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Abstract

Searching for New Physics with the Fermi Large Area Telescope

by

Arne Christian Johnson II1

Compelling astronomical evidence suggests that a majority of the matter in the Uni-
verse, known as dark matter, is not described by the Standard Model of paricle physics.
Primordial black holes (PBHs), which could have formed in the early Universe from the
collapse of primordial overdensities, are a plausible candidate for dark matter. Detect-
ing Hawking radiation from low-mass PBHs would be a monumental achievement in
its own right, and the PBH light curve could be exploited as a probe of other physics
beyond the Standard Model. Another popular dark matter candidate is weakly interact-
ing massive particles (WIMPs), which are well-motivated in part because they naturally
reproduce the correct dark matter relic density in a standard thermal freeze-out sce-
nario. Moreover, WIMP interactions with Standard Model particles can be used to
detect WIMPs experimentally with a variety of complementary techniques. The Fermi
Large Area Telescope (Fermi-LAT), which is capable of detecting v rays over a wide
range of energies and across the entire sky, is an excellent instrument for studying both
of these dark matter candidates. Techniques for detecting the Hawking radiation from
evaporating PBHs are developed and used to search the Fermi-LAT catalog of y-ray

point sources for PBH candidates.

xii



The phenomenology of a WIMP model with a velocity-dependent annihilation
cross-section is discussed, and an analysis of Fermi-LAT data at the Galactic Center is
performed to search for the sharp kinematic features in the y-ray spectrum predicted
by the model. The searches return no significant indications of WIMPs or PBHs, and
in both cases the nonobservation is used to place constraints on the presence of new

physics.
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Chapter 1

Introduction

The Standard Model (SM) of particle physics has enjoyed an extraordinary
level of success since its theoretical foundations were put together by Glashow [2], Wein-
berg [3], Salam [4], and 't Hooft [5, [6] in the late 1960s and early 1970s. Together with
Einstein’s theory of general relativity (GR), the SM is part of a powerful toolkit that
allows today’s physicsts to understand Nature on both the smallest and largest of scales.

Experimental results from recent years continue to uphold predictions made
by the SM. An illustrative example is the 2012 discovery of the Higgs boson, the final
predicted (but unseen) elementary particle in the theory, by the ATLAS [7] and CMS
[8] teams at the Large Hadron Collider (LHC). Further analyses [e.g. 9] by ATLAS and
CMS have been unable to find any discrepancy between the observed Higgs and the
SM prediction. GR has likewise held up under experimental scrutiny: the discovery
of gravitational waves in 2015 by the LIGO collaboration [10] provided spectacular

confirmation of one of its most interesting predictions.



Yet for all its successes, the SM remains incomplete. A multitude of astro-
nomical observations indicate the presence of large amounts of as-yet-unidentified dark
matter, whose energy density dwarfs that of the known SM components. Moreover, al-
though no experiment to date has seen significant deviations from the predictions of GR
or the SM, neither theory on its own can successfully describe physics simultaneously
at extremely large and small scales.

This chapter provides a broad overview of a few of the problems facing the
SM, and introduces some of the general methods by which they have been previously
studied by experiment. To find clues to physics beyond the SM, however, it is worthwhile
not only to push current experimental techniques to their limits, but to develop novel
experimental techniques that reconsider traditional assumptions. The searches for new

physics described in Chapters [BH6] are characteristic of this approach.

1.1 Dark Matter

1.1.1 History

Multiple lines of inquiry have firmly established that a large majority of the
mass in the Universe is neither luminous nor composed of SM particles. The first
evidence of what we now call the dark matter (DM) were Fritz Zwicky’s observations
in 1933 that the velocity dispersion of galaxies in the Coma Cluster was far higher than
the escape velocity predicted from the mass of the luminous galaxies alone [I1]. Zwicky

posited that the presence of a large amount of unseen mass (his dunkle Materie) allowed



the galaxies to remain gravitationally bound in the cluster. Later observations of galaxy
clustering, such as Kahn & Woltjer’s analysis of the motion of the Andromeda galaxy
in 1959 [12], were consistent with this interpretation, finding that an accounting of the
luminous mass was insufficient to explain the high observed velocity.

Evidence for DM continued to mount in the 1970s with the advent of telescopes
capable of measuring galactic rotation curves—the orbital speed of stars as a function
of their distance from their galactic center. With a given distribution of mass, the
rotation curve can be predicted in a straightforward manner with Newtonian gravity,
and for most galaxies, the visible mass predicts a rotation curve that decreases with
distance from the galactic center. Pioneering work done by Rubin & Ford [13] and
Roberts & Rots [14] instead showed that the rotation curve of Andromeda was flat out
to large distances (30 kiloparsecs) from its center. Further data from Rubin et al. [15]
confirmed that the same result held true for nearly all the spiral galaxies in a broad
sample considered—see Figure (1.1

Flat rotation curves are readily explained if the visible galaxy is embedded
in a DM halo—a large, spherically symmetric DM distribution [e.g. [16]. However, the
inconsistency between Newtonian theory and flat rotation curves does not uniquely point
to a DM solution, as proponents of modified Newtonian dynamics (MOND) pointed out
in 1983 [I7]. MOND is capable of explaining both the observed flat rotation curves and
the strong correlation between absolute galactic rotation speeds and luminosity (known
as the baryonic Tully-Fisher relation) [I8] by introducing an acceleration scale ag below

which Newton’s second law is modified to read, approximately, F = ma?/ag. The
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Figure 1.1: Rotation curves of ten spiral galaxies, measured by Rubin et al. by observa-
tion of the Hydrogen-a emission line with telescopes at the Kitt Peak and Cerro Tololo
observatories. The galaxies, which span a variety of ages and types, consistently have
flat or rising rotation curves, consistent with the presence of DM. Figure reproduced

from [15].



observed baryonic mass would then be sufficient to explain the dynamics of galaxies; to
discriminate between the DM and MOND paradigms, measurements of galactic mass
that do not rely on the assumption of Newtonian gravitation are needed.

An independent probe of mass comes from gravitational lensing: in GR, the
presence of massive objects causes light from distant sources to be deflected (see [19] 20]
for reviews). One of the earliest lensed objects seen was the giant arc in the Abell 370
galaxy cluster, shown in Figure Spectroscopic data indicated that the arc did not
belong to the Abell 370 cluster, and a subsequent model of the system as a gravitational
lens by Soucail et al. in 1987 [21I] was in excellent agreement with the data. Crucially,
in order to achieve a good fit, the model relied on a smooth DM distribution which
dominated the total cluster mass.

A particularly striking example of how gravitational lensing can indicate the
presence of DM was given by Clowe et al. [23] in 2006. Comparison of the gravitational
lensing by merging galaxies in the Bullet Cluster to an X-ray tracer of the gas content
[23] is shown in Figure The data show conclusively that although the gas (which
dominates the luminous mass of the cluster) is slowed by self-interaction, the bulk of
the total mass is nonluminous, and passes through itself apparently unimpeded.

The mystery around the missing mass deepened as it became clear that DM
could not be composed of traditional “dark” baryonic matter, such as brown dwarfs.
Big Bang nucleosynthesis (BBN)—the process by which heavy (i.e. Z > 1) elements
are formed in the early Universe—is well understood, and theoretical predictions of pri-

mordial element abundance match observations to an extraordinary degree of accuracy.



- £

Figure 1.2: Giant arc of Abell 370, first imaged in 1985 with the Canada-France-Hawaii
telescope at Mauna Kea. Initial analysis indicated that the arc structure was due to
star formation from the infall of gas onto a massive galaxy, but later modeling strongly
indicated that the arc was due to the gravitational lensing of a distant galaxy aligned
with Abell 370. The gravitational potential needed to reproduce the ring requires an
amount of DM that dominates the total mass of the system. Figure reproduced from
[22].
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Figure 1.3: Left panel: Optical image of the colliding Bullet cluster, taken with the
Magellan telescope. Right panel: X-ray image of the same region from the Chandra
space telescope. In both panels, the white contours show the location of the region of
maximum gravitational shear. In both of the colliding regions, the gas content, traced
by the X-ray emission, lags behind the bulk of the total mass due to scattering during
the collision. Figure reproduced from [23].



BBN calculations turn out to be sensitive to the total density of baryons pp, and fits
to the data yield py/p. ~ 0.04, where p. = 0.863 x 1072 g cm~2 [24] is the critical
density of the Universe—the density above which the Universe is closed and eventu-
ally collapses, and below which the Universe is open and expands forever [25]. On the
other hand, the density of all matter pps is known to be about 0.3p. from a number
of independent measurements, including the cosmic microwave background (see below).
The scale of the discrepancy is immediately apparent: baryonic matter accounts for less
than 15% of the total mass in the Universe!

The cosmic microwave background (CMB) is a powerful probe of physics on a
cosmological scale. The CMB is composed of the remnant thermal radiation from the
surface of last scattering at a redshift of z ~ 1100 (the so-called “recombination” era),
as the Universe cooled below the ionization energy of hydrogen. Fluctuations in the
CMB temperature have been accurately measured across a wide range of angular scales
by several experiments, most recently the Planck satellite [26]. The observed fluctua-
tions in the CMB temperature, which originate from acoustic oscillations in the plasma
at times prior to recombination, are of the order 107°, while models of gravitational
clustering require fluctuations near 10~3 in order to reproduce the amount of structure
observed today [27]. A large amount of nonbaryonic mass can resolve this discrepancy by
deepening the gravitational wells of density perturbations, allowing structure formation

to occur faster.



1.1.2 Cold Dark Matter

In cosmology today, DM plays a key role in the successful ACDM (cold dark
matter with cosmological constant A) model of the Universe by seeding the density
fluctuations around which galaxies grow. In the ACDM model, acoustic fluctuations in
the density of photons and charged particles suppress the growth of structure during
the radiation-dominated era of the Universe, but once the Universe cools sufficiently to
become matter-dominated, the infall of mass onto the potential wells created by initial
density perturbations in the DM to grow larger. As the baryonic matter increases in
density, it sheds angular momentum and energy via thermal radiation and Compton
scattering with CMB photons, allowing it to collapse into familiar structures like stars
and galaxies. Structure formation continues in this manner until about a redshift of
z ~ 1, after which time dark energy comes to dominate the Universe, suppressing
further growth of structure [28§].

The size of the first structures to form is set by the horizon mass at the time
the DM becomes nonrelativistic; prior to this decoupling, density perturbations will
be smoothed out by DM free-streaming out of gravitational potential wells. Models
of DM can therefore be classified by the time at which they decouple: “hot” DM,
for instance, becomes nonrelativistic when the horizon mass is of the order 10'® Mg,
about the mass of a supercluster [29]. “Warm” DM decouples earlier, and forms initial
structures on the scale of galaxies (10! M), and “cold” DM decouples early enough

that the smallest structures formed are smaller than typical galaxies. Cold DM tends



to be favored over hot and warm DM models because it is the most consistent with
observations: hot DM, for instance, predicts that the ratio of baryonic matter to DM
should be different in structures of different scales, as larger structures can trap light
particles more efficiently. Observations on a wide range of scales instead show a relatively
constant rati(ﬂ consistent with the “bottom-up” approach predicted by cold DM [29].

The CMB angular power spectrum is well-described by the ACDM model, and
the latest global fits to the Planck data yield a DM density of Qpys = ppar/pe = 0.258
and a baryonic density €, = 0.0484 [26]. N-body simulations of galaxy formation with
CDM have also shown great success at reproducing the observed large scale structure,
and are capable of making concrete predictions about the DM substructure. Future
developments will allow simulations to probe the DM halo mass function—the number
of DM halos per logarithmic mass bin—to ever-smaller distance scales [28].

Depite its continued success describing astronomical observations, the identity
of DM remains unkown. Most of the known massive neutral particles in the Standard
Model (e.g. the Higgs or Z bosons, the neutron) decay too quickly to account for the
presence of DM in the current era. Neutrinos satisfy the requirements of being massive,
neutral, and stable, but the neutrino mass is so small (constrained by measurements
of the cosmic microwave background to be > m, < 0.12 eV [26]) that neutrinos move
relativistically, and therefore will free-stream out of gravitational potential wells the size
of galactic halos [27].

A variety of candidates for the identity of DM have been proposed, many of

"'With some interesting exceptions: a recent study of the velocity dispersion in the galaxy NGC1052-
DF2, for example, showed that galaxy to be entirely devoid of DM [30)]



which require extensions to the SM. These extensions typically predict the existence
of new neutral, stable particles, of which some of the most well-motivated are axions

(Section [1.1.3]) and weakly interacting massive particles (Section [1.1.4]).

1.1.3 Axions

Axions are hypothetical particles motivated by the strong C'P problem—the
question of why C'P (charge & parity) symmetry is conserved to a high degree in the
strong interaction despite the potentially large C P-violating phase in the Lagrangian of

quantum chromodynamics (QCD). The offending term is [31]:

930
L D) @E#VpaGgngg (11)

where €#7P? is the totally antisymmetric tensor, G are the gluon fields, g3 is the QCD
coupling constant, and # is an angle known as the strong CP phase. The term in
Equation [1.1]is a pure gradient, which typically can be added to a Lagrangian without
impact, but nonperturbative processes known as instantons allow it to have physical
effects [32]. In particular, if 6 is O(1), this term contributes to a neutron electric dipole
moment of d,, ~ 107 %¢ ecm [3I]. Experiments, however, have constrained d,, to be less
than 2.9 x 10726¢ cm [33], implying 6 is extraordinarily (i.e. one part in 10'%) close to
0.

There are a number of proposed solutions to the strong C'P problem—for ex-
ample, if one of the quarks is massless, the term in Equation [I.I] can be removed by a

field redefinition. Observations and QCD Ilattice calculations suggest that none of the
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quarks are massless, however [34]. The most well-studied solution to the strong C'P
problem is to make  small dynamically by the introduction of a new global U(1) sym-
metry (the Peccei-Quinn symmetry [35]). As shown by Wilczek [36] and Weinberg [37],
the Peccei-Quinn symmetry introduces new pseudoscalar particles, known as axions,
that are the Nambu-Goldstone bosons of the theory. The coupling of the axion field A

to the gluon fields G is given by:

g3 A
Vpo Qe &2
LD ~39.2 fae” PG Gy (1.2)

where f, is the axion coupling constant and A is the axion field. With the addition of the
term in Equation the strong C'P phase # becomes dependent on the expectation
value of A, and is 0 when the axion field reaches the minimum of its potential at
(A) = 0. The Peccei-Quinn axion was not compatible with observations, but a simple
generalization of the theory by Dine, Fischler, and Srednicki [38] yields an axion that is
both extremely light and weakly coupled to ordinary matter, and therefore compatible
with experimental results.

Beam-dump experiments and searches for rare decays [39] constrain the axion
to be lighter than 1 MeV, while complementary limits from the longevity of red giants
and data from SN 1987A [40] require the axion mass to be less than a few meV. On
the other hand, the axion mass must be greater than approximately 1076 eV in order
to not overclose the Universe [41]. Recent calculations with lattice QCD suggest the
most viable axion mass range is 1-100 peV, with a coupling to photons on the scale of

10717 — 10712 GeV ™! [42, 43).
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If the axion mass is near its lower bound, axions are plausible DM candi-
dates. Compared to standard cold DM, axions are examples of “warm” DM, as they
become nonrelativistic at later times and free-stream out of small density perturbations.
Therefore axion DM produces far fewer DM halos at low mass, which may allow future
gravitational lensing experiments to distinguish between the “warm” and “cold” DM
paradigms [44]. A variety of terrestrial experiments [e.g. [45] to search for axions have
also been conducted. These experiments generally seek to exploit the axion’s small
mixing with the electromagnetic field to produce resonant photons [46].

It should be emphasized that axions may exist (and solve the strong CP prob-
lem) but still fail to be the DM, if their mass is too high. In addition, relatives of the
axion, called axion-like particles (ALPs), can be important building blocks of other DM
models. In the hidden sector axion portal (HSAP) model introduced in Chapter |5, for
instance, the mediator ALP is not a DM candidate itself, but allows the DM particle to

annihilate to SM final states.

1.1.4 WIMPs

Weakly Interacting Massive Particles (WIMPs) are a proposed class of parti-
cles that generally possess masses and coupling strengths on the order of the electroweak
scale (roughly 100 GeV). Although WIMPs can be produced nonthermally (e.g. gravi-
tational pair production of superheavy particles called WIMPZILLAs [47, [48]), thermal
production, described in Section [1.1.4.1] naturally lead to the observed relic abundance,

which is a powerful motivation for studying WIMPs. WIMPs also present straightfor-
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ward strategies for detection, which are discussed in Section

1.1.4.1 Thermal WIMP Freeze-out

The early Universe (the era prior to BBN, a few seconds after the Big Bang)
was hot and radiation-dominated. In the standard theory, WIMPs are assumed to have
been in thermal equilibrium with the rest of the early Universe, i.e. annihilation and
production of WIMPs x to and from SM states xx « vy,ete™, ZZ, HH, etc. took
place at equal rates. However, as the Universe expanded and cooled below the WIMP
rest mass, production of WIMPs would have been suppressed, while annihilation contin-
ued. Therefore the WIMP population would have been depleted until the Hubble rate
(describing the expansion of the Universe) exceeded the WIMP annihilation rate—in
other words, WIMPs ceased to annihilate when they became too diluted. This process
of becoming decoupled from the plasma is referred to as freeze-outf

The calculation of the WIMP abundance at late times is relatively straight-
forward: the rate of change in the WIMP number density n in an out-of-equilibrium
scenario can be described by the Boltzmann Equation:

dn 9 9

- = —3Hn — (ov)(n® — neq) (1.3)

Where (ov) is the velocity-averaged WIMP annihilation cross-section, and neq is the
equilibrium WIMP number density. Here H = a/a is the Hubble parameter, where

a is the scale factor of the Universe and has dimension of length. The first term on

2The derivation in this section follows from the pedagogical discussions by Gelmini and Gondolo
[41], Tanedo [49], and Kolb and Turner [50]
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the right hand side of Equation [I.3] comes from the expansion of the Universe; if the
WIMPs are totally decoupled from the rest of the Universe ((cv) = 0), the solution is
straightforward:

dn  —3nda 3

dn _ —3nda - 1.4
it o a0 "xe (1.4)

with the result that the number density n is simply inversely proportional to the volume,
as it should be. In other words, in the absence of annihilation or creation, the total

3

number of particles na® remains constant as the Universe expands.

The second term on the right hand side of Equation [L.3|captures the dynamics:

2
eq*

the WIMP annihilation rate is (cv)n? and the production rate is (ov)n
It is convenient to reformulate Equationin terms of Y = n/s, where s is the
entropy density. The entropy per comoving volume (i.e. sa®) is taken to be constant,
so the time dependence of s is the same as Equation [1.4]
ds

— = -3H 1.5
o s (1.5)

Combining Equations and and changing variables (by convention) from
t to the ratio of the WIMP mass to the temperature T, z = m, /T, allows Equation
to be written as:
dY 1 ds

Tr = T3 o0 = Yeq) (1.6)

As the temperature of the Universe drops below the WIMP mass, only par-
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ticles at the high-energy exponential tail of the Boltzmann distribution are sufficiently

energetic to produce WIMPs. Therefore the production of WIMPs (governed by Yeq)

mx/T or 2.

goes like e~
Solving Equation [1.6| requires knowledge of H(T') and s(T"). H depends on the

energy density p and can be found directly from the Friedmann equation of GR:

8mp
3MZ

H= (1.7)

where Mp is the Planck mass. The dependence of s and p on T can be calculated

directly from Fermi-Dirac and Bose statistics, with the end result [50]:

2 2
0 4 2m

%QQHTW s = Eheﬁ‘Tg (18)

p =
where go and heg count the total effective number of degrees of freedom at the photon

temperature T’,, and are given by:

Geff = Z gli“‘* Z gzi hett = Z 9174’* Z ng3 (1.9)

bosons fermwns bosons fermwns

where the g; count the number of internal (i.e. spin) degrees of freedom, and T; is the
effective temperature of species i- the temperature at which particle ¢ freezes out. The
values of gef and heg have been computed numerically and are known over many orders
of magnitude in T, and range in value from about 2 to 100 [51].

Introducing the new variable A =Y — Yeq, Equation becomes:
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A= —Yeq — = (ov)A(A + 2Yeq) (1.10)
x

Here and below, the prime symbol (') refers to %. Solving Equation m

requires %, which is found by applying the chain and product rules to Equation

ds dsdT —myds —my 212 o T
de  dT do i — 5 3T hegr | 1 T 1.11
dx dT dx 2 dT x2 45 eff + Rt eff( ) ( )

Substituting Equations and into Equation [T.10)

h T
A= —Yeq — <O'U>Mp% i elﬁ 14+ —hlg ) A(A + 2Yeq) (1.12)
33‘2 45 g§ 3heﬁ‘
eff

Solving Equation analytically is difficult (due to the complicated T" de-

pendence of heg and ge), but in the late-time limit (i.e. Yeq = 0), it simplifies to:

m s
A = _<av>Mp?2X, /E@N (1.13)

where /g, = hc%ff (1 + ﬁh’e ﬁ). Integrating Equation [1.13| from the time of freezout
Jet

(zF) to the present:

A 00
* dA ™ 1
— = (ov)Mpm ,/\/g*/ —dx (1.14)
/A A2 X\ 45 op T2
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o = (MR (1.16)

Converting to more familiar units, and recalling Y = n/s, a simple expression

for the cosmological DM density is reached:

0. — Soo Yooy SoolF /ﬁ (1.17)
X Pc pc<UU>MP\/97* ™ )

Equation can also be solved numerically for various values of (ov). Several

solutions are shown in Figure|1.4} note that higher annihilation cross-sections allow the
WIMPs to annihilate for longer times and therefore lead to lower relic abundance,
as implied by Equation (when it comes to WIMPs, “the weakest wins”). The
numerical solutions also show that the freezout time zr =~ 20 is rather insensitive to the
WIMP mass and annihilation cross-section [41].

