, with higher probability photon selections having

small effective areas, narrower Point Spread Functions and lower contami-

nation of background events. The background contamination in each class

is calibrated to the best-fit power-law parameterization of the Isotropic Dif-

fuse Gamma-Ray Background (IGRB) emission (referred to as A10) [37].

The TRANSIENT class has the loosest selection critera, as it is designed to

study localised short duration events, such as gamma-ray bursts, for which

a very high photon statistics is needed, while tolerating a higher background

fraction. The SOURCE class is most favorable for analysis of moderately

extended sources and point sources on medium to long timescales, while the
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CLEAN class is better for energies above 5 GeV. Finally, the ULTRACLEAN

and ULTRACLEANVETO classes are the most restrictive selections, ideal

for the analysis of large regions that are more sensitive to spectral features

caused by instrumental backgrounds.

In addition, each class is partitioned in three ways, depending on the

location of the tracker layer where the photon-to-pair conversion occurred

(FRONT/BACK), the quality of the reconstructed direction (PSF0 - PSF3)

and the quality of the reconstructed energy (EDISP0 - EDISP3).

2.3 Instrument Response Functions

The LAT performance is described by the Instrument Response Func-

tions (IRFs), which are the mapping between the incoming photon flux and

the detected events. The differential rate per unit energy measured by the

instrument is given by:

dN

dtdE ′
(E ′, v̂′) = R(E ′, v̂′|E, v̂)F (E, v̂) (2.1)

where F (E, v̂) is the incident differential flux per unit energy, unit area and

unit time, while R(E ′, v̂′|E, v̂) is the Instrument Response Function. The

IRFs can be factorized into three terms:

• Effective area, Aeff (E, v̂), the detection efficiency (expressed as an

area) for photons of true energy E and incidence direction v̂;

• Point Spread Function (PSF), P (v̂′|E, v̂), the probability density for a

photon of true energy E and incidence direction v̂ to get a reconstructed

direction v̂′;

• Energy dispersion, D(E ′|E, v̂), the probability density for a photon of

true energy E and incidence direction v̂ to get a reconstructed energy

E ′.

Thereby the IRFs can be written as:

R(E ′, v̂′|E, v̂) = Aeff (E, v̂) P (v̂′|E, v̂) D(E ′|E, v̂) (2.2)
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Another important quantity is the acceptance, defined as the integral of the

effective area over the solid angle:

A(E) =

∫
dΩ Aeff (E, v̂) (2.3)

The IRFs are determined by Monte Carlo simulations: a large number of

γ-ray events are simulated in order to cover all possible photon inclination

angles and energies, taking into account the best available representation

of the physics interactions, the instrument, and the onboard and ground

processing cuts. Therefore the properties of the simulated events and the

input photons are compared.

Monte Carlo simulations consider the detector to be inside an isotropic,

uniform flux of particles; to compute the acceptance, it is then necessary

to evaluate the flux fraction that actually hits the detector. Events are

generated on a surface with known acceptance. Thus the detector acceptance

to be calculated is:

Adet = AgenNdet

Ngen

(2.4)

where Ndet is the number of detected events, Ngen is the number of generated

events and Agen is the acceptance of the generation surface.

The generation surface Sgen must be external and very close to the detec-

tor, thus ensuring that a high fraction of the events generated can enter the

detector. Otherwise, a larger surface would result in losing large fractions

of events and the simulation would be inefficient. In the case of the LAT,

the generating surface is a sphere centered at the origin of the LAT refer-

ence frame, with radius equal to the detector maximum size. The projected

surface exposed to the particle flux does not depend on the particular choice

of the angles (φ, θ), as it is a circle of area Σ = πR2 (6 m2 for the LAT);

therefore the total acceptance Agen is given by Σ times the half solid angle

(2π sr), since the simulation is performed for downgoing γ rays.
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2.3. Instrument Response Functions

2.3.1 Effective area

The effective area depends on the incident γ-ray energy and direction in

the LAT instrument frame, which can be expressed in terms of the off-axis

angle θ and the azimuthal angle φ.

Figure 2.10 shows the LAT performance in terms of effective area as a

function of energy for the P8 SOURCE event class. At low energy, the curve

follows the shape of the pair conversion cross section, while at high energy the

backsplash effect reduces the detection efficiency, thus reducing the effective

area. In Figures 2.11 and 2.12 the effective area for 10 GeV photons is shown

respectively as a function of the off-axis angle θ, averaged over the azimuthal

angle φ, and as a function of φ at a given θ. It is important to note that the

effective area dependence on φ is very weak; thus averaging on the azimuthal

angle is a common feature of the data analyses integrating over long, or even

moderate, time intervals.

Figure 2.10: Effective area as a function of energy for photons at normal inci-
dence (θ = 0◦). The red curve corresponds to front-converting events, the blue
curve corresponds to back-converting events, and the black curve corresponds to
all photon events [35].
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2.3. Instrument Response Functions

Figure 2.11: Effective area as a function of incidence angle θ for 10 GeV photons,
averaged over φ. The red curve corresponds to front-converting events, the blue
curve corresponds to back-converting events, and the black curve corresponds to
all photon events [35].

Figure 2.12: Effective area as a function of the azimuthal angle φ for 10 GeV
photons at θ = 30◦. The red curve corresponds to front-converting events, the blue
curve corresponds to back-converting events, and the black curve corresponds to
all photon events [35].
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2.3. Instrument Response Functions

2.3.2 Acceptance and Field of View

Figure 2.13 shows the LAT acceptance as a function of energy for P8

SOURCE event class. As expected, the acceptance exhibits the same trend

as the effective area.

The Field of View (FoV) is formally defined, at any given energy, as the

ratio between the acceptance and the on-axis effective area (peak value):

FoV (E) =
A(E)

Aeff (E, θ = 0◦)
=

∫
dΩ Aeff (E,Ω)

Aeff (E, θ = 0◦)
(2.5)

It represents the sky fraction to which the detector is exposed at any given

time and depends on the instrument geometry, especially on the aspect ratio

h/w. If h� w the effective area can be approximated by:

Aeff (E, θ, φ) = Aeff (E, θ = 0◦) cos θ (2.6)

Figure 2.13: Acceptance as a function of energy. The red curve corresponds to
front-converting events, the blue curve corresponds to back-converting events, and
the black curve corresponds to all photon events [35].
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Thus Eq. (2.5) becomes:

FoV (E) =

∫ 2π

0
dφ
∫ π/2

0
dθ Aeff (E, θ = 0◦) sin θ cos θ

Aeff (E, θ = 0◦)
(2.7)

Therefore a pair conversion telescope with a negligible aspect ratio is exposed

to approximately 1/4 of the entire sky at any given time (π sr).

