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1 Introduction

This thesis, named after the book by Anthony Doerr [10], is about light. It is about

light which we cannot see, because it is too dim. It is about light which we cannot

see, because it is not there. And it is about light which we can see, but which is not

sufficiently resolved in order to decide upon its origin.

Broadly speaking, this characterises the field of dark matter (DM) indirect detection

with photons, the overarching theme of this thesis. All three aspects are related to

the work that will be discussed in this thesis. In Part I we first show in Chapter 2 how

the dim electro-magnetic signal from DM annihilation, if present, can potentially

be enhanced, making it easier for us to observe. Next, Chapter 3 discusses the

sensitivity of a proposed space-based γ-ray mission to signals from annihilating DM

in a specific mass range. Part II deals with a current anomaly in astro-particle

physics that has long been attributed to dark matter, but as we show most likely

has a stellar origin.

Finally, a small aside on the style of this thesis. Only in Chapters 1 and 4 do I

use the personal pronoun ”I”, since it contains some of my personal views next to

a general introduction into the field. On the contrary, in the rest of the thesis the

pronoun ”we” is used. This is common practice in the field and reflects the fact that

all work presented has been a collaborative effort.
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1. Introduction

1.1 Dark matter

To this day, the nature of dark matter is still a complete mystery. The name dark

matter is potentially a misnomer, because dark matter need not be dark and it

need not be matter. Rather dark matter refers to the fact that when we compare

the expected gravitational force exerted by all known matter in the universe to

observations, it appears that known matter only constitutes a mere 16% of the total

matter budget in the Universe. Therefore, there must be an unknown contributor

to gravity in the Universe. This is most readily interpreted as a new form of unseen

dark matter making up the remaining 84% [11]. However, an alternative would be a

misunderstanding of the laws of gravity themselves, and the apparent need for dark

matter would only be an artefact due to our theories being incorrect on cosmic scales.

Despite the nature of dark matter being veiled in mystery, I would personally opt

for the possibility that that dark matter really is matter, i.e. a new type of particle.

1.1.1 The dawn of dark matter

All evidence for dark matter is gravitational in nature. Already in the early 19th

century evidence for dark matter started to come to light. I will present a brief

historical overview of how the modern concept of dark matter came to be. It goes

without saying that this is no accurate historiographic treatment and that many

important contributors are not given full credit for their contributions. For more

involved discussions on the history of dark matter I refer the reader to Refs [12, 13].

Fritz Zwicky and galaxy clusters According to physicists’ lore, Fritz Zwicky

is often considered as the first person to introduce the term dark matter. In his

work in the 1930s he applied the virial theorem to the Coma cluster [14, 15]. The

virial theorem in its scalar form relates the kinetic energy (K) of a stellar system

in equilibrium to its total potential energy W : 2K + W = 0 [16]. This allows one

to relate the mean-square velocity of galaxies in the cluster to cluster its mass (M)

and radius (r): 〈
v2〉 = GM

r
. (1.1)

In case of a Maxwell-Boltzmann distribution the mean-squared velocity is the ve-

locity dispersion
〈
v2〉 = σ2

v . The velocity dispersion Zwicky found for the Coma

cluster was σv ≈ 680 km s−1, using a radius of r ∼ 0.5 Mpc1 one finds a mass of

∼ 5 × 1013 M�. About 70× more massive than what he expected from adding up

1 1 pc = 3.26 ly.
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1.1. Dark matter

the masses of individual galaxies. We now know that this number is an overesti-

mate, but the qualitative conclusion remains the same [14, 12]. Zwicky suggested

that under the assumption that the cluster is in equilibrium there must be some

dark matter to explain the observations. However, his proposal should not be taken

to mean a new form of matter, it could also refer to cold gas or stars that are simply

not visible to us.

Missing mass in spiral galaxies The second piece of gravitational evidence for

missing mass came from galactic rotation curves. The earliest statements about

missing mass where again made in 1930s [17]. However, it was only in in the 1970s

that this field really started having an impact. Studies of individual spiral galaxies

showed that they had rotation curves that stayed flat out to large radii [18, 19, 20,

21, 22]. In a simplified form, assuming a spherical mass distribution, Gauss’ law

says that at some radius r the rotational velocity of an orbiting object is related to

the enclosed mass through the centripetal and gravitational force

v2(r)
r

= GM (≤ r)
r2 . (1.2)

Outside the visible mass distribution the velocity should thus fall as v(r) ∝ r−
1
2 .

The flat rotation curves therefore appear to indicate the presence of an invisible

mass component at large radii, where non was expected.

Towards our current notion of dark matter The two missing mass anomalies

in different galactic objects did not lead automatically to a claim for the existence

of a large dark matter fraction in the Universe. Rather the rise of cosmology, the

science of the origin and evolution of the Universe, simultaneous to the confirmation

of missing mass in Galaxy outskirts set the stage for dark matter [13]. It was argued

that an additional dark matter component could resolve the aforementioned issues

with galaxy clusters and spiral galaxies while simultaneously increase the matter

density of the universe by a factor ∼ 10 to Ωm ∼ 0.2 [23, 24]. The latter was deemed

aesthetically appealing since cosmologist favoured a closed universe, i.e. one where

the total energy density equals the critical density (ρc): Ω ≡ ρ/ρc = 1 [24, 13]. This

connected the anomalies and opened up the floor for an additional mass component

in the universe.

1.1.2 Dark matter today

Quite a few things are known about the nature of dark matter today. Over the

years we have learned that dark matter is quite cold, most likely either a particle

7



1. Introduction

or primordial black holes, and non-baryonic if a particle. The following seminal

research has helped us come to this understanding:

• Comparison of large-scale structure in the Universe to numerical simulations

has shown that dark matter is not hot, but cold [25]. In a hot dark matter

universe large structures form first, before fragmenting into smaller structures.

This would imply that galaxies are only present where the largest structures

have formed. This is inconsistent with observations of galaxy clustering [26, 27]

Consequently, standard-model neutrinos are ruled out as the dark matter, since

they would be hot. On the contrary, in a cold- and warm dark matter Universe

structure forms bottom up and small structures merge into larger ones. Warm

dark matter also remains a possibility. A key signature of warm dark matter

is that due to its large free-streaming length small-scale structures are faded

out. Therefore, the amount of low-mass (. 1010 M�) dark matter halos will be

more suppressed in a warm dark matter universe than in a cold-dark matter

universe [28].

• Gravitational lensing is a general relativistic phenomenon in which a massive

object, the lens, bends the light coming from an object in the background,

producing a lensed image. It can be used to map the matter distribution in

Galaxy clusters. Lensing observations of the Bullet cluster provide evidence

for the existence of dark matter [29]. In this system of two merging clusters,

the mass distribution is clearly offset from the gas content, which we can see

through X-rays. Two mass clumps are revealed on the outside, with shocked

gas in the middle. While the gas collided during the first pass-through of

the clusters, the dark matter halos of the separate clusters passed through

each other without much interaction. The morphology of the system is best

described by a particle physics dark matter model with self-interaction cross-

sections σ/Mχ < 1 cm2 g−1, [30].

• Observation of the cosmic-microwave background (CMB) are well described

by a 6 parameter model including a cosmological constant (Λ) and cold-dark

matter: ΛCDM [31, 32, 11]. Analysis of the CMB power spectrum reveals the

need for a matter component that is decoupled from the photons. The CMB

thus provides evidence that dark matter is non-baryonic. The most recent

results by Planck show that dark matter contributes over one quarter to the

total energy density of the Universe: Ωm = 0.262

Although the results from the CMB indicate that dark matter is non-baryonic

if it is particle, it is also consistent with dark matter being primordial black

holes (PBHs). primordial black holes would also behave like a pressureless

2 To the best of our knowledge the total energy density equals the critical energy density, Ω = 1.
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1.1. Dark matter

decoupled fluid.

1.1.3 Particle dark matter

With the evidence for dark matter in place, the question ”what is it made of?”

remains. The results from the CMB indicate that dark matter is non-baryonic,

although some options for dark matter consisting of standard model particles still

remain [33, 34]. Also, theories explaining dark matter through a modification of

gravity face serious difficulties in explaining the CMB or the bullet cluster [35, 36].

The remaining options that can explain all observations are primordial black holes

and particle dark matter. However, primordial black holes face strong constraints

from a variety of effects, such as the evaporation of black holes through Hawking

radiation, lensing, collisions or other dynamical interference with astrophysical ob-

jects, structure formation, X-ray emission induced by accretion, and most recently

gravitational waves [37, 38]. Although scenarios in which primordial black holes

with an extended mass spectrum explain all the dark matter are not yet ruled out,

they are being strongly constrained [37]. This thesis will only deal with particle

dark matter. Mostly the class of particles called weakly-interacting-massive parti-

cles (WIMPs) and WIMP-like candidates. WIMPs arguably were, and remain until

today, the most popular candidate for particle dark matter.

WIMPs In the 1970s also particle physicists started to become involved in cos-

mology [12]. In 1966 it was found by Ref. [39] that the mass of the neutrino can be

constrained from above by requiring neutrinos not to overclose the universe. This

argument combines particle physics and cosmology. Neutrinos are particles inter-

acting through the weak force [40]. In the early universe, neutrinos are in thermal

equilibrium, but as soon as their interaction becomes sufficiently small they fall out

of equilibrium, a process called freeze-out [41]. By computing the thermal history

of neutrinos it can be shown that there should be a large number of relic neutrinos

left in the Universe today. Therefore, their masses should be small in order to not

overclose the universe [39].

A decade later it was shown that heavy neutrino-like particles, i.e. weakly interacting

massive particles, can be produced in the early universe without overclosing it, given

that their mass is larger than about & 2 GeV [42, 43]. This is known as the Lee-

Weinberg limit. The fact that such massive particles with weak-scale interaction

strengths happen to freeze-out in the early universe leaving behind a relic density

compatible with the observed dark matter density is called the WIMP miracle. In

supersymmetry (SUSY), the most popular extension of the standard model, stable
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1. Introduction

WIMPs arise naturally in theories with R-parity [44]. This makes WIMPs, especially

SUSY WIMPs, a theoretically well motivated particle dark matter candidate.

Axions and sterile neutrinos WIMPs are not the only particle dark matter

candidate. In principle, any particle physics model including a stable particle that

is produced in the early universe with the correct relic density and temperature is

a model of dark matter. However, many such theories are completely ad-hoc, only

introducing a new particle to solve the dark matter problem. Nevertheless, there are

more well-motivated theories besides SUSY in which a dark matter candidate can

arise naturally. I briefly discuss two such, axions and sterile neutrinos, below.

The theory of strong interactions, QCD, contains a CP-violating term in its La-

grangian

L = θ
g2
s

32π2 ε
µναβF aµνF

a
αβ , (1.3)

with gs the QCD coupling constant and F aµν the SU(3) field strength. CP violation

in QCD would manifest itself through a non-zero neutron electric-dipole moment (θ).

The current bound is consistent with zero, θ < 10−10, implying small or zero CP

violation in QCD [40]. Such a small value of θ is by no means expected, therefore,

this observation is known as the ”strong CP problem”. A solution to the strong CP

problem is the Peccei-Quinn symmetry [45], which introduces an axion. This QCD

axion can also be a dark matter candidate.

Sterile neutrinos are another viable dark matter candidate [46, 47]. The standard

model of particle physics only contains left-handed neutrinos. But from the obser-

vation of neutrino oscillations [48, 49, 50] it is known that neutrinos have mass. To

accommodate this, right-handed neutrinos must be incorporated into the standard

model. In fact, neutrino oscillations are thus far the only beyond the standard model

(BSM) physics that has been observed. The presence of right-handed neutrino states

allows for sterile neutrinos which could be the dark matter. In the past years sterile

neutrinos attracted much attention in the dark matter community because they are

a potential explanation of an anomalous X-ray line seen in clusters and galaxies

[51, 52] (see Section 1.3).

1.1.4 Detection principles

Different types of particle dark matter require different detection techniques. For the

class of WIMP-like particles these techniques are sometimes referred to by the com-

munity as ”make it, shake it or break it”. Figure 1.1 depicts the three techniques.

”Making it” involves producing dark matter particles (χ) from standard model par-

10



1.1. Dark matter

Figure 1.1 Three main classes of WIMP detection. At colliders, dark matter can be

produced from standard model particles. Direct detection looks for the scattering of

dark matter with nuclei. In indirect detection one searches for the standard model

products resulting from dark matter annihilation or decay.

ticles (SM). This can be done at colliders such as the large-hadron collider (LHC)

[53, 54]. ”Shaking it” refers to dark matter scattering experiments, also known as

direct detection. In this case detection relies on observing a collision between a tar-

get material and dark matter. Typically the target material is placed somewhere

deep underground to shield it from any radiation such that only dark matter, which

for the most part passes straight through the Earth, can reach the detector. Cur-

rent state-of-the-art experiments are the dual-phase liquid xenon experiments LUX,

XENON1T and PandaX [55, 56, 57, 58] and the cryogenic detectors SuperCDMS

and CDMSlite [59, 60] and CRESST [61]. Finally, ”breaking it” is synonymous

for dark matter annihilation. In this case dark matter particles annihilate in space

to produce standard model particles. These standard model particles can then be

searched for with experiments such as the Fermi Large-Area Telescope (LAT) in

case of γ-rays [62, 63] or the Alpha Magnetic Spectrometer (AMS-02) [64, 65] in

11



1. Introduction

case of cosmic-rays (CRs). In this case, dark matter is not detected directly by the

experiment, but only through its decay or annihilation products. Because indirect-

detection is the topic of this thesis, we devote a separate section to discuss it in more

detail (Section 1.2).

1.2 Indirect detection

Dark matter indirect detection is the field that tries to discover dark matter through

its annihilation or decay products. If the final-state particles are standard model

particles they can potentially be seen on Earth. Since this thesis mostly is related

to dark matter annihilation, I will from now on continue to talk about annihilation

only.

One potential annihilation product of dark matter are cosmic-rays. Traces of dark

matter have been looked for in the local cosmic rays fluxes. Interesting targets are

the positron fraction [64], the anti-proton flux [65, 66, 67] and the anti-particles of

heavier elements [68, 69]. Modelling the dark matter contribution to the cosmic-

ray flux requires knowledge of propagation physics, cooling and cross-sections. In

addition, detailed knowledge of the astrophysical backgrounds is required. This

results in general in large systematic uncertainties [70]. Neutrinos are another target

for indirect-detection searches. For instance one can look for a neutrino signal from

dark matter in the Galaxy [71] or from dark matter annihilating after having been

captured in the sun [72]. The most commonly considered annihilation product of

dark matter are photons. One can in principle look for dark matter across the full

electromagnetic spectrum [73]. In this thesis we are interested in γ-rays which are

particularly well motivated for WIMPs [74]. γ-rays can either be produced directly

during dark matter annihilation, in this case the emission is referred to as prompt.

Alternatively, stable cosmic-rays are produced, which then loose their energy through

radiative processes. This is known as secondary emission [73]. In the remainder of

this section we discuss in detail indirect detection with γ-rays.

For an excellent overview of indirect-detection techniques in general see Ref. [73].

Refs [75] and [70] provide reviews of indirect detection with respectively γ-rays and

cosmic-rays.

1.2.1 Spectral features

When dark matter annihilates it often leads to emission with a continuous spec-

trum. A typical scenario is dark matter annihilating into b-quarks: χχ → bb̄. This
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1.2. Indirect detection

process produces mostly continuum emission due to the hadronization of the quarks

[75]. Although continuum emission typically dominates the total emission from dark

matter, it can be difficult to disentangle from astrophysical fore- and backgrounds,

as we will see in Part II.

On the contrary, sharp spectral features in γ-rays suffer from little astrophysical

background, but can be produced through dark matter annihilation. Therefore,

sharp features have been considered smoking gun signals for dark matter annihila-

tion. The most prominent feature is a monochromatic line which is typically pro-

duced at loop level [76, 77, 78]. If coming from extra-galactic objects, such a line gets

redshifted and would produce a spectrum with a sharp drop in the extra-galactic

background light (EGBL) [79]. Sharp drops can also be produced from internal

bremsstrahlung [80]. Finally, if dark matter annihilates to scalars it will produce a

box-shaped photon spectrum [81]. Spectral features of dark matter candidates with

MeV masses are studied in chapter 3.

1.2.2 Spatial distribution and targets

Under gravity dark matter in the early universe collapses to form halos. According

to hierarchical structure formation, a consequence of CDM, structures form bot-

tom up. First the smallest halos form, which then merge into larger ones [25]. In

chapter 2 we study the enhancement in the expected annihilation signal due the

presence of subhalos in large dark matter structures. The dark matter distribution

is described by a halo-density profile. Three typical profiles are the Navarro–Frenk–

White (NFW) profile [82], the Einasto profile [83] and the cored Burkert profile [84].

Their respective functional forms are,

ρ(r) = ρs(
r
rs

)γ (
1 + r

rs

)3−γ NFW (1.4a)

ρ(r) = ρs exp
(
− 2
α

[(
r

rs

)α
− 1
])

Einasto (1.4b)

ρ(r) = ρsr
3
s

(rs + r) (r2
s + r2) Burkert, (1.4c)

with rs a scale radius, α a structure parameter, and γ the inner slope of the NFW

profile. In Fig. 1.2 we show these density profiles for the Galaxy, with their normal-

ization set by the dark matter density at the Sun location ρ(r�) = 0.4 GeV cm−3

[85]. As can be seen, the Einasto and NFW profile are cuspy towards the center. An

even steeper density spike could form in the very center, in the vicinity of a galaxy

its supermassive black hole [86]. Because dark matter annihilation scales with the
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Figure 1.2 Different dark matter density profiles: NFW (blue), Einasto (orange) and

Burkert (green). Their functional forms are given by Eqs 1.4a–1.4c, respectively.

The scale radius for the NFW and Einasto profiles is set to rs = 20 kpc and for the

Burkert profile it is rs = 12 kpc. Furthermore, α = 0.17 and γ = 1. All profiles are

normalized to a local dark matter density of 0.4 GeV cm−3. The black dotted line

indicates the Solar Galactocentric radius.

density squared, we expect the largest annihilation signal from the Galactic Center

(GC). Below we discuss the GC, which is an important topic throughout this thesis,

and a few other targets. As we will also see in Part II, millisecond pulsars (MSPs)

are an important contaminant for Galactic dark matter searches. Their distribution

in each of the Galactic targets below should therefore be well understood.

Galactic Center If dark matter shines in γ-rays the Galactic Center would be

the brightest spot in the sky due to its high dark matter density and its proxim-

ity. However, the GC is also a rich astrophysical environment producing lots of

background. This background introduces systematic uncertainties which have to be

adequately dealt with. Sharp spectral features are most readily distinguishable from

the astrophysical backgrounds and for such signals the GC offers the best sensitiv-

ity [87, 63, 88, 89]. In chapter 3 and Part II we study the interplay between these

astrophysical backgrounds and a potential dark matter signal in a variety of ways.
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1.2. Indirect detection

Galactic Halo Away from the inner Galaxy (|b| & 20◦), the flux from the halo

becomes much dimmer. Nevertheless, competitive constraints can be derived from

higher latitudes because the backgrounds are also much fainter. This was recently

done by Refs [90, 91]. However, it should be noted that the halo distribution of

RR-lyrae stars, which trace the old stellar population, looks very similar to dark

matter density squared [92]. Therefore, an interesting question is if a non-negligble

population of MSPs is expected in the halo as well.

Dwarf Spheroidal Galaxies Due to feedback smaller galaxies cannot retain their

baryons efficiently [93]. Dwarf spheroidal (dSph) satellite galaxies of the Milky-Way

are some of the most dark matter dominated systems. The expected astrophysical

background is still about a factor ten below the current sensitivity [94]. Due to

the expected low background competitive limits on the dark matter annihilation

cross-section can be derived from dSphs, although the value depends critically on

the determination of the dark matter distribution [95, 96, 62, 97].

Extra-galactic searches Extra-galactic objects offer many opportunities to look

for dark matter. One can for instance look for a signal of dark matter by studying

anisotropies in the isotropic γ-ray background (IGRB) [98, 99, 100, 101]. Another

possibility is to look at the cumulative emission from a class of objects through a

stacking analysis, this was recently done for galaxy groups [102, 103]. Similarly,

constraints can be derived from the cross-correlation of γ-rays with tracers of dark

matter such as lensing [104, 105, 106] and galaxy catalogs [107, 108, 109, 110, 111,

112, 113].

1.2.3 Light from dark matter

I discussed dark matter candidates, spectral features and the targets. In this sec-

tion I write down the differential flux for an annihilating or decaying dark matter

candidate. Imagine a radiating source sitting at some distance s with a luminosity

L. The energy flux we receive from this source on earth would be L
4πs2 . If we look

at some point in the sky, we can picture this as a cone spanning some infinitesimal

solid angle dΩ (Fig. 1.3). The surface area of a spherical cap, i.e. part of the celestial

sphere at some fixed distance s, is given by s2dΩ. Therefore, the energy flux (Fγ)

received from a region along the line–of–sight (l.o.s.) between s and s+ ds, is given
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Figure 1.3 Line–of–sight for some source of luminosity L which has a density ρ(s)
at each distance s. The surface of the spherical cap is s2dΩ. The total energy

flux from the sources at any point along the l.o.s. (s) with some infinitesimal depth

(ds) is given by ρ(s) L4πdΩds. As such, the contribution from the sources in the

cone at s1 is ρ(s1) L4πdΩds and at s2 it is ρ(s2) L4πdΩds, which for a uniform density,

ρ(s) = constant, would be identical.

by

dFγ(s) = ρ(s) L

4πs2 s
2dΩds

= ρ(s) L4πdΩds,
(1.5)

where ρ(s) is the density of sources with luminosity L at a distance s. Equa-

tion 3.1 also reveals Olbers’ paradox. If the density of sources would be uniform,

i.e. ρ(s) ∼ constant, any point along the l.o.s. would contribute the same amount

to the flux received on Earth. For an infinite universe the flux would then be infi-

nite:
∫∞

0
dFγ(s)
ds ds = ∞. However, the distribution of sources in the universe is not

uniform.

The next question is, what is the luminosity of your astrophysical source, in our

case dark matter? For annihilating dark matter the differential photon yield per

unit time (T ) and volume (V ) is

dNγ
dEγdTdV

= aρ2

M2
χ

∑
f

〈σv〉f
dNf

γ

dEγ
, (1.6)
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here a = 1
2
( 1

4
)

for (non) self-conjugate dark matter and ρ2/M2
χ gives the dark matter

number density squared [73]. Finally, 〈σv〉f and dNf
γ /dEγ are the annihilation cross-

section and photon yield per annihilation for some final state f .

Similarly, for decay we have

dNγ
dEγdTdV

= ρ

Mχ

∑
f

Γf
dNf

γ

dEγ
, (1.7)

where instead we are dealing with the number density and the decay rate (Γf ).

Putting everything together, the prompt differential flux (dΦγ/dEγ) from annihilat-

ing or decaying dark matter can be written as [73]

dΦγ
dΩdEγ

= a

4πM2
χ

J
∑
f

〈σv〉f
dNf

γ

dEγ
(annihilation), (1.8a)

dΦγ
dΩdEγ

= 1
4πMχ

D
∑
f

Γf
dNf

γ

dEγ
(decay). (1.8b)

Note that this is related to the energy flux through Fγ =
∫
Eγ

dΦγ
dEγ

dEγ . The factors

J and D are the so-called astrophysical factors, also known as J– and D– value.

They are the line–of–sight (l.o.s.) integrals over the dark matter profile,

J =
∫

l.o.s.
ρ2 (s) ds, (1.9a)

D =
∫

l.o.s.
ρ (s) ds. (1.9b)

This concludes our brief overview of indirect detection of dark matter with photons.

1.3 Anomalies: all the light we might have seen

In the previous section I discussed indirect-detection techniques. Most likely, we

have not seen light from annihilating or decaying dark matter yet. Potentially, we

will never be able to see this light, either because it does not exist or even if it exists,

it could be too dim for our limited experimental capacities. Although it should be

said that there is still ample theoretically-motivated parameter space which does

accommodate a detectable signal [114, 115]. It is even possible that we have already

seen a signal from dark matter. Several anomalies in astroparticle physics persist and

have excited the community because of their potential dark matter origin. Part II
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of this thesis is fully dedicated to one of these, namely the Galactic Center Excess

(GCE) [116]. Below we briefly introduce the GCE and a few other anomalies which

have been around during my time as a PhD student.

Fermi-LAT Galactic Center Excess The Fermi -LAT Galactic Center Excess

is one of the main topics in this thesis. It is an excess of γ-rays at energies of ∼ 2 GeV
from the direction of the Galactic Center. It was first reported almost 9 years ago and

has since caused a lot of excitement because of its potential dark matter origin [116].

At face value, its morphology appears roughly spherically symmetric and its energy

spectrum is consistent with a ∼ 50 GeV WIMP annihilating into bb̄. [117, 118, 119].

The GCE and its potential origins will be introduced more extensively in Chapter 4.

130 GeV line A few years ago a line signal at 130 GeV seemed to be present

in the Fermi -LAT data towards the Galactic Center [120]. Unlike the Galactic

Center Excess mentioned above, the line signal would have been a true ’smoking

gun’ for dark matter annihilation. However, with increased exposure came decreased

significance [63], and the excitement about the 130 GeV line thus faded.

511 keV line Another spherically symmetric emission component from the direc-

tion of the Galactic Center is the 511 keV positron annihilation signal. It has been

around for four decades [121]. In the last 15 years it was accurately studied with the

Spectrometer aboard INTEGRAL (SPI) [122, 123]. The source of the low-energy

positrons producing this signal remains unclear [124]. Dark matter has been pro-

posed as the source of the positrons [125]. However, most dark matter explanations

have by now been ruled out through conflicting measurements of different observ-

ables [126]. Remarkably, the 511 keV signal looks very similar to the GCE in terms

of morphology. In chapter 8 we study a potential common astrophysical origin of

these two long-standing anomalies.

Reticulum II A gamma-ray signal from dwarf spheroidal galaxies was mentioned

as a very strong case for dark matter. Three years ago a hint of γ-rays from the dSph

Reticulum II was reported [127, 128, 129]. It was called an indication, rather than

a detection, because the significance of the signal is ∼ 3σ, i.e. a chance probability

of less than 1%. It is common, in particular in particle physics, to only claim a

detection from 5σ. Nevertheless, this signal caused excitement because it is the first

indication of γ-rays from a, nearby, dSph and because its dark matter interpretation

is consistent with that of the GCE [128]. Interestingly, there is also a hint of 511 keV
emission from Reticulum II [130].
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Local Cosmic Rays Local measurements of cosmic-rays contain several anomalies

which can be explained through dark matter, but most likely are not. They are not

based on the measurement of light, but instead on the direct measurement of cosmic-

rays. First, there is what is called the rise in the positron fraction, the observation

that positrons display a harder spectrum than electrons from 20–200 GeV [131, 132,

133]. Such a hardening would not be expected if the cosmic-ray positrons are purely

secondary in nature. Therefore, a relatively local source of primary positrons is

required to explain the rise. Although this could be due to dark matter annihilation,

there exist plausible astrophysical alternatives, most notably pulsars [134]. In light

of recent observations the pulsar interpretation seems the most plausible [135, 136,

137, 138]. Secondly, there is a significant hint of dark matter annihilation in anti-

proton data [66, 67]. However, claiming a dark matter detection requires more

detailed understanding of the systematic uncertainties involved. Curiously though,

the dark matter interpretation of this signal is compatible with that of the Galactic

Center excess. Finally, there is a tentative hint of low-energy anti-helium from

AMS-2, although the origin of the anomalous events can not yet be ascertained

[139]. However, if confirmed dark matter would be the prime candidate to explain

the events since astrophysical backgrounds are expected to be small [140, 70].

3.5 keV X-ray line Going down in energy to X-rays, we find the 3.5 keV line.

The line at was first discoverd in the stacked spectrum of galaxy clusters and in

Andromeda [51, 52]. Since then the line has been found by multiple instruments in

a variety of objects [e.g. 141, and references therein]. However, also non-detections

at odds with the dark matter interpretation have been reported. At times different

analyses of the same object have even been slightly contradictory, such as in case

of the Draco dwarf spheroidal [142, 143]. But most importantly, unlike in γ-rays a

line feature in X-rays is not a smoking gun for dark matter. Many thermal plasma

lines are present in this energy window. As such, the line might also originate from

plasma physics [e.g. 144, 145]. Unfortunately, Hitomi3, the satellite that should have

shed more light on the presence and origin of the line was tragically lost. Although

Hitomi did provide some bounds on the 3.5 keV line [146], its early demise means

we have to wait for a follow-up before this anomaly will be settled.

ARCADE-2 radio excess Emission in excess of the Galactic and extra-galactic

expectations was detected in the diffuse-isotropic radio sky from 3− 90 GeV by the

ARCADE-2 experiment. It is also consistent with measurements down to 22 MHz
[147, 148, 149] (also see [150] for an overview). One potential explanation of this

excess is the annihilation of dark matter in extra-galactic objects. If dark matter

3Pre-launch HITOMI was called ASTRO-H. In my M. Sc. thesis I made forecasts for Hitomi [8]
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annihilates it can produce non-thermal electrons which can produce synchrotron

emission explaining the ARCADE-2 observation [151, 152, 153, 154].

EDGES 21 cm Finally, although not directly related to the indirect detection

techniques discussed in Section 1.2, it is worthwhile pointing out that recently an

anomalously large absorption feature related to the 21 cm hyperfine splitting of hy-

drogen was found by the EDGES experiment which can be explained through dark

matter with a mass . 1 GeV [155, 156]. This anomaly provides additional motiva-

tion for MeV dark matter, which is studied in chapter 3. The absorption feature in

the cosmic 21 cm signal at redshift z ∼ 17 is about a factor two larger than what

would be expected from astrophysics alone [155]. More absorption would require

cooler gas. Dark matter is the only particle species that can be cooler than the gas

at this redshift. Consequently, a DM-baryon interaction could be responsible for

additional cooling of the gas [156]. However, it should be mentioned that the dark

matter models explaining the 21 cm observation most likely cannot account for more

than O(1%) of the total dark matter in the Universe [157, 158, 159].

Interestingly, the EDGES 21 cm anomaly could be connected to the ARCADE-2

anomaly. Instead of increased cooling, an additional radiation field on top of the

CMB can also explain the observations. Potentially, the source of this radiation

could also be producing the ARCADE-2 excess, as has been suggested by a recent

analysis [160].

1.4 Our contribution

In Part I we attempt to address uncertainties in dark matter indirect detection

(chapter 2) and make forecasts for future experiments (chapter 3). In Chapter 2

we study the so-called boost factor due to dark matter substructures in larger dark

matter halos. Using a semi-analytic model we address how dark matter substructures

are affected by tidal effects. We find that accounting for tidal effects leads to an

increased boost factor by a factor ∼ 2-3 compared to what was found in earlier works

not taking this effect into account. Similar conclusions have since been reached

using other methods [161, 162]. Also the work presented in Chapter 2 was recently

expanded upon by Ref. [163]. The results of this study have direct implications for

extra-galactic searches of dark matter. Next, we make forecasts for the detectability

of MeV dark matter with next generation space-based γ-ray experiments such as

e-ASTROGAM [164, 165] and AMEGO [166].

Part II of this thesis is all about the Galactic Center Excess anomaly. The anomaly
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and its history is introduced in detail in Chapter 4.

1.5 Personal outlook

I discussed the origin of the dark matter paradigm, its possible nature and how to

look for it. In my opinion, particle dark matter remains the most promising can-

didate, since not only can it offer a complete solution to the various dark matter

related observations, but also it is motivated by shortcomings in our current model

of particle physics. Personally, I like dark matter models motivated directly by

particle-physics anomalies and ultraviolet-complete theories: sterile neutrinos, the

QCD axion and supersymmetric WIMPS. Although one should keep an open mind,

ad-hoc dark matter models are simply given a smaller theory-motivated prior pos-

sibility by me. For this reason, I find MeV dark matter, as for instance discussed in

Chapter 3, potentially the least appealing dark matter model, of all the ones I take

seriously. My favourite candidate remains a supersymmetric WIMP. It has been said

that the past 10 years would prove pivotal for the WIMP [167]. Indeed, the com-

plementarity between direct-detection, indirect-detection and collider searches has

been able to rule out a large portion of the WIMP parameter space [168]. However,

the thermal-WIMP paradigm, even in a natural-supersymmetric context, continues

to be alive and might live on forever [114, 115]. That being said, the gold rush is

probably over and the community will slowly start to work on other topics.

My advice to other young researchers in theoretical astroparticle physics would be

the following. Dark matter research is incredibly appealing because it is so exotic,

but keep in mind that all of it is also speculative. Therefore, do not forget about how

many things are still unknown in more ordinary corners of this field. I think progress

will be fastest if we attempt to solve anomalies by focussing on the established models

and their shortcomings and work from there. Dark matter has so much freedom that

it can very often be invoked as a solution. Nevertheless, most likely it will not be.

I think Part II of this thesis, which deals with the Galactic-Center Excess anomaly,

is a prime example of this. So keep an open-mind in two directions, remember dark

matter can always pose a solution, but also remember that the Universe harbours

many more mysteries and surprises. Only studying dark matter can in the long run

become frustrating, because although looking for all the light we cannot see? can

be extremely fun, you do not want to be in the dark forever.
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Part I

All the Light We Cannot See

Hello darkness my old friend,

I’ve come to talk with you again.

Simon & Garfunkel

The Sound of Silence
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2 Boosting the

Annihilation Boost

2.1 Introduction

If dark matter is made of weakly interacting massive particles, their self-annihilation

may produce high-energy gamma rays [75]. Indirect searches for dark matter annihi-

lation with gamma-ray telescopes are one of the promising probes of non-gravitational

interactions of dark matter. In hierarchical structure formation, small structures

form first and they merge into larger dark matter halos. Numerical simulations show

that the distribution of dark matter particles in the halo is clumpy, with a substan-

tial fraction being locked into substructures [179, 180]. Since the self-annihilation

rate depends on dark matter density squared, presence of these subhalos will boost

the gamma-ray signal.

There are two well-adopted methods to estimate the boost factor [181]. The first is to

phenomenologically extrapolate subhalo properties, i.e., power-law scaling relations

between subhalos with a mass above a given threshold and their total luminosity,

down to scales of the smallest subhalos (typically assumed to be on the order of Earth

mass, although very sensitive to the exact particle physics model [182, 183, 184, 185]),

e.g., [186]. This approach yields very large boosts, on the order of 102 (103) for galaxy

(cluster) halos, but there is no guarantee that this phenomenological extrapolation

over many orders of magnitude is still valid. In fact, this method is similar to a power-

law extrapolation of the so-called concentration-mass relation. The second one relies

on a concentration-mass relation that flattens toward lower masses. This behavior

is favored analytically as well as from dedicated simulations [187, 188, 189, 190, 191,
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192, 193, 194]. Studies following this approach (e.g. [195, 196, 197, 198, 199, 192])

typically conclude that the boost factors are much more modest, about an order-of-

magnitude below the phenomenological extrapolations.1

The latter method is believed to yield more realistic values for the boost factor due to

subhalos (Bsh). The boost is typically calculated as an integral of (dN/dm)Lsh(m)
over the subhalo mass m, with dN/dm the subhalo mass function as found in sim-

ulations and extrapolated down to the the minimal subhalo mass, and Lsh(m) the

subhalo luminosity, which is a function of the concentration. However, as mentioned

by Ref. [199], so far this method has not been used fully consistently, since the

concentration-mass relation that goes into the calculation of Lsh(m) is that of field

halos, which is not directly applicable to the subhalos. In the gravitational potential

of its host halo, a subhalo is subject to mass loss by a tidal force, which tends to strip

particles from outer regions of the subhalo [200, 201, 202]. This effect will reduce

the subhalo mass substantially, but keeps the annihilation rate almost unchanged,

because the latter happens in the dense central regions dominantly. Consequently,

subhalos are expected to be denser and more luminous than halos of equal mass in

the field, and thus, the boost should be larger.

In this chapter, by developing semi-analytic models, we investigate the effect of

tidal stripping of subhalos and show that using the field halo concentration indeed

results in a significant underestimation of the subhalo luminosity, and hence the

annihilation boost factor. Therefore, we argue that this effect is extremely important

in this context, and a consistent treatment of subhalo concentrations should always

be adopted.

We note that there are alternative estimates of the boost factor that do not depend on

the concentration-mass relation directly. Reference [203] applies an analytic model

for the probability distribution function of the halo density field including substruc-

ture. Reference [204] uses a technique based on the stable clustering hypothesis and

includes the effects of tidal disruption. Both of these are then matched to numeri-

cal simulations above the resolution scale. Finally, reference [205] uses the nonlinear

power spectrum directly to calculate the so-called flux multiplier, which encapsulates

the boost, and thereby the extragalactic dark matter annihilation flux.

We adopt cosmological parameters from 5-year WMAP results [206]. Capital M

refers to the host halo mass and lower-case m to subhalo mass. Quantities at redshift

z = 0 are denoted by subscript 0. Virial radius, rvir, is defined as the radius within

which the average density of a halo is ∆c(z)ρc(z), where ∆c is given by Ref. [207] and

ρc(z) is the critical density at redshift z. The virial mass is defined correspondingly.

1See Appendix 2.C for a calculation of the overall boost factor using the two different methods.
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2.2 Density profile and gamma-ray luminosity

The total gamma-ray luminosity of a dark matter halo of mass M is (e.g., [208])

L(M) = [1 +Bsh(M)]Lhost(M), (2.1)

Bsh(M) = 1
Lhost(M)

∫
dm

dN

dm
Lsh(m)[1 +Bssh(m)], (2.2)

with m the subhalo mass, Bsh(M) the boost factor due to subhalos, Lhost(M)
and Lsh(m) the luminosities of the smooth component of the host halo and sub-

halos, respectively (both often parameterized by the Navarro-Frenk-White (NFW)

or Einasto profile [209, 210]). According to the state-of-the-art numerical simu-

lations, the subhalo mass function (i.e., number of subhalos per unit mass inter-

val) behaves as a power-law dN/dm ∝ m−α, where α = 1.9–2, down to resolution

scales [211, 202, 212]. The boost factor due to “sub-substructure” Bssh(m) is either

parametrized the same way as Bsh or often neglected.

Assuming that the density profile of the subhalos is characterized by the NFW

function up to tidal radius rt (beyond which all dark matter particles are completely

stripped), the subhalo luminosity is given by Lsh(m) ∝ ρ2
sr

3
s [1− 1/(1 + ct)3], where

ρs and rs are the characteristic density and scale radius of the NFW profile, and

ct ≡ rt/rs. In the literature where the effect of tidal stripping is ignored, one adopts

the virial radius rvir and virial concentration parameter cvir = rvir/rs instead of rt
and ct, respectively.

2.3 Order-of-magnitude estimate

We start with an order-of-magnitude estimate. Rather than using physics-driven

models, we rely on phenomenological relations found in numerical simulations, where

the effect of tidal stripping is automatically taken into account. Let us define Vmax
and rmax as the maximum circular velocity and radius where the velocity reaches

Vmax. For the NFW profile, these quantities are related to ρs and rs through rs =
rmax/2.163 and ρs = (4.625/4πG)(Vmax/rs)2.

For field halos, we assume the concentration-mass relation from Ref. [213] that

matches well the simulation results of Ref. [202] down to the resolution limit. For

a field halo of mass mfh = 105 M�, we find cvir ≈ 63. All other relevant quanti-

ties (rvir, rs, and ρs) then follow from mfh = 4π∆c,0ρc,0r
3
vir/3, rs = rvir/cvir, and

ρs = mfh/[4πr3
s f(cvir)], where f(c) ≡ ln(1 + c) − c/(1 + c). From these, we find

rmax,fh ≈ 40 pc and Vmax,fh ≈ 1.2 km s−1.

27



2. Boosting the Annihilation Boost

For subhalos, numerical simulations [202] found the following relation down to

105M�: msh ≈ 3.37 × 107(Vmax,sh/10 km s−1)3.49 M�, from which we obtain

Vmax,sh ≈ 1.9 km s−1 for msh = 105 M�. The same simulations found the relation

between Vmax and rmax for subhalos and those for field halos: (rmax,sh/rmax,fh) ≈
0.62(Vmax,sh/Vmax,fh)1.49 [202]. Combining this with the results above for field halos

and subhalos of equal mass (mfh = msh = 105 M�), we have rmax,sh ≈ 50 pc.

The ratio of the gamma-ray luminosity of the subhalo and field halo of mass 105 M� is

then Lsh/Lfh ≈ (ρs,sh/ρs,fh)2(rs,sh/rs,fh)3 = (Vmax,sh/Vmax,fh)4(rmax,fh/rmax,sh) ≈ 5.

We find that the luminosity ratio is weakly dependent on the mass. For example,

Lsh/Lfh ≈ 4 for m = 109 M�. This result also holds for an Einasto profile, although

there are some subtleties involved. For a more detailed discussion see Appendix 2.B.

2.4 Semi-analytic Model

Stripped subhalos tend to be denser than field halos of equal mass, and consequently

more luminous. Below we quantify this difference in luminosity, which essentially

depends on three parameters: rs, ρs and ct, all of which depend on the halo formation

time, the infall mass and subhalo’s history in the host.

We assume a truncated NFW function for tidally-stripped subhalos: ρ(r) = ρsr
3
s /[r(r+

rs)2] for r ≤ rt and 0 otherwise, in agreement with what is found in simulations [202].

Concerning the scale density and radius, Refs. [214, 215] find from N-body simula-

tions that the change in Vmax and rmax, and consequently in ρs and rs, only depend

on the total mass lost by the subhalo, following Vmax, 0/Vmax, a = 20.4x0.3/(1 + x)0.4

and rmax, 0/rmax, a = 2−0.3x0.4/(1 + x)−0.3, where x ≡ ma/m0 and the subscript a

represents epoch of accretion.

Based on the extended Press-Schechter (EPS) formalism [216], Ref. [217] provides

an analytic model for the distribution of infall times of subhalo progenitors into

their host: d2N/d lnma/d ln (1 + za) as a function of redshift z and host mass M(z).
For the mass-accretion history of the host, we adopt the analytic EPS model from

Ref. [218]. This model provides the mean evolution of a halo that ends up with

mass M0 at z = 0. Therefore, we can parameterize its mass at earlier times through

M(z|M0). Last, to take into account the effect of tidal stripping in the host we apply

the semi-analytic model of Ref. [219]. It provides an orbit-averaged mass-loss rate

for subhalos, ṁ (z|za,ma,M0). In this study, we assume their model, in which the

mass-loss rate ṁ/m is based only on the mass ratio m/M and the dynamical time

scale, is valid for all mass-scales down to the smallest halos. This is an assumption
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2.5. Results

that needs further testing and is the subject of future work2.

We start from a given set of two parameters that characterize subhalos, m0 and ct.

We solve the differential equation for ṁ(z) backward in time in the gravitational po-

tential of a host of mass M(z). Using the above-mentioned relations for ρs and rs in

terms of m0 and m(z), we can compute the change in the tidal radius and thus ct(z).
For each step, we also compute the concentration-mass relation for the virialized field

halo cvir(m, z) [194], and once the subhalo ct(z)-m(z) relation is found consistent

with cvir, we assume that the subhalo accreted at that particular redshift za just after

its virialization, and m(za) = mvir(za) = ma. At this accretion redshift za, the virial

radius rvir of the subhalo is obtained by solving mvir(za) = 4π∆c(z)ρc(z)r3
vir/3. The

characteristic density and scale radius at accretion then follow from rs, a = rvir/cvir
and ρs, a = mvir/[4πr3

s, af(cvir)]. If the virialization happened earlier than za, we

would obtain a higher characteristic density ρs; therefore, our assumption is conser-

vative.

Finally, using these relations for ma and za as functions of m0 and ct, and using the

infall distribution, we compute a joint distribution function of m0 and ct:

P (m0, ct|M0) ∝ d2N

dm0dct

= d2N

d lnmad ln (1 + za)

×
∣∣∣∣∂ (lnma, ln (1 + za))

∂ (m0, ct)

∣∣∣∣ . (2.3)

2.5 Results

We obtain our evolved subhalo mass function by integrating Eq. (2.3) over ct,

dN

dm0
=
∫ ∞
cmin

d2N

dm0dct
dct. (2.4)

We take cmin = 1 as the absolute minimum [220]. We checked that our results are

insensitive to the exact choice as most halos have higher ct. The maximum possible

value corresponds to the concentration of halos that formed and are accreted today.

Table 2.1 shows the characteristics of the subhalo mass function for host halos of

2 Recently, Ref. [163] showed the validity of this scaling down to small host- and subhalo masses.
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2. Boosting the Annihilation Boost

Mhost/M� fsub α

106 0.06 1.93

109 0.08 1.94

1012 0.13 1.94

1015 0.23 1.92

Table 2.1 Properties of the evolved subhalo mass functions, dN/dm0 ∝ m−α0 re-

sulting from our analysis. Columns show the host halo mass, the mass fraction in

subhalos assuming mmin = 10−6 M�, and the slope of the mass function.

different mass. The second column contains the total mass fraction in subhalos fsub:∫ mmax

mmin

m0
dN

dm0
dm0 = fsubMhost, (2.5)

for which we adopted mmin = 10−6 M� and mmax = 0.1Mhost. The third column

shows the slope of the mass function, α = −d ln(dN/dm0)/d lnm0. We find good

agreement with numerical simulations, only fsub being slightly lower (e.g., [202]),

We then compute the mean luminosity of a subhalo with mass m0 = m,

Lsh(m) =
∫ cmax

1
Lsh(m, ct)P (m, ct) dct, (2.6)

where Lsh(m, ct) ∝ ρ2
sr

3
s [1− 1/(1 + ct)3]. Figure 2.1 shows the luminosity-weighted

mass function for subhalos in a Milky-Way-sized halo. Although the dependence is

weak, smaller subhalos contribute more to the total subhalo luminosity. The upturn

at the high-mass end is a result of the fact that the most massive subhalos can only

be accreted at late times. Consequently, the evolved subhalo mass function looks

more like the unevolved one, which has a harder slope.

2.5.1 Boost ratio

It is interesting to compare luminosities of subhalos obtained above with those of

field halos of equal mass. We assume field halos to be virialized at z = 0 with

rvir given by m = 4π∆c,0ρc,0r
3
vir/3. The characteristic density and scale radius

are again obtained with rs,fh = rvir/cvir(m, 0) and ρs,fh = mvir/[4πr3
s f(cvir(m, 0))],

where the concentration mass relation of Ref. [194] is assumed. Then the field halo

luminosity is, Lfh(m) ∝ ρ2
sr

3
s [1−1/(1+cvir)3]. The dotted curve in Fig. 2.1 shows the

luminosities Lfh(m) weighted by the same mass function as in the case of Lsh(m).
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Figure 2.1 Luminosity-weighted mass function for subhalos (solid), field halos whose

concentration is set at z = 0 (dotted) and field halos which have the same infall times

as the solid line (dashed) in a 1012 M� host. It shows the contribution of different

mass subhalos to the overall subhalo luminosity. We always use the subhalo mass

function from Table 2.1.

As anticipated above, the field halos are less bright than the subhalos of the same

mass by a factor of a few, almost independent of mass m.3

It should be noted that subhalo concentrations depend on formation time. Halos

that formed earlier are more concentrated since they formed in a denser background,

an effect that has been taken into account in past studies (e.g., Refs. [195, 203, 221]).

Since we set the concentration of the stripped halos at za we also include the dashed

line for a fully fair comparison. It shows the luminosity of halos that follow the same

infall distribution as the solid line, and thus have the same natal concentration as

this is set at the time of accretion, but are not tidally stripped. As can be seen, the

tidal stripping still yields an increase by a factor of ∼2 at any subhalo mass. The

decrease in the difference in luminosity at lower masses is due to the smallest halos

being accreted earlier, thus their concentrations at accretion differ most compared

to that at z = 0.

Since the boost depends critically on the subhalo mass function, in addition to our

fully self-consistent model with the mass-function from Table 2.1, we also investigate

dependence on several models for the mass function. We adopt four models, taking

3 See Appendix 2.A for an alternative comparison using the Vmax–rmax relation.

31



2. Boosting the Annihilation Boost

6 8 10 12 14 16

log
(

M
M⊙

)
1

2

3

4

5
b
o
o
st

st
ri

p
p
ed

/
b
o
o
st

fi
el

d

α = 1.9, mmin = 10−6M⊙
α = 2.0, mmin = 10−6M⊙
α = 1.9, mmin = 104M⊙
α = 2.0, mmin = 104M⊙
α = 1.9, Neto et al., 2007

α = 2.0, Neto et al., 2007

Figure 2.2 Boost using stripped-subhalo luminosities over that from field-halo lu-

minosities. Four fiducial models of the subhalo mass function are adopted, with

minimum subhalo masses of mmin = 10−6 M� and 104 M� and slopes α = 1.9 and 2.

Starred symbols show results using the concentration-mass relation from Ref. [213],

assuming mmin = 104 M� and cvir(z|m) ∝ z−0.5.

spectral indices of α = 1.9 and 2, and smallest subhalo masses of mmin = 10−6 M�
and 104 M�. We compare the subhalo boost Bsh(M), calculated with Eq. (2.1), using

subhalo luminosities of stripped halos, to the boost calculated without accounting

for tidal effects (using the virialized field halo models). Figure 2.2 shows the ratio

of boosts as a function of host halo mass for these models. Taking tidal effects

into account will enhance the boost by up to a factor of 5 compared to the simple

field halo approach, consistently for host halo masses between 106–1015 M�. This is

largely independent of models of the subhalo mass function.