With the value of xz = 20 and other known constants (s, = 2891 cm ™3 [24],
2, = 0.258, p. = 0.863 x 1072 g em™3, and V9« ~ 8 is evaluated at the freezout
temperature), Equation can be rearranged to find the numerical value the cross-

section that yields the observed relic abundance:

SoolF 45 -26 3 1
= ————/—~=3x10 1.18
(ov) SRR X cm® s (1.18)

This value (the “thermal relic cross-section”) is often canonical in the litera-
ture, and is a useful benchmark in searching for SM products of WIMP annihilation
(see, for instance, Figures and [6.7). If the WIMP freezes out with a characteristic

velocity of v = 0.2¢, then the result of Equation |1.18| corresponds to a mass scale of
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3 x 10725 cm?s71/(0.2hc®) ~ few TeV~2, which is approximately the same scale as the
electroweak bosons (myz ~ 90 GeV, my+ ~ 80 GeV, my ~ 125 GeV).

Tantalizingly, new physics is also expected at the electroweak scale for other
reasons, notably the hierarchy problem for the Higgs mass. If the SM Lagrangian is
assumed to be the effective field theory of a new, UV-complete theory, the observable
Higgs mass is highly sensitive to the parameters in the UV-complete theory, and these
parameters must be extremely fine-tuned in order for the physical Higgs mass to be the
observed value of ~ 125 GeV. But the introduction of new physics at the electroweak
scale could potentially allow for these parameters to be O(1), restoring naturalness
to the UV-complete theory [3I]. The coincidence that new particles (WIMPs) with
electroweak-scale cross-section also naturally reproduce the observed DM abundance
has been dubbed the “WIMP miracle” [41I], and provides more motivation for searches

for these potential new particles.

1.1.4.2 WIMP Detection

The same interactions that allow for thermal WIMP production can also be
exploited for detecting WIMPs experimentally, so long as WIMPs are stabldﬂ Three
experimental approaches dominate the search for WIMP dark matter: production, direct
detection, and indirect detection (see Figure [L.5).

If WIMPs are not too heavy, high-energy particle accelerators like the LHC

can produce WIMPs directly from SM initial states. In this case, the WIMPs (which

3In some theories (i.e. SuperWIMPs), WIMPs undergo standard thermal freeze-out, but later decay
to other dark particles that are even more weakly coupled to the SM [52].
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Figure 1.4: Numerical solutions to Equation showing the WIMP abundance Y as
a function of time. The WIMP abundance tracks its equilibrium value (which decreases
like e~/ T) until the Hubble rate exceeds the annihilation rate, at which point the
abundance becomes fixed. Increasing the annihilation cross-section leads to a lower
relic abundance, and freeze-out takes place at around x = 20 for most values of (ov).
Figure reproduced from [41].
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Figure 1.5: Cartoon diagram representing the three major paradigms for detecting
WIMP dark matter. Time runs in the direction of the arrow of each experimental
approach. The unknown interaction with the SM is represented by the shaded circle.
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Figure 1.6: Red and green lines show the 95% exclusion on the spin-independent DM-
nucleon scattering cross-section from the non-observation of invisible Higgs decays (H —
xX)- The collider results compliment the direct detection limits (in blue) by extending
them to masses that are kinematically inaccessible to searches with atomic nuclei. Figure
reproduced from [54].

are stable, neutral, and weakly interacting) will escape the detector apparatus, leading
to missing transverse momentum in the reconstructed final state of particles. Missing
transverse momentum is not a smoking gun, however: such searches must contend
with significant backgrounds from SM electroweak processes which produce neutrinos.
For example, the simplest case of pp — xx + 7 or a jet (where the 7 or jet comes
from initial state radiation) is dwarfed by the background process of pp — Zvy — yvw
or pp — Zj — jvwv [53]. Instead, collider searches must look for somewhat more

complicated signals that are easier to distinguish from SM backgrounds.
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Another complication of collider searches for WIMPs is the timescales on which
they are sensitive: DM is stable (at least on cosmological timescales), but particles
produced in collisions will quickly escape the detector, so only weak bounds on their
lifetime can be placed. Therefore, even if a new, neutral particle was discovered at the
LHC, complementary techniques from direct or indirect detection experiments would
be needed to show that the new particle is consistent with all the characteristics of
the DM. By studying the types of interactions and coupling strengths a potential new
particle has with the SM, its self-annihilation cross-section could be calculated [31] and
compared with results from indirect detection experiments (see below). Colliders results
can also be reinterpreted in the context of direct detection experiments, as shown in
Figure

A robust program of WIMP searches at the LHC has been underway for many
years, but results have been in good agreement with the SM (for a recent review, see
[55]). For many of the most straightforward models motivated by supersymmetry, LHC
results have ruled out new particles less than a few hundred GeV [56]. A next-generation
lepton collider, such as the proposed International Linear Collider [57], would have
definite initial state energy and polarization, which could help to distinguish signal
from background and lead to more robust constraints [58].

Direct detection experiments look for keV-scale deposits of energy from the
elastic scattering of incident WIMPs off nucleons in a detector. Because WIMP scatter-
ing events are expected to be extremely rare, direct detection experiments are typically

performed deep underground to avoid cosmic-ray induced backgrounds, and the exper-
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imental apparatuses are built from highly radiopure components. The most sensitive
direct-detection experiments to date have employed liquid Xenon (LXe) as a detector
medium; in the LXe dual-phase design common to LUX, PandaX-II, and XENONI1T,
scattered Xe nuclei produce both scintillation and ionization signals that are read out by
photomultiplier tubes and electrodes. Comparison between the signals in both channels
allows for discrimination against electronic recoils produced by background processes,
typically S-decay of radioactive isotopes. Other detector technologies have been used
as well: a highly significant signal in Nal scintillator has been claimed by at least one
group [59], based on the expected annual modulation in the WIMP flux from the Earth’s
orbit. However, the result is in strong tension with results from other experiments, and
others [60] have questioned a DM interpretation of the signal.

Direct detection experiments have made rapid progress in recent years, con-
straining the WIMP-nucleon scattering cross-section to below 10™4° c¢m? for WIMPs
with masses between 10 and 1000 GeV. WIMPs with masses below a few GeV are dif-
ficult to detect via nuclear recoils in LXe due to unfavorable kinematics, but this is not
too disconcerting: in many WIMP models, the scattering process can be described as a
simple 4-point interaction that leads to the scattering cross-section being proportional
to the square of the WIMP mass. If this is the case, the WIMP mass must be above
about 1 GeV to not overclose the Universe (the Lee-Weinberg limit) [61]. At present,
the strongest constraints on the WIMP-nucleon scattering cross-section come from the
XENONIT experiment [62], which recently overtook the results from LUX [63] and

PandaX-II [64] (see Figure . Future upgrades will continue to improve the sensi-
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Figure 1.7: 90% confidence upper limit on the spin-independent WIMP-nucleon scatter-
ing cross-section from the XENONIT experiment, with 1 tonne-year of data. For low
WIMP mass, scattering from a Xe nucleus is kinematically inefficient, while the limit
at high mass is subject to the number density of WIMPs. Figure reproduced from [62].

tivity of this class of detectors for the forseeable future, but progress will eventually
be limited by an irreduceable background of solar neutrinos, which can mimic nuclear
recoil events [65].

Finally, indirect detection experiments observe areas in the Universe where
high concentrations of dark matter are believed to exist, searching for SM final states
from WIMP annihilation or decay. Searches have been conducted in a variety of chan-
nels, typically with neutrinos [e.g. [67, [68] or v rays because they are unaffected by
magnetic fields, and therefore point towards the location they originated from. How-
ever, indirect detection can also make use of charged particles—some authors have used

the observed positron and antiproton fractions observed by, for instance, AMS-02 [69]
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Figure 1.8: 95% confidence upper limit on the WIMP cross-section for annihilation into
bb (left panel) and 77 (right panel) final states in dwarf spheroidal galaxies (blue lines)
and at the Galactic center (red, black lines), using data from the Fermi Large Area
Telescope. The contours show the range of DM masses and cross-sections which result
from interpreting the GC excess as WIMP annihilation. Although the countours lie
enticingly close to the canonical thermal relic cross-section (grey dashed line), the two
interpretations are in tension. Figure reproduced from [66].

to place constraints on the DM annihilation cross-section [70, [71].

In ~ rays, the strongest signal of DM annihilation is expected to be the Galactic
center, due to its proximity and high DM density. A number of studies have indeed seen
an excess of v rays at the Galactic center [66], with a spectrum and spatial morphology
broadly consistent with DM annihilation [72} [73],[74]. Moreover, the corresponding cross-
section is very nearly the canonical value of Equation[I.18 However, the Galactic center
has large backgrounds of unresolved point sources and diffuse emission which makes the
observed excess difficult to conclusively identify with DM. Complementary limits on
the WIMP annihilation cross-section can be placed with studies of dwarf spheroidal
galaxies, which are small, DM rich galaxy satellites of the Milky Way whose low ~-ray

backgrounds make them ideal targets for indirect detection searches [75]. The dwarf
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spheroidal results are in moderate tension (see Figure|l.8]) with the interpretation of the
Galactic center excess as DM, and other possible interpretations have been proposed to
resolve the discrepancy [76], [77].

The observed ~-ray flux from annihilating WIMPs x in the direction ¢ is given

dN ov dN 1)
d—E(E, P) = ém£ Z (dE)iBi X /L_O.S. di() Pi;x (1.19)

)

Equation [1.19|contains two independent pieces: the integral expression gives the squared
DM density along the line of sight, and is known as the J-factor; it is estimated from as-
trophysical models of the DM distribution. Outside the integral are the particle physics
terms, involving a sum of the v-ray flux over all annihilation channels ¢, multiplied
by the branching fraction B of each channel. Because the DM is assumed to be self-
annihilating, a factor of 2 is placed in the denominator to avoid double-counting. The

factor of m_?2

v > which relates the mass density p, to the DM number density, explains

the shape of the curves in Figure [I.8—for an observed upper limit on the y-ray flux

2
X

dN/dE, the upper limit on the annihilation cross-section (ov) goes as m

If the DM annihilates directly to two ~ rays, kinematics dictates that the ~
spectrum will be monochromatic. More complicated final states arise from channels
that involve annihilation to unstable particles like quarks or heavy leptons, which will
generally hadronize and decay, producing a y-ray continuum. In these cases, Monte
Carlo event generators like Pythia [78] are used to generate the expected ~-ray spectrum
for a given DM model [79]. A single observation can then be used to probe multiple

DM models: in Figure [1.8] for instance, the same data is used to consider annihilation
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into final states of bb and 77.

Indirect searches for DM annihliation typically assume an annihilation cross-
section that is independent of velocity. However, this assumption may be incorrect for a
large number of DM models, and searching for velocity-dependent WIMP annihilation

via indirect detection methods will be the focus of Chapters [5] & [6]

1.1.5 PBHs

Although well-motivated, and despite a multitude of searches conducted, no
evidence of particle DM has been found. An attractive possibility is that DM is com-
posed of a population of primordial black holes (PBHs)—black holes that formed from
the collapse of overdensities in the early Universe [80]. Producing the correct number of
PBHs to account for the present DM density is subject to some theoretical difficulties,
but several authors have argued that they could arise naturally in a variety of scenarios,
perhaps due to the collapse of cosmic strings [81] or bubble wall creation [82].

PBHs present straightforward detection strategies- heavy PBHs can in princi-
ple be detected via the gravitational wave events from their mergers [83]; intermediate-
mass PBHs can be constrained by their accretion onto neutron stars and white dwarfs
[84] or potentially detected via microlensing events [85]. Low-mass PBHs can poten-
tially be detected by their Hawking radiation; a discussion of PBHs as dark matter
candidates and the prospects for detecting low-mass PBHs will follow in Chapter

In addition to their status as DM candidates, PBHs are potential probes of

physics at extremely high energy scales. Although GR and the SM excel at describing
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Nature on large and small scales, respectively, a full UV-complete theory of quantum
gravity remains unknown. Theorists have had some success (see the results in Section
for instance) in describing quantum field theories in a background of curved
spacetime, but generally these models neglect perturbative interactions in favor of free
fields. As noted by Wald [86], the source of the difficulty in constructing a completely
satisfactory theory is rooted in the fact that the metric g, is both the dynamical
variable of general relativity and the description of the spacetime in which the quantum
theory lives. Attempts to construct a UV-complete theory of gravitation by building a
quantum field theory for a massless spin-2 field have therefore been unsuccessful, due to
the fact that such a theory is nonperturbative at energies above the Planck scale [87].
PBHs provide a natural laboratory for observing physics at the Planck scale, where
quantum gravity effects become important: as PBHs evaporate via Hawking radiation,
their temperature diverges towards the Planck scale and new physics must describe their

dynamics at late times.

1.2 Overview of this dissertation

The work that follows presents two analyses that make use of data collected
by the Fermi Large Area Telescope (Fermi-LAT) to search for evidence of WIMP dark
matter and low-mass PBHs. This document is laid out as follows: Chapter [2| describes
the design of Fermi-LAT instrument and provides an overview of the data it has col-

lected. Chapter [3| provides history and context for the low-mass PBH search described
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in Chapter [d The phenomenology of an illustrative WIMP DM model that has a
velocity-dependent annihilation cross-section is described in Chapter [5] and a search for
this model with Fermi-LAT data is carried out in Chapter[6l A few concluding thoughts

are found in Chapter
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Chapter 2

Fermi-LAT and the Gamma-Ray Sky

This chapter provides an overview of the design and analysis abilities of the
Large Area Telescope on board the Fermi Gamma Ray Space Telescope (Fermi-LAT),
with particular emphasis on the features most relevant to the searches described in
Chapters [ and [6] Fermi-LAT is an all-sky imaging ~-ray telescope currently in low-
Earth orbit and is capable of detecting photons from about 10 MeV to more than 1
TeV in energy. A complete in-depth description of the LAT design can be found in a

technical paper by the Fermi-LAT collaboration [88].

2.1 History

The field of v ray astronomy begins in earnest with a paper by Morrison in
1958 [89], in which the motivation for making astronomical observations at high energies
is laid out. Morrison argued that visible light from high-energy processes is only created

indirectly; energetic photons and charged particles originating from the nuclear reactions
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that power stars, for instance, are thermalized by huge amounts of stellar medium.
Other high-energy regions of interest, such as the neighborhoods of neutron stars, are
visible, but tend to produce charged particles whose momenta are altered by large-
scale magnetic fields. ~-rays, on the other hand, can be produced both directly (via
nuclear de-excitations), or as secondary emission (via bremsstrahlung, inverse Compton
scattering, or the formation of neutral pions) from energetic charged particles upon
their interaction with matter. Because they are unaffected by magnetic fields, v rays
can provide a window directly into these high-energy regions.

A number of experiments were inspired by the ideas that Morrison put for-
ward, including the balloon-based 7-ray instrument EXP X1, which observed the first
extraterrestrial v rays in 1962 [90]. Rapid progress in 7-ray observation followed, with
the launch of the OSO-3 [91], SAS-2 [92], and COS-B [93] telescopes in the late 1960s and
1970s. Because y rays are relatively rare, telescopes were designed to be ever larger in
order to accumulate sufficient statistics, culminating in the launch of Energetic Gamma
Ray Experiment Telescope (EGRET) [94] in 1991, which was the spiritual predecessor
of Fermi-LAT [

A proposal for the telescope that would eventually become Fermi-LAT was
first written by Atwood in 1994 [96]. From the beginning, Fermi-LAT was designed to
be superior to its predecessors in its angular resolution, energy range, effective area,
field of view, and lifetime. Over the next 14 years, an international collaboration of

scientists and engineers, primarily from the United States, Italy, Japan, France, and

!The Ttalian satellite Agile [95], which employed many of the same technologies as Fermi-LAT on a
smaller scale, was launched in 2008.
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Sweden, worked together to build Fermi-LAT. On June 11, 2008, the Fermi Gamma
Ray Space Telescope, carrying both the LAT and its sister experiment the Gamma-ray
Burst Monitor (GBM) [97], was launched into low-Earth orbit aboard a Delta II Heavy
rocket. Extensive pre-launch tests of the various Fermi-LAT components in accelerator
test beams and in Monte Carlo simulations contributed to a successful scientific mission:
in its ten years in orbit, Fermi-LAT has measured the angular positions, energies, and

arrival times of over 1 billion photons.

2.2 Design

The design of Fermi-LAT is informed by the fact that + rays cannot be focused
or reflected in the same manner as visible light, as their wavelength A = h/E,, ~ 107%m
(for GeV-scale v rays) is far smaller than typical atomic spacings of ~ 1071%m. At
energies above a few MeV, v rays preferentially interact with matter via pair production,
which comes to dominate over photoexcitation and Compton scattering processes (see
Figure . Fermi-LAT takes advantage of this fact by measuring the momenta of
electrons and positrons that are pair-produced by incident v rays.

A cartoon schematic of Fermi-LAT is displayed in Figure [2.2] The measure-
ment of the e™ /e~ momenta takes place in two main stages: directional information is
reconstructed from hits in silicon strip sensors in the tracker (the dark gray columns),
while energies are measured via detection of scintillation light in the calorimeter (light

gray, bottom of the figure). Although ~ rays are incident on Fermi-LAT from all direc-
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tions, proper reconstruction requires the v ray to pass through the tracker prior to the
calorimeterEl; given the relatively squat LAT geometry (1.8 m x 1.8 m x 0.72m), the total
field of view is quite large (approximately 2.4 sr, similar to that of the human eye).

The most important backgrounds for Fermi-LAT are primary cosmic rays (en-
ergetic protons, nuclei, electrons, and positrons) and secondary particles generated by
the interactions of cosmic rays with the atmosphere. The exact background rate varies
as Fermi orbits the Earth, but is roughly O(103) events per second, compared with a
~-ray rate of about 2 per second.

Fermi-LAT makes use of a variety of techniques to perform background re-
jection. Pair-conversion is a representative example: charged particle backgrounds are
likely to leave only a single track, whereas some e* /e~ pairs (especially below 1 GeV)
will leave separate tracks connected by a vertex. The contamination rate for events
with a well-defined pair-conversion vertex is reduced by about an order of magnitude

compared with events that only have a single track [99].

2.2.1 Tracker

There are 16 individual tracker towers on the LAT, arranged in a 4x4 grid.
Each tower has 18 double layers of orthogonally-oriented silicon strip detectors. 16 layers
of a high-Z material (tungsten foil) are placed in front of each of the first 16 pairs of

silicon strip detectors, providing a location where the v rays preferentially pair-convert.

2Events using only the data from the calorimeter have also been analyzed, and can be useful for
studying sources at very high energies. However, these events have poor angular resolution as they do
not use the information from the tracker, and are not generally included in standard LAT analysis [98].
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Figure 2.1: Attenuation coefficient of v rays in sodium iodide as a function of energy.
At low energy, the dominant form of energy loss is through the photoelectric effect
and Compton scattering, while pair production dominates above a few MeV. The sharp
feature at 30 keV arises from the excitation of K-band electrons. Figure reproduced
from [100].
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Y | incoming gamma ray

electron-positron pair

Figure 2.2: Exploded cartoon diagram of Fermi-LAT, showing an incoming -~y ray in red
which pair-converts in the tracker into a blue e /e~ pair. The et /e~ pair come to rest
below in the calorimeter. The anticoincidence detector (ACD) is shown as white tiles
below the yellow micrometeroid shield. Figure reproduced from [8§].
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As the pair-produced e™ /e~ traverse the tracker, they undergo Coulomb interactions
that impart energy to the electrons in the silicon. If more than about 3.5 eV of energy is
transferred to a given electron, it becomes ionized and vacates its position in the atomic
lattice, leaving behind a positively charged hole. A voltage applied across the silicon
separates the electrons and holes, which are collected and read out by electronics. The
positions of the et /e~ pair are recorded at each subsequent tracker layer, and a track
reconstruction algorithm (based on a Kalman filter) is used to find the path of the e™
and e”.

As the et /e™ pairs traverse the tracker layers, they undergo random multiple
scattering, which is the predominant source of uncertainty in the reconstruction of the
~-ray angular position. The root mean square (RMS) multiple scattering angle is given

by [101]:

13.6MeV T xz2
0 =—7,/— |1 . In(———= 2.1
RMS Bep \/ X [ + 0.038 n(XOBQ) (2.1)

Where B¢ is the speed of the particle, p is its momentum, z is its charge number,
and z is the thickness of the material in units of the radiation length X, (the mean
distance over which an electron loses 1/e of its energy). Because the RMS deflection is
proportional to the square root of the thickness of the scattering layer, there is incentive
to minimize the amount of material in the tracker, especially in the high-z tungsten
foils. On the other hand, the probability of a y-ray conversion is proportional to the
thickness of the tungsten, so a compromise between two competing goals (good angular
resolution and high conversion efficiency) must be reached. In the LAT, the tracker is
segmented into two stages: the first 12 layers (the front) have relatively thin tungsten
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foils while the last 4 layers (back) are approximately 6 times thicker. The total number
of radiation lengths is approximately equal in the front and back segments, though the
front-converting photons have somewhat better angular resolution, by roughly a factor
of two.

Multiple scattering generally involves a large number of small deflections, so the
central limit theorem predicts the resulting angular distribution to be nearly Gaussian.
Occasional hard scattering into large angles, however, is somewhat more likely than
predicted from a purely Gaussian distribution. Therefore when describing the angular
resolution of an instrument like Fermi-LAT whose angular resolution is dominated by
multiple scattering, it is insufficient to give only the standard deviation of the scattering
angle—instead, the typical descriptor is the point spread function (PSF), the angular
spread resulting from a perfect point source. The 68% and 95% containment radii
of the Fermi-LAT PSF for front- and back- converting photons are shown in Figure
Notably, the resolution improves dramatically as the energy of the incident photon
increases—this is a consequence of the fact that the RMS multiple scattering deflection

is inversely proportional to the momentum of the particle.

2.2.2 Calorimeter

Behind each tracker tower lies a calorimeter module containing 96 scintillating
thallium-doped cesium iodide crystals, with dimensions 2.7 cm x 2.0 cm x 32.6 cm.
The crystals are oriented in 8 rows of 12 crystals in an alternating = — y (hodoscopic)

array, yielding a total calorimeter depth of 8.6 radiation lengths at normal incidence. As
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Figure 2.3:  68% and 95% contours of the point-spread function (PSF) of Fermi-LAT as
a function of ~-ray energy. The title of the figure (“P8R2_.SOURCE_V6 acc. weighted
PSF”) refers to the particular reconstruction algorithm (the second release of Pass 8
[102]), the event class (how rigorously particle backgrounds are rejected), and the fact
that the curve is weighted by the acceptance (the effective area of the LAT integrated
over the solid angle). The PSF is dominated by multiple scattering which depends
inversely on energy, causing the PSF to improve by about two orders of magnitude
between 10 MeV and 10 GeV. Front-converting photons have better angular resolution
compared to back-converting photons, because the e and e~ from back-converting pho-
tons must traverse thicker layers of tungsten, which results in more multiple scattering.
Figure reproduced from the Fermi-LAT performance website [103].
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the primary high-energy electrons and positrons from the tracker encounter the dense
calorimeter medium, they radiate secondary photons which in turn pair-convert into
more et /e~ pairs, generating further photons. The resulting collection of particles,
called an electromagnetic shower, continues to grow until the energy of the radiated ~y
rays falls below the rest energy of an electron, at which point pair production ceases.
The shape and orientation of the electromagnetic shower are sensitive to the total energy
and momentum of the primary electron or positron, and with its segmented calorimeter,
Fermi-LAT is capable of generating a 3D image of the shower to aid in event recon-
struction and background rejection.