2.3.3 Angular resolution and Point Spread Function

The angular resolution is described by the Point Spread Function (PSF),

which is the probability density to detect a photon of given energy and arrival

direction with a different incidence direction. At low energy, the limitation

to the PSF is given by multiple Coulomb scattering with the nuclei (mainly

tungsten) in the TKR, affecting the trajectories of electrons and positrons

resulting from the γ-ray pair conversion. Indeed, it is well known that the

multiple Coulomb scattering angle is roughly proportional to 1/E, where E

Figure 2.14: 68% and 95% containment angles of the acceptance weighted PSF
for the P8 SOURCE class events. The red curve corresponds to front-converting
events, the blue curve corresponds to back-converting events, and the black curve
corresponds to all photon events [35].
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2.3. Instrument Response Functions

is the energy of the charged particle [2].

Starting from Monte Carlo simulated data, it is possible to evaluate the θ

angle between the real incidence direction v̂ and the reconstructed direction

v̂′ for any given energy:

cos θ = v̂ · v̂′ (2.8)

From the θ distribution it is possible to estimate the 68% and 95% event

containment angles (i.e. the 68% and 95% quantiles of the distribution),

shown in Figure 2.14 as a function of energy. At high energy, the PSF is

limited by the finite hit resolution of the SSDs. The strip pitch of 228 µm

and the lever arm for the direction measurement result in a limiting precision

for the average conversion of ∼ 0.1◦ at normal incidence.

2.3.4 Energy dispersion

For a photon of a given energy entering the detector, the energy response

function should be ideally a δ-function. However, in real detectors it is a

gaussian-like curve, with a longer tail towards low energy values.

In a symmetrical gaussian approximation, it is possible to express the

energy response function in terms of the resolution R, given by:

R =
σ

Em
(2.9)

where σ is the standard deviation and Em is the mean value of the Gauss

distribution.

Approximation aside, the energy response function can also be evaluated

by calculating the difference between the true energy E and the reconstructed

energy E ′; as for the PSF, the distribution of ∆E = |E −E ′| can be used to

estimate the energy dispersion as:

D68 =
∆E68

E
(2.10)

where ∆E68 is the minimum value of ∆E corresponding to the 68% event

containment.
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2.3. Instrument Response Functions

Figure 2.15: Acceptance weighted energy resolution (68% containment) as a
function of energy, for the P8 SOURCE event class. The red curve corresponds
to front-converting events, the blue curve corresponds to back-converting events,
and the black curve corresponds to all photon events [35].

Figure 2.16: Energy resolution (68% containment) as a function of incidence
angle for 10 GeV photons, for the P8 SOURCE event class. The red curve corre-
sponds to front-converting events, the blue curve corresponds to back-converting
events, and the black curve corresponds to all photon events [35].
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2.3. Instrument Response Functions

Figures 2.15 and 2.16 show the energy resolution for 68% event contain-

ment respectively as a function of energy or incidence angle at a given energy,

thus providing significant information about the LAT energy response func-

tion. At high energy, the energy resolution gets worse as expected because

of the partial containment of the particle shower into the calorimeter.
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Chapter 3

Data Analysis

The analysis presented in this chapter was performed on the Fermi-LAT

data, which are available on the Fermi Science Support Center (FSSC) web-

site [38]. This work used the pre-generated Weekly All-Sky Files, which have

not an energy cut at 300 GeV, since the query encompassed the whole sky

and a larger energy range. In this work the science analysis tools (“Fermi

Science Tools”) developed by the Fermi-LAT collaboration were used. A de-

tailed description of the science tools can be found on the FSSC website [39].

The search was performed for monochromatic γ rays in the annihilation

channel χχ → γγ and in the decay channels χ → γX, where X is a second

particle (i.e. a neutrino). The signal expected in these interactions are

spectral lines at E = mχ in the case of annihilation, and at E = mχ/2 in the

case of decay.

3.1 Data selection

The Fermi-LAT event information is stored in two different categories

of FITS (Flexible Image Transport System) files: the event files, or FT1,

containing any data concerning detected events (i.e. energy, direction etc.),

and the spacecraft files, or FT2, which collect the information about Fermi

satellite position, its orientation and the livetime history. The observation

time is expressed in MET (Mission Elapsed Time) units, measured in seconds
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3.1. Data selection

Figure 3.1: Data query form on the FSSC website [40].

since the reference time January 1, 2001 at 00:00:00 in the Coordinated

Universal Time (UTC) system.

Different parameters can be specified in the FSSC website data query

form (Figure 3.1). The object name or coordinates, the coordinate system

and the search radius can be used to define the region of interest for a specific

search; the observation dates and the time system are needed by both the

FT1 and the FT2 files, to link the data of each event and the information

about the LAT, while the energy range provides a preliminary cut on the

data. On the other hand, the Weekly All-Sky Files used in this work can be

downloaded without any query form or preliminary cut from the HEASARC

website [41].

The analysis described hereafter was performed by using 72 months of

Pass 8 data (August 2008 - August 2014), in the energy range from 5 GeV

to 750 GeV. No angular selections were specified in the data query, since

different Regions of Interest (ROI) will be investigated. Data were extracted

as a package of 72 files (both FT1 and FT2), one for each month, and then

merged in a single file after the selection cuts.

The data selection was made by using the Fermi Science Tools gtselect

and gtmktime. The tool gtselect is used to make cuts according to different
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3.1. Data selection

Table 3.1: Summary table of data selection.

Observation time August 2008 - August 2014
Energy range (GeV) [5− 750]
Maximum zenith angle (θz) 100◦

Event class 256 (CLEAN)
Event type Front + Back

Data quality
DATA QUAL==1
LAT CONFIG==1
IN SAA!=T

parameters in the event data file, which can include the same as in the data

query (search center and radius, energy range etc.), as well as new ones (i.e.

maximum zenith angle value and event class). The software gtmktime is

used to make cuts based on spacecraft parameters included in the FT2 file

and select the “Good Time Intervals” (GTIs), i.e. those time ranges when

the data can be considered valid. The software reads the spacecraft file and,

based on the filter expression and specified cuts, creates a set of GTIs. These

are then combined (logical “and”) with the existing GTIs in the event data

file, and all events outside this new set of GTIs are removed from the file.

The GTIs are selected by applying a logical filter on the quantities in the

spacecraft file. Cuts can be applied on any field in the spacecraft file by

adding terms to the filter expression using C-style relational syntax.

Details on the event selection implemented in the present analysis are

given in Table 3.1. The zenith angle was required to be less than 100◦, in

order to remove events from the bright Earth’s Limb, where the dominant

processes leading to γ-ray emissions are the cosmic-ray interactions in the

Earth’s upper atmosphere. A data quality filter can also be applied, by

means of three terms:

• DATA QUAL==1: is a quality flag of the data set by the LAT instru-

ment team and corresponds to good data;

• LAT CONFIG==1: corresponds to standard science configuration of

the instrument;
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3.2. Regions of Interest (ROIs)

• IN SAA!=T: selects time intervals during which the spacecraft is out-

side the South Atlantic Anomaly.