Next to the results obtained using the concentration-mass relation of Ref. [194]

(shown as solid and dashed curves in Fig. 2.2), we also show results for Milky-Way-

sized halos when using the concentration-mass relation from Ref. [213] assuming

mmin = 104 M� and cvir(z|m) ∝ z−0.5 as starr1ed symbols. Both concentration mod-

els agree well for large mass halos, but differ significantly for smaller masses, closer to

the resolution of the current-generation simulations, 105 M�. However, our results

show that the boost ratio is insensitive to the initial choice of the concentration-mass

relation. We also see that our semi-analytic model provides relatively smaller boost

ratios compared with what is inferred from simulations directly [202], as estimated
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2.5. Results

above. It might be an indication that our approach provides a more conservative

boost relative to the dark-matter-only simulations, even though an increase in boost

by upto a factor of ∼4 for the Milky-Way-sized halo is substantial.

2.5.2 Boost

Figure 2.3 shows the overall boost factor using the subhalo mass functions that came

out of our analysis (Table 2.1), as well as a few other phenomenological models

of mass functions. For all cases we adopt the luminosities for stripped subhalos

(solid lines), and compare to the luminosity using the ordinary field-halo approach

(dotted). We caution that this boost can only be compared to other boost factors

presented in the literature when taking the differences in the subhalo mass functions

and concentration-mass relations properly into account. For example our boosts

(solid lines in Fig. 2.3) are comparable to those of Ref. [199] where the tidal effect

was not included. This is because our model is based on the concentration-mass

relation from Ref. [194], which yields an even more modest boost and cancels the

enhancement due to inclusion of the tidal effect. To be explicit, if we instead ran our

analysis with the concentration-mass relation from Ref. [199], we would have found

a boost that is 2–5 times larger than theirs. Similar arguments hold for different

concentrations (including a simple power law).

Estimate for dwarf spheroidal galaxies

We estimate the expected boost for Milky-Way satellite galaxies. The density profile

of the dwarf galaxies is taken to be that of a subhalo of given mass in a 1012 M�
host. Therefore, the smooth component of the dwarf has a higher luminosity than

that of similar-mass halos in the field. By de-projecting the surface brightness from

substructures [222, 223, 98], we estimate that about two thirds of the sub-subhalos

lies outside of the tidal radius and is stripped away. This simple rescaling of the

substructure mass function agrees with what is done by Refs. [224, 196]. However,

this method likely yields an upper limit to the amount of sub-substructure, since,

whereas sub-subhalos lose mass due to tidal effects, no additional sub-subhalos fall

into the subhalo anymore [202]. The combined effect of the satellite being brighter

than similar-mass field halos and the loss of sub-substructure makes the boost of

satellite galaxies one order of magnitude smaller compared to their companions in

the field. This supports the usual assumption that the boost due to sub-substructure

is negligible. Nevertheless, we show an estimate of how sub-substructure impacts

our results in Fig. 2.3. For this estimate we assumed that two-thirds of the sub-

substructure gets stripped away and that Lssh(m) = Lsh(m). We explicitly checked

this at all host halo masses considered and the sub-substructure contribution is never
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Figure 2.3 Boost factors for halos of different mass using the concentration-mass

relation from Ref. [194]. Solid curves include the effect of tidal stripping, dotted

curves assume field halo concentrations. The boost for three different subhalo mass

functions are shown, using those from Table 2.1 (blue) and Ref. [199] (green and

red). The expected boost for dwarf satellites of the Milky Way, adopting the mass

functions from Table 2.1 is also shown (magenta).

more than ∼10%.

2.6 Discussion

We find that consistently modeling the subhalo luminosity by taking into account

tidal effects significantly enhances the global boost factor, compared to orthodox

use of the concentration-mass relation. This result is independent of uncertainties

in the subhalo mass function or concentration-mass relation.

Thus far, we applied a dark-matter only analysis, but state-of-the-art numerical sim-

ulations study the effects of baryons. Although they can change subhalo abundance

and density profile, we do not expect them to have major impact on our results.

First, the concentration-mass relations remain similar [225, 226]. Second, low-mass

(. 108–109 M�) halos, which provide a major contribution to the boost (Fig. 2.1),

are not expected to have a large baryonic component in them. Nevertheless, we took

a conservative approach by estimating the boost ratio assuming that baryons would
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2.6. Discussion

undo the effect of stripping completely in subhalos ≤ 108 M�, and in the scenario

where this has most impact (mmin = 104 M�, and α = 1.9), the decrease is at most

∼30%.

Encounters of subhalos with stars in the disk of the host will disrupt subhalos (e.g.,

Refs. [227, 228]). However, this happens only in a small volume close the halo center,

and thus, will not affect the conclusions either.

This study will have a broad impact on indirect dark matter searches in the extra-

galactic gamma-ray sky. Recent developments include the updated analysis of con-

straints on annihilation cross section from the diffuse gamma-ray background [100],

its anisotropies [98, 99], and cross correlations with dark matter tracers [107, 108,

109, 110]. All these probes are subject to uncertainties in the halo substructure

boost. Our conclusions are promising because having the boost factor larger by a

factor of 2–5 enhances the detectability (or improves the present upper limits) by

the same factor.
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Appendix

First, we provide some details on the Vmax–rmax relation we find in our analysis and

show that it is consistent with the one obtained with numerical simulations. Next,

we have an extended discussion on the use of an Einasto profile rather than NFW.

We repeat the order-of-magnitude estimate for the luminosity ratio in this context.

Finally, we show how the boost depends on the minimum subhalo mass.

2.A Vmax–rmax relation

In addition to the above analysis in terms of the evolution of the concentration pa-

rameters, we discuss our results in terms of the Vmax–rmax relation, whose evolution

we modelled following Refs. [214, 215] as described above.

For subhalos in the Milky-Way-sized host, we compare the Vmax–rmax resulting

from our analysis to that of field halos with the concentration of Ref. [194]. Like

the simulation results [202, 212], we find that for the same Vmax, subhalos have

a smaller rmax compared to field halos by a factor ∼0.6. However, we find a

softer slope (∼1.13–1.15), which is a consequence of our choice for the concentration

mass relation. Across seventeen orders of magnitude, we find (rmax,sh/rmax,fh) ≈
0.6(Vmax,sh/Vmax,fh)1.1 and msh ≈ 6.2× 107(Vmax,sh/10 km s−1)3.2 M� to hold, lead-

ing to Lsh/Lfh ≈ 4. The Vmax–rmax relation for our subhalos is plotted in Fig. 2.4.

We also plot the relation for subhalos that is found in the Aquarius simulation

[202]. In addition, we show what is deduced for field halos when using the mass-

concentration relation from Ref. [213]. By running the analysis with this concentration-

mass relation instead, we find a relation with a steeper slope that is consistent with

the findings of the simulations [202]. Concretely, we then find (rmax,sh/rmax,fh) ≈
0.5(Vmax,sh/Vmax,fh)1.5 and msh ≈ 4.9× 107(Vmax,sh/10 km s−1)3.4 M�
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Figure 2.4 Vmax-rmax resulting from our analysis (dots) compared to that of field

halos with the concentration of Ref. [194] (green solid). The relation for field halos

with the concentration of Ref. [213] (blue dotted) and the results from the Aquarius

simulation[202] (red dashed) are also shown for comparison.

2.B Einasto profile

Vmax and rmax are measurable quantities in the numerical simulations, and unlike the

NFW scale radius and density, they are not profile dependent. However, in the above

analysis we explicitly calculated Vmax and rmax starting from the assumption of an

NFW profile for field and subhalos, and thereby we introduced a bias. Unfortunately,

in our semi-analytic framework we are forced to resort to halo density profiles, only

in simulations one is able to compare the Vmax–rmax relation independently of the

profile [202].

The fact that our results resemble what is observed in simulations (Fig. 2.4) is

encouraging. Nevertheless, we here also discuss what happens when applying an

Einasto profile [210, 229]:

ρEin(r) = ρs,Ein exp
(
− 2
α

[(
r

rs,Ein

)α
− 1
])

. (2.7)

Reference [230] points out that, especially at large halo masses (& 1014 M�), the

Einasto profile performs better than the NFW in fitting simulated halos.

Below we will perform an order of magnitude estimate similar to that in main text,

37



2. Boosting the Annihilation Boost

but now for an Einasto profile. In what remains we will closely follow the approach

for calculating halo concentrations for Einasto profiles as laid out in Ref. [230]. First,

we define the concentration for the field halos with the Einasto profile as cEin ≡
rvir/rs,Ein. Starting from a concentration-mass relations for NFW halos, cEin can be

obtained by requiring either that rmax,NFW = rmax,Ein or Vmax,NFW = Vmax,Ein. We

will use the former. Since these are physical quantities, they should in principle be

the same. However, we systematically deviate from the real Vmax and rmax because

we assume some density profile. As a result, by fixing rmax,NFW = rmax,Ein we in

general will obtain Vmax,NFW 6= Vmax,Ein. In this case we obtain

cEin ≈ cNFW
3.15 exp

(
−0.64α1/3)

2.163 , (2.8)

where we used rmax,Ein ≈ 3.15 exp
(
−0.64α1/3) rs,Ein [230]. We obtain α from

Eq. (23) in Ref. [230], which expresses α in terms of ν, the peak height in the

linear density fluctuation field.

With this in place, we can now calculate the luminosity ratio as in the order-of-

magnitude estimate in the main text. We again apply the concentration-mass re-

lations from Ref. [213] and use the phenomenological relations from Ref. [202],

which we repeat here: (rmax,sh/rmax,fh) ≈ 0.62(Vmax,sh/Vmax,fh)1.49 and msh ≈
3.37 × 107(Vmax,sh/10 km s−1)3.49 M�. We find cEin ≈ 107 and Vmax,Ein ≈
1.3 km s−1 for mfh = 105. Finally, for the subhalos and field halos of equal

mass with the Einasto profile, the relation, Lsh/Lfh ≈ (ρs,sh/ρs,fh)2(rs,sh/rs,fh)3 =
(Vmax,sh/Vmax,fh)4(rmax,fh/rmax,sh), still holds. Note that the last equality is only

exact if the field and subhalo have identical α’s. This yields Lsh/Lfh ≈ 4 for

msh = 105 M� and Lsh/Lfh ≈ 3 for msh = 109 M�.

The above results are slightly lower than what we obtained when assuming an NFW

profile. It can be understood by the fact that at higher masses Vmax,NFW < Vmax,Ein,

when assuming rmax,NFW = rmax,Ein. This makes field halos with an Einasto profile

brighter than those with an NFW profile. However, most importantly, a change in

profile does not alter our qualitative conclusions about the effect of tidal stripping

on the subhalo luminosity.

2.C Boost dependence on mass of the smallest

subhalos

Finally, in Fig. 2.5 we show how the boost depends on the minimal subhalo mass

in a MW-sized host. We show the boost for stripped subhalos (solid) and compare
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it to the field-halo approach (dotted) and again the concentration-mass relation is

from Ref. [194]. This relation flattens at lower masses. We also show the power-law

extrapolation from the Aquarius simulation [186]. This is equivalent to a power-law

concentration-mass relation.
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Figure 2.5 The boost as a function of the minimum subhalo mass in a Milky-Way-

sized host halo, for stripped subhalos (solid and dashed) and field-halo concentrations

(dotted). The concentration-mass relation is from Ref. [194], and flattens towards

lower masses. We also show the power-law extrapolation of the Aquarius results

[186] (red).
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3
Dark Matter Indirect

Detection with MeV

Photons

3.1 Introduction

The past two decades have seen a rapid development of γ-ray astronomy. The Spec-

trometer on Integral (SPI) has clearly detected and characterised the diffuse 511 keV

electron-positron annihilation signal [231, 232, 122, 233, 123], and the Fermi Large

Area Telescope (LAT) has revolutionized the field at energies above O(1 GeV) [234].

Yet, sensitivity in the MeV–GeV range has notoriously trailed behind. Existing

measurements of diffuse γ-rays were taken with COMPTEL and EGRET [235, 236].

A number of instruments have been proposed over the last years to cover this so-

called ‘MeV gap’ [237]. Currently, the community focuses on various proposals, like

e-ASTROGAM [164] and AMEGO1 (other previously proposed missions include,

e.g., COMPAIR [238] and ADEPT [239]), which could be realized in the mid- and

long-term future in the late 2020s. Whatever instrument is ultimately realized, it is

expected that it would improve the sensitivity of current dark matter searches with

MeV γ-rays by 2–3 orders of magnitude [240, 241].

Annihilating or decaying dark matter (DM) can leave observable features in the

electromagnetic spectrum (for a review see Ref. [75], and references therein). One

goal of the proposed MeV telescopes would be to look for signals from particle DM

in the diffuse MeV sky. In particular, these telescopes would be sensitive to DM

1See https://pcos.gsfc.nasa.gov/physpag/probe/AMEGO probe.pdf.
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3. Dark Matter Indirect Detection with MeV Photons

with masses in the MeV–GeV range, henceforth ’MeV DM’. At this mass scale, the

number of kinematically allowed final states becomes limited to neutrinos, pions,

photons and light leptons. For DM with masses . 10 MeV in thermal equilibrium

in the early universe the strongest constraints come from big-bang nucleosynthe-

sis (BBN), where it can alter the elementary abundances, and from the cosmic-

microwave background (CMB) where it affects the effective number of neutrino

species. [e.g., 242, 243, 244, 245]. These constraints are independent of whether

DM annihilates via s- or p-wave. In addition, late-time energy injection from DM,

between the epochs of recombination and reionization, can leave a strong imprint

in the CMB [e.g., 246, 11, 247]. However, since thermal velocities at recombination

are low, such bounds are only strong for s-wave annihilating DM. Models of DM

with MeV masses that can satisfy these constraints and yield the correct relic den-

sity include self-interacting DM [248, 249, 250, 251, 252], ‘cannibal’ DM [253] and

strongly-interacting DM [254].

Detecting MeV DM is challenging in a number of ways. Direct detection experiments

based on nuclear recoils are not sensitive below a GeV, and bounds from ionization

are typically weak [255], although some alternative detection principles have the

potential to substantially improve current sensitivities in the future [e.g., 240, 256,

257]. Electrons and positrons from MeV DM annihilation or decay are very hard

to detect through measurements of the top-of-atmosphere positron fraction because

solar modulation cuts-off the cosmic-ray (CR) spectrum at O(1 GeV/nucleon) [258].

A notable exception is here Voyager 1, which has left the Heliosphere, and can

constrain MeV DM through measurements of the local lepton spectrum [259].

However, indirect detection of the gamma-ray emission from (leptonic) DM annihi-

lation or decay is possible [e.g. 260]. One notable example is the 511 keV anomaly,

which has been explained in terms of DM annihilating to e+e−-pairs (see e.g. [125]

or, for a review, [124] and references therein). However, many models considered in

this context (based on light, thermally produced WIMPs) are now ruled out by the

early-universe bounds mentioned above [126]. Thus, a DM explanation of the 511

keV line may require for instance non-thermal or exciting DM [126, 261].

One promising general way to look for MeV DM is to search for spectral features

in diffuse γ-rays. These features can come from the prompt γ-rays produced in

the annihilation, or they are related to secondary emission in leptonic annihilation

channels (additional spectral features at sub-GeV energies can come from the decay

of meson excited states, as pointed out recently in Ref. [262]). Conservative upper

limits on prompt radiation were presented in Refs. [240, 241], without subtraction

of any diffuse backgrounds from the data. Moreover, leptonic final states like e+e−-

pairs can play a particularly interesting role. Aside from the prompt final-state

radiation (FSR) signature, there will be a large flux of secondary γ-rays, dominated
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3.2. Dark matter annihilation channels and photon signals

by in-flight annihilation (IfA) of positrons. The relevance of IfA was pointed out long

ago in Refs. [263, 264, 265], and it has been used to constrain DM explanations of the

511 keV line signal [266, 267]. In addition, there will be a sizeable bremsstrahlung

signal. Bremsstrahlung is often ignored in computations of the γ-ray spectrum from

WIMPS, but it becomes increasingly important when going to lower DM masses

[268].

In this chapter, we study the prospects for a future γ–ray experiment to detect DM

through diffuse γ–rays originating in the Galactic halo2. We will use the charac-

teristics of the proposed e-ASTROGAM [164] as reference. However, we emphasize

that our results are also representative for other similar missions, and comment

on how the results change with observation time, effective area or energy resolu-

tion where appropriate. For the first time, we perform an elaborate study of the

detection opportunities of the secondary emission in case of DM annihilation into

leptons. In addition, we attempt to derive more optimistic, but also more realis-

tic, projected upper limits for the phenomenologically most interesting final states

by modeling the expected uncertainties in the diffuse background. To this end, we

assume that remaining systematic uncertainties in these future missions will be of

similar size as the ones from the Fermi -LAT today. These uncertainties are then

incorporated into a novel statistical approach based on Fisher forecasting [270] (see

also Ref. [262]) which we apply to derive projected upper limits. We concentrate

here on the a region around the Galactic center, since we know from the Fermi -LAT

and H.E.S.S. [87, 63, 88, 89] that this region provides the best (while still reasonably

robust) probe for spectral signatures from DM annihilation.

The structure of this chapter is as follows: in sections 3.2 and 3.3 we discuss the

different annihilation channels and their resulting γ-ray spectra. Sec. 3.3 is fully

devoted to the secondary γ-rays. We discuss background modeling and the Fisher

formalism used to calculate upper limits in Sec. 3.4. Projected upper limits are

presented in Sec. 3.5 and we end with a discussion and conclusions in Sec. 3.6 and

3.7.

3.2 Dark matter annihilation channels and photon

signals

For MeV DM particles, χ, only a few kinematically-allowed two-body annihilation

channels exist [241]. We consider here the following processes.

2 Also see Ref. [269] for a very similar analysis that appeared shortly after this work.
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• χχ→ γγ: A photon pair

• χχ→ γπ0: A neutral pion and a photon

• χχ→ π0π0: Neutral pions

• χχ→ ¯̀̀ : Light leptons (with ` = e, µ)

• χχ→ φφ and φ→ e+e−: Cascade annihilation

We will here present a complete discussion of the phenomenology of all of these

channels in the MeV–GeV regime. For instance, we provide updated prospects

for the detectability of DM models in which annihilation proceeds through first-

generation quarks into neutral pions or directly into gamma-ray lines as discussed

in [241]. However, much of the chapter is focused on DM annihilating into charged

leptons, since the evaluation the expected signal is more complex than in the other

cases. For each channel we will assume for simplicity that the branching ratio is

100%.

3.2.1 General calculation of gamma-ray signal

The γ-ray flux resulting from DM annihilation can be split up into two components:

a primary and a secondary component.

The primary component is composed of all photons that are produced directly in

the annihilation process. Their differential flux is given by [e.g., 73]

dΦ
dEdΩ = a 〈σv〉 J

4πm2
χ

dNγ
dEγ

, (3.1)

where 〈σv〉 is the velocity-averaged annihilation cross section, J is the astrophysical

factor which encapsulates all information about the DM distribution, mχ is the DM

mass, dN/dEγ the differential γ-ray yield per annihilation and a = 1
2 ( 1

4 ) if DM is

(is not) self-conjugate. Throughout this work we assume that DM is self-conjugate.

The so-called astrophysical-, or J-factor, is given by

J =
∫

l.o.s.
ds ρ2(r(s, θ)) , (3.2)

where ρ(r) is the DM density as function of the Galacto-centric radius r. We adopt

here a Navarro-Frenk-White (NFW) density profile [82], ρNFW(r) = ρ0/((r/rs)γ(1+
r/rs)(3−γ)), with a local DM density of ρ� = 0.4 GeV cm−3 [e.g. 85, 271, 272, 273,

274, 275], scale radius rs = 20 kpc and slope γ = 1. Since DM annihilation scales as

ρ2, our results are – as typical for searches in the inner Galaxy – very sensitive to

44



3.2. Dark matter annihilation channels and photon signals

the adopted profile. We will address how different assumptions on the profile affect

our main results in Sec. 3.6.

Regarding the DM annihilation cross section, given the usual decomposition (σv) =
a + bv2, with a the s-wave and bv2 the p-wave contribution, we require that the

p-wave term sets the relic density and still dominates at the time of recombination,

in order to avoid the CMB constraint from late-time energy injection mentioned

in the introduction. For this reason, we expect a value much below the canonical

3 · 10−26 cm3 s−1. For example, for a thermal relic purely annihilating through p-

wave processes, the expected annihilation cross section times velocity in the Galaxy

today is of the order ∼ 10−31 cm3 s−1 (see discussion in Sec. 3.5.3).

The prediction of the secondary γ-ray flux from charged particles (here electrons) is

significantly more complex. The γ-ray spectrum will depend on the energy-losses of

the electrons, and on the radiative process underlying the emission. In addition, the

morphology will no longer trace the DM squared distribution directly, but rather

depend on how far and in what direction the electrons have propagated. These

environmental impacts are discussed extensively in section 3.3.

3.2.2 Gamma-ray lines and neutral pions

We briefly summarize the analytical expressions for the various prompt annihilation

spectra that we consider in this work.

(i) χχ→ γγ. For this channel, the photon spectrum per annihilation is given by

dNγ
dE

= 2δ(E −mχ) . (3.3)

(ii) χχ → π0π0. The neutral-pion channel leads to a box-shaped γ-ray spectrum

[81, 241],

dNγ
dE

= 4
∆EΘ(E − E−)Θ(E+ − E) (3.4)

per annihilation. Here, Θ is the Heaviside step function,

E± = mχ

2

(
1±

√
1−

m2
π0

m2
χ

)
(3.5)

are the kinematic edges of the box, and ∆E ≡ E+−E− =
√
m2
χ −m2

π0
denotes

the box width.
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3. Dark Matter Indirect Detection with MeV Photons

(iii) χχ→ π0γ. This channel leads to a box and γ-ray line, with slightly different

kinematics from the discussion above [241].

The prompt photon spectrum per annihilation is

dNγ
dE

= δ(E − E0) + 2
∆EΘ(E − E−)Θ(E+ − E) , (3.6)

where E0 = mχ−
m2
π0

4mχ , ∆E = mχ−
m2
π0

4mχ , and E± = mχ
2

[(
1 + m2

π0
4m2

χ

)
±
(

1− m2
π0

4m2
χ

)]
.

Finally, we briefly comment on the charged-pion channel, that we neglect otherwise

in this work. The dominant decay channel for charged pions is π+ → µ+νµ [276].

The muon will subsequently decay into an electron and two neutrinos. Therefore,

the final electron spectrum will receive two boosts, one from the annihilation and

one from the subsequent decay. In addition, FSR can be produced in both the

annihilation as well as in the decays. Because this channel does not add any new

spectral signatures, but rather smears out the ones studied in the other channels,

we ignore the charged pion channel in the present analysis.

3.2.3 Leptonic annihilation

In the case of annihilation into leptons, we consider three benchmark channels for the

DM annihilation channels. We comment here briefly on the role of prompt photons

for these channels and leave a detailed discussion about secondary emission for the

next section.

(i) χχ→ e+e−. In this case electrons and positrons are injected mono-energetically.

There is a significant contribution from final-state radiation (FSR), which we

model following [277]. An analytic expression is provided in appendix 3.A.

(ii) χχ → φφ, φ → e+e−. Here, DM annihilates via a (scalar) mediator which

subsequently decays into an electron/positron pair. Now the positron spectrum

will be boosted and has a box-like shape3 [e.g. 278, 81]. An analytic expression

for FSR in such models is given in Eq. (6) of [279] and for completeness repeated

in appendix 3.A.

FSR for this class of models is suppressed, enhancing the relative importance of

secondary emission. On the other hand, the final electron spectrum is boosted,

softening any spectral features.

(iii) χχ→ µ+µ−. Like in the cascade channel, the injected electron spectrum gets

boosted. On the other hand, this channel is accompanied by a large amount of

3Under the assumption that me � mφ < mχ and φ is a scalar.
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FSR, since FSR can be produced at two stages: when dark matter annihilates

to muons and in the subsequent decay of the muon to an electron and two

neutrinos. Both the positron and FSR spectra are obtained from DarkSusy

[280]4.

Finally, we note that we do not consider the channel χχ → τ+τ−, since the tau

lepton is heavy, mτ = 1.78 GeV, and therefore only relevant for a very small window

in our considered energy range.

3.3 Gamma-ray signals from secondaries

3.3.1 Radiative processes, cooling and timescales

As mentioned above, we concentrate in this analysis on the annihilation signal from

the inner Galaxy (projected limits from dwarf spheroidal galaxies were discussed in

Ref. [241]). The higher statistics from this region makes it easier to identify spectral

features, which are the main focus of our work. Furthermore, secondary emission

components are in most cases expected to be stronger. However, in order to correctly

predict γ-rays from secondaries it is essential to understand all cooling and radiative

processes. We begin this section with a brief discussion of all relevant processes and

timescales.

The relevant radiative processes in our energy window are bremsstrahlung, inverse-

Compton scattering (ICS) and synchrotron radiation. The first two yield X-ray and

γ-ray photons, whereas the latter leads to radio emission. In addition, ionization and

Coulomb losses are important contributors to the overall energy losses. Emissivities

and energy-loss timescales are well established and can be found in Refs. [281, 258,

282].

In addition, we model in-flight annihilation (IfA) of positrons. IfA results from

positrons colliding with ambient electrons. The cross section for this process is im-

plemented following Refs. [283, 266]. An expression for the differential cross section

and resulting photon flux for a single positron is given in appendix 3.A. Note that at

very low energies, below those considered in this work, positrons can also annihilate

through the formation of positronium, a bound state of a positron and an electron.

Positronium annihilation results in monochromatic photon emission at 511 keV from

the singlet (p-Ps) state and continuum emission from the triplet (o-Ps) state.

4P. Gondolo, J. Edsjö, P. Ullio, L. Bergström, M. Schelke, E.A. Baltz, T. Bringmann and G.

Duda, http://www.darksusy.org
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Figure 3.1 Timescales involved in propagation, radiative- and energy-loss processes.

Gas densities are averaged within a ∼ 0.7 kpc Galactocentric radius. The advection

and diffusion timescale corresponds to transport of 5◦ (∼ 0.7 kpc) on the sky for

a particle at the Galactic center. The wind velocity is vwind = 250 km s−1. The

diffusion coefficient is given in Eq. 3.7 (slow/benchmark model). The faster diffusion

timescale at low energies is elaborated on in appendix 3.B.

In Fig. 3.1 we show the energy-loss and annihilation timescales for electrons and

positrons from 1 MeV to 1 TeV in a medium comparable to that of the Galactic

bulge. As can be seen, at energies . 100 MeV IfA starts to dominate over ICS and

synchrotron losses. Also bremsstrahlung becomes more important. Energy losses

are dominated by ionization and Coulomb losses, with their relative importance

depending on the ionization fraction of the medium. Note that bremsstrahlung, IfA,

ionization- and Coulomb losses all depend on the gas densities, whereas ICS depends

on the interstellar-radiation field and synchrotron emission on the magnetic field.

3.3.2 Cosmic-ray propagation

We model the transport of CR electrons and positron in the Galaxy using the nu-

merical code DRAGON [284].5. DRAGON is designed to simulate all the relevant

processes related to Galactic CR propagation, in particular: diffusion, reacceler-

ation, convection, cooling (due to synchrotron, bremsstrahlung, inverse-Compton,

5www.dragonproject.org
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Coulomb and ionization), catastrophic losses (annihilation), and spallation.

The transport equation is solved for all CR species, from heavy nuclei down to

protons, antiprotons, and leptons. The code implements both the nuclear spallation

network taken from the public version of GALPROP6 (see e.g. [285] and references

therein), and a complete cross-section database obtained with the FLUKA code

[286]. The code works in 2D and 3D mode; in the following we assume azimuthal

symmetry and work in the two-dimensional mode.

The annihilation and energy-loss rate is computed adopting the following astrophys-

ical ingredients:

• The gas distribution is based on an azimuthally-averaged implementation of

the detailed three-dimensional model described in Ref. [287] for the Galactic

bulge (R < 3 kpc), while the model presented in Ref. [288] is used for the

larger Galactocentric radii. Within R . 0.7 kpc the ionization fraction is

nH+/(nH + 2nH2) ≈ 0.1.

• The magnetic field is taken from [289] and is derived by a wide set of Faraday

Rotation measurements.

• The interstellar radiation field is taken from the public version of GALPROP;

it is described in [290, 291].

Diffusion of sub-GeV electrons remains largely unconstrained (partially due to the

lack of observational data). We assume here isotropic diffusion with power-law

dependence on momentum, p. The diffusion coefficient is

D(p) = βD0

(
p

p0

)δ
, (3.7)

where β = v/c, p0 = 4 GeV, δ = 1
2 and D0 = 4 × 1028 cm2 s−1. We verified with

DRAGON that these parameters are compatible with the current AMS-02 measure-

ments of the boron-over-carbon ratio in the GeV-TeV range [292]. We comment on

the effects of changing these assumptions on the diffusion coefficient in Sec. 3.6. For

simplicity, we do not consider diffusive reacceleration in this work.

Soft X-rays provide evidence for a galactic wind [293]. Following Ref. [293] we im-

plement a cylindrical Galactic wind of radius Rwind = 3 kpc and velocity vwind =
250 km s−1 centered on the Galactic center into our benchmark model. As an alter-

native we also show results in absence of a wind in appendix 3.B.

The relevant timescales for diffusion and advection are included in Fig. 3.1. Un-

der the above benchmark assumptions, advection dominates over diffusion below

6GALPROP project web page, http://galprop.stanford.edu
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Figure 3.2 γ-ray spectrum resulting from χχ → e+e− with 〈σv〉 = 10−28 cm3 s−1

in the inner 10◦ × 10◦ of the Galaxy. The DM signal is broken up into individual

components: IfA (green), FSR (magenta), bremsstrahlung (red) and ICS (blue).

Black lines indicate the various diffuse-background components.

∼ 10 GeV. Moreover, cooling is much faster than diffusion. In the absence of a

wind, sub-GeV particles would approximately cool in-situ. However, when a wind

is present (vwind = 250 km s−1), a particle at the Galactic Center (GC) will be ad-

vected over 5◦ on the sky. We apply a region-of-interest of 10◦× 10◦ centered at the

GC, implying that in the presence of a wind a particle is more likely to be advected

out of our ROI than to radiate its energy.

3.3.3 Secondary gamma-rays

Next, the γ-ray spectrum is obtained by convolving the steady-state electron and

positron spectra with either the gas-distribution (bremsstrahlung and IfA) or the

interstellar-radiation field (ICS) and performing an integral over the line-of-sight.

We ignore emission from synchrotron radiation, since it will be in radio, but we

do include it as a cooling term. In Fig. 3.2 we show an example γ-ray spectrum

for a mχ = 60 MeV DM particle annihilating to χχ → e+e−. Note that there is

a kinematic cutoff in the IfA spectrum at Eγ = me/2 [294] (for more details see

appendix 3.A).
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3.4 Background modeling and sensitivity projec-

tions

3.4.1 Instrumental details

Compton domain

e-ASTROGAM COMPAIR ADEPT

Energy range [MeV] 0.3–10 0.2 – 10 –

∆E/E 1.3% 2%–5% –

Aeff [cm2] 50–560 50 – 250 –

FoV [sr] 2.9 3 –

Pair-conversion domain

e-ASTROGAM COMPAIR ADEPT

Energy range [MeV] 10–3000 10–500 5–200

∆E/E 20–30% 12% 30%

Aeff [cm2] 215–1810 20–1200 50–700

FoV [sr] 2.5 3 3

Table 3.1 Instrumental details for three proposed γ–ray telescopes, e-ASTROGAM

[164], COMPAIR [238] and ADEPT [239]. In this work we assume an on-target ob-

servation time of Tobs = 1 yr. Our reference experimental scenario is e-ASTROGAM

performing a full-sky survey. All details are taken from Ref. [164]. The energy res-

olution in the pair conversion regime is set to ∆E/E = 30%.

We assume a future instrument similar to the mission concept e-ASTROGAM [164].

Marginal differences put aside, our results also roughly apply to other proposed

mission such as AMEGO, COMPAIR [238] or ADEPT [239] within their energy

range. An important reason for this is that our projected sensitivity turns out

the be systematics limited over most of the considered DM mass range. This is a

consequence of our use of a relatively large ROI on the inner Galaxy. This makes

slight variations in the effective area irrelevant for the projected limits. On the other

hand, a better spectral resolution, such as that of COMPAIR, could potentially

improve the projected limits in the pair–regime by a factor two (see Tab. 3.1). We

provide an overview of instrumental details and compare instruments in Tab. 3.1.

These instruments can fill the MeV gap and as we will show have great prospects to

hunt for MeV DM. At low energies (< 10 MeV) the detection principle is based on

Compton scattering (similar to COMPTEL) and at higher energies on the detection

of γ-rays via pair-conversion (like Fermi -LAT).
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All instrumental details applied in our analysis are taken from Fig. 17 and tables

2 and 3 of Ref. [164]. The effective area (Aeff(E)) is modeled as a function of

energy and we interpolate between the reference values. It is typically of the order

Aeff ∼ few×100(1000) cm2 in the Compton (pair-production) domain. The spectral

resolution is modeled as a Gaussian with energy dependent width. It is of the order

∆E/E ∼ 0.01(0.3), in the Compton (pair-production) domain. The excellent energy

resolution in the Compton domain yields great power to search for sharp spectral

features such as γ-ray lines, as we will demonstrate below (Fig. 3.3). Finally, we

adopt an effective observation time on our ROI of Tobs = 1 yr. Considering that

the field-of-view of e-ASTROGAM is 2.5 sr, this corresponds to ∼ 5 years of pure

observation time with uniform sky coverage.

3.4.2 Background components

Our diffuse background model consists of four components as shown by the black

lines in Fig. 3.2. Three of them – the bremsstrahlung, π0 and inverse-Compton

components – characterize the diffuse background at higher energies. We take the

spectral templates from [295] (see also [296]). Those models were computed with

the GALPROP code [297], and fitted to data in the window |l| < 30◦, |b| < 10◦.
Since the region of interest (ROI) for this analysis is |l| < 5◦, |b| < 5◦, we rescale

those models to match our ROI, assuming the same morphology computed with

DRAGON at 1 GeV. We checked that the overall γ-ray intensity of our background

model in the ROI is compatible with Fermi -LAT data.

The fourth component characterizes the background at lower energies and is modeled

as a power-law, following [266], and including a super-exponential cutoff:

dΦ
dE

= 0.013
(

E

1 MeV

)−1.8
e−( E

20 MeV )2
cm−2 s−1 sr−1 MeV−1. (3.8)

This component, possibly originating from Inverse-Compton scattering, is intro-

duced to get a reasonable agreement with the COMPTEL data in the region |l| <
30◦, |b| < 5◦ [266].

We will henceforth refer to this emission as ICSlo and to the inverse-Compton model

at higher energies as ICShi. Similarly to the other three background models, we map

the intensity to that in our ROI utilizing the DRAGON ICS template.

Our full background model is then described by

φbg =
4∑
i=1

θiφi. (3.9)
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Here φ(E,Ω) = dΦ/dEdΩ and i = 1, 2, 3, 4 refers to bremsstrahlung, ICShi, π
0

and ICSlo, respectively. The parameters θi are the normalization of the various

components. The baseline background model has θi = 1 for components i = 1, 2, 3
and for component i = 4 such that the latter reproduces Eq. 3.8 within |l| < 30◦, |b| <
5◦

It is important to emphasize that – for the purposes of this work – an approximate

treatment of the background suffices. A dedicated, more accurate modeling of the

diffuse γ-ray sky from MeV to GeV and a corresponding, consistent modeling of the

dark matter signal is well beyond the scope of the present study and will be left for

future work.

3.4.3 Projected limits from Fisher forecasting with corre-

lated background systematics

We compute here projected 95% confidence level (CL) upper limits on any DM

signal, assuming that no signal is present in the data. Fisher forecasting is applied

to calculate projected limits for a mission similar to e-ASTROGAM [270].

We consider a signal spectrum given by the differential flux φ(E,Ω) = dΦ/dE(Ω) in

units ph cm−2 s−1 GeV−1, composed of various additive components with subscript

i,

φS(E,Ω|~θS) =
∑
i

θS,i φS,i . (3.10)

In our case, we include the components i ∈ {bremsstrahlung, FSR, ICS, IfA}.

Additionally, we consider the background and foreground components

φbg(E,Ω|~θbg) =
∑
i

θbg,iφbg,i , (3.11)

as described in Eq. 3.9. The total emission is then given by φ = φS + φbg.

The Fisher information matrix is an N × N matrix where N is the number of

parameters ~θ. Given a likelihood function, L(~θ|D), it is defined as

Iij(~θ) = −
〈
∂2 lnL(~θ|D)
∂θi∂θj

〉
D(~θ)

, (3.12)

where the average is taken over multiple realizations of the data, D. Practically, the

average is taken over D(~θS = ~0, ~θbg = ~1) when setting upper limits.
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From here on we will assume an unbinned Poisson likelihood for the description of

mock data. Additionally, we include an effective model for correlated instrumental

systematics and/or background model uncertainties in our analysis, by making the

substitution

φbg → (1 + δ(E))φbg . (3.13)

Here, δ(E) parametrizes general fractional deviations from the nominal background

model, which are assumed to be correlated over smaller and larger energy ranges, as

specified below. One can then show that the Fisher information becomes [270]

Iij =
∑
ab

∂iφ

φbg
(Ea)D−1

ab

∂jφ

φbg
(Eb) , (3.14)

with ∂iφ ≡ dφ/dθi. Here, Ea (and equivalently Eb) refer to a dense grid of reference

energies at which δ(E) and all other fluxes are evaluated. It has to be sufficiently

dense to capture all spectral variations. For this analysis we use 2000 logarithmically

spaced bins between 0.5 MeV and 5 GeV. We note that the secondary γ-ray spec-

tra obtained through DRAGON have a more coarse binning due to computational

constraints. In practice we interpolate over these spectra to get a sufficiently fine

binning.

Furthermore, Dab is defined as

Dab ≡
δab

∆EaE(Ea)φbg(Ea) + Σbg(Ea, Eb) , (3.15)

where ∆Ea is the energy step between two consecutive values of Ea. Furthermore,

E(E) ≡ TobsAeff(E) denotes the exposure,7 which is an energy dependent quantity.

Finally, Σbg denotes the covariance matrix that describes the background model

uncertainties encoded in δ(E) (not to be confused with the covariance matrix of the

model parameters, which equals I−1). It can be thought of as the covariance matrix

of a Gaussian random field, with Σbg(E,E′) = 〈δ(E)δ(E′)〉, where the average is

taken over many realizations of the function δ(E). It is here parameterized as

Σbg(E,E′) =
∑
k=1,2

σ
(k)
syst(E)σ(k)

syst(E′)ρk(E,E′), (3.16)

where we assumed two independent contributions. Here σ
(k)
syst(E) is the overall mag-

nitude of the systematic uncertainty at energy E, while ρk(E,E′) parametrizes the

correlation between systematics at different energies and equals one along the diag-

onal. We adopt the simple form (motivated by a log-normal distribution)

ρk(E,E′) = e
− 1

2

(
lnE/E′
wk

)2

. (3.17)

7In principle, the exposure is a function of not only energy, but also sky-position through

Tobs(Ω). However, for this work we assume uniform sky coverage.
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As mentioned above, we use here two independent covariance matrices, which are

added (k = 1, 2), and which correspond to background systematic with short and

long correlation scales in energy space. We adopt 2% (σ
(1)
syst = 0.02) as the short-

scale correlated systematic, with a correlation length of just 1% (w1 = 0.01) in

energy space, which is motivated by the results from Refs. [298, 88] and presumably

mostly of (unknown) instrumental origin. For systematics correlated over a larger

energy range, possibly related to diffuse emission modeling and uncertainties in the

effective area, we assume a value of 15% (σ
(2)
syst = 0.15), with the correlation length

taken as 0.5 dex (w2 = 1.15). This is reasonably representative of what is found

when analyzing Galactic diffuse emission along the Galactic disk [118].

We note that our treatment of systematic uncertainties for future instruments re-

mains necessarily uncertain, although we believe that our choices are plausible. How-

ever, we checked that our qualitative results are not sensitive to changes in in these

parameters, and the quantitative results are fairly independent of w and behave as

expected for changes in σ. For a more elaborate discussion see Sec. 3.6.

When systematic uncertainties are absent, Σbg → 0, the Fisher information can be

written in the more common form in terms of the signal-to-noise ratio [270],

Iij =
∫ Emax

Emin

dE

∫
ROI

dΩ E(E)∂iφ(E,Ω)∂jφ(E,Ω)
φbg(E,Ω|~θ = ~1)

. (3.18)

Finally, in the background-limited regime we can construct an upper limit of 100 ·
(1− p)% confidence level (CL) on a signal parameter, θULS,i , by inverting the Fisher-

information,

θULS,i = Z(p)
√
I−1
ii , (3.19)

where Z(p) = ppf(1 − p), with ppf(x) the inverse of the cumulative-distribution

functions, also known as the percent-point function. For 95% CL (or p = 0.05)

Z(p) = 1.645.

3.5 Results

3.5.1 Projected limits for γ-ray lines and pions

Figure 3.3 shows the projected upper limits from the Galactic center for annihilation

into mono-chromatic photons (red), a neutral pion and a photon (green) and two
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Figure 3.3 Projected 95% CL upper-limit on DM annihilating to γγ (red), π0γ

(green) and π0π0 (magenta). Projected limits from [241] are shown in the same colors

for diffuse emission (dashed) and for the Draco dwarf-spheroidal galaxy (dotted).

The CMB constraints from Planck are shown as a solid blue line, they are for

χχ → γγ [11, 247]. For the same channel we show the limits derived by [241]

from COMPTEL (|b| > 30◦), EGRET (20◦ < |b| < 60◦) and Fermi–LAT (|b| > 20◦)
from diffuse γ-rays as the shaded light-grey area. Additionally, there are Fermi–LAT

inner-Galaxy limits on monochromatic γ-rays for DM with mχ > 200 MeV [88].

neutral pions (magenta). All projected limits are 95% CL, for one year of effective

exposure and for instrumental specifications similar to those of e-ASTROGAM. The

emission is prompt and therefore traces exactly the DM distribution.

The limits from monochromatic photons are only slightly stronger than those from

box-spectra due to pion decay. This is a consequence of the spectral resolution

in the pair-production domain of e-ASTROGAM, assumed to be ∼ 30%, which

significantly broadens the line feature: as a result, the line is not much sharper than

the box-like feature. The fact that pion decay yields two photons, leading to twice

as many photon in χχ→ π0π0 compared to direct annihilation into photons, further

reduces the difference. Below 10 MeV the limits for monochromatic photons improve

by an order of magnitude, because of the better spectral resolution in the Compton

domain (a factor ∼ 10 better with respect to the pair–creation regime).

A MeV mission similar to the proposed e-ASTROGAM could outperform CMB
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constraints for s-wave annihilating DM (shown for χχ → γγ in Fig. 3.3) by more

than one order of magnitude below 1 GeV.

Our projections are compared to Fermi–LAT limits from the inner-Galaxy on monochro-

matic photons resulting from DM annihilation with mχ > 200 MeV as obtained by

[88]. The limits portrayed correspond to the analysis optimized for a NFW density

profile.

In addition, we compare our limits to the existing and forecasted limits from Ref. [241].

The existing limits, shown as the light-grey shaded regions, are derived from the dif-

fuse γ-ray flux measured by COMPTEL (|b| > 30◦), EGRET (20◦ < |b| < 60◦) and

Fermi–LAT (|b| > 20◦). Our projected limits for the diffuse γ-ray sky suggest that

these constraints can be improved by at least two orders of magnitudes. We note

that a reanalysis of existing data and modeling of background could improve the

current situation already now significantly, and would be an interesting endeavour.

For the forecast, Ref. [241] assumes an ADEPT–like instrument with a spectral

resolution of ∆E/E = 15% (a factor two better than what we assume), an effective

area of Aeff = 600 cm2 and a systematic uncertainty in the backgrounds of 15%.

The total observation time of the experiment is set to 5 years. Ref. [241] considers

two targets, and the corresponding projections are shown in Fig. 3.3: the optimistic

projection for diffuse γ-rays above |b| > 30◦ (dashed) and for the Draco dwarf-

spheroidal galaxy (dotted). A detailed discussion of the differences will be done in

Sec. 3.6.

3.5.2 Projected limits for leptonic channels

In Fig. 3.4 we show the spectral constraints (95% CL) obtained for our three reference

leptonic channels. We adopt the transport model described in section 3.3.2: The

dominant effect in the low-energy range considered in this work is advection, caused

by a Galactic wind modeled with vwind = 250 km s−1 (see also Fig. 3.1). The impact

of diffusion is negligible at low energies for our benchmark scenario, in which we

consider a power-law extrapolation of the diffusion coefficient tuned on GeV boron-

over-carbon AMS data.

The three panels in Fig. 3.5 show the ratio of the limit obtained from a single

emission component (i.e., bremsstrahlung, FSR, ICS or IfA) over that of the full DM

spectrum for the electron/positron, cascade and muon channel, respectively. The

plots show the importance of each emission component. In case of mono-energetic

injection of electron-positron pairs, in-flight annihilation of positrons dominates the

bounds below ∼ 20 MeV. For the cascade annihilation scenario the upper limits arise
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Figure 3.4 Projected 95% CL upper-limit on γ-ray emission from DM annihilating

to e+e−. Results are for the total DM spectrum from the three reference leptonic

cases: direct annihilation (red), cascade channel (turquoise) and the muon channel

(olive). The blue solid line shows the CMB limits on DM s-wave annihilation into

e+e− from Planck for s-wave annihilating DM [11, 247]. In addition we show in

light-grey the limits for χχ→ e+e− from Voyager (dashed) [259] and current limits

from diffuse emission (dotted) γ-rays [240].

predominantly from IfA below ∼ 50 MeV, since FSR is suppressed. However, the

overall limit is somewhat weaker due to the softening of the injected lepton spectrum

(see Fig. 3.8b in appendix 3.C). From ∼ 50–200 MeV bremsstrahlung provides the

dominant signal. The muonic channel is most easily detectable through FSR at all

DM masses. In this case FSR arises at two stages, when DM annihilates to muons,

and in the subsequent decay of the muon. ICS dominates the bounds above a few

hundred MeV for the direct channel into e+e− and for the cascade channel. However,

unlike FSR, IfA and to some extent bremsstrahlung the ICS spectrum is not very

peaked and will therefore be more difficult to distinguish from any astrophysical

background.

In light-grey we show the recent limits from Voyager on χχ→ e+e− (Fig. 3.4 [259]).

Future diffuse γ-ray studies can surpass these limits for MeV DM and cover a broader

mass region in general. In addition, we show existing diffuse γ-ray limits [240] (based

on INTEGRAL and COMPTEL data, and without performing any background sub-

traction). A future dedicated MeV γ-ray experiment can improve these limits by
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Figure 3.5 Ratio of the limit obtainable from a single emission component (i.e.,

bremsstrahlung, FSR, ICS or IfA) to that of the full DM spectrum. The panels,

from top to bottom, are for χχ → e+e−, χχ → φφ → e+e−e+e− and χχ → µ+µ−.

In case of annihilation to e+e− (cascade annihilation) secondary emission in the

form of in-flight annihilation contributes most to the limits below ∼ 20 (50) MeV
and offers the best channel for detection.

two to three orders-of-magnitude (less impressive but still interesting improvements

could be obtained by a dedicated reanalysis of available data, including a proper

modeling of backgrounds).

Figure 3.4 shows that the CMB limits from Planck (blue solid line) for χχ→ e+e−

through an s-wave process are stronger than what is attainable with a MeV mission

like e-ASTROGAM. However, as mentioned above thermal relic models will require

s-wave suppression in order to evade the CMB bounds. In this case the CMB

constraints disappear, whereas the limits from diffuse γ-rays remain.
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3.5.3 Other constraints

We here briefly review limits from the CMB, BBN and the p–wave thermal relic

cross section to which we compare our results for the projected upper limits from

future diffuse γ-ray studies.

Regarding the CMB bounds for late time energy injection from Planck, these apply

to s–wave annihilation. The constraint on the so-called annihilation parameter, pann
is (for the Planck TT, TE, EE+lowP data) [11]:

pann ≡
feff 〈σv〉
mχ

< 4.1× 10−31 cm3 s−1 MeV−1 . (3.20)

Here feff is an efficiency parameter that relates the total injected energy to the energy

that is used to increase the ionization fraction. We adopt values for feff for χχ→ γγ

and χχ→ e+e− from Ref. [247]8. Constraints for the cascade channel, which are not

shown, are only marginally different from those for the direct annihilation channel

[299]. For the muonic channel they are weaker by a factor of a few [247, 299]. For a

future experiment that is cosmic-variance (CV) limited the bound can be as strong as

pann < 8.9×10−32 cm3 s−1 MeV−1, about five times stronger than the current Planck

bound[246]. CMB limits from Planck for late time energy injection are displayed as

a blue solid line in Figs 3.3 and 3.4. We note that any freeze-out thermal relic DM

candidate will require velocity suppressed annihilation in order to evade the CMB

bounds. For p-wave annihilation the CMB bounds deteriorate by a few orders of

magnitude [300].