Each crystal in the calorimeter is read out by 2 PIN photodiodes on each end,
the larger of which covers the energy range 2 MeV - 1.6 GeV, and the smaller of which
covers 100 MeV - 70 GeV. The light asymmetry between the two ends of the crystal is
used to calculate the location of the energy deposit along the crystal axis, which is used
along with the crystal position to give a 3D location of the energy deposit. The raw
reconstructed energy is the sum of all the collected energy in the scintillators, subject
to corrections (estimated from Monte Carlo studies) for showers that are large enough
to escape the detector volume, and for low-energy ~ rays that can deposit significant
amounts of their energy in the material of the tracker. The eigenvectors of the shower
shape are then computed and used to guess a preliminary track direction to seed the
track reconstruction algorithm.

Beam tests at CERN with electrons fired directly into the calorimeter at an

angle of 45° from normal resulted in an energy resolution of a few percent for energies
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above a few GeV. The complete reconstruction of v rays results in an average energy
resolution better than 10% between 1 GeV and about 1 TeV (see Figure , though
the value for a given + ray depends on the angle at which the track intersects the
calorimeter: the showers from front-converting tracks at a high incidence angle (more
than about 70° from normal) are less contained by the calorimeter and therefore have
poor energy resolution [103].

The calorimeter is also useful for rejection of particle backgrounds: tracks that
are not associated with a deposit of energy in the calorimeter are more likely to be
associated with backgrounds. The task of discriminating against backgrounds is left
to a series of classification trees (CTs), which are machine learning algorithms trained,
in this case, on data from Monte Carlo simulations. Points of information, including
the shower profile in the calorimeter and the topology of the track(s) in the tracker,
are fed into the CTs, which generate a probability of an event being a non-v particle
background [88]. Fermi-LAT data is classified by the quality of its reconstruction and
the purity against particle backgrounds, as different analyses can have different purity

requirements.

2.2.3 Anticoincidence Detector

Surrounding the tracker and calorimeter is a segmented anticoincidence detec-
tor composed of scintillating plastic, whose purpose is the rejection of charged particle
backgrounds from cosmic rays. The material of the ACD is chosen to be low-Z so as to

not absorb ~ rays, and to not provide a location for incident protons to generate pions
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Figure 2.4: Energy resolution of Fermi-LAT as a function of the energy of the incident
~ ray. The title includes the same information as described in the caption of Figure [2.3
At high energy, the electromagnetic shower is able to leak out of the calorimeter and
corrections to the deposited energy must be made, increasing the uncertainty. Figure
reproduced from the Fermi-LAT performance website [103].
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(which would generate a substantial background by subsequent decay to two 7 rays).
Events are vetoed only if the ACD triggers at a position consistent with reconstructed
track, which prevents spurious vetos from backsplash—an effect that occurs when the
EM shower in the calorimeter causes the emission of secondary particles that strike the
ACD. By segmenting the ACD into 89 tiles, these self-veto events are present for less
than 20% of the photons at 300 GeV, compared to 50% at 10 GeV for the non-segmented

EGRET.

2.2.4 Data

Fermi-LAT most often operates in survey mode, during which it scans the
entire sky with roughly uniform exposure on a time scale of about 3 hours (or 2 or-
bital periods). However, alternate observing patterns also take place, such as when
Fermi-LAT reorients itself to observe the potential afterglow of a LIGO event, or points
towards a flaring blazar for an extened period. Other interruptions to regular data col-
lection include the times Fermi traverses the South Atlantic Anomaly (during which the
background rate becomes extremely high), and the handful of orbits during which Fermi
has faced the Earth in order to detect terrestrial gamma-ray flashes from lightning. The
pointing history is recorded and available for download with the rest of the Fermi-LAT
data, and is used for calculating the integrated exposure in a given direction.

Shortly after launch, the Fermi-LAT collaboration began a campaign of on-
orbit calibration and improvements to the event reconstruction algorithm. So-called

“ghost” events, in which arrival of multiple photons in a short amount of time leads to

42



degraded reconstruction accuracy, were found in the real data but were not present in
the Monte Carlo simulations (which simulated the arrival of individual photons only)
[104]. Two major advances in the event reconstruction algorithms that take into account
these types of on-orbit effects, named Pass 7 [105] and Pass 8 [102], resulted in increased
acceptance (especially at energies below 300 MeV), and improved angular and energy
resolution. The latest event reconstruction (Pass 8 R2) classifies photons based on the
quality of the event reconstruction; the best-quality photons at ~TeV energies have a
68% containment radius nearly an order of magnitude smaller than the overall Pass 7
reconstruction.

Data collected by Fermi-LAT is downloaded via radio link, and sent on to
SLAC National Accelerator Laboratory for processing to reconstruct the photons and
reject backgrounds. The vast majority of photons detected by Fermi-LAT are available
for download to the public from the Goddard Space Flight Center website within 10

hours of their detection.

2.3 ~-Ray Sky

A typical Fermi-LAT ~ ray has an energy in the GeV range. An approximate
measure for the corresponding temperature of such a photon is given by E/k = 10'3 K;
for comparison, the temperature at the center of the Sun is approximately 107 K. Most
GeV-scale « rays are therefore produced via nonthermal processes.

Relativistic charged particles are the primary source of the observed - rays seen
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by Fermi-LAT: they emit synchrotron radiation in the presence of magnetic fields, radi-
ate bremsstrahlung upon interactions with matter, and can upscatter starlight or CMB
photons via inverse Compton scattering. High-energy protons can interact hadronically
with interstellar gas, producing neutral pions which then decay to two 7 rays. Ex-
cited nuclei, such as those produced in supernovae, can de-excite via the emission of ~y
rays—this occurs notably in the afterglow of Type la supernovae [106]. Other, more
exotic sources of  rays are also possible—Chapter [1| discussed the potential for WIMP
dark matter to annihilate to final states that include + rays. With this in mind, it is
not surprising that the ~-ray sky looks rather different from visible sky—see Figure

The ~-ray sky is also variable over a wide range of timescales. The most highly
variable sources, millisecond pulsars and ~y-ray bursts, are variable on timescales of less
than a second to tens of seconds. Active galaxies, described below, exhibit variability
in their y-ray flux on timescales ranging from days to months [107]. Some sources
are variable over even longer periods; the blazar PG 1553+113, for instance, shows
quasiperiodic oscillations in its y-ray flux with a period of about 2 years, although the

mechanism by which its oscillations are driven is not yet fully understood [10§].

2.3.1 Diffuse Emission

Much of the sky’s «-ray emission in the Galactic plane is due to energetic
charged particles (cosmic rays) hadronically interacting with the interstellar medium.
These interactions produce neutral pions, which then decay to two v rays, whose energy

depends on the initial energy of the cosmic ray. The origin of high-energy cosmic rays
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Figure 2.5: False-color image of the Fermi sky above 1 GeV in Galactic coordinates with
5 years of data. Warmer colors indicate the location of higher v-ray flux. The Galactic
plane is prominently seen across the center of the image, and a large number of point
sources are visible above and below the plane. Image credit: NASA/DOE/Fermi-LAT
Collaboration

was a mystery for some time, as second-order Fermi acceleration seemed insufficient
to produce particles with GeV-scale energies [I09]. A number of authors in the 1970s
[e.g. [1T0], however, discovered that collisionless shock boundary of supernova remnants
could sufficiently energize charged particles. At the shock boundary, the magnetic field
is nearly discontinuous, and first-order Fermi acceleration is sufficient to give protons
many GeV of energy. Models of the galactic diffuse emission are generated by the Fermi-
LAT collaboration by fitting templates of interstellar emission at several wavelengths
to observed regions of the y-ray sky [111].

Some diffuse emission extends beyond the Galactic plane, and appears to be
isotropic across the sky. Much of this isotropic component likely originates from un-

resolved point sources (see below) and truly diffuse processes such as the formation
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of large-scale structure [I12], though some backgrounds of cosmic-rays also contribute

[113].

2.3.2 Point Sources

Most large galaxies contain a rapidly rotating supermassive black hole at their
center [114], some of which actively accrete material. These so-called active galaxies
possess two main features—a thermal accretion disk, and a relativistic jet of charged
particles aligned along the black holes rotation axis. When the Earth lies in the direction
of the jet axis, the active galaxy is called a blazar.

Jets in active galactic nuclei (AGN) are believed to derive their power directly
from the rotational energy of the supermassive black hole. Via the Blandford-Znajek
process [115], magnetic fields from the accretion disk reach inside the black holes ergo-
sphere, causing them to be twisted into a helical shape. The electric fields induced by
these rapidly rotating magnetic fields are powerful, and cause charged particles to be ac-
celerated to high speeds along the jets. These relativistic particles can then emit v rays
via synchrotron radiation, bremsstrahlung, or inverse Compton scattering [107]. Blazars
can be seen across the entire electromagnetic spectrum, and are the most numerous type
of point source seen by Fermi-LAT.

Rapidly rotating neutron stars, known as pulsars, are surrounded by extraor-
dinarily powerful and rapidly rotating magnetic fields. As electrons stripped from the
neutron star surface interact with these magnetic fields, they emit synchrotron radiation

that is observable in ~ rays. A small fraction of pulsars have periods smaller than 1
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second, and are referred to as millisecond pulsars; a novel and unresolved population
of millisecond pulsars may exist near the Galactic center and contribute to the y-ray
excess that has been observed there by a number of authors [116].

The brightest region in the gamma-ray sky by far is the Galactic center, con-
taining the supermassive black hole at the center of the Milky Way coincident with the
radio source Sagittarius A* (Sgr A*). A number of models have been proposed to explain
the gamma-ray emission at Sgr A*, generally involving charged particles injected into
the region by tidal disruption of stars. Upon interaction with the surrounding medium
and magnetic fields, these charged particles emit synchrotron and bremsstrahlung radi-
ation, and protons undergo hadronic interactions [I17]. Other sources of y ray emission
in the ~ 300 pc region around Sgr A* include supernova remnants, pulsars, and star-
forming regions [11§]. As discussed in Chapter [5| some DM models predict annihilation
to occur in the region surrounding Sgr A* as well, which may lead to additional ~-ray

emission.

2.4 Analysis Tools

Fermi-LAT data and LAT-specific analysis tools are publicly available for
download from the Fermi Science Support Center at NASAs Goddard Space Flight
Centelﬂ Processing Fermi-LAT data for analysis begins by removing photons (via the
tool gtselect) that are incident from angles far from the zenith, as these mostly origi-

nate from cosmic ray interactions with the atmosphere (the Earth’s limb). For a typical

Shttps://fermi.gsfc.nasa.gov/ssc
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analysis, the photons are then binned (with the use of the tool gtbin) in angular po-
sition and energy. The LAT effective area is convolved (by use of the tool gtltcube)
with its pointing history over the time period considered to produce an exposure map
binned in energy and angular position.

A standard Fermi-LAT analysis makes use of the maximum likelihood tech-
nique to test differing hypotheses (e.g., spectral features or angular location) about the
source(s) in question. The process begins by defining a model of the region of inter-
est (ROI), typically composed of a list of catalog sources and their associated spectral
shapes, locations, and spatial morphology. With the model and a map of Fermi-LAT
exposure in the ROI, the expected number of photons y; in each bin ¢ can be computed
and compared to the actual counts n;. The value of the likelihood £ for the model is

then given by the product of Poisson factors over the number of bins V:

- Pi —pi
c=1] e (2.2)
i=1

Maximizing the likelihood is then equivalent to finding the best-fit parameters
for the model. The Jacobian of the likelihood at its maximum is the Fisher information

matrix, which gives the correlation between different components of the model.
Fermi-LAT analyses often seek to discriminate between two competing hy-
potheses: if a sharp spectral feature is present or not, for example. In the maximum-
likelihood framework, evaluating the statistical significance of a hypothesis H is straight-
forward: the likelihood is maximized twice, once for the null hypothesis (yielding Ly),

and once for the hypothesis of interest (yielding Lz). For cases with sufficient statistics
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and that satisfy Wilks’s criteria [119], the value of the likelihood ratio test statistic
(TS) 2log(Ly/Lo) = 2Alog L is distributed as a x2, with a number of degrees of free-
dom equal to the difference in numbers of degrees of freedom between the competing
hypotheses. If this is the case, the significance of the varied parameter can be deter-
mined by looking up the p-value associated with the x? distribution; if this is not the
case, the significance can be determined through a Monte Carlo study to find the actual

distribution of 2A log L.

2.4.1 Catalogs

The Fermi-LAT collaboration has used these techniques to compile several
catalogs of vy-ray sources. The most current general-purpose catalog is the Third Fermi
Source Catalog (3FGL)[120}E|, which lists sources that are significant in the energy
range 100 MeV-316 GeV. The 3FGL contains 3033 sources, of which a majority (3008)
are point sources and 25 are modeled as extended. Among point sources, the most
common class is active galactic nuclei (AGN), accounting for 1720 sources, while most
of the remaining sources are pulsars or nebulae associated with pulsars (190 sources), or
supernova remnants (72 sources). Because they are extragalactic, AGN are distributed
isotropically across the sky, while sources of Galactic origin (pulsars and supernova
remnants, for instance) are primarily located along the Galactic plane.

A sizable component (1010 sources) are unassociated with sources seen in other

wavelengths and are therefore unidentified. Unassociated sources can be found at both

4A forthcoming catalog covering 8 years of data, the 4FGL, should be released in 2019; a preliminary
list of sources in it is available at https://fermi.gsfc.nasa.gov/ssc/data/access/lat/f18y/
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high latitude and along the plane, and likely fall into one of the previous classes, though
they have also been investigated as candidates for DM subhalos [121] and other new
physics.

Building an all-sky source catalog is a difficult task, since finding the spectral
and spatial parameters of all sources is equivalent to optimizing the likelihood over a
high-dimensional space. To simplify the problem, the sky is tiled into 1728 spatial bins
using HEALPix (Hierarchecal Equal Area isoLatitude Pixelization)[122], each of which
is approximately 5° x 5°. A preliminary list of sources is modeled, and the likelihood
is maximized in each HEALPix bin by varying the spectral parameters of each source,
adding candidate sources where potential sources have a TS of greater than 10. The
location of each source is determined by fixing the spectral parameters and maximizing
the likelihood with respect to the position of each source. Sources whose position do
not converge well (due to inaccurate modeling of the diffuse emission, for instance),
are localized with a moments analysis, restricting the semimajor axis of the moment
to be less than 0.25°. Because the HEALPix tiles overlap, there is correlation between
sources across the entire sky, and the positional and spectral fits are iterated until an
approximate whole-sky fit is accomplished.

The search described in Chapter [4 makes use of the 3FGL to identify potential
PBH candidates, and to place limits on their presence. Similar techniques are used to
generate more specialized catalogs as well, for instance a catalog of sources near the
Galactic center (the 1FIG catalog)[123], or sources significant above 10 GeV (the 3FHL

catalog)[124]. The model built of the Galactic center at high energy in Chapter |§| is
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composed of sources from the 3FHL catalog.
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Chapter 3

Black Holes

This chapter provides background information on black holes, with the main
goal of motivating the search for evaporating primordial black holes discussed in Chapter
A high-level introduction to Hawking radiation is presented in Section Pri-
mordial black holes are discussed in Section and their potential as DM candidates

is considered over a wide range of masses.

3.1 History

As early as 1784 [125], Michell used Newtonian physics to posit the existence of
dark objects (the classical precursors of modern black holes) whose escape velocity was
higher than the speed of light. Although the light from these objects could not be seen,
Michell predicted that by studying the orbits of nearby objects, the presence and mass of
the dark objects could be inferred via Newton’s second law. Newtonian gravitation has

since been supplanted by GR, but Michell was prescient, and his strategy of observing
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nearby orbits is used today to measure the mass of supermassive black holes (SMBHs)
[e.g. [126].

The modern story of black holes begins with Einstein’s formulation of GR,
which was completed in late 1915 [127] with the publication of the Einstein equation
(Equation . Shortly after the publication of Equation Schwarszchild discov-
ered the unique vacuum solution of the Einstein equation for a nonrotating and un-
charged point mass [I128, translated from German], which today bears his name (the
Schwarszchild metric, Equationbelow). Although the concept of a black hole follows
naturally from the Schwarszchild solution, black holes were initially met with skepticism
from the scientific community, including by Einstein himself [129]. Nevertheless, the vi-
ability of black holes started to become more widely accepted after Chandrasekhar [130]
showed that electron degeneracy could not prevent the collapse of objects heavier than
1.44 Mg (where M is the mass of the Sun). Whether or not black holes were realized
in Nature, however, remained an experimental question.

Observational evidence for a black hole was first described in Webster and
Murdin’s analysis of the X-ray star Cygnus X-1 [I31]. Spectroscopic data taken in 1971
showed periodic oscillation in the line-of-sight velocity, suggesting the star was in a
binary system with a massive companion. The derived orbital radius was found to be
smaller than the Roche limit for the star, implying that accretion onto the companion
could be taking place (explaining the observed X-ray emission). The companion mass
was initially found to be 2.5 M < m < 6 Mg (although later estimates placed the

mass at around 16 M) [132]), and the observed variability of X-ray emission (as small
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as 1 ms) implied the companion was quite compact, leading to the the possibility that
the companion was a potential black hole.

The star in Cygnus X-1 has a relatively high mass (estimated to be somewhere
near 33 M), but there is signficant uncertainty in its exact value, and therefore uncer-
tainty in the mass of its companion [I32]. Later observations of other X-ray sources,
in particular V404 Cygni, firmly established that the mass of compact objects in X-ray
binary systems can have mass > 10 Mg [I33]. Because neutron degeneracy can only
support a mass of at most a few M) against gravitational collapse [134], the compact
companions are almost certainly black holes.

The most convincing evidence for the existence of black holes comes from
studies of stellar dynamics near the Galactic center. In 1996 Genzel et al. [135] used
spectroscopic data of the stars closest to the dynamical center to infer their velocity
dispersion, concluding that the data was consistent with either a cluster of 10 — 20 M,
black holes, or a single heavier black hole. More detailed measurements were taken by
Ghez et al. [I36] in 1998 that confirmed the high density at the dynamical Galactic
center, and implied the presence of a single SMBH coincident with the position of the
radio source Sgr A*. Recent analysis [126] places the mass of the SMBH at Sgr A*
at around 5.7 x 106 Mg, although there is some uncertainty in the exact value. It is
now believed that nearly every large galaxy has a supermassive black hole at its center,
some of which are over 10° Mg [114]. This abundance of SMBHs, especially those in an
active environment, is responsible for the majority of «-ray sources in the Fermi 3FGL

catalog.
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Although the indirect evidence for the presence of black holes is substantial, it
is difficult to image a black hole directly due to their small angular size. In the near fu-
ture, observations from an array of radio telescopes (the Event Horizon Telescope [137])
may be able to directly image the SMBH at Sgr A* with long-baseline interferometry

to perform tests of GR in a region of strong gravity.

3.2 Theory

General relativity (GR) is a theory of gravitation, and relates the curvature of
spacetime (encoded in the metric g,,) to the presence of matter. In GR, free particles
trace the path of geodesics, which are straight lines in familiar Minkowski space, but are
curved for other metrics. A full review of GR is outside the scope of this dissertation;
the interested reader is referred to Wald [86] for a comprehensive review.

The relation between curvature and matter is given by Einstein’s equation,

which in natural units (i.e. ¢,h = 1) reads:
1
R, — §Rg,w = 81GT (3.1)

where R, is the Ricci tensor, R = g"” R, is the Ricci scalar, and T}, is the energy-
momentum tensor. The Ricci tensor is generated by contraction of the Riemann tensor
R, = R/\u \v» Which in turn can be derived directly from the metric of the spacetime g,,,,.
Therefore the left-hand side of Equation [3.1]is related to the curvature of the spacetime,
while the right-hand side depends only on the presence of energy-momentum.

Solving Equation [3.1]in general is difficult due to its nonlinearity: gravitational
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fields themselves carry energy density. In a few particular cases, however, Einstein’s
equation can be solved exactly. The quintessential example is the Schwarzschild metric,

which is the unique static, spherically-symmetric solution to Equation (3.1

oM M\
ds? = — <1 - > dt? + <1 — > dr? 4+ r2dQ? (3.2)

r r
The Schwarszchild metric describes a nonrotating, uncharged point mass M at the origin
of the coordinate system in a vaccum, and is therefore of great interest in astrophysical
contexts. As expected, the Schwarzschild metric reduces to familiar Minkowski space
(ds? = —dt? + dr? + r2dQ?) in the limiting cases of small mass (M — 0) and at large
distances away from the gravitating body (r — oo0). Two singularities are apparent in
the Schwarszchild metric, at » = 0 and r = 2M. It so happens that the singularity at
the Schwarszchild radius » = 2M is not a true singularity; instead it is caused by the
choice of coordinates. However, scalars from the Riemann tensor can be constructed
that diverge at r = 0, indicating the presence of a true singularity there:

48G2 M2

Qv po _
R"P Rypo = =

(3.3)

The r = 0 singularity should not be too surprising; after all, the Schwarzschild solution is
only valid in vacuum, so to extend the solution down to r = 0, the density must diverge
as well. For normal gravitating spherically symmetric bodies (e.g. stars, planets), the
Schwarszchild metric (valid on the exterior) can be matched to an interior metric, whose
curvature scalars are nonsingular. The r = 0 singularity would be no problem at all if
not for the fact that for » < 2GM, the coefficient of dr? and dt? change signs, meaning
the r becomes timelike and the ¢ coordinate becomes spacelike. Therefore if a mass M is
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contained entirely within its Schwarzschild radius Rg = 2G M, its constituent particles
will, in a finite time, move towards r = 0 in the same way that normal particles in
Minkowski space move towards ¢ — oo. The resulting object is a black hole, and the
spherical surface at the radius Rg is interpreted as the event horizon: a surface which

the worldlines of particles can enter but never escape.