3.2 Regions of Interest (ROIs)

The analysis was performed in four different Regions of Interest (ROIs),

optimized for sensitivity to WIMP annihilation or decay and different DM

density profiles. The optimization was made by comparing the signal ex-

pected from WIMP annihilation or decay, assuming a specific DM density

profile, to the background expected from astrophysical processes. Figure 3.2

shows the γ-ray sky map in Galactic coordinates, obtained by using the Moll-

weide projection provided by the software HEALPix [42]. The whole sky was

pixelized with nside = 64, for a total of 49152 pixels (12 × 64 × 64). This

pixelization produces a subdivision of a spherical surface in which each pixel

covers the same solid angle Ωpixel = 2.56 · 10−4 sr. The counts from a specific
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Figure 3.2: γ-ray sky map in Galactic coordinates. The point-like features are
bright γ-ray sources.
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Figure 3.3: Map of the dark matter distribution in Galactic coordinates assuming
the NFW profile.

direction were then arranged into the corresponding pixel.

The distribution of DM in terms of the J-factor, calculated as in Eq. (1.11)

is shown in Figure 3.3 for the NFW profile as an example. According to the

DM profiles, the ROIs were defined as cones with the axis pointing towards

the Galactic Center (GC) and named after their aperture in degrees: R3 for

3◦, R16 for 16◦, R41 for 41◦ and R180 for 180◦, the last one corresponding

to the whole sky. The values of the aperture for each ROI were chosen to

maximize the signal-to-noise ratio S/N , defined as:

S/NROI =

∫
ROI

∫
FOV

dΩv̂ dΩ S(p̂)E(p̂)∫
ROI

∫
FOV

dΩv̂ dΩ B(p̂)E(p̂)
(3.1)

where E is the exposure, S and B are the intensities of γ rays in the direction

p̂ from the DM and the diffuse background template model respectively [20].

The optimal ROIs for annihilation searches are R3, R16 and R41, where

the assumed models for DM distribution are the NFWc profile in Eq. (1.6)

54



3.3. Livetime and Exposure
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Figure 3.4: Count map for the data set in the whole sky for the selected energy
range. Also shown are the boundaries of the ROIs used in this work.

with γ = 1.3, the Einasto profile in Eq. (1.7) and the NFW profile in Eq. (1.5)

respectively. Finally, R180 is the optimal ROI to search for spectral lines

from DM decay, assuming a NFW profile as in R41. In addition, a mask

corresponding to the Galactic Plane (GP) was applied, defined as the region

with latitude |b| < 5◦ and longitude |l| > 6◦. Counts in GP were removed

from all the ROIs (except R3), since no large DM signals are expected in

that region and the γ-ray emission is largely dominated by standard astro-

physical sources. The resulting count map in Galactic coordinates is shown

in Figure 3.4, while Figure 3.5 shows the photon counts for the selected ROIs

as a function of energy.

3.3 Livetime and Exposure

The next step in the analysis is the calculation of the livetime and of the

average exposure in each ROI. The livetime is the time in which the LAT

55



3.3. Livetime and Exposure

Energy (MeV)

410 510 610

C
ou

nt
s

1

10

210

310

410

510

R3

R16

R41

R180

Figure 3.5: Observed photon count spectra for the selected ROIs after the selec-
tion cuts.

observed a given position in the sky (specified in terms of pixels in HEALPix)

and is calculated as a function of the off-axis angle θ by means of the Fermi

Science Tool gtltcube, while its dependance on φ can be neglected as discussed

before about the effective area. The output from gtltcube is called livetime

cube; the software uses the spacecraft “pointing history” file along with the

time range and GTI selection in the event file to compute livetime cubes

that cover the entire sky. In this work, the livetime was calculated in steps

of 0.025 in cos θ.

The exposure E for the observed energy Eo given the true energy Et is

defined for each pixel i as:

Ei(Eo|Et) =
∑
cos θ

R(Eo|Et, cos θ)Ti(cos θ) (3.2)

where R(Eo|Et, cos θ) is the IRF and Ti(cos θ) is the livetime. The sum

over cos θ, along with the pixelization, replaces the integral over the solid

angle, since the livetime cube is binned. The IRF R(Eo|Et, cos θ) is ex-
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Figure 3.6: Average exposure in R180.

pressed in terms of a smearing matrix, which describes the detection effi-

ciency P(Eo|Et, cos θ) as the probability to detect a photon of true energy Et

with reconstructed energy Eo at an angle θ from the incidence direction. The

smearing matrix is computed from Monte Carlo simulations according to the

pointing history of each ROI, and includes the contribution of the effective

area and energy dispersion.

The average exposure, required for the fitting procedure, is given by:

Ē(Eo|Et) =
1

npix

∑
i∈ROI

Ei(Eo|Et) (3.3)

where the sum runs over the pixels in the considered ROI and npix is the

number of pixels. Figure 3.6 shows the average exposure for R180 as an

example. Figure 3.7 was obtained by projecting the average exposure in

Figure 3.6 on the y-axis at fixed true energy, and provides an example of the

energy dispersion.

The number of expected counts µij in the i-th pixel and in the j-th bin of
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Figure 3.7: Average exposure in R180 for Et = 100 GeV normalized on the max-
imum value. As expected, the reconstructed energy exhibits a dispersion around
100 GeV.

reconstructed energy can be expressed as:

µij =

∫
dEt Ei(Ej|Et)Φi(Et) (3.4)

where Φi(Et) is the photon flux at true energy Et in the pixel i. The expected

counts in each energy bin are given by the sum of µij over the pixels in the

ROI:

µj =
∑
i∈ROI

∫
dEt Ei(Ej|Et)Φi(Et) =

∫
dEt

∑
i∈ROI

Ei(Ej|Et)Φi(Et) (3.5)

Assuming that Φi(Et) does not depend on the pixel considered (uniform flux)

and using Eq. (3.3), Eq. (3.5) can be written as:

µj =

∫
dEt

Φtot(Et)

npix

∑
i∈ROI

Ei(Ej|Et) =

∫
dEt Φtot(Et)Ē(Ej|Et) (3.6)
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3.4. The fitting procedure

where Φtot(Et) is the total photon flux at true energy Et in the ROI.

3.4 The fitting procedure

To search for spectral lines, a maximum likelihood procedure in sliding

energy windows was applied in each ROI. The range considered for the fit

energies Eγ is from 10 GeV to 500 GeV, with 64 energy bins per decade,

which means an energy bin width ∆E ≈ 1.04. The fit windows are defined

as [0.5Eγ, 1.5Eγ]; therefore the full energy range is from 5 GeV to 750 GeV.

This choice was made because the WIMP mass is expected to be of a few

hundred GeV. However, a maximum energy was chosen for each ROI, since

the poor statistics at high energies may also provide anomalous signal-like

features. Except for R180, where the whole fit interval was considered, the

maximum energy value considered for the fit results was chosen so that the

observed counts were at least 10. The values are provided in Table 3.2.