In addition, for low mass thermal dark matter, there exist constraints from big-

bang nucleosynthesis (BBN) and from the effective number of neutrinos as inferred

from the CMB by Planck. The latter provide the stronger constraints, ruling out

a thermal dark matter candidate in the form of a Majorana (Dirac) fermion below

mχ < 3.5 (7.3) MeV, independent of whether the annihilation is s- or p-wave [243].

Finally, we comment on how the projected upper-limits compare to a typical anni-

hilation cross section for a pure p–wave annihilating thermal relic in the Galactic

center. For this estimate we assume that the DM velocity distribution can be de-

scribed by a Maxwell-Boltzmann distribution in the early universe. At freeze-out

(mχ/T ≈ 20) the DM velocity dispersion is σv, fo ≈ 0.4c, where c is the speed of

light. Today, the velocity dispersion in the inner Galaxy is σv ≈ 4 × 10−4c [301].

So 〈σv〉 = 〈σv〉fo (σv/σv, fo)2 ≈ 6× 10−32 cm3 s−1. Here 〈σv〉fo = 6× 10−26 cm3 s−1

is the p-wave annihilation cross section at the time of freeze out [300]. If DM an-

nihilates to monochromatic photons, this cross-section can be probed for mχ . 10

8Tables available from http://nebel.rc.fas.harvard.edu/epsilon.

60

http://nebel.rc.fas.harvard.edu/epsilon.


3.6. Discussion

MeV. On the other hand, the projected limits for leptonic final states are at least

one order of magnitude above this reference thermal p–wave cross-section.

However, we note that in the vicinity of the supermassive black hole Sagittarius A∗
(Sgr A∗) where much of our signal arises, the velocity dispersion could potentially

be an order of magnitude larger, increasing the annihilation cross section around

the black hole by two orders of magnitude [see e.g. 302, 303], potentially bringing

a thermal relic that annihilates through pure p–wave processes within reach.

3.6 Discussion

In the previous section we have shown that – under reasonable assumptions for

the systematic uncertainties for the backgrounds/foreground (∼ 2%–15%) and for a

reasonable benchmark cosmic-ray transport model – future MeV γ-ray missions have

the capability to either detect a signature of thermal relic DM in the case of p-wave

annihilation (monochromatic photons), or set stringent bounds that are competitive

with current CMB bounds for s-wave annihilation, and much stronger in the case

of p-wave annihilation. The existing current indirect detection limits on MeV dark

matter can be improved by two to three orders of magnitude in case of diffuse γ-rays,

and by a factor of a few in the case of direct measurements of positrons.

Let us now compare the projected bounds derived in this work with previous studies,

comment on the impact of our assumptions and discuss a potential background from

nuclear de-excitations.

Comparison to previous works. As mentioned in Sec.3.5, our projections imply

that future experiments can improve on existing limits from Refs. [241, 240] by 2–3

orders of magnitude. This difference is partially due to the fact that we consider a

better region of interest (the inner Galaxy), and a more powerful instrument, but

mostly because existing limits were derived without any background subtraction. In

the leptonic annihilation case, another difference between this work and Ref. [240]

is that we consider all signal components, both primary and secondary. This is

very important since, in the the inner Galaxy, secondaries can actually provide the

dominant γ-ray signal. However, it should be pointed out that Ref. [240] considers

higher Galactic latitudes, where in general gas densities are lower and therefore

timescales for gas-related radiative processes longer. As such, a wind or enhanced

diffusion can more easily reduce the secondary signal and enhance the importance

of FSR.

When comparing our projections, based on inner Galaxy observations, to those from
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Ref. [241], we find that our results only differ by a factor of a few from their projected

limits for the Draco dwarf-spheroidal galaxy. This is merely coincidental. The ratio

of integrated J-factors between Draco and our ROI is Jinner–Galaxy/JDraco ∼ 105.

However, the expected background in a dwarf galaxy is only a handful of photons,

allowing for very strong limits despite a limited signal. Their ‘diffuse’ projections are

however two orders of magnitude weaker. We believe this difference can be attributed

to significant differences in the ROI as well as different assumptions on the expected

instrumental and background systematics. More specifically, Ref. [241] assumes a

15% systematic uncertainty on the backgrounds per bin, which is similar to our value

for uncertainties with a large-range correlation in energy space. However, we adopt

only a 2% systematic uncertainty for fluctuations that have the width of γ–ray lines,

as motivated by previous Fermi -LAT searches [298, 88].

Assumptions on systematics. As outlined in Sec. 3.4, we include systematics in our

Fisher forecast and assume a 2% uncertainty on small-scales (1% in energy), and

15% on large scales (corresponding to 0.5 dex in energy). These parameters are

chosen such that they mimic our understanding of systematics with Fermi–LAT

today. We checked that varying the correlation lengths of the small- and large-

scale correlations only has a small impact on our results. As mentioned above,

the projected sensitivity to DM annihilation signals in this work are systematics

limited. Consequently, doubling the observation time only yields minor (∼ 10–20%)

improvements in the limits.

Cosmic-ray propagation. Our secondary signal depends on the propagation model of

MeV leptons. Understanding CR propagation in this low-energy domain is extremely

challenging, and little or no constraints arise from available data. In the simplest

benchmark case, we model the diffusion coefficient as a single power law in rigidity

and extrapolate down from the GeV domain where secondary-to-primary ratios set

the normalization and slope. In this case, diffusion hardly impacts MeV DM (see

Fig. 3.1), and CR transport is dominated by the competition between advection and

energy losses.

We also consider a different scenario characterized by a significantly faster diffusion

below 1 GeV. A viable physical picture behind this scenario is e.g. the dissipation

of the magneto-hydrodynamic waves responsible for CR confinement due to the

resonant interaction with low-energy CRs themselves (see e.g. [304]). However,

even if the diffusion coefficient flattens at rigidity of ∼ 1 GeV due to this effect,

our results are not severely affected, since cooling and advection timescales are still

faster in the energy range we are interested in.

In the absence of a wind, the secondary spectra for low DM masses will be enhanced

by a factor of a few, since particles no longer escape their injection site, but instead
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cool and radiate in-situ. The projected limits for this scenario increase marginally,

since secondary emission becomes yet more important. For a comparison of the

projected limits with and without wind see Appendix 3.B. Note that our benchmark

model that includes an advective wind of 250 km s−1 starting from the plane appears

conservative, since the wind velocity, in particular close to the plane, could be much

smaller [305], thereby increasing the advection timescale. However, as argued above,

our overall results do not critically depend on the exact transport parameters chosen.

γ–ray lines from nuclear de-excitations. A potential background that can produce a

sharp feature in the low-energy γ-ray spectrum and mimic a DM annihilation signal

can come from the inelastic interactions of low-energy cosmic rays with interstellar

gas. This process can produce a rich spectrum of de-excitation nuclear γ-ray lines

from ∼ 0.1 to ∼ 10 MeV, spatially correlated with the gas distribution [306]. For

this reason, a careful morphological study of a possible future signal will be needed

in order to disentangle astrophysical and DM interpretations.

DM profile. We briefly comment on our choice of dark-matter profile. This work

applies a standard NFW profile with an inner slope of γ = 1. However, the actual

density profile of the Milky–Way is still uncertain as its determination requires de-

tailed knowledge of the baryonic-mass distribution [e.g. 307, 308]. Since annihilation

scales as the density squared, having a different profile, such as the Einasto profile

[83] or a cored profile, can lead to relevant differences. For the prompt signal, the

limits will simply scale with the difference in J-factor in our ROI, which for Einasto

is 1.5× larger and for a cored-isothermal profile (rcore = 4.4 kpc) 10× smaller [73].

For the secondaries this dependence is not one-to-one, due to the effects of diffu-

sion, cooling and radiation, of which the latter two depend on the ambient medium.

However, no large deviations are expected, in particular since particles are quickly

moving away from the densest gas region in our analysis due to the wind.

511 keV emission. Finally, let us briefly comment on 511 keV emission. When

positrons are injected, there will be 511 keV line emission. However, for the projected

upper limits on the cross section, the associated 511 keV signal is only a fraction

of the total line emission. This should be obvious, since it was already pointed out

by Ref. [266] that in order to explain the full 511 keV signal with DM there should

be an observable in-flight annihilation signal. Since there are many candidates to

produce the low-energy positrons that produce the 511 keV signal [see 124, for a

review], the uncertainty in what fraction could be due to DM is large. Under the

assumption that most 511 keV emission is astrophysical in origin, it is virtually

impossible to detect DM through this channel in the Inner Galaxy. On the other

hand, we have demonstrated that both prompt and secondary emission resulting

from DM annihilation can produce spectral signatures that should be detectable in

diffuse γ-rays where the fore- and backgrounds are better understood. Therefore, if
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dark matter injects positrons into the Galactic medium, diffuse γ-rays offer the best

channel for detection.

3.7 Conclusions

We have studied the prospects of indirectly detecting MeV DM by looking for sharp

spectral features with a future MeV γ-ray mission.

We considered both prompt and secondary emission, for a large range of kinemati-

cally accessible two-body final states. We focused on emission from the inner Galaxy,

where the effect of secondary γ-rays is especially important. Using DRAGON, we

have consistently modeled for the first time all the relevant energy-loss and radia-

tive processes relevant for leptonic final states at MeV energies. In addition, we

considered the impact of diffusion and advection (v = 250 km s−1), with the lat-

ter dominating cosmic–ray transport. We found that secondary γ-ray emission, in

particular in–flight annihilation and bremsstrahlung, will here often dominate the

signal if mχ . O(100 MeV) (see Fig. 3.5).

Projected upper limits for future MeV γ-ray missions, like the currently proposed

e-ASTROGAM, were derived using a new approach based on Fisher forecasting with

Poisson likelihoods. To this end, we assumed that background systematics for the

future instruments will be at a similar level as for Fermi -LAT today.

For annihilation into leptonic final states, we found (Fig. 3.4) that diffuse γ-rays from

the inner Galaxy can be used to probe the annihilation cross-section of sub-GeV

DM at a level that is just a factor of a few weaker than current CMB constraints

(for s-wave annihilation and standard halo profiles; for p-wave annihilation CMB

constraints vanish and γ-rays are the stronger probe). Prompt γ-ray signals, such

as monochromatic photons or box-like spectra, can be stringently tested throughout

the entire MeV–GeV energy range, superseding current CMB limits by at least

an order of magnitude (see Fig. 3.3). Remarkably, values of σv corresponding to

thermal p–wave production in the early Universe can be probed below DM masses

of mχ . 20 MeV.

In summary, future MeV missions such as proposed e-ASTROGAM have in general

the potential to probe large parts of previously unexplored parameter space for

annihilating sub-GeV DM, either improving existing constraints by at least one and

up to several orders of magnitude, or detecting a sharp spectral feature possibly

originating from DM annihilation.
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Appendix

3.A Annihilation spectra

Below we present analytic expression for the annihilation spectra of in-flight annihi-

lation and final-state radiation.

3.A.1 In-flight annihilation

The differential annihilation cross section for a positron on an electron at rest is [see

294, 266]

dσ

dEγ
= πr2

e

meγ2β2

− 3+γ
1+γ + 3+γ

k −
1
k2(

1− k
1+γ

)2 − 2

 , (3.21)

for γ(1 − β) ≤ 2k − 1 ≤ γ(1 + β). Here re is the classical radius of the electron,

me is the electron mass γ is the Lorentz factor, β = v/c and k = Eγ/me. From

the kinematic bounds we can see that For non-relativistic positrons, i.e. γ → 1 and

β → 0, photons from IfA are mono-energetic at Eγ = me. In the ultra-relativistic

limit (γ →∞ and β → 1) we get that γ (1− β )→ 0. As such there is a lower limit

to the photon energy of me/2 ≤ Eγ .

The production rate of photons from in-flight annihilation by a single positron is

then,

dN

dEγ dt
= Ne−βc

dσ

dEγ
. (3.22)

Here Ne− is the target density of electrons. Note that the differential cross section

(Eq. 3.21) is already weighted with a photon multiplicity of 2.
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3.A.2 Final-state radiation

We present the expressions for final-state radiation applied in this work.

Direct annihilation into e+e−. In case of direct annihilation into fermions, the

number of FSR photons per annihilation is: [277, 80, 279]:

dN

dEγ
= 1
σtot

dσFSR
dEγ

= α

π

1
Eγ

[
ln
(
s′

m2
e

)
− 1
][

1 +
(
s′

s

)2
]
,

(3.23)

with σtot the total annihilation cross section into e+e−, α = 1/137 the fine-structure

constant, s = 4mχ (roughly the center-of-mass energy for non-relativistic DM) and

s′ = 4mχ(mχ − Eγ).

Cascade annihilation For a one-step cascade annihilation, χχ → φφ, where

subsequently φ → e+e−, the FSR spectrum is a little more complicated since the

mediators, φ, are boosted. An analytic expression can be derived by starting from

Eq. 3.23, but now for φ → e+e−, so s = m2
φ and then boosting back to the rest

frame of the DM. The resulting expression is [279],

dN

dEγ
= 2α
πEγ

{
x2 + 2x

[
Li2
(
mφ − 2me

mφ −me

)
− Li2(x)

]
+ (2− x2) ln(1− x)+[

ln
(
m2
φ

m2
e

)
− 1
]2− x2 + 2x ln

(
(mφ −me)x
mφ − 2me

)
−

(
m2
φ − 2m2

e

)
x

(mφ −me) (mφ − 2me)

−
x

2m2
e − 3mφme +m2

φ

[
2m2
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where x = Eγ/mχ and Li2(z) =
∫ 0
z

ln(1−t)
t dt is the dilogarithm.
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3.B Cosmic-ray transport

In this appendix we discuss the results for different setups for the cosmic-ray trans-

port. Corresponding limits for χχ → e+e− are shown in Fig. 3.7. In addition, we

also show how the secondary spectra change when the transport parameters are var-

ied in Fig. 3.6. Our benchmark scenario includes an advective wind perpendicular

to the plane with a velocity of vwind = 250 km s−1 and confined within the inner 3

kpc radius. The diffusion coefficient was modeled as a single power law. However,

the behavior of the diffusion coefficient at low energies is unconstrained. We also

study the case where there the diffusion coefficient flattens below 1.5 GeV, leading

to faster diffusion at low energies. In this scenario, the diffusion coefficient as a

function of momentum is modeled as a broken power law,

D(p) =

 D0

(
pb
ρ0

)δ (
p
pb

)δl
for p < pb

D0

(
ρ
ρ0

)δ
for pb ≤ p,

(3.25)

where everything is as in Eq. 3.7, with the addition of the break momentum, pb =
1.5 GeV, and the the diffusion coefficient becomes energy independent below the

break, i.e. δl = 0 (see Fig. 3.1). In addition, we consider scenarios in which there is

no wind.

Figure 3.6 shows the spectra for a mχ = 60 MeV DM particle annihilating to an

e+/e− pair. Figure 3.6a is identical to Fig. 3.2 and depicts our benchmark model

negligible diffusion at low momenta and an advective wind. In Fig. 3.6b the wind

has been turned off. Naturally, final-state-radiation, being prompt, emission is unaf-

fected. The secondary emission increases by a factor of a few compared to Fig. 3.6a.

Without advection and with single-power law diffusion the electrons and positrons

loose their energy almost in-situ. Whereas in the presence of a wind they are likely

to be advected out of our ROI before radiating. In the bottom two panels we show

the results for the scenario in which the diffusion coefficient flattens below momenta

of 1.5 GeV, again with (Fig. 3.6c) and without (Fig. 3.6d) wind. As can be seen,

this has little impact on the result since in either the wind dominates transport as is

the case in the bottom left plot, or cooling timescales are still faster than diffusion

timescales (both bottom panels). All this is evident from Fig. 3.1

In addition, we compare projected upper limits the scenarios with and without wind

and for single power-law diffusion in Fig. 3.7. We do not show limits for the scenario

with a flat diffusion coefficient below 1.5 GeV as this only marginally affects the

results, as discussed above. All assumptions on the instrument and background are

identical to those in the main text. As mentioned above, in absence of the wind the

secondary particles cool and radiate almost in-situ. Resulting in secondary emission
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(a) Benchmark model: slow diffusion

with wind.
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(b) Slow diffusion, no wind.
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(c) Fast diffusion and wind.
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(d) Fast diffusion, no wind.

Figure 3.6 Spectra for mχ = 60 MeV, χχ → e+e− and 〈σv〉 = 10−28 cm3 s−1 and

considering different cosmic-ray transport scenarios.

being yet more important, with IfA being the dominant contribution to the limits

upto mχ ∼ 100 MeV.

3.C Spectra for different channels

Below we present example spectra for the different annihilation channels presented

in this chapter. All spectra are for benchmark setup and correspond to a window

|l|, |b| < 5◦. The annihilation cross section is everywhere set to 〈σv〉 = 10−28 cm3 s−1.

In Fig. 3.8a we show the spectrum from χχ → e+e− for mχ = 60 MeV. For the

same dark matter mass we show the spectrum for the cascade channel in Fig. 3.8b.
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(a) Slow diffusion, with wind.
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(b) Slow diffusion, no wind.

Figure 3.7 Projected upper limits for χχ→ e+e− for different cosmic-ray transport

scenarios. Figures identical to Fig. 3.4, but excluding the cascade and muon channel.

The mediator mass is mφ = 5 MeV. The FSR spectrum is now suppressed compared

to the direct annihilation channel due to the smaller mass splitting between the

mediator and and the electron, relative to the mass splitting between the electron

and the dark matter particle. Also, the secondary spectra (IfA and bremsstrahlung)

become more smooth since the injection spectrum of electrons and positrons gets

spread out as a result of the boost of the mediator.

In the bottom panels we show the result for the muonic channel (Fig. 3.8c) at

mχ = 110 MeV. For the muonic channel FSR is the dominant component, which in

this case is generated at two stages, when dark matter annihilates to a muon pair,

and when the muon subsequently decays. Also, secondaries are more suppressed

here compared to the direct or cascade annihilation channel, since the spectrum

gets broadened as a result of the non-zero momentum of the muon and only one

e+e− pair is produced, compared to two in the cascade channel.

Finally, we show the spectrum for χχ → π0γ at mχ = 300 MeV in Fig. 3.8d. The

spectrum consists of a monochromatic line (which we gave a width of 2% for visual

simplicity) and a box, since the pion is a scalar. The cross section is the same in

all figures, but note the different vertical scale in Fig. 3.8d compared to the other

figures.
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(a) Spectrum for χχ → e+e− and mχ =
60 MeV.
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(b) Spectrum for χχ → φφ →
e+e−e+e−, mχ = 60 MeV and mφ =
5 MeV.
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(c) Spectrum for χχ→ µ+µ− and mχ =
110 MeV.
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(d) Spectrum for χχ → π0γ and mχ =
300 MeV. The width of the line is set to

2% to ease the eye.

Figure 3.8 Spectra (prompt and secondary) for the channels considered in this chap-

ter. Where secondary emission is present, we assumed our benchmark cosmic-ray

transport model, with slow diffusion and an advective wind of v = 250 km s−1. None

of these spectra has been convolved with the instrumental resolution.
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Part II

The Anomaly

Science, my lad, is made up of mistakes,

but they are mistakes which it is useful

to make, because they lead little by

little to the truth.

Jules Verne

A Journey to the Center of the Earth

73





4
Introduction to the

Fermi–Lat Galactic

Center Excess

The Galactic Center Excess (GCE), sometimes also referred to as the GeV excess, is

an anomalous feature in the data of the Fermi Large-Area Telescope (LAT) at the

Galactic Center (GC). Most of my PhD research has some connection to the GCE,

the main outcome of which has been to make a stronger case for the millisecond-

pulsar (MSP) interpretation of the excess. This chapter provides an introduction to

the GCE before delving into the details of my research. I will describe the origin

of the GCE in Section 4.1. Various interpretations of the GCE are discussed in

Section 4.2.

4.1 The rise and shine of the GeV excess

The Fermi–LAT satellite was launched on June 11, 2008. One of its key-science

goals is to probe the nature of dark matter [234]. When Fermi was launched the

EGRET GeV Excess1 was still around and awaiting scrutiny [236, 309]. EGRET,

Fermi its predecessor, saw an excess over the expectation from diffuse-cosmic-ray-

induced emission at energies > 1 GeV in all directions of the sky. Amongst other

things, dark matter models had been invoked to explain it [310]. However, in order

to explain the emission from the halo one needs a large boost factor. As such, the

1 Confusingly, both the EGRET excess and the Fermi–LAT GCE are referred to as GeV excess.

It should be made explicit that they are completely unrelated.
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EGRET excess was not the most elegant case for dark matter. It did not take

the Fermi -LAT long to deal with this legacy, after one year it was clear that the

EGRET excess was inconsistent with the superior Fermi -LAT data, which itself was

well described by the expected Galactic diffuse emission [311, 312]. Most likely,

the cause of the EGRET anomaly was a systematic error in the estimation of the

instrument-response functions at energies & 1 GeV [313, 311, 312].

Not long afterwards the Fermi -LAT got its own anomaly. However, in this case the

anomalous signal was coming straight from the Galactic Center, the place where

dark matter is expected to shine brightest. In late 2009 a preprint appeared which

claimed the presence of an excess of γ-rays peaking at energies of ∼ 2 GeV in the

direction of the Galactic Center [116]. As the paper was written by theorist using

publicly available data it was received with great suspicion. It also sparked a debate

on making data public and the downside of preprints23. Ultimately, it ended up never

being published in a peer-review journal. However, its major claim, the presence of

a potential dark matter annihilation signal, survives and has led to a lively debate

over the past decade.

The first question was: ”is this excess real?”. First, real in the sense of actually being

generated by some astrophysical phenomenon and not, like the EGRET excess,

caused by for instance a mismodeling of the instrument. Since the Fermi team

provides processed data and suggests further selection cuts to reduce backgrounds

it was quite certain that the events analyzed where real γ-rays. The second, more

difficult, question was whether this really is an excess over the expected Galactic

diffuse emission or if these fore- and backgrounds had been mismodeled, i.e. an excess

compared to what? Shortly after the initial claim by Ref. [116], the Fermi team itself

released a conference proceedings suggesting the presence of an excess [315], but at

the same time warranting about the importance of a detailed understanding of the

fore- and backgrounds. Many analyses followed confirming the presence of the GCE,

although sometimes disagreeing on its exact characterisation, [316, 317, 318, 319,

320, 321, 117, 118, 322, 323, 324, 325, 326, 327, 328, 329, 330, 331, 332, 333, 334,

5, 335], and there is an outlier claiming it is not there [336]. Most of these analyses

applied spatial-template fits. In this type of analysis one fixes the spatial information

of the signal and various fore- and background components and allows each template

to float in the different energy bins. This way an overall normalization and energy

2 doi:10.1038/news.2009.1018;

https://physicsworld.com/a/dark-matter-paper-raises-questions-over-data-sharing/;

doi:10.1088/2058-7058/22/12/30.
3 Interestingly, the Fermi-LAT collaboration itself recently suffered from an untimely public

announcement of results presented only in preprint form (e.g. https://www.symmetrymagazine.

org/article/mystery-glow-of-milky-way-likely-not-dark-matter). In fact, in this case it turned out

that the initial analysis to which the announcement referred was flawed [314, 9].
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4.1. The rise and shine of the GeV excess

spectrum can be extracted from the data for each template. The reader is referred

to, for instance, Ref. [118] for details on the spatial template-fitting technique.

A breakthrough in our understanding of the GCE came with the spatial-template-

fitting analyses by Refs [117] and [118]4. Earlier works on the GCE typically found an

extended source in an ROI extending about ∼ 3◦ from the Galactic Center. On the

other hand, these works characterised the GCE out to greater Galactocentric radii

and found that it extends & 10◦ away from the Galactic Center. The morphology of

the GCE was found to be spherically symmetric and consistent with a generalised

NFW profile for annihilating-dark matter with an inner-slope of γ ∼ 1.25. Finally,

the energy spectrum was found to peak at energies of ∼ 2 GeV, consistent with the

expectations for a vanilla WIMP of O(50 GeV) annihilating into bb̄ or a variety of

other final-states [119]. However, most importantly these works more rigorously

answered the question ”an excess compared to what?”. It was shown that the excess

was rigorous with respect to various diffuse emission models, either as provided by

Fermi [117] or when constructed using the cosmic-ray propagation code GALPROP

[337, 118]. The latter work considered a large number of different diffuse-emission

models in an attempt to account for their systematic uncertainties. The presence of

the excess was confirmed by the Fermi collaboration [322].

Reference [117] called the GCE ”a compelling case for dark matter”. However,

although the presence of the GCE over existing background models had by then

been robustly confirmed, the question if this really was an excess over Galactic

diffuse emission had not. In particular, it was pointed out that typical models of

cosmic-ray induced γ-rays do not include a source at the Galactic Center, whereas

O(10%) of all star formation is expected to take place in the Inner-Galaxy [325, 338].

Including an additional source term to account for star formation near the Galactic

Center has been shown to be able to absorb part of the the excess and alter its

characteristics. However, its energy spectrum does not match that of the GCE

and therefore it cannot absorb all of it [325, 326]. Moreover, also the distribution

of target material for the cosmic-rays, i.e. the radiation field and the interstellar

gas, carries considerable uncertainty and could effect the characteristics of the GCE

[339, 340]. In addition, there is a degeneracy with another elephant in the Fermi -

LAT γ-ray sky, namely the Fermi bubbles [341, 342, 343]. These giant-diffuse lobes

perpendicular to the Galactic plane are most likely due to energy injection near the

Galactic Center. This could for instance be an outflow resulting from accretion onto

the supermassive black hole or the energy could have been injected during an intense

4 I had just finished my M. Sc. at the time the work by Refs [117, 118] appeared and was allowed

to attend TeVPA/IDM in Amsterdam. There was a panel discussion on the Galactic-Center excess.

Panelists were asked to give a probability that the excess was due to dark matter. The numbers I

recall ranged from ∼ 20% to ∼ 90%.
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period of star formation. The low-latitude part of the bubbles is not particularly

well understood and therefore affects the determination of the GCE characteristics

[332, 328]. However, the GCE does seem to be a distinct feature [328, 332, 333].

Notably the low-latitude bubble emission appears to have a harder spectrum than

the GCE [333].

An alternative to spatial-template fitting is spectral-template fitting. Instead of fix-

ing the morphology one fixes the energy spectrum of the various components, which

allows for the extraction of spatial information. Such techniques were applied for

instance by Ref. [324] who confirm the presence of a spherical excess. However,

when they allow more freedom in for their dark matter component they also find

it correlates with the disk. Similarly, Ref. [331] argues that the GCE is not only

present in the Galactic Center, but that GCE-like emission can be found through-

out the Galactic plane and is spatially coincident with CO-maps. However, in my

opinion it is doubtful that what has been termed the Galactic Center excess is also

a feature of the disk, rather than the Galactic Center alone. An obvious limitation

of the spectral-template fitting approach is that one tries to obtain detailed spatial

information with a small number of templates, O(5), which to some extent are degen-

erate. For many physical processes it is not expected that the emission has a unique

spectrum throughout the Galaxy, rather it can vary depending on the sources and

the environment. Consequently, spectral-templates run the risk of being affected by

position-dependent spectral changes in the brightest emission components, in this

case the Galactic disk. Of course, spatial templates are not free of assumptions

either. They also use a single spectrum across the sky for instance. However, they

are more constrained and allow for direct model comparison.

In Chapter 6 we perform a reanalysis of the GCE characteristics using SkyFACT,

a recently developed tool that is a hybrid between template fitting and image re-

construction [333], i.e. a hybrid between spatial and spectral template fitting. As

opposed to traditional spatial-template-fitting analyses, SkyFACT can account for

uncertainties in the fore- and background models used through the inclusion of a

large number of nuisance parameters. Contrary to the findings of earlier analyses

(e.g. [117, 118]) we find evidence for the GCE being oblate rather than spherical. A

template for the Galactic stellar bulge, as traced by red-clump giants [344], provides

the best model for the GCE. This provides additional corroborative evidence for the

MSP interpretation of the excess, about which we will learn more in Section 4.2.

After almost 10 years of Fermi–LAT observations the GCE has established itself as

an anomalous feature at the Galactic Center [117, 118]. From its (pre-)history it is

clear that claiming the existence of a dark matter in indirect detection requires great

knowledge of both your instruments and the fore- backgrounds. Not only do you

have to answer the question ”is this real?”, but also ”and if so can it be accounted
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for within the existing framework?”.

4.2 Interpretations

4.2.1 Dark matter or astrophysics

Dark matter as the explanation of the GCE is the most exciting possibility. Past

analyses showed that both the spectrum and morphology agree with the expecta-

tions for a dark matter annihilation signal (e.g. [117, 118]). Moreover, a variety of

annihilation channels could explain the spectrum, requiring cross-sections similar to

the canonical value of ∼ 3 × 10−26 cm3 s−1 for a thermal WIMP [119]. No wonder

that the GCE has caused so much excitement among the dark matter community5.

However, there exist alternative astrophysical6 explanations. The strongest com-

petitor to the dark matter explanation is a population of unresolved millisecond

pulsars in the Galactic bulge. Since this is such a major theme in this thesis it will

be discussed in more detail in Section 4.2.2. Young pulsars have also been suggested

[345], however, since these are younger systems than MSPs they are typically more

confined to the disk making this scenario less appealing. Alternatively, the injection

of cosmic rays in the inner Galaxy has already been mentioned as a potential con-

tributor to the GCE. Although it can alter the GCE characteristics, the spectrum

of the cosmic-ray induced emission for a steady sources appears incompatible with

that of the GCE [325, 326]. There do exists some scenarios in which the spectrum

of the GCE can be reproduced.

Firstly, the GCE could be produced by protons interacting with the dense gas in

molecular clouds, as proposed by Ref. [331]. This would not only explain the claim

by the same authors that the GCE is present along the disk and correlated to CO

emission, but could also explain the energy spectrum. The argument is that cosmic-

rays with energies smaller than O(10 GeV) are screened from the molecular clouds

due to an effect similar to solar modulation. Solar modulation is the reason why we

observe a cutoff in the local cosmic-ray spectrum [346].

Secondly, it was pointed out that the spectrum can also be reproduced by a transient

source of cosmic-rays [347, 348, 349]. Such a transient event would be related to a

more active period in the history of the Galactic Center triggered by for instance

5Almost two-thirds of the papers citing Refs [116, 117, 118] contain the words ”dark matter” in

the title.
6 Of course dark matter can also be called astrophysics. However, here we mean more conven-

tional, established astrophysical phenomena.
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increased accretion onto the supermassive black-hole Sagittarius A*. The cosmic-

rays could be either protons interacting with the gas [347] or electrons interacting

with the interstellar radiation field [348]. However, since protons interact with the

gas, the resulting GCE will not be spherically symmetric, but rather correlated with

the distribution of gas in the Galactic plane. Consequently, this scenario appears at

odds with observations. This is not the case for electrons, which interact mostly with

the interstellar-radiation fields through inverse-Compton scattering. In this case,

the morphology can be reproduced by two outburst events which had to happen

respectively ∼ 1 Myr and ∼ 0.1 Myr ago [349].

4.2.2 The millisecond-pulsar interpretation

A pulsar is a spinning neutron star emitting pulsed radiation. Millisecond pulsars

are believed to be old, recycled pulsars that are spun-up to millisecond periods by

accreting from a companion star [350]. Various models for high-energy emission

from MSPs are present in the literature (see e.g. [351, 352]). Gamma-ray emission

from MSPs is produced in the pulsar magnetosphere by energetic leptons interacting

predominantly with the magnetic field [352]. The mechanism of γ-ray emission by

MSPs is not the topic of this thesis, rather we take an agnostic approach an utilise

the observed spectrum [353, 354, 355]. It was noted early on by Ref. [356] that the

MSP spectrum as observed in globular clusters [353] is remarkably similar to the

GCE spectrum. Ref. [356] argued that the signal as observed by Ref. [116] could be

due to MSPs in the nuclear bulge, a dense stellar complex in the inner . 200 pc of

our Milky-Way [357, 358]. Due to the high stellar density of this environment MSPs

could form dynamically, similar to how they form in globular clusters [359]. We now

know that the GCE is more extended than the nuclear bulge. However, MSPs need

not be confined to the nuclear bulge. Other than a dark matter halo and the disk,

one of the defining features of spiral galaxies like our Milky-Way is the presence of

a central bulge [360]. In case of our Galaxy the bulge is ∼ 3 kpc in size. MSPs can

be present throughout the entire Galactic bulge. Either they formed in-situ when

our Galaxy was still young and the bulge was actively star forming [361, 362, 7],

or they were deposited by the tidal disruption of globular clusters falling into the

Galactic Center [363, 364, 365, 366]. Deploying the spectral argument several works

proposed a Galactic bulge MSP population of ∼ 103–104 sources as the potential

source of the GCE [319, 321, 367].

Nevertheless, arguments agains the MSP interpretation were raised. These argu-

ments included an incompatible spectral shape and spatial distribution [368], the

non-observation of MSPs from the inner Galaxy [368, 369, 370, 371] and a lack of

bright low-mass X-ray binary (LMXBs) [372], which are MSP progenitors. The first
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two arguments are quite readily dealt with since the GCE spectrum carries con-

siderable systematic uncertainty [118] and MSPs could live in the Galactic bulge

which traces the GCE. The latter arguments require some more explanation. First

several works pointed out that if the luminosity function of MSPs in the bulge is

similar to that of disk MSPs [368, 369, 370] or MSPs in globular clusters [371],

Fermi -LAT should have observed upto a few dozen of MSPs from the inner-Galaxy.

However, this conclusion hinges on the modeling of the MSP luminosity function in

the disk and globular clusters [348, 367, 373], for which different treatments have

been adopted in the literature. In Chapter 7 we settle this debate in favour of MSPs

by performing a comprehensive study of the MSP luminosity function. The LMXB

argument can be dealt with in a more qualitative fashion. Ref. [372] assumes that

MSPs are correlated to bright LMXBs, which could indeed be the case. However,

as we point out in Chapter 8 the MSPs could also have formed predominantly from

sub-populations of LMXBs which are much dimmer and therefore have not yet been

observed [361]. Alternatively, in certain population synthesis models in which MSPs

form directly through accretion-induced collapse the LMXB phase could be absent

entirely [362].

The debate took a turn in favour of MSPs when corroborative evidence for the pres-

ence of a population of point sources capable of reproducing the GCE was presented

by Refs [3] (presented in Chapter 5) and [374]. These studies analyzed the photon

statistics in the inner-Galaxy using two complementary methods. For a population

of unresolved-point sources more power is expected on small angular scales than for

a diffuse emission signal such as cosmic-ray induced emission or a dark matter anni-

hilation signal, i.e. the signal from MSPs will be more speckled [375]. Although these

analyses favour the MSP scenario, they are not definitive evidence. For instance,

albeit unlikely, it is not completely ruled out that the results are contaminated by

unmodeled small-scale structures in the gas [4]. The evidence for the MSP scenario

can be strengthened through other potential powerful probes such as the study of

the photon statistics using deep-neural networks [376]. A completely new approach

is to classify detected sources as likely pulsar candidates and constrain the bulge

population of MSPs in this way [314, 9]. The latter would be the most convincing

since it is directly constraining the GCE using detected sources, instead of relying on

the unresolved population. Nevertheless, definitively settling the debate in favour of

MSPs requires the direct observation of a population of MSPs in the inner-Galaxy

through their pulsed emission. Near future radio experiments have the potential to

do this [377].
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4.3 Our contribution and outlook

In this thesis I present four works related to different aspects of the Galactic Center

excess. In Chapter 5 we show that the there is evidence for the clustering of photons

on small angular scales. Such clustering is expected in the presence of an unresolved

source population. We show that a population of MSPs capable of producing a

sufficient amount of γ-rays to match the GCE can also explain the photon clustering

signal. Additional support for the MSP interpretation is presented in Chapter 6.

We reanalyze the GCE with SkyFACT and find that its morphology is better

described by a template based on the distribution of stellar mass in the Galactic

bulge than a dark matter template. This result hints at a stellar origin of the

Galactic Center excess. Chapter 7 does not deal directly with the GCE, but rather

is a comprehensive study of MSPs in the Milky-Way disk. We constrain the Galactic

population of MSPs, their spatial distribution and luminosity function. Contrary to

previous claims elaborated upon in Section 4.2.2, we find that the GCE is consistent

with an MSP population similar to the population in the disk. Finally, in Chapter 8

we hypothesise about a potential connection between the GCE anomaly and the

511 keV positron signal from the Galactic Bulge (also see section 1.3). This work

relies on the evolutionary history of MSPs.

The work presented in this thesis has contributed to an improved understanding of

the nature of the GCE. At this point in time, I would say that the Fermi Galactic

Center excess is a compelling case for millisecond pulsars. However, more evidence

is needed. This evidence could come from the identification of a large population of

likely MSPs in the inner-Galaxy. Moreover, a future instrument with better angular

resolution could potentially help to separate point sources from diffuse backgrounds

(see for instance [165]). However, I think that the debate will have been settled

before a γ-ray instrument with the required specifications becomes available and

has collected sufficient data. Near future radio observatories will most likely provide

the next major breakthrough in this debate [377].

***
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5 A Wavelet Analysis of

the Inner Galaxy

5.1 Introduction

Probably the most plausible astrophysical interpretation for the GCE is the com-

bined emission from a large number of unresolved millisecond pulsars (MSPs) in the

Galactic bulge region [356, 321, 319, 367]. MSPs feature a spectrum compatible with

the GCE emission [118], and a large unresolved component can naturally explain

the uniformity of the GCE spectrum in different regions of the sky. Recently, it

was shown that the spatial distribution of MSPs that were spilled out of disrupted

globular clusters can explain the morphology of the GCE [363]. Such MSPs from

disrupted globular clusters have also been suggested as the source behind the GeV

through TeV emission in the inner few parsec of the GC [378]. Further possible

support for the MSP hypothesis might come from Chandra observations of low-mass

x-ray binaries (which are progenitor systems of MSPs) in M31, which show a cen-

trally peaked profile in the inner 2 kpc [379, 318], as well as the recent observation

of extended hard X-ray emission from the Galactic Center by NuSTAR [380].

It was claimed that an interpretation of 100% of the GCE emission in terms of MSPs

would be already ruled out: a sizeable fraction of the required 103–104 MSPs should

have been already detected by the Fermi -LAT [368, 369], but no (isolated) MSP has

been identified so far in the bulge region. This conclusion depends crucially, however,

on the adopted γ-ray luminosity of the brightest MSPs in the bulge population, on

the effective source sensitivity of Fermi -LAT, and on the treatment of unassociated

sources in the Inner Galaxy [381, 363] (also see Chapter 7). A realistic sensitivity
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5. A Wavelet Analysis of the Inner Galaxy

study for MSPs in the context of the GeV excess, taking into account all these

effects, was lacking in the literature up to now (but see Ref. [382]).

In this chapter, we close this gap and present a novel technique for the analysis

of dim γ-ray sources and apply it to Fermi -LAT observations of the Inner Galaxy.

Our method is based on the statistics of maxima in the wavelet-transformed γ-ray

sky (in context of Fermi -LAT data, wavelet transforms were used previously for

the identification of point source seeds [383, 322]). We search for contributions

from a large number of dim MSP-like sources, assuming that they are spatially

distributed as suggested by GCE observations. Our method has several advantages

with respect to previously proposed techniques based on one-point fluctuations [375],

most notably the independence from Galactic diffuse emission models and the ability

for candidate source localization.

5.2 Modelling

We simulate a population of MSP-like sources, which we hereafter refer to simply as

the central source population (CSP), distributed around the GC at 8.5 kpc distance

from the Sun. The CSP is taken to have a spatial distribution that follows a radial

power law with an index of Γ = −2.5 and a hard cutoff at radius r = 3 kpc [117, 118].

As a reference γ-ray energy spectrum, we adopt the stacked MSP spectrum from

Ref. [354], dNdE ∝ e
−E/3.78 GeVE−1.57. The γ-ray luminosity function is modeled with

a power law, dNdL ∝ L
−α, with index α = −1.5 [384, 354, 385, 381], and with lower and

upper hard cutoffs at Lmin = 1029 erg s−1 and Lmax = 1034–1036 erg s−1, respectively.

Luminosities are integrated over 0.1–100 GeV. Our results depend little on Lmin.

Given that only about 70 MSPs have been detected in γ rays up to now [382], Lmax

is not well constrained. The γ-ray luminosity of the brightest observed MSP is

somewhere in the range (0.5–2)× 1035 erg s−1 [382, 354], depending on the adopted

source distance [381, 363]. Diffuse emission is modeled with the standard model for

point source analysis gll iem v06.fits and the corresponding isotropic background.

5.3 Data

For our analysis, we use almost seven years of ultraclean Fermi -LAT P8R2 data

taken between August 4 2008 and June 3 2015 (we find similar results for source

class data). We select both front- and back converted events in the energy range

1–4 GeV, which covers the peak of the GCE spectrum. The region of interest

84



5.4. Wavelet peaks

(ROI) covers the Inner Galaxy and spans Galactic longitudes |`| ≤ 12◦ and latitudes

2◦ ≤ |b| ≤ 12◦. The data are binned in Cartesian coordinates with a pixel size of

0.1◦.

5.4 Wavelet peaks

The wavelet transform of the γ-ray data is defined as the convolution of the photon

count map, C(Ω), with the wavelet kernel, W(Ω),

FW [C](Ω) ≡
∫
dΩ′W(Ω− Ω′)C(Ω′) , (5.1)

where Ω denotes Galactic coordinates [386] (note that
∫
dΩW(Ω) = 0). The central

observable for the current analysis is the signal-to-noise ratio (SNR) of the wavelet

transform, which we define as

S(Ω) ≡ FW [C](Ω)√
FW2 [C](Ω)

, (5.2)

where in the denominator the wavelet kernel is squared before performing the con-

volution. If the γ-ray flux varied only on scales much larger than the extent of the

wavelet kernel, and in the limit of a large number of photons, S(Ω) would behave

like a smoothed Gaussian random field. Consequentially, S(Ω) can be loosely inter-

preted as the local significance for having a source at position Ω in units of standard

deviations (also see Sect. 5.H).

As the wavelet kernel, we adopt the second member of the mexican hat wavelet

family, which was shown to provide very good source discrimination power [387] and

which was used for the identification of compact sources in Planck data [388]. The

wavelet can be obtained by a successive application of the Laplacian operator to a

two-dimensional Gaussian distribution with width σbR. Here, σb = 0.4◦ corresponds

to the Fermi -LAT angular resolution at 1–4 GeV, and R is a tuning parameter. We

find best results when R varies linearly with latitude from R = 0.53 at b = 0◦ to

R = 0.83 at b = ±12◦. This compensates to some degree the increasing diffuse

backgrounds towards the Galactic disk, while optimizing the source sensitivity at

higher latitudes [388].

The resulting SNR of the wavelet transform S(Ω) is shown in Fig. 5.1. As expected,

the Galactic diffuse emission is almost completely filtered out by the wavelet trans-

form, whereas bright sources lead to pronounced peaks. We adopt a simple algorithm

for peak identification: we find all pixels in S(Ω) with values larger than in the four

adjacent pixels. We then clean these results from artifacts by forming clusters of
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Figure 5.1 SNR of the wavelet transform of γ rays with energies in the range 1–4

GeV, S(Ω). The black circles show the position of wavelet peaks with S ≥ 2; the red

circles show the position of third Fermi-LAT catalog (3FGL) sources. In both cases,

the circle area scales with the significance of the source detection in that energy

range. The dashed lines indicate the regions that we use for the binned likelihood

analysis, where latitudes |b| < 2◦ are excluded because of the strong emission from

the Galactic disk. The subset of 3FGL sources that remains unmasked in our analysis

is indicated by the green crosses.

peaks with cophenetic distances less than 0.3◦, and only keep the most significant

peak in each cluster.

In Fig. 5.1, we show the identified wavelet peaks with peak significance S > 2, as

well as all 3FGL sources for comparison [383]. For sources that are bright enough in

the adopted energy range, we find a good correspondence between wavelet peaks and

the 3FGL, both in terms of position and significance (we compare the significance

of wavelet peaks S with the 1–3 GeV detection significance for sources).

It is worth emphasizing that for the adopted spherically symmetric and centrally

peaked distribution of the CSP, most of the sources would be detected not directly

at the GC but a few degrees away from the Galactic disk. This is simply due to the

much weaker diffuse emission at higher latitudes. Our focus on latitudes |b| ≥ 2◦,
thus, avoids regions where source detection becomes less efficient, due to strong

diffuse foregrounds, without significant sensitivity loss for the source population of
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5.5. 3FGL sources

interest.

5.5 3FGL sources

Before studying the statistics of the wavelet peaks in detail below, we remove almost

all peaks that correspond to the known 3FGL sources based on a 0.3◦ (1◦ for
√
TS ≥

50) proximity cut. However, in order to mitigate a potential bias on Lmax, we

do not mask peaks that correspond to 3FGL sources that are likely part of the

CSP. We identify such MSP candidate sources by requiring that they (i) are tagged

as unassociated, (ii) show no indication for variability and (iii) have a spectrum

compatible with MSPs. The last criterion is tested by performing a χ2 fit of the

above MSP reference spectrum to the spectrum given in the 3FGL (0.1–100 GeV;

five energy bins). Only the normalization is left free to vary. We require a fit quality

of χ2/DOF ≤ 1.22 (with DOF=4), corresponding to a p value ≥ 0.3.

We find 13 3FGL sources in the Inner Galaxy ROI that pass the above MSP cuts

(listed in the Supplemental Material). Interestingly, the average number of MSP

candidate sources in same-sized control regions along the Galactic disk in the range

|`| = 12◦–60◦ is significantly smaller, with an average of 3.1. It is tempting to

interpret this excess of MSP candidate sources in the Inner Galaxy as being caused

by the brightest sources of the CSP, above the less-pronounced thick-disk population

of MSPs [389, 390]. However, we emphasize that the status of these 13 sources is

currently neither clear nor qualitatively decisive for our results. Whether we mask

them plays a minor role in the detection of the CSP below (but it does affect the

inferred values for Lmax; see Supplemental Material).

5.6 Statistical analysis

In Fig. 5.2 we show a histogram of the wavelet peaks in our ROI. We bin the peaks

in a two-dimensional grid, which spans the projected angle from the Galactic Center

2◦–17◦ and wavelet peak significances in the range 1–10. The bin edges are as

indicated in the figure. As expected, photon shot noise gives rise to a large number

of peaks with low significances S ≤ 3, and only a small number of peaks has S ≥ 5.

We assume that the number of peaks in each bin in Fig. 5.2 follows – in repeated ex-

periments and random realizations of the CSP – to a good approximation a Poisson

distribution. We estimate the corresponding average number of expected wavelet

peaks in each bin using a large number of Monte Carlo simulations, where we sim-
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Figure 5.2 Histogram of observed peaks in S(Ω), in bins of projected radial distance

from the GC and SNR values (black dots with statistical error bars). We show

the expectation value for the case of a negligible CSP as blue bars, whereas the

expectation values for the best fit are shown in red.

ulate the diffuse background emission, random realizations of the source population

and photon shot noise.

In order to quantify what CSP luminosity function reproduces best the observations,

we perform a binned Poisson likelihood analysis of the wavelet peak distribution.

The likelihood function is given by

L =
nr∏
i=1

ns∏
j=1
P(cij |µij(Lmax,Φ5)) , (5.3)

where nr and ns are, respectively, the numbers of radial and peak SNR bins, cij is

the observed and µij the expected number of peaks, and P is a Poisson distribution.

The expectation values depend directly on the maximal luminosity, Lmax, as well as

on the number of simulated sources, n. To ease comparison with the literature, we

determine n as a function of Φ5, which denotes the mean differential intensity of the

CSP at b = ±5◦, ` = 0◦, and 2 GeV. In the case of the GCE, this value was found

to be ΦGCE
5 = (8.5± 1.5)× 10−7 GeV−1 cm−2 s−1 sr−1 at 95.4% C.L. [118].
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Figure 5.3 Constraints on the maximum γ-ray luminosity of the CSP, Lmax, and the

population averaged intensity at b = ±5◦, ` = 0◦, and 2 GeV, Φ5, as derived from

our wavelet analysis. We show 68.7%, 95.4%, and 99.7% C.L. contours. We also

indicate the values of Φ5 where the source population can explain 100% of the GCE

(horizontal gray band, 95.4% CL), and as vertical orange lines the luminosity of the

brightest observed nearby MSPs.

5.7 Results

In Fig. 5.2, we show the expectation values that we obtain when neglecting contribu-

tions from the CSP (and any other nondiffuse emission). This corresponds to good

approximation to the case where the GCE is of truly diffuse origin, including the

case of DM annihilation or outburst events. We find that the observed number of

wavelet peaks with S < 2 is significantly lower than expected, whereas the observed

number of peaks with S > 3 is significantly higher. As we will show next, this is

precisely the effect that is caused by a dim source population.