3.2.1 Hawking Radiation

In the classical treatment, black holes have no temperature and do not emit
blackbody radiation; intuitively, energy cannot escape a black hole because particles
inside the event horizon are trapped within Schwarschild radius Rg. In the 1970s,
however, it was noted that black holes appear to exhibit many of the same properties
as classical thermodynamic systems. Hawking’s black hole area theorem [I3§] is one
example: during black hole mergers, the total black hole surface area is nondecreasing
in much the same way that the Second Law of thermodynamics states that the entropy
of a closed system is nondecreasing. Further work led to the following identifications

thermodynamic quantities and black hole properties:

Entropy S +— Black hole surface area A
Temperature T <— Surface gravity 5=
Energy U — Mass M

dU =TdS + pdV  <+— dM = g-dA +QdJ
By identifying the quantities in the last line (which is just the First Law of Thermody-

namics), a Generalized Second Law was constructed by Bekenstein [139], which states
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that the generalized entropy S + iA never decreases. Hawking realized that the Gener-
alized Second Law implies that black hole area can decrease (in violation of the classical
area theorem), at the expense of emitting particles which contribute to the classical
entropy S [140].

The vacuum of quantum field theory is observer-dependent, and observers in
an accelerating reference frame see thermal radiation from a simple Minkowski vacuum
(the Unruh effect [141] 142, [143]). Since any spacetime can be locally approximated as
Minkowski space by a free-falling observer, static observers distant from a black hole
will see the spacetime near the black hole as accelerating, and will associate thermal
radiation with it. This is Hawking radiation, the spectrum of which is that of a gray

body:

INw)

<nw> - 62#(0.1—;1)/»{ +1 (34)

Here w is the frequency of the radiation, u is the chemical potential (characterizing the
tendency of the black hole to preferentially emit particles that reduce its net charge and
angular momentum), and I'(w) is a graybody factor that accounts for backscattering
of particles whose wavelength is greater than the Schwarzschild radius. Heuristically,
Hawking radiation can be imagined as the consequence of virtual pairs of particles which
lie on either side of the event horizon. The virtual particle on the interior is trapped,
but the exterior particle is not and escapes to infinity, where it is interpreted as Hawking

radiation. The Hawking temperature of a black hole is given by:

hed

= StkpGM (3.5)
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As the black hole emits Hawking radiation, it loses mass and becomes hotter, opening
up new degrees of freedom for the black hole to evaporate through. The mass loss is

approximated by [134]:

dM  —a(M)
—_ = 3.6

dt M? (36)
where a(M) paramaterizes the number of degrees of freedom available to the black hole,
and is approximately 10%6 g3s~! for a T < 100 MeV black hole. Since an evaporating

black hole spends most of its life at low temperatures, the lifetime of a small black hole

can be approximated:

At

M M3 M3 M \?
~ 10" ( ) (3.7)

T AM/dT ~ o(M) T 10%gds1 1005 g
With the current age of the Universe of 4.3 x 10'7s, black holes formed in the early
Universe with initial mass of ~ 5 x 10'* g (for reference, about 100 times the mass of
the Great Pyramid at Giza), would be evaporating now.

In the standard picture, (M) increases with the temperature of the black
hole by about an order of magnitude as 7" — oo, which causes evaporation to increase
at a rate that smoothly increases. This process continues until the entirety (or at least
nearly so [144]) of the black hole has evaporated. The highly nonlinear nature of the
evaporation means that around 1030 ergs of energy (several times the energy contained
in all the Earth’s fossil fuel reserves [145]) are released in the final second of the black
hole’s life, and the potential for these explosions to be observed was quickly recognized
by Hawking [I46] and Page [I47]. Some alternative models (e.g. the Hagedorn model

[148]) predict an exponential increase in the number of degrees of freedom at a few
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hundred MeV, which implies an even more energetic explosion takes place, although

these models are disfavored.

3.3 Primordial Black Holes

Black holes formed via stellar collapse have a minimum mass of approximately
3Me), as neutron stars smaller than this are capable of being supported by neutron
degeneracy pressure [I134]. The early Universe, on the other hand, was extraordinarily
dense, and large fluctuations in the density could have produced overdense regions that
collapse into black holes. A number of more exotic formation mechanisms for these
primordial black holes (PBHs) have also been proposed in the literature, including the
collapse of loops of cosmic strings [81},[149], phase transitions [I50], and inflationary relics
[151]. If PBHs form via the collapse of overdense regions, the PBH mass is characterized

by the horizon mass at the time of its formation:

A7 3H? 47
M=p—t3="— 13 3.8
P 87G 3 (3.8)

where Equation 1.7 has been substituted to find p. In the radiation-dominated Universe,

1

the Hubble parameter is just H = 5,

so the mass is simply (restoring appropriate factors
of ¢):
3

M = reldn 108 gs! (3.9)

PBHs formed at very early times (near the Planck era, 107%% s) have masses near the

Planck mass of ~ 1075 g, while PBHs formed at late times (¢ ~ 1s) will be supermassive.
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Some authors have proposed that the supermassive black holes found in nearly all

galaxies are themselves primordial [152].

3.3.1 PBHs as DM candidates

Although stellar-collapse black holes are both dark and cold, they cannot them-
selves be the DM, as DM is known (from BBN and CMB considerations) to have domi-
nated the mass of the Universe long before the first stars were formed [25], 26]. However,
primordial black holes that form prior to BBN would behave like particle DM, and it
is natural to consider them as DM candidates. The range of possible PBH masses is
bounded on the lower end at 5 x 10™g, as PBHs below this mass would have completely
evaporated by now. At the upper end, PBHs must be less massive than about 103® g
or 10% Mg so as not to disrupt BBN. A variety of techniques have been employed to

constrain the density of PBHs in the intervening mass range:

e ~-ray observations: Very low mass black holes (close to the evaporation mass
5x10'g) emit + rays over their life via Hawking radiation, which would contribute
to the isotropic «-ray background mentioned in Section Analysis of the
Fermi-LAT isotropic diffuse spectrum was used to place limits on the cosmological
density of low-mass PBHs in 2010 [I53] by requiring the integrated emission from

PBHs to be below the observed flux.

Because PBHs, like DM, would cluster in galactic halos, they could potentially

exist in the neighborhood of the Earth. It is interesting to consider the typical
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distance scale from Earth to the nearest PBH:

—1/3
d= < PDM > =1.2x 10" m ~ 0.8 au. (3.10)
Mppy

with ppar = 0.3 GeV/ecm?3[154] and Mppy = 10'%g. This distance is small enough
that the ~v-ray emission from the late stages of evaporation by individual PBHs
could potentially be observed directly, instead of observing the integrated ~-ray
emission from a large population of PBHs. As shown in Chapter [4, Fermi-LAT is
sensitive to an evaporating PBH out to a distance of approximately 0.05 pc ~ 10%
a.u. The non-observation of individual PBHs in the neighborhood of Earth then
strongly constrains the PBH contribution to DM, depending on the degree of DM

clustering assumed.

In Section [3.2.1] it was noted that the rate of Hawking evaporation is dependent
on the number of degrees of freedom available to the BH. This means that light
curve of an evaporating PBH is sensitive to all particles, even those that are
uncharged under any SM interactions. If the DM is composed of electroweak-
scale WIMPs, for instance, the observation of an evaporating PBH would provide
information about the DM mass, no matter how small the WIMP-SM coupling
may be. Therefore a search for individual PBH evaporations is well-motivated,
both to constrain PBHs as DM themselves, and to look for clues about particle

DM. Chapter [4] describes such a search in detail.

Gravitational lensing: As discussed in Section the presence of a massive body
will cause light from distant sources to be lensed. For the case of a black hole
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passing between an observer and a distant light source, the observer will see an
increase in the apparent surface brightness of the object. A search conducted
with the Subaru Hyper Suprime Cam telescope for microlensing (¢ ~ 10 minutes)
of stars in the Andromeda galaxy found only a single lensing candidate event,
which strongly constrains the number density of black holes in the mass range

107" Mg < Mppr < 107°M, [155].

PBHs with smaller masses, 1072°g < Mppn < 10~ '7g, have a Schwarszchild radius
comparable to or smaller than the wavelength of even ~ rays, and therefore have
a more complicated lensing signature. Instead of an increase in brightness of
the lensed object, the PBH introduces an energy-dependent phase shift in the
rays, which leads to interference fringes in the observed spectrum. A search using
Fermi-GBM data for this spectral modulation (known as femtolensing) in 20 ~-ray
bursts found no candidate events, which sets an upper limit on the PBH density

of about 5% of the critical density for PBHs in this mass range [156].

Accretion: PBHs incident on a neutron star can deposit significant energy via tidal
forces into acoustic modes of the neutron star, potentially losing enough energy
to become gravitationally bound to the neutron star. When the PBH settles in
the core, significant tidal disruption takes place and the host is rapidly accreted.
Detailed calculations of this process were performed by Pani and Loeb [84], who
find the time scale for accretion is shorter than a typical neutron star age of 1010

years for PBHs heavier than about 10'6g. The existence of old neutron stars in
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Figure 3.1: Constraints on PBHs as DM, as of 2016. The curves present limits on the
fraction f of the DM density that PBHs can contribute to. Limits discussed in the text
include Hawking evaporation (EG), femtolensing of GRBs (F), accretion onto neutron

stars (NS), microlensing (ML), and disruption of wide binaries (WB). Figure reproduced
from (and references available in) [85].

DMe-rich areas therefore places strong constraints on the prevalence of PBHs in

the mass range 1017g < Mppg < 10%* g.

An interesting scenario occurs if a PBH is incident on a millisecond pulsar (MSP),
whose high angular momentum prevents it from being totally accreted. In this
case, a significant fraction of the MSP mass (0.5—1M¢)) can be ejected, potentially

forming a large fraction of the heavy elements in the Universe [I57].

e Dynamical constraints: PBHs more massive than Mg can exchange significant
momentum during gravitational scattering, and can disrupt weakly bound dy-

64



namical systems. The observation of wide (> 100 AU) binary star systems was
used to place limits on heavy PBHs above about 40M, [I5§], although it was
argued that the result relied heavily on only a few, potentially spurious, binary

systems [159].

A more recent approach utilized the fact that the exchange of energy via grav-
itational scattering in a many-body system leads to mass segregation, i.e. the
heaviest objects become clustered while lighter ones are diffused [160]. The ob-
served density of a star cluster at the center of the ultrafaint dwarf galaxy Eridanus
II therefore can strongly constrain black holes more massive than the stars; de-
pending on the assumption of average DM density, velocity dispersion, and age of

the dwarf galaxy, PBHs above 5M¢) can be excluded from being the DM [I61].

Although signficantly constrained, there remain small windows of mass in

which PBHs could still contribute substantially to the DM density. The most intriguing

of these windows is the 20-50 M) regime (the so-called “intermediate” mass range),

as nearly all of the 22 black holes observed in black hole-black hole mergers during the

first and second observing runs of LIGO fall within this range [162]. Some authors have

proposed that the measured merger rate, although rather uncertain, is consistent with

intermediate mass PBHs being the DM [83]. More data from LIGO and its successors

should conclusively rule this scenario in our out as more data is gathered.

Most constraints cited here assume a monochromatic PBH mass function,

though some authors have argued that an extended mass function is natural to con-
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sider. In any case, monochromatic constraints can be translated into constraints on

extended mass functions [85] without great difficulty.
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Chapter 4

Search for Gamma-Ray Emission from
Local Primordial Black Holes with the

Fermi Large Area Telescope

This chapter (aside from this title page) is a reproduction of a previously
published article [IJ.

Some minor changes to the formatting have been made in order to match
the style of the rest of this document, however, no changes to the content have been
made. The references in this chapter are displayed in the main Bibliography below, for
convenience. The coauthors of this paper have given permission for this material to be

reprinted here; their letters of permission are attached.
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Abstract

Black holes with masses below approximately 10'° g are expected to emit
gamma rays with energies above a few tens of MeV, which can be detected by the
Fermi Large Area Telescope (LAT). Although black holes with these masses cannot be
formed as a result of stellar evolution, they may have formed in the early Universe and
are therefore called Primordial Black Holes (PBHs). Previous searches for PBHs have
focused on either short timescale bursts or the contribution of PBHs to the isotropic
gamma-ray emission. We show that, in case of individual PBHs, the Fermi LAT is most
sensitive to PBHs with temperatures above approximately 16 GeV and masses 6 x 10!
g, which it can detect out to a distance of about 0.03 pc. These PBHs have a remaining
lifetime of months to years at the start of the Fermi mission. They would appear
as potentially moving point sources with gamma-ray emission that becomes spectrally
harder and brighter with time until the PBH completely evaporates. In this paper, we
develop a new algorithm to detect the proper motion of a gamma-ray point sources, and
apply it to 318 unassociated point sources at high galactic latitude in the third Fermi-
LAT source catalog (3FGL). None of unassociated point sources with spectra consistent
with PBH evaporation show significant proper motion. Using the non-detection of PBH
candidates, we derive a 99% confidence limit on PBH evaporation rate in the vicinity of
the Earth pppn < 7.2 % 103 pc3yr~!. This limit is similar to the limits obtained with

ground-based gamma-ray observatories.
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4.1 Introduction

The formation of primordial black holes (PBHs) is a prediction of some models
of the early Universe [138| [163]. In this paper, we search for evidence of gamma rays
produced by the Hawking radiation of low-mass, high-temperature PBHs in the Fermi
Large Area Telescope (LAT) data.

In classical general relativity, black holes have zero temperature and do not
emit particles. The concept of a black hole temperature was formally introduced as
a way to resolve the paradox of information loss for matter falling into the black hole
[139] 164]. [140| 146] argued that black holes should emit particles due to pair creation

near the horizon with grey body emission spectra with the temperature

hed M\ !
Toy = ——— 1077 [ — K 4.1
Bi = g gk~ <M@> ’ (41)

where M is the black hole mass and My is the Solar mass. Astrophysical black holes,
such as those created in a collapse of a massive star, have masses larger than M. The
corresponding temperature is less than 10~ K, which is less than the fluctuations in
the cosmic microwave background (CMB) radiation; this makes the signal from these
BHs extremely difficult to detect. However, PBHs with masses as small as the Planck
mass (~ 107° g) may have been created in the early Universe [138, [163].

The mass of a PBH created at time ¢ after the Big Bang is proportional to the

mass within the particle horizon at time ¢ [for a review see [134], [165], [166],

M(t) ~ 10 (10;35) g. (4.2)

Limits on density of PBHs at mass M constrain the magnitude of density fluctuations (or
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the equation of state) at time ¢. These constraints are complementary to the constraints
obtained from observations of the CMB since they are sensitive to fluctuations on spatial
scales much smaller than the scales observed in the CMB [e.g., [167].

Since Hawking radiation is emitted in all available particle species, the total
emitted power and therefore the lifetime of a PBH depends on the number of available
particle states. For the Standard Model of particles, the lifetime of a PBH can be

approximated as [153]

M 3

The PBHs which were formed in the early Universe with a mass around M, = 5x 10 g
have a lifetime close to the lifetime of the Universe and reach late stages of evaporation
at the present time. The PBHs with the remaining lifetime of months to years will
be the subject of the search in this paper. The temperature corresponding to M, is
T ~ 20 MeV [153], 168]E| A limit on the average cosmological density of PBHs can be
obtained by integrating the flux from PBHs over the lifetime of the Universe. This flux
has to be smaller than the observed extragalactic gamma-ray background [153], 169].
This method is most sensitive to PBHs with initial masses M ~ M,. Since PBHs are
expected to be concentrated in galaxies similarly to dark matter, stronger constraints for
initial masses slightly larger than M, can be obtained by searching for diffuse emission
from PBHs in the halo of the Milky way galaxy [I70]. A comparison of extragalactic

and Galactic gamma-ray background constraints with the constraints from the search

'Here and in the following we convert temperature to energy units by multiplying with the Boltzmann
constant k.
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for individual PBHs will be presented in Section [£.5]

Constraints on the local PBH evaporation rate have been obtained by looking
for bursts of high-energy gamma-ray emission with duration of a fraction of a second
to several seconds. In particular, PBHs with a mass of M ~ 10° g have temperature
Tgu ~ (10'°g/Mpy) TeV ~ 10 TeV [153] and lifetime 7 ~ 0.4 sec. A search for such
PBHs in the context of the Standard Model has been carried out by searching for high-
energy gamma rays (=~ 100 GeV < E <= 50 TeV) with Cherenkov telescopes [e.g.,
171, 172, [173]. In the case of the Hagedorn model [I48], which was proposed before the
Standard Model of particle physics was confirmed, the number of states available for the
PBH evaporation increases exponentially when the temperature reaches the Hagedorn
transition energy around 160 MeV. This leads to a microsecond burst of gamma rays
around a few hundred MeV [147]. A search for such bursts was carried out using EGRET
data [I74]. One can also expect short radio bursts in this model [I75], which can be
used to constrain the PBH evaporation rate [e.g., 176}, 177].

Fermi LAT is a pair conversion telescope which is sensitive to gamma rays
from = 20 MeV to more than 300 GeV. Overviews of the Fermi-LAT design and perfor-
mance can be found in [88] and [99]. PBHs with masses M < 10'° g have temperatures
T 2 10 MeV and emit gamma rays [147] that can be detected with the Fermi LAT.

In this paper, we search for PBHs in the context of the Standard Model of
particles using the Fermi-LAT gamma-ray data. In Section we estimate that for
the differential point source (PS) sensitivity in 4 years of observation the Fermi LAT is

most sensitive to PBHs with temperature Ty ~ 16 GeV(corresponding to a remaining
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lifetime of ~4 years). The corresponding distance to which such a PBH can be detected
is < 0.02 pc. Assuming a random relative velocity of PBHs around the Earth similar
to that of particle dark matter velocity dispersion, the displacement of a PBH over 4
years within 0.02 pc is, on average, greater than 1°. For comparison, the point source
(PS) localization radius for a near-threshold source is approximately 0.1° [99]. Thus a
smoking-gun signature of a PBH in Fermi-LAT data is a moving source with a hard
spectrum of gamma rays. A search for such sources is a novel feature of our analysis
that has not been discussed in the literature related to PBH searches.

In Section we search for PBH candidates among the sources of the third
Fermi-LAT catalog [3FGL, [120]. The majority of sources can be excluded as PBH
candidates based on association with known sources or on their spectra, but several
sources cannot be excluded based on these criteria alone. For these sources, we analyze
the Fermi-LAT data near the position of the PBH candidates and find one candidate
whose proper motion is inconsistent with zero. We discuss this source in more detail
in Section In Section we use Monte Carlo simulations to derive the efficiency
of our PBH selection criteria, which we then use to derive an upper limit on the PBH
evaporation rate. We find that PBHs can be detected up to a distance of ~ 0.03 pc
at the expense of a reduction of volume in phase space: the PBHs should be moving
preferentially along the line of sight to be detected as a PS. The detectability distance
of ~(0.03 pc derived with MC simulations and the full PS analysis pipeline is generally
consistent with the simple estimate of 0.02 pc, which we obtain for non-moving PBHs

using the known differential sensitivity of Fermi LAT to point sources. In Section [£.5] we
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present the conclusions. In Appendix [.A] we discuss some uncertainties on the spectrum

of gamma rays emitted by PBHs.

4.2 Sensitivity of Fermi LAT to Individual Primordial Black

Holes

We start our analysis by estimating the sensitivity domain, i.e., the relevant
energies and timescales, of the Fermi LAT to individual PBHs. One of the main ques-
tions is whether the Fermi LAT is more sensitive to a population of PBHs with “low”
temperature (e.g., < 10 GeV), hence, smaller intensity of emission but large spatial

density, or to a population with “high” temperature (e.g., = 10 GeV) but low spatial
density.

In this section, we derive the range of masses, temperatures, and distance to
the Earth where PBHs are detectable by Fermi LAT. In Figure we compare the
spectra of PBHs with the differential PS sensitivity for 4 years of Pass 7 reprocessed
data [99, [105]. The same data sample was used in the derivation of the 3FGL catalog
[120], which we use in the next section to search for PBH candidates. To determine the
four-year equivalent flux from a PBH, we integrate the PBH spectrum either over the
lifetime of the PBH or over four years, whichever is smaller, and divide by four years.
The PBH spectra are derived taking into account both primary and secondary (mostly

from hadronic showers of quarks and gluons) production of gamma rays by the black

holes [I7§]. Although all Standard Model particles can be emitted by PBHs in principle,
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the ~-ray spectrum is dominated by the Quantum chromodynamics (QCD) degrees of
freedom [I79]. The normalization for each of the curves is chosen such that the PBH

flux is equal to the differential PS sensitivity in one of the energy bins.
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Figure 4.1: Comparison of spectra of PBHs with different initial temperatures and
Fermi-LAT PS differential sensitivity at b = 30°, which is representative for Fermi-LAT
PS sensitivity away from the Galactic plane. Lines correspond to PBHs with different
initial temperatures specified in the labels, with the corresponding lifetimes shown in
parentheses. PBHs with lifetimes longer than 4 years are shown as solid lines, while
PBHs with lifetime shorter than 4 years are shown as dashed lines. The distance to
each PBH is chosen such that the flux from the PBH is equal to the PS sensitivity in

one of the energy bins (the corresponding detectability distances are shown as a solid
line in Figure on the right).

Since the intrinsic luminosity of PBHs for a given temperature is fixed, we can
use the condition that the flux should be larger than the PS sensitivity to estimate the
maximal distance at which the PBHs can be detected as a function of initial temperature
(shown by the solid line in Figureright). Typical values near the maximum are < 0.02

pc for initial temperatures between 10 GeV and 40 GeV. The corresponding remaining
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lifetime is between 20 years and 4 months. Over the age of the Universe, we expect
PBHs to virialize in the same manner as dark matter. If we take into account the orbital
velocity of the solar system around the GC vy ~ 250 km s~ [180} 181, 182, 183, [184]
185] and add a velocity dispersion similar to the expected dark matter velocity dispersion
near the Sun vgisp ~ 270 kms™! [e.g., [186] then the displacement of a PBH during 3
years at R = 0.02 pc from the Earth could be as large as a = vperpt/R x 3°. Here we

estimated the average velocity perpendicular to the line of sight in a random direction

on the sky as vperp = \/ 2/3(v2, + vgisp) ~ 300 km s~!. Because this displacement is ~
15 times larger than the Fermi-LAT PS localization radius for a threshold source, such
a black hole will appear as a linear streak of gamma-ray emission instead of a point
source.