The fitting procedure was performed by means of the MINUIT package

[43], provided by ROOT [44]. The software acts on a multiparameter func-

tion, using a minimization algorithm (i.e. MIGRAD) in order to find the

optimal values for the different parameters. In addition, the tool MINOS

was used to evaluate the 95% confidence level (CL) intervals on the param-

eters.

3.4.1 Maximum likelihood

The maximum likelihood is a statistical method aimed at evaluating an

estimator for one or more parameters. The likelihood L is defined as the

Table 3.2: Energy range for each ROI.

ROI Emin (GeV) Emax (GeV)

R3 10 300
R16 10 350
R41 10 400
R180 10 500
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3.4. The fitting procedure

probability of obtaining certain values of the data given an input model.

The method is based on the assumption that the data corresponds to the

model with the greater probability, which means that gives the maximum

value of L.

To fit for spectral lines, the photon flux was assumed to consist of the

sum of two contributions:

Φtot(Et|~θ) = Φbkg(Et|~θ) + Φsig(Et|~θ) (3.7)

where ~θ are the parameters of the model, Φbkg(Et|~θ) is the background flux

and Φsig(Et|~θ) is the signal flux. Since the fit is performed in narrow energy

windows, the γ-ray background from diffuse and point sources was approxi-

mated as a simple power law:

Φbkg(E|k,Γbkg) = k

(
E

E0

)−Γbkg

(3.8)

where E0 is a reference energy set to 100 MeV, Γbkg is the power-law index

and k is the background flux at energy E0 (normalization factor). The typical

signal from a spectral line at the energy Eγ is:

Φsig(E|s) = sδ(E − Eγ) (3.9)

where s is the line intensity.

The expected counts µj in each energy bin can be calculated by replacing

the total flux in Eq. (3.6) with the model flux adopted in Eq. (3.7), and thus

will depend on the set of parameters ~θ = {k,Γ, s}. The observed counts are

assumed to be independent and Poisson distributed; thus the probability to

observe nj counts in the j-th energy bin according to the model considered

is:

P (nj|µj) = e−µj
µ
nj
j

nj!
(3.10)

where µj are the expected counts depending on the set of parameters ~θ.

Therefore the likelihood L(~n|~θ) is defined as the product of the probabilities
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3.4. The fitting procedure

for each energy bin:

L(~n|~θ) =
∏
j

P (nj|µj) (3.11)

where ~n = (n1, n2, ...) and µj = µj(~θ). It is convenient to consider the natural

logarithm of L, since both L and lnL have their maximum for the same values

of ~θ. Furthermore, the natural logarithm introduces a constant term which

can be neglected, since it does not depend on the model parameters.

However, maximizing the likelihood L is equivalent to maximize the like-

lihood ratio λ(~θ) = L(~n|~θ)/L(~n|~n), where in the denominator L(~n|~n) is the

probability that the observed counts are coincident with their expected val-

ues. Finding the maximum of λ(~θ) is equivalent to find the minimum of the

quantity −2 lnλ(~θ), which can be written as:

− 2 lnλ(~θ) = −2
∑
j

[
−µj + nj − nj ln

nj
µj

]
(3.12)

where for bins with nj = 0 the last term is null.

3.4.2 Statistical test

The purpose of this analysis is to evaluate whether a linelike signal is

observed in the photon spectra; therefore a statistical test is required. Two

different hypotheses are tested:

H0 : s = 0 (null hypothesis)

H1 : s > 0 (alternative hypothesis)

To test the two hypotheses, the expected counts µj were calculated for

both models:

H0 : µj =

∫
dEt Φbkg(Et|k,Γbkg)Ē(Ej|Et) (3.13)

H1 : µj =

∫
dEt [Φbkg(Et|k,Γbkg) + Φsig(Et|s)]Ē(Ej|Et) (3.14)

and used respectively for the the background-only and background+signal
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3.5. Fit results

fitting procedures.

A comparison between the two models can be performed using the quan-

tities of Eq. (3.12). According to Wilk’s theorem [2], the minimum value of

−2 lnλ(~θ) follows a χ2 distribution with N −m degrees of freedom (d.o.f.),

where, in this case, N is the number of energy bins and m is the number of

fitted parameters.

The test statistics used in this work is defined as:

TS = 2(lnλ1(~θ)− lnλ0(~θ)) (3.15)

where the index 1 or 0 refers to hypothesis H1 or H0 respectively. Since the

models corresponding to the two hypotheses differ for a single parameter,

which is the line intensity s, the TS will follow a χ2 distribution with one

d.o.f. and the local significance for a possible signal-like feature is assumed

to be:

Slocal =
√

TS (3.16)

Usually in high energy physics, an effect is said to qualify as a discovery if the

significance is larger than 5 (5σ or larger effect). However, since the search

is performed within a given distribution (count spectrum) and the signal

energy is not predicted in advance, the local significance is not the correct

value to be considered to eventually establish a discovery. The correct value

is the global significance Sglobal, which should be calculated according to the

probability, assuming the background-only hypothesis, to find a signal as

significant as (or more than) the one found anywhere in the search region

(“look-elsewhere effect”). The global significance is usually lower than the

probability to find a peak of equal or greater significance in the particular

place where it appeared.

3.5 Fit results

The fitting procedure was performed by means of C++ and Python codes.

Although no significant lines were found in the search regions, some impor-

tant information can be obtained from the data analysis.
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Figure 3.8: Fitted spectrum and lines in R3 (top left), R16 (top right), R41
(bottom left) and R180 (bottom right). The black markers represent the data,
while the color gradient is used for the signal+background model and the fitted
lines at 95% CL.

Figure 3.8 shows the fit results superimposed to the count spectra in all

the ROIs. The fit results are presented in color-gradient-style (each color

corresponds to a fit energy window), while the data are represented with

black markers. The fitted spectrum under hypothesis H1 is shown, while

the curves in the bottom part of each plot are the fitted lines for different

photon energies. A small excess is observed at 121 GeV in R3. However,

a small number of events are collected at high energies, which means that

the observed effect can be associated to statistical fluctuations; therefore the

significance of this signal-like feature will be investigated further. The excess

disappears in the other ROIs and no fitted lines give a significant contribution

to the photon spectra.

Given the data and the model, a comparison between the observed counts
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Figure 3.9: Residuals in R3 (top left), R16 (top right), R41 (bottom left) and
R180 (bottom right). In R3 the fluctuations largely spread around zero, especially
at high energies, where the statistics is poor.

and the fit counts can be made by means of the residuals:

Residual =
Data−Model

Model
(3.17)

which are expected to be distributed with a very small dispersion around

zero, assuming the hypothesis that the model describes the data accurately.

Figure 3.9 shows the residuals in all the ROIs for the signal+background

model in color-gradient-style. As expected, in R3 the model differs from the

observed data within 20%, with increasing differences at energies higher than

100 GeV, where the errors (defined as the square root of the Data/Model

ratio) are larger than the fluctuations. Once more, the effect is due to the

poor statistics in R3 at high energies. Indeed, the residuals in the other

ROIs prove that the effect found in R3 disappears when considering larger

angular regions with a higher number of events at high energies. In R180
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3.5. Fit results
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Figure 3.10: Line fit at Eγ = 10 GeV in R3, where residuals spread around the
zero within 10%.

the model differs from the observed data of a few percent for energies lower

than 100 GeV, while the errors largely increase only at TeV energies.