We now turn to the case with a nonzero CSP contribution. In Fig. 5.3, we show

the limits that we obtain on the two CSP parameters when fitting the histogram in

Fig. 5.2 as described above. We find that a nonzero contribution from the CSP is

favored at the level of at least 10.0σ (when quoting the statistical significance, we

conservatively take into account bins with S < 5 only, which are most affected by

a dim source population, and least affected by the masking of 3FGL sources [see

the Supplemental Material for details]). The best-fit value for the total differential
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intensity is Φ5 = (9.0 ± 1.9) × 10−7 GeV−1cm−2s−1sr−1 and for the maximum

luminosity Lmax = (7.0± 1.0)× 1034 erg s−1. As can be seen in Fig. 5.2, we obtain

in this case a very good fit to the data.

Our preferred range of the maximum γ-ray luminosities reaches up to Lmax ≤
1.04× 1035 erg s−1 (at 95.4% C.L), which is compatible with observations of nearby

MSPs. We illustrate this by showing in Fig. 5.3 the γ-ray luminosity of the bright-

est individually observed nearby MSPs as given in Ref. [354] (we only show objects

where second γ-ray pulsar catalog [382] distances are available; see Ref. [363] for

a detailed discussion about distance uncertainties). Furthermore, for the adopted

slope of the luminosity function, α = 1.5, the best-fit value for the total differential

intensity of the CSP Φ5 is consistent with the CSP accounting for 100% of the GCE

emission.

5.8 Discussion and conclusions

We found corroborating evidence for the hypothesis that the GCE is caused by

a hitherto undetected population of MSP-like sources. We performed a wavelet

transform of the γ-ray emission from the Inner Galaxy, which removes Galactic

diffuse emission and enhances point sources, and we studied the statistics of the peaks

in this transform. We detected with 10.0σ significance a suppression (enhancement)

of low- (high-) significance wavelet peaks, relative to the expectations for purely

diffuse emission. We showed that this effect is caused by the presence of a large

number of dim point sources. The spatial distribution of wavelet peaks in the Inner

Galaxy is compatible with a centrally peaked source distribution, and the inferred

cutoff of the γ-ray luminosity function of these sources agrees with the observation

of nearby MSPs. This source population can, for reasonable slopes of the luminosity

function, account for 100% of the GCE emission.

For the purpose of this chapter, which introduces a novel technique, we kept our

analysis as simple as possible. In general, one might worry that our results could

be affected by the presence of extragalactic and Galactic sources, by the thick-disk

population of MSPs and young pulsars, by the details of masking and unmasking

3FGL sources, by the details of the adopted γ-ray luminosity function, and by un-

modeled substructure in the Galactic diffuse emission that is not removed by the

wavelet transform. We address all of these points in the Supplemental Material and

show that it is rather unlikely that they affect our results qualitatively, although

quantitative changes in the obtained best-fit values for Φ5 and Lmax are possible. In

particular, we showed that the wavelet signal expected from the thick-disk popula-
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tion of MSPs is an order of magnitude weaker than what we actually observed and

that interpretations related to unmodeled gas remain on closer inspection unlikely.

The prospects for fully establishing the MSP interpretation within the coming decade

are very good. Our results suggested that upcoming γ-ray observations with im-

proved angular resolution (planned or proposed γ-ray satellites like GAMMA-400 [391],

e-ASTROGAM [164], and PANGU [392]) will allow us to detect many more of the

bulge sources and study their distribution and spectra. For current radio instru-

ments, it remains rather challenging to detect a MSP population in the bulge [363],

but prospects for next-generation instruments are good.
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Appendix

In the appendix we discuss the possible impact of various systematic effects on our

results. This includes a control region analysis, a discussion of various types of γ-ray

sources, substructure in diffuse emission, a thick-disk population of MSPs, sphericity

and the role of negative wavelet peaks.

5.A Null results in control regions

In order to estimate the effect of various systematic uncertainties, it is useful to apply

our analysis on control regions along the Galactic disk (in the case of Galactic diffuse

emission this was first systematically done in Ref. [118]). Potentially unresolved

substructure in the Galactic diffuse emission (e.g. in the form of giant molecular

clouds, see below), and contributions from various Galactic and extragalactic source

populations could be responsible for the detected wavelet signal in the inner Galaxy,

but would in general also affect other regions in the Galactic disk. To this end,

we focus on (partially overlapping) control regions along the Galactic disk, which

are of the same size as the inner Galaxy ROI, but displaced by ∆` = ±k 20◦ with

k = 1, 2, 3, 4.

In Fig. 5.4 we show the TS value for a detection of the CSP for the main and the

different control ROIs along the Galactic disk. We leave Lmax and Φ5 free to vary

in each region independently. In the main ROI that covers the inner Galaxy we find

the significant detection of a CSP that was discussed in the main text. As shown

in the plot, this high significance is supported by the low, intermediate and high-

significance SNR peaks of the wavelet transform separately. The directly adjacent

regions also show relatively large TS values, which is either caused by the partial

overlap of these control regions with the main ROI, or by a CSP that is more disk-

like than assumed in our analysis. We will address the latter point below. However,

in the outermost six control regions we find no significant detection of a CSP, for
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Figure 5.4 We show, as function of the central longitudinal position of the control

regions (for ` = 0◦ the main ROI), the significance of a CSP detection. We assume

that the CSP is centered in each of the ROIs, and we refit the parameters Lmax

and the number of sources. We indicate how different ranges of the wavelet peak

significances contribute to the detection. All 3FGL sources are masked in this plot,

in order to be conservative.

any of the considered values for Lmax and Φ5 (the large TS values at ` = 80◦ are

caused by one extremely bright source that generates fake peaks in its tails). This

observation makes it already extremely unlikely that our findings are driven by a

mismodelling of the local Galactic diffuse emission, or by extragalactic sources. We

will address this in more detail below.

5.B Consistent wavelet signal in separate bins

It is instructive to see how wavelet peaks with different significances contribute to

the constraints on the luminosity function that we showed in Fig. 5.3 in the main

text. To this end, we show in Fig. 5.5a the limits that we obtain separately from

peak significances in the range S = 1–3, S = 3–5 and S = 5–10, respectively.

All three constraints are mutually consistent to within 1σ, leading to a consistent

interpretation of the peaks shown in Fig. 5.1 in the main text. In all cases we find

some degeneracy in the (Lmax, Φ5) plane. High significance peaks predominantly

provide a stringent upper limit on Lmax, whereas low significance peaks mostly
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Figure 5.5 Contour plots similar to Fig. 5.3 derived from subsets of the data. We

only show 68.7% and 95.4% CL constraints for clarity.

constrain the overall luminosity of the modelled source population.

To show that our assumption on the spatial distribution of the CSP is consistent

with the data, we show Fig. 5.5b the result obtained for the five different spatial

bins independently. Ring 1–5 correspond to r ∈ [i◦, i+ 3◦] with i = 2, 5, 8, 11, 14,

respectively. We find constraints on Lmax and Φ5 that are mostly consistent to

within 1σ.

Finally, we checked that the identified wavelet peaks are symmetrically distributed

in the north, south, east and west parts of our main ROI. Only at S > 3 we find a

slight (statistically not very significant) asymmetry with more peaks in the south,

which might be caused by the somewhat stronger Galactic foregrounds in the north,

which makes point source detection in the north more challenging.

5.C Mild dependence on the MSP luminosity func-

tion

Theoretically, α is not well constrained and can plausibly range from 1.5 to 3, de-

pending on the emission model [384, 385, 381]. Actual MSP observations actually

seem to indicate somewhat smaller values closer to α ∼ 1.2 [354]. We show in
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Figure 5.6 Similar to Fig. 5.3 in the main text. We show the 68.7% and 95.4% CL

contours for luminosity functions with spectral indices of 1.2, 1.5 and 1.7.

Fig. 5.6 the 68.7% and 95.4% CL contours for different luminosity functions, respec-

tively with spectral indices of 1.2 and 1.7. For a fixed intensity (Φ5), hardening

(softening) of the luminosity function corresponds to an enhancement (suppression)

of the number of sub-threshold point sources, which explains the direction in which

the best fit region moves. We note that we obtain very similar TS values for all

slopes that we considered.

5.C.1 The role of unmasked 3FGL sources

In the present analysis, we make use of the 3FGL, the third Fermi source catalogue,

which is based on the first four years of Fermi pass 7 data. One important ingredient

in our analysis is the masking of 3FGL sources. These sources are of Galactic and

extragalactic origin and leaving them unmasked would inevitably induce sizeable

signals in our search for a sub-threshold source population in the bulge. However,

as discussed in the main text, we keep unassociated sources with MSP-like spectra

unmasked. These sources could be part of the bulge MSP population that we are

looking for, and masking them would bias our results. The 13 sources that pass our

MSP cuts are listed in Tab. 5.1.

In general, falsely masking unassociated sources that actually belong to the bulge

MSP population would push Lmax to lower values, whereas falsely unmasking fore-
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3FGL Name ` [◦] b [◦] χ2/dof
√
TS S L [1034 erg/s]

J1649.6-3007 -7.99 9.27 1.07 5.6 7.4 7.8+5.5
−2.7

J1703.6-2850 -5.08 7.65 0.48 2.4 5.0 3.4+2.4
−1.2

J1740.5-2642 1.30 2.12 0.37 6.4 3.5 14.9+10.6
−5.1

J1740.8-1933 7.43 5.83 0.77 1.9 2.3 3.8+2.7
−1.3

J1744.8-1557 11.03 6.88 0.40 3.7 3.4 5.6+3.9
−1.9

J1758.8-4108 -9.21 -8.48 0.90 5.6 3.8 4.8+3.4
−1.7

J1759.2-3848 -7.11 -7.43 0.35 4.6 5.6 5.9+4.2
−2.0

J1808.3-3357 -1.94 -6.71 0.40 6.9 6.3 8.0+5.7
−2.7

J1808.4-3519 -3.15 -7.36 0.41 4.6 4.4 5.0+3.5
−1.7

J1808.4-3703 -4.68 -8.19 0.22 4.9 5.3 4.3+3.1
−1.5

J1820.4-3217 0.74 -8.17 1.04 5.7 1.7 7.2+5.1
−2.5

J1830.8-3136 2.35 -9.84 0.54 5.9 6.0 5.0+3.6
−1.7

J1837.3-2403 9.85 -7.81 0.28 4.0 3.0 4.7+3.3
−1.6

Table 5.1 List of the 13 unassociated 3FGL sources with MSP-like spectra, which we

leave unmasked in our analysis. If the GeV excess is caused by dim point sources,

it is likely that some or most of them are part of the CSP. The last four columns

show the goodness-of-fit of the reference MSP spectrum, the 3FGL significance in

the 1–3 GeV band, the corresponding peak of the wavelet SNR, and the γ-ray

luminosity (assuming 8.5± 2 kpc distance from the source and the reference stacked

MSP spectrum (Sect. 5.2) with a normalization that is obtained from a fit to the

measured source flux).

ground sources would push it to large values. This is illustrated in Fig. 5.7. We show

the case where we mask all unassociated sources, as well as the case where we adopt

a weaker criterion for the spectral fit, leaving around 20 sources unmasked. We

find that in both cases the best-fit value for Lmax moves in the expected direction,

but the results remain consistent to within 1σ. Furthermore, the significance of our

wavelet detection that we quote in the main text (where we include S < 5 bins only)

changes to 9.2σ when we mask all sources, and to 10.8σ when keeping 20 sources un-

masked. The (un-)masking of 3FGL is hence not decisive for our qualitative findings,

although quantitative results can be affected.

It is interesting to note that the faintest 3FGL source in the inner Galaxy ROI that

passes our MSP-spectrum cut, has a luminosity of L = 3.4×1034 erg s−1 if placed at

8.5 kpc distance. This is a good, though rough, indication for the de facto sensitivity

threshold of Fermi -LAT for the detection of sources with MSP-like spectra in the

bulge region.

96



5.D. The role of various source populations

1034 1035 1036

Maximum γ-ray luminosity, Lmax [erg s−1]

10−7

10−6

10−5

In
te

n
si

ty
,
Φ

5
[G

eV
−

1
cm

−
2
s−

1
sr

−
1
]

GCE intensity

Standard

All 3FGL masked

p < 0.05 masked

Figure 5.7 Similar to Fig. 3 in the main text. We show the effect of masking all

3FGL sources, or leaving a slightly larger number unmasked.

Lastly, one can use the sources in Tab. 5.1 to compare the sensitivity of the 3FGL

with our wavelet analysis. Averaging over the 13 sources, we find a ratio of S/
√
TS '

1.0±0.4, indicating that the sensitivity of the wavelet method is similar to the 3FGL

sensitivity in a comparable energy range. However, the scatter exceeds the one

expected from statistical fluctuations alone, which can be attributed to differences

in the systematics that affect the 3FGL and the wavelet analysis.

5.D The role of various source populations

In Fig. 5.8, we show the number of 3FGL sources in our inner Galaxy ROI as well

as in various same-sized ROIs that are displaced along the Galactic disk in steps

of ∆` = ±24◦. We show (identified and associated) extragalactic sources, various

Galactic source classes and unassociated sources classes separately. We also show

for the unassociated sourced how many sources pass our MSP cut. It is apparent

that the number of unassociated sources strongly peaks in the inner Galaxy ROI,

however with a clear asymmetry towards negative values of `, and another peak

around ` ≈ 100◦. However, after applying the MSP cut, predominantly sources in

the inner Galaxy survive. In Fig. 5.9, on the other hand, we show a histogram of

the wavelet peak significance that our analysis attributes to the 3FGL sources in

the inner Galaxy ROI. Again, unassociated sources play a major role and produce
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Figure 5.8 Latitude profile of sources, for different ROIs along the Galactic disk, as

function of their longitudinal center (dotted lines). The ROIs have a size of 24◦×24◦,
with the Galactic disk, |b| < 2◦, masked. The different colors correspond to different

source categories. In the case of unassociated sources, the solid (dashed) lines show

only sources that pass the spectrum cut for MSP-like (young pulsar-like) sources.

wavelet peaks down to values of S ∼ 1. On the other hand, 3FGL sources that are

identified as pulsars appear only with S > 5 in our analysis. We will discuss in the

following the potential impact of each of the source classes separately.

Extragalactic sources. As shown in Fig. 5.8, the number of extragalactic sources

in the individual ROIs along the Galactic disk fluctuates around values of about∼ 13.

No significant suppression is observed in the inner Galaxy ROI, which would have

indicated that it is more challenging to identify or associate extragalactic sources in

this region. We will use here a simple argument to show that extragalactic sources

cannot play a significant role for our results. The average number of S = 3–5 wavelet

peaks in the above control regions along the Galactic disk is 20; in the inner Galaxy

ROI it is 42 (we exclude here all 3FGL sources to be conservative). If extragalactic

sources were the main contribution to these peaks, in addition to the about 10

wavelet peaks that are expected from statistical fluctuations alone (see Fig. 5.2 in

the main text), the 42 observed peaks would constitute a > 5σ upward fluctuation

above the expected 20. This makes it extremely unlikely that extragalactic sources

contribute significantly to our results in the inner Galaxy. Similar arguments can
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Figure 5.9 Stacked histogram of wavelet peak values S that correspond to 3FGL

sources in the inner Galaxy ROI. We show the contribution from different source

categories separately. Unassociated sources generate mostly low-significance wavelet

peaks, whereas for example source that are marked as pulsar in the 3FGL only

generate peaks with a high significance (see discussion).

be made using wavelet peaks in the range S = 1–2.

Supernova remnants and pulsar wind nebulae. As apparent in Fig. 5.8, only

a very small number of sources along the Galactic disk at latitudes |b| > 2◦ (and

almost none at |b| > 5◦) are identified with supernova remnants or pulsar wind

nebulae. In our ROIs their number is much less than the number of extragalactic

sources, and their distribution is centrally not peaked, indicating that sources at

these latitudes are mostly local. Sources in this category are typically more easily

detectable at higher and lower energies than the energy range used in our analysis,

and would be most likely listed in the 3FGL and hence masked if they were abundant

and significant. We consider it hence as extremely unlikely that sources of this

category significantly affect our results in the inner Galaxy.

Young and millisecond pulsars. An interesting feature of pulsars in the 3FGL

is that they always induce large wavelet signals in our analysis, as shown in Fig. 5.9.

This makes indeed sense, since the identification of a γ-ray source as pulsar requires

the measurement of its pulsation, and hence a large enough number of photons.
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5. A Wavelet Analysis of the Inner Galaxy

Furthermore, the pulsar energy spectrum often peaks close the energy range of our

analysis. Already from Fig. 5.9 it is obvious that a large fraction of the unassociated

sources, which mostly appear with lower significance peaks, must in fact be pul-

sars. Interestingly, as shown in Fig. 5.8, identified pulsars do not show a centrally

peaked distribution, whereas the unassociated sources clearly do. This behaviour is

expected, given that with increasing distance the pulsar identification becomes more

challenging.

Globular clusters. The γ-ray emission from globular clusters that is not masked

in our analysis, either because the globular clusters did not enter the 3FGL, or

because they happen to be among our 13 unmasked unassociated sources, could

in principle contribute to the detected signal. Since their total emission is usually

due to several MSPs which appear as a single source for Fermi -LAT, their presence

could bias Lmax towards larger values. However, given the simulation results from

Ref. [363], we expect this effect to be small, and leave a more detailed discussion to

future work.

Unassociated sources. The peak of unassociated sources in the inner Galaxy, as

shown in Fig. 5.8, appears clearly asymmetric, with a second peak at ` ≈ 100◦. As

discussed above, a large fraction of these sources is expected to be young or millisec-

ond pulsars. Obviously, the 3FGL unassociated sources do not directly contribute

to our results since they are masked (except the 13 MSP candidates). However,

the unassociated sources are extremely abundant even down to S ∼ 1, and their

probable nature can be used as an indicator for what source population dominates

just below threshold.

In Fig. 5.8, we see that our MSP cut removes most of the unassociated sources,

but leaves an excess of 13 unassociated sources in the inner Galaxy, as discussed

above. What is more, if we slightly modify the spectral criterion, using dN/dE ∝
e−E/2 GeVE−2, which is somewhat more pulsar-like (softer index, lower cutoff), this

behaviour changes and we instead find excesses that are more correlated with the

peaks of the unassociated sources away from the inner Galaxy. Although the sta-

tistical significance of this finding is rather difficult to quantify without a detailed

study (which we leave for future work), this result is indicative. It suggests that

a large fraction of the inner Galaxy unassociated (and sub-threshold) sources are

likely MSPs, whereas unassociated sources in other parts of the disk have a larger

fraction of young pulsars. The latter point is further supported by the fact that

similar structures can be found in the longitudinal distribution of identified pulsars.

In summary, we expect that our wavelet signal is dominated by whatever source class
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Figure 5.10 Similar to Fig. 1 in the main text (note the different color scale), but

showing the transform of the diffuse BG model only, without Poisson noise being

applied. Outside of the Galactic disk, |b| > 2◦, which we exclude from our analysis,

the significance of wavelet peaks remains below 0.5. The variance is below 0.1,

which shows that even 1σ peaks in the wavelet transform are unlikely to be strongly

affected by the Galactic diffuse emission.

is responsible for most of the unassociated sources towards the inner Galaxy. Very

likely, these are millisecond and young pulsars, with a somewhat higher MSP/young

pulsar ratio than in the rest of the disk. Since these sources appear in general both

in the Galactic disk as well as in the bulge, it is important to study whether the

excess/suppression of wavelet peaks in the inner Galaxy points to a disk population,

a bulge population, or to a combination of both. This will be discussed in the section

G below.

5.E Possible caveats concerning the Galactic dif-

fuse emission

In our Monte Carlo studies, we use the standard Fermi diffuse model for pass 8 data

analysis. The wavelet transform of this model, without applying Poisson noise, but

using the same exposure as in our main analysis, is shown in Fig. 5.10. Outside of

the masked Galactic disk at |b| > 2◦, we do not find any excesses with a significance
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5. A Wavelet Analysis of the Inner Galaxy

larger than about 0.5σ. The main effect of such variations would be to offset the

significance of random statistical fluctuations and sub-threshold point sources to-

wards higher or lower values. This would not significantly affect peaks with a large

SNR. However, it can potentially be important for low-significance peaks, because

the collective shift of a large number of peaks, even by a small amount, could become

statistically relevant. But since the variance of the SNR values shown in Fig. 5.10

is below 0.1, we do not expect that the details of the modelling of diffuse emission

when doing MCs is going to affect our results.

The Fermi diffuse models might not actually contain all relevant small-scale gas

structures as they are smoothed on a 1◦ scale, and the effect of these missing struc-

tures on our results is not straightforward to estimate without a detailed analysis

and modelling of the power-spectrum of gas at small scales (for an alternative at-

tempt see Sect. 5.E.1). It is hence rather important that our non-detection of strong

wavelet signals along the Galactic disk in Fig. 5.4 largely excludes that mismodelling

of local gas is the cause for the detected signal towards the inner Galaxy, since it

would affect other parts of the disk as well. This is in particular true since there is

relatively little molecular gas in our main ROI, compared to the control regions [393].

Thus, gas-related effects should be larger in the control regions than in the main

ROI.

If one insists on a gas-related interpretation, our results hence suggest that the

wavelet signals are caused by unmodelled gas in the Galactic bulge, at a height of

0.3–1.5 kpc. If we assume a cosmic-ray density in the bulge similar to the local one,

the differential γ-ray emissivity at 1 GeV is around 3×10−26 s−1GeV−1 per hydrogen

atom [394]. This implies that dense gas clouds with masses around 3×105 M� would

be at 1 GeV roughly as bright as MSPs with a luminosity of L = 7× 1034 erg s−1.1

Interestingly, giant molecular clouds are known objects of that mass, and they can

be dense enough to appear at GC distance point-like for Fermi. However, the scale

height of known giant molecular clouds is at the level of a few 10 pc (they usually

intersect with the Galactic disk) instead of the required ∼ 1 kpc [395]. Furthermore,

clouds of that size should give rise to CO emission in the range O(10–100) K km s−1,

which is not seen in current observations [393]. If observed, such CO emission should

be distributed north/south symmetric, as our wavelet peaks are too.

If one could show that a large number of such giant molecular clouds (or other struc-

tures with similar mass and density) can form and be transported to kpc heights in

the Galactic bulge, while hiding from all observations, the interpretation of the iden-

tified wavelet peaks in terms of unmodelled gas would remain a possibility. However,

1We note for reference that for such a MSP, placed at GC distance, we would have seen around

270 photons in our energy range. From this and Tab. 5.1 one can estimate that ∼ 100 photons

correspond to a wavelet signal with a significance of S ∼ 2.
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5.E. Possible caveats concerning the Galactic diffuse emission

as of now, and for all of the above reasons, we regard gas-related interpretations of

our results as rather unlikely and speculative.

5.E.1 Using dust as a tracer of small scale gas emission.

We here perform an additional check which illustrates that it is unlikely that our

wavelet signal is fully caused by gas emission. We take two different tracers for the

gas, the Planck dust optical depth map at 353 MHz (τ353) [396]2 and the dust map

by Ref. [397] (henceforth, SFD). These maps contain much more small-scale features

than the Fermi diffuse emission maps. The aim is to use these maps as an alternative

template for diffuse emission. For this purpose, they are smoothed with the Fermi-

LAT point-spread function in the 1–4 GeV band (since the aforementioned maps have

resolutions . 0.1◦) and scaled to the intensity of the diffuse-emission model from

Fermi (gll iem v06.fits) at |b| ≥ 2◦. In particular, the τ353 inspired diffuse model
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Figure 5.11 Left panel: The results from Fig. 5.3 (green) and contours for the same

data, but with the Planck τ353 inspired mask for the gas applied (red). We also show

upper limits that are obtained from the the τ353/SFD mock data sets. To the τ353
mock data we apply the same mask as is applied to data, this removes all structure

yielding a substantial wavelet signal from the mock map. Right panel: count map

of the inner galaxy (log scaled), with the mask based on the Planck optical depth

map superimposed (black).

contains more structure than the Fermi diffuse models. Rerunning our analysis,

but replacing the observational data by mock data from MC realizations of the τ353
diffuse template plus noise, we find an enhanced wavelet signal compared to the

2 The proportionality between the optical depth and the gas column density depends on the

opacity (σ353), τ353 = σ353NH.
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Figure 5.12 Similar to Fig. 5.4, but including a thick-disk MSP population calibrated

to local bright high-latitude MSPs as additional background. Only for illustration,

we also show the effect of a 10× more dense thick-disk population (which is in

contradiction with local observations). Note that we unmask 3FGL as described in

the main analysis when deriving the wavelet peaks.

predictions from our MCs of the Fermi diffuse model only.3 To remove the impact of

these additional peaks we construct a mask of 0.3◦ radius at the position of all S ≥ 1
wavelet peaks present in the wavelet–transformed map of the τ353 template without

Poisson noise. The mask is shown in the right plot of Fig. 5.11. Applying this

mask to our mock-data run now yields a result consistent with no additional photon

clustering, meaning that we effectively removed the gas-induced wavelet peaks in

this template. On the other hand, if we apply this mask to the Fermi-LAT data

we obtain a best-fit contour that only marginally differs from our original result,

implying that also after using the dust–inspired masks there is a clear indication of

an additional source of wavelet peaks. The results are shown in the left panel of

Fig. 5.11.
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5.F Potential impact of thick-disk population

As argued above, the most relevant Galactic background in our ROI are expected to

be pulsars, and in particular the MSP thick-disk population that reaches up to high

latitudes. We will now show that a thick-disk population of MSPs (or other sources

with a similar luminosity function) cannot be responsible for the observed signal.

In most cases, the thick-disk population of MSPs is modeled as a cylindrically sym-

metric exponential distribution, with a scale height in the range 0.5–1 kpc and a scale

radius of a few kpc, which is only poorly constrained by data (see e.g. Ref. [389]).

We will adopt here a distribution with a scale height of 1 kpc and a scale radius

of 5 kpc, which was previously used to argue against the MSP-origin of the Fermi

GeV excess [369]. The distribution reads n ∝ exp (−R/Rs) exp (− |z| /zs), with

Rs = 5 kpc and zs = 1 kpc. We will address below how the results change when

other parametrizations are adopted.

As γ-ray luminosity function, we adopt an inverse power-law with Lmin = 1031 erg s−1,

Lmax = 7× 1034 erg s−1 and index α = 1.5. We fix the overall normalization of the

disk source density such that the number of bright MSPs at high latitudes, |b| > 15◦,
is consistent with the number of such MSPs listed in the 3FGL. As flux threshold for

bright MSPs we adopt a flux that corresponds to a γ-ray luminosity of 1034 erg s−1

at 3 kpc distance (9.2× 10−12 erg s−1cm−2 in our energy range). We find 31 MSPs

above that threshold flux and note that since the number of unassociated high-

latitude bright nonvariable sources with a curved enough spectrum is small, this

number cannot increase by more than 50% when more unassociated sources are

identified as MSPs) [383]. For the present scenario, we find that the total number

of thick-disk sources with γ-ray luminosity above 1031 erg s−1 is ∼ 30000.

Within 2 kpc of the Galactic center, this thick-disk population predicts around

1300 MSPs, which is more than an order of magnitude below the number that we

find in the best-fit scenario for the bulge population (around 35000 MSPs above

1031 erg s−1). This implies, as already argued in Ref. [369], that a thick-disk pop-

ulation with the adopted geometry cannot be responsible for the Fermi GeV ex-

cess. However, it also trivially implies that the number of wavelet peaks caused by

thick-disk sources in the inner 2 kpc is about an order of magnitude below what is

predicted by our best-fit bulge population, and hence an order of magnitude below

what is actually observed. This still leaves the possibility that thick-disk MSPs on

the line-of-sight towards the inner Galaxy, outside of the inner ∼ 2 kpc, could affect

our results. We will discuss this next.

3Performing the same check with the SFD template yields a result consistent with no additional

source of wavelet peaks.
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Within our ROI, the thick-disk population predicts 3.3 sources outside of the inner

2 kpc with a flux in the range (4.6–7.7)×10−12 erg s−1cm−2 (this corresponds roughly

to (4–7)× 1034 erg s−1 when the sources are put at 8.5 kpc distance). These sources

could reasonably contribute to wavelet peaks in the 3 < S < 5 range. The actually

observed number of peaks in that range above the null hypothesis is about 35. It

is hence clear that foreground sources from the above thick-disk population cannot

cause the observed signal. One might think of two ways around.

First, one could reduce the scale radius of the thick-disk population such that the

number of sources in the inner 2 kpc increases by a factor around ten (scale radii

around 1–2 kpc could do the job). This would give rise to a wavelet signal similar

to what is observed. However, such a population would also predict a significant

diffuse γ-ray emission similar to the level of the Fermi GeV excess, just with a

morphology that is incompatible with the observations. A population with a scale

radius of 1–2 kpc would indeed commonly be referred to as bulge population. Such

a population would be very similar to the bulge population that we put forward in

Sect. 5.2 as explanation for the Fermi GeV excess, with the main difference being

that our population fits better the excess morphology.

Second, one could increase the number of MSPs in a ring-like region around the

Galactic bulge, excluding the inner 2 kpc, such that these additional ring-like dis-

tributed sources will enhance the number of foreground sources without affecting

the number of sources in the Galactic bulge. In this case, however, the wavelet sig-

nal should clearly be more extended along the Galactic disk than what is shown in

Fig. 5.4, since such a ring would not be centrally peaked and extend to longitudes of

at least ∼ 25◦. For illustration, we here quote the relative number of wavelet peaks

one expects in the control regions along the disk and the main ROI produces by

such a ring (1 kpc scale height, 5 kpc scale radius, the inner 2 kpc radius excluded):

∆` = {±80,±60,±40,±20, 0} and Npeaks ∝ {1.7, 2.4, 3.5, 4.9, 3.6}. Moreover, in or-

der to avoid a conflict with the above calibration with bright high-latitude sources,

the ring should be further constrained to lie within . 5 kpc, which however would

still leave a too flat central distribution of wavelet peaks.

Finally, we show in Fig. 5.12 how the TS values are affected if the thick-disk popula-

tion (or a 10× denser population) is added as an additional background component.

For simplicity, we assume that the thick-disk population causes deviations of the

expectation values µij in Eq. (5.3) from the null hypothesis that are proportional

to the deviations caused by the best-fit bulge population. We adjust the normaliza-

tion of these deviations such that the number of additionally predicted 3 < S < 5
peaks in the main ROI is 3.3 (as motivated by the above discussion). We then add

these thick-disk-induced deviations from the null hypothesis as negative and pos-

itive contributions to the model predictions in Eq. (5.3), and repeat the CSP fit
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Figure 5.13 Similar to Fig. 5.3 in the main text, but derived in redefined regions

within our main ROI that are useful to check for the sphericity of the signal (we still

mask |b| < 2◦). We find best-fit parameters for Lmax and Φ5 in the north/south and

east/west regions that are consistent within one sigma.

to inner Galaxy data. We repeat this procedure in all of the control ROIs used in

Fig. 5.4, reweighing the thick-disk contribution properly at different Galactic lon-

gitudes. From Fig. 5.12 it is clear that only a thick disk ten times denser than

what is actually observed at higher latitudes could significantly affect, although not

completely remove, the excess of wavelet peaks in the inner Galaxy.

5.G Further discussions

In order to test whether the spatial distribution of wavelet peaks in our analysis

is indeed compatible with a spherically symmetric distribution, we re-binned the

wavelet peaks into a north/south region, defined by 12◦ > |b| > max(|`|, 2◦), and an

east/west region, defined by 12◦ > |`| > |b| > 2◦. For each of the two regions, we

derive the best-fit values for Lmax and Φ5. The results are shown in Fig. 5.13. We

find that the inferred parameters are consistent within one sigma, with a slightly

stronger signal in the north/south region. This indicates that the excess of wavelet

peaks, if interpreted in terms of a bulge source population, is consistent with a

spherical distribution of these sources.
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Given that unresolved sources only add positively to the Galactic diffuse emission,

whereas a mismodelling of the gas could cause both positive and negative variations,

it is tempting to think that a detection of negative wavelet peaks would disfavour an

interpretation in terms of unresolved point sources. In fact, we do find a suppression

of −2 < S < −1 peaks, and an enhancement of −4 < S < −3 peaks in the

inner ROI when searching for negative instead of positive peaks. But unfortunately,

this cannot easily be used to discriminate diffuse modelling artefacts (which, as we

discussed above, are anyway unlikely, as they should show up in the entire disk)

from sub-threshold point sources.

Maybe somewhat un-intuitively, negative wavelet peaks can indeed be generated

by a large number of weak, positive point sources. This happens in the tails of

our simulated sources, where the wavelet transform becomes negative (this effect

is visible as rings around bright sources in Fig. 1). We estimated the expected

number of negative wavelet peaks for the best-fit scenario in Fig. 3 by Monte Carlo

simulations, and find results that are completely consistent with the observed number

of negative peaks. However, given that the number of positive and negative wavelet

peaks are correlated (they are caused by the same sources), one cannot easily use

observations of negative wavelet peaks to further constrain the model parameters.

This, and the fact that an appropriate masking of 3FGL sources (including also the

ring around each source) reduces significantly the effective size of the ROI, make an

efficient use of negative peaks in our analysis difficult. However, it is re-ensuring

that both the observed negative and positive wavelet peaks are consistent with the

respective predicted number of negative and positive wavelet peaks for the same

sub-threshold point source population.

Finally, we briefly comment on the recent analysis of the Galactic center data by the

Fermi -LAT collaboration [322] and compare their use of wavelets to ours. Ref. [322]

uses wavelets to find seeds for the identification of point sources (also see Ref. [386]

for details about the adopted method), followed by standard maximum-likelihood

fits for further source identification. This can be potentially affected by interstellar

emission modelling. We instead study the statistics of local-maxima in the wavelet-

transformed sky map, which is largely background-model independent (although

small scale fluctuations could in principle be relevant, as discussed above). We

find good correspondence between our wavelet peaks and the 3FGL catalogue (see

Fig. 5.1), which supports the validity of our approach. However, we also find that

this agreement and the quality of the wavelet analysis in general critically depends

on the adopted wavelet type and size. All these points make it difficult to directly

compare our results with those of Ref. [322]. However, we note that the Galactic

disk, where Ref. [322] finds that their identified sources most strongly trace the

edges of the interstellar emission and thus might constitute false positives due to gas
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fluctuations (see their Fig. 8), is masked in our analysis.

5.H Signal-to-noise ratio

In this section we show why Eq. 5.2. can be interpreted as the signal-to-noise ratio.

Consider a counts map C with N photons in it

C (Ω) =
N∑
i

δ (Ω− Ωi) (5.4)

The expectation value of this photon map 〈C(Ω)〉 can be obtained by thinking of

N photons whose positions are the random variables Ω1,Ω2, · · · ,ΩN which follow

a probability distribution function corresponding to finding a single photon at a

given sky-position (p (Ωi)). Since we are dealing with independent random variables

we have p (Ω1,Ω2, · · · ,ΩN ) = p (Ω1) p (Ω3) · · · p (ΩN ). The expectation value of the

counts map at position Ω then is:

〈C (Ω)〉 =
∫ N∏

i

dΩi

 N∑
j

δ (Ω− Ωj)

 p(Ωi)
=
∫
dΩ1dΩ2 · · · dΩN [δ (Ω− Ω1) + δ (Ω− Ω2) + · · ·+ δ (Ω− ΩN )]

p (Ω1) p (Ω2) · · · p (ΩN )
=Np (Ω) .

(5.5)

Next, consider the wavelet transform of the counts map, which we defined in Eq. 5.1

FW [C](Ω) ≡
∫
dΩ′W(Ω−Ω′)C(Ω′). The expectation value of the wavelet transform

is

〈FW [C] (Ω)〉 =
〈∫

dΩ′W (Ω− Ω′)C (Ω′)
〉

=
∫
dΩ′W (Ω− Ω′)

∫ N∏
i

dΩi

 N∑
j

δ (Ω′ − Ωj)

 p (Ωi)︸ ︷︷ ︸
=〈C(Ω′)〉

=
∫
dΩ′W (Ω− Ω′) 〈C (Ω′)〉 ,

(5.6)

where in the second line we commuted the integrals.
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5. A Wavelet Analysis of the Inner Galaxy

For the variance we find,

var [FW [C] (Ω)] =
〈
F 2
W [C] (Ω)

〉
− 〈FW [C] (Ω)〉2

=
〈∫

dΩ′adΩ′bW (Ω− Ω′a)C (Ω′a)W (Ω− Ω′b)C (Ω′b)
〉
−〈∫

dΩ′aW (Ω− Ω′a)C (Ω′a)
〉2

=
∫
dΩ′adΩ′bW (Ω− Ω′a)W (Ω− Ω′b)

{∫ N∏
i

dΩip (Ωi) N∑
j

δ (Ω′a − Ωj)

[ N∑
k

δ (Ω′b − Ωk)
]− (5.7)

〈∫
dΩ′aW (Ω− Ω′a)C (Ω′a)

〉2

=
∫
dΩ′adΩ′bW (Ω− Ω′a)W (Ω− Ω′b) [Nδ (Ω′a − Ω′b) p (Ω′a) +

N (N − 1) p (Ω′a) p (Ω′b)]−
〈∫

dΩ′aW (Ω− Ω′a)C (Ω′a)
〉2

=
∫
dΩ′aW2 (Ω− Ω′a) 〈C (Ω′a)〉+(
N (N − 1)

N2 − 1
)〈∫

dΩ′aW (Ω− Ω′a)C (Ω′a)
〉2

≈ 〈FW2 [C] (Ω)〉 ,

where the last line holds in the limit of large number of photons N .

When applying the wavelet transform, the wavelet-transformed map, FW [C] (Ω), is

smoothed by the wavelet kernel. If 〈C(Ω)〉 ∼ constant on scales larger than the size

of the wavelet kernel, the mean fluctuations of the map will be zero. Therefore,

in the limit of large N and a slowly-varying counts map FW [C] (Ω) behaves like a

smoothed gaussian random field with zero mean and variance FW2 [C](Ω). Conse-

quently, Eq. 5.2,

S(Ω) ≡ FW [C](Ω)√
FW2 [C](Ω)

,

can be interpreted as the local significance of having a photon cluster at position Ω.

***
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6
The Fermi-LAT GeV

Excess as a Tracer of

Stellar Mass in the

Galactic Bulge

6.1 Introduction

Currently, the two most promising explanations for the Fermi -LAT Galactic Center

Excess (GCE) are the annihilation of dark-matter particles or the presence of a

large population of unresolved point sources, most likely millisecond pulsars, at

the Galactic Center. Surprisingly, possible connections between the morphology of

the GCE and the morphology of the observed stellar population in the Galactic

bulge has received little attention in the literature. The Milky Way hosts a central

boxy/peanut-shaped bulge/bar that likely formed from the buckling instability after

bar formation through the bar instability [360]. The stellar mass of this boxy/peanut

bulge, which mostly hosts old (>5 Gyr) stellar populations, is estimated to be ∼
1010 M�, [344, 398] about 15% of the total stellar mass in the Galaxy [275, 399]. The

bulge has a radial extent of ∼ 3 kpc and shows a complex morphological structure

in both its stellar and gas content. It transitions into a thinner long bar component

about ∼ 5 kpc in extent [400]. The innermost ∼ 200 pc harbors the nuclear bulge

(NB), a region of very high stellar density consisting of the nuclear stellar disk

and the nuclear star cluster [401, 358]. In addition to the boxy bulge, there exists

evidence for the presence of a spherical classical bulge, revealed through metal-poor

RR-Lyrae stars [402, 403]. This component is only expected to contribute 1% to
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6. The Fermi-LAT GeV Excess as a Tracer of Stellar Mass in the Galactic Bulge

the total mass in the inner Galaxy [403]. Finally, there is possible evidence for

an X-shaped component [404, 405], which is a product of bar evolution and forms

through the buckling instability [406]. Mass estimates of the X-shaped bulge range

from a few percent [406, 344] up to ∼ 45% [407] of the total bulge mass. Recently,

Ref. [334] claimed that the GCE traces this X-shaped bulge and in the very center

the nuclear bulge.

We here report an analysis of the excess characteristics that uses In this chapter,

we analyze the GCE using almost 8 years of Pass 8 ULTRACLEAN Fermi -LAT

data with the newly developed code SkyFACT (Sky Factorization with Adaptive

Constrained Templates) [333]. We compare the morphology of the GCE to both

dark-matter-inspired models and to models of the stellar distribution in the inner

Galaxy.

6.2 Modeling the γ-ray sky

We model the γ-ray sky using SkyFACT, a hybrid approach between template

fitting and image reconstruction, that accounts for expected spatial and spectral

uncertainties in the various emission components by allowing a large number of

’nuisance parameters’ [333]. In this work, we adopt the data selection, foreground

modeling, and regularization conditions as in Run5 of Ref. [333], unless stated oth-

erwise (see Methods for details). We perform fits in a region of interest (ROI) of

|`| ≤ 90◦ and |b| ≤ 20.25◦, which is important for component separation, but we

restrict most plots to |`| ≤ 20◦ and |b| ≤ 20◦ to highlight the region of the GCE.

We model the GCE with fixed spatial templates and derive the energy spectrum from

a fit to the γ-ray data. To this end, the following spatial templates are considered:

(i) Templates inspired by annihilating dark matter: two generalized Navarro-Frenk-

White (NFW) templates with inner slopes of γ = 1 and γ = 1.26 (r5 NFW100

and r5 NFW126) and an Einasto profile with α = 0.17 (r5 Einasto) [82, 83]; (ii)

A superposition of two Gaussians and a Galactic central source used to model the

511 keV emission from the inner Galaxy (r5 BulgeGC) [123]; (iii) Templates based

on the stellar mass distribution in the Galactic bulge. We adopt a model for the

boxy bulge derived from observations of red clump giants (RCG) [344]. We also

consider linear combinations of this model with the nuclear bulge [358] and with the

X-shaped bulge [408]. The addition of the latter is motivated by the recent results

from Ref. [334]. These runs are labeled r5 RCG, r5 RCG NB and r5 RCG NB X,

respectively. For any linear combination the normalization of each component is left

free to vary in each energy bin. Representative examples of these templates, along

with the Fermi -LAT data, are illustrated in Fig. 6.1.
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Figure 6.1 Observed γ-ray flux in the Inner Galaxy and GCE templates considered.

Panel a: Flux from Fermi -LAT above 1 GeV in the inner 40◦ × 40◦ around the

Galactic center. Panels b–e: Spatial templates used to fit the GCE with normaliza-

tions corresponding to the best-fit values from the free-spectrum run (from left to

right: dark matter profile (NFW126), boxy bulge, nuclear bulge, X-shaped bulge).

All of the runs above are also performed with a fixed MSP-like spectrum instead

of a free spectrum for the GCE components (labeled with the suffix msp). For

these runs, we use a stacked MSP spectrum, dN/dE ∝ E−1.46 exp (−E/3.6) [355].

Fluxes and significances are derived using the runs with fixed spectra. We note that

there are no qualitative differences in the conclusions between runs with fixed or free

spectra.

We emphasize that, given the large modeling uncertainties of cosmic-ray induced γ-

ray emission from the inner Galaxy, we do not explicitly include a source of cosmic

rays at the Galactic Center when modeling the diffuse components. However, such

sources are expected, e.g. , from star formation in the central molecular zone (CMZ)

[325, 338, 326]. The associated emission will depend on the efficiency of cosmic-

ray acceleration, the effects of potentially strong advective winds or anisotropic

diffusion, which are difficult to model in detail. In our analysis, such an expected

hard emission would be instead absorbed by our Fermi Bubbles component (see

Methods for a discussion).

6.3 Results and discussions

In Tab. 6.1 we compare the values of the total (Poisson plus constraints; see Ref. [333]

for details) log-likelihood, −2 lnL, from the SkyFACT runs of the various modifi-
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6. The Fermi-LAT GeV Excess as a Tracer of Stellar Mass in the Galactic Bulge

cations of Run5 with different GCE templates with constrained morphology. We

find that, formally, the combination of boxy bulge as traced by red-clump giants

and nuclear bulge (r5 RCG NB) provides a better fit to the data than the other

runs (except for the ones including also the X-shaped bulge or NFW template, see

below). The flux associated with the bulge is (2.1± 0.1) × 10−9 erg cm−2 s−1 for

the boxy bulge and (1.9± 0.6) × 10−10 erg cm−2 s−1 for the nuclear bulge (in the

range 0.1–100 GeV). The quoted errors are statistical; we emphasize that typical

systematic uncertainties from modeling assumptions (range of allowed modulation

parameters, etc.) are generally smaller than a factor of ∼ 2.

Run −2 lnL
free spectrum MSP spectrum

r5 RCG NB NFW126 647769.9 647980.0

r5 RCG NB X 647791.7 647988.0

r5 RCG NB 647808.8 647987.7

r5 RCG 647851.6 648008.9

r5 BulgeGC 647916.5 648140.3

r5 Einasto 647961.4 648188.6

r5 NFW126 648021.8 648242.4

r5 NFW100 648049.8 648278.6

Table 6.1 Log-likelihood values for fits with various GCE templates. Column 2 shows

results for an unconstrained GCE spectrum, and column 3 for a spectrum fixed to

the one of stacked MSPs.

We find that the addition of the X-shaped bulge does not significantly improve the

fit quality. Its total flux is . 2% of that of the boxy bulge for the fixed spectrum

run (r5 RCG NB X msp). This value is somewhat smaller than the expectation

of the X-shaped component having 6–7% the mass of the boxy bulge [406, 344]

(although fractions of 20–30% [409] and ∼ 45% [407] have also been argued for).

Since this component is not critical for providing a good fit to the data, we will

concentrate subsequently on the RCG+NB model. For a more detailed discussion

on the X-shaped bulge see the Methods.

In addition to modeling the GCE with a bulge profile (r5 RCG NB) or a dark-matter

template (r5 NFW126), we also performed a combined fit including a bulge and

dark-matter model (r5 RCG NB NFW126). When comparing the bulge-only run to

the combined fit we find a 3.0σ preference for the inclusion of the NFW template.

On the contrary, when comparing the dark-matter-only run to the combined fit we

find a 16.1σ preference for the presence of a bulge template. We thus conclude that
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the RCG+NB model is preferred over the dark-matter models at high statistical

significance. Moreover, when the GCE is modeled with a bulge profile the addition

of the NFW template does only marginally improve the fit.
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Figure 6.2 Observed and modeled flux as function of Galactic (a) latitude (assum-

ing |`| < 2◦) and (b) longitude (assuming |b| < 2◦). The solid lines correspond to

fluxes for each model component in the best-fit run r5 RCG NB, and dashed lines for

r5 NFW126. The black points represent the observed flux from Fermi -LAT, while

the solid black line is the best-fit model sum. Each additional solid or dashed line

corresponds to its labeled model component, described in the Methods section. Dot-

ted black and gold lines represent the total point-like and extended source emission,

respectively.

In Fig. 6.2, we show the longitudinal and latitudinal dependences of the various

model components compared with Fermi -LAT data, for two different GCE models,

namely the r5 NFW126 and r5 RCG NB runs. The solid lines correspond to the

components of the r5 RCG NB run, while the dashed lines of the same color cor-

respond to the r5 NFW126 components, except for the GCE component, which is

green (boxy bulge) and teal (nuclear bulge) for the r5 RCG NB run and dark blue

(NFW126) for the r5 NFW126 run. The dotted black and gold lines are point-like

and extended sources, respectively, which have the same total flux in both runs (in

the latitude profile, the extended source flux peaks just below the lower limit of the

plot). There is very little variation in any component except for the GCE. The dif-

ferences in shape between the RCG+NB template compared to the NFW template

are, however, quite large. The NFW is much more strongly peaked, and is of course

spherically symmetric, while the oblateness and asymmetry of the boxy bulge can

be seen by comparing the shape of the tails in the latitude and the longitude profile

plots.

In Fig. 6.3 on the left hand side, we show the spectra for all components of the
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Figure 6.3 Best-fit γ–ray spectra for each model component, as a function of photon

energy, compared to observed spectrum. (a): Spectra of GCE and backgrounds for

run r5 RCG NB in the region |`|, |b| < 20◦. (b): GCE spectra of the boxy bulge

(RCG) and nuclear bulge (NB) for both the free spectrum (solid) and fixed spectrum

(dashed) run.

r5 RCG NB run in the inner 40◦ × 40◦ around the Galactic center. On the right,

we show the spectra for the boxy bulge and nuclear bulge components for separate

runs where the spectral shape was left free to vary in one case and in the other fixed

to an MSP-like spectrum (with free overall normalization). The results from the

free-spectra and fixed-spectra runs agree reasonably well, although the spectrum of

the RCG component is somewhat more peaked in the free-spectrum run. In either

case, we find the bulge template to be preferred over dark matter templates.

6.3.1 Light/mass ratios

We estimate the light-to-mass ratio for the boxy and nuclear bulge separately. The

stellar mass of the nuclear bulge is (1.4± 0.6)× 109 M� [358]. We use a boxy bulge

mass of (0.91±0.7)×1010 M� [399], derived by combining in a hierarchical Bayesian

analysis different estimates from different techniques (ranging from 0.48× 1010 M�
to 2.74× 1010 M�).