Since the large majority of Fermi-LAT sources are point-like, linear spatial ex-
tension is a powerful criterium for identifying PBHs. One of the difficulties in observing
a moving PS is that the flux becomes smeared out into an extended track following the
trajectory of the source, but PS catalogs are optimized for sensitivity to point sources
as opposed to extended sources. A simple estimate of the Fermi-LAT sensitivity to a
moving source can be obtained by integrating the flux during the time when the moving
source appears as a point-like source, e.g., when the displacement is less than the PS

localization radius. The corresponding time is shown by in Figure leftE| Using the

2The time for a PBH with an average velocity to appear as a point-like source is smaller than 4
years, which is the observation time for the 3FGL catalog. Better sensitivity to PBHs can be obtained
by searching for PS with duration in the range from approximately a month to a year due to lower
background for shorter integration time. Such a search of PS with a sliding time window goes beyond
the scope of this work, where we restrict the analysis to PS detected in the 3FGL catalog.
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reduced integration time, we also derive the corresponding detectability distance (red
dash-dotted line in Figure on the right). For large temperature (small remaining
lifetime) the detectability distance for a moving source is the same as for a stationary
one because the expected displacement is smaller than the PS localization radius.
Given the characteristic detection radius for PBHs including the proper motion
R ~ 0.01 pc for 4 years of observations (Figure right panel), we estimate that the

1 where

Fermi LAT is sensitive to a PBH evaporation rate of p = 1/Vt o 6x10% pc™3yr~
V = 47 R3/3 is the detectability volume and ¢t = 4 yr is the observations time. The
main result of this section is that the Fermi-LAT sensitivity is potentially competitive
with sensitivity to individual PBHs of Cherenkov observatories [I71], [172] [173] [187],
e.g., p = 1.4 x 10*pc=3yr~! derived by the H.E.S.S. collaboration [I72], but one has
to take the proper motion of PBHs into account. In the following sections we use the
3FGL catalog, which employs the full PS sensitivity of the Fermi LAT rather than the
differential sensitivity. We also treat the proper motion more rigorously. As a result,

the derived Fermi-LAT sensitivity is a factor of a few better than the simple estimate

presented in this section.

4.3 A Search for PBH Candidates in Fermi-LAT 3FGL

Catalog

The Fermi-LAT surveys the entire sky approximately every three hours, and

has relatively uniform exposure over long time scales (at 1 GeV over 4 years the exposure
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Figure 4.2: Left: solid line - PBH lifetime as a function of initial temperature, dashed
line - 4 years, dash-dotted line - time during which the displacement is less than 0.2°
which is approximately equal to twice the PS localization radius at 10 GeV for Pass 7 re-
processed data assuming relative velocity perpendicular to the line of sight ~ 300 km s~*
and distance represented by the solid line on the right plot. Right: solid line - detectabil-
ity distance for a PBH as a function of initial temperature T from the Fermi-LAT PS
differential sensitivity (Figure ; dash-dotted line - detectability distance taking into
account relative motion of PBHs due to orbital motion in the Galaxy and dark matter-
like velocity dispersion (dash dotted line on the left plot). PBHs with lifetimes of 4
years have a temperature of about 16 GeV; the break at 16 GeV results from lower-
temperature PBHs having longer lifetimes than the observation time, i.e., they evaporate
only partially, while PBHs with temperatures higher than 16 GeV have a smaller initial
mass, i.e., produce smaller total fluxes than PBHs with initial temperature of 16 GeV.
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varies by approximately 40% over the entire sky). Combined with a large effective area
(approximately 1 m? between 1 GeV and 1 TeV), this makes it an ideal instrument for
detecting a large number of gamma-ray point sources. The most complete catalog of
point sources is currently the third Fermi point source catalog [3FGL, [120]. It contains
sources that are significantly detected above 100 MeV and spans the first 4 years of
the Fermi mission. We used the 3FGL catalog to search for PBH candidates and to
constrain the local PBH evaporation rate.

To find PBH candidates in the 3FGL catalog, we first excluded from fur-
ther consideration point sources associated with known astrophysical sources (such as
blazars). Of 3033 sources in the 3FGL catalog, 1010 are unassociated sources. We also
excluded sources that are within 10° of the Galactic plane, which removed a further
468 sources. Our analysis was restricted to high-latitude sources because (a) detectable
PBHs are expected be distributed isotropically given the detectability distances esti-
mated in Section [4.2] while astrophysical sources are concentrated along the Galactic
plane, and (b) association of extragalactic sources such as blazars is easier at high
latitude [see, e.g. [188§].

To test the remaining unassociated 3FGL sources as PBH candidates, we fit
their spectra with the time-integrated gamma-ray spectra emitted by a PBH. For this
analysis we used the fluxes of the candidate sources as reported in the 3FGL, which are
provided in 5 energy bands (0.1 -0.3,0.3 -1, 1-3,3 - 10, and 10 — 100 GeV). The time-
integrated PBH spectrum depends on two parameters: initial mass (or temperature) and

the distance to the Earth (equivalent to an overall normalization). We varied these two
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parameters to obtain the best fit to the PS spectrum in the five energy bands. The
quality of the spectral fit to the reported spectrum was determined by calculating the

value of the x? over the five energy bands:

Z (®; _\I' (4.4)

=1

where ®; is the PBH spectrum integrated over the width of bin ¢ and W¥; is the flux
in bin ¢ from the 3FGL. Here o; represents the uncertainty on the flux in bin 7. In
the 3FGL, flux uncertainty is represented by a 68% confidence interval; the value of
the uncertainty can then be written as the difference between the best-fit flux and
either the upper or lower bound. We set g; to be the larger of the two in order to be
conservative. We require the value of the best-fit x? to be below the critical value of
11.3, which corresponds to 99% exclusion for 5 degrees of freedom and 2 parameters.
In other words, sources with a x? value greater than 11.3 have only a 1% chance of
being spectrally consistent with a PBH. After the spectral consistency was computed,
318 sources out of the 542 unassociated candidates remained as PBH candidates.

The candidate sources next underwent a check for proper motion. We use the

following algorithm to determine the magnitude and significance of proper motion:

1. All source-class photons above 1 GeV within 5° of the source’s reported 3FGL
location were collected. The time range (August 2008 to July 2012) and data
reconstruction (P7REP_SOURCE_V15) were consistent with that of the data used
to construct the 3FGL. Since the angular resolution of the Fermi LAT decreases

quickly below 1 GeV, including photons below 1 GeV did not have a significant
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impact on the final results.

. Data covering a longer time range (August 2008 to July 2017) and a more recent
event reconstruction (P8R2_SOURCE_V6) were held in reserve for validation, and
was used to test the PBH hypothesis for any sources that passed the proper motion

cut.

. The expected number of photons NV from the source of interest was calculated by
multiplying the flux in each energy bin by the Fermi-LAT exposure at the bin’s
midpoint energy, and summing over the three relevant bins (1 — 3 GeV, 3 — 10

GeV, 10 - 100 GeV).

. In order to estimate the velocity of a PS we compare the maxima of the likelihood
function L(z7j, t;, 9, v9) in two cases: fixed vy = 0 and free vy. We approximate the
point spread function of Fermi LAT by a Gaussian for simplicity. The likelihood
function is given by multiplying over N photons around the initial position of the

source:

Ty — 2p — Ut )?
( 2 ) } (4.5)

N J—
L= Hwi x exp{

i=1 g

where x; is the coordinates of the photon, vg is the proper motion of the source,
t; is the photon arrival time, Z is the source location at the beginning of the
observation time, and o; is the 68% angular containment radius for a photon at
energy Fj;, which is ~ 0°7 at 1 GeV [105]. Here w; is a weight assigned to each

photon, the calculation of which is defined in Section [£.3.1]
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In practice, we use the natural logarithm of the likelihood:

al (& — @i — Tpt;)>2
log L = Zlogwi — =

=1 g

(4.6)

The main difficulty is separating the N photons attributed to the source from
background photons. Our algorithm chooses a 4-dimensional grid of points around
an initial value of g and vy = 0, and for each grid point finds the N photons inside
the 5° ROI that have the highest contribution to log £, i.e. the photons which
most likely belong to the source given a particular position and velocity. Therefore
the weights w; do not appear as a prefactor in Eqs and [£.6] because the N best-
fit photons change given different assumptions of 25 and vj. The best-fit 2y and
vp are found by maximizing Alog £ = log £ — log L(vj = 0) on the grid. With
the additional degrees of freedom from allowing vg to float, the value of Alog L is

always nonnegative.

We find in MC simulations (described in Section that this algorithm tends to
underestimate the input velocity by ~ 25%; the best-fit velocity should therefore
be considered a lower bound on the true velocity and sufficient for our purpose of
separation of moving and stationary sources. The underestimation occurs because
source photons that are far away from the average source position have lower
weights and so are less often included in the likelihood calculation. In their stead
are background photons, whose distribution in time is random, and therefore cause

the algorithm to favor a slower overall velocity.

5. The significance of Alog L for each source was found by assigning random times

81



t; drawn from a flat distribution to each photon but fixing the positions z; of all
the photons, and reoptimizing Alog £. This process was repeated 50 times for
each source, and the original value of Alog £ was compared with the distribution

of Alog L for the data sets scrambled in time to find a local significance o

_ Alog Ly — Alog Ls
- std(AlogLy)

(4.7)

where Alog Ly is the original value of the improvement in likelihood, Alog Ly
is the mean of the scrambled likelihood improvements, and std(Alog Ls) is the

standard deviation of the scrambled likelihood improvements.

. A cut on the local significance for each source was made at 3.6 which corresponds

to a global significance of 2o for 318 sources.

A single source (3FGL J2310.1—0557, see Section for a discussion of this source)

exceeded this cut on local significance, and the standard deviation of the local sig-

nificances of the entire set of candidates was 1.03, which is consistent with statistical

fluctuations. After examining the data held in reserve for J2310.1—0557 (described in

Section [4.3.2)), we concluded that no likely PBH candidates exist in the 3FGL catalog.

4.3.1 Calculating Photon Weights

The photon weights w; in equations and are defined as the probability

that a given photon originated from the candidate PS, and are calculated by performing

a standard likelihood optimization with the Fermi Science Tool gtlikeﬂ The model

3Science Tools version v10rOp5, available at http://fermi.gsfc.nasa.gov/ssc/data/analysis/
software
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used includes all 3FGL PS within 5° of the candidate source, as well as the standard Pass
7 models for Galactic and isotropic diffuse emission. The candidate source is modeled
as an extended source with a radial Gaussian profile with ¢ = 0.25° instead of a PS, in
order to account for the possibility of proper motion. The data were binned into three
logarithmically spaced energy bands between 1 GeV and 100 GeV and in 0.1° x 0.1°
spatial pixels. After the model was optimized by gtlike, weights were assigned to each
photon (described its coordinates x, y, and energy F) by calculating the fraction of the

flux belonging to the candidate source in each pixel:

' (z,y, E)

w =" 4.8
pu Zz q)z (ZL‘, Y, E) ( )

where ®'(x,y, F) is the predicted flux from the candidate source in the pixel and
®;(z,y, E) are the fluxes from all the sources in the model. In addition, the 3FGL
PS were masked by assigning a weight of zero to all the photons which fell in a pixel
more than 1° from the candidate source position where the summed contribution of the
non-candidate PS fluxes exceeded 10% of the total flux in that pixel. This meant that
all the photons in the calculation had a high probability of originating either from the
candidate source or the diffuse background.

The weighting has little impact on the reconstruction of proper motion because
individual photon weights do not change as the likelihood maximization from step [
optimizes £y and vj. However, weighting the photons in this way prevents the algorithm
from interpreting photons from nearby sources as originating from the candidate source.
Without weighting, we found that flaring nearby sources could mimic a moving source
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and therefore lead to false positive results.

4.3.2 J2310.1-0557

The source J2310.1—0557 passed the proper motion cut with a significance of
4.20, and was therefore investigated further. Approximately 9 years (August 2008 to
July 2017) of Pass 8 (P8_SOURCE_V6) data above 1 GeV in an ROI of 5° around the
source location were collected. The increased statistics and improved angular resolution
of the Pass 8 data set clearly indicated that J2310.1—0557 lies approximately 1° away
from a separate, highly variable source of gamma rays which is not in the 3FGL catalog.
This source flared brightly (approximately 150 photons) on 2011 March 7, near the end
of the 3FGL time period but was quiet for the remainder of the period. We found
that the position of the source was consistent with the Sun, which flared brightly on
the same date [I89]. gamma-ray emission from the Sun and Moon not included in our
models of the ROI. The effect of the solar flare near a candidate PBH was to mimic
a moving source, which explains why the proper motion algorithm returned a positive
result. Because the sources in the Monte Carlo simulation described in Section [£.4] are
placed at random points on the sky, we expect that similar false positives will occur in
the simulations. Therefore, we report the upper limit on PBH evaporation rate as if
one source passed our criteria, even though J2310.1—0557 is not a good PBH candidate.
Incidentally after the publication of the 3FGL source list, J2310.1—0557 was found to

be a millisecond pulsaif’}

“See https://confluence.slac.stanford.edu/display /SCIGRPS /LAT-+Pulsations+from+PSR-+J2310-
0555
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4.4 Fermi-LAT limits on PBHs

We used Monte Carlo (MC) simulations to derive the efficiency for detecting
PBHs, and used the efficiency to place upper limits on the local PBH evaporation rate.
We generated a sample of PBHs within 0.08 pc of the Earth with uniform spatial density
and random velocities with an average speed of 250 kms™!, which is close to an upper
bound on orbital velocity of the Sun around the Galactic center [180, 181 [182] 183
184], [185], and 3-dimensional velocity dispersion equal to the local velocity dispersion
of dark matter, 270 kms~! [I86]. At the end of this section, we also derive the limits
for different assumptions about the PBH distribution, such as the relative velocity and
velocity dispersion, to estimate the corresponding systematic uncertainty.

We assume the PBH population has a constant rate of PBH evaporations,
ppBH = const. We also assume a uniform PBH density distribution in the vicinity of the
Earth. A constant rate of evaporation implies that the derivative of the PBH density is

related to the PBH temperature as:

dppBH
dr

o T4, (4.9)
The following steps were performed in the derivation of the PBH evaporation
rate limit:

1. A sample of PBHs (T}, Z;, U;) was simulated with temperatures 7; > 5 GeV and
T; < 60 GeV distributed according to Equation (4.9), and distances R; within
R < 0.08 pc around the Earth. The velocities v; of the sample PBHs were dis-

tributed with mean equal to the orbital velocity of the Sun, v,y = 250 km s,
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and dispersion vgisp = 270 km s—L.

. For each PBH, we simulated the detection of the photons emitted over the 4
year 3FGL time period, consistent with the PBH evolution. The energies were
distributed according to the instantaneous PBH spectrum of the appropriate tem-
perature, and the positions of the photons were smeared according to the Fermi-
LAT point-spread function (modeled as a Gaussian distribution). The emission
spectra of PBHs ®(F,t) are discussed in Appendix . We used a time step
of At = 1 day in modeling the evolution of the PBH position and temperature,
and the number of photons detected by the Fermi LAT each day was given by a

Poisson random value with a mean of

At E=500 GeV
/ ®(E,t)A(E)dE, (4.10)

M) = AmR? Jg—100 Mev

where A is defined as the average Fermi-LAT exposure per unit time at the position
of the simulated PBH, and R is the distance from the Earth. The energy of each
photon was found by random sampling of ®(F,t)x A(E). Fermi LAT has relatively

uniform exposure on time periods longer than 1 day.

. The list of simulated PBH photons was concatenated to the real photons present
within 5° of the final location of the PBH, with the same data selection as the
3FGL. A likelihood fit using the Fermi Science Tool gtlike was performed in
a 7° x 7° ROI centered at the same location, using a model of the sky which

included all 3FGL sources within 5° of the ROI center, as well as models of the
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isotropic diffuse and Galactic diffuse emissionf] The PBH was modeled as a source
with a LogParabola spectrum, with fitting parameters restricted to the ranges
1.2 < a < 3.0and 0.0 < 8 < 1.0. Once the likelihood maximization was complete,
the PBH was considered detected if its TS value was greater than 25, which is

consistent with the 3FGL cutoff.

4. If the PBH source was detected, the results from the likelihood fit were used to
find the source flux in the five energy bins reported in the 3FGL catalog. The

spectral consistency with a PBH spectrum was then calculated in the same way

as described in Section [£.3l

5. If the source was found to be spectrally consistent with a PBH, the significance
of any proper motion was evaluated by the algorithm described in Section
The combined efficiency of steps is displayed in Figure We smoothed
the results by convolving the detectability map with a 3x3 matrix of ones, which
had a minor (= 8%) impact on the resulting limit. The impact of fluctuations
was quantified by observing the change in the limit as the number of simulations
increased; we found that an increase of the number of simulations by 100% had

less than a 20% change in the resulting limit.

6. To derive an upper limit on the number of PBH evaporations in our search region,

we begin with the number of expected detections:

N = peV, (4.11)

®The models used were the standard Pass 7 (for consistency with the 3FGL) diffuse emission models
available from https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html

87


https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html

where p is the true density of PBHs and V is the volume searched. ¢ is the
average PBH detection efficiency in time ¢ = 4 yr and within the search volume V'
(a sphere with radius 0.08 pc, with the wedge corresponding to |b|< 10° removed);
it is calculated by taking the mean over the pixels in Figure [£.3] with the weight
R?>T—4:

e(R, T) L dRdAT
T
€ =
[ & dRdT

: (4.12)

where the integrals run over the space of parameters described in step (Il Equation
can be inverted to find the PBH density p as a function of the number of
detections N, or the upper limit on p given an upper limit on N. Given that one
PBH candidate passed the selection criteria described in Section [.3] we set an
upper limit N < 6.64, which is the 99% confidence upper limit on the mean of a

Poisson distribution with 1 observed event.

. We convert the upper limit on p to an upper limit on p by finding the fraction f
of PBHs that would have evaporated during the search time ¢. Given a time of
observation of 4 years, we find that all PBHs with initial temperature above 16.4

GeV would evaporate. Therefore,

60 GeV —4
f — J16.4 GeV T dT (413)

60 GeV r_y :
5 GeV r=*dT

We calculate the 99% upper limit on ppgy to be:
6.64
ppBH < f—— = 7.2 x 10® pc™2 year™L. (4.14)
eVt
. We estimated the systematic uncertainties arising from the uncertaintes in the

PBH spectrum by varying the overall normalization of the PBH spectrum (see
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Appendix and varying the velocity distributions of the Milky Way disk and
DM halo. We consider two scenarios (“aggressive” and “conservative”) which give
the best and worst sensitivity, respectively. Steps are then repeated to find
the resulting limit. The parameters of the aggressive and conservative models, as

well as the resulting limits, are listed in Table
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Model Spectrum Normalization ~Orbital Velocity (kms~™!) DM Halo Velocity (kms™1) Limit

Aggressive % 100 150 4.8 x 103 pc3yr~!
Conservative 8.2 300 350 15.3 x 10% pc™ yr~*

Table 4.1: Parameters used in estimation of systematic uncertainty. To be more conservative in the estimates of the
systematic uncertainties, we have tested the ranges of orbital velocities and the DM dispersion velocities which are larger
than most of the values reported in the literature [180] 181 [182] [183] [184] [185].



The limit including the systematic uncertainties is

prer < (7.2751) x 103 pc™3 yr—1. (4.15)
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Figure 4.3: Fraction of simulated PBHs which are detected as a point source with
a spectrum compatible with a PBH evaporation spectrum and with significant proper
motion. The detectability peaks for PBHs with initial temperatures above 16.4 GeV
because the lifetime of a 16.4 GeV PBH is 4 years, which is the same as the observation
period of the 3FGL. Few PBHs are detected past a distance of 0.05 pc or below 10 GeV.

4.5 Discussion and Conclusions

The potential existence of PBHs that emit detectable Hawking radiation is one
of the most intriguing features of some theories of cosmological evolution. In addition to
providing evidence for these theories, the possibility for direct observation of Hawking
radiation (which would be a major discovery in its own right) was our main motivation
for the search of PBHs with the Fermi LAT.

In this paper we searched for individual PBHs among 3FGL catalog sources.
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We performed calculations showing that the characteristic distance to a detectable PBH
is of order ~ 0.03 pc, in which case the proper motion of the PBH must be taken into
account. We developed a new algorithm which can detect the proper motion of a point
source in the presence of a known background. We found several 3FGL sources that have
spectra consistent with PBHs, but none of these sources exhibit proper motion which
would be the smoking-gun signature of a PBH in the Fermi-LAT sensitivity domain.
As a result, we derived upper limits on the local PBH evaporation rate.

To derive the efficiency of a PBH passing our selection criteria, we developed
a Monte Carlo that simulates PBHs with realistic velocity distribution and initial tem-
perature distribution expected for the steady-state evaporation rate of the PBHs. The
efficiency was then used to find the upper limits on the local PBH evaporation rate. The
inferred systematic uncertainties are related to the uncertainties in the PBH gamma-ray
spectrum as well as the uncertainties in the Galactic rotational velocity and the DM
velocity dispersion. We calculated upper limits in scenarios for which these parameters
covered a wide range of reasonable values.

In Figure we compare the Fermi-LAT upper limit on the rate of PBH
evaporations with the limits from Cherenkov telescopes and observe that they are sim-
ilar. Although ground-based gamma-ray observatories are sensitive to timescales of
a minute or less, and Fermi LAT is sensitive to timescales of months to years, both
the Cherenkov telescopes and the Fermi LAT are probing the same quasi-stationary
population of PBHs.