The count spectra and the residuals provide together a first, quick investi-

gation on the eventual linelike features revealed by the fitting procedure. As

an example, Figure 3.10 shows the result of a line fit at energy Eγ = 10 GeV

in R3. The counts due to the possible line are an order of magnitude less

than those due to the continuous power-law background and do not provide

a significant contribution to the model.
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3.5. Fit results
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Figure 3.11: Line fit at Eγ = 121 GeV in R3, where residuals largely spread
around zero.

Conversely, in the same ROI a higher contribution to the count spec-

trum is given by a candidate line at energy Eγ = 121 GeV (Figure 3.11) as

described above. In this case, the residuals largely spread around zero, pro-

viding a greater difference between model and data, which clearly indicates

that the signal counts may be just a statistical effect.
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3.5. Fit results

3.5.1 Local significance

The local significance of any signal feature can be evaluated by means of

the TS as described above. Since it is expected to present a typical χ2 distri-

bution with a single d.o.f., any deviation from this trend can be associated to

a considerable difference between the two models and thus provides a strong

tool to distinguish the results obtained when assuming the null hypothesis

or the signal hypothesis.

For each ROI, the TS can be plotted as a function of energy, while its

square root gives an information about the significance of an eventual signal-

like feature at a given energy, as defined in Eq. (3.16). The results are shown

in Figure 3.12. As expected, the highest value is found at about 120 GeV

in R3. However, the TS here is 5.8, thereby the local significance can be

calculated as the square root of this value and thus corresponds to a 2.41σ

effect. The global significance would be found to be lower, because of the
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Figure 3.12: TS as a function of energy in the selected ROIs R3, R16, R41 and
R180. The green and yellow bands show the 68% and 95% expected containments
derived from 1000 background-only Monte Carlo simulations respectively.
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Figure 3.13: TS distribution from pseudoexperiments in R3. The red line rep-
resents a fit with a χ2 distribution with 1 d.o.f.

overlapping of the fit energy windows, which implies that the local fits cannot

be considered as completely independent, and for the nesting of the ROIs in

those of larger radii.

The green and yellow bands were obtained by performing 1000 pseudoex-

periments with the full-fit energy range in each ROI, by means of background-

only Monte Carlo simulations. The template used for the pseudoexperiments

was generated by fitting the global count spectra with the power-law model in

the whole energy range, after rebinning them to 4 bins per decade. In each

pseudoexperiment the observed counts in each energy bin were generated

from a Poisson distribution with an average value taken from the template.

The expectation bands were finally computed by taking the quantiles of the

TS distribution, describing the probability to find a given value of TS greater

than or equal to the coverage probabilities defined (68% or 95%).

Figure 3.13 shows that the TS values obtained from the simulations fol-

low a χ2 distribution with one d.o.f. as expected, according to the fitting

procedure described previously. The distribution is only shown in R3 as a
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3.5. Fit results

control test, but the same result was obtained in the other ROIs.

3.5.2 Upper and lower limits

Since no significant spectral lines were detected, an upper limit at 95% CL

was set on the line flux s95%, which corresponds to the value of the parameter

s when−2 lnλ = −2 lnλmin+2.71. The results are shown in Figure 3.14. The

blue line represents the fit performed in 2015 with a different technique [13].

The green and yellow bands are obtained as described above and represent

the expected upper limit at 68% and 95% CL under the assumption of the

hypothesis H0, as obtained from the pseudoexperiments.

Upper limits on the velocity-averaged annihilation cross section 〈σv〉 and

lower limits on the decay time τ can be derived from Eq. (1.9) and (1.10)

as well. Since a search for spectral line is performed, the factor dNγ
dE

is set
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Figure 3.14: Line flux at 95% CL in the selected ROIs R3, R16, R41 and R180.
The green and yellow bands show the 68% and 95% expected containments derived
from 1000 background-only Monte Carlo simulations respectively. Also shown is
the limit obtained in Ackermann et al. [13] in the same ROIs (blue line).
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3.5. Fit results

Table 3.3: Summary of the optimized ROIs and J-factor values for each profile
and both annihilating and decaying WIMPs [20].

Annihilation
ROI Profile J-factor (1022 GeV2 cm−5)

R3 NFWc 13.9
R16 Einasto 8.48
R41 NFW 8.53

Decay
ROI Profile J-factor (1023 GeV cm−2)

R180 NFW 2.46

to be 2δ(Eγ − E), with Eγ = mχ, for direct annihilation in the channel γγ,

and δ(Eγ − E), with Eγ = mχ
2

, for decay into a γ ray and a second neutral

particle. Thereby, integrating over the energy E and using the δ-function,

the expected flux at fit energy Eγ in each ROI becomes:

Φ(Eγ)ann =
1

4π

〈σv〉γγ
E2
γ

Jann(ROI) (3.18)

for annihilation, and:

Φ(Eγ)dec =
1

4π

1

2Eγτχ
Jdec(ROI) (3.19)

for decay. Using the line flux at 95% CL, Eq. (3.18) and (3.19) are solved

for each ROI to obtain the 95% CL upper limits on 〈σv〉γγ and the 95% CL

lower limits on τχ respectively:

〈σv〉γγ = 4πE2
γΦ(Eγ)ann

1

Jann(ROI)
(3.20)

τχ =
1

8πEγ

1

Φ(Eγ)dec
Jdec(ROI) (3.21)

where the J-factors used depend on the ROI and are given in Table 3.3.

Figure 3.15 shows the 95% CL upper limits on 〈σv〉γγ in the three ROIs
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Figure 3.15: 95% CL upper limits on 〈σv〉γγ in R3, R16 and R41, and 95% CL
lower limits on τχ in R180. The green and yellow bands show the 68% and 95%
expected containments derived from 1000 background-only Monte Carlo simula-
tions respectively. Also shown are the limits obtained in Ackermann et al. [13] in
the same ROIs (blue line).

optimized for sensitivity to DM annihilation, and the lower limits on τχ in

R180, optimized for sensitivity to DM decay. Also shown are the correspond-

ing limits from the analysis made by Ackermann et al. [13] (blue line), along

with the expectation bands derived from the ones obtained from the line flux

at 95% CL in the previous plots. The upper limits calculated in this work

appear to be lower than those in the previous analysis. The main factor

which may contribute to the difference between the results of the two analy-

ses is the approach for the treatment of the energy dispersion. While in the

previous search the energy dispersion was obtained by a fitting procedure

over the Monte Carlo smearing matrix by means of a triple Gaussian model,

in this work the smearing matrix itself was used and also included in the

calculation of the total expected counts, not only of the signal ones.
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3.5. Fit results

3.5.3 Binning and sliding window width effects

Since a binned analysis was performed, the results could depend on the

choice of the energy bins or on the width of the fit windows. In fact, larger

energy bins could mask possible signal features, with a loss of information

on the line width. On the contrary, smaller bins could make the analysis

more sensitive to statistical fluctuations, and this could eventually require

to modify the model. Furthermore, the choice of larger energy windows

could mask the signal features as well, since the background would be larger.