Combining the mass measurements with the best-fit luminosities of the boxy bulge

and nuclear bulge components, the light/mass ratio for the boxy bulge is found to be

(1.9±0.2)×1027 erg s−1 M−1
� , and for the nuclear bulge (1.1±0.6)×1027 erg s−1 M−1

� ,

from 0.1–100 GeV. The light/mass ratios of these two components are consistent

within uncertainties, providing further circumstantial evidence that the GCE emis-

sion is correlated with stellar mass in the bulge. The amount of emission absorbed
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by the boxy bulge and nuclear bulge depends slightly on the parameterization of the

boxy-bulge model (see Methods).
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Figure 6.4 Stellar mass compared to the observed γ-ray luminosity. Widths of the

boxy bulge (blue box) and nuclear bulge (green box) correspond to the uncertainty

in the mass estimates, with the star indicating the best-fit mass of the nuclear

bulge [358]. The boxy bulge mass is derived from a compilation of measurements

in a hierarchical Bayesian analysis (blue box), with the thin line displaying the

range of individual measurements [399]. Box heights reflect the uncertainty in the

derived GCE flux. We also show the emission from M31 [410] assuming that all

γ-ray emission comes from its bulge. The long-dashed line gives the relation of GCE

emission per unit of stellar mass that best fits the combination of boxy bulge and

nuclear bulge. Finally, the expected disk luminosity is shown in red. Its value and

the 68% containment interval shown are derived in Chapter 7.

The relation between stellar mass and the GCE luminosity is illustrated in Fig. 6.4. It

shows the observed GCE intensity of various components compared to their stellar

mass. Also shown is the excess of γ rays recently observed from the direction of

M31, interpreted as a potential ”GCE” in this galaxy [410]. We find that if this

interpretation were correct, it would correspond to a larger emission per unit stellar

mass by a factor ∼ 4 than what is observed in the Milky Way (see Methods for a

discussion).

Using the flux from disk MSPs as derived in Chapter 7 we find a bulge-to-disk flux

(luminosity) ratio of 0.5 (1.3) which implies a ∼ 8× larger number of MSPs per

unit stellar mass in the bulge compared to the disk. Interestingly, this number is
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comparable to what is measured for another mysterious emission in the inner Galaxy,

namely the 511 keV positron-annihilation-line emission [122]. The 511 keV line has

also been observed in the disk, with the latest estimate for the bulge-to-disk flux

ratio being B/D = 0.58± 0.13 [123].

6.3.2 Comparison with previous results and outlook

Previous analyses have found that the morphology of the GCE is spherically sym-

metric [117, 118], although this is challenging to prove decisively mainly because

of the contamination from the Fermi bubbles at low latitudes [332]. Additionally,

some degree of elongation was found at high energies [328]. Our findings are signif-

icantly different. From our analysis with SkyFACT we find that the stellar bulge

model provides a significantly better fit to the data than all of the dark matter pro-

files tested. Hence the GCE appears to trace stellar mass in the bulge better than

the the square of the dark matter density (although the actual dark matter profile

is sufficiently uncertain that this possibility cannot be entirely excluded). What

is more striking is that the light/mass ratio that we independently derive for the

boxy bulge and the nuclear bulge are consistent within uncertainties, supporting

this interpretation. While the effects of star formation in the CMZ are not directly

modeled, the associated hard emission is captured in the low-latitude part of our

Fermi Bubbles component. Finally, we do not confirm that the GCE traces the

X-shaped bulge [334]; rather a boxy bulge is required in all circumstances (also see

Methods).

We find that the critical difference between previous analyses and this one is the

inclusion of modulation parameters that account for uncertainties in the gas and

ICS templates. The magnitude of these variations is completely expected, given the

large uncertainties of the various templates. Our results are stable against variations

of the regularization parameters. We refer to the Methods for further discussion and

a detailed technical comparison with previous work.

Arguably, the best candidate sources from which the GCE might originate are MSPs

in the Galactic bulge. The putative bulge MSP population can be efficiently probed

in the upcoming years with searches for radio pulsation signals [377] with MeerKAT

or SKA. Our findings provide important information to guide these searches and

strong motivation to perform them vigorously.
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Appendix

6.A GCE templates

6.A.1 Template construction

We describe here the construction of various spatial models used to study the mor-

phology of the GCE.

For templates constructed from density profiles, we perform a line-of-sight (l.o.s.)

integral:

dΦ
dΩ ∝


∫

l.o.s.
ρ2(r(s))ds (dark matter)∫

l.o.s.
ρ(r(s))ds (Stars).

(6.1)

Here the parameter s describes the l.o.s., r(s) is the distance away from the Galactic

center, ρ the density, Φ the flux on earth and Ω the solid angle. For annihilating dark

matter the emission traces the density squared. We define the following coordinates

centered on the GC:

xGC(s, `, b) = R� − s cos (b) cos (`) , (6.2)

yGC(s, `, b) = s cos (b) sin (`) , (6.3)

zGC(s, b) = s sin (b) , (6.4)

where R� = 8.3 kpc is the distance from the Sun to the GC [411] and `, b Galactic

longitude and latitude. Note that the solar system lies along the xGC-axis. The

Galactocentric radius is given by r =
√
x2

GC + y2
GC + z2

GC.
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6.A.2 Templates considered

Positron annihilation signal / 511 keV line The all-sky positron annihilation

signal has a strong component corresponding to the Galactic bulge [122]. Galactic

positron emission can be described by a disk component and a bulge component. The

latter is well described by a superposition of two Gaussians, the broad and narrow

bulge components [412, 123]. In addition, there is evidence for the presence of a

central component that is consistent with being a point source[413, 123]. We model

the 511 keV bulge using the spatial profile and intensity as described in Tables 2

and 6 of Ref. [123]. We include the central source component, the narrow and broad

bulge and refer to this as r5 BulgeGC. For the bulge we assume that the narrow

(broad) component contains 28% (72%) of the bulge flux [413].

Nuclear bulge The nuclear bulge is a distinct component with ongoing star for-

mation in the innermost part (. 200 pc) of our Galaxy [401]. It consists of two

components, the nuclear stellar disk (NSD) and the nuclear stellar cluster (NSC)

[358]. The total mass of the nuclear bulge is (1.4±0.6)×109 M� [358]. For the mass

density of the NSC we use [358].

ρ(r) =


ρ0,NSC

1+
(
r
r0

)2 , r ≤ 6 pc
ρ1,NSC

1+
(
r
r0

)3 , 6 pc < r ≤ 200 pc

0, r > 200 pc.

(6.5)

Here r0 = 0.22 pc, ρ0,NSC = 3.3 × 106 M� pc−3 and ρ1,NSC is defined such that the

profile is continuous at the break.

The NSD is modeled as a combination of an exponential disk with a scale height of

45 pc and a broken power law for the radius [358]:

ρ(r) =


ρ0,NSD

(
r

1 pc

)−0.1
e−

|z|
45 pc , r < 120 pc

ρ1,NSD

(
r

1 pc

)−3.5
e−

|z|
45 pc , 120 pc ≤ r < 220 pc

ρ2,NSD

(
r

1 pc

)−10
e−

|z|
45 pc , r ≥ 220 pc.

(6.6)

With ρ0,NSD = 301 M� pc−3 such that the mass within 120 pc is 8× 108 M�. Again,

ρ1,NSD and ρ2,NSD are defined such that the density profile is continuous.

Boxy bulge We model the boxy bulge using the distribution of red clump gi-

ants [414, 344]. The number density of red clump giants is well fit by the triaxial

120



6.A. GCE templates

E3 model [415, 344]:

ρE3 ∝ K0(rs) (6.7)

rs =

[( x

x0

)2
+
(
y

y0

)2
]2

+
(
z

z0

)4
 1

4

, (6.8)

with K0 the modified Bessel function of the second kind and the following scale

lengths: x0 = 0.67 kpc, y0 = 0.29 kpc and z0 = 0.27 kpc [344].

The boxy bulge is rotated relative to the coordinate system defined above. In order

to perform the line-of-sight integral we have to perform a coordinate transformation

(x, y, z)→ (xGC, yGC, zGC). The rotation of the major axis (x) is around the z–axis

and is θ = 29.4◦ away from xGC in the clockwise direction [344].

Other parameterizations for the density profile of the boxy bulge exist in the litera-

ture [415, 416]. Since regions close to the Galactic plane (|b| < 2◦) suffer from large

extinction in optical and infrared they are usually masked when fitting bulge models

to this data [415, 416, 344, 417]. Consequently, parameterizations can differ near

the Galactic center. In order to test how our results depend on the parametrization

we also performed an analysis with an alternative bulge model referred to as model

S in Ref. [416] and using the best fit parameters from Ref. [417]. Model S uses a

hyperbolic secant function,

ρS ∝ sech2 (rs) , (6.9)

rs =
[(

x

x0

)c⊥
+
(
y

y0

)c⊥] c‖c⊥
+
(
z

z0

)c‖
, (6.10)

where x0, y0, z0 are scale lengths and c⊥, c‖ are shape parameters. We find that both

parameterizations perform similarly in terms of fit quality. However, because model

S is less steep towards the center than the boxy bulge model, the nuclear bulge flux

is enhanced. The luminosity-mass relations of model S for the fixed spectrum run

are (2.1±0.2)×1027 erg s−1 M−1
� and (1.7±0.8)×1027 erg s−1 M−1

� for the boxy and

nuclear bulge respectively. In case of model E3 this is (1.9± 0.2)× 1027 erg s−1 M−1
�

and (1.1± 0.6)× 1027 erg s−1 M−1
� .

X-shaped bulge We model the X-shaped bulge using the results from Ref. [408]

and the public release of the WISE coadds [418]. We take the average of the residual

maps in the W1 and W2 bands obtained using the public code [408], revealing the

X-shaped structure. Any negative residuals are set to zero before averaging. This

procedure is similar to that adopted by [334].
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Dark-matter profiles We consider the NFW profile[82, 210] :

ρ(r) = ρs(
r
rs

)γ (
1 + r

rs

)3−γ . (6.11)

here γ defines the inner-slope, rs = 20 kpc the scale-radius and ρs the scale density.

We consider the common NFW profile (γ = 1) and a contracted NFW profile with

γ = 1.26.

The second profile considered is the Einasto profile [83, 419]:

ρ(r) = ρs exp
(
− 2
α

[(
r

rs

)α
− 1
])

. (6.12)

Where α = 0.17 and again rs = 20 kpc. Note that the exact value of rs is not very

important, it mostly affects the halo properties at large radii.

6.A.3 Radial comparison

The radial profiles of the GCE templates are compared in Figure 6.5, where in

case of a non-spherical template we show the envelope of the radial profile. Tem-

plates are smoothed with the Fermi Pass 8 ULTRACLEAN Front+Back angular

resolution averaged between 1–10 GeV. Interestingly, the combination of boxy bulge

and nuclear bulge, normalized relative to their masses of 0.91 × 1010 M�[399] and

1.4× 109 M� [358] respectively, is similar to the NFW profile out to ∼ 8◦, but it has

a much wider spread at larger radii due to its oblateness.

6.B Analysis with SkyFACT and model compari-

son

SkyFACT is used for fitting the γ-ray sky. We refer the reader to Ref. [333] for

a complete description of the approach. Here we briefly describe the approach to

fitting, components used in modeling, and the statistical analysis used. We highlight

here any differences between this analysis and that in Ref. [333].

6.B.1 Fits with SkyFACT

The main difference between fits with SkyFACT and more traditional template

fitting is that SkyFACT allows for the introduction of nuisance parameters that can
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Figure 6.5 Radial profiles for the various GCE templates considered in this analysis.

In case of a non-spherical template we show the envelope of the radial profile. All

templates are smoothed with the Fermi Pass 8 ULTRACLEAN Front+Back angular

resolution averaged between 1–10 GeV. The relative normalization between the nu-

clear bulge and boxy bulge is determined by their total stellar masses 1.4× 109 M�
and 0.91 × 1010 M� respectively. The stellar template follows the NFW profile out

to ∼ 8◦, but it has a much wider spread at larger radii due to its oblateness. Steps

in the grey and red bands (line) are the result of the finite pixel size.

account for small, pixel-by-pixel variations and uncertainties in the spatial templates.

We model the diffuse flux in pixel p and energy bin b as the sum over k emission

components,

φpb =
∑
k

T (k)
p τ (k)

p · S(k)
b σ

(k)
b · ν

(k) , (6.13)

where T
(k)
p describes the morphology of emission component k, S

(k)
b the model

spectrum, and ν(k) is an overall normalization. The parameters τ
(k)
p and σ

(k)
b are,

respectively, spatial and spectral modulation (or nuisance) parameters that account

for uncertainties in the model morphology and model spectrum. These parameters

are meant to vary around values of one, in a range that corresponds to our actual

knowledge of the spectrum or morphology of each emission component. They are

constrained to be non-negative to remain physically meaningful. The point source

model is similar in structure, but without spatial templates or modulation parame-

ters.
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A penalized likelihood approach is adopted, where the flexibility of the modulation

parameters is controlled via regularization (or penalty) terms in the total likelihood

function in the fit. The analytical structure of our regularization terms is motivated

by the maximum entropy method (MEM), which results in reconstructed images

that are as featureless as possible while still satisfying the constraints of the input

data.

The model flux in Equation 6.B.1 is then multiplied by the exposure and convolved

with the Fermi point spread function (PSF) to obtain the expected number of pho-

tons per pixel and energy bin. The predicted number of photons per bin are finally

compared to the Fermi data using a Poisson likelihood. This Poisson term is added

to the regularization terms to sum to the total likelihood used in optimization.

Although the number of parameters in the minimization of −2 lnL is very large,

typically of the order of 105, the minimization problem is, for reasonably constrained

modulation parameters, convex and hence has a unique solution [333]. We use the

L-BFGS-B [420, 421, 422] algorithm for optimization, which makes use of analytical

gradient information and implements the active set method to enforce non-negative

boundaries on the fitting parameters. We estimate the uncertainties on fitted model

parameters using the Hessian of the likelihood function, which we approximate by

the inverse Fisher information matrix (as described in detail in Ref. [333]; see also

Ref. [270]).

6.B.2 Data selection and model components

Data selection is identical to Ref. [333]: we use 7.6 years of Pass 8 ULTRACLEAN

Fermi data binned into square pixels 0.5◦ on a side. Our foreground model consists

of standard Galactic and extragalactic components: 1) hadronic emission from π0

decay produced by the interactions of cosmic-ray protons with Galactic gas and dust,

2) ICS emission from cosmic-ray electrons, 3) the extragalactic Isotropic Gamma-ray

Background (IGRB) emission, primarily the result of unresolved point sources, and

4) point sources and extended emission sources. We include an additional component

that represents the Fermi Bubbles [343]. Instead of the 511 keV template used for

the GCE component in Ref. [333], we here set up a variety of runs with different

spatial templates for the GCE.

As a tracer for the spatial distribution of π0-decay γ-ray emission, we consider the

sum of the atomic and molecular hydrogen column densities, assuming a constant

conversion XCO = 1.9×1020 cm−2/(K cm/s). We build maps from those available in

the GALPROP public release [337]. We split the gas templates in three radial bins:

0 – 3.5 kpc, 3.5 – 6.5 kpc and 6.5 – 19 kpc. For the three gas templates we impose
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6.B. Analysis with SkyFACT and model comparison

a weak regularization on the morphologies (corresponding to variations within 32%

for in the inner two rings and 50% for the outer ring), a weak regularization on the

spectra starting from the ones measured in Ref. [423] (within 25%), and a very weak

smoothing. The normalization is instead completely unconstrained.

The ICS template is computed using DRAGON [284] and its custom companion

GammaSKY [424, 425]. The ICS γ-ray emission model is built under standard

assumption on the cosmic-ray source distribution [426] and interstellar radiation

field [427], while we use propagation parameters corresponding to the “KRA4”

model [425]. The ICS morphology is allowed to strongly vary (by a factor of 3).

The ICS spectrum, as in the case of the hadronic template, is constrained to re-

main close to the spectrum measured in Ref. [423] (within ∼ 25%). We enforce a

stronger smoothing than in the case of the gas, about 10% pixel-to-pixel variation.

The overall normalization is again free to float.

We further include a template for the IGRB [428]. We allow its spectrum to slightly

vary (within 25%) with respect to the spectrum derived from the diffuse background

model A [428], while its normalization is fixed.

We add all 3FGL point sources within our ROI to the fit [429]. We use a weak regu-

larization on their spectra, allowing variations within 20%, while the overall normal-

izations are allowed to vary by 32%. We also consider 3FGL extended sources [429]

within our ROI, weakly constraining the spectra and leaving the morphologies un-

constrained.

For the Fermi Bubbles component we use a constrained (to within 1%) spectral

template [343] with unconstrained spatial modulation allowed. The effects of using

alternative spectral templates for this component are discussed below (Section 6.D).

The main technical difference between Run5 in Ref. [333] and this work are the

models used for the GCE. For each of the tested GCE components listed in the

main text, the spatial modulation is fixed while the spectral modulation is set to be

either essentially free (r5 *) or completely fixed to an MSP spectrum (r5 * msp).

6.B.3 Statistical analysis and model comparison

The full likelihood used in SkyFACT is the sum of a standard Poisson likelihood and

a regularization term that controls the modulation parameters. The full likelihood

is used to calculate any significances listed in this chapter.

For the comparison of different GCE templates we perform a standard composite

hypothesis test using profile likelihood ratios. To this end, we construct a nested
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model [430]. This is done explicitly by considering a model that has a both a boxy

bulge and nuclear bulge component as well as an additional component such as

dark matter or an X-shaped bulge. We first consider the bulge-only scenario as the

null hypothesis (H0) and the alternative (H1) to be the presence of an additional

component, for exemplary purposes we consider dark matter. The likelihood ratio

test statistic for the mixed model is

Λ(θDM) = −2 ln L(θDM, θ̂bulge)
L(θ̂DM, θ̂bulge)

. (6.14)

Here θDM and θbulge are the parameters corresponding to the dark-matter and bulge

profile, respectively. In our case these correspond to the normalizations of the flux in

each energy bin. The parameters are all constrained to θi ∈ [0,∞]. Following Wilks’

theorem, the likelihood ratio is distributed as a χ2
k–distribution if H0 is true [431],

where k is the number of free parameters. However, since normalizations are set to 0

for the null hypothesis, the parameters are on the boundary. For one free parameter,

the likelihood ratio is distributed as a equal mixture between a Dirac delta and a

χ2
1 [432]. If all k free parameters are on the boundary, we obtain the following mixed

distribution [433] (assuming no covariance between the parameters θ),

P (Λ) = 2−k
[
δ(0) +

k∑
i=1

(
k

i

)
χ2
i (Λ)

]
. (6.15)

In order to interpret the observed log-likelihood ratio (λ) in terms of standard devia-

tions (σ) we compute the p-value, or survival function: p = P (Λ > λ). The number

of sigmas then corresponds to the square root of the inverse-survival function of

a χ2
1 distribution with argument p. We note that when the spectra are fixed the

number of free parameters is 1 for each template, an overall normalization. In case

the spectra are left free there are 25 per template, one for each energy bin.

Finally, in order to test deviations from a model with only dark matter, instead of

a model with only a bulge, the above hypotheses are interchanged. The results of

both tests can then be interpreted simultaneously [434].

6.C Overview of runs and SkyFACT compared to

traditional analyses

A selection of SkyFACT runs performed for this analysis is provided in Table 6.3.

Runs starting with r5 are extensions or modifications of Run5 from Ref. [333]. In

Figure 6.6, we show the best-fit spectra for the GCE components of all runs starting
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6.C. Overview of runs and SkyFACT compared to traditional analyses

with r5 in Table 6.3. For these runs, the recovered spectra are quite similar, with

less than 30% variation in peak flux. The spectrum of the X-shaped template is not

well-recovered, since it is such a sub-dominant component; the error bars are also

large on this component.
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Figure 6.6 Recovered spectra for the GCE component of all runs in Tab. 6.2 starting

with r5. If there are multiple GCE components in a single run (e.g., the RCG+NB

template), the two components are plotted separately. We highlight the runs with

RCG+NB templates and a contracted NFW template in dark and light blue, re-

spectively. Error bars are not shown for clarity.

Runs starting with A-H in Table 6.3 connect the analysis of Ref. [118] to Run5. We

used the latter to identify how the current analysis differs from previous analyses

applying regular template fitting. To this end we changed the analysis assumptions

step-by-step until we well reproduce the results from Ref. [118]. Digits in the run

name refer to the GCE template used. Each run was performed twice, ones for the

NFW (1) and ones for the bulge template (2). The NFW template that is used has

an inner slope of γ = 1.26 as in run r5 NFW126 and the bulge template includes the

boxy bulge as traced by red clump giants and the nuclear bulge, as in r5 RCG NB.

Note that the nuclear bulge is fully masked when the disk is masked.

Run A mostly reproduces Model F from Ref. [118]. It uses a smaller 40◦× 40◦ ROI,

the GALPROP gas and ICS templates from Model F, a uniform spatial bubble

template [342] and the Galactic disk is masked |b| ≥ 2◦. The main difference is the

point source treatment: runs A–H include all the 3FGL sources in the fit with free

normalizations (same constraints as run5 in Ref. [333]), whereas Ref. [118] masks

point sources.
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−2 lnL ∆χ2

Template (1) NFW γ = 1.26 (2) RCG NB

A 147174.1 146925.9 248.2

B 165359.2 166061.1 -701.9

C 718013.4 720259.4 -2246.0

D 562568.4 562954.8 -386.4

E 655669.2 654980.3 688.9

F 655113.2 654822.4 290.9

G 651123.3 650803.5 319.8

H 648421.9 648241.5 180.4

Table 6.2 −2 lnL values for the various runs connecting the analysis of Ref. [118] to

Run5. ∆χ2 = −2(lnLNFW−lnLRCG NB), where RCG NB refers to the combination

of boxy bulge and nuclear bulge.

Surprisingly, for this run, the bulge template is preferred over the NFW template.

However, we should caution that in either case the fit to the data is poor. We show

the difference in fit quality, ∆χ2, between the the NFW and bulge runs in Table 6.2

2. Step-by-step we release the constraints until we reproduce Run5. In model B we

change the gas and ICS templates to the ones used in Run5; however, rather than

using 3 rings for the π0 template only a single template is used. Changing the gas

template results in a preference for the NFW template. Run C extends the ROI to

include the full latitude range used in the rest of this work, |l| ≤ 90◦. The NFW

profile still is preferred.

The largest change in the ∆χ2 occurs between run C and D, where modulation

parameters for the spatial templates are switched on. The NFW template is still

formally preferred, but the difference is drastically reduced. If only the Poisson

term of the likelihood is considered, the switch in preference for NFW to RCG+NB

actually occurs here between runs C and D, but the regularization term in run D

is large enough so that for the total likelihood, the NFW template is still preferred.

Unmasking the disk in run E results in an overall preference for the RCG+NB

template over the NFW. Next, the π0 template is broken up into two rings in run

F. Extended sources are added in run G. There is still a preference for the bulge

template. Finally, we change the template for the bubbles from a uniform spatial

template to a spectral template and thus recover Run5 in H. Run H1 (H2) is identical

to r5 NFW (r5 RCG NB) except that the latter uses 3 gas rings. The choice of 2 or

3 gas rings does not affect the fit to the GCE.
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Run ID Comment

r5 NFW126 Bulge spectrum from spatial dark-matter template

r5 NFW100 Bulge spectrum from spatial dark-matter template

r5 Einasto Bulge spectrum from spatial dark-matter template

r5 BulgeGC Bulge spectrum from spatial 511 keV template

r5 RCG Bulge spectrum from spatial stellar mass template

r5 RCG NB
Bulge spectrum from

spatial stellar mass template; two components

r5 RCG NB X
Bulge spectrum from

spatial stellar mass template; three components

r5 RCG NB +GeV Softer Fermi bubble spectrum

r5 RCG NB -GeV Harder Fermi bubble spectrum

r5 RCG NB pICS
Additional inner Galaxy ICS

component with soft spectrum

r5 RCG NB pICS2
Additional inner Galaxy ICS

component with hard spectrum

r5 RCG NB ICSGC10
Physics motivated central ICS

component from DRAGON

A1(2)
Reproduction of Ref. [118],

with spatial dark-matter (stellar mass) template.

B1(2)
A1(2) gas/ICS templates changed

to Run5 templates (1 gas template).

C1(2) B1(2) with longitude extended to |l| ≤ 90◦.
D1(2) C1(2) with modulation as in Run5.

E1(2) D1(2) with disk unmasked

F1(2) E1(2) with two gas rings used.

G1(2) F1(2) with extended sources added in.

H1(2) G1(2) with spectral bubble template.

Table 6.3: Overview of different runs that we used in this chapter. All runs

starting with r5 are extensions or modifications of run5 from Ref. [333],

where more details about the background modeling can be found. r5 runs

are also performed with the spectrum fixed to that of a stacked MSP sam-

ple [355], in which case we append msp to the run ID. Runs starting with

A–H connect the analysis of Ref. [118] to Run5. The only difference be-

tween Run5 and H is that the gas template is broken up into 3 ring in the

former and 2 in the latter.
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6.D Considerations of various systematics

6.D.1 Relevance of modulation parameters

A critical component of the analysis, and in fact part of the reason why we obtain

qualitatively different results than previous studies as explicitly shown above, is the

inclusion of nuisance parameters in the various model templates. We here briefly

summarize the main assumptions on the nuisance parameters that we made for our

reference model. Full details can be found in Ref. [333]. Variations at the levels

smaller than or equal to the constraints described above would not be surprising,

and are of the size of actual residuals that one can find in standard template analyses.

If we compare the spatial nuisance parameters between runs with different bulge

models, we find that the main differences are concentrated in the inner 40 by 40

degrees around the Galactic center. The differences are roughly . 20% here and

essentially 0 outside this region. Variations in the spectral nuisance parameters are

< 5%. The overall regularization term of the likelihood is similar for runs with

different bulge models; the main differences in χ2 between different bulge models is

due to the Poisson component of the likelihood.

Robust results can only be obtained if they do not critically depend on the particular

values chosen for the strength of the allowed modulation of nuisance parameters. To

test this, we increase or decrease the allowed range of the spatial or spectral nuisance

parameters by a factor of four separately for each of the diffuse components (the

ICS component plus the three gas rings) and the 3FGL sources. We find that the

preference for the RCG+NB model over the NFW126 model is rather stable under

such changes. More specifically, the RCG+NB is still preferred over the NFW126

model by 100 < ∆χ2 < 300 for all variations. We checked that the inferred best-fit

spectra for the RCG and NB components does not vary by more than 30% or a

factor of two, respectively. We also checked that increasing the spectral freedom of

the three gas rings or the ICS component individually has no noticeable effect on

our results.

6.D.2 Relevance of the size of the ROI

We find that the large ROI that we use in our analysis (|b| < 20◦ and |`| < 90◦) plays

an important role for obtaining robust and stable results. The best discriminator

for the various diffuse model components is their spatial extent along the Galactic

plane and towards high latitudes. This discriminator is lost if the analysis is limited
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to a too-small ROI. Instead, the results start to depend on specific small-scale shape

differences between the components, which are usually hard to model and susceptible

to a large range of systematic uncertainties. This becomes particularly problematic

if the signal of interest has the same spatial extent as the ROI.

For instance, the different gas components overlap in the inner Galaxy along the

Galactic disk (say, |b| < 5◦, |`| < 20◦), and are hard to discriminate in a fit that

is limited to a ROI of comparable size. However, the various components differ –

by construction – in their longitudinal extent. Including a larger portion of the

Galactic disk, as we do in our analysis, provides enough leverage to disentangle the

components and constrain their energy spectrum and normalization. At the same

time, the modulation parameters that we introduced in our analysis allow to account

for inaccuracies of the modeled components at smaller scales. A similar argument

holds for our treatment of the Fermi bubbles (see below) and ICS emission.

The X-shaped bulge The considerations about the size of the ROI explain why

we can not confirm the recent claims that the GCE is best described by an X-

shaped bulge template [334]. In fact, we find that we can reproduce the results from

Ref. [334] if we (a) restrict our analysis to the same ROI (a 15◦× 15◦ region around

the GC), (b) allow complete spectral freedom (c) fix the spatial templates and (d)

exclude the bubbles from our analysis. Under these conditions, we find indeed that

the X-shaped bulge is preferred over the RCG+NB template, with a similar best-

fit spectrum as shown in Ref. [334]. However, from our analysis it appears that

most of the emission previously attributed to the GCE is falsely absorbed by the

gas templates when using the smaller ROI. We find that such a fit leads to results

inconsistent with the data as soon as one increases the size of the ROI.

One might argue that a small ROI should lead to more robust results, by increasing

statistical error bars and making the results less dependent on a mismodeling of dif-

fuse Galactic emission at large scales. However, this is only strictly true if the shape

of all model components is accurately known. Mismodeling will introduce biases,

which play an increasingly large role if the most prominent differences between the

signal of interest and the background components are removed by using a small ROI.

Using a small ROI also decreases the flux going into the bulge template, regardless of

the model used. We find that only when using the large ROI results are consistent

with previous analyses [118, 117]. On the contrary, the results from Ref. [334]

underestimate the GCE flux at large Galactocentric radii. Their total bulge flux

is almost a factor 2.5 smaller than the one derived in this work. This is shown in

Figure 6.7. The low flux in that analysis can be partially attributed to the small

ROI and partially to the X-shaped template which is much less extended than a
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boxy bulge template.
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Figure 6.7 Azimuthally-averaged radial profile of the Galactic center excess flux at

2 GeV. Black and grey data points correspond to the results from this work for

the full bulge and nuclear bulge, respectively. They are in agreement with previous

results as shown in green and magenta [118, 117]. Red (X+NB) and orange (NB)

data points correspond to the results from Ref. [334].

6.D.3 Variations of foreground templates and Fermi bubbles

Using H.E.S.S. and Fermi -LAT data the supernova recurrence time in the CMZ is

estimated to be ∼ 2500 yrs [435]. Assuming 10% of the kinetic energy goes into

cosmic rays, and 1% into electrons, this corresponds to an average injection of ∼
1037 erg s−1 into cosmic-ray electrons. This is comparable to the luminosity of the

GCE component in our fits (∼ 1.9× 1037 erg s−1). However, it is generally expected

that a fraction of the electron cosmic-ray energy is lost at radio frequencies by

synchrotron radiation. Furthermore, the expected γ-ray spectrum would be most

likely hard, comparable to the Fermi Bubbles spectrum or the spectrum of our ICS

template.

In order to test the robustness of the GCE with respect to additional cosmic-ray

injection in the CMZ explicitly, we constructed an ICS template from a central

source using DRAGON [284] and GammaSKY [424, 425]. We refer to this run as

r5 RCG NB ICSGC10. The template is normalized such that its total luminosity
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above 100 MeV is fixed to ∼ 3 × 1037 erg s−1. This corresponds to a star-formation

rate and corresponding lepton production in the CMZ that is a few percent of that

of the Galaxy as whole [436]. We find that when the spectrum of the additional

ICS template is fixed to the result from DRAGON, a spectrum very similar to that

of the disk ICS component, the GCE persists, with a flux that is decreased by

∼ 20%. If the spectrum is allowed to vary, than the new ICS template picks up

a spectrum much more similar to that of the GCE, essentially thereby becoming

an additional GCE template. The flux of the ‘main’ GCE template in this case is

reduced by ∼ 40%. Consequently, we find that the GCE is robust with respect to

additional CR injection in the CMZ. Moreover, we would expect that this additional

CR component manifests itself as a low-latitude component of the Fermi Bubbles

due to the harder spectrum. Interestingly, we find that total luminosity of our low-

latitude Fermi Bubbles component is ∼ 3.6 × 1036 erg s−1 (for a 10◦ × 10◦ ROI

around the Galactic Center integrated over all energies, run r5 RCG NB). This is

also the component that is most affected when the central ICS template with fixed

spectrum is included. A possible connection to star formation in the CMZ will be

explored in detail elsewhere.

The spectrum of the GCE differs significantly from the high-latitude Fermi Bub-

bles spectrum [324]. However, the emission that should be associated with the Fermi

Bubbles at low energies is unknown. We test the robustness of our results against dif-

ferent Fermi Bubbles characterizations. For this purpose we reanalyze r5 RCG NB

with a hardened/softened bubble spectrum, by multiplying its original spectrum

by a power law of E±0.05 (r5 RCG NB ±GeV). As can be seen in Figure 6.6, the

spectra of the boxy bulge (RCG) and nuclear bulge are very similar to those in the

run with the original bubble spectrum, changing by less than 15%. In addition, as

discussed in Section 6.C, we implemented a fixed uniform morphology for the Fermi

Bubbles as in Ref. [118], in which case the GCE component is decreased by ∼ 5%
(RCG+NB) or increased by ∼ 20% (NFW). Furthermore, we tested models where

we allowed an additional spectral component in the inner 10◦ × 10◦ region of the

Galactic center, with completely free morphology, and a spectrum either fixed to the

ICS component of our main runs (which is significantly softer than the Fermi Bub-

bles spectrum), or to the spectrum of the Fermi Bubbles multiplied by E0.1, which

is significantly harder. In the first case (r5 GCE NB pICS), this component does

not pick up a significant amount of the inner Galaxy emission, but in the second case

(r5 GCE NB pICS2) it absorbs much of the enhanced bubble emission that we see

in our main runs. In both cases, the GCE flux is not affected much (the boxy bulge

component by less than 20%, the nuclear bulge is barely affected). This suggests

that the freedom introduced with our Fermi Bubbles template is already enough to

account, together with the GCE, for most of the inner Galaxy emission.
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Finally, we tested that a more complex version of the r5 * runs, where we split

the gas-related CO and HI components of the outer gas-ring and include a free

template for the CMZ (which covers only the inner 4 pixels), does not affect the

results significantly.

6.D.4 The role of point sources

A recent dedicated search for point sources in the inner Galaxy was performed by

the Fermi Collaboration and resulted in the publication of the 2FIG catalog [314].

We test the effect of including these additional sources on the GCE in our runs by

including all 2FIG sources that are not in the 3FGL catalog and not found in clusters

near other known point or extended sources. The spectra and positions are taken

from the 2FIG catalog and the same modulation parameters as for the 3FGL sources

are used. We find that the adding the 2FIG sources does not change the preference

for the RCG+NB template over the dark-matter templates. The RCG+NB template

is still preferred over the NFW profile by a ∆χ2 > 100. The GCE fluxes are reduced

by ∼ 10% when including the 2FIG sources. As already discussed above, including

the point sources from Ref. [334] does not have a large effect on our results either.

6.E M31

Recently, Ref. [410] detected γ-ray emission from M31 with a flux of (5.6 ± 0.6) ×
10−12 erg cm−2 s−1 and found marginal evidence for spatial extension. Assuming

M31 is similar to our Milky Way we can estimate the predicted emission from M31

using the relation between bulge stellar mass and the GeV emission. Taking the

distance to M31 to be 785 kpc and the stellar mass of the bulge MM31 = (4.4 −
6.6) × 1010 M� [437] we estimate the luminosity of M31 to be ∼ 20× that of the

Milky Way bulge. Thus, assuming M31 is a Milky Way analog and that its γ-ray

emission comes from the bulge it would have ∼ 4× more MSPs per unit of stellar

mass. Ref. [438] arrives at the same conclusion, albeit through a different analysis

in which they start from an estimation of the number of MSPs in the disk.

Assuming similar ratios of GeV emission per unit stellar mass in the bulge and disk

of M31 as in those of the Milky Way, we estimate that ∼ 90% of the potential GCE

flux from M31 should come from the bulge and the remaining ∼ 10% from the disk.

Note that for the luminosity function where the majority of the flux is produced

by sources of intermediate luminosity, such as that of Ref. [94], the disk of M31

can become equally bright, or slightly brighter than the bulge, since in this case we
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expect the disk and bulge to have a similar amount of MSPs per unit of stellar mass.

Ref. [438] shows that in this case MSP emission from the disk is only just below

the detection threshold. We note that the radius of the bulge in M31 is only ∼ 0.1◦
[437]. Consequently, the observed bulge emission of 0.4◦ radius fit by a uniform

brightness [410] appears large. Future instruments with better spatial resolution

(e.g. e–ASTROGAM [164] or AMEGO [166]) could potentially better resolve the

bulge (also see Ref. [438]).

***
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7
The Galactic-Disk

Population of

Millisecond Pulsars

7.1 Introduction

Millisecond pulsars (MSPs) are believed to be recycled pulsars that are spun-up to

millisecond periods by accreting matter from a companion star [350]. Prior to the

launch of the Fermi Gamma-Ray Space Telescope pulsations from only one MSP had

been claimed in γ-rays and at low statistical significance [439]. Since then the Large

Area Telescope (LAT) aboard Fermi has revolutionized the field with close to one

hundred γ-ray detected millisecond pulsars [440, 441, 442, 382]. Most detections of

γ-ray pulsations in MSPs follow from phase-folding the timing parameters already

known from radio [e.g. 442]. In many cases, the radio MSPs have been initially

detected during follow-up observations of Fermi unassociated sources after which

the timing information is utilized to confirm γ-ray pulsations [e.g. 443]. Increased

computing power has made it possible to detect γ-ray pulsations in blind searches

where no timing information is available [444, 445].

Population studies of MSPs in radio have constrained their spatial distribution,

luminosity function and the number of radio-emitting MSPs in the Galactic disk

[446, 447, 448]. On the other hand, γ-ray population studies of MSPs have been

performed to constrain their luminosity function and in some cases their spatial

distribution [368, 389, 367, 354, 370, 94, 373].
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A particular goal of many of these analyses has been to rule-out or constrain the MSP

interpretation of the Fermi Galactic Center Excess (GCE). The GCE is an excess

of γ-rays at energies of ∼ 2 GeV that is spatially coincident with the Galactic Bulge

[116, 117, 118] and was also shown to be morphologically similar [5]. It has been

suggested that the GCE could be caused by a bulge population of MSPs [356, 319].

Corroborative evidence for this scenario was found by analysing the photon statistics

of the inner-Galaxy [374, 3]. However, arguments against this scenario exist based

on an apparent conflict between the luminosity function of MSPs in the Galactic disk

and the intensity of the GCE. It was argued that if the GCE is caused by MSPs we

should have already detected a few dozen sources from this population [368, 354, 370].

Conversely, other studies claimed that there is no discrepancy if bulge MSPs have

the same luminosity function as disk MSPs [367, 381, 373]. Previous analyses have

used a variety of distributions for the luminosity function of MSPs. Moreover, they

have used different treatments of the distance estimates to MSPs, which is one of

the major sources of uncertainty when estimating the pulsar luminosity. In the

light of conflicting conclusions caused by particular assumptions it seems important

to perform a complete and unbiased analysis, presenting all sources of uncertainty

clearly and adopting a conservative set of assumptions.

In this chapter we perform a systematic and fully self-consistent analyses of the

spatial distribution and luminosity function of MSPs. We consider different lumi-

nosity functions and parameterizations of the spatial profile, performing a Bayesian-

unbinned likelihood analysis to constrain the model parameters. Bayesian model

comparison is then applied to select the best model. In our analysis we marginalize

over the main sources of uncertainty, namely the distance to and received flux of each

source. What is more, to the best of our knowledge, we for the first time construct

probability distribution functions for distances derived from the dispersion measure

by taking into account the uncertainties in the parameters of the electron-density

models [449]. Finally, we also study how the inclusion of unassociated sources can

impact our results.

The layout of the chapter is as follows. We first discuss our modeling and MSP

data sample in Sec. 7.2. Results are then given in Sect. 7.3. Finally we discuss the

implications of our results in Sect. 7.4 and conclude in Sect. 7.5.

7.2 Methodology and data

In this work we perform a Bayesian-unbinned likelihood analysis in order to fully

exploit the heterogeneous information available in the data sample. We first discuss
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the likelihood function and then address the two main areas of uncertainty, namely

the distances to sources and the contribution from unassociated sources.

7.2.1 Likelihood

Our analysis is based on an unbinned Poisson likelihood function,

L (D|Θ) = e−µ(Θ)
Nobs∏
i

NtotP (Di|Θ) , (7.1)

where Θ is the vector of parameter dependencies, Nobs is the number of observed

MSPs, Ntot the total number of sources and P (Di|Θ) is the probability of finding

a given source at Galactic position (`i, bi), with observed flux Fi and, if available,

parallax or dispersion measure ωi or DMi, i.e. Di = {`i, bi, Fi, κi} with κi = ωi if a

parallax measurement is present, or else κi = DMi if a DM measurement exists. If

no distance measure is present Di = {`i, bi, Fi}. Furthermore, µ(Θ) is the expected

number of observed sources and satisfies in the point of maximum likelihood the

condition

µ(Θbf) = Nobs , (7.2)

where Θbf are the maximum-likelihood values for the parameters of our model. More

specifically, µ(Θ) and P (Di|Θ) are given by

µ(Θ) = Ntot

Npix∑
j=1

Ωj
cos bj

∫
dD

∫
dLP (L|Θ)P (`j , bj , D|Θ)Pth

(
L

4πD2

∣∣∣Θ, `j , bj

)
,

(7.3)

P (`i, bi, Fi, κi|Θ) = 4π
∫
dD

∫
dF D2P (`i, bi, D|Θ)P

(
L = 4πD2F |Θ

)
·

Pth (F |Θ, `i, bi)P (κi|D)P (Fi|F ) (7.4a)

P (`i, bi, Fi|Θ) = 4π
∫
dD

∫
dF D2P (`i, bi, D|Θ)P

(
L = 4πD2F |Θ

)
·

Pth (F |Θ, `i, bi)P (Fi|F ). (7.4b)

Here P (L|Θ) and P (`, b,D|Θ) are the luminosity function and spatial distribution,

which are discussed in detail in sections 7.2.1 and 7.2.1 respectively. The total

number of sources equals the sum of the disk (N) and bulge sources (Nbulge), Ntot =
N + Nbulge. Pth(F |Θ, `, b) is the detection sensitivity which is defined in Eq. 7.10.
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We take the observed spatial positions to correspond to the true positions, since

their uncertainties are negligible for the purpose of our analysis. On the other hand,

we integrate over the true distances (D) and fluxes (F ) of the sources. In Sect. 7.2.1

we discuss P (Fi|F ), the probability of measuring a flux (Fi), given the true flux

of the source (F ). Similarly, P (κi|D) is the probability of observing a particular

parallax or dispersion measure value (κi) given a true distance to the source. It

is discussed separately in Sect. 7.2.2. Equation 7.4a (7.4b) applies to sources with

(without) distance information.

In order to compute the expected number of observed sources µ we must integrate

over distance, flux and spatial coordinates. The spatial integral is performed by

calculating expectations on a HEALPIX grid with NSIDE = 32 [171]. In this case

the number of pixels is Npix = 12288 and Ωi = 1 × 10−3 sr. The integral is then

straightforwardly performed by summing over all pixels. Since we integrate over

solid angle rather than `, b we divide out a factor of cos b in Eq. 7.3 which appears

in P (`, b,D). Henceforth, we drop the dependence on Θ for notational purposes but

note that the free parameters are clearly stated in Table 7.1.

Luminosity function

We test four parameterizations of the luminosity function in the range 0.1–100 GeV,

namely a single power law with a hard cutoff (PL, Eq. 7.5a), single power law

with super-exponential cutoff (PL exp. cutoff, Eq. 7.5b), broken power law (BPL,

Eq. 7.5c) and log-normal distribution (LN, Eq. 7.5d).

dN

dL
∝ L−α L ≤ Lmax (7.5a)

dN

dL
∝ L−αe−(L/Lc)−β (7.5b)

dN

dL
∝

{
L−α1 L ≤ Lb
L−α2 Lb < L

(7.5c)

dN

dL
∝ 1
L

exp
[
− (log10 L− log10 L0)2

2σ2
L

]
(7.5d)

Unless specified, we fix the minimum and maximum luminosities to Lmin = 1030 erg s−1

and Lmax = 1037 erg s−1 respectively. The number of free parameters varies for dif-

ferent scans. For a single power law we have the slope (α) and the hard-cutoff

(Lmax). The power law with super-exponential cutoff has the slope (α), cutoff lu-

minosity (Lc) and β. For a broken power law we have the low and high luminosity

slope along with the break luminosity, denoted α1, α2, and Lb respectively. Finally,

for the log-normal distribution we have the peak of the distribution and its width

140



7.2. Methodology and data

denoted L0 and σL respectively. All parameters and their prior ranges are given Ta-

ble 7.1. The probability distributions for the luminosities are directly proportional

to the luminosity function P (L) ∝ dN/dL, with
∫ Lmax

Lmin
P (L)dL = 1.

Spatial profiles

We consider two different functional forms for the disk. Each density profile is de-

fined in cylindrical coordinates (r, z, θ) centered on the Galactic center. The prob-

ability of finding a source at a given location is proportional to the density profile

P (r, z, θ) = r n(r, z, θ)/N . Using the appropriate coordinate transformation (see

Appendix 7.B) this probability can be transformed to the probability of finding a

source at galactic longitude and latitude (`, b) and at distance D from the Sun:

P (`, b,D) = D2 cos (b)n(r, z, θ)/N .

Below we discuss the two parameterizations of the disk profile considered in this

work, our benchmark is the Lorimer profile [450]. In addition, we also test a model

with a gaussian radial profile [451].

Lorimer-disk profile The Lorimer profile has a radial distribution that is de-

scribed by a gamma function, whereas the z distribution follows an exponential.

The number density of sources is given by [450]:

n (r, z) =N CB+2

4πR2
�zse

CΓ (B + 2)×(
r

R�

)B
exp

[
−C

(
r −R�
R�

)]
×

exp
(
−|z|
zs

)
.

(7.6)

HereN is the number of disk sources, Γ the gamma function, B and C are parameters

that define the spatial radial profile, zs is scale height and R� = 8.5 kpc the Solar

distance from the Galactic Center. The spatial parameters B,C and zs are left free

in the scan (see Table 7.1). We note that the Lorimer disk reduces to a spatial profile

with an exponential radial profile as considered by Ref. [452] for B = 0.

Gaussian radial profile We also consider a spatial profile with an exponential

disk and a Gaussian radial profile [451]:

n (r, z) = N
1

4πσ2
rzs

e−r
2/2σ2

re−|z|/zs . (7.7)
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Bulge profile Motivated by the GCE, we allow for the presence of a bulge pop-

ulation of MSPs in addition to the disk population in a subset of our scans. We

model the bulge as a radial power-law with a hard cutoff at rc = 3 kpc and fixed

slope of Γ = 2.5 [118, 117],

n(r) = Nbulge
3− Γ

4πr3−Γ
c

r−Γ. (7.8)

Again, P (`, b,D) = D2 cos (b)n(r, θ, φ)/Nbulge (see Appendix 7.B).

Recently, it was found that the GCE is better described by a morphology that

traces the triaxial boxy bulge instead of a spherically-symmetric profile [5, 334].

Nevertheless, we model the bulge MSP population with a radial power-law. The

goal is to test whether this component is required by the data at all. We do not

expect this analysis to be sensitive to the exact morphology of the bulge.

Detection sensitivity

We allow for some uncertainty in the Fermi detection sensitivity. Depending on

the dataset we use, the true detection efficiency can be an arbitrarily complicated

function. In particular for confirmed pulsars, many of which have been detected by

folding in the radio pulsation period, it does not only depend on the γ-ray bright-

ness of a source, but also on the radio properties of the pulsar population and the

sensitivity of current radio telescopes. Therefore, we expect the sensitivity to be

different from the Fermi detection sensitivity. Here we follow the same procedure

as [370, 373] to model the detection sensitivity. The threshold flux at a given sky

position is drawn from a log-normal distribution:

P (Fth|`, b) = 1
σthFth

√
2π

exp
[
− (lnFth − (ln(Fth,mod.(`, b)) +Kth))2

2σ2
th

]
,

(7.9)

where Fth,mod.(`, b) is the sensitivity map in Fig. 16 of Ref. [382]. We have two free

parameters Kth and σth, respectively the normalization and width of the distribution

from which Fth is drawn. A source is detected if F ≥ Fth, therefore

Pth(F |`, b) ≡ P (F ≥ Fth|`, b)

= 1
2 + 1

2erf
[

lnF − (ln(Fth,mod.(`, b)) +Kth)√
2σth

]
. (7.10)
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Flux uncertainties

Energy fluxes (0.1 − 100 GeV) and their uncertainties are taken from the 2FGL

[453], 3FGL [429] or the preliminary Fermi–Lat 8-year catalog (FL8Y)1. The flux

uncertainties are treated as Gaussian, the probability of observing a flux (Fobs) given

some true flux (F ) is

P (F |Fobs) = 1√
2πσ2

F

e−(F−Fobs)2/2σ2
F , (7.11)

where Fobs and σF are the observed energy flux (≥ 0.1 GeV) and its associated

uncertainty.

Parameter prior fixed

log10N [0, 8] -

log10Nbulge [0, 8] -

Luminosity function

log10 Lmin - 30
log10 Lmax ([33.7, 37]) 37
log10 Lc [32, 37] -

log10 Lb [31, 37] -

log10 L0 [31, 37] -

α, α1, α2 [0.1, 5.0] -

σL [0.5, 5] -

β [0, 3] -

Spatial profile

B [0, 10] -

C [0.05, 15] -

zs [0.05, 3] -

σr [0.05, 15] -

rc - 3
Γ - 2.5

Detection sensitivity

σth [0.05, 3] -

Kth [−3, 3] -

Table 7.1 All parameters of the likelihood with their prior values or the value they

are fixed too. Lmax is only left free in case a single power law with hard cutoff is

fitted for.