The local evaporation rate can be related to the local mass density (relative
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Figure 4.4: Comparison of the Fermi-LAT 99% confidence upper limit with the lim-

its from VERITAS [190], H.E.S.S. [172], Milagro [173], and the expected limits from

HAWC [I73]. The error bars around the Fermi-LAT limit correspond to the systematic
uncertainty described in the text.

to the critical density p.) as [134]

M. T0 .
Qs = o) 7*2) o Poh (4.16)
C

where « is the index of the initial distribution of PBH masses, dn/dM ~ M™%, and M,
is the mass of a PBH with the lifetime equal to the age of the Universe. In the following,
we will assume o = 2.5, which corresponds to PBHs formed in the radiation-dominated
era [I34]. The local density of PBHs corresponding to the evaporation rate in Equation
is Qi;)kfh < (3.6713) x 10%. In general, the distribution of the PBH masses does not
need to follow a power-law function. If there is a short period of low-pressure dustlike
equation of state or a phase transition (see, e.g., the discussion in [I53] and references

therein), then the PBH masses will be distributed around the mass in Equation
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where t is the time of the PBH formation. In order for the PBHs to be evaporating

023 s after

now we need M ~ 10" g which corresponds to the formation time ¢ ~ 1
the Big Bang [I53]. Thus, in general, limits on local PBH evaporation can constrain
models where PBHs are formed with lifetimes close to the lifetime of the Universe, i.e.,
the PBHs which are close to evaporation now. This requires certain “fine-tuning” of
the time when the PBHs are formed. If, for example, the PBHs are formed close to the
QCD phase transition with g ~ 10~* s and T ~ 100 MeV, then the PBH masses are
M > 5Mg ~ 103* g [191]. These PBHs have a temperature much smaller than 1077 K
and lifetime much longer than the lifetime of the Universe, i.e., they cannot be detected
by the Fermi LAT.

The local density of PBHs is expected to be enhanced compared to the average
density in the Universe in a similar way that the density of DM in the Galaxy is larger
than the average density of DM in the Universe. The enhancement factor for DM near
the Sun [I54] compared to the average DM density [192] is k ~ 2.2 x 105. With this
enhancement, the limit on the average PBH density is Qppn < (1.51'(1):;) x 1073, This
limit is several orders of magnitude less constraining than the limits obtained from
extragalactic and Galactic gamma-ray backgrounds Q) < 1078 — 5 x 10719 [153] 169,
170]. The latter limits are calculated either by integrating the PBH evaporations inside
the visible Universe or inside the halo of our Galaxy, i.e., they are derived on kpc to
Gpc scales, while the limit in this paper is derived for distances less than a fraction of
a pc.

The limit on the average current density of PBHs can be translated to a limit

94



on the density of PBHs at the time of formation, 8 ~ 107'8Q,,,\/M/105g [153, [165].
This limit, in turn, can be used to constrain the spectrum of density fluctuations in the
early Universe [167, 193], 194]. In some cases, non-observation of PBHs provides the only
way to limit theories of inflation, especially the theories that predict large fluctuations
of density at small distances [e.g., [167].
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Facility: Fermi.

Software: Astropy |[http://www.astropy.org, [195], matplotlib [196].

4.A Spectrum of Gamma Rays from Primordial Black Holes

One of the most important factors in the systematic uncertainty of the limit on
PBH evaporation is the spectrum of emitted gamma rays. The spectrum of fundamental
particles emitted by the black hole was computed by [140]. Quarks and gluons emitted
by PBHs hadronize into mesons and baryons, which subsequently decay into stable
particles. The spectra of the stable particles emitted by PBHs at high temperatures
were computed by [197].

To obtain the spectra of gamma-ray emission from PBHs we use the values
given in [197] for Tppy = 0.3,1,10,50,100 GeV and interpolate for different values of
PBH temperatures. To cross-check numerical calculations, we use two different inter-

polation methods:
e We use an analytic approximation by fitting the PBH emission rate NW(E ,T) with
a cubic log polynomial
log N = co(T) + ¢1(T) log = + c2(T)(log #)? + c3(T)(log )?,
where z = F/T and interpolate the fit coefficients ¢;(T") (we use this appriximation

in Section [4.2).

e We create a table for a set of ¥ and T values and use a 2-dimensional interpolation
directly from the results in [197] (this approximation is used in Sections and
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).

We compare the first interpolation with other parametrizations available in the literature
[134, 198] in Figure left. There seems to be a rather significant discrepancy in the
total energy emitted in gamma rays. For instance, [197] found that 24 — 25% of the
energy is emitted in gamma rays for a large range of initial temperatures, while analytical

integration of the parametrization [199, 200]

(1GeV)3/2 (1GeV)3/2GeV—1 B <T.:
dN, _ 9% 10% T: B, gl i

4.17
dE, (4.17)

(%)3 GeV™! E,>T,

gives about 47% of the energy in gamma rays. A more-recent parametrization of the
gamma-ray spectra at temperatures 2 1 TeV [Figure 11 of [I87] gives about 35% of the
energy in gamma rays.

For our baseline model, we take the spectrum of [I97] rescaled to give 35% of
energy in gamma rays to match the more-recent calculation in [I87]. For the calcula-
tions, we use the interpolation presented in Figure (right). At low temperatures, the
“Interpolation” curve is calculated by taking instantaneous PBH spectrum from [197]
rescaled to 35% energy going to gamma rays times 4 years. At temperatures above the
temperature of a PBH with the 4 years lifetime, the “Interpolation” curve is the [199]
parametrization rescaled by 0.45. There is a good agreement between the integrated

spectra of [197] (rescaled to 35% efficiency) and the “Interpolation” curve.
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Figure 4.5: Left: spectrum of a PBH with initial temperature T' = 20 GeV integrated
over its lifetime of 2.1 years. Right: total number of photons emitted above 10 GeV
during 4 years as a function of initial PBH temperature. See text for the description of
the “Interpolation” curve.
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Chapter 5

p-wave DM Annihilation

The purpose of this chapter is motivate and describe the phenomenology of
the DM model searched for in Chapter [6]

Unlike the DM models typically considered by indirect DM searches, the model
described here (the hidden sector axion portal or HSAP model) does not make the broad
assumption of an annihilation cross-section that is independent of velocity; instead, the
HSAP model has an annihilation cross-section that depends on the square of the relative
velocity of the incoming DM particles. This fact allows the DM to evade detection by
traditional indirect searches, as well as by collider and direct detection experiments.

Section [5.1]introduces the class of models (“secluded DM”) of which the HSAP
model is a representative example, while Sections[5.2]and derive the spatial and spec-

tral phenomenology, respectively, of the potential v-ray signal from the HSAP model.
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5.1 Secluded DM

Sectionintroduced the idea of weakly interacting massive particles (WIMPs)
as well-motivated DM candidates. In that section, it was shown that if WIMPs were
produced thermally in the early Universe, a straightforward calculation of their relic
abundance via freeze-out reproduces the observed DM density, given a weak-scale an-
nihilation cross-section (the so-called ‘WIMP miracle’). Typical WIMP models assume
a thermally averaged annihilation cross-section that is velocity-independent, and has a
canonical value of (ov) =3 x 10726 cm3 s~

Given their proximity and DM richness, certain regions, such as the Galac-
tic center and dwarf spheroidal galaxies, are excellent targets for WIMP annihilation
searches with indirect detection. Unfortunately, the most straightforward WIMP mod-
els (those assuming the canonical thermal relic cross-section) have been ruled out for
WIMP masses below a few hundred GeV (see Figure . This lack of experimental
evidence has motivated recent work on so-called “secluded” or “nightmare” DM, a class
of models which can still successfully reproduce the appropriate relic DM abundance,
but are difficult to detect experimentally. Generically, secluded DM posits a WIMP (),
along with a dark mediator (a) which mixes with the SM [201]. If the WIMP mass (m,)
is smaller than the mediator mass (m,), any mixing between the dark sector and the
SM relies on virtual mediators (see the left panel of Figure , and strong constraints

on the coupling can be placed with accelerator and direct detection probes. Therefore,

in secluded DM models, the WIMP mass is taken to be larger than that of the mediator,
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Figure 5.1: Left panel: s-channel annihilation (i.e. annihilation through a single inter-
mediate state) of DM particle ¢ into SM final states, via a virtual mediator V' which
mixes with the SM. Right panel: t-channel annihilation (i.e. annihilation via scattering
by 1) into metastable mediators V. The coupling between 1) and V need only be small
enough to produce the correct relic abundance. Note: The notation here is different
from in the text: ¢ corresponds to the WIMP x, and V corresponds to the mediator a.
Figure reproduced from [201].

meaning the mediator will be on-shell in an annihilation (right panel of Figure . In
this case, the mediator a can be fairly long-lived (the only constraints on the coupling
of a to the SM are placed by requiring a to decay before BBN at a time of around 1s
after the Big Bang). With such a small coupling to the SM, it is extremely unlikely for
accelerators to produce x, and the cross-section for y scattering off SM particles in a
direct detection experiment will be very small.

Indirect detection methods, however, are capable of probing this class of model:
even a mediator with the smallest possible SM coupling (i.e. the longest lifetime), given
the constraints from BBN, must decay in less than about 1s. The mediator therefore
can travel at most about 1 light-second from the annihilation location before decaying,
which is a small distance on Galactic or cosmological scales. The indirect detection
signal then remains tied directly to the WIMP density, while the direct detection and

collider signals are negligible.
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A representative example of such a model is the hidden sector axion portal
(HSAP) model of Shelton, Shapiro, and Fields [202]. The HSAP model posits a Majo-
rana DM particle x that annihilates to pairs of dark pseudoscalars a that in turn decay
to pairs of photons (See Figure . The HSAP Lagrangian contains the terms:

2

LD —%(xx +h.c.) — %ya(xx —he)— %aQ (5.1)

describing a spin—% Majorana WIMP x with mass m,, and a pseudoscalar a with mass
mq. Here h.c. refers to the Hermitian conjugate of x, and is included because x is a
Majorana fermion (that is, y is its own antiparticle). The interaction between y and a
is given by the second term, with the dimensionless Yukawa coupling y. The coupling
of a to photons occurs via a dimensionful coupling 1/A, where A is assumed to be much
larger than m,. In the HSAP model, the coupling of a to gluons is assumed to be zero,
meaning that the branching ratio for a — v is O(1).

In addition to being difficult to detect via direct detection or collider probes
(due to the small coupling 1/A), the HSAP evades most current constraints from indirect
detection due to the fact that its annihilation cross-section is velocity-suppressed. DM
today is presumed to be nonrelativistic (3 ~ 1072), but the WIMP freezes out at the
much higher temperature of (recalling the results of Section :

2 2
mXC mXC
T RT 0=k 20 (5-2)

where k is the Boltzmann constant, and factors of ¢ have been restored for clarity. The

most probable velocity in a Maxwell-Boltzmann distribution is v, = 4/<%-, which at
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Figure 5.2: Cartoon diagram of the process described in the text: two WIMPs x an-
nihilate to a pair of dark pseudoscalars a, which in turn decay to pairs of photons

v.

freeze-out is:

2m,.c? c
Vp = = —~0.3c 5.3
p 20mX /10 ( )

The next section derives the (leading order) velocity dependence of the HSAP annihi-
lation cross-section to be a term proportional to v2. Annihilation today will therefore
be suppressed by about 5 orders of magnitude compared to the early Universe—truly a

nightmare scenario!

5.1.1 Velocity dependence of (ov)

The expansion of a DM annihilation cross-section (ov) in powers of v? is related

to the partial wave expansion of solutions of the nonrelativistic Schrodinger equation.
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In nonrelativistic quantum mechanics, the probability of scattering via a potential V' (r)
can be expressed through the nontrivial part of the scattering matrix S = 1447, which

relates the initial and final states [203]:

Ty = (1IV1i) = [ 47V (r)udu (5.4)

where the initial and final scattering states |i) and |f) have been replaced with position-
space wavefunctions ;(Z) = (Z]i) and 9 7(Z) = (Z|f). Generally, the potential V(r) is
assumed to be small in magnitude and localized to a volume u, in which case T" can be
found via perturbative methods. Although |i) and |f) can in principle be any function
of time and space, it is convenient to characterize the problem in terms of eigenstates of
momentum. Expanding these incoming and outgoing states (with momentum labeled

by k) in partial waves gives:

b= AWkt = Y AtmYim(6, @) Ric(r) (5.5)
Im

lm

where the Y],,(0, ¢) are the spherical harmonics, and Ry (r) solves the 1-dimensional
radial Schrodinger equation. The expansion coefficients A; ,, and the Y ,,(0, ¢) can be
ignored for the purposes of this derivation because they do not contain any information
about the momentum k. Instead, all of the k dependence is carried by Ry ;(r), which is

given by:

Ry i(r) = sin(d;) i (kr) + cos(6;)ny (kr) (5.6)

where ¢; is a phase shift between the incoming and outgoing waves. The Neumann
functions n;(kr) are neglected because they are undefined at » = 0, and the Bessel

104



functions j;(kr) can be approximated at low momentum (kr << 1) by:

(kr)!

akr) = 5o n

Then, since k &~ mwv for nonrelativistic particles:

Yip(r) o< Y Ri(r) o< > ul; (5.8)
=0 =0

And, from Equation

T ¢ o Z/vév?du (5.9)
=0

The probability of interaction is given by the cross-section, which is propor-

tional to T2 [87]:

1

do = ——————
4E1E2|211 — 'U2|

| T*dllLrps (5.10)

where the E,, are the energies of the incident particles, v, are their respective velocities,
and dll;;pg is the Lorentz-invariant phase space, which depends on the properties of the
particles in the final state. Multiplying each side by v = |t} — 03], the total cross-section
(now integrated over dIl;;pg) can be written as a sum over initial [ states. Because the
differential cross-section do depends on the norm of the transfer matrix 7', two powers

of velocity v end up on the right hand side of the equation:
av:chv2l = A+ Bv* + COvt... (5.11)
!

where A corresponds to [ = 0, B corresponds to [ = 1 and so on.
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In a theory that conserves parity (P) [I, the { = 0 (s-wave) contribution to the
annihilation cross-section is zero for Majorana fermions annihilating to a spin-0, P-even
final state, and the dominant contribution comes from the | = 1 (p-wave) term. This
can be seen by considering each of the following two possibilities, recalling that both
helicity (the normalized projection of a particle’s spin onto its momentum) and angular

momentum must be conserved:

1. In the center-of-mass (COM) frame, if the net spin angular momentum is zero,
the DM particles must both be right-handed (helicity ™= = +1) or left-handed
(™= = —1), in which case the total helicity is +2. The final state contains two

s

scalar particles with zero helicity, so this annihilation does not conserve helicity.

2. If the DM particles have opposite helicity in the COM frame, their spins must be
aligned with one another, in which case the total angular momentum of the system
is +h. Again, the final state only contains spin-0 particles, so angular momentum

is not conserved.

If orbital angular momentum exists (I > 0) in the system, however, the second inter-
action can proceed as the spin angular momentum and orbital angular momentum can
cancel one another.

Since (ov) o< v?

, a mechanism must be invoked to increase the DM velocity
dispersion, if one hopes to see signals of annihilating DM of this type today (when DM

is cold). Such a mechanism is discussed next.

LA parity transformation is defined as P(t,#) — (t,—&). Under such a transformation, a state v
can be either even (P = v) or odd (P = —). Conservation of parity implies that helicity is also
conserved.
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5.2 Black Hole Spikes

The DM halo density profile remains a mystery, due to the unknown nature
of any interactions that the DM might have with itself or with baryonic matter. High
resolution simulations, however, do provide clues about what the profile might look like.
A canonical result comes from Navarro, Frenk, and White (NFW) [204], who performed
simulations in 1997 that showed the density of dark matter ppas(r) is reasonably well-
described by the following profile under a wide variety of cosmologies, and across several

orders of magnitude in halo mass:

=Ty Ty (5:12)

rs
which has two free parameters: a normalization density pg, and a distance scale rg. In

1

the NFW model, the density increases as r~* near the center of the halo (r < rg), and

3 as r increases.

smoothly transitions to r~

Other simulations tend to confirm that the density profile follows a power law
r~7 at small r | though the reported values of v, range anywhere from ~. = 0 (a core)
[205], to v. ~ 1.5 (the Moore profile) [206]. Typical values of 7. are between 0.9 and
1.2 [207, 208]. In any case, the gravitational field of a supermassive black hole (SMBH)
will concentrate the DM into an even steeper power law (a black hole “spike”) in its
region of influence. Since the DM annihilation rate is proportional to the square of the
DM density, the exact nature of this density spike has important implications for the
possibility of observing annihilation products.

If the DM is capable of annihilation, a power-law density profile cannot exist
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all the way to r = 0, because annihilation will remove DM at high densities. Some
authors have therefore suggested [209] the presence of an annihilation plateau, a radius

within which the density is constant:

My

Pann = W (513)

where T' is the age of the galaxy. More recent work [210], however, has pointed out
that the derivation of such a plateau relies on the assumption that the DM moves only
in circular orbits, and the presence of highly elliptical orbits around the SMBH will
restore a weak cusp: a region in which the density increases as r~3. The derivation of
py (1) o r~% assumes that any DM particle trapped within the particular radius ran,
(corresponding to the edge of the annihilation plateau, Equation will annihilate
in time 7', while DM in elliptical orbits that spend time outside rap, will survive [211].

In a real galaxy, the situation will be more complex due to the presence of
baryonic matter, which may either steepen the DM profile by adiabatic contraction
[212], or soften it via dynamical friction or supernova feedback [205]. Furthermore, DM
whose annihilation cross-section is velocity-dependent is expected to have a somewhat
flatter density profile than s-wave annihilating DM, because the DM velocity dispersion
(and therefore annihilation rate) depends inversely on the distance from the SMBH
[211]. Various DM density profiles in the vicinity of an SMBH for a given annihilation
cross-section, and allowing for the capture of DM by the SMBH, are shown in Figure

B3l

To support the increase in density, the velocity dispersion within the weak

108



10°®

108

107

10¢

10%

P/ P

104
103
102
10!

1
1

Figure 5.3: DM density profile near a SMBH, under three powerlaw assumptions for
the density profile outside the annihilation radius ran, /ro = 2.2 x 1073: Ysp = 2.5 (black
line), vysp = 2.25 (blue dotted line), and 75, = 1.5 (red line). Here r¢ is the fiducial outer
edge of the density spike (i.e. where the DM profile is matched to the NFW profile) and
can be estimated as g ~ GM/ vg, where vy is the DM velocity dispersion in the halo.
The capture radius of the SMBH is located at 7ann /70 = 5 x 1078, Figure reproduced

from [211].
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cusp must also increase. Solving the Jeans equation in the vicinity of the SMBH and
matching the solution to a constant velocity dispersion in the halo, Shelton et al. find
a velocity spike that extends out to about 1.7 pc from the SMBH [202]. At the Earth,
8 kpc away, the angular size of the velocity spike is about 0.012°, well below the Fermi-
LAT PSF at all energies. In other words, the y-ray signal from p-wave annihilating DM
is restored, though its spatial morphology is radically different from the s-wave case,

and would look instead like a point source spatially coincident with Sgr A*.

5.3 Annihilation spectrum

The main purpose of this section is to derive the y-ray spectrum of annihilating
DM, given the HSHP model of Equation In the HSHP model, DM particles x
annihilate into two dark scalars a, which in turn each decay to two photons (see Figure
5.2). The branching ratio a — ~v is assumed to be 100% (see Section here and
in Chapter 6. Assuming the DM particles are nonrelativistic, the dark scalars are each
produced with total relativistic energy m, (c =1). Because the scalar a is lighter than
X, the COM frame of each scalar is boosted compared to the Galactic frame.

The Lorentz factor v can be found beginning with the four-momentum of the

dark scalaif?t

p=(E,p) = (my,P) (5.14)

2Indices on four-vectors have been suppressed in this section, as the meaning should be clear without
them
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The relativistic energy of a is given by E, = ymg, so v can be immediately

read off as:
My
— X 5.15
v . ( )
Because v = 1 where § = |V|, 8 can also be easily derived:

2
B=1-72=] _:fé (5.16)

In the COM frame of the dark scalar, the photons (which follow the relation E = |p|)

are emitted back-to-back with energy m,, and therefore each have four-momentum:

— Mmq
p=(E,p) = (5".P) (5.17)
If the coordinate systems of the Galactic and COM frames are defined such that they

are aligned along the x-axis, the energy of the photon in the Galactic frame can be

calculated by boosting the photon four-momentum via the Lorentz boost matrix:

vy =B 00

-8 v 00
A= (5.18)

The boosted photon four-momentum is thenﬂ

mg =
p = (77 — P25, P) (5.19)

3Here and below, the prime symbol (') refers to the Galactic frame, while un-primed variables are
understood to be in the COM frame of the dark scalar
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Substituting the values of v and § from above, and noting that p, = |p|cos(#) (where 0
is measured in the COM frame, and ranges from 0 to 7), the energy of the photons in

the Galactic frame are given by the 0" component of p':

L R
E) = 5 (1 1 m? cos(@)) (5.20)

Since a is a scalar, the photons it decays into are emitted isotropically in the

COM frame. Therefore the angular distribution of 6 is:

£(0)d0 = %sin(@)d@ (5.21)

The energy distribution of the boosted photons in the Galactic frame is:

FENaE = 10) 2 g = 1) (5.22)
do

Differentiating Equation with respect to 6 yields:

dE'
do

= y%ﬁ sin(0) (5.23)
Substituting Equation into Equation gives a flat distribution:

Lain(o /
FENE = 3 i) 4B (5.24)

s 3 sin(6) /mi — m2

The expected ~-ray spectrum is therefore bounded at E' = % <1 +4/1— :}E) , corre-
X

sponding to emission of the photons along § = 0 and # = 7, and flat in between—a box

shape. The box is centered at (E') = % as expected, since each dark matter particle y
leads to two photons in the final state, and has a width determined by the ratio of the
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dark particle masses. In Chapter [0 two different representative values of the parameter

(= %é are used in a search of Fermi-LAT data for p-wave annihilating DM.
X
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Chapter 6

Search for Gamma-ray Emission from
p-wave Dark Matter Annihilation in the

Galactic Center

This chapter (aside from this title page) is a reproduction of the previously
published article: Search for Gamma-ray Emission from p-wave Dark Matter Annihila-
tion in the Galactic Center, submitted to Physical Review D, February 2019

Some minor changes to the formatting have been made in order to match
the style of the rest of this document, however, no changes to the content have been
made. The references in this chapter are displayed in the main Bibliography below, for
convenience. The coauthors of this paper have given permission for this material to be

reprinted here; their letters of permission are attached.
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Abstract

Indirect searches for dark matter through Standard Model products of its annihilation
products generally assume a cross-section which is dominated by a term independent
of velocity (s-wave annihilation). However, in many DM models an s-wave annihilation
cross-section is absent or helicity suppressed. To reproduce the correct DM relic density
in these models, the leading term in the cross section is proportional to the DM velocity

v? (p-wave annihilation). Indirect detection of such p-wave DM is difficult because the

115



average velocities of DM in galaxies today are orders of magnitude slower than the DM
velocity at the time of decoupling from the primordial thermal plasma, thus suppress-
ing the annihilation cross-section today by some five orders of magnitude relative to
its value at freeze out. Thus p-wave DM is out of reach of traditional searches for DM
annihilations in the Galactic halo. Near the region of influence of a central supermassive
black hole, such as Sgr A*, however, DM can form a localized over-density known as
a “spike”. In such spikes the DM is predicted to be both concentrated in space and
accelerated to higher velocities, thereby allowing the y-ray signature from its annihila-
tions to potentially be detectable above the background. We use the Fermi Large Area
Telescope to search for the v-ray signature of p-wave annihilating DM from a spike
around Sgr A* in the energy range 10 GeV-600 GeV. Such a signal would appear as a
point source and would have a sharp line or box-like spectral features difficult to mimic
with standard astrophysical processes, indicating a DM origin. We find no significant
excess of gamma rays in this range, and we place upper limits on the flux in vy-ray boxes
originating from the Galactic Center. This result, the first of its kind, is interpreted in

the context of different models of the DM density near Sgr A*.