On the other hand, the choice of smaller energy windows could result into

a partial loss of the signal. Therefore it is crucial to check whether these

choices affected the present analysis.

The first step is to establish if the resulting 95% CL upper limits on 〈σv〉γγ
and lower limits on τχ depend on the energy bins per decade. Although the

present analysis was performed with 64 bins per decade, the same results
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Figure 3.16: 95% CL upper limits on 〈σv〉γγ in R3, R16 and R41, and 95% CL
lower limits on τχ in R180. The black line corresponds to the results obtained with
64 bins per decade, the red line corresponds to 32 bins per decade, and the green
line corresponds to 128 bins per decade.
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Figure 3.17: 95% CL upper limits on 〈σv〉γγ in R3, R16 and R41, and 95% CL
lower limits on τχ in R180. The black line corresponds to the results obtained with
[0.5Eγ , 1.5Eγ ] windows, the red line corresponds to [0.4Eγ , 1.6Eγ ] windows, the
green line corresponds to [0.3Eγ , 1.7Eγ ] windows, and the azure line corresponds
to [0.6Eγ , 1.4Eγ ] windows.

were obtained by chosing 32 or 128 bins per decade, as shown in Figure 3.16.

Since no significant differences between the three plots are observed, the

results can be assumed to be independent on this choice.

The next step is to verify the analysis dependence on the width of the

energy windows used for the fitting procedure. The fit was performed in

each of the [0.5Eγ, 1.5Eγ] windows, but the same results are obtained by

chosing a different energy window width. Figure 3.17 shows a comparison

between the 95% CL upper limits on 〈σv〉γγ and lower limits on τχ from the

present analysis and the results obtained by applying the fitting procedure

in the energy windows [0.4Eγ, 1.6Eγ], [0.3Eγ, 1.7Eγ] and [0.6Eγ, 1.4Eγ]. The

analysis appears to be independent on this choice too; therefore the obtained

results can be considered solid as they do not depend on the binning and on

the width of the energy windows.
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Conclusions

This work aimed at identifying dark matter signals in the form of γ-ray

spectral lines by means of the Fermi-LAT photon data. Since no spectral lines

are expected from known astrophysical processes in the selected Regions of

Interest, a possible detection would be a strong proof of DM annihilation or

decay and give important information about the mass of a candidate WIMP.

The search here presented was performed by using the improved tech-

niques developed in the previous works by the Fermi-LAT Collaboration

[13][20]. The fitting procedure was applied in a wide energy range (from

10 GeV to 500 GeV), and no spectral lines were found, but strong constraints

were obtained on both the velocity-averaged annihilation cross section 〈σv〉γγ
and the decay time τχ.

The novel aspect in this search was the use of the full exposure calcu-

lated by means of the smearing matrix, constructed from a full Monte Carlo

simulation of the LAT. The results from the present analysis are consistent

with those obtained in the previous searches [13][20].

The future line searches with the LAT could be performed by improving

the analysis presented in this work. First, the systematic uncertainties should

be accounted for, by scanning for lines in control regions where the number of

background events largely overcome the number of signal events. Neglecting

the systematics may mask possible signal features and thus restricted the

energy range for the search in this work. The main source of systematic

uncertainties is modeling the background flux spectrum as a power law, since

point sources were not masked and considered together with the Galactic

diffuse emission. Furthermore, a cosmic-ray contamination may contribute

as well.

74



Conclusions

A further improvement could be achieved by using a more accurate model

for the standard astrophysical backgrounds, in order to describe the data

better than with the simple power-law approximation. In case of a high local

significance detection, the global significance should be calculated as well, in

order to establish if a true signal has been observed or not.

Finally, it should be reminded that the interactions considered in this

work only occur at higher order loops, resulting in very low branching frac-

tions. For this reason, the search for γ-ray spectral lines represents a hard

challenge, since a large statistics and a fine energy resolution are strongly

required.
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Appendix A

Celestial Coordinate Systems

The coordinate systems described hereafter are similar to the geographic

coordinate system used on the surface of Earth but projected on the celestial

sphere. The difference between the various spherical coordinate systems is

connected to the choice of a fundamental plane, which divides the celestial

sphere into two equal hemispheres along a great circle and defines the baseline

for the latitudinal coordinates, similar to the equator in the geographic co-

ordinate system. The poles are located at ±90◦ from the fundamental plane.

The primary direction is the starting point of the longitudinal coordinates.

A.1 Horizontal coordinates

The horizontal coordinates refer to the observer’s local horizon, chosen as

the fundamental plane. The sky is divided into two hemispheres: the upper,

where objects are visible, and the lower, where vision is obstructed by Earth.

The hemispheres are separated by the celestial horizon, defined as the great

circle on the celestial sphere whose plane is normal to the local gravity vector.

The pole of the upper hemisphere is called “zenith”, while the pole of the

lower hemisphere is called “nadir”. Stars and other cosmological objects are

considered as fixed on the celestial sphere. A schematic illustration of the

horizontal coordinate system is shown in Figure A.1.

Given a star on the celestial sphere, the two angular coordinates which
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A.1. Horizontal coordinates

Figure A.1: Horizontal coordinate system [45].

give its position are:

• altitude a, the angle between the object and the observer’s local horizon;

• azimuth A, the angle between the projection of the object on the hori-

zon and the North direction on the same plane.

According to this definition, the altitude goes from 0◦ to +90◦ if the object is

in the upper hemisphere, and from 0◦ to −90◦ if in the lower (out of vision).

Sometimes the zenith distance is used instead, defined as the complement of

the altitude. The azimuth ranges from 0◦ to 360◦ and is usually measured

from the North towards East.

The horizontal coordinate system is fixed to the Earth; therefore, the

altitude and azimuth of an object in the sky changes with time, as the object

appears to drift across the sky with the rotation of the Earth. In addition,

because the horizontal system is defined by the observer’s local horizon, the

same object viewed from different locations on Earth at the same time will

have different values of altitude and azimuth.
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A.2. Equatorial coordinates

A.2 Equatorial coordinates

In the equatorial coordinate system, the fundamental plane is the pro-

jection of Earth’s equator onto the celestial sphere (forming the celestial

equator). The origin of this system is at the centre of the Earth and a pri-

mary direction is defined towards the vernal equinox (γ), which is one of the

two equinox points where the plane of Earth’s equator intersects the ecliptic

(apparent trajectory of the Sun on the celestial sphere followed in one year),

because of the 23◦27’ inclination of Earth’s axis.