1https://fermi.gsfc.nasa.gov/ssc/data/access/lat/fl8y/
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7.2.2 Distances

There are two primary methods for measuring the distances to pulsars. If they are

close enough to our galactic position it can be possible to obtain a parallax distance

measure, typically accepted as the most unbiased method to measure distances to

pulsars. However, for the majority of pulsars the only distance measure comes from

radio observations of the dispersion measure (DM), a frequency dependent time shift

of the pulse profile. In order to take into account uncertainties in the distance esti-

mates we construct a realistic probability-density function (PDF) for the probability

of measuring a specific parallax (wobs) or dispersion measure (DMobs) given a true

distance to the source: P (κobs|D) with κobs being the parallax or dispersion mea-

sure. In the likelihood we then integrate over D. If parallax information is available

we construct distance PDFs using these measurements, otherwise we use DM in-

formation. In case neither is available, this term is not present in the likelihood

(Eq. 7.4b).

Distance from parallax

For a small number of MSPs in our sample parallax information is available (see

Tab. 7.4). True parallaxes (ω(D) ≡ 1/D) and measured uncertainties (σω±) are

used to construct a PDF for the observed parallax ωobs. The error on the parallax

is taken to be Gaussian, but can be asymmetric. The PDF for the distance can then

be constructed as follows [454]

P (ωobs|ω(D)) ∝

ΘH

(
1
D
− ωobs

)
exp

[
−1

2

(
ωobs − 1/D

σω+

)2
]

+ ΘH

(
ωobs −

1
D

)
exp

[
−1

2

(
ωobs − 1/D

σω−

)2
]
, (7.12)

where ΘH is the heaviside-step function.

Distance from DM

The origin of the DM is assumed to come from interactions with free electrons along

the line-of-sight. Assuming a particular distribution of free electrons in the Galaxy

we can therefore calculate the distance to any given pulsar using,

DM =
∫ D

0
ne(l) dl , (7.13)
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where ne is number density of electrons along the line-of-sight. Whereas the DM for

each source is well constrained, ne(l) is a source of large uncertainties for individual

sources [455] and sometimes the cause of systematic biases [449]. To date there

are three main models for ne: TC93 [456], NE2001 [457, used by the majority of

past MSP luminosity function analyses], and the recent YMW16 [449]. Ref. [449]

showed that the YMW16 model was less affected by the large errors which typically

entered the NE2001 model, particularly at high galactic latitudes, the regime in

which NE2001 was shown to have large systematic biases [458]. We assume the

YMW16 model as a description of the electron density. The YMW16 model contains

35 free parameters describing a variety of galactic components contributing to the

total electron density, for example the scale height of the thick disk. In principle

these could all affect the distance calculated to a given source. For each pulsar a

PDF is generated for the observed dispersion measure as a function of true distance.

We adopt a conservative approach by sampling from all variable parameters and

calculating the dispersion measure for each pulsar given a true distance to the source.

Gaussian distributions around each parameter are assumed with the central values

and 1σ errors as provided in Table 2 of Ref. [449]. We sample 105 combinations of

parameters and true distances for each pulsar and create a PDF by binning the data

in a histogram. An example is provided in Fig. 7.1. Using this method, we found

that the PDF always peaks extremely close to the best fit value from the YMW16

model but there can be quite significant spread, even though most of the parameters

in the YMW16 model are quite well constrained.

All code to reproduce the DM-based probability-distribution functions for either the

dispersion measure or the distance to an individual pulsar is publicly available at

https://github.com/tedwards2412/MSPDist. We provide a python wrapper for the

YMW16 electron-density model [449] and accompanying code to calculate distance

uncertainties.

7.2.3 Pulsar sample

γ-ray detected pulsars

In our benchmark analysis we exclusively use the γ-ray detected MSPs not associ-

ated with a globular cluster. All sources have spin periods ≤ 30 ms. Our sample

contains 96 sources with confirmed γ-ray pulsations (see Tab. 7.4). The source list

is compiled using the second pulsar catalog (2PC) [382] and the public list of Fermi -

LAT detected γ-ray pulsars as was available on May 14 2018 2. Unless specified

2https://confluence.slac.stanford.edu/display/GLAMCOG/Public+List+of+LAT-Detected+

Gamma-Ray+Pulsars
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Figure 7.1 Probability distribution for the measured parallax and dispersion mea-

sure of J1600-3053 given the true distance of the source. PDFs have an arbitrary

normalization. The black-dotted line shows the distance corresponding the observed

dispersion measure and the best-fit parameters of the YMW model. Varying the

parameters of the YMW16 model yields the distribution shown in red. The green

line corresponds to the PDF for the parallax.

otherwise, fluxes are taken from the third Fermi -LAT source catalog [3FGL, 429].

When a pulsar is not present in the 3FGL we also look for fluxes in the second Fermi -

LAT source catalog [2FGL, 453] and the FL8Y. Similarly, parallax and dispersion

measures are obtained from the ATNF catalog [459].

Unassociated sources

The 3FGL contains 3033 objects with roughly a third still unassociated to a partic-

ular source type. Follow-up radio observations of many of the unassociated sources

have shown that there could be a large population of pulsars still remaining to be

found within the 3FGL. If only a small proportion turn out to be MSPs this pop-

ulation will still tend to dominate the overall data set. We therefore must attempt

to take this population into account and see how it could systematically affect our

results. We capture the possible effects of the unassociated sources by presenting

three scenarios. First, we perform our analysis using only the 96 γ-ray detected

sources. In addition, we perform the same analysis using only the 39 MSPs present

in the 2PC. Finally, we combine the 96 γ-ray detected sources with 69 sources with-

146



7.2. Methodology and data

out γ-ray detected pulsations based on the results from Ref. [460]. Although some

of these 69 sources have unconfirmed associations, we will refer to this sample as

unassociated sources for conciseness. These can be found in Table 7.4 under ’other

sources’.

Ref. [460] performed a classification analysis of the 3FGL using a variety of Machine

Learning tools, the most accurate being Random Forest which achieved > 90% cor-

rect associations when trained on 70% of the sample and tested on the remaining

30%. For the construction of our unassociated sample, we select all 3FGL unassoci-

ated sources and source candidates of any given class that have not been confirmed.

We require that each source is classified as a pulsar by either the logistic regression

or Random Forest analysis of Ref. [460] with over 50% probability. Moreover, we

require the same classifier to classify the candidate as an MSP rather than a young

pulsar. Finally, we require a detection significance in the 3FGL or FL8Y of ≥ 10σ,

similar to the list in Table 6 of Ref. [460] to optimize the chances of the classification

being correct. We note a few of the prime candidates in this table have since been

discovered as γ-ray MSPs, including the two recent detections by Ref. [445].

7.2.4 Parameter scan

We efficiently scan the parameter space using the Bayesian nested sampling pack-

age MultiNest [175, 176]. For the low-dimensional problems at hand, MultiNest

is accurate and requires a computationally feasible number of likelihood calcula-

tions to accurately map the posterior distribution. In addition it is able to handle

multi-modal distributions and degeneracies in the parameter space, the latter being

a problem we are likely to encounter when considering particular configurations of

luminosity functions, such as PL with a maximum luminosity cut-off. The results

presented in Sec. 7.3 use nlive = 500.

For each model the Bayesian evidence is computed [e.g. 461]

Z = P (D) =
∫
L (Θ)π(Θ)dΘ, (7.14)

where π(Θ) is the prior on each parameter. The Bayes factor is then defined as

B12 ≡
P (H2| D)
P (H1| D) = Z2P (H2)

Z1P (H1) , (7.15)

with H1,2 denoting the different models [461]. We choose equal priors for different

models, P (H2)/P (H1) = 1. Since our models are not nested hypotheses, Bayesian

model selection, which does not require this assumption, provides a straightforward

comparison of our models. We note that, in contrast to Frequentist analyses, it is
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here relevant to properly normalize the likelihood functions in order to make the

evidence and the Bayes factor informative. The expressions in Eq. 7.1 and Eq. 7.4

ensure this.

7.3 Results

7.3.1 Model comparison

For each of the three data sets (γ-ray detected MSPs, MSPs plus MSP candidates

from Ref. [460] and the 2PC MSPs) we compare multiple models, each characterized

by their luminosity function, spatial profile and whether or not we included a bulge

population.

In order to interpret the results we use Bayesian model comparison following Ref. [462].

We compute 2 lnB12 from Eq. 7.15 always comparing against a benchmark model

(H2: BPL, Lorimer). If 2 lnB12 ∈ [0, 2] there is no preference for H2 over H1.

2 lnB12 > 10 represents strong preference for H2. Contrarily, 2 lnB12 < 0 indicates

H1 is preferred over H2.

The results for the various MultiNest scans performed are shown in Tab. 7.2. Each

dataset is shown separately and models are ordered by decreasing Z. Our default

dataset (γ-ray detected pulsars only) shows that a single power-law parameterization

of the luminosity function, regardless of whether it has a hard or super-exponential

cutoff, is greatly disfavored. No strong preference is present for either a log-normal

or broken power-law parameterization, although the latter performs slightly better.

Concerning the spatial profile, the Lorimer disk is strongly preferred over the radial

Gaussian profile. No bulge component is required by the data. A small point of

caution, in a few cases the evidence of models including the bulge is smaller than of

identical models without a bulge component. However, the likelihood for the models

including the bulge is higher than that of those where it is not included, which is

expected when including additional degrees of freedom. The fact that the evidence

goes down with the addition of a new component means that the model without

the additional component suffices to describe the data. Given these results, we will

henceforth consider the Lorimer disk with a BPL luminosity function and no bulge

as our benchmark model and show results for this run. Additional results can be

found in Appendix 7.D.
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Model lnZ 2 lnB12

γ-ray detected pulsars

BPL, Lorimer 2042.0 0.0

BPL, Lorimer, bulge 2041.6 0.8

LN, Lorimer 2040.0 4.0

LN, Lorimer, bulge 2040.0 4.0

PL exp. cutoff, Lorimer 2036.6 10.8

BPL, gaussian 2024.0 36.0

BPL, gaussian, bulge 2023.7 36.6

LN, gaussian 2021.8 40.4

LN, gaussian, bulge 2021.2 41.6

PL, Lorimer 2017.6 48.8

All sources

BPL, Lorimer 3889.6 0.0

BPL, Lorimer, bulge 3889.6 0.0

LN, Lorimer, bulge 3888.9 1.4

LN, Lorimer 3888.3 2.6

BPL, gaussian 3875.9 27.4

LN, gaussian 3874.4 30.4

2PC

BPL, Lorimer 789.0 0.0

LN, Lorimer 787.9 2.2

BPL, gaussian 780.0 18.0

LN, gaussian 778.8 20.4

Table 7.2 Model comparison for the three different datasets analyzed. Each model

is characterized by the luminosity function, spatial profile and whether or not we

included a bulge population. We show the log of the Bayesian evidence (lnZ) for

each model and the Bayes factor (B12 = 2 lnZ2/Z1) with respect to the best-fitting

model without bulge [462].
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Parameter broken power-law log-normal

Luminosity function

log10 Lmin 30 30
log10 Lmax 37 37
α1 0.97 -

α2 2.60 -

log10 Lb 33.24 -

log10 L0 - 32.61
σL - 0.63

Spatial profile

B 3.91 2.75
C 7.54 5.94
zs 0.76 0.63

Detection sensitivity

σth 0.41 0.45
Kth 1.35 1.33

Other characteristics

log10N 4.38 4.12
〈L〉 [erg s−1] 6.2× 1032 1.1× 1033

Ltot [erg s−1] 1.5× 1037 1.5× 1037

Ftot [erg cm−2 s−1] 4.7× 10−9 4.8× 10−9

Expected bulge detections 4.5 2.9

Table 7.3 Best-fit parameters and characteristics for the populations with a bro-

ken power-law and log-normal luminosity function and Lorimer-disk spatial profile.

Luminosities and fluxes are in the range 0.1− 100 GeV.

7.3.2 Parameters

In Fig. 7.2 we show a corner plot for the parameters of our benchmark model.

Contours in the two-dimensional histograms are 1, 2 and 3σ. Dashed-lines in the one-

dimensional posterior represent 16, 50 and 84% quantiles. The best fit parameters

for our benchmark model and for the log-normal luminosity function with a Lorimer

disk are given in Tab. 7.3. Corner plots for other representative models in Tab. 7.2

are presented in Appendix 7.D.

The total number of sources with L ≥ Lmin is ∼ 2 × 104 for our best-fit model.

However, it could be as small as ∼ 104 or as large as ∼ 105. Unlike previous claims

[389], we find the γ-ray MSP population to be compatible with the the expected
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Figure 7.2 Corner plot for the parameters of our benchmark model. Contours in

the two-dimensional histogram are 1, 2 and 3σ. Dashed-lines in the one-dimensional

posterior show the 16, 50 and 84% quantiles. Values above each posterior represent

the 50% quantile with 1σ errors.
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Figure 7.3 Luminosity function (0.1− 100 GeV) of our benchmark model. The blue

solid line shows the total luminosity function, whereas the dashed line only shows

the expected sources. Orange errorbars are the expectations-values from the data

where distance and flux uncertainties have been taken into account (for more details

see Appendix 7.C.2). The grey-shaded area corresponds to one or fewer sources.

number of MSPs from population studies using radio pulsars [446, 447, 448].

Luminosity function In Fig. 7.3 we show the luminosity function. The blue

solid line displays the total luminosity function, whereas the dashed line shows the

luminosity function with the detection efficiency folded in. The grey shaded area

corresponds to one or fewer sources at this luminosity.

Orange errorbars show the expectation values derived from the data. Uncertainties

in the flux and distance to individual pulsars have been taken into account (see

Appendix 7.C.2). Upper limits correspond to an expectation of fewer than one

source in the particular bin. In addition, we show the cumulative distribution of the

luminosity function in Fig. 7.4. The data point and errorbars show the median and

the 95% containment interval.

At ∼ 2 × 1033 erg s−1 there is a clear turnover. Due to the hard slope at low lumi-

nosities (α1 = 1.0) and soft slope at high luminosities (α2 = 2.6) the total flux is

dominated by sources somewhat below the break luminosity. There is no indication

of any MSPs brighter than few × 1035 erg s−1 or dimmer than ∼ 1032 erg s−1. This

152



7.3. Results

1031 1032 1033 1034 1035 1036

L [erg s−1]

100

101

102

103

104

N
(≥

L
)

model: all

model: detected

data

Figure 7.4 Similar to Fig. 7.3, but showing the cumulative distribution. Distance

and flux uncertainties for individual pulsars are included in the errorbars, which

show the median and 95% containment interval.

parameterization broadly agrees with the results from Ref. [94].

Spatial profile Spatial parameters are not very well constrained. The scale height

of the disk is ∼ 0.7 kpc but has an uncertainty of a factor ∼ 1.5, in broad agreement

with earlier works [e.g. 452, 448, 390, 370, 373]. The radial parameters of the

Lorimer profile are consistent with the distribution derived for the full radio pulsar

population [463, 450] and with expectations for the MSP population [464]. For

the Gaussian profile (see Appendix 7.D), the dispersion is σr ∼ 4 kpc, but is again

uncertain by ∼ 25%. This result is consistent with the expectations for an old pulsar

population Ref. [451]. Our results for the spatial profile are also in agreement with

other analyses of γ-ray MSPs [370, 373].

In Figs. 7.5a and 7.5b we show the expected (blue) and observed (orange) latitude

and longitude distribution of γ-ray detected MSPs.

Detection sensitivity In principle, the parameters {Kth, σth} are nuisance pa-

rameters. The positive value of Kth indicates that our detection sensitivity is

poorer than the sensitivity map we use [382]. However, this is not unexpected

since Ref. [382] derived their map assuming γ-ray sources with a pulsar spectrum,
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Figure 7.5 Latitude (left panel) and longitude (right panel) distribution of MSPs.

Blue is the expected distribution. Orange data points show the observed distribution.

but did not require pulsations to be detected. We find, for the different datasets,

i.e. 2PC, γ-ray detected pulsars, and including not-yet-identified sources, the values

{Kth, σth} = {2.05, 0.64} , {1.35, 0.41}, and {1.19, 0.30} respectively. Therefore, we

see that the detection sensitivity improves with a larger sample which is expected

since a larger sample implies either increased exposure, such as when going from the

2PC to the full γ-ray detected pulsars sample, or a more lenient detection criteria,

such as when we include unassociated sources.

For completeness, we show the flux distribution in Fig. 7.6. The blue solid line is

the total population, whereas the blue dashed line takes into account the detection

threshold. As can be seen our analysis suggests the MSP population is flux complete

down to F & 10−11 erg cm−2 s−2.

7.3.3 Total luminosity and flux

Given the number of sources and luminosity function we can determine the total

luminosity. Since the broken-power law peaks at luminosities of ∼ 1033 erg s−1 and

has a hard (soft) slope at low (high) luminosities, the total luminosity is fairly insen-

sitive to Lmin and Lmax. The same holds for the log-normal distribution. We find a

total luminosity Ltot = 1.5×1037 erg s−1 and a total flux of 4.7×10−9 erg cm−2 s−1.

These numbers are uncertain by about a factor ∼ 2. Given a Milky-Way stellar-

disk mass of 5.17 × 1010 M� [399] we find that luminosity-per-stellar-mass for the

Milky-Way disk is 2.9× 1026 erg s−1 M−1
� .
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Figure 7.6 Flux distribution for our benchmark model. The blue solid line is the

total MSP population. The dashed blue line takes into account the detection thresh-

old. Orange errorbars are the data including all γ-ray detected pulsars. Red-open

errorbars also include the 69 unassociated sources. Note that the blue-dashed line

corresponds to the detection sensitivity derived using only the γ-ray detected pulsars.

7.4 Discussion

7.4.1 Unassociated sources

Our default analysis includes 96 γ-ray detected MSPs. In addition, we performed

analyses using only the 39 MSPs from the 2PC [382] and including an additional

69 unassociated sources with selection criteria based on the results of Ref. [460].

We find consistent results between the three analyses. In particular, as can be

seen in Tab. 7.2, in all cases we find that there is no clear preference for either

a broken-power law or a log-normal luminosity-function parameterization. On the

other hand, the Lorimer profile is always preferred over the Gaussian disk. Moreover,

the inferred parameters agree within errors between different datasets, but get more

tightly constrained by larger datasets (see Figs 7.2, 7.11 and 7.12).

This leads us to the somewhat surprising conclusion that for the purpose of our

analysis there is no strong bias when including only γ-ray detected MSPs in the

analysis. A priori this is not obvious, since all but one source have radio counterparts
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which could lead to a selection bias which cannot be efficiently accounted for in the

detection sensitivity. Moreover, for all but one of the unassociated sources we do

not have distance priors. This analysis however shows that we can derive consistent

constraints whether or not distance information is included (also see Ref. [370]).

In the future, it would be interesting to include a larger sample of likely pulsar

candidates in order to constrain the luminosity function down to lower fluxes. In

particular, without radio counterpart, it is difficult to confirm γ-ray pulsations in

blind searches [445]. One possibility would be an update of the work by Ref. [460]

using a larger source catalog. In addition, Ref. [314]3 propose a potentially powerful

technique which classifies unassociated sources as likely pulsar candidates and which

uses a customized detection efficiency.

7.4.2 Implications for the Galactic Center excess

We tested for the presence of a bulge MSP population by including an additional

component in our analysis (Sect. 7.2), but find no evidence for the presence of such

a population (Sect. 7.3). This analysis assumes that bulge MSPs follow the same

luminosity function as disk MSPs. Using the same assumption and the observed

GCE intensity we can also estimate how many MSPs from the bulge should have

been detected. We use a GCE intensity of 2.3× 10−9 erg cm−2 s−1 [5] and distance

to the GCE of R� = 8.5 kpc to normalize the bulge population. Using the best-fit

detection efficiency and luminosity function of our benchmark model we estimate

that 4.5 sources should have been detected. Within the 95% containment interval of

the full posterior the number of bulge MSP detections ranges from being fewer than

one to more than a dozen. Using the dataset that includes unassociated sources, this

number goes up to 5.5. Similar numbers are obtained for the log-normal luminosity

function. We therefore agree with Ref. [373] that the MSP interpretation of the

GCE is consistent with the luminosity function derived from MSPs in the Galactic

disk.

We find that opposite conclusions are driven by the high-luminosity tail of the lu-

minosity function. At the distance of the GC mostly sources with luminosities

& 2 × 1034 erg s−1 can be detected. Ref. [370] find relatively more bright sources

(≥ 1034 erg s−1), and thus a higher number of expected bulge detections, compared

to this work and Ref. [373]. Similarly, the MSP population in globular clusters has

about an order-of-magnitude higher mean luminosity than what we derive for the

disk [371]. The treatment of the flux threshold only has a mild impact. Here and in

Ref. [373] both Kth and σth are left free in the fit. However, Ref. [370] fix σth = 0.9,

3Also see Ref. [9].
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which is larger than our best-fit value. Although this leads to a larger acceptance of

dim sources, the detection probabilities at & 3× 1034 erg s−1 are very similar.

It should be mentioned that all but one of the γ-ray detected MSPs have radio coun-

terparts. It is notoriously difficult to detect MSPs in radio near the Galactic Center

due to the large scatter broadening of pulsed emission [e.g. 377]. Since we apply

a detection threshold based on γ-ray flux this does not directly take into account

the decreasing sensitivity of radio searches with increasing distance. Consequently,

if bulge MSPs are present in our full sample it is not unlikely that they are all unas-

sociated sources. In the near future, the radio sensitivity for searches of bulge MSPs

should increase significantly, allowing for the detection of this component in radio

[377].

If the GCE originates from MSPs in the disk we find a bulge-to-disk (B/D) lumi-

nosity (flux) ratio of B/D ∼ 1.3 (0.5). The ratio of luminosity-to-stellar mass in

the bulge is 2.2 × 1027 erg s−1 M−1
� compared to 2.9 × 1026 erg s−1 M−1

� in the disk.

Therefore, the bulge appears to host approximately eight times more MSPs per unit

stellar mass than the disk, consistent with the results from Ref. [5].

7.4.3 Completeness

We discuss the completeness we obtain from our analysis, i.e. the number of detected

sources over the total number of sources in the disk, and compare it to the results of

Ref. [94]. Although Ref. [94] find a comparable parameterization of the luminosity

function, their normalization and therefore total luminosity is about a factor 7 larger

than what we find [94, 438]. This difference can be ascribed to the fact that our

analysis yields a larger completeness by about a factor ∼ 10 at the peak of the

luminosity function (L ∼ 1033 erg s−1). It should be taken into account that we use

a larger sample of MSPs, 96 versus 66 in Ref. [94]. Naively rescaling by this ratio

still leaves a factor ∼ 7 higher completeness.

We find the reason for the difference in completeness to be twofold. First, Ref. [94]

estimate completeness by performing a Monte-Carlo (MC) simulation. They ran-

domly draw pulsars at a given luminosity and assign it a position by drawing from

a Lorimer profile with B = 0, C = 2.8 and zs = 0.6 [452, 389, 94]. In fact, C and

zs are themselves also drawn from log-normal distribution. This profile is consistent

with our best-fit value at ∼ 2σ. We compare the impact this has on the completeness

by running a MC simulation drawing sources at different luminosities and assigning

them spatial positions based on the distribution assumed in Ref. [94] and our bench-

mark distribution. With the spatial profile from Ref. [94] the MSPs are on average

slightly further away compared to our benchmark spatial profile. Consequently, the
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Figure 7.7 Top panel: Comparison of completeness between this work (solid red

line) and Ref. [94] (black dotted line). The dark (light) grey band shows the 68%

(95%) containment interval of the completeness obtained in this work. Color and

line style indicate spatial distribution and flux threshold respectively. Red (green)

use the spatial distribution from this work [94]. The solid (dashed) lines use the

flux threshold from this work [94]. The green dashed line shows our reproduction of

the MC simulation of Ref. [94], using their spatial distribution and flux sensitivity.

Bottom panel: ratio of the red-solid over the green-dashed line.

flux received from each source is about a factor ∼ 2 dimmer, which so happens to

also result in a loss of completeness by a factor ∼ 2. This is displayed Fig. 7.7 as

the difference between the green and red lines with the same linestyle. Second, the

detection threshold applied by Ref. [94] is based on latitude dependent flux thresh-

old in Fig. 17 from Ref. [382], whereas we use the map in Fig. 16 of that same

work. In our MC simulation we also compare these two detection sensitivities. In

Fig. 7.7 this is shown by the difference between the solid (our detection sensitivity)

and dashed (sensitivity threshold from Ref. [94]) lines of the same color. We find

that our sensitivity function yields a larger completeness. Finally, we note that in

our MC simulation the red solid line corresponds to our benchmark model and the

green solid line to our reproduction of the completeness from Ref. [94], with their

spatial distribution and flux threshold. In the bottom panel we show the ratio of

the red-solid line (our work) over the green-dashed line [our MC reproduction of 94,

which agrees very well].
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A merit of our analysis is that it is fully self-consistent in that we model the spatial-

distribution, luminosity function and flux sensitivity simultaneously. Therefore, we

consider the grey band in Fig. 7.7 to be the most trustworthy representation of the

completeness. It shows the 68% and 95% containment interval of the completeness

for our benchmark model. We construct it by sampling spatial and flux-sensitivity

parameters from the full MultiNest posterior and consecutively running a MC sim-

ulation to estimate the completeness for each point.

The estimated completeness at the peak of the luminosity function has a large im-

pact on the derived ratio of emission per unit stellar mass and therefore the expected

unresolved flux. Any conclusions that relies directly on the completeness by estimat-

ing the luminosity of MSPs in a given environment by applying the luminosity-per-

stellar mass from the disk is affected by this uncertainty. With our estimate of the

completeness we expect MSPs from the disk to contribute O(1%) to the total γ-ray

flux from 1–10 GeV, where the MSP spectrum is most pronounced [355]. Moreover,

studies of dwarf spheroidal galaxies [94], Andromeda [438] and the Galactic Bulge

[334, 5] are also affected by our estimated completeness4.

7.5 Conclusion

We have performed a Bayesian-unbinned likelihood analysis and – for the first time

in this context – done Bayesian model comparison in order to constrain the proper-

ties of the Galactic population of γ-ray MSPs, self-consistently taking into account

various sources of uncertainties. We used a sample of 96 γ-ray detected MSPs,

but verified that our results remain similar under the inclusion of an additional 69
well-motivated MSP candidates. In order to deal with distance uncertainties we

developed a novel method to construct PDFs for the distance to individual pulsars

and the distance proxies. We use the YMW16 electron-density model to construct a

PDF for the dispersion measure given the true distance to a pulsar by sampling from

the model its 35 free parameters. We therefore take into account the uncertainties

on the derived parameters within the electron density model [449]. Distance and

flux uncertainties were then marginalized over. The normalization and variance of

the flux-detection threshold were treated as free parameters in our analysis. Re-

sults for different parameterizations of the luminosity function and spatial profile

are compared by computing Bayes factors.

We find that a Lorimer-disk profile is preferred over a disk with a Gaussian radial

profile, although the parameters are only loosely constrained. There is clear evidence

4The uncertainty in the completeness and its impact were already briefly discussed in [5, 438]
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for a turnover in the luminosity function, ruling out a single power-law parameter-

ization (with hard or super-exponential cutoff). Instead, both a broken-power-law

and a log-normal function provide good fits to the luminosity function.

Our analysis suggests the presence of ∼ 2×104 MSPs in the Galactic disk. However,

within uncertainties this number could be as large as ∼ 105. These numbers are in

agreement with the expected MSP population derived using radio catalogs [446, 447,

448].

Contrary to previous claims [368, 369, 370], we find the MSP interpretation of the

GCE to be fully compatible with the characteristics of the disk MSPs. Therefore,

we agree with the findings of Refs [367, 381, 373]. Our characterization of the

luminosity function and detection sensitivity suggest that if the luminosity function

of the bulge MSP population is identical to that of the disk MPS, and if 100% of the

GCE is due to MSPs, only a handful of sources should have been detected from the

bulge, whereas in the past larger numbers were suggested. We explicitly tested for

the presence of a bulge component in our analysis, but find that we currently lack

sensitivity to place interesting constraints on the bulge population of MSPs. In the

future, an extension of the work by Ref. [460] or a dedicated analysis to characterize

unassociated sources as likely pulsars [314] can be potentially powerful methods to

constrain the bulge population.

At the peak of the luminosity function we find a higher detection completeness

than previous work [94]. Consequently, our luminosity-per-stellar-mass ratio of ∼
3 × 1026 erg s−1 M−1

� is significantly smaller than what has been derived in other

works [94, 334, 438]. It should be mentioned that the completeness suffers from

considerable uncertainties due to its dependence on the detection sensitivity, spatial

profile and luminosity function.

The results presented in this work have direct implications for the detectability of

a diffuse disk MSP component due to unresolved sources, their contribution to the

isotropic γ-ray background [451, 465, 390], the bulge-to-disk ratio of MSPs [334, 5],

the expected emission from dwarf galaxies [94], and the detectability of MSPs in

external Galaxies such as M31 [438].

Although the properties of the galactic disk MSP population are the main topic

of this chapter, the methods we describe can be applied directly to any popula-

tion of astrophysical sources where unassociated sources are present and distances

uncertainties are large, a situation commonly found in population analyses.
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Appendix

7.A Millisecond pulsar sample

In Table 7.4 we show the source list used in this work. The full list is available at http:

//github.com/tedwards2412/MSPDist. We separated the table in γ-ray detected

pulsars and unassociated sources. For each source we give the position, γ-ray flux

(0.1−100 GeV), dispersion measure and/or parallax if available. Finally, the catalogs

in which the sources appear are given.

7.B Coordinate transformation

7.B.1 Disk profile

The number density of MSPs in the disk is parametrized by a cylindrically-symmetric

profile. However, observations of MSPs only provide a location on the sky and

sometimes distance information. In order to test a particular spatial profile against

observations it is useful to convert the number density distribution of MSPs into

a probability of finding a source at Galactic coordinates (`, b) and at a particular

distance D, P (`, b,D) (this function is differential in `, b and D, and normalized to

one).

The disk profile is centered on the Galactic center. As a first step, it is useful to

convert the cylindrical coordinates into Cartesian coordinates, with the Galactic

center at origin:

xGC(r, z, θ) = r cos θ
yGC(r, z, θ) = r sin θ
zGC(r, z, θ) = z.

(7.16)
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7. The Galactic-Disk Population of Millisecond Pulsars

We define the Sun to be at (xGC, yGC, zGC) = (r�, 0, 0). A simple translation suffices

to move the sun to the origin. We refer to this heliocentric-coordinate system with

(x, y, z). The coordinate system with (`, b,D) is related to the Cartesian coordinates

through:

xGC(`, b,D) = r� −D cos(`) cos(b)
yGC(`, b,D) = D sin(`) cos(b)
zGC(b,D) = D sin(b).

(7.17)

With this information we can calculate the relevant Jacobians to perform the coor-

dinate transformation, which for simplicity we perform in two steps to obtain

P (`, b,D) =

=D2 cos(b)︷ ︸︸ ︷∣∣∣∣ ∂(x, y, z)
∂(`, b,D)

∣∣∣∣
=1/r︷ ︸︸ ︷∣∣∣∣ ∂(r, z, θ)

∂(x, y, z)

∣∣∣∣P (r, z, θ). (7.18)

Note that the Jacobian for the transformation of cylindrical to Cartesian coordi-

nates cancels the presence of the same term in P (r, z, θ) described in the main text,

Sec. 7.2.1.

7.B.2 Bulge profile

The coordinate transformation for the bulge profile is analogous to that of the disk

described in Sect. 7.B.1, with the only difference that we now start from spherical

instead of cylindrical coordinates. In this case,∣∣∣∣ ∂(r, θ, φ)
∂(x, y, z)

∣∣∣∣ = r−1 sin−1 φ. (7.19)

7.C Details about model likelihoods

7.C.1 Derivation of the likelihood function

We start with Bayes rule [e.g., 461] with Θ being our parameters of interest,

P (Θ|D) ∝ L(D|Θ)π(Θ), (7.20)

where the posterior on the left-hand-side is understood to be normalized to one

w.r.t. Θ. Next, we introduce the unbinned likelihood

L(D|Θ) = e−µ(Θ)
3∏
k=1

P (Dk|Θ). (7.21)
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7.C. Details about model likelihoods

The product arises because we have three independent datasets [e.g. 466], for sources

with parallax measurements, sources with dispersion measures, and sources without

measurement of a distance proxy. Let us next focus on the case where we have a

distance measurement, denoted by κ, through either parallax or dispersion measure.

Also, let us make explicit the dependence of the measured values of the distance

proxy and flux on the true distance, flux and their uncertainties (D,σκ, F and σF ).

We note that measured spatial positions are assumed to correspond to the true values

in this work. For a single pulsar, denoted by subscript i, we can use conditional

probabilities to write

P (`i, bi, Fi, κi|Θ, D, σκ, F, σF ) = P (`i, bi|Θ)P (Fi|F, σF )P (κi|D,σκ)

P (`i, bi, Fi, κi|Θ, σκ, σF ) =
∫
dFdDP (`i, bi, D, F |Θ)P (Fi|F, σF )P (κi|D,σκ)

= 4π
∫
dFdDD2P (`i, bi, D|Θ)P (L = 4πD2F |Θ)·

P (Fi|F, σF )P (κi|D,σκ).
(7.22)

In the second line we dropped any dependencies on the the spatial position, however,

this can be thought of as being included in the uncertainties (σκ, σF ). In reality the

uncertainties can be a complicated function of the true flux, true distance and spatial

position. Introducing these dependencies is beyond the scope of the current work.

In practice, we took the uncertainties from the observations, which will implicitly

depend on spatial position, distance and/or flux. In the second line we also made use

of P (A) =
∫
P (A,B)dB in order to integrate over distance and flux uncertainties.

Finally, in the third line we changed variables from flux to luminosity. Since luminos-

ity and spatial position are independent we can write P (`, b,D, L) = P (`, b,D)P (L).
This reproduces the likelihood in Eq. 7.4 without the flux threshold which is inde-

pendent of the above discussion.

7.C.2 Luminosity function measurement error

In Fig. 7.3 we show the best-fit luminosity function for our benchmark model and

compare it to observations. The data points are expectation values for each bin

taking into account the uncertainty in the distance to the sources and on the flux. A

description on how to compute the expectation values is given below. We emphasize

that this approach is not used for the purpose of statistical inference, but only for

the purpose of facilitating a visual comparison between predicted and measured

luminosity functions in Fig. 7.3.

Let us again denote the true luminosity and flux of, and distance to a particular
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7. The Galactic-Disk Population of Millisecond Pulsars

pulsar by L,F and D and measurements with subscript i. In this case we have for

pulsars with a distance proxy (κi):

P (L|Fi, κi, `, b,Θ) =
∫
dFdDP (L,D, F |Fi, κi, `, b,Θ)

=
∫
dFdDP (L|D,F )P (F |Fi, `, b)P (D|κi, `, b,Θ) .

(7.23)

Here P (L|D,F ) = δ
(
L− 4πD2F

)
. P (F |Fi) is a Gaussian similar to that described

in Sect. 7.2.1, but with the true and observed distance interchanged. The probability

of a true distance given the observation is given by Eq. 6 in Ref. [454] in case of

a parallax measurement. When only a dispersion measure is available we derive

P (D|κi) using a Monte-Carlo similar to the one described in Sect. 7.2.2, but this

time obtaining the distance by sampling from 104 random realizations of the YMW16

model with the dispersion measure set equal to the measured value. Finally, when

neither parallax nor distance information is present we use P (D|`, b,Θ) as given in

Sect. 7.2.1. We then obtain the expectation value in a particular bin (L− ≤ L < L+)

through

P (L− ≤ L < L+|Fi, κi, `, b) =
∫ 4πD2F<L+

L−≤4πD2F

dFdDP (F |Fi, `, b)P (D|κi, `, b). (7.24)

Contributions from all pulsars are summed to obtain the overall expectation. Al-

though the expectations in general are not integers, errors are treated as Poissonian

and so the errorbars correspond to the square-root of the expectation.

7.D Results for different models

In this section we show corner plots similar to Fig. 7.2 for a selection of different

models considered in the main text. Only changes with respect to the benchmark

model are mentioned. In Fig. 7.8 we show the result for the model with a log-normal

luminosity function. Figure 7.9 contains the results for a model with a Gaussian disk

profile. The results for a model including a bulge component is displayed in Fig. 7.10.

Finally, we show the results obtained when using a pulsar sample consisting only of

the 2PC MSPs (Fig. 7.11) and with the addition of unassociated sources (Fig. 7.12).
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7.D. Results for different models
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Figure 7.8 Similar to Fig. 7.2, but for the log-normal luminosity function.
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Figure 7.9 Similar to Fig. 7.2, but using a Gaussian radial profile for the disk
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Figure 7.10 Similar to Fig. 7.2, but including an additional bulge component in the

center with an identical luminosity function.
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Figure 7.11 Similar to Fig. 7.2, but using a smaller dataset based on the MSPs in

the 2PC [382].
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Figure 7.12 Similar to Fig. 7.2, but using a larger source sample including unassoci-

ated sources selected from Ref. [460].
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Table 7.4. Millisecond pulsar sample separated into γ-ray detected MSPs and

MSP candidates from Ref. [460] (see text for details). The different columns

provide respectively: the name of the source, Galactic longitude and latitude in

degrees, γ-ray flux in the range 0.1− 100 GeV, the dispersion measure and/or

parallax from that ATNF [459] if available, and finally a reference to the relevant

catalogs.

Name ` b Flux DM Parallax Catalogsa

[deg] [deg]
[
10−12 erg cm−2 s−1

] [
cm−3 pc

]
[mas]

γ-ray pulsars (96)

J0023+0923 111.5 -52.9 7.28± 0.81 14.33 0.93± 0.16 1,2,3,4,5

J0030+0451 113.1 -57.6 60.68± 1.51 4.34 3.08± 0.09 1,2,3,4,5

J0034-0534 111.5 -68.1 18.04± 1.02 13.77 * 1,2,3,4,5

J0101-6422 301.2 -52.7 12.45± 0.85 11.93 * 1,2,3,4,5

J0102+4839 124.9 -14.2 16.76± 1.39 53.50 * 1,2,3,5

J0218+4232 139.5 -17.5 48.14± 1.80 61.25 0.16± 0.09 1,2,3,4,5

J0248+4230f 144.9 -15.3 5.21± 0.81 48.2 * 2,4,5

J0251+26 153.9 -29.5 6.87± 0.99 20.00 * 2,3,4,5

J0308+74b 131.7 14.2 14.57± 0.79 6.35 * 2,3,5

J0318+0253 178.4 -43.6 5.71± 0.74 26. * 2,3,4,5

J0340+4130 153.8 -11.0 22.24± 1.33 49.59 0.7± 0.5 1,2,3,4,5

J0437-4715 253.4 -42.0 17.87± 0.88 2.64 6.37± 0.09 1,2,3,4,5

J0533+67 144.8 18.2 9.57± 0.89 57.40 * 2,3,5

J0605+37 174.2 8.0 6.88± 0.95 21.00 * 2,3,5

J0610-2100 227.7 -18.2 11.48± 1.07 60.67 * 1,2,3,4,5

J0613-0200 210.4 -9.3 33.57± 1.64 38.78 0.93± 0.2 1,2,3,4,5

J0614-3329 240.5 -21.8 110.80± 2.36 37.05 * 1,2,3,4,5

J0621+25 187.1 5.1 11.04± 1.50 83.60 * 2,3,4

J0737-3039Ac 245.2 -4.5 4.00± 1.00 48.92 * 5

J0740+6620 149.7 29.6 4.77± 0.68 14.96 2.3± 0.7 2,4,5

J0751+1807 202.8 21.1 13.04± 0.97 30.25 0.82± 0.17 1,2,3,4,5

J0931-1902 251.0 23.0 3.00± 0.86 41.49 1.2± 0.9 2,4,5

J0955-61 283.7 -5.7 8.24± 1.27 160.70 * 2,5

J1012-4235 274.2 11.2 7.48± 1.12 71.60 * 2,3,4,5

J1023+0038 243.4 45.8 5.35± 0.97 14.32 0.731± 0.022 3,4

J1024-0719 251.7 40.5 3.58± 0.52 6.48 0.8± 0.3 1,2,3,4,5

J1035-6720d 290.4 -7.8 25.94± 1.47 84.16 * 2,3,4,5

J1036-8317 298.9 -21.5 5.78± 0.95 27.00 * 2,4,5

J1124-3653 284.1 22.8 13.16± 1.09 44.90 * 1,2,3,5

J1125-5825 291.8 2.6 14.51± 2.66 124.79 * 1,2,3,4,5

J1137+7528e 129.1 40.8 2.28± 0.59 29.1702 * 2,4,5

J1142+0119 267.6 59.4 6.24± 0.82 19.20 * 2,3,5

J1207-5050 295.9 11.4 7.89± 1.16 50.60 * 2,3,4,5

J1227-4853 299.0 13.8 41.36± 1.67 43.42 * 2,3,4,5

J1231-1411 295.5 48.4 102.86± 2.12 8.09 * 1,2,3,4,5

J1301+0833 310.8 71.3 10.63± 0.97 13.20 * 2,3,4,5

J1302-32 305.6 29.8 11.30± 1.13 26.20 * 2,3,5

J1311-3430 307.7 28.2 64.69± 1.89 37.84 * 2,3,4,5

J1312+0051 314.9 63.2 16.50± 1.10 15.30 * 2,3,5

J1431-4715 320.1 12.3 6.41± 0.95 59.35 * 4,5

J1446-4701 322.5 11.4 12.55± 1.30 55.83 * 1,2,3,4,5

J1455-3330 330.8 22.5 2.15± 0.50 13.57 0.99± 0.22 4,5

J1513-2550e 338.8 27.0 7.03± 0.98 46.86 * 2,3,4,5

J1514-4946 325.2 6.8 42.81± 2.12 31.05 * 1,2,3,4,5

J1536-4948 328.2 4.8 87.43± 3.05 38.00 * 2,3,5

J1543-5149 327.9 2.7 21.83± 2.60 50.93 * 2,4,5

J1544+4937 79.2 50.2 3.58± 0.64 23.23 * 2,4,5

J1552+5437 85.6 47.2 4.53± 0.64 22.90 * 2,4,5

J1600-3053 344.1 16.5 6.16± 1.07 52.33 0.5± 0.08 1,2,3,4,5
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7.D. Results for different models

Table 7.4 (cont’d)

Name ` b Flux DM Parallax Catalogsa

[deg] [deg]
[
10−12 erg cm−2 s−1

] [
cm−3 pc

]
[mas]

J1614-2230 352.6 20.2 23.37± 1.49 34.92 1.5± 0.1 1,2,3,4,5

J1622-0315e 10.8 30.7 10.15± 1.28 21.4 * 2,3,4,5

J1628-3205 347.4 11.5 12.12± 1.48 42.10 * 2,3,4,5

J1630+37 60.2 43.3 6.86± 1.01 14.10 * 2,3,5

J1640+2224 41.0 38.3 2.59± 0.45 18.46 0.66± 0.07 4,5

J1658-5324 334.9 -6.6 20.32± 1.99 30.81 * 1,2,3,4,5

J1713+0747 28.8 25.2 9.41± 1.25 15.92 0.81± 0.03 1,2,3,4,5

J1730-2304 3.2 6.0 12.97± 2.38 9.62 1.19± 0.27 4,5

J1732-5049 340.0 -9.4 8.52± 1.34 56.84 * 2,4,5

J1741+1351 37.9 21.6 5.68± 1.06 24.20 0.56± 0.13 1,2,3,4,5

J1744-1134 14.8 9.2 39.16± 2.18 3.14 2.53± 0.07 1,2,3,4,5

J1744-7619 317.1 -22.5 22.50± 1.31 * * 2,3,4,5

J1745+1017 34.9 19.3 10.56± 1.48 23.97 * 2,3,4,5

J1747-4036 350.2 -6.4 15.97± 1.79 152.96 * 1,2,3,4,5

J1805+06 33.4 13.0 5.51± 0.99 65.00 * 2,3,4,5

J1810+1744 44.6 16.8 22.38± 1.37 39.70 * 1,2,3,4,5

J1811-2405 6.9 -2.5 21.79± 4.30 60.60 * 2,4

J1816+4510 72.9 24.8 12.13± 0.93 38.89 * 2,3,4,5

J1832-0836 23.0 0.2 15.27± 2.99 28.19 * 4,5

J1843-1113 22.0 -3.4 19.81± 2.80 59.96 0.69± 0.33 2,4,5

J1855-1436e 20.4 -7.6 7.85± 1.00 109.2 * 4,5

J1858-2216 13.6 -11.4 8.33± 1.09 26.60 * 1,2,3,5

J1902-5105 345.6 -22.4 21.47± 1.16 36.25 * 1,2,3,4,5

J1902-70 324.4 -26.5 12.28± 0.99 19.50 * 2,3,5

J1909+21 53.7 5.8 7.01± 1.10 62.00 * 4,5

J1921+0137e 37.8 -5.9 15.92± 1.92 104.9 * 2,3,4,5

J1939+2134 57.5 -0.3 9.18± 3.32 71.02 0.22± 0.08 1,4,5

J1946-5403 343.9 -29.6 11.29± 0.92 23.70 * 2,3,4,5

J1959+2048 59.2 -4.7 17.91± 1.54 29.12 * 1,2,3,4,5

J2017+0603 48.6 -16.0 34.97± 1.69 23.92 0.4± 0.3 1,2,3,4,5

J2017-1614e 27.3 -26.2 10.40± 1.20 25.4380 * 2,3,4,5

J2042+0246e 49.0 -23.0 3.61± 0.55 9.2694 * 2,4,5

J2043+1711 61.9 -15.3 30.22± 1.41 20.76 0.64± 0.08 1,2,3,4,5

J2047+1053 57.1 -19.6 3.56± 0.58 34.60 * 1,2,3,5

J2051-0827 39.2 -30.5 3.18± 0.52 20.73 * 1,2,4,5

J2052+1218 59.1 -20.0 6.53± 1.04 42.00 * 2,4,5

J2124-3358 10.9 -45.4 39.40± 1.39 4.60 2.4± 0.4 1,2,3,4,5

J2129-0429 48.9 -36.9 10.50± 1.06 16.90 * 2,3,4,5

J2205+6015f 103.7 3.8 7.50± 1.52 157.6 * 4,5

J2214+3000 86.9 -21.7 33.00± 1.24 22.55 2.3± 0.7 1,2,3,4,5

J2215+5135 99.9 -4.2 13.75± 1.14 69.20 * 1,2,3,4,5

J2234+0944 76.3 -40.4 8.28± 1.01 17.8 1.3± 0.5 2,3,4,5

J2241-5236 337.4 -54.9 30.97± 1.22 11.41 * 1,2,3,4,5

J2256-1024 59.2 -58.2 7.66± 0.78 13.80 * 2,3,4,5

J2302+4442 103.4 -14.0 38.10± 1.40 13.73 * 1,2,3,4,5

J2310-0555e 69.7 -57.9 3.48± 0.56 15.5139 * 2,4,5

J2339-0533e 81.3 -62.5 30.06± 1.39 8.72 * 2,3,4,5

other sources (69)

J0039.3+6256 121.6 0.1 9.11± 1.14 * * 2,3,4

J0212.1+5320 134.9 -7.6 17.14± 1.56 * * 2,3,4
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Table 7.4 (cont’d)

Name ` b Flux DM Parallax Catalogsa

[deg] [deg]
[
10−12 erg cm−2 s−1

] [
cm−3 pc

]
[mas]

J0238.0+5237 138.8 -6.9 11.60± 1.21 * * 2,3,4

J0312.1-0921 191.5 -52.4 5.23± 0.84 * * 2,3,4

J0336.1+7500 133.1 15.5 9.97± 1.04 * * 2,3,4

J0401.4+2109 171.4 -23.3 6.27± 1.09 * * 3,4

J0523.3-2528 228.2 -29.8 19.91± 1.24 * * 2,3,4

J0542.5-0907c 213.4 -19.4 13.64± 1.81 * * 3,4

J0545.6+6019 152.5 15.7 7.87± 0.95 * * 2,3,4

J0737.2-3233 246.8 -5.5 13.83± 1.52 * * 2,3,4

J0744.1-2523 241.3 -0.7 23.86± 1.78 * * 2,3,4

J0744.8-4028 254.6 -8.0 9.40± 1.36 * * 3,4

J0758.6-1451 234.0 7.6 7.30± 1.06 * * 2,3,4

J0802.3-5610 269.9 -13.2 13.01± 1.18 * * 2,3,4

J0826.3-5056 267.4 -7.4 10.66± 1.59 * * 3,4

J0838.8-2829 250.6 7.8 12.74± 1.20 * * 2,3,4

J0933.9-6232 282.2 -7.9 12.27± 1.06 * * 2,3,4

J0953.7-1510 251.9 29.6 5.85± 0.71 * * 2,3,4

J0954.8-3948 269.8 11.5 18.29± 1.23 * * 2,3,4

J0957.6+5523 158.6 47.9 95.86± 2.73 * * 2,3,4

J1119.9-2204 276.5 36.1 16.85± 1.03 * * 2,3,4

J1136.1-7411 297.8 -12.1 11.18± 1.18 * * 2,3,4

J1207.6-4537 295.0 16.6 4.17± 0.93 * * 3,4

J1208.0-6901 299.0 -6.5 7.50± 1.25 * * 3,4

J1225.9+2953 185.2 83.8 8.70± 0.97 * * 2,3

J1306.4-6043 304.8 2.1 35.12± 2.50 * * 2,3,4

J1325.2-5411 307.9 8.4 10.75± 1.65 * * 2,3,4

J1329.8-6109 307.6 1.4 16.47± 2.39 * * 2,3,4

J1400.2-2413 322.4 36.0 5.82± 0.99 * * 2,3,4

J1400.5-1437 326.9 45.0 9.36± 1.09 4.93 3.6± 1.1 2,3,4

J1412.3-6635 310.9 -5.0 8.21± 1.46 * * 3,4

J1458.7-2120 338.6 32.6 7.05± 1.05 * * 2,3,4

J1539.2-3324 338.8 17.5 11.56± 1.03 * * 2,3,4

J1544.6-1125 356.2 33.0 13.54± 1.40 * * 2,3,4

J1600.3-5810 325.8 -3.9 5.50± 1.40 * * 3,4

J1616.8-5343 330.5 -2.2 26.48± 2.62 * * 2,3,4

J1624.2-3957 341.1 6.6 13.09± 2.53 * * 3,4

J1625.1-0021 13.9 31.8 18.38± 1.26 * * 2,3,4

J1630.2-1052 4.9 24.8 6.71± 1.32 * * 2,3,4

J1641.5-5319 333.3 -4.6 18.42± 2.24 * * 2,3,4

J1653.6-0158 16.6 24.9 33.71± 1.83 * * 2,3,4

J1702.8-5656 332.4 -9.2 32.04± 1.66 * * 2,3,4

J1717.6-5802 332.6 -11.5 12.39± 1.30 * * 2,3,4

J1722.7-0415 18.5 17.5 12.33± 2.08 * * 2,3,4

J1730.6-0357 19.8 16.0 6.44± 1.25 * * 2,3,4

J1740.5-2642 1.3 2.1 16.77± 2.51 * * 3,4

J1743.9-1310 13.3 8.5 8.23± 1.79 * * 3,4

J1748.5-3912 351.5 -5.8 16.26± 1.94 * * 3,4

J1749.7-0305 23.0 12.2 12.84± 1.88 * * 3,4

J1753.6-4447 347.1 -9.4 9.36± 1.28 * * 2,3,4

J1759.2-3848 352.9 -7.4 8.92± 1.69 * * 2,3,4

J1808.3-3357 358.1 -6.7 8.72± 1.44 * * 2,3,4
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Table 7.4 (cont’d)

Name ` b Flux DM Parallax Catalogsa

[deg] [deg]
[
10−12 erg cm−2 s−1

] [
cm−3 pc

]
[mas]

J1823.2-4722 347.1 -15.2 4.82± 1.01 * * 3,4

J1827.7+1141 40.8 10.5 7.57± 1.31 * * 2,3,4

J1830.8-3136 2.4 -9.8 6.77± 1.35 * * 2,3,4

J1908.8-0130 33.6 -4.6 7.12± 0.94 * * 2,3,4

J1918.2-4110 356.8 -22.2 21.61± 1.86 * * 2,3,4

J1950.2+1215 50.7 -7.1 16.13± 1.75 * * 2,3,4

J2004.4+3338 70.7 1.2 43.07± 2.79 * * 2,3,4

J2006.6+0150 43.4 -15.8 4.17± 1.02 * * 3,4

J2026.8+2813 68.8 -5.8 7.66± 1.50 * * 3,4

J2035.0+3634 76.6 -2.3 12.32± 1.82 * * 2,3,4

J2039.6-5618 341.2 -37.2 17.11± 1.38 * * 2,3,4

J2043.8-4801 351.7 -38.3 7.35± 0.93 * * 2,3,4

J2112.5-3044 14.9 -42.4 19.01± 1.39 * * 2,3,4

J2117.6+3725 82.8 -8.3 12.76± 1.31 * * 2,3,4

J2133.0-6433 328.7 -41.3 3.97± 0.67 * * 2,3,4

J2212.5+0703 68.7 -38.6 9.03± 1.03 * * 2,3,4

J2250.6+3308 95.7 -23.3 5.27± 0.87 * * 3,4

a(1) in 2PC [382]; (2) in 2FGL [453]; (3) in 3FGL [429]; (4) in FL8Y https://fermi.gsfc.nasa.gov/ssc/

data/access/lat/fl8y/; (5) in the Public list of Fermi-LAT detected γ–ray pulsars https://confluence.

slac.stanford.edu/display/GLAMCOG/Public+List+of+LAT-Detected+Gamma-Ray+Pulsars

bDM from Ref. [467].

cγ-ray flux from Ref. [468].

dDM from Ref. [445].

eDM from Ref. [469].

fDM from http://astro.phys.wvu.edu/GalacticMSPs/GalacticMSPs.txt.