6.1 Introduction

There are strong indications that a significant component of matter in the
universe is not described by the Standard Model (SM). Observational evidence for this

new, dark form of matter comes from its gravitational influence on visible matter in
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measurements ranging from the early Universe to the present day [213| 214, 215, 216].
The particle properties of dark matter (DM), however, remain elusive.

One of the most straightforward mechanisms to produce DM in the early uni-
verse is thermal freezeout. In this scenario, DM has interactions with other fields,
possibly but not necessarily SM particles, that ensure DM is part of the thermal ra-
diation bath that fills the early universe. As the universe cools, the DM annihilation
rate drops below the Hubble rate and annihilations freeze out, leaving a thermal relic
abundance of DM. The DM annihilation cross-section is thus directly related to its cos-
mic abundance, and yields predictions for the residual DM annihilation rate in galaxy
halos today. Generically, the leading contribution to the thermally-averaged DM anni-
hilation cross-section (ov) will be from velocity-independent s-wave processes, so that
the present-day annihilation cross-section is the same as its value during thermal freeze
out [2I7]. Such s-wave thermal cross-sections generally produce y-ray and cosmic-ray
signals at interesting (and potentially observable) rates. The Fermi Large Area Tele-
scope (Fermi-LAT), for instance, is capable of probing the s-wave thermal cross-section
for DM masses up to a few hundred GeV across a variety of annihilation channels
[218]. The latest generation of cosmic-ray detectors (e.g. AMS-02, PAMELA) is simi-
larly sensitive; an observed excess of high-energy antiprotons can be interpreted as the
annihilation signal of DM with a thermal cross-section [219, 220].

In many models, however, symmetries forbid the s-wave contribution to the
annihilation cross-section, and the leading contribution to DM annihilations occurs in

the p-wave, (ov) oc v2. For instance, charged scalar DM annihilating to the SM through
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an s-channel gauge boson has its leading contribution in the p-wave as a consequence
of angular momentum conservation [221]. Another example is provided by fermionic
Higgs portal DM [222] 223]; here C'P (charge and parity) conservation enforces the
vanishing of the s-wave annihilation cross-section. CP conservation also ensures p-
wave annihilation cross-sections in a broad and natural class of secluded DM models
[2011, 202 224], 225]. In these models, fermionic DM freezes out via annihilations to light
(e.g. pseudo-Nambu-Goldstone) bosons ¢, xx — ¢¢, with ¢ subsequently decaying to
the SM. Despite their simplicity, these models present an extraordinarily challenging
scenario for detection, leading to the moniker “nightmare” DM. DM velocities even in
galaxy clusters today are a tiny fraction of what they were at thermal freeze out. In
the Milky Way, typical DM velocities are vgq ~ 103¢, while at thermal freeze out
vfo ~ 1/3c. Thus the annihilation rates for p-wave DM in the Galactic halo today are
suppressed by a factor of ~ 107° relative to the expectation for s-wave DM, making as-
trophysical detection of p-wave DM annihilations largely out of reach: constraints from
light element abundances, Cosmic Microwave Background (CMB) observations, radio
data, and y-ray Galactic diffuse emission are orders of magnitude away from sensitivity
to thermal p-wave annihilations [226], 227, 228]. For secluded nightmare models, the
lack of detectable signals in conventional indirect detection searches is especially con-
cerning, as the coupling between ¢ and the SM will generically be parametrically small,

easily placing both collider and direct detection signals out of reach [201] E Given the

n the limited regions of parameter space where nightmare DM interacts sufficiently strongly with
itself to form bound states, the s-wave signals from bound state decay can provide an indirect detection
signature in the CMB [229].
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dismaying ease with which nightmare models evade all traditional searches for DM, it
is of high interest to consider other avenues to discover or constrain p-wave DM.

Unique opportunities for detecting p-wave DM may be offered by the DM den-
sity spikes that can form around supermassive black holes (SMBHs). Depending on the
formation history of the black hole (BH) and its astrophysical environment, such spikes
can yield extraordinarily dense concentrations of DM, and thus bright, localized signals,
particularly in models of annihilating DM [209] 230, 231, 232} 233]. Critically, the DM
velocity dispersion increases inside the spike, v?(r) oc Mpg /r, with 7 the distance from
the BH, to support the power-law increase in density. In other words, supermassive black
holes act as mild DM accelerators, opening a window onto the physics of thermal freeze
out and thereby potentially enabling the observation of processes that were active in
the early universe but are otherwise inaccessible in the present day [202], 234] 235] 236].
DM annihilation (or decay) within SMBH-induced density spikes would appear as a
point source to y-ray telescopes, with the main component of the «-ray spectrum aris-
ing from DM annihilations. p-wave DM annihilation within such spikes can thus give
rise to potentially observable kinematic features in the ~-ray energy spectrum with a
point-source-like spatial morphology, even in the absence of a corresponding signal from
the halo [202]. This probe of p-wave DM annihilation in the y-ray spectrum offers a
discovery tool for models of DM that could otherwise elude detection entirely.

With this motivation in mind, the y-ray data set compiled by Fermi-LAT is of
great interest [88]. The Fermi-LAT is one of the most sensitive instruments to DM with

weak-scale mass and cross section annihilating into v rays. Analysis of the Fermi-LAT ~-
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ray data can place strong limits on, or discover, DM annihilation with cross sections near
the canonical thermal value into a wide variety of SM particles. However, most recent
searches by the Fermi-LAT Collaboration, including both searches for a continuum
excess and spectral features, have assumed s-wave annihilation processes [75}, 237, 238],
mainly because the velocity suppression makes searches for p-wave annihilation processes
insensitive to thermal relic DM.

A handful of authors (e.g. [239]) have searched for velocity-dependent DM
annihilation in dwarf galaxies, but as far as we are aware, a detailed study of velocity-
dependent annihilation at the Galactic Center (GC) has not yet been undertaken. Mean-
while a growing body of work (for instance [211], 232], 234]) suggests that the GC with
its SMBH Sgr A* may be the best location to search for p-wave DM annihilation.

In the Fermi-LAT energy spectrum, the spikes would contain sharp spectral
features such as v-ray lines [240] or boxes (a flat distribution of photon flux between two
energy endpoints) [241], allowing such a spike signal to be distinguished from known
astrophysical sourcesﬂ A search for sharp spectral features in a point-like source is dis-
tinct from the search for line emission in the Galactic halo performed in Ref. [237]. Basic
searches for box-like spectral features at the GC have been performed previously [241],
but generally assume a different phenomenology (i.e. a velocity-independent annihila-
tion cross section, and therefore a different spatial morphology) than what is considered
here.

In this paper, we consider the «-ray emission from the GC, which is host to the

2The sharp spectral features may be subdominant
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SMBH Sgr A*. Specifically, we focus on the core of Sgr A*, where the flux from p-wave
DM annihilation is expected to come from, and search for both narrow line-like boxes
and wide boxes. Because the ~-ray spectrum is a falling powerlaw, the sensitivity to
wide boxes is driven almost entirely by the sharp feature provided by its upper endpoint.
Therefore, results obtained for a particular wide box may be reliably applied to boxes
of intermediate widths as well.

In Section we describe the DM distribution in the GC and how it relates
to searches for indirect signals of DM annihilation. In Section [6.3] we discuss the Fermi-
LAT instrument, the method of modeling the GC as a ~-ray source, and the data set
and background models used for the DM analysis. The analysis techniques and the

resulting bounds are shown in Sections [6.4] and and we conclude in Section [6.6]

6.2 Dark matter models

A black hole (BH) at the center of a DM halo contracts the matter within its
zone of influence into a power-law overdensity or “spike”, ppas(r) o< r~7sr [209] 242] 243,
244). The steepness of this spike depends on the properties of the DM halo as well as
the formation history of the BH, yielding power-laws as shallow as 7, = 1/2 in the case
of BHs that are not at the dynamical center of their surrounding halo [243] 244], and
as steep as sy = 2.75 for BHs growing adiabatically at the center of an NF'W-like halo
[209]. Gravitational scattering from baryonic matter can be important in determining

the steepness of the final spike if the stellar distribution within the gravitational zone of
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influence of the BH is sufficiently dense and cuspy, as may be the case for the SMBH at
the center of the Milky Way[230], 245] 246]. In this case, the limiting power law for the
DM spike is v, = 1.5, attained when the system has reached equilibrium. If the system
is still in the process of equilibrating, then non-equilibrium spikes, characterized by
intermediate values of v, are possible. Meanwhile strong DM self-interactions would
lead to yet other intermediate values of v, [247]. For the Milky Way’s central SMBH,
there are thus a wide range of possible density spikes, depending on the detailed history
of the GC and the nature of DM.

The combination of the high DM densities and the increased DM velocities
within a SMBH-induced density spike can make thermal p-wave DM annihilations ob-
servable around the Milky Way’s SMBH across a wide range of assumptions for the
DM distribution in the GC [202]. For p—wave DM, the point-like source from the BH
density spike is the only observable cosmic-ray signal of DM annihilations; there is no
corresponding detectable signal from the halo.

Especially in the absence of a crosscheck from a halo signal, to ascribe a DM
origin to a point-like vy-ray source in the busy environment of the GC, it is critical to
search for sharp kinematic features in the energy spectrum such as y-ray lines and boxes.
This section will firstly define a general, parametric model of DM spikes in the GC, and

secondly describe a reference model of p-wave DM and its y-ray signatures.
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6.2.1 DM distribution in the GC

We adopt a fiducial model for the DM distribution in the GC following [202),
232]. We take the halo to be described by a generalized NFW halo, which in the
inner Galaxy takes a power-law form, p(r) = p(ro)(ro/r)Y. Typical values of the cusp
exponent 7. predicted by DM-only simulations are in the range 0.9 < . < 1.2 [207, 208].
Larger values of 4. can arise through the adiabatic contraction of the central halo
following the dissipative collapse of baryons into the disk [212], [248] 249], though such
large values are somewhat disfavored by recent observations [250]. We treat +. as a free
parameter. We take the solar system to lie at r = 8.46 kpc from the GC [126], and
the local density of DM to be ps = 0.3 GeV/cm? [154]. Here and below, our adoption
of specific values for galactic parameters should be viewed as a fiducial choice, in the
same spirit as the adoption of specific fiducial halo models in more traditional searches
for DM annihilation products in the halo.

The DM spike begins growing inside the region r;, & 0.27}, (where r, = GM /v3
is the radius of gravitational influence of the black hole) [245] 251], and is well-described
as a power law, psp(r) = psp(rp)(rp/r)7?. Here G and M are Newtonian gravitational
constant and the black hole mass, respectively. As discussed above, different formation
histories of the SMBH and the inner Galaxy yield a wide range of possible values for
Vsp, and we here consider 7, to be a free parameter. The spike grows following this
power law until it becomes dense enough that annihilations become important over the

lifetime of the spike 7 ~ 1010 years, pann = my/({(ov)7). Within the corresponding
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radius, r;,, annihilations deplete the spike and limit the spike’s growth to a very mild
power law, pin(r) = pann(7in)(rin/r)¥™. The inner power law is ~;, = 1/2 for s-wave
annihilations [210]. The increasing importance of p-wave annihilations with decreasing
radius further flattens the inner power law relative to the s-wave case; we here adopt
the numerical result 75, = 0.34 of Ref. [211]. Finally, the inner boundary of the spike is
located at 14y, = 4GM [252].

The DM density in the spike and inner halo is thus modeled as [202} 211], 232],

p(r) = 0, r<4GM (capture region), (6.1)

in(?
_ Psp (1) pin (L, 7) , 4GM < r <y, (spike),

Psp(T) + pin(t, 7)

= po(re/r), rp, <1 < rg (inner halo)

We take M = 4 x 10My, [253, 254] and adopt as our reference inner halo dispersion
vo = 105 4 20 km s~! [255], which together determine the radius r, at which the spike
begins to grow. Our fiducial value of the halo dispersion velocity is about 5% higher than
the value found in [255]; higher halo velocity dispersion leads to a smaller detectable
flux [232], so this value is slightly conservative.

To support the power-law increase in density, the velocity dispersion inside the
spike must also increase. We take the velocity dispersion as isotropic, and model it by

matching a piece-wise continuous approximate solution of the Jeans equation within the
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spike onto a constant in the inner halo, giving

0 = Do (o)

r 14 vin Tin 1+ Vsp
A4GM < r < iy (inner spike), (6.2)
GM 1 .
= — , Tm<r< (outer spike),
A S e % L+ 7sp
= 2 = const, T <y (cusp).

14+ =
The dominant contribution to the emission from DM annihilations within the
spike occurs at 7, ~ 1073 — 1075 pc for thermal dark matter. At this radius, the DM
velocity is still non-relativistic, v ~ 0.1c.
The «-ray flux per unit energy from (self-conjugate) DM annihilating within
the spike is given by

o, 1 1 dN, [™

- dmr?dr p® 6.3
dE, 47TR2® Qmi dEy Jaam mrdr p7(r){ov(r), (6.3)

where dN,/dE, is the y-ray energy spectrum produced in a single annihilation. As
the density profile of the spike p(r) itself depends on the DM annihilation cross-section
through r;,, the y-ray flux from the spike does not depend linearly on the annihilation
cross-section. For a p-wave spike, the flux depends on the annihilation cross-section
as @y, oc ((ow))B)/(0+%0) 02]. Thus spike signals depend more weakly on the
annihilation cross-section than do traditional halo searches. The results are moder-
ately sensitive to other parameters in the model (the black hole mass and halo velocity

distribution); for an estimate of the sensitivity, see Figure 2 of [232].
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6.2.2 A reference p-wave DM model

As areference model of thermal p-wave DM, we adopt here a specific realization
of nightmare DM, the “Hidden Sector Axion Portal (HSAP)” model of [202]. In this
model DM is a Majorana fermion x that annihilates to pairs of pseudo-scalars ¢, which
subsequently decay to SM gauge bosons. The Lagrangian describing the interactions of
the DM and the pseudo-scalar is given by

— (s - 1 2 1 o5 . _ 5

£ =x(y- 0)x — myXx + 5(99)" = omgd” — iyd XX, (6.4)
where m,, mg are the masses of x, ¢, and y is the Yukawa coupling that will govern
the annihilation cross-section. C'P conservation in this model ensures that the leading
contribution to the DM annihilation cross section occurs in the p-wave. If the spectrum
additionally contains a C'P-even scalar s with mg < 2m, — mg, then DM annihilation
can proceed through the s-wave xx — s¢ channel [241] 256], but s may easily be too
heavy to participate in DM annihilation, or indeed entirely absent. In this case C'P
forbids the s-wave contribution.

We use this HSAP model to determine the annihilation cross-section (ov)thermal
that yields the observed DM relic abundance as a function of m, and ¢ = mi / mi In

terms of the Yukawa coupling y between y and ¢, the DM annihilation cross-section is

M2
(o) = (1?) 24%{”*8—84 (6.5)

in the non-relativistic limit EL The value of y* needed to obtain the observed DM relic

abundance is shown in Fig.

3For ¢ > 1 — (v?)/8, the velocity dependence in the phase space factor /1 — ¢ + O(v?) in Eq. 6.5
must be retained. For spikes around the Milky Way’s SMBH, (v?(ri,)) ~ 0.01, and thus the DM
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Figure 6.1: Value (represented by the color map) of the coupling y* required to obtain
the observed DM abundance in the HSAP model (Eq. , as a function of m, and
¢ = (ma/my)?. Results in this plot are obtained using an approximate analytic solution
to the Boltzmann equation [50] and are accurate to < 10%; for calculations elsewhere
in this paper the Boltzmann equation is solved exactly.

The analogue of the “smoking gun” DM line in this nightmare model is a DM

boz, constant  photon  flux  within  the  energy  range

ie., a

(1 —4/1- mé/mi, 1+,/1- mi/mi) X my /2 [241]. This feature is the result of the
decay ¢ — 77, boosted in the Galactic rest frame according to the kinematics of the
annihilation. Sufficiently narrow boxes appear line-like, while for wide boxes, the upper
edge provides a sharp spectral feature that can allow the box to be cleanly identi-
fied above falling continuum backgrounds. As the dominant contribution to the DM

annihilation signal inside the spike comes from regions where the DM is still highly

annihilation cross-section is still consistently o< (v?) even for ¢ = 0.99. However for ¢ > 0.96 the
velocity dependence in the phase space factor is important for the larger velocity dispersions realized
during thermal freezeout, and is retained in our full calculations, where we implement an exact thermal
average in a numerical solution of the Boltzmann equation.
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non-relativistic, kinematic broadening of the box feature is negligible in comparison to
the Fermi-LAT energy resolution.

The branching fraction for the decay ¢ — ~- controls the normalization of the
box signature and depends on the couplings of ¢ with the SM. If ¢ couples to the SM
through axion-like couplings to electroweak gauge bosons, then its branching ratio to vy
(and, if kinematically allowed, vZ) is O(1), and the ~-ray box is the leading signature
of DM annihilation. In other models, for instance where ¢ decays to the SM through
a mixing with the Higgs, the vy branching ratio is suppressed, ~ 1072 — 1073, and,
while the box feature is still present, the «-ray continuum emission arising from other ¢
decay modes will typically yield stronger constraints [202]. For simplicity, in this work
we take the branching ratio Br(¢ — ~7v) = 1, i.e., all of the annihilation flux appears
in a y-ray box.

Our implementation of the HSAP model should be understood as a convenient
reference model in which one may interpret the results of a search for v-ray boxes. As
noted above, gauge invariance generally requires ¢ to also decay to Z+ and ZZ final
states when these modes are kinematically accessible, which reduces the v~ branching
ratio while adding new box and continuum contributions to the y-ray energy spectrum
[257, 258, 259, 260, 261]. We therefore caution the reader to interpret the results care-
fully above mz, as we only consider the case Br(¢ — vy) = 1. Moreover, if m,, > %m(ﬁ,
DM annihilations in the spike are actually dominated by the higher-order s-wave pro-
cess xx — 3¢. Thus the widest box that is realized by the hidden sector axion portal

model, considered literally, is realized for ¢ = 4/9. We emphasize that the experimental
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sensitivity to wide boxes is dominated by the upper end point, and thus limits on a
wide box of a given ( can reliably be re-interpreted to limit a wide box with different (.

Meanwhile, once the width of the narrow box signal becomes smaller than the
experimental resolution, the signal becomes line-like. While the search presented here
is not optimized for line signals, a narrow box search will have sensitivity to y-ray lines
as well. Such ~-ray lines are predicted by models of p-wave DM where DM annihilates
directly to SM final states, such as Higgs portal DM [222] 223]. However in most such
models, direct annihilations into diphotons are highly suppressed, and for Higgs portal
DM occur in fewer than < 1073 of events. For models where the continuum ~v-ray signal
dominates to this degree, requiring that DM annihilations within any SMBH density
spike not outshine the observed point sources near the GC will typically lead to a more

restrictive constraint than a line or box search [202].

6.3 Fermi-LAT observations of the Galactic center

Fermi-LAT is an all-sky pair-conversion telescope which has been successfully
observing the y-ray sky between a few tens of MeV to more than a TeV for ten years.
Incoming ~« rays pass through an anti-coincidence detector and convert in a tracker
to et /e pairs. Energy is deposited by the et /e™ pairs in a calorimeter. The charged
particle direction is reconstructed using the information in the tracker, and the energy is
estimated from depositions in the calorimeter. Detailed descriptions of the Fermi-LAT

and its performance can be found in dedicated papers [88, [102]. In the data selection
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for the present work, Fermi-LAT has an integrated exposure of approximately 4.5 x 101!

cm?s in the direction of Sgr A*.

6.3.1 Data Selection

For this analysis, we used nine years of Fermi-LAT data (2008 August 4 to 2018
July 26) selecting Pass 8 SOURCE-class events in the energy range from 6 GeV to 800
GeV, binned in 50 logarithmically-spaced energy bins and 0.04° angular pixelization.
The energy range was chosen to avoid the well-known [e.g. 123] complexities of modeling
the GC at energies of a few GeV. In addition, the Fermi-LAT point-spread function
(PSF) improves by nearly an order of magnitude between 1 GeV and 10 GeV, which
improves its sensitivity to a signal that is localized as a point-like source. Our analysis
considers ~-ray boxes with upper edges above 10 GeV; we include data between 6 and
10 GeV to avoid possible edge effects.