Although the origin is at the centre of the Earth (which makes the coor-

dinates geocentric), the coordinate system does not rotate with the Earth,

but remains fixed against the background stars.

The two independent coordinates which locate an object on the celestial

sphere are:

• declination δ, the angular distance of an object perpendicular to the

celestial equator;

• right ascension α, the angular distance between the vernal point and

the projection of an object on the celestial equator.

The declination is measured from the equator towards the object considered

and is positive towards the North and negative towards the South. The

right ascension is usually measured eastward in sidereal1 hours, minutes and

seconds instead of degrees, from the vernal equinox to the hour circle (the

great circle through the celestial poles and perpendicular to the celestial

equator) passing through the object. Since Earth makes a full rotation in

24 hours (360◦), one hour in right ascension corresponds to 15◦.

Alternatively to right ascension, hour angle H measures the angular dis-

tance of an object westward along the celestial equator from the observer’s

meridian to the hour circle passing through the object. Unlike right as-

cension, hour angle is always increasing with the rotation of the Earth. A

1Sidereal time is the time it takes Earth to make one rotation relative to the vernal
equinox. It differs from the solar time because of Earth’s nutation and thus is not constant
[46].
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A.3. Converting coordinates

Figure A.2: Equatorial coordinate system [47].

schematic illustration of the equatorial coordinate system is shown in Fig-

ure A.2.

A.3 Converting coordinates

Sometimes describing an object location in a different coordinate system

from the one given is necessary. Therefore a conversion between the two

coordinate systems must be applied.

Hour angle ↔ right ascension

Hour angle and right ascension are linked by the following equation:

H = LST − α (A.1)

where LST is the local sidereal time, which indicates the right ascension on

the local meridian.
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A. Celestial Coordinate Systems

Horizontal coordinates ↔ equatorial coordinates

To pass from horizontal to equatorial coordinate system, the equations

are:

sin a = sin δ sinφ+ cos δ cosφ cosH (A.2)

sinA = −sinH cos δ

cos a
(A.3)

cosA =
sin δ − sinφ sin a

cosφ cos a
(A.4)

where φ is the observer’s latitude.
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Appendix B

Tables - 95% Confidence Level

Limits

In this section the 95% CL flux upper limits derived for each of the four

ROIs are presented in Tables B.1, B.2 and B.3 for the search performed

with 64 energy bins per decade. The upper limits on the velocity-averaged

annihilation cross section 〈σv〉γγ are also given for the DM profiles in each

ROI where sensitivity to that DM model was optimized: R3 (contracted

NFW profile), R16 (Einasto profile), R41 (NfW profile). Finally, the decay

lifetime τχ lower limit is given for R180 (NFW profile).
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B. Tables - 95% Confidence Level Limits

Table B.1: 95% confidence level limits from all the ROIs for fit energies from
10.2 GeV to 37.2 GeV. The first column for each ROI is the line flux upper limit,
while the second column is the upper limit on 〈σv〉γγ for R3, R16 and R41, and
the lower limit on τχ.

R3 R16 R41 R180

Energy Φline 〈σv〉γγ Φline 〈σv〉γγ Φline 〈σv〉γγ Φline τχ

(GeV) (10−10

cm2s−1)
(10−28

cm3s−1)
(10−10

cm2s−1)
(10−28

cm3s−1)
(10−10

cm2s−1)
(10−28

cm3s−1)
(10−10

cm2s−1)
(1029 s)

10.2 3.08 0.029 1.95 0.030 6.20 0.095 7.08 13.6
10.6 3.29 0.033 2.10 0.035 6.88 0.113 9.84 9.41
10.9 3.17 0.034 2.52 0.045 7.64 0.135 12.3 7.30
11.3 3.20 0.037 3.32 0.063 8.18 0.155 14.2 6.09
11.8 3.48 0.043 3.86 0.079 7.30 0.149 19.7 4.23
12.2 3.04 0.041 3.50 0.077 6.06 0.133 21.6 3.71
12.6 2.60 0.038 3.34 0.079 6.30 0.148 27.0 2.87
13.1 2.13 0.033 3.90 0.099 6.78 0.171 30.9 2.42
13.6 1.78 0.030 4.29 0.117 8.30 0.226 33.5 2.15
14.1 1.61 0.029 3.40 0.100 8.47 0.247 30.1 2.31
14.6 1.76 0.034 3.19 0.101 6.72 0.211 22.8 2.94
15.1 1.52 0.032 2.81 0.095 5.63 0.190 16.5 3.91
15.7 1.21 0.027 2.81 0.102 4.68 0.170 10.4 6.03
16.3 1.52 0.036 3.61 0.142 4.96 0.193 11.2 5.36
16.9 1.66 0.043 4.30 0.181 6.98 0.292 17.8 3.27
17.5 1.39 0.038 4.27 0.193 6.80 0.306 16.8 3.34
18.1 1.13 0.033 3.69 0.179 5.64 0.273 11.3 4.79
18.8 1.01 0.032 1.97 0.102 2.88 0.150 4.68 11.1
19.5 1.16 0.040 1.47 0.082 2.40 0.134 3.23 15.5
20.2 1.24 0.045 1.64 0.099 2.51 0.151 2.61 18.6
20.9 1.26 0.050 2.15 0.140 2.30 0.148 2.28 20.5
21.7 1.07 0.045 2.43 0.170 1.97 0.136 2.13 21.2
22.5 0.996 0.045 2.27 0.170 1.71 0.127 2.04 21.3
23.3 0.886 0.043 2.25 0.181 2.06 0.165 2.17 19.4
24.1 0.800 0.042 1.64 0.142 2.60 0.223 2.78 14.6
25.0 0.557 0.032 1.25 0.116 3.99 0.369 5.43 7.20
25.9 0.648 0.039 1.36 0.136 4.74 0.470 10.7 3.53
26.9 0.856 0.056 1.75 0.188 5.86 0.625 14.6 2.50
27.9 1.31 0.092 2.48 0.286 6.69 0.767 18.3 1.92
28.9 1.21 0.091 3.51 0.435 7.09 0.872 21.0 1.61
30.0 0.771 0.063 3.44 0.458 6.31 0.835 23.0 1.42
31.1 0.560 0.049 2.22 0.317 3.68 0.523 21.0 1.50
32.2 0.441 0.042 1.45 0.222 2.71 0.413 19.5 1.56
33.4 0.414 0.042 1.34 0.222 2.54 0.416 15.6 1.89
34.6 0.458 0.050 1.39 0.247 2.93 0.516 13.2 2.15
35.9 0.622 0.072 1.26 0.240 3.12 0.591 11.7 2.33
37.2 1.01 0.126 1.70 0.349 4.94 1.01 14.3 1.84
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B. Tables - 95% Confidence Level Limits

Table B.2: 95% confidence level limits from all the ROIs for fit energies from
38.5 GeV to 136 GeV. The first column for each ROI is the line flux upper limit,
while the second column is the upper limit on 〈σv〉γγ for R3, R16 and R41, and
the lower limit on τχ for R180.