***
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8
Galactic Binaries Can

Explain the

FermiGalactic Center

Excess and 511 keV

Emission

8.1 Introduction

The origin of the positrons (e+) producing the 511 keV line emission from the

Galactic bulge remains an open question in astroparticle physics. The signal has

been around for four decades [121], and has been accurately studied in the past 15

years with the Spectrometer aboard INTEGRAL (SPI) [e.g. 122, 123]. What is

surprising about the 511 keV emission from the Milky Way is the high bulge-to-disk

ratio. Early analyses suggested the flux ratio to be B/D ∼ 1–3 [122], however,

more recent analyses find smaller values B/D < 1 [412, 123]. This bulge-to-disk

ratio therefore implies a larger injection rate of positrons per stellar mass in the

bulge (MB ∼ 1 × 1010 M�) than in the disk (MD ∼ 5 × 1010 M�) [399] by up to

an order-of-magnitude. Many sources for the positrons have been proposed. First,

radioactive isotopes produced during stellar nucleosynthesis inject positrons into the

interstellar medium (ISM) [e.g. 470]. There is a guaranteed contribution from 26Al

and 44Ti produced by nucleosynthesis in massive stars and core-collapse supernovae.

The synthesis of these elements yields about ∼ 3× 1042 e+ s−1 each. Depending on

the assumed B/D–luminosity ratio this contributes O(10%− 100%) to the disk 511
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keV flux, where ∼ 10% is closest to the most recent estimates. However, these

guaranteed 26Al and 44Ti sources are insufficient to explain the emission from the

bulge [471, 123]. Second, astrophysical sources such as for instance the super-massive

black hole in the center of our Galaxy Sagittarius A* (Sgr A*) [472], pulsars [473]

or Galactic X-ray binaries (XRBs) can also produce positrons [474, 475]. Finally,

the positrons could come from exotic sources such as annihilating MeV DM [125] or

de-exciting DM [261] 1. For a complete review of the 511 keV signal see Ref. [124].

The bulge component of the 511 keV emission and the Fermi -LAT Galactic Center

Excess (GCE, see Chapter 4) show a few strikingly similar features: they both are

roughly spherically symmetric, extend ∼ 10◦ away from the Galactic center (GC),

are consistent with a uniform spectrum, and strongly peak towards the GC. Within

the available analysis uncertainties, these similarities are suggestive of a common

origin. This possibility has been explored in recent years by a few theoretical works.

Ref. [477] considered a common origin in terms of dark matter. More recently,

Ref. [362] proposed 44Ti produced in thermonuclear supernovae as the source of

positrons in the bulge. Their stellar-evolution model also predicts a population of

millisecond pulsars.

In this chapter we propose a new connection of the 511 keV emission and GCE

through population synthesis of low-mass X-ray binaries (LMXBs). LMXBs are a

particular type of X-ray binaries consisting of a compact object accretor and a low-

mass companion star (. 1 M�). The accretor is either a neutron star (NS) or a

black hole (BH). LMXBs with NS accretors are MSP progenitors, via the standard

”recycling” scenario [350, 478]. In addition, recently systems have been found that

are in a transitional state between LMXB and MSP [479, 480, 481]. Consequently,

if MSPs are responsible for the GCE, LMXBs are expected to be present in consid-

erable numbers in the Galactic bulge. In fact, LMXBs were already suggested as

a potential candidate to explain the 511 keV emission because of their distribution

being concentrated towards the bulge [482]. However, this scenario was excluded

because the brightest LMXBs (in X-rays) lie mostly in the disk and thus cannot

reproduce the correct morphology if the positron-injection rate scales with X-ray

flux [482]. Nevertheless, X-ray binaries can power jets [483, 484] causing radio emis-

sion which is correlated with the X-ray brightness [e.g. 485, 486]. X-ray binaries

with compact object accretors were proposed as the source of low-energy positrons

by Refs [474] and [475]. These works, however, focused mostly on BH accretors. The

microquasar interpretation from Ref. [474] has recently gained support from the

claimed detection of annihilating positrons from V404 Cygni by Ref. [487] [but also

see 488]. We propose a model capable of explaining both the GCE and 511 keV line

1The MeV–DM model is by now ruled out by cosmological constraints [126] and also de-exciting

DM starts to be constrained [476].
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through the evolution of a subclass of LMXBs called ultracompact X-ray binaries

(UCXBs). UCXBs could generate a population of MSPs responsible for the γ-ray

GCE emission and sustain the positron-production rate required for the 511 keV

line through jet emission from NS- and/or BH-LMXBs. For the first time, we show

that NS-LMXBs alone can be responsible for the majority of the positrons. These

objects were typically discarded as the main source of the 511 keV line emission

because, as a result of the traditionally assumed scaling relation between radio and

X-ray emission and its extrapolation down to the quiescent regime, their jet emission

is expected be subdominant to that of BH-LMXBs. We instead show that, under

reasonable assumptions on the jet physics, jet emission from NS-LMXBs can in fact

be important in the quiescent state.

The chapter is organized as follows: in Sect. 8.2 we discuss X-ray binary jets and

their potential positron yield. Next, we discuss a population synthesis model based

on UCXBs in the bulge in Sect. 8.3. In Sect. 8.4 we discuss various future lines

of research that can be pursued to test the connection between the 511 keV line

and the GCE and to study whether LMXBs can be responsible for the majority of

positrons in the Galactic bulge. We discuss our results and conclude in Sect. 8.5.

8.2 Positrons from Galactic X-Ray binaries

Jet emission from Galactic X-ray binaries is a potential source of positrons in our

Galaxy. Refs [474] and [475] proposed BH-LMXBs as the source of the Galactic

bulge positrons. NS-LMXBs also seem capable of launching jets similar to BHs

[489]. Despite their larger number compared to BHs, NS-LMXBs have typically

been given less attention in context of the positron excess in the bulge, primarily

because their jets in the quiescent state are observed to be weaker [490, 491, 475,

but also see Refs [492, 493]]. Below, we will discuss the positron yield from Galac-

tic binaries, both with NS- and BH-accretors. We emphasise that this discussion

and the scenario presented afterwards serve as a proof-of-principle and depend on

several assumptions, regarding both jet physics and population synthesis, which are

highlighted throughout.

8.2.1 Jets from black holes

Accretion

Accreting BHs exhibit different luminosity and spectral states that are categorized

based on the observed X-ray emission. In the so-called soft state, the X-ray emission
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is bright with a soft spectrum, and is thought to originate from thermal emission

from the accretion disk itself. Here, the accretion rate onto the BH is also high.

In the hard state, the X-ray emission is fainter but the spectrum is hard; the X-

ray emission is likely nonthermal, possibly originating from the corona, although the

origin is not clear [494, 495]. The accretion rate is low in this state. In the hard state,

accreting BHs can launch jets, and this state is also sometimes referred to as the

jet-dominated state. Radio emission is also observed in the hard or jet-dominated

state, which is due to optically-thick synchrotron self-absorbed radiation from the jet

[496, e.g.]. The quiescent state is often interpreted as an extension of the hard state

at even lower accretion rates, resulting in even dimmer X-ray emission. It should be

noted that the above description is somewhat crude. The time evolution of X-ray

binaries is more accurately described with the help of a hardness-intensity diagram

[497, 498]. Most sources start in the quiescence. When they go into outburst there is

a hysteresis effect [499]. First their intensity increases before they transition to the

soft state. Again, the intensity first drops before transitioning back to hard state.

BH-LMXBs typically have quite low accretion rates, O(1% ṀEdd). At these accre-

tion rates a jet is expected to be present [500]. For BH-XRBs binaries in the hard

state there exists a tight empirical relation between the X-ray emission arising from

the disk and the radio emission from the jet:

LR ∝ LβX , (8.1)

with β ∼ 0.55–0.7 [486, 501, 502]. This relation has been observed down to X-

ray luminosities of LX = 10−8.5 LEdd [503, 502], far into the quiescent regime.2

The radio/X-ray correlation in BH-XRBs has later been extended into a broader,

empirically founded, unified accretion model of inefficiently accreting BHs across all

masses, from AGNs down to Galactic BH-XRBs, known as the fundamental plane

of black-hole accretion, [504, 505].

For BHs in the hard state, most of the radiated energy is in the hard X-ray band,

& 10 keV. The 0.1–200 keV X-ray flux has been taken as a good estimate of the

bolometric luminosity. The bolometric luminosity of an accreting BH follows from

the conversion of gravitational potential energy into radiation (for more details on the

connection between the bolometric luminosity and the accretion rate see Appendix

8..1):

LBol = ηṀc2 . (8.2)

Here, η is the radiative efficiency, which is given by:

η =
{

0.1 for Ṁ > Ṁcrit

0.1Ṁ/Ṁcrit for Ṁ ≤ Ṁcrit
, (8.3)

2 In the literature, quiescent typically means LX . 10−5 LEdd.
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with Ṁcrit = 0.01ṀEdd for BHs [500]. Systems in the hard state have Ṁ ≤ Ṁcrit
[506, 507]. The broadband spectrum follows Sν ∝ να with α = −0.6 (0) for X-ray

(radio) emission 3 In this case, we find LX [2–10 keV] ∼ 0.15LBol
4. This parameteri-

zation has obvious shortcoming in that it does not capture the hysteresis. However,

in the following we take it to be be an appropriate approximation since we expect

our systems to spend most time in the hard state.

Black-hole jet power

Since jets are present in the hard state we will henceforth only refer to inefficiently

accreting BHs. The radio brightness of such sources scales with jet power as LR ∝
L1.4
J [509, 510, 511, 512]. Consequently, it follows from the empirical scaling between

radio and X-ray luminosity that the jet power scales with the square root of the X-ray

luminosity [500]:

LJ = ABHL
0.5
X , (8.4)

where LX and LJ are given in Eddington units. In what follows we will use LBol
instead of LX since the hard X-ray luminosity is a proxy for the bolometric lumi-

nosity as discussed above. The prefactor, ABH, relates the jet kinetic luminosity

(i.e. the kinetic energy carried by matter, excluding the energy in magnetic field) to

the radiative luminosity. We assume that the jet is steady, i.e. injecting energy into

the ISM at a constant rate. The parameter ABH can be estimated using calorimetric

arguments by looking at bubbles traced-out by the shocked ISM [513].

A conservative lower limit of ABH & 6×10−3 was derived by Ref. [500]. Ref. [513]

studied the jet in Cygnus X-1 and found that at LBol = 0.02LEdd, LJ = (0.06–1)LBol.

Using Eq. (8.4) this translates into ABH = 8 × 10−3–0.14. These values are also in

agreement with the findings of Ref. [514]. Altogether, an appropriate range is

6 × 10−3 ≤ ABH ≤ 0.3 [515]. We will use a benchmark value of ABH = 0.1. Note

that this value of ABH also corresponds to a transition from the soft to the hard

state at 0.01 ṀEdd following Ref. [500].

The jet power can also be expressed in terms of the mass accretion rate. For an

inefficiently accreting BH it becomes

LJ = ABH
(
ηṀc2

)0.5
≈ 5.67× 1035

(
ABH

0.1

)(
Ṁ

10−10 M� yr−1

)
erg s−1,

(8.5)

where we switched from Eddington to cgs units in the second line.

3For an example of a spectrum of a BH in the hard state see Fig. 1 in Ref. [508]. Also see

Ref. [495] for a discussion of the different spectral states.
4 The conversion is most sensitive to the high energy cutoff of the X-ray emission due to its

hard spectrum.
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8.2.2 Jets from neutron stars

Similar to BH X-ray binaries, NS X-ray binaries also have hard states at low accretion

rates [490]. During these states they can also have steady jets. However, for the

same X-ray luminosity NSs are less radio loud and thus their jets are supposedly

weaker. In addition, the radio–X-ray scaling in Eq. (8.1) for many NSs is different

from that in BHs, with β = 1.4 in the hard-state [516]. This implies LJ ∝ LX ; if this

correlation holds down to low mass-accretion rates then NSs would have negligible

jet power compared to BHs and never be in a jet-dominated state [516]. However,

there are hints that at the lowest mass-accretion rates NS-LMXBs do become jet

dominated and that the radio X-ray correlation has a slope β ∼ 0.7, similar to what

is observed in BHs [492]. Although speculative, we exploit this scenario here. In

this case one also gets a relation:

LJ = ANSL
0.5
X . (8.6)

One class of NS binaries in particular display clear indications for them launching

jets in the hard and quiescent regimes: the transitional millisecond pulsars (tMSPs)

[492]. These are sources that transition between a radio pulsar state and an LMXB

state [479]. This class of sources is also in a hard-state and two of the four observed

sources are particularly dim in X-rays, dimmer than any other NS-LMXB used to

constrain the radio–X-ray correlation [see Fig. 10 in 492]. The three confirmed

tMSPs have been observed to lie on a β ∼ 0.7 track in the radio–X-ray correlation

[492]. In the LMXB state there are hints of jet emission, for instance in J1023+0038,

the dimmest of the tMSPs. The collimated outflow is assumed to arise from the

propeller mechanism [e.g., 517] in which a centrifugal barrier is formed preventing

accreted material from reaching the NS surface and instead being expelled outwards.

This propeller, and the resulting jet, is expected to be on for about 20% of the

time when in the LMXB state [518, 519]. The radio luminosity is only a factor

∼ 5 less bright than that of BHs at the same X-ray luminosity. Using the radio

loudness as a proxy for the jet power the ratio of NS-to-BH jet power is (Eq. 8.1)
LJ,NS
LJ,BH

=
( 1

5
)1/1.4 ≈ 0.3, resulting in a scaling ANS = 0.3ABH [500, 492]. In terms of

the mass accretion rate the jet power of the NSs assuming a β = 0.7 scaling is:

LJ ≈ 5.38× 1035
(
ANS

0.03

)(
Ṁ

10−10 M� yr−1

)
erg s−1. (8.7)

The similarity between the prefactors in Eq. (8.7) and Eq. (8.5) is not a coincidence,

but arises because we use Ṁcrit ∝ A2ṀEdd. with the same proportionality for NSs

and BHs and because η is the same for NSs and BHs. In the model of Ref. [500] the

critical mass-accretion rate at which the transition to the jet dominated state occurs
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is given by Ṁcrit ≡ 2A2ṀEdd. In this case one can show that LJ = 0.1/
√

2Ṁc2 in cgs

units, where the 0.1 comes from η. This corresponds to ABH = 0.7 and ANS = 0.2
in Eqs. (8.5) and (8.7), respectively. These factors ABH and ANS are a factor

√
2

smaller than our reference values.

In this work, we use the radio–X-ray correlation from tMSPs as our reference case

for NS-LMXB jets. We use a population-synthesis model of UCXBs and assume that

these systems have similar jet properties to tMSPs. Although there are currently

no UCXBs that have been identified as tMSPs, the UCXBs in our sample have very

small mass-accretion rates, comparable to that observed in tMSPs. This justifies

the assumption of similar jets. We will assume a duty cycle of the jet of 20%. The

assumed duty cycle is based on the fraction of the time the propeller mechanism is

on, but this is somewhat optimistic since it is unclear what fraction of the time the

source spends in the LMXB state where an accretion disk is present. We take ANS =
0.3ABH. Following Ref. [500], this value of ANS means that the transition from

the soft state to the hard state occurs at an Eddington rate which is about a factor

10 below the rate at which this transition occurs for BHs, i.e. Ṁcrit = 10−3ṀEdd.

We will assume no jets are present when Ṁ > Ṁcrit = 10−3ṀEdd. Finally, we will

use a conversion LX [2–10 keV] ∼ 0.4LBol, which is reasonable given the spectral

index of 1.17 and the uncertainty in the cutoff of the X-ray spectrum of J1023+0038

[520, 518]. We note that LX [2–10 keV] is only used for plotting purposes and serves

as a reference of the X-ray flux. Our estimate for the positron yield does not depend

on this conversion.

8.2.3 Positrons from jets

To calculate the positron yield from Galactic binaries we need to know the number

of positrons injected into the ISM by the jet.

The composition of jets remains largely unconstrained. Open questions are whether

the kinetic energy in the jet is carried away by hadrons or by an electron-positron

plasma and whether only leptons or also hadrons are accelerated and contribute

to the broadband emission [e.g. 516, 521, 522, 523, 524]. Other uncertainties are

related to the Lorentz factors of the jet bulk matter and to that of the plasma.

However, the observed radio synchrotron emission means there must be high-energy

electrons and magnetic fields present [e.g. 525].

In what follows we will assume that the jets are composed of an electron-positron

plasma, which makes our estimates optimistic. Moreover, we will assume that steady

jets are only mildly relativistic, with a bulk Lorentz factor Γjet ≤ 1.4 [484]. For

transients the Lorentz factor can be much higher, Γjet ≥ 2 [484, 494], however, we
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do not consider transient jets in this work. Finally, we assume that the jet plasma

is cold – that is, the majority of the energy is carried by non-relativistic particles

with a mean Lorentz factor 〈γ〉 ∼ 1 in the jet rest frame. Relativistic particles can

make up O(10%) of the total jet power. This is sufficient to explain the broadband

emission [e.g. 524]. The low-energy particles are unobservable since they do not

produce synchrotron emission. However, a small bulk velocity and a predominance

of these cold particles in the plasma are required if binaries are primarily responsible

for the injection of positrons into the bulge. Refs [266] and [267] showed that if

the positrons responsible for the 511 keV line emission are injected into the ISM

with energies much above & 3 MeV they should also produce observable continuum

emission due the direct annihilation in-flight with electrons at rest, which produces a

boosted spectrum instead of the narrow line from annihilation through positronium

formation. Consequently, both the Γjet and 〈γ〉 have to be sufficiently small to ensure

that the injected leptons have small momenta in the rest frame of the ISM. We note

that annihilation inside the jet, rather than the ISM, would lead to a large Doppler

shift and broadening of the line. Spectroscopy of the line constrains bulk motions

of the medium in which the positrons annihilate to be ∼ 100 km s−1 with respect

to the Earth frame [123]. Although hypothetical, this scenario is not unreasonable

given our understanding of jet physics [525, 484]. Following Ref. [525] the injection

rate of positrons under the above assumptions is given by:

Ṅe+ = LJ
2 〈γ〉Γjetmec2

≈ 4.36× 1040
(
〈γ〉
1

)−1(Γjet

1.4

)−1(
LJ

1035 erg s−1

)
s−1.

(8.8)

We caution that for certain BHs this modeling might be inaccurate. For instance,

the high-mass X-ray binary Cygnus X-1 should be detectable as a 511 keV point

source with INTEGRAL/SPI if modeled using the above assumptions. Also the su-

permassive BH, Sgr A*, would have a sizeable positron yield, potentially explaining

all positrons in the Galactic Center. We comment on these sources in Appendix 8..2.

511 keV emission

Assuming that all positrons annihilate in the vicinity of the source and a fraction

fp of the low-energy positrons form positronium, we can calculate the total 511 keV

photon production rate:

Ṅ511 = 2fpṄe+

4 s−1, (8.9)

where the numerical prefactors arise because 75% of time the ortho-positronium (o-

Ps) bound state is formed which annihilates to 3 photons and only in 25% of the
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cases para-positronium (p-Ps) is formed which annihilates to two mono-energetic

photons [e.g. 124]. The positronium fraction fp is set to 1 in accordance with

spectroscopic studies of the line [123].

8.3 Population synthesis

If MSPs are responsible for the GCE, as suggested by recent analyses [3, 374, 376],

they must have either evolved in-situ or have been injected into the Galactic bulge

[for instance through disrupted globular clusters 363, 364, 365]. In either case,

progenitors of MSPs are expected to be, or have been, present in the bulge.

In this work, we will assume these progenitors to be X-ray binaries with a low-mass

companion, i.e. LMXBs, where MSPs arise as recycled NSs, spun-up by accreting

matter and angular momentum from their companion [350]. As a side remark, we

mention the possibility that, under certain circumstances, no LMXB phase has to

be present before MSP formation, as noted by Ref. [373]. In the case of accretion-

induced collapse of a white dwarf the NS created can be directly spun-up. This is

how, for example, MSPs arise in the scenario of Ref. [362].

All roads lead to Rome. There is a plethora of evolutionary paths to form MSPs from

LMXBs. Various formation and evolutionary channels of X-ray binaries in globular

clusters are studied by Ref. [359]. Figure 1 of that work depicts the scenarios to

form MSPs in globular clusters along with the properties of the system, such as

whether the system is in a binary or isolated and the lifetime of the MSP. In fact,

the authors mention that they end up with an overproduction of MSPs if all these

channels efficiently lead to MSPs. As such, from an evolutionary perspective, the

origin of the MSPs producing the GCE is still largely unknown.

Given that the precise evolutionary track is hard to constrain, the goal of the present

work is not to present a complete overview or in-depth modeling of the 511 keV and

GCE symbiosis, but is instead to propose a viable population synthesis scenario

which could explain simultaneously the observed positron injection rate and γ–ray

emission from the Galactic bulge. In this scenario, NS- and BH-LMXBs produce

the low-energy positrons, while the NS-LMXBs are also responsible for the MSP

population leading to the γ–ray emission. Such a scenario is mainly a proof-of-

principle and can serve to highlight new lines of research to test a common origin of

the 511 keV line and the GCE, some of which are provided in Sect. 8.4.
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8.3.1 A model: ultracompact X–ray binaries

Setup

UCXBs are a subclass of LMXBs with short periods, < 1 h for the brightest systems,

implying a small separation between the accretor and the donor star. The donor is

typically a low-mass star such as a white dwarf or helium star. Due to gravitational-

wave emission from the binary, the orbit shrinks until the donor overflows its Roche

lobe resulting in mass transfer onto the companion, which can be a NS or a BH.

Mass transfer leads to an overall mass loss of the system and therefore a widening

of the orbit in order to conserve angular momentum. The wider orbit results into a

corresponding increase in the rotation period, less gravitational wave emission and

a decreasing mass transfer rate [526]. Refs [361, 527] predict that UCXBs are about

100 times more common in the Galactic bulge today than regular LMXBs. However,

due to their low mass-accretion rates today most UCXBs would not be visible in

current X-ray surveys, which typically are sensitivity limited at & 1031–1032 erg s−1

in the 2–10 keV band [528, 529, 530]. Their large numbers make UCXBs a promising

candidate to be the dominant channel for MSP formation in the bulge. Moreover,

the UCXB X9 in the Globular cluster Tucanae 47 (47 Tuc X9) potentially is a tMSP

[531].

Ref. [361] models the expected population of UCXBs in the Galactic bulge today.

They find that a population of up to ∼ 2 × 105 UCXBs with NS accretors (NS-

UCXB) should be present in the bulge and stress that such a population is necessary

to match the number of detected bright bulge sources. The bright sources also have

short orbital periods (< 1 h). Due to the fast evolutionary timescale most binaries

will have longer periods, > 1 h, and correspondingly are less bright and undetectable,

hence the large number of binaries required to match observations [526, 532, 361].

The NS-UCXBs can form MSPs, which could be isolated if they evaporate the donor

star or be present as a binary system [also see 533]. The number of MSPs present

in the bulge today resulting from NS-UCXBs could therefore be O(105) if they have

not spun down yet. This number is qualitatively in agreement with the number

required to explain the GCE5 [3, 314, 9] and we will assume that these MSPs are

indeed responsible for the GCE.

No UCXBs with BH accretors form in the simulation of Ref. [361], since binary

systems with massive stars collapsing directly into a BH tend to merge before they

can evolve upto the point of mass transfer. However, the UCXB population-synthesis

5The total number of MSPs required to explain the GCE depends critically on the γ–ray lumi-

nosity function and can be as low as O(few×100) up to much larger values by orders of magnitude,

depending on the minimum luminosity and the shape of the luminosity function.
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model of Ref. [534] is consistent with a ratio BH-to-NS of 1:5. In this model the

BHs form through accretion-induced collapse of the NS. In addition, BH-LMXB

systems (or candidates), identifiable through the ratio of hard X-ray emission to

radio emission, have been discovered both in extragalactic globular clusters [e.g.

535, 536] as well as in Galactic globular clusters [537, 538, 539]. In fact, if not a

tMSP, the aforementioned UCXB 47 Tuc X9 most likely has a BH accretor [531].

We will thus assume that also UCXBs with BH accretors exist. Given that (1)

about one dozen of UCXBs are detected of which one is potentially a BH-UCXB

[532, 531] and (2) the numbers of detected bright LMXBs compared to the number

of detected LMXBs with BH accretors is consistent with about ∼ 30% being BH-

LMXBs [478, 540, 541], a fraction of O(10%) UCXBs with BH accretors is not

unrealistic.

To summarise, we will make the following assumptions:

1. A population of NS-UCXBs is present in the bulge [361], providing the MSPs

required for the GCE.

2. An analogous population of BH-UCXBs is present, which we assume can make

up a O(10%) fraction of the total population.

3. Due to their low mass-accretion rates today, most UCXBs are in the hard or

quiescent state and can thus emit positrons as described in Sect. 8.2. We model

the NS-UCXBs according to the radio–X-ray correlation observed for tMSPs

(see Sect. 8.2.2) in which case they can have positron-injecting jets about 20%

of the time. We deem this as a reasonable assumption since tMSPs are the

most quiescent NS-LMXBs currently present in the radio–X-ray correlation

and because the UCXB Tuc 47 X9 lies on the same radio–X-ray correlation as

the other tMSPs.

Modeling of NS- and BH-UCXBs

Next, we discuss how we model the population of NS- and BH-UCXBs in the Galactic

bulge and their positron yield. The discussion builds upon the work by Refs [526,

361]. Star formation in the bulge is taken to happen early on during its lifetime and

is modeled with a narrow gaussian centered 10 Gyr ago with a standard deviation of

0.5 Gyr: Tsf ∼ N (µ = −10 Gyr, σ = 0.5 Gyr). For a total bulge mass of 1010 M�, we

assume a yield of NNS−UCXB = 2 × 105 NS-UCXBs, as suggested by the results of

Ref. [361]. The majority of these NS-UCXBs have either a helium star or WD donor.

Roche-lobe overflow occurs faster for Helium star donors and they will therefore have

a shorter delay time between zero-age main sequence6 (ZAMS) and the start of mass

6The time at which a star first enters the main sequence, in this case the time of star formation.
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Figure 8.1 Age distribution of the UCXBs in our analysis normalized to unity. Tage
refers to the time at which the compact object started accreting from its donor, with

Tage = 0 referring to today.

transfer. The delay-time (DT) distributions, for the delay between ZAMS and the

start of Roche-lobe overflow of He-star and WD donors onto a NS, are given in Fig. 3

of Ref. [361]. He-star donors typically have much shorter delay times than WDs,

with a median (mean) of ∼ 0.1 (0.2) Gyr, compared to ∼ 1.5 (2.2) Gyr for WDs. For

the purpose of this work, we will assume that the delay-time distribution and the

distribution of donors for BH-UCXBs are identical to that of NS-UCXBs, the only

difference being an overall rescaling factor for the ratio of BH-to-NS systems.

We refer to the delay-time by TDT. Using this we can determine the age of the

UCXB through

Tage = (Tsf + TDT) . (8.10)

Note that Tage is defined as a negative number. Typical ages are for UCXBs with

He-star (WD) donors are ∼ 10 (8) Gyr. We then assume that the probability for

some delay-time is independent of the time of star formation. This allows us to

easily find the distribution of Tage, which peaks around −10 Gyr and has a tail until

Tage = 0 (today) due to the delay-time distribution being skewed towards large delay

times (see Fig. 8.1).

The evolution of UCXBs was studied in Ref. [526]. They provide both fitted tracks

and analytic approximations for the mass-accretion rate of a UCXB with a given
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Figure 8.2 Left panel: the luminosity function of NS-UCXBs (solid). There is a

pile-up of old sources with low X-ray luminosities. For reference we also show the

distribution of bright LMXBs (dashed) from Ref. [542]. Dim X–ray sources can still

have considerable jet power and thus a sizeable positron outflow. The grey-shaded

area corresponds to Ṁ > Ṁcrit (1% of the Eddington accretion rate) where the jet

dominated state can be expected to terminate. The transition from the hard to soft

state also causes the kink in the solid line/ Right panel: the luminosity function of

BH-UCXBs.

age. The result of the analytic approximation is

Ṁ ≈ 2.75× 10−12
(
Ma

M�

)− 2
11
∣∣∣∣ Tage

1 Gyr

∣∣∣∣− 14
11

M� yr−1, (8.11)

with Ma the mass of the accreting object. We will take 10 (1.4) M� for a BH (NS).

Due to the small exponent the overall results are not very sensitive to the exact value

of the mass. What should be noted though is that for a given age, BHs typically

accrete less quickly than NSs.

Having obtained the accretion rates we can proceed to calculate the X-ray luminosity,

jet power, positron yield and 511 keV emission using Eqs (8.2–8.9). The distribution

of NS-UCXBs and BH-UCXBs with a given X-ray power and given jet power are

shown in Figs 8.2a and 8.2b (solid lines). All BH-UCXBs should be in a hard or

quiescent state, as can be seen from Fig. 8.2b where the grey-shaded area corresponds

to Ṁ > Ṁcrit. Similarly, most of the NS-UCXBs will be in the hard state. We

assume these systems have jets. There is a large pile-up of systems at low mass-

accretion rates/X-ray brightness, a consequence of most UCXBs being old systems

(see Eq. 8.11) [361]. The integrated X-ray luminosity of this population is still

dominated by the brightest sources, however, the total jet power, and therefore the

total number of positrons injected is dominated by the dimmest sources. This can be
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understood from the dependence on the accretion rate which is LX ∝ Ṁ2 whereas

LJ ∝ Ṁ . In Fig. 8.2a we also show for reference the distribution of bright LMXBs

from Ref. [542]. Since this distribution fully lies in the grey-shaded area, meaning

these sources are not inefficiently accreting, we do not expect steady jets from them.

In Fig. 8.3 we show the cumulative positron yield from the population of UCXBs in

the Galactic bulge. The injection of positrons is dominated by the quiescent sources

due to their large numbers (see Figs 8.2a and 8.2b). The 2 × 105 NS-UCXBs by

themselves can already reproduce the observed injection rate of positrons, 2×1043 s−1

[e.g. 122, 123] in the Galactic bulge, when their jets are modeled as described in

Sect. 8.2. The BH-UCXBs inject slightly fewer positrons in our model than their

NS counterparts. This is explained by our assumption that they have an identical

evolutionary channel as the NS-UCXBs. Consequently, they will have lower mass-

accretion rates for a given age due to their higher mass (see Eq. 8.11). Their overall

smaller number is counterbalanced by the fact that we assumed a 20% duty cycle

for the NS-UCXBs.

8.4 Future avenues

In this section we present a number of directions that can be pursued in the (near)

future to further study the hypothesis that the 511 keV signal comes predominantly

from X-ray binaries and/or that the GCE and positron-annihilation signal are indeed

connected.

8.4.1 Comparing morphologies

In Sect. 8.1 we argued that the morphology of the GCE and bulge 511 keV sig-

nal appear to be similar. However, this is, to a large extent, only a qualitative

statement. Detailed spectroscopic analyses of the 511 keV line suggest that most

annihilation takes place in a warm-ionized and warm-neutral medium [543, 544, 545].

This scenario is in good agreement with a diffuse distribution of sources that inject

low-energy (. 1 MeV) positrons. Such positrons are unlikely to escape the warm

medium and will annihilate within ∼ 50 pc of their injection sites [545]. Conse-

quently, it is likely that the positron-annihilation signal follows closely the source

distribution. Therefore, in the case of a related origin to the GCE, it is also expected

to closely trace the GCE.
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Figure 8.3 Cumulative number of positrons injected into the ISM by NS-UCXBs/BH-

UCXBs with an X-ray luminosity (L) above a given X-ray luminosity (red/green)

L ≤ LX, 2−10 keV. The black solid line shows the total cumulative amount of injected

positrons from all UCXBs. Assumed jet properties are: Γ = 1.4, 〈γ〉 = 1, ABH = 0.1
and ANS = 0.03. The total number of NS-UCXBs (BH-UCXBs) is 2×105 (4×104).

Due to their large numbers the quiescent X-ray binaries are the dominant source of

positrons. The blue band shows the observed positrons injection rate in the bulge

from [123] assuming a distance to the bulge of 8.3 kpc.

511 keV model-fitting Although SPI has imaging capabilities, the most accurate

analysis results are obtained with model-fitting [e.g. 546]. For instance, Ref. [123]

uses a model consisting of a superposition of gaussians representing a disk, narrow

and broad bulge, and a Galactic Center component. On the other hand, Ref. [547]

uses an Einasto profile in their analysis and they argue that it also provides a good

fit. The Einasto profile is more peaked towards the Galactic center than the super-

position of gaussians, even including the Galactic center component. Unfortunately,

the combination of SPI its broad point-spread function and limited exposure is in-

sufficient to distinguish between these profiles. In the context of the Fermi -LAT

GCE, Ref. [5] showed that using the superposition of two gaussians plus a central

source from Ref. [123] to model the GCE performs worse than a template tracing

the distribution of stars in the boxy bulge, but slightly better than DM inspired tem-

plates. A next step towards a quantitative comparison of the two emissions would

be to consider a physically motivated bulge template in the analysis of the 511 keV

emission, similar to the one adopted in Ref. [5], in a model-fitting analysis of the
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511 keV line.

We also point out that the intensity of the 511 keV emission is consistent with

tracing the distribution of stellar mass in the inner-Galaxy. In Chapter 6 we argued

that the GCE is well traced by the distribution of stellar mass in the Galactic

bulge. A template consisting of a combination of nuclear bulge [358] and the boxy

bulge [344] scaled according to their relative masses provides a good fit to the GCE

data [5]. If the GCE traces stellar mass, and if the GCE is connected to the 511

keV signal, we expect that the 511 keV signal traces stellar mass. INTEGRAL-SPI

would see the nuclear bulge as only marginally extended and difficult to discriminate

from a point source. Refs [413] and [123] found evidence for the presence of a

central Galactic source (GCS), on top of their gaussian bulge model. This source is

compatible with being point-like and has a maximum extent of a few-hundred parsec,

consistent with the nuclear bulge. The fluxes from the central source and bulge are

(0.8± 0.2)× 10−4 ph cm−2 s−1 and (9.6± 0.7)× 10−4 ph cm−2 s−1, respectively. The

mass of the nuclear bulge is estimated at MNB = 1.4±0.6×109 M� [358]. Scaling the

mass of the nuclear bulge to that of the larger Galactic bulge by the ratio of 511 keV

emission from the GCS and the bulge at large, we find MB = 1.7±0.8×1010 M�, in

agreement with mass estimates in the literature which are of the order ∼ 1×1010 M�
[399, 344]. Therefore, the 511 keV distribution seems roughly consistent with the

distribution of stellar mass in the bulge.

Asymmetry in the 511 keV signal Ref. [548] reports an asymmetry in the 511

keV emission. This asymmetry was ascribed to an asymmetry in the disk, with the

west (` < 0) being brighter. Notably, the authors related the 511 keV asymmetry to

a similar asymmetry in the distribution of LMXBs. However, later analyses do not

support the conclusion of an asymmetry in the disk [412, 123]. Rather, these analyses

find a preference for a slightly shifted central component towards negative longitudes.

On the other hand, it should be noted that no such asymmetry is observed in the

GCE [5], and that a boxy bulge model is in fact brighter at positive longitudes

(east), due to its rotation [e.g. 344]. We argue that this apparent discrepancy in

the context of a potential correlation between the GCE and 511 keV signal is not

of major concern at this stage. First, it is important to compare in more detail

the signal morphologies, as suggested above. Secondly, if present, some asymmetry

towards negative longitudes might be due to the presence of the Sagittarius-Carina

spiral arm along the line-of-sight [471].

Bulge-to-disk ratio Ref. [123] detects the disk in 511 keV line emission, with

a bulge-to-disk flux ratio of about 0.6. Currently, no such disk has revealed itself

in GeV γ–rays [5]. In the scenario of Ref. [362] and also in the scenario presented
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above some disk component of the GCE would be expected due to the foreground

MSPs present in the disk. Currently, uncertainties in GeV γ-rays are too large to

claim any detection of a disk. However, at the moment the B/D flux-ratio in GeV

γ-rays is consistent with ∼ 0.5. Furthermore, the bulge-to-disk ratios of the GCE

and 511 keV signal do not need to be identical. For instance, a sizeable contribution

of positrons from radiaoctive isotopes produced in stellar nucleosynthesis is expected

in the Galactic disk, but not necessarily in the bulge. This could lead to a brighter

disk in 511 keV compared to its GCE counterpart.

8.4.2 511 keV imaging with IBIS

The imager on board the INTEGRAL satellite (IBIS) has poorer spectral resolution

(∆E/E ∼ 0.1) than SPI, but has a much better spatial resolution: ∼ 12′ (∼ 2.5◦
for SPI) [549]. It has been used to search for 511 keV point sources by Ref. [550].

The energy window of interest used in that work is (491–531 keV). In this window,

the emission from positronium annihilation in a large part of the inner-Galaxy is so

bright that it outshines the continuum background. Note that since the 511 keV

line is almost entirely due to positronium annihilation instead of direct annihila-

tion, i.e. the positronium fraction is close to 1, the majority of the photons in the

aforementioned energy window are from the 3-photon o-Ps final state and produce

a continuum rather than a line, in a ratio 2:9 photons from p-Ps versus o-Ps. How-

ever, since both trace positronium directly, we are interested in their sum. From

the results of Ref. [123] we estimate that over 90% of the photons from the inner

40◦ × 40◦ should trace the distribution of Ps (for details see Appendix 8.A). There-

fore, it should in principle be possible to use the imaging capabilities of IBIS to

study in more detail the morphology of the 511 keV signal in the bulge.

However, at energies > 100 keV IBIS has a large cosmic-ray-induced internal back-

ground which is very high, ∼ 10 ph s−1, in the energy window of interest [551, 550].

Consequently, any signal is swamped by the instrumental backgrounds. An under-

standing of this background below the percent level is required to study diffuse emis-

sion features. Alternatively, if the diffuse 511 keV signal is comprised of many dim

point sources, one can use a wavelet-based approach to filter out the backgrounds,

similar to what was done in Chapter 5 to study the origin of the Galactic-Center

excess in the Fermi -LAT data. In appendix 8.A we show, under very simple as-

sumptions, that such an analysis on IBIS data can in principle reveal a point source

origin of the 511 keV emission. This exercise represents a first proof of principle that

the method can potentially work, however, a more detailed and involved modeling

of instrumental effects and coded-mask performance would be required in order to

assess the sensitivity of such a search. Such a simulation is beyond the scope of this
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work.

8.4.3 511 keV emission from Galactic globular clusters

Globular clusters (GCs) are known to host MSPs and LMXBs. γ–ray emission is

detected from GCs, and it most likely originates from their MSPs [552]. The presence

of γ-rays from MSPs and the presence of LMXBs suggests, according to our scenario,

that a 511 keV line emission could also be present. Indeed, GCs can also harbour

a population of UCXBs, and the discovery of the first potential BH-UCXB in the

Galactic globular cluster Tucanae 47 [531] could be just the tip of the iceberg.

We investigate here the sensitivity of INTEGRAL/SPI to the detection of 511 keV

line emission from GCs in the Milky Way (MWGCs). We select the 16 globular

clusters detected in γ-rays with Fermi -LAT and quoted in Ref. [552]. We estimate

what their 511 keV line emission should be using the ratio of 511 keV to GCE emis-

sion observed in the bulge. The integrated GCE flux above 0.1 GeV is (1.6± 0.1)×
10−6 GeV cm−2 s−1 [5] and the 511 keV flux is (10.4± 0.7)× 10−4 ph cm−2 s−1 [123,

for the bulge and central source]. So the number of 511 keV photons per GeV is:

(1.5± 0.1)× 10−3 GeV ph−1. Knowing the exposure7 in the direction of the selected

globular clusters allows us to test whether a specific MWGC can be observable by

SPI. The SPI effective area at 511 keV is ∼ 75 cm2 and the 2σ narrow-line sensitivity

is 5.7× 10−5
√

106/Tobs ph cm−2 s−1 [130].

In Fig. 8.4 we show the sensitivity to a narrow 511 keV line against the exposure

time at a given source position (black solid). Colored circles show the 511 keV

flux estimated from the γ–ray luminosity of the source. For open circles an upper

limit already exists in the literature [122], all about a factor of ∼ 5 above the current

sensitivity curve. According to this estimate, 3 MWGCs (Terzan 5, Liller 1 and NGC

6440) can potentially be seen in the INTEGRAL/SPI data. The estimated fluxes

of another 4 MWGCs (M62, M28, NGC 6441 and NGC 6624) lie within a factor 2

of the narrow-line sensitivity. We note that all of these sources lie within the bulge

region and would constitute O(10%) of the the total 511 keV bulge emission in the

above estimate. Including the GCs as separate sources would absorb part of the

bulge flux, and thus translate into a lower estimated number of 511 keV photons

per GeV from the GCE and thus a lower predicted GC flux. Again, we stress that

an analysis of the 511 keV line emission with IBIS can play a crucial role in this

context.

7 Available from https://www.cosmos.esa.int/web/integral/exposure-map-tool. The exposure

shows large fluctuations on the sky [123, Fig. 1]. In the inner Galaxy it is ∼ 2 × 109 cm2 s, but it

can be smaller by a few orders-of-magnitude at other positions on the sky.

192

https://www.cosmos.esa.int/web/integral/exposure-map-tool


8.4. Future avenues

106 107

Tobs [s]

0

1

2

3

4

5

F
5
1
1

[1
0−

5
p

h
cm
−

2
s−

1
]

47Tuc

M62

NGC6388

Terzan5

NGC6440

M28

NGC6652

Liller1

M80

NGC6441

NGC6624

NGC6541

NGC6752

NGC5904

M15

NGC6218

NGC6139

OmegaCen

NGC6397

511 keV
narrow line sensitivity
(2σ)

511 keV
narrow line sensitivity
(2σ)

Figure 8.4 Sensitivity to MWGCs observed in γ-rays. Colored circles give the 511

keV flux of γ-ray detected GCs assuming that the number of 511 keV photons scales

with the MSPs γ-ray luminosity as observed in the bulge: 1.5 × 10−3 GeV/ph. On

the horizontal axis we show the total SPI exposure time at the source position. The

solid line gives the SPI sensitivity to a narrow line for a given observation time [130].

Upper limits exist in the literature for some GCs [open circles 122].

Taking the 2σ sensitivity flux as an estimate of an upper limit on the 511 keV

narrow-line emission for each GC, we estimate an “upper limit” on the stacked 511

keV emission from γ–ray GCs,
√∑

i(UL)2
i ∼ 1.3 × 10−4 ph cm−2 s−1. This value

is in the ballpark, slightly below, the 511 keV flux expected from stacking the γ–

ray emission of the 16 globular clusters (2.1 × 10−7 GeV cm−2 s−1) and computed

assuming the conversion mentioned above, i.e. 1.5× 10−3 GeV ph−1.

The above estimate is valid under the assumptions that (a) the LMXB to MSPs

ratio in GCs today is comparable with the one in the Galactic bulge – which might

be the case in a scenario where the Galactic bulge stellar population is created by

disruption of old GCs –, and (b) there is enough gas for the positrons to annihilate

before leaving the cluster or in the direct vicinity of the cluster.

Observing 511 keV emission from Galactic GCs would be a major step in claiming a

connection between the GCE and low-energy positrons and in addition would make

X-ray binaries the primary candidate to produce most of the Galactic positrons. In

addition, it can provide insights into the connection between the Galactic bulge and

the GCs. However, we emphasize that evolutionary channels in the bulge and in
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GCs need not be the same. For instance, dynamical interactions are more likely in

GCs due to the high stellar density [359]. As such, a non-observation would not be

able to rule out a population synthesis scenario. Nevertheless, an analysis of GCs

similar to that performed by Ref. [130] for dwarf spheroidals can shed more light

on a potential GCE-511 keV connection.

8.4.4 Individual source searches

The direct observation of a dim X-ray binary with a steady-state jet producing

positrons would identify these sources as a prime candidate to produce the majority

of the Galactic positrons. Quiescent sources in the vicinity of the sun are the most

promising candidates since they would have the highest observable flux. However, we

note that the flux and the spatial extend of the signal also depend on the ISM in the

vicinity of the source. In particular the transitional millisecond pulsars J1023+0038

[e.g. 492] and XSS J12270-4859 [481, 553] are promising targets. Both sources are

listed as γ-ray sources associated with pulsars in respectively the 2FGL and 3FGL

[453, 429] and as γ-ray detected MSPs in the preliminary Fermi -LAT 8-year source

catalog 8 (FL8Y). Moreover, since both sources are at distances ∼ 1.4 kpc their 511

keV flux is potentially already detectable by INTEGRAL/SPI. A discovery of γ-rays

from these sources would be a smoking gun for a one-to-one relation between the

511 keV signal and the GCE. These tMSPs and a few promising BHs candidates

are discussed in some more detail in Sect. 8..2. In upcoming years, proposed next-

generation γ-ray telescopes such as e-ASTROGAM, which has about one order-of-

magnitude better sensitivity to a 511 keV narrow line than SPI [164, 165], can greatly

improve the sensitivity in searches for such individual sources.