Our region of interest (ROI) was 2° x 2° and centered at Sgr A*. The small
ROI was chosen for two reasons: a) our putative DM signal is a point source spatially
coincident with Sgr A*, and the Fermi 95% containment radius at 10 GeV is less than
1°, so our ROI should contain virtually all of the signal, and b) our analysis relies mostly
on searching for sharp spectral features, so contamination of unmodeled nearby point
sources was not a particular concern. We found the farthest point source from Sgr A*
in our ROI, 3FHL J1747.2-2959, had negligible correlation with the parameters of the
GC source. In any case, the resulting model showed no indications that our ROI had

any appreciable contamination from sources beyond 1° from Sgr A*.
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We modeled the performance of the Fermi-LLAT using the P8R2_SOURCE_V6
Instrument Response Functions (IRFs). The data processing and exposure calculations
were performed using the Fermi Science Tools version 11r5p2ﬂ A summary of the
parameters of our data selection is available in Table [6.1], and a counts map of the data

is shown in the left panel of Figure [6.2

“http://fermi.gsfc.nasa.gov/ssc/data/analysis/software
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cel

Selection

Criteria

Mission Elapsed Time (S)H
Instrument Response Functions

Energy Range (GeV)

239557417 to 554321025

P8R2_SOURCE_V6

6-800

Fit Region 2° x 2°, centered on (RA, DEC)=(266.417, -29.0079)
Zenith Range 0, <100°
Data Quality Cut with the gtmktime Science TOOH Yes

Table 6.1:

Data selection used by this paper’s analysis
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Figure 6.2:  Left panel: Total photon counts in the ROI used in the analysis. The
GC source is prominently seen near the center of the image, while the Galactic diffuse
emission is responsible for the majority of the photons outside the GC. Right panel:
Residuals (data-model) in units of o after fitting with gtlike (see Section [6.3.2]). The
location of each 3FHL point source in the model is marked with a black (X). No signif-
icant excesses or deficits are observed in the data. In both maps, the pixel size is 0.04°
and a Gaussian smoothing (width of 0.04°) has been applied.

6.3.2 Modeling the GC

In order to search for a DM signal via the maximum-likelihood analysis de-
scribed next, in Section we required a model of the ROI. Our model was built from
diffuse components and objects listed in the Third Catalog of Hard Fermi-LAT Sources

(3FHL) [124].

6.3.2.1 Diffuse Components and Extended Sources

The GC is the most complicated region of the ~-ray sky, and as a result the
parameters of the point source associated with Sgr A* are dependent on the model

of Galactic diffuse emission. Although custom interstellar emission models (IEM) have
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been successfully used to model the GC in past works [I123], generating a similar custom
IEM with the data reconstruction used here was deemed to be outside the scope of this
paper, for which we needed only an empirical model against which we can test our DM
hypothesis.

The diffuse components used in this analysis were the standard Pass 8 models
taken from the Fermi Science Support Centerﬂ After an initial fit to the data we found
that the contribution by the isotropic component of our model was negligible; we decided
not to include an isotropic component in the final model for this reason. We do not
expect its omission to have an impact on the results.

The 3FHL catalog comprises sources detected at energies above 10 GeV over
the first 7 years of Fermi-LAT data, and contains 1556 sources. Six of these sources fall
within our ROI, and all have spectra well-described by a power law. Furthermore, none
of the sources in the ROI were found to be extended in the 3FHL catalog. A summary
of all the sources used in the model is shown in Table and the residuals of the
data after optimizing the model are shown in the right panel of Figure With six
point sources and one diffuse component, and two free parameters for each source (the
prefactor and spectral index of the power-law), the background-only model contained a
total of 14 free parameters.

As a check of our systematic uncertainty, we also performed the following
analysis using a separate dataset and model covering 4 years of data with Pass 7 data

reconstruction. The model of the ROI contained a different set of point sources (from

"The diffuse background models are available at: http://fermi.gsfc.nasa.gov/ssc/data/access/
lat/BackgroundModels.html as is_P8R2_SOURCE_V6_v06.txt and gll_iem v06.fits.
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3FHL Source Description N, RA DEC

Galactic diffuse emission 4397 - -

J1745.6-2900 1253 266.42 -29.01
J1746.2-2852 510 266.56 -28.88
J1747.2-2959 172 266.80 -30.00
J1747.2-2822 137 266.82 -28.37
J1748.1-2903 96 267.04 -29.06
J1748.6-2816 126 267.16 -28.28

Table 6.2: List of sources used in modeling the ROI. N, is the integral number of
photons expected from the source, after optimization by gtlike.

the 3FGL catalog [120]), and diffuse models were taken from the custom IEM of [123].
The resulting flux upper limits were found to be consistent with the main analysis

presented below; for simplicity we present only our standard analysis.

6.4 Analysis

6.4.1 Fitting Method

As discussed in Section the phenomenology of our reference model p-wave
DM signal is that of a point source located at the location of Sgr A*, with a photon
flux that is flat between two endpoints (a ‘box’ shape). For this analysis, we considered
two representative versions of the box: the ‘wide’ box has a value of { = 0.44, while the

‘narrow’ box has a value of { = 0.9999. Implications from the two types of searches for
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mass splittings in intermediate cases are discussed in Section [6.6]

We searched for y-ray boxes which had an upper-edge energy equal to the
boundaries of the energy bins between 10 and 658 GeV in our data selection, corre-
sponding to 42 different DM hypotheses. In order to prevent potential edge effects from
impacting the results, boxes with upper edges outside of this range were not considered.

The likelihood £(n,#) of a particular model is given by:

N n;
£n,0) =] ‘;L, eHi (6.6)
i=0 v

where the index ¢ runs over the angular and energy bins, and u; and n; are the predicted
and actual photons, repsectively, in bin ¢. We varied the model parameters 6 until
the likelihood is maximized; in practice we used the logarithm of the likelihood. The
likelihood computation and maximization was performed by the Fermi Science Tool
gtlike, which in turn used the MINUIT [262] optimization routine.

The significance of each DM hypothesis was evaluated using the test statistic

(TS) defined as:

L(p,0|D)

TS=21In
cnull(e‘p)

(6.7)

Where p is the signal strength, 6 is the array of parameters describing the DM hypothesis
(in this case, the energy and width of the y-ray box, and D represents the binned data.
Lun is the value of the likelihood in the absence of any signal. The likelihood values £
are computed from Equation

The TS value was then used to calculate a level of significance Z via:
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Z=a! <1 — /OO X2 (x, k)dx) (6.8)

TS

Where ®~! is the inverse quantile function; the integral in this expression is the
p-value. Simulations (described below) confirmed that the TS values were distributed
roughly following a y? distribution with 1 degree of freedom (the total flux contained
in the ‘box’ signal)—see the left panel of Figure As the number of trials per bin
decreases, the x? distribution moderately over-predicts the number of high TS trials
observed in simulated data. An example DM signal with { = 0.44 (spatially integrated
over the ROI), along with the background, is shown in the left panel of Figure

The procedure for finding the TS of a given DM hypothesis and upper limit
on the total flux of a «-ray box with an upper edge at a particular bin energy was as

follows:

1. The parameters of the model described in Section allowed to vary to maxi-
mize the likelihood function £, giving the null likelihood. This step was performed
once for each dataset under investigation (either the true data or the Monte Carlo

simulations described below).

2. The expected spectrum of the DM signal is calculated by convolving a ideal box
spectrum with a Gaussian distribution representing with the Fermi-LAT energy

resolution, which is between 5% and 10% in the energy range considered.

3. A point-source with the convolved DM spectrum is added to the model at the
location of Sgr A*, with a single overall normalization parameter V.
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4. All parameters in the model except for the normalization of the central GC source
are fixed. A study of the correlation coefficients (see Section[6.4.2)) showed that the
signal was correlated with this source (especially of DM hypotheses with upper
edge below 100 GeV) , but had negligible correlation with other parameters in
the model. Fixing the other parameters also had the benefit of decreasing the
computation time and preventing numerical instabilities when fitting a system

with a large number of degrees of freedom.

5. The normalization N of the DM source is increased from a value of 0 until the
TS exceeds 2.77, which corresponds to the 95% confidence upper limit on N, or
a Z value of approximately 2. The value of this TS was computed empirically
from the results of the Monte Carlo simulations (see Section [6.4.3] This value is
approximately the value of the critical x? of 2.71 for a p-value of 0.1 with 1 degree
of freedom, which is consistent with a one-sided upper limit at 95% confidence.

The complete likelihood profiles for each DM hypothesis are also stored.

6.4.2 Correlations Between Background and Signal Components

In order to understand the relationship between a potential signal and the
background sources, we calculated the correlation coefficients between the signal source
and the GC source. As expected, both { = 0.9999 and { = 0.44 hypotheses are nega-
tively correlated with the normalization of the GC background source. We found that
the signal became less correlated as the right edge of the box increases in energy, since
the likelihood fit is strongly driven by the higher statistics at low energy. We also found
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that the ¢ = 0.44 hypothesis had a stronger correlation to the background when com-
pared to the = 0.9999 case, which is expected because the ¢ = 0.44 signal contributes
over a broader energy range. A plot of the correlation coefficients in both cases as a
function of the energy of the right edge of the box is shown in the right panel of Figure
[6.3] below.

We investigated further the degeneracy between the signal and background by
recomputing the upper limit on the signal flux with the parameters of all background
sources fixed at the value obtained from step [I We cannot say a prior: that the data
does not contain any signal, so the solid curves in Figure [6.5] is the main, conservative
result. However, if we were to assume that there was no observed signal, then the dashed
curve in Figure is the most optimistic limit attainable.

The prefactor and index describing the power-law spectral shape of the GC
source were found to be almost perfectly anticorrelated. We found that the correlation

coefficients of the signal to the parameters of other sources in the model were negligible.

6.4.3 Monte Carlo Simulations

We performed a Monte Carlo study in order to understand the impact that
statistical fluctuations have on the analysis, and to evaluate the distribution of T'S values
of the signal. Each instance of the Monte Carlo began by optimizing the background-
only model, and generating Poissonian fluctuations around the model. We then used
the Poisson data as the input to the protocol defined in Section and stored the

likelihood profiles for each DM hypothesis. Only MC instances in which the fitting
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Figure 6.3:  Left Panel: Histogram of TS values for all DM signal hypotheses from
the Monte Carlo study for a ¢ = 0.44 signal. The shape of the TS distribution is
well-described by a x? distribution with only one degree of freedom, although the x?2
distribution slightly overpredicts the Monte Carlo distribution at high TS and under-
predicts at low TS. The critical value of 2.77, is shown as a vertical dashed line. Right
Panel: Correlation coefficients (( = 0.44 in solid blue and ¢ = 0.9999 in dashed red)
between the total flux of the DM signal hypotheses and the normalization N of the
GC source (modeled as a power law, i.e. % = Ne *F. We evaluate the correlation
as a function of the upper edge of the DM signal box, and find that the correlation
is negligible for high-energy boxes but is becomes significant at lower energies because
of the increased statistics in the data at lower energies. Because the two sources are

spatially coincident, the sources are expected to be anticorrelated.

procedure converged with no errors were used in performing the calculations. Because
Step [1] above fits the parameters of the background model, this technique probes the
effects of statistical uncertainty on both the signal and the background.

From the sample of MC instances, we found the distribution of T'S values that
corresponded to the best-fit fluxes of the DM signal. The distribution is approximately
distributed as a x? with one degree of freedom, which is consistent with the result

expected from Wilk’s theorem (see the left panel of Figure[6.3)). The critical TS of 2.77
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is shown in the figure as a dashed vertical line.
We performed O(10%) simulations, and calculated the upper limit curves from
each instance. The family of curves was used to generate 68% and 95% containment

bands for the cases of { = 0.44 and ¢ = 0.9999. The results are displayed in Figure [6.5

6.4.4 Reconstruction of Injected Signal

To confirm that the upper limit calculation was sensitive to the presence of a
DM signal, and to understand how a signal would appear in our analysis, we injected
a DM signal into the data and repeated the analysis procedure from Section [6.4.1
The injected DM signal for this test was defined to have ¢ = 0.44 and a total flux of
1.5x1071%h cm~2s7!, with an upper energy endpoint of 100 GeV. At 100 GeV, the ratio
of the injected signal flux to the total flux in the ROI was about 30%. We performed the
same Monte Carlo study on the injected-signal dataset to produce containment bands
for the limit.

The results of the analysis are in good agreement with the known injected
signal. The best-fit DM hypothesis was found to have an upper edge energy of 102
GeV, and the reconstructed flux of the signal was 1.61 x 1071° ph cm~2s~!. The upper
limit curve was found to contain a prominent bump near 100 GeV which noticeably
exceeded the 68% and 95% containment bands from the Monte Carlo study, as seen in
Figure [6.4]

We concluded that the analysis procedure defined in Section [6.4.1] is sensitive

to the presence of a realistic DM signal, and can accurately reconstruct its parameters.
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For illustration, the spectrum of a best-fit box with total flux 3.0 x 1071%ph cm=2s~!

(double that of the injected box test) is shown in the left panel of Figure
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Figure 6.4: Left Panel: Energy spectrum of the data + injected signal. The injected
'box’ DM signal appears in the data as a small bump near its upper endpoint. Right
Panel: The DM signal upper limit (in black) in the presence of an injected box with
upper endpoint 100 GeV and total flux 1.5 x 10~ ph ecm™2s~!. The blue dot shows
the position of the injected signal. The 68% and 95% containment bands are con-
structed from performing the analysis on Poisson-fluctuated datasets about the best-fit
background model. Our injected DM signal is not excluded by the analysis.

6.5 Results

No significant signal from a p-wave DM signal was seen in either the case of
the wide or narrow box. The flux upper limits are shown in Figure for both the wide
box (left panel) and the narrow box (right panel) scenarios. The strongest signal came
in the case of ( = 0.44 at an upper-edge energy 125 GeV; the empirical local significance
(found from comparison to the MC TS distribution of Figure was found to be 1.83¢.
For the case of ¢ = 0.9999, the strongest signal came from a box with an upper-edge
energy of 84 GeV; the local significance was 1.70. These do not take into account trials
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factors, so their global significance is reduced further.
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Figure 6.5: Left Panel: 95% confidence flux upper limit on a ~-ray box point source
at the GC with ¢ = 0.44. The thin dashed line is the corresponding limit when all
background sources are fixed. As expected, fixing the background sources improves the
limit at lower energies, though only by a factor of 2 at the most. Right Panel: The same
plot, but for the case of ( = 0.9999. In both figures, the 68% and 95% containment
bands come from a Monte Carlo simulation of the data described in Section m

The predicted flux from p-wave DM annihilation depends on the DM mass
mpnr as well as on the power laws of the DM halo (v.) and spike (vsp) in our fiducial
model. In Figure we fix the DM mass, and show how the upper limits on narrow
and wide boxes constrain the allowed DM distribution in the GC. We can observe in
particular that adiabatic spikes are excluded for even very shallow cusps 7. = 0.8. In this
parameter space, nightmare DM models yielding narrow boxes are less constrained than
DM models yielding wide boxes, despite the stronger flux limits; this occurs because the
limited phase space available for the narrow box annihilation process further suppresses

the annihilation.

In Figure we consider fixed sample choices of 7, and 7, and show the
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Figure 6.6: Shaded regions above each curve show the excluded DM distributions in
the GC with thermal relic p-wave DM in the hidden sector axion portal model. Two
representative choices of DM mass m, = 20 GeV, 110 GeV for narrow boxes (left,
¢ = 0.99) and wide boxes (right, ¢ = 0.44) are shown. The limits shown here and in
Figure [6.7] rely on the assumptions made in Section about the mass of Sgr A*, the
halo velocity dispersion, and the v branching ratio.

resulting limits on our reference hidden sector axion portal p-wave DM model as a
function of DM mass. For clarity we plot the ratio of the excluded cross-section (ov)
to the value of the cross-section that yields the correct relic abundance, (ov)thermal. We
comment that exclusions for the narrow box scenario in this reference model should not
be considered literally at high masses as the model becomes non-perturbative above
my ~ 300 GeV. The need for such large couplings arises to compensate for the phase
space suppression that follows when m, ~ mg, and no such issue arises in the wide box

scenario.
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Figure 6.7: 95% confidence upper limits on DM annihilation cross-section as a function
of DM mass for fixed values of 7., vsp. For clarity we plot the velocity-independent
ratio of the excluded cross-section to the value that yields the correct relic abundance.
From top to bottom, the three curves correspond to 7. = 1.0,7, = 1.8 (orange);
Ye = 1.1,7v5, = 1.8 (green); and . = 1,7, = 2.33 (adiabatic spike, blue).

6.6 Discussion and Conclusions

In this paper we present the results of a search for the ~-ray signature of DM
annihilating through a p-wave channel. Although most indirect detection searches to
date have focused on s-wave annihilation, it is necessary to consider other paradigms in
which this channel is suppressed. As many models of thermal DM have parametrically
suppressed couplings to SM particles, and thus no accessible direct detection or collider
signals, it is critical to perform astrophysical searches for such models. Fermi-LAT is an
ideally suited instrument to perform this search due to its large exposure in the direction

of the Galactic center and good energy resolution. We searched the Fermi-LAT data
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for the v-ray signature of p-wave annihilating particle DM at the Galactic center in the
energy range 6-800 GeV. Two spectral models (corresponding to the upper and lower
extrema of mediator masses) were tested by comparing the maximum likelihood £ in
the presence and absence of a signal. We found no evidence of a DM signal, and placed
an upper limit on the total «-ray flux from p-wave annihilation at the center of the
Milky Way.

The flux limits presented here are independent of the parameters of the DM
spike (i.e. the J-factor). Interpreting these limits further requires making assump-
tions about the mass of Sgr A*, the halo velocity dispersion, and the branching ratio
Br(¢ — ~7) as described Section If one assumes a thermal-relic cross section for the
annihilation, they can be used to constrain these parameters. Alternatively, one can use
a fixed model of the DM spike to put limits on the annihilation cross section; we found
that the annihilation cross section can be constrained to be below the canonical thermal
relic cross section given some models of the spike parameters 7. and vy,,. Given the two
models of mediator masses considered here, it is also possible to use the results in the

context of other models of p-wave annihilation with intermediate mediator masses.
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Chapter 7

Conclusions

The identity of dark matter continues to elude physicists, and remains one of
the most vexing problems facing the community today. Although well-motivated models
(such as WIMPs) have been developed, no definitive signal of DM interaction with the
Standard Model has been seen in any direct, indirect, or production channels at the
time of publication. Nevertheless, evidence and constraints from experiment remain
invaluable in guiding DM theory.

Because the most straightforward experiments have failed to identify the DM,
novel methods are of great value in experimental DM searches. Ideally, searches for
particle DM would be sensitive even towards “sterile” DM—that is, DM that is decou-
pled from all other fields in the SM. An evaporating black hole is a unique laboratory
for probing this type of DM, as all species of particles, regardless of their interactions,
should be emitted as Hawking radiation. The observation of black hole evaporation

would therefore be a stunning discovery, not only for the confirmation of Hawking radi-

147



ation (one of the most important discoveries of twentieth-century physics), but because
it would open up a new window into new high-energy processes. Because Hawking ra-
diation is virtually undetectable for stellar-mass black holes, an evaporating black hole
today would almost certainly be primordial, and therefore a detection could also yield
clues about primordial density fluctuations. A search for such black holes was carried
out in Chapter [4] with no PBH candidates detected, and a rigorous upper limit on their
local density was placed.

As Fermi-LAT collects more data and more accurate background models are
built, its sensitivity to evaporating PBHs will increase. A forthcoming general purpose
Fermi-LAT catalog covering 8 years of data (the 4FGI[[) with Pass 8 reconstruction
could be used in place of the 3FGL in an analysis similar to the one presented in
Chapter [l With the new dataset, the proper motion algorithm introduced in Chapter
would likely need modifications, especially to account more robustly for PBHs that
evaporate within the observation time. With improvements to the data and algorithms,
it is not unreasonable to estimate that the constraints on the local PBH evaporation
could be reduced by an order of magnitude. Future y-ray instruments (like the proposed
AMEGO| or e-ASTROGAM [263] satellites) may also prove useful in the search for
Hawking radiation, as they will be most sensitive in the energy range for which the
PBH ~-ray flux is highest.

In the absence of such a model-independent way of detecting particle DM, it is

1At the time of publication, the 4FGL had not been released, although there is a candidate source
list available at https://fermi.gsfc.nasa.gov/ssc/data/access/lat/f18y/
%see https://pcos.gsfc.nasa.gov/physpag/probe/AMEGO_probe.pdf
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important to reconsider the assumptions of previous DM searches for DM models that
may yet prove to be correct. One of the most basic assumptions in the indirect WIMP
detection paradigm is that the WIMP annihilation cross-section is velocity-independent,
which implies best locations to search are those that are richest in DM density. However,
as pointed out in Chapter [5], it is quite natural to model WIMPs with an annihilation
cross-section that depends on the square of the speed of the incoming WIMP particles.
In this case, the brightest annihilation signal will come from locations that are high in
both DM density and velocity dispersion, such as the neighborhood of a supermassive
black hole.

A search for the v-ray signature of annihilating WIMPs near the supermassive
black hole at Sgr A* was carried out in Chapter[6 An empirical model of the v-ray sky
at energies above 6 GeV was built from the Fermi-LAT 3FHL catalog, and was found
to fit the data well. No statistically significant excess of «y-rays near the Galactic center
was seen for two representative DM models, and the DM annihilation cross-section was
strongly constrained for several models of the DM spike around Sgr A*.

Due to the presence of numerous 7-ray sources at the Galactic center that
act as backgrounds, it is interesting to consider whether stellar-mass black holes in
lower-background regions might also be suitable targets for such a search. The nearest
known black hole to Earth, in the binary X-ray transient A0620-00, lies at a distance of
approximately 1 kpc, with a mass of 6.6 M [264]. Since the volume of influence of black
hole is proportional to the cube of the black hole mass, an upper bound on the WIMP

annihilation flux ® from the black hole in A0620-00 can be estimated to be far smaller
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than the flux from Sgr A*: @S;I: -~ (MSZZ — )3 (dsgé A% )2 ~ (1079)3(8)2 = 6.4x 10717,
where d is the distance to the black hole. Moreover, the DM density in the neighborhood
of A0620-00 is lower than at the Galactic center, so this value is somewhat conservative.

More interesting targets may be other SMBHs that are otherwise ~-ray quiet,
such as M87, M&1, or perhaps an ensemble of nearby AGNs. It is conceivable that the
combination of reduced backgrounds and larger annihilation volumes may be sufficient
to overcome the inverse square penalty for increased distance, potentially leading to
even stronger constraints on this class of DM model.

The search for DM will continue for the forseeable future, but techniques will
necessarily evolve as we enter the era of Big Data. Upgrades to the LHC, for example,
will increase its luminosity by more than an order of magnitude [265], allowing for the
exploration of previously inaccessible DM models. Vast amounts of data will also be
collected by the upcoming Large Synoptic Survey Telescope [266], and will be used for
precision tests of the ACDM cosmological model. As datasets become ever-larger, the
use of modern statistical methods (i.e. machine learning) will increasingly supplant the
traditional frameworks described here. But increased statistical power alone is only

part of the solution: novel analyses, informed by continually revisiting our assumptions

about DM, will continue to be vital as well.
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