R3 R16 R41 R180

Energy Φline 〈σv〉γγ Φline 〈σv〉γγ Φline 〈σv〉γγ Φline τχ

(GeV) (10−10

cm2s−1)
(10−28

cm3s−1)
(10−10

cm2s−1)
(10−28

cm3s−1)
(10−10

cm2s−1)
(10−28

cm3s−1)
(10−10

cm2s−1)
(1029 s)

38.5 1.19 0.160 1.89 0.416 4.71 1.03 13.1 1.94
40.0 1.40 0.203 2.39 0.566 5.13 1.21 13.9 1.76
41.4 1.57 0.244 2.02 0.513 4.80 1.21 13.7 1.73
42.9 1.75 0.291 1.71 0.468 4.50 1.22 12.6 1.81
44.5 1.61 0.288 1.39 0.408 3.75 1.10 8.66 2.54
46.1 1.43 0.276 1.43 0.451 3.48 1.09 6.58 3.22
47.8 1.24 0.257 2.16 0.733 3.57 1.20 4.92 4.16
49.6 1.12 0.249 2.32 0.844 2.66 0.963 3.99 4.95
51.4 0.937 0.224 2.08 0.813 2.12 0.827 3.77 5.05
53.3 0.732 0.188 2.06 0.867 2.40 1.00 3.20 5.74
55.2 0.519 0.143 2.16 0.976 2.63 1.18 2.97 5.96
57.3 0.370 0.110 1.76 0.857 2.17 1.05 2.30 7.42
59.4 0.344 0.109 1.56 0.815 1.89 0.982 1.92 8.58
61.5 0.352 0.121 1.56 0.875 1.86 1.04 1.84 8.66
63.8 0.392 0.144 1.63 0.985 1.66 0.995 2.20 6.96
66.1 0.439 0.174 1.36 0.883 1.58 1.02 2.67 5.54
68.6 0.600 0.255 1.25 0.868 2.01 1.39 3.38 4.23
71.1 0.866 0.395 1.47 1.10 2.58 1.92 2.99 4.60
73.7 0.992 0.487 1.55 1.25 2.57 2.06 3.48 3.82
76.4 0.718 0.378 1.01 0.877 1.65 1.41 3.75 3.42
79.2 0.412 0.234 0.720 0.671 1.06 0.976 4.91 2.52
82.1 0.271 0.165 0.470 0.469 0.788 0.782 4.67 2.56
85.1 0.230 0.150 0.420 0.453 0.969 1.03 4.56 2.52
88.2 0.226 0.159 0.390 0.454 1.03 1.18 5.54 2.00
91.4 0.222 0.168 0.400 0.498 1.18 1.45 5.81 1.84
94.8 0.239 0.194 0.450 0.596 1.12 1.48 5.94 1.74
98.2 0.353 0.301 0.680 0.968 1.35 1.92 5.53 1.80
102 0.596 0.559 1.07 1.65 1.79 2.73 4.51 2.13
106 0.868 0.875 1.89 3.12 2.64 4.34 4.41 2.10
109 1.08 1.16 2.15 3.81 3.20 5.64 4.61 1.94
113 1.26 1.47 2.35 4.48 3.30 6.25 5.16 1.67
118 1.26 1.57 2.29 4.70 2.85 5.81 4.41 1.89
122 1.12 1.50 2.02 4.44 2.14 4.68 2.72 2.95
126 0.909 1.31 1.85 4.38 1.87 4.39 2.33 3.32
131 0.657 1.02 1.48 3.76 1.52 3.84 1.96 3.80
136 0.401 0.668 0.959 2.62 1.38 3.75 1.82 3.95
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Table B.3: 95% confidence level limits from all the ROIs for fit energies from
141 GeV to 496 GeV. The first column for each ROI is the line flux upper limit,
while the second column is the upper limit on 〈σv〉γγ for R3, R16 and R41, and
the lower limit on τχ for R180.

R3 R16 R41 R180

Energy Φline 〈σv〉γγ Φline 〈σv〉γγ Φline 〈σv〉γγ Φline τχ

(GeV) (10−10

cm2s−1)
(10−28

cm3s−1)
(10−10

cm2s−1)
(10−28

cm3s−1)
(10−10

cm2s−1)
(10−28

cm3s−1)
(10−10

cm2s−1)
(1029

s)

141 0.276 0.494 0.515 1.51 1.13 3.31 2.60 2.68
146 0.228 0.439 0.370 1.17 0.956 3.00 3.65 1.84
151 0.181 0.374 0.363 1.23 0.863 2.91 4.02 1.61
157 0.183 0.407 0.434 1.58 0.773 2.80 3.70 1.69
163 0.199 0.474 0.440 1.72 0.742 2.89 2.33 2.58
169 0.229 0.588 0.451 1.90 0.669 2.80 1.75 3.32
175 0.292 0.806 0.478 2.16 0.649 2.92 1.58 3.55
181 0.318 0.944 0.485 2.36 0.788 3.80 1.78 3.03
188 0.375 1.20 0.531 2.78 0.822 4.27 1.48 3.53
195 0.392 1.34 0.611 3.43 0.790 4.41 1.06 4.72
202 0.458 1.69 0.963 5.81 1.03 6.20 1.05 4.62
209 0.384 1.52 1.11 7.18 1.32 8.49 1.15 4.08
217 0.416 1.77 1.17 8.17 1.53 10.6 1.39 3.24
225 0.419 1.91 0.895 6.69 1.24 9.20 1.42 3.07
233 0.466 2.29 0.549 4.42 1.12 8.96 1.54 2.72
241 0.505 2.66 0.446 3.85 0.945 8.12 1.37 2.97
250 0.505 2.86 0.514 4.78 0.801 7.39 1.22 3.20
259 0.501 3.05 0.613 6.12 0.711 7.05 1.18 3.19
269 0.472 3.09 0.684 7.34 0.679 7.24 1.21 3.01
279 0.424 2.98 0.744 8.58 0.596 6.83 1.21 2.91
289 0.358 2.70 0.704 8.72 0.561 6.90 1.15 2.94
300 0.300 2.44 0.567 7.51 0.574 7.60 1.10 2.98
311 − − 0.683 9.76 0.737 10.5 1.00 3.15
322 − − 0.590 9.07 0.667 10.2 0.807 3.76
334 − − 0.610 10.1 0.727 11.9 0.813 3.61
346 − − 0.682 12.1 0.756 13.3 0.841 3.36
359 − − − − 0.567 10.7 0.940 2.90
372 − − − − 0.476 9.70 1.23 2.15
385 − − − − 0.341 7.47 1.03 2.47
400 − − − − 0.330 7.77 0.866 2.83
414 − − − − − − 0.822 2.88
429 − − − − − − 0.801 2.85
445 − − − − − − 0.802 2.74
461 − − − − − − 0.894 2.37
478 − − − − − − 0.910 2.25
496 − − − − − − 0.740 2.67
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