8.5 Discussion & conclusion

511 keV emission and LMXBs. In this chapter we proposed a model in which

LMXBs, in particular a subclass called ultracompact X-ray binaries, are responsible

for the positron annihilation signal in the bulge. Depending on assumptions, either

NS-LMXBs or BH-LMXBs can be responsible for the majority of the positrons. In

our specific modeling, where we adopted the evolutionary model of Refs [526, 361]

with ∼ 2× 105 NS-UCXBs, NS-UCXBs produced most positrons. We here assumed

NS-UCXBs jets to behave similarly to what is expected for tMSPs [492]. In this

8The FL8Y catalog is available from https://fermi.gsfc.nasa.gov/ssc/data/access/lat/

fl8y/. Also see https://confluence.slac.stanford.edu/display/GLAMCOG/Public+List+of+

LAT-Detected+Gamma-Ray+Pulsars for the public list of γ-ray detected pulsars.
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case a single source class, NS-UCXBs, is able to produce both the GCE and 511 keV

emission.

The binary jets are assumed to be loaded with non-relativistic electron-positron

pairs [525, also see Sect. 8.2]. Whether this is an accurate model for these systems

in the quiescent or hard state remains to be seen. However, more freedom on the

jet modeling is allowed if more X-ray binaries are present in the bulge. Ref. [554]

recently observed a quiescent BH-LMXB in the field. Taking into the consideration

the surveyed area in their analysis, they extrapolate the observation of this single

source to a total Galactic population of 2.6 × 104–1.7 × 108 of these objects, the

latter number being vastly greater than the ∼ 2× 105 objects we assumed.

Ref. [475] also argued that quiescent LMXBs could produce all the positrons in

the Galactic bulge. A further similarity between their analysis and this one is that

both assume the presence of electron-positron pairs in the jet. However, the average

assumed jet power in their analysis is higher than the average of our population,

1035 erg s−1 vs. ∼ 1033 erg s−1, consequently, our population has to be larger. In

addition, we have shown explicitly that the accreting object need not necessarily be

a BH, but can also be a NS. The NS contribution was considered subdominant by

Ref. [475]. Alternatively, positrons could also come from brighter X-ray binaries,

called microquasars, as proposed by Ref. [474]. Observational evidence for pro-

duction of positrons in these sources comes from Ref. [487]. However, Ref. [475]

argues that even in the presence of microquasars, quiescent sources would dominate

the total positron injection rate in their scenario. Moreover, if all positrons are in-

jected during bright outburst of which only a handful take place at any given time

we should at some stage start resolving the individual sources.

At this point in time, the scenario outlined in this chapter is realistic in terms of

our theoretical and observational understanding of inefficiently accreting Galactic

binaries, both in terms of their number and in terms of their jet composition. Con-

sequently, the family tree of MSPs, the sources assumed responsible for the GCE,

could also host the sources of Galactic positrons. We stress again that the spe-

cific model is not the only possible model for this scenario. Rather, it serves as a

prototype for the viability of the GCE–511 keV connection.

Arguments against an MSP interpretation of the GCE. It has been argued

that MSPs cannot explain the GCE because of the lack of bright LMXBs observed in

the Galactic bulge when compared to GCs. More bright LMXBs would be expected

based on the relative γ-ray brightness of the bulge and GCs [e.g. 368, 369, 372]. We

point out that the UCXBs in this scenario are very dim in X–rays, as can be seen in

Figs 8.2a and 8.2b. Therefore, while producing enough MSPs to explain the GCE,
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the number of X-ray sources is also consistent with observation [528, 361, 527, 529].

In this scenario, the MSPs and UCXBs are directly produced in the bulge and not

for instance associated with the disruption of globular cluster [e.g. 363]. Thus, an

MSP interpretation of the GCE is perfectly compatible with the different ratios

of LMXBs versus GeV emission in GCs and in the Milky-Way bulge. Arguments

against an MSP interpretation based on the non-observation of LMXBs are fully

dependent on the assumed formation channel of MSPs [of which there are many,

359] and the assumption that populations in both GCs and the bulge are similar. A

similar statement is made by Ref. [373].

Closing remarks. The GCE and 511 keV emission share striking morphological

similarities making a common scenario that can explain both at the same time

appealing. Inspired by the literature [361], we have presented a population synthesis

model for UCXBs in the Galactic bulge which can account for the required number

of MSPs to explain the GCE and, with some additional assumptions, can also be at

the origin of the low-energy positrons through jets. We can conclude that both NS-

UCXBs and BH-UCXBs could sustain and be the dominant contributor to the 511

keV flux depending on how exactly they are modeled. To the best of our knowledge

this is the first work that quantitatively shows NS-LMXBs can sustain the positron

injection rate. In fact, if these NS binaries in the low-hard state behave like tMSPs,

the γ-ray sources producing the GCE could themselves be injecting the low-energy

positrons, thus a single source class can explain both. The model presented in this

works serves as a prototype for explaining a common origin of the GCE and the 511

keV emission and offers new windows to study their connection.
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Appendix

8..1 Eddington accretion rate

The Eddington luminosity, LEdd, defined as the luminosity at which the radiation

pressure due to Thomson scattering on the electrons equals the gravitational force

on the protons (which dominate the mass), is

LEdd = 4πcGMmp

σT

≈ 1.26× 1038
(
M

M�

)
erg s−1,

(8.12)

with M the mass of the accreting object, mp the proton mass and σT ≈ 0.665 barn
the Thomson cross section.

The mass accretion rate can be related to the bolometric luminosity through the

available gravitational potential energy [555].

LBol = ε
GMaccṀ

Racc
. (8.13)

Here Racc the radius of the accretor. In case of a a NS it is R = 10 km. For a BH

Racc = 6GMacc/c
2, 3 times the Schwarzschild radius, corresponding to the innermost

stable orbit of a non-spinning (a = 0) BH. For a maximally-rotating BH (a = 1)

it is Racc = 1
2GMacc/c

29 [556, 555, 557]. For efficient accretors, the parameter ε

gives the conversion efficiency of gravitational potential energy into luminosity and

is 1 (0.5) for surface (disk) accretion, i.e. for NSs (BHs) [558, 555, 557]. For BHs

the luminosity can thus be written as Lbol = ηṀc2, where η = εGMacc
Racc

∼ ε/6 ∼ 0.1
in Eq. (8.2) (for non-rotating BHs). For NSs we also assume η ∼ 0.1 in this work,

since the propeller mechanism effectively works as an event horizon.

9 For a 1.4 M� NS this is ∼ 12 km.
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The Eddington accretion rate can now be written as

ṀEdd = LEdd

ηc2

≈ 2.22× 10−8
( η

0.1

)−1
(
M

M�

)
M� yr−1.

(8.14)

8..2 Individual sources

If Eq. (8.8) would hold for all accreting binaries including those that are not in the

hard state– i.e. if all jets would be composed of a cold electron-positron pair plasma–

positrons would be vastly overproduced in the Galaxy. However, different jets are

expected to have different properties. For instance, transient jets are expected to

be more relativistic than steady jets [484]. In this work we assume that low-energy

positrons are predominantly produced in steady-jets. Below we discuss a few inter-

esting sources that are in the hard or quiescent regime in more detail. We recall

that the 2σ narrow-line sensitivity is 5.7× 10−5
√

106/Tobs ph cm−2 s−1 [130].

Neutron stars

Here we discuss the two most promising transitional millisecond pulsars, J1023-0038

and XSS J12270-4859, in more detail. Two more (candidate) tMSP exists. The

tMSP J1824-2452I [559, 480] is in a globular cluster and is more distant than the

aforementioned two systems. Also, it is more likely in a soft state. For this reason we

omit it from further discussion. In addition, J1544.6-1125 [560] is a candidate tMSP

with an unconstrained distance. Interestingly, it is associated with a Fermi γ–ray

source.

PSR J1023+0038

This transitional millisecond pulsar has a low-mass accretion rate and is nearby

(1.37 kpc) [479, 518, 492]. For its estimated mass-accretion rate of 10−13–10−11 Ṁ� yr−1

we obtain a jet power of ∼ 6 × 1032– 6 × 1034 erg s−1. This would correspond to a

511 keV flux of ∼ 1×10−7– 1×10−5 ph s−1 cm−2. In the most optimistic scenario, a

narrow line from this source could be observable by INTEGRAL/SPI with sufficient

exposure, however the exposure at the source position, (`, b) = (243.5◦, 45.8◦), is

only ∼ 25 ks (see Sect. 8.4.3).

J1023+0038 has also been identified as a γ-ray source in the second Fermi -LAT

source catalog, where it is classified as an associated pulsar [453]. In the FL8Y it is
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listed as a γ-ray detected pulsar.

XSS J12270-4859

This LMXB was identified as a tMSP [481, 553] and also is listed as a pulsar candi-

date in the 3FGL [429] and as Fermi -LAT γ-ray detected pulsar in the FL8Y. It is

expected to be at a similar distance as J1023+0038 and has a slightly higher X-ray

luminosity [561, 492]. As such, we expect a slightly higher 511 keV flux from this

source than from J1023+0038. Furthermore, there is a high exposure of ∼ 3× 107 s
at the source location, therefore this source is potentially already detectable with

INTEGRAL/SPI. This makes XSS J12270-4859 arguably the most promising can-

didate.

Black holes

Sagittarius A*

Sagittarius A* (Sgr A*) is the supermassive BH at the center of our Galaxy. It has

a mass of ∼ 4× 106 M�. Its bolometric luminosity of ∼ 1036 erg s−1 is far below the

Eddington luminosity [124].

We estimate the expected positron yield from Sgr A* assuming it behaves identical to

the BH-LMXBs while in its hard-state. Sgr A* is only consistent with the fundamen-

tal plane during non-thermal flares [see 562, and references therein]. During flares,

Sgr A* its X-ray emission also hardens [563]. Therefore, we assume that positrons

are produced during periods of non-thermal flaring. Chandra and NuSTAR observa-

tions indicate that Sgr A* is in such a flaring state about 3% of the time [564, 563].

The average 2−10 keV luminosity during such flares is ∼ 5×1034 erg s−1 [564]. Since

the spectral index of Sgr A* is somewhat softer than that assumed for BH-LMXBs

in this work we will not apply a bolometric correction to this luminosity. We can

proceed to calculate the jet power using Eq. (8.4). Note that any mass dependence

in this expression is encapsulated in the Eddington units. Consecutively applying

Eqs (8.8–8.9) gives a total positron yield of ∼ 7 × 1042 e+ s−1. This is insufficient

to explain the full bulge emission, but is larger by a factor ∼ 5 then the number of

positrons required for the central source [123].

Cygnus X-1

Given the estimate for the jet power from Ref. [513] (9× 1036 . LJ . 1037 erg s−1),

the high-mass X-ray binary Cygnus X-1 (Cyg X-1) should have been observed as a

511 keV point source if the jet where composed of a cold, pair-dominated plasma and
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if the outflowing positrons would annihilate in the vicinity of the source, as proposed

in this work. However, upper limits on the 511 keV line flux from [122, 565, 123] are

in tension with this scenario.

The tension becomes smaller when the state of Cyg X-1 is taken into account, since

it spends a significant fraction of time in the soft state [566]. Furthermore, if the

positrons escape the source and the surrounding medium is under-dense and/or

hot, such as the Cygnus superbubble [567], the positrons will propagate further and

thereby spatially smooth the signal [545]. Finally, Ref. [487] argued that during the

bright flares observed in the microquasar V404 Cygni low-energetic pairs constituted

a few percent of the source luminosity [487, 568]. If leptonic pairs also constitute

a few percent of the source luminosity in Cyg X-1 it is consistent with the upper

limits. However, in this case Eq. (8.8) does not directly apply, but rather requires a

rescaling by a factor ∼ O(10−2).

A0620-00

A0620-00 is a quiescent BH (M = 11 M�) radiating at a luminosity corresponding

to 10−9–10−8 LEdd and located at a distance of 1.2 kpc [503].

Using the assumptions and expressions in Sect. 8.2 we estimate the 511 keV flux

from this source to be ∼ 10−5 ph cm−2 s−1. With a current exposure of ∼ 3 Ms at

the source such a flux is currently undetectable, albeit not by large margin. More

observation time with INTEGRAL/SPI could potentially reveal a 511 keV signal

from this source. Moreover, a future mission such as e-ASTROGAM [164] might be

able to detect this signal. The expected sensitivity for a 3σ detection of a narrow 511

keV line by e-ASTROGAM is 4.1×10−6 ph cm−2 s−1 for 106 s of effective observation

time. Taking the sensitivity to scale with the square root of time and using a field-

of-view of 2.5 sr, a flux of order 5 × 10−6 ph cm−2 s−1 should be attainable within

about a month of total mission time.

If A0620-00 is detected as a source of 511 keV emission this would provide supporting

evidence for the hypothesis that the 511 keV bulge emission comes from dim BH

X–ray binaries.

47 Tuc X9

The ultracompact XRB 47 Tuc X9 resides in the globular cluster 47 Tucanae and

it has recently been argued that it potentially has a BH accretor, if so being the

first of its kind [531]. If the accretor is not a BH, this system is most likely a

tMSP, as suggested by its position in the radio–X-ray correlation plane. The X-ray

luminosity in the 1–10 keV band is a few×1033 erg s−1 [531] corresponding to a total
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hard X-ray luminosity of ∼ 1034 erg s−1 (∼ 10−5 LEdd). Performing an estimate for

the positron annihilation signal following Sect. 8.2 we estimate the jet power to

be ∼ 1035 erg s−1 and the 511 keV line flux ∼ 10−5 ph cm−2 s, using a distance of

4.53 kpc. In the most optimistic scenario, 47 Tuc X9 is already a candidate 511

keV source for INTEGRAL/SPI. If the BH nature is confirmed, a detection would

be direct evidence that BH-UCXBs can inject low-energy positrons into the bulge.

However, any 511 keV signal from 47 Tuc X9 will be degenerate with that of the

GC as a whole.

8.A Detectability of dim 511-keV point sources

with IBIS.

In this section we estimate the potential of INTEGRAL/IBIS to study a dim point

source origin of the 511 keV emission. It is shown that the presence of a 511-keV-

point-source population similar to the one discussed in the main text can in theory

be revealed through analyses of the photon count statistics. We stress however

that simplifying assumptions have been made in the treatment of the coded-mask

instrument IBIS and that a more detailed analysis of instrumental effects would be

necessary in order to assess more realistically the sensitivity of such a search. Such

a simulation is beyond the scope of this work.

8.A.1 Mock sky images

We analyze mock sky images in a region-of-interest (ROI) of 40◦ × 40◦ centered on

the inner-Galaxy to study the impact of a dim point-source population in the bulge

on the photon count statistics.

Instrumental modeling

Sky-images are constructed in the energy 491–531 keV, similar to the IBIS analysis

of the inner-Galaxy as performed by Ref. [550]. For the field-of-view (FoV) we

consider the fully-coded field-of-view of 9◦× 9◦ (note that the larger partially coded

field of view is 29◦ × 29◦) [569, 570]). The effective area of IBIS is taken to be

Aeff = 54.2 cm2 and the exposure towards the inner-Galaxy Tobs = 107 s. Finally,

we include a term εeff = 0.75 to capture the imaging efficiency [550]. Given some

photon flux, φ, the total number of source photons is:

201



8. Galactic Binaries Can Explain the FermiGalactic Center Excess and 511 keV
Emission

NS = φAeffεeffTobs. (8.15)

Source and background fluxes

We model the source and background fluxes following the model from Ref. [123]

for the all-sky distribution of 511 keV emission. The spatial model of Ref. [123]

contains 3 model components in our ROI (see their Table 2): a bulge, a disk and a

central source. The bulge consists out of a broad and narrow component which we

assume contain respectively 72% and 28% of the total bulge flux [413].

In the energy window 491–531 keV the spectrum consists out of three components: (i)

the 511 keV line due to p-Ps annihilation; (ii) a continuum, starting from 511 keV10,

due to o-Ps annihilation which has a 3 photon final-state; and (iii) a background

γ-ray continuum which is modeled as a powerlaw. The background γ-ray continuum

for each spatial component is modeled as:

dΦ
dE

∣∣∣∣
i

= Ai

(
E

511 keV

)−1.7
ph cm−2 s−1 keV−1, (8.16)

where the normalizations Ai are taken from Table 5 of Ref. [123]. In Table 5

Ref. [123] also provides the flux of photons from o-Ps and p-Ps from the various

spatial components. It turns out that in our ROI ∼ 90% of the astrophysical γ-rays

are due to positronium annihilation.

Finally, we assume a total positron injection rate of Ṅe+ = 2×1043 s−1 in the bulge.

Since 511 keV annihilation-line spectroscopy points towards a positronium fraction

of ∼ 100%, we assume that 25% of these photons annihilate to the 511 keV emission

and 75% through the 3-photon final state. The total photon flux from positronium

in the bulge in our energy window then becomes:

Ṅγ,Ps = 11
4 Ṅe+ . (8.17)

In terms of the spatial distribution, we assume that all point sources trace the bulge

and Galactic-Center component from the model of Ref. [123], and that each source

is located 8.3 kpc away.

Finally, sources are randomly sampled from the luminosity functions in Figs 8.2a and

8.2b assuming a BH:NS ratio of 1:5. The positron yield is then calculated following

Eq. 8.3 until the total injection rate saturates 2× 1043 e+ s−1. Spatial positions are

10Note that none of the three photons can have an energy above 511 keV due to momentum

conservation.
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Figure 8.5 Left panel: example of the flux from a bulge point-source population

producing the 511 keV emission in from the inner-Galaxy. Photon counts are for

an exposure 10 Ms and in pixels of 0.05◦ × 0.05◦. Right panel: the same as the left

panel, but now including all backgrounds.

drawn from the templates of Ref. [123]. Source fluxes are smoothed by a gaussian

kernel with σ = 0.25◦ to represent the IBIS PSF and we add Poisson noise to the

final image.

Instrumental modeling

The IBIS instrument has a large internal background due to cosmic-rays interacting

in the detector [551]. From Fig. 10 of Ref. [551] we can estimate the background in

the 491–531 keV range to be ∼ 7 ph s−1. We will henceforth assume a background

of 10 ph s−1 [550].

We assume that the instrumental background is spread out uniformly over the 9◦×9◦
FoV and follows Poisson statistics. The total instrumental background thus becomes

∼ 405 ph s−1 sr−1.

Sky images

We combine the instrumental background with the astrophysical fluxes to produce

sky images. In Fig. 8.5 we show the signal due to positronium (left panel) and the

total flux (right panel) in our ROI for an exposure of 10 Ms. As can be seen, the

instrumental background completely dominates the image. Figure 8.6 shows the

pixel count distribution for the right panel of Fig. 8.5. Clearly, there is an almost

negligible deviation from a Poisson distribution due to unresolved points sources.

203



8. Galactic Binaries Can Explain the FermiGalactic Center Excess and 511 keV
Emission

8200 8400 8600 8800 9000 9200

counts

10−8

10−7

10−6

10−5

10−4

10−3

P
D

F
N (8584, 93)

|`|, |b| > 1◦

|`|, |b| ≤ 1◦

Figure 8.6 Photon distribution corresponding to the right panel of Fig. 8.5. The

instrumental background was assumed to be poissonian. Evidently, there is only a

minor non-poissonian tail in the photon count contribution due to the unresolved

point sources. Pixel counts from the Galactic Center (red, |`|, |b| < 1◦) and the

remainder of the ROI (green) are displayed separately.

8.A.2 Wavelet analysis

In order to see if we can identify the presence of point sources in the mock data

we apply a wavelet transform to the mock data. This method is similar to what

was applied in Chapter 5 to search for unresolved point sources in the Fermi -LAT

data of the inner-Galaxy. The wavelet analysis is a powerful tool to identify sudden

spatial fluctuations in intensity, in this case due to the presence of point sources, on

top of a slowly varying background.

We apply Mexican-hat-wavelet-family member one [e.g. 387] with a scale of 0.4◦.
We quantify a signal-to-noise ratio S similar to what is done in Chapter 5. For more

details of the analysis we refer the reader to that chapter. In Fig. 8.7 we show the

wavelet transformed skymaps for background only (left) and background plus sources

(right). All peaks with S ≥ 5 have red circles, with larger circles corresponding to

larger signal-to-noise ratios.
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Figure 8.7 Wavelet transformed map of a background only image (left panel) and an

image containing a dim point source population (right image). Red circles indicate

sources with a signal-to-noise ratio above 5.
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Figure 8.8 Number of wavelet peaks of a given signal-to-noise ratio in case of back-

ground only (orange) and background plus sources (blue).

In Fig. 8.8 we show the total number of wavelet peaks with a given S for the back-

ground only map (orange) and for background plus point sources (blue). A clear

enhancement in the number of wavelet peaks with S & 5 can be seen in the presence

of point sources.
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This analysis has shown that in principle one can identify a dim point source pop-

ulation, similar to the one studied in the main text of this chapter, with dedicated

analyses of photon statistics using wavelets, despite the large instrumental back-

grounds in IBIS. We note that the wavelet technique is insensitive to fluctuations

on scales much larger than the wavelet scale, and can therefore still work if back-

grounds are non-uniform. Finally, the wavelet technique can corroborate the pres-

ence of power on small scales, i.e. the presence of point sources. Nevertheless, it

will be challenging to reconstruct more details of any such point source population.

***
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Samenvatting

Als ik mensen vertel dat ik donkere materie bestudeer, en hen vervolgens vraag of

ze hierover gehoord hebben, is het meest voorkomende antwoord ”iets met zwarte

gaten, toch?”. Meestal antwoord ik hierop dat dit inderdaad gedeeltelijk klopt, er

zijn immers theorieën die zeggen dat ’oer-zwarte gaten’11 de donkere materie in ons

Heelal vormen. Echter zijn zwarte gaten niet de enige mogelijkheid om de donkere

materie te verklaren.

Een mogelijk antwoord op de vraag waar donkere materie uit bestaat is: ”we hebben

geen idee”. Dit is echter wat te kort door de bocht. Hoewel de aard van de donkere

materie inderdaad nog steeds een compleet mysterie is, weten we ondertussen wel al

best veel over hoe donkere materie zich gedraagt. All onze kennis over donkere ma-

terie komt voort uit het zwaartekrachtseffect dat het heeft op kosmologische schaal.

Hiermee bedoel ik op de schaal van onze Melkweg en nog groter. Om een beeld te

schetsen van de afstanden waar we dan over spreken: dit is tenminste tienduizend

lichtjaar. Het meest intüıtieve bewijs voor het bestaan van donkere materie komt

van de rotatiecurves van spiraalvormige sterrenstelsels, zoals onze eigen Melkweg.

De klassieke mechanica schrijft voor hoe de massa van het sterrenstelsel de rotatie-

snelheid van een ster om het centrum van datzelfde sterrenstelsel bëınvloedt. Dus

aan de hand van gemeten snelheden van sterren kunnen we bepalen hoeveel massa

zich er in een sterrenstelsel bevindt. Een andere manier om de massa te meten is om

simpelweg alle zichtbare sterren, interstellaire gaswolken, etc. bij elkaar op te tellen.

Sterren en gaswolken kunnen we zien omdat ze licht uitstralen. Echter, de twee

metingen komen niet overeen. De massa van het sterrenstelsel zoals bepaald aan de

hand van de rotatiesnelheden van sterren is veel groter dan wanneer we de massa

11Oer-zwarte gaten, in het Engels primordial black holes, zijn zwarte gaten die tijdens, of kort

na, de oerknal gevormd werden. Dit in tegenstelling tot ’normale’ zwarte gaten welke vormen aan

het einde van het leven van een heel zware ster.
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van al het lichtgevende materiaal bij elkaar optellen. Een gedeelte van de materie

in het sterrenstelsel blijkt dus geen licht te produceren en wordt daarom ’donkere

materie’ genoemd. De hoeveelheid donkere materie in het heelal is ongeveer 5 keer

groter dan de hoeveelheid ’normale’ lichtgevende materie.

Sinds de jaren 70 begonnen wetenschappers zich langzaamaan te realiseren dat, om

de totale hoeveelheid donkere materie en de structuren in het waarneembare heelal

te verklaren, donkere materie waarschijnlijk iets heel anders moest zijn dan het

materiaal waar wij, de aarde of de zon uit bestaan. We noemen het donkere materie,

omdat we het niet kunnen zien. Althans, nog niet. Een alternatief is dat donkere

materie een emergent fenomeen is dat ontstaat doordat Einstein’s beschrijving van

de zwaartekracht, oftewel de algemene relativiteitstheorie, niet geldig zou zijn op de

grootst mogelijke afstanden. Doordat we het verkeerde rekenmodel zouden gebruiken

om onze waarnemingen te verklaren zou het dus lijken alsof er extra materie moet

zijn.

De meest waarschijnlijke theorieën voor donkere materie zijn dus: (1) een nieuw

fundamenteel deeltje; (2) oer-zwarte gaten of (3) andere natuurwetten voor hoe

de zwaartekracht zich gedraagt op kosmische schaal. Mijn persoonlijke favoriet is

nummer 1: dat donkere materie een nieuw deeltje is. Dit geldt waarschijnlijk voor

het meerendeel van de fysica gemeenschap. De theoretische mogelijkheden voor oer-

zwarte gaten en nieuwe gravitatiewetten zijn inmiddels flink beperkt door metingen.

Mijns inziens is een nieuw deeltje ook de meest elegante oplossing. Enerzijds is het

een antwoord op het donkere materie fenomeen in het heelal. Anderzijds, is een

donker materiedeeltje veelvoorkomend in uitbreidingen van het standaardmodel van

de deeltjesfysica, welke problemen op de allerkleinste schaal oplossen. In hoofdstuk

1 geef ik een uitgebreide introductie over donkere materie.

In mijn onderzoek doe ik de aanname dat donkere materie een nieuw deeltje is. Als

dit zo is, dan zijn er grofweg drie manieren waarop we het kunnen detecteren. De

eerste mogelijkheid is om het the produceren in een deeltjesversneller zoals de large-

hadron collider (LHC) op CERN. Doordat donkere materie slechts een heel zwakke

interactie aangaat met normale materie zou het ongezien uit de detector ontsnappen.

Dus als we de ingaande en uitgaande energie vergelijken blijken we onderweg wat

energie te verliezen als donkere materie gemaakt wordt. De wet van behoudt van

energie zegt dat dit niet kan, dus moet er iets ontsnapt zijn! De tweede optie is

om donkere materie te zoeken in ondergrondse experimenten. De aarde draait niet

alleen om de zon, maar de zon draait op haar beurt weer om het centrum van

de Melkweg. Ons zonnestelsel beweegt zich dus continue door de donkere materie

halo van de Melkweg. Zoals gezegd reageert donkere materie amper met normale

materie, dus het zal overwegend recht door ons en de aarde heen vliegen. Maar, als

het af-en-toe toch reageert zouden we dit misschien kunnen waarnemen. Dit kun
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je proberen te meten in een diepe mijn ver onder het aardoppervlak. Het gesteente

boven de mijn dient als een schild tegen alle straling, en alleen donkere materie weet

vanaf buiten tot in de mijn door te dringen12. Tenslotte kun je donkere materie

proberen te zoeken in de ruimte. Ondanks de naam, hoeft het niet zo te zijn dat

donkere materie helemaal geen licht produceert. Het licht dat wordt geproduceerd

is mogelijk alleen te zwak voor onze telescopen om te zien. Hopelijk zijn ooit, of

misschien nu al, onze telescopen goed genoeg om dit zwakke licht te detecteren.

Veel theorieën voorspellen dat donkere materie zijn eigen antideeltje is. In dit geval

zouden twee donkere materiedeeltjes elkaar kunnen annihileren en daarmee mogelijk

licht produceren. In dit geval kun je kijken naar de plekken in de ruimte met de

grootste donkere materie dichtheid, zoals het centrum van onze Melkweg, en hopen

daar een signaal te zien. Deze manier van naar donkere materie zoeken noemen

we indirecte detectie, omdat we de donkere materie indirect detecteren doormiddel

van het geproduceerde licht. Indirecte detectie is mijn onderzoeksgebied en ik zal er

hieronder verder over uitweiden.

De titel van dit proefschrift is ”All the Light we Cannot See”, oftewel ”Al het licht

dat we niet kunnen zien”. Ik vind dit een toepasselijke titel voor een proefschrift

over indirecte detectie van donkere materie, omdat donkere materie mogelijk licht

produceert wat te zwak is om door onze telescopen waargenomen te kunnen worden.

Dus er is al dit licht dat we niet kunnen zien, tenminste tot op heden. Daarnaast is

er de mogelijkheid dat donkere materie überhaupt geen licht produceert. In dit geval

bestaat het licht niet en is er niets om te zien. Tot slot kunnen ook andere astro-

fysische objecten, zoals sterren en gaswolken, licht produceren. Dit licht is meestal

vele malen meer helder dan het licht dat we verwachten van donkere materie. Dus

het zoeken naar donkere materie is een beetje zoals het zoeken naar een speld in een

hooiberg. Het is moeilijk om een mogelijk donkere materie signaal te onderscheiden

van alle astrofysische emissie, en misschien is dit de reden dat we het nog niet gezien

hebben. In deel I van dit proefschrift bespreken we hoe sterk het signaal van donkere

materie kan zijn en wat voor soorten donkere materie mogelijk nu of in de nabije

toekomst te detecteren zijn.

In hoofdstuk 2 bespreek ik de ’annihilatie oppepper’. Volgens de theorie die be-

schrijft hoe structuren in het heelal zich vormen ontstaan kleine structuren eerst en

smelten deze vervolgens samen tot grotere structuren. Zodoende bevat onze Melk-

weg, evanals anders sterrenstelsels, kleinere substructuren (zie Figuur 8.9). Deze

substructuren hebben een hogere donkere materie dichtheid dan de rest van de Melk-

weg, en doordat annihilatie schaalt met de dichtheid in het kwadraat zorgen deze

substructuren voor een oppepper van het annihilatie signaal. In andere woorden,

12 Naast donkere materie kunnen ook neutrinos recht door de aarde heen vliegen en een interactie

aangaan in de detector.
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Figuur 8.9 Schematisch overzicht van een spiraalvormig sterrenstelsel zoals onze

Melkweg (niet op schaal). De spiraalarmen van de Melkweg zijn oranje. Zij bevatten

de meeste zichtbare massa, in de vorm van sterren en gaswolken. De totale massa

van de spiraalarmen in onze Melkweg is ∼ 5× 1010 M�, oftewel vijftig-miljard keer

de massa van de zon. Onze zon (gele ster) bevindt zich in een spiraalarm, op een

afstand van vijfentwintig-duizend lichtjaar van het centrum van de Melkweg. In het

centrum bevind zich een bolvormige hoop sterren, ook wel bulge genoemd (rood).

De hoeveelheid sterren in de bulge is ongeveer tien-miljard zonnemassa’s, veelaal

bestaande uit oude sterren. Wat we niet kunnen zien is de donkere-materie halo

waarin een sterrenstelsel zich bevindt (grijs) en de substructuren (zwart). De totale

massa van de Melkweg in de vorm van donkere materie is ongeveer een biljoen

zonnemassa’s.

het maakt het zwakke licht van donkere materie iets helderder. In ons werk bedis-

cussiëren we hoe deze oppepper tot op heden onderschat is. Getijden kunnen de

vorm van de substructuren veranderen en dit bëınvloedt de ’oppepper’. Eerdere

studies verwaarloosden het effect van de getijdenvelden in sterrenstelsels. Als dit

effect wordt meegenomen blijkt het licht nog wat sterker te worden, oftewel: ’een

oppepper voor de oppepper’.

Hoofdstuk 3 gaat over de vooruitzichten om donkere materie te detecteren met Mega-

elektronvolt (MeV) fotonen. Dit is een golflengte in het elektromagnetische spec-

trum welke tot nog toe niet veel bestudeerd is doordat er geen goede telescopen zijn.

Daardoor kunnen we geen licht van donkere materie zien in deze golflengte. We

bediscussiëren wat voor donkere materie gedetecteerd zou kunnen worden met in-

strumenten die momenteel worden ontworpen. Als zo’n ontwerp wordt gefinancierd
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duurt het nog zeker een jaar of 15 voordat er ook daadwerkelijk een telescoop in

gebruik wordt genomen. Om de benodigde financiering te werven is het noodzake-

lijk het daadwerkelijke potentieel van de telescoop te begrijpen. Onze studie draagt

hieraan bij.

Zoals gezegd is het zoeken naar donkere materie als zoeken naar een speld in een

hooiberg. Mogelijk hebben we al een signaal van donkere materie gemeten, maar

verstopt het zich nog in de data. Er zijn zelfs enkele afwijkingen gemeten die mogelijk

door donkere materie worden veroorzaakt. Zo is er een helder signaal uit het centrum

van de Melkweg dat nog steeds niet begrepen is. Het heeft alle eigenschappen die

we verwachten van een donkere materie signaal. Dit signaal is gemeten met de

Fermi Large-Area Telescope (LAT) and staat ook wel bekend als het Giga-elekronvolt

(GeV) Galactic Center Excess (GCE). Deel II van dit proefschrift is geheel gewijd

aan het GCE.

In hoofdstuk 4 komt het achtergrondverhaal van het GCE aan bod. Hierin bespreek

ik de eigenschappen en interpretaties van het GCE. Naast donkere materie, is het ook

heel goed mogelijk dat het GCE afkomstig is van een grote populatie milliseconde

pulsars (MSPs) in de bulge van onze Melkweg. Spiraalstelsels zoals onze Melkweg

worden gekenmerkt door hun spiraalarmen en door een centrale bolvormige hoop

sterren, oftewel bulge (zie Figure 8.10). De bulge herbergt veelal oude sterren. MSPs

zijn oude en dichte neutronensterren. De straal van een MSP is slechts 10 km. Ze

draaien daarnaast heel snel om hun eigen as, ongeveer eens per milliseconde. Dit

betekent dat als je op het oppervlak van de ster zou staan, je rond zou draaien

met een snelheid van 2π 10 km
1 ms ∼ 2 × 108 km h−1 ∼ 0.2c. Ongeveer 20% van de

lichtsnelheid, of - in andere woorden - een kwart-miljard kilometer per uur. Het

blijkt dat gammastraling van MSPs veelal dezelfde eigenschappen heeft als wat we

verwachten voor een doorsnee donkere materie kandidaat. Dus in het veld van

indirecte detectie zijn MSPs een soort aartsvijand van donkere materie. Het resultaat

van mijn onderzoek suggereert dat het het GCE waarschijnlijk afkomstig is van

MSPs.

In hoofdstuk 5 bestuderen we in detail de eigenschappen van het GCE. Donkere

materie is heel homogeen verdeeld in de ruimte terwijl sterren heel discreet ver-

deeld zijn. Als het GCE afkomstig zou zijn van donkere materie zouden we dus

verwachten dat het licht ook homogeen verdeeld is op de hemelbol. Voor sterren

zouden we daarentegen verwachten dat er donkere en heldere plekken zijn, afhanke-

lijk van de aanwezigheid van een ster. Helaas hebben onze instrumenten geen heel

goede resolutie, waardoor dit soort details moeilijk te zien zijn. Dit belemmert ons

om onderscheidt te maken tussen de twee scenarios voor het GCE. In hoofdstuk 5

gebruiken we een nieuwe techniek om de data van het GCE te analyseren. Deze

techniek is zo ontworpen dat het kleine ophopingen van licht, zoals we verwachten
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voor sterren, versterkt. We vinden meer van dit soort ophopingen dan we zouden

verwachten in een donkere materie scenario, wat betekent dat het waarschijnlijker

is dat sterren het signaal veroorzaken.

Hoofdstuk 6 betreft een heranalyse van de vorm van het GCE op de hemelbol.

Eerdere studies suggereerde dat het GCE afkomstig is van een bron die bolvormig

is verdeeld, zoals donkere materie. Wij laten daarentegen zien dat het GCE meer

oblaat is, oftewel: wat afgeplat. Deze vorm komt overeen met de vorm van de bulge

in onze Melkweg, de plek waar sterren zich bevinden. Dit maakt het aannemelijker

dat het GCE afkomstig is van sterren. Onze analyse verschilt van eerdere studies

in dat we een nieuw algoritme gebruiken om de data the analyseren. Dit algoritme

stelt ons in staat beter rekening te houden met de ongewisheden in de voor- en

achtergronden die van de data moeten worden afgetrokken om het GCE te vinden.

De milliseconde pulsar interpretatie van het GCE is echter ook niet geheel onbetwist.

In meerdere artikelen wordt gesteld dat als MSPs het GCE veroorzaken we er al

enkele tientallen hadden moeten zien in de bulge, terwijl dit niet het geval is. Dit

zou dus uitsluiten dat MSPs het GCE kunnen verklaren. Deze argumentatie is

gebaseerd op de eigenschappen van MSPs in de buurt van onze zon. In hoofdstuk

7 herzien we de eigenschappen van gammastraling-uitzendende milliseconde pulsars

in onze Melkweg gebruikmakende van een omvangrijke Bayesiaanse analyse. We

concluderen dat we niet meer dan een handvol MSPs kunnen zien in de bulge, in

tegenstelling to eerdere beweringen. MSPs kunnen dus prima het GCE verklaren.

Tenslotte eindigen we met een speculatieve studie in hoofdstuk 8. Hier bestuderen

we een mogelijke connectie tussen het Fermi-LAT GCE en een andere bron van on-

verklaard licht uit het hart van onze Melkweg, namelijk het 511 keV signaal. 511 keV
is de massa van een elektron en dit signaal correspondeert met de annihilatie van een

elektron met zijn anti-deeltje, het positron. Elektronen zijn alomtegenwoordig in het

gas tussen de sterren (het interstellaire medium), maar positronen zijn in veel min-

dere mate present. Dus moet er een bron van positronen zijn in de bulge. De vorm

van het 511 keV signaal lijkt verrassend veel op de vorm van het GCE en suggereert

dus eenzelfde bron. Wij laten zien dat röntgendubbelsterren, een systeem bestaande

uit een zwart gat of neutronenster dat langzaamaan zijn begeleidende ster opeet,

het 511 keV signaal kunnen verklaren. Het intrigerende is dat röntgendubbelsterren

met een neutronenster zich kunnen ontwikkelen to milliseconde pulsars, welke op

hun beurt het GCE kunnen verklaren. Het is dus mogelijke dat een enkele familie

van sterren de bron kan zijn van zowel het GCE alsook het 511 keV signaal.

***
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When I tell people I study dark matter and ask them if they have heard about

this, the majority of the answers are along the lines of ”something with black holes,

right?”. My answer usually is that this is indeed partially correct. There are theories

in which so-called primordial black holes make up the dark matter in our Universe.

However, dark matter need not consist of black holes.

The full answer to the question what dark matter is could be ”we do not know”,

but that is too simple. Although we do not know the nature of dark matter, we

do know quite a few things about it. However, all the things we know manifest

themselves through the gravitational force on cosmological scales. That is, scales

that are either the size of our Milky-Way Galaxy or larger. To give you a flavour

of these scales, this is at least 10 thousand light years. The simplest, and arguably

most illustrative evidence for dark matter comes from the orbits of stars around the

centers of galaxies, like our Milky-Way. Classical physics tells us how matter affects

the speed at which stars orbit their host galaxy. Consequently, if we measure the

rotational speed of stars we can tell how much matter is in the Galaxy. Another

way of measuring the matter content is by just counting stars, gas clouds and such.

These we can all see because they emit light. However, if we do both we find a

discrepancy. The galaxy mass derived using the orbital speeds from stars is much

larger than that derived when just counting ordinary, light-emitting, matter. In fact,

it turns out that the fraction of matter not emitting light, i.e. dark matter, needed

to explain the orbital velocities is about 5 times larger than the amount of ordinary

matter.

Since the 1970s people slowly started to realize that, in order to explain the dark

matter abundance and the observed large-scale structure, this dark matter probably

is something unlike any of the material we, the Earth or the Sun are made of.

Rather, it must be something new. We call it dark matter because we cannot, yet,
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see it. Alternatively, dark matter could also be an emergent phenomenon arising

because we misunderstand Einstein’s laws of gravity on the largest scales and we

apply the wrong model to calculate the orbital speed of stars in galaxies. At this

point in time the most plausible explanations for the dark matter phenomenon are:

(1) a new fundamental particle; (2) primordial black holes or (3) a modification of

gravity on cosmological scales. My favourite option is number 1, that dark matter

is a new type of fundamental particle. Arguably, this holds for most of the physics

community, since primordial black holes and modified gravity solutions face serious

observational constraints. In my opinion, the particle dark matter solution is also

the most appealing because it can explain all the dark matter phenomena on the

largest cosmological scales, whereas at the same time particle physics models of dark

matter can also solve existing problems in the standard model of particle physics,

the model describing the smallest known scales. In Chapter 1 I provide a more

extensive introduction into the field of dark matter research.

In my research I assume that dark matter is a new type of particle. If it is, there

are three main ways in which we may try to detect it. The first option is to try and

produce dark matter at colliders such as the large-hadron collider (LHC) at CERN.

Since dark matter interacts so feebly it would just escape the detector without

interacting if it gets produced. So if we measure the energy in- and output: what

was put in, did not come out. If dark matter gets produced we will miss some

energy. Option two is to try and detect it in experiments deep underground. Not

only does the Earth orbit the Sun, but the Sun also orbits around the center of our

Milky-Way. As such we are constantly moving through the so-called dark matter

halo. Dark matter does not interact much with known materials, so most of the time

it will just fly straight through us and the planet. However, maybe it interacts every

so often. In that case, you can try and detect it in an underground mine, shielded

from all other sources of radiation, such that the only thing that can pass through

the rocks and reach the detector is dark matter 13. Finally, dark matter owes its

name because we do not see it. But that does not mean that it does not produce any

light at all. It might just be too dim for our eyes, or in this case our telescopes, to

see. However, one might hope that at some point, maybe already now, our detectors

will become sensitive enough to detect dark matter. Many theories suggest that

dark matter could be its own anti-particle, in which case two dark matter particles

can annihilate and potentially produce light. In that case, you can look at regions in

space where the dark matter density is highest and hope to see a signal there. This

we call dark matter indirect detection with photons, because you detect the dark

matter indirectly through the photons it produces. This is also my field of research

and I’ll explain a bit more about it below.

13Actually, neutrinos also fly straight through the Earth and could interact in your detector.
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This thesis is called ”All the Light we Cannot See”. I find this an appropriate name

for a thesis related to dark matter indirect detection because maybe dark matter

produces light and our current telescopes are not sensitive enough to detect it. So

there is all this light we cannot see, yet. Alternatively, there is a possibility that

dark matter is a particle that does not produce light. In this case the light does not

exist and there is nothing to be seen. Finally, also astrophysical objects, like stars

or gas clouds, emit light and this typically is much brighter than what we expect

from dark matter. Therefore, looking for dark matter is like looking for a needle in a

haystack, it is very difficult to isolate the dark matter signal from the astrophysical

emission and maybe that is why we do not see it. In Part I of the thesis we address

in part the question how bright a signal from dark matter can be and what types of

dark matter could possibly be detected now or in the near future. In particular,

Chapter 2 discusses the annihilation boost. According to theories of structure for-

mation in the Universe, the smallest dark matter halos formed first and then merged

into larger ones. As such, our Milky-Way, like other galaxies, contains smaller halos

inside (see Figure 8.10). These subhalos are density spikes on top of the smooth

Milky-Way halo and since dark matter annihilation scales with the density squared,

the presence of subhalos will boost the annihilation of dark matter. In other words,

it will make the dim light from dark matter a little brighter. In our work we discuss

how the boost factor has likely been underestimated in previous studies because the

effect of tidal stripping was not accounted for. Taking this effect into account will

make the light slightly brighter still: a small boost of the boost factor.

In Chapter 3 we discuss the prospects of detecting dark matter with Mega-electronvolt

(MeV) photons, a waveband in the electromagnetic spectrum which has remained

largely unexplored because currently there are no sensitive telescopes operational.

Therefore, we cannot see light from dark matter in this waveband. We make pre-

dictions for the types of dark matter that could be detected with instruments that

are being proposed. If approved, such an instrument might become operational in

the next ∼ 15 years. Understanding the potential of such instruments is beneficial

for making a strong science case to get the experiment funded.

As said, looking for dark matter is like looking for a needle in a haystack. It could

be that a dark matter signal is already hiding in the data. In fact, there are a

few anomalies which can be explained with dark matter. For instance, there is a

bright signal from the Galactic Center which is still unexplained and has all the

characteristics expected from a dark matter signal. It has been detected with the

Fermi Large-Area Telescope (LAT) and is known as the Giga-electronvolt (GeV)

Galactic Center excess (GCE). Part II of this thesis is fully dedicated to this GCE

anomaly.
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Figure 8.10 Schematic overview of a spiral Galaxy like our Milky-Way (not to scale).

The disk of the Galaxy, which in from a top view would show the characteristic spiral

arms, is shown in orange. The disk contains most of the visible mass in the form

of gas clouds and stars. For the Milky-Way, its total mass is ∼ 5 × 1010 M�, or

50 billion times the mass of the sun. Our sun (yellow star) is located in the disk,

at about 25 thousand light years from the center. At the center is the bulge (red).

The stellar mass of the bulge is about 10 billion solar masses, mostly containing old

stars. What we cannot see are the much larger dark matter halo (grey) and the dark

matter subhalos (black). The total dark matter mass of our Milky-Way is about a

trillion solar masses.

I provide a detailed introduction into the discovery, characterization and interpre-

tation of the GCE in Chapter 4. Other than dark matter, the most promising

interpretation of the GCE is a large population of millisecond pulsars (MSPs) in the

Bulge of our Galaxy. Spiral galaxies, like our Milky Way, are characterised by a disk

and a central bulge (see Figure 8.10). The bulge is expected to contain many old

stars. MSPs are very old and dense stars. Their radius is only about 10 km. They

spin very rapidly around their own axis, about once every millisecond or so. Which

means that if you would stand on the surface of the star, you would spin round with

a velocity of 2π 10 km
1 ms ∼ 2 × 108 km h−1 ∼ 0.2c. About 20% of the speed of light,

or a quarter billion kilometers per hour. Interestingly, their gamma-ray signal is

very similar to what is expected for a typical dark matter candidate. So for certain

types of indirect detection searches MSPs can be considered the arch enemy of dark

matter. The results of my research support the MSP interpretation of the GCE.
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In Chapter 5 we study the anomalous signal from the inner Galaxy. The dark matter

distribution is very smooth whereas stars are distributed discretely. As such, if the

GCE is due to dark matter we would expect the light to be distributed smoothly on

the celestial sphere. Whereas for stars we would expect dim regions where no stars

are and bright regions if a star is present. Because the GCE is not very well resolved

by our instruments it is not easy to tell the two scenarios apart. In Chapter 5 we

analyze the data of the signal with a novel analysis technique designed to enhance

small clusters of bright light indicative of stars. We find more clusters than expected

in the dark matter scenario, meaning that the signal is more likely due to stars.

Chapter 6 reanalizes the shape of the GCE on the celestial sphere. In the past it was

argued that the GCE is spherical, as expected for a dark matter signal. Instead, we

show that the GCE likely is more box-shaped. This is also the shape of the Galactic

bulge, the place where the stars reside. This thus strengthens the interpretation

that the GCE is due to MSPs. Our analysis differs from previous studies in that we

use a new tool that can better account for uncertainties in the astrophysical fore-

and backgrounds that have to be subtracted from the data in order to obtain the

GCE.

The millisecond pulsar interpretation has not remained undisputed either. Several

papers in the literature claimed that, based on the features of individual MSPs we

have detected in the neighbourhood of our Sun, we should have already seen a few

dozen of sources in the bulge if they are to explain the GCE. However, since we did

not observe these sources MSPs appear to be ruled out as the source of the GCE. In

Chapter 7 we revisit the characteristics of the gamma-ray millisecond pulsars in our

Galaxy by performing a comprehensive analysis using Bayesian statistics. Contrary

to earlier claims, we conclude that at most a handful of sources should have been

detected from the bulge. There is no discrepancy and the MSP interpretation is

thus still very much alive.

Finally, we end on a speculative note. In Chapter 8 we explore a potential connection

between the Fermi -LAT Galactic Center excess and another anomalous emission

component in the inner Galaxy, namely the 511 keV emission. 511 keV is the mass

of an electron and this signal corresponds to the annihilation of an electron with

its anti-particle, the positron. Electrons are omnipresent in the gas between stars

(the interstellar medium), but positrons are less so. There thus must be a source

of positrons in the bulge. The shape of the 511 keV signal is very similar to that of

the GCE and hints at a common origin. We show that low-mass X-ray binaries, a

system of two stars consisting of a black-hole or neutron star that is slowly eating

its companion star, can explain the 511 keV emission. Intriguingly, low-mass X-ray

binaries containing a neutron star are able to develop into millisecond pulsars which

can explain the GCE. Therefore, a single family of sources can potentially be at the
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origin of both the Galactic Center excess and the 511 keV emission.

***